WD 03/ 085806 PCT/ US02/09622 1 ELECTRI C MOTOR HAVI NG MAGNETI CALLY | SOLATED
STATOR AND ROTOR GROUPS Field of the Invention The present invention

rel ates twaatmsspcel ectric notors, nore particularly to ramus2igseeng
first and second annul ar ring nenbers concentrically 5 arranged about an
axis of rotation and separated from each other by an axial air gap, both
of the nmenbers conprising groups of 'nmagnetically isolated structures, the
groups of one of the nenbers having permanent magnets affixed thereto and
t he other of the nenbers conprising wound el ectromagnet poles. 10
Background Direct current notors have versatility in a w de range of

appl i cations. EFREEAFaYPTRBI FALC OfACHEBEIALEY \ISOEHEY STAOReAYDHROERR FBPERS

equi pped devices facilitates a portability aspect that is not readily
avail abl e for a-c notor drives. 15 Electronic controls, such as

m crocontrol l er and m croprocessor based systens, for a wide variety of
functional applications have becone conmmonpl ace. As devel opnent of the
battery has progressed, and the versatility of electronic controls has
expanded, the challenge of providing efficient direct current notor drives
for vehicles, as a viable alternative to conbustion engi nes, has becone WO
03/ 085806 PCT/ US02/09622 2 nore conpelling. U S. patent 5,164,623 to
Shkondin is one exanple of a proposed inplenentation in which a notor is

nount ed on t he MAdaf tied Invel&dn Cl €

The present invention relates to rotary electric motors, more particularly
to motors having first and second annular ring members concentrically
5  arranged about an axis of rotation and separated from each other by an axial air
gap, both of the members comprising groups of magnetically isolated
structures, the groups of one of the members having permanent magnets
affixed thereto and the other of the members comprising wound electromagnet
poles.

10
Background

Direct current motors have versatility in a wide range of applications.
The availability of a battery power source for dc motor equipped devices
facilitates a portability aspect that is not readily available for a-c motor drives.

15 Electronic controls, such as microcontroller and microprocessor based systems,
for a wide variety of functional applications have become commonplace. As
development of the battery has progressed, and the versatility of electronic
controls has expanded, the challenge of providing efficient direct current motor

drives for vehicles, as a viable alternative to combustion engines, has become



for directly driving the vehicle. The patent proposes that such an
arrangenent can be applicable to electric cars, bicycles, wheelchairs and
the |ike. w® @lossstosoni cally controll ed energi zati on of w ndiamggsoeooaier ect
current notors offers the prospect of nore flexible managenent of notor
characteristics. The use of pernmanent magnets in conjunction with such

wi ndings is advantageous in limting current consunption. U S. patent

4,754,207 Lo 5L UShRSIG, o a0 SIRER ofbEEFe BEL or havi ng 2

rotor conpose intious ring of a urality of ‘pernmanent magnets

successively alternati in .palarity. The.stator, ¢ LSl urality
of el ectroni nggpsgcﬁéq@%‘a@t@o%@pg@g%@&@é{s rﬁ%‘fngesd,o @g&rhre %uorfl (‘a’g}éln Fially
separated fromthe rotor magnets by a radial air gap, Several adjacent
stator el ect r domdjrestls drivingfhe yhiske Kieqaisnt rmrBoses fhahsih 38 BRSNS of

adj acent el ectromagnet poles in each group are in 15 surface area contact
wi th each ot hean beaflicabla tedatiiio vasdicyalpastlicelchhianddhdlike. The

el ectromagnetic circuit is broken at transition points between adjacent
groups of electr 0”@Mcaﬁf@&ﬁf&le@%&ﬁkaﬂ&'o@'ﬁvsiiﬂ(ﬁngs(ﬁf@ﬁﬂew‘tﬁheﬂosi tion
between rotor and stator elenents to control electronic switching of the

| ndi vidual el ﬁ&%@%ﬁ%ﬁaﬁsﬁ&k Q%Pre%va%ﬁ%é RERGR A &%@Bﬂéﬂﬁﬁcfeﬂsﬁ’csg ombn

group are 20 sSW S| neously oné common el ectronic swtching

means per group. Wndings of the el ect.ronmagnets i.n_adjacent groups are of
di ff erent phaig%usé Pﬁ?@l@%@%@ﬁ%fﬁﬂ%ﬁﬁ&ﬂ@%@ %ll Toncern in

i mpl enentation of stator wi nding swi tched energization is _the avoidance of
unf avor abl e codvayagsnuein linithg gerens corsteRtior.r dquparntd, 84,2073 For exanpl e,

si mul t aneous switching of all notor phase w ndings can cause WO 03/ 085806

PCT/ US02/ 0962 Heidelberg et al. describes a direct current motor having a rotor composed of a

10  continuous ring of a plurality of permanent magnets successively alternating in
polarity. The stator, comprising a plurality of electronically switchable
electromagnet poles, is circumferentially separated from the rotor magnets by a
radial air gap. Several adjacent stator electrorﬁagnets form a phase group. The
inward base portions of adjacent electromagnet poles in each group are in

15  surface area contact with each other to form a continuous magnetic flux path.
The electromagnetic circuit is broken at transition points between adjacent
groups of electromagnets. Sensors detect relative rotational position between
rotor and stator elements to control electronic switching of the individual
electromagnet windings. Electromagnets belonging to a common group are

20  switched simultaneously with one common electronic switching means per
group. Windings of the electromagnets in adjacent groups are of different
phases and are switched at different times.

Of concern in implementation of stator winding switched energization
is the avoidance of unfavorable consequences such as rotation irregularities.

25  For example, simultaneous switching of all motor phase windings can cause



pul sati ng output torque. Alleviation of these effects, with varying
success, can be obtained by appropriately switching all phases at

di fferent wa 038085806 by sinultaneously switching certai n WRti/wsy2/09622
conbinations that are distributed symetrically about the stator periphery
and bear certain positional 5 relationships wth the pernmanent magnet poles
of the rotor. However, swtching of adjacent w ndings at different tines

| eads to detr W&%@% Qe Elfud. EANRRiN RBAGSIBRE williN@ ol QudbegBid NUOLS

magnetic circ fl'ux changes due to the thanged energi zation

of the wi nding of ane pole effects the flux of ' e. 10

Hei del berg et (?bt%ﬁl?%&’ ?ﬂpégplilaﬁfag S‘fﬁtglﬁlfl%ﬁilpgass? %ﬁt:&gffégﬁﬁ%%éogr oupi ng
pluralities of stator poles in separate magnetic . circuit paths, The

nmagnet i c cirdﬂmﬂhwﬁpﬁﬂﬁﬁgﬁﬁﬁﬂgﬁﬁ$@9V%@?ﬂ%éﬂn@&ﬁﬁﬁﬁﬁhm§¥%gﬁglBﬁﬁects an
isolation of magnetic flux, thus reducing transforner |ike magnetic flux
interference bsmmeericalty abopsthe lstenperipharkiendbedr ceppaih esitibnal gr oup are wound
and switched 15 sinultaneously, a torque ripple effect can still exist.

Hei del ber g set  @latioRRYd WRE thd WMeinbh&Rhiaghe poles Wil vos@Elopeives of a group
are not wound and/or the pole structure of all poles within a group are

not of unifor n%v%?éﬁﬂ a%ia{cgﬂt’witnt:}f%s afjcﬁh%feﬁ} fided 2 c(izftfof(ﬁﬁ'hﬁerﬁgl drRe@ye ripple

. G )
and flux interference between adj acent poles. Su nodi fications sacrifice

torque characteristi.cs and. poywer capability. 20 If .fewer I are wound,
f1ux generati of®4pHBEY ?ngmgg P&?P@@BFOL?HBX%&%%}H{%%\E’@Sngﬁoﬁ%(ot contribute
to torque and can detrinmentally interact with rotor permanegtita ma}glgnets.
Non- uni f or m pothangesrduege thea ¢henzatamergization o the windingioafons aelg edlectgitic oy e
coupl ed with non-uni form pole w ndings. Such configurations conplicate the

manuf act uri ng fimocEasadim@ntcpstpr om se notor 25 efficiency.

10 Heidelberg et al. alleviates this problem to some extent by grouping
pluralities of stator poles in separate magnetic circuit paths. The magnetic
circuit path discontinuity between adjacent groups effects an isolation of
magnetic flux, thus reducing transformer like magnetic flux interference between
groups. However, where all poles of a group are wound and switched

15  simultaneously, a torque ripple effect can still exist. Heidelberg et al. provides
modifications in which some poles of a group are not wound and/or the pole
structure of all poles within a group are not of uniform configuration, thus
deterring the effects of torque ripple and flux interference between adjacent
poles. Such modifications sacrifice torque characteristics and power capability.

20  If fewer poles are wound, flux generation capability is reduced. The unwound
poles do not contribute to torque and can detrimentally interact with rotor
permanent magnets. Non-uniform pole configuration modifications in
Heidelberg et al. are coupled with non-uniform pole windings. Such
configurations complicate the manufacturing process and compromise motor

25  efficiency.



