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Abstract

As global warming becomes a significant issue in recent years, major countries

around the world are actively developing technical solutions to reduce greenhouse gas

emissions in all areas of society to achieve carbon neutrality. Major fields requiring

greenhouse gas reduction can be broadly classified into power systems, buildings,

transportation, and industry. In particular, in the transportation field, which includes

the operation of large cargo trucks, ships, and aircraft, the development of a new high-

performance propulsion system based on alternative fuels like hydrogen or electricity

is necessary to replace the conventional fossil fuel-based propulsion system. One of the

important aspects in the development of an alternative fuel-based propulsion system

is the improvement of the power density and energy density to achieve lightweight

and small sizes. An electric propulsion system adopting a superconducting motor is

expected to achieve high power density based on the high current density of a super-

conductor coil compared to a non-superconducting counterpart. Hence, for the devel-

opment of eco-friendly propulsion systems in the next generation, various supercon-

ducting propulsion system development projects have been launched and conducted.

The operation reliability and protection problem of high-temperature superconduc-

tor (HTS) winding have been one of the key challenges for conventional HTS motors.

A new concept of a no-insulation (NI) HTS motor adopting an NI HTS coil as a field

winding was proposed to improve the operation reliability and protection of the HTS

motor. NI HTS winding technology, which intentionally removes insulation between

turns of the HTS coil, has been used to construct ultra-high field superconductor mag-

nets, and its improved protection performance has been experimentally verified several

times. However, in the case of a field winding in a superconducting motor, NI HTS

field winding might affect the operating characteristics of the motor and could operate

differently from those of the conventional insulated field winding, due to the leak-
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age current between turns. Due to the unknown operation characteristics that might

be derived from unique NI behaviors, it is necessary to discuss whether NI HTS field

winding can be a potential option applicable to actual motors. Therefore, derivation

of the analysis model and experimental verification are necessary to understand the

operating characteristics of an NI HTS motor.

In this study, the applicability of NI HTS field winding to superconducting mo-

tors was discussed. First, based on the previously presented analysis techniques for

insulated HTS coils and NI HTS coils, the first analysis model of a NI HTS motor

considering NI characteristics was presented, and an analysis of operation character-

istics was performed based on the suggested model. In addition, for the experimental

investigations, the design and construction of a test machine with NI HTS field winding

and an experiment system were conducted. The liquid nitrogen-based cooling system

and dynamo test facility were constructed and major electrical, structural, and thermal

characteristics that should be considered in the design were analyzed and applied to

the system. The test motor with NI HTS field winding was operated under various

conditions, and the nonlinear responses of NI HTS field winding were observed for

the first time. The mechanism of the observed nonlinear responses of the NI HTS field

winding was analyzed through the proposed analysis model considering the conditions

of the test system, and how these responses of the NI HTS field winding could affect

the operating characteristics of the motor was discussed. Finally, additional required

studies and improvements for applying NI HTS field winding to actual motors were

discussed.

Keywords: Superconductor Motor, High-temperature Superconductor, No-insulation,

Electric Propulsion, Operation Characteristics

Student Number: 2017-27856
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Chapter 1

INTRODUCTION

1.1 Superconducting Electric Propulsion System for Next-

generation Mobility

1.1.1 Requirements of Alternative-fueled Transportation for Net-zero 2050

As climate crisis due to global warming becomes a confronting threat to human life,

international movements to find technical solutions to climate change are in progress.

Major countries in the world declare “Net-zero 2050,” and they are trying to find

proper approaches that fit the situations of their own country. The International En-

ergy Agency (IEA) summarized and announced required greenhouse gas emission

reductions in each social sector to achieve Net-zero 2050 by assembling each coun-

try’s policies and technology development goals [1]. As shown in figure 1.1 (a), these

sectors can be divided into transport, industry, buildings, electricity, and others. In or-

der to achieve Net-zero 2050 in each sector, all possible technical solutions are being

discussed.

Currently, the transport sector accounts for 23% of carbon emissions (figure 1.1

(a)), hence, is one of the major areas in need of carbon reduction. Most of these carbon

emissions have resulted from the use of fossil fuels in engine-based propulsion sys-
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Figure 1.1: Net-zero 2050 scenario suggested by International Energy Agency [1]. (a)

Carbon emission trends in each sector of society and future carbon emission aims, (b)

Changes in fuel in the transport sector and energy consumption by each application.
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tems as shown in figure 1.1 (b). In order to reduce carbon emissions in the conventional

engine-based propulsion system, there have been various efforts to improve efficiency

or reduce gas emissions, but those are not enough to overcome the current situation.

A fundamental solution is to introduce a new propulsion system that can be operated

based on an alternative fuel, especially for long-distance transport (heavy-duty truck-

ing, maritime shipping, aviation, etc.), which account for a major portion of emission

in the transport sector. The type of alternative fuels being considered is different de-

pending on the applications, but include electricity, bio-fuel, and hydrogen-based fuel.

Figure 1.1 (b) shows that these alternative fuel consumption should replace more than

2/3 of the current fossil fuel consumption to achieve Net-zero 2050.

However, the adoption of the alternative fuel system is particularly difficult in the

transport sector because of the high energy density and power density requirements of

each component (e.g., battery packs, motor, generator, and power conversion system)

to secure their performance compared to a conventional system and to perform long-

distance transport with limited energy storage. Therefore, to accomplish the alternative

fuel-based transports, improvement of energy density and power density becomes an

important issue. A high power density motor is considered one of the key components

of an alternative fuel-based propulsion system. Especially, in the aviation field, since

such power density is closely related to their operation time and the maximum travel

distance, a high power density motor is being discussed as an enabler technology.

The importance of the motor’s power density and its target value vary depend-

ing on the application. Figure 1.2 shows power density of various propulsion motors

including electric aircraft, ship propulsion, electric car, and train traction. For ship

propulsion motors, the rotating speed is within 300 rpm, and the power density is less

than 1 kW/kg. Train traction motor has relatively low power density (<1 kW/kg) and

it mainly comes from the armature cooling method, which is mainly designed as air-

cooling. For electric car motors, the power density is up to <6 kW/kg. However, in the

aviation field, where R&D is currently the most active, the ultimate goal for the most
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Figure 1.2: Scatter plot of design and development cases of propulsion motors includ-

ing electric aircraft, ship propulsion, electric car, and train traction [2].

on-going projects is a power density of >10 kW/kg or even higher than 20 kW/kg.

Considering that the rated power density of the motor used in the existing electric ve-

hicle and aircraft is ranged in 3–6 kW/kg, this target is challenging. Especially, in the

case of the conventional motors, it is difficult to expect significant improvement in

power density due to the limitation of the permanent magnet’s residual magnetic flux

density and the current density of the copper-based winding. This challenging high

power density requirement becomes the most important motivation for developing a

superconducting motor.
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1.1.2 Basic Concept and General Properties of Superconducting Motor

Definition and General Configurations of Superconducting Motor

Definition of the superconducting motor is an “electric motor that relies on the use

of one or more superconducting elements in place of permanent magnets or copper

winding [3].” In order to maximize the advantages of superconducting motors, various

topologies of superconducting motors have been proposed and studied (figure 1.3 [4–

7]), but the most common topology applied to actual construction is “synchronous

motor with superconductor field coil” so far (figure 1.4). Since the superconductor coil

is applied only to the field coil, it is also called a partial superconducting motor.

Figure 1.3: Various topologies of superconducting motor [4–7]. (a) Synchronous mo-

tor, (b) Homopolar motor, (c) Induction motor, and (d) Fully superconducting motor.
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Figure 1.4: Configuration of partial superconducting motor [4].

Figure 1.4 shows a typical configuration of synchronous motor with superconduc-

tor field coil. The overall configuration is basically the same as the conventional wound

field synchronous motor (WFSM) [8, 9], but the copper field coil is replaced by a su-

perconductor coil, and an additional cryogenic system is added to maintain cryogenic

temperature for superconducting elements. As a result of such cryogenic cooling, the

superconducting motor is much more complex than conventional motors. Recently,

with improved cryocooler technologies and the use of liquid hydrogen as a cryogen,

fully superconducting motors, which adopt superconductor coils at both field coil and

armature coil, are being studied to achieve even higher power density [7,10,11]. How-

ever, actual demonstration cases are rare so far.

Pros and Cons of Superconducting Motor

Superconducting motors are generally considered to have the following advantages

and disadvantages compared to conventional motors.
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• Pros 1 - Current density & magnetic field increment: when a superconductor

wire is adopted, a much larger current density can flow (>100 A/mm2) than

copper wire (3–20 A/mm2). Based on the high current density, it is possible to

create a higher air-gap magnetic field strength than copper winding or permanent

magnets. Due to the higher magnetic field, iron-core is easily saturated, so an

air-cored configuration is often adopted in the design [4].

• Pros 2 - Higher torque density & power density: by increasing the air gap

magnetic field, the same output can be produced in a smaller size and lighter

weight. In addition, if the air-core topology is applied, the weight of the motor

can be further reduced (figure 1.5 [12, 13]).

Figure 1.5: Examples showing advantages of superconducting motors [12,13]. (a) Size

and weight comparison, (b) Power density comparison between propulsion systems.

• Cons 1 - Cryogenic cooling system: in order to maintain the superconducting

state, the superconductor coil must maintain a cryogenic temperature (typically,

4.2–77 K). For that, a sophisticated cryogenic cooling system (e.g., cryogen

circulation structure with pump, cryogen coupling, cooling chamber, and heat
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conduction channel) is required in addition to the conventional motor cooling

system, increasing the complexity of the motor.

• Cons 2 - Excitation system for high current field coil: a current supply and

brush structure are additionally required to excite a superconductor field coil

operated in high current, which is not required for permanent magnet-based mo-

tors. To solve this problem, research on a superconducting motor based on the

concept of a “flux pump” is also in progress by various institutes [14–16], which

operates after excitation of the superconductor coil in a non-contact manner.

• Cons 3 - Difficult demonstration in a small scale: due to the reasons of Cons

1 and Cons 2 above, a large enough system that can offset these shortcomings is

required for high torque & power density in an actual demonstration, or a special

concept specialized for superconducting motors is required (e.g., simplification

of the cooling system through connection with liquid hydrogen fuel cell power

generation system).

1.1.3 Previous Cases, Current Trends, and Key Challenges

Previous Cases (–2010): Ship Propulsion Motor and Large-scale Generator

From the 1980s to the present, considering the pros and cons of the superconducting

rotating machines, large-scale machines have been mainly developed. Prior to 2000s,

the development of large superconducting generators based on low-temperature su-

perconductor (LTS) was mainly conducted. Since 2000s, the developments of ship

propulsion motors and direct-drive wind turbine generators using high-temperature

superconductor (HTS) have been carried out. However, although there are many re-

search and demonstration cases around the world, the reported cases that are finally

commercialized and are still being operated are rare. This assumed to be due to the

high cooling costs, the difficulty of protecting large superconductor coils, and thermal

instability problems [17–19]. The major research cases are summarized as follows.
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Figure 1.6: Previous superconducting rotating machine projects [12, 17, 20, 21]. (a)

AMSC’s 36.5 MW 120 rpm motor, (b) Siemens’ 4 MW 120 rpm generator, (c) KHI’s

3 MW 160 rpm motor, and (d) DHI’s 5 MW 213 rpm motor.

• USA - General Electric (GE) & American Superconductor (AMSC): from

the late 1970s to the early 1980s, GE manufactured superconducting genera-

tors and superconducting motors based on LTS (NbTi) [22, 23]. Since the early

2000s, AMSC had been manufacturing superconducting motors based on HTS

(BSCCO). They constructed a 3.7 MW 1,800 rpm industrial motor in 2001, a 5

MW 230 rpm class marine motor in 2004, and a 36.5 MW 120 rpm class marine

motor in 2007 [12, 24, 25].

• Germany - Siemens: based on the BSCCO wire, Siemens constructed a 380

kW 1,500 rpm motor for demo purposes in 2001 and developed a 4 MW 120
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rpm superconducting generator in 2010 [20, 26].

• Japan - Kawasaki Heavy Industry (KHI): in 2010 and 2012, KHI of Japan

developed a 1 MW 190 rpm ship propulsion motor and a 3 MW 160 rpm ship

propulsion motor based on BSCCO wire, respectively [21].

• Korea - Korea Electrotechnology Research Institute (KERI) & Doosan Heavy

Industry (DHI): as part of the DAPAS (Development of the Advanced Power

system by Applied Superconductivity technologies) project in Korea, research

on superconducting motors has been conducted since 2001 through collabora-

tion between KERI and DHI. A 75 kW 1800 rpm demo motor and a 1 MW

3,600 rpm industrial motor were developed based on BSCCO wire in 2005 and

2008, respectively. And, a 5 MW 213 rpm ship propulsion motor was developed

based on REBCO coated conductor [17, 27, 28].

Current Research Trends (2015–): Aviation Motor for High Power Density

Recently, as the development of high power density motors becomes an important

issue for the development of alternative-fueled airplanes, the development of super-

conducting motors for aviation applications is being actively carried out. Since the

development targets have a smaller scale and higher speed than the previously devel-

oped superconducting machines, the developments of the compact cooling system and

non-superconducting components introduced in the previous section are also becom-

ing important research issues. In some projects, not only the superconducting motor

itself but also the propulsion system coupled with liquid hydrogen (LH2) technology

are actively studied. A fully superconducting motor is also considered to achieve even

higher power density.

• USA - NASA-Internal & CHEETA & ARPA-E ASCEND: NASA Glenn Re-

search Center is developing a 1.4 MW 6,800 rpm superconducting motor as an
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Figure 1.7: Ongoing superconducting motor projects [29–32]. (a) 1.4 MW 6,800 rpm

motor by NASA, (b) Superconducting motor project by AIST, (c) ASuMED project in

EU, and (d) Superconducting motor project by Raytheon Technologies.

internal project. No-insulation superconductor coils are applied to the motor de-

sign, which is discussed in this study, and development is in progress with a tar-

get of output density of >16 kW/kg. The Center for High-Efficiency Electrical

Technologies for Aircraft (CHEETA) is conducting research on the entire super-

conducting electric propulsion system for aircraft, including superconducting

motors. ARPA-E ASCEND Project is a project carried out by Raytheon Tech-

nologies. Superconducting motors and cryogenic cooling motor drives are under

development in the project [7, 29, 31].

• Europe - ASuMED & MAI: Advanced Superconducting Motor Experimen-

tal Demonstrator (ASuMED) is a project carried out as part of Europe’s Hori-
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zon 2020 program and aims to demonstrate superconducting motors for aircraft.

Moscow Aviation Institute (MAI) in Russia has been continuously conducting

research on superconducting motors for aircraft since 2013 and has developed

50 kW and 200 kW class superconducting motors. Recently, it was reported that

the test flight of an airplane (Yak-40) equipped with a propulsion system based

on a superconducting motor was successful [32–34].

• Japan - AIST: in Japan, as part of the NEDO (New Energy and Industrial Tech-

nology Development Organization) project, AIST (Advanced Industrial Science

and Technology) is developing superconducting motors for aircraft. As the first

demo model, a 1 kW 500 rpm motor was recently manufactured [30].

Major Challenges Need to be Solved

Although various countries and institutions are participating in the development of su-

perconducting motors, there are still various problems to be solved. The key challenges

are summarized as follows.

• Challenge for high-temperature superconductor coil: most of the supercon-

ducting motors currently under development adopt HTS wire. In many cases

among them, problems regarding the operation reliability and protection from

burn-out upon quench of the HTS coil have been continuously reported [17,19].

This has been the one of the main reasons that commercialized applications

with HTS have not been developed, despite the fact that HTS wire exceeds the

performance of existing LTS wire. Even if other parts of the application were

successfully manufactured, in that the problem of the HTS coil can lead to the

failure of the whole system, this problem can be considered as one of the key

problems to be solved first.

• Challenge for compact cryogenic systems: in order to apply a superconducting

element to a rotating machine, a cryogenic cooling system to maintain a super-
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conducting state must be included. Such a cryogenic system not only increases

the size of the entire system but also complicates the structure of the motor itself.

Therefore, in order to achieve high power and torque density, which are the ad-

vantages of superconducting motors, a compact cryogenic system for supercon-

ducting motors is an important factor. There are various design considerations

and challenges associated with cryogenics such as the selection of cryogens or

cryocoolers, development of compact chamber, minimization of heat intrusion,

etc.

• Challenge for electrical & mechanical connection system: to keep the exci-

tation of the rotating cryogenic superconductor coil, electrical and mechanical

connections from the stationary part to the rotating part are required. For elec-

trical connection, slip-ring is commonly used, but to excite superconductor coil

operated at high current, optimized slip-ring needs to be developed. Also, as a

mechanical connection, a rotary cryocooler or cryogen coupling for a rotating

cryogenic system needs to be developed.

1.2 No-insulation High-temperature Superconductor Coil as

Potential Technical Solution for Superconducting Motor

As described in the previous section, since the development of the HTS wire, the op-

eration reliability and quench protection of HTS coils have been tricky problems for

HTS magnet engineers. In this study, as a potential solution to this problem that occurs

in superconducting motors, a motor with no-insulation (NI) technique is discussed. In

this section, the background of the NI technique and previous studies are reviewed,

and required studies are discussed.
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1.2.1 Background of No-insulation High-temperature Superconductor Coil

Firstly suggested in 2011, an NI HTS coil refers to a superconductor coil wound with

HTS tape without turn-to-turn insulation [35]. NI HTS winding technique makes the

protection of HTS coil much easier and has been widely applied in HTS applications.

General Characteristics of No-insulation High-temperature Superconductor Coil

Because the resistance of the superconductor is zero under critical temperature, a cur-

rent is flowing in a wound direction even without insulation between turns in steady-

state, because contact resistance between turns is enough for insulation in steady-state.

It means that even without insulation between turns, a nominal operation is possible.

Meanwhile, when a local hot spot occurs due to an inner defect or external disturbance

at a specific turn of the coil, the current can bypass through turn-to-turn contact, mak-

ing it easier to protect the coil and improve operational reliability. The overall pros and

cons of NI HTS coil are as follows.

• Pros 1 - Robustness to defects and disturbances: NI HTS coils show stable

operation even with inner defects and external disturbances (figure 1.8 (a)), so a

highly reliable coil could be fabricated and operated [36, 37].

• Pros 2 - Prevention of permanent thermal damage: when a quench occurs, a

local hot spot could make permanent thermal damage to the insulated HTS coil.

However, in NI HTS coils, local thermal runaway does not easily occur because

the current could bypass the hot spots.

• Pros 3 - Compact coil and improved mechanical properties: by erasing insu-

lation materials between turns, the coil can be more compact and its mechanical

properties can be more robust because of no “soft” insulation materials in the

coil. In addition, the winding process becomes simple.

• Cons 1 - Charging delay due to leak current through turn-to-turn contacts:

14



during charging-discharging of the NI HTS coil, charging-discharging delay

happens due to its leak current through turn-to-turn contacts as shown in fig-

ure 1.8 (b). Also, in other transient operations (external magnetic field changes,

operating current fluctuation, etc.), the leak current is generated so the magnetic

field could be momentarily changed [38, 39].

• Cons 2 - Additional AC loss from turn-to-turn Joule loss: the leak current

flows through the contact resistance between turns, so it becomes a source of

additional AC loss. Therefore, in the case of the NI HTS coil, it is necessary to

estimate this additional turn-to-turn Joule loss for cryogenic system design.

Figure 1.8: Major characteristics of no-insulation coil. (a) Defect-irrelevant behavior

[36], (b) Charging delay due to leak current [39].

Major Applications of No-insulation High-temperature Superconductor Coil

Since the first suggestion of the NI winding technique in 2011, a lot of superconductor

magnets have been manufactured and successfully achieved the target performance.

In particular, it has been mainly applied to high-field magnets. Through these several

experimental demonstrations, the NI technique is evaluated as experimentally proven

technology. The demonstration cases include NI HTS insert magnets of 45.5 T magnets
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from National High Magnetic Field Laboratory (NHMFL, USA), 26 T NI All-REBCO

magnets from SuNAM (Korea), inter-layer NI HTS insert magnets for 31.4 T mag-

nets from RIKEN (Japan), 32.5 T metal insulation HTS insert magnets from Grenoble

Research Center (France), and 32.35 T NI HTS magnets from Chinese Academy of

Sciences (CAS, China) [40–44].

Recently, paying attention to the potential of the NI HTS coil, the development

of not only high-field magnets but also various applications using the NI HTS coil is

underway worldwide [45–51]. Figure 1.9 shows examples of application development

projects using NI HTS coils. Application fields include fusion tokamak magnets, ac-

celerators, NMR magnets, transportation, and industrial magnets. A superconducting

motor with NI HTS coils, which is the theme of this study, is also being developed by

NASA Glenn Research Center.

Figure 1.9: Various applications being developed based on NI techniques [45–51].

(a) Tokamak magnet by CFS-MIT (USA), (b) Superconducting motor by NASA, (c)

Accelerator magnet by IBS-RAON, (d) GaToroid accelerator magnet by CERN, (e)

Induction heater by SuperCoil, and (f) NMR magnet by MIT
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1.2.2 Applicability of No-insulation High-temperature Superconductor

Coil to Superconducting Motor

NI HTS coil’s strength in protection and operation reliability could be a potential so-

lution to the reliability problem of HTS coil in previous superconducting motors. But

when applying NI HTS coil to motors, we need to consider NI HTS coil’s unique

characteristics due to leak current between turns, so-called “NI characteristics.” Con-

sidering that due to charging delay by leak current, NI HTS coil cannot be used as an

AC armature coil, but can be adopted as DC field coil of synchronous machine. If we

use NI HTS coils as DC field coils, after synchronization, it would work fine theoret-

ically because the current & magnetic field exposed to the NI HTS coil is DC in ideal

conditions. It means the NI HTS coil can be applicable in principle, but additional

research would be required to identify the detailed characteristic changes due to leak

current in practical conditions in steady-state as well as transient operation.

Expectations for Applying No-insulation Technique to Motor Application

The main expectations for applying the NI HTS coil to the partial superconducting

motor are as follows.

• Improved protection and operation reliability of HTS field coil: thermal in-

stability and protection failure have been the main causes of failure in conven-

tional HTS motor projects. The NI HTS coil has shown robust characteristics

against defects and disturbances, and improved protection characteristic is veri-

fied in various magnet experiments.

• Damping coil effect on d-axis of motor: damping coils have been used to pre-

vent hunting in some synchronous motors. Due to the turn-to-turn contact cur-

rent path of the NI HTS coil, NI HTS coil might do the same role as damping

coils previously used for synchronous motors. Figure 1.10 compares the equiv-

alent circuit of a conventional synchronous motor with a damping coil and the
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equivalent circuit of a synchronous motor with an NI HTS coil applied to the

field coil. This shows that in the case of a motor to which the NI HTS coil is

applied, there could be a similar effect as having a damping circuit on the d-axis

without an additional damping coil.

• Other unknown behaviors might be induced from NI behavior: since there

has been no demonstration case of synchronous motor adopting the NI HTS field

coil, how the NI HTS field winding will react in practical operation situations

has not been studied in detail so far. In particular, it is also necessary to discuss

the effect of leak current that may occur during transient operation. Expectations

for this unknowns on NI HTS coil became the study target of this study.

Previous Studies for No-insulation High-temperature Superconducting Motor

Since the NI HTS winding technique was first proposed, several studies have been

conducted to apply the NI technique to superconducting rotating machines. Coil-level

studies, which are the studies using a single NI HTS coil without an actual motor

system, were mainly conducted as basic studies, also, some studies on motor design

applying NI HTS coil were performed.

• Coil-level studies as basic studies of NI HTS rotating machine: Kim et al.

fabricated a racetrack-type NI HTS coil which is suitable for rotating machines

for the first time [52], and it was shown that the equivalent circuit model applied

to the existing solenoid-type NI HTS coil can be applied to the racetrack coil

in similar manners (figure. 1.11 (a)). Song et al. demonstrated that the NI HTS

coil can generate Lorentz force without excessive leak current [53], by placing

an additional insulated HTS coil that interacts with the NI HTS coil (figure.

1.11 (b)). Also, NI HTS coils’ characteristic when an external field is applied is

investigated by Choi et al. [37], considering that the field coils could be exposed

to a changing external magnetic field by harmonic field components (figure.
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Figure 1.10: Damping circuits in synchronous motor and NI HTS motor. (a) Circuit

model of synchronous motor with damping coils, (b) Circuit model of NI HTS motor.
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1.11 (c)). In the study, NI HTS coils show more stable characteristics in terms

of terminal voltage compared with insulated counterparts.

• Design studies on NI HTS rotating machine: there have been a few cases

where design studies on NI HTS motors are conducted. However, the operation

characteristic change by NI behaviors was not studied in detail, and in some pa-

pers, the designs were conducted assuming the NI HTS coil would work exactly

the same as the insulated one in steady-state [2, 54, 55].

