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Abstract

Because of zero resistance and diamagnessperconductors were more than just
perfect conductors comparing to conventional conductors. Superconductors have an
excellent potential for power applications use; one of the exciting areas is the
superconducting machine. After hundreds of years of dewsdop the
superconducting machiéeresearchesnterednto a new era sinceigh-temperature
superconductodsdiscoveris in 1986.Many pioneering works have been done by
researchers worldwideThey would push the higltemperature superconducting
machine n commercial uséor future aircraft, offshore wind generator andedéctric

ship propulsion

For high power applications, superconductors can provide significantly higher current
density compredto copper. The superconducting maclk@#ngesign is morefficient

and has potential use in Mass wind turbines and future electrified aircraft.
Furthermore, since 1986 when HTS were discovered, much progress has been made
towards making the HTS applications economically feasible due to critical
temperature laove 77 K. The cost of cryogenic systems significantly decreased by
using liquid nitrogen.

In this thesis, the work focus on pushing the HTS machine towards comnsaticali
use in power applications by focussing on AC letsslies on both rotor and stataf

an HTS machindn an AC machine design, AC ld@ssloule heat needs to be accurately
identified and mininmsed. Which can improve the stability of the machine, and also
reduce the cost of the cryogenic system.

On the other hand, In rotating electricahchines, AC loss is unavoidable. We must
identify the AC losses in bottine rotor and stator part, which are the crucial parts in

futurelargescalemachine design.



To this end, in this thesis, the contribution of original new workkides

1. Developimy, validating a 10 kWully superconducting machineototypeplatform

to provide a machine environment to measure AC losses of HTS windings

2. Calorimetrically quantify the electrical HTS stator and provided data for cutting

edge AC loss reduction tecHogies
3. Characterisation ®l superconducting coils in the machine rotor parts design

4. More superconductingnachine design considering power electronics.
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Chapter 1 Intro duction

In 1911, thefield of superconductivity began with the discovefyDutch physicist
Heike Kamerlingh Onnes frorthe University of Leiden He discovered that the
resistance of mercubye@me zerat4.2 K in liquid heliumHe reported th&iMercury

has passed into a new state, which on account of its extraordinary electrical properties
may be called the superconductive stat€he phenomenon became known as
superconductivity.In 1933, German physicists Walther Meissner andbdrt
Ochsenfeld discovered this phenomendrhey measued the magnetic field
distribution outside superconducting tin and lead sampteshe presence of an
applied magnetic field, the samples were cooled below their superconducting
transition temperater, after whichthe samples canided nearly all interior magnetic
fields.

Because of zero resistance and diamagnessperconductors were more than just
perfect conductors and provided a uniquely defining property of the superconductor
state. Aftethundeds ofyearsof developmentsupeconductivity becom&one of the

most exciing area. Manypioneering works ha been done by researchearsridwide

and would push superconductivity in commercial use.
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1.1 Background

1.1.1 History of superconductivity

Superconductivity began with the discoveryhgike KamerlinghOnnes in 1911 that
mercuryhad zero electrical resistanaghe temperaturd.2 K. Zero resistanoghich
could be applied in the field of poweansmission with no losses,in large magnetic
fields, orstorage of energy. These applications werequatkly realised becauséhe
superconductorbecomeconventioml conductors at critical current densdy at the
critical field. In 1916, Silsbee hypothessed [1] that the critical current for a
superconducting wire was equal to that currertich gave the critical field at the
wireGs surfae, which is also callethe Silsbeeeffect The reason for this behauio

was not made clear until the discovery of the Meissner effect in[PP33

Fromthe 1950sto 1960s, superconductocanoperateat higher currents and higher
magnetic fields, pushing superconducting magnets to commercial Tirsse
superconductors exhibit two critical fields designated &hd H., which are called
type-ll superconductordn 199, another scientistrBanuelMaxwell discoveedthe
isotope effecf3], which was also independentbund by C. Reynoldst al.[4]. These
experimentalresults are essentialto explain the mechanism of superconductivity
theoreticaly. The attractive coupling between electrons is through the lattice
vibrations (i.e., phonemediated).

Until 1986, the highest critical temperatuesordedor superconductgmwas only 23

K. This measliquid helium(4.2 K) had to be used for coolinigis tooexpensive and
unreliablefor commercial useConsequently, nmy potential applications were not
commercially viableThus scientists had taliscoversuperconductrs with higher
critical temperatures. All this suddenly changed with the discovery of- high

temperature superconductivigf TS).
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In April 1986, ScientistdBednorzandMiler, working at IBM in Zurich, published a
paperthatindicatedthe possible existence of superconductivity in a ceramic material
LBCO (Lanthanum Barium Copper Oxidé&)] with a critical temperature of 30 K and
shared the 1987 Nobel Prize in physics:BaaCu-O was the first high tempature
superconductor (HTS). Superconductivity in oxides had been known for many years.
The discovery resulted from several years of extensive investigations on metal oxides
superconducting.fle LaBa-Cu-O systenmwas firstly founded by French sciensifd].
However, the French scientists were not lookingit®superconductivityln 1987,
researchers in thdniversity of Tokyo[7] confirmedMiler and BednorZs findings

which means superconductivity is developinghgera oHTS. The synthesis of rare

earth metal oxides of increasingly higher critical temperature.

Following Bednorz and Mile@s work, in 1987, culminating with the-Ba-Cu-O
(YBCO) discovery was founded byaw-Kuen Wuet al. with a critical temperature
of 93 K[8]. This was a significant breakthrougbthe material was superconducting
in LNz at 77 K. Nitrogen is much cheaper amdre abundant than heliurAlso, the
latent heat of liquid nitrogen is much higher than liquid helium. Tlusd nitrogen
refrigerationsystems are less congatedand muclkcheapethan systems usidguid

helium.


https://en.wikipedia.org/wiki/Maw-Kuen_Wu
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1.1.2 Road map of superconducting machine

Due to significantly higher power density and efficiency than traditional cdpsezd
motors, some superconducting machines have been developed by many research
institutionsworldwide. Many research institutions have successfully developed some
significantmachine testing rig or HTS machine prototygeor the fultsize MW class
machine for commercial use, the research progress is slow due to two primary factors:
cost and staility. Currently, the HTS tape is still quite expensive for commercial use.
Although liquid nitrogen is cheap and can be used for HTS coil testing, the operating
temperature usually is below 77 K for commercial use, and cryogenic systems are still
costlyif the operating temperature is below 77 K. The other factor is stability, HTS
material isa ceramic material and very fragile and easy to damage with either coll
guench or mechanical shock, therefore, whilst in commercial use, the operating
environment isusuallycomplex compaad tothe lab environment. Thuke progress

I's sl ow, and a | ack of experience for
machines inengineeing, more researchis needed to assess future HTS systems
viability [9, 10].

MW -classpartial HTS machineswvith an HTS rotor and a copper statweestimated

to reach99% efficiency with mosstator windings losse almost 2% higher thaa
conventional generator of the same ratjdyy Further on, wnding losses can be
reduced by using the HTS coils in the stakaslly superconducting machine=uld
adievevery high efficiency bysignificantly reduce the colbsses in both theotor
and stator windings (>99.5%) Meanwhile, the fully HTS machines also have the
potential to increase power density by increasing current denghy istator as well

as ircreasing the magnetic loadingtire rdor.

Tablel.1 demonstrates some past superconducting machine demonstrations developed

by a variety of research institste



Tablel.1. List of notable past superconducting machine demonstrations

Year to| Developer Speed | Power rate| Condudor type | Cryogenic Machinecharacteristic Efficiency

reach (rpm) (KVA) (%)

1978 GE[11] 3600 20 000 NbTi LHE Largeturbinegenerator 99.3

1978 | Westinghousél1Z] 3600 300 000 | NbTi LHE The wo r | diréts commercial LTS | 99.4
superconductingenerator

1980 GE[13] 7000 20 000 NbTi & Nb3Sn | LHE High speed generator for airborne 99.5

1987 GE (Alstom)[14] 3000 18 NbTi LHE first connected to a industrial grid

1997 SuperGM (Japan]15] | 3600 78 700 NbTi LHE Highestoutputobtainedn 1999

2001 AMSC [16] 1800 3725 BSCCO Neon boitoff 1G HTS machine for inductrial 97.7

2004 Siemengd17, 18] 3600 4000 1G HTS Ne-Thermosiphon | Low-speed higkiorque HTS machine | 98.7

2007 AMSC [19] 120 36 500 unknown Gaseous He A famous HTS machine for US NAVY

2008 GE[20] 10 000 | 1300 BSCCO Neon boitoff 1.3 MW at over 1@00 rpm 98

2020 Kalsi GPS[2]] 10 10 000 MgB2 Gaseous He Bi-2223 in rotor and MgBin stator 98
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According toTable1.l, t he wor | d 6 supdérdaondscting geperatoremast i a |
built by Westinghouse in 197BL27], the LTS material was usdd improve the
performance of Larg&urbine generators. At the same time, some other similar
machines were also developed by GH| [13], SuperGM (Japan) tested a 70 MVA
generator during the 1990s with three different LTS NbTi rotor windings. This is the
highest output value obtained aattime[15]. The discovery oHTS in 1986has the
potential to push superconducting machines to lesest The operating temperature

of HTS conductorsaremuch higher (betwee2b K and 77 Kthan LTS (normally 4.2

K), thusthe refrigerationcooling systemsre muchsimplified than the LTS system
designalso, another advantage is thataperatingemperature rangef HTS winding

is much widerAs shown inTablel.1, many fulklscalecommercialse machine$oth
low-speedand highspeed, have already been demonstratgdg superconducting
technology[9].

Many HTS machineshave beendevelogd (or developing using the following

configurationsas shown imable1.2 [9].

Tablel.2. A range of applications by using superconducting machine

Speed level Power MW) | Rotational speed (RPM Application
Ultra-low 10- 15 10- 15 Wind generator
Low 1-36.5 100- 250 Navy
Medium 1-10 18007 3600 Industrial
High 1-50 7k 30 k Aerospace

Currently, some researcboalsfor the commercial use diTS machines has been

achievedHowever further progresss still neededn these aspects
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Kilometrelevel HTS tape length usage

AC los®sreductiontechnology

Improung thelc characteristicen higher operating temperature

Improving theHTS performancen the complex magnetic field environment
Coil quench detection and protectio

Reduce the cost in HTS material and the cryogenic systems

Improve the mechanical behaviour of ti€S coils

| mprove the manemgineetnds structur e

For the following decades, moresearch in engineering will push the HTS machine
in large scalepower toreduce product costarger marketganhelp reducethe cost

of HTS material an@dryogenic systems
1.1.3 Road map of future electrified aircraft

According to IATAG goals fronfiAircraft Technology Roadmap to 205{22], new
aircraft must be configured to reduce fuel burn and carbon dioxidesiens For
instance, more leaburn engine technologies, more bio content fualsl electric
propulsion aircraft. Although electricity is not emissidree now, it can be expected
that life-cycle carbon emissions are going dowamsiderably. The eledtity can be
generated by clean energy to reduce the emissions furtdide 1.3 shows that many
aircraft manufacturers with many electric equipmendvjters focus on electric
technologies to provide onboard energy consumptibime dectric propulsion
concepts argery suitablefor applicationin distributed propulsion architectures. The

electric propulsion for aircraft is a revolutionary step in the aviation industry.
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Table1.3. List of electric propulsion projects

Project name Type Passengers Electrical Fuel burn
Power reduction
NASA N3-X [23] | Turboelectric 300 30 MW Up to 70%
NASA STARG Partially 154 2-3 MW 7-12%
ABL [24] turboelectric
BOEING SUGAR Parallel 154 50 MW >70%
Freezd25] turboelectric
(fuel cell)
AIRBUS E-FAN | Hybrid series 100 4*2MW
X [26]

According to different design concepts, the topologies can be mainly described in 6
categoriesasFigurel.1 shows[22].

ALL Electric Hybrid-electric

Parallel-hybrid

Electric bus .
> Electric bL{s‘ Motor H Turbofan |
i

FUEL
Turbo-Electric

Full turbo-electric Series-hybrid

‘ Turboshaft H Generator ‘MS Motor(s) ’ Turboshaft H Generator |E\ectTric buﬁ
f

f

FUEL FUEL Battery
Partial turbo-electric Series/Parallel-hybrid
‘ Turbofan H Generator ‘wﬁ‘ Motor(s) | ‘ Turbofan H Generator EleCtT”C bus Motor(s)
f f
FUEL FUEL Battery

Figurel.1 Electric propulsion architectures
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U All-electric systemeefer to usingatteries as the only propulsive sourcbaard

0 Hybrid-electric systemsefer to usinggas turbine engines for propulsion and
battey charging andthe batterieslsoprovidethe energy needed for propulsion
at some stage
, Parallethybrid: turbine enge and a batterpowered motor are both

mounted on a shatihatdrives a fan

Serieshybrid: only the electric motors are connected to the fans mechanically.

The gas turbine is to drive an electric generatgorovide energySystems

are compatible witldistributed propulsion that use multigdeopulsion units

Series/Parallel partial hybridome fans ardriven directly by a gas turbine

while electric motors drive other fanThey are using the turbirdriven

generator or batteries to drive thesetors

U  Turbo-electric systemsse gas turbinessa propulsive power source rathdan
batteries

Full turbo-electric: turboshaft engines drive electric generators that power
inverters and individual DC motqrdrivingthe individual distributed electric
fans.

Partial turbeelectric: use electric propulsion to provide some of the
propulsive powerandthe rest is generated by a turbofan driven by a gas

turbine.
1.1.4 Why fully superconducting machine for electric aircraft

For electric aircraft applications,ABA has proposed a distributed propulsion concept,

which is claimedcan reduce fuel burn to 70923, 27, 28]. NASAOGs conce
challenging and requires advanced technology in motors, generators, power cables and
energy storage systsmThe conventional coppéased machine cannot reach the

requirement of the flightveight machine. tl is obviously that superconducting

9
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machines holgotentialfor the extremereduction in machine size and weig[fl].
Thus, two large superconducting turbogenerators e see wingtip from NASA's
design concept and use 15 superconductitggordriven to provide thrust. The

parameters of generators and motors are illustratédhbie1.4.

Tablel.4 Electrical machine requirement for turboelectiiccraft design concep2?)

HTS generators HTS motors
Number of units 2 15
Power level 22.4 MW (30000 hp) 3 MW (4000 hp)
Weight 1000 Kg 236 Kg
Efficiency (active material 99.3 % 99 %
Power density 22.4 kW/kg 12.7 kW/kg
Speed (RPM) 6500 4500

The power density of current electrical machines is not high enough for advanced
propulsion applications in a#llectric aircraff23, 28-38]. Compaedto conventional
machines with copper windings, superconducting machines can significantly reduce
machine volumend weight Thus power density can be significantly increased. The
latest HTS have high critical currents at relatively high operational tempesature
which can significantly increase the machine power density. Partially HTS machines
based on HTS rotorsd copper stators have been develoj@g 40]. However, the
cold-rotor-warmstator design previously led to large air gaps, therefore reducing the
magnetic field. To fully utize the advantages of HTS windings, fully HTS machines
have been proposed to maximize machine power density for applidat®Ad, 42].

10
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The aerospace sector is actively pursuing revolutionary design concepts toward
electric aircraft to further redudbe environmental impact of air trael0, 32, 43].
Aggressive targets have been set by both the EU and the US to cut aviation emissions
[44, 45]. These regulations are the key drivers for aviation manutsttio design

more efficient electric aircraft. Some small electrical aircraft for several passengers
have been developed successfully, in which batteries and machines with copper
windings are applied. This kind of design is not suitable for future elactircraft

with more than 100 passengers, due to the low energy density of present battery
technology. Then, a more practical hybrid electrical propulsion design is proposed, in
which fuel turbines are used to drive generators, power from generateliséset! to
several electrical motors, and thus, a distributed electrical propulsion is achieved. This
electrical aircraft propulsion design needs a generator/motor with very high power
density, which is hard to be achieved by conventional machines vpgecwindings
[46-49]. The latest secongleneration highemperature superconductor (2G HTS)
(RE)Ba2Cu30x (REBCO) offers a transformative opportunity to develop electrical
machines with high power densities because of their cuceenging capaliity is

more than 20 times that of copgéf]. HTS machines have been developed for wind
generator, ship propulsion, and energy storage successfully, which show great
advantages on high power density, compact structure, and lightweight and thus is a

promising candidate for future electrical aircraft propuldiot].

