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el ectrical sy$hewortentofithe letatedipatentispiplidationvisrinedrporated heyeihdybe st or ed
in the inductor, in addition to the energy for .the mechanical work to be
performed. ThiefeigBEBssitates increases in the capacity of 25 . generators,
wiring and transformers needed to supply the notor. In alternators and

gener at or4g thgawgf%l{}g&r o;f imfegﬁﬂ'ﬁ? I's, perhaps, even nore inportant. The

al ternator or gen npedance conbines with the |oad inpedance to
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in WO 01/,29955 PCT/ USO0/ 41346 order to minimze internal resistance and to
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‘heat that neegls t opbgeriitiohidtahe Prior Art
. Asis well understood by those skilled in the art, electrical machines
have an internal impedance that interacts with other system impedance to
determine the performance of the combined system. In a motor, the
20 inductance is that portion of the internal impedance related to magnetic
energy storage within the electrical machine as it is energized to deliver
mechanical work. The electrical system driving the motor must deliver the
energy to be stored in the inductor in addition to the energy for the mechanical
work to be performed. This necessitates increases in the capacity of
25  generators, wiring and transformers_ needed to supply the motor. _
o . In élt'ern-étors and 'générator_s the irite_rnal imbeda_nce i's{, 'pe'rhaps, e_v_en-',
more important. The alternator or generator impedance combines with the
load impedance to determine the performance of the whole system. As the
internal impedance of an alternator or generator is made to be a smaller
30 fraction of the total impedance, the output voltage of the alternator or
generator becomes a larger fraction of the ideal (pre-ioss) voltage provided by
the idealized source. In the current art care is generally taken to provide low -
resistance pathways in the copper windings of an alternator or a generator in



Anot her factor in the inpedance of the alternator or generator is the
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3858071. High frequ alternatprs or nerators are desirable in that

hi gh | evel g’"S'f"t bsﬂﬁegﬁggﬁ%%bé% stt%;?o%réer%ﬁggk}%agaﬁoﬁ physically smal |l magnetic
pat hs, 4qQesulting in physically conpact units. Caw pole alternators are
typi cal of the ZEq_p ysi cal desi of hjgh frequency generator devices and
achieve high fr Tjgr@&‘efgygtﬂﬁ‘ﬁ&:&"ﬁphfal ity of alternating poles. A

di sadvant age of these physically small claw pole units is that the close
proximty of multiple poles and nultiple magnetic pathways allows for
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alternators. This has been known for some time; for example Griffing and
20 Glockler present the design of a “High Frequency Low inductance Generator”
in US patent 3858071.
High frequency alternators or generators are desirable in that high
levels of output power can be achieved with physically small magnetic paths,
resulting in physically compact units. Claw pole alternators are typical of the
25 physical design of high frequency generator devices and achieve high
frequency by having a plurality of alternating poles. A disadvantage of these
physically small claw pole units is that the close proximity of multiple poles
and multiple magnetic pathways allows for unnecessary storage of substantial
amounts of magnetic energy, resulting in high output inductance.
30 High output inductance causes several difficulties in the operation of
high frequency alternators or generators. The impedance, Z of the inductor
grows directly with the operating frequency (o, rad/sec) as shown in the
following formula:



I's increased. The ideal (pre-loss) voltage is usually increased by
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20 of core loss due to the decrease in excitation would offset the expected

increase in core loss due to the increase in frequency such that the core
losses would remain nearly constant with operating frequency. '

It is therefore an objective of this invention to provide an electrical
machine that may be used as a high frequency alternator with low output

25 inductance. '

Furthermore, high frequency alternators are often poly-phased devices
used with solid state circuits to rectify, switch, commutate or chop the output
and reform it into DC or desired power frequency (50 or 60 Hz, etc) AC forms.
In such devices individual alternator output phases are turned on and off at

30 high frequencies, again invoking the filtering of the output inductance. Also, it
is common for the output inductance of one phase to be linked by mutual
inductance to the output of other phases so that the sudden change in current



to be controlled independently of its rotational speed. This is usually
acconpl i §he the use of a field coil that allows an ex I pplied
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of the output circuits. It is well known in the art that small air gap
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20 output circuits store in the field coil magnetic circuit and thus increase the

output inductance of the machine.

Permanent magnet generators and alternators avoid this problem of
the field coil magnetic circuit contributing to the output circuit inductance
because the magnets themselves are high reluctance elements and limit the

25 magnetic energy that can be stored by the currents in the output circuits.
However, permanent magnet machines do not provide for control of the
output voltage independently of the rotational speed.

As noted for the typical high frequency alternators, such as the claw
pole type, the close proximity of multiple poles and magnetic paths gives rise

30 to the unnecessary storage of large amounts of magnetic energy. This is
important in the field excitation circuit as well as the output circuit because of
the saturation and core-loss issues already mentioned. It should be noted
that the majority of magnetic energy is stored in the high reluctance air spaces
that are interconnected by the low reluctance ferro-magnetic pathyays in

4



machine inefficient. It is therefore an objective of this present invention
to provi dewé(,??yy si nductance el ectrical machine with output voltage which
can be contro eg i ndependently of the rotational speed, RI/uN00/13g6ral |
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output i nduldygtance elertiical machineowitheutpytyaliags Whielh 6an becontiolleder ef ore a
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machi ne whi cﬁ{dnggmgéentrg?ef %gd{ gmb'ﬁggﬁ%%as%r ngﬂlgﬁ]rg?lggw\%nat)ﬂgg I 8\% | eakage of
the fiel t0fI wtocandbthesarmature isiongerite peametetefficiennysandia mikimuamaf pr ovi si on

for independ ing nultiple air gaps. Recent work by G oehi,
di scl osed mﬁﬁ@%‘a?é&% ﬁ%};er 5565836, presents nethods for achieving the .
nul l'ification of Elskicabmachines basedoh armaturéd with poloidahwindingsoardehdy wound
i nductor by use . .of .concentric w ndin around 30 .the gycyate | s, .0f the
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cancell ation. The cancellation of internal flux fields within a toroid or

annul ar 1 nglengleyangfrighepdisclege @ Do materdased ardthiseanfigurationdikent al to

the design on f r. It is
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mechani cal aanhuldrgity stetor ireadashjon that greatly hmlts the leakage flux from the

20 field. The rotors in these designs are relatively complex, present difficulties in
establishment of air gap clearances, and do not address the issues of output
inductance or mutual inductance between phases.

it is therefore a further objective of this invention to provide a low
inductance electric machine which may be used as a brushless alternator with

25 low leakage of the field flux combined with simplified rotor construction and
provision for independently establishing multiple air gaps.’

Recent work by Groehl, disclosed in US patent number 5565836,
presents methods for achieving the nullification of unnecessary components
of flux within a toroidally wound inductor by use of concentric windings around

30 the arcuate axis.of the toroid combined with electrical connection of such
windings so that currents of equal magnitude and opposite direction provide
flux cancellation. The cancellation of internal flux fields within a toroid or
annular ring can be used to create low inductance, and is fundamental to the
design and operation of the common electrical power transformer. It is



5 The previously nentioned high frequency alternators may be used for the

product i f ow) power frequency (60 Hz) AC power through_ nethods
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20 it is therefore a further objective of this invention to provide an electrical
machine wherein the field excitation may be amplitude modulated at power
frequencies while core losses are minimized.
As is well known, many electromechanical devices can be run in either
a motor or generator mode. A generator with low internal inductance might
25 also be operated as a motor with low internal inductance. In motor operation,
low internal inductance reduces the requirements for the electric supply
system to handle energy that is stored in the magnetic field of the device.
Furthermore high armature inductance can impede the rapid change of
armature pole currents and magnetic fields, thereby restricting the high
30 frequency response of the motor. A motor with low armature inductance
would allow relatively high frequency operation of the motor, which is useful in

variable speed applications.



pol e position and armature excitation. This is useful for many industrial
applicatl /{; rlng careful control of shaft position. It is therefore a
further Obj ective of this invention to provide for an el RGP 4138c hi ne
with low armature inductance and which may be operated |ike a stepper
motor. 10 In cont l‘tzisthetejbtmfmmppbjectimofthiqdevasntiooﬂepmjﬂde' an efectrichr onous
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For exanple, an electrically powered autonobile usi ng rg\%ener ative braking
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as the vehic ows to a rotor inertia of a notor represents an
energy stor agmeqwmfrthlsnmvamon rh@prnyadmi@r anlelestribal pfachipegvitholowr at i on.
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e rot e on The objects
set forth ab‘E‘RFé lsl effé’ap'ﬁrtpﬁé’ IeYR @ $P %P‘%{'%Pgt r‘%‘ﬂ ﬁﬁf’ages of the
present i nveqdditichatbbjestive 6MAR therﬁiEhQS!pWﬂéSa Ww indactadBe efbehid | on
descri bed bel ow., The present invention includes a rotor and a stator. A

shaft that rfﬁ?cméeﬁﬁé'ﬁﬁ b%Hﬁ%@ﬁeﬁYﬂ@“’ﬁﬁ?@? mgtoryyith %P%W‘d@? Iof®fins to
coupl e the Qﬁ¥ stt 0 an external source or rotary power on an external
rotary | oad he stator I ncl udes armature w ndi ngs and an ar nature
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magneti c fi &onttrolhihelyemetdted gewer so tHatét was comstantip seitaksle fior recharging
20 the vehicle battery even as the vehicle slows to a stop.
The rotor inertia of a motor represents an energy storage mechanism
on the mechanical side of motor operation. Particularly for control situations,
such as with stepper motors, it is desirable to minimize mechanical inertia in
the motor. It is therefore an additional objective of this invention to select
25 features that reduce the mechanical inertia of the rotor.

Summary of the invention
The objects set forth above as well as further and other objects and

advantages of the present invention are achieved by embodiments of the

30 invention described below. The present invention includes a rotor and a
stator. A shaft that may be made of non-magnetic material and provides
means to couple the device to an external source or rotary power on an
external rotary load. The stator includes armature windings and an armature
structure made of laminated electrical or magnetic steel or other syjitable
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rings of low |loss magnetic material are |ocated coaxial with and inside the

field CWdoln; field coil and the inner rings may be at g?ﬁ%gq@gﬁa: 'E)Eer

the rotor or e stator and provided with clearances to
between the rotor and the stator. A rotor assenbly includes two rotor
di sks, whi ciagesticmatedialwitbriaw|oprerese charasisiistiey incdrer tnainidizecduct i vity

materials, each.hol din t ' 0, tqr ; jich are
evenly spac‘é‘ﬂrqq% '%?sgéia%é?JH{; g?%%‘gﬁ%#'é irrﬂeh(?tgl%{??' %{Eg%@%?ﬁ'ﬁ%'o‘ gc bars are
made entiretopper Ior bthsr saitasleahatetial walndas amgneuldt fing éclocatedsopsial sui t abl e
magnetic material wi.th. |ow core |osg characteristi i I nim ze
eddy cur r enpith gad é'%s'éﬁﬂ‘elﬁaw r‘ggY@e? geans tforﬁ{bé’ftgfncﬂl Eﬁﬁéﬁgagé@tén

| ndependgnt hyd tomaditagietiedicldewitbih heofevitdie Crivadt merinnehatnular  gaps  of
the desired | engths are established between the, rot

. le b dth
stator. Thefinggooklowdesumspacte makerial pes |°§‘a(9fjf"_§§f"a' Wﬂtgrﬂnggﬁﬁd%m?&gy a ©
distance of ofnerioh&dtichBine MR MiflisThapse atbchdibo &igiEs the rdtgrcorhal f of

the circunferé pitch of the rotdr p bars on one 20 disk, so that
the rotor pthesstatar and gprevided)withaianarses to@llowgotation betwegrnthermlag

alternates fr one, di s he (0] . . he
circunfer enﬁ'é‘? %}ﬁg’rmft&éétgg%ﬁﬁ&pﬁ%ﬁ%gﬁ? éqtgea'§§$ﬁ§$ Qﬁ?g)net be

magnet i @d géndrabpiradeasi ontrabgseticcartdowycondactivityi matefialsx eachibeldigby
current in the field coil, Armature co'.Iﬁ are pr,ovided, for one or nore
phases. ArnHeiame EB”‘E’SF pErager Fé‘?i%haf?n‘%{é'é SRSV EPAPLE R ement ary pairs

spaced evengijcuniteritiia) Bir&ctiOAC Dhedb rbfof pbledats areARidershfibaly obf the
conpl ementary pair being wound in opP05|te direction and conn ctﬁd in

seri es suchlaminated idectienl or magretie stee! pretheesuitaplemagnetiematerial Mty ndi ngs
woul d be ofy [F%g‘g,{ ; %8&9 ,ﬁ.ﬁi@ IWNcGReht IMsdadidng and thus
cancel . Thelrogféi.'ﬁ%lﬂ eérca)%grl%%srm of%_bgrr]rp errg?]dtj)g?y W r%%gr?gs for each
phase ft6 echystengaisrlosses: othe rqton diskseare. indegendently fogatest aleng o5houl d be

arranged sigmlarl.y dj 'rt%m% ence by an
appropriate rsi" i%ﬁ%&ﬁ]ﬁ&%@ﬁr éythsep%%?#ﬁgq%tgé ?léaggst%ﬁlgsr?gm re g’i}l ectrical
phase r el atihensturpole Bard@riiltha2%6r. PTHe tuROOteridi=lG areranguiartysoffset nvent i on
establishes_a particul ar seties net i at hway . .for.. neti,c flux induced
by current sTPRE eq(iﬁe@?}f?dﬂﬁmfr @qﬁgﬂ%‘%é‘.'h'%g's?%&? '%zﬁ% i s axial
and ci r cunf g4natasdne KHIPsRthe citeurfar@ntial pitc 6lthewotr polectiarsoerarsd |y via an

air gap.to a first rotor pole on the first rotor, djisk, th serially 5
t hr ough2@ hedipk,rse thabthg rofey Role, Rar and,ain gae Adigeent tPHI“%L?&FFrtSE%bT AP®r annul ar

rings alternates from one disk to the other as one progresses around the

circumference of the outer stator ring. The rotor pole bars can be
magnetized to create rotor poles to carry excitation flux induced by current in
the field coil. Armature coils are provided for one or more phases. Armature

25 coils of each phase are wound in complementary pairs spaced evenly

. around periphery of the stator, each member of the compleméntary pair being

wound in opposite direction and connected in series such that the magnetic
fields induced by a current in the windings would be of equal magnitude but
opposite sense in each winding and thus cancel. There should be one pair

30 of complementary windings for each phase for each pair of rotor pole bars.
Winding for other phases should be arranged similarly, but angularly
displaced around the circumference by an appropriate fraction of the pole
spacing to effect the desired electrical phase relationships.



and at | east one additional magnetic gap associated with the inner rings,
t hen seri@bloylzggggough a second rotor pole bar on the second rotor disk,
and finally "via™an air gap back to the armature struct urePCEUSOHHI3E e t he
magnetic circuit. In alternator or generator operation node the field coil
is energized and The présent invehtiomdstablishesar particulaeseriys magmaticgatieans such

that the rotor pole . bars. concentrate the field excitation flux in a noving
pattern al ongortrﬁﬁgv%ﬁc%@éd?%f‘@ﬂ ‘E}f"%n&éﬁ&m}??éé{mw@ vindigsng f | ux in -
the outer st Fhefukipath isCadi @hd\eiclimBstehfalltSrou§l Aes Srhdtufd GrAtdrB! e Ccoi | s.
I n notor operation node the armature w ndings are energized in_15

control | ed s&ftdlycda aR@irgan 19 firshoterRcle opdne firsh Fefof dislrtber pedallyposi ti ons.
The rotog p ' current in
t he fielsd Cg}r 4 nﬂ%rﬁ e{f@?éﬁlﬁ@@t. %éﬁggﬁggﬁgﬁﬁgéfﬁ'ﬁx#e@@gen t he :
armature wi aod@gicashane additionamagsedicigapassagigtedith therinmesiringsethenaft and .

