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ELECTRIC MACHINE STATOR COOEITNG
SYSTEMS AND METINDS

CROGS-REFERENCES TO RELATEDR
APPLICATIONS

This applicatbn claims preoeiy 1o LS, Pasent Applicsiion
Ser. Mo, 62570441, entitled: “Permanent Magnel Motor
wiith Tested Eficiency Beyond Ulra-PremivmTES Levels™
filed Ocr Ll 2017, the oslenl of which opplicabion 1=

incoaporated herein i its entinety for all parposes.
COPYRIGHT STATEMENT

A partion of the disclosure of this patent document
coatrins materinl that is suhject o copyright protection. The
copyright owner bas no ohjection 1o the Gecsimale neprosloe:s-
ttom by anyene of the potem document or the patent disclo-
suire as if appears i the Paienst ond Trademark Office patent
file or reconds, but olherwise reserves all copyright righs
whiilsever

FIELDY

The present disclosure relates, in peneral. o melbods,
sysiems, and spparaius for cooling the siamor of an elocinie
machine, For exaniple an elecine malor or elecinc generator.
The presem disclosure relakes moee specifically w 1he cool-
img of the stmor of o permanent mageet (PM) elecric
mzsching.

BACKLGROLINIY

Elegire machanes emploved in commercaal and incustrial
applicinins are often required 1o operate a8 10086 of the
applhcable power mting over what 15 typecally o G000 e
serviee Dife. Thercfore, a moior or other elactric machine
emploded 1 a commercsal or mdostinal seltg must be both
reliable and versatide. Machine reliabality and lifespan can b
compromised by many Betons ineloding bt nol Bnxled 16!
1y higgh nemperatune operation nesuliing io thoemslly mduced
component Eailures, 3) vibraton, hea, fricabon unhabsnced
operalion, comlamenation, insdequate material sehaction or
ol causes of mechameally indueed compoment Failwne, or
3 diclectrie Gailure resalting in checincal shorl caeuits of
o careuiis eaused By ket inadequate material selection
of Oller Caises.

Eleciric muchines are ofien provided with o mechamienl
oo ling syssem, fof esample o fan plus o cow kg conflgured
fo dieect aie over cooling fss cast oo b mackse housing.
Many soch deviees are classified a5 wially enclosed fan
eoalad (TEFC) deviees, TEFC motors sulfer from mbenent
ineffickeney since 0 porison of the il pewer owipad by ihe
s el tam the cooaling fan, and therefore is unavailahle
for ouipui, For example, & TEFC mobtor abinched o o
convewor belt must opembe bith the cooling fin and the
eoavevor belt, therefore the postbon of the motor owipat
regquired 3 fumn the e is no ovailable ot the convever beld.
The T and comwling apparstus of 8 TERC mochine is prons
i damage, and presenis a sofely nisk in o typicnl ingusirial
setting. Furthemmore, since o TEFC machine drivies o cooling
fun with one side of the medor shafi, o & mpossible or
difficult o stinch two dosnsircam maschines 0o 5 single
TEFLC motor,

Corventional electric machines ane made robusi and
durnble psually by implementing the machines with lnrge
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sl vy components, The larger and heavier compononts
requined 1o promiod e siable long-derm opemtion can ioneoss
machine cost amd weight.

Chher electric mochines, having directly ventilabed and
therefone partially open bowsings 1o promole cooling, can
sulfer from moishare amel particulate matler comlamination
which in tum ean couse mechanisal componeni dogradation
amd wire imsulation or electric junction degradstion and
premature filure, Totslly eachosed nonventibsied (TENY)
elecing machines presen? unigue conling challenges smee
TENY devices lock direct venlilofion or an exiernal fan
maoving air over exiermnal cooling fins.

The embodiments disclosed berein are desigred 10 min-
mise one or more of the above probbens.

SUMMARY

Embodinents disclesed herein inclade clectric machine
coseling apparsius and methods, Ciber embodinsents inchsde
elements imparting enharoed rebustiness and durability 10 an
clecine michine. As wsed borein the class of devioes
refennad 1o s ehectric nochines inclodes hoah eleciric gen-
eratos afd ebectre motors, Conain enthodiments describad
hercin are permanen) magnet molors having o rmfal flus
condigumtion. Many of the disclosed methods and apporatus
are also applicable 1o wansfer heat or in pan rohsmess ©
axial (o machines, ensfr lux mochines, ol lincar
machinces. Cerain methods and apparstus may be applicable
W po=motaling lomgque molors, isnsformens, or inductons.
Although masy specilic embodiments ane illusimted with
respect 8o permanent magnet modors, the disclosore and
clivims ane nod [1miked o any spocilic apparatis conligumbion
amel ane applicable i apy type of eclecine machine.

Certain electric machine embodiments disclosed herem
manimize the production of heat cavsed by oddy currems in
the penmanen] megoels, rolor ick assembly, cleciromag-
nelke cores, o olber structures. [nosdkdison, neilbods and
appandus ans disclsed providing lor the removal of beat
rom an electric machine by conduction, comvection ol
rudiation ulilvsng varions beal paths through tse islermal
cavities and compopents of subgyetems of the machine.

An embodiment disclosed henein is an electrie machine
having a rowr, & stator and o housing. The rotor meludes o
shafl definang o lengilwize axis. The shall is surrousced by
a rodor back asscmbly, alse known as a back-iron assembly.
The Foior aleo inclades & mcdially moonted oreoy of perma-
menl magnets positbomad arouid e perimeter of the pobor
bk sssembly. The machine stater inelodes o plumlioe of
electromagacts endially posithomed around the rolos diflming
afl-alf gap between an exsoior sarfsce of the pormanes
magness of ibe rotor ond an imierior surfoce of ibe elecino-
magnets of ihe stvior

The rotor and the staior ane supporied by ol enclosed
within a housing. In certain cmbodinents the hoasing is a
wdally encloss] mpoovendilited (TENY) heosing, In oone
embadiment. the saor and the housing define a substan-
tizlly cylindsical motor cavity within the air gag and bounded
by the housing end plass o similar stactares. The motor
cavity mav farther be divided imto fisst and second cavities.
when the rolor is posioned within ihe roior covity, Spe-
cifically, a first covily exists between the mior sed the
hoasing of one end of the mtor, mdjacent to a housing end
plate, A second covity exist beteeen the rotor snd housing
at ihe other el of the mobor, sdjacent the oiber end plate, The
hoasing end plates may be sepamie plates aitached o o
hoasing perimeler portion, alternatively one of the end
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plates aned thie Bowsing permnscier may be @ cast, machined or
odherwvise unitary or co-formwed bousing elemen,

T First and seeond cavities are conmecied theough the air
gap. In sddition, one or more veitifaiion chansels con be
providad theough the motor back assembly, exieniding from
ihe fhrst eaviey 1o the seeonmd esvity. The fiest and second
cavities, the air gap, ard the ventibation chamnels therefone
define a fluid circuit arconsd the exterior of and through e
back-iron of the rotor, The retor may also include an intemal
fan exiending imio the first or second enviiy. The intemal fan
is part of the rotor of connecied o the posor and s configured
o conise bow pressnee o either the ais gap or ihe ventilation
chanmets and high pressure of the other of the air gap aad
ventilngion chaneels. Thensfore, when the rotor mtsies, airor
anather Muid, for example an air opd ol mistuee, s cossed
1o girculme arcund the fhoidd circudt from one covity 1hﬂ'n-|.lg_h
thie nir gop 1o the other cavity and back (o the original cavity
thipoungh the wventilation channels. Thus, hent generated in the
rodor during opemiion con be tmnsferred o the @ir or odber
i Merwing i the Mudd circuit o coal the rotor,

The robor an can be o separmie sinacioee, or could he podor
fan hiades Formed in an exiersor surfoce of the mbor hack
assembly. In addison, e rotor back assenshiy, fn blodes, or
fan mury be trealed to enhance the midialien of heat to the
Puid circuit and therefore o the first eovity or the second
civily. Suitable surfoce trentments include but are pot lim-
iteell 8 surfce roughening., or surfsce ancdizmion.

Heat s prowlucsd dunmg the opemtion of an eledne
machine willin the rolor primarily by magnetically mduced
weddy curreals mobe pemanen! magnels and magnetcally
imlmoed eddy cuments and hysbereszs within the rodor hack
assembly. In cernin embodiments, the prodioctesn of hent
within the rodor can be neduced by mmplementivg both ihe
permanend magnets and the rator back assembly with a
sevies of baminaions. Sirecienl suppon and advantigeons
hizat transfer chamateristics may be provided by binding the
permanend magnels e the otor back assembly with a
ety band surroanding an ower surface of the magnets,
facing the air gap.

Heat transler from the mtor 1o the Ml creudt aad
saibsexuenl el translier T the (st omd secand eavibies 1o
the neschine housing may be eciliated with varows heat
iransfer structures. One elass of e ransfer sirociunes js
moanbed w0 the rotor Ging either the G cavity or the
sovond caviny, Ancilwer class of e irnsfer strocoures may
b mioiatind 10 e Bousaig, ypically @ the end plabes, fcimg
it the fiest cavity andlor the sevond covily, Any one of
s Bl transler striciures may inclade an sy of plos,
fins, combination piafins, or oher dructunes 10 merease
suirface arca aiwd msbulence. and thevefose peoaote effective
heon cramsfe 10 of [ e stached robor o Bousing
struiure, [n addiiion, o beat transfer siructure may be
fabsicaed from o matesial soch sz aluminem o copper
hawing refatively high (lermal condoctiviiy. A henl ransfer
structuse may be tennred, coledad, have a surfices treatment,
o oithierwise fbricabed to elfiectively transter heat 10 ar from
the Mukl cireuit

Additional heat may be tenmsferred oway from tbe per-
mnnent magnets by including o thormally condoctive filker
of encapsyilont material in the gop Betaoen sdiscent penma-
nemi magnets. The thermally conductive encapsulasi make-
rizl may be o polymer such as an epoxy having an additive
smspended within the polymer motnx lo ineresse the thermaol
condnctivity of the rotor encapsulant above the native ther-
mal conchsctivity of the polymer, epoxy or ofher mior
cncapsulonl material. The thermally eonductive encapsulant
serves i concluct Best mwary from the skles of the permusent
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masgnets woward ke fiesl amd sevend civicies during rotor
operation. Any s irassfer structures siached w0 the rotor
can b ploced imio thermal eomiaet with the ibemmelly
coiidlietive encapsulant fegions b promete heat eschamge
with the Maid cirewit,

A ibermally comductive encapsubant in the gap Berwemn
siljacenl permnnent eagnets abso provides seructural rigidicy
gl mobustsess 0 the fotor. The encapsulom serves o
ackfitionnl ly secure the permuanenl magnets 1o the aoor back
gasgmnbly amd prevent the magnets from slipping around the
circumference of ibe mior under boad, ln some cmbodi-
memis, the roior back assembly may define an anchering
sirfice Between adiscent permonenl magnets serving o
more securely anchor ihe encopsulamt B0 refoe bhack assem-
hly. An anchoring sweface may be a groove, profmsion,
keyway or the ke formsed in ber extending from the rotor
hick assembly.

A portion of the heat genermted in the permanent mognets
or meive hack assembly may be conducted o the shalt ool
conducted from the shaft o equipment driving or being.
driven by the electric machine. A mochine shaft s ivpically
fhricoted from steel or another high-strength alloy thot mony
i henve pelstivedy high theemal condoctivity. The theenmes]
conductivity of & machime shafl moy be enhanced by pro-
viding the shaft with o thermally conductive shaft cone made
of o materinl, copper Jor example, hoving o different com-
position, and Bigher thermal conductivity than otbher pontions
of the shafl.

In cenain embodiments Beatl may be imnsferred 1o the
shalt from the bousmmg as well. The shafl s typocally
supparied by beanngs ab cach end of ibe rodor The bearmgs
ore supportid by e Boosing. In seme embodiments pors
tioms ol the bearing struciore, e beanng seals for example,
may be fabricabed from o matersal hoving enhamoed thermal
conductivity soch as copper. Bearing Qanges or otlver hous-
ing elensents supponing the Bearings muy also be fbricaed
Irom o mabenal having, ephanced themnal conductivily, [n
such embodiments, the thermally comluctve hall core nsy
be nsade o exend toward the shall pertnseter where e shall
anul Bearings ane in coalact.

1t sy b aclvamilagoois m certatn embodisnents 1o seal the
hoasing. For example. 8 TENY mowor may be sealed 1o
prevent intemal contaminaton. In such an eenbodiment the
bearings may be accessible from omsde the boming
faeiliiase besring remeval or peplacement withoul requining
the housing o be openel

Electrie mochioe cmbodimentz also inclsde 2 siates by
ig a plarality of mdsally posidoned eleciromsgees. o
soame embodiments, the stator is encopsulaned soch tba the
stter eiscapsnlant is in thermal contsey winh hogsing stioe-
T, fof example the bossing end plines, [n sone cmbodi-
menis ihe eniire perimeter ponion of the bowsing is in
thermal comact with the swior or the siator encapeubann, [n
an embodimeni. the housing includes o perimeder poriion. o
figst end plase ot the: second ¢nd plate. The end plates may be
separnde structures or co-fehricnted with the perimeter por-
tion o the housing, The steer encapsulant may comact the
first emil plate ond (he second end plote such that @ central
region of the frst end plme, o centrl region of the second
endl plote, snd an interior stator serfsce defing the enelosed
cxlindrical roior cavily. In seme embodiments, subsinntially
no voids will exiend from the inleror sintor sarince, ihe
cemirad regiom of the firsd end plage, and ihe contml region of
the second eod plate townrd the perimeter portien.

The simtor encapsulan provides for device robiesiness nnd
thermal trmnsfer from the stator to the bowsing, The themmal
conductivity of the encapsulant muy be enhanced by mixing
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an addivive © e cocopsulamt 1o incresse ibe thenmal
comdugtivity of the encapsulam. For example, 1he eneapsus-
lami may b o dickectric maierzal zuch as o polvier o epoxy
and the sdditive may be boron aiiride, silicon earbide,
gilicon, aluminem oxide, aluminum posder, coppser powdern,
o] exdde. coramie, graphene, substantially splercal per-
tiches of combinations of these or similar materiols,

Thermaal transber between the stator and the beosing and
overnl] nuachine rohusmess nuy be enhanced by fining the
stpior ghosely o the perimeter poetion of the housing.
Thermal transfor berween the staior and the perimeter por-
ison of the howsing may be furiber enhaneod by filling sny
fap between the stater perinscier and housing with o iber-
mally comcluctive lubricant or encapsalant,

Thernaal immsfer from the moior covity defined by he
stalor apd housing may ke Bcilisned by providing ane or
maee heat tmnsfor structures in themanl comtpet with the
central regions of the hoasing or an end ploe The heat
irans ey strecheres may include pins, fins, combinaiim pin
fins or ciher stroctures extending into the molor cavity 1o
imcrease surfoce ars, air orbalence, or etherwise promole
hens trnsfer from the rdor covity, 1o sddition, any hent
tmnsfer stroclure mmy be colored, opodized, or have a
sarface Irentment designed 1o promoie efbecive best trams-
fer.
Thermal energy imosferred 10 the housing may ke
remeved from the electric machioe by conduction, convec-
3o or mdiabon. el reosher frons the boasing nury be
enhanced by providling the I'innn'ng wilh lins, extermnal hest
irenslier structures, black asodimibion or ather mens. In
oldition. e housing may include Feet fbricated from a
mazlerial hiving high thermal sondudvily, alisminum for
example. Heat may be transfemed from the feel 1o o nioint-
ing surfoce, for example a hictory floor, shelf, or otlser
cgaipmient. He tansfer fpom the feet w0 the moumimg
surfaor may be feilitated by providing an imerfice lovimg
Tagh 1bermal conductivaty between the Teet and the mounting
surface, for example thenmal paste of copper.

Stator embodaments inchsde a mdial array of electromag-
iets. ki cenain embodiments. cach dlecirombpeet includes a
cone having a stack of Lamdsstbors defining a tooth pofion
and o yoke segmwnt. An insulating bolbin neay be provided
surrounding a portion of the wollh of esch [amination.
Flectrscally oomductive wimBings 1hen surnoand o portbon of
b bobhin, I one eovbodiment, cach lnmination in the sk
of laminatiens is hekl agains sljacent laninations solely by
prcssung o the boblin, snheun the vse of saews, welds,
pis, ceimp joints, glee of oiber Bsloning moas,

In some envhodiments, heat trnsfer from an ¢lectromag-
nethe code may be emhaseed by providing o heal transfer
lawer in Whwermed contsct witls ome of both of the plagar foces
defined by a core lamination. The beat trans fer byver may be
any mealerial baving a higher thermmal conductiviey than the
magnet sieel vsed o fabricxie ihe lnminations, Represenin-
tivie heeat tramsfer mteriale include, b e nol lmdied to,
mwinls such ns copper, nickel, silver or materiaks such s
prmphene, The heat tmmsfer material muost ke in themanl
cofiaet with the assockaied lnminmion, meaning that heat
Erodm the Lansination nary transfer directly 0o the heat wransfer
mategial, Thermol contnct may be phvsieal contact, Alier-
nadively, ihermal contaa may occur hroagh on imermedinie
mtcrinl such as n thermal paste. Iy somse instances, the heat
iransfer maierial may be deposibed on, plated opio, coated
oo of olherwise permanenily bonded 1o the Inminntion.

Electromugneiic cores will alse typically inchsde o dichec-
tric Liver between lnminaticns. In one embodinsens, lami-
nations will have n diclectnc loyer applied or in comtnct with
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o plamar face amsd o heor ransfer liyer in thermal eoniss
with the opposing plomar Fsoe. In this embodimem the
inserface between sdpcent Inmino oas will inelude o dieloe-
i layer Broon ome laminston aid & heal trasfer lover fom
the oiher lamination

The am-shaped voke sepmem defined by oo aock of
Inminpiicas may in cerinin embadiments define 2 fongue
atrecture and an opposing groove sinsctane comfigunsd o
e with cach otbser. Thus, a slator may b assembled from
a plurality of clecirmomagees by engaging 1he songue stnoc-
fuge of the first electromagnet with the groove struetuese of mn
oaljmcenl ehectromagnet and so on until ke slator is com-
pleted. In cortain cmbodinients, the veke scpments of o
plumlity of eectromagnets is directly supporied by o shoul-
der strscture extending from the housing oe o housing end
plate providieg machine robesiness oml a direci ihenmal
pathwny o the stntor o the boesing.

Altermative embodiments include meibods of conling an
cleciric machine mtor, methods: of cooling an electric
maching sinior, methods of cooling mn clectric machine,
methods of Eabricating an electric mnchine. methouls of
stahilizing an eleciric maching, ond methods of Mbricating
o eleciromagnet For on eleciric machine.

HRIEF DESCRIPTHON OF THE TREAWTNGS

A fanher undersinmding of the neure and sdvantsges of
parbcudar embodiments may be neadized by relerence io the
remaining pertions of the specification and the drwings. in
whach ke refenence nimerals are wsed 0 reler 10 similor
componenls. Inosome instances, a subelnbe] = associated
with & reference nunseral o denode one of multiple similor
companenls. When relenmoe is made bo o reference nisisenal
withoul specificabion 1o an existing sub-Eabel, it 15 intended
ey melier g all such mmihiple stslar componsents,

FIG. 1 48 an isometrke view of o mepresentsive electric
machise; a wially enclosed pooventdabed (TENY) perma-
ol magnet () molor

Fldi. 2 15 an mormedne enoss=secliona vaew' ol the mabor
of FIHGE. 1.

FlG. 3 iz an somsene shall end (SE) view ol a robor
slwrwing permanent magnels and other sinscemes,

FIG. 4 is an isometrc opposdie shadl end (OSE) view of
the mator of FIG. 3.

FIG. 5. b5 an semetrie opposite shallt emd (O055) view of
am allermative rotor conbodimesl.

FIG, & i an sometrie SE view of the rotor of FIG. 2
sherwing a retadner Band anound Use mobor sarcine,

FIG, 7 is an sometric OSE view of the soor of FIG, 6,

Flii, 8 & a side elevation cross-sectional view of the
fatar of FIG, 1.

Flii. 9 is an enfarged view of a portion of the motor of
FIG. & shovwing o foreed fluid circul

FIG, 10 is an isomeire view of porions of the housing
aal stator of the moser of FIG. 1.

FIG, 1 is an isemetric view of portions of the housing
sl stator of the motor of FIG, 1 showing & stior encap-
sl i,

FIG, 12 is s isometric cross-sectional view of the motor
of FIG. 1 with the pior femoved,

FIG, 13 is an isometric view of portions of the housing
and stmor of the motor of FIG. 1 with selective cleciromag-
nel podtions rensoved.

FIG, 14A is on isometric view of on eleciromagne
stmacine,

FIG. 148 is an expladed isometric view of the clectm-
magned sincture of FIG. 144,
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FIG. 184 5 o schomaiie disgram showing o lavensd B8
lomimion simociore,

FiG. 158 is a sehemalie desgram showing an allemative
lnyered EM lamination sinsciare.

FiG. 150 b5 a schematic disgrom showing an alternative
layered EM lamination sinschane.

FIG. 16 ks o side elevation eress-soctional wview of il
motor of FIG. 1 showing detarl #1 the mierfaoe between the
howsing and stator,

PHETATLED DESCRIFTHERS OF CERTAIN
EMBODIMENTS

Chverview

Certain  enabodiments  disclosed  bendn ane  electne
meschines enginsered (o provide relatively maintenance- free,
ok, long-term, aml eflicient sarviee in conutencial, trans-
portation, or indusirial sertings. As used berein, the class of
dievices referred e as “cleceric machines™ inchudes boih
elecinie genemiors and elecine molors. Certain embosdi-
ety deseribed berein ane permanenl magnel motors beving
a pelial Mux configumticn. Mooy of the dischosed methods
and appariis are aleo applicable o lmprove the overall
rebusiness and themmal performance of axial Aux machines,
tramsfer flux machines, sl linear machines. Cerain meih-
ods mury he applicable (0 the flenmal managemenl or sta-
bility of Bor-roting oaque molors, insformens, o e
ore. Although mony specific embodiments are illustrted
hepein with eespect fo bodally  enclosed  nonventibsied
(TENY) permanent mognet motors, he disclosoe and
claims are ot limied o ony specific sppasaius configuraiion
and are apphcable 10 any ype of electne machane.

Electric machines generie heat during opemtion. Heat, il
il dlissipated propery, can nedoee thee life of the mochine
significamtly, Sustainesd operation a1 high temperatuees can
impaci e plysical properties of many machine compo-
newls, including but et [Emited to electrical insulation,
chectne] contacls, encapsulalion malersals, magnets and so
Ffirth. Excess hent con make these components soft when
firsn b aewl 1hen produally Brinke. impacting deviee perlior-
mance and besding to prematare failare, Accondingly, two
kews 1o designdng o robust clectrie machine ane reducing the
penermiin of heat during machine opembion, and increasmg
hesan dissipaition o the macldme, Many of the methods sad
apparmin: deseribed bercin provide for ofe o both of
resduccd hes production and effective heat dissipation from
o mnchine during operstion. The disclosed techniques and
strctuees ane eollectively referred s as thermal msnnge-
ieweid itsctlds of themmal mankgemen apparatis,

Some metbsods and apparaius providing For advaniageous
thermaal management ol penernily enbance the mochamical
sinbility of a machine, omd therefere provide sdditional
achine pobastness amd durability, Other metheds and appa-
rafus descnbed herein enhaeee machine stnbility amd robust-
mess withens affecting theemal propenics,

Certain TEMY mochines disclosed hercin featuee am over-
all deviee configuration desipued o enhanee thermeal mon-
agement and meching rebusiness, For example, o represen-
infive TENY machine, the permaneni magnet modor 10 of
FiGi 1, may have s pancake shape, with concentraded
clectromagned  windings, maximized shd [l swrface
meanded and oversized pernument magrets and other appa-
i 1o enhance {hermal manngement and provide overall
machine robusiness os detaibed hercin. Specific embosdi-
ments of 1he dischosed permanent-magnet TENY moedor 10
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ns bess than el ihe copper and bess tlan hadf ibe elecine
stee] comparad 10 @ induection motor of e samwe power
rafing.

In sddition, several] disclosed embssdiments wilise aggoes-
v, but passive cooling. Multiple beal poibs are desbaad
inse the machings 10 provide for best transfer from interior
strpctanes o the extemnal housing wisene beat may be dissi-
poted By natueal comvection into tse surrounding s by
mdiation w0 sumounding objects, by conduction Ento
maching meuniing surfeees, andor by conduciion through
the drive shadi ivto & driven deviee (for example a B pump,
conveyor beldi, wheels, or oiber appamis).

FIG, 1| B an isomsinic extemnal view of o mpreseniative
clecinie maching, peomanent-muageel TENY motor 10 FICG,
2 is nn isomeinic cross section view of the motor 10 showing
certnin imlemal clements, The motor 10 inclhsdes a housing.
12, surrounding ned supporting intemul components and o
shaft 14 comnegted 1 o potor 16, The bousing 12 may be
connecied 1o or include vanous supporting structures, which
can be supplied o varied accending e need. For example,
the: housing may be conpected 1o feel TR, lifing evebolis 20,
a C-foce, a flonge-face, or other supporting or attechmen
stroctares Facililnbing the plocement wsl mounting of the
malor 18 inio an operational setling,

A shown in FIGL. 2, the shoft 14 s conpected 1o the rotor
16 such that the shadt 14 delines o lengthwise sbafl axis X2
mrourd which the shafl 14 omd rolor 16 manie when the
molar 10 a5 opernbed. Alematively, exlenaal lorgoe applied
> the shalt 14 can cause the ralor B rotale anound the shall
axis 22 il the clecine machme 5 o generator. The shall 14
amdl rotor 16 are sapparted by beanmgs 24 and 26 seuted i
bimnng Ningis 28 pnd 30, The embodiment ifhstated in
FIGS, 1 and 2 leafuwres o shafl 14 extending through the
hiousing 12 from ondy one side of the rotor 16, ARermtive
envhocdiments may include a chall 14 extending tsowgh the
housing 12 fram bath sides of the ndor B6. Such an
allemalyye embodinaent, winch 1= ol leasible with a TEFC
machine bivause of the cooling lan, Gm advamageous by
drve two downsineam madchines ol once, with one dodine.
strsum machioe being ansckead o esch end of the shall 14,
In entbolamsents feataring a shafl 14 extesding from ose shde
af the fobor 16 oaly, the opposing emds of the motor 10 mey
be refiemed 1o as the shall end <55 and opposite shali ansd
“OSET For convensence. This, elements coch as bearings 24
anil flamge 2% may be referred o borein as i 31 bearmgs.
24 and 1he SE biaring (oge 28 respoctively, 1L is miponam
w0 b however, that ihis disclomar expressly coviers elee-
i machines having shaflts 14 exending from ene sde of
the housing 12, bodh sides of the housing 12, or pol extensd-
ing frogn the housing 12 @ all.

Thee gotior 16 s substantially surmsnded by a stator 32, As
deseribed in detail herein, ihe rotor 16 includes o sories of
permanen magnets 34 arranged arousd, bat spaced pwsy
from ibe shafi axis 22X The permaneni mapneis 34 are
supported by @ potor back assembly 36 sometimes nefemad
fix 03 @ hack-iron pssembly bocaise ihis nssembly is typically
consmcied of o mageeic material such ns steel or opother
iype of stecliron alley, The rolor Back assembly 36 i
mechanienlly bonded o the shiafil 14 or co-fnbricmed with
the shadt,

The siabor 32 includes o series of electomagnets 38
susmoumding ibe notor 16 such that the electromagnets 38 nnd
permaneni mogneis 34 ane sepamaied from each other by an
mir gnp 40 In highly simplified tenms, motes opemtion
oo wlsen aliemating camrent is applicd io the wirdings 42
af the clectromagnets Y, consing a varying magnetic ficld
i be formed by the stator 32, Magneic nfimction between
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i permanenn megrets 24 and the checiromagnets 38 witlidn
the vasrving maxgestic ficld, covses the rotor 16 10 maate with
respoct o the staior 32, Thas, fonque may be iransfonad o
any deviens) attached o thee shafl 14 as is tvpical with
mraees, |noan alicmalive gessmber conligemtion, the shalt
14 may be ptoted by an extemad source of borgue, cousing
the permanen magnets 34 1o forms o varying magnetic fiekl
The varving magnetic field con then induce alleruing
cureent in the windings 42, therehy generting eleciniciny.
Heas Gienermiion in Elecirie Machines

When the motor 10 of oiber eloctrie machine is operated.
hend is creabed im both e poior 16 and siator 32, The
prineipal sourees of heat gemerated in the otor 16 aee abdy
current besses in the permanent mapnets 34 and oddy coment
losses or hystenesis losses in the o hack assembly 36, The
principal sowrce of hent generted in the stier 32 inclhudes
resistance in the windings 42 ond eddy cumenthvsicresis
losses in the associnle clectromagnet cores 44, Fanhemeaee,
dmg, ukso deseribed o5 windage, 5 created os the pofor 16
redates within the motor 10, Windsge generates additional
heni, Frschon ai the surfsees of bennings 24 and 26 ako
crenes hent inside the howsing 12, As noted nhove, o certain
class of electne machinge is deserthed o5 a okally encloszed
and nooventilobesd "TENY™ mochine or modor. A TENY
e provides corain ndvanesges, inchuding but not limited
o redeced maimenance reguinensenls, sinoe the miemal
matw clements ore subsiominlly sealed against externnl
conlamanation. Heal geoemiled within a sealed TEMY
machine must ke dissmpated however, without an extiormal
fn arculating air over the bousing and wilbow! dinect
venllafion openings W avodd promatene coniponenl Gnlone.

The disclosed spparafus and methods of fcildating {bor-
mal management in an eectne machine, and therefone
promasting generul machine mbustness, con be clssfied s
cilher (a) methods and siroctanes e minimizing e pro-
duction of beat, or (b) methods and sinsctones Fscilimmg
machine asoling alter heat has boen producel. Severl
thermal managemel echnigues describad bincin involve
e export of beal throigh the ot 16, stalor 32 andfor
honssing 12, Several altermstive termal mamsgement <irat-
epies are described herein. The vanoas methods and appa-
fals Enay be comblsed with one sother in ony Eashion,
seadodl. or partiafly implemenied as necessary 10 achieve
spicilic heal maligation goals.

Elecirie Machine Boor Sirociune

Az aoted abowe, the productzon of heat daring (he opéens-
then of an electric machinge i isevitable bul can, n cersin
irstanees be moduced. The primary sources of heat geiscera-
Gt i the podor 16 are mognetically indvced eddy currems
within the permaent magnets 3 and magnetically induced
eddy curments o Iystenssis losses within the motor back
assembly 36, The scale of coch type of magnetic eddy
current and the resuiling beat prodscton mey be rdueed by
implemeniing the permanent magnets 34 and motor hack
aszemibly 36 as |aminated smsciens.

For example, FIGS, 3-8 pe isomctric views of fwo
altermative enabodiments of o rsor 1 The first embodiment
of Potor 16, shown in FIGS. X and 4, iz the polor 16 from FIG
2. This reaor 16 features o shalt 14 extending from only onse
side. Alemative cmbodiments inchade a shaft 14 eoending
froan buih sides of ihe rotor B8, The FIG. 34 motor embaodi-
mend is shown i o SE fsoneetric view in FIG. Y and an O5E
isometric view in FIG. 4. The aliemative rolor 16 of FIG. 5
ooald ke implemented with o single or dual ghoft configu-
mificn. Eoch rotor 16 feniares o rofor hock sssembly 36
mechanically bonded arcund o porien of the shafl 14,
Permanent magnets 34 are mounted apoond & perimeter of,
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il in comntaet wilth e rotor back 36 such that the permaneni
magnets M are radially areanged around, bal speced away
from, the ehaft 14,

A permancil oemgned 34 may be Bbrcted from any
aumber of lemindions 44, Lominations 44 ase fabricoted
from ithe permsmes mognet malerial. which may be a
rage-casth mageet material, for example & neodymisn-iren-
boson gt musterial, a samomium-coball maget makerial,
Alnico magnets, and the like, or & comverisonal magne
material such ps o ferriie comenie, [n one represeniaiive
embodiment. the pemmanent 3 of owor 16, &
illusimsed n FIG. §, have sweniv-Foar (24) laminsiions 486,
Each laminsiteon 46 ix o relstively thin, planas section of
permanneni megned material with maoliiple laminations being
stacked one on lop of ibe other such that the plase defined
by the interface hetween mdipcent leminations is genemlly
perpendicular o the shaft axis 22, Allemative embodiments
of permonent magnst 34 may inclde any number of Lami-
nalias 46, for example @ permament mogned 34 may include
2,48, 12, 16, 30, 24, 18, 51, 3, #or more laminations 44
i rouhoce the scale of magnetcally induced cdldy curmments
aawd hent production. Ench lamination 46 within o permancm
magned 34 mey aptonally be separated From sdjscent Eama.
naltions 46 by an nsulador, such as a locguer, vamish, paper,
or cther nelalively thin insulating material,

Kelatively high-performonoe rore=carth nausgnel matenals
may be selected for the permanent mageets 34 of the rotor
1 6. Kome-caath magnets have higher remanence, moch lngher
coencivily and ensergy product 1han other permuanen) magnel
pypes. Thus, machine elliciency can be enhanced with mres
carth permancol magnets B, aliheagh steps mmst be bken
to promode overall machine robostness and stability if mee.
carth penmanenl magnets M ane ulilzsed.

Specilically, mre-corth magmets con be demagnetined il
they bevoms wo bot, and the magoeic propenties of mn
carth magnets will mol necover whaen ibe masgnets cosd diown,
Thevelore, marecanh magnets 34 mas! be selecled with o
highaer temperature ruling 1han the maximum enperalure
amhcppaled m b permanen! magnets 34 dunog bemeally
stahle operation ot the highest rawd power oulpal For
example, il the expoctied high temperatine of the permanen)
magnets M, seconding e a solectad design, iz 130% C., i
i i advisable 10 ublize rare-canh mogoets 34 thar are
temperalune mled b oal bexst a 35% hagher. tenaperamine
(ocenndang s LH grade), for example o up w 180° C, o
provide operalioaal Beadnsm.

Rare-carh permaneil magnets can also b demagisdimad
by excessive flox geoemied by bange cuments in the stapor
windings 42. Therefore, selectod embodiments of masor 10
utilize permanent magnets 34 will geoawetries thal ereale o
large permeanee coellicient w increose neiglanss W Ti-
based demagnetiztion. For exemple, as shown in FIGS, 3
andl 4, moses 10 may include 8 poior 12 hoving mare-carth
permaneni magneis 1 with o mdisd thickeess dimension w,
mexsurend aleng a mdioe e extending outward froen the
shaft nxis that & eight (%) times or greater than the width of
the magnetic air gap 40 measured along the samse mdins line,
The wse of rare-carih permunent magnets 34 having a bigh
permeance coeflicient allows the mator o opernte in con-
diticons far heyond pomina] ratings withowm thaest of demag-
netizaiion, Some of these conditions could inclade opemition
ot peak orgue, operation ot exiended speed mnges willizing
field wenkening. or a combination of both.

The mtor back assembly 36 nmimy also he sssembled from
multiple lnminmiens of stecl, iron, onofher iren alloy, or
anciher suitable mtor back assembly natcerial. In one nep-
rescntnlive embodiment, shown in FIG, 8, the moter back
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assembly 36 includes six (6) kuminstions 50, Bach fades-
teen B0 i & relotively thin, flag, annular sectien of rosor hack
material. Muohiple uminaions e stocked cne on op of ik
odlier wilh the plane defined by the imerloce borween
sfjacent laminations 50 being generally perpensdicular o the
shafl axis 32, Allernative embosd iments of rotor back assen-
bly 36 may inchade any number of laminations 560, for
exnmple. the rtor beck 36 may inchsde 2, 4, 8 13, 06 20,
24, I8, 32, 36, 40 or more liminations S0 1 nuinimine the
sgale of megnetic oddy cumenis, hysieresis boss, and heai
prodduction within the retor back sssembly 36, Esch lami-
nadiom S of the roior back assembly 36 may optsonally ke
separnted from adjscent laminsisans 50 by an imsalator, such
as m lnoguer, varmish, paper or other relaiively thin insolsting
material.,

Dairing operition, 1he rolor 16 mbites o 6 high mile of
speed ol is s o varying mageetie flux. Therefore, it
is impartant o assure that the permaent magnets 34 sre
securely bopded o the rolor back nssembly 38, An adhesive
mry optionally be used 1 bond the permanenl magnets o
the molor back asemhbiy 36, In cedaan embodiments, ns
illustrted in FIGS. 6 ond 7. the rotor 16 inchudes o retainer
heandl 52 sround (e permmester of the mdor 16 fbeing thie air
gap 40 and stater ¥2. The retainer hand 22 can be presiressed
i secure (he permaner magnels 34 and ndjncent stnctupes
during opemtion. In adidition, the retainer hand 52 may ke
specificnlly configured 10 minimise dmg o the otor 16
rofiles, andd thereby mnumaze windage beal production.

In certain embodiments, the retaimer bamd 52 15 Ehoncated
[ & magoels: mabmal sich a8 seel or a grophene
composibe. In such embodimens, the bamding may be mmple-
miendisd froam @ plurality of separstod bands fo mmimaze the
generation of eddy currenls in the band 52, In sddition, the
bamling miay be impregnated with o hest prans ber matenal or
odlveraviee tresited 10 Tacalitate beal wansher from the penma-
nenl magniets 3w the ouiside surfsces of the bamsd 52 @nd
air gap 00 Allematively, the relaner band 52 may be
Fubsacated entirely froa: o material selocted (o have enbanced
loaf Lransler propériees, hor example copper or alamimum.
Alvernativedy, the band 52 may be fabrcabed emtinely from a
cirbon (Ther meal or carbon liber [lament that éam be pre-
atrcssed. dovs mel generale eddy curreims, aind also hag
relatively high thernsal conduction propenies.

Rotor Cooling Methods and Apparaius

Hiad proslisetion in an operming elocine machine rotor can
b redoced wsing the technagues desenbed abose, but sonse
heat production ix mevitable, Therefore, several apparios
and methods are disclosed bercdn For cooling an elocine
machine rotor, 10 is imponsnt © pobe that the mowor 16,
particulasly in a TENY machine such as the motor 10, is
substantially of entirely encbosed within the machine hous-
ing 13 and surrcanded by the stator 33, Therefore, cooling
a rolor 12 ofien iovolves heat wransler w0 another moior
siruciune prior ie heat export from the medor 10, In coriain
ieEtn s, the potorooo ling methods and appamies described
hewein opemie in conjanction with metheds and appamins
For conling sther portions of the mosor 10, star 32 anidior
honssimg 12

AL Rator Forced Fluid Clrcait

FIG. 8 is 0 side elevation cross-sectional view of the
midar 10 shown in FEG. 3, FIG. 9 is on enlaged view of a
portion of the motor 16, housing 12, and staior 33 shown in
Fii. B. Dunng opemiion, the mior 18 musi be permigied io
spin freely within the stnlor 32 and housing 12, Thus, the
rodor 16, singog 32, noel bousing 12 collectively define corizin
cayiies within which the retor 16 opemtes. Forcxample, the
housing 12 of FIGS. 1-2 and #-9 includes o perimeter
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postion 84 surrounding the siator 32, aml iherefore surrounsd-
ing 1he shalt axis 22, The persmeter portion Sd of the housing
12 is substantially closed. except for one of mone sealad
shalt openigs, by a firsi end plale 56 and on oppesiog end
plate 58 @ coch end of \he perimeter porticn 54, Thiss, the
perimeter portion 54, first end plste 56 amd opposing enxd
plite 58 define ihe overll pancoks shape of the motor 10,
The peramseter portion 54, lrst end plate 56, and second and
pletc B8 may be separgie strocoires that are bonded fogether
i forma o howsing 12, Altermatively. the peremeter portion 54
ol ooeg el plase 56, 58 or other housing stchares many be
cat, nuschimed o olherwise Soomed as a gingle part, with the
perimeter portion 54 ond end ploie 56 or 58 serving o
wlentify dilferent regbors of a single bousing sirocture.

Is hest viewed im FIGS, 10 and 11, portions of the soor
32 facang e =ir gap 40 and the end plates 56, 58 delme o
substanfially oylindsical mlor eavity &0, Cennin embodi-
ments of the mator 10 inelode apparams designed w foree
air circulotion betwieen vomous distinet segions of the overnl)
evlindrics] rosor caviey B0 as described Bolow,

Specifically, nn open space between one end &2 of the
robar B and adjascent perdions of the housing 12 defines o
substanfiolly smnular first covily &4 within the cylindrical
rolop envily 60, Sinilarly, the open spoce Between the
oppsiie erxd 66 of the rotor 16 wed adgecent portions of the
hoasing 12 defnes o substnntially snnular sscond cavity 68
withan the cyhndncal molor craty 60, Furlhesmore, the
relatively thin air gap 40 extends Between the ouler penime-
eer of the mtor 16 and the imwandly ficing surlvces of the
shator 32 10 comgplete the ovlimdneal molor cavity 6l As best
shown in FIGS. B and ®, air, an sl mixhare, snofher gas,
Tigpuin, o a0 misied Musd miay be camsed o circulate rom one
ol the cavities 6, 68 to the other cavity 64, 68 and through
the air gap 40 by providing the rowor 16 svith an detersal (an
strlice soch as intemal fan T8, @nd one or msore vemtilation
clunnels 72 through 1he stalor 32,

Specilcally, a senes of vealilation clensels 72 cin be
provided through the rolor back assembly 36 a5 best i8lus-
trated in FIG. 3 and FIG. 4. In the Bbosicned enboddment,
cach ventilatien channel 72 defites a postion of an o
ol (e shafl axis 22 amd consimaies an opening exted-
ing thnoagh each amination S0 of the rowr back assembly
6. Unher chapes amd conliguntions of vemilaton chaniel
T2 are within i scope of this dischosore, provided asch
veitilation chaommel 72 bas an openiag @ Qudd comamunica-
tlon with the fisst cavity &4 amil the secomd covity &8,

e st caviny el socond caviny 68, abr gap 40, asd cach
ventilation chansel 72 1ogether define an intemal forced
i etreuin T4 b pan sussousding ol exiending through
the rotor 16, Adr. anctber fukd, of o deserbed below, an air
and @il mixiare moy be covsed o circulsie ihrowgh ihe
ingerm] Forced uid cincuin 74 by the intemal fan 79, The [
T may be part of, aiiached 10, o driven by the rodor 16 (o
canise Mr of another Maid 1o circulate within the iverns]
forced fluid circnid 74, Specilically, the fan M0 includes o
plorlity of o blades 76 configured o comse o relatively
how-peessure some @ the air gop 40 amd a relatively high-
pressuge o sownrd the shall 14 o the second covity 68,
whet the rodor 16 rotmtes in s clockwise dinection., & viewesd
in Flés, 4,

This pressure differential couses air or apather fuid o
circulate from ihe secomd cavity &8 through ihe vendilation
channels T2 1o the fist coavity &4, Simulsneously, nir or
another fluid, is consed io circulnte from e liest covity &4
through the air gap 40 o the second cavity 68 completing
the forced (fuid circust 74 A different fan configemtion or
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daflerent rowatson dircetion could eawse il air or oalver fluid
o circulabe in 1he oppossle direction.

I the embadisnent of FIG. 4, the fan 70 extends into il
second cavity 68, In aliemative embodiments, the fan 70
iy exteiwl it the first cavity 64 or sepurale fons may
exbend inlo bath cavilies 64 and 68. [n certanin embodiments,
ibe fam 70 andior fan blades T8 arc 0 scparse sireciune
altached w0 or drven by the mor 16, 10 allemative embodie
s, th fan T neey comprise o plumbity of (e Blodes 76
formied mio the notor hack assembly 36, formed in o poriion
of the shaft i4, or otherwise nitnched bo the rotor §6. [n oy
embodiment, the fim 70 couses sir or another Ooid 1o
cimgulate sround aedd through ihe roior 16 compleiing the
Forced sl circun T4 as ibe molor nodabes.

Air of onother flnid circulating within the forced fuid
circuil T4 ix bimted by heat generubed within the rolor 16 as
deseribed ahove, thus cocling the rotor 16 The bested fluid
can (ransfer sond heat o another streture 1o ultimately coal
ihe modor 1 Vorous sinschures focilitnting beod transfer
Froa the rotor 16 0o e foreed fludd carcut 74 amd beyvond
ane described below. In addition, varions structures associs
ated with the rodor meny have surfoee Eresiments desipried o
promoie efficient beal transber from the rotor 16 10 1be forced
(huid circnin T4, For example, ary rofor sinacture, including
bt peed linmited 1o the En 0, [on blades 76, <hald 14, modor
hack assernbly 36, retniner band 82, or other structures may
bz roughersed 10 igerense surfice arca or treated, For cxanple
wilh hlsck anodBzatsen, 1o Balitste heat trns for between the
robior and the foreed Tmd cireai Td

Izt tmnsfor from the moor 16 s the forced floid circwit
T4, or fom the breed fhod circust 74 4o ather maokor
strictiines such as the housiog 12, and altimately away Tnom
he modor 10, may be facilnated with supplemental heat
iransler druciunes, For example, as shown in FIG. $, the
rodor back axsembly 36 or another molor sirectiune may ke
placed e thermal conlact with oo or more bead trans(er
structunes, for example 55 beal ramsler strociure 78 and
61 heat transber strocture B0 shown i FIGS. 5, 8, and 9.
Az defimed herein, “thermal comtaet”™ means comact between
v ar mcre structires such thal thermal energy may low
frodn ciie sUFBCTURE b aolher struchiee. Structures m dinesct
ibernsal coniact with each other are also in physical comact
with wach other. Allermatively, (hermal conlact may occwr
ihrowgh an imermediaie maienial sl ag o thermal pasic
The SE beal tmansfer structure T8 ol OSE bt transfer
strctuse B0 are mercly reproscntalive exampies of any
number of e of configurtions of beal ransfer siraciun:
that cmn be pxanied too foemed in, or stherwise thermally
comtaeted with the rosor 12, 1o each ease, o rotos bex! ransfer
srisciune T8 of 80 cobtacts the foloef oo one eide and coeids
imio either the first covity &4 or ihe sevond cavity 68 1o
focilinate heat wrnsfer between 1he oo 16 and tse forced
fheid circuni T4,

Caher beat trans fer structurcs niay B bonded o or formed
in thermal copingt will the hasing 12 1o Doeilitnte hent
trmns i froun the: fonced Muid cireuit T4 10 1he beusing 12 snd
subsegquently owl of the motor 10 thowsgh best radiation.
comluction or comvection. For exomiple, a5 shown in FHG5.
2. 8,9, and 10, one, b, oF mese et trensfer stinachanes may
be mvaniedd i the housing 13 extending inso ihe first covity
6d or second cavity &8 toword the mtor 11, In the repre-
sevintive, bui ponlimiting example shown in the g, the
magor 10 inchades an SE bowsing heat trensfer strocione 82
and an C512 housing heat tmns fer stnactune 84 exiemding info
b firss covily 6 sind second cavity 68 respectivedy. Fach of
the hest transfer structures &2, B4 is illostrated ns being
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substantially anmdar. however other shapes asd configura-
tions are within the seope of this dischosure,

The S5 lsosmg beai ransfer sinscione 83 asd OS1:
Bisasing heal transleor stnssture B4 are merely reprssentative
examples of any number of sl translor stmsciare Types oF
coidbgurations tha con be mounied w, fomsed i oor ofher-
wise thermally contacted with the housing 13, In each case,
o bowsing heat transfer structore 82 or B4 contacts the
howsing 1.2 omone side snd extends into either the fiest cavity
64 or the seeonsl covity 88 to fagiliiate heat transfer from the
foreed Maid eircain T4 to the housing 13,

In severad of the embodimwenis iHuesirried in the Ggures, o
hent tmnsfer sirechere TR, B0, B2, or 84 muy be fomesd
hiving o pamber of pins, fing, combanation pendfins 86 or
other sineciares designed o incrense surfice area and -
hulence. The pinfiins 86 extend pwoy frem the hausing 12 or
st 32 amd inip the adjpcemt convity &4 or 68, A heai
trnnsfer structupe T8, B0, 83, or B4 may be roughened o
incrense surfoce aren or ireabed, for exomple with hlack
anodivation o focilitote heal tmnsfer o or from the bes
truns for strucore and the forced flnd ciroud 74, In addaison,
one ar morne heat tmpsfer sirociures T8, 80, B2, or 84 pury be
Inhncnted From o madiral such as copper or aluminam with
high ihermal comductivity, The beat imnsler stmoctures 78,
ik, 82, oor 84 muay be honded s the adjacent solor o honsing
struchane using beal imins fer paste or another interface cili-
aling efbective hemt ramsher fream the Beal (s fer structurne
TE, B0, HZ, or B4 o or [ the Torced Thad circent 74,

1. Rowr Encapsulation and Sthiliztion

I certain embodimenils, For example os 1l lustrased in F1G,
5, odjacen permanc magnets 3 are soparaled by a gap B8,
Additional hest transfer fmom the mtar 16 and particilary
from the sides of each permanenl nsagoel 3 omey be
provided by filling oll or a pontion of 1he gap BB with o
thermally comductive rofor encapsulant 0. Az detiled
belorw, the thermally conduetive encapsalant 40 ol neduces
windage and provides mechanical stability © the molor 16,
Represeniative examples of thermally  conductive  nobor
encapsudant W anclude, but ame pot lmobed o, cpoxy. an
engineerad polymer, polvester. polvancthane, silicose, orf
anollier plastic. Oowable of formable material sunabie for
filling e gaps B8, Thernal mommgesnent may be enlumood
by providing an addinive w the thermally conductive rowor
encapsulant ¥ b enhence the thermal conductivity af the
encapsulant menerzal above the miive thermal conduetiviy
af the encapsulant withoar modification. Bepressntstive
acklitives oo enhanee thermal condoctivily include, but are
ol limbed 1o aspended particles of boron mitride, silicon
carhide, silica, slwminum oxide, sluminen, copper, apother
metal. asother metal oxide. cerambe, grphene and tse like.
Thee thermsal codostiviny of the encapsulant B0 nsay Faoher
be enhapced if the suspended panbcles are spherical, have
rocdially orienied fibers or hove anotler shape of orierarion
designed o fcilitate ibermal conductivity,

Altematively, a specific portion or region of the Thenmel by
conductive solor encapsuland 90 con be fahnicated from o
sshstince having relatively high themmal transmissiviny, For
exnmple, the gap B8 conkl Be filled with epoxy or apother
podymner bound withio o metal shell 92, for example a copper
or alumiowm shell, where be shell hoas higher thenmal
conchctivity tham the polymer. In npother embodiment, the
gap 88 could be filled with epoxy or asother polymer
surroumiding o neore ibermally conduciive core, for exomple
an aluminum e copper core, in comtact throwgh the encap-
sidand with o permanent magnet M, moior back pssembly 386,
anilior 1he forced Nuid cironit 74, In any embodinsent, the
thermally conductive rofor emcapsulent shoubd possess o
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glass imnsition empersiare ol maxkmum opersting wens-
perature that iz significamly higher than expocied medor
aperaling lempersian,

The thermsally condoetive robor enca psulas 9 also sarves
io povide meehanieal sirengih io the roior 12 and therefon:
cbanee the oversll sobosiness of (e metor 10, For
example, themaally comdisctive mrotor epcapsubznt N may be
eommeted with andior bosdied 10 the rowe hack mssenhly 36
Petween mljacem permanent magnets M4, oomechanically
ancher the permaneni magnets 3 and prevend them from
slipping circumferentially anoend the robor back ossembly
A6 wnder beavy lond. The bomd between the thermally
comlnetive rotor encxpsu kant 0 and retor back assembly 36
may e enhanced mechanically by prowiding the rotor hack
asmsembly 36 with slots 24, grooves, keyways, noughened
surfaces, holes, prejectivns, ar other sinsciunes ol the imter-
fnce between the rotor Beck assembly 36 and the surface of
the thermally conductive rator encapsulant 90

As best shovwm in FIGE, 3 amdd 4, the thermally conductive
robor eneapsulant M may be contncted ot gither or both ends
wilh one or more molorsside mpq'l-l'ml:ﬂ hest  trans fer
structures, The specific enbodiment of FIGS, ¥ and 4
inclodies an army of SF beat irminsfer elensents 78 10 thermanl
conlact wilh the thenmally combucinve mdor encapsilant 90
and extending into the first covity 64, 1o additien, the FIG.
Y= embodimen includes an amary of OS5 heal ransler
elemenits B0 in thermal contact with the other end of the
ibermally conductive rodor eocapsuland % and exienching
imicy he second cavily 68,

The heat iromsfer sinschanes TH asd B0 are merely repree
seriative examples of any number of heall ransler structures
that can b moumted bo, formeed inoor otheraise thermally
coalacted with one end or the oiber of a thermally condise-
1ives moliar encapsulam W, 1o each case, hent immsfer snse-
Dare T8, B0 extend o cither the firs covity &4 or tse second
cavily & i facilitae heot tmnsler beoween the roor 16 snd
the Forced (hisd corcur T4.

In an ahersative embodament, one or more of e hei
Imansler sinsclunes TH, 8O, B2, or 84 nsay also be omed fo
functios o Uhe Ban T0. For example. the combinalion pin/ing
K6 al the heal ransfer structire 78 of FIG. 8 may be angled
of ollserwise Brmed o caise & pressune grodient casing
fnd circulaibon though the Foreed i cincoi 74,

. Heant Transfier Oil

In centain embodiments, ihe efficiency of bew transfor
wilthin the motor 10 may be anlemeed by utbzng a heat
iransler floid, in comnsbination with or other than aie. For
oxample. o quantiny of mansformer ol of anotber heat
trensler fluid may be pdded o tse fist caviey 64 andior
sevond caviey 68 Wihen the msotor 5 niot opesased. the ol
will poal i the botoim of coch cavity &4, 68 amd HL for
example, the Boviom quadram of the sir gap 40, As ibe rior
16 spans, the ponmanci magects 3 o soquentiofly sub-
merged in ihe ofl baih and heat con ke dewn from all
caposed Toces of the permancsl magnets M amd eetainer
bamd £2.

As described in detndl hebow, 8 stator encapsulan may ke
adided Between the stafor 32 aed bousing 12, in part to cisune
that @il pdkled 1o an intermal covigy &4, 68 must pool in
cofiact with the mtor 16, See, for example, the suvior
encagsalonl 26 of FIG, 11, Suificient ofl may be pdded o he
cavilics 64, 68 1o cover the nir gop 40 andior submerge
porirens of ope or mese of head imosfer siractunes TH, B0, 82,
B4 or other hent tronsfer structures. The covities 64, 68 and
aig gap 0 are mierconnected regions of the mior cavity &l
Therefore, & heat transber fuid added o one cavity will flow
o others. The quantity of oil or other heat imnsfer fuid
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ackled o cavities 60, 68 mary ba egual 10 0r Jess than 3075 of
thee 1oe] vaslume of covities G and &8, equol 10 or Jess Than
285 of the waal vobume of covity 64 and 68, of another
sulwhle vedume.

When the rotor 16 spins & relatively highes speeds, the
metinin o the mtor 16 amd or the hiat trans fer sinsclunes 78,
B0 may eosse sploshing and mistang of the ol oF otlber e
trans e Mud, improsvieg the themmal properties of the forced
fluicl circuit T4, Ary retainer band 52 may be fabed with o
perforuted ceatmg or thin neesh surface to énsure tTarbulent
o newl bow deng a5 the rotor 16 moves through the oil bath,

1. Rotor Back Assembly Heat Exporn

As s generally described above, the rodor back sssembly
A conducts et rom the edges of the permanent magnets
34 Facing the shaft axis 22, and gencrotes some heat through
echly currents and bysteresis boss within the mtor back
pasembly X6 itsell. The heat conducted 0 or generted
witham th retor baek assembly 36 may be conductod rdelly
b ventilation chamnels 72, Alermatively, heat conducted to
of generabed within the rotor back asscmbly 36 may be
conducted axially o the SE hent transfer structure TR, the
OSE beal wransfer structuce B0, another beal transfir stroc-
tume, o 1he Fin 70 where best con be conveved 1o the fionced
iluid circwmi T4, The surfsses of ibe rolor back assembly 36
lacing civitics &4, 68 may be siruciuned, fexiured, anodioed
or otherwise treaed 10 enhance the expon of bt from the
rotor 16 o 1he forced Audd circuit 74, stator 32, howsing 12
of sther structure from whenee the heat miy be dissipated
s the emvirament.

The apparars and metheds disclosed herein. meluding
il mal lmated o the ventilalen clasneds 72 heat s fer
struciunes T8, 80 and thermal by conductive rotor cneapsuliom
9 assure that The molor back assembly 36 is relanvely cooler
than ihe permarent magneis 34 duning mobor opemtion, This
semperaiun: grodiced camses et fow from the permsanem
magneds 34 io the oior hack assembly 36 and o of the
mator Usrough he shall 14, foroed Buisd circait 74 and
housing 13 or snother expon peih as described bherein,

E. Shall Hexn Expont

Another path for tnnsmitiing bea awiny from the robor
utilizes ibhe shadi 14. The shadh 14 is firmly commecved io the
rulor back assensbly 36, wsanlly with metsl-o-mensl contact,
Heal rom ibe permaneni magnets M4, rolor bk sssembly
36 or oiber rodor sirocianes aay therefore be conducted 1o
the shaft 14. Hest export through the shafl 14 may be
enhancod by providing the shall 14 with a selavively highly
Best-conductive core 98, or other shafi structure, made of
material aving relatively bgh thermal cosductivity soch .
alusanam of copper, when compand W U suimosndiog
steed shaft mmerial. The shafi 14 conmeets to the body of ihe
equipment beieg diven, for exanple, & B, pump, drive
roller, or material processiog mochine, Thus, ibe dhaf 14,
particularly if it is provided winth a heat comductive cone 98,
can conduct heal to the diven machine, where the hesi nuoy
be dissipaied throagh copvection, conduction or rlEstion,
Saptor Cooling Methads ol Apparntus

Thes primary sources of hent gemeration in the states 32 are
magnetically induced eddy curmrents within the metal core 4
of ihe lecimmagneis 38 amd resisinnee bsses in the winsd-
ings 42, The quantity of bem prochiced in o simior 32 may be
reduced by maximizing ikbe wire gnuge of the windmgs 42
wy maximize slot fill amd reduce AC resistance losses, [n
mckliiiom, reclangalor wire nury be olilized for the windings
42 o increzse skot fill and reduce resisinnoe bosses, Mag-
netically indwced eddy corrents within the sieel chectromag-
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net corvs 44 may be minimized by Sabricaiing cach core
from clecirically isolaied laminations as describad in deail
bado.

Several apparatus amd mebods ane disclosed for conling
an clectric machine siator and dissipoting beat from ihe
mischime. 1 b5 inaporiant e soe bl the siator 33, particu-
lagly in 2 TEMY mechine, i entirely enclosed within the
manchine bowsing 12. Therefore, conling il siator 32 ofien
imvalves hent tmsfer w0 snother mobor sinsciune, for
exnmple the hensing 13, 00 shafi 14, pricr 1 heat dissipaion
fromm the motos 10, In certadn instances, the siawoe ¢ooling
mifiods and apparmivs desenbed herein operole in conjuec-
tizn wilh methods and sppassines For eonling other portions
af the motor 10, eedor 16 endlor howsing 12, The vanious
ihermal management methods and apparnins make be com-
hined in amy fshion, scalel, or pantially implemented 1o
achieve desined thermul monsgement and mschine durnbil-
ity goals

A, Elesiromag et Strciure

As shown in FIGS. 10, 13, and 14, o representative
elecine mochine siafer 32 mohodes a plurbity of checims
magnets 38 mdially positioned oround the shaft axis of the
mschine, forexsmple the maotor DO As best viewed in FERGL
14A. and the exploded view of FIO. 148, the eleciromagneis
M inclode o core 44 of & magnetic metal, ypically o secl
alley. Mognetically indwoed edddy currents can be reduced by
frubmcating the core 44 from o stack of similarly or kleni-
cally =haped and relatively thin laminations 46. The specilic
lnminagion shape shown in FIG. 15 inchsdes o wath porion
100 s @ yoke segnent 102, Wihen multiple laminations 46
are slacked 10 fom on electromagnet core 44 1he oodh
porisees 100 directhy or indirecily supports the windimgs 42
while the yoke sepments 102 provide straciune b the staior
3L, o heat imnsfer pathway o the extenor of the sator 32,
and widitional magretc core miss,

I i3 pecessary o provide elecirical sulstion between
afjecent lamination: 46 b reduce mapoelkally mduced
oibdy curments m the core 4. Therelore, tlse opposing plaser
surfaces of eech laminstin 46 may be costed with a bogoer,
epoxy. plastic, subsiing pamnl paper. or asother diclectre
lawer or coaling b prvide elecimeal insulation between
aljecent Inmdamions 46 when muliple lamissions s
stacked o fabrcate an electmmagnet cone 44, Convenonal
lamanation insulang metheds fesd tooaleo thermally inso-
lage each lammanation aod eesirse the (ow of heatl genermed
wiler within Mk core 44 or within the surreanding windings
4%

The magnethe soel aflovs used for come laminstions 46
tepically have relatively bow thermal conductivite. The
thernsal porformansce of an clestronugmeie cone 44, and thas
the thermaal performanee of @ elocrc mschine, may be
enhanced by coating or oiberwise associaiing 1he magoetic
steel laminations 46 with  material haviog relmively higlser
ibermanl conductiviiy ihan magnet steel. For example, some
partien, of the antirety, of the oxierior suslboes of @ sl
Ineminadion 46 muy be coatol with, plobed wiil, hive depos-
ited upon. or atherwise be associnted with o relatively thin
thermal tramsmission laver 104 of o meial such as nickel,
niekeld silver. copper, nhuminum, grophens or anether mite-
riatl huivieg higher thenmal copdwctivity than the stee] lami-
nadion interior. An elecirical insulation lover 1 may be
ndded over the thermal trnsmission layer 104 o minimize
cddly currenis when the laminadions 46 ane siacked mbo an
opernble configuration, In cenain embodiments ope lover
iy serve hedh s an insulnior and s o ibemmal ranpemission
layer, provided the menerial selecied is o diclectric materinl
and hass grester thenmal conductivity thas the mognetic stecl
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wad for Bminations. For example, various grapbene oddes.
colhl serve s a single laver providing both enhanged
thermal irassmission amd clocirical m=ukbstion.

Chie el of a liyenad lambnation confligarisoen hovig
higher thermal conductivity than a simple msulaed steg
lamination is shown in FIG. 154 1o oihis embodinsent, ihe
ateed] laminaation 46 s contesd first with o themaal (ransmis-
shom bayer 104 hoving higher tlsermal conductivity than the
stee] ol the underlying lamination 46, The thermal trnsmis-
sion lver 104 pury then be cowied or oiheryise aeseginied
with & diclecine insulation kyver 106,

Aliematively, ns shown in FIG, 158, only one planor
surfoce of o laminateon 46 may be coated with or obserwise
insulnled wiih o dickecinc insulotion loyer 16, The oppos-
ing planar surface of said lamEnaticn $8 maw be coaled wilh,
contacted with, bondsd e, ploted with, or olbherwise asaos
cinted with o thermal tensmission layer 104 of & noderial
selected to focilivite hent tonsfer away from (e electio-
magnetic core 44, 1o core 44 is Bhricaied from o plumlity
of lnminations 46, prepared in this fashion, the thenmal
trunsmission laver 104 s pod required 1o provide elecincal
insulntion since the dicleciric insulotion Layer 106 of the
immicilialehy odjscent Bminstion 46 will elecircally meulate
baxth lamnations from ench other, provided each lnmimation
is orienled in the snme (shion, as shown on FIG. 150

The thermal trmnsmission Lyer 104 can be, for example,
o moisl having sigmificnmily higher thermal comductivity
than stee] deposited on the lummabion 46, Representative
metals having hagher thonmal conductivity than  sles]
include, bul ane: ot Hmited o, copper. nickel, gobd, silver, or
alummanam. (hber matenals, for example grophene or graphs
ing axbde, miay be deposited ax o thermal trinsmission yver
1 on a laminalion 46, A combmation of the above mate-
mals mury be useel. Forexample. os shown on FIG, 80, a core
A maxy b Fshricatod with & steck of imermor steef lamina-
tions 46 huving @ dicleciric coming 106 deposited or ofhar-
wise associabed with ope surfoce of a slee] bninaton 48,
which & coated on the opposite sarfoce with o metal 104q,
lorexample nickel silves, whach is subsequently coated with
a graphese Byer 1044, As this patiens repeats itselll through
the stsck, each laminalioa 36 15 insuloted rom adjace
laminations, vel each lmanation i2 also i contbe with one
ar mone thermally condeaive ransmission Layers 10d pro-
viding for hasit export from the cone 44,

Thee staekod banviroiions 46 forming ibe electromagnetic
core 44 muss be beld togetber durieg assembly amd cperation
and insuloted from i windiegs 43, Conventionnl lectmo-
magnedie cores are ofien held jogether by glue, laequer,
screws, bols, pins, crimped sorfbees ciber Dnsteners,
witldid podnes of other meors. |nsulation may be provided by
the gl or laeguoer, o supplemeital structue sich as tpe oF
paper. or merely with ibe winding imsukstion. The diselosed
cithodiments could be bmplemontad with any one of ihe
Toregoing assembly and insulation fechniquoes. Aliemnatively,
as ghown in FIG. 14, ihe stack of laminaticns 46, ol any
lymiapticn coatings 184, 106 can be tighily compressed
wgether ino o core 44 having superior thermal propenies
with a dicleciric bobbin 108 sumoundieg the wp, batiom,
perd siides of the teoth partien 100 of each baminstion 46 in
the: cope M. The dielectrie bobhin 108 may be fabricated, by
injecizon molding for example, from o plasiic, nylon or
similar material. The miliestbon of n bobhin 108 25 & means
of compressing the limmation faces together [moiliiotes the
use of thermal transmission bvers 104 which might be
compromised by the use of aliemative lamination astiach-
men! methaids inchiding but not lmited o gloe or ncguer
between each baminstion Bce, bolls or scrows through
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aljecent luminations. welded joiss posivioned alomg one or
e sides of the lamination sack, neechanical erimp con-
metions between laminationz, notelss or oiber (ismorng
ittt bicds.

Specifically, the bebhin 108 asunes constum, evenly
distributed pressure seross (b dooth portion 108 of coch
lnminagion $6 in an ¢lectrmmagnetic core 44, Evenly dis-
tributed pressure minsmizes gaps bevween laminations 46 or
layers 104, 106 and therefore eilimies bent imnsfer from
each lamination 446 1o any associoted thermal iransnyission
layer 104, In addition. using a bobkin 108 1w compress the
laminadions 46 apd nssociated lyers 104, 106 imio o cone 43
avnicks the possibility of a bolt, screw, crimp, wekl of ciber
miechanicol fastener cousing o short cincudt belwoeen one o
e lnminations 44 and therehy compromising the electr-
nmgnetic propertics of the core 44, In cenain embodiments,
the hohbin 108 is the only stnschune helding sdiscent lomi-
nations together,

As aleo shewn in FHG. 14, the hobbin 108 supports fhe
windings 42, Certain portions of the windings 42 extend
tbrongh the slol betwern mdjacent clecimmagnelic cones 44
Cher portions of the winding 42 are end turns 109 bridging
miljncent skods, somoss cach elecironingnciic core 44

As shown in FIG. 14, the voke segment 102 of cach
lnminaticn may be Ermed into opposing make and female
dovetail, oengoe wed groove, or other maling struciunes, 110
and 102 respectively. Thus, when o series of clectimmesgnots
A¥ ane asembled i0lo o skalor, as best showon e FIGE 13,
adfjocent moke and female wngue U0 and groove 112
srmctunes  provide mochamcl suppord 0 the stabor 32
Furthermore, the tapered s » of each tooth 1, bobban
108 snd wimifing 42 create o concenirted wanding ool that
tapers B the shape of the abot, proveding for high skt s,
Fligh sbat fill resulis i o reduction in electrical resistanoe and
bemce lower bosses and meduced Bl production,

B, SmtorTloming Interfice

The stacked, owtwandly ficmg surfaces of a plumaliy of
yoki segments 102, defines an extervor surface 114 of the
sholor AL As shown o FHG 13, the exlenor slabor surfsce
114 fis closely within the perimcter postion 54 of the
hoisiag 12, Heal can ow withan each core 44 1o 1be exlerior
stinbor suirBace 114, parvicaladly i ihermal iransenrssion kyers
I are provided om or between e laminosons 46 as
deseribed above, The tmmsfer ol heat from i exerior stlor
suriince 104 o e perimeter portsen 5 ol e housing 12,
and subsoquenily & e outssle eaviroament, may be feili-
iatied by providing @ themally conductive lubrieant berween
e exterior staos sarface 114 and an imlenor susface 116 of
the perimeter portion 54 of the housing 12, Bepresentative
thermally conductive lubricants inelode But are no Hinied
o theral grease, gropheme, of Boron aibde powden,

Onverall maching robusiness and themmal perfomance is
also funher cobhanced by carefully coupling the stator 33 10
ibe howsing 12, For example. as shown in FIGS, 12, 13 and
16, one or neeee of the end plates 56, 58 may define o lip sad
shoulder structure on ihe end plaic 56, 54 that coniacis the
yoke scgment 102, The lipshoukler strociare 120 engages
the woke porioa 102 of cach ¢ e ocore 44
sommewhit aony from e balance of the end plae 56, 58
This, the lip'shoulder strocture 120 creabes o pocket in the
end plaie providing clearmnce Tor the end wms 100 of
windings 42, The height of the lip/'shoulder sinactee 120
{marked as (b) on FIG. 16}, nuay be seledied o reduce ihe
distnnce from the end tums 109 &0 the end plale 56, 28
fncilitniing hewi irmnsfer, As described in deinil below, ihe
remmining gap nuay ke filled with o themaally conductive
encapsulont or otber structure or materiol o Gcilitale heat
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transier. [naddivicn. te beight b ol the hp'shoalder seruenure
120 can b incressed a5 poaded w0 minimize the formstion of
magmetically ahosed any curremis o the cnd plaic 56, 58

Adldizionad machine robustness may be enhansad by pro-
vidling selocied eheciromagne cors 44 with an engagemcin
strsciure 132 ot of in, the exterior surfsce 114, | Te housdng
12 may Eneluds n maaling engngement strociine 134 opposite
the eogagement strsctene 122, The engogenent sinsetunes
122 and 024 mury Be oy shape or sire configueed o
mechanieally mate the exierior sarfaee 114 of ihe siagor 32
with the ineerior surfece 116 of the housing 13, and thenefore
preseni iR of other movement of ibe saior 32 wihen
under load, The specifis embodiment of eagagement stre-
fumess 122, 124 illustrabed in FIG. 1N includes o roupdied slod
formed im the electromagnet cone 44 and a corresponding
roumded slot formed in the perimeter portion 34 of the
howsing 12, Each sl maoy be engnged with o pin o meet the
stater 32 1o the housing 13, Additieanl robustness is pro-
vided by tightly fitting the exierior surface 114 of the stnior
3230 the imerior surfiee 116 of the housing 12 s harden the
case and profect the eleciromognets 38 from mmpact, vibms
tion., or oiber forees,

. Btatar FEncapsulation and Stabilmtion

Aulditicinal thermal transfer frvm porons of the stalor 32
or other mnchinge stnsctunes and enbumoed stntor robostness
may be provided with themmally concdsctinve sialor encapsu-
lants, tsermal eransmission structures, oF pofling materials.
For example, corain anbodimenls may nclude o themally
conductive stufor encapsulam 96 encapsulating much of the
stator struciure, 1 e particular conbodimen of FIG. 10, the
thermally conductive stalor encapsulant % encapsulaies the
enlirety of the clectromagnet assembloes 28, But for the
exlerior stalor surface 114 amd the mside Gees 126 of some
ar all of the magnetic cores &4 Facing the air gap. Addition-
ally, the thermally conductive ator encapsulant B derectly
contacts one or bolh housing emd plates 56, 58 or other
hoasing structure, provading a direct thermal pathiway from
the stator 32 80 e bowsing 13,

Alemative stnchines niay be used m bea of or 1@ oome
bimation with (ull o parial steoe encapsulstion. These
allemalive structires ane within the scope of thas diselossire.
For cxamgbe, (hemsal trnsfer from il stalor may be pio-
vided by a separate thermal contact simetare, for exansphe
thermally conductive, compressible or conformakble solid
material placad into coniset with some porison of s siaor
A2 amil e housing 12, or placed betvecn a pomtion of the
alator encapsialas 96 and the housing 12, A thermal coniac
straciine coulld ke snbsianizally solid, of have a oy -comb
strciure, wive washer sireciure, o the like, A thenmal
caitaet structure could be Cibscated of o thermally condoe-
tive fell. foam. ietal, comed metal. conformable apoxy,
composite, for example a silicon bosed pad with aluming
Tillew, or ary other suiiable themmally conductive compound,
maderial, or combimdion of matennls,

In emsbosliments where gaps between the stator 12 aped
hoasing 12 are parinlly or suhsiandialby filled with o sinior
encapsulant 36, for example, in embodiments where the
stater encapsulant % substamially fills & perimeter portion
of the housiog 12, stnecharal Benefits bevond themmal man-
agement are providad. Encapsulntion of the ¢leetromoagnets
A8 in @ sitmior encopsalani 96 physicolly prevenis contami-
oition of the electromagnets 38 by modsture or paricolse
mafier, Such ceatamination con cause insulation degradation
and eventually cause shoris between adjpcent wires, Fur-
thermone, & dickectnie cpcapsulant %8 provides ncrensed
predection against mamufncturing defiects in the wine insu-
Intion, Thus the encopsuliol 96 can provide redumsdom
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protection agains wire-to-wine shons, supplementing il
imsalakion om the windings 42 In cerom embodiments, 1he
cicapsulant ¥ alse encspsulates the coll phase electrieal
connections, whach gives additional proteclon aganst
phase-to-phase shors snd mosufacturing imperiections in
the wine or elecincal junclions.

