TUMSAT-OACIS Repository - Tokyo

University of Marine Science and Technology

(AR T)

Magnetization of HTS and design of marine
current turbine generator

S eng

HhRE

/ABEH: 2017-10-25
F—7—FK (Ja):
*—7— K (En):
ERkE: &=, &
A—=ILT7 KL R:
FilE:

https://oacis.repo.nii.ac.jp/records/ 1468




Doctoral Dissertation

MAGNETIZATION OF HTS AND
DESIGN OF MARINE CURRENT TURBINE
GENERATOR

September 2017

Graduate School of Marine Science and Technology
Tokyo University of Marine Science and Technology

Doctoral Course of Applied Marine Environmental Studies

LI ZHI






CONTENTS

F = IS Y I 2 ¥ X O TR 4
CHAPTER |
General introduction to SUPErCONAUCTIVILY .......ueiuvuneiiieeiieeeeeeeeeeeeeeeeiiii e 6
1.1 A brief history of SUPEIrCONAUCTIVILY .....coemmuiiiiiiieiiiiiiieeieeie e 6
1.2 The basic properties of SUPErcONAUCIONS.......ccceviiiiieeeeiiieeeeeeei e 7
1.2.1 Zero resiStanCe CNAraCeriStIC....... e eeerrrunniaaaaeeeeeeeeaeeeeeeeeiennsneennneernnnnnns 8
1.2.2 Complete diamagnetism — Meissner EffeClum....cvvvveeviiiiiiiiiiiiiiieeeeeeeeeeee 8
1.3 CritiCal PArAMELEIS . ....cciiiiieiiiiiei ittt e e e ettt bbb r bbb e e e e e e e e e e e e 9
1.3.1 Critical temperatur&: the quest for higher values...............commeviiieeeieen. 9
1.3.2 Critical magnetic flellHc...........ooueeeeeeeiiiiiiiiee e 10
1.3.3 Critical current deNSItI ......cooeevieeeeeiec e 11
1.4 Classification Of SUPEICONUUCTIONS. ... .cmmmn et a e e e e e e e 12
1.4.1 The Ginzburg-Landau phenomenological theory............ccccvvvvvviviiiiicceenenn. 12
1.4.2 Type-l superconductor and magnetization ccce.........cceeeieiiiieeeeeiiiieeeeeeiiie 13
1.4.3 Type-Il superconductor and magnetization cee..........eeeeeeeeeiieeeeeeeieeeeeeeiinees 14
1.5 Magnetic properties of HTS DUIKS ........oooiieiiiiiii e 15
IR T8 A 03 o111 T 15
1.5.2 The Bean MOEI.........ccooiiiiiiiiiicemeeee et 17
1.5.3The Kim MOel.......ccoooiiiiiiiiiiii s 20
RETEIEINCES ... i s et e e e e et ettt ettt et bt b et s e e e e e e e e e e eeaeeas 21
CHAPTER Il
Off-axis field cooled magnetization of GABCO bulk............ccoooriiiiiiiiiiiiiiieeeeen 22
2.1 Magnetization tECHNIQUES ...........uuuummmmmmm e eeeeeeeeeeeeeitrss s e e e e e e e e e e e e eeaeeeeeaeeeeeensnnnns 22
2.1.1 Zero field cooled magnetization and fieldledanagnetization........................ 22
2.1.2 Pulsed field magnetization............comm e eeeeeeeeeieeeeiiiiiiiinsse s e e e e e eeneaeeeaeees 23
2.2 Crystallographic structure and anisotropieRBBCO bulk..............ccccoevviiiiiinnnns 26.
2.3 Off-axis field cooled magnetization for diskapled GABCO bulk ..............ccccceeeeennnn. 27
2.3.1 Trapped field reSUILS ..o 30
2.4 Off-axis field cooled magnetization for cubidBCO bulK................cccoevviriiiininnnnns 38
2.4.1 Trapped field reSUILS .........oooiiiiiieeee e 39
2.5 DISCUSSIONS ..ttiiiiiiiiiitiit et e e et eeemt et e e e e e e e e e e et e e bbbt e et e e e eas s s e e bbb ebeenees 41
RETEIEINCES ... i s et e e e e et ettt ettt et bttt s e e e e e e e e eeeeaaaas a7

CHAPTER IlI

MariNE CUIMENT ENEITY ...ooieiiiieieeieeititii e e e e e e e et e et et et eb bbb e e e e e eeaaaa s s e e e e eeaaaeeeees 50
3.1 Marine current CharacCteriStiCS ... eeeeeeeiiiiiiiiiiiiiie e e e e s e eeeees 50
3.2 Marine current turbiNe geNEIatOrS SItES e« aiereeeeeieiiiieiiiiieiiiiias s seeeeeaaaeeeeas 51
3.2.1 JAPAN SITES ... iiiiiiieeieieiii e e e e ettt e e e e e e e e aaaaeaaeeeeeaaarran 52
G0 T I T VA =1 PP PUPPRS 53
3.3.1 Betz’'s Law and power COEffICIENt .......ccouriiiiiiiiiiiiiie s 54
ST ®] o] 1] 0= U 1] o IS o1=T=To I = 1o 1 59
3.4 Research and development of marine curreninidenerators ..............oeevvvvvveennnnnnn. 60
T (=T =] [T E PR POTPPPP 63



CHAPTER IV

Electrical design of 1 MW HTS salient-pole marine arrent turbine generator.......... 65
4.1 Conceptual structure of HTS salient-pole geloera...............covvvvveviiiiiieeeeeeeeeennn, 65
4.2 Working conditions of marine current turbin@@EAtor ..............ooovvvviiiiviiiiiiiiree e 68
4.3 Design and optimization of electromagnetic mhade.............oooevvviviiiiiiiiiie e eeee 68
4.4 Design results of HTS generator ..........ooovviiiiiiiiiiiiiiiiieie et eee e 84
4.5 CONCIUSIONS ...ttt e e e e e e e e e e e e e e bbbttt ettt e e e e e e e s bbb bbb e seeeee s 85
RETEIEINCES ... s e et e e e e ettt ettt e e e tbt bbbt e e e e e e e eaeeeeaeas 85
CHAPTER V

Electrical design of 1 MW PM salient-pole marine curent turbine generator........... 88
5.1 Conceptual structure of PM salient-pole gemerat............ccceeeveeeeeeeeeiieveeeeviieeenee, 88
5.2 Working conditions of marine current turbiNn@@EALOr .............coovviviiiiiiniiniiieee e 89
5.3 Design and optimization of electromagnetic nhade.............coovvvvvvviiiiiiiiiiee e eeee 89
5.4 Design results Of PM geNEIator ........coouuiiiiiiiiiiiiiiiiiieae e eeeeeeteeeeeeeeeeeennnnns 97
5.5 CONCIUSIONS ....utiiiiiiiiiiiiieie ettt e e e e e e e e e e e e e e e aaeeeas 100
RETEIEINCES ... e e e e et ettt ettt bbb s e e e e e e e e e e e aeeees 100
CHAPTER VI

Conclusions and fULUIE WOTK...........ooiiiiiiiiiei e 101
6.1 CONCIUSIONS ....uviiiiiiiiiiieieee ettt e e e e e e e e e e et e e e e e eeeas 101
6.2 FULUIE WOTK ..ttt ettt e e e e e e e e e e e e e e et ee e s aenneneeeeebannnann e e as 102
ACKNOWIEAGEIMENTS ... e e e e e e e e e e e e e eeeeeeaaeeeeeeennnnes 104
LiSt Of PUBNCALIONS .......eiiiieeee e 105



HTS
LTS
FCL
SMES
NMR

p

R

T

Te

DC

Je
WCPM
M

H

Hec

Hc1

Hc2
GdBCO
REBCO
BSCCO
BSCCO0-2223
ZFC
FCM
PFM
Bapp

Btrap

PM

MCTG

3D

QMG® GdBCO

R&D

List of Abbreviations

High temperature superconductor

Low temperature superconductor

Fault current limiter

Superconducting magnetic energy storage

Nuclear magnetic resonance

Resistivity

Resistance

Temperature

Critical temperature

Direct current

Critical current density

Waveform control pulse magnetization

Magnetization

Magnetic field

Critical magnetic field

Lower critical magnetic field

Upper critical magnetic field

GdBaCuwO7-

REBaCwOy7s (RE = rare earth element or Y)
Bismuth strontium calcium copper oxide
BiSr2CuC30x

Zero field cooled

Field cooled magnetization

Pulsed field magnetization

Applied external magnetic field

Maximum trapped magnetic flux density

Permanent magnet

Marine current turbine generator

Three dimensional

GdBCO bulk fabricated using quench melt ghomethod by

Nippon Steel & Sumitomo Metal Corporation

Research and development



ABSTRACT

Limited by the magnetic saturation of permanent megégor the huge Joule heat in copper
excitation coils as magnetic field poles, it is takle to employ high temperature
superconductors (HTS) in future large-scale mega{MatV) electric applications thanks to
the superior trapped flux performance (HTS bulksgwrent-carrying ability (HTS tapes).
To prompt the research and development (R&D) psxycé applied HTS technology, this
dissertation concentrates on the design and impreme of HTS rotating applications,
including a novel magnetization geometry for HT3kbyPart I) and a prototype marine
current generator with HTS tapes in field polesti{Ra
In part I, an off-axis field cooled magnetizatioeognetry is proposed and the trapped flux
behavior of GdBg&CuwO7s QMG® samples under off-axis field cooled magnetization
studied.
Thanks to type-Il superconducting properties, thetqgrowth REBaCwO7s (RE denotes
rare earth element or Y) bulk is capable of tragpimagnetic flux upon cooled beloVk.
Coupled with finely distributed second phases B@&BaCuQ, the trapped magnetic flux
has achieved 17.6 T at 26 K under field cooled retigation. Such superior performance
can dramatically increase the torque/power demditptating machines, igniting the global
research on HTS applications using REB&0O-.; bulks.
Till now, the majority of magnetization study amdiexternal magnetic field parallel to the
crystallographie-axis of HTS bulks. There have been no targetemttsffo magnetize HTS
bulks under an off-axis magnetic field with respextthe c-axis and the trapped flux
behaviour under such magnetization geometry hadbeeh reported. Here, off-axis field
cooled magnetization is conducted and trappeddkriormance is analyzed. It is found that
within finite inclination angle up to 30° ~ 45° etlsample provides superior trapped flux
component parallel to theaxis comparable with those obtained by the coneeal on-
axis field cooled magnetization. Meanwhile, the net@zation is almost parallel to tBegpp.
For large inclination angle, trapped flux lines aneaningful to understand the pinning
behaviour of bulk materials in which the trappetkfbehaviour is a collection of anisotropic
flux pinning and the effect of microstructure ore ttieformed circulation of supercurrent.
The off-axis magnetization geometry makes it mdexilble for the design ofn-situ
magnetization systems in HTS electric machines.
In large-scale power applications, a promising mfuis to employ HTS technologies. In
part Il, the design for marine current turbine geat® is proposed with a new conceptual
structure fitting the marine current energy chagastics. Moreover, two generator
topologies are studied and compared at this si&geconventional PM topology and HTS
topology, for the magnetic field poles. Salientgpoharine current turbine generator with
iron core of rotor and stator is adopted here amisig cost-performance and weight.
4



Analytical model and 3D magnetic field study arentined to design and optimize a 1 MW
salient-pole marine current turbine generator whthfollowing main objectives:
1. Develop suitable electrical design methods &tieat-pole HTS and PM marine current
turbine generators.
2. Optimize main machine parameters based onitifeience on the basic performance
of marine current turbine generators.
3. For HTS topology, focus on the generator peréoree at 77 K considering the cooling
easement of the cryogenic vessel used for HTS tapes
4. Compare the performance of HTS and PM marineentiturbine generators.
In Chapter IV, a conceptual structure of 1 MW HT&ient-pole marine current turbine
generators are presented, and the electrical desgginod is proposed and its derivation is
introduced in details. Based on the initial desRjn,simulation is implemented to calculate
the magnetic flux distribution. Integrated magnéiix in three core parts is emphasized,
including the field pole part, armature part arat@t part. Some main parameters including
the pole pitch, the stator outer diameter, the raigfiux density in the teeth, and the electric
loading of 1 MW marine current turbine generataes @timized considering their effects
on the basic generator performance. Here, 77 Kcsddd as the working temperature for
HTS tapes considering the cooling system easenrfbet.corresponding influence on the
basic performance (the generator weight, efficieranyd the required HTS length) are
studied. In addition, the maximum field current dhe refrigerator power required at 77 K
are determined. Based on the above calculationsandlation, a suitable structure of a
cryogenic vessel used for HTS field coils is pramband various heat losses in the different
positions of the cryogenic vessel are calculatdan] the required cooling power for the
refrigerator is obtained, and its volume and floater are calculated. In the end, it is
concluded that 77 K is a promising operating terapge for 1 MW marine current turbine
generator.
In Chapter V, a conceptual structure of 1 MW PMiesdtpole marine current turbine
generator is presented, and the electrical desigiihad is proposed and its derivation is
introduced in details. The magnetic flux simulation single pole of PM marine current
turbine generator is also performed. The deternananethods of two key parameters of
the field leakage coefficient and the working caioti of PM field poles are presented.
Lastly, in Chapter VI, the dissertation ends witbnclusions of present results and
discussions for the future work.



CHAPTER |

General introduction to superconductivity

Chapter | gives a brief introduction to superconhty, including principal terminologies
of superconductors, classifications of supercormgcimagnetic properties and commonly
used magnetization techniques. To lay a solid fatiod for the following chapters, the
magnetization behavior of Type-IlI superconductersmphasized including the Bean model
and the Kim’s model.

1.1 A brief history of superconductivity
Superconductivitya distinctive state in which electric current daow “freely” without

resistance, is regarded as is one of most atteadiscoveries in the history of physics. In
1911, Heike Kamerlingh Onnes, a Dutch physicidtefien University, observed mercury
lost resistance suddenly when the temperature dcbpplow the liquid helium temperature,
4.2 K, which was lately known as superconductivityl 933, German scientists W. Meissner
and R. Ochsenfeld discovered that the magnetic ¢lompletely disappeared from the
interior of superconductors with zero resistancemtooled to 4.2 K in magnetic field. This
zero-magnetic field inside a material became knawrmperfect diamagnetism and is now

named as Meissner effect.

The 1980's were a decade of unrivaled discoverthénfield of superconductivity. An
inspiring breakthrough was made in the field ofesgpnductivity at 1986. Alex Muller and
Georg Bednorz, researchers at the IBM Researchratdsyg in Rischlikon, Switzerland,
fabricated a brittle ceramic compound that exhibiseiperconductivity at unusual high
temperature of 30 K. The lanthanum, barium, copperoxygen compound that Muller and
Bednorz synthesized, behaved in a not-as-yet-utodetsvay. The discovery of this first of
the superconducting copper-oxides (cuprates) wemth Nobel Prize the following year.
The 'high' of high temperature superconductor (HFEpyesents the ability to supeconduct
using inexpensive liquid nitrogen, providing penf@nce advantages that did not exist with

low temperature superconductor (LTS), which is radtyncooled by using liquid helium.

Since the discovery of superconductivity, two platahpproaches have been adopted to
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apply superconductors into engineering applicati@se is from the material aspects: to
understand the mechanism of superconductivity amgrave the performance of
superconducting materials. The other is from thgirexering aspects: to design and
manufacture possible applications based on thémrxitechnologies and the understanding
of material electromagnetic properties. In elealricengineering field, applied
superconductivity technology is active in followiagplications as listed in Table 1-1.

Table 1-1. Classifications of the engineering aggtions with superconducting technology

Classificationg ~ Applications/Components Main Advantages

Transmission electrical cable Low loss
Fault current limiter (FCL), Fast response
Superconducting Magnetic Energy High efficiency, fast response, improv

Power Storage (SMES) rated power

techniques _ _

Transformer High power density
Current lead High current density
Motor & Generator High efficiency, high power dewgsi
Particle and nuclear accelerator High magnetidfiel

Magnet Maglev train Novelty, high speed

techniques |Nuclear magnetic resonance (NMR}igh magnetic field

Flywheel bearing High power density, low loss

As can be seen from Table 1-1, engineering apmitatwith superconducting technology
mainly focus on superconducting power technologysarperconducting magnet technology.
Thanks to the large current-carrying ability (HBpés) or superior trapped flux performance
(HTS bulks), it is possible to design and manufeecapplications with advantages such as
compact, higher power density, lower weight anchaigapparatus capacity, etc. However,
superconductivity only appears at cryo-temperatusgpiiring stable cryogenic technology.
The eventual widespread application of supercomdtycttechnology to engineering

applications will mainly depend on reliable cryosting system.

1.2 The basic properties of superconductors
In past decades, enormous researchers have beesefocon the properties of

superconductors including zero resistance, the derseffect, the Josephson effett..[1].
When it comes to the electric rotating applicatidike generators and motors, two

characteristics of zero resistance and the Meissffeet attract more attention.



1.2.1 Zero resistance characteristic
The zero resistance characteristic of the superatiocs refers to that resistance abruptly

disappears at critical temperatuiie, UnderT,, superconductor is able to transport direct
current (DC) without Joule heat dissipations. t@sed loop is formed by a superconductor
in which current is induced, the induced “persismmrent” will show no obvious signs of
decay for years. The upper limit of resistivity rmeed by the “persistent current”
experiment is less than 20Qem, while a good conventional conductor such apeopas

a resistivity of 13° Qem at 4.2 K, which is more than 17 orders of magtétthan that of
superconductors. A typically dependence of resigton temperature for superconductors
and norm conductors is shown in Fig. 1-1. It is bagized that superconductors lose DC

resistivity atTe.

|

o Superconductor
p—
S
5 -7
= —
2 _ -
9 0] |~
2 _ — T Normal conductor
O _ _ — —
A
Z >
0 T

Temperature (K)

Figure 1-1. DC resistance variation as a functibtemperature for superconductors and normal caodsic

1.2.2 Complete diamagnetism — Meissner Effect
In 1933, Meissner and Ochsenfeld found that belgva superconductor placed in a weak

external magnetic fieldH) expels the magnetic field. The superconductingecu at the
surface of the superconductor opposes the pertratithe magnetic field. Notably, the
magnetic inductionR) created in the superconductor is equal to O ntbemthe magnetic

field is applied before or after the supercondgctiansition.



In other words, the Meissner Effect is regardegadsect demagnetization [2]. When a
superconductor under normal state is placed irxeerreal magnetic field, the magnetic flux
can totally penetrate the superconductor and therimagnetic field is not zero as shown in
Fig. 1-2 (a). While, in superconducting state, regnetic flux will be expelled completely
keeping the inner magnetic flux as zero. Namely 8uperconductor is perfectly

demagnetized as shown in Fig. 1-2 (b).

(a) Non-superconductor (b) Superconductor

A A A AAA

Figure 1-2. (a) When the superconductor is undenabstate (or non-superconductors), the magnlexacin
totally penetrate the materials. (b) “Perfect digneism”. no magnetic flux within the inner of
superconductors, independent of the history profilan external magnetic field.

1.3 Critical parameters
In applied superconductivity, there are three ppailc critical parameters: the critical

temperaturd., the critical fieldH. and the critical current densidy.

