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ABSTRACT 

A Study on Improving Electrical Characteristics of 2G HTS 

Field Coils by Metal Insulation Winding Technology for  

10 MW Class Wind Generator  

 

Second generation (2G) high temperature superconducting (HTS) coils have recently 

attracted increasing attention of many researchers in developing high performance 

superconducting application because they possess high current density under high magnetic 

field and high stability margin compared with their low temperature counterparts. This 

technology could be considered as an effective solution to develop large–scale offshore wind 

turbine generators. The 2G HTS magnets for wind turbine generators, in form of racetrack 

type coils, can achieve higher magnetic field than permanent or resistive magnets. However, 

protection of the 2G HTS coil is well known to be one of the challenging problems for 

reliability of operation of HTS magnet applications because of the low normal zone 

propagation velocities that is incurred by the low index numbers and large specific heat.  

The no–insulation (NI) winding technique has been introduced to develop 2G HTS magnets 

with significantly enhanced thermal stability resulting from self–protection characteristic. The 

main idea behind this technique is based on the elimination of the turn–to–turn insulation 

layers in the HTS coil. During quenching, excessive current can be automatically diverted 

through neighboring turns; thus, a 2G HTS magnet can remain stable at a higher current density. 

However, the decay time constant can be a major challenge for the NI coil due to the bypass 

current phenomenon, which is caused by the absence of insulation resistance. The bypass 

current flows through the turn–to–turn contact under time–varying condition, leading to a slow 

charging delay time (τd) of the NI coil. As a result, the application of the NI winding technique 

is limited to devices that require fast electromagnetic responses, such as superconducting 

rotating machines and superconducting magnetic energy storage systems. 
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Recently, the metal insulation (MI) winding technique, which employs metal insulation 

between the turn–to–turn layers, has been suggested as a promising solution to overcome the 

drawback in slow τd of NI winding technique. Several research groups have been studied MI 

coil in the steady and transient states to investigate the electromagnetic response and thermal 

stability, respectively. The results demonstrated that the MI coil achieved both fast τd under 

time–varying condition and high thermal stability during the overcurrent test. However, these 

studies have been performed mostly in pancake type coils. Therefore, to utilize the MI winding 

technique for the field coils of superconducting rotating machines, it is necessary to estimate 

the τd as well as thermal stability behaviors of the MI winding technique which is wound in 

form of racetrack type coils.  

In this dissertation, the electrical characteristics of MI–SS racetrack coil under the steady 

and transient states were estimated in both experiment and simulation. In addition, the effects 

of stainless steel thickness, winding tension, cooling approach, and rotating magnetic field on 

the τd and thermal stability were also investigated. The results of this dissertation can be used 

as a technical reference for development the potential 2G HTS field coils, i.e., enhancing τd as 

well as thermal stability, of a 10 MW class HTS generator used in offshore wind turbine 

environment. First, an electrical equivalent circuit model was proposed to numerically analyze 

the characteristics of the NI 2G HTS coil in steady and transient states. A steady state was 

performed under rated operating current shooting to estimate the magnetic field response 

performance of the NI HTS coil. The transient state was conducted under an overcurrent 

shooting to analyze the thermal quench behavior. The simulation results of the NI HTS coil 

were discussed and compared with the experimental ones to validate the simulation approach 

based on the proposed equivalent circuit model. Then, the NI and MI–SS racetrack coils were 

performed in both experiment and simulation to estimate the magnetic field response in the 

steady state and thermal stability in the transient state. The results demonstrated that the MI–

SS racetrack coil can be charged considerably faster than that of NI racetrack coil. During the 

overcurrent, the MI–SS racetrack coil operated successfully to protect the test coil from burn–
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out because a portion of excessive current can automatically diverted through the stainless 

steel tape layers. The stainless steel thickness and winding tension are identified as the factors 

affecting the τd and thermal stability of MI–SS coils. To verify these characteristics, three types 

of MI–SS racetrack coils were fabricated with various SS thicknesses and winding tensions: 

100–μm SS thickness and 10–kgf winding tension; 100–μm SS thickness and 5–kgf winding 

tension; and 50–μm SS thickness and 10–kgf winding tension. Three MI–SS racetrack coils 

were characterized by sudden discharging, charging, and overcurrent tests. The sudden 

discharging and charging tests were performed in a steady state to investigate the decay time 

constant of the center magnetic field discharging the coils and the delay time of the magnetic 

field charging the test coils, respectively. To estimate the thermal stability of the three MI–SS 

coils, overcurrent tests were conducted in a transient state. In addition, the MI–SS racetrack 

coil was tested under various cryogenic cooling conditions and rotating magnetic fields to 

analyze the electrical and thermal characteristics because the 2G HTS field coils can be 

exposed to rotating magnetic fields in practical wind generator application which caused by 

unsynchronized armature windings during electrical or mechanical load fluctuations. The 

cooling and vacuum tests were conducted to setup operating temperature for the conduction 

cooling system at 35 and 77 K. Then, the charging and discharging tests were carried out to 

investigate the effect of cooling approaches, i.e, LN2 bath and conduction cooling conditions, 

to the characteristic resistance and magnetic field response performance. To evaluate the effect 

of external magnetic field on Ic and thermal stability characteristics of the MI–SS racetrack 

coil, the transient test was performed under rotating magnetic field, which was generated by 

armature windings of 75 kW class induction motor, and conduction cooling system of 35 K. 

Furthermore, based on the experimental results of small–scale MI–SS racetrack coils, the total 

contact resistance between turn–to–turn layers of the test coils was calculated and applied to 

design the field windings using 2G HTS tape for the 10 MW class HTS generator used in 

offshore wind turbine environment. Subsequently, a proposed equivalent circuit model was 

utilized to analyze the electromagnetic response and thermal stability characteristics of MI–



 viii 

SS 2G HTS field coils for the 10 MW class HTS generator. Finally, the τd and thermal stability 

of these MI–SS 2G HTS field coils were compared and analyzed in detail. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

LIST OF FIGURES 

 

Fig. 1.1. Critical surface condition of superconductor. .......................................................... 1 

Fig. 1.2. Magnetization of external magnetic field for Type I and II superconductors. ........... 3 

Fig. 1.3. The chronological discovery of superconductors and their critical temperature. ....... 4 

Fig. 2.1. Structure of 2G HTS coated conductor. ................................................................. 10 

Fig. 2.2. Current flowing characteristic during quench. ....................................................... 12 

Fig. 2.3. Experiment results for INS (coil 1) and NI (coil 2). ............................................... 13 

Fig. 2.4. Current flowing characteristic of PI HTS coil during quench. ................................ 15 

Fig. 2.5. Experiment results of NI (coil 1), PI every five turns (coil 2), and INS (coil 3). ..... 15 

Fig. 2.6. Schematic drawings of (a) 2G HTS and (b) MC 2G HTS tapes. ............................ 16 

Fig. 2.7. Experimental results of MC, PI 3, PI 6, and PI 9 HTS coils. .................................. 17 

Fig. 2.8. Schematic drawings of the MI HTS pancake coil. ................................................. 18 

Fig. 2.9. Experiment results of INS, MI, and NI HTS coils. ................................................ 18 

Fig. 2.10. Equivalent circuit model for HTS coils. .............................................................. 20 

Fig. 2.11. Two sections of input current during the charging test process. ............................ 23 

Fig. 3.1. HTS winding machine. ......................................................................................... 31 

Fig. 3.2. Photographs of the NI SPC. .................................................................................. 31 

Fig. 3.3. Critical current test of NI HTS coil. ...................................................................... 32 

Fig. 3.4. Results of normalized Bz and It during sudden discharging test. ............................. 33 

Fig. 3.6. Results of Vt, Bz, and current in the transient state. ................................................ 37 

Fig. 3.7. Experimental and simulation results of heat generation. ........................................ 38 

Fig. 3.8. (a) Design model of racetrack bobbin; photograph of (b) NI and (c) MI–SS coils. . 40 

Fig. 3.9. I–V characteristics at 77 K with current ramp rate of 0.5 A/s. ................................ 43 

Fig. 3.10. Sudden discharging test results at 0.7 Ic with charging rate of 1 A/s. .................... 44 

Fig. 3.11. Charging test results of NI coil at 0.6 Ic with charging rate of 1 A/s. .................... 46 



 x 

Fig. 3.12. Charging test results of MI–SS coil at 0.6 Ic with charging rate of 1 A/s. ............. 47 

Fig. 3.13. Overcurrent test results of NI coil at 1.1 Ic with charging rate of 0.5 A/s. ............. 49 

Fig. 3.14. Overcurrent test results of MI–SS coil at 1.1 Ic with charging rate of 0.5 A/s. ...... 50 

Fig. 3.15. Photograph of MI–SS racetrack coils. ................................................................. 52 

Fig. 3.16. Critical current values at 77 K with current ramp rate of 1 A/s............................. 55 

Fig. 3.17. Sudden discharging tests at 0.7 Ic with current ramp rate of 1 A/s. ....................... 56 

Fig. 3.18. Charging tests at 0.6 Ic with current ramp rate of 1 A/s. ....................................... 58 

Fig. 3.19. Charging tests at 0.6 Ic with current ramp rate of 5 A/s. ....................................... 60 

Fig. 3.20. Charging tests at 0.8 Ic with current ramp rate of 1 A/s. ....................................... 62 

Fig. 3.21. Overcurrent tests at 1.1 and 1.05 Ic with current ramp rate of 1 A/s. ..................... 64 

Fig. 3.22. Photographs of MI–SS racetrack coil. ................................................................. 69 

Fig. 3.23. Photographs of assembly MI-SS racetrack coil into conduction cooling system. .. 70 

Fig. 3.24. Schematic drawings of cryostat part with position of temperature sensors. .......... 70 

Fig. 3.25. Photographs of assembly cryostat part into induction motor. ............................... 71 

Fig. 3.26. Photographs of experiment setup. ....................................................................... 71 

Fig. 3.27. Experiment results under cooling and vacuum tests. ............................................ 72 

Fig. 3.28. Critical current results of MI–SS racetrack coil. .................................................. 74 

Fig. 3.29. Reduction of Ic value according to perpendicular flux density ............................. 76 

Fig. 3.30. Simulation critical current results of MI–SS racetrack coil. ................................. 76 

Fig. 3.31. Time constant results of MI–SS racetrack coil at 221 A. ...................................... 78 

Fig. 3.32. Charging delay time results of MI–SS racetrack coil at 221 A. ............................ 80 

Fig. 3.33. Temperature results of MI–SS racetrack coil at 221 A. ........................................ 81 

Fig. 3.34. Test results of MI–SS racetrack coil under external magnetic field. ..................... 83 

Fig. 3.35. Temperature results of MI–SS racetrack coil under external magnetic field. ........ 84 

Fig. 4.1. Charging test at 0.6 Ic with current ramp rate of 1 A/s. .......................................... 89 

Fig. 4.2. Overcurrent tests at 1.2 Ic with current ramp rate of 1 A/s. ..................................... 91 

 



 xi 

LIST OF TABLES 

 

Table 3.1. Parameters of 2G HTS tape and NI HTS coil. ..................................................... 30 

Table 3.2. Parameters of 2G HTS tape and two racetrack coils. ........................................... 41 

Table 3.3. Parameters of 2G HTS tape and three racetrack type coils. ................................. 53 

Table 3.4. Effects of winding tension and SS thickness on the charging time of MI–SS racetrack 

coils. .................................................................................................................. 59 

Table 3.5. Effects of current ramp rate on charging time of MI–SS racetrack coils. ............. 61 

Table 3.6. Effects of current amplitude on charging time of MI–SS racetrack coils. ............. 63 

Table 3.7. Effects of winding tension and SS thickness on the thermal stability of MI–SS 

racetrack coils. .................................................................................................. 65 

Table 3.8. Parameters of REBCO tape and MI–SS racetrack coil. ....................................... 68 

Table 3.9. Experiment results of the test coil under LN2 and conduction cooling. ............... 79 

Table 3.10. Temperature results of MI–SS racetrack coil under external magnetic field. ...... 86 

Table 4.1. Key parameters of three HTS field coils. ............................................................ 88 

 

 

 

 

 

 

 

 

 

 

 

 



 xii 

LIST OF ABBREVIATIONS 

 

LTS Low temperature superconducting 

HTS High temperature superconducting 

1G First generation 

2G Second generation 

PIT Powder in tube 

LN2 Liquid nitrogen 

SMES Superconducting magnetic energy storage 

NMR Nuclear magnetic resonance 

MRI Magnetic resonance imaging 

NZPV Normal zone propagation velocity 

INS Insulation 

NI No–insulation 

PI Partial insulation 

MC Metal cladding 

MI Metal insulation 

SS Stainless steel 

REBCO Rare–earth barium copper oxide 

DC Direct current 

SPC Single pancake coil 

DAQ Data–acquisition 

FEA Finite element analysis 



1 

Chapter 1. Introduction 

 

1.1 . Background and motivation of the study 

Superconductivity is a phenomenon in which the electrical resistivity of specific material 

abruptly drops to zero at its critical temperature (Tc). In 1911, Kamerlingh Onnes 

experimentally discovered this phenomenon in mercury at liquid helium temperature of 4.2 K. 

In addition to Tc, superconductivity is also governed by two other parameters, such as critical 

current density (Jc) and critical magnetic field (Hc). Fig. 1.1 demonstrates the typical critical 

surface condition in phase space of a superconductor [1]. A material remains only in the 

superconducting state when these three critical factors are presented by points within the 

boundary region below the critical surface (gray color area in Fig. 1.1) and the superconductor 

reverts to its normal state outside this region.  

Based on the magnetic behavior, superconductors can be classified into Types I and II. Type 

I superconductors are usually pure metal and generally characterized by an abrupt transition  

 

 

Fig. 1.1. Critical surface condition of superconductor. 
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from the superconducting state to the normal state. Type I superconductors, also known as soft 

superconductors, have only one Hc. If the external magnetic field H < Hc, the superconductor 

is perfect diamagnetism and the magnetization is equal and opposite in direction to the external 

magnetic field. Thus, the magnetic field inside the superconductor is zero. When the external 

magnetic field increases to the Hc and beyond, the superconductor returns into the normal state. 

On the other hand, type II superconductors are alloys and compounds which have two critical 

magnetic fields, such as lower critical magnetic field Hc1 and upper critical magnetic field Hc2. 