WO 03/ 085806 PCT/ US02/ 09622 4 The above-identified copending related U S.
patent application (Atty. docket 57357-015) identifies and addresses the
need for wodmgssoged notor anenable to sinplified manuf acaaresoangsb2eapabl e
of efficient flexible operating characteristics. In the particular vehicle
drive environnent, it is highly desirablg 5 to attain snooth operation over
a w de speed range, while maintaining a high torque output capability at

mi ni mum power cons upl o iidfRePodf Bl R14TRE O, palbhtiBpdekh Ay,

advant ageously provi'de ready accessibilTty to the various structural

conponents for_repl .Qf rts a_ m.ni mum.of 1. i ence. The
copendi ng rel aqoéggféa]%ggﬁgh 13@51%6 Anq %@5‘3{%63 M wg?reagtlﬂlg)%ﬁe 0(?(E)tol es as 10
i sol ated nagnetic structures configured in a_thj a,nmﬂ?ar ring.to provide
advant ageous efiengble. to wimpified mpnfactrapadeapablg ol siicignt TsXble R 8at ed, with
virtually no | oss or deleterious transfornmer interference effects in the

el ect romagnet @aretrisas. dothearaeibulsr vthigle dove enviroemontditiehighly dygirable

i nprovenents in torque characteristics and efficiency are attainable with

the 15 struct upewah iRt StichioRs: LRRRRPEGaRPhilehabtainihy b biptr
i nprovenents remain as an objective. 03/ 085806 PCT/ US02/ 09622 5

Di scl osure .Of ’E[ p uelo iéo%%é %Bﬂ%_}(/hﬁ éﬁ%ﬁﬁgﬂﬁ)oh&y&%&ﬁ%ﬁnwsfukﬁh%eﬁiﬂg motor ]
above- descri bed hee And provi des urther advantages. A rotary electric
not or conprises.rotor, and stator nenbers . each .canf.igured. ar rings
and concent ri cOHyGHOR 8%‘?%%“%8’??“6’?ﬁ%aflygc%?ﬁ%@ﬁ%'atﬂg%?|%csinoggs r op’gjfﬂi on.
Either of the rotor or stator nenbers is fornmed of. )

components for replacement of parts at a minimum of inconvenience. The

copending related U.S. application incorporates electromagnet poles as
10  isolated magnetic structures configured in a thin annular ring to provide
advantageous effects. With this arrangement, flux can be concentrated, with
virtually no loss or deleterious transformer intérference effects in the
electromagnet cores, as compared with prior art embodiments. While
improvements in torque characteristics and efficiency are attainable with the
15  structure of the identified copending application, further improvements remain

as an objective.



groups of el ectromagnet pole pairs, the groups substantially equidistantly
di stributed al ong the angul ar extent of the annular ring, each of the
groups cwgsiessseg magnetic material magnetical |y isol at ececandsozepae at ed
fromthe other groups. The other nmenber conprises a plurality of groups of
per manent 10 magnet pol es substantially &quidistantly distributed with
alternating magnetic polarity along the angular extent of the radial air

gap formed bet pRelstifeof theldehton The groups of permanent magnet pol es each
conprise a cormmon nmagnetic return path that is separate and magnetically

| sol ated from ad] aCefl o0 RARTY ARARG. BBl EqEARMeIlmRAbAao! cach

group of el ectronagnet e pairs are wound, the w ndings together being

switchably enefgized for drivin | ectronotive.interacti on between the
stator and rot%&@e @#mgﬁ'@V@ﬁ“gﬁﬁﬁ%ﬁﬁm%?r%%mggfsf zﬁgF%$§V3mB 77, are
provi ded for each el ectromagnet group. The poles of each pole pair are
opposi t el y wouprghcenpeused arcarmias singbantbsonseibe wathgespeet tojcach other As
described in the rel ated copendi ng application, isolation of the

el ect romagriet gvomt pis axie pfitdtatiann Aithiedoffthe catncerstatat memberk if fouxed nf t he
magnetic cores of the groups, with virtually no flux | oss or deleterious

transformer i plbapd 6 @eRnficheGiote Mitshthetdh@ips shiggintiarpeqatisigipers.
Operati onal advantages can be gained by configuring a single pole pair as

i sol ated 25 ﬁﬁ%ﬁ T0To N [ A J i h
?zdziﬁdﬁaﬁ polgﬁﬁéﬁi&#%C) a%%%ugggggggﬁ#?ﬁgg%%gg%%%%ﬁgw%?ﬁggp%oﬁe gr oups

i m nat fl tr. f ] ffect . dj t wh th
ener gi zat 1 on of BRI bRESENCmalpH gRctily ettt Frgeed A agai i onal

poles within the group elim nates precludes any such effects within
other groups. The other member comprises a plurality of groups of permanent

10  magnet poles substantially equidistantly distributed with alternating magnetic
polarity along the angular extent of the radial air gap formed between the
members. The groups of permanent magnet poles each comprise a common
magnetic return path that is separate and magnetically isolated from adjacent
permanent magnet pole groups. The poles of each group of electromagnet

15  pole pairs are wound, the windings together being switchably energized for
driving electromotive interaction between the stator and rotor. Thus, an even
number of poles, two per pole pair, are provided for each electromagnet group.

The poles of each pole pair are oppositely wound to provide opposite
north/south polarities.

20 As described in the related copending application, isolation of the
electromagnet groups permits individual concentration of flux in the magnetic
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

25  electromagnet group. Magnetic path isolation of the individual pole pair from



a group. 5 By appropriately timng the switched w nding energi zation for
each of the pole pair groups, devel opnent of snooth el ectronotive force

t hr oughouwo d@3rssseet or is attai ned. A precise opti mum phasecamdsosegizence for
timed switching of particular pole pair groups is dependent upon the _
particular structural configuration of6el ectromagnetic pol es, permanent
magnet poles, 10 spacing anong various poles and ot her structural

interrel ati ongikpsoe gﬂﬁBs g a1afsnatxaPaneformbee iRt biuialjao@d giotpt ching
sequence for a specific notor configuration, inplenentation of a sw tching

schene can be de dependent on.,relati Ll b otor and
stator. Sw thggﬂbﬁ’ﬁsF?g{%Z &P Sﬂ%&pg le a;ﬂ&in@%iﬁ\%%@gg.o%?ﬁ or

el ectronic activation in response to_signals 15 . generated. by a.position
sensor. A wi dadditipnadpgleswithi thygreupdigupies B “6\% Yy SH%ﬁﬁe‘%{%W{tﬁl@ art
including, nerely by way of exanple, reed swtch sensors, capacitive
sensors, hall agfdupct sensors, optical sensors, and pulse wire sensors.

M croprocessor controlled electronic switching affords precisely adjustable
speed in aslight WeyGlbroptiatett tikhing tbhivechediindiag poaiizaton fersinef neans are
20 well known in the art, any of which rmaybe enpl oyed to generate such

signals, -t e s fuifaloB0l¥aoHAS BECRob@UIL bohge Riret girdlzhou The

resol ver out put “can e use y an encoder to encode signals for
application tg a mcrocontraqller. or .m croproc goatrol circuit.
The enbodi menf HPof F‘f'ea?ﬁflﬁ’ge pﬁeﬂé%?ﬁtf%wnﬁ’?%% aglgssg‘i‘%e?‘g%?u {*ohal 25
advant ages. The propul sion system conprises as_nmain eruc ural

RO Bﬁﬁ%‘ﬁ}é}tﬁ subsyst em

const it uent s, SWirliag 08BaUEuIPOMeBED L9yBS depengeniy:
per mmnent magnet clusters and encl osi ng back
structural configuration of electromagnetic poles, permanent magnet poles,

10  spacing among various poles and other structural interrelationships. Upon
determination of the optimum timed switching sequence for a specific motor
configuration, implementation of a switching scheme can be made dependent
upon relative position between rotor and stator. Switching may be performed
by a mechanical commutator or electronic activation in response to signals

15  generated by a position sensor. A wide variety of suitable sensors are well
known in the art including, merely by way of example, reed switch sensors,
capacitive sensors, hall effect sensors, optical sensors, and pulse wire sensors.
Microprocessor controlled electronic switching affords precisely adjustable
speed in a light weight structure. While various position sensing means are

20  well known in the art, any of which may be employed to generate such signals,
the use of a resolver has been found to be preferable. The resolver output can
then be used by an encoder to encode signals for application to a
microcontroller or microprocessor based control circuit.

The embodiments of the present invention provide yet additional

25  advantages. The propulsion system comprises as main structural constituents,



iron ring sections for the permanent magnet clusters. The permanent nmagnets
and the ring portions formthe rotor part of the notor, the pernmanent
magnets @ o3gsposi ti oned i nside the back iron ring secti aca/ud2Penanet ers
of interest in the rotor are the grade of the magnet, the energy density
and the overall nmagnetic characteristic% of the nmagnet grade, the size and
t he di nensi ons of the magnet that can adjust the permanence and the

overal | operaf] Qg aRtbnkt QB sRtent HRIRENE maphd Rlusters Snddaiclosiis bable rotor, the
tenperature s%ﬂaﬂi?l ty of thgﬁmag%t, t he flwrilk?shi ng, coating and post

processing 10, st ﬁggtseté l((’?lf? f%%”ﬁaﬁ@#éﬁ%Wgﬁ?tscg{‘%tégﬁeE@%?&%ﬁeﬁt%@% i nt ended

appl i cation, Ffe nagn the curvilinear

surface of the magnet, wuniform ty of the_.radial polarisatio t he
magnet, the adjhbernspepimelomeine YP%P%BB&SP%(’%%@??&?H&?W@IH%%@ i cal
features of the edges of the magnets, and the return flux path of the
magnet as pr obéidgdositiondddnsidetheibadnirpn ngg secdiondn. 15 The back iron ring
sections are predom nately a soft nagnetic nedium They can be

manuf act urgd by vaph@utdreshiniesesein the esocastthe gradpatthedagsetnther ed or
powdered materials as well as ferromagnetic soft nagnetic |am nated silicon

steel s. For Oefééﬁgyhelﬁﬁ LAY iRYyvetdienRafelic bhRictsreiet df thevaghctirade,

perneability nd saturation flux density level preferably around 2.5 T. 20
|02 SO ool on 10 ADED RS RRGRY, ARANGAS RALKL ety | nuovs
el ect romagnet tsed] onsriBgPP BT ahieamet whetot SORE! FLIBLERY BT i ng”
experiences full magnetic flux saturation at the regions behind, the regions
25 wher e t her ¢erapezatactj sslity of #psmbgtehdbnfinidbingsepatng and post ROCESSHE i s
exam ned WD 03/ 085806 PCT/ US02/ 09622
10 steps taken in manufacturing of the magnets for the intended application, the
stability of the magnetisation over the curvilinear surface of the magnet,
uniformity of the radial polarisation 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 the back iron ring section.
15  The back iron ring sections are predominately a soft magnetic medium. They
can be manufactured by various techniques from cast, compacted, sintered or
powdered materials as well as ferromagnetic soft magnetic laminated silicon
steels. For optimal operation, the back iron should have a high permeability
and saturation flux density level preferably around 2.5 T.
20 In a configuration in which permanent magnets are fixed to a
continuous back iron ring, such as in the above described copending
application (Atty. Docket No. 57357-015), with no excitation applied to any of
the electromagnet phases, an equilibrium exists. The continuous iron ring