1.3.1 Critical temperature T¢: the quest for higher values
The superconducting transition occurs in a tempesatange neail., which is the

temperature transition widtkT.. For HTS materials, especially, the typical vabfieATc is

0.5 K to 1 K, relating to the internal inhomogeggitveak links, granularities and
microscopic defects. Since the discovery of supetaotivity in 1908, researchers have
been pursing to find superconductors with highigr which present limitations to the

widespread of superconducting applications. Tilwnthe discovery of superconductors



including elements and compounds are summarizeayirl-3.
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Figure 1-3. Critical temperature of superconductaisus year of discovery [3].

1.3.2 Critical magnetic fieldHc
It is found that superconductors lose supercondiiztiwvhen the external magnetic field

exceeds a certain value, which is defined as thecatlr field Hc. For a specific
superconductorHc is influenced by temperature and continuously iases with the
decreasing of temperature. Like the critical terapeeT., there is also a field transition
width AHc in the vicinity ofHc when the superconductor transforms from normak dtat
superconducting state. For a practical superconduttere are usually two critical fields,
namely the upper critical fieldc.> and the lower critical fieltHc1. When the magnetic field
strengthH is less tharHc1, the superconductor is the Meissner state; when the H is higher
thanHcz, the superconductor is in the normal state; while the field H is betweerHc1 andHc.,

the superconductor is in the mixed stdteese properties will be discussed in more details

in the next sections.
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1.3.3 Critical current density Jc
BesidesTc and Hc, the magnitude of electric current also limits therformance of

superconductors. Once the transport current excaedsrtain value, called the critical
currentle, superconductors will lose their superconductivitggr convenience, it is also
popular to use current densidy other than transport currety to describe the current
carrying limitation. When thé& increase, the transition of superconducting stateormal
state does not happen suddenly. The critical curggrfers to the maximum direct current
that can flow without resistance and the criteaathis condition is normally chosen with
the electric field strengtk of 1 uV/cm. IcandJ; continuously decreases with increasing of

temperaturd and the external magnetic field strenbjth

The mentioned three critical paramet@&sHc: andJ: show a strong interrelation among
themselves. Figure 1-4 shows the usefuH, J) space of superconducting state for power
applications [4]. Any point within the volume ensknl by theTc, Hc, Jo) surface and thé-

H, T-J andH-J planes represents that the superconduciarsigperconducting state; while,

any point outside the volume represents that tipersonductor transforms to the normal
state, and any point on the curvdd, Hc, Jc) surface represents that the superconductor is

at critical state.

J (Alcm?)
108
” 4 i 10?" ~
7 s LS % YBaECU3OT
7 - s (2GHTS)

Figure 1-4. The superconducting and normal stat@ssoperconductors, defined by the theH. and thel.

[4].

11



1.4 Classification of superconductors
Superconductors can also be categorized as typgy/pe Il superconductors depending on

their response to the external magnetic fieldhia study, the type Il superconductors are

emphasized.

1.4.1 The Ginzburg-Landau phenomenological theory
Below T, the superconducting state is more stable thamdh@al conducting state. The

electron system can lower its free energy by fogh@ooper pairs, which is in ordered state
and known as a kind of Bose condensation. Speltffithe condensation energy can be
described using the thermodynamic critical field In Meissner effect, the superconductor
repels magnetic field completely, where excessgnisr needed atlc. Consequently, the
condensation energy per unit volumeGs— Gs is given by from the view of Gibbs free

energyG(T, P, H), the change in free energy density of a cotatuc

H. 1
G =Gy = | MdH =5 poH? (1-1)
0

whereGs, Gn are the free energy of the superconducting stadetfse normal conducting
state respectively, and is the permeability of vacuum.

In 1950, Landau established Ginzburg-Landau (GEepth after the London theory and
Pippard theory. Lately, it was further developedAtyyikosov and Gor’kov. In GL theory,
Landau argued that the transition from the norroabicicting state to superconducting states
occurred when the free energy of the supercondygiase drops below that of the normal
state. He got enlightened from the fact that phesesition often depends on some order
parameters. Together with Ginzburg, they proposedl iatroduced an order parameter

P(r) based on the superconducting charge carrier nuddvesityny,.

f_ool/)l/)*denp (1-2)

where the superscript “*” indicates a complex cgajie. Meanwhile, the concept that the
free energy might also depend on the derivativapoin space. Assuming the minimized
free-energy, where andg are functions off, F, is the normal state free ener@y is the

externally applied field and is a constant,

2
1
dv + j—(B — Bg)?dV (1-13)
200

\% 2eA
Y- AP

1
F=F, +f Qi + 5 BOYY + e
Vv

12



with respect to small changes ih and the magnetic field the two G-L equations may b

obtained. The first equation is an energy eigerevaquation for the domain inside a

superconductor:
1
> (—ihV + 2eA)*Y + (a + fYyY )Y =0
ieh( - 2 4e2A . -
— (VP — YY) — —— Ay = -4
Meanwhile, a boundary condition which confines ¢dges states of a superconductor:
—ihVy + 2eAyp = 0 (1-5)

Solving equation (1-4) and (1-5), two characteriséingths can be obtained. The G-L
penetration depth}, is given by the following equation

[ ms
A—,/m (1-6)

and the G-L penetration coherence lengthby

72
2m|a|

§ = 1-=7)
By solving the G-L equations, Abrikosov noted tlitsed on the values of th&-L

parameter
AT

TED

superconductors can be divided into two types.

(1-8)

1.4.2 Type-l superconductor and magnetization
When k < iz the surface interface energy of superconductposstive and exhibits the

Meissner effect. Such superconductor is class#getype | superconductors, which only has
one critical magnetic fielthc. WhenT < Tc andH < Hc, superconductor is in the Meissner
state, namely it is perfect demagnetized under etagfield and the inducB inside the
superconductor is 0. Here, the magnitude of maggisdn M is equal to magnetic field
strengthH and M = —H. When the external magnetic field increaseBto(=uoHo), the
superconductor immediately turns into the normatesfrom the superconducting state,
where H¢ is a temperature dependent variant. Till now, ekegmadium, niobium and
technetium, all the discovered metal supercondsd@ong to type | superconductors.

Caused by the lowHc, type | superconductors easily lose supercondigtilso, the
13



superconducting current merely flow on the thirelagf its surface with penetration depth
A at scale of 18 cm without superconducting current flowing throuigg entire body.

Consequently, type | are treated with less praatiesning for high field applications.

1.4.3 Type-ll superconductor and magnetization
When k > iz the surface interface energy becomes negatigasé&tjuently, the largest

normal-superconducting boundary will appear tos$atthe lowest energy state for the

superconducting state. The equilibrium state cts$ large number of filaments each
containing one quantum flux with value gf, = % Such materials are regarded as type II

superconductors.

In type-1l superconductors, the Meissner effectuossap to the lower critical fieltc: and
magnetic flux begins to penetrates into supercamdsicip to the higher critical fieldc. in

the form of flux lines (or flux vortices) screend&y induced supercurrents. With the
increasing of magnetic field strength, the coreguaintum flux become overlapped and the
superconductor loses its superconductors and tsgdnsiormal state at field aboMe.. Type

Il superconductors are classified into two categgrideal Type Il superconductor and non-

ideal Type Il superconductors [5].

1.4.3.1 Ideal Type-Il Superconductor

One of the difference between type-l and type-lbesaonductor is that type-ll

superconductor possess two critical magnetic tkldandHc2which are both temperature
dependent. When external magnetic field strergtiidc1, the superconductor is in the
Meissner state. Wheti.1<H<Hc», the superconducting state and normal state dpahigch

iIs known as a mixed state, allowing the magnetx fbenetrate the normal region of
superconductors.

1.4.3.2 Non-ideal Type-Il Superconductor

The non-ideal type Il superconductor, also knowridasy” superconductor, shares some
similar characteristics with ideal type-1l superdantors, such as both have two critical
magnetic fields and possess a mixed state. Whdreasnagnetization curve of non-ideal
type Il superconductor is irreversible and it ceaptor pin magnetic flux with remnant
magnetism characteristics. When the external magfietd is below Hcl, it remains in
Meissner state with perfect diamagnetism. Simutiasly, theM = -H. With the increasing

14



of H to the range oHc1 < H < Hcz, the superconductors will be in the mixed state e
magnetic flux can penetrate the superconductor.

The non-linearB-H curve is irreversible. When the external magnéetd strengthH
continuously increase until > Hco, the superconductor loses superconductivity acover
to norm state.

1.5 Magnetic properties of HTS bulks

Since the discovery of HTS materials in 1986, whiehables the possibility of
superconducting materials working under the boipo@t of liquid nitrogen (77 K), studies
on such materials have attracted a lot of attention

Generally, there are mainly three forms of HTS mal® including films, wires and bulks.
The focus of this study is HTS bulks. Most of thellvknown HTS materials are complex
metal-oxide cuprates. They belong to the type jpesconductors and are characterized by
CuQ; layers in their crystal structures [6]. In the mwglely studied HTS material, GABCO,
the main elements that comprise this particulaestgnductor can be represented in the
form GdBaCuwO7s. The whole set of materials in this family are algureferred to as the
REBaCuO (RE = rare earth element or Y) system.

1.5.1 Flux pinning

The trapped field in the bulk HTS due to flux pingyj achieved by introduction of pinning
centres into the sample, such as Gd-211 phas@ljé]basic and classical models used to
estimate the trapped field for a specific samplielva also covered, such as Bean’s model
and Kim’s model. It's notable that the present nilaug only focus on the magnetization
properties when the applied magnetic field is paréb the crystallographic-axis, which
inspires the present off-axis field cool magnetaat

With a magnetic field “trapped” or “pinned” in a lkusuperconductor via an appropriate
magnetization method, bulks can work as “permanegnets”. However, in order to trap
high magnetic flux, the introduction of inhomogedies and defects into their microstructure
is of utmost important to work as pinning centrepto magnetic flux lines. Without the
contribution of flux pinning centres, when the ertd applied field is abovélci, the
material enters its mixed state and the flux lines free to move freely throughout the
interior of the sample. Finally, they will be unifoly distributed into a particular lattice,
called a regular Abrikosov lattice. Based on Beandglel, which will be fully discussed in
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Section 1.5.2, the uniform distribution of trapgedid corresponds to a zero-magnetic field
gradient. This means that no curreht(0) would flow in the bulk of superconductor, wii

is just confined in the surface. During the remowhlthe external applied field, these
unpinned flux lines are now free to escape from #aeple. Considering that no
superconducting current flows within the sampleiythe magnetisation process, and no
flux lines remain, there would be no remnant maigrfegld left behind. On the other hand,
if the pinning centres are introduced during thieritaation process, these impurities and
other kind of inhomogeneities would pin the flurds during the magnetisation, and a
certain gradient of field distribution will be ebtshed ( # 0).

Consequently, after the removal of the externgtlylied field, a portion of the entire eddy
currents would reverse, and thus the sample isteftdy magnetized [8]. However, when
the magnitude of external applied field exceedsréam value, which is referred to as the
‘irreversibility field’, the pinning centres cannabrk effectively anymore and the flux lines
are able to release themselves from the pinningreemand are free to move again. The
motion of a flux line is driven by the Lorentz ferd-., which can be expressed by the
following equation [9]:

F, < JXB (1-9)
As the externally applied field increases, the esponding Lorentz force also increases
accordingly. When the Lorentz force exceeds thengiforceFpin, magnetic flux won't be
pinned anymore and will flow. As a result, the metiration of the material is irreversible.
As the name ‘irreversibility field’, suggests, whare applied field is over this point, the
materials will transfer from an “irreversible” statio a “reversible” state.

A comparison of typical irreversible and reversiblagnetizatiorM-H curves is shown in
Fig. 1-5, where the reversible part of the mageaditin is illustrated as a thin line in Fig. 1-
5 (b). When sample is in the Meissner state < Hc1), a superconducting current will be
induced on the surface, which screens the extgrapplied field. Therefore, the magnetic
field inside of the sample is zero regardless efdkistence of pinning centres. Without the
introduction of pinning centres, when the supercmtal enters into mixed state between
Hc1 andHco, the size of the superconducting region shrinkstdumore flux lines penetrating
into the sample. Hence, tiM-H loop of a defect-free sample is reversible, andrahe
external applied field decreases to zero, no magfield is trapped within the material. In
the case of impurities within the HTS material Isas precipitates and non-magnetic oxides,
which interact with the penetrating flux lines, teH curve is highly irreversible, as shown
in Fig. 1-5 (b). Therefore, wheda > Hcy, the flux lines cannot penetrate into the sample
freely and concentrate at the surface. MeanwMIepntinues to decrease until the external
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field approaches to a certain magnitude, whichhemthe first flux line just reaches to the
center of HTS sample (also covered in Bean’s moAel = H,, the magnetization has its
maximum diamagnetic value. However, with a contthurecrease of external field, the
number of flux lines immobilized by pinning centresches its full capability and the field
at the centre will increase from zero to the saalee/of the external applied field. Therefore,
the field gradient drops in retur starts to increase accordingly. During the proadss
decreasing the applied field froiir to zero, the pinning centres will still hinder the
movement of the flux lines out of the material, &hdontinues increasing to positive values.
Thus, a field is trapped within the sample. Thelgrat of the field profile is determined by
the critical current density of the specific maakrbased on Bean’s model. Therefore, the
difference between two segments of the bold cumvig. 1-5 at a specific fieltl can be
used to estimate the current density.

A

&

(a) (b)

Figure 1-5. Summary of irreversible and reversti¢! curves of bulk HTS materials. (a) full magnetisati
loop, (b) partial magnetisation curve [8].

1.5.2 The Bean model

Since 1962, the Bean model has been proposed atifieddoy C. P. Bean [10,11], with the
purpose of giving a macroscopic explanation ofitfeersible magnetisation behaviour of
hard type-ll superconductors. There are severaenyidg assumptions for the scope of
Bean’s model:

a) the relative permeability of type Il superconmugu, is 1 in the mixed state;

b) any electromotive force in the region penetrdigdexternal flux lines, however small,
will induce the critical currentl, to flow in the superconductor and the currentaes
zero in the area without penetration;

c) there is no field dependence of the criticafent density. In other words, with the sample
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in its mixed state, where the flux lines penettatel: (Jc is the critical current density,
over which the material will transfer from its sug@enductingsate to normal state);
d) in the areas of the sample without externatlfgnetration, the currentds= 0.
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Figure 1-6. lllustration of the Bean model in anthTS slab with infinite length in the y-z pland.[4

Based on Ampere’s law and the above assumptioasntgnetisation can be described by
equation:

UXB = o), (1-9)
Bean’s model is based on the geometry of a thin BlaB of width 2L oriented in the y-z
plane with its plane parallel to the uniform extdrfield, By, increased from zero as shown
in Fig. 1-6. An induced eddy current flows over #tab in the direction illustrated. Since it
is assumed that only currents flowing along thexig-are considered, which generates a
magnetic field only along theeaxis,B now is simplified as a one-dimensional field geadi
as described by equation:
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0B
VXB = ——j = o, (1-10)

By integrating this equation, the value of the negnfield can be calculated numerically.
In particular, the characteristic fielBp, which is also defined as the full penetratiordfie
can be calculated by the following equation:

B, = poJca (1-11)
whereuo is the permeability of free space, a is the hatfthvof the slab, and:is the critical
current density of the material.
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Figure 1-7. Distribution of the magnetic fields @ss the width of a slab during the application eerdoval of
a slowly varying, external magnetic field.

Fig. 1-7 (a) shows the response of type-Il supeataotor for the application of a slowly
varying external magnetic field increased from @B, without the pre-existence of any
magnetic field, and the field distribution duririgetremoval of external applied field. When
the magnetisation field increases from Bfpthe flux lines penetrate the sample from the
edge to the centre with a constant gradient, wingans that current flows over the
penetrated area with a constant vallaeDuring the removal dB,, if the bulk sample is not
fully penetratedBa < 2Bp, as shown in Fig. 1-7 (b)), the trapped fieldhia sample has two
peaks. Whereas if the sample is magnetized witexéernal field equal to or greater than
2By, the trapped field has one clearly defined pealsh@wn in Fig. 1-7 (c). In conclusion,
the Bean model implies that the maximum trappettl fis obtained with an external
magnetic field of at least twice its characteristedue Ba > 2Bp). The Bean model is the
simplest way to provide a straightforward pictuffetite magnetic response of an HTS
material during its magnetisation process baseskogaral relatively simple assumptions.

1.5.2.1 Bean’s model applied to superconductors fhite thickness
The analysis of field distributions across the widt a HTS slab with infinite geometry can
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be equally applied to the cross:tion of a cylindrical bulk sample of finite thickness;
however, a correction factor is required to accdonthis finite thickness. The peak trapped

field value is given by the following equation:
Btrapped = kuoj.a (1-12)

whereBrrappeds the trapped field calculated at the centre efttp surface of a single-grain
bulk superconductok can be modified with the application of the Biavart law as [15]:

PRI O Y 1-13
=5aln| () (1-13)

The analytical field distribution above the bulkrgde along the-axis can be derived from
the following equation [12]. In the next equatiamandt are the radius and thickness of the
bulk sample, respectively.

1 a+
B,(z) = E.uojc {(Z + t)ln<

a + (z + t)2> o (a + m>} (- 14)
Z

z+t

where z is the elevation from the centre of supsilactor’s top surface.

1.5.3 The Kim model

With appropriate assumptions, the Bean model ctattefely estimate the response of a
type-Il material in its mixed state. However, soofethese assumptions are limited in
practical cases. For instande,is assumed as constant and independent of angnabye
applied field. Based on experimental results, thigesconducting state is defined by three
parametersTe, Hcand J, as shown in Fig. 1.2, anld is actually a function o andH.
Inspired by the Bean model, the Kim model was edgenby Kim, Hempstead and Strnad

in 1962 [13], and is summarized as equation (h&)c¢lude the in-field dependencelsf

Je = ]COB (1-15)

1+B—0

whereJco represents critical current density without areaxal applied field, i.eBa=0T,
andBo is the magnetic field whek reduces to half ak.o. J.o andBop are constant values and
sensitive to the microstructure of the material ambient temperature. The performance of
a superconducting material is sensitive to amhiemiperature change, so the Kim model
can be modified with temperature considerationsyshas:

Je(B,T) = Lﬂﬁ (1-16)

B
(1 + B_o)
Here, the ambient temperature is definedlgndp is a material-dependent constant that

can vary with temperature.
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The Bean model makes a simplifying assumption abmitvay of magnetic penetration,

which qualitatively agrees well with the experim@nbbservations. However, it cannot

explain that with an increase of the sample skeEentaximum trapped field cannot increase
infinitely. In addition, it cannot give a good e&phtion for the trapped flux when the applied
magnetic field is not parallel to tleeaxis, which is the main target of the followingdy.
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CHAPTER Il
Off-axis field cooled magnetization of GABCO bulk

To supply the superior magnetic flux source, HT&$&must be magnetized upon external
magnetic field. In this chapter, popular magnetmatechniques to magnetize HTS bulks
are introduced including zero field cooled (ZFC)gmetization, field cooled magnetization
(FCM) and pulsed field magnetization (PFM). Mearle/iecent attractive progress in PFM
techniques is emphasized. Then, a novel magnetizaeometry, off-axis field cooled
magnetization, is studied for disk-shaped and c@dBaCu:O75 (GABCO) samples and
the trapped flux behavior is analyzed.