1.2.3 What Needs to be Studied for NI HTS Motor: Requirements of

Analysis Model and Experimental Study

Previous works were almost limited to coil-level study, even for motor design, limited

to steady-state characteristics and performance with ideal conditions assumed. How-

ever, as long as there are unknowns about the behavior of NI HTS field winding in the

synchronous motor, the applicability of NI technique to superconducting motor cannot

be determined. Therefore, for NI HTS motor, research on applicability of NI technique

to superconducting motors is required first as a key question, and for this, the following

research is needed.

• Proposal of an analysis model for NI HTS motor: in the case of previous

studies, there was no proper analysis model considering the NI characteristics

that may occur during motor operation. Therefore, it is required to present a

proper analysis model reflecting the NI characteristics in the motor operations

and to analyze the characteristics through it.

• Actual demonstration of NI behavior in motor operation: the key question

about NI HTS motor can be directly investigated with an actual demonstration.

Also, in terms of verification of the analysis model, actual demonstration is re-

quired even on a small scale.
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Figure 1.11: Previous coil-level studies for NI HTS machine [37,52,53]. (a) Derivation

of an equivalent circuit of NI HTS racetrack coil, (b) Lorentz force measurement, and

(c) NI behavior under external magnetic field ripple.
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1.3 Goal and Significance of this Study

Goal of the Study

This study discusses the applicability of NI HTS field winding to superconducting

motors, in that NI HTS field winding can be a solution to the problems of operation

reliability and quench protection of HTS coils in conventional HTS motors. So, it is

needed to note that this study is not to show high power density compared to conven-

tional motors but to study one of the techniques that could help realize high power

density superconducting motors by exploring areas that have not been studied. The

detailed goals of the study are as follows.

• Proposal of an analysis model for a superconducting motor with NI HTS field

winding

• Design and construction of a test-purposed superconducting rotating machine

with NI HTS field winding and experimental systems

• Experimental observation and analysis on operation characteristics of NI HTS

field winding as well as NI HTS motor

• Establishment of other analysis and design techniques required for supercon-

ducting motor demonstration

Significance of the Study

• First proposal of analysis model for “NI” HTS rotating machine: the analy-

sis model of the NI HTS motor is firstly proposed in this paper. Based on this,

it is possible to analyze the operation characteristics of the NI HTS motor con-

sidering the turn-to-turn leak currents of the NI HTS coil. Also, it is expected

that a control algorithm suitable for the characteristics of NI HTS motors can be

developed based on this analysis model.
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• Verification on the applicability of NI HTS field winding to superconducting

motor through actual experiments: the concept of NI HTS motors has been

continuously discussed since the NI technique was proposed. However, since the

main research was limited to coil-level studies or simulations, there was no case

of experimentally researching the actual applicability of NI HTS field winding.

In this paper, the concept of the NI HTS motor is experimentally proven by

manufacturing and testing the simple NI HTS motor.

• Experimental observation of non-linear behavior of NI HTS field winding

in motor operation: since there was no actual demonstration case of the NI HTS

motor, there was no report of how the NI HTS field winding responds in an actual

operation situation. In this study, such an NI response was first observed, and

the mechanism of non-linear behavior was analyzed with the proposed analysis

model.

1.4 Structure of the Thesis

This thesis consists of a total of 7 chapters.

Chapter 1 “INTRODUCTION” describes the research background, goals, and sig-

nificance of the research. In the background of the study, the reason for the need to

develop a superconducting motor is introduced, and the results of previous supercon-

ducting motor studies are reviewed. By applying NI HTS coils, the possibility of im-

proving the reliability and protection problems of the conventional HTS motors is

considered, and the overall direction of the study is set.

In chapter 2 “THEORETICAL BACKGROUND ON SUPERCONDUCTIVITY

AND SUPERCONDUCTOR WIRE”, the theoretical background of superconductivity

and superconductors necessary for the development of HTS motors is briefly reviewed.

Especially, the main characteristics of HTS wire (REBCO) that should be considered

when designing a test motor are described.
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In chapter 3 “ANALYSIS METHODS OF COIL AND ROTATING MACHINE

ADOPTING NO-INSULATION TECHNIQUE,” key analysis methods for NI HTS

coils are reviewed. Based on previously established analysis models, the first analysis

models are proposed for the characteristic analysis of NI HTS motors.

In chapter 4 “DESIGN OF TEST MACHINE AND EXPERIMENTAL SYSTEM

FOR APPLICABILITY TEST OF NI HTS FIELD WINDING,” a test machine with

NI HTS field winding for a demonstration is designed. For the actual test, a liquid

nitrogen-based cooling chamber and motor test system are also designed considering

various characteristics in terms of electromagnetic, mechanical, and thermal.

Chapter 5 “CONSTRUCTION OF TEST MACHINE AND EXPERIMENT SYS-

TEM” describes the manufacturing process of the test machine with NI HTS field

winding, liquid nitrogen cooling chamber, and motor test system designed in the pre-

vious chapter. The winding process of the NI HTS coils, the configuration of the rotor

assembly, and the instrumentation of the test system are described.

Chapter 6 “EXPERIMENTAL STUDY ON APPLICABILITY OF NI HTS FIELD

WINDING TO SUPERCONDUCTING MOTOR” summarizes the experimental re-

sults based on the constructed test system. The overall performance of the motor was

reviewed based on experiment results, and the non-linear behavior of the NI HTS field

winding was analyzed through the proposed analysis model. The key findings found

in the experimental results are summarized.

In chapter 7 “CONCLUSION”, the conclusion of this thesis and required improve-

ments are written.
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Chapter 2

THEORETICAL BACKGROUND ON SUPERCONDUC-

TIVITY AND SUPERCONDUCTOR WIRE

Before discussing NI HTS field winding and the motor to which it is applied, this chap-

ter briefly describes the background of superconductivity and superconductor wires re-

quired for the design of HTS motor. The fundamental theories, types, and properties of

superconductor would be introduced. And, key properties of (RE)Ba2Cu3O7−x (RE-

BCO) coated conductor, which is actively researched recently for HTS applications

and used for this study as NI HTS field winding, is presented.

2.1 Superconductivity

Superconductivity is a set of physical properties observed in certain materials where

electrical resistance vanishes and magnetic flux fields are expelled from the material

in certain conditions. Any material exhibiting these properties is considered a super-

conductor [56]. Superconductivity is commonly characterized with “Meissner effect,”

the complete ejection of magnetic field from the interior of the superconductor during

its transitions into the superconducting state. Meissner effect indicates that supercon-

ductors cannot be simply understood as the ideal perfect conductors in conventional

electromagnetics, which is simply their electrical resistivity is zero. To maintain the
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superconductivity, superconductors should be below a certain “critical temperature

(Tc),” a certain “critical magnetic field (Bc),” and a certain “critical current density

(Jc).” Values of Tc, Bc, and Jc are different according to superconductor materials.

Superconductors can be classified based on their physical properties. Here, the clas-

sification of type-I superconductor and type-II superconductor and the classification

of low temperature superconductor (LTS) and high temperature superconductor (HTS)

will be introduced.

2.2 Classification of Superconductors

2.2.1 Type-I and Type-II Superconductor

Superconductors can be classified into type-I and type-II based on response to a mag-

netic field.

Figure 2.1: Phase diagram of (a) type-I and (b) type-II superconductors.
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Type-I Superconductor

Type-I superconductors have a single critical magnetic field (Bc) as shown in figure

2.1 (a), and lose their superconductivity easily and abruptly at Bc compared to type-

II superconductors. Type-I superconductors perfectly obey the Meissner effect, which

means penetration of magnetic field is not allowed under magnetic field lower than Bc.

Bc of type-I superconductors is typically less than 105 A/m or ∼0.1 T. Because of their

low Bc value, type-I superconductors are considered not suitable for superconductor

magnet applications. Typical examples of type-I superconductor include aluminum

(Bc = 0.0105 T) and zinc (Bc = 0.0054 T).

Type-II Superconductor

Type-II superconductors have two critical magnetic fields (Bc1 and Bc2) as shown in

figure 2.1 (b). When the magnetic field becomes higher than the lower critical field

(Bc1), type-II superconductor starts to lose their superconductivity, and partial pene-

tration of the magnetic field happens through vortices generated in superconductors. It

means that type-II superconductors do not perfectly obey the Meissner effect. When

the magnetic field becomes higher than the upper critical field (Bc2), type-II super-

conductors now lose their superconductivity perfectly. A state between Bc1 and Bc2 is

called a mixed state or intermediate state. Typically, Bc2 is >0.1 T and in some cases

>20 T, so type-II superconductors are considered suitable for superconductor mag-

net applications. Currently, all commercial superconductor wires used for magnets are

based on type-II superconductors. Typical examples of type-II superconductors in-

clude NbTi, Nb3Sn, MgB2, YBCO, and BSCCO.

2.2.2 Low-temperature Superconductor and High-temperature Super-

conductor

Superconductors are also classified into a low-temperature superconductor (LTS) and

a high-temperature superconductor (HTS), based on their critical temperature (Tc).
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Figure 2.2: Comparison of critical values between LTS and HTS [57].

Low-temperature Superconductor (LTS)

Superconductors with relatively lower Tc (typically below 30 K, which is predicted as

the limit of superconductivity by Bardeen–Cooper–Schrieffer theory [58]) are referred

to as LTS [59]. There are a variety of LTS materials, but NbTi (Tc = 9.2 K) and Nb3Sn

(Tc = 18.3 K) are the most common materials used to make superconductor wires.

Because Tc is relatively low, applications with LTS typically require cooling to 4.2 K

using liquid helium (LHe), which is one of the main reasons for the high operating cost

of LTS-based applications [60]. Also, due to the relatively lower critical field (Bc) as

shown in figure 2.2, feasible generation of magnetic field intensity with an LTS magnet

is limited to <15 T. Most of the commercialized superconductor magnet applications

are based on LTS wire, and typical applications include MRI, NMR, accelerator, and

fusion.
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High-temperature Superconductor (HTS)

Superconductors with relatively higher Tc (generally above 30 K) are considered HTS

[61]. Major HTS materials used as superconductor wire are REBCO including YBCO

(Tc = 92 K) and GdBCO (Tc = 91 K), ...), BSCCO including Bi2212 (Tc = 96 K) and

Bi2223 (Tc = 108 K), and MgB2 (Tc = 39 K). Due to their higher Tc, various cryogens

(liquid helium - 4.2 K, liquid hydrogen - 20 K, liquid neon - 27 K, and liquid nitrogen -

77 K) and cryocoolers could be used for cooling HTS-based applications. It means that

there are other applicable cooling options except “expensive” LHe cooling for HTS

applications. Also, HTS has usually higher Bc compared to LTS, so a much higher

magnetic field could be reached with an HTS-based magnet (e.g., 45.5 T generation

using HTS insert and LTS background magnet in 2019 at NHMFL [40]). Due to their

high potential, various applications using HTS are being studied since their presence.

However, despite their higher Tc and Bc, HTS technology has not been success-

fully applied to commercial applications like LTS so far. There are various reasons

such as expensive HTS conductor price and in-mature manufacturing technology, but

one of the key challenges is the difficulty of protecting the HTS coil in quench (sud-

den disappearance of superconductivity). Compared to typical LTS wires (NbTi and

Nb3Sn) which are based on alloys, major HTS wires (YBCO and GdBCO) are based

on ceramic materials. In LTS, due to their relatively low heat capacity and high thermal

conductivity, fast quench propagation occurs and stored energy can be dissipated over

a wide range within the magnet. However, ceramic-based HTS has a much slower

quench propagation speed compared to LTS because of high heat capacity and low

thermal conductivity, and it leads to a dangerous local “hot spot” of a coil in the

quench, which could damage the HTS magnet permanently. The difficulty of protect-

ing this hot spot in HTS magnet has been a technical challenge for the successful

commercialization of HTS applications. Therefore, research on HTS applications with

better protection techniques, such as the no-insulation (NI) winding technique, are be-

ing actively performed recently [45–51].
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2.3 Key Properties of (RE)Ba2Cu3O7−x Coated Conductor

In this study, (RE)Ba2Cu3O7−x (REBCO) coated conductor, one of the HTS wires,

was selected as a superconductor wire to be used for the design and fabrication of

the test motor. Figure 2.3 shows a typical structure of REBCO coated conductor [62].

It consists of a substrate, buffer layers, REBCO superconductor layer, and stabilizer

layers. As a substrate, stainless steel and Hastelloy are mainly used, and various buffer

layers are deposited on it. A REBCO superconductor layer is placed on the deposited

buffer layer, a silver overlayer is added, and a copper stabilizer layer is coated on both

sides of the wire.

Figure 2.3: Typical structure of REBCO coated conductor.

Considering superconductors’ properties explained in the previous section, the fol-

lowing advantages are available in terms of conductors when designing and fabricating

a superconducting motor using REBCO coated conductors.

• Due to its high Tc, various cooling methods including LN2 cooling (77 K) can

be applied, thereby simplifying the cooling system.

• With high Jc and Bc, it is possible to secure the output of the motor even at a

relatively high operating temperature.

• Through the application of the NI technique, the protection of the coil, which
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was a major problem of the HTS coil, can be improved.

• Various major manufacturers exist, and supply of conductors from a domestic

company is possible.

In this study, a 4.1 mm width REBCO coated conductor manufactured by SuNAM is

selected to be used. The key properties of the SuNAM’s REBCO coated conductor are

as follows.

Electromagnetic Property: Field-dependent Critical Current

Superconductors show an electromagnetic characteristic that the critical current (Ic)

decreases as the magnetic field strength (|B|) increases. In the case of REBCO coated

conductor, due to the anisotropy of the molecular structure, it shows additional elec-

tromagnetic property affected by the angle of the magnetic field (θf ) [63]. Because su-

perconducting applications are commonly designed to generate a high magnetic field

and the superconductor coil itself is exposed to its magnetic field, this field-dependent

Ic(|B|,θf ) characteristic is quite important in the design process. Figure 2.4 (a) shows

Ic(|B|,θf ) characteristics of SuNAM 4.1 mm REBCO coated conductor at 77 K [64].

The x-axis represents the angle between the c-axis of the REBCO coated conductor

and the magnetic field (θf ), and the y-axis represents Ic(|B|,θf ). It can be seen that Ic

increases, as the value of |B| is larger and the value of θf is closer to 90 degrees.

Electro-mechanical Property: Strain-dependent Critical Current

In REBCO coated conductor, when mechanical strain over a certain level is applied,

the critical current (Ic) decreases. When the coil wound with REBCO coated conductor

is excited, it is subjected to a hoop strain (εh) extending in the longitudinal direction by

receiving the Lorentz force induced by magnetic field and current. Therefore, Ic(εh)

acts as one of the mechanical constraints in the design process. Figure 2.4 (b) shows

the electro-mechanical properties of various commercial REBCO coated conductors
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Figure 2.4: Key properties of SuNAM’s REBCO coated conductor. (a) field-dependent

Ic at 77 K, (b) Electro-mechanical property at 77 K, self-field.

measured at 77 K in the absence of an external magnetic field [65]. When strain is

lower than 0.4%, Ic maintains its value, but when strain over 0.4% is applied to the

conductor, it can be seen that Ic decreases significantly.
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Chapter 3

ANALYSIS METHODS OF COIL AND ROTATING

MACHINE ADOPTING NO-INSULATION TECHNIQUE

This chapter describes the basic electromagnetic analysis technique of superconductor

coil and the characteristic analysis method of NI HTS coil. Based on the analysis

techniques of a single superconductor coil, analysis models of the NI HTS motor are

further proposed. Depending on the structure of the coil and the topology of the motor,

the required analysis technique may be slightly different. For coils, this chapter focuses

on analysis techniques of superconductor coil wound with REBCO coated conductor,

especially “racetrack-type” coil, which is commonly used in motor applications [37,

52–55, 66, 67]. For motors, analysis models of a partial superconducting synchronous

motor with NI HTS field winding are proposed.

Table 3.1 represents the geometric parameters of the coil to be used for the follow-

ing coil analysis sections. The coil is an 80-turn single pancake racetrack coil and was

designed to be wound using SuNAM’s 4.1 mm REBCO coated conductor. The geo-

metric parameter of the coil was derived through the test motor design process, and

how the parameter is determined will be described in detail in chapter 4.

33



Table 3.1: Racetrack Coil Parameters for Coil Analyses

Parameters Values

Conductor thickness (tcd) [mm] 0.14

Conductor width (wcd) [mm] 4.1

Inner radius of circular section (ri) [mm] 28

Outer radius of circular section (ro) [mm] 39.2

Length of straight section (l) [mm] 180

Number of turns (Nt) 80

3.1 Electromagnetic Analysis Model of Superconductor Coil

An electromagnetic analysis is the first step to analyzing the basic performance of a

REBCO racetrack coil. Through electromagnetic analysis, magnetic field strength and

distribution are derived, and electromagnetic parameters of the coil (inductance, field

constant, etc.) are obtained. Also, operation current (Iop) is decided by estimating the

critical current (Ic) of the coil.

3.1.1 Magnetic Field Analysis Based on Finite Element Method

A 2D magnetic field analysis that considers only the straight section of the racetrack

coil is often used in the analysis of rotating machines for simple time-dependent sim-

ulation. However, a 3D static magnetic field analysis is required to consider the end-

effect of the circular section for the derivation of electromagnetic parameters of a sin-

gle racetrack coil. Some analytical approaches have been proposed to analyze the mag-

netic field and inductance of a racetrack-type coil considering the 3D shape of race-

track coils [68, 69], but not widely used because the thickness of the coil is ignored or

it includes complex numerical integration. Instead, numerical calculations such as the

finite element method (FEM) can be effectively utilized for electromagnetic analysis.

In the case of REBCO coated conductor, a type-II superconductor, the lower crit-
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ical magnetic field (Bc1) is less than 0.1 T, and it maintains a mixed state under most

operating conditions. Accordingly, it is possible to obtain more precise results by per-

forming numerical calculations with relative permeability µr = 1 rather than with

perfect diamagnetism caused by the Meissner effect. Therefore, with these properties,

static field analysis is performed by applying the same governing equations as those

applied to general non-superconducting coils. The governing equations used for elec-

tromagnetic analysis in FEM are derived from the following Maxwell’s equations [70].

∇×H =J +
∂D

∂t
, (3.1)

∇×E =− ∂B

∂t
, (3.2)

∇ ·D =ρc, (3.3)

∇ ·B =0. (3.4)

Equations (3.1)–(3.4) represent Ampere’s circuital law, Faraday’s law, Gauss’s law,

and Gauss’s law for magnetism in order. H , B, E, D, J , and ρc are magnetic field

strength, magnetic flux density, electric field strength, electric flux density, current

density, and charge density, respectively.

At this time, the problem to be solved here is the “Magneto-statics” condition,

which is a time-invariant condition without an electric charge source. Therefore, Am-

pere’s circuital law (3.1) and Gauss’s law for magnetism (3.4) are used as the governing

equations [8]. As a stationary condition, it can be assumed that D = 0, so governing

equations are simplified as follows.

∇×H =J , (3.5)

∇ ·B =0. (3.6)

Also, the constitute relation and continuity equation are given as follows.

B =µH, (3.7)

J =σeE. (3.8)
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Here, σe means electrical conductivity. The above equations (3.5)–(3.8) are finally

given as the governing equations in FEM analysis.

Figure 3.1: FEM analysis results of magnetic flux density (a) on the racetrack coil sur-

face, (b) along with the x-axis coordinates, and (c) along with the y-axis coordinates.

When only the excited racetrack coil exists in the 3D space, the magnetic field

distribution is calculated based on the above governing equations. Figure 3.1 is the

magnetic field calculation result of the racetrack coil based on the parameters given in

table 3.1. Here, the operating current is 66.2 A. Since the analysis is performed in the

absence of ferromagnetic material, the magnetic field distribution appears dependent

on the shape of the coil. The closer to the coil, the stronger the magnetic field strength,

and the peak magnetic field was calculated inside the circular section. Figure 3.1 (c)

shows the magnetic field distribution along with the y-axis when x = z = 0, and it
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can be seen that the magnetic field distribution appears relatively uniformly inside the

coil along the straight section. Finally, based on the calculated magnetic field analysis

result, the inductance of the coil can be calculated using the energy method (L =

2Em/I2op, where Em is magnetic stored energy) [70]. The inductance of the coil was

calculated to be 2.05 mH. Field constant (K = center magnetic field / operating current)

is calculated to be 0.994 mT/A.

3.1.2 Critical Current Estimation with Load Line Method

One of the key analysis targets of electromagnetic analysis of a superconductor coil

is to estimate the critical current (Ic) of the coil and determine the proper operating

current (Iop) with enough margin. Considering the REBCO coated conductor’s field-

dependent Ic(|B|, θf ) previously presented in figure 2.4 (a), we need to determine Ic

at coil level, which means the minimum current value at which the superconductivity

begins to disappear in the coil. Ic is calculated to be different in each turn of the coil

because exposed magnetic field intensity and field angle are different. Usually, Ic of

the coil is determined as the minimum Ic value in the coil’s Ic distribution.

To derive the Ic distribution in the coil, based on Ic measurement data of the con-

ductor at each temperature, the field-dependent Ic(|B|, θf ) function is interpolated

and used. As the Ic(|B|, θf ) model, a simple linear interpolated model is used, or

models based on a formula describing superconductivity such as the Kim-Anderson

model [71] or Hilton’s model [72] are used. In this study, Hilton’s fit-function was

used, and the model is given as follows.

Ic(|B|, θf ) =
k0

(|B|+ β0)α0
+

k1
(|B|+ β1)α1

× [ω2
1(|B|) cos2 (θf − φ1) + sin2 (θf − φ1)]

−1/2, (3.9)

ω1(|B|) =c1

[
|B|+

(
1

c1

)1/0.6
]0.6

. (3.10)

In the above formula, k0, k1, α0, α1, β0, β1, φ1, and c1 are fit parameters.
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Table 3.2: Fit Parameters of Ic Fit-function at 77 K

Parameters k0 k1 α0 α1 β0 β1 φ1 c1

Values 289 172 3.17 1.02 1.58 0.801 0.226 16.6

Table 3.2 shows fit parameters obtained using the curve fitting toolbox in MAT-

LAB [73], based on Ic measurement data at each temperature from Victoria Wellington

University, shown in figure 2.4 (a) [64]. By adopting the derived Ic(|B|, θf ) function

to the magnetic field analysis results, Ic was estimated at each point of the coil. Since

there are differences in the values of magnetic field and angle even along the width of

REBCO coated conductor, firstly Jc of each point is calculated, then calculated Jc is

integrated along the width of conductor to obtain Ic of each turn.

Figure 3.2 shows Ic calculation result. When there is no external magnetic field

and magnetic materials, the minimum critical current point of a single racetrack coil

is usually identified at the inner radius of the curved section, where magnetic field

intensity is maximized.

Here, the operating current (Iop) of the coil can be determined with the so-called

“load-line” method as shown in figure 3.2 (a) [74]. When coil’s Iop is increased, Ic is

decreased because of self-field increment. So, when plotting Iop and Ic along with the

Iop, the crossing-point of Iop and Ic is considered as Ic of the coil. To have enough

margin during operation, Iop is determined lower than Ic (typically 20–30%). The gap

between Ic and Iop is called the current margin. In this study, Ic was calculated to be

94.6 A, and Iop was determined to be 66.2 A with a margin of 30%.

3.2 Analysis Model of NI Characteristics in NI HTS Coil

In this section, in addition to the general electromagnetic analysis performed in general

superconductor coils, an analysis method for analyzing the NI behavior additionally

required for the characteristics analysis of NI HTS coils is described. In the case of an
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Figure 3.2: Critical current calculation of racetrack coil. (a) load line analysis, (b) Jc

distribution when Iop = 94.6 A, (c) Ic distribution when Iop = 94.6 A.
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NI HTS coil, except current path along the winding, there is another resistive current

path through turn-to-turn contact, thus so-called leak current exists in transient oper-

ation. Therefore, consideration of leak current is required for proper operation in the

design step. For modeling of the NI HTS coil, lumped parameter circuit model, turn-

distributed circuit model, and partial equivalent element circuit (PEEC) model have

been proposed [75–78]. In this study, the equivalent circuit analysis of the NI REBCO

racetrack coil was performed based on the lumped parameter circuit model.

Figure 3.3: Lumped parameter equivalent circuit of NI HTS coil.

Figure 3.3 shows the lumped parameter circuit model of the NI HTS coil. L, Rc,

Rsc, Iθ, Ir, and Vf are the inductance of the coil, the characteristic resistance of the

coil, the resistance of the superconductor, the current flowing along the winding path,

the current flowing through the turn-to-turn contact path, and the terminal voltage of

the coil, respectively.

In the circuit, the resistive path through turn-to-turn contact of an NI HTS coil is

expressed by Rc. Rc is obtained as the sum of each turn-to-turn contact resistance.

