3 MARCH 2006 FLYWHEEL ENERGY STORAGE SYSTEMS | ncorporation by Reference
The di sclosures of United States patents 5,486, 052, 5,356,227 and 5, 066, 145
are hereby incorporated by reference. Back2round of the Invention--Field
of the Invention This invention relates to flywheel energy storage systens,
to integration of advanced technol ogy fiber-reinforced conposite thick-ring
fl ywheel s, | owcost continuous-filanent unbonded steel wire and other
filament flywheels and nounting hub designs, with ultra-conmpact and in sone
cases | owcost conventional notor/generators and digital si&tH 2006
processi ng- based electronic controller systens, fail-safe vacuum
encl osures, emer gengy PRgi ﬁgﬂﬁg TEHA S EBOE stens and ball, roller
and sl eeve beari ngsqﬁéw ng@é’[‘o | I(S I%I cantg,E al | %I?gmhi ch can operate
reliably for many years wigthQ ' This invention also rel ates
to the use of the gyroscopilglc &ﬁﬁ?hqﬁgﬂéaﬁﬁﬁh by such flywheel for
orienting.the |oad of spende eyl ' nner SGlzl ' United
States pat thgls ORI %fZQf"%q%né)tgt&a g F’g[ﬁ\éf%,g’ogg’ %’%%fieﬁgcfm ofs,ﬂbgq’]}grl‘5 ga?gggjgir;&age.
Description of the Prior Art Storing energy as kinetic energy in a rotating
f | ywisarporaseddygagrentfonever, despite recent inprovements in
fiber-reinforced conposites, continuous-filanment-wound ring designs,
el ectronic cont rolBackgnennée vengippi-Eigld of thelnyention 4t j on- cont r ol
t echnol ogy, flywheel energy systens have still been only potentially
conpet i ti Thiswinvéntiah trelateatto Viywheelr ¢prayt seragre Systomse & injempionsolc BRIt
batteries and ultra-capacitors. Conventional flywheel materials are limted
i Nt hehfoleneft@y raiforcag eommpsacihick-ring flyhwbiels, loenost cénigadustilementanbadgd h at
hi gh rotating speeds. 1

steel wire and other filament flywheels and mounting hub designs, with ultra-compact and in some

cases low-cost conventional motor/generators and digital signal processing-based electronic
controller systems, fail-safe vacuum enclosures, emergency energy-dump and containment systems
and ball, roller and sleeve bearings having solid lubricants, all of which can operate reliably for
many years without maintenance. This invention also relates to the use of the gyroscopic moment
generated by such flywhee! for orienting the load of a suspended device in the manner described in
United States patent 5,632,222, in addition to, or instead of, energy storage.

Description of the Prior Art

Storing energy as kinetic energy in a rotating flywheel is known. However, despite recent
improvements in fiber-reinforced composites, continuous-filament-wound ring designs, electronic
controls, and bearing lubrication and vibration-control technology, flywheel energy systems have
still been only potentially competitive with alternative energy storage devices such as chemical
batteries and ultra-capacitors.

Conventional flywhee! materials are limited in their energy storage capacity by their

centrifugal burst strength at high rotating speeds.




3 MARCH 2006 Motor/generators and controls typically used with flywheels
are too bul ky and cannot run at the high speeds required for a conpact

fl ywheel energy storage systemto fit the volune constraints of autonotive
and ot her vehicul ar applications. Application of |ower energy density

fl ywheel energy storage systens for stationary utility |[|oad-Ieveling
applications has not been successful due in part to |ack of proven designs
for lowcost continuous-filanment ring materials. The transverse-fl ux

per nenent magnet notor provides high power densities mnt L ci ency
and is believed to have been first described by Dr. h%n%ﬁﬂgigg%%r

publ I shedngiork@R&atoRMHhl thikbls' IRRIsERARR Iy MRNE e @6%118%@%&'8{ RIIHQIPS

Machine Wth H gh Efficiency at Low SpeedS" as a neans aln hig

powe'fhe%?ﬁ@p%écﬁ%e lided f(;}l Q%O%Etft MQ& 'eﬁ& ﬁmragéj%/gt%glﬁﬁ Sﬁ%p'}e voﬁ%%t COnft FAe gy

| osses and nal nt enance. nal €ss ors use

B dveland oth ﬁ ub. ¥tsmﬁtched non-contacti ng sensors to sense
roto %6%???3@' A 3583§1 F@K% YPM%ed to an inverter to comutate to the
next phase |n sequence when the. r net axi s reaches a predeterm ned
posi ti on. APAIGHPY oﬁggwer fRRey d WS}%:& ggg’éer%}h%@‘g"gez@é‘ft% fQE SRR e t he
amount of torque output for the nDtor at any given speed. However, known

Hal | lesfifleeting grplieationahas nobgsnenceessil Wae th rardo &Ck pf praven designsvian lspaeastir e,
install and align, imting their use in high-speed machi nes where

br us hdrewgousefilanemtrieginstdriels. are a di stinct advantage. Conventi onal
hi gh- speed bearings require a supply of air-oil mst, circulating
| ubri cat i fige oiahsvese-floRrpcadarent epbenimsdtore ptoviakes dighap@vdrodepsides déthadgquat e
| ubrication between the noving surfaces, so friction does not cause the
bear ff@fent PaRVEbARIE] BIhvE Bbdn-filSiSdekbdibld BYIDr NG, WRR AL ppRr publidhMARGERL006
entitled "New Permanent Magnet Excited Synchronous Machine With High Efficiency at Low
Speeds™ as a means to obtain high power densities with high efficiencies to reduce weight, cost,
energy losses and maintenance.
Conventional commercial brushless DC motors use Hall effect, i.e. magnetically switched,
non-contacting sensors to sense rotor position. A signal is provided to an inverter to commutate to
the next phase in sequence when the root magnet axis reaches a predetermined position. In this way
motor windings are energized so as to maximize the amount of torque output for the motor at any
given speed. However, known Hall-effect systems are complex, awkward and difficult to
manufacture, install and align, limiting their use in high-speed machines where brushless
characteristics are a distinct advantage.
Conventional high-speed bearings require a supply of air-oil mist, circulating lubricating oil

or periodic replenishment of grease to provide adequate lubrication between the moving surfaces, so

friction does not cause the bearings to overheat and self-destruct during operation.




I n high-speed fl ywheel energy storage systens, conventional bearings do not
have suflicient life in the vacuum environnent required to m nimze w ndage
| osses and conposite flywheel ring overheating. Thus, sone flywheel
systens rely on active nmagnetic bearings. Even nmagnetic bearings, however,
require auxiliary ball or roller bearings to support the rotor in the event
either of an inadvertent |oss of power to the nmagnetic bearings or high
gyroscopi ¢ maneuvering or inpact |oads that exceed the | oad capability of
t he magnetic bearings. Lubricating greases and the “'tra'#ﬂﬂﬁﬁﬁhﬁbbéity
synthetic lubricating oils required in the high vacuum of such systens
wth | ow ; I | 1) thetic
Pydrocar bapg e o U ST ade RapRt pRRHE chGorRlial blatfig! SERRNER Bmddh
unacceptably short boundary .lubricating.ability and bearing ljife..In this
Feqai it ko anat b Poupasmiskd PG iR e s BPL ooy EQuuhodpE Cat | on
of Rolling, Bearings in Spacecraft” published in ASLE Transactions, Vol. 17,
No, @yerbaﬁg'.ng-l 7 bhupg gome iy hecd (SYIFMT I OB REUY & SERetic Peayngyy c hYCe RegT i gal
expansi on of flywheel rings that special provisions are required to nount
such bedrings, hotvelsatenwite Bup o Radlepr reftes pearifes to supRoTtibe etorge fiercaeeither@for | The
mounting systemin U S. patent 4,860,611 provides a nounting hub design

sui t ablieadivorent lrse ofiposertts tteenmagrietiy bpdripgs sphbigh gyrobeopicovansuikriger impaeds are
desirabl e. Hence, further inprovenments in nounting designs are needed.
Adequaidekhat &ekéddt ®as odpabliihudmhecmbgaiic biagihgsspeed bearing systens for use in
especially high vacuum environnents are not known, The bearing industry

mar ket s seygfi@khing ¥R&®s 8id ©E Winagaw vodtlifyaehdurlsorkagfobisfequirehintat yighlenum
di sul fide, graphite, Teflon and other plastics used as solid |ubricants.

Voven,.gl.as ?f Ju%lggksiern%i WHPTGA@ st T | BB A6 inPQﬁ’av@ e ddahive capete BY semdt ng a

stiff nmetal Ing to a thin conposite |ayer of soft |ubricating Tefl on,

rei nfh?cr:h%gg‘b%storr] cgnvr%%glagb&%%umge{sgéz 0115',6‘ s thit We%ﬁg&eptabiy short boundary

lubricating ability and bearing life. In this regard see the paper by Mahncke and Schwartz entitled

"Grease Lubrication of Rolling Bearings in Spacecraft” published in ASLE Transactions, Vol. 17,

No. 3, Pgs. 172-181.

High rotating speeds result in so much centrifugal expansion of flywheel rings that special
provisions are tequired to mount such rings on bearing-supported rotors with the motor/generator
rotor. The mounting system in U.S. patent 4,860,611 provides a mounting hub design suitable for
use at substantially high speeds, but even higher speeds are desirable. Hence, further improvements
in mounting designs are needed.

Adequately reliable solid-lubricated, high-speed bearing systems for use in especially high
vacuum environments are not known. The bearing industry markets several types of dry bearing
materials based on such molybdenum disulfide, graphite, Teflon and other plastics used as solid
lubricants. Woven glass fiber-reinforced Teflon bearings are fabricated by bonding a stiff metal

backing to a thin composite layer of soft lubricating Teflon, reinforced with a hard glass fabric. A
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very thin filmof Teflon lubricates the glass fibers with a m ni num of

deflection, plastic flow and wear. In such known solid-|ubricated bearing
appl i cations, sporadic catastrophic bearing failures occur. Self-contained
greased-for-life bearings have limted high-speed capabilities and require

frequent re-lubrication. In high-speed rotors operating above critical
speed, the bearings are usually lubricated with <circulating oil. In the
case of high-speed ball or roller bearings, this lubricating oil is often

circulated through an annul ar space in the housing that S%@&Aﬁk@ﬁuﬁ@e
non-rotating bearing ring from the main housing of the machine, SO that

the radi ab, HBRer PNdaNEeRaRs 1&9%&%%&2&@&%ind'eﬁ%ctiﬁrw AL FRRSHQf the

rotor dre danpened by viscous Tlow of t m as the rotor passes
thro L.t gal ' I . nd .decel er at i fr its

oper it pish o REEE RO LBERF a Rk, BRRACEERNBI BN B Ton o
use "squeeze-filni' danpers and precision balanced rotors to control

vi br d&tt'n response and bearing | oads in high speed rotating nachinery.
Unfortunately, squeeze-filnx%gnpers have their. own instabilities due to oi
whirl and SeH?/qonw% gteedoiop-tile bisabeehdvasimitid high-seeed capabetichiagh repeed

machi nery. Additionally, squeeze-film danper design is an ill-defined art.
Fur t Hexarot ec-lubtjeatiene- f i | m danpers do not provide high danping rati os.
Hence, high vibrational bearing | oads and systeminstabilities often result
when squéehahfsptath rdenpepesatiag ebayeickitigat dpeeSutherbeayings are lneuallphémicatodh with one of
Its many aspects this invention provides woven fabric conposite flywheel

ri ngscirculbiiyy agednwihe liase bheighnpext babinor stlpe dtdrings, stz hlubridagsg aileis often
circunferential, polar-wund and other woven-fabric

cont | aUSa bl diohlIer $c 1 APRBARE o WPhARL e 0E-H8SSRErngAnyBbh a5 | ow
the main housing of the machine, so that the radial load on the bearing squeezes this oil film.
Vibrations of the rotor are dampened by viscous flow of the oil film as the rotor passes through
critical speeds while accelerating and decelerating from its operating speed.

In currently available rotating machinery it is common to use "squeeze-film" dampers and
precision balanced rotors to control vibration response and bearing loads in high speed rotating
machinery. Unfortunately, squeeze-film dampers have their own instabilities due to oil whirl and
oil whip and often induce instabilities in such high speed machinery. Additionally, squeeze-film
damper design is an ill-defined art. Furthermore, squeeze-film dampers do not provide high
damping ratios. Hence, high vibrational bearing loads and system instabilities often result when
squeeze-film dampers are utilized.

Summary of the Invention

In one of its many aspects this invention provides woven tfabric composite flywheel rings.
Embraced within the invention respecting such rings are circumferential, polar-wound and other

woven-fabric continuous-fiber-reinforced composite flywheel ring designs, as well as low-
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t echnol ogy unbonded conti nuous hi gh-strength-steel wire and other filanent
fl ywheels, and their nounting systens. Flywheels nade according to the

fl ywheel aspect of this invention nmay be fabricated by filament w nding
with either wet or dry w nding processes being used, by resin transfer
nol di ng, by injection nolding and by autocl ave or vacuuni pressure bag
processes. Such autoclave and vacuuni pressure bag processes are anenabl e
to pre-pregnated materials. In another of its many aspects this invention
provi des for integration of such woven fabric conposite fhﬁﬁ@%ﬁi >¢dgn9s and
ot her types of flywheels as nmentioned i nmedi ately above with space- vector

Si ne- penetody iuvBonddd @bdihuod BIBRLtrdNePCRSS WS- M HtP I fhnt ﬁgﬁﬂ%{l\’ and their
S ial or

sensorless comut ated, either |ongitudinal or transver

axi al r Wt rmanent. nmagnet the Iatter
of wh e&%{éeri\%?ﬁg&dﬁée % %%(mr 5643 n§n 0 {ﬂg Lﬁs‘/' Whg‘% f"SPer?(F r?&d‘ﬁ‘s grf“fein@?'?a

flymh st or age,. s sing solid- Iubrlcated bal |, roIIer and

ot her écé‘ilr?clgﬁbdg Ll Pr{) “%bdéng tﬁgeétp ePelpy ﬁryp‘@?lﬂ’é‘ﬁéﬁ?"eﬁsﬁé feg used, by resin

non- qux F % thru g&fgsators requiring little or no

convef? 8 d;ﬂ’% getiog n? prieglavgenr YRR MRS Uerbag mercREsEs. ofucht s many
aspects the |nvent|on prOV|des heat pi pe-cool ed bearings and notor rotors,
fai | -BECEVE Al MeeHBPESUEe S PEYssterare agaerbld Wwiprd-pragiatd nigterials. t at i ng
geonetries for ball, roller and sliding bearings, as well as vibration-
decouplingnnmmhukﬁgm$ymwemswwmmhMthﬁpqedwéuﬂbrmu@hMbnafsmmymmeeﬂmﬁMergy
storage systens, allowing the rotor to spin about its mass center thereby
to mdeipozie thedktinngh aatkshauyien of My viivel pe a@ntiiee idinkdineBBotdwith ipacs-ease
systemlife, reliability and safety. In yet another one of its many

aspeaciestor,t £1fe-vaVedrived i BaP GigHRIS pRREBINg WEMENeR] cafiphdt, adendHrg&i-cohfRAEAL Ur e
car bon-carbon or other woven fagrlc conp05|te flymheel rings which nay be

mountggler %%ﬁudn%ﬂ Ofr B¥nsPerSiu tdyidt usy 8Lkl Sag Richidey g?ﬁ‘érht@ﬂs with &h RicRpRke-rim
i nterface may have scallops in"the center of each web to reduce

the Cp%mlgn'e 1tu91§éne§s, rtl?eslsdﬁér 6fnwﬁ1@fr‘ a?é&?éﬁ%h%o a? réumeg@%, in high-efficiency

flywheel energy storage systems using solid-lubricated ball, roller and other bearing assemblies,
together with permanent-magnet non-flux-penetrating thrust compensators requiring little or no
conventional periedic re-lubrication or maintenance. In another of its many aspects the invention
provides heat pipe-cooled bearings and motor rotors, fail-safe rapid energy dump systems, and
fubrication facilitating geometries for ball, roller and sliding bearings, as well as vibration-
decoupling mounting systems in high-speed super-critical flywheel energy storage systems,
allowing the rotor to spin about its mass center thereby to minimize bearing loads during high-speed
operation and thus increase system life, reliability and safety.

In yet another one of its many aspects, the invention provides polar-woven bi-annular high-
temperature carbon-carbon or other woven fabric composite flywheel rings which may be mounted
on a rotor by a hub with curvature modifications at the spoke-rim interface. The wheel may have

scallops in the center of each web to reduce the centrifugal stresses in the assembly.
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FIl ywheel rings may be nmounted directly onto split-backiron notor/generator
rotors, either with permanent nagnets or a reluctance type device w thout
magnets, providing natural ly-occurring field weakening fromthe increase
in the circunferential gap between each split backiron segnment resulting
fromcentrifugal separation as speed increases, in yet another of its many
aspects the invention enbraces use of netal matrix and fiber conposite
flex-rimhub materials, both of which offer performnce conpatible with

high performance rotors without loss in proven stability Eﬁ%bing
capability. These materials provide tlexibility in the s??@g§F e6

flywheel huhvis! figestRdybedmdimEL Ry oh®NGliflba ﬁﬁ!)r?ﬁlro{o\‘/?el?e?ﬁfr ro{()%t fpr.cement,
I I t n yet an

and | ow cost manufacture in |arge vol une production. other of its

many & hiSoreVE AL Al QW . tation,of a .
nDtoP%ggﬁﬁﬁgﬁﬁ?hﬁ §?ﬁ§@5“3.rtSgﬁkSEfT§§ﬂ§§%%%§§§%§ﬁ$m¥#$@%wggmgFnggof its
many , t hies. | 2nt .on. provides. magneti ¢ danpi ng i ncorporated into an
oxt erieybacuBnbp gl MEHRE e HERIRR Bap PretEr SR v Bride o soprett ||
anot her offlhe Hg ggpcts of thjs invention a self-contained cooling

syst dh-ftHig fiom gg %@é aU3HPR, fHRES 1BFEFSES st or age systemincludes a beat
pipe in the shaft portion of the apparatus to provide cooling for the high
heat generlateidangihet RE ithranagy aeReRsrthe srventing rebipdengse oSmielal madty aridofiter
aspects of this invention enbrace use of both |ongitudinal and transverse-
fl ux caoors Hex-meihthenaterdlal boh ofaghich gty defirgasceancnptitiglet sliths piabe
vector sine wave drive and vector control. In the aspect of this invention
i nvolpeifmganterocosmpabout éost [nypobresal stabilitgsnd teking sapabiliey. Mithekomaterdidlipiovide si ngl e
or multiple-ring rotor nmay preferably be conprised of at |east two separate
conpakkibdity rihn@s dineomahd Wysihed Nkalf iab 118 dbdt@ ARdREr AR dREe Lfectlef hierent

conpositions. The different 6 3 MARCH 2006
reinforcement, and low cost manufacture in large volume production.

In yet another of its many aspects this invention provides sensorless commutation of a
motor/generator using a virtual Hall effect system.

In yet another of its many aspects this invention provides magnetic damping incorporated
into an extension of the bearing mount to limit amplitude of vibration.