experiences full magnetic flux saturation at the regions behind the regions

25  where there are adjacent gaps between two magnets. If the ring is examined



8 carefully, this flux saturation pattern is repeated within the bul k of
the ring. The saturation flux density can be within 2.0 to 2.3 T. The

di mensi onwanab/osksee mat eri al grade of the iron ring can be raadidozees2en or der
to reduce saturation intensity. Under no el ectromagnet excitation the flux
distribution pattern in 5 the back iron&ing is stable (not nodul ated),

al t hough subtle nom nal variations could exist as there maybe sone
negligible Varéaﬂetfﬁmf}%mé Auk BRuRREH §XitaHe iSich¥ated/ Rlthiashe bulkad themhgnet
positioned in the subassenbly. However, during the excitation cycles of a
gi ven phase of..the

f : ' entj aly i f : bui | d
0. bot mean_ t hesoraERioR uCadBaN e e E 2,41t e eGensideadsné 0 bui

romagnet and the 10 correspondi ng coupling

per manent magnet. This potential, differential .tends to. al e flux
pattern in thenderslgaplsrrfithyreRghe ™ ‘?%’%1851#%6&% ?\rQiS]f totrﬁ%ucr?aséﬁéattfog As this
effect is localized, only the correspondi ng segnent. of the back. iron path
woul d exper i engtensitys Ubtdes np sthetroinegnat gxqitaeion Hicahsy distrigptien piteEh Iy at i on.
Since the excitation current is nodul ated under a specific PW schene, the
15 reducti @n ithe bl itdi Biigistsyabld (nohmodualhiedp althonghoubte nemalvartaiens ane
nodul ation pattern as the excitation. However, this variation is frequency

dependent and .81 B5EQRQLORAY bk Qome YiBEIRlibIK S ¥ridtask M fie chergyldendityequency of
t he switching Cg?ﬁde%{éﬁ pllglése g t(r)le fugn anental frequency of the PWM schene

and 3. the changin el.ectrical .dutwv.cucl : se effects
contribute to ‘feﬁ‘éesg’(gemﬁ%‘be i 1%1}]%1@4%6 S%Pgsgén&a igﬁov‘én }’r(rloafjlﬁ%g{%i on of
strong eddy currents in_ the iron_path and hence a %ki n ef.ffcg%fw'%ehi n the
bul k of the i rewitaiigncycleselde sivambase AR Mer4agrReisPOFLlat U 8%nhd t he
path of the back iron and hence upset the equilibriumof other segnents
and hence caustendstodmilddpltetzednrihe peles efitbe elsciromagnet pehih of ot her phases.
The nost domi nant effect is the

10  corresponding coupling permanent magnet. This potential differential tends to

alter the flux pattern in the corresponding segment return path of the magnet.
As this effect is localized, only the corresponding segment of the back iron
path would experience a subtle reduction in the intensity of flux saturation.
Since the excitation current is modulated under a specific PWM scheme, the

15  reduction in the intensity of the saturation would undergo the same modulation
pattern as the excitation. However, this variation is frequency dependent and
is proportional to several key factors: 1. the frequency of the switching of each
phase 2. the fundamental frequency of the PWM scheme and 3. the changing
electrical duty cycle per phase. All of these effects contribute to the

20  development and the propagation and modulation of strong eddy currents in
the iron path and hence a skin effect within the bulk of the iron ring. These
eddy currents tend to propagate around the path of the back iron and hence
upset the equilibrium of other segments and hence cause unwanted lags in the
excitation currents of other phases. The most dominant effect is the

25  eddy current losses which are caused in the bulk of the iron path. The



25 eddy current | osses which are caused in the bulk of the iron path. The
WO 03/ 085806 PCT/ US02/ 09622 9 intensity of this eddy current | oss can be
m t i gat edwoyosiosssoeasi ng t he inherent el ectrical resistivirgr/ge/oseeduci ng
the electrical conductivity of the material), or by changing the grade and
the geonetry or the placenent of the back iron path, or by inducing
barriers to the flow of the eddy 5 currents. If the | osses are predom nant,
one met hod of reigawiymf thisedédeyrent inss emt lse mitigatbddy ihareasieg klgari nat ed st eel
construction. However, as the iron ring is shared by all of the magnets,

this alone ny nafierenteldeaionl Reidtieins(dr h@luchicald e8ttribalehidioityef the present
invention is to divide each back iron into 10 segnents (proportional to

the pitch of a | ; t i i Lr.gap
bet ween the back s renad ot hinSHe fhe e dlahe socndl, S U HERm A b6t Pougn
this may reduc ffective, fl |ink between_the two  adjacent magnets
of different cﬁ%‘:}s?%}(gm(né)ﬁ ’Pﬁbifﬂmcﬁnﬁbﬁﬁberw&ﬁ%ﬂﬁ‘éﬁﬂfﬂ?er?ﬂﬁiyri ng), it

i sol at es thg ef fects tPe eddy current along its propagation path. The 15
ori entati on”of HHEYE gfjéb% OS#FS PFfePIsdRIRINARp AnenEthed of Tegiucing thoeddohi eve t he
desired operation of the design. Wth the additional isolation of

per manent magne&trets would td toxusé laphidsted steelmohbingtiah oHoarder! ad the ilvanponent s
are thus concentrated and focussed at the air gap for optinmum

el ectronotive irinpés drirddoby alSoicie hidREEGhis Abre nPRdtlehfrPhddress 9 ef fective
when the nunber of poles in each of the el ectromagnet and per manent nagnet

groups is the Sy The maxi mum nunber of groups can be realized by
enpl oying two poles in each group. Interaction between single

A solution of the present invention is to divide each back iron into

10 segments (proportional to the pitch of a magnet cluster) such that there is a
physical air gap between the back iron segments of two adjacent magnet
clusters. Although this may reduce the effective flux link between the two
adjacent magnets of different clusters (and in turn in the whole back iron ring),
it isolates the effects of the eddy current along its propagation path. The

15 orientation of these gaps in the back iron are configured to achieve the desired
operation of the design.

With the additional isolation of permanent magnet groups, flux fields
of both stator and rotor components are thus concentrated and focussed at the
air gap for optimum electromotive interaction. Such interaction is particularly

20 effective when the number of poles in each of the electromagnet and
permanent magnet groups is the same. The maximum number of groups can
be realized by employing two poles in each group. Interaction between single
isolated pole pairs of the electromagnet member and permanent magnet

member for all groups along the air gap contributes to high torque capability



i sol ated pole pairs of the el ectromagnet nenber and permanent nagnet nenber
for all groups along the air gap contributes to high torque capability WO
03/ 085806WeB/08IB0OR2/ 09622 10 with efficient operation. Sudcteffozoiency
coupled with Iight weight electronicallr swi t ched wi ndi ng energi zation
significantly extends battery life. Wil@ the present invention has useful
applicability in various notor drive applications, it is advantageously
suitabl e for awriiGe¢ientchpieetionn Swbh efficteney cipiat with lightsisiglet ur ed t o
surround the stator, the rotor being secured to a housing for direct
attachnment to aleviebricdlly stieBbd wikiEn2eiast el 8fifiéahtll @ bikersHRSt ant i al
radi al distance fromthe axis of rotation. The rotor housing 1s journalled
for rotation about L : : i .rotation through
bearings. In an enbggﬁkgﬁ%Bﬁﬁ&ﬁﬁﬁgﬁh%ﬁgéﬁ%%gg%@Qﬁﬁgﬁ%%grﬁgFWﬁﬁgﬁﬁ nmagnet s,
10 a large nu r_of ~groups. of permanent nmagnets can. be substantially
evenly distr Fgﬁ ee%)péll %tﬁodgtﬁés ﬁﬁ'ﬁﬁﬁaﬁ?wﬁfyﬁb‘}tg‘g? %‘?rﬁe‘ffhl e driys ingvigeh the
nonmagnetic_material such as alumi num As a programed m croprocessor has
the capabi |1 t yTUer is gEneinzedite surssunddhestgtonithhroteneing secwied ¢ hqusignal s, a
wi de vehicle speed and torque range is avail able w thout need for

transm ssi on g&adirseti dttathigent The véhiclprwheps The s@pBr adter Bllagtatamagnet s form a
relatively thin annular stator ring that is spaced fromthe axis of

rotation by a sitdiatialdbgiaBdis@ncaMib:s thd56s 6f RM¥n! The §&B§ﬁ&1ﬁ§ﬂ§%' y greater
than the radi al di nension between i nner and outer dianeter boundari es of

