WO 03/ 030333 PCT/ US02/ 30066 ROTARY ELECTRI C MOTOR HAVI NG AXI ALLY ALI GNED
STATOR POLES ANDY OR ROTOR POLES Rel ated Applications This application
cont ai ns wolpmsts3smtter related to copending U S. Appl i cRCrarsoysnsal
nunber 09/ 826, 423 of Maslov et al., filed April 5, 2001, and copending

U S. Application serial nunber 09/826,422 of Maslov et al., filed 5 April
5, 2001, both commonly assigned with the present application. The

di scl osures of both of these applications are incorporated by reference
herein. Field of the Invention The present invention relates to rotary

el ectric not or SROFHARY FIECETRIEMOTAR HAVINGHAXIABLLY AL EGNEDr al ity of
rotor elenents and stator elenents conprising a plurality of poles that
are aligned in a direc$TATPRPOILES AND/AORROTGRFOFRSati on of the notor.
Background 15 The progressive I nprovenent of electronic systenms, such as
m crocontroll er and m croprocessor based applications for the control of
notors, as well as the availability of inproved portable power sources,
has made th qe | opnent of efficient electric notor drives for vehicles,
as a vi abl e%@i&&?ﬁ%@o—“ﬁo combusti on engi nes, a conpel ling chall enge.
Electronically controlled pulsed 1 WO 03/030333 PCT/ US02/ 30066

ener gi zati on of WhiAPRYeaton capteips sulieqtanaster redatesttosppandingU.Sore f1 exi bl e

Application serial number 09/826,423 of Maslov et al., filed April 5, 2001, and
copending U.S. Application serial number 09/826,422 of Maslov et al., filed
5 Aprl5, 2001, both commonly assigned with the present application. The

disclosures of both of these applications are incorporated by reference herein.

Field of the Invention

The present invention relates to rotary electric motors, more particularly
10 to motors having a plurality of rotor elements and stator elements comprising a
plurality of poles that are aligned in a direction parallel to the axis of rotation of

the motor.

Background

15 The progressive improvement of electronic systems, such as
microcontrollerand microprocessorbased applications for the control of motors,
as well as the availability of improved portable power sources, has made the
development of efficient electric motor drives for vehicles, as a viable alternative

to combustion engines, a compelling challenge. Electronically controlled pulsed



managenment of notor characteristics. By control of pulse width, duty cycle,
and switched application of a battery source to appropriate stator

wi ndi ngs,wofoanadsddnal versatility that is virtually indi sticmgisogbabé e from
alternating current 5 synchronous notor operation can be achieved. The use
of permanent magnets in conjunction with such windings is advantageous in

limting Cuéﬂe@%‘ﬁzaﬁ&wl‘wmhig%ﬁma'ﬁ% IRey@e beRpédt bf @dreperlei ng rel ated U. S
pat ent application of WMslov et al., Serial No. 09/826, 423, identifies and

addresses t | nabi IRl i fq ed

ranut act ur o SR RpL B a0y iR BRERY % R oATRIATUR, Ll Ry TR dr
characteristics. In a vehigcle drive environnent, jt i.s.. highly desirable to
attain snoof‘ﬂ“%ﬁélraHPli“i?HoBQg?gaétw ﬁ’é‘r%eggéﬁprl"aﬂ%&éta{ﬁﬁi“?%dln%i nt ai ni ng a hi gh
torque output capability at mni mum power consunption. Such a vehicle

not or dri vefusistonal verawidity fyeisudtyeliyiedistinguishally rapcadismabng fyiient o 15 t he
various structural conponents for replacenent of parts at a m ni num of

i nconvers enggnchidmeuspndpagtisedaatbedckieted. dppluseaf peomandnt orapoatsine s
el ectromagnet poles as isolated nagnetically perneabl e structures

configured cdfuaRicAWHH sabh WiltBnggiShdahieboush ity dufteny adi al direction, to
provi de advantageous effects. %Nth this arrangenent, flux can be
concentr at edé with 20 virtually no | oss or del eterious transfornmner
i nterferencEBFPEETY in the el ectromagnet cores, as conpared with prior
art enbodi nents. _Wiile inprovenents in tqorque characteristjcs and
efficiency are a@bﬁﬁ%‘ﬁrlée%ﬁq@?C?Pf‘é‘d"&r?lé@fl&fg- H?‘Fenf?‘@’%caté?ﬂ‘?fi‘i ed copendi ng
application, further inprovenents renain desirable.

Maslov et al., Serial No. 09/826,423, identifies and addresses the need for an

10 improved motor amenable to simplified manufacture and capable of efficient
and flexible operating characteristics. In a vehicle drive environment, it 1s
highly desirable to attain smooth operation over a wide speed range, while
maintaining a high torque output capability at minimum power consumption.
Such a vehicle motor drive should advantageously provide ready accessibility to

15 the various structural components for replacement of parts at a minimum of
inconvenience. The copending related U.S. application incorporates
electromagnet poles as isolated magnetically permeable structures configured
in an annular ring, relatively thin in the radial direction, to provide
advantageous effects. With this arrangement, flux can be concentrated, with

20  virtually no loss or deleterious transformer interference effects in the
electromagnet cores, as compared with prior art embodiments. While
improvements in torque characteristics and efficiency are attainable with the
structure of the identified copending application, further improvements remain

desirable.



2 WO 03/ 030333 PCT/ US02/ 30066 To this end, the above-identified copending
related U. S. patent application of Maslov et al., Serial No. 09/826, 423,
seeks to wptos/Bma3 rot or paraneters such as the grade of tha/usayswte t he
energy density and the overall magnetic characteristics of the nagnet
grade, the size and the dinensions of 5 the nmagnet that can adjust the

ef fective worki ngrgaBisreRante aBoe-idbe:iRiaRbpéldingdeREcl ) BgpAandi tion of the
magnet when it is part of the rotor, the tenperature stability of the

when it is | he ot . .
ranu act ur i AGFC AR YAERE P SRS BYsBRAZE I BUFRRE RS <tBbi ity of

the magneti zati on over the curvilinear surface of,the et, upiformty of
the 10 radPaImRTS P BnEaRe PHbSrgREs the el d]auBht s okalleen t o
separate magnets, the nmechanical features of the edges of the magnets, and
the return magmtup@hahac&nstlh%omgn@gn%r@fi%mecswa,wltge diadasiondel ri ng
section. The Maslov et al. applications recognize that isolation of the

el ect r omagnelie agiep shap eamadjsst itieci fkicd ualvoglang pariiteahcecmdahe bherxll i n t he
magnetic 15 cores of the groups, with virtually no flux |oss or

del et eri ous oLEARRE O6Bod HEBE HREBAGEEI T RGaf oMl rodiNBk &hpGhthRMagnet
menbers. Qperational advantageS can be gai ned by configuring a single pole

ot viduar pRedTpEf pef it ST ar o MEARR! s BBl AR e anst or rer
i ndi ngs i o T ARREHEATIg L CHE e (OB H BT PBOFSe e AR IERE! or oup.
el i m nat es avoi ds any such effects within a
the magnetization over the curvilinear surface of the magnet, uniformity of the
10 radial polarization of the magnet, the adjacent gap between two separate
magnets, the mechanical features of the edges of the magnets, and the return
flux path of the magnet as provided by a back iron ring section.
The Maslov et al. applications recognize that isolation of the
electromagnet groups permits individual concentration of flux in the magnetic
15 cores of the groups, with virtually no flux loss or deleterious transformer
interference effects with other electromagnet members. Operational
advantages can be gained by configuring a single pole pair as an isolated
electromagnet group. Magnetic path isolation of the individual pole pair from
other pole groups eliminates a flux transformer effect on an adjacent group
20  when the energization of the pole pair windings is switched. The lack of
additional poles within the group eliminates avoids any such effects within a
group.