In still another of the many aspects of this invention a self-contained cooling system for a
high speed flywheel energy storage system includes a heat pipe in the shaft portion of the apparatus
to provide cooling for the high heat generated by the motor/generator and bearings.

still additional aspects of this invention embrace use of both longitudinal and transverse-
flux motors with either axial or radial gap designs and digital space vector sine wave drive and
vector control.

In the aspect of this invention involving the composite flywheel rings, each such ring in
either a single or multiple-ring rotor may preferably be comprised of at least two separate composite
rings thermally shrink-fitted together and made of different compositions. The different
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conpositions may include carbon/carbon conposites which m nimze thernal

| y-i nduced rotor failures since such nmaterials operate at very high

t enperatures wi thout weakening. Pyrolysis of the carbon/carbon conposite
matrix in manufacturing also mnimzes outgassing as well as the resulting
potential for overpressure, conbustion and explosion in the event of rotor
failure. Another inportant aspect of this invention is the critical
sequence and special schedule of variable fiber tensioning used during the
wi ndi ng and curing of certain of the conposite flywheel [ Obger
circunferential filanent, wet or dry, wound or conblnatlon ra |aI pol a

WOV eRomB&IRMS| &y findhdR é@%nﬂ@rﬂéﬁ eGnipR8rk h@l’ilcﬂ“rﬁlﬁlnﬁk@% gﬁ{ﬁiy RBRE HRrCr eat e

a desirable pattem of residual stress in the conpl et ing to counteract

centr | Laf, %ha din
conpﬁ%hgg%”§gﬁgérn%%%?%Jﬁgﬁgéggédgégggﬁ%g' unPF%gﬁﬁﬁﬁ%£¢or s@%ﬁ ﬁﬁgwhee
é use q .curvat %fOf he .int.erface betmeeﬁ @he spokes and
the rcf‘ﬁkho Hd %?%T}Pé’ﬁ*éerm HET BATSFYTHE ACRABIMIEE OPRaSSHRP BEL R& R 'SHENE pokes.
Alternatlve materials for these hubs, such as netal matrix and fi ber
conp@Siet e o pERpresaire. sPRystion axd #iplgsiop in Hheisyent QEDIQGRikke- wel | as | ower cost
I n manufacture. Use of netal matrix or fiber conposite hub naterials is
desi r abl e AsgthenEepagtantt aspgct ghthiselapention dntheferitiepd serysrcezand kpgsin! sghedds ofioes
not exceed the maxi numrotor nmounting thermal interference possible with
di f f epeaild Aber teresmperzatsed derirgritle winelimgpdndecupiag T vértairest. the Yehpaie flpeheehspect
of this invention is provision of alternative conposite ring nounting
met hoiggs. andthap piscuaifersntiad riiimedny, Wegbr 8eoiolind oe rRembatt@ngidiay pblaywhsehs. 1 n
the aspects of this invention involving the notor/generator and controller,

ext r epmbdsite GREPREGY b€ LERAUSRIRE RRAAIsER teMIMANS TrdARVLIdARMI O peich] b1 LdiglaEY for
m ni mum energy | osses an heat acneration , as well as heat renoval

managerent (of coMIALEY Bihe W MRS AR cBntfiRB AR thlRAT stfesds RARGH28n these

rings are used in complete flywheel energy storage systems.

Mounting hubs for such flywheel rings may use a revised curvature of the interface between
the spokes and the rim and a thicker section in the center of the rim between the spokes.

Alternative materials for these hubs, such as metal matrix and fiber composites, provide
great flexibility in hub design as well as lower cost in manufacture. Use of metal matrix or fiber
composite hub materials is desirable so that centrifugal expansion of the hubs at high speeds does
not exceed the maximum rotor mounting thermal interference possible with differential
temperatures and thermal expansivities.

Yet another aspect of this invention is provision of alternative composite ring mounting
methods and apparatus for very high specific energy density flywheels.

In the aspects of this invention involving the motor/generator and controller, extremely
compact electromechanical machines have maximum efficiency for minimum energy losses and

heat generation, as well as heat removal management of whatever unavoidable residual heat
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generation occurs in either the rotor or the stator. For this reason, the
apparatus nmay be equi pped for separate tenperature neasurenent and water
cooling of the notor stator and notor rotor through radiation fins in the
vacuum encl osure, as well as the bearings and the flywheel ring itself. In
one enbodi nent a sel f-contai ned heat-pi pe cooling systemis incorporated
into the conplete flywheel energy storage system |In various

mani f estati ons of the notor/generator aspect of this invention, both

| ongi tudi nal and transverse-flux el ectromagnetic desi gns 3ayiargseehos t h
either radial or axial gap configurations to mnimze both rotor and

stat O[;enereﬂ&{ E&uﬂﬂg ltRer TR [idraf (R dtheSd. O Yhis Fé&sdfﬁthe%ﬁ&rb@é nR§ Beehuippedt hi s

i nven e structure of the transverse-flux pernanent magnet notor is

SNt L) CantaY t?m%tg%l I%Qas‘iu%&e&{ SR Gl %hblﬁ,g b ¢ mdiBt Salo? FELHABEkor

I mpor ens o thIS |nvent|on

| at i th t In
et e R E R B %éaﬁé‘s B ﬁy@}%na
generated in the controller. In h|s ?ase no.rotor % top feed% ck
S ensofrsosr Enaskiur: A RIS EBrRiPG STine i 4 meamebiretls e sRiPER on,

reduci ng cost and increasing reliability. Permanent magnets in the rotors
nor maflywyhagbargrdyrstosagshsyi™M ot ors may be el iminated using a rel uctance-type
design. Mdbto r/generators of the flywheel ene systens of this invention
may have i moeripoy mtugtkstalionsoofttheeinptor/ generagit| aspast @fg gpe@\rean% ibpthudprgifuginahi gh
speed stators having extra windings for rapid extrenely- high -power

dunpi pgl @ihstdhe-fAiixaedonagiegy désipnt be ubtdwitieether ndial dremialgepr@nhigratidagto ver y
hi gh speed conposite flywheel rings, for which conventional nounting hub

desi gpsShiRtAR ot rofW biPRAiss hediingdnd@s Pakimif dMdi@icyr ot or nay be used. In this
aspect of the invention there may be provided axially split or partially
split backjr Yellanottied A&l e themvBltoY, the ihRtrdbite Ransidid MAiYmhedt MiiReH 2006
motor is significantly simplified for greater reliability. This is extremely important for flywheel
energy systems of the type to which this invention relates in that long life without periodic
maintenance is a necessity.

In yet another aspect of this invention, virtual Hall effect signals are generated in the
controller. In this case, no rotor position feedback sensors are required in the motor, resulting in
sensorless commutation, reducing cost and increasing reliability. Permanent magnets in the rotors
normally used in such DC motors may be eliminated using a reluctance-type design.

Motor/generators of the flywheel energy systems of this invention may have incorporated
into their controllers a special circuit for high speed stators having extra windings for rapid
extremely-high-power dumping of the stored energy in the flywheel in a benign manner.

For very high speed composite flywheel rings, for which conventional mounting hub

designs are not suitable, an alternative motor rotor may be used. In this aspect of the invention there

may be provided axially split or partially split backiron segments thermally fitted with a stationary
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interference fit inside the bore of these rings. As assenbly speed is

I ncreased, this interference fit disappears due to centrifugal expansion,
and a small gap forns between the edges of each split backiron segnent.
The smal| gap causes field weakening, reduced current and pul se-w dth

nmodul ation in the notor, increasing efficiency and reducing rotor heating.
In the aspect of the invention relating to the axially split or partially
split backiron , the rotor portion of the notor/generator apparatus nay be
defined by an axially elongated shell having an outer cyli riMARH 28€nt r al
portion within which the proponent magnets are nounted, an inner

cylindrical central, portio aect o fQadly §lead altheesbdfthis ametfagnce fit
intern@ﬁﬁéﬁ@mﬁé?ﬁﬁ5ﬁt@%hﬁ%@?#ﬁg e i nner a&%g%uter cylindrical central

portions for facilitating, continued | 1AT Yo 0ErRL b@Redf the Regeuifench split
cyl i ndrdii&aawea@eﬂhlertalcemﬁg’rg?“ BRI h af'%érgf“?a?v\%gel as rotation rate of the

fl ywheel and the shaft approaches the rate at. whj qt fil ¥ ealse-width
separa&a&dﬁmongmhm~5H3$t$nmhg%hF§m§%§8 t“’%w?%ép#ﬁggnfﬁgﬁ t he ?ﬁternediate

portion is preferably curved and further is. preferably thi Hehe
i nner  apghuRiioBTin ey mothr, inaleasireneffigiencypdidy 466'1‘%1% ‘i"ﬁortlﬁ?%‘ygas%e@tg e‘%'?etc?ﬁgt
i nvention the flywheel is preferably nmounted on the exterior - th ter
cyl i ndrij,c@hiof Rlatiag tpoMhti dallyf spiheors paiplly PP E?CE‘HP?:’ t e“’é‘r"%eP?'f“ﬁ}éls&)fag*.é ally
el ongated slots therein between adjacent ones of the permanent g alis-
Preferaply Q]%ra%rod%)ﬁargtﬁﬂnﬂaijl bé befireyt by ad ekiely elpagatadahell BIvngd ARGV IS her
preferabe xtremties of the slots are axially inboard of aﬁkgj |
extrem ties of .the Rer/mAent fra@neitsmaghenearofmaiieds Potigncrrey ical CR B mpn
angular‘ﬁbcaPlon so as to be axially aligned. It is also within the
purvi ew of {16, LOYERS b QRabOE sFifl KRM indemefiate pokioasbnwoties 6f Iunse aad BY&T ¢ o
Kral” extremties of the per manent nagnets. Anot her aspect

be out bBHF'Q" 67"

of this invention is the L G dtAleSRRGE etibobf Sitpetenayiaddeal p&tich t he
digitalCﬁ”ﬁﬁ%ﬁCﬁ?ﬁ%@@@?ﬁbgﬁggg%ﬁgkggtro%ic ngior/generator controls, which

reduces pln%%g ?Nsitha};gg ﬂ?wﬁeemag;ﬁgrp I(‘)a§e of the flywheel and the shaft approaches the rate at which

the flywhee! separates from the shaft. In this aspect of the invention the intermediate portion 18

preferably curved and further is preferably thinner than the inner and outer cylindrical central
portions.

in this aspect of the invention the flywheel is preferably mounted on the exterior of the outer

I i d slots therein
cylindrical central portion of the shell. Preferably the shell has axially elongated slo

between adjacent ones of the permanent magnets. Preferably the slots are in the cylindrical portion

of the shell. Further preferably extremities of the slots are axially inboard of axial extremities of the

permanent magnets. Some of the slots may be at a common angular location so as to be axially

alioned. It is also within the purview of the invention for extremities of at least some of the slots to

be outboard of axial extremities of the permanent magnets.

Another aspect of this invention is the use of digital space vector sine wave drive in the

digital signal processing based electronic motor/generator controls, which reduces losses and
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heati ng and i nproves dynani c performance. This vector control and the field
weakeni ng phenonenon optim ze the power factor in utility applications,
mnimze the size, weight and cost of the power el ectronics and thereby

i nprove overall systemefficiency. In an aspect of this invention involving
beari ngs, the bearing assenbly includes an outer bearing ring, and an

I nner bearing ring with the inner and outer bearing rings including races
for retaining balls or rollers of the bearing assenbly. The bearing
assenbly may yet further include a plurality of balls or rollers journal ed
for rolling contact wth respective races of the outer and;i ring
rings and solid lubricant biased agai nst one or nore of th%h@£§¢§;@§€

rol | ehsatjnguamialireptobat WaRhic tpedomined. ands QbeF CBIiltﬂgSanthtehﬁ%Eew&mgﬁh and
outer rings connected to | oad-applying or |oad-carrying nenbers. ® solid

| ubr | gAgon DS 18 b38. S SO A Bl SRSl gaRl envel ope of @

sliding bearing ring configuration he plura

ro"eﬂ§gmh@f&?ﬁgmﬁ?éﬁﬂ&eggﬂﬁﬁ$%§§3¢%3”%ﬁﬁ%ﬁ?ﬁgOn and control aspect of the

invention in envi ron “WA¥ch the flywheel energy

storage system oper S, a J.owvolatilit ynt hetic grease may be
optimally ﬁnseénd % gaaoﬁitgtajlﬁ‘f?gbor} P V%rﬁe?r“%/ﬂ?ea'ﬁgieﬁfm& aspphly dnghdedray opier

provi ded. usi ng or ous pl.astic eLenent such as a Nylon insert inpregnated
wi th PREDEAINS BN B Aeating (ngpith digainnersand qutpr bpartngrrings inchiding rabest fhe
synthetic grease to keep the lubricating grease wet and prevent drying in
the vEIRIRE batiheor|roliars ehilie beasingrassemblin dlterbeatingassanily naly yasfehérsndhide hi s

i nvention include use of tortuous labyrinth seals to |limt residual

out gaplsiatity ofbatlher totlors yairedléd fot yollifgonmaseitt espetanthed|of Heedt@drSnd Taer sol i d
| ubricating nenber in the bearings is preferably carbon graphite and is

pr ef ebabihy rinfi adeolid Regant Biathyaisebhc Simaedf ha8alsns tollRS.RaAE: BAwRa] | S,

rollers or other noving surfaces so that the graphite "wites on", 1|.e.

rubs agaimsind Suke ria@awihdhdRhérSand oflel ARG BhnleN S low-ﬁf)ﬂﬁné Hf lfogrﬁ:—gzgrﬁzng 10
members. The solid lubricant member may also be contained within the dimensional envelope of a
sliding bearing ring configuration without the plurality of balls or rollers.

In the bearing and friction moderation and control aspect of the invention in the high
vacuum environment in which the flywheel energy storage system operates, a low-volatility
synthetic grease may be optimally used as an adjunct lubricant. The adjunct lubricant may be
provided using a porous plastic element such as a Nylon insert impregnated with the same low-
volatility oil that is used in connection with the synthetic grease to keep the lubricating grease wet
and prevent drying in the vacuum. The lubricant, bearing and friction control aspects of this
invention include use of tortuous labyrinth seals to limit residual outgassing of the low-volatility
grease to acceptable levels.

The solid lubricating member in the bearings is preferably carbon graphite and is preferably

biased, occasionally self-biased, against the bearing balis, rollers or other moving surfaces so that

the graphite "writes on", i.c. rubs against, the bearing balls, rollers or other moving surface(s),
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3 MARCH 2006 leaving a thin graphite lubricating filmthereon and
producing an ultra-fine particulate "wear debris"” of solid lubricating
material. As the bearing operates, this wear debris is caught between the
balls or rollers and the race surfaces. The wear debris is carried by the
rotating balls or rollers to the race surfaces against which the balls or
rollers are journaled so that a graphite filmfornms between the balls or
rollers and the race surfaces and the filmis continually replenished for
the life of the bearing, wthout subsequent need to apply RdAiRGHRG06

| ubricant. At |ow bearing speeds, the self-biasing effect in these

sol id-|ubrl gﬂﬁ% g{ah@%ﬁuﬁ%%tiﬁﬁlﬂ{ Q¥fedeshd R¥dUCRH alufet fitd payticafatd Tveear dabgs”

t hensel Ves® as t e rings being split and made so that they are

! Oadedotgé%m['*%i §fl‘3t¥“ ﬁg&%ﬁ?%gﬁgﬁ%k@&ewg i esr qRbrid 9Lhphbbethetntiiebtiase of

roller I'ng speeds for ball bearings, the
inertial |oads, on the_bearjing el nt.s n b Lol Bl jefaBlthe fakd0S.
whi ch &8lersend i TP g eg%efar gﬁr% 3 ‘%B%P?%g)f }htg Egtag%eﬁag? ef er abl y made

wi thout any split, are enough to provide sufficient .hiAasi

occasi evEckyageast which dgahals 109 f CH%‘"SH%’ ﬂoé‘“??fedrséf ItFaetrasgr?%ntg rf@%uﬁélgnsﬂﬁ%w?eg c{ e ¢ ed
solid lubricant debris and transfer filnms, In the high speed fl

ener gy bslisorragdlerssapdt thenrach sutiages §“¢Tﬁhﬁeﬁ%hﬁﬁ?ﬁt‘9uf{h§ rFPrl’g%iélieBttﬁ’é e Mt She
solid-lubricant rings. Wen roller bearin%s are used the rollers skew

r andonibyaragawitistut subkséghentuioed ©apply midigenablibricant.nt o such bearings to contact
the roller ends. The lubricating nenmber is preferably in the formof a
ring but camngahsBeddi@g ispectid) ehef ®ifsbiasing effbaen thesefolid dubirigantuives wanbe pvided al or
a relatively thick solid-lubricant coating bonded on the cage. Position of

t he soly,thd 4RELGAN OBz MRYseVENSs 4 leRdt Sfithehgs bemg splitené ntadersmihatethey are
restraint on the orbiting notion of the balls or rollers. M ninumorbital

o e S G ARSI e Wkl s ad unagonl | o
bearing speeds for ball bearings, the inertial loads on the bearing elements and on the solid lubricant
rings, which solid fubricant rings for such applications are preferably made without any split, are
enough to provide sufficient biasing or occasionally contact against the balls or rollers to produce
the required solid lubricant debris and transfer films. In the high speed flywheel energy storage
system the balls move randomly to impact the solid-lubricant rings. When roller bearings are used
the rollers skew randomly against solid-lubricant rings built into such bearings to contact the roller
ends.