2.1 Magnetization techniques

2.1.1 Zero field cooled magnetization and field cded magnetization
For the measurement of trapped magnetic flux perdoce of HTS bulks, ZFC

magnetization and FCM are commonly used, with tlanndifference in the sequence of
cooling and the application of external magnegtdi In ZFC, the bulk is cooled below its
Tc prior to excitation with an external magnetic dieln FCM, the bulk is placed under the

external magnetic fiel@app before cooling below.

ZFC FC

Figure 2-1. Comparison of zero field cooled (ZF@y dield cooled (FC) magnetization techniques folkb
superconductor using the Bean model [1]. In ZFGQuliy magnetize the HTS bulk at magnetic fieldesigth
Ho, at least Blp should be applied. While, in FC, orttyis needed.

In HTS applications, the requireBapp should be confirmed including the waveform,
magnitude, etc. As shown in Fig. 2-1, to achiewerttaximum trapped magnetic flB¢ap,
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the external magnetic field should be applied at least twice of Byap in ZFC and the same of
Birap in FC based on the Bean model. As mentioned in Chapter I, Bean model is set up based
on several assumptions limiting its accuracy. Ongoing researches in PFM has indicated the
limitations of Bean model in practical applicability. The recent related researches are

introduced in the following parts.

2.1.2 Pulsed field magnetization
In ZFC and FC magnetization, large magnetizing coils and long magnetization time are

needed which are impractical for most HTS electric applications. Another magnetization

method, PFM has been developed and studied.

In 1996, Y. Itoh et al. first reported results of PFM applied to some YBCO large single grain
samples [2]. The PFM technique is similar to ZFC, except that magnetic field is applied via
a pulse/multi pulses on the order of milliseconds, rather than ramped up and down slowly
over a period of many minutes or even hours. Consequently, a smaller and more compact
magnetization fixture can be employed and the time scale for the magnetization process is
much shorter. Several groups have successfully employed HTS bulks and pulse
magnetization technology into electric applications such as Tokyo University of Marine

Science and Technology as shown in Fig. 2-2.

Cryo-coolant path
(Liquid N2 or Ne)
1

; [ Cryo-coolant path
(Liquid N2 or Ne)

——— ' GdBCO bulk
\‘ (Field poles

—

' J Excitation & Armature coil
|

Figure 2-2. Inner structure of axial-gap synchronous generator with HTS bulks. The generated magnetization
field by excitation coils is parallel to the crystallographic c-axis (@TUMSAT).
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Two key techniques for tha-situ magnetization of HTS bulks are the suitable areament

of HTS bulks and magnetizing coils in limited spamed the elimination of the heat
generation during magnetization to achieve higragped flux density. As shown in Fig. 2-
2, magnetizing coils are arranged close to the blIiE surface at the level of 2 mm. Suitable
cryo-coolant path should be designed for both HTU&d9and magnetization coils. It is
notable that the external magnetic field is paratidhe crystallographic-axis of the HTS
bulk. On the other hand, due to the large temperaise associated with the rapid dynamic
movement of external magnetic flux into the santplang the PFM process, a significant
amount of heating is generated within the supergota, resulting in a large decreasddn
and thus a lower trapped field [3]. Therefore, tiapped field with PFM is generally much
smaller than that of FC magnetization. To achieve@imum trapped field profile for PFM,

it is crucial to understand the flux movement withibulk sample during this magnetisation
process. In the study of PFM, there are many cengitbns and parameters to modify the
trapped field profile in the sample, including {haelse magnitude, shape and duration, the
numbers of pulses, the temperature rises duringitheess and the type of magnetisation

coils (solenoid, split or vortex coils) [4].

Another interesting phenomenon is named as “flaxguwhich is closely related to the heat
generation during the penetration of magnetic fhio the bulks. As reported in [4] and
shown in Fig. 2-3, the bulk is fully magnetizedda86 T and 51 K. Namely, the HTS bulk
can be also fully magnetized using PFM techniquéboat the twice magnitude of
maximum trapped flux for external field as indichl®yy Bean model. This can be explained,
during the magnetic flux penetration, that the Idoeat degrades the locdJ resulting a
small shielding current to resist the magnetic f@xetration. At specific applied magnetic
field, the magnetic flux is relatively easy to peate the whole sample. However, the
mentioned specific magnetic field varied with theality of the HTS bulks. To take
advantage of such mechanism into HTS electric egipdins, the required minimum applied
magnetic field should be confirmed prior to theemsbling of HTS electric applications,

which would take plenty of time.

24



51, T - v . v
5 a_(b)  Muli
Ny —=—27 T@75K
E4‘ "y ng\ +—297TT@|70K
O = \ ——486T@51K
2 3 9 \  Singl
o 2 ingle
= e \Ti--u--d_EST@51K
© @ A
'5 24 8_ \\\D
& © 1 Al
21 486T | " e, S
’ @ 51K e R
0 ‘ | { 0 p
0 20 40 60 0 5 10 15
Time (ms) X (mm)
—— B, &— 0 mm
—4— 2.5 mm —s— 5 mm

7.5 mm—<— 10 mm

Figure 2-3. (a) Magnetic fields measured dynamycatlithe top surface of the GABCO bulk sample dyiiire
rise of the final pulse at 51 K witBgap, 0f 4.86 T. (b) Comparison of the trapped fieldfies achieved from
single and multi-step (multi-pulse, multi-temperajuPFM processes (2.7 T @ 75K 297 T @ 70 K>
4.86 T @ 51 K). Partial magnetization of the sanmplechieved at the pre-magnetization stage. [4]

Recently, waveform control pulse magnetization (WAJRs also reported to be able to
magnetize the HTS sample effectively [3]. Using VWG Rt is possible to generate any
pulsed magnetic field waveform by appropriatelyraing the duty ratio of the pulse width
modulation. Through chopping, it is able to applg pulsed magnetic field with time period
at 1 millsecond level, making it possible to cohthe rise time of the pulse. Consequently,
the magnetic flux motion can be suppressed, inargaise efficiency of magnetization. It is
reported that, at 77 K, a GdBCO sample with 45 mameter and 19 mm thickness can trap
a magnetic field of 1.63 T using PFM, which is mtiran 90% of that by FC magnetization.

Combing the study of [4] and [3], it can be con@ddhat effective magnetization of HTS
bulks can be achieved in PFM. Thus, PFM can proddaromising solution for HTS

applications using bulks. It is notable that WCPMthod shows superiorities and is
practical important and promising for electric apglions. Compared with the passive
magnetization method as used in [4], WCPM enaldesiagnetize the HTS bulks with
similar performance achieved in FC magnetizatiomngidering the required small
magnetization coils, it would further improve thewer density of HTS applications and

would be a better choice for applications.
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2.2 Crystallographic structure and anisotropies o0REBCO bulk

Before staring the study for off-axis FCM, a briefroduction of the crystal structure of
REBaCwO7s (REBCO, where RE = rare earth element or Y) camogr the crystal
anisotropies is given here.
e O
® Cu
® s
oy

CuO2

Planes

a ‘—Tb 4 '
o l Chains
Figure 2-4. Hypoxia perovskite structure of an ¥BaO cell [5]

It can be seen from Fig. 2-4 that the REBCO tydk material is a layered oxygen deficient
perovskite structure, since the oxygen atoms atdpeand bottom faces O(1) is prone to
lose. With further losing of oxygen atoms, the fatanxchanges to YB&wOr.s. Meanwhile,

a change of orthogonad & b) to tetragonald = b) structure occurs when oxygen atom
decrease to 6. It has the high&stvhenos is 0.07, and becomes insulator whkeis larger
than 0.6. Consequently, the anisotropic crystalcstire results in anisotropic characteristics
for REBCO family. The main anisotropies are sumaeatiin Table 2-1. The influence by
the anisotropies on the trapped flux behavior bellstudied in the following parts.

Table 2-1. Main superconducting parameters anipmscof GdBCO crystals.

) in the along the Ratio
Superconducting parameters a-b plane c-axis Pay/ Pe
Magnetic penetration depth)( 130 ~ 180 nm 500 ~ 800 nm| ~0.25
Coherence lengtkg) 1.2~1.6 nm 0.15~0.3 nm ~6
Lower critical field Hc1) 50 ~70 mT 230 ~ 310 mT ~0.2
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2.3 Off-axis field cooled magnetization for disk-saped GdBCO bulk

The effective immobilization of magnetic flux is anportant issue in power applications
using high-temperature superconductor bulk cryoratgyas sources of superior magnetic
fields. To achieve this, attention has turned tthpped flux performance of large single-
grain GdBCO. Till now, most magnetization studiesused on the magnetization along the
crystallographic-axis. Here, a novel magnetization approach atdiqurogen temperature
iIs described that uses an external magnetic fRlgh that is not parallel to the
crystallographicc-axis normal to the Cu-O planes, i.e., an off-agg@metry. The results
show that the trapped flux is almost polarized gltime applied field as expected. This
tendency remains up to a high off-axis argound 60°. It is worth mentioning that, with
6 of 30°, the maximum trapped flux compon@htax parallel to thec-axis significantly
remains more than 96 % of 1.6 T which occurs upndesixis magnetization. Meanwhile, the
angular dependence of thexis parallel component exhibits that observed flensity is
higher than that expected value from 1.8tda addition, to visualize the flux line upon
magnetization af of 90°, we successfully demonstrate the contindluxsline trace using
steel wires; different trapped flux behaviour appears when applied field penetrates the bulk
through the growth sectors centre and along thetfrgector boundary, respectively. We
interpret these results may come from the microtiire as a result of melt growth. It is
highly emphasized that the off-axis magnetizatiotinhe finite inclination angle is quite
useful to be introduced into the design of HTS magilons.

HTS REBCO bulk cryomagnets sustain an extremelly mggnetic flux density magnetized
below the superconductivity critical temperatufe, making them attractive for power
applications. The magnetic flux trapping potenicthis functional ceramic cryomagnet has
been reported as 17 T at 29 K, 11 T at 47 K, afdaBthe temperature of liquid nitrogen,
using a cooling process under FCM [6-8]. In theasges, the external magnetic fidghp
was applied normal to the Cu-O plane, which is |pgr the crystallographic-axis of the
REBCO bulk. With this superior feature, varioustptgpe HTS machines and components
using bulk cryomagnets have been designed and manuéd, including superconducting
bearings, reluctance motors, and synchronous mgtatiachines [9-12]. The high magnetic
flux density provided by HTS cryomagnets, whichsigerior to that with conventional
permanent magnets (PM), can dramatically incrdasetrque/power density, enabling HTS
electric machines that are smaller and lighter tb@mventional devices having the same
rating [13]. Thus, effective trapped flux immobdiron in HTS bulk cryomagnets is crucial
in engineering applications, increasing the need flomplete understanding of trapped flux
behavior and practical magnetization techniques.
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Attempts have been made to obtain a satisfactagped flux density and homogenous
critical current distribution using both materiakparation and magnetization techniques
[14-20]. Commonly used magnetization techniqueactovate HTS bulk cryomagnets have
included ZFC magnetization, FCM, and PFM. In ZH& bulk is cooled below itk prior

to excitation with an external magnetic field. I6¥, the bulk is placed under the external
magnetic fieldBapp before cooling belowe. In PFM, the applied magnetic field is not static
but momentarily applied within the order of millsends. For practical reasons, HTS
applications demand lower magnetization power withmompromising the trapped flux
performance. Until now, uncertainties exist regagdine magnitude of the desired applied
field and waveform of the transieBkpp as a function of time that are needed to fully
magnetize the bulk [21]. The main obstacle is thattrapped field using PFM is smaller
than that using FCM, due to the transient heatezhlry flux motion or flux jump [22].
Notably, in past studies the polarization of thplegal magnetic field has been parallel to the
c-axis of the bulk with the above magnetization pahaes.

In recent years, researchers have begun to useimepéal results integrated with a
numerical simulation analysis of th& distribution on thea-b plane of HTS bulk
cryomagnets in order to reproduce the trappeddisiibution and understand their exact
performance to be applied to HTS bulk machines.[23}ey consideration and obstacle is
the suitable definition of thd; spatial distribution, caused by the inhomogenitéthe
HTS bulks. Consequently, numerous experimentalteeate needed to provide a reference
for the proper modeling of the HTS bulks. Generdle superconductivity properties of
large, single grain HTS bulk cryomagnets vary witeir relative positions, thus making it
difficult to perfectly define the current distribom. Current studies using numerical
simulation - for example, in PFM - may provide inf@tion only in the case when the
externally applied fiel@appis parallel to the-axis upon magnetization. In both experimental
and numerical studies, there have been no targéfmds to magnetize these bulks under an
external fieldBapp at inclined angles to theaxis.

Although the global behavior of the magnetic flaxsingle crystal materials has been much
studied, the interactions between the vortex amedvirious structural defects present in
large-sized single-grain bulk materials have matactical relevance. The flux pinning
mechanism becomes more complex when the defectwtes and anisotropy characteristics
interact during the process of magnetization, beeainning is not simply additive [24,25].
As a result, power applications using GdBCO cryomnedsg)have been severely restricted and
remain confined to the prototype stage, althougky thave superior performance in
sustaining strong magnetic fields thanks to theiteatd of the second phases like

28



GbBaCuG [26,27].

To our knowledge, for the first time, it opens thessibility to study the trapped flux
behaviour when the bulk experience inclined apgiield during magnetization. Moreover,
tiny steel wires are adopted to detect the tragheddistribution visually, which provide
compensated information for the spatial distribitdd trapped flux. In the present study, we
exhibit that the trapped flux of GABCO under ofisakCM geometry witlf up to at least
30° retains a comparable amount with that occurdnder on-axis magnetization. It may
benefit future machine designs if the off-axis netgration is effective and provides the
equivalent flux trapping of conventional on-axisgnatization. Meanwhile, the experiment
results provide the basis for a deeper understgrafithe anisotropic characteristics of bulk
cryomagnets.

A GdBCO-QMG®[28] sample of 60 mm in diameter and 20 mm in thicknespared by
Nippon Steel & Sumitomo Metal Corporation was engplbto investigate the trapped flux
behaviour using off-axis FCM as shown in Fig. 2}5{@ apply the magnetizing field, we
employed a 5 T superconducting magnet with a 300room temperature bore (JMTD-5T
300M-PC, Japan Magnet Technology, Inc.) by Japagnitalechnology. In the application
and removal processes Bfpp the field sweep rate was set at 1.39 mT/s. THk Wwas
mounted on a self-designed sample holder to kezjpnigled with respect to the-axis of
the bulk at 30°, 45°, 60°, 75° and 90° and wasembalown by immersing into a liquidaN
bath under 3 TRapp gradually. Considering the influence of anisoicogharacteristics on
fluxing pinning performances within growth sect¢@Ss) and growth sector boundaries
(GSBs), two magnetization arrangements were chiosehequal to 90°. Fig. 2-5 (b) shows
thatBapp is applied along the centre of the growth sedB8)(and Fig. 2-5 (c) exhibiBapp

is parallel to the GSB during FCM. Once temperasiability was achieved, the applied
field was removed. After the removal of the extéfiedd, the trapped flux measurement by
using Hall sensor (F. W. BELL, model BHT-921) waarted after 75 minutes to eliminate
the major flux creep. The active area of the sens® 0.51 mm in diameter.
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Figure 2-5. (a) Field cooled magnetization (FCM)mwapplied magnetic field,,, which keeps an off-axis
angled from the crystallographic-axis of the bulk. Magnetic fielB.pp is parallel to Z axis and is defined
within the Y-Z plane. (b) FCM with misaligned GSB which Bappis applied along the centre of the growth
sector (GS). (c) FCM with aligned GSB in which Bagpapplied parallel to GSB. (d) Two measurement
configurations with Hall sensor. Left: Hall sens®mparallel to the bulk surface and we measurdrtpped
field B, parallel to thes-axis. Right: Hall sensor keeps a 30° inclinatimoni the surface and we measure B30°
along inclined direction of 30° with respect to thaxis direction. The gaps between the Hall senspsiag
area and the bulk surface are 0.5 mm and 1.6 mi,fand B30°, respectively.

To evaluate the trapped flux performance in ofsakiCM, magnetic flux density was
measured using two different Hall sensor geome&geshown in Fig. 2-5 (d). The trapped
flux density By parallel to thec-axis of the bulk and the trapped flux dend®s- along
inclined direction of 30° with respect to th@xis direction are obtained. In theeasurement
of By, the sensing area of Hall sensor maintains a 9ap to the bulk surface. The trapped
magnetic flux density was measured at every 1 mdsgep. The Hall sensor is mounted on
an X-Y-Z movable platform and the measurement raagé x 70 mrhover the top surface.
By andBso- were measured and well confirmed with the reprdallity. The integrated flux

@ was calculated by using the trapped flux derBitgs described above.

2.3.1 Trapped field results

Here, the results of FCM experiments on the Higberamicsuperconductor GABCO are
displayed. Specifically, we measured the longitaticomponent as a function of field
orientation, i.e., parallel component to thvaxis of the remnant magnetization after the
external magnetic field was removed. The obsernvehpmena include (1) a quite gradual
variation in the maximum trapped field dendByax and the integrated trapped fldxfrom

0° to 30°, as well as an obvious reduction from 60° to 75°; and (2) distinctive trapped field
behaviors for two different magnetization polanaat configurations, in whicHBapp IS
applied in the crystallographa:b plane, parallel to the growth sector boundary (G&iR)

in the growth sector (GS) at the liquid nitrogemperature and a high angle. We verified

the feasibility of this novel magnetization georgaetonsidering the magnitude of trapped
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flux density and the orientation of the trappecflu

a)B,ofd=0° b) B, of 6 =30° C) B,of 0=45°
i 1 I

0 0

10

O (U

5

=
(=

N
=

Position X (mm)

[«
=

~
<

1020 30 4 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
(d) B, of 0=160° (€) B,of0=75° Trapped Field (T)

0 0 1.7
10 1.5
1.3
20 1.1
30 0.90
0.70
40 0.50
0.30
il 0.10
60 -0.10
-0.30

;
0 10 20 30 40 50 60 70 0T TSI 40 50 60 70
Position Y (mm)

Figure 2-6. Trapped flux distribution measuredraf€M, in which Hall sensor is parallel to the balkface.
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Figs. 2-6 (a) to 2-6 (e) show tlBg distributions withé of 0°, 30°, 45°, 60° and 75° under
off-axis FCM, respectively. The sample is arrangethe centre of the scanning area of 70
mm X% 70 mm, keeping bulk centre at 35mm both inn¥ ¥ direction. Fig. 2-6 (a) shows
the maximunB;, under on-axis FCM is 1.6 T as mentioned abovehasdoeen chosen as a
reference for the following analysis. With increast, Bimax decreased monotonously as
shown in Figs. 2-6 (a) to 2-6 (e). Table 2-2 exisibhat the observe8max decreases from
1.6 Tto 0.55 T as a function 6f It is noted thaB;max of 1.54 T achieved whefis 30°
retains 96 % of that whetis 0°, which confirms the useful performance of @{Bbulk
under off-axis FCM witt up to 30°.