Therefore, high power density machines at Mlass are needed for future-alectric
aircraft. Thedesign of a conventionabn-cryogenic motois 13.2 kW/kg and has 96%
efficiency[52]. The HTS machine has a higher power density and higher efficiency
due to zero resistance in DC operatiGarrently, he majority of HTS machines are
designed based on conventional topologies, remacopperbased windings with
superconductor material&.partially superconducting machine with an HTS rotor and
copperbased stator can reach an efficiency of 99%, and most power dissipation is in
the conventional coppdrased stator windings. A fully superconducting machine

11
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using HTS windings in both rot@nd stator and have the potential to reach the highest
efficiency, as the power dissipation is minimizing in both rotor and sti®mpower
density can be more than 20 kW/&j.

1.2 State-of-art and Motivation

1.2.1 Superconducting machine stateof-art

Consider a synchronous machine due to its high efficiency compared to an induction
machineHTS coils can be used in both stator vitmys and rotor windings to push the
electrical machine toward the higlower density application. As for stator windings,

the HTS coils can significantly increase the operating current to increase current
density. For rotor windings, HTS coils can consalidy reduce the rotor size and
weight due to removing the iron core compared wWitdhcopper coil or the permanent
magnet. Th@orriron matera k gaturation no longer limits the magnetic field strength

in the machine aigap. Thus, the strength of the magc field can be higher than 1.5
T19].

U Partially superconducting machine

The partially superconducting machine refers to when replacing the rotor windings
with superconducting windings, the armature windings are still conventional eopper
based windingsMany industries and research institutes have made good progress as
superconducting windings only applied on rotors, the transport current is DC, and the
backgound field is stationaryelative tothe rotor in the synchronous machine. The
partially superconducting machine can achieve a very high power density (99%);

however, most powatissipation ign the copperarmature windings. HTS windings

12
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must be used intator windings to achieve an even higher power density, and fully
superconducting machines need to be developed for future power applications.

U Fully superconducting machine

When superconducting windings are used for both stator and rotor windings, the
machne is a fully superconducting machiriéhe aircored machine was considered

due to no saturation for magnetic flux density in the Airfully superconducting
machine has the potential to attain the highest efficiency as the superconducting
windings can rmimize the power dissipation in both rotor and stator. However, the
stator windings operate in an AC magnetic field and carry AC current. Both
magnetisation loss and transport loss exist in the stator windings. In this case, these

losses must be evaluatedpropriately in machine design.
The development of the superconducting machine is demonstrated in Ghager

Superconducting windings can be designed wither LTS field windings (NbTi,
Nb3Sn, etc.) or HTS field windings (BSCOO, ReBCO). Various standard machine
topologies can be used for supemocting machine design: woufiegld-synchronous
machine, PM synchronous machine, HTS bulk magnet machine, etc. For synchronous

machine, topologies can be either axifx or radial flux.

Many research institutes develop HTS superconducting windings widdddue to

the benefits of higher operating temperature (eENp temperature). Because HTS
coated conductors are difficult to bend or twist, the coils are typically designed as
racetrack coils, as shown figure1.2.

13
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____— Stator windings (AC current)

Field windings (DC current)

ReBCO racetrack coil

Figurel.2. Schematic drawing of a fully HTS machine and racetrack coil.

Figure 1.2 demonstrates the winding configuration of a fully HTS machine. Field
windings are used to generate the DC magnetic field of the rotor, tletdensity

of HTS coils are significantly higher than conventional cofgsesed windings. Ae

strength of the magnetic field can be higher than 1d&nd@ the weight can be reduced
considerably by removing the iron core of the rotor. Stator windings@asist of

HTS racetrack coils to reduce armatureos
increase the power density above 20 kW{&gtive material onlyand increase the
machine efficiency above 99.5%. For future electrified aircraft, superconguct
machines (generators and motors) up to d¥Més are needed to meet hidgmsity

and efficiency requirements.

When HTS windings carry a DC current under its critical current and operate below
the critical temperature and the critical magnetic field,AReloss is virtually zero.
However, AC losses exist in HTS windings when carrying an AC current or operated

in an AC magnetic background field. In machine applications, stator windings carr

14
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AC current and also operate in a rotational magnetic fieldhisndase, AC loss is a
crucial issue in machine design. The joule heat was produced in stator windings and
cause the temperature to arise in the stator, and this heat must be fully considered in
the cryogenic system. Otherwise, the stator coil has themiteo quench or even
damage due to jouleeataccumulabn. As for the rotor in theynchronous machine

the rotor windings carry a DC current. The rotor speed is synchronous with the speed
of the fundamental field generated by stator windings, andTi&rotor is stationary
relative to the fundamental field. However, there are higiheéer ripple magnetic

fields in the machine environment besides the fundamental field, and the ripple fields
are not synchronous to the rotor windings; in this case, A€dtso exists in the rotor
windings and the joule heat must be fully considered in machine design. The AC losses,
including magnetisation loss, transport loss and total loss, need to be appropriately

evaluated anduantifiedin both stator and rotor in roaine design.

1.2.2 Fully superconducting machine design challenges

In a fully superconducting machine, both rotor winding and stator winding are using
superconducting materials. Thus, fully superconducting machines are expected to
reach a higher efficiency than partially superconducting machines because armature
powerloss is reducedompared with copper windings. In theory, the ohmic losses are
significantly reduced in the stator. However, armature windings are carrying an AC
current, and operating in an AC magnetic field. In this case, both transport loss and
magnetisabn loss exist in HTS armature windings. The AC losses in armature
windings is a critical challenge in fully superconducting machine design. Due to the
heavy cooling penalty in cryogenic temperature, an HTS wire with lower AC losses
must be applied in fulfHTS armature windings; otherwise, the size and weight of the
cooling system will not be acceptable. Currently, there are no wire technologies

available to achieve the feasibility and effectiveness of the HTS stator for commercial
15
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use. Some wire concepe.g., ROEBEL cablg3] and COR®Xable[54], hare been

studied by many researchers on feasibility and effectiveness for -smbdl

applicatiors. The wire technologies for commercial use are not be provd@]yet

Anot her critical i ssue in fully superconc
Typically the insulated coils are applied in the rotor of a superconducting machine. As
the rotor is a rotation@lomponentunavoidable mechanical vibration occurs whiee

rotor rotates, and also, the cryogenic systems for rotating parts are usually complicated.
Therefore, when the superconducting coil on the rotor is quenched due to mechanical
shock or the lack of cooling power, the coil is very easy to be damagleightfield
magnets applications, this issue can be solved by applyingiressuation coil (NI

coil). NI coil has excellent mechanical robustness and thermal stability due to the
removal of the turrio-turn insulatiorfield [55-67]. In the case of quench, the current

can bypass the queriofy point in the NI coil. However, the application of the NI coil

on the HTS rotor has not been studied yet. The key challenge is that the
electromagnetic environment in a machine is complex. The AC ripple magnetic field
will cause magnetisation loss inetiNI coil, and the magnetisation loss needs to be

appropriately evaluated amgiantiied inthemachine rotad design.

To sum upgefficiencyis an essential parameterhigh power densityATS machine
design.For HTS coils in the machine, AC losses are critical issues in engineering.
Firstly, AC lossegrovided data for cryogenic systems design, and the cooling power
needs to be matched with the machine. Secondly, both magnetisation AC ltdaland

AC loss reed to be identified separatelyawaluate the different HTS materials or coil
structures properlyThese data are essentiallangescalemachine design. Finally,

high AC losses may cause unavoidable heat inside the coil, cause the temperature to
rise ver HTS tapés critical temperature, and eventually cause the HT Sagiench

in the weak poinbr even be damaged totallfhus,in machine design, a minimised

AC loss design need to be considered.

16
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A new HTS machine platform needs to be developedaasare AC losses of the
statorwindings This platform providedhe AC loss values aheHTS stator coil in a
rotational magnetic field machine environment. By using the calorimetric method,
both magnetisation AC loss and total AC loss can be identifidcheeasured in this

machine.

Then a coil model for the wound rotor design needs to be developed. For conventional
electric machines, the agap magnetic field is limited by the iron core saturation on
the rotor. The following solutions can achieve thehbigairgap magnetic field
strength in the machine: increase the field current, and iron core must be removed in
the rotor. This act can also significantly reduce machine size and weight. Due to the
coppets current density limit, conventional copgEsedotor windings can ot reach
anappropriate aigap field without the iron core. However, HTS made it possible to
generate a significantly higher @ap magnetic field withoutniron core and only

use a small volume of rotor field windings. The DC witgdi model needs to be

developed and validated by experiments, to prove the HTSsatesign.

Thefollowing research stage will carry &C loss reduction technology to minimise

the AC loss in an HTS machinggnificantly reduig the coolings y st ems 6 c o st
increasing machine efficiency Finally, the fully HTS machine connectwith

cryogenic power electronics to identify how power electronics influence the coil AC

loss

17
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1.3 The layout of the thesis

Chapter 1 introduces superconductivity and its historThen introduces the
development of superconducting machine and how it works on future electrified

aircraft. Also, this parpresents the motivation for the whole project.

Chapter2 explains the fundamental theories of superconductivityis chapter
demonstrates thaindersanding of different types of superconductors, critical
temperature, critical currenand AC loss theoryThis chapter alsgresents the
measurement methods for AC lossewl the introduction ofvinding technologies,

namely,insulated HTS coils and NI HT&ils.

Chapter3 introducest he testing platformds design
setup, calibrationand systems validation. This part presean axiaflux fully
superconducting machine that provides a rotational magnetic field using the
calorimetric method. This system can measure either magnetisation AC loss and total
loss for a 2G HTS stator coil a rotational magnetic fieldrhese results offer much

data forlargescale superconducting machine design and provide a platform for

different types of HTS coils to act further AC loss reduction research.

Chapter4 presents theircuit networkmodel of the rotaks design using NI coils and
how NI coils perform in AC magnetic field environments. This part presents the
simulation and experimeaitresults of a NI coil in a backgroandripple magnetidield,

andthese resultgdicated the rotor part performance in a machine environment.

Chapter5 provided experimental data foifferent types of HTS stator coils to help
identify AC loss reductio. The characteristics of the different ReBCO tapes are tested
for machine coil selection. The AC losses of the 2G HTS caoil, including transport loss,
magnetisation loss and total losss atudied using electrical method and calorimetric

method. In this chapter, a new mdltament wire istesed to validate the totaAC

18
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lossegeductionin themachinestator.These results can support AC loss researches in

the futuresuperconducting machine and all HTS systems design.

Chapter 6 introduces a novel cryogenic propulsion testing platform, including
cryogenic electroniparts connected with the superconducting generatus. part
demonstrated how cryogenic devices influence the HTS stator coils in both steady test
and transient test This chapter illustrates the HTS machine characteristics combine
with cryogenic powerelectronic devices, help understand the HTS machine

performance in a power application system.

Chapter7 includes a summary of this thesis and futuoeks.

19



Chapter 2 Superconductvity

2.1 Charaderistics of Superconductors

When aYBCO hulk at 77 K is placed abov@NdFeB magnet, lhe magnetic flux in

the YBCO superconductingulk is discharged from the bodgausng a magnetic
levitation force, making the YBC®ulk suspended in the aiithis effect is the
Meissner effecf2]. In 1933, W. Meissner and R. Ochsenfdiscoveredhatwhen the
superconductor is in a magnetic field, in the 1soperconducting state, the magnetic
field can pass through the conductor, and the internal magnetic field is not zero, as
shown in Figure 2.1. In the superconducting state, the magnetic flux in the
superconductor isvholly discharged from the conductor, and the internal magnetic
field is zero, that is, the superconductor has complete diamagnetic properties.

Ideal conductor

AAAAAAL L 3
B B

( "') cooling

superconductor A
BJLJL]IJ\J\JL B

( "') cooling
—_—

7>Tc 7<Tc

Figure2.1. lllustration of Meissner Effect under field cooling condition.
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Figure 2.1 shows n an ideal conductor, th@agnetic flux within the conductas

constant with time, i.e.:

iB
=0 2.1)

Whereas superconductexpels the entire magnetic field from its interibw interior

magnéic field is always zero, i.e.:
B=pu,(H+M) =0 (2.2)
Thus, in an ideaduperconductor
H=-M (23
After cooling, the superconductor expels thédfieom its interiorand has a magnetic

. dB : . .
susceptibility ofx = ¥l =-1 . Thus, the superconductors determined as ideal

diamagnetisnas well as ideatonductivityunder a critical field.
2.1.1 Superconductors

The superconductors can be classified in different waAgsording to their critical
temperature, superconductors can be classified a3deuperconductors and high
superconductors. Based on magssion behaviour, superconductors can be

classified a typel superconductors and typesuperconductors.

All superconducting materials a superconductig state are affected by three factors
the operating temperature¢he current density in the materiaand the background
magnetic field. As shown iRigure2.2, the arealescribeshe superconducting region.
The superconductor has superconductivity only if the condsctanrent density,

temperature and magnetic field within this gi@?.
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Figure2.2. Superconductivit defined by temperature, magnetic field and current density

Critical temperatureqc)

The temperature at which the superconductor transforms from the normal state to the
superconducting state is called the critteahperaturéWhen the temperature is lower
than a certainvalue the superconductor begins to show the phenomenon of

superconductivity, which is recorded &s .
Critical magnetic field Hc)

Place he superonductoris in an external magnetic field. When the magnetic field
exceeds a certain value, the superconductor will lose its superconductivity. The
magnetic field strength that causes the superconductor to lose superconductivity is

called the critical maggtic field strength, which ieecordedas He .
Critical current density.c)

Although superconductors can carry curreith zero resistanceheir currentarrying

ability is limited. As the current increases, the superconductor will also lose its
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superconductivity above a certain current value. The current value at which the
superconductor loses its superconductivitydedined as critical current which is
recorded as/c . With the increase of the carrying current, sgerconductds
transitionto the normal state is not abrupt. Generally, the critical current is defined
based on the terminal voltage of the curesntrying superconductor reachirlg

ceV/.cm

When the current isolver than the critical current, the superconductor is in a
superconducting state and the resistance is zero; when the dsigesdter thathe
critical current, the resistance of the superconductor rises sharply and loses

superconducting characteristics.

For hightemperature superconductors, this transition process is smoother than that of
low-temperature superconductoFsgure 2.3 showsthe typical U-I curves of theG

HTS tape.

IuViecm

E/(uV/em)

Y

I(A)

Figure2.3. U-I curve of thesuperconductor
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The change of voltage with the current in a superconductor is highHinsam, for
superconductor can be shown in gggiation:

I n
WhereEo = 1 ¢ V/ cefers to the critical longitudinal voltage drop across the

superconductor], refers to the critical current, refers to the exponent.

2.1.2 LTS and HTS

In 1911, when Onnefrst discovered superconductivity, tloeitical temperatures

only 4.2K, the cryogenic systems are complex and expenSmng to thepursueby
researchers, superconductors with higher critical temperatures have been continuously
found during the following decades Figure 2.4 shows some important
superconductorantil 2015[69]. In 1986, Lanthanurbariumcopper oxide ceramic
(LaBaCuO)was found, and the critical temperature reaches 3(Q5K which is a
milestonetemperature to classify superconductors. A superconductor is defined as a
low-temperaturesuperconducto(LTS) if its critical temperaturés below 30K.

Otherwise it is defined as a higtemperatursuperconductofHTS).