Basically, the coil is actually spirally wound and the contact surface exists also in a

spiral shape, but it can be approximated that the multiple closed contacts overlap in

several layers as shown in figure 3.4 [38]. Here, based on assumption that the current

is flowing evenly through all contact (which means that turn-to-turn contact resistivity
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Figure 3.4: Contact resistance model of (a) NI HTS solenoid coil and (b) NI HTS

racetrack coil.

is equal on all contacted surfaces), we can model this turn-to-turn current path with

one characteristic resistance. The characteristic resistance can be obtained as a series

sum of the contact resistance of each surface and is given by the following formula.

Rc =

Nt∑
j=1

Rct

(2πrj + 2l)wcd
. (3.11)

Rct, Nt, rj , l, and wcd mean contact resistivity, the number of turns, radius of each

turn, straight section length, and width of turn, respectively. Rct value has a different

value for each coil, and it varies depending on the pressure between the surfaces by the

winding tension, the surface condition of the conductor, the co-winding insulation ma-

terial, and so on. It is known that the magnitude of contact resistivity can be controlled

through various methods, but it is also known that it is still difficult to obtain an exact

value of contact resistivity as users want. Even if the coil of the same specification

is wound in the same way, the value of the detailed contact resistivity is different to

some extent in many cases [79, 80]. The reported Rct value is in a range from 2–5000

µΩ·cm2 [81]. In this study, just for the simulation, averaged Rct value of 10 µΩ·cm2

was employed considering values obtained in the previous magnet project [82], and

Rc is calculated to be 34.2 µΩ.
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In figure 3.3, Rsc is employed to represent the resistance of the superconductor in

the circuit. In order to express superconductivity, the index resistance model is gener-

ally used for Rsc, and it is a model representing the relationship between current and

resistance in superconductors. Superconductors show resistance close to zero below

Ic, but when the operating current is above Ic, an exponentially increasing resistance

appears, and this is mathematically modeled as the index resistance model [83].

Rsc =
Ec

Iθ

(
Iθ
Ic

)n

. (3.12)

Ec is a critical electric field, and typically 1 µV/cm is used [84]. n is an index value,

and depending on the value of n, the response of the superconductor appears differ-

ently as shown in figure 3.5. n-value of SuNAM’s REBCO coated conductor is re-

ported as 20–40 [85, 86]. In this paper, n = 20 is employed.

Figure 3.5: I-V characteristic curve of index resistance model.

Based on the circuit parameters described above, by applying Kirchhoff’s law to

the equivalent circuit, the following circuit equations can be derived.

Iop =Iθ + Ir, (3.13)

Vf =L
dIθ
dt

+RscIθ = RcIr. (3.14)
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Based on the given circuit equation and coil parameters, the simulation of charging

and discharging of a given coil is performed and the result is shown in figure 3.6. The

coil is charged to 66.2 A at a ramping rate of 0.05 A/s. The center magnetic field is

calculated by K · Iθ.

Figure 3.6: Charging-discharging simulation based on equivalent circuit model.

In the simulation, it can be seen that the magnetic field does not increase lin-

early with the increase of the current, but increase with a delay. This is a charging

delay caused by turn-to-turn leak current, and this behavior is often referred to as “NI

characteristics.” This charging delay can be quantified using the coil’s time constant

(τ = L/Rc). Roughly, L is proportional to (number of turns)2 and Rc is proportional

to (number of turns), so τ generally becomes larger as the number of turns increases.

Also, the turn-to-turn leak current in the coil causes Joule heating, which is called

turn-to-turn loss, and this turn-to-turn loss becomes an additional heat source for the

superconductor coil. Further details on turn-to-turn loss will be discussed in the ther-

mal analysis section.
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3.3 The First Non-linear Analysis Models for NI HTS Motor

In the case of NI HTS motors, we need to consider NI characteristics that have not

been considered before in steady-state operation as well as transient operation. As can

be seen from the previous sections, the analysis technique of the NI HTS coil to in-

terpret its NI characteristics at the coil level is well established. This is also the case

for electromagnetic analysis of motors using conventional insulated coils. In this sec-

tion, new analysis techniques for NI HTS motor are proposed by combining analysis

techniques based on established analysis techniques. Analysis methods based on the

equivalent circuit for transient analysis, which are the first non-linear analysis models

for NI HTS motor were proposed. In addition, the FEM analysis model for NI HTS

motor analysis, which grafted the principle of the proposed equivalent circuit model,

was also presented.

3.3.1 Equivalent Circuit Model of Synchronous Motor with NI HTS Field

Winding

When analyzing the operation of a motor, an analysis based on the equivalent circuit

model has been widely used [8, 9, 87]. In the case of a partial superconducting motor

using an insulated superconductor field coil, a conventional equivalent circuit of a

wound-field synchronous motor (WFSM) could be applied. However, in the case of NI

HTS motors, a new equivalent circuit model considering the turn-to-turn leak current in

the NI HTS coil is required. In particular, since this turn-to-turn leak current generally

occurs in transient operations, it is necessary to analyze how the motor characteristics

change from the turn-to-turn leak in various transient operations.

Figure 3.7 shows the suggested equivalent circuit analysis model of synchronous

motors with NI HTS field winding [18]. This model is based on two well-known circuit

models previously suggested: 1) dq-axis equivalent circuit for synchronous motor, and

2) lumped parameter circuit model of NI HTS coil explained in section 3.2.
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Figure 3.7: Equivalent circuit model of synchronous motor with NI HTS field winding.

The lumped circuit model is combined with an existing equivalent circuit model for

a conventional insulated synchronous machine in figure 3.7, where the subscripts of a,

f , and k represent the armature, field, and magnetic damper coils, respectively. These

coils share a common mutual inductance (Lm) and have their own leakage inductances

(Ll), and coil resistances (R). ω and λa are rotating speed and flux linkage of armature

winding, respectively. By applying Kirchhoff’s law to the proposed equivalent circuit

model, the following circuit equations can be derived.

Vda =RaIda − ωrλqa +
d

dt

[
LlaIda + Lmd

(
Ida + I ′dk + I ′fθ

)]
, (3.15)

Vqa =RaIqa + ωrλda +
d

dt

[
LlaIqa + Lmq

(
Iqa + I ′qk

)]
, (3.16)

V ′
f =R′

fθI
′
fθ +

d

dt

[
L′
lfI

′
fθ + Lmd

(
Ida + I ′dk + I ′fθ

)]
, (3.17)

V ′
dk =R′

dkI
′
dk +

d

dt

[
L′
ldkI

′
dk + Lmd

(
Ida + I ′dk + I ′fθ

)]
, (3.18)
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V ′
qk =R′

qkI
′
qk +

d

dt

[
L′
lqkI

′
qk + Lmq

(
Iqa + I ′qk

)]
, (3.19)

V ′
f =R′

frI
′
fr, (3.20)

I ′f =I ′fr + I ′fθ. (3.21)

In equations, the apostrophe (′) means that the parameter is converted to the arma-

ture side considering the turn ratio. Equations (3.15)–(3.19) are the same as the circuit

equations derived from the dq-axis equivalent circuit model of the conventional insu-

lated motor. In figure 3.7, the resistive current path marked with a red circle is added,

adding equations (3.20) and (3.21), which describe NI behavior in the motor.

In addition to the circuit equations above for transient operation simulation, the

following equations were used to represent the motor’s mechanical rotating motion

[87].

Te =
3p

4

[
LmdI

′
fθIqa + (Lmd − Lmq)IqaIda + (LmdI

′
dkIqa − LmqI

′
qkIda)

]
, (3.22)

Te =Jr
dωr

dt
+Bωr + TL. (3.23)

In the above formulas, Te, p, Jr, B, and TL mean output torque, the number of poles,

rotational inertia, friction coefficient, and load torque, respectively.

In this paper, based on the suggested analysis model, the characteristic analysis

of the designed motor and the analysis of the experimental results were performed in

section 4.1.3 and section 6.4.2, respectively.

3.3.2 Finite Element Method Analysis Model Combined with Lumped

Parameter Circuit Model

In actual motor operation, due to field harmonics generated by nonlinear components

like iron teeth, a potential turn-to-turn leak current may occur. Therefore, analysis of

potential characteristic change due to turn-to-turn leak current from nonlinear compo-

nents is required [88]. Only with the equivalent circuit model proposed in the previous

section, it is difficult to consider the detailed effect of nonlinear components like iron.
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Therefore, in this study, for the detailed analysis of the effect of NI behavior, the new

FEM analysis model, which has a principle similar to the previous equivalent circuit

model, was additionally proposed and used.

Figure 3.8: Concept of 2D FEM analysis of NI HTS synchronous motor.

Figure 3.8 shows the concept of 2D FEM analysis of synchronous motor with NI

HTS field winding. The basic concept of analysis is combining a lumped equivalent

circuit of NI HTS coil with a conventional FEM magnetic field analysis module. There-

fore, the governing equations of the magnetic field analysis (equation (3.5)–(3.8)) and

the circuit equations of the NI HTS coil (equation (3.12)–(3.14)) introduced in section

2.2.2 are combined in the FEM module. Also, the current and voltage in the field and

stator coil are calculated through equations (3.24) and (3.25).

Icoil =AcoilJcoil, (3.24)

Vcoil =RcoilIcoil +
d

dt

∫
S
B · ds. (3.25)

In equation (3.25), d
dt

∫
S B · ds represents the electromotive force by the flux link-

age change in the coil. Icoil, Vcoil, Rcoil, and Jcoil are the current, voltage, resistance,
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and current density of the FEM coil, and in the NI HTS coil, Icoil, Vcoil, and Rcoil

correspond to Iθ, Vf , and Rsc in the formula (3.12)–(3.14), respectively.

In the analysis based on the suggested model, the governing equations and the

circuit equations are simultaneously satisfied. Through this, it is possible to analyze the

magnitude of the turn-to-turn leak current (Ir) and its effect on motor characteristics.

In this paper, the characteristic analysis of the designed motor and the analysis

of the experimental results were performed in section 4.1.3 and section 6.3.2, respec-

tively.
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Chapter 4

DESIGN OF TEST MACHINE AND EXPERIMEN-

TAL SYSTEM FOR APPLICABILITY TEST OF NI

HTS FIELD WINDING

This chapter describes the design of the test machine and experimental system for the

experimental study on the applicability of the NI HTS coil to superconducting motors.

Since this study aims to investigate the applicability of the NI technique to a supercon-

ducting motor, goal-oriented design directions that can effectively achieve the purpose

of the experiment were considered rather than aiming for the high-end performance

of the tested motor. Based on the analysis models proposed in the previous chapter,

the expected results are presented in the test of the designed test machine. In addition,

based on the test machine design, a rotor structure and a cooling chamber were de-

signed. The analyses related to the mechanical and thermal properties considered in

the design processes are also described.

4.1 Electromagnetic Design of Test Machine for Experiment

Based on the suggested analysis models of NI HTS motor in chapter 3, in this section,

the test system to evaluate NI applicability was designed. The overall design directions
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were established first, and the required electromagnetic design was performed under

the design assumptions.

4.1.1 Purpose of Test System and Overall Design Directions

Review on Purpose of the Test System

The operating conditions of NI HTS field winding in the motor would be different

from the conventional stationary NI HTS magnets, For example, the variation of char-

acteristic parameters according to rotation and interaction with the external armature

coil needs to be additionally considered. Since there has not been a detailed study on

how the NI HTS coil responds under these operating conditions, there is a concern that

the NI HTS motor may not operate as designed. Therefore, for a direct investigation

of applicability of the NI HTS coil to superconducting motors, an experimental study

on how the NI HTS coil reacts in motor operation is needed. In addition, it is neces-

sary to investigate whether the proposed analysis models can sufficiently explain the

characteristics of the experimental results.

Design Directions of Test Motor and Test System

The best way to investigate the applicability of the NI technique to HTS motor would

be to develop a high-performance superconducting motor incorporating NI technol-

ogy and derive its characteristics through an actual operation. However, developing

such an NI HTS motor in the current situation where NI applicability is not judged

has uncertainty in terms of machine performance, and a lot of costs are incurred for

development. Therefore, in this test, a simple motor with NI HTS field winding was

developed, but even if some machine performance is sacrificed, a test system capable

of cost-saving and reliable test of the NI response was developed. The test motor and

experiment system were designed based on the following three design directions: 1)

use of a commercial stator, 2) air-cored type rotor, and 3) liquid nitrogen cooling.
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• Use of a commercial stator: for the convenience of fabrication and cost reduc-

tion, it was decided to use the commercial motor’s stator as it is. Accordingly,

the motor topology, the rotating NI HTS field coil was placed inside, and the

3-phase copper armature coil was placed outside for the test machine design.

• Air-cored type rotor: for straightforward characteristic analysis on NI HTS

field coil, the rotor was designed to have no ferromagnetic materials in this study.

Therefore, the superconducting rotor was designed as an air-cored type, which

is often used in superconducting motor design, not an iron-cored type.

• Liquid nitrogen cooling: cooling system of the superconducting motor is one of

the major factors causing the complexity of the design and manufacture of the

superconducting motor. In this study, in order to simplify the cooling system,

liquid nitrogen (LN2) was used to cool the NI HTS field coil, and accordingly,

the operating temperature was determined to be 77 K. Also, the cooling system

was designed to be easy to repeat test without an additional pump or circulation

system.

Expected Limitation of Test Motor and Test System

Owing to the above design approaches, it can be effective for achieving the primary

goal of this study, the investigation of NI applicability, while the test system in this

study does have limitations including:

• Relatively low performance of the test motor: in this system, the operating

temperature is set to 77 K with LN2, so the critical current of the field coil is

relatively low (figure 2.4 (a)). It leads to a low air-gap magnetic field. Also,

for thermal insulation of the LN2 chamber, a large air-gap is required and it is

another factor for low performance.

• Limited operation time: in this system, a pump or cryogen circulation system

was not employed, instead, dunk cooling was used for quick and easy cool-
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down and warm-up of the rotor (will be introduced in detail in section 4.2.2).

So, operation time is limited according to the thermal loss of the system, even

though repeated experiments can be easily performed through LN2 refill.

• Additional effect from the use of commercial product: a commercial slip-ring

is used to supply the operating current of the field coil and to detect the signals

of the rotor in this system. The commercial slip-ring used has its own maximum

speed rating, so possible rotating speed is limited.

4.1.2 Electromagnetic Design Based on Parameter Sweep

With the determined design directions, it is necessary to design a superconducting rotor

with an NI HTS field winding to be manufactured, which is the subject of analysis in

the experiment. This section describes the electromagnetic design for this.

Design Assumptions for the Test Machine

Table 4.1: Design Assumptions for the Test Machine

Category Assumptions

Topology Synchronous motor with Air-cored rotor

REBCO coated conductor SuNAM’s REBCO CC (4.1 mm×0.14 mm)

Armature coil current Ia = (rated value of stator winding)

Field coil current If = 0.7× Ic

Axial length of racetrack l = (effective length of stator)

Temperature of superconductor Top = 77 [K]

Magnetic airgap dair = 15 [mm]

Target rotating speed ωr = 300 [rpm]

The following assumptions were made for the electromagnetic design of the NI

HTS motor. First, for the stator and superconductor wire of the machine, the stator
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of the commercial motor and SuNAM’s 4.1 mm REBCO coated conductor were used

each. The target operating current of the armature coil (Ia) was determined to be the

rated value as that of the given stator. The operating current (Iop) of the NI HTS field

coil was determined to be 70% of the estimated critical current (Ic) considering the

current margin. Considering LN2 cooling, the operating temperature (Top) is set to 77

K. In addition, a sufficient magnetic airgap (dair) of 15 mm was determined to install

the structure for cooling the rotating NI HTS field coil rotor. Finally, the target rotating

speed (ωr) was determined to be 300 rpm to avoid overflowing LN2 by centrifugal

force and to prevent signal disorder of the commercial slip-ring.

For the commercial stator to be used, a stator of 15 kW class induction motor

which has three-phase, four-pole, and 380 Vrms rated voltage was selected to be used.

The outer and inner diameters of the stator are 260 mm and 170 mm, respectively, and

the effective axial length is 180 mm. The number of slots is 36. The winding pitch of

the winding is 7, and it is composed of 2 layers per slot. The total number of parallel

circuits is 2. The number of turns per layer is 14, and the winding end connection is a

wye connection. Table 4.2 summarizes the parameters of the stator.

Table 4.2: Parameters of Non-superconducting Stator

Parameters Values Parameters Values

Rated current 28.9 Arms Slot number 36

Current density 2.74 A/mm2 Layer per slot 2

Phase 3 Turns per layer 14

Pole 4 Parallel circuit 2

Stator OD 260 mm Winding pitch 7

Stator ID 170 mm Connection Wye

Axial length 180 mm Core material 50PN470
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Detailed Design Process of Parameter Sweep

When specifications of a stator are given, and since a designing motor has an air-

cored rotor shape, the output torque and NI charging delay can be predicted if the

geometry of the field coil is given. The geometry of the racetrack is determined by the

specification of the conductor (wcd and tcd), number of turns (Nt), number of stacks

(Ns), inner radius (ri), and length of the straight section (l). Considering the design

assumptions, the design range of the possible racetrack coil designs is limited, so all

combinations of possible field coil designs are investigated through a parameter sweep

and the design to be fabricated was selected between them. The overall flowchart of

the parameter sweep is shown in figure 4.1.

The parameter sweep process of this study is as follows in the order of progress.

• Step 1: first, the design parameters to perform the parameter sweep and their

ranges are set. When determining the range, the critical bending strain, the inner

diameter of the stator, and the determined air-gap are considered. With design

parameters and their ranges, design parameter sets for parameter sweep are gen-

erated.

• Step 2: FEM model is created using the given design parameter set.

• Step 3: the design is reviewed whether the geometric constraints are satisfied,

and if not satisfied, the design is dumped.

• Step 4: Iop of the field coil is determined. The calculation of Ic was performed

in an iterative way based on the load-line technique introduced in section 3.1.2,

and Iop is determined so that the current margin was >30%.

• Step 5: based on the determined Iop, the motor performance (airgap field and out

torque) and parameters relevant to NI characteristics (characteristic resistance

and time constant) are estimated.
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Figure 4.1: Design flowchart of the test motor.
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• Step 6: calculated data is saved. Step 2 to step 5 are repeated with the next

design parameter set. This process is repeated until the calculation with the last

sweeping parameter set.

• Step 7: among the design options obtained through parameter sweep, the design

that best met the design purpose is selected.

• Step 8: detailed analyses of the selected design are performed.

Figure 4.2: Design parameters for parameter sweep represented in quarter 2D drawing.

In step 1, first, design parameters to perform parameter sweep were selected. When

the width and thickness of the REBCO tape are given, considering the shape of a race-

track coil, the whole geometry of the racetrack can be completely determined using

the following four parameters shown in figure 4.2: 1) inner radius (ri), 2) the number

of turns (Nt), 3) the number of stacks (Ns), and 4) distance from rotating center (dc).

Also, because the output power is proportional to flux linkage between field and arma-

ture coil, an additional assumption is added that the edge of the field coil is located as

close as possible to the stator within the given area for the rotor. Then, when 1)–3) is

decided, 4) is automatically obtained. Therefore, 1) inner radius, 2) turn number, and
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3) stack number were finally selected as design parameters. For the sweeping ranges,

the minimum value of the inner radius was set to 14 mm to prevent Ic reduction due to

bending strain (will be introduced in section 4.2.1). Also, due to the limited rotor area,

the maximum value of the turn number was automatically set to <200. In addition, the

stack number is limited to a maximum of 2 for ease of manufacturing. The sweeping

ranges determined are summarized in table 4.3.

Table 4.3: Sweeping Range of Each Design Parameter

Parameters Min. Max. Interval

Inner radius, ri [mm] 14 48 2

Number of turns, Nt 10 200 5

Number of stacks, Ns 1 2 1

In step 2, the geometry of the FEM model was built based on the design parameters

in the sweeping range. If the edge of the designed coil exceeds the area set for the

rotor, the design is dumped and moves on to the next parameter set (step 3). Using

the FEM model, the operating current of the field coil (Iop) was determined in step 4.

The critical current (Ic) of a given racetrack coil was estimated based on the load-line

technique introduced in section 3.1.2, and for this purpose, an iterative calculation was

performed by changing Iop. When Ic is estimated, Iop is determined to be 70% of Ic.

In step 5, the basic performance and parameters relevant to NI characteristics were

calculated based on the given FEM model. The magnetic field distribution and radial

direction air-gap magnetic field (Ba) were calculated, and the torque (Te) generated in

effective length was estimated using the equation (4.1) [2]. In the design process, an

additional torque generation due to end-effect was neglected.

Te =
1√
2
Al · 2πra · l · ra ·Ba = Ka ·Ba. (4.1)

Al means the linear current density of the armature coil, and ra means the radius of

the air-gap region from the center. Since Al, ra, and l are given as constants here, the
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equation (4.1) can be expressed with a constant Ka, thus Te is proportional to Ba. In

addition, for the estimation of NI characteristics, the methods introduced in section 3.2

were employed. The inductance of the field coil (L) was calculated using the energy

method, and the characteristic resistance (Rc) was calculated using equation (3.11).

With L and Rc, the time constant (τ ) of the designed coil was estimated.

As described in figure 4.1, step 2 to step 5 are repeated for all design parameter sets

(step 6). In step 7, the design options derived in the parameter sweep were compared.

Comparisons were made based on the following two criteria:

• Criterion 1: considering the economic efficiency, a design with a large out-

put torque (Te) compared to the input amount of REBCO coated conductor

(lREBCO) was selected.

• Criterion 2: since one of the key purposes of this study is to analyze NI re-

sponse in motor operation, a design showing large NI characteristics, that is, a

design with a relatively large charging time constant was selected. It needs to be

noted that a large charging time constant cannot be said to be good for motor

performance. However, in this study, this criterion was established in terms of

NI applicability investigation.

Expressing these as an objective function (F (x)), it is given as equation (4.2).

Max. F (x) = (f1(x), f2(x)),

subject to f1(x) = Te/lREBCO, (4.2)

f2(x) = τ,

x = (ri, Nt, Ns).

Figure 4.3 shows the parameter sweep result as a scattering plot for comparison of

objective function values (f1 and f2). x-axis is time constant (τ ), and y-axis is torque

per REBCO consumption (Te/lREBCO). All the obtained designs through parameter

sweep are represented as blue circles. Potential design candidates having high values
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Figure 4.3: Scatter plot of the parameter sweep results.

of f1 and f2 at the same time are marked with a red square. The design marked with

the red arrow (ri= 28 mm, Nt= 80, Ns= 1, and dc= 49 mm) was finally selected in

consideration of the amount of REBCO coated conductor in stock.

4.1.3 Operation Characteristics Analysis of Designed Test Machine

For the designed test motor, its characteristics were analyzed and derived in detail

based on the proposed analysis models. Considering the tests to be actually performed

using the test system to be built, the following analyzes were performed.

• Analysis on interaction with stator winding: simulations were performed on

the response of the NI HTS field winding when a direct magnetic axis (d-axis)

current (Ida) and a quadrature magnetic axis (q-axis) current (Iqa) were applied
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to the stator winding, respectively. Through this, the effect of the stator current

on the NI HTS field winding was analyzed.

• Steady-state operation analysis: back electromotive force (EMF), torque, and

NI response generated when the test motor rotated at a constant speed were

analyzed. Through this, the effect of inductance variation on the NI HTS field

winding in the rotation that might be caused by iron teeth or others was analyzed.

• Transient operation analysis: through a simulation coupled with a simple PI

controller, the phenomena appearing in the NI HTS field winding during tran-

sient motor operation such as external load fluctuations were comprehensively

analyzed.

In order to compare the performance of the NI HTS motor (NI) and insulated counter-

part (INS) under ideal conditions, each analysis was performed for NI and INS, and

potential differences were analyzed.

Analysis on Interaction with Stator Winding

First, in order to analyze the response of the NI HTS motor by the stator winding

current, the response that appears when Ida or Iqa is applied as a step function, re-

spectively, was simulated under stationary condition (locked motor without rotation).

For simulation, the FEM model proposed in section 3.3.2 was used, and the voltage,

current of the NI HTS field winding, and generated torque were derived.

Figure 4.4 shows the magnetic field distribution in each simulated condition in this

section. Figure 4.4 (a) shows the saturated magnetic field distribution after only the NI

HTS field winding is excited before Ida or Iqa is applied. Figure 4.4 (b) and (c) show

the saturated magnetic field distribution after applying Ida and Iqa, respectively. Fig-

ure 4.4 (b) and (c) correspond to the situations shown in figure 4.5 and figure 4.6. As

can be seen from the magnetic field distributions, since Ida generates a magnetic field

in the same direction as the magnetic field generated by If , the overall magnetic field
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Figure 4.4: Magnetic field distribution of simulated situations in FEM. (a) Before Ida

or Iqa is applied, (b) After Ida is applied, (c) After Iqa is applied.

distribution tends to be strengthened. While Iqa creates a magnetic field in the quadra-

ture direction of the magnetic field generated by If , the direction of the magnetic field

tends to slightly change to the q-axis in this case. In each simulation situation, when

Ida or Iqa is given as a step function, in order to investigate the magnetic field distribu-

tion over time, the magnitude of the magnetic field at point 1 (at r=80 mm on d-axis)

and point 2 (at r=80 mm on q-axis) over time was derived and additionally shown in

figure 4.5 and figure 4.6.

