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Overview

* Superconducting electrical machines



* Bewefits of supercomiuctors & typical design
* Use of wigh tempervwture supercomiwctimg (HTS) comiuctors

AMSC sty propulsion motors

* EcoSwing wivid genervator
* Use of butk HTS mterials

 Futwre owtlook € clwllemges
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Synchronous (radial) miclhine QP €
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Supercowductors caw increase magwetic / electric

loadimg of aw  electric machine

* Higler cirvent dewsity, igher wiagnetic field
Partial or complete removal of irow

— increased forque /. power dewsity T reduced size € weiglit
* Lower wire resistamce

— lower l0sses & lgher efficiewcy = beffer performmance FEMM Huf

Cownference 2024, Birminghwin
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Superconwaucting electrical wachines
Over iy decanes, various SWperconaucting mchines showw fo De

techwicallyf feasible over wide ramge of power rifings

First attempted iw tie 1960s, replacivg copper windings with low
femperture supercomiuctors (LTS)

o Improved efficiency (ahowt 1%) wis expected, DUt five wiaiw 1ifionale wis the
SiZE / WEighit reduction

* Operated at liguid elivmm femperature (4 KD

* Large AC l0sses in armwture winding — wwacceptable eat [oad ©
Complexity € cost of 4 K cryogenics promipitive
o Oty DC fieht windimg femsidle
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Superconwaucting electrical wachines

Optinmil configurvation for AC supercowductimg nwiciiwes from
studies wsimg LTS cowdwctors iw the 1960s € 70s

ROTOR Supercowiuctimg DC fielid winding (rofitimg)

Exterwal excitation curvewt supply

Ligid felivmr coolint

High' vacwwmr crijogewic ivsulition

NormwTy-condwctivg eddy cmvent siwelding system (cowducting siell)

STATOR NormwlTy-conducting armture winding (Stationary)

Coolimg system refectimg leat wt ambiewt femperature

Lanwiwated back-ivow fli siieli
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Discovery of wigh-femperature supercomiuctimg (HTS) mwiterials

iw 1987 renewed entimsiism!

* Expectation tinit wterials comlil De exploited at lngher femperatures,
e, liqwid witrogen @ 77 K

* Reduced capital costs for & complexity of refrigerition system ¢
Refrigeration efficiency ~100 fimes

grester thaw at 4.2 K © Carwoft Lop P. — l&
111

T' Y TI .
efficiency Gdeal): aml p e dt

1 Wheat @ 77 K=-28 W



@42 K=68 W
* Multiplication factor incl cryocooler inefficiency: 20-50 @ 77 K

FEMM Huty Conference 2024, Birmiwgwim
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Discovery of fiigh fewpernture Cryocooler Actual Performance

Ve exploited af ligher
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superconductimg (HTS) A P Efciency !
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femperatures, eg, liqwid witrogen @ 77 K

* Reduced capital costs for & complexity of refrigerition system ¢
Refrigeratiow efficienwcy ~100 fimes

greater tiwm awt 4.2 K * Carnof Ne = Lop P _ i{]{_é
( J., L TM In — |
efficiency Gideal): aml 1 e dt

1 Wieat @ 77 K=28 W
@42 K-68W

* Multiplicatiow fictfor iwcl ciiocooler inefficiency: 20-50 @ 77 K

FEMM Huh Conference 2024, Birminglwim
Supercomiucting electrical wachives
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Advantages only appear over critical, “Dreak-evew” size or ratimg
dwe fo crijogewic system(s)

* (€, the refrigeration pewilty (size, weight, cost) Decomes wegligible ©
Critical’/ “Dreak-even” size reduces with increasivg operating

remperame

TImproved therml properties

o Assumimg Cu stabiliser, specific lieat incremses

o Critical weat flie (mucleate — filin boiliwg) wck igier for 77 K
thaw 4 K

For 2G HTS (RE)BCO, much improved in-frelid critical curvent

dewsity FEMM Hubf Conference 2024, Birminglim
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Supercomiucting electrical wachives
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AMSC sty propulsion mofors

