WD 03/ 047071 PCT/ US02/ 32666 ROTARY ELECTRI C MOTCOR HAVI NG SEPARATE CONTROL
MODULES FOR RESPECTI VE STATOR ELECTROVAGNETS Rel ated Applications This
appl i cat iwo somtoai ns subject matter related to copendi ng BCS/USOAPLE cati on
serial nunmber 09/826,423 of Maslov et al., filed April 5, 2001, copending
U S. Application serial nunber 09/826,422 of Maslov et al., filed 5 Apri

5, 2001, and U. S. Application serial nunber 09/966,102, filed Cctober 1,
2001. These applications are conmonly assigned with the present
application. The disclosures of these copending applications are
incorporated by reference herein. 10 Field of the Invention The present
invention relates to rotary electric notors, nore particularly to notors
wherein the stator is formed of individual nodul es, each nodule conprising
core and wi nding structure, electrical control and drive elenents, and a

power supply inteq@ETaRY PEFETRIEMETGWHAVING SEP AR ATERSONTROITPT ovenment
of electronic systens, such as mcrocontrolTerand M Croprocessor based

applications for t t ity of

i nproved portabl e MoBPEESrOR \ 12027 32666
devel opnment of efficient electrlc notor drives for vehicles, as a viable
alternative

Related Applications

This application contains subject matter related to copending U.S.
Application serial number 09/826,423 of Maslov et al., filed April 5, 2001,
copending U.S. Application serial number 09/826,422 of Maslov et al., filed
S April5,2001, and U.S. Application serial number 09/966,102, filed October 1,
2001. These applications are commonly assigned with the present application.
The disclosures of these copending applications are incorporated by reference

herein.

10  Field of the Invention

The present invention relates to rotary electric motors, more particularly
to motors wherein the stator is formed of individual modules, each module
comprising core and winding structure, electrical control and drive elements, and
a power supply integrated therein.

15
Background

The progressive improvement of electronic systems, such as

microcontrollerand microprocessor based applications for the control of motors,

as well as the availability of improved portable power sources, has made the
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to internal conbustion engines, a conpelling challenge. Electronically
control |l ed pul sed energi zati on of w ndings of notors offers the prospect of
nore fl ewobBe4T0@nagenent of notor characteristics. By comcmalSonB2epal se

wi dth, duty 5 cycle, and switched application of a battery source to
appropriate stator w ndings, functional versatility that is virtually

i ndi stingui shable from alternating current synchronous notor operation can
be achi eved. The use of permanent nmagnets in conjunction wth such

ndi ) q .
above. dent i 1 o ELamrols e Pl S B AR FATBIR S%&ﬁﬂ%e?'ﬁﬁﬁa%
09/ 826, 422 of Masl ov et aI identifies PFS’F q@ﬁsses he ne%a] for-

i nproved not or BrateEs %O'P*E)“%‘P%‘I‘S‘F‘?Se%lcﬁﬁ gnesn 9(958'%1‘6 of effl ci ent
fl exi bl e operating characteristics. In a vehicle drive environnent, it is

hi ghl'y desi r abtenttodledpulsidrensraiaation opeinsingsief mwears effers the ppwreet of arge, whil e
mai ntai ning 15 a high torque output capability at m ni num power

consunpti on. SuflbxiBleigihiagdrgent BDInotor dhari@ersdiesl By ashiahd fypdcansidyh, dugvi de
ready accessibility to the various structural conponents for replacement

of parts at a ”E'Elé“alﬁa letdh'agQ]{)W?c@h&'?Gfed battgaﬁsoﬁ%%ﬁﬂﬁ?gpﬂﬁé aied U S.

application i ncorporat es romagnet pol és as 1solated magnetically

bl d I hi
Phe radi ol di rsebtes Lpcitdl R RalaiSgRbal {é"fd%gc%@h%ﬁ%fﬁg' hipig

arrangenent, flux can be concentrated, with virtually m or
del et eri ous t r aAKSTBRAGICUTTRRISY B QINUS MOt OPEatipRC aéh’é&? Jeef cores, as

conpared with prior art enbodinents. Wile inprovenents in torque 2
permanent magnets in conjunction with such windings is advantageousin

limiting current consumption.

10 The above-identified copending related U.S. patent application Serial
No. 09/826,422 of Maslov et al. identifies and addresses the need for an
improved motor amenable to simplified manufacture and capable of efficient
flexible operating characteristics. In a vehicle drive environment, it is highly
desirgble to attain smooth operation over a wide speed range, while maintaining

15 ahigh torque output capability at minimum power consumption. Such a vehicle
motor drive should advantageously provide ready accessibility to 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,

20 relative;ly thin in the radial direction, to provide advantageous effects. With
this arrangement, flux can be concentrated, with virtually no loss or
deleterious transformer interference effects in the electromagnet cores, as

compared with prior art embodiments. While improvements in torque



WO 03/ 047071 PCT/ US02/ 32666 characteristics and efficiency are attainable
with the structure of the identified copending application, further

i nprovenewOD3nemwai n desirable. To this end, the above-i derCirfisezswpendi ng
related U. S. patent application Serial No. 09/826,423 of Mslov et al.
seeks to optim ze rotor 5 paraneters such as the grade of the magnet, the
energy density and the overall nagnetic characteristics of the nagnet
grade, the size and the dinmensions of the nmagnet that can adjust the

per manence and the overall operating conditjon of the magnet. whep jt is
part of the rot SRaragifRSUC APLFRAICIENEY Srebiajaply with thﬁé"uata&rfgﬂ?e {dsBUKGhi shi ng,
coating and post processing steps taken in 10 manufacturing of the nagnets
for the intendedomp¢UMGﬂmﬁ0ﬂKmtR@ﬁstHmﬂﬂwqqﬁnﬁrqﬂaﬁlmwagh@tization over the
curvilinear surface of the magnet, unifornmity of the radial polarization

of the magnet, the adjoaherhdghpatasicvidenifledoosadiigatiacdthgnatent t he
mechani cal features of the edges of the magnets, and the return flux path

of the magnet aaF;_saEéAMbH@&ia@woaom@ésm&'Mm;kget%@%&émo optanlRr&BY1 ronment s
in which portability and size are 1nportant factors, the need exists for

drive notorscthat are c bl e of i de range,of operati.

characteri st ? csP AR %fj?&gﬁé ?rl’efgré?%éy tg% H’pﬂggg @8 ﬁf‘?%?’ dleﬁ‘ﬂ@tg?ngﬁ]&? ?Yeﬁ?”
Brushl ess notor systens should have the capability to control each of a
plurality of eMmagpeharasigristsscef the magnstigadeathe sizsapd thsrdimensipasof

sequenci ng and 20 appropriate application of power to the individual stator
wi ndi ngs. The altlevmagrietithat ¢dni aslglist theqredinagence hiad the over8l] opatating campliorcat i on
of Maslov et al. (Atty. docket 57357-016) describes a notor structural
configuration i afMeimipneh@hen it is part of the rotor, the temperature stability of the
magnet, the finishing, coating and post processing steps taken in
10 manufacturing of the magnets for the intended application, the stability of the
m_agnetization over the curvilinear surface of the magnet, uniformity of the
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.
15 In environments in which portability and size are important factors, the
need exists for drive motors that are capable of a wide range of operating
characteristics, without sacrificing complex control functionality. Brushless
motor systems should have the capability to coﬁtrol each of a plurality of
electronic switches to provide accurate commutation sequencing and
20  appropriate application of power to the individual stator windings. The above-
identified copending related U.S. patent application of Maslov et al. (Atty.
docket 57357-016) describes a motor structural configuration in which the

control elements, which can be complex and diverse, are contained within the

confines of the stator. The stator flux producing structure, streamlined to a

"
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control elenments, which can be conplex and diverse, are contained within
the confines of the stator. The stator flux producing structure,