The encapsalant 96 also reduces wire vibsation within i
stalor 32, Yibmleon can reduce the iotegnty asd hile of the
windings 42, Therfore, stalor encapsulant M provides for
enhanced thermal manogensent and enhanced mochine
rebusingess, Winous sensors 85, inchoding without limiingion,
oo o mone heat and vibrution sensors, may be enbedded
imio the staicr encopsylomt 9% o that any inceeose in hent
buiklup or increase i stater o rolor vibrsllon G be
detocted, The sensors 88 may be wired, wirelese, Internet of
Things (kT or ather vaneties of moaitonng semson or
semsnrs of ancther appropriste type. Moniloring elecinic
machine operation through one of maone sensors allows for
ihe remole defection of any deferiomtion in machine per-
Pormance, aimd for precinplive mcasunes o be aken.

In one enbodiment, the stator encopsulnm S inclxdes a
relatively g extersor podlion surroundieg e owverall
stplor strociure snd contacting the housing a8 described
baedoav. As shown n FIGE 10 hoeeser, there is refatively bile
rwm betweem the wimdings 42 of adjscent eleciromag s
M, so it con be advantageots 1o pad inkerior poetions of the
stilor 3 with a relaively Buid imersor polting naterial. As
deseribed in detnil below, amy type of slator encapsuling 96,
hawing any suitahle consistemcy, con be wrented 1w have
enfunced thermal condsctivity promaoting the export of heal
Eron L slator 32 bo the bowseag 12

As noted pbove, the housing of FIGS, 1-2 and &-13
inclodes o perimeter portion 54 surmanding tbe stalor 32
Hent tramsfer from the siator 32 o the housing 12 may be
Foeilizaned by physically comtacting the statar eincapsulant 96
wath one o boih of the cnd plaies 56 and 58, In ihe specific
cimbodament of FIG. B, the stator cocepsulsal 36 contacis the
entirety of an anmular interior susface of each end plate 56
and 5%,

The housing 12 might include a scpamie perimeter por-
i3 Sab, @ separate (kst end plave 56, and & seporase second
and plate 58 thal are booded tiggeiber to form a bonsing 12,
It is important to oote owever, that the boming eoold ke
fortiad acconding to allermative methods. For examphe, m an
alsermative ombodiment the poerimetsr pomion 54 and o
cind plate 56, 58 may be cast, machined of otherwise formed
as @ single part. Thus, in sonwe enshodiments, an end plote
and the perimeter poaion may Be & unified strocruee. (6 suels
ai e bodipent. e stator cocapsiknt 96 may be in dnect
or indirect thermal compet with an el plate region of e
unified housing simacmne,

In the comfigurntion illosirmied in FIG, 11, ibe stvior
encapsulam 26 and the inside faces 126 of cemain ¢hectre-
magnet cores 44 defme o substanbinlly evlmdnicol inberior
stubar surface 128 focing the air gap 40 with each end of the
imterior stator surfoce 128 heing bousded by central porticns
il thee first ol second end plates 56 and 58 Collectively, the
end plaies and intericr stator surface 128 define o closed
cylimlncal meior covigy 60, In cerimin embodiments, ihe
msor 10 includes minimal voids, noi filled with the staior
cncapsulant 3 botween any stuior structure and the housing.

Thus, the stator encapsalant %46, nbomng with any thermally
copdduciive fubricnmt in cominet wiih the extenior surlnge of
the stator 114 and imlerior surfbee of the perimeter portien of
the housing 116, comse potentinlly all surfices of (he stior
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32 exeepd for the interior stater surfoce 128 o the air gap 49,
g b in direen thermal conaet with ane o mwoee ponions of
e Boasang 12,

Thise ehernal comdisetbviny ol 1he staior encapsulant 96 sy
be cnhaneed by including specific muiemials wiaihin the
encapsulant  matrix. These materinls may be inclodad
whether the encapsulant is a substantially rgid exeror
encapsulant o o relsively Audd interior potting material. For
exnmple, the stmor encopsulim ™ may be n dielectric
maderial applied in o liquid siate 1o Al subsantially all voids
onside of the roaor covity 840, In ceraln embodiments,
madcriad applicd ns o liguad will fally or pariially herdened
inge o mare oF kess Fighd slaor ecapsulant #6. Represetn-
five diclecine maierials suitable For thenmally enhancing o
stator encapsolation material include, hal ore pot Bmised 1o
suspenided porticles of boron pitride, silicon cnebide, silica,
aluminum axide, aluminum, copper, ancther metal, npother
metn| oxide, cermmic, graphene snd the like, The themal
conductivity of ihe encopsuloni 96 may [uriber be enhanced
ifl the suspended pasticles are spherical, hove mdinlly ori-
emiexd fibers ow hove anolber shape or eoentobion designed o
facilimse thermal conductivity.

Alfermafively, m e of or m comjanction wilh the vse of
suspenided particles, lorger scaled sinactares muny ke nssoci=
med with the stotor encapsulant 96 te enhasce encupsulam
thermal conductivity. For example, o solel part, such as o
meztnl or cernmic ring, with hig]m'ﬂ'mn.lmn:h.l-:liv'lfﬂun
the encapsulaml, can be embedded 16 the encapsulant ©
crate a composile body that has ligher themual comductivity
than 1he encapsulam by fself.

As noled above, the meorsfacing electromagnetic core
faces 126 and an inside surfsce of the staior ercapsulant ‘96
ane exposed o the air gap $0. These stroctures along with the
end plates 56, 58 deline the enclosed notor cavity 68, F e
trmsparted from the gator 32 10 the roter cavity 60 s nol
vl been exponted from the meschine. Furthemmiere, the
machine nolor Ve operaies withim the rotor cinaty &0 adding
acklaiomal eatl 1o this space. Heal may be ransfomed rom
the motior Cavaly &0 throagh the housing end platkes 56, 58 o
the external eovaroamsent. Heat trnsler (ron the mobor casity
60 o the el plates may be Facilitaled by Ishreating or
coitaciing e central pegiom of ome o Both end plale: 56, 53
with one or more heal transfior sinsctures expending e the
nulor Ciavily bl

For example. as illesarated i FIGS, 2, 8 and 10-13, the
coniral portson of cach cnd plate 56, 58 may be in woninal
contact with o beai transfer stroctore, 82 and 84 respoctively,
The contbguration of heat 1ramfee sirsciunes 82 amd 84 are
represeniative exanples of sy number of (vpes of configu-
rations of e mansfer strscture that can ke mounted 1o,
formed i, or olieraise thomsally comtacied with an ol
plate S, 58 In cach cose, & heot imnsfer struciure 83 or &4
contacts the and plate on ooe side and extends into te roor
canvity &l on the oppoesite side,

A bt drnmsfer structun: 82 or 84 may be frmed having.
a member of pins, fims, combination pin'fins 86 or other
strgctunes designed to incnease surface aren ol promote
heat weansfer. The pin s 86 cotend away froa e end plate
Sév, &F nnd inlo the rotor cavity 840, The imlesior surfsce of o
bt tenpsfer stoctare 83 or 84 may also be poughened o
incresse surioce anen of ireated, for example with hibck
amedization i facilitaie hent imnsier. In addition, the e
iransfer structune 82 or B4 may he fabncated from o maieral
such ns copper or aluminem with high thermal conductivigy,
The heat irnsfer sinsciure 82 or 84 may ke bonded o the
endl plate 56, 58 or other housing stinaciure using hea
trnnsfer paste or another method Facilitating e fective hest
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iransfer. Bach of the bea tmansfer sirmiures B2, 84 is
ilnstried as beang swhsontially anoular, boseever otber
shopes o conflguratiens are withis the scope of s
iisclosure.
Heas Export from e Housing

Thermaal expont Brom the housing 12 10 the outssde envie
ronimenl may be anhanced by providing ihe housing widls
Feet 18 or anotber structune facilitaling hosit transter from the
housing to @ building foer, building wall, mousiing beackes,
machine part, or oller exiemal sirociore © whach ihe molor
10 is sitnched, Thermal export through the feet 18 mav be
enbuneed by Erbeicaming the foel froms a materil boving high
thermial conshuctivity, for example pluminam, sopper, ther-
mally rnsmissive composiies amd b bke. In adion, the
imterfnce 130 hetween the fect 18 and extemal strochare may
be contacied with or coated with o matemal ke enhance the
comduction of hent encrgy froms the foet 18 o the externl
sarietuine. For examiple. tse imterfaee 120 may be comted with
o bl fransfer puste of ather matenial baving higher thermnl
comfuelivily than the fecr 18, copper Tor cxample.

Adduional hent expont from the bowsing may be foeili-
infisd by provading extencr pordions of the honsgg 12 with
fins; pins, or other bea tmnsifer sinaciunes. Portions of 1he
howsing, 12 may be roughened 1o incrense surfice e or
reated. for example wilth block anodication or thermally
comdoctive paint 1o fciliesie bem wronsfer. In sddition, the
howing 12 ooy be [brecaled [rom & mafenial swoch os
alumiouen with relatively bigh thermal conductivity.

Flest Export from the Siator Throagh the Shall

As poted above, one path for tnsnifing heat asay nem
b rodor 16 ufilizes the dhafl 14, In sddition, hoal condiscted
From lbe stator X2 0 the howsing end plabes 54, 56, or ofluer
matar slnsciures may be oomdocted o the shait 14, Hen
cxpont Urowgly the shadt 14 may be enhanced by providing
the shafl 14 wilth a thermally comdoctive core 98, or other
shall siruclure, musde of a mabenal havimg o relatively high
thermal comductivity such as alumimam or copper. The shaft
14 conmects b the body of the equiposent it is driving, for
cxample. o fan, pumgp. deve noller, o material processmg
mnchine. This, the shafl 14, pasticularly if o s provided
with & thermally comdisctive cone ', can conduet Beal 1o 1l
draven equipment, where the beat may be dissipatod throwgh
coavection, comduction or mbation,

Furthermore, the shafi 14 is supponed by bearings 14, 16
supported in bewing Manges 28, 30, Heal tramsfer lron the
hovsing 12 b the shall 14 may be fciliaded by mmpbonsni-
ing porbons of one of mone of 1he bearings 24, 26 andior
bearing Manges 3, 30 with material having relotively high
thermal comduetivity, for cxsmple copper oF aluminum. in
one spocille embodiment, the bearngs 24, 16 mclude boar-
ing seals 133, 134 tabricaied from copper w0 fociliiase heat
iransfer from the Bousing 13 10 the shaft 14, The bearng
flange 28, 30 nay alse be (abncated from copper oF aneiher
iaterial with selatively high thernaal transmissivity, In pddi-
isen, the thermally conchectine core 98 may extend Exiemlly
to oF meir 1lse shoft surfbee in the region where the shafi 14
comtaets bearings 24 and'or 26 or bexrig seals 132, 134,

In certain embodimeents, the perimetsr pomion of e
hacnsiing &4, Firet snd place 56 and second and plate 58 may
be co-fobricated, welded wogeiber, or olberwise Bhricated 1o
prevent entey inde the housing. Therefore, the bearing
fanges I8, 30, or anoiber housing struciure may suppord
benrings 24, 2 implemented bepring canridpes that are
replacenbie from owside ihe housing. This, ke bearngs 24,
2, which ane subject te nccelerated mechanical wear com-
pared b other mowing parts of o nsotor 10, may be reploced
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withoun sceessing tse interior portiens of the housing 12,
thas enhancing overall mochine robusiness,
Micahods

Alsermative embodimsents mebude, but are mot Himived 1o,
misthesds of conling an clectric machane robos, mwibaods of
cording an clectrie machine staior, methods of eoolisg an
clecrie machine, methods of fabricating an electric machine
or parts of an elecide maching, nsetbods of stabilizing =
electne machine, and methods of abricating sn chectromag-
net for on efociric machine, Various methods will be appar-
cni 1o those of skill in the an based eniirely upon the
apparifus dischosod berein,

Representative melbods include » methed of conling o
rodor 16 or coling an clectnie mochine 10 baving o polor 16
prl @ staior 33, The method inclodes cousing the roder 16 o
mlur,ruilhrﬁpnﬂ te1 thie stator 32 1o drive an intemal Fan 78,
The intesnal fam 7O causes o ok, for example oir or on s
s 0l misture, te be circaluted in @ ffoid circain 74 between
a first cavily 64 apd secomd covily 68 adjacent the redor 16
i cont] ke oo 16, Heast imnsferred b the fud circuii T4
may subsequently be imnsierred Bo ibe machine howsimg 12
ol then tmnsferred from the mochine 10,

Anaither representstivie envhodinsent i o nsethod of conls
ing o snlor 32 or clectne machine 1@ by placing a stotor
encapsulant 26 imo thermal contnct with the slor X2 and o
machine bousing region 12, for example o first end plate 56
or seeond end plate S5, The thermaasl conductivity of the
skator cicapailant 96 may be enhanced by ming on addi-
tive wilh the encapsulanl %6 1o incrense thermal conduciv:
iy Thiss, et pemoratod i the staker 32 naay be conducted
from the stator 32 through the encopsulant %6 to the houging
12

Analher represemtalive embodiment is o method of fab-
mcaling o stator A2 or electric machine 10 having o plurality
of elecimomagniets 3 with cleciromagne cores 44. A phu-
radity of the electromasgmest cores &4 may be Tomed
inchicke a stack of laminalsas 46 delining a woalth portion
1M gl @ yoke segnwent D102, Each yoke scgment nasy
larther define a fongoe stricture 110 and an opposing groove
straciune 112, The ehoctromagnets 38 nun ke ssenrhbad b
a stator 32 b islin g Uhe borgise striciane 110 and die groove
strwcine 112 of cach electromagaet 38 wilh the comespond-
ing tongue siructene 110 and ihe groove somoctaee 112 of
adjscenl clectmomagnets 3 Ader the eloctromagnets are
thus aszembled. the sator 32 may ke encapsalasod wiik o
Uermally comductive eocapsibant 96,

Aqaiher represeniative eebodimen 2 o meibod of sio-
biliAng an clectric machine 10, The method ipclades staki-
lizing the mowre 16 with o thermully conductive dielectric
folor eseapsulant 90 in contael with adiscent permancy
magnets A and dabilizing the sistes 32 with o thenmally
conduetive dicfociric smior encapsalami 96 in coniacy with
sl jacenl electromagocts 3%,

Various mosdifecatbons ond slitions can be mode o the
cimbodiments discossel withom departing feom ihe seope of
the imvestion. For exsmple, while the embodiments
dleseribed above reler i particular features, the scope of this
invention also includes embodiments havirg dilferent com-
bimntion of feanares nad embodimets that do ot include ol
of the ahove described Featunes,

Moreover, while the procedenes of the methods npd
processes deseribed henein ore described inon pamticuler onder
for ease of descnpion, unless the combexi dicinies otheraise,
varicns procedures may be reordened, addad, snd'er omitted
in peeordance with various embodimesis. Moreover, the
procedures descrbed with respect i one methaod or process
may he ipcorpomited within olber descnibed methods or
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processes; lkewise, system compenents deseribod socord-
img 1o o particubar structural architecnme and'or wilh respect
o o system may be orgamzed o alternatise strocoural
architectunes andlor incorporased within other doscribed
svsieims. Hemoe, while varoms embadiments are described
wilh—or willsom—cerain feares foe cose of deserpibon
and w0 illustrate exemplary sspects of those embodiments,
the wvorous componerts andior feamnes deseribed lsonein
wiith nespect 1o @ panicular cmbodiment can ke substinueed,
added andior subiracted Srom among ciher described
embodimenis, wnbess the comen dictaies otherwise. Conse-
quenily, alibough severnl exemplary  embodiments  are
deseribed above, it will ke apprecioted that the invention is
imheniled fo cover all modifications nnd equivalents widlsin
ihe scope of the fodlowing clnims.

What & claimed is:

I. An electric machine comprising:

0 FHOE

o staior comprising;

a plurdity of redially pasitioned electomagnets
a siior encopsulan encopsulating e electomagneis;
and

o Bowsing supporiing the rolor amd fhe sinlor, wherein the

homsing comipriscs;

i PeTImCIeT porticn;

o first end plote of one end of The pennsser portion; and

a secoml end plate ot the opposite ol of (e perimaeter
porim, and wherein e slobr encapsalanl 5 i
thermal contscl with the first emd plnn: and the
sooond end plate, whintn e stibor cracapsilanl
oonlacts the firs) end plate and the second endplate
sich that o ceniml region of the fest end plate, &
cinbral region of the second e plabe, and an inberior
stator surfsoe deline an enclosed cylindrical roor
cavily having substantially no voids exiending from
ihe interior stmor surfoce, the central region of the
first engl plate, and the central region of the second
end plate wewanl the permetor podon,

1 The eleciric machine of clam 1 whenein e lirst end
p-i.m and \be perimeler poribon comprse an lmegrated
hoising anal

1 The elocirie machine of clalm 1, wheneln the staor
encagsulant comprises a dichecirie maserial and an additive
1o inerease e thermal combectivity of the encapeulant.

4. The electric mschine of claim 3 wherein the dielecine
miaterial conprises a polymer and (e addive conpriscs
oqe of more of boron mirkde, silicon carbide. cilicon, ale-
minuem oxxle. aluninam powder, copper powder. metal
oxide, cemmbe, graphene el substantially spherscal pur-
tieles,

& The ehecrie machine of claim 1 whensin an mterfacs
berween an interior surfpee of the perimeter porticn of ihe
honssing, el an exuerior stior surfce contalms o thermally
conduciive lnbricani.

b, The clectric machine of clabm 1 fortbier comprising a
First heat imnsler stneciure inibermeal contact with cne of fhe
centrl region of the fiest end plote and the central region of
i secomd end plate, the fies) heat trans fer structure extend-
img inbo the enclosed cyliedrical maor cavity,

T. The electric machine of claim & furber comprising a
sexond hent trnsker streciare in thermal conipci waih the
odher of the centrml region of the first end plote smd the
central regien of the second end plate, fhe second heat
transfer stnachare extending, into the rofer cavity,

& The cleciric mochine of claim T, wherein oi least oneof
the First heat transfer strocture and 1he scoond hoa ransfer
structurne comipeises a plurlity of pins or fies.
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#. Thie chocirie nachine of ¢lamm T, whenein & lesst ome of
the first ket tramsfer sinsctere and the second hean iransfer
sracinre comprises @ surface Drestmend o cahames the
transfor of beal from e mowor cavity,

1, The elevtrie machdne of claiem 1 wherean the housing
comprises one o mone themsally comduetive foet anaelsed o
the perimeter portien,

1. The ehetrie mackine of claim 10 wherein ibe thee-
mally conductive feel consprise n separste heat 1rnsfer
maerial posiibmed between ihe feet and a mountieg sarfaee,

12, An eloctric machine eomprising:

o Folor,

& stalod comprising o plorality of mdially positioned

eloctromugnets, wherein an clecimmugne comiprises,

o gore comprising @ siack of lominotions defining o
teoih and & yoke segment;

an insulating kabbin sueronsding o poetion of the teath
of ench laminmsan; and

electrically conductive windings surroanding a portion
of the hobhin, wherein each lnmination in ibe siack
of laminsions 15 held agains! adjacent Laninstions
by the bobhin, amd

o stator encapsulamd encopsulabing the eleciromagnets;

andd

@ housing supparting tle moans and the stator, wherein te

housing comprises;

o [perimeter portion;

o first el plage ol one end o the penmicber portion; aod

o sevond end plate &1 the opposile end of the perimssier
postion, wheresn the stator encipsilan is in U]
conticl witls the fird eoad plne and e second emd
plote, and wherein the yolke segmenfiz of 8 plurmlity
of electromagels are in dired physcal sonlact with
o shoulder stroctune extersling from the linst cnd
plase, and wherein tbe showhler sircture supparts
cch cleciromagnel al a select distince awary [rom
the first emd plaie sech thal there i oo phyvacal
contact between the windings of amy checiromgne
and whie first end plate.

13 The choctrse nachine of cldm 12 whenein iodividual
laminations i the stack of bminsions comprise:

opposing fiest and secomd plamar Faees;

a thebectrie kayver in physical contact wilh one of e firs

aoul second planar Eaoes: and

o luesnt eransfer [aver, different Trom ibe diclosine layer, in

thermnal contat with the other of s st and socoimd
planar fevs, cavsing an inberfoee bebween adjocem
lnmisatsons 1a the stk of Bamisstions te comprse the
dichectric layer of coe lamEnation and the best irmnsfer
layer of the adjscent lamEnarion.

14, The clectrie mackine of claim 13 whensln e ben
irnsfer layer comprises graphene,

15 The clecine machine of clxim 12 whereln the voke
segmeni defined by n stack of laminadions further defines o
wmngoe structure amd an opposing grocve ARKCIER 10 matke
with the tomgee structure and grosve siricture of ibe steck
of laminations of sdjacen) ¢leciromegnas,

L&, The eloctric machine of cloim 1 funber comprising:

o shaft extending from the rotorbrough one or bk of the

first emd plate and the second

o shaft benring mnicdlnnrnnflfwﬁ:ﬂﬂrdﬂnl:mdﬂw

seeond endplnte, o suppon the shafi; and

a bearing seal afiached fo the shafi beaning, whereen the

hearing senl comprises 3 material having greater ther-
mal eondncinaiy than the shaft beonng.

17. The cleciric machine of claim 16 wherein the shah
comprises 8 thenmally conductive shafl core, said core
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comprising a thermally eonductive materal having a diffor- ceniral region of the secomd end plae, aml an
ent composition than portions of the shall surmounding the imerior stator surface define an enclosed oyl indr-
shafi core, cal rosior cavity hoviep subsianiially no voids
I8, The clecinc machine of claim 17 wherein the iber- exlendang _I'mul. the inferior staar surface, the
mally conductive shafl core evends wowand on exterior central regeon o the first end plaie, and the central
surfice of the shafl where the shaft comlacts the shafl ﬁgjunu!‘lh:unmdmdpl&mmwdl]mptﬁm-
bearing. eter portion; o
19, A sethod of cocli Lslir cantsing heat to be condaetod from the stator encapsulam
ot o AT T i S bo the first enl plate and the scoond end plase,
u t i 10 20 The methesd of ¢lain 19 further comprising:
& mm; comprising: providing & heat transfer strociure in themmal eontact with
a stator encapsulant encapsulating the slectromug- cenitrad region of the second end plate, the heat transfer
nets: mod sll_'u-clT;r;dﬁT:mg into k}::rmm ::vmr: il e
: . <18 cousing i be transmitied from ihe rotor cavity o |
e hoing compesess e PR WO st end plte o the second cud plat through the b
e el it s bt syl 21" The elereie machine of clim 12 wherei individus
il " laminativas in the sieck of liminaiins comprise:
L al the opposite end of e i opposing first aned secomd planar frees;
’ eler ﬂgﬂn.pl:;a'crﬂw mc:nr :nm:nliil:rr:'ﬂ o hent tmnsfer layer m thermal contect with al lesst ooc of
wicts ihe fisst end plate and the second endplate Ui liret o pecond ploner aces.

such that a central region of the first end plae. o T " 8 8 @
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ELECTRIC MACHINE ROTOR COOLING
SYSTEMS AND METIDS

CROGS-REFERENCES TO RELATEDR
APPLICATIONS

This applicatbn claims preoeiy 1o LS, Pasent Applicsiion
Ser. Mo, 62570441, entitled: “Permanent Magnel Motor
wiith Tested Eficiency Beyond Ulra-PremivmTES Levels™
filed Ocr Ll 2017, the oslenl of which opplicabion 1=

incoaporated herein i its entinety for all parposes.
COPYRIGHT STATEMENT

A partion of the disclosure of this patent document
coatrins materinl that is suhject o copyright protection. The
copyright owner bas no ohjection 1o the Gecsimale neprosloe:s-
ttom by anyene of the potem document or the patent disclo-
suire as if appears i the Paienst ond Trademark Office patent
file or reconds, but olherwise reserves all copyright righs
whiilsever

FIELDY

The present disclosure relates, in peneral. 1o melbods,
systems, and apparaine foe cooling i roter of on elecine
machine, For exaniple an elecine malor or eleclnc generator.
The presem disclosure relates more specifically w the cool-
img of the notor of a permanenst magnet (PM) elactric
mzsching.

BACKLGROLINIY

Elegire machanes emploved in commercaal and incustrial
applicinins are often required 1o operate a8 10086 of the
applhcable power mting over what 15 typecally o G000 e
serviee Dife. Thercfore, a moior or other elactric machine
emploded 1 a commercsal or mdostinal seltg must be both
reliable and versatide. Machine reliabality and lifespan can b
compromised by many Betons ineloding bt nol Bnxled 16!
1y higgh nemperatune operation nesuliing io thoemslly mduced
component Eailures, 3) vibraton, hea, fricabon unhabsnced
operalion, comlamenation, insdequate material sehaction or
ol causes of mechameally indueed compoment Failwne, or
3 diclectrie Gailure resalting in checincal shorl caeuits of
o careuiis eaused By ket inadequate material selection
of Oller Caises.

Eleciric muchines are ofien provided with o mechamienl
oo ling syssem, fof esample o fan plus o cow kg conflgured
fo dieect aie over cooling fss cast oo b mackse housing.
Many soch deviees are classified a5 wially enclosed fan
eoalad (TEFC) deviees, TEFC motors sulfer from mbenent
ineffickeney since 0 porison of the il pewer owipad by ihe
s el tam the cooaling fan, and therefore is unavailahle
for ouipui, For example, & TEFC mobtor abinched o o
convewor belt must opembe bith the cooling fin and the
eoavevor belt, therefore the postbon of the motor owipat
regquired 3 fumn the e is no ovailable ot the convever beld.
The T and comwling apparstus of 8 TERC mochine is prons
i damage, and presenis a sofely nisk in o typicnl ingusirial
setting. Furthemmore, since o TEFC machine drivies o cooling
fun with one side of the medor shafi, o & mpossible or
difficult o stinch two dosnsircam maschines 0o 5 single
TEFLC motor,

Corventional electric machines ane made robusi and
durnble psually by implementing the machines with lnrge

10
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sl vy components, The larger and heavier compononts
requined 1o promiod e siable long-derm opemtion can ioneoss
machine cost amd weight.

Chher electric mochines, having directly ventilabed and
therefone partially open bowsings 1o promole cooling, can
sulfer from moishare amel particulate matler comlamination
which in tum ean couse mechanisal componeni dogradation
amd wire imsulation or electric junction degradstion and
premature filure, Totslly eachosed nonventibsied (TENY)
elecing machines presen? unigue conling challenges smee
TENY devices lock direct venlilofion or an exiernal fan
maoving air over exiermnal cooling fins.

The embodiments disclosed berein are desigred 10 min-
mise one or more of the above probbens.

SUMMARY

Embodinents disclesed herein inclade clectric machine
coseling apparsius and methods, Ciber embodinsents inchsde
elements imparting enharoed rebustiness and durability 10 an
clecine michine. As wsed borein the class of devioes
refennad 1o s ehectric nochines inclodes hoah eleciric gen-
eratos afd ebectre motors, Conain enthodiments describad
hercin are permanen) magnet molors having o rmfal flus
condigumtion. Many of the disclosed methods and apporatus
are also applicable 1o wansfer heat or in pan rohsmess ©
axial (o machines, ensfr lux mochines, ol lincar
machinces. Cerain methods and apparstus may be applicable
W po=motaling lomgque molors, isnsformens, or inductons.
Although masy specilic embodiments ane illusimted with
respect 8o permanent magnet modors, the disclosore and
clivims ane nod [1miked o any spocilic apparatis conligumbion
amel ane applicable i apy type of eclecine machine.

Certain electric machine embodiments disclosed herem
manimize the production of heat cavsed by oddy currems in
the penmanen] megoels, rolor ick assembly, cleciromag-
nelke cores, o olber structures. [nosdkdison, neilbods and
appandus ans disclsed providing lor the removal of beat
rom an electric machine by conduction, comvection ol
rudiation ulilvsng varions beal paths through tse islermal
cavities and compopents of subgyetems of the machine.

An embodiment disclosed henein is an electrie machine
having a rowr, & stator and o housing. The rotor meludes o
shafl definang o lengilwize axis. The shall is surrousced by
a rodor back asscmbly, alse known as a back-iron assembly.
The Foior aleo inclades & mcdially moonted oreoy of perma-
menl magnets positbomad arouid e perimeter of the pobor
bk sssembly. The machine stater inelodes o plumlioe of
electromagacts endially posithomed around the rolos diflming
afl-alf gap between an exsoior sarfsce of the pormanes
magness of ibe rotor ond an imierior surfoce of ibe elecino-
magnets of ihe stvior

The rotor and the staior ane supporied by ol enclosed
within a housing. In certain cmbodinents the hoasing is a
wdally encloss] mpoovendilited (TENY) heosing, In oone
embadiment. the saor and the housing define a substan-
tizlly cylindsical motor cavity within the air gag and bounded
by the housing end plass o similar stactares. The motor
cavity mav farther be divided imto fisst and second cavities.
when the rolor is posioned within ihe roior covity, Spe-
cifically, a first covily exists between the mior sed the
hoasing of one end of the mtor, mdjacent to a housing end
plate, A second covity exist beteeen the rotor snd housing
at ihe other el of the mobor, sdjacent the oiber end plate, The
hoasing end plates may be sepamie plates aitached o o
hoasing perimeler portion, alternatively one of the end
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plates aned thie Bowsing permnscier may be @ cast, machined or
odherwvise unitary or co-formwed bousing elemen,

T First and seeond cavities are conmecied theough the air
gap. In sddition, one or more veitifaiion chansels con be
providad theough the motor back assembly, exieniding from
ihe fhrst eaviey 1o the seeonmd esvity. The fiest and second
cavities, the air gap, ard the ventibation chamnels therefone
define a fluid circuit arconsd the exterior of and through e
back-iron of the rotor, The retor may also include an intemal
fan exiending imio the first or second enviiy. The intemal fan
is part of the rotor of connecied o the posor and s configured
o conise bow pressnee o either the ais gap or ihe ventilation
chanmets and high pressure of the other of the air gap aad
ventilngion chaneels. Thensfore, when the rotor mtsies, airor
anather Muid, for example an air opd ol mistuee, s cossed
1o girculme arcund the fhoidd circudt from one covity 1hﬂ'n-|.lg_h
thie nir gop 1o the other cavity and back (o the original cavity
thipoungh the wventilation channels. Thus, hent generated in the
rodor during opemiion con be tmnsferred o the @ir or odber
i Merwing i the Mudd circuit o coal the rotor,

The robor an can be o separmie sinacioee, or could he podor
fan hiades Formed in an exiersor surfoce of the mbor hack
assembly. In addison, e rotor back assenshiy, fn blodes, or
fan mury be trealed to enhance the midialien of heat to the
Puid circuit and therefore o the first eovity or the second
civily. Suitable surfoce trentments include but are pot lim-
iteell 8 surfce roughening., or surfsce ancdizmion.

Heat s prowlucsd dunmg the opemtion of an eledne
machine willin the rolor primarily by magnetically mduced
weddy curreals mobe pemanen! magnels and magnetcally
imlmoed eddy cuments and hysbereszs within the rodor hack
assembly. In cernin embodiments, the prodioctesn of hent
within the rodor can be neduced by mmplementivg both ihe
permanend magnets and the rator back assembly with a
sevies of baminaions. Sirecienl suppon and advantigeons
hizat transfer chamateristics may be provided by binding the
permanend magnels e the otor back assembly with a
ety band surroanding an ower surface of the magnets,
facing the air gap.

Heat transler from the mtor 1o the Ml creudt aad
saibsexuenl el translier T the (st omd secand eavibies 1o
the neschine housing may be eciliated with varows heat
iransfer structures. One elass of e ransfer sirociunes js
moanbed w0 the rotor Ging either the G cavity or the
sovond caviny, Ancilwer class of e irnsfer strocoures may
b mioiatind 10 e Bousaig, ypically @ the end plabes, fcimg
it the fiest cavity andlor the sevond covily, Any one of
s Bl transler striciures may inclade an sy of plos,
fins, combination piafins, or oher dructunes 10 merease
suirface arca aiwd msbulence. and thevefose peoaote effective
heon cramsfe 10 of [ e stached robor o Bousing
struiure, [n addiiion, o beat transfer siructure may be
fabsicaed from o matesial soch sz aluminem o copper
hawing refatively high (lermal condoctiviiy. A henl ransfer
structuse may be tennred, coledad, have a surfices treatment,
o oithierwise fbricabed to elfiectively transter heat 10 ar from
the Mukl cireuit

Additional heat may be tenmsferred oway from tbe per-
mnnent magnets by including o thormally condoctive filker
of encapsyilont material in the gop Betaoen sdiscent penma-
nemi magnets. The thermally conductive encapsulasi make-
rizl may be o polymer such as an epoxy having an additive
smspended within the polymer motnx lo ineresse the thermaol
condnctivity of the rotor encapsulant above the native ther-
mal conchsctivity of the polymer, epoxy or ofher mior
cncapsulonl material. The thermally eonductive encapsulant
serves i concluct Best mwary from the skles of the permusent
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masgnets woward ke fiesl amd sevend civicies during rotor
operation. Any s irassfer structures siached w0 the rotor
can b ploced imio thermal eomiaet with the ibemmelly
coiidlietive encapsulant fegions b promete heat eschamge
with the Maid cirewit,

A ibermally comductive encapsubant in the gap Berwemn
siljacenl permnnent eagnets abso provides seructural rigidicy
gl mobustsess 0 the fotor. The encapsulom serves o
ackfitionnl ly secure the permuanenl magnets 1o the aoor back
gasgmnbly amd prevent the magnets from slipping around the
circumference of ibe mior under boad, ln some cmbodi-
memis, the roior back assembly may define an anchering
sirfice Between adiscent permonenl magnets serving o
more securely anchor ihe encopsulamt B0 refoe bhack assem-
hly. An anchoring sweface may be a groove, profmsion,
keyway or the ke formsed in ber extending from the rotor
hick assembly.

A portion of the heat genermted in the permanent mognets
or meive hack assembly may be conducted o the shalt ool
conducted from the shaft o equipment driving or being.
driven by the electric machine. A mochine shaft s ivpically
fhricoted from steel or another high-strength alloy thot mony
i henve pelstivedy high theemal condoctivity. The theenmes]
conductivity of & machime shafl moy be enhanced by pro-
viding the shaft with o thermally conductive shaft cone made
of o materinl, copper Jor example, hoving o different com-
position, and Bigher thermal conductivity than otbher pontions
of the shafl.

In cenain embodiments Beatl may be imnsferred 1o the
shalt from the bousmmg as well. The shafl s typocally
supparied by beanngs ab cach end of ibe rodor The bearmgs
ore supportid by e Boosing. In seme embodiments pors
tioms ol the bearing struciore, e beanng seals for example,
may be fabricabed from o matersal hoving enhamoed thermal
conductivity soch as copper. Bearing Qanges or otlver hous-
ing elensents supponing the Bearings muy also be fbricaed
Irom o mabenal having, ephanced themnal conductivily, [n
such embodiments, the thermally comluctve hall core nsy
be nsade o exend toward the shall pertnseter where e shall
anul Bearings ane in coalact.

1t sy b aclvamilagoois m certatn embodisnents 1o seal the
hoasing. For example. 8 TENY mowor may be sealed 1o
prevent intemal contaminaton. In such an eenbodiment the
bearings may be accessible from omsde the boming
faeiliiase besring remeval or peplacement withoul requining
the housing o be openel

Electrie mochioe cmbodimentz also inclsde 2 siates by
ig a plarality of mdsally posidoned eleciromsgees. o
soame embodiments, the stator is encopsulaned soch tba the
stter eiscapsnlant is in thermal contsey winh hogsing stioe-
T, fof example the bossing end plines, [n sone cmbodi-
menis ihe eniire perimeter ponion of the bowsing is in
thermal comact with the swior or the siator encapeubann, [n
an embodimeni. the housing includes o perimeder poriion. o
figst end plase ot the: second ¢nd plate. The end plates may be
separnde structures or co-fehricnted with the perimeter por-
tion o the housing, The steer encapsulant may comact the
first emil plate ond (he second end plote such that @ central
region of the frst end plme, o centrl region of the second
endl plote, snd an interior stator serfsce defing the enelosed
cxlindrical roior cavily. In seme embodiments, subsinntially
no voids will exiend from the inleror sintor sarince, ihe
cemirad regiom of the firsd end plage, and ihe contml region of
the second eod plate townrd the perimeter portien.

The simtor encapsulan provides for device robiesiness nnd
thermal trmnsfer from the stator to the bowsing, The themmal
conductivity of the encapsulant muy be enhanced by mixing
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an addivive © e cocopsulamt 1o incresse ibe thenmal
comdugtivity of the encapsulam. For example, 1he eneapsus-
lami may b o dickectric maierzal zuch as o polvier o epoxy
and the sdditive may be boron aiiride, silicon earbide,
gilicon, aluminem oxide, aluminum posder, coppser powdern,
o] exdde. coramie, graphene, substantially splercal per-
tiches of combinations of these or similar materiols,

Thermaal transber between the stator and the beosing and
overnl] nuachine rohusmess nuy be enhanced by fining the
stpior ghosely o the perimeter poetion of the housing.
Thermal transfor berween the staior and the perimeter por-
ison of the howsing may be furiber enhaneod by filling sny
fap between the stater perinscier and housing with o iber-
mally comcluctive lubricant or encapsalant,

Thernaal immsfer from the moior covity defined by he
stalor apd housing may ke Bcilisned by providing ane or
maee heat tmnsfor structures in themanl comtpet with the
central regions of the hoasing or an end ploe The heat
irans ey strecheres may include pins, fins, combinaiim pin
fins or ciher stroctures extending into the molor cavity 1o
imcrease surfoce ars, air orbalence, or etherwise promole
hens trnsfer from the rdor covity, 1o sddition, any hent
tmnsfer stroclure mmy be colored, opodized, or have a
sarface Irentment designed 1o promoie efbecive best trams-
fer.
Thermal energy imosferred 10 the housing may ke
remeved from the electric machioe by conduction, convec-
3o or mdiabon. el reosher frons the boasing nury be
enhanced by providling the I'innn'ng wilh lins, extermnal hest
irenslier structures, black asodimibion or ather mens. In
oldition. e housing may include Feet fbricated from a
mazlerial hiving high thermal sondudvily, alisminum for
example. Heat may be transfemed from the feel 1o o nioint-
ing surfoce, for example a hictory floor, shelf, or otlser
cgaipmient. He tansfer fpom the feet w0 the moumimg
surfaor may be feilitated by providing an imerfice lovimg
Tagh 1bermal conductivaty between the Teet and the mounting
surface, for example thenmal paste of copper.

Stator embodaments inchsde a mdial array of electromag-
iets. ki cenain embodiments. cach dlecirombpeet includes a
cone having a stack of Lamdsstbors defining a tooth pofion
and o yoke segmwnt. An insulating bolbin neay be provided
surrounding a portion of the wollh of esch [amination.
Flectrscally oomductive wimBings 1hen surnoand o portbon of
b bobhin, I one eovbodiment, cach lnmination in the sk
of laminatiens is hekl agains sljacent laninations solely by
prcssung o the boblin, snheun the vse of saews, welds,
pis, ceimp joints, glee of oiber Bsloning moas,

In some envhodiments, heat trnsfer from an ¢lectromag-
nethe code may be emhaseed by providing o heal transfer
lawer in Whwermed contsct witls ome of both of the plagar foces
defined by a core lamination. The beat trans fer byver may be
any mealerial baving a higher thermmal conductiviey than the
magnet sieel vsed o fabricxie ihe lnminations, Represenin-
tivie heeat tramsfer mteriale include, b e nol lmdied to,
mwinls such ns copper, nickel, silver or materiaks such s
prmphene, The heat tmmsfer material muost ke in themanl
cofiaet with the assockaied lnminmion, meaning that heat
Erodm the Lansination nary transfer directly 0o the heat wransfer
mategial, Thermol contnct may be phvsieal contact, Alier-
nadively, ihermal contaa may occur hroagh on imermedinie
mtcrinl such as n thermal paste. Iy somse instances, the heat
iransfer maierial may be deposibed on, plated opio, coated
oo of olherwise permanenily bonded 1o the Inminntion.

Electromugneiic cores will alse typically inchsde o dichec-
tric Liver between lnminaticns. In one embodinsens, lami-
nations will have n diclectnc loyer applied or in comtnct with
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o plamar face amsd o heor ransfer liyer in thermal eoniss
with the opposing plomar Fsoe. In this embodimem the
inserface between sdpcent Inmino oas will inelude o dieloe-
i layer Broon ome laminston aid & heal trasfer lover fom
the oiher lamination

The am-shaped voke sepmem defined by oo aock of
Inminpiicas may in cerinin embadiments define 2 fongue
atrecture and an opposing groove sinsctane comfigunsd o
e with cach otbser. Thus, a slator may b assembled from
a plurality of clecirmomagees by engaging 1he songue stnoc-
fuge of the first electromagnet with the groove struetuese of mn
oaljmcenl ehectromagnet and so on until ke slator is com-
pleted. In cortain cmbodinients, the veke scpments of o
plumlity of eectromagnets is directly supporied by o shoul-
der strscture extending from the housing oe o housing end
plate providieg machine robesiness oml a direci ihenmal
pathwny o the stntor o the boesing.

Altermative embodiments include meibods of conling an
cleciric machine mtor, methods: of cooling an electric
maching sinior, methods of cooling mn clectric machine,
methods of Eabricating an electric mnchine. methouls of
stahilizing an eleciric maching, ond methods of Mbricating
o eleciromagnet For on eleciric machine.

HRIEF DESCRIPTHON OF THE TREAWTNGS

A fanher undersinmding of the neure and sdvantsges of
parbcudar embodiments may be neadized by relerence io the
remaining pertions of the specification and the drwings. in
whach ke refenence nimerals are wsed 0 reler 10 similor
componenls. Inosome instances, a subelnbe] = associated
with & reference nunseral o denode one of multiple similor
companenls. When relenmoe is made bo o reference nisisenal
withoul specificabion 1o an existing sub-Eabel, it 15 intended
ey melier g all such mmihiple stslar componsents,

FIG. 1 48 an isometrke view of o mepresentsive electric
machise; a wially enclosed pooventdabed (TENY) perma-
ol magnet () molor

Fldi. 2 15 an mormedne enoss=secliona vaew' ol the mabor
of FIHGE. 1.

FlG. 3 iz an somsene shall end (SE) view ol a robor
slwrwing permanent magnels and other sinscemes,

FIG. 4 is an isometrc opposdie shadl end (OSE) view of
the mator of FIG. 3.

FIG. 5. b5 an semetrie opposite shallt emd (O055) view of
am allermative rotor conbodimesl.

FIG, & i an sometrie SE view of the rotor of FIG. 2
sherwing a retadner Band anound Use mobor sarcine,

FIG, 7 is an sometric OSE view of the soor of FIG, 6,

Flii, 8 & a side elevation cross-sectional view of the
fatar of FIG, 1.

Flii. 9 is an enfarged view of a portion of the motor of
FIG. & shovwing o foreed fluid circul

FIG, 10 is an isomeire view of porions of the housing
aal stator of the moser of FIG. 1.

FIG, 1 is an isemetric view of portions of the housing
sl stator of the motor of FIG, 1 showing & stior encap-
sl i,

FIG, 12 is s isometric cross-sectional view of the motor
of FIG. 1 with the pior femoved,

FIG, 13 is an isometric view of portions of the housing
and stmor of the motor of FIG. 1 with selective cleciromag-
nel podtions rensoved.

FIG, 14A is on isometric view of on eleciromagne
stmacine,

FIG. 148 is an expladed isometric view of the clectm-
magned sincture of FIG. 144,
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FIG. 184 5 o schomaiie disgram showing o lavensd B8
lomimion simociore,

FiG. 158 is a sehemalie desgram showing an allemative
lnyered EM lamination sinsciare.

FiG. 150 b5 a schematic disgrom showing an alternative
layered EM lamination sinschane.

FIG. 16 ks o side elevation eress-soctional wview of il
motor of FIG. 1 showing detarl #1 the mierfaoe between the
howsing and stator,

PHETATLED DESCRIFTHERS OF CERTAIN
EMBODIMENTS

Chverview

Certain  enabodiments  disclosed  bendn ane  electne
meschines enginsered (o provide relatively maintenance- free,
ok, long-term, aml eflicient sarviee in conutencial, trans-
portation, or indusirial sertings. As used berein, the class of
dievices referred e as “cleceric machines™ inchudes boih
elecinie genemiors and elecine molors. Certain embosdi-
ety deseribed berein ane permanenl magnel motors beving
a pelial Mux configumticn. Mooy of the dischosed methods
and appariis are aleo applicable o lmprove the overall
rebusiness and themmal performance of axial Aux machines,
tramsfer flux machines, sl linear machines. Cerain meih-
ods mury he applicable (0 the flenmal managemenl or sta-
bility of Bor-roting oaque molors, insformens, o e
ore. Although mony specific embodiments are illustrted
hepein with eespect fo bodally  enclosed  nonventibsied
(TENY) permanent mognet motors, he disclosoe and
claims are ot limied o ony specific sppasaius configuraiion
and are apphcable 10 any ype of electne machane.

Electric machines generie heat during opemtion. Heat, il
il dlissipated propery, can nedoee thee life of the mochine
significamtly, Sustainesd operation a1 high temperatuees can
impaci e plysical properties of many machine compo-
newls, including but et [Emited to electrical insulation,
chectne] contacls, encapsulalion malersals, magnets and so
Ffirth. Excess hent con make these components soft when
firsn b aewl 1hen produally Brinke. impacting deviee perlior-
mance and besding to prematare failare, Accondingly, two
kews 1o designdng o robust clectrie machine ane reducing the
penermiin of heat during machine opembion, and increasmg
hesan dissipaition o the macldme, Many of the methods sad
apparmin: deseribed bercin provide for ofe o both of
resduccd hes production and effective heat dissipation from
o mnchine during operstion. The disclosed techniques and
strctuees ane eollectively referred s as thermal msnnge-
ieweid itsctlds of themmal mankgemen apparatis,

Some metbsods and apparaius providing For advaniageous
thermaal management ol penernily enbance the mochamical
sinbility of a machine, omd therefere provide sdditional
achine pobastness amd durability, Other metheds and appa-
rafus descnbed herein enhaeee machine stnbility amd robust-
mess withens affecting theemal propenics,

Certain TEMY mochines disclosed hercin featuee am over-
all deviee configuration desipued o enhanee thermeal mon-
agement and meching rebusiness, For example, o represen-
infive TENY machine, the permaneni magnet modor 10 of
FiGi 1, may have s pancake shape, with concentraded
clectromagned  windings, maximized shd [l swrface
meanded and oversized pernument magrets and other appa-
i 1o enhance {hermal manngement and provide overall
machine robusiness os detaibed hercin. Specific embosdi-
ments of 1he dischosed permanent-magnet TENY moedor 10
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ns bess than el ihe copper and bess tlan hadf ibe elecine
stee] comparad 10 @ induection motor of e samwe power
rafing.

In sddition, several] disclosed embssdiments wilise aggoes-
v, but passive cooling. Multiple beal poibs are desbaad
inse the machings 10 provide for best transfer from interior
strpctanes o the extemnal housing wisene beat may be dissi-
poted By natueal comvection into tse surrounding s by
mdiation w0 sumounding objects, by conduction Ento
maching meuniing surfeees, andor by conduciion through
the drive shadi ivto & driven deviee (for example a B pump,
conveyor beldi, wheels, or oiber appamis).

FIG, 1| B an isomsinic extemnal view of o mpreseniative
clecinie maching, peomanent-muageel TENY motor 10 FICG,
2 is nn isomeinic cross section view of the motor 10 showing
certnin imlemal clements, The motor 10 inclhsdes a housing.
12, surrounding ned supporting intemul components and o
shaft 14 comnegted 1 o potor 16, The bousing 12 may be
connecied 1o or include vanous supporting structures, which
can be supplied o varied accending e need. For example,
the: housing may be conpected 1o feel TR, lifing evebolis 20,
a C-foce, a flonge-face, or other supporting or attechmen
stroctares Facililnbing the plocement wsl mounting of the
malor 18 inio an operational setling,

A shown in FIGL. 2, the shoft 14 s conpected 1o the rotor
16 such that the shadt 14 delines o lengthwise sbafl axis X2
mrourd which the shafl 14 omd rolor 16 manie when the
molar 10 a5 opernbed. Alematively, exlenaal lorgoe applied
> the shalt 14 can cause the ralor B rotale anound the shall
axis 22 il the clecine machme 5 o generator. The shall 14
amdl rotor 16 are sapparted by beanmgs 24 and 26 seuted i
bimnng Ningis 28 pnd 30, The embodiment ifhstated in
FIGS, 1 and 2 leafuwres o shafl 14 extending through the
hiousing 12 from ondy one side of the rotor 16, ARermtive
envhocdiments may include a chall 14 extending tsowgh the
housing 12 fram bath sides of the ndor B6. Such an
allemalyye embodinaent, winch 1= ol leasible with a TEFC
machine bivause of the cooling lan, Gm advamageous by
drve two downsineam madchines ol once, with one dodine.
strsum machioe being ansckead o esch end of the shall 14,
In entbolamsents feataring a shafl 14 extesding from ose shde
af the fobor 16 oaly, the opposing emds of the motor 10 mey
be refiemed 1o as the shall end <55 and opposite shali ansd
“OSET For convensence. This, elements coch as bearings 24
anil flamge 2% may be referred o borein as i 31 bearmgs.
24 and 1he SE biaring (oge 28 respoctively, 1L is miponam
w0 b however, that ihis disclomar expressly coviers elee-
i machines having shaflts 14 exending from ene sde of
the housing 12, bodh sides of the housing 12, or pol extensd-
ing frogn the housing 12 @ all.

Thee gotior 16 s substantially surmsnded by a stator 32, As
deseribed in detail herein, ihe rotor 16 includes o sories of
permanen magnets 34 arranged arousd, bat spaced pwsy
from ibe shafi axis 22X The permaneni mapneis 34 are
supported by @ potor back assembly 36 sometimes nefemad
fix 03 @ hack-iron pssembly bocaise ihis nssembly is typically
consmcied of o mageeic material such ns steel or opother
iype of stecliron alley, The rolor Back assembly 36 i
mechanienlly bonded o the shiafil 14 or co-fnbricmed with
the shadt,

The siabor 32 includes o series of electomagnets 38
susmoumding ibe notor 16 such that the electromagnets 38 nnd
permaneni mogneis 34 ane sepamaied from each other by an
mir gnp 40 In highly simplified tenms, motes opemtion
oo wlsen aliemating camrent is applicd io the wirdings 42
af the clectromagnets Y, consing a varying magnetic ficld
i be formed by the stator 32, Magneic nfimction between
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i permanenn megrets 24 and the checiromagnets 38 witlidn
the vasrving maxgestic ficld, covses the rotor 16 10 maate with
respoct o the staior 32, Thas, fonque may be iransfonad o
any deviens) attached o thee shafl 14 as is tvpical with
mraees, |noan alicmalive gessmber conligemtion, the shalt
14 may be ptoted by an extemad source of borgue, cousing
the permanen magnets 34 1o forms o varying magnetic fiekl
The varving magnetic field con then induce alleruing
cureent in the windings 42, therehy generting eleciniciny.
Heas Gienermiion in Elecirie Machines

When the motor 10 of oiber eloctrie machine is operated.
hend is creabed im both e poior 16 and siator 32, The
prineipal sourees of heat gemerated in the otor 16 aee abdy
current besses in the permanent mapnets 34 and oddy coment
losses or hystenesis losses in the o hack assembly 36, The
principal sowrce of hent generted in the stier 32 inclhudes
resistance in the windings 42 ond eddy cumenthvsicresis
losses in the associnle clectromagnet cores 44, Fanhemeaee,
dmg, ukso deseribed o5 windage, 5 created os the pofor 16
redates within the motor 10, Windsge generates additional
heni, Frschon ai the surfsees of bennings 24 and 26 ako
crenes hent inside the howsing 12, As noted nhove, o certain
class of electne machinge is deserthed o5 a okally encloszed
and nooventilobesd "TENY™ mochine or modor. A TENY
e provides corain ndvanesges, inchuding but not limited
o redeced maimenance reguinensenls, sinoe the miemal
matw clements ore subsiominlly sealed against externnl
conlamanation. Heal geoemiled within a sealed TEMY
machine must ke dissmpated however, without an extiormal
fn arculating air over the bousing and wilbow! dinect
venllafion openings W avodd promatene coniponenl Gnlone.

The disclosed spparafus and methods of fcildating {bor-
mal management in an eectne machine, and therefone
promasting generul machine mbustness, con be clssfied s
cilher (a) methods and siroctanes e minimizing e pro-
duction of beat, or (b) methods and sinsctones Fscilimmg
machine asoling alter heat has boen producel. Severl
thermal managemel echnigues describad bincin involve
e export of beal throigh the ot 16, stalor 32 andfor
honssing 12, Several altermstive termal mamsgement <irat-
epies are described herein. The vanoas methods and appa-
fals Enay be comblsed with one sother in ony Eashion,
seadodl. or partiafly implemenied as necessary 10 achieve
spicilic heal maligation goals.

Elecirie Machine Boor Sirociune

Az aoted abowe, the productzon of heat daring (he opéens-
then of an electric machinge i isevitable bul can, n cersin
irstanees be moduced. The primary sources of heat geiscera-
Gt i the podor 16 are mognetically indvced eddy currems
within the permaent magnets 3 and magnetically induced
eddy curments o Iystenssis losses within the motor back
assembly 36, The scale of coch type of magnetic eddy
current and the resuiling beat prodscton mey be rdueed by
implemeniing the permanent magnets 34 and motor hack
aszemibly 36 as |aminated smsciens.

For example, FIGS, 3-8 pe isomctric views of fwo
altermative enabodiments of o rsor 1 The first embodiment
of Potor 16, shown in FIGS. X and 4, iz the polor 16 from FIG
2. This reaor 16 features o shalt 14 extending from only onse
side. Alemative cmbodiments inchade a shaft 14 eoending
froan buih sides of ihe rotor B8, The FIG. 34 motor embaodi-
mend is shown i o SE fsoneetric view in FIG. Y and an O5E
isometric view in FIG. 4. The aliemative rolor 16 of FIG. 5
ooald ke implemented with o single or dual ghoft configu-
mificn. Eoch rotor 16 feniares o rofor hock sssembly 36
mechanically bonded arcund o porien of the shafl 14,
Permanent magnets 34 are mounted apoond & perimeter of,
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il in comntaet wilth e rotor back 36 such that the permaneni
magnets M are radially areanged around, bal speced away
from, the ehaft 14,

A permancil oemgned 34 may be Bbrcted from any
aumber of lemindions 44, Lominations 44 ase fabricoted
from ithe permsmes mognet malerial. which may be a
rage-casth mageet material, for example & neodymisn-iren-
boson gt musterial, a samomium-coball maget makerial,
Alnico magnets, and the like, or & comverisonal magne
material such ps o ferriie comenie, [n one represeniaiive
embodiment. the pemmanent 3 of owor 16, &
illusimsed n FIG. §, have sweniv-Foar (24) laminsiions 486,
Each laminsiteon 46 ix o relstively thin, planas section of
permanneni megned material with maoliiple laminations being
stacked one on lop of ibe other such that the plase defined
by the interface hetween mdipcent leminations is genemlly
perpendicular o the shaft axis 22, Allemative embodiments
of permonent magnst 34 may inclde any number of Lami-
nalias 46, for example @ permament mogned 34 may include
2,48, 12, 16, 30, 24, 18, 51, 3, #or more laminations 44
i rouhoce the scale of magnetcally induced cdldy curmments
aawd hent production. Ench lamination 46 within o permancm
magned 34 mey aptonally be separated From sdjscent Eama.
naltions 46 by an nsulador, such as a locguer, vamish, paper,
or cther nelalively thin insulating material,

Kelatively high-performonoe rore=carth nausgnel matenals
may be selected for the permanent mageets 34 of the rotor
1 6. Kome-caath magnets have higher remanence, moch lngher
coencivily and ensergy product 1han other permuanen) magnel
pypes. Thus, machine elliciency can be enhanced with mres
carth permancol magnets B, aliheagh steps mmst be bken
to promode overall machine robostness and stability if mee.
carth penmanenl magnets M ane ulilzsed.

Specilically, mre-corth magmets con be demagnetined il
they bevoms wo bot, and the magoeic propenties of mn
carth magnets will mol necover whaen ibe masgnets cosd diown,
Thevelore, marecanh magnets 34 mas! be selecled with o
highaer temperature ruling 1han the maximum enperalure
amhcppaled m b permanen! magnets 34 dunog bemeally
stahle operation ot the highest rawd power oulpal For
example, il the expoctied high temperatine of the permanen)
magnets M, seconding e a solectad design, iz 130% C., i
i i advisable 10 ublize rare-canh mogoets 34 thar are
temperalune mled b oal bexst a 35% hagher. tenaperamine
(ocenndang s LH grade), for example o up w 180° C, o
provide operalioaal Beadnsm.

Rare-carh permaneil magnets can also b demagisdimad
by excessive flox geoemied by bange cuments in the stapor
windings 42. Therefore, selectod embodiments of masor 10
utilize permanent magnets 34 will geoawetries thal ereale o
large permeanee coellicient w increose neiglanss W Ti-
based demagnetiztion. For exemple, as shown in FIGS, 3
andl 4, moses 10 may include 8 poior 12 hoving mare-carth
permaneni magneis 1 with o mdisd thickeess dimension w,
mexsurend aleng a mdioe e extending outward froen the
shaft nxis that & eight (%) times or greater than the width of
the magnetic air gap 40 measured along the samse mdins line,
The wse of rare-carih permunent magnets 34 having a bigh
permeance coeflicient allows the mator o opernte in con-
diticons far heyond pomina] ratings withowm thaest of demag-
netizaiion, Some of these conditions could inclade opemition
ot peak orgue, operation ot exiended speed mnges willizing
field wenkening. or a combination of both.

The mtor back assembly 36 nmimy also he sssembled from
multiple lnminmiens of stecl, iron, onofher iren alloy, or
anciher suitable mtor back assembly natcerial. In one nep-
rescntnlive embodiment, shown in FIG, 8, the moter back
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assembly 36 includes six (6) kuminstions 50, Bach fades-
teen B0 i & relotively thin, flag, annular sectien of rosor hack
material. Muohiple uminaions e stocked cne on op of ik
odlier wilh the plane defined by the imerloce borween
sfjacent laminations 50 being generally perpensdicular o the
shafl axis 32, Allernative embosd iments of rotor back assen-
bly 36 may inchade any number of laminations 560, for
exnmple. the rtor beck 36 may inchsde 2, 4, 8 13, 06 20,
24, I8, 32, 36, 40 or more liminations S0 1 nuinimine the
sgale of megnetic oddy cumenis, hysieresis boss, and heai
prodduction within the retor back sssembly 36, Esch lami-
nadiom S of the roior back assembly 36 may optsonally ke
separnted from adjscent laminsisans 50 by an imsalator, such
as m lnoguer, varmish, paper or other relaiively thin insolsting
material.,

Dairing operition, 1he rolor 16 mbites o 6 high mile of
speed ol is s o varying mageetie flux. Therefore, it
is impartant o assure that the permaent magnets 34 sre
securely bopded o the rolor back nssembly 38, An adhesive
mry optionally be used 1 bond the permanenl magnets o
the molor back asemhbiy 36, In cedaan embodiments, ns
illustrted in FIGS. 6 ond 7. the rotor 16 inchudes o retainer
heandl 52 sround (e permmester of the mdor 16 fbeing thie air
gap 40 and stater ¥2. The retainer hand 22 can be presiressed
i secure (he permaner magnels 34 and ndjncent stnctupes
during opemtion. In adidition, the retainer hand 52 may ke
specificnlly configured 10 minimise dmg o the otor 16
rofiles, andd thereby mnumaze windage beal production.

In certain embodiments, the retaimer bamd 52 15 Ehoncated
[ & magoels: mabmal sich a8 seel or a grophene
composibe. In such embodimens, the bamding may be mmple-
miendisd froam @ plurality of separstod bands fo mmimaze the
generation of eddy currenls in the band 52, In sddition, the
bamling miay be impregnated with o hest prans ber matenal or
odlveraviee tresited 10 Tacalitate beal wansher from the penma-
nenl magniets 3w the ouiside surfsces of the bamsd 52 @nd
air gap 00 Allematively, the relaner band 52 may be
Fubsacated entirely froa: o material selocted (o have enbanced
loaf Lransler propériees, hor example copper or alamimum.
Alvernativedy, the band 52 may be fabrcabed emtinely from a
cirbon (Ther meal or carbon liber [lament that éam be pre-
atrcssed. dovs mel generale eddy curreims, aind also hag
relatively high thernsal conduction propenies.

Rotor Cooling Methods and Apparaius

Hiad proslisetion in an operming elocine machine rotor can
b redoced wsing the technagues desenbed abose, but sonse
heat production ix mevitable, Therefore, several apparios
and methods are disclosed bercdn For cooling an elocine
machine rotor, 10 is imponsnt © pobe that the mowor 16,
particulasly in a TENY machine such as the motor 10, is
substantially of entirely encbosed within the machine hous-
ing 13 and surrcanded by the stator 33, Therefore, cooling
a rolor 12 ofien iovolves heat wransler w0 another moior
siruciune prior ie heat export from the medor 10, In coriain
ieEtn s, the potorooo ling methods and appamies described
hewein opemie in conjanction with metheds and appamins
For conling sther portions of the mosor 10, star 32 anidior
honssimg 12

AL Rator Forced Fluid Clrcait

FIG. 8 is 0 side elevation cross-sectional view of the
midar 10 shown in FEG. 3, FIG. 9 is on enlaged view of a
portion of the motor 16, housing 12, and staior 33 shown in
Fii. B. Dunng opemiion, the mior 18 musi be permigied io
spin freely within the stnlor 32 and housing 12, Thus, the
rodor 16, singog 32, noel bousing 12 collectively define corizin
cayiies within which the retor 16 opemtes. Forcxample, the
housing 12 of FIGS. 1-2 and #-9 includes o perimeter
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postion 84 surrounding the siator 32, aml iherefore surrounsd-
ing 1he shalt axis 22, The persmeter portion Sd of the housing
12 is substantially closed. except for one of mone sealad
shalt openigs, by a firsi end plale 56 and on oppesiog end
plate 58 @ coch end of \he perimeter porticn 54, Thiss, the
perimeter portion 54, first end plste 56 amd opposing enxd
plite 58 define ihe overll pancoks shape of the motor 10,
The peramseter portion 54, lrst end plate 56, and second and
pletc B8 may be separgie strocoires that are bonded fogether
i forma o howsing 12, Altermatively. the peremeter portion 54
ol ooeg el plase 56, 58 or other housing stchares many be
cat, nuschimed o olherwise Soomed as a gingle part, with the
perimeter portion 54 ond end ploie 56 or 58 serving o
wlentify dilferent regbors of a single bousing sirocture.

Is hest viewed im FIGS, 10 and 11, portions of the soor
32 facang e =ir gap 40 and the end plates 56, 58 delme o
substanfially oylindsical mlor eavity &0, Cennin embodi-
ments of the mator 10 inelode apparams designed w foree
air circulotion betwieen vomous distinet segions of the overnl)
evlindrics] rosor caviey B0 as described Bolow,

Specifically, nn open space between one end &2 of the
robar B and adjascent perdions of the housing 12 defines o
substanfiolly smnular first covily &4 within the cylindrical
rolop envily 60, Sinilarly, the open spoce Between the
oppsiie erxd 66 of the rotor 16 wed adgecent portions of the
hoasing 12 defnes o substnntially snnular sscond cavity 68
withan the cyhndncal molor craty 60, Furlhesmore, the
relatively thin air gap 40 extends Between the ouler penime-
eer of the mtor 16 and the imwandly ficing surlvces of the
shator 32 10 comgplete the ovlimdneal molor cavity 6l As best
shown in FIGS. 2 and 4, air; an sl mixhare, ssofher gas,
T, o a0 mieed Musd miay be camsed o ciroulate Trom one
ol the cavities 6, 68 to the other cavity 64, 68 and through
the air gap 40 by providing the rowor 16 svith an detersal (an
strlice soch as intemal fan T8, @nd one or msore vemtilation
clunnels 72 through 1he stalor 32,

Specilcally, a senes of vealilation clensels 72 cin be
provided through the rolor back assembly 36 a5 best i8lus-
trated in FIG. 3 and FIG. 4. In the Bbosicned enboddment,
cach ventilatien channel 72 defites a postion of an o
ol (e shafl axis 22 amd consimaies an opening exted-
ing thnoagh each amination S0 of the rowr back assembly
6. Unher chapes amd conliguntions of vemilaton chaniel
T2 are within i scope of this dischosore, provided asch
veitilation chaommel 72 bas an openiag @ Qudd comamunica-
tlon with the fisst cavity &4 amil the secomd covity &8,

e st caviny el socond caviny 68, abr gap 40, asd cach
ventilation chansel 72 1ogether define an intemal forced
i etreuin T4 b pan sussousding ol exiending through
the rotor 16, Adr. anctber fukd, of o deserbed below, an air
and @il mixiare moy be covsed o circulsie ihrowgh ihe
ingerm] Forced uid cincuin 74 by the intemal fan 79, The [
T may be part of, aiiached 10, o driven by the rodor 16 (o
canise Mr of another Maid 1o circulate within the iverns]
forced fluid circnid 74, Specilically, the fan M0 includes o
plorlity of o blades 76 configured o comse o relatively
how-peessure some @ the air gop 40 amd a relatively high-
pressuge o sownrd the shall 14 o the second covity 68,
whet the rodor 16 rotmtes in s clockwise dinection., & viewesd
in Flés, 4,

This pressure differential couses air or apather fuid o
circulate from ihe secomd cavity &8 through ihe vendilation
channels T2 1o the fist coavity &4, Simulsneously, nir or
another fluid, is consed io circulnte from e liest covity &4
through the air gap 40 o the second cavity 68 completing
the forced (fuid circust 74 A different fan configemtion or
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daflerent rowatson dircetion could eawse il air or oalver fluid
o circulabe in 1he oppossle direction.

I the embadisnent of FIG. 4, the fan 70 extends into il
second cavity 68, In aliemative embodiments, the fan 70
iy exteiwl it the first cavity 64 or sepurale fons may
exbend inlo bath cavilies 64 and 68. [n certanin embodiments,
ibe fam 70 andior fan blades T8 arc 0 scparse sireciune
altached w0 or drven by the mor 16, 10 allemative embodie
s, th fan T neey comprise o plumbity of (e Blodes 76
formied mio the notor hack assembly 36, formed in o poriion
of the shaft i4, or otherwise nitnched bo the rotor §6. [n oy
embodiment, the fim 70 couses sir or another Ooid 1o
cimgulate sround aedd through ihe roior 16 compleiing the
Forced sl circun T4 as ibe molor nodabes.

