
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2017

Design and Analysis of a Novel High
Temperature Superconducting Synchronous
Machine
Subhendu Mishra

Follow this and additional works at the DigiNole: FSU's Digital Repository. For more information, please contact lib-ir@fsu.edu

http://diginole.lib.fsu.edu/
mailto:lib-ir@fsu.edu


FLORIDA STATE UNIVERSITY  

COLLEGE OF ENGINEERING 

 

 

 

 

 

DESIGN AND ANALYSIS OF A NOVEL HIGH TEMPERATURE 

SUPERCONDUCTING SYNCHRONOUS MACHINE 

 

 

 

 

 

 

 

By 

 

SUBHENDU MISHRA 

 

 

 

 

 

 

A Thesis submitted to the 

Department of Electrical and Computer Engineering in 

partial fulfillment of the 

requirements for the degree of  

Master of Science 

 

 

 

 

 

 

2017 



ii  

Subhendu Mishra defended this thesis on April 14, 2017. 

The members of the supervisory committee were: 

 

 

 

 

Sastry Pamidi 

Professor Directing Thesis 

 

 

Thomas Lipo 

Committee Member 

 

 

Petru Andrei 

Committee Member 

 

Simon Foo  

Committee Member 

 

 

 

 

 

 

 

 

The Graduate School has verified and approved the above-named committee members, and 

certifies that the thesis has been approved in accordance with university requirements. 



iii  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my family 



iv  

ACKNOWLEDGMENTS 

 
I would like to acknowledge the input and support of Dr. Sastry Pamidi and Dr. Thomas Lipo 

for this project. I would also like to thank the Center for Advanced Power Systems and the 

FAMU-FSU College of Engineering for the financial support throughout the duration of the 

project. 

 

I also thank Center for Advanced Power Systems (CAPS), and Florida State University for 

providing access to all software used in this project. I would like to thank the WEMPEC and 

University of Wisconsin, Madison faculty and staff for their support and help during my stay 

in Madison. 

 

Last but definitely not least, the greatest thanks are due to my family, who always support me 
with their love. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

TABLE OF CONTENTS 

LIST OF TABLES ..................................................................................................................... vii 

LIST OF FIGURES ...................................................................................................................viii 

LIST OF SYMBOLS .................................................................................................................. xi 

ABSTRACT  .............................................................................................................................. xii 

Chapter 1:  Introduction ............................................................................................................... 1 

1.1 Motivation .................................................................................................................... 2 

1.2 Literature Review......................................................................................................... 3 

1.3 Outline.......................................................................................................................... 4 

Chapter 2: Brushless Synchronous Machines  ............................................................................. 5 

2.1 Flux Switching Machines ............................................................................................ 6 

2.2 Homopolar Machines ................................................................................................. 10 

Chapter 3: Wind Turbine Generators  ........................................................................................ 12 

3.1 Types of Wind Turbine Generators ........................................................................... 12 

3.1.1 DC Generators  ........................................................................................... 14 

3.1.2 AC Synchronous Generators ....................................................................... 14 

3.1.3 AC Asynchronous Generators  ................................................................... 17 

3.1.4 Reluctance Wind Turbine Generators ......................................................... 19 

3.2 WTG Design Considerations ..................................................................................... 20 

3.2.1 Direct Drive or Geared Drive ..................................................................... 20 

3.2.2 Brushed or Brushless Topology .................................................................. 22 

3.2.3 Two-level, Multi-level or Matrix Converter ............................................... 22 

Chapter 4: Superconductors  ...................................................................................................... 23 

4.1 What is Superconductivity? ....................................................................................... 23 

4.2 Type 1 and Type 2 Superconductors ......................................................................... 25 

4.2.1 BCS Theory ................................................................................................ 26 

4.3 High Temperature Superconductors .......................................................................... 27 

4.3.1 History......................................................................................................... 27 

4.3.2 Crystal Structure ......................................................................................... 27 

4.3.3 Anisotropy................................................................................................... 28 

 



vi 
 

Chapter 5: Superconducting Wind Turbine Generators ............................................................. 30 

  5.1 Superconducting WTG: Based on Superconducting Material ................................... 30 

5.1.1 Wind Turbine Generators using LTS .......................................................... 30 

5.1.2 Wind Turbine Generators using HTS ......................................................... 31 

    5.1.3 Wind Turbine Generators using MgB2  ...................................................... 33 

5.2 Superconducting WTG: Based on Design Topology................................................. 34 

5.2.1 Fully vs Partially Superconducting WTG ................................................... 34 

5.2.2 Rotating Armature vs Rotating Field .......................................................... 36 

    5.2.3 Axial vs Radial Flux  .................................................................................. 36 

5.2.4 Air Core vs Iron Core ................................................................................. 37 

5.2.5 Cold Rotor vs Warm Rotor  ........................................................................ 39 

Chapter 6: Design and Analysis of a New Synchronous High Temperature Superconducting 

Generator Topology  .................................................................................................................. 41 

6.1 Theoretical Derivation ............................................................................................... 41 

6.1.1 Torque Estimation ....................................................................................... 42 

6.2 2D Electromagnetic Finite Element Analysis ............................................................ 44 

6.2.1 Comparing HTS and Surface PM Machines ............................................... 44 

6.2.2 Comparing HTS and Toyota Prius (Interior PM Machine) ........................ 49 

6.3 Design of 12 MW Wind Turbine Generator .............................................................. 53 

6.3.1 2D Electromagnetic Analysis ..................................................................... 55 

6.3.2 Comparing 12 MW HTS and PM Machine Performances ......................... 60 

6.3.3 HTS Cable Design for 12 MW WTG  ........................................................ 60 

 

Chapter 7: Conclusion and Future Work ................................................................................... 62 

 

References  ................................................................................................................................. 63 

 

Biographical Sketch  .................................................................................................................. 74 

 

 

 



vii 
 

LIST OF TABLES 

 
 

Table 1:  Critical temperature Tc and upper critical field Hc2 at 4 K for several                                     

superconductors commercially available in wire form [117] ..................................................... 26 

 

Table 2: HTS and Surface PM Machine Parameters .................................................................. 45 

 

Table 3: Toyota Prius and HTS Machine Parameters ................................................................. 50 

 

Table 4: 12 MW WTG Losses and Efficiency ............................................................................ 55 

 

Table 5: 12 MW Optimized Wind Turbine Generator Parameters  ............................................ 58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

LIST OF FIGURES 

 
Figure 1: Comparison of renewable and fossil fuels usage of various countries  ............................2 

 

Figure 2: Basic circuit diagram of a synchronous generator  ..........................................................5 

 

Figure 3: Flux Switching Principle  .................................................................................................7 

 

Figure 4: Brushless flux switching machine proposed in [6]  .........................................................8 

 

Figure 5: Structure and winding connections of variable flux reluctance machines [7]  ................9 

 

Figure 6: 12/10 stator/rotor pole PM and DC coil excited flux switching machines [10] ...............9 

 

Figure 7: Synchronous AC Homopolar machine [36] ...................................................................10 

 

Figure 8: Comparison according to applications in traction applications [21]  .............................11 

 

Figure 9: Commonly agreed wind turbine type and its divergence [71]  ......................................13 

 

Figure 10: Schematic of a DC generator system [71] ....................................................................14 

 

Figure 11: A schematic of conventional HTS generator [71] ........................................................16 

 

Figure 12: Schematic of two induction generator systems [71] ....................................................17 

 

Figure 13: IEEE recommended equivalent circuits of the induction machine. .............................18 

 

Figure 14: Characteristics of the DFIG3G [62] .............................................................................19 

 

Figure 15: Schematic of switched reluctance generator system  ...................................................20 

 

Figure 16: Different convertor topology for wind turbines  ..........................................................22 

 

Figure 17: Comparison between ideal diamagnetism and ideal conductivity [117] ......................24 

 

Figure 18: Typical M vs H curve for a type I superconductor and type II superconductor [117] .25 

 

Figure 19: Unit cell structure of Y-Ba-Cu-O-123 (left) and Bi-Sr-Ca-Cu-O-2223 (right) ...........28 

 

Figure 20: Normalized Jc vs H of a REBCO-coated conductor tape at various temperatures  ......29 

 

Figure 21: Superconducting generator design by GE [74] ............................................................31 

 

Figure 22: “Sokolowski Plot" of several HTS and LTS wire embodiments [77] ..........................32 

 



ix 
 

Figure 23: 10 MW WTG SeaTitan by AMSC [75]  ......................................................................32 

 

Figure 24: 10 MW fully superconducting wind turbine generator proposed by AML. [78]  ........33 

 

Figure 25: Fully superconducting generator [75]  .........................................................................35 

 

Figure 26: Partially superconducting generator proposed by GE [74] ..........................................35 

 

Figure 27: Rotating Armature vs Rotating Field topologies [85]  .................................................36 

 

Figure 28: Axial versus radial topologies  .....................................................................................37 

 

Figure 29: Different iron – cored rotor topologies  ........................................................................38 

 

Figure 30: Different stator winding topologies  .............................................................................38 

 

Figure 31: Cold rotor design reproduced from [83] ......................................................................39 

 

Figure 32: Warm rotor design reproduced from [83]  ...................................................................39 

 

Figure 33: Proposed HTS machine having 6 stator teeth and 7 rotor teeth per pole pair  .............42 

 

Figure 34: Surface PM motor by Allen Bradley [SPM]  ...............................................................45 

 

Figure 35: Procedure for comparing output torque for two machines  ..........................................46 

 

Figure 36: HTS machine layout design  ........................................................................................47 

 

Figure 37: HTS machine field direction  .......................................................................................47 

 

Figure 38: HTS vs SPM flux linkage  ............................................................................................48 

 

Figure 39: HTS vs SPM Back EMF  .............................................................................................48 

 

Figure 40: HTS vs SPM stator current. ..........................................................................................48 

  

Figure 41: HTS vs SPM torque at rated current  ............................................................................48 

 

Figure 42: HTS vs SPM stator teeth field  .....................................................................................49 

 

Figure 43: Toyota Prius layout design [IPM]  ...............................................................................50 

  

Figure 44: HTS vs IPM layout design ...........................................................................................51 

  

Figure 45: Back EMF of HTS vs IPM at 1000 rpm  ......................................................................51 

 



x 
 

Figure 46: Open Circuit Air Gap Flux ...........................................................................................51 

 

Figure 47: Field direction in HTS machine ................................................................................52 

 

Figure 48: HTS vs IPM stator teeth field ................................................................................52 

 

Figure 49: Torque at Js = 5A/mm2 ................................................................................................52 

 

Figure 50: Torque at Js = 14.28A/mm2 .........................................................................................52 

 

Figure 51: Cross section of 12 MW Wind Turbine .......................................................................55 

 

Figure 52: Performance of the 12 MW HTS Machine ..................................................................56 

 

Figure 53: HTS machine magnetic flux density distribution ........................................................57 

 

Figure 54: Design parameters for optimized 12 MW Wind Turbine Generator  ...........................59 

 

Figure 55: Comparision of HTS and PM WTG (stator teeth field density and Back EMF) .........59 

 

Figure 56: Comparision of HTS and PM WTG (average torque and armature current) ...............59 

 

Figure 57: Relative size of the HTS field cable [115]  ..................................................................61 

 

Figure 58: Design for HTS field cable [118]  ................................................................................61 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

                                          LIST OF SYMBOLS 

 
 ��     Teeth Flux 

 ��  
Teeth Field Density 

 ��   
Area of one stator teeth 

 ��  
Pole  Pitch 

 �  
Stack Height 

 ��     
Rotor Speed (rad per second) 

 ��   
Electromagnetic Torque 

 ��  
RMS Value of stator surface 

  ���  
Inner diameter of the stator ���  
Outer Stator Diameter ��  
Number of turns ��1  
Peak Fundamental Air Gap Flux 

 ��  
Core Flux Density ��  
Width of one stator teeth �1  
Number of stator slots ���  
Copper  Space Factor 

  

 



xii  

ABSTRACT 

 
It has been clear in the recent decades that there is an urgent need to progress towards renewable 

energies. There are just a few established technologies that provide suitable economic options. 