While significant advancements have been derived from the above

described efforts, it has been found that potential benefits to be gained from



group. Wiile significant advancenents have been derived fromthe above
described efforts, it has been found that potential benefits to be gained
from 3 Wo003/0888833 PCT/ US02/ 30066 wutilization of threePpdirmsoysmnal
aspects of notor structure have not been fully realized. In the notors of
t he copendi ng applications, all stator and rotor poles are

ci r cunf er entutdizhtyod aftlatee dinahsivhat dspeatodfatiotongttucaxt avenwt bean falhext ensi ve in
the axial direction. For a given air gap dianeter, the total nunber of

pol es, tw caedlliRd. fn theBRR6rs Of the@bferild sppliktidnk Milsforind PsBESdI&R! physi cal
capabilities. The optinmum active surface area of the individual poles that

produce 1l %ﬁé at&h }ehﬁgfuﬁ%w@&%?ug%‘e?&a &ﬁlﬁiggﬁé ark Sob? s%%¥nﬂ§term ned,
as well as the nunber of -poles at ~produce such 1 nteraction. structural
configuration.in which _flux. distribuytion:i re high concentr at ed,

whi | e pr ovi drif dEegioBaFF & Bifber 2op 31&61%4%9@%@%80@#@%% Fdual
active air gap surface areas and/or greater total active air gap surface
area for Sa rvidier of pdie paits, sdineitesi by magiicdl physicelcapehilidesod hpiogimym desi r abl e
to obtain even greater performance. Disclosure of the Invention 15 The
present i nvewtivesurfadé flee bEthet helividargols sieat bhgldcnRedint@ictioh®etveeor art and
provi des additional advantages for configurations such as the isolated

i ndi vi dual Qe!o@amtatoafsgﬁagwm&ﬁigé&% wepss éhena&%e,gégg)_\sfesitﬁa@nti fied Maslov

et al. applications. Advant'ages of the present 1nv ion are achi eved, at

least in parptr(’)dutzzg such interaction. A structural configurationin which flux distributionis

more highly concentrated, while providing a greater number of poles with the
10 same individual active air gap surface areas and/or greater total active air gap
surface area for a motor with the same air gap diameter would be highly

desirable to obtain even greater performance.

Disclosure of the Invention

15 The present invention furthers the above-describedneeds of the prior art
and provides additional advantages for configurations such as the isolated
individual pole pair arrangements disclosed in the above identified Maslov et al.
applications.

Advantages of the present invention are achieved, at least in part, by

20  extending the radial flux distribution interaction between stator and rotor poles
along the axial direction of the motor.

Additional advantages of the present invention can be realized from the
use of materials by which a soft magnetically permeable medium is amenable

to formation of a variety of particular shapes. For example, core material may



20 extending the radial flux distribution interaction between stator and
rotor poles along the axial direction of the notor. Additional advantages
of the prweanw3idsyenti on can be realized fromthe use of peatsoz/alose by

whi ch a soft nagnetically perneable nmediumis anenable to formation of a
variety of particular shapes. For exanple, core material may 4 WO

03/ 030333 Pbd mdaRfcBo8bfombe fimamtifeagiadeest He, Sifles 8fReCongireP pgmwddes of Fe,
Si Fe, SiFeCo, SiFeP powder material, each of which has a uni que power

| 0ss, permegPidiaf %a@pgf @ﬁkﬂr}ﬁg h%lct'x@ Blver foRE SeAROIRLY 1288 sANALGRT €
di mensi ons of stadtor el enents, e evant © tol erances, can be forned

h h form| d t
ot ential | gl e aoBrbsea bt senne il datud Jh G wafeﬁeva?xtn'ea

nmagnet s and stator el ectrorra nets. The forerrentl oned adv ages are
mani f est ed okerangesceanrbs formaed Withautghe neaddoiforpe knjipailong and in part,
wherein the notor conprises a rotor and stator each di sposed i n an angul ar
ri ng confi guptanizenhamdgsymgeterftiabgradzohdotehped bytween apupdedhpdlayofai r gap. The
stator conprises a plurality of nagnetically perneable core segnments with

coi | s woundrdtbefe@anerit hgaghefs@nd SGdH e tlbgiaggetsepar ated from direct contact
with each other and di sposed along the radial air gap. Each stator segnent

compri ses & pai {1t sRoLS R gNat D oA RLANT iyl FafkdsaR  parallel

to the axis of atlon as two sets aX|a
orop aced bylce 1o BOLcr, oL o oot b L ol S gnggny | Ere core
each disposed in an angular ring configuration and spaced from each other by
10  an annular air gap. The stator comprises a plurality of magnetically permeable
core segments with coils wound thereon, the core segments being separated
from direct contact with each other and disposed along the radial air gap. Each
stator segment comprises a pair of poles aligned with each other in a direction
parallel to the axis of rotation. The stator thus has two sets of axially
15  displaced poles, the poles of each set being in axial alignment. Each core
segment pole pair thus comprises a pole of one of the sets structurally
connected with a corresponding pole of the other set. In this arrangement, the
total number of pole pairs is equal in number to the number of poles in a set.
Preferably, the poles of each stator core segment is joined by a linking portion.
20  The stator winding may be formed on the linking portion, whereby
application of current to the winding effects opposite magnetic polarities in the
pole pairs. Alternatively, the winding may comprise two sets of coils wound
respectively in opposite directions to each other on corresponding poles of the

stator pole pair and which may be connected in series or parallel, whereby



connected with a corresponding pole of the other set. In this arrangenent,
the total nunber of pole pairs is equal in nunber to the nunber of poles
in a set.womRsesesabl y, the poles of each stator core segneatr/uss2/pmseed by a
i nking portion. 20 The stator w nding may be fornmed on the |inking
portion, whereby application of current to the winding effects opposite
magnet i ¢ pohpplichii@sof durtcheto thekenmeated $oil Abtk effeett maghstizatibe ofilhedi ng nmay
conprise two sets of coils wound respectively in opposite directions to

each other pHesof &@%ﬁ%}%f@ser@,ﬂleﬁtsin@ppbﬁ% m§%r\%ﬁ@§oﬁﬁgﬁ RalitheAnd whi ch may be
connected in series or parallel, whéreby 5 03/ 030333 PCT/ US02/ 30066