ul l out tor . ' lde 2l gaps
bet ween t ne. SoupbIRRIGRH econtbioBRBarorRl SeBind ot gl Bhaimly (320
e; 1; ects vv: I Ih_viaﬁan aii'lgz'aprbaeldto the drmatureistrutiuneto ¢draplets thelmagneticajrcuic| udes
addi ti onal hi el uctance portions, inner ajr or, .magneti c, gaps,
whi ch increasg t his al rl'%efa" e5atof pheraligR ;9 @gﬁgfﬂ ‘fo'ldﬁ&ﬁf’@&?geg?cﬁe

i nduct ange thetmﬂaérrmﬁdwreare%ﬁm@uby@'xtauéitrﬁeaﬁﬂyu&nﬁapnhgrrsf Pefe Bdre

addi ti onal high-reluctance magnetiC 25 gaps may be filled with air or a

sol i d non- magereaniraimtnerfield exatation Bux ke maving Paltese alangdhe An ext er nal
current appl bi?ﬂjrﬁi%rér%% flttie Stafddrln EP%FCHh%nQihg R e GutoriBtdr fingOn | evel
a pgt v e ?I e in

wi thin the device an I"'ows out pC oltage™t o contro ependent | y
of the rot attauses volfagel tobe indsdicedin the armaturg coést er under st andi ng of the

present | vent| oy hRE bREaskh Dbl HE bymde@ ihndibid Be/c blisgd 3 ther eof

reference is made't acc ny1 ng draw ngs scription
and its Hropeontidiled iseqpence sl attracl the rbier pplecrate tb preferredspodtiond. 0He29955
PCT/ USOQO 4134 Bri ef scription of tfe. Draw,n Figure 1 shgws a

cut - avay vi dEtPale BreBerabensan brdrmesteE oV R T oot i ca
machi ne of tfed @bl iedvdet tveohitiobthe 1bvdtiof dtteactién dbtweentherapmatigect i on of the

f d enbodi nent the | i nduct lectri hi fth
ot csent | noNPPSS Aac e So12EP SRR e BUS coBE o HBat ahd UL TR e

embodi ment Wi th 3nRRrtaffly, the magnetic pathway allows smalt air gaps between the

20 rotor and the armature so that flux fringing and leakage effects will be .
minimized. At the same time, the serial pathway includes additional high
reluctance portions, inner air gaps or magnetic gaps, which increase the
reluctance of the magnetic circuit and reduce the inductance of the armature
output circuits. Any one or more of the additional high-reluctance magnetic

25 gaps may be filled with air or a solid non-magnetic material, or substantially
evacuated. An external current applied to the field coil controls the magnetic
excitation level within the device and allows output voltage to be controlled
independently of the rotational speed of the device.

For a better understanding of the present invention, together with other

30 and further objects thereof, reference is made to the accompanying drawings
and detailed description and its scope will be pointed out in the appended
claims.



air gaps in the magnetic pathway. 10 Figure 2C shows a cross section of a

second zu,ég{mgf enbodi nent. Figure 3A shows a devel opedpmﬁ)ﬂg’g? t he

ci rcunf erence the outer stator ring of the preferred 15

Figure 3B shows an alfernate conf.i guration of the armature windings in the

preferred Brgidorssiption of the Drawings schemati c dicagram of the magnetic

pat hways tgi 8N MfvON bR awaPvisWadfY preidited@bbiheitt bEmkilon of flux flow
a co

gener at ed oad current 1na pair of npl ementary armature w ndings in
t he pref er instuctansekieetrical nraghineotibejpreserddmeaniienc di agram of multiple
pairs of conplenentary armature w ndi ngs spaced around the circunference
of the outer stator ring in 25 the preferred enbodinent. Figure 5 is a
schemat$c #Figure 2A stiowsha crasgreection phithearafetred emplodintentofthe lowand t he
direction of, flux flow.induced by, load current .in a poloidal armature

wi ndi ng i n'qm‘:@fﬂ?&ﬂﬁam% fihe PSRt dINaDUBN ¢ udes Fi gures 6A- 6F
that show a schene for anal yzing the nutual inductance of rotor flux flows
usi ng various configurations of poloidally wound arnmature coils in the

preferred EigBAIZRFIOWS d CiRSSEECHRgta Best eembadiment With 3/SefR5s one
met hod of ‘Mg&cﬁyggnttﬁﬁﬁ%gﬁgﬁéﬁﬁh%wnd the outer stator ring in the
odi

preferred e ment. Frgure 8 is”a schematic di agram of one nethod of
conneci®ng a nultiphase 5 alternator winding to an external rectifier in

the Pref er Bl EHROMARDL HlecldiRioP bR SBboAdYRGNERLmEbAHER, O Shovs

alternate 0 ndi one of sever al ases around the outer stator
ring in the preferred enbodi nent. 10 Figure 10 shows a detail of slots in

h : 4a LoV . . 11
bresent s t BIBUrE A #i5hs & dRVERERS LRl ayeRd M HiimlbRRen Se il e el 0, 11
flux fl owsringofthepref@edibmpodimetitt ed armature coils.

15
Figure 3B shows an alternate configuration of the armature windings in the

preferred embodiment.

Figure 4A is a schematic diagram of the magnetic pathways through the outer
20 stator ring and the direction of flux flow generated by load current in a pair of
complementary armature windings in the preferred embodiment.

Figure 4B is a schematic diagram of multiple pairs of complementary
armature windings spaced around the circumference of the outer stator ring in
25 the preferred embodiment.

Figure 5 is a schematic diagram of the magnetic pathways through the rotor
and the direction of flux flow induced by load current in a poloidal armature
winding in the preferred embodiment.

30 ' .
Figure 6 includes Figures 6A-6F that show a scheme for analyzing the mutual
inductance of rotor flux flows using various configurations of poloidally wound
armature coils in the preferred embodiment.

10



Figure 12 shows a cross section of a third alternate enbodi nent using

radi ally %?]ZZ% poles. 20 Figure 13 shows an expanded circunferenti al
view of the third alternate enbodiment. Detail ed Descri pt PEHUSEV/4346f er r ed
Enbodi rrentsnéifSHt he | nvention In a first enbodjment, the |ow inductance

el ectri cal réhé spewe pae methgd of winding, {fueg paAsasareund thaewer sfatos hi gh
frequency al ﬁ,gq;lﬁ,qhg?,efgﬁ-ggrerrﬁmiﬁ,gm- Figure 1, the | ow output inductanch
C

el ectrical machine of the present invention includes a stator assenbly 2 -
including an outer annular ring 4 and an inner annular ring 6, both nade

substanti al 'P’igﬂﬁq é\%‘%%@lﬁeﬁﬂaﬁé gﬁbfdrﬁ%\‘g@é nﬁfﬁ&f‘?&oﬁn?{:@g a Muse suitable

magnetic matefra ow cor e”] 0ss characteris Inorder to

m ni m ze Seddgiternatoewindings tean axtérigl sedtifiesinthe psafesed embddenattaifdhe and i n

t hi s enbodi nent nuf E{.ctur ed by making a spiral winding of appropriate

mat eri al . ArPrﬁﬁﬁ'[‘}ﬁﬁYe"f’ioQt d coil winding 8 of insulated copper wire or

ot her suitable conductor is |ocated coaxially between the two stator rings

4 and 6, and_provjdes neans by which the stator and rotor njay be 11 WD
01/ 29955 PCTTigHiE Shawgan er%é%"wh%ofg‘%memsaqne ﬁ@éﬁ&a?eaéwmw%t ure
wi ndi ngs 40 e SuEERstor ARG i BR! dréfeicd Wb ahnbhons of the outer stator ring

4 in a specific manner that w'll be detailed |ater. The outer annular ring:
4, in cd@unction with the armature w ndings 40, acts as armature for this

ity and HaP4ecmoutes Heta f SRIFR] e dlrerta; it detgfiolitey | 20° 07

gl ued t oget lematurelwindingrcoii$.s | i ke epoxy or secured by nechani cal neans
such as radial pins and held stationary by attachnment to an external
housi ng. The | ow out put inductance el ectrical machine 1 also includes a
rotor 10 afigurely presefitsithe rasiits ofian amalysisof diidé maithal idductance)of potef er abl y

be made ,_of _non-nmagneti.c nmaterial, and t rotor disks 24 and 25, which may
pr ef er alPy 5@"‘2‘9&’5 eﬂ&?—’ﬁﬂ@h‘éf’f’ﬁ"@ﬁcﬁ’"ﬁ\é\&'ﬁefoﬁfbnducti ng material, each
rotor disk also having secured to it an identical nunber of rotor pole bars
26 and 27 oriented radially and nmade entirely of |am nated electrical or
magnet i ¢ 15 Figue 12sshomisi pross isealigneotieialternate embadingntising radiglly | oss
.char act eri stgghtddpoié¥.der to mni mze eddy current |osses and hysteresis

| osses in the rotor pole bars. The rotor assenbly may al so include an
optional axial spacer 30 that

20  Figure 13 shows an expanded circumferential view of the third alternate
embodiment.

Detailed Description of Preferred Embodiments of the Invention
In a first embodiment, the low inductance electrical machine of the

25 present invention is configured as a high frequency alternator. Referring to
Figure 1, the low output inductance electrical machine 1 of the present
invention includes a stator assembly 2 including an outer annular ring 4 and
an inner annular ring 6, both made substantially of laminated electrical or
magnetic steel or other suitable magnetic material with low core loss

30 characteristics in order to minimize eddy current losses and hysteresis losses
in the stator, and in this embodiment manufactured by making a spiral winding
of appropriate material. An annular field coil winding 8 of insulated copper
wire or other suitable conductor is located coaxially between the two stator
rings 4 and 6, and provides means by which the stator and rotor may be

1



may be made of non-magnetic material and which serves to maintain the axial

spaci ngagégi/%%”#wo rotor disks 24 and 25. The rotor is alﬁ?ﬂlﬁé&lh GWth

means 2 ix the rotor disks 24 and 25 to the shaft" to naintain the
axial and rotary positions of the disks. Figure 2A shows a cross section
of the al t exciedby antextenabsurengisourse. Fematygavindings AP R WY o nai ntai n

the axial and.radi Lk f - ' to th
Stator asseoaD FRufl SpbiqS S g Bt Sty A T sbogie iitmer et 0 the
ggstehrrbl y ﬁ-v:ilrfbgl({a?i% lates.on'g’lrmm;tet bgntaari rng 4.dmoonjmctionwithilee nagnetic path
roug e stator, ass and, rotor, pol e.har Th t
of flux fl ArmatMTeWiRdigas & Caf)%ﬁsr %@af‘geé%rnm%oéq%é%abéu Eﬁgggg%l ati oﬁ g][m ;J Ee
| By s B e e > i - e« cape. 54 an
rolled by e reluctance q e two axia ' 54 d 30
56 bet ween stater elemantp ) 6, Heand %"@M@%”%H’gﬁh@rd’ﬂﬁ@gﬁ%ﬁiﬁl ap?acesagf t he
I nner stat CHeoo:xg%Qs@c@Héﬁ Weél?éﬁ&él%ﬁ%s@uch% rh¥il pisainddield gaps 50, 52

between th ot or pol e S 26 and 27 and the corresponding faces of the
out er st at cstatioriany by atthbhmentiocaragitgrnal hewsingi r gaps 50, 52, 54 and 56 are

hi gh rel uctance rtjions o | ; ; f dt
magneti c saps. Eﬁeﬁl@ﬁ@ﬂéﬂtﬂé@@%ﬁ%@ f@%‘pﬂg@i@@qs om;qneﬁjr?lél‘s;iagggcg 2A,O ?rsmer
air g?gg (E&dlssgg{blﬁg);iqmﬁuclbe_e@ﬁ carr?hhdrf shafn22, atiicth mayeprgfenably bgrmadg er air
gaps an . sl gns, W t WO air ,gaps [ tator, siml
to air gaps"fmna!%?agﬁ%t,'c WF%@L@"&%F@”&QW&? Zgﬁ‘r‘% %%S"éql?%n or aaO;ragfliam Car
path. Addi ngetdisoly e madé bf AoMagneti@ans pobry eotiushing materialceacm 5 t he
magnetic path 58 increases the excitatjon needed in.the field coil but
provi des t Hetarsliskoalen Gapioasecwied tpdhanridentcr BHMOef Bf:f"gﬂrc%‘)ISPaésf $é gaps 54
oci ted by e e e e e duc e

: i.s.reduce
reacti dlﬁt f Iai&elfdr@ﬂle:;rrslﬁthblefmégmﬁtmnﬂfﬁdﬁbwfﬂb|°Mé$¢fer|@%&|%l%'39tﬁéis’i‘ﬁ§gﬁet ic
energy stor I S ' th '
one i nport aﬁges@e%m"ﬁlzgraéedggc“{ug%w {?gg%n%ﬁdgﬁgﬁggsg‘%teﬁées @3? ;é)ﬁ?b(r: ??'gui tg So:‘ >
thi s devi cebaréb)Thélretodiasserablymsayalso inaiudesan optignal agiahapadsy 394Aat ol t he

DRt LS ak oa Byl bR LB AR i e Wi hgiapt o bar
i ncreased tdpachtéfene b rotordiske24 land 25prknedstdris alserfitiedosith means
circunference of oute . - .
20 28 to fix t?ne ro{or disks 24 and 25 to the shaft to maintain the axial and rotary
positions of the disks.

Figure 2A shows a cross section of the aiternator. Means 32, such as
bearings, are provided to maintain the axial and radial position of the rotor
assembly 20 relative to the stator assembly 2 when shaft 22 is rotated relative

25 to the stator assembly 2. Figure 2A also shows the axial components of the
magnetic path 58 through the stator assembly 2 and rotor pole bars 26 and
27. The amount of flux flowing in magnetic path 58 is controlled by the
excitation of the field coil 8 and the magnetic reluctance of the path which in
turn is primarily controlled by the réluctance of the two axial air gaps 54 and

30 56 between the rotor pole bars 26 and 27 and the corresponding faces of the
inner stator ring 6 and the reluctance of the two axial air gaps 50, 52 between
the rotor pole bars 26 and 27 and the corresponding faces of the outer stator
ring 4. More generally, these air gaps 50, 52, 54 and 56 are high reluctance

portions of magnetic path 58 and may be referred to as magnetic gaps. As
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ring 4, bypassing the intended pathway through the armature coils and
detractinguhppigekdie performance of the machine. It is beneficial to be
able to increasé the reluctance of the nmagnetic pat hway 58PCHUSPM4BS464 0 20
reduce the output inductance of the machine; at the sane tinme it is

desirabl e tOsﬁBWﬁtxﬁqu&QQASHﬁbl' aﬁ"@'a?& (54864 BB) Ry Paldta diférelf@aa®0 and 52
in order to mnimze 1eakage |ntroduct|on of 1 nner air gaps 54

and 56 al | ondengifes mnlmttqrairegaﬂs (S0cansbgh k (Designs witihgnly ve sirigapadeast ed
wi thout c ha”%%‘&aw?esﬁﬂh?{o élFQQﬁ{EO Qhe ehﬁ%é%gf%ﬂi%g%@%hgﬂf@ng tor?S 52.