The lubricating member is preferably in the form of a ring but can also be in the form of
inserts of solid-lubricant material or a relatively thick solid-lubricant coating bonded on the cage.
Position of the solid lubricant may vary. The ring or cage is to exert minimal restraint on the

orbiting motion of the balls or rollers. Minimum orbital restraint is required to minimize solid-

Jubricant film wear on the ball or roller/raceway surfaces in the bearing.
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For very high speed applications, when the centrifugal forces on the solid
| ubricant rings or cage are high enough to cause excessive wear and
stresses, a netal band nay be used to contain the stresses in the solid

| ubricant ring. Alternately, a cage or separator may be used, wth
solid-lubricant material incorporated as inserts or coatings on the
surfaces of the cage contacting the ring guide |lands and the balls or
rollers. As with the solid lubricant ring, in order to minimze orbiting
restraint of the balls or rollers, the cage pocket clearagﬁgg § e large in
the orbiting direction and the guide |I|ands have | ow cl ear R 006
friction. TFoeveredighrspebd applidatibst 1A | de- 1 and surfaces may be
provi ded by Iom#fric?iOS@MLydrodyn2%?%0%?ﬁ5§§gﬁﬁ r@%%fé@“gQ@ES%EEW¥ﬁ§ or

siml an ©[Rh k n [ The sirable self-actin
20RO hRh eXou@h td BRIsE 8QEssAMIvILS, 'cltd%]rﬂﬁmes a ghelge}q E@Egm?%b? used! 9 %Ewﬂgy

hydr odynam c | ubrication of these cage land

cent risfrek@al in W' Blid g, o ils at high speeds fromthe radially
outward deflection g? E% ttgg% Aﬁrgg}al{ezy’ SR pAyrberyisedamith selid hibbiednt ~ or

roller ' e.C rovi ding a scal |l oped-shape cage-Iland sliding
surf ace ea&?%lr( %{C% gl}a{eeg Sa{n%ﬁﬁ y BP Wﬁ%\ﬁﬁ? the) pfAses ¥ tther sagencoagtie itionrind/ewiyie t hi n

bonde | dr | | cant coati.n on the balls or rollers and races may be
pr ovi ?f‘é‘ggl“#"g'r’e if’Jaﬁfifstof %ﬂT‘e‘fSu -Sivﬁthﬂﬁ%?ql‘éé‘fhr@ﬁ“émg,tlh@erotmtrahtmim@o@mnfga&aﬁint n the
beari ng ‘¥Pbil the transfer-filmand wear-debris entrapnment nechani sns
bui | d°aNd “Brovi GecEofit icrasorssketiclarranessl asnlastenipribe broitink @hgctidaeatichdgliid €. The
solid-luybricant elenents are positioned in the bearings in a way to avoid
hi gh '2néulie v glprsanselandifrictibni cant fil m repl eni shing surfaces; otherw se
and undesirably, large particles would wear off with concomtant failure
to produceTMthmeﬁdediﬁahmhﬁuﬁﬂﬁ@s@pﬂkmm@guggggqﬁg%ggﬂnmﬁﬂqjﬁg@hg&%%hnent
particles. The invention preferably uses sonewhat " open confgrn1ty of bal
bear i Ingrodaceways gas-lubeicayd ke bed | &hi ' 1S olQ @llo

e e B SR B S PR 8 B oo

sufficient space near the |oad-carrying contact’s
desirable self-acting hydrodynamic Ilubrication of these cage land surfaces is facilitated by

centrifugal warping of the cage rails at high speeds from the radially outward deflection of these
rails at each cage bar between each ball or roller pocket in the cage, providing a scalloped-shape
cage-land sliding surface for tapered-land hydrodynamic lubricant film formation.

Very thin bonded solid-tubricant coatings on the balls or rollers and races may be provided
for initial run-in lubrication of the contacting surfaces in the bearing, until the transfer-film and
wear-debris entrapment mechanisms build and provide continuous film replenishment for long
bearing life. The solid-lubricant elements are positioned in the bearings in a way to avoid high
loads on the solid-lubricant film replenishing surfaces; otherwise and undesirably, large particles
would wear off with concomitant failure to produce the needed consistent supply of sub-micron
wear replenishment particles.

The invention preferably uses somewhat open conformity of ball bearing raceways or

crowning of roller bearing contacts, to allow sufficient space near the load-carrying contacts in the
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bearings for solid-lubricant filmchannelling. At the sane tinme, geonetry
of the bearing raceways avoids excessive edge contact that could disrupt

the lubricant filns on the contacting surfaces. All of this assists in the
wear -debris entrapnent and transfer of solid-lubricant filnms directly onto
the tracks of the ball, roller or slider contacts and at the sane tine

does not significantly restrain the orbiting notion of the rotatable
el enents in the bearings. In the flywheel energy storage systens of the
invention, the predom nant radial |oad on the bearings is 3aMARSHIDO
i mbal ance load that rotates with the rotor, while the predom nant thrust

| oad 1 geari%fisefop %@L&ﬁﬂri&%{lﬁid ¥hRhAMhEIes: 1Y sERE tifgSecasikirn of the dariig rateatiyonar y
beari ng rings. ese stationary bearing rings are desirably nmounted on the

stationary part. of ,the %?{ tﬂgttcld[l@ d{\érﬁﬂaﬂ?e1§Bﬂ?c%mnfsioﬁq-thé’%ﬂnka@tihgrwrﬁg@atpad

car bon@YHARFEEF SI8HOBFE Ped Yatteri al for the solid I ubricant, other

candi date material s include | ybdenum di sul fi 5 ' hdanhand
second0b€W%$%FFdﬁtm%%ﬁﬁﬁé?“ﬁ%ﬁﬁ%“%ﬁﬁ?cd%%%# gégﬁhﬁﬁﬁﬁﬁgbgﬁégggﬁgﬁ?g adapt ed

for high-tenperature bearing performance. These, solid.l ubri teria
for mil ndtor ahd bl rqll op plkerv iR AR eooS skl et RS M B £
sel f-contai ned solid-lubricant conpacts_and coatings and used in the

bear i ngsitafg motive Gf theantaiable elanenipdp he RSUHEP- aspect of this invention, the
rotating ring is nmounted on the flywheel energy storage systemrotor using
a flexibl e gouplfiyagedeuérge stoiage systefnsof ithesinyentiptbrerredaraingrt radial dpadyQa 1o¢
speed as the rotor accelerates up to select design speed. In the manner

t he beapi s i3l 1BsiMeY Bhbadibi Ral edt tomtestviieh the ghoruwhid the pesdorimenf tryetHoags's occur
at the critical speed of a conventional rotor. This vibration isolation is

achi evegl, P&élo@f&‘ LAY RbviGRNtyagkinspasiag hedine entiviney batriog ras These stadibary ng
bearing ring being bridged by a flexible decoupling elenent such as an

o % PRt ey | GO0 g ekt anang e ol
While impregnated carbon-graphite is the preferred material for the solid lubricant, other
candidate materials include molybdenum disulfide, tungsten disulfide and second generation
complex metal chalcogenides, which are specially adapted for high-temperature bearing
performance. These solid lubricant material formulations, like the preferred carbon-graphite, can be
incorporated into self-contained solid-lubricant compacts and coatings and used in the bearings of

the invention.

In yet another aspect of this invention, the rotating ring is mounted on the flywheel energy
storage system rotor using a flexible coupling device that effectively changes the critical rotor speed
as the rotor accelerates up to select design speed. In the manner the bearings are never subjected to
the high unbalance loads such as occur at the critical speed of a conventional rotor.

This vibration isolation is achieved by an annular contact space between the rotor and the

rotating bearing ring being bridged by a flexible decoupling element such as an elastomeric O-ring

or a vulcanized elastomeric element or a flexible metallic element having suitable compliance. The
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annul ar space does not exist at start-UP since the parts fi

tightly when the rotor is stationary; the parts seBarate a;dt?ggtgﬁaular

space opens by centrifugal deflection of the outer menmber of the assenbl

to forma gap at an internediate rotor speed. This "lift-off' speed is y

aﬁIECtEd to be approximately two-thirds of the first rotor critical speed
hen the gap or annular space does not exist and approxi mately one-third
hi gher than the nodified critical speed when the gap or annular space has

been created. In this manner the rotor never runs right at XMWaR(H 29¢al

Zpefqt 3nd t hus never subjects the bearings to the high vibration

A 2 g2 odt it af P S a0 el the paOCTar gl Wby atlieonihatroPhes ot or

systgﬁ1 mheﬁ o Zré iﬁtorf wth this vibration-mnimzing decoupling

he. masatGBRt GP PHE BRI 6T ERG. Saaey Fios Tant O “or the. bearing  support

system As a result, need_.for_ hi i si ' . ¥
r educecneangr ehErEessanbly g fori %Iga;?]gt @Lﬁ?‘?’ﬁ‘?@ggﬁﬁiﬁggﬁeﬁg ?;ls :lﬁogftg?iveg :1§n

bearing mounting fit surfaces, This.i arti . ak | [
hi gh- speleded Icheg am‘h’ﬁ@%’ielyet“fortb\ﬂﬂ;se@ist@ i%ﬁgs“? o %H%}\‘Zallg eeg é’lrﬁ% ?F?ﬁg%ﬁ B’gfnéﬂaﬁ may

be large, since such systens retain ' | bt L '
25 wel [as bbonpreas! S omPIAIEHLS oot MEHaLE) SR IUB e b g
speed range of the flywheel energy storage system |In the ect. of tﬁ]g

i nvent ig@p of @inatar Agict basttieen wietsedit indls FaRndriths REPT PRI ﬁ‘ﬁ‘&trﬁ?ﬁg‘r"{} ‘Cagé%ec?u lin
system the invention further enbraces coupling apparatus cilitatin P °
passage, @i anevacebleas el teglings to dtedtighyblatoy amphtday tgat(yyqui st ¥ genc

of rotation where the apparatus includes a pair of mating first and secgnd

por tiong,oh RAGY atthd fotdriit 20(c ' '
: p e at tdrRAtLIQOEJeedBs contacting when the body is
stationary. éﬁq@ apparatus further includes neans for flexibly %:lo:JpI I ng the

second portion tq & heifissh - e =
: NGisTVibStion-RefithizZH} deBoupfisg bysteat, evieo mpemtigiat e
unitary rotati %rnQYILer Sof as t helsezgignd pgft}goyns nmoves g&rgy f??ﬁ?ﬁgﬁ‘i ?!slty

POT i 0N, 1 G5paNS) UGl ¥ 0 AR hd HAR ok ARl Jrahebensic spmachizbt dwire

criticafe

support system. As a result, need for high precision balancing of the rotor is reduced and there is

littie or no centrifugal warping of the precision bearing mounting fit surfaces. This is particularly
important for high-speed fiber composite flywheel rings, in which centrifugal growth may be large,

since such systems retain the radial compatibility of such rings as well as the precision balance of

the system over the wide operating speed range of the flywheel energy storage system.

In the aspect of the invention relating 10 the vibration minimizing rotary machinery
decoupling system, the invention further embraces coupling apparatus facilitating passage of an
acceleratingly rotating body through a critical frequency of rotation where the apparatus includes a
pair of mating first and second portions of the body with the portions contacting when the body is
stationary. The apparatus further includes means for flexibly coupling the second portion to the first
portion to facilitate continued substantially unitary rotation thereof as the second portion moves

away from the first portion responsively to centrifugal force at rotational speed below the critical
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frequency. Desirably, the two portions contact with an interference fit
when the body is stationary and at roomtenperature. Further desirably the
mating surfaces are nutually facing when the second portion noves radially
away fromthe first portion responsively to centrifugal force at
rotational speed below the critical frequency. In the vibration-mnimzing
decoupling aspect of the invention there is further enbraced a nethod for
accelerating a rotating body through a critical frequency of rotation with
the body having a second portion tending to separate fromaaRgi 2@y tion
at body angul ar velocity below the critical frequency. The nethod I ncl udes
penni t frtfdncyt @esﬁ?&f{ﬂﬂe BRY pdriithscOntIRMGPNEH ek oM fMSyiienTthd bodtft/% kth@bhary
responsively to centrifugal force at rotational speed below the critical
freque t e ci f [ 0, r ' Q nd
iﬂgﬂ%at {6 &%\Rle%lr%%!. FUIIQhe? Je%?&b%%ermaﬁqlgh%rﬁ&% are?&r%&da@g O:gmg% l\)zvziten the

est abl Ing a ne i cal ftrequency for rotating antially

hifted d dly from.t i gi itical f ency: the d
or i oS THOR" gharbralt  sBhn Bl ahe it FGETSERT b FBRIGRE e

flexible el enent,, Eheéer_ i creasing the effective conpliance of the
bearinﬁmgﬁbééP?ﬂ5?° € Fr5icat FSYe¥dy . The method further enbraces
optionally mai ntaining a flexible couple between the first and second
portions tol"fthe vibratigpaninignizag deporplingyaspast phihy ipventian beretin Erder erapraesdrmon
velocity but with separate angul ar nmonenta. The method may further

opt i onakthyd iferchagelerating astoapng boghe thrpughi s gritidab frisgond op orttticmnwitlo tie bédybi as
itself radially inwardly to effectuate conpl enental contact between facing
sur f acesimgfa schendfpartidn tamtingsecepadate fiont a Hirss patienatt Hody boglyarivsloaity bedsw tiend at
anbi ent tenperature. mnimzing rotor decoupling system aspect of the

i nvent irpRRalasuarp) iThaliettiod inclidet p@ﬂiifﬁn% thefskaonh @BHioR RE Ve SWA! RER tieyElens of
the type to which this invention broadly pertains but also to other high

speed F@fi@! [RAghrRREN DRENTIBREN RS HadcatittaPsHRd PRAWIER criReWafeqd&RE RaYs and
the like. It is fdrther within the purview of this invention réspecting

the vi 1%3&%;;0@[’%’9&% M4l B8 tﬁeoio?itin%%ogy W@E{a&%{ﬁlg a new critical frequency for the

rotating body substantially shifted downwardly from the original critical frequency; the second
portion is then preferably connected to the first portion only by a flexible element, thereby
increasing the effective compliance of the bearing support of the rotating body. The method further
embraces optionally maintaining a flexible couple between the first and second portions to facilitate
substantially unitary rotation thereof at common velocity but with separate angular momenta. The
method may further optionally include the step of permitting the second portion to self-bias itself
radially inwardly to effectuate complemental contact between facing surfaces of the first and second
portions when the body is at rest and at ambient temperature.

The vibration-minimizing rotor decoupling system aspect of the invention has applicability
not only to flywheel energy storage systems of the type to which this invention broadly pertains but
also to other high speed rotating machinery such as gas turbine engines, power generators and the

like. It is further within the purview of this invention respecting the vibration-minimizing rotor
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ggg?gﬁ{i$g_apparatus and method to incorporate some danping into the
a4l scl osed Lng?R Es ?gfoggghgred b{irpdifications to the basic apparatus
e A e, utilizing a fully sealed vi

&;?h?nf{LLedbCSVIty in the apparatus and defi ning t%e area o¥|:ggg?ation

o ne ody upon_angglar acceleration or by utilizing elastonetric

These a lnhthe cavity in the body to provide the required danpin

< sten15proac es are consistent wth high speed flywheel energy sto?é

I T

. nts en such units are full | XTI
the desirabl e characteristjcs, of ' f y sealed. In addition to
o Y K ;

e orcin e ot S PP S A e ey
: ; , . stem includj =0l : . )

and gr easeplisited by anddblicationfdod ‘i’ad‘-CIa\HB?rf’l%%? il%%%ﬁ??@ﬁ%&ﬁ? X?Isrlg}e&?ﬂ\zgg ngt (r)\: In

the purview of the vibration-mnim zi i i
t 0 use figlGhaley sitenms dnid-filled caypris g@ﬁélggrgtf‘g Oﬁ%ﬁpﬁggﬁ#ﬁl&ffﬁ&gﬁgﬁ g\] rlrtlis1 gﬁﬁ? Zt =

high torques nust be transnitted i
. _ and centri.f ' i S, -
| Nadequyaleipd gl ecclaseion ar spifiliee PRstorBriLic UactORIRD oS iRMne WGy 6
sggteﬁs to provide the desired decoupling and consegu nt_greatly . i rgv d
asse rrblp?(ge\g@ hgﬁr%quirtzﬁﬁﬁxﬁplg_@.p:Tiheﬂtappmcfas @rengssistERtOMI hig seﬁeg éf’ytwthF%teglFﬁhaf?
_ _ e radial distance to the interface is |
Lhe cont 8 QULANS Al Wb thOXhel e g ivee nomeenaprri el ©
mount ed in thgryl?m/of this invention the elastic elenent is desirably
T e g Pl e o e ot The. Semme for ™
sel ectively rotatin he f| vention the rotor of the neans for
i i 08 MIBER cterGSRABSIhaSritidnadcedigting s t
or prodUC|nd“@p§E??gbbﬁ Poier upgﬁnﬁotation tﬁgﬁeof ggﬁaﬁgﬁg?igeﬁEZIﬂﬁgytbe

in the form of i : :
cylindr bibbjgh-@[@qqg Q‘g‘q%i*(, a%t%%xﬁ%rﬁgkggalﬁ%lphca% ﬁ)hariy NGpe 6 Beating and dubrication

system, including air-oil mist, circulating oil and grease lubrication, and solid-lubrication systems.

It is further within the purview of the vibration-minimizing rotary machinery decoupling

system to use such system and the approaches of this invention in systems where high torques must

be transmitted and centrifugal loading is or may be inadequate; in these cases a splined or non-

circular lobed mount can be employed to provide the desired decoupling and consequent greatly

improved system stability. These applications are most likely in direct rotot/shaft assemblies where

the radial distance to the interface is small.

In any of the configurations of the vibration-minimizing rotor decoupling system within the

purview of this invention the elastic element is desirably mounted in the rotor assembly and hence

not subjected to running frequency cyclic loading.

In one aspect of the invention the rotor of the means for selectively rotating the flywheel

responsively to electrical power input or producing electrical power upon rotation thereof by the

flywheel may be in the form of an axially elongated shell which includes an outer cylindrical central
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portion within which permanent nmagnets are nounted, an inner cylindrical
central portion connected to the rotatable shaft and an end portion
connecting the inner and outer cylindrical central portions for
facilitating continued unitary rotation of the outer cylindrical central
portion with the flywheel as rotation rate of the flywheel and the shaft
approaches a rate at which the flywheel separates fromthe shaft.
Desirably, the end portion is curved. Further desirably an internediate
portion between the end portion is thinner than the inner jangrew 2506
cylindrical central portions. Still further desirably the flywheel may be

ount ogﬁk%n n\%@ﬂh%ﬁg{ .?QLI aﬁgntt ﬁgﬁgﬁsnﬁfgalﬂoﬁﬂﬂed,nﬁf gl ogﬁﬁ&ricgp cBftral tlR&icRhel | .

The s ave axlally e ated slots therein between adjacent ones of
t he permanent . ma S,.ahe sl g ; ' - Lndri ca
port i(‘c?ﬁm%cltedtqﬂéhesrﬂgﬁae Bkt ?ned rﬁ%teﬁhego%f) ﬁtC %glg&g{ggl?és%rr}éar%ﬁ @é&grx(%ygF({h}l}%} ﬁ%ggr d of
the axial extremties of the pernmanent nets. ..Sone, of the sl ot may be
at coPRBRSdAglRcHiating capnyRd dpttany r t?}mﬂé)fg%g %ﬁ?ffYHP‘{’)"bcﬁ]Q‘&Entréﬁoﬁi?ﬂ ‘fvfﬂé%heof some
of the slots nay be outboard of axial extremties of the permanent
magnetlyvhepy psefotation dpie i thh lywhech andtheniha appiogehies 2) rajesat gv. 138133‘5 @)@Q‘tﬂ?lonal
view of a first enbodi nent of a flywheel energy storage system manifesting
aspecieparofes e thavkaft. i Besirablygthe eng ppgionis eyesk gawthey degiralfly apénteimedigteur e
illustrated in Figure 1 taken at circle 11 in Figure 1 Figure 3 is a broken
Vi ew pord@cmndearthodidyenionds thinrkt thwinthelinren ardyyute tepliralgical oysirad portiani Stidlst i ng
aspects of this invention. Figure 4 is a broken sectional view of a third
embodjpBet dedikabdy fhwhbed neyeegyositeardgie estysdraxntieeehfrastylimdricaspedarsofof t hi s

invention. 17 3 MARCH 2006
the shell.

The shell may have axially elongated slots therein between adjacent ones of the permanent
magnets. The slots are preferably located in the cylindrical portion of the shell. Extremities of the
slots may be axially inboard of the axial extremities of the permanent magnets. Some of the slots
may be at common angular location so as to be axially aligned. Extremities of some of the slots

may be outboard of axial extremities of the permanent magnets.

