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Abstract

To combat the effects of climate change, mc
f osdsuieglihg t owards green €hesgprsovcassleadctd iyi uin
in the aeroJpacedemaddstfrefrenmer engpbwar as

manufacturers |l ook to i ncr eafsoer tuhsee cianp apbriad |
applicati omlsecwirtih®@enaeanltclr advances and reseec
electrificaigprreadldioavl tfhlaux per mauwe nma enlaigm e 4
have the potential to power small electric

consi déeriignpgeneadher e of this type of motor to

forceactipah the rotating assembly, which is
and inter fabehaiancfradtdswe sr ot or component s’ S
def ormatitons also prone to vibrational f e

resonance.

Thi s thesi s wi | | first review t he&l escttrruicct u

machine topol ogiael®r iasmfdl ya Aechelodietvehke e tsautra ent



of haeretl ectri ¢ machines used i n aernwmspaoiadEf
background on what ttpeewars dcean sitthyi wgadoivwde rsnse e
mot ofrhda.s thesis detail s tshpee eddeiwgeng hpraald ead s
per manent magnet propul 6 Mohadma&)0i, els® 0 RTPhve
kW moTlme features and mechaonfi cMdtwaddelsA pe C

t horoughlThe xpd wared . mot or is a 20,000 RPM

t hesiThhe second motor (Motor B) iwi lilt sonalnyalcy
dutteots significance in determining the pow
modes, such as magnet rete®@pitomi atl anei ar
express goal of this motor, but rather a d
uponmddhleame £iaggn usriensgulgaschoas critical spee
strain enertgye sdenssittrya, i n, def arnmdatfi @mrng e nroa
Eval uat iroont ad fi ntgdh esssi sgenmbalnyd possi bl e i mprove
summari zed in the conclusions.
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Chapté&helAnsroducti on

1. TihheMosi vati on

Cli mate changecmhiatsi eaner gleabals @ahal |l enge, w
and sustainability ce®noduarsd bplhd ,Nnsgds,i ngnd
have beemcrredweamtteo cl i mate change avnid nega

greenhouse Naseeewabli ensesources are projecf
the nexAscaentmsedtt ments in green energy tec
gradual ly i ncwietahs itnhge cenapcthe hyeelatro r e ea c®eu d o s

induy i skRpeir ntghnics figr edarmst er d wya@alnwstpioant ati on i

Accordingpteogbhler nment al PREEN he nt rCd n snad ret
industry contglidualedgrteoeniMau sedii ghs pemimas i o1
carbon dioxide, meitrhaZn@]®rared emnciotnroaoru se so, x ihdoew
a distinct carwher & ososapttrasingic hp racf,dlo@ains ptoe t &

t hpel urafl i @ giAscscioorndsi bW §E ntvoi rt@keme n ttAgteinacry, ( EPA)

1
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in 2 heSt ransport apgricodd &endiifao et cyanbopnpdosdi oxi C
emi ss§ i2Zdhen compared t o aogtrhiecruhsauesiegr s esudlen
commerci al, andt rpaorwep o rgteanteiroant i iomn t he most

greenhousg3gmi ssions

The transporpabjenteddust gyoiwvgdBy gtnhifsh etainmd
tot al wortl davn o Irtoeatdg o nf r ei ght , passenger
busiess proj ectrad Iticonbenidd@ ss mwntnaianalnydh i asd ddreensas
environment al concerns, | ar g et ocwhaarndgse s g raereer
technol ogi es.crlehit vao urod ealssucs t a.i nTahbilse caannd
c 0 mp abry@e ltdWh e € W2 VW) f f i cainednacryb o n edmi oSxsMV@&N s
efficiency is a measure of the totalheeffic
procur ement of the energy source through
dri vetrai n eonfditnhgevhad eChushcel eerhtel yUS anvaet 8§ aodgnea il
internal comvawt edhi engmmesa@mihdouse gas emi
approximately 15% andllhblco0@rlalds gctospaviti:
chargadr dyewaklecénecgyy grid, twhe hWawnefaf
car bon edniocssnifden3 780 A bsecent yeBartst# retchter i scal
Vehicles P(uBgBHY )y Bl e c Vahiccl es ( FHE®&E,ecamd c
Vehicl es h@kWg@EoWsn) s ubst anatgiralwiyn,g sihnotweirnegs t i

sustainabl e vehilcle infrastructure
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I f el ectrifi aggi e mppiadcietmesgsi etsr aanr sepno rtthaet inoena |
fut,e@miessi on rates can obewdseitigordyrd n tcdatnd K gyd & se d |
for mitigati nAgddciltiinoantael leyhamedectri fied powe
have M2§wefi cTlhercedloact,ri fication has becol
achieving aggr es stiavreg eetnsi sfso roens gr segdiluests L yotwri it ens
extehsameportatiomsuictinf aas tICiwhatduermaen d atdh e el $ ¢
rail have salgreiafdiyciadnede i n el ect ont yc ateicem,t |

embamohkiehd s transformati on.

Al r Transportat i AGHy epotriten t@Gradumv(i AT i on acc
annual COgd 49mh e s iforacpno rtthse I nt er nati onal Air
(ATAIi ndi c amtie htoluat ankgceuchreemgess,ndtiet oy whel o
mo reemi sssiiom t he ,inrexrte adkémrbgd gteanb a &itonist s cur r
growt.Whigdtrs#shows that aviation is among the
transportatwhen Bmi mal bfadmn g e 6 MiaFdieared or e, i
i mperative that electrification quickly ac

targets.
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Eurostar (high-speed rail) §
Coach
Domestic Rail
Car (4 passengers) 43
Bus
Car (1 passenger) [ NNNNEENETR
Long haul flight 93
Domestic flight 121
B CO2 emissions Secondary effects from high altitude, non-CO2 emissions
Fiug e:Nlb.rilma U Bczaerdb o n ednii s pieder sni | | i on[ 5nji | es t r a

Comparcetdhetro sectors ofl itghatmyglpiockt as i andsuahl
has not yetwi eep@dreicenchcod o gi c al advancement
Ther enfoorree,concerted efforts ardnbdisagcimade
asonveaitricnrga f MEb e eAirrica af),de 6 MBAidn ¢gwed malgl
battery elsacacxtiras&aadAs miadrtafdr (dP\EA $ glralt% ng

el e ptrroipaiil liEb a cAirricaqr AEMm)rceur rent shifts and

electrification in the aerospace industry.

PEAs are designed for -hi piemalonpasa@amgeranca

flying taxis. The smal/l size of PEAs reduc
when compaveradgmadcdasnenger aircraft, all owing
a fully el etheEAlnpowat itvhae nrnevpo lavceesment of p

hydraul i c coropcenereti® cwiethleT hmeagephri ocnaeagh ptl oy

propul si on aMprehe&l ot mi MER® ghamEh a(VMEtH)ee n

4
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focus of recent esecadmralsooati cdxciet g od i MMEAI
appraecagheat!| y trhieniwrmeizgeht of the aircraft,
Subsystems such aangnmembanccahydyauéems, i
oft hese sy dtoevmsf,or theveoaefracmd sei mpl i fy con
mai nt drodicdSarhei plowemgi nesst amat acepaear ati on frc
mot oracehnupv&8O® okiWout putwipdhweasreimeoff i ela¢ ¢ ton o
power[taTaiirs itnitent @égs ati on dfybel eenecbanc cmat r

dr i &efduyel and oil pumps

Currentl yBoAianguseasdwaWMéngd PEdd Aiirgduwsani ng
to devel opf iteleed owemli &9 on MBéAebyg EOS8SO I iqch i
Ver t imakaef f hanrdd i n g (EVTOL)aspcotees¥ypk exampl
comme PERaI] 221 NASAc alnlda WGaxr amoaxdk MW hybr i d
el e ptrroipawwrhasd dfinmre a s pagbeaeangeasdldht ph ehearnd ,
devel apiErAglange coaime b Bbachdn a . AEA&k| emig@h Irye

powekdeasel ectrieumpoht nascompl etely electric

Mc Master Automoti VEAREBS OCGU L EEe Cteingt aecteis@emr ah
pr opumoctsfomr aut omoti ve andSaocamea osxamped easp pil n «
hiplbbwexi aPefmarent MagmM™Mact hbGpERENydNagpeed

radi aSurfflaacxe Per manent Magnet Fé6ymoctbmopous N
attempt t lopeciveart pad e enpovgelalsys engewh iadthrharsaf t |

nextf et e@aer os p a cbee yeolnedc t ME A SiT ¢eantsdl dRMEeAssi uss  woinl |
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exploring the nehcebamait ¢ algo fld s 45 Hi® Mpaefmo t o r

design wil |l a0 fmhagra epxooneeerd dsetnastiete i es t o pr on
of aerospace .pnapuybssowinimbebesé mg,spawecrt ud ean
performance unde,r anydh amad ccht b eanr@aplt yosoinss o | i n g
be considered for a basic ther malMoamal ysi

optimization will not be conducted for thi

1. TZhesi s Contri buti ons

One ogfoslfhet hi s thesis is to provide a revie
t he aerospace i ndustry ast oapoglooagi € so,a najrrceheint

aeroappte cati ons of electric machines wil/l

Th@r i maersye arocfh tghoiiass tt hhees id® aliogaitshned r ot at i ng
ofa nBwMW maocgésing, the design mé&tOhskdmpodbegy u
aer ognuwaodrevel opedTlhae MARELO Heisd 6t d heaxpl ore t |
process and provide direction on how to |
desi gner 0SsThpee rsstpaetcotri vaes s eimislcy sseesdn dtutwi t hi it

scope of this thesis.
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1. T3he®usl& NSeu mmar y

Chaptexpllahes mosbelmitrhddn develhoipgriewert eocft ri c

machi nes etloe catdrviafnicceati on i n the aerospace i

Chaptiemrt roaluicteesr at ur exaemienex t t hat machine a
commoal eat r i Mo taderpcodwaoifgkile b e .Feoxcpul sa iwnieldl be pl
PMSMsuch as the diffoemadicals b lea mnwseusn e calaben @dr
interior mafgnevovemahinesew of motors wused
provided al ong wi t h i nditvh éiufaflen ea srecst otru d

specifications.

Chaptiert r dadnu ceexsmomipp b &l e s i g n a tAedd Aaxsp | faMoattoiron o |
mat eri al s, preercfthoamhmeamgmor anodh.ICy | dfecaraea e d

MWmot,ordesi gnat edwi bk B &Moftired ladé&sii gend of Mot or

Chapeaecosmpahsesebkani calstdasit@an wadotso mmdB &aGs i ng

assembly, which imatl ard epdndihgg mett 0,r rsentaditni r
anbdear.i ANSYS wi pér ber apshaydsmtuddst ist r,u cdteu rear Imi anne
strai ndemsdmgye r f omond aa atnoa | ¢y stiesirgrei mfersequenc

Addi t itohnealclryi,t i cal speed will be calcul ated

Chaptcemclwa adhss ummar y o fs utghgee stthieosmiest kaonrd f ut u



Chapter -Sp:eeHli °Prer manen
Magnet E{LEPM)ri c Propul

Machi nes

Thi s cfhoacputseersu scen otfhevari ous el ectria@&ndmachi
topoliomih@®r ospaceAiirmdwadttryel ectrification
architeetl erce gi-ecladdhtybrci,d afdthet cichometleeyst ri c
explaining the vaavaubambehbnd tmpbhdbgiag t
eaclth.e chapt evi thevwaic ¢ wdedst hadra setlaetcea ri ¢ machi
aerospace. plrOo psilgniofni cant companies in the

el ectrwiflilcabe oanx ami ned eaitacsharlioye, u gatnsde wdck.i r

The most widely used ifschgems of uabiFTlte agogipmef

electrificationmacschitme snotviea ta vaengd Yyt roonmg Hfdogs s i
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efficient electric motors that cVWhni |bke tfhweel
cur r e rtht heetbtattet ery it ®chsuplpmgyt wi despalelad ad
el eatrrcihe teedcctaurceesment s i n powehadawen s iptrso girre st
under way f erl etdhtbgAasicrd r €Ves ©lwkeh ¥ belisdct ri ¢ commi

air¢cmomahtit commer®ORADF 4]Ji abi |l ity by

Thcbhawi édt define motors basedaod pbwer mack,j
Lowpereadfteg mpeeds35061 Rmdldi umrepteedspeeds bet
3500 2pd00 RPM,s paered bipkhe# 8, 06 &a nRIP MMbootvoer. s

canclhadasbrg high podvexbdtie W power (greate

medium pdbwerkWLP and | ow power (less than

21El ectri c Al rcraft Archi't

Ther 8maitppelseofriec aprcdip udelelt @gheysbied dct and

t ur b oeHuerctthrehrgnbeeried ctami e subdudi deidt e @ath@dr e s
turboeclaenctihbhbe c subds wddirdcehdi tiEle® @ vdrsc hi taerced ur es
pi ct ul gdlr.ielmalr e | liaddlleacstarsiice sp aaryadlirli epl,a rhtyi barli d

par aslelreile,sp pralryalhdlied, f ulalnplbut bakl §dfbbel ect

Architectur easyaste mptrieasiepddorfiT mot or s, gene
turboshaftsEl eodr t cgelm®d amisc am&achi nes capabl

by both batterA elsatamedr y@leimsetrrait ®«r sower sourc
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drieéectri dGemet atr @ar segpaismweina ¢ ut i nto el ectr

Turboshafts are Gesedmbobdbogsesnendt bapoweli es,

f

or

T

1

propul sion purposes by consuming fuel

Aldl esctyrsitssomise bptu®e i es t o powermn anrefatt
mot.Dheyn someti mes incorple ateggededode
torque, but typicallcy powley traliyw dorampre
Hybeil @scstystems ustogaprbpubsnes ,vamidl ebatt
al so reserving batteries for propul sion
o Parall el hgybuptdesoyvweteamsb ahabat + er y
poweelkédctric motor, all owing propul s
sources
0 Serhylsr i d usysaise wetr ierdb o sdhra fvte tao gener at
in combination with a battery, dri ve:
0 The series/ parsyglsiuslmnsp d hteied lurhdiecotd aarng e o
the batpgreaoviede opmnopcwlnsbiionm@ o Wentgh i t h
el ectric magtemres attlorough a
o The partial paacarhpledt éhlyyors aep asryasttean t |
the electric drive, where propul si on
turbofan with a connected generator.
Turboelectypccapbpemsebane connected to

apr opuellseicvterwict hdoruitvet he need for any batt

10
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o Fu

pr

el

oIl n

w h

ge

fr

pr

s u

lur bo e lseycsttikiomsot sanpatteoi eds rectly (
opudrsd oinnsd etaudrthosfe@mrgieneer at or conne
eaetort ioc gr a dhlace .propul si on

a partial turboelectric system, (
il e a -pawetedbinanea provid8&sndcdet her
nerator i s not mechanically coupl e
eedampamnkagi ng of the components

opul si.orPagydtad mt usabaewed tecmir avaehl |lkey sa re

itedited for distributed propul sio
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(e)
Fiug e : Rl. dcd micas atdot c hi t & Jatlallreecst re@)cihg ®r i d, c)
tur boelectric, d) partial turboelectric, e)

partiall7Zlhybrid

Architectures can be applieddi wt de sprra puwlt sei

t hriunstto mul ttigplrree dwde un i s e, reducaef ft hend eq

12
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l andi ng, and enhance speci fic fuel 8Jconsu
Di stributed propuseviemgliusasltl lyati nmhey rlad edi f

't has potfeorn iaa@plividecasbcioiatsy EVTOLs a[n&l] super

Aircraft size dictates the feasi.Ciulrirtentdify,
tur boedysttantsh earhei ghersetg aptthiemgdéyel opment 0
propul si on[ @Q wrhri eyebcitiyugr lellsneds ty rsit @ msr eaardey ntoot b e
widely i nmpuenentteldle | ack of dappesipye diefeihcn o
power regegredalf ocommeéer cisalesai mat &fdt t hat t
energy density -Mo0ull dWhi/ek ga,t wheiacsht i80Omuch gr
advancednle®0t0 oWNh/ KD7THaREAG3I D el smommat er aircr
t hese aracdultfdectsi hdrmomdtuéne udle tapproved by t
within theThextsa®dhe ysatsue for other devel
supercondu,ctfiwmgl owdloldgs,gilEaimdIltohneg AtEAArsm,wi | | b €
' imited tossmal lasaisrn ;mirgd fetaiar srl st iwlmédn o erleega torn

archiwektt ube nfoareerH eragri afl te

22E|l ecMachcTogol ogi es

Fomosatr chitedther eno s tAl wed&€hwn eamge d(cAQ)i ¢ machi
can be divideadpiornReg inaktaeapetMatcah infPéids ) nduct i ot

Machi(né/s JomidtReh uc Maalc i¢ BRNONI | mot osr csamrsuicst tu
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of a rotor, stat orrot aatndds gweinnedriantgess. rTahdei arlo tfoor
i nteractionandai wihn dlilheeg stt aatt mondrsy and. house:
The windings aartee rmeagguniatreidic ttfloaurscrerssot atni on of
expl odebdowi ey sttres chiaalistiec8 o tsp slhBbogvina H2m | o w.

Stator Winding Permanent
| magnets
‘ Rotor

Stator Winding Rotor bars

Rotor

Staltor Winding Rotor

(c)

Fiug2e.Rxpl ode d wieap Mdfiic IbNh n dS RN 9 ]

14
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PMMese magnets onan hiendegenddrt cg ®@lithmes of r
c arne s wleth yignh t cerfgfueciaenndcy, which are key des
and aerospatéThepimagateit sn < an boeu tpalrafceade omr
i nteri or.HofwetvielMsarr@tMoerx p e n sdiuvee ttoo tchree antiegh ¢
eart hsmethalasi mne oadnyd dywbrobBi ame extremely ¢
and proaedistCihomal Ipyr,oduces 76% of praircee eart
fluctuati ons taomdt @ micaleasear adiutey bectohnee si g
future devel opnlenets eo fma theersiea Ineo taorres laalrsgoe rv e r

contribution t,oohté i suipviaGda ddmo wmtiref) 6.0 |

| Martehfei r st wACGhewmpaoclraadnous mac limipmpd i ussadcdh oinrs
ad haut omobhdustirMs ar e -dogtu & &ahlbayc kl oowf per ma.l
magniehst eardo tuocsri nlga-c as f r alow chicw pm @ rmoawinded | ¢
inductwwiuosme [rDlttorhesd aseling capabilities, w h
vari ety ofanadpplciadbameivemar ed t o oMsh esruftfoepro Iforg
| ower efficiency ,duand os diliuthi ornost otrh alto sisnecsr

copper rotor bars or i mpl emeamtcirtebpesvear cabt e

SRMsack pearamganceamnst ot or Tdenducoboassracsiabneaor
pol e | @amiachommtrecd ncent r atae ds iwnmlda nsgasl,i eemtd p ol
An S®Mer ates pheseiby nghmsateh gihtkabseepoodec e s

a magfnled xpcd hettrhaet eesot or andsi ndhet ewntwot talh e o
tixmbangaguget|j 8g9RMselhdave a | ow camsdampempaeab

efficiireinglpgaemnddi ¢ le mpercatndrn ¢ icams |leuwte aef i
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torgqgueatoult pwer speedsripadeusadinsad,l yand oviqlut
arveekhopwnobl emSRMprir ddhiid ke sessues can be mit.i

more precise cont woldel R Msnph apmeoniueEtds ibcere na p p

Foaerospace prop,umosgmbhi amabaoeat detnse tmngo satr e
significant s[dg&]4d.0dhrer ec®yods=t,ave t he most ¢ omme
synchrmorntooaser os pace Vdhpepnl iccoamip aornesd. t bi ot der

i mfab2eRMMs offer high egfgdweri kedearygsiotryhuieghrghp pl
l evel odnmowhirch are suitpdlfwhi Iteh elsMs aaprpel i:
commamd much chMapedeuetthant P& | ack of, expen:
they are not ideal formipghepddpoaienly faippil @ tay
requi rements, so they afectnroirce drseifnviiebsn a mc

Pefror manompatrbiesavreahot Bement i oake otwifip@ RRa i e s
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Tab2l.el Comparison of diffédée¢nt AC motor topc
Topol gAdvant ages Di sadvant ages
T High Speed
T Simple Constr|Y High rotor | ofg
l nductlf High torque t|Yf Less potenti al
Machine High torque df Low poeesity
T Low cost T Lower average
1T Developed I nd
. ) 1T Demagneti zati g
T Highest effic
_ temperatures
f Highest toraqu _ _
Per man _ T Requiresemagheg
T Highest torqu _
Magnet T High Il ron | os§g
. |Y Easy to contr .
Mac hi n T High cost
T Low rotor | os _ '
. T Excitation dur
1T Developed ind
faults
. T Acoustic noi se
T High speed
. T Compl ex contrg
SwitchY Simple constr .
_ S T Small air gap
Reluct/f High efficien _ _
. T Hi gwh ndage | os
Maching Low cost
_ T Lower efficien
T Higrempeoptunt
T Large torque r
Additionall vy, the current reqguirements for
in TabBbhbhé&e2it evident that the required pow
exampl e, a single aisle AEA requires up toc
power [deh3$heymost ef haan i meett otplod Dggyneeds a

ne-foutsutreet e

p§

t he
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Torque and Efficiency vs Machine Topology

E Torque m Efficiency

2000 99.5
. 29 ~
£ 1500 085S
< o8 3
® 1000 <
g 97.5 :g
£ 500 97 1
. 96.5
0 96
PMSM IM SRM
Topology

Figur@omRpaoifsomachi ne topol ogi ¢s1.0iln aer ospac

Tab2@2 Aircraft Propul §i7pn Mot or Requirement

El ectric PowlBens
Type of _ Power Rat
Architec ( k W/ Kk ¢
Par al l el Mot o0-6 : >3
Regi onal Aldl ectr Mot ot1l >6. 5
Ai sl e Mot or3 i
Tur boel e >6. 5
Gener dtlo
Par all el Mot or < >3
Gener al Aldl ectr Mot or < >6. 5
and ¢ omr Mot or <
Tur boel e >6. 5
Gener at ¢
Turboel e Mot o r3 ] 10
TwirAn s | ¢ Par all el Not avai -
Aldl ectr Not avai -

18
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23Per manentMaMahginneet Conf i gul

PMMs afnur bkedi vi ded i nto atxomdl| ddiuexs .anAdd driatdi
magnoent sr adi al dd rupxlb ®waecdhtthheers i g werrfi mace of t he
For this thesis, the most common aerospace

expl or ed :8a hrda du tabPl MMzl eudx

Radi al flux el ectric marchalnmestarev erxyt riemed
axi al fl ux machiereens impyve meat et liyn tracti o
aut ompit o veAsxsii @In. f | ucxa nmabceh iindeesnt i f i eads kyh et he
wi der aspect ratio i s r e[qludmwmalg ntot usgu ptproarvte |
acrasfsl at anpnhbktnsetaantrogrh lpaarck ri atodrn d,r saklg al

flux macédi mese i ny lsimighee cfallux path mungapcr c

[ 1.2] basic representation of a radial flux

7N\ [EEET
&AW,

e

AN

RADIAL AIRGAP

7

AXIAL AIRGAP

D
J.