application urren nnect i S f . i zation of
t he pol es o?l?%rﬂagtws? tat %rrsglg%fﬁtggggrger%a P ll?e(r% tggﬂ;‘)eovgﬁlt%}en ‘gglnrggllh?:mpo a%%lt y. In
either alternative, reversal of the current applied to the winding wll
result in relBesmagncts Polpaty Righettter BYlfSiri ty of the stator poles. 5 The
rotor preferably conprises a plurality of pernmanent magnet el enents
successivel y al t #hemttonprefemablngerepiises pallemlityofpeonegpent magmeter annul ar
surface. Each rotor elenent conprises a pair of poles aligned with each

other at tHemehis sg@RsdivelR alemegid @rmfaicat belarityoalbheitaiingr Sfnulet ati on, the
pol es having opposite magnetic polarities. Thus, the rotor also has two

sets of axi %Lr!fﬁée.lﬁa&j I%%lae(fﬁﬂelﬁgé ﬁg\éstit%atimdﬁ@és%ﬁgﬁéd %ﬁﬁ Ragfdimén axial

alignment. The sets of rotor p s preferably ar€ axially coextensive, and
o axial oL b4 e SRn SRR B3 Gl el g e advant age
opposite magnetic polarities. Thus, the rotor also has two sets of axially
10  displaced poles with the poles o.f each set in axial alignment. The sets of rotor
poles preferably are axially coextensive, and in axial alignment, with
corresponding stator pole sets.
Another advantage of the present invention can be attributed to rotor
structure that is configured to enhance the direction of magnetic flux in the
15  radial direction across the air gap. For example, each rotor pole may be
magnetized to exhibit one magnetic polarity at the air gap at its inner pole
surface and an opposite magnetic polarity at its outer pole surface to
concentrate the magnetic flux in the radial direction. The rotor eléments may
be contiguous to each other and mounted on a ferromagnetic annular back
20  plate. Preferably, the rotor elements are not in direct contact with each other
to thereby enhance isolation of the magnetic paths. Alternatively, each rotor
magnetic element may further comprise a magnetically permeable section
extending along the axial direction as a magnetic back plate, each pole of the

rotor element mounted at a respective axial end of the back plate. In this



structure that is configured to enhance the direction of magnetic flux in
the 15 radial direction across the air gap. For exanple, each rotor pole
may be newoaBiozed3to exhibit one nagnetic polarity at thepraTrusgapooas its

i nner pole surface and an opposite nmagnetic polarity at its outer pole
surface to concentrate the magnetic flux in the radial direction. The
rotor el ementrangmyent, esepaatei gl plitd pordac iy ppdvided foradacdprndedenmta
ferromagnetic annul ar back 20 plate. Preferably, the rotor elenments are not

in direct coph@Ghah EohtRRAGH AbBRIic ahﬁulhxh@a[cﬁl%)l’atéiﬁﬂé}@%}d SRYidt/n of the

magnetic paths. Alternatively, each rotor fmagnetic ‘el enent may further

come 1 oe o TAHHRRLY SR IRRAEh ARy R ERIpE Bbgpgpble 212

direction as a each p 8 ement nount ed
at a respective. axial end of the back gl ate. In this 6 WO 03/030333

PCT/ US02/ 30@¥ée isdrpdferbivemiround tisgaloaels™s86k pl ate portion i s provided for
each rotor elenent, rather than a continuous magnetic annul ar back plate,
t hereby o avoi d Isyetapothengrefirssdranthodinent, danh gotohpermantigdhnagantic a
non-ferromagneti c annul ar back plate is provided to surround the rotor

el ements. 5 eldmenefurtieptdigpries eh additiong edéipoition BagBed BlePolgrer manent
magnetic elenent further conprises an additional magnet portion between

the pol e  PObhiqiase B ddife ! BORMinod 1 uadlid enah oiBaRELIG RALLLO"

directing fFux between e portio I'n the axial
et oy el AR ARERALAR, 05 SEHNALLL G RRBLER R, Pt o 10
the active flux distribution pattern.
10 Additional advantages of the present invention will become readily
apparent to those skilled in this art from the following detailed description,
wherein only the preferred embodiment of the invention is shown and described,
simply by way of illustration of the best mode contemplated of carrying out the
invention. As will be realized, the invention is capable of other and different
15  embodiments, and its several details are capable of modificationsin various
obvious respects, all without departing from the invention. Accordingly,the
drawings and description are to be regarded as illustrativein nature, and not as

restrictive.

20  Brief Description of Drawings

The present invention is illustrated by way of example, and not by way
of limitation, in the figures of the accompanying drawing and in which like

reference numerals refer to similar elements and in which:



apparent to those skilled in this art fromthe follow ng detail ed
description, wherein only the preferred enbodi nent of the invention is
shown andwoaswosisbed, sinply by way of illustration of thePoFatSozames
contenpl ated of carrying out the invention. As will be realized, the
invention is capable of other and different 15 enbodi nments, and its
several details dfig. Lapairéalehreadithéristabl parspectiverdingrausofodbmboms respect s,
all w thout departing fromthe invention. Accordingly, the draw ngs and

descri ption @e&dl thehd S8#nE8FeAFor.| | UStrative in nature, and not as
restrictive. 20 Brief scription of Drawi ngs The present invention is

illustrated by . l.e. jmtation, An the
figures of the \é\?é%%lasﬁ{}%%egt}“éﬁn %\a%gtﬁép%{%rvx\?\%ﬁ Sé:e%%elhwe?th?@#og&eorﬁce nuner al s
refer to si rp',l a]{wgl enents and in \Ahlfg‘J;%E{Z]PV\D 03/ 030333 PCT/ US02/ 30066 Fig.

1is a partia® HEI RS S WAund ey (8 PEFRgCamrsfing ot or  accor di ng
to the present invention. Fig. 2 is a perspective view of a stator core
segnent 6f tshgmemitpelesof Fig. | wherein coils are wound around a |inking
portion connecting the 5 segnent poles. Fig. 3 is a perspective view of a

stator core segndfg. Dfs ageespettaenéw off A\¢RIdr cofe wasieli ¢f the@pleserdr € wound
around stator poles. Figs. 4a and 4b are perspective views of a rotor of

Lhe Present ihyuiibh hreih Dol ot Ahdua det @pitspol € pairs are structurally

Figs. 4a and 4b are perspective views of a rotor of the present invention
in which axially aligned pole pairs are structurally separated.

10 Figs. 5a and 5b are perspective views of a rotor of the present invention
wherein axially magnetized permanent magnets are located between the
axially aligned rotor pole pairs.

Figs. 6a-6d are diagrams illustrating various flux distribution patterns
for respective variations of axial rotor magnet units.

15

Detailed Description of the Invention

The motor of the present invention is suitable for use in driving a
vehicle wheel of an automobile, motorcycle, bicycle, or the like. The drawing
illustrations thus depict motor structure that can be housed within a vehicle

20 wheel, the stator rigidly mounted to a stationary shaft and surrounded by a
rotor for driving the wheel. It should be appreciated, however, that the vehicle
context is merely exemplary of a multitude of particular applications in which

the motor of the present invention may be employed.