In these results, all the 2D trapped flux profilesder on-axis FCM exhibit a quasi-
concentric pattern, showing that the induced cariemearly unimpeded and circulates
freely at the scale of treeb plane of the sample. Thus, this sample can badenesl a high

quality “single grain” perovskite material from alectromagnetic point of view. Meanwhile,
the area of trapped flux density over zero maistanquasi-perfect circle shape with a
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diameter of 60 mm, which coincides with the geometimension of the bulk sample for
all FCM conditions. These results show that thpgeal flux maintains the same orientation
parallel to thec-axis, at least on the periphery of the bulk urafeaxis FCM. The trapped
flux orientations in the vicinity of the crystalestare discussed later.

Under off-axis FCM and at each measuring angle, tdapped field remains at a
corresponding maximum vallgnax in the central part after the external magnettdfis
removed. Th@maxtends to shift toward the periphery whgis 75°. This motion of thBmax
can be explained in two ways: that the maximumpeapflux moves after flux creep, and
that the trapped flux is inclined leading to thepliacement oBmax. Specifically, distortion
begins in the trapped flux distribution by an atngpic characteristic, which is obvious in
the center part shown in Figs. 2-6 (d) and 2-6 Tee maximum trapped fielBmaxand
integrated trapped fluxp under the off-axis FCM are summarized in Table ZBe
differences irBmaxand® are listed to compare tliepped flux performance under off-axis
and on-axis FCM. A particularly higBmaxis achieved at 0° with a saturation value of 1.6 T
at a liquid nitrogen temperature. The maximum teapfield values in the other four cases
are 96%, 86%, 67%, and 35% of fBeax value whert = 0°. These proportions are larger
than the longitudinal component Bfax under the inclined applied field, which shows that
the trapped flux behaviors cannot be simply exglaiby a vector decomposition scheme.

In isotropic homogeneous materials, the magnetima¥l is generally along the applied
magnetizing field direction. For simplicity, we mayesume that the values Bfmax obey
the formula 1.6casas a function ofas shown in Table 1. However, the obsemBgaghx iS
larger than 1.6ca@sup to 75°, which may be ascribed to the anisotrapg/or the shape
effect of the sample. Meanwhile, with increas#hghe distortion 0B, distribution becomes
obvious. The remnant trapped flux distribution fa#quals60®° and 78 shows that the peak
area shifts from the centre to the periphery of ték. It attracts our attention in the
discussion, for the bulk, whether it tends to Sasti@pped flux which is parallel to the
axis and irrespective of the orientation of apphiett, although the trapped flux is almost
polarized along the applied field as expected.
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Table 2-2. Maximum trapped flux compondinax and integrated trapped fluk of By
under FCM and maximum trapped flux comporigsat.

0] By [T] (0.5mm gap) Bso- [T] (1.6 mm)
Bmax 1.60co¥ @ [mWh] Bsormax[T]
0 1.60 1.60 1.46 1.22
30 1.54 1.39 1.42 1.26
45 1.37 1.13 1.40 1.04
60 1.07 0.80 1.31 0.910
75 0.55 0.41 0.811 0.531

On the other hand, the integrated trapped flux shawelatively moderate rate of decrease
compared witBmax, Which reveals that the maximum trapped field baimnfluenced easier
by increasing the inclination angle. The maximuniugaof the integrated trapped flux
reaches 1.46 mWb when the applied fiBlg is parallel with thec-axis. With increasing
inclination angle, it decreases to 1.42 mWhb, 1.48m1.31 mWhb, and 0.811 mWhb, which
are 97%, 96%, 90%, and 56% of the maximum valu@®aComparing the trapped field
density for off-axis and on-axis FCM, the resukésnibnstrate the feasibility of the off-axis
FCM for activating the GABCO cryomagnet from 0°3@°. Notably, wherf =45°, the
performance of the integrated trapped flux is alsteptable.

Compared with the results of the off-axis FCM, titained trapped flux profiles under the
on-axis FCM reveal more homogenous and higher é@dfipld performance. These profiles
show slight differences in the maximum trappeddfiahd almost the same trapped flux
distribution pattern from 0° to 45°. For angles 1048&°, the trapped flux density profiles
show obvious differences regarding the flux disttibn and maximum trapped field

performance, especially in the center part.

While we cannot yet identify the precise spatiatmbution of trapped flux under off-axis
applied field, the approximate inclination tendemmeyn be detected by adjusting the Hall
sensor with respect to the bulk surface. Usingpezially prepared holder of Hall sensor as
shown in Fig. 2-5 (d), we can measure Bae, which is the trapped flux density along the
direction enclosing a 30° angle with respect to ¢fexis. Since V:B = 0 and effect of
probable inclination of the magnetization due teasxiis FCM, larger scanning area of B30°
over O is expected. Thus, scanning area is enlam&® mm X-direction) x 90 mm y-
direction) forBzo- measurement, while keeping the bulk centre irsdree position as iBy
measurement,e., 35 mm both in X and Y direction. It is obviousthhe intensified peak
area of trapped flux shifts to the periphery of ik, which confirms that trapped flux is
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inclined under off-axis FCM as shown in Figs. 2aYtp 2-7 (e). Notably, whehis 30°, the
Baomax0f 1.26 T was detected, which is higher than T.2izcurring in on-axis FCM&(is
0°). It indicates the bulk can still sustain futhpped flux potential in off-axis FCM. This
result supports the feasibility of off-axis FCM wmdinite angle inclination.
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Figure 2-7. Trapped flux distribution measuredra€M, in which Hall sensor is inclined to the bglkrface.
(a), (b), (c), (d) and (e) represent Bg- distributions under on and off-axis FCM wiitof 0°, 30°, 45°, 60°
and 75°, respectively.

Considering the probable anisotropic flux pinnimgl & distribution in the growth sector
(GS) and growth sector boundary (GSB) indHeplane, we have performed FCM with two
different polarization configurations f@ at 90 as shown in Figs. 2-5 (b) and 2-5 (c). To
confirm the homogeneity of QMG sample, two QMG sulabricated in the same process
were sliced along aligned GSB direction and mised) GSB direction respectively as
shown in figures 4(a) and 4(b). In Figs. 2-8 (cjl @8 (d), a region of 12 mm ab)axis
direction and 8.5 mm in theaxis direction was investigated to compare the dgeneity
alonga(b)-axis and:-axis direction. These results confirm the highliqaf the single grain
QMG sample for the following characterization.
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Figure 2-8. (a) Cross section of QMG bulk along ¢ketral plane of growth sectors (misaligned G§B).
Cross section of QMG bulk along growth sector bauie (aligned GSB). (c) and (d) represent the
micrographs for the misaligned GSB and aligned @&Bs section respectively. Positions of the setetP
mm X 8.5 mm regions are noted by white marks.

Tiny Zn alloy steel wires of 0.3 mm in diameter d@ntb 2 mm in length are employed to
observe trapped flux distribution around the bakple. After the stabilization of trapped
flux, wires are put into a plastic box over thekosurface keeping the bulk immersed in
liquid N2. The thickness of plastic box is 2 mm. As showikigs. 2-8 (a) and 2-8 (b), the
trapped flux comes out of the bulk surface andnterehe bulk from the bottom as expected.
In Figs. 2-8 (c) and 2-8 (d), the magnetic fluwxebnare symmetrically distributed along the
Bapp Orientation after FCM with misaligned GSB. The metic flux is mainly trapped along
the a-b plane of the layered perovskite structures. Howewethe results of FCM with
aligned GSB, the trapped magnetic flux seems tmmtlened to thea-b plane and escape
from the periphery of the bulk as shown in Fig8 @) and 2-8 (f). A possible interpretation
on the different trapped flux distributions undsr 90 might be the following: around GSB
of melt-growth GdBCO bulk, part of the grains whiate disoriented with the prevailing
crystal structures which may lead to minataxis component of magnetic field associating
with superconducting current even when the apgiield is perpendicular to the-axis
during FCM.
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Figure 2-9. (a) and (b) represent trapped fluxithigtion on the bulk surface and lateral flux disttion after
on-axis FCM respectively. (c) and (d) represemtpea flux distribution on the bulk surface and datdlux
distribution after FCM with misaligned GSB. (e) affidrepresent trapped flux distribution of bulkface and
lateral flux distribution after FCM with aligned BSIn (a), (c) and (e), growth sector boundaries ar
emphasized. Broken lines in (b), (d) and (f) inthche QMG sample immersed in liquid.N

In Fig. 2-10, the experiment results are summarigeel maximum trapped fluB/max the
trapped flux integrated on the surface of the lilkre shown as a function of off-axis angle
in FCM. In addition, 1.6ca@is plotted as the reference of the angular depeaef
magnetization as expected with a constant magnietizealue of 1.6 T. With increasing
the integrated trapped flux decreases moderatatypaced withB/max For & = 9C°, the
trapped flux over the bulk surface is near 0. Wasth to note thaB/maxis larger than 1.6cés

in the range of G&< # <90°. While we cannot identify the exact cause ofBaeax larger than
1.6co9, we figure out the following speculations whichghmi appear attractive.
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During on-axis FCM, the sample is totally penetlateth the thickness along tleeaxis
While, under off-axis FCM, the penetration thicke@s the centre of the bulk is enhanced
to h/co9 along the direction dBapp This increase h (1/c8sl1l) may cause thB;maxlarger
than 1.6co8. In this case, inside the bulk after off-axis FQiWe superconducting current
circulation may not be remaining in the planes pedicular toBapp With the existence of
Bapp, sSuperconducting current circulates in planes pelgelar toBapp as shown in Fig. 2-
11 (a).

(a) (b) ) .
C-axiI1s
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afb)-axis v
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=

Figure 2-11. (a) The dash planes represent thelation of superconducting current in off-axis F@Mh Bapp,
which is perpendicular to theaxis. (b) After the removal ., superconducting current tends to circulate
in the plane, which encloses an angl@g ¢f < 6) with thea-b plane and causes the trapped Bxpechas the
tendency to realigned to tleeaxis. (c) Kinked flux lines under off-axis magreefield, which partially align to
thec-axis trapped by pinning centres in #ud plane and connected by Josephson strings.
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However, according to material anisotropy togethigh the existence of Cu-O plane, the
supercurrent may have a tendency to circulatearath planes. After the removal &pp,

the supercurrent circulation forced in the planepeedicular toBapp may be preferably
reoriented frond to S (8 < 6) with the c-axis as shown in Fig. 2-11 (b). We suggest the
overall effect is to turn the flux line counterdkvdse to some extent, which means part of
the remnant trapped flux lirgnax will be rearranged to parallel to theaxis and the rest still
remains parallel to thBapp as shown in Fig. 2-11 (c). Consequently, Bagaxis larger than
1.6co9. Till now, the coexistence of different orientaisoof the flux lattice has been found
in Bi2SrCaCuOs-+qsuperconductors, where the horizontal componethefield induces
Josephson vortices and the vertical component gglygancake vortices that coexist
separately [29]. This phenomenon may be applicetb@dBCO bulk. However, the exact
ratio of the inclined trapped flux to the flux nahto thea-b plane is unknown, and more
investigations are needed into the properties ®@ftlaterial and the interactions with other
directional pinning centres.

2.4 Off-axis field cooled magnetization for cubic @BCO bulk

Generally, the shape of sample may influence tla¢isgdflowing path of superconducting
current within the sample. Consequently, the trdghex would be affected. Here, a same
series QMG GdBCO bulk with the previous disk-shageauiple was polished to cubic shape
(20 x 20 x 20 mr). Then, off-axis FCM was performed using the sgrecedures as
introduced in the section 2.3 as shown in Fig. Ad)2 After off-axis FCM, trapped flux
distribution for each 6 faces was measured for @ispn as shown in Fig. 2-12.

(b) B

& y
\ A Left Right
/ GABCO
Liquid N,
Figure 2-12. (a) Field cooled magnetization (FCMperiment setup, in which the applied magnetiafi&l,,
encloses an off-axis anglewith the crystallographic-axis of the sample. (b) The coordinate system,zx-y-
used to define the angle betweenBgag and the sample. Theeaxis is parallel to the z axis and thes defined

in the y-z plane. The broken lines on the top srf@present the growth sector boundaries. VWhe®0°, the
Bappis applied along the x axis, y axis and growthtaeloundary, respectively.
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2.4.1 Trapped field results

To evaluate the trapped flux performance of cubmo@e in off-axis FCM, it was measured
at every 1 mm grid step and a 30 x 305mamge. In every measurement, the bulk is placed
in the center of scanning area, namely, the bulikeras at the position of (15 mm, 15mm).
The scanning results of FCM experiments for thaeacsample is shown in Fig. 2-13.

Figs. 2-13 (a) to 2-6 (e) show tBg distributions with@ of 0°, 10°, 20°, 30°, 45°, 60° and
75° under off-axis FCM, respectively. Specificallye measured the longitudinal component
as a function of field orientation, i.e., paralEdmponent to the-axis of the remnant
magnetization after the external magnetic field wamoved. The observed phenomena
include (1) a gradual variation in the maximum preg field densit¥8max and the integrated
trapped flux® from 0° to 75°; and (2) Since V- B = 0 and an enlarged lardge< O area is
detected as shown in the Figs. 2-13 (c), (d),(feand (g). It is obvious that trapped flux is
inclined for cubic sample under the off-axis FCM.

Fig. 2-13 (a) shows the maximum trapped fBixax under on-axis FCM is 0.546 T and is
chosen as a reference for the following analysighWhcreasing 8, Bimax decreased
monotonously as shown in Figs. 2-13 (a) to 2-13 Tgple 2-3 exhibits that the observed
Bimax decreases from 0.546 T to 0.158 T as a functiah bbfis noted thaBymax of 0.477 T
achieved wher9 is 30° retains 87 % of that wheé is 0°, which confirms the useful
performance of GABCO bulk under off-axis FCM wiétkip to 30°.

Table 2-3. Maximum trapped flu; for top surface under off-axis FCM froM @ 75.

Off axis By [T] O'S%ECOS
0[] (0.5 mm gap) U [mWDb]
0 0.546 0.546 0.0918
10 0.537 0.538 0.0910
20 0.514 0.513 0.0899
30 0.477 0.473 0.0871
45 0.409 0.386 0.0820
60 0.299 0.273 0.0684
75 0.158 0.141 0.0451

It is notable that the trapped flux performanceadtfollows the relationship of 0.546&Hs

where 0.546 stands for the maximum trapped fluxievachieved whed is 0°. It can be

concluded that the cubic GABCO shows isotropicpeapflux performance, which will be
given in more details in the discussion part.
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In Fig. 2-14, the experiment results are summari#esl maximum trapped flug/max the
trapped flux integrated on the surface of the l@ilkre shown as a function of off-axis angle
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in FCM. In addition, 0.546c¢cdsis plotted as the reference of the angular depeelef
magnetization as expected with a maximum magneaiizaalue of 0.546 T. With increasing
0, the integrated trapped flux decreases moderatetypared withB/max Ford = 9, the
trapped flux over the bulk surface is near 1/3efmaximum value. It is worth to note that
Bimaxalmost follows 0.546¢@ksin the range of & 6 <90°. While for the integrated trapped
flux, the bulk can sustain over 90% of the valuei@eed in on-axis FCM, which is practical
important.

= =
= 0.10 &
% t)e]
Eo06f S
i 10.08 @
i 0.5 =
= 04 10.065
L
S 03f A 2
g . .___900#1—0.04$::j
| —e—0.546c0s0 = 90° #7] >
g 0.1 ®  Maximum Trapped flux B, 10.02 %
E A Integrated Trapped Flux @ 0
2 00} 3
< ] ] ] ] ! ! ] ] | ] 000 g
= 0 10 20 30 40 50 60 70 80 90 =

Off-axis angle 6 (°)

Figure 2-14. Angular dependence of trapped fluxemrah and off axis FCM with of 0°, 3, 45°, 60, 75°
and 90. 90 #1 and #2 represent aligned growth sector bounatadymisaligned growth sector boundary off-
axis FCM geometry whefl= 90°, respectively.

2.5 Discussions

In general, a quantitative understanding of thepeal field behaviour involves flux pinning,
flux creep, thermal fluctuation and the effectsinit-cell anisotropy with the triple-layered
perovskite structure of GABCO [3®lux vortices are partially pinned between the €uO
planes with segments penetrating them which caedesrded as kinks [314lso, “pancake”
vortices have been assessed in the angular geof8&tB2].The interaction between the
material defects and the trapped flux forms thesbafsthe flux pinning mechanism and the
pinning force of one individual defect dependstsrdimension. It is more perplexing when
we consider all types of potential pinning centie® bulk superconductor, because the
pinning is directional and dimensionally anisotpi

41



Based on the above results, we find that the ticbjpe behavior of GABCO in FCM is
angularly dependent and nearly follows Bigacosfrelationship when the magnetic field
is inclined with respect to theeaxis of the bulk. The interaction between the malteefects
and the trapped flux forms the basis of the fliinpaig mechanism, and the pinning force of
one individual defect depends on its dimensionoAlke thermal fluctuation does not only
affect the pinning potentials, but also changestilygped flux dynamics, which increases
the complexity for interpreting this scenario [3BJuch effort has been devoted to studying
the motion of magnetic flux in single crystalsidtmore perplexing when we consider all
types of potential pinning centers in a bulk supedtictor, because the pinning is directional
and dimensionally anisotropic. Here, we discusssiptes inclination of trapped flux with
consideration including the superconducting curdisiribution, columnar defects, layered
structures, twin boundaries, and growth sector datias within the bulk.

Current Distribution

During the removal of the magnetic field, a supatecting current is induced and the flux
lines experience the so-called Lorentz fofeg,and a pinning forcésp. When the external
field is perpendicular to the-axis, the flux lines are parallel to the Cu-O gsrand are
driven across these planes by thetoward the bulk seed surface or the bottom surface,
depending on the current direction as shown in Zi§5 (a). When the external field is
parallel to thec-axis, the flux lines are driven Wy toward the periphery of the bulk, as
illustrated inFig. 2-15 (b). One possible mechanism might beaesiple for the partly
inclined trapped flux, considering the current glation pattern within the range of 0°6<

< 90°. During the removal of the magnetic field, @emeconducting current is induced in
planes exactly perpendicular to the external fidlde current circulates in opposite
directions in the two halves of each plane. As shawFig. 2-11 (5), the direction of the
circulating supercurrent in the area of 1, 3, aié® an opposite sign to the direction in the
area of 2, 4, and 6. According to crystal anisotrdyy the existence of Cu-O plane, the
supercurrent may have a tendency to circulate iptemes, as shown in Fig. 2-15 (d).
Therefore, we speculate the overall effect is to the flux line counterclockwise, which
means the trapped flux lirgnax will be rearranged to align in the direction pbelaio thec-
axis.
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Figure 2-15. (a) Direction of the Lorentz force wite= 90°. (b) Direction of the Lorentz force whémr 0°.
(c) Schematic portion of superconducting currenhiwithe bulk: regions 1, 3, and 5 have the samection
of current, which is opposite to that in regiongl2and 6. (d) Flux line has a tendency to realigthec-axis
under the effect ofF .. (e) Trapped flux distribution under on-axis FC{¥). Trapped flux distribution under
off-axis FCM with inclined trapped flux in the vidty of the crystal seed. (g) Kinked flux lines @ndan
inclined applied field which partially align to theaxis trapped by pinning centers in theb plane and
connected by Josephson strings.