As the applied magnetic field is smaller than Hc1, the characteristics are similar to that of type 

I superconductors. Above Hc1, the type II superconductors are in the mixed state where there 

is a partial flux that can penetrate inside the superconductor. For the applied field higher than 

Hc2, the type II superconductors are locally destroyed and the material completely enters to the 

normal state. Fig. 1.2 illustrates the plots of magnetization (M) as a function of external 

magnetic field for Type I (solid curve) and Type II (dashed curve). Type I superconductors are 

not useful for the practical electric power applications due to low Hc, typically less than 0.1 T. 

Unlike the type I superconductors, the type II superconductors have high values of the Hc2, 

making them widely used in manufacturing for superconducting magnetic applications [2]–

[4]. Type II superconductors are classified into low–temperature superconductors (LTS) and 

high–temperature superconductors (HTS) according to their critical temperature. The first of 

HTS conductors began in the 1986 with the famous discovery of superconductivity at 35 K by 

Muller and Bednorz in the system Ba–La–Cu–O. Then, the compound Y–Ba–Cu–O was found 

to become superconducting at 93 K by group researcher led by Paul Chu from the University 

of Houston in 1987. The detail timeline of Tc development in superconducting materials are 

shown in Fig. 1.3 [5]. The discovery of HTS superconductors presented a huge challenge but 

also the opportunity of applying superconductivity to electric power and electronics industries 

which are not possible with conventional technology. HTS conductors refer to Bi–based and 

Re–based materials which correspond to first generation (1G) and second generation (2G) 

HTS conductors, respectively. The 1G HTS conductors are fabricated by adding interstitial  
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Fig. 1.2. Magnetization of external magnetic field for Type I and II superconductors. 

 

oxygen atoms to the copper oxide plane which can be done into wires via the Powder In Tube 

(PIT) technology. Unlike the 1G HTS, the coated conductor technology, i.e., deposition of 2G 

HTS materials on metal tapes coated with buffering metal oxides, is utilized to manufacture 

2G HTS conductors because the PIT technology does not produce good results. HTS 

conductors exhibit superconducting behavior at much higher temperature than LTS conductors. 

Therefore, HTS conductors require less cooling and can operate at the temperature of 77 K, 

which is achieved with inexpensive liquid nitrogen (LN2). Furthermore, HTS conductors have 

the ability to sustain high current densities in high magnetic fields. The promise of high current 

densities of HTS conductors as well as reasonably priced refrigeration systems have been 

proposed this technology to power applications, such as superconducting magnetic energy 

storage (SMES) systems, transformers, power cables, fault current limiters, superconducting 

machines, nuclear magnetic resonance (NMR), and magnetic resonance imaging (MRI) 

systems [1]–[5]. 

Wind turbines with large power capacity, high reliability, and low cost have been required 

to meet the rapidly increasing demand for clean energy across the market. With high wind 

energy absorption at the sea level, the huge speed–up gearbox is a complex problem of offshore 

wind turbines which causes serious difficulties in both energy wasting mechanical part and 

stability degradation. Direct–drive train wind turbines are considered as the most promising  
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Fig. 1.3. The chronological discovery of superconductors and their critical temperature. 

 

candidate because they have an improvement in the overall reliability, efficiency, and better 

scalability by removing the gearbox and replacing it with a simple mechanical system that is 

not sensitive to the fluctuation of the shaft torque. The Direct–drive generator concepts are 
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operated at the very low speed of the turbine rotor; thus high torque is demanded. However, 

the size and mass of a permanent direct–drive wind generator increases with an increase of 

power capacity which are difficult to install and replace in practical applications, especially 

for multi–MW wind turbines. The weight of 10 MW direct–drive permanent magnet 

generators have been estimated above 300 ton and their diameters are larger than 10 m [6], [7]. 

The huge size and heavy weight of the wind turbine generator always accompany with high 

cost of the foundation, transportation, installation, operation, and maintenance. Therefore, 

many research institutes and companies have recently been studied to develop a wind power 

generator with high capacity, light weight, and small size with reasonable cost. 

Recently, the 2G HTS coated conductor tape is considered as the promising prospect to 

develop high magnetic field, i.e., 2G HTS field coils, for power electrical applications due to 

the development technology of 2G HTS tape in terms of long length and high critical current. 

The HTS synchronous direct–drive generators using 2G HTS excitation field winding are 

considered as a new solution for a 10 MW class and beyond wind turbine. The HTS generators 

are expected to achieve compact design, small volume, low mass, and high power generation 

efficiency because the 2G HTS field coils provide higher current density, higher air gap 

magnetic field, and higher induced voltage in the armature windings compared with the 

conventional copper and permanent magnet based generators. For these reasons, the HTS 

generators can remove a part of the iron core and copper armature windings, consequently 

reducing the cost in terms of the construction, transportation, and installation of wind turbines. 

Thus, several works have been studied on the design for the 10 MW class HTS generator and 

beyond by using the 2G HTS racetrack coils for the excitation field winding [8]–[17]. In 

general, the stability of HTS generator systems using the conventional insulation winding 

technique (INS), which is wound with the organic material insulation (i.e., Kapton and Nomex 

between turn–to–turn layers), for the excitation field winding are degraded in the transient 

state, due to low normal zone propagation velocity (NZPV) in the 2G HTS wires that is 

incurred by the low index numbers and large specific heat [18]–[21]. For that reason, expecting 
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a self–protection performance of LTS coils becomes more difficult to achieve than in case of 

2G HTS coils. Therefore, an additional protection should be utilized to ensure a reliable 

operation of 2G HTS field coils for the 10 MW class HTS generator in the event of quench, 

leading to the complex systems in the wind turbine power. Many researchers have presented 

and studied no–insulation (NI) winding technique by eliminating the insulation between turn–

to–turn layers in the 2G HTS coils to develop compact and mechanically robust 2G HTS 

magnets with significantly enhanced stability due to its self–protection characteristic [22]–

[37]. During quench, the excessive heat and current could be automatically diverted through 

the neighboring turns from its original spiral direction, and thus the 2G HTS magnets can stay 

stably at higher current density. Although the results showed that the NI winding method has 

a higher potential for the improvement of electrical and thermal stabilities compared to its 

insulated counterpart, it suffers from the disadvantage of a delayed response time, i.e., a 

charging/discharging delay of the target magnetic field under time–varying condition, due to 

the absence of insulation resistance [38]–[42]. This problem becomes a serious issue in terms 

of large–scale 2G HTS magnets. Thus, both INS and NI coils are difficult to use in electrical 

devices that require fast controllability and high thermal stability, especially in 2G HTS field 

coils of the 10 MW class HTS generator. Several methods have been proposed to overcome 

the disadvantages of INS and NI coils in electrical characteristics, i.e., partial insulation (PI), 

metal cladding (MC), and metal insulation (MI). However, the MI winding technique exhibited 

a good trade–off among the charging delay time (τd), thermal stability, and the ease of winding 

process compared with PI and MC winding techniques. Therefore, this dissertation proposes 

the MI winding technique for fabrication 2G HTS field coils of the 10 MW class HTS 

generator. The proposed method applies stainless steel (SS) material insulation between turn–

to–turn layers to achieve not only the fast electromagnetic response of INS winding technique 

but also high thermal stability of NI winding technique. 
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1.2 . Objectives of the study 

The main objective of this dissertation is to study a suitable winding technique to enhance 

the performance of the magnetic field response as well as the thermal stability of 2G HTS field 

coils for the 10 MW class HTS generator used in offshore wind power environment. The MI 

winding technique has been suggested as a promising solution to overcome the aforementioned 

problems of NI and conventional INS winding methods due to increasing the characteristic 

resistance by increasing the contact surface resistance between turn–to–turn layers. To date, 

the benefits of MI winding technique in terms of the electromagnetic response and thermal 

stability have been reported mostly in pancake type coils by several research groups. There is 

insufficiently study to analyze the electrical characteristics for 2G HTS racetrack type coils in 

the steady and transient states. Therefore, this dissertation investigates the electrical features 

of MI–SS racetrack coils and other factors which can effect to the performance of the τd and 

thermal stability, such as current ramp rate, current amplitude, winding tensions, SS 

thicknesses, cooling approach, and rotating magnetic field. First of all, the simulation approach 

of both analytical and numerical methods were developed, which were based on the proposed 

equivalent circuit mode, to evaluate the τd and the joule heat generation inside the 2G HTS 

coils. In addition, the NI pancake type coil was manufactured to investigate the magnetic field 

response performance under a steady state operation with rated current charging as well as the 

thermal stability under a transient state operation with overcurrent charging. In order to 

validate the simulation approach, the simulation results of the NI pancake coil were compared 

and discussed with the experiment ones. Then, small–scale MI–SS and NI racetrack type coils 

were fabricated to investigate the τd and thermal stability under the steady and transient states, 

respectively. The experiment and simulation results showed that the MI–SS racetrack coil 

possesses a good balance between the τd and thermal stability compared to the NI racetrack 

coil. In addition, the effects of winding tensions and SS thicknesses between turn–to–turn 

layers on the electrical characteristics of the MI–SS racetrack coils were also analyzed and 
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discussed in detail. Furthermore, the MI–SS racetrack coil was tested under various rotating 

magnetic fields and cryogenic cooling conditions to estimate the electrical and thermal 

characteristics. From the experimental results of three small–scale MI–SS racetrack coils, the 

contact surface resistances were calculated and employed into 2G HTS field coils of the 10 

MW class HTS generator. Subsequently, τd and thermal stability of MI–SS 2G HTS field coils 

were investigated by using the proposed equivalent circuit model and the key parameters of 

the 10 MW class HTS generator. 

1.3 . Outline of the study 

The organization of this study consists of the following contents: 

Chapter 1 gives the background of the dissertation such as the basic theory of 

superconductivity phenomenon, superconductor classification, and the discovery of 

superconductor according to Tc. Furthermore, the development trend of large–scale generators 

for offshore wind power and motivation of the dissertation are demonstrated. 

Chapter 2 introduces the fundamental principle of the winding techniques for 2G HTS 

magnets. The pros and cons of the existence winding techniques, i.e., Kapton insulated, non–

insulated, partial insulated, metal cladding, and metal insulated methods, for 2G HTS magnets 

in terms of fast magnetic field response and thermal stability are analyzed and discussed. 

Moreover, the equivalent circuit model, which is utilized to develop the analytical and 

numerical approaches, is also expressed to investigate the performance of the electromagnetic 

response and the thermal stability with considering joule heat generation inside the 2G HTS 

coil. The processing of formulated governing equations for both analytical and numerical 

methods in the steady and transient states are expressed based on the proposed equivalent 

circuit model.  

Chapter 3 deals with the fabrications and experiments of the 2G HTS model coils. A small–

scale NI pancake coil is fabricated and tested in the steady and transient states to estimate the 

magnetic field response and thermal stability, respectively. The simulation results of the NI 
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HTS coil are compared and discussed with the experiment ones to validate the simulation 

method based on the proposed equivalent circuit model. Then, two small–scale NI and MI–SS 

racetrack type coils are reported to compare the electrical characteristics of these test coils 

because the racetrack type coils are widely used to make the superconducting excitation field 

windings for wind turbine generators. In addition, to select the promising MI–SS winding 

technique for 2G HTS field coils of the 10 MW class HTS generator in terms of τd and thermal 

stability, three small–scale MI–SS racetrack coils, which are fabricated with various SS 

insulation thicknesses and winding tensions, are examined in the steady and transient states. 

In addition, the effects of the current ramp rate and current amplitude to the electrical behavior 

during the charging are performed to provide the useful references for estimating the electrical 

characteristics of 2G HTS field coils for the 10 MW class HTS generator. Furthermore, to 

investigate the effects of external magnetic field and cryogenic cooling conditions on the 

electrical and thermal characteristics, the MI-SS racetrack coil was tested under rotating 

magnetic field, which was generated by armature windings of 75 kW class induction motor, 

and conduction cooling system.  

Chapter 4 presents the simulation results on the electrical and thermal characteristics for 

MI–SS 2G HTS field coils of the 10 MW class HTS generator used in offshore wind power. 

Based on the experimental results of three small–scale MI–SS racetrack coils, the contact 

surface resistance values are calculated and employed in the field winding to predict τd and 

thermal stability of the MI–SS 2G HTS field coils by using the proposed equivalent circuit 

model and the key parameters of 2G HTS field coils of the 10 MW class HTS generator. 

Chapter 5 gives the conclusion of this dissertation. 
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Chapter 2. Winding Technology and Equivalent Circuit 

Model for 2G HTS Magnet  

 

2.1. Winding technology for 2G HTS magnet 

Second generation high temperature superconductors, i.e., REBa2Cu3O7–x (REBCO) 

coated conductors, have been considered as the most prospective candidate to develop high 

performance superconducting applications because they possess high current density, high 

stability margin, and low dependence of critical current (Ic) on an external magnetic field 

compared to their low temperature counterparts [1]–[5]. However, the 2G HTS has very slow 

NZPV because of the large specific heat capacity and multi–layer structures of its conductors 

as shown in the Fig. 2.1 [43]. For that reason, the self–protection characteristic inherent in LTS 

magnets becomes more difficult to achieve than in case of HTS magnets. Therefore, 

developing an additional quench protection scheme is essential to ensure the reliable operation 

for HTS magnet applications if any problems occur in the system [2]. 

 

 

Fig. 2.1. Structure of 2G HTS coated conductor.  

 

Recently, many research groups have been presented and studied the winding techniques 

for the development of compact 2G HTS magnets with improving the thermal stability 

characteristic due to their auto–protective feature of diverting excessive operating current into 
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the transverse direction in the event of quench, such as no–insulation (NI), partial insulation 

(PI), metal cladding insulation (MC), and metal insulation (MI). The fundamental concept, 

operating mechanism, advantages and disadvantages of these winding technologies will be 

describe and discuss in this chapter.  