Secured fo pl ara e SR PR BTN PR RPRe SuafOER 20 shar .
form i S0l at ed WaGREL ko B PIEETREY IF SFHUIOF Fo'd CHT S PETEPOR TMENCHAS. boen
found 10 alarge number of groups of permanent magnets can be substantially evenly
distributed along the annular ring, affixed to a ring of nonmagnetic material
such as aluminum. As a programmed microprocessor has the capability of
generating extremely high rate of switching signals, a wide vehicle speed and
torque range is available without need for transmission gear shifting. The
15 groups of separate electromagnets form a relatively thin annular stator ring that
is spaced from the axis of rotation by a radial distance, which preferably is
substantially greater than the radial dimension between inner and outer
diameter boundaries of the stator ring. The separated groups of electromagnets
are removably secured to plate members that are also affixed to the stationary
20  shaft. The configuration of the present invention, wherein electromagnet poles
form isolated magnetic structures formed in a thin annular ring, has been found
to provide further advantageous effects. With this arrangement, flux can be

concentrated, with virtually no loss or deleterious transformer interference

effects, at the radial air gap for optimum interaction with the permanent



to provide further advantageous effects. Wth this arrangenent, flux can be
concentrated, with virtually no | oss or del eterious transforner

i nt er f er emweos/osffoects, at the radial air gap for optinum irdrersEehHdan with

t he permanent WO 03/ 085806 PCT/ US02/ 09622 11 magnet rotor. As a result,
extremely high torque is available with &lhigh efficiency that
significantly extends battery life. The stator structure of the present

i nvention provintkgsctotaddista resdt, ex@chelphidaotquetidatailableasith 4 BigAnd

repl acenent of an individual stator group is 5 facilitated. Thus, if a

particul ar st atfficichdhadigiRupy Bovhd haegRedamaged, for exanple by a
fault in the pole structure or w nding, thé iIndividual stator group can be

repl aced without re i ing the.entj.re stafor unit.. As a
rel ated advantage, {@%ﬁ%gor%@éﬁféo%ﬁhe?Wg?n%ﬂ%vgng?ngw éénﬁgéfgg?alof singl e
pole pair statqr grou and rotor grqQups permts the notor to continue to
operate in 10 ég‘éaé’?arggflgil%%ﬁ‘feﬁsaﬁ’?ﬁé@ replagement of apipdivadnahstater srupdiragnet pol e
group energization fails. A further advantage of the present invention is
that, to a ?ar &siléricdntThus,4f apaticulatistator winding grofipsloudd hesosicatusagad]

spaci ngs between poles are relatively independent of each other. A tined

swi t ched ener gifaxamplesiyhefmltdatheqpld o bawikihd, thdiadRpbvanitged for a
particul ar structural configuration. In the preferred vehicle drive

embodi nment,  desgiubRafl baBgoed INtHOHUFr Igr?épalgéi?% g‘{e egrg{ée()%%& {érgb ugdlized.

The stator poles have pole faces at the stantially

subst ant | a1y Siard AR R T BRtrer atireh B Shr GapeiGhiiEn i s 20
different fromthe stator pole face dinension. The angul ar di stance between
pair stator groups and rotor groups permits the motor to continue to operate in
10 asatisfactory manner even if a particular electromagnet pole group
energization fails.
A further advantage of the present invention is that, to a large extent,
stator and rotor pole face dimensions and spacings between poles are relatively
independent of each other. A timed switched energization scheme can be
15 programmed to be optimized for a particular structural configuration. In the
preferred vehicle drive embodiment, described above, an odd number of stator
groups is utilized. The stator poles have pole faces at the air gap that are of
substantially uniform angular extent. The permanent magnet rotor pole faces
are of substantially equal angular dimensional extent at the air gap, which is
20  different from the stator pole face dimension. The angular distance between
the centers of the pole faces within each statof group is substantially uniform
throughout the periphery of the stator and differs from the angular distance
between the centers of the stator pole faces of adjacent groups. The angular

distance between the centers of the pole faces of each stator group also is

25  different from the angular distance between the centers of adjacent permanent



the centers of the pole faces wthin each stator group is substantially

uni form throughout the periphery of the stator and differs fromthe

angul ar dwsx @rnssso6 bet ween the centers of the stator pol e frad@ssoeNI@e] acent
groups. The angul ar distance between the centers of the pole faces of each
stator group also is 25 different fromtle angul ar distance between the
centers of adjacent permanent WO 03/ 085806 PCT/ US02/ 09622 12 magnet poles
of the rotor. wageetipolased theadjec &aps bitakar adjadent §tatoepoleifides vigatehchgr oup
are substantially equal for all groups and different from gaps between

adj acent st at oprogp aupsubsthifallyoiqRkl BLAIE gfRBE SnPlier-REPALAL £F)s BHstANt i al Iy
uni formy by gaps, both within and between groups, the gaps between

B e o no Mol alof GREPRY PHETAN NIPELAILELER NSRRI, 9205

bet ween adj acent stator ace within or g I tional

advant ages of nt _invent.i.on wll becone readily apparent to those
skilled in thi é‘ggﬁrg{lfﬁgﬁ%shgmﬁaﬁ‘%?%b%% grapps Escsapp betyisen adipesnti n onl y
the preferred enbodi nent of the invention is shown and described, 10 sinply
by way of i | YRS ReeTprefrabhebeingdiderans foanibl gepsbatfearadiadenty out t he
invention. As will be realized, the invention is capable of other and
different enb¥donpoledaceamithin hstateespl. det ail s are capabl e of

nodi fications in various obvious respects, all wthout departing fromthe

i nvention. Accordi ngligitiohdQdvAhEpes Hife ﬁ%%n@ﬁ%ﬁﬁﬂ&ﬂ%eéélﬁe@dﬁéf regarded as
S

illustrative in nature, and not as 15 restrictive. Brie i ption of

or o g, The. MiERaRAto dWE RN Bidoke M BRUSH Y WSl qRkaprRe, and mol. o

way of limtation, 1n the firgures of € acco %> and in which

i ke . -
wherein only the preferred embodiment of the invention is shown and described,

10 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
embodiments, and its several details are capable of modifications in various
obvious respects, all without departing from the invention. Accordingly, the

drawings and description are to be regarded as illustrative in nature, and not as

15  restrictive.

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
20  reference numerals refer to similar elements and in which:

Fig. 1 is a plan diagram of a stator and rotor layout of a preferred

embodiment of the motor of the present invention.

Fig. 2 is three dimensional perspective diagram of the stator and rotor

pole structure of the embodiment of Fig. 1.

25 Fig. 3 is a partial detailed sectional diagram illustrating the motor



20 reference nunerals refer to simlar elenents and in which: Fig. 1 is a
pl an di agram of a stator and rotor |ayout of a preferred enbodinent of the
not or of wWwaoeosmssm®ent i nvention. Fig. 2 is three di nensi on@CTpesogpeti ve

di agram of the stator and rotor pole structure of the enbodi nent of Fig.

1. 25 Fig. 3 is a partial detailed sectii®dnal diagramillustrating the notor
WO 03/ 085806 PCT/ US02/ 09622 13 structure of the invention, particularly
suitable for i v vehi i S inddd en@koded vi ew of
t he not or str&%tﬁtcjﬂrl% gﬁ%ﬂﬁg%‘?‘%‘%’gﬁt%{‘?ﬁﬂ@%? goﬁhigenmldgﬂgﬁn%?% Fig. 5is a
per spective outsiﬂe vi ew of an assenbl ed wheel hub housing enclosing the
notor in accor"gﬁfﬁ e Wth the present invention. Fig. 6 is a block diagram
illustrative of a control systemfor driving the notor of the.present
invention. Fig. 7 iFgg-aflmaaﬁxaioga@&lﬁmft%e%@gvétm%@ Y"Brpa{tif@%‘f of a

anot her 10 enbodi ment of the notor of the present invention. Fig. 8 is a
schemati ¢ pl arsesticevindfig.ah al t ernati ve enbodi nent of the present invention
in which the rotor conprises separate el ectromagnet groups of pole pairs
whi ch surrgund vi a FEgl i Alerdetti @odutddeewrian asseadial whéd hob housitg Det ai | ed
Description of the Invention Fig. 1 is a plan diagramof a stator and rotor
Layout of 2 PrafRedne £ERAdh KRMadte k1S B BEerPlnyERforr esent [ nvent i on.
Rotor nmenmber 10 1s & annular ring structure having sixteen pernmanent

magnets 12 subst antﬁig.' é % a block diagram illustrative of a control system for driving the

motor of the present invention.
Fig. 7 is a plan diagram of a stator and rotor layout of a another
10  embodiment of the motor of the present invention.
Fig. 8 is a schematic plan view of an alternative embodiment of the
present invention in which the rotor comprises separate electromagnet groups

of pole pairs which surround via a radial air gap a permanent magnet stator.

15  Detailed Description of the Invention

Fig. 1 is a plan diagram of a stator and rotor layout of a preferred
embodiment of the motor of the present invention. Rotor member 10 is an
annular ring structure having sixteen permanent magnets 12 substantially
evenly distributed. The permanent magnets are divided into eight groups of

20  north/south pole pairs, the permanent magnets of each group joined by
magnetically permeable material 14 that serves as a magnetic return path
between the adjacent permanent magnetic poles 12. The permanent magnet
groups each form a magnetic circuit that is isolated from adjacent groups.
Cylindrical back plate 16, of non-magnetically permeable material such as

25  aluminum, joins the permanent magnet groups to form the annular ring. The



evenly distributed. The permanent nagnets are divided into eight groups of
20 north/south pole pairs, the permanent magnets of each group joined by
magnet i caiMoyo3psssoeabl e material 14 that serves as a nmagnetRaI/usskagqr2 pat h
bet ween the adj acent permanent nagnetic poles 12. The pernmanent nagnet
groups each forma magnetic circuit that4is isolated from adjacent groups.
Cylindrical back plate 16, of non-nagnetically perneable material such as
25 al um num | %ﬁ%' br PR Lt SRS AadREEPbRE @k Ting.
The WO 03/ 085@8 %@%%22% r]ﬁ per mar?ent 1rrrlxalgnéeI%%sEptfgl)re Pg?gdr& pol es t hat
alternate in nagneti. olarit | ong the |nner i.p annul ar
ring. The rot &SP gP@eg@lﬁ%m r?@?rm%,sm?lﬁgsraos agdr;ry%%%bésr@f or menbers

bei ng separated by a radial air gap. Stator_ 20 conprises_sev el enents or
groups of pol #ke @orendsiiergnembssnBeipg senared biag re!ShagrB‘E géi?eﬁFa{?or;%

i"stri buted
along the air gap. Each stator group conprises a generally u-shaped
magneti ¢ st r ucbmpas@bchavélagentsor poups 6 Hpdes Zoofami cahstrucgapthakach st at or
group structure is separate, and magnetically isolated, from adjacent

groups. The | egsewhilyt dstriBole8Sldaeho\EiH BEh. EAh syittrdirogscaitpristhe  wi ndi ngs of
each stator group are connected together so as to be 10 sinultaneously

act i vated when OUCRLESd Gnfntlc SAUSGE 8T GHER AL A1 Afks JFEmaindl ngS are

configured to nor south pofFarities to the poles of each

pol e pair, thereby form ng an el ectr.omagnet. Reversal ..of | ar of
ener gi zati on ﬁaf’eéf‘%h F1R0E PP SEctpyrds %F?g?’ial?dBlﬁgg?til(‘taiu&sogﬁe(?ﬁé)%ol e pair.
Appropriate timed switching of stator w nding energization along the radial
air 15 gap ef fadipcentereutsy J?ﬁ’@tlﬁ’g?é’fﬂtf’rll,(é“@éﬁé@&wWhthtvﬁﬂélﬁgh2$-nTlé? action of
magnetic forces between the stator and rotor across the air gap.