10 Figs. 5a and 5b are perspective views of a rotor of the present

i nvention wherein axially magnetized permanent magnets are | ocated between
t he axi avbys3abisghed rotor pole pairs. Figs. 6a-6d are di ®¢Tarse2/30066
illustrating various flux distribution patterns for respective variations
of axial rotor magnet units. 15 Detailed Description of the Invention The

nmot or of the presgiholvavanlid Qlawsy Sdivirabdfrikor, mi@er i0caipriseg a vehicle
wheel of an autonobile, notorcycle, bicycle, or the Iike. The draw ng

LISt 3L 0T e SRR iy R AR UR b Ak P AR A BOUS Bk L1 1 2

vehi cl e 20 e stat rigi nounted to a station aft and

sur rounded a .rotor f driving the wheel.. It..shoul d be. appreciated,
nonever .t hal “arbl i ol b UL R B e TSRl 11 t ude. of
parti cul ar ggﬁgicalions in which the notor of the present invention may be
enpl oyed. 8ispBtebelomontss GorTsagenptsstoarde af magesiically perreablgt away dr awi ng of
Fig. 1, notor 10 conprises annul ar permanent nagnet rotor 20 and annul ar

st at or sfr uetaterial 36d sefedfren diteyt cntativith eacl otherp havkhesscator conpri ses a
plurality of ferromagnetically isolated elenents. Core segnents 32, nade

of magnet | calihdinBEI A s, CTicottdipFoksal Atk 80 i@ cont act wi th

each other, have respective wndings 34 forned thereon. The rotor

CoTDr ) 52 oL AL3 e Bl RN IS 8 Gof TS ERII £
non-magnetic annular back plate 24, which may be formed of aluminum or
other non magnetically permeable material. The flux distributions produced by

10 the rotor magnets can be further enhanced by provision of a magnetically
permeable element mounted to the back of the rotor magnets. Although not
shown in the embodiment of Fig. 1, an additional annular ferromagnetic back
layer for the rotor magnets is illustrated in other figures.

Within the cylindrical annular rotor structure, the stator core segments

15  are rigidly secured by two plates 42, only one of which is shown in the
drawing. Each plate is of a rigid circular configuration having an outer
diameter and a circular cutout portion at its center that forms an inner
diameter. The inner diameter is sized to fit a stationary shaft 44 and to be
affixed to a member 46 integral with the shaft. Along the plate periphery, the

20 plate is provided with holes, not shown, appropriately spaced to mate with
corresponding through holes 48 in the stator core segments. Each of the plates
is secured to the shaft and spaced from each other appropriately to be secured

to, and to sandwich, the stator core segments at each axial side thereof via the

mating holes. Thus an annular ring is formed of stator core segments that are



non- magneti ¢ annul ar back plate 24, which may be formed of al um num or

ot her non magnetically perneable material. The flux distributions produced
by 10 t hewoaBwmsosaaagnets can be further enhanced by provi siPem/ush2/30066
magnetically pernmeable elenent nmounted to the back of the rotor nagnets.
Al t hough not shown in the enbodinent of Fig. 1, an additional annular

f er r omagnet iceetragdively aigiedfinthd dxgalrdirectionmgostise 4is gap frugtthat@er.i n ot her
figures. Wthin the cylindrical annular rotor structure, the stator core

segnents 15 are ’Iﬁie%'téﬂo)ég@%p % atdy at P Qatel &h&SurdZare Q&&tﬁm@@%ﬂﬂ’ﬁn yhich is

shown in the draw ng e 1s of arigidcircular configuration
havi ng an oyt er. daC|r ul,ar quLout ortio Lts _center that
fornms an in gpsmglsgﬁtgt\%}pc eanflﬁlﬁ]érr |b§ﬁl& & aPcslp F?aélgn{llgagl?etts Astati onary
shaft 44 and to he_ _affix menber 46 integral with the shaft. Al ong
the plate péHpgisdr Jhethﬁéﬂ%lsdpﬂlf“éll‘i’%toﬁh%%m i oHtsils o dhe pltes shown,

appropriately spaced to mate with correspondi ng through holes 48 in the
st at or cbr e thregge apsopitae budfingsadbeatrss. Itistosewomdedtaod thafenghaft and
spaced from each other appropriately to be secured to, and to sandw ch,

the stator Pp@ pHEG RGNS vl 106 idhedrt &indR dsb@F@Qksently bhithe Mating hol es.
Thus an annu ring is formed of stator core segrrents that are 9 WD

031030333 PCILLROAEABAC0 1 BRSERRUSbl, Al EHo ik ghagn%hfdns@rsect' on

across the air gap rom Statl ona tes and stator
backpl at o adSisEr Wk %%%t“a%g%vi‘th%eero?o&fahvaﬁwgash ey Be. " Gurnal Ted to
the shaft on the outside of the plates
configuration of the plates is described above merely by way of example, as
10 any means of securing the parts of the stator to the shaft while forming an
annular arrangement would be approprie;te.
A core segment of the stétor is shown in more detail in Fig. 2. The
core segment is a unitary magnetic structure that comprises two poles 35
joined in the axial direction by a linking portion 36, about which stator coils
15 34 are wound. The poles have tapered configurations in which the cross
sectional area increases in the radial direction toward the air gap, culminating
in enlarged pole face surfaces 37. This configuration optimizes the
concentration of flux in the core so that maximum flux can be directed in
across the air gap. The illustrated core geometry, as well as variations thereof,
20  may be formed using powder metal technology from soft magnet grades, for
example, of Fe, SiFe, SiFeCo, or SiFeP powder material. Powder metal
technology provides a flexibility of construction design that is not available

from the conventional formation of stacked metal laminations. Minimization

of eddy current losses, conventionally addressed by the use of laminated cores,

10



5 through appropriate bushings and bearings. It is to be understood that
any appropriate neans well known in the art can be used for assenbly of
the variwovsebwsaents. In the vehicle exanple, the housi n@Cras0t/a06s
portions of a vehicle wheel that rotates with the rotor about the shaft.
The specific configuration of the plates is described above nerely by way
of exanpl e, jasbtdidedBy sélealvn dIftheQipopritge phwdarandtal @btetillecopimbiont 0 t he
shaft while form ng an annular arrangenent woul d be appropriate. A core

seqment of U LALOL wih ORI MaIRuflal Allesidly BT fowdor iR COTe segment

is a unitary nmagnetic structure that conprises oles 35 joined in the
axi al di rectiqn.q% a linking portion 36, about which stator coils 15 34 are
wound. The pot'E¢%tave tapered configurations in which the cross sectional
area increases in the radial direction togward the air gap, culmnating in
enl arged pol e f ad@eriratigaed sator windiag 34 sffegts meagnsizatiop Of fHeL0 t he
concentration of flux in the core so that maxi num flux can be directed in
across the aectiqgpd® willheppdsite stagattecpadaite aypoledsaey 37aRewedsh]l dfshevari ati ons

t hereof, 20 may be fornmed using powder netal technology fromsoft magnet

grades, for qiR¥asmPbRoureht, ieknodi Ban®ir FgfeRts reverSil igthd@uaeticmat eri al . Powder
nmetal technology provides a flexibility of construction design that is not

avai lable fr i he t] i d | am nati ons.