Figure 4.5 shows simulation results when NI HTS field winding is charged to 66.2

A, applying 24 A of Ida as a step function while maintaining Iqa at 0 (figure 4.5 (a)). In

figure 4.5 (b)–(f), the blue solid line represents the response of the motor with the NI

HTS field winding, and the orange dashed line represents the response of the insulated
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Figure 4.5: Analysis of NI HTS motor response on Ida current. (a) Applied Ida and

Iqa, (b) Torque, (c) Field winding current, (d) Field winding voltage, (e) Magnetic field

at d-axis, and (f) Magnetic field at q-axis.
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counterpart (INS). Because a d-axis component of the stator current is a component

contributing to the magnetic field by the rotor, it can be seen that the magnitude of

the magnetic field of the d-axis increases (figure 4.5 (e)). However, in the case of NI,

it was confirmed that the magnetic field did not immediately increase as much as the

applied magnetic field due to the “flux conservation” characteristics to maintain the

existing magnetic field, that is, a damping effect that magnetic field increased slowly

according to the time constant appeared. In the case of the current of the field winding,

in the case of INS, it maintained 66.2 A regardless of Ida, but in the case of NI, as the

rotor magnetic field instantaneously increased, the current decreased, and the current

was restored at the rate of the charging time constant (figure 4.5 (c)). it was confirmed

in both NI and INS that induced voltage was identified in the field winding due to

an instantaneous external magnetic field change (figure 4.5 (d)). However, compared

with the INS, where a maximum of 7.86 mV appeared momentarily and disappeared,

in the case of NI, the maximum voltage of <0.3 mV appeared, and it was found that

it gradually decreased at the rate of the charging time constant. On the other hand,

since the magnetic field by Ida does not contribute to the torque generation, no torque

appears (figure 4.5 (b)).

Figure 4.6 shows the simulation results when Iqa is applied with 24 A instead of

Ida, with the same conditions for others. Because Iqa is a component that contributes to

torque generation of stator current, in the case of the d-axis magnetic field magnitude,

there is relatively little change in figure 4.6 (e) compared to the previous figure 4.5

(e). In the case of the q-axis magnetic field, it increased with Iqa (figure 4.6 (f)). In

particular, unlike the case where Ida was applied, it was confirmed that the damping

effect such as flux conservation did not appear. This characteristic can be seen more

clearly with the voltage and current of the field winding. There are no changes in

voltage and current of the field winding for both NI and INS (figure 4.6 (c) and (d)).

In the case of torque, it was found that the torque was generated in proportion to the

Iqa applied by both NI and INS, and there was no difference in response time between
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Figure 4.6: Analysis of NI HTS motor response on Iqa current. (a) Applied Ida and Iqa,

(b) Torque, (c) Field winding current, (d) Field winding voltage, (e) Magnetic field at

d-axis, and (f) Magnetic field at q-axis.
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them (figure 4.6 (b)). That is, even if NI HTS field winding was applied, there was no

damping effect on torque.

Through the above two simulations, it was expected that there would be no major

problem in controlling the torque of the motor by applying q-axis current in the stator

winding. However, when the d-axis current was applied, it was confirmed that the

leak current occurred in the NI HTS field winding just like the situation in which an

external magnetic field was applied to the previous NI HTS magnet. Since this leak

current disappears to the rate of the charging time constant, it was expected that NI

behavior must be considered when controlling Ida for additional control of magnetic

flux.

Steady-state Operation Analysis

The steady-state performance simulation of the test motor was performed based on

the proposed FEM analysis model in section 3.3.2. Back EMF simulation and load

analysis were performed respectively, and the magnetic field, output, and NI response

at that time were analyzed.

Figure 4.7: Magnetic field analysis results of the test motor. (a) Back EMF analysis

result, (b) Load analysis result.
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Figure 4.7 (a) shows the magnetic flux density distribution of the test motor when

only NI HTS field winding is excited with If = 66.2 A, while figure 4.7 (b) when the

rated armature current is also supplied (Ia = 28.9 Arms). The maximum magnetic flux

density is lower than the saturation level of the 50PN470 core (∼1.4 T) of the stator

due to the air-cored structure of the rotor and the large magnetic air-gap (15 mm) for

the cryogenic chamber installation. It implies that the leak current and characteristic

change of the NI HTS coil due to iron saturation would not be significant in this study.

Figure 4.8: FEM analysis results in steady-state operation. (a) Back EMF in no-load

simulation, (b) Current, (c) Phase voltage, and (d) Torque in load simulation.

Next, each of the output values was derived in no-load conditions (Ia = 0, ωr = 300

rpm) and load conditions (Ia = 28.9 Arms, ωr = 300 rpm), respectively. Figure 4.8 (a)

shows the phase voltage of the stator in the no-load simulation. Figure 4.8 (b) presents

the profile of the input current of load simulation, and (c) and (d) show the phase

voltage of the stator and generated torque under load conditions. In each graph, the
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solid blue line represents the simulation result of the test motor with NI characteristics

considered, while the dashed orange line is the result of the insulated counterpart.

The back EMF of the NI HTS test motor under no-load conditions was 5.73 Vrms,

and the difference with its insulated counterpart was 0.04%, which showed a negligi-

ble difference. THD was 4.40% and 4.38% for NI and INS, respectively. The phase

voltage of the NI HTS motor under load conditions was 9.77 Vrms and shows a 0.09%

difference from the INS case. The average torque under the load condition was cal-

culated to be 15.9 Nm, and the difference with the INS was 0.12%. The torque ripple

was 0.8%. Overall, it was expected that the difference in motor operation character-

istics due to NI HTS field winding in steady-state was not significant in terms of the

phase voltage and torque.

In order to directly confirm how much turn-to-turn leak current is generated in the

NI HTS coil, the value of Iθ is shown in figure 4.9 under (a) no-load condition and

(b) load condition. In the case of INS, Iθ maintains 66.2 A equal to the power supply

current under both conditions. In the case of NI, a small leak current does exist. It

is because due to nonlinear components like iron teeth and the arrangement of each

winding, there is inductance change during rotation (<0.120 µH in no-load condition,

<0.460 µH in load condition in terms of self-inductance of field coil), and it leads to

a leak current in NI HTS coil. In the case of the insulated coil, the current remains

the same even if there is a change in inductance, but in the case of the NI coil, it

was confirmed that the change in inductance becomes the source of the leak current.

However, the magnitude of the leak current was found to be rather insignificant in

simulation. The peak-to-peak current difference of Iθ under no-load conditions was

4.83 mA, and 17.9 mA under no-load conditions.

In this study, no iron core was used in the rotor and a large air-gap of 15 mm

was set. This could be the main reason for fewer NI characteristics in the steady-state

simulation. Actually, the air-cored structure and large air-gap are often considered in

the actual design and manufacture of partial superconducting motors, therefore, it is
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Figure 4.9: Analysis of field winding current in steady-state operation. (a) No-load

condition, (b) Load condition.
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considered that NI characteristics would not be easily identified in an ideal steady-state

analysis. On the other hand, there is a case where the analysis was performed assuming

a small air-gap size (3 mm) in the simulation [88]. In that study, as the air-gap size

decreases, the NI characteristics become more influential, but it has been suggested

that there is no negative effect of this leak current.

Transient Operation Analysis

Lastly, based on the proposed equivalent circuit model in section 3.3.1, characteristics

in transient operation were derived. In this study, The MATLAB Simulink was used

for time-dependent simulation of the equivalent circuit with two feedback controllers

for synchronous motors: 1) a simple PI controller to control the motor speed, and 2) a

vector controller for the armature current [87]. Considering the air-cored structure of

the motor (Lmd = Lmq), armature current is controlled to be Ida = 0 for maximum

torque generation which is commonly used in surface permanent magnet synchronous

motor (SPMSM).

Figure 4.10: The overall structure of MATLAB Simulink simulation model.
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Figure 4.10 shows the overall schematic of MATLAB Simulink used in this study.

The detailed implementation is included in appendix A.4. The power supply current

for the field coil is assumed to be ideally controlled by a current source at 66.2 A.

Circuit and mechanical parameter values used in the simulation are summarized in

table 4.4.

In the case of the motor designed in this study, since there is no damping circuit,

the corresponding parameters were not considered in the simulation. In the case of

the inductance of the equivalent circuit, after calculating through the energy method in

FEM simulation, the value was converted to the armature side by considering the num-

ber of turns between the armature and field coil. As a mechanical parameter, rotating

inertia was calculated using a commercial tool based on the designed CAD drawing

(section 4.2.2).

Table 4.4: Circuit and Mechanical Parameters for MATLAB Simulink Simulation

Parameters Values Parameters Values

Lmd, Lmq [mH] 0.817 Lla [mH] 1.86

Ra [mΩ] 0.278 L′
lf [mH] 0.712

R′
fθ [Ω] ∼ 0 R′

fr [µΩ] 14.1

Jr [kg·m2] 0.111 B [Nm/(rad/s)] 0.0201

All operations except steady-state operations can be considered transient opera-

tions. Various transient simulations were performed, but in this section, the following

situation in which the characteristics of transient operation are well exhibited was set

as an operation scenario and the results were summarized: half of the rated mechanical

load is suddenly applied while the motor drives at a target rotation speed. For compari-

son, simulations on the insulated counterparts (INS) were also performed, of which the

equivalent circuit model is identical to that of NI in figure 3.7 except that R′
fr should

be removed.
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Figure 4.11: Sudden load simulation result. (a) Rotating speed (ωr), (b) Torque (Te),

(c) d-axis current (Ida), (d) q-axis current (Iqa), (e) Azimuthal current of the field coil,

(Iθ), and (f) Voltage of the field coil (Vf ).
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Figure 4.11 shows the simulation result: (a) rotating speed of the motor, ωr, (b)

total torque of the motor, Te, (c) d-axis current of the armature coil, Ida, (d) q-axis

current of the armature coil, Iqa, (e) azimuthal current of the field coil, Iθ, and (f)

voltage of the field coil, Vf . In the figure, the solid blue line represents the result of NI,

while the dashed orange line INS. A situation in which a torque corresponding to 50%

of the target torque is suddenly applied at 5 seconds is simulated while driving at 300

rpm with no-load. The key observations in the transient simulation are summarized as

follows.

• Observation 1: in simulation, the feedback current control is performed so that

Ida = 0, but during transient operation, Ida momentarily becomes non-zero

(figure 4.11 (c)). As Ida contributing to rotor magnetic flux is instantaneously

generated, the NI REBCO coil is exposed to an external field change and turn-

to-turn leak current is generated accordingly (figure 4.11 (e)).

• Observation 2: despite the change in the magnetic field due to the turn-to-turn

leak current in the NI REBCO coil (figure 4.11 (e)), the difference in torque and

speed between NI and INS in the simulation was almost negligible (figure 4.11

(a) and (b)).

• Observation 3: the reason for the negligible difference in speed and torque be-

tween NI and INS is due to speed feedback control. Torque is given as Te =

3p
4 LmdI

′
fθIqa, and the possible change in torque due to turn-to-turn leak current

(I ′fθ) is being compensated by a slight change of Iqa (figure 4.11 (d))

• Observation 4: on the other hand, in the case of field coil voltage, a relatively

low µV level voltage is induced compared to the insulated coil due to the low

characteristic resistance of the NI REBCO coil (figure 4.11 (f)).

This simulation result shows that the effect of the turn-to-turn leak current generated

is negligible under the assumption that Ida = 0 is well controlled as in simulation in
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the case of air-cored structure. Also, with additional armature current injection, an NI

motor could be controlled as an INS motor in terms of speed and torque. In conclusion,

when controlling an air-cored type motor NI motor with Ida = 0 control, there was no

critical problem identified in transient operation simulation.

However, when looking at the NI response by Ida and Iqa of the stator winding

to be performed earlier, the response may appear sufficiently different under different

control conditions using Ida. Also, even if Ida = 0 control, it is expected that an

additional leak current may occur if ideal control is not achieved (when the inverter

has an error in estimating the rotor position).

Parameter Table of Designed Test Motor

Table 4.5 summarizes key parameters among the results of a detailed analysis for the

selected design.

4.2 Rotor Assembly and Cryogenic System Design for Ex-

periment

As a next step of the electromagnetic design of the test machine, this section describes

the design of the rotor assembly and cryogenic chamber for actual experiments. The

CAD design of the rotor assembly was performed considering the mechanical fixation

of the racetrack coil, and it was analyzed whether there was any problem of mechanical

stress of the rotor assembly under the target operating conditions. For the cryogenic

chamber, the size of the thermal load was estimated through FEM and the possible

operating time was predicted. Also, the change of the rotating inertia according to

LN2 was estimated.
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Table 4.5: Key Parameters of Designed Test Machine

Parameters Values Parameters Values

REBCO Coated Conductor Armature Coil

Width; thickness [mm] 4.1; 0.14 Number of stator slots 36

Sustrate; stabilizer thickness [mm] 0.11; 0.03 Layers per slot 2

Self-field critical current [A] 200 Turns per layer 14

Er; Eθ; Ez [GPa] 169; 175; 175 Winding pitch 7

REBCO Racetrack Field Coil Connection Wye

Number of poles 4 Stator inner radius [mm] 85

Number of stacks per pole 1 Stator outer radius [mm] 130

Inner radius of circular part [mm] 28 Effective length [mm] 180

Distance from rotating center [mm] 49 Magnetic airgap [mm] 15

Length of straight part [mm] 180 Armature current density [A/mm2] 2.74

Turns per pole 80 Stator core 50PN470

Insulation method NI Performance of Test Motor

Operating current [A] 66.2 Phase voltage [Vrms] 9.77

Field current density [A/mm2] 115 Line current [Arms] 28.9

Critical current [A] 94.6 No-load voltage [Vrms] 5.73

Peak magnetic field at coil [T] 0.319 Total harmonic distortion [%] 4.40

Operating temperature [K] 77.4 (LN2) Armature resistance [Ω] 0.338

Total field coil inductance [mH] 11.4 Synchronous reactance [pu] 0.464

Contact resistivity [µΩ·cm2] 10 Cogging torque [mNm] 28.3

Characteristic resistance [µΩ] 137 Torque ripple [%] 1.15

Charging time constant [sec] 83.2 Rotating speed [rpm] 300

Total REBCO consumption [m] 183 Output torque [Nm] 15.9

Rotor core Air-cored Output power [W] 498

74



4.2.1 Rotor Assembly Design and Mechanical Characteristics Analysis

In this section, based on the electromagnetic design, the rotor assembly structure was

designed in consideration of actual fabrication. Before the detailed CAD design of the

rotor assembly, the mechanical analysis of the designed racetrack coil was performed

first, and the necessity of the support structure was determined. The CAD design was

performed considering the support structure for mechanical fixing of the coil, air-cored

structure of the rotor, and electrical connection between poles. Finally, an overall me-

chanical analysis was performed on the whole rotor assembly to determine whether it

was mechanically stable.

Magnetic Stress Analysis Due to Lorentz Force

As one of the main stress sources of the mechanical stress of superconductor coils,

magnetic stress is the stress that originated from Lorentz force, so magnetic stress

becomes larger with higher current density and higher magnetic field. Displacement

and magnetic stress due to Lorentz force generated during the charging process were

calculated first in this section. In this study, the dry winding technique was applied

to the racetrack coil mainly to avoid delamination problems [89], and magnetic stress

calculation was performed considering the characteristics of the dry winding racetrack

coil. The details of the performed stress calculation are in [67].

Table 4.6: Effective Mechanical Property of SuNAM’s REBCO Coated Conductor

Parameters Values

Thickness of substrate; stabilizer [mm] 0.11; 0.03

Young’s modulus of substrate; stabilizer [GPa] 190; 120

Poisson’s ratio of substrate; stabilizer 0.27; 0.34

Shear modulus of substrate; stabilizer [GPa] 45; 74

Effective Young’s modulus, Er; Eh; Ez [GPa] 169; 175; 175

Effective Poisson’s ratio, νrh; νhr; νhz; νzh; νzr; νrz 0.275; 0.285; 0.280; 0.280; 0.285; 0.275

Effective Shear modulus, Grh; Ghz; Gzr [GPa] 65.0; 67.8; 65.0
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The material properties used for stress calculation are shown in table 4.6. Based on

the specification of SuNAM’s REBCO coated conductor, effective mechanical proper-

ties were calculated and used based on the calculation formulas introduced in appendix

A.2.

Figure 4.12: Results of the mechanical analysis on the racetrack. Without support -

(a) Displacement, (b) Radial stress (σr), and (c) Hoop stress (σh). With support - (d)

Displacement, (e) Radial stress (σr), and (f) Hoop stress (σh).

Figure 4.12 shows the mechanical analysis result when the dry-wound racetrack

coil is excited to 66.2 A at 77 K. Figure 4.12 (a)–(c) shows displacement, radial stress,

and hoop stress without support, respectively, while figure 4.12 (d)–(f)) shows dis-

placement, radial stress, and hoop stress with support. Overall stress and strain are
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calculated to be relatively low compared to their critical values since the Lorentz force

induced in the coil is moderate level (figure 4.12 (b) and (c)). However, it was found

that, despite such low-stress values, visible displacement (0.42 mm) occurred in the

straight section as shown in figure 4.12 (a). It implies that a supporting structure of a

straight section is required for sturdy fixation of the racetrack coil. By restraining the

displacement at the straight section of racetrack coils with an ideal supporting struc-

ture, calculated displacement and stress could be effectively reduced in the simulation

(figure 4.12 (d)–(f)). As a result, in this study, to fix the turns of dry wound racetrack

coil, supporting structure of straight section were considered even at the low-stress

value in simulation.

CAD Design of Rotor Assembly Considering Mechanical Support Structure

Figure 4.13: (a) An upper support structure, (b) A side support structure, (c) Pre-load

directions by support structures, and (d) Overall configuration.

Based on the electromagnetic design and mechanical analysis result of the race-

track coil, a CAD design of the rotor assembly for actual fabrication was performed.

Racetrack coils were placed on each pole, and the rotor body part, support structure
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part, and connector parts constituting the assembly were designed each. As a mate-

rial of the rotor body, G10-FRP was selected for air-core structure and rotor weight

reduction. For the stable operation of the designed racetrack coil as field winding, the

support structures that can mechanically fix the racetrack coil were designed. The sup-

port structures are composed of 1) an upper support structure that can prevent the coil

from moving in the outward direction from the rotating axis due to centrifugal force,

and 2) a side support structure that can prevent displacement of the straight section in

the racetrack coil by Lorentz force after excitation. Figure 4.13 (a)–(b) shows the de-

signed upper support structure and side support structure, respectively, and (c) shows

the drawing of the rotor assembled with these support structures and the direction of

the applied force. The support structure receives pre-load in the direction of the or-

ange arrows through the bolt, and through this, the forces to fix the racetrack coils

are applied in the direction of the yellow arrow. The support structure was designed

with anodized aluminum for better heat transfer through the support structures during

cooling through LN2. The rotor assembly was completed by adding copper connectors

for current leads and pole-to-pole electrical connections. Figure 4.13 (d) shows the

material of each component and its overall configuration.

Overall Mechanical Stress Estimation in Rotor Assembly

With the rotor assembly design, mechanical analysis was performed in consideration

of the stress sources that may occur in the process from manufacturing to operation.

Through mechanical analysis, it is necessary to check 1) whether the strain generated

in the racetrack coil is below the level at which Ic degradation occurs, and 2) whether

the stress generated in other components is below their yield strength. Classification

of mechanical stress on the superconducting system according to time sequence is as

follows.

• Stress due to pre-load is applied through bolts to fix each part during the assem-

bly process of the rotor.

78



• Thermal stress is caused by different thermal expansivity when the rotor is

cooled from room temperature (300 K) to cryogenic temperature (77 K).

• Magnetic stress due to Lorentz force is applied when the racetrack coil is ex-

cited.

• Stress due to additional operations could be additionally generated. In the case

of rotating machines, stress from the centrifugal force would be applied.

First, in the case of pre-load by bolt, the fastening force of the bolt according to

the bolt size was considered. The M6 bolt used for upper support was assumed to

have a pre-load of 9.01 kN, and the M3 bolt used for side support was assumed to

have a pre-load of 3.93 kN [90], which was considered as the boundary load in the

simulation. To consider thermal stress, thermal expansion data of the material of each

part is required, and linear thermal expansion data (αL = (l(T )-l(293 K))/l(293 K))

[%]) used for simulation was shown in table 4.7 [83]. Table 4.7 also includes other

mechanical properties such as mass density (ρm), Young’s modulus (E), Poisson’s

ratio (ν), and yield strength (EY ), which are required for mechanical analysis.

Table 4.7: Mechanical Properties of Rotor Materials for Stress Calculation

Material ρm [kg/m3] E [GPa] ν [-] EY [MPa] αL @ 80 K [%]

Aluminum 2700 70 0.33 280 -0.391

Copper 8960 120 0.34 280 -0.300

Stainless steel 7800 190 0.27 1100 -0.281

G-10 (warp)
1800

18 0.14 - -0.211

G-10 (normal) 14 0.12 - -0.638

For the REBCO racetrack coil, thermal expansion data of substrate (stainless steel)

was approximately used. Thermal stress was calculated through multi-physics simula-

tion in COMSOL combining solid mechanics module and heat transfer module [91].
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The magnetic stress was calculated by importing the Lorentz force from 3D FEM mag-

netic field analysis with If = 66.2 A. Finally, considering the mass density of each ma-

terial (table 4.7), centrifugal force was calculated by analytic equation (Fc = ρmrω2
r

[N/m3], where r is the radius from the rotating axis), and used for stress calculation by

centrifugal force. ωr is assumed to be 300 rpm.

Figure 4.14: Boundary conditions for analysis. (a) Roller condition and fixed constraint

condition, (b) Pre-load condition, and (c) Body load condition by Lorentz force.

Figure 4.14 shows a simplified model FEM analysis and its boundary conditions.

Considering the symmetric structure of the rotor, only the 1/8 section of the rotor was

used for analysis, and the roller condition was applied for the symmetric boundary. A

fixed constraint was set for the central point of the rotor. Figure 4.14 (b) and (c) show

how the pre-load and Lorentz force were applied as loads in the simulation, respec-

tively, and the thermal contraction and centrifugal force were analyzed by applying

the corresponding conditions to the entire rotor.

Figure 4.15 shows the von Mises stress values for each rotor component when

all stress sources are considered. In the case of the REBCO racetrack coil, its peak

stress value is 72 MPa, which is far lower than the typical critical stress value when

Ic degradation occurs. The peak stress of copper bobbin and two types of aluminum
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Figure 4.15: von Mises stress of each rotor component. (a) REBCO racetrack coil, (b)

Copper bobbin, (c) Upper support structure, and (d) Side support structure.
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supports are 14.7 MPa, 101 MPa, and 218 MPa each, which are lower than the yield

strengths of 275 MPa and 380 for each material at 77 K [83].

Table 4.8: von Mises Stress Calculation Results in Each Loading Process

Component
von Mises stress, σmises [MPa]

Pre-load Thermal Magnetic Rotation

REBCO racetrack coil 19.3 72.8 72.0 72.0

Copper bobbin 18.8 14.9 14.7 14.7

Aluminum upper support 128 129 129 101

Aluminum side support 113 220 220 218

Table 4.8 shows when the peak von Mises stress in each part is summarized con-

sidering the load added in each process from the assembly to the rotating operations.

As can be seen from the results, the change in peak stress due to Lorentz force and

centrifugal force in the rotor of this study was almost negligible. This is thought to

be because the operating current and rotation speed in this study are relatively low.

This suggests that the most mechanical stress in this study would be generated during

the assembly process of the rotor using bolts and the cryogenic cooling process and

additional care should be given to these processes.

4.2.2 LN2 Chamber Design and Thermal Loss Estimation

As explained in the overall design direction of the test motor, in this study, LN2 cool-

ing was considered to maintain the superconductivity of the field winding. Several

cooling concepts could be possible with LN2, and an appropriate design of the LN2

chamber is required. Therefore, in this section, issues related to chamber design were

first reviewed and some key concepts were decided based on the purpose of the test

motor, and then the chamber was designed. Thermal load to the chamber and the oper-

ating time accordingly were estimated on the given design. Also, as the rotating LN2
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chamber is adopted for a cooling system, the rotating inertia may change due to the

evaporation and movement of LN2 in the chamber. Because the rotating inertia is one

of the key parameters representing a mechanical property of the motor, therefore, the

possible change range of the rotating inertia was additionally investigated.

Design Considerations on LN2 Cryogenic Chamber

In this study, a simple and inexpensive cooling system using LN2 was attempted. For

the cooling system configuration using LN2, the following factors were reviewed as

key considerations.