(a)

Figure 2.4: a) Bgdi2¢bYy aBasicfapixalmafchux ema
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Radfilabx machines can be arranged i n[ 3]t h ex
Whil e exterior rotor motor ssicrlng ipreodv e dieohi
rotor convWatgjeack®adlonsg can oex gl ueel wvikntge gtrhaet
st abtacérk omsul ting i n Wwdrddge as traetsouelft,io otiheenm gfyi r
annt eoxtioorr i graahahl an exterior r otpeirnagvhi | e
at higher atnampddarragteBxearesratoocor machines are |
maxi mum speed when croarntpaarr efialcBhyi tntehsé or ntr ® it 0 «
more commonly used, eaxmpdrmadrse rharsudheaatnaeiotfg

t heir wi des pArne aadk apnopd el aorfi ttyhies o wnFb gikl.enf i g u

Rotor back-iron

External PMs

|

Internal PMs

(a) (b)

Fi gabaefxterioonfriogfun@&nitien i conif 0 glok.&AJt i on

Il n coaxtiralstf,l ux machines ar lo-oeleidgcloorngruoen |
tracamaonpr oappupllsiidoahtdilloenys t gpewaddkey than radi
machi nes buts hwiatxle ma Tihacsly tchoonp i gquirdée s oa conm
structhaae ohitgphut.t orgmev elhnhvme olpew enfefi ggdhitti,v e
ventilation for statoeor awdndiheg possliibndg, t:

mot ors due t o tnhaek es hiotr dd pxa maal le aloesnpgat che and ¢

20
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appl i ddtdijminer t unatel vy, a xn adtl o mimlo uhxi grpaecehdi ne s

operation and can be difficult to assembl e

Someewer iteigpnoclldugdaen sver se (FITRMsn) do Wowusd Fie
Synchronous MdJtFMisav é WEEMs) ar di mensions to
di fifnert he desagaoar dqWwidnfdesgead of winding cop

stator teethci TEMsmfiemphéeé mabbtupdwo hedacoisl of

doing so, this creates a flux path axially
rotor, and radialBleynef ht s ugohf tthhe saicrognafp .g ut
efficiency and torque at | ower speeds, | ow
compared to gxlidldweWw durx,y snomores compl i cated

| ower pot emtdi ahli gpho weeprd, dMFSaMtsue aai smodi fi ed r
mac hi npaetshDaitr e c t Cutrirrecdugh( DtCHe exci tati on

magnetj tFhieemdin benefit of WFSMsmaogvneert ioct h
field csameeinegndlyi f i ed by i mm@ndt uteidé m intgh @ rh et h an
complicat edmebhsoulcshc oanst rfoilpl. 8 hewgakani ag so be
t loweveexcittheeti on wiadgerg L gp@alabhy ewes ulpto
density and efficienchowedwear ,c otmpdy ealrsa dc @M
genesg aitmraer osp &c eslpacepdSMes ataondeu plega@ st | vy

turbimedbhei rhhgsse@asWhieWdngi ent poin® gener

Desigonesas|l mectbopol myiseasng si zi,ngwhe gquna trieolnast

el ectromagnetic torque wnei tebfefdmateort sl edregtehr
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t he mat grlidahigse nussiead qhugat itohnes pfoama d i arfa cehli inxe

(BDanmdowerawi abmat h(ubkaer e |l Bqsutaetdlo e @ 1,6 Jwher e

T m is thepmamder of

T mi s the phadbes off each stator,

T 0is the ,emf factor

T 0is the current waveform factor,

T 0Ois etlheect ri cal power waveform factor,

T -is the machine efficiency,

T 6is the air gap flux density,

T 6is the tot al el ectrical |l oading of the
T Qs the converter frequency,

T nis the number of pole pairs

T Oi s the diaunedrers wrff adcde of t he machi ne

T 0Ois the effective stack |l ength of the m
T _ i s rtahtei o of the di amdtoert heef dtiaemed iemr g aof
surface of the radial flux machine

T _i s t hoef rtahtei oo nner di ameter to the outer

s P O B

0 ——=-uVUuvu-00+_0OU (2.

a ¢ n
d“,,, "““Q p _ .
O —=vuvuv-o00t-tp _ ——0O (2.
a q n C
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When maintainingi @punasttdaaind 22 ef powieennb$ an

machine bywcrlkeasesbe of the powter odi amertaedri,

machine increases with the product of the
However, t he _damad)eatreer nroat ii mesaes(usraentdeTiha asy
nonl icoenprari dopsndaessasult in higher power

topol ogy owhednitahmee t etrh ernd . Wheenrgt chi vair dei negg utah ¢
rati ngnobhyolt hme obtain tHerpodoweargade stoiafolr sx

are more poweresbkadsrees owphtaixnealls hffoders x [ A.Ohf i gu
Overwhill,e the dimensions and asupeaendtefemat i os
mot ors apespevebhagt adciqrueaate dri ve, short shaf
axi al fl ux macoiveke atslkeam rad imolrHed Waiwkamiaa hi n
flux machines arespgagdabhteteroft haud &it®@g0 F
combi natoiweotl fsses nfarrem ottloand | ower centrif
all owbmghi gher ptehmid¢ s udsti anli hsamge epdoswer adeabki tly

ma ¢ h[i InGe]

Radf aux topology can be further diovni dtende b a
rot or .sfthreu cttwonaemhde mef i gur @ai oamace aPer manent
( SPMhdnt eri or MP@ems entd hAN ) SRMttoypi cal | Wwigéaquir
strengtelve tmagredtas non htéhldearrogteog a s ua lf lacves f o
magnetic flux density without causdiareg tsoi gn

t hsei |l i con | d mipmathe dnhbnaadi¢ a2 e eddy current | o
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Al ternat iPMeleynbeds t he ma gonaestksp tmsiethinhi inc ht hcea n
complicate the el exzndomagihb@gihc spteridffngal f
damage the mpy.hPMsacn bcroindcggeag nat ect hkeux gene
the maognatthi eve hi gh[ 1ad |irT hga pnafglmexostdescntss daybs
the rotoonback tare meidnufin@masetdr,e s & ehei @atn d

demagnebebkadwld@h [RIINI PMs are tapgbéeeopér ai g
arlei mited in performancetibhyedtheli ¢, Mootsgeres ical
t hat elmprdgagldaPhey are alads @emrusa agintpeamloe: o r

core [[bEjsecbonfi guomes owi th advantagdsorand ¢
aerospace application$avaobhreespPRRrMhiicdhdedur a

oper.ation

Folmi pbowenhlli glpemalchi nes sl aerval tagmotr edteai ns &
magnaed st he el ectri cahli gho neddudcyt i.cihrit dyesrltheialcdése ste
sl eeve results i n,heodnesrs iedau it Joanl ematg nett rse sns €
more difficutlhte maadmaln iechaalt tay omyeagirdetbh ec af f e c
whi ch icompuatiodt or p e.rTfhoerr ned mocreef, i baeertceamr tbiooan s | e ¢
typipgraéefgsretie high tendilbeeasdtsr etnog tah roefd uccat
required sl eeve thickness. The wuse of car b
t o its poor el.dHotwreivaera |, | RMndoaoafigutation e
di ssipation i spaeie&rifd rcmeam clseuaad viach PHGE qu @

typical ltyhaaoheeéaPpMst o t he o mi ssslieoenv eo.f, HioRdovnepr ¢

rotor stresstrcoaeatséehai bt 8 dgese ntahganterbsoiltdt Iteh e
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and prong ¢9opésap chdud s 00t0 0 WRRBlent r i f wgal f or
excéeNf or small 1.8pmbs oeshi bit increased fl ux
core saturation, potentially compr mB$i ng
Examplfed he c oanrpa g tiuna eFdioghusr e 2. 6.

/ Retaining sleeve

Rotor back-iron

Magnets

Rotor Shaft
(a) (b)
Fiug e:a2. 6Rot or as$SPMcmpufi,)) oRot or asitPMcmatrer o

[ 1.7 ]

Guanghuwiomptar &Ild S P M tsanrdu otsRiMh @ s-pah ynsuil ctsit anal y s
det er mi ne t hearraemeuh artesdwosul tetiSaP MO Bt or [slt7rles s e ¢
OQut of a multitudémmtfhisdikia®seseemditebd tai ®n sL,5 a
interf swbBsocewd niomobkzer stthEePMEMsxasmpilwsai $emi | ar |
sidéPM coul d notf ancatocrhi atf htehpesl arpoeytosarsc It thdae d

the greater the interference, thmi grmated I
when | mpl e mdn thlicmeg sclaerebvden mes s¢ o etl keicd kk otmaagtn ett
airgap is too | argeée ecelvet | mots eblse radnidimidte h @ r n

range of thickness and fits depending on
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i mpl emedchgpean dinng on t hlehe ogtoudydi cBoPnMsli ®hess |
superhbobglptaeedr ospace appl il oweir mmanadmuel tcEest
rotor, wher easandP Msa nar po tcehnetai paelrl qyuaep eboutite s s

Ssui tagdblsgpeedss Obéey & 1

24PM MachiAme ®sipmace

El ectrification in aerodmaddEASparcomMpowiede s
compr easngiemseruasteores|l ectri c maclktiomps et @byt ec P
propul si doresyotweonis .raatmon @ r ¢ anu sael sgoa cdee taesr mi
very himgpht @ppbveve cdbuMW) be usedhifpbhbwernrnrmpet arn 3
(great er t hvaina blsOedactkbi¥ine a c e enteadfi tu,m mpad W &8

100 &«We f o prazslslendelrow EppoovteGrbed s t han 10 K
sui tfaobrl eUAY mal | drones, apdHicogmpwaer nmmac hinn d
use distri buaread uws wnalilny bp sagmtdadbh evilhyo Woe r fpud W eyr
machuesest oot h avtepdi fogrsd@ddhiefthe power and s
ratfaoagsvari ouisn apprhdempd gde biased on a su

el ectri ¢ 4rhachi nes
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High Speed Electric Machine Applications in Aerospace

1000000
@ Compressors

100000 .
— g Vo Generators and
< 10000 Turbines
= () ’ Pumps
3 1000
5 .
C 100 . % o
3]
S
S 10 .

1

0.1

1 10 100 1000

Speed (kRPN
Fiug €:H2 .eglp eeelde ct r i @ p pnlaic & ME i odn] s

To advance el ectriohiveaMik dmo | AEidsd r dosep aceeq,ui r
make thfarfmgmpovemeomwes idreosi dy Wlei Imadeatt el
t ec hniod dvgayq cliflogr exampl e,- 97 h€&€uiffbdfoapwe d

engines of jtchen Aiurtlpws AIFP5 G o0 s&pde avbW eorf deonwvseirt
of . 82V KG@.CTlr rlgmitgplbwelrect ri carma omil aye kaibe vee taon
average powdhkW&khgRetpenbDfecti ons misniimame t

required powePEA&nandyWhibdswniaakbdll W/ k 4.5 ]

Ex amplveasr iIRIMBEMss € h aer o s p a caer ea p prbesht Béqdt iwanrt sh
specifications | i smadasf,drt qguondepggsadcs hbeaes 0o
typically meaappfiocawhiip éreadcrhicviaees be used

generator and propulsion purposes with a g
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Tab23e El ectricaemmaocépaes indubery
) Mass| Rated Max Sp| Rated Power D
Manuf a ApplicgTopol
(kg) ( kw) ( RPM) ( Nm) (kW kg
CTSM2M32 RF 31. 3 249 15000 297 8. 0
Hel i ¥ SPXIB3&1 RF 15. 5 243 24000 153 15.7
2012 SP C38BD RF 46 366 6000 1000 8.0
SPX 4195 RF 90. 3 562 2250 2384 6.2
YASA P400 R AF 28. 2 60 8000 200 2.1
[4i] € 750 R AF 37 70 3250 400 1.9
Magni magni 35 RF 128 350 2300 1608 2.7
[ 7 magni 65 RF 206 700 2300 3216 3.4
HPDNM 500 RF 125 15000 2700 5300 120
3 X HPDM{50 RF 35 350 2700 1238 100
[ @i 33 HPDM50 RF 18. 7 200 20000 642 10.7
i
HPDN 40 RF 11 140 20000 67 12.7
HP D/ 0 RF 4.1 33 20000 15. 8 8. 0
EMRAX 1 AF 7 .-71. 9 37 8000 56 4 -57. 3
EMRAX 2 AF 9 .-140 . 56 7000 90 5.-64. 0
Emr ax
[gi[ 9 EMRAX 2 AF 12-18. 75 6500 130 5.-%. 8
i
EMRAX 2 AF 21-22. 117 4500 250 5.-%2.5
EMRAX 3 AF 43-43. 210 4500 500 4 -43. 9
E i D250 AF 8.3 203 10000 202 24.5
vol.i
. D500 AF 28 230 9000 280 8.2
[4 D1 [43]
D1500 AF 35 100 2500 1200 2.9
SP70D RF 26 70 2600 260 2.7
Si eme SP260D RF 50 260 2500 997 5.2
) Ser-Hyelsr
[aria ¥ RF 24 . 4 170 6500 260 7. 0
Gener a
GENeUS - - 300 42,00 - . 0
Safra
. ENGI Ne { - - 100 3000 - . 5
[Ar[ 9
ENGI Ne U - - 1000 1900 - 3.5
Ur ban
o TF 38 150 1100 1300 3.9
Mobi I i
R o FRosy d Commut ¢
- 140 320 2300 1329 2.3
[5 D1 [52] aircr 4
PEA Tur
RF - 1000 - - 4. 0
Gener a
Honeyw 1 MW
WFRF 126. 1000 20000 110 7.9
[53] 1 [54] Turboge
*RF: Radi al Fl ux, AF: AxiWHRHF:I uWRRwridd-rakiTéFladhsver se
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Based on the i nifnor Theahdirem p2u.t3sd cbuarcrideemdevrag g e

power deblsWitRopwapeBdadchiteaesut put hiwheredor q
higpemachiteeasd to pawer hhilghessed on these tr
speci fotabeonspamet @f sbgemlistihont he péai gdr man.

speneadc hi nes.

I n the design of theser amd#& cchigwamud teifpfliec ipeen
are difficult to ©Othmhatt aspewcslsy smaxi misz ef.a
voltage, and machine control atrhee aildseoa |d ieflfe

machine for aefrdl]space propul sion

Based on current industrgactrendandPpMMepwi ki
i n ntehaer [ 44ownever, the pri ees tahnueesnodtdltscri @ v o
are many concedtmes maboatbi tThheeyledfog EMMef f or t
ma d eo pttol e izet i ngot op® & operdesrg uthMsasand WFS Ms
[ 1.5F]or now, PMMs wi | | peeeér t de rwiiecieseps efad g
i mpl ementation i nThies oc @@ cuesei pndgo psehl abpyeo no pt i |
i mpr otvh emrgma | mamaldg e hmamdtvagced ommadreufiadtsur i n

me t h[o4]s

The f obludbhva mdgpep Ivoarrea o u smaecl hgpant@rdiucct s desi gne

|l i sted manuTaab2lteBr er s fr om
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2. HelAex ospace

He |Aiex o shpaasc eb e e n adhedv erlacnpuifragc t ur i ng powantiul ,
poweenesleectri c powerftorraiansv afroiret2y5 oyfeawsp | i c
l and vedht cd mgor i@@modu ve, ,anwi talterospaelesf bao
mot .0ofrhs&& mo st sperroineisneinst t loé&tfh&h 8NvR b sher at or s
focusingf bhcpiloewptmydorjg2.@hese mopoi shioareai se i n
higlkerfortmarcad on, propul siagm,l i aormpdeirppchveenrg guepn
a maxi mum speed hef pbwedO0® uRPMt and efficie
condiatrde0 s kW and 95W maisptaitmnvielgh perfor
uses combined stator and, rwittohr a 0c%ol celihdgnytlu eonfe
gl ycol and.Wathe ra 3mbiaxktgu,rodi & @ € progveecr h7  ukpiV/t ko

whi crho tiiscreoaed wee € ntshean t he average propul sior

Fiug e: 2H&I i xm&tPMR2.81 ]2

Ot her aerospace pAl8Bt0fCB ®E@WAs a ndll B ASFh énoF P r

was original | yE utsreadc tfioaintsamafitddn g hdeasftp e2e4d, 0 0 O
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RPMankli gh powerlb5dernskWIlybigoeflldteuss edarf oaer ospac
application invol vi[n2gT]Jbd o G8vahthlge & \eichinon ogf
an onodteorri daersd gned t o ptkofamudo-sw redEery hdfgh

up 1060 Nm2aAGdRRMhe SPX417 is anoiqutwputry |

It was originally designed fdoranmarhijr@dd |Jd pplqi

24 ¥ASA

Founded inhaéeO0ObBeeNMA8SAvel oping haesdvahcémart t e
el ectrifimamdltpomo tmopei amcdemdd fya oe ghp itnhoefifr

company, [ Z¥ABAt @argues that while radial f
manuf anwluf@aster route towards eb#tthatstfeircat
perfornmamae ameters such as powerl|l dcwpsedy,
appl i cMamif ae$ ur i ng t he aasx ibala sfimMeu x wind dhit he i
of SoliMagne&bmpoé SMe&pt eri al , which greatly s
and increased]|[@Akliiang fd axaltielcihthnyol ogy has ¢
2019, avwmAunced Ferrari a shiigtlosl yimer i ¢ tOEIM C L
its new hybri| @84St a2d0d2 de¢c aSYHA9SGA  sMiebr sci eddi easr yB eonf
anids developing new el e[c24]iY&hSdsr | vegu T otro t é:
further antormdrtcheded wittdle sRamdne mi RRDOEYA @

with a record speed of] 24®. A4i miclr &g it pietn admie «
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Innovatiiroencot,l y drives the propeller wusing t

axially, each output®9irhmge?7®90DcNmnaof Wwothuee

Y

Fiug2e.¥YASA Raldl s Rmwiyrciet fodi n nZn®AJt i on

YASAOGs ot haexri araefradoghyed cceo s si sP4 @0 R t aeldhe7 50R.
P400 Rneidsi-suanmmeod prrovi di ng 60 kW [02i% fc oing i nmeuaoruts
tracpavwgenerlydmomamepi acement , a n dC ohmypbarriedd a pop
ot lsemall ¢-syp e 2 Wide d i-puorwmo t orist abegsds gue and po
denydetmpl ogiomgpaat structsutraetidwi tbhbol nhggt at md
operating . Theenp7Ze5 R udelsi vers greater torqgue
speeds, suiting i[t2&bs comphatr @Ppmmcaki ah
t haex i al stacking olft nsuhlotuilpdeedemonadtressls d v faft e r

averpogveeensi 2i Bsamd rle Op &kdM/ ikwge |l vy.