Brief Description of the Drawings

Figure 1 is a cross-sectional view of a first embodiment of a flywheel energy storage system
manifesting aspects of the invention.

Figure 2 is an enlarged view of the structure illustrated in Figure | taken at circle I1 in Figure

Figure 3 is a broken view a second embodiment of a flywheel energy storage system
manifesting aspects of this invention.

Figure 4 is a broken sectional view of a third embodiment of a flywheel energy storage

system manitesting aspects of this invention.




Figure 5 is a broken sectional view of a fourth enbodi ment of a flywheel
energy storage system nmanifesting aspects of this invention. Figure 6 is a
sectional view of the apparatus illustrated in Figure 1. taken at circle
VINl in Figure 1. Figure 7 is a sectional view of the structure
illustrated in Figure 6 when the flywheel is rotating and the

vi bration-decoupling apparatus of the invention is actuated to reduce the
critical speed of the flywheel assenbly. Figure 8 is an enlarged view of
the structure illustrated in Figure 6 taken at circle Villgxaié Fh ure 9
is a ViEM/Of the structure iIIustrated in Figure 8 show ng gﬁ?@ ure

vhen e, YK LoruRGpWRLNR AP Sy okl PYER e 5185 YV, °

result of t e gure FHSUEN™ €6

di sks _and per ormng a portlon of a notor/generator
assen8¥““ﬁ§ﬁP$§§F$ﬁﬁe%ggﬁﬁFg“EW“Fhe i nvention. Figure | I is an enl arged

view of sone of the structure illustrated in the |ower ght hand_corner
of Figure &8 @lﬁrf’eseit?r'iaEVIQW of theapgaiauy ilbwrged | Figye f ﬂé]@!‘llabﬁlr@ﬁ! Vif¥d in
structure illustrated in Figure | L Figure 13 is a top view of the

f | ywh&urhlb, illustrated in Figure 1, with the flywheel rings attached.
Figure 14 is a view of the structure of Figure 13 taken at circle XIV-XV
in Figure Figdre Figumertivtalivevanf gl suugmc iliustvatal int Figurs tor whdnuthe flywheetis at ed
in Figure 14 taken at circle XV-XV in Figurc 14. 18 3 MARCH 2006 Figure

16 i s ramirgnohdvhewibedtiohlecaphadappanitusadf thdmvdtionhe ettuee iOdsdeah@gBtiGy st em
illustrated in Figure 5 looking fromthe left hand side of Figure 5 and

Wi th thedvass drveas hasupl.

Figure 8 is an enlarged view of the structure illustrated in Figure 6 taken at circle VIH-VIIL.

Figure 9 is a view of the structure illustrated in Figure 8 showing the structure when the
vibration-decoupling apparatus of the invention is actuated as a result of the flywheel rotating,

Figure 10 is an isometric view of stator disks and permanent magnets forming a portion of a
motor/generator assembly manifesting aspects of the invention.

Figure 11 is an enlarged view of some of the structure illustrated in the lower right hand
corner of Figure 9.

Figure 12 is an enlarged view of a modification of the structure illustrated in Figure 11.

Figure 13 is a top view of the flywheel hub, illustrated in Figure 1, with the flywheel rings
attached.

Figure 14 is a view of the structure of Figure 13 taken at circle XIV-XIV in Figure 13.

Figure 15 is an enlarged view of the structure illustrated in Figure 14 taken at circle XV-XV

in Figure 14.
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renmoved. Figure 17 is a cross-sectional view show ng a shaft, a bearing and
a bearing assenbly including inner and outer rings and bearing balls

nount ed about the shaft, illustrating another enbodi nent of the

vi brati on-decoupling aspect of the invention. Figure 18 is view of the
structure shown in Figure 17 illustrating vibration-decoupling. Figure 19
I's an enlarged view of the upper bearing assenbly illustrated in Figures 1

and 2, show ng lubricant shields around the bearing and a | ower portion of
the bearing pre-load spring cartridge, with the cartridge and the upper
shield keyeqﬂ%%%ﬂge_stationary shaft. Figure 20 is a plan viPeWABICH Pedel ower
si de of the UPPer!Oshi &1 dnd Miews br abe dmbbdifie@UE L 1% Showi ng a sl i di ng- pad
thrusté. S%r%gg %pnstruct i on preventing dlarrag?néhjem@é‘?he(‘#e‘ﬁ%@’ éomgactitay
surfac fGenn beard f épokimg fdm MeQefk 98 i gUre 21 i s a schematic side

el evation, partially in section, of a Hgg{%ﬁ%@”ﬁﬁdwaﬁﬁﬂ%WQW@nmﬁomwkbm%h t he
fl ywhedf"®dor stator and flywheel energy storage systens bearings which
does not require a circulating fluid punp, suitable for use with the
flywheel enéizgwe 51 & a@ss¥shigm ikl ustrated in Figures | and 3. Figure 22
is a cross-section schematica IQL?YF BYIP& 3 Higftaa feyngerid ebesby SLQNAYE
syst emncRidigl @hert Ggt LlJustrated in Figure 1 but utilizing a stack of
rings mounted on a c@%{oﬂﬁ'lgcsu%g beaiing, ballseigourteds almint dredshufi! DiuBrAinBURogtm | ar
to thagmbddiHsh?, in. Figure | to obtain greater energy storage capacity.
Fi gure 23 i's aﬁﬁgﬁﬁg’rmg@ "@F%W‘B%a@ﬁqfaﬁﬁiarirweaﬁont he bottom|eft of Figure 22.
19 3 MARCH QQ&G 8Fi‘%|uregﬁ4 IS a cross-section of a high speed bearing
assenmbly show %é Pefevandtin erucaspeownoh thhiesl7iimmaﬁﬂgqnblgﬁg,,{_5%gq}gint he
rotating sqgft mounting sleeve illustrated in Figures 17 an &nd

igure 19 is an enlarged view of the upper bearing assembly illustrated in Figures I and 2

showing lubricant shields around the bearing and a lower portion of the bearing pre-load spring
cartridge, with the cartridge and the upper shield keved to the stationary shaft,

Figure 20 is a plan view of the lower side of the upper shield illustrated in Figure 19,
showing a sliding-pad thrust bearing construction preventing damaging wear of the contacting
surfaces under bearing thrust pre-load.

Figure 21 is a schematic side elevation, partially in section, of a heatpipe cooling system for
both the flywheel motor stator and flywheel energy storage systems bearings which does not require
a circulating fluid pump, suitable for use with the flywheel energy storage system illustrated in
Figures | and 3.

Figure 22 is a cross-section schematically illustrating a flywheel energy storage system
similar to that illustrated in Figure 1 but utilizing a stack of rings mounted on a common tube
supported at each end within a hub similar to that illustrated in F igure [ to obtain greater encrgy

storage capacity.

Figure 23 is an enlarged view of structure at the bottom left of Figure 22.
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il lustrating another manifestation of the vibration-decoupling aspect of
the invention, Figure 25 is an enlarged isonetric view of a portion of the
structure illustrated in Figure 10, taken at circle XXV-XXV in Figure 10.
Figure 26 is a sectional schematic view, partially broken away, of yet

anot her enbodi nent of apparatus facilitating passage of an accel eratingly
rotating body through a critical frequency of rotation, manifesting
aspects of the invention. Figure 27 is a sectional view of the structure of
Figure 26 illustrating operation of the structure after lift-off. Figure
28 is an end view, partially broken away, of a rotatable menbMARCH 2006

i || ustrati ngFeguki Bhs atargieispbi 5oL f tating bodi es using the
vi brati on-decoupling aspect of thgﬁi%e\%gﬁﬁﬂg%?%mﬁ[’gﬁﬁ%w?g yptangtherasgeay pBw,

parti al thys brveken @neihe @b r8tad; b nber illustrating a high torque,
non-ci rcul ar | obe arragngerl;e%tl%?%a?i %?Lﬁlgﬁlgﬁeew bl&'"‘é?‘i‘t%-"dgl%wéllﬁn@d bspett of

the i nventi®ne andth@WH; Qa1 fraont.view of. an alternative enbodi nent of a
flexible rimhub for ulsgsqavaoﬁﬁ? YRS C‘?‘WL%%‘;PP‘PWM%HVC&M gy storage

systens of tfg LR lon Figure.31 is _a sectional view taken through the
fiexible rim %‘ffb Fﬁﬁn%“s%rlaa‘i HdSmetiq ey @f 8gortiorio§ the str@Qure sllatraed i mapak (i ew
of a flgxl . S?t:ﬁ“ ywheel energy storage apparatus corresponding in

| ar ge negésnﬁir[glr{l% e&f(lf\}yéﬂ\f"\lh re Q‘lergy storage apparatus in Figure 1. Figure
33 is an enl‘ég?eg view of the structure illustrated in Figure 32,

illustrati nda' Giitsr 3 ssgtionad prbematéa View, mﬁhnyturd)keniamgy,tdr?mf Ajﬁmepgrﬁb&g,ggﬂpl i ng
aspect ;{P]tgarl]% i][]v%géj on. 20 3 MARCH 2006 Description of the Prefterre

Enbodi Htl lecBigasing IpbesegeKplomnact eleratRighe fitRing Bot ehrd b%ENt | eferring to
the drawings in general and to Figure I in par@ticﬂl arL% Za‘%’|“3£m"hféRee‘i|“e‘Eﬁé1?gy

st or agé'otatron, manifesting aspects of the invention.

Figure 27 is a sectional view of the structure of Figure 26 iltustrating operation of the

structure after lift-off.

Figure 28 is an end view, partially broken away, of a rotatable member illustrating a high

lorque spline attachment of rotating bodies using the vibration-decoupling aspect of the invention

Figure 29 is an end view, partially broken away, of a rotatabie member illustrating a high

torque, non-circular lobe arrangement utilizing the vibration-decoupling aspect of the invention

[igure 30 is a front view of an alternative embodiment of a flexible rim hub for use with

ftywheels in the flywheel energy storage systems of the invention,

Figure 31 is a sectional view taken through the flexible rim hub illustrated in Figure 30.

Figure 32 is a sectional view of a flexible rim hub flywheel energy storage apparatus

corresponding in large measure to the flywheel energy storage apparatus in Figure 1

Figure 33 is an enlarged view of the structure illustrated in Figure 32, illustrating a modified

construction and utilizing the flexible decoupling aspect of the invention
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system mani festing aspects of the invention and representing a first
preferred enbodinent of the invention is illustrated generally in Figure |
and designated generally 10. Flywheel energy storage systet n 10 incl udes
a flywheel which has been designated generally 12, a notor/generator which
has been designated generally 14 and whi ch provides neans for selectably
rotating flywheel 12 responsively to electrical power input to

not or/ generator 14 or for producing electrical power upon rotation of a
rotor portion of notor/generator 14 by flywheel 12. Flywheel ;8pgraY Sogr age
system 10 further includes a shaft designated generally 16 which is
stationary in the enmbodiD®adiptidd 6f3hé PéctsrédEmbodinnls z@d about which
flywheel 12 and the rot BapMRde RAbivh Tor PfacHBhS HIGVERWOr 14, referred to
as the rotor, rotate. Flywheel energy storage system further preferably

i ncl udes a i i i, qur Fl ywheel
0 ot or | gena R OB nes AP BAAPLRCL SR P porck i M Cortiay HEE
encl osur . I I e i i .are.provi.ded i ntq. an t of
hcuom o R maeh R SoEl oG il R SRS TAOBSGR £ 1R BT siiodiint ofite

| 12 to a high

order t ri.ve.. . or/,gener.at.or..14 and, accel erate fly

rotati oﬁ?i%n{s%% &d H?S&]ra{ég %S?Gr?@ 18 Figoge gﬁ’ilﬂ %’i?lg“?tﬁ% REIerly éﬁhnﬁ ﬁéﬁ‘h"?}, englg¥ Storqge al
connecti ons ﬁgo notor?g nﬁrﬁtgé Hgﬁare,orovided for when notor/generator
14 is ac¥iyg'H&chdsyind @‘@ whigh has begp depignated genespl ) 18 ca mpogRenseirswhich has
response to bein% rotatably driven by flywheel 12. O course, suitable
cont r ol 2t depgiidaemcrdy Woewst mhishepigviges means faresstectsbbyc totitogl flpdreaked? i ons

and controls for notor/generator 14 are not illustrated in Figure | to
enhance 'SP Y¢g ©lehactriopl paver BIpMINROMLOORBeratel Yhbefer pibAugngetlestadl yoweralputes a
hub 20 and a rim 22 connected to hub 20 by spokes, not illustrated in

Fi gur e Iotaini @l rploopérten of ryotdr/seratt U4 &Y flgeikret2.i on bet ween hub 20 and rim

22. Mounted on rim22 is a ring designated generally 26 and referred to

herein as a lblywdrelehenzy storage system 10 further includes a shaft designated generally 16 which is
stationary in the embodiment illustrated in Figure 1 and about which flywheel 2 and the rotatable
portion of motor/generator 14, referred to as the rotor, rotate.

Flywheel energy storage system 10 further preferably includes a vacuum enclosure
designated generally 18 in Figure 1. Flywheel 12, motor/generator 14 and shaft 16 arc preferably
enclosed within vacuum enclosure 18. Suitable electrical connections are provided into and out of
vacuum enclosure 18 to provide electrical power to mofor/generator 14 in order to drive
motor/generator 14 and accelerate flywheel 12 to a high rotational speed in order to store energy
therein.  Similarly, electrical connections from motor/generator 14 are provided for when
motor/generator 14 is acting as a power generator and generating electrical power in response to
being rotatably driven by flywheel 12. Of course, suitable controls are provided for motor/generator
I4. These electrical connections and controls for motor/generator 14 are not illustrated in Figure |

to enhance drawing clarity.
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ring. Ring 26 is bi-annular in the sense of preferably including an inner
or first annular ring portion 28 nounted directly on rim22 and an outer
or second ring portion 30 nounted on the outer periphery of inner ring 28
and being in conplenental engagenent therewith. Inner or first annular ring
portion 28 is preferably nounted inside the second ring 30 using a
differential thermal expansion assenbly. Specifically, ring 28 is cooled in
order to cause ring 28 to contract. The assenbly is then nounted over rim
22, which is preferably alum numor an alum num alloy. OncestMaroeptaosg
and cooling are conpleted, rim22 is fitted within bi-annular ring 26 and

the assenbly jiswRRI M pleRGatlPincRAés 4 Kubl WO4NdtaEiR QD dbhtebted A hitODNbY §ITREY, AbUr €
these parts are in an interference fit and the interference fit tightly

retains M'ustraa'fﬁaqh @l’gul:e' NS R&Vidd MRid druchhg cﬁﬁ%tlorﬁ{ém&ﬁ%hb h§af ghepabl y used
to assembl e bi-annular ring 26 con5|st|ng of inner ring 28 and outer ring

30. The di ffergl‘&'ﬁ’itéc%n hﬂxez‘f%? ﬁfggﬁ%}@%st H%bé aﬁcp&ﬁ‘%ﬁ% h&sh! &S di! aﬁul{u‘ ght

interface 32 between rim ortion havi ng exceedi ngl y
high intern ure xer ed b ce v

H ool “'?nga(gﬂgﬁgpe b eﬁu%f%88?%550%“?%%s%fnnﬂg()f%sw%ar e pglsEe
34, rot on of h res ng shaft 16 is facilita beari ng

Sasenl tuk TR diE on éﬁ“ﬁgg nd o Sﬁ&"“ P O ROt e i outer
nunbered in Figure 1 tg aid dramnng | ari | ndi vi dual conponent parts of
beari ng %?gugg%pf@gergglg 28 7ah bejag oty e‘lﬁé@ﬁ“%?“é‘il?ﬂreb’éhﬂ ng i nner and

outer rings, have not been 22 3 MARCH 2006 nunbered in Figure 1 to aid
drawi ng cl aringer orfess annydar rigg perdion RS igrprefprably ezquated dusidgithe seponsk tiner30 ugingwi ngs
and are nunbered therein. Spool 34 has a central hub portion 40. Inboard of
central ditfhrepanl thieonal4@parsioanssambly dpesfiedlyering3® whoddd inordotnessedng 28 tohe
outer rings of bearing assenblies 36 for rotation therewth about shaft
contract. The assembly is then mounted over rim 22, which is preferably aluminum or an aluminum
alloy.
Once the heating and cooling are completed, rim 22 is fitted within bi-annular ring 26 and
the assembly is permitted to cool to room temperature. At room temperature these parts are in an
interference fit and the interference fit tightly retains bi-annular ring 26 on rim 22. The same
approach is preferably used to assemble bi-annular ring 26 consisting of inner ring 28 and outer ring
30. The ditferential thermal expansion assembly approach results in a tight interface 32 between
rim 22 and first ring portion 28 having exceedingly high internal pressure exerted by rim 22 towards
ring 28 and vice versa.
Flywheel 12 and specifically hub portion 20 thereof is mounted on a spool 34, rotation of
which respecting shaft 16 is facilitated by bearing assemblies 36. Only certain ones of bearing

assemblies 36 have been numbered in Figure 1 to aid drawing clarity. Individual component parts

of bearing assemblies 36, such as the bearing balls and bearing inner and outer rings, have not been




16. Bearing assenblies 36 including bearing balls 42, outer bearing rings
44 and i nner bearing rings 46. These bearing assenblies are illustrated in
greater detail in Figures 5, 6, 7, 8 and 9 but even in those figures not
every one of bearing balls 42, outer bearing rings 44 and inner bearing
rings 46 have been nunbered, in order to enhance drawing clarity. Spool 34
i ncl udes an annul ar extension portion 48 which extends vertically upwardly
and, together with pernmanent magnets 50, defines the rotor portion of
notor/ generator 14 providing neans for selectably rotating klyxReel >¢bd
responsively to electrical power input or producing electrical power upon

rot ati omunttercaoh tiyuré l1ywhgeldrdwdng RRFFRNEREse r@ﬁ@%sh%@n@ﬁegré@éﬂqﬁ%q M defd D

annul ar extension 48 and are spaced angul arly thereabout.” At the bottom of
the vacumepedRSH Qinlired?hQ¥ihdi Ng support for stationary shaft 16, is a
bottom vertical support nmenber designated generally 60. A corresponding top
vertical supp@hb 3478 EL 8P S0 ortlon of vacuum.encl osure 18
and, toget he%%vé) t hrrEot Tom sl&g) o?tfgn%g' neb?jal%é) ¢ en(rBTg{ %ler?s?%é%a t's 4" %’nf‘ﬁr fﬁ?eé’e
verti cal, it il t i.n Figure 1. Bot.to ertical support menber
60 pr ovi)gg@Tci {:J}E){ISV%IB ﬁaeglﬁg%%{ht% Oﬁ %F mégssqtf%ﬁrgﬁélfvmghf:ﬁégal%r Fatatign thaseyvidh aboyt shaftch

i's positjioned.to oppose netic force exerted by a rotating annular ring
magnet 'S6 rEsr‘f"r%‘ ﬁrfgtaéffp”ﬁ) 'Y %ég%glb‘g'lng ﬁ?aﬁ’é‘gg’ﬁl&nﬁo?“@ Ysaiingyings At aed mper bsaiing rings of

spool 34. ghes two magnets are of the same polarity and thereby exert
force opPodifly RsAdgassimlies areilustraiss dsgreaterdetalsin Figurds §, bot, Boud Mt tvendh

support nenber 60 effectively supporting the weight of the rotating
assenbl yhaseighiss npigevsty o8 & triR@Hhatlo @8, outéryhetrirg rirgR ddndd tilier bedrial abke 46
portion of notor/generator 14 thereby relieving bearing assenblies 36
frorn rdeei bdemguabgeh$t adtr takenltancaudrhwingathrify om t he wei ght of fl ywheel 12
and notor/generator 14. Top vertical support nmenber 62 includes a cooling

water inlet Ppsdagendydes4nanchia Eﬁ{ﬁ:@kibllﬂgortmugMmtéxﬁ;ndﬁaéﬁé@l?vﬁﬁwm and,

Passageways 64, 66 connect with an annul ar cooling water resérvoir
together with permanent magnets 50, defines the rotor portion of motor/generator 14 providing
means for selectably rotating flywheel 12 responsively to electrical power input or producing
electrical power upon rotation thereof by flywheel 12. Permanent magnets 50 are mounted within
annular extension 48 and are spaced angularly thereabout.