- stream iwed3weroar WO 03/ 047071 PCT/ US02/ 32666 rel ati vel y PChiusozsese ar
configuration to acconmodate placenent of the elenents therein,

neverthel ess is capabl e of producing appropriate flux output while

provi ding high torque at | ow operating speeds. Various advant ages
attributable to the provision of nultiple separate 5 stator magnetic paths
in conmparison to a single conmon rpath in thestator body have been

descri bed aboverelatigly Beteyaidsicppiiguratipn iRaceqpBeiys P@Fe"f‘?ﬂé ofthg or and the
structural and electrical conponents therein present additional
opportunities felemenprtbaren, operthtiesns cdfabbi afqirodusing apprdapniatd fiweodtpein The
present invention fulfills the above descri bed needs, while providing

addi tional benelhilg padvidig highabrjuedt londdperaliidl spp&dse pair arrangements
disclosed in the identifred Maslov et al. applications. The stator is

formed of a plural ity ahus IdhuEAURKiHABNR! 0 TRABLER A ALPESRANGENY core
nd

segnents, each nodul e corrprl Ing electrical "contro e el enments
supplied by power source i ncor ‘pnipr ated within the s Such par al | el

ar chi t ect ur egjl pr Sgiog gLengcRathsn go ﬁﬂﬁoﬂéﬂ&esmalf/c%'ﬁf’i) BFtIE“éH he ST onal ity

for each nodul e. Performance of each nodule individually may be nmeasur ed
in situ during hedxeavedser descobednbong. Epsimscesyibility do thewgpx/@f the statefar e
control | ed, diagnostic routines. Based on test 20 results, a nodule can be
aut omat i cal | y r exdithelstrattech] and deariodcbegonents fHemglgptésérmladdiliemii r or

repl acenent. Overall notor perfornmance, determ ned by comnbi ni ng

opportunities for improved operation.

10  Disclosure of the Invention
The present invention fulfills the above described needs, while providing

additional benefits of the isolated individual pole pair arrangements disclosed in
the identified Maslov et al. applications. The stator is formed of a plurality of
individual power modules and corresponding core segments, each module

15  comprising electrical control and drive elements supplied by a power source
incorporated within the stator. Such parallel architecture providesrelatively
independently controlled functionality for each module. Performance of each
module individually may be measured in situ during normal operation or by
running more extensive, software controlled, diagnostic routines. Based on test

20  results,a module can be automatically recalibrated, disconnected, or flagged for
repair or replacement. Overall motor performance, determined by combining
the characteristics of the independent modules, can be compared to original
benchmarksto analyze various repair options for devising the minimum

necessary action.



t he characteristics of the independent nodul es, can be conpared to original
benchmarks to anal yze various repair options for devising the m ninum
necessar ywaasioorn71 4 WO 03/ 047071 PCT/ US02/ 32666 Each nodweica/usazd3xsbat or
core segnent can be individually installed and renoved w t hout disturbing
the other units. Should a particular nodule or stator core segnent fail,

it can be deactivated without significantly affecting the overall
performance of the remaining stator nodules. Thereafter, the faulty el enent
can 5 be easily renoved and tested externally while p ermttlnﬁ t he not or
to. operate with thEattemadyraed fiyausss seemeat cahaipdivishpiniesaliedand hen be
identified and repaired or replaced. At a convenient tinme, the repaired or
repl acenent uni tenceved withoetadisthgbingghasthat brew. iShoulds pattaubr nxodnlpar staent . The
thin annul ar ring configuration of the stator el ectromagnet core 10

el ements provi desre serhért (AN cEBPBEGedcOvabd WAL sinSithastl paffdcahg peiove@n, i f
not all, of a relatively conplex electrical control systemwthin the

confines of the,g cg-l-.{s%ﬁ ffﬁﬁé‘&%‘irﬁn ét&BF&B@Gl'eQ”rPJr%JH%‘F R t‘%ﬁﬁy{:l&%n& trol

conponent s wi t hPh Space internal to the stator ¥Tux produci ng
structure pr VI ever al ant ificatio ratlon i's

1
Sbt ot nad wh T e B gy He e edahy Bl BERman iRl bk Ringd Be Pk I SRt e “mot o

and out si de enV| ronment as well as between the control circuit and the
swit ched st at or Withils reginipgmadyse dl heffaultysompanent Gap thegbe identifiedanst i cat i ons
such as vehicle drives, the incorporation of both notor structure and the
el ectrical cont raphirscymtxeplamdt it cohenvahiitlecthaiamired anreplacameheumsit can

be easily reinstalled in its stator compartment.
The thin annular ring configuration of the stator electromagnet core
10  elements provides sufficient space to allocate a substantial portion, if not all, of
a relatively complex electrical control system within the confines of the stator
structure. Integration of the electrical control components within a shielded
space internal to the stator flux producing structure provides several advantages.
Simplificationof integration is obtained while avoiding electromagnetic
15 interference between the motor and outside environment as well as between the
control circuit and the switched stator windings. When used, for example, in
specific applications such as vehicle drives, the incorporation of both motor
structure and the electrical control system within the vehicle wheel can provide a
decrease in weight of the unit, while also decreasing acoustic and mechanical
20  noise. Operation from the user's perspective can be simplified to simulate, for
example, conventional automobile operation.
The aforementioned advantages are manifested in structural features of
the invention, at least in part, wherein the motor comprises a rotor and stator

each disposed in an angular ring configuration and spaced from each other by

5



decrease in weight of the unit, while al so decreasing acoustic and

mechani cal 20 noise. Qperation fromthe user's perspective can be

si npl i fi ewotososiomul ate, for exanple, conventional autonolpCiraSopased i on.
The af orenenti oned advantages are manifested in structural features of the
invention, at least in part, wherein the notor conprises a rotor and stator
each di sposed in an angular ring configuration and spaced from each ot her
by 5 WO 03/047071 PCT/ US02/ 32666 an annul ar air gap. The stator corrprl ses

| it f |
Chor eon, (e, col S erteehy A M QECa AR SH = 7 e%ﬁ?yd?ff@e%"eesﬁﬁ'a%f“@ﬁ'ﬁ each

ot her and di sposed along the radial air gap segnents thus are

i ndi vi dual el ectqreseggprits witlrigails waupd trhamom thﬁé?reﬁﬁém?mébemaéer@raéﬁ%u or
defines a space within which substantially no flux traverses. A plurality
of separate nodfibesliececomart aiithedchmbthbir andtdisposeditlong deaedial @agdp. ofhet he
nodul es corresponding to a respective stator el ectromagnet for providing

energi zati on cighRits thiiCareilivilla dietromak et NThOfMer tatifahpéripheshofhded
housi ng t her eby to avoi d external electromagnetic interference. 10 Each

modul e may cont %htlar LS aCs:pB&% fi¥h vHich &Jb@ﬁkﬁ&l o A4 &ﬁh@s%sb AH0RGLEd to a

power source an respectrve el ectronmagnet, e swmtc ei’ng responsive
to drive circuit for recting curr ulsesfromthe urce to a
wndi g of ¢ he (4 FETAARHIE SRR EHEC AL R St sBhe By DeBATAFY ¢ he
power source, such as a battery or battery pack. A rotor position 15
sensor, appr opr ferrespgnding ket xxespestive stator glestromagnep farProvidiog epergizalion si gnal s

to the
current thereto. The motor is enclosed within a shielded housing thereby to

avoid external electromagnetic interference.