Fiug e :2ASR4 R0 | 4 215 YAS A( 7 B[§HRE )
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24. Blagni X

MagnwaXs established in 2005, forecshmgl @qi &
Since 2019, it hasnapafoéeuvuedr ateéepkenbes
hybeil dct diydlrepgemt rigc2&dflltt parHanrebioard € wi tgim

t hheybri deBkaverirminvenda®l,i ndy2ddr 200y etnep apsosweenrg e rt s
hydropopoeaeDaesBha nMASA i nt o2 dzdviell @@t ri ¢ propul si
its electric powertral 2.7 7Flln g2hOt2 2d,e motn swarsa taib
successf ubdtytedtregesttr iict dReel ii MA@2idelm 202 4, Ma g n
advanced the devel @p reeaxnrgifoofe iuasseo taldrgntit 6 5 @
powertrain flight[ 2dkBlmohasrbhegaoan peegram at
condiftorareg i-soinzadodmme radg iralr af t . Currently, it
prpawl si on unma gtnsi 6abrOe atnfide ensaeg otdioc®e¥ ® 8 kW and 35
kWoowmot or s, rle2smllee t hivegh ytpoorwgeure aonudt put s at
make these motors i delan d&ddi tdiiore,ctt Weeiswwee mpa
of 2. 7amceodmp3a.rdabl e t o ot her mmoddaself stelee

sucdnesAsBEppl i baddwlnds al so be successful i n h

Fiug e :Madnii X -ehlyebcteisds(d 3¢ f2tmla g ni( 6 )@ .1 ]
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24. B3 X

H3Xas a hdedgiogmimmogir ci al | g o waiesnesddercd byli e, mot
They have the ropadadlaplrodfpludlesiigmi siygst ems wi th
density of grep28it tmkamoltabkew kdhatdi @aln falve
machines offer very hi gh oprpved ri ut doeansfesrtmide ¢ o mg
cool iarcdh intdogdp ecepde r .@Atl il omot or pl atforms are ca

operation to allow for use as a motor or g

Currently, they have designed motorBhd hat |
HPDO is abkgmadtloiM a conti nuous|[ Zadbjwecamal e
stackedfaximalal $ 6t &« W oFo0r9 9i tksw savaen) niet ghops t
denyoibtver &.g0 aleWmeaht pPoopmbasiirosnuaocifit as dr on

EVTOhi, nocskehypersonic aircraft, and UAVs.

The HPDM, 250motsanrde 3calp4a ) e200, amht3d n@okW
power r e[sdekiIIvedyw ssutb s tpaonwteira Id e nisli2t ikend kagf, 1
me e ttihnegi r e dpomrl isg Ht2o k Wipkogver dHeweveFZi0at he

direct oskp elwiegh t or que mac hainnde ,2 BWhgdarekeadssy t h e

tormaehi nkl | motors could feasibly be used

The HEBBDMO i s the | ar gadtpugltdtnfgorlm 5a WaM lod b Ic «
[ 3.3]Of fsartbistt ghn tgibanelry d etnosri g we aantd |doiw-descpte e d s ,
motor i s meant for regional Tahiirsc rnaoftto,r shuabsm

potenti al as it also Ppoaotsiuxpawmd a? BPkadf b
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tar eactombi negpoWwe MWBhiit puis enough continuou:
the flBagditng ford7 f urt htea p aowewiviebremdftgrequi r

commevicahbhility

IS PSS oS oSS

Fiug2e :$2 axtakkgddBBPMODMoOrs resulting [ 839 MW

24. BMRAX

EMRAHXesicgonmmsp act aadi alur & bpurei mothe rys sfppacace an
automotive, m@lpFasmul,a nnsoatrofE bT @le sabmdnanned

Aeri al s(WAWY 8 ¢hei r bnooatsotr sup t o 96 % seefdf ifcaren
mangl ectric and hamhd i dometpilmesat usead, i n in
appl i cTehtemaner s coedi mee air annohulwitastted cekc onogl i

optit@ns ncrease power output.

EMRAXot are eithesl| iaglbtnlayge aver age, inapgiweg
fredm7 to 6.0Br ki kmal EMRBRAX tob 8 &0 &§& s3226 8, and

348r e thecawvae hatbdteEhesh 88| owe slk gavddogvets t( 7.
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power (mMb3 okW)designed for [EYAdPE8 aiDs chbhétfiam
k Wmot or designed by EMRAX for anv erliecug i c
applications |Ii ke marappli ¢88hepiet hanmo |t
powedennsoet or at, 5i bt &Wdé&d for medium to high
continuous powegB.Ghwet 2EONBR AXsO o bfgilrwsetat or wi t h
a continuous power outlpwthtofavila® ilW, immatrer
appli ¢8fMiiccrhse f i rst el ecyriEwe epgiame Unéeoni Al
Saf ety Agefnecry UsEeA SiAnN [gxFjemall |l myvitahde ohn48 i s

of fered bwi tEBMRAOXN,t i nuous torl,§OaMmaaddoWwWo wer o
respec[t3i8llaet gmaoded direct dri ve application
machi nehreygddyd lmdhd vehi clheasspowern sd@ms8iotkyw/ k g

whi chionsi dered averageAlBdVMRAMODOPpES SDen smat &
t wi ce, increasing their power and torqgque o
av er aaghecatee rpaogvee r pf8®Wpietrwnal |, bhaesepmbeéoasal
genesoatEavrit OL arad ripirgtptul aohk bbe power out pt

densities required for | arge commercial AE.

Fiuge :2 EMRAX stacked mdgt3®r] and single motor
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24. Bvol i to

Evoliist @ bYAA leaadf t he e xpraensdaograratinmgoy e | I n
futhuyr ei mpl eamenti hgax EMOOGr andTHayy hsgeak rtca ad
cleangqui andcr aft wit ht otrhdesiedcsiet € gtnd e 1.9 b t

Keylesi gns dretahtevirre ol &l e §4d uaxn dtnospeoyl eodg y magn e
architecture flodQlwlee ginaayicalmotlowse on t he
they can be stacked foEvolnicreasketdmaarghee

producB5S®0, and D1500.

Stator Laminated
Housing Back Iron

Fiug e :Rvdlditaol madtlourx ex p[l 4@lled vi ew

The D250 motorl oiwordgaei gnesepdeeefdpl i aamtdaon e

coupl eddewietdhuca ifoodri s¢ agredfpd¥lot emache dglower

appli wathoascontinuous apadwar | oavt weggat 03
anextr emelowehi giieAak§t f Wolpwevbae, over al | power
fdress t haannd 1ltshMWi PEABY ©8Olasnd very small AEAs
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The D500smdeergned for medilwwpeapyluieg a tainan
and can be speed reducledZhios dinoteect plrodecaea
and 320 kW continuous torque and power, r e
3000 REMMhi |l e heavier thanmnit henabtopvieesnager ,
power densi thiowdv er.,2 iktg/&kddh thiemesst af cokre da utpo tt
1 MW. This moitrorhylrniPd& As nitecadlayftite,hi cl es, but

nobte as viable for | arger AEASs

Fi nalhley, D1500 mst otheof fae cpendddle y i § ol eoldipte@ d

antdi glora@puel i Mttiho ras .ma x i nuonm @dupee & 0&ODn RPM and
Nmt his motor has been used 1 oriwavwea-trcity €00
el ectric aircr dfitHopmeovpewl,s itchre snyasktiemis@ Oc ont i

kW 4,3]so id4emuiclhl uset out si de of EVTOLs and s

24. 31 emens

Sienteanss over 10 year s roafdiexllpefcliuvexnc epdepel ®ip

for electric . @8ndcayd0ld, avhayilbave desi gne:t

mot 6doocsustbamili ght GCuirrrcernatflty., they are | ooki ncg
power densitymoboelOi &WW &gi mprementati on 1 n
smal | [AEAsey hawmel emment ed t heicwusitbhathdmgshtout

aircraft such as {BA&oSviemens rextemal §3 GL E me

partneri rwiitslteS§bamadi navi an Ai rdeivneelso panadn Ad Ire
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hybrid propfud.sjn o020 EYDetptamet kbt gpf al sot annou
woul d fund Si etmeleesy ep o @ gnreannsst o fladvieaw r pad.4dr i ve
Al toget her, this shows that Si etneesntsi nitga st hbke

electric motors and moving towards commerc

TheP70bBi esdpnem? @i el ectfroirc emoetcotrr i,f ihcyabtriiodn,
anldi ght ai fenafrreecdeanntd prsoj ects wit bButshmahbhber
atell e Btyrei der oshplagemrd s wse b h @y bdhandeMdp B® ait er
2and Agudsddsiage i n ttawi Apupzapamdgidpi ¢é® 6 requ
t he motor Wiotlheasmaxkmdm speed of 220000 RP
Nmit i s well susinaeldl fhoyrb rdii dE &&adi(@ Lcdurdidveek a i c hi B
t afiddsHlowevelrgw igeswer densi tyi tofwi2l.17 IkiW &lgy

i nt egrfadtivde niRiE Ar opul si on systems.

SIEMENS

9 AL Elete

Fiug e Qi dmens SPZ,06DPByd eAdar)dd p2AdEehdrsi [SAudn])

Th&P26i0sD t he other significaft26nmotkow ndoetvoerl ¢
an above average powéts deeresni tfy iogfht5 .t 2 skt Vé/dk c
330LEhaxndpl ans to be intefgsrecaadaFemddsisnt set aier by

nameSha At f[l4yBelmrtomisptlaecloend i guirat p loaprnrnoépdealkt Iot h e
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el e cHsreiaddlercemmut er airpl aln4e6T)d r emp &wvd ai it en

applications, Siemsnpowéandebhsi itmprove

Fiug e Qi dm®Mens SH2468MI «tliedrnt Al i ce E|] €61 ric Ai

The Siemensi Ext@acae 88I0AgEt ri c aircraft, reac
km/ hr over a [dibshtaassncae toafk e fKmmdsowadiz 1 he 0O
first aerectafitcto air sbwwanglikderpowéen ©ohe
uniSi emens | appbtgsk ienxgp etroo ence with the EXxtr e
Airbus. Airbuseviesop edkibrydrtcdregi onal airc

passengers with[ &45fange of 1,000 km

Fiug e :2.Si E#mens aExrowang 3 &gl i der
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Siemens i s teasntd ndgnommvéew i 2 NMWI | aboration wit
Nottinghan &A@imcad@i0Otli9on, they have 2&EnNn | o
k Wt or-d @ eme@t or farnresawrbdanveaiapploibddiihens

pot ent i al dceuvsetloonpeerrss &xfie otclogpptEeMT @B ]t y Ai r bus

24. 8afr an

The Hiigipdeelde ct r/igce mabréeanted roped by eS HEMNRaAUNSwWa s
outpupeak POWeknMofa maxi mum sppédjtofboaat @O0
peapkower densitgndfi s8 &pM/ikngi ze dapfpolri ctatii oo

However, the continuous power density is u

Safrands mai nhybrroiddu ctturlhb carkecdhirner yaiarcd af t
ENGI N&6EA0[04.8]t i s fdersidyinreact dr i wwe tphr oopputli soinc
bet ween 50 kW to 1 MW and ¢ ptsdhdes Ipiosetewm dl , 5
densietsyt i imartaendy et d3etbwd eon, 5 whWkhgis consider e

pr opunhostioorns .

I n 292f3u,pdattesd most powerfahe5ENGK We iii,& tM&WO O
named ENGI[MedUS IXdb tests, the macha nsepevads a
oftl, 900wRPM an output targeeopotedf 6dd®e flMeH
The ENGI NeUS 500 was originally Sleefsriagmdesd
i nt emarelat pfoosren ¢ @Gl Ne USs XtLoa s we eme AlEtA f or

regifolnidgs?ls
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Fiug2e 18 ENGI NeUS XL [e4.®]ctri cal mot or

24. RBol-Rosy c e

RolRosyd¢evel ops compl ete power-ebhedtpropahdib

el eatirri,c sea, andabpbaphdd®diOddbppr havieomol | ab

many pawvtrmensetsustainability i nThehye haadwean
alsovested in charging infrastructuardand
| ocal battery[ S0Nfbbereage payene ms t eclhanrod ogy

architectaoambination wiTheunfereedracrprcoptul

been designed for wurban air mobility, regi:

The urban aiini smolkeh@ledga,iméetrerct drive operat
EVTOL ajfj 5.Thasi motor uses a transverse fl ux
floanfigutahlalioows f or LN Oec ecodatnalit p o @ oolf W

cont i nuoaunsd plo,w3elrOnNmnotaumak o mgmespeed of 1,

with a oomweirnwdins8i kY. IXfgi | e the power densi
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i's enough to pogqueadgcammgt e[ SeBJjoHRpsgbe has
al sesidpn e@d opul si on system for regional air
haul , smal l-el dgbrid eommat ¢ér aircr @agbl]in t
Whil e the topol ogy ilsosupnekendda)verr @ heiret o mesd osra, i d

with a power output of 320 [kBbR2]Jand a power

Fiug e :RoHlBRPosyce Urban Air Mo bi I[ibtlyl RBbypel si o

Regional ARirropMdlsiiloift5enit (right)

RolRosyce has also wopkwdt iomb dged rdritgpti negs aa
pot emawear oofutubpu MMnalc hi eves poamweav @@agdVt ¥k g

[ 5.0t i s bset ehtieggdh Ityo e #f fuied i emtp adel ldee cdtwoil ch yabirricdr

Fiuge :2 RBb{yse 1 MW Tur bogeneerlaetcotrr i[sdy.@dtiernc rfao
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24. l1HHoney we | |

HoneyAel é slpaicteer as edgred srtadn mmed leeccttrriicc ai r
propulltsi@m0DO&r &« W amddaelT\ig¥ 1 MW oplbnhewwebmbs
1 MW generator with the power core of the
Ai rbus ARB58} XWBrpd &soceu-hdel d symadhradnddaux ger
| t cantbhisoeb u & Jueetltb caansdt s hi gh efficiency and
[ 5.4y using bi of uel i nstead o f traditiona
signifiTlceant uybae@eanealastoorbe wused in distrilt
architectur e, wih e d iev ittbu ableldy o & noEVoTeOLe da nadf f
horizontappl!l if § &hdten st ur bogener ator can al so

|l ocated anywhere on the aircraft in such a

| Mecember 2020, Hoorety wad t sogoedl abprate
Faradair to implement th&80Qt MBI aflereblogener &
Hy brAi dcrBHAbhy( B[05330he tur bogenerator has al so
flight swictclesfsitwuddeg potent aat &V D@ilbraleeem t aitri «

t axaminsimaclalr go [a5.%F]cr aft

Fiug2e 2Honeywel | "s 1 MW.3TIlur bogener ator

4 4
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25Chap$emmary

This chapter provides a review of electric
and conf i gouarsae isousepitehserdo n aer ospace pWlhiplud s i
the cuatrendbf ofadepeiconiufiiteatlioow, iist I's cl e
advancements in power density thRBREAwi &ahdal
hyb-ei dcctormmut er aircrafAddint itomeal hgar t het am

energy storiagfer,asdahraircgiungnacheucontmodler anaod

systemd swi Inleed i mprovements to support the
't i s cl eat hehambsstwibw icdabh byt ucat isenms easr eantd!
par al | edl elailbni dcrda f t due to their | ack of

infrasHowevarge.they may serldwvaetas cadpithdge t
possible in 20@&nynpr auymedcetravagyr et ® produce ¢
MWand 10 kW kg ¢l7iAstshaewmaichi mekboi plhamt er
Hel i x Aerospace, H3X, and Evolito have mana
densities wintdh arxaidaila Mulfuxu pd ptpsoonjseedes f e e n
compl et ed afpprd iEVTOlndanamadt ax@bssielrivtiywg t he
studi es, the most c-p mwdaen s emac hwvintend ni shitghh

higpeed radial flux topol ogy.

The aolxmwt ¢id asewipeavdi al f | wx ocaerdesp gonenwdmtant M

a f oc unse cohnaniitcsa l design.

4 5



Chapter 3: Mechandi cal

Speed PM Machines

Current aerospace el ectri f iscpaeteido ne leefcftorritcs r
for propul sion by increasing power -outoput
tol erantTheessgearifsreom excessive alfialurl dtsi,on

demagneti zati on aantd hfiagihl utreempoefr avtaurrieosu,s ¢ o mp

Thepur podsamaptsent o & edve sawg xtahoPR M, | Hbdtedd ed,

i ncl uwdmmotgosrpbesci f aocdtnetcehsani caf thei gn ator a
assemblOnecese these aspects have beefieexphain
new 1 MW, maalhiehé ewd!| IMob e ITthi2e srean tne Htidscewss so fi s
onn he mechanical dese, ol wihat be astsetmbbg w

priorTihd zsetdat or assemml ) omaiednhlaeyn &fl uencct i ocnasl

4 6
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and dtaathkoomdlet er mi ni ndeshgegncwas ngwbhe dnsi de

t secope of this thesis.