These include hydropower, solar, wind, geothermal, nuclear etc. Due to the need for increase of 

renewable energy, a lot of research is going on to develop distributed energy sources and to 

integrate these energy resources into the grid. There has been also a lot of research in the field 

of more efficient power transfer. High temperature superconductors are being seen as one of the 

new technologies that can do this. Research in the field of high temperature superconducting 

machines has also led researchers to work on superconducting generators, which generate energy 

more efficiently. This thesis is focused on the development of a superconducting synchronous 

generator for wind turbine applications. A literature review was carried out where all existing 

superconducting generator designs are studied. It was noticed from the literature review that 

these generators designs have some drawbacks. It is that the cryocoolers are mounted on the 

rotor of these generators and thus, it is very difficult to manage and maintain these systems. It is 

proposed that by completely removing the field windings from the rotor of a generator, we could 

significantly reduce the maintenance costs of the superconducting generator.  This is based on 

the realization that the present topology of using superconducting windings on the rotor, which 

is neither a very reliable nor a sustainable model.  Thus a new topology for a synchronous 

generator utilizing a superconducting field winding is proposed. A mathematical derivation for 

the torque output of the HTS machine is presented and compared with a conventional 

synchronous machine. The derivation shows that this HTS machine could produce output torque 

about three times that of the synchronous machine in ideal conditions.  A design topology was 

implemented for a 12 MW offshore wind turbine generator. The machine parameters for a single 

stage HTS WTG were calculated and 2D Finite Element Analysis is carried out for no load and 

rated load conditions. A similar Permanent Magnet machine was then designed and compared 

to the HTS machine. It was found using 2D finite element method that the HTS machine gives 

higher torque by about 80% and is promising. 
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CHAPTER 1 

INTRODUCTION 

There has been a significant increase in the installed renewable power capacity around the world 

for the last decade, and this increase is expected to continue for many years. Permanent magnets 

have been used extensively over the last decade because of their high efficiency and diversity of 

use. This caused the limited availability of natural magnets and increased their cost tremendously 

[1]. An alternative to using rare earth magnets is superconductors. 

Superconductivity was discovered sin 1911 and many proposals have been made for using it in 

electrical machines. Specifically, High Temperature Superconductors (HTS) were discovered in 

1986 [2]. This made operating the superconductors relatively inexpensive and thus implementation 

of this technology was achieved in fault current limiters, transmission cables and rotating 

machines. Superconducting machines were built by a variety of manufacturers between 1995 and 

2007 [30 - 35]. Rockwell automation tested the first 200 HP motor using HTS coils in 1996 and 

later tested a 1000 HP machine in 2000 [3].  AMSC built and tested a 5000 HP, four pole, 1800 

RPM machine in 2001[3]. Under the all-electric combat ship program by US Navy, AMSC built 

two prototypes under contract with the Office of Naval Research: 5-MW, 230 RPM motor and 

36.5-MW, 120-RPM motor [3]. The core of the technology is that the superconducting wire 

permits generation of much higher magnetic fields in the air gap than is practical with conventional 

copper windings or present permanent magnet technology. Both the motors built by the AMSC 

employed 1G (BSCCO – 2223) field windings cooled by G-M cryo-coolers. Center for Advanced 

Power Systems tested the 5 MW motor coupled to two 2.5 MW induction motors at full load (5 

MW) and full speed (230 rpm) and confirmed that the motor meets specified performance and 

power rating under stresses of the operating conditions [4]. 

Motivated by these promising results, a new topology is developed in this thesis. The topology is 

implemented for a 12 MW wind turbine generator, and compared it with a conventional permanent 

magnet generator of similar size. Finite element software packages are used for the designs and 

analysis.   Further, a literature review is done on the existing superconducting wind turbine 

topologies.  
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1.1 Motivation 

 

This thesis focusses on a novel design of HTS rotating machine. The thesis reports the complete 

numerical model of the design and discusses the various research publications relating to the 

subject. The main area of focus is large scale off-shore wind turbines. It is evident that there is a 

large scale need for more efficient and rugged off-shore wind turbines because of rising costs of 

permanent magnets. This thesis is an attempt to address this issue with a novel design of HTS 

generators.  

Fig. 1. Shows the global usage of renewable and fossil fuels of various countries [5]. It can be seen 

that fossil fuels are still the major source of power for many countries. Hydropower has been 

exploited but depends in the various geographical factors. The push in the coming years will be in 

solar, wind, tide and geothermal energy. A lot of research is going on in the field of high 

temperature superconductors [91 - 105]. Presently, superconductors can operate the temperature 

range of 4 – 100 K. It has also led to the study of rotating machines using high temperature 

superconductors in field windings [42 – 54]. Thus, the advancement in the superconducting 

technology and need for efficient wind turbines, has led to the work of this thesis.   

 

Fig.1. Comparison of renewable and fossil fuels usage of various countries. Source: 
International energy agency 
 
 



3  

1.2 Literature Review 

 

For the first part of literature review, various brushless machines are studied. The topology 

proposed in this thesis is based on the flux switching machine. The first flux switching machine 

proposed was supposed to use permanent magnets. Other variations of the topology have been 

extensively studied in [1-9]. Switched reluctance machine is another topology explaining the 

working principle.  It has been studied in [10 – 14] and [27 – 29]. For high speed applications, it 

is found that homopolar motors are favorable. There have been various studies on high speed 

homopoloar motors [36 – 39]. There has been a study on homopolar generator for wind turbine 

applications using HTS windings [69]. Various concepts on hybrid excitation (brushless) 

synchronous motor have been developed in [15 – 26]. Also various superconducting rotating 

machines have been proposed in [30 – 35] and [40 – 41]. This includes studies on both low 

temperature and high temperature superconducting rotating machines [80]. Electric machines 

using specifically high temperature superconductors have been studied in [42 – 54].  

Next part of the literature review consists of a study of wind turbine generators. First, the direct 

drive turbines are studied in [55 – 61]. The studies include various proposals for optimization of 

the design. In this thesis, I propose to use geared configuration as opposed to gearless 

configuration. The reason being that for the installation of direct drive generators greater than 10 

MW it has been found to be un-economical. Study of the comparison between the geared ad 

gearless configurations have been carried out in [60, 63]. Then a detailed study is done on various 

superconducting wind turbine configurations in [62 – 86]. Specifically, HTS wind turbine design 

and optimization has been discussed in [68]. A comparison of low temperature and high 

temperature superconducting windings was undertaken in [72]. Different superconducting 

generator topologies for wind turbine application have been studied in [75, 84]. 

After the study of superconducting wind turbines, the finite element analysis of these machines is 

studied in [87 – 91]. This includes various methods to optimize the wind turbine generators using 

various finite element software packages available in the market such as Magnet, ANSYS, and 

COMSOL etc. After this, the HTS wires and cables used for windings was studied in [91 – 105]. 

Various designs of high temperature superconductors are studied for our purpose. This includes 

various HTS coils used on rotating machines and also DC HTS cables used for power distribution 

[104-106]. This included various studies done on thermal modelling of HTS cables and losses 

associated with the cryocoolers [112 - 113]. Further, AC losses associated with HTS cables are 

studied in [106 – 108].       
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1.3 Outline 

 

This thesis is divided into six chapters. Chapter 2 explains various brushless synchronous machines. 

It explains the flux switching machine topology and switched reluctance and homopolar motors. 

Chapter 3 provides the details of off-shore wind turbine designs existing in the industry. It explains 

details of various topologies used in the current superconducting wind turbine designs. Chapter 4 

explains the proposed topology for brushless superconducting wind turbine and presents the 

mathematical derivation for torque output. It explains the equations used for designing the machine 

in detail. Further, the results obtained from the 2D finite element analysis are also presented. A 

comparison of the proposed topology and permanent magnet machine is also presented. Chapter 5 

explains the basic concepts of superconductivity and the high temperature superconducting cables 

in use. It describes the properties of the HTS cable proposed for the 12 MW wind turbine. Finally 

chapter 6 provides the conclusion and future work. 



5  

CHAPTER 2 

 

BRUSHLESS SYNCHRONOUS MACHINES 

 

 
Brushless synchronous machines have been in use for a long time. The main benefit of using 

brushless topology is that it provides a better peak power with small volume. Main categories of 

brushless synchronous generators include switched reluctance machines (SRM), Permanent 

Magnet Machines, Flux-switching machines, homopolar machines, and hysteresis machines. 

The basic circuit diagram of a brushless synchronous motor is shown in Fig. 2. It consists 

primarily of the main motor, rotary rectifier, and the ac exciter. The topology generates output 

current at the ac exciter armature winding installed on the same axis with the motor rotor by 

exciting the ac exciter stator winding, and to supply the current to the motor field winding 

through the silicon rectifiers installed on the rotor.   

 

 

 

Fig. 2. Basic circuit diagram of a synchronous generator 
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The brushless configuration provides minimum number of rotary parts so as to provide reliable 

and stable performance. Hence, brushless motors have high operational reliability. Main 

advantages of using brushless motors are as follows: 

1) Maintenance is greatly simplified as there are no brushes or slip rings. 

Slip rings are difficult to maintain for long period of operation because of the high amount 

of wear and tear. Removing the slip rings increases the operational age of the machine and 

also increases the operational speed. Tasks such as cleaning the current collector, repairs of 

corroded or damaged slip rings etc. are no longer needed. Thus maintenance costs are 

greatly reduced.  

2) Brushless motors are better suited for adverse environmental conditions. 

Adverse environmental conditions such as oil, steam and corrosive gasses adversely affect 

the working of slip rings, and significantly reduce the life time of the machine. Wind 

turbines also face adverse conditions and slip rings can easily be corroded and their 

replacement for large generators significantly increases the cost of operation.  

3) Brushless synchronous motors have greater stability during system disturbance.  

With increasing penetration of renewable energy sources like solar and wind, the system is 

becoming more dynamic. Since brushless motor has directly coupled excitation system, the 

motor can obtain excitation energy from the shaft of the main motor, even when system 

voltage drops, so that the motor can maintain required excitation for stable operation.  

 

 

2.1 Flux Switching Machines 

 

There has been a great demand for high speed motors that can provide large peak power and at 

a minimum volume. The demands include minimum weight and volume, high peak power for 

short duty cycles, high quality regulation for controlled shaft speed, and improved efficiency 

ratings over standard rotary equipment [14]. Flux switching alternators, which are categorized 

as high frequency inductor alternators have been greatly used for such applications.  The flux 

switch method develops an armature flux linkage which varies between equal positive and 

negative magnitudes. This is in contrast to the pulsating unidirectional flux change that occurs 

in the more conventional inductor alternators.  

Fig. 3 shows the flux switching mechanism which is very similar to our proposed machine 
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topology. The rotating MMF does not contribute to the torque for this machine. Instead, the 

torque is developed by the tendency of the rotor to orient itself into a position of minimum 

reluctance, with the stator, within a magnetic field which is energized by the phase windings. 