• Consideration 1 - LN2 Dunk vs. LN2 Circulation: when cooling using LN2,

there are a dunk-type cooling in which a system is put in a chamber containing

LN2, and a circulation-type cooling that cools a system indirectly with pipes in

which LN2 circulates. In the case of the LN2 dunk method, cooling is easily

performed and the temperature of the components in the chamber can be sta-

bly maintained at 77 K, but the operation time is limited by the evaporation of

LN2. In the case of the LN2 circulation method, a rotating cryogen coupling or

a cryogen transfer system is required for LN2 circulation in a rotating chamber.

Especially, the design and manufacturing complexity of the rotor is greatly in-

creased. Therefore, in this study, since the NI applicability is the primary goal,

the dunk cooling method, which is relatively easy to manufacture and operate,

was adopted.

• Consideration 2 - Only Rotor in LN2 vs. Whole system in LN2: in the case

of dunk cooling, only the superconducting rotor can be cooled with LN2, or

the entire motor system including the stator can be cooled with LN2. When

the entire motor system is cooled with LN2, fluid resistance of LN2 could exist

when the rotor rotates, and a relatively large amount of LN2 is consumed due

to the loss of the stator. In particular, since the cryogenic operation performance
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of components other than superconducting coils is not guaranteed (especially

bearings), a method of cooling only the rotor with LN2 was adopted even with

the relatively large air-gap (15 mm) for the chamber wall.

• Consideration 3 - Vacuum layer vs. Thermal insulation layer: with the LN2

dunk mode cooling, the possible operating time is determined according to the

amount of cryogen contained and the thermal load. External heat intrusion is one

of the major thermal loads of the LN2 chamber. As a method to minimize the

amount of heat intrusion into the chamber, there is a method to make a vacuum

wall by composing the chamber wall as a double layer. However, in the case of

a vacuum layer, the required air-gap becomes larger and the output torque of

the test motor could be decreased. In this study, in order to maintain the size

of the air-gap, an additional thermal insulation layer was added to the chamber

to reduce the amount of heat intrusion and an additional chamber height was

designed to secure enough operation time.

Figure 4.16 shows the overall LN2 chamber concept determined based on the

above considerations and cross-sections at each location. A 5 mm chamber wall exists

in the 15 mm air-gap between the rotor and the stator, and a 10 mm thermal insulation

layer was added to the rotor part that is not enclosed by the stator (figure 4.16 (b)).

As can be seen in the cross section of (b)–(c), a sufficient gap of 5 mm was placed

between the rotor assembly and the chamber wall to prevent the evaporated N2 bub-

ble from being stuck inside. Accordingly, the mechanical air-gap between the rotating

part and the stationary part was determined to be 5 mm. The additional chamber height

above the rotor assembly is to secure enough operation time according to the thermal

load, and the height (h1) was determined by performing thermal analysis.
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Figure 4.16: Concept of LN2 chamber for test motor. (a) Front cross-sectional view,

(b) Cross-sectional view at the upper part, and (c) Cross-sectional view at the middle.

Thermal Load Estimation in Cryogenic Chamber

In this section, the thermal load of the chamber was calculated, and based on this,

the operable time for one LN2 charge was estimated. In order to stably maintain the

temperature of the field winding at 77 K, it was assumed that the upper end of the rotor

was always submerged in LN2 during operation. Therefore, when LN2 is fully filled

up to the additional height (h1) of the chamber, the time when the LN2 surface level

reaches the upper end of the rotor by evaporation was defined as a possible operation

time in this study. At the additional height of the chamber, the diameter of the shaft

and the inner diameter of the chamber wall are 38 mm and 150 mm, respectively, and

LN2 is filled between these spaces. Here, if the height of the additional chamber is h1,

the latent heat of LN2 is 161 J/cm3 [83], so the total heat of vaporization of LN2 is
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given as h1[cm]×26.6 [kJ/cm]. Given this capacity of LN2, in order to estimate the

operating time, the thermal load including AC loss of the REBCO racetrack coil and

thermal intrusion into the cryogenic chamber should be considered.

In the case of the NI HTS racetrack coil’s AC loss, in addition to magnetization

loss, there is turn-to-turn loss from leak current through contact resistance. In the case

of motor operation, AC loss can be generated under various operating conditions, but

since the charging-discharging process is one of the operations where AC loss occurs

the most, the AC loss during the charging process was calculated at this time.

Figure 4.17: Calculation process for AC loss of NI HTS coil [92].

To estimate the total AC loss of the NI HTS coil, the calculation process as shown

in figure 4.17 [92] is considered. In this calculation process, firstly, an azimuthal cur-

rent (Iθ) and a radial current (Ir) are calculated in a given operation situation based on

the equivalent circuit model, respectively. With Ir, the turn-to-turn loss (= I2rRc) is

first calculated, and then the magnetization loss is calculated based on the FEM with

Iθ. Finally, the total AC loss is calculated as a sum of them.

In this study, the H-formulation method was used to calculate the magnetization

loss of the racetrack coil [93, 94]. In H-formulation, field distribution and magnetiza-

tion loss are calculated using the following governing equation with H as a variable
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for efficient calculation on FEM.

∇× (ρsc∇×H) =− ∂ (µ0µrH)

∂t
, (4.3)

∇×H =J , (4.4)

E =ρscJ , (4.5)

B =µH, (4.6)

ρsc =
Ec

|J |

(
|J |
Jc

)n

, (4.7)

PAC =

∫
V
E · J dV. (4.8)

In the above equation, ρsc and PAC represent resistivity and magnetization loss of the

superconductor, respectively. More details about H-formulation can be found in [93].

Figure 4.18: AC loss calculation results of the coil. (a) AC loss during charging process

with 0.05 A/s, (b) Comparison of AC loss with different ramping speeds.

Figure 4.18 shows the AC loss calculation result. The magnetization loss and turn-

to-turn loss generated when charging up to the target operating current at the rate of

0.05 A/s are shown in figure 4.18 (a), and figure 4.18 (b) is the peak values of AC loss

in accordance with ramping speeds. In figure 4.18 (a), it can be seen that the amount

of magnetization loss generated increases as Iop increases during the charging pro-

cess, while turn-to-turn loss remains constant with a constant ramping rate. In figure
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4.18 (b), As the current ramping speed increases, the turn-to-turn loss increases sig-

nificantly, hence the total loss increases as well. As the ramping rate becomes fast, the

turn-to-turn loss becomes a major loss. However, when looking at the magnitude of

the total loss, even if four racetrack coils are considered, the generated heat is less than

1 W, indicating that the LN2 latent heat is sufficient to cover it.

Figure 4.19: Thermal analysis condition of LN2 chamber.

Next, the heat intrusion into the LN2 chamber, which is the largest source of the

thermal load, was calculated. When a gradient of temperature (T1 − T2) exists, heat

intrusion occurs depending on the conductivity (k), thickness (Lt), and conduction

area (Ac) of the material, and the theoretical formula for an ideal plane wall having a
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thermal gradient is given as follows.

Q = kAc
T1 − T2

Lt
. (4.9)

In the case of the designed cooling chamber, heat is conducted inside in various direc-

tions, unlike a simple plane wall, so a simulation was performed using a commercial

FEM module (COMSOL Multiphysics) having the above analytic equation as the gov-

erning equation. Figure 4.19 shows the FEM simulation conditions. The additional

chamber height is h1, and the height of LN2 in the chamber is hLN2. As shown in

figure 4.16, the thermal insulator was given, and the additional insulator structure for

the thermal insulation of the chamber bottom was also considered. The temperature of

the part in contact with LN2 inside the chamber was assumed to be 77 K, and the tem-

perature of the part exposed to external air on the side of the system such as an external

surface of the thermal insulation layer and stator was assumed to be room temperature

(293 K). Also, assuming that both ends of the shaft are at room temperature (293 K),

heat intrusion from the shaft was also considered. The thermal conductivity values of

the materials used are shown in figure 4.19.

Figure 4.20: (a) Thermal load into LN2 chamber with different additional lengths, (b)

Possible operating time of LN2 chamber with different additional lengths.

Figure 4.20 (a) shows the calculated thermal intrusion value by changing h1 and

89



hLN2 . When h1 was given as 5 cm, 10 cm, 15 cm, and 20 cm, the amount of heat

intrusion was calculated, respectively. First, the overall heat intrusion ranged around

several hundred watts, and it was found to be much more dominant compared to the

AC loss of the racetrack coil. Also, even with the same h1, the amount of heat intrusion

changed according to hLN2 . Using the previously obtained total vaporization heat of

LN2, the LN2 surface level according to the operation time was calculated as shown

in figure 4.20 (b). When the additional length was 5 cm, 10 cm, 15 cm, and 20 cm,

respectively, the operable time per one LN2 charge was 4.78, 11.3, 18.0, and 24.4

minutes, respectively. In this study, an additional length of 15 cm was determined as

the final chamber design with the goal of operation for more than 15 minutes.

Rotating Inertia Change Estimation due to LN2

Figure 4.21: Rotating inertia calculation in different cases. (a) Without LN2, (b) Fully

filled with LN2, (c) Half filled with LN2, and (d) Rotated after half filled with LN2.

In the case of the rotor with the LN2, since LN2 rotates together in the chamber,

the rotating inertia of the rotor may be changed by the amount of LN2 filled and the
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fluid movement inside the chamber. In order to estimate the change in mechanical

properties, as shown in figure 4.21, four situations in which LN2 is contained in the

chamber were set, and the difference in rotational inertia was estimated and compared.

(a) is a situation in which no LN2 is in the chamber, so the rotating inertia is the

smallest, (b) is a situation in which LN2 is fully filled, so the rotating inertia is the

largest. (c) and (d) are to compare the difference of rotating inertia in the internal

movement of LN2 although the same amount of LN2 is filled. (c) is a case in which

LN2 is maintaining its surface parallel to the ground in a stationary situation, and (d)

is a case in which LN2 is being received centrifugal force during rotation and pushed

out to the inner wall of the chamber.

In the case of rotating inertia of the designed rotor except for LN2 (case (a)), it was

calculated using a commercial tool (SOLIDWORKS) based on the CAD drawing, and

the value was 0.111 kg·m2. The rotating inertia due to LN2 can be calculated by the

following equation assuming that LN2 exists axis-symmetrically in the rotor.

Jr =

∫
r2 dm =

∫
r2ρm dV, (4.10)

dV =z(r)2πr dr, (4.11)

Jr =2πρm

∫
r3z(r) dr. (4.12)

In the above equations, Jr is the rotating inertia, r is the distance from the axis center,

m, ρm, and V are mass, mass density, and volume. The calculation was performed

considering the height of LN2 that changes according to r by using the variable z(r).

In case (b) and (c), z(r) was calculated by giving r1 = 1.9 cm, r2 = 7.5 cm, h1 = 15

cm and h2 = 7.5 cm, respectively, and as the density of LN2, ρLN2 = 808 kg/m3 was

used [83]. In (d), the height of LN2 surface is given as z(r) = ω2
rr

2

2g + h1 −
ω2
rr

2
2

4g [95],

where g is the gravity acceleration constant (9.8 m/s2). The value of ωr was assumed

to be 300 rpm.

Table 4.9 summarizes the calculation results of rotating inertia in (a)–(d). Com-

paring the four results, the maximum possible change in the rotating inertia due to
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Table 4.9: Rotating Inertia of the Rotor with LN2

Cases Rotating Inertia Increment due to LN2

Case (a) 0.111 kg·m2 -

Case (b) 0.118 kg·m2 6.86%

Case (c) 0.116 kg·m2 4.33%

Case (d) 0.118 kg·m2 6.06%

LN2 was 6.86%, but, the expected change by LN2 movement after filling LN2 was

<2%. Therefore, it was expected that the mechanical properties change according to

the movement of LN2 in the chamber would not be critical.

4.2.3 Conceptual Design of Dynamo Test System with LN2 Cooling

The overall configuration of the dynamo system was designed considering the design

of the test motor using the LN2 dunk cooling. Key considerations are as follows: 1)

whether to configure the dynamo test system as a system with an axial axis or a system

with a horizontal axis, and 2) how to configure the arrangement of additional system

components for the experiment.

In general, commercial dynamo systems are constructed to have a horizontal axis,

but in the case of a dynamo system for superconducting motors with a cooling system

including LN2, considering the easy application of the LN2 cooling chamber, the axial

type dynamo is sometimes considered as shown in figure 4.22 [96–98]. In this study as

well, LN2 dunk cooling is used, so an axial dynamo system was constructed, and the

initial concept design was performed in a way that each component was placed inside

the supporting frame as shown in figure 4.23.

Besides the designed superconducting motor and cooling chamber, as additional

components need to be included in the dynamo system for experiments, it is necessary

to arrange the slip-ring, bearing, shaft coupling, torque sensor, and load motor. In this
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Figure 4.22: Axial dynamo system examples. (a) Experimental system with LN2 cool-

ing and cryocooler [96], (b) Experimental setting using LN2 cryostat [97].

Figure 4.23: Concept design of axial dynamo test system.
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system, these components are arranged as shown in figure 4.23 to avoid bearing friction

caused by low temperature and to easily connect the power and signal lines.
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Chapter 5

CONSTRUCTION OF TEST MACHINE AND EXPER-

IMENT SYSTEM

This chapter describes the construction of a test machine and experimental system for

NI applicability investigation. Based on the results of the design and analysis in the pre-

vious chapter, NI HTS racetracks to be applied as field winding were first wound, and

test machine assembly and test system construction were sequentially performed. The

results of the performance inspection of the NI HTS racetrack coil and rotor assem-

bly performed during the manufacturing process and the results of the heat intrusion

estimation test of the LN2 chamber were included.

5.1 Fabrication of NI HTS Racetrack Coils

5.1.1 NI HTS Single Pancake Racetrack Coil Winding

Superconductor coil winding methods can be divided into layer winding and pancake

winding. In the case of conductors having circular shapes like NbTi and MgB2 strands,

layer winding has been commonly used. Meanwhile, in the case of a tape-shaped con-

ductor like REBCO coated conductor, pancake winding is applied in general due to 1)

easy modularization between coils, 2) high winding factor, and 3) prevention of local
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mechanical damage in a conductor during the winding process.

Figure 5.1: Winding machine for NI HTS racetrack coil winding.

There are few cases for layer wound no-insulation coils [42, 99], but the NI coil is

typically wound based on the pancake winding method [35–41, 43, 44]. In the wind-

ing process, to manufacture it to have the performance as designed, precise alignment

of each turn with the proper winding tension is required. For successful winding, de-

pending on the shape of the coil to be wound, various winding machines have been

manufactured and used for coil winding [16,100,101]. A configuration of the winding

machine used in this study is shown in figure 5.1. The coil bobbin and the alignment

jig are mounted on the center of the machine. REBCO coated conductor spool to be

wound is fixed to the axis of the tension motors located on the bottom left and bottom

right. Winding tension applied by the tension motor is controlled with tension sensors

located on the top left and top right.

Four racetrack coils with the specification designed in section 4.1 were wound

using the winding machine. Considering a potential delamination problem [89], coils
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Figure 5.2: (a) Copper winding bobbin, (b) Winding process, (c) Fixation of the last

turn, and (d) Four 80-turn REBCO racetrack coils.

were wound as dry-wound coils without impregnation. Figure 5.2 (a)–(c) shows the

overall winding process. For winding, a SuNAM’s REBCO coated conductor with 4.1

mm width and 140 um thickness was used, and the self-field Ic provided by the man-

ufacturer was 200 A on average. With a copper racetrack coil bobbin, 80 turns of four

coils are wound with the winding machine. At the beginning and the end of the wind-

ing, REBCO coated conductor is fixed by soldering (figure 5.2(a) and (c)). Considering

electrical connection to adjacent pole through copper bobbin, superconductor layer of

REBCO conductor was set to be faced the copper bobbin. During the winding, con-

stant winding tension of 3 kgf is applied [51]. Figure 5.2 (d) shows fabricated four NI

HTS racetrack coils.

5.1.2 Performance Inspection of Wound NI HTS Racetrack Coils

To inspect the performance of each wound NI HTS racetrack coil, the coils were tested

individually at 77 K in an LN2 bath. In the inspection process, as shown in figure 5.3,

a test jig that can fix the straight part of the racetrack coils was fabricated and then

charging-discharging tests were performed while fixing the straight part. This test jig

is to prevent the characteristic change that might be induced from the movement of the

straight part of the coil during charging, identified in section 4.2.1. In the experiment,
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Figure 5.3: NI HTS racetrack coil attached to test jig for LN2 test.

the power supply current, the terminal voltage of the coil, and the magnetic field at

the coil center were measured. The power supply current was measured using a shunt

resistance (WYSH-500), while the magnetic field a Hall sensor (Lakeshore HGCT-

3020). As a power supply and a data acquisition system, Mercury iPS model of Oxford

instruments and SCXI-1125 model of National instruments were used, respectively.

Figure 5.4 shows the charging-discharging test results of each racetrack coil. The

black line with square markers represents the terminal voltage of the coil, the red line

with circle markers is the power supply current, and the blue line with triangle markers

is the magnetic field at the coil center. During the tests, the power supply current was

ramped up to 66.2 A with 0.2 A/s. Test results were reversely calculated with the

lumped parameter circuit model introduced in section 3.2, and coil inductance (L),

charging time constant (τ ), characteristic resistance (Rc), and field constant (K) were

derived, respectively. The average value of contact resistivity (Rct) was also obtained

by using equation (3.11). Parameters of the tested racetrack coils were obtained as

shown in table 5.1.

In the case of L and K, the difference between simulation and experiment was

within 5%. However, in the case of Rct, although the NI HTS racetrack coils were

wound in the same way, different values of Rct were experimentally derived between
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Figure 5.4: Charging-discharging test results at 77 K in LN2 as performance inspection

on (a) Coil 1–(d) Coil 4.
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coils. This is a phenomenon often reported in magnets with multiple NI coils [79, 80].

In this study, in that the difference in NI response due to Rct can also be compared

experimentally, the fabrication process was carried out without rewinding.

Figure 5.5: Over-current test results at 77 K in LN2 as performance inspection on (a)

Coil 1–(d) Coil 4.

Figure 5.5 shows the over-current test results of each racetrack coil. In this case, the

power supply current was ramped up with a ramping rate of 0.2 A/s to >100 A, which

is larger than the estimated critical current of 94.6 A. To estimate the coil’s critical

current (Ic), again, test results were reversely calculated with the lumped parameter

circuit model with 1 µV/cm criterion and index value (n) of 20. Estimated Ic values

of four coils through reverse calculation were in a range of 90.5–93.8 A, it shows up

to a 5% difference from the simulation value. Considering the current margin in the
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design of 30%, it was judged that it would be operated without any major problems at

the target operating current.

Table 5.1: Coil Parameters from Individual LN2 Test

Parameters Sim. Coil1 Coil2 Coil3 Coil4

Inductance, L [mH] 2.05 2.01 2.01 2.01 2.01

Characteristic resistance, Rc [µΩ] 34.2 33.2 21.0 24.4 22.7

Contact resistivity, Rct [µΩ·cm2] 10 ∼9.5 ∼6 ∼7 ∼6.5

Charging time constant, τ [sec] 59.9 60.6 95.9 82.2 88.6

Field constant at center, K [mT/A] 0.994 0.960 0.955 0.960 0.947

Critical current (1 µV/cm), Ic [A] 94.6 91.0 93.8 90.5 93.6

5.2 Construction of Test Machine with Wound NI HTS Race-

track Coils

The wound NI HTS racetrack coils were assembled with the other rotor components

and a 4-pole rotor assembly was finally constructed. Figure 5.6 shows pictures of com-

ponents fabricated for assembly and pictures of the completed rotor. The components

except racetrack coils are largely composed of 1) a G10-FRP rotor body fixed to the

rotating shaft, 2) aluminum support covers that mechanically fix and protect racetrack

coils, and 3) copper connector blocks that are used as current lead and electrical con-

nector between each coil. More details on each component are introduced in section

4.2.1.

During the assembly process, in the contact between the racetrack coil and the

support structures, thermal grease was applied to the contact surface for better con-

duction heat transfer through support structures. In the case of electrical connections

between each pole, the superconductor surface of the REBCO coated conductor faces
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Figure 5.6: Pictures of the rotor components and assembled rotor.

the copper connector block to minimize electrical resistance between coils. Also, in-

dium sheets were inserted in electrical connections for the same purpose. The inner

diameter of the assembled rotor was 38 mm, the outer diameter was 140 mm, the axial

length was 300 mm, and the total weight was 12.5 kg.

To confirm the performance of the assembled rotor and the electrical resistance at

each connection between coils, the rotor assembly was tested again at 77 K in an LN2

bath. Figure 5.7 shows the charging-discharging test result of the rotor assembly. The

power supply current was ramped up to 60 A with 0.1 A/s. The terminal voltage of each

coil and the voltage between coils were measured. The resistance values between each

coil are 1.25 µΩ, 6.28 µΩ, and 1.92 µΩ (figure 5.7 (d)), which are much larger than the

resistance value of each copper connector calculated through simulation (0.0975 µΩ,

3.67 µΩ, and 0.0975 µΩ). This is thought to be because the contact resistance between

electrical connections was more dominant than the resistance of copper connectors,

and the average value of the contact resistance was calculated as 0.939 µΩ. However,

additional heat due to contact resistances at the rated current was 24.5 mW in the entire

rotor, which was not critical compared to the heat intrusion estimated in the simulation

(section 4.2.2).
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Figure 5.7: Charging test results of the rotor. (a) Power supply current, (b) Terminal

voltage of the rotor, (c) Coil voltages, and (d) Voltage of connection between the coils.
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Figure 5.8: Picture of (a) a non-superconducting stator and (b) an LN2 chamber.

After the charging test of the rotor assembly, the rotor was coupled to the manufac-

tured LN2 chamber (figure 5.8 (b)). To minimize heat intrusion to the LN2 chamber,

the external surface of the LN2 chamber was enclosed by a 1 mm thick polyethylene

thermal insulator as designed in section 4.2.2. In order to identify heat intrusion of the

chamber through the experiment, LN2 was fully filled in the chamber, and the time

taken for LN2 evaporation was measured using temperature sensors (Lakeshore DT-

670) inside the chamber (figure 5.9). As shown in figure 5.9 (b), when the temperature

sensor is located below the surface of filled LN2, the temperature is maintained at 77

K, but when exposed above LN2, it rises to >77 K. One temperature sensor was in-

stalled in the axis at 3 cm above from the upper surface of the rotor, and other two

sensors were installed at the midpoint of the rotor. After filling the chamber with LN2,

the time taken to evaporate 12 cm of LN2 was about 19.7 min, and the time taken to

evaporate LN2 to the midpoint of the rotor was about 33 min. Calculating the average

heat intrusion through this, it was about 266 W on average, and it was estimated that

about 25 min is taken before the upper surface of the rotor is exposed. This showed a

difference of about 7 min from the simulation result in section 4.2.2. The error with

the simulation is analyzed to be due to the conservative boundary condition in the sim-

ulation, which is that the external surface temperature is assumed to be 300 K in the
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Figure 5.9: LN2 surface level change measurement using temperature sensors. (a) Lo-

cation of temperature sensors, (b) Temperatures during warm-up process.

simulation. However, in the actual experiment, the evaporated N2 gas further cooled

the surroundings of the chamber, so the temperature difference with the outside was

relatively small. This cooling by N2 gas was also identified in the experimental process

performed in chapter 6.

5.3 Experiment System Construction

5.3.1 Construction of Axial Type Dynamo Test System

For the applicability experiment of the manufactured superconducting test machine, a

customized dynamo test system was constructed. To use LN2 dunk cooling, the overall

dynamo system is constructed to have an axial axis. To configure the dynamo system,

the following components were considered and arranged:

• Slip-ring: for current charging and signal measurement of the rotating NI HTS

field winding, a slip-ring was placed just above the test motor and used.

• Load motor: for the back electromotive force measurement test and the torque

measurement test of the test motor, a load motor capable of externally providing
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the rotational speed and load was used.

• Torque and speed sensor: to measure the torque and rotating speed of the sys-

tem, a torque and speed sensor was placed between the test motor and the load

motor and used.

• Encoder: to control the starting and rotational speed of the test motor designed

as a synchronous motor, an encoder was connected to the bottom of the test

motor and used.

Figure 5.10: Overview of dynamo test system. (a) 2D CAD drawing of the dynamo

system for LN2-cooled test motor, (b) A picture of assembled dynamo system.

The final 2D CAD design of the dynamo system is shown in figure 5.10 (a). Figure

5.10 (b) shows the actual dynamo test system finally constructed.

In this system, the distance between the bottom bearing and the top bearing was

increased to 90.3 cm due to the length of the cooling chamber and the slip-ring. This

long distance led to a rather large axis eccentricity of about 1 mm in the process of

assembling the system, and the effect of eccentricity was confirmed in actual exper-
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iments. Considering that the shaft diameter of 38 mm and the bearing tolerance is at

the level of 30 µm [102], in terms of the absolute size of eccentricity, this is a level

that cannot be accepted for actual motor construction and operation. However, in this

study to investigate NI applicability, the size of the air-gap was set to 15 mm, and the

relative eccentricity was 6.67%. Therefore, it was judged that the effect of the presence

or absence of axis eccentricity on the characteristics of the entire motor would not be

significant, so the tests were performed. In the actual test, in order to reduce the icing

of the test motor surface and to reduce convection heat transfer, temporary walls were

additionally built to minimize air circulation around the motor.