10 Each module may contain drive circuitry and electronic switches
connected to a power source and a respective electromagnet, the switches
being responsive to drive circuitry for directing current pulses from the power
source (o a winding of the electromagnet. The internal stator space may
contain the power source, such as a battery or battery pack. A rotor position

15  sensor, appropriately located in the stator, outputs rotor position signals to the
controller. The controller, switch drive circuitry, and switches can all be
mounted on a circuit board. Each electromagnet and its respective module
thus comprises an independent unit that can be individually operated.

The stator units, of course, function in relation to each other for efficient motor

20  operation. With the replication of elements in each unit, a failure of any
particular unit will not impede the independent operation of the remaining
units.

In an alternative preferred embodiment, a master controller may be

provided within the stator confines for coordinating operation of the units. The
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controller. The controller, switch drive circuitry, and switches can all be
nmounted on a circuit board. Each el ectromagnet and its respective nodul e

t hus conpwioge®4an i ndependent unit that can be individual IrgTasez/adeeel. The
stator units, of course, function in relation to each other for efficient
notor 20 operation. Wth the replication of elenents in each unit, a
failure of any particular unit will not inpede the independent operation
of the remaining units. In an alternative preferred enbodi nent, a naster
controll er may be roviod'_ﬁd within the stator confi.nes for caordi na]ti ng
oper ation of thé‘aﬁ‘ﬁFf%“.” Emag CPPHST HRFPEFEOPES 18637 ToRE @S gL figpals
controller may conprise a processor that receives rotor position signals
from one or nor &ofoensrorgoerietrPion peBheibsensenand.iip rgspapwnBi®Yidss H0Tdkes ti mi ng
signals to drive circuitry in each of the plurality of stator nodules. As
an advant ageous sifgaalt us ériod citdudtrpireehbf the\pduraligrof seamrmedd¢sor 5 nodul e may
contain a separate power source, thereby minimzing effects of battery

internal resistance. AQUhLIi AYaRBERus RRAIALF BR prdsBft iHléntRnEéRABAG control
energi zati on of the w nding phases such that energization of a plurality,

1 not - all,5of f e b AL 9% ONEEL 3R Al PINAALILGH) Afnihi Ay @y el ht,

| ow vol t age erires -are no current “sourc € current
drawn froma single 10 power supply i.ncurs a signifj cgrnt vol tage dr?p due
to the internal bRy dpigmakregistangs, B%?ﬂo‘l“ﬁor@ﬁ%ﬁag?‘%é ¢ Sivelements cemroleach

winding thereby is limted, particularly when a single su[)pl y nust
concurrentl|y prené¢rgzaden of thg vonding phases such that energization of a plurality, if not

all, of the windings overlap at any particular time. Light weight, low voltage
batteries are not ideal current sources. The total current drawn from a single

10  power supply incurs a significant voltage drop due to the internal resistance of
the supply. Energization current for each winding thereby is limited,
particularly when a single supply must concurrently provide driving current
for a plurality of windings. In contrast, with provision of a separate energy
supply for each module winding, the supply for that winding is unaffected by

15  whether or not other windings are energized as current will be drawn only for
the one winding. As an additional advantage, interference among the phases
from respective switched phase energization is minimized.

The power supplies of the plurality of modules may each comprise one

or more replaceable batteries that are readily accessible to the user. The

20  batteries may be capable of being recharged either internally or from an
external source when removed from the stator. Thus, the batteries may be
located in areas most accessible to the user, either distributed within their
respective units or centrally placed. The batteries also may be recharged

regeneratively during motor operation.

7



for a plurality of windings. In contrast, wth provision of a separate
energy supply for each nodule wi nding, the supply for that wnding is
unaf f ect eslolwg/04®7Whet her or not ot her w ndi ngs are ener gi PEU/:82/32666 ent
will be drawn only for the one winding. As an additional advantage,
interference anong the phases fromrespective switched phase energization
is mnimzed. The power supplies of the plurality of nodul es may each
conprise one or nore replaceable batteries that are readily accessible to
the user. The 20 batteries be capabl e of .being r arged ejt her
internally or from aﬁ%d%ﬂ‘@;ﬁg‘f"t%ﬁf)g e@ﬁeéﬁntf'évr?ﬂvgﬁwﬁfg Og}’?éeasdlflé{t or. Thus,
the batteries nay be located in areas nost accessible to the user, either
di stributed witRApRgranye thoseskilsd dn thisartfipmdhefoliewingdstailed desgeipton. The
batteries also may be recharged regeneratively during notor operation. 7
WO 03/ 047071 PCWh&iSHRINBY 66 Preféulel] ¢mlorihestd? tretiagasionts shbhenpnédesatibed.
nventionw | | becone readily apparent to those skilled in this art fromthe

fol | owi ng det ai kigghlpi®pway bf il RRratiofdE HRILRsINddE coRRMPIREES @y RigRAthEeNt Of
the invention is shown and described. sinply by way of illustration of the

best node conte d Qof ryi . - 5. i i; e
realized, tﬁfg i %éﬁ%@ér&v‘s’ﬁ@%p{éﬁ%d’g 18%%2}051&%%%%?1%]9 g?@ﬁf&d\g&g%rgﬁtnent s, and
its several detai]s,are caBt?‘tg:s‘e of, npdi ficati (rﬁns i n,.xari ous obvious

respects, all wPPRedimeRts ARl Sevars!ditarinareicARANG STIROdIALAtIANINNGIIOUS ¢ he

drawi ngs and description are to be regarded as illustrative in nature, and
not as restri cpbXieusrespects,all withoutdeparting from the invention. Accordingly,the

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

15 Fig. 1 is a partial three dimensional perspective view of a motor
according to the present invention.

Fig. 2 is an exploded view of the structural components of the motor of
Fig. 1 illustrative of the positional relationship among the various elements.

Fig. 3 is a perspective external view of the motor of Figs. 1 and 2.

20 Fig. 4 is a block diagram of a control system suitable for use in the
motor of Figs. 1-3.
Fig. 5 is a partial block diagram for a winding switching circuit of the

system of Fig. 4.