The proposed machine has the following characteristics-  

•    Excitation current is supplied to both the field and the armature windings constantly 

throughout the operation of the motor for any alignment of the rotor.  

•    Field winding is exited constantly with direct current that does not require switching.  

•   The switching of the current direction in the armature winding controls the orientation of the 

resultant stator flux to which stator poles the rotor is attracted. 

 

 

 

(a)                                   (b) 

Figure 3: Flux Switching Principle 

 

 

Considering figure 3(a), the field winding creates a flux vector in the north-westerly direction. 

The armature winding is excited with positive current, the result of which is a flux vector 

produced in the north-easterly direction. The combined resultant flux therefore travels in the 

northerly vertical direction, which causes the rotor to align itself with the vertical pair of stator 

poles. In Fig. 3(b) the field winding remains constantly excited in the same direction, and so 

does the field flux vector. This time however, the current in the armature winding is reversed, 

the effect of which is an 180ο shift in flux vector direction to south-westerly. The resultant flux 

can now be seen to travel in the westerly direction through the horizontal stator poles that tends 

to align the rotor with them. The production of torque by this means is similar to that employed 

in the Laws Relay limited motion actuator. Each reversal of current direction in the armature 



8  

causes the stator flux vector to switch between the horizontal and the vertical directions; hence 

the name flux switching machine. 

Reference [6] discusses similar topology where both field and armature windings are on the 

stator. Fig. 4. Shows an example of flux switching machine proposed in [6]. The proposed 

machine consists of two stator windings (2pa pole three phase armature winding Wa and 2pf pole 

DC field winding Wf) with different pole numbers and a reluctance rotor same as that of 

conventional synchronous or switched reluctance motor.  

Another design topology is proposed in [7] which uses flux switching principle. The proposed 

design topology is given in Fig. 5. When this machine is compared with a PM machine, a lower 

torque density is seen. Even so, it has improved flux weakening capability and is more efficient 

at high speeds with much simpler rotor structure. 

 

 

 

Fig. 4. Brushless flux switching machine proposed in [6]. (K = 1.5, 2pa=16, 2pf = 24, 2pr =20) 

 

High speed applications are favorable for flux switching machines. [9] Compares the flux 

switching and surface mounted permanent magnet generators for high speed performance. [10] 

Describes the various configurations possible for permanent magnet switched flux machine. 

Switched flux permanent magnet (SFPM) machines were developed in 1950s. Fig. 6. Shows the 

structure of SFPM machine and the Switched Flux machine with DC winding. 
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Fig. 5. Structure and winding connections of variable flux reluctance machines [7]. (a) 6/4, 
(b)6/5, (c)6/7, and (d) 6/8 

 

 

It is stated in [10] that the DC excited SF machine produces similar torque to the ferrite magnet 

SF machine, but significantly lower than the NdFeB magnet SF magnet due to significant 

magnetic saturation in the stator teeth.  

 

 
Fig. 6. 12/10 stator/rotor pole PM and DC coil excited flux switching machines [10] 
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2.2 Homopolar Machines 

 
Homopolar machines have been used widely for high speed applications including marine and 

airborne vehicles. The machine has two rotor parts and two stator parts forming a single 

magnetic circuit. They are aligned [Fig. 7] so as to reduce the ratio of d-axis (high inductance 

axis) to q-axis (low inductance axis). The machine is designed to produce torque with low ripple 

and low acoustic noise. GE has developed such a machine [38] by utilizing superconducting 

field windings. It is a 1 MW, 15,000 RPM generator and has a solid rotor, a poly-phased stator 

winding and superconducting field winding. In this configuration, the stationary coils do not 

experience large centrifugal force, and thus they can have simple solenoid around the rotor 

instead of more complicated racetrack type of coil. 

 

  

 
Fig.7. Synchronous AC Homopolar machine [36] 
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Due to reduced ampere turns, the utilization of superconductor is also reduced as compared to 

an air core machine design. Here there is no need for rotating brushless exciters and slip rings. 

Also, the field coil and its cryostat are stationary, thus there is significant reduction in the wear 

and tear of the cryocooler.  

A Homopolar machine has been constructed by Carderock Division [44], Naval Surface Warfare 

Center, Annapolis Detachment (NSWC), which utilizes superconducting field windings that are 

constructed with BSCCO 2223, high temperature superconductor (HTS) wire. The motor has 

produced 125 kW (167 hp) of output power with its HTS field winding operation in liquid helium 

at a temperature of 4.2 K. This was done by development of HTS wires by American 

Superconductor Corporation (AMSC) and Intermagnetics General Corporation (IGC) in a 

program managed by the Naval Research Laboratory.  Fig. 8 shows the advantages and 

disadvantages of using different machines. These are based in traction applications but can also 

be applied to wind turbines. Synchronous switched reluctance machine provides field weakening 

capability, good fault tolerance and higher power factor.  

 

 

Fig. 8. Comparison according to applications in traction applications [21] 
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CHAPTER 3 

 

WIND TURBINE GENERATORS 

 

The emerging energy crisis and the extreme problem of climate change has been the main driving 

force for this project. Until the late 1990’s most wind turbine manufacturers built constant speed 

wind turbines with power levels below 1.5 MW using a multistage gearbox and a standard 

squirrel cage induction generator directly connected to the grid. Since 1990’s most wind turbine 

manufacturers have changed to variable speed wind turbines for levels from 1.5 MW, using 

multi-stage gearbox, a relatively low standard DFIG and a power electronic converter. 

Since 1991 there have been wind turbines manufacturers proposing gearless generator systems, 

with direct-drive generators, mainly to reduce failures in gearboxes and to minimize 

maintenance problems. The trend has been to use rare earth permanent magnet generators for 

this design, but the cost for rare earth permanent magnets has increased significantly over the 

last few years. The security of supply has also become an issue as developing future wind turbine 

generators would require approximately 6-800 kg of rare earth permanent magnets for each MW 

of output power. This would in turn add to the pressure on other applications relying on rare 

earth materials and most likely be a cause for further price increase. To add to this, the demand 

for torque dense generators is increasing as the cost of energy is still driving the development of 

larger and larger wind turbines.  

A generator technology that is nearly independent of rare earth materials and has very high 

torque density is the superconducting generator. This thesis is an attempt to develop a new 

topology of such a generator in order to reduce the cost and ease the operability of the generator, 

since superconducting generators tend to be difficult to manage as will be explained further.  

 

3.1 Types of Wind Turbine Generators 

 

The power of any rotating device is the torque times the rotational speed. The electromagnetic 

torque of an electrical machine is proportional to the armature loading (A), the peak airgap flux 

density (B) and the volume enclosed by the air gap (V), as expressed in (1). 

                                                                    P = T × ω                                                                (1) 

                                                              T ∝ B × A × V                                                             (2) 
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The maximum value of peak air gap flux densities (B) in conventional designs is limited to 1 T 

due to saturation of the laminations. The electrical loading (A) is limited by dissipated heat and 

maximum allowed temperature of the electric insulation to values less than 150 kA/m with 

forced air cooling [56]. Thus the torque (T) of a conventional machine is directly proportional 

to the size of the machine (V). Using superconducting electromagnet, with practically lossless 

magneto-motive force (MMF), the product B × A can be doubled or tripled by increasing the 

peak airgap flux density to 2-3 T. Accordingly, superconducting machines can be made 

significantly smaller than conventional machines.  

 

 

Fig. 9. Commonly agreed wind turbine type and its divergence [71]  

 

 

Traditionally there are three main types of wind turbine generators (WTGs) which can be 

considered for various wind turbine systems, these being direct current (DC), alternating current 

(AC) synchronous and AC asynchronous generators. In principle, each can run at fixed or 

variable speed. Since the wind power generally fluctuates, it is advantageous to operate WTG at 

variable speed which reduces the physical stress on the turbine blades and drive train, and thus 

enhances system aerodynamic efficiency and torque transient behavior. 
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3.1.1 DC Generators  
 

In DC machines, the field is on the stator and the armature is on the rotor. The stator 

comprises a number of poles which are excited either by permanent magnets or by DC field 

windings. If the machine is electrically excited, it tends to follow the shunt wound DC generator 

concept. An example of DC wind generator is illustrated in Fig. 10.  It consists of a wind turbine, 

a DC generator, an insulated gate bipolar transistor (IGBT) inverter, a controller, a transformer 

and the power grid.  

 

 

Fig. 10: Schematic of a DC generator system [71] 

 

 

It is evident that DC WTG requires maintenance and are relatively costly due to use of 

commutators and brushes. DC WTGs are unusual in wind turbine applications except in low 

power demand situations where the load is physically close to the wind turbine, in heating 

applications or in battery charging.   

 

3.1.2 AC Synchronous Generators 

AC synchronous WTGs have been around for a long time. They can take constant or DC 

excitations from either permanent magnets or electromagnets and are thus termed PM 

synchronous generators (PMSGs) or electrically excited synchronous generators (EESGs) 

respectively.   When rotor is driven by the wind turbine, three-phase power is generated in the 

stator windings which are connected to the grid through transformers and power converters. For 

fixed speed synchronous generators, the rotor speed must be kept exactly at the synchronous 

speed, otherwise the synchronism is lost.  
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In my work I am designing an EESG where the field current is provided by the HTS cable and 

the AC armature current is provided by the copper wires.  The synchronous generators are a 

proven technology since their performance and power generation has been studied and widely 

accepted. In theory, the reactive power characteristics of a synchronous WTG can be easily 

controlled via the field circuit for electrical excitation. Furthermore, synchronous WTGs tend to 

have low damping effect so they do not allow drive train transients to be absorbed electrically. 

As a consequence, they require additional damping element or the gearbox assembly mounted 

on springs and dampers. 

In recent years, the PM generators have been used in wind turbine applications due to their high 

current density and low mass.   My proposed design has been motivated by the fact that 

permanent magnets use rare earth materials which are limited in supply. Eventually we will need 

to come up with a more feasible solution for higher power density and low mass. That is where 

the emerging field of high temperature superconducting machines seem promising. There has 

been a lot of research in recent years due to this fact, and many organizations including NASA 

are trying to build fully superconducting generators. 

The advantage of PMSGs include the elimination of commutator, slip rings and brushes so that 

the machine is rugged, reliable and simple. The use of PMs removes the field winding (and its 

associated power loss) but makes the field control impossible and the cost of PMs can be 

prohibitively high for large machines.  The proposed machine uses HTS cable to generate field 

in the stator teeth and thus by controlling this current, field control is possible for this machine. 

Because the actual wind speed is variable, the PMSGs cannot generate electrical power at fixed 

frequency. As a result, they should be connected to the power grid through AC-DC-AC 

conversion by power converters. The proposed topology of machine would also require the use 

of such converters.  

The main challenge that engineers face when operating large off-shore wind turbines is the 

gearbox. In this regard, the permanent magnet machines are useful as they are suited for direct 

drive applications.  The machines should have large pole numbers and are physically larger than 

a similar rated geared machine [71]. There have been HTS generators built which work on 

similar principle as the EESGs. Generally, a HTS synchronous generator consists of stator back 

iron, stator copper winding, HTS field coils, rotor core, rotor support structure, rotor cooling 

system, cryostat and external refrigerator, electromagnetic shield and damper, bearing, shaft and 
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housing. Generally the maintenance of the HTS generator is difficult and the stator, rotor, 

cooling and gearbox may pose particular challenges in order to keep the HTS coils at the required 

low temperature operating conditions.  