At the bottom of the vacuum enclosure 18, providing support for stationary shaft 16, is a
bottorn vertical support member designated gencrally 60. A corresponding top vertical support
member 62 also forms a portion of vacuum enclosure 18 and, together with bottom support member
60, retains shatt 16 in its vertical posiﬁon illustrated in Figure 1.

Bottom vertical support member 60 provides upward support for a stationary annular ring
magnet 58 which is positioned to oppose magnetic force exerted by a rotating annular ring magnet
56 mounted on the bottom portion of a balance ring 122 portion of spool 34. These two magnets are
of the same polarity and thereby exert force opposing one another; this opposition results in bottom
vertical support member 60 effectively supporting the weight of the rotating assembly consisting of
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68 formed within top vertical support nenber 62. Aradially outwardly
facing surface of reservoir 68 is formed with a plurality of cooling fins
72 thereon. These cooling fins are in close proximty to a stator portion
of notor/generator 14 and serve to transfer heat, received by radiation
fromthe stator portion of notor/generator 14, by fluid convection into
cooling fluid, preferably water, retained within an annul ar cooling water
reservoir 68 in top vertical support nenber 62. The stator portion of
notor/generator 14 is defined by a series of vertically facing|
contacting annular rings 74 which are visible in Figure | bupq%ﬁﬁgﬁlﬁgyé

not beenfigatk] MNRM thé @ik portiéh & Bot6l/@hbrdor 04 tHeRBy th"éW‘n? igfla\{\ﬁgg%%jf% esH

coaxial with shaft 16 and with the axis of rotation of and t he

rot at abl BoRskivaHE ko BHAl hASIRERRGK tldveiBRBE HULAR) f Gl RBPEL AR TRY! AT

rings 74 for residence theremthin o as i strated

generally in fi of ;annul ar,.rings .74 forining a portion of
the stator of Fdr%‘%é (E;tr?c/?l é%lﬁggg{ng}rnﬁ%ﬁs% szlm? ® PR g e ARy .Eﬁgﬁca%lﬁ’@e of
mot or wi ndin 76 within apertures fornped in annular ring 74 is )

71 st b By e ek Vabot DB Ry ¢, BF Popria Wil o bt Cading e sesepypi
stator pgrtion of .nptor/generator 14, which preferably is a brushless,

i nsi de- ot "OFRe Hihig Kp "Iﬁ@gﬁ&”BP?‘b’@ﬁ@P%{t‘%r, is fixedly connected to shaft 16
and includes a plurality of co-axjal contacting annular rings 74. Each ring
74 has a ser ‘&gl outwady foteesntipcgiof yeseyaic 68 issfornaduwidsa pluslist dfrcoakty fins
proxi mate the ring outer periphery, which has not 24 3 MARCH 2006 been
nunber ed’? HerFpyuFlese ¢@liap ding Bre I hlescprexitnityds a istator pertivh R Mot/ gerfargor7il e
substantially rectangularly shaped in the plane of each ring. Each
aper t ur esecernimitathest, nictined byeradiation fremi thhastgr pottién af mawt/adrepardh 1s,pg)s aad
channel forned in the ring periphery. Apertures and channels forned in the

rings 74oavetiaxinid koolakifGRe grefathilN wakke, £hMes wWidi HndBBR cSoBink Hafker 2AEoRS
illustrated in Figure 1, being _
68 in top vertical support member 62.

The stator portion of motot/generator 14 is defined by a series of vertically facingly
contacting annular rings 74 which are visible in Figure 1 but which have not been sectioned in order
to aid clarity of the drawing. Rings 74 are coaxial with shaft 16 and with the axis of rotation of
flywheel 12 and the rotatable portion of motor/generator 14. Apertures are formed in annular rings
74 for residence therewithin of motor winding 76 as illustrated generally in Figure 1.

The stack of annular rings 74 forming a portion of the stator of motor/generator 14 is
illustrated in Figure 10. Residence of motor windings 76 within apertures formed in annular ring 74
is illustrated in Figure 25.

As best illustrated in Figures 10 and 25, the stator portion of motor/generator 14, which
preferably is a brushless, inside-out radial gap DC motor/generator, is fixedly connected to shaft 16

and includes a plurality of co-axial contacting annular rings 74. Fach ring 74 has a series of

circumferentially spaced apertures thercthrough proximate the ring outer periphery, which has not
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coaxial with flywheel 12. The wi ndings 76 occupy and interconnect the
rectangul ar apertures and run the axial length of' the coaxially
contacting rings 74. In Figure 10 one of the rectangul ar apertures has been
desi gnated generally 126. One of the channels via which rectangul ar
apertures 126 communicate wth the ring periphery and hence wth the
exterior of the stator has been designated 128 in Figure 10. The periphery
of one of the ring or rings 74 has been designated 130 in Figure 10. Al so
illustrated in Figure 10 arc two permanent magnets 50 form ng WARCEH 2006 of
the rotor of i-notor/generator 14. Referring again to Figure 1, bottom
vertical ,suPRMflerdEIDEuRS 10Qind 18, y The apatirdeinvt ginks of ring e aretsabstamgally

fl ywheel and rotating portion of notor/generator 14, bottom verti cal

support h htihOMadel of chilritioN Easth@etturb@oimitihRWeS With tiRG &Mk phery
rotationgﬁ%gggfluiﬁ atedeﬂﬂ éiggre 1? sﬁaf%;16 I ncludes a central bore 132

e A L oS ot ke

for suppWVEHF i'ng nost preferably water,

to the interjor of. shaft 16.. re 132 within fr .16 . 2 t

i a1y Mg e avely Riied Sl Fn TRt oR e RO B RLGBR TP E S, Bl
close proximty to botﬂ | ower and upper ones of bearing assenblies 36.

Pr esence ce14 3oty e¢ldPd, preferably water, in bore 132 within shaft 16

provides a sink for heat generated in bearing as?enblies 36 as fé¥ eel, 12
and the rot at dbt @indigst7pORCUPY anindirrRRd e rtaneaar gpestuges 2pd apc Bt igFYEthi gh
speed. 25 3 MARCH 2006 Extendi ng annularlé around the interior and fonning
a part ofof viac ueariadly clookating fises &4 a e Figue d0ng dhe sectangplas aperuey has BefRur e
1, crash guard 94 preferably extends vertically above and below the
vertical dexitaexi gehasliyl2d. | Quhetthe tharmels tvivawhiah oevtangylaf afettuice 126 compumeds 12
or the support Structure for flywheel 12, whereby centrifugal force would
cause fl ywinant rid@ p@iphpsrdnd hemereidf tht extbtigr of the stator has been designated 128 in Figure
10. The periphery of one of the ring or rings 74 has been designated 130 in Figure 10.
Also illustrated in Figure 10 are two permanent magnets 50 forming a portion of the rotor of
motor/generator 14.
Referring again to Figure 1, bottom vertical support member 60 not only bears the weight of
the rotating flywheel and rotating portion of motor/generator 14, bottom vertical support member 60
additionally retains shaft 16 therewithin against rotation.
As illustrated in Figure 1, shaft 16 includes a central bore 132 opening into a shaft 16 from
the bottom thereof. This central bore 132 is for supply of cooling fluid, preferably liquid and most
preferably water, to the interior of shaft 16. Bore 132 within shaft 16 preferably extends axially
sufficiently far along the length of shaft 16 so as to pass in close proximity to both lower and upper
ones of bearing assemblies 36. Presence of cooling fluid, preferably water, in bore 132 within shaft

16 provides a sink for heat generated in bearing assemblies 36 as flywheel 12 and the rotatable

portion of motor/generator 14 rotate at exceedingly high speed.
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radially Qutwardly, these parts encounter crash guard 94 and are retained

w thin vacuum encl osure 19 by contact therewith. A spanner nut 116 is
internally threaded and engages externally facing threads formed about the
radially outwardly facing | ower extremty of annular sleeve 38. Simlarly
to spanner nut 106 |ocated at the upper extremty of annul ar sl eeve 38,
fourth spanner nut U 6 nay either be equipped wth an axially extending
portion 118 or may bear upon a shim having the sane shape as axi al
extension 118, to bear upon and retain in place a second O ringaktwhigh
resides in a recess defined by a dowmwardly facing shoulder forned in

central hub 40.andnbyndunely’ felinl thy ifeioband | frmih@6ipad oFWabdee efilos@RNIE Ala
sl eeve 38. This recess is’illustrated in Figure 2. During operation of the

f1ywheel Cﬁ?ﬁ%‘g’%‘f §ﬁ.oﬁ§gﬁus§¥t§§ ﬁ‘{Tﬁgﬁ:‘éqr gria?g%ﬁa‘[’d §b§rek&éﬁ5p%§t%’s vagichifiEabold ¥ipheel

and the ro e portion o nmof or/ géner at or accel erate angul arly,

??S%Lgrgegh\af [ O iciaET:xut‘epﬁti«{s:&f‘ Wﬁéa! Y5 98 tha {ﬂ%ﬁd&é%ﬁ% o%{lqby@r t Osu%@cﬁta te,

Cthe ye
rotatabl e por on‘of the  rno nerat or “conti nue

ext ool LG SABIEIA8 VR Rt seLrE St oMo oaiegs JPHEDa B

according to this invention, centrifugal force on the rotating parts
causes t Y PWNEEYLY-CBFE PAILS FFBUNE Fsh Luprd 41384 pregifialsA BYIG Wchuy snddgsury
the region of contact therebetween. This phenonenon is illustrated in

Fi gures 68 bycorgacathdresithSpecifically, in Figures 6 and 8 the flywheel
energy system according to the invention is shown with the flywheel central
hub 26 3 MARCHA sp@06r nwt0 16 is ifiteoialigthomdedad engagas enterodlbriaghgbrad 8®rmIthiteui s
the configuration of annular sleeve 38 and central hub 40 at speeds well
bel ow t hehcatidibliycatwardly fsmp anver faxeeniey of/annklaguliees 38. afichilarly td smhiicatnet 10t
configuration of the flywheel energy storage systemand specifically

?g ma Sr sleaey et B8 uphd eomiityadf afihillarklevt B8] faurtingphincgam 106 nidyeahaiteeqlipyédg
with an axially extending portion 118 or may bear upon a shim having the same shape as axial
extension 118, to bear upon and retain in place a second O-ring 120 which resides in a recess
defined by a downwardly facing shoulder formed in central hub 40 and by the radially outwardly
facing surface of annular sleeve 38. This recess is illustrated in Figure 2.

During operation of the flywheel energy storage system according to the invention, as the
flywheel and the rotatable portion of the motor/generator accelerate angularly, centrifugal force in
the flywheel urges the flywheel outwardly. As the flywheel and rotatable portion of the
motor/generator continue to rotate, those components approach a critical or resonant frequency at
which extremely high amplitude vibration occurs.

In the flywheel energy systems according to this invention, centrifugal force on the rotating
parts causes the flywheel central hub 40 to separate from annular sleeve 38 at the region of contact
thercbetween. This phenomenon is illustrated in Figures 6, 7, 8 and 9. Specifically, in Figures 6

and 8 the flywheel energy system according to the invention is shown with the flywheel central hub
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t herebet ween as central hub 40 has noved radially outwardly from annul ar

sl eeve 38. First and second Orings 110, 120 provide a continuing elastic
coupl e between the inner rotating nenber defined by annul ar sl eeve 38 and
the outer rings of upper and | ower bearing assenblies 36, and the outer
rotating nenber defined by spool 34, fl heel 12 and the parts associ ated
therewith. When separation occurs as illustrated in Figures 7 and 9, the
reduced spring constant of the bearing support systemfor the rotating
assenbly defined by spool 34 and flywheel 12 and the parts roVatRGH) 2006
unitarily theremﬁth has a critical frequency which drops relative to the

critical y ﬁq%%nf&f:t with @nfdiralldeRd 3parihss WhENcaPigatatiGd obuntchutar wiabeehs ARl
were in tlg engagenment with sleeve 38. Wien the gap opens, the Orings

provi de thﬁraﬂmkyo E\{}%&st\k,apbe@&{;}’}ﬁ%ﬂnﬁﬂwe%naﬁdf?e%&c?ff and central hub 40

of spool ‘3%t he critica spee of the rotating assenbly defined by

spool 34 and E\Fm}% bnd @21 &g Pﬁé{;ee dol & Gk @ae@r;fe?g? &&1@@@5@@%“1

rotating ther ndt € Cri d of th rotating, assenb y

defi ned by an Iar Ie ve and th t i n f angd,d 8

bearing SE§YE "‘“’39 ev%lgg %8?‘3%?1110%456?8%0%?1\?@ gra%{bgtcl}égﬁgf spe d

t hese two assenblles. The first and nd Or 10,. 120 rrydn

subst ant itkergbptvegn Iaﬁ)aﬁlt‘%&hhuﬁ)fl%\lﬂ?%mﬁﬁedaﬁg’éﬁ tb‘ﬁ\‘;‘:irl gro@o%qﬁpl@rzl A% enlylf %nd

i nner and outer rotating assenblies, have an extrenely | ong |Ifetl me. Spool
34 furt heecondél-tinss! 1@, hal arvislers wtlmgg glastic %OUP@VP@FW@RttP%WFryFOt@ng i ng

122 houses rotating annular ring nagnet 56 and threadedly engages t he
| ower poritiiod byfancdat siave A8 bndibe aster fihgsud uppar aad lOrWerW§a¥em sPONNECEhe

2006 Bal ance ring 122 is equi pped with bal ance screws, not illustrated in
Fi gure 1uehicediink atinlbet ddf@ediyngpablid rainel tdaralfthd ;bwtsass@eimﬂdttrmthor. A
bevel washer 124 retains balance ring 122 in place under substanti al

Poi sson' s tr angyarssguralRhlRaid ailiuestddtih Bgputes Trand ontheirddugad speinp ansiaonofhe al |
of

bearing support system for the rotating assembly defined by spool 34 and flywheel 12 and the patts
rotating unitarily therewith has a critical frequency which drops relative to the critical frequency of
the rotating parts when spool 34 and flywheel 12 were in tight engagement with slecve 38. When
the gap opens, the O-rings provide the only connection between annular sleeve 38 and central hub
40 of spool 34 so that the critical speed of the rotating assembly defined by spool 34 and flywheel
12, and the parts rigidly connected thereto and rotating therewith, and the critical speed of the
rotating assembly defined by annular sleeve 38 and the outer rings of the upper and lower bearing
assemblies 36, drop below the respective rotational speeds of these two assemblies. The first and
sccond O-rings 110, 120, carrying substantially no load and providing an elastomeric couple
between the inner and outer rotating assemblies, have an extremely long lifetime.

Spool 34 further includes a balance ring 122 at its lower extremity. Balance ring 122 houses
rotating annular ring magnet 56 and threadedly engages the lower portion of central hub 40 as

tllustrated in Figure 1.




the rotating parts defining spool 34 and flywheel 12. Flywheel energy
storage systens according to the invention provide high specific power, in
t he nei ghborhood of from5-8 kilowatts per kilogram of weight of system
The units provide a fast charge tinme of one to two minutes for surge
powering units. Long service lifetime, in the neighborhood of fromten to
twenty years is expected of systens enbodying the inventions. In high
speci fic energy versions of the flywheel energy storage systens, the
systens will provide between about 80 and about 100 watt hours per

kil ogram at 100, 000 power cycles. Round-trip efficiency of 3MEREKHAGM

exceeds 90%Bamygidagld@dsahhmgapaw@n@g d di nensi ons for flywhee
energy systens enbodying the i nvent | o%eirsgj&év%t n‘fqg'ﬂPWaFeﬁ mabigere1l, Which

pr ef er fasditgodgtamic bil g forkieesd eper st orage system flywheel ring
i's biannular with nul tdig- mat eﬁieg?sgaggéoﬁgﬂﬁgg%wa@éﬂ fayns belaece rimgel22fid ng 1 S

a sili plare gdidexiuBeatt-2Psik composi t.e while the outer ring is a
car bon/ epoxy conpgsite.SgﬁgéﬁﬂVeggg?ﬁ@“91Wﬂﬂvﬁg%m@ﬁ@ﬁébgyeZﬂﬂ@anS@fbf

al um nimevord; Ay Whesl, J.s.rat.ed to operate at 30,000 RPM for 100,000 cycles
of system %%g{ation.&ﬁ#ﬁw @QQﬂVVWW &1 speed is over 50,000 RPM prior to

failure. Thg,s can operate over a tenperature range of from -40
degrees C to +%%E g{e%%yesé%ra SYPERAGCAting to dheaidventiom provfde4sh dﬁkéiﬁ&’?&»&é}' in28 3
MARCH 3008 bRl galk o%hfg di aneter of the flywheel is about 15-112 inches,
axi al thi ckness " 4BButs Slawaitsipae kisgrans wweightalr upene! TR Lywhgel . i s
about(%%ﬂ cubi c .inches. Typical engineering data for varioug(%fyﬁhggl

ener gy €8H58%0§§§?éﬁﬁW@wﬁwu¢BdgrBmgethEﬂM§Qﬂm.iQo%? inohe, oo

Il sl zes
forth in 'Fable 1. Another embodi nent of a flywhee gﬁ%ﬁ%fﬂélg?aﬁemgysten1

b . )
enmbo d)PIEIrgB oy ?%j&fgrom ten b tventy years is expected of systems embodying the inventions. In high
specific energy versions of the flywheel energy storage systems, the systems will provide between
about 80 and about 100 watt hours per kilogram at 100,000 power cycles. Round-trip efficiency of

the system exceeds 90%.