5.3.2 Power Supply, Motor Drive System, and Measurement Instruments

This section introduces the power supply, motor drive, and measurement instruments

used in the actual experiment. For excitation of the superconductor field winding, Mer-

cury iPS current supply from Oxford Instruments was used (figure 5.11 (a)). The ro-

tating field winding was excited through a slip-ring, and a commercial product was

purchased and used (COVIS CSH038).

Figure 5.11: Power supply and motor drive system for the test. (a) Current supply, (b)

general-purpose inverter, (c) load motor, and (d) inverter for load motor.

Since the designed test motor is a synchronous motor, a drive system capable of

starting of synchronous motor should be established for the characteristic test. As a
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starting method of a synchronous motor, there are 1) starting using a low-speed fre-

quency, 2) starting by an external prime mover, and 3) starting by a damper wind-

ing [9]. In this study, an inverter coupled with an encoder was used to facilitate mo-

tor start-up and speed control, and therefore the starting was performed by gradu-

ally increasing the frequency from low speed. A commercial general-purpose inverter

(YASKAWA A1000) having synchronous motor operation mode was used for oper-

ation (figure 5.11 (b)), and a line-drive type encoder (Autonics E40H12-5000-6-L-5)

was coupled with the inverter. The encoder was attached to the encoder shaft located

at the bottom of the dynamo test system.

As a load motor, a commercial servo motor system (LS APM-FF30AMK1) was

used (figure 5.11 (c) and (d)). The rated capacity of the servo motor is 3 kW at 3000

rpm, and since the test motor operated at a relatively low speed, a 1:6 geared speed

reducer is used by coupling with the servo motor for a higher load (>10 Nm).

Figure 5.12: Instrumentation for the test: (a) power analyzer, (b) oscilloscope, (c)

torque and speed sensor, (d) data acquisition system, and (e) temperature monitor.

Figure 5.12 shows measurement instruments in the test. For the 3-phase current and
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voltage measurement of the test motor, a power analyzer (YOKOGAWA WT500) and

oscilloscope (Keysight DSOX1204A) were used (figure 5.12 (a) and (b)). Figure 5.12

(c) shows the torque and speed meter (CAS-20KM) for the test. For NI HTS racetrack

coils’ operating current and voltage measurement, National Instruments’ SCXI 1125

data acquisition system was used (figure 5.12 (d)). For measurement of temperatures

in the chamber, a temperature monitor (Lakeshore 224) shown in figure 5.12 (e) was

used with a silicon diode and platinum temperature sensors (Lakeshore DT-670 and

PT-100).

Figure 5.13 shows a picture of the overall test system prepared for the test. During

the experiment, each instrument was connected to a computer and the motor status was

monitored in real-time.

Figure 5.13: A picture of the overall test system.
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Chapter 6

EXPERIMENTAL STUDY ON APPLICABILITY OF

NI HTS FIELD WINDING TO SUPERCONDUCTING

MOTOR

This chapter presents the experimental study on the applicability of the NI technique to

the superconducting motor based on the constructed test machine and experiment sys-

tem, and the major findings are summarized. By analyzing the equivalent circuit model

of the NI HTS motor presented above, the NI behaviors expected in motor operation

were derived, and experiments were prepared to confirm them. For the systematic anal-

ysis, 1) interaction with stator winding is investigated under the stationary situation,

and then the test motor was tested 2) in steady-state situations and 3) in transient situ-

ations, respectively. First, d-axis current and q-axis current were applied to the stator

winding under stationary conditions, respectively, and the response displayed on the

NI HTS field winding was analyzed. In the case of steady-state operation, for system-

atic analysis of the response of the NI HTS field winding, test runs were conducted at

various operating points including the target operating point determined in the design

process. Is cases of transient operation, the responses of the motor under the accelera-

tion situation and the situation in which external load was suddenly applied were an-

alyzed. Numerical simulations were also performed on each experimental result with
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the suggested analysis method, through this, the response characteristics of the NI HTS

motor were analyzed, and practical issues identified in the tests when applying NI HTS

field winding in actual operation were discussed.

6.1 Overview on Tests: Key Questions, Test Plans, and Test

Procedure

6.1.1 Theoretical Expectations Based on Suggested Analysis Model

Figure 6.1: Another form of the equivalent circuit of NI HTS test motor in d-axis.

For understanding the concept of the response of NI HTS field winding under mo-

tor operation, here, the voltage characteristics were analyzed based on the proposed

equivalent circuit first. Figure 6.1 shows another form of the equivalent circuit for the

NI HTS motor (figure 3.7) on d-axis. For a better explanation, the previously suggested

equivalent circuit is expressed with a mutual inductance instead of a T -equivalent cir-

cuit form. In figure 6.1, Vf , Vda, If , Ir, Iθ, and Ida mean voltage of field winding,

voltage of armature winding in d-axis, power supply current of the field winding, leak

current of NI HTS field winding, and azimuthal current of NI HTS field winding, re-

spectively. Lf , Ld, and Mfd are inductance of field winding, inductance of armature

winding in d-axis, and mutual inductance between field and armature winding. Rc, Rθ,
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and Ra are characteristic resistance, resistance of superconductor, and resistance of ar-

mature winding, respectively. Based on the equivalent circuit, The voltage of the field

winding (Vf ) can be expressed as follows when the flux linkage of the field winding is

given as λf = LfIθ +MfdIda.

Vf =Lf
dλf

dt
+RθIθ, (6.1)

=Lf
dIθ
dt

+Mfd
dIda
dt

+ Iθ
dLf

dt
+ Ida

dMfd

dt
+RθIθ, (6.2)

Vf =RcIr, (6.3)

If =Iθ + Ir. (6.4)

Equations (6.2)–(6.4) represent the expected voltage response from the NI HTS field

winding. There are terms that make different voltage responses from the previous sta-

tionary stand-alone NI HTS magnet. In the NI HTS magnet, there is no mutual in-

ductance term (Mfd = 0), and there is no change in inductance according to rotation

(dLf/dt = 0), therefore, equation (6.2) is simply arranged as Vf = Lf
dIθ
dt + RθIθ.

However, in the case of a field winding in a motor, all of the above additional condi-

tions need to be considered, so the equation is given as equation (6.2).

6.1.2 Test Plans and Overall Test Procedure

Test Plans

The circuit analysis shows that there are two main additional considerations in motor

operation: 1) the interaction with the armature current (Mfd
dIda
dt ), and 2) the change

in inductance due to the rotary operation (Iθ
dLf

dt , Ida
dMfd

dt ). In order to investigate

effectively, the following three tests were planned in this study.

• Test 1 - stationary operation: in the situation where the motor does not rotate,

after charging the field winding, the response of the NI HTS field winding is

measured by applying Ida and Iqa from the armature winding. This is a test to
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confirm the effect of the Mfd
dIda
dt term under the condition of no inductance

variation.

• Test 2 - steady-state operation: after charging the field winding, the response

of the motor and the NI HTS field winding is measured at a constant speed

and a constant load. Through this test, the effect of the inductance variation is

investigated under the condition that the armature current is zero or constant.

• Test 3 - transient operation: finally, as a test in which the conditions of test

1 and test 2 appear together, the response in transient operation is investigated.

The purpose of this study was to confirm the response characteristics that ap-

pear in transient driving situations that are commonly seen in motors such as

acceleration and load fluctuations.

On the other hand, in the case of NI, since equations (6.3) and (6.4) must be satisfied

at the same time, it is clear that the result will be different from that of the insulated

(INS) counterpart, which only needs to satisfy equation (6.2). Therefore, a simulation

of the INS counterpart considering the experimental conditions was performed and the

results were compared.

Overall Test Procedure

The overall experiment was performed in the following order: 1) cool-down, 2) field

winding charging, 3) motor operation, 4) field winding discharging, and 5) warm-

up. Figure 6.2 shows an example of the overall test procedure (the test performed on

01/27/2022) for the tests. In figure 6.2, (a) shows the temperature measurements at the

rotor and the stator, (b) shows the power supply current for the NI HTS field winding,

and (c) shows each voltage of the NI HTS racetrack coil during the test, respectively.

First, a sufficient cool-down process of the superconducting rotor was performed for

more than an hour by pouring LN2 into the cryogenic chamber (figure 6.2 (a)). After

that, the NI HTS field winding was excited to the operating current to be tested by the
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Figure 6.2: An example of the overall test procedure. (a) temperature measurements,

(b) power supply current for the field winding, and (c) voltage of each field coil.
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current source (figure 6.2 (b)). When their voltage is saturated, with the inverter and

dynamo test system, several operation tests are performed under various conditions

by changing field winding current (If ), rotating speed (ωr), and mechanical load (TL)

(figure 6.2 (c)). The motor is started by slowly increasing the rotating frequency using

the inverter and the coupled encoder. During the test procedure, an LN2 refill was per-

formed intermediately to maintain the cryogenic temperature of the rotor. In the case of

the stator, additional cooling was observed by N2 gas evaporating from the rotor, and

its temperature was maintained below 275 K during operation (figure 6.2 (a)). After

all necessary tests were performed, NI HTS field winding was fully discharged and a

system warm-up was performed. In the case of the warm-up process, it was carried out

at room temperature for more than 2 days, so that no water vapor condensing remains

inside the rotor.

6.2 Test 1: Interaction Between Stator Winding and NI HTS

Field Winding

First, when the motor is stationary and the stator winding current is applied, the re-

sponse of the motor through the interaction between the NI HTS field winding and

the stator winding was investigated through experiments. After charging the rotor to

the target operating current, the test was performed by locking the test motor using

the load motor so that it does not move. After applying the stator current on d-axis

and q-axis separately using a DC power supply, the NI HTS field winding and torque

responses were observed, and the characteristics were analyzed.

6.2.1 Experiment Scenarios, Results, and Key Findings

Operation Scenarios

• 1) Response on Ida under stationary condition: to analyze the response char-

acteristics by the stator current, first, the response that appears when the stator
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winding current is applied in d-axis is tested. During the test, the test motor was

fixed using the position control of the load motor so that the rotor did not move.

After charging the NI HTS field winding to 60 A, the voltage of the field wind-

ing and generated torque were measured when Ida of 24 A was applied using a

DC power supply.

• 2) Response on Iqa under stationary condition: next, the response charac-

teristics that appear when Iqa is applied to the stator winding were checked.

Similarly, after charging the NI HTS field winding to 60 A, the rotor was fixed

so that it did not move, and then the voltage of the field winding and generated

torque were measured when Iqa of 24 A was applied using a DC power supply.

Test Result Applying Armature Current in d-axis

Figure 6.3: Test of NI HTS motor response on Ida. (a) Applied Ida and Iqa, (b) Power

supply current for field winding, (c) Field coil voltages, and (d) Torque.
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Figure 6.3 shows responses of the test machine when Ida is applied by 24 A and

Iqa is maintained at 0 A (figure 6.3 (a)), when the current of NI HTS field winding is 60

A (figure 6.3 (b)). In the actual experiment, a voltage was applied to the three-phase

stator winding using a DC power supply, then measured three-phase currents were

converted to the dq-axis to check whether the d-axis and q-axis current were properly

applied. Figure 6.3 (c) shows the voltage of coil 1–coil 4, and figure 6.3 (d) shows

the measured torque by the torque sensor. The experimental results show a similar

tendency to the simulation results presented in “Analysis on Interaction with Stator

Winding” in section 4.1.3. As Ida was applied, the voltage was induced in the field

winding, and it was found that it decreased gradually according to the rate of individual

charging time constant values. This result shows that leak currents have occurred in the

NI HTS field winding. Also, it was confirmed that the induced voltages were different

depending on the contact resistivity of each coil. In the case of torque, no distinct value

was measured, implying that the current was well applied in the d-axis direction.

Test Result Applying Armature Current in q-axis

Next, under the same condition, instead of Ida, Iqa was instantaneously applied by 24

A through the DC power supply (figure 4.6 (a)). A slight voltage spike was observed

in the field coils, but compared to the Ida case, the magnitude was negligible, and the

voltage saturation tendency was not observed. On the other hand, in the case of torque,

it was possible to measure a torque proportional to the value of Iqa through the torque

sensor without any problems such as leakage current.

Key Findings in Stationary Operation

The key findings in stationary operation are summarized as follows.

• Key finding 1: it was experimentally confirmed that the response of NI HTS

field winding and torque differed according to the direction of the current flow-
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Figure 6.4: Test of NI HTS motor response on Iqa. (a) Applied Ida and Iqa, (b) Power

supply current for field winding, (c) Field coil voltages, and (d) Torque.
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ing through the stator. In the case of d-axis current, contributing to the rotor flux,

its variation creates a leak current in the NI HTS field winding at the same time.

• Key finding 2: even if the q-axis current flows in the stator winding, the NI HTS

field winding is almost unaffected, and it is confirmed that torque is generated

like an insulated counterpart without leakage current.

6.2.2 Detailed Analysis on Response of NI HTS Field Winding

The responses observed through the test are the results consistent with the FEM simu-

lation results expected in section 4.1.3 and can be explained through the circuit analysis

suggested in this chapter. In the circuit equation of the previous NI HTS field winding,

by canceling the component due to inductance variation, the following equations can

be applied for this test is given.

Vf =Lf
dIθ
dt

+Mfd
dIda
dt

+RθIθ, (6.5)

Vf =RcIr, (6.6)

If =Iθ + Ir. (6.7)

Basically, it can be expected through the circuit equation that the response of NI HTS

field winding is affected by a change of Ida, but not by Iqa, and such results have been

shown in simulations and experiments. In addition, the result that Iqa contributing to

torque generation does not affect the leak current suggests that torque control of a

superconducting motor to which NI HTS field winding is applied is possible without

problems.

Finally, considering the actual experimental conditions including the difference in

contact resistivity (Rct) for each coil, the same simulation performed in section 4.1.3

was performed again, and the results were compared with the experimental results.

Figure 6.5 (a) and (b) show the simulated voltage of the NI HTS field winding and

torque when Ida is applied, and (c) and (d) are the simulation results when Iqa is
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Figure 6.5: Comparison between simulation and experiment of stationary tests. (a)

Field coil voltages induced by Ida, (b) Torque induced by Ida, (c) Field coil voltages

induced by Iqa, (d) Torque induced by Iqa.
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applied. Although the peak value of the voltages induced in the NI HTS field winding

is slightly different, the difference in voltage magnitude according to the difference

in Rct in the test was well reproduced in the simulation. Also, it was found that the

presence or absence of torque according to the presence or absence of Iqa was well

interpreted.

In the case of the analysis of the difference between NI and INS, the obtained trend

was exactly the same as the simulation performed in section 4.1.3, so it was not added

to this section.

6.3 Test 2: Steady-state Operation Characteristics of NI HTS

Test Machine

Next, the NI HTS test motor was operated under various steady-state operation condi-

tions. Here, the “steady-state” is defined as a situation in which measurement signals

of rotating speed (ωr), torque (Te), phase voltage of armature winding (Va), line cur-

rent of armature winding (Ia), and NI HTS coil’s voltage (Vf ) are saturated. Since

Ia is saturated, as a result, the response characteristics according to the inductance

variation can be observed. Including the operation test at the target operating point,

experiments were conducted at various operating points to systematically analyze the

characteristics.

6.3.1 Selected Experiment Results and Key Findings

Tested Operation Points for Steady-state Operation

• 1) Back EMF measurement tests: as a systematic analysis of motor perfor-

mance and NI behavior, the back EMF of the motor was measured at different

operating points. Changing ωr from 60 to 300 rpm, and If from 15 to 66.2 A,

the back EMF and the voltage response of NI HTS racetrack coils were mea-

sured. Through the back EMF test, the response of the NI HTS field winding in
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the absence of armature current (Ia) was investigated.

• 2) Additional load operation tests: finally, by performing the test changing the

external load, the influence from the constant Ia was examined. At the same

speed (ωr = 120 rpm) and the same field winding current (If = 60 A), the me-

chanical load was applied at 0(no-load), 2, 4, and 6 Nm.

• 3) Test at target operating point: at the target operating point (If = 66.2 A, ωr

= 300 rpm, and Te = 15.9 Nm), the performance of the motor with NI HTS field

winding was investigated. This test was carried out for the purpose of checking

whether it works well without serious problems due to NI behavior at the design

point.

Steady-state Operation 1: Back EMF Measurement Tests

First, back EMF was measured at various operating points and the results were inves-

tigated. Figure 6.6 (a) shows the magnitude of the back EMF according to rotating

speed (ωr) and current of field winding (If ). Back EMF is proportional to the change

in flux linkage of the stator winding, so before the iron core of the stator is saturated,

the back EMF increases in proportion to If and ωr in principle. This trend was well

observed in the experiment. Overall, experiment results showed about 8.90% higher

value than the simulation results. The difference between the simulations and the ex-

periments seems to come from the error of end-effect estimation in the simulation.

Figure 6.6 (b) shows the back EMF waveform measured at the target current (If =

66.2 A) and rotating speed (ωr = 300 rpm). The overall waveform shape of the ex-

periment (solid lines) and simulation (dashed lines) was roughly consistent, but in the

case of the actual experiment, the fundamental component was more dominant (figure

6.6 (c)), and accordingly the RMS value also appeared larger in the experiment. Total

harmonic distortion (THD) was calculated to be 1.54% and 4.40% in the experiment

and simulation, respectively. For the NI response, voltage ripples with a specific ten-
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dency were observed. This will be discussed in a later section along with the voltage

response in other steady-state operations.

Figure 6.6: (a) Back EMF according to ωr and If , (b) Back EMF when If = 66.2 A,

ωr = 300 rpm, and (c) Harmonic analysis result when If = 66.2 A, ωr = 300 rpm.

Steady-state Operation 2: Load Operation Tests

The operation test was performed by changing the external load this time. Table. 6.1

shows comparisons of phase voltage (Va) and line current (Ia) measured at selected

operation points. When If = 60 A and ωr = 120 rpm, the test motor was operated

using the inverter with an external load of no-load, 2 Nm, 4 Nm, and 6 Nm. Even at
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no-load operation, about 1.27 Arms of line current was required. It implies that addi-

tional line current originated from mechanical friction or tuning error in a commercial

inverter. The average magnitude of the friction coefficient was estimated to be about

0.0201 Nm/(rad/s). As the size of the load increased, the relative effect of the fric-

tion decreased, and the relative portion of the armature current was induced for the

load torque increased, therefore the error between the experiment and the simulation

gradually decreased (45.8% with 2 Nm, and 22.7% with 6 Nm). In operation at the

actual target operating point, the error was 9.69%. In the case of phase voltage, the

error between simulation and experiment was around 10%, and it should decrease as

the error of line current decreases, but it was difficult to identify a clear trend in the

results of this experiment. This is thought to be because the resistance of the stator coil

changed due to cooling by N2 gas. Unfortunately, the temperature of the stator coil for

the experiments performed in table 6.1 was not measured, so the associated analysis

is not included here. The NI response with a specific trend was observed in the load

operation as in the back EMF test, and this will be discussed in together later section.

Table 6.1: Load Operation Results with If = 60 A at ωr = 120 rpm

Parameters
No-load 2 Nm 4 Nm 6 Nm

Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.

Line current 1.27 0 6.46 3.50 9.70 7.18 14.1 10.9

Phase voltage 2.46 2.27 3.30 2.83 3.82 3.43 4.53 4.02

Steady-state Operation 3: Operation at the Target Operating Point

Figure 6.7 shows the experiment result at the target operation point (If = 66.2 A, ωr

= 300 rpm, and Te = 15.9 Nm). First, the test motor accelerated to a target speed of

300 rpm, and then an external load was gradually applied to the target torque of 15.9

Nm using the load motor. Since the speed reducer was connected to the load motor
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Figure 6.7: Experiment at the target operating point.

to make the required torque, the additional mechanical load was detected due to the

friction in the speed reducer during acceleration. When mechanical values reach the

target point (ωr = 300 rpm and Te = 15.9 Nm), the RMS values of the phase voltage

and line current of the armature coil were measured through the power analyzer. As a

result, an additional line current of 3.10 Arms was identified compared to the rated line

current (28.9 Arms) in the simulation. This current difference seems to be induced by

mechanical friction and not-optimized inverter tuning. In the case of the phase voltage,

the measured value was 0.31 Vrms lower than the simulation despite the presence of an

additional line current. It seems that one of the reasons for this difference was that the

stator coil was cooled to a level of 260 K lower than room temperature by N2 gas (phase

resistance is changed from 0.121 Ω at 300 K to 0.0838 Ω at 260 K). Accordingly, the

Joule loss was decreased, and the input power at the same output torque was rather

decreased in the experiment. It needs to be noted that this is not a general situation

that occurs in superconducting motors, and it is because of the special structure of the

cooling system applied in this study. In the case of the torque ripple, it was difficult

to accurately measure the tendency with the torque sensor used in the experiment. It
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is because the peak-to-peak torque value was estimated at a small level of 0.183 Nm

in the simulation, the fluctuation of the torque due to mechanical friction or vibration

could be larger than that of the torque ripple. The tested motor was stopped after about

3 minutes of rotation at the target operating point. Critical problems by NI behavior in

operation could not be identified.

Response of NI HTS Field Winding in Steady-state Operations

Figure 6.8: NI HTS field coil voltage in steady-state experiment. (a) Voltage according

to ωr, (b) Voltage according to If , (c) Voltage of each coil, and (d) Voltage according

to the external load difference.

In the case of the steady-state response of the NI HTS field coil, periodic voltage
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ripples of several tens of µV level appeared, which were not identified in simulation

under ideal conditions (figure 4.9 in section 4.1.3). These corresponded to the current

ripple of ∼1 A based on the azimuthal current (Iθ) of NI HTS field winding, and

turn-to-turn loss of ∼240 µW. To analyze the characteristics of the periodic ripple

response, voltage ripple data were collected and compared as shown in figure 6.8.

In figure 6.8, the NI HTS field coil’s responses shown in (a)–(c) are from the back

EMF measurement tests, and (d) from the additional load tests. (a) shows the voltage

response of coil 1 with different ωr according to the period (x-axis) when If = 60 A,

and (b) is the voltage response of coil 1 with different If when ωr = 120 rpm. Through

figure 6.8 (a) and (b), it can be seen that this voltage ripple occurs in the same period

as the rotating speed ωr. And the magnitude of the ripple is proportional to If , but

there is no clear correlation with ωr. (c) shows the voltage response of coil 1–coil 4

with different contact resistance when If = 60 A and ωr = 120 rpm. This graph shows

that these ripples appear in proportion to the size of the contact resistance. Finally, (d)

shows the voltage response of coil 1 according to the size of the external load, that

is, the size of the armature current (Ia) when If and ωr are the same. Even when the

external load was increased from zero to 6 Nm, the size of the ripple did not show a

specific trend. It seems that the difference in ripple size occurred between the no-load

test and 2-6 Nm tests, but it is presumed that there is a change of Rct between these

tests, which were conducted on different dates, due to repeated charging and repeated

cooling [103]. This is further discussed in the later potential problem section (section

6.5.2).

Key Findings in Steady-state Operation

• Key finding 1: even with NI HTS field winding, the test machine did not show

any critical problems in acceleration and torque generation. However, additional

line current was induced by the friction of the test system and problems with

inverter tuning (figure 6.7).
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• Key finding 2: in the case of the response of NI HTS field winding, periodic rip-

ples appeared. The period of the fundamental component of the ripple coincided

with the mechanical rotational speed of the motor. However, the peak-to-peak

value of the ripple does not increase in proportion to the rotational speed of the

motor (figure 6.8 (a)).

• Key finding 3: as the excitation current of the NI HTS field winding increases,

the peak-to-peak value of the ripple tends to increase proportionally (figure 6.8

(b)).

• Key finding 4: there was a difference in the peak-to-peak ripple value of each

coil, and as Rct of the coil increased, the ripple size also tended to increase

(figure 6.8 (c)).

• Key finding 5: although the armature current increased, the change in the peak-

to-peak value of ripple was found to be insignificant (figure 6.8 (d)).

6.3.2 Detailed Analysis on Ripple Response of NI HTS Field Winding

In this section, the causes and characteristics of the ripple response of the NI HTS field

winding were analyzed, and the effect on the actual motor operation is discussed.

Analysis on Source of Voltage Ripple Considering Test Conditions

Looking at the experimental results, the ripple response was also shown in the back

EMF measurement experiment in which the inverter did not operate (figure. 6.8 (a)–(c)).

Considering the back EMF measurement test situation, the armature current is zero

(Ida = 0), so equation (6.2) is simplified as follows.

Vf =Lf
dIθ
dt

+ Iθ
dLf

dt
+RθIθ. (6.8)

Under ideal conditions, Rθ = 0, so it is simply arranged as Vf = Lf
dIθ
dt + Iθ

dLf

dt .