Air of onother flnid circulating within the forced fuid
circuil T4 ix bimted by heat generubed within the rolor 16 as
deseribed ahove, thus cocling the rotor 16 The bested fluid
can (ransfer sond heat o another streture 1o ultimately coal
ihe modor 1 Vorous sinschures focilitnting beod transfer
Froa the rotor 16 0o e foreed fludd carcut 74 amd beyvond
ane described below. In addition, varions structures associs
ated with the rodor meny have surfoee Eresiments desipried o
promoie efficient beal transber from the rotor 16 10 1be forced
(huid circnin T4, For example, ary rofor sinacture, including
bt peed linmited 1o the En 0, [on blades 76, <hald 14, modor
hack assernbly 36, retniner band 82, or other structures may
bz roughersed 10 igerense surfice arca or treated, For cxanple
wilh hlsck anodBzatsen, 1o Balitste heat trns for between the
robior and the foreed Tmd cireai Td

Izt tmnsfor from the moor 16 s the forced floid circwit
T4, or fom the breed fhod circust 74 4o ather maokor
strictiines such as the housiog 12, and altimately away Tnom
he modor 10, may be facilnated with supplemental heat
iransler druciunes, For example, as shown in FIG. $, the
rodor back axsembly 36 or another molor sirectiune may ke
placed e thermal conlact with oo or more bead trans(er
structunes, for example 55 beal ramsler strociure 78 and
61 heat transber strocture B0 shown i FIGS. 5, 8, and 9.
Az defimed herein, “thermal comtaet”™ means comact between
v ar mcre structires such thal thermal energy may low
frodn ciie sUFBCTURE b aolher struchiee. Structures m dinesct
ibernsal coniact with each other are also in physical comact
with wach other. Allermatively, (hermal conlact may occwr
ihrowgh an imermediaie maienial sl ag o thermal pasic
The SE beal tmansfer structure T8 ol OSE bt transfer
strctuse B0 are mercly reproscntalive exampies of any
number of e of configurtions of beal ransfer siraciun:
that cmn be pxanied too foemed in, or stherwise thermally
comtaeted with the rosor 12, 1o each ease, o rotos bex! ransfer
srisciune T8 of 80 cobtacts the foloef oo one eide and coeids
imio either the first covity &4 or ihe sevond cavity 68 1o
focilinate heat wrnsfer between 1he oo 16 and tse forced
fheid circuni T4,

Caher beat trans fer structurcs niay B bonded o or formed
in thermal copingt will the hasing 12 1o Doeilitnte hent
trmns i froun the: fonced Muid cireuit T4 10 1he beusing 12 snd
subsegquently owl of the motor 10 thowsgh best radiation.
comluction or comvection. For exomiple, a5 shown in FHG5.
2. 8,9, and 10, one, b, oF mese et trensfer stinachanes may
be mvaniedd i the housing 13 extending inso ihe first covity
6d or second cavity &8 toword the mtor 11, In the repre-
sevintive, bui ponlimiting example shown in the g, the
magor 10 inchades an SE bowsing heat trensfer strocione 82
and an C512 housing heat tmns fer stnactune 84 exiemding info
b firss covily 6 sind second cavity 68 respectivedy. Fach of
the hest transfer structures &2, B4 is illostrated ns being
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substantially anmdar. however other shapes asd configura-
tions are within the seope of this dischosure,

The S5 lsosmg beai ransfer sinscione 83 asd OS1:
Bisasing heal transleor stnssture B4 are merely reprssentative
examples of any number of sl translor stmsciare Types oF
coidbgurations tha con be mounied w, fomsed i oor ofher-
wise thermally contacted with the housing 13, In each case,
o bowsing heat transfer structore 82 or B4 contacts the
howsing 1.2 omone side snd extends into either the fiest cavity
64 or the seeonsl covity 88 to fagiliiate heat transfer from the
foreed Maid eircain T4 to the housing 13,

In severad of the embodimwenis iHuesirried in the Ggures, o
hent tmnsfer sirechere TR, B0, B2, or 84 muy be fomesd
hiving o pamber of pins, fing, combanation pendfins 86 or
other sineciares designed o incrense surfice area and -
hulence. The pinfiins 86 extend pwoy frem the hausing 12 or
st 32 amd inip the adjpcemt convity &4 or 68, A heai
trnnsfer structupe T8, B0, 83, or B4 may be roughened o
incrense surfoce aren or ireabed, for exomple with hlack
anodivation o focilitote heal tmnsfer o or from the bes
truns for strucore and the forced flnd ciroud 74, In addaison,
one ar morne heat tmpsfer sirociures T8, 80, B2, or 84 pury be
Inhncnted From o madiral such as copper or aluminam with
high ihermal comductivity, The beat imnsler stmoctures 78,
ik, 82, oor 84 muay be honded s the adjacent solor o honsing
struchane using beal imins fer paste or another interface cili-
aling efbective hemt ramsher fream the Beal (s fer structurne
TE, B0, HZ, or B4 o or [ the Torced Thad circent 74,

1. Rowr Encapsulation and Sthiliztion

I certain embodimenils, For example os 1l lustrased in F1G,
5, odjacen permanc magnets 3 are soparaled by a gap B8,
Additional hest transfer fmom the mtar 16 and particilary
from the sides of each permanenl nsagoel 3 omey be
provided by filling oll or a pontion of 1he gap BB with o
thermally comductive rofor encapsulant 0. Az detiled
belorw, the thermally conduetive encapsalant 40 ol neduces
windage and provides mechanical stability © the molor 16,
Represeniative examples of thermally  conductive  nobor
encapsudant W anclude, but ame pot lmobed o, cpoxy. an
engineerad polymer, polvester. polvancthane, silicose, orf
anollier plastic. Oowable of formable material sunabie for
filling e gaps B8, Thernal mommgesnent may be enlumood
by providing an addinive w the thermally conductive rowor
encapsulant ¥ b enhence the thermal conductivity af the
encapsulant menerzal above the miive thermal conduetiviy
af the encapsulant withoar modification. Bepressntstive
acklitives oo enhanee thermal condoctivily include, but are
ol limbed 1o aspended particles of boron mitride, silicon
carhide, silica, slwminum oxide, sluminen, copper, apother
metal. asother metal oxide. cerambe, grphene and tse like.
Thee thermsal codostiviny of the encapsulant B0 nsay Faoher
be enhapced if the suspended panbcles are spherical, have
rocdially orienied fibers or hove anotler shape of orierarion
designed o fcilitate ibermal conductivity,

Altematively, a specific portion or region of the Thenmel by
conductive solor encapsuland 90 con be fahnicated from o
sshstince having relatively high themmal transmissiviny, For
exnmple, the gap B8 conkl Be filled with epoxy or apother
podymner bound withio o metal shell 92, for example a copper
or alumiowm shell, where be shell hoas higher thenmal
conchctivity tham the polymer. In npother embodiment, the
gap 88 could be filled with epoxy or asother polymer
surroumiding o neore ibermally conduciive core, for exomple
an aluminum e copper core, in comtact throwgh the encap-
sidand with o permanent magnet M, moior back pssembly 386,
anilior 1he forced Nuid cironit 74, In any embodinsent, the
thermally conductive rofor emcapsulent shoubd possess o



Us 10,256,688 Bl

15
glass imnsition empersiare ol maxkmum opersting wens-
perature that iz significamly higher than expocied medor
aperaling lempersian,

The thermsally condoetive robor enca psulas 9 also sarves
io povide meehanieal sirengih io the roior 12 and therefon:
cbanee the oversll sobosiness of (e metor 10, For
example, themaally comdisctive mrotor epcapsubznt N may be
eommeted with andior bosdied 10 the rowe hack mssenhly 36
Petween mljacem permanent magnets M4, oomechanically
ancher the permaneni magnets 3 and prevend them from
slipping circumferentially anoend the robor back ossembly
A6 wnder beavy lond. The bomd between the thermally
comlnetive rotor encxpsu kant 0 and retor back assembly 36
may e enhanced mechanically by prowiding the rotor hack
asmsembly 36 with slots 24, grooves, keyways, noughened
surfaces, holes, prejectivns, ar other sinsciunes ol the imter-
fnce between the rotor Beck assembly 36 and the surface of
the thermally conductive rator encapsulant 90

As best shovwm in FIGE, 3 amdd 4, the thermally conductive
robor eneapsulant M may be contncted ot gither or both ends
wilh one or more molorsside mpq'l-l'ml:ﬂ hest  trans fer
structures, The specific enbodiment of FIGS, ¥ and 4
inclodies an army of SF beat irminsfer elensents 78 10 thermanl
conlact wilh the thenmally combucinve mdor encapsilant 90
and extending into the first covity 64, 1o additien, the FIG.
Y= embodimen includes an amary of OS5 heal ransler
elemenits B0 in thermal contact with the other end of the
ibermally conductive rodor eocapsuland % and exienching
imicy he second cavily 68,

The heat iromsfer sinschanes TH asd B0 are merely repree
seriative examples of any number of heall ransler structures
that can b moumted bo, formeed inoor otheraise thermally
coalacted with one end or the oiber of a thermally condise-
1ives moliar encapsulam W, 1o each case, hent immsfer snse-
Dare T8, B0 extend o cither the firs covity &4 or tse second
cavily & i facilitae heot tmnsler beoween the roor 16 snd
the Forced (hisd corcur T4.

In an ahersative embodament, one or more of e hei
Imansler sinsclunes TH, 8O, B2, or 84 nsay also be omed fo
functios o Uhe Ban T0. For example. the combinalion pin/ing
K6 al the heal ransfer structire 78 of FIG. 8 may be angled
of ollserwise Brmed o caise & pressune grodient casing
fnd circulaibon though the Foreed i cincoi 74,

. Heant Transfier Oil

In centain embodiments, ihe efficiency of bew transfor
wilthin the motor 10 may be anlemeed by utbzng a heat
iransler floid, in comnsbination with or other than aie. For
oxample. o quantiny of mansformer ol of anotber heat
trensler fluid may be pdded o tse fist caviey 64 andior
sevond caviey 68 Wihen the msotor 5 niot opesased. the ol
will poal i the botoim of coch cavity &4, 68 amd HL for
example, the Boviom quadram of the sir gap 40, As ibe rior
16 spans, the ponmanci magects 3 o soquentiofly sub-
merged in ihe ofl baih and heat con ke dewn from all
caposed Toces of the permancsl magnets M amd eetainer
bamd £2.

As described in detndl hebow, 8 stator encapsulan may ke
adided Between the stafor 32 oo baoasing 12, in part bo ersune
tht ol pddided 1o on intereal cavity 64, B8 must pool in in
comiaet with the mtor 16, See, for example, the suvior
encagsalonl 26 of FIG, 11, Suificient ofl may be pdded o he
cavilics 64, 68 1o cover the nir gop 40 andior submerge
porirens of ope or mese of head imosfer siractunes TH, B0, 82,
B4 or other hent tronsfer structures. The covities 64, 68 and
aig gap 0 are mierconnected regions of the mior cavity &l
Therefore, & heat transber fuid added o one cavity will flow
o others. The quantity of oil or other heat imnsfer fuid
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ackled o cavities 60, 68 mary ba egual 10 0r Jess than 3075 of
thee 1oe] vaslume of covities G and &8, equol 10 or Jess Than
285 of the waal vobume of covity 64 and 68, of another
sulwhle vedume.

When the rotor 16 spins & relatively highes speeds, the
metinin o the mtor 16 amd or the hiat trans fer sinsclunes 78,
B0 may eosse sploshing and mistang of the ol oF otlber e
trans e Mud, improsvieg the themmal properties of the forced
fluicl circuit T4, Ary retainer band 52 may be fabed with o
perforuted ceatmg or thin neesh surface to énsure tTarbulent
o newl bow deng a5 the rotor 16 moves through the oil bath,

1. Rotor Back Assembly Heat Exporn

As s generally described above, the rodor back sssembly
A conducts et rom the edges of the permanent magnets
34 Facing the shaft axis 22, and gencrotes some heat through
echly currents and bysteresis boss within the mtor back
pasembly X6 itsell. The heat conducted 0 or generted
witham th retor baek assembly 36 may be conductod rdelly
b ventilation chamnels 72, Alermatively, heat conducted to
of generabed within the rotor back asscmbly 36 may be
conducted axially o the SE hent transfer structure TR, the
OSE beal wransfer structuce B0, another beal transfir stroc-
tume, o 1he Fin 70 where best con be conveved 1o the fionced
iluid circwmi T4, The surfsses of ibe rolor back assembly 36
lacing civitics &4, 68 may be siruciuned, fexiured, anodioed
or otherwise treaed 10 enhance the expon of bt from the
rotor 16 o 1he forced Audd circuit 74, stator 32, howsing 12
of sther structure from whenee the heat miy be dissipated
s the emvirament.

The apparars and metheds disclosed herein. meluding
il mal lmated o the ventilalen clasneds 72 heat s fer
struciunes T8, 80 and thermal by conductive rotor cneapsuliom
9 assure that The molor back assembly 36 is relanvely cooler
than ihe permarent magneis 34 duning mobor opemtion, This
semperaiun: grodiced camses et fow from the permsanem
magneds 34 io the oior hack assembly 36 and o of the
mator Usrough he shall 14, foroed Buisd circait 74 and
housing 13 or snother expon peih as described bherein,

E. Shall Hexn Expont

Another path for tnnsmitiing bea awiny from the robor
utilizes ibhe shadi 14. The shadh 14 is firmly commecved io the
rulor back assensbly 36, wsanlly with metsl-o-mensl contact,
Heal rom ibe permaneni magnets M4, rolor bk sssembly
36 or oiber rodor sirocianes aay therefore be conducted 1o
the shaft 14. Hest export through the shafl 14 may be
enhancod by providing the shall 14 with a selavively highly
Best-conductive core 98, or other shafi structure, made of
material aving relatively bgh thermal cosductivity soch .
alusanam of copper, when compand W U suimosndiog
steed shaft mmerial. The shafi 14 conmeets to the body of ihe
equipment beieg diven, for exanple, & B, pump, drive
roller, or material processiog mochine, Thus, ibe dhaf 14,
particularly if it is provided winth a heat comductive cone 98,
can conduct heal to the diven machine, where the hesi nuoy
be dissipaied throagh copvection, conduction or rlEstion,
Saptor Cooling Methads ol Apparntus

Thes primary sources of hent gemeration in the states 32 are
magnetically induced eddy curmrents within the metal core 4
of ihe lecimmagneis 38 amd resisinnee bsses in the winsd-
ings 42, The quantity of bem prochiced in o simior 32 may be
reduced by maximizing ikbe wire gnuge of the windmgs 42
wy maximize slot fill amd reduce AC resistance losses, [n
mcklifiom, reclangalor wire nury be olilized for the windings
41 to increase slol Gl and so reduce resistinee bosses,
Mognetically ingluced eddy cuprents within the steel elec-
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iromageet cores 44 may be minimieed by fibrcating coch
cone from eleetrically isolated laminatens as describod in
dietail bedow,

Several apparatus amd metods ane disclosed for conling
an clectric machine siator and dissipoting beat from ihe
mischime. 1 b5 inaporiant e soe bl the siator 33, particu-
lagly in 2 TEMY mechine, i entirely enclosed within the
manchine bowsing 12. Therefore, conling il siator 32 ofien
imvalves hent tmsfer w0 snother mobor sinsciune, for
exnmple the hensing 13, 00 shafi 14, pricr 1 heat dissipaion
fromm the motos 10, In certadn instances, the siawoe ¢ooling
mifiods and apparmivs desenbed herein operole in conjuec-
tizn wilh methods and sppassines For eonling other portions
af the motor 10, eedor 16 endlor howsing 12, The vanious
ihermal management methods and apparnins make be com-
hined in amy fshion, scalel, or pantially implemented 1o
achieve desined thermul monsgement and mschine durnbil-
ity goals

A, Elesiromag et Strciure

As shown in FIGS. 10, 13, and 14, o representative
elecine mochine siafer 32 mohodes a plurbity of checims
magnets 38 mdially positioned oround the shaft axis of the
mschine, forexsmple the maotor DO As best viewed in FERGL
14A. and the exploded view of FIO. 148, the eleciromagneis
M inclode o core 44 of & magnetic metal, ypically o secl
alley. Mognetically indwoed edddy currents can be reduced by
frubmcating the core 44 from o stack of similarly or kleni-
cally =haped and relatively thin laminations 46. The specilic
lnminagion shape shown in FIG. 15 inchsdes o wath porion
100 s @ yoke segnent 102, Wihen multiple laminations 46
are slacked 10 fom on electromagnet core 44 1he oodh
porisees 100 directhy or indirecily supports the windimgs 42
while the yoke sepments 102 provide straciune b the staior
3L, o heat imnsfer pathway o the extenor of the sator 32,
and widitional magretc core miss,

I i3 pecessary o provide elecirical sulstion between
afjecent lamination: 46 b reduce mapoelkally mduced
oibdy curments m the core 4. Therelore, tlse opposing plaser
surfaces of eech laminstin 46 may be costed with a bogoer,
epoxy. plastic, subsiing pamnl paper. or asother diclectre
lawer or coaling b prvide elecimeal insulation between
aljecent Inmdamions 46 when muliple lamissions s
stacked o fabrcate an electmmagnet cone 44, Convenonal
lamanation insulang metheds fesd tooaleo thermally inso-
lage each lammanation aod eesirse the (ow of heatl genermed
wiler within Mk core 44 or within the surreanding windings
4%

The magnethe soel aflovs used for come laminstions 46
tepically have relatively bow thermal conductivite. The
thernsal porformansce of an clestronugmeie cone 44, and thas
the thermaal performanee of @ elocrc mschine, may be
enhanced by coating or oiberwise associaiing 1he magoetic
steel laminations 46 with  material haviog relmively higlser
ibermanl conductiviiy ihan magnet steel. For example, some
partien, of the antirety, of the oxierior suslboes of @ sl
Ineminadion 46 muy be coatol with, plobed wiil, hive depos-
ited upon. or atherwise be associnted with o relatively thin
thermal tramsmission laver 104 of o meial such as nickel,
niekeld silver. copper, nhuminum, grophens or anether mite-
riatl huivieg higher thenmal copdwctivity than the stee] lami-
nadion interior. An elecirical insulation lover 1 may be
ndded over the thermal trnsmission layer 104 o minimize
cddly currenis when the laminadions 46 ane siacked mbo an
opernble configuration, In cenain embodiments ope lover
iy serve hedh s an insulnior and s o ibemmal ranpemission
layer, provided the menerial selecied is o diclectric materinl
and hass grester thenmal conductivity thas the mognetic stecl
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wad for Bminations. For example, various grapbene oddes.
colhl serve s a single laver providing both enhanged
thermal irassmission amd clocirical m=ukbstion.

Chie el of a liyenad lambnation confligarisoen hovig
higher thermal conductivity than a simple msulaed steg
lamination is shown in FIG. 154 1o oihis embodinsent, ihe
ateed] laminaation 46 s contesd first with o themaal (ransmis-
shom bayer 104 hoving higher tlsermal conductivity than the
stee] ol the underlying lamination 46, The thermal trnsmis-
sion lver 104 pury then be cowied or oiheryise aeseginied
with & diclecine insulation kyver 106,

Aliematively, ns shown in FIG, 158, only one planor
surfoce of o laminateon 46 may be coated with or obserwise
insulnled wiih o dickecinc insulotion loyer 16, The oppos-
ing planar surface of said lamEnaticn $8 maw be coaled wilh,
contacted with, bondsd e, ploted with, or olbherwise asaos
cinted with o thermal tensmission layer 104 of & noderial
selected to focilivite hent tonsfer away from (e electio-
magnetic core 44, 1o core 44 is Bhricaied from o plumlity
of lnminations 46, prepared in this fashion, the thenmal
trunsmission laver 104 s pod required 1o provide elecincal
insulntion since the dicleciric insulotion Layer 106 of the
immicilialehy odjscent Bminstion 46 will elecircally meulate
baxth lamnations from ench other, provided each lnmimation
is orienled in the snme (shion, as shown on FIG. 150

The thermal trmnsmission Lyer 104 can be, for example,
o moisl having sigmificnmily higher thermal comductivity
than stee] deposited on the lummabion 46, Representative
metals having hagher thonmal conductivity than  sles]
include, bul ane: ot Hmited o, copper. nickel, gobd, silver, or
alummanam. (hber matenals, for example grophene or graphs
ing axbde, miay be deposited ax o thermal trinsmission yver
1 on a laminalion 46, A combmation of the above mate-
mals mury be useel. Forexample. os shown on FIG, 80, a core
A maxy b Fshricatod with & steck of imermor steef lamina-
tions 46 huving @ dicleciric coming 106 deposited or ofhar-
wise associabed with ope surfoce of a slee] bninaton 48,
which & coated on the opposite sarfoce with o metal 104q,
lorexample nickel silves, whach is subsequently coated with
a graphese Byer 1044, As this patiens repeats itselll through
the stsck, each laminalioa 36 15 insuloted rom adjace
laminations, vel each lmanation i2 also i contbe with one
ar mone thermally condeaive ransmission Layers 10d pro-
viding for hasit export from the cone 44,

Thee staekod banviroiions 46 forming ibe electromagnetic
core 44 muss be beld togetber durieg assembly amd cperation
and insuloted from i windiegs 43, Conventionnl lectmo-
magnedie cores are ofien held jogether by glue, laequer,
screws, bols, pins, crimped sorfbees ciber Dnsteners,
witldid podnes of other meors. |nsulation may be provided by
the gl or laeguoer, o supplemeital structue sich as tpe oF
paper. or merely with ibe winding imsukstion. The diselosed
cithodiments could be bmplemontad with any one of ihe
Toregoing assembly and insulation fechniquoes. Aliemnatively,
as ghown in FIG. 14, ihe stack of laminaticns 46, ol any
lymiapticn coatings 184, 106 can be tighily compressed
wgether ino o core 44 having superior thermal propenies
with a dicleciric bobbin 108 sumoundieg the wp, batiom,
perd siides of the teoth partien 100 of each baminstion 46 in
the: cope M. The dielectrie bobhin 108 may be fabricated, by
injecizon molding for example, from o plasiic, nylon or
similar material. The miliestbon of n bobhin 108 25 & means
of compressing the limmation faces together [moiliiotes the
use of thermal transmission bvers 104 which might be
compromised by the use of aliemative lamination astiach-
men! methaids inchiding but not lmited o gloe or ncguer
between each baminstion Bce, bolls or scrows through
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aljecent luminations. welded joiss posivioned alomg one or
e sides of the lamination sack, neechanical erimp con-
metions between laminationz, notelss or oiber (ismorng
ittt bicds.

Specifically, the bebhin 108 asunes constum, evenly
distributed pressure seross (b dooth portion 108 of coch
lnminagion $6 in an ¢lectrmmagnetic core 44, Evenly dis-
tributed pressure minsmizes gaps bevween laminations 46 or
layers 104, 106 and therefore eilimies bent imnsfer from
each lamination 446 1o any associoted thermal iransnyission
layer 104, In addition. using a bobkin 108 1w compress the
laminadions 46 apd nssociated lyers 104, 106 imio o cone 43
avnicks the possibility of a bolt, screw, crimp, wekl of ciber
miechanicol fastener cousing o short cincudt belwoeen one o
e lnminations 44 and therehy compromising the electr-
nmgnetic propertics of the core 44, In cenain embodiments,
the hohbin 108 is the only stnschune helding sdiscent lomi-
nations together,

As aleo shewn in FHG. 14, the hobbin 108 supports fhe
windings 42, Certain portions of the windings 42 extend
tbrongh the slol betwern mdjacent clecimmagnelic cones 44
Cher portions of the winding 42 are end turns 109 bridging
miljncent skods, somoss cach elecironingnciic core 44

As shown in FIG. 14, the voke segment 102 of cach
lnminaticn may be Ermed into opposing make and female
dovetail, oengoe wed groove, or other maling struciunes, 110
and 102 respectively. Thus, when o series of clectimmesgnots
A¥ ane asembled i0lo o skalor, as best showon e FIGE 13,
adfjocent moke and female wngue U0 and groove 112
srmctunes  provide mochamcl suppord 0 the stabor 32
Furthermore, the tapered s » of each tooth 1, bobban
108 snd wimifing 42 create o concenirted wanding ool that
tapers B the shape of the abot, proveding for high skt s,
Fligh sbat fill resulis i o reduction in electrical resistanoe and
bemce lower bosses and meduced Bl production,

B, SmtorTloming Interfice

The stacked, owtwandly ficmg surfaces of a plumaliy of
yoki segments 102, defines an extervor surface 114 of the
sholor AL As shown o FHG 13, the exlenor slabor surfsce
114 fis closely within the perimcter postion 54 of the
hoisiag 12, Heal can ow withan each core 44 1o 1be exlerior
stinbor suirBace 114, parvicaladly i ihermal iransenrssion kyers
I are provided om or between e laminosons 46 as
deseribed above, The tmmsfer ol heat from i exerior stlor
suriince 104 o e perimeter portsen 5 ol e housing 12,
and subsoquenily & e outssle eaviroament, may be feili-
iatied by providing @ themally conductive lubrieant berween
e exterior staos sarface 114 and an imlenor susface 116 of
the perimeter portion 54 of the housing 12, Bepresentative
thermally conductive lubricants inelode But are no Hinied
o theral grease, gropheme, of Boron aibde powden,

Onverall maching robusiness and themmal perfomance is
also funher cobhanced by carefully coupling the stator 33 10
ibe howsing 12, For example. as shown in FIGS, 12, 13 and
16, one or neeee of the end plates 56, 58 may define o lip sad
shoulder structure on ihe end plaic 56, 54 that coniacis the
yoke scgment 102, The lipshoukler strociare 120 engages
the woke porioa 102 of cach ¢ e ocore 44
sommewhit aony from e balance of the end plae 56, 58
This, the lip'shoulder strocture 120 creabes o pocket in the
end plaie providing clearmnce Tor the end wms 100 of
windings 42, The height of the lip/'shoulder sinactee 120
{marked as (b) on FIG. 16}, nuay be seledied o reduce ihe
distnnce from the end tums 109 &0 the end plale 56, 28
fncilitniing hewi irmnsfer, As described in deinil below, ihe
remmining gap nuay ke filled with o themaally conductive
encapsulont or otber structure or materiol o Gcilitale heat
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transier. [naddivicn. te beight b ol the hp'shoalder seruenure
120 can b incressed o5 poaded W minimize the formssion of
magmetically indoced eddyt carrenis in ihe oxl plase 56, 58,

Adldizionad machine robustness may be anhansad by pro-
vidling selocied eheciromagne cors 44 with an engagemcin
strsciure 132 ot of in, the exterior surfsce 114, | Te housdng
12 may Eneluds n maaling engngement strociine 134 opposite
the eogagement strsctene 122, The engogenent sinsetunes
122 and 024 mury Be oy shape or sire configueed o
mechanieally mate the exierior sarfaee 114 of ihe siagor 32
with the ineerior surfece 116 of the housing 13, and thenefore
preseni iR of other movement of ibe saior 32 wihen
under load, The specifis embodiment of eagagement stre-
fumess 122, 124 illustrabed in FIG. 1N includes o roupdied slod
formed im the electromagnet cone 44 and a corresponding
roumded slot formed in the perimeter portion 34 of the
howsing 12, Each sl maoy be engnged with o pin o meet the
stater 32 1o the housing 13, Additieanl robustness is pro-
vided by tightly fitting the exierior surface 114 of the stnior
3230 the imerior surfiee 116 of the housing 12 s harden the
case and profect the eleciromognets 38 from mmpact, vibms
tion., or oiber forees,

. Btatar FEncapsulation and Stabilmtion

Aulditicinal thermal transfer frvm porons of the stalor 32
or other mnchinge stnsctunes and enbumoed stntor robostness
may be provided with themmally concdsctinve sialor encapsu-
lants, tsermal eransmission structures, oF pofling materials.
For example, corain anbodimenls may nclude o themally
conductive stufor encapsulam 96 encapsulating much of the
stator struciure, 1 e particular conbodimen of FIG. 10, the
thermally conductive stalor encapsulant % encapsulaies the
enlirety of the clectromagnet assembloes 28, But for the
exlerior stalor surface 114 amd the mside Gees 126 of some
ar all of the magnetic cores &4 Facing the air gap. Addition-
ally, the thermally conductive ator encapsulant B derectly
contacts one or bolh housing emd plates 56, 58 or other
hoasing structure, provading a direct thermal pathiway from
the stator 32 80 e bowsing 13,

Alemative stnchines niay be used m bea of or 1@ oome
bimation with (ull o parial steoe encapsulstion. These
allemalive structires ane within the scope of thas diselossire.
For cxamgbe, (hemsal trnsfer from il stalor may be pio-
vided by a separate thermal contact simetare, for exansphe
thermally conductive, compressible or conformakble solid
material placad into coniset with some porison of s siaor
A2 amil e housing 12, or placed betvecn a pomtion of the
alator encapsialas 96 and the housing 12, A thermal coniac
straciine coulld ke snbsianizally solid, of have a oy -comb
strciure, wive washer sireciure, o the like, A thenmal
caitaet structure could be Cibscated of o thermally condoe-
tive fell. foam. ietal, comed metal. conformable apoxy,
composite, for example a silicon bosed pad with aluming
Tillew, or ary other suiiable themmally conductive compound,
maderial, or combimdion of matennls,

In emsbosliments where gaps between the stator 12 aped
hoasing 12 are parinlly or suhsiandialby filled with o sinior
encapsulant 36, for example, in embodiments where the
stater encapsulant % substamially fills & perimeter portion
of the housiog 12, stnecharal Benefits bevond themmal man-
agement are providad. Encapsulntion of the ¢leetromoagnets
A8 in @ sitmior encopsalani 96 physicolly prevenis contami-
oition of the electromagnets 38 by modsture or paricolse
mafier, Such ceatamination con cause insulation degradation
and eventually cause shoris between adjpcent wires, Fur-
thermone, & dickectnie cpcapsulant %8 provides ncrensed
predection against mamufncturing defiects in the wine insu-
Intion, Thus the encopsuliol 96 can provide redumsdom
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protection agains wire-to-wine shons, supplementing il
imsalakion om the windings 42 In cerom embodiments, 1he
cicapsulant ¥ alse encspsulates the coll phase electrieal
connections, whach gives additional proteclon aganst
phase-to-phase shors snd mosufacturing imperiections in
the wine or elecincal junclions.

The encapsalant 96 also reduces wire vibsation within i
stalor 32, Yibmleon can reduce the iotegnty asd hile of the
windings 42, Therfore, stalor encapsulant M provides for
enhanced thermal manogensent and enhanced mochine
rebusingess, Winous sensors 85, inchoding without limiingion,
oo o mone heat and vibrution sensors, may be enbedded
imio the staicr encopsylomt 9% o that any inceeose in hent
buiklup or increase i stater o rolor vibrsllon G be
detocted, The sensors 88 may be wired, wirelese, Internet of
Things (kT or ather vaneties of moaitonng semson or
semsnrs of ancther appropriste type. Moniloring elecinic
machine operation through one of maone sensors allows for
ihe remole defection of any deferiomtion in machine per-
Pormance, aimd for precinplive mcasunes o be aken.

In one enbodiment, the stator encopsulnm S inclxdes a
relatively g extersor podlion surroundieg e owverall
stplor strociure snd contacting the housing a8 described
baedoav. As shown n FIGE 10 hoeeser, there is refatively bile
rwm betweem the wimdings 42 of adjscent eleciromag s
M, so it con be advantageots 1o pad inkerior poetions of the
stilor 3 with a relaively Buid imersor polting naterial. As
deseribed in detnil below, amy type of slator encapsuling 96,
hawing any suitahle consistemcy, con be wrented 1w have
enfunced thermal condsctivity promaoting the export of heal
Eron L slator 32 bo the bowseag 12

As noted pbove, the housing of FIGS, 1-2 and &-13
inclodes o perimeter portion 54 surmanding tbe stalor 32
Hent tramsfer from the siator 32 o the housing 12 may be
Foeilizaned by physically comtacting the statar eincapsulant 96
wath one o boih of the cnd plaies 56 and 58, In ihe specific
cimbodament of FIG. B, the stator cocepsulsal 36 contacis the
entirety of an anmular interior susface of each end plate 56
and 5%,

The housing 12 might include a scpamie perimeter por-
i3 Sab, @ separate (kst end plave 56, and & seporase second
and plate 58 thal are booded tiggeiber to form a bonsing 12,
It is important to oote owever, that the boming eoold ke
fortiad acconding to allermative methods. For examphe, m an
alsermative ombodiment the poerimetsr pomion 54 and o
cind plate 56, 58 may be cast, machined of otherwise formed
as @ single part. Thus, in sonwe enshodiments, an end plote
and the perimeter poaion may Be & unified strocruee. (6 suels
ai e bodipent. e stator cocapsiknt 96 may be in dnect
or indirect thermal compet with an el plate region of e
unified housing simacmne,

In the comfigurntion illosirmied in FIG, 11, ibe stvior
encapsulam 26 and the inside faces 126 of cemain ¢hectre-
magnet cores 44 defme o substanbinlly evlmdnicol inberior
stubar surface 128 focing the air gap 40 with each end of the
imterior stator surfoce 128 heing bousded by central porticns
il thee first ol second end plates 56 and 58 Collectively, the
end plaies and intericr stator surface 128 define o closed
cylimlncal meior covigy 60, In cerimin embodiments, ihe
msor 10 includes minimal voids, noi filled with the staior
cncapsulant 3 botween any stuior structure and the housing.

Thus, the stator encapsalant %46, nbomng with any thermally
copdduciive fubricnmt in cominet wiih the extenior surlnge of
the stator 114 and imlerior surfbee of the perimeter portien of
the housing 116, comse potentinlly all surfices of (he stior
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32 exeepd for the interior stater surfoce 128 o the air gap 49,
g b in direen thermal conaet with ane o mwoee ponions of
e Boasang 12,

Thise ehernal comdisetbviny ol 1he staior encapsulant 96 sy
be cnhaneed by including specific muiemials wiaihin the
encapsulant  matrix. These materinls may be inclodad
whether the encapsulant is a substantially rgid exeror
encapsulant o o relsively Audd interior potting material. For
exnmple, the stmor encopsulim ™ may be n dielectric
maderial applied in o liquid siate 1o Al subsantially all voids
onside of the roaor covity 840, In ceraln embodiments,
madcriad applicd ns o liguad will fally or pariially herdened
inge o mare oF kess Fighd slaor ecapsulant #6. Represetn-
five diclecine maierials suitable For thenmally enhancing o
stator encapsolation material include, hal ore pot Bmised 1o
suspenided porticles of boron pitride, silicon cnebide, silica,
aluminum axide, aluminum, copper, ancther metal, npother
metn| oxide, cermmic, graphene snd the like, The themal
conductivity of ihe encopsuloni 96 may [uriber be enhanced
ifl the suspended pasticles are spherical, hove mdinlly ori-
emiexd fibers ow hove anolber shape or eoentobion designed o
facilimse thermal conductivity.

Alfermafively, m e of or m comjanction wilh the vse of
suspenided particles, lorger scaled sinactares muny ke nssoci=
med with the stotor encapsulant 96 te enhasce encupsulam
thermal conductivity. For example, o solel part, such as o
meztnl or cernmic ring, with hig]m'ﬂ'mn.lmn:h.l-:liv'lfﬂun
the encapsulaml, can be embedded 16 the encapsulant ©
crate a composile body that has ligher themual comductivity
than 1he encapsulam by fself.

As noled above, the meorsfacing electromagnetic core
faces 126 and an inside surfsce of the staior ercapsulant ‘96
ane exposed o the air gap $0. These stroctures along with the
end plates 56, 58 deline the enclosed notor cavity 68, F e
trmsparted from the gator 32 10 the roter cavity 60 s nol
vl been exponted from the meschine. Furthemmiere, the
machine nolor Ve operaies withim the rotor cinaty &0 adding
acklaiomal eatl 1o this space. Heal may be ransfomed rom
the motior Cavaly &0 throagh the housing end platkes 56, 58 o
the external eovaroamsent. Heat trnsler (ron the mobor casity
60 o the el plates may be Facilitaled by Ishreating or
coitaciing e central pegiom of ome o Both end plale: 56, 53
with one or more heal transfior sinsctures expending e the
nulor Ciavily bl

For example. as illesarated i FIGS, 2, 8 and 10-13, the
coniral portson of cach cnd plate 56, 58 may be in woninal
contact with o beai transfer stroctore, 82 and 84 respoctively,
The contbguration of heat 1ramfee sirsciunes 82 amd 84 are
represeniative exanples of sy number of (vpes of configu-
rations of e mansfer strscture that can ke mounted 1o,
formed i, or olieraise thomsally comtacied with an ol
plate S, 58 In cach cose, & heot imnsfer struciure 83 or &4
contacts the and plate on ooe side and extends into te roor
canvity &l on the oppoesite side,

A bt drnmsfer structun: 82 or 84 may be frmed having.
a member of pins, fims, combination pin'fins 86 or other
strgctunes designed to incnease surface aren ol promote
heat weansfer. The pin s 86 cotend away froa e end plate
Sév, &F nnd inlo the rotor cavity 840, The imlesior surfsce of o
bt tenpsfer stoctare 83 or 84 may also be poughened o
incresse surioce anen of ireated, for example with hibck
amedization i facilitaie hent imnsier. In addition, the e
iransfer structune 82 or B4 may he fabncated from o maieral
such ns copper or aluminem with high thermal conductivigy,
The heat irnsfer sinsciure 82 or 84 may ke bonded o the
endl plate 56, 58 or other housing stinaciure using hea
trnnsfer paste or another method Facilitating e fective hest
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iransfer. Bach of the bea tmansfer sirmiures B2, 84 is
ilnstried as beang swhsontially anoular, boseever otber
shopes o conflguratiens are withis the scope of s
iisclosure.
Heas Export from e Housing

Thermaal expont Brom the housing 12 10 the outssde envie
ronimenl may be anhanced by providing ihe housing widls
Feet 18 or anotber structune facilitaling hosit transter from the
housing to @ building foer, building wall, mousiing beackes,
machine part, or oller exiemal sirociore © whach ihe molor
10 is sitnched, Thermal export through the feet 18 mav be
enbuneed by Erbeicaming the foel froms a materil boving high
thermial conshuctivity, for example pluminam, sopper, ther-
mally rnsmissive composiies amd b bke. In adion, the
imterfnce 130 hetween the fect 18 and extemal strochare may
be contacied with or coated with o matemal ke enhance the
comduction of hent encrgy froms the foet 18 o the externl
sarietuine. For examiple. tse imterfaee 120 may be comted with
o bl fransfer puste of ather matenial baving higher thermnl
comfuelivily than the fecr 18, copper Tor cxample.

Adduional hent expont from the bowsing may be foeili-
infisd by provading extencr pordions of the honsgg 12 with
fins; pins, or other bea tmnsifer sinaciunes. Portions of 1he
howsing, 12 may be roughened 1o incrense surfice e or
reated. for example wilth block anodication or thermally
comdoctive paint 1o fciliesie bem wronsfer. In sddition, the
howing 12 ooy be [brecaled [rom & mafenial swoch os
alumiouen with relatively bigh thermal conductivity.

Flest Export from the Siator Throagh the Shall

As poted above, one path for tnsnifing heat asay nem
b rodor 16 ufilizes the dhafl 14, In sddition, hoal condiscted
From lbe stator X2 0 the howsing end plabes 54, 56, or ofluer
matar slnsciures may be oomdocted o the shait 14, Hen
cxpont Urowgly the shadt 14 may be enhanced by providing
the shafl 14 wilth a thermally comdoctive core 98, or other
shall siruclure, musde of a mabenal havimg o relatively high
thermal comductivity such as alumimam or copper. The shaft
14 conmects b the body of the equiposent it is driving, for
cxample. o fan, pumgp. deve noller, o material processmg
mnchine. This, the shafl 14, pasticularly if o s provided
with & thermally comdisctive cone ', can conduet Beal 1o 1l
draven equipment, where the beat may be dissipatod throwgh
coavection, comduction or mbation,

Furthermore, the shafi 14 is supponed by bearings 14, 16
supported in bewing Manges 28, 30, Heal tramsfer lron the
hovsing 12 b the shall 14 may be fciliaded by mmpbonsni-
ing porbons of one of mone of 1he bearings 24, 26 andior
bearing Manges 3, 30 with material having relotively high
thermal comduetivity, for cxsmple copper oF aluminum. in
one spocille embodiment, the bearngs 24, 16 mclude boar-
ing seals 133, 134 tabricaied from copper w0 fociliiase heat
iransfer from the Bousing 13 10 the shaft 14, The bearng
flange 28, 30 nay alse be (abncated from copper oF aneiher
iaterial with selatively high thernaal transmissivity, In pddi-
isen, the thermally conchectine core 98 may extend Exiemlly
to oF meir 1lse shoft surfbee in the region where the shafi 14
comtaets bearings 24 and'or 26 or bexrig seals 132, 134,

In certain embodimeents, the perimetsr pomion of e
hacnsiing &4, Firet snd place 56 and second and plate 58 may
be co-fobricated, welded wogeiber, or olberwise Bhricated 1o
prevent entey inde the housing. Therefore, the bearing
fanges I8, 30, or anoiber housing struciure may suppord
benrings 24, 2 implemented bepring canridpes that are
replacenbie from owside ihe housing. This, ke bearngs 24,
2, which ane subject te nccelerated mechanical wear com-
pared b other mowing parts of o nsotor 10, may be reploced
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withoun sceessing tse interior portiens of the housing 12,
thas enhancing overall mochine robusiness,
Micahods

Alsermative embodimsents mebude, but are mot Himived 1o,
misthesds of conling an clectric machane robos, mwibaods of
cording an clectrie machine staior, methods of eoolisg an
clecrie machine, methods of fabricating an electric machine
or parts of an elecide maching, nsetbods of stabilizing =
electne machine, and methods of abricating sn chectromag-
net for on efociric machine, Various methods will be appar-
cni 1o those of skill in the an based eniirely upon the
apparifus dischosod berein,

Representative melbods include » methed of conling o
rodor 16 or coling an clectnie mochine 10 baving o polor 16
prl @ staior 33, The method inclodes cousing the roder 16 o
mlur,ruilhrﬁpnﬂ te1 thie stator 32 1o drive an intemal Fan 78,
The intesnal fam 7O causes o ok, for example oir or on s
s 0l misture, te be circaluted in @ ffoid circain 74 between
a first cavily 64 apd secomd covily 68 adjacent the redor 16
i cont] ke oo 16, Heast imnsferred b the fud circuii T4
may subsequently be imnsierred Bo ibe machine howsimg 12
ol then tmnsferred from the mochine 10,

Anaither representstivie envhodinsent i o nsethod of conls
ing o snlor 32 or clectne machine 1@ by placing a stotor
encapsulant 26 imo thermal contnct with the slor X2 and o
machine bousing region 12, for example o first end plate 56
or seeond end plate S5, The thermaasl conductivity of the
skator cicapailant 96 may be enhanced by ming on addi-
tive wilh the encapsulanl %6 1o incrense thermal conduciv:
iy Thiss, et pemoratod i the staker 32 naay be conducted
from the stator 32 through the encopsulant %6 to the houging
12

Analher represemtalive embodiment is o method of fab-
mcaling o stator A2 or electric machine 10 having o plurality
of elecimomagniets 3 with cleciromagne cores 44. A phu-
radity of the electromasgmest cores &4 may be Tomed
inchicke a stack of laminalsas 46 delining a woalth portion
1M gl @ yoke segnwent D102, Each yoke scgment nasy
larther define a fongoe stricture 110 and an opposing groove
straciune 112, The ehoctromagnets 38 nun ke ssenrhbad b
a stator 32 b islin g Uhe borgise striciane 110 and die groove
strwcine 112 of cach electromagaet 38 wilh the comespond-
ing tongue siructene 110 and ihe groove somoctaee 112 of
adjscenl clectmomagnets 3 Ader the eloctromagnets are
thus aszembled. the sator 32 may ke encapsalasod wiik o
Uermally comductive eocapsibant 96,

Aqaiher represeniative eebodimen 2 o meibod of sio-
biliAng an clectric machine 10, The method ipclades staki-
lizing the mowre 16 with o thermully conductive dielectric
folor eseapsulant 90 in contael with adiscent permancy
magnets A and dabilizing the sistes 32 with o thenmally
conduetive dicfociric smior encapsalami 96 in coniacy with
sl jacenl electromagocts 3%,

Various mosdifecatbons ond slitions can be mode o the
cimbodiments discossel withom departing feom ihe seope of
the imvestion. For exsmple, while the embodiments
dleseribed above reler i particular features, the scope of this
invention also includes embodiments havirg dilferent com-
bimntion of feanares nad embodimets that do ot include ol
of the ahove described Featunes,

Moreover, while the procedenes of the methods npd
processes deseribed henein ore described inon pamticuler onder
for ease of descnpion, unless the combexi dicinies otheraise,
varicns procedures may be reordened, addad, snd'er omitted
in peeordance with various embodimesis. Moreover, the
procedures descrbed with respect i one methaod or process
may he ipcorpomited within olber descnibed methods or
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processes; lkewise, system compenents deseribod socord-
img 1o o particubar structural architecnme and'or wilh respect
o o system may be orgamzed o alternatise strocoural
arclitectuns and'or incosporased withan other doseribed
svsieims. Hemoe, while varoms embadiments are described
wilh—or willsom—cerain feares foe cose of deserpibon
and w0 illustrate exemplary sspects of those embodiments,
the wvorous componerts andior feamnes deseribed lsonein
wiith nespect 1o @ panicular cmbodiment can ke substinueed,
added andior subiracted Srom among ciher described
embodimenis, wnbess the comen dictaies otherwise. Conse-
quenily, alibough severnl exemplary  embodiments  are
deseribed above, it will ke apprecioted that the invention is
imheniled fo cover all modifications nnd equivalents widlsin
ihe scope of the fodlowing clnims.

Wha & claimed is;

I. An electric machine comprising:

0 POMW comsprising;

o shafl defining a length-wise shall nxis;

a rodor back nssembly surrounding o poriion of the
shaft; and

o plurality of pemenent mognets. mdially positicned
arand the mbor back assembly;

a stator comprising a plurality of electremagneds mdinlly

posilioned nround the potor,

un encbosed bowsing supporting the motor amsd the stalor,

wherein portions of the moeor, the saator amd the Bousing

ieline;

a lirst cavity between the moor and the owsing ol one
end af the mlor;

o second cavity betwieen the hiusing amd an opposile
end of this molar;

anair gap extending from e Girg) cavity 10 the second
cavaly between the motor and the stator; and

a ventslation channel trough the rotor back nssembly
extending from the first covity 0 1he second covity:

a stabor encapsulant preventing fud Gow through the

stalor and betwoen (he stator and the housimg: amd

a modor Tan extending ik one of (he Tt cavity amd e

sevand eaviny, camsing a flubd w cominuously cireulane
within the bonsang when the molar rotstes with rospect
1o e gtavor, sad fugd circulsting from the firss canvity
through ene of the air gap or the ventilagon chansel 1o
the socomd cavity, and then throagh the ofher of tse air
gap or the ventilation channel back o ihe first eovily,
wallial the fuwl exiting ke hosisiig, wilhoul drassing
anideliniomiad flaid Grom owsside of th hougisg, and wii-
oall eirculating tbe Aukd theough the saor of between
the samior and the housieg.

L The electric machime of claim 1, whercin the mtoe fan
comprises @ plurality of foe blades foenwad 1B an exlerion
surface of the roior bock assembiy.

1. The wbectric machine of claim 3 wherein an beast oo of
it moior hack assembly and the plurlity of fan blades
comprizes 8 surfce reMment fe enhance the radiation of
et io the frst eavity oF the secand cavity,

4. The ehectric machine of claim 2 wherein the rosos hack
assembly comprises a plurlity of lnminoticns,

£ The electric machine of claim 1 whercin u beast one of
the plurality of permanent magnets compeises o plurmliy of
permanend mageel Laminations.,

6. The clectric machine of claim 1 furiber comprising a
reinaney band surronndmg an ouier surface, facing fhe nir
fap, of each of the plumlity of permancst magnets.

T, The electric machine of claim 1| furiber comprising =
first hent wransfer structare in thermal contnet with the
housing ond exiending iofo the first cavity,
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& The elecire machine of elaim 7 furher comprising o
seoomkl el tmsfor srnicture in tbermal oomlact with the
horsing and extending it the secomd cavity.

9, The eleciric mochine of claim 1, wherein the nobor
comprizes # thind heat wransfer strochere extending e the
lirst cavity.

1 The eleetrie moching of claim %, wherein ihe sotor
comprises o lowrih feal transber sireciiene extending imo te
seeoml savity,

11, The clectric maschine of clomm 10 wheran the rotor
farther comgrises:

a ap between adjscen! permanent moagnets: amd

o thermally eomduciive material filling the gop between

adjacenl permaent magnels, wherein the thind hes
transfer strnsctee is in thermal communbcastion with o
first emul of the thermsally conductive matenal.

2. The electric machine of cloiny 11 wherein the fourh
bt immsier stroetene s m thermal eommunicalon with a
second end of ihe ihermally conductive maieriz]

13, The clectie mochine of elaobim 1, whenein e fhiid
comprises mir nnd another heat tronsfer fAuad that is not air

14. The electric machine of clam 1 further comprsing o
thermally comductive shalt core comprising & ihenma) by
conductive materianl hoving a different composition than
portions of the shall sarroundiog, the shalt core.

15 A methed of cooling o mlor comprising:

providing an electre machine compnsing an enchossd

housing supporling o mlor, a stator, amd @ stalor crcap-

sulant preventisg Qusd fow throagh e sttor and

belween the stator and the housng, wherein 1he mbor,

the stator and the bonsang define;

a first cavily between the rotor aod the hoasing ol one
end of the o

a secondd cavity between the nator ool the housing o1 an
appasite end of the o,

am mar gap exlending {rom the lanst civaly to ibe second
Gty betwoen the rolor and the e anx

a venfilabon channed thanigh a molor kck sssonmbly
extending from i fissl covity 10 U secomd cavity:

canising the molar o rdabe with respect o Ihe stabor 1o

drve an internal fans and

causing o Muid 10 be contimsously circalated winlsin ithe

bousing by the fan when the motor motstes, said il
earculaing Erom the frst cavaiy through one of ke xr
warpk or T vemtilanon chansel w e sooond cavity, ad
thwn dbunoisgh the other of the air gap o the vemsiklotion
chansel Back w the frst cavity, without (b Hukd cxitieg
the howsing, wilhoul drewing sddiionnl fuid from
outsiibe of the lousing. snd winlsou cireubsting b foid
thaough the stator of berseen the stator amd the Bous-

ing.

6, The method of claim 15, fmber comprising:

proeviding a fiest heai transfer sinifuse in thermal contac
with the housing aml extending into one of the firs
cavify oedl Ehe second covity;

cansing hem s be tmnsferred fom the Poid cireulated by
the T between the first cavity ond the second cavity o
the figs! heat trmnsfer structure; and

cansing heat o be trnnsfermed from the firs heat trmnsfer
simaciure io ihe housing,

i7. The method of claim 18, funher comprising:

providing 0 secomd heai iramsfer simctare o ihenmal
contnct with the redor mnd exrending imo one of the firs
covity ool the secoml cavity:

cousing heat o be tmmsferred from the olor o the seoand
heat transfer structure; and
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caugimg beai 10 be rapsferred fom che secomd heat
transfer structune w0 ibe foid clreulated by the fan
between (b first coviiy and ik second cavity,

18, The meithod of claim 15 farlsr comprseg:

proviiling the rolor wiih a plerality of peananent nognas 4
radhially posithoned aroumd ihe rotor back assombly and
separmted by o gap between adjscen permancin mag-
Ms;

filling & porion of the gop beraeen adjscent pemaanent
magnets with o thermally condustive material compris- 10
ing a pelymer doped with an addizsive 10 enhamco
ihermnl conductivity,

19, The electric maching rolor of cloim 18 wherdin the
addifive comprises one or more of bomon nirde, silican
earbide, alumdnum powder, alanioum oxide powder, copper 14
powcler, and graphene,

28
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ROBUST PERMANENT MAGNET ELECTRIC
MLACTITNE AN METIHODS

CROGS-REFERENCES TO RELATEDR
APPLICATIONS

This applicatbn claims preoeiy 1o LS, Pasent Applicsiion
Ser. Mo, 62570441, entitled: “Permanent Magnel Motor
wiith Tested Eficiency Beyond Ulra-PremivmTES Levels™
filed Ocr Ll 2017, the oslenl of which opplicabion 1=

incoaporated herein i its entinety for all parposes.
COPYRIGHT STATEMENT

A partion of the disclosure of this patent document
coatrins materinl that is suhject o copyright protection. The
copyright owner bas no ohjection 1o the Gecsimale neprosloe:s-
ttom by anyene of the potem document or the patent disclo-
suire as if appears i the Paienst ond Trademark Office patent
file or reconds, but olherwise reserves all copyright righs
whiilsever

FIELDY

The present disclosure relates, in peneral. 1o melbods,
systems, and apparaius for enboncing the robusisess and
stabalily of an clecine mochine, lor example an chedne
misor of ¢lectrie penermior, The presint disclosure relvics
mane specifically & enhancing the robustness and sihiliny
il o permanent magnet (PR electnc mo e,

BACKLGROLINIY

Elegire machanes emploved in commercaal and incustrial
applicinins are often required 1o operate a8 10086 of the
applhcable power mting over what 15 typecally o G000 e
serviee Dife. Thercfore, a moior or other elactric machine
emploded 1 a commercsal or mdostinal seltg must be both
reliable and versatide. Machine reliabality and lifespan can b
compromised by many Betons ineloding bt nol Bnxled 16!
1y higgh nemperatune operation nesuliing io thoemslly mduced
component Eailures, 3) vibraton, hea, fricabon unhabsnced
operalion, comlamenation, insdequate material sehaction or
ol causes of mechameally indueed compoment Failwne, or
3 diclectrie Gailure resalting in checincal shorl caeuits of
o careuiis eaused By ket inadequate material selection
of Oller Caises.

Eleciric muchines are ofien provided with o mechamienl
oo ling syssem, fof esample o fan plus o cow kg conflgured
fo dieect aie over cooling fss cast oo b mackse housing.
Many soch deviees are classified a5 wially enclosed fan
eoalad (TEFC) deviees, TEFC motors sulfer from mbenent
ineffickeney since 0 porison of the il pewer owipad by ihe
s el tam the cooaling fan, and therefore is unavailahle
for ouipui, For example, & TEFC mobtor abinched o o
convewor belt must opembe bith the cooling fin and the
eoavevor belt, therefore the postbon of the motor owipat
regquired 3 fumn the e is no ovailable ot the convever beld.
The T and comwling apparstus of 8 TERC mochine is prons
i damage, and presenis a sofely nisk in o typicnl ingusirial
setting. Furthemmore, since o TEFC machine drivies o cooling
fun with one side of the medor shafi, o & mpossible or
difficult o stinch two dosnsircam maschines 0o 5 single
TEFLC motor,

Corventional electric machines ane made robusi and
durnble psually by implementing the machines with lnrge
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sl vy components, The larger and heavier compononts
requined 1o promiod e siable long-derm opemtion can ioneoss
machine cost amd weight.

Chher electric mochines, having directly ventilabed and
therefone partially open bowsings 1o promole cooling, can
sulfer from moishare amel particulate matler comlamination
which in tum ean couse mechanisal componeni dogradation
amd wire imsulation o electric junction degradstion and
premature failure. Totally enchosad poa-vertilatsd (TENY)
elecing machines preseni unigue conling challenges smee
TENY devices lock direct venlilofion or an exiernal fan
maoving air over exiermnal cooling fins.

The embodiments disclosed berein are desigred 10 min-
mise one or more of the above probbens.

SUMMARY

Embodinents disclesed herein inclade clectric machine
coseling apparsius and methods, Ciber embodinsents inchsde
elements imparting enharoed rebustiness and durability 10 an
clecine michine. As wsed borein the class of devioes
refennad 1o s ehectric nochines inclodes hoah eleciric gen-
eratos afd ebectre motors, Conain enthodiments describad
hercin are permanen) magnet molors having o rmfal flus
condigumtion. Many of the disclosed methods and apporatus
are also applicable 1o wansfer heat or in pan rohsmess ©
axial (o machines, ensfr lux mochines, ol lincar
machinces. Cerain methods and apparstus may be applicable
W po=motaling lomgque molors, isnsformens, or inductons.
Although masy specilic embodiments ane illusimted with
respect 8o permanent magnet modors, the disclosore and
clivims ane nod [1miked o any spocilic apparatis conligumbion
amel ane applicable i apy type of eclecine machine.

Certain electric machine embodiments disclosed herem
manimize the production of heat cavsed by oddy currems in
the penmanen] megoels, rolor ick assembly, cleciromag-
nelke cores, o olber structures. [nosdkdison, neilbods and
appandus ans disclsed providing lor the removal of beat
rom an electric machine by conduction, comvection ol
rudiation ulilvsng varions beal paths through tse islermal
cavities and compopents of subgyetems of the machine.

An embodiment disclosed henein is an electrie machine
having a rowr, & stator and o housing. The rotor meludes o
shafl definang o lengilwize axis. The shall is surrousced by
a rodor back asscmbly, alse known as a back-iron assembly.
The Foior aleo inclades & mcdially moonted oreoy of perma-
menl magnets positbomad arouid e perimeter of the pobor
bk sssembly. The machine stater inelodes o plumlioe of
electromagacts endially posithomed around the rolos diflming
afl-alf gap between an exsoior sarfsce of the pormanes
magness of ibe rotor ond an imierior surfoce of ibe elecino-
magnets of ihe stvior

The rotor and the staior ane supporied by ol enclosed
within a housing. In certain cmbodinents the hoasing is a
wdally encloss] mpoovendilited (TENY) heosing, In oone
embadiment. the saor and the housing define a substan-
tizlly cylindsical motor cavity within the air gag and bounded
by the housing end plass o similar stactares. The motor
cavity mav farther be divided imto fisst and second cavities.
when the rolor is posioned within ihe roior covity, Spe-
cifically, a first covily exists between the mior sed the
hoasing of one end of the mtor, mdjacent to a housing end
plate, A second covity exist beteeen the rotor snd housing
at ihe other el of the mobor, sdjacent the oiber end plate, The
hoasing end plates may be sepamie plates aitached o o
hoasing perimeler portion, alternatively one of the end
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plates aned thie Bowsing permnscier may be @ cast, machined or
odherwvise unitary or co-formwed bousing elemen,

T First and seeond cavities are conmecied theough the air
gap. In sddition, one or more veitifaiion chansels con be
providad theough the motor back assembly, exieniding from
ihe fhrst eaviey 1o the seeonmd esvity. The fiest and second
cavities, the air gap, ard the ventibation chamnels therefone
define a fluid circuit arconsd the exterior of and through e
back-iron of the rotor, The retor may also include an intemal
fan exiending imio the first or second enviiy. The intemal fan
is part of the rotor of connecied o the posor and s configured
o conise bow pressnee o either the ais gap or ihe ventilation
chanmets and high pressure of the other of the air gap aad
ventilngion chaneels. Thensfore, when the rotor mtsies, airor
anather Muid, for example an air opd ol mistuee, s cossed
1o girculme arcund the fhoidd circudt from one covity 1hﬂ'n-|.lg_h
thie nir gop 1o the other cavity and back (o the original cavity
thipoungh the wventilation channels. Thus, hent generated in the
rodor during opemiion con be tmnsferred o the @ir or odber
i Merwing i the Mudd circuit o coal the rotor,

The robor an can be o separmie sinacioee, or could he podor
fan hiades Formed in an exiersor surfoce of the mbor hack
assembly. In addison, e rotor back assenshiy, fn blodes, or
fan mury be trealed to enhance the midialien of heat to the
Puid circuit and therefore o the first eovity or the second
civily. Suitable surfoce trentments include but are pot lim-
iteell 8 surfce roughening., or surfsce ancdizmion.

Heat s prowlucsd dunmg the opemtion of an eledne
machine willin the rolor primarily by magnetically mduced
weddy curreals mobe pemanen! magnels and magnetcally
imlmoed eddy cuments and hysbereszs within the rodor hack
assembly. In cernin embodiments, the prodioctesn of hent
within the rodor can be neduced by mmplementivg both ihe
permanend magnets and the rator back assembly with a
sevies of baminaions. Sirecienl suppon and advantigeons
hizat transfer chamateristics may be provided by binding the
permanend magnels e the otor back assembly with a
ety band surroanding an ower surface of the magnets,
facing the air gap.

Heat transler from the mtor 1o the Ml creudt aad
saibsexuenl el translier T the (st omd secand eavibies 1o
the neschine housing may be eciliated with varows heat
iransfer structures. One elass of e ransfer sirociunes js
moanbed w0 the rotor Ging either the G cavity or the
sovond caviny, Ancilwer class of e irnsfer strocoures may
b mioiatind 10 e Bousaig, ypically @ the end plabes, fcimg
it the fiest cavity andlor the sevond covily, Any one of
s Bl transler striciures may inclade an sy of plos,
fins, combination piafins, or oher dructunes 10 merease
suirface arca aiwd msbulence. and thevefose peoaote effective
heon cramsfe 10 of [ e stached robor o Bousing
struiure, [n addiiion, o beat transfer siructure may be
fabsicaed from o matesial soch sz aluminem o copper
hawing refatively high (lermal condoctiviiy. A henl ransfer
structuse may be tennred, coledad, have a surfices treatment,
o oithierwise fbricabed to elfiectively transter heat 10 ar from
the Mukl cireuit

Additional heat may be tenmsferred oway from tbe per-
mnnent magnets by including o thormally condoctive filker
of encapsyilont material in the gop Betaoen sdiscent penma-
nemi magnets. The thermally conductive encapsulasi make-
rizl may be o polymer such as an epoxy having an additive
smspended within the polymer motnx lo ineresse the thermaol
condnctivity of the rotor encapsulant above the native ther-
mal conchsctivity of the polymer, epoxy or ofher mior
cncapsulonl material. The thermally eonductive encapsulant
serves i concluct Best mwary from the skles of the permusent
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masgnets woward ke fiesl amd sevend civicies during rotor
operation. Any s irassfer structures siached w0 the rotor
can b ploced imio thermal eomiaet with the ibemmelly
coiidlietive encapsulant fegions b promete heat eschamge
with the Maid cirewit,

A ibermally comductive encapsubant in the gap Berwemn
siljacenl permnnent eagnets abso provides seructural rigidicy
gl mobustsess 0 the fotor. The encapsulom serves o
ackfitionnl ly secure the permuanenl magnets 1o the aoor back
gasgmnbly amd prevent the magnets from slipping around the
circumference of ibe mior under boad, ln some cmbodi-
memis, the roior back assembly may define an anchering
sirfice Between adiscent permonenl magnets serving o
more securely anchor ihe encopsulamt B0 refoe bhack assem-
hly. An anchoring sweface may be a groove, profmsion,
keyway or the ke formsed in ber extending from the rotor
hick assembly.

A portion of the heat genermted in the permanent mognets
or meive hack assembly may be conducted o the shalt ool
conducted from the shaft o equipment driving or being.
driven by the electric machine. A mochine shaft s ivpically
fhricoted from steel or another high-strength alloy thot mony
i henve pelstivedy high theemal condoctivity. The theenmes]
conductivity of & machime shafl moy be enhanced by pro-
viding the shaft with o thermally conductive shaft cone made
of o materinl, copper Jor example, hoving o different com-
position, and Bigher thermal conductivity than otbher pontions
of the shafl.

In cenain embodiments Beatl may be imnsferred 1o the
shalt from the bousmmg as well. The shafl s typocally
supparied by beanngs ab cach end of ibe rodor The bearmgs
ore supportid by e Boosing. In seme embodiments pors
tioms ol the bearing struciore, e beanng seals for example,
may be fabricabed from o matersal hoving enhamoed thermal
conductivity soch as copper. Bearing Qanges or otlver hous-
ing elensents supponing the Bearings muy also be fbricaed
Irom o mabenal having, ephanced themnal conductivily, [n
such embodiments, the thermally comluctve hall core nsy
be nsade o exend toward the shall pertnseter where e shall
anul Bearings ane in coalact.

1t sy b aclvamilagoois m certatn embodisnents 1o seal the
hoasing. For example. 8 TENY mowor may be sealed 1o
prevent intemal contaminaton. In such an eenbodiment the
bearings may be accessible from omsde the boming
faeiliiase besring remeval or peplacement withoul requining
the housing o be openel

Electrie mochioe cmbodimentz also inclsde 2 siates by
ig a plarality of mdsally posidoned eleciromsgees. o
soame embodiments, the stator is encopsulaned soch tba the
stter eiscapsnlant is in thermal contsey winh hogsing stioe-
T, fof example the bossing end plines, [n sone cmbodi-
menis ihe eniire perimeter ponion of the bowsing is in
thermal comact with the swior or the siator encapeubann, [n
an embodimeni. the housing includes o perimeder poriion. o
figst end plase ot the: second ¢nd plate. The end plates may be
separnde structures or co-fehricnted with the perimeter por-
tion o the housing, The steer encapsulant may comact the
first emil plate ond (he second end plote such that @ central
region of the frst end plme, o centrl region of the second
endl plote, snd an interior stator serfsce defing the enelosed
cxlindrical roior cavily. In seme embodiments, subsinntially
no voids will exiend from the inleror sintor sarince, ihe
cemirad regiom of the firsd end plage, and ihe contml region of
the second eod plate townrd the perimeter portien.

The simtor encapsulan provides for device robiesiness nnd
thermal trmnsfer from the stator to the bowsing, The themmal
conductivity of the encapsulant muy be enhanced by mixing
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an addivive © e cocopsulamt 1o incresse ibe thenmal
comdugtivity of the encapsulam. For example, 1he eneapsus-
lami may b o dickectric maierzal zuch as o polvier o epoxy
and the sdditive may be boron aiiride, silicon earbide,
gilicon, aluminem oxide, aluminum posder, coppser powdern,
o] exdde. coramie, graphene, substantially splercal per-
tiches of combinations of these or similar materiols,

Thermaal transber between the stator and the beosing and
overnl] nuachine rohusmess nuy be enhanced by fining the
stpior ghosely o the perimeter poetion of the housing.
Thermal transfor berween the staior and the perimeter por-
ison of the howsing may be furiber enhaneod by filling sny
fap between the stater perinscier and housing with o iber-
mally comcluctive lubricant or encapsalant,

Thernaal immsfer from the moior covity defined by he
stalor apd housing may ke Bcilisned by providing ane or
maee heat tmnsfor structures in themanl comtpet with the
central regions of the hoasing or an end ploe The heat
irans ey strecheres may include pins, fins, combinaiim pin
fins or ciher stroctures extending into the molor cavity 1o
imcrease surfoce ars, air orbalence, or etherwise promole
hens trnsfer from the rdor covity, 1o sddition, any hent
tmnsfer stroclure mmy be colored, opodized, or have a
sarface Irentment designed 1o promoie efbecive best trams-
fer.
Thermal energy imosferred 10 the housing may ke
remeved from the electric machioe by conduction, convec-
3o or mdiabon. el reosher frons the boasing nury be
enhanced by providling the I'innn'ng wilh lins, extermnal hest
irenslier structures, black asodimibion or ather mens. In
oldition. e housing may include Feet fbricated from a
mazlerial hiving high thermal sondudvily, alisminum for
example. Heat may be transfemed from the feel 1o o nioint-
ing surfoce, for example a hictory floor, shelf, or otlser
cgaipmient. He tansfer fpom the feet w0 the moumimg
surfaor may be feilitated by providing an imerfice lovimg
Tagh 1bermal conductivaty between the Teet and the mounting
surface, for example thenmal paste of copper.

Stator embodaments inchsde a mdial array of electromag-
iets. ki cenain embodiments. cach dlecirombpeet includes a
cone having a stack of Lamdsstbors defining a tooth pofion
and o yoke segmwnt. An insulating bolbin neay be provided
surrounding a portion of the wollh of esch [amination.
Flectrscally oomductive wimBings 1hen surnoand o portbon of
b bobhin, I one eovbodiment, cach lnmination in the sk
of laminatiens is hekl agains sljacent laninations solely by
prcssung o the boblin, snheun the vse of saews, welds,
pis, ceimp joints, glee of oiber Bsloning moas,

In some envhodiments, heat trnsfer from an ¢lectromag-
nethe code may be emhaseed by providing o heal transfer
lawer in Whwermed contsct witls ome of both of the plagar foces
defined by a core lamination. The beat trans fer byver may be
any mealerial baving a higher thermmal conductiviey than the
magnet sieel vsed o fabricxie ihe lnminations, Represenin-
tivie heeat tramsfer mteriale include, b e nol lmdied to,
mwinls such ns copper, nickel, silver or materiaks such s
prmphene, The heat tmmsfer material muost ke in themanl
cofiaet with the assockaied lnminmion, meaning that heat
Erodm the Lansination nary transfer directly 0o the heat wransfer
mategial, Thermol contnct may be phvsieal contact, Alier-
nadively, ihermal contaa may occur hroagh on imermedinie
mtcrinl such as n thermal paste. Iy somse instances, the heat
iransfer maierial may be deposibed on, plated opio, coated
oo of olherwise permanenily bonded 1o the Inminntion.

Electromugneiic cores will alse typically inchsde o dichec-
tric Liver between lnminaticns. In one embodinsens, lami-
nations will have n diclectnc loyer applied or in comtnct with
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o plamar face amsd o heor ransfer liyer in thermal eoniss
with the opposing plomar Fsoe. In this embodimem the
inserface between sdpcent Inmino oas will inelude o dieloe-
i layer Broon ome laminston aid & heal trasfer lover fom
the oiher lamination

The am-shaped voke sepmem defined by oo aock of
Inminpiicas may in cerinin embadiments define 2 fongue
atrecture and an opposing groove sinsctane comfigunsd o
e with cach otbser. Thus, a slator may b assembled from
a plurality of clecirmomagees by engaging 1he songue stnoc-
fuge of the first electromagnet with the groove struetuese of mn
oaljmcenl ehectromagnet and so on until ke slator is com-
pleted. In cortain cmbodinients, the veke scpments of o
plumlity of eectromagnets is directly supporied by o shoul-
der strscture extending from the housing oe o housing end
plate providieg machine robesiness oml a direci ihenmal
pathwny o the stntor o the boesing.

Altermative embodiments include meibods of conling an
cleciric machine mtor, methods: of cooling an electric
maching sinior, methods of cooling mn clectric machine,
methods of Eabricating an electric mnchine. methouls of
stahilizing an eleciric maching, ond methods of Mbricating
o eleciromagnet For on eleciric machine.

HRIEF DESCRIPTHON OF THE TREAWTNGS

A fanher undersinmding of the neure and sdvantsges of
parbcudar embodiments may be neadized by relerence io the
remaining pertions of the specification and the drwings. in
whach ke refenence nimerals are wsed 0 reler 10 similor
componenls. Inosome instances, a subelnbe] = associated
with & reference nunseral o denode one of multiple similor
companenls. When relenmoe is made bo o reference nisisenal
withoul specificabion 1o an existing sub-Eabel, it 15 intended
ey melier g all such mmihiple stslar componsents,

FIG. 1 48 an isometrke view of o mepresentsive electric
machise; a wially enclosed pooventdabed (TENY) perma-
ol magnet () molor

Fldi. 2 15 an mormedne enoss=secliona vaew' ol the mabor
of FIHGE. 1.

FlG. 3 iz an somsene shall end (SE) view ol a robor
slwrwing permanent magnels and other sinscemes,

FIG. 4 is an isometrc opposdie shadl end (OSE) view of
the mator of FIG. 3.

FIG. 5. b5 an semetrie opposite shallt emd (O055) view of
am allermative rotor conbodimesl.

FIG, & i an sometrie SE view of the rotor of FIG. 2
sherwing a retadner Band anound Use mobor sarcine,

FIG, 7 is an sometric OSE view of the soor of FIG, 6,

Flii, 8 & a side elevation cross-sectional view of the
fatar of FIG, 1.

Flii. 9 is an enfarged view of a portion of the motor of
FIG. & shovwing o foreed fluid circul

FIG, 10 is an isomeire view of porions of the housing
aal stator of the moser of FIG. 1.

FIG, 1 is an isemetric view of portions of the housing
sl stator of the motor of FIG, 1 showing & stior encap-
sl i,

FIG, 12 is s isometric cross-sectional view of the motor
of FIG. 1 with the pior femoved,

FIG, 13 is an isometric view of portions of the housing
and stmor of the motor of FIG. 1 with selective cleciromag-
nel podtions rensoved.

FIG, 14A is on isometric view of on eleciromagne
stmacine,

FIG. 148 is an expladed isometric view of the clectm-
magned sincture of FIG. 144,
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FIG. 184 5 o schomaiie disgram showing o lavensd B8
lomimion simociore,

FiG. 158 is a sehemalie desgram showing an allemative
lnyered EM lamination sinsciare.

FiG. 150 b5 a schematic disgrom showing an alternative
layered EM lamination sinschane.

FIG. 16 ks o side elevation eress-soctional wview of il
motor of FIG. 1 showing detarl #1 the mierfaoe between the
howsing and stator,

PHETATLED DESCRIFTHERS OF CERTAIN
EMBODIMENTS

Chverview

Certain  enabodiments  disclosed  bendn ane  electne
meschines enginsered (o provide relatively maintenance- free,
ok, long-term, aml eflicient sarviee in conutencial, trans-
portation, or indusirial sertings. As used berein, the class of
dievices referred e as “cleceric machines™ inchudes boih
elecinie genemiors and elecine molors. Certain embosdi-
ety deseribed berein ane permanenl magnel motors beving
a pelial Mux configumticn. Mooy of the dischosed methods
and appariis are aleo applicable o lmprove the overall
rebusiness and themmal performance of axial Aux machines,
tramsfer flux machines, sl linear machines. Cerain meih-
ods mury he applicable (0 the flenmal managemenl or sta-
bility of Bor-roting oaque molors, insformens, o e
ore. Although mony specific embodiments are illustrted
hepein with eespect fo bodally  enclosed  nonventibsied
(TENY) permanent mognet motors, he disclosoe and
claims are ot limied o ony specific sppasaius configuraiion
and are apphcable 10 any ype of electne machane.

Electric machines generie heat during opemtion. Heat, il
il dlissipated propery, can nedoee thee life of the mochine
significamtly, Sustainesd operation a1 high temperatuees can
impaci e plysical properties of many machine compo-
newls, including but et [Emited to electrical insulation,
chectne] contacls, encapsulalion malersals, magnets and so
Ffirth. Excess hent con make these components soft when
firsn b aewl 1hen produally Brinke. impacting deviee perlior-
mance and besding to prematare failare, Accondingly, two
kews 1o designdng o robust clectrie machine ane reducing the
penermiin of heat during machine opembion, and increasmg
hesan dissipaition o the macldme, Many of the methods sad
apparmin: deseribed bercin provide for ofe o both of
resduccd hes production and effective heat dissipation from
o mnchine during operstion. The disclosed techniques and
strctuees ane eollectively referred s as thermal msnnge-
ieweid itsctlds of themmal mankgemen apparatis,

Some metbsods and apparaius providing For advaniageous
thermaal management ol penernily enbance the mochamical
sinbility of a machine, omd therefere provide sdditional
achine pobastness amd durability, Other metheds and appa-
rafus descnbed herein enhaeee machine stnbility amd robust-
mess withens affecting theemal propenics,

Certain TEMY mochines disclosed hercin featuee am over-
all deviee configuration desipued o enhanee thermeal mon-
agement and meching rebusiness, For example, o represen-
infive TENY machine, the permaneni magnet modor 10 of
FiGi 1, may have s pancake shape, with concentraded
clectromagned  windings, maximized shd [l swrface
meanded and oversized pernument magrets and other appa-
i 1o enhance {hermal manngement and provide overall
machine robusiness os detaibed hercin. Specific embosdi-
ments of 1he dischosed permanent-magnet TENY moedor 10
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ns bess than el ihe copper and bess tlan hadf ibe elecine
stee] comparad 10 @ induection motor of e samwe power
rafing.