LTS usually ae metals, alloys, and some compounds, among which NbTINas@n
arecommonly usedHTS aretypically compound in which copper oxides, such as
ReBCQ In this thesis, thelTS will be used due to itsritical temperaturdigher than

liquid nitrogen, thus, reducinte cooling equipment cosignificantly.
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Figure2.4. The development history of superconduc{@9.

2.1.3 Type-l and Type-Il superconductors

A superconductor materiadhould have a Meissner stafdeverthelessdifferent
superconductors have different behaviowrgh the increase ofthe external
backgroundield. Some superconductarsly have one critical magnetic field awill
directly enterinto the normal state. This type of superconductors is caflefi
superconductorsr Type-| superconductors. Some superconductors will enter a mixed
state beforentering intahenormd state This type of superconductors is calletd
superconductors orype-ll superconductors. The schematic phase diagrahy |
andType-ll superconductors is shownkigure2.5. Typel superconductors only have
one criticalfield, while Type-ll superconductors have a lower critical fieldHafi and
an upper critical fieldHco. Type-ll superconductors are in Meissner state bdtower
critical field Hc1, normal state aboweper critical fieldHcz, and a mixed state between
Hci andHco.

25



Chapter 2 Superconductivity
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Figure2.5. Phase diagram of tydeand typell superconductors

To be pecific, as shown ifrigure2.6 [70], Typel superconductors remain perfectly
diamagnetidbelow the critical magnetic field lc), andthe superconductors enter a
normal statsuddenlywhen theexternal field exceeddc. Typel superconductors are

mainly metals and alloys, such as Hg andTSte-I superconductors cannot be used

in high field application due to their low critical magnetic field.

BA ~MA —

e 1 3

-~ Normal

Y Normal

=
3 g
s £
E % 5
g

Y

Figure2.6. The magnesiation characteristics of tydesuperconductors.

The magnetisation characteristiof type- Il superconductors are shownhkigure2.7
[70]. Typell superconductorarein the Meissner state when the external field below
Hci. The magnetic field will gradually penetrate frothe outer to the inner
superconductors when increasthg external fieldThis state igalleda mixed state

In the mixed statehe susceptibility is betweef to 0. When theexternal field exceeds
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Hco, thenthe superconductsrenterinto the normal sate Typell superconductors
usuallyhave a much higher upper critical fieddan Typel superconductors. Thus,
they are suitable for highield application[71].

B4 -m4 A
T*i'?; T<T. /z )
/ 1
/ 1
= I
= [=] 1
= S |
B 5 N | ,
g 2|y N
= i = | I !
Llltasa Sl nfs2 3 | Normal
T . > il e > H
0 H_(T) HT) 0 H.(T) H(T)
Applied field Applied field

Figure2.7. The magnesiation characteristics of tygésuperconductors.

In 1950GinzburgLandautheory explainedhte difference betweehype-l and Type
Il superconductorf72]. The A(T') is calledpenetration deptanddescribes the scale
in whichthe external magnetic fiel@(0) decays to zero inside a superconductbe
¢(T) is calledcoherence lengthndrepresers the distancéetween the twsuper

electronsthat constitute th&€ooper pais [73]. The GinzburgLandau parametet is

defined in Equation 2.5:

_ M

As shown inFigure 2.8, superconducta areclassified as &ypel if £k < 1/\/5, if

K> 1/\/5, superconductors aotassified as a type Il superconductor
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Figure2.8. Typel (left) and Typell (right)

2.2 HTS superconductors

2.2.1 1G HTS and 2G HTS

At present, théypical materials oHTS are BSCCO and ReBC@®oth oftheir critical
temperatures are above the liquid nitrogen temperature (77 K). The development
process of BSCCO is earlier than ReBCO, so it is cdlledHTS and the latter is
called the2G HTS In recent years, the BSCCO winganufacturing proceslkas
matured, and many superconductor companies worldwide can produce kilolmeges
wires. In the pastlecaderesearcherhavefocussedn HTS coils based on BSCCO
wire. Theyhaveappliedthem to demonstration projects of many poagplications
including sugrconductingcables, superconducting machines, superconducting fault
current limiter (SFCLRnd superconductingnergy storage (such as SMES)

As shown inFigure2.9, The 1G HTS needs to use a large amount of silver, accounting

for 70%, so its cost is very high. The costly wire affects the lacgée industrial

application and commercial use of H¥&iously. Since then, the 2G HTS ReBCO has

developed ath more mature in manufacturing. ReBCO superconducting tape is

generally composed of a base layer, a transition layer, a superconducting layer, and a
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protective layef74, 75], as shown ifrigure2.9. It has a higher critical magnetic field

and current density than 1G HTS. The mamponents of 2G HTS are cheap metals
such as Hastelloy, stainless steel or copper, and ReBCO thin film. The production
process requires only a minimal amount of silver@ e m t hi c k) and
expensive metals. Therefore, compared to the 1G HTS, P& afe expected to

reduce tape costs and have commercial prospects significantly.

Bi2223 filament Agor Ag alloy

</

P —
oo .
- > > >~ Protective layer
»_Superconducting layer
..-..-.. — Buffer layer
oo ——— Substrate
NOT TO SCALE

Figure2.9. Structure ofLlG HTS and 2G HTS

2.2.2 Manufacturing of 2G HTS

At presentmany superconductarompaniescan produce ReBCO superconducting
tapes including SuperPower AMSC, SUNAM, Shanghai Supercondue, etc.
Research oRl TS coils based on ReBCiS being carried out simultaneously, which is
currently one of the research hotspotapplied superconducting ihé world[76-80].

In specific engineering applications, the researchers have rdang desigrs and
modelling analy®s, trying to replace theoppetbasedconductorsor LTS in the
conventionakquipment and theTS superconductingquipmentwith 2G HTS[67,

76, 81-87].
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ReBCO HTS tapes are commercialgvailable by 2G HTS companieand are
manufactured as mullayer, as shown inFigure 2.10. Superconducting tape
compates can manufacture tapes overkllometrein length, whichbenefitslarge
scale magnet manufacturif@g, 89]. The ReBCO layer in the2G HTS tapas about
1e mThe total thickness of the taganormally less than00e mThe stabilizetayer

and substratlayer carenhance the tapetmechanicaperformancg90].

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

~ SRR
-1 = \:‘\'\\

* NoF 4 o e s P
OHI0 scale; SCsqgsq

20 ym

Figure2.10. REBCO HTS tapérom SuperPowe® Inc. [9]].

2.2.3 Critical current and E -J power law

The superconductors are zero resistance when the applied cubelotv the critical
current, the resistance rises sharply when the applied currequa to thecritical
current. In engineering applications, this| experimental dathas usually fittedthe

curvewith the followingequation:
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U= UOZ<IC(]‘;T)> ' (2.6)

WhereU andl are the voltage and current of tfage Ic is the critical current, and
is thetape's lengthThe value ofr determines tasmoothness of the transition fran

superconductingtate toa nonsuperconducting state. The larger the value reffers
to the sharperthe transition process. When the value of n approachestynfihe

model is the critical state model. For tH#&G HTS materiglthen value is usually

betweerB0to 50. U, is a constant, and its value is generally setégo\M./ .c m

Beard s mie firss proposedas a mathematical modéb descrite the transition
processodos el e «batweandhe supelcanduatiog state anshthmat

state. In this model, the transition between the superconducting state and-the non
superconducting staie stepwise and discontinuof#?]. Then EJ models described

in Equation 2.7%or high-temperature superconductors based on Equat&i®3]:

7B, ) 171 27)

WhereEo=1¢ V / .cThisequationagrees well with the experimental measurement,
and itis very convenient for numerical solutiobhus,this formula is widely useth

HTS modelling anengineering practice.

2.2.4 Critical state modeland AC losses

The critical state model is an empirical model to desdlibphenomenabservedn

the experimenitlhe critical state model deals with Tyfesuperconductors iamixed

statewhile ignoringthe Meissner state. The model assumestthate s uper cond u
outer partisinthesoal | ed dAcritical stateo while t
stateo for | ow a.Marldymeddls pfredic thedrsnt densityandr r ent
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magnetic field in the critical state regiang.,Beard model[92, 94]. It assumes that
the current density is always constant in the critical state regidn and in thevirgin

state region, the current densgyalwayszero.

B(IC (t)

Figure2.11. Geometry of an infinitely long tape in an exterA&l magnetic field.

AsFigure2.11 shows, thesuperconducting tape with thickness and wigithand 2w
is in an AC magpnetic field,. (t) = Bysin(wt), and there is no transport current in
HTS tape. The currentrefers to the induced current in the superconductor by the AC

magnetic field. The magnetic field is along thexis. The induced currents are along

with the &z directions.

The magnetic field and current present in a superconductor are descriBetipye r e 6 s
Law:

VX B=pl, (2.8)
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Which means the field and current are perpendicular to each other at everynpoint.
Figure2.11, Equation 2.8s simplified as:

dB
According to Beandbs model , are0dnd+Jp.dssi bl e

is a constant value in the critical state region and will not be changed with the
background magnetic fieldn the case of the magnetic field increase, when the
magnetic field is a small value below critical fiell’' = J,a, when0 < H, < H" as

state 1 shown ifrigure2.12, the magnetic field of the positionz, is zero, indicating
thatpenetration depth of the critical state regi®determined by z. = H/J.. When

the applied field increasesontinuouslyuntil H, = H ", as state 2 shown iRigure

2.12, the magnetic field is zero at position 0, irading thatH = H™, the magnetic

field thoroughy peretrates the superconductdhen the applied field further

increasesH; > H~ as state 3 shown iRigure 2.12, the centreds magt

increasing.

In contrastFigure2.13 showsthefield cooling procesgirstly, the field in the whole

superconductois H™ = J.a . With the decrease of the external field, a current is

induced in the outer padf the sample. When the field reduces to zero, a field

H"=J.a is trapped in the centre of the superconductor.
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Figure2.13. A schematic of the magnetic field distribution in a supercondutaipeduring the change
of external mgnetic field H,according tdBearés model.

According tothecritical state model, when theansport current in auperconductor

is DC andor under a DC magnetic fiell,he super conductordés AC

However, when theuperconductor is carrieth &C transport currendr under an AC

background magnetidield. The magnetic field inside the superconductuitl

redistribue due to AC transport current or AC external magnetic fidlbording to

Far ad a ynégsetid flaxmqgtion insidea superconduor induces an electric field
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of E. Since theelectric field is always in the same direction as the current dehsity
inside the superconductor, themelosesdescribed as:

Q= /V EJdV 21D

WhereQis the total loss in the superconductrepresenttheentiresuperconducting
domain. Thetransportlossis caused byAC current and themagnetisatiorossis
caused byan externalAC magneticfield [95]. Both of these losses occur whitre

superconductais transporting am\C currentunderan AC magnetidield.

2.3 AC losses inSuperconducting machines

2.3.1 AC losses in HTS machine

The majority of HTS machines are designed based on convertbposbgies In this

case, theopperbased windingan be replacedith superconductor materials6].
According to AC lossaused by AC transport loss or external AC magnetic field, the
AC losses are categorized into transport loss and magnetisation loss. HTS rotor
windings carry a DC current under its critical current and operate in a complex
magnetic field, including a fund@ental base field and higherder harmonic field. In

this case, the magnetisation loss needs to be focused on rotor design. As for stator
windings, the HTS coils carsean AC current and operatan a rotational magnetic

field. In this case, both magnetisation loss and transport loss need to be studied. These
losses need to be appropriately evaluated caramhtifiedin both stator and rotor in

machine design.

To avoid high power dissipation caud®dAC loss, the majority of previous research
only focuses on the partially superconducting machine and only applied HTS material

in rotor windings. In this case, the overall power density is limited due to cbpped
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windings used in the statandthe r on mat er i al. dosachevetigoalat i on

of 20 kW/kg(active material only)97], a fully HTS machine must be pushed forward

for future paver applicatios, e.g., future electric aircrgf®7]. The AC loss of the coill
increase wherthe applied transport current or external field increadseaircraft
applications, high frequency and high transport current are required. Thus, higher
power cryogenic power is required. In cryogenic temperature, the power dissipation
caused by AC loss become a heavy burden to cryogenic syStgmSonsidering the

cost of HTS materialsni future power applications, e.g.,-alectric aircraftHTS
systems including HTS generators and motors, HTS cables, HTS transformers and
SFCL uperconducting fault current limijelAs too much silver is used in 1G HTS
BSCCO material, 2G HTS materigiould be applieth all HTS systerato reduce the

cost of the materialThe AC losses of 2G HTS in HTS machines can be estimated in
Table2.1[99].

Table2.1 Estimated heat loads of HTS machines at operating temperature

HTS devices Power ratings  YBCO material heat Operating

load (W) temperature (K)
Generators 107 500 MW 1007 500 5071 65
Motors 17 10 MW 5071 200 50- 65
Cables (per phas 315 65 - 80
per metre)
Transformers 5-100 MVA 5071 100 60 - 80
SFCL 1000 50- 80

Therefore, high power cryogenic refrigerators are required to maintain operating

temperaturd o pr ot ect HTS devices. However
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temperature can be designed varying from 4.2 K to 77 K. The real power of
commercially cryogenic refrigerators is much higher than the ideal calculation at
cryogenic ambient temperature evh cooling power above 100 W. According to
Carnot efficiency, an ideal Carnot Specific Power of 2.94 W is required to provide 1
W of refrigerationat 77 K ambient temperature; however, the practical power rating
of the cryogenic refrigerator can be up @\®. When the ambient temperature reaches
4.2 K, the practical power rating can be 11000 W to provide 1 W of refrigefatihn
Thus, reducing AC losses in HTS components can significantly reduce the cooling

power of cryogenic sysis

To solve the issue of high AC losses in stator windings, first of all, the AC losses need
to be identified and quantied separately in the stat@nd then focus on AC loss
reduction techniques. A number of researches have been done to identify é€3oss
HTS samples or HTS coils. There are three methods to measure the AC losses of coils:
electric, magnetic, and calorimetric meth¢&i8(j. However, the magnetic method is
typically applied in static measurement and for short samples. Thus, to study AC loss
in theHTS machinetheelectricand calorimetric methods are discussed in detail

2.3.2 Measurement method for AC losses

2.3.21 Electrical method

The electrical method uses an electrical circuit to measure the AC loss, including
cancelling coil method or loek amplifier method 101, 107. Figure2.14 shows the
equivalated circuit of the cancelling coil method.
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TS sample gy

~ Compensation coil
primary

Power amplifier

Figure2.14. Equivalent circuit for the electrical method

To measure the transport loss of the HTS coil, a compensating coil consists of two
coupled coils that can be used to compensate for the coil voltage. Tlaeypcioi is
wound by a few turnground 10pf the current cable; the secondary coil is wounded
by thin copper wire with a large number of tufnsore than 500)By adjusting the
relative positions of the primary and secondary windings, the inductance 8igm

the compensating c@ secondary winding can compensate for the inductive
component of t herhetrdnSportACilobs@an bevcaldulatedd .

Ivms Vrms

C=""7

(Joule/cycle) 211

Where f is the frequency of the transport currehi,; is the rootmeansquare value

of the transport current in the HTS sample, &ng is the rootmeansquare value of

the inphase voltage component from the voltage taps.

A compensation coil (cancelling coil) is used to compendeatevbltage signals in

phase with the transport current. The reference signal can be taken from the primary

side of the compensationchly adj usting the cancelling
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the inductive component of the voltage was cancelléé. tfanport AC loss can be
calculated by the purely resistive part using Equaidi

Figure2.15 demonstrates the AC loss measurement platform based olettrécal

met hod to measure the sampleds transport

Power amplifier

Figure2.15. Electrical method to measure transport AC loss

2.3.2.2 Calorimetric method

The AC loss can also be measured by the calorimetric méthedoiloff method)
[36,10310€]. Figure2.16illustrate the structure of the baff method. The AQosses
produce heat in liquid nitrogen, caug liquid nitrogento evaporateThe latent heat
of liquid nitrogen is 199 Joule/grajh07], thusthe flow rate of liquichitrogen isequal
to 0.25Standard Litre/mifw.
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Figure2.16. Diagram of he boiloff method

The calorimetric method can be used in any condition of the background AC magnetic
field, including magnetisation AC loss, total AC loss, regardless of the phase

difference between the AC and background field.