2.1.1. No–insulation winding technique 

The NI winding technique has been introduced to develop compact, mechanically robust, 

and self–protection HTS magnets for practical applications, such as NMR, MRI, and 

accelerators. The concept of this method has been reported, for the first time, on the experiment 

results of 2G HTS pancake coils by Hahn et al in 2010 [22]. The main idea behind this 

technique is complete elimination insulation between turn–to–turn layers in the 2G HTS coil 

to enhance the performance of the thermal stability in the transient state compared to its 

conventional INS winding technique. Fig. 2.2 shows the current flowing characteristic for INS 

and NI HTS coils in the event of quench. In general, when a local normal–state transition 

occurs in the INS HTS coil, the organic materials isolate every turns in the coil which causes 

high concentration current and overheating at the local hot spot, resulting in low thermal 

stability of the magnet as shown in Fig. 2.2(a). Whereas, in the NI HTS coil, the excessive 

current can be automatically diverted through the neighboring turns and thus the NI HTS coil 

can remain stable at a high overall current density as shown in Fig. 2.2(b). Therefore, the INS 

winding technique requires thick stabilizer to protect HTS magnets from permanent damage 

that make the HTS magnets becoming larger. Overall, the NI winding technique can provide 

a new and effective way to protect HTS coils without any external protection. However, the 

major drawback of NI winding technique is a delayed response time, i.e., a 

charging/discharging delay time of the target magnetic field under time–varying condition due 

to the absence of the insulation between turn–to–turn layers. For conventional INS HTS coil, 

the It flows only in the spiral direction to generate the expected design magnetic field. On the 

other hand, the bypass current flows through turn–to–turn contact path from its original spiral  
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Fig. 2.2. Current flowing characteristic during quench. 

 

direction during the charging/discharging process, resulting in the slow charging/discharging 

delay time of the NI HTS coil.  

The advantage and disadvantage of NI HTS coil have been reported in the experiment 

results from the previous published paper by Y. G. Kim et al [44]. As a results, the NI HTS 

coil showed longer discharging delay time than the INS HTS coil during the discharging test. 

However, in the over current tests, the NI HTS coil exhibited superior thermal stability 

compared to the INS HTS coil because the operating current can automatically diverted to the 

radial direction through turn–to–turn characteristic resistance to reduce heat generation when 

a local hot spot is generated in the HTS coil, as shown in Fig. 2.3. The NI winding technique 

shows the compact and high thermal stability during the overcurrent test. This technique is 

suitable for ultra–high–field, such as MRI and NMR. However, the weakness of NI winding 

technique is poor magnetic response time because of the delay issue during the 

charging/discharging process. Thus, the application of the NI winding technique is limited to 

the electrical devices which require fast controllability, such as superconducting rotating 

machines and SMES systems. 

 

Hot spot
Conductor

Insulation
Hot 

spot

Conductor

Contact 

resistance

 (a) INS coil  (b) NI Coil  
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Fig. 2.3. Experiment results for INS (coil 1) and NI (coil 2). 

(a) Sudden discharging test 

(c) Overcurrent test for NI coil 

(b) Overcurrent test for INS coil 
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2.1.2. Partial insulation winding technique 

In order to overcome the drawback of NI coil in the slow charging/discharging delay time, 

the partial insulation (PI) winding technique has been proposed by several research groups 

[38], [39], [45], [46]. The basic concept of this method involved increasing the characteristic 

resistance by increasing the contact surface resistance due to the existence of turn–to–turn 

insulation materials at specific turns as shown in Fig. 2.4. As a result, the PI HTS coil can 

ameliorate the slow charging/discharging characteristic in the NI coil because the insulation 

materials are used in few selected turns of the HTS coil which can reduce a portion of bypass 

current to the adjacent turns. In addition, in the quench event, the excessive current can 

automatically bypass to radial direction through the turn–to–turn contacts within the non–

insulated turns to protect the HTS coil from permanent damage.  

Y. H. Choi et al experimentally conducted the charge and overcurrent tests for HTS coils 

with winding techniques of NI, INS, PI to compare the τd and thermal stability of these test 

coils. The results confirmed that the PI HTS coil can reduce the τd of NI HTS coil without 

sacrificing the self–protection characteristic, as shown in the Fig. 2.5 [38]. In the charge test, 

the PI HTS coils exhibited faster τd than the NI HTS coil due to the increase characteristic 

resistance between turn–to–turn layers. The overcurrent tests demonstrated that the PI HTS 

coil enhanced the thermal stability compared to the INS HTS coil. 

The PI winding technique has been suggested to improve the slow charge/discharge rate in 

the NI winding technique. However, the mechanical strength of PI HTS coil is lower than that 

of the NI HTS counterpart due to the use of soft insulation material between specific turns. 

Based on the experiment results, the PI magnets may be the promising candidate for the self–

protection HTS power applications that require both fast τd and high thermal stability.  
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Fig. 2.4. Current flowing characteristic of PI HTS coil during quench. 

 

 

 

 

 

Fig. 2.5. Experiment results of NI (coil 1), PI every five turns (coil 2), and INS (coil 3). 

Hot 

spot

Conductor

Contact 
resistance

Insulation

(a) Charging test 

(b) Overcurrent test 
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2.1.3. Metal cladding winding technique 

Metal–cladding winding (MC) technique, which was suggested by the SuNAM Co., Ltd in 

2016 [47], is also one of the potential solution to overcome the slow charge/discharge rate 

weakness of the NI coil. The MC HTS coil is fabricated by applying a micrometer thick metal 

cladding layer on the HTS tape to improve the turn–to–turn contact surface resistance, leading 

to the increase τd in the NI HTS coil. Fig. 2.6 shows the schematic drawing of the 2G HTS and 

MC 2G HTS tapes [48].  

 

 

 

Fig. 2.6. Schematic drawings of (a) 2G HTS and (b) MC 2G HTS tapes. 

 

J. Kim et al performed the experiment tests on the MC and PI HTS coils to compare the 

effectiveness of these winding technique in terms of the τd and thermal stability. Fig. 2.7 shows 

the charge and overcurrent test results of MC, PI 3, PI 6, and PI 9 HTS coils [49]. The results 

showed that the MC HTS coil has magnetic field response faster than that of PI coils because 

of higher contact surface resistance between turns in MC HTS coil which can prevent a large 

portion of bypass current through the radial direction during the charge test. In the overcurrent 

test, the thermal stability of MC HTS coil was lower than those of PI HTS coils. However, the 

MC HTS coil was completely more stable than INS HTS coil. From these results, the MC 

winding technique is promising candidate for improving the slow charge/discharge rate 

behavior of NI HTS coil and may be suitable for the development self–protection of power 

applications which require fast charge/discharge rate. 

 

(a) (b) 
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Fig. 2.7. Experimental results of MC, PI 3, PI 6, and PI 9 HTS coils. 

 

2.2. Metal insulation winding technique 

 The MI winding technique, which employs metal insulation material between the turn–to–

turn layers, has been proposed as one of the potential solution to solve the slow 

charge/discharge rate weakness in the NI winding technique [50]–[52]. The main concept of 

this method is based on the increasing characteristic resistance by increasing the contact 

surface resistance owing to the presence of metal insulation between turn–to–turn layers. By 

increasing the characteristic resistance, the MI HTS coil can effectively enhance the τd in the 

NI HTS coil under time–varying condition. Fig. 2.8 shows the schematic drawing of the typical  

(b) Overcurrent test 

(a) Charging test 
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Fig. 2.8. Schematic drawings of the MI HTS pancake coil. 

 

           

 

 

 

Fig. 2.9. Experiment results of INS, MI, and NI HTS coils. 

(a) Sudden discharge test 

(b) Overcurrent test 
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MI HTS pancake coil [53]. Although, the thermal stability of MI HTS coil was lower than 

those of NI, PI, and MC HTS coil, the MI winding technique showed good balance in terms 

of τd, thermal stability, and the ease of winding process, especially in large–scale HTS magnets. 

Thus, the MI winding technique is considered the best suitable for the large–scale HTS power 

applications which require both fast magnetic field response and high thermal stability. 

D. G. Yang et al confirmed the benefits of MI HTS pancake coil in terms of the τd and the 

thermal stability compared with the NI, and INS HTS pancake coil [40]. Fig. 2.9 shows the 

sudden discharge and overcurrent test results of INS, MI, and NI HTS pancake coil. These 

results showed that the MI HTS coil can ameliorate the slow τd feature of NI HTS coil due to 

the increasing characteristic resistance between turn–to–turn layers. In addition, the MI HTS 

pancake coil demonstrated better thermal stability during the overcurrent test compared to the 

INS HTS pancake coil.  

2.3. Equivalent circuit model for 2G HTS magnet 

Fig. 2.10(a) shows an original equivalent circuit model for the HTS coils, in which each 

branch represents for the corresponding numbered turns in the HTS coils. If quench 

unexpectedly occurs in a weak layers of the HTS coils, the excessive current can easily bypass 

to the neighboring turns in the radial direction. However, in order to facilitate the calculation, 

the concise equivalent circuit model is utilized to analyze the magnetic field response and 

thermal stability for the HTS coils in the steady and transient states, respectively. The concise 

equivalent circuit model comprises a DC power supply, a switch, a shunt resistor, and a HTS 

coil in the cryogenic cooling environment, as shown in Fig. 2.10(b). Based on the Kirchhoff 

voltage and current laws, the governing equations of the model can be expressed as follows 

[24], [27], [28], [41], [42]: 

 

 crstst
θ

c RIRI
dt

dI
L   (1) 
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(a) Original model 

 

 

(b) Concise model 

Fig. 2.10. Equivalent circuit model for HTS coils. 
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the spiral and radial directions, respectively. Is is the current flowing along the superconducting 

layer while Ist is the current flowing along the stabilizer layer. Rc is the characteristic resistance 

which includes the total sum of contact surface resistance (Rcs) and insulation resistances (Rmetal) 

between turn–to–turn of the HTS coil, as shown in equation (5). However, the Rc is calculated 

mainly based on Rcs, which is mostly dependent on the surface roughness condition and the 

contact pressure, due to the small value of the resistivity of insulation material at 77 K, i.e., 

stainless steel (~5.3  10–7 Ωm) and copper (~2 10–9 Ωm). The Rc of the HTS coils can be 

estimated from the following equation [54], [55]: 
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where ρ, t, and l are the resistivity, thickness, and length of the insulation material, respectively. 

Rct is the contact surface resistance and ωd is width of the HTS tape. Furthermore, Ci is the 

circumference of the i–th turn of the HTS coils. 

2.3.1. Steady state characteristic analysis  

In the charging test, the equation of the equivalent circuit model can be formulated as 

follows: 

 

   cst
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dt

dI
L   (6) 
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The equation (6) can be solved by the both analytical and numerical methods. By using the 

analytical method, the precise solution is obtained in a closed form mathematical equations. 

However, the numerical method, which gives approximate solution, is utilized for the 

complicated problems that cannot solved by the analytical method. The numerical method is 

common in the practical problems because it can solve large systems or non–linear equations.  

The governing equation (6) can be rearranged to the following form and solved by 

analytical approach: 
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The equation (7) is the first order linear differential equation. The analytical solution of the 

equation (7) can be obtained as follows [56], [57]: 
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Let 

c

c

R

L
τ  , we have 
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where τ is time constant of the center magnetic field (Bz) which is the main factor for evaluating 

the discharging time of the HTS coils during the sudden discharging test with the normalized 

Bz. C is a constant which can be determined by an initial condition. The charging test process 

of the HTS coils can be classified into two sections, as shown in the Fig. 2.11.  
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Fig. 2.11. Two sections of input current during the charging test process. 

 

Section 1: It increases linearly (i.e., dIt(t)/dt ≠ 0) from the initial value (Ii(t) = 0) to the target 

value (Imax). To find the constant C, the equation (9) will be solved at the initial value.  

 

Let h
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where h, t, and It(t) are the current ramping up rate, time period with respect to It(t), and input 

current. 
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According to the integration by parts formula, we have 

 

    t/τ
s Ceτth(t)I   (11) 

t0

Imax
dI/dt = 0

t2
t1

Section 2

 C
u

rr
en

t 
[A

]

Time [s]

Section 1

dI/dt ≠ 0

0 A



24 

 At the initial value, we have 

 

 t = 0; It(t) = 0; Is(t) = 0; C = hτ 

 

Substituting C = hτ into the equation (11), we have the analytical solution for the HTS coil 

at the section 1 during the charging test as follows: 

 

   t/τ
s eτth(t)I  1  (12) 

 

Section 2: It remains constant (i.e., dIt(t)/dt = 0) at the target value (Imax) during the time 

period of t (t1 t2). Therefore, the equation (9) can be denoted as follows: 
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Similarly, we will solve the constant C at the initial value. The initial value of the section 2 

is corresponding to the end value of the section 1 (i.e., t1 = Imax/h). Therefore, we can substitute 

the solution of Is(t) in the equation (12) to the equation (13) and determine the constant C as 

follows: 

 

  /τt
ehτC 11  (14) 

 

Substituting C into the equation (13), we have 
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 As a result, the analytical solution of the equation (6) during the charging test can be 

expressed as follows [27], [28]: 
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where t, t1, and t2 are time period with respect to It, time location when the current ramping up 

becomes maximum (Imax/h), and remaining time of maximum It, respectively. 

As mention above, the equation (6) can be solved by the numerical method. There are many 

numerical methods (i.e., Euler’s method, Midpoint method, Taylor’s method, Trapezoidal 

method, Runge–Kutta method, etc.) that can be used to solve the equation (6). In this study, 

we developed a simulation code using the fourth order Runge–Kutta method [58], [59] to solve 

the equation (6). The Runge–Kutta method is one of the commonly used method for solving 

differential equations. The higher order Runge–Kutta method can obtained higher accuracy 

but they suffer from the computation time. The fourth order Runge–Kutta method offers a 

good balance between the accuracy and cost of computation time compared to other numerical 

methods. With better precision, the fourth order Runge–Kutta method is expected to obtain the 

τd with the small error which is very important in high power application to predict τd of large–

scale HTS coil. The formula of the fourth order Runge–Kutta method can be expressed as 

follow: 
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where  
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2.3.2. Transient state characteristic analysis 

In the transient state, when a hotspot occurs in the HTS coils, one part of It is automatically 

bypassed to the adjacent turns. Isc of the HTS coil can be estimated using the following 

equation, which is developed based on the equations (1)−(4) [27], [42], [55]: 
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To facilitate this calculation, we assumed that the current flowing through the stabilizer (Ist) 

was approximately zero, meaning that the excess quench current (Iq) mostly flowed in the 

radial direction through the turn–to–turn contact because Rc was approximately three orders 

of magnitude smaller than that of the stabilizer layer. Therefore, the following equation can 

represent the equation (18) to simplify the calculations: 
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Equation (19) can be solved using the numerical method. In this study, we developed a 
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simulation approach based on the RK4 method to solve the equation (19). We considered the 

heat generation inside the HTS coil to estimate the electrical and thermal stabilities of the test 

coil. Ic decreased with the increase of heat generation in the HTS coils. The processing design 

of the simulation approach is demonstrated by the following steps: 

Step 1: The material properties were declared which included the resistivity and specific 

heat of stabilizer and 2G HTS layers. 