10 Brief Description of Draw ngs The present invention is illustrated by
way of exanple, and not by way of limtation, in the figures of the
acconpanywog@3ds@ani ng and in which |ike reference nuneral Crafser/32666 si m | ar
el ements and in which: 15 Fig. 1 is a partial three dinensional perspective
view of a notor according to the present invention. Fig. 2 is an expl oded
view of the structural conponents of the notor of Fig. 1 illustrative of
the positional relationship anong the various elenents. Fig. 3is a
perspective external view of thg g%$r of. Fi.g | and 2. 20 Fig. 4 .is a

bl ock di agram of a cdédOdf 2PPREPEHre fipmsBrians d’tersll?gﬁé"’eﬁ”?‘?‘léfa Hetgiongf Fi gs.
1-3. Fig. 5is a partial block diagramfor a wwnding switching circuit of
the system of Hegnowr sguandabaraLFoeNt shawhshy. 32868 cordance With thea parti al

t hree di nensi onal perspective view of a variation of the notor structural
arrangement shoyesemt ikvegptiod, i n accordance with the present invention.
Figs. 7a - 7c are illustrative of an alternative stator construction 5

according to the preggnt7i nmieht llRBtratWet(f'f'ah%Qe%@s‘ta%r‘c%ﬂstﬂféti&he | nvention
The notor of the present invention Is suitable for use in driving a

5 accordingto the present invention.

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

10 illustrations thus depict motor structure that can be housed within a vehicle
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.

15 Fig. 1 is a cutaway drawing of the motor structure, the elements shown
in more detail in the exploded view of Fig. 2. Motor 10 comprises annular
permanent magnet rotor 20 and annular stator structure 30 separated by a
radial air gap. The rotor and stator are configured coaxially about an axis of
rotation, which is centered in stationary shaft 36. The statér comprises a

20  plurality of ferromagnetically isolated elements, or stator groups. Core
segments 32, made of magnetically permeable material separated from direct
contact with each other, have respective winding portions 34 formed on each
pole. Seven stator groups are shown, each group comprised of two salient

electromagnet poles, allocated circumferentially along the air gap. -The rotor

9



vehi cl e wheel of an autonobile, notorcycle, bicycle, or the like. The
drawing 10 illustrations thus depict notor structure that can be housed

wi thin a wehisokm7nwheel , the stator rigidly nounted to a stratriusoaBs3seshaf t
and surrounded by a rotor for driving the wheel. It should be appreciated,
however, that the vehicle context is nerely exenplary of a multitude of
particul ar applications in which the notor of the present invention may be
enployed. 15 Fig. | is a cutaway drawing of the notor structure, the

el ements showmn in nore detail .in the expl od view of Fig. .2 .Mtor 10
conpri ses annul SAMPTRES ARHERHLY r‘?ﬁﬁ?fé‘ia“%‘t'ng“fbseénfi"%%%feﬂ'a@’f QFHPbI\‘%d?uct ure
30 separated by a radial air gap. The rotor and stator are configured
coaxi al | y about abaut theiasr gap and@?faztericm,a n@AiTEagnesc alasbaek phtestdatihithary shaft
36. The stator conprises a 20 plurality of ferromagnetically isolated

el enents, or stahpbedormedsof albarieumse @rennhsn 8gnetadby pérmeableanateradl| y
pernmeabl e material separated fromdirect contact with each other, have

respective W ndirRgbRRIP14e ASpardofltRE MRdtbrABusiag fo whRkhes atbRHEDsigE #aRns 26€r oups
are shown, each group conprised of two salient electromagnet poles,

allocated cig oun er et gl it BRadids 9ARe g okl Oha PpYHARLAN7O71

PCT/ US02/ 32666 conpri ses a manent nets
circunferenti al I;&; di str.i but (F::d about the ai g(i\%eand af 62) xed to. a
non- magnet i ¢ anRUMEPrEYsien of amagpeficaliy iPS‘Pi“eaE?Eye e RGHSBO YR MRYHEHOm or
other non magnetically permeable material. The back plate is part of the
not or housi ng t thewiark bf the refor megads. sPigieensotpsmagnetsargiseown.ubt igioster i but i ons
produced by the rotor magnets may be enhanced
understood that the numbers of stator poles and rotor magnets illustrated are
merely exemplary, as various ratios can be utilized, depending on desired
10  operational parameters. For example, fewer electromagnets spaced at greater
distances may produce different speed characteristics. The stator core
segments are secured to a rigid skeletal structure 40 that is centrally fixed to
the shaft 36. Spine members 42, equal in number to the number of stator
groups, extend radially away from the center of structure 40 to U-shaped plates
15  44. The U-shaped plate sides and the stator core segments contain mating
holes by which the stator segments can be fixed to the skeletal structure. Each
U-shaped plate engages an adjacent pair of stator segments.
Each stator segment and adjoining pair of spine members together
define a space within which circuit elements are contained. The rigid spine
20  portions 42 have sufficient surface area to provide the necessary structural
support as well as to accommodate circuit boards 46. A circuit board may be
affixed to each spine portion in any conventional manner. Each circuit board

contains the control circuit elements and switches needed for application of

energizing current through appropriate wiring connections to a winding of a

10



by the provision of a magnetically perneable el enment, not shown, nounted to
the back of the rotor magnets. Sixteen rotor magnets are shown. It is to be
under st oo@otoaat7orhe nunbers of stator poles and rotor magmrerdaSot/Bissé r at ed
are nerely exenplary, as various ratios can be utilized, depending on
desired 10 operational paraneters. For exanple, fewer el ectromagnets spaced
at greater distances nmay produce different speed characteristics. The
stator core segnents are secured to a rigid skeletal structure 40 that is
centrally fixed to the shaft 36. Spine nmenbers 42, equal in nunber to the
nurmber of statoﬂmOQF@Gﬁ§$“@%ﬂ%H@“Wég?QWP?P@WQV'?WBﬁhﬁhé‘é@%ﬁ%Peof structure
40 to U-shaped plates 15 44. The U shaped plate sides and the stator core
segnent s cont ai apprediatad thahall esntiyy cupiitélemipts andswrtckesgaehe mtegaedentdi xed to
the skeletal structure. Each U shaped plate engages an adjacent pair of

stat or segnent sa singlitiguaboirdiegrRide e godliediebortgnpaf dpacd arkpheighimenber s
together define a space wthin which circuit elenents are contai ned. The

rigid spine ZOTHQQ{oidS}[}ySg%f%J@)S’ﬁ \Rﬁ}gehf‘eh?gtbaﬁl:’{iésa&? isaz[lﬁf“sequcqma‘?rgédde the

necessary structur as accommodate circuit boards 46. A

mannor . Eactt ci PRI 6419 S5iish APRCPTRE ROREESP (BT sEarD or BRAIE Stna

swi tches needed for application of @ ener \%bZi ng current through appropriate
Wi ring connect i e#kba faxed tqithgsiping rortiensAZ. \idegsgaptartes1 which magd® 32866 st at or
core segnent to which the spine portion is attached. It should be
appr eci at ed t hatoradehtigmahvampdty gierroitieasyakemoraltof thebatewes toh esplacemebeor
integrated into
recharge. While a single battery is shown for each stator module, the
illustration is representative of an energy source that may take the form of a
10  battery pack, a plurality of batteries, or any variations of well known voltage
sources. That is, any commercially available battery type or battery pack that
is of sufficient capacity to supply the necessary motor power may be used.
Thus, depending on particular battery characteristics and motor drive
. requirements, it is possible to use the module spaces for location of other
15  elements.
Fig. 3 is a three dimensional external view of the motor system of Figs.
1 and 2. The rotor housing outer ring 24 and side walls 26 are configured to
~ form a wheel hub on which a tire, not shown, can be mounted. The rotor
wheel housing is journalled for rotation about the stationary shaft 36 via
20  bearings 38. The cylindrical rotor housing structure surrounds the stator
annular ring that is coextensively aligned in the axial direction with the rotor
across the air gap.