In sddition, several] disclosed embssdiments wilise aggoes-
v, but passive cooling. Multiple beal poibs are desbaad
inse the machings 10 provide for best transfer from interior
strpctanes o the extemnal housing wisene beat may be dissi-
poted By natueal comvection into tse surrounding s by
mdiation w0 sumounding objects, by conduction Ento
maching meuniing surfeees, andor by conduciion through
the drive shadi ivto & driven deviee (for example a B pump,
conveyor beldi, wheels, or oiber appamis).

FIG, 1| B an isomsinic extemnal view of o mpreseniative
clecinie maching, peomanent-muageel TENY motor 10 FICG,
2 is nn isomeinic cross section view of the motor 10 showing
certnin imlemal clements, The motor 10 inclhsdes a housing.
12, surrounding ned supporting intemul components and o
shaft 14 comnegted 1 o potor 16, The bousing 12 may be
connecied 1o or include vanous supporting structures, which
can be supplied o varied accending e need. For example,
the: housing may be conpected 1o feel TR, lifing evebolis 20,
a C-foce, a flonge-face, or other supporting or attechmen
stroctares Facililnbing the plocement wsl mounting of the
malor 18 inio an operational setling,

A shown in FIGL. 2, the shoft 14 s conpected 1o the rotor
16 such that the shadt 14 delines o lengthwise sbafl axis X2
mrourd which the shafl 14 omd rolor 16 manie when the
molar 10 a5 opernbed. Alematively, exlenaal lorgoe applied
> the shalt 14 can cause the ralor B rotale anound the shall
axis 22 il the clecine machme 5 o generator. The shall 14
amdl rotor 16 are sapparted by beanmgs 24 and 26 seuted i
bimnng Ningis 28 pnd 30, The embodiment ifhstated in
FIGS, 1 and 2 leafuwres o shafl 14 extending through the
hiousing 12 from ondy one side of the rotor 16, ARermtive
envhocdiments may include a chall 14 extending tsowgh the
housing 12 fram bath sides of the ndor B6. Such an
allemalyye embodinaent, winch 1= ol leasible with a TEFC
machine bivause of the cooling lan, Gm advamageous by
drve two downsineam madchines ol once, with one dodine.
strsum machioe being ansckead o esch end of the shall 14,
In entbolamsents feataring a shafl 14 extesding from ose shde
af the fobor 16 oaly, the opposing emds of the motor 10 mey
be refiemed 1o as the shall end <55 and opposite shali ansd
“OSET For convensence. This, elements coch as bearings 24
anil flamge 2% may be referred o borein as i 31 bearmgs.
24 and 1he SE biaring (oge 28 respoctively, 1L is miponam
w0 b however, that ihis disclomar expressly coviers elee-
i machines having shaflts 14 exending from ene sde of
the housing 12, bodh sides of the housing 12, or pol extensd-
ing frogn the housing 12 @ all.

Thee gotior 16 s substantially surmsnded by a stator 32, As
deseribed in detail herein, ihe rotor 16 includes o sories of
permanen magnets 34 arranged arousd, bat spaced pwsy
from ibe shafi axis 22X The permaneni mapneis 34 are
supported by @ potor back assembly 36 sometimes nefemad
fix 03 @ hack-iron pssembly bocaise ihis nssembly is typically
consmcied of o mageeic material such ns steel or opother
iype of stecliron alley, The rolor Back assembly 36 i
mechanienlly bonded o the shiafil 14 or co-fnbricmed with
the shadt,

The siabor 32 includes o series of electomagnets 38
susmoumding ibe notor 16 such that the electromagnets 38 nnd
permaneni mogneis 34 ane sepamaied from each other by an
mir gnp 40 In highly simplified tenms, motes opemtion
oo wlsen aliemating camrent is applicd io the wirdings 42
af the clectromagnets Y, consing a varying magnetic ficld
i be formed by the stator 32, Magneic nfimction between
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i permanenn megrets 24 and the checiromagnets 38 witlidn
the vasrving maxgestic ficld, covses the rotor 16 10 maate with
respoct o the staior 32, Thas, fonque may be iransfonad o
any deviens) attached o thee shafl 14 as is tvpical with
mraees, |noan alicmalive gessmber conligemtion, the shalt
14 may be ptoted by an extemad source of borgue, cousing
the permanen magnets 34 1o forms o varying magnetic fiekl
The varving magnetic field con then induce alleruing
cureent in the windings 42, therehy generting eleciniciny.
Heas Gienermiion in Elecirie Machines

When the motor 10 of oiber eloctrie machine is operated.
hend is creabed im both e poior 16 and siator 32, The
prineipal sourees of heat gemerated in the otor 16 aee abdy
current besses in the permanent mapnets 34 and oddy coment
losses or hystenesis losses in the o hack assembly 36, The
principal sowrce of hent generted in the stier 32 inclhudes
resistance in the windings 42 ond eddy cumenthvsicresis
losses in the associnle clectromagnet cores 44, Fanhemeaee,
dmg, ukso deseribed o5 windage, 5 created os the pofor 16
redates within the motor 10, Windsge generates additional
heni, Frschon ai the surfsees of bennings 24 and 26 ako
crenes hent inside the howsing 12, As noted nhove, o certain
class of electne machinge is deserthed o5 a okally enclosed
and noneventilsled "TENYY machine or moder. A TENY
e prevides cenain sdvantages, inchuding but not limited
o redeced maimenance reguinensenls, sinoe the miemal
matw clements ore subsiominlly sealed against externnl
conlamanation. Heal geoemiled within a sealed TEMY
machine must ke dissmpated however, without an extiormal
fn arculating air over the bousing and wilbow! dinect
venllafion openings W avodd promatene coniponenl Gnlone.

The disclosed spparafus and methods of fcildating {bor-
mal management in an eectne machine, and therefone
promasting generul machine mbustness, con be clssfied s
cilher (a) methods and siroctanes e minimizing e pro-
duction of beat, or (b) methods and sinsctones Fscilimmg
machine asoling alter heat has boen producel. Severl
thermal managemel echnigues describad bincin involve
e export of beal throigh the ot 16, stalor 32 andfor
honssing 12, Several altermstive termal mamsgement <irat-
epies are described herein. The vanoas methods and appa-
fals Enay be comblsed with one sother in ony Eashion,
seadodl. or partiafly implemenied as necessary 10 achieve
spicilic heal maligation goals.

Elecirie Machine Boor Sirociune

Az aoted abowe, the productzon of heat daring (he opéens-
then of an electric machinge i isevitable bul can, n cersin
irstanees be moduced. The primary sources of heat geiscera-
Gt i the podor 16 are mognetically indvced eddy currems
within the permaent magnets 3 and magnetically induced
eddy curments o Iystenssis losses within the motor back
assembly 36, The scale of coch type of magnetic eddy
current and the resuiling beat prodscton mey be rdueed by
implemeniing the permanent magnets 34 and motor hack
aszemibly 36 as |aminated smsciens.

For example, FIGS, 3-8 pe isomctric views of fwo
altermative enabodiments of o rsor 1 The first embodiment
of Potor 16, shown in FIGS. X and 4, iz the polor 16 from FIG
2. This reaor 16 features o shalt 14 extending from only onse
side. Alemative cmbodiments inchade a shaft 14 eoending
froan buih sides of ihe rotor B8, The FIG. 34 motor embaodi-
mend is shown i o SE fsoneetric view in FIG. Y and an O5E
isometric view in FIG. 4. The aliemative rolor 16 of FIG. 5
ooald ke implemented with o single or dual ghoft configu-
mificn. Eoch rotor 16 feniares o rofor hock sssembly 36
mechanically bonded arcund o porien of the shafl 14,
Permanent magnets 34 are mounted apoond & perimeter of,
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il in comntaet wilth e rotor back 36 such that the permaneni
magnets M are radially areanged around, bal speced away
from, the ehaft 14,

A permancil oemgned 34 may be Bbrcted from any
aumber of lemindions 44, Lominations 44 ase fabricoted
from ithe permsmes mognet malerial. which may be a
rage-casth mageet material, for example & neodymisn-iren-
boson gt musterial, a samomium-coball maget makerial,
Alnico magnets, and the like, or & comverisonal magne
material such ps o ferriie comenie, [n one represeniaiive
embodiment. the pemmanent 3 of owor 16, &
illusimsed n FIG. §, have sweniv-Foar (24) laminsiions 486,
Each laminsiteon 46 ix o relstively thin, planas section of
permanneni megned material with maoliiple laminations being
stacked one on lop of ibe other such that the plase defined
by the interface hetween mdipcent leminations is genemlly
perpendicular o the shaft axis 22, Allemative embodiments
of permonent magnst 34 may inclde any number of Lami-
nalias 46, for example @ permament mogned 34 may include
2,48, 12, 16, 30, 24, 18, 51, 3, #or more laminations 44
i rouhoce the scale of magnetcally induced cdldy curmments
aawd hent production. Ench lamination 46 within o permancm
magned 34 mey aptonally be separated From sdjscent Eama.
naltions 46 by an nsulador, such as a locguer, vamish, paper,
or cther nelalively thin insulating material,

Kelatively high-performonoe rore=carth nausgnel matenals
may be selected for the permanent mageets 34 of the rotor
1 6. Kome-caath magnets have higher remanence, moch lngher
coencivily and ensergy product 1han other permuanen) magnel
pypes. Thus, machine elliciency can be enhanced with mres
carth permancol magnets B, aliheagh steps mmst be bken
to promode overall machine robostness and stability if mee.
carth penmanenl magnets M ane ulilzsed.

Specilically, mre-corth magmets con be demagnetined il
they bevoms wo bot, and the magoeic propenties of mn
carth magnets will mol necover whaen ibe masgnets cosd diown,
Thevelore, marecanh magnets 34 mas! be selecled with o
highaer temperature ruling 1han the maximum enperalure
amhcppaled m b permanen! magnets 34 dunog bemeally
stahle operation ot the highest rawd power oulpal For
example, il the expoctied high temperatine of the permanen)
magnets M, seconding e a solectad design, iz 130% C., i
i i advisable 10 ublize rare-canh mogoets 34 thar are
temperalune mled b oal bexst a 35% hagher. tenaperamine
(ocenndang s LH grade), for example o up w 180° C, o
provide operalioaal Beadnsm.

Rare-carh permaneil magnets can also b demagisdimad
by excessive flox geoemied by bange cuments in the stapor
windings 42. Therefore, selectod embodiments of masor 10
utilize permanent magnets 34 will geoawetries thal ereale o
large permeanee coellicient w increose neiglanss W Ti-
based demagnetiztion. For exemple, as shown in FIGS, 3
andl 4, moses 10 may include 8 poior 12 hoving mare-carth
permaneni magneis 1 with o mdisd thickeess dimension w,
mexsurend aleng a mdioe e extending outward froen the
shaft nxis that & eight (%) times or greater than the width of
the magnetic air gap 40 measured along the samse mdins line,
The wse of rare-carih permunent magnets 34 having a bigh
permeance coeflicient allows the mator o opernte in con-
diticons far heyond pomina] ratings withowm thaest of demag-
netizaiion, Some of these conditions could inclade opemition
ot peak orgue, operation ot exiended speed mnges willizing
field wenkening. or a combination of both.

The mtor back assembly 36 nmimy also he sssembled from
multiple lnminmiens of stecl, iron, onofher iren alloy, or
anciher suitable mtor back assembly natcerial. In one nep-
rescntnlive embodiment, shown in FIG, 8, the moter back
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assembly 36 includes six (6) kuminstions 50, Bach fades-
teen B0 i & relotively thin, flag, annular sectien of rosor hack
material. Muohiple uminaions e stocked cne on op of ik
odlier wilh the plane defined by the imerloce borween
sfjacent laminations 50 being generally perpensdicular o the
shafl axis 32, Allernative embosd iments of rotor back assen-
bly 36 may inchade any number of laminations 560, for
exnmple. the rtor beck 36 may inchsde 2, 4, 8 13, 06 20,
24, I8, 32, 36, 40 or more liminations S0 1 nuinimine the
sgale of megnetic oddy cumenis, hysieresis boss, and heai
prodduction within the retor back sssembly 36, Esch lami-
nadiom S of the roior back assembly 36 may optsonally ke
separnted from adjscent laminsisans 50 by an imsalator, such
as m lnoguer, varmish, paper or other relaiively thin insolsting
material.,

Dairing operition, 1he rolor 16 mbites o 6 high mile of
speed ol is s o varying mageetie flux. Therefore, it
is impartant o assure that the permaent magnets 34 sre
securely bopded o the rolor back nssembly 38, An adhesive
mry optionally be used 1 bond the permanenl magnets o
the molor back asemhbiy 36, In cedaan embodiments, ns
illustrted in FIGS. 6 ond 7. the rotor 16 inchudes o retainer
heandl 52 sround (e permmester of the mdor 16 fbeing thie air
gap 40 and stater ¥2. The retainer hand 22 can be presiressed
i secure (he permaner magnels 34 and ndjncent stnctupes
during opemtion. In adidition, the retainer hand 52 may ke
specificnlly configured 10 minimise dmg o the otor 16
rofiles, andd thereby mnumaze windage beal production.

In certain embodiments, the retaimer bamd 52 15 Ehoncated
[ & magoels: mabmal sich a8 seel or a grophene
composibe. In such embodimens, the bamding may be mmple-
miendisd froam @ plurality of separstod bands fo mmimaze the
generation of eddy currenls in the band 52, In sddition, the
bamling miay be impregnated with o hest prans ber matenal or
odlveraviee tresited 10 Tacalitate beal wansher from the penma-
nenl magniets 3w the ouiside surfsces of the bamsd 52 @nd
air gap 00 Allematively, the relaner band 52 may be
Fubsacated entirely froa: o material selocted (o have enbanced
loaf Lransler propériees, hor example copper or alamimum.
Alvernativedy, the band 52 may be fabrcabed emtinely from a
cirbon (Ther meal or carbon liber [lament that éam be pre-
atrcssed. dovs mel generale eddy curreims, aind also hag
relatively high thernsal conduction propenies.

Rotor Cooling Methods and Apparaius

Hiad proslisetion in an operming elocine machine rotor can
b redoced wsing the technagues desenbed abose, but sonse
heat production ix mevitable, Therefore, several apparios
and methods are disclosed bercdn For cooling an elocine
machine rotor, 10 is imponsnt © pobe that the mowor 16,
particulasly in a TENY machine such as the motor 10, is
substantially of entirely encbosed within the machine hous-
ing 13 and surrcanded by the stator 33, Therefore, cooling
a rolor 12 ofien iovolves heat wransler w0 another moior
siruciune prior ie heat export from the medor 10, In coriain
ieEtn s, the potorooo ling methods and appamies described
hewein opemie in conjanction with metheds and appamins
For conling sther portions of the mosor 10, star 32 anidior
honssimg 12

AL Rator Forced Fluid Clrcait

FIG. 8 is 0 side elevation cross-sectional view of the
midar 10 shown in FEG. 3, FIG. 9 is on enlaged view of a
portion of the motor 16, housing 12, and staior 33 shown in
Fii. B. Dunng opemiion, the mior 18 musi be permigied io
spin freely within the stnlor 32 and housing 12, Thus, the
rodor 16, singog 32, noel bousing 12 collectively define corizin
cayiies within which the retor 16 opemtes. Forcxample, the
housing 12 of FIGS. 1-2 and #-9 includes o perimeter
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postion 84 surrounding the siator 32, aml iherefore surrounsd-
ing 1he shalt axis 22, The persmeter portion Sd of the housing
12 is substantially closed. except for one of mone sealad
shalt openigs, by a firsi end plale 56 and on oppesiog end
plate 58 @ coch end of \he perimeter porticn 54, Thiss, the
perimeter portion 54, first end plste 56 amd opposing enxd
plite 58 define ihe overll pancoks shape of the motor 10,
The peramseter portion 54, lrst end plate 56, and second and
pletc B8 may be separgie strocoires that are bonded fogether
i forma o howsing 12, Altermatively. the peremeter portion 54
ol ooeg el plase 56, 58 or other housing stchares many be
cat, nuschimed o olherwise Soomed as a gingle part, with the
perimeter portion 54 ond end ploie 56 or 58 serving o
wlentify dilferent regbors of a single bousing sirocture.

Is hest viewed im FIGS, 10 and 11, portions of the soor
32 facang e =ir gap 40 and the end plates 56, 58 delme o
substanfially oylindsical mlor eavity &0, Cennin embodi-
ments of the mator 10 inelode apparams designed w foree
air circulotion betwieen vomous distinet segions of the overnl)
evlindrics] rosor caviey B0 as described Bolow,

Specifically, nn open space between one end &2 of the
robar B and adjascent perdions of the housing 12 defines o
substanfiolly smnular first covily &4 within the cylindrical
rolop envily 60, Sinilarly, the open spoce Between the
oppsiie erxd 66 of the rotor 16 wed adgecent portions of the
hoasing 12 defnes o substnntially snnular sscond cavity 68
withan the cyhndncal molor craty 60, Furlhesmore, the
relatively thin air gap 40 extends Between the ouler penime-
eer of the mtor 16 and the imwandly ficing surlvces of the
shator 32 10 comgplete the ovlimdneal molor cavity 6l As best
shown in FIGS. B and ®, air, an sl mixhare, snofher gas,
Tigpuin, o a0 misied Musd miay be camsed o circulate rom one
ol the cavities 6, 68 to the other cavity 64, 68 and through
the air gap 40 by providing the rowor 16 svith an detersal (an
strlice soch as intemal fan T8, @nd one or msore vemtilation
clunnels 72 through 1he stalor 32,

Specilcally, a senes of vealilation clensels 72 cin be
provided through the rolor back assembly 36 a5 best i8lus-
trated in FIG. 3 and FIG. 4. In the Bbosicned enboddment,
cach ventilatien channel 72 defites a postion of an o
ol (e shafl axis 22 amd consimaies an opening exted-
ing thnoagh each amination S0 of the rowr back assembly
6. Unher chapes amd conliguntions of vemilaton chaniel
T2 are within i scope of this dischosore, provided asch
veitilation chaommel 72 bas an openiag @ Qudd comamunica-
tlon with the fisst cavity &4 amil the secomd covity &8,

e st caviny el socond caviny 68, abr gap 40, asd cach
ventilation chansel 72 1ogether define an intemal forced
i etreuin T4 b pan sussousding ol exiending through
the rotor 16, Adr. anctber fukd, of o deserbed below, an air
and @il mixiare moy be covsed o circulsie ihrowgh ihe
ingerm] Forced uid cincuin 74 by the intemal fan 79, The [
T may be part of, aiiached 10, o driven by the rodor 16 (o
canise Mr of another Maid 1o circulate within the iverns]
forced fluid circnid 74, Specilically, the fan M0 includes o
plorlity of o blades 76 configured o comse o relatively
how-peessure some @ the air gop 40 amd a relatively high-
pressuge o sownrd the shall 14 o the second covity 68,
whet the rodor 16 rotmtes in s clockwise dinection., & viewesd
in Flés, 4,

This pressure differential couses air or apather fuid o
circulate from ihe secomd cavity &8 through ihe vendilation
channels T2 1o the fist coavity &4, Simulsneously, nir or
another fluid, is consed io circulnte from e liest covity &4
through the air gap 40 o the second cavity 68 completing
the forced (fuid circust 74 A different fan configemtion or
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daflerent rowatson dircetion could eawse il air or oalver fluid
o circulabe in 1he oppossle direction.

I the embadisnent of FIG. 4, the fan 70 extends into il
second cavity 68, In aliemative embodiments, the fan 70
iy exteiwl it the first cavity 64 or sepurale fons may
exbend inlo bath cavilies 64 and 68. [n certanin embodiments,
ibe fam 70 andior fan blades T8 arc 0 scparse sireciune
altached w0 or drven by the mor 16, 10 allemative embodie
s, th fan T neey comprise o plumbity of (e Blodes 76
formied mio the notor hack assembly 36, formed in o poriion
of the shaft i4, or otherwise nitnched bo the rotor §6. [n oy
embodiment, the fim 70 couses sir or another Ooid 1o
cimgulate sround aedd through ihe roior 16 compleiing the
Forced sl circun T4 as ibe molor nodabes.

Air of onother flnid circulating within the forced fuid
circuil T4 ix bimted by heat generubed within the rolor 16 as
deseribed ahove, thus cocling the rotor 16 The bested fluid
can (ransfer sond heat o another streture 1o ultimately coal
ihe modor 1 Vorous sinschures focilitnting beod transfer
Froa the rotor 16 0o e foreed fludd carcut 74 amd beyvond
ane described below. In addition, varions structures associs
ated with the rodor meny have surfoee Eresiments desipried o
promoie efficient beal transber from the rotor 16 10 1be forced
(huid circnin T4, For example, ary rofor sinacture, including
bt peed linmited 1o the En 0, [on blades 76, <hald 14, modor
hack assernbly 36, retniner band 82, or other structures may
bz roughersed 10 igerense surfice arca or treated, For cxanple
wilh hlsck anodBzatsen, 1o Balitste heat trns for between the
robior and the foreed Tmd cireai Td

Izt tmnsfor from the moor 16 s the forced floid circwit
T4, or fom the breed fhod circust 74 4o ather maokor
strictiines such as the housiog 12, and altimately away Tnom
he modor 10, may be facilnated with supplemental heat
iransler druciunes, For example, as shown in FIG. $, the
rodor back axsembly 36 or another molor sirectiune may ke
placed e thermal conlact with oo or more bead trans(er
structunes, for example 55 beal ramsler strociure 78 and
61 heat transber strocture B0 shown i FIGS. 5, 8, and 9.
Az defimed herein, “thermal comtaet”™ means comact between
v ar mcre structires such thal thermal energy may low
frodn ciie sUFBCTURE b aolher struchiee. Structures m dinesct
ibernsal coniact with each other are also in physical comact
with wach other. Allermatively, (hermal conlact may occwr
ihrowgh an imermediaie maienial sl ag o thermal pasic
The SE beal tmansfer structure T8 ol OSE bt transfer
strctuse B0 are mercly reproscntalive exampies of any
number of e of configurtions of beal ransfer siraciun:
that cmn be pxanied too foemed in, or stherwise thermally
comtaeted with the rosor 12, 1o each ease, o rotos bex! ransfer
srisciune T8 of 80 cobtacts the foloef oo one eide and coeids
imio either the first covity &4 or ihe sevond cavity 68 1o
focilinate heat wrnsfer between 1he oo 16 and tse forced
fheid circuni T4,

Caher beat trans fer structurcs niay B bonded o or formed
in thermal copingt will the hasing 12 1o Doeilitnte hent
trmns i froun the: fonced Muid cireuit T4 10 1he beusing 12 snd
subsegquently owl of the motor 10 thowsgh best radiation.
comluction or comvection. For exomiple, a5 shown in FHG5.
2. 8,9, and 10, one, b, oF mese et trensfer stinachanes may
be mvaniedd i the housing 13 extending inso ihe first covity
6d or second cavity &8 toword the mtor 11, In the repre-
sevintive, bui ponlimiting example shown in the g, the
magor 10 inchades an SE bowsing heat trensfer strocione 82
and an C512 housing heat tmns fer stnactune 84 exiemding info
b firss covily 6 sind second cavity 68 respectivedy. Fach of
the hest transfer structures &2, B4 is illostrated ns being

"

13

13

2

X5

L]

B

14
substantially anmdar. however other shapes asd configura-
tions are within the seope of this dischosure,

The S5 lsosmg beai ransfer sinscione 83 asd OS1:
Bisasing heal transleor stnssture B4 are merely reprssentative
examples of any number of sl translor stmsciare Types oF
coidbgurations tha con be mounied w, fomsed i oor ofher-
wise thermally contacted with the housing 13, In each case,
o bowsing heat transfer structore 82 or B4 contacts the
howsing 1.2 omone side snd extends into either the fiest cavity
64 or the seeonsl covity 88 to fagiliiate heat transfer from the
foreed Maid eircain T4 to the housing 13,

In severad of the embodimwenis iHuesirried in the Ggures, o
hent tmnsfer sirechere TR, B0, B2, or 84 muy be fomesd
hiving o pamber of pins, fing, combanation pendfins 86 or
other sineciares designed o incrense surfice area and -
hulence. The pinfiins 86 extend pwoy frem the hausing 12 or
st 32 amd inip the adjpcemt convity &4 or 68, A heai
trnnsfer structupe T8, B0, 83, or B4 may be roughened o
incrense surfoce aren or ireabed, for exomple with hlack
anodivation o focilitote heal tmnsfer o or from the bes
truns for strucore and the forced flnd ciroud 74, In addaison,
one ar morne heat tmpsfer sirociures T8, 80, B2, or 84 pury be
Inhncnted From o madiral such as copper or aluminam with
high ihermal comductivity, The beat imnsler stmoctures 78,
ik, 82, oor 84 muay be honded s the adjacent solor o honsing
struchane using beal imins fer paste or another interface cili-
aling efbective hemt ramsher fream the Beal (s fer structurne
TE, B0, HZ, or B4 o or [ the Torced Thad circent 74,

1. Rowr Encapsulation and Sthiliztion

I certain embodimenils, For example os 1l lustrased in F1G,
5, odjacen permanc magnets 3 are soparaled by a gap B8,
Additional hest transfer fmom the mtar 16 and particilary
from the sides of each permanenl nsagoel 3 omey be
provided by filling oll or a pontion of 1he gap BB with o
thermally comductive rofor encapsulant 0. Az detiled
belorw, the thermally conduetive encapsalant 40 ol neduces
windage and provides mechanical stability © the molor 16,
Represeniative examples of thermally  conductive  nobor
encapsudant W anclude, but ame pot lmobed o, cpoxy. an
engineerad polymer, polvester. polvancthane, silicose, orf
anollier plastic. Oowable of formable material sunabie for
filling e gaps B8, Thernal mommgesnent may be enlumood
by providing an addinive w the thermally conductive rowor
encapsulant ¥ b enhence the thermal conductivity af the
encapsulant menerzal above the miive thermal conduetiviy
af the encapsulant withoar modification. Bepressntstive
acklitives oo enhanee thermal condoctivily include, but are
ol limbed 1o aspended particles of boron mitride, silicon
carhide, silica, slwminum oxide, sluminen, copper, apother
metal. asother metal oxide. cerambe, grphene and tse like.
Thee thermsal codostiviny of the encapsulant B0 nsay Faoher
be enhapced if the suspended panbcles are spherical, have
rocdially orienied fibers or hove anotler shape of orierarion
designed o fcilitate ibermal conductivity,

Altematively, a specific portion or region of the Thenmel by
conductive solor encapsuland 90 con be fahnicated from o
sshstince having relatively high themmal transmissiviny, For
exnmple, the gap B8 conkl Be filled with epoxy or apother
podymner bound withio o metal shell 92, for example a copper
or alumiowm shell, where be shell hoas higher thenmal
conchctivity tham the polymer. In npother embodiment, the
gap 88 could be filled with epoxy or asother polymer
surroumiding o neore ibermally conduciive core, for exomple
an aluminum e copper core, in comtact throwgh the encap-
sidand with o permanent magnet M, moior back pssembly 386,
anilior 1he forced Nuid cironit 74, In any embodinsent, the
thermally conductive rofor emcapsulent shoubd possess o
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glass imnsition empersiare ol maxkmum opersting wens-
perature that iz significamly higher than expocied medor
aperaling lempersian,

The thermsally condoetive robor enca psulas 9 also sarves
io povide meehanieal sirengih io the roior 12 and therefon:
cbanee the oversll sobosiness of (e metor 10, For
example, themaally comdisctive mrotor epcapsubznt N may be
eommeted with andior bosdied 10 the rowe hack mssenhly 36
Petween mljacem permanent magnets M4, oomechanically
ancher the permaneni magnets 3 and prevend them from
slipping circumferentially anoend the robor back ossembly
A6 wnder beavy lond. The bomd between the thermally
comlnetive rotor encxpsu kant 0 and retor back assembly 36
may e enhanced mechanically by prowiding the rotor hack
asmsembly 36 with slots 24, grooves, keyways, noughened
surfaces, holes, prejectivns, ar other sinsciunes ol the imter-
fnce between the rotor Beck assembly 36 and the surface of
the thermally conductive rator encapsulant 90

As best shovwm in FIGE, 3 amdd 4, the thermally conductive
robor eneapsulant M may be contncted ot gither or both ends
wilh one or more molorsside mpq'l-l'ml:ﬂ hest  trans fer
structures, The specific enbodiment of FIGS, ¥ and 4
inclodies an army of SF beat irminsfer elensents 78 10 thermanl
conlact wilh the thenmally combucinve mdor encapsilant 90
and extending into the first covity 64, 1o additien, the FIG.
Y= embodimen includes an amary of OS5 heal ransler
elemenits B0 in thermal contact with the other end of the
ibermally conductive rodor eocapsuland % and exienching
imicy he second cavily 68,

The heat iromsfer sinschanes TH asd B0 are merely repree
seriative examples of any number of heall ransler structures
that can b moumted bo, formeed inoor otheraise thermally
coalacted with one end or the oiber of a thermally condise-
1ives moliar encapsulam W, 1o each case, hent immsfer snse-
Dare T8, B0 extend o cither the firs covity &4 or tse second
cavily & i facilitae heot tmnsler beoween the roor 16 snd
the Forced (hisd corcur T4.

In an ahersative embodament, one or more of e hei
Imansler sinsclunes TH, 8O, B2, or 84 nsay also be omed fo
functios o Uhe Ban T0. For example. the combinalion pin/ing
K6 al the heal ransfer structire 78 of FIG. 8 may be angled
of ollserwise Brmed o caise & pressune grodient casing
fnd circulaibon though the Foreed i cincoi 74,

. Heant Transfier Oil

In centain embodiments, ihe efficiency of bew transfor
wilthin the motor 10 may be anlemeed by utbzng a heat
iransler floid, in comnsbination with or other than aie. For
oxample. o quantiny of mansformer ol of anotber heat
trensler fluid may be pdded o tse fist caviey 64 andior
sevond caviey 68 Wihen the msotor 5 niot opesased. the ol
will poal i the botoim of coch cavity &4, 68 amd HL for
example, the Boviom quadram of the sir gap 40, As ibe rior
16 spans, the ponmanci magects 3 o soquentiofly sub-
merged in ihe ofl baih and heat con ke dewn from all
caposed Toces of the permancsl magnets M amd eetainer
bamd £2.

As described in detndl hebow, 8 stator encapsulan may ke
adided Between the stafor 32 oo baoasing 12, in part bo ersune
tht ol pddided 1o on intereal cavity 64, B8 must pool in in
comiaet with the mtor 16, See, for example, the suvior
encagsalonl 26 of FIG, 11, Suificient ofl may be pdded o he
cavilics 64, 68 1o cover the nir gop 40 andior submerge
porirens of ope or mese of head imosfer siractunes TH, B0, 82,
B4 or other hent tronsfer structures. The covities 64, 68 and
aig gap 0 are mierconnected regions of the mior cavity &l
Therefore, & heat transber fuid added o one cavity will flow
o others. The quantity of oil or other heat imnsfer fuid
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ackled o cavities 60, 68 mary ba egual 10 0r Jess than 3075 of
thee 1oe] vaslume of covities G and &8, equol 10 or Jess Than
285 of the waal vobume of covity 64 and 68, of another
sulwhle vedume.

When the rotor 16 spins & relatively highes speeds, the
metinin o the mtor 16 amd or the hiat trans fer sinsclunes 78,
B0 may eosse sploshing and mistang of the ol oF otlber e
trans e Mud, improsvieg the themmal properties of the forced
fluicl circuit T4, Ary retainer band 52 may be fabed with o
perforuted ceatmg or thin neesh surface to énsure tTarbulent
o newl bow deng a5 the rotor 16 moves through the oil bath,

1. Rotor Back Assembly Heat Exporn

As s generally described above, the rodor back sssembly
A conducts et rom the edges of the permanent magnets
34 Facing the shaft axis 22, and gencrotes some heat through
echly currents and bysteresis boss within the mtor back
pasembly X6 itsell. The heat conducted 0 or generted
witham th retor baek assembly 36 may be conductod rdelly
b ventilation chamnels 72, Alermatively, heat conducted to
of generabed within the rotor back asscmbly 36 may be
conducted axially o the SE hent transfer structure TR, the
OSE beal wransfer structuce B0, another beal transfir stroc-
tume, o 1he Fin 70 where best con be conveved 1o the fionced
iluid circwmi T4, The surfsses of ibe rolor back assembly 36
lacing civitics &4, 68 may be siruciuned, fexiured, anodioed
or otherwise treaed 10 enhance the expon of bt from the
rotor 16 o 1he forced Audd circuit 74, stator 32, howsing 12
of sther structure from whenee the heat miy be dissipated
s the emvirament.

The apparars and metheds disclosed herein. meluding
il mal lmated o the ventilalen clasneds 72 heat s fer
struciunes T8, 80 and thermal by conductive rotor cneapsuliom
9 assure that The molor back assembly 36 is relanvely cooler
than ihe permarent magneis 34 duning mobor opemtion, This
semperaiun: grodiced camses et fow from the permsanem
magneds 34 io the oior hack assembly 36 and o of the
mator Usrough he shall 14, foroed Buisd circait 74 and
housing 13 or snother expon peih as described bherein,

E. Shall Hexn Expont

Another path for tnnsmitiing bea awiny from the robor
utilizes ibhe shadi 14. The shadh 14 is firmly commecved io the
rulor back assensbly 36, wsanlly with metsl-o-mensl contact,
Heal rom ibe permaneni magnets M4, rolor bk sssembly
36 or oiber rodor sirocianes aay therefore be conducted 1o
the shaft 14. Hest export through the shafl 14 may be
enhancod by providing the shall 14 with a selavively highly
Best-conductive core 98, or other shafi structure, made of
material aving relatively bgh thermal cosductivity soch .
alusanam of copper, when compand W U suimosndiog
steed shaft mmerial. The shafi 14 conmeets to the body of ihe
equipment beieg diven, for exanple, & B, pump, drive
roller, or material processiog mochine, Thus, ibe dhaf 14,
particularly if it is provided winth a heat comductive cone 98,
can conduct heal to the diven machine, where the hesi nuoy
be dissipaied throagh copvection, conduction or rlEstion,
Saptor Cooling Methads ol Apparntus

Thes primary sources of hent gemeration in the states 32 are
magnetically induced eddy curmrents within the metal core 4
of ihe lecimmagneis 38 amd resisinnee bsses in the winsd-
ings 42, The quantity of bem prochiced in o simior 32 may be
reduced by maximizing ikbe wire gnuge of the windmgs 42
wy maximize slot fill amd reduce AC resistance losses, [n
mckliiiom, reclangalor wire nury be olilized for the windings
42 o increzse skot fill and reduce resisinnoe bosses, Mag-
netically indwced eddy corrents within the sieel chectromag-
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net corvs 44 may be minimized by Sabricaiing cach core
from clecirically isolaied laminations as describad in deail
bado.

Several apparatus amd mebods ane disclosed for conling
an clectric machine siator and dissipoting beat from ihe
mischime. 1 b5 inaporiant e soe bl the siator 33, particu-
lagly in 2 TEMY mechine, i entirely enclosed within the
manchine bowsing 12. Therefore, conling il siator 32 ofien
imvalves hent tmsfer w0 snother mobor sinsciune, for
exnmple the hensing 13, 00 shafi 14, pricr 1 heat dissipaion
fromm the motos 10, In certadn instances, the siawoe ¢ooling
mifiods and apparmivs desenbed herein operole in conjuec-
tizn wilh methods and sppassines For eonling other portions
af the motor 10, eedor 16 endlor howsing 12, The vanious
ihermal management methods and apparnins make be com-
hined in amy fshion, scalel, or pantially implemented 1o
achieve desined thermul monsgement and mschine durnbil-
ity goals

A, Elesiromag et Strciure

As shown in FIGS. 10, 13, and 14, o representative
elecine mochine siafer 32 mohodes a plurbity of checims
magnets 38 mdially positioned oround the shaft axis of the
mschine, forexsmple the maotor DO As best viewed in FERGL
14A. and the exploded view of FIO. 148, the eleciromagneis
M inclode o core 44 of & magnetic metal, ypically o secl
alley. Mognetically indwoed edddy currents can be reduced by
frubmcating the core 44 from o stack of similarly or kleni-
cally =haped and relatively thin laminations 46. The specilic
lnminagion shape shown in FIG. 15 inchsdes o wath porion
100 s @ yoke segnent 102, Wihen multiple laminations 46
are slacked 10 fom on electromagnet core 44 1he oodh
porisees 100 directhy or indirecily supports the windimgs 42
while the yoke sepments 102 provide straciune b the staior
3L, o heat imnsfer pathway o the extenor of the sator 32,
and widitional magretc core miss,

I i3 pecessary o provide elecirical sulstion between
afjecent lamination: 46 b reduce mapoelkally mduced
oibdy curments m the core 4. Therelore, tlse opposing plaser
surfaces of eech laminstin 46 may be costed with a bogoer,
epoxy. plastic, subsiing pamnl paper. or asother diclectre
lawer or coaling b prvide elecimeal insulation between
aljecent Inmdamions 46 when muliple lamissions s
stacked o fabrcate an electmmagnet cone 44, Convenonal
lamanation insulang metheds fesd tooaleo thermally inso-
lage each lammanation aod eesirse the (ow of heatl genermed
wiler within Mk core 44 or within the surreanding windings
4%

The magnethe soel aflovs used for come laminstions 46
tepically have relatively bow thermal conductivite. The
thernsal porformansce of an clestronugmeie cone 44, and thas
the thermaal performanee of @ elocrc mschine, may be
enhanced by coating or oiberwise associaiing 1he magoetic
steel laminations 46 with  material haviog relmively higlser
ibermanl conductiviiy ihan magnet steel. For example, some
partien, of the antirety, of the oxierior suslboes of @ sl
Ineminadion 46 muy be coatol with, plobed wiil, hive depos-
ited upon. or atherwise be associnted with o relatively thin
thermal tramsmission laver 104 of o meial such as nickel,
niekeld silver. copper, nhuminum, grophens or anether mite-
riatl huivieg higher thenmal copdwctivity than the stee] lami-
nadion interior. An elecirical insulation lover 1 may be
ndded over the thermal trnsmission layer 104 o minimize
cddly currenis when the laminadions 46 ane siacked mbo an
opernble configuration, In cenain embodiments ope lover
iy serve hedh s an insulnior and s o ibemmal ranpemission
layer, provided the menerial selecied is o diclectric materinl
and hass grester thenmal conductivity thas the mognetic stecl
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wad for Bminations. For example, various grapbene oddes.
colhl serve s a single laver providing both enhanged
thermal irassmission amd clocirical m=ukbstion.

Chie el of a liyenad lambnation confligarisoen hovig
higher thermal conductivity than a simple msulaed steg
lamination is shown in FIG. 154 1o oihis embodinsent, ihe
ateed] laminaation 46 s contesd first with o themaal (ransmis-
shom bayer 104 hoving higher tlsermal conductivity than the
stee] ol the underlying lamination 46, The thermal trnsmis-
sion lver 104 pury then be cowied or oiheryise aeseginied
with & diclecine insulation kyver 106,

Aliematively, ns shown in FIG, 158, only one planor
surfoce of o laminateon 46 may be coated with or obserwise
insulnled wiih o dickecinc insulotion loyer 16, The oppos-
ing planar surface of said lamEnaticn $8 maw be coaled wilh,
contacted with, bondsd e, ploted with, or olbherwise asaos
cinted with o thermal tensmission layer 104 of & noderial
selected to focilivite hent tonsfer away from (e electio-
magnetic core 44, 1o core 44 is Bhricaied from o plumlity
of lnminations 46, prepared in this fashion, the thenmal
trunsmission laver 104 s pod required 1o provide elecincal
insulntion since the dicleciric insulotion Layer 106 of the
immicilialehy odjscent Bminstion 46 will elecircally meulate
baxth lamnations from ench other, provided each lnmimation
is orienled in the same (shion, as shown on FIG. 151,

The thermal trmnsmission Lyer 104 can be, for example,
o moisl having sigmificnmily higher thermal comductivity
than stee] deposited on the lummabion 46, Representative
metals having hagher thonmal conductivity than  sles]
include, bul ane: ot Hmited o, copper. nickel, gobd, silver, or
alummanam. (hber matenals, for example grophene or graphs
ing axbde, miay be deposited ax o thermal trinsmission yver
1 on a laminalion 46, A combmation of the above mate-
mals mury be useel. Forexample. os shown on FIG, 80, a core
A maxy b Fshricatod with & steck of imermor steef lamina-
tions 46 huving @ dicleciric coming 106 deposited or ofhar-
wise associabed with ope surfoce of a slee] bninaton 48,
which & coated on the opposite sarfoce with o metal 104q,
lorexample nickel silves, whach is subsequently coated with
a graphese Byer 1044, As this patiens repeats itselll through
the stsck, each laminalioa 36 15 insuloted rom adjace
laminations, vel each lmanation i2 also i contbe with one
ar mone thermally condeaive ransmission Layers 10d pro-
viding for hasit export from the cone 44,

Thee staekod banviroiions 46 forming ibe electromagnetic
core 44 muss be beld togetber durieg assembly amd cperation
and insuloted from i windiegs 43, Conventionnl lectmo-
magnedie cores are ofien held jogether by glue, laequer,
screws, bols, pins, crimped sorfbees ciber Dnsteners,
witldid podnes of other meors. |nsulation may be provided by
the gl or laeguoer, o supplemeital structue sich as tpe oF
paper. or merely with ibe winding imsukstion. The diselosed
cithodiments could be bmplemontad with any one of ihe
Toregoing assembly and insulation fechniquoes. Aliemnatively,
as ghown in FIG. 14, ihe stack of laminaticns 46, ol any
lymiapticn coatings 184, 106 can be tighily compressed
wgether ino o core 44 having superior thermal propenies
with a dicleciric bobbin 108 sumoundieg the wp, batiom,
perd siides of the teoth partien 100 of each baminstion 46 in
the: cope M. The dielectrie bobhin 108 may be fabricated, by
injecizon molding for example, from o plasiic, nylon or
similar material. The miliestbon of n bobhin 108 25 & means
of compressing the limmation faces together [moiliiotes the
use of thermal transmission bvers 104 which might be
compromised by the use of aliemative lamination astiach-
men! methaids inchiding but not lmited o gloe or ncguer
between each baminstion Bce, bolls or scrows through



US 10,256,700 B1

19
aljecent luminations. welded joiss posivioned alomg one or
e sides of the lamination sack, neechanical erimp con-
metions between laminationz, notelss or oiber (ismorng
ittt bicds.

Specifically, the bebhin 108 asunes constum, evenly
distributed pressure seross (b dooth portion 108 of coch
lnminagion $6 in an ¢lectrmmagnetic core 44, Evenly dis-
tributed pressure minsmizes gaps bevween laminations 46 or
layers 104, 106 and therefore eilimies bent imnsfer from
each lamination 446 1o any associoted thermal iransnyission
layer 104, In addition. using a bobkin 108 1w compress the
laminadions 46 apd nssociated lyers 104, 106 imio o cone 43
avnicks the possibility of a bolt, screw, crimp, wekl of ciber
miechanicol fastener cousing o short cincudt belwoeen one o
e lnminations 44 and therehy compromising the electr-
nmgnetic propertics of the core 44, In cenain embodiments,
the hohbin 108 is the only stnschune helding sdiscent lomi-
nations together,

As aleo shewn in FHG. 14, the hobbin 108 supports fhe
windings 42, Certain portions of the windings 42 extend
tbrongh the slol betwern mdjacent clecimmagnelic cones 44
Cher portions of the winding 42 are end turns 109 bridging
miljncent skods, somoss cach elecironingnciic core 44

As shown in FIG. 14, the voke segment 102 of cach
lnminaticn may be Ermed into opposing make and female
dovetail, oengoe wed groove, or other maling struciunes, 110
and 102 respectively. Thus, when o series of clectimmesgnots
A¥ ane asembled i0lo o skalor, as best showon e FIGE 13,
adfjocent moke and female wngue U0 and groove 112
srmctunes  provide mochamcl suppord 0 the stabor 32
Furthermore, the tapered s » of each tooth 1, bobban
108 snd wimifing 42 create o concenirted wanding ool that
tapers B the shape of the abot, proveding for high skt s,
Fligh sbat fill resulis i o reduction in electrical resistanoe and
bemce lower bosses and meduced Bl production,

B, SmtorTloming Interfice

The stacked, owtwandly ficmg surfaces of a plumaliy of
yoki segments 102, defines an extervor surface 114 of the
sholor AL As shown o FHG 13, the exlenor slabor surfsce
114 fis closely within the perimcter postion 54 of the
hoisiag 12, Heal can ow withan each core 44 1o 1be exlerior
stinbor suirBace 114, parvicaladly i ihermal iransenrssion kyers
I are provided om or between e laminosons 46 as
deseribed above, The tmmsfer ol heat from i exerior stlor
suriince 104 o e perimeter portsen 5 ol e housing 12,
and subsoquenily & e outssle eaviroament, may be feili-
iatied by providing @ themally conductive lubrieant berween
e exterior staos sarface 114 and an imlenor susface 116 of
the perimeter portion 54 of the housing 12, Bepresentative
thermally conductive lubricants inelode But are no Hinied
o theral grease, gropheme, of Boron aibde powden,

Onverall maching robusiness and themmal perfomance is
also funher cobhanced by carefully coupling the stator 33 10
ibe howsing 12, For example. as shown in FIGS, 12, 13 and
16, one or neeee of the end plates 56, 58 may define o lip sad
shoulder structure on ihe end plaic 56, 54 that coniacis the
yoke scgment 102, The lipshoukler strociare 120 engages
the woke porioa 102 of cach ¢ e ocore 44
sommewhit aony from e balance of the end plae 56, 58
This, the lip'shoulder strocture 120 creabes o pocket in the
end plaie providing clearmnce Tor the end wms 100 of
windings 42, The height of the lip/'shoulder sinactee 120
{marked as (b) on FIG. 16}, nuay be seledied o reduce ihe
distnnce from the end tums 109 &0 the end plale 56, 28
fncilitniing hewi irmnsfer, As described in deinil below, ihe
remmining gap nuay ke filled with o themaally conductive
encapsulont or otber structure or materiol o Gcilitale heat

10

13

2

X5

L]

B

20
transier. [naddivicn. te beight b ol the hp'shoalder seruenure
120 can b incressed a5 poaded w0 minimize the formstion of
magmetically ahosed any curremis o the cnd plaic 56, 58

Adldizionad machine robustness may be enhansad by pro-
vidling selocied eheciromagne cors 44 with an engagemcin
strsciure 132 ot of in, the exterior surfsce 114, | Te housdng
12 may Eneluds n maaling engngement strociine 134 opposite
the eogagement strsctene 122, The engogenent sinsetunes
122 and 024 mury Be oy shape or sire configueed o
mechanieally mate the exierior sarfaee 114 of ihe siagor 32
with the ineerior surfece 116 of the housing 13, and thenefore
preseni iR of other movement of ibe saior 32 wihen
under load, The specifis embodiment of eagagement stre-
fumess 122, 124 illustrabed in FIG. 1N includes o roupdied slod
formed im the electromagnet cone 44 and a corresponding
roumded slot formed in the perimeter portion 34 of the
howsing 12, Each sl maoy be engnged with o pin o meet the
stater 32 1o the housing 13, Additieanl robustness is pro-
vided by tightly fitting the exierior surface 114 of the stnior
3230 the imerior surfiee 116 of the housing 12 s harden the
case and profect the eleciromognets 38 from mmpact, vibms
tion., or oiber forees,

. Btatar FEncapsulation and Stabilmtion

Aulditicinal thermal transfer frvm porons of the stalor 32
or other mnchinge stnsctunes and enbumoed stntor robostness
may be provided with themmally concdsctinve sialor encapsu-
lants, tsermal eransmission structures, oF pofling materials.
For example, corain anbodimenls may nclude o themally
conductive stufor encapsulam 96 encapsulating much of the
stator struciure, 1 e particular conbodimen of FIG. 10, the
thermally conductive stalor encapsulant % encapsulaies the
enlirety of the clectromagnet assembloes 28, But for the
exlerior stalor surface 114 amd the mside Gees 126 of some
ar all of the magnetic cores &4 Facing the air gap. Addition-
ally, the thermally conductive ator encapsulant B derectly
contacts one or bolh housing emd plates 56, 58 or other
hoasing structure, provading a direct thermal pathiway from
the stator 32 80 e bowsing 13,

Alemative stnchines niay be used m bea of or 1@ oome
bimation with (ull o parial steoe encapsulstion. These
allemalive structires ane within the scope of thas diselossire.
For cxamgbe, (hemsal trnsfer from il stalor may be pio-
vided by a separate thermal contact simetare, for exansphe
thermally conductive, compressible or conformakble solid
material placad into coniset with some porison of s siaor
A2 amil e housing 12, or placed betvecn a pomtion of the
alator encapsialas 96 and the housing 12, A thermal coniac
straciine coulld ke snbsianizally solid, of have a oy -comb
strciure, wive washer sireciure, o the like, A thenmal
caitaet structure could be Cibscated of o thermally condoe-
tive fell. foam. ietal, comed metal. conformable apoxy,
composite, for example a silicon bosed pad with aluming
Tillew, or ary other suiiable themmally conductive compound,
maderial, or combimdion of matennls,

In emsbosliments where gaps between the stator 12 aped
hoasing 12 are parinlly or suhsiandialby filled with o sinior
encapsulant 36, for example, in embodiments where the
stater encapsulant % substamially fills & perimeter portion
of the housiog 12, stnecharal Benefits bevond themmal man-
agement are providad. Encapsulntion of the ¢leetromoagnets
A8 in @ sitmior encopsalani 96 physicolly prevenis contami-
oition of the electromagnets 38 by modsture or paricolse
mafier, Such ceatamination con cause insulation degradation
and eventually cause shoris between adjpcent wires, Fur-
thermone, & dickectnie cpcapsulant %8 provides ncrensed
predection against mamufncturing defiects in the wine insu-
Intion, Thus the encopsuliol 96 can provide redumsdom
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protection agains wire-to-wine shons, supplementing il
imsalakion om the windings 42 In cerom embodiments, 1he
cicapsulant ¥ alse encspsulates the coll phase electrieal
connections, whach gives additional proteclon aganst
phase-to-phase shors snd mosufacturing imperiections in
the wine or elecincal junclions.

The encapsalant 96 also reduces wire vibsation within i
stalor 32, Yibmleon can reduce the iotegnty asd hile of the
windings 42, Therfore, stalor encapsulant M provides for
enhanced thermal manogensent and enhanced mochine
rebusingess, Winous sensors 85, inchoding without limiingion,
oo o mone heat and vibrution sensors, may be enbedded
imio the staicr encopsylomt 9% o that any inceeose in hent
buiklup or increase i stater o rolor vibrsllon G be
detocted, The sensors 88 may be wired, wirelese, Internet of
Things (kT or ather vaneties of moaitonng semson or
semsnrs of ancther appropriste type. Moniloring elecinic
machine operation through one of maone sensors allows for
ihe remole defection of any deferiomtion in machine per-
Pormance, aimd for precinplive mcasunes o be aken.

In one enbodiment, the stator encopsulnm S inclxdes a
relatively g extersor podlion surroundieg e owverall
stplor strociure snd contacting the housing a8 described
baedoav. As shown n FIGE 10 hoeeser, there is refatively bile
rwm betweem the wimdings 42 of adjscent eleciromag s
M, so it con be advantageots 1o pad inkerior poetions of the
stilor 3 with a relaively Buid imersor polting naterial. As
deseribed in detnil below, amy type of slator encapsuling 96,
hawing any suitahle consistemcy, con be wrented 1w have
enfunced thermal condsctivity promaoting the export of heal
Eron L slator 32 bo the bowseag 12

As noted pbove, the housing of FIGS, 1-2 and &-13
inclodes o perimeter portion 54 surmanding tbe stalor 32
Hent tramsfer from the siator 32 o the housing 12 may be
Foeilizaned by physically comtacting the statar eincapsulant 96
wath one o boih of the cnd plaies 56 and 58, In ihe specific
cimbodament of FIG. B, the stator cocepsulsal 36 contacis the
entirety of an anmular interior susface of each end plate 56
and 5%,

The housing 12 might include a scpamie perimeter por-
i3 Sab, @ separate (kst end plave 56, and & seporase second
and plate 58 thal are booded tiggeiber to form a bonsing 12,
It is important to oote owever, that the boming eoold ke
fortiad acconding to allermative methods. For examphe, m an
alsermative ombodiment the poerimetsr pomion 54 and o
cind plate 56, 58 may be cast, machined of otherwise formed
as @ single part. Thus, in sonwe enshodiments, an end plote
and the perimeter poaion may Be & unified strocruee. (6 suels
ai e bodipent. e stator cocapsiknt 96 may be in dnect
or indirect thermal compet with an el plate region of e
unified housing simacmne,

In the comfigurntion illosirmied in FIG, 11, ibe stvior
encapsulam 26 and the inside faces 126 of cemain ¢hectre-
magnet cores 44 defme o substanbinlly evlmdnicol inberior
stubar surface 128 focing the air gap 40 with each end of the
imterior stator surfoce 128 heing bousded by central porticns
il thee first ol second end plates 56 and 58 Collectively, the
end plaies and intericr stator surface 128 define o closed
cylimlncal meior covigy 60, In cerimin embodiments, ihe
msor 10 includes minimal voids, noi filled with the staior
cncapsulant 3 botween any stuior structure and the housing.

Thus, the stator encapsalant %46, nbomng with any thermally
copdduciive fubricnmt in cominet wiih the extenior surlnge of
the stator 114 and imlerior surfbee of the perimeter portien of
the housing 116, comse potentinlly all surfices of (he stior
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32 exeepd for the interior stater surfoce 128 o the air gap 49,
g b in direen thermal conaet with ane o mwoee ponions of
e Boasang 12,

Thise ehernal comdisetbviny ol 1he staior encapsulant 96 sy
be cnhaneed by including specific muiemials wiaihin the
encapsulant  matrix. These materinls may be inclodad
whether the encapsulant is a substantially rgid exeror
encapsulant o o relsively Audd interior potting material. For
exnmple, the stmor encopsulim ™ may be n dielectric
maderial applied in o liquid siate 1o Al subsantially all voids
onside of the roaor covity 840, In ceraln embodiments,
madcriad applicd ns o liguad will fally or pariially herdened
inge o mare oF kess Fighd slaor ecapsulant #6. Represetn-
five diclecine maierials suitable For thenmally enhancing o
stator encapsolation material include, hal ore pot Bmised 1o
suspenided porticles of boron pitride, silicon cnebide, silica,
aluminum axide, aluminum, copper, ancther metal, npother
metn| oxide, cermmic, graphene snd the like, The themal
conductivity of ihe encopsuloni 96 may [uriber be enhanced
ifl the suspended pasticles are spherical, hove mdinlly ori-
emiexd fibers ow hove anolber shape or eoentobion designed o
facilimse thermal conductivity.

Alfermafively, m e of or m comjanction wilh the vse of
suspenided particles, lorger scaled sinactares muny ke nssoci=
med with the stotor encapsulant 96 te enhasce encupsulam
thermal conductivity. For example, o solel part, such as o
meztnl or cernmic ring, with hig]m'ﬂ'mn.lmn:h.l-:liv'lfﬂun
the encapsulaml, can be embedded 16 the encapsulant ©
crate a composile body that has ligher themual comductivity
than 1he encapsulam by fself.

As noled above, the meorsfacing electromagnetic core
faces 126 and an inside surfsce of the staior ercapsulant ‘96
ane exposed o the air gap $0. These stroctures along with the
end plates 56, 58 deline the enclosed notor cavity 68, F e
trmsparted from the gator 32 10 the roter cavity 60 s nol
vl been exponted from the meschine. Furthemmiere, the
machine nolor Ve operaies withim the rotor cinaty &0 adding
acklaiomal eatl 1o this space. Heal may be ransfomed rom
the motior Cavaly &0 throagh the housing end platkes 56, 58 o
the external eovaroamsent. Heat trnsler (ron the mobor casity
60 o the el plates may be Facilitaled by Ishreating or
coitaciing e central pegiom of ome o Both end plale: 56, 53
with one or more heal transfior sinsctures expending e the
nulor Ciavily bl

For example. as illesarated i FIGS, 2, 8 and 10-13, the
coniral portson of cach cnd plate 56, 58 may be in woninal
contact with o beai transfer stroctore, 82 and 84 respoctively,
The contbguration of heat 1ramfee sirsciunes 82 amd 84 are
represeniative exanples of sy number of (vpes of configu-
rations of e mansfer strscture that can ke mounted 1o,
formed i, or olieraise thomsally comtacied with an ol
plate S, 58 In cach cose, & heot imnsfer struciure 83 or &4
contacts the and plate on ooe side and extends into te roor
canvity &l on the oppoesite side,

A bt drnmsfer structun: 82 or 84 may be frmed having.
a member of pins, fims, combination pin'fins 86 or other
strgctunes designed to incnease surface aren ol promote
heat weansfer. The pin s 86 cotend away froa e end plate
Sév, &F nnd inlo the rotor cavity 840, The imlesior surfsce of o
bt tenpsfer stoctare 83 or 84 may also be poughened o
incresse surioce anen of ireated, for example with hibck
amedization i facilitaie hent imnsier. In addition, the e
iransfer structune 82 or B4 may he fabncated from o maieral
such ns copper or aluminem with high thermal conductivigy,
The heat irnsfer sinsciure 82 or 84 may ke bonded o the
endl plate 56, 58 or other housing stinaciure using hea
trnnsfer paste or another method Facilitating e fective hest
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iransfer. Bach of the bea tmansfer sirmiures B2, 84 is
ilnstried as beang swhsontially anoular, boseever otber
shopes o conflguratiens are withis the scope of s
iisclosure.
Heas Export from e Housing

Thermaal expont Brom the housing 12 10 the outssde envie
ronimenl may be anhanced by providing ihe housing widls
Feet 18 or anotber structune facilitaling hosit transter from the
housing to @ building foer, building wall, mousiing beackes,
machine part, or oller exiemal sirociore © whach ihe molor
10 is sitnched, Thermal export through the feet 18 mav be
enbuneed by Erbeicaming the foel froms a materil boving high
thermial conshuctivity, for example pluminam, sopper, ther-
mally rnsmissive composiies amd b bke. In adion, the
imterfnce 130 hetween the fect 18 and extemal strochare may
be contacied with or coated with o matemal ke enhance the
comduction of hent encrgy froms the foet 18 o the externl
sarietuine. For examiple. tse imterfaee 120 may be comted with
o bl fransfer puste of ather matenial baving higher thermnl
comfuelivily than the fecr 18, copper Tor cxample.

Adduional hent expont from the bowsing may be foeili-
infisd by provading extencr pordions of the honsgg 12 with
fins; pins, or other bea tmnsifer sinaciunes. Portions of 1he
howsing, 12 may be roughened 1o incrense surfice e or
reated. for example wilth block anodication or thermally
comdoctive paint 1o fciliesie bem wronsfer. In sddition, the
howing 12 ooy be [brecaled [rom & mafenial swoch os
alumiouen with relatively bigh thermal conductivity.

Flest Export from the Siator Throagh the Shall

As poted above, one path for tnsnifing heat asay nem
b rodor 16 ufilizes the dhafl 14, In sddition, hoal condiscted
From lbe stator X2 0 the howsing end plabes 54, 56, or ofluer
matar slnsciures may be oomdocted o the shait 14, Hen
cxpont Urowgly the shadt 14 may be enhanced by providing
the shafl 14 wilth a thermally comdoctive core 98, or other
shall siruclure, musde of a mabenal havimg o relatively high
thermal comductivity such as alumimam or copper. The shaft
14 conmects b the body of the equiposent it is driving, for
cxample. o fan, pumgp. deve noller, o material processmg
mnchine. This, the shafl 14, pasticularly if o s provided
with & thermally comdisctive cone ', can conduet Beal 1o 1l
draven equipment, where the beat may be dissipatod throwgh
coavection, comduction or mbation,

Furthermore, the shafi 14 is supponed by bearings 14, 16
supported in bewing Manges 28, 30, Heal tramsfer lron the
hovsing 12 b the shall 14 may be fciliaded by mmpbonsni-
ing porbons of one of mone of 1he bearings 24, 26 andior
bearing Manges 3, 30 with material having relotively high
thermal comduetivity, for cxsmple copper oF aluminum. in
one spocille embodiment, the bearngs 24, 16 mclude boar-
ing seals 133, 134 tabricaied from copper w0 fociliiase heat
iransfer from the Bousing 13 10 the shaft 14, The bearng
flange 28, 30 nay alse be (abncated from copper oF aneiher
iaterial with selatively high thernaal transmissivity, In pddi-
isen, the thermally conchectine core 98 may extend Exiemlly
to oF meir 1lse shoft surfbee in the region where the shafi 14
comtaets bearings 24 and'or 26 or bexrig seals 132, 134,

In certain embodimeents, the perimetsr pomion of e
hacnsiing &4, Firet snd place 56 and second and plate 58 may
be co-fobricated, welded wogeiber, or olberwise Bhricated 1o
prevent entey inde the housing. Therefore, the bearing
fanges I8, 30, or anoiber housing struciure may suppord
benrings 24, 2 implemented bepring canridpes that are
replacenbie from owside ihe housing. This, ke bearngs 24,
2, which ane subject te nccelerated mechanical wear com-
pared b other mowing parts of o nsotor 10, may be reploced

10

13

2

X5

L]

B

24
withoun sceessing tse interior portiens of the housing 12,
thas enhancing overall mochine robusiness,
Micahods

Alsermative embodimsents mebude, but are mot Himived 1o,
misthesds of conling an clectric machane robos, mwibaods of
cording an clectrie machine staior, methods of eoolisg an
clecrie machine, methods of fabricating an electric machine
or parts of an elecide maching, nsetbods of stabilizing =
electne machine, and methods of abricating sn chectromag-
net for on efociric machine, Various methods will be appar-
cni 1o those of skill in the an based eniirely upon the
apparifus dischosod berein,

Representative melbods include » methed of conling o
rodor 16 or coling an clectnie mochine 10 baving o polor 16
prl @ staior 33, The method inclodes cousing the roder 16 o
mlur,ruilhrﬁpnﬂ te1 thie stator 32 1o drive an intemal Fan 78,
The intesnal fam 7O causes o ok, for example oir or on s
s 0l misture, te be circaluted in @ ffoid circain 74 between
a first cavily 64 apd secomd covily 68 adjacent the redor 16
i cont] ke oo 16, Heast imnsferred b the fud circuii T4
may subsequently be imnsierred Bo ibe machine howsimg 12
ol then tmnsferred from the mochine 10,

Anaither representstivie envhodinsent i o nsethod of conls
ing o snlor 32 or clectne machine 1@ by placing a stotor
encapsulant 26 imo thermal contnct with the slor X2 and o
machine bousing region 12, for example o first end plate 56
or seeond end plate S5, The thermaasl conductivity of the
skator cicapailant 96 may be enhanced by ming on addi-
tive wilh the encapsulanl %6 1o incrense thermal conduciv:
iy Thiss, et pemoratod i the staker 32 naay be conducted
from the stator 32 through the encopsulant %6 to the houging
12

Analher represemtalive embodiment is o method of fab-
mcaling o stator A2 or electric machine 10 having o plurality
of elecimomagniets 3 with cleciromagne cores 44. A phu-
radity of the electromasgmest cores &4 may be Tomed
inchicke a stack of laminalsas 46 delining a woalth portion
1M gl @ yoke segnwent D102, Each yoke scgment nasy
larther define a fongoe stricture 110 and an opposing groove
straciune 112, The ehoctromagnets 38 nun ke ssenrhbad b
a stator 32 b islin g Uhe borgise striciane 110 and die groove
strwcine 112 of cach electromagaet 38 wilh the comespond-
ing tongue siructene 110 and ihe groove somoctaee 112 of
adjscenl clectmomagnets 3 Ader the eloctromagnets are
thus aszembled. the sator 32 may ke encapsalasod wiik o
Uermally comductive eocapsibant 96,

Aqaiher represeniative eebodimen 2 o meibod of sio-
biliAng an clectric machine 10, The method ipclades staki-
lizing the mowre 16 with o thermully conductive dielectric
folor eseapsulant 90 in contael with adiscent permancy
magnets A and dabilizing the sistes 32 with o thenmally
conduetive dicfociric smior encapsalami 96 in coniacy with
sl jacenl electromagocts 3%,

Various mosdifecatbons ond slitions can be mode o the
cimbodiments discossel withom departing feom ihe seope of
the imvestion. For exsmple, while the embodiments
dleseribed above reler i particular features, the scope of this
invention also includes embodiments havirg dilferent com-
bimntion of feanares nad embodimets that do ot include ol
of the ahove described Featunes,

Moreover, while the procedenes of the methods npd
processes deseribed henein ore described inon pamticuler onder
for ease of descnpion, unless the combexi dicinies otheraise,
varicns procedures may be reordened, addad, snd'er omitted
in peeordance with various embodimesis. Moreover, the
procedures descrbed with respect i one methaod or process
may he ipcorpomited within olber descnibed methods or
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progesses; Hkewise, sysien compenents deseribod socord-
img 1o o particubar structum] anchilectune and‘or wilh respect
o one syaem may be orgonized in alvesnative stroctuel
archalectures and'or incwpemted withan other described
systems. Hemoe, while variows embadiments are described
wilh-or willkun- - certxin featores for emse of desonplion
ad W illusinie exemplary sspects of those embodiments,
the vanous components asdior Tsfunes desenbed Berein
wilh respect 1o @ pankcular embodiment can ke substifuted,
mided andior sublracied from among  olher described
embodiments, wnless the comext dictaies otherwise. Conse-
quently, abtbough severnl exemplary  embislimens  are
deseribed above, it will be pppreciated thot the inveniton is
inbenided o cover all paodifications wxl equavalents winlin
the scope of the following clokms.

What is claimead is:
I. An elecine machine comprising:
0 W Conaprising;

a shafl defining a lemgthswise shall oxis;

a rodor back pssembly surrounding a portion of the
shafl;

a prurality of pemanent mognets mdually positoned
arpand the mtor buck pssembly; nnd

o first theemually conductive dielecine encapsulant sub-
standinlly filling e gap Between two ndjpoent per-
manen] magnets and beng in themal contscl wilh
the e adjscen] pemanen] magnels;

a1 stalor comprising;

o pluradity ol elecromagnets rxlially positioned aroend
the rotor and separated from an exterior surfsoe of
the motor by a magnetic o gaps ansd

a second thermially conductive dielectric ercapsulsnt in
contact with adpscent electromagnets; and

a housing supporting the motor amsl sator.
L The elecine machine of claam 1 whersin the housing
comprises a totally enclosed pea-ventilated (TENY) hous-

g

3 The electrie machine of c¢lamm 1. wherein the st
thentally conductive deelectne encapsulanl is m comoet
with the mior baek amsembly between the two adisoml
TR AR,

4. Thee ebectre maschine of claim ¥ wheren the rosor hack
aszembly defises an anchoring surface betwoen the sdpceni
permanenl magnets and whenan tbe G e mally coilo:-
i dichectric cocapsalan s in contact with e achbormng
suirface,

& The edeciric muchine of claim 4 wherein the snchoring
surface conprises 4 groove Famned in the rotor Back sssem-
bly Between the sdiscen! pormssnc magnets,

. The eleviric machine of claim 1 furiber comprising a
prestressed retainer bomd surrousding s caward fee of
cach of the plumlity of permoneni mogneis eing the air

fag

T. The eleciree machine of claim | whersin o mdiol
thickness dimensicn of each of the plumliny of pemmanent
magnets, measured along & rsdial loe extending eodinlly
ourwand from the shaft axis is & tines or greater (kan the
wiidth of the masgeetic air gap menseed along the radial line:

& The clectnic machine of claim 1 wherein ai keast one of
the fiest thermally conductive dielecimic encapsullant nnd the
second thenmally conductive diclecine encapsulant ¢oans-
prices a polymer and @n additive 10 incresse the thermanl
cominciivity of the polymer,

% The electric machine of <laim 1 whensin the scoond
thermally conductive diclectric encapsulond comprises a
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polymer and o beal imssfer clemem embedded in ihe
piolymer hoving higher thenmal condoetivily than the pokys
et

10, The electric machine of claim 1 wherein the secand
thenmally conductive diclecinic encapsulant B in contas
with the bonsing.

11, The clecire machine of ¢lobm 10 wherein the socomd
thermadly conductive encapsulant subsantally 1ils o perime
cier portion of the hmasing,

12, The eecine machione of claim 1 further comprisiog
o of more sensors embedded in the socond thenmally
coneluctive dselectric encapszulant,

1.3, The electrie maching of ¢hxim 1 fusther comprising o
b sensor and a vibrotion sesar envhedded in the secomd
thermally comductive diclociric encopsulnm.

14, The electrie machine of clam 1 fudber comprizig:

ui first hearing in conmen with the housing supponing the

rulor; and

o second beanng in conieci with the housing supparting

an opposite and of the rotor, wherein the first birineg
nnd the secand bearing are removible from an exteror
surlace of e housing sdthoul openang e hotising.

15 A method of stobalizing an checine mochine comprss
ing:

providing oo electric mochine comprising:

& ol eomprising.

a shall defining o kengih-wise shafl axis:

o motor back asscmbly surroending o pemion of the
shadb; amd

i pluralicy of permanent negnets mdially positboned
aronind the rolor back assensbhiy: and

& Flabid compasing;

a plumlity of clectromagnets rxlially  positsned
arouml the mwtor and sepamied from an exteror
surfice of the motor by o magnetic air gop:

supporing the strior and ibe robor with o housing;

slabilizng the mdor by providing o lest thermally con-
cuctive digleciric encapsulant substantiolly filling the
gap between two mjacent pormanent magnets el
heing in thermaal contact with the two adjncent perma-
ol magnets; aed

stabilizing the sator by providing a secomd thonmally
cuneduetive diclecine mmeapsulant in coniset with sdja-
ceril elocironsgees,

16, The method of claim 15 furber comprizing onebosing
the mace ad ststor in oo tetally enclosed mom-ventilanad
(TENY) hivusing.

17, The method of elaim 15, fundier comprising oonbea-
g the first tvermmal by conductive dieloctre encapsulam with
the rotor back assembly berecen the wo adjscent penmanei
ALgnets.

18, The method of claim 17 further comprising:
providing the robor hack assembly with an aechoring.
surfice between the ndjpcend permanent magnets; e
anaching the firs thermuilly conductive daclectric encap-
sulamt to the surface,
i9. The methed of claim 18 wherein the anchoring surfice
comprises & greove fomeed in ihe lul:-:-r hack sssembily
beiween the ndjacent permanen

2. The method of claim 15 ﬁwﬂmmmmum s o
g an oubward face of each of the plumlbity of permancm
magnets Mcing the sir gap with o prestressed retniner hand.

21, The methed of clyim 18 further compaisaing providing
the pormanent magnets with a radial thickness dimension
messured adong o rodinl liee extending rdially outwird
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froan: the shafi axis, which radial thickoess is ai least 8 times
greater than the widih of the mageetic air gap measured
along ithe radial liose,

22, The methsd of cluim 15 wheran o heast one of il
first ilormally combhsctive diclectric encapsalani and ihe
sevond thermally conductive cocapsulant comprizes a poly-
mier anel o heat wransfer clement embedded i the polymer
hawing higher thermal condisctivity then the polymer.

23, The msethod of claim 15 fanber comprising conlscting
ihe secomd thesmally eondugtive dicleciric encapsulasi with
ik howsing

24, The meibod of claim 23 Further comprising swhsinn-
tinlly filling a perimeter poriea of ke housing with the
secand ihernanlly conductive encapsulong.

2E, The methodd of ¢lnim 18 funher comprising envhed-
iling oo or mone sensors in the second thermalby coniductive
dielectric enenpsulant,

26, The method of clnim 25 funher comprising embed-
ding n hent senseq and o wvibration sensor m the second
thermally conductive diclectric cncapsulant,

27. The methed of claim 15 farber comprising:

providing & first bearing in cominct with the bousing

supporfing Lhe rolor;

provishing o second bearing in conloct with e bousing

supporting an opposite el of the msor, wherein the
first bearing and the second benning are removable fram
am exterior surface of the housing withom opening the
himsing,.

o
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ELECTRIC MACHINE STATOR COOEING
SYSTEMS AND METINDS

CROGS-REFERENCES TO RELATEDR
APPLICATIONS

Thiz application Is & davisional of LS, application Ser
Mo, 15ET0472 fled on Jan. 12, 2018, entited “Blsctric
Machine Siawor Cooling Svstens and Methods”, which
cloins prioricy to LLS, Fatent Application Ser. Mo, 610570,
441, emitled; “Permanet Magnet Motor with Tessed Bffi-
clency Beyond Ulhira-Prembam/ 1133 Levels,” filed Oer. 10,
207, the coment of which opplication is incorpeeated henein
in it entircty For all purposes.