windings of each stator group are connected together so as to be

10  simultaneously activated when connected to a dc source of energization. The
windings are configured to provide opposite north/south polarities to the poles
of each pole pair, thereby forming an electromagnet. Reversal of polarity of
energization effects reversal of the magnetic polarities of the pole pair.
Appropriate timed switching of stator winding energization along the radial air

15  gap effects electromotive force generation through interaction of magnetic
forces between the stator and rotor across the air gap.

The rotor permanent magnet poles are all of uniform angular extent
along the air gap and separated from each other by angular gaps of uniform
extent. Thus, the gaps between poles of adjacent permanent magnet groups

20  are of the same dimension as the gaps between permanent magnet poles within
the groups. Subject to these uniformity relationships, the actual dimensions of
the rotor pole faces and gaps therebetween are variable and can be optimized
in accordance with application environment. It is to be understood that any
even number of rotor poles and groups may be employed, the arrangement

25  being shown in Fig. 1 simply for purposes of illustration. The stator pole faces



The rotor permanent magnet poles are all of uniformangular extent along
the air gap and separated from each other by angul ar gaps of uniform
extent. Twas)3/o8kse6 gaps bet ween pol es of adjacent per manentparagguenIge oups 20
are of the sanme dinension as the gaps between pernanent nagnet poles wthin
the groups. Subject to these uniformtyijel ationships, the actual

di mensions of the rotor pole faces and gaps therebetween are vari able and

can be optim L ARG ' W16 B b BIFFBAN UIROXRM thar thai S tO be
under stood tha e%lnd))/ evg%a%g%%)&%lﬁtp?%%gr %ol es and groups rrai/beaerrpl oyed,

t he arrangenent. 25 pei ng .sho in Fig. 1 sinmply for purposes of
illustration. #ﬂ@fg Oétaﬂgﬂﬁroﬁoﬁgfaﬁﬁ-es WD 03/ 085806 PCT/ US02/ 09622 15 are all
of uniform angul ar extent, preferably of a different _ di nensjon than that

of the rotor angul &ftatpoelemenfs 24 arg seeied dperpansr pRrellydesciibed i n a manner
nore fully described hereinafter, to non magnetically perneabl e support
structure, whéceinaftehdo nbn stagheiicaly pererviblefsupporhstrustine alherehyrige
configuration. The poles within each stator group are separated by radi al

gaps that are st foral dn a‘iﬁﬁla@fin?&&iﬂgﬁlratioﬁhﬂ‘}ﬁ)pbﬁﬂtwiﬂﬁn tdvhse gaps is
different fromthe spaci ng between poles of adjacent stator groups. The

stator pol e gans. A OLOUR SRS bPONA e EAG e hfibRl RRLILLAT &fips! OF Of

angul ar pol e gaps. e stator 10 annul ar” structure,

i.e., the distance between inner.and outer, di aneter i S ,sSubstantially

| ess than the eﬁ%@%ﬁ@@ﬁlﬁ%@r@gﬁﬁ@? %?F%ac@lg%rﬁgwﬂlipt%esé’ d the inner
diameter of the stator. This relatively narrow radial stator dinmension
provi des a f avndisgptstatererews é'ﬂlieéwt@fpoxq £8PS A BTVPSHRHNES 35¢ 63Che| ement
structure focussed at the air gap. By virtue of this configuration, and
t he absence ofdifferent from the rotor angular pole gaps. The radial extent of the stator

10  annular structure, i.e., the distance between inner and outer diameters, is
substantially less than the distance between the center axis of rotation and the
inner diameter of the stator. This relatively narrow radial stator dimension
provides a favorable concentration of flux within each stator element structure
focussed at the air gap. By virtue of this configuration, and the absence of

15  stray transformer flux effects from adjacent stator pole groups, high torque
output can be efficiently obtained.

The relatively independent dimensional relationships between the
stator and rotor poles permits flexibility in setting the number of poles and
dimensions. While an odd number of stator pole groups is preferred to enable

20  optimum performance, this number is by no means limited to seven, as shown
for purposes of illustration. Similarly, each stator pole group may comprise a
plurality of pole pairs sharing a common isolated magnetically permeable
structure, preferably with an even number of poles in each group. Inan
operational environment in which it is desirable to obtain fine control over a

25  wide speed range, a large number of stator and rotor poles can be



15 stray transformer flux effects from adjacent stator pole groups, high
torque output can be efficiently obtained. The relatively independent

di mensi onaO 03885806 onshi ps bet ween the stator and rotor p@E@EIUPNM2LS
flexibility in setting the nunber of poles and dinensions. Wile an odd
nunber of stator pole groups is preferrge to enable 20 opti num performance,
this nunber is by no neans limted to seven, as shown for purposes of

| LTustrati on. gl Atdd) sufRRRoRIRhOLoR BhP AL RMANITEY WidITRE Loifro Pl ural i ty
of pole pairs sharing a comm?u I sol ated nmagnetically perneable structure,

f bl ith an. f I ' , ti I
Grwi ronnent |1 EoRARRRS e Py surpab B B o RE Bl B0, " W e

speed range, a |arge nunber of stator and rotor poles can. be 03/ 085806
PCT/ US02/ 0962 2lsotwingmyst aseeriiegly. Alikaughihe ik RusBPELHVBEEYor di nat ed wit h
the control capabilities of control systemto be used, the nunber of

separ at e st at epedifioapsicatidrsotheanvaptioris efqmoiailargiyantzgephouihy f9re not or can
support a variety of specific applications, the invention is of particular

advant ageoys Urivind ¥ vdHidle, Syl itRomator ehtheh® is Whieee withihewiedloThst r uct ur e
is housed within a wheel. The <concentric rotor and stator nenbers in such

an environnent, Oﬁé Stk col%%rea%dgtagﬁlj.}ﬁemﬂ\gﬁgd TL{Ci’l M efdir Pstcantidd atiRdi al

di stance fromthé axis of r ion. arge rimdianeter provides anple

roomto accommpdate a | arge plurality of individual rotor a tat or pol es,
thus facili tat"i’l?f'ﬁ{ e 2 aow?vﬁaaﬁﬂ%irra%a#ﬁftawe f!f‘ﬁnéi‘eg%’ﬂszoﬁr 8%a§08-e?§%gaé $ve view
of a rotor and stator assenbly of the notor enbodinent of Fig. 1. The
annul ar r ot or ,timdeAmadermgovides aaple segm kaeseopmradaterslargepliraityor t s t he

per mmnent magnet groups, is enclosed by a ring housing
individual rotor and stator poles, thus facilitating flexibility of control.

10 Fig. 2 is a perspective view of a rotor and stator assembly of the motor
embodiment of Fig. 1. The annular rotor, including cylindrical back plate 16
that supports the permanent magnet groups, is enclosed by a ring housing
member 30, which may be formed of aluminum or other non magnetically
permeable material. Within this cylindrical rotor structure, the stator groups

15  are rigidly secured by two plates 32, only one of which is shown in the
drawing. Each plate 32 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 stationary shaft 34 and to be
affixed to a shaft member. Along the plate periphery, the plate is provided

20  with holes appropriately spaced to mate with corresponding through holes in
the stator elements. Each of the plates 32 is secured to the shaft 34 and spaced
from each other appropriately to be secured to, and to sandwich, the pole
structures 24 of the stator elements at each axial side thereof via the mating
holes. The plates can be selectably removable to facilitate access and

25  replacement of an individual stator element that may become damaged or in



menber 30, which may be fornmed of alum numor other non nmagnetically
pernmeable material. Wthin this cylindrical rotor structure, the stator
groups lowar®/mssswsdl y secured by two plates 32, only one afCTwsoek9d2s shown
in the drawing. Each plate 32 is of a rigid circular configuration having
an outer dianeter and a circular cutouf7portion at its center that forns
an inner dianeter. The inner dianeter is sized to fit stationary shaft 34

and to be aff.eé@?ﬁ]lteﬁai?, Witk r _ﬁlrenti HiROehiibenR! AkRafesfthbehtr the plate
is provided 20 w ol’es appropriately spaced to mate with correspondi ng

t hrough holes in he stator .el eqents,. Each of fh | . h.S: ured to
the shaft 34 zf;lﬁﬁn?%%??él}e IF?‘%HP%&%%“%?R& S gﬁtgf ?/tta fé?) 1sgérega;t18'§§gd to,
and to sandwi ch, the pole structures 24 of the stator elenents at each
axi al side thetBple matigr phisseripg a§parg stafy eleppat gl tie ARPTERHREMaBR ect abl y
renovable to facilitate access and 25 replacenment of an individual stator
el ement that mayitiosbeivesed dinepletds end conne@i3he 8580 ROVINISE/ 09622 17 need
of repair, w thout replacenent of the entire unit. As each of the stator

el enents can be nadgg I HOHRMERARE SectivhilrtigRtan¢lusvhtihftheshatbor is a
relatively sinple matter of inserting a spare stator elenent at the

appr opri at e )i BOBILLARAIELHSE Tl D CRGH BRILG ORIRRE I ged e oo of

t he wi ndi ngs a nore detal seétional diagramillustrating

the motor stryucture qf this enbodi pent .of the inventi.gn ariichylarly
suitable for RER V%’r“?]@iwr]i’ﬁelao &é‘rﬁ“&e %e’@f’%&ycgang’a@fl&%gﬁ? gf,{e'?r'gl?eor cycl e,
bicycle, or the |ike. The stationary shaft 34, plates 32, stator
structures 24 aigneiyriipiigd, pates 32.sstaphimichees 24 3 WoAmgs 2R20, to which

annul ar rotor backplate 14 and 10 permanent magnets 12 are attached.
Housi ng 40 i s dontainedlwitdn houdihge 46, Hafsthidnannular rotor backplate 14 and