31Desi gh50fAke ospace Mot or

Threesearch t dagddlh OMAKRAEIp ereaddi al f |l ux per man
mot or prot ot ypreo pfuyolrs icoemno istiplaiess tMoetMa tso A A

currerntetghdes i sdastdaywdowevi t d &ni8WL BWp.obr Ab s
design i sBevepaltatdsnguéda sf eaottwrres st ator, the

designi mprove performanceanandssiembll iyf y man

The mechmalioc@miduct ed for the rotor assembl
endpl ate is crediteMlhet os tAaktsohrayc oMalniinkga ndlesi
Samant ha Jones Jacksolnheanrdo tDdrk hdsajatl aii Kyh o i @ dh
Kenneth Noronha. The electromagnetic desig

Abdel magid, and Srikanth Pill ai

31 Mot oRotDa&si gn

The mBestsemtbbygnniutsrAibdSead 4 3i4r0t esgireaetl e@ nkduobt,or s
whi ch cwolméoitoeisribandi d r oti ot os lmaa fsti n.glhe scompo

possi bl eaduange®emermte of surfacAl 8Bl hgadde she.
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selected for its high yield strength. cTahsee
hardeni ng i mrco edismse $tghuaet O oensbii dnth anrgere epnaotviress

need to wagatse ga ipayerbtdes connect the Tthweo cc
i ntegratitohmessiembll iyrf eperode@isnd er o fovearatltd anod c
massampedhaex isdali ffness of .A hceo nrtoitnouro uass sheonhbl | c
andar ipowcket s anmachiit maidcs tedsasceto if ost hhaef hu b n d

respetmiwelimynzaes st hoait ¢ dnreahtuebd s haf t

The removal porfe vtiboeuust uyedsvebaw tc nMARCN a compar
bet ween aanidmtde g ri abtieee s b YobnMingges stresses fo
phy i cEBteemaAmal ¢ EEWHDen opti thegiweggebatblout t he
[ 5.5 owevde, i ntegrated design reduced the st
magnets and [rEfjae ¢ ngoasrper e & edldiud elat hiyeve

a highdracwlmécmtmpared to theThetoradhafobobnahc
ret as nefmagiel ed | Musome exdsasemely hngleghaopd
design diird enmy5.9]leaes g stress i s a stress dis
geometry [th@hi s oit et k hdeiefl fye rdmreccrediane en t he h
and skattheg hub is made of electrical steel.
ss eel . Thewicloimpeoxeoresstanteeadle sor maAdadint i onal |y
have dcbobékefiogents of thermabdddekpanal ohpt w
presatur maxi mum oper @ahaddi tiiomonea|fi atcereeas es t
resul tant Sstresses Toe tkRrsumagnef ame sl ey

Tab3.el

4 8
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Mc Ma sNMeahani

c al

Tab3 .8t reesmpari son

bet ween

tradiftbdhal

The

h e

h e

esti

need

f memfr

a spsreanbod sys

mat ed t

0]

ahdihese

reduce

fpastagihl i & s oveasheeaklaapar at e

| enog e hiceraghesdnt egr at ed

bal

and

Traditional Il ntegrated
Yi ellVon M Yi ell Von Mi
Comp o
MatenStr e Stre|lMat e|Str e Stre
( MP4d ( MPa ( MPa ( MPa
Lamin
Rot or 370 235 Al S
st eeg 780 597
4 34
Rotor |[Al SI 780 5903
Per ma
NdFe 850 520 | NdFe 850 429
magn e
He xt i He x t
Ret ai | M7 | M7
210 ( 2263 210 ( 1928
Sl eey Carb Carb
fibr fib
Addi t itohnea Influymber of parts is significantly

anci
compomert a n@mu tamé kegy way

desi

t h e wheetno rc oarspsae reldl yt oma shs

des[ §Mn the ot her namanidnt engarcahtiemdo uslhodaoftie an d

di fficult and expensive, so there are some

However, removing the hub removes the need

so the cosonished®pendbBht machining and asse

taken i nt o csotnrsuicdteurraan d o engt seeghreift yassembl y of
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preferabl eradi ai omaldi anoniah
3. 2.

M. A. Sc i Mh a zg4d IKihd
design make it
example is shown in Figures 3.1 and
Balancing End Plate
(Non d,rive end)
: Permanent Magnets
washer

Drive end

Balanci'ng End

Plate (Drive end)
assembl

Rotor hub
(back iron)
Non drive end

Rotor CF
sleeve

Fiug e:EX.pl oded evxiaemipri@efd i a m onal[ 5.50]t or

:’nlelf:'ated Integrated
ackiron - Shaft & hub

Taper shaft for
resolver target

Taper bolt

Angul#r ball
/
/ Angular ball
bearing
i[ 154 gr at ec

bearing
Permanent Magnets

view of an exampl e

Fi g3r2xpl oded
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The magnets sel ected flor-Baotrhoins (niNodtFoerB)a rnea ghNee

have wuseful properties, such as high magr
resi stance to demagnetizati on. Bei ngf abl e
oper atimpe@ roavteurr eppet iomgessenti al to aerospac

favoured over ot her a l-Goebranlatt i v&@mCos)u,c ha naost
per manent magret i mapenwnipalbEmConi asppeéilgeart X pas

compared to NdFeB and is more commonly wuse

Since the motor is an SPM, the magnets wil
t her mal stresses, psroe ftehreabbddter MchFgeeB gmea@meett s i
compressi vVéamagnengt hre $ ur faa dHea | in@mdtihy iedterda y
into 4 segments iThetial bach| sadr agimiccpemw®. nc
| ami nat ed rsatheJedwibmg kf or t he rotor shaft and

paAtcompar inmsaognp edtd p € ithteib & $ @at b&Bde 2

Tab3l.2ompari son of Per mdgrmbBptd ] Magnet Propert

Property NdFeB SmCo
Densd/tm 7.5 8. 4

FI ux DOensity 14 1.0
Compressi YMP&)r e 850 650
Youngs WNM&dPal)us 160 150
Ther mal Co Wy t i v 10 10
Maxi mum Te@er at 180 250
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An el ectromagnetic analysis was al fsawbper fo
integrated wi waurdadtHarl ésawlht airm agghénssompape
to aornioennt ed el ectrical steel veegrua vmil minma l
di fferences, with the only notabl e.Thief f er e
Hal bacpravrdgs better demagneti zat,i cdonitresi
al so provi tl estelbee ned d hardit maypla g hwii iheh ar e weal
tensinocompari son Soncempegmsenbati on reduce
especially apparentcadumanaqtahahntc donen asug | e
increasing itsThacitmptregrfatsiadmeopf ainllersdhadf @ s
the strengt hobéntbetmgbarckddi ti onawh itmohlbe desi
beneficial fatarhgieg hr ostpoeresd sdue t o greater cen

Rotor Fan NdFeB Magnets in Halbach Array Carbon Fibre Retention Sleeve

Angular Contact Bearings

Resolver Taper Shaft

Resolver Rotor

Flow Straightener Integrated Rotor Hub and Shaft

Aluminum Cooling Rods

Fi g3 r@r ossesctviomibdfomr oAGsr assembl y.

52



M. A. Sc 1 Mh a 34 IKihd Mc MasMeahani cal

To retain,at hceo mpaogrndtes mat er i al retaining sl
di ameter of the magnets,i whet ediasiimbedssstviean ad
magnetbsondi ng them tbeeaaldi at hashndwalali ache di
outer diameter 6ébrthaesidmbaégrbeatnasdinébsogeeo ri s U S
due to its high tendsiirlegctbibome weg toyvh cloonaadit h e
resulting in minilmdteeddgy caneaspeyspalladsesrets |
met aleltiaci niinsg ussleedeevelTherefore, it is i mperat
is strong enough to withstand significant

fibre an excellent MmMagdkhdsailvdsoruseld st ca phpdnc
t he hmaovteorver y wheoowmw mgareexdyttho t he radial for c
which woul dstt@audet an@algnfiuoimmngh e p eaodedbi ito no niafl
retention compofi@®nitt iiss i me pd sadhargypecceaddi alt an
flux toPMsse a r.Bbwe naernbgo np lof ¢ ebeleasveesr ar at e of t
expansion wheénFeBwmpar sMiddwebe under additi c

magnet expansion under maxi mum operating t

To perform undersiltdese icondlesiiggmed wihteh a g
using ®adhyeir&whb cimri ytph iawaki Idy ,r feiclt awoiemadli n g

ori enctaant ibveatrween d8Qr ee sBfppandiumrgy on the | oac
Based on otest iAg, 9 é&lecvgea agaeeti h ar espect t o
diredgddwniomg winding for thleel swesvesleeyealn

fit to maintain contact wnghtehmhpemagoeesrat
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Adhesives bonded between magnets and outer
diameter of the integrated rotor hub and shaft

Magnets in 4 segment Halbach array 1.35 mm 9-Ply carbon fibre sleeve

FigBrde cllocekMoa b rmalgomnse t retentaxo@lelgyesginé m al

magnets

Threotsthhraf tmahcahsiemae¢ @ r i or spline on the drive
test bench dhigymsphmhomet evims desi gned to wit
consume the NNebdsmeamounta, edommpatt essveseghcu
performed to ensBlireees s daldc wmlodat ifsamadars hotwredas
of 372 MPa at thewhoats raefud ditso rs md h ensea ft beeest |
end uses a cust omVdraipRdllestc t sahraodet o(ItMoR)ro uft dri t a «
positiolM tmepeki spaft was used to mount the
di fferences in the motordéds shaWwel dirmg aadl
be o conpeaechtusthhe was not rpeossoslivbelre rsoitnocre dtihae

obstruct the assemblky nmpfdlktt ea <loarfite® sheenadrmi wag
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Resolver Stator (mounted on endplate) Maximum shear stress of 372 MPa at roots

Taper shaft \

(bolted connection to shaft)

Resolver Rotor

Keyway

Fi g3ridot o MR Atrgpel ver and taper sMoafototdugt om

shaft spline (right).

Twgr elasker hogdobhedlri ngs wer enost.édne ¢ tee anofsao r rtahlii
SPMs use deep groove ball bearings, their :
speed of ushng potaddel bernsecatyadmg ea custon
s ets hosffeth los pr event grease runout or | eakage.
there are no heioxmicieghes cewdbt Ant from the endc
grease, but this r eduwlet st oi mhiklgihgehervilsearsiing
compar ed6.&yoi ill ubsryisctaetm otnh ew abse anmmpth g steunet e d
its high ctoimpé ecoAywvana@spsing igslrpvaoendat
apply a mopeeltmad ihet epmasi Rr eol po abdaebaertaisriign@m
floaadagdi al and axi al stiffness to the r
operati osneb@as@eidoos t hat t hper obv@ibdeeh wgs pruipmpg i i
used to evenly douwtgere ds¢ evchd &clht hsol glc att ke b

bearing and the external environment.

55



M. A. Sc 1 Mh a 34 IKihd Mc MasMeahani cal

Due to the high speed of this motor, t her
temper athirgbBemetr Bganl eeaxdpiencgt etdo hi gh temper a
regifonmi ti gat al awmeandnalait 5 dn i, otk snd dheo | | ow s haf
secwieaums ¢del p di st rliolswsteess lmearoisrsg t he | engt h
that the grease and bBeariaggegbhemonbbgoser hk
may rkeegquired to withstand hi whecanobeat aochalk
applying a higher prelgogad,t edlolsies@Ge@®d h gti Isi |l 8i
capabl e of more effectiniendemhen ranmgaarre G wte
cool i ng metdgroedass eu silkeekatrfgddr@lsr t hiocilluleaisoat i or
for a | arger mac hRRAM so peared taicseggntmahgra® agdd e 0

wo ull idkred syud vter h datoit hg.r weal dt i o whoyl bvbee adu 5 inrggs

wi tPlol yet her Et her Ketcem arnd |® E EnKg) w ectlabgrgdsn t esn d
per f orgmeemdasece these options are capabl e of
| ower | osf 6.y pthewet @ rg,e ntelmeayy kg rgeo vhen compar €

standard hybrid bearings.
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Non-Drive endcap
(Stator assembly) \

Bearing Sleeve

Outer Grease Seal

Spacing Shim

<«———— Aluminum cooling rod

Preload Wavespring —— ——|

Inner Grease Seal /

Greased Angular Contact Bearing

Fig3ridotMbearasgembtdyassoci ated component s.

31. Rlot At at or Design

The shtoautsa snsge mbi wwiiescoemast ructi on, with a hou
cover one enag, ddhmd ae nfcrloonstesendhe assembly &
Thewpi edceesi gn i mproves the overall stiffnes
t@a st anmdearedicecesi gn i nvol viTmg thwaende mednpd pal daet se.
seraswatjearctkye ti ntiegrean malg cootragstbaanhebs av
t he beasi abgagérkaonsdi ng . Ty pi aamltjeyrcktedt or desi gn
an inner and outer housing, where the oute
sleeve slides over t hrei tdhsa,nnteh 8s wsMaodtl agmr g otv

Abfsr onpgl atmal st atomddousveggdmanaetiacteut he nu
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parts. 3Dh@yu saniteegdeorwderdru s i(oLrP BvF)AhSMgt o al | ow
for det ai |l ed tdadlciomp asbBanmel seas s embT gengt h
componetnhesnomjreect ed to hot i sostatic pressi
i ssues with ani s.Aat &bgp yif ar ea waesretd! ymat eP B R | i n
manufacturing and has-T$i mihli arh-sp readpaeerdtei frehst etr
that i s commonly used i n.Tahey gdgsaidoe naerfd ctiraadc
i teucteltse number of components and seals re

houssitnng.f nes s

Internal Cooling
Channels

Stator Back-iron
3-Phase Windings

Resolver Stator

Stator Endplate
(non-drive end)

Potting Encapsulant

Stator Housing

Fi gurdo t3o0St &t or Assembl y.

The stator housing also has a set of six | ¢
to enabl e mount ifngr ttoehsa idaylem%o meét ehe | engt

statdhe mdwmntoed iisn a cantil ever orientatio
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t hat ctoon ntehcet sd ylnbahirez lad t eVro,t osrh eAtoours i ng and ad

pl aatteeco® nf itromendot f ai | under dynamic | oading

Front of Dynamometer

Set of 6 long bolt
connections

Adapter Plate (connection
between motor and dyno)

Figur7e S83ator bolting connection to dynamom

The st at oirshordidankktieddhm m$ iond hteo achi eve an i1
process involves increasing the temppanr atur
the correct deptthhe amodo stchoegnl waanidt iancgh ifeovre t h
frictional f orce@s efmtoouny ht htios rfeisti smu stth eb egen e
operation of the mot Howewetrhat hreo ftsdtdtphuas g e
induce exoaéesigievsesses onh& hma thdoruisanlosy aobmpone
di ffeotBetrate of t heaumsad a xmpiaginsatioonte iprhi hsi or

operatiaonthis <case, t he housi-inigonpirlospoee x p a
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tol eranequtge esstthat the minimum intemwmfferenc
torqgue is maintained at the maxi mum temper
The stator potting process invol-veeniasdl :

windings usinghensedpwodypogeintti ng resin is
resisting high operating temgenpat;, @arnpas,® $cdaen
high ther mal conductivity,Whandr ensoinhi got tyi
mat erials can provide higher ther mal cond:
therefore more difficult to lcwumednwy tdhaopug

bet ween thet hheannaBiomgds oamd eat e far dptme hwif md i @ s

through-i tbet blaekdboasomwhpi oherwal |l y cool ed

Encapsulant
(two component epoxy resin)

AWG 20 Copper Windings

Stator Back-iron
(silicon steel)

Stator Housing
(AlSi;Mg)

Figur8e SBator materials and components invo
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31 Blot o€Co &l Mentghod

Themotwool ing can be divided into two syste
other for the rotor assembltywea Hdaeckeett bt 0 g a
met paodkviously mentionediabdd/ 5hemSbtene adfds
Et hyiGd rye ol a(sWEtG)e [ 6.8MEIGa nits commonl yaoded i |
aer oaapgopde cations for its wide rang[e6.20lf us:
Thwatjearckaed!|l i ng channels are embedded withi
the st eatnodrpTfare®@mt i ng camaaaoak!| $sbe peawidgng

mitigation ofThaecbeamaechigohobBeetween the enc
wi Ohistg@ prceowdmatlteiatkgolhe channel s are cl ose
of the stator, allowing forfeffacpotvtee theat s

iron and windings.

FigurqEex @8mpheusifng awatjencketht g channel s.
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Theot or ascoeomleldyiuwisscnogo! i mgt dlhr D gt @ian tt ehda t

intakeexteohal farnobm emawihaidwoends t hentdipbate an
circulates it through, thiendlehguaxpéleltiheagriof
stator.Ahduoiwngtraightenai rifiscowosedsttad ¢ms o
holl ow cutouts of t hCeonivretwd g roantne d cheeb bcfutt tolud c
NdFendignets to prevdhe demapdeetbhi £otoil dme @a

t he-dmanwe end to the HmIiuv&@08nd is illustrat

Rotor Fan

Intake Air (8 J T | - ‘Exhausted Air

Figurt®i 8 ftihowugh Mot or WésngototomstEaembtygol

Asethoofl ow al uminum heatrpawhedondtubei dol
rotort os hdaifstt ri but e | oss esacgeser atheed |fernogm ht |
rat heal Itghwaimh conwebhhrat ehe A elaarigiegr rneogticorn.m
i ssues with solely cooling the rotor asseml

be used or combined with air cooling to pr
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components such as the bearingds.e Un MM tmon a
the thermal design was not determined. | nsf
met Baomdher malofr Moulor s A wi | | be recrfeat ¢etheas
1 MW motlar can serve as r eflerMWhceednbdit @n wihg |

eventually deter mined.

31 Mot oEl Actromagnetic Design

Mot or A isa3phaseoihmachT mes el e c tdreosmaggmrsaftsit s

NdFemagnets mounted inglt éiedneur fraocteo ad-f aa r an
s egnpeenrt HaollbeacMhar paymary purpose of the se:
augment the magnetic field on the side act
magnetic fieldtonanl sbeabt bews §oidredr,e irretmograc
the shaft and hub ipnmteow irmeurstiyglihesdplticihmien e nt
Hal bacal sorpybesdes!| thef or de mavdhreet icoantpiadc re «
to other magneaIsegeomemtaspomdeéi ng stator an
as stack -ilreonng tthh i cbkancekss, and t oot lmiwmiidtaH we
magneticshtuxatciooe, wmss|lwdl Ifidd hrasawditumrd f or
wi ndiThmgs dtaasthkdorss c o mmNOHDd | steeal | amitntmegiirons

|l ow cost .
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At ma xti hmeurnrma | andoae@ich@ni<cthder tmatgom el sc o me s i
demagne6.8lhed magnets reach &a0aempebadame 0
demagnesth czveitdtipgp eer f or manc e [ i mits uimter e X

demagneti zation contour of the magnet in J

Maximum: 209 8031
Miniemume 11.3546

Figuriedd BBemagneti zation r atoirca®ée snagmaitiso aco

[ 6.3]

ThMdot oirs Acapable of 150 kW of power and 73
20, 000 r &S Ml tai npggo wierr e Bs i KWB.AkA summary of

per f oraman dfeddstecsram™ b e Tfaddl b8 | ionw.
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Tab3.gddot or A Perfofm®aidgce Summary

Mot or Res Val ue
OQut put Pow 156

Torque (N 74.5
Power D&M ik 6. 3
PMEd dlyoss ( V 79

St alt obm s s ( 1058
ACCoppes s ( 1054
DCCoppess ( 2487

As previously ment i onmepd einmme ntthaet iroont odrfu ldaens iigni
watsesdto confirm that the edmlc8BdMagheaeicvpe
nooriented el ebaehoabl dt et bwdmwTe i1fa cwintt <
showed thatr @& dedtpioowes ¢ amwo Iqtuaeg ea,v ebrtuatg e Un e

ri psplliegmtcireased fr pmhThieid toe § o ahbuebd %sahsa fctconc | u
to maowe any detr moeé ot alp e&lffhfeee onteesscuelnt s of t h

summait inz dd.b4 .e

Tab3l.eAMPer f orcmammpcaeg i son of silicon gthebel vs
Paramet e Nooriented g | nt e dAd &tl3eddd e
hub hub
Power (Kk 155 155
Average to 74 7 4
Torqueple 4 . 7 6. 3
Phase W)l 743 740
Magnet | o 84 79
Tot alkW) o g 3. 77 3. 77
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32DesiCgnterlaMWoMaahi ne

Tod e s ihg ng lpaeheidp o wrea d i &IP MSIMulxer e Mp t & g@&dn e r a |
mot or di menfsiibosntsd est h&ramhipdae e d t o Moatnodr rAgt otrh
out er dwianhetneeresd ttam bne eitn proeve$e e quo tr amecdhe s
aspects oofulpMotteonrt iAabcuyg c be s1udvi®ld yoHo WBeevretra i n
componsemnata gneati nn emtgarsd eéeneegruawieldl sheadd t o

reéesitgmietdh $ hsaenvder e | oadihng croheed idtairgmes | expe

The outer diameter of the rotor should not
above the speed of sound (Mach 1, or 343 m/
70% of the speed of sound i s BIpPisecadnaomsen:
tranabnfabew avioiadsdni ¢c and supersonic airf]l
speed of sound and <could complicatey the f
occasiovrealdpye audp ,t ;anld0O% f no tarmgemtipdlacepea

exceed the speed of sound, causin@5lxcessi

Usi ngpha6&@ol e st raurcrtaunrgs wnagh @t chee avlasgengemitss ipner

poHel bach neortdoaryjne nsiden € rfmi e dpr el i mi nary el e
testnndgMAG by ot her rtecs eaacthcieMg® waipe nmeprbleir esd
constraint results i n a maxGrneuw ¢reo tSorri koauntt et
Pill ai and Mohamed Abdel magid f orThpeesref or m

di menam@dnsut put specificatdi.bns are summari :
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Tab3.d5i memnasto mma rbiessomeen the 150 kW motor

Par ameter 150 kW Mat|1l MMachVale
Stator Outer [ 18 4 280
Rotor Outer Di 12 0 206
Stack Length 8 2 145
El ectromagnet.i 6 5
Magnet Thickn 8 8
Rot or-l BacokThi cK 5 15
Torque ( Nm) 74 4 3

Spe®e M 20,000 20, 000

Thasal ysi s

p etr f ebsoimsepdneigrh et hriost desoafgnklesembBy

Howeweer)] i mi narsyo nvee resfiactnbse accfo mponent s

FEAi nce it
al so

muethsur:e that

1 Aldomponesdfse afr ead @ u.tOdls & rMoi tnogrVoAb sMi s e s

Strreesssth @ wn

mi ni mum
a.Additi onal

due t o it

compositeHemt elcjaa ltbdo &

provi des

Iy,

stiffness

f acotforl .02f5 safety

t he

critical

recommends mé mfeavet or

67

andet ha

and

al | oswtsi matri arheof Tthiee apoaf W gtshied ernostiattyi.n g

i nMdbabreB®&slcomponent s

magnetesataini hgcecs

i Broe

of 66df ety

supports

shoul

mot @I i
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b.The adhesives are exempt yarleink eélhyi st o
f adiuteo t he lexw rsetanted tyg g t[ e6rdpheer aptr u rneasr y
function of the adhesive is to bond t
rather than ret allmdanrgb odwulrfdiebge eocipse r md a |
prevent the magnets from detaching
2. Thpower densitysompahablmacthenet han Mot o
i ndustry examp.l eTso fmleeema ddfthedpu teur € PEASs an
Mot oshdAul d achieve a mini mirhm5gower densi
3. Theyst emti of rande avi odialhr atoidersa | mo d e ¢
exceed the maxi mum operatitmgmppeec|lyy aa
r es o paacnccoer vii g add@®soinggn | 6.1 book s
4 . The shafmedadtowlhihmptspsedftcarhicdusng prem
failure of shafts due to tr ansTvheer scer idef
speed, al so known as the whi rphaixnignusm e e c

operating sps&badgl agbéer dilese@gjghot ext book

Abasi c-sstae &dy her mal anal ysifsi nmall I't ebrap epreartf uc
from MotagstAmdentgor B wsi i agahi eemiperwasirdsn
due to a |l ack of data and therMMmaddl.efhesrtfson mai

me c hani crad g Wiergenglennptess 5 f eMpitaor B.
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Tab3l.e6 MechaniReagu iDeesmegnnt soMon @ r CmBi t er i a

Requirement Passing C
Mi ni mum f actahllodfat s a fgeotany sofeng 21 25
except the adhesiwv
Mi ni mum factor of safety f >2
Mi ni mpmuweaensi ty >1 & W/ kg

Nosi gni fic
und3e8r3 Hz
Mi ni mmuimtspead >667 Hz

Vi br amodasl

Achi evimgqu ihrewhmelnet sdMostiogmiilBlg result i n a 1
perf or ms Nboettotaenrd tateasmd ppaopall siiom tmop oW esro f

dernysvihtmael nt ai ning structural integrity.