In off-axis FCM for disk-shaped sample, the maximuapped field reaches 0.55 T fér
less than 75°. If all the trapped flux lines arelimed to thec-axis, the vector sum of the
local magnetic density will surpass 1.6 T, whiclurgeasonable. Considering the above
reformation tendency by, we argue that only a part of the magnetic fluxaes inclined

to thec-axis and the rest is rearranged to align withctagis. Figs. 2-15 (e) and (f) illustrate
this trapped flux distribution for off-axis and @mis conditions. The vertical lines represent
the flux parallel to thes-axis. In Fig. 2-15 (f), the closed inclined elpsgepresents the
remaining inclined trapped flux. The coexistencelifferent orientations of the flux lattice
has been found in BSCCO superconductors, wherédheontal component of the field
induces Josephson vortices and the vertical cormpam#uces pancake vortices that coexist
separately [30]. However, the exact ratio of thdiimed trapped flux to the flux normal to
the a-b plane is unknown, and more investigations are ededto the properties of the
material and the interactions with other directigrianing centers.
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Columnar defects

Columnar defects exhibit a strong pinning effectewhthe magnetic field aligns the

orientation of the vortices to the defects [31]albroader definition, linear defects with a
certain amount of splay can be included in theatated category. Specifically, it has been
theoretically predicted [32] and experimentally dersirated [33, 34] that a certain amount
of splay improves pinning by keeping the doublekKinx line from escaping. However, the

current research mainly focuses on single crystenals with a controllable orientation of

columnar defects. When it comes to bulk materitis,orientation of all columnar defects

may only be aligned during fabrication to some ektélence, under off-axis FCM, the

inclined flux lines will be trapped by proper coloar defects with a tilt angle to tleeaxis.

Twin boundaries

As another correlated defect, twin boundariesrithe (1, 1, 0) or (1, -1, 0) planes that are
aligned with thec-axis. Their trapping flux mechanism is rather ctew@nd yet completely
understood. This mechanism has been confirmediag bble to influence the direction of
flux lines. According to the report [35,single twin boundary creates an easy channel for
vortex entrance. The vortices penetrate and #ldhannel, and then the boundary starts to
repel other vortices. At this moment, the boundbegomes an obstacle to transverse
magnetic flux motion and only movement along thentplanes proceeds relatively easily.
As a result, an additional in-plane anisotropy méraduced that leads to a spatial
redistribution of the screening current [3Bdr the trapped behavior @t 90°, the results
show a magnetic flux which mostly escapes frontihe planes and locates perpendicularly
to the twin planes in the aligned GSB magnetizagieometry, while the flux lines are only
slightly inclined to the twin planes. Hence, twiaumdaries present a possible mechanism
for the inclined flux distribution behavior whéime magnetic field is inclined to tlweaxis.

Layered structure

The triple perovskite layered unit-cell structuré these REBCO oxides introduces
additional features in bulk cryomagnets, such layer decoupling transition, and modifies
the mechanism of pinning and creep in various walgs.layered structure causes two novel
phenomena: pancake vortices and Josephson s@smghpwn in Fig. 2-11 (g). Kinked flux
lines occur in a layered superconductor which «gsof point vortices connected by
Josephson strings [37]. When the magnetic fieid aligned parallel to tha-b plane, the
vortex lattice will accommodate itself to the lay&ructure so that the vortex cores lie
between the strongly superconducting CuO planes. durrent flowing in the planes
perpendicular to the-b plane will exert & on the vortices. Under this condition, the motion
along thec-axis will be more difficult compared to that alotigga(b) axis, which is caused
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by the intrinsic pinning barriers of the supercoctthg layers. This mechanism will also
lead to the inclined flux distribution, especialiynend = 90°.

Fully magnetization achieved in off-axis FCM

Since the superconducting Cu-O layer is perpenaiidol thec-axis, it is normally accepted
that bulks can be only fully magnetized when theynedizing fieldB is applied parallel to
the c-axis inducing the superconducting current flowinghe Cu-O plane. Here, based on
the results of trapped flux in Figs. 2-10 and 2fdiddisked-shape and cubic GABCO under
off-axis FCM, it can be concluded that fully magmation can be achieved even if the
magnetizing fieldB is not parallel to the-axis as shown in Fig. 2-16. This may come from
the interaction between the bundle flux vortex angotropic pinning characteristics.

(a) (b)

Magnetizating field Magnetizating field
B B

Trapped flux Trapped flux

LeoEe trapped

c-axis

GdBCO bulk GdBCO bulk

Figure 2-16. Comparison of trapped flux orientatimder on-axis FCM and off-axis FCM. (a) In on-ax&M,
the magnetizing field is parallel to thec-axis. Since the discovery of REBCO materialssinormally
accepted that it can only be fully magnetized wtienmagnetizing field is parallel to tleeaxis due to the
existence of Cu-O superconducting layer. (b) Ineofs FCM, the magnetizing field B is applied wih
inclined angled between the-axis andB. In this study, it is confirmed GdBCO bulks canfbkly magnetized
even theB is not parallel to the-axis. Thus, under finité, the trapped flux vector component long thaxis
direction sustains a high level, which can be éffety utilized in HTS applications.

Such magnetization geometry is practical imporfantHTS power application, since it
offers more freedom for the arrangement of HTS @tk thein-situ magnetization, which
will be introduced in Fig. 2-17.

Possible HTS bulks arrangement thanks to off-axiséld cooled magnetization

Thanks to the full magnetization under off-axis metization geometry achieved in

experiments, it makes them highly interesting fribie technical view of application design

and some technical potential can be immediatelyoegg for the magnetic pole structure as
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shown in Fig. 2-17. Presently, the magnetizatidedfiB is applied parallel to the
crystallographic-axis as shown in Figs. 2-17 (a) and 2-17 (c).

With the increasing output power to MW level, sefiTS bulk per pole cannot satisfy the
required magnetomotive force, which will be expérin more details in Chapters V and
VI. Consequently, multiple HTS bulks are urgentBeded. For the arrangement of multi
HTS bulks, off-axis magnetization will be espegialseful as shown in Figs. 2-17 (b) and
2-17 (d). By varying the orientation of HTS bulleatling to off-axis, the distance between
HTS bulks and magnetization coils can be reducdtgiwhelps to improve the magnetic
flux density in the air gap region.

Magnetization field

(a) Magnetization field (b)
g )
Magnetization coil ) % Magnetization coil

air gap ’ A caxis e . Outer diameter T _Quter diameter
,«"”'"— ki"“'-\\ " ofair-gap of air-gap
Inner diameter " Tnner diameter
of air-gap of air-gap
(© Magnetization field (d) Magnetization field
+ B + B
Magnetization coil % Magnetization coil
PR ¥
S | ' oin f c-axis "=~ Outer diameter 17 g T Coaxts L0 Outer diamcter
S = T of air-gap L s B SEEET EE i f c-axis ofair-gap
| b Inner diameter " Inner diameter
of air-gap of air-gap

Figure 2-17. Realization of off-axis HTS bulks amgaments with multiple bulks (one layer or two laye
which can be utilized to optimize the air-gap dis& Thanks to the off-axis magnetization, the nasigation
field B can be applied with an inclined anglewith respect to the crystallographgeaxis. (a) On-axis
arrangement of two HTS bulks. (b) Off-axis HTS sudcrangement, which can reduce the distance betwee
the bulks and magnetization coils. It is notabkg the minimum air-ga@min, can be smaller than the air gap
as shown in (a). (c) On-axis arrangement of tw@dayTS bulks. (d) Off-axis HTS bulks arrangementhwi
varied inclined angl®. With varied inner diameter of air-gap, the inelihangled can be adjusted to get a
smaller maximum air-gagnax, compared withgmax as shown in (c).

Previously, it has been believed that it is totathpossible to effectively magnetize HTS
bulks under off-axis FCM. Since the discovery of${€veryone believed full magnetization
should be done parallel to theaxis due to the existence of superconducting Gala@e in
HTS REBCO bulks. Thus, the bulk arrangement likgsF2-17 (a) and 2-17 (b) are mainly
considered for machine design. In this work, it basome clear that the HTS bulks can be
fully magnetized undeB (even if the B is not parallel to tleeaxis). The reason may come

from behavior of flux and vortex kinks in anisotroREBCO superconductors.
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2.6 Conclusions

Nowadays, HTS electrical machines using field palés BSCCO-2223/1G or REBCO/2G
wires are more developed than those using HTS bilitkss, researches on HTS bulks are
in highly demand to support the design and manufactf electric machines in their power
applications. HTS bulks are continuous medium g@iesconductor and provide potentially
high flux density larger than HTS coils with thereadimension. In this paper, we focused
on the off-axis FCM for HTS bulk superconductor @B and experimentally investigated
the trapped flux distribution using 2D scanningHbgll sensor and 3D viewer with steel
wires at liquid N temperature. With the inclination angle incregséoB0° - 45°, the sample
provides superior trapped flux component paraltelttte c-axis comparable with those
obtained by the on-axis FCM. As well, the magneitraafter FCM is almost parallel to the
applied external fieldapp For large inclination angle, trapped flux lines aneaningful to
understand the pinning behaviour of bulk mateiialshich the trapped flux behaviour is a
collection of anisotropic flux pinning and the effeof microstructure on the deformed
circulation of supercurrent.

Here, off-axis field cooled magnetization is progaddor the first time to our knowledge.
Under off-axis angle applied external field, the$bulk sustains almost full trapped flux
performance. One possible interpretation is thatathe body superconductor property has
eliminated the anisotropies coming from the crystalicture, making the trapped flux
behaviors almost display isotropic characteristiogmely following the Bjmaxod
relationship.

Based on the experimental results, the observedxaf magnetization geometry can be
immediately employed into HTS super machine desidranks to the effective off-axis
magnetization, it provides more freedom of machiesign. The off-axis FCM may open up
the possibility of future designs with-situ magnetization systems in HTS electric machines.
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CHAPTER Il

Marine current energy

In this chapter, a brief introduction to the martwerent as a renewable energy resource is
given, concerning its characteristics and influeoceyenerator design parameters. Then, it
gives a look at the marine current resource indagders. Lastly, a theoretical background

is presented to demonstrate the relationships leeivlee marine current energy and the

generator design conditions.

3.1 Marine current characteristics

The ocean, covering over 70% of our earth, is eEhras possessing enormous energy
potential. Driven by the pressure from energy srigiis paramount to explore natural and
sustainable resources to satisfy the consumptienexgy. In general, the sustainable marine
energy mainly refers to ocean waves, tides, sgligiadient energy and ocean thermal
energy [1]. Thanks to the great accomplishmenteagd in wind power utilization during
the past decades, the tidal currents are beingyneéed as another promising sustainable
energy to be exploited for the electrical poweregation in the coming years [2].

The tides are one of the most reliable phenometteeiworld. When the sun rises in the east
and the stars come out at night, the ocean waiénegularly rise and fall along the shores.
The following figures shows the movement of floagirent and ebb currents, with different
directions. For the horizontal movement of maringent, general, it accompanies the rising
and falling movement as shown in Fig. 3-1. The micg tide along the coast and into the
bays and estuaries is called a flood current; the outgoing tide is called an ebb current. The
strongest flood and ebb currents usually occurreedo near the time of the high and low
tides. The weakest currents occur between the fammblebb currents and are called slack
tides.
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Figure 3-1. The movement of marine currents. Téhal tiange is also emphasized in the figure.

3.2 Marine current turbine generators sites

In the open ocean, the movement of marine curnentelatively weak. However, in the

range of 30 to 40 km off-shore including near estwntrances, narrow straits and inlets,
the speed of tidal currents can reach up to 1~8 wiigh are regarded as the promising
marine current sites. Nowadays, research and davelot (R&D) of marine current energy

turbine generator are being busily carried outaantries especially with long coastlines
such as China, Japan, UK and France [3].

As long as one imagines a single turbine at avatte a cross section much large than that
of a turbine, one would be tempted to draw compasgswith wind power where the
theoretically derived maximum for energy extractiomown as the Betz limit, is 59% of the
kinetic energy in the free flow. However, at a gawidd site there is usually nothing that
would block the flow on the sides of the turbineabove it. This means that one can expect
a wind turbine to have a relatively small effecttba overall wind conditions and the wind
speed is likely to recuperate a certain distand@niethe turbine. For a marine current
turbine place in a narrow channel on the other htreflow will be restricted by the sides
of the cannel as well as by the open boundaryesstinface. Thus, the assumptions made by
Betz in deriving the theoretical value for a winddine is most likely not suitable in the case
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of a marine current turbine in a restricted chankel instance, if too many turbines are
placed in a narrow strait between two islands, lifezkage effect would decrease the
upstream velocity significantly or divert partstbé flow around the other side of the island
instead of past the turbines, A different situatiuld occur if the turbine were to be placed
in a river where the flow is constricted and moréess forced to flow past the turbines.

In any case, it should be clear that the fractibthe kinetic energy that can be extracted is
site dependent. This makes it difficult to perfaendluate general resource assessment for
marine current energy that try to take many siés account by applying the same method
for all the sites. One could of course, try to euéerize all the sites and put them into
different categories, but at present the neceskdayand methods to this are often not readily
available. The difference in velocity before anteathe turbines are deployed should also
most likely be incorporated into the design proceksshe actual marine current turbine
generator. As has been shown for a site closénemdland, the velocity in the simulated

There are several characteristics of marine cutreattmake them attractive as an energy
source. Marine currents, especially tidal curremesto a large extent predictable and less
intermittent than for instance the wind and the. A;an energy source, they also offer a
potentially high degree of utilization, somethingiah could have a strong impact on the
economic viability of any renewable energy projd¢t Hence the predictable nature of the
resource combined with a limited power of each deweiould be beneficial for management
power delivery in the case of a large scale MCTfnfdn some places, the tide is phase
shifted along the coastline, which means that seW8€TG farms could be geographically
located to even out the aggregated output ovetidlaé cycle. This has for instance been
shown to be the case around the British Isles [5].

A MCTG should be emission free during normal operatThe total emissions during the
life cycle of a MCTG are expected to be at a siméael as that of a wind turbine or a wave
energy converter [6]. As an example, the carboansity of the SeaGen marine current
turbine has been found to be comparable to thatvahd turbine in a life cycle assessment
[7]. This is of course also technology dependent; for instance, choice of materials, production
methods and deployment and decommissioning techsigull affect the emission level
during different states of the turbine’s life cycle

3.2.1 Japan sites
The map showing the marine current resource arthmdapan in terms of speeds during
one day is displayed in Fig. 3-2 as below:
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Daily 50m currents 25 Jun. 2017.
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Figure 3-2 The marine current speed around Jap@%rduly 2017. (1 kt is around 0.514m/s)

As it can be seen from the map, the potential efrtiarine current energy in Japan is quite
significant. The peak speed is around 3.2 kt, ngmieb m/s. Normally, for a 1-MW marine
current turbine generator, the cut-in speed aretirgpeed is 0.75 m/s and 2 m/s [8]. Thus,
it is feasible to install MCTGs around the Japaorsii9].

3.3 Theory review

Since the movement of tidal current is the caugetti® gravitational effects of the planetary
motion of the Earth, the Moon and the Sun, it ghhpredictable up to 98% accuracy for
decades [10]. Meanwhile, sea water is about 808githe density of air. Hence, compared
with other renewable energy techniques like windl solar energy, marine current energy is
promising to yield long-term energy output and i@lthe pettiness for energy planning [11].

The conversion of marine current energy aims thzatthe kinetic energy carried by the
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flowing current. This differentiates marine currenergy conversion from traditional hydro

power where the amount of energy extracted frome s dependent on the gravity head
potential between the reservoir and the water |be&#w the dam as shown in Fig. 3-3. A
similar approach can in fact be used for tidal poweareas with high tides. In that case, a
barrage can be constructed in a narrow bay or gstoautilize the head between low and

high water.

il SN VSRR -.WM

Figure 3-3. The Three Gorges Dam Project in Chivtaich utilize the gravity head potential to generat
electricity [12].

Another way to generate electricity from water wbtlien be to convert the kinetic energy
of the flowing water which is similar to the waywnd turbine would extract energy from
the wind. In that case, a damreservoir is not necessary; rather one would be looking for
sites where the currents are strong, such as amaound, strait, estuary, around a headland
or in a river. In the present study, such topol@gyadopted and studied in the following
sections.

3.3.1 Betz’'s Law and power coefficient

In the beginning to utilize the marine current gyethe extractable energy for a specific

marine current turbine generator should be deci@eherally, in wind energy converter

field, Betz’'s law is employed to determine the maxin extractable energy of a wind turbine

generator. Due to the similarities of such flowmgdium, air and sea water, it can also be

utilized to determine the maximum extractable kimenergy for a marine current turbine

generator. In this section, the fundamental thedrgesign and operation of the turbines is
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described. Meanwhile, a detailed derivation ofBle¢z’s equation is presented.

In 1919, the German engineer Alber Betz introdutter fundamental equation for wind
energy utilization in his book “Wind energie unddtusnutzung durch Windmuhlen”. Here,
the theory can be also applied to horizontal marureent turbine generator.

The Betz Equation starts from the marine curreeedpupstream of the turbivg and the
downstream current spe&@. The limited efficiency of a marine current turdigenerator

is caused by braking of the wind from its upstreggaedVi to its downstreanv-, while
allowing a continuation of the flow regime. In ptiaal marine current turbine generator, the
additional losses are caused by the viscous arsdyme drag on the turbine blades, the swirl
imparted to the current flow by the turbine, arel plower losses in the off-shore transmission
and electrical system.

When we treat a marine current turbine generat@naseal energy converter, the flowing
assumption are necessary.

1. The MCTG has infinite number of rotating bladegich do not result in any drag
resistance to the marine current through them.

2. The marine current is treated as uniform flommgdium when they pass through the
turbine blades, namely same speed and same dirgctio

Considering the ideal energy converter as showrign3-4, the cross-sectional area swept
by the rotating blades is defined §swith the upstream from the MCTG &g and the
downstream a$.

The current speed passing through the blades asetteas unifornV, with its value of
upstreanV: and downstrea. at a distance from the MCTG. The conversion of raaatal
energy occurs by reducing the kinetic energy ofdineent flow fromV: to V., where we
can obtain

v, <V, 3-1).
Consequently, the cross-section of current streaareases from the upstred8n to the
downstream location, and

S, > 8, (3-2).
Here, the marine current is treated as incompriessibe conservation of mass can be
expressed as:
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m = pS;V; = pSV = pS,V, = constant (3-3).
It shows that the mass flow rate is a constantgatba current stream. Continuing with the

derivation, Euler's Theorem give the force exettgdhe marine current on the blade as
F = ma

=pSV (V1 = V) 3-4)

P:

Speed 4

23V,

13 Vs

Figure 3-4. Pressure and speed variation in an idedel of a marine current turbine generator.

The incremental energy in the marine current strisagiven by
dE = Fdx (3-15),

from which the power content of the marine curirgam is
p=dE/, =Fdx/  =Fv (3-6).