 

Fig. 11. A schematic of conventional HTS generator [71] 

 

 

Superconducting coils can carry large current with negligible resistance and conductor losses. 

The use of superconductors would eliminate all field circuit power loss and the ability of 

superconductivity to increase current density allows for high magnetic fields, leading to 

significant reduction in mass and size for wind turbine generators. Therefore, superconducting 

generators provide greater promise in high capacity and weight reductions, better suited for off-

shore wind turbines with higher than 10 MW capacity.  In 2005, Siemens successfully launched 

the world’s first superconducting wind turbine generator of 4 MW capacity [71].. However there 

are several challenges with current HTS machine designs as on terms of long-term, low 

maintenance wind turbine systems. For example there is always a necessity of cryogenic systems 

so that the time to cool down and restore operation following a stoppage will be an additional 

issue. One of the problems of existing designs of HTS generators is that the superconducting 

coils are on the rotor and thus experience a lot of wear and tear during the operation of the 

generator. My proposed topology attempts to solve this problem. If the field winding can be 

removed from the rotor altogether, it will greatly increase the longevity of such a machine and 

can be used for higher speeds as well.   
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3.1.3 AC Asynchronous Generators 

Many modern wind power generators extensively use induction machines. These 

machines fall into two categories:  fixed speed induction generators (FSIGs) with squirrel cage 

rotors and doubly fed induction generators (DFIGs) with wound rotors [72].  When supplied 

with three-phase AC power to the stator, a rotating magnetic field is established across the 

airgap. If the rotor rotates at a different speed than the synchronous speed, a slip is created and 

the rotor circuit is energized. Generally, induction machines are quite robust, have a high degree 

of damping, capable of absorbing rotor speed fluctuations and drive train transients. However, 

induction machines draw reactive power from the grid and thus some form of reactive 

compensation is needed from sources such as capacitors or power converters [72]. For fixed 

speed induction generators, the stator is connected to the grid via a transformer and the rotor is 

connected to the wind turbine through a gearbox.  

Up until 1998, most wind turbine manufacturers built fixed-speed induction generators of 1.5 

MW or lower capacity. These generators operated at 1500 RPM for the 50 Hz utility grid, with 

a three-stage gearbox [72].  

 

 

Fig. 12: Schematic of two induction generator systems [71] 

 

 



18  

Today, the DFIGs lead SCIGs in the wind turbine industry. Nowadays, 85% of the installed wind 

turbines utilize DFIGs and the largest capacity for the commercial wind turbine product with 

DFIG has moved towards 5 MW in the industry [73].  In the DFIG topology, the stator is directly 

connected to the grid through transformers and the rotor is connected to the grid through PWM 

power converters. The converters can control the rotor circuit current, frequency and phase angle 

shifts. Such induction generators are capable of operating at a wide slip range (+/- 30% of 

synchronous speed) [73]. Thus they offer many advantages such as high energy yield, reduction 

in mechanical stresses and power fluctuations, and controllability of reactive power [73].  

For induction generators, all the reactive power energizing the magnetic circuits must be 

supplied by the grid or local capacitors. Induction generators are prone to voltage instability 

[73]. When capacitors are used to compensate for power factor, there is a risk of causing self-

excitation. Additionally, damping effect may give rise to power losses in the rotor.  There is no 

direct control over the terminal voltage (thus reactive power), nor sustained fault currents [73]. 

The proposed design offers complete control over the field current and the stator armature 

current. This also helps to reduce the reactive power generated by the machine.  Figure 8 shows 

the two induction-machine equivalent circuits. The rotor side parameters are all referred values. 

The parameters of the second equivalent circuit can be calculated from the first in the following 

way:  

                                                                                                             (3) 

 

 

Fig. 13: IEEE recommended equivalent circuits of the induction machine. 
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In the paper [65] the characteristics of a 3 pole DFIG wind turbine generator is shown. For this 

the second equivalent circuit [Fig. 13] has been used. Is has been assumed that the converter 

controls the rotor current in such a way that the magnetizing current is confined to the stator and 

that the transformed rotor current IR is in phase with the voltage applied to the inductance IS. In 

reference [65] power, efficiency and losses of different generator topologies are compared as 

shown in figure 14. It can be seen that the gearbox dominates the losses in this generator system, 

which accounts for 70% of the total energy dissipation. This is a motivation to work towards 

direct drive wind turbines which have no gearbox associated.  

 

 

Figure 14: Characteristics of the DFIG3G [62]. 

 

3.1.4 Reluctance Wind Turbine Generators 

The reluctance rotor is constructed from laminated steel sheets and has no electrical field 

windings or permanent magnets. The main advantages of switched reluctance machine are high 

efficiency, simple topology, and no starting torque is required to start and robustness. Switched 

reluctance machine innately is a variable speed machine. The variable speed operation in wind 

generation helps in extracting extra energy from the wind stream and in decreasing the 
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mechanical stresses within the system. 

The doubly salient structure shown in fig. 15 gives several advantages such as high efficiency 

and no electrical losses in the rotor, small moment of inertia, fast response, low manufacturing 

cost and the ability to work in high speed and high temperature all because of lack of winding 

in the rotor poles. However the switched reluctance machine has few disadvantages such as 

acoustic noise and torque ripple due to its salient pole structure that recently with the advance in 

power electronic devices these problems can be removed by accurate control of driving circuit.  

 

 

Fig.15: Schematic of switched reluctance generator system 

 

3.2 WTG Design Considerations 

 
There are various considerations regarding wind turbines that have to be taken into account 

before any design for the generator can start. It is evident that variable speed wind turbines give 

us a chance to capture more wind energy. Traditionally, the wind turbines have been operated at 

fixed speeds. Variable speed operation is more robust than fixed speed operation and gives 

greater mechanical strength. We are able to separately control the active and reactive 

components of the generated power in case of variable speed operation. Here are the major 

considerations for designing a wind generator. 

 

3.2.1 Direct Drive or Geared Drive 

Today most of the wind turbines are geared drive in nature.  The direct drive surely 

reduces the loss associated with gearbox, but it is much more expensive to build direct drive 

generators as compared to geared drive generators. The generator speed increases with the gear 

ratio, for instance if the blades rotate at 9 rpm, with the up-speed gearbox of 1:10, the turbine 
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rotates at 90 rpm. 

Historically, gearbox failures have been the major challenges to the operation of wind farms. 

This is typically the case for off-shore wind turbines which are situated in harsh and less 

accessible environments. Thus direct drive systems are highly desired in new wind turbine 

systems, although direct drive also have many problems. The use of permanent magnets for off-

shore wind turbines is not suitable because magnets are becoming more expensive. This is where 

the proposed design becomes much more relevant. It is suitable for off-shore wind farms, even 

though cryo-coolers will show new concerns. The HTS cables can be excited with high currents 

far away from the turbine themselves and thus compensate for the additional need  of cryo-

coolers.  

The direct drive configuration removes the necessity for gears and related reliability problems.  

Wind turbine generators are operated with power electronic converters, thus the direct drive 

topology can provide some flexibility in the voltage and power requirements on the machines. 

The drawback of the direct drive is associated with low operating speeds and very large volume 

and weight as compared to the geared drive turbines. The following equation shows the power 

output of any rotating electrical machine: 

      � = � ∗ (�2�) ∗ �                                                                    (4) 

Where k is a constant, n is the rotor rotational speed, D is the rotor diameter and L is the rotor 

length, in arbitrary units. 

Direct drive increases the size of the electrical generators which effectively offsets some of the 

weight savings from removing the gearbox. It can be seen from the above equation that the 

machine volume is proportional to the torque required and inversely proportional to the 

operational speed for a given power. The increased mass of the generator can be a limiting factor 

for offshore installations because the shipping carrying capacity is generally limited to 100 tons 

so the direct drive generator may not be greater than 10 MW.  The proposed wind turbine 

proposed has the capacity of 12 MW and thus it is suitable to use geared drive.  

For direct drive machines, the popular choice is use of PM synchronous machines. This is no 

longer economical, if we consider turbines greater than 10 MW, since they require significant 

amount of costly rare-earth magnets. In addition,  there is a need to increase the rating of IGBTs 

in the back-to-back converter, or to integrate machine side converter components with the stator 

windings.  
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3.2.2 Brushed or Brushless Topology 

The DC machines, wound rotor synchronous generators, wound rotor induction 

generators all employ commutators, brushes or slip rings to access the rotating rotor circuits. It 

would be seen in the further chapter that generally super-conducting generators have the 

superconducting coils on the rotor. This has been the major cause for lack of reliable operating 

of the generator. Our design completely eliminates any rotor circuit, thus providing a much more 

reliable and efficient operation. The proposed design will also be able to run at much higher 

speeds because of the robust topology. It is clear that it would be desirable to get rid of any 

components physically connecting to the rotating parts of the wind turbines.   

 

3.2.3 Two-Level, Multi-Level or Matrix Converter 

Two-level converters or back-to-back PWM converters include two voltage source 

inverters connected through a DC capacitor. For our design we would use multi-level converters, 

as they offer better voltage and power capacity, lower switching loss and total harmonic 

distortion. Other option includes matrix converters, which are basically AC-AC conversion 

devices. They remove the necessity of DC stage and directly synthesize the incoming AC voltage 

waveform to match the required AC output. With the use of geared drive train for our application, 

we design our machine for variable speed applications. The robustness of the rotor along with 

the complete control on the field current gives us a lot better reliability and efficiency of the 

converters. It is also important to consider the cost of the converters for our design which is 

expected to be high due to its complexity.  

 

       

Fig. 16: Different convertor topology for wind turbines 
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CHAPTER 4 

 

SUPERCONDUCTORS 
 

In this section the design and properties of the HTS cable is given. Literature review is done on 

the properties of the high temperature superconductors used in rotating machines [91 – 105]. 

First the concept of superconductivity and the types of superconductors are discussed.  

 

4.1 What is Superconductivity? 

 

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes, when he discovered 

that the electrical resistance of mercury disappeared when it was cooled to liquid helium boiling 

of T = 4.2 K ( - 269 οC). The vanishing of the resistance (R = 0 Ω) inspired to naming this new 

class of material a superconductor and the temperature was called critical temperature Tc. For a 

long time after Onnes discovery, the general understanding of a superconductor was an ideal 

conductor below a critical temperature Tc. In 1933, Meissner discovered that metallic 

superconductors are not just a perfect conductors, but they also expel the magnetic flux from an 

applied field by creating surface screening currents, which do not decay in time. This state with 

B = 0 T inside a superconductor is called the Meissner state, but it can only exist as long as the 

applied flux density is lower than the critical flux density Bx. Thus no difference can be observed 

between a superconductor and ideal conductor, since magnetic fields inside the sample remain 

unchanged (zero) for both. When the magnetic field is applied before the sample is cooled down, 

however, an ideal diamagnetic substance will expel the entire magnetic field from its interior, 

while an ideal conductor will conserve the magnetic field. Fig. 17 explains the difference 

between an ideal conductor and a superconductor in terms of expelling a magnetic field.  

The Meissner state can exist as long as the applied flux density is lower than the critical flux 

density Bc . The metal Nb has the highest critical temperature (Tc = 9.2 K) of the elements and 

he critical flux density of Bc ~ 0.2 T. Nb is therefore useful in making superconducting 

electronics and wires, but one cannot use it to make high field superconducting electromagnets, 

since the magnetic field will suppress the superconducting state and turn the wire into a normal 

metal with finite resistance.  
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Fig. 17: Comparison between ideal diamagnetism and ideal conductivity [117]. (a) ideal 
diamagnetism expels the magnetic field from inside the material; (b) ideal conductivity 
conserves the magnetic field inside the material. 
 