However the sensitivity and accuracy of the calorimetric method are not as high as
the electrical method. In our setup (after calibration), thekground flow ofthe

calorimetric method is not as sensitive as the electrical method. A fluctuation of 0.08
SLPM and an unavoidable background flow rate around 1 SLPM is observed in the

testing setup.
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Table2.2. Measurement methatbmparison

Electrical method| Calorimetric method
Measuring speed Fast Slow
Small sample Suitable Not suitable
Complex AC magnetic field Not suitable Suitable
Magnetisation/Total loss Cannot measure Can measure

Table 2.2 shows the comparison between the electrical method and the calorimetric
method. The advantages of the electrical measurement method are fast measurement
speed and high accuracy, and suitabtele short superconducting sample. Compared

with the electrical method. First of all, the calorimetric method has a wide range of
applications, and the setup does not require complex electronic circuits anrd high

precision instruments. It is suitable fory AC magnetic field wave and any direction.

Moreover, the calorimetric method can measure regardless of the AC magnetic field
and the AC current phase difference. Secondly, the calibration of the calorimetric
method is more accessible than the eledtmeaasurement method. However, the
calorimetric method also has its shortcomings. Because the heat and temperature
changes are much slower than electromagnetic propagation, the measurement process
takes longer. For traditional lotemperature superconducgpliquid helium is usually

used as the cooling system. Its latent heat is very low, liquid helium is easy to evaporate,
and the thermal measurement method is relatively easy. For HTS, at 77 K liquid
nitrogen temperature, the latent heat of liquédiumis large, which is more than 60
times that of liquichelium Therefore, the calorimetric method is not suitable for short
samples. For small superconducting samples, the electromagnetic environment is

simple, and it is best to use electrical methods tosorea AC loss. If the
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superconducting sample is large and the electromagnetic environment is complex, it is

best to use the thermal method to measure the AC loss.

2.3.3 AC loss reduction technigues in machine design

According to the heavy penalty in cooling gyss, the AC losseductiontechniques
are needed in fully HTS machine design. The esasdional aspect ratio needs to
reduce to minimise the magnetisation loss. The typical width of a ReBCO tafté is 2
mm. The AC loss can be reduced by using a filareotturegf108-111]. Consider a
Typell HTS strip with the width oRw and thickness ok subjected to a field applied

perpendicular to its face, with an amplitudefbyf, critical current/, (A/m) flows from

the edge, the magnetisation loss per unit per cycle can be calculfiéd-as4):

_ SMOwaQ{ <7THP> _ 7H, <7THP>}
Q= B In cosh 7 5. tanh 7 (J/m/cycle) (212

According to Equation 2.12,h¢ filament method can significantly reduce the
magnetisation loss due to loss is proportional to the square of the width of the tape. In
machine applications, the windings are operated in a complex electromagnetic
environment. Thus the structure of therevheed to be considered as ReBCO is a
fragile ceramic material. The new filament wire structure, which is called soldered
stackedsquare (3S) wire, has been proposdgd irf]. The fundamental idea of 3S wire

is to cut the HTSape into 1 mm width mechanically, and put several 1 mm wire into

a stack, and then soldering. This process enables HTS wire to have lower AC loss as
well as higher mechanical strength in machine application. The performance of 3S
wire in a machine enviranent is discussed in detail @hapter5.4. Several other
structures of HTS wire have been developed by some institutes and companies, e.g.,
ROEBEL @&ble [53] and COR®)cable [54]. The structure othe ROEBEL and
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CORQCable is shown ifigure2.17. ROEBEL cables areompact transposed cables
due to transposition, and coupling loss is minimised for high current applications to
achieve low AC losses. COR@able is manufactured by the helical winding of 2G

HTS tapes on a round former, and the AC loss can be reducedtwing the width

and enable the wire more flexible.

Figure2.17 Structure of ROEBEL cable (left) and CORXable (right).

2.4 Winding techniques in HTS machine:Insulated HTS

coils andNI HTS coils

The superconducting machines using HTS coils have always suffered the problem of
low thermal stability and quench damadi#$6-118), which is the greatest challenge

for the safety and reliability of superconducting electrical propulsion design. No
effective quench detection and protection technique are developed so far for HTS
windings because of the low quench propagation velocity of HT$1apel22). Then,

an alternative solution, the novel-imsulation (NI) coil technique, was proposed to
enhance the thermal stability of HTS windings in electrical machites0, 67, 123

124). No-insulation (NI) coil refers to the partial or complete cancelling of the
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traditional insulating between tuto-turn in the superconducting coil. All the cent

would be carried in the superconducting layer in DC operating conditions due to zero
resistance of the superconducting layer. This structure enables the quench current to
bypass the quench area, and it can flow between the turns along the conteetafurfa
the turn Figure2.18 shows the photo of an insulated coil and an NI é@2010, Hahn

and Iwasa of MIT applied NI technology to high tempemtsuperconductingoils

for the first time.In a comparative experiment of NI coil and insulated coils based on
1G and 2G HTS tapes, the NI coil withstood an overcurrent of 2.3 times tie coll
critical current, and the HTS tape did not suffer irreversilalmagg56] to compare

with insulated coils. The NI HTS coil has higher thermal stability anepsetection
capabilities. Many other research institutions have successfully joined this research
field [55-67]. Both the EU and NASA have proposed to develop the NI HTS machines
concept for electrical aircraft propulsiph2y.

Figure2.18. Photos of Insulated pancake coil (left) andiNsulation coil (right).

Since th&2G HT Stape is a coated conductor, the tape geometry is suitable for winding
NI coils. The 2G HTS tape is better than 1@ HTS;thus NI HTS coil®research has
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been mainf carried out based on the 2G HTS tapdiscoil technology is feasible to
use in magnet manufacturinghe first2G HTSNI HTS coil magnetwhich generated
a 4 T DC magnetic fieldvas developed in 2@1124.

2.4.1 Coll selections in HTS machine

In a superconducting rotothe magnetic field can be generated by the permanent
magnet or the insulated HTS racetrack coil. However, therscane disadvantages

for PM or insulated coil. The insulated HTS coil is easy to quench and difficult to
protect in real operation. Thus, using NI technology in the rotor quickly became a
research hotspot. Using NI coil in HTS maclsifeg electrical aircrafhas been widely
proposed by researchers. One issue ithatorried the most is the NI HTS cd@l
electromagnetic behaviour in an AC magnetic field environmémnte ghe NI HTS

winding technique has always been applied in the DC environment before.

In synchronous machineshe rotatioral speed of fundamental fields generated by
stator windings ithe samastherob r 6 s r ot aThus,ahe HTS rosopwendirgy
is stationaryrelative to fundamental fietd Besides the fundamental fields, the ripple
fields from statorgause byare not synchronous to the rotor windingke higher
order ripple field in the machine with a small amplitude {ofdss) may be caused by
iron materials, electronic components or imbalance power |Gddsefore, the HTS

coilsanma c hi n e svibh suffeoAC oipple magnetic fields.27).

The magnetisation loss of an NI coil in a 0.45 T magnetic fisldemonstrated, as
Figure 2.19 shows, the testing platform is shown in detaildhapter3, the result
indicated that the magnetisation loss of the NI coil is 12.39 Joule/cyé¢legas2.20
shows, the colil loss is significant in a large amplitude AC magnetic fiélds, n
machine design, insulated coils must be used in stator windings. NI coil has the

potential to be applied to the symwonous machine rotor onlfh e NI HTS ¢
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electromagnetic behaviomeed to bestudied in a small ripple magnetic fiel@his

issue is discussed hapte in detalil.

Figure2.19. NI coil test in a 0.45 T magnetic field.
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Figure2.20. Magnetisation loss of a NI coil in 0.45 T rotational magnetic field
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2.4.2 Circuit network model for NI coll

The NI HTS coil is hard to simulate using the FEM directly: first, the current can flow
along with any directions inside the NI HTS coil. Thus, a 3@lehcs required for the
FEM simulation, while the HTS tape has a very high aspect ratio (e.g., widtm]2
thickness 0.2B5nm). Thus, it is hard to mesh a 3D HTS coil with many turns. Second,
the HTS tape resistance is highly Aorear, which is hard to converge for complicated
structure 3D FEM model.

The simulation model study is first dev e
circuit equivalent methofb0]. The NI coil is equivalent to aRL circuit, whee theL
is the inductance of the coil itself, the resistance is equal to the radial resistance when

the current flows between the turns, this model is widely used in subsequent studies.

4
+
Y LY
L .
Ir_;p R’. § coil
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I. 4 |
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Figure2.21. Equivalent circuit for NI ReBCO pancake coil
Figure2.21 illustrated the equivalent circuit for the NI ReBCO single pancake coil.
The whole NI coil is equal to a circuit model, including the coil inductdngeg, radial
resisance R, and azimuthal resistande, . Assuming the current is evenly distributed
in the coll, R, refers to resistance from turn to turn contact and resistance between

multilayer insice the tapeR, refers to the resistance along with transport current in
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the azimuthal direction. When transport current below critical current, all the current

would be carried in the superconducting layer with zero resistandg, +é) . The

governing equation for this model can be described as:

dl

V=L,.2*+IR=IR,
Car T 21 B
Iop - Is + Ir

Wherel,, refers to the operating current in the coil, it equals the current from the
power sourceV refers to tle coil voltage. This model agreed well with the experiment

in a steadystate and described the NI ésikexternal performance.

However, the above model regards the whole coil as inductance andliagawn
resistance, and the model cannot reveal the dudistribution in the coil. These
studies cannot clearly illustrate the current distribution, temperature, magnetic field
during operating. It is necessary to have a more comprehensive and detailed

understanding of its internal electromagnetic charadtesiand influencing factors.

Thus, & advancedircuit network model has begmoposed For the first time, this
research studied the induced eddy current and loss in the NI HTS coil exposed to ripple

background fieldsFurthermorethe details are discussed@mapterd [127].

Figure2.22 illustrates theadvancecircuit network model for a NI coil. Each turn of
the NI HTS coil is subdivided into several fine arc elementehEarc element is
equivalent to circuit parametersius, the whole coll is equal to a circuit network. In
Figure2.22, the coil is subdivided into four arc elements, to present the model clearly.
In Chapter4, the coil is subdivided into 16 arc elements in order to achieve higher

accuracy.

The NI HTS coil is modeithg using a circuit network model. €rexternal copper coil

is coupled to this circuit network model directly using mutual inductance, as shown in
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Figure2.23. The background AC magnetic field is generated by a bigger size copper

solenoid coil, and the copper coil is excited by a current source in this model. Thus,
the background field is not affect bythe NI coil.

~_—Circuit Node

independent
circuit loop
i) / c“

Figure2.22. Advanced acuit network model for NI coil
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Figure2.23. Single Nlcoil in the background AC magnetic field
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2.4.3 Circuit network model validation

The NI coil testing rig is built to validate the circuit network model for the NI coil
The distribution of the eddy current induced in the NI HTS coil is hard to measure
directly. However, this induced eddy current generates posite magnetic field at

the coil centre. The amplitude of this opposite magnetic field is proportional to the
eddy current induced by the background AC field, and its frequency is the same as that
of the magnetic field. Therefore, this opposite magnetid tan represent the eddy

current induced by the background AC field.

Thus, using a hall sensor to measure the centre magnetic flux in the copper solenoid
coil with/without the NI coil. The magnetic field generated by the NI coil can be
calculated.The simulation model developed is to calculate the current distribution in
the NI HTS coil. Suppose the opposite magnetic field from this model agrees well with
that from measurements, then it largely validates the model.

In theory, the coil AC loss can be aseired with the difference. However, when the
induced eddy current is below the critical current, the induced AC loss in the NI HTS
coil is very low compared to the loss in the copper coil. The copper coil has many turns
in seres and the inductive voltagis very high. Therefore, it is not easy to measure
the NI HTS coifs AC loss with enough accuracy using the calibratiee method,

especially when the induced azimuthal current below the critical current.

The Joule loss is generated on the {rturn contact by the induced eddy current. If
the eddy current calculated was reliable, the-tarturn loss from this model is also
reliable. Thus, the platform was mainly built to validate the current distribution and
measure the time constant of the Nllcail the AC loss discussion i€hapter4 is

from the simulation.

Due to the voltage limit of the AC source, the experiment is operated and \chhdate

40 Hz. Also, the simulation model is a circuit network consists of resistors and
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inductances, the tusto-turn resistivity is a constant, the inductance value is a constant,

the resistance of the HTS layer is zero when the operating current beloal cutrent.

Thus, this model will not be influenced by the frequency and DC component. In
Chaptedd s di scussions, themAf8ztél®G4z lmadedl be c
machine, the rotor will be connected with a DC power supply, but base on the
superposition theorem, the DC current can be removael NI coil will opencircuit

in simulation to demonstrate the electromagnetic behaviour clearly

The NI coil testing rig is illustrated irigure2.24. The single pancake NI coil is placed

in the centre of the copper solenoid coil to study the coil performance in a uniform AC
magnetic background field. The copper coil is connected with acuk@&nt source.

The NI coil is connected with a DC current souréesults from simulation and

experiments are compared in detaiOhapterd.

Figure2.24. NI coil testingin a ripple magnetic field
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2.5 Conclusiors

This chapter demonstesthebasic theory of superconductors and a brief introduction
of the superconducting machinkne critical issue of HTS material is the AC less
The methodologies of AC loss measurement are demonstrated in this chbgaier.

winding technologies are discussed in this chapteluding insulated coil and NI coil.

The motivation is to study theoil& performance in the machine environment for a
fully superconducting machine. A fully superconducting machine test can be achieved

in two parts:

A permanent magnebachinetest rig to study the HTS stator coil in a rotational
magnetic field
An AC background testing rig to study the rotor coil in an AC ripple field

These two parts could provide data for stator windings and rotor wesepgrately

and more reasonably in experiments.

The HTS stator testing rig is based on the-bffimethod. The testing rig provided a

0.45 T rotational field at a maximum of 10 Hz, and one HTS coil is sitting in a
measurement chamber and connected with a flowmeter, allow to measure the nitrogen
gas flav rate during the operation, the coil AC loss can be calculated which
demonstrated ilChapter3 in detail. Also this machine can connect with cryogeni

power electronics which demonstratedCinapter 6

The rotor coil model is developed based on a circuit network muodheth

demonstrated i€hapterd in detail.
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Fully superconducting machines provide the kghwver density required for future
electric aicraft propulsion. However, superconducting windings generate AC losses
in AC electrical machine environments. These AC losses are difficult to remove at low
temperaturesand they add an extra burden to the aircraft cooling system. Dhbe to
heavy coolig penalty, AC losses in the HTS statme key topics in HTS machine
design.To evaluate the AC loss of superconducting stator windings in a rotational
machine environmeng novel axiaflux high temperature superconducting (HTS)
machine platformwas desgned and built The AC loss measurement is based on
calorimetrically boilingoff liquid nitrogen. Both total AC loss and magnetisation loss
in theHTS stator are measured in a rotational magnetic field condition. This platform
IS essential to studyays to minimise AC losses in HTS stator order to maxirise

the efficiency of fully HTS machines.

3.1 Introduction

In a fully HTS machine, the HTS stator is subjected to a rotational AC magnetic field,
as well as an AC transport current. So it generate$o&€ks, which will potentially
increase the size and weight of the machine cooling system. The key challenge of
developingafully HTS machine is to minimise HTS winding AC losses. So far, most

of the research on HTS tapes and cdibss focused on transpbrAC loss or
magnetisation loss in a uniform magnetic figld0, 101, 113 12813€q. There are

few studies on the AC loss of HTS in a rotational magnetic fiekd]. The US Air
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force proposed to measure the magnetisation loss in a rotational magnetic field
generated by a radial type permanent magnet rirerthelessthe study doegsot

consider the influence of transportrints[36].