Thus, we can get the extractable power from theeatiflow is
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P = pSVZ(V, — V) B-=7)

The power as the rate of change in kinetic enamgy fupstream to downstream is given by

AE
At
_ %mvlz - %mVZZ
B At
1 2 2
=§m(V1 _Vz) (3-8)
Hence, we can get
1 2 2 2
p =§P5V(V1 —V3) =pSVe(Vy = V3) 3-9)
which implies
1 1
5(V12 - sz) = 5(V1 + Vz)(V1 - Vz) = V(V1 - Vz); vp, S,V #0 (3 - 10)-

The above calculation suggests that the marinecuspeed at the blade part may be taken
as the average of the andV-. It also implies that the MCTG blades act to regilne current
speed but not make tNe=0. In reality, the extract energy from the curremérgy, it marine
current cannot be totally stopped.
We can rewrite the force F and power P in termg.andV- as

F=pSV(Vy —V,)

1
= EPSV(V12 —-V3) (3-11)

P = pSV2(Vy = V)
1
= ZPSV(V1 - V)V + Vz)z

1
= ZPSV(V12 — VAW +13) 3-12)
Here, an interference factbrcan be employed to represent the ratio of the don@amV,
to upstreamV; as
_V
b="2/y.
Thus, the extractable power in termdafan be expressed as:
P = %PSV(VE - sz)(V1 +V3)

= ipSVf’(l — b2)(1 + b) (3 —13)
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From the above calculations, we can conclude tiaektractable power from the marine
current is proportional to the cube of the marime@nt upstream speeid?, and is a function
of the interference factor b.

The power density of marine current energy per arg@a can be defined as
E= P
S

1
_2p 1

=i——=pv* (W/,.) B-19)

The kinetic power content of the undisturbed upstreurrent with/=V, and over a cross-

sectional are&is
1
W = EpSV3 w) (3 —15).

The power coefficient is the dimensionless ratidhaf extractable power P to the kinetic

power W available in the undistributed currentatneas

P
Cp = W
Here, we can get
TPSVE(1—b)(1+b)
C —_ —
P
w %pSV3

1

=51 —=b?)(1+b) (3-16)

To get the maximun®y, thedCy/db should be zero, where we can easily obtain treaCgh
achieve the maximum value when b=1/3. The maxir@dim around 0.5926. This is referred
to the Betz law. It is the theoretical power frantthat can be extracted from an ideal marine
current stream. In Fig. 3.5, the power coeffic@pas a function db is displayed. Generally,
theb is close related to the hydrodynamic performanaheblades, with a range of 0.3 to

0.5. Till now, the maximung, for large-scale MCTG can reach 0.5 [13].
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Figure 3-5 The power coefficie}, as a function of the interference paraméter

3.3.2 Optimal tip speed ratio

Another important issue for MCTG is related totb&ating speed during working. Normally,
the optimal tip speed ratiis applied, which is defined as the ratio of the spefdtie blade

tip to the flowing marine current as
speed of blade tip v wr

=== 3—-17
marine current speed V V ( )

whereV (m/s),v (m/s) w (rad/s) and (m) represents the marine current speed, blade tip
speed, angular velocity and the radius of the biadpectively.

If the blade rotates too slowly, the majority oé tturrent will go through the MCTG without
disturbed, which means small fraction of the kinemergy will be extracted. On the other
hand, if it rotates too fast, it will create a largmount of drag, which will degrade the
performance of the MCTG.

The tip speed ratid, depends on the blade airfoil profile, the nunifdslades and the type

of MCTG. Till now, the falls in the range of 6 to 8 for installed MCTG [14

59



3.4 Research and development of marine current tuiibe generators

In this section, attempts are made to presentellevant works that have been carried out
focusing on the rotating marine current turbine egators and index some emerging
technologies.

Turbine technology and concepts

The harnessing of the energy in a marine current flequires the conversion of kinetic
energy from a moving fluid, in this case sea wat#g the motion of a rotating blades and
then drive a generator.

Inspired by the great success achieved in windggnasnversion, not too surprising, many
technologies which has been successfully utilizedarness the wind, are directly applied
in marine current turbine generators. Based on dinectures, most MCTGs can be
characterized as belonging to three fundamentadstyji5]. These are horizontal axis
systems, vertical axis systems and variable faileay. In this section, several representative
marine current turbine generators are listed foxusn their working condition and structure.

A. Horizontal Axis Turbines

1) The Marine Current Turbine (MCT) Projects (UK.

Fig. 3-6 shows hybrid illustrations of t&eaflowturbine. It has a single 11 m diameter rotor,
with full span pitch control, and is installed in mean depth of seawater of 25 m
approximately 1.1 km off the nearest landfall & Horeland Point lighthouse below Exmoor
in North Devon, UK. It has exceeded its 300-kW dafmwer under favorable flow
conditions with a 15-rpm rotor speed. It is noteggbnnected but as an experimental test-rig
dumps its power into resistance heaters capabddsdrbing the maximum power. A key
feature is that it is mounted on a steel tubulbe, @.1 m in diameter, set in a hole drilled in

the seabed and tall enough to always project athevsurface of the sea.

The entire rotor and power system can be physicaibed up the pile above the surface to

facilitate maintenance or repairs from a boat,tal vequirement as the use of divers or any

other form of underwater intervention is virtuaihgpossible in locations with such strong

currents. The second project of MCT vi@sagenTheSeagenurbine has its rotors mounted

at the outer ends of a pair of streamlined wing-l&ems projecting either side of the

supporting pile (Fig. 3-6). Each rotor drives a powrain consisting of a gearbox and
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generator each rated at around 500 kW. The totaet rpower is approximately 1 MW.
Essentially theSeagenturbine produces three times the powerSeaflow The Seagen

project will be followed by an array of similar $gms (farm) to be installed in an open sea

location. Three turbines will be added to providetal capacity up to 5 MW.

Figure 3-6. The SeaGen project in UK [© T].

2) TEC project (ALSTOM) [17]
The TEC is a three-blade horizontal-axis tidal inebwith Variable Speed Pitch Regulated
(VSPR) control. The turbine yaws in each slack s8dethat its energy extraction plane is
perpendicular to the principal flow direction anastream of the turbine nacelle. The turbine
parameters are shown in Table 3-1 with an overatthie design in Fig. 3-7.

Table 3-1: Key parameters of the TEC

Manufacturer Alstom
Type Three blade horizontal axis tidal turbine
Serial number DG4
Production year 2011
Blade radius 9.04m
Equivalent diameter 18.08 m
Projected capture area 256.74 m
Distance above sea bed 9m (turbine centerline)
Foundation Piled tripod
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Composite blades
Nacelle

Thruster

Buoyant‘nosj Inspection hatch

Foundation structure Tube containing cable to shore

Figure 3-7. Overview of the TEC [© ALSTOM].

3) Rim-driven (Open-hydro) [18]

Open-centre Turbine is a shrouded, horizontal axis turbine, with four key components:
» ahorizontal axis turbine,

» adirect-drive PM generator,

» ahydrodynamic duct
>

a subsea gravity base support structure.

Table 3-2: Key parameters of the Rim-driven

Manufacturer Open-hydro
Type Rim-driven type
Production year 2011
Blade radius 9m
Equivalent diameter 18 m
Projected capture area 254 m?
Distance above sea bed 1 9m (turbine centerline)
Weight (including turbine and subsea gravity part) 850 t
Turbine part 350-400t
Subsea gravity part 400 —-450t
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Stator.

I

Open CERiSM — »—48

Gravity base

Figure 3-8. Overview of the Rim-driven marine current turbine generator [© Open-hydro].

It is notable that such structure as shown in Fig. 3-8 is novel and fit the characteristics of
marine current. However, such structure may lead to heavy weight by putting the generator
on the periphery of blades with diameter about 18 meters. Based on such background, this

study proposes a novel structure as shown in the following chapter IV and chapter V.
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CHAPTER IV
Electrical design of 1 MW HTS salient-pole marine arrent
turbine generator

To utilize the marine current energy more efficignhigh rated output power for a unit
generator is highly needed at MW level. HTS tecbgylis treated as a promising solution
thanks to the superior current-carrying ability &magped flux performance. In the following
chapters IV and V, the design study for marine entrrturbine generator (MCTG) is
introduced. In chapter IV, a conceptual structuiré MW MCTG is proposed. The design
and optimization procedures, models and specitinatihat facilitate the MCTGs using HTS
windings as field poles are studied. The desigrissteom analytical equations and then
optimizes the electromagnetism calculation basedBBnNFEM simulation, where good
agreements are achieved finally. Meanwhile, théu@mice of number of poles and the
confinement of outer diameter, etc., on the gepegrformance are clarified. 32 have been
adopt for the optimum number of poles when the rodi@meter is confined to 4 m. It is
concluded that multi-pole synchronous generatorpranide a promising solution for the
future MCTG.

4.1 Conceptual structure of HTS salient-pole genetar
Increasing anxiousness about the shortage of fasdilare igniting the desire to explore

sustainable energy such as wind power, solar pbtte, biomass energy, geothermal
power, ocean energies [1,2]. Encouraged by theessachieved in wind power utilization,
researchers and engineers aspire to duplicateiticess to marine current energy utilization,
one principal type of ocean energies, due to thelaities of the flowing medium - wind
and sea water [3]. Furthermore, marine currenbmuf800 times the density of air and
highly predictable up to 98% accuracy for decadesking it possible to utilize marine
current energy in a more efficient and predictdbten [4]. Whereas, marine current energy
utilization possesses its own obstacles and diffesisuch as bio-fouling, flow alteration,
sedimentation and socio-economic impacts requiiritgydisciplinary cooperation among
oceanographers, electrical engineers and policyensadtc. [5-8]. Under such backgrounds,
R&D progress of marine current energy conversian kaing busily carried out in many

countries especially with long coastlines such bm& Japan, UK and France [9-11].

MCTG is an off-shore device to harness the kinetiergy carried by the current flow and
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then drive the turbine blades, which then supphesnput power to the connected generator.
Till now, some wind turbine generator technolodiase been directly applied to the MCTGs
[12-14]. With deeper understanding of marine curremergy characteristics, oscillating
hydrofoil systems and rim-driven marine currenthtedogy have been developed and
adopted recently [15,16]. Notably, the innovativesidn of direct-driven Open-Center
Turbine® (OpenHydro) has won them the contracutapdy Japan’s first commercial tidal

array project [10], which illuminates the futurevéopment of MCTGs.

Due to the high energy-density and relatively I@&ex, direct-drive synchronous generator
fully match the marine current and would becomdtiere trend. In the IMW Open-Center
Turbine, low speed PM synchronous generator istadof he generator module locates at
the periphery of the turbine blades with PM fiellepis integrated with the turbine blade
and the armature windings are fixed with the oetssthtionary support structure. With
turbine blade diameters at 18~24 meters levelwight of a 1 MW MCT unit is reported
to be 300 to 450 tons without subsea base, whighkmag difficulties during manufacture

and assembling.

Here, this paper inspired from the OpenHydro prepasnew concept structure for MCTG
and develops a design and optimization method®igenerator module as shown in Figs.
4-1 and 4-8. The rotor is directly driven by thebine blades and the stator is fixed to a
stationary support structure. Notably, the geneiiateet in the inner side of the blade. Hence,
significant reduction of generator weight and siae be expected compared with rim-driven

technology.

Generally, the global design of a MCTG system shaotlude the generator module, the
turbine module, the thermal module, the anti-fogiimodule, the noise & vibration module,
the environmental impacts module and the life cyadsessment module, etc. [3, 17-19].
Designers should utilize sufficient parameters e¢gide and evaluate the model based on
analytical methods, including the size, weightctleal load, leakage coefficient, power
loss etc. [20]. Next, different optimization algbm can be employed to achieve the specific
design targets. Different optimizations based aredeobjectives are studied and published.
To minimize the costs and losses, low speed pemiamaggnet machines are analysis in [21].

In [22], an optimization tool is proposed from #wEpects of electromagnetic and structural
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design of wind turbines. Surface mounted and floreentrating ferrite PM generators were
analyzed and compared integrated with multi-obyectunctions in [23]. To save the usage
of PM materials, the design and optimization aldoni was proposed considering varied

rotor structures in [24].

To design a generator, it is often necessary téopariterations to meet specifications,
involving changing some key parameters. Param&wreep method has been regarded as an
efficient and reliable method of solving such pesbt. Although parametric sweep is
efficient at searching optimal combinations of gat@ parameters over the target region,
the credibility can be low if particular parameteasmnot be defined accurately. Meanwhile,
FEM method is powerful to calculate the magnetix flistribution including non-linear
material properties. Here, to improve the accuracg reliability of generator design, a
combination of parametric sweep and FEM is emplokedtly, a global search is conducted
using parametric sweep analytically. Then, the baatidate is used as initial parameters
for FEM simulation to obtain the accurate key pagtars. Also, the confinement related to

the generator size are included.

(a) _ (b)R
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Figure 4-1. Schematic model the proposed MCTG. Jdwerator unit is located at the center of the édad

The outer diameter of the generator unit is decatetimeters.

In this chapter, the design and optimization alyons are studied fora 1 MW HTS MCTG.
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Athorough analysis is conducted on the variatmfrieey generator parameters related to the
electromagnetism characteristics. The main dimengaameters, including pole numbers,
HTS winding parameters are discussed in detailsart be concluded that the proposed

generators are promising for the future MCTGs.

4.2 Working conditions of marine current turbine generator
Marine current source characteristics

The MCTG aims to convert the kinetic energy of eatrinto electric energy and the
extractable power through the closed surfaedy the turbine blades, namely maximum
input power for the generator, can be ideally gilgn

PT == %pATVS)Cp (4 - 1)
where the is the density of marine current avias the average marine current spedg,=
T 14,44, IS the swept area by turbine blades ahdis the power coefficient determined on

the hydrodynamic performance of turbine bladestaedyenerator efficiency. To calculate

the blade rotation speed, generally, tip ratio dg@&P) A4 is introduced as

/1=U_T=rbladew (4_2)

v v

where v, is the blade tip speed,is the average current speed ani$ the angular speed.
Referring to the available data foand 4 in [26,27], the design conditions are determined
for 1 MW generator design as shown in Table 4-lankis to the development of AC/DC
converter technology, it makes possible that teguency of generator can be decoupled
from the electric grid, which fits the requiremenft MW level low speed direct driven
synchronous generator for wind power and ocearggreamverters [28].

Table 4-1 Design Condition of 1 MW 3-Phase MCTG

Output power (kW) 1000
Rated current speed (m/s) 2.5
Rated speed of turbine blade (RPM 16
Turbine diameters 18
Outer diameter (mm) 4000 + 100
Terminal voltage (V) 660
Power factor 1

4.3 Design and optimization of electromagnetic modle
In this section, the design method of the electigmeic model for HTS generator is
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introduced step by step and summarized in Fig.Me&t, the optimization process and post-
process are described.

Determination of magnetic flux for one pole

The output powerP, of a 3-phase synchronous generator can be idegiyessed a®, =
3Vynlpncosd, where V,,, L,, and cosf represents phase voltage, phase current and
power factor, respectively. Here, it is assumedgéeerators run at unity power factor at
rated marine current speed to simplify the desigm @ptimization process. The

electromotive force induced per phase is giverhieyetquation shown below [24]
Vpn = 444K fN @ prmature (4-3)

where K is the synthetic factor for the generator, inahgdvinding factor and magnetic
field in air-gap wave form factorf is the electrical frequencyy is the number of
conductors in series per phase a®g...ure 1S the interlinkage of magnetic flux in
armature part for one pole, respectivétyequation 4-3, if the/,,, K, f, N are determined,
the flux linkage @4,mature Can be calculated. Under constant flux linka®ig.,,4ture, the
needed®g;.;; provided by the field pole is influenced by thexfleakage and depends on
the flux leakage coefficient.

To analytically find out the magnetic flux linkage field pole and air-gap, two leakage
coefficients are employed as: anda,. Here, o; = Pricia/ Parmature and o, =
Ppir—gap/ PCarmature, Where @piqand @440, represents the average flux linkage in
field pole and air-gap, respectively. The initiakamed value of leakage coefficient will be
defined aso;, and o, and will be modified based on FEM simulations.

Outer diameter confinement of 4m

To accommodate the generator at the inner sidarbinie blades, in this study, the outer
diameter of the generator is predetermined as 40000 mm. Here, the outer diameter of
air-gap R,ir—gap 1S chosen as the starting point to calculateddeat geometry parameters.
Pole pitcht is defined at the outer diameter of the air-ggpressed astRy;r—gqp = PT,
where P represents the number of poles. Consequent totlieatollowing target is to find
out the optimum combination of the and .

Assuming suitable magnetic flux density in rotamityoke and stator iron-core, integrated
with o7 and a,, the thickness of the stator iron-coitg,,., and rotor iron-yoket, ., can
be deduced.
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Hence, the governing equations for radial dimersare expressed as (4-4) for HTS MCTG
with the rotor is in the outside part:
Rurs = Rair—gap + 2teeetn + 2teore < 4000 £100 (mm) (5 —4).

where R,,, treern @nd represents the diameter of the outside aiagdphe height of iron-

ag
teeth, respectively. The parameters of iron-toathsots will be given in the following part.
Parameters of stator tooth and slots

The two generators topologies both adopt laminatedcore for stator with conventional
two-layer distributed copper windings as shownim B-2.

In general, the working current density in copperding will be influenced by the working
temperature and cooling efficiency. Here, to makalance between the copper loss and the
usage of copper wires, 3 A/miis employed. Based on the above parameters anithals
electric loading of 1000 A/cm, the needed crossisecof armature windings can be
calculated. Further, integrated with the insulatioaterials, the cross-section of teeth and

slot can be deduced.

HTS PM

r}-‘o)’m'

PM

stack

HTS
winding

Figure 4-2. Cross section and dimensional parasi@tigenerator rotor and stator. (a) Cross seciwh
corresponding parameters of HTS generator. (b)s3estion and corresponding parameters of PM gemera
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Parameters of copper armature winding
To calculate the armature loss, the total lengtthefarmature windings is necessary. For
each turn, it is calculated including the lineartpaurve part and the edge shape in the

following equations

Lone—twrn = 2Lgtqcr +4b + 4c + 4d (4-5)

a = (teeth + slot)x(mNpp - 1) (4—-06)
W .

sing = ——<%% 4-7)

Wsiot + Wteeth

whereLstack &, b, C, d, a are shown in Fig. 4-2 (c). The resistance of arneatvindings can
be also deduced.
According to the geometry parameters of armaturaedings and particular known
parameters, the leakage reactance can be calcUtategler, the armature reaction reactance
under load-condition is estimated.
Magnetomotive force under no-load and load conditin
With the above determined parameters, the reqiliedér for stator iron-core, stator teeth,
air-region and rotor is calculated considering Ball characteristic of laminated iron-core
materials under no-load condition.
Also, the armature reaction is introduced to corspém the required MMF under load
condition. The interlinkage o4, marure Under load condition and no-load condition is
emphasized for the further comparison with the Ftdulation results.
HTS magnetic field pole parameters
To supply the requireMF, magnetic field pole with HTS tapes is adoptecch@ne core
problem is to decide the operating condition of H&fges. Here, the pole arc/pole pitch for
the HTS MCTG employ a same value of 0.73. Therefibre influence of pole arc to pole
pitch ratio is not analyzed.
For HTS winding, cryostat is necessary for the icmp|29]. To reach a balance between the
cooling power consumption and cooling time, waramirotor topology is employed at the
present step [30]. As shown in Fig. 4-2(a), the lgajpveen HTS winding and the field pole
is preset for the future study of the cryostatdtrte. Here, the electromagnetism and thermal
characteristics of the winding are studied to abtatimized HTS winding parameters. In
HTS MCTG, to fully use the merits of HTS windingetmagnetic field density in the field
pole is set as the saturation level 2.1 T.
The J.(B,6,T) characteristics of the adopted 2-G HTS tapes cafouned in [31]. It is
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considered the HTS winding is operating at 77K gr@maximum rated current density is
460 A/mnt. Considering the degradation of HTS wires in |éerggth, 300 A/mrhis adopt
as J. for the present analysis. Based on th&) and J(6) variation at 77K, the
J(B,6,77K) performance is expressed AB,0,77K)= J(B,77K)xJ(6,77K) as shown
in Fig. 4-3. The 3D model of the field pole with BWwinding is shown in Figs. 4-9 and 4-
10.