10  permanent magnets 12 are attached. Housing 40 is journalled to the shaft on
each side of plates 32 through bushings 36 and bearings 38. Thus housing 40
forms side portions of a vehicle wheel that rotates, as driven through the rotor,
about shaft 34. The ring housing member 30 is rigidly attached to housing 40
and the rotor, and functions as a rim for fitting a vehicle tire. Fig. 4 is an

15  exploded view of the motor structure of Fig. 3, while Fig. 5 is a three
dimensional perspective outside view of the assembled wheel hub portion.
Connector portions 42 are provided to illustrate use of the motor in a bicycle
type environment each of connector portions 42 can be affixed to a respective
portion of a bicycle fork. The drawing figures also exemplify the use of

20  various standard washer, nut and bolt elements for assembling various
elements. It is to be understood that any appropriate means well known in the
art can be used for assembly of the various elements.

Fig. 6 is a block diagram illustrative of a control system for driving the
motor of the invention of the embodiment of Fig. 1. Energizing current for the

25  individual stator electromagnet windings 20 is provided by battery supply



each side of plates 32 through bushings 36 and bearings 38. Thus housi ng 40
fornms side portions of a vehicle wheel that rotates, as driven through the
rotor, abwuis/skmbt 34. The ring housing nmenber 30 is rigiryusstosched to
housing 40 and the rotor, and functions as a rimfor fitting a vehicle
tire. Fig. 4 is an 15 expl oded view of tRe notor structure of Fig. 3, while
Fig. 5i1s a three dinensional perspective outside view of the assenbl ed

wheel hub portjon, SOC%q{fmt%glgl? Ewﬂa{etdieﬁ%izéﬁo@Bﬁthg%%Ydr%ﬁdﬁl%s tidtestrate use of

[
the nmotor in 5Og¥bycle e environnent eac connector portions 42 can
be affixed to.a respective ortion of bi cycle fork. Th awi ng figures
al so exenpl i fym&’if‘én%’é?&{‘&ﬁngzﬁ \9@1#‘?‘8%%@%@%0%%?{ arﬁa&]lggrggﬂ, bolt el ements
for assenbling various elenents. It is to be understood g@gt an
appropri at e nmesevsrows Switchireiichits have bspeme sommenplaesiandproxide 8 Tof the
various elements. Fig. 6 is a block diagramillustrative of a control

system for dricshtigl ddventapet dt isqirefeiablel thesafttepto conned statoriyandingn20 % Fig. 1.
Energi zing current for the 25 individual stator el ectromagnet w ndings 20

i s provided byhBaktsy ﬁﬁ&igﬂ%&tcmfgQ?réﬁ%@%ﬁ@ﬁﬁ&&@&ﬁﬂ%ﬂﬁy cdBpssur ce 50.

Al t hough swi tched energi zation of the stator w ndings can be inplenented

using a well k nomv/\r/]erlrggrfo%néo%ﬁjlollg@ B@Eﬂg&}o?ﬁl é"’léc{tf’o@lgce&?dﬁﬁt’capﬁlg 6F supplynsW t chi ng

circuits have PEco comonplace and provi de superior ~control “advant ages.
It is preferable, therefore, to_ connect. stator .wi ndin 20.to 5 battery 50
t hrough swi tcmaﬁrﬁrycq%gﬂ%ﬂoﬁzﬁwmaﬁgﬂ? H@la’c?fﬁ MY1W%Q%H83§E:C ¥ise any well
known controlled bidirectional electronic circuit capable of supplying
battery ener giwadings, unshgi eerizohp&cantrofer 3-i €gntrqlier s PErieRPY COBPFIRE drot or

wi ndi ngs, under control of controller 54. Controller 54 preferably
conprises a  microcontroller, microprocessor or the like that can be programmed to apply

10  appropriately timed control signals to switching circuit 52 in accordance with
feedback signals generated in response to the relative movement between
stator and rotor. Various position sensors are known in the art that are capable
of producing motor feedback signals for utilization by the controller. Resolver
56 is coupled to rotate with rotor 10 and generates signals indicative of rotor

15  angular position. These signals are encoded by encoder 58 appropriately for
use by the controller. The controller can be programmed to output optimally
timed control signals to be matched with the received encoder signals, based
on the specific dimensional configuration of the stator elements.
Programming can thus take into account the number of stator and rotor poles,

20  the number of stator groupings, the dimensions of the stator and rotor poles
and the dimensions of the various gaps in the motor structure. It has been
found that the superior motor torque and speed characteristics obtained from
the above described structure operating in the optimally programmed
controlled electronic switched mode enables satisfactory operation even if one

25  or more individual stator element groups cannot function. Thus a vehicle in



m crocontrol l er, mcroprocessor or the like that can be programred to apply
10 appropriately timed control signals to switching circuit 52 in

accor dancewom3tosssob eedback signals generated in response tediesozedari ve
novenent between stator and rotor. Various position sensors are known in
the art that are capable of producing motor feedback signals for
utilization by the controller. Resolver 56 is coupled to rotate with rotor

10 and ge”efats%%g%i Q@ﬁét%née h eatie 19he hedamtil Budhne &Y it ROGnvedent These
signals are enco eé y encoder 58 appropriately for wuse by the controller.

The controller,_ can be programmed to output optimally timed control signals
to be matched ®i* @a?fhaegt?té’ga%{}lg g%aﬁgoder signals, based on the specific

di mensi onal configuration of the stajor elenents. Pr anmi can thus take
into account the nuliSer 193 Plah g38FamyA a?tBTtOBF“r{g’Eﬂt%rslﬁyo“gg%?ﬁlé(’tﬁ%rrber of stator
groupi ngs, the dinmensions of the stator and rotor poles and the dinensions
of the vari ouserybglmient aflthe motayof Sterpresent imventionh Foupeiater sfavpnd2 £9at t he
superior nmotor torque and speed characteristics obtained from the above

described sr U@dcﬁrsgad?ﬁery&bhﬂ@l ofisdlined apighetidally ppmogbkmaerial@drio fahd ed
el ectronic switched node enabl es satisfactory operation even if one 25 or

more i ndi vi duak, SLaLel palL RS MR EINAN fHAEkI Az vehicle in VO

03/ 085806 PCT/ 2 19 such circunstance can conti nue to be used

il h ti it i i . I . Fig.
715 a pl an o SeacarS ALY B Sl TP 6T Rt BB EROL PO ont ©

of the notor of the present invention. Four stator roug{zﬁftZﬁ%a{e ? each
separatel y for PEEapentimansise Eapkh gioup cerpns Iy meramIcat magsts i aB%ed o form
four salient poles 26 having w ndings thereon when energized to form

in successively alternating magnetic polarity to magnetically permeable

10  material 14. The magnetic path of each rotor group is isolated from adjoining
rotor groups. In this embodiment, both rotor and stator comprise four groups
of poles for a total of sixteen poles. This arrangement is thus contrasted with
the embodiment of Fig. 1, wherein an odd number of stator groups and an even
number of rotor groups are configured. In addition, in Fig. 7 the spacing

15  between poles of adjacent stator groups is of a more similar dimension to the
spacing between adjacent poles within a stator group than is the case in Fig. 1.

These differences are variables that are adjusted to conform to the expected
requirements of the particular environment to which the motor is to be applied.
The motor of Fig. 7 may be structurally incorporated within a vehicle wheel in

20  the manner illustrated in Figs. 2-5.

Fig. 8 is a schematic plan view of an embodiment in which the rotor
comprises separate electromagnet groups of pole pairs which surround via a
radial air gap a permanent magnet stator having a discontinuous magnetic path

to form isolated groups of poles. This embodiment otherwise is structurally



magneti c poles of alternating polarity. The rotor conprises four groups of
per manent nmagnets. Each group contains four permanent magnets 12 affi xed

i n succeswiovslogssabt er nati ng magnetic polarity to nagneti cadiyupenymeabl e 10
material 14. The magnetic path of each rotor group is isolated from
adjoining rotor groups. In this enbodingent, both rotor and stator conprise
four groups of poles for a total of sixteen poles. This arrangenent is

thus contrast ea%d%&ion&l@ﬁth%%%ﬁgggﬁ% ofl?lﬁig.ﬁ nd ﬂla%'ﬁ@ %@nﬁaﬁ? _efﬂggdig&'[ﬂ)er of

stator groups ‘and an ev o) groups are configured. In

addition, in Fig..7 the spacin 5 hetween | e f ] nt stator groups
is of a nore sa}Ygﬁhlli‘? W%Pﬂ?ﬁg’ir%'ﬁg?% 1 m%ﬁﬁﬁﬁ&“%@?%%%g%ﬁacent pol es
within a stator group than is the case in Fig. . 1. Thesfe differences are
variabl es that are Bdhigédiselesure thesmis shown and drscibedoabaye eFfE‘aui rements of the
particul ar environnent to which the notor is to be applied. The notor of
Fig. 7 maybe séntheclimerss bfthe inventior antidat sfavhéxamplasetiits versaifidpl Itisto 20 t he
manner illustrated in Figs. 2-5. Fig. 8 is a schematic plan view of an

embodi ment s5i N yinelBrstddA th@ HR invEBBRId aBsh1& 6Nk @ Garflus 6thepomabiaitiops oups of
pol e pairs which surround via a radial air gap a permanent nagnet stator