33Chapter Summary

This chapter has pr essampplade ar dteh ati | was r & @\
MARC. Mot or A has been extensively tested
safety and power denswhen tlhhe hmag nbeetesn aprreo
Hal bachanarirnaayeeg-habettashabt detri ment al i mp a
per f ormwrhaalleeedutcireng or maheoso parsdt MmN et r et ain
s | e. e vTeho nsone f tl be atiapVesi dmo ttdhhereduce the w

assembtlhyer eby hienpoeya 8ddd @ m s iBLs pGetchtese cohfa rtihcea |
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design, sachomafghbkee séeempbpbéndcarefully des

ensure that the motor meets stringent safe

A comparison bet waenedn lanoMWbBi0 me& s hnoow sf ot rh atth e

same s$heedequired rotosigoi Brac.@helalingmtce e ame s
sieeudause iifsstthees maxi mum t angevatcihall hrecstoo r
max i muwm or di anleiteedrt Omucsed t dbieene nwe o@sde,t er mi n
desi gqgui rfeonme ntthse me cohfa mtiotealt i o gpsriseg B @ imiTil hyed

passirngemenri cd axwdhr sag ety, apdweri dedhétygp
metrisel @acteed to meet mamcMe xofe e d\t tadmel up e r fy o
exampbebined .i ndrehaagainearoytshies r ot at i Mgt ais s e mt

Bwi | | be discussed in the next <chapter.
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Chapter 4: Rotating A

Anal ysi s

Fohri gpelridgplowreadi aSPMSMret rot ating assembly ¢
the most <critncahekoommmpeoxmemplseo,r tsheaft mu s t
withstand tcleeat sfi dmdagdd c anroont atthieo nhall g hsepteaeidn i n
sl eevepr emaminfertabmt aé hidmMapeut er di amet eFThiod t he
chaptxedtohms hades@afgd amdlhyesirsot ati ngewss embl
MW mouoirng similar design concepts wused in

Bshall be dtest ygmemii niomummecr i t3e.r6i a establ i s

Abasitcat or daesssiegmbcitypattasd i mat e tAldadipoweral dgn
geomet r yc comp otmheéemstes iumdlled anal y saidsd ssitnicfef ntelsesy
mo d,e | whbiectht ie musireetad f e ¢ dmdhoraoanss at es s resul

Howevegt, acttodmep o meaex esrhptom di scussi ont haenyd acroen c
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nowi thin the scope separnhte asosand $ydsalsc.ul at i n ¢
di mensi ocnasr boofn tfh ebd weec sthiot eictdshenatsuvuéets of ¢t}
arvesed to suggest possi bThes i tdpeessideniost et $ nt o
motopt i mibzuatt i roaat her awawntall wese ksf lhow can obe ex

compl ete a design iteration.

41Bac k grfooMo d odrs BDesi gn and

41. 1 Stamed skeosr ces

A majority of componexpgersicametedieormotodr | asade
resuht vyari oo met oés dedies tntoess s edsrhiagtrmmddd det r e s
t or si obneanld ianngda sdIr @easnsdngy,s¢ tr eTshsee scent r iaff @g a | f

t he domianpapnitit édldo ardwafotd r et ai ni ng sl eeve

Centrifugal forces are pr e[sedheeawhterhiofaucgeals s
(Ocandbdecri bed as:

O &1 i (4.
Whemies the tot al mass ifs athhgeu eat i vielso o thi@y | |
maxi muawdotist he rotating bodymajTohiist yf ocorfcest
experienced byethkae nmagwnhatcegheacmdn | ead t o mac

t hreet aining sl eevel tfampgsbtdiuee ttoothedudeoriclee

posstioblnei ne me¢  etf binfccdgiang upon the sl eeve.
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Ther mal streaseshareempedsugantitre ti mermalsesxp
result of | osses gemhkeiratexpaw giham itsh ee sredi
two interfacing componmater aakescwompbsedf bé
of ther mal Tehxipaadssarmtnreo ppieci Ebamtdd & oosen or
at maxi mum operating temperatur.e Fwherexaamp
the sl eeivei tpiualtileypsei oned to mai nt aTmif &at mi ni
ensscroent i qaumtuact with preeveemagnaethe mdddve me s i
during themnad ceaxrpbaonnsifi bre sl eeve wil/l no:
magnet s, thnmseVvVemadt nghter af hoomnstinndesssred .01
thermal @Ydp&aapdon her (nall 5 G6Hdreefsiardelde f ol | owi
equations
w0 | DWw"Y (4.
,» Ol "y (4.

Whefries Coeéfi dhembBbagoain 6§ CoEpeci fi c tloi st htehemat
l engt h of wtYhse tnhaet edriifafleer ence bet weenOt he i n
i s the Youngdés Modul utse sefefca dti coft muld dhremmaia t
accounted for when <choosiFrog tthe maqwirnedd
componemersfangnaediitisonare required for Mo ¢
mai nec@amtmact durTihreg pafersosautricoar ma l ex poafnsi on
the fitcesheuwdecn@d cutl lae i ngaquier dlégrneorrcien.g ot h

effects, and assumingheotsaokadyercBaaheaet emp
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component I W[t ®6jueccemmene(nt [ nf B Efnedr ecnocnet a(c t

pres@iBé&idefi ned as:

T §8 § 8 (4.
1 — — 0 ( 4
e ( 4
0 — ( 4.

Figar®lnterf etrweonccey Ifiintdsr ifcdaBl] component s

Wh e Ries itnhteer f a0O@n@ade ushe Youngds Modul us o
compomerstpecrtdawediye rtaltoefi t he 1 nneampaomdkenod gt
respect amdlayr,e Pohesgsan'i®o of the compene nmtnsd
respecYiisvdlhye, applied tosqubeatoehti cneet f e
interfaice,tlhedl engt lFios twheél i beedfiacaissed

definition of the model
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Torsional stresses are presenteshah®®legua
Si nMoet oirs Bc apg a mludhpi ugtbt ri gnugee, s uttbhtesanl g nepfrfoedcutc e s
shear (str)¢dSH6éwhi ch are defined as:

(4.

” -
Wh e fYies t he aprpils etdhremari quuseqd fa t ti,meginlslopdon ea r
moment of i deptioahe duthlesisescht giesmmet r yhe r ot atin
To determinehafié miands msens $ heas hlea sd q leantged ch  t
of the materi al di vsihdeeadr [ Byl jptahees i fnagc tootrh eorf esf

assuming a steadyastanhegi nogérshi) ®rpdtowmiecesr t h

expression:

i h ( 4.

Whereyjp; Iis the shear stankEl®gthhef fabéomabér s
by t he rgiess itghnee e anni iamigntuast scealnetcbteesdu ppledr t he

stresses of the shaft.

Bending stresses are primarily of concern
integrated i ntoaxihali fsthradds defsi gme ownwer al |

However, excessive bending at tshetdodus ecamrdi
add additional WHhHirlegst in@r y hpumpogaedailbathe
ar riasy hbatnhcee ma g ndeitsitcr ifaibeslodo bechuwet ey by spl it
magnets i nto niohree fdoirsncurl eatees(gpra rotesh.@$ nde fsit me d

as .
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" — (4.
WheMes the benyisngt hneo ndeinstt ance fli cgmatrtirdesee ¢ e |
moment of i nert isagescstpieocmnif nicmit o2e t Waersdiinm gh gs tt rhe
tor gueaxandimmeter ahe omometnhantof 1 ner,ti a sh

but ctamiisnlcsroecheea @ t he motor so a proper bal

The pressures acting on the sleeve are of |
sl ePue.to the unreliable nature obBucbmpgsi
Hexele c o mareinmi mamt or odf @6 dnf eatdydi t i opos s @es ma
significantly greater comprsens stshvaey Isd ra&lngad h
| oaded pri mar iTlhye rienfheercenp/ree ssheopdaldy mp way si v e
f oroaciehe out er diiagme twshri cohf itsh ege retartiefrulgahta nf ar

t he magnetduwerxipreg itemecemaxi mum operating spee

41. Magnet arbd r®lsesewse

To dertiavneg etnhtei &It raersd ersa binalt ha slaehealte ianncdl untha

a traditionahubotwmagsét@dnabd odibeERwEbEdNS

Assumt ngd @ toitdensaitl pseh a f t hub, magnet s, and s
t o be od nsteerrifeasci @yl icrydemsgdeursder pr,e) 6l e ex

and tangenf5®&lldestiresed &s:
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o O— 7, (4.

» O— 7y (4.
WheEies the Youmg8stMeduladsrals dihsep lviage méset ,a
Poi ssahbds.
Ex amgtnhifeor ces owoyai ndt,a tfasrglbacddryamegnh e MRAor ce
bal aege@ailsto the difference b(Otameae i hteh @ nova
force due (O 6.8 A =ad u dithreg sdasthaartge i n radi al ¢
angle arethery pmatiuct can .bd bapgpmrnagxinma tad
component of (Ohneéiadnwadasdavhfeosesa@nlt ,angl e appro
can be[ @fiplei & ofrd@UO,asdO{db 81 e expressed as:
O a1 M 1 Q—Qi (4.1
0o ,1Q—, Q 1 QiQ— , Qi Q+QQ—
(4.1
wher® Qi Q—m
0 ¢, Qii Q& ., Ql Qwh et ®&e — (4.1

Whervies t he anaqutiiag tvled dalnegmyeent A i sd4dBscrib

o, + da;

Figurzl eslment of a awowdat e nifedaesmeentd &f (¥ i ght )
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A forceObaDai®ocean be performedxpnex6s8lomgi ng
I — 1i— 0 — " 1 (4.
A study on the andaleytciacdlonc dli ouale®RsMSMyvfeort h

Barr ancslewihsadomsdetmomogenous ordinarfy.8di ff el

Theompselk gtoironr adi al(0)i6mBEl a@a me mehret gener al f o
6 oi - — " i (4.

Whe AanBar e speci fSiusht ictduttsitsagetqsu.at i on for r ad
i NnEpuat4ohBbd 1Y2i el ds the fekbowssmgadapgadld De d

tangesntiesls :

— P "0 p ’ — — " i (4
” - p ,6 p T— —"-|i (4
Theoundary <conditions for radi al stress a

pressures pbe6ihreeyxydriendseummari zed as:
[ n,, = 1 N (4.
Substituting these boadidalystoassft admrhps e $ oi

cons Aam s
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Substitthet cog €tqaratt s oinrst @r A 8uaed "“ha9fcompl et

a cylinder under internal and external pr e
, T 0 — (4.
, T o — — (4.

Finakl ghanlgeduen troadiinutser nal (63a[n@&iB $uwxmnearniade dr
as
o -, ., (4.
The displacement d u(ép )tnou stt h earl nsaot obeak dpabchasd b n
di spl acevhdoratls eids ® nt her mal eoxuptal ni &jweedn iifdor #hul a
6 | i i yy (4.
Wher eanid are t he f irmallesgredtiinietliyal
Thtot al radi l; di speéapeemesned as:
0 i - i Yy (4.
These governing equations wil/l beChamgtdern n

4. 30 estimate the requ, rad wbi €tk rasslsestelvaef rte

interferenceeasdregr ¢ethensmagmetse are under ¢

413Vi br &t 1 on

Whedesi ginignlpgeea@amponents such as shafts, It

vi bralbfifedhcbr ati ons in motors can be inducec
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power suppl,yofhbuetuatpipbes or poor mechanic

shafts, | mpr opeerc cheemtrriincg cpe natceermeonft ,mass, an
par[t4§he viswcraat icooni s o mechani cal failure
called Resomamce. occurs when an object rot
exponentially increases the amplitude of v

faileafpkbe first nasur al anfad eaqtad nloudnedreommpi ecds o f
obj 6.5t her natur al frequencieal xs@anknaonwnc a
eigenfredquemcidedfodrmamitnlge c o mp opnaet n,tesc @ $nlt eod snpoec
shaRes ating components can faiwhiprleimagus gé
Whirling speedri & eisl krneobwantobbda t i otntad t smeewde s
maxi mumnsver s eas\hialisit aat iramnswlritneatfc erst roifc t he ¢

mass mdt athiend 5a6gsembl vy

For an unconstr-Areed asgpbyems, whaii gbel dbdorddu
modawsper esRengbioddy mo@ées el at ed off 0 etefrmdn dleqtr iec
and rotation aboanancdl@sx,. For OarHeropaxé¢y) co
syswuaemeri nlgo gsdt @ ensosdemdh al ysi s can brei gciodn duacd ye
modes shoul dThetr 9 bp @Grec ecendhble det er mi ned, |
first of these modes should occur at | east
according to rewvwiobhmatnidan a lo fdéebforrgpam d etxd ibloo ka

vi brati osnuaclh naosd enwoidlel sbhea peilsapt.es ed . 8n

Theatmur al dfr eqrufead)cjywitit ch i s the crigy ctad mspe

[ 65 genechbhlt gcterized as:
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1 — (4.

To modify the naturausftfréquemcy,ecatslee, soirff
decr eaeadaftrueqaquency i s bel bwot bptopaeasatreg:
increase the natur al fspeednoyr & enyabtauwr atl h e
frequenacy fiismmempemdat i,ngarnsdpeeper dtriamg i $ P ® @&
guickly away[B6Bémimnki 1 ds pdegeendpaemdpt ingla h)t hipe ed
[ 66% approxi mated as:

1§ — (4.

Whe+ies t he damping ratio

The cspecfdatthe roforaamasbemmajad ylustcaady! i t he
Ral ei ghods met hod qr wbhastsheme £y dy n anertabrod on d
maxi mum safety, it is recommended that the
above the o[peFmtsingplsipfeye tthreet caral aud eambloyn, i s
to be a simply support edaphpollileodve adtlfeatimtees wi t
which includes the mass of thbesRaféeighbeme

for criticall bs6ppa endyf eoshteimmatti @amed conditions
1T - = - = (4.

Whegies the accel ertat sonhdumastesEipe ¥toludaigdbsl!| er

moduliuss ,t he pol ar Ama nteérieeseso f a roemadintdi sdpheec i f i C
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wei grlhota. s hat atcdh e s evoenrpalinent s, Rabeicahas!| met el

criti cfaohmu bk pleupntlpee e §bdb6$s ex pressed as:

] §o (4.

Wheoeis the wadilgohctadd fe nttbheel ect i'tbrodgt | blkat i o
Usuad X percoimnwesoétiwaeegui red to compute the t
b uitt i's possidelfé ecoi ensi mai @ d 5iinf |iunefnl cuee ncco
coefficient is the troann sav esrhsaef td edful eejotnoi oan |ac

a shaéfwhich can be described as:

1 —a W (4.
Wheoes the distance baen avekrimsl .tthhee |doiasdt acnecnet et
end of the si mplaéings uppeo rlteendf tokine gmé rprypeb alhar ¢
rotasrs embllypdpgmhl | erdi dapg o it fitehaert negar i ng,addst anc
ther@dmoaereequBaduati on 4. 3Be fdleg@wiadrese hoavl c ul
by multiplyingcoheewpoglt SghgoiEhRaidéd S nt .
i nto EHQ.u&tn omul ti pl eprloudnpceeds nhehsep ef sosl sl ioowni nfgo

criticuasli nsgp eRreadl e[i gh]ds met hod

® 0 (4.

1 — (4.
Dunkemle¢eyusssk s a similar equation, ®&qtai@a@ast e
of the critical speed of the assembly to t

of various atfaféhedscempoesses as:
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— - — E (4.