American Swperconductor (wow

AMSC) HTS sty propwlsion
morors

* U.S. Navy wmoviwg fowards all

electric siip systems inclmtimg



propulsion
* Requirements difficlt fo acliieve
usinmg comentional techmology

* 2001-2004: 5 MW / 230 rpm [1]

* 2003-2008: 365 MW / 120 rpm (2]

[1] Switcilér ef al, IEEE Trans. Appl. Superconwd, 15 (2005) 2206-2209
[2] Gamblé ef at, IEEE Trans. Appl. Supercomd, 21 (2011) 1083-1088
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AMSC sty propulsionw mofors A Rotor

(AMSC)
* HTS freld windinmg at 32 K

* BSCCO-2223 (1G) wire

* Heliwm gas cooled,



extermwal criocooler moawle

o EM swielit

Stator (Alsfom.)

» Dielectric oil cooled Litz wire

o Air-gay windimg, won-miagneric
SUPPOYT SETUCIE

FEMM Hub Conference 2024, Birmivglwimy

AMSC ship propwlsion mofors

Rofor inteqrated with stator at
Alstow for fll factory festing
(2003)



* Opernted for 21 towrs at Cewter for
Advanced Power Systems, FSU
(2005)

* Actwieved specified performamce €
] ) 5 MW, 230 rpm HTS motor (Jeft)
power ritimgs wwder full opervting with 2.5 MW fowd wmofor Gight) at

conditions (fll load, fill speed) Alsfom, UK

FEMM Hubf Conference 2024, Birminghiam
AMSC Sﬁip pr OPW[:?FUW * 14:1 forque increase over 5 MW
morors machine * Passed fill power tests By emi
of 2008 ¢ Aclweved specific target of 76

Extemded to 365 MW HTS wmotor elric Fones



A 1/ 3 weiqnt
of traitional copper-Dased propulsion

systems

1/2 size
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EcoSwing wind gewervtor 4 year, EU-fimided

(Horizow 2020) project, ended April” 2019 « Full*scale, ndti- MW
direct-arive superconauctimg wind gewerwtor © Iustall supercomiucting drive frivin
iw existimg wmodern wind turiive in

Denwmark (36 MW, 15 rpm, 128 w rofor)
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EcoSwing wind gewerator General requirements:

* Design accordimg fo IEC61400 Gwind o Twrtiine system weckhanical [omi
turbines) € IEC60034 (rofating Viirations (fore-aft, side-side, roll, wod,
electrical wwchiwery) series yaw)

* 36 MW, 246 £Nm, 690 V, 50 Hz * Restricted space request for



o Iwswlitiow cliwss F

compict design

* Max. femperature 17se cliwss B ¢ * Serviceable wear parts
Temperatwre (extermal) : -20°C « Minimwm 1 year service interval s
+30°C Ligidtwimg profection 1EC61400-24

 Altitwie: 2000 mr
* Humidity: <95%, 100% for 10% of fife

FEMM Huh Conference 2024, Birminglwim

Eco Swing wind gewervtor Stator assemily



Comventiomal stator
assenilly with irow core
Sheers

Form wowmd copper,
wrica iwswlitiow, VP
clwss F

FEMM Hup Conference 2024, Birminglwim

Eco Swing wind gewervtor

Rotor assenilly



THEVA TPL2100 Pro- Liwe wire

12 wom wide, 0.2 wmm thick, G BCO
Now-mgnetic Hastelloy C-276 substrite
1 W silver swrrownd

100 ymr copper stabliser ow HTS side

200 twrws, 500 m wire

Double pawcake, insulited,

potted with commercinl’ A
resinm,

glass-fibre reivforcement

Operviting temperiture <30
K

Comduction-cooled: SHI
Crifogewics criocoolers

FEMM Hub Conference 2024, Birmivglwmy
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Eco Swing wind gewervator Testing
* Gewermtor € power Cowerter
reached targer ramge
* Genermtor successfully fested af
Frawmtiofer IWES (s (growmid A
based festimg) € certified
profotype iwstallition
* 650 rowrs of grid-comnwected
Operation A
* Core fechmwologies showed 57
mowths of stable, reliable

OpErHion
FEMM Huy Conference 2024, Birmingiwim



Ofer efforts A

* Japaw's Super-GM progriom.: 70 MW-cliass supercondwcting gewerwtors
(LTS) * Siemews: 380 CW (1500 rpm) mofor — 4 MVA (3600 rpm)
gewerwtor — 4 MW (30-190 rpm) ship mofor

* Sumitomo Electric: 30 KW mofor for electric passemger car © Comverteam:
17 MW (214 rpm) lydroelectric power Gewerator .. wnd more!