Toi s embodi mertiy apRPREt Fafif o ahe R TRAT SRR B0 BB BR8P0 362" 20

mbodi od | - albBHFCHE PREEY R FOHHErL ROt e e HSE A8k n Fi gs.
2-5. In this disclosure there is shown and described only preferred
embodi ment s of the wterpfdheinventign gambe uidizedin axilepres BePPREUMSBat i | ity. It
is to 5 be understood that the invention is capable of use in various
ot her conbi nataddition to vehicle drives. While it is preferred, in the implementation of a
10  vehicle drive, that the rotor surround the stator, other applications may find
advantageous utility with the stator surrounding the stator. 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
electromagnets or group of permanent magnets. Also, while wound salient poles
15  have been illustrated, windings may instead be provided in a non-salient slotted
structure. It is to be understood that actual connections between the individual
windings and the switched control unit in either of these arrangements has not
been illustrated as such provisions are well within the knowledge of the artisan.
It should also be appreciated that particular electromagnet energization
20  sequences can vary depending on various considerations. Energization of the
electromagnets may be switched sequentially along the air gap periphery or in a
different order. Electromagnet groups may all be energized at all times, although
switched at individually programmed times. Conversely, individual

electromagnets may be energized and de-energized at predetermined sequentially

25  induced, randomly induced, or non-sequentially induced intervals.



and environnments and i s capabl e of changes or nodifications within the
scope of the inventive concept as expressed herein. For exanple, as can be
appr eci at wd 03/085886 not or of the invention can be utilized iprCTAUSM2A®G22 ange of
applications in addition to vehicle drives. Wile it is preferred, in the
i npl ementation of a 10 vehicle drive, tRQat the rotor surround the stator,

ot her applications may find advantageous utility with the stator

surrounding the st atMlougllWthrodcht inferkioh Mhlbdciexe GPRN @I irdihe Of L he
i nvention that each |r10r‘11§ir[ a degut ereannul ar msrrbe?1 may conprise either the
a

stator or rotor_an C [l i.t her . I @% S or
group of pernéWB%FHHggﬁgFg? ﬁP@%?&ﬁﬁgﬁgf&gﬁﬁg§gaﬁﬁg%faggﬁg%d g%% been
illustrated, wi ndings may instead be prqyided in a non-salient slotted
structure. It ﬁ@ﬂt‘@‘ﬁ@ﬁl?ﬁf@ﬁ%@ﬁg@mcmﬁc&?@&W%?ﬁ?é‘é&p(‘?ﬁ Pailgeen t he

i ndi vidual w ndings and the switched control unit in either of these
arrangenent s hasrenianototserad nidtbms deviag aduad clements snergizable hy ayp@etyi@f | wi t hin

t he know edge of the artisan. It should al so be appreciated that particul ar
el ect romagnet wilRNaveRiningeN Tha) tieeguiesoteleafical pawyr e fevidg tig motowiar i ous
consi derations. Energization of the electromagnets may be sw tched

sequential ly alQRghifi% gbgtre?ﬁ%upﬁ{awk@ﬁdé, R ekitnle, A AEORONE cRfeder -

El ect romagnet groups may a e energi zed at all tines, although swtched

at individuall rogranmed. tinmes. Conversely,.indivi . gnhet s
may be energiiéﬂgﬁngua%@%%§W5W9%8m%?nB?%@Eﬁ%%ﬁ%cﬁgg¥§ggﬁgﬁﬁgg.(%&ggainduced,
random y i nduced, or non-sequentially induced intervals. W 03/ 085806

PCT/ US02/ 0962 2pulsetwanefqspy RyAply 96 c3t sisst Wlﬁ%@é&?ﬂlﬂb%f}‘(ﬁ@m&é@ Ars Bl i fi ed
herein in the context of a direct current notor, one of ordinary skill in
the art woul d mpior ecaredlernaing turrénd syrchronopd metotdescri bed are applicable to
synchronous type alternating



current notors and notors having wound el enments energi zable by a variety of
5 pul se waveforns. Thus, the source of electrical power for driving the
notor i s woois/osssebted to a battery, buy may include, for ecammsoe/psan
alternating current source. Such an alternating current source can be
converted to direct current or pul se wad2form supply or can be used

W t hout such conversion to drive the notor as an alternating current
synchronous nog/AIMWY 03/ 085806 PCT/ US02/ 09622 22 CLAIMS What is clained
is: 1. Arotary eleciric notor conprising: a stator configured in the form
of an annul ar WH%Q s of electromagnet poles, the groups
substantially equi dioésl%lantlél distributed along the angul ar extent of the
annul ar ring, each f th onprising magnetic 5 materi al

magnetical ly isol at g”%&%&&é’t ?fn??%ﬂli’l?sﬂ@ ‘ot her groups; and an annul ar
rotor, concentric W|th an axis of rotation and concentrlc w,.th the annul ar
stator to form a radisatorgopfigured imike dorem okarrmalEBRE of BPURS obl ural ity of
groups of permanent magnet poles, the rotor groups substantially

equi di stantly eliesttasxhh)gﬁeeplolad;,cb]lmggrbbps subgrahtal lyssquaindtargly disteibafied alpag, t he

per manent 10 magnet pol es of each group having a conmon magnetic return

path that is {zehghRfefteRBriReCaAG ik CeatBbBHR gRtp’Tofiprisi dhdpnsiic
per manent magnet poIe groups; wherein each group of stator el ectromagnet

pol es conprjseg ﬁgfraa}r{a etlc% fsoft& ﬁl\gsgﬁﬁg@hﬁoﬁpﬁ'é%ﬁ?%{%l%, Aai ving

el ectronoti ve In ween t stator an

an annular rotor, concentric with an axis of rotation and concentric
with the annular stator to form a radial air gap therebetween, comprising a
plurality of groups of permanent magnet poles, the rotor groups substantially
equidistantly distributed along the angular extent of the air gap, the permanent

10  magnet poles of each group having a common magnetic return path that is

isolated from the magnetic return paths of adjoining permanent magnet pole
groups;

wherein each group of stator electromagnet poles comprises windings
that are switchably energized for driving electromotive interaction between the

15  stator and rotor.

2. A rotary electric motor as recited in claim 1, wherein each rotor
permanent magnet pole group comprises an even number of magnets that

alternate in magnetic polarity.

3. A rotary electric motor as recited in claim 2, wherein the rotor
comprises an even number of permanent magnet groups and the stator

comprises an odd number of electromagnet groups.



2. Arotary electric notor as recited in claim1, wherein each rotor

per manent nagnet pole group conprises an even nunber of magnets that

al t er nat ewiow3masgoet i ¢ polarity. 3. A rotary el ectric notorrcasuseodd2ed in
claim2, wherein the rotor conprises an even nunber of pernmanent magnet
groups and the stator conprises an odd Bdnber of el ectromagnet groups. WO
03/ 085806 PCT/ US02/ 09622 23 4. Arotary electric notor as recited in claim
3, wherein all of the Aobtary elgtdtp®tar@piitd ihdaisaseyiateiell dthepoises and
all the stator groups contain the same nunber of poles. 5. Arotary

el ectric motor dsugsebhizaikAutl Afbdro f\giafers% 8 afi % GHBDEOUA! conbfin 8% 1 1 €ach

rotor group is the sane as the nunb es in eac tor group. 6. A
rotary electri eci ted in cIa|m5 wherein the nunber of pol es
in each rotor %?lggtﬁla{a{lrl?gls ﬁg?c?? group is twd. 7. Arotary electric notor as
recited in claim5, wherein the nunber of poles in each rotor group and
stator group is a nultiple of two. 8 A rotary electric notor as recited in
claimb5, wherein the nunber of poles in each rotor group and stator group
is an odd nultiple & AwgaryEleciicmbtorys edcged in daimod,ovheasin tlecivtngbkriofi ¢l ai m
1, further conprising a rotor position sensor, wherein signals for

swi t chi ng energio%tilheabh(lbtdrfgﬁ)up\/itﬂ@sﬁ@%a@t&rﬁﬂﬂ%&@f?@le&ﬂldﬁﬁ@t@f&e to the
sensor. 10. Arotary electric notor as recited in claim9, wherein said

position sensqfugONpPrises a resolver;

6. A rotary electric motor as recited in claim 5, wherein the number of

poles in each rotor group and stator group is two.

7. Arotary electric motor as recited in claim 5, wherein the number of

poles in each rotor group and stator group is a multiple of two.

8. A rotary electric motor as recited in claim 5, wherein the number of

poles in each rotor group and stator group is an odd multiple of two.

9. A rotary electric motor as recited in claim 1, further comprising a
rotor position sensor, wherein signals for switching energization of the

windings are generated in response to the sensor.