This provides tor a new d :
| eakage fl uxfca'rajmagaem MhuMdmgjtmettwncaddnttw)al #isgaps, \ﬁélandLﬁﬁjmrsanesm in the

absence o alr t ner edges
of cor neré 8%‘2? ’P%th;gf?t h&%ségﬂ%e?%c&?t@rfﬁéf%ﬁ t@%ﬁ&??@ﬁ bgf]eas of
ingrﬁascﬁd fI pmwdasethalfbl}ow;ﬁglbbn@ﬁte-as 30 ar efprone to magnet GCSZaturationh
an i gher core ses. i ntrogduction an orces the
fux to spr oad (@ifha arded rlvefancs G A GO b 20 58 JaRUGesdNE BSACHONIE gt he
magnetic pathvway fHat flows emaynelicpathi SBwhas akdieabyans eatput akir&MSn the
saturation, and core |osses. 13 WD 01/29955 PCT/1JS00/ 41346 (d) For a

typical two air gaphateEnwindings (Thistedured seactign fux Sawimthesigldt he part t hat
is the iqmer rin replaced with
a siml ampart a?rpggﬁétaé %%h?%g&%ttgé ﬁ{%@g%%ﬁ@@%&&aﬁ%%pm It woul d :
t hen be necessar yresultingifronathe eutpaidiustent ked thiisde obetimpentar séeim a r ot or
part and field co th 0 f. .nterference wth
the stator. In theguﬁlpggg%{na[uﬁ@ﬁg oﬁh%é@}:ﬁt&g;c@%% hgsnd%‘)fpe'air gaps 54 and
5|6 al lows i nner(b)rTmaJdiﬁmébr@nd:rs ao‘utemkl fmsgsm%nd BZ‘c&lgtadIQHiel pauémhnflw radi al

cl earance requirenents between itse nd, t oi

requi rement s t hat9amixRevern e BHte[)th g PH%&?W? ﬁg Pglzt he
centrifugal forcegs fHeCdRi4I0 th@Bfoﬁté}aﬁ?aﬁﬁ BOGNH B2 dré irfdré@ddd thed rel ative
to the present art in that t | engt h he air gaps can be controlled by

spacer 30 which iRatiemn sf 'Gék@%ﬂu’?rﬁ@fﬁé@$ turher aleag th %Gi"%@ﬁ?ﬂ@? ouefe air
gaps and rel uct a{}ﬁfg @fbyrnagsmmf?ﬁérﬁeemy mwhéf\aﬁhﬁm cBiid ARyt

nodi fication of am nat ed magnetic nateri he pat hway. (f)
Construction is fdgtrasting Fprpthefresiermance oftbe machine. gt §shmefalattqbe that the

able to increase the reluctance of the magnetic pathway 58 in order to
20 reduce the output inductance of the machine; at the same time it is
desirable to maintain the small axial lengths of outer air gaps 50 and 52
in order to minimize leakage flux. The introduction of inner air gaps 54
and 56 allows the reluctance of the magnetic pathway 58 to be '
_ adjusted without changing the axial lengths of the outer air gaps 50 and
25 52. This provides for a new degree of independence between the level
of leakage flux and the armature inductance. |
(c) As is well understood, in the absence of an air gap, flux flow tends to
concentrate on the inner edges of corners in a magnetic pathway,
thereby creating localized areas of increased flux intensity; such areas
30 are prone to magnetic saturation and higher core losses. The
introduction of air gaps 54 and 56 forces the flux to spread out across
the width of the air gap thereby utilizing the magnetic pathway more
evenly, reducing localized concentrations, saturation, and core losses.

13



shaft wi thout rotor disks 24 and 25 can be inserted through the center of
the statqyogpseedly 2, and then di sks 24 and 25 assenbl ed 'ntq@@place over
the ends of the shaft, independently positioned with opti fUSHY446 st ance
by nmeans of spacer 30, .and-seécured by fi'xi pg neans. 28 and bearlng means

32. (g) It car{dbgoﬁﬁﬁf%‘?ﬁ'éﬁf’%é"’f%rﬁ"ﬁ?@ﬂ?ewﬁwqtﬁ'ﬁa‘fﬁép%ﬁﬁﬁ’dﬁ theyacer 30,
otor  plates 24panthd BAnAel P EUNSERA T et hBGERINSL ¢ pat !

and can be made of non- nagneti ¢ and y con materitals in 25 order
to reduce core | teplaeed with a@gall@rmaﬁqqm)edin@%m@rrlasteaﬂobto thestatl@ss of the
I nner stator rin t assenbly
to be rel ativel yﬂﬂ'?%'{]‘? B{En %enéé%%w @:%éar( a%%%?[ J:Igéi\%gw%e déé\?m{t h rotors
in whichbthe equsueh amd:tofbavt anplefxeld cmb&seﬁmttn&bd@mtatae:ieato&tor ring 6, is
be n ed from 2A and the figures

included in the r 30 1 Fi

to foll ow t hat tH@e'?%{PP%%a’éﬁé'Pﬁs or Jfet Efﬁé??tc'”}ffﬂﬁ g'ée I"trodHg %ﬂ? r nat or
1, wherein the odirgmap sSﬂMFSGaIvas‘lmnéﬂﬂ@g Bitb@b(yfieldfmrlﬁoftﬁe%taioﬁOH 8 are
all stacked concentrl ca erein e rotor_pole bars 26 associ ated

with rotor disk E’ZF & faﬁ@{@eﬁf?@%dﬁﬁu"%@'ﬁéﬁe@”w itssifiapdihedieidhelit i el d coi |
8 i's energi zed, - aRd wioiciolulifeh@t8at Rl onluiOnGH AR SR RHSARA 41340

bars 27 assomate w th rot are a ke 1 n |ng e opposite
pol ari t1Q provi dthe ¢antrifugalifatcesalfrommatationf | eakage flux due to field

excitation. S | and

| ower core IOEQLQOHEﬁgﬁlohgssgmﬁ i wﬁ' aergbeﬁg%eé‘{hs of'gp'g%k@ #ﬁfjb’a such as
[ Int cl awt pol ﬁbdgstr@rmr gﬁp;d:majubecalﬁrd!ed\llm/ ?MQG_W|sthe the‘l rst .

al ternate enbodi ne a netic way. W ree neti,.c gaps in
or e P oot crednp bolbhay " AR RS RIS b b ah e BeBRRR St e 22P° 110
inner ring is nomagﬁampaﬁwayfcantbecadmé\xeﬁ withbud fbdifiRatibn ehthere rigidly
attached.to the tor structure and are_ provided with radial clearance to

allow rR ation nﬁegqueévpm%wsmm PAthway. 10 fixed to the stator.

| nner magneti gpg Rk hel d
firmy bet weeSI t%gnégjad?fteg |§3ﬁxrl@1@r§i'rﬁé>lﬁé{9 ré’l’étn?e ﬂgﬂeunders?gégmﬁg?egap 55

m ght be pl aced ﬂ&fwé!éfﬂplﬂlﬁ@mf disks 28 ang, 25263n beinserted thypugh ¢he eenter r i ng
Prgidly att ached e a0t dpekhRp, dif e doca a9 SbsembiR gl "0c® bl e
al ternat e enbodipisoe oumhewdstohmadmihnrmendenﬂy pasjtionedwithooptional
20 assistance by means of spacer 30, and secured by fixing means 28
and bearing means 32.
(9) it can be appreciated from Figure 2A that the shaft 22, spacer 30, rotor
plates 24 and 25 are not essential components of the magnetic path
and can be made of noﬁ-magneﬁc and poorly conducting materials in
25 order to reduce core losses in these areas.
(h) The separation of the mass of the inner stator ring 8 from the rotor |
assembly 20 allows the rotor assembly to be relatively lightweight and
have lower inertia compared with rotors in which the equivalent flux
path, represented by inner stator ring 6, is included in the rotor.
30 It will be noted from Figure 2A and other figures to follow that the
arrangement of the magnetic path 58 in the alternator 1, wherein the outer
stator ring 4, inner stator ring 6, field coil 8 are all stacked concentrically, and
wherein the rotor pole bars 26 associated with rotor disk 24 all have the same
magnetic polarity when the field coil 8 is energized, and wherein the rotor pole
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outlined above but does not realize advantages c, d and h outlined above
for the gy 17 55§d enbodi nent. Figure 2B al so shows an outer casing 150
fixed to a frane of reference 152 by means 151 such as brEKESM/M43Mé bolts.
Figure 2B al so shows .a 20 source of rotary power 154, such as a windm || or ~
vehi cl e engi bars 27cagsocidtadwith hatostisk R52i7e bl alitesinshaliry theppositdel ts and

D .o A bR o A e BB Al el

transni ssi onThi§legdisdo HhoreuPina usE 6Pt Ah§RstiRahstePERA [BRBF cord (whdesh T ot or
di sks 25 24 and 25 are held apart b¥ non- magneti ¢ axi al spacer el enents

156 whi ch dhansesigagavithiarasameunts of leaiage fidx, sush asdp slawpele designsot at e

cl ear of gt he stat Ao : ' RS : netic
forces of5 attract?%lil\re?egf \%géewhétshe rogtégp%gréﬁgsé agﬁﬁ"%%g@ﬁﬁaméemg‘ﬁ@ annul ar -

ring 4. El errsagreticgmthway with thresi magneticgapsdn seni¢s: dwo outer @irrgaps 56

i ndi vi dual t i ] f di sks.
o h o e ATt B dha R R flerMagh it Gad 98 Thé T ARG fof cotBfist@ b’ 01 o0
haft b dwe ZArandgeB @RBichrat ttached to $hd roterdsthictureams aré di al

ioﬁnect)c/)rng toﬂ{SbstF:‘r:dgmgzl V\::‘li cheir?uiwnal tyrn ?'x%é %o ﬁcure f  ref 2r (raﬁc:aa '
152 Rotary REBYIAEE Wi TadiREfled@ncs 1o Allow retationwithipie Field G0l 8 WBIERS i sks. 15
WD 01/ 29855 fﬁsa/t&mwo%%n%hé%éﬁ& gb?tstsrmgy b @hadir 4P of #R0AL at or and

casing to be the fixed and for the shaft and rotor _to turn, only the
rel ati ve nothagnelisispasar held fignlyikatween therarts 7Aaad /Be b willde structure is

essenti al fQ[nthFk%@J {r%?]gaé SF:hﬁigﬂ?Né gfac?@@eﬁ\i/é e r6loP BBAL 28Bnd bred
relative to the frame of referénce as [ong as the other 5 turns. In general -
t he magnet i ©f the isnaring parts,lie whichesasetpartswiAuand BB douid beacombineddmiot i ¢ or

el ectrical gt her. ' I | hal, W re |oss
characteri s%%@éigﬁggr@é}?tagabnﬁ%\%tzgg@%&g%uﬁr@rﬁ% ngagggagﬁg%#ysfer esi s.

| n or defSt o This alterpaterambadiment acHiexes the ageantagas afbtdhydahdigasat ed materi al s

the ourved oulRpHabox? tubihel Solraid dhantoesiod s il Al oS Fow °
per pendi cul #ie preferrdbembadiasentr surfaces of the |am nates. |nduced voltages
"bl ane. per pend ElUER SB5q HIWS aikoften easg 1op Exadts pABE pHatereee
| ami nat i ons 182 pyehea I S1swh d9bfkbRets and bolts. Figure 2B also shows a
20 source of rotary power 154, such as a windmill or vehicle engine, coupled to
the shaft 22 by means 153 such as belts and pulleys. For operation of the
current invention as a motor, element 154 could represent a rotary load, such
as a fan blade or vehicle transmission.
Figure 2C shows a second alternate embodiment in which rotor disks
25 24 and 25 are held apart by non-magnetic axial spacer elements 156 which
are arranged at the odter radius of the rotor disks to rotate clear of the stator
structure and to prbvide resistance to the magnetic forces of attraction
between the rotor bars 26 and 27 and the outer annular ring 4. Elements 156
may be a single complete ring or 2 number of individual elements spaced
30 around the circumference of the rotor disks. In this embodiment the rotor
disks are allowed to rotate relative to the shaft by means of beaﬁngs 32 and
the stator is fixed by means of a radial connector 9 to the shaft 22 which is in
turn fixed to frame of reference 152. Rotary source of power 154 is coupled
directly to the rotor disks.
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15 plane of eddy currents in order to have the inter-|am nar resistance

| npede %‘me lzﬁésg,ul ation of eddy currents. It i.s undesirable for the
| am nat i 9 paral lel to the plane of conponents of Fﬁ@ﬂféﬂﬂmuﬁﬂrents

since such conponents would then circul ate relatlveIK uni npeded, causing

| ar geI : osses. FWjuledkis tragiitional &midhe Sﬁﬂfl’ andecasingretbiect ﬁﬁt@d pad fordhe nat ?S )
t
ore a1 ot et absbEly g I s AR Bugbh e et Bagid oo of 1

pr ef er abl y andme)foterpstnwwmnséssgmal &or apegatmhmnfthﬁdmncaand sdhélhat t he
| am nates ar ent i of t aft 22. Fl ux
flowin the?@ "E. dgrega%vgeto; ﬁé C%W%F%Wﬁiaoﬁ%n%ﬁﬁ {bef’el to the

curved ssir f aggrs, of the | am nates. In situations where t he 25 | evel of

field flux in magnetic path 58 nmay be anp em)dulat i red
power frequency, Ncggneraitbe Wﬁ%ﬂ@éﬂatﬁﬂa’ﬁroém gitqrpator WE‘%&%F"@B%PE

wr appi ngs Ofnaghgtlé BF‘SFeC fc%i Seels Mtﬁer%udﬁldfe%a@ﬁétk%at%hﬁ&vﬂh fowpgarghor ting

from one rto anot such short circuits anpbunt to creati ng a cl osed
conduct or elwwbar@t@natuas lrcoqu@ortrenwyme eddyreurrent fasges aRd fusIeMREIs-58. As i s

30 Ik | d t
closed  conteebl ik the R Bl ?%“ﬂ%‘*"%'ﬁﬂ%@“&ﬁ‘%’&iﬁ%ﬁf S arel
tit0! yfl id €l ittsn éhedplanstof epciwiamindie alle! toolhe dusved 26 d
gfsslegml natlyoweslmbu Dvﬁg? cn tgl‘l :# \iﬁl ch e:?e e)rrpt:l; d fﬁﬁ | &3aP rglrleelnatg
the plane & cﬁ?flq"'i% wénr}agaiagpr@ Hﬂ%%?%’ﬁp?vﬁf@ﬁg}? ?'R\Q’ pcegﬁ?rgﬁ] @? he rotor
pol e bar 1fhe\Whafd 3OQhTacBS Tf U RinfiARES. Intfucad Yoltdgesamdsthel rebbitinghaf t  22.

Simlarly the rotor pole bars 27 are nmade of |am.nations of gagnetlc

mat er | aI " wheddy eireeris aeekeaentﬁd @Arendschanaing wyx linesim @ planeRemeBARHRRi ng t he
radi al ﬁg%‘ﬁu#hﬁg |§ P?sn?&d?éﬁ{ tHe faﬁﬁnétﬁn@rbeoﬁérﬁem{:ulaﬁo fhad |t he axis

of the shaft ow In the rotor pole bars 26 and 27
essent i | yplang pheddy cwr@ntsghprdﬁr‘tcahat@ﬁmn@mﬂ@'nmarQsiﬁtgnm ma@ fully

wi thin the thB'c?rBﬁlaﬂ{m Bﬁédbgeigﬂéﬁéfattag hﬂHéQra%ﬁe ﬁa*?ﬂ‘(%ﬁ%uﬂ S gl view al ong

the circunference o er s rrng I nvention, rotor
di sk 25 i s pdralieldéa the planafof compioakhts of theeeqidy cursgrds singe slichn r el ati onshi p

L oL ot Nl R Srp Bl e BmpSecE R Bl 0Bl e 2T,
of outer StHQWesH agd 2 shéasthat the rigrietichmatetialdbghirenes a&xaﬂ bAénted i s such
and. 272050t Tughlha MR Bes Raralel & Uik witbiee o5t Bmindtes. TheBudt® © P21S 27
stator ring 4 and the inner stator ring 6 are preferably made of spiral windings
of magnetic material, so that the laminates are essentially concentric with the
axis of the shaft 22. Flux flow in these elements is axial and circumferential
and parallel to the curved surfaces of the laminates. In situations where the
25 level of field flux in magnetic path 568 may be amplitude modulated at a
desired power frequency, care must be taken to prevent the layers of spiral
wrappings of the inner stator ring 6 or outer stator ring 4 from shorting from
one layer to another; such short circuits amount to creating a closed
conductor enclosing axial components of magnetic flux in pathway 58. Asis
30 well known, there will be significant voltage and current induced into a closed
conductor which encircles a time varying flux. Such currents are essentially
eddy currents and waste power. The rotor pole bars 26 are made of
laminations of magnetic material which are stacked in planes parallel to the
plane containing the radial dimension through the center of the rotor pole bar
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simplified schematic of the direction and distribution of field induced
flux 15 eI %ﬁéé 0 62 along the circunference of stator ring 4.
Essentiallyt $Pux fromnorth pol e bar 26 splits w th h#H(T/gRSMALB46

cl ockwi se as fl ux flow 60 and half going counter clockw se as flux flow

62, each to fihd heldias DAL RKaf 20! Sty thaofor 6IBsts 27 are Aadelér I of or

pole bars 26, 26A, 27, 27A, etc, nove relative to the circunference of
outer stat or lamingtians pEmegaetic mataiiabwhich.ate stacked ipplapas paraligl tByh@ny one

armature w ”%H?g;xc i ?npurlﬁstgé%dﬁé‘f c?:ineﬁ&n’bﬁrt Ihﬁh o E'éﬁt@%f tﬂE rciﬁPﬁolgHa? time

variation in uce the win e advant age
of this fl ux2dldnethataximof the shafh22. \MhadiuuglonOnlthe r@spele@mZ@anﬂﬁ@ out er

st at or g4 a Sa bOn, . and
conpl ererPar §* SSRnARe agbicifcr Bt o sohmareREand i B AR R and,
al ong the ci pinefsfithe temiphteshe out er stat or r| ng 4 and wound t he same
nunber of turnsbt in }\2%%0. posi t ectl t hat nth vmndlngs
are connected in res 0?“& ‘f?g%" IRy gc g QFGH 39"%3 €d by the
change in fl B&te'r‘%tétbﬁnﬁé’ho'lnﬂﬁ& RvBRtich, #tor K 28118 sﬁﬁe@%ﬁc@rﬁféréﬁﬁt@ly relative
to the outer stator ring 4 augrrent each other. It w-ll be clear that