Where s the critical]l d9peed eofcrtidttehaesath a ¢shpeede
components and continues dependi.Rgl enghbs
met h@down t o dveerietsp e[abdftheeet hods shou,l d be

wi t hmotrhee consebeaunsgevde troescuadltcul ate the crit

42Mot or BamMd dBE&€shnhgapts

Th@ADnodefi he ent i r e indoetsoirgsaesuge mbimi | ar conce
A.Abi || ofi fmaditaimd AeEhe entir EotmordeB, fiomcl| ud

dummy stator asF gmhld@wm4dids shown i n

Stator Potting (Windings, Encapsulant,
and Stator Back-Iron)

T

Integrated Shaft-Hub

Magnets Retaining Sleeve

Adhesives \ \

Stator Housing

Rear Bearing Components (Rear Inner Shaft
Seal, Bearing, Rear Outer Shaft Seal)

Front Bearing Components (Preload Wavespring, Front
Outer Shaft Seal, Bearing, Front Inner Shaft Seal)

Figurde E4Apl oded vGrlDv of Motor B
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The compbnéehesstator assemblycaeatifong $hepp
for t he r oitroar eaasssienngb | tyh a nenotdierha tsitnigh finlees s | ¢

vol ume, andopowbde densrty

Endplate Bolt Holes

———__ Mock Stator coolant
inlet port

Windings —H1o |
-@ O | Encapsulant

Magnet Retaining Sleeve — |

"‘--‘_,___‘ 4-Segment Halbach

Deep Groove Angular Array of Magnets
Contact Ball Bearings
Preload Wavespring

+————— Integrated Shaft-Hub

Quter Shaft Seal

\ Drive-End Spline

Inner Shaft Seal

Stator Back-Iron

Mock Endplate
Coolant outlet port

Figar&ekect vbawl of atstse mdvibtyiomd B .
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Tabd4.el Mot or B band todt anlatmas al s
Compon{ Material/l Pr g Strengt h|Mass
Il ntegr a 780Yi el d
Al SI 434( 20. 4
and Hu 350 ( Sh¢
Magnet NdFeB (UH4 850Comprej 5. 27
_ 70 (Shej
Adhesi Del o Dual bo . 0.08
7 (Sheaq)
Car bon HexPly 8552
2200 (Tey 0. 38
Sl eev Hext ow | M1 (
Housin Al SMg 250Yi el d 26.9
Endpl a Al SMg 250Yi el d 4. 21
St aB awa k NO20 Lamina 370Yi el d 16. 8
Wi ndin Copper - 6. 55
Encapsu Epoxy Res - 5. 21
. GMN Angul ar
Bearin - 0.25
Deep Groove
Shaft GMN NOmnt act - 0. 37
To tMals s 86. 5
The rotor assembly dimensions TawbBeblesi gnc¢

primary goal of this design was to minimiz

power ebaflt for the

Aengintyegshavwed reasons ¢

whircdédduceset all stiMmpd yed h®o A estearbehiymien i mu m

beari dgpamefaetrhe ,uciboggu asAhia@hrt | e appl ying a 1.

factor to the d@xtrrqaomeqiue ac el et i sdhheamcol au

t o lMlemmScal ing the dafedaigti®dmnsathywal | as co
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stanbdaadi ng sizes avail ablce efin @ ang otsrtaudd ttee d

shoudidzes for mabéeandiimgnettehe of i @ atee rrmitmed st
be 45Bymm.ncr edasaintreg etrhe irte diusc ep ot shsei bwdeiygthot o0 1
changing it fraormodh awtdiid | osmafltl ytt ot he i nner
walkol | owed outvebirxeaddsest ti8Bizalm tkiehe mbeosnect t he
rot ori rboanckt o the main body of the shaft. TI
hub but reduces t he cagtbiafaferdensgys .d i Hharvedwearr gil rdtctr e
shaftti ff nesst hdlens i agdnd mgpaiwlvnwde ¢ omcedt iavtehec ool i
rot or rboanktlk WeR/Ewot consinueptieiyisi ast & pafl fyesdts,

was not Aveplifmnedwas added at the end of t h
and a smal l amguamt wafs thedeshamt fliremtheof t h

pesinboluent i igr eossfolaver f or accurate position

The selecteHfy HERCINYBEMmMmrceki ameter angul ar c¢
from [GBMAhese bearings are similar (T(het he h
GMNoeari ngs aSiel imaareo If é koemipe mhti s kammpde PEE K r e

cages. They are kiogmmpmpe ghtearse $ ht @t ycan o

180. Some of their | arger bearings are capsé
RPM operating speeds. However, these speci
must be i mplemented with shaft s eaaned.erTlod

68 wm@mme s,ela&mrd etdhe bse aorni ntghreeehsohug ihdeed t o0 accor
tébearsieadosr opéeamand or m&GMbler ecoimmemdsy deari

preload of 500 N for theasdi paethiesklcae | ae a
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wavespelngct &sdnaf | B.00i | |l ubri c ssteilcetdu®wds onot s
complaenxd htyka@# best replicate the cooling me:
i mpl engernetaesde | ubri cated bearings.

Taccommioarataef oir mieldd @ ir rncectohloidn gus e,d a ns eMatt owi
a groove fiosrd dae ds ebte tswereenw t he frontpibetui ed
in Fi.couAe d4 tfi asmhalblayd,dteedhe front of the hub
the holl ow padrot ipons®ndfi attHe h unpr.ovTeo cnoanivnetcati
proper babampl cpy dhteal speed calcul ati on,
integrdatdedi gmafdt ab bpel mtdbedwed@hkee hei bgar |
teardiimg ance iodshi nihnei asendeditcheea sosf t he i ntegr
shaafutandher ehor ¢ Aapewer density of t he mot or
shroud, fan s e abte a radandga fulih is @ imamiicneigmi 22 @rden.t o
Thds s taalnicoesgrmacllle araatnecretsai n mountoi ig@acshodlad et
assegmblt ri ded AI SI 4340 st eehlubi smauseeidtad s, tdh
strong mechasndachala9roipeh tyiieesl dh asrtdreensisn.g Nmettr]

that increases fatigue resistance.
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Fan Shroud

2.25 mm Sleeve Thickness

. 15mm Rotor backiron d

8 mm Hub back-iron seat

Spacing Shoulder:
18 mm

Fan Shoulder:
500N 20 mm

Bearing Preload Output Spline

@ 35 mm hollow shaft section

Bearing shoulder / 68 Bearing OD
Fan set screw / @ 208 mm Rotor OD
Webbed Hub Section

Fan spacing seat:

6 mm
8 mm Magnet thickness

Fi gathel nt eghadedi gmaWMdt or B.

The magneetcsMetdlof oB t o generate 1 MWaafe powe
N4-8HNdFenBgnetTshese magnets have a high magn
meaning higher resi[s®fncel $® Meaxatgsn ed ilziagh
strength of 858l MPrswtthsvamadmER®ma gnaerte

arrangecginkkanebdchoamarayeni ect trdimagneand perf
bending . Teskesdeém@ntcree magnets in contact with
hub, Dual bond HT2990 magmelti ad hkxdij weem f tr loand
of mahgenet s and the out ¢ 6. ThiecsBheareetapladl ko
Il i ght offi xtahteitova g e tdpc etso 180 C, and at room
a shear strength of 70 MPa, hl[i 6g7h]d rt tihsa ns tm
enough to be used fortaeseoemhlimeih gt hbéua h unlsg n e

insufficopeatapiepds ghTadnea xa driuenrs isvheesar strengt
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compar emagmett h®etressesenetsufdiphbhbef mameehlkea
anidnterfeomecsellheeerveee.or e, the retention sl ee:
integrity of the r ot odre taascshiemmebaltyb oannedt iapbrmnegvnegn
sl elesyke xt owt ofMlENi t h Hexply 8552 pr efpirberge adlt
ply | ayer sidimpgsd rh eftoernsititise nhgitghh. Speci fi c def
of the sleev&hape. AmedwiSeeweadf i nhe magnet r et

f ounH gium.@&

Hextow IM 10 multi ply carbon fiber sleeve
bound with Hexply 8552 Prepreg adhesive

Representation of Delo
magnet adhesives

Magnets in 4 segment Halbach array

Fi g4ar6e Magnets yrttdmttofonB.

Finally, a moc&reathedrt @asmmeadadilli yfaf nneosrse paactchu r
rotor a®osdemkel yi xed supportsuaidh@hgvameunt i n
j achkkeeusi ng ahdeesdat at eassembly is not the
boundar y schoonudidt iboanlsaep Eltiadtdorth tdao uns inmor e accur
resul ts f eom Ftohre eaxnaamipylseholsehsumduhavegabbi x
constsrhi amicret it woumdunewhlie soir calt | yober of a

t estTiommgaduce astriecddhiestmass of t he shiompslieng
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i nternal <cooldiemsg,gcnhreadnaddst wenet o nonfunct i
Large cutouts of the frontrendmbbaeaeaneédr ¢ &
rotor alApatbokbki pegxtteedrinralt o ent ervitdariohighr ot
faaand f an shaosfler heat vhwab ,ciosnrvakxcpteilolne dt hfrrc
mot or .Qtalveioic Kk sbomponent sl amichai@ddtdiee ela,c k
coppendi ngpoxpameap suloattiyem cand e tulb e tmaostsa |

of the motor, and thus obtain an estimate

is estimat @é.kbghbedbel abpgwen Heh®i K. ef does

not include auxiliary comp3pnheansteapsach Bast
resolver, and other f®fileatdtz@mrh| ma odmpfofoaerina nsth
from this initial estimate.

Si ncmaighea l of itskeikxp | tah ens it 1 e dperseil gi nenhparkoycye sss
of the roamd tecmembimy zei thesdesbsgnble to I
dens$int y hel hfeutenrcema.psul ant i s of i mportance s
di ssipater, el ectrical i nsul ator, and damp
proceeding chapter di dsmoie ienxctleundse vteh en oe nsce:
analysis that includes tbBbeobbtddopeeophni mhezee
Thmost siigmprHfowamenthegmodetapdi maei made on t

stator assembly, whigatdh2i s pictured below i
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Mounting Bolt Flanges (x6)

AlSi;oMg waterjacket housing with
preliminary cooling channels

AlSi;jMg housing endplate with
preliminary cooling channels

Fi g4éarMocskt at or

43Car bon

The magnet

11. 9 THMN.

required

Epoxy resin encapsulant
(stator potting)

Laminated steel
stator back-iron

Copper 3 phase
windings

as s e mbb yruesfeerruecntcuer e

Fi bre Sl eeve Calc

ret ai

ning sleeve wil/l need to w

sl eeveardeht ictkhatesd iamar ptriev

equati onsChbpapil2F oMod oirn Bé6sotspreccdmnadi ti ons,

t hat :

1.Magnet s

2. The

s |

eeve

S

ar,e asnedg mehnutsedonly expemnience rad

cwalkli deéreylli soadbdgl @gt bl a) .
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3. Pressure at the holl ow rotor shaft i nne.
zeman( 1 .

4.1 dle conditions are assumed to be at 0

A representation of a traditional SPM roto

I R gur.g&e 4

Shaft

Rotor Hub

ry; p; occurs at this interface
Magnets

Rotor Sleeve

o Po = ry; P, occurs at this interface
ry; P; occurs at this interface
Fi gurt8e Nd mi nal radii and pressures at each

For the equatisoHbd apiitsittrheedei hrahs$erred be
and Riusb odkficci endi so ét &afeki ,dteingrithdeves t hi ckne
Yp is tdheves tensi Ve & elldfets stremgitlh¥; yisel d s
t hceompressiveoyi ehdéyshséthejneshi | e ydfeltdhe thweh,
Y, 1 s ctohmepr essive oyi dlhe idtuibgnpdnder ir adi us o

sl eevetwbsnpr es g neritso t he

The required interface pressure beff)wsen th

cal cul aEqaida tdu.sainn g
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o — (4.
The required pressure at the outer diamet e

the hub to meet a specifinc Bheevadisalf estyr d:

outer dipameter i(s equal to this required pr
T n (4.
The tangenti al stress,pat it hesihnugb tohuet eg o vdei
equation is simplified to:
S S — i (4.

The total di spl acement @fy 1 hie ), ouatdedri ndyi aenfieft
from-sttmaisrs and thermal expansion I s expr es
6 1 — .k B Yy (4.

The totaldi spt awaenthsnt of the magnets at t h

b6rp 1 1 )is equal to:
o0p 1 1 — 1 1= — i YY (4.
The final madnest ®f dihamet er at maxi mum
temperiat vadeedkirng t  he magnet displacement i s
i i o0 1 i op 1 1 (4.

The requir ednapgrneesis wsre e stele@epr essed as:

who U n (4.
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The hoop gtliessuused to calcul at@pt)he tod@uir

magnheut er di ameter to maintain contact i N
par ameters. |l ncl udi ng (@¥W)et hel exlveee vfea st map o

represented as:

" R h h (4.

This boundary condition can be used to adj
required sleeve safety fa2obor,abwbheclding fr

supp.liers

To verify that interferenctehebebanwleoap atrleaed r o
Thehomspg ress and sl eeve fsotrtrfae nf @lalno vbien ga r & xamre
condi tion:

ir — i (44

WheDei s Yiohuenmgddul us of 1ihd sslitehevea,pdaartded i nn

of the sleeve. The resulting rdad) ails iitraplfy
1 [ (4.

The minimum required rasdhaflt ianntdrheb eatcei d

( rh J)can be calculated as:

(4.

Where the radial shafatr eaend hub displacemen
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op 1 1 — K "R [ Y'Y ( 4.
Op 1 i — .k ah il ¥y (4.
To calculate the radial and tanlgemtiimatd ersft a

at dadceitions, the pirpepissusreed aitmstthdidsed saftvea lf u

must be | ess than the yield strength of t he
factor. It is assumed that the radial pres
real i ty, there i s soate @omprsay e d rtohme teret is
which would reduce the tangenti al stress.
effect iIis ignored and thus twhecdaegrarti ali i
mi nd.

- f

Nr - - (4

\ o« w~s B fi
I i h (4.
I S i i (4.

To sol ve f oprr ettheen srioquiorfedt he sl eeve, t he a
di spl acement equations ] f)orc atnh eb ee netqgiuraet erdo ttc
i nter flegr.enTchee (i dl e pregisurneusat btehe tselreadVviere

match the equality condition for the inter

calculate the required sleeve pretension,
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O 0 nNp 1a (4.

These cadsudme® MBWIst h a traditi.slowkeVvedimaft hu
integr aheh, sthlaédt i nterface betiqweemo tlhengheub
considered. This reduces the complexity of
confpaetssures antdo di smpdiacemenAs a resul t, t

the pressure at they)outtehre dida nee tperig sogsfu rteh eat

and most i mportanot)y btdealey,t hic&neseeve
possi bl e, whil e meetingofadfreeltad i veéyuhrighi
c omp onsaitteerCiaa ldsa M reeopr t hot ropi ¢ materi al, me a

properties vary depending onhaope isderdesusvead y

dependent on the rleganddiimheeci oonodbf dbéekelappb

96



M. A. Sc 1 Mh a 34 IKihd Mc MasMeahani cal

t he slhooaudl d be parall eb tbatheéehti bréerdsractei
Not atbHaeg t uals ttreennsgitlhe iod i mihteehsbt| regenvget h of t he
t hat Dbfoinhdr @iwWlasgtea gge t Hrdeg ciosmmended by supplier:

reduct ifoinaihéf e siheweds strength due to the unr

Thel eeve arsded reicdlesd HeamoWé 2id/dor #a nd Hexpl y

852 hesi vd hproengaidngpe si ve i s therebidwgesdt b
Hexceand tfhoarede0 sttcracrbgpdeso mpat i bhies wadtesi
At pure tensil e | oaadh enisgs, v etshtei neatt re8In0gt t P bhoef at
[ 6.6 ]Appl ying the 33%mrdg ditsd teidoanp tpfr apaxt@aora t geifl vye s

MPa. The opfr stpheeeftitierdeld h ear e ef daubnfide 2

Tabdl.d2r operHexed85 BPH oxy WReshi Hext owi b &]0 12Kk

Property Val ue

OA Tensile Stre 3310
Adjuberdgdi | e Stre 2020
OA Tensile Modu 190
OA Compressive S 1793
OA Compressive M 164

Poi ssonds Rat 0. 28
Den s(igt/3 m 1790
Coefficient of /TAKC( 0.x1 6

A set of itengteirf @rnmaMATIlsABnigmntsh e di mensi ol

estimate the requbsi adqulaepérveevs tbursdilge ditstsi s
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chapt Arssumi ng the same conditions wagreicaus ed
i nparte udetdeetrdmeinni mum sl eehad il vkasfess f act
2at mi nfihneunp.r ocead) UNtviongyg et he slaécemostt hiealk
t he targetantdddfeant yadffjaasttom,g t he rhaduimdieadesur e
The sl eeve pressure would tihEeEgqubti @dj 4sbhed
1 ).The initial tempet#t uarned itsh ea sfsiunnaeld tteom pbeer
be ALVUSing O.alr% onpnhlfai ybdriec k n e s sr & cnocm neenmednet ds b y

suppd isummanmy saf ttsha dmabd.e3 f ound
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Tabdl..688ummartye roatl ieee/lec ufF atnipoustbteecedv e t hi ckness

pressur e

|l teration|Fir - - - - - Fin

Sel ected
Thi ckness

Pressure b

| npu 1001001001.001.00100 023

and mg diPal

| dl e S| ee\
( MPa)

Sl eeve Saflo0.

21.,23.,25.127.,29./32.,20.

L

11741.31.831. ¢41. ¢ 2

Required §
(KPa)
Out p Radi al i n

31¢35]138141344¢471¢ 30 ¢

7=
o
faa)
o

1
o

1
o
~m™
o
re
o
3.1

Resu bet ween maao0.

sl eeve (

Maxi mum S
224188166142127113110
Hoop Stre

Required

Pressure (¢ 32.3
Cons ( MPa)
OQut pl Tangenti al
hub outer 83. 8
( MPa)

To achieve the tarzgeta griedwr ns asfl e emanchii erk
required. This thaykesaohi eaedbomsifndpre, wi

mmThe flialerde ev e shoul d exert a maxi mum i dl
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magnets and a resultant maxi mum of 0.23 MP
achieved with &P ap raeptpelnisei tornté dotfb hBedebn ta n\gil md i n ¢
oB6 dewirteresrespect twags heelaxd thdd dlrdbead f @ r
sl eeeoeefrom MdtudrmurAkR. work could be done to t

from 89 to 85 degrees for Motor B.

4.4 Rotor Assembly Anal ysi

Using basic calculations to determine key dimensions for various components such as the
bearings, shaft inner diameter, and carbon fibre sleeve, CAD moedetreated. The

CAD modelsarethenimported into a Finite Element (FE) environment for analysis. The
FEA can be split intofour major stagessimple steadystate thermal analysisstatic
structural analysis, modal analysasd strain energy density analysis. Thécal speeds
analytically calculaed during the modal analysi¥he analysis workfl is explained

below and visualized in a flowchart shown in Figar@

1. Meshing: The CAD components must be meshed to creat® &B model. The
mesh should capture all feature geometry as accurately as possible using smaller
elements while using larger elements in other -agtical areas to reduce
computation time. The meshust pass certain quality criteria to proceed to the

analysis stage.
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2. Basic Thermal Analysis: In the selected FE software, thermal analysis cannot be
performed at the same time as a structural analysis. Therefore, the thermal analysis
is conducted first, and the results are imported into the main structural analysis. The
thermal analysis for Motor B uses the temperature data of Motor A due to the lack
of available testing data. Any unexpectezhaviourat the contact regions should
be corrected by changing the material or fit conditions before advancing the multi
physics anafsis.

3. Staticstructural analysis: The thermal analysis results are imported into the main
analysis, forming a muHphysics analysis. The loads from interference fits, thermal
expansion, and rotational velocity are applied at specified load steps. The resulting
stress, strain, and deformation are gosicessed for observation. The safety factor
of each component is tabulated and compared to the design criteria fron3.Bable
Any failed components should be redesi
stiffness.

4. Modal analysis and critical speed calculation: The stressed model is imported into
a modal analysis to determine if resona
operation. The first 10 eigenfrequencies, also known as modes, should be
determined, and ny occur before the maximum operating speed, the stiffness of
the system should be increased.

a. The critical speed, at which shaft whirling occurs, should be determined.
However, it is difficult to simulate accurately using a Finite Element Method

(FEM). It can be calculated analytically using different models that simplify
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the geometry. The design should achieve a minimum critical speed safety
factor of 2, due to the volatile nature of shaft whirling and the various
assumptions used to calculate it. The critical speed of the motor can be
increased by reducing the length loé tshaft and/or increasing the thickness
of the shatft.
5. At this stage, a successful design iteration is completed. To further improve the
rotating assembly, strain energy density can be used to determine where material
could be added or removed to optimize each component in terms of maximum

safety and minimum ass.