COMYRIGHT STATEMENT

A particn of the disclesure of this patent docusment
conlmns mubenal 1hat is subject o copynght prolection. The
copryright owner has no objection o the fesimile neproduc-
iven by anyene of ihe poient documesi o the patent disclo-
sure as it appears in the Patent and Trdemark Office pabent
file o records, but oherwise reserves all copyright righll
whnl=oever.

FIELI

The presemt disclosure relates, in peneral. 1o melbods,
sysienns, and apparatus for copling the stabor of an eledne
nazschine, for example an electric molor o electric generilor.
Thie preses disclosure relabes more specilically B e cool-

ing of the stalor of o permanent magoel () ebecine
mmchane.

BACKGROUNLY

Elecine muachanes employed in commercaal and induastnal
applications are olben rgquinsd 1o operate a8 1000 of i
applicable power raiog over swhat is bypacally o GOk b
serviee Bife. Therefore, a molor of other electrie maclime
etmploved in 8 commercial or indusna selling mist be bol
reliabde and versatibe, Machine relinbality and lifespan can bo
compromised by many Betors inchoding but not Bmised o:
1 ) high temperatune operation resulikng in themslly mduced
component Bailures, 2) vibraison, leat, fiction unhabaneed
operalin, eolammation, insdeguate materal selection of
ol conses of mechamcally indeeed compoment Failene, of
3 dicleatae Gailure resaltieg in clocircal short cincults oF
openy cireuils cansed By best, inadequate material selection
of Olher CAlsEs.

Flecirie mnchimes are often provided with a mechamenl
eonling svsiem, for example o fan plues o cow ling configured
io direct air over cooling fss cost imo the machine housing
Many soch deviees are classified o5 fotally enclosad fan
eooled [TEFRC) devices, TEFC motors suffer from mborent
ineflicency since n porizoa of the inla] power ouipad by the
g mast tam the cooling fon, and iherefore is annvailshle
for owpot, For example, a TEFC motor atiached o a
comvewsr belt must opemte bith the cooling o and e
eomvewor hell, therefore the porion of the motor owtpat
respmired ia fum the @ is ned pvailable ot the convevor bedic
The fan pndd cowling apparstes of o TEFRC machine is pronse
io damage, and presenis a snfely nsk io a fypical indusirial
setting, Fusthenmore, since o TEFC machine drives a conling
fan with one side of the medor shall, ©f & impossible o
difficult o sach twa downsircam machines o a single
TEFC mntor.

10

13

X5

L]

B

2

Conventional cloctie mochines are masde robust amd
durable vsually by mmplementing the mochioes with karge
sl vy components. The larger and heavier eompoiseals.
meguared 1o promue stable long-lerm opertion can ipomeee
machine cosi amd weight,

Onher clectric machines, having directly vemalated amd
therefore partinlly open bowsings io promode conling, can
auffer from moistare amd particulate matier compmination
which in fum ean ciuse mechanieal componen degradation
and wire imsolaticn or electric junction degradation ad
premature Bilure, Totslly enclosed nonventibsted (TEMNY)
elecinie machings present unigue conling challenges since
TENY deviees lack direct vemtilotion of an exiemal fan
movang mir over exiemal cooling fins,

The embodinents disclosed berein are desigreed 10 mini-
mize one o more of the nbove problems,

SUMMARY

Embodiments disclosed hercin inchade electric machine
conding apparatus and methods. Ciber embodiments inotsde
elements imparting enhanced rebustness and darability 10
glecine mochine. As osed hereny the clas of deveces
refennsd 1o as clecine machines inclmsdes hoth electric gen-
cmtons ond electric motors. Certnin emvbodimeents desoribed
herein are pemuanenl moagnet molors having o medaal o
conligumtion. Many of the disclosed methods and apperates
are olso apphcable 1o mmsfer heal or mpaid robusines ©
axial (o machines. ransler lux machines, and lincar
machines. Ceram methods and apparstes may be apphicable
Wy oon-mkaling loague molors, s fomens, or inductons.
Although mamy. specific embodiments ane illustimbed with
respecd B permanen! magnel motors, the disclosare and
cluims ane nid [imited toany specilic apparatos configurbion
aned are applicable w any tvpe of elecine machine.

Certain embodimems dischosed herein inctude an electng-
magied having o stack of laminatzns defining o looth and o
yvoke scpmenl, and an issulating bobbim susmousding o
poction of the looth of each Bnrisston, such that esch
lamination i held sgainsd sdiscent liminations by 1he bob-
bin. The doclosed electromagnets alse have clecneally
conduetive windings surrounding a poroa of the bobbin;
anil an ewcapsulant fully encapsulating 1w bobbin anmd
windings, whenein Use oncopsuslon comprises a delectrc
mnaveriad and an scklsiivie i inervase the (bernal conduetiviiy
of the crcapsulail.

Iin g embodimeni s, the dicecirs malerial compass o
podymer and (e additive comprises one or more of Boron
nitride, silion carbide, silicon:; sluminam powder, copper
posvdier, metal oxide, eorambe, amd graplene,

I soite cmbodiments, [nlividual lambnations 1 the stk
of lamimtions may include opposing fisst and second planar
cem, with cne [ace being in thermal contect with a e
iransfer Lyer, Individual lnminaticns in the stack of Lami-
autiens may farber be in physical conspet with 8 diclectric
layer, opposite ibe heot tramsfer layer,

Chber embodiments inclisde & method of fbsicaring an
clectiomagect or stsor having & plusality of clectromagnets.
o described pbove, In seme embediments., each yoke seg-
ment defined by p sinck of leminstions further defines o
wmgue simeciare and on opposing greove structure. A plu-
mlity of electromagnets moy be pssembled into p sintor by
mading fhe fongue stnactane and the groove stimoctare of exch
electronugret with the cornesponding toapoe structure and
the groswe sinschare of adjpeend dlectromagnets; and encep-
sulating the assembled sotor with o thermally conductive
encapsulint,
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Ceriain ehocire machine embodimanis disclosed berein
minimize the prodncizon of beat coused by oddy cuments in
ihe permameni magnets, redler back aseembly, cleciromag-
fethe cores. oF other srssiunes. ln sdditien, methods and
apparaiaz are diselosed providing for the removal of heat
from an clecire machine by combhsabon, conveetion and
rulintion utilizing varions heat poths thecugh the nvemnal
cavities ol componerts or subsysbents of the machine.

An embaodimen disclosed herein s on cleciric mochine
hawing o reder, o stator and & bousing, The motor inglades 2
shafi defining a lengibwise axis. The shaft s surrounded by
a mior hack assembly, nkso known as o hack-iren assembly.
The oo alse includes o mdially meunied semy of pemma-
memt magreds positioned mrownd the perimeter of the podor
hack nssembly. The mockine stolor inchides a plaraliy of
clectrmagnets mdially positioned areqind the wlor defining
an mir gop between an exienor surfpce of the permnnent
mungnets of the rotor and an inberior surflce of the elecipn-
magnets of the sntor.

The rotor amd 1he stator are suppened by and enclosed
within o howsing, In cerinin embodimenis ihe housing is o
oladly enclesed nonventilwted (TENV) housing. In one
embodansent, the slabor and the bovsmg define o swhstan.
tinlly cylindrical rotor cavidy within the air gap and bousded
by the housing end plates or similor structures, The ptor
civily may further be divicksd into Arst and second cavilies
wien the rotar is pesitioned within the rotor covinye. Spe-
cifically, a Ort cavily exisls belwoeen the mor and ihe
howsing st one end of the rolor, adjacent 1o a housing end
plate. A secand cavily exast between the motor asd bousing
al thee oiber end of the mbor, adjscen the ofher e plate. The
howsing end plales muy he separabe plates afnched o &
hoising perdmeter poron, allersstrvely one of the end
pelaites and thie bousing peramseler may be o cast, muchined or
odleraviee unitary or co-fisrmed howsing elemen,

The first and seeond cavities are connected through the air
gap, In addition, 0pe or more venlilaion chanoels can be
providad threugh the olor back assembly, exiendang from
lhe lbrst cavity 1o the second cavity. The lirst and second
cavilies, e air pap. amd the ventilason channels therefone
diefine a fluid areiul aroand the extenor of and thnoagh e
b k-ren of the robor, The retor enay alse nelude an ntemnal
Fan exvending o the first or second emany. The imemal fan
i part of the rotor or cormected o the rotor and ix configured
o e fow pressune @ eliher the ais gap or e veniibion
channels and high pressure at the otlver of the air gap aad
verrlilation chanmels, Thenelore, when the polor potaics, aieor
analber Buid, for example an air apd ol mixiuene, @ cowsed
1o eirculate sround the fluid cireuit from ooe caviey tlrough
e ale gap 1o the ol eaviny and Back 1o the orginal cavity
throsgh th sentilation channels, Thes, beat generatod in the
rodor during operation can be irmnsferred o ihe xir or otlser
fheid flowing i the Duid ciroudi o cool the mior

The rotor {an can be o separnie sinachare, o could he pedos
fun hsdes Formed bn s eocrsor swrlace of the rotor hack
assembly, In pdklsion, the notor bock sssenshiy, fan Bludes, or
fan moy be treated 1o enhance the mdiation of hest 1w the
fhwid circuit and therefore to the first eavity or the second
cavily. Suitable surfbee reatments include but are not lim-
ited b surfbce roughening, o mrface anodization,

Hent is prxluced during the opemiion of an elecinc
nenching within the potor priearily by magnetically induced
cdddy currenis m ihe permanent magnets and magnetically
imlmced eddy cumremis and hvsteresis within the rodor hack
assembly, In cerinin embodinsents, the productsn of hent
within the rotor can be reduced by inplensenting both the
permanend magnets and the rotor back nssembly with
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sertes of laminotions. Structural suppon amd advamagoeows.
beant iranssfer chareteristics may be provided by binding the
permaneni megeels o e roior back assembly wiath a
retainer band surroumsling an ouler surlisee of the Eagnets,
lacing ihe alr gap.

Heat transfer from the momor o the flaid ebncoin amd
suhsegquent heat transfer from the first and second cavities o
the machine howsing moy be facilitnbad with various beat
trnnsfer stnaciunes. One cliss of beal imnsfer structures is
meunigd 1o the rotor faging either the first cavity or the
secomd covity, Another closs of heat ransler sinsciunes may
b mounied o the Bowsing, tvpécally oi ihe end plates, facing
inse the first cavity anior the secomd cavity, Ay one of
these hent imnsfer sructures mury include an amay of pins,
fins. combinaiion pin/fins, or other stmociures o ircresse
surfoce mres and tarbulence, and therefore promete effective
heat truesfer to or from the atoched rofor o housing
struciare, 1o addition, o heat wmasfer stocture may be
fabricated from o matenal such os alumimm or copper
having relotively high themanl conductivity, & hent trunsfer
simachare may be beximred, colored, have a surfpee reatment,
or etheraise fbricoed 1o eflectively transfer beat 0 or fom
the fnid circuit.

Avlditional heat may be transfermed away from the per-
manent magnets by ncluding o themanlly conductive filler
or encapsulant matertal in (be gap between odjocent perma-
nent magmds. The thermally conductive encapsulant maie-
mal may be a polymer ssch as an epoxy havieg an sdditive
suspenided within the polynser mainx o mcrease he 1hermal
conductivity of the mter encapsulanl abose the native ther-
mal conductivity of the polymer, cpoxy or other robor
encapsulant mutenial. The thermally conductive encopsuland
serves 1o conduict heal avway rom the sides of the penmanen
magnets owand e first and second cavities dunng rotor
aperation Any el trmsfer struetures attached 1w the mowor
can be pliced imo thermal comact with the tlsermally
conductive encapsulant negions i promoede heat exchange
with the uid cirewit,

A lbermally comductive encapsulant m the gap belwemn
adjacenl pertanenl magnets ablio peovides struetucal sgidicy
and mobustsess 16 the rolor. The encapsulas serviesd 1o
acklatioaally secune the permancal magnets 10 the rolor beck
assembly amd previont the magnets from slipping amand the
circumbierenee of 1the modor under oad, In some embodi-
menis, the rotor back assembly may define an archorisg
sirfoce betwoen adjacent permanenl magnels serving 1o
more seeunely anchor ihe encopsalamt b0 resor back assem-
biy. An anchoring suefce may be a groove, prolrasion,
keyvway or the like formed in ber extending (rom tbe mobor
back assemmbly.

A portion of (e hew penerated in (b g
or raor back assembly may be conducted o the shadt omd
conductod from the shalt 1o oquipment driving or beiog
drven by the electric machine. A machire shafi s typically
fabricazed from siecl or apather high-strength alloy that nssy
nod have reladively high thermal conductivity. The ihermal
conductiviy of & mechine shalt may be enhanced by pao-
viding the shalt with o tbermally condoctive shalfl cone made
of a mnterial, copper for cxnmple, having o different com-
position, sd higher thermal conductivity than otlher pombons
of the shafi.

In cernin embodiments beat moy be tmnsferred to the
shafi from the bowsing as well. The shafl is typecally
supporied by bearings ot ench end of 1he rodor, The bearings
o mipponied by ihe boosing, In some embodimends por-
tions of the bearing sinacture, the henring seals for example,
may be fobricated from o meterial hoving enharced thenmal
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comluctiviny such as copper. Beasing flanges or other hous-
ing elemems suppoming the bearings may abo be bricated
from a maserial having enhanced ihernnal conductivaiy. o
such eonbosd irments, e Uwrmally conductive shafl core may
b maide o exiend wward the shall perimeber whene the shaft
and bearings ore i conisa.

It may be advantageons in certain covbodiments o seall the
howsing. For example. o TENY motee may be sealed 10
prevent imemal comuminaticn. s such an eombodimens the
bearings may be oceessible from owiside the housing fo
focilivae bearing rensoval or replaccient withow requiring
ihe housing o be opened,

Flectric machine embodinents alse inefode o stator hav-
ing o plumlity of mdinlly positioned clectrompgnets. In
somnse envhosliments, the staor is encapsalated such thot the
strior encopsulin is in thermal comnct with housing stnac-
tares, for coemple the housing end plates. In some embodi-
ments the entire penimeter portion of the housing is in
ihermal coniacl wilh the stator or the stalor encopsuland, In
an emsbosdinaent, the housing inclodes o perinwter portion, a
first end plaie = 1be second end plale. The end plades may be
sepamie sineciures of co-fabricated with the perimeter pors
tsen of the boasang: The sabor encapsulant msy conloct the
first enel plaie amd the second end plage such that o centml
regien of the first el plate, 8 central region of 1he secend
end plate, ool an intener stitor surfnee dedine the enclosed
cylindrical mwr cavity, In some embodiments, substantinfly
o vonds will extend from the mbenor stator surlsoe, The
cientral region of the first end plate, and the cemtrall regron of
e second end plale tvwiand the perimeter postion.

The stalor encapsalanl prowides Tor device mobustness and
Bermal ransfer fram (be stator o the heusing. The thermnl
comluctivity of he encipsalanl may be enhanced by mixking
an additive © the encapsalonl fo incresse the thermal
comboctivily of the encapsulast. For example, e encapsu-
lamt mawy B diebectric materssl such a8 a polynwer e epoxy
and 1bhe additive may be boron nifnde, salicon carbade,
silacon, alumnam oxide, alkuninum powder, copper powder,
et oxade, ceramse, grapheie, substantially sphencal pare
(e o combunations of these or smilar matenals,

Theral transler betwoen e stalar and the bousing and
overall machine robssness miy be enlaneed by fining the
stator elosely o the perimeter portion of the housing.
Thenmal trnsfer betwevn the stior s the perimeter por-
inon of the howsing may be ferilser enhaneed by filling sy
pap betwoen e stator perinscler aol housing with o iher-
ially concdustive lubricant of encapsulant,

Thermsal trmfer fhom the malar coviry defined By b
stubor ned housing may be eiliued by providing one or
mode heat ransfor sirbctuees in thermal comoet with thse
central reghons of the hoasing of an end plate. The heat
iransfer simscteres may inglude pins, fins, combinaiion pin/
fins or oiber stmchures exiesding imo the oior cavity 1o
inerease surfoee arca, air turbalence, or etherwise pronwmie
heat transfer from the rodos cavity, I addision, smy hent
iransfer simocihure mury be colored, peodized, or hove o
snrnoe trentment designed to promesle effecive bea trans-
fer.

Themanl energy immsfomed 10 the housing may ke
remaovel from the electric machine by conduction, eonves-
iren or mdisticn. Hesi mnsfer from the housing may be
enbnnced by providing the bowsing with fins, extemal hent
transfer structures, block aoedizmbion or other means. In
pddition, the housing may include Feet fabricoted from o
materapl hoving high thermal comductivity, shamipum for
exnmple. Hemt may be transferned from the Foet 1o 0 mownt-
ing surfnce, o exnmple a fctory floor, shelf, or otlser
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equipment. Heal imesfer from ibe feet w the mouniing
sirluce may be Tacilisted by provideng an interface having
higgh thermal condusetivin Berwoen the feet and the mwountisg
surfoce, for example thenmal pasie or copper.

Sator embadimems includes n radial aseay of cloctiromag-
nels. Incerain embodiments, each electromagnet me bodes o
gore having o stack of laminations defining # iooth portion
amid a wole segmenl. An msulating bobbin may be provided
surounding a porticn of the ooth of each lamination,
Electncally conductive windmgs then surround a portion of
the bobbin. In one embodiment. each baovination in the stack
of kemanastions i= beld agains adjacent laminations solely by
pressure from 1he bobbin, wilhoui ihe wse of serews, wekds,
pims, crimp joints, ghie or other fsteming meas.

I soane emnbodiments, bea imnsler from an electroamag-
nelk cone miy be enhemeed by prowiding o heat (ransler
byer im thermanl contnct with one or boath of the planar faces
difined by o cone Lamdteion. The luest transfer layer may be
ay makerind hoving o higher ihermal conductivity than the
mnagned stocl used s Ribricote the Baminsthons. Rephesenia-
five best trunsfer materinks include, but are not limited 1o,
nbctals sach as copper, mickel, silver or maierals such as
graphene. The hest trmnsfer materiol nwst be in thenmal
contact with ibe nssociated laeminafion. meaning thal heai
from the laminstion may tmnsfer directly 1o the heat rinsfer
madenal, Thermal contact mury be physical coniocl. Aler-
natively, thermal eonmtact may oecur throwgh an invermsediae
maienal such as a thermal posie. In some instanoes, the e
trans fer mabarial meny be depositsd om, plated oneo, aoated
oy or edherwi=e permasently bonded o the Eemanston

Electromagnetic cores will alsos typecally mnclhude o dielec-
trie faver between lamisations. In ooe emnbodiment, bami-
nilkans will havie a diclectne boer apphicd or in conlsc with
ane plasar face nexl a hent transfer bver in thermnl eon ks
with the opposing plasar fsee. In tis embodimes the
inserfirce between adpscent Tummations will include a dieloc-
wri loyer Erom oose Jamination amd & heal irmsfer loyer Bom
thee ober lamanaticn.

Thee arc-shapid voke sepment delined by 8 @ack of
lamifalions miay in ceramn eobodicnens defioe a tongue
strachare and an opposing groove sireclure conligunsd
itk vl esach onbser. Thus, a stator may b assemblod from
a plursliay of clectramaphels by capaping e tongoe strie-
nue ol e fist electomagnet with the groove structune of s
sl jaewnl choctromagmet and =0 on uniil he sater i com-
pleted. In cormadn cmbodinseots, the voke sepmems of 2
plurality of eloctronsgiets is directly supporied by o showl-
chier strsstire extemling from the boasing or a housing end
plate providieg machine robusingss and 2 direct ihenmal
pathway from the stabor to the bowsing.

Altemative embodiments include mesibods of conling an
eleciie maschine motor, methods of eooling an electric
machine sttor, methods of cooling an dleciric machine,
methods of fabreating on clectric maching, methods of
stabilizing an clecire mnchine, and methods of fobricaring
an cleciremagnet fer on elecine mochine,

BRIEF DESCRIPTION OF THE DRAWINGS

A farher understnnding of the nature and sdvantages of
particular embodiments may be realized by reference fo the
remaining pestions of the specificotion and the drwangs, m
which like reference mumernds are wsed w0 refer o similar
components, In some instances, 0 sub-labe] s pssecinbed
with a reference numeral 1o denste ope of multiple similar
components, When refonenoe is mede to o reference numsen)
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withoul speciiesion o an existing sub-label, & is imesded
1o mefer 1o all such multiple similar conponiems.

FiG. 1 bs an isometre view of & represemtative elestre
machine; o totally enclosed nonventilated (TENVY) perma-
el magnes {PM) natar,

FEE. 2 i an isamelrke cmst.socionnl view af the mslor
of FIG, 1,

Fii. 3 & an isometac shafl end (SE} view of a motior
showing permanesl magnets aml other stroctures,

FIG. 4 1= an mometric opposiie shall end (051 view of
the motor of FIG. X,

FIi. 8. is an isomeiric opposite shall end (OSE) view ol
an afivmative roior enthodiment,

FIti. & is an somelsic SE view of te mtor of FIG. 3
showing o retniner band aroued the ot stmcire,

FIG. 7 s an isametne O3 view of the mor of FIG. 6.

FHi. & is o side clevotion cross-sectionall view of the
motor of FIG. 1.

FIx, 9 is an enlorged wiew of o pordion of the motor of 3

FEo. 8 showing & foreed fhald cireuin

FIG. 10 is on isemetric view of pomions of the bousing
and stator of the motor of FIG. 1

FIG. 11 i5 an jmomelnc view of portions of the bousing
and siator of the molor of FIG. 1 showing o slabor encaps
sx1laml

FECi. 12 is an isoamestno crss-secixmal view af the modor
of FIG. 1 with the rotar rensoved.

FHi. 13 is an isemetric view of podons of the housing
and stutor of the motor of FIG, 1 with selective electomng -
et pariiens removed.

FiGi. 14A B on someine view of an electromagnet
sAric e,

FEG. 148 15 an expliled sometne view of the chectoo-
magnel stmctare of FIG. 144

FIG. 15A 1 o sehenale disgrimn showing a lovened W
lminsision simaciure,

FiG. 150 b5 a schemate dssgrom showing an allernative
layered EM lamination sinsclure,

FIGi. 150 55 o schematie daagrom showing an altesnative
Livered EM Jamination sinscliane,

FIG. 16 &5 a sade clevabon cross-sectisal wiew ol e
ides of FIC. 1 showing detatl 31 e mierfses betweon the
hoising and =ator,

DETAILED DESCRIFTHRN OF CERTAIN
EMBODIMENTS

Chverview

Certndn embodiments  disclosed bereln are  electre
v s g e 10 provide rebaively malanenianee-noe.
robust, long-term, ol efficien service in conmsercial, trans-
portation. or indusrial senings. As wsod bereln, the cliss of
dievices peferred b as “eleciric machines™ includes hoih
clectrie genceators and electric mofors, Cemalin ombodi-
mienis deseribed herein are permanent magnet mobors boving
o mdial Max configumtion. Mamy of the dischosad methids
and apparaios mre also opplicable we impeove the overall
rebustness ol thenmal performonce of axial Aux machines.
transfer My machines, sad linear machines, Certain nwdh-
odls may he applicable 1o the thenmal management or sia-
hility of pop-rotiing forgue motors, imasformsers, o induc-
tore. Although many specific embodiments are ilostroded
herein with mespect o todally enclosed  nonventibsted
(TENY) permanent magnet motoss, the disclosure mnd
clainas nre not limited s amy speci fic sppamtus oonfiguration
and are applicable o any type of electric mochine,
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Electric machings generse beat during operaiien. Heat. it
o disaipaiad properly, can reduce ibe life of the machine
sigmificanily. Susiained operaiien ot high emperiones can
impaet the physsal properties of many mochine sompo-
pents, inchsling but nod Hmied 1o elecirieal insulatzon,
clecinieal conlaets. encapsulsibon materals, magaes and so
forth, Exeess beal eon make these components soff wlsn
flrst ot and then gresdually befttle, impacting deviee perfoe-
mance nnd lending w prematere fniluse. Accordingly, two
keys o designing a robusi gleciric machine are reducing the
generation of e during machine opesation, and inereasing
heni dissipation from ihe machine. Momy of ihe neilods nnd
apparatus described hevein provide for one o Both of
reduced heat production and effective heat dissipation from
a machine during opertion, The disclosed techaiques and
stractores ore ondlectively referned 10 as thermal monmsge-
ment methods or thermal managenent apparaus,

Some methods nnd apparatus providing for sdvimngeoes
thermal mansgemend also gener|ly enhonee the mechanical
stahility of & machine, and therefore provide ndklitional
machine mbusiness and durahility. Ciher necibods nnd appas
mifus described herein enbhance mochine stability and robust-
ness wilhouol afbecting hernal properies.

Certuin TEMNY machines dsckise] ensin festare an over-
all deviee configuraion designed 1o enhance thermal mean-
sgement and machine mobostness. For example, o nepresens
wlive TENY machine, the permanent nugnet motor i ol
FIGE. 1, may have o pancake shape, wilh conceminiled
clectropugeetl  windings, maxinied skot fill,  surface
moumled and oversised pennanent magnets and olber uppa-
rfus bt enhance thermal management and provide overall
machine mbudmess os detniled bereimn. Specils emboidi.
mienils of the disclosed permasent-magnel TENY motor 10
usme bess than il the copper and bess than half tbe electric
stoel companed 10 @ isduction molor of e same power
ning.

Inaldition, sevemal disclosed embasdiments wlilioe sggres-
sivie, but passive coaling. Multple beal paibs are G mgimed
ng the maching 10 provide for beal transler from inleror
struciures o the external bowsing wisere heal may be dss-
pilad by notiral convection ik tse surmoanding s, by
radiation w sumounding objecis, by cenduetion
machine moustbng surfsoes, and'or by conduetion through
the drve shall imlo a drven device {for example a B pump,
conveyor beli, wheels, or oibor apparsies)

FIG. 1 & an semstns external view of & ropoessontative
clecine maching, permanent-magect TENY medor L FIG,
1 is an isometrie ¢ross section view of the protod 10 slwowieg
cortnin imtemal elements, The mosoe 10 inclides o housisg
12, surmoanding ond supporing nemal eomponents amd
sl 14 comnected 1w a potor 16, The Bowsing 13 nisy be
connesied to or include varioas supporiing structures, which
can be suppliod or vared sceonding 1w need. For example,
ihe housieg my be connecied io feei 18, lifiing cyebalis 20,
a C-foee, o flonge-face, of other sapparting oF sitschmem
strpciures faciliioting the plocement al mounting of the
metor 18 imto an opemtionl sening,

A sbown i FIG. 2, the shaft 14 s conpected (o the nolor
it such thae 1l shaft i4 delines o lengihwise skalt axis X3
sround wlhich the shaft 14 sl sotor 16 potnie when the
moior 10 is opemied. Allematively, external lorgae applied
i the shaft 14 can cause the rotor g rotnie aroand the shafi
axis 22 if the elecine machine & o generator, The shafi 14
and poder 16 npe supported by bearings 24 and 26 seated in
henring Aonges 28 and M), The embodimend ifhesimied in
FIGS, 1 and X featurcs a shafi 14 extending through the
hoasing 12 fooem only one side of the rotor 16, ARermative
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emboshinsents miy inelule o shall 14 cxending through il
howsing 13 frem hoth gides of the motor 16, Such an
alternative embodiment. whach is oo feasible with o TEFC
machine becamse of the coolimg fan, con sdvantagesusly
deive tao dewnstieats machines ol onee, with ene dowi-
stream maschine being stisched wo cocly asd of the shaft 14,
I embsadiments Fsfuring o shaf 14 exending from one sides
of e et Th only, the opposing ends of the msotor 10 may
b pefirred to us the shaft end “SE” and cpposite shaft end
“OEE" for convenienes, Thes, clements such as beamings 24
and lange 28 may be refermad o hercin as the SE bearings
24 peel the 5B bearing Mange 28 respectively. 13 is imporiant
1o mode however, that this desclosure expresshy covers elec-
irke muchines having shafis 14 exbending frem one side of
ihe hrasing 12, both sides of ke bousing 13, or nod exiend-
img fom the housiog 12 ot all.

The retor 1 & is substnntially surroanded by o staior 32, As
described in detsl herein, the roter 16 inchedes & series of
permaneni magnets 34 amanged amound, i spaced away
from the shafi axis 23 The permonent magnets M are
supporied by a rolor back assembly 36 someltimes referred
i @5 i back-iron nssembly becouse this assembly is typically
consdructel of o magnietic matenal such s deel o anodlser
type of sleelimn alloy. The mwor hack sssembly 36 s
mechamicnlly boncled 1o the shaft 14 or co-fabricated with
ihe shall

The stator 32 includes o oseries of clecimmnsgnets 38
snrroinding the redor 16 such thal the clecimomagels 38 and
permaneni magnets 3 are sepamted from each olber by an
air gap 0. In highly samplified tenns, molor operation
ocrnrs when altemaling currend i3 applied o the windings 42
ol the edoctromagnels 38, causing o varnying magpelic (seld
1o be Formed by the stator 32, Magnelic altrcion bebween
e permanent merznets 2 ol the electromagnets 38, within
the varying meageetic eld, cosses the rotor 16 10 ndale with
respect o the staor 32, Thas, worque may be irnsfoned o
any device(s) alloched b the shafl 14 as is ypical with
mkors. |8 an allemalive gesentor conlipertion, the hail
1 ey b postiaded by an exbemal source of orgue, casing
(e pecpminiers] magnets 34 1o fofm o varying magnetic ekl
The varving magnetic Gekd cin then mduce allersting
currenl i the windings 42, therehy penerating elecincin.
Heu Gienersiion in Ebeeire Machines

When e motor 10 or other chectne machine is operated.
ean ix ereaied in both ke oor 16 and sistor 32, The
prancipal sourees of beal geoorated in the mbor 16 s aldy
curmeni kesses (0 ihe permasent meagnets 34 and oddy cumment
bosses o hystenes s bosses in e ot back assembly 36, The
principal sowce of heat genersied in the stvor 32 inchude
reststanee in the windisgs 42 and eddy cumrentlysicresis
lessgs e associale clectromagnit cores 44, Funbenmone.
drag, also describod o5 windage, is created as ibe rotor 18
rodates within the mwotor 10, Windege gonerates additional
heat, Friciion sd ihe sorfaecs of beorings 24 amd 36 abso
creaies beat inside the bowsing 12, Az noted ahove, b cortsin
closs of clectric maching i described o p otally enclosed
and neeventiloted “TEMY™" mochine or motor. A TEMY
mrhae provides contain sdvantages, inchuding But ned limited
o reduce] muimenance reguirensents, since the intemal
mgor clements are substantially senled against extemal
copiamination. Heal gemeried within o sealed TENY
machine must be dissipated however, withous an extemal
fon cipcullating air over the bowsing and wilbowt direct
ventilafion openings o avoid premature comiponent frituee,

The disclosed sppamius mnd methods of cilinting iber-
mal mamagement in an elecinic machine, and therefore
prometing genernl machine robastiess, con he classificd ns
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either (o) methods amd structures for mindmizang the po-
duction of head, or (bl methods and structures !‘ul:i]i.ul:ina
machine cooling after heam hos been produced. Several
thermal munagement lechnkoes described herein mvolve
the expon of heat throwgh the rator 16, sotoe 33 andlior
hoasing 12, Several altemative thermal management straf-
egicd o described bencdn The varous metbods aml oppa-
s may be combined with one another in any Fshion,
sealel, or perially implemented 05 Becossany W achieve
specific heal mitiznixm goals.

Electric Machine Botor Struciure

As poted shove, the production of hest duning the opera-
fiom of an elecirie machine & mevitable s can. in ceroin
instances be reduced. The prinsary sources of et penera-
tion in the rotor 16 ane magnetically ieduced eddy cuments.
withan the permcneil megiels 3 and nagoetcally induced
cddy cnments or hysteresis losses within the rotor back
sssemnbly 36, The wale of esch tvpe of magnete eddy
currend anl the resulting head production may be sediuced by
implementing s pormancsl mognets 36 amd folor beck
psembly 6 s liminsted structures,

Far ecxampbe, FHGS. 3.5 are momelre views of ftwo
altematve embodiments of o rotor 16, The first embodimend
af rotar B4, shown in FICGS. 3 and 4. is the maor 16 froam FIG,
I, This motor 16 fesiares a shalfl 14 extending from oaly one
sicde. Alternative emnbodinems include o shafl 14 ﬂnun-:l.irq
[ram both ssdes of the robor 16, The FI1G. 3ed polor embodis
mieml 1% shovan inoa SE isometnc view an FIG, 3 amd an O35
isamelne view m FiG. . The altemative ndor 16 of FIG. 5
courkl be mnplemented with a single or dual sha(t configu-
mfion. Fach rdor 16 fetures o rolor beck ossembly 36
mechameally bindad around a portion of the shalt 14,
Permanent magnets 34 ane mounted anound o pedmeter of,
il i comtact with L robor back 36 susch that the permanem
magnets 34 are rxdially armaoged around. bul speced away
Irom, the shail 14.

A pormanent megeel 34 may be bocted from any
nueber of Emisdons 4d. Lammations 4d ane hbncialed
from the permsancyl magnel material. which may be o
mm-m.l‘l]lrrl.lgnd mialerial, for l!'knmplc :lrml}'.niilh‘:lrinm-
boson mapnel material, 3 samamum-eoball magnia makenal,
Alnico magnets, and the like, or a comvenional magnel
material such ax a femile coramic. In e represenistive
embodiment. the permanent magnets 34 of mowor 16, as
illusined m FIG. 5, have wwenty -Foar (24) baninazons 46,
Eoch laminsieon 46 i o relsiively thin, planss socton of
prermancnl mapne mesterial with mabiphe laminations being
stmcked one on top of ibe ather sueh that the plane defined
by e interfsee hetwoen adjacent bumvinstions is gemerally
perpendscular o il shall axis 32, Albemalnie cavbodimonts
of permaneni magesd 34 may inelude any mumber of bamid-
nations A6, for exansple a permament et 34 may inclsde
20408, 12,16, 20, 34, 18, 31, 36, #or more laminations 48
e roddacs the seabe of magnetically induced abdy cuements
aaik et production. Eoch lomenaticn 46 within o permaneiv
magnet 3 may optonally be separated froem sdiscent lami-
natioas 46 by an nslator, sech as o locgquer, vamish, paper,
or ciher relalively thin insulaing mmeral

Redativedy bigh-performnnnce rre-carth moagnet materials
may he seleciad For the pesmanent mapnets X4 of ibe moior
16 Rare-casth moagnets have higher remanence, moch higher
coencivity and encrgy product than other permanent magnei
mwpes. Thus, machine efficiency can be enhanced with mre.
carth permanent magnets M, alibeogh steps msi be inken
i pramoie ovierall machine rohustness and swhiliny i§ mee
carth pemuinenl magnets 34 ore wilined,
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Specifically, rre-canh magnens can be demagnedzed i
thry Bevome 1o hoet, and ibe magnetic properties of rane
carth mageiz will not recover when the magnets cool down.
Therclore, rare-sarth meagsels 3 mist be selacted with @
higher empersiane rating than (b maximam icmperatun
anticipatod in the permanen) megeets M dusng thernally
stble operstbon @ the highest raled power cangas, For
exnmple. i the expected high remperature of the pemuasent
mngnets 34, sccording 10 0 schocted designe is 1307 C, then
it iz sdvisable o wiilize rore-carth magneis 34 that are
wmperanare mabed 0 a1 leam a 35% higher, temporatine
{pecording in LFH grade). for exnmple a up o 1807 O, o
provide operational headmeesm,

Rare-carih permanent magneis con el be demagnetized
by excessive Mux genemied by large cumrenis in the siator
windings 42, Therefore, sebscted embodiments of motor 18
utilize permaneni magnels 34 with geomeinies that create o
lngge permcince covilicient 0 iponease resistance 10 fhix-
based demagmeiiziion, For example, os shewn in FIGS. 3
and 4, medor 10 may include o mtor 12 having mre-canb
permanceni magnets 34 with o madaal thockness dimensaon W,
measured along o mdivs line extending ovtward from the
shall axis tha s cxghil (8] times or grealer Than 1he widih of
ihe magrelsc mr gap 40 messuned along the same madies line.
The uze of mre-carth permanent magnets 34 buving a high
permennee coelBckenl alkwws 1he molor 1o operate I oon-
dfitions far bevond nomyies] mtings without threat of demag-
naetigalion. 3ome of these comdiixas could mclude opemton
al peak orgque, operatien ol extended spesd renpes utilizing
field weakening, or a combination of balh,

The rolor back assembly 36 may also be asembled (nem
multiple lnminaficns of steel, mon, another imn alloy, or
anolther suilable rolor back assembly matenal. 1o one rep-
resenintive emvbodmment, shown i@ FIGG. 5, the roor back
assembly 36 includes cix (6) Eminations 50, Each Esmdres-
tson S0 1= & relatively thin, ik, annalar section of oo hack
malemal. Multiple lannoalons are stacked one on lop of The
viher wilth the plaoe delinesd by the imerloce berween
aljocenl Bsnimbons 58 héng generally porpendsclar 10 e
shafl axis 22 Alternaive embodimonts of robor back assent-
by 36 may inclode any nuniber of lamnations S0, for
cnample. the mler beck 36 meay inchede 2, 4, 8, 12, 06, 20,
243832 36, 40 or more laminations S8 w0 nanimie e
sl of mageetic eddy curments, Tyseresas boss, and heat
presbocibon within the retor back assembly 36, Each lami-
fation S0 of the rotor back assembly 36 may optomally be
separabed from addjscent lminaiens S0 by an inoalator, sk
as a bsequer. varalsh. paper or otler relatively thin msolaing
material.

Dwring opermidon, the folar 16 Avates & o bigh me of
spoed aibd 18 subpect 10 varying mageetbe Mol Thenefone, it
is imporizni e assure that the magnets 34 are
segapely bopded 10 the rotor back assembly 36, An adhesive
mury opiionally be used o bend the permaneni magnets (o
ihe Fotor beck ssscmbly 360 lnconain embodinments, o
illssdravied in FEGS. & o V. the robor 18 inchubes o refminer
baed 52 arcund the perimeter of the mor 16 facing the air
fap 40 and stwior 32, The retainer band 52 can be prestressed
o secure the permanen magnets 34 and adjncent stoctures
during operation. In additéon, the retainer hand 52 may be
specifically configured 1o minimize dmp as the obor 16
rogates, an thereky minimize windage best production.

In cerinin embodiments, the retaiper bamd 51 is fbncaded
from & magnctic mokerinl such 05 el or o gmphene
compasite, In mich embadiments, the bamding mey be Emple-
miended from a plurlity of seperated bands 10 minimize the
gencrtion of eddy curremts in the band 52, In addition, the
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banding may be impregnated witls s heat irunsfer mawnal or
otherwise wemed w focilissie lea transfer From the perma-
nend g 3o b ovskde sorfaces of ke band 52 a0
afr gap 40, Alermatively, the retamer bamd 53 may be
fabricated emimnely Tnom & neserial seleciod to have eahaesad
bt traesfer properties, for exsmple copper of aluminum,
Alrernatively, the band 52 may be Bbricated entirely fiom o
carbon fiber mat or carbon fiker Alament thin ean be pre-
stresped, docs not gememte eddy currenis, and alse s
relatively high thermal conduciion propertics,

Rowor Cooling Meihods amd Appararus

Heai production in anopermting clectric mac ine roior can
b rexluced wsimg 1he techniques described shove, bt some
heat produciion i inevilnble, Therefore, severs| apporains
anl methoids are disclosed herein for cooling an electnic
machine pdor. 1 is Emponon to nole that the rotor 18,
pariculardy in o TENY maechine such s the motor 10, i
substintially or entirely enclosed within the mochine haous-
ing 1} and semounded by the siaior 32, Therefore, coaling
a rotor 12 ofien invelves beat tmnsfer © another motor
strociure pesor (o head expord foom the mobor 10 In cerinim
instances, the rolor cooling methods and spparatus described
herein aperabe i conjunclion with methods ord spporatoes
for eoling olber portians of the mator 18, staior 32 andior
hoasing 12,

A, Bodor Forced Fhod Circual

FIii. 8 15 a side elevation cmss-seciiomnal view of the
molar 18 shown an FIG, 22 FIG. 9 s an ealarged view ol a
poetion o the mler 16, bousng 12, and stator 32 shown in
Flce. 8. Duinng operbon, e nolor 16 must be pemmled o
span freely within the skator 32 amd bousing 12, Thus, the
rolor 16, stator X2, and himising 12 collectively define cernin
carvities wilhin which the mtar 16 operates. For example, the
heasing 12 of FES. 1-2 omd 89 mclodes @ perimseier
portion 54 surrounding the staor 32, and therefone surrounsd-
ingg Ibe shali axis XX The peranseter portion 54 ol ibe houxing
12 s substambiolly closed. excepd for one or more scaled
shaft openmps. by a first cocl plate 56 and an opposing end
plite: 58 a1 each end of \be permmeter portion S8, Thus, the
perimcter portion 54, (ks el plate 56 asd opposmg e
plate 58 define the overll pancake shape of the molar 10,
Thee perinweler pomion 54, e end plate 56, snd seeond amd
plate S8 may be separate structures that are bonded iogether
o Form o howsing 12, Aleratively, tlse perinpster portion 54
amil o el plane 56, 58 or otler housing stnciores. my b
el nisnchined o ollerw ise Feamed as a single part, with the
penmeier portion 54 and el platc 56 or 58 serving o
sbemtify different reghoms of & single bousing sireciure,

Is best viewed in FIGS, 10 and 11, portions of the aolor
AT fociigg Use smir gap 40 and tbe end plates 56, S8 deline
subatanially cylindacal rolor cavity &0, Cenaln embodi-
menis of the motor 18 inclade apparams designed o foree
adr clreulation Betwoen varoos disinet regions of theoveral]
cylingrical rosor cavity &0 s described Beloo,

Specifically, am open space Between one end 62 of the
rodor 16 aodd adjacent peetions of fhe housing 12 defines o
suhstantially anpular first coviny 44 within the cylindrical
robor cavity 8, Similarly, the open spoce Between the
opposite end 66 of the rotor 16 ned adjscent porticns of the
housing 12 defines o subatantially snnuler second cavity 68
within the cylindricol mior covity 60, Funhermore, ihe
relativedy thin pir gap 4 extends between the outer perim-
eier of the roter 16 and the inwantly focing surfoces of the
stator 32 1o complate the oylimdnical molor envity 6. As hesd
sherwm in FIRGS. 2 and 4, nar, o sis'odl mixiare, sother gas,
liquid, o & mixed fukl may be comsed 10 circalate from one
of the cavilies 64, 68 o the cther covity 64, 68 and threugh
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i air gap 40 by providiog the rosor 16 with an inbernal fan
srface such as intemal fan T, amd one or more veniilation
chanmels T2 through the sator 32,

Specalically, a senes of ventilation chamnels 72 can be
proviad throagh the rodor back assembly 36 as best illus-
irated kn FIG. 3 apd FHG. 4. 1o ik iflustased cnbodiment,
each weatilation channe] 72 defines & ponien of an ane
arsand the shafi axis 22, sl comstinites s opening extend-
img theough ench lamination 58 of the rtor back nssembly
A6, Oiber shapes and eonfigamiiens of ventilation channel
T3 are within the scope of this disclosuse, provided cach
ventilofion chanme] T2 has @ opening in fwid commmanica-
tien with the st cavity 84 and the second cavity &8,

The first cavity 84, second covity &8, air gap 40, and each
vemtilagion channel T3 bogether define an intemal foreed
Muid circuit 74 in part surminding snd extending through
ibe roior 16, Air, onether (hikld, or o5 descnbed Below, am nir
and oil mixtuee oy he caused e circulate through the
iefermal forced fuid circwit 74 by the internal fm 70, The fan
T mary be part of, attached 10, or driven by the motar 16 10
ciuse gr or anolber fusd 6o cinculaie withen the mbemal
forced fuid circuit T4. Specifically, the fan 70 inclhodes o
plumlity of En hlsdes T6 conligured o couse a relatively
low=pressume wome ol be air gap 40 and o relslively high-
pressune #one loward the shaft 14 m the scoond covity 68,
whien the molor 16 netales in o clockwise direction, os viewed
im FIG. 4.

This pressune differcntial causes air or another fhaid 10
circuloge From the second cavity 68 theough the venlikatian
chanmels T2 W the Ol cosaly G, Semullaneousky, ar or
anorther fhuzxl, B coused bo coroubste from the first cavity 64
Biroagh ihe air gap 40 fo fhe second cavity 68, completing
the forced Med circwit 74, A dilferenl fan configurmlion or
differem mtaion dircetion could cowse the air or other fuid
o girenlate in e opposite direction.

In the embodiment of FIG. 4, the Tin T extends mio the
second oty 8. 1o allemabve embodiments, the fan 70
may exleml meo the (A cavaly 64 or separate fums may
extend nlo bath cavabees 6d and 68. [n cortin cmbodiments.
e fan 70 andior fan blades T6 are a scparite sirscine
altsched 1 or drrven by the mtor 16, In allermstve enthadi-
s, the fa 70 ey comprise a plosline of fon Blade 76
Forrmed into the nopar back assembly 36, formed in a ponmion
ol the shafl 14, or otherwise attached w the roter 16. [n any
cmbodinsent, the fan T8 couses mir or anoiber Ted 1o
cioculate arcund amd through e rolor 16 completing s
Forced fludd eircuil T4 as il motor potates,

Ajr of another faid eirculatieg withen the foreed fuad
cimcuit 74 is bemed by heat genernbed within the rowr 16 a8
deseribod above, thus cooling the fotee 16, The bested fluid
can transfer sand heat b ansther structire 1o uldmanely oool
ihe modor 10 Yarous sinsciares facilitoting best cransfer
feoan the podor 16 5o the forosd leld cireon 74 and bevond
are described below, In acdition, vanious strucires associ-
aled with e peter may have surface treatments designed (o
peomie efficient hen transfer from the nobor 146 io ihe foreed
i circuin 4, For cxample, amy rmaes sinectere, inclixling
bait pt limvited 1o the Ban 70, fon blades 76, shafl 14, roior
Back nssembly 36, retniner bond 82, or cthey structures may
bt roghetved o inepense susfdee arcn or trested, For exanyple
wiith black anodaraiion, 10 Bciliiate heat irmnsler between the
rogor nmd the foreed fhaid circuit 74,

Eleni imnsfer from the mtor 16 & the forced fuid carcuit
T4, or from the forced fluid circwit T4 to other modor
stneciuses such as the housing, 12, and wltimately sway from
the motor 1@, moy be fciliated with supplemental hent
trans(er structeres. Por example, as shown in FIG. %, fhe
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rofor back assembly 36 or another mwee structune ney be
placed [nio thermal comact with one or mone heat 1ransfer
siracinres. for examphe SE heat iransfer strociure T8 amd
CISE Isen tramsfir sirsctune B0 chown i FIGES. S, B, and 9.
A chefined herein "thernial contee™ menns contecl betwem
twi of more sirechans such thol ihermal eoengy may fow
from ope strechare o another sinsctene, Snscnsres in dines
thermal contact with eoch other are also in phyeieal contsc
with ench oiher. Abernstively, thermal contnel may oocur
through an intenmexdiaie moderial such o a thermal pasie,
The AF hean transfer sirocare T8 and OSE heat iransfer
strochore B8 are merely represenindive examples of oy
mEnber of tvpes o configumtions of heat trmnsfer struchre
thad con be mourted o, fomsed in, o otherwise thenmalby
condneied wilh the rolor 12, Inensch case, a rolor heat irunsfer
stracione T8 or B0 contacts the rotor an ome side ond extends
inte ether the first covity 64 or the second cavity 68 1o
focilimse heot ransfer between the rotor 16 and the forced
fliel circmiz 74,

Criher hent imnsfer stmoctures moy be bonded 1o or formsed
m ihermal contsct with fhe housing 12 o [aabliale hesi
trnns fer Erom the forced Buoid circoit 74 s the housing 12 nnd
subsequently out of the modor 10 through hend mdsatson,
conduction or conveclion. For example, as shown in FIGS,
1 B9, and 18, ane, tevo, or mare hent trnsfer structures many
b morumied o be housing 12 extendeng into the first cavity
64 or second covity 68 wvevard the motor 12, In the nepre-
senfalave, bul nonlmiling example shown s tbe figures, the
mator 18 includes an 815 housing heat imnsfer structune B2
amih i ¥51: Boasang hool insber stroctine B4 exbending mio
the fimt cavity 64 and scooml Grvity 68 respectively. Eichof
the henl tmmsler sinoctores 82, B & illustirated os beng
substantially annular. hewever other shapes and eonfigura-
tons are within the scope of this disclosure.

The S5 bousmg beat wansfer sructure 82 and OXE
hoasing heo rensher strsctene B4 ane merely reproesenative
examples of any number of beal ranslor stnsciane types or
conidigunsiions thal Gm be mounied o, fomsed moor ol
wise Thermally contacted with the hodsmg 12X Inoaxch case,
a bowsing heat wnsfer strocure 82 o B4 contacts the
hiwsing 12 i one side and exteds it extber e st cavity
64 or thee seeoisd cavity 88 v Gagilitane heat rmnefer from the
farced fluid circuir T4 1o e housing 12

Im several of the embodimsents lusirated o the Ggures, o
bl trnmsfer sirochare T8, B0, B2, or B4 may be formsed
having a mamber of ping, (ins, combanation pin'fins 86 or
ailer sirecies designed o inemease surlber anes and -
budenee. The plafins 86 cuiced away from e bousing 12 or
sttor 32 ned imo the adjscemt cavity &4 or 68, A hew
transfer stractupe T8, B, 82, of B4 may Be roughened o
increse aurfoce anea of Ircated, for example with blsck
anodization o focilioie beat wransfer 10 or from the bew
trans fer sirsctune and the fonced ibaid cincuit 74, In addaison,
o or mong heat imasfer sirociares T8, B0, B2, or B4 moy be
fabricazed from a material such as copper of aluminam with
high ibermal copductivity, The heat temnsler stroctures 78,
Bik 82, oo 84 muny b bomicded so the adjacent motor or housing
struciure wsing heat trons fer paste or nsother inberface Gezili-
tating effective heat wansfer from the heat tmnsier structure
TE. B0, 82, or 84 w or frem the forced fhaid circuit 74,

B. Botor Encopsulntion and Swhilization

I cerinin embodiments, for exomple ns illustmied in FIG,
£, ndprcen permanent magnets 34 are separnied by o gop BS,
Aufclitional hest ermnsfer from the motor 16 snd particulnrky
from the sides of each permanent mogest 34 moy be
provided by filling all or a ponion of the gap 88 with «
thermally conductive rofor encopsulant 90, As detwiled
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bedow 1l thermally comduetive cocapsulant 98 sl reduces
windoge and providkes mechanical sishility 10 1(be motor 16
Representative cxamples of thermally cosdsctive mior
encapsulani 20 include, bt ore nod Bimiled e, epoxy, an
engineered polvmer, polyester, pelywurcthane, silicone, or
another plasise, flowable or frmahle malenal switshle finr
filling the gaps 88, Themmsl managensent may be enhanced
by provadhogg an additive 1o e (hermally condisctnie mdor
encapsnlant 90 jo enhance the thermal comductiviny of the
encapsalanl matenal above ihe native thermal condscivity
of he encapsulami withowd modifieston, Representaiive
additives 1 enhance thermal comluetivity include, ban @re
noi lemated B0 suspended particles of boron nirde, silicon
carbade, silica, aluminum oxide, alundmmm, copper, anober
metal, anciber metal oxide, cermmic, praphene and the like.
The thearmal conductivity of the encapsalanl 98 may fisrler
be enhanced i the suspended pantickss nre spherical, have
radhially eriented libers or have apother shegpe or orenition
designed o Eacilitaie thermal comheciividy,

Alesmatively, o specille pontion of reghon af the thermally
comloctive minr encopsulant M0 can he fobocated fron &
suthstance baving relstively high thermal tmmemissivily. For
example, The gop 38 could be filled with epoxy or aneiber
palymier bourd within o meetal shell 92, for example o copper
or sluminam shell, where the shell bos hagher thermal
comdoctivilty than the polymer. In aniber embodiment, the
pap BB could be Gfled wilth epoxy or anolber polymer
surrennding a more thermally conductive cone, for example
an ilumenam or eopper core, 1 conlast theoagh the encip-
sulant with a permacent magnet 34, rolor back astembly 36,
and'or the forced (hod circont 74, I any embodiment, the
ihermally comductive robor encapsulom shoulll possess a
glass trmnsition lemperaiure and mexsmam opersling leme
peratune that iz significomiy higher than expected molor
operaling lemperaiane.

The 1hermally conductive rolor encapsuland 990 alwo serves
i proviche m e hanical strengih 1o the rotor 12 and thenefone
enbance the overall mobusiness of e molor 10, For
cxample. hermally eomdisetive rolor encapsukant 90 may be
coalsctod with andior bosded 1o Une rator back assenhly 36
betwin sljam permsient mEgnets M, o osechandeally
anchor the permaneni magnets 3o and prevend 1hem {roa
slippang circumferenitially arand the rotor back assembly
36 wnder Beavy losd. The boml beiween the thermally
comlielive rolor eocapsubaat 90 and cotor back assembly 36
ity b enhamosd mechamically by providing the rotor hack
assembly 36 with shots 94, prooves, kevwavs, roughened
surfnees, hodes, projections, or odler stnsctures ot the inber-
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faee betwoen the folor back assembly 36 and the surfsee of @

the thermsally conductive fobor cocapeilal 90

A bt shorwm in FIGR. 3 and 4, the thermally conductive
rosior emcapsudong W may be copneiad o either or both ends
with one or mare roior-side sopplemenial hesd ransfer
srctuses, The specific embodinsent of FIGS, 3 amd 4
ieehudies nn areay of $E beat irmnsier clements 78 in therman|
cominet wilh the thesmally comdbisctive rosos encapsulant 90
and extending imo ithe first cavity 84, In additien, the FIG
Jd embodiment inchsdes an sy of OSE heat trensfer
elemenis B in thermal contact with the other end of the
ihermally conductive mior encapsulant ™ and exiending
imio the second cavity 68,

The heat irnsfer sireciures T8 and B0 are merely repae-
sepintive examples of any number of heat tramsler stmictures
it can be mownted to, formed inoor otherwise themanlly
contacked with one end or the siber of @ thermally conduc-
tive potor encopsulamt ‘W In ench case, hent trmpsfer stnac-

B

16

e T8, B0 extond inte cither the frstcaviny 64 or e spcond
cavity 68 1o facilitate beai tramafer between the maor 16 and
e forced fhaid cireait 74,

In an alemative embodimenl. ame of mone of e e
iransfer structurce TH, B0, §3, of 84 may also be formeed o
flanetion as the fan 70, For examgple, the comsbination pinfies
86 of b heat tmnsfer siraciare T8 of F1G, & may be nngled
or otherwise fomsed o couse o pressure grdien! cosing
fhuidd eircnlation theough the foneed Nuid circwit 74,

. Heai Transfer Ol

In cerain embodiments, the efficiency of heat transifer
within ihe motor 10 may ke ephanced by wiilizing o bead
trnsfer Muid, in combinstion with or oiber than sie For
ecxnmple, o quamiily of tmesformer oil or pnother hes
transfer fuid may be ackled 1o the fiest covity 84 anslior
sooond convity 88, When the motor i mot opermted, the ail
will poud in the kottom of each covigy 64, &8 and fll, for
example, the bottom quadmng of the nir gap 40. As the oor
16 spins, the permarent magnets 3 are sequentially suh-
merged in the oil baith and beat can be drmm from ol
exposed faces of the permanent magreis 34 and neinener
hand 52,

A alesoribad io dietinil] below, o stlor encapsulant may be
mcklied hetween the siabor 32 and housing 12, in pard o ensure
that oil sdded 1o an intemal covity 84, 68 pust peol in in
contact with the rolor 16 S5ee, for exomple, the stator
encapsulunt 9 of FIG. 11, Sulliciem oil meny be sdided 1o the
cavilics 6, 68 fo cover the air gap 40 amlior subnsenge
poetions of one or more of beat transfer structures 7H. B, B2,
B o olber heal lensler dnsclunes. The cavilics 64, 68 amd
air gap 40 ane inlereonneded regions of the rolor ceviey 6,
Therelane, o heat trans fer flod sdded Bo one canvaly wall Bow
t olhers. The quamiy of vil or odher e transfer i
aackled By cavities 64, 68 meny be egual 1000 less than 305 ol
the tonal vaodime of cavities 64 and 68, equal 10 or less than
25% of (be total solume of covity 64 ol 68, or another
simlahle vodime.

When thie cotor 16 spins al neluiively higher spoeds, the
action of the mobor 16 amd or the heat transfer sinsclunes 78,
B may cause splaghmg omd nrigtang of U odl of stber e
trunsfer find improvig the thermal propenties of the foneed
Mk eirenin T4, Amy retaines band 52 may be Med watk a
perforated eoating or thin nsesh surfsce 1o ensure tarbulen
Mo ol B e a1l potor 16 moves through the odl bath,

I3 Baxior Hack Assembly Heot Expoen

A i generally diescribed above, e rotor baeck assembly
6 conducts hwat from e adges of ke permanent magnets
3d facing the shaft axis 22, and gencrales some beat theough
eckly curremts and Bysieresis boas within the mobor back
aasernbly 36 asell The hear comducted w of gencrlad
wyithai the rotor back axsembly 36 may be condoeial mdally
i ventilation chanmels 73, Alermatively. heat conducied o
or generated within the rmtor hack awsembly 36 may be
conducied mially o ibe SE heat transfer stricture 78, the
QSE beat weansfer structure 80, another beat transfer stnoc-
fume, o the Ein M0 where best con be comveved fo ihe forced
i circwit T4, The surfaces of the moor back sssembly 34
facing covitics &4, 68 may e struciuned, texiuned, anodired
or stherwise trented 1o ephance the exporn of e from the
rotor 16 6o the foreed Muid cirenin T4, stator 32, housing 12
ar oiher struciure from whenee the hent may be dissipaied
ing the exviroament,

The oppamius and methods disclosed herem, mchuding
bt ot limted g0 the ventilation channels T2 hent trunsfer
structures T8, 80 nnd thesmally comductive rofor encapsulam
S mssare thit the robor back assembly 36 is nelatively oooler
than the permanent magnets 34 dusing mator opemtion. This
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iemperatane pracient causes bedl flow from (e permasent
magnels 3 o the ngor bock assembly 36 and oo of the
g through the shafl 14, forced Muid cireult 74 and
honsing 12 or anoibher expord path ns desoribed henzin.

E. Shaft Hent Bxpon

Another path For trmsmitting. heat away From the molor
utilizes G shaft 14, The shafi 14 & Grmly conmected o ihe
rdor hack assembly 36, usually with metal foemetal contacl
Heat from the penmancnl magnets 34, rotor baek nssembly
36 or other rolor structures oy thenefore e conducted 1o
ithe shafi 14, Hent expon through the shaft 14 moy ke
enhunneed by providing the shaft 14 wah o relstively highly
heat-condueiive core T8, or other shaft sinsciere, made of a
material having relatively high thermal conductivity such as
alamimim or copper, when compared 1o the sumrounding
steel shall material. The shall 14 connects b the body ol the
cyaipnsent being driven, for example, o fan, pump, drive
rodler. or material processing mschine. Thus, e slafh 14,
pacticulagdy if it & provided with a heat conductive core 98,
can o beal 1o the drisen machine, whene s heat may
b dissipated through comvection, condoction or mdintion.
Stiator Cooling Methowds and Apparatiss

The pramary sowrces of heal generation in ihe stalor 32 are
magnetically induced eddy currents within the metal core 44
of the electrmagnets M and resistance losses i the wind-
imgs 42, The quastity of hent produced ina stator 32 moy ke
reduced by maximeang the wire gagige of 1he windiogs 42
1o neaxmmee sk G and redece AC resistance losses, o
aiddition, rectangilar were may be ulilized for the windings
41 to increase sk fill and reduce resistince losses. Mog-
netically mduced cddy cumrents within the stec] electroming.
ned cores 44 may be minimized by Gabrciling each core
from ebecirically isolated luninations as described in detail
beow

Sevend apparatus and methods are disclesed for cosling
an electric machine stator and dissipating heat from the
machime. ks aportaat e mote thal e siabor 32, particu-
lagly i a TEMY mechine, B entirely enclosed within the
machine bousing 12 Therefore, conling (e stitor 32 aflen
imvalves heat transfer s anoller molor Sifscliane, for
examnple the bowsing 12, of shafl 14, prios 1w heat despation
froem the motor 10, In certain instances, the siakor cooling
methicds and apparaius described Berein operate inconjume-
inn wiilh methods and spporsiis for conling ofher portions
of the eotor 10, poter 16 andlor housing 12, The vanious
ibwrmsal mansgement methods and apparainus make be eom-
baned in sy fashion, scaled, or pamially implemented 1o
achieve desined thermaal mosagement and mechine durabil-
iy goalk.

AL Eloctroandegivd S

As shown in FIGS. 10, 13, and 14, a represeniative
clectric mochine siator 32 inchodes a plorality of eheciro-
magneis 38 mdially posiizoned aroounsd ibe shafl axis of ihe
maching, for exanple the motor 10, As best viewad in FHG
14, and the exploded view of FIG, 148, the chectronugms
38 inclode 8 core 44 of o magnetic metal. pypically o el
allew. Magnetically induced eddy corrents can be reduced by
fnbgicating the core 44 from o stack of similogly or keni-
enlly shaped and relatively thin lminations 46, The specilic
lnmanation shape shown in FIG, 18 includes p ipoth pedion
10 and o voke segment 102, When multiple laminatioas 46
are slicked 1o foom oo eleciremagnet core 44 ibe looih
portiess 100 dipectly or imdinectly supports the windings 42
while the yoke segments 102 provide simsciure o the staior
AZ, n heat 1mnsler pathway 1o the exienor of the s 32,
and pdditiona] nugeetic core miss.
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I is meeessary do provide electrical insalation between
pjscent laminations 46 10 medece magneticolly  indhacad
eckdy currenes in il cone 44, Therefone, the opposing planar
sirfoes of wieh lamination 46 may be coated wilh a laeguer,
cpony, plostie, issulating padm, poper, or anoiber daclectric
layer o coatlag o provide clectrical insulsiion Betweon
pidjacent laminations 46 when muliple laminations are
stackod 10 fabseate an clectronapie core 44, Comventbonal
lnmination insulsting neethods tend 10 alse thenmally inso-
laie gach lomination and restrict the fow of heat generated
either within the core 44 or within the surmounding windings.
42

The mognetic st #lloys ussd for core laminaticns 448
typically heve pelatively low thermal conductivity, The
thermal performance of on el ectromagnetic cone 44, and ths
the thermal performance of on elevtric mochine, may be
enhanced by coating or otherwise sssociating the mognetic
stee] banuinations 46 with & muterial hoving relstively higher
thermal conduciivity thin magnet steed, For example, some
postion, or the entirety, of the extenior surfaces of n sbeg)
Inmination 46 may be coated with, ploled with, have deposs
ited upon, or otherwise be associated with o relatively thin
thermal trmnsmissson Laver 104 of o metal soch as nscked,
nickel silver, copper, aluminum, graphene or ancther maie-
rinl having higher thermnl conductivity than the steel ami-
nalian imlersor, i clectrcal insulation byer 106 may be
achded ower the thermal transmission kryer 104 te mininyize
echly curmenls when the lammnations 46 are slacked 1o an
operuble configuration. In cenaim embodiments one Layer
many serve both as an msalator and as a thermal InsmEsson
layer, provided the matenal selected i a diclectne neerial
ol i greater themual comductivity than the magnetic sheel
wsid for Bminations. For example, vanous graphene axides
coukl serve & o single laver providing both enhancesd
thermad transamizsion amd shoctrcal msukstion,

e exanpbe of a layered lnmimation conligaraiion hoving
higher thevmal comductivily than a simple msulsted stec)
laminaton = dhown n FIG. 15A. 1o ibis embodament, the
shoel [amamation 46 15 coated fird with o thermal Irnsmis.
s layer 104 having hagher el comducvary than the
stisel ol e rderlying lamination 46, The thermal Lransnes-
shom layer 104 may then be comad of oiberise associnlad
with & dielecirne insulation Byer 106

Alsermatively, as shown i FIG, 158, only one planar
surface of o laminaiion 46 may be coated wilh or oiberaise
insislated winh a dickecine isulaton layer 1046, Thi appos-
ingg planar surle of said lomination #6 may be caaied wiik,
contacied with, bonded to. plated with, or otbcrwise asso-
cloted with o thermal tmnsmission lover 104 of & meterial
selected o faciliute heat transfor away (rom e electio-
magnetie core 4. [Fa core 44 s Eshricated fronh o plurality
of laminaticns 46, peepared in this fshion. the ihemmal
iransmizsion lver 104 i5 pod required 1o provide clecirical
insulniion since the dicleciric insulation Layver 106 of the
imamedintely adjsecin benuisstion 46 will clocirieally insulate
hodhi lnminations froms each other, provided each lamination
is oriented in b same fashion, as shewn on FRG. 158

The thermal transmission layer 104 can be, for example,
o meal hoving sigeificomly higher thermal conductivity
than steel deposited on the limination 46, Representative
metnls hoving higher ihermal comduciivity than  siee)
inchude, but are net limited 10, copper, nickel, gobd, silver, or
aluminum. Oither matenals, for example grophene or graph-
ing oxide, may he deposited os n thermal tmnsmission laver
1 op m lnmination 46, A comhinagion of the abovg maie-
rials mury be used. For exnmple, as shown on FIG, 80, & cone
44 may be fahricated with @ stsck of inerior steel lnmina-
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inrns b haviog a diclecirie coatiog 106 deposited cr ober-
wise msocisied with cne surface of & steel lamination 46,
which iz coaied on the oppasite surfaes with a metal 104,
for examaphe micke silver, which is subseguently eoated with
A graphene lover D04 As this paticm sepeals Beell thaosgh
ihe stock, eoch lamisation 46 iz insulsied from sdpcent
lnsminagions, yet coch Lamimation s alse in contpct with ome
of more thermally conductive trmismission lavers 104 pro-
vidking for bem expon frony the cope 44,

The stacked lominstions 46 forming the eleciremagnetic
cone 44 st be held wogethes during assembly and operation
and insnlsted from the wisdings 42. Copvendional clecirm-
magnetic cores are often held wgaber by gloe, baoquer,
sorews, bolis, pins, crimped serfaces, other fsteners,
wiehled joints o ciber means, Insulaikon nery ke provided by
thie glae or Incquer, a supplemeniad stnsctane soch ns e 50
papeer. or merely with the winding insulaticn. The disclosed
embodiments coubd be implemented with omy one of the
feregoing mssenibly and insulation techaigues, Allermatively,
as showm in FIG. 14, the stock of laminwions 46, and ary
lominnfion coafings 004, 1M cam be tightly oompressed
iogether imto o core 44 having superior thermaal propertics
wilh a dwelectric habbin M08 surrcursling the top, botlbom.
and siddes of the teoil poetion 1 of cach laminaticn 46 in
the core 44, The diclectric bebbin 108 muy be fbricated. by
imjection mokling for exanple, fom o plastic, nykon or
similar material, The utilizntion of & babbin 10% as o means
o compressing the bmamdon fices ogether Bralitines 1he
use of thermal imsmission lovers 104 which might be
oompromased by the use ol allenstive manaton atloche-
nrend miethods inchesdmg b oo imsed 1o ghe or Baogquer
between éach laomenation foce, bolts or sorews throsgh
aifjocent laminatons. welded jousls posiboned alobg o or
mee sides of 1he lnmination ek, mechanical CAMmp oo
nections between laminations, noiches or other fixourmg
mcl ol

Specifically, the bobbin 108 assures constond, evenly
dhstributed pressune across (be tooth portion. 108 of cach
manation 6 in an electmmagnetic core 44, Evenly dis-
iribated pressure manmylzcs gaps between lammations 46 o
lavers 104, 106 and therefone Gealitates beal irmnsfer (rom
cich lamination 6 w0 aiy dssocioted benmal sk
laver 104, In addiion. using a bobbin 108 10 compress the
lamanations 46 ol associated Layers 104, 186 0o o cone 44
avaics ihe possibility of a boli, serew, erimp, wekd or otber
mwechanical fastener cosing & shon carcudl betwoen one of
i lammanations 46 ol tsrcdy compromizing (e ckectr-
magndtie proponties. of the core 44, 1o cortain embodiments,
the hobbin 108 is the anly sinectane holding adjscent lnmi-
natbons logether,

Al also shown in FRG. 14, the bobbin D08 supporns i
windings 43, Cerioan portioms of the windings 43 exiend
ihroeagh the stot between adjscent chociromagmeiic cones 44
Usher poriieos of the winding 42 ane end tums 109 bridging
mdfecent skots, soross cach eleciromagnetic cone 44,

As shown in FIG, 14, the yoke sepment 102 of epch
laenination may be Bnmed inlo cpposing male and female
dorvetail, wagoe and groove, or other mating structunes, 110
and 112 respectively. Thus, when b serics of electronognsts
3R ore mesenyblod imto o staor, ss hest shown in FIG. 13,
miljocent moke and femaole wngee 100 and groowe 112
structures  prowide mechnmical support 1o the stator 33,
Furthenmore, the operod shape of each footh 100, bobban
108 nnd winding 42 create 0 concentmied winding coil that
inpers B the shape of ihe shot, providing for high <ot flls,
Hligh sbot fill results in o reduction in clectricol resistance and
hewce lower bosses and reduced Best production,
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B. SmiorHousing Inerfaee

The sescked, cawardly facing surfoces of a plurality of
voloo segmems 102, defines an exierior surface 114 of the
stator A2, As shown in FIG. 13 1be exterior stator surfoce
14 fies clesely wiilin i perimeter porion 54 of he
hoasing 12, Heat can fow within each core 44 1o e extedor
stater surfnee 114, panicularly if thermal trnsmisséon lovers.
1 are provided on o betocen the laminstions 46
described shove. The transfer of heat from the extenior sutor
surface 114 ie ibe perimeier poion $4 of the housing 12,
ol suhsequently o the owside envinonment, may be Bscili-
inted by providing o thermally conduciive lubricon betaeen
the exterior siubor surfbee 114 and an interior surface 106 of
the perimeter porisan 54 of the howsing 12, Representative
themally conduciive lubricanis include bol are pot limaited
& thermad grense, praphene, or boron nitride powders,

Creernll machine robustness and thermal perfonmance is
alzo further enhamced by carefully coupling the stoor 32
the housing 12. For example, s shown in FRGS. 12, 13 and
16, o or more of the end plates 56, 58 muy define o lip and
shoulder sinactane on ihe emd plote 56, 58 thai contacts the
volkoo segment 102, The lip'shoulder structune 10 engoges
the yoke postion 102 of ecoch clectromagnetic core 44
somewhal pway from the balance of the emwl plaic 56, 58,
Thas, the lip/shoulder sinacture 120 cresies a pocket in the
el plute providing clearance for the end fwms 108 of
wimdings 4% The height of the lipshonlder stroctre 120
{magked as [hy on FIC 18], may be selected 0 reduce the
distance from the end ums 109 o 1be end plate 56, 58,
fciliting heat ransler. As described in detail below, the
remaining gap may be Olled with a themally comdoctive
encapsulint or other stmoctore or matenal to fBcbiode bes
transfer. [naddition. the beight b of the bp'shoulder strociire
120 con b iveressed as meeded W manimizs: the formeieon of
mognetically abused any currendts in the end plate 56, 58,

Auldisionad machine robustness may be enhanced by pno-
vidimg selecled elecinomagee! cores 44 with an engagemend
strgciane 122 al or in, te exterior surfsoe 114, e hosing
12 oy mnclude o matuig engapesmenl sirochone 124 oppos e
the eogagement strsctone 122, The engagenssl sinscunes.
122 il 124 ey be any shape or sime conligunsd 1o
mechameally mate e extersor surface 114 of e sk 32
with tha inserior surfsce 116 of the housing 13, and therefore
prevenl rotalon of other movement of the sator 32 wihwen
unddor lead. The specific cmbodiment of eagagoment struc-
fuwes 122, 124 allustroted 1m FRG. 13 iocludes o poumsdod jot
formid im the clectromagnet core 44 and a corresponding
roumided slol formead 6 the perimeier ponken 54 of the
bowrsing 12, Eaxch slot may be eoganged with o pin 1o meet the
sttad 32 1o the housing 12, Additeanl robustness is pio-
vidod by tighaly fring tle exerior surfece 114 of the sator
33 w0 thwe imterior surfoee 1146 of ihe housing 1.3 s harden ihe
case and protect the electiromagnets 38 from Empact, vibe-
fion, or oiber forees,

. Stator Encapslation juwd Stabilizagion

Auldditional thermal trensfer from portsoms of the stafor 32
or other mschine stnsctunes and enbunced stator robuestngss
may be provided with ibemmally comductive stror cocapsu-
langs, thermal ransmisskon structures, of petling materials,
For example, cemain embodiments may include a thenmealky
conductive sintor encopsulan 96 encopmlating much of the
stwtog simogiune, o ihe particular embodiment of FIG, i1, the
themmally conductive stator encapsulant 6 encapsulates the
enlirety of the electromagnet nssemblics 38, bt for the
exierior stnior surfnce 114 npd ibe mside Mees 126 of some
or all &f the magnetic cores 44 cing the air gap. Additicn-
ally. the thermally conductive stalor encapselant $46 direcily



US 10,505,421 B2

11

comlsets ome or kot boosing end plaes 56, 58 or odher
honssing, sruectune, providing o direct ihermal pathway Trem
ihe staior 32 1o ibe houzing 12,

Alermative sirscianes. may be wed in o of o 0 con-
banation with fall or pamial stwior encapsalation. These
alternative sinsciunes are witkin he seope of this diselosun:.
For example, thermal (ransfer from the stator may ke pro-
vided By o separate thermnl comtact structure, for example a
thermully comdwctive, compressible or conformable solid
maicrial placed into coptact with some portion of the staior
A% and the howsing 12, or ploced between & portion of the
sinior encapsulani %6 and the hoasing 12, A ihermal contogi
struciuse conrhl be substantiolly solid, or hove 3 hopey-comb
structure, woave washer structure, of the like. A themanl
comiact simochune comldd be fbricoted of & ihermnlly condue-
tive felt, fomm, metal, coated metnl, conformehle epoxy,
composite, For example o silioon based pad with alumins
filler, o any other saitdhle thermally conductive compound,
maierial, or combinalaen of matenals.