Typical operating parameters and dimensions for flywheel energy systems embodying the

invention are set forth in Table I

The preferred construction of the flywheel energy storage system flywheel ring is biannular

with multi-materials being used. Desirably, the inner ring is a silicon dioxide glass/epoxy

composite while the outer ring is a carbon/epoxy composite. The hub of the ring is preferably 7075-
T651 aluminum. The flywheel is rated to operate at 30,000 RPM for 100,000 cycles of system

operation. Ultimate flywheel speed is over 50,000 RPM prior to failure. The system can operate

over a temperature range of from —40 degrees C to +80 degrees C, handling a rated power of 40

kilowatts.
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invention is illustrated in Figure 4 where the flywheel energy storage
systemis designated generally 410 and i nel udes a flywheel designated
generally 412, a notor/generator designated generally 414 and a shaft
designated generally 416. In the flywheel energy storage system enbodi ment
illustrated in Fgyure 4, shaft 416 rotates. This is in contrast to the
enbodi nents of the flywheel energy storage systemillustrated in Figures I
and 2, in which the shaft is stationary and the flywheel and portions of
the notor/generator rotate about the stationary shaft. In Figure 4
nntor/generaé§é$gl4yjzpludes a stator designated general |y 41814RdHR006t or
desi gnat ed genBf&Iquer 4aMmewh of the Ngtvasel 11151 <8 § cannected to shaft 416
and concentrically disposed within aflsczj&rqgﬁlisaV?;ﬁ%éééa%%t iflgiessis abert 34112 8.
Rot or 428 fhehariewhanpbiitel figwheef isawbdl i) 8 Onaat ed pen- nanent magnct s,
one of mhlchﬂishéllustrated in Figure 4 andﬁﬁégg@ﬁat 'ﬁ%ﬁ@ﬁmﬁﬁygdﬁﬁJbr
whi ch aV#ied flewhéa esnty ablaye d.the exterior of rotor 420 and
face towards stator 418. S a%?éﬁiﬁi%n@%%ﬂﬂ%@g IINGNESE, i) vasiopesia@Daratsetabrt aper s
within $#aft. 416. As illustrated in Figure 4, axial bore 490 has a
relatively large dianeter at the left hand side of Figure 4 and tapers to a
relatively somither el r the right hand side of Figure 4. The smaller
di ameter of bore 455]350?[5}&&&053‘% it eeérF%Qrﬁﬁ Wrragehsyistend bibodA it bpedX | @ tlz.j}gore
490 i s iheatiof 158 flwid, preferably water, which is designated 422 in
Figure 4. Flui dnﬁ%‘%{egéﬁr 13[ dredoviiere; the fluivhenk anergy orage haemsi &dsich&BILL 20
taperem]bgﬁghﬁﬂ% ggf129h3 BARCH 2006 vaporization in the larger ai anet er
region of bore 490" 't 8M¢h&esigatediganaraliytla, 4moaﬂ@e1€d?ﬂ5|xedb§%}.ét9& dlraldt Qi
smal | er,gli, anBt.er. of region of bore 490, to the right in I gur & ar YR
f1 ywheel energy §?%?‘£%ege@y‘éf‘kﬁnldé@'t@nﬂﬁﬂ&nﬁ@?%ﬁdgé!ys@ﬁeﬂa@odﬁh&ﬁ“& a further
preferﬂp#mfeiélf%}gﬁ%ggqta va}t_:hqsum encl o;ure, anal ogous t? vacuu ' Hesteed e 18
in Figure=l, s -akthi$ Bastonua i 12 an

g figs ad the‘éﬂn@odlfrjee%"aﬁlﬁla ﬁﬁyvﬁg% §hergy storage

mot or / geqtner_ia]t or nmeans 414, to provide the requir
>ystem dustrated in Figures 1 and 2, in which the shafi is stationary and the flywheel and portions

of the motor/generator rotate abouyt the stationary shaft.

In Figure 4 motor/generator 414 includes a stator designated generally 418 and a rotor

designated generally 420 where rotor 420 is fixedly connected to shaft 416 and concentrically

disposed within and radially spaced from stator 418. Roior 420 includes a plurality of axially

clongated permanent magnets, one of which is illustrated in Figure 4 and designated generally 450,

which are circumferentially spaced around the exterior of rotor 420 and face towards stator 418.
Shaft 416 includes an axial bore 490 which tapers within shaft 416, As illustrated in Figure

4, axial bore 490 has a relatively large diameter at the left hand side of Figure 4 and tapers to a

refatively smaller diameter at the right hand side of Figure 4. The smaller diameter of bore 490 is

proximate an end of shaft 416,

Within axial bore 490 is heat transfer tluid, preferably water, which is designated 422 in

Figure 4. Fluid 422 serves to transfer heat along the axial length of tapered bore 490 by
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i m ' icti | | osses as flywheel
[ I ni m ze heat generation and frictiona : _
22¥'¥8?2f22.t$h213chun1 encl osure has not been LIquagagﬁgthng:gg{ﬁdgstg
[ i larity. Flywheel energy storage system t he _
gggrﬁagmgggeﬁbly dgsignated gfniaglI%d4§ﬁe|Pofg?uzgo4bffaﬁ;{gﬁ?;gzgrator
' haft 416, fl ywhee a _ _ ( \
Lizagbgztognsaiis. As illﬁstrated schematically in F!gure4j, ﬁgaglnﬁurality
assenbly 436 includes an inner ring 446, an outer rlag 4I 4a puse 2
of bearing balls 442. As il!UStrﬁtedth F}?;&Eegi {:yusffateé%wggﬁﬁbayﬁ L
i ent type of construction than the _ _ _ cod
(g)l‘f]::glrjr s‘éapo%l?ﬁ%éolﬁ iry thia degeratiemsdtar uedibiOBr bdr U6, &@E}fég?ﬁ \i,]\)nﬁlg%lé%i §I|l q ca E}gggonain
with the apparatus in Figure 4 and vice-versa. Zz4emhich may be  made of
pl ur al i tthe ghallentiomdedof regivh bremsisd id tﬁ@ﬁn@&t il FRGR 4 s The unbonded
steel piano wire or other IOM/jpsthLé}a R; Coaegla 3Fing the wi ndi ng
process To prevent surran daregs n e hELE sfraIEA LI baie Aduehisirerrabi ng

[ ' tracting as the rotor
[ i s @t nt I stretching and. con .
382? gts tesfﬁglxefg " @:fa f“%‘%i‘”@'@ﬁf?b%ﬁgﬁ%a gs"p‘@‘é‘i‘éPsVl FReRUFetP inFigirgH, speedding ywbae!

| ' ' - shaped
n A24 are preferably retained ina cup-s
er .
U s 436 T or me o PG PG Aieorcnitb 4161 or rouids thektdeeabisk Slgtn

[ i lament rings 424 bonding filanment

e AR L Bl R o o Ml e kb
rings 424 together 1N [OEA)SPegHA R ; ctla 1 DERdled. MTRIVAGE

’ h annul us 426 30 3 MARCH 2006 illustrated in Figur s
const aQ,fCﬁi((,)erei S Btbesilpstrategd i8 figuedd te afdodrawiag glarifyl ywheel energy s ah_ gh e
ConStrucmlade for stationary utility or industrial applications in alfe 3
fS ?/S;[A,ﬁgzl s ruflyypes enatgy vidrgge [spstens pHOdRIrds GRITIA &dbdPn %Ee%b?jtétag%igna?ed y
thg conposite flywheel 12 illustrated generally in Figure Ihdes L manent
ref er ri #geRBY EpguR Eighre #ofaoilitading rothtid b0 a8 NGl Al Qhect 4ho LRS! udeS PS !
magnet Smotor/generat()r 414 about an axis. As illustrated schematically in Figure 4, bearing assembly 436

includes an inner ring 446, an outer ring 444 and a plurality of bearing balls 442,

As illustrated in Figure 4, flywheel 412 may use a different type of construction than the

flywheel illustrated in Figure 1. Of course, the flywheel construction illustrated in Figure 1 can be

used with the apparatus in F igure 4 and vice-versa.

Flywheel 412 includes a plurality of unbonded, continuous filament rings 424 which may be

made of steel piano wire or other low cost filament materials. The unbonded filaments in rings 424

are solid-lubricant coated during the winding process to prevent surface damage on those filaments

during their rubbing against each other from centrifugal stretching and contracting as the rotor

Operates over a range of rotating speeds required in high speed flywheel energy storage systems.

Rings 424 are preferably retained in a cup-shaped annulus 426 formed on the outside of a hub rotor

428. Alternatively, several bands may be provided around filament rings 424 bonding filament

rings 424 together in local regions. These bands may be used in place of cup-shaped annulus 426
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450 nounted on shaft 416 by neans of a | am nated back iron 430. Pernmanent
magnets 450 nay be retained in place by a conposite, desirably graphite
mat eri al overwap. Lam nated back iron 430 nay be formed of a series of
annular rings simlar to those used as apart of the stator in the flywheel
energy storage systemillustrated in Figure 1, which rings are illustrated
in Figures 10 and 11, but Wthout arnmature wi nding slots. Flywheel hub 428
is preferably connected to rotating shaft 416 by neans of a vul cani zed

el astoneric nmenber 432, Such an el astoneric nmenber provides %&ﬁigﬂbé

bet ween hub 428 and shaft 416 when hub 428 noves away from shaft Ji

angul ar aceekes at Figlre 4N Crigasastructiah $s ' L Fr! l,bed
above with referenge to Figures 1, 5,&%§&§#h§m§§§éghéﬂgepgggﬁf%gﬁgiﬁéﬁgﬁ

i ft-of f gy s@inshiiers ; o ; : ik ration at
surface 434 which 9§ﬁ¥ﬁ§§?ﬁﬁg F%?Eﬁ&ggﬁl %%M%%EH&QEmgﬁ%hgﬁgg r%&%fe§@§#
centrifugal . i r hal . residual . al.anced. | oads which,

houl d ot hor i S e EE® shaReR of, B ult oy RS L Bl in
rotatioantmﬁlymheel 412 and rotor 420 of notor/generator 414. Axial bore
490 is hernetically sealed within shaft 416 and together with heat transfer
flurd 422 de Lpe% a sel f-cont ai ned rotatinp heatpiﬁg‘providing t her mal

bal ance for thd' filARRL @H@r‘gyf’wg 181 g Eosyygersraten 4 ifsineladescparmaEny magness, 31
3 MARCH 2006 During flywheel rotation, heat transfer fluid 422 boils to
vapor as4%)W@§ﬁWimb$aﬁéé@bgéﬁ@ﬁéﬁé&HUVMQé@ﬂkm@ndégeﬁbhmagﬁnﬁ@namﬁﬁQEMyﬁw 420
of notor/generator 414. This boiling occurs at the larger dianeter end,
denot ed refainadrn Plage by asompbsiteagesiratdy gopbitdd@6teridlnaervas | Limgated pack iphess® of
the heat transfer fluid flows to the small end of the tapered bore 490,

whi ch smehy be foemetl ot wded dnatied rings similkie tebisauded @s a Hirt bihBe SABH ihele BREheelt he
vapor phase of heat transfer fluid 422 condenses as a result of | osing
heat to &feeyyisairgyel WEtemlillodatet id Fluat 1, WMol a8 ilRa el intraRRECH hRra, 490
This end of tapered

without armature winding slots.

Flywheel hub 428 is preferably connected to rotating shaft 416 by means of a vulcanized
elastomeric member 432. Such an elastomeric member provides connection between hub 428 and
shaft 416 when hub 428 moves away from shaft 416 as angular acceleration increases. This system
is similar to that described above with reference to Figures 1, 5, 6, 7, 8 and 9 and facilitates lift-off
of hub rotor 428 from shaft 416 by centrifugal separation at surface 434 which is the interface
between hub 428 and shaft 416. Such centrifugal separation reduces radial residual unbalanced
loads which would otherwise be applied to bearing assemblies 436 as a result of rotation of flywheel
412 and rotor 420 of motor/generator 414,

Axial bore 490 is hermetically sealed within shaft 416 and together with heat transfer fluid
422 defines a self-contained rotating heatpipe providing thermal balance for the flywheel energy

storage system illustrated in Figure 4.
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bore 490 within shaft 416 is maintained at a cooler tenperature than the
remai nder of tapered bore 490 as a result of the provision of cooling fins
428 in close proximty extending radially fromshaft 416 in the vicinity
of region S of tapered bore 490. Once the heat transfer fluid has condensed
back into the liquid phase, the liquid flows as a result of centrifuga
force along in the axial direction along the wall of tapered bore 490 from
the region S of smaller dianeter to region L of larger dianeter, where the
heat transfer cycle begins again. As a result of the heatBipe Wi thin shaft
416, effective thermal conductivity of shaft 416 is great Py@RREheMg.

Cool i ng fi Mdurn@8lyevhtanokiatigh, haditahdir ff; f 6 preferably fit within a
split clamshell type set of stati oné(jr)ii/riil;e}:gitstt?? r%?se? reFTlhg}}lFﬂbge“W@ée fins

pr ef erteltiegrirexisesneblics 88 hhiEroldd Ab6Gf acuym.encl osure 448 and are
preferably integral with vacuum en&gg}g/ggnéﬂ%%8ﬂgb Tﬁﬁ 1fgrqsrue at e farger

cont aidieeki@Qall boed “L g 1§ l,e I eel energy storage system may be
achi eved. Wiile only a sin e4’e(§1t§a]§)efe\as e\ #904?&%&%“1%@&?19?4 rhasq efathebigatit i s

to be yyndsr §Lioed refera two heat pi pes are provided within shaft
416, to cool lbea‘rpvlE @55@3%@ 85{%%6{9@ Feo‘g?@a Which smakesrend id desigaitele S o

flywheel ; 41, 3 MA 006 To provide the required convection cooling
to an%feedﬁ&ég'r iﬁ teh&jsg]&ﬁ?cr';ené{fﬁf) VingE Phase of rahsansfes duigi 42Ricnndeasasusm essal s Ur e

448 as the fl eel energy storage system operates, the vacuum encl osure
448 | z"bBﬁbz‘P%‘rté\@{?hey‘“ B‘Hrs?fri%éﬁ 846 9 ‘8131 smalfsic endibT tapered baratoQr ahis eANYLGHEAN

cool i Bé’r fins 452 in close proximty to secondary cooling fins 440 so that
heat PUEEPY8HthBYshal dbh iangineived prmcdolanserdpaturmehan cRn@batndbhyraAaRedtdg
structure of vacuum encl osure 448 and be convected to anmbient via

convet?l & sl ofithe promisiod 52 coolih; Ifies M8 inididst ptoxahiBfextdhdHeilif I Arors k0T 418

may be of the sanme type and construction as
416 in the vicinity of region S of tapered bore 490.

Once the heat transfer fluid has condensed back into the liquid phase, the liquid flows as a
result of centrifugal force along in the axial direction along the wall of tapered bore 490 from the
region S of smaller diameter to region L of larger diameter, where the heat transfer cycle begins
again. As a result of the heatpipe within shaft 416, effective thermal conductivity of shaft 416 is
greatly enhanced.

Cooling fins 438 extending radially from shaft 416 preferably fit within a split clam-shell
type set of stationary heat transfer fins 440. These fins preferably extend from the inside of the
vacuum enclosure 448 and are preferabl.y integral with vacuum enclosure 448 so that natural, self-
contained cooling of the complete flywheel energy storage system may be achieved.

While only a single end of shaft 416 has been illustrated, it is to be understood that

preferably two heatpipes are provided within shaft 416, to cool bearing assemblies 436 provided on

either axial side of flywheel 412.
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i I 1 ustrated i n Figures 1, 10 and 11. Figure 5 illustrates yet another
enbodi nent of a flywheel energy storage system manifesting aspects of this
i nvention where the flywheel energy storage systemis designated generally
510. The flywheel energy storage systemincludes a flywheel designated
generally 512, a notor/generator designated generally 514, a stationary
shaft designated generally 516 and a vacuum encl osure, designated
generally 518, enclosing ail of the aforenentioned comorients of this
system Z~ p In the enbodi nent of the flywheel energy stor

illustrated in Figure 5, flywheel 512 has an inner annular§%%¥??§26@§0 and

an outer anmyl govigorthd eRuRe? HMREE BERRg! WORREL! S Sl g toﬁgﬁﬁ)eﬁ{ei N&j Y

anal ogous to the inner and outer annular ‘ring portions 5 , 3 T T1ywheel

12 il o ithil j ' ted general ly 524 in
Uster AL EWithih RadthuBinElodure MELGEL ﬂ%@lﬁégéae%&ss{&%% 5)/5?&:113 Opetates, gl},é vagm o

Figure 5 functions as a hub supportin an

er nan { - her 524 raot.ates; hence, shell. nenber
gl so f gﬂ%(t)%%%aé B fﬁ%at?litcglpsﬁjﬁ%? POR ao@“ﬁ@?t?&/“%%ﬂ@r%&?“'@‘iﬁ? W@ﬁé'lnﬁ Yedber

524 has, an _axi all ext.endi externpal cylindrical portion 528 w thin which
per manélr? ¢ m}é'ﬁnétys%ﬁ%mg?ré Cﬂ’g\&ﬁt 5‘5.44§1§° Haprestrecolyebby sprendarneanbiag figp440

further includes an inner cylindrical portion designated 530 in Figure 5
fitting® ﬁoeﬁwb aResh B sEREUE e YRCUYD thClasire Afd and beepavesBe tarrmttient svia
rotatabl e about shaft 516 by virtue of bearing assenblies designated
ener aFPyeg s cppling f§sdé25. Outer and inner cylindrical portions 528, 530
g ' :
respectively of shell nenber 524 are connected by a substantially closed,
curved end%@ﬁ b Hlus8aed iagigurg wheator 512 may be loé tirt e ap@dndrdoyistneast 54 f ugal
force causes outer cylindrical portion 528, which is fixed to flywheel
512, t dlvatdtahptliguoesnpV@adadi. al |y outwardly with respect to inner
Figure 5 illustrates yet another embodiment of a flywheel energy storage system manifesting
aspects of this invention where the flywheel energy storage system is designated generally 510. The
flywheel energy storage system includes a flywheel designated generally 512, a motor/generator
designated generally 514, a stationary shaft designated generally 516 and a vacuum enclosure,
designated generally 518, enclosing all of the aforementioned components of this system,
In the embodiment of the flywheel energy storage system illustrated in Figure 5, flywheel
512 has an inner annular portion 520 and an outer annular portion 522 where these two portions are
respectively analogous to the inner and outer annular ring portions 28, 30 of flywheel 12 illustrated
in Figure 1.
A shell member designated generally 524 in Figure 5 functions as a hub supporting flywheel
512 and further carries permanent magnets 526 as shell member 524 rotates; hence, shell member

also functions as the rotor portion of motor/generator 514. Shell member 524 has an axially

extending external cylindrical portion 528 within which permanent magnets 526 are mounted.
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cylindrical portion 530 and shaft 516 to radially separate therefrom
Separation occurs between inner sleeve 532 and a cup-shaped ring 517 as
t he cup-shaped ring noves away frominner sleeve 532 due to centrifugal
force as angul ar accel eration increases. Inner cylindrical portion 530
I nCl Udes a thin nenber which serves as the elastic connection between a
heavier part of inner cylindrical portion 530, which heavier part is
secured to inner sleeve 532 and is denoted 519 in Figure 5.. and the
curved cl osed end portion 536. Hence, the thin cylindrical | of
inner cylindrical portion 530, even though it is fabricateg9%§h%g€§%?
provi des t h&hdbmeinherei4coning didlaRs ah @indeeMinkih&! g@ﬂﬁ@ﬁ AL a{egtﬁglhggigﬂ”e ers,
serving the sane function as O-rings illustrated in Figures MY 28 and
9 and (ittsgus sedpiadems!. enGlleflenC¥it AhhGalePO5]H orls P& nt
nmagnets 526. Providi ng gﬁ%h support, outer %@ ﬁﬁg%§8%%3%6¢PW6ﬁaﬁ§§9§%
ref err efhut Qfdsardhe’ RAGKS1leE QARsiorShdAC I | indrical portion provides the
g © Slg1§d %PQMTI)Z 535X F%lgf gDe% ter:ragmdyl,nn%

function of the rotor of the notor/generator Utvapdrical

cyl i ndph&iahs PRI 4P - pron 528 i iron all and is desirably split

by sl Pt s 538 i nt o@%ﬁéétﬁeﬁfﬁf%%mfer%%ﬁ gr?a %%?ﬂ“ﬁ%?t?é‘% asyyppetiafly glossle purve

per mangnf ., mRgnel.. Preferably shell nenber 524 has axially elongated slots
éﬁ]aeent'o

bet ween nes of each of permanent magnets 526 in 34 3 MARCH 2006
outer cylin rhcak gﬁ%ion 528. Extremties of slots 538 may be axially

i nboard of ‘axi al" ?FR rASFRI9TRES angyfarlye penitifugal fomgweuss 526r cBomteicafposlicat s 538
may be%ﬁ% annDn an?ular | ocations so as to be axially aligned. As an

al t er n3t% VAIQIRATEd Failywheel 812 e pitemmgo ofovatradi@iysdute@ il With EsRich (PRBeAr €
outboard of axial extremties of pen-nanent magnets 526. Hence, outer

cyl i napiliediicapeettipe$3628d skaft Hb Sepdinhy @@ara'tmerefr@lﬂﬂegb%&a@é/n 6Nk BuAQLs Sl ots
538 or may be only partially separated into segnents by slots 538

e)2(t8endli1ﬂ‘§’ slegssSiZhan a hip-shagedrringatii7 ab tHeafiglshagel ri‘ﬂgtnﬁfve§¥»lze.lf'ﬁj(§ril Gier QLT ON
528.