SIEMENS



SUMITOMO CONVERTEAM FEMM Hup
Cownference 2024, Birminghwim



michine performance

A

Bulk swpercomfm*fars

Buls caw he wtilised iv wnichiwes in
thiree winys A

* Fl siieldimg (reluctance)

 Hux pivnwing (Iysteresis)
A laye,

* Flux trapping @rapped flux)
ppiny @ripped single graim Dulk supercondwctor

Mosf benefit fo power dewsity &

FEMM Hup Conference 2024, Birminglwim



Trapped flux mofor A

Bl HTS supercomiwctors can “triy’
lerize magwetic frelds s17 T

o Actieved Dy ‘pivwimyg’ penefrited A
mgwetic field (quantised flux lives) —
mwicroscopic electrical curvent

 Mugwetisation incremses with sample

volime Typical trapped magnefic field profile of w
Ol superconductor
* Trapped field givew by By, = ko R

A

WWEIE
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Tripped flux motor

Rewdivl-type bwlk mwichive



Axiil-type Bk mwichive

[Cooms ef al, Uwiversity of Cambridge]
[Comtesy of M. Tzwmi, TUMSAT]

FEMM Huh Conference 2024, Birminglwim

MW Weriswtion Qf oulks o Impractical for
applications/ Wevices » PFM

Thiee mgwetisation fechmigues A
Field coolimg (FC)
* Zero fielif coolimg (ZFC) ZFC FC

* Pulsed freld wmagwetisation (PFM)

To trap By, weed fo apply 2 By, *
FC amid ZFC require large wmagnetisimg

COilS + time
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A

Pulsed freld wwignetisation PFM

fechwigue : compact, mobile, relatively imexpensive  Stored ewery



i capacitor Dank disclivged tlrowgh copper wiagnetising coil + pulSe
waveform cowtrol with 1G BT switching
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A

Pulsed freld wagnetisation PFM
fechwigue : compact, mobile, relatively imexpewsive  Stored ewery
i capacitor bawk disclianged fliiromgh copper wigwetisimg coil + pulSe
waveform cowtrol with 1G BT switching

Issues: By, [PEM] < By, [quasi-static]
* Tempervture rise AT due fo rapid movemewt of mwagnetic flux

Thwermal fimve constant >> electronmmmetic fime constant (HTS)

Record PFM frapped field: 52 T @ 29 K



* 45 waw diameter Ga- Ba-Ciw-O | Fujiswiro ef al, Piysica C (2006) | ¢

Recordt trmpped Jielit Grmisi-sttic magwerisation): 176 T @ 26 K (2x 25
e i G-y G- O) D rel] ef . 2014 Swpercomit,. Scv. Techinol FEMM
Huti' Conference 2024, Birminghwim

Pulsed freld wwignetisation A My

conwsiderations!
* Pulse magnitwie, pwlse dwration, femperatuwre(s), wwmber of pulses,

type of magnetisimg coil(s), use of ferromgwetic wmiaterials * Dywamics
of mwwgwetic flux awrimg PEM process
Promisivg roufes for magnetisation.

o Multi-pulse, step-wise coolimg (M PSC) feclmiques



* Usimyg ferrommagnetic wwterinls fo siwipe & ewlince frapped frelds ¢
Waveform-cowtrol PFM

Offers aw in-sitw magnetisation wethod for rofating wwichines!