30 ref er enceOpeiPAle spRGINGH0 ﬁb'tehi@néhlpéq? FetaRdisk 2440 tf‘ﬁb’%’rﬂﬁ’%aa'stﬁﬁmnay be
t t t t

the’ s pald ng 2Bh A Bfor Pel€bas e, Braanhti PuSeshNdY APaBRy BP0 10

excitation, siaggeredsaioug thebeiraumserepop lof puter statonring 4.0Assumingithat thendi ngs 40
d 42 f f 7 WO

o Lo el o iplorc® SR LRI BhY ob s P8 afid et dstofinglies’ ' 1 o

ar malt ure w ndndilw(:ﬂﬁolerbi\rs}ﬂrahdmgannasfsagm;ncfes sﬁlgmerSA shawsiain ot

conpl enent ar t n series. sane‘ef f ec

of rrI(::)orrpl emnggﬁhﬁ‘z?g@e‘ﬁﬁ ic aﬁﬁﬁt‘j&?gﬁ%m E"b(‘:'gﬂ gw%! ‘iﬂf?@ wi ndi ngs 40

and 42 afs V\glehibnits60 62 aréngmcuﬂiwremicecbf@m@nmm Besshtiilly ¢e fibat or ring
4 while the comon connection int 44 is chan ed so thg\[%&f%&%d current

"I in ar mat iP@ naxther!a ange sp "ihrf’aéfQ,Q"P%E'lﬁ‘F @ﬁﬁSJlUX

reversed se né@in? QobAfer 'c%ﬂwns%‘ﬁsrfﬁ&tﬂoweﬁ ré&h % ﬂoW tB Qhé‘ Ee%y sbﬂth"_ptﬂﬂ res 3A
and 3B the conp ementa‘éx pairs of w ndi ngs_ 40, 10 42A, etc., -

refer to a sbarglZd anhddAafsdbe radorpale bars 2@‘@% &?eﬁ?%-r%ﬁcp‘é‘w% "e'BWVQM ndi ngs |
" 2"l ORE o ot 0561 g 4T ol Rdsaragrngfi ovter stator
enclosed by any one armature winding, such as 40, wull alternate in d«rectlon
and this time variation in flux will induce voltage within the winding.
. To take advantage of this flux alternation, armature winding 40 is
positioned on the outer stator ring 4 and wound a given number of turns in
one direction, and complementary armature winding 42 is placed one pole "
25 spacing 10 away along the circumference of the outer stator ring 4 and wound
the same number of turns but in the opposite direction so that whenthe
windings are connected in series at reference point 44 the voltages caus_ed_by
the change in flux as the rotor pole bars 26, 26A and 27 and 27A move "
relative to the outer stator ring 4 will augment each other. It will be clear that
30 reference point 44 need not be a termination of the winding, but may be a '
point at which the direction of a continuous winding reverses. Due to the
spacing of the reversing pattern of flux induced by the field excitation, there
should be one complementary pair of armature windings 40 and 42 for each

pair of complementary rotor pole bars 26 and 27.
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circunference of the outer stator ring 4 by the appropriate fraction of the
pol e spa@(ﬁ%g effect the desired electrical phase shift. Such additional
phase 15 %s can be wound directly over each .ot her, ERETHKiSPY/41346

described later, or over separate segnents of the outer stator ring 4. In
each phase the spiguredB shewsmaeralteomgie eoefigemasiomofitieaymatife aviddings shoul d be

one pol e spagin 0. e t.o the cin f the reversing pattern of flux
i nduced by ?ﬁ@naié ‘?Ja%%?[?g}ﬁ_%‘ﬂ?rfstﬁg?@@h‘gm %P%e'aﬁg{a% 'Irgﬂ%fit ary pair of
ar malture \t/\/iﬁéﬂriél?eéﬁx sel?@sg@dhé\g éﬁartgeaggwaoéms of ciirhﬁagienm%llpaﬁffslof- - uced
conpl enmentary rotor pole bars .and, 27. Superinpased on € ux induce
byn}t)he fiel ﬁ'y"é@(té'f? !ﬁ’!"ﬁ@?ﬂ%qq be,achigyed !fmndwggg égg 6§ aawquagd" Wfrents

flownggn ' tHX gf i 4 YWhild B ghow t he magnetic
sat ur at ison % rg?{}tﬁ?%ﬁ{)@r{cﬁgh%%%ﬁgt%%éﬁgﬂtagrﬁa A{hgl 2@ g‘o?%@ts of these

di fferent fceennedtiondointdy iv ehangadsaethat theuload sugreaind” iorratatuteoget her
linearly. F Lecal: j I i ten near
1270 1 5 Wi SpbRg i A ARRIE S REBhorf of MbieblsERRBISeTold | O OPTC
enbodi ment &wrértia aretuss sinding 42. t hat the device is operating withinits

| i near range. However, ij, W under st oqd t hat ere the flux intensity
| evel 30 019 supep‘ﬁ%‘%@sfe!tﬂ&"‘“@ﬁ caNw, Cl?ﬁ'eoﬂrét M‘qu'Bﬂsgﬂr%gﬁBFd of the
nmagnet iqp NROAT 424, tbEraTBOIE] sifigleastResamRiturehircdievComplérhéntasy pairs | i near .
As with many el ectro-nechani cal machines the present invention will still
function i nofwiadings-for additional gHiput Phases asynesdadenAY Pe dlagedianiie 18 wo
01729955 P@é@ﬁ%@t&%« the pbsifibh Bf 84ch PRadePBéinG Bis@HiondtHeNe ar mature pol e

wi ndi ng 40 an e current in armature gole w nding 42 wll be of equal
magni t ude, eirainfierencei ofdhg euter statan rings4 by thmapweptatedepctipn Phthe Pelge, but

flowing in |} € ccCl i al:.di i d the | ow
rel uct ance %g#zlﬁ{aﬂef&&@%ﬁ%ﬁ%‘%&&%tﬁ&%%isﬁgéwg?gﬂgébgﬁ%t opposite
flux flidns, whdlirysdcaitbe woprd dirpetlycovean @aeh fother asswill beadeseribetidatenduct i ve
effects of this magnetic cjrcuit relative.to,the armature current. Wile

t he superpo%‘ﬁris&?a%qetsﬁgmgatfaq%gh%ﬁ't’%(ﬁ QI ENg #4 Eh(eqq sﬁaetpeﬁgac'lngferred to
zig flux f:a.rmwd e&hicumméAmemtwwindimtTu aed ¥2ehoualdlbe clm'é ﬂ’Olé@b?ﬁnggd-! Inlked by

mut ual i Qductance. A reactance voltage of_ one, volt i Wi

oroduce a rBue SRR GG foanG peRem SRreeH Y PeTBlk: ure coi 1 42
By. their  copa@ss, thafe/stivtld 56 oA esiplemtntaR/PHIFs! difhatdrBavifigings #act ance

vol tage wll be .
20 and 42 for each phase for each pair of complementary rotor pole bars 26 and

27.

Superimposed on the flux induced by the field excitation will be the flux
induced by any load currents flowing in the armature coils. At flux intensity
levels below the magnetic saturation threshold of the magnetic material the

25 effects of these different flux fields may be analyzed separately and added
together linearly. For electrical and magnetic steels that threshold is often
near 1.2 to 1.5 Tesla. For clarity the rest of this description of the preferred

~ embodiment follows the assumption that the device is operating within its
linear range. However, it will be understood that where the flux intensity level

30 of superposed flux fields exceeds the saturation threshold of the magnetic
material the magnetic response of the device will be non-linear. As with many
electro-mechanical machines the present invention will still function in the
non-linear range caused by magnetic saturation.
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zero volts. This makes the armature circuit behave as a small val ue

i nductor (theoretically zero). 15 Conplenentary pairs of arnmature poles 40
and 42 arwomamsd for this effective cancellation of ciraoreseeatisgl fl ux
flows 64 and 66. The resultant flux intensity level (B field in Tesla) in
the circunferential direction within the outer stator ring 4 wll be very

low (theoretical |y Fgie)4Rthedosd sidréntdh tﬁé‘iafmaﬁ?é‘ﬁﬁle'vﬂﬁdiﬁ%AP%‘ﬁBQ{\QOSi tion)
effect. The low resultant (net) flux intensity |evel 20 | allow the
outer ring £urenti agmatyes pelawinding BRIl besrhesuighmpgaitudeuandmils Wi t hout

oing intor : ' m LS hSadidS SES core
Igossgs) I n ?ﬁgﬂ%?@?ﬁﬂ’%gﬁ ?n\fllﬁq be S?%@ﬁ@%ﬁyﬁ%@fﬂ?ﬁiaggﬂ%re of t§1e | ow
(net) flux icircamiemeptiabditectinns completdly avaund theow Téluctansamaterial ofitheut

I nduct an I praiyy] ' [ I h y around the
ow i ug: ariSrpiorstb 4 Piledhrilal BUOrHsRb i G, o4 SREeReY, ) Ol

(t heor et i calsuperinpose and effestivelp tancelMtheinductiveceffsots of thistrhagneticf ect of the .
flux induced.by. I%afi ctjr%ent i Eﬁ corTBI enentary armature w ndi ng 42, the

f1 ux intensicf"ﬁzﬁé afive fq the Armatiie CUeBhar d - magneti ¢ saturation, and the
core | osses in OWRile tHe'dlipé ioﬁw%fltl@é\dquﬂmmggbosifemrxrwgma gdi ng 40
woul d all be substantial and contrary to .the O objectives of this

i nventi on. ThEMEaasdicapeeladion; RArualied the Syp peipwil stikReilipled Byel s with
| ow teadenwuthsmadctﬁﬁaé! teackiHod alta gl of aﬁévbnms EAN 4 WiSR6Gucd § obtained
at each location wthin the magnetic CTircuits ere the fluxes superinpose
to effecti weaqtamwtageM@namgrim soewlementanoporatiureceil @2t By theiranount  of

19 WO 01/ 29 P ] LY | ore
osses 1 hat CAMPIOUpIEReBE Sectia phikSicr e et ool VolBhe Wilpe ' ° |
be further zpm elisathis fmakes hhegameatdig tiralt edhadve asmesmaltvalpe inductarr y pairs
of armature tw ndi..n Izy40a and 42a can be placed on the 5 outer stator ring
4, menbers 6 eP'F?é"‘g |:F?°§paced one pol e spacing apart and that each '

conpl errlw_t a(r]I y pacbmméfdwemavsﬁparmrtamtamletpqlés 4@ and 42dire headed for ttlﬂ'st sel L and
a nmutual 1 ndyct.ance o ero . on any sim.iar .CO ene r alr ocate
around t he BRI GNERLETOBOf e amlersat) UK TR P4 T 6 1he Fesullamt ows. ¢ ha
the mutual ﬂﬁ:@'"ﬁéﬁl?@e@l _(Bﬁéﬂrih%siég if HaEdirRiTerntalfifectioPvithinkur e 10

wi ndi ngs and the nufual inductance between Egases made of such pairs due

to circunf ePUier statorning4 wilbbe very law dthegreticallv zefo) gs @esult af this be
(theoreti cathgeliation (superposition) effect. The low resultant (net) flux intensity level
20  will allow the outer ring 4 to carry the reaction flux from high load currents
without going into magnetic saturation. Eddy current and hysteresis losses
(core losses) in the outer rihg 4 will be proportionate to the square of the low
(net) flux intensity, and thus will be very low. The resultant oﬁtput inductance
due to flux flowing circumferentially all the way around the low reluctance path
25 of the outer stator ring 4 will be very iow (theoretically zero). In contrast,
without the cancellation effect of the flux induced by load current in
complementary armature winding 4_2. the flux intensity level, the tendency
toward magnetic saturation, and the core losses in outer ring 4 due to load
current in armature winding 40 would all be substantial and contrary to the
30 objectives of this invention. '

The advantages of low inductance, low flux intensity levels with low
tendency toward magnetic saturation, and low core losses are obtained at
each location within the magnetic circuits where the fluxes superimpose to
effectively cancel. The advantages are proportionate to the amount of
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zero. It must be enphasi zed that w thout the arrangenent of conplenmentary

pai rs 40 vapgi/bdsdi gh | evel s of net flux would flow around éﬁb);tgﬂgf erence
of 15 the outer stator ring 4 due to the low reluctance of ring

woul d result in high | evel s of magnetic intensity®in the magnetic rraterl al,
and sat ur at ieffective caneellatioreéxcelpbforicoreelosses thatiafsurelatad te the netilukhi s

undesi r abl eﬂ_grra&q mint t he, output inductance of the alternator would be
very high aMyeh¥i ﬁ’(ﬁlﬁﬂuarer%duct ance of the various output phases would be

very high. It wi lt'wnﬂlb&ffuhﬁer%bpﬁéﬁﬁl%dlfmGlgdnsauBtthat anldltmnaitat or ring 4
could be a cl osed shape other than a . toroi B %%ﬂ L?Icé ;tltn]i
properties &P"tpéﬁ‘m@l’tﬁ@f PRIFs eﬁarmaswedwadm“ 8 PL OB %r mat ure

coi I's 40gan h§ 45 ¥nfSE8 ot pufifd &e@oﬁé poespadind apart &hdix pat hs
excited %gﬁegrrséér?tbgﬁngar mat ure wi ndi ng %ga It can be F's%den that in addition

to 25 ci rcun&namq:h.wplemntarbmwm Iaama%@ﬁ%@é@&éewn peanee 8 her f1 ux

I nduced by rr | ot conplete
the entire '%F&gﬁ#t 'ﬁﬂ{ruébghdﬁf& @‘Eggazg@ldunc@nggﬁﬁg? g‘?’P émbntglgﬁp:aér? st at or
ring 4 but \eddted aammldethe cacpaferbhed ofoutenstator ning vig hindum, §ifelfowsethatt ance

pat hway i ncl udin s_and t.h Lot or flux, see

flux flow Géh%ﬁﬂﬂ d‘fﬁ?a%g‘?foo%ﬁ?rﬁ? %fﬁﬁmﬁﬁ%%‘ém@’én%ﬁﬁy coil 40 (I ocal

L ! ux, a8 }‘ Ivuﬁdnhbguha@he m%ﬂahd mnmncﬁdmweer; mmademsach paifd duemed ]

el ow, wi m nimze the inductive effe 0 ese nat pat hs.

In Figure 510 FG%“T%@I"J&%@U?‘SPWP 6 ane 68, gamenégggﬁv&r ?ﬁ'ﬁ ! Cﬁh@net ic

pat hways m%ﬁ rotor taken by flux induced by load current in armature 20
/

WO 01/ 29955 USOO 41346 wi ndi ng 40. Magnet iC energ is stored al ong
these flux pathsh rpasttbe:eﬂnahayzémthat witheutdhe eglanoemesbobeomplapentatys. Thi s

cner gy Stor%%ﬁg I‘%fy%?ﬂ{gh‘?é&?l?%fﬁ 'ﬁuxv&dlﬁﬁ&\ﬁ’z Sund'th dRAuMfErafc8 eF Ny 40.