In embonfineents where gops between the sinbor 33 and
hinsing 12 ore parilly or substambiolly filled wiih a stafor
encagsalont 96, for example, i embodiments where the
stalor encopsalacd 96 substantiolly hlls o perimeter poron
of the housing 1L structurl benefits beyvond themmal man-
agemen are provided. Ercapsulstion of the chooronsgnos
38 in o stator epcapsulant e physically prevents comtami-
mation of the electromagnets 38 by moisture or particulone
malter. 3auch contannnilon can couse insulahon degradaton
and evenlually ciuse shorts between adjocent wires. Fur-
thermwore. o deelectne encopsulast 96 provides incneased
protection agamsl monufscturing defects in the wine insus
lafion. Thus the crcapsulant 96 cin provide nedundsnt
profection agiains wire-bo-wire shors, supplementing the
imsilakicin on the windings 41, In ceomn embodiments, the
cncapsulanl 6 alse encapsulstes the codl phase electrical
conmections, which grves additions]l protecion  against
phase=loephase shors and manufactunng mperfections 1o
the wire or elocircal juneions.

Thi encapsulanl 96 also reduces wire vibeation witlin the
stabor 3L, Vibration can reduce the ategrity asd Hfe of the
windings 42. Therefone, stalor encapsulait B provides for
chanced thermal nsanogement and enhancad  mochine
robusiness, Yamous sensors 85, incboding wihout limiation,
one or mone heat and vibrution sensors, may be embedded
imio the skxior encopsulan 96 so that oy iesease in heat
buiklap or imcrease o stlor of rolor vibration can b
dietectad, The sensos 85 may b wired, wireless, Inbermet of
Things (o], of ather vasielies of isonlonng scesoms of
semsors of another sppropriste (vpe. Monfloring electric
manchine operation theaugh one of moee sensors allows. for
the remobe detection of any delerosion i machine per-
formance, and for precmpiive measares 1o be aken.

In cne embodiment, the swior encapsulam B inclwles a
relatively rgid exierior pomion surrounding the overall
stator strocture and contacting the housing as described
bedow. As shewn in FICG. 18 however, there i refativedy litile
ronim between the windings 42 of ndjocem eloctromgnets
38, so 0 eam be advamiageoss (o pol interior portions of the
stutar XX with a redstively fuid imersor poling material. As
deseribed im detnil below, amy type of stator encopswlnm B,
having nny suitahle consisiency, can be irented o hove
enhnnced thermal conductivity promating the ¢xport of hent
froan the sintor 32 to the bowsing 12,

As noted shove, the housing of FIGS. 1-2 ond 8.13
includies 0 perimeter portion 54 surrounding ile stator 32,
Hleat tramsfer from the stator 32 o the housing 12 may be
fncilitmted by physicadly contocting the stntor encapsulant 96
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with voe ar both of e end plases 56 aml S8, 1o the specific
cathodiment of FIG, 8, the staor encopsulon W comtacts the
caiirely of an anpubar isterior sorface of cach ond plate 56
anil S8

Thee honsing 12 maghi include o scparie perinssicr por-
thom 84, o separate firss end plate 56, snd a sepamie socond
ol plie 58 thae arc bonded together (o form o housing 12,
It is imporant to sote however, et the housing could be
formed ncconding 1o altemative methods. For examgle, in an
alicmative embodimen ihe perimeier porion 84 and cng
el plaie 56, 58 may be cass, mochined or otherwise fommad
o5 0 singhe part, Thus, I some embodimends, an end plade
el ihee preriamater portics may be s anifod sinectane, [n sisch
o embodiment, the stmor encopsulond B may be in dinect
or imdirect thenmal contect with an end plate region of the
umificd beusing strctunes.

In the configwrstion illustmsed in FIG. 11, the swtor
encapsulint %6 nnd the inside fBoes 126 of cenain electio-

cores 44 define o swbsinpiially oylindrical infenor
stater surface 128 Bacing the air gap 49 with each end of the
inferor stator surface 128 being bopnded by cemiml porions
of the first and second end plates 56 nnd 28 Collectively, the
emdd plabes and inlersor stalor surfsce 128 define o clossd
cyhindrical mtor cavily 60, |In cerain emboslinsents, the
moilor 18 incledes mimimnd voids, oot flled with the suator
encapsulint i between any siabor sinaciure and the boasang,

Thas, the sinbor encapsulang 96, along with amy thermslly
conductive lubncant in comtacl with the esieror surface of
the siater 104 and interior surfaoe of the perimeter portson of
the bawusang 116, Gause podentiadly all sirlscss of the stabor
31 exoepd for the mberior siator surface 12K af the air gap 44,
o her in direcd thermal comtact with ane or more portsons aof
the housing 12.

The thermal comductivity of the stator encapsulant 96 mary
be enhanced by inchiding epecilic mutenials within the
encapsulant matrix. These materiols may be included
whelher the cncapsulonl s 2 substanbially npgad exienor
encapsulant or o relatively Buad interior potting material. For
expmple, the stalor encapsalanl ™ may be a dselectnc
material applicd ina lguid stae w A sobsentially all viodds
aisibe of the rtor cavity 80, In certain embodiments,
material appliad as a lguad will fally of partally hardemsd
inte o mone of less rgid saor encapsulant %6, Represenia-
tive dichectric matermls suitable For thermally enhuncing o
slaior encapenbation material el sde, i are mo Bmised o
simpendad partiches of boron mitrde, silicon carbide, silca,
alussinamm oxide, aluminam, copper, anciber metal, amother
metal oxide, ceramie. graphone and e Bke The 1wl
conduectiviey of the cncapsalum 96 may funber be enhumeod
il thae particles are spherical, hove radinlly of-
il Fbsen of have anctber shape or oetalion desigied w
faciliase ihermal condutivity,

Alsematively, m oo of or in conjunction wink the use of
sumpended parficles, larger sealed sinsciures miny be nssoci-
aed with the sotor encapsulal 96 to cnhanoe encapsulam
thermad conductivity, For example, o solsd part, such as o
metnl or cermmic ring, with higher thermal cordectivity than
the cocapsulont, can be embodded in the cocapsulant o
create o compaosite kody that has higher thermanl conduetivity
than the encapsulam By fself

As noied nbove, the mior-focing electromagnetic oore
fces 126 and an inside saripee of the staior encapsulant 5
wre exposed ol the air gap 40, These structures nleag with the
endl plates &6, S8 define the enclosed mlor cavity 60, Fles
irmnsporie] from the stabor 22 10 the rolor envity B0 has nod
vet been exported from the mechine. Furthermoere, the
machine fodor 16 operates within the mbor covily 80 sdding
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alditiomad heot o this spoee. Hest muy b trans ferred. froom
th ponor covity 60 theough be bowsing end plaics 56, 58 w
ihe external cnvironmeni. Heai transfer from the rdor covity
60 10 the end phetes may b Gelnased by bbrearing or
coaimciing the comral reghon of one of bodh end plases 56, 58
wilh o o mode heat ramsfer strectores exiending o ihe
rdoe caviny Gl

For example, as illustrated in FRGS. 2. 8 aed 10-13, b
central poetion of exch end plate 56, 58 may be in themanl
eomiaet wilh @ heat irmnsfer siructne, #2 and 84 respectively,
The configuration of beat teansfer structures 83 and 84 ane
representative examples of aoy aumber of [ypes or configue-
ratiens of heat tmnsfer structure that con be mounted o,
formed i, o otherwise themmally comineted with an end
plate 26, 88, In esch case, a beal tmnsfor structune 82 or 84
cooncs 1he end plm:c i oo sl nmd extenids ingo the rotoer
ety Bl on the opposile side,

A heat tramsfer stroctare 82 or 84 miny be formcd having
a pumber of pins, fins, combinniion pin'fins 86 or other
simctures designed W increase swrfice anca and promeote
hezd lramsler, The |:rir| {ims 86 extend awny from the end plaie
54, 58 nncl inge the rotor covity &L The inserior surfice of a
heaf transber structure 82 or B4 may also be mooghened o
incresnse surface aren or trealed, for example wih black
ancslizmion o Mhcilinee heat transfer. [n oddition, the hent
tranzler stnactare KX or 84 may be Iabncted Irom o matenial
sach as copper or aluminunm with kigh thesmal conductivity.
The henf trnmsler structure B2 or B4 my be bonded to he
end plawe 56, 58 or other bowsing structure wsing hesit
ranslir paste or anodher melbod faciliating effective heat
Immnsler. Bach of the beal transfer strocturcs B2, B4 s
illnstrmled = beang sshadontially anoular, hoswever olber
shapes anel configurations are within the scope of ks
iisclosune.

Heat Export fron the Housig,

Thermal expon From the housing 12 10 e outssde envie
roament may be enhanced by providing the housing with
fewct 18 or anotber structure fcilitating e transter from the
hosing to o building Boor, bubding wall, moustang brackel,
machine part, of eilver catenal sirocine o which (b melor
10 is sitsched. Thermal expont through the feet 18 may be
cithuneed by Eabeacaing s Foet Troa a nssterial baving high
ibermsal conduetivity, fior example aluminan, copper, ther-
mally rnsmissive composates and the like. In addion, the
imviier fene 130 betwoen the feet 18 and extemnal sirociare may
b contactiad with or coated with a maleral w cahante e
comlciion of heot energy from ihe focl 18 & the exbernal
striciuse. For example. the imerface 130 may becoated with
o seat trnnsEcr prste of other material having hgher thermnl
codductivity than the feet 18, copper Tor example.

Additional het expont froem thwe Bowsing may be focili-
iated by providing exterior pomions of the housing 13 with
fing, pins, of other bem trsfer simciens. Pomions of the
howsing 12 may be roughened o increase suirfbee anea or
treated. for example wilh bock snodizsion or thermally
cenducinve paint o facilitale heat tronsfer. In addition, the
howsing 12 mny Be fshricaed from & maserial such ps
alamisum with relmively high thermal copductivity,

Heat Export from the Sttor Theough the Shafi

A nted above, oo path for tnsminting heat mway from
ibhe modor 16 utilizes ihe shoft 14, In sdditien, heat conducied
from the stator 33 to the howsing end plates 54, S6, or other
ner stnaciores may be condacied to the shaft 14, Heat
export through the shaft 14 may be enhanced by providing
it shaft 14 wilh a thermally comdpctive core 98, or oiher
shafl streciane, nusde of o materind hovieg o relatively high
thermal conductivity such os aluminam of copper. The shafl
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14 gonneets 1o the body of the equapment i s driving, for
example, a fan, pump, drive moller, of owterial processing
machine. Thus, il shaft 14, pariicobarly a7 0 ds proviied
with o Uwernsally conduetive core 84, can comduet leat (o the
elrven equapment. where the heat mny be dissipatad threugh
cotvechon, cenduction or radiation

Fanhermose, the ghafi 14 i supporad by bearings 34, 26
supportad im bearing flanges 28, 30, Heat wransfer from the
hoasing 12 1o the shafi 14 may be ieilived by implemenm-
ing porticns of one of moes of the bearings 24, 26 anclior
bearing flanges 28, 30 with maierial having relaively kigh
thermal conductivity, for example copper of alumirm. [n
o epecifie embadiment, the beamings 24, 26 inclade bear-
ing seals 132, 1M fobnented from copper do facilitsie hes
iransfer from the housing 12 bo ihe shafi 14, The bearing
flange 28, W may also ke Shricsted from copper or npother
materind with relatively high theemal tronsmissivity, In sddi-
tign. the thermally conductive eone 98 mry exsend lotermlly
# or pear the shafi surfece in the region where the shaft 14
contncis bensings 24 opcdior 36 or beoring seals 133, 134,

In cerinin embodimends, the penmeter porisen of the
hoazing 54, first omd plote 56 and second nnd plaie 58 may
b confihncated, webded together, or otherwise Inbrcoted to
prevenl entry o ihe howsing, Therefore, fhe bearing
flanges 28, M), or nnother Bousing strocture mary  suppaedn
bemrings X4, D6 implemented bearing cortridges thot are
replaceahle from oaisicde the bowsing. Thus, the bearings 24,
2, whach are subgect 10 acdeleruted mechamcal wear come-
parresd 10 oibher moving parts of a motor 10, mary e neplaced
withoul sccessang the mberior porticns of the housing 12,
thus enhancing overll mochine robasiess,

Meghods

Altemative embodimients melude, bl are nol lmiled 1o,
methoxds of cooling an electric machine motor, methods of
condling an electric maching stalor. methods of cooling an
elecine machine. methods of fshricming an elecirie machime
ar parts of an elecine machine, nicthods of stabilidng an
clecine mackme, and methods of fbrcoting an checinmmg-
nel for an electre machine. Vanous methods will be appar-
anl o bose of skill i the on based entirely upon the
apparilis disclosed benein,

Reprosentative meilods inclode o method of copling o
rotar 16 or cocding an dlecidc machine 10 having a rotor 18
and @ stntor 32, The meetlod inchodes cassing the ator 16
ruiste winlh respoet (o the stator 32 1o drive an ingermal Fn 70,
Thee inbernal fun TO cavses a (hugl, for exangphe air of an &ie
gl ofl mixiare, e be clroalated in s Muid circnin T4 between
a first cavily 6 amd socomd cavily 68 adjacenl the rosor 16
ey ol b potor 16, Heat trnnsferved o the fubd circnin 74
may subsequently be transferned to 1be maehine bowsing 12
andl then tradsferral fom the mackise 10

Another represeniative embodimsent 15 8 mwthod of gool-
ing a sapior 32 o clectric machine 10 by plscing a aptor
encapsuling # indo thermanl coninct with ibe stoior 32 and g
machine housing region 12, for cxample o fivs) end plate 56
or second el plabe 58, The thermal conduciivigy of the
atator enecapslant 96 may be enhanced by mixing oo adidi-
five witls the encapsalant %6 10 incresse thermal comductiv-
ity. Thus, hest gemseratod in the stator 32 may ke conducted
from the wintor 32 sheoogh the eneopsulang 46 s the housing
1

Another represemniive embodiment is p method of fahb-
ncating o staies 32 or eleciric machine 10 having o plurality
of electromagnets X with eleciromagnet cores 44, A phu-
mlity of the clectromagnet cores #4 may ke fomeed o
include n stack of lnminatéens 46 defining a tooth partion
1M gl p yoke segneent 102, Eoch yoke scgment nuy
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further define o pomgue sirocinune 1L and an opposing groove
strucrure 113, The clectromagnets 38 may be assembled imo
A staior 32 by matieg the iongue strscmuee T ansd ibwe groove
strctune 112 of coch chectromagnet 38 with the cormmpond-
img bomgee strochure 110 and the groove strecture 102 of
afjocent cleciromagnets 38, After ihe cloctiromagnets ane
thius assembled, the swator 32 may be coneapsulated with »
thermally conduetive cncapsulan M.

Another representtive enhodimeent i & method of sia-
balizing an eleciric machine 10, The method includes siabi-
lizimg the rosos 16 with & ihermally condoctive dickocris
rofor encopsalond 90 in coninct with mdjaceni permpnent
magnets 3 and stabilizing the stotor 32 with o thernally
comduciive dicleciric sintor encapsulant 6 in coninct with
sifjocent ¢lectromagnets 18

ks modificntions and additions con he made w the
embodinsents discussed withoat departing from the seopeof
the invention. For example, while the embodiments
deseribed whove refer o pariicular features, the scope of ihis
irvention also inclixdes embodiments having different com-
banadion of features and ecmbodaments thaed o nol inchsde all
of the above described features,

Moreover, while the procedures of the melbods and
processes descrvbed berein ane described in oo pariicular order
for ense of description, unless the coptext dicmtes otherwise,
varnks procedures may be reondered, added, andfor comined
im scconlonce with varsous emboddiments. Moreover, the
procedures descnbed with respect 1o one method or process
may be mcorporsted within other described methods or
proscesses hkewse, sysbem componerits descnbed soconl-
img 1o a pariscular structum] architecione and‘or with respect
o one system mny be orgnmzed in alternative strochiml
architectines andior incorpomted within other described
systems. Flemoe, while vanow embodiments anre described
wiith o wilhow-—certain fmmres for ease of descripiion
and o illusinte exemplary sspects of those embodiments,
ihe vanous components ador bmtunes descmbed berein
wilh respect 1o a partscular cenbodimeni can be substifuted,
aidded andfor subliscted [ among other  descibed
cmbodamsents, unbess the comtext dictates otherwase. Conge-
quently, although several exemplary embodiments are
desgribod above, i will be appreciated that the investion 18
iniended wo cover all modifications and equivalents witlin
the seope of the following clans,

Whal s clalemed is:

L. An electromagnet for an cboctric machine comprising:

a stack of laminatiosns, with esch lamnation definimg &
toodl aend o voloo segimsent;

an insulaiing bobbin susrounding o portion of the soath of
cach lamieation,
wherein coch laminaiton is held against ndjpeent lnmi-

nations by the hobking

electrically conductive windings surroanding & poria of

thie borbbin: nd
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an encapsulam fully encapsulaiing the hehbin aml winsd-
ings; aml wherein the gock of individual Laminstions
COAPERsEs;
o lirmst lamimsison;
a soeond Iaminaiion sdpscent o i fiesi lamineiion,
@ lirs) heat irnesfer bryver bonded 1o a firs plasor e of
the flrst baminstbon: aod
w w0l heal trans ber layer bonded 100 Grat planar fee
of the second lamknation

2. The electromagiet of claim 1 whensin the encapsulam
comprises o diclecire maerial and an addiiive w0 ioresse
thee thewmal comdoctivily of the cecapsulant.

1 The electromagnet of claim 2 whercin the dislectric
material comprises a polymer and the additive comprises
o or more of borea mitride, silicon carbide, silicon: ak-
minam powder, copper powder, metal oxide, ceramse, and

sn;. The electmmmagiet of ¢laim 1 whersn e (st bama-

aurtid ancl the second Femansdion each ferdher comprises o

dielecing laver in physical eomtsct with a seeond planar faee,
itc the heat imnsfer Liyer,

. The eleetromagnet of cladm 1 whenen b voke seg-
meni defines o tongoe stnschune o1 o first ewlside edge nnd
wherein the yole sepment defines o groove siruciune ai a
seoomdl ouiside edge, opposite the fird oulside edge.

& A method of mbnombing an clectronssgnet for an electne
machine comprising:

providing a sinck of minations defining o tooth and o

yoroe segiEanE;

placing nn insulnting babhin around o portion of the 1oath

af ench lamination, 1o hold cxh lamasstion agains
adjacenl lamimatsas with the babhin;

winding an electrically conductive widing around o

portion of ke hobhin:

fllly encapsulating He bobbin and windings. wherein the

encapsulant comprises a diclectne mabenal and an
additive 10 imcrease the thermol cooducmvaty of the
enriapsulank;

providing (irst amd sevond mifividual laminations that are

adjmceml w0 cach other; and

bomlang o heat transler layer e a fira plamar fsoe of aech

all the st and seeond fsdavidieal Laiims o,

7. The method of claim & wheeemn (be diclectnic meneral
cuorprises @ polyinser ard the addilive comprses Gme o nane
aof basan mirde. silioon carbide, silicom; alumaniam powder,
copper powder, matal oxide. ceramic. aml graphene.

B The method of clyim & farther comprisang prosidisg
cach of b first amd sevond lnminatiens with o dselectric
layer i physical coatact with a second plenar fce, opposie
il bt tranzfer layern

9. The method of clabm 6 further comprising providiag the
vk segment with & tongue strecture of a st osside edge,

L The method of elaim 9 further comprising providiseg
the: vodo segnment with @ groove stmogiane ol b second outside
wdge, opposiie the fira cuside edge.
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ELECTRIC MACHINE STATOR COOEING
SYSTEMS AND METINDS

CROGS-REFERENCES TO RELATEDR
APPLICATIONS

This application Is & dvisional of LS, application Ser
Mo, 167228353 filad on Dec. 20, J00E, entitled “Blectric
Machine Stator Cooling Sysicms and Mothods™, which is 2
divisionnl of LS. appliemicn Ser Mo, [3ET0472 filed on
Jam. 12, H1E, now LLE, Pat. Mo, L7763 entitbed =Elec-
irie Machine Siasor Cooling Sysiems and Methods™, which
claims priority so ULS, Patent Application Ser. Mo, 62570,
441, filed on Oet. 10, 2017, enditled “Permanend Mognet
Motor with Tested Efficiency Beyond Ltm-Preminm/TES
Levels”, This application is also p eontinuaiion of 115,
applicmtion Ser. Mo, |SET045R fiked on Jun. 12, 2008,
enfitled “Electric Machine Rotor Cooling Systems and
Methods™, which claims progity 1o LLS. Application Mo,

GXSTOA41 filed on o, 00, 2007, entitled “Permapent *

Magnet Maotor with Tested Efficiency Peyond Ulira-Pre-
minm/ 1125 Levels™. This application is &lso o continunbion of
LI, application Ser. No. | 9870420 filed on Jan. 12, 2018,
entitfled "Hobast Permonent Mognet Electric Maching and
Meihads”, which clims pronty o LS Application Mo
GUSTO441 filed on Oa. 00, 3007, emiiled “Permnnent
Magnel Motor with Tested Efficiency Beyond UlrasPre-
minm/TES Levels™, the comtent of which applicstion is
imeorporabidd bencin i entenely for oll porposes.

COPYRIGHT STATEMENT

A portion of the disclosare of ks patent document
conlxns makeral that is subject o copyright protection. The
copyrght osmer bas no obhpection 1o the Gecsimile neprodoc-
tion by anyone of the palasl documesl or the patent disclo-
suire a5 il appears i U Patent sl Trademark Office patent
file or reconds, but olbwerose peserves all copyright rphas
whalsoever.

FIELL

The presem disclosare relates, i peoeral, 10 nseibods,
systerms, and spporane for cooling the stator of an elecne
ianchine, for exmimple s ¢hozire motor of elecife peneralan
Thie proseni disclosure relares nwee specifically w il cool-

img of the staior of o permanent nsageet (FM) elocrnic
mnchime.

BACKCGROLIN

Eleciric machings emploved in commercenl aand indusirinl
applications are often roquired 10 operate o 100% of the
applicable perwer rating orver what is fypéenlly a Gl howr
service Bife. Thercfose, o molor of other cloctric machine
cmplwved in o commercial or indusinal setiing must be hoth
relinkle and versatile, Machine reliokility and lifespan can ke
compromised by mony Dcors ineloding b pod Bmied o
I b high tempemture opemtion resuling in thermally induced
eomponent Failures, 1) vibratson, heat, friction. uphakneed
opemin, contnmination, inmlequate material selection or
odher couses of mechanically indueed compopent fnilure, or
3} dielecine Eailure resulfing in elecinical short cincuils or
open cireudts caused By hest, inadequale material selection
or olher cmises,

Fleciric nanchines are ofien provided with o mechamicnl
coaling system, for example o fan plus ncowling configured

)
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e alirect adr cver eooding fins cost ine the machine heasing.
Mamy such devioes are clossifaed as (ololly enclossd Tfan
cosled (TEFC) devices. TEFC motoss suffer from inherem
inefBeiency singe a porthon of the 1ol power oupa by the
mior s wm ibe cooling Fan, and therefire is unavoilakle
for cutpet, For example, 8 TEFC motor stisched w0 5
conveyor beli musi operaie bath ihe cooling fan and the
conveyar kel therefore the portion of the molor sutpus
resquaned fo ke fon is mol avadlable o the comveyor bl
Thez Ean and cowling apparatus of 3 TEFC machine s prone
b danwege, and peesents o safety risk in a tvpical indusirial
setting. Furthermose, since a TEFC machine drives o cooling,
fom with ope side of the motor ghaft, it is impossible or
dillteuli o stinch tewo downsireama machines 1o o single
TEFC muotar:

Conventional cleciric machines ore made robust nod
dumble wsually by implementing the mnchines with barge
anil by ceampenents. The Inrges and heavier components.
required 1o promade stable long<crm apemition can increase
machine cosl nmd weight,

Cither electric mochines, hoving directly vertilated ansl
therefope partinlly open bowsings 1o promole cooling, can
suffer fom moisiare ol particalote matier comtumination
which in tum can couse mechamical componen! degrasdation
and wire Jmsulation o electne junciion degrmdation and
premulane falure. Tolally enclosed nonventibded I:'I'Iil‘-!’lr'}
elecine machines present unigue coeling chalbenges. sence
TENY devices lack direct vemilation or an extermal fan
moing air over exlemal coaling fins

The embcudiments disclosed berein pne desigresd 1o mipi-
nse ome or mone of the above problems,

SUMMARY

Embodamsinte disciosed herean melode eleciric machine
cusrling opparsius and methods. Oiber embodinents inchsde
clements impariiag enhanced rebusiness and darshalily 10 an
clecine machine. As wsed berein Uwe class of devices
refimad 1o as elecind machmes ieclodes both electric gens
erators and eheetre motors. Cortain embodiments described
hercin are pentaten] magnel molon having a mudial i
cuitfiguration. Many of tie dise losed metbods snd sppoaratis.
are also applicable © wansher heat or i pan robusmess ©
axial fhax machines, ransler ux mochanes, aod lnear
machines. Cenain methods and apparsies may be applicable
M God-rkaling fomque molors, iransformens, of inductes,
Altbough maey specific cnbodiments ane illusizaied with
fespect B permanent magnet motors, (he disclosure and
clnims are nod limiged toany spocific appuratus configurtion
and are applicable o any tvpe of eleetrie machine.

Cemaln embodimems disclosed hereln include an electio-
magned burving a stack of laminstsons defining & tooth and
voko sepment, and an insulating bobbin susrousding o
poriion of the iooth of each Bminstion, swch ihad exch
lminntson is held sgains sdjscont laminoticns by the boh-
hin, The dsclosad eleciromagnets olso bave clecincally
conductive windings surrounding o ponion of the bobbin,
andd an encapsulant fully cncapsulating the bobhin
wimnlings, whenein the encapsulin coneprises o dielectric
mavieriad and an addiiive b incrense the thermaal conduetivity
of the encapsulasi.

In same embodimens, the dicloctrse material conpeises o
pedymer and the mddifive comprises enc o5 more of baron
niride, silicon corbide, silicon; aluminam poewder, copper
powder, metal oxide, cemmie, amd graphens,

Im some embodments, Individual lnminations in the stk
of leminations moy inclhule opposing fisst ond second planae



US 10,855,127 B2

3

foees. with ome face being in thermal comaet with a heat
transler loyer: Individoal laminations in the stock of lami-
natbons ey fusther be in physical comact with a dielecire
layer, opposie the beat trnsher loyer,

Cuher cmbodiments nclude a method of Bhricating an
electromagnet or stalar hiving o plorality of clectiromesgnas
as deserabed above, |0 some embodiments, sech voke seg-
mend delined by o stsck of ammations [ortber delines a
tongee structure and an opposing groove slnschan:, A ple-
rality of eleciromugrels may be pswembled 1nio a ststor by
mting the wogee structure and the groove structure of each
electromagznet with the cormespomding Tongue sinactune and
the groove strociuee of sdjaceni electromagnets; amd encup-
sulating the assemblad stator with a thermally conductive
encapisalo

Certain ebecinge maching embodments discksed borein
minimize the prodducton of bem coussd by cddy cuments in
the permanent magnets. rodor back assembly. eleciromag-
nefic cores, ar ofher sineciures. In sdditien, methods and
apparatus are disclosad providing for the removal of heat
from an elecinic machine by comduction, convection and
rodfastson utilinng varnous hest paths theoigh the mbernal
cavilies aml componenis or subsystems of the machine.

An embaodimen disclosed herein s on eleciric mochine
hawing o pofor, o fulor and o boasing. The mlor incledes a
shaft defining a lengthwise axis. The shaft & surmoumdsd by
o molor buck assenthly, olso Known as o back-iren assembly.
The roter alse includes o midially mounted amy of perma-
el miagnels posilioned around the perimeter of the avior
back assembly. The machine stator includis a plunality of
electromagnets mdially positicned aroand the molor defining
a air gap between an exienor surface of the penmasent
magnets of the rotor and an inberior surface of the clecins-
magnits of e sktor,

The rotor amd the stator ane supponed by and enclosed
wialhin o howsimg, In cefawn embodiments 1he housiag 15 a
olally enclosed nonventibstied (TENY) lwusing. o one
embodument, 1be slabor and tbe boismy deline o swhstans
taally evlindrica rotor cavity witlin e air gap and bousded
by the housimg end plates or similar strsctires. The avlos
cavaty may fuether be divided Ento s and seeond cavitics
when the rowor s pesitionsd within the motor caviny. Spe-
cilically. o fird cavity exists between the mowr and the
howsing a1 e exxd of ithe ndon, sdjseeni 1o o housing eml
platie. A seconed cavity exist batwoen the motor amd bousing
at thie wiber anid of the mtor, adjacen the other ciwd plate, The
howsing end plates moy be separate plates attached w
honsimg perimeter portion, aliermstively one of e end
plates amd the Bowsing perimseler moy e & cast, mochdned o
odleravies unitary of co-formed bousing clemie,

The: First and second cavitbes are conneeted through the pir
gap, In sddition, one or mone ventibmon chanpels can ba
pecrvikdnd theeugh the roior back pssembly, extending from
b first eavity to the second cavity, The list and second
caviires, ke air gap, ord the ventilation chapnels therefore
diefine 2 Muid circwt arcond the extesior of amd throagh the
back-iron of the rotor, The retoe may also include an intemal
Enn extending imto the first or second ervity. The imemal fan
is part of the rotog of connected o the pesor and ks configured
i camse low pressure o either the air gap or the ventiltion
channels and high pressare ot the other of the air gap and
venlilufion chanmels. Thenefore, when the mior motstes, airor
ancither fuid, for example an air aed ol mistuee, i comsed
ic circulaie around the fluid circudt from oo coviy Thoosgh
the nir gnp 1o the other cavity and back 1o the original cavity
thircaagh the ventilation channels. Thus, heat generaed in the

10
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rofor during operation can b transferned we the air or other
i Bowing in the fhaid circail 1o conl the rodor.

T sostorr i ean b @ sepasate strictuse, of could Bo rotor
fam blades formiesd in an extenor surfoce of the mlor back
gasembly. ln addition, the peior back sssembly, fon blades, or
fam moy b treated o enbamce the radmtion of beat o the
Ml carcurt and ihenefors io the i cavidy oF the sacod
cavily. Suilable surface treatments indlale bul are not Lime
itexd b0 surfece meaphening, of susfaee aoodization.

Heat 12 produced duaring the opembon of an elecinc
machine within the réer prinsarilty by moagnetically indhaced
eckly currents in the permansnt magnets asd mogeically
indugex] eddy curments and bysieresis wiihin the rotor back
assembly. In certain embodimenis, e production of s
withim the roter can be reduced by implementing both the
perminenl magnels and lbe rolor back ssenbly with o
series of luminations. Structuml sappont and advintagens
heat trassfer charmetenstics may be provided by binding the
permaneni mognets o the mdor back assembly with o
retalner band surrousding an ouber surface of the magnets,
focing the mir gap.

Theal trmmsfer froen the mobor B the fhoid oo nesd
subsequenl heal transFer from the first and second cavities o
the muschine housing may ke (ocilitned with various hem
transfer simaciures. One cluss of beal imosfer structurnes i=
moumied o the mver fcing cither the fimst cavity or the
seoood cavaly. Another Class of heat ransler sinaciures may
e mroanted w0 the howsing, typecally ol the and plates. cing
inke the firsl cwity andfor the secomd covily. Amy ooe of
the=e el trumsfer structeres miy include an amay of pins,
lins, combinalssn pindfing, or other strochures o insoresse
strfuce anea and larbulence, and therelore promote cllective
bent trmsfer g or fromo the aboched rolor o housing
struciare, Inaddition, a he imnsfer somciore may be
fwbricized from @ material such os alumioum or copper
hvang relatively Bigh thermal conductivity. A heatl trnsier
slraciane may be texiared, colored, have a surfoce insmtment,
ar ifhuerwise fibocited 1o ellectively trams fier beal o oor from
the flaid cireuit,

Addditianal heal miy be translerned away Inom the per-
mandil magaets by meluding o themnally comdusetive filler
ar encapsulant material in the gap berween adjocem perma-
ool magnels. The tbermally conductive encapsulant e
mal may be o polymer sech as an epony having an sddiive
stmpendad within 1he polyiner nss i b rase e el
coislsetivity of the rter cncapsulant above the natise ther-
mal conductivity of the polymer, cpoxy or other nobor
encapsulant material. The thermmally conductive eneapsulom
served 1o conduct heat sway [rom the sides of the pemmanc)
magnets wowand (be (e amd second cavities dusing rotor
operation. Amy bes iresfer struciures astiached w the roor
can be placed lmo thermal comacr with the ihermally
conduciive encapsuland regions o promoede heai exchange
with the flaid circwair,

A ihermnlly comluciive encapsulant in the gop bebwoen
sdjacenl pernnnent magnets obso provides seructuml rigidicy
and mobustiess o the fotor. The encapsulopd serves o
pkditiomnlly secune the pernuancsl magnets i the rolor back
sessemb|y amd prevent the magnets from slipping anound the
circumference of the mior under kad, In some embodi-
menis, the notor back assembly may define an pnchoring
surfice betacen mbjacent permuneni magnets seming o
mare securely anchor the encopsulam o redor hack nssem-
hly. An nnchoring suefice many he @ groove, proimsiom,
keywary or the like fomsed in ber extending from the rotor
hack pssembly.
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A porticn of the bea gessersied in the permanenl nognes
of polor beck assembly may be condweted 1o the shafi and
comlveied from the chafl o egquapmen driving o being
drivien by the clectrie machine. A machine shall is ppdeally
fabeicaied from siee] of snodher high-steengih slloy thad may
ok have neladively high thermal conductivity. The thermal
comluetivity of 8 machine shalt may be enhanced by pro-
vidding thie shafl with a thesmally comductive shaft core mnde
of & material, copper for exnnuple, heving o dilferent com-
posiiion, and higher thesmal comduciivity than other portiens
oof the shait,

In cerinin embodimenis heni may be tronsfemed in ihe
shafl from the housing ss well, The shaft is typically
supported by hearings i each end of the mior, The besrings
are supparted by the housing. In some enbodiments. per-
tiens of the: bearing structure, the bexring seals for example,
mury he fabricated from o materinl having enbanced thermnl
comductivity such os copper. Beaning flanges or other hous-
ing clements supporting the hearmgs may akso be [Ehricaied
from 0 maserind having enhanced thermal conducinvity. In
stich embedimeenis, the thermally conductivie shafl core may
b mnde o exctend toward the shift perimeter where the shoft
and beanngs are i comtscl.

I may he sdvantageous in certain embodiments o seall the
howsing. For cxample, n TENY molor mey be sealed (o
prevent ivlermal ooommanation. In such an embodansent the
henrings mary he acoessible from oniide the housing o
[ocilitale bearing rensoval or replacement wilhold requinmg
he housing e be opened.

idecine machine enthodiments alse melode o stator have
ing o plimlity of mdially posifoned electromagnets. In
somse embedmients, the stalor 1z encapaolatod such thal the
stnbar encapsulant 1% i thermal contact with hoising, srsc-
teres, fisr exanspbe the hiuzing end plates. In some embisdi-
mends the entire peameter portion of he housing i in
ihermal contact with the stater or the stalor encapsulam. In
ik e bosiment, the housmg meludes o pemmelér parton, a
Firsn ened plate 38 the sesond end plave. T cod plates may be
sepanle stnectanes or co-fabocatad with the penmeter pare
tson of e Bousing. The slabor encopaulam may contact the
Grst end plile and the socond end plate sueh e o cemtrml
pegaon of the firet cod plate. a central reglon of e second
end plate, and an inener sior surfce define the eoxclosed
cylinrical motor cvity, 1n some embodiments, substantiafly
mo vaids will extemd from e mierior sidor surface. the
central regiom of Uie (st end plate, and the eestral region of
it socvmd end plate toward the perimeter poriion,

Thie sasor eicapsalant prosides Tor device robusiness sad
ihermual tramster from the stator 1o the housing. The thermal
cotductivity of the encapsulanl may Be enhaneed by miking
ai addivive 1o the cncapsalam 30 inerease e thermal
ecomduetivity of the encapsulasi. For exomple, ihe encapsu-
lamt meay be o dichooric maerkal such s 8 polvimser or epoxy
and ibe sdditive may be boron nitride, silicon earbide,
wilcen, aluminam oxide, alnminum powder, copper powider,
miein] oxide, commic, grphens, substantiolly spherical par-
tiches o combinations of these or similar materials,

Themaal transfer Between the stator and the heysing and
overnl]l maching robustness mury be enhanced by fining the
stutor closely to the perimeter portion of the housing.
Thermal imnsfer between the staior sl the perimeser por-
tton of the howsing may be furiber enhanced by filling sy
gap between the stater penmeeler and housing with o ihers
mully conductive lubricant or encapsolant,

Thermal irmesfer from the moior covity definsd by ihe
stator oped housing may ke Bcilisned by providing one or
mwe heat tmnsfor struciures in thermanl comtoet with the

2
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cenired regrons of the howsing or an ood plase. The et
transfer structures mey inchode pies, fins. combination pin'
fins or other sanecienes. exiending mie the rofor cavily
inersmse surface area, air lrbulemss, of olberwise promsie
heat tmmsfer from the molor cavity, In adkliiion, amy hesd
transfor strueture may be colored, ancdized. o have a
surface tremment desigeed (o promcte effective heat 1rans-
fiez.

Thenmal energy transferred so the housing miy bhe
removed from ihe elecirie machine by conduciion, eomvee-
tion of redistion, Fleat wansfer from the housing may be
enhanced by providing the housing with fins, exiemnl head
irnsfer sinctures, Black anodizstion or other means, [n
mdlifiom, the housing may nclode feet fabricated from o
material having high ibemal conductivity, alumimm for
example. Hent naoy be truns femred from the feet o a moum-
ing surfoce, for example o fociory feor, shell, or other
equipment. Hewt tmssfer from the feet o the mounting
surfice may be focilitated by proviling an interface having
high themal conductivity between the feet and the meownting
sirface, for cxample themmal pasie or copper,

Stntor embadiments include 0 rclial sy of eleciromag-
nitls. |n cerdain embicliments, eoch clecimmagnet inclodes o
core having o sack of lnminations defiming a 1ooth partion
mnd g yolie segment. An msalnting hobhin may ke provided
surmomling o porticm of the looth of csch lnmination,
Electrically conductive windings then surmsumd a porticn of
the bohban. Inone embodisnent, sech Bemonst o o The stack
of bmirstions is beld against odjacent laminalions solely by
press LG Froan U Bobhan, withoul the use of scosws, wokds,
pins. crimp joints, glue or other Gstening means.

I sosmee embadiments, beal transher from an cbectromag.
nelie core may be enhanced by providing a heal \ronsfer
layer in themanl contasct with ane or both of The planar Foes
definad by o cone amndmstion. The hes tramefer laper may be
amy materiad having o higher thermal conductivaty than the
magried sboel used o fbricate the bninstcons. Representa-
live beal transfer materials include, bul are ool Bmited 10,
metals sih as copper, mckel, salver or malemals such s
graphene. The et trnsfer materinl must be in el
contscl with the associabed lamination. meaning thal e
fevin the lasamition may transler dirscely 1o the heat i fer
materal, Tlsermal comact may be physscal comacr Aler-
natively, thermal conlact may oocur through an ntermsed iate
material such as @ thermal pasie. In some instanees. the o
transfer material may be deposited on, plated onbo, soated
o oF cllerwise permamently bonded w the leminsmon

Elecamenagnetic cores will also ivpically melude s dielec-
trie lever hetween lamintions. [n one embodiment. bami-
natiods will bove a dieleetsic Byver applied o in eontsen with
o plamsr faee aiwd 8 heat wansfer lver m thermal conitas
with the oppesing plamar e, In this embodimem ihe
inserifnee betwesn sdpscent Inmbnations will include a dbelec-
irie loyer from one laminaticn asd & heai irasfer layer from
the otber laeninaticn

Thi arc-shaped yoke segment defined by o sock of
Inminnticas may in cennin embadiments define a tongue
struciare amd an opposing groove sirecture eoafiguned o
mate with each oiber. Thus, o stator may ke assenbled from
& plurmliny of cleciromagiets by engaging 1he tongue stre-
fume of the fisst eleciomapnet with the groove struciure of an
adjmcent choctromagnet and so on until the siator is com-
pleted. In certmin embodiments, the yoke scpmends of o
plamlity of clectronugnets is directly supponed by o shoul-
cler strsciure exteniding from the housing of 0 housing end
plate providing machine robustness nmd a dinect thenmal
pathway from the sitor toe the bousing.
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Aliemative embodimenis inglode methods of cooling an
clectne machine rodor, methods of coeling an elednic
machine staor, methods of cooling an electrhe msehine.
meihiods of fabrcating an elecine machine, methods of
stobilizing an electric mochine, and methods of (shricaing
an electromagnet for an clectrie machine,

BRIEF DESCRIPTICN OF THE DRAWENCGS

A further anderstanding of the nature and sdvamtages of
pasticular cnbodiments may be realized by referemee to the
remaining ponins of the specification and the drowings, in
which like refercnce numerals are used to refer o sinikar
components. In some instinces, o suh-label is msociied
with a reference pumernl 1o denote one of mabiiphe similkar
components. When reference is mode 1o a reference mmern |
wiithint specification te nn existing sub-label, B is intended
io pefer 1o all such multiple similor componens,

FIG. 1 is an isometric view of @ representntive electric
machine; u totally enchsed nonventilsted (TENV] pemma-
nenl magnet (PM) nsator,

FIG. 2 s nn isomelrke cross-seciional view of the moor
of FIG. 1,

FHi. 3 s an 1sometnc shafl end (SE) view of o podor
showing permuanent magnetis and other strociures.

FHi. d is an isometric opposite shall end (OS] view ol
e mbor of FIG. 3,

FIi. 8. is an izomeiric oppesite shall end (CSE) view of
an mllemalive rolor envhodement.

FIG. & ic on izomelric 2E view of the roor of FIG, 3
ahoving, o retaiser basd arousd the o <nochane.

FHE. T & an somelnic O350 wew of the motor of FIG. 6.

Fiti. B is o side elevabion enoss-sectional view of the
makor o FRGC 1.

FHE. 9 1% an enlirged wiew af a portion of the molor of
Fii. 8 showing a forced fhaid cincun.

FHE. 10 is an isemetric view of pontions of the bousing
and strtor of the molor of FIG. 1.

FIti. 11 i an isameirke view of portions of the bousing
and stator of the motor of FIG. 1 showing a slator ancap-
il sl

FiG. 12 15 an sometne cross-secional view of the motor
of FIG. 1 with the fotor peisoved.

FIG. 13 i an isometde view of pofboms of the bousing
and sator of e motor of FIG, 1 it seleetive electmomag-
et portions remoyed,

FiG. 14A b an bomeine view of an electromagnet
sAruCiune,

Fl. 148 i an explodad ometne view of ihe choctr-
magnet simctare of

FIG. 144,

FEG. 184 &5 0 schematic disgrmm showing o lovensd EM

FIG. 1588 iz o schemutic dingrom showing on altemative
layered EM lamination sinsciure,

FiG. 150 is o schematic dasgram showing an alismative
lnyered EM lamination sinsciane,

FIG. 16 i o side olevation cross-sectbonal wview of the
et ol FRCE. 1 shonwing detnil ol dhe interface between fhe
howsing o stator,

IETAILED DESCRIFTHR OF CERTAIN
EMBOTHMENTS

Crverview
Cermin embodiments  disclsed  hercin are electric
muchines engineened (0 provide rebstively mnintenance- e,
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robas, lomg-term, and eficsen serviee in eommercial. inins-
pomation, or industrial seitings, As vsed herein, the class of
dovices referred 10 ax “elocirse muchise™ ieclsdes both
clecine peserstors and clectie mosors. Certain embsudi-
nsils described hendin are permancnb magne moedens hoving,
a radial Mux configaratson. Many of the dischmsed methods
and apparanis are also applicable 10 imgrove the overall
robasness and thermal performanee of axial oy mschines,
trnsfer fux mechines, and linear machines. Cenain meth-
oifs may ke applicable s the thermal management or sin-
biliny o non-rotoring toeque neotors, transformers, or indoe-
g, Albough memy specific embodiments oee illusimied
herein wilth respet 10 folally  enclosed  momventilatad
(TENV) permanced magned mobors, the disclesure nnd
¢lnims ane ned [imited tany specific apparnius configurtion
mnl are applicoble o ooy type of chaoinic machine.

Eleciric machines generie beat during operaiion, Heal, it
i dissipated properly, con reduce the life of the machine
significantly. Susinined operniion ot high tempemiores can
impact the physical propentics of many maochine compso-
nents, incluting bui not limiled 1o elecirical insulaos,
electrical conlncts, encapsulmion materials, magnets and so
lenth, Fwoess Beal con make these components solb when
first hot and then gradually hettle, impacting device perfor-
mance ond lending 1o prematune fnilene. Accordingly, two
kiyvs o designing a robus) electne machine ore reducang the
generation of bem during maochine operation, and incrensing
bl chssapation [rom the machime. Muoy ol 1he niethods nod
apparafus described herein provide for one or both of
neduced heal production and ellective beat dissipation lrom
a maching dunng opembion. The dischosed techmigques amd
stractores are collactively reberned 1o s thermal monesge.
mienl methods or thermal managenient apparatis.,

Some methosds and appamtus providing for sdvantgeonss.
thermal mansgemen ks groenally enlanee the mechsnical
stability of & machine, and tlserefore provide sdkdnions)
machine mbusiness and durahalty. (ber necibods and appa-
rofus described hervin enbanece mochise stabiliy and robus-
ness walhoul allectmg thormsal propsernes.

Certain TENY machines disebosed berein fealure an ove-
all deviee conliguralzon designed 1o enhance thermal man-
apemient and maching robasness. For example, 4 nepresen-
tative TENY machine, the permasem magnet motor 10 of
FIG, 1, may have o pancake shape, with conceninibed
clecimomogeet  windings, maximived skl 6l surfbee
pnwisiled asd oversized pennasent magnets and oiber appa-
fius o eabaaee thermal management asl provide overal|
machine robussess as detabled berein. Specille cmbodi-
menis of the disclosed permasent-magnet TENY mawor 10
ose bess than balf the copper and bess than half the electric
sted] eompaned 10 an inducton motor of e saiwe power
rafing.

In sddition, several dischosed embodiments milize sppnes-
sive, bui passive eonling. Multiple beai paribs ore desigmed
inse the machings 1o provide for best trensfer from intersor
sirpciures to the external housing whene beal moy be dissi-
ped By natural convection inte ke surroanding e, by
rodistion 10 sumounding ohjecis, By conduction
machine meuning surfsees, andior by conduction through
the drive shaft into & driven device {for example o B puip,
conveyor beli, wheels, or olber appemius).

FIG, 1 is nn isometric external view of o representative
elecinic maching, permancni-magpel TENY motor MK FIG,
2 is nn isnmietric cmss section view of the motor 10 shaowing
certnin inlemal chemeenis, The meotor 1 inchides & housing
1L sumounding omd supponing intemal companents andd o
shafi 14 comnected 1o o rolor 16 The bousing 12 may be
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coaneeted 1o or inchude vardous suppening sirociuees. wlhiel
ean be sopplicd or vaned scconding wo meed. For example,
i lrosing nery be comnecied wo feet 18, Hifting evebolis 20,
a U-fawe, o Range-Face, or olber supperiing o ablsbaient
struciumes [acilitriing ibe placomwent and mounticg of i
moser 10 inke ap operaisnal soiting.

As shown in FIG, 2, the shalt 14 is connected 1o the rolor
Th such thnt the shaft 14 defines o lengibwiae shafi axis 22
arcand which the shoft 14 and rotor 16 rotate when the
msor 10 is opersied, Aliematively, external torque applied
io the skiafi 14 can case the Pdor 1o molase around 1he shaft
axie 22 0F ibe electric mochine is a geperator, The shaft 14
and rotor 16 ane suppored by bearings 24 and 26 sened in
benring flanges 28 and 300 The embediment ilbustrmbed i
FH35. 1 and 2 feaiures o shoft 14 exiending ihrough the
howsing 12 from only ope side of the rotor 16 Allemative
embodinsents mury inelude o shafi 14 extending through the
heonssimg 12 frem hoth sides of the movor 16, Such oo
alermative embodiment, whach is not Fensthle with o TERC
machine beciuse of the cooling fon, con advantageously
dinve tao downsirenm machines al once, with one downs
stream machine being attached o ench end of the shaft 14.
In emBadiments lefuring & shalt 14 exbendivg Erom ine side
il 1he rodor 16 only, the opposing ends of The moter 10 muy
b pefierred b ns the shaft end “SE” and cpposite shaft and
SOSE™ for convenmienos. Thus, elements such us beunngs 24
and flenge X muay be refermed 10 herein as the SE bearings
24 and the SE beanng Qange 28 respectively. I8 s imporiant
o note however, 1hat this disclosure expressly covers clec-
i machines having shalts 14 extending from ome side of
e Boasang 12, bath sides of the bousmg 12, or nol extend-
mg (rom he hiusing 12 of all.

The rotor 16 i substontially surrounded by a stator 32, Ax
described in detasl herein, the rotor 16 inchxles o series of
permianiid magnets M osmanged arouwnd, but spaced away
from (hi shafl axis 22 The permonsent magnets 34 are
supporied by a rolor back aseembly 36 somelimes referred
1 as o back-ron assambly bevase this assembly 5 ypically
comstrichel of a magnetic matenal such @ steel or anotber
tvpe of sieelimon alkoy. The rotor back msembly 36 32
mechanically bonded 1o the shafl 14 or co-labrcated with
the shafl.

The stsor 32 includes o series of elecmomagnes 38
surronmding the rotor 16 such thal te elecinomages 38 and
permanenl magnets M are separated Trom ech oiber by an
aig gap 40, In kaghly samplifled tenms, molor operation
ovgurs when albernaiing curme s applied o the windings 42
of the dhociromagnets 38, causing a varying mageetic field
i be Formed by e stator 32, Magnetic sitmction berween
thi permmansenl gt 34 and the choctromagnets 38 within
b varving mssgestie feld, cowses the rotor 16 10 fotate wilh
respoet w0 the staior 33, Thas, worque may be iransferred 1o
any deviens) anoclad w the shaft 14 85 s rypscal with
mosees. 1n an aliesnative gesemior confipemdion, the shaft
14 ey b potated by an extemnal source of borgue, cossing
ihe permanend magnets 34 io forms o varying magnetic fiekl
The varving mognetic fickl con tben indoce nhermsing
current in the windings 42, therehy generating elecinicity.
Heat Genention in Ebscirie Machines

When the motor 19 or other electric mochine is operated,
heai is crepied in both the mior 16 and siator 32, The
perincipal sources of hext gepersied in the motor 16 pre cddy
current bosses 10 the permapent magnets 34 and eddy cument
losses o hysberesis losses in the maor hack sssembly 36, The
prncipal source of heat genermied in the stader 32 include
resistance in the windings 42 omd eddy comenthvsicresis
loreses in the nesocanie electromagnet cores 44, Funhemeonz,
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drag. also deserbed as windspe, 1= cromed a8 the rolor 16
robaes wilhin the motor 10, Windage penermes addiional
heni. Friction ai the surfoces of bearings 24 and 16 alwo
ereaies honn tmsade the housing 13, As poted shove, o conain
closs of clecinic machine is describod ns & iotally enclossd
and monventilaied “TEMYY machine or momor A TEMNY
mator provides cortain advaniages, inchsding b pot | Emited
e peduced madmenance requirements, since the imeral
motor clements sre substantiolly scabsd sgoinst coemal
contnminaticn, Hep generated within @ senbed TEMY
machine mas be dissipaied however, wilhowm an exiermnal
fn cisculating air over ihe houwsing and witheni direc
ventilaficn openings o ovold premature component [xbare,

The disclesed npparntus ond meibods of Eacilitming ther-
mal mansgemend i oan elketne mechine, and ibencfore
premaoting gerer] machine robustness, con be claissificd os
either (2 metheds and structures for maninizing the poo-
duction of hest, or (b} methods ond structures (heilinting
machine cooling afier heal has been produced, Seveml
thermal management lechniques described hercin mvolve
the expor of hent thooegh the motor 16, sinbor 32 andior
hoasing 12, Several altemative thermal management stra-
egiies ane desoribed Berein. The vanous mcthods and appas
rfus may ke comhbined with one another in any fashion,
scaled, or panially implemensed s mecessary s achieve
specific heot mitiganan goals,

Electric Machine BEotor Structure

Az poled above, e production of heat duning the opem-
ticon of an elecire machine s meyvitahle bis can, 18 cerlakn
inslances be redoced, The pamary sources of bestl genera-
tiom in the mator 16 are magnaetpcally induced eddy ciments
withan the permancen msgneds 4 ond mepnetscally imsdisced
echly currents or hysteresas losses wathin the mdor back
mwmsembly 36 The wale of each twpe of mognetic eddy
current and the resulling hest production may be reduced by
implementing, s pormonent mognets 34 and molor back
wssembly Ve as lanuoaled structures,

For crsmpbe, FIGS. 35 ame semeine views of two
allernative embodiments of @ mabor 16, The first embodimen
af motor 16, showi in FICGS. 3 amd 4. 13 the rotor 16 from FIG.
2. Thas notor 16 feslares & shafl 14 extendang from oaly one
side, Alemative eonbodiments include o shafl 14 exendiog
[rom both ssdes of tr rosor 16, The FIG. 3-4 rotor conbodi-
mgml s shown ina SE sometie view m FIG. 3 asd an OS5
tsomeiric view in FEG. 4. The aliemaiive rotor 16 of FIG. 5
colkl be mplensenbed with o singhe or dual shall configu-
rdlon. Each motor 16 feamires o molor back assembly 36
mechanfeally bomded around 3 poetion of he shafl 14,
Permanent nagnets 34 are moumted sround o perimeter of,
amdl in contse with the rotor back 36 such that the permancy

M are radially arramged arownd, bal spased away
from, the shaft 14.

A pormancnt megnet 34 may be Gbricared from amy
number of laminadions 44, Laminations 44 ome fnbricated
from the permaney mogned malerial, which nay be g
ran-casth mageet material, for example & neodvmiem-iren-
horan mags material, & samasum-cobah magnet moserial,
Alnico magnets, and the |ke, or 2 conventsonal magie
material such ns o femite comemic, [n one representative
emthodiment. the pemmanent magnets 34 of fotor 16, s
ilhesimied m FIG. &, have twenty-four (24} laminations 48,
Ench lamination 46 is & relsiively thin, planar section of
permaned nmmgeel materinl with molfiple lnminations being
stacked one on top of the other sach that the plone defined
by b mberfoce between mlfjpcent beminations is genenlly
perpendicular o the shaft axis 22, Allenunive embodiments
of permancnt magnet 3 may include any number of Lami-
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natbons 46, for example o permsment magnet 34 may inelude
2408 12 16,20, 24, 28 32, 36 40 of more laminations 46
i reduce ke seale of magoetically induecd oddy currems
and sl prodoction. Fach Bantinestion 46 within @ permanent
magnet 34 may optionally ke separaied from adjacen lami-
nations 4 by an insulator, such os 8 Bsoquer, varish, paper,
of ather relatively thin inssloting material,

Relatively high-performance rare-canh magnet materials
mry b selected for tbe permnnent mognets 34 of the oo
16, Bang-carih magnets have higher remanence, much higher
ecoereiviny and coergy product than other permapent magnet
ivpes. Thus, machine ¢Miciency can be enhanced wiikh rmne-
earth pesmapent nugees 34, although sieps miest be aken
icy premaobe onemll mschine robusiness ond stability iF mee-
earth pesmanent mugnets 34 ane utilized

Specifically, mre-eonih magnels con be demagnetized if
they become too hot, ond the magnetic properties of e
eqnrth magrets will not reeover when the magnets cool down,
Thercfore, mre-earth magnets ¥ must be selected with a
higher emperatare mting than the maximum iemperatare
anficipadcd 1n the permanco! magnets 34 during thermally
stnble operston o the highest mied power culput. For
exnmple, il the expected high temperabure of the penmasent
magnets M, acconding 1o o selecied desizgn, i 1307 C., then
it is sdvisable w0 wilize mre-earth magnets 34 that are
lempemtare mted o ol Jeadt a 35% higher, lemporatune
(pecording 1 UH grade), for exnmple o up o 180° O, 1o
provade opertional headroom.

Hare-canh permanenl magncls can also be demagnetized
b excessive Mux generited by longe curments in the stator
windings 42, Therefore, sebeciod embodiments of motar 100
wfilire permanen! mngnets 34 with geomelnes thal create &
lamge permeance coslBoenl o ipcnease pesistanee 10 (hix-
basid demagselizalion. Por example, os shown in FICGS. 3
and &, motor 10 may inclucke o motor 12 havisg rene-canly
permanent magnets 34 with o rdial thickness dimension w,
messared along a mdivs lme extending outward rom the
shafl axis tha i cighi (8) s or greater tan Use widil of
1w et dar gaap A0 N aned aloiig 1be same pubios lime
The use of mre-carth permatsent nusgiets 24 havang a high
permcance coclicsent allows the molee o operale n G-
ditioans Ear bevodud nonisal fstings without theen of demag-
netizanion. Bame of these condnions coubd include operatian
al peak bongue, operation 31 oxbended speed ranges utibzng
field wieakening, or & combinstion of boih,

Thi poitor back assenbly 36 may also be asembled (roam
mtiiple lamanations of sbodd, won, anoiber ion alloy, or
analber subtable rotor back assembly materal. 1o oBe rep-
resenintive embodiment, shown in FIG, &, the rotor hack
assemably 36 includes six (6) bamdnstions 50, Esch Eanvips-
thoin S0 5s & relatively thin, flag, annalar secten of s hack
maierial. Muliiple lnminsisons are sacked one on op of ihe
oy with the plane defined by the imerfbce beracen
adisecni laminations 50 heing generally penpendicular io ihe
shafl axis 22, Alternative ensbodiments of rotor hack sssem-
bly Y6 moy inclode any number of laminoticns &0, for
example, the maor back 36 mey include 2, 4, 8 12, 146, 20,
24, I8, 32, 36, 40 or more lombnations 50 o minimise the
senle of magnetic sddy caments. hysteresis boss, qnd heat
peodnctien within the retor back pesembly 36, Esch lami-
nation H of the rotor back sssembly 36 may optionally ke
separaied from adjscent Luminestions 50 by an insulator, sch
as m lncquer, varmish, paper or other relatcely thin msulating
material.

Dmring opermibion, ihe moor 16 miaies of & high mie of
spocid and is suhject 1o varyving magnetic fux. Theredione, it
is impaortant te msure that the penmasent magnets 34 e
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seeurely bonded s the rotor hack sssembly 360 An sdbesive
may aplicaally be wsed 1o bond the pemrmanent magnets o
the rotor back assembly 36, In corain embodimenis, a8
ilestraned in FIGS. 6 and 7, e rotor 16 includes o neainer
bunel 52 sround the perimeter of the aolor 16 Bing ibe air
gap $0 aed stabor 33, The relainer Band 52 con be prostnessad
b secung the permanent magnets 34 ond sdpscent stnsctunes.
during operation. In addition. e retainer band 52 moy be
specifically configuned to minimize drag os the rotor 18
roistes, and therehy minimize windoge heat produciion,

In cortain embodimsents, the retainer band 52 §s fabricansd
from n magnetic maferial such as sieel or o graphene
composiie, [0 such embodiments, 1l Banding may be imple-
memied from a plumaligy of separated hands B minimize the
generation of edkly caments in ihe hand 2. In sddition, ihe
handing may be impregnated with o heat trinsfer moterial or
otherwise trested to focilitate hest tmnsfer From the perma-
nend mugnets 34 o othe owside surfnces of the band 52 nnd
wir gap 48, Aliemafively, the relniner hand 52 may be
fnhricnsed entirely fmm a material selecied 1o have enhopced
heal immsfer properties, for exsmple copper or aluminom,
Alternatively, the band 52 may be: fhricated entirely from o
carbon fiber mat or carkaon fiber Alament thal can be pres
stressed, docs oo genemite eddy curmenls, ond alse has
relatively high thermal conduciion propertics,

Rotor Cooling Methods amd Appamitus

Heat production in anopermting electric muchine rotor can
b redeosd usieg 1he techogues descnbed above, bul some
heal producton is inevitable. Therelome, scveral apparaias
amd methods are disclosed beremn lor cooling an electrc
machinge rodor. [ s ampodant W nobe thal the rolor 18,
particulardy s TENY msschine sisch & the molor 10, =
substantially or entirely eoclosed within the machine hots-
ing 12 and surmounded by the staior 32, Therelore, cooling
a rotor 12 often invelves bial tmmsfer o amther mobor
slreciure prsor o et export from the motor 10 In certain
msiances, the rolor cooling methods and apparaius desonbed
herein operate m sonquaciien with mwethods ool apparaias.
lor conling otber postions of the motar 10, skator 32 anclior
hoasing 12,

A, Botor Foreed Flind Cirawn

FIG. 8 &5 a sule clevaton cposs-soctsonal view of the
mator 18 shewn in FIG. 2 FIG. 9 s an enlargad view of a
portion of the motor 16, housing 12, and siator 32 shown in
FlG. 8. During opermiion, ibe noior 16 most be permiied o
spin frecly withim the sistor 32 ad bousing 12, Thas, the
rotar 16, stalor 32, and housieg 12 collectively defioe contain
cavities wilhis which (s rotor 16 operates. For example, the
bhowsing 12 of FIGS. 1-2 omd 8-9 inchudes o perimeier
postion 54 surrunding the suator 32, amd therefore surrousd-
angg (e aliai axis 22, The peranseter portios S4 of the housi g
13 is substamtially closed. except for one or more seakod
leadt openings, by @ fiest end ploe 56 mnd on opposing ¢
plaic 58 i each end of ihe perimeicr porfion 54, This, the
perimeter portion 54, fiest e plate 56 ol oppoesing eoed
plote 88 define the overl] pancoke shape of the modor 10,
The perimester portion 84, lirst end plate 84, snd second nnd
plate S8 may be separnie structures that sre bonded 1ogether
w form o howsing 12, Alermatively, the perimeter portion &4
ol i el pilate $6, 58 or other housing stnictares mny be
cast, machimed or ofherwise formed as a single part, with the
perimeter portion 54 ond end plme 56 or 58 serving o
slentify different regions of a single housing sirociure,

Is hest viewed in FICES, 10 and 11, portions of the stolor
A2 fncing il mir gop 48 and fhe end plotes 56, 58 define p
substantially cylimibrical rowr cavity &0 Cennin embodi-
menis of the mator 10 inclade oppartus designed 1o force
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alr earculaiion berween varions dastinet reglons of e overall
eylindrical roior cavity 80 s described below,

Specifically, an open spoce between one end 62 of i
mdor 16 and adpscent ponseas of the lsoasmg 12 delines @
subsianiially annulie first caviny &4 wiihin the ovlindneal
rodoe cavity 6. Similacly, the open spece betaeen the
aoppasite end 66 of 1he rotor 16 and sdjscem pontions of the
heonssimg 12 defines o substantially sonulsr secomd covity 68
within 1he cylindrical rotog covity &0 Forthermore, the
relatively thin sir gap 40 exiends between the outer perim-
eler of the rolor 16 and the imwandly Bscing surisces of the
sinior A2 o complete the cvlindrical rdor covity 6, As best
shown im FIGS. 3 apd 4, air, &n air'oll mistuee, anotber gos,
lspuid, oor o mined Auid mmy be consed o circulie from one
of the cavities &4, 88 1o the other cavity 64, 68 and through
the nir gap 40 by providieg the retor 16 with an intemal fan
surface such os insemal oo T0. necd one or mone ventilation
chanmels T2 theough the sator 32,

Specifically, a serics of veniiluiion channels T2 can be
provided through the rotor back assembly 36 as best illus-
iraded in FICE. 3 opd FHG. 4. 1o ibe illustmied emmbodiment,
each ventilstion channel 72 delines o porion of on e
around the shalt oxis 22, and constitubes an opening exbond-
ing through ench laminaticn 50 of the méor back nssembly
36, Onber shapes and configamtions of ventilstion chonne]
TE mre within the scope of this dischsune, provided each
verlilogion chanese] T2 has an opening in fluid comemunica-
tzom walh the Gt cavaly 64 and the second canaity 6E.

The firs1 cavity 64, second covily 68, ar gap 40, and ech
venlilation channel 72 pogether define an inlemal oreed
Mhwid circuit T in part surmoanding and extending, throwgh
1B motor BB, Adr, nnother Busd, or a5 desonbed belonw, mm oer
and ail mixhire may be coused W circulate through the
imtermal farced Auid circwil 74 by the intermal Fan 70, The fan
Ti ey b pant of, otiched o, oo driven by e rotor 16 10
cause air or anolber Tusl & eirculse withen the miemal
Forced fbuicl circut 74, Specifically, the fan 70 mchades a
plusility of fan blsdes T contigunsd w cause a reladvely
lew=pressine Aooe al be aer gap 40 and & nalwvedy higle
presaune aone owand the shafl 14 & the second cavity 68,
when the molar 1 rotales in g elockwise direelion, as viewed
i\ FIG. 4.

This pressure dilferential causes air or anctber fluid 10
circulate From the second cavity 68 theough the ventilatbon
chonpels 72w the firsd covily 8. Simubinnecoushy, sie or
anolher Bukl, s cased o cacubste froom te firs cavaly 64
itrcaagh (b aie gag 40 do (b secomd cavity 68, conipleting
e foreed fhadd clecuin T, A different fan configumtion of
different rotation dircetion could cowse the air or other Auid
oy cirenlate im e oppesite dircetion.

It the envhedisnent of FIG. 4, the fan T0 extends mo il
sevond cavity &8, In aliemaiive embodiments, the fan T
my exieml o the fimn caviny 64 or separsie fans may
extend imio both covities 64 and 68, [n certnin embodiments,
ihe fan 70 andior fon blades 76 arc o scparate sirsciune
attnched b0 or driven by Ghe otor 16, 1o abiemeive cmbodi-
mends, the fan T may comperize o plumbity of fon Blodes 76
Formed into the rotor Beck sssembly 36, Boemed in o ponion
ol (he shoft 14, or otherwise anached o the rotir 16, Tn any
emboldiment, the fim T couses air or anolber fuid o
cimculnte around and threugh ihe moior 16 completing ihe
forced fuad circuit 74 as ihe potor rotaies,

Aar or another flnid circolating within the forced fluad
cizcuit 74 is bemed by heat genemted within the rotor 16 s
iheseribed above, thus conling e modor D6 The beaied fuid
cin imnsler saxl heat o another structure 10 altimately cool
the moedor 10 Virows struciures [eilitoting best transfer
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from the rowor 16 0 ihe foreed (ol clreoin 74 and hevorsd
are described below. [n addithon, variows sirecisnes associ-
ated wilh the rotor may have surlee iresiments designad o
proanobe el hean trasfer Tron (e rotor 16 ot forced
il cirewit 74, For examphe, any rolor structupe, inehiding.
bt e Lendied to the fan T, fan blades T6, shafi 14, rotor
hack sssembly 36, retainer band 53, or miber sirochanes. nsxy
b rowghened w incrense surfece anea or treated. for exomple
with Black snodization. so feilitote heat transfer betaeen the
roior and the forced fluid cireuni 74,

Heat trensfer from the rotor 16 1o ihe foreed fudd cireuii
74, or from ibe forced fuid circnid 74 o oiber motor
stractures such as the hoosing 13, snd uliimately sway from
the mator 1, may be focilitated with supplemeninl hes
transfer stuciures, For example, ns shown in FIG, 8, the
rofor bock mssembly 38 or onother motor structure may be
placed info thermal contnct with ane or mone heat tronsfer
straciares, for example 5E hent tmnsfer structure TH nned
CISE bei transfer sinectune B0 shown in FIGE, 5, 8, and 9,
As defined herein, “ihermal contea™ menns conims between
o o more simactones such il Thermsl cmﬂrrrn‘_l.-lhw
from one structare 1o another stnscture. Stnactienes in dinect
thermal contscl wilh ech other sre alss i physical contsc
with ench olber. Alernstively, thermal contacl mny oooor
theough an intenmediate material such a5 & thermal pusse,
The %1 hent tmnzler sirociure T8 and OSE hent (irmnsfer
struciane BB are merely represenbttive exomples of omy
ninber of Types or condiguations of heal tnnsfer struchure
that can be moumted 1o, omeed an, or othersise therma| by
candached will the rotor 12 Ineich cose, @ nobor sl inusier
stmachare TH or Bl conlxcts lse mobor an ome ke ond exbends
ings ather the frst covily 64 or the second cavity 68 1o
alitate heat ransler bitween the mlor 16 amd the fisrced
iluid circnir T4.