M ni mi zati ol O?Jgtleg’dégg@é(?’?eoﬁ Q@o%%%é@@oﬁ@ea%{a} gitrrlgllq*%? ’ faag%? ggsasned by the use

of | am nat ed.cor?s, :Lﬁ V\f)) 03£03.0333. PCT/ US02/ 30066 i s,obtai ned by
APPrROPpAPAd ﬁe

sel ecti on of°CHE e 2K gk IHREOL PTARE RS, PERT TGS

number of stator poles, with each having the same surface area because the

10 axial extent of the stator core is greater in the present invention. The complete
stator thus contains two sets of axially coextensive poles that are axially
displaced from each other by the linking portions of the core elements.

Fig. 3 illustrates a variation of the stator core segment shown in Fig. 2.

The core segment 32 comprises bobbin shape pole sections, each wound with

15  coils 34. The pole sections have enlarged pole face surfaces 37 at the air gap
and are joined at the ends opposite the air gap by relatively flat linking portion
36. The pole sections, pole faces and linking portions are of unitary
construction, preferably formed from powder metal material. Each pole of the
pole pair is oppositely wound to provide opposite magnetic polarities at the

20  pole faces 37. The two winding portions may be connected in series or
parallel, depending upon desired performance characteristics. The winding
portions are appropriately connected electrically so that application of

energization current to the winding effects opposite magnetization polarity in

11



in accordance with the known high electrical resistivity of powder netal
mat eri als. Energization of stator winding 34 effects magneti zation of the
core 5 swotmos332 with opposite magnetic polarity at pol @ecrases3®ée
Reversal of the direction of current, in known manner, effects reversal of
the magnetic polarities. Alignnent of each pole pair in the axial

di rection, rthelpelesohtoe cond segueherRendrsdl bfthalwouentwidl raversgte i n pri or
arrangenents, provides twice the nunber of stator poles, wth each having

the sane surhaggtidhpeRrifiesausRwN@adibraxi al extent of the stator core is
greater in the present invention. The conplete stator thus contains two

sets of i ally opext 90N ERLER HDAladRiFdthalh ko BhSPlagd, from each

ot her by the linking portions o e core ele S I'llustrates a
variation of. the stator. core segnent shown. in Fig. 2. . The core segnent 32
conpri ses. baBBRHSHEHR pERS T L Ao Ta A h AT WS B HE | o 347 The
pol e sections have enlarged pole face surfaces 37 at the air gap and are

j oi ned aP t HeowHebthsppdyidual nopmanett ngagsetsy The magnets Kyt p Srstiringlofng porti on
36. The pol e sections, pole faces and linking portions are of unitary
const r uct i orgxigllyefoexiehsiye frapnetsi224 emd pecoded ring bbxiaky evdxadnsivieach pol e of
the pole pair is oppositely wound to provi de opposite magnetic polarities

at the 20 pohgudepC®®. Fach EnEMRs W MARHHOGuRONE S RASatIBRYorRBtARARE HLd 1N
series or parallel, depending upon desired performnce characteristics.

cri es o ._ _ character i st
appl i cat i on B SKARERhF pRRRROR LS SRk RIS B EpbhfRole oo 1 0™

magnet i zati on larity in 11 .
g polfnoty of theysurfgce n contact with back plate 25. The magnets of each ring

10 successively alternate in magnetic polarity. Magnets 22a are coextensive with
magnets 22b in the circumferential direction, the magnets alongsiden each other
being of opposite polarity. The spacing between ring of magnets 22a and the
ring of magnets 22b is related, although not necessarily equal, to the spacing
the between stator pole pair surfaces. The spacing between magnets within

15  each of the rings is uniform and related to the spacing between pole surfaces of
adjacent stator core elements. The individual magnets are of uniform surface
area, which may be related to surface area of the stator poles. Each axially
adjacent pair of magnets 22a and 22b can thus be considered a rotor permanent
magnet pole pair that interacts with a stator core element pole pair to effect

20 motor rotation. The interaction will cause a significant increase in the
effective flux density in the air gap while preventing saturation of flux in the
back iron.

In the arrangement illustrated in Fig. 4b, the magnetic annular back

plate 25 is segmented into strips 27. Attached to each strip is an axially

12



WO 03/ 030333 PCT/ US02/ 30066 the poles of the core segnent. Reversal of the
current will reverse the nagnetic polarities in known manner. Rotor 20 is
illustratwo 3033 e detail in Figs. 4a and 4b. Fig. 4a i [PCoaiSozsm®ss a
continuous magnetic annul ar back plate 25 upon which are 5 nounted the

i ndi vi dual permanent magnets. The magnets forma first ring of axially
coext ensi ve ahgyeiepasm2fentamagnat sEc omhcinigrigtwéenake sitiby pooadesampioved magnet s
22b. Each magnet has a north-south magnetization orientation in the radial

direction, thgnpet auk distdutionFoste rapecthathligidulEpetinbnédhapaposite to the
polarity of the surface in contact with back pl ate 25. The magnets of each

ring 10 SUC%%%']‘ZS%&I@&%EB};%% ik H?e}fe mBQ'o‘?r{otsé/ al 'E\?%e% 22a are

coext ensive W th "magnet's |nt circuntéren |a irection, the nagnets
al ongsi de eacgh.at her. bein OSI te polari The.spacin et ween ring
of magnets f‘é]é’malﬂ% uf"r’i%aref‘i“ﬁ GHt %acg%la; «g%qt’ﬁtué‘&f éﬁr'tlclli K not
necessarily equal to the spaC| ng the bet ween stator pole pair surfaces.
The spac?ng disaeiniedn magnets within 15 each of the rings is uniform and
related to the spacing between pole surfaces of adjacent stator core

el ements. The i ndigd. daahd Ghdlihetateaneatdnswiithoronrsiftiiemesenar ea, whi ch may be
related to surface area of the stator poles. Each axially adjacent pair of

magnet s 22a jangtidgbILmhe r&tby§nafgeﬁfaﬂ§bm@eﬁh axiafy HagRQIZABPEARancfRINEL pol e
pair that interacts with a stator core &l enent pole pair to effect 20 notor

rotation.  Thehatoras! | eitklyGRYRE AU ALEA RI0E LG ERIe S e

effective flu reve gn of fl ux

in the bac 52{) R}%rth-south magnetization orientation of magnets 22a and 22b is in the
10 radial direction. This structure differs from the rotor of Fig. 4a in that magnet
22a and 22b is each in contact with one end of magnet 26 to form an
individual rotor axial unit, whereas the magnets 22a and 22b of Fig. 4a are
separated from each other. Magnet 26 is magnetized in the axial direction to
aid concentration of the flux between magnets 22a and 22b. As in Fig. 4a,
15 magnetic annular back plate 25 is continuous. In the rotor arrangement of Fig.
5b, the magnetic annular back plate 25 is segmented. Each back plate strip 27,
upon which a rotor axial unit is mounted, is separated from an adjacent strip to
iﬁprove flux distribution.
Various flux distribution patterns are illustrated in Figs. 6a-6d. The
20 flux distribution of Figs. 6a and 6b correspond to rotor arrangements wherein
the permanent magnets are in direct contact with a non-ferromagnetic back
plate 24 (not shown). Fig. 6a shows a flux distribution pattern for spaced