FEMM Hub Conference 2024, Birmiwghiom

. Cryogen from stafic comdewser fo
Trapped flic motor Boge
rofatiwg rofor plite with bulks © Allows

Stator coils pulse-magmetise hilks cooling of bulks fo suh-40 K
Dl pwrpose : wwgwetisation + ammiture A
* Cooled with liqwid N,

Closed-cycle weow thermosyphow

system with crijo-rotary joivt ©



Axiil-type Dk wichine [Comrtesy of M. Tzumi,
TUMSAT]

FEMM Huy Conference 2024, Birminglwim

Futwre outlook € cluwllenges A

* Siquificant body of work — 2G HTS (RE)BCO coated comtuctor, My B, *
Mosft designs liave focused ow isolated, crifoqenic 1ofor + comvewtiowal stator

o Low AC /oss cominctor immid / or improvesd winiding / michine Hesign ®
AN-cryogenic / il l-Supercommciimg soImions with nmpeceqemen power



HENSITIES COMIT VE TEMIISER
o Will rednce complexity, improve 1eimpiliny
* Cost still’ w wwjor isswe as idewtified Dy large-scale projects ¢

Development of wanerical models

 Neew cost- € HIme-EJJECHVE Hesin €7 Opimismtion fools
o Highlyy womnlinesn sSuperconanciing ProyeIvies, e aspecy 1o or misten’
ITTTIITIHEITITT Y WITES IAKE VIE AiTTIcmir

FEMM Hwui Conference 2024, Birminglwim

Futwre owflook & cillenges
* Approprivite infistructure € Kwowledie required, for limge-scale mawufacture

SUPEITCOMTICITIG IITTEITIIS, SPECHITISE COl Witiling €7 CIYOGEHIC / WIICIIIN SYSIEMS WEEW
70 D€ mitilidle on iw iminsaiinl 1evel

o Cicooler + criostt techmoloqy

o LIficiency, relinbility, cost. IEmmmimncy, COmPIERE ENINEEITII SOIRON TETERN



Budt-vised nwichines

* Lanjer diameter samples (imited fo ~50-60 mm dimefer) — larger field poles
Mouagnetisation feclmigues
o Improved in-sitw PEM — 5-7 T trmpped fieins
* Muagnefic field stability + demagnetisation
o Thme-mmying JIEIHS it TEa] Machine EMITONNENTS — HENTHETSITON? ®
Mectwwical properties of bulks + mechanical desigw of wiaclines  Limiting
Jactor for gl freli mppliciitions (7-9 1) Gitiile cermmmcs

FEMM Huty Conference 2024, Birmiwqinm

A

Electric aircrift

AIRBUS UpN ext ASCEND
Advawced Supercomiwctivg amid
A Cryjogenic Experimental
powertrai N Demowsiritor



Next stwge: CRYOPROP project

FEMM Hwuh Conference 2024, Birminglwim



niirKaiwslie @Kcliacuk
Kclpure Kcliacuk/ portal/ en/ persons/ warkminslie

www linwkediv.com/ in/ aiwslienwink,

Recommended further reading

Superconducting mwichimes Gw general)



* C.C Chow, M.D. Ainslie & K.T. Clwm, “ High femperature  supercomiucting
rofatimg electrical wchines: aw overview,” Ewery Rep. 9 (2023)
1124-1156 [ DOI: 10.1016/ jequr2022.11.173 |

* K S Haran ef wt, “ Hisgh power density swpercowducting machives -
development status and techmology roadmay,” Spercomd, Scv. Techinol, 30
(2017) 123002 [ DOI: 10.1088/1361-6668/ mi833¢ |

* J. R Bumiby, “ Supercowducting rofatimg electric machines (monographs iw
electrical and electrowic emgiveering),” Oxford: Claremdonw Press (1983)
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Recommended further reading

Bl supercomdwcting mchines



* M.D. Ainslie & M. Filipenko, “Ultra-light superconducting rofating machines
Jor wext genweration frawsport € power applications,” in “ Bulk supercondwctors:
a roadwap fo applications,” Swpercomi, Scv, Teciol 31 (2018) 103501 [ DOI:
10.1088/1361-6668/ and7ce |

* Y. Zinwmg e at, ” Melt-growtl bulk supercomiuctors and application fo an
axil-gap-type rofatimg wwcliime,” Sipercomd. Scr, Techol 29 (2016) 044005
[DOI: 10.1088/0953-2048/29/4/ 044005 |

* D. Ziow er at, “An overview of rofatimg wiichiiwe systems with i femperwture
bl supercowdctors,” Swpercomd. Scv. Techiol 25 (2012) 103001 [DOL
10.1088/0953-2048/25/10/103001 ]
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