It should be noted that the effects of fatigue and cyclical loading are not being considered

in this analysis.
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c al

Motor CAD 3
Weight minimized to achieve
power density target
Failure of
quality checks Update the CAD
to improve the
mesh
Passed quality checks
Component overheating,
or loose fit condition Change material,
Basic Thermal analysis » heat freatment, or

fit condition

Mo irregular behavior

Static-structural analysis,
adding fit conditions
and thermal results

Component failure

{>{ Add material

Safety factor =1.25
Sleeve safety factor <2

Components meet the
minimum safety factor

Presence of any eigenfreguencies within

Critical Speed 50 Hz of the maximum operating speed

Calculation and
Modal Analysis

.| Increase stifiness

7 or material

Critical speed safety factor <2

Mot in range of resonance
and critical speed

Design Analysis -..(
Ll

Completed

Use stain energy density fo
remove or add material and
L further improve motor design

Fi g49:e Wor kfl ow for analysis of
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4 BEA ModelMot or B

ThEEM sphitompoonenumeir®BBERre@emponende fciamne do e
in an FE byemha Degieenmie o ¢ suushienhge g e oneedt riyn ca e
CAD madeh.Tghmesdd i s then subjected to bound:
the stress tensor of beyacthh el searfetnw @ cealnt & ed e
component stresses, Fetirsa htnisA s isasnmdp Fdeetfeodr mart i
ANSYS Mechani c.@d hme nA Dr omonteentti myaosr t ed i nt o A

Mechanical Fiigu4d o4 i li n

Figurtdd Glompl et e Motor Model with added bol't
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Fi g4rtedd Cr oss tdhecti imgpm oiid @roMel i n ANSYS Mech

Modelalnidng malhBeEens i r caramerbte br oken down i nto

1.CAD Preparani €ABRl gkheimembdy fbiyedr emovi ng
si mpilcdgr f @iam urEexs reme curvature in part
properly capture anndrtehheer RE sehrowiSrd@nbnee ncth
edgespecially near | oads, should al so
stresses appdweactha nsgt rienSé messye @ ha miad 60 o 13
due to I imitatiomanaie bnbe &EWawDft &pr es

actual Igtrceassnseasl.so be advantageous to c
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contact with each other t o trheudsu cree dtuhcee n
complexity of the model

2.Material ADdfeirnitthieonCAD geometry i s i mpor
the material propertiYesnd®OsduPescscsmmbdéent
CTE and other pafr@methemataeanre adef iFned ort
the properties f orseegacdetfdilnyedc.t i on need

3.Meshing: The CAD c¢ o mpsommaalinltsscerlaat red mmess.h e d
el ement Sshapemgubhpne abdelrememingubar tatr
hexaheRral e@éet snes h swheolull dacfrloosws t he | e
componentsiamidl Blediwe ers Meosrhtianogt si.s an i ter e
t hat maduiimpméeeheagqtukadeansyure | ow computati o
resuttshould be noted t hat amdnptolsu st er empal
specific composite modelling in a ply s
modelt hwe tadhtmpement s .

4 . Cont &Wbes: comipotnemaatc hwiott th efri,t ac eocmodnid tsai cot n
to be defined bet weenCotnhecttwae#sois dad e©N
contact and target s urufsaucaehdetywdicereppo nt enret t
and has a finer mesh than the contact s
i Bi misott hcht t he tanrdget pesmnef camedachtyi ntghe ur
Contacts can beodsfipedcawmobgledesdnd fric

Thmost common contact types are bonded :
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5.Solution setup: The |l oads and blbauadsary
can pbesiemmnhe Dbrmpr,esfsaree, rotation, di
acceleration. The bovwanrdisouugsp @wrotnd i whoaoh

defined to constrai heersitotdsveelrid bgr eeaf of
to support a variety of optThoensnunob esrp ece
sSsubsteps, saaldv d ro arde tshtoedo,s can be defi ne:

applated he apmrdpei mwde tivassst er conver genc

Once the solver can convergeotphatsiovetdoman

can be& omwagdi mi zi nign tthlkee mfou tour e

4. 5.1 | nMotdiiafli cCAAD o n s

Before the model was i mportedmandteot ANSY pM

t he model and make it easier for the softw

The front and rear bearing comapeenmemitmed bear
a sicnygllienbdiyoalr ef | ect an appThiassmamphir@emr e

geomesrpot completely accuratepbatiteiqad e at | y

when modelling motors in FE environments s
can greatly increase the complexity of the
model . FE modelling of two cyl i nndrhectawe erni n

them can | eadanad doddlhanysrestkse wleudke t o t he hi gh

and contacts. Proper bearing definition al
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beartrsipregpiefrifcor mance that iIis rarely provided
veri fy. Therefore, a common practice 1is t
frictional intertadeenanaec o mnal cTdaet @amh achogieemse t

bearing componk mgtys. €laZr e shown in

Fiugde. 1 2CAD model of front bearing component

front bearing rAeNdGrYieSglen) at i on

Ot her components rootddrssgnebtleyd stucc ht haes t he
(encapsul ant and windtimgsn) wees eweallls oa sr etnfhoev e
and endpidatteanowerde sirmaoes mi hey hsf rroema ctthieo nr oftoa
assembl yhe s &pmo rtthse Thuoeussdaf og nei,tihneu nt o mp one nt
t hat emablfgantelsvgay are required to provide
and def Ac messescd i ioemwa leoX p d rhtee d ICé BdoMicaky agld e

4..13
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Fiugde. 13Exported CAD model with cet*ritraoinn acnodmp

pottisnigmploirfi ed (bearing representations).

Toprevdaendpflradcdm r Gsttatelntgs wer e created after
i NANSYS iarsckirntteod t h-eoesadpfatbel itn crod @sef t he s

the connection betwe®©OmAl B¢ d8d[flegptreesbemntt amht b

i showhi grde. .14
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Fiugd4e. :14Si mpl e endpltatdei boANSYS.

Soniee atwerreesmov ed odurniome fmeesdhi ng process to

me s h qTuhae si et ya hdainsgceass s € & € hampd. e0.f 3 .

4. 5.2 Mat eyr ilaelf iPoriotpieornt

Since some of the componenfter hRE embdaeariny ir EBgr
di stinct materials are requiredteeol bfeors ptel
integraitwd espl ane beditisngs, NdFeB for the
Dual bond HT2990 At &g tfhoer atdhhee sh ovusssi,ch gH eaxnRIl ye 1

8552 |l aminate twofivihe Heoxrt otwh el M1laOr bon f i bre r e

The i1 sotropicfmnat &l ShedBBdBDeBrtbDeko 12990,
arlei st mdb UMiedhe sheailn samoidbugphd SYS6s i sotropic
cal cul a¥Youn gossiungus and FRairsbsonn 6fsi brraet iios an
mat eirn awhi ch materi al propergsepmar ataqgilyy bdesfei

T a b4l ..e5
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Tabdl.ddsot reotpeirci aneuspedpent Mot or B
Mat eRricader t| Al S| NdFe|Del o H|AI SMg
Densit¥% (k|78& */7.50%| 1.60% y2. 643
Ther mal Expan
P 1.23%[3.70% 1.50%x2. 70°
( K
Ther mal Con
44 % 4|13 4| 5. 544 x 0.16
(Wi nK)
Youngds Modu 205 160 5.50 71. 2
Poi ssonods 0.@9 0. 34 0.350 0.33
Shear Modul | 79. 5 59. 6 2.04 26. 8

FE oMelolfihneg ret ai siaogmpl eceee scspacgampepdcyehtr o

Ssi nhcee ptroperties of car bofni diidbeect aor. dEpe nd

propertfiiebaeprravhiecdbd bapeliikasbleeb

Tabdl.gBrt homaoepircoaperti es of HexPly 8552 | ami

fibers

X Dire Y Dire Z Dire

Mat eRAriopler ty

(Axi a

(Pl an

(Pl an

Youngos

Mo dul

164

12

12

Ther mal

Expansidg

3 x' 1

2. 847 X

2. 847 X

XYPIl an

YZ Pl

XZ Pl

Poi ssonods

R [

0.32

0. 45

0. 32

Shear

Modul us

5

| sotropic
( W/mig)

Therr

5.x4 10
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Thef fect of straifmorolr dneaatrenrgi,a less puencdiedrioldyad g
be con3hderedn be obser aiedheuwnrssttéreas snt rceusrsv e
be characteri zeéd thryaienn gairnde etariuneg rdetTrhdessseenr seh i |
engi neergdgtnrgaisn rieseas essescdainanietlioanigati on wher
st rsetsrsai ni mme dirdadsesc andn el odngdeetri anmo.st condi t i
relationships are roughltyueguilwebn@eti éAmt ise
hi gh ,Wwhoedrdesi e -sstrrad sns i s a mor eofactchireald tey & eprr e
whehlieghere csatlsewssrgi neériang t harnF]eerx ptelcit dmo't
model , the -hobegr bt bdx pbaifsaumdesxd snlemt ri f ugal
f oroBeMNThter ue -sdtrrad naoc ubeepl otnhBea hb-®Byg good

approximag¢f omedatdi &rl

o-" (4.
The yiel,drspresasnt(s the stress fwhim & hteh e |

hardeni Og J)sepeesents the paresoeofsfttrt@mant.bteabp

t hYo u nmaddu kiuss ,t he strengqt b tbef iwockehfhyr dendr
which decreases af7.Floe Rl IS¢ nmit3sd Oa sstdireneshtseeds
arounfpd7.0k1 6 gupppericevri Mfear mahtetbdre Aft &rid 4340 st €
the trater asitmenssl ati o bFiepsalddudpapl oimsti epdl ot t e d

i B gure5
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Isotropic Strain Hardening
1300

1200

1100

Ultimate Tensile Strength of
1254.37MPa reached at 11%
900 Plastic Strain

1000

Stress (MPa)

800

700
0 0.01 0.02 0.08 0.04 0.05 0.06 0.07 008 0.09 01 011

Plastic Strain (%)

Fiugde. :1 5Tg tursetsrfaoirn Al S1 4340 -OQsdoa@d taep rRaxnbrea:

Atapproxilapkehbhygtic strain, theOMPlatsienaacthee dt.e n
This val ue 1li3s. 2d%raststed U lot it rhaet e itt eerds iblye t shter esr
when compared to usisntgr athlme etehdtpenb®esrgiorog st |

approximation i s more accunreurVieh anrrutelss e n

strain curve waks mondpéduld rt ieall i pot @mp drhteyt €€ br ar

4 .3 Meshing Process

Mesh generation is a complicatsetheamndnialt er &t
and computati amaltysmes Eemwvd u oAnantoratrns ¢ hme £h ¢
useful for quick results, but a finer mesh

finer deCAaD Igse oimmEttnhger meshesotahiahsoconmprg
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repl pocgmngbkl ewmdhmesh generati pnoansdsedsif nneéme

Mot oFEM® del wi | | be explained bel ow.
Mesh gener ati omvanud driepflien epmmeoncte s s e s :

1. Initial mesh s:iTgpngabhhg, geherani onal me
| aragreo B(nohtmo 1 nvestigate the types of ele
specific feataneésasyonmeksi cdgi7vdg®omett e
initial resuspeciafecdetermgnaedd modi fi c

2.Specific me s h modi ficati ons: Around [
recommended to bhypplugiagfoperomeséuch as
and fade.3dFerngylindrical, spheriacsal , o
swemrt f acecanmeshd ngsed rtcaul amre antees ha about a
El ement s blhpas,haeddeatl r adileedlreansehnat,p esan be
specified [flo¥] each body

3.l mproving meMestl & W oguuaalleiifgerynse ntto otfhet he c
bet ween the el ementpsar afst epbohsosu Ibd eb @ nk e petl

edge g¢adméThiys i s i mpdfeant oviemae | i el @ ann

thus by improving mesh flow a more con
Hi gher mesh quality means faster sol uti
4 . Qual it yBecfhoercck sany analysis can proceed,

specific criteria to be congihde rmead i amuare

skewness should be kept below 0.95 whil
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b&®.

5.Me s
me s
by

si g

1 or[ MQ¥]e Dt &re st hhees ,mi tna tnrtuan schod u IGadp Gee

gf €81 er

.Skewness rmiiehsanoehement sdept amabk §

wher e 1 idsi sttjoewmialseémols ti so ptothhemahe bes
restlhaewser age skewness|[ 8BFpbap tdisrthalplkeel o\
f oaquadr iell aetmeconatl s pear e, while a tria
should resembl e akn egwarhmteegruaa| i 8ryi a
triangul ar el ementobwawlgd eld@anavine ¢ et rae

pogqualetyangul arbel ameaxt woeméldy t hi n

.Ort hogonapplgiu-Bs ut me@8dessaadmeasure o

close the angles between adjawbhpet e me
1 means 90 degr eegs] 7adnmp rOo2dieregp s DI dweg

usi gqgeadl aotrermalppean mestr ease orthogon

0 f3Damesdhdoimi nated by tetrahedrons, an

check is tfé&@3fte feolseampmhei mpwiodt h of t h
el emewldwo 8| dc dorep lae toiDy efl lefdetnrta c ol | ap
i's most optimal at aesaimiihf@oohfanlg,ulwahre
pri $mmat el ements tend to warp and pr
h editing and refinement: Depending
hbeawedvf umt ier ms amdmavker fhgewel e me:
using the techniTdghuee sc oinmp otnheen tpsr etvhiaot u sw

ni fi cdinrtdectdenidenc e | oaflsnesrhoméedh haw
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uni mportant &amporme I ctod o s &saucrthi@axcves! vi ng &
significant component |Issheuf dabhpsevibegme
to be prcomlcemmeingual,it¢tgygnrchelcksed, remoyv
simpl i fiiedsi ¢iefaiibayageets t her removing them
wi shmpl er, straighter ®tdhameshacndimaiet wer

detriimmsbathaen al. y ©inge this is campbeged,

To i mprove mesh quality and all ow for speci
mu kpthiy si cs anal ysi-suyibstphl e ts wmitbrethdricedti.evd dsehda fbta s €
on geometry, such as almye seh enmsgidat eigno osuht aerre
topol ogythateaal hgget tomstsi@yggponent and sh
same mesdachibboudcyan be i ndepesdebhhhy modipfeice c
technique or |soeapda ricaatoer bya n datpipddhri€estlu bv i ded s he

showh giubr. € 6

Hub Body

Fan Seat

Rear Bearing Seal
Front Bearing Seat

/

Front Bearing Seal

\ Rear Bearing Seat

Fan Spacing Step Rear Spacing Seat

Fi gar:e6l nt eg+haitbe d i Sh afdtd dii retso i ' ANB Y S.
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Mot or B was initially meshed with a gl obal
Eacl mp odrse mtes moids b & eelidsone, c oprrtoaxcitnsi,t yantdo |
Fimgneeldomponectiaede i nte-gublmhgdesbafadhesi ves
sl eeve, maapr & & enniieahgel noennstPt 0i B& dnen r ot at i ng as
di r eecxtpleysaehco®f the | ,caodsa ifn ntere meywthoewo ul d
t heseMpamwlsiened p |ltadhteeu ssisnedJdar ge eloefmebntt osi6 emr
onlusnag finer mesh around t he fsour fbaectetse rc ocnot
def i rEivteinorn hough they did not have any boun
to themdph alateeeer y s mal | when compared to t
their elementtei 2&mmatsl|l yedubedcarbwas fi br e
meshed sepdfd®let hecaanlin Co Rp-BBe {tA€ B i nce it S
orthotropic mater2i aine Aesedlemehst propaei mfty

and extremel W sbhmmaplyof ayfaccunmadbh.edl.et ai | s

Tabdl.eédot oMe Bh Det ai l s

Component |Bodl ement SEIl ement g

Tetrahedr
Tetrahedr
Tetrahedr

Housing

Endpl at e

Front Bear

Rear Bear i Tetrahedr

Il ntegr aded Tetrahedr

Magnet s Tetrahedr

Adhesi ves Hexahedr

(e}]

Retaining Hexahedr

Endpl ate B

(e)]

N| N N N W W w| o] o

Tetrahedr

117



M. A. Sc 1 Mh a 34 IKihd Mc MasMeahani cal

Some specific meshing techniqgues were used
was used, especially for contact surfaces,
possi bl e. Oataermpltieadhnioguenpr ove mesh qualit
as holes, chamfers, fillets, sormd ndfriwhailc h
smal |l aEd g2, mmace, vVver &mrep,pltdoedt ebfoidnye stihze nnge :
t hese ,Uesalngmn ssi zi nTgo ipfr onpeeerd eyd ¢ @tt wr e gmadlin
one may select a maxi mum size tQertt aisn hsah a
sulbods esh as the bearing seats were able to

can be beneficial for mesh quality of cyli

Mo sxtomponents w©d e mee tisa fceoehrpault a taisom triemeu | t
s malell emsetnrte s snatt avin®omr c o mp arcé¢ @ me o t[o7sMaspte s

me s halngor it hms ane FEe@atoifthiwaad for tetrahed
more research bei Hpwkoree ,on ethiahhechetahoaedl en
capture surf §dd hgeonmeatardye tdwealblr e heommeentac cur at
solutions than tetr anmoerde ad-f adseheagrel rse dluees st ¢
|l i kely to introduce hi ghl[y.4T$hkeeyweadr ee | ceamema r
sweeping ama snimutl it 6l &zsoenvedsrd, r e s si st d,masrmoggearni ng a
|l onger CcompAlt@d mparr attiinveee anal ysis invol vin
me s htiaa gsmoull vte pl e parti alcoadicfltfueaea ntt @ tarl a eeqduraa |
were more efficient I n ter ms[ 704f] Tdhnetmywo t o a
components that wused hexahedr al meshes wer

due to theirexgeaaneecty. rabheo of ayees camgos
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adhecxcireadgigghl y skewed and col,l agpsl egroetneé tsr a
needing tot hC. 1a5st hincikn pddyed afyenr e, a ilexahe
empl opedmprove the el emeamtd ¢ltheael imeypas Sdientga rst

all quality checks.

The remainimgs mefsuprotnheenrt refi ned after check

metrics. These aforementioned metrics incl

l.Lesd®an 0.95 maxi mum skewness
2.An aver agleo wé&mweawn es. s3

3.Greate®inti mamuon. tetra coll apse.

Numerpawsh |l ematic features were outlined aft
chedkhe. checks showed that features invol vi
holes, and corners had the majority of ske
areedded at the edges between the | atgest s

prewdntess caoHowatdeamit eervtehwdet ¢ he carvialtuees
creamad!| , conbout @édars uerlfeanceent s to fit into
size did not sroeanmged g mé hi sarineekeageesr pr obl e m:
geometry i ncloundetdh et hfea nf asnesathbcbotf atthe mcsdarf t hu
where the magnets are retained, ansdd mehe f|

examples of thesFegus.eis@®@.slAre shown in
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Fiugde. :1 7THiggkhe wé @ ment ssimalkddaleed sadr ner s

Fiugde. A8 c |l losscekr saur gpdae@ement quality due
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): J?‘:"ﬁ?ﬁ’k?‘?ﬁ?ﬂ‘kw&,’lvfl?ﬁl‘l:ﬁ';: HH

T

Figdr29Exampl € mpbraanbnfeature such as the

fl ow.