 

A new class of ceramic superconductors were discovered in 1986 and they were termed high 

temperature superconductors (HTS) because the critical temperatures Tc = 39-110K were much 

higher than what could be explained by the theory of superconductivity in metals. The Tc of 

Lanthanum-barium-copper oxide ceramic (LaBaCuO4) which is 30 K, was discovered first, and 

is used as the benchmark to define high Tc superconductors. Low Tc superconductors comprise 

of elements, some alloys and compounds, among which Nb3Sn and NbTi are the most famous 

and widely used [137, 138]. Most high Tc superconductors are copper oxides, such as 

BiSrCaCuO and YBaCuO, and some compounds with relatively simple structures, such as MgB2 

and FeAs [117]. A low operating temperature requires costly cryogenic systems. For low Tc 
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superconductors, liquid helium, which is very expensive, is used as the coolant.  For high Tc 

superconductors, especially copper oxides, liquid nitrogen can be used as coolant. Low cooling 

costs are the reason for high Tc superconductors becoming the focus of power engineering 

applications.  

 

4.2 Type 1 and Type 2 Superconductors 

 
A Type 1 superconductor (also known as a “soft” superconductor) exhibits a Meissner effect (i.e 

perfect diamagnetism, B=0) when subject to an applied magnetic field, independent of whether 

the material was cooled in zero field (ZFC) or field (FC).  

 

 

Figure 18: Typical M vs H curve for a type I superconductor and type II superconductor [117]. 
Note complete magnetic flux exclusion for type I (B = 0 or M = -H) and the abrupt reversible 
transition at H = -Hc . For type II superconductor, we get perfect diamagnetism for H < Hc1 and 
is in mixed/vortex state for Hc1 < H <Hc2 , and return to normal state for H > Hc2.  
 
 
For the Type II superconductors, Bc1 is defined as the lower critical field and Bc2 is defned as 

the upper critical field. At the lower critical field, the magnetic field begins to penetrate the 

superconductor in the form of quntized flux lines. The state involving partial penetration of 

magnetic flux is called the mixed state, in which the magnetizaion of the Type II superconductor 

decreases monotonically with  increasing applied field, until the applied field reaches the upper 

critial field. At the upper critical field Bc2, the magnertization reaches zero and the internal field 

equals the external field, and the external field destroys superconductivity.  

The critical field for the Type 1 superconductors is low (around 10 mT) and thus are not suitable 
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for use in superconducting generators, where the magnetic fields are high. Type 2 

superconductors, however, have the critical field is much higher.  At a temperature of 4 K, the 

Bc2 is 12 T for NbTi, 27 T for Nb3Sn, 15 T for MgB2 and >100 T for YBCO and Bi-2223). Thus 

the Type II superconductors are used for our applications. HTS materials are particulalrly suited 

for electric power applications because they allow  higher operating temperatures requiring less 

complicated cryogenic systems. 

 

 

Table 1: Critical temperature Tc and upper critical field Hc2 at 4 K for several   

superconductors commercially available in wire form [117] 

 

 

 

4.2.1 BCS Theory 

BCS theory was the first microscopic theory of superconductivity explaining the 

phenomenon in quantum mechanical terms and was named after J. Bardeen, L. Cooper and R. 

Schrieffer [139]. According to BCS theory, the supercurrent is carried by a pair of electrons 

known as cooper pairs. The Cooper pair is more stable than a sinle electron, since it is more 

resistant to vibrations within the lattice because the attraction to its partner keeps it stable so it 

experiences no resistance. Therefore the Cooper pairs move throuh the latice relatively 
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unaffected by thermal vibrations (electron – phonon interactions) below the critical temperature.  

 The BCS theory correctly predicts the depecdence of the value of the enrgy gap E at the 

critical temerature Tc, as well as the meissner effect. Hoever, the BCS theory holds true only for 

low Tc superconductors and for elements and simple alloys; it cannot be applied to high Tc 

superconductors, and it does not provide sufficient information for a macroscopic model of 

superconductivity.   

 

4.3 High Temperature Superconductors 

  

4.3.1 History 

As stated previously, in 1986, J.G. Bednorz and K.A. Mueller discovered high-

temperature superconductivity in LaBaCuOx for which they were awarded Nobel prize in 

physics [140]. This material had a Tc onset of 35 K. A year later Y-Ba-Cu-O system was found 

to be be superconducting, with transition temperature of 90 K [ref]. Most rare earths can be 

substituted for Y producing several related superconductors with high Tc values. These class of 

materials are often referred as REBCO. YBCO – REBCO were the first materials discovered 

with Tc values above the liquid nitrogen boiling point of 77 K, and have continued to be leading 

materials for electric power applications [ref]. Many more families of compounds with even 

higher Tc values were eventually discovered. Superconductivity was discovered by Maeda et al, 

(1988) and Tallon et al. (1988) in the system Bi-Sr-Ca-Cu-O with Bi2Sr2Ca2Cu3O10 (BSCCO-

2223) having the highest Tc of 110 K [117]. Ti-Ba-Ca-Cu-O system reached a critical 

temperature of 125 K. To date Hg-Ba-Ca-Cu-O system has the highest Tc of all, reaching 135 K 

at ambient pressure and ~ 160 K under high pressure [117].  

 

4.3.2 Crystal Structure 

Here only an overview about the crystal structure is given, as the thesis is mainly on HTS 

machines. The crystal structure for YBCO possesses both planes of CuO2 and chains of Cu-O. 

The YBCO has an orthorhombic unit cell with approximately seven oxygen atoms per formula 

unit. The crystal structure for the BSCCO-2223 compound with Tc ~ 110 K has similar CuO2 

planes. HTS tapes using the BSCCO – 2223 compound in a silver composite have been 

successfully fabricated using the Powder-In-Tube method with rolling into a tape shape, with 

especially high critical current densities achieved under overpressure oxygen anneals.   
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Fig. 19: Unit cell structure of Y-Ba-Cu-O-123 (left) and Bi-Sr-Ca-Cu-O-2223 (right). In YBCO, 
oxygen atoms sit at the vertices of the tetrahedral and squares, and Cu sit at the center of the 
base of the tetrahedral and middle of the squares. The CuO2 planes play a major role in the 
superconductivity, while CuO chains in YBCO act as electron donors or acceptors [117].  
 

 

Another important wire for certain energy applications is round wire based on BSCCO-2212 in 

a silver matrix with Tc ~ 85 K [141]. Although its Tc is comparable to that of YBCO-123, its 

high anisotropy leads to a much lower-lying irreversibility line, constraining its in-field 

applications to 20 K range and below. Even though TI and Hg-based HTS materials have even 

higher Tc values than YBCO or BSCCO, they have not so far found commercial use because of 

their even lower irreversibility lines, difficult processing, poor stability and toxic nature of Hg 

and TI. 

 

4.3.3 Anisotropy 

One of the main characteristics of HTS materials is the large anisotropy in their 

superconducting properties. Substantially different values were measured depending upon 

whether measurements were taken parallel to the ab crystal planes or parallel to c-axis. The 
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anisotropy was also seen in the critical fields Hc1 and Hc2. Strong anisotropy also appears in 

critical current density Jc, thus critical currents can no longer just be reported as a function of 

temperature and magnetic field Jc(T, H), but also have to be reported as a function of the applied 

magnetic field direction relative to the crystallographic axis (i.e. Jc(T,H, θ)). This is very 

different from more isotropic LTS materials like NbTi and Nb3Sn, which show virtually no 

anisotropy in their fundamental parameters. The following figures show the critical current 

versus applied magnetic field of a REBCO-coated conductor at various temperatures, with 

magnetic field applied parallel to the ab-lane and parallel to the c-plane. These figures show the 

large difference in Jc depending upon applied field direction.  

 

 

  

Fig. 20: Normalized Jc vs H of a REBCO-coated conductor tape at various temperatures. 
Applied magnetic field parallel to the ab plane (Left) and parallel to the c-axis(Right)  Results 
are normalized to the value at 77 K and self-field. Courtesy of V. Selvamanickam, University of 
Houston [117]. 
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CHAPTER 5  

 

SUPERCONDUCTING WIND TURBINE GENERATORS 
 

There have been various topologies researched when it comes to superconducting wind turbines. 

Mainly they can be categorized into three categories according to the superconducting material 

used. One is based on low temperature superconductors (LTS); one is based on high temperature 

superconductors (HTS) and another is a fully superconducting generator based on MgB2. Here 

these are explained with examples. 

 

5.1 Superconducting WTG: Based on Superconducting Material 

 

5.1.1 Wind Turbine Generators using LTS 

Low temperature superconductors [LTS] have been used in MRI applications. The 

operating temperature for LTS is generally less than 18 K. Main categories for commercialized 

LTS wires are NbTi and Nb3Sn [137, 138]. These materials have also been used in accelerator 

and fusion magnets [137,138]. The maturity of manufacturing technology for these materials is 

much higher as compared to HTS materials. GE has designed a 10 MW superconducting 

generator using LTS windings [74]. GE has been manufacturing MRI machines for a long time 

and has expertise in the LTS technology. It wants to leverage this knowledge now to enter the 

LTS generator sector. Fig. 21 shows the 10 MW SC direct drive generator proposed by GE using 

the LTS windings [74].  

 

LTS has following characteristic when compared to HTS technology: 

• Low Cost 

• Complex Cooling 

• Costly Thermal Insulation 

Even with high cost of cooling associated with LTS materials, the materials itself is not very 

expensive. Thus, for full operation, GE thinks that it is still cheaper to use LTS instead of HTS 

windings.  
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Fig.21: Superconducting generator design by GE [74] 

 

 

5.1.2 Wind Turbine Generators using HTS 

Three kinds of commercialized HTS tapes are available: Bi2223, Bi2212 and YBCO. 

Bi2223 and Bi2212 belong to the category of 1G HTS and have similar properties and price. It 

can be seen in Fig. 22 that for the same operating current the 2G HTS tapes cost less as compared 

to 1G tapes. Moreover, 2G tapes have higher performance than 1G HTS tapes in the respects of 

both electromagnetic and mechanical properties.  

When compared to LTS materials, the HTS tapes have the following characteristics: 

• More expensive than LTS  

• Simpler cooling system 

• Cheaper thermal insulation 

 

The operating region for HTS tapes is less than 110 K. American Superconductor Corporation 

(AMSC) has designed a 10 MW direct drive wind turbine generator [75]. AMSC designed, built 

and tested a 3.5 MW four pole 1800 rpm machine. In this design, the whole rotor, including coils 

wound with BSCCO HTS conductor, was cooled down to 35 K using a closed cycle neon heat 

pipe concept. 
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Fig. 22: “Sokolowski Plot" of several HTS and LTS wire embodiments [77]. Data were obtained 
courtesy of the manufacturers as labelled in the plot. When comparing performance, note the 
different operating points, i.e., temperature and field. The diagonal lines represent demarcation 
of various constant C/P values in $/kA×m. 
 