It implies dLf

dt can become the main source of identified ripple voltages. Also, the
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frequency of Vf can be given the same as the frequency of Lf . In an NI HTS field

winding, equations (6.3)–(6.4) are needed to be satisfied too, so equation (6.8) can be

reorganized on Vf as follows.

dVf

dt
+

1

Lf

(
dLf

dt
+Rc

)
Vf −

RcIf
Lf

dLf

dt
= 0. (6.9)

On the other hand, in the case of the insulated field winding, Vf is simply given as

equation (6.10) because Iθ = If and If is controlled to be constant by the power

supply (current source).

Vf = If
dLf

dt
. (6.10)

Equation 6.9 has a completely different form from its insulated counterpart, thus it

means that NI HTS field winding will show different behavior compared to its insu-

lated counterpart. Because the voltage equation is given as a differential equation for

Vf , it is difficult to simply determine how each parameter affects Vf . However, the fre-

quency of Vf is determined according to the frequency of Lf as well, by performing

harmonic component analysis by Fast Fourier transform (FFT) on Vf , potential sources

that generate the voltage ripple like the actual experimental results can be traced.

In figure 6.9 (d), the blue column shows the FFT result of Vf with respect to the

mechanical rotation frequency when If = 60 A and ωr = 120 rpm. The fundamental

component (28.3 µV), which coincides with the rotating speed, is most dominant over-

all, then 2nd (4.59 µV), 3rd (0.644 µV), 5th (0.310 µV), and 6th (0.280 µV) harmonic

components were followed in order. THD was 26.6%. The constructed test motor has

an air-cored rotor structure and a large air-gap, so the fluctuation of Lf is not large

enough to cause such a ripple size in analysis, and the period also does not coincide

with the rotation period (figure 4.9). Therefore, additional conditions occurring in the

experiment that could cause such inductance fluctuations were considered.

There are various sources that can generate ripples in electric machines: mag-

netic sources (slot harmonics, core saturation, etc.), mechanical sources (static & dy-

namic eccentricity, bearing, balancing, etc.), aerodynamic sources (noise from a cool-
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Figure 6.9: Simulation results considering potential ripple source. (a) Concept of static

eccentricity, (b) Self-inductance variation with 1 mm of eccentricity, (c) Voltage ripples

in experiment and simulations, and (d) FFT result of the coil voltage.
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ing duct, etc.), and electronic sources (switching harmonics) [104–106]. In that the

low-frequency components (fundamental and 2nd order harmonic) mainly occurred in

the test, the voltage response shown in this experiment is thought to be mainly induced

by mechanical reasons [106]. Therefore, the change in Lf due to “static eccentricity”

is considered to be the main cause in the simulation in that the fundamental component

consistent with the rotating speed was dominant in the voltage ripple (figure 6.9 (a)).

As explained in the previous construction process (section 5.3.1), this is thought to be

due to a manufacturing error that occurred during the system assembly process as the

spacing between the bearings supporting the test motor increased.

Figure 6.9 (b) shows the change in Lf in the conventional simulation without ec-

centricity and the simulation considering 1 mm of eccentricity. It can be confirmed

that the change in Lf coincides with the rotating speed expected through the circuit

model, and accordingly, it is possible to reproduce the overall shape of the voltage

ripple shown in the experiment as shown in figure 6.9 (c). In figure 6.9 (d), simulation

results and experimental results are compared through FFT. It was confirmed that the

trend in which the fundamental component and the 2nd component appeared domi-

nant was consistent with the experiment, and the 3rd, 5th, and 6th components also

appeared as experiments.

As expected from equation (6.2), when Ida is taken into account, the behavior of

the NI HTS field coil is predicted to be more complex. However, as can be seen in

figure 6.8 (d), the effect of Ida in steady-state tests was rather insignificant. This is

presumed to be due to the following reasons: 1) since it is steady-state, dIda
dt = 0, and

2) Ida is basically controlled to be zero in ideal for maximum torque generation in the

air-cored motor.

Comparison between Experiment and Simulation

Although this eccentricity originates from the mechanical error of the experimental

system, it affects the electromagnetic parameter (figure 6.9 (b)), which indicates that
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it affects the NI response. When eccentricity was considered as a ripple source, sim-

ulations with the suggested analysis model were performed to confirm whether the

same trends as the key findings identified in figure 6.8 appeared. The magnitude of

eccentricity was determined to be 1 mm, by finding the point that coincided with the

peak voltage of Vf , and the relative eccentricity (= eccentricity displacement/magnetic

air-gap) was 6.67% [107].

Figure 6.10: NI HTS field coil voltage in simulation considering eccentricity. (a) Volt-

age according to ωr, (b) Voltage according to If , (c) Voltage of each coil, and (d)

Voltage according to the external load difference.

Figure 6.10 shows the NI HTS field coil voltage in simulation considering eccen-

tricity. As in figure 6.8, (a) shows Vf of coil 1 according to ωr, (b) shows Vf of coil
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1 according to If , (c) shows Vf for each coil, and (d) shows Vf of coil 1 according

to external load difference. Simulations considering eccentricity could reproduce the

experiment results overall. In (a), the periodic ripple frequency consistent with the me-

chanical rotation frequency and the trend of the ripple magnitude could be confirmed

as in the experiment (key finding 2). In (b), it was confirmed that the peak-to-peak

magnitude of the ripple increased as the excitation current increased (key finding 3). In

(c), it was possible to confirm the difference in ripple magnitude according to the Rct

(key finding 4). Finally, in (d), there was a change in ripple according to the increase

of armature current, but the difference was insignificant (key finding 5).

Comparison between NI and INS Considering Experiment Conditions

An additional simulation was conducted on what kind of response the insulated coun-

terpart would show when there is an inductance variation source such as the eccentric-

ity of the axis (figure 6.11). The first thing to note is that, in the case of NI, a ripple

signal of several tens of µV appeared, but in the case of INS, a more noisy ripple sig-

nal of several tens of mV appeared. Also, in the case of NI, there was no increase in

the ripple size according to the increase in the rotation speed, but in the case of the

INS, the ripple size also increased as the rotation speed increased (figure 6.11 (a)).

The tendency that ripple size is proportional to the field winding current was the same

in INS (figure 6.11 (b)). In the case of NI HTS field winding, a signal proportional to

the size of Rct appeared, but in the case of INS, the difference could not be confirmed

because insulation conditions were the same for all coils (figure 6.11 (c)). Finally, a

similar tendency that the ripple response did not change significantly with increasing

external load was observed also in INS (figure 6.11 (d)).

Discussion on Experiment and Simulation Results in Steady-state Operation

The experiment and analysis results indicate that ripple leak current may occur in

the NI HTS field winding due to inductance variation. Inductance variations can be
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Figure 6.11: Insulated field coil voltage in simulation considering eccentricity. (a) Volt-

age according to ωr, (b) Voltage according to If , (c) Voltage of each coil, and (d)

Voltage according to the external load difference.
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induced by practical reasons such as a manufacturing error or vibration during motor

operation. In this study, this voltage ripple was explained to some extent when the

static eccentricity was considered, but this can be a special situation for the test motor

constructed in this study. It is necessary to collect various experimental data under

different designs and experimental conditions. However, since inductance variation

can appear in electric machines in various forms, this ripple phenomenon of the NI

HTS field winding is expected to appear in any form.

6.4 Test 3: Transient Operation Characteristics of NI HTS

Test Machine

Finally, in order to comprehensively analyze the features identified in the previous

experiments, transient conditions were tested, and operation characteristics were ob-

served and analyzed. In transient operation, it is expected that the turn-to-turn leak

current of the NI HTS field winding is inevitably induced through the ideal simulation

performed in section 4.1.3. In the simulation, the magnitude of leak current and its

effect is rather insignificant, however, as in the above steady-state situation, additional

effects from the test system can be observed, so an experimental investigation is re-

quired on how much of this leak current occurs and how much of the effect on the

motor operation is in practice.

Basically, all operation situations except steady-state operation can be regarded

as transient operations and various transient operations were tested, but in this study,

the test results of the “sudden load operation,” which showed the clear NI behavior in

transient operation conditions, and analyses on them are presented.
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Figure 6.12: Tested transient operation scenario. External load is suddenly applied

during no-load operation.

6.4.1 Experiment Scenarios, Results, and Key Findings

Operation Scenario for Transient Operation

Figure 6.12 shows the selected transient operation scenario in this study. In order to

examine the transient characteristics, the situation when a sudden external load of 6

Nm was applied in the situation of driving at a constant speed (120 rpm) with no-load

was tested (figure 6.12). It needs to be noted that for speed control of the test motor, a

commercial inverter was used with the encoder (figure 5.11). The correction factor of

motor position estimation through the encoder is manually tuned to prevent potential

damage to the system from the inverter’s auto-tuning process. PI feedback control is

used for speed control of the motor, and as feedback gains of P and I, 10 and 1 sec

were used respectively, which are recommended ranges in the inverter’s manual.

Test Result of Selected Transient Operation

Figure 6.13 shows the sudden load operation test results. Figure 6.13 (a) shows the

change of the external load, the rotating speed, and RMS values of Va and Ia in the
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Figure 6.13: Sudden load experiment result. (a) Rotating speed, torque, phase voltage,

and line current, (b) Voltage response of NI HTS field winding.
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stator coil. As the external load of 6 Nm was applied, the rotational speed momentarily

decreased to about 60 rpm, but soon recovered to 120 rpm as an additional Ia was

injected. Ia increased to 14.2 Arms, and it was found that the voltage increased to 3.52

Vrms due to the resistance in the stator coil.

Figure 6.13 (b) shows Vf profile in this transient situation. It was found that the

two different types of response were combined, that is, the periodic ripple and the

leak current were observed together during transient operation. The periodic ripple,

which could be confirmed in steady-state operation, again appeared because the same

manufacturing error exists in the system. The leak current seems to be occurred along

with the rapid increment of the d-axis stator current (dIdadt ), and it can be seen that Vf

saturation occurs. The maximum difference in Iθ was estimated to be +7.65 A based

on coil 1. It was found that the generated leak current gradually decreased according

to the time constant of each NI HTS racetrack coil.

Key Findings in Transient Operation

The key findings in transient operation are summarized as follows.

• Key finding 1: the NI response combined with the leak current and periodic rip-

ple confirmed in the previous stationary test and steady-state test, respectively,

was observed.

• Key finding 2: the leak current seems to be caused by the occurrence of dIda
dt

components according to the change of Ia during acceleration or load change.

6.4.2 Detailed Analysis on Transient Behavior of NI HTS Field Winding

In the transient experiment, it was confirmed that the voltage response and leak cur-

rent of the NI HTS field winding were much larger compared to the ideal transient

simulation performed in “Transient Operation Analysis” in section 4.1.3.
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Additional Effect from Experimental Conditions

The main cause of this difference seems to be the presence or absence of a d-axis ar-

mature current (Ida) that affects the flux linkage of the NI HTS field winding identified

in the stationary test. In the simulation, armature current was controlled to be Ida = 0,

but in the actual experiment, Ida seemed to be induced by an error in inverter tun-

ing. That is, the q-axis of the rotor did not exactly coincide with the rotating magnetic

field generated by the stator coil (i.e., Ia =
√

I2da + I2qa, Ida ̸= 0). Figure 6.14 is a

schematic to roughly explain this mechanism, and shows the possible situations on NI

HTS field winding by the direction of the rotating magnetic field and the dq-axis of

the rotor.

Figure 6.14: Four possible cases of stator current control in tests.
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• Case 1) Ia = Iqa & Ida = 0: in the case of the air-cored superconducting ro-

tor constructed in this experiment, there is no saliency. In the case of a motor

with no saliency, it is common to control armature current to be Ida = 0 and to

generate only Iqa that contributes to torque generation for maximum torque out-

put. This is the case in which the rotating magnetic field by the armature current

coincides with the q-axis. As confirmed in the simulation of section 4.1.3, in

this case, Ida is generated only momentarily in a transient situation, and Ida = 0

condition is satisfied soon by feedback control. Therefore, since Ida is rarely

generated in this case, the response of the NI HTS field winding by Mfd
dIda
dt

term is relatively very small (figure 6.14 (a)).

• Case 2) Ia = Ida & Iqa = 0: contrary to Case 1, it can be assumed that

Iqa = 0 and only Ida exists. This is the case in which the direction of the mag-

netic field by the armature current coincides with the d-axis. In this case, since

the armature current contributing to the torque generation is zero and only the

armature current contributing to the flux generation in the direction of the rotor

flux exists, no torque is generated. The NI HTS field winding responds to the

magnetic field generated by the armature current (Mfd
dIda
dt ) and a leak current

generated, just like the conventional NI HTS magnet reacts to an external field.

Of course, in this case, since torque generation is zero, it is a hypothetical case

that rarely occurs in an actual motor control situation (figure 6.14 (b)).

• Case 3) Ia =
√
I2
da + I2

qa & positive Ida: a situation in which both Ida and

Iqa exist can be considered. This is the case where the rotating magnetic field

generated by Ia exists between the q-axis and d-axis of the rotor. In this case, a

change in Ida occurs in a transient situation during the motor operation process,

resulting in a leak current. In this case, since the direction of the magnetic field

generated by Ida coincides with the direction of the magnetic field generated

by the rotor, Iθ momentarily decreases as Ida increases, and Iθ instantaneously
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increases as Ida decreases (figure 6.14 (c)).

• Case 4) Ia =
√
I2
da + I2

qa & negative Ida: as in Case 3, both Ida and Iqa

exist, that is, the direction of the rotating magnetic field exists between the q-axis

and the d-axis. In this case, since the direction of the magnetic field generated

by Ida is opposite to the direction of the magnetic field generated by the rotor,

when Ida increases, Iθ instantaneously increases, and when Ida decreases, Iθ

also tends to instantaneously decrease. Voltage tendency that appeared in figure

6.13 is matched with this case (figure 6.14 (d)).

As can be seen from the response of the NI HTS field winding in figure 6.13, it can be

seen that the experiment performed in this study corresponds to the situation of case

4, as the voltage of the NI HTS field winding is induced “opposite” to the line current

value.

Comparison between Experiment Results and Simulation

Simulations were performed to see if the proposed simulation model can simulate the

behavior of the motor observed in the actual transient experiment and the characteris-

tics of the NI HTS field winding, and the results were compared with the experimental

results. Considering the case 4 situation above, it was assumed that the angle between

the q-axis and rotating magnetic field was 36.9 degrees as an electric angle, and simu-

lation was performed.

Basically, for the motor parameters used in the simulation, the same parameters

as those presented in table 4.4 of section 4.1.3 were used except for the characteristic

resistances of each coil. Speed and external load commands were given as shown in

figure 6.12 in the simulation, and the feedback gain of speed control was set to be the

same as the gain set in the actual inverter. In the analysis, voltage ripple according

to Lf change according to rotation is not considered here, the comparison was made

focusing on leak current behavior in transient operation. Details of the Simulink model
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used for analysis are attached in appendix A.4.

Figure 6.15: Sudden load simulation result. (a) Rotating speed, torque, phase voltage,

and line current, (b) Voltage response of NI HTS field winding.

Figure 6.15 shows (a) speed, external load, phase voltage, and line current in sud-

den load simulation, while (b) voltage response of each NI HTS racetrack coil. In the

case of speed, external load, voltage, and current, the simulation result shows good

agreement with the experiment overall, and an error of up to 11.6% occurred in the

voltage after the load was applied. In the simulation shown in (b), the ripple of the NI
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HTS field winding was not considered, and the experiment results in (b) are moving

averaged results to erase the effect of the ripples. The magnitude of the peak leak cur-

rent showed a difference between simulation and experiment, but it was possible to

simulate the saturation pattern after the leak current occurred.

Comparison between NI and INS Considering Experiment Conditions

Figure 6.16: Sudden load simulation result of insulated counterpart. (a) Rotating speed,

torque, phase voltage, and line current, (b) Voltage of insulated HTS field winding.
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Finally, to compare the characteristics between NI and INS, a simulation with in-

sulated field winding was performed for a sudden load test as shown in figure 6.16. In

conclusion, there was little difference between NI and INS, except that the magnitude

of the current flowing through the stator winding was slightly changed to produce the

same required torque because the leak current occurred in the NI (figure 6.16 (a)). This

shows that even if a leak current occurs, compensation by the stator winding current

is achieved by current feedback control if the magnitude is not large. This tendency is

also identified in the transient simulation in section 4.1.3. In the case of speed or torque

response, it was confirmed that it was much more affected by the size of the gain in

the control simulation rather than that the field winding is NI or INS. In the case of

the voltage of the coil, as confirmed in the previous comparisons with the insulated

counterpart, it was confirmed that a large voltage appeared and disappeared quickly

compared to the NI.

6.5 Experiment Summary and Lessons Learned

6.5.1 Summary on Key Findings

Key Observation: Response of NI HTS Field Winding in Motor Operation

Through the experiments conducted in this study, it was confirmed that the NI HTS

field winding shows two types of voltage responses during synchronous motor oper-

ation. These are due to the influence of inductance variation and current of armature

coil, which was not considered in the existing NI HTS magnet. The leak current ac-

cording to the change of Ida was confirmed in the stationary test, and the voltage ripple

due to the inductance variation was confirmed in the steady-state test. In the transient

operation, the two combined responses were confirmed. Figure 6.17 summarizes these

two voltage responses and their characteristics.
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Figure 6.17: Summary on key observation of NI HTS field winding response.

6.5.2 Lessons Learned, Potential Challenges, and Required Improvements

Lesson Learned 1: Importance of Precise Construction and Inverter Tuning

In the experiment, it was confirmed that the effect caused by the manufacturing error

(e.g., axis eccentricity) appears on the response of the NI HTS field winding as it is.

Although this effect did not significantly affect the actual motor performance in this

experiment, it could be a very important factor when manufacturing high-performance

motors in the future, because mechanical errors can affect electromagnetic perfor-

mance including NI HTS field winding.

So far, there is no previous study on motor control for NI HTS motors. In this study,

a commercially available multi-purpose inverter was purchased and experiments were
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conducted after performing simple tuning. In the analysis after tests, it was confirmed

that this non-optimal tuning could affect the response of the NI HTS field winding. In

future research, the response of the NI HTS field winding from the influence of this

inverter should be considered from the design stage.

Lesson Learned 2: Difficulty of Signal Measurement of NI HTS Field Winding

The temperature and the voltage of the superconductor coil are commonly measured

to monitor the current state of the superconductor coil. In the case of rotating NI HTS

field winding, it is a low voltage signal of µV level and has the same frequency as the

inductance variation. Therefore, as the operating speed increased, it was difficult to

accurately measure the signal with the conventional superconductor magnet measuring

instrument (e.g. NI DAQ). It is thought that any solutions for this measurement issue

need to be considered in the case of high-speed driving tests in the future.

Lesson Learned 3: Effect of Cryogenic Temperature to Commercial Product

In this study, commercial products used in conventional non-superconducting motors

were used to manufacture the superconducting motor test systems. When cooling the

superconducting rotor using LN2, the surrounding components are also cooled by

evaporated N2 gas, so temperatures lower than room temperature affected the opera-

tion of the commercial components. Most of the products operated without any major

problems, but in the case of the bottom bearing and encoder, they were somewhat af-

fected. In the case of the bearing, mechanical wear appeared quickly and friction was

more severe than in the first operation, so it was replaced once. In the case of the en-

coder, there was a case of signal failure. Afterward, an additional heater was added to

the corresponding parts and tested.
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Potential Problem 1: NI HTS Coil Fabrication with Proper Contact Resistivity

As can be seen from the experimental results, the contact resistivity of the NI HTS coil

affects all the so-called NI behaviors, such as the time required for charging and dis-

charging the coil, and the size of the leak current during transient behavior. Therefore,

determining appropriate contact resistivity in the design process and manufacturing the

NI HTS coil as the design is considered to be one of the important challenges in the

development of the NI HTS motor. Various factors such as winding tension and surface

condition exist as factors that affect contact resistivity, and various studies are being

conducted to control them. Winding techniques such as partial-insulation and metal-

insulation [80, 108, 109], which belong to the so-called NI-class winding, and surface

treatment and solder impregnation techniques have been also proposed [110–112]. It

is known that the order of contact resistivity can be adjusted to some extent through

these, however, no method has yet been proposed to fabricate the coil having a spe-

cific contact resistivity value. Therefore, it is thought that the study of coil fabrication

techniques to control contact resistivity would be an important research topic in the

future.

Potential Problem 2: Contact Resistivity Difference in Multi-pole Rotor

Since fine-tuning the contact resistivity of the NI HTS coil is quite difficult, there are

cases where the contact resistivity is different even if the coil of the same specification

is wound in the same way [79,80]. This is a problem also seen in the wound racetrack

coils in this study. In the case of previous NI HTS magnets, which are mainly operated

in steady-state operation, this is not a critical problem except for the charging and dis-

charging process. However, for motor applications where transient operation occurs

frequently and balance between poles is important, this can be an important prob-

lem. This contact resistivity difference creates temporary unbalance between poles in

a transient situation, creating a force acting in the radial direction, which may cause

vibration. Accordingly, as in Problem 1 mentioned above, it is necessary to study a
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coil fabrication technique with proper contact resistivity.

Potential Problem 3: Change of Contact Resistivity in Repeated Operation

The contact resistivity (Rct) of NI HTS coils changed due to repeated cooling and

charging-discharging over a long period of time. Table 6.2 summarizes the time con-

stant (τ ) and estimated contact resistivity through the coil voltage in the charging-

discharging process on each test date. This change in Rct directly affected the response

of NI HTS field winding (figure 6.8 (d)). Changes in Rct due to repeated experiments

have been confirmed in previous papers [103, 113]. In the case of a motor with many

transient operations, how to control this change in contact resistivity is expected to be

an important challenge.

Required Improvement 1: Partial Element Equivalent Circuit for NI HTS Field

Winding

In the case of the equivalent circuit model with NI HTS field winding proposed in

this study, it is a model based on the lumped parameter equivalent circuit of the NI

HTS coil. Since the proposed model assumes that the leakage current flows in the

“radial” direction of the coil (figure 3.4), although basic analysis at the coil-level is

possible, there is a limitation in that detailed current flow occurring in the coil cannot

be analyzed. In the study of NI HTS solenoid magnets, improved analysis models such

as the partial element equivalent circuit (PEEC) model and the turn-distributed model,

had been already proposed and used for in-depth analysis of the NI properties in the

coils [77, 78]. Therefore, in the case of NI HTS field winding, in order to understand

the exact mechanism and increase the accuracy of the analysis, the development of

these partial element analysis models is also needed in that more diverse factors must

be considered in the NI HTS field winding compared to previous NI HTS magnets.
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Table 6.2: Contact Resistivity Change Records of Each Coil

Test Date
Coil 1 Coil 2 Coil 3 Coil 4

τ Rct τ Rct τ Rct τ Rct

01/14/2022 79.2 11.0 124 7.00 106 8.20 109 8.00

02/06/2022 67.0 13.0 116 7.50 103 8.50 96.8 9.00

02/10/2022 54.5 16.0 109 8.00 96.8 9.00 87.1 10.0

02/16/2022 51.3 17.0 96.8 9.00 85.4 10.2 77.8 11.2

02/18/2022 48.4 18.0 94.7 9.20 83.8 10.4 75.8 11.5

02/22/2022 47.1 18.5 92.7 9.40 82.2 10.6 74.5 11.7

03/22/2022 44.7 19.5 88.9 9.80 82.2 10.6 69.7 12.5

03/24/2022 43.6 20.0 87.1 10.0 79.2 11.0 69.7 12.6

03/28/2022 41.5 21.0 85.4 10.2 77.8 11.2 68.6 12.7

04/06/2022 41.5 21.0 85.4 10.2 77.8 11.2 67.6 12.9

04/11/2022 37.1 23.5 87.1 10.0 77.8 11.2 72.0 12.1

04/16/2022 37.1 23.5 79.2 11.0 72.6 12.0 65.5 13.3

04/21/2022 37.1 23.5 83.0 10.5 67.0 13.0 67.0 13.0

*The unit of τ is [sec], and the unit of Rct is [µΩ·cm2].

Required Improvement 2: Other Considerations on Synchronous Machine with

NI HTS Field Winding - Parameter Determination, Starting Method

As characteristic parameters of the synchronous machine, in addition to the synchronous

reactance, there are various parameters such as transient reactance, sub-transient reac-

tance, transient time constant, sub-transient time constant, and so on. These parameters

can be determined through standard tests [114] or can be estimated through equations

based on the equivalent circuit [115]. When NI HTS field winding is applied, there

is a change in the equivalent circuit of the machine with insulated field winding, so

the transient characteristic parameters may change, and the derivation formula may
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also be different. Therefore, in order to use a synchronous machine with NI HTS field

winding as a general synchronous machine, it is necessary to derive equations for de-

termining these characteristic parameters. Also, in addition to the basic test to review

the applicability of the NI HTS field winding performed in this study, experimental

studies to determine other parameters of synchronous machines will be required.