Previous studies on the calorimetric method for AC loss mewamsnt of HTS at liquid
nitrogen temperature (77 K) have been repofteg] 10310€], including an AC
background magnetic field. The system measured theofigidte ofLN.. The main
advantage of using the calorimetric method is that it can measure the total loss from
an HTS coil regardless of the phase difference between the applied curren¢ and th
background field 138 139. There is a lack of measurement systems to u@iioss

in rotational machinesThus, a novel axial flux HTS machine testing platform was
desigred built and test to studyne AC loss performance of the HTS stator.

This machine platform was firstly designed and developed by Dr Jay d®ake
Universty of Bath[14(, in his research period, he designed and built the machine
cryostat, includig thermal designbearing selectiorand machine manufacturing
process, also, a cryogenic rotor was successfidbign and builat 77 K theinner
cryostatwasalsowell designed, this machine can provide a rotational magnetic field
In this chapter, the progress is pushed further, including error calibration, machine
validating and full system testing. The whole machémeironment is effectively
evaluatedand enable to measure magnetisation loss and total AC loss of the HTS caill
in a realtime operating machindn section3.2, a novel HTS machine platform is
proposed based on the calorimetric method to measure the total ACdassational
magnetic field. Section3.3 demonstrated the whole system design and s8tqgiion

3.4explains system calibration and validation.
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3.2 Design concepts of stator coil testing rig

An axial flux testing rig was manufactured and delivered in 2018, including achieving
a PM rotor in liquid nitrogen temperature, sealing and bearing test in cryogenic
temperature, anthe cewar test. The following items aneeded taliscuss in detail:

Machine environment evaluation
Machine testing rig setup
Systems validation and calibration

Error discussions

According to the machine structure, the rotor operated in liquid nitrogen. The operating
RPM is designed below 300 RRMonsidering the limit of the bearings in the
cryogenic temperature.

3.2.1 Axial flux machine

Axial flux I

Iron

PM rotor

& GI0 PM ¢ =100 mm,h =30 mm

stator | COPPEr coil ] HTS#oiI < |_copper coil
PM rotor »

& Gl \
Air gap=60 nin

_inner ¢ =98 mm,h =8 mm

Figure3.1. Axial flux machine structure
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The testing rig is designed as an axial flux structumitomisetheelet r o magnet i C S
influence between the stator coils. It is also easier to place a measurement chamber to
separate one coil to study the AC losgggure 3.1 shows the structure of the stator

and rotor. The permanent magnet was supported by Epoxy and providetbdn O.
(measured valuehagnetic field strength in tf&® mmair gap.The permanent magnets

in the rotor were chosen as &lfeB magnets, the diameter is 100 mm and the
thickness is 30 mm. This structure enables to sit a measurement chamber made by
Tufnol materia[14Q.

3.2.2 Machine environment evaluation

Thetesngr i gés t opol ogi c aFigure3p (left).cTheuastag coisis s h o wr
sitting between the rotor. The evaluation of the electromagnetic environment needs to

be discussed in detai |l The phbto of¢he mathenissy st er
demonstrated ifrigure 3.2 (right), the outer diameter of the machine is 610 mm and

the height is 800 mm. the total weight of the machine is ard00d&kg.

~— Inner Dewar

Measurement chamber
__Measured coil
—— PM rotor

— Outer Dewar

Figure3.2. Topological structure (left) and figure of the testing machine (right)

56



Chapter 3 HTS machine setup and validation

3.2.2.1 Rotor magnetic field distribution

Firstly, remove the stator plate, therdall sensor arrayincluding sixHall sensors

was inserted into the agap to measure the rotor field, as showfigure3.3 (left).

The distance between the twiall sensors is 1 cm. Hall sensor NO.O indicated the
centre magnetic field in the coil, and the red circle indicated the position of the stator
coil. The measured magnetic flux density showBigure3.3 (right). A peak 0.45 T

magnetic flux density was measured.
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Figure3.3. Hall sensor array (left) and rotor magnetic field distribution (right)

3.2.2.2 Stator coil magnetic field distribution

The magnetic field generated by the other five stator coils may also influence the
measured HTS coil. In this case, thall sensor array was set to measure the magnetic
field around one stator coifhe inner diameter of the HTS coil is 98 mm and theroute
diameter is 103 mm. The copper coil is wound with 16 AWG wire and the total number

of turns is 60 (12 turns per layer).

When currenis applied in one stator coil, use a setH#ll sensors to measure the

magnetic flux densityFigure 3.4 illustrated the measuring results for the magnetic
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flux density distribution inside one stator coil when applied a DC current of 40 A in
the stator coll.

—— current in 005 5
1 current out ——hall sensor 5
—hall sensor 4} 4
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Figure3.4. The magnetic field distribution for one stator coil (inner)

Figure 3.4 illustrate the measuring result for the magnetic flux density distribution

outside the stator coil.
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Figure3.5. The magnetic field distributin for one stator coil (outer)

A COMSOL model was also developed to calculate the coil surface magnetic flux
density. As shown ifrigure3.6, the maxinnm flux density is near the outermost turn

of the coil, and the magnetic flux density is less than 0.06 T. The simulation results
have a good agreement with the measurement, as shé&igune3.7.
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Surface: Magnetic flux density norm (T)
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Figure3.6. The magnetic field distribution simulation

0.04 -
0 —-== simulation result
1
,.—"V \ V measurements
. 0.03F gV i
E \ i
> i.
‘» 0.02+ !
c 1
g i
'
5 0.01r '|
o !
= !
e O ! ]
% l‘| ,—’y"-—v-
£ Pt
-0.01 1 ¥
e
_002 1 1 1 1 I
0 0.02 0.04 0.06 0.08 0.1

distance to centre (m)

Figure3.7. Copper oil surface magnetic field simulation resulersusmeasurement
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According to the coil magnetic field distribution results, the measured HTS coil will
suffer from thenearby stator cois8AC magnetic field However, the maximum
amplitude is only 0.005 &sshown inFigure3.8. It is far less than the agap flux

density of 0.45 T. Thus, in further study, the influence of other stator coils is ignored.
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Figure3.8. Magnetic field distribution in the stator
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3.3 The axial-flux HTS machine platform design

3.3.1 Machine design

To enable th& N> boil off measurement inside a rotational machine, we have chosen
the axialflux machine design in order to accommodate a measurement chamber for an
HTS stator windingThis machine contains two fopole permanent magnet rotor
discs, two silicon steel back iron and a thpb@se HTS stator. Each rotor disc consists

of four big NdFeB permanent magnets (100 mm in diameter) sitting on a laminated
silicon steel plate. The HTS stator disc is sandwiched between two rotor discs and
consists of 6 stator coils, only two coils of phAde made by HTS material as shown

in Figure3.12, phaseB and phas€ are made by copper coils with the same diameter.
The measurement coil was placed in a separate measurement chamber with liquid
nitrogen.The testing platform as shown kigure 3.9 (left), the outer diameter of the
machine is 610 mm and the height is 800 mm. the total weight of the machine is around
400 kg. This machinesidriven by a DC motor with a universal joiRitgure3.9 (right)

demonstrates the structure of the stator.

Phase B
copper coil

Figure3.9. Structure of the measurement chamber
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The machine ifocated in an LN2 cryostat with a rotational seal. Due to the limitation

of the bearings, this machine is designed to operate at a speed of 300 RPM, which
means a 18z threephase voltage output. A hall sensor was placed across thegair

in order to measure the magnetic field in the ceiitre the peak magnetic flux density

of 0.45 T was measured in tbentre as shown irfFigure3.10(a). The phasA voltage

was generated by 2 HTS coils, the voltages of pBaselC were generated by copper
coils. The peak voltage of HTS is slightly higher due to the inductarifezedice
between HTS material and copper (copper coil inductance = g26while HTS coil
inductance = 937.4H, measured by RLC mejethe inductance difference between
HTS coil and copper coil is due to number of turns and geometry differByce
analysing the spectrum of each phase voltage by FFT calculation, only the 3rd
harmonic with a small amplitude exdsh stator windings due to the magiadield
distribution as well aghe nonlinear performance of the silicon steel. The 3rd
harmonic can be moved by staconnection Thus this machine can providegaod

sinusoidal voltageas shown irFigure3.10 (b).
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Figure3.10. (a) Measured magnetic flux field distribution; (bpBase lindine opencircuit voltages
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3.3.2 Cryostat design

A dedicated measurement chamber was designed to measure-thi tadd of liquid
nitrogen oming from the total AC loss of HTS stator coiés illustrated irFigure

3.11. Only one HTS stator coil is placed in the measurement chamber. It is connected
to a flow meter to measure the flow rate of nitrogen gas. The measurement chamber is
fully emerged irLN2 to minmise heat transfeBoth rotor and stator are fully emerged

in liquid nitrogen during operation. In an ideal situation, there is no heat transfer
between the two chambers. The only conducting component inside the measurement
chamber is the HTS stator cohich makes sure that the boif of liquid nitrogen is

only due to the total AC loss of the HTS caoil.

Superconducting

g 7Y A
| measurement statoreoil
| chamber

Figure3.11. Measurement chamber configuration

The nitrogen gas flow rate is measured by a flow meter (Omega FMA 2710).
Theoretically, the latent heat for liquid nitrogen is 160.6 J[@{l7], which equals to
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0.25 standard litre per minute for every Watt of power (SLPM/W). Total AC loss of T
can be calculated by Equati8ri [101].

F
Q= /T I({t)dt (3.1)

Where@ (Joule) is the total heat produced in the measurement chamber for a duration

of T', F(t) is the flow rate of nitrogen gas boiled off in the measurement chamber
measured by a flow metd€.= 0.256(Litre/min/Watt) is the flow rate constant. When
the HTS machineis operated ina steady state with a fixed frequenyF'(¢) in
Equation3.1is simply a constant value with a very small fluctuatiafter calibration

procedures, wean calculate coil AC loss accordinghirstly, measuring thaitrogen

gas's total flow rate, calibrating all the error parts out, and calculating AC loss
3.3.3 System setup

The whole system setup is illustratedrigure3.12. The separately excited DC motor

is driven by 2 DC power supplieBuring the measurement, the HTS rotors are driven
by a DC machine to rotate. The HTS statol isocéonnected to a load bank, generating
threephase electricity. ThieNz level inacryostat is observed by 4 PT100 temperature
sensorsl.N2 boil-off flow rate is recorded by a flow meter, all data were recorded by

a NI GDDAQ system. The HTS machine perftance, including coil voltages, coil

currents, motor speed, flow meter data bNdlevel are illustrated in a status monitor.
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Figure3.12. Total HTS machine system configuration
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3.4 System calibration and validation

According to the platform setuphe total heat input to the measurement chamber
consiss of the following parts in Equatiod2.

Qtatal - QHTS + Qbackground + Qratation + Qterminal (32)

WhereQ,...; refers to the total heat produced in the chamBers refers to the heat
caused by the HTS coil AC 109§;..1-0una F€fErs to the unavoidable heat leakage in
the system@,...... refers to the thermal balance condition change when liquid
nitrogen was stirring by the rotor and the Joule heat produced by other stator coils,
Q..rmina refers to the Joule heat cad$w copper terminal and solder joint resistance

between HTS and copper current leads. These losses in Eqidtaam be quantified

by a set of calibration procedures.

In the calibration procedures, the HTS coil in the meament chambewas replaced
by a very short HTS tape between two copper terminals.@ater made of Kanthal
resistance wire (26.4 ohms) was placed in the sysiemshown irFigure 3.13 (a).

Figure3.13 (b) demonstrate the normal measurement setup with an HTS coil.
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(a) calibration setup, without HTS caoill (b) measurement setup, with HTS coil

Figure3.13. Setup inthe measurement chamber
3.4.1 Qbackground Measurement

Before the calibration starts, liquid nitrogeompletely filledboth the measurement
chamber and the outer cryostat, ensuring the system was cooled down to & K. Th
flow meter (Omeg@PMA 2710) is connected to the measurement chamber via a long
copper pipe. Whethe rotor is static, a background florate refers t@bvackground in
Equation4.3 was measured, the flow rate was measured for 3000 seconds, the result
of the flow meter as shown ifigure 3.14, the background flow of 1.1 SLPM was
observed. According to Equati@dl, the background heat power is 4.29 W due to heat

leakage and environmeitradiation.

Figure3.14 illustrated backgrood flow rate can be regded as a constant value in a

short time QovackgroundCan be calibrated out by subtracting the background flow rate.
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Figure3.14. Background flow rate data

3.4.2 Qerminal calibration

As shown inFigure3.13 (b), two terminals of the HTS coil were soldered to 2 copper
current leads, and then connected to 2 copper bars to fed through in the top flange, so
there exists resistance in copper bars emgper current leads and also a contact

resistance in the solders between the HTS tape and the copper current leads. When

there is a transport current, thas aQ,.,.in..- The impact of terminal resistance can

be measured by shortingdweopper terminals. In this measurement, the HTS coil was
replaced by a short HTS tgpes shown inFigure3.13 (a). A 6 cm HTS tape was
soldering betwen two copper current leads. A DC power supply was connected from
the outside and then provides a current fror8Q@ ampsFigure3.15shows the results

of theflow rate induced by various DC current applied to the current leads.
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Figure3.15. Plots of the flow rate induced by various DC current applied to the current leads.

According to Equatio.1, the heat power (watt) can be expresedejuation3.3.

AF
I2Rterminal - ? (33)

Wherel is a constant DC currenk,.,.i... IS terminal resistancepFrefers to a
calibrated flow rate (subtracting ti®,.;y-0u.a flow rate 1.1 SLPM from total flow

rate), K is the flowrate constant (0.256 SLPM/W in our setup). Thus, a terminal
resistance of 0. 24 3edehtp beraligated cutl bg Houatian e d
34.

Qterminal - 2'43 X 1074I2t (34)

WhereQ,.,mina: 1S JoOule heat by terminal resistancehaduration oft, | is transport

current.

69

an



Chapter 3 HTS machine setup and validation

3.4.3 Qrotation calibration

Whenthe HTS machinds fully operated, the rotor speed is 300 RRiM: peakAC
phasecurrent inthestatoris 40 A. The rotation of the rotors will stir liquid nitrogen in
the outer cryostat and change the heat transfer bal@hisemay causthe flow rate
to change ithemeasurement chamber. As for statphaseB and phas€ arecopper
coils, andthe current will generag¢ Joule heatAlthoughthe measurement chamber is
made of Tufnalwhich is good thermal isolation materishme heat may stiltansfer

to the inner cryostat and caube flow rateto change

The rotor speed calibration was operated wphncircuit stator windingsThus there

is no current in the statoandthe rotor speed was measured between 0 to 300 RPM,
keep each speed more than 20 minuaetuctuation level lower than 0.08 SLPM was
observed, we record 9 dataFagure3.16 shown When speed increased from 0 to 300
RPM, the flow rate decrased from 1.07 SLPM to 0.83 SLPM. Heat transfer is
balanced whetherotor speed is steady, when liquid nitrogen was stirred by the rotor,
some liquid nitrogen cooling the top plate and the fo@ulation causinghe system

to proceed to a new thermalldace condition With the rotor speed increasthe
temperature difference betwettie measuring chamber arigetop plate is decreased
and cause a lower background flow rate. Thus, the errorathysetor speed can be
calibrated out byigure3.16.
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Figure3.16. Rotor speed calibration

The stator is designed to operate at a pa@ksecurrent of 40amps Thus stator

calibration is simply kept rotor static, and no input power to inner cryostat, applied

currents in alffive stator coils inthe outer cryostat, record the flow meter datae Th

results were showim Figure3.17. The red curve illustrated the DC current applied to

the statorandthe blue line illustrated the flow ratéuring this time. As we can see

from the resultsthe flow rate does not change when the different current applied in

the stator, andrigure 3.17 provesthat good thermal isolation of the Tufnol material

and the transfer heat is very small, resulting in no influemcthe flow rate from

statos Joule heat. Thu§),...... IS only caused by rotor speed and can be calibrated

out byFigure3.16.