 
Under the contract with the Office of Naval Research, AMSC built two prototypes motors: a 5 

MW and 230 rpm motor, and a 36.5MW and 120 rpm motor. The motor were constructed as 

power compact ship propulsion alternatives to existing ship propulsion concepts.  The armature 

on these motors was liquid cooled with dielectric insulating oil. Both motors employed 1G 

(BSCCO) field windings cooled with GM cryocoolers and operated at 30 K [4].  

 

 

 

Figure 23: 10 MW WTG SeaTitan by AMSC [75]. Reproduced with permission from AMSC. 
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The 36.5 MW machine developed by AMSC presents the highest torque HTS machine publicly 

reported up to date with an output shaft speed of 120 rpm and over 2.9 MNm of torque at a 

weight estimate of 75 tons. The 5 MW machine designed by AMSC was tested at CAPS facility. 

Several plans have been put forward to design and construct 8-10 MW wind turbine generators. 

Converteam came up with an air core HTS machine using 1G HTS tape. AMSC has also 

announced intentions to build a direct drive wind turbine generator under the brand name 

SeaTitan [75]. 

 

5.1.3 Wind Turbine Generators using MgB2 

MgB2 superconductor was discovered in 2000 and is the most recent commercially 

available superconductor [53, 107]. MgB2 tapes are superconducting at temperature less than 39 

K. The advantages of using them is that MgB2 tapes have low AC losses as compared to all other 

types of superconductors [53]. This makes them more favorable to use in armature windings. 

Thus, fully superconducting generator designs have been proposed using MgB2 by Advanced 

Magnetic Lab (AML) [78]. Fig. 24 shows the proposed generator.  

 

 

 

Figure 24: 10 MW fully superconducting wind turbine generator proposed by AML. [78] 
Reproduced with permission from AML. 
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When compared to HTS and LTS wires the MgB2 wires have the following characteristics:  

• Operates at lower field density  

• Lower cost for manufacturing 

• Lower AC losses 

• Can be formed into wires with small bending diameters thus suitable for armature 

winding 

 

5.2 Superconducting WTG: Based on Design Topology 

 

Other way to differentiate different superconducting WTG technologies is to see the design 

topology. This includes the design of cooling system and configuration of the rotor and stator. 

The generators can be divided in to the following categories: 

• Fully vs Partially Superconducting WTG 

• Rotating armature vs Rotating field Superconducting WTG 

• Axial Flux vs Radial Flux Superconducting WTG 

• Air Core vs Iron Core Superconducting WTG 

• Cold Rotor vs Warm Rotor Superconducting WTG 

 

5.2.1 Fully vs Partially Superconducting WTG 

When both the armature and field windings are superconducting, the generator is said to 

be fully superconducting. It has been previously discussed that when the armature winding is 

superconducting, it has AC losses. Thus, cost and efficiency are the factors to be considered 

when it comes to the choice between the two. Some attempts have been made to utilize second 

generation high temperature superconductors in the generator armature windings [49]. Fully 

superconducting generators utilizing MgB2 have been studied in [53]. Fig. 25 shows the fully 

superconducting generator proposed in [78] and Fig. 26 shows the partially superconducting 

generator proposed by GE in [74].  
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Fig. 25 Fully superconducting generator [75] 

 

 

 

Fig. 26 Partially superconducting generator proposed by GE [74] 

 

 

There are other challenges also with fully SC generators like complicated cryogenic and 

refrigeration system. This is because for fully SC generator, the coolant needs to be transferred 

from the stationary compressor to the rotating cryostat and rotating seal. Also, the AC losses 

have to be removed and thus high cooling power is needed to keep the windings in the SC state. 

Rotating sealing is still a big challenge for the partially SC generators with rotating field 

windings, but it can be avoided by using rotating armature topology.   
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5.2.2 Rotating Armature vs Rotating Field 

It has been stated previously that it is favorable to have stationary SC coils. This is because 

with stationary SC coils the transfer of coolant to the cryostat becomes much simpler. Stationary 

field also eliminates the need to use rotating seal in a rotating field machine. It has been studied 

that the major reason of failures in superconducting machines is due to the rotating seals. 

Another reason is that with stationary cryostat the cost is significantly reduced. Fig. 27 shows 

the rotating armature and the rotating field topologies.  

It is clear that with rotating armature topology, the cooling, electrical circuits and the armature 

itself will face a greater amount of force due to vibration. Thus, the mechanical, thermal and 

electrical structures need to be carefully designed. Moreover, large currents need to be 

transferred from the rotating armature through sliding contacts. This, can be an advantage for 

low speed direct drive wind turbines. Still most of the off shore SCDD generators use the rotating 

field concept, mainly because it eliminated the faults associated with the slip rings. 

 

 

Fig. 27 Rotating Armature vs Rotating Field topologies [85]. (a) rotating armature concept (b) 
rotating field concept 

 

 

5.2.3 Axial vs Radial Flux  

Axial flux machines have been in use for vehicles, ships and aircrafts [79]. Torque to mass 

ratio is better for axial machines with output less than 100 kW, which makes them favorable for 

use in propulsion systems. They are characterized by low noise, low magnetic leakage flux and 

low cogging torque [81]. A lot of work has been done on axial-flux permanent magnet generators 
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[80]. Axial flux machines per unit power output is higher and axial length shorter than radial 

machines [82]. Fig. 28 shows the axial and the radial topologies.  

It should be noted that the axial machines can be structurally unstable if the diameter is too large. 

They maybe heavier than the radial machines. Also, in  axial machines the armature windings 

need to be wound in small diameters which can pose a great challenge in the case of HTS cables. 

Thus many issues arise if we want to consider using axial superconducting machines for off 

shore wind turbines.  

 

 

 

Fig. 28 Axial versus radial topologies. (a) axial flux concept (b) radial flux concept [85] 

 

 

5.2.4 Air Core vs Iron Core  

Generators can be classified in terms of air core or iron core depending on the material 

used in the rotor core. If the rotor core material is ferromagnetic, it is referred as the iron cored 

rotor. Otherwise it is called air cored. Also the stator teeth can be classified as air gap windings 

and iron teeth windings. Fig. 29 shows the different iron cored rotor topologies. Fig. 30 shows 

the stator topologies with stator teeth using air gap windings and iron stator teeth concept.  

Air core rotor is lightweight and thus is favored in large SCDD applications. Iron cored 

rotor experiences eddy current loss; thus, the air cored topology is more efficient. The 

disadvantage of the air cored topology is that the electromagnetic force directly acts on the SC 

windings. Thus, the support structure for the SC windings is needed to be much more complex 

in case of air cored windings. This also limits the use of air cored topology for large machines 

which generate large torque. 
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Fig. 29: Different iron – cored rotor topologies. (a) Iron core at ambient temperature (b) Iron 
core at cryogenic temperature [85]  
 

 

It should be noted that direct drive wind turbines operate at low frequency, thus the iron loss 

associate with them is also low. It can be concluded thus that it is favorable to use iron teeth for 

superconducting direct drive applications. With air gap windings, the transverse flux 

components acting in the copper are highly increased than iron tooth stator, which leads to higher 

eddy current loss and circulating current loses in the stator windings.  

 

 

 

Fig 30: Different stator winding topologies. (a) Stator with air-gap winding (b) Stator with iron 
teeth concept [85]  
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5.2.5 Cold Rotor vs Warm Rotor  

The rotor can be at cryogenic (cold rotor) or ay “room” temperature (warm rotor). The 

warm rotor has reduced cold mass. Thus the cool down period is short and the machine is not 

sensitive to the eddy current loss. Fig. 31 shows the cold rotor configuration. It should be noted 

that with warm rotor configuration, the support structure for the machine is more complicated. 

This is because it needs to limit the heat transfer from the iron ore to the winding and also 

transmit the torque from the winding to the rotor. 

 

 

 

Fig. 31 Cold rotor design reproduced from [83] 

 

 

Fig. 32 Warm rotor design reproduced from [83] 
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Also, the connecting structures of significantly different temperatures give rise to high thermal 

stress. The cold rotor configuration requires more power and time to achieve the operating 

temperature, since in the process it needs to remove the heat generated from the eddy current 

loss from the rotor. The structure for cold rotor is simpler as compared to warm rotor since the 

windings do not necessitate connecting structures at different temperatures. Fig. 32 shows he 

warm rotor topology.  
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CHAPTER 6 

 

DESIGN AND ANALYSIS OF A NEW SYNCHRONOUS HIGH 

TEMPERATURE SUPERCONDUCTING GENERATOR TOPOLOGY 

 
It has been described in the previous section that there has been an increasing demand for multi-

megawatt wind turbines due to increasing energy crisis. It was also seen that superconducting 

wind turbines provide a viable solution to the problem, with high field density. However, there 

are many challenges associated with them. The most significant of the challenges is the operation 

of the cryo-coolers. The cryo-cooler if mounted on the rotor shaft creates a lot more problems 

and its efficiency decreases significantly. Thus the question arises if we can completely eliminate 

the need to mount the cryo-cooler on the rotor. This will not only improve the efficiency but will 

also improve the operating speed of the machine.  This led us to look into solutions like switched 

reluctance machine. There have been some attempts at similar topology in the past which are 

discussed in this section [7, 10, 13, 14, and 24].  

 

6.1 Theoretical Derivation 

 
The proposed HTS machine is shown in figure 33. When the rotor pole is aligned with one side 

of stator tooth, flux linkage reaches negative peak and when it aligns with the other side of stator 

tooth, flux linkage reaches a positive peak. When the rotor pole or the rotor slot is aligned with 

the HTS cable, the flux linkage is zero. Here, a smoothly rotating MMF does not contribute to 

the torque for this machine. Instead, the torque is developed by the tendency of the rotor to orient 

itself into a position of minimum reluctance, with the stator, within a magnetic field which is 

energized by the phase windings in much the same manner as a switched reluctance machine.  In 

the case of the HTS machine a cable is inserted in the middle of each stator teeth. Thus each stator 

tooth is then effectively divided into a north and a south pole. The width of the rotor teeth is 

exactly half of that of the stator teeth. DC excitation current is supplied to a rectangular air gap  

field and three phase rectangular currents are impressed on the armature windings throughout the 

operation of the motor for any alignment of the rotor. The field winding is exited with direct 

current using a HTS cable which does not require slip rings and brushes. The switching of the 

current direction in the armature winding controls the orientation of the resultant stator flux and 
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therefore decides which stator poles the rotor is attracted to as the rotor rotates. 

 

Figure 33: Proposed HTS machine having 6 stator teeth and 7 rotor teeth per pole pair. 
 
 

6.1.1 Torque Estimation 

Consider stator tooth #1 which is wound with phase a as shown in Figure 33. Neglecting 

the stator slot openings, the maximum flux entering this stator tooth embraced by winding a-a’ at 

the instant shown is ��      
 =  �� �� =  �� �� �2                                                                                                                             (1) 

Where �� is the pitch of one stator tooth and l is the axial length of the machine. 