Step 2: The operating current is applied to the HTS coils until it reaches the target value. 

Step 3: The material properties and critical current are determined. 

Step 4: The current flowing in the spiral and radial directions can be calculated by using 

the following equations : 
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Step 5: The heat generation in the HTS coils can be estimated as follows: 

 

 22
rcststT IRIRQ   (22) 

 

Step 6: Considering the criteria for ending the processing simulation. If the operation time 

reaches the end time, which was set up in the initial step, then the processing simulation will 

be end. Otherwise, the processing simulation will return to the step 3.  
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Chapter 3. Fabrication and Experiment of 2G HTS Magnet 

 

3.1. Fabrication and experiment of NI pancake coil 

As mention in Chapter 2, although the NI winding technique suffers from electromagnetic 

drawback in the steady state because of the response time delay of the center magnetic field 

which caused by the bypass current phenomenon under time–varying condition, it has 

thermally advantageous in the transient state owning to the self–protection characteristic. 

Therefore, the NI winding technique could be considered as an effective solution for 

improving the electrical and thermal stabilities of commercialization of 2G HTS coils in 

industrial applications such as NMR and MRI. To date, the benefits of the NI HTS magnets in 

the transient state have been mostly reported in the experimental conditions. There are just a 

few simulation studies which used partial element equivalent circuit model for numerical 

thermal stability behavior analysis [60]–[62] or used a lumped circuit model which consisted 

of the Lc and the parallel Rc [24], [47]. However, the characteristic of heat generation in the 

HTS coils by superconducting and stabilizer layers did not consider in these studies. Actually, 

the superconducting layer exhibited resistance when the operating current increased toward 

the Ic and rose rapidly at the value which was higher than Ic. Total heat in NI HTS coil included 

generated heat by characteristic resistance and superconducting layers. Therefore, more 

numerical simulation methods are needed to estimate the electrical characteristics of NI HTS 

coil under steady and transient states. In this section, we developed an advanced simulation 

code in MATLAB environment based on the proposed concise equivalent circuit model to 

evaluate electrical characteristics that considered the joule heat generation inside the HTS coil. 

Firstly, the current–voltage (I–V) and sudden discharging tests were conducted to measure the 

Ic and τ of the center magnetic field, respectively. Then, we performed a charging test to 

investigate the magnetic field response performance under a steady state operation with rated 
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current charging as well as the thermal stability under a transient state operation with 

overcurrent charging. Finally, the simulation results of the NI HTS coil in both steady and 

transient states were compared and discussed with the experimental results to validate our 

simulation approach. 

3.1.1. Experiment setup 

Fig. 3.1 shows a picture of the winding machine for manufacturing various HTS coils in 

this dissertation which includes the control panel, HTS tape source, insulation source, and 

bobbin. The winding processing is controlled by control panel 1. However, the winding tension 

of insulation tape is adjusted separately by control panel 2 which is used for fabrication the 

MI coils. 

Table 3.1 summarizes the specifications of the 2G HTS coated conductor tape, which was 

manufactured by SuNAM Co., Ltd with the model of SCN04200, and the parameters of the 

NI single pancake coil (SPC). The width and thickness of the 2G HTS wire were 4.1 and 0.15 

mm, respectively. The minimum and maximum Ic values of the 2G HTS wire were 245 and 

268 A, respectively, under LN2 bath of 77 K and self–field conditions.  

Fig. 3.2 shows a photograph of the NI SPC. The 2G HTS tape was wound directly onto a 

fiber reinforced bakelite pancake bobbin with the number of winding turns of 30 and wire 

length of 7.96 m. The inner and outer diameters of the NI SPC were 80 and 89 mm, respectively. 

A transverse–type Hall sensor (HGCT–3020 from Lake Shore Cryotronics, Inc.) was installed 

at the center of a bakelite bobbin to measure the center magnetic field (Bz). In addition, two 

voltage taps using a thin copper paper were embedded at both ends of the SPC near the current 

leads to measure the terminal voltage (Vt) under steady and transient conditions. All signals of 

It, Bz and Vt were measured and recorded using the data acquisition (DAQ) system of the 

LabVIEW software.  
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Table 3.1. Parameters of 2G HTS tape and NI HTS coil. 

Items Unit Values 

2G HTS Coated Conductor Tape 

Manufacturer – SuNAM Co. Ltd 

Conductor model – SCN04200 

Conductor Width [mm] 4.1 

Conductor thickness [mm] 0.15 

Max Ic at 77 K, self–field [A] 268 

Min Ic at 77 K, self–field [A] 245 

Critical temperature [K] 91 

NI Single Pancake Coil 

Number of turns – 30 

Inner diameter [mm] 80 

Outer diameter [mm] 89 

HTS wire length [cm] 796 

Critical voltage [μV] 796 

Ic at 77 K, self–field * [A] 125 

Coil constant [mT/A] 0.448 

Characteristic resistance [μΩ] 60 

Contact resistance [µΩ.cm2] 21.8 

Coil inductance [μH] 150 

Decay time constant [s] 2.5 

      
     * Measured using 1μV/cm criterion 
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Fig. 3.1. HTS winding machine. 

 

 

 

Fig. 3.2. Photographs of the NI SPC. 
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3.1.2. Results and discussion 

A. Current–voltage test 

The critical current of the NI SPC can be obtained by the I–V test with current ramp rate of 

0.5 A/s in LN2 bath of 77 K, as shown in the Fig. 3.3. The input current applied to the test coil 

until the terminal voltage increased over the critical voltage of 0.796 mV which was calculated 

by multiplying the length of HTS wire and the criterion of 1 μV/cm (horizontal dashed line in 

Fig. 3.3). Then, the power supply was cut off to protect the test coil from permanent damage. 

The Ic value of NI SPC was measured as 125 A with respect to the critical voltage.  

 

 

Fig. 3.3. Critical current test of NI HTS coil. 

 

B. Sudden discharging test 

In order to characterize the Rc of the NI SPC, the sudden discharging test was performed 

under steady state operation in a bath of LN2 environment. The Rc value can be simply 

estimated with respect to τ (i.e., τ = Lc/Rc). Lc of the NI SPC was estimated to be 150 μH using 

the relationship between the inductor voltage (VL) and current ramp rate (i.e., VL = Lc × di/dt).   
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Fig. 3.4. Results of normalized Bz and It during sudden discharging test. 

 

During the test, It gradually increased up to 100 A at a ramping rate of 1 A/s and remained at 

that for 60 s. Then, It was suddenly discharged to 0 A. The Bz of NI SPC according to time can 

be expressed as follows:  
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t/τ

zz eB(t)B  0  (23) 

 

where Bz,0 is the initial value of Bz.  

Fig. 3.4 shows the profiles of normalized It and Bz for NI SPC during the sudden discharging 

test. To facilitate the calculation of Rc, the magnetic field was normalized to its initial value. τ 

of the field decay was determined at the normalized value of 0.37 (i.e., Bz/Bz,0 = 1/e when t = 

τ), as shown by the horizontal dashed line in Fig. 3.4, and was measured as 2.5 s. Based on the 

τ and Lc values, the calculated Rc was 60 µΩ. The simulation result was in good agreement 

with the experimental result, which proved that the validity of the analysis approached that of 

the proposed concise equivalent circuit model.  

C. Charging test 

The charging test was carried out under steady state condition to investigate the 

performance magnetic field response of the NI SPC. It of the tested SPC was charged up to 74 

A (~ 0.6 Ic) with increment rate of 1 A/s. Thereafter, the applied current was maintained at that 

level for 60 s to implement the steady state operation. Subsequently, the power supply was 

decreased to 0 A with decrement rate of 1 A/s. Fig. 3.5 shows the experiment and simulation 

results of Bz and Vt for the NI SPC during the charging test. Vt of the NI SPC increased and 

finally reached 0.15 mV. The Bz increased linearly to 33.4 mT which agreed well with the coil 

constant. As expected, the τd of center magnetic field occurred due to the bypass current 

phenomenon. The τd for NI SPC were found to be 5.752 and 5.132 s in the experiment and 

simulation, respectively. The simulation result was 89.2 % slower than that of the experiment 

result. Overall, these results demonstrated that the simulation approach using the proposed 

equivalent circuit model is valid to characterize the τd of Bz in the NI SPC. 
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Fig. 3.5. Results of Vt and Bz behaviors in the steady state. 

 

D. Overcurrent test 

The overcurrent test was conducted in a LN2 bath at 77 K to investigate the thermal stability 

of the NI SPC in both actual experiment and numerical analysis. It increased to 137 A (1.1 Ic) 

at a charging rate of 1 A/s and remained at that level for 60 s. Then, It decreased to 0 A at a 

discharging rate of 1 A/s. Fig. 3.6 shows the experimental and simulation results of the Vt, Bz, 
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Iθ, Ir, and It profiles during overcurrent charging. Vt slowly started to increase below the Ic 

value, and it quickly reached the peak voltage of 2 mV. The values of Vt stably remained when 

It was maintained at 137 A, implying thermal balance between the LN2 cooling and joule 

heating caused by the overcurrent. During the test, the NI SPC exhibited self–protection 

feature against overcurrent to protect the NI SPC from permanent damage. The bypass current, 

i.e., Ir, was automatically generated due to a small value of Rc between turn–to–turn, as shown 

in Fig. 3.6(b). As a result, Bz lagged behind the target magnetic field value. As the It maintained 

at 137 A, the Ir value was estimated to be approximately 29.6 A. The overcurrent test result 

demonstrated that the thermal and electrical stabilities of the NI coil was higher than that of 

its conventional INS counterpart, which burned out at ∼1.1 Ic [49], [63]. A small difference in 

Vt existed between the simulation (∼1.8 mV) and experimental (∼2 mV) results. This may be 

because the joule heat generation at both ends of current leads was not considered in the 

simulation analysis.  

Fig. 3.7(a) shows the result of heat generation during the charging test for NI SPC. The 

total heat generation in the test coil (i.e.,
22

rcscscT IRIRQ  ) mostly came from the 

characteristic resistance because the resistance of 2G HTS tape exhibited a very small value 

under steady state condition. As a result, generated heat by 2G HTS tape (i.e., 
2

scscT IRQ  ) 

was equal to zero. The experiment heat generation by Rc (i.e., 
2

rcT IRQ  ) of NI SPC was 

around 0.38 mW which was almost identical to the simulation result. However, the resistance 

value of 2G HTS tape in the overcurrent test was considerably higher than that of the value in 

the charging test when the applied current increased toward to Ic, as shown in Fig. 3.7(b). 

Consequently, the total heat generation of NI SPC was calculated to be 0.24 W at the operating 

current of 137 A. The calculated heat generation in 2G HTS tape by simulation method was 

around 0.19 W at 137A which could not estimate by the experiment method due to the 

unknown value of resistance of 2G HTS tape. As the operating current maintained at 137 A, 

heat generation by Rc in experiment and simulation were approximate 0.071 W and 0.053 W,  
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Fig. 3.6. Results of Vt, Bz, and current in the transient state. 

 

respectively. The experiment result exhibited a higher value than that of the simulation result, 

which can be caused by heat generation of current leads during the experiment test. 

In this section, we have developed an advanced simulation approach using the proposed 
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Fig. 3.7. Experimental and simulation results of heat generation. 

 

time delay of the magnetic field and thermal stability for the NI HTS in steady and transient 

states, respectively. We found that Rc of the NI HTS coil strongly influenced to the bypass 

current phenomenon in both the above mentioned characteristics. The charging test results of 

the NI HTS coil exhibited that the delay time in the simulation (5.132 s) was shorter than that 

of the experiment (5.752 s). On the other hand, the simulation approach demonstrated smaller 
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heat generation than that of the experiment during the overcurrent test in the transient state. 

This may be because generated heat by current leads in the experiment test did not consider in 

the simulation. Furthermore, resistance of 2G HTS tape showed very small value in the 

charging test that did not affect heat generation in NI HTS coil. However, it exhibited high 

value in the overcurrent test which caused the increase of heat generation in NI HTS coil. 

During the overcurrent test, current was bypassed into the radial direction through turn–to–

turn characteristic resistance to reduce heat generation. Overall, the simulation results were in 

good agreement with the experimental ones under all test conditions, which demonstrated that 

the simulation approach based on the proposed equivalent circuit model is valid. 

3.2. Fabrication and experiment of NI and MI–SS racetrack coil 

The NI winding technique has been suggested to develop 2G HTS coils due to its major 

benefits in terms of self–protection, mechanical robust, and compactness compared with the 

conventional insulated winding technique. If a quench occurs in the HTS coil, the applied 

current can be automatically diverted through neighboring turns to protect the magnet from 

permanent burn–out. However, the τd of magnetic field under time–varying condition can be 

a major challenge for the NI HTS coil because the leakage current can flow through the turn–

to–turn contact layers. Therefore, the NI winding technique is difficult in applying to the 

application devices that require fast magnetic field response, such as superconducting rotating 

machine and SMES systems. 

The MI winding technique has been introduced as a potential candidate to ameliorate τd in 

the NI winding technique owning to the increase in characteristic resistance. Several research 

groups have investigated the impact on τd and thermal stability characteristics of the MI coils. 

Studies have been conducted on the use of various material metal insulations [40], [50], [52], 

numerous silicon greases as insulation [41], [64], [65], and several metal insulation layers [66]. 

However, these studies mostly used pancake type coils. Therefore, it is necessary to investigate 

the τd and thermal stability characteristics of the MI winding technique which is wound in form  
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Fig. 3.8. (a) Design model of racetrack bobbin; photograph of (b) NI and (c) MI–SS coils. 
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Table 3.2. Parameters of 2G HTS tape and two racetrack coils. 

Items Unit Values 

2G HTS Coated Conductor Tape 

Manufacturer – SuNAM Co. Ltd 

Conductor model – SLB04120 

Conductor Width [mm] 4.1 ± 0.1 

Conductor thickness [mm] 0.25 

Cu stabilizer thickness [mm] 0.02 

Brass lamination thickness [mm] 0.04 

Critical temperature [K] 91 

NI and MI–SS Racetrack Coils 

Test coils – NI MI–SS 

Number of turns – 50 50 

Insulation thickness [μm] – 100 

HTS wire length [m] 30.18 30.92 

Inner radius along x–axis [mm] 115 115 

Outer radius along x–axis [mm] 127.5 132.5 

Inner radius along y–axis [mm] 55 55 

Outer radius along y–axis [mm] 67.5 72.5 

Ic at 77 K, self–field* [A] 144 104 

Critical voltage [mV] 3.02 3.09 

Characteristic resistance [mΩ] 0.027 3.19 

Contact surface resistance [μΩ.cm2] 13.4 1617.8 

Coil inductance [mH] 0.9 1.02 

Winding tension [kgf] 10 10 

      
   * Measured using 1 μV/cm criterion 

 

of racetrack type coils.  