individual permanent magnets of opposite magnetic polarity mounted directly

to the non-ferromagnetic back plate. Fig. 6b shows a flux distribution pattern

13



In the arrangenent illustrated in Fig. 4b, the magnetic annul ar back plate
25 is segnented into strips 27. Attached to each strip is an axially 12 WD
03/ 030333wb@3/8882/ 30066 al i gned permanent magnet pair. 3Bpadaisey3dves ween
the strips provides inproved nagnetic flux distribution for the respective
i ndi vi dual pernmanent magnet pairs. Direct |osses of stray flux and

i nt er f er encefor atthree omgnétaixial ubktwieeein aadkmilyinmgneiiedsnagret 15 ni m zed because
each axial magnetic unit is structurally 5 disjointed. Figs. 5a and 5b

illustrate vanidalidhedbetfech Rtrghett of offositdaph@ieqitliarity fiv8 AbiOAradid) t he rotor
arrangenment of Fig. 5a, axially nagnetized permanent nagnets 26 are

| goat ed bet uagid 0, 8AbhY L AL kOORM PAGY dBEIREARES A2y and 22,

Nort h-sout h nagnéti zati on oricentation o is in the 10

radial directign. This.structure differs fromthe rotor. of Fi.g. 4a in that
maglnet I22a I gE@HO{Hng‘é{%Eﬁ ?’?%Y:‘SWM’EW%WP Bgféet%?é"p@fmﬁ%%@%g%e t oI form an

i ndi vidual rotor axial unit, whereas the magnets 22a and 22b of Fig. 4a are
separ at ed f roarebizpmeatepthenengraountel prsmagrgiisttiag drop portivasasdchps di rect i on
to aid concentration of the flux between magnets 22a and 22b. As in Fig.
4a, 15 magnetht arramgemients dfdtigs. gh ahd 4B5Figs 64 eimdwaafius distributiba patérar
arrangenent of Fig. 5b, the nmagnetic annul ar back plate 25 is segnented.

Each back pl Rt @6t Ednfigarationd! BORhMR iEEe Mabil Akiaphi® ardl Mounted oMsaek ed, is
separated from an adjacent strip to inprove flux distribution. Various

flux di stribytion:Bal (eINR @E SrkldelRhbtethe Sa EidS. £86dent M

these diagrams, the pattern for the three magnet arrangement is an

10  improvement with respect to the arrangement of two separate magnets, and the
patterns of both of these arrangements are improved with the addition of the
magnetic back iron elements.

In this disclosure there are shown and described only preferred

embodiments of the invention and but a few examples of its versatility. Itis to

15  beunderstoodthat the invention is capable of use in various other combinations
and environmentsand is capable of changes or modifications within the scope of
the inventive concept as expressed herein. For example, as can be appreciated,
the motor of the invention can be utilized in a wide range of applicationsin
additionto vehicle drives. While it is preferred, in the implementationof a

20  vehicle drive, that the rotor surround the stator, other applications may find
advantageousutility with the stator surrounding the rotor. Thus, it is within the
contemplation of the invention that each inner and outer annular member may
comprise either the stator or rotor and may comprise either the group of

electromagnetsor group of permanent magnets.

14



20 flux distribution of Figs. 6a and 6b correspond to rotor arrangenents
wherein the permanent magnets are in direct contact with a

non- f er r owagn®si3e3 back plate 24 (not shown). Fig. 6a showeTaish2/snoece
distribution pattern for spaced individual pernmanent nagnets of opposite
magnetic polarity nmounted directly to the non-ferromagnetic back plate.
Fig. 6b shows a fWhite shesificighothitpic cpafigreationt8f 1O siBir@8338n&ETHhdy802/ 30066
for a three magnet axial unit, wherein an axially nagnetized nagnet is

sandw ched hetyeRErABYRehsuldhe 2RIBRRIEOMIBYS BfvefitiRAUoAE it hedeliat have a radi al
magnetic orientation. Fig. 6c shows a flux distribution pattern for rotor

configurati i i Hale 'RV . . ite polarity
are 5 spacedirrnpeRaa e oL S PloR e TRE b FRRARNR oS RRP RN ° P G,
such as the, arrangenents of Figs. 4a and 4pb. Fig.._.6d shows a flux
di stributi oﬁh%%%gﬁ%emﬁauFIBgmve@ﬁVgﬁc oph T eRPEHECE Fragnet axi al
units are nounted on back iron portions, such as the arrangenents of Figs.
5a and 5b. Asniguiratéertcan betailordtie ghedluxghistmbutierhdesiped-t ern for the three
magnet arrangenent is an 10 inprovenent with respect to the arrangenent of
two separate nmagngtudditiemdhd eiouppdlt suifike afeabaidspating helagoshipangenent s are
inproved with the addition of the magnetic back iron elenents. In this
di scl osure j : - r iopents of the
R 3 R e S A S S S e
under st ood tlha(ﬁ] th‘ﬁ invent'm;n tis ffp%bl e of ;use in .vaéit%%snot her
combi nat i ond " GHETERRFBIREHPLCIING DS 85%%?8?&8’ es@ﬁgﬂé €Y1 nodi fi cati ons
wi thin the scope of ) .

elements and element surface areas need not be uniform. In the various

10  embodimentsdescribed above, various rotor magnets may be further separated
from each other than indicated or, conversely, formed in contact with each other.
In the three magnet axial unit arrangement of Figs. 5a and 5b, the magnetic unit
may be fabricated from a single integral magnetic block, with appropriate

embedded magnetic patterns.

15



the inventive concept as expressed herein. For exanple, as can be
appreciated, the notor of the invention can be utilized in a w de range of
appl i cat iwo3josn33addi ti on to vehicle drives. Wile it is mcafisorsmes i n t he
i npl ementation of a 20 vehicle drive, that the rotor surround the stator,

ot her applications may find advantageous utility with the stator

surroundi ng GIh&IMSt or. Thus, it is within the contenplation of the
invention that each inner and outer annul ar nenber nay conprise either the
stator or rotor apgatEY¥lasRdmPii se either the group of el ectromagnets or
group of permanent magnets. 14 WD 03/030333 PCT/ US02/ 30066 While specific

geonetric confi gqr_%%tggﬁtfﬁ]];%Ito?%gse?e%h%?ggggoﬁhﬁ% s have been il lustrated,

it should be recogni nventrve concept’ herein enconpasses a
mul titude of varia iogs of these configurations as \ﬁi rtually any shape can
be formed using tHEUBEHNRI SIS CH RRARLS G)Te SRSl haag IssPEctiSre 5
configuration can be tailored to the flux distribution desired. In

addi tion, tmandiags;ous pol e surface areas and spacing rel ationships anong
stator and rotor pole surfaces are subject to variation in dependence upon

the desired oper atioarfatromaggdticanpport yrrudnae atxchirphetheldog: Sparhng bet ween
el ements and el enent surface areas need not be uniform In the various 10

embodi Meat s ylessE kOB AP BouAN A FfdHa adl B thRGcH Bk Separ at ed
an 1 ndi ed or § y, fo

fromeach other t ca , convers rmed 1n contact with each
other. In the three net axia nit arrangenent of Figs. 5a and 5b, the
magnetic uni’t anwayw%f%s’fléahﬁ%?ﬁ“aaﬁ ngl e integral magnetic bl ock,
Wi th appropriate i i i ) .

wherein each core segment comprises a pair of poles aligned in a

direction parallel to the axis of rotation.