     As the rotor moves from this point to where the flux in the stator tooth it reaches a negative 

maximum value, the net change in flux is ∆�� = 2�� =  ���� �                                                                                                                          (2) 

Assume for simplicity, assume a four pole machine and that the effect of the small stator slot 

opening is neglected. As the rotor moves through one-half stator slot pitch, the time rate of 

change of the stator tooth flux over this interval is  

       ∆��∆� =  
∆��∆� 

∆�∆� =  ��   

���� �
1

14
2� =  

7��   ���� ��                                                                             (3) 
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The result will be the same for every rotation of π /7 radians effectively producing a rectangular 

induced EMF in the winding. Since the stator inner circumference is πDis = 12��, the voltage 

induced in coil a wrapped around this tooth is 

 ��  =  �� ∆��∆� =   
7 ����   �� ��  �����

12
� =  

7

12
���� ����� �                                                          (4) 

 

The voltage per phase of the four pole machine is ��ℎ��� = 4�� =  
7

3
���� ����� �                                                                                                          (5) 

Assuming no losses and unity power factor, the torque expressed in terms of rms and peak values 

of sinusoidal voltage and current is 

�� =  
3���� ������ 

   =

1
2

3�������� 

                                                                                                           (6) 

Since the EMF is rectangular here, we have 

��� =  
4� ��ℎ���                                                                                                                                           (7) 

��,��� =  
3

2

4� ��ℎ�����ℎ����� 

                                                                                                                     (8)  

 

If only the fundamental component of the surface current density is considered, 

�� =  
6����ℎ������� =

6(2��)��ℎ�������                                                                                               (9) 

So that, the torque can also be expressed in terms of flux and current density as 

 ��,��� = �32� �4�� 73  (����� �)(
������12 ) = �76�����(���2 �)                                                                (10)  

 

It is well known that for the conventional wound field synchronous machine operating at unity 

power factor, the equivalent expression of torque (i.e. Essen’s Equation) is given by 
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��,����ℎ =  ��
4
���1��(���2 �)                                                                                                                (11) 

Where ��1is the peak flux density in the air gap. If the tooth and slot width are equal as is 

normally the case for a form wound machine, ��1,�� =  ��/2  

��,����ℎ =  ��
4
���

2
��(���2 �) =  ��

8
�����(���2 �)                                                                              (12)  

 

Thus, the ratio of the HTS machine to synchronous machine torques is 

��������ℎ =  
(
7
6

)����(���2 �)��
8
�����(���2 �) =  

28

3� =  2.97                                                                                       (13)  

 
6.2  2D Electromagnetic Finite Element Analysis 

 

To verify my topology, I first used 2D electromagnetic simulation to verify our results. For this 

we start with 2D finite element analysis of our design. FEM software Magnet by Infolytica has 

been used for our simulations. First in my analysis I compare an existing surface permanent magnet 

machine with our design. Ie keep the main parameters like the outer and inner stator diameters for 

the two machines identical and performed the 2D analysis. Next I compared our design with a 

Toyota Prius interior permanent magnet machine. Toyota Prius has a highly optimized design, and 

it is very difficult to perform better than that. My topology has been designed mainly for wind 

turbine applications, however it is clear that the topology gives us a chance to operate at very high 

speeds. Thus the topology is also useful for high speed applications like ship propulsion motors.  

 

6.2.1 Comparing HTS and Surface PM Machines 
The first design I compared our topology with is an existing surface permanent magnet 

available in the lab at WEMPEC, University of Wisconsin. The model parameters are shown in 

Table 2. It is also shown in table 2 that the proposed topology has the same parameters as the 

actual surface permanent magnet machine. The motor and the FEM model are shown in figure 

34. 
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Table 2: HTS and Surface PM Machine Parameters 

Parameter MPL-A4540C-SJ24AA HTS 

Stator OD, mm 107 107 

Stator ID, mm 53.34 53.34 

Stator Stack Length, mm 100.33 100.33 

Rotor OD, mm 51.8 51.8 

Rotor ID, mm 25.4 25.4 

Air Gap, mm 0.79 0.79 

Number of Stator Slots 12 12 

Stator turns per coil 12 12 

Tooth Width, mm 9.144 9.144 

Back Iron, mm 6.858 6.858 

Rotor Type SPM (8-Pole) Iron Core 

Magnet Neodymium Iron Boron 

(NdFeB) 

None 

 

 

 

 

Fig 34: Surface PM motor by Allen Bradley[SPM] 
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Fig. 35. Procedure for comparing output torque for two machines 

 

 

The proposed superconducting machine topology is shown in figure 36. The field generated with 

HTS machine is shown in figure 37. To compare the two machines according to equation 13, it 

is necessary that the following parameters are same: 

• Dis which is the inner stator diameter 

• L, which is the stack length  

• Ks which is the armature current density 

• Bt which is the peak field at the root of the stator teeth  

For this purpose, a procedure is followed to compare the two machines as shown in Fig. 35. 

 It is necessary to observe that when we compare the two machines, we keep the air gap field to 

be same in both. First a no load condition was tested for the two machines. Both machines are 

at 1000 RPM. It can be seen that the back EMF of the two machines is nearly the same. Current 

and voltage of SPM machine has frequency of 66.66 Hz and HTS machine has frequency of 

233.33 Hz. 

Decide the desired torque and power for the 

generator

Calculate the machine parameters and use MAGNET 

(Infolytica) to create 2D finite element model 

Compare the Back- EMF with no armature current 

Adjust field current to make sure the magnetic field 

in the stator teeth is the same.

Provide the same armature current per turn to 

compare the torque output
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Figure 36: HTS machine layout design 

 

 

Figure 37: HTS machine field direction 
 

 
The flux in the stator teeth of the HTS machine is less than in the SPM machine. The reason is 

that some flux goes around the HTS DC cable. Thus it does not contribute to the flux linkage. 

Even then the torque obtained in case of HTS machine is more. 

It should be noted that the field in the stator teeth of the two machines is not the same. If we try 
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to increase the field in the stator teeth further, by increasing the DC excitation, we saturate the 

stator teeth. Thus the maximum torque possible in HTS is not 2.34 times that of the PM machine, 

but around 1.35 times due to saturation of the teeth. It can be further observed that this problem 

can be resolved if we have enough area for flux to flow, like in large WTG.  

 

 

  

Figure 38: HTS vs SPM flux linkage                Figure 39: HTS vs SPM Back EMF 

 

Figure 40: HTS vs SPM stator current          Figure 41: HTS vs SPM torque at rated current 

 

 

The results for the simulation are shown in figures 38 - 42. It was observed that with the same 

air gap magnetic field and maintaining the same back EMF, we get a higher torque output for 

the HTS machine compared to the surface PM machine. 
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Figure 42: HTS vs SPM stator teeth field 

 

Here we have a fully pitched winding. The HTS machine mainly acts as a flux switching 

machine, which is a combination of switched reluctance motor and inductor alternator. It is 

claimed that with full pitched winding the trapped energy of switched reluctance motor can be 

overcome [10,11]. We have DC flux that remains in constant use, and hence energy is retained 

by the winding, which aids in the commutation of the current and also reduces the excitation 

penalty that is incurred in the power electronics. The production of torque here obeys the Laws 

Relay. We have to control the field energy and also the armature current. We do have issues of 

high eddy current loss and saturation with this machine. The main advantage of this machine 

would be significant reduction in size and increase in torque density. 

 

6.2.2 Comparing HTS and Toyota Prius (Interior PM Machine) 

Toyota Prius is a well-designed and optimized Interior Permanent Magnet (IPM) machine. 

It has been a benchmark for performance analysis. The teeth of HTS machine have DC coil in 

the middle as shown in Fig. 44. This divides each stator teeth into north and south poles. There 

are many possible geometries possible for the insertion of the DC HTS coil. The geometry shown 

makes sure minimum flux passes through the HTS coil. The HTS and the Toyota Prius model 

parameters are shown in Table 3. The two models are driven at the rated speed of 1000 rpm and 

the results were compared. Procedure given in Fig. 35 was followed while comparing the 

performance for the two machines. 
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Figure 43: Toyota Prius layout design 

 

 

Table 3: Toyota Prius and HTS Machine Parameters 

Parameter 2010 Prius HTS 

Stator OD, mm 264 264 

Stator ID, mm 161.9 161.9 

Stator Stack Length, mm 50.8 50.8 

Rotor OD, mm 160.4 160.4 

Rotor ID, mm 50.165 50.1 

Air Gap, mm 0.75 0.75 

Number of Stator Slots 48 48 

Stator turns per coil 11 11 

Wire Size, AWG 20 20 

Slot Depth, mm 30.9 30.9 

Slot Opening, mm 1.88 1.51375 

Rotor Type IPM Iron Core 

Magnet Neodymium Iron Boron 

(NdFeB) 

None 
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Figure 44: HTS vs IPM layout design [IPM] 

 

 

It is essential that the field in the teeth of stator is the same for fair comparison of the two 

machines. Same current density was also ensured in the armature windings. Initially no armature 

current was fed and we have only HTS excitation. The results are shown in figures 45 - 50. It is 

seen that the peak back EMF values for no-load case, are 175 V and 60 V for HTS and Prius 

machine, respectively. 

 

 

Fig 45: Back EMF of HTS vs IPM at 1000 rpm    Fig 46: Open Circuit Air Gap Flux  
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The frequency for HTS machine is 933.33 Hz and that of Prius is 66.66 Hz. It is clear that each 

rotor teeth acts as a pole in case of HTS machine. The HTS machine is given 2100 A DC 

excitation. It can be observed that even though the peak air gap flux in HTS machine is half of 

that in Prius machine, we get 3.5 times more back EMF. This is due to the fact that each of the 

rotor teeth acts as a pole due to flux switching. 

 

 

 

Figure 47: Field direction in HTS machine Figure 48: HTS vs IPM stator teeth field 

 

 Figure 49: Torque at Js = 5A/mm2                           Figure 50: Torque at Js = 14.28A/mm2 
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It is observed that the field in the stator teeth is less in case of HTS machine since some flux is 

flowing around the DC HTS cable instead of going through the teeth. This can be further 

optimized with changing the size of the HTS machine and DC cable.  

The torque is compared at two different values of current densities. The first is at Js = 5A/mm2 

and it is seen that the average torque is nearly 1.5 times that of the Prius motor around 45 Nm. 

The second simulation is done at Js = 14.28A/mm2. This saturates the tip of the HTS machine, 

due to its design and we get only around 80 Nm. Thus if we increase the stator current further, 

we don’t get any increase in torque. 

We can see that the torque capability of the HTS machine is at least comparable to that of the 

IPM machine. In addition, it can achieve a high per unit winding inductance. Thus HTS machine 

is suitable for constant power operation over a wide speed range, i.e. it has a high flux weakening 

capability. IPM uses both the magnetic torque and reluctance torque. In the HTS machine the 

main component of torque is the reluctance torque and the magnetic torque is small. 

 

6.3 Design of 12 MW Wind Turbine Generator 

 

From the comparison of torque output for the proposed HTS machine and that of the SPM and 

IPM machines it was found that the proposed topology does in fact give a higher torque output. 

This led me to develop the design for a wind turbine generator using the same topology. In this 

study a 3-phase 12 MW generator was designed. For the configuration, two designs are possible: 

direct drive and indirect drive.  As discussed in chapter 3, in an indirect drive system, the shaft 

for the generator is connected with the wind turbine shaft through a single-stage or multi-stage 

gearbox. The system efficiency decreases with this configuration due to energy loss associated 

with the gearbox. Also, using a gearbox increases the failure modes of the system. Despite these 

disadvantages, indirect drives have low cost, weight and size. Common indirect drive generators 

are doubly-fed induction machines with three stage gearbox (DFIG3G), squirrel cage induction 

generator with three stage gearbox (SCIG3G), and permanent magnet generator with single stage 

gearbox (PMG1G).  

For this thesis work, I have chosen a single stage indirect drive configuration. This is due to the 

fact that even though direct drive appear to be more suitable, it tends to be too large and heavy 

to manage for more than 10 MW offshore WTG applications. For this thesis purpose I compared 
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the performance of a PMG1G with my topology. The results for FEA design and analysis is 

presented in the next chapter. The 1-stage geared generator is chosen with a gear ratio of 1:6 

with a line-to-line voltage of 3.3 kV at a rated speed of 54 rpm. The parameters for the design 

can be seen in Table 5. 