Fig. 4 is a block diagram of a typical control system that may be

employed to drive the motor structure shown in Figs. 1-3. :Stator windings 34

1



a single circuit board to provide even greater econony of space and wei ght.
The notor power supply, represented by batteries 48, is also self-contained
5 within woas®tmror spaces. Appropriate receptacles (not aawrsp2/8mwset he
batteries can be fixed to the spine portions 42. The receptacles, which
may be of any conventional variety, permt easy renoval of the batteries
for replacenent or recharge. Wile a single battery is shown for each
stator nodule, the illustration is representative of an energy source that
may ta.ke the foa{rm &ftcl%bl 1eoneF6}£etclat§)ydrp\ﬁﬁ Cur@erﬁ.lshjéﬁlehtfyons)bmgglstoﬁtrc'e%%)’vi?r any
variations of werll Kno voltage” sourctes. That" I's, any commerci al

avail abl e battery type or battery. pack at is of suffi.cient capac
supply the neceQEAORIGBYIG SpS r%h‘gylgo‘éfttggé‘éﬁemﬂ{ﬁgﬁ is SuESdP ‘Eﬂ%tm
particular battery characteristics and notor drive requirenments, it is
possi bl e to useoftsheuemoel adrérodlene@sviiel is|resnenbiye tofeedbask signalseesivadt s. Fig. 3
is a three dinensional external view of the notor systemof Figs. | and 2.
The rotor housifigm@obi€ibn kersgr 62 Seiesdedmnwallérsmbinalude aonitiopuscessoror f orm a
wheel hub on which a tire, not shown, can be nounted. The rotor wheel

housing is jsour ghJafch bRital Qb bRite &BPUAIthOSSERIHMMNRASr8had t 36 via 20
bearings 38. The cylindrical "rotor housing structure surrounds the stator

annul ar ring that is.caextensiyvel 1 N h i hrection with the
rotor across tﬁherg?tﬁca éﬁéprﬁeﬁt.e%ﬁ iaggnlégqgﬁg%’ksgé%rggsreg%&g*n ag bte ypi cal control

systemthat may be enplqyed to drive the rm}or structure, shown in Figs.
1-3. Stator wi nifPFR¥IA diptributed at stator sections along the air gap to detect rotor

y
ityto

magnet rotation. The positidn sensor may comprise any known magnetic
sensing devices, such as a Hall effect devices, giant magneto resistive (GMR)

10 sensors, reed switches, pulse wire sensors, amorphous sensors, resolvers or
optical sensors.

The use of controlled electronic switches for application of energizing
current to motor windings is common in the art. Fig. 5 is a partial circuit
diagram of a switch set and driver for an individual stator core segment

15 winding. Stator winding 34 is connected in a bridge circuit of four FETs. It is
io be understood that any of various known electronic switching elements may
be used for directing driving current in the appropriate direction to stator
winding 34 such as, for example, bipolar transistors. FET 53 and FET 55 are
connected in series across the power source, as are FET 54 and FET 56. Stator

20  winding 34 is connected between the connection nodes of the two series FET
circuits. Gate driver 58 is responsive to control signals received from the
sequence controller 60 to apply activation signals to the gate terminals of the
FETs. FETs 53 and 56 are concurrently activated for motor. current flow in

one direction. For current flow in the reverse direction, FETs 54 and 55 are

12



WD 03/ 047071 PCT/ USO02/ 32666 are swi tchably energized by driving current
supplied from power source 50 via electronic switch sets 52. Timng of the
current pwba8s4i031 subj ect to the control of sequence contPcaluser/3®6q which
is responsive to feedback signals received fromposition sensor 62.
Sequence controller may include a m croprocessor or 5 equivalent digital
signal processor. Although position sensor 62 is schematically represented
by a single unit, several sensors may be appropriately distributed at
stator sections along the air g tp.detect rotor nmagnet rotation. The
posi tion sensor SPRFPITED ?‘i‘%’é‘egn?%ker& r g’haétl?ec'“‘eg@‘\%qg'ﬁﬁ) $8YF'EEs, such as a
Hal | effect devices, giant magneto resistive (GW) 10 sensors, reed

swi t ches, pul secauitradles 6hopeamprissursgparal dsegsoiralit. r esol vers or  opti cal
sensors. The use of controlled electronic switches for application of

energi zing current Fig. 608 epaniahtdireegimessicmdperspediive veevasfia vdriaiondfi s a
partial circuit diagramof a switch set and driver for an individual

stator core segithotbrstidisthNGrangbRbRIsh¥ivAdh ng.?r.flms%eaa%?&%ﬁﬂggn a bridge
circuit of four FETs. It is to be understood that any of various known

el ectronic switghing elepents .may Db d for dir LN rivi.n nrent in
the appr opr |t o s 1 GITE pouPRLR e gtEF sls iR 0P dl YRdaE e
bi pol ar transi st Pr s. FET 53 and FET 55 are connected in seri.es across the
pover source, aSfeach siater oore segmepts farneding enre septign Hhat igkstheipglesofhect ed
between the connection nodes of the two series FET circuits. Gate driver
58 i s responsi veroxamigp i eash of thyrstdter gogessiegtichsfis apositien sensopuEhedhicdhont r ol | er
60 to apply activation signals to the gate termnals of the
generates output signals indicative of rotor position relative to the
corresponding stator core section. The output signals are applied to control
10 circuitry contained on circuit board 46.
Figs. 7a - 7c are illustrative of an alternative structural arrangement of
the stator in accordance with the present invention. A plurality of fifteen core
segments 31 are shown, each segment comprising a pair of salient poles 32
and a linking portion 33. The core segments are each constructed of
15 magnetically permeable material. ‘Each segment pole pair is aligned in a
direction parallel to the axis of rotation and has a winding 34 formed on each
pole. Linking portion 33 is a relatively thin segment joined at its outer
peripheral surface to the salient poles 32 while having an inner peripheral
surface that is somewhat concave. The degree of concavity is commensurate
20  with the radial spacing of core segments from the axis of rotation so that the
core segments are configured generally circumferentially. Linking portion 33
extends in the circumferential direction on either side beyond the salient poles.