This section presents the experiment and simulation results on the τd in the steady state and 

thermal stability in the transient state of both NI and MI–SS which were fabricated in form of 

racetrack type coils. First of all, the structural design of the racetrack type bobbin was shown 
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along with its parameters. Then, the I–V tests were carried out to measure Ic values for both 

test coils. Also, the sudden discharging and charging tests were performed in the steady state 

to estimate the decay field time and magnetic field response, respectively. Finally, the 

overcurrent tests were conducted in the transient state to investigate the thermal stability of 

these test coils. 

3.2.1. Experiment setup 

Table 3.2 presents the specifications of the 2G HTS coated conductor tape, which was 

manufactured by SuNAM Co., Ltd., and two racetrack type coils, i.e., NI and MI co–wound 

with stainless steel tape. The width and thickness of 2G HTS wire were 4.1 mm and 0.25 mm, 

respectively. The maximum and minimum Ic values were respectively equal to 261 and 243 A 

under 77 K and self–field conditions. Fig. 3.8(a) shows the schematic drawing of the bobbin, 

which has a radius along the x–axis of 115 mm and y–axis of 55 mm, for fabrication the NI 

and MI–SS racetrack coils. Both coils had similar configuration in terms of number of turns, 

inner radius along x–axis, and inner radius along y–axis. The NI and MI–SS coils were wound 

at 10–kgf winding tension and directly onto the racetrack type bobbin, as shown in Fig. 3.8. 

The outer radius of MI–SS coil was larger than that of NI coil due to the thickness of stainless 

steel tape of 100 μm using between turn–to–turn layers. In addition, the total conductor length 

used in MI–SS coil (30.92 m) was longer than that of NI coil (30.18 m). The test results of 

operating current, Vt, and Bz were measured using DAQ system.  

3.2.2. Results and discussion 

A. Current–voltage test 

Fig. 3.9 shows the I–V characteristic curves of two test coils which were conducted under 

a LN2 bath of 77 K to investigate the Ic values. Both test coils were charged at the current 

ramp rate of 0.5 A/s. The Vc values were calculated using 1 μV/cm criterion and the total length    
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Fig. 3.9. I–V characteristics at 77 K with current ramp rate of 0.5 A/s.  

 

of HTS tape used for both test coils (blue dashed line in Fig. 3.9). Based on the Vc, the Ic values 

of NI and MI–SS coils were measured as 144 and 104 A, respectively. In order to obtain high 

accuracy the Ic value, the I–V curves were smoothed using the adjacent–averaging method. As 

shown in Fig. 3.9, the voltage curve of NI coil is more stable than that of the MI–SS coil. This 

may be because the MI–SS coil was influenced by the thermal disturbance. 
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Fig. 3.10. Sudden discharging test results at 0.7 Ic with charging rate of 1 A/s. 

 

B. Sudden discharging test 
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experimental results during the sudden discharging test for NI and MI–SS coils. The τ of both 

test coils were measured at the normalized Bz value of 0.37 (i.e., Bz/Bz,0 = 1/e when t = τ), as 

shown by the horizontal dashed line in Fig. 3.10. The τ values of the NI and MI–SS coils were 

33.6 and 0.32 s, respectively. From the results of the τ values, the Rc values of NI and MI–SS 

coils (i.e., Rc = Lc/τ) were 0.027 and 3.19 mΩ, respectively. The Rc of MI–SS coil was 

significantly higher than that of the NI coil. This is because the existence of the stainless steel 

tape between turn–to–turn layers increased the contact surface area in the MI–SS coil. These 

results exhibited that the MI–SS coil considerably improve slow τd characteristic of the NI coil.  

C. Charging test 

The charging tests were performed in LN2 bath of 77 K to estimate the τd for both NI and 

MI–SS coils. It was increased to 0.6 Ic (86 A for NI coil and 62 A for MI–SS coil) with the 

charging rate of 1 A/s. Figs. 3.11(a) and 3.12(a) show the experimental results versus time 

curves during the charging test for NI and MI–SS coils, respectively. As the It maintained at 

0.6 Ic, the Bz values for NI and MI–SS coils increased linearly then reached 27 and 21 mT, 

respectively. The τd for NI and MI–SS coils were 117.04 and 0.975 s, respectively. As expected, 

the MI–SS coil showed faster τd than the NI coil due to increasing the Rc caused by the presence 

of stainless steel tape between turn–to–turn layers. The τd of the MI–SS coil was 99.17 % 

shorter than that of the NI coil. These results demonstrated that the MI–SS winding technique 

could significantly enhance the slow τd observed in the NI winding technique due to the 

increase of Rc by the existence of SS tape between turn–to–turn layers, resulting in a decrease 

leakage current. The “charging delay time” phenomenon could be explained by the proposed 

equivalent circuit model. During the ramping time (i.e., dI/dt ≠ 0), It could be bifurcated in the 

spiral and radial directions, as shown in Fig. 2.10. As a results, the existence of Ir caused Is lag 

behind It, resulting in the magnetic field loss in the test coils. Figs. 3.11(b) and 3.12(b) show 

the simulated results during the charging tests at 0.6 Ic for NI and MI–SS coils, respectively. 

The τd values for NI and MI–SS coils were 106.11 and 0.78 s, respectively, which were 9.3%  
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Fig. 3.11. Charging test results of NI coil at 0.6 Ic with charging rate of 1 A/s. 

 

(NI coil) and 20% (MI–SS coil) smaller than the experimental results. This may be because 

heavy noises, which caused by thermal disturbance, occurred during the experiment tests. 

However, the maximum experimental results of Vt (~ 1 mV) for both test coils agreed well 

with the simulated results, which proved that the validity of the proposed equivalent circuit 

model. 
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Fig. 3.12. Charging test results of MI–SS coil at 0.6 Ic with charging rate of 1 A/s. 
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protection feature during the overcurrent test operation. When It maintained at 1.1 Ic, the Vt of 

NI and MI–SS coils remained at steady state values of 3.6 and 21 mV, respectively, implying 

that the thermal was equilibrated between LN2 cooling and joule heating caused by the 

overcurrent. As the It decreased, the Vt started to decrease linearly and finally reaching zero, 

indicating that both test coils were fully recovered. The Vt value of MI–SS coil was 5.8 times 

higher than that of NI coil due to the existence of stainless steel tape between turn–to–turn 

layers, which reduced bypass current through the adjacent turns during the overcurrent tests. 

The results obviously showed that the NI coil had superior electrical and thermal stabilities 

compared with the MI–SS coil. However, the MI–SS coil exhibited stable operation to prevent 

the magnet from permanent damage under the overcurrent test at 1.1 Ic. These results verified 

that the MI–SS racetrack type coil could be a potential solution for the development 2G HTS 

field coils used in large–scale offshore wind turbine generators. Figs. 3.13(b) and 3.14(b) show 

the simulated results during the overcurrent tests for NI and MI–SS coils, respectively. The 

simulated Vt of NI and MI–SS coils were 2.2 mV and 18.5 mV, respectively, which were in 

good agreement with the experimental results. These results demonstrated that the proposed 

concise equivalent circuit model was validated for the NI and MI–SS racetrack type coils. 

In section 3.2, the electrical characteristics of NI and MI–SS racetrack type coils have been 

investigated through the experiment and simulation to determine the preferable winding 

technique for the development 2G HTS field coils of the 10 MW class HTS generator used in 

offshore wind turbine environment. The simulation results were agreed well with the 

experimental results, which validated the proposed equivalent circuit model. The MI–SS 

racetrack coil showed a good balance between the τd and thermal stability compared with NI 

racetrack coil. The τd for MI–SS racetrack coil is approximately 99 % faster than that of NI 

racetrack coil. During the overcurrent test at 1.1 Ic, although the MI–SS racetrack coil showed 

higher Vt and QT values than that of the NI racetrack coil, the MI–SS racetrack coil operated 

successfully during the transient state against excessive current to protect the test coil from 

permanent burn–out.  
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Fig. 3.13. Overcurrent test results of NI coil at 1.1 Ic with charging rate of 0.5 A/s. 
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Fig. 3.14. Overcurrent test results of MI–SS coil at 1.1 Ic with charging rate of 0.5 A/s. 
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3.3. Fabrication and experiment of MI–SS racetrack coils according 

to various winding tension and stainless steel insulation thickness 

The MI winding technique has been suggested as the effective approach to overcome the 

slow charge–discharge rate of NI winding technique, as shown in section 3.2. However, to 

utilize the MI winding technique for the development 2G HTS field coils of the 10 MW class 

HTS generator, it is essential to investigate the factors that affect to the τd and thermal stability 

of MI coils. This section estimates the electrical characteristics of 2G HTS racetrack coils co–

wound with stainless steel tapes of various thicknesses and winding tensions. The SS thickness 

and winding tension are identified as the factors affecting the τd and thermal stability of MI 

coils. To verify these characteristics, three types of MI–SS racetrack coils were fabricated with 

various SS thicknesses and winding tensions: 100–μm SS thickness and 10–kgf winding 

tension (coil 1); 100–μm SS thickness and 5–kgf winding tension (coil 2); and 50–μm SS 

thickness and 10–kgf winding tension (coil 3). Three MI–SS racetrack coils were characterized 

in the LN2 bath of 77 K through the I–V test, sudden discharging, charging, and overcurrent 

tests. The I–V test was conducted in the steady state to evaluate the Ic values for the test coils. 

The sudden discharging and charging tests were performed in a steady state to investigate the 

time constant and τd of the center magnetic field, respectively. To investigate the thermal 

stability of three MI–SS racetrack coils, the overcurrent tests were conducted in a transient 

state at 1.1 and 1.05 Ic. Based on these results, the τd and thermal stability of three MI–SS 

racetrack coils were compared and analyzed in detail to determine a preferable winding 

approach for improving τd as well as the thermal stability of 2G HTS field coils for the 10 MW 

class HTS generator used in offshore wind power environment.  

3.3.1. Experiment setup   

Table 3.3 summarizes the parameters of the 2G HTS coated conductor, which was 

manufactured by SuNAM Co., Ltd., and three types of MI–SS racetrack coils. The width and  
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Fig. 3.15. Photograph of MI–SS racetrack coils. 
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Table 3.3. Parameters of 2G HTS tape and three racetrack type coils. 

Items Unit Values 

2G HTS Coated Conductor Tape 

Manufacturer – SuNAM Co. Ltd 

Conductor model – SCN04150 

Conductor Width [mm] 4.1 ± 0.1 

Conductor thickness [mm] 0.15 

Min Ic at 77 K, self–field* [A] 236 

Max Ic at 77 K, self–field* [A] 248 

Critical temperature [K] 91 

Three Racetrack Coils 

Test coils – Coil 1 Coil 2 Coil 3 

Number of turns – 50 50 50 

Material insulation – SS SS SS 

Insulation thickness [μm] 100 100 50 

Winding tension [kgf] 10 5 10 

HTS wire length [m] 30.1 30.1 29.73 

Inner radius along x–axis [mm] 115 115 115 

Outer radius along x–axis [mm] 127 127 124.5 

Inner radius along y–axis [mm] 55 55 55 

Outer radius along y–axis [mm] 67 67 64.5 

Ic at 77 K, self–field* [A] 100 104 100 

Critical voltage [mV] 3.01 3.01 2.97 

Characteristic resistance [mΩ] 3.195 8.621 7.813 

Contact surface resistance [μΩ.cm2] 1577 4256 3809 

Coil inductance [mH] 1 1 1 

  * Measured using 1–μV/cm criterion 
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thickness of the 2G HTS coated conductor tape were 4.1 and 0.14 mm, respectively. Fig. 3.15 

shows the structural dimensions of the fiber reinforced bakelite racetrack type bobbin with a 

radius along the x–axis of 115 mm and y–axis of 55 mm. Three coils were wound directly onto 

the bobbin with various SS thicknesses and winding tensions. Coils 1, 2, and 3 were wound 

with the winding tension maintained at 10, 5, and 10 kgf, respectively. The three coils exhibited 

identical configurations and number of turns, indicating similar coil inductance of 1 mH. 

However, the thicknesses of the SS tape (100 μm) used in coils 1 and 2 were larger than that 

of coil 3 (50 μm), which made the outer radius of coils 1 and 2 larger than that of coil 3. Thus, 

the total conductor length used in coils 1 and 2 (30.1 m) was longer than that used in coil 3 

(29.73 m). During the tests, the current, voltage, and magnetic field were measured and 

recorded using the DAQ system of LabVIEW software. 

3.3.2. Results and discussion 

A. Current–voltage test 

Fig. 3.16 shows the Ic curves with respect to Vc of three MI–SS racetrack type coils, which 

were performed in a bath of LN2 at 77 K. The current ramp rate of It was set to 1 A/s and 

applied to three test coils until the Vt increased over the Vc. Then, It was turned off to prevent 

three test coils from permanent damage. The Vc values of coil 1 (3.01 mV), coil 2 (3.01 mV), 

and coil 3 (2.97 mV) were calculated using the electric field criterion (Ec) of 1–μV/cm and the 

total length of the 2G HTS conductor tape used for manufacturing the test coils (horizontal 

dashed line in Fig. 3.16). According to Vc, the Ic values of coils 1, 2, and 3 were measured as 

100, 104, and 100 A, respectively, as shown in Fig. 3.16. 
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Fig. 3.16. Critical current values at 77 K with current ramp rate of 1 A/s. 
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Fig. 3.17. Sudden discharging tests at 0.7 Ic with current ramp rate of 1 A/s. 
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B. Sudden discharging test 

To investigate τ and Rc of the three MI–SS racetrack coils, the sudden discharging tests 

were conducted under steady state operation in a bath of LN2 at 77 K. It was increased to 0.7 

Ic (70 A for coils 1 and 3 and 73 A for coil 2) with a charging rate of 1 A/s. Then, It was 

maintained at that level so that all the test coils were in a steady state condition before the 

power supply was cut off abruptly. The center magnetic field of each coil under the sudden 

discharging tests can be expressed by the equation (23). Fig. 3.17 shows the results of the 

normalized Bz with respect to time curves for all the test coils: (a) coil 1, (b) coil 2, and (c) coil 

3. The τ values of coils 1, 2, and 3, which were measured at a normalized Bz of 0.37 (i.e., 

Bz/Bz,0 = 1/e when t = τ, as shown by the horizontal dashed line in Fig. 3.17), were 0.313, 0.116, 

and 0.128 s, respectively. From the results of τ, the Rc values of coils 1, 2, and 3, calculated by 

the ratio between Lc and τ (i.e., Rc = Lc/τ), were 3.195, 8.621, and 7.813 mΩ, respectively. In 

general, the Rc of coil 1 was smaller than those of the coils 2 and 3. These results demonstrated 

that the Rc of the MI–SS racetrack coils was influenced by the winding tension and SS 

thickness between the turn–to–turn layers. Furthermore, Rc increased as the SS insulation 

thickness and winding tension decreased. 