71



Chapter 3 HTS machine setup and validation

14 160
—flow rate
12F ——DC current || 50
s P
5 40 <
® 0.8 =
o 30 =
© 0.6} 3
2 120 ©
S04/ -
02l 110
0 i ! ‘ 0
0 200 400 600 800
time (s)

Figure3.17. The dator coils current calibration

3.4.4 The measurement chamber calibration

Theoretically,the flow rate constant equals to 0.2&nslard litre per min per watt
(SLPM/W). A resistance wire of 26.4 ohms (in liquid nitrogen) was placed in the
measurement chamber and connected to a DC power source. In the heater calibration
procedure, variouBC voltages from 025.2 V wereapplied in the experiment&ight

points were selected from 3.38 watts to 24.16 whitgire3.18 (a) demonstrated the
results of flow rate (subtracty the background flow) induced by carious heating
powers applied ttheresistance wirelThe ed curve shows the heater power leaat

the blue curve shows the flow rate after calibrated. Plots these data in one figure as
shown inFigure3.18 (b), the results show the flow rate proportional to heating power

in the measurement chamber, the curveggveatio of 0.256 SLPM/W refers to flow

rate constanthese experimeakresults show that the actual performance is accordant
with the theoretical value with only 2.4% error. On the other h&mlre 3.18
validates the system that there was no gas leakage in the measurement chamber. As
the fluctuaing range of the flow meter is less than 0.08 SL.RMich gave a measuring

error up to 0.3 W.
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To sum up, all the errotsavebeen estimated and walalibrated The sensitivity of
this testing rig is near 0.3 W, and this value maeasse irthe platform based othe

calorimetric method.

3.5 Conclusions

The platform is verified and validated for AC loss measuremertsvever,
uncertainties do not make a significant percentage error, as observed the whole error
level is less than 0.3 Watts (0.08 SLPM), the resuksnore accurate when appig

higher current and higher frequencies, as HTS machine application is normally
requredto carrya high current (near its critical current valu#)us this platform can

give experimental results in machine design.

This chapterreports a pioneering testing platform for fully HTS machines used for
future electric aircraft machines. The &m provides a machine environment to
measure AC loss of HTS windingghis system was carefully calibrated and validated.
Focusing on calorimetrically quantify the electrical HTS stator, the platform will
provide valuable insightsito the AC losses dhe HTS stator in a rotational machine
environment. The platform can be useddentify AC loss reduction technologies,

contributing to the development ahighly efficient fully HTS propulsion machine.
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High-temperature superconductor (HTS) machine is a promising candidate for
electrical aircraft propulsion due to its great advantage in high power density. However,
the HTS machine always suffers the problem of low thermal stability dagongnch.

In this chaptera nainsulation (NI) coilwas appliedon the rotor windings of HTS
machines to enhance the stability and safety of the electrical aircraft. The NI HTS rotor
windings experience ripple magnetic fields, which leads to induced eddy currents
through turn-to-turn contacts. This induced current and accompanying losses will
considerably affect the practicality of this technique. To study this issue, an equivalent
circuit network model is developed, and it is validated by experiments. Then, analysis
usingthis model shows that most thfe induced current flows in the outermost turns

of the NI HTS colil because of skin effect, and lower #iarturn resistivity leads to
higher transport current induced and more significant accumulation etk loss.

A grading turnto-turn resistivity is proposed to reduce the transport current induced
and ac loss accumulation and meanwhile keep the high thermal stability of the NI HTS
coil. Optimization of turAo-turn resistivity is required when the NI HTS coil is

applied in the machinesd environments.
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4.1 Introduction

This chapteraims to investigate the influence of ripple magnetic fields in machines on
the electromagnetisehaviourof NI HTS NI coils numerically and experimentally, in
order to investigate the prazaibility of NI HTS machine desig&ince the current can

flow along any direction in the NI HTS coils, an equivalent circuit modelling method

is developed to calculate the current and loss of NI HTS coils exposed in the ac ripple
background magnetic fieldhn NI HTS coil is wound by REBCO tapes for the test,
and a copper solenoid is wound to generate the background ripple magnetic field. Then,
the NI HTS coil is exposed in the ripple magnetic field and its electromagnetic
behaviour is tested. Results fromalation and experiments are compared to validate
the model. Then, the distribution of induced eddy current and ac loss is analysed using
this model, and the influence of tutmrturn resistivity, field frequency, and amplitude

on the eddy current is alsliscussed.

The key idea of the NI coil is to remove the ttorturn electrical insulation of
traditional insulated coils. Transport current can bypass the local hot spot through turn
to-turn metallic contacts so that the quench propagation is prevemieenfianced
thermal stability is achieved, which has been validated by both experiments and
simulations[55, 141-143. Another advantage of the NI HTS coil is the enhanced
power density because the elimination of ftotiurn insulation increases the current
density of the HTS windings. Therefore, it is promising to improve the thermal
stability and prevent quench damagé&i TS windings in machines of electrical aircraft

by applying the NI techniqué&7].

The application of HTS imdings on the rotor can significantly increase magnetic
fields at air gaps so that the power density of the machine is increased. In synchronous
machines, the rotation speed of fundamental fields generated by stator windings is the

same as the rotationespd of the rotor, and thus, the HTS rotor windings are stationary
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relative to fundamental fieldS8, 144, 149. If NI HTS coils were applied on rotors,

the ripple field may have a considerable influence on the electromagnetic behaviour
of NI HTS coils due to the absence of torturn insulation, gch as induced eddy
current and extra loss on turorturn contact$124, 12§. This has never been studied
thoroughly, which may be a great challenge for the thermal stability and efficiency of

HTS machines with NI coils.

The original circuit network model of the NI coil is developed by Dr Yawei Wang in
2015[144€], we developed an advanced model to study the performance of the NI coill
in a small ripple magnetic field which is demonstrated in Chapt@rMy other
contribution is to design, build and test an experimental platform to validate the
simulation model, as shown in Chap#eB, and thediscussios aregiven in Chapter
4.4in detail.

4.2 Numerical model

42.1.1 Circuit Model of 2G HTS Tape

The 2G HTS REBCO tape is a coated conductor with high aspect, as ishiéiguare

4.1 (a) andFigure 4.1 (b). It has multiple layers, and the superconducting layer is
coveredby metallic layers (brass, copper, silver, and Hastelloy), as shofigure

4.1 (b) [50]. The resistance of the superconducting layer is nearly zero below critical
current Ic, and it increases dramatically when the current is higher than the critical

current. It can be calculated from theJgpower law othe ReBCO conductof147].

E=F, (j) ' 4.1)
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WherelJcis the critical current densit¥o= 1 ¢ V /neB80. Duang dvercurrent
operation, some current is forced to flow in metallic layers, and thus, the equivalent
circuit model of the REBCO tape can be two parallel resistances: resistance of
superconducting layeRsc and normal resistance of metallic lay®&, as shown in
Figure4.1 (c).

For the REBCO tape used in this study, its width is 4.1 mm and its total thickness is
about 250 & m. icalhcenduativity of allglree metdllie layers is about
9.7 x10’ S at 77 K in this study. The critical current of the tape is 190 A at 77 K, and
its Ui | relationship isshown inFigure4.2, whichis obtained from the circuit model

in Figure4.1 (c). All the transport current flows in superconducting faymelow the
critical current since the resistivity tifesuperconductor is nearly zefiche Joule loss

IS increagng exponentiallyduring overcurrent due to the current redistribution to

metallic layers.

4.2.1.2 Equivalent Circuit Model for NI HTS Coils

The NI HTS coil is often wound wita pancake structure, as showrFigure4.3 (a).

When the NI coil is operated in the dc environment, all the transport current follows
along the azimuthal directipand the metallic layers serve as ttirturn insulation

since the resistivity of the supenducting layer is much lower than the metallic layer.
When the NI HTS coil is exposed to ac ripple magnetic fields, eddy current can be
induced in the coil, and some current can flow along the radial direction through the
turn-to-turn contacts. This incted eddy current and losses may significantly affect the

thermal stability and efficiency of the HTS machine, which is to be studied.

An equivalent circuit model is developed to study the distribution of the induced eddy
current as well as tusto-turn loss in the NI HTS coil, as shown kigure4.3 (c). In

this model, the current is decomposed to the azimuthal comporemd radial
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componeni. Each arn of the coil is subdivided into a fine arc element, and each
element is equivalent to a lumped circuit model. The whole coil is equivalent to a
distributed circuit networks8, 148150, as shown ifrigure4.3 (c). Each dependent

current node has four current branches, two azimuthal branches and two radial
branches, I n which the governing equatio
law. Each dpendent circuit mesh also has four curteranchestwo radial branches

and two azimuthal branches, in which the governing equation can be derived from
Kirchhoffds voltage | aw. The two radial
generated on turto-turn contacts. Therefore, the governing equation of this network

model can be expressed as

(4.2)

Whereix and jx are the azimuthal and radial current, respectivBly,is the radial
surface of arcelement;i s t he equi valent radi?@l, resi s
which is obtained in the following measurement, ards the voltage of the kth

azimuthal branch, including the resistive voltagd aductive voltage.

The background magnetic field can be replaced by equivalent virtual coils in this
network model, as shown kigure4.3 (b). Then, the influence of the background field
can be represented by coupling through the mutual induckdg@es shown irrigure

4.3 (c). Thereforethe inductive voltage aik has two parts: one is from the coil itself,
and the other one is from the virtual external:coil

di dl, .
U, = ZM“d_; +Mek% + Vi (i, 1) 4.3
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Where M, , is the mutual inductance between two arc elements in the NI HTS coil,
M., is the mutual inductance between kfearc element and the external equivalent

virtual coils, I, is the transport current of the equivalent virtual coil, the amplitude and

frequency of the background field can be changed bystadgithe amplitude and

frequency of this currenk,, andVy, is the resistive voltage of thé" azimuthal

circuit branch. Then, the distribution of eddy current as well as losses induced by the
external rpple magnetic field can be calculated by solving this numerical mblel.

simulation model in COMSOL is demonstratedrigure4.4.

Silver overlayer

Stabilizetcoppel) \ Supercor:duc}Buffer layer U, Iop

y [sc
SR,
Rsc
Substate layethastelloye
(a) Photo of ReBCO tape (b) Layer structure ofReBCO tape (c) Circuit model for ReBCO tape

Figure4.1. (a) Photograph of 2G HTS ReBCO tape. (b) Multiple layer structure of the 2G HTS tape.
(c) Equivalent circuit model of ReBCO tape.
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Figure4.3. (a) NI HTS pancake coil exposed to backgrotipgle fields (b) Schematic of NI HTS caoill

with virtual coils generating the background ripple fidlclsSchematic of the equivalent circuit network

model for NI HTS coils exposed to background fields. Notice that each turn is subdiviftaa to

elementsn this figure, which is for clear presentation.
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Figure4.4 Diagram of the simulation model in COMSOL

4.3 Experiments and model validation

4.3.1 Experimental setup

To validate the abovementioned model, an NI HTS coil is wound by REBCO tapes

from SUNAM, South Korea, as shownkigure4.5 (a). Details of the tape haxbeen

shown in Figure4.1 andFigure4.2. Theape 6s <cri ti cal current
the coil 6s critical current is 130 A. Th
and two copper sheets are used as current leattefasst discharge test, as shown in
Figure4.5 (a). More details of the coil are shownTiable4.1. A solenoid copper coil

is wound to generate the background ripple magnetic field, as shéwgune4.5 (b).

It is energized by aAC power supply. Specification of this solenoid is also shown in

Table 4.1. During the test, the NI HTS das placed at the central position of the

copper solenoid, as shown kilgure 4.6, the coil is located 73 mm from the ground

82



Chapter 4 NI coil for HTS rotor design

due to the position of th&crew.And thus, the NI HTS coil is exposed to an ac ripple
magnetic field generated by this copper coil. A Hall sensor is placed e¢rnbeof

the HTS coil to measure the magnetic field.

NI HTS coil Copper coil

Figure4.5. Photographs of test NI HTS coil and copper solenoid coil.

Copper caoll

NI HTS coil

WwoTT

Hall sensor

€

Figure4.6. Location of the NI HTSoil and copper coil during test.
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Tabled4.1. Specification of the test HTS coils and copper cail

Paameters NI HTS coil Copper coil
Coil type Single pancake Solenoid
Inner diameter 100 mm 215 mm
Outer diameter 121 mm 235 mm
Height 4.0 mm 110 mm
Number of turns 45 289
Critical current@77 K 130 A /
Inductance 406t H 18.7 mH
(Fruje’(asfreegs\i}glug‘;r AmMPere sost T/A 1.42 mT/A
Tape producer SuNAM /
Width/thickness of tape 4.0/0.25 mm /
Turn-to-turn resistivity 96.7" mA | /

4.3.2 Fast discharge test

Turn-to-turn resistivity) 1is a key parameter of NI HTS coil, which distinguishes it
from conventional insulated HTS coils. It is also a necessary parameter for the
simulation of current distribution in NI coils, as showrkEiguation4.2. Both the HTS

coil and the copper coil are immersed in liquid nitrogen during the test. First, fast
discharge tests are performed on the NI HTS coll to obtain theéddunn resistivity.
During the fast discharge test, the copper solenoid coilagpém circuit, and the NI

coil is first ramped to a transport current below critical current and kept at this current

for the time long enough to eliminate the charging delay. Then, the current is switched
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OFF suddenly by an air circuit breaker, and allrtfegnetic energy stored in the coil
is dissipated in the coll itself. The coil voltage is measured in the process, and its decay
is shown inFigure4.7. Here, the initial stable transport current is 40, 80, and 100 A.

The variation of the coil voltage matches the following equdtich

e
U=Use "* (4.4)

WhereU is the coil voltage measurddy is the initial coil voltagel. is the inductance
of the coil, andR: is the equivalent radial resistance. The time constant can be obtained

directly from the results iffigure4.7. The equivalent turto-turn resistivity p, with

a unit ofe L. é aan be calculated Hy51]

N,
‘ 1
Pe= R“/; 2T W, (4-5)
WhereN; is the total number of turnssis the radius of thi" turn, andwyg is the width
of the tape. The equivalent tutorturn resistivity of the testNIHT6 o i | i s2 96 . 7
a3
et |+ Initial current 40A
N — — Initial current 80A

Initial current 100A

Coil voltage (V)
0}

time (s)

Figure4.7. Decay of the NI HTS cai terminal voltage during the fast discharging test.
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4.3.3 Model validation

As shown inFigure4.5, the magnetic field at the caiéntreshould be lower than the
background field generated by the copper coil since the induced eddy current in the NI
HTS coil reduces the central magnetiddiel herefore, we can validate the numerical
model by comparing the central magnetic fields from measurements and simulations.
The NI HTS coil does not carry any transport current, and it is an open circuit during
the measurement. The copper leads are vethbefore this measurement to eliminate
the influence of eddy current induced in copper lekdgire4.8 shows the variation

of magnetic fields at theoil centrewhen the copper coil is energized by a transport
current with an amplitude of 20.66 A and a frequency of 40 Hz. Note that the ripple
background field here is that at the same position when there are no NI HTS caoils. It
is used to represent thHeackground field generated by the copper coil, and its
amplitude is 29.3 mT ifigure4.8. Then, we change the amplitude of the background
field and meaure the magnetic field at the cagntreunder different background
ripple fields, as shown iRigure4.9. The results from the abovementioned motleirs

a good agreement with that from the measurement. The discrepancy between
simulation and experiment has two main possible factors. First, thdottum
resistivity used in the simulation is measured from a fast discharge test, and it may
change in thB following operations, such as removing the current leads and the
vibration induced by ripple fields and liquid nitrogen boiling. Second, thettdturn
resistivity is assumed uniform among turns in the simulation, while it may vary among

turns in fact.