10. A rotary electric motor as recited in claim 9, wherein said position
sensor comprises a resolver;
and said motor further comprises an encoder for generating said

signals.



and said notor further conprises an encoder for generating said signals.
WO 03/ 085806 PCT/ US02/ 09622 24 11. A rotary electric notor as recited in
claim 2, woenasssothe rotor poles in the rotor groups haveqose2heaes
separated by gaps substantially wuniformy for all groups, the gaps being
substantially equal to gaps between pol24faces of adjacent groups. 12. A
rotary electric notor as recited in claiml1l, wherein the angular distance

bet ween pol es of eadqh. 9t @iay ele@i¢eAnbidr sesikedThichdiln)2, whcta Me rbtdroughout t he
peri phery of the stator and differs fromthe angul ar di stance between

stator poles Ogoﬁghlﬂﬁl%%tog%zs;ﬁ%gaaépoléfaegstesfe%rggdg,g}%g&sdﬂaﬁaaﬁams recited in

claim 12, wherein the angu I st'ance I'n each "stator group

i s i ndependent of. t he .anqul ar i stance between adj acent pernmanent magnet
bol es of the r SEEPIIY A0t o egims JhecARe pring ST alY STy s bRERL m 13,
wherein the angul ar di stance between poles each stator group is different
from t he angul &pledpeas i @diacybZi@®s adj acent per nanent nagnet pol es of the
rotor. 15. Arotary electric notor as recited in claiml, wherein the

stator poles have pole faces extending in substantially equal angul ar
di stance along the air gap and the rotor pernmanent magnet pol es have pole

faces extending in 19uRsioiieRlciri B6ldRhs @B ialclAinSt, AHeeiRtiRnagtiae air gap,
the angul ar extent of the 5 stator pole faces being different fromthe

angul ar extent : ic notor as
recited in cl aid%ftafé,g BefeboREbEedAShlor qdltis AR BRARS . B0
throughout the periphery of the stator and differs from the angular distance

between stator poles of adjacent groups.

13. A rotary electric motor as recited in claim 12, wherein the angular
distance between poles in each stator group is independent of the angular

distance between adjacent permanent magnet poles of the rotor.

14. A rotary electric motor as recited in claim 13, wherein the angular
distance between poles each stator group is different from the angular distance

between adjacent permanent magnet poles of the rotor.

15. A rotary electric motor as recited in claim 1, wherein the stator
poles have pole faces extending in substantially equal angular distance along
the air gap and the rotor permanent magnet poles have pole faces extending in
substantially equal angular distance along the air gap, the angular extent of the

5 stator pole faces being different from the angular extent of the rotor pole faces.

16. A rotary electric motor as recited in claim 15, wherein the stator



25 pol e faces are separated by gaps, the gaps between adjacent stator pole
faces wthin each group being substantially equal and different fromthe
gaps bet weens/asjoacent stator groups. 17. A rotary el ectrirRCTIR0R0IRAS
recited in claim16, wherein the rotor gole faces are separated by
substantial ly uniform gaps throughout thé3angular extent of the rotor, the
gaps between adj acent rotor pole faces being different fromthe gaps

bet ween adj acemplsfaatsare paplaentédinyegaps) thh igapscheswednordj genigatodible fAceot ar y

el ectric notor as recited in claim1, wherein the rotor surrounds the

stator. 19. A rwittafi Yachl @6lp beingBiRtandslly &filal At diffefn®fBinkhe WARM €i n each
stator group is individually secured in the stator annul ar "ring structure,

thereby facil igatd i enoval and replacenent of an individual
stator group. %%%ée%%ﬁjg?%ﬁ%&gﬁgﬁu It motor as recited in claim 19, wherein

said notor further conprises: a plate nenber; and a shaft nenber | ocated
at the axis of rotation; 5 wherein each of said stator groups is secured to
said plate nenber at _a spaced radial distance fromthe axis of rotation,
and said plate nenbdr/- iAsrodtry glaeBis metos ag ck¢rhintclaienite whes 08/r085806
PCT/ US02/ 09622 26 21. A rotary electric notor as recited in claim 20,
wherei n sai d spabeldcesraaglsephratidsiyesubgtantsal yrméfonn gapethrédphonaté atgutlirst ance
bet ween i nner and outer

extent of the rotor, the gaps between adjacent rotor pole faces being different

from the gaps between adjacent stator pole faces within a stator group.

18. A rotary electric motor as recited in claim 1, wherein the rotor

surrounds the stator.

19. A rotary electric motor as recited in claim 1, wherein each stator
group is individually secured in the stator annular ring structure, thereby
facilitating independent removal and replacement of an individual stator

group.

20. A rotary electric motor as recited in claim 19, wherein said motor

further comprises:
a plate member; and
a shaft member located at the axis of rotation;
5 wherein each of said stator groups is secured to said plate member at a
spaced radial distance from the axis of rotation; and

said plate member is attached to said shaft member.



boundary dianeters of the stator annular ring. 22. Arotary electric notor
as recited in claim19, wherein said rotor further conprises an annul ar
ring of nenmgsstosc nmaterial, and said rotor groups are fARCIRESOROIR2DE | nner
surface of said ring of nonnagnetic material. 23. Arotary electric notor
as recited in claim22, wherein said notd? further conprises a rotor

housi ng, the rotor annular rotor being secured within the housing at a
spaced radi al di st ade 4 rabanytehrstrinainstonts reotted inarlaine@0) wiheesis didkpacB@USi Ng i s
journalled for rotation about the shaft through bearings. 24. Arotary

el ectric notor rafialrdisthticds greatel dHamtBOsadibi8isRinBe bi&eaNMMEALnd Gilidt OF
conprises an inner boundary at a first radial distance fromthe axis of

rotation and amo@idey dRMHRGLY M afr3ftaARdffdi al distance fromthe axis of
rotation, and the radial distance between tH& inner and outer boundaries is
less 5 than said first radial distance. 25. Arotary electric notor having
a stator and a rotor, the notor conprising: first and second annul ar ring
menbers concentrical |y arranged about an axis of rotation and separated
from each other by && &xioMry sleetrigapotonpsiceited iB ckaiind % whsteimsaibmmtorconpr i ses
groups of el ectromagnet poles, the groups substantially equidistantly

di stributed al Sither cemprisaslaarnnilagringetivnafaghétéc BaRHES aMHBtAG5806

PCT/ US02/ 09622 27 conprising magnetic material nagnetically and

el ectrical |y i gajupteg fand to BRNBAG B Al FBatd 1 LS MBINALAMRSHaRld Second
menber conprises a plurality of groups of perrmanent 10 nmagnet pol es
substantially equidistantly distributed with alternating nmagnetic

23. A rotary electric motor as recited in claim 22, wherein said motor
further comprises a rotor housing, the rotor annular rotor being secured within
the housing at a spaced radial distance from the axis of rotation, and the rotor

housing is journalled for rotation about the shaft through bearings.

24. A rotary electric motor as recited in claim 20, wherein the annular
stator comprises an inner boundary at a first radial distance from the axis of
rotation and an outer boundary at a second radial distance from the axis of
rotation, and the radial distance between the inner and outer boundaries is less

5  than said first radial distance.

25. A rotary electric motor having a stator and a rotor, the motor
comprising:
first and second annular ring members concentrically arranged about an
axis of rotation and separated from each other by an axial air gap; wherein
5 said first member comprises groups of electromagnet poles, the groups

substantially equidistantly distributed along its annular ring, each of the groups



polarity within each group, each group of permanent nagnet poles having a
common magnetic return path that is isolated and separated fromthe

magnet i ¢ woeiswsssopat h of adj acent pernmanent nagnet groups;Pcandsoaoenei n each
group of el ectromagnet poles conprises wi ndings that are 15 switchably
energi zed for driving el ectronotive intefaction between the first and
second nenbers, in accordance with a sequential, non-sequential, or random
exci tation scheewprigisg magneticanytesilenagneticaiiytant ehstricatly isothtédund ai m 25,
wherein the rotor surrounds the stator. 27. A rotary electric notor as

recited in cl aképaificd Rb@rtRe Brhth@ogpat or conprises said first annular ring
menber and the rotor conprises said second annular ring nenber. 28. A

rotary electric notfqasohdGhdnifid, i = Hi Aherein the annul ar  stator
conprises an inner boun gry(hlét ar:p{;&}lé éaérsa@ I a htgiogtgé%ué’éo PEMPRY axis of
di stance fromthe axis of

rotation a a ter. boundary. at a.secqnd.radi a

rotation, %d {}ﬁ%té’aleaﬁg%ﬁ%ﬁtéﬂx ST dstRe }ﬁg’csﬂ’g’uit with allemefinearagstindari es i s
less 5 than said.first radial distance. WO 03/ 085806 PCT/ US02/ 09622 28
29. A rotary ePay; K eash group.cash g@up of peraianeiEenagntpdeshaving st at or
conprises said second annular ring nenber and the rotor conprises said

first annul arcommgn meghetic reBin pAthrtidtas isoRtedint isepaitb® froRsthE 8figh&st i n ¢l ai m
25, wherein said groups of electromagnet poles are spaced from each ot her

by an angul ar reflirhpamcst aifbntipsriidchemaiet LAY, SAACI Ng bet ween adj acent
per manent magnet

wherein each group of electromagnet poles comprises windings that are
15 switchably energized for driving electromotive interaction between the first
and second members, in accordance with a sequential, non-sequential, or

random excitation scheme.

26. A rotary electric motor as recited in claim 25 , Wherein the rotor

surrounds the stator.

27. A rotary electric motor as recited in claim 26, wherein the stator
comprises said first annular ring member and the rotor comprises said second

annular ring member.

28. A rotary electric motor as recited in claim 27, wherein the annular
stator comprises an inner boundary at a first radial distance from the axis of
rotation and an outer boundary at a second radial distance from the axis of
rotation, and the radial distance between the inner and outer boundaries is less

5  than said first radial distance.



groups. 31. Arotary electric notor as recited in claim25, wherein the
nunber of permanent magnet groups is an even nunber and the nunber

el ect r omagigel3/08sp06ups i s an odd nunber. 32. A rotary el ecthUTCUSWNOR2AS
recited in claim31l, wherein all groups 28conta|n t he sane nunber of

magneti c pol es.

29. A rotary electric motor as recited in claim 26, wherein the stator
comprises said second annular ring member and the rotor comprises said first

annular ring member.

30. A rotary electric motor as recited in claim 25, wherein said
groups of electromagnet poles are spaced from each other by an angular

distance that is different from spacing between adjacent permanent magnet

groups.

31. A rotary electric motor as recited in claim 25, wherein the number
of permanent magnet groups is an even number and the number electromagnet

groups is an odd number.

32. A rotary electric motor as recited in claim 31, wherein all groups

contain the same number of magnetic poles.