Al so since Iows rou armature w ndi ngs 42 and
t hr ough18r rmhemetemstalommg # domto theclowSrehictance Crfhi@le4 wi his visuidhasylBiin
i nduct ances  bet

Figur ca. oA VR cemerinde oRah 1 o yBBpuf s, ] SEEraHofe o

i nduct ance qélatigélplow levels dafcmnpmt&mngnualmtmsamdeairatgamnamamem ther mat ur e

coils. The nunber in circles . refer to e rel at e f ensity | evels
repr esent ed %‘}P%G" '&%es‘?fé"'ﬁlagﬁmé Ié Fﬁé‘em rﬂfﬁ éhgﬁ*}uélal uesyar e

based on si fjdtarfé8of the various output phases would be very high. It will also be
20 appreciated that the outer stator ring 4 could be a closed shape other than a
toroid and still manifest the properties of cancellation of flux due to
complementary pairs of armature coils 40 and 42.
Figure 5 presents a schematic of the multiple flux paths excited by
current in armature winding 40. It can be seen that in addition to
25 circumferential flux flow 64, discussed above, there is other flux induced by
the current in armature coil 40 and this flux does not complete the entire
circuit through the low reluctance material of outer stator ring 4 but will
complete a parallel circuit through a higher reluctance pathway including the
air gaps and the rotor (load induced rotor flux, see flux flow 68 and 70), or
30 locally through the air near the coil 40 (local flux, see flux flow 76). Additional
design considerations, explained below, will minimize the inductive effect of
these alternate flux paths.
In Figure 5, load induced rotor flux flows 68 and 70 show the magnetic

pathways in the rotor taken by flux induced by load current in armature
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turns of excitenent fromload current in each coil. Figure 6A shows the
conponent §V6)]‘) ,% I n each branch of the flux flow path for rotor fl ux
flows 68 and i nduced by the load current in armature cBFT/USEPAB4Gt e
that ci rcumc erential flux flow 64, discussed above, is not shown in

Fi gures 6A 6Rvihdihg 490t Magivstic érhsfgy isl sAbriedaaldrnig theb8 figxR pathy, dpémemaﬂ fip is "4,
Fi gure 6B sh(%ws a S|inlar agnal ysis f flux flows 72 and 74 induced by the

| oad current B¢ BIRNGIUSRNEA IR AGRENT S eRRraY staragewaplddnanjfesbas sefe the -
change in di iefildtantedh drividture viNding 48, Wsd Sificé a\wr@cﬁﬂof%@%se%%r ection of

armature winding 42. Figure 6C shows the flux fllows, 68 and 70,
super i nposed thyeush Armgturg yvindiags 42 and terowrgh amgW%W'Wﬂﬂ@fnet flux

other . 11 oafipeos Bt il e pRELAHT RS REaT ithaty i indigid 4 CIC
?Elrlrengznggl Dtbt'ﬁrcanmlwmndmgspalir of armature w ndings 40 and gﬁssl? not
IeveIy in sone of 'ﬁgsngalg‘%&%ﬂsgg%@@‘g@?.al}ﬁgg@ tF%ggﬁéh(gﬁTLw&stat o¥ ring
4 and in sorrihdmbtérh:e afodtor flp flewd asimg vidaibes chmwaﬂqnstdaarmame coitd.ati ve

fl I nt ensi Is40and4 e no rdc d 1o, a net of " Fi gure
6F shows ¢ he THEMUPTEES I EEIEE fjertodhe rlatNa vy EIRoRteleyelsappraseriEdit ur o

wi ndi n931610Atl'ﬁ=J"£’ss‘b%&téﬂl a%ﬂsdihé%&ﬁhtéﬁé@’va%béﬁ%Baébéronséiﬁ\ﬂﬂ* ampi Ng 4 from
armature wi ndings 40 and 42. (Confer with figure 4B.) that” 30 these

net fluxes aflBng ﬁéex@m@ﬁﬁ@m lord surrent 'Ple&héOGD F'W@%SW%M\B t he net

fl fl i Lo

ar mat ur o wi o ipENgrR o ARl EaLH S3hen bRt i, A or Blor TARMOART ALY

super posi t i oand 7RAdnduded:bytheflbadcurrendiirs atnyatueevedil 40. (Note that et c. has been

reduced to ! E ﬁ t n

ar ml;t ure 21 9@”6'1%%‘3@%”5 \&%%l%%%%‘d E%%kﬁ 'ﬁg’%ggﬁ%r?i‘(f gﬂrtf%eéfggf: nd 42A

¥\/: | corrtﬁ neNbte thatithecreldtive flak mtenhltytat;oell 4gf|§wt Flg?naf 6B shows arsitnilar Ioat h]c
ux. is un er.stood that c 0 r ser oils o

equal turns ?ﬂ?‘é‘% fﬁ’éfb‘nﬁ?‘&‘; %gﬂ‘ﬁf&?g%¥ éﬁ?qag W'PH&G&“H ces that

conbine to cmﬂplenmrmyearmnﬂawmm 42f ngté tﬁﬂdﬁér@b)m@uréﬁtlén 68U ity

i nduct ance of S| ng}l e coil Eowever t he ar ment of

conpl enment ar‘}“%'@ﬂﬁh? YeWﬂéN' jag ‘e’Eﬁ la5-f angat ‘{XFl‘fﬁ" er pair of rotor
pole bars, resu||t|§u|kens@ shEWS tdHibeflows B8P0 %p@ﬁmﬁ%bﬁtﬁﬂtﬁf fects. In

t he case shown the four w ndings conbine to reduce the net flux in each

wi ndi ng 40  flave FarnddH. Figure GR ‘shows the pet i fflowss;in ORPOSHR al series
I nductance Afirdchignd fHd to “cancel” the effect of each other. It can be seen that the

induced rotor path flux caused by equal currents in the complementary pair of
armature windings 40 and 42 do not fully cancel but will have a net inductance
and a high flux interisity level in some of the air gaps, in some sections of the
25 outer stator ring 4 and in some of the rotor pole bars. Note, however, that the
relative flux intensity at coils 40 and 42 are now reduced to a nef of “3.”
Figure 6E shows the net flux caused by a second complementary pair
of armature windings 40A and 42A placed diamefrically on the outer stator
ring 4 from armature windings 40 and 42. (Confer with figure 4B.) Note that
30 these net fluxes are the reverse of those in Figure 6D. Figure 6F shows the
net flux flows induced by equal currents in the two pairs of complementary
armature windings 40 and 42, and 40A and 42A. It will be seen that, after -
superposition, the relative flux intensity level at coil 40, etc. has been reduced
to “2." This means that the mutual inductances of these four armature
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10 windings is only twice that of a single w nding. The inventors have

di scover gfp hf)dosd hi s condition of the effective cancell atﬂ(ﬁ?gﬁh td’uct ance
i

for induced rotor-path flux holds for any case where ther
conpl ementary pair of armature wi ndings, nenbers:iof: the pair spaced al ong
the circunf qyinding cofis 40,242 U0Ar aral 42Awilt torgbihedo redieertbe aebindoctive 15 10, for

each pair of rotor pole bars e_i nvepntors, hav ¢O hat the
total seri e&ffeghiiemiegHcsd rPWéP@[t}PB'd’E {]ése‘é %ﬁrgﬁoﬂﬁ&'?ﬁgg?kmﬁ\{gﬁslaﬁb nunber
of ~ winding d?%dr%enb@%ﬂé &t ddifal turAls Shanesmelongragietic pativeareieads Yo wi ndi ng
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of one Wi ndmnfgablaductgp@esematac@nh@eéogwﬁé total fdugtange Squgye

pur poses gof e fafigeertiont the
rotor poPe b@r@hé%mezlgig&ég 5% @Ftﬁgqér hg»ggg%ﬂ gitéejad air gaps are
shown st ackesbmplemehtayy paiss ofe:vmdmgsuoae pair &f windingsgper. paitefdotos poleri | ar to

th t f | | th
el yors ot S bl h LR irsTansRy SafiBiaT Ry AR il At RBGG L 1
rF)ol e rot grs szq%zwmhA bf&ﬁvﬁﬁdhgsebmwmaumtm ndtefluxdn gactstémnéhmgjtm shovvnh| n
r n n rt r ur n t
oo oo oanedmt e ammsabncosmnae ks e o e e dtipal: "
anal ysi g OV‘D%F‘diF@E léjé’nlg‘lhi/i%é%tk&fatéiﬁ?le%hﬂ'hﬂatlOn of air gaps 54, 54A, 56

and 56A, € nbre usua There will al so

remai n the ef f ectThefinyesters Wﬁ)dlmvéfev@ﬂgﬁ;@ 5°'?4:W°"b%%ﬁe ezfgﬁté‘f%r e wi ndi ng
resulting | rb ggi[la{tfoﬂrb?lmo%%{gn F’}HP&H@{E@&@&-E% Rt s for Bﬁg%%w}hferé he

| ong, high ) ance urn e loca lux 7 the flux flow
76 will be Itheredsopercetplamentary palkof aveaturewindings, membess pbthe PAIT uct ance
2 WO
BRding

t t | | t t b
S??ESQISE ?cﬂ%é%ﬂ@i%‘%ﬁ?wﬁ %ﬁ?‘f?e%ﬁﬁéeqﬁear yﬁlg ﬁatlljgpé)bv?;%g I ngs and
resul tdl15 Solmfdirﬁéacﬁlﬂaliradf roﬂoﬁdutetbﬂrs.e The mmeh’doré)ba\tq)alsedimdradﬂaatht hese ¥
t uct ance to t at wou
Bg d:a\r/]el opedNGi ?‘?t\évtﬁﬁ”e’s ‘“%ﬁ@@qu ﬁ’iqng gﬂ%esh%rf EW&E{#& W'Wﬁ%ébﬁlﬁ.ﬁggvr %fut put

i nduct ance fyjhding Jfanrai that Rahe rnd&té?fliélﬁ&f@évun t:bmbmmemaa/ winslingspairsd
capability to han | ar ge load currents out sat ulﬁaglon f _the

magneti ¢ matSPEced a&?“'ﬁa?ﬁ’(ﬁﬁi%toifpalﬁ%awﬁ ig WSME“ mes the et f8Png three

gngseﬁ ar oungn Ei?lﬁ ﬁ%‘il’tszfacéa %Fé?fndré Qﬂgﬂe ro’t‘or%d!élbélr phase i's shown as two
phases (1, re el enent A etc

20 or purposes of clarity, Flgures 5 and 6A-6F have been laid out so that

the rotor pole bars 26, 26A, 27 and 27A and their associated air gaps are
shown stacked radially inside the outer stator ring 4. This is similar to the
position of rotor poles in a claw pole type alternator and the analysis given
here could apply to poloidally wound alternators with claw pole rotors as well

25  as to alternators with the rotor structure shown in Figures 1 and 2A and 2B.
Furthermore, while Figures 5 and 6A-6F show the four air gap configuration of
this invention, the conclusions of the analysis would not be altered by the
elimination of air gaps 54, 54A, 56 and 56A, etc., as in the more usual two air
gap design.

30 There will also remain the effect of local flux 76 of Figure 5 for each
armature winding resulting in additional self inductance of the output.
Because of the long, high reluctance, air return path of the local flux 76, the
flux flow 76 will be low compared to the flux levels carried in the low

reluctance magnetic materials. It must also be noted that local #4X 76 may
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In one direction, constitute sub-phase i and the conplenentary el enents 42,

10 42A, e , und in the opposite direction, constitute_sub- ghase V. A
second phase ¢ontains two simlar sub-phases ii and ii'. BCTVHS00#I3M¢ase
al so contains two sub-phases iii and iii'. In this figure the coils of

each ar mat ur éinkwithiotheranear byatmature aiedings and resultiin somedet swtualn of t he

chown 1 £ g et Tt vih 86 3pphdcited fat B3 indlicRitcRgRg 65 Sl OF (ST
bei ng of opgoaﬁnbaredi Ioethlalcmnt;alt |mctadhattwou1éaemvehpedhbmbet Due to the
concentrat ed nat

h t f |
t he sane thr 634FF '3?? %g‘%?eoslé'h)y"'@ﬁ%l'ns a &%\?\';%HF% ’%‘ﬁlaiéf@zﬂ' '? gair ny

hi gh vol tggegoggsied kbﬁthflka&@ﬁi}.g%aﬁ&@ab@mﬁ?&@haﬁﬂlé'l&ge ld:cirﬂéhr%rﬁsShOWS an
el ectrical schematic of the three phase alternator 0 wi ndings. The

conpl enent ar Withautsatemtion ehthe @aﬂnﬁ-‘ﬂﬁ materiabor pathways.bignre 7 $haws o8econnect ed

" seri s tonfdidh stABliRRRrde AMMkeSUoRRPRE duterlthEFrnd 809 Bl O m Phase

A. Phases B are In sim hi on e circuit is
furt her i npaphase isyshomabasitwd sskaphasesdi, iiwbeate elathentssd; Ao et waurid om

i i ngs of - Bl deuBA et 8 Yn e € DB el Enfpiereniiy biia i g
M ni M ze10 he42A edtte clvoumhin theoppesitd digttion| constituteciubtphaze. i'. R\gemndB al so

shows an optlonal external rectifier circuit 10 sed to
produce a rE'é??ﬁ‘F%fHa'Gﬁt%s‘FﬂaE%’BWd‘rﬁw'Eh%ttﬁy\gﬁf'gﬁeﬁ rﬂi

al ternator —aQnLIERadsR Al fil IS trigWauRb R chis @féaeﬁ@.%améhmm éﬁé ood in
the art. 30 Although the w ndi ngs of hree phases in Figure are shown

as being coeeneentratadalong a&ﬁm@te segfjen OEtBﬁfq'fguml’ﬁﬁf#ﬁ of gutgf statqsging
under stood tja t; N;=b l'ied
equal Iy wel IJﬂ kdi%%n 6"ﬁ.'\q?'m;eigﬁéJ%T?'{:@Pcon gur ﬁé\gﬁn lym\/{lbqi T gggpp
PCTI USOCY54 1 3with eable winding beingtof oppositet ditectionalisepse tmits pearest neighporshi s

type of 1 oacPues e BncanREleR Atiis i ceb R 4PT et BEmeRis fel g °o° 11
mul ti - phase nedrlydge samﬂﬂhmugh all tubres dftarlyhme araatureivioding; this teshidslinby sol i d -
State neans t.o create DC,. or contr frﬁ'ﬂﬁﬁ‘?cy AC power, further |ow ]

I nduct ance el?ng(yP ssa%}hgﬂu&(g@pg?% i cul ar case of the
present inventi OrFigeedB shovis hhemtrwaasehemhﬂebﬁmmhremacsememadto an

exter nalzor eC\Lljn]Zi}n%rs Qllhrecgolngpl%r%%nttap)?pg}]s ofa armature windings 40, 42 and 40A,

42A are connected in series to form sub-phase-i and sub-phase-i° which
together form phase A. Phases B and C are formed in similar fashion. As
shown, the circuit is further impacted by M-ab and M-ac, the mutual
inductances of flux from armature currents in phases B and C, respectively,

25 acting on the windings of phase A. It will be understood that it is important to
minimize these effects and the resultant output inductance. Figure 8 also
shows an optional external reciifier circuit 102, which may be used to produce
a rectified output in conjunction with the high frequency alternator
configuration of this invention in a manner well understood in the art.

30 Although the windings of the three phases in Figure 8 are shown as being
connected in the common “wye" configuration, it will be understood that the
advantages of the present invention can be applied equally well to the familiar

“delta” configuration.