332 due to centrifugal force as angular acceleration increases. Inner cylindrical portion 530
includes a thin member which serves as the elastic connection between a heavier part of inner
¢cylindrical portion 530, which heavier part is secured to inner sleeve 532 and is denoted 519 in
Figure 5, and the curved closed end portion 536. Hence, the thin cylindrical portion 519 of inner
cylindrical portion 530, even though it is fabricated of metal, provides the continued connection
between the separated rotating members, serving the same function as O-rings illustrated in Figures
1,2, 6,7, 8 and 9 and discussed above.

Outer cylindrical portion 528 supports permanent magnets 526. Providing such support,
outer cylindrical portion may be referred to as a "back-iron” since outer cylindrical portion provides
the function of the rotor of the motor/generator 514.

Desirably, outer cylindrical portion or back-iron 528 is iron alloy and is desirably split by
slits 538 into segments 540 fitting behind and supporting each permanent magnet. Preferably shell

member 524 has axially elongated slots between adjacent ones of each of permanent magnets 526 in
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Desirably, outer cylindrical portion 528 of shell menber 524 is assenbl ed
wth a large inte6erence fit inside the bore of the inner annular portion
520 of flywheel 512 so that, at assenbly, - ps defined by slots 538 are
cl osed. As flywheel 512 accelerates and its speed increases, slots 538 ga
open at a sel ected design speed to define gaps as illustrated in Figure 5.
Transition fromthe tightly conpressed condition of outer cylindrical
portion 528 with contact between areas which are illustrated as defining
boundaries of slots 538 in Figure 5 to the configuration ikhggskecat®dsi n
Figure 5 at rotational speed is inportant--magnetic flux of pernmanent

magnet s,,226yliHiRvAreRDNS28! EXtrdnifi@uaiots 438 RAAR%xAEY inboitd of hahity &Z8mnhen

t hose edges” are in contact, but traverses nmuch | ess easily when slots 538

have opgngnanttll fadhe@H6EKotheSdrEid 500y BEILEdrfrhat aﬁéf & doiBatcaRi R0 8L ect

in the stator portion of notor/generator 514. This etfect occurs even when
a reluct%ic%ﬁq%aigned notor is substituted for the design illustrated in
Figurezg; dch'“Substitution reduces centrifugal force on the flywheel ring

by elimnation of the rotating nagnets. T?e |, bal anc 8; the f wﬁel
ener gy st or G6TSYTENT PP PRo GG R HeB Y 8 ot SRR RAAGED L S EERNEE of
cooling fins 542 provided as an | ral portion.of vacu enc) osure 518
whi ch idyial xfremities qfﬁe@r@?mageﬁﬁﬁ&t @ﬁe’ﬁeFﬁcﬁwgﬂcaé RPN E@Bm% 1RE2¢ at or
portion of notor/generator 514. 35 3 MARCH 2006 Nbst_desirabl% al
el ect r i BQISeEBHERE BHRUCNP slotsadB of MAY by Pnly Rutidhaspynted inft segmsnty DY HaEtO38 16,
whi ch desirably extend fromvacuum enclosure 518 as illustrated in Figure
5, so riepdioglays fheetherehtingagiablength ef puiepeyheddicalfioginne281 shows a stationary
heat - pi pe cooling systemfor stationary vertical-shaft flywheel energy
st orage systiengalily, keutdrhogtsdrical porgonm 638 bof aindl Bember ¥Mi i ustehblddowlter larze
evaporator 192 inside the notor stator, which in turn fits inside the
mot or  rigkeAtredetht ihside (RebdraBLINE infBOaRLRr PéHion STfERwheel 512 so that, at assembly,
gaps defined by slots 538 are closed. As flywheel 512 accelerates and its speed increases, slots 538
open at a selected design speed to define gaps as illustrated in Figure 5. Transition from the tightly
compressed condition of outer cylindrical portion 528 with contact between areas which are
iflustrated as defining boundaries of slots 538 in Figure 5, to the configuration illustrated in Figure §
at rotational speed is important--magnetic flux of permanent magnets 526 traverses easily through
the edges defining slots 528 when those edges are in contact, but traverses much less easily when
slots 538 have opened. This produces a significant beneficial field-weakening effect in the stator
portion of motor/generator 514. This effect occurs even when a reluctance-designed maotor is
substituted for the design illustrated in Figure 5. Such substitution reduces centrifugal force on the
flywheel ring by elimination of the rotating magnets.
Thermal balance of the flywheel energy storage system illustrated in Figure 5 is enhanced

by presence ot cooling fins 542 provided as an integral portion of vacuum enclosure 518 which in

turn is in thermal connection with both shaft 516 and the stator portion of motor/generator 514.
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heat frorn the stator and the bearings. The vapor from evaporator 192 rises
up to a condenser 194 cooled by convection fins, where the condensed
liquid falls by gravity back into the boiler, and the cycle starts al

over again. Referring to Figures 10 and 25, the detail ed construction is

gi ven for conpact, high efficiency, notor/generator armature stators, for
fl ywheel energy storage systens running over a w de range of high speeds.
A plurality of very thin lamnation rings 74, made of netal alloy with a
tooth shape at the periphery for m nimum cogging and maxi mugyef § - gy,
are stacked and partially define the stator, around which pernanen

magnet sSM&0 dedtablyerllolectrival tahedtions aidmehdt MigoSdhadh ' i ndings 76
in Figure 25 conpletely fill all of the opening§m§§??ﬁ§@kﬁgggﬁ§ﬂﬁ%§ﬂ%n
spoke, dasichbBr & tonaurdeh $aRuith @NAIEKRrd P8I R § r density for
t he conpletgxsysten1 Agai n refe;??%5ﬁygk§%%%ﬁgq%§¥§§%ﬁ§&%ggwl%ﬁ%%ﬁ?ﬁgforage
syst emapmidiggt i ng aspects of the inventioii is shown, with the system

i ncluding a prestressed, wound-fiber-reinforced, biannular conposite ring
26 nount ed | exi. bl e-rim hub. 20 i.ch in turn js thermally nounted on
a spool r o? %U%aéls%h}g Ia;e/S taglﬂ%% H?artfp gﬁgg’&g}g RYUERiTPT s9{iopry yerisalshag flywheed and
9. Thi | rotor assenply. conprises inside-out, radial-gap,

br ushl 22%-@%%0%‘% %Sfea’éﬁ@ﬁf’g?# lﬂﬁ{g“ <R 1\ Sh I waich ghechoilpigorpvaparatne M2 insidgnet s
50 are nounted inside the %Qtatjn spool rotor 34, and the stationary

ar mat ufls BACETEPE Vhidh gurs finmede otopntertveith ighperhencnomagets W rdnfteres
statiogary shaft 16. In this way, water cooling for the armature is

pr ovi dEtr PNt thassteriapd eherbgpringas Thgwspod ébimnivagoratot E9Ndes 8PN asndeRRt i 0P

wat er reservior 68 from supply connections outside of vacuum encl osure 18.
In a sFelsEby eramemsion finatvdreratho bomignsed lighid HYky GaveeHAR fto REBMIET HAQRE act
bal | bearing assenblies with special-design cages and solid-I ube-assi st ed,
| ow voPkydd dtdrtsyallgverzagainl ubri cation 36 nmay be provided via fittings outside
t he vacuum encl osure 18 at the bottom of the assenbly, in

Referring to Figures 10 and 25, the detailed construction is given for compact, high

efficiency, motor/generator armature stators, for flywheel energy storage systems running over a
wide range of high speeds. A plurality of very thin lamination rings 74, made of metal alloy with a
tooth shape at the periphery for minimum cogging and maximum efficiency, are stacked and
partially define the stator, around which permanent magnets 50 rotate on the rotor around the stator.
The armature windings 76 in Figure 25 completely fill all of the openings defined by the tooth
spoke, and are wound to provide maximum efficiency and power density for the complete systern.
Again referring to Figure 1, a flywheel cnergy storage system manifesting aspects of the
invention is shown, with the system including a prestressed, wound-fiber-reinforced, biannular
composite ring 26 mounted on a flexible-rim hub 20, which in turn is thermally mounted on a spool
rotor assembly shown in greater detail in Figures 2, 6, 7, 8 and 9. This spool rotor assembly
comprises inside-out, radial-gap, brushless-DC motor/generator 14, in which the rotating permanent

magnets 50 are mounted inside the rotating spool rotor 34, and the stationary armature on stator is
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[ r is supplied through a bore 132 inside the shaft 16, so that
rﬂ:ghbggﬁsng coolpgg wat er c?rculates evenly near both the upper angllomer
bearings 36 in the assenbly. A permanent magnet system 54 is preferably t
built into the assembly, so that repulsion between a rotating ring magne
56 and a stationary magnet 58, which may be equipped with an intervening
back-iron washer (which is not shown in the drawi ngs) to mnimze power
| osses in these magnets, carries the rotor dead wei ght so that bearing

' ' ' beay | dis
assenblies 36 are subjected only to their preload. The Xk EEshead.
provided by a plurality of coil springs 84 in a cartridge g&, ﬁﬁ%?h i]ldes

i th answalkd oolteawpraé of thetshtiosdiafshatl 66, i thIALED witeP Yo AR S 14 -
$;Euu§}conpatiblemmlubricant isﬁgrovided and ﬁﬁ?ch cartr?ége gﬂn?%mﬁéﬁed

[ ) [ ti : LS. Drev nt s destructive
boar ang gal g of T aplesigls UE A Bt oL Sy RE RER Bacich B Fepbeas

and um@m@hﬂaﬂkﬁo&ﬁﬁMﬁﬂﬁkv&hﬁﬁﬂ%k&ﬁﬁigg the flywheel energy storage system

Mounted within the vacuum encl osure in Figure 1 is the flywheel ring

i f d el aqr. | ight.-weight _
ot - B ghe S SHBLELBARD, %l (ool B ?aenﬁ,ﬁagdfcg%agmaang}e@mﬁ%ﬁu teine
' -3 e, A nt.ed.. t he vacuum encl osur , m
exanpl o iR s SO leh SaBR Y B D ORI EL den okl e Hbscaiop 36

i I ni he top of the
vertical. ort ,menmher 62 defining the notor armature at t |
vacuuﬁ?gnggggﬁF%dfgggﬁ@giﬂ@“ B tHeoyicyEn enelaturs Iip potht bBRoIB JINRCHsAARG, innenber

I ni ' hub at the bottom both of which support the ends
g? g? ;I"]i?‘l Egvraﬁ%r ?éﬁtallﬁ"?e%%g%usihé beesakRrigsig Gk chaft 5piso tgs tdbiarink 06dImgGaRdT | dge
82 are_.held by a lock-nut or cap 82 on the stationary shaft 16 so that
this c&rtiieggeniysnepr sk g uppraiand owehearippeyo ib@rrad@eblyiner ring 134. A
shoul der on shaft 16 is dinensioned so that the | ock-nut or cap 82 seatshon
this shoul depermiaent magnat sylens 64 d4 PRGNS bhACINRLIERAINE ,OfK RYtisARd the

shoul der. This clearance acts as a stop for

between a rotating ring magnet 56 and a stationary magnet 58, which may be equipped with an
intervening back-iron washer (which is not shown in the drawings) to minimize power losses in
these magnets, carries the rotor dead weight so that bearing assemblies 36 are subjected only to their
preload. The bearing preload is provided by a plurality of coil springs 84 in a cartridge 82,
which slides with a small clearance on the shaft 16, in which a suitable, vacuum-compatible
lubricant is provided and which cartridge 82 is keyed (which keying is not shown) to the shaft 16.
This prevents destructive wear and galling of this cartridge/shaft surface at the high rotor speeds and
unavoidable residual vibrations in the flywheel energy storage system.

Mounted within the vacuum enclosure 18 in Figure 1 is the flywheel ring crash guard 94
preferably made of steel or light-weight extra-high-strength fiber-reinforced composite as a
containment in the event of ring failure. Also mounted on the vacuum enclosure 18, made for

example of aluminum with possibly a composite overwrap, are the top vertical support member 62

defining the motor armature at the top of the vacuum enclosure 18 and the bottom vertical support
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cartridge 82 in the event inner ring 134 is pushed upward by an inadvertent
hi gh unbal ance radial |oad on the bearings, and thus prevents excessive
potentially damagi ng axi al separation of the two hearing inner rings. A
material getter 25 is inside the vacuum encl osure to absorb any residual
gasses there after punping down the vacuumrequired to reduce w ndage and
fl ywheel ring heating to manageable |I|evels, so that the vacuum punp can

t hen be renoved and the high vacuum nmai ntai ned over the design life of the
fl ywheel energy storage system The entire enclosure 18 “‘t@rﬁ Moo
vertical support nenber 60 defining the stationary hub, crash guard gﬁ and
the Dt MEhKENEY @iaingROshticARry Hudt the Bttohe bwnﬂwﬁlﬁﬂs@g 50 8e dnfls 9F SRRSO

soft elastoneric rings, which are not shown, to deffect to mnimze

gyr oscogiag 1ganeuvering | oads on the bearings when the flywheel energy
storage systemis used in vehicular applications. For stationary wutility

be used | o “ﬂ%ﬁ%g@ AP e BC) BB, SARETS? 4R Putctithtor B b o

al | the rqy, the f mheel in a gn rmanner, in the event of
any corrpolr%'n ?‘ %ﬁﬁgr g th?{qglérc\a)ft% © 1§§r9§%“§ic"rg?‘6‘étd£5é'l’?ﬁh begitgeinpe g b34Fi fur e
22, the}rqtor sgggqé stem 01 which is essentially the sane as the

desi gn THRUEF, lss B%IOIB’ Sa&ahtheﬂ@kr%oam Boeatsan tigistiosldse, leaviohed
axially by nmeans of a RCH 2006 connecting rotor el ement 202 support
to eac hol‘égﬁod‘ﬁfa“ﬁe ééﬁt‘leﬁ‘mﬁﬂ@hﬁ iaskngoand B shiwlder. i Shistoirotaack acts pb ar by for
(five are shown in Figure 2) of biannular conposite flywheel rings 204,

si mi | arcaftgdgensia the pyags inner g |34 iFpgthed upwartibytaniisadweryent higk ubBslinze sdcd)i | ity
of the apparatus illustrated in Figure | is used to build a flywheel

ener gy lsicoeratie bsyrsigerantiainispgevients eeassivt pnemigly 8itdeaGexeaRaRitdin of IR two
notor/generator in Figure 22 is only partially shown, to illustrate parts
whi ch dichdiierinfiereimgi.hose of the i-notor/gencrator of Figure 1. The

not or/ generator rotor 205 illustrated in Figure 22 is nade

A material getter 25 is inside the vacuum enclosure to absorb any residual gasses there after
pumping down the vacuum required to reduce windage and flywheel ring heating to manageable
levels, so that the vacuum pump can then be removed and the high vacuum maintained over the
design life of the flywheel energy storage system,

The entire enclosure 18 with bottom vertical support member 60 defining the stationary hub,
crash guard 94 and the motor/generator portion stator may be supported either in gimbals or in soft
elastomeric rings, which are not shown, to deflect to minimize gyroscopic maneuvering loads on the
bearings when the flywheel energy storage system is used in vehicular applications. For stationary

utility or uninterrupted power applications, standard commercial motor mounts can be used for

support of this assembly, with fail-safe features to absorb all the kinetic energy in the flywheel in a
benign manner in the event of any component failure in service, as described below.
Referring to Figure 22, the rotor support system 201, which is essentially the same as the

design in Figure 1, is used on both the top and bottom and is stretched axially by means of a
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with a finned configuration in this enbodi nent of the invention, to provide
radi ation cooling of this rotor in the vacuum environnent. WMatching

cl am shell shaped internally finned el enents (which are not shown in
Figure 2, but are shown in Figure 3 and are described below) are fitted
inside the vacuurn enclosure to catch the radiated heat fromthe finned
portion of rotor 205. Two circunferential rows of bal ance screws 206 are
provi ded, as shown in Figure 22, above the upper flywheel hub and bel ow
the | ower hub respectively, to facilitate dynam c bal anci ng A%&ﬁiz(m
assenbl ed rotor. Belleville washers 207 on the small tapere %oth

f I ywheetoruhmghobethese02 Ruffor B cMBGA dHAdBhtitEs @HQ%?‘%"@L rﬁ@'sagﬁgu de

transverse deflections fromcentrifugal expansion of these

sl eeve EIQ&IIQD (e athgolBnn rP@éufre Qﬁofm&'ﬁ%m ¢ &R&“?l%h&él hn%%gﬁa?gﬁ eg a| f of

t he bet ween whi ch hal ves at t| n aces

fort ﬂzﬁ%aﬁi%d&ﬁw*ugi?aﬁ”aé% PR ok B ”aa'ratvs R SRR ”fsﬁ‘faédi‘ﬁbe
203 t f the fl ywheel ener t orage
oyat om o WAELAPLORRELAL kP SRfen] TR Shurtetes plreh Sorafmanin oie

agai nst_a lit ring.211 that fits jnto a groove in the rotor, and is

| ocked |Rt°5E%{‘ééa“Hyn Iragt }slcﬁ'&%ﬁ‘iﬂail/e“%ﬂnvﬁﬁé'ﬁ@Fratﬁé’é’éWthﬂlfﬁerth&t thopy @fvent s
| ooseni ng during operation but is easy to disassenble for maintenance. A
siml ar“Ré%%rfgea%r%f@hﬁf Yigpreol.| dbk grofdigergsaipmestor 296 iRusBated ipFave; 2hol dadeg t he
| omwer hub on the rotor. 39 3 MARCH 2006 Referring to Figure 3, the finned
not or / geitler &herd qopfignratimch itigenshaslireent 80the irasntiters orprbvede mbintien vddling beBpect

to Figure 22, is used to manage heat fl ow under operating conditions and

may be rogr gretht veonmainnechnneatMachieg flan- sbejbslha;ﬁtg isemaNefindedeBelenRQRIE hicON
units, as described below. Infrared sensors '302 detect the tenperature of

fl yvvheedot shovgy iaBiguel 1, bas atehobve i Eleatels andhretdSeriboy bAGwIREO i tted! 1RO tHehi ch
is not showmn in Figure 3. Also, a transparent wi ndow 303 is used to observe

thi's riviguurdluiditgreQl e4taN ihe Padidi&i }Qﬁt (IR AT GG OGHP204 vacuum gage
switch in the vacuumline 304 fro