- 350.0
- 300.0
- 250.0
- 200.0
- 150.0

- 100.0

50.0

0.0

Figure 4-3. At 77K, thd (B, ) variation as a function of the magnitudeBo&nd the orientation of with
respect to the crystallographieaxis, where 90° represent tBevector is perpendicular to theaxis.

Determination of working current and heat generatio for HTS field poles

In present HTS application designs, HTS tapes amlprly formed in race-track coil
structures, where the magnitude and orientatidonaafi magnetic field varies from point to
point. Due to the intrinsic structural charactécsstcritical currentc andn values of HTS,
HTS materials show a strong anisotrdpyf superconductors continuously decreases with
the increasing of magnetic field and temperaturde Tso-called anisotropy of
superconducting materials means that its critinpalent depends not only on the magnitude
of the magnetic field but also on its orientatiolnen the temperature is a constant. HTS has
strong anisotropy because it is an oxide ceramitemads with granularity. Thus, the
anisotropy of practical superconducting materialan important parameter which should

be carefully considered in the superconductingtetat applications design.
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The anisotropic parameter mainly refers to thearopy of the critical currerit under the
magnetic field with varying magnitudes and orieiotag. In addition, transition from a
superconducting state to a normal state in a sapductor is generally described by fitting
the voltage-current relationship with the power-labation, in which the power indexis
called then value, which is used to indicate the transitiogrde. The larger thevalue, the
more abrupt the transition. Thevalue is generally calculated by fitting curremitage
current of superconductors with the power law mad#iin the range of 0.LV/cm < E <

1uVicm as

b=k <IC(;, T))"(B'” (4-8)

whereEc = 1 uV/cm is the criterion defining the critical currdat Critical currentl.(B,T)

andnvalue n(B,T) suggests that both are functions of magnetic Bedthd temperature.

As we know, then value of the HTS is much lower than that of thevamntional LTS. In
general, superconductivity of superconductors Widgiinern values are superior to those with
lower n value. However, the former quench more easily tharlatter. Unlike the LTS, the
critical current of the HTS cannot exclusively eefl its currentarrying characteristics;
therefore, then value must be considered to evaluate completedy dirrent-carrying
properties with zero resistivity. Hence, the catiparameters describing HTS tapes should
include then value as well as the critical current or criticatrent density.

The n value is a power index obtained by fitting the tagk-current relationship into
magnetic field, tha value relates not only to the magnitude but adstvé orientation of the
magnetic field. Compared with the anisotropy of ¢hiécal current in HTS tapes, there are
few reports concerning anisotropy of n values ofta@es. In the range of a magnetic field
lower than 0.5 T, the-value of a 2G tape is nearly independent of mageitand orientation
of the magnetic field verified by experiments. Howe it significantly depends on
magnitude and orientation of the magnetic fieldi$ higher than 0.5 T, and there is also no
simple analytical and empirical formula in thispest.

In practical applications with HTS coils as magodield poles, the main concern during
design is not only the spatial magnetic field dmttion in the motor/generator frame, but
also the vicinity of the field pole which have maerve influence on the current-carrying

performance of HTS tapes. Using MagNet 7.7 to sateuin the present study.
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HTS tapes parameters used in the present study
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Figure 4-4. Anisotropy of critical current in HT&pes (YBCO) at 77K.

20

Fig. 4-4 shows thé. values as a function of external magnetic figlshagnitude whei is

parallel to the crystallographesaxis @ // thec-axis) andB is parallel to the tape surfad®@ (

/Il thea-b plane).
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Figure 4-5. Angular dependenceJefit 1 T under 77K. Here, 0° represent the magniedid is perpendicular
to the tape plane (parallel to the YB@€@xis), and 90° means the field is parallel to¥B&€O tape plane.
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Fig. 4-5 shows thé: variation as a function of the orientation of magnteld. In the design
steps, the current value was divided into thresdiirchanging regions as emphasized in Fig.
4-5, namely, 0° ~ 45°45° ~ 80° 80° ~ 90°. Three critical valuds(#) were chosen for

the following characterization (0°, &QC° Alcm?), (45°, 6. 10° A/cm?), (80°, 7. % 10P
A/cm?) and (90°, 9.410° A/cm?). Then, the current value was extrapolated agwsl|

A o o
( 6.0x10° —, (0" <0 <45)
cm

A . .
Je =1 (0.04857x0 +3814)x10°—, (45" <6 <80) (4—9)

A o o
L (0.17x6 — 5'9)X105W' (80 <6<90)

Fig. 5-6 shows thé: dependence of applied field varying from OT todltT/7K. With the
increasing of external magnetic field, the curr@atying performance will be
In this study, thel. (T, 8, B) was considered as the following:
Je (T, 8, B) = J(T)xJ(8)xI(B) (4 -10)
Basically, the current carrying performance deasagith the increasing of external field
and the angle between external field and tape planes, thel. (77K, 90° 0OT) can be
regarded as the highest value for current carrginlity at 77K.
Under 77K, the magnetic field dependencé.@fan be fitted as
446 — 1968.9xB + 5827.8XB? — 7814.8xB3 + 3333.3xB*,
le= 216 — 163.2XB fFO7712.S25BS2 (1.517;).2><B3 + 1.6xB*, (4-11)
(0.5T < B <1T)

whereB is the magnetic field density.

Base on the above analysis, we can deducé: tedues as a function of varied magnetic

field density and the orientation at 77K as showfig. 4-3.
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Figure 4-6. Magnetic field density dependencé&.af 1T under 77K. The magnetic field is applied per#o
the YBCO tape plane.

Generator weight, loss and efficiency

Following the determined parameters, the weighteadh part of the generator can be
calculated. Also, loss of generator is also eswohancluding the iron loss, armature
resistance loss, stray loss, mechanical loss, laaadoling loss. Thus, the total loss and
efficiency of HTS MCTG can be obtained.

Determination of machines parameters
Based on the above analytical analysis, the preéinyi parameter scanning can be finished
and the parameters scanning results for HTS MCBShown in Fig. 4-7. Then, the best

individual is selected for the following FEM optimaition as shown in Fig. 4-8.
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Figure 4-7. Generator weight, efficiency, HTS ldngs a function of the number of poles.

Since the outside diameter is confined, the inengasumber of poles will result in reduced
pole pitches and shorten magnetic circuit withia #djacent pair of magnetic poles. Then,
it can reduce the usage of the iron-core matesiadsreduce the generator weight, which is
well agreed with the design results. In this stwdgrm rotor structure is adopted and the
distance between HTS windings and the field popeésletermined for each case, if the pole
pitch is too small, it makes the HTS race-track dimig thin inx direction and tall iny
direction as shown in Fig. 4-9. Thus, to some dxtle generator weight will increase with
the increasing oP, which can be explain the sharp increasing wiRes larger than 44.
Meanwhile, it can be seen, the HTS length alscea®es gradually due to the increasing of
end winding length, which causes a waste of HT®sviThanks to the superior current-
carrying performance and low DC heat loss, theiefficy is over 90% in nearly the whole
range, which shows the advantage over PM MCTGscéldrased on the weight, efficiency

and HTS length, 32 is chosen for the following optation.

Parameters of best candidate based on analytical rdel

Till now, the best candidates among two generatpolbgies for further optimization can
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be decided. The geometrical parameters for the 8Beting are listed in Table 5-2.

Optimization

In the optimization process, a commercial softwdrglagNet (Infolytica Inc.) is utilized to
calculate the spatial magnetic flux distributiohr@ugh simulation, the magnetic flux vector
Bx, By andB;as shown in Figs. 4-8 and 4-9, which representsidgnetic flux density i,

y andz direction, can be obtained and are used to caéctha flux leakage coefficient.

Table 4-2Basic Parameters and Operation CharacteristicdiViClass HTS MCTG

Physical Dimensions and Design HTS
Parameters Type
Number of poles 32
Initial leakage coefficiend:,o 1.26
Initial leakage coefficiend>,o 1.12
Outer diameter [mm] 4021
Inner diameter [mm] 2987
Generator effective axial length [mm] | 380

As shown in Fig. 4-8, the main function of the FEMoO determine the accurate leakage
coefficient . Meanwhile, the magnetic flux vector in the HTShding region is used to

calculate the heat loss and determine the workimgent of HTS windings.

Modification of leakage coefficient

In the simulation, th&-H curve of the laminated iron material are the saiitle [32]. The
generators are modelled in steady states undepatb-tondition to get the optimum
geometries. Two critical conditions are definedtesth center condition and slot center
condition, where the centerline of one teeth arelsdat coincides with the centerline of the
corresponding field pole along the radially direnti respectively. The average value of
calculatedo under slot center case and teeth center caseahesen as the calculated

leakage coefficient.

78



armature structure
: Y
Newsgx?é'gglemc | Out diatmctur confinement -
with o, and o, witho, ,and o, ,

Design condition based
on marine current

L

i

One pole magnetic flux &

New parametric
sweep

L

/

Armature windin

leakage reactance

¢ parameters and

)

i

with 7. and a,
I.n 2n

MMF under load and no-load condtion

Y

PM field pole parameters
1. PM thickness

Y

HTS field pole parameters

!

l. Heat loss
2. Operating current

NO

2. B
op
¥ Y
Best individuals Best individuals
for for
FEM simulation FEM sumulation
NO o -
- " 1 <0.01
O-H
YES
Y

Final Results

Figure 4-8. Design and optimization flow chart fbe MCTG generator with PM and HTS magnetic field

poles.

In Figs. 4-9, (a) and (b) represent the slot cecaise and the teeth center case of the HTS

MCTG. Thanks to the utilization of iron-core, thegmetic flux is mainly confined in the

iron materials. Y-axis is along the generator ridii@ction. To calculate the flux linkage in

field pole and stator pole, they are divided intedhial segments along the Y-axis, thén

is the integration of locdy and the corresponding cross-section area.
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Figure 4-9. Magnetic flux distribution in the crassction of the proposed HTS MCTG (Half-model oéon
magnetic pole). (a) The steady case of slot cantee. (b) The steady case of teeth center case.

Calculation of DC heat loss

In a HTS generator, rotating coils as field poEsled below typical critical temperature,
are normally excited with direct current to magpetihe generator at a field current level
which varies with the working load. The dominatoperational limits on a superconducting
generator coil current are related to thermal issugnder steady-state, the coil heat
generation from electromagnetic effects must bednee the heat load over the cryogenic
refrigeration capacity and cooling system must @ssureturn to a stable post-transient
operating condition. Specifically, the HTS coil hggneration is expected to include the
flux flow regime losses, as described by thealue of the HTS material. One of key
considerations for HTS generator design concerasrtagnitude and nature of coils heat
losses under steady state. A DC loss model is usi@gcurrent-carrying characteristics,

YBCO critical surface data, and the race-track omgnetic field profiles. YBCO critical
80



surface data under 77K are illustrated in the als®ation. Here, the calculation algorithm
of heat loss and 3-D simulation of magnetic flugtdbution using MagNet is explained.
The DC loss under different working current is theegration of the dissipation power
densityJ*E in the whole superconducting field coil volume,esd] is the current density
andE is the electrical field.

For practical superconducting wires, the transitsonot infinitely sharp but gradual. In this
case,lc is defined as the current where the voltage adiessvire becomes greater than a

specific electric fieldEc), usually 1.QuV/cm in self-field at 77K.

ED=E (1) (4-12),
whereE(l) is the longitudinal voltage drop across the sopeductorEcis the electric field
criterion at 1.QuV/cm, | is the current in the conductds,is the critical current and is the
exponent.

The electric loss along the HTS coils can be exga@ss the following:
P =EI (4 —13),
wherel is the operating curreri,is the longitudinal voltage drop along the HTS<@ngth.

Thus, based on equations 4-12 and 4-13, the DOdematan be defined as

Q=El=E (zc(;,e))n(Bﬂ)

Here, | is the operating curreni (B, 6) andn (B, ) are the critical current andvale at

(4 — 14).

local magnetic field densit and magnetic field orientatiagh Ec is the criterion electric
field of 1.0uV/cm.

Total DC electric los€wtal Of the HTS field winding can be calculated by greging the
local heat loss along the total length of HTS wiieisg equation 4-14. Thus, for the total

heat loss of race-track coils is expressed inaheviing equation 4-15.

Qtotar = 2 {Ec (Ic(l;, 9))
+ 2 {Ec (IC(B{,9)>

Y
Here,X, y andz are width, thickness and length of the HTS coil; r andg are the radius and

n(B,0)

I AxAyAZ}

n(B,0)

IrAxAyAz} (4 —15)

angle of the HTS caoil.

The dominating operational limits on a HTS windieg related to thermal issues. Under
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steady-state, the coil heat generation from elewignetic effects must be not drive the heat
load over the cryogenic refrigeration capacity andling system must assure a return to a
stable post-transient operating condition. The et under DC model is analyzed based
on the YBCO critical current data and the magnietic profiles of race-track winding as
shown in Figs. 4-9 and 4-10. HerB, = 1.0uV /cm is set as the critical electric field and

21 is adopt to represent thealue.

The current-carrying performance will be degraddhlience by the external magnetic field.
Here, iron-core magnetic pole is adopted and thgnetec flux is mainly confined in the
iron region. Thus, the local magnetic flux densiithin the HTS winding is assumed below
0.5 T to determine the initial, = 300A%x0.35 = 105A. Another limitation comes from the
cooling power consumption, where 100W is choseth@snaximum heat loss in DC mode
for HTS winding. As shown in the Fig. 40, the magn#lux nearly parallel to the HTS tape
in the center part along direction, whereas the orientation of magnetix ftands to
perpendicular to the HTS tape surface in the edgedirection, where the degradation of

current-carrying performance more obviously.
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Arrow Plot

Figure 4-10. Magnetic flux distribution for the HTBnding

It can be seen from Fig. 4-10, HTS windings areddigt into linear part 1, linear part 2 and
curve part, where thBy, By andB; are extracted using Cartesian and cylindrical doate,
respectively.Ax Ay Az A¢g

Meanwhile, the magnetic flux density is less tham T which verifies our assumption for

the setting ofl, is acceptable. The heat loss can be obtainedebfptlowing equation:

i n(B,0)
Quoar = ) {Ec (o) IAxAyAz}
xX,¥,Z
I n(B,0)
+ Z {Ec (Ic & 9)) IrAxAyAq)} (4—16)
y.r,Q

As seen from Fig. 4-11, the maximum allowable aurig 88 A to satisfy the heat generation
limitation. Also, safety margin is introduced adoad factor of 0.85. Thus, the working

current is determined as 74.8 A.
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In the analytical calculation, the needéq,,,,qcure 1S 0.1043 Wb and reached 0.1101 Wb,

which shows good agreements and verify the accuwhthe present design algorithm.
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Figure 4-11. Electrical heat loss of HTS field pgo#es a function of working current.

4.4 Design results of HTS generator
The proposed generator topology is verified to éasible for MCTGs. The final design

results for HTS MCTGs are listed in Table 5-3, vwhican be mainly summarized as
following. At the rated output power of 1 MW, HT8pblogy is promising for the future
MCTG. The comparison of HTS and PM generators lvalgiven in following chapter.
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Table 4-3 Generator Parameters for HTS MCTG

Final design results HTS MCTG
Number of poles 32
Pole pitch [mm] 340
Mean air gap length [mm] 12
Outer diameter of generatd® [mm] 4012
Inner diameter of generatdR ) [mm] 2995
Generator effective axial length)([mm] 358
No-load MMF/Field pole [kA/Field pole] 22.6
Load MMM/Field pole [kA/Field pole] 27.8
Rotor weight [t] 4.9
Armature loss [kKW] 60.2
Iron loss [kW] 5.6
Total loss [kW] 87.9
Efficiency [%] 91.9
Weight [t] 16.1

4.5 Conclusions
In this chapter, the electromagnetic design andvopation of 1 MW level MCTGs with

HTS field windings was studied. The proposed desmpuels were presented and the
generator characteristics were studied based dgt@ahmethod and then optimized with
FEM simulation. It is considered that multi-polagitype MCTGs are feasible form the
point of the electromagnetic design. Meanwhilehwiigh efficiency, such type generators
can provide a promising solution for the future M&sI 32 has been adopt for the optimum
number of poles when the outer diameter is conftnetim. Lastly, the hugely reduction in

weight compared with MCT is attractive.
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CHAPTER V
Electrical design of 1 MW PM salient-pole marine cuent

turbine generator

In this chapter, a conceptual structure of 1 MWingacurrent turbine generator (MCTG)
using permanent magnets (PM) as field poles isquep. The design and optimization
procedures, models and specifications of the gemepart are studied. The design starts
from analytical equations and then is optimizedeldasn 3D FEM simulation, where good
agreements are achieved finally. Meanwhile, théu@mice of number of poles and the
confinement of outer diameter, etc., on the gepegarformance are clarified. 66 has been
adopt for the optimum number of poles when the rodi@meter is confined to 4 m. It is
found multi-pole synchronous generator with PMdigble can provide a promising solution
for the future MCTG. Since the HTS bulks can suppiggnitude higher magnetic flux
density than PM, it is attractive to start the dasif HTS generator using bulks. At this stage,
a key machine structure concerningitingitu magnetization is proposed integrated with the

off-axis magnetization geometry.

5.1 Conceptual structure of PM salient-pole generat
A new concept structure for MCTG is proposed amddibsign and optimization method for

the generator module is explained as shown in Bigsand 5-8. The rotor is directly driven
by the turbine blades and the stator is fixed &tasionary support structure. Notably, the
generator is set in the inner side of the bladencdge significant reduction of generator
weight and size can be expected compared with rivewl technology.

With rated output power of 1 MW, a thorough anaysiconducted based on the variations
of key generator parameters related to the electgmetism characteristics. The main

dimension parameters, including pole numbers, Réktiess are discussed in details. Based
on the design results, it can be concluded thgptbposed generator is promising for future

MCTGs.
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Figure 5-1. Schematic model the proposed MCTG.eMpanded view shows the structure of single magneti
field, where the rotor is directly connected witle tblades and the stator part is fixed to thewstatly support
structure.