23



I nduct ances between phases tend to cancel. By reference to Figures 7 and 8
10 it W ko Pfrousrder stood that, for the position shown, th e coils
of phase A (I R and phase C (iii/iii') are in regions \AA%@?@E@%{*FH d

i nduced flux elenents 60 arnd 62 are changing rapi:dly as the rotor pole
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current "I" pg8sible. coils of sub-phases i' and iii', as shown in Figure 7,
wi || each produce reaction flux traveling in org&gsi te directions through
the stator ring hortheRarticyaueaseLfdhe ppasent wventigrusedas atthyee pbasect i vel y

cancel . | Th! SitéinaforRiylliGiitecied & diteiibRTl Hebinll GReui o2 \RE pililaCt T ve 1! ux

fl ow ng through t or 1s zero. I'S no 1 nductrve effect of
current fl olidugtanices bgtwedrephasssiténdtb cancel.uBy réfergricede Figuras Z@ndf&r

i nduct f f i ndi . bef ore,
For th 10 9 b8 shaBraidedinat 1o fifhositeh b et B oroneSe "ot ¢
must still dAe(liro)rmcfwme_ewﬁ?}ay arepniregi?rﬁst whens tttheaﬁelv: mtduw _ﬂumlghﬁtms of t Ihe
Doaci ng 10, BPGRAAA e RAO0 'ABEH 2 Ded Ol PG Brsctie B SR TR Gur e o
shows an al ERdnt i ﬂmtﬁﬂ%&fcemgg?}ﬂ%&%gé Withh9 bRaSEWA§i/9 AR (iiiAiT)E 1OWiIeT

stator ring 4 in which the w nc (rghase 1) is spread out 'to occupy
nost of t hebeupdamteqdby:thase skilled dutherars that der aireefifieditareephdisematece  equal

to one | ecttiriecte e | all ex ¢ 4 i RL.ance
bet vveenmr)ot %@q@ﬁe@ %srqg’h% to H; ?j%géblfﬁh?/\%éc% ('@%ngngwmrvg" \@\néndi ng 42 24
WO 01129955conducling/editythe sasge (sphies)eurrent fl'Sas phewn. uring shistimepy nost  of

Lhe orml SRR (¢ 58 SPGFot b TP Cre iRl RAbOL IS WP, L%
to about hahdvedlowceoiiageeand due tethecsffeict glithatrectificatiofrglicendlct nowhi ch t he
g SO R S Bl D e YRR oS e MR
accomm@tat eifl dolls bhsab-phaseOiaAd il astihowdi IR Figure K wily 84cH prast@l Wi th)
Phase A Wt Bathisn AR ravelingth obposits directans fhreuh the stator ring 4; these. > "

equal and opposite fluxes therefore effectively cancel. This also produces a

situation in which the net effective flux flowing through the rotor is zero. Thus,

there is no inductive effect of current flowing through the rectified armature
25 Dphases, except for inductance due to the local leakage flux 76 of each winding

. As before, for this cited reduction in the muthal inductance between phases,

there must still be one complementary pair of armature windings, members of

the pair spaced along the circumference of the outer stator ring 4 at one pole

spacing 10, for each pair of rotor pole bars for each phase.
30 Figure 9 shows an alternate method of winding a single phase around

the outer stator ring 4 in which the winding 40 (phase i) is spread out to

occupy most of the circumference of the outer stator ring 4 for a distance

equal to one pole pitch or pole spacing 10 (i.e. over most of the distance

between rotor pole bars 26 to 27), and in which complementary winding 42
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third of the pole spacing. Mdxre or fewer phases coul d be accommodat ed by
appropri @cee1adpssst ment of the phase offset. The nutual inductance between
10 phases is al so reduced by about half for this alternatBCEYRIW436at i on.
It will be understood for this alternate configuration that w nding phases-
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mat eri al i ’ Lodi ¢l - o] i.ndi 42A etc,
of A B, aan%%ﬁggémgﬁaggoo 'ﬂf#’ﬁl\}\ﬁﬁl‘éﬁet_aggyggﬂ g%ggdﬁ%?é%%els §Pooved' 25 7
out er 40r i mphasey idalsoseducsdtby about half fbrihis aiteerate sonfiqumatidrhe- ai rgap --
di mensi on can be, caontrol ] ed i ndependentl y of the w ndi ng. arrangenent.- As
Choen i o b o T e derstoof ST G aBiate SonddiiaddriPal Wb AR | 1™
fiel df :c nd;Jpﬁedrluﬂ Band@f)pvé‘r%tﬁr?lammaﬁ_ hy aécmirertge F&qppﬁmmdotbbe;m@endi ggs,h -
-. effectively reducin e air gap. - - W e reci.at ed that
the f1 el 0P TmOHGISABaHE Camiance Btwasnihe vidios A%and Banddie  he

out put vol ?éﬁ?rb%vt?érs%raﬁdrﬁﬁ ﬂ?é/hﬁ?a%ﬁﬁeh@&?h%déélgn%’hbﬁ&dﬂi@h@fors._q t hat

t he outgut vol t age can be hel d constant under V‘arglalsng; condi tions of. shaft
speed dAd Rrhgeircumiferential distripution of foealong dhe ewtes giatarding 4 and fwsudi ng fi el-d

01/ 20055 PETPERRSS Pihes urahs £ (a5 e P e Withiior IMffifiol b R 004" ¢
per manent Naage waveformpedyneddyanptiomet the rated Ukisdegirabletta beabimt ur e |
™ BR8P el LS8 rGrBRISHAR A YALITMS Iy o0
t he speed ¢d comieoldheninduced bltagedwavefersn bf the: alieenator. dorardertet ens and | ow
ar mat il | ggggrh%%%gtemgr%lal? albr%ag rl‘eng‘?l'?l,vif?l rrcl-th%ﬁgd. Figure 10 shows an alternate |

embodiment in which the outer stator ring 4 may be formed with surface —

grooves 100 running in a nearly radial direction along both air gap surfaces of

the magnetic material into which the individual-turns of windings 40, 42, 40A,

42A etc, of A, B, and C may be placed. it will be appreciated that this grooved

25 outer 4 ring may be used with any winding scheme so that the air gap
dimension can be controlled independently of the winding arrangement. As
shown in Figure 10 the magnetic material between the-grooves allows the

field induced flux 60, 62 to concentrate and pass around the windings,

effectively reducing the air gap. )

30 It will be appreciated that the field coil 8 allows for control of the
excitation level and the output voltage level for this device when used as an
alternator so that the output voltage can be held constant under varying-- '
conditions of shaft speed and load. Obviously the field excitation system
including field coil 8 could be eliminated and either inner stator ring 6 or the -
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In an alternate enbodi nent of this invention, it may be used as a | ow

I nduct anggp gi/gEer nmotor. For this embodinment the field 8 is excited to
produce magnetic pol arization of the rotor pole bars 26 af§TAS00/4H46
armature 10 coils 40 are then excited in conplenmentary pairs 40 and 42 (in
order to pre®epok bdre, 20and adtmumrépﬂ@daﬂwm pérnhaknentmagaats ofn) in

speci fi c sequence ttrac [o ole bars, 26 tQ a succession
01I‘D posi tion p&F‘ZRIW&e PH@"EYC?I?({Z Wghille B'E"?tH@ winding @FQ‘PHF %8 4, thereby
det er m ni ng didkodtFtolprodudcy a Idvhﬁnﬁ@l%fé-:rﬁﬁctaﬂc@fp%nhbﬁeﬁt@ﬁébt%t'aﬂteﬁfa!dtuCEd by

attraction of the Role bars 26 15 and 27 the air gap along the outer stator

ring 4, the whareifttheoytnu vpltage U[ﬁuld d&?@"ﬂd{P@ﬂtth%tﬁp@Qﬁ glibeishafli ghichThe
pull -out g tordé‘&gﬁe'sﬁnﬂ%%rlﬁlsbﬁ%él rt| g 'I&AVE Qﬂjre fn'dﬁl::%n@éWottﬁ b&3ni N coil

B. The relativ ow rotor escri our- air gap
al ter nat or eadvadtagent is useful in this stepper rmtor configuration. In

anot her enbodi ne this | ti.on . qui et
synchr onous m)to:}'r.\ apta%ﬁqtgéﬁ'%ggﬁp%ﬁttﬁg lrk{rfegﬂo@j%ﬁaxﬂgﬁ}sgg?ﬁda o|%‘8n of the
field m?Oi I mduimorexteppmambl FoEtHi@embodMaﬁmeﬁ@Idmsiekbiwdw ong the )

ci rcunference the outer stator ring 4 unle s urrents in the
ot ur o v PIPSHES TOSTSHRYISHAAON O QRAIOtLRRIE DRLS 74 A %, TBBATARIehat
nmeans ther e dofis 80 a@@ﬂﬂéﬁ&cﬁt@&%@oﬁ?%nﬁ%ax@rwam i order texci t ati on of
the 25 armature. This can be used to establish a snoothly operating, quiet

synchr onous Pigtave thelow infuctapes thakies of His ventien in spesits sequansegPoduce
magneti ¢ po'a?t?é&@ﬁé RﬁpP%olé BGird ?6 Qﬁd Q?' t8 M&e@oﬁﬂﬁg%ﬁon@ﬁo&ﬂ& fe armature

phases - are exci reservi ng
conpl ement aloycuméﬁreace)bf faermﬁenstamr nuy ﬂgme@eb)amtemmm tbecmsntloo afchi eve the

| ow i nduct a n oi dal
poner "o L2868 gl 227 S ol g RAANAAD) B SR RReusEEC) o2
ci r cunf 85 enandd7 theair gap along tie outer statordiragd| the trromednt anhnes larigoangol e bars
26 and 27 t foI snpot.hly acound t h C|rcurrfere f .th ter stator
ring 4, t he %ﬁﬁ%‘ tﬁbqu%s \'Ré'bﬁ?é’é@’? LRSIt %g'egpfath?%‘%lff’ rotate
smoot hly. Tlﬁeldoebtdlxtat’mﬁ int co’m:e The retaﬂwwlldmb%ter ?xerttatméoabeﬂ (xjmthe fb'ulel d
excitation in coi e.a at e at in itiona
erbod; men @ieA ltREhRtPbAMbRdman: K GReTol 1 (A tehper ItRABELIAR ot or
nodes and then, yhaRothef 84BBERRN MAIsIheationdnay bé a8ed BEG srhbsthdfd ce may be
easily sw tched to operate in its alternator node. During_regenerative

br aki ng2@he qg;q@yq»pg}rgnous motor. It will be appreciated that even with excitation of

the field coil 8, the rotor assembly 2 has no preferred position along the

circumference of the outer stator ring 4 unless there are currents in the

armature windings 40 to establish local magnetic flux patterns 76. That

means there is no cogging torque except that provided by the excitation of the

25 armature. This can be used to establish a smoothly operating, quiet

synchronous motor. For this embodiment the field 8 is excited to produce

magnetic polarization of the rotor pole bars 26 and 27. The three armature

pairs of armature wmdmgs 40 and 42 in order to achieve the low inductance

30 benefits of this invention) by three phase sinusoidal power to create a
magnetic flux wave that travels smoothly around the circumference of the
outer stator ring 4 and attracts the rotor pole bars 26 and 27 to follow

smoothly around the circumference of the outer stator ring 4, thereby causing
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out put voltage may be controlled i ndependently of shaft speed by varying
the |evel wajofidodsd excitation in field coil B. The output voltage of the
armature coils may be connected to an external rectifier cPFEYSI0/41346
provi de controll ed DC 10 power for_recharging batteries or other energy

storage proceShaft22 mmt@tﬁtsémq{ﬁh'ﬁ ddermuidliowt taraue is eantipliable bythedayel ef e t he

field exci tatf’%&g&?ﬁtﬂﬁtm cB" order to regul ate the output current and
vol tage as ne ‘recharging of storage batteries even as the

shaft speed sl ows ltiwil be)abplablat@d that tni madmﬁon%lnhmmemahlpnmemba anal ysi s
of through-rotor . armture inductance . bee ese sed on

conpl enent ar yMBXPELSEH 'ngglg %’?%‘ﬂ&?’nﬁf % gdﬁeqkzw &c.) asinilar
anal ysis & neigenératide breakiig isadqairdd; tise deﬂt:@may\/hemhs’lgswﬁ&hedﬁ) wound wi th

one conpl enentary w ndi ng Ir per rotor pole pair, as shown in Figure 11,
gives a rel at@Reraiedniite. a"?ﬁ%t%rr'ﬁ'ﬂgﬁf Uﬂﬁlugg%@'@cbfa@ﬂgtfm pltergatert i nes

greater than élﬁbuﬂ/d?ﬁ‘a§€|n?am ebatRdlled sﬁ@éﬁ&deﬂ)nof Q’Hift el by’ vgéli*lﬁb ke

oriented w ndin encircle tw ce as nuch e field é ed fl ux
this neans tHavelaﬂfyldoemtamrf lnaf@ldrﬁwj/& a’aea:utrgptdpltagﬂ@fdhemrmsttuesoﬂﬁaeded

[0 ;e end. g paoRfbbuateth UM oUfler 2P0 BBuLE ZoRANRed bEL ¢

excitation the ure ou ance wou e equl va regardl ess
of the cHGi cepaﬂerfa&qnhatgmgabattenesamoﬂhérwmg)estbmgeeprmw wimdi ngs.

T o 1 e el AR ettt nete BR TR e Xiaton (FentiR 0% | 1

stationary figliér toTegulatitheSulbbt@lfrent and ¢sltageds hesdedfosprpel he preferr ed
enbodi ment. Quter annular ring 4A is made of |lamnated rin hown. 30
Hor | zontal  pSPENaEINg of sieraoedtetss PR suthechaltRsed slovs Aistolrakgun and
are butted t QctihR, i nside.of outer annular ring 4A to forma circunferenti al

and axial butt joint surface. Quter air ggps 51 and 53 are arranged
radial | y1Bn this Adthpugh thenpreviphs analysiscafineugbiiotey srmatite dueiagce ane

Y anoesen: “hesten resing AR oMt biRAA Rk i BRNS T O30, .,
t he ar mat ur e windings (4 d2aets.)fa similac aralysis phmase tradmonaleradlallbonamedg aps.
Dot o " Wiiads SYPRTGE0nd WS M g RS il ool
f 1 ux t hr ough paircasishowe it Bigureot trgivey 3 relatédcrestdt. Thmgnmtareshductaab@ ng
20 pertumn is 4 times greater than for a single poloidal winding turn, but each
radially oriented winding will encircle twice as much of the field excited flux;
this means that only one half as many radially oriented turns are needed. In
the end, for an equivalent output voitage given the same field excitation the
armature output inductance would be equivalent regardless of the choice of
25 poloidal or radially o_rienfed armature windings.
Figure 12 shows a cross section of a third alternate embodiment using
radially oriented armature windings while preserving the low leakage flux,
stationary field coil, and stationary inner ring features of the preferred
embodiment. Outer annular ring 4A is made of [aminated rings as shown.
30 Horizontal pole bars 5 are made of laminated strips oriented as shown and
are butted to the inside of outer annular ring 4A to form a circumferential and
axial butt joint surface. Outer air gaps 51 and 53 are arranged radially in this
embodiment. This embodiment enjoys many of the same advantages of the
first embodiment, including the four series air gap arrangement to, provide
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W th one possible arrangenent for the radially oriented armature w ndi ngs
41 and 4800hedoes N the armature wi ndings effectively encircle the butt
joint surface between the radial bars 5 and the outer anrRff4PS0/4i3gesn

Al t hough the invention has been described with respect to various 10
enbodi nent sindepentiendecbdieveeadhe armaturmindutiagce and flux deakagedatterrcimpabl e of a
wi de variety of further and other enbodinments within the spirit and scope

of the app StREOARS28 WO 01/ 29955 PCT/ US00/ 41346 What is clainmed is:
1. A low induct argurel RréHdwes amekpaiRieadiielimFérasitial view af fHethpd structure
including: 5 1. an armature structure nmade substantially of |ow | oss

magnetic nait@nAle emppdimgnd. Jhemxial apd sreumtarenialRativeayiithbsgttheoupl ed to
sai d argrat Hansfit Hak H{rSugN‘?f‘e' KdrikoRis Fotef b%'%d%lﬁéﬁﬁrﬁ&r@éﬂ&%d%l@ngw ndi ngs
includes a serites circurtof one or nore conplenentary 10 pairs of  armature
wi ndi ngs ar withgae possitiarrangereentdor thexadially brientedzrmaturewindings#d uct ur e,

i nduced by r id. r I qature w ndi ngs
tends to satadfioafibrelntbBaihanie Hind i AP ARPERIe Bdd ot ° sl o
pﬂases 0; surfade etweie angiheg@diajal_m_ sraah_drthe@txterwnrxemrrihgmpelr oflsai d 15
phases of armaturg w ndings; iji. an inner ann ring, of lowloss
magnetic materi aéﬁmﬁél@&qnﬁﬁypﬁaﬁy%ﬁﬂ%ﬁwwﬁéf?ﬁfg‘éacWEturga; and
iv. an fnubmbobingerls GPshold beReallzaH WatitHisNEvenitionq® BRb.capabRbfe0axi al | y

bet ween said_inner annual ring and said armature structure to 2Q provide

nmeans for aWidsxasietyef furtigpand ather embodiments within the spiritiand seepe@nt rol a
magnetic fi AWMl i.d stator structure; b. a rotor structure including
two rotor dfhlsega, e@;b%ﬂ %@hgai d disks arranged to hold a set of equal
nunbers of radial rotor pole bars associated with said stator structure;
wherein each of said sets of rotor pole bars are 25 shifted
circunferentially with respect to one another by one pole spacing; wherein
there is one of said conplenentary pairs of armature w ndings for each of
sai d phases of armature w ndings for each of said

28



pairs of rotor pole bars; wherein said rotor structure is separated from
sai d stat q{,ogwébggure by multiple air gaps; and wherein said rotor 30
structure is configured to create magnetic pol es whi ch i nt ®CTAISO0H13M6
magnetic flux induced by electrical currents in said armature wi ndings and
said field cMWhatis ¢gJabnedés:neans for el ectromechani cal energy conversion;
29 WD 01/29955 PCTIUSOO 41346 c. a plurality of nagnetic pathways

est abl i shed t,0 ' e Lcal current in said field
coil, each o1t‘1’s‘%ié}gﬁg&guﬁgﬁ%éﬁé&ﬂéﬁ%@wﬁggﬁé{&'ﬁr ough a pair of said rotor
pol e bars, sai da.paistatonstructureginoludingtrenber from each of said sets or rotor
pol e bars, and each of said magneti c th s pneclyding four air gaps in -
series, wth magndtic FPl%(ma?%\ﬁﬂw“%?’%aﬁ|S\9’E¥ﬁ#ﬂﬁ%r}§@*3% MRS magneti c
circuit: i. axially anghgtédgiunferentially through said armature structure; .