The distribution of the eddy current induced in the NI HTS coil is hard to measure
directly in this study. However, this induced eddy current generates an opposite
magnetic field at the coitentre The amplitude of this opposite magnetic field is
proportonal to the eddy current induced, and its frequency is the same as that of the

magnetic field. Therefore, this opposite magnetic field can represent the eddy current
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induced largely. The model developed is to calculate the current distribution in the NI
HTS coil. The opposite magnetic field from this model agrees well with that from
measurements, which validates the model largely. A Joule loss is generated on the
turnto-turn contact by the induced eddy current. If the eddy current calculated was

reliable,the turnto-turn loss from this simulation should also be reliable.

- — -0 — Central field (measured)
— 40 i — - — Central field (calculation))
E - Background ripple field
— I
§®)] B
> 20
Y -
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S of
(@)
©
=
-20
oo by oy o Ty b b

0 10 20 30 40 50
time (ms)

Figure4.8. Measured and calculatetagnetic field at the centre of the NI HTS coil when it is exposed
to aripple background magnetic field with a frequency of 40 Hz.
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Figure 4.9. Amplitude of magnetic field at the NI HTS centre under different ripple background

magnetic fields, the frequency is 40 Hz.
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Figure4.10. Distribution of inducd eddy current (azimuthal current and radial current) in the NI HTS
coil when it is exposed to ripple background field generate copper solenoid coil; the background
field is 29 mT/40 Hzandthe turnto-turn resistivity of the NI HTS coil is 96.7m A | . The thickness

of each turn is enlarged 5 times for a better presentation.
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4.4 Results anddiscussion

4.4.1 Induced eddycurrent and losses

The distribution of induced eddy currentisalysedising the abovementioned model
developed, as shown Figure4.10. Here, five monents PLP5 are selected during a
cycle, as shown ifigure4.8. The azimuthal current, with a unit of ampere, flows in
thesuperconducting layer belae critical current, and its positive direction is in the
anticlockwise direction, as shown ffigure 4.10 (a). The radial current follows
through theturnto-turn contacts, anétligure4.10 (b) shows the normal value of the
radial current density, whose unit is A/here. We observe a kind of skin etfaghere

most of the eddy current is generated on the inner and outer turns of the NI HTS cail,
especially the outermost turns. This is because the outer turns have a relatively larger
diameter, thus coupling more external magnetic flux than other tutren, The
induced eddy current has a field shielding effect on the middle turns so that less current
is induced on middle turns. A transport current is generated on the NI HTS coil (with
the open circuit) by the azimuthal current induced and the closadtdsdormed
through the turfio-turn contacts, which leads to the radial current. Thus, the
distribution of radial current is almost the same as that of azimuthal current. The
induced current shows a uniform distribution along the angular directioa M ttoil,

but the current on the outermost turn shows a considerable nonuniform distribution
along the angular direction. The zone near the current leaatigber current than

other zones on the same turn.

The maximum transport current (azimuthal catri@duced) is a critical issue for the
HTS coil since the quench risk rises rapidly with the increase of transport current. The
transport current in HTS tape has to be below critical current during operations. The
results inFigure4.10 also show that the variation of the transport current induced is

not synchronous with the background field. The maximum azimuthal current induced
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does not occur at the peak point (P2) of the background field, but before these moments,
P1 and P5. This isdzause the induced voltage is generated by the variation of the
background field, and it has the highest changing rate at these moments. Therefore, P1
and P5 are the weak momewith higher quench risk for the NI HTS cdiigure4.11

shows the azimuthal current induced by higher background fields, and an overcurrent
(>190 A) is observed on the outermost turns of the NI HTS coil when the background
field is high enough. The penetration depth of induced current increases rapidly with
the background field when overcurrent is induced. This is because the resistance of
HTS increases dramatically above the critical cur@stshown irFigure4.2, which

forces more current to other turns.

Losses are generated by the eddy current induced, which consists of two parts: loss

generated by the radial currentonttot ur n cont act s, -taatlon ch i s
l osso in this study; the | oss generated
Afazi mut hal |l oss. 0 The azi mut hal current

critical current, and a magnsdtion lossis generated in superconductors by this ac
transport currentl24, 137. When the induced transport (azimuthal) currehigber
thanthecritical current (190 A), the resistancetbé superconducting layer increases
dramatically, some current is forced out to metallic layers, and thus, a huge resistive
loss is generated by this overcurrelfigure 4.12 shows the tunto-turn loss and
azimuthal loss induced by background fields 51 mT/40 Hz. The peak moment of radial
loss matches well with the peak momenthadradial current inFigure4.10. The ac
losses should have the same distributisthe eddy current induced. Both the eddy
current and losses accumulate on the outermost turns of the NI HTS coll; therefore,
the ouemost turns haven much higher quench risk than other turns, and special

attention is required on this zone during electromagnetic and cooling design.
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Figure4.11. Distribution of induced azimu#t current in the NI HTS coil, when it is exposed in higher
background fields, 56.8mT/40Hz and 85 mT/40 He turnto-turn resistivity of the NI HTS coil is
96.7' mA I .
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Figure4.12. Losses generated by radial current (fto#turn loss) and azimuthal current when the NI
HTS coil is in background field is 56.8 mT/40 Hz, then-to-turn resistivity of the NI HTS coil is 96.7
‘“maAT .
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4.4.2 Influence of background fields

Figure 4.13 shows the dependence of the maximum azimuthal current induced
(transport current in HTS tape) on the amplitude of background fields. The maximum
induced current increases almost linearly itk amplitude of the background fields
when it is below the critical current (190 A). Above the critical current, it shows a very
slowly increase with the further increase of background fields. Below the critical
current, the azimuthal resistance of HT®&ésrly zero and the twto-turn resistance

is constant, and thus, the induced current is almost proportional to the amplitude of the
background field. Above the critical current, the resistance of HTS increases rapidly,
the maximum transport (azimuthalrrent induced is limited, and thus, the increasing

rate drops fast.

Figure4.14 shows the dependence of eddy loss on the amplitude of backgrousd field
The turnto-turn loss increases rapidly with the amplitude of background fields, and
the increasing rate is a little higher than that of linear increase. The azimuthal loss is
nearly zero when the induced transport (azimuthal) current is below tealantirent,

which is much lower than the tuto-turn loss. When an overcurrent is induced, the
azimuthal loss increases dramatically with the background fields, which is beyond the
turnto-turn loss and can be one magnitude of order higher than théottum loss.
Therefore, a special design is required to prevent this induced overcurrent. Below the

critical current, the azimuthal loss is ignorable compared with thetdeturn loss.

Figure 4.15 shows the influence of field frequency on the distribution of induced
transport current. Higher frequency leads to a more significant nonuniform current
distribution on the NI HTS coil, and more induced tgors current accumulates on

the outermost turns, due to the skin effdagure 4.16 shows that the maximum
induced transport current increases continually with the frequency of background
fields. The results show that a very smfsl field can induce a very high transport
current in the NI HTS coil, especially at high frequency. As shiowFigure4.16, a
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background fieldbf 14 mT/200 Hz can induce a transport current up to 110 A on the
NI HTS coil, while the critical current of HTS tapis only 190 A. In the HTS machine
environment of electrical aircraft, the frequencytaripple field can be much higher
than 200 Hz, and the rated currentrefHTS coil is often more than 60% of the critical
current. Figure 4.17 shows the dependence of the ttwrturn loss power on field
frequency. The logarithm of twto-turn loss power is almost proportional to the
logarithm of field frequencyThe turnto-turn loss power increases rapidly with field
frequency when the frequency is in a low range, but the growth rate drops continually
with field frequency. Therefore, the ripple background field with higher frequency
leads to more significant egdcturrent accumulation, higher transport current, and
more eddy loss, which can considerably increase the quench risk of the NI HTS caoil

during operations.
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Figure4.15. Distribution of induce transport (azimuthal) current in the NI HTS coil, the background
fields are 29 mT/5 Hz and 29 mT/80 Hize turnto-turn resistivity of the NI HTS coil is 96.7m A | .
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Figure 4.16. Dependence of maximum induced transport (azimuthal) current on the frequency of
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Figure4.17. Dependence drn-to-turn loss power on the frequency of background figld,turrito-
turn resistivity of the NI HTS coil is 96.7mA [ .

96



Chapter 4 NI coil for HTS rotor design

4.4.3 Influence of turn-to-turn resistivity

The turnto-turn resstivity of NI HTS coils ranges from 1 to 10 0@0L &, and it
depends on the winding tension, surface condition, materials of lamination, substrate,
and stabilizef152-154]. We change the tusto-turn resistivity of the NI coil and
recalculate the distribution of eddy current induced by ripple background fields, as
shownin Figure4.18. With lower turnto-turn resistivity, a more significant skin effect

is observed, and a higher transport (azimuthal) current is indodbe outermost

turns of the NI coil. When the tuito-turn resistivity is low enough @ L= éimFigure

4.18), the induced current path closes at thenecting position of the outermost turn

and its adjacent turns, and thus, the radial current shows a significant accumulation in
this zone, which is near the current lead generally, as shokigune4.18. This may
induce a local hot spot and increases the quench risk to some extent, and thus, this
position isthe weak point of the NI HTS coil under ripple fields. The radial current
shows a uniform distoution along the angular direction when the ttowiurn
resistivity is high enoughFigure 4.19 shows the dependence of the maximum
transport (azimutil) current on the turto-turn resistivity. The results show that the
maximum transport current induced can be reduced significantly by increasing the
turn-to-turn resistivity. If the background field is high enough (57 mT for example),
increasing turrto-turn resistivity may lead to a slight increasehe transport current
induced when the tusto-turn resistivity is in a low range. Then, the transport current
induced drops rapidly with the further increase of the-tasturn resistivity.Figure

4.20 shows the dependence of the induced -tarturn loss on the turto-turn
resistivity. The turro-turn loss increases with the tuimturn resistivity when the
resistivity is low. When theesistivity is high enough, the tuto-turn loss drops
rapidly with the further increase of tuto-turn resistivity. Since the tusto-turn loss

is the product of turto-turn contact resistance and the square of the induced radial

current, lower tursto-turn resistivity does not always lead to higher {tzrturn losses.
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If the turnto-turn resistivity drops to zero, the winding of the NI HTS coil will be
shielded from the external ac fields, and the ac loss will be reduced.

On the other hand, if the tuto-turn resistivity is infinite, the NI HTS coil will change

to an insulated HTS coil, and thus, only the superconductor msajrati loss is
induced, which is much lower than the t@oaturn loss in NI HTS coils. In other words,
thebehaviouis typical for eddy current loss in metals, where decreasing the resistivity
leads to the increase of loss first, then reaches a peak point, and akeauses it to

drop again. Obviously, this peak point should be avoided when the NI HTS coll is
applied in ripple background fields. Therefore, the ac loss of NI HTS coils exposed to
AC external magnetic fields can be reduced by both increasing and reducing the turn
to-turn resistivity. Lowering turto-turn resistivity always means better current
redistribution anong turns during quenches, which can increase the thermal stability
of theNI HTS coil, while this will lead to more serious charging delay, which is also
challenging for the fast magnsdtion and demagnettion of HTS windingd151],

159. Lower turnto-turn resistivity will also lead to higher transport current induced
by background fields, which will increase the quench risk of the NI coil to some extent.
Increasing the turto-turn resistivity @n significantly reduce the eddy current and
turnto-turn loss induced, while this can prevent current redistribution among turns
during a local quench and thus may considerably reduce the thermal stability of NI
HTS coils. Therefore, an optimal designtbe turnto-turn resistivity is required on

the NI HTS coils when it is applied to machines.
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Figure4.18. The distribution of induagtransport (azimuthal) current and radial current in the NI
HTS coilswith different turnto-turn resistivity 1~1000 A | , the background field is 29 mT/50
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4.4.4 Grading turn -to-turn resistivity technique

The abovementioned analysisows that the transport current induced can be reduced
significantly by increasing the tuiio-turn resistivity, while most of the induced
current accumulates on the outermost turns of the NI HTS coil. All these studies are
based on uniform turto-turnresistivity among turns. To reduce the induced transport
current and meanwhile keep a better thermal stability of NI coils, a gradingpturn
turn resistivity technique is proposed. Its key idea is that a highestddann
resistivity is applied on theuter turns of NI coils to reduce the current accumulation,
and a lower tursio-turn resistivity is applied on the middle turns to keep a good

thermal stability of the NI coil.

A case study is shown iRigure 4.21. Case0 is a uniform turrto-turn resistivity
distribution among turns 108 L é rand the distribution of its induced transport
(azimuthal) current is shown Kigure4.18, in which the maximum azimuthal current
is 153 A.Figure4.21 (a) shows three grading tuto-turn resistivity cases, in which
the resistivity of the outermost turns is enlargedure4.21 (b) shows the distribution
of the transport current and the azimuthal curréngure 4.21 (c) shows the

distribution of the turfto-turn loss power for each case.

The results show that tlenplitude of the azimuthal current on the outermost tigrns
reduced considerably amidicated that thgrading turmrto-turn resistiviy technique
can significantly prevent the current accumulation in the NI HTS Thi maximum
transport current induced is reduced significanBiyice the loss is the product of
contact resistance and squaretioé radial current and also, lte distribuion of
azimuthal currenlepend®n the turrto-turn resistivity.The heat can increase the risk
of hot induced quencilherefore, the grading twte-turn resistivitytechniquecan
significantly enhance the thermal stability of the NI HTS @iposed to ripple
magnetic fields.
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Figure4.21. Case study on the grading teigrturn resistivity technique, (a) distribution of the grading

turnto-turn resistivity, (b) distbution of the transport(azimuthal) current induced, (c) distribution of

the turnto-turn loss power. The background field is 29 mT/50 Hz.
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4.5 Conclusions

To sum up, we studied the practicability of applying the NI HTS winding technique
on electrical machinewith high power density, which is a promising technique for
electrical aircraft propulsion. The induced eddy current and loss of NI HTS coil
exposed to ripple magnetic fields apalysed which have been the main worries
about this technique applicatiomn the machines of electrical aircraft so far. A
numerical model based on the circuit network method is developed for the NI HTS
coil exposed to ripple background fields, and it is validated by experiments. Analysis
using this model shows that a considésaaldy current is induced in the NI HTS caoil
exposed to ripple fields. Most of the eddy current accumulates on the outer turns of
the NI HTS coil, and a very small external ripple field may induce a very high eddy
current on outermost turns. This leadstbigher quench risk on the outermost turns

of theNI HTS coil in machines. The induced transport current increases rapidly with
the amplitude and frequency of the ripple fields, and an induced overcurrent (above

the critical current) is possible when thmplitude and frequency are high enough.

A considerable ac loss is generated in the NI HTS coils, which consists-td-tumm

loss on contacts and azimuthal loss in HTS tapes. Thadiumn loss is more than
one order of magnitude higher than ttmnauthal loss when the induced transport
current is below the critical current. During the overcurrent operation, the azimuthal
loss increases dramatically and is much more than thedtmn loss. Therefore, ac
loss may be challenging for the efficigraf HTS machines when the NI colil is applied

in a machine environment with ripple fields, though the NI technique can significantly
enhance the stability and reliability of the HTS windings. The induced transport
(azimuthal) current can be reduced sigmfitly by increasing the twto-turn
resistivity. Below the critical current, the ac loss (ttmriurn loss) can be significantly
reduced by both decreasing the ttwrturn resistivity and increasing the tuimturn

resistivity. Lower turato-turn resstivity means better thermal stability but leads to a
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more significant accumulation of eddy current as well astim#arn loss. Therefore,
optimising turn-to-turn resistivity is required to avoid this peak point when the NI
technique is applietb the HTS machines. A grading twto-turn resistivity technique

is proposed for the NI HTS coil in machines, which can significantly reduce the
transport current induced and meanwhile keep the thermal stability of NI HTS coils. It
can considerablincrease the practicability of the NI HTS technique in HTS machines

of electrical aircraft.
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design

Previous work successfully built a platform to tdst HTS col @erformance in a

machine environment. Several HTS coils are prepared to stugychil, including:

Coil preparation and selection for HTS armature windings.
Study of magnetisation loss and total AC loss for HTS armature windings.