C. Charging test 

The charging tests were performed under steady state operation in bath of LN2 at 77 K to 

investigate τd of the three MI–SS racetrack coils. It was increased to 0.6 Ic (60 A for coils 1 and 

3 and 62 A for coil 2) with a charging rate of 1 A/s. Fig. 3.18 shows Bz, It, and Vt versus time 

curves for all test coils during the charging tests. Vt of the test coils increased rapidly and 

finally reached ~1 mV. The Lc of the three test coils was calculated to be ~1 mH, which was 

defined from the relationship between the inductive voltage (VL) and the current ramping rate 

of 1 A/s, as shown in Fig. 3.18 (VL = Lc  dI/dt). When the operating current was maintained 

at 0.6 Ic, the Bz values of coils 1, 2, and 3 were 24.4, 25.8, and 25.6 mT, respectively. Moreover,  
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Fig. 3.18. Charging tests at 0.6 Ic with current ramp rate of 1 A/s. 
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Table 3.4. Effects of winding tension and SS thickness on the charging time of MI–SS 

racetrack coils. 

Impact factors Winding tension 
Stainless steel 

thickness 
Charging time 

Case 1 Constant Increase Increase 

Case 2 Increase Constant Increase 

 

the τd for coils 1, 2, and 3 reaching the expected magnetic field were 3.51, 1.62, and 2.88 s, 

respectively. At the same SS thickness of 100 μm, τd of coil 2 was 54% faster than that of coil 

1, indicating that the decreasing winding tension can ameliorate the charging time behavior. 

Thus, the Rct increased as the winding tension decreased, leading to an increase in Rc, which 

resulted in an improvement in τd. Similarly, at an identical winding tension of 10–kgf, τd of 

coil 3 was 18% faster than that of coil 1, suggesting that τd decreased with a decrease in SS 

thickness between the turn–to–turn layers. The reason may be that the contact surface of 

thinner stainless steel in coil 3 is rougher than that of coil 1, leading to an increase in Rc, which 

results in an improved τd. As discussed in chapter 2, Rc comes mostly from the turn–to–turn 

contact surface, because the Rmetal, calculated by the equation (5), is very small (~ 0.43 nΩ for 

coil 1 and 0.22 nΩ for coil 3) compared with the Rcs (~ 3.195 mΩ for coil 1 and 7.813 mΩ for 

coil 3) due to the small value of the resistivity of stainless steel material at 77 K (~ 5.310–7 

Ω.m). Thus, the Rmetal between the turn–to–turn layers is very small and is considered to have 

an insignificant effect on Rc. In general, the Rct depends mostly on the winding tension and the 

surface roughness between HTS and SS tapes [52], [67]. The effects of the SS thickness and 

winding tension on the τd behavior are shown in Table 3.4. 

Fig. 3.19 shows the results of the three MI–SS racetrack coils at a current ramp rate of 5 

A/s during the charging tests. The It, Vt, and Bz curves exhibited similar behaviors to those 

observed in the charging tests at a current ramp rate of 1 A/s. However, the Vt value of the test 

coils at a charging rate of 5 A/s was 5 mV, which was five times higher than that in the charging  
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Fig. 3.19. Charging tests at 0.6 Ic with current ramp rate of 5 A/s. 
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Table 3.5. Effects of current ramp rate on charging time of MI–SS racetrack coils. 

Current ramp rate 0.6 Ic_1 A/s  0.6 Ic_5 A/s 

τd of Coil 1 [s] 3.51  5.31  

τd of Coil 2 [s] 1.62  3.01  

τd of Coil 3 [s] 2.88  5.04  

 

test at 1 A/s. Furthermore, the τd of coils 1, 2, and 3 were 5.31, 3.01, and 5.04 s, respectively, 

as shown in Fig. 3.19. Thus, the τd of these test coils also increased with the increase of the 

current ramp rate due to the bypass current phenomenon through turn–to–turn contact layers, 

which could be explained by the equation (1). It is assumed that Lc and Rc are constant values, 

and Ir increases according to the increase of dI/dt, leading to more Is lag behind It, which causes 

more lagging of the magnetization. Table 3.5 shows a comparison of τd between the current 

ramp rate at 1 and 5 A/s for the three test coils. In addition, during the charging test at 5 A/s, 

the Vt (~5 mV) of the test coils was higher than Vc (~3 mV), resulting in the greater joule heat 

energy induced by the quench, which may cause less stable operation compared with the 

charging test at 1 A/s.   

Fig. 3.20 shows It, Vt, and Bz versus time curves of the three test coils at 0.8 Ic (80 A for 

coils 1 and 3 and 83 A for coil 2) with a current ramp rate of 1 A/s during the charging tests. 

As the charging current increased to 0.8 Ic, the Vt of coil 1 (1.68 mV) and coil 3 (1.52 mV) 

increased over the inductive voltage of 1 mV, which was obtained from the charging test at 0.6 

Ic with a current ramp rate of 1 A/s. This may be because quench unexpectedly occurred in a 

weak layer of the test coils, which caused more Ir flowing through the turn–to–turn contact 

layers, leading to an increase in Vt (i.e., Vt = Rc  Ir). The saturated fields for coils 1, 2, and 3 

at 0.8 Ic (32.6, 34.6, and 34 mT, respectively) were higher than those at 0.6 Ic (24.4, 25.8, and 

25.6 mT, respectively). Additionally, the τd values of the test coils at 0.8 Ic exhibited a slight 

decrease compared with 0.6 Ic, as summarized in Table 3.6. This was because the Rct increased  
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Fig. 3.20. Charging tests at 0.8 Ic with current ramp rate of 1 A/s. 
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Table 3.6. Effects of current amplitude on charging time of MI–SS racetrack coils. 

Current ramp rate 0.6 Ic_1 A/s 0.8 Ic_1 A/s 

τd of Coil 1 [s] 3.51  2.98  

τd of Coil 2 [s] 1.62  1.58  

τd of Coil 3 [s] 2.88  2.27  

 

with an increase in It as more joule heat energy was induced within the test coils [36]. As a 

results, τd of the MI–SS racetrack coils decreased with an increase in It. Overall, the charging 

test results demonstrated that the τd phenomenon of the MI–SS racetrack coils could be 

improved by decreasing the SS thickness and winding tension. Furthermore, the τd of the MI–

SS racetrack coils were also affected by the current ramp rate and current amplitude. The τd of 

the test coils decreased with decreasing current ramp rate or increasing current amplitude. The 

operation of the test coils with a high current ramp rate and high current amplitude generated 

a high Vt during the charging tests because more bypass current flows through the turn–to–

turn contact layers, resulting in low stability of the HTS magnets.  

D. Overcurrent test 

To investigate the thermal stability of three MI–SS racetrack test coils, overcurrent tests 

were performed in the transient state of 1.1 Ic (110 A for coils 1 and 3 and 114 A for coil 2) 

and 1.05 Ic (109 A for coil 2 and 105 A for coil 3) with an increment rate of 1 A/s. Fig. 3.21(a) 

shows the experimental results of Vt, Bz, and It versus time curves for coil 1 during the 

overcurrent test at 110 A. The Vt of coil 1 slowly started to increase below Ic value and rapidly 

reached the peak voltage ~5 mV. Then, Vt remained stable at maximum value as the operating 

current maintained at 110 A, implying that the joule heat energy induced by the excessive 

current was equilibrated by a LN2 cooling bath. When It decreased to zero, the Vt of coil 1 also 

decreased and finally reached zero, indicating that the test coil completely recovered; whereas 

the Vt of coils 2 and 3 increased over the protective voltage value that was set up to prevent  
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Fig. 3.21. Overcurrent tests at 1.1 and 1.05 Ic with current ramp rate of 1 A/s.  

0 100 200 300
0

50

100

150

I t
 [

A
]

Time [s]

 It [A] 

 Vt [mV]

 Bz [mT]

0

10

20

30

40

V
t 
[m

V
]

0

20

40

60

80

B
z 

[m
T

]

0 100 200 300
0

50

100

150

I t
 [

A
]

Time [s]

 It [A] 

 Vt [mV]

 Bz [mT]

0

10

20

30

40

V
t 
[m

V
]

0

20

40

60

80

B
z 

[m
T

]

0 50 100 150 200 250
0

50

100

150

I t
 [

A
]

Time [s]

 It [A] 

 Vt [mV]

 Bz [mT]

0

10

20

30

40

V
t 
[m

V
]

0

20

40

60

80

B
z 

[m
T

]

(c) Coil 3 at 1.05 Ic 

(b) Coil 2 at 1.05 Ic 

(a) Coil 1 at 1.1 Ic 



65 

Table 3.7. Effects of winding tension and SS thickness on the thermal stability of MI–SS 

racetrack coils. 

Impact factors Winding tension 
Stainless steel 

thickness 
Thermal stability 

Case 1 Constant Increase Increase 

Case 2 Increase Constant Increase 

 

the test coils from permanent damage. Therefore, overcurrent tests were performed at 1.05 Ic 

to estimate the thermal stability of coils 2 and 3. Fig. 3.21 shows the experimental results of 

Vt, Bz, and It versus time curves during the overcurrent tests at 1.05 Ic (109 A for coil 2 and 105 

A for coil 3). When It was maintained at 1.05 Ic, Vt of coils 2 and 3 remained at steady state 

values of 13.2 and 6.2 mV, respectively, which were higher than that of coil 1 (5 mV) at 1.1 Ic. 

These results demonstrated that the thermal stability of these test coils was affected by the 

winding tension and SS thickness between the turn–to–turn layers, as shown in Table 3.7. In 

general, coil 1 exhibited higher thermal stability than coils 2 and 3 owing to its thicker SS 

insulation and higher winding tension. This was because the greater winding tension in coil 1 

could easily dissipate the joule heat energy induced by hot spots compared with that of coil 2. 

Similarly, compared with coil 3, the thicker SS insulation in coil 1 could enhance the heat 

capacity, which absorbed more joule heat energy generated by hot spots. Furthermore, coil 1 

could easily divert the larger amount of excessive current through turn–to–turn contact layers 

because of its higher winding tension and smoother SS insulation compared to coil 2 and coil 

3, respectively, resulting in less joule heat energy induced by hot spots. For further study, the 

effect of external magnetic field on the electrical and thermal characteristics of MI–SS 

racetrack coil should be investigated to optimize the operational performance because the 2G 

HTS field coils can be subjected to external magnetic field in practical wind generator 

application.  
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3.4. Fabrication and experiment of MI–SS racetrack coil according to 

various AC rotating magnetic field and cryogenic cooling system 

In the practical superconducting rotating machine applications, although the 

superconducting coils are designed to operate on the direct current, they can be subjected to 

external magnetic field due to the unsynchronized armature windings during electrical or 

mechanical load fluctuations. The superconducting coils show the voltage and magnetic field 

fluctuations and the critical current reduction when they are exposed to the external magnetic 

field. Moreover, the cryogenic cooling conditions are also identified as the factor that affects 

to the electrical and thermal characteristics of the HTS coil because the Rc changes according 

to the cryogenic cooling conditions. Therefore, it is essential to investigate the effect of various 

external magnetic fields and cryogenic cooling conditions on the electrical and thermal 

characteristics of MI–SS racetrack coil for further development reliable 2G HTS field coils of 

the 10 MW class HTS generator. 

This section presents the experiment and simulation results on the electrical and thermal 

behaviors of a MI–SS racetrack coil under rotating magnetic field. There were two main parts 

in the experiment test, such as cryostat and three phase armature windings. The MI–SS 

racetrack coil, which was cooled by conduction cooling system, was operated under external 

magnetic field generated by armature windings of a 75 kW class induction motor. The effects 

of external magnetic field on the electrical and thermal characteristics of MI–SS racetrack coil 

were adjusted by current amplitude and frequency. First, the major components of the 

experiment test, such as MI–SS racetrack coil, armature windings of asynchronous rotating 

machine, and conduction cooling system, were fabricated and assembled. Then, the I–V tests 

for MI–SS racetrack coil were performed in various cryogenic cooling conditions, i.e., LN2 

bath and conduction cooling of 35 and 77 K, to estimate the Ic value for the test coil. In addition, 

to investigate the effect of cryogenic cooling on the Rc and τd for MI–SS racetrack coil, the 

charging and discharging tests were conducted in the LN2 bath and conduction cooling 
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conditions. Furthermore, the test coil was charged to the target value under conduction cooling 

of 35 K then exposed to the rotating magnetic field to estimate the electrical and thermal 

characteristics during the transient state. The critical current and magnetic field of the MI–SS 

racetrack coil were analyzed and discussed according to the variation in external magnetic 

field.  

3.4.1. Experiment setup  

A. Construction of MI-SS racetrack coil 

The major parameters of the REBCO coated conductor, which was manufactured by 

SuNAM Co., Ltd., and the MI–SS racetrack coil are listed in Table. 3.8. The width and 

thickness of the REBCO tape are 12.1 mm and 0.14 mm, respectively. The racetrack bobbin 

was made of stainless steel with outer diameter at curvature of 40 mm and straight section of 

140 mm, as shown in Fig. 3.22. The thickness of stainless steel tape used between turn–to–

turn layers was 120 μm. During fabrication the MI–SS racetrack coil, the winding tensions for 

2G HTS and SS tapes were maintained at 10 and 5 kgf, respectively. The center bore and shoe 

cover were made of carbon steel (S45C) to concentrate and increase the magnetic field. The 

test coil was wound directly onto the center bore of SS racetrack bobbin and covered by 

conduction guide with oxygen–free high conductive copper (OFHC) to enhance heat transfer 

characteristic of conduction cooling system. The various signal sensors were utilized to 

measure the electromagnetic behaviors during coil operation. Three voltage taps (V1 – V3) 

were installed in every ten turns, starting from the innermost turn, and terminal voltage tap 

(VT) was inserted between two terminals to measure the voltage signal in the steady and 

transient states. In addition, a Hall sensor was located at the bobbin center to measure the 

center magnetic field density of the test coil. 
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Table 3.8. Parameters of REBCO tape and MI–SS racetrack coil.  