H. then through a_first one of said air gaps, said first air gap
establ i shed bet welin saP@e 8F more phases ofarmaturgwingdings caypledimedid 10 of sai d

pai r_of rotor bars, SahfinityfeitriERiechunbReRbaeh Bfsdill Rbsel of fatlré Ot O

di sks; iii. then substantially radi y through sai Irst rotor bar, iv.
then axially through awinsingsdnoudesa seresl cintuit efame orqadre complerientary gap

est abl i shed between saj ' . o ar ring;
v. then Ji;(?(i ally throug#lg%%éoasr ?"r#‘gllreq’gﬂﬁﬂé%rgﬂgpﬁ‘g& gglim%aeqnnjeg ﬁ?gg'z;uﬁﬂgnt hird
one of said air gaps, saidanhhturdstuctugninduestdyl a sbrdntthtoughrsaidhi d ar mat ure
structure and a second rre’nber of said gair of s%ld rot(fr bar s S’?dnd second
menber 20 | ocated on SUBREEHESATK RAES Phaupatyrewdingsitends fo cangplant | o | y
radial |y through said ghegsbytes@itsih IGRindudtshce\Vih each bf 4l Iphaséy ough a fourth
one of said air gaps, said fourth air g est abl i shed between, said '

rin ai ap .
armature structure and@rgataresuipgings indepgpdentoficyreptipiather of $aW nagnetic .
circuit;q85 wherein S%H%s‘é@‘b?aﬂn Wmd'irfbs?f said air gaps, which are

alife
associated wth saidinner annular ring,” provide neans to: ix. control the
rel uctance of sailtk magareinner annuar ingsofidewdess mpgyetic material located

coaxially within said armature structure; and
iv.  anannular field coil of insulated turns of copper, fixed coaxially
between said inner annual ring and said armature structure to
20 provide means for an externally applied electric current to excite
and control a magnetic field within said stator structure;

b. a rotor structure including two rotor disks, each of said disks arranged
to hold a set of equal numbers of radial rotor pole bars associated with
said stator structure; wherein each of said sets of rotor pole bars are

25 * shifted circumferentially with respect to one another by one pole
spacing; wherein there is one of said complementary pairs of armature
windings for each of said phases of armature windings for each of said
pairs of rotor pole bars; wherein said rotor structure is separated from
said stator structure by multiple air gaps; and wherein said rotor

30 structure is configured to create magnetic poles which interact with
magnetic flux induced by electrical currents in said armature windings
and said field coil to provide means for electromechanical energy

conversion;

29
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I ndependently of the air gap length of said first and fourth air gaps,

whi ch ar gy@egmesfaaited with said armature structure, in 30 cg.% duce
the inductance of said armature circuits caused by flux fi,:l ucseoyaﬁ?gsai d
magnetic circuit; X allow relative notion between:said rotor st I‘JJC'[ ure and
sai d i nner _anful aPlurality of exagnstic pathivayp established fo ganduct flux ipduced v s wo
01729955 PCT/ Usc@é(%ﬁca%hrrgﬁﬁh%%kj FilY doflQ éhoof%%'foe@‘ggﬁé‘ dthivay@ss said
second and third air gaps an us across the face of Said Tnrer annul ar
ring, thereby r@assingdghmough a paitefsaidtrotarpolmbarscsai¢ pairdncludingonel ocal

magneti c saturati : Lall et said
armat ure struct uf'g&ﬁﬁ%;fz(grh?afﬁﬁg?aﬁa%gﬁpéﬂéﬁogg b%%?éhéﬁg%ﬁ?‘%%%@er ably
bei ng of Snon- nagmeadreticpathways indudingdeur aiogeps incsdries) with eTagnetic flukr om sai d
magnetic circuit; e, meap oﬁﬁaﬁﬁgee@lai d el ectr,ical chine to an external

source of mechafeWing sesally hn owing-Raapey Ctellhani cal | oad, and

means 10 to hol ¢ sai @xﬁuﬁhﬁa chblimfdrbhtial§tHrough GaldPdrfiatiie’ sthictire; so t hat
one is stationary while the other rotates. 2. "The machine as clained in

Claim 1 in whichiisai dthemiaraugh & firstonacé spid aifganss Faildirstaingamnd sai d
armature windings are g aanauia ﬂ)éh)é%l’l@%i%%gre]sﬁr&gﬁ%‘ynﬁ Pfirst Rember
ar erern sal

circunference of said annu rrng an irst air gap and said
fourth 4Dr gap are axbofbaidipairgdpstor BarsTisaidfitstinembeslochtedmndfiistholll ai m | i n
whi ch said armature structure. includes axial bars of magnetic material
butted radially to t h&2 rf?tjodéj's&s' an 20 annular ring of magnetic materi al
m form adpl ur al ijit.y othedn' szmstémraﬁmécaéllyambd umaad]g ﬁﬂsumton{lma'mt sur}‘aces, dand
ere said armatyre wi ndi ngs. are arrange o effective encircle sai
butt joint surfades, W?é‘r@ﬁ"i'\“ystgf‘ﬂ‘gﬂ‘i?§ coo{]&o:&ag!s[glpﬁalrggpé ﬁ%‘ﬁ???f’% r gap
are radial air gaps. 2i dhp eEidbIBRER bBRveEn $did fiFst fotoNbd adsaldiifherhi ch sai d
stator structure is fixed to said shaft, and said rotor structure rotates
out si de18f and rel ati @@nglgr8agid shaft and said stator structure and
wher ei n sai d 1ot g7 i gich 258 VAllghl il inref bAhiIMrihg, each ot her by axi al
er radius o

structural nenbers at e ou o
vi. then through a third one of said _air gaps, said third air gap
established between said armature structure and a second

member of said pair of said rotor bars, said second member

20 located on second of said rotor disks;
vii.  then substantially radially through said second rotor bar; and
viii. finally through a fourth one of said air gaps, said fourth air gap

established between said armature structure and said second
rotor bar to complete said magnetic circuit;
25 wherein said second and third of said air gaps, which are associated
with said inner annular ring, provide means to:

iX. control the reluctance of said magnetic circuit substantially
independently of the air gap length of said first and fourth air
gaps, which are associated with said armature structure, in

30 order to reduce the inductance of said armature circuits caused
by flux induced in said magnetic circuit;

X. allow relative motion between said rotor structure and said inner
annular ring; and

30
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said disks. 30 5. The machine as claimed in Caim21 wherein the machine is
an al ternaggipigeg Wherein when said rotor structure is enerq_i zed and
rotated it creates a noving pattern of flux associated w B¢TAS0H4B46at ur e
structure and said . 31 WO 01/29955 PCT/ USOQ 41346 armature wi ndings to

generate a desirgd O%ﬁt}étﬂu\é‘ﬂgﬁnﬁ%ﬁsﬁ«@éﬁ ﬁ%ﬂlﬁ?b@s#%aﬁ%&@?ﬁdgﬁﬂ ird irappl i ed

current in said field coil. 6. e machi ne” as cl aine laim1l wherein
the machine is a stegePs ang thus aerosa thefaseof gaidrienerannglar singr therehyct ure i s

energi zed it creat es&eﬁ%ﬁrﬁ%hbfc@ﬁ&ﬁmﬁgﬂs Wéewg?{]%iggi@“%a&éjnes of said

phases of armature S are energrze act sard rotor poles to
specific positions ahagrptie saturatiori effests;i al di nensi on of said armature

structure so gs t fect, nov nt, .of said shaft. 10 7. ,The, .nachi ne as

ol ol ed S G B Shet QiRGed ORISR saRCirhallR stustite dnd RARUAREN whor ei n
there are three anhultiriigpSaid shaft préfaebhEbsing ofindi-ntagnetic afatefidse sour ce of
si nusoi dal power to create a noving, flux wave . al on'% a circunferential

di mensi on of saidek ctively rerpove i frgRysaip 812gn8ta SITGen said rotor
structure is gn ' ' ki f sai d novi ng
8N eh&Are dohﬁ%er $id @ﬁecf@[‘ﬁfaﬁﬁlgﬁgé tﬁﬁ egc.fé?'fll_?]leéa#g 3 f

flux wave and thus cause hovenent of sal 8 Ine as clained -
in Caim1 wher énechanisahtottypowear, enamexternahmechaainal loadirandimeansr ee phases

ol ectr 8a1 “cyol 16 Rt 4, it Bedfthe e Skttt sEUR 80 Rt dB3s Connect ed t o
an external rectdtioaaryowhiteufhe ctherdrotdtes. t wo of said phases are conducting .

in series at any one nonent and the third of said phases is not conducting
at said nonent, and wherein said phases of armature w ndings and said

paitrs gf fQt,O’Fta@ﬁia%hih_é(rja‘s_tﬂéime%fihmlﬁﬁd1Sﬁv¢tﬁtﬁtsa?@aﬁg§tg%é@uétbtd?(isiaith sai d ;
rotor ars, an LN sal | nner annul ar, .1 ng, 1 ndyce current carrie

by said two p?ﬂﬁ@" TW?Q'&Q"PH"‘%%M nos %’eﬁ.?gyé%!wlt‘?’é‘!’?‘gar%'ﬁﬁceled, .

resul thgg in deorsf Hd arRmfbforR8 Gl sAid stittuthr $iRg Srahiittein i@ firsthir armature

w ndings. 30 9. A low inductance electric machine conprising: a. a stator
structure i ncgariand)said fourth air gap are axial air gaps. :

3. The machine as claimed in Claim 1 in which said armature structure
includes axial bars of magnetic material butted radially to the inside of an
20 annular ring of magnetic material to form a plurality of circumferential and
axial butt joint surfaces, and where said armature windings are arranged to
effectively encircle said butt joint surfaces, wherein said first air gap and
said fourth air gap are radial air gaps.

25 4. The machine as claimed in Claim 2 in which said stator structure is fixed
to said shaft, and said rotor structure rotates outside of and relative to said
shaft and said stator structure and wherein said rotor disks are held fixed
relative to each other by axial structural members at the outer radius of
said disks.

30

5. The machine as claimed in Claim 1 wherein the machine is an alternator
and wherein when said rotor structure is energized and rotated it creates a
moving pattern of flux associated with said armature structure and said

31



I. an armature structure made substantially of low |l oss magnetic nmaterial;

32 11111 Woéddebgg 11TTTTTTIITTTITIT CMS a W 01/29955 PCTL 03&@#& ii.
one or nore phases of armature wi ndings coupled to said armature uct ure,

wher ei n each of sai d phases :of armature . w ndi n%s': F:ncludes a series circuit

of one or nor @EGREABAINGSo gpaeate adeairad Putnat YpliRae RROIRIGRIBE¥I so t hat
magneti ¢ flux.sq %ﬁbﬁua}@ra}fﬂuademg@m%aﬁﬁéf&wﬁ.e, i nduced by a current

t hrough sai d conplenen pairs armature w ndi ngs tends to cancel and
thereby results in |ow inductance in each of said phases of armature

wi ndi ngs 1 ngdependen f cunrent, r ' ?ﬁﬁé& ture

wi ndi ngs; aﬁdp@? W%bﬁgr?saﬂ%'ﬁfbgr'hﬁlgﬁqcvg?%reg\‘%lgr{gu at e% %’%t?ﬁéé’%f copper,
fixed cogxi al Irsotor anddeheraindvisemedid retos structtite is energized/it dreeatesans f or an
externally applied, electri urr.ent ti&jaqxci te and contro netic field

within said stBagneticRqles apd wherein indiyidpalgnesaf spid R Pﬁ&%ﬂ%’:‘&ﬁ i . two

rotor disks, g@flingS av@ieferisdttotitractaait idtofpoies & Swicifitlposttions! nunbers of
radi al rotor pole bars associated with said stator structure; erei n each

of said sets alongasircymfereptialgimprsion pf said Arevatwe STEFRR FARF (O &8¢ respect
to one anot her, if}gci ng; wherein there is one of said.

conpl enentary %@?@%%@ﬁa‘?nﬁt’ure wi ndi ngs for each of said phases of
armat urtdwi ndings for each of said pairs of rotor pole bars; wherein said

r ot or trugture | epara fir ' r s Inke air
gaps; a?\d y elflfé]enrlnéﬁ '38%%$g§dr'ﬁc§|%ﬂqi@e?%ﬁftpéhﬁ%%ﬁﬁ%ﬁéﬁ%ﬂwdggéne't : c
pol es whi ch i nhetorahd wiHdienEtheretare thieeof isaillyrebebyindingsiceupleddal currents

in said armature windings and_said. field coil t provi de neans for
el ect r omechanitlrge- ‘EB?\%‘T"@H‘W”&H&'”@%EE&% ﬁﬂ?%""i‘%ﬁ"@fwg}‘ﬁlul ar rings

made of |ow | %@%ﬁé&ﬂnfereﬁﬁél;qiméﬁsio@aﬁéhiefar@ahﬁe isfriéture angwhaidimched
firmy to adjacen ones of said rotor disks and each of said Ifgl%%vr rings

extendi Hy 30 when said yotar stuetursis @engraizad it sreates aragpetic poles that
said moving flux wave and thus cause movement of said shaft.

8. The machine as claimed in Claim 1 wherein the machine is an alternator
and there are three phases of output armature windings offset from each
20 other by one third of an electrical cycle, and wherein said three phases of
output are connected to an external rectifier circuit such that two of said
phases are conducting in series at any one moment and the third of said
phases is not conducting at said moment, and wherein said phases of
armature windings and said pairs of rotor pole bars are arranged so that |
25 magnetic flux in said rotor bars, and in said inner annular ring, induced by
a current carried by said two phases conducting in series, is substantially
canceled, resulting in low inductance in each of said conducting phases of

armature windings.