Ciher hasut iransfer stiroctures: may be bonded 1o or femmed
in therneal contst with the housing 12 w0 Gclitate Bea
trans fer From the Forced B circiait 74 & the ousmg 12 and
suhsquently oul of the motor 10 through heat mrdsation,
conduction or comyvacion. For example. as shown 1 FICES.
2 8.9, and 10, one. two. of mone heat trussfer serictuses ey
b mounled o the housing 12 extending into the st cavity
b4 o seeond caviry 68 towand the motor 12, I the nepre-
sengaiive, but nonlimiiting example shown i ibe figures, the
motor 10 includes an S5 housing het imosfer structune 1
it s OFSE beasang hea transfer stroctiee B4 oxiending mio
Ui first Givily b amd soooml cavity 68 respectively. Eacliof
the heal iramsfer simocioncs #2, 84 B illusirated a5 being
substantially anaudar, however other shapes asd conffigura-
tions are within the scope of this disclosure,

The SH boustng heat trapsfer swructure B2 and OSE
Borsiing Breal translor gt B4 e metely ropresentalive
examples of any number of hew ransfer stnacinm vpes oF
configurations thot can be mounisd 1o, formed in or sthee-
wise thermally contacied with ibe housing 12, In each case,
a bowsing hest transfer structure 82 o 84 comlacts the
heasing 12 omone side snd extends indo cither the fiest covity
64 or thie secomnd covity 88 b0 (oeilitate hend transier from the
forced fluid clrcnit T4 1o tbe housiog 12,

I severad of the embedimsents. ilustrated in the fgares. o
bt transfer structene TR, B0, 82, or 84 puy be fonmed
having n namber of pins, fins. combanation pinfins B& or
other sinechares designed 1o increase surfice area and me-
bulence. The pinfins B exicnd wamy frem the bausing 12 or
stator 32 pnd imdo the adjacemt cavity & or &8, A head
irmnsfer structure TR, B0, 82, or 84 mny b oughened o
increase surfince aren of treated, for example with hlsck
mnodizzation o fucilitole bheot transfer 10 or from the hest
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iransfer stmeture amd the Foreed Muid eirewit T4, 1o addition.
oae oF meare best transfer structures T8, 80, 83, o 34 may be
fabracaned frens a material soeh == copper or alumimen widls
hagh thermal comBaciiviny. The hent tmnsfer sirociunes TH,
0, 82, or 84 may be bondid o the adiacent reor or bousing
strictune ising hea transfior paste or ancdser interfoee foelli-
tatimg effective hem trnsfer from the heat ransfer stnscnane
T8, 80, 82, or B4 1o or o the freed Musd cireun 74,

B, Rotor Encapsulstion and Sabilizmtion

In gemain embodinrents. for example as illastrmied in FIG.
&, adpwcent permanent magnets 34 are separatod by o gap 88
Ackdiiienal heai imasfer frons the roior 16 and pasiculerdy
fromi the sides of coch permament magnet 4 may b
provikled by filling all or 0 poriion of the gap 88 width =
ihermally conduciive rolor encapsulunt 90 As detailed
hedivw, the themmally comductive encapsulbant 98 also reduces
windnge and provides mechanical sishility 1o 1be rotor 16.

v examples of thermally  comductive poior
encupsalam 20 inchule, bui are nod hmiied 0, epoxy, on
engineered polvmer, polyester, pelyarethane, silicone, or
another plastec, fowable or formable malenal suitahle for
Alling the gops BE. Themal manngensent may be enhanced
by providhng an sdditive o the thermally conductive rodor
encapsalant 90 1o enharce the thermal conductivity of the
encapsulont materinl ahove the native thenmal copductivity
of ke encopsuloml withow molilicaton, Hepresendative
miditives o enfunce 1hermal coluctivity inclode, hom are
nol lemabed. b suspemiled padcles of bonon nsinde, silcon
carbside, silica, aluminem oxide, alwmimam, copper, anoiber
melid, anolber metal oxide, ceramc, graphene and the ke
The thermal conductivity of the encapsalant $0 may funber
b enbammcied 1 ke suspendisd partiches ane spherscal, have
rashially onenbed berd ar hive another shape or onentatian
designed 10 Encilitste thermal conduciivity.

Allematively, o specific parbon or region of the thermally
comluetive rotor crcapsulant # can be fabrcaed [mom 2
subslanoe bervmg relstively high (bemial inmsmissivaty. For
crample, e gap 88 could be 1] with epoxy or anciber
pobvmer bound within a metad slell 92, for example a copper
of alusminam shell, where the shell bos kigher theamal
conductivity than the polvmer. 1n anctber embodiment, thse
gap BR could be fOlled with epoxy or anoibis polyimer
surronnding a mone thermally conductive core. for example
am ahimmum or copper core. in contacl through the encap-
sutlaei with & permanent magaet 34 rofor back sssembly 36,
andfor the foreed M circust T D any conbodiment, ths
ibermsally comduetive mor encapsulant sbould posscss a
glass wransitvon wemperalane amd mHREDUm operRing ook
peratire thol g significamly higher than expocied moior
oferiling lemperatne,

Thie thermally condoctive rolor encapsulam W also serves
o provide meehanical strengih io the roior 13 and therefore
cohanee the overall mobusingss of the mewer 18, For
example. ihermally eomlucive mior encapsulant W moy be
coalmied wilh andior borded 1o the mtor back assenshly 36
hetween mljaceni permanend magneis M, o mechanically
anchor the permanenl magnets 3 and prevent 1ham from
slipping eircumfercatbally around the notor back nssembly
A6 umder Beavy lod. The bomd Between the thermally
eondneiive fotor encapsulkant $0 and o back sescmbly 36
mary b enhanced mechanically by prowiding the moior hack
nsmembly 36 with slots 94, grooves, kevwavs, moughened
surfaces, beles, projecticns, or ofher stnachanes of the mbers
fnce heteoen the motor back sssembly 36 ond the surface of
ihe ihermally conductive motor encapsulant 90

As bt shovwm in FIGS. 3 and 4, the themmally conductive
rody encapsidang W may he coptncted ot sither or both ends
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with one or more mowe-side supplemental beat irnsfer
stmecires. The specific embodiment of FHGS. 3 and 4
inelules an array of SE heat ransfor elemeniz T8 in i)
curiticl with the thersally combuetive malor encapsilam W
and exiveding inge the fira caviiy 64, In addition, the FI1G,
A4 embosdimsent ncludes an asray of OS5 bem iransfer
clements B0 in thermad comaet witls the other emd of the
thermally conductive moior encapaulant 90 and oxtending
inse the secomd cavity GH.

The heat transfer sirugiumes T8 and 88 are merely repre-
sentniive examples of amy oumber of heat wnsfer sinscnunes.
that cam ke mounted 1o, formed in or ciberwise ihermeally
contecied with one el of the ather of o thermally cenduc-
five rodor epcapsulant 90, In ench cose, heat transfer stnoc-
fume T8, B0 exiend into ether the first cavity 64 or the second
covity 68 1o [acililate bost tminsfor betwoen the rotor 16 nnd
the forced fluid circait 74,

In &n aleemative embodiment. one o more of the hes
ironsfer siructures 7K, B0, §2, or B4 may almo be fomeed ©
fimetion as the fan T, Por example, the conybination pin/fins
Bt of 1he heat tmnsfer simacione T8 of FIG. § may be nngled
or otherwize fomsed 1o cause o pressure grdient causing
flnd circulation through the fonced thod circot 74

. Heal Tramsler Chl

In cerain embodiments, the efliciency of hent tmnsfor
wilhan the motar 100 muy be enhanced by wiilicing o et
trnsfer fukl, in combination wih or oiber than air For
exnimphe, o quaniiy of imnosformer ol or another bead
trunsfer flund may be acded 1o the firs covity 64 anclior
sevonl cavily 68, When the motor 5 pol operaled, the ot
will powd m the botkom of esch cvity 64, &8 and fll, for
exnmple, The bottom quadrant of 1he nir gop 40, As the rotor
16 spins. the permasent magnets 34 are sequentially sidh-
merged in the oil bath and bear can be dewn from all
expossd foes of the permanent nugeets 34 and neainer
hang 52,

A descnibed 1o dictin] below, a stalor encapsulanl may be
ackled bietween tee stabor 32 and housing 12, 0 pan 10 ensune
thad wal added Be an mbemal ity od, 68 most pood m
caomtact with the roter 16, See, for example. the stator
encapsulant 96 of FIG. 11, Sullbetent oil may be added o the
cavities 60, BB W cover the air gap 40 andior subinserge
porticms of o or mone of beal transtor seructures 78, B0, B2,
84 or viber el sl drsciunes, The cavities 64, 68 and
adr gap 40 ane imlereonsected regions of the mbor ity 60,
Theemelare, o beal s fer fiaid added we ome cavity will fhow
W others. The quaminy of oil or oilsy bl transfer Mhiid
anchde] b0 cavities 6, 68 meay be egual 10 of less thas $0% of
the totad volume of cavitics 64 and &8, equal 1o or less then
2855 of the weaal vobume of covity 64 apd 68, of another
sumtahle volimme.

When the roior 16 spins ai relatively highes spoeds, ihe
asction of the motor 16 aml or the heat vansfer sirsciunes 78,
8k oy cmse sploshing and misting of the ol o oiher head
trans for fud, improvieg the thermal propertics of the foread
Muid circnit T4, Apy retniner hand 52 may be fited with o
perfemied coating or thin nsesh surfaece o ensare 1arbulem
Mo niewl bowwe dleng g the potor 16 moves through the oil bath,

0. Boaor Back Assembly Heat Expon

Az s generally described above, the rodor back sesemly
Y conducts hent from ihe edges of ibe permaneni mognets
34 facing the shaft axis 32, and gencrmies sone head through
echly curremis and hysieresis loss within the mior back
mssembily 386 fsell The heat copducted o or gencrmied
wihin the: rodor bock nssembly 36 moy be conduciad mdially
ar ventilation channels 72, Alcmatively, hont conducted 1o
or generted within the méor hock asscmbly 36 mury be
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comlueied axially o the 25 besi imsfer sinocture T8, il
OAE heat transifer sinsciare 80, anviber heat irmsfer sinac-
iare, or e fan 70 where heat can be conveyed o e foreed
ik cireaii 74, The sorfoces of the potor back ssembly 36
focing caviiies 64, 68 may be simueiancd, iexbaped, aolized
of ciberwise weated 10 enbanee the expoet of beat from ihe
rodor 16 to the Beeced Thaid circuit 74, stator 32, housing 12
of other srueture from whenee the heat may be dissipated
imta the enviFanmenl.

The apparsiws and methods disclesed hereim, ingleding
bat ot Bimbied 1o the vemilation chanpels T2 lweat transfer
sirciumes 78, 80 and thermally conduciive pobor encap=alant
W s that the rodos bock sssembly 36 is relsiively cooler
than the permancet magnets M during modor opemndion. This
iempermtune gradient causes bet flow from the pemanneni
mngnels 34 o the rotor back mssembly 36 nnd om of the
matng throngh ihe shaft 14, forced fud cireun 74 and
henssimg 12 or anotber export poth as described herein

E. Shaft Hent Expoer

Another path for transmitting heat away from the mtor
ufilizes the shafi 14, The shafl 14 & firmly conpecled (0 fhe
rotor bock nssembly X6, usually with metol-So-metal contact
[ Froun the pemmanend magnels 34, rodor back assembly
X or other rolor structures nury thenefore he conducted o
the shaft 14, Hemt expon throogh the shafl 14 nay be
enbuinced by providing the shoft 14 walh o rebively highly
hent =combuciive core 98, or agher shafl stroctere, made of &
maatersal having relatrvely high thenmal conductivity such as
alominum or copper. when compared 10 the surrounding
stecl shall material. The shaft 14 conneets g Ui body of the
cdguipment bemng doven, for example, o fan, pamgp, drve
rodler, or matenal processing minchine. Thus, the skall 14,
particulardy i it i provided with a beat condictive core 98,
o casdhsct Beat 1o the driven machine, where the hest may
e dissapased through convectn, comducion o rdiation.
Siaeor Cooling Methisds and Appansios

The prumsary sowrces of beal genération inihe stalor 32 are
mapndically iduced eddy caments within the metal core 44
ol the ¢bectnmagnets 3 and nesslance lses mbe wmds
ieps 2. The quesntity of heat produced in o stator 32 may b
reduieed by musimreing the wine gauge of the windirgs 42
o msaximiwe bl fll and redisoe AC resistanee losses, ln
addition. rectangular wire may be utilized or the windings
42w increase shod (1 and reduce reststaner losses. Maog-
metically induced eddy curreniz within ihe stecl ¢lectmmag-
met core: 44 may be minimicsed by fabricating each core
froan hecireally isolaied laminations a= desenbed in detail
bedown.

Severol apparatus and methods are disclosed for conling
an clecwrie mschine staior and Heaipating beat from e
ichine. M8 imporian e peso kel e satee 32, partice-
lagly in & TENY mwsching, i entirely enclosed within ihe
maschine bowsing 12 Therefone, conling ihe stator 33 ofien
imvolves heat irnsfer o another mobor sinschane, for
example the bonsing 12, o7 shafl 14, prioe 1o heat dissipation
from ibe motor 10, In cerinin instances, the sinfor covling
methods and apparmies deseribed herein operale in eonjunc-
tion with methods and sppesatus for cooling other portions
oof the motor 10, rolnr 16 snd'or howsing 13, The various
thermanl management methods and apparoios make be com-
bined in @y [ashion, scaled, or pasinlly implemenied 1o
nchiewe desined thermal monsgement and machine durnbil-
ity goals.

A, Eleciromagnet Struchare

As shown in FRGS. 10, 13, and 14, 5 representnfive
clectric machine stater 32 inchodes a pharality of ehectro-
mugnets 3 mdially pesiioned sround the shaft axis of fhe
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maching, Tor examphe the moter 10, As best viewed in FIG,
14, and ihe exploded view of FIG. 145, the clecromagnets
IF inclucle a core 44 of a magncie meiad, pypieally o stoel
allay. Mapgneteally induced addy emmenis cai be mxlsesd by
fabricating the core 44 from o steck of similady or identi-
cally shaped and reladvely ihin laminadions 6. The specific
Inminion shapse shown in FIG. 15 inclodes a taoth portion
10d st o viekoe segment 102, When muliiple laminations 46
are swocked o forn sn lecromingnet core 44 the 1oath
pomions 18 directly or indiregtly supporis the windings 42
while the yoke segments 183 provide structure 1o The siotor
3L, o hent transfer pathway to the exterior of the siuior 32,
sl acdilstionnl magnetic core mass,

It is necessary o provide elecincal imsalntion between
pidjaceni laminations 48 o reduce magneticnlly indhaced
ecklby curments in the core 44, Therefine, the oppesing planar
surfices of eoch lumination 46 mury be coated with a lacguer,
epoxy, plastic, ipsulating paim, paper, or anctber dielectric
layer o0 couting fo provide elevirical insulation between
adjpcent laminations 46 when multiple laminations ore
simcked 1o Enboscaie an clecimmagmel core 44. Coomvendiona]
lamination insulsting methods tend 1o alse thenmally inso-
late ench laminabion and restrct the fow ol beal generabed
ellher within the core 44 or within the surounding wincdimgs
42

The pangnetic stesl alloys nesd [or cone lamimations 46
wpically hawve nelatively low thermal conductivity, The
thenmal perlomuance of an electromagnetic cone 44, and thies
the thermal perlformance of on electnc mochine, may be
enlanond by coatmyg or otherwise ssocalmg the magnetic
stee] Bmuinaimns 46 with a malersal having relatively igher
thermal conductnity than magnet sleel. For example, some
portion, or e entinety, of Lhe exlenor surfaces of o sbeel
lamination $6 may be coated with, ploted with, have depos-
ited upon, or olberwise be associated with a relatively thin
thermad transmission byver 104 of o metal such as nicked,
nicke| silver, copper, aluminum, graphene or anolher maie-
mal baving higher thermal conductivity than the steel Fana-
nulion idlersor An clecirical insulation laver 106 may be
ke cwoer the thermal ransnizsson layer 104 1o mininidee
echly ewrmenls when the laminalions 46 ane stacked imo an
operable conflguration. la cemaim cmbodiments one kaver
may serve bath as an insulstor and as o thermal ransmission
layer, provided the material selected = a diclecine neterial
amkd (has gresier thermal comduetivity than the magmetic stoe]
usad for bansinations, For example, various graphene oxiides
could serve @ a siagle laver providing both enhamead
therrnal trassenission aod closrical msubstion.

Cinee excamiple of @ loyered lamanation configuratson having
higher thermal copductivaty tsan a simple nsubmed steel
lamimation i3 shown a FIG. 154 Do this cinbodansent, the
steed lamination 46 is coated firsd with a thermal iransmis-
shon Layer 104 having higher hermal conductivin than the
stee] of ibe underlying lamination 46, The thermal ironsmis-
sion byer 104 may then be coated of oilserwise assegiatad
with o dielecine insulotion Liver 106,

Alternatively, os shown in FIG, 188, cnly one planar
surfiee of o lnminsikon 46 may be coated winh or oberwise
insulmed with o dickectric insulotion loyer 106, The oppos-
ing planar surface of said lmination $6 may be cored wilh,
cantacied with, hended to, plaied with, or olherwise asso-
cinted with a thermal tmnsmission laver 104 of a monerial
selecied B0 [ncilitabe heal fmnsfer away from e electm-
magnetic core 44, [Fn core 44 is Bhricsted from p plurmlity
of Inminatiens 46, peepared im this Eshion, the ihermal
transmission lnyer 104 & oo required 1o provide elecirioal
insulation since the dicleciric insulation bayer 106 of the
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immediately adgacent luminacicn 46 will elecerically insulaie
otk lnminntons om smch other, provided ench lanvietion
is ofienbed in the same Bsldon, s shown on FIG. 150

The themmal irmnsmission layer 14 can be, for example,
o metal hewing signifcantly higher thermal comductivity
than sleel deposited on the lamination 6. Hepresentnbive
imetals  baving  Bigher  thermal condvetivity than - @]
i, biat are mot lamated e, copper, nackel, gold, sitver, or
abaminm. Ceher malerials, for exangple graphene of graph-
ing oxide, may be deposiied 22 a thermal Imasmission layer
104 on n lamination $6. A combination of the shove mate-
riarls may be msed. For cxample, as shown on FIG. 60, a core
44 mary be fnbricaied with o stock of inienior sieel Eamyinge-
(s b having a diclecinic coatiog, 106 deposited or olber-
wiise sssocialed with coe surfice of & steel Inminaticn 46,
which s coated on the opposite surfice with a metal 10da,
For exmmiple nicke] silver, which is subsequenthy coated with
a praphene layver D04S. %4 il potiem repests fself tiromgly
ihe sinck, each lsmination 46 is insulsied from sdjacent
lasninasicns, yet coch lamisaiion i alse in contscl with o
or more thermally conductive transmission livers 104 pro-
viding for beat expor froms ke core 44,

The stscked laminations 46 fomaing the elecirmmagnetic
oore 44 must be hebd 1ogether during assembly and opention
and insulated from the wimdings 42, Conventional elscim-
magnetic cores ore often beld togober by gloe, bsoquer,
icrews, bolls, pins, onmped surlces, other [asleners.
wekled joints or olher means, Insulation muny be provided by
the gliose or lacquer, a supplementad stnsclone such as lape or
paper, or merely with the windiog insulation. The disclosed
embodiments combd ke implemented with oy one of the
Foregodng assenshly asd meulation techaigues. Altermtively,
as shivwm in FIG. 14, the sock of Baminmsors 46, and oy
laminagion coatings D04, 186 can be tightly compressed
iogether imio o core 44 having superior thermal propertics
wilh a deelectnc bobbin 108 surroumlmg the fop, bolkom,
and swles of s woth postion 100 of cach lamination 46 in
L vore 44, The diclectric bobban 108 may be abrcated, by
imjection molling for exampbe. from a plastic. mybon or
samilar matenal. The utilization of o kabbin 108 as o means
of compressing e Badestbon fees ogether Beilivates the
use of twrmal irommission bvers 104 which might be
compromised by the we of aliensstive hmination anach-
mend methosds imeleding bot oot Emied io glee or ksoquer
betworn cach lamination face, bolis of serews rough
aifjacent laminaiions, welded joints positiened dlong oo of
e sides of the lamination sack, mechanical eAmp aon-
mevtions between lnminations, noedches or other fixmring
iirthinds.

Specifically, the bobbin 108 asdures constanl, evenly
distributed pressure ocross ibe iooth portion 108 of each
lamanstion 46 in an olectmmagnetic core 44, Evenly dis-
iriharigd pressure minimizes gaps between lnminotions 46 or
layers 104, 10 and therefode Beilitates beat tennsfer from
ench laminatien 46 to any sssocioted thermal transnyission
layer 104, In additicn. using o bobhin 108 w0 compress the
laminagions 46 apd nsseciated loyers 104, 106 ipio o cone: 44
nvuids the possibility of 8 holt, screw, crimp, wekl o other
mechanical fstener cousing a short cireuil Between one o
mie lnminaticns 46 aned thereby compromising the checim-
mugnetic properiies of the core 44, In censin embodiments,
ihe bohbin 108 i ibe only sineciune helding adjecent lnmi-
nafions together,

As nlsn shoon in FRG. 14, the hobbin 108 supports ihe
windimgs 42. Certain portions of the windings 42 extend
thircagh the slot hetween mijncent clectromagretic cones 44.
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Chber portiens o e winding 42 are el terns 10 bl g
aljocenl slols, across cach electiromagnetic core 44,

As swown i FIG. 14, the voke segment 102 of aach
laminabion may be formed inde opposing male and Ffemale
covetail, tosgue and groove, o othier matieg stuctures, 1140
amdd 112 respectively. Thus, when o senies -ncl"cln_'l:mu'n:lgl'rm
AR are assembled nte & @otor, a8 best shown in FIG. 13,
adjscenl male and fensale wagoe 110 ad proove 112
stmpctores provide mechanical support So the staor 33,
Furibhermsone, the tapenad shape of each ooeth 100, bobhm
108 and winding 42 cresie o concentrated winding coil tha
mipers 1o the shape of the lon, providieg for high sbo fills,
High sl £l ressiles in o mecheetion in elecirseal resistanes o
benee ower losses and nedoced heat procisction.

B. SuweHousing Imerinee

The stakel, catwardly [acing surfaces of a plorality of
yoko segments 102, defines an extenior surface 114 of the
aktier 32, A shown m FIG. 13, 1he exterior stabor surface
14 fits clesely within ibe penimeter porion 8 of the
Bowsing 12, Heat can fow within cach eore 44 1o e eaerdor
stator surfice 114, paricularly if thermal trmnsmission lnyers
I are proveded on oof belween the bandistions 46 as
deserihied above. The transter of heat from the exteror statar
strfoce 114w ibe perinscier portion 54 of the bousing 12,
aapl subsegquently 1o the oulside envimommenl, nany be Laab-
wated by providing o thermally conductive lubricam betwem
the exterior stotor surface 114 and an interior surface 116 of
the perimeter portion 54 of the bousing 12, Representative
thermally combuctive lubricants include bat are mot limitesd
b thermal grease, graphene, of boron nitride powders,

Ohveradl machine nobastness and (bernsal performance s
also further cahamnced by carcfullly coupling the stmor 32 1o
the housing 12, For example, a shown i FEGS. 12, 13 sl
16, ane or mone of the end plates 586, 58 moy define = lip nnd
shwuhler strsciune on the end plate 56, S8 that contacts the
yoboo segmend 102, The Hp'shoulder siruciune 120 engoges.
e yoke postion 102 of cach clactromagnetic core 34
somewhat away from the balance of the end plate 56, 58,
Theus, the lip'shoudder struciune 120 creales a pocket in the
end plite providing clesrance for the end tums 109 of
windings 42, The beighn of the Hpshoulder strocmre 1249
(marked as (hy an FIG. 16), may be selected wo redoce the
distance from ihe ond tams 108 o ibe end plase 56, 58,
fciliting heat mransler, As describad in detail below, the
memaining gap may be Alked with o themmnally cosductive
encapsulant of other stfocium of material o Beiliae bem
trmnsfer. [n sddition. the height b of the lip'shoalder struciee
120 can B inereased a6 seaded to minimize the formsation of
magnetically abised any curtenis in the end plae 56, 58,

Addditional machine robusiness may ke enhanced by pro-
viding sebecied elociromagee cores 44 with an engrgemem
stracinre 122 i, or in, the exierior surface 114, The housing
12 may includs o mating engagemenl stnociure 1234 opposite
the engngement stnschane 122, The engngensnt sirsciunes.
122 and 124 pry be oy shape o size conligunsd o
mechamieally mate the exterior surface 114 of ihe siador 32
with the inserior sarface 116 of the housing 12, and thenefiore
prevent rotion of other movement of the sator 32 when
under logl. The specific embodimeni of engagement stnc-
fugres 123, 124 illustroted in FIG. 13 includes o rounded sl
formed in the electrmagnet core 44 and o corresponding
roumded sl formeed in the perimeter porsen 54 of the
hoasing 12, Each glod may be engaged with o pim fo mee the
stoter 32 to the howsing 12, Additionnl robusiness is pro-
vided by tightly fitting the exterior surface 114 of the sintor
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A2 o the inperies surfsce 116 of the hoasing 12 10 hasden i
s and prolect 1he electromagoels 38 rom impact, vibee
tsisn, o ther fonoes,

. Siior Encapsulation and Sinhilizalion

Acklitional thermal transfer from porticns of the sater 32
o oilker machine structures and enhanosd stalor robusiness
ity b provcibal witls thermally eondoctive stolor eneipee-
lamts, hermal tramsmssion sirnsclunes, or polting maferals.
For example, cersn cmbodinents may inglade 3 thermally
comluclive stalor crcapsulant W encapsulating misch of the
stptor structuse. [n the partico ler embodiment of FIG, 11, the
thermally conductive sitor encapsualam 96 encapsalates: the
enfirefy of ibe cleciromagne assemblics 38, b for ihe
exterior stabos surfoce 114 and die insxde Boe 126 of some
o all of the magseie cones 44 Deing the aar gap. Addition-
ally, the thenally conductive slater cncapsxlas) 96 direcily
contacts one or koth bowsing end ploles 56, 58 or other
hevissing, srsetene, providing a dineet thersal pathavay rem
ik staior 32 1o the housing 12,

Allemalive stroctancs. may b wsed in leu of oF @ cod-
hination with full or pastial stior encopsalation. These
alfermafive stnscliores ore willin (Be scope of thas disclosumne
For example, thermal ransfer from the stator may ke pro-
videt] by o sepnrate thermanl contoct structure, for exomple o
Ibermally comductive, compressible or conformable wolid
mazterial placed into contact with same poetion of the statoer
A2 andl the bousing 12, or placed between a portin of the
stalor epcapsulant ®6 and the kousang 12. A thermal coptact
striciune couhl be substantially solkl, or bive a honey-comb
sirctune wave washer structure, o the ke A thermal
oonlmct sirochane conld be (abricobed of o thermaal by comdise-
tive fell, loam, metal. coated metal, conformiahle epoxy.
compasite, For example o silioon based pesd with al smins
filler, or any otlwer suitahbe thermally conductive compoumnd,
material, or commbinaten of materals.

In embodfiments where gaps befween the sialor 32 and
housing 12 are pantially or substantiolly (§led wiith a seior
encapsaliol 96, lor example, m ambodiments whene the
stabor encapsalanl 96 cubstantially Gl o permeter ponion
ol the bosmp 1L stricturl benelits bevond tsermial mon-
agemenl are provided. Epcapsubuion of the elosromsgs
34 i a suaor encapsulant 96 physically provents comami-
nationy af the elecimomagnets 38 by moistane o particulate
maiter. Sucl contaminmion can couse insulation degradsimon
and evenlaally couse shorts between adjecent wires. Fiar-
ihermrre, 8 diclectric encopsuland W6 provhbes inenemed
prcleetion agamst neanufscrering defeers in the wire insu-
lagion. Thus the encapsulant % con provide edundasnt
protection agains wire-to-wire shoms, supplensenting 1l
ieslanio cn the windiegs 42 [n cenain embodimems, e
encapsulami #6 also encapsulsies the ceil phase electrieal
coanections, which pives additionsl prowcion  agaimst
phase-fo-phase shors and mooufacturing imperfeciions in
b wiire oF clecircnl jusctions.

The encapaalant 96 also reduces wire vibsation within the
stitor 32, Vibmikon can reduce the integrity amd Fie of the
windings 42, Therefoge. stator encapsulam M provides for
enbhnnced themaal manngemsent and enhanced  mocline
robusiness, Varions sensors 85, inchoding without limiation,
ene or more heat and vibrtion sensors, may be embedded
il the stsior encopsulam 96 so that any increase in hent
tuildap or increase in ster of mlor vibedion cn be
detected. The sensees B8 may be wired, wireless, Infernet of
Things (loT), or aother vusiclies of monitonng . sensors or
sensors of ancther appropriote type. Moniloring elecinic
muching operution through one or maeee sensars allows for
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the remoe detection of any deericrtion i machine per-
formanee, and for prosmplive measunes 10 be taken,

In o envhodimseni, i staor cocapsulani B inchides a
nelatively Fghd esterior porion surrourding the overall
slated sinscfure amd comaeting ibe boosing a8 describd
below, As shown i FIG. 10 Bowever, there s relatively e
oo between the windings 43 of adjscent ¢lectmom agnets.
AR, s it con be sdvanisgecns W pol inlerior portions of the
stator 32 with o relutively fluid interior podting materind, As
described in cdetail bedow, any bype of staior epcapsulant 94,
having any suitoble consistency, cam Be wreaied s have
enhanced thermal conductiviy premoting the expori of head
from the stator 32 io the housing 12,

Az pobed shovie, fhe housing of FIGS. 1-2 and 813
inchices o pevimeter poriion 84 surmoundling the siador 32,
Hem tronsfer froms the smor 32 10 the boming 12 moy be
[ncilitnged by physseally contacting (he stalor encapsulong S
with eoe or both of the end plotes 56 nod 58, I the specific
embogliment of FIG. &, the stalor encopsulond ® contocts the
entirety of on anpulbar ipterior surfoce of cch end plae &6
and 58

The housing 12 might inchide 0 sepamte perimssier por-
tion S o separale fird end plate 56, and o sepamile secomd
mkl plole 58 that are bonded 1ogether 1o form o housing 12,
It is imponant o wote however, tha the housing could be
lormed acconding 1o altemative metbods. For example, i an
allemative embodiment e perimeter ponion 34 amd one
el plvie 56, 5B mary be cast, machined or olherwise Tommeed
as 0 singhe part, Thus, i some embodimenis, an end plate
il e permisier portaoa ey be a bk Sinscane. In sisch
am embodlamsent, the stalor encapsalam %6 miay be in derect
ar imdirect thermal contsd with on end plale region of the
unafiead hotsang strnichine.

In e conligerstion illustmted in FIGE 11, the stator
encapsulant 96 and 1the msde oo 126 of certain electn-
magned cores 44 define o substamially oylindrical imtersor
stator surface LXK fxcing the air gop 49 with eoch end of the
inserior stator sarface 128 boing boanded by ceminl porons.
ol the st and second cnd plstes 56 and S8 Collectively, the
el plaves and sterbor stalor surfsce 128 defive o chosed
cylindrieal mtor eavily 60 In cerain embodimsents, the
mator 10 inelodes minimal volds, oot Glled with the siotor
encapsulant 96 berween any siator sinactane amd e beasing.

Thix, the @ator encapsulom 96, along with sy Uenmally
conduetive lubmeant in eontact with the exserior surfsee of
e staton 114 asul anterior surfroe of e perimeter porisn of
the howsang 116, cause podentially all suerlsees of the saior
32, exeopd for the inberior states surface 128 o be air gap 40,
e b in direen thermal contoet winth one or nxore ponions of
the hisusing 12,

T thiramal oxmduetiving of U stator enea peulant 96 mey
be enhanced by incloding spevific matenials within ihe
encapsulant matrix, These maerials may be  inchoded
whether the cncapsulopi is & substaniiolly fgil exiersor
encapsulant o a relatively Auid interior potting material. For
example, the siplor encapsulogt %6 may be a dielectnc
maserial applicd in o liguid stase w AN substntially sll voids
optside of the rotor cavity 80, In certaln embodiments,
material applisd ns o liquid will fully o paninlly herdenad
inge nmere or less rigid sotor encapenlant 26, Represenin-
five dickecine maierials suitable For thesmally enhanging n
stator crcapslation materinl include, hai are not limited to
sispended partickes of boron nitnde, silicon casbide, silica,
aduminom oxide, nluminam, copper, anoiber metal, nnother
metnl exigle, cemmic, graphene and the like. The fhermal
canductivity of the encapsulum 26 may Murther be enhanced
if the suspended pasticles are spherical, have rdinlly o
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enied fibers or beave apether shape or orenistion desagned 1
fociline thermal conduciivity,

Altermatvely, in Bew of or in conjunction with the wse of
suspienchl particles, larper sealed strmuns may b ssoct-
At wiilh ibe steier encapsulinl % jo enbance encapsulant
ihormsal conductivity. For example, a solld pant, such a5 2
metal of cermmic ring, with higher ihenmal conductivity than
the cocapsulant, can ke embedded in the encapsulom 1o
creme o conposite body that has higher thenmal conductiviny
ihan the encapsulant by itselfl,

As poted above, the rofor-facing K cong
frees 126 amd on inside surlace of ihe siator encapsalant 96
o s peosed ot the adr gap 40, These structuees along wilh the
end ploies 56, 88 define ihe enclosed mder cavity & Hent
iranspeeied from ibe stator 32 1o the rotor cavigy 840 has not
yet been exported frean the mochkine. Funbermore, the
muchine roter 16 operbes within the rotor cavity 60 nidding
additionad heat 1o this spece. Hest nury e trans fermed. frony
ibe polor covity &0 theough ihe housing cnd plales 56, 28 o
the external envircnmert. Heat trns fer from: the rier cavity
60 i0 ihe end plics may be facilsioted by Inbrcoting or
coilacting thie cemtml region of cne or bodh end plntes 56, 58
wilh cne or mione hesd transfer strochores extending mio the
rodor cavily &l

For examiple, ns illustrated in FRGS. 2, 8 ood 1003, the
central portion of cach end plole 56, 58 may be in thermal
coalact with & heot tmnsfer stinscture, 82 and B4 respectively.
The conligurrion of besl tmnsler structures B2 and 84 are
represenialive examples of any number of rpes or configue-
ralions off heal ransfer streciune Thal can be mounied o,
formand in, or othersise thermadly oonlacted with an end
pelat 56, S8, In each cose, a henl imnsler structire B2 or B4
conlmcts the end plate on ane side and extends imto the rotor
cavily 60 on he opposile side,

A bt transfer strociare 82 or 84 may be [ormed having
a mumber of pins. lins, combimaion pinflins 86 or other
siruciunes designed o mersie surfoce aréca and  promole
Twant transfer. The pin fins B6 extend sway fom the end plate
56, 58 and mso lse podor cavily 60 The intenior surlice of a
lwat transfer structure 82 or B4 may alse be noughesed 10
incrense surfsce arca or treated for cxample with black
ancdlizaiion v el hes tansler. [n additon, the heat
irians fer sirocture 82 or 84 may be fsbricied from o material
such s copper or aluminum with ligh denmal condaciviny.
The hean iransler sircture B2 or 84 nay be bonded 10 the
cid plate 56, 58 or olher bowsing strocture eing heit
iranslis pasie or anctlsy mselbed fociliating effective heat
transfer. Each of the lsoat transfer structurcs B2, Bd is
illsarmied s being swhstastizlly ansulsr bowever odlser
shapes o conflgurations are withln the scope of s
disclosuse.

Hesr Export from ibe Housing

Themaal expon from the housing 12 10 te outsile envi-
renmeni may be enhanced by providing ihe housing widh
foct 18 or anotber strocture foeilitoting heat transfer from the
housimg, f o busilding foor, building wall, monpiing bracke,
manchine part, or other external strochar: © which the motor
110 is stenched, Thermal expon theough the feet 18 may b
enbnnced by Enbricming the oot Tieay o nsaterial baving high
thermanl comductivity, for example pluminam, sopper, ther-
mally imnsmissive composiies ond he like, In ndiizon, ihe
imterioce 130 between the fect 18 and extemal struchare mny
e contacied with or coated with 0 maltenal ko enhance the
comdnction of heot encrgy froms the fect 18 & the externnl
structuse, For exmmple, the interipee B may be costed with
o et transfer pesste of ather material baving higher thermnl
comluctivity than the feet 18, copper [or cxnmple.
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Adddivioana] beat expont from the heusing nsy be fecib-
taled by providing exienor poriins ol the boosing 12 with
M. pins, of ollwer heat transfer stroctuees, Pomons of the
hoasing 12 may be mughened to increase sarface area or
treated, for example with black anodization o8 tbemeally
conductive paind o facililate hest ransber. In addinson, the
hoasing 123 nay be fabrcaied from o maoierial such as
alumansm with relatively high tsermal conductivity.

Heat Expont from the Semtor Theough the Shafi

A nofed above, one path for imoemiting beal away [om
the rotor 16 wilizes the shafi §4. In addithon, heat conducted
lrom the stator 32 1o the housing end platex 54, 56, or other
moior strugiures may ke condugted o ihe shafl 14, Head
exparl through the shafl 14 may be enbaneed by providing
the shaft 14 with & themally conductive eore 98, or other
shall structure, made of o nsnerial having o relatvely ligh
thermal conductivity such as shemirm or copper, The shali
14 connects o the body of the equapment it 15 drving. for
example, & fn, pump, drive mollor, or mstenal processing
machine. Thus, il shall 14, parscularly a7 v s prosidad
with o thermally conductive core 94, can condhuct heat 1o the
driven equapment. where the henf mny be dissypated through
conveclon, conduchon or rediafion.

Fanhermore, the shalt 14 is sopportel by beorings 24, 26
supparied in beanmg fonges I8, 30, Heat trnsfer Erom the
houasing 12 o the shaft 14 may be facilitaied by implement-
g partions of goe or mvore of the beanngs 24, 26 andior
beanng flanges 28, 30 wibh materml having relatively kigh
thermad comductisvaly, for example copper or alumioum. [n
one specilic embodimenl. the beamngs 34, 26 inclsde beurs
ing seals 132, 134 fabncabed from copper 1o Bcilitsle besdt
trunsfer [mom the housimg 12 b0 the shafl 14, The bearnng
ke 28, M may also be isbocsted from copper or noother
material with rebstively high thermal wransmissiviry. Dn sddi-
tion, the thermally conductive cone 8 may extend laverally
b o s the shall surfece m the negion whene the shaft 14
coitals boamngs 24 and'or 36 or beanng seals 132, 134,

In ceraan embodiments, the penmeer porwa of the
boasing 54, e and plate S6 and second and plae 58 ooy
b co-labricated, wielded opaher, ar otherwise fibriciied
prevenl emry o e bowsing, Therefore, (e Bsaring
ilanges I8, 3, or another bousing stmcian may suppon
bearings 34, M6 implemented beoning cartridges that are
neplocable from cuiside the owsimg. Thus, the bearings 24,
2, whiacli ane subgoct 1o accelerated mechanical wear com-
vt iber meving pais ol a modor 10, may e peplacad
witlwn sceessing the mnesior portions of te housing 12,
thas enhancing overnll mochine mbustess,

Mt

Alemative embodimsents melude, bl are mot lmaned 1o,
metheds of copling an checoric mochine rotor, meibods of
cooling an clectric machine staior, methods of cooling
elecine machine, meihods of fahrcaiing an ebecirie machine
o parts of an electric machine, nthods of stabilizing an
elecine machine, and methods of abrcoting an checiromag-
ol for on elocirie machine. Various methods will ke appar-
enl to bose of skill in the on based eofirely opon the
apparatus dischosed bercin,

Representotive methods inelode o methed of cosling o
robor 16 or coding an dlecinic mochine 18 having o moior 18
ol @ stwior 33, The method inchodes cossing the rodor 16 o
rodade wilh respect (o 1he stalor 32 fe drive an imtemal fan 70,
The internal fim T causes o fuid, for cxsmpbe air or oo mir
sl 0i] mingbure, b be circnlabed in @ Moid cirouil 74 between
a first cavily 64 and secomd covily 68 odjacent the resnr 16
#er cond ihe rotor 16, Heat trnsferred to the flusd circuit T4
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may subsequently be sransfernsd 1 the asschine honsing 13
and then trnslerned from the machine 10,

Ancther representalive cimbodimet 15 a method of cool-
ing a stator 32 or clecine machine 1 by plocing o stator
eicapsulant $ inbo el conteet wilh the sistor 32 amd =
machine housing region 12, for exnmple @ first end plaie 56
o second end plate 58, The thermal condunctivity of the
stulor encopsulont % may be enhanced by maxing an addi-
tivie with 1he encapsulant 96 o iperense thermal conduetiv-
ity. Thus, heat generated in the staor 32 may be comducted
from the stier 32 threagh the epcapsykni 96 1o the housing
1L

Ancther representative embadimnem is a method of fak-
ricating & stabar 32 or dectrne machine 10 having a plussliny
of electromagnets 38 with ¢lectromognet cones $4. A plu-
rlity of the electmmagaet cones 44 may be Formed o
inclode & stnck of laminations 46 defiring n 1ooth pordion
100 and & yoke segment 102, Each voke sepmenl oy
further define n tongue simciure 110 snd an opposing groove
striciume 112, The clectmomagnets 38 may be assembled imo
a stator 32 by moting the fongue structune 10 ansd ihe groove
struciure 112 of cach chectromages 38 with the correspond-
img g stmocture 18 and the groove gnstene 112 of
alfecent cleciromagnets X8, Afler (be claciromagnes afe
bz axsembled, the stator 32 may be encapsulsted with a
thermally conduetive cncapsulan .

Another representatve enshodiment s @ method of sia-
hilizing an clectree machine 10 The method melodes siabi-
lizimg the odor 16 with o thermally conduoctive diclecine
rodor eneapsalond $0 in comiact with pdjsceni permnnent
mmagnels 34 and slabiliang the stowor 32 wath o thermally
eopductive dicleciric stbor encapsulant i in contect with
ailgecent electromuagnits: 1H.

wamous modificotions and additions cun be made w the
embexlinsents discissed withoul depading From Che seope ol
the invention. For exnmple, while 1he cmbodimenss
deseribed above refier o panboular featunes, the scope of g
imvention also includes embodiments having different com-
banation of features and embodiments thot do not include all
of the above desenbed {entures,

Mocoover, while the procedurcs of e meibods and
processes deseribed herein are described in o particular order
For ense of descriprion, unless tse comext dictates oiherwise,
varnis procedures may be reondered, added, andfor comied
n sceondance with vamows embodiments, Moreover, the
procedures described with respect tooone method o process
may b incomporsted within other described methods or
processes, hkewme, system components describid sooord-
trg 1o o partbcubar strveturad architeetune sndor with respect
o ome sysiemn muy be argainésd e alternabive skricliml
architectusss and'or ineosporased within other described
sysiems. FHenmoe, while variows embodiments are described
wath—aor wiilbowi—ceriain fentores for ense of descripibon
and Ea illustate exemplary spects of those embodiments,
ihe various components and'or feafures descrbed herein
with nespect 10 3 pantoular embodimem can be substined,
added andior subtracted Srom among other described
embodimsents, wnless the comenn dictaies otherwise. Conse-
quently, nlihough severnl cxemplary embodiments are
dieseribod abavie, 11 will be appreciated thal the invenlnoa is
imlemded B cover all moedifications and eguivalents within
i supes ol e following claims,
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What is ¢lodmsed is:

1. A stalor for an electromsgnetic machine comprising:

& plueality of elecironspres comprising:

a stack of laminaticns defining a ooth and a yoke
sepmeal wherein the stack of lnminmions of each of
the pharality of elecimmesgnets comprises:

i plurality of iedividus] o, with cch -
nalsn comprsing opposiig lirst and secomxd pla-
nar fees and o surreondieg edge, sach that the
=l planor face of a fird lnminazon foces the
seeond planar foce of p second, adjscent, lnmina-
tiong and

o thermnl rsnsmission kayer posithoned between the
first planar foce of the first Luminstion and the
seeomd planas foce of the second Inmination swch
that the thermal trinsmission lver 15 Usermisl
vl physical contoct with the firss planar face of
thie fhrst dansinanson and in thermal eontset with the
secomid planar o of the seconsd Emanation;

an msubating bobbin sumrounsding o portion of the 1eoth
of ench lomination, wherein exch |amEnation is held
againsd aljscent laminations by e boblbdi;

decincnlly conchactive windings surmoanding & portion
of ithe bobbin: sl

a dalor encapsilant [ully eocapsulsting the bobbin nnd

winndings of the plurality of electromagnets.

2, The swtor of claim I whervin 1he encapsuland com-
prizes & diclectric material and an additive o incresse the
thermal comductivity of the encapsulant.,

2, The swior of elaim 2 wherein the dielectrie nssierial
catpipeises @ polyneer and the addilive comprises ome of more
of beson nitrikde, wilicon carhide, silicon; aluminam powder,
copper powder, metal oxide. ceramic, and graphene.

4, The sntor of cloim 2 whenein the dielectnic nuderal
cormprises  polymser s the additive comprises one armore
of sphenical suspended partiches and mdially omented sus-
peidod fibers

£ The stator of cloim 1 funher comprising one or mor
sensors associaled with the dielectric material.

6. The sintor of claim § further comprising o vibmbon
BENSOF OF 3 lemperatine sensor asseciated with the deelectrc
fnakenial.

7. The stwior of claim 1 whereein tlse thermal iropsmission
layer lsss @ groater thermal conductivity 1han the edividus)
laminaticas,

B The stalor of chlm 7 wheeckn tlse ibemsal 1rafsmission
lnyer comprises one of more of nickel, nickel silver, copper,
godil silver. adueninum, graplene ol greplene oxide.

9. The stator of cladm 1 whenein tie stack of Baminstion
of each of the pluraliny of electromagnets further comprises.
o dielectric ver in physical contset with one of the fra and
seeced plonar Froes, opposiic the ihermal tmnsfer lover.

B, Thee stator of clabm 1 wiserein the stack of banyinsbomns
of each of ihe plueslity of clectromagnets comprises:

sepamse fist amd secopd ithermal transmission layess,

whersin il sceond thermal transmission layver is in
physical amd thermal contnct with the second planar
face of (ke first lomination.

i1, The stwior of claim 10 wherein the first and seconsd
thermal tmnsmission [overs have a gresier themanl conduc-
tivity than the imdEvidoal laminsions.

12, The stubor of claim 11 wiherein the first and secomd
thermal tmnsmission lovers compaise one o mare of nicke,
nickel silver, copper, silver, golil. aluminum, graphene and
mphmu: e
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12 The stuvor of chaim W whenein e siack of kmdna-
ons of exch of the plarslity of electromagnets fismlser
comprizes a dickcirie byver postimed between the finsi
planar face o a firs lamination and s secoml planar Csee
ol sewond, sdjscent, lamination, sasd diclecinie layer bemg
it plasical contecn with ane of the fiest asd secomd thermal
iransmission lyers,

14, The smsor of claim 1 whercin e vokie sepment
defines o wngue structure ab o first omside edge.

15, The siator of claim 14 wherein ibe yoke segment
defines & groove strociuee at a second omside odge, opposite
ke Firsi ogriside edge,

16, The stosor of claim 15 wherein the fongue straciam of
a firsd electromagnet is mated with the groove sinschare of oo
asifjocent second electromagnet. ond the groeve structure of
the first electromagnet is mated with the tongoe sirecture of
o third electromagnet,

13

28
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ELECTRIC MACHINE ROTOR COOLING
SYSTEMS AND METIDS

CROGS-REFERENCES TO RELATEDR
APPLICATIONS

This application is & eontiation of U5, application Ser
Mo, 16368200 fibed on Mar. I8, 3009, entitled “Blecric
Machine Stator Cooling Sysicms and Methods™, which is 2
divisionnl of LS. applicmicn Ser Mo, [6238,353 filed on
M. My 2018, inow 105, Pat. Ma, 10505421} entitled
“Flectric Machine Staior Cooling Sysiema and Methods™,
which is a divisions] of 115, application Ser. Mo, 5870472
filed on Jam, 12 HWR, (now LR, Pai, Moo 10077630
enfitled "Electric Machine Staior Cooling Swatems and
Meiheds”, which cloims praoeiy to US, Petent Application
Ser. Mo, 6257441, fiked on Oct. 10, 207, entitled ~Per-
munent Magnet Maetor with Tested Efficiency Blevonsd Ulim-
Preminm/1ES Levels”. The LS, Ser. Mo, 165682010 appli-
cilion 15 also & condimuation of 1.5, uppl.'rnul'mn Ser Mo
| ZETOASE filed oo Jam, 12, JHIE, (now LS Pal. Mo,
10,256,658} cntitled “Eleciric Machine Rator Ceoling Sye-
iems and Methods™, which claims prionty o LS, Applica-
tizn Mo, GLETLAA] filed on Oct, 00, 2017, emtitled ~Per-
manent Magned Motor with Tested Eficiency Beyonsd Ulbra-
Preminm/IES Lewvels™, The 1S Ser. No. 60368291
application is olse o conlinualion of LS. application Ser
Mo, ISETA20 filed om Jun, 1Z, J0EE, (mow LS. PR, No.
L0256, 7000 entithed “Bobed Permusenl Mageel Blecne
Muochane ekl Methods", which clams pronly 1o LLE Appli-
clion Mo, GX5T044] fiked on Ocr 10, D007, entitled
*Permanenl Magiel Molor with Tested ElBciency Beyvond
Lirn-FreminmTES Levels”, the comtent of which perent
applhicalions are moosporsted herein 1o ther enlirety for all
palrpaisss.

COHY RIGHT STATEMENT

A partion of the diselosane of this patent docisment
conlmng miberial that is subject o copynght protection. The
copyrght owner has no ohjoction o the fesimile neprodue-
(e by amyone of 1he paten document or the patent disclo-
sure a8 il appears i the Paienst and Trodemark Office patent
file or reconds, bt olherwise mesecves all copyright gl
whalsoever

FIELL

The presenl disclosure melabes, in general, 10 meibaods,
gysteins, and apparats for cooling the siator of an elesnie
el For exaniple an clecirie motor of elecire generaior
The presea disclosure sclases mare spocifically 1o 1be cool-

img of the stsor of o penmanent naapeel (PM) electric
minchine.

BACKGROUNIY

Electric mochines employed in commercinl and jndustrinl
applications are often required 1o opemite o 1009 of the
applicable power rating over what is tvpically s GO0 bowr
service fife. Thercfore, o molor or other eleciric machine
emploved in s commercial or indystrial setting must be ol
relinble and versatile, Machine relinkality and lifiespam can be
compromised by many Eciors inchoding bt not Fnised o
I i high tempemture opemticn resuliing in thermally nduced
compoment Eailures, 2) vibmtion, heat, friction, unhokneed
operntion, comnmination, insdequate material selection or
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oiher cses of mechanicslly induced component fbilure, or
%) digdectire fmalure resulling in electrical shof circwits or
open clreuits cansed by hean, insdequate maierial seloetion
af sl e,

Elegtric machines are ofien provided wiih o mechanical
cumpling syaten, for example a fan plus 2 cowling configurnad
i direed mir erver conling fins easi into the machine housing,
Mamy such devices aeme classified as oally enclosed [
coled (TEFCH devices. TEFC modors suffer from Inhenem
incilicicncy since o poion ¢f the 1odal poewer ouma by the
mutor st i ihe cooling fan, and therefore is unavoilable
for cutpa, For exsmple, n TEFC motos mwched 1w 0
conveyor el must operate both the cooling fin aed the
canveyor belt, therefore the portion of the moior eulpu
requaned 1o tom ibe fan is not availoble o1 the conveyor helt,
The Fan and cowling sppamius of 8 TEFC machine is prone
#o dansge, nedd peesents oosafety risk inop typical industrial
sefting. Furthermose, since s TEFC maochine drives acooling
fan with one side of the matar shaft, it is impossible or
difteuli 1o atinch twe downstream machines o n single
THEIC mator

Conventional claciric mochines ore made robost and
durable usually by mnplementing il mochines with large
el hewvy compoenents. The larger and heavier companents
requared io promede sinhle long-ierm opemdion can increase
nurchinge cosl and weight.

Chher electric mochines, hoving direcily vesfalated anxl
therelione partially open bowssings 10 promole cooling, can
suffer Trom moisiare amd parficulate mafler oomlomination
which in turn can cmize mechanical component degrxlation
amd wire imsulibion or clectne junction degradation and
premiujure [mlure. Tolally enclosed nonventilated (TENV)
clecine machines present unigue conling challenges sinee
TENY devices lack direct vemllation or an extemal fan
maving air over exlermal cooling fins.

The embodiments disclosad benein are desipred 1o nidin-
mize ooe o more of the above prohlens.

SUMMM ARY

Embodiments dbselosmd heren inelade elictre machine
coling apparatis and methods, Oiber embodiments inclsde
clements imparting enhascod robusuness and darabi iy 10 an
clecine machine. As wsed berein the class of devices
mefierned 10 ox cleciric machines inclodes both clectre gen-
ertors and electie motors, Corlamn embodiments disoribed
herein ame pemsancl mognet molors having a radial flus
coilbguration. Many of the disclossd methods and apporsis.
afe also applicable o wansler heat or i pen robistness o
axial Moy machines. wansfer Mux mechines, and lincor
machines. Cemain methods snd apparstes may be applicable
W BOD-ROEATENE Towgee moiors, imnsformers, or indugiors,
Although many specific embodimens wre illosmwed with
respeci fe pemmonent magnei moiors, ihe disclosure and
clnima are pod limited to-any spocific apparatas configurntion
anl e mpplicoble o omy Bype of elecine maching,

Cemnin emboddiments dischosed berein include an electo-
magnet having o steck of liminstsons defining & tooth and
voke sepment. and an insulating Bobbin sumounding o
portion @f the teoth of each Banxination, such that exch
lnmination is held agninst adiacent lnminalions by the bob-
bin, The disclosed clectromagnets nlso have clecirically
conductive windings surmounding o poriion of the behbin;
and sn encapsulant fully encapsulating the hobhin and
wimilings, whensin ibe encopsuloni comprises o dselectnc
maserizl and an pcklstive o incrense the thermaal comductivity
of the cncopsulanl
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In semae eobedinvents, the dielectric material comprises a
pobvimer amd the additive comprises ome or mone of boron
mitrkhe, silieon carbile, silicon; alumioum powder, copper
powiker, metal oxhde, cornmie, and grapheme.

I s cxnbod e s, ladividies] eminsbons 0 ihe siaek
of laminatiess mey nelude opposing Arst and socond plasoer
fiees, with one face being in themanl comnet with a hent
transfer layer. Individual leminations in the stack of lami-
naticns mary further ke in phyvsicsl comact wintli o dicleciric
laver, opposiie the beai transler loyer,

Orher cmbodiments mclode o mweilbod of fbricating an
elecirrmagnet or sinior having & plumlity of elecironugpas
as deseribed above, 1o some embodinents, swch voke sep-
mend defined by o sisck of lnminnticns forther delines o
tongue strocture asdd an oppesing groove sinesctune, A ple-
mlbity of ebectromagrets may be assembled imo @ stater by
mnting e tongee structune aod the groove structure of ench
electromagnet with the cormesponding tongue sinacture and
ibe groove strocture of adjpcent electromagnets; and encup-
sulating the assembled stator with o thermally conductive
cncapsulanl.

Coertnin ebeciric machine embodiments disclosed heerein
minimaze the prodocton ol Besl coused by eddy coments in
e permunent magnets, rodor back assembly, clectromng-
netic cores, or other stnactures. In sddition, methods snd
appuratas are disclosed providiog For the remaval of heat
from wn eleciric mochine by comduction, convection and
raslsalzon utilimng varous heal paths through the mtemnal
cavilies apdl componenis or subsystems of the machine.

An embodiment dsclosed berein s an clecine maehine
hawing o rodor, a gator and & boasang. The mlor includes a
shall defining & benglbwise sxis. The shafl = surmosnded by
a malor hack assemhbby, also known as o back-irom assembly,
Thie ot alse includes o midinlly moumted aomy of perma-
el meagrweds posilioned arotnd the perimener of the rolor
bk nssembly. The mochine staor inelodes s plarslity of
electromagnets mcdally positioned areund the rolor delmeng
am ar gap between an exterse surface of s pennonont
tagnets of the molor and an interor surface of e clec-
imagnels of e skaor

The mator and the sator ane supporicd by and enclosed
within o ousing. In cemain embodiments (e housing is a
wially enclesed nonventibwed (TENY) housing. In one
cmbodansent, e slator and tse bousing deline o swhstan-
inally eyhinclricad rodor canvity wiihin ibe air gap amd bounded
by e housing end plates or simalar strctiees, Tle fotor
cavaty mey farther b diviced bnio firss and seoond cavitics
whin the rotor i3 posithoned within the motor cavity. Spe-
cifically. o first covity exists betowen the mowoe and e
hosing o one end of the Folof, sdjscent 1o a bousing end
plate. A second cavity exast between the molor asd Bowsing
ai the oiber end of the oo, adjoeen ihe other end plare. The
howsing end plaes may be separate plates anoched w a
howsing perimeter portion, nlematively one of the end
plates aned the bowsing perimecier may be & cast, machined or
otherwise umitary of co-formsed bousing element,

The first and second cavities arc connected theough the nir
gap, In sdditien, ope or more ventilmion chaneels con ke
provided theeugh the rotor back nssembly, exiending from
the first eavity 1o the segond cavity, The first and second
cavities, ihe air gap, npd the ventilation channels therefore
define o fluid circuit npound the extenior of and throagh the
back=iron of 1he rotor, The rotor may also meluide an inmbernal
fon exlending into the firs or second cmaty. The intemad fan
is part of the pedes or connecbed o the petor nnd B configured
oy enmse fow pressure ot either the air gap or the ventilatian
channels and high pressure it the other of the air gap and
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vensilaton channels. Therefone, wisen the rotor poianes. airor
another fluid, for example an adr and oil mixmane, is cnsad
i circalate aroumd the fuid chocoin from ome cavity threugh
e anir gap b0 e other covity and hock 10 the orginal cavity
thaough the: vemilation channels. Thus, et generated in the
rotor durng opeeation can be transforned 10 the air or other
fuid Mowing in the Muid cireait 1o gool the Foson

T potor fan cam b o separate structuse, of conld Be rotor
i Blodes fomied in an exterior sarfbee of the solor back
gasgmbly. [n additien, the reicr back pssembly, fon hlades, or
fom moy be treated w enbsnee the radiation of heat o the
Muid circuit amd therefore io the fissi covity or the secomd
cavity, Suitable surfice treatments inelule but are not m-
iled to swrface roaghening, or surfice anodization.

Heat s produced duaring ithe opemtion of on electnic
machine within the maor prinsanily by magnetically induced
eddy currents in the permannent magnets and muognetical by
induced eddy currenss nnd hysteresis within the sotor back
assembly. In certain embodiments, tbe production of beai
within the retor can be reduced by implementing both the
permanenl magncls ond ibe rolor back assembly with o
series of lamanations. Structuml support and advaningeons
heat ransfer chamelenstics may be provided by binding the
permanen] magnels 1o the mior back pssembly with o
retniner band sumrcumling an outer swrface of the magnels,
lacing the air gap.

Hemt tmnsfer froem the mtor to the floid cirooil omsd
stshsequent heal trnsFer from the lirst and seoond cavitbes o
the machine howsimg maoy ke facilitaied with vanous heat
trnsfor siroclones. One cliss of beal Imasfer strichuns s
mounled o the mder Gcing either the list cavity or the
sooond covaty, Anather closs of heul ransfer sinschares msy
b mosanted o the housing, (v pecally ol the end plates. facing
inse thie First cavity andfor the secomd cavity. Aoy ooe of
these Tt tramsfer siructumes may inchide an oy of pins,
fims, combinaison pindfine, or other simoctures o icrese
surluce arca and turbalence, apd therefore promete eflfective
bt tresfer g oor from ihe ansched rotor o housing
strachare. o addition, a heat isiosler stmoclome may be
fabricased from 8 materal sech o slendsum oF copper
having relatively high thernal conduetivity. A heal ransfer
stracane maay be texmed, coborad, have a surfbeg trealment,
ar salerwise fabricated 10 eflsetively irasler best wooor from
the fluid cireuit,

Aulditional hem may be transferned away from the per-
maneil magaets by ncluding o theanally somdective Gller
of encapsulant magerial in ibe gap between adjocem perma-
penl magnets. The ihermally conductive cocapsulant imsse-
rnl may be o polymer sisch os oo epoxy havieg an sdditive
suspenidad within the polymer mair 0o erenss s 1w
condietiviny of the rober cncapsalanl above the aative thee-
mal eonduciivity of the polymer, epoxy or slher roor
encapsulant materal, The thermally conductive encapsulam
serves fooeonduct heat swny from the sides of the: permanen
magnets towand 1he firs and second cavitics duning rotor
aperdion. Aoy heail imesfer structures silached o the rolor
can be plocad imo thermal comact with the ibemeally
conductive encapsulant negions 1o promole heat exchange
with the fluid circuit,

A thermally conductive eneapsulant in the gop between
el jacenl permaneni mognets nlso provides struciurl nigidity
prd robustess o the rotor. The encopsulam serves 1o
additienally secune the permanent magnets 1o the rolor back
pssembly amd prevent the magnets from stippimg areand the
circumference of ihe rdor upder iod, In some embodi-
menis, the rmtor back pssembly may define an anchoring
surface between sljacent permanent mognets serving o
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e securely anchor the encapaulant i molor back assens-
bly. An sochonng sorfsce may be o grosove, protrusion.,
keveway of the like formed in her exaending from the Ao
hack assembly,

A particn of the beat genermed in the permanenl Magns
o rolor back assembly may be comducted 1o the shafl and
comlieiad from the shafl 1o equipment diving o being
driven by the electne machine. A machine shall i ypically
fabaicated from stee] or another high-strengih slloy that may
nol hove relabively high thermal conductivity, The thermal
eonductivity of 8 machine shafi may be enhonced by pro-
viding the shall with o thenmally comductive shafl core mude
of o material, copper for exanple, having o different com-
posaiion, anc higher thenmial conductvity tham other portions
of the shaft,

In certain embodiments heat may be nmnslerned 1o the
shafl from the housing s well The shaft is typically
satpported by bearings sl cach end of the motor. The besrings
are suppartsd by the housing. In some enshodiments por-
trogs. of the bearing struciune, the Bosrng scals for example,
mury he: fhricated from & moterinl having enhanced thermnl
comdunctiiaty such as copper. Besming (lnges or aother hons.
ing elements sapporting the hearngs may oo be Dbncated
from n maserial boving enhanced themal conductivity. In
sch embodimenis, the thermally conductive skl core may
bz e 1o extend wowarnd the sholl perimeter where thee haft
mid beanngs are in conkacl.

It may be advantageous in certain ambodiments 1o seall the
howsing. For example, a TENY motor may be sealed 1o
prevent intemal conlmmmation. i such an embodamsent 1he
hemrings mury be accessible from oubsede the housing o
Eocilitale bearing renoval or replacement wilhoud requirmg
b houzing e be opened.

Electri maschine embodinsents also mclude o stator hav-
ing o plumlity of mdially positiomed electromapnes. I
some embocliments, the stalor 12 encapsalaied such thai he
stalor encapsulant is 6 thermal comact with housing sines-
tares,, fir cxnphe B housing end plates. 1o some enmbisdis
mweits the entire pefimeter portion of he housieg is in
theral contacl with the slator o the stalor encapsulant. In
an embodimen, e bousing ineludes a perimeles porlon, &
First end plaie & the seeond end plaie. The end plates may bo
separale snaclunes or co-fabrcated with the perineter por-
iron of i boosing, The stator encapsulam may conioet the
firsn e plie amd the second end plate such ksl o comeal
regarn of the firsi ciwl plate, 8 central fegion of ik second
oind plate, amd an inenor stator surfiee define the enclosed
eylindsical mowwor cavity, |n some embodiments, substantially
o violds will extend froen the inberior stoe susfose. the

central moghom of e fhest end plate, and the cemral region of

ihw second end plaie ioward the perimeter ponibon,

The stator encapsnlan provides Tfor devies mobusiness and
ilwermnl fransfer from ibe sintor io the housing, The thermal
cotluetivity of ke encapsalant may be enbanced by mixing
an mdditive o the encopsalint §o incrense ihe themanl
comductivity of the encapsulom. For examphe, 1the cnenpss-
lomt measy B g dichectric maierial guch s @ polvnser of epoxy
and the sdditive may be boron nitride, silicon carbide,
silicon, aluminem oxide, aluminum powder, copper powder,
mein] oxide, commic, grphene, substantinlly sphencal par-
ticles of combinations of these or similar materinls.

Themanl remsfier between the stnlor and the bousing end
overnll maching mhusiness mury be enhanced by fitling the
stntor chesely to the perimeter portion of the housing.
Thermaul trmnsfer hetween the stator and the perimeter por-
tien of the housing may be furtber enhanced by filling any
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gap berween the sawr permeter and bousing wiith o thee-
mally combactive lubricam or encopsalam,

Tleerenal transfer from ibe roter cavity defined by the
slator and lousimg may be feciliced by prosiding one or
more el iransles stmochares in il coniaet with the
ceniral regions of the howsing or an end plate. The e
transfer stnietures may inchode pins, fins. combination pin
fims or other siructeres extemding into the rodes covity o
increase surface area, air urbulence, or olberwise promote
heai tmnsfer from the mior eovity, In addiizon, any beai
iranafer struetine may be coloped, apodized, or have o
surfice tresiment desigeed (o promede effeetive heal imns-
ez,

Thermal energy transferred 80 the housing may he
removed From the electric machine by comdisction, eomvee-
tion or relistion, Heat trnsfer from the housing may be
enhanced by providing the housing with fins, extenal et
trnnsfer stnaetanes, black snodization or other mens, [n
ackliiiom, the housing may inchde feet fabricaied from o
material having high themial conductivity, aluminum for
cxample. Heal mery be trons{ormed from the feed bo @ mounis
ing surlace, for example o factory Boor, shell, or other
aquipment. Hexl fmmsfer from the feef bo the msoanbisg
surfoce may be faciliiabed by proveding o interface having
high thermal conductiviny between the feet nnd the mounting
surface, [or example thermal pasite or copper.

Stmor embadimeniz include n mdial srray of electromag-
nels. Incerlain entbodiments, such clectmmagnet me budes o
core having a stack of laminations defining a 1ooth partion
amid a voke segmenl An msulating bobbin may be provided
surrounding o portion of the osoth of each laminason.
Electasilly conductive windmps then summouesd s portion of
the bobban. In ane embodiment, sch bumnination in the stk
af mdmtions is held against adjacent liminaons solely by
pressumne Erom e bobbin, withoul the use of serews, wekls,
pims. crimp joints, glue or oter fsteming means.

I some embodiments, beal tansler from an elecnomeg-
neli core may be enlemeed by providiog ol transfer
loyer i thermnl conlact with ane or both of the planar faces
defined by o eone Badetion. The luest wransfer layer may be
amy maberal having a higher sermal conductivary than the
magnet stoel used w fabricate the Bnsnstons. Represenia-
tive beat transfer materials inclde, bun are oot Hmned 10,
metals such as copper, nickel, silver or malerials such s
graphene. The |scol transfor material must be in ibormal
contact with (be associabid mintion, meming that ex
from b lamigation may imnsfer direetly fo ik heat iransfer
material. Thermal comact may be plvsiesl comact. Aler-
natively, thennal comtoet may occur through an intermsedise
material such as o thermal paste. 1o some instanecs, the e
trais fer material may be depositod o, ploted onbo, coated
ome or sdherwise penmasently bonded o the Faminet o,

Eleciromagnetic cores will also ivphcally nelude o diclec-
iric layer between lamirations, [n ooe embodiment. Fami-
aurt ks will have & diclectric bover ppplied or in contzet with
o plaoar face awl o heat transfer loyer i ihermal conisc
with the oppesing planar e, In this embodiment the
interface between sdiscent Inminntions will include a diclec-
tric lnyer Erom one lomination ol & heal trnsier lnyer fom
the wther lamination.

The smc-shaped voke segment defined by o stick of
laminations may in cernin embadiments define 2 1ongue
straciure and an opposing gmove sinsciare configuned o
mate with each odher. Thas, p stator may be assembled from
a plumlity of electromngreis by engaging ke fongue stroc-
ture of the (irst eleciomngnet with the groeve structure of an
mljmcenl chectromagnet and s on undil the sioter is com-
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pleted. In cortain embodimenis, the yoke segmsents of a
plumlity of electromagnets is direcily supporied by a shoul
der sroctre extending lron e bousing of o bousing end
plate providing machine mbusiness and o dinect thermal
pathway fron the stator fo e housing,

Allemalive embadiments inclode methods of cooling an
clectrie machine rotor, melisds of eoling an eloctne
machine stalor, methods of coaling an clectric naschane,
mwthods of fbricatisg on electrie machine, mebods of
stahalrang an electric machine, and melbods of fhrcimg
an eleciromagnet for an cleciric maching,

BRIEF DESCRIFTION OF THE DREAWINGS

A further anderstanding of the nabure and advantages of
particular embodinents may e realired by reference to the
remnining porkas of e specilbeation and the devwings, in
which like reference namerals are used 1o refer o similar
components. [n some inslasces, o swh-label is meockied
wilh a reference numeral o denole one of multiple similar
components. When reference 13 mode 10 @ reference mimeral
wilhowl specilication te an exigting sub-label, @t is imencded
1o poler 1o all such multple gmilar components,

FHi. 1 is an isometric view of & represemtntive electirie
machine; o iotally enclosed nonventilsied (TENY) perma-
neml magnet (PM) mabor,

FiG. I 8 an Bomelre enoss-sectioanl view of the moler
of FIG. 1,

FIG. X ks on jzometric chafl end (SE) view of o poler
showving pormanen] magnets ond olher stroctures.

FIG, 4 s an sonsdrie opposite shafi end (O5E) view of
lbe robor of FIG. 3.

FHi. 8, is on isomeinic oppesite shafl end (O5E) view of
an adtermive nolor embodiment,

FiG. & is an isometsic SE view of the mior of FIG. 3
showing a retaimer bamd aroumd the roer sincmre,

FHi. 7 s an isnmetne O8F view of the mtor of FIG, 6

FiG. B iz o side elevabion eross-sectional view of the
mienr of FIG. 1.

FIG. 9 is an enlarged view of a postbon of e motor of
FIG 8 ghowing o forced flaid circuit,

FIG. 18 is an isemere view of porbons of the bousing
nnd sinior of the molor of FICE. 1.

Fi 11 s an isometrie view of portions of the ousing
and stator of the motor of FIG. 1 showing o slator encap-
CTES

FIGE. 12 s nn isometric cross-soclimal view of the modor
of FIG, 1 with the roior removed.

FIG. 13 i an isemetnic view of pofops of the bousing
and gaar of tse mosor of FIG, 1 it selective electmmag-
net poarikas remoyecd.

FIG. 14A B an somene view of an electromagnet
sdruciume

FIG. 148 is an explodled isometric view of ibe chectme-
magnet sirsctane of FIG. 144

FICr, 1584 &5 o schematic disgram showing o laversd EM
lasmanation siegelire,

Flr, 158 &5 p schematic diagrmm showing an aliemative
lagered EM lambnation sinsaune,

FIi. 15 is 0 echemalic dimgrmm showing on aliemative
layeered EM lamination sinsclune,

FEG. 16 s n side elevnton cross-sectiomal view ol the
misor of FICG. 1 showing detail o il interfsee betweon il
housing and sttor,
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DETAILED DESCRIFTION OF CERTALN
EMECHIIMENTS

Chverview

Certain  emboclineenls  dsclosad henein ame  electric
machines eaginested o provide relatively maintenance- freg,
mabaist, hrlg_-[ummﬂuﬂiuimlun‘jm i poanmercial, Lriss
poftation, of inlustrial settings, As ussd herein, the class of
devices refermed 10 os “clecine mochines™ iachxles Bolh
elecing genemiors and clectric mosors, Cennin embaodi-
mieils dlescribaed herean are parmanent magned metors having
a mdial flux configaration, Many of the disclosed methods
andl spparstus are also applicable 1 improve the overall
robusiness and thermal performanee of axial flux machines,
transfer Nux machanes, and Hosr machines. Cefain meth-
ois may be ppplicable o the thermal munagement or sto-
hiliny of non-rolating kongue motors, ransformers, or indue-
fms, Albough meny specific embodinsents ame illustrmbed
bereln wilth mespoct 10 1olally  coclosed  pomventilatad
(TENY) permancet magned mobors, the disclosune nnd
claime sine nod ik o any specific apparsing configuribion
mmdl are applicable & omy type of cbecine machine.

Electric machines genemic beat during operstion, Heat, it
i digsipated properly, can redwece the life of the machine
significantly. Susinined operntion ot high emperatares can
mapact the physscal properises of many mochine compo-
nents, inclsling but not Hmiled 1o elecrical insulation,
clecineal conlacts, encapsulalion materals, mugnels and so
larth. Fxoess beal con make these componenis sodb when
first haot ond then gradually bettle, impacting device perfar.
mandée and leading 1o prematiens Gailune. Accondmply, fwe
kevs o designing a robust ¢lectric machine are reducing the
gieneration of leal during macline operation, and fnens g
it elissapation (rom tbe machme. Mamy of (he methods and
appamaius descnbed heran provide lor one or both of
reduced bt production and ellective bt disspation from
a meschine duning operation. The disclosed techaigques and
struciures afe oollectively refernad 1o o thermal manspe-
menl methods or thermal managerent apparstis.