5.2 Working conditions of marine current turbine generator

Integrated with the marine current characteristibe, working conditions are decided as
following, where the calculation method is explaime Chapter IV:

Table 5-1 [ESIGNCONDITIONS OF1 MW 3-PHASEMCTG

Output power (kW) 1000
Rated current speed (m/s) 2.5
Rated speed of turbine blade (RPM) 16
Turbine outer diameters (m) 18
Outer diameter (m) 4 + 0.1
Terminal voltage (V) 660
Power factor 1

5.3 Design and optimization of electromagnetic modle

In this section, the design method of electromagmabdels for PM and HTS generators
are introduced step by step and summarized in5-&y.Next, the optimization process and
post-process are described.
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Determination of magnetic flux for one field pole

The output powerP, of a 3-phase synchronous generator can be ideghyessed a®, =
3Vynlpncosd, where V,,, L,, and cosf represents phase voltage, phase current and
power factor, respectively. Here, it is assumedgéeerators run at unity power factor at
rated marine current speed to simplify the desigm @ptimization process. The
electromotive force induced per phase is giverhieyetquation shown below [1]:

Von = 444K NP grmature 5-1)
where K is the synthetic factor for the generator, inahgdivinding factor and magnetic
field in air-gap wave form factorf is the electrical frequencyy is the number of
conductors in series per phase a®g...ure 1S the interlinkage of magnetic flux in
armature part for one pole, respectivétyequation 5-1, if the/,,, K, f, N are determined,
the flux linkage @4,mature Can be calculated. Under constant flux linka®ig.,,4ture, the
needed®g;.;; provided by the field pole is influenced by thexfleakage and depends on
the flux leakage coefficient.

To analytically find out the magnetic flux linkage field pole and air-gap, two leakage
coefficients are employed as: anda,. Here, o; = Pricia/ Parmature and o, =
DPpir—gap/ Parmature, Where ®r;gand @444, represents the average flux linkage in
field pole and air-gap, respectively. The initiakamed value of leakage coefficient will be
defined aso;, and o,, and will be modified based on FEM simulations.

Outer diameter confinement of 4m

In this study, the outer diameter of the genersatetermined as 4000+100 mm, without
degrading the effective sweeping areas of the nerblades. The outer diameter of air-gap
Rair—gap 1S chosen as the starting point, where the Pdlehpr is expressed as
TRqir—gap = PT and theP represents the number of poles. Consequentlyatiget is to
find out the optimum combination of the and .

Assuming suitable magnetic flux density in rotamityoke and stator iron-core, integrated
with o; and a,, the thickness of the stator iron-cottg,,.., and rotor iron-yoket, ., can

be deduced.

Hence, the governing equations for radial dimerseme expressed as equation 5-2 for PM-
MCTG.

In the PM-MCTG, the rotor is in the outside regitive governing equation is

RPM = RAir—gap + ZtPM + Ztyoke S 4‘000 i 100 (mm) (5 - 2)

where t;..;n, and tpy represents the height of iron-tooth and the tsls of PM,
respectively. The parameters of iron-tooth andsshati be given in the following part.
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Parameters of stator tooth and slots

The two generators topologies both adopt laminatedcore for stator with conventional
two-layer distributed copper windings as shownign B-2. The armature windings are not
drawn in the slots.

(a) R (b) R

HTS PM

teeth slot

core

teeih

C
: : ( ) .b. stack Ib
winding / = . -y
a :
FRN:
l [ ETTR

coil
Figure 5-2. Cross section and dimensional parasmetegenerator rotor and stator for HTS MCTG and PM
MCTG. (a). Cross section and corresponding paraseté HTS generator. (b). Cross section and
corresponding parameters of PM generator. (c).stitueture of armature winding.

In general, the working current density in copperding will be influenced by the working
temperature and cooling efficiency. Here, to makalance between the copper loss and the
usage of copper wires, 3 A/mns employed. Based on the above parameters auithhls
electric loading of 1000 A/cm, the needed crossi@ecof armature windings can be
calculated. Further, integrated with the insulatioaterials, the cross-section of teeth and
slot can be deduced.

Parameters of copper armature winding
To calculate the armature loss, the total lengtthefarmature windings is necessary. For
each turn, it is calculated including the lineartpaurve part and the edge shape in the

following equations
Lone-turn = 2Lstack +4b + 4c + 4d 5-3)
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a = (teeth + slot)x(mNpp - 1) 5-4

sing = ——<oL___ (5-5)
Wsiot + Wteeth
whereLstack @, b, ¢, d, « are shown in Fig. 5-2 (c). The resistance of arneavindings can
be also deduced.
According to the geometry parameters of armaturaedings and particular known
parameters, the leakage reactance can be calcutatetlder, the armature reaction reactance
under load-condition is estimated.

Magnetomotive force under no-load and load conditin
With the above determined parameters, the reqiieér for stator iron-core, stator teeth,

air-region and rotor is calculated considering Ball characteristic of laminated iron-core
materials under no-load condition.

Also, the armature reaction is introduced to corspém the required MMF under load
condition. The interlinkage oy, .:ure Under load condition and no-load condition is

emphasized for the further comparison with the Ftdulation results.

Field pole parameters

To supply the requireMF, PM magnet pole are adopted. The parameters aceiloed
focusing on the operating condition of PM materidts make the comparisons fair, the PM
width/pole pitch for all the PM MCTG models emplayame value of 0.73. Therefore, the
influence of pole arc to pole pitch ratio is noabed in this paper.

In the PM MCTG, Nd-Fe-B magnets (HS-40AH, HitachtMeCo., Ltd.) are adopted, with
a residual magnetic flux densiByof 1.22T and coercive fordd: of 895 kA/m at 58C. The
thickness of Nd-Fe-B magnet is a key parameter lwimttuences the generator efficiency,
cost and weight. Here, PM MCTGs with varied PM khiess from 20 mm to 60 mm are
studied and compared.

To determine the operating point of PMs with diietrthickness, the calculated MMF under
load condition is employed to calculate B values of the PM materials. Consequently,
the operating point of PMBop, can be obtained from the intersections ofHhef 895 kA/m
and the demagnetization line as shown in Fig. 5-3.

It is found that thicker PM can sustain higBgg, which is promising to make the generator

compact and efficient. From the respect of econarogt, the choose of PM should achieve
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a balance between the thickness and amount of PM.
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Figure 5-3. Operating point determination of Nd&eaagnet (HS-40AH, Hitach Metal Co., Ltd.) with iexd
thickness of 30, 40, 50 mm.
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Generator weight, loss and efficiency

Following the determined parameters, the weighteadh part of the generator can be
calculated. Also, loss of generator is also eswohancluding the iron loss, armature
resistance loss, stray loss, mechanical loss, lmaddoling loss. Thus, the total loss and
efficiency of PM MCTG can be obtained.

Determination of machines parameters

Based on the above analytical analysis, the preéinyi parameter scanning can be finished
and the best individual are selected for the follmFEM optimization as shown in Fig. 5-
6. The results of PM MCTG are shown in Figs. 5-d &rb.

For PM MCTG in Fig. 5-4, it is found the efficienoycreasing sharply in the range between
20 mm to 30 mm and gradually reaches a saturatten 40 mm. Also, the usage of PM

materials increases in the whole range from 20 mB0tmm. To make a balance between
efficiency and PM weight, 30 mm is chosen as th@mpn thickness for the present study.
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It can be seen from the Fig. 6-5, as the increaseimber of poles, the generator weight
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decreases in the beginning and stabilizes graduiit/because with increasing of number
of poles, the pole pitch is reduced and the magretuit for each field pole pair is shorten.
Consequently, the usage of iron materials is rediimmed the magnetic flux is mainly
confined within the iron-core. Meanwhile, the PMigle decreases in the beginning and re-
increase gradually after P is larger than 60. Coghiith the efficiency, 66 is considered as
the candidate for the following optimization.

Modeling and simulation of single magnetic pole

Till now, the best candidates among two generatpolbgies for further optimization can
be decided. The geometrical parameters for the 8Beting are listed in Table IIl.
Optimization

In the optimization process, a commercial softwafrdMlagNet 7.4.1 (Infolytica Inc.) is
utilized to calculate the spatial magnetic fluxtdimition. Through simulation, the magnetic
flux vectorBy, By andB; as shown in Figs. 6-7, which represents the magfiex density

in X, y and z direction, can be obtained and aeel tis calculate the flux leakage coefficient.

Table 5-2 Basic Parameters and Operation Charstitsrof 1-MW-Class PM MCTGs

Physical Dimensions and Design PM Type
Parameters (30 mm)
Number of poles 66
Initial leakage coefficient,o 1.44
Initial leakage coefficientz o 1.26
Outer diameter [mm] 3924
Inner diameter [mm] 3525
Generator effective axial length [mm] 812

As shown in Fig. 5-6, the main function of the FEMo determine the accurate leakage
coefficients. Then the calculateslis utilized to modify the design values.
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Determination of single magnetic pole
In the simulation, th@&-H curve of the laminated iron material are the santle [2]. The

generators are modelled in steady states undeoatb-tondition to get the optimum
geometries. Two critical conditions are definedtesth center condition and slot center
condition, where the centerline of one teeth arelslat coincides with the centerline of the
corresponding field pole along the radially direnti respectively. The average value of
calculateds under slot center case and teeth center case Wwesert as the calculated
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Figure 5-7. Magnetic flux distribution in the crossction of the proposed PM-MCTG (Half-model of one
magnetic pole). (a) The steady case of slot ceatee. (b) The steady case of teeth center case.

5.4 Design results of PM generator

The proposed PM topologies are verified to be fdador MCTGs. The final design results
for PM MCTGs are listed in Table 5-3. From the viefrelectromagnetic design, it can be
concluded that the multi-pole ring-type MCTG iscaleasible.

Both HTS and PM topologies provide promising salatfor future 1 MW marine current
turbine generators. Combing the design results hap&ers IV and V, it can be mainly
summarized as the following:

» Due to the limitation of magnetic flux saturationRM materials, larger number of
poles are needed to satisfy the output power ssidhNW in this study. 66 and 32
are chosen for PM MCTG and HTS MCTG, respectively.

» HTS topology shows several advantages over PM agyoDne aspect comes from
the efficiency, HTS topology is over 2% higher cargd with PM MCTG.

Referring to the weight of generator module, HTBotogy is lighter compared
with PM MCTG.
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> At the rated output power of 1 MW, HTS and PM tagiés are both promising for
the future MCTG.

Table 5-3 GNERATORPARAMETERS FORPM MCTG

Final design results PM MCTG
Number of poles 66
Pole pitch 181
Mean air gap length [mm] 12
Outer diameter of generatdi.f 3917
Inner diameter of generatdr ) 3493
Generator effective axial length)([mm] 902
No-load MMF/Field pole [kA/Field pole] 19.8
Load MMM/Field pole [kA/Field pole] 26.8
Rotor weight [t] 4.9
Armature loss [kKW] 91.9
Iron loss [kKW] 7.2
Total loss [kW] 115.9
Efficiency [%] 89.6
Weight [t] 17.1

Generally, HTS bulk magnet is made of high dendifys materials and can work as more
intensified field pole than HTS field windings aR# in limited space. To further improve
the efficiency and reduce the generator dimensiorgore HTS generator with HTS bulk
magnets is required. Based on the present stuglypélgnetization geometry is outlined here.
As shown in Fig. 5-2 (b) and Table 5-4, the dimensifor the magnetic pole of 1 MW PM
generator is listed as a reference. From the stu@hapters I, it is found that disk-shaped
HTS bulks show significant trapped flux performacoenpared with the cubic shape bulks
regarding to théBmaxcod relationship. Thus, the disk-shaped HTS bulks efgored for
further HTS machine design. Normally, due to therguh melt growth characteristics, two
types of bulks size 60 mm in diameter and 20 iokimess and 45 mm in diameter and 15 in
thickness are popular used. Consequently, theseizedoulks are employed for the initial
magnetization geometry design as shown in FigsabeB5-9.
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Table 5-4 Dimensions of PM field pole for 1 MW MCTG

Physical Dimensions PM Type (30 mm)
Pole pitch 181
PM width 132
Outer diameter [mm] 3924
Inner diameter [mm] 3525
Generator effective axial length [mm] 812

As seen from Table 5-4, the PM width is 132 mm \Wwhsan be satisfied with two rows of
® 60 mm bulks or three rows @& 45 mm bulks as shown in Figs. 5-8 and 5-9. In
generator/motor applications, the working pointspefmanent magnets are degraded by
armature reaction. As calculated in Chapter Vwibeking point of magnet material is only
at 0.65 T level. When it comes to the HTS bulkspIl7at 29 K and 3 T at liquid Mave
been achieved, which is much higher and can leachpooved power density and weight
density dramatically. More important, the trappkck fperformance is rarely influenced by
armature reaction at low frequency to our knowledge

(a)

Cc-ax1s

(b)

Magnetization
coils

Magnetization
coils

O 0

Figure 5-8. Concept design of on-axis and off-axiangement of HTS bulks with 60 mm diameters b\Y
marine current turbine generator. (a) The magniizdield generated by the magnetization coilpasallel
to the crystallographicc-axis. (b) Off-axis magnetization field can be apgl with respect to the
crystallographic-axis, which can lead to an enhancement of magfiekiadensity in air gap region.
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Figure 5-9. Concept design of on-axis and off-axiangement of HTS bulks with 45 mm diameters b
marine current turbine generator. (a) The magriiizdield generated by the magnetization coilpasallel
to the crystallographicc-axis. (b) Off-axis magnetization field can be apgpl with respect to the
crystallographic-axis, which can lead to an enhancement of magfiekiadensity in air gap region.

5.5 Conclusions

In this chapter, the electromagnetic design andhopation of 1 MW MCTG using PM
materials were studied. The proposed design madets presented and the generator
characteristics were studied based on analyticdhadeand then optimized with FEM
simulation. Meanwhile, with high efficiency, suglpé generators can provide a promising
solution for the future MCTGs. 66 have been adopttie optimum number of poles when
the outer diameter is confined to 4 m. Huge reductn weight compared with MCT is
attractive. For next step, considering the supérapped magnetic flux performance 17.6 T
at 26 K and 3 T at 77K, the forthcoming prototyp€SHMCTG with HTS bulks as field
poles is regarded as a better choice for the futhaene current turbine generator.
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CHAPTER VI
Conclusions and future work

This dissertation focus on the improvement andgtesf HTS machines. From one aspect,
off-axis field cooled magnetization is proposed aheé trapped flux performance is
confirmed which makes it possible to immediatelypég off-axis magnetization geometry
besides the on-axis magnetization geometry as showhRig. 2-14. Meanwhile, the
feasibility of employing HTS technology into marimeirrent turbine generator is also
investigated. In this chapter, an overall summaryiven and the future work of employing
off-axis magnetization geometry into generator giess outlined.

6.1 Conclusions

Nowadays, HTS electrical machines using field paliés BSCCO/1G or REBCO/2G wires
are more developed than those using HTS bulks., Tessarches on HTS bulks are in highly
demand to support the design and manufacture ofrielenachines in power applications.
HTS bulks are continuous medium of superconduaadscan provide potentially higher
flux density than HTS coils with the same dimensionthis dissertation, the trapped flux
behavior under off-axis FCM for HTS bulk supercocidu GdBCO is experimentally
investigated and the trapped flux distribution gsgD scanning by Hall sensor and 3D
viewer with steel wires at liquid2Nemperature is also conducted. With the inclimatingle
increases up to 30° - 45°, the sample providesrgugeapped flux component parallel to
the c-axis comparable with those obtained by the on-B&IM. As well, the magnetization
after FCM is almost parallel to the applied extéfiedd Bapp For large inclination angle,
trapped flux lines are meaningful to understandpiin@ing behaviour of bulk materials in
which the trapped flux behaviour is a collectioraafsotropic flux pinning and the effect of
microstructure on the deformed circulation of sepearent.

Generally, there is no simple scaling law can sssftdly describe the trapped flux behaviour
in REBaCwOy75 under off-axis magnetization. However, the obtdimesults appear to
support that REB&wO7s can sustain sufficient trapped flux performancdairfinite off-
axis angle. For engineering applications, the ai&&CM may open up the possibility of
future designs witim-situmagnetization systems in HTS electric machinehiaws in Fig.
2-14.

As for the marine current turbine generators, tr@psed two generator topologies were
verified to be feasible. The present study for Hiifd PM MCTGs can be summarized as
following:
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(1) A conceptual structure of a 1 MW salient-pol€M5 with race-track-shaped HTS field
coils was proposed, and a novel electrical deslgarithm is also proposed for the
MCTG. The electrical design method derivation wgsl@&ned step by step in chapter
V. The influence of some main machine parametexs, @ole pitch, stator outer
diameter, magnetic flux density in the stator teethd electric loading, on HTS
generator performance were clarified, and the agdtpparameters are determined.

(2) A conceptual structure of a 1 MW salient-pol€ M5 with PM field poles was proposed,
and a novel electrical design algorithm is propdsethe MCTG. The electrical design
method derivation was explained step by step irptehaVl. The influence of some
main machine parameters, e.g. pole pitch, stattaraliameter, magnetic flux density
in the stator teeth, and electric loading, on PMegator performance were clarified,
and the optimal parameters are determined.

(3) For the comparison of 1 MW HTS and PM MCTG, thain generator parameters are
studied and compared. Due to the limitation of nedigrflux saturation of PM materials,
larger number of poles are needed to satisfy thpubypower such as 1 MW in this
study. 66 and 32 are chosen for PM MCTG and HTS MCThespectively. HTS
topology shows several advantages over PM topol@me aspect comes from the
efficiency, HTS topology is over 2% higher compaveth PM MCTG. Referring to
the weight of generator module, HTS topology istég compared with PM MCTG.

Following the design study of HTS and PM marinerent turbine generators, the
employment of HTS field poles has shown enhancewiegificiency and reducing weight,
i.e. higher output density. Near future stage ¢énsive design studies of marine current
turbine with HTS bulks is expected and the forthowrprototype is regarded as a better
choice for the future marine current turbine getora

6.2 Future Work

The inclined bundle trapped vortex is one manitestaof the complex behaviour of the
trapped flux in GABCO under off-axis field coolecagmetization. In contrast to higher
anisotropic materials, such as,®CaCuOs, the angularly dependence of trapped flux
performance is difficult to quantitatively modeln®prerequisite to further work in this field

is further study of the growth of GdBQslks. The experimental evidence discussed in the
thesis show that the trapped flux behavior doeshotv obvious anisotropic characteristics
as the materials itself. In the string/pancakemegihe vortex strings are more weakly pinned,
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the evidence suggests that this is not the case wingh off-axis angle is present. In this
dissertation, it has been assumed that, at thévedialarge fields used, the microscopic
direction of the flux lines is near parallel to tygplied field. As has been discussed in chapter
. It would therefore be interesting to investigathether the trapped flux behavior seen in
this thesis, also exits in sphere GABCO samplesanMaile, for pulse magnetization, off-
axis geometry would be interesting to investigheettapped flux behavior, where large local
heat generation may influence the bundle flux vosteucture.

For the engineering applications, the present xif-enagnetization geometry is feasible to
be adopt in HTS application design. To expand theation of HTS applications using
REBCO bulks, relatively study would be urgentlyuigd.

For next step design using HTS bulks, the majorifivadion of electromagnetism design
method focus on the utilization of air-core fortestaand armature parts. When iron materials
are employed, the magnetic flux is mainly confiiredon teeth and iron field pole. Hence,
the magnetic flux distribution is treated as onmahsional problem in the present
calculation method. If non-magnetic material isdudae to the high magnetic flux density
provided by HTS bulks, magnetic flux distributionarmature region should be considered
as two-dimensional problem, which will influences timduced voltage.

Also, the cooling structure for the HTS MCTG foetHTS field winding should be carefully
considered, especially for such marine applications

Cost comparison should be conducted for the funarufacture of MCTGs with HTS and
PM field poles.
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