30 9. A low inductance electric machine comprising:
a. a stator structure including:
i. an armature structure made substantially of low loss magnetic
material;

=



c. a plurality of magnetic pathways established to conduct flux induced by

el ectricakygisgees in said field coil, each of said magnetic hway s
passi ng throug/?lﬁi'pair of said rotor pole bars, said pair P B‘{ﬁ} ne
menber from each of said sets or rotor poles bars and each of said 33

KT/ L EF LS 1%&%@%%@&65@5%&&@&4&@@@@%@ pat hways

including three magnetic S .in series netic flux f|low ng
serially through the f%‘l"]’%“h%rﬁr%ﬁe‘ﬁ’h%rem ?Q‘?r}! pf sa? P%ﬁeéqu@"&ﬁ@re

circunferential l'y throygRinaiisciadePs 5éﬁe§é.rdeﬂtdfroae or'rﬁore%ﬁ‘@:éc%rﬂ%ﬁgﬁhal - gap

first one of said magnetic gaps, said first 5 nagnetic
est abl i shed bet ween sapairs efafmatire windiogs afrangedisa that mnsﬂﬂﬁwﬁ, withi ai d

pair of rgtor bars S o) t r ot or

di sks; i |é|'). t hen subst%rﬁa 'T‘%t;,}e g@ﬁﬁﬁﬁfe k’@%‘re%‘gg %gﬁﬁé@tpﬁugflgs?gjr bar, iv.
then axially through seorplemesatanapaios afarma’tgm windings demxisto aaneel ar of said
magneti c gaps, said s on a ein i vacuum. gr tic spacer;
v. then substantiall y X%%@HP&%%’@&W&%&%@" Pfgl?%‘lr’]gﬁﬁesg% Vi .
finally through a thi rahrmmeoﬁnesng@hnmga@aemcﬂ@ﬂ&enanloqhérmfrsd:dgap bei ng an_

air gap established betweenﬁgal d armafure st I’éICtUI’e 15 and sai d second
rotor bar to conpl et e RNASES RRBTRALHES Windingsi and herei n sai d second of said

magnet i cjggaps, Wjich ign é\'ﬁﬁ%‘fﬂ@éol%ftlhsmﬁbd tuinB ' CoppetiifiRed éddi&hﬂ?l provi des
means to control the reluctance of said nmagnetic circuit substanfially

i ndependent |y of the dnsidgspidiasmglure strugtureito provisie raerns for pa extginallyi c gaps, .
whi ch are air gaps as%g:?hg%?%cmct&réﬂtﬂné&lt@rdmtébrnﬁoﬁa mﬁpf’feﬂdn order to

reduce the inductance mature <clircults caus ux i nduced in-
sai d magnetic circuit within saig Istetor sttugburd; coaxially within said arnmature

on- mmanet | o it & Tt SeyetdB MRing:cf P2, Vel y ranove Tt from said magnetic
circui t1525 e. mdans ttwoootyldiskspeachedfesdid disks amangeditod Ihmldansetnf er nal )
source of mechanical rotar ower, r nal ad, and
neans to hold said sleﬁf"ﬁr"%‘i’t? Faép%{ﬁﬂatgg %?8?5%({'}}% that one -
is stationary while Tstﬁtomthﬁturémﬁérem each of said sets of rotor pole bars are
shifted circumferentially with respect to one another by one pole
spacing; wherein there is one of said complementary pairs of
20 armature windings for each of said phases of armature windings
for each of said pairs of rotor pole bars; wherein said rotor
structure is separated from said stator structure by multiple air
gaps; and wherein said rotor structure is configured to create
magnetic poles which interact with magnetic flux induced by
25 electrical currents in said armature windings and said field coil to
provide means for electromechanical energy conversion; and
ii. one or more inner annular rings made of low loss magnetic
material, each of said inner rings attached firmly to adjacent
ones of said rotor disks and each of said inner rings extending
30 coaxially within said armature structure;
c. a plurality of magnetic pathways established to conduct flux induced
by electrical current in said field coil, each of said magnetic pathways
passing through a pair of said rotor pole bars, said pair including one
member from each of said sets or rotor poles bars, and each of said
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30 10. The machine as clainmned in daim9 in which said armature structure

IS an %&nﬁl(z%;ssri ng and said armature w ndi ngs are pol oi dgdpfosespisae ar ound
.sectors e circunference of said annular ring and wherein said first

magnetic gap and said thjrd magnetic,gap are axital: air_gaps.. 34
LETLEEEnTil 15@??&&&3%@?1’? “@"9:”%38\6’%9{}53@9%85 ﬁtﬁ?’%égmtﬂlmes 11. The
_machi ne as cl ai fR@nkfic flafiowihg serially eroagh thefoN@WiHg enagrietielcirteit: ncl udes

axi al bars of nagnetic material butted radially to the inside of an

annul ar ring of kmagn@Xialy ard ercumierentially thraugh §aidiarmatuse SEUERIER er ent i al

and axial buttgj oi | r&iykadi ngs are
arranged to 5 ef't ec?{lh\?g%lfog%@ﬁ%‘?ggg%\?ggﬁﬂ??ﬁgﬁ?Béﬁrs?z‘a%\g'?g wherein said
first nlignetic gap wagneticgap being arcaingap esfgtwmdebetwaeasami r gaps. 12.The

machi ne as cl ai med i | rej ' | fal?l' r and
wherein when said ro ﬁt?{e?%@é&@% ﬂ@%ﬁg‘?ﬁ%@géb’?’ atcg#d%ﬁr%%?%at es a 10
nmoving pattern of flsaidd#isstonerabeclocated ondfirst afrsaid roter disksyct ure and sai d
S5id et ernal | ylappl 1180 SUBPABHA Aty dhidteh goiclPet O B58ne. mchi ne as
clainmed in Caif9 Waeheixmily#RroliBA RaRFinhér anrRiARMYE andia 88ddNd &gl wherein
when said rotor structure is energized it creates  ,nmaghetic poles and

wher ei Wi ndi vi dual ovfsaidmaggetic gaRS SidsecdndgaReing AR atYEMLPLa ener gi zed
to attract said rotogohe ﬁeﬁé’sﬁé@eﬁ'j fic positions along a circunferential
di mensi on of said armaturé& structure so as to effect novenent of said
shaft. 20 14. The nebhhsgbstantialiy nadially through said seeendretor bar, @dhi ne is a

synchronous not.or Lot r r . SAl | ndi ngs

coupl ed to a tTr ce T aoBEH G SuBich syt iforr Rl SRS o0 g

flux wave al ong a cibeingrbrrainrgdpestablished ibetwedn said drmatuse stractsire uct ure and
It creat.es..magnetic

e 2 T 5 S S8 R R a8 SR 6 e BRSBTS LS
shaft. 15. A Iwhereindaid sesondadfeald maghefiBgdps) whivhipassodigted with saidt at or
structure | n%#eqiarr]\%hlar rings, provides means to control the reluctance of said
magnetic circuit substantially independently of the air gap length of said
first and third magnetic gaps, which are air gaps associated with said
20 armature structure, in order to reduce the inductance of said armature
circuits caused by flux induced in said magnetic circuit;
d. a shaft placed coaxially within said armature structure and said inner
annular rings, said shaft preferably being of non-magnetic material in
order to effectively remove it from said magnetic circuit;
25 e. means to couple said electrical machine to an external source of
mechanical rotary power, or an external mechanical load, and means
to hold said stator structure and said rotor structure so that one is

stationary while the other rotates.

30  10.The machine as claimed in Claim 9 in which said armature structure is an
annular ring and said armature windings are poloidally wound around
sectors of the circumference of said annular ring and wherein said first
magnetic gap and said third magnetic gap are axial air gaps.
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30 i. an armature structure ii. one or nore phases of armature w ndings
coupl ed t ayg@isshosgar mature structure; 35 [V I1'1111111 C "I EI# 111 M 1" >
WD 01/ 29955 PCT/US00/ 41346 b. a field coil of insulated t 8FAZSBYa34hper to
provi de neans or an externally applied electric current to excite and
control a naghdiheonacking aswiaimed is &laim 9 in whichtsaid ammatyrecstrusturet or

structure separ | - fal . Al aps; and
wherein said r(')'?%'?ajes% é’ﬁ%@%g’?‘ ﬁg&hgé%ﬁ'traé#@ ng?cggadg#lyr{g%e:m%@e‘ ??ﬁgeri al
configured to anaalae ring i etaghetio neeteridlito fornma phurality of titcumfegntial and | ux

I nduced by electri gaé.w{re'ts i'gﬂfiahd arn&ture w ndings and said, field
coi | to provi d@XiAbBHY i9ipt surjaces, EWASHS S2IY agpatugs, Wi AEARN0eR Q. 4
pluralitys of negasfively BAGIRIG¥SIdBGEINt SivkitesOwhersh said firstmadibte gdpby

el ectrical current in said field coil, each of said magnetic pat hways
passi ng t hr oug@ngsaidihird raagnatic aap; aferadialaipgaRs, and each of said

magneti ¢ pat hways including three or nore nagnetic gaps in series, wth

magnetic flux flow ng serially through a magnetic circuit as follows: 15 i.
t hrough sai dZdhatroachine as ctaimed imGlaim Ywbrtaie tha machige js an altemiatos t hr ough

a first one of [ natl.c i I | -bej nair
gap establi sheSEQMﬂ v@‘?ﬁndsaqgﬁ)@g{ %t?%cqg{er'l%%bﬁ@?;%ds@%ggé&g%&g??uct ure;
iii. the® th;I onﬁivinywah ttern ob flax aésozﬁa’c}gd mgrsa?d ammbﬂs?stmctta_ eighdrsaidr 20
structure and through one or, nore ition nes sai etic gaps
and through i nBERIY Wﬁ‘q‘%ﬁﬁtqe@eé?@ré‘%ﬁ"egé’é‘gﬁgivaﬁ%@ W'%FP"SB r said
rotor or said giiglexterna} sppiiedidurrehtin saiRgidReing magnetic path sections
t hrough air, vacuum or non-, nagnetic spacer material; 25 iv. finally

t hrough a |l ast one of said magnetic gaps, said |ast gap being an air gap

compl et o a1 Mg FAchH Bl ), Clalt S Whirout i, mafng B Sephor " 1
magnet i 35gaps motariand wirerein when said rotor structurecls anergized ibcreatesl magneti c
circuit substagblLalynhiBdaRE WHih ndividual ones of said phases of armature
| windings are energized to attract said rotor poles to specific positions
along a circumferential dimension of said armature structure so as to effect |
movement of said shaft. |
20 '
14. The machine as claimed in Claim 9 wherein the machine is a synchronous
motor and wherein there are three of said phase windings coupled to a
three-phase source of sinusoidal power to create a moving flux wave
along a circumferential dimension of said armature structure and wherein
25 when said rotor structure is energized it creates magnetic poles that follow

said moving flux wave and thus cause movement of said shaft.

15.A low inductance elecfrical machine comprising:
a. a sfator structure including:
30 i. an armature structure
ii. one or more phases of armature windings coupled to said
armature structure,;




30 of the air gap length of said first and | ast magnetic gaps, which are
air gapswipmipgbst ed with said armature structure, in ordeg Lo reduce t he
i nductance of said armature circuits caused by flux induc GT{USOU4E346

megnet i c circyi fatedHatd & ddppbt to priofidé thedR RF4R9955
PCT/ USOO 4134% taf..é)lé&) *in%haie rL é Sgie eorg be?ng of dnon magneti c
material in ordexteroaly amtedvaieqtrupewmretotexme)an@spﬂtrw@gﬁaﬂn%ﬂ%ﬁel uit; and
f. means to cou machi ne to an.external source of

mechani cal rot a%ﬁ'ﬂi%ﬂ,&%}%%&g@{%r nal nechanical |oad, and means 5 to
hol d sai d st atora sitsnsttuctire segamtedifromt said statmcstwcmrecbytmdtlplew is

stationary while the o r.ot at.es 0 I machi ne
conprisPng: a. egaé’?a?ﬁ‘ﬁ WE‘FF%\%FB'FJOWzS\?ﬁHéué%YXQ%%@?@? Ireg'c n(é?ih one or
nore 10 phases rﬁéteﬁérr@dmvgareutadﬂréme ne&gHetiepoles which uaeramt wrtla structure

b. a rotor structure space fromsaid stator struct air :

plurality of nadnagneticflxingyced t‘?‘/r?iﬁgﬁcé‘aq”ﬂr Sl ? [?r‘g'"g sal d
rotor structure, a{@a%id gfallgii elllg @Wﬁﬁ%ahé‘%r‘éﬂé&ﬂ)ﬁ:%ud&i ef@gg nagnetic

gaps in series; ] ol | magnetically coupled to said pathways;
e. nmeans to coumoaveesian;el ectri cal machi ne to an external source of

nechanl a IGal to hold
said st tor s%"r %Plﬂf%ﬁgofdr%gﬁ%lceﬁ%t ruc %dggcfhg?&glr‘fgm?% stationary
whi | ef t he gt her egledtritalcurrdnt mkaﬁklmmlmhaﬁ saicaimagoetiopathways 16 wherein
two of said magnetic S . ar nber af, t up . of r gaps. 18.
The nmachine as (ﬂaiﬁmgﬁf)qﬂ"gﬁa@i?qﬂnﬁ?nﬁﬁ %'fjrﬂ'o{éﬁ?g[?%eggé)eﬂ%'?ép%ﬁaa 25

remai nder of saifadstiegidttwaincliBingarde or rAdrernblnetio gaps ia series,d
non-magnetic material, or may be substantial ln% evacyated.. 19 The machi ne

as clained in Owithhnagneicfies fowing gedallyithroughy magpetic,circitAs Tollews; | y
non- magget i ¢ matier | ok i HHRTRGHRR BB B BSkde WRNGE! 17 Wher ei n a

remai n of said
ii. then through a first one of said magnetic gaps, said first
magnetic gap being an air gap established between said
armature structure and said rotor structure;
iii. then through one or more of said magnetic poles on said rotor
20 structure and through one or more additional ones of said
magnetic gaps and through intervening magnetic material
associated with either said rotor or said stator, said additional
gaps being magnetic path sections through air, vacuum or non-
magnetic spacer material; .
25 iv. finally through a last one of said rhagnetic gaps, said last gap
being an air gap established between said armature structure
and said rotor structure to complete said magnetic circuit;
wherein said additional ones of said magnetic gaps provide means to
control the reluctance of said magnetic circuit substantially independently
30 of the air gap length of said first and last magnetic gaps, which are air
gape associated with said armature structure, in order to reduce the
inductance of said armature circuits caused by flux induced in said

magnetic circuit;
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magneti c gaps substantially control reluctance a magnetic circuit
est abl i shegb biMo9sgh said stator structure, said field coil,_ and said rotor
structure substantially independent of the spacing of sai drﬁT’PsE}’éﬂyﬁ 37
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e. ashatft, said shaft preferably being of non-magnetic material in order
to effectively remove it from said magnetic circuit; and
f. means to coupie said electrical machine to an external source of
mechanical rotary power, or an external mechanical load, and means
5 to hold said stator structure and said rotor structure so that one is

stationary while the other rotates.

16. A low inductance electrical machine comprising:
a. a stator structure having an armature structure and one or more
10 phases of armature windings coupled to said armature structure;

b. a rotor structure spaced from said stator structure by air gaps;

c. a plurality of magnetic pathways through said stator structure and said
rotor structure, each of said pathways including three or more magnetic
gaps in series;

15 d. a field coil magnetically coupled to said pathways;

e. means to couple said electrical machine to an external source of
mechanical rotary power, or an external mechanical load, and means
to hold said stator structure and said rotor structure so that one is
stationary while the other rotates.

20
17.The machine as claimed in Claim 16 wherein two of said magnetic gaps

are members of the group of said air gaps.

18.The machine as claimed in Claim 17 wherein any one or more of a
25 remainder of said magnetic gaps may be filled with air or a solid non-magnetic

material, or may be substantially evacuated.

19. The machine as claimed in Claim 18 wherein said shatft is made of a
substantially non-magnetic material.
30

20. The machine as claimed in Claim 17 wherein a remainder of said
magnetic gaps substantially control reluctance a magnetic circuit
established through said stator structure, said field coil, and said rotor
structure substantially independent of the spacing of said air gaps.
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