Study of multifilament tape to reduce AC losses.

5.1 Coil manufacturing

Since2G HTS tape is a ceramic material and very fragile during manufacturing, too
much bend or mechanical stress will cause unrecoverable dantageequires the
winding process of the higlemperature superconducting coil to be as simple as
possible to reductihe risk of mechanical damagghe double pancake coils are more
suitable for machine purposes because both current leads are located at the outer layer.
However, a double pancake coil requires the tape to be separated into two spools, and
the coil manufaturing should begin with the mid of the lengthhis in coll
manufacturing the procedures below will be followEdstly, to separate haléngth

of the tape into two spools, A and B, as showhigure5.1 (a); then fix spool B with

the coil holderas shown irFigure5.1 (b), start winding the firstalyer of the double
pancake coil using tape from spool A, as spool B is rotating with the coil holder, no

twist or bendbccursto avoid the risk of any mechanical stress. After finishing the first
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layer processing, taking off spool B and starting the selayed processing, as shown
in Figure5.1 (c). Finally, thefinished double pancake coil is shownFigure5.1 (d).

() (d)

Figure5.1. Double pancake coil manufacturipgocess(a) Spool A and spool B; (b) winding the first
layer of the double pancake coil; (c) winding the second layer of the double pancake coil; (d)

completed coil

106



Chapter 5 Insulated HTS coil for HTS stator design

5.2 Coll testin theHTS machine

In electrical machines, the HTS AC windings are subjected tardioed rotational
magnetic field and AC current. The AC loss depends not only on the magnitudes of
themagnetic field and transport current, but also on the phase shift between the field
and the current. Different magnetic field directions and differeas@lshifts give
different levels of AC loss. AC loss stedin HTS tapes and coils have been carried
out throughout the duration of the development of HTS deViggsl01, 105 129

131, 136 139 156, 157]. There are two established methods for measuring AC loss.
The transport loss and magmsation loss of HTS can be measured by the electrical
method. The total AC loss, which includes bwdnsport loss and magreetiion loss,

can only be measured by the calorimetric methosl7]. Previous studies have
measured the total AC loss of HTS coils using both the liquid nitrogemfioriethod

and the temperature rising methi@®, 158 159. However, the rotational magnetic
field which is an important feature of electrical machines, has not previously been

studied in AC loss experiments.

To understand the impact of rotational magniiicls on the HTS armature losses and
the whole machine efficiency, an axtdix HTS machine platform has been designed
and developed to measure the AC lossndfi&S stator in a rotational magnetic field
as shown inChapter3. The HTS machine consists of gp@le-pair of permanent
magnet rotor discs to generate a pebR.45 T in a60 mm airgap, and an aicored
threephase HTS stator plate. Theter disc is located between the two rotor discs.
The stator is equipped with two HTS coils in Phasend four copper coils in Phases
B andC. Also, asFigure5.2 shows, the whole machine is hosted in a vacwathed
cryostat filled with liquid nitrogenL(N2) during operationand the top HTS coil was
placed in a measurement chamber to measure the AC loss by the calorimetric method
The measurement chamber is fully immersedMa inside the machine cryostat to

minimise heat exchangA. previous study hécarefully calibrated rad validated this
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system[16(, to provide AC losses of stator coil when the machine wastireal

running.
Control and data Copper pipe
acquisition systems
{ Flow meter |
Loads {Power rectifierf— :
Axial-flux HTS g{ator 1
HTS stator coil&
Boil-off chambe
DC
source

Figure5.2. Structure of the HTS generator

The AC loss of the HTS coil is measured by the amount of liquid nitrogen being
evaporated as nitrogen gas using a gas flow nfatgrre5.2 shows a copgr pipe that
connects to the flow meter. Theoretically, the latent heat for liquid nitrogen is 160.6
J/mL, which means every 0.257 standard litre nitrogen gas per minute for every Watt
of power (SLPM/W). Therefore, by measuring the nitrogen gasafioilow rate, the

total AC losses in the measurement chamber can be measured. Total ACTloas of

be calculated by Equatidnl [101]].

F()
o= “Xa
/T K (5.1)
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WhereQ (Joule) is the total heat producedthg measured HTS coil for a duration of
T, F(t) is the flow rate of nitrogen gas boiled off in the measurement chal#@256
(SLPM/W) is the flow rate constait our setup.

This system provides a synchronous generator to generate 3 phase voltage, the
measured HTS coil ithe HTS phase can provide the AC losses data while running
the machinetwo copper phases were impedance match between phasprovide

the same voltage amplitude, in FFT analysis offti)@monic exigtin the stator, and

the phases are staonnected to remove th& Barmonic. The rated lint®-line voltage

is 40 V.The Col #1 is made of 25 meters @G YBCO HTS coated conductor, with

a critical current measured as 53iAthe 0.45 T rotational field. The peak phase
current must be lower than 53 A to prevent HTS quench. Dinetwitical current of

the HTS coil, the rated current s&t as40 A. The generator was connected with a
power rectifier also run ilN> temperatire, then connected with adjustable power
resistorsasFigure5.2 shown. The data acquisition systems can record the temperature,

phase voltage, phasarcent, nitrogen gas flow rate to calculate total AC losses.
5.2.1 ReBCO characteristics test

Several industrial manufacturers are able to provide REBCO coated conductors for

multiple purposesDue to the differences between REBCO materials, i)

characteristics of the various tapes could be different. For 2G HTS tapes, the critical
current is decreased whéme external magnetic field increasehus, based othe
critical-state model, the change in AC current and external AC magnetic field cause
the magnetic field redistribution inside the HTS tapes. The transport AC loss is caused
by AC current, and the total loss is caused by AC current as wibkk A€ magnetic

field. As a result, ithe machine environment, goafl (B) characteristics of the tape

can enhance the AC loss performance.
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Thus, another Coil #2 is prepared to make a comparison. Coil #2 is made of 15.5 meters
of 2G GdBCO HTS tapelhe YBCO tape is from Superpower SCS4050 including 1

um YBCO, and GdBCO tape is from Sunam SAN04150 includirgjpin GdBCO,

the total wire thickness of both wires is 3DD0um. The single tap& critical current

for Coil #1 and Coik2 is 143 A and 150 AespectivelyFigure5.3 shows the picture

of two coils. The parameters thfetwo coils are shown ifable5.1.

Figure5.3. Photos ofCoil #1 and Coil #2

110



Chapter 5 Insulated HTS coil for HTS stator design

Table5.1. Description of manufactured double pancake coil

Coil #1 Coil #2
HTS type Superpower SCS4050 Sunam SAN04150
Coil Length 25m 155m
Coil inner/outer diameter 98 mm/102.8 mm 98 mm/103.0 mm
Turns per layer 39 25
Total coil turns 78 50
Self-field Ic 72 A 102 A
In-field Ic (0.45 T) 53 A 59 A
Insulation Kapton tape Kapton tape

The critical current results are shownFigure5.4. The red curve shows the critical
current of Coil #1, antheblue curve demonstrates the critical current of Coil #2. The
curves with triangle signs indicated the result in 0.45 T magnetic field, the curves with
circle signs indicated the critical results with dedtd. Figure5.4 indicated that the
critical current drop from selield to in-field. By using0.1.\V /cm criteria, for Coil #1,

the critical current reduces from 72 A to 53 A when a 0.45 T magneticajty,

which means a 26.4% drop. For Coil #2, the critical current reduces from 102 A to 59
A, which means a 42.2% drop. Although Colil #2 hasggher critical current in 77 K,

the critical current decreased rapidly with increasing magnetic field. ThigtXChas

abetter J,(B) characteristic.
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Figure5.4. Critical currens of Coil #1 and Coil #2

In order to evaluate the difference between the two coilsexperimental value of
transport loss is measured by the electrical method 131]. The loss voltage can be
compensated by a cancelling coil, as show&dnation5.2, where'ando are the
transport current and voltage after compensation by cancellingTcrafers to the

cycle of AC currentTwo frequencies were chosen for this experiment. The normalized
transport loss versus normalized transport current measured by the eleuttivad

is shown inFigure5.5. According to our AC power supgylimit, the frequencies are
chosen at 36 Hz and 72 Hz, and the results are shown lpyalwed AC loss
(Joule/cycle/m) The results indicate that the transport AC loss of bothscil
frequency independent. According to the normalized transport AC loss results, the

transport loss of Coil #1 is 43.1% lower than Coll #2.

0= / (i u)dt
r (5.2)
2
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Figureb5.5. Transport loss ofoil #1 and Coil #2

the normalized total AC loss resulbtsp t h

The total AC loss versus normalized curreasmeasured bthecalorimetric method
are shown inFigure 5.6. The maximum rotational speed is 300 RPM due to the

limitation of the bearing in 77 K, which means a 10 Hz output. Thus, the frequencies
are set at 5 Hz and 10 Hz, the transport currents are chosen from 10 A.tth5tuA

machine, the rotor generate peakof 0.45 T rotational magnetic field. According to

reduction. As a result, two coils have the same outer diameter, Coil #1 has more length
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of tapes and more turns, but AC losses are significantly lower than Coil #2, considering
the operating reliability forhte following stage machine experiments, the Colil #1 is

finally chosen foisubsequerdtage tests.

107 ¢ ' -

" |~ -Coil #1 @ 5 Hz
z —e -Coil #1 @ 10 Hz @77K
= —v -Coil #2 @ 5 Hz
z —% -Coil #2 @ 10 Hz
= 107 f :
‘zéi
% - Jw__wu—??
E cad
g 107} 2z -
2 _-e~"
o
=
E Coil #1 In-field (0.45 T) Ie= 353 A
Z 107t Coil #2 In-field (0.45 T) [e=59 A | {

107! 10"

Normalized coil current: [
peak ¢

Figureb5.6. Total loss ofCoil #1 andCoil #2.
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5.3 AC loss of HTS stator

The HTS coll is prepared using Bteters 4mm superpower SCS 4059 tape,and
the single tape critical current is 140 A. The specificatiotneHTS double pancake
coil is shown inTable5.2. Thephotograplof thecoil and setupsillustrated inFigure
3.13(b).

Table5.2. Specification of HTS stator winding coil

Parameters value
Tape type Superpower SCS4058P
Tape Ic 140A
Coil Ic (seltfield) 72A
Coll inner diameter 95mm
Colil outer diameter 99.8mm
Turns per layer 38
Total coilturns 76
inductance 937.4H

Boththeself-field critical current and Hiield critical currenof the coilwasmeasured
and the results were shownFigure5.7. By using 0.1 W//cm criteria, the seffeld
critical current is 72 A anthein-field critical current is 53 A (at peak 0.45 T). Thus,

this coil is satisfied to operate @apeak current of 40 A.
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1al —v—self-field Ic
—2—in field Ic

Figureb.7. Selt-field and infield critical current

5.3.1 Magnetisation loss

The magnetisatio loss of this coil can be measured by keeping the HTS coil open
circuited, so no transport current in the HTS coil and only the magnetisation loss is
measured. We measured five different frequencies (3.33 Hz, 5.00 Hz, 6.67 Hz, 8 Hz
and 10 Hz), as this s two-pole-pair rotor, these frequencies corresponding to rotor
speeds at 100, 150, 200, 240 and 300 Rekpectively. Recording the flow rate data

at these frequencies (the sample rate of data acquisitionSgsp0the results were
shown inFigure 5.8 (a), the red line showed the flow rate daiad the blue line
showed the rotor speed. When the rotor speed increase, the thermal equilibrium
condition change to a new thermal balance condition. After ahioalancd thermal
period,afluctuation level lower than 0.08 SLPM was observed. Thesaigitions are
cause by small lubbles of nitrogen gas in the measurement chanilers, usehe

116



Chapter 5 Insulated HTS coil for HTS stator design

integral operation to calculate the total nitrogen gas volunteedfist 10 seconds.
After flow rate calibrating out the errors by Equat®8 the magnetisain loss of this

coil versus frequency can be calculated by EquaitrasFigure5.10 (b) shown.

350 i ; ; 1.8
——rotor speed =25
300 {——flow rate 116 8 v
= 250 S
& 1.4 E » v
~ — 2]
5 200 - . %) 915 v
20 c
3 150 5 2 v
: c 5 B
3 100 IV S % v
© - 0.5
50 108 s
€
0 - - 0.6 0 -
0 100 200 300 400 0 2 4 6 8 10 12
time (s) frequency (Hz)
() (b)

Figure5.8. Magnetisation loss versus frequency

To estimate the magnetisation loss, finite element hindes used for magnetisation
loss calculation Previous studies have been demonstrated that finite element
modelling using Hformulation can estimate AC loss for double pancake coil. Our
double pancake coil specification is shownTiable 5.1. Figure 5.9 shows that a
COMSOL modeof this coil was developed using a 2D agignmetric model and -H
formulation[99]. The modelassimplified by applieda time-variant magnetidield

using Figure 3.10 (a). The FEM simulation results indicatdatat at 10 Hz, the
magnetisation loss of double pancake coil is 2.2 W. Asviiise is calculated by a
time-variant magnetic field waveform, the magnetic environment is not exactly the

same as experiments. Thus, the simulation result can only use to estimate the
magnetisation loss level.
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Figure5.9 The FEM model of the HTS stator coil in COMSOL

5.3.2 Total AC loss

The total AC loss of the single HTS coil is measured by connecting thepthase
stator windings to adjustable power resistors. To measure the total AC loss with
various currents, the resistors need to be changed. We measured six different peak
transport currents between 10 A and 40 A for four frequencies (3.33 Hz, 5 Hz, 6.67
Hz and 10 Hz), corresponding to rotor speeds at 100, 150, 200 and 300 RPM
respectivelyThe maximum speed foherotor is set at 300 RPM to protect the rotor
bearings in cryogenic temperatuFdow rate data from experiments were illustrated

in Figure5.10, where the blue curves refer to the rotor spead the red curves refer

to the instantaneous flow rate value. The transport current values for different
frequendes are shown inTable 5.3. The AC loss is a small value when a small
transport current apjgls and also low frequencies, if fluctuate level is below 0.08
SLPM more than 1 min, uskeintegral operation to calculate flow rate data of last 10
seconds to improve accuracy. After calibrating out the errors by Equatidhetotal

AC loss versus transport current are showrFigure 5.11. Figure 5.12 shows a
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comparison between the total AC loss and the transport AC loss. Thenaltéigtd
of 0.45 T has significantly increased the AC loss of the coil.

Our results show that at a peak current of 73%nit a peak rotational field of 0.45 T,

the HTS coil generates in total 4.56 W of heat at 10 Hz and 48 A. To further understand
the impact of a rotational magnetic field, we compared the transport loss of the HTS
coil with the total AC loss, as shownkigure5.12. The transport loss was measured

in 77 K using the foupoint electrical methodl101, 161], sincethe normalised AC

loss is frequency independent (Joule/cycle), the frequencies were chosen as 36 Hz and
72 Hz to give higher loss and higher accuratlye total AC loss is very high for
standard 4 mm HT&peused as machine windings. To mingaithe tothAC losses

from HTS stator windings, new HTS winding solutions to reduce AC loss are essential.
One advantage of this platform is that it enalthescomparison of the AC loss of
different HTS windings. For example, we plan to measure a 1 mm widefrtartient

HTS cable coil with the same geometry as the HTS coil used ircllaigterand

quantify its loss reduction in a machine environnjéntl, 115.
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Figure5.10. Total AC loss measurements
Table5.3. Transport current values iigure5.10
3.33Hz 5.00Hz 6.67Hz  10.00Hz
Figure5.10(a) 40A

(b) 29A 43.5A

© 21A 32A 41A

(d) 16A 24A 32A 48A

(e) 14A 21A 28A 42A

) 11A 18A 24A 36A

(9) 11A 15A 22A

(h) 12A 18A

(i) 10A
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Figure5.11. Measured total AC loss

Figure5.12. Transport loss and total lass
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