The stator core segments are secured to a rigid skeletal structure 140

that is centrally fixed to the shaft 36. Skeletal structure 140 is formed of a

13



FETs. FETs 53 and 56 are concurrently activated for nmotor- current flow in
one direction. For current flowin the reverse direction, FETs 54 and 55
are 12 WOw03B0470071 PCT/ US02/ 32666 concurrently activat e®CTEGO®R3W66 ver 58
may be integrated into sequence controller 60 or conprise a separate
driver circuit. Fig. 6 is a partial three dinmensional perspective view of a
variation of the notor structural arrangenment shown in Fig. 1. Instead of
providing a 5 separate wi nding portion on each of the el ectromagnet stator
pol es, winding 34 of each stator core. se nFnt i s.forned. on core section
that |inks the w@ggnqtlﬁa“wwleﬁ%g'ﬁmwia%ﬁ16? plagie QaANBIBLr BE secti ons i
a position sensor 62, which generates output signals indicative of rotor
posi tion rel atiskeletad strietureg sthrahigp Hired togsheft@doeorapises spine nembemnlé2out put
signals are applied to control 10 circuitry contained on circuit board 46.
Figs. 7a - 7c amhegrdllyustmed wh agfenarall abirarmifzidniieal sdrtioe § 44.als aar bgenent of
the stator in accordance wth the present invention. A plurality of fifteen

core segments gdrAlier§NQWgs. §6GRd IE PRV AR ptisEga felftfely Bfn Sal i ent
poles 32 and a |inking por%lon 33. The core segnents are €ach constructed

of 15 magnetd cal |,y ,per,meabl terial . FEach RITEN ol.e ir i.s aligned in
a directi on§ pacryzli'?{lfjgfalts 5t ?124%’5?%“%?{) ot s g)telrsoﬁ A gglaﬁilyv?a}aﬁeapﬁré&?ﬁy'f or med
on each pole. Linking portion 33 is a relatively thin segnent joined at
its outer periB}Pfeﬁ*'amegmefwr\d&wwd&ya{r%ﬁbe Hetveang areganerally paraligl an i nner
peri pheral surface that is sonmewhat concave. The degree of concavity is
conmensur at e to the axis of rotation. Each rib member has flanged portions 148 near its

outer extent to form grooves with the sleeve 145. Adjacent ribs 146 are joined
at one end of the sleeve by an additional ribbed groove portion 149.

10 Adjacent ribs and adjoining groove portions therebetween form outer
slots that accommodate stator linking portions 33. Thus, for the fifteen stator
core segments, fifteen slots are provided by the skeletal structure. As can be
seen in Fig. 7b, a stator segment may be easily inserted into the skeletal
support structure by sliding the core segment linking portion 33 into an outer

15  slot. The stator segment may be easily removed from the support structure by
sliding the core segment linking portion 33 out of the outer slot.

The inner radial periphery of sleeve 145 similarly is constructed with
ribs to form grooves and inner slots. The inner slots, which accommodate
power modules 47, are radially aligned with the outer slots. At a relatively

20  central portion of each paired slot is a cutout 150 in sleeve 145. The power
modules contain the control and switch circuitry for controlled energization of
stator winding 34 formed on the stator segment in the opposite slot. The
cutout permits electrical connection between the power module and the stator

winding. As can be seen in Fig. 7c, the power module package conforms to
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20 with the radial spacing of core segnents fromthe axis of rotation so
that the core segnents are configured generally circunferentially. Linking
portion 3®oomeemnds in the circunferential direction on eipclrarsossmes beyond
the salient poles. The stator core segnments are secured to a rigid skel etal
structure 140 that is centrally fixed to the shaft 36. Skeletal structure
140 is formed of a 13 WO 03/047071 PCT/ US02/ 32666 non-magnetically
perneabl e material, such as plastic or alum num The skeletal structure,

which is fixed to shaft 36, conprises spine n ers 142 integrally forned
Wth a general | A EtRBOLAE THRY MOt I TSRS TESHHER S S T ror ¢ cl oar Ly

in Figs. 7b and 7c, portion 144 conprises a relatively thin 5 cylindrical

sl eeve 145 havi thgrefiom.menbers 146 on its radially outer periphery. The rib
menbers extend outwardly fromthe sl eeve and are generally parallel to the
axi s of rotation. Eabhs td be weiktsesodths thé amgbet qfcratorcnagmadks sinmear hdst s out er
extent to formgrooves with the sleeve 145. Adjacent ribs 146 are joined

at one end of tphenhesEmb¥iyafr AfdirkddNal aky PRECLIS REVRr BPEthioPPo1d49. 10
Adj acent ribs and adjoi ning ‘groove portions therebetween formouter slots

n ik ; 33, for. ¢
core cogments. fef bEeRb el SLEARE LR IS onfiithg ciflial MhelldBEn * 20 a1
be seen in Fi

ckel ot al. sUppor PetdeEh SBT3 MG L ol BT HERTNeE A5 ALHOE L1 on 33
into an outer 15 slot. The stator segnent may be easily renoved fromthe
support struct ueerelsggmeits ancgrovides space fasgdanement ofrenergy sources o1 @8 wut  of
t he outer slot.
a plurality of controllers. The number of spines, of course, can be varied in
light of structural considerations.
10 In this disclosure there is shown and described only preferred
embodiments of the invention and but a few examples of its versatility. Itis to
be understood that the invention is capable of use in various other combinations
and environments and is capable of changes or modifications within the scope of
the inventive concept as expressed herein. For example, as can be appreciated,
15  the motor of the invention can be utilized in a wide range of applicationsin
addition to vehicle drives. Additionally,while it is pfeferable to provide a
separate energy supply for each module for reasons described above, a single
source of sufficient capacity may be used to supply a plurality of stator
segment windings.
20 It is within contemplation that the embodiment of Figs. 7a - 7c is
applicable to circumferential alignment of core segment pole pairs, as well as the

axial aligned arrangement illustrated. Thus, for example, the stator core sections

shown in Figs. 1 and 6 may comprise linking portions that conform in shape to

15



The inner radial periphery of sleeve 145 simlarly is constructed with

ribs to formgrooves and inner slots. The inner slots, which accomobdate
power nodwbas/o4iny1 are radially aligned with the outer sl otPET/UAD2/32666
relatively 20 central portion of each paired slot is a cutout 150 in sleeve
145. The power nodules contain the control and switch circuitry for
controll ed energization of stator winding 34 forned on the stator segnent
in the opposite slot. The cutout permts electrical connection between the

power nodul e an h wi ndi.nhga. a in-Flg, 4¢C, e power
nodul e package g‘é}%ﬁ‘sgort%é%f %5‘825‘{@%8%2%9% g’é‘tl}% bggo%r}élfgégg’g% hzg'dllnhénsi on of
t he i nner sl ot ﬂnd ca; readiky be insertg&.E% repnved therefrom It is to
be understood t FAE MaydeRiodsd (o cataingiental §irsHica °M%s been chosen
nmerely for illustration, as any particular nunber of stator poles 5 may be
provi ded, dependi ng upon desired operating criteria. The di stance between
spines 142 in the illustrated enbodi nent spaces three sets of stator core
segnents and provi des space for placenent of energy sources and one or a
plurality of controllers. The nunber of spines, of course, can be varied in
i ght of structural considerations. 10 In this disclosure there is shown
and described only preferred enbodinents of the invention and but a few
exanples of its versatility. It is to be understood that the invention is
capabl e of use in various other conbinations and environnments and is
capabl e of changes or nodifications within the scope of