The reason for choosing PMG1G is that it is quite popular even though price for permanent 

magnets is rising. It offers high torque to weight ratio. The main advantages of PMG1G is: 

• Maximum wind power capture is obtained due to higher efficiency 

• Simple cooling system 

• Higher power output 

• No copper loss associate with the rotor 

The main disadvantages of using PMG1G are: 

• Increasing cost of permanent magnets 

• Complicated Control  

• Magnets can damaged with excessive temperature rise 

I proposed the new topology of generator HTSG1G as an alternative to PMG1G, as it provides: 

• Greater torque 

• Greater efficiency 

• Very high torque to weight ratio 

• No use of permanent magnets 

In this study the design of a HTS 3-phase 12 MW generator has been considered. In general, 

since there has been decreasing interest for direct drive generators, a 1-stage geared generator 

was chosen with gear ratio of 1:6. The line to neutral voltage is 2.2 kV at a rated speed of 54 

rpm. A sketch of the machine layout is shown in Fig. 51. The stator has in total 120 teeth and 40 

poles. The rotor has 140 teeth with the ratio of 7:6 as compared to stator teeth. The major 

parameters for the design can be seen in Table 5. For the DC HTS cables, REBCO cables were 

chosen with engineering (net including coolant space) current density of 55 A/mm2 [115 - 118] 

and operating at 30-50 K. It is observed from FEA simulations that this current density gives 

sufficient space for the placement of the DC HTS cable and also provides the desired magnetic 

field at the air gap. Since the field decreases as one progresses down the stator pole, the operating 

temperature is governed by the magnetic field near the field coils.  
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6.3.1 2D Electromagnetic Analysis 

The no load magnetic flux density distribution in the HTS generator is depicted in Fig 

53(a). Based on the 2-D finite element model, the performance of the HTSC machine is 

analyzed. The simulation results of phase back electromotive force (EMF) and rated 

electromagnetic torque is shown in Fig. 52. The average torque produced at 54 RPM is 2.12 

MNm. 

 

 

 

Fig. 51: Cross section of 12 MW wind turbine 

 

 

Table 4: 12 MW WTG Losses and Efficiency 

Parameter  Value Unit 

Iron Loss (Stator)  305.4 kW 

Iron Loss (Rotor)  158.2 kW 

Copper Loss  12.94 kW 

Total Loss  476.54 kW 

Generator Efficiency  96 % 
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Fig. 52. Performance of the 12 MW HTS Machine. (a) back-EMF [kV] under no load and (b) 
electromagnetic torque [MNm] under rated load. 
 

 

It should be noted that the torque ripple is relatively high, but since the design is for 1 stage 

geared WTG, it is acceptable. The loss data and generator efficiency are summarized in Table 

3. The generator efficiency is about 96%. The main source of low efficiency is the iron loss 

associated with the saturation of the stator iron. This feature is a challenge for the design since 

the heat generated from the stator needs to be prevented from entering the superconductor. For 

this purpose, insulator materials such as Mylar /fiberglass will have to be used between the stator 

iron teeth slot and the thick aluminum wall of the DC HTS cable.    

After the 2D Finite Element simulation, the results are seen in Fig. 52 for no load and full load 

conditions. The preliminary design showed the following drawbacks as stated in Fig. 53: 

[1] The HTS machine has high leakage flux.  

[2] The maximum value of the magnetic field density at the root of the stator teeth is small 

around 0.8 T.  

[3] The teeth tip gets saturated before the stator root. Hence the flux actually linking the coils 

is limited. 

[4] High saturation occurs around the HTS coil. This leads to high stator iron loss. It also shows 

that extra precaution needs to be taken in order to make sure the excess heat generated from 

the iron loss does not enter the superconductor. 

To address the issues stated in Fig. 53 the following options were adopted. Each option was 

simulated and the results were analyzed which have been further explained. 
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Fig. 53. HTS machine magnetic flux density distribution. (a) Flux density B(T) under no 
load condition and (b) Flux density B(T) under rated load condition. 

 

 

Increasing the Air Gap:  

First the air gap was increased in order to reduce the leakage flux. The downside was that the 

linking flux also decreased. Thus the torque output for the machine significantly decreased. Thus 

it was not considered option for optimization.  

Increasing Stator Teeth Width:  

The stator teeth width was increased to reduce the saturation of the machine. Here the overall 

stator iron loss increases. Output torque does not change significantly, although with this we 

reduce the copper area further. Thus it was not considered for optimization.  

Increasing the DC slot width: 

With increase of the slot width, it was observed that the iron loss further increased. Also, the 

output torque reduced. With the increase of saturation, it was observed that the stator iron loss 

also increased. Hence it was also not the appropriate method for optimization. 

Reducing the rotor teeth width: 

It is to be noted that the HTS machine is highly saturated. It was observed through the finite 

element method that if  the width of the rotor teeth is decrease, we get higher torque, due to 
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reduction in the leakage flux.  The torque output increased by 5% and the stator iron loss reduced. 

Thus this optimization was implemented in the model design as seen in Fig. 54. It shows that 

width of the rotor teeth is 75 mm as compared to the available stator teeth width of 90 mm.  

 

 

Table 5: 12 MW Optimized Wind Turbine Generator Parameters 

Parameter Value Unit 

Output Power 12 MW 

Mechanical Speed 54 r/min 

Rated Voltage 3.3 kV 

Rated Current 3636.36 A 

Rated Torque 2.122  MNm 

Pole Number 120 - 

Number of Phases 3 - 

Magnetic Loading 2.2 T 

Armature Current Density 3 A/mm2 

Rotor Outer Diameter 9305.92 mm 

Rotor Inner Diameter 8324.34 mm 

Stator Inner Diameter 9326.32 mm 

Stator Outer Diameter 10469 mm  

Physical Air Gap 10.82 mm 

Rotor Active Stack Length 806.19 mm 

Superconducting Materials REBCO Tape -- 

Rated DC Current 9 kA 

HTS Current Density JE = 55 A/mm2 

Working Temp 30 - 50 K 

 

It is necessary to isolate the DC cable from the heat generated by the iron loss around the region 

of the HTS cable. For cooling of the HTS DC cable we propose to use forced flow cryogenic 

helium gas circulation. The vacuum jacket and the insulator maintain the temperature difference 

between the gaseous helium and the stator iron. 
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Fig. 54. Design parameters for optimized 12 MW Wind Turbine Generator 

       

 

Fig. 55: Comparision of HTS and PM WTG (stator teeth field density and Back EMF). (a) The 
average teeth field of the two machines. (b) back-EMF(kV) under no load (-- HTS, ** PM) 
 
 

 

Fig. 56: Comparision of HTS and PM WTG (average torque and armature current). (a) The 
average torque of the two machines. (b) Rated armature current with current density of  3 
A/mm2. (-- HTS, ** PM) 
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6.3.2 Comparing 12 MW HTS and PM Machine Performances 

      The 12 MW HTS machine was compared to a permanent magnet machine with same 

dimensions. For comparison, the same peak field density (Bt) is maintained for the two 

machines. The average teeth fields in the two machines can be seen in Fig. 55(a). Then the back-

EMF is calculated using 2D transient analysis with finite element method. 

      The machine dimensions are listed in Table 5. It is important to note that the comparison of 

the performance of the two machines verifies the analysis in equation 13. The torque for the 

HTSC machine is not 2.97 times that of the PM machine, but still greater by 75-80%. This can 

be attributed to the fact that HTS machine becomes saturated to have the same average teeth 

field as that of the PM machine. This also leads to high iron loss in the stator. Although when 

we compare the HTS machine to a conventional synchronous generator, the efficiency of the 

HTS machine is higher, since there is no copper loss associated with the rotor field windings.  

 

6.3.3 HTS Cable Design for 12 MW WTG 

   In [114] and [115] conductor on round core (CORC) technology has achieved a long 

sought-after benchmark by enabling the production of round, multifilament, REBCO coated 

conductors with feasible current densities according to our requirement. A prototype cable was 

designed in [114] with Ic of 7000 A and a Jc of 309 A/mm2 at 17 T field. Similar cable can be 

used for our design , where we need a current density of atleast 55 A/mm2. One proposal for this 

design is discussed in [115] using CORC six-around-one Cable–In-Conduit-Conductor (CICC) 

designed by CERN. The jacket has outer dimentions of 30 mm by 30 mm which is greater than 

the required size of 20 mm by 20 mm. The size of CICC can be further reduced using the 

conceptual design proposed in [114] with nominal Jc of 481 A/mm2 for the CORC (REBCO 

coated) HTS cable. The cable discussed in [115] remains superconducting up to the maximum 

testing current of 47 kA, which is well above the required DC current for excitation of a 12 MW 

generator.The cable uses helium gas for cooling of the cable. Research has been conducted at 

Center for Advanced Power Systems (CAPS) on cooling of DC HTS power cables using gaseous 

helium circulation [125,126]. A similar procedure for cooling is proposed for the CICC cables 

as well [118].  
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Fig. 57: Relative size of the HTS field cable [115] 

 

 

Fig. 58:  Design for HTS field cable [118] 
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CHAPTER 7 

 

CONCLUSION AND FUTURE WORK 

 
In this thesis, a new topology for a synchronous generator utilizing a superconducting field 

winding is proposed. A mathematical derivation of the torque output the HTS machine was 

derived. A comparison of the The HTS machine and a similar conventional synchronous machine 

was presented. The derivation shows that, ideally, the torque for the HTS machine could 

potentially be about three times that of a conventional synchronous machine. A design topology 

was implemented for a 12 MW offshore wind turbine generator. The machine parameters for a 

single stage HTS WTG were calculated and a 2D Finite Element analysis carried out for no load 

and the rated load conditions. A similar size PM machine was then designed and compared to the 

HTS machine. It was verified that for the same average teeth magnetic field in the two machines 

and the same surface current density, the HTS machine has the output torque nearly 2 times that 

of the PM machine but is ultimately limited due to saturation of the HTS stator teeth under higher 

loads due to substantially higher leakage flux. Higher stator iron loss was also identified as a source 

for the decreased efficiency of the machine. However, this iron loss is compensated by a 

significantly smaller amount of copper loss and the overall efficiency was shown to be better than 

that of an equivalent PM machine designed to produce the same tooth flux density. The 

management of stator leakage flux and saturation of this type of machine clearly remain as issues 

that need to be studied in future efforts to make this type of machine practical. 

An HTS cable design for the 12 MW wind turbine was also studied using 2D FEA. It is 

found that the DC excitation needs only a net current density on the order of 55 A/mm2 for a large 

scale wind turbine application. Further, a design for the HTS cable is proposed using REBCO 

coated HTS tapes cooled using helium gas circulation at 30-50 K. It is believed that with the 

advance of HTS technology the cable design can be further improved and higher current densities 

can be achieved. It also appears that as the size of the DC cable decreases relative to the pole width, 

one can create a more efficient generator due to the decrease of the iron loss associated with the 

stator. Thus the discussed design topology is proposed as an alternative to the already saturated 

market of rare earth permanent magnets synchronous gnenerators. With the increasing concern of 

climate change and advancement of superconducting technology, there has been an ever increasing 

push towards HTS wind turbine generators. This topology is an attempt to address this concern.  
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