2. A rotary electric motor comprising:

a rotor comprising a plurality of permanent magnet elements disposed
in an annular ring configuration about an axis of rotation, the magnet elements
successively alternating in magnetic polarity along an inner annular surface;

5 and

a stator spaced from the rotor by a radial air gap, the stator including a
plurality of ferromagnetic core segments having respective coils wound
thereon to form stator windings, the core segments separated from direct
contact with each other and disposed along the radial air gap, each stator

10 segment comprising a pair of poles aligned with each other in a direction
parallel to the axis of rotation, the stator thereby comprising a first set of stator
poles in radial alignment and an axially displaced second set of stator poles in

radial alignment.

16



enbedded magnetic patterns. 15 WO 03/030333 PCT/ US02/ 30066 CLAI M5 What is
claimed is: 1. A stator for a rotary electric notor conprising: a plurality
of separ awe oB@Ba3ssragneti c core segnents havi ng respecti ve PCEUSdL/B®86 a
non-f erromagneti c support structure attached to the core segnents, 5 the
core segnents configured without ferromagnetic contact with each other in
an annul ar ring about an axis of rotation; and wherein each core segnent
conprises a pair of poles aligned in a direction parallel to the axis of
rotation. 2. A roganyroelreeleciric molooks eoitpd insdl#ifg 2,avHeedinbt RadPhE SéNg a
plurality of permanent magnet el ements disposed in an annular ring

confi gurati ofy @BGW: 4AA s@ee'nla sefs o&f%g)tr?eres id f&eiaﬁ?gggﬁed%ﬁfmt ufgficcessi vely

alternating in magnetic polarity along an i nnef nul ar surface; 5 and a
stat or spaceg fron1thq rgt%% ]b}éleatrﬁginaltaircogaﬁzl;e t he stator including a
plurality of "FePPEHRGHEl e 8 Eeghet 'S RAVTRY FPEE 88t i ve coils wound
thereon to form stator w ndings, the core segnents separated from direct
contact with each other and di sposed along the radial air gap, each stator

10 segnment conprising a pair of poles aligned with each other in a
direction 4. A rotary electric motor as recited in claim 3, wherein each of the

rotor permanent magnet elements is an individual axial unit comprising a pair
of permanent magnet poles aligned with each other at the air gap in a direction
parallel to the axis of rotation, the poles having magnetic polarities opposite to
5 eaéh other; and
wherein each set of the first and second sets of stator poles is radially

aligned with a respective set of rotor magnet poles.

5. A rotary electric motor as recited in claim 4, wherein each stator
core segment comprises a linking portion joining the pair of poles and the
winding is formed on the linking portion, whereby reversal of direction of
current flow through the winding effects reversal of magnetic polarities of the

5 pole pairs.

6. A rotary electric motor as recited in claim 5, wherein each pole
permanent magnet exhibits one magnetic polarity at the air gap at a radially
inner pole surface and an opposite magnetic polarity at a radially outer pole

surface, whereby magnetic flux is directed in a radial direction.
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parallel to the axis of rotation, the stator thereby conprising a first set
of stator poles in radial alignnment and an axially displaced second set of
st at or powel3iosn33s adi al al i gnment. 16 WO 03/ 030333 PCT/ US@RTAG0E80068. A
rotary electric notor as recited in claim2, wherein at | east one set of
the first and second sets of stator poles is radially aligned with the
annul ar ring perTfmAaentaryrelgoek nedtenentsital intchedmré) wdereac thegoldshd ai r gap. 4.
A rotary electric notor as recited in claim3, wherein each of the rotor

per manent MBGERYoBl SURNH: dré s@fardiaiiyindiah ofét.al unit conprising a pair of
per mmanent magnet poles aligned with each other at the air gap in a

direction —paral el \Latheeat 0l L3N b AR, DayiAE: muneti ¢

pol arities opposite to e er, wherein éa the first and
second sets of stator, poles is radiall aligned with a respectjve set of
Fotor magnet SHINEE. (BhaT £ORRYISRIA BRERRIICHLY RERBADIESSHIAE DLW B8 m 4,
wherein each stator core segnent conprises a linking portion joining the
pai r of pol exxialndrecthen, myunitidrig thesraflighwtites poletsurfreadi aagh p@lletqf@)erf-‘, wher eby
reversal of direction of current flow through the winding effects reversal
of magnetic yal.arities of the 5 pole pairs. 6. Arotary electric notor as
recited in claimb5, wherein each pole pernmanent magnet exhibits one
magnetic polarity at the air gap at a radially inner pole surface and an
opposite magnetic polarity at a radially outer pole

9. A rotary electric motor as recited in claim 8, wherein the
magnetically permeable sections of all rotor axial units are structurally spaced

from each other.

10. A rotary electric motor as recited in claim 7, wherein each rotor
axial unit further comprises a third magnet extending in the axial direction
between the pair of poles and having a magnetic polarity orientation in the

axial direction, whereby flux distribution is enhanced.

11. A rotary electric motor as recited in claim 10, wherein each rotor
axial unit further comprises a magnetically permeable section extending in the
axial direction, mounted to the radially outer pole surface of each pole of the

unit.

12. A rotary electric motor as recited in claim 11, wherein the
magnetically permeable sections of all rotor axial units are structurally spaced

{from each other.

18



surface, whereby magnetic flux is directed in a radial direction. 17 WO
03/ 030333 PCT/US02/ 30066 7. Arotary electric notor as recited in claim®,
wher ei n twe opobmss3 of each rotor axial unit are separated fPcamsezsivco©t her .
8. Arotary electric notor as recited in claim7, wherein each rotor axial
unit further conprises a magnetically perneable section extending in the
axial direction, nounted to the radially outer pole surface of each pol e of
the wunit. 9. Arotary electric notor as recited in claim8, wherein the

magneti cal |y per mgabAaogey tieoiis nodtond retidddin chadined, vilieirdif tiae windligguct ur al |y
spaced fromeach other. 10. Arotary electric notor as recited in claim?7,

wher ei n eaChof&ER%tat(ﬂf)&bﬁ:l se mehté 88 BROSRE bﬁ@oﬁls%lﬂfdrres i£xt endi ng
in the axial direction meen the pair of poles and having a nagnetlc

polarity orientati - xi.al directio x_di,stribution is
enhanced. llgpp,&Slt%?%eCtl arclﬁl@t OBIgorargSpogg nlgé)d’?ﬁsr??)cﬁf‘e ?t#PFLBOIe\Rﬁér ein each
rotor axial unit furt her corrprl ses_a magnetically perneabl e section
ext endi ng i nWh#EbY aplicption phedreghto the Gau éﬁsﬁge?tﬁ@agﬁ‘ﬁiz&w?oﬁ@@er pol e
surface of each pole of the wunit. 12. Arotary electric notor as recited

in clai mil, pelbeofthe statoe coremgpmenicialoppopermesistie pskdty.ons of all rotor
axial units are structurally spaced from each other.
14. A rotary electric motor as recited in claim 13, wherein each pole
permanent magnet exhibits one magnetic polarity at the air gap at a radially

inner pole surface and an opposite magnetic polarity at a radially outer pole

surface, whereby magnetic flux is directed in a radial direction.