16



the inventive concept as expressed herein. For exanple, as can be

appreci ated, 15 the notor of the invention can be utilized in a w de range
of appli capiodns7orn addition to vehicle drives. Additionalpicg/usesyices it is
preferable to provide a separate energy supply for each nodul e for reasons
descri bed above, a single source of sufficient capacity nmay be used to
supply a plurality of stator segnment windings. 20 It is within

contenpl ati on that t he enbodi nent of Figs. 7a - 7c is applicable to
circunferenti al nment of core segnent pole pairs, as well as the axial
al i gned arrange | ustrated. Thus, for exanple, the stator core
sections shown in Flgs. 1 and 6 may conprise | i nking portions that conform
in shape to 15 WO 03MNJuv(xlaiPed/iLJS02/ 32666 outer slots of a stator
supporting structure, such as shown in Figs. 7a - 7c. Inner slots nay be
provided for contai nmentroedry eleegicirhédt carppiment s. 16 WO 03/ 047071

PCT/ US02/ 32666 CLAIMS What is clained is: A rotary electric notor

1.
conprising: a permang germgm%agr@tmton?aw;Igu@atlgﬁéﬂetr%aﬁémr pagent.

magnets disposed in an annular ring con a stato onprising a
plurality of seﬁarat f err omagn |solated 5 electronagnets in an

annul ar ring co ’fSP%ﬁfﬁé’? ?rbﬁnm\ﬁr%mgncé’g '¥1

a stator comprising a plurality of separate, ferromagnetically isolated
5 electromagnets in an annular ring configuration, windings of the
electromagnets selectively energized to form magnetic poles of alternating
polarity along a radial air gap that separates the stator from the rotor; and
a plurality of separate power modules, each of said modules
corresponding to a respective stator electromagnet for providing energization

10  current thereto.

2. A rotary electric motor as recited in claim 1, wherein said stator is

encompassed within the rotor.

3. A rotary electric motor as recited in claim 1, wherein each of said
power modules comprises:
drive circuitry; and
electronic switches connected to a power source and the respective
5  electromagnet, the switches being responsive to drive circuitry for directing

current pulses from the power source to a winding of the electromagnet.

17



el ectromagnets sel ectively energized to form magnetic poles of alternating
polarity along a radial air gap that separates the stator fromthe rotor;
and a pl uwelowy7oof separate power nodul es, each of said mPdWUS82/32666
corresponding to a respective stator el ectromagnet for providing

energi zation 10 current thereto. 2. Arotary electric notor as recited in
claim1, wherein said stator is enconpassed within the rotor. 3. Arotary
el ectric notor as recited in claim1, wherein each of said power nodul es

compri ses: drive i f gUiLiry Al Rl BGLE VL Yn GRS SHIAELAR draa@ pover

source and the respectiv ctromagnet, the swi tches belng responsive

t
i ndi ng of the EPHERBHIEG e PR Bt DD OB b BPAERG N A 1 otary

electric notor as recited in claim3. wherein each of said power nodul es
further conpri sESPeEYE ABYE Eirgpdy andesspersiVABWHERSS: t hereon respective drive
circuitry and respective switches. 5. Arotary electric notor as recited in
claimd4, further conprising a sequence controller connected to the drive
circuitry of each nodule for applying thereto timng signals. 6. Arotary

electric notor as resi e@tdri eleb@icithor Adhetildd inGMIRI4, Fhriteer dbmptiSiaga one
rotor position sensor for providing output signals indicative of rotor
sequence controller connected to the drive circuitry of each module for

applying thereto timing signals.

6. A rotary electric motor as recited in claim 5, further comprising at
least one rotor position sensor for providing output signals indicative of rotor
position and wherein said sequence controller is responsive to said output

signals.

7. A rotary electric motor as recited in claim 3, wherein said power
source comprises a plurality of batteries, each of said batteries supplying

power to only one of said modules.

8. A rotary electric motor as recited in claim 3, wherein each of said
power modules further comprises:
a rotor position sensor for providing output signals indicative of rotor
position with relating to the respective power module; and
5 a sequence controller connected to the drive circuitry and to said rotor
position sensor for providing timing signals for controlling the operation of

said switches.
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position and wherein said sequence controller is responsive to said output
signals. 7. Arotary electric notor as recited in claim3, wherein said
power sowpa®goednpri ses a plurality of batteries, each of peaiusobareseri es
supplying power to only one of said nodules. 8. Arotary electric notor as
recited in claim3, wherein each of said power nodul es further conprises:
a rotor position sensor for providing output signals indicative of rotor
position with relating to the respective power nodule; and 5 a sequence
controll er connected to the drive circuitry and to said rotor position:
sensor for providing timng signals for controlling the operation of said
switches. 18 WD 03/047071 PCT/ US02/ 32666 9. A rotary electric notor as

recited in claim8, Wherelar eerBemauer sredisdip alim SoWharsen drcPR6h of each
current pulse is determ ned by selected activation of the switches by the
drive circuitrycurkdt fidgwraod dnsatieh of tadhcumenigrulsess deteimisdd by selketedn 1, wherein
the notor is enclosed within a shielded housing thereby to avoi d external

el ect romagnet i cactivafie dfah€peRched by the didleadiscuthyectric notor as recited in
claim1l1, wherein the plurality of separate power nodul es are contai ned
within the stator radially inward of the stator el ectromagnets.

10. A rotary electric motor as recited in claim 1, wherein the motor is
enclosed within a shielded housing thereby to avoid external electromagnetic

interference.

11. A rotary electric motor as recited in claim 1, wherein the plurality
of separate power modules are contained within the stator radially inward of

the stator electromagnets.

12. A rotary electric motor comprising:

a permanent magnet rotor having a plurality of permanent magnets
disposed in an annular ring configuration; and

a stator coaxial with the rotor and separated therefrom by an axial air

5 gap;

wherein the stator comprises a plurality of independent stator units,
each of the units comprising a ferromagnetically isolated core having a
winding formed thereon and circuitry for controlling energization of the

winding.
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12. Arotary electric notor conprising: a permanent magnet rotor having a
plurality of permanent magnets disposed in an annular ring configuration;
and a staworo3oemxi al with the rotor and separated therefr earhysoaseeaxi al air
5 gap; wherein the stator conprises a plurality of independent stator
units, each of the units conprising a ferromagnetically isolated core
having a w nding forned thereon and circuitry for controlling energization
of the w nding. 19 WO 03/047071 PCT/ US02/ 32666 13. A rotary electric

not or conprising: a pernmanent magnet rotor having a plurality of pernmanent
magnets disposed in an annular ring configuration; and a stator coaxial
with the rotor and separated therefromby an axial air 5 gap; wherein the
stator conprises a plurAlrptagy @ectiigdepIencPEMIisgtgat or units, each of the
units conprising a ferromagnetically isolated core having a w nding forned
t hereon and a power spgplapentinagn@t ravoddrayingl epluralicy ofpepmagorageeng: a

per manent nmagnet rotor having a plurality of permanent nagnets disposed in

an annul ar ri ngdigpattl eHaAdmir rptonfighation; ap@axi al with the rotor and
separated therefromby an axial air

a stator coaxial with the rotor and separated therefrom by an axial air
5 gap;
wherein the stator comprises a plurality of independent stator units,
each of the units comprising a ferromagnetically isolated core having a

winding formed thereon and a power supply.