Another issue with NI HTS field winding is how to take advantage of its NI behav-

ior. As one of them, there is a consideration about whether the characteristics of the NI

HTS coil can be utilized in the start-up of a synchronous machine like the damper coil

in the conventional synchronous machine. In addition, it will be necessary to consider

whether there is an optimal control method considering NI characteristics.
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Chapter 7

CONCLUSION

This study presents an experimental and analytical study on the applicability of no-

insulation (NI) high-temperature superconductor (HTS) field winding to a supercon-

ducting synchronous motor. NI HTS field winding has been considered to be a poten-

tial solution to improve the operation reliability and protection problem of HTS coils,

which is one of the technical bottlenecks of HTS motors. However, actual demonstra-

tion and detailed analysis of the characteristic of synchronous motors with NI HTS

coils have not been reported, also, how the nonlinear response of the NI HTS coil, so-

called NI characteristics, affect the operating characteristics of the motor have not been

discussed in detail so far. Therefore, in this study, the first analysis model of NI HTS

motor considering NI behavior was proposed, and an experimental investigation on the

applicability of NI HTS field winding to the superconducting motor was performed.

For the construction of a test machine with NI HTS field winding and an experi-

mental system, electromagnetic, mechanical, and thermal characteristic analyses were

performed first. In this study, the construction and test processes were simplified by us-

ing a stator of a commercial motor and a cooling system using liquid nitrogen (LN2),

and these aspects were taken into account in the design process. When designing the

superconducting test machine, based on the previous analysis methods of the NI HTS

coil, the first new analysis model for the NI HTS motor was suggested and used to
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obtain machine performance. Based on the design results, four NI HTS racetrack coils

were wound to fabricate an air-cored superconducting rotor, and combined with the

prepared non-superconducting stator and LN2 chamber to complete the test machine

for the experiment. The completed test machine was coupled with the customized dy-

namo test system.

Operation characteristics of the test motor with NI HTS field winding were inves-

tigated in stationary, steady-state, and transient conditions, respectively. In stationary

operation, the interaction between the stator and NI HTS field winding and its response

were checked in the situation when the rotor was locked. As expected from the pro-

posed equivalent circuit of the NI HTS motor, it was confirmed that a leak current

occurred in the NI HTS field winding when the d-axis current was changed. On the

other hand, the q-axis current did not affect the NI HTS field winding, and a propor-

tional torque response was obtained. That is, the response characteristic to the q-axis

current is the same as that of the insulated counterpart, but in the case of the response

characteristic to the d-axis current, the leak current was identified in NI HTS field

winding.

During steady-state operation, except for additional armature current injection due

to mechanical friction and inverter tuning problems, it was possible to derive the same

characteristics as designed in terms of electromotive force and torque. However, peri-

odic voltage ripples of several tens of µV were observed in the NI HTS field winding,

which could not be identified in the simulation under ideal conditions. It was analyzed

that these ripples were caused by inductance variations due to manufacturing errors.

The effect of these ripples on the steady-state performance of the motor was analyzed

to be insignificant in this test machine, however, since motor characteristics may be

affected depending on the design, additional review is necessary for various designs,

especially for iron-cored motors. Compared to the insulated counterpart, these voltage

ripples showed different tendencies, which can be analyzed through the proposed NI

HTS motor analysis methods.

152



During operation in the transient situation, the leak current identified in stationary

and the voltage ripples observed in steady-state operations were combined. In a tran-

sient operation like external load change, the leak current was instantaneously gener-

ated in the NI HTS field winding due to the influence of the magnetic field generated

in the stator coil. In addition to the q-axis current contributing to torque generation,

the d-axis current contributing to magnetic field generation was generated in transient

situations, so a turn-to-turn leak current was instantaneously generated in the NI HTS

field winding. Therefore, if the d-axis current was used during motor control, it is ex-

pected that the effect of the leak current during transient operation is clearly present.

Compared to insulated counterparts in simulation, however, most of these leak cur-

rent effects are compensated in the feedback control process of the armature current in

terms of torque and speed.

In this study, with the primary goal of investigating the applicability of an NI HTS

field winding to a synchronous motor, the cooling system was simplified using LN2,

and the commercially available products were used for stator and auxiliary compo-

nents. Therefore, there was a limitation in which the operable point was limited by the

performance of the cooling system and commercial products. Meanwhile, through this

study, additional research and potential improvements could be derived for a supercon-

ducting motor with NI HTS field winding. In terms of construction, further research is

needed in the future to control the contact resistance of NI HTS field coils to reduce

potential unbalance. In terms of design and analysis, an improved analysis model (e.g.

PEEC, turn-distributed model) to accurately analyze NI behavior is required. Also,

testing and verification for deriving synchronous machine parameters in consideration

of NI behavior are required.
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Chapter A

APPENDICES

A.1 Bending Strain of REBCO Coated Conductor

This appendix section is about the bending strain of REBCO coated conductors. When

REBCO coated conductor is bent for winding, due to the laminated structure, the strain

is applied to the REBCO superconductor layer according to bending radius (rb).

Figure A.1: A two dimensional schematic diagram for bending strain in a conductor.
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As shown in figure A.1, the bending strain is zero in the bending neutral axis, but

the compressive strain (εc) is applied inside the bending neutral axis and the tensile

strain (εt) is applied outside. In the REBCO coated conductor, the REBCO super-

conductor layer is deposited on the substrate, so it usually deviates from the bending

neutral axis. Bending strain can be obtained by the following analytic formula [116].

εc =
∆L

L
=

π(2rb − dn)− 2πrb
π2rb

= − dn
2rb

, (A.1)

εt =
∆L

L
=

π(2rb + dn)− 2πrb
π2rb

=
dn
2rb

, (A.2)

where rb is the bending radius and dn is the distance of the REBCO layer from the

neutral axis as shown in figure A.1. From the above equation (A.1) and (A.2), it can

be seen that as the radius of the winding becomes smaller, the bending strain becomes

larger. In the case of the SuNAM’s REBCO coated conductor used in this study, the

REBCO layer is deposited on the substrate with a thickness of 110 µm, and there are 15

µm of copper stabilizer layers on both sides of the conductor. Thus, dn is calculated

to be 55 µm. As a result, when rb becomes smaller than 13.8 mm, bending strain

can increase to 0.4%, which is the starting point of Ic degradation. In the case of the

racetrack coil used in this study, the minimum rb is 28 mm at the circular section, and

the maximum bending strain was calculated to be 0.2%.

A.2 Derivation of Effective Mechanical Properties

Considering the laminated architecture of REBCO coated conductors with different

materials, the conductor can be approximated to an equivalent material with effective

mechanical properties in the analysis. This appendix section deals with the calculation

of the effective mechanical properties including Young’s modulus, Poisson’s ratio and

the Shear modulus of REBCO coated conductors.
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Calculation of Effective Young’s Modulus

These effective mechanical properties can be calculated from Hooke’s law and their

definitions [117]. Figure A.2 shows schematic models to calculate the effective Young’s

modulus of a laminated structure such as REBCO coated conductor. For the notation,

r, h, and z of each axis of the figure, the notation used in the axis-symmetry condition

of the conventional solenoid magnet, are used for the convenience of understanding.

The r-axis corresponds to the c-axis of the REBCO coated conductor, and the plane

formed by the h-axis and z-axis corresponds to the ab-plane. In the case of the r-axis

direction shown in figure A.2 (a), it can be understood as a series connection of mate-

rials with lengths l1, l2, ..., lm. On the other hand, in the case of the h-axis and z-axis

shown in (b), it can be understood as a parallel connection of materials with areas of

A1, A2, ..., Am.

Figure A.2: Laminated conductor model for effective mechanical property calculation

in the (a) r-axis direction and (b) h-axis direction.

On the r-axis (figure A.2 (a)), effective stress (σr,e), effective strain (εr,e), and

effective Young’s modulus (Er,e) satisfy σr,e = Er,eεr,e by Hooke’s law. At this time,

since the total displacement of the r-axis must be equal to the sum of the displacements
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of each material, it is given as equations (A.3) and (A.4).

εr,e

m∑
i

li =
m∑
i

εili, (A.3)

σr,e
Er,e

m∑
i

li =
m∑
i

σi
Ei

li. (A.4)

Assuming that the given structure is a continuum, the forces applied to each material

in the r-axis direction are the same. With the same cross-sectional area, the stress of

each material equals the effective stress (σr,e = σi). Therefore, by erasing the stress

terms, the effective Young’s modulus in the r-axis direction is obtained as equation

(A.5).

Er,e =

∑m
i li∑m

i (li/Ei)
. (A.5)

In the case of the h-axis, in the situation of figure A.2 (b), the force applied to the cross-

sectional area of each material equals the force applied to the total cross-sectional area,

so it is given as equation (A.6).

σh,e

m∑
i

Ai =

m∑
i

σiAi, (A.6)

Eh,eεh,e

m∑
i

Ai =

m∑
i

EiεiAi. (A.7)

Due to Hooke’s law, equation (A.6) is converted to equation (A.7). Since the strain of

each material is the same as the effective strain (ϵh,e = ϵi), by removing the strain

term, it is finally given as equation (A.8).

Eh,e =

∑m
i EiAi∑m
i Ai

. (A.8)

Since Young’s modulus of the z-axis is in the same situation as the h-axis, it can be

derived using the same principle.

Calculation of Effective Poisson’s Ratio

Figure A.3 shows schematic models to calculate the effective Poisson’s ratio.
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Figure A.3: Laminated conductor model for effective Poisson’s ratio calculation in the

(a) rh-plane and (b) hz-plane.

When stretching in the h-axis direction as shown in figure A.3(a), εh,e and εr,e

satisfy the relationship of εr,e = −νhr,eεh,e. At this time, since the total contraction of

the r-axis must be equal to the sum of the contractions of each material, it is given as

equations (A.9)–(A.11).

εr,e

m∑
i

li =
m∑
i

εili, (A.9)

εr,e

m∑
i

li =−
m∑
i

νεh,eli, (A.10)

−νhr,eεh,e

m∑
i

li =−
m∑
i

νεh,eli. (A.11)

By erasing the strain terms, the effective Poisson’s ratio is obtained as follows.

νhr,e =

∑m
i νili∑m
i li

. (A.12)

Considering the relation of νij/Ei = νji/Ej , νrh,e can be obtained as follow.

νrh,e =
Er,e

Eh,e

∑m
i νili∑m
i li

. (A.13)

For the calculation of νrz,e and νzr,e, the same principle can be applied.

νhz,e and νhz,e can be calculated through the case shown in figure A.3 (b). As-

suming that it is stretched in the h-axis direction, εh,e and εz,e hold the following
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relationship.

εz,e = −νhz,eεh,e. (A.14)

Here, to guarantee the same εz,e in the z-axis direction, internal stress is generated in

each material, and the following is satisfied by internal force equilibrium.∑m
i Aiσ

int
i∑m

i Ai
= 0. (A.15)

Accordingly, the following conditions are satisfied in each component according to the

principle of superposition.

εz,e = −νiεh,e +
σint
i

Ei
. (A.16)

Combining the above formulas (A.14)–(A.16), the following relation is derived.

νhz,e =

∑m
i AiνiEi∑m
i AiEi

. (A.17)

Considering the relation of νij/Ei = νji/Ej , Ei = Ej in this case, so νhz,e = νzh,e is

given.

Calculation of Effective Shear Modulus

Figure A.4 shows schematic models to calculate the effective Shear modulus.

Figure A.4: Laminated conductor model for effective shear modulus calculation in the

(a) hz-plane and (b) rz-plane.
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As shown in figure A.4 (a), when shear deformation occurs in the hz-plane, τhz,e =

Ghzγhz,e is satisfied. Since the shear strain given to each component is the same and

the force equilibrium must be satisfied, the following equations are given.

τhz,i =Giγhz,e, (A.18)

τhz,e

m∑
i

Ai =

m∑
i

Aiτhz,i. (A.19)

If the given formulas are arranged for Ghz , the final equation is given as follows.

Ghz,e =

∑m
i GiAi∑m
i Ai

. (A.20)

In the case of figure A.4 (b) with shear deformation in the rz-plane, τrz,e = Grzγrz,e

by Hooke’s law in shear is satisfied. Considering that the total shear deformation is the

sum of the shear deformations of each component, the following is satisfied.

γrz,e

m∑
i

li =
m∑
i

γrz,ili. (A.21)

Assuming that each component receives the same shear stress, γrz,i = τrz,e/Gi is

satisfied. If the given formulas are arranged for Grz , the final equation is given as

follows.

Grz =

∑m
i li∑m

i (li/Gi)
. (A.22)

Since shear deformation in the rh-plane is the same as in the case of shear deformation

in the rz-plane, Grh can be derived in the same way.

A.3 Stability and Protection Properties of NI HTS Coil

This appendix section describes the calculations of the stability and protection proper-

ties of the racetrack coil designed for the experiment, which were not described in the

main text. The concept of stability and protection of the superconducting coil is briefly

introduced and related calculations are performed.
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Stability: Current, Temperature, and Energy Margin

In a superconductor coil, the stored energy in the coil can easily be converted into

heat initiated by external disturbances, raising the coil temperature to above its critical

value (Tc). Therefore, for stable operation of the superconductor coil, it is necessary

to evaluate how much margin the superconductor coil secures and whether the margin

is sufficient for the coil to maintain stable operation in the presence of external dis-

turbance. As concepts used as a stability margin of a superconductor coil, there are

energy margin (∆e), temperature margin (∆T ), and current margin (∆I) [83]. Figure

A.5 is a schematic describing these concepts of stability margin.

Figure A.5: Concept of stability margins: current margin (∆I), temperature margin

(∆T ), and energy margin (∆e).

In figure A.5, the blue line schematically represents the critical current (Ic) accord-

ing to temperature (T ), then the operating point of the superconductor coil must exist

inside this blue line to maintain superconductivity. When the operating point (Top, Iop)

is given as the red point shown in the figure, the current difference between the oper-
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ating point and the blue line in Top is the current margin (∆I), and the temperature

difference between the operating point and the blue line in Iop is defined as the tem-

perature margin (∆T ). Lastly, the energy margin (∆e) is given as the integral of the

heat capacity (Cp(T )) of the superconductor coil as much as the temperature margin,

and it means the energy density required to increase the temperature up to the critical

point.

When calculating ∆e, since the heat capacity of material changes depending on

the temperature at cryogenic temperatures, this temperature-dependent heat capacity

(Cp(T )) must be considered. Figure A.6 shows the heat capacity of materials typically

used at cryogenic temperatures in the range of 4–300 K [118]. Because the heat capac-

ity of the material is reduced significantly in cryogenic temperature. It can be expected

that the value of ∆e can be much reduced at lower Top.

Figure A.6: Heat capacity of materials in cryogenic temperature.

Using the stability concept described above, the stability of the REBCO racetrack

coil for each selected temperature was calculated, and the results are summarized in

table A.1. Considering the ratio of copper and stainless steel in the REBCO coated

conductor (3:11) in this study, the equivalent heat capacity of the REBCO coated con-
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ductor was derived, and ∆e is calculated. The operating point was determined to keep

the same ratio of the current margin as 30%, that is, to satisfy Iop = 0.7Ic. In the table,

it can be seen that in the case of Top= 20 K, although ∆I and ∆T are larger compared

to other temperatures, ∆e is calculated to be the lowest due to the relatively low heat

capacity at low T .

Table A.1: Stability Margin of Designed Racetrack Coil at Each Temperature

Top [K] Iop [A] ∆T [K] ∆I [A] ∆e [J/cm3]

20 344 21.3 147 5.74

40 224 15.3 96 10.8

60 132 9.35 57 11.8

77.4 66.2 4.08 28.4 7.00

Protection: Temperature Rise Estimation in Quench

When the heat dissipation in the superconductor coil exceeds the stability margin,

quench happens. Right after the quench occurs, electrical resistance abruptly surges,

and massive heat is generated within a very short time, which may cause permanent

damage to the coil. Therefore, protecting the superconductor coil from permanent

damage becomes an important issue. In order to determine the appropriate protection

method for the coil, it is necessary to estimate the degree of temperature rise and the

time taken for the temperature rise in a post-quench situation.

One conventional approach to estimating these values is to use Z-function [83]. Z-

function is a concept proposed to estimate the time it takes for the temperature to rise in

the superconductor wire in constant current operation after the quench. Assuming that

quench and temperature rise occurs very rapidly, an adiabatic condition is assumed

in the Z-function analysis, and it is also assumed that the current is diverted to the

stabilizer layer rather than the superconductor layer due to the presence of resistance
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in the superconductor.

Z(Tf , Ti) =

∫ Tf

Ti

Cst(T )

ρst(T )
dT, (A.23)

tah =
As̄t +Ast

Ast

Z(Tf , Ti)

J2
st

. (A.24)

The Z-function is defined as in equation (A.23), and the time (tah) taken to rise

from the initial temperature (Ti) to the final temperature (Tf ) can be calculated using

Z(Tf , Ti) as shown in equation (A.24). Here, Cst(T ) and ρst(T ) are the heat capac-

ity and electric resistivity of the stabilizer according to the temperature. Ast and As̄t

mean cross-sectional area of stabilizer and cross-sectional area of conductor except

stabilizer. Jst is the current density in the stabilizer layer when all currents flow to the

stabilizer layer. A detailed derivation of the Z-function can be found in [83].

Based on the specification of SuNAM’s REBCO coated conductor used in this

study, tah to reach Tf = 300 K is calculated to be 0.0227 seconds at Ti = 20 K and

0.345 seconds at Ti = 77 K. The temperature-dependent ρst(T ) used in the calcula-

tion is shown in figure A.7 [119], and residual-resistance ratio (RRR) was assumed

to be 100. Calculation results imply that the given time for the protection of the coil

protection is quite short, and in the case of HTS having a much slower normal zone

propagation velocity than LTS [83], local hot-spot and permanent damage can easily

occur in the quench.

However, in the case of the NI HTS coil, the current not only diverts to the stabi-

lizer but also the current by-passes through the contact between turns. Therefore, the

assumption of current in the Z-function analysis is too conservative to evaluate an NI

HTS coil. In order to analyze the post-quench behavior of the NI HTS coil, a lot of

analysis based on the equivalent circuit model is in progress [77, 120, 121]. In these

studies, heat occurs not only at the local stabilizer layer but throughout the contact

with the adjacent turns, so the heat concentration at a local point is prevented. Also,

“fast” quench propagation occurs to magnetically coupled adjacent coils in an elec-

tromagnetic way, enabling the coil protection from local hot-spot [122]. Therefore, in
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Figure A.7: Resistivity of copper in cryogenic temperature.

consideration of these characteristics, it is assumed that the temperature rise of the NI

HTS coil occurs throughout the coil after the quench, and the following equation is

used to evaluate the temperature rise of the NI HTS coil [123].

1

2
LI2op =

∫ Tf

Ti

VmCcd(T ) dT. (A.25)

Equation (A.25) assumes a situation in which all stored magnetic energy (= LI2op/2)

is converted into heat under the adiabatic condition to increase the temperature of

the entire coil. Here, Vm is the volume of the coil, and Ccd(T ) is the heat capacity

of the magnet according to the temperature. Based on equation (A.25), the racetrack

coil’s temperature rise is calculated again, then Tf can be calculated to be 38.9 K in

20 K operation and 77.5 K in 77 K operation, which are safe temperatures far from

permanent damage.

A.4 Detailed Simulink Modeling for Transient Simulation

In this appendix section, details of the MATLAB Simulink model used for the equiva-

lent circuit simulation are attached.
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Figure A.8: Simulink simulation module - current feedback control loop.

Figure A.8 shows the current feedback control loop in the Simulink simulation

module. Basically, it was controlled to satisfy Ida = 0 considering the air-cored struc-

ture of the test motor, but the control method was adjusted according to the experimen-

tal conditions. The current control was performed through PI control.

Figure A.9: Simulink simulation module - speed feedback control loop.

Figure A.9 shows the speed feedback control loop in the simulation. It was con-

trolled to satisfy the target speed through PI control. Feedback gain was set by refer-

ring to the recommended setting range of the commercial inverter actually used in the

experiment.

An overview of the NI HTS motor model used in the simulation is shown in figure
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Figure A.10: Simulink simulation module - an overview of NI HTS motor model.

A.10. It consists of the proposed equivalent circuit model, mechanical model, axis

transform module, and flux linkage calculation module.

Figure A.11 shows the implemented equivalent circuit model of the NI HTS motor

in the Simulink simulation module. The three circuits in the figure represent equivalent

circuits in the d-axis, q-axis, and n-axis, respectively, and four NI HTS field coils are

mutually coupled on the d-axis. Based on the proposed analysis model, the character-

istics of the NI HTS field winding were shown by connecting parallel resistors. For

circuit simulation, the PLECS circuit simulation tool was used by coupling it to the

Simulink module.

A mechanical model used for motor simulation is shown in figure A.12. The ro-

tation speed and location of the rotating angle of the motor were calculated with the

generated torque, external load, rotating inertia, and friction coefficient of the motor.

Figure A.13 shows how the flux linkage is calculated in the simulation. The flux

linkage was calculated using the currents and inductance in the NI HTS motor.

167



Figure A.11: Simulink simulation module - equivalent circuit model of NI HTS motor.

Figure A.12: Simulink simulation module - a mechanical model of NI HTS motor.
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Figure A.13: Simulink simulation module - flux linkage calculation.
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초록

최근 지구온난화가 가속화됨에 따라 세계 각국에서는 탄소중립을 달성하기 위

하여온실가스배출을줄이기위한기술연구를활발하게수행하고있다.온실가스

저감을위한노력은전력시스템,수송,제조산업,생활건물등사회전분야에서이

뤄지고있다.이중특히대형화물트럭,선박및항공기를포함하는수송분야에서는

온실가스배출을획기적으로절감하기위하여기존화석연료기반추진시스템을대

체할 수 있는 수소 혹은 전기 에너지 기반의 새로운 고성능 추진 시스템의 개발이

요구되고 있다. 대체 연료에 기반한 추진 시스템 개발 시 중요하게 여겨지는 부분

중하나는경량화및소형화를위한추진시스템의출력및에너지밀도의향상이다.

고온초전도모터를기반으로하는전기추진시스템은고온초전도코일의높은통전

전류를 기반으로 기존 상전도 기반 시스템을 뛰어넘는 높은 출력밀도를 달성할 수

있을 것으로 예상된다. 이에 따라 전기추진 항공기 등 차세대 수송 시스템에 적용

하기위한고온초전도전기추진시스템개발프로젝트가미국,일본,유럽을포함한

선진국들을중심으로착수되어진행되고있다.

기존고온초전도모터의기술적난제중하나로써고온초전도계자권선의운전

안정성과보호의어려움이지속적으로논의되어왔다.이를개선하기위하여무절연

고온초전도 권선 기술을 적용한 무절연 고온초전도 모터 개념이 제안되었다. 무절

연고온초전도권선기술은초전도턴간의절연을제거함으로써고온초전도코일의

운전신뢰성을크게향상시킨기술로써,퀜치사고시코일의보호에매우효과적임

이실험적으로여러차례검증된바있다.하지만,턴간의절연제거로인하여무절연

고온초전도계자권선의누설전류가발생에따라일반적인절연된계자권선과다

소다른운전특성을보일수있으며,이러한무절연특성에서비롯된운전특성으로
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인하여 무절연 계자 권선이 실제 모터에 적용 가능한 기술인지에 대한 논의가 필

요하다. 이를 위해서, 무절연 계자 권선을 모터에 적용할 시 운전 특성을 해석하기

위한모델의수립과실험을통한특성분석연구가요구된다.

본연구에서는,무절연고온초전도계자권선의초전도모터에의적용가능성에

대하여논의하였다.이를위하여기존에제시된절연초전도코일과무절연초전도

코일의 해석 기법들을 바탕으로, 무절연 특성이 반영된 무절연 고온초전도 모터의

해석 모델을 최초로 제시하고 이를 바탕으로한 해석을 수행하였다. 또한, 실제 실

험을 통한 특성 분석을 위하여 무절연 계자 권선을 적용한 특성 시험 장치의 설계

및 제작을 수행하였다. 액체질소 기반 냉각 시스템과 초전도 모터 시험을 위한 다

이나모 실험 장치를 구축하였으며, 설계 시 고려되어야 하는 주요 전기적, 구조적,

열적 특성을 분석하여 이를 설계에 반영하였다. 구축한 시험장치를 이용하여 무절

연 계자 권선이 적용된 시험용 모터를 다양한 조건에서 운전을 수행하였고, 이 때

나타나는 무절연 고온초전도 계자 권선의 응답 특성을 최초로 관측하고 정리하였

다.무절연고온초전도계자권선에서나타나는응답특성의원인을시험시스템의

조건을 고려하여 제안한 해석모델을 통해 분석하였고, 이러한 무절연 고온초전도

계자권선의응답이모터의운전특성에어떠한영향을미칠수있는지논의하였다.

마지막으로,실제모터에무절연고온초전도계자권선을적용하기위한개선점들과

추가적인연구의필요성에대하여정리하였다.

주요어:고온초전도,무절연권선법,운전특성,전기추진,초전도모터

학번: 2017-27856
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