Items Unit Values 

REBCO Coated Conductor Tape 

Manufacturer – SuNAM Co. Ltd 

Conductor model – SCN12500 

Conductor width [mm] 12.1 ± 0.1 

Conductor thickness [µm] 140 ± 15 

Min Ic at 77 K, self–field* [A] 676 

Max Ic at 77 K, self–field* [A] 808 

Critical temperature [K] 91 

MI–SS Racetrack Coil 

Number of turns – 32 

Material insulation – SS 310S 

Material bobbin - Copper and S45C 

Insulation thickness [μm] 120 

Conductor length [m] 17.8 

Inner radius at curvature [mm] 40 

Outer radius at curvature [mm] 48.64 

Length of straight portion [mm] 140 

Ic at 77 K, self–field * [A] 239 

Critical voltage [mV] 1.78 

Characteristic resistance [μΩ] 144.3 

Contact resistance [µΩ.cm2] 304.7 

Winding tension of REBCO [kgf] 10 

Winding tension of SS [kgf] 5 

Coil inductance [μH] 577 

     * Measured using 1–μV/cm criterion 
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Fig. 3.22. Photographs of MI–SS racetrack coil. 

 

B. Fabrication of conduction cooling system integrated MI-SS racetrack coil 

The MI–SS racetrack coil was placed inside the cryostat part in vertical direction as shown 

in Fig. 3.23. A pair of HTS current leads were utilized to supply the operating current into the 

test coil with minimizing heat intrusion. Each current lead included two 2G HTS tapes, which 

are the same properties with 2G HTS tape used to fabricate the test coil, and fiber reinforced 

plastic sheets to insulate and protect the HTS tapes. The inlet of both HTS current leads were 

connected to the first–stage of cryocooler. Both HTS current leads were cooled down to 

approximately 80 K, which can transport It of 1352 A ( 2  676 A) into the test coil. The test 

coil was electrically closed with two HTS current leads through OFHC terminal lead blocks. 

Then, they were thermally connected with the second–stage of cryocooler through conduction 

structure (i.e., OFHC–bars and –braided wires) to cool down the test coil to 35 K. Cernox® , 

DT–670 Silicon Diodes, and PT–1000 sensors were attached at various locations inside 

cryostat to measure the temperature, as shown in Fig. 3.24. In addition, to reduce thermal 

radiation from room temperature, thermal shield cylinder with multi–layer insulation of 
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aluminum foil was utilized to cover all structures below the first–stage of cryocooler, as shown 

in Fig 3.23. The configuration of 75 kW class induction motor, which was used to generate 

AC external magnetic field on the MI–SS racetrack coil, is shown in Fig. 3.25. The length of 

stator core, inner and outer diameters of induction motor were 214, 281 and 435 mm, 

respectively. The stator had 72 slots and double layer windings. During the experiment tests,  

  

 

Fig. 3.23. Photographs of assembly MI-SS racetrack coil into conduction cooling system. 

 

 

 

Fig. 3.24. Schematic drawings of cryostat part with position of temperature sensors. 
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Fig. 3.25. Photographs of assembly cryostat part into induction motor.  

 
 

 

Fig. 3.26. Photographs of experiment setup.    

 

the external magnetic field, which was generated by three phase armature windings, was 

controlled by the frequency and current amplitude. The MI–SS racetrack coil was placed 

parallel to the three phase armature windings to investigate the effect of external magnetic 

field on the Ic and Bz of the test coil, as shown in Fig. 3.25. A data acquisition system was used 

to measure the Bz, Vt, and temperature fluctuations according to the variation of external 

magnetic field generated by a 75 kW class three phase armature windings, which was 

controlled by variable voltage and frequency inverter. The experiment setup for estimating on 

the electrical and thermal characteristics of MI–SS racetrack coil under rotating magnetic field 

is shown in Fig. 3.26. 
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 Fig. 3.27. Experiment results under cooling and vacuum tests.  
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 10–3 Torr using a turbo molecular pump. Then, the cryocooler started to reduce the vacuum 

pressure as well as temperature inside the cryostat part. For beginning hours, the temperature 

inside the cryostat part remained stable at room temperature. Subsequently, the temperature of 

the test coil was maintained at 10 K under vacuum pressure of 4.06  10–8 Torr during around 

15 hours after turning on the cryocooler, as shown in Fig. 3.27(a).  

Fig. 3.27(b) shows experiment result of temperature variation with respect to joule heat 

generation by heater power of 50 Ω, which was installed at the 2nd stage of the cryocooler. The 

temperature of the stages could be controlled by this heater power. However, the electrical and 

thermal characteristics of the test coil were not affected by the operation of heater power 

because they had a separate thermal link model and most of heat generation by heater power 

was absorbed by the cryocooler. When the heater power was zero, the temperature of the 2nd 

stage remained at 10 K. To maintain the target operating temperature of 35 and 77 K for the 

MI-SS racetrack coil, the heater power of 9.245 and 15.125 W were respectively supplied to 

the cryocooler, as shown in Fig. 3.27(b).  

B. Current–voltage test 

To investigate the Ic value for the MI–SS racetrack coil, the I–V tests were performed in the 

LN2 bath and conduction cooling conditions. The test coil was charged with the current ramp 

rate of 1 A/s until the Vt increased over the Vc of 1.78 mV which was calculated by multiplying 

the total length of HTS tape and the electric field criterion of 1–μV/cm. Then, the power supply 

current was turned off to prevent the test coil from permanent damage. In the LN2 bath of 77 

K, the Ic value of the test coil was measured as 239 A, as shown in Fig. 3.28(a). In addition, 

the I–V tests were conducted under conduction cooling condition of 77 and 35 K to investigate 

the Ic value. Fig. 3.28(b) shows the experiment result of Ic value for the MI–SS racetrack coil 

under conduction cooling of 77 K. The Ic value of the test coil was estimated to be 236 A. 

However, the Ic value under conduction cooling of 35 K was assumed to be 500 A due to the 

limitation of power supply current, as shown in Fig. 3.28(c). It should be noted that the Ic value  
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Fig. 3.28. Critical current results of MI–SS racetrack coil.   
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under conduction cooling of 35 K may exceed 500 A because the Vt did not increase over the 

Vc of 1.78 mV.  

The numerical analysis was suggested to investigate the Ic value for the MI–SS racetrack 

coil using electromagnetic finite element analysis (FEA). The Ic value is well known to be 

decreased when the HTS coated conductor operates under magnetic field. The reduction of Ic 

value changes according to the incidence angle of magnetic field. In general, the Ic value 

decreases significantly under the perpendicular magnetic field. Fig. 3.29 shows the Ic value 

reduction according to perpendicular flux density of 2G HTS tape manufactured by SuNAM 

Co., Ltd. To analyze the magnetic field distribution in the MI–SS racetrack coil, the 3D FEA 

model is developed using the Ansys Mawell software. The test coil is charged to 500 A which 

is equal to the limitation value of the experimental power supply current. Based on the analysis 

of magnetic field distribution in the test coil, the simulation results of the Ic value according to 

the perpendicular magnetic field under conduction cooling of 77 and 35 K are estimated, as 

shown in Fig. 3.30. The Ic value is determined at the intersection point between the transport 

current and critical current at perpendicular flux density. The Ic value under the conduction 

cooling of 77 K is estimated as 245 A which is 2.45% and 3.67 % higher than those of 

experimental results obtained from LN2 bath and conduction cooling conditions of 77 K, 

respectively. In the case of conduction cooling of 35 K, the Ic value for the test coil is evaluated 

over 500 A which is similar to the experiment result. Overall, the simulation results were in 

good agreement with the experimental results, which proved that the validity of the developed 

3D FEA model. 
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Fig. 3.29. Reduction of Ic value according to perpendicular flux density 

 

 

 

Fig. 3.30. Simulation critical current results of MI–SS racetrack coil.  
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C. Charging and discharging test 

To characterize τ and Rc for the MI–SS racetrack coil, the charging and discharging tests 

were performed under the LN2 bath and conduction cooling conditions. It increased up to 221 

A with charging rate of 0.6 A/s under LN2 bath and 1 A/s under conduction cooling. Then, It 

was maintained at that level so that the test coil was in a steady state condition. Finally, It was 

decreased to zero with discharging rate of 0.6 A/s under LN2 bath and 1 A/s under conduction 

cooling. Fig. 3.31 shows the experiment results of the It and Vt under LN2 bath and conduction 

cooling of 77 and 35 K. τ of the test coil under LN2 bath and conduction cooling of 77 and 35 

K, which was determined at a normalized Vt value of 0.632 (i.e., 0.224 V under LN2 bath, 4.16 

V under conduction cooling of 77 K, and 0.369 V under conduction cooling of 35 K), were 4, 

4, and 9 s, respectively. Based on the inductive voltage and current ramp rate (i.e., VL = Lc  

di/dt), the Lc of the test coil under LN2 bath and conduction cooling of 77 and 35 K were 

estimated to be 577, 641, and 580 μH, respectively. Furthermore, the Rc of the test coil under 

conduction cooling of 35 K (64.4 μΩ), which was calculated using the values of Lc and τ (i.e., 

Rc = Lc/ τ), was smaller than those of LN2 bath of 77 K (144.3 μΩ) and conduction cooling of 

77 K (160.3 μΩ). These results demonstrated that the Rc decreased as the temperature cooling 

decreased because joule heat generation inside the MI–SS racetrack coil was effectively 

eliminated at low temperature. However, at the same temperature cooling of 77 K, the Rc under 

LN2 bath was smaller than that of conduction cooling condition. This was because the LN2 

bath could effectively cover the contact surface between turn–to–turn layers of the test coil, 

resulting in the enhancement of cooling performance, which eliminated more joule heat energy 

generated by bypass current through the neighboring turns. Table 3.9 summarizes the 

experiment results of τ, Lc, and Rc for MI–SS racetrack coil under the charging and discharging 

tests with respect to LN2 bath and conduction cooling conditions.  
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Fig. 3.31. Time constant results of MI–SS racetrack coil at 221 A. 
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Table 3.9. Experiment results of the test coil under LN2 and conduction cooling. 

Items Unit Values 

Cooling approach - LN2 Conduction Conduction 

Temperature (K) [K] 77 77 35 

Inductance (μH) [μH] 577 641 580 

Time constant [s] 4 4 9 

Characteristic resistance [μΩ] 144.3 160.3 64.4 

 

Fig. 3.32 shows the experiment results of It, Vt, and Bz versus time curves under LN2 bath 

(Case 1) and conduction cooling of 77 K (Case 2) and 35 K (Case 3). The Vt of Cases 1, 2, and 

3 increased and finally reached maximum voltages of 0.346, 0.641 and 0.58 mV, respectively. 

Moreover, when It maintained constant at 221 A, the Bz of Cases 1, 2, and 3 were 17.4, 17.5 

and 17.44 mT, respectively. The τd values for Cases 1, 2, and 3 were 18, 14 and 28 s, 

respectively. As expected, the τd for Case 3 was slower than those of Cases 1 and 2. This was 

because the test coil under Case 3 could enhance the heat dissipation owing to its high 

performance cooling, which resulted in a decrease in Rc. Thus, the conduction cooling system 

of 35 K can be considered as an effective method for improving the electrical and thermal 

stabilities of the test coil under transient operating conditions. 

Fig. 3.33 shows the temperature results inside the cryostat part during the charging and 

discharging tests under conduction cooling of 77 and 35 K. The positions of temperature 

sensors were shown in Fig. 3.24. The temperature at the channel C, which measured the 

temperature signal for the test coil, were maintained around 77 and 35 K, as shown in Fig. 

3.33, implying that the joule heat generation during the test was equilibrated with the 

conduction cooling. 
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Fig. 3.32. Charging delay time results of MI–SS racetrack coil at 221 A. 
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Fig. 3.33. Temperature results of MI–SS racetrack coil at 221 A. 
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various AC rotating magnetic field generated by three phrase armature windings. The armature 

current (i.e., 28.5, 42.5, and 57.6 Arms) and frequency (i.e., 0.5, 1, and 1.5 Hz) were utilized to 

generate the rotating magnetic fields. As discussed in the I–V tests, the experimental Ic value 

under conduction cooling of 35 K was not estimated according to terminal voltage curve due 

to the limitation of power supply current of 500 A. However, the numerical approach was 

suggested to evaluate Ic value by using electromagnetic FEA model. The results under 

conduction cooling of 77 K demonstrated that the numerical approach is valid to estimate the 

Ic of the MI–SS racetrack coil. Therefore, the numerical approach was utilized to characterize 

Ic value for the test coil under rotating magnetic field and conduction cooling of 35 K. When 

the armature current and frequency of 28.5 Arms and 0.5 Hz (Case 1), 42.5 Arms and 1 Hz (Case 

2), and 57.6 Arms and 1.5 Hz (Case 3) were applied to the test coil, the Ic values were 421, 416, 

and 413 A, respectively. Although the accuracy of Ic value under conduction cooling system 

of 35 K cannot be obtained by the experiment approach due to the limitation of the power 

supply current, the effect of rotating magnetic field on the Ic characteristic under conduction 

cooling of 35 K may be investigated by the experiment tests based on the trend curves of It 

and Bz due to current bypass phenomenon. It is assumed that the Ic value of the test coil is 500 

A which is the maximum value of power supply current. Fig. 3.34 shows the experiment results 

of the test coil under AC excitation in armature windings according to Cases 1, 2, and 3. It is 

noted that the Bz curve shows only the trend of center magnetic field for the test coil due to 

heavy noise. In Case 1, the magnetic field started to decrease at the It value of 497 A which 

was higher than those of Case 2 (463 A) and Case 3 (433 A). The experimental results 

demonstrated that the Ic value of the test coil was affected by the rotating magnetic field. The 

Ic value decreased as the rotating magnetic field increased. 
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Fig. 3.34. Test results of MI–SS racetrack coil under external magnetic field. 
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Fig. 3.35. Temperature results of MI–SS racetrack coil under external magnetic field.  
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The temperature sensors were installed at the positions inside cryostat part as shown in Fig. 