Some metheds pid apparatus providing for advamagaos.
thermal massgement abso generally enhanee the mechanical
stability ol a machine, and (serefore provade addiibonal
machine pobusiness and durshiliny. Oiber et bods amd appa-
rdus described herein enbanee mochioe stabilny and robusa-
oisa wiilhoul affecting ilwrnsal propenics,

Certaln TENY machines disclosed bereln fealure an oviee-
alll deviee configarmbon designed 1o enbsnce thermal man-

il &l machine robusiness. For exomple, o pepresen-
tative TENY machine, the permanen magncl motar 10 of
Fliz, 1, moy hawve o pancake shope, wih eoncemiroied
clecromagnet  windings, muximized shor 6l surfbee
mounied pnd oversized permanent mognets and ciber nppa-
rags o enhasce thermal management and provide overnl]
machine mbudmess s detailed berein, Specific embodi-
ments of the disclosed permnpent-magnet TENY mator 140
ose bess than talf the copper and bess than half ibe electric
st compared o an isduction molor of the same power
rating.

In sldition, sevem] disclosed embadinients wiilize aggres-
sive, but ppssive cooling. Multiple beat paths are designed
inge the mochines [0 provide for beal tensfer from inferor
stachores o the external housing where hent moy be dissi-
potad By naturml copvection ingo e surmoanding mar, by
nidistion 10 sumounding ohjects, by conduction o
machine mounting surfsces, and'or by conduction through
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ik elrivee shiafi anoe a deiven desdee (For exanspbe & (s, pamp.
ormvewir belt, wheels, or other appamiios .

FiG. 1 is an isometric exieral view of o represeinative
elecine mochine, permnnent-magnet TENY motor 10, FIG.
2 ik a0 isometric oross section view of the mator 10 showing
certian mbemal elements. The motor 10 includes o basing
12, surrounsling and sapposting intemal components anil 2
shafl 1d conpeched W oo rolor 16, The housing 12 may be
connectal o or inchule varous suppenting sirociures, which
can be mpplied or vaned sccording o peed. For example,
the housing may be connecied o fect 18, lifting evebolts 30,
a C-fwe. a lange-face. or oiber suppormg or aptselment
siruciures [ocilitniing ikbe placement and nountiog of ihe
mnsor 10 ko an operalsona) selling.

As shown in FIG. 2, the shaft 14 iz connected 10 1he rotor
L6 such thal the shall 14 defines o lengibwase shall axis 22
arpand which the shoft 14 and rowor 16 rowee when the
mrdar 10 12 operated. Aliemanvely, extemal tosque applied
io the shofl 14 can cnse the rodor o podabe nroued ibe shafl
axis 22 A0 e elecirie machine is o gesorstor. The shafl 14
and rator 16 are supporied by beorings 24 and 26 sesied in
beuring flanges 28 and 300 The embodiment ihustrbad in
FEGS. 1 and 2 features o shaft 14 extending throogh the
howsing 12 from only one side of the rotor 16 Allemative
embodaments nury include o shall 14 extesding through the
howsing 12 from bolh sides of the rowor 16 Such oo
alfermafive emtbodiment. whach 15 nol Beasshle with o TERC
machine because of 1he cooling fun can advantageously
v o downsiream machines al onoe, willi one dow e
sinemm machine bemng attached o cach emd ol the shait 14.
In embodiments [eafunng a shalt 14 extending Erom one side
of The rodor 16 only, the opposmg ends of the motor 10 miny
bz pefierred te ax the shofl emd “SE7 amd opposite shadl and
SORE for comvenimee. Thos, ehments such as beanings 24
and [lange ZE may be refermed o herem as the SE bearings
24 ond the 51 bennng Qange 28 respectively. I s important
o et owever, that this dasclosure expresaly covers elec-
iric machines having shalls 14 extending from one swde ol
(b bisasing 12, both sides of e Bowsing 12, or nol extend-
ing from the housiag 12 at all.

The roter 16 1 substantially surcoanded by & stator 32, A
ieseribed i desl herein, the rotor 16 inclsdes @ series of
TR M amanged arownd, but spaced away
from the shafi axis 22 The permosmi mogneis 34 ane
supported by @ rolor bock assembly 36 sonsetanes referned
i s 0 back- tron sssembly beeamse this asscmbly i typically
comstruceed of a magnetie material such & ool or anober
tvpe of sieelimn alkoy. The rowr back msembly 36 is
mechanically Bomded 1o the shaft 14 or co-labricated with
b shalfi

The staice 33 includes 0 series of eloctmomagneis 38
surpouimding the rotor 16 such thit the cleciromageis 38 and
permaneni magnets 34 are sepambed from eoch oiber by an
Al gap 40, In highly simplified terms, motor opertion
occurs when eliernaiing currem is applisd fo the windings 42
of the ddociromagses 38, cousing o varving magnetic field
o e formed By the siator 32, Magnetic airsction between
the permaorent magieets 34 and che ebactromagnets 38 within
the vasrving megretic ficld, cowses the rotos 16 10 mdate with
respect b the stajor X3, Thas, forque may be imnsfeamred 1o
any device(s) atinched o the shaft 14 0s is ypacal with
nees. 1o an altemative geremdor configumdion, the shaft
14 may he potnted by an external source of borgue, cosing
ibe permesnend magnets 34 o forms o varying magnetic fekl
The vorving magnetic fickl con then induce oRermating
cugeent in the windings 42, therehy generating cleciricity.

1

13

-

L]

&)

B

10
Hemt (Generation i Eleerric Mackimes

When the motor 10 08 otlwer clectric machine is operaned,
heot = cremied in bodl the retor 16 and staior 32, The
prneipal souroes of ot generted in (s folor 16 ane eddy
currend losses in the permanenl magnets 14 and eddy currem
b s o By steresis losses o ik notor back asscinshly 36, The
prineipal source of hew generased in the sator 33 inclsde
resistanee in the windings 42 and eddy currentTiysenesis
bosees in the sasociote chectronugnet cores 44, Fusthenmaore,
drag. also desembed s windspe, is ereated a5 the roior 14
rotaes willin the motor 190, Windage generaes additionsl
heat. Fractien ai ihe surfices of bearings 24 and 16 also
creates hent {mesdse the hougsing 12, As poted shove, & conuin
clnss of elecime mochine is described ns o fotnlly enclosed
arel ponventiloied “TEMV" machine or motor, A TEMY
maolor provides cerain sbhaninges, inclading bt pot |Emited
tr reduced maintenance requirements, since the inlermal
motor elements sre substantiolly scabsd ngoinst exemal
contamination, Heal genemied within a senbed TENY
maching mus be dssipaicd however, wilthoul an exiemal
[am circulating pir osver fhe housing and without denec
vendilation apenings fo avaid premature component {aalure,

The dhischssed apparaius and mectbods aof Escilibsting fhir.
mal monagemend in an clecine meschine, and benelfore
premating geneml machine rohusiness, can ke classified o
wither (o) methods and structures for mainimizang the pro-
duction of hem, or (B) metheds und structures (acilintisg
machipe coohng afler heal has been produced. Seveml
thermal mamgement lechnxpes described herein myvolve
the expor of et throegh the rolor 16, staor 32 anclior
hoasing 12, Severl altemative thermal management strts
cgies ane desoribed Berein. The vanous methods and oppas
rafus oy be combined with ane another in any fashaon,
stabsd, or par@lly mplensented os pecessary e schieve
specalic et mitiganion goals,

Electric Muchine Rowr Szructure

As poled above, the production of heat duning the oper-
tom of an elecine machine & mevitable b can in ceram
inslances be reduced, The pamary sources of el genera-
thon i (e motor 16 ane magretically induced eddy curments
withan the permaned nuognds 34 and mapaeieally indsced
edily curmeis of hysteresis losses within e mdor back
assembly 36, The scale of each 1vpe of magnete eddy
currend andd the resuliang et production may be reduced by
implementing. i pornement mognets 34 and moidor beck
asscwbly 36 as lansinald structures,

For ¢mampbe, FIOS. 3-5 are Bomwins views of two
altemative embodimens of & mobor 16, The fiea cenbodioem
of potor 16, showy in FIGS. 3 and 4. is the rosor 16 from FIG,
2, This potor 16 festares & shaft 14 entending from oaly one
spde, Alermative embodiments inclode o shafl 14 extendig
from bodh skdes of the rotor 16, The FIG. 3-4 rotor embodi-
meat s shown in o SE isometric view mn FIG. 3 amd an OSE
isomeinic view in FIGE. 4. The aliemative refor 16 of FIG, §
could be ineplensented with o single o dual shafi configu-
rfion. Foach rodor 16 fentures o rodor bock nssembly 16
mechanieally boded sround o portion of the shaft 14,
Permanend negnets 34 ane moumied ssound o perimeter of,
e in comtaet wiith the rotor back 36 such that the
magnets 34 ang mdially arranged around, boi spaced pway
from, the shafl 14.

A pemonent magnet 34 moy be fhrcated from nny
number of laminsions 44, [aminaiions 44 one (nbricoied
from the permanes mognet material, which may be
mige-ength megeet material, for example o nedvmien-iren-
horon magnel matenial, a samanum-cohall magret maserial,
Almico mognets, and the like, or a comventional magne
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material such s a ferrive coramie. ln one represestative
cmbodinwens, b permanesi 34 of rodor 16, as
illssarzied dm FIG, 5, bove pvengy-four (24) lomEnsiions 46,
Bact lamination 46 i2 a melatively thin, plasar section of
permanenl magnet material wilh muliiple laminations bemng
stocked ome on top of the other such tho ibe plane defined
by the interfoee between adjocem laminaticns is geneemlly
perpendiculor 1o the shafi axis 22, Alsemative embodiments
of permanen magnet 34 may inchade any mamber of luni-
nadions 44, for example n maognet 34 may ingbods
248 12 16 20, 34, 28 32, 36, 40 or more lnmisations 46
i reduce e scale of magnetically induced eddy currepis
and fweat prodoeiion. Fach Bamination 46 within @ pemmanisent
magnet 34 may opticnally ke separmbed from adjocest lami-
nations 44 by an iselator, such o a beoques, vamish, paper,
o olher relatively thin insuloting materinl,

Relatively high-performance rare-earh magnet maierials
muy ke sebected (or the permanent mognets 34 of the oior
6. Rare-garih magneis have higher remanesce, much higher
evercivity onsl energy product than other permanent magnet
types, Thus, machine efhcwmncy can be enhanced wilh mne-
earth permanent nsgnets 34, although steps muost he taken
1o proancite avernl meschine robusiness ol stabality 1 f mnes
carth pesmonent magnels 34 are utilized.

Specifically, mre-canh magnets con be demagnetized if
hey become too hot, and the magnetic properties of e
carth nagnets will not recover whien the magnets cool dosan.
Therelfone, mre-carth magoels 34 most be selected walth a
hagher lemperature raling than the maximom lemperaiure
anlictpated 1@ the permanco) magoels 34 dunng hermally
sinble operipon & the haghest miled power outpul. For
exnmple, it the expected high temperabure of the permasent
magnets 3, acconding 1o o selecied design s 130° C, then
it iz advizable o utilive rorescorth mogoets 34 that are
femperalare mbed o al deast a 35% higher, lemperature
{necording 1o LH grsde), for example a up o 180° O,
provile operational headnoon,

Rare-varh permanenl magnels can also be demagnetized
by excessive Mux gencribed by large currents m the stator
windings 42. Therefore, sehactod embodiments of motar 10
utilize permmen] mngpels 34 with geametnes that encale a
lasge permeance coslBeienl o iponsmse mesistanee 10 Mix-
based demapmeiizaion. For example, as shown in FIGS, 3
and &, motor 10 may include o motor 12 having, rere-carth
permanenl magnets 34 with a radial ihickness dimensaon w,
masared along a rdivs loe exienling ouward Trom the
shafl axes that s cight (8] times or greater than b widih of
v g etbe air gap 480 mseasuned along the some mndivs lime.
The use of mee-carth permanent nagnets 34 having @ high
permeance coclickent allows the molee o operate n con-
ko Ear bevodud nontinsl stings without theea of demag-
netization. Some of these comdiiions coukd include opermion
ol peak wongue, operation s oxtendod spord ranges utifizing
field weakening, or & combination of hoih,

The poior Back sssenibly 36 mov also be assembdled from
muliple laminations of steed, on, anciber ion slloy, or
ancither suitable rolor back assembly moterial. In one rep-
resenintive embodiment. shown in FIG, 8, i rolor hack
nssembly 36 includes six (4) laminations 80, Each mina-
t3en B0 Ex 2 relotively thin, flag, annular seetien of rotos hack
maicrial, Muliiple laminaiions ane stacked one on op of ihe
nther with the plane defined by the imerfice hetveen
adjpcent laminations 30 being generally perpendecular jo the
shaft axis X2 Ahernative embodiments of mtor bock sssem-
bly A6 mary imchade any number of lomenations S0, for
cxnmple, the rotor back 36 meny include 2, 4, & 12, 06 20,
24, I8, 32, 36, 40 or more lominations S0 o nrinimiee fhe

2

X5

&)

L]

B

12
seale of magnetie eddy cumenis, hystonesis loss, and e
preduction winhin the roior back sssembly 36, Eoch bamid-
paikn 58 of the meior back assembly 3 may optionally be
separated from adjacent laminations 50 by an msulator, sisch
s i s, vamish, paper of oiber reladively 1l inseloting
maserial,

During operation, the rmtoe 16 roics at o high rde of
spoed and ks subjeet 1o varving magnetic fux, Therefore, it
is inportan to nssare that the permanen) pagoels 34 ore
seeurely bonded so the refor bagk sssembly 26 An sdbesive
may epicnally be wsed 10 bond the pemmanent magnets o
the rofor hack pssembly M. [n cerinin embodiments, ws
iNustrased in FIGS, 6 and 7, the potor 16 inchedes o reainer
hianel 82 sround the perimeter of the rolor 16 [Bcing the air
gap 40 amd stator 33, The retoiner band 52 can be prestressed
b secune the permancnt magnets 34 ned mdjpscent sinsciures
during operuticn. In addition. the retoiner Band $2 naoy be
specifically configured te minimize drag o1 the rotor 16
mintes, and therehy minimisne windige heat prodociion,

In ceriain enshodineents, the retniner band 52 is fbricoted
from o magnefic maferio]l such as steel or o grephene
composite. In such embodiments. the bandinog may be imple-
menled from o plerslity of separibed hands o mammeee the
generdion of eddy carments in the hand 52, In sdditicn, the
hanading may be impregnated with & hent trnsfer materinl o
olherwise reoted & Encilitate hesd imnsfer rom the perma-
nent megnets 34 o the owtside surfbees of the band 52 nmd
mr gap 40, Allematively, the retmoer band 52 may be
[nbncated eotirely [rom a material selected o have enhamced
heal Inmsler propedices, for example copper or alumangm.
Adternatively, the band 53 may be ebricated entirely from a
carhon fibier mat or carkan fiber Alament thel can be pres
shressed, dows ool generate eddy cormenls, aned alse has
relatively high thermal conducison propertics.

Rowor Cooling helbods amd Appartus

Heat prodduction in anopesiing elecence mae bine rolor can
b redluced usieg 1he fechnigues described above, bul some
bl producion & nevitable, Thorelone, several apparains.
and methods are disclosed herean for cooling an electrc
machine rolor [ I8 mporaml to note that s rolor 16,
particulardy 18 TENY machme such o the molor 10, s
subatnnally oF entinely eoclosed within the machine wous-
ing 12 and swerounded by the staior 32, Therefore, cooling
a rore 12 offen invelvies beat trnsfer po amther mopor
siruciure prsor o heat export from the medor 10, In cenain
s aarrees, Ui rolor soid g methesds @nd apparatus disorbed
hercin operate i conjuaciion with msdods ael apparais.
for eonding other peations of the mator 10, ststor 32 andior
howsing 12,

A, Botoe Foreed Fludd Circuit

FIG. 8 &5 a sule elevation cposs-socsonanl view of the
maior 18 shown in FIG, 3. FIG. 9 s an ealarged view of 2
pomtion of thee roior 16, housing 12, and siator 32 shown in
FlGs 8. Mwring opermiion, the rofor 16 nust ke permitied o
apin frecly withim the stmor 32 and housing 12, Thos, the
rodor 18, staior 32, nnd housiog 12 collectively define ceninin
cavities wilhin which the rotor 16 operates. For exnmple, the
howssing 12 of FIGS. 1-2 and 8-9 inclodes o perimeicr
pomion 54 surrounding the swtar 32, and therefore surrounsd-
ing the shali axis 22, The perimeter portion 54 of the housing
12 is substantiolly closed. excepd for eme or more sealed
shaft openings, by a fiest end plaic 56 md on opposing end
plate 58 =i ench end of the perimeier portion 54, Thus, the
perimeter portion 34, first end plaie 56 pnd opposing end
plate B8 define the ovemll pancake shape of the molor 10,
The perimscter pontion 54, first end plote 56, snd second ansd
plate 58 may be separute structures thal are bonded 1ogether
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o Fomm o beusing 12, Aliemsively, the porimetes penion 54
and o e plate 56, 58 or ciber owsing structures may be
cast, machine or othersise Tormed a2 8 single pari. with b
peranscler porbon 5 and end plate 56 or S8 serviig (o
idendily differen reglons of 8 single hoosing strucTise.

Is bt viewd b FRGS. 10 ard 11, portions of the seaoe
32 facing the air gap 40 and the end plates 56, 58 define 2
substantially cvlindrical poor cavity 60, Cenxin ambosdi-
ments of the motwe 10 include spparios designed o fonce
air cirgullaiion between vorious distingt regiens of ihe overall
eylindrical rotor caviny 60 as described below,

Specifically, an open spoce between one end 62 of ihe
redoe 16 and adiscent pordens of the bowsing 12 delines 2
substamiinlly nnmelar first cavity &4 wiihin the cylindricnl
redor covity &0, Similorly, the open space bebaecn ihe
opposite end $6 of 1he roaor 16 and ndjicemt portions of the
housing 12 defines o substantially annilar second cvity 68
within 1he cyliedrical rotos covity &0 Funhermose, the
relatively ihin air gap 40 exiemls hetween ihe ouber perim-
eter of the rowr 16 and the inwandly fecing surfaces of the
sinior 32 o complete the cvlmdncal rodor condy 60, As best
shown in FIGS, T opd 4, air, an giroil mixture, another gas,
Isgnied, or o maxed fluid oy be consed bo circulite from one
ol the cavities 64, &8 o the other cavity 64, 68 and throwgh
the nir gap 40 by providieg the retor 16 with an internal fap
anrfnce such ox indenal (on 7L omd one or mone venlilation
channels T2 through the rotor 16,

Speailically, a senes of venlilalwa channels T2 can be
|1-n1'r.i1i:|! tancagh the rotor back assembly 36 as best illus-
trtedd i FIGE. 3 and FHG. 4. 1o 1be illustrted eenbodimen!,
wich vembltion channel 72 delines a porxa of an arc
mroaand the shall axis 2F, and constitubes an opening exbend.
ing through ench lamination 58 of the mdor back assembly
i, Onber shapes and configamions of ventiksion channel
TI are within the scope of this dsclosune. provided each
venlilation chanme! TE hox an opening in fuid communica-
iz walh ibe Ot cavaly 64 and the second caniily 6F.

The frst cavity b, seeond cavity 68, air gap 40, and cach
venlilgion channel 72 wgether define an mlemal broed
M circuit T i part surmoanding and extending, tsrowsgh
the mstiar D6, e, another (s, or &5 deserbed Below, an air
and oil mixruee oy be comad W clrculate through e
iriermal fanced Muid circwit 74 by the inermal fan 70, The fan
Ti iy b pant of, attachod o, or driven by (he rotor 16 10
cause air or anolber Mkl © ctreolsie within the miernal
forced Mhiicl circuit 74, Specifically, (ke fan 70 inchides 2
plusality of Fan blsdes T configumed o cause a relatively
low-prcssure zome al (e abr gap 40 and & relatively high-
pressune #one loward the shaft 14 o the second covity &8,
wiien the rotor 16 rtates ina elockwise direeion, os viewed
ia FIG. 4.

This pressure ditferential causes air or another fhaid 1o
circulase from the secoawd cavity 8 theough the ventilmbon
channels 72 0 the first covity 84, Semalinnecusly, air or
ancther Mk, s comsed to circuksie froem the firs cavify &4
ihrcaagh ke aic gop 40 o the secoml covity &8, completing
the forced flwid circuit T4, A different fan configumtien o
differem rotation dircction could cawse the air or other fluid
o circulate in khe opposite direction.

In the embadiment of F1G. 4, the fan 70 extends o the
second cavity 88, In aliemative embodiments, ihe fon 70
may exicm Ento the first cavity 64 or separmie fans may
exfend into bath caties 64 and 68. [n certnin embodiments,
the fan 78 andior M bades T6 ore p scpamie sinscture
atinched i or driven by the mior 16, In aliemaiive embaodi-
miends, the fan T mery comprise a plamlity of fan blades 76
fermed ko the mtor back sssembly 36, formed in o pontion
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of the shafl T4, or eilserwise attshed 1o the rotor D6, 1o any
embodiment. the fin 70 couses air or onother fhid 1w
circudoie arcusd and throsgh the mace 16 completing the
forced fluid ircuin T4 a3 the alor mokxes,

Adr or anoiber fusd circulaiing wiihin ihe foreed Muid
elrcudl T4 is hearod by boat genersied within ibe rotor 16 &
deseribed above, thus cooling the rowee 16, The heated fhuid
can transfer said best 1o ppother srociare o ullinaedy cool
the motor 10, Various structures fecilioning heat tronsfer
from the rotor Th io ihe forced fluid cirenit T4 and bevond
wre deseribed bedow. [n addition, various sinsciens associ-
aded wiih the rolor may have surface ireainmenis designed o
proamote cilicicnt heat tramnsfer froa (he fotor 16 6o the fonsed
fluid circwit T4, For exomaple, any robor structure, mchiding
bud nod limndted e the fon 7B, o Blodes M, shafi 14, rotor
bk nssemibly 36 retainer band 82, or oiber simoctunes mey
be roaghened 1o increose surface anea or treated. Tor exomple
with Block anodization. s focilitote heat transfer between the
molor and ihe Forced [Ted cincui 74,

Heat trensfer from the rotor 16 o the forced fuid cincuii
T4, or Irom ibe forced uk] cooud T4 o ollser mobor
structares such ns the konsing 12, and ubEmaiely sway from
the matar 10, may be Escillitsled with supplemental besd
trinsfer structures. For exaomple, ns shown in FIG. §, the
rodor back assembly 36 or opother mtor structure mary he
placed inlo thermal contact with one or mone heat imnsfer
struciares. for example S3E heat transfer structure TH omd
CISE el Irmnsler sinaciune BO shown i FIGS. 5, B, and 9.
A delined heren “ilormeal contscl™ menns contac! betwean
B o more strsclanes such thil termal esengy may flow
from ose strschone 1o another sineciere. Sinsciures in dinec)
thermal contsct with each ather are nkss m phaysical conlss
with ench oiber, Alermatively, thermial contoel miny ooour
through an memediote moterial such @5 a thermal pasie,
The 3E sy irnsler sirocare 78 and OSE heat transfer
sirecture Bl ane mserely represenitive exomples of any
nismber of lypes or conligartions of heat trusfer structure
that can be mousied o, fomsed . or otherwise Usonmalky
comtacted with the rolor 12, Ineiach case. a mtor el Trns fer
struciuine TH or 80 conlscts tlve rotor o o side and extends
inte cther the Ot cavity B4 or the second cavity 68 1o
facilatane bt tradsler botooen e motor 16 and the fonsed
ituid cireuin T4,

Chher s tronsfir siroctunes may be bosded 1o or fomed
i thsornsal contset with the housiog 12 0 Fealiste e
trans fer from the Forced Bhaid circain T4 o the boustag 12 aod
absnquently out of the meser 10 through bean mndiaizen,
coilmetion of convestion, For example. as shown in FIGS,
289, il 10, one, two, or meore heat (e fer structunes nsy
b eniousted o the housing 12 extending inwo e st cavity
64 of spcond cavity 68 towand the moter 12, I the nepre-
sentnizve, bul nonlimiting example shown in ibe figures, ihe
motor 10 ingluckes am SE housing heat wmansfer sinmcnire &3
ankd an O¥SE howsing heni imnsfer sirocture 84 exiending inio
the: ligst cavity 64 el seeomd coviny 68 respectively. Bach of
the heat imosfer stroctores 2, 84 & illusiroied 05 being
auhstantiaslly anmuldar, however other shapes and configue-
tions are within the seope of this disclozure,

The 85 bousing heat tmmsfer sucture B2 and OSE
howtsing hent tramsfer structure B4 mre merely represen ative
examples of any mumber of hea ansler stacior: types or
configumations that can be mounted 1o, formeed in or othe-
wise thermally contacied with e housing 12, In each cuse,
a bousing hent tronsfer structore §2 or 84 comocts the
hoasing 12 om one side mnd extends indo citber the fiest covity
64 or the secomd covity &8 to ool fate hent ransfer from the
forced flmid circait 74 1o 1he housiog 12,
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In several of tbe embodimems dbuared i the flzures, a
heon bramsfer structure T8, 80, B2, or 84 may ke formed
hawing o mumber of pies, fins, combicsibon pinfie 86 or
odlier stnmtures desigiwed W Inerense sarfsoe arca amd (ni-
babenee, The pandfing $6 exbend sy Trom ihe housiog 12 or
staior 32 and mbo e sdjocent cavity 64 or 68, A hea
ransfes stnactane T8, B0, 82, or 84 may be roaghened o
inerense surface aren or trested. for cxample with Black
ancdizmion o fecilitne heat tmnsfer 10 o8 from the hent
iransier sirgiure and the foreed Muid cirewii T4, In addition.
odie oF mare bean transfeor strucruees T8, 80, 83, or 834 may be
fnbacaied from a materinl sach as copger or alumiouem wiil
high thermal condnetivity. The hent transfer stractuses TH,
0, 82, or B4 may be bopded i the slincent rodor or housing
structuse using head trnsfer paste or anviber imerfoce focili-
intimg effective heam transfer from the hent transfer stnsciune
T8, 80, B2. or B4 10 or from the Frrced Pusd cincun 74,

B, Roior Brecapsalation sod Sanbilization

In ceviain embodiments, for example s illusied in FIG,
&, adjmcent pemnneni magnets 34 are sepamited by o gop B8,
Adifitsonal beal tmpsfer from the polor 16 and paricular]y
from the sides of each permanent mognet 34 moy be
provided by filling sl or 0 partion of the pgap BE with a
1bermally conductive rolor encapsuland 91 As detniled
bty thee thermally comductive cocapsulant 98 also reduces
windage amd provides mechanical siability to 1be otor 16.
Representative examples of thermally comdoctive  poior
cicapsulanl 20 nelude, but are not hmsed te, epoxy, an
enginecred polymer, polyester, polyurethape, silicone, or
anolher plasts, Nowable or formable malemal suilable for
fillimg the gaps B8, Themal numagensent may be enhanced
by providhng an sdditive fis the thermally conductive mor
cncapsulant 90 1o enhance the thermal conductivity of the
encapsalan material ahove the native thermal condsctiviny
of e encapsulam withow modilfcation, Bepresentalive
additives 1 cnhance thermal comluetivity imclude, b are
nol lemabe] b0 suspended parcles of bomon ninde, silicon
carbilbe, silica, aluminim oxide, alumimum, copper, anber
mwelal, anolber metal oxide, ceramic, greplene and the ke
The thermal conductivity of dwe encapsalant 99 may fianlser
b enbsanced i e suspended pariches ane spherical, have
radaally eensed [bers o hive another shage oF ofaniaion
designad 10 fociliste thermal comdusciivity.

Allemativedy, o specil porbon or region of the thermally
combuetive mlor encapsulant #0 can be fabrcaied (o a
substamcs havang relatively high thermal trmsmissiviy. For
cxample, e gap 88 conld b (flled wiith epoxy of sneber
polvimer boursd within a metal shell 92, for example & copper
of aluminam shell, where the shell bas higher thermnal
comductivity than the polviser. ln anciber embodiment. s
gap BR could be fOfled with epoxy of anoiber polyimes
surrounding a more thermally conductive cone, Tor exsmple
an alumnum of copper come, in eontset throagh the ancap-
sulami with & permaneni magnei 34, rosor hock assembly 36,
andior the forced fluid circust 7. In any embodiment, the
ihermanlly comduetive mior encopsalond should possess o
floss wransition tempersiare ol mexEmam opersing ten-
perature that is significamly higher than expecied moior
opeEmling lemperature,

The thermally condoctive rotor encapsulam 9 also srves
io provide mechanical sirength io the rotor 12 and therefore
enhance the overall robusiness of the moior 18, For
cxnmple, thermally conducinve mior encapsulant 9 moy be
coniacted with and'or bomded o the mtor back sssembly 36
between adljacemi permanent magnets M, o mechanicnlly
anchor the permanent magnets M oand prevent them from
slipping circumfercntially around the rotor hiack ossembly
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A6 under vy Boad, The bond berween tbe ihonmally
cunsutive potor encapsulam 90 and rowr hack ossembly 36
may be enhanced mechanically by providing s rodor back
aasermibly 36 with slols W, grooves, keyways, roughensoad
arloces, hales, projections, of other strociuns # ihe inler-
foce betwioen the rotor back assembly 36 aml the surfsee of
the thesmally comdactive poler encapsulam S0,

A hest shown in FIGS. 3 and 4, the thermally comndusctive
ot encapen lant 90 moy be contacted s cither of both ends.
with one or more powr-side supplemental heai ironsifer
saciures. The specific embodiment of FIGSE. 3 and 4
incluckes an asray of 5E heat tansfer elements T8 in ihermal
conteet with the thermally conduetive molor encageulam
nl exdendding indo the first covaty 84, In addition, the FIG,
34 cmbodimeent inchides an ammy of OSE best fransfor
clements B0 in thermal comet with the other end of the
thermally conductive molor encapaalont 90 and extending
inse the secomd covity &8,

The heat transfer structures T8 and B are merely repre-
sentntive exnmples of nmy munker of hent imnsfer sinsctures
thai can be mounicd 1o, fomed m or olberwise thonmalby
cantacted with one end or the other of o thermully conduc-
tive rodor encapsulant 90, [n eoch case, beal transfor stnic.
ture TH, B0 extend info either the first covity 64 or the secomd
carvity 68 1o lacilitate best tminsfer between the rotor 16 nd
the Torced flaid circuit 74.

In an aleemative embodimen!, one or mone of the e
trnsfor struchines TE, B0, B2, or B4 may oo be fomed o
lanction as the [an 0. Forexample, the conybination pimTins
Hi ol U boea i fer sinsctane T8 of FIG. 5 may be angled
or otheraiee formsd 10 cause a pressane gradient causing
fuid circulation theough the fonced fhuid circumt 74

. Heat Transler Chl

In certaan embodimenis, the efficiency of heot irmnsfer
withan the moar 10 may be enhanced by widizing a e
tmmsfer Mukl. in combinstion wilh or oiber than aar For
example, a quaniily of tmosformeer oil or amother beat
transfer Musd masy be ackbed o the fim cavity &4 anslior
second cavity 68, When the molor 5 mol operaled, the oil
will pood i the botom of esch cavity 64, 68 and Gl or
example, the bottom quadrmit of the air gap $0. As the robar
I spins, the permasant magnets 3 are sequentially sih-
merged (o the oil baih and beat can be dewn lrom all
exposd faces of the permanent magoets 34 and netainer
hand 52,

A ilesoribiad im dietall below, a stalor ensspsulant mery be
ke Between tlse stator 32 and housing 12, 0 pam o ensine
that ail added 1o an dntemal cavity &4, 68 pust pool in 0
contset with the rotor 16, See, for example. the stor
encapsuliant 96 of FIG, 11. Suffecicm ofl may be sdded o the
cavities 60, BB W cover the air gap 40 amlior subiserge
pomtions of one or more of beat transfer strucures 78, B0, B3,
B4 or oiber heal iransfer sansciuncs. The cavities 64, 68 and
air gap 40 are inferconpecied regions of the mobor cavigy 60,
Themelore, & heat transfer fuid added s one caviny will fow
br oihers. The quandily of cil or odher besl transfer fuid
acklex] o covities 64, &8 may be equnl 1000 less than 3% of
thee totsl vodume of cavities 64 and 88, equal 1o or Jess then
2585 of the wanl volume of ety 64 ond 68, or nnother
sudtahle volume

When the roior 16 spins ai relntively higher speeds, the
pction oof the rotor |6 amd or the heat transfer strachares 78,
Bl may cinmee splashing and misimg of the 0l or oiher heai
trans fer fhad, improvieg the thermal properties of the forced
fhid circuit T4, Amy retniner band 52 may be fRied with o
perfemted coating or thin neesh surface te ensare tarbulem
flonw newd bovw deng 6 1he rotor 16 moves through the cil bath,
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I Rowor Back Assombly Hen Expon

As is generally described above, the rotar back assembly
36 conucts beal frea the odges of the permanceni megnss
A4 focing s shall axis 22, and generates somme heal erousgh
eddy currenis anel hysterests loss widhin the roior hack
assemibly M isel The bew condocted 10 or genersied
wilhiin the rotor hack ssseovbly 36 mary b condueted madinlly
to vemtilation chenmels T2, Allemnativedy, heat conducted 1o
o genersicd wilhin the rotor beck assembly 36 may ke
eomlueied axiolly io the SE besi imnsier sinacture T8, ihe
OAE heat transfer sinsciare 80, anviber heat ironsfer sinac-
iare, or the fon 70 where heat can be conveyed o the foreed
i circuit 74, The sorfoces of the potor back sssembly 36
fncing coviibes 64, 68 may be struchaned, texbaped, npadized
of otherwise reatal o enhunce the export of heot Trom the
rogor B6 1o the Borced foid circuit 74, sutor X2, hoosing 12
or other structuee from whence the heat may be dissipated
imto e covironmenl.

The apparaius and metbods disclosed herein, including
but it Eimiied io the ventilation channels T2 beat transfer
sireciures T8, B and thermally conductive molor ercaps lant
i sy thad the rotor bock sssembly 36 is relatively coolber
than the permanent magnels 34 danng miostor operstion. This
lempembare gralient causes benl Bow from the permasent
magnets 34 10 the rotor back assembly 36 and oue of the
motor through the shaft 14, forced Auid caircunt 74 and
howsing 12 or another export path ns described henein

E. Shait Hent Expoat

Another path for tropsmilting heat away from the modor
utifines the shafl 14, The shafl 14 @ linndy conpected o the
ritor back nssembly 36, usually with metal-So-metal contacl
et From the pemmanent magnels 34, rofor back asembly
6 or ather motor structunes miy thensliore be conducted o
the shall 14, Hem expont through the shafl 14 may be
enbunced by providing the shaft 14 watl a rebstively highly
himut-condnctive core 98, or other shafl structure. made of a
malerial having relatively high thenmal conductivity such s
alumicm or copper, when companed 10 the surrouikling
steel shall material. The shaflt 14 conncets W lhe boady of the
oquipment bemng driven., for example, 8 fan, pamp, drive
roller, or material processing macliane. Thus, the shafl 14,
particulardy (7 i provided with a s copdective core 8.
can codect beat 1w the drven machine, where the hear may
ber dissapased through convection, conducibon or mdiation.
Stator Cooling Methods and Apporsies

Thir pransary sowrees o beal genecation i the stalor 32 aro
magneically indocsd eddy currents within the metal cone 44
of the clectrrmagnets 3 and reskslance losses i the wind-
imgs 42, The questtity of heat produced in b staior 32 may be
reduced by maximizieg the wire gaoge of 1he windiegs 42
to asasimar £lot fll and redisoe AC resistamee losses, In
addition, rectongular wire may be utilized For the windings
41w inerease skt 1 and reduce pesisange losses. Mog-
netically induced eddy currenis within ihe steel ¢leciromag-
et corcs 44 may be minimized by fabsicating cach core
from elecirieally isolaied lnmingtions s descrbed in detail
hedow.

Several spparans nmd methods are disclosed for coeling
an electric machine stater and dissipating heat from the
mnchine. 1 is imporiom bo poto that the staeor 32, particu-
lngly in @ TENY mechine, i entirely enclosed within ihe
machine bousing 12 Therefore, conling ihe sitor 33 ofien
imvolves hent tmosfer & apother molor sineciane, for
exnmple the beasing 12, or shafl 14, pricr o heat dissipation
from ke motor 10, In cerioin instances, the sinfor conling
miethods and apparstus deseribed herein opemte in conjunc-
tin with methods and spparatus For cooling other portions
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of the mowr 10, rowr 16 aslfor housing 13, The varus
thermal managenent methods and apparams make be com-
bisnsd in amy fashion, scaled, or partially imphemensd o
achieve desirad termal mansgensent and mochine disrabil-
ity goals,

A Eleerromagnen Sansciune

As shown in FIGS, 10, 13, and 14, & representative
clectirie meschine saator 32 includes o plurality of electro-
magnets 38 mdinlly pesitioned srownd the shaft axis of the
maching, for example the meter 10, As besd viewed in FIG,
14, and the exploded view of FIG. 145, ibe clecromagnets
8 include p core 44 of o mageetic meind, typically @ siee
alloy, Magnetieally induced addy currents ean be maducsd by
fnhricoting the core 44 from o stack of similarly or jdenti-
cally shaped and relatively ihin lnminations 46, The specific
luminnticn shape shown in FIG, 15 includes a taoth partion
10 arxl o voke segment 102, When muliiple lamianations 44
pre stecked o fomn sn Slecromngnet core 44 the woath
poriions 108 directly or indirccily supports the windings 42
while the yoke segments 102 provide structure (0 the stator
31 & hent trmnsfer pathway o the exterior of the siator 32,
ol nclditinmnl magnetic core mass,

It % necessary io provide electrical insalation between
mljacenl baminalions 46 10 reduce magneficnlly  inchaced
edkdy curments in the core 44, Therefone, the opposing planar
surlices of sich lamination 46 mury be couted wilh a lncguer,
epoxy, plustic, imulnting paimt, poper, or anctber dielectric
layer or coating to provide clectrical wmsulatron between
adjacenl laminations 46 when muoltiple laminations ane
slackiod 10 fabodcale an clecinomagmel oane dd. Comvenstional
lamination insulsting methods band 1o alse thenmally nsu-
late ench laminabion and restnct the fow of beal genermbesd
either within the core 44 or williin the surnendive wirdmgs
41

Thee napgnetie steel slloys: ueed [or core lamimabions 46
prpically have reloively low thermal conductivity. The
thermal perlommance of an clectmomagnetic cone $4, ard thias
the thermial performance of an electric machioe, may be
enhanced by costimg or otherwise associalimg B magnetic
stee] Eansinatbons 46 witl o naterzal having relstively kgher
thermal condisctivity than magnet steed, For oxample. some
poftion, of e entinety, of Wb exlenor surfaces of 8 sboel
laminaton $6 may be coamed with, ploed with, have depos-
iled upon, or otherwise be associated with a relatively thin
thermal transmission layer 104 of o metal such s nacked,
nickel sibver, copper, alunsimum, graphene or anolher mate-
mial Eaving higher thermal condociivity than the steel bamd-
ook fEersor An eleciresl insulation layer 106 may be
kb qrer the thermal transmissson loyer 104 to minimize
ediy curenitd when the lnminntions 46 ane stscked ime an
operable conflguration. ln cemain cmbodiments one Laver
may serve both as an insulstor aod as o thermal iransmission
layer, providad 1l material selected s a diclectnic momerial
amd has greater themaal conduciivity ihan the magnetic steel
s for Beminations, For exomiple, various graphene axides.
couhl serve & oo single layer providing Both enhanced
thermal irmmsenission omd choctrical insulstion,

Clne examiphe of & loyered laminotion configaratson having.
higher thenmad conducivity than o simple msulmed steg)
Inmimntice is shown in FIG, 15A, In this embodinsent, the
sieel lamination 46 is conted fird with o thermal transmis-
sion bver 104 hoving higher thermal conductivity than the
stee] of ibe underlying lamanation 46, The thermal irnsmis-
shon yer 104 muy then be coaled or oihberwise nssecinted
with o dielecine insulation Liver 106,

Altematively, as shown in FIG. 128, only one planar
surfoce of o laminaion 46 may he coated with or olberwise
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imsailaped with @ deelecerie insulation layer 106, The eppos-
ing plamar surfaee of said lamimtion 46 may be coated with,
comiaesod wiils, bonded o, plated wiih, er ofherwise asso-
chagtid with o thermal transmission lyer 104 of 8 malerial
sedecied 1o facilitie hest iramsfor away from the cloctre-
magnetic core 4. I @ cone H s fbrcoted from a plessliny
of lemirions 46, peepared in this fashbon, (e thermal
traamiassion laver D04 is not required o provide electrical
imsulation sipee (he diclectric insulsion lover 106 of the
immedintely adincent lnminaiion 46 will elegtrically insulaie
boih lamismeoms fom cch other, provided coch Lsmision
i= orienbed in the samse Bshion, s shoan on FIG, 158

The ibemal tramsmission kyver 184 can Be, for example,
a metnl having significantly higher themmal copduciivity
ihan stee] deposiied on the lamination 46, Hepresennlive
metnls having  higher thermnl  conductivity than stec]
inchudie, ot nre not limited to, copper. nicked, gold, silver, or
alamismm. Cther materials, for exsnpbe graphene or graph-
ing oxide, may ke deposited as a thermal imasmission loyver
104 on o lamination $6. A combination of the above mate-
rials mayw b msed. For example, as shown on FRG. 60, o onre
44 mury be fnbricated with n stock of mterior steel bamina-
tsens 46 havieg a dielectnic coatirg 106 deposited or olbor.
wise sssocied wilth one surface of @ steel lnminoben 46,
which is conled on the opposite surfice with a metal §ida,
for exonmaple micke] silver, which is subseguently coated with
o graphene Lver 1045, As this pattern repesis i:n:ll'!.hmugh
ihe stock, sch lamimation 46 is wsulaled frool alpcenl
lnnimagicons, yet ench laminatzon is also in contact with one
or mone hermally conductive Irmnsoissson avars 104 pro-
viding for Beal export froms the core 44,

The stackesd lamimations 46 forming the elecirmagnetic
cone dd must be held wogether diring assenibly and operstion
and imsulatidd from the windings 42. Conventional ket
magneti cores ane often beld wpaber by gloe, bogquer,
serews. bolts, pims, crimped serlfwes, other fisleners,
wekled joints or olber means, Insulalsn nury be provided by
ihe gl or lacquer, a supplamental sinsctane such as lape oF
prpeer, or merely will the wendiog, insulabon. The disclosed
cmbodamsents could be implemented with amy one of e
Foregpioing assemvhly amnd msulation lechniques. Alernativily,
as ahowe in FIG. 14, e @ack of bamiaaiom 46, sod sy
lamanation coatings 104, 16 can be tightly compressed
lopetler ol o core 44 having superior hermal propertics
with o dielecirie bobbin 108 surrourling the wop. boiwom,
and sedes of se wooth pestion 100 of esch lamination 46 i
it core 44, The diclectric bobbin 108 may b (abrcated, by
inpection mokling for example. from a plastic. mvlon of
similar material, The utilization of & kobbin 108 as o means
of compressing the bnivatbon fces together Gieilivates i
s of Uwrmal (ramsmsgion lavers 104 which might be
compromised by the uwse of alicraive lamination aiagh-
ment methods ipchsding bt oot imbed 1o ghie or Logquer
betwewn each lamination foce, bolis or screws ihrmough
miffecent laminmicns, welded joints positicned olomg o or
mree sides of the lamination sock, mechamical crimp con-
nections hetween luminations, netches or other lixmring
mthods.

Specifically, the bobbin 108 nssuress constind, evenly
distributed pressure ocross ihe noth portion 108 of each
lnmination # in an electmomagnetic core 44, Fvenly dis-
ribuied pressure minimizes gaps hetween lnminntions 46 or
layers 104, 16 and therefore [acililates heal fmnsfer from
ench lnmination $6 to ooy sssocinted thesmal tranemissian
layer 104, |n sddition, vsang & bobbin 108 o compress the
lnmanaticons 446 nnd nasocinted Lyers 104, 106 inio o oone 44
avaids the possibility of o holt, screw, crimp, wekl of odber
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mechameal fsener cousing a dhen cincoll betwesn ane or
more Eainastions 46 and thereky comyproomdsieg the electmno-
magmeie peoperties of the cone 4. [n cenain cmbodimenis,
the babbin BOE s the only strucune Bolding adjacenl Lamd-
Ntk bogeiber

As also shown i FIG, 14, the bobbin 108 suppons the
wirdlings 42. Certnin portiens of the windings 42 exiend
thuonggh thse hod between sdjacent clectnmagnetic cores 44,
Ohber portions of the winding 42 are enul nurns 109 bridging.
piljaceni slois, peross coch elegtromagnesic core 44,

As shown in FIG, 14, the voke segmem 1023 of exch
lnminmiion muay be formed inde oppesing male and female
chisvetadl, omgue and grosyve, or other mating stmeures, 110
al 112 pegpectivedy, This, when a serics of lectromagnets
AR sre ossembled inte & sinior, ns best shown in FIG. 13,
pdjacent male and female tongoe 10 ed proove 112
struciures provide mechanical support e the stator 32,
Funthermsore, the wpered shape of ensch woeth 100, Bobhin
108 and wincling 42 create o concentrbed winding ool thai
tapers 1o the shape of the slot, providieg for high slot fills,
IHigh sloi fill resmlts in a reducion in choctrcal resistance ansd
hence bvwer losses nmd reduced heat prodsction.

A BatarTlousing Inferfsce

The stacked, canwandly facing surfnces of a plumdity of
yoko sepgmems 102, defines an exienior surface 114 of the
stator 32, A< shown m FIG. 13, the exterior dalor surface
114 fits closely within the perimeter porion 54 of the
housing 12. Heal can fow within each cone 44 to the exlenor
stater surloce 114, panicularly if thermal tmnsmisson lovers
1 are provided on or between the boimsions 46 as
described above. The trmsler of hest froan the exleror sktor
surfoce 114 o the perimseler portion 54 of the boasing 12,
amil shsequently 1o the oimside envinommenl. may be Gcib-
tated by providiog o thermally condsctive lubncan betwemn
the exterior ator surfce 114 and an interior surface 116 of
thee perimeter portson 54 of the owing 12, Represenistive
thermally combsctrve libncamis inchede bul ane ool [emited
b o] grease, praphene, or bonon oicde powders.

Choeradl maschine nobastness and thermal performance 13
also Turther enbusnced by canefully coupling the stator 32 1w
the housing 12, For example, a8 shawa i FRGS. 12, 13 and
L, oo oo v o thee end plates 56, 58 muy define a lip and
shoulder sirsctune an the esd plare 56, 58 thar comacts the
vkt segment 102, The hp/shoalder structure 120 engagpes
the yoke pomtion 102 of exch cletromagnetic core 3
somewhal away from the balance of the aad plate 56, 58,
Theus, the lip'shoudder sreciune 120 creales & pocket in the
end plate providing clearance for the ond wams 109 of
windings 42. The beight of the Hpshoulder strocre 120
{enarked as (hy an F1G, 16), may be selectad w reduce the
distance from the end nams 109w (he ond plase 56, 58,
fociliiating heat transfor. As described in detail below, the
remaining gap may be flled with a themally condsctive
encapsulani or other stmciure or maierial o baliaie hea
transfer. In sddition, the Beight b of the lipshoulder strucuee
120 cinn b ingrepsed os peeded o minimize the formaiion of
magnetically shesed any cumrents in the end plate 56, 58

Addditional maching robustness may b cnhanced by pro-
viding selected eheciromagee cores 44 with an engegemer)
struciare 122 at, or im, the exterior surface 114, The housing
12 may include a maling engagement simaciure |34 opposite
the engngemeni strechane 122, The engngensent sinsciunes
122 and 124 muy be any shape or sioe conliguned ©
mechanically mate the extersor surface 114 of the stator 32
with the interior surfeee 116 of the housing 12, snd thenefore
prevent motmon of other movement of the stolor 32 when
under losd. The specific embodiment of engngensent stnoc-
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pares 123, 124 illuscraied in FIG. 13 inchodes o rounded skot
Formed iin the clectromngne core 44 and 3 comespomding
reainded sl formed i ke perimeter pomion 584 of i
hatsing 12, Eacl shot mery be cngagiond with a pha o meet s
stafor 32 10 i bowmsing 12, Additions] robusiness is pro-
vided by dghily Giing the exieror surfoce 114 of the stsior
32 to the interior surfece 116 of the boesing 12 w0 heeden the
cnse o proteet (e electromagnets 38 from impoct, vibre-
tien, o other forces,

C, Siator Encapsulation and Siabilizaiion

Addaional thermal transfer from portions of the sator 33
or oiler machine structures ond enhonced stnior robuginess
iy b prowiibed with thermally conductive stalor eneops-
Inmts, thermal imrsmission sinesctures, or polting madeninls.
For example, ceriaan cmbodinwents may inglale a thermnlly
cominetive stalor encapsulant % encapsulsting much of the
stntor structure. In the panticnlar embodiment of FICE 11, the
thermunlly copdisctive sinsor encopsuloe 96 cncapsulanes the
entirety of ibe cleciromagnel msemblics 38, bai [or ihe
exterior sintog surfnce 114 and the inskde faocs 126 of some
o all of the magnetc cones 44 [oomg the aar gop. Additions
ally, the thermally comductive sistor encapsulam 96 directly
conlacts ome or both bomsing end plales 56, 58 or other
hosing dructure, providing a direct thermal pathway foem
the stator 32 1o 1be housing 12

Allemuative stiroctares may he used in lew of or mooom-
hination with full or 'p-ulliu] stalor encapsulation. These
nlfermafive sinsciores ane willon 1be scope of Ths disclosune.
For example, thermal transler from the stator may be pro-
videdd by separale thermal contact structure, for example a
ihermally comluctive, compressible or conformabie solid
mazlerial placed inlo comtoct with sonse potion of the siator
A2 andd the bousing 12, or plced between a porion of the
stlor cocapsulant @6 and the boasang 12, A thermal contact
struciune coukl be substantially solud, or hive a honey-comb
slrectune, womve wisher structume, or the like. A thermaol
oralaci siractune could be labnicabed of a thermally conchac-
e felt, foam, metal, coated metal, conformable epoxy.,
composibe, For example a silecon based pad wath alamins
filler. or any ollser suitahle thermally conductive compound.
ianlerial, or cosmbination of makerals.

In cobodiments where gaps betwern (s @abor A2 and
houwsing 12 are paially or substandally fled wink a stior
cncapsulant 96, for example, | embodiments where the
stnior encapsulasi 96 substantially flls o permeter porn
of the bowseng 12, strctural benelbs beyond (el ma-
ageaweni are provided, Emsspsubstion of the closironsmgnas
3 m a stawor cocapsulant 9 physically prevents comami-
nation of the electromapnets 38 by moistare of particulate
mntter. Socl contamindon can cawse [nsulation degedatbon
and eventnally cose shorms Berween adjpeent wines. Far-
ihermone. o dicleciric encapsuland & provides increased
protection agains monufscuring defees in the wire inse-
lnfion. Thus the cocapsulani 6 con provide pedundant
peclection against wire-bo-wire shons, supplementig the
imsnlation on the windings 42, In eerinin embodiments, the
encapsulnm ¥ also encapsulates the coil phasce electrienl
connections, which gives additional prosection against
phnse-to-phase shons and monufacturing imperfections in
thie wiire o ebectricnl junctions.

The encapsalant 96 aleo reduces wire vibmiion within ihe
sttor 32, Vibmition can reduce the imtegrity and life of the
windings 42X, Thercfoee, siator encapsulant $6 provides for
ephanced themmnl manogement and enhanced  mochine
robusiness, Varoos sensors 85, incloding wiihout limilntion,
one or more heat and vibration soensors, may be embedded
im0 the stator cncopsulaot 96 =0 that any increase in hent
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buildup or inercase o =Eor or mdoe vibmilen can be
deteesed. The sensors B8 may be wired, wincless, Imernet off
Things (loTL or cther varieties of monfioring sensors oF
sensors of anolher appropriote tpe. Monitenng electric
machine operaiin through obe of more scasoms allews for
the remoie detection of any deveriorstion n maschine per-
formanes, and for presmplive measunes o be tken,

In one embodinmnt. e st cocapeulant 96 includes o
relatively rigid exterior portion surrounding the overnl]
sipior sireciure and coniscting ihe bousing o described
below. As shown bm FIG. 10 bowever, there is relativelv linde
room beiween ibe windings 42 of sdiacent ¢lectromagneis
AE. 50 if can be abvaniagesus o pol inlerkor portions of the
siator 32 with n relatively fuid interior pofiing mogerial, As
cheseribed in detal bedow, any typse of stalor encapsalant 946,
hiving any suinble consistency, con be trealed so have
enhanced thermal conductivity premoting the export of hest
from the suitor 32 1o the housing 12,

Ms mobedl above, the bousing of FIGS. 1< and 8-13
incluckes o perimieter portion M surmoumding the stator 32,
Thent transfer from the stalor 32 o the bowsing 12 may be
facilitnted by physically contacting the staior encapsulint %
wih oo or bath of fle end plobes 56 arcl SE. In the specific
embodiment of FIG. &, the stalor encopsulant ™ contncts the
entirety of on anoular isterior surfoce of ench end plate 56
wrell SH.

The housing 12 might include o sepamte perimesier pors
tion 54, o separale lind end plate 56, and o sopamile second
amdd plite 58 that are boanded 1ogether 10 form o housing 12,
It &% imporsal i mole howesern, (sl the housing could be
larmixl acconling 1o altemative metbaods. For example, in an
allemabve embodiment the permeter podion 54 ond one
end plate 56, 58 nay be cag, machined or ofherwise (onmed
as o singhe part. Thus, in some embodiments, an end ple
aand Uwe peerimmeter portion may be o unilisd siroctane, Dn such
an embodiment, the staor encapsulam B may be in derec
or midirect thenmal contad with an end plale regon of the
umficd brosing sireine.

In be oonbguratson llesirdd m FiGe 11, the stitor
encapsulant % and the inside e 126 of certan electn-
magiel cares dd define o substanally eylindreal imeror
statod surface 128 Bscling the air gap 40 with each end of the
inserior staior surfsce 128 being bounded by cemral pomons.
ol the first and second end plaes 56 and S8 Collecively, the
el plates and imierior staior surface 128 define o elosod
cylinedrical mbor covity G0 In cenain cnbodanents, the
motor 10 inelades minimal vojds, oo filled with the satoe
encapsulant  between ay slator sinactane and U boasing,

Thats. the stabor encapsulom 96, along with sy thenmealky
comduetive luhfcant in comaet with the eoeror surfses of
the stated 114 and interior surfee of tie por meter porion of
the bowsing 116, cause potentiadly all surfeces of the soor
31, excepd for the nterior stator surface 128 a0 the air gap 40,
w0 b im direed thermad contaet wiih one oF meore poriions of
the heasing 12,

The thermal condsctivigy of ke stator eneapsulant 96 nuay
be enhanced by inchiding specific malesials within the
encapsulant matrix, These materinks may be  incloded
whether the encapsulont is a substantiolly rgid exierior
encapsulant o & relstively fuid interior potting matesial, For
example, the stplor encopsulonl ® may be a dielecine
madcrial applied in a liquid siae o fll subsiantially all voids
oufside of the rdor covity 80, In certain embodimenis,
maserial appleed o= o liguad will fully o parially herdemed
inge o e or bess rigid sintor encapsulan #6. Represemin-
tive dickectic nenerials suitshie For thermally enhancing o
statoer crcapsulation materiol include, hat are md lmited o
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sspendid peribcles of homna niinde, silicon carbide, silica.
alomizm oxide, alaminum, copper. another mtal, snoaber
mwial oxide, ceramic, graphere aml e like, The thermal
combueindly of the cocapsulant 6 may fisnlser be enhanced
il the suspenibed particles ane spherieal, have radially oni-
cted libers or bave apother shape o oreniation destgaed to
focilieate chermal condactiving,

Alemativedy, in Hen of or in conjusetion with the use of
spended panticles, lurger sealied structures may be msoci-
atgd wiith 1he stater encapsulant 9 10 enhange encapaalani
thermsal comdbuctivity, For example, o solid pan, such as a
meind or cermmic ring, with higher iheomal conduciivity than
the epcapsulant, can ke embedded in the encapsulam 1o
crente o composite hody thad has higher thenmal corduciivity
it the encapsulant by itsell,

As poted shove, the mtorfacing clecimomagnetic core
fnces 126 and om inside surfbce of the sinbor encapsulont 96
are exposed ot the air pog 40, These structures along with the
end plaies 56, 58 defioe the enclosed mtor covity @l Henl
transporied from the stator 32 to the mtor covigy 84 has nat
vei boen exporied frem ihe machine., Forbemmore, ihe
machine rotor 16 operntes within the rotor covity 60 ndding
miiditional heat 8o this space. Flead mmy be transfermed from
ibe rolor cavity 8 Eheough the boosing emd plaies 26, 58 o
the external environmen). Heat trnsfer from the roter cavity
60 1o e end plies moy be alated by fnbricatiog or
conlacting the cemml! region of one or beth end plotes 56, S8
wilh one or mone heal tmpsler siruclores exiendmg mio lhe
rotor cavity &l

For example, as illastrated 1 FHGS. 2. 8 and 10=13, the
central portion of exch end plale 56, 38 may be in thermal
ot 1t with & hent trnsfer dructine, 82 and B4 respeciinvely.
The conligurmilion of beal tansber struchires 82 and 84 are
representalive examples of any number of types or conligu-
rutions of heal transfer stroctune thal can be meunted o,
formeed in, or otherwise thermally comaeted with an end
plale 56, 58, In each case, a heal lnosler struchize B2 or B4
conlm:ts e end plate on one swde and extends it (b rolor
cavily 6l on the opposile sk

A Deat transfor stroctare 82 or 84 may be formod heving
a taimber of pins, (s, combinnbion pinfins B6 aor other
structunes desigined 10 mercase surfice anca and promote
hawan trams e, The pin flns 86 exvend away from the end plate
56, 58 ancd inso the rotor cavily 0. The interior surface of a
eon transfer sinmetune B2 or B4 may alse be roughosed 1o
increase surfsce arca or reated, for example wilh black
ancdizaiion wa [heiline hew trnsfer. [n addation, the heat
transfir siroctun: 82 of 84 may ke febrcated from a material
such as copper o aluminum with high thesmal conductivity
Ihe et transler strocture B2 of 84 may be bonded 1o i
cid plate S6. 58 or ol Bossing structuce sding haeal
iransfer pasie or another meibod focilitoiing effeciive heat
iransfer. Each of the best tmnsfor stinseiures 82, 84 s
ilbosirmied & being swhetandizlly anmilar, bowscver ciber
shapes amd configurations are within the soope of ki
dischisune,

Heat Export feoam the Heusing

Thermaal expon from the housing 12 1o the outskdle envi-
ropument may be enhanced by providing the housing with
Feet 18 or anotber strogture Ieilitating heat tromsfer from the
hensimg 8o a huilding fioer, huilding wall, mouniing bmcket,
munchine part, or dher cxternal simctare o which ibe moior
10 is aitached, Thermal expor through the feel 18 may be
enhanced by Eabricating e Foet from s maternial baving high
ihermanl conductivity, for example aluminam, copper, iber-
naally transmissive composites and 1he like, In addation, the
ieder e 130 hetween the fect 18 and extemal struchare may
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be comocted with or coated with & maieriad o enhance ihe
cunsuction of hest enengy from the feer 18 10 the eoermal
sracinree, For example, te mierfecee 1380 may ke coabed with
a bzt ransler poste o olber matemal hasdog higher sermal
conductivity than the ot 18, copper for example,

Adddithonal best oxpost (rom the bousing nsy be Bl
wild by providing exierior ponieass of the bowsing 12 with
fims. pins, of oiher heat trensfer stroctures. Porbons of the
hiwsing 12 nuiy be nooghened w incresse surfeoe nren or
ireaigd, [or example with black anodizatien or ihermally
conductive paint w fbeilitate heat transien [n addibon, the
hoasing 12 may be fobricated from 0 maierial such s
aluninam with relatively high themal condoetivity
Heal Export from the Stator Theowsgh the Shafi

As neded above, one poih for imnsmitting hert sway fnom
thes rator 16 etilizes the shal 14, In ndclison, hemt conductad
from the stutor 32 4o the housing end plates 84, 846, or ather
motor structures may be conducted o the shafl 14, Hes
expori through the shafi 14 may be enhanced by providing
the shalt 14 with a tbermally conductive core 98, or other
shalt structure, made of 0 malerial having a relatively high
thermal conductivity such ns alumiemm or copper. The shaf
14 conmects 10 the body of the equipment it i drivieg, lor
example, a G, pump, drive rolben or malenal processing
muchine. Thus, the shaft 14, paricularty if it is provided
wilh o thermally conductive core 24, can conduct heat 1o the
driven equipment. whiere the heat moy be dissipoted through
convecien, conduchion or rediation.

Furthermore, the shail 14 i.uuppu:t-nd by beanings 14, Dé
supparid 16 beanmg fanges 28, 30, Heat tnnsfer from the
houasing 12 to the shaft 14 may be facilitated by implement-
ing portions of ome or more of the bearnps 24, 26 andior
beanng flanges 28, 30 with material having celatively high
thermal conductivaty. for example copper or alemimm. [n
o specilic embodimenl, the beammgs 24, 26 inclade b
ingg seals 132, 124 fabricated from copper o Beilioe e
trnsfer Irom the housiog, 12 to the shall 14, The boanng
ikange 18, M0 may also be Eboscatod from copper or asother
rnasbierial with rebstively high thermal ransmissisary. I addi-
tion the thermally conductve cone B8 may extend laterally
by i phar the shall suffsee m he regian where the shafl 14
contacts beamings 24 ard'or 26 of bearng seals 132, 124,

In ceriaan embodiments, e perimeter portion of the
bousing 54, first amid plate 56 and second and plale 58 moy
b co-abricated, wiekibad ogethers, or otherwise fnbeieaied o
prevenl eotry b (b bewsing, Therefore, (e bearing
flanges 28, MW, or another Bousing strociane nkay  suppon
bearings 24, M implomented beasing canridges thal are
replaceathle from outside the bomsing, Thus, the bearings 24,
2, which are subject 10 seoelerated mochanical wear eom-
pared to olber meving pans of 8 motor 10, meay be neplacad
withoua accessing ihe iniesior portiens of the housing 13,
thas enhascing overnll macking mobusiess,

Medhods

Alcmative embodingents melude, but are ot limited 1o,
methodds of cooling an clectnc maching rior, nectbods of
cording an electric maching suior, metheds of coaling an
electne machine, methods of fbricating an cectric machine
or parts. of an electrie machine, methods of stabilizing =
electne maching, and methods of fabricating an ¢lociremeag-
net for nn eleciric machine. YVorious methods will be nppar-
eni to those of skill in the on based entirely wpon the
appamius disclosod herein.

Represeniotive methods include o methed of cosling o
rodor 16 or cooding an dlecine mochine 10 baving a moior 18
andl @ samior 32, The meethod inclodes coesing (he rodor 16 o
roimie with respect (0 the staior 32 to dive sn intemal fon 78,
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Thie dngerneal fan T8 conses o fudd, for example air or an air
and oal mistome, 10 be cireulaled ina Auid circudt 74 between
a first caniny 64 and second cavity 68 adiacent thse molor 16
o cool the tor 16, Heal tmnsfermed 1o the flnd circmt 74
iy subsequently be sranaferned 1o the machine houging 12
and then trnsferred from ke machine 1.

Another representaiive dinbodiment is o methd of cool-
g a slabor 32 or clecine machine 10 by placing o stator
encapsnlant 9 into theemead eontact with the stator 32 ond 2
michine housing region 12, for example o e end plaie 56
or second end plaie 58 The thermal conductivity of the
stalor encupsulant %6 may be eoharced by miging an mbdi-
iive with ibe encapsulant 98 w inerepse thermal condugiiv-
iy, Thus, heal generabed in te Sator 32 may be comducied
Eroam the statea 33 throagh the escapsulant 96 1 the bousing
¥ 8

Ancther representative embadiment is a methed of fob-
ricating a stator 12 ar dleeine moclise 10 having a plocsliny
of electromagnets 3 with electromognel conss 44, 4 ple-
rality of the clectomagne cones 44 may be formed 1o
inclode & stnck of laminations 46 defining n 1ooth porion
10 and o yoke segmerd 102, Foach vobe segment may
further define o ongue sinaciare 118 and an opposing groove
structume 112, The clectromngnets 38 muy be nssemblod ino
o stalor X2 By motiog the tongue structure 110 and the groove
strecture 112 of ench electromagnet 38 with the comespond-
img oogee stociure 1180 and the groove stirecthure 102 of
mijocent clecirmmagnets 38, Afler 1be clectromagnets are
s axsemblod, the stalor 32 may be eocapsulated with a
ihermally conductive encapsulam %46,

Another representative embodiment & a method of sle.
balizing an electne machine 10, The method mcludes siahi-
lizmg thie mdor 16 with a thermally condoetive diclecine
robir encapsalant 90 in contact with adjscenl permament
magnets 34 and siabiliving the wawr 32 with o thermally
oombuciive dielecine stalor encapsulant # m contacl with
aljecenl clectromagnets 34,

Sanoas modificotions and additions can be masde o e

cmbodamsents diseussed withoal depaning from the seope ol 4

he nvention. For example. whilbe 1he embodiments
desgribod above refier bo panicular feanunes, the seope of 1his
ieremidon also includes embodiments having diffenen com-
banation of features and embodiments Tt do oot melude sl
of the above deseribed fearures,

Morcover, while 1be procedures of the mellsods aad
procisses desertbod herein ane desorbed i @ paricolar order
For cascof descraption, unless (e coment dictares oboerwise,
varkuis proceduncs may be reomdesed, odded, apd'or amited
i secordapee with varsous emboduments. Moroover, il
progceduanes deseribed with respoct 10 one method oF process
may b incorpomded within other described methods or
progesses likewise, svstem components describod sccopd-
ing in o pariscuker sirctusal architectuse and'or wiih respect
o ome sysiem may be organized in alternative stroctirl
architectures and'or inecspormied within other described
systemis. Henoe, while variows embodiments ane described
wiith—aog witboun—certain fentores for ease of description
and t illustme exempliry spects of those embodiments.,
the warious componerts and'or features desenbed herein
wiith nespeci 1o a parcular embodiment can be subsiituied,
nifded andior subtracted from among  other  described
cmbodiments, ubess the contexd dictates otherwise. Conse-
quently, although severnl exemplary  embodiments  are
dheseribed nbove, it will be appreciated that the inveniion is
imtemdied o cover all modifications and equivalents within
the scope of the following claims.
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Whan is ¢laimsed is:

1. An electnc machine mlor comprising:

i shafi

a roder hack assembly sumounding o portion of the shafl;
o

a plurality of permemen) magnels disinboed = equal
raclial distance from e shall arcund ibe rotor Buck
msambly;

e plurality of gops, wilh each gap beimg posithombad
belween two sbiacent permuosent mogmels;

o pharality of thermally conductive encopsulan structures,
with one thermally conductive encapsulant structure
being positioned within each gap, wherein each of the
thermally comductive meapsulant strociunes i@ physd-
cally separsted from adjscent themmally eonductive
encapsudant structures; aol

o plarality of hent imnsfer structures with ot lenst one of
the ploralny of best ransfer structures extending
heyond an owier surface of cach of the plurality of
thermally comluaive cncapsulanl sarsciencs, whern
each of the plumlity of heat transfer stroctures is in
phyacal comtact with so more than one of the plurality
of thermally comboctive encapsulenl strociures, amd
whierein each of the plurality of best trnsfer stnsctures
is physicolly separsied fom odjscen) beal (mnsfer
slnaclures.

2. The elecire machine rotor of Claim | feriber consprs-
ing a plurlity of bn Mades formed in an externior surface of
The mator back assembly.

3. The ebecine machine nolor of claim 1 ludber compris-
ing ome or mone ventilalson channels exiending through the
nalor back assembly.

4. The eleciric muchine rotor of claim 1 wherem the rator
hick sssembly comprises a pluradity of baminations with
each lnmination separated from sdjpcen lamasations with an
insilaling malenal

& The electric machme rotor of claim 1 wisercin o leas)
o o thee plaralsty of permanen! mspnels oomprses a skack
af laminations, with ssch with cach laminatson comprisiog
a rare Gl magnetic maberial,

6. The clectre machine fowe of clalm 1 wiserels the
thermally conductive encapsulant sirsctunes comprise o
podymer doped with an addidive 10 enhance termal condc-
tiviny,

7. The cloctne machine mbor of claim 6 wisercin the
ackliiive compriss one oF mone of boren aitnde, silicon
carbicke, shlbc, alusmannm oxide. aluminmm, copper. apother
metal. anothser metal oxide. coramic, and graphene,

B The cleetre machine mobor of claim & wierein the
acklative coniprises o oF mkece of suspendad spherical
pariicles or suspemded madially oriemied particles.

@, Thie elocarie machine mior of claim 1, wihenein e fotor
hack assembly compriscs one or more shots, grooves, key-
weys, peughened surfeces, hobes, or projections af @ inter-
fce between the mtor hack pssembly and suefnces of the
thermally copduclive encapsulant structures,

10 The electric machine rowe of claim 1 forher com-
prising a thenmaldly conductive band surrourding an cutside
face of each of the plumlity of permanent mags,

il. The cleciric machine mior of cloim 10 wherein the
thermally conductive hamd comprises o plarality of stegl
LEEES

12, An electric machine mier compaising:

w shafi;

o mdir back assembly sumounding a portion of the shaft;
arul
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4 plurality of permasent magnets distrbuted ar egqual
raafial distance fom the shafl amound the milor hack
assembly, whereln at st one of the pharality of

i ts compriscs 3 suck of laminmions.
with ench with each lamination compeising o msne sl
e milerial;

o plurality of gaps. with each gap being positicned
betwien two adjscen! pormanes magnees;

a phumlity of thesmally comductive cocapsulun simciares,
wilh cne thermally condactive encopsulan sirasctune
being pesitionesd within each gap, whensin coch of the
thermally comduciive encapsulaa sirnciures is physi-
cally separted from sdiscent tbenmally conductive
encapsalon sinschanes: and

o plurnlity of heat trensfer stnsciunes, with a1 leost one of
ihe plurality of heni impsfer stroctures exiending
bevond sn outer surfpce of ench of the plumlity of
ihermally conductive encapsulani strociures, whenein
ench of the plumlity of hest tmnsfer structures is in
phiysical eontscd with no meee than one of ibe plarality
of thermally conductive encapsulant structures, and
wherein coch of the plualisy of hent traesfer stctures
is physically sepumted from sfiscent hest ransfer
structumes.

12, The electnc mochane rotor of clim 12 whenein ol beast

aonir lamanation @5 separmbod fromm smother lamenation by an
insulafing material,

2

28

14, The cheeirie maching mwor of claim 12 wherein csch
of the plumlity of thermally conductive encapsulanl sEncs
e comprises a polymer dopad with an additive w
enhance thermal conductivity.,

i% The cloctric moachine rtor of claim 14 whenein the
mchbilive comprisss one or more of boron nitride, silicon
carbicke, sk, alumanim oxide, aluminem, coppern, apother
mctal, anoiber meetal oxide, ceramic, and graphene.

16 The electrie mochine rtor of claim 14 whenein the
achlilive comprses one or maore of suxpended spherical
particles or suspended mdially oriented particles,

17. The ¢lecine maching rodor of claim 12, wherein the
rodar hock sssemvbly comprises one or more skots, grooves,
keyways, roughensed surfbces, holes, or projections gt an
inserihee baaween the rotor back asseenbly and surfaces of
the themmally comductive encapsulant structures.

i& The ¢lectric machise rotor of claim 13 fenber com-
prising a thermadly conductive band surroumding an outside
foce of each of ihe plumlity of permaneni magnets.

i'%. The clectric machine rotor of claim 13 funher com-
prsing o plaralety of fan blades fomved @ an exierior surface
of the pator hnck assemblyv.

20 The clecine machime mobor of claam 12 furdber com-
prising cne or mone venlilation channels extending threugh
the molor back assembly.