To i mprove the meshagressaomeromodhésedfeanilac
entirely..fodheexampkeéptiss gmatfia afhderdetywsrined @tF ha
and does not have anycldtroraéd®moavmepdimadkad tt d ei tf adh
simple cyl,i ndhgiicecrmtnpypodgs t he mesh.dtlhoew ar o
redundant features such aost hdheendcdpleat eanand
were removed as westlo dmeesMisol |tbalneeedbra vdeirst reudp tiin
chamfers tbe mbame@adiiodimye d ngt r ess coatcesham@api
edgwist hout cr eadk emwe ¢ oMt seipdsirettdanegf iamelment vy i €
the final Fagy @ s@adw.Bbinea rfgield reebocsonverted in

chamifi ess e aedn Ibaerignegli ¢ oge malr bt i sgewed el ement
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Fiug4e. 26 ometric view of the final mesh, wit

Fi g4rZf ossesctviomwlof Motor B Mesh in ANSYS N\
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Due to its ortrleadatan ompiinsgn dsedpgeaemoks @ ttthegech t he ot h
componentAd tiem AE@R.i ni ng t he orhtsh oetervoepiics naa tv
int® compopllyeey efrisb,r ewi th each ply |l ayer be
thickness of 2.25 mm. The ply | ayers are s
| aywer an i nne&€d6 dommadneldh @eir| o fad dtywa hadp Ity dli afyierra
reaamesout er 2dliOa rbe trfenr.biradlseach | ayer are | ai c
degrepescsompaddessilreadgt h of the sl eeve using a

Thel eeve usi mgnsBédhekahedr aThe velmEams b was fi

aligned with the axi al dSirneccet i toimené ©Ih e e vhee
independently from the other components, t
the main model wi t hp Hyhsei asa i aan dnemdd & lo ra nmaull yt

fibre direction SaanyWert helsimesheof Btgh@d @®BA i n

and. 23

AAAA
o
3
¥
%
5
3
ozl
CHCHCHEAERENCHEA
sy

o
Tolein el:

St
-
isie i eiaigt

Y X . i i

Figar22Fédéi d at wda@ hdegegrsepest tpax)ih@aCRBxial d
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Fi gar23Motor fBlsd @rebeh

Combining the maifni lpieg hinéf&lh aclioempeosshi T teet e d .
fi mabh cant @Gid@isxX*obdes. A0 UxI3dME hreesss heod at i ng

assembeé-yef ameld cCloows nudwes law iiaf h idg prieiscntailo ns.i n ¢

the rotating assedibt extpleynpementing wail l | the |
so excellent me alr elqw @ ileaxtpyeids @ lid wntgil oorw conver
Observing the quality mettrhesowdr aslkle wnesls \

achieve a maxi murm msvkeerwangees ss koefamk.aEnoim Ve 218

coll apse of 0.08, and an average tetra col
Whil e the mesh pasaswdr dhe 9gleagwn @ egneanrt s riomi
t hhreaxi mkmwhesédnically does not meet the su
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[ 7Howe vhergortl y skewedl@ehemeéont ® nd ymicc@ @ y
of t hwoltwnmehleofmesh.| dweprnt op drhtei on of skewed
di ffotumamaodl fying the mwmas¢Bsduefrfeidca iedt model
progressed toortdaedtnedtnteiuep - maps off oirhe me

skewness andathetbea &idg idnadpisle PBspecti vely

Mesh
Skewness

0.96438 Max
0.85725

0.75012

0.64299

0.53586

0.42873

0.32161

0.21448

0.10735
0.00021994 Min

Fiugde.  Z4 enskeatvness of Mowiotrh Ba Fnka xmonduerh of 0. ¢
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Mesh
Tet Collapse

0.99773 Max
0.89522
0.7927
0.69019
0.58767
0.48516
0.38265
0.28013
0.17762
0.075103 Min

Fiugd4e. 25El ement tetra coll apse of Mot drapBeFE

4 4ot oCoBtecfti ni t 1 on

Contacts between components in FE-l modats
Bonded contacts are considere-tdi healeiam@amwh i
contacts tend to increase computditiipbaoansi ame:
introduced, such as i nt er fbeerteweceen, htorl aenss iatni
[ 56 ht er f er & n g btt farttes agpipdn etdwo parts shoul d |
t o eacwi toht hsetrri ct pr essur[e.danadn sliotciaotni ofni trse g
a compromi se between interference and cl ea

l ocati n[gh.®]fCl peaarrdasrec d&f ofoisiestulsdptey i fy a gap, al

fr-eenmiangch$ |
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Alclont act i nforTdbthierhei bedoundg fnts are basc
from t heA scupepflfiiecri,.ent iafs sfuimeadtlr oot odé b &L t1L
bet ween dry meThils$i zdbsamfitioas prevnotubeekRAI
oMot oThA target sduernfoaigelde i st ustuat |l gomponent ,
such as size canFarevehasmpephdplsatoedesridg mMadptued
as the target sur made, odvé@asntutmaomegnth st ey &h
componédrmmtts are hAlIlconthet wbhtacts were as

reduce nmpilexity. of the model

A critical area involving mul ti pAreo ucnodn ntehcitsi
| ocation, multiple key componkfondedt &ei huobd
and maqnrdettsher dsgdgdvwed ont ©oheé hmosnagoet si cal

showhi gulr. €6

Bonded (Adhesives to Frictional (Magnets to Retaining Sleeve)
Magnets)

FigarXeyytratinglasasaembhycbngati gddéudioiegi on
i nt egr ahtuebd, sahdahfetsi ves, magnets, and retaini
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Tab#de7 Li st of contacts in Motor B FE Model

' Ma x i mum
Contact|Target |[Cont ac Fit
I nterfere
_ 3.5 2¢xRadi
Front B Endpl ¢ Frictilnterf .
0 (Axi 4
Il ntegr _ 1.x1 4(ORad i
Front E FrictilnterHf _
s h éafutb 0 (Axi 4
. _ 3.5 2xRadi
Rear B¢ Housi| FrictilnterHf .
0 (Axi 4
Il ntegr _ 1.x1 3(ORad i
Rear Be FrictilnterHf _
s h éafutb 0 (Axi 4
Bol t Endpl @ Bonde - -
Bolt Housi| Bonde - -
) Il ntegr
Adhesi Bonde - -
s h enfutb
Adhesi Magnel{ Bonde - -
Ret ain _
Magnet Frictijilnterf 0.56 (Rqg
Sl eev
Il ntegr ) )
Magnet Frict| Cl ear O( Axi al
s h enfutb
Endpl g Housi| Bonde - -

The maxi mum interference atn tTéae7boeecn tmudtathbeo |
worcsa$ et s, cewmhnirdlo assumed t he gThketabstngisnt
require an interference fitoemdphaitr owovt enm
relative rotation between the two parts. H

and endpl ate are made of tdreatmée nafm,t kermali n
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bet ween the twwheroenptomenheusi ng wi | | expan

ca

un

0.

mo

of

use the beariinfg noo ifntoeartf eDreencmeaieu | $ pagi
eqgiwalmadpansi oher merence fit with a maxim
035 mm wbaest wseeel ne cttheed bear i ngsnaedt beabenrc
del l ed as a bl ock without rolling el ement
rotation aofs | ti gert sfhiatft td @nir@kiose nsceba s €d e 0 n

commendation from The dDleadea pivistsippit @ rt |
gnets with ah 0 nth& rnmamir etnecien ftihe correct ¢
9 skt usGadgtieri nda.l2l ¢gar tthiee el @d tn Ihahiehesrdrha y

i abhgygtahseh alfutr asgembl vy, so a sliding fit wi
s spéci éramdc est andar doti speci fied since

tdbeasi gn.

i mprove the definitioaof oéactlkhepasohnotualftdt s g |
simil ar in terms adortl oaowt amaelt e eare . a Four f

ze of 5 mm and @ae sshirzfeacwo uwidt hr eas @a2ntdmm n [

i sal i gentmeendn t he i ntematheée ngalmongleenstosh nwdi tlhei:

ope of the contact region. This type of
ements I nt o t,hecaoupspionsgi ngo osru r § mleleteimemt c o

rpi ng or Sdoilsutimnrgtoiimati@ct condi tions is the

—+

roducing errors at this stage can drast
dal anal ysesi mAh aexsamg hbeestotfer define t he

en between the front bearingFagnd é&he bea
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Figaraesh similarity between contacting co

4.5.5 Solution Setup

Theolni neemal ysi s can be divitdheagppd ayt lmaadli atcr et
spectiifnieh.e f i r st |l oad step i1invol veasl It hfei ta s
conditions. sTtheep sceocnopnlde tleodadi anl y sveosanalphaasadftsier
appsltihe t her madat @afdsomms VMinlger m&db sobVgsiser
temper atTthreessecomgpoannal yhies results from th
appl griontgat i ontad tvhed orcattayt i ngtassémbly amadéy
| oadsamped from zer o Tthaamtdh ef imaaxli ikuinAE P aps an
where no more addiadlmimaMs thsetaadiyse Tdryes theapprd d ardy,
conditions include fi xed smopponrgt hcod rekse rl avicra

housA npgl.ot odppdlhieed oatdseascsh flormadir&Bep t i me
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Loading Conditions

100 B i e aa °
90 /
80 /
70 /
60 /
50 /
40 /
30 /
20 /
10 | /

Percentage of Load (%)

0 0.5 1 1.5 2 2.5 3
Load step time (s)

---@--- Interference Fits (%) Thermal Load (%) - @® = Rotational Speed (%)

Fi gar28Ti me at which | oadMotgorcoBdi ti ons ar e

I nitially, before any | oads canebier atpps i e
bet weens@camsdufmes all components have zero
each other, and as time passes to 1 secon
maxi mum interference specAdi pdenvinoutshey csan
maxi mum possi bl e interf ecraesnec es ciesn aud eod stta es
from contadthi ccomd®®pi ansinitial condition f
thermal and structur al | oads that wil be

The second | oad step involves alpegtilweerrg I eany
2 eads of si.mullhet il ®mmdtsi me e r ampewdrf owgnh OQu t
the | oad st epcaninmoet tbheersnoallvddoaidn t he same a

Sso this stoenpet e-adgpeé iatnhad aymsdiniet asttircu c t uirsa | ane
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The sdteaatde atnhadaypspillsi es speci f iaendd bcoadnyv e cetmpoerr
t o Noteor B FE model based oofdottdre A.heWhnall e
assumpg i mmtofr eathée sactcual dof h Mortaohire Bea If od antaan ¢
not avfaoirl aMoteor A since the coolingThet hod
data from Motor A will serve as reference

i n thelhfeutrwersaul t s of t hi s ianndael gyeshi asttiacuet ump o
anal ysi s tamrdo ulgahrmopletdMb e p @A et ai |cso nodnic atinhoinse | o

foun@hamt,eramd 6t he condiHfA igadmsE® 9re di spl ayed

Figar29Convectiapp(yetddaovowyhm@awndcerarddhauds of
while tempsufbat amg Most olro Aped i @a&de t o speci fic

such as the shaft, bearings, adhesives, an
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| n deépagtaasteircuct ur ah wa&whakwsiad | | oading conc
condi tions, atrhee arpoptlateidonal velocity i s ap
components (-hobegmagedt shatthesiTheughmodtr
the | oadekoboeptythe r amPavi tfir oan 100 % oo 2r, DPOe
added. More details on tQhasptleradidced rhcei tcioom

are di shhlgady. €d0 i n

Figdr®80Rotational velocity | oad @appelgiread etdo

s ha&nfutb, magnets, adhesives, and retaining s

After all | oads have been applied from the

act sstheathygt e den dvieteinom and 3 seconfdssobte
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all ows time for the syswlaer dddoteiacraidaenc reamu
applied. The results in this step are ref/l

prol onged period without any acceleration

The stresses experienced by the system due

matrix of the model, i mpacting the results
systemenadt of | oad sta&ppBa ensosdethp oarntael dy siinst oe n v
More information can be found in the modal

The boundary conditions of the system are

hol es on the hF gsdr.e3glFixieat usruepdp oirmt's i n ANS
Degr e érseeodfocO) ( Dwhi ch i nclanddes adhibheep| xa,c eyne nd n
aes . ITdhireg mo u nmatrien gmebaonltt st o trha wmutg ht hanenmohtoeurs |
d yanmo menoemt i mg @l aveaeti | eiveir Matr cWwiAdlie iiotn wo u
be nmoegealticcsti mc | uadneo ntett@nmpdoymetnhtees al s iss ,wotul d

significantly increasCnltyhdtheedt mpgeassege mot yt |
arweiitm the scopesodafsotthegramdll ysficsathsdefqruesnd i1 @afl
houstiongdynamomet¢iex i model | edheealfoseicall ywa:

sufficient to placenotume i fnigx dd acngrestrai nt s
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Figdr8d8lLocation of (thheatefit ked 6smppaontt g bol

housi ng.

The sol varseed eetcttiedgst o reduce the cobpetati c
to the high numbaeadeso,tort amespmpbaedwhrenals
incapabl e of running the amamytsessapeern f wk
powerfuli mpdwpned t o handlAe rtehmod es ismulveetri o
CPU cores and 1099e GBt ofr me momgse mechani c:
64 CPU cores were used ra&nd atbé yh diu@bl ail hs @
computation t-pmesifosg darma&l yauilg it ook 31 hour

t o8kours to compl ete.

ANSYSBSechanl talws for 2 types of sol ver s: t

pr econditioned conjugate gradient ¢{liitneeraat i v
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anal weetslpge sti ffness matramdheqnu adtairovre r ge rsod
i s evaluated to decide i fT hteh edinoencltihloseod rv esry
matdecxompogit ttimans ol ve the stiffnebkie emattriivxe
solwsees an iterative algorithmhteo edsdlexce itvle
of each solver can vary depending on twhe

determined that the direcergenver was fast

Theumbedr i niti al, mi ni mum, and fmaxi mamhs U Ips

stepmprooleuti on Aosuésgepcaivides the | oad

(7]

t efphse.pp ll io@adl i s dnwumdesdu bbsit etpheé near |l y r amp

—

hroughout Thlee tl addsetospepki rst substkep si
the camompl ete ansia@&dsilay smdspreedi ct t he
the | oad step, it can increase the step si
step size. I f the solver has difficulty pr
can use apsmakteespetified by t hhef tneurmbteers tof
mul ti pilte randetusn mignéd itnhat ahlequdbls tspbs t(ep0
mi ni mwins®0e% sof plkre ISoudbdand 100 maxi mum subs
|l opedubs)tieept i mal to speedingwhuepnsiswy ut hendrtc

Sol.Vleesset twiemres usleldati ost eps.
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4 Mul-Rhysi cs oAnaloy 0irs B

4. ®@.akTihcer mal Analysis of Motor B

Thleoad aciesteesgr at B dinit mneudlpthiyns ac s c a h a bslytari essnsg,

strainm, deformati on resfudttadetd eerfikmpalms i@aoandt r i
i nter fedrf €lmhdes .l oad cases are divi dseedp airnattoe t
t her mal analfyosri sc othgaohp esnad tvyense 1 g i asiatdrcuac t ur al
anal ysimp dtritesstt dea lmpedsiusl t s at awbpkei appl VYoa

rotational velocity

The total sol uitntoer fi sr esred e 2 pb ertcawdpderdn cubpme o0 n ¢
first (lbatdo sitrespe hendir mcd tuafahl icsa narl ggastiess s on
penetration between el ements, reBuwditmaegagt he
secbpdtd@pto 2 tdheccacrondgmpemtat ures are sol vec
as epasrtactaed g her mal. amwd ylstmpoane d addrtmeped

second | oad step-swirtultcitrur hiilne amai wgsstbriuactsitua tail
analtylse sr,ot ati snappbméeBci oyt hel hneaxihmund samede
|l oad( 3tte@p 3acsteiceomneyss ) a bpRtugRm dwhadtdi t mamdasl ar e

applainedd ,t hei anstgmiil $ br i unh osatdatmeyi a i oma X i mu n

Mot or B®&g #ddedaemadly anal ysiMotaoprp |A e mp Esamtu f e on
convecaaloinng per f or manSien caef ttehre rOall adnaatlay siiss

Mot or B, the ther mal dat aebhl omaBMotusre dA aswlai
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approximation for the temperaturetmreosimale ¢
data spl iapplonideod ithwoodbye smmper at ures and convec!

and faoirrcecdbloeé i ingput data i4s.18¢ummaraisseaidneidn tTh

1. The corresponding componentAtemperature

2.The initiadf ttehnep erysstsisrmamed t oe beead@aAIC,
temperature is 25AC.

3. For convectionHe ANSr ST eefrefg(uelilrezpst bae s peci f
[ 79hkeeat tcroaer Jifided feinnte d afs h ehaet i rfaAW@xm
needed to cause a unat ai $§pecehdlei sutk
surfaces affected by convectd4i.v3e2 heat tr

a.Fomrat ur al ,c oAM\WSeYcSt ircerc o mmedWdosf al GmiwWVinmu
-AC, whi | ec of novreccedadn odmiars yAmbi ent air co
applied to the external faces of t h
external ambient air.

b.For forced aof 20&eAMI mgas HTed ected ba
mi ni mum cooling pésflfiaMiantceofoft Mot oa.
t hheubpuch heas finned members and fan sh

air from the fan.
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Tab#4e8 Ther mal Analysis I nput Dat a

Location Type Temper at
Retaining Sleeve ((Ambient 25 (Air)

convection

Hub body (finnedrgForced air{25 (Air)
Magnets (alll bodi eAppltieendper {125 (bod
Adhesives (all ext/Appltieendper {125 (f ac
Rear and Front BeaApplied tell10 (bod
Shaft bearing and |Applied tel105 (bod
Shaft spacing seat/lApplied tel100 (bod
Hub body holl ow seApplied te90 (face

Fi gar:22Conv e cftoiranerd rcaonodl ianmgmipepr tis @agicri & i ¢

on the hub and

sl eeve

(yell ow) .
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Accor dtihneg tthoe r vhatl o rd &A,4 ttellset compbeenbdosating
include the magnets aedtubeagi mgspr whpehage
these bodi pedlexmperia¢nces of about .12T5hAeC ar
heatr agsdcerrasesd t he rotating assembl vy, devel
t he t endpiemiansitsene f urt her the distance from t
cool ambient air into the motor andlThsei gni f
applied temper atFiug @s ddiree twimpuealaitaued icront ou

one shown Bhw.6llsl am et al

125 °C (Exterior faces of all adhesives) 110 °C (Rear bearing)

125 °C (all Magnets)

110°C
(Front Bearing)

100 °C (Spline)
105 °C (Rear bearing seat)

105 °C (Rear bearing seal seat)

100 °C (Rear spacing section)

90 °C (Hollow section of the hub)

105 °C 100 °C (Front spacing sections)

(Front Bearing seat) 105 °C (Front bearing Seal seat)

Fi gar23Applied body and face tMommper &8t urhas efc

final componerMotioem@Eer atures of
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Thet esdgther mal andstgpadatoasl W hlevetatic stri
using the directostwpechwappl| aesinnlge ebody
convection dafThai §r bmsMobbek mAl ani inoshi ensg ttoh es ¢
setdadiimg uEhait.iebi. hSe. rets utlthies end aorfe tdiessp loaayde ¢

abody mpecantdieag Wir. 8 4

C: Steady-State Thermal
Temperature

Type: Temperature

Unit: °C

Time: 1s

125.29 Max
H 121.37
117.45

= 113.53
109.6
105.68
101.76
97.842
93.921
90 Min

Figar@her mal analysis results for Motor B.

Theenter of the shaft tiheottditei rcop o ¥@Hdrimbdoy at |

i s fsdfrrtohmreh ¢é-generad mmagnlehnet shot t est component
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magnend adhesives, recorlOmgenvdwgetehaitamet
of thethebtemperatuhe max ¥saesteasuistes 205 3ni t vy
to t he.Hoavgerniestrsc ed o@wmiln@ws f or conaewdiriome hez:
the regionsebabt tmhédtsum viisn édd wetcheai dteechiper at |
of the fan shmemierasn.dedilnengthlup,e mper at ur es
magnmeeanhat significant ther mal expansion w
the outer di améesiveb,t mbghebAlg schodrepvoen.ent s
this area are comprised of di fsfoe rtehnet rnaattees
expansi on wvaidldli ndgyi fnfoetri ceabl e stress¢elihs ar our
compoubnydled centri fugal forces that the rot

st asttircuanat gbi s.

The contact status of all components is ct
componenmntncomaser ai ned Abt deti acheadal cont ac
behayioodicating interference. No gaps res
The modelt oprtcheee ssdisat ucal anal ysi s.

It should be noted that i1 f all/l st atacrk ¢ o mg

irwoaul d become a source of heat due t o Wwinc
not be uniform around the outer diameter ¢
some heat transfer from the windings ©b th
the stator assembly va@3vyhacThhdhegptitedstgsl 66 ati or
component s ntgkepesameac uni form t enbpeecn adher e a

beararmmegsin direct contact with the housing
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pl ays a rol-®triunctuhal ssariess reswhb t svh er t
compounded with the centtha ffuigmd!l if oegd er.otForr
and associated ther maHo wlec f ®med mame @ét e@ntdhViea p

FEA model

4. 6. 2-S6tattaral Analysis of Moto

The results from the ther madt ramcatl wrsals aarreael
ramped up from tb&O0OA® ttihad maexripreumttugmper a
Figur 8dt weesnt @posald 3. At the same time, the
up fr om tOher ama/xsi muom speed of 2303 rad/ s, wh
At the end of | oad stasp edadwnt B éna &rgoshiaehm omaad
speeds and. Ttheempreea\@uMitrsessigr ecsrssaugener at ed an
di spl ®iyeuws exdb4d. Jhe dantaxi featmeeses component i

rotating sassaenmiaAlaypdkz.ed9d i n
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D: Structural
Equivalent Stress All
Type: Equivalent (von-Mises) Stress (Unaveraged) - Top/g§
Unit: Pa
Time: 3 s

1.384e9 Max
. 1.2302e9
1.0765e9
9.2268e8
7.6891e8
6.1514e8
| 4.6136e8
3.0759e8
I 1.5382e8

47877 Min

Fi gaarg25Wwmes stress contour for Motor B.
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c al

Figar®ect vosdlowi ng t MerMinaxismsmr ess at
face.
Tabd.e9 Stress resuipthy sofcsMatnald yBimul t i
_ Yield|Max SiFact
Compoi Materi Tymd S
( MPa (MPa) Saf e
| nt eg Von Mi 780 60 4 129
Al SI 4
s h enfutb Shear 350 262 1.43
Magne NdFeB| Von Mi 900 260 3. 4¢
Ret ai|Hexply
T e n sHolo g 2200 896 246
sl eeyHext ow
Adhes| Del o H7Sheaatr AT 7 108 -
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