14. A rotary electric motor comprising:
a permanent magnet rotor having a plurality of permanent magnets
disposed in an annular ring configuration; and |
a stator coaxial with the rotor and separated therefrom by an axial air
S gap;
wherein the stator comprises a plurality of independent stator units,
each of the units comprising a ferromagnetically isolated core having a

winding formed thereon and a rotor position sensor.

15. A rotary electric motor comprising:

a permanent magnet rotor having a plurality of permanent 'magnets
disposed in an annular ring conﬁgﬁration; and

a stator coaxial with the rotor and separated therefrom by an axial air

5 gap:
20



5 gap; wherein the stator conprises a plurality of independent stator
units, each of the units conprising a ferromagnetically isolated core
havi ng a weioa@imegl f orned t hereon and a rotor position sen®om/uUst®326é6 r ot ary
el ectric notor conprising: a pernmanent magnet rotor having a plurality of
per mmnent magnets disposed in an annular ring configuration; and a stator
coaxial with the rotor and separated therefromby an axial air 5 gap; 20
WO 03/ 047071 PCT/ US02/ 32666 wherein the stator conprises a plurality of

i ndependent stator units. each of the units conprising . a ferromagnetically
i sol ated core havi ng “4ereif e SKETroPREises %B‘t“é%‘r‘\?&‘i“ﬁﬁ%ﬁ FR staser ‘E’é‘gt rol I'ing
energi zation of the wnding, a rotor position sensor, and a power supply.
16. A rotary el éxdhraféhgwnieomprisinga lseromagedtighly telategeorehavindie r ot or
surrounds the stator. 17. A rotary electric notor as recited in claim 15,
wherein said cwinding formedtprésesircetre dorroontrollispichelpeation onietvadding, t he
power source and the respective electromagnet winding; and 5 a switch
driver responsi ¥@otbPpskitfsHieh&r! ﬁ{dﬁﬁéw&%bmwg driving pulses to the

switches to apply current pulses fromthe power source to a winding of the
16. A rotary electric motor as recited in claim 15, wherein the rotor

surrounds the stator.

17. A rotary electric motor as recited in claim 15, wherein said
circuitry comprises:
electronic switches connected to the power source and the respective
electromagnet winding; and
5 a switch driver responsive to a controller for applying driving pulses to
the switches to apply current pulses from the power source to a winding of the

electromagnet.

18. A rotary electric motor as recited in claim 16, wherein each of the

units is a structurally self-contained component.

19. A stator for a rotary electric motdr having an outer permanent
magnet rotor, said stator having an annular ring construction encompassed
within the rotor and separated therefrom by a radial air gap, and comprising:

a plurality of ferromagnetically isolated core segments having

5  respective coils wound thereon to form stator windings, said core segments
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el ectromagnet. 18. A rotary electric notor as recited in claim 16, wherein
each of the wunits is a structurally self-contained conponent. 19. A stator
for a rotwoyws@kmeiric notor having an outer permanent nma@EEFUNLBmGe said
stator having an annular ring construction enconpassed wthin the rotor
and separated therefromby a radial air gap, and conprising: a plurality of
ferromagnetically isolated core segnents having 5 respective coils wound
thereon to formstator w ndings, said core segnents 21 WD 03/047071

PCT/ US02/ 32666 Vi n. out ' i - ' d an

i nner radi al pe??‘@%?@oa e?’?'ﬁ?%‘br[@g%%tl}ﬁeg&#?rﬁﬁd ﬁﬁr’é efé%é?%ﬂﬁeg{]l y no
flux traverses; d a non-ferromagnetic su rt structure for containment
of said core s@%ﬂ’é’?‘& %VPIHWéY'F}Bﬁﬁg‘h‘gHL@S‘iaE@ﬁ £ BRI PRV $act Yot her and for
supporting a 10 plurality of separate power nodul es, each of said nodul es
corresponding to a #eepésTiMagnsiGIUNPOR|sEEENENRE aentanpenpeisaidisarg wi ndi ng
energi zation current thereto. 20. A stator as recited in claim19, wherein

sai d non-f err onsghehistn faupRpapnetis isolation fent eaghrdtiske and forgapperahp v
circunferential sleeve portion; and a plurality of spine nenbers each

integrally fpr "Fl@r fty 8f §dphte WEr WhddulesdeRBiot sl BRIRIRRbEEYPonang dapted to
be fixed to a stationary shaft at a second end, whereby said sleeve is

posi tioned at arefs{)é(c%(\jfe & oir%lecgé)r%ggrpe??orfprrg\ﬁ]dﬁl%i \ginﬁﬂ%feslergization current

thereto.

20. A stator as recited in claim 19, wherein said non-ferromagnetic
support structure comprises:
a generally circumferential sleeve portion; and
a plurality of spine members each integrally formed at a first end with
5  said sleeve portion and adapted to be fixed to a stationary shaft at a second
end, whereby said sleeve is positioned at a fixed radial distance from said shaft

and coaxial therewith.

21. A stator as recited in claim 20, wherein said sleeve portion
comprises a plurality of generally parallel ribs on an outer surface thereof to
form slots; and each of said core segments comprises:

a pair of salient poles; and

5 a linking portion joining the poles, said linking portion configured to
mate with one of said slots;

whereby said core segments are slideably engageable with and

slideably removable from said slots.
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and coaxial therewith. 21. A stator as recited in claim 20, wherein said
sl eeve portion <conprises a plurality of generally parallel ribs on an

out er surweaamg/oshereof to formslots; and each of said coPETASINBEHEG
conprises: a pair of salient poles; and 5 a linking portion joining the
pol es, said linking portion configured to mate with one of said slots;
wher eby said core segnents are slideably engageable with and slideably
renovabl e fromsaid slots. 22 WO 03/047071 PCT/ US02/ 32666 22. A stator as
recited in claim?2l, wherein said sleeve portion conprises a plurality of
generally parallel ribs on an inner surface thereof to formslots for
slideably receiving said power nodules. 23. A stator as recited in claim
22, wherein the out eR2sdrftaioragicpitedanelaimeiewhbieyn sard sleévgmpostmn wit h t he

i nner surface ribs and the sleeve portion between an adjacent set of ribs
conpri ses a cut esthpifises ageiralitytdpanahbL paraltéllribs@annaahdrairfaRttnaesf 8 power
nodul e and a stator w nding. 23

form slots for slideably receiving said power modules.

23. A stator as recited in claim 22, wherein the outer surface ribs are
generally in alignment with the inner surface ribs and the sleeve portion
between an adjacent set of ribs comprises a cutout for permitting electrical

connection between a power module and a stator winding.
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