3.24. The experiment temperature results for Cases 1, 2, and 3 were shown in Fig. 3.35. When 

the external magnetic field applied to the test coil, the temperature channels A, B, and C were 

decreased to zero. However, the temperature channels Ch1, Ch2, and Ch7 operated normally 

during the experiment test. This is because the temperature sensors are affected by the three 

phrase armature windings. The magnitude of this effect depends on the distance between the 

temperature sensors and armature windings. Thus, the temperature channels A, B, and C were 

installed inside the armature windings of 75 kW class induction motor, resulting in a stronger 

effect than those of Ch1, Ch2, and Ch7, which were located far enough to avoid signal 

interference. Therefore, the initial and final temperature values of these channels were utilized 

to estimate the influence of the external magnetic field on the temperature characteristic for 

the cryostat part. In general, the average temperature was increased approximately 3 K for all 

the experiment tests. The temperature at all positions in Case 3 was higher than those of Cases 

1 and 2. Overall, the temperature inside cryostat part increased as the current amplitude and 

frequency of external magnetic field increased, leading to the decrease of stable operation for 

the test coil. Table 3.10 summarizes the variation of temperature at all positions inside cryostat 

part during the characteristic test under conduction cooling of 35 K and various AC external 

magnetic field.  
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Table 3.10. Temperature results of MI–SS racetrack coil under external magnetic field. 

(a) 28.5 Arms and 0.5 Hz 

Channel Name Position Temp. (K) Temp. (K) 

A 2nd stage 42.5001 42.9839 

B Coil lead block 33.8396 36.1214 

C Coil lead block 35.1186 37.0762 

Ch1 1st stage lead block 69.9530 76.6670 

Ch2 1st stage lead block 64.0740 70.6020 

Ch5 1st stage 43.8540 46.9370 

Ch6 HTS lead 43.9780 45.8000 

Ch7 HTS lead 48.9380 50.4240 

(b) 42.5 Arms and 1 Hz 

A 2nd stage 43.1494 43.6700 

B Coil lead block 34.6806 37.4293 

C Coil lead block 35.9915 38.4614 

Ch1 1st stage lead block 70.6140 78.1870 

Ch2 1st stage lead block 64.8360 71.5280 

Ch5 1st stage 44.4030 47.7620 

Ch6 HTS lead 45.4450 47.3860 

Ch7 HTS lead 52.7300 53.8910 

(c) 57.6 Arms and 1.5 Hz 

A 2nd stage 43.5001 44.0231 

B Coil lead block 35.4902 39.0516 

C Coil lead block 36.7115 40.0126 

Ch1 1st stage lead block 69.9170 78.5560 

Ch2 1st stage lead block 64.2500 71.8470 

Ch5 1st stage 43.9010 47.9130 

Ch6 HTS lead 45.8320 48.4590 

Ch7 HTS lead 54.0960 55.5150 
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Chapter 4. Analysis on Electrical Characteristics of MI–SS 

2G HTS Field Coils for 10 MW Class Wind Generator 

 

4.1. Parameters of 2G HTS field coil 

This section investigates the electrical and thermal characteristics of MI–SS 2G HTS field 

coils for the 10 MW class HTS generator used in offshore wind turbine environment. Based 

on the experimental results of three small–scale MI–SS racetrack coils in section 3.3, the Rct 

were calculated and applied to the 2G HTS field coils to estimate the Rc. Then, the τd and 

thermal stability of MI–SS 2G HTS field coils were investigated using the proposed equivalent 

circuit model and the key parameters of 2G HTS field coils of the 10 MW class HTS generator, 

which was referenced from previous researches [68]–[70]. Finally, the results of three MI–SS 

2G HTS field coils were compared and discussed in detail. Table 4.1 shows the design 

parameters of the three 2G HTS field coils that are used to develop a numerical analysis. The 

field pole involves eight single racetrack coils with 411, 411, and 419 turns for field coils 1, 2, 

and 3, respectively. The Rc values of field coils 1, 2, and 3 are 14.06, 37.93, and 35.29 mΩ, 

respectively, which were calculated using the Rct values from three small–scale MI–SS 

racetrack coils 1, 2, and 3, respectively, in section 3.3. To compare τd and thermal stability, it 

is assumed that three 2G HTS field coils have the same values of the straight line section and 

inner radius at the round sections of 1250 and 40 mm, respectively. Field coil 3 is wound with 

an SS thickness of 0.05 mm, which makes the outer radius and conductor length shorter than 

those of field coils 1 and 2. The processing design for the simulation approach is illustrated in 

section 2.3. Here, the center magnetic field in each field coil is determined by 3D FEA based 

on the Iθ result values from the equivalent circuit model because the equivalent circuit model 

cannot calculate the magnetic field in iron–core structures, i.e., salient field pole. The Iθ 

profiles were used in the FEA simulations as field excitations of the 2G HTS field coils. 
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Table 4.1. Key parameters of three HTS field coils. 

Parameters Unit Values 

Field coil types – Field coil 1 Field coil 2 Field coil 3 

Number of turns
* – 3288 3288 3352 

SS thickness [μm] 100 100 50 

Winding tension [kgf] 10 5 10 

Conductor length
* [km] 10.1 10.1 10.1 

Conductor width [mm] 12 12 12 

Straight section [mm] 1250 1250 1250 

Inner radius at round section [mm] 40 40 40 

Outer radius at round section [mm] 142.8 142.8 123.8 

Critical current [A] 305 305 287 

Critical voltage [V] 1.01 1.01 1.01 

Temperature operation [K] 35 35 35 

Characteristic resistance [mΩ] 14.06 37.93 35.29 

Contact surface resistance [μΩ.cm2] 1577 4256 3809 

Coil inductance [H] 8.71 8.71 8.86 

   *: for a pole 

4.2. Results and discussion 

4.2.1. Charging test 

In the charging tests for three small–scale MI–SS racetrack coils in section 3.3, a high 

current ramp rate and current amplitude could generate more joule heat energy in the test coils 

during the charging tests, leading to a reduction in the thermal stability. Therefore, during the  
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Fig. 4.1. Charging test at 0.6 Ic with current ramp rate of 1 A/s. 
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charging tests, It is increased to 0.6 Ic (183 A for field coils 1 and 2 and 172 A for field coil 3) 

with a current ramp rate of 1 A/s and maintained at that level for 1 h; then, It is decreased to 

zero at a current ramp rate of 1 A/s. As shown in Fig. 4.1, Bz of field coils 1, 2, and 3 increases 

linearly with respect to It, finally reaching saturated field values of 1.77, 1.77, and 1.79 T, 

respectively. Further, Bz of field coil 3 is higher than those of field coils 1 and 2. The τd values 

for field coils 1, 2, and 3 are 48.94, 18.87, and 20.83 min, respectively. As expected, τd 

decreases as the winding tension and SS thickness decreases because of the increased Rct 

between the turn–to–turn layers. The τd values for field coils 2 and 3 are 61.4 % and 57.4% 

shorter than that of field coil 1, respectively. The results indicate that the decreased winding 

tension and SS thickness can notably enhance the slow τd behavior observed in the MI–SS 2G 

HTS field coils. Overall, field coil 3 is a promising candidate for 2G HTS field coils of the 10 

MW class HTS generator owing to its fast charging time. The fast charging time reduces the 

setup time and downtime for the rated operation of the wind turbine generator, leading to 

increased economic efficiency [71], [72]. In addition, the SS tape thickness of 0.05 mm used 

in field coil 3 can reduce the total HTS conductor length (lfc) compared with the 0.1 mm SS 

tape thickness used in field coils 1 and 2. 

4.2.2. Overcurrent test 

In the overcurrent test, It increases to 1.2 Ic (366 A for field coils 1 and 2 and 344 A for field 

coil 3) at a charging rate of 1 A/s and maintained at that level for 1 h; then, It decreases to zero 

at a discharging rate of 1 A/s. Fig. 4.2 shows the overcurrent test results with respect to time 

for all field coils. The Vt of field coils 1, 2, and 3 initially starts to increase and rapidly reach 

3.89, 6.94, and 6.61 V, respectively. When It remains at 1.2 Ic, the Vt of field coils 1, 2, and 3 

recovered to 0.88, 2.01, and 1.79 V, respectively. The Vt of field coils 2 and 3 are higher than 

the critical voltage (i.e., Vc = lfc  Ec), implying that quench occurs in these field coils. The 

recovered voltages of field coils 2 and 3 are 56.2% and 50.8% higher than that of field coil 1. 

In addition, the maximum heat generations in field coil 2 (2.54 kW) and field coil 3 (2.27 kW)  
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Fig. 4.2. Overcurrent tests at 1.2 Ic with current ramp rate of 1 A/s. 
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are higher than that in field coil 1 (1.42 kW). As expected, Vt and QT increases with an increase 

in Rc owing to the limited bypass current through the neighboring turns during the overcurrent 

test. The results clearly show that field coil 1 exhibits better thermal stability than those of 

field coils 2 and 3. Although the field coils 2 and 3 showed Vt higher than Vc during the 

overcurrent test, it is believed that a portion of the excessive current could divert through the 

SS tape to prevent permanent damage to these field coils. 

The effects of winding tension and SS thickness on the electrical characteristics of the MI–

SS winding technique employed in 2G HTS field coils of the 10 MW class HTS generator 

were investigated in this section. The experimental results from three small test coils provided 

useful references for estimating the electrical characteristics of 2G HTS field coils. Through 

the experimental analyses, a current ramp rate of 1 A/s and a current amplitude of 0.6 Ic were 

selected to reduce joule heat generation in 2G HTS field coils of the 10 MW class HTS 

generator during charging operation. Furthermore, the Rc values of the three field coils were 

obtained based on the Rct values of the three small test coils. From the equivalent circuit model 

analyses, the charging test results demonstrated that field coils 2 and 3 can be charged 

significantly faster than field coil 1. In the transient state at 1.2 Ic, although quench occurred 

in the HTS field coils 2 and 3, a portion of the bypass current was diverted through adjacent 

turns to prevent these field coils from being permanently damaged. Overall, the MI–SS 

winding technique with a 0.05 mm SS tape thickness and 10–kgf winding tension is a highly 

promising candidate for 2G HTS field coils of the 10 MW class HTS generator owing to its 

effective economic advantage in terms of the τd and HTS conductor required.  
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Chapter 5. Conclusions  

 

The main objective of this dissertation is to study an effective winding technique according 

to magnetic field response performance and thermal stability for the development 2G HTS 

field coils of the 10 MW class HTS generator used in offshore wind power. The advanced 

simulation approach using the proposed concise equivalent circuit model has been developed 

to investigate the τd and thermal stability for the HTS coils in the steady and transient states, 

respectively. The simulation results were in good agreement with the experimental ones under 

all test conditions, indicating that the simulation approach is verified. In addition, the MI–SS 

winding technique exhibited a good balance in terms of τd and thermal stability compared with 

NI winding technique, especially in large–scale HTS generator. The charging test results 

demonstrated that the MI–SS coil could considerably improve the slow τd characteristic in the 

NI coil due to increasing the Rc between turn–to–turn layers. Although the NI coil showed 

higher thermal stability than that of MI–SS coil during the transient state, the MI–SS coil 

operated successfully in the overcurrent test due to the bypass current phenomenon. The 

excessive current could be automatically diverted through the stainless steel tape to protect the 

MI–SS racetrack coil from permanent damage. Further, the effects of current ramp rate, current 

amplitude, winding tension, and SS thickness between turn-to-turn layers were investigated to 

select a suitable MI–SS winding technique for 2G HTS field coils of the 10 MW class HTS 

generator, as shown in section 3.3. Thus, the following factors (1)–(4) should be considered to 

optimize the performance in steady–state and transient–state operations for the MI–SS 2G 

HTS field coils. Moreover, the MI–SS racetrack coil was also tested under rotating magnetic 

field and conduction cooling system to estimate the electrical and thermal characteristics, as 

shown in section 3.4. Based on the test results, the following considerations (5)–(7) should be 

given to ensure stable operation for the MI–SS 2G HTS field coils, which can be subjected to 

external magnetic field in practical wind generator application. 
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(1) In the charging tests, the winding tension and SS insulation thickness strongly 

influenced τd of the test coils, and τd increased with increasing SS insulation thickness and 

winding tension. 

(2) The effects of the SS thickness resistance on the Rct of the MI–SS coil are less critical 

than those of the contact surface roughness feature between HTS and SS tapes due to the small 

resistivity of stainless steel material at 77 K. 

(3) τd was also affected by the current ramp rate and current amplitude during the charging 

tests. At the same It, τd of the test coils decreased as the current ramp rate decreased because 

of the decreased Ir flowing through the turn–to–turn layers. However, at the same current ramp 

rate, τd decreased with increasing It because of the increased contact surface resistance, which 

could be caused by more joule heat energy generated within the test coils at high It. The test 

coil exhibited a high Vt with respect to a high current ramp rate and high current amplitude 

during the charging test, which could cause less stable operation. 

(4) During the overcurrent tests, the test coil with a higher winding tension and thicker SS 

insulation exhibited greater thermal stability than the other coils. This was because the joule 

heat energy induced by the overcurrent could be dissipated effectively with increasing winding 

tension. Similarly, the thicker SS insulation could enhance the heat capacity, which absorbed 

more joule heat energy generated by hot spots. Overall, increasing the SS insulation thickness 

and winding tension could be an effective approach for improving the thermal stability of the 

MI–SS winding technique. 

(5) At the same temperature cooling of 77 K, the Rc under LN2 was smaller than that of 

conduction cooling system, leading to the decreased joule heat generation, which resulted in 

an improvement thermal stability for the test coil. 

(6) The test coil under conduction cooling system of 35 K exhibited superior electrical and 

thermal stabilities due to its efficiency in eliminating joule heat generation during the tests. 

(7) When the test coil was exposed to AC rotating magnetic field, the Ic value decreased 

with increasing current amplitude and frequency of the three phase armature windings, 
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resulting in decreased electrical and thermal stabilities of the test coil. 

Overall, these results could be effectively utilized as a technical reference for the design of 

future 2G HTS field coils of the 10 MW class HTS generator used in the offshore wind power 

environment. 
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