15. A rotary electric motor as recited in claim 14, wherein the poles of

each rotor axial unit are separated from each other.

16. A rotary electric motor as recited in claim 15, wherein each rotor
axial unit further comprises a magnetically permeable section extending in the
axial direction, mounted to the radially outer pole surface of each pole of the

unit.
17. A rotary electric motor as recited in claim 16, wherein the

magnetically permeable sections of all rotor axial units are structurally spaced

from each other.

19



18 WO 03/030333 PCT/ US02/ 30066 13. A rotary electric notor as recited in
claim4, wherein the wi nding of each stator core segnent conprises tw sets
of coil s wouwa@3waespectively in opposite directions to ea®aTatSh®s0066
correspondi ng poles of the stator pole pair whereby application of current
to the coil sets effects magnetization of the 5 poles of the stator core

segment in opposifge ATRGRELdIEctROhRidilag reckd if\clalth abywBéBldakl rdtht Or as
recited in claim 13, wherein each pole permanent nmagnet exhibits one

magneti c pol gkt y: LI i i -DOk- face and an
opposite rraga?i%{l itu%:{ltg%rfﬁae???l?}bgtg &gantrh grgi"g;?glﬁl gp %ﬁdg:r{ngp%lﬁgg&ggg lgecc?ei,Hlli wher eby
magnetic flyx is djrected in a radial direction..15.. A rotary electric
motor as recihEEN e AL PHPAlES VEie? PRERSYG ROy OTIERlAon WY IBF  axi al unit
are separated fromeach other. 16. A rotary electric notor as recited in
claim 15, wiradiredmahwhereby fluzdigiibuirinis tuftanked: conprises a magnetical ly
pernmeabl e section extending in the axial direction, nmounted to the

radi al |y outer pol% /susthgcdecfic 8@tdr 4o0tcitedlin tlhgn 18 Whereiheacirdtat ary

el ectric notor as recited in claim16, wherein the magnetically perneable

sections of Al uﬁﬁm{he@)ébﬁgri%iatﬁaéﬁeﬁcﬁw bekihik kyctRRR&RAdInE R MLach other.
19 WD 03/030333 PCI/ US02/ 30066 187 A rotary electric notor "as recited in
claim 15, \ma?({a‘f Idque&%%bmro%lt%ﬁ to the radially outer pole surface of each pole of the

unit.

20. A rotary electric motor as recited in claim 19, wherein the
magnetically permeable sections of all rotor axial units are structurally spaced

from each other.

21. A rotary electric motor as recited in claim 2, wherein the rotor

surrounds the stator.

22. A rotary electric motor as recited in claim 6, wherein each rotor
axial unit is attached to a non-ferromagnetic back plate concentric with the

axis of rotation.

23. A rotary electric motor as recited in claim 22, wherein the

plurality of rotor axial units are spaced from each other along the back plate.

24. A rotor for a rotary electric motor comprising:

20



axial unit further conprises a third magnet extending in the axial
direction between the pair of poles and having a magnetic polarity

ori ent atiwoos3@be axial direction, whereby flux distri bwcrarsoz/s00eqhanced.
19. Arotary electric notor as recited in claim18, wherein each rotor
axial unit further conprises a magnetically perneabl e section extending in

the axial directaplralitpufpathanenttthepnenelembhty dpbsest ipah ansulaf @ge of each
pole of the wunit. 20. Arotary electric notor as recited in claim19,

uhereln the colBaRENbAabbut RBEITRARB1isR Ghi AEnR LIRS AbRsRuhya units are

structurally spaced from each ) : %\rotary el ectric tor as
recited in cg%im.z ‘V\hereitr}:t?e.tr%ﬁor sur rounds thﬁ stator. 22. Arotary
el ectric notor REng M IAgHCSPolFLty dlone apBpt AR Uar iagHESd axial unit is
attached to a non-ferromagneti c back plate concentric wth the axis of
rotation> 23. A rwhefeip esrket theaoteppemangntaegnekelemants isamingdpvidugher ei n t he
plurality of rotor axial units are spaced from each other along the back

pl ate. 24. aXialemdrcofmprismgragtaarof pelreatent mapmdt pples alignedsiitigeack0 WO 03/ 030333
PCT/ US02/ 30066 a plurality of permanent magnet el enents di sposed in an

annul ar ri nghtk&1h h@lireatidrPparalRg ¥ thrRmxaxifFoRiios, Abepd i haifEmABARt €l ements
successively alternating in magnetic polarity along an 1nnéer annul ar

surface; andpolarities opposite to each other; and

each pole permanent magnet exhibits one magnetic polarity at the inner
10 annular surface and an opposite magnetic polarity at an outer annular pole

surface, whereby magnetic flux is directed in a radial direction.

25. A rotor as recited in claim 24, wherein each rotor axial unit further
comprises a magnetically permeable section extending in the axial direction,
mounted to the radially outer pole surface of each pole of the unit, whereby

flux distribution is enhanced.

26. A rotor as recited in claim 24, wherein each rotor axial unit further
comprises:
a third magnet located between the pair of poles and having a magnetic

polarity orientation in the axial direction.

27. A rotor as recited in claim 26, wherein each rotor axial unit further
comprises a magnetically permeable section extending in the axial direction,

mounted to the radially outer pole surface of each pole of the unit, whereby
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5 wherein each of the rotor permanent nmagnet elenents is an individual
axial unit conprising a pair of permanent magnet poles aligned with each
ot her i n wOodB&sB83 on parallel to the axis of rotation, thecpaiSex3teasi ng
magnetic polarities opposite to each other; and each pol e pernmanent nagnet
exhi bits one magnetic polarity at the inner 10 annular surface and an
opposite naéh@tlﬁﬂbﬁm%ﬂﬁﬁvhﬁﬁe@n outer annul ar pole surface, whereby
magnetic flux is directed in a radial direction. 25. Arotor as recited in
claim 24, wherein each rotor axial unit further conprises a magnetically
per neabl e section extending in the axial direction, nounted to the
radially outer pole surface of each pole of the unit, whereby flux
distribution is enhanced. 26. A rotor as recited in claim 24, wherein each
rotor axial unit further conprises: a third magnet |ocated between the
pair of poles and having a nagnetic polarity orientation in the axial
direction. 27. Arotor as recited in claim26, wherein each rotor axial
unit further conprises a magnetically perneable section extending in the
axial direction, mounted to the radially outer pole surface of each pole
of the unit, whereby 21 WO 03/030333 PCT/US02/30066 flux distribution is
enhanced. 22

22