Two circumferential rows of balance screws 200 are provided, as shown in Figure 22, above
the upper flywheel hub and below the lower hub respectively, to facilitate dynamic balancing of the
assembled rotor. Belleville washers 207 on the small tapered end of both flywheel hubs hold these
hubs in place under the substantial Poisson's transverse deflections from centrifugal expansion of
these hubs. A guide sleeve 208 holds the top half in precise alignment with the bottom half of the
rotor, between which halves at their mating faces 209 a specific clearance is provided by shimming
during thermal assembly, compensating for the Poisson's axial deformation of the flywheel rings |
204 on the tube 203 over the design operating speed range of the flywheel energy storage system.
These two rotor halves are held together by a spanner nut 210 against a split ring 211 that fits into a
groove in the rotor, and is locked in place by a snap-ring and keyed washer assembly 212 that
prevents loosening during operation but is easy to disassemble for maintenance. A similar keyed

assembly 212 locks the spanner nut 213 in place, holding the lower hub on the rotor.
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this encfosure, as well as the infrared sensors, other thernocouples and
accel eronenters placed in strategic |l-ocations throughout the assenbly,
triggers a special conputer circuit in the notor/generator controller to
switch automatically ftorn the notor to the power regeneration node of the
fl ywheel energy storage systemin the event of any sign of conponent
failure, so that the kinetic energy in the flywheel is dunped rapidly into
autility grid or into a bank of resistive heaters. |In this way., the
system can cone to a stop in a conpletely benign manner wt hﬂlgbﬁgboganage
to any of the conponents. In the extrene case that the fail-safée nmechani sm
does not pemfeturmngas Figtergest fidfedafdtor/ ; i egl Lgy
st orage systen1ué?t i% FFgure 3is fit‘§g§§?gﬂn{?ﬁg&gé%%%kﬁpgﬁﬁﬁ%agggg 305
and bulakyvesliasie ' °§ﬁgﬁ@e obust .st eel ,encl osure
¥ Wtb q:_l 3 IiS&.ng(pﬁ) ﬂé@g@&aﬁﬂw gl?ﬁle% E@er#t}nﬁﬁﬂ%{gﬁor{s &nfl H@y e

to contain any kinetic energy transférred
encl osyrsericBniki eaking. Referring to Figur , , the end view
of t he Py ehuel o AECFRE B ol S PelP oSl 08 vbih 5 g s dpties "t ne

I nt ersect.j.Qn en the kes and rimof this hub to reduce

subst aﬁﬁsgﬁg|’33g%‘F‘§§ﬁ§\2{§mP?r8tH{ec YH%F?! GHE afivellas thegrmprrapredh ghegpayigmelpeed
range gnoggp.fh¥mheel eng{&é spﬁrage system Also, the thickening 402 of
the sectPoRvSH 905 SHOH Weigide A- ¥, & YaRareaedas 883 icusad td Shserak: ltlyis ring
generated stress and spreads the pressure fromthe outside of this rimnore
evenl y I8V OngEtign psReihemgrim ehdosures i Aleacuiie gagnpyGeh iethi vpoeeliner i0Adioant o
which it is thermally nmounted with a large interference fi t. Figure 8

i |1 ust Hat e¥logust Pﬁeweli;ﬁsﬂhﬁ éxfrad snsad, otve tiermemuplenaiducedleomchio® Bicald ipnary
bearing inner rings 601 are fitted with a loose fit on the stationary
shaft @02edio Ibetiohs tthtomglass ethbl yssamblyaxtiggers P &pedsli REmpEEM GcSiP! in"Ghe
cartridge 603. The bearing outer rings 604 are pressed with a tight

i nt er f Boengenciitdr donsblike 18 beitdhQiudimatigal§! B theGctor B pAlEFYLnEIRo b W th
a slight interference fit when

of the flywheel energy storage system in the event of any sign of component failure, so that the

kinetic energy in the flywheel is dumped rapidly into a utility grid or into a bank of resistive heaters.
In this way, the system can come to a stop in a completely benign manner with minimal damage to
any of the components.

In the extreme case that the fail-safe mechanism does not perform as intended for any
reason, the test flywheel energy storage system unit in Figure 3 is fitted with truck-size disk brakes
305 and bulky elastomeric bumpers 306 placed around the robust steel enclosure to contain any
kinetic energy transferred from the flywheel to the enclosure in the process of breaking.

Referring to Figure 15, the end view of the flywheel hub in Figures 1, 2 and 3 shows the
improved shape of the intersection 401 between the spokes and rim of this hub to reduce
substantially stresses from centrifugal distortion over the design speed range of the flywheel energy
storage system. Also, the thickening 402 of the section of the rim between the spokes decreases
centrifugally generated stress and spreads the pressure from the outside of this rim more evenly over
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stationary inside the rotor 606, wth clastonmeric O rings between the

sl eeve 605 and rotor 606. As the rotating speed of the rotor increases, the
centrifugal expansion of all the rotating parts causes the fit between the
sl eeve 605 and the rotor 606 to open up into a gap 608 which forns at a
speed just below the critical shaft speed with this gap 608 cl osed. Once
gap 608 opens, critical speed of the rotor decreases to bel ow rotor
operating speed, resulting fromthe increased conpliance of the bearing
nmount fromelasticity of the O-rings. Another inportant advamAaReabosé he
use of Orings is that these Orings are nmounted in the rotor assernbly in
this i Weelﬂgih@{ﬁe cShBode HyRESe] rilg bitoSvHidhvie B th@faRy folmed Sdthjadarge thudrference

i mbal ance cyclic stresS since they rotate in phase with the inbalance. The
use of %OMFCOSt Orings for the elastic elenment provide long life. Figures
6, 7, 8%and 9 are further magni fied views and sections of Figure 1
illustrating.the, . er 1 n whi V] LOn- i { g5 at es
to achi eve %?F%%&ﬂ%ggﬁ Wg%?aEﬁgﬁ&ﬂgﬁﬁﬁﬁ%ﬁgggﬂgﬂgﬁg@%%ﬂﬂgSﬁgggggg%gréthe
entire w de operati eed. range of the f| . em
(and an§eHt 15@6%%8‘8‘&;\2@1 S ’gtr(?"t g pH M%ﬁﬁb%%vn\? é%&aar%%eg{b?g %*dsa&
machinery). Figure | | is another detailed view of the sectkpnfgtlgi ure
shown ipielfEdiigr Bomoa springFriings A3 oAy ayierelngs ¢fY BB LY M V&Y ed,

as well as the permanent magnet rotor dead wei ght Ihru%g,41 3 MA 2006
conpensatedere&Ldit desiethdotitindelowe £AY Ehiéﬂﬁeweﬁoﬁ%&tw@ga shightipteplerepsedii e 5 o
a further enbodinent of Figure 1 1 with a stationary di sk brake cali per
syst emsGlibnate sisghele hor be@withrelaatobrerk ©-whgs be®ken thaslgevesdS and faerédfal part

of the rotor in this flywheel energy storage system Figure 19 is a

detai |l ed enlsytBensiting opectl bethu prer inkreses, it demriFigglaxpansion of aBithe rétatiropdriag t he
stationary upper lubricant shield 613 and rotating | ower |ubricant shield

614, t he,laties fwithiehidese 663 AmMBerorricat kyopen uplietoasmp6bs whizh foine dtocknut
615. The upper shield 613 along with the bearing

speed just below the critical shaft speed with this gap 608 closed. Once gap 608 opens, critical
speed of the rotor decreases to below rotor operating speed, resulting from the increased compliance
of the bearing mount from elasticity of the O-rings.

Another important advantage of the use of O-rings is that these O-rings are mounted in the
rotor assembly in this invention. The O-rings in this invention are not subjected to imbalance cyclic
stress since they rotate in phase with the imbalance. The use of low-cost O-rings for the elastic
element provide long life.

Figures 6, 7, 8 and 9 are further magnified views and sections of Figure 1 illustrating the
manner in which the vibration-decoupling device operates to achieve extremely low vibration
amplitudes and bearing loads over the entire wide operating speed range of the flywheel energy
storage system (and any other high-speed supercritical rotor in a wide variety of machinery). Figure
11 is another detailed view of the section of Figure 1 shown in Figure 12, in which the lower

balance ring 609 is illustrated, as well as the permanent magnet rotor dead weight thrust
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inner ring 601 is fitted | oosely on the shaft 602 and thus is free to nove
on the shaft by application of the preload fromthe spring cartridge 603.
Figure 20 is a plan view fromthe bottom of the upper shield 613 in Figure
19, and it shows the plurality of shallow radial grooves 616 nmachi ned in
the lower face of this shield which contacts the upper face of the upper
bearing inner ring. Referring to Figure 18, the geonetric configuration is
shown for the typical vibration- decoupling systemused to nmount any of the
above sel f-lubricating bearing designs on high-speed rotorsya9cH 2006
vibration-free operation at rotor speeds above their critical speeds. This
Syst emubNSInAse 18 deSdriBEY £ov dndBhdWh GIFRhrel N8nd Bt ﬁ%ﬁu@ 95 $AfulthaQdghngen the
shaft and the rotating bearing ring. Each end of "sl eeve 501 consists of a

t hi n- sgefi-GR 190 / j | tyi j Iy on
o Tho enar B0 B e S R B PRI iy 82

interf agéagf%“&ﬁt%%‘ﬁﬂ%a%ﬂ%e‘?ﬁpF“s‘i“gWq%eq%tfé{?‘ge{} Jthe thicker-section central

ring o Its a smafle nce 1it 504 on the shaft

when the shaft i . I gnar nd. w a_gap 504 between the inside di ameter
of this cen r”E'arIe ®r1?%gjte{§'§%oa?ﬁ%ge e£¥v| P %@‘82‘13&% g)ﬁarﬂqgem ?Il?éﬂfetsqr gtﬂ&‘f‘ 359?:‘8‘8'6‘8 dhgy
certain speed. The fit 50 xi sts when the shaft |s stationary; when the
shaf ¢ Pategs gy eptnbRustd K S olAGa T A SO oa tatshal Waighic
below the first critical speed of the rotor as a result of the «centrifugal
expanstBRPEF 24y ip Sheaassiplh By therdgeknung)l SasBerppgr isld 613 deng with thschemiingn of
the ring 501. 42 3 MARCI-1 2006 This central ring is connected to the two
t hi n- s@eei 161 4Gl Ay Ftighlopsely emibis shtaft 403tand tals isfies to malve oadge- shak by afyslicstid®05
machi ned into the basic ring configuration 501. The cross-section of these
bars 50Bhe pretail dom the springletrtiadpewis. Biguel24ds & plat ofepl fran de Hoabme hetupper
bearing and the rotor 502 to reduce the <critical frequency of the rotor,

af ter hhed gapif Bigore Mhew it bioved e pRirdlitf bSsHafldw 4didl Beocsbab t6 mh@iRAN Gl
below the lift-off speed to avoid the shaft fromrunning at its critical

speed, lohltscavhidishigidarhich doticts HMph& e Jrafdpp@behdify iRRALHPI-

Referring to Figure 18, the geometric configuration is shown for the typical vibration-
decoupling system used to mount any of the above self-lubricating bearing designs on high-speed
rotors for vibration-free operation at rotor speeds above their critical speeds. This system includes a
sleeve 501 mounted on the rotating shaft 502 between the shaft and the rotating bearing ring. Each
end of sleeve 501 consists of a thin-section continuous ring pressed with a tight interference fit 503
on to the shaft 502. The bearing rotating ring is pressed with a tight interference fit on to the outside
diameter of the thicker-section central ring of 501, which fits with a smaller interference fit 504 on
the shaft when the shaft is stationary and with a gap 504 between the inside diameter of this central
ring and the shaft 502 when the shaft rotates above a certain speed.

The fit 504 exists when the shaft is stationary; when the shaft rotates gap 504 opens at a
predetermined shaft rotational speed below the first critical speed of the rotor as a result of the
centrifugal expansion of the rotating bearing ring assembly on the central portion of the ring 501.
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Figure 24 is yet another manifestation of the invention in which the
vibration-isoiation ring 701 is nmounted on the rotating shaft 702 in a
manner simlar to the way the ring 501 is nounted on the shaft 502 in
Figure 18. In Figure 24 this ring 701 has additional features such as the
cooling fins 703 made integral with it for providing thermal bal anci ng of
this high-speed assenbly as well as the <centrifugal nass required to lift
off and create the gap 704 as descri bed above. Another inportant feature of
the design in Figure 24 are the axial scallops 705 in the ingi %}1ﬂﬁ%neter
of the central ring of 701, which increase the centrifugal "expansi on of

this riligeddl fiaris coiretd fgtht R GRPseé@ith dilgs 3n HRMRES ts)g@?eg?g&ﬁ%{eﬁlt%?%n{)eha”

wi t hout these scallops for the sane rotating rnass a earing
i nner barngoIMeiaokigel Qo BRCbdsicN@ng’ OdhfighAfod Bb1- SRE QD L pR! gn, Bortions 706
connecting the central ringﬁMtﬁlthgitﬁ?n P?né@géﬁ% ﬁ%%833 tfgeﬁﬁg'ggng 701
can bespRAEH-Rdr arfRRAY Il - e required radial coppliance, or they
can sznade Fn@%he squ?r?%ﬁgEg%éhﬂﬁikﬁF?%lﬁ%b?%ﬁggﬂ i refer sgstoireriues thr e 18,
Al so, the | sl idwl ubricant replenishing ring 707 in this

hi gh-spelezgqgéég%]{légg)@? r? élo{’ta(gt r&’\netgﬁp TR YR s airgve il 9%(%6}@@3@% to [ggough
centri al, stresses . in th | owstrength |ubricant material. Referring to
FigurékggwPﬁZ%@%?gx??FU?PF@P%B@%%@W%@W“@W%%&FW@ﬁ?l%ﬁﬂtﬁém@ﬁwpmgmgyhmbaratus
facilitﬁH[n I(g)E?issa e of an accelcratingly rotating body through a critical
firequBREYGOAPAMEIRANG 43 3 MARCH 2006 which a rotor 600 'is retained
in place with respect to a shaft 602 by a rotor |ockdown nut 604 retaining
in place af§u¥si4 isiyet anstherrmanif@@on bf the insleatienit vk ths vibetiahnethtion sk ace by
a | ockdown nut 608 which bears against a Belleville washer 6 10. A body

cavi t yObiommuyedpt tho nethting sheft Bessingneshnassinilsaatiedvgand tive ands fidkhedoyi th a
viscous danping fluid to provide squeeze fil mdanping under high speed

oper atthaoshalt AU evFigtre V& In Fifuoelyd thsaitigt M1 d2adaRbnRGednirks Wch Bs 0 £AJ195 rRE Ot her
el astic elenents to provide high speed danpi ng.
703 made integral with it for providing thermal balancing of this high-speed assembly as well as the
centrifugal mass required to lift off and create the gap 704 as described above.

Another important feature of the design in Figure 24 are the axial scallops 705 in the inside
diameter of the central ring of 701, which increase the centrifugal expansion of this ring 701 for
creating the gap 704 at a lower rotational speed than without these scallops for the same rotating
mass of the rotating bearing inner ring mounted on the ring 701. The thin-section tubular portions
706 connecting the central ring with the thin rings on the ends of the ring 701 can be made long
enough to provide the required radial compliance, or they can be made in the squirrel-cage
configuration shown as 505 in Figure 18. Also, the continuous solid-lubricant replenishing ring 707
in this high-speed bearing is fitted with a shrink band 708 to contain the centrifugal stresses in the
low-strength lubricant material.

Referring to Figure 26 there is illustrated another embodiment of the coupling apparatus

facilitating passage of an acceleratingly rotating body through a critical frequency of rotation in
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An optional sheer pin torque coupling is provided and designated generally
614, Indicator arrows 616 in Figure 26 and in Figure 27 illustrate lift
off of the rotating nmenber with respect to the shaft as the rotating
menber angul arly accelerates. Figure 28 is an end view, partially broken

away, of a rotatable nenber illustrating a high torque spline attachnent
of rotating bodies using the coupling apparatus and method of the
invention. Simlarly, Figure 29 illustrates a high torque non-circular | obe

arrangement using the coupling apparatus and nethod of theg \i,R¥ fﬁ%‘.
Figurg 30 is a front view of an alternative enbodi nent of arvgegﬁt?e rim

hub fovhigle naior 1600 i yentiesl in placetwhien fospashesh s@ﬂ@sm’bysacf*ﬁ@?ﬁoecﬁ%{cﬁgﬁﬁl@l &Qfy the

invention. Figure 31 is a sectional view taken throug ) Fe rim30
hub i I iewstignethcen gt et 6PHE Ll Ehbh ki hliiRalih bied b2 ftid 08t o
enbodi es a bal anced stress profile across the conplete ope Y tem

The hulisidHieskcamtagsinitn HliGHIEWRG n equipped with a flywheel enploys a
tight in;e;ferencg ?it Sgtmeeﬁ tﬁghﬁub and the flywheel ring at | ow speeds.

| imillustrated in
Hence, at |0¥odySRRHSI2 HAE oh @3l ﬂ filhed; by the hub and rimillusi ay
Figure 30 togegﬁer aﬁth a?PFyﬁhe% g??ﬁ%wd3¥?ﬁii %W%%@Fbm?ﬁﬁﬂvk%vé§nﬁtL;gld
body. t@r; - A.NCr eas centrlfi% | force causes erimo :
apparQ?ﬁghgﬂﬁﬁiﬁfgﬁgg%?ﬁm%%bﬁ%%dgﬂpT%“k %ﬁﬁ;?&ﬂi@WF?g?egﬁWgﬁgﬁgﬁgﬁgﬁnS|on
of th , 4. RCH 2006 spokes, i s separation ph
occurgaﬂﬁnﬂaﬁ?%ﬂgﬁgFW% ed"&Ra eéﬂﬂmF§k§wR@y3F@Y@hggbpﬁxdﬂmumngof t he
apparatus illustrated in Figure 30. The separation permts avoidance of
radi al cri ”c%ﬂ“‘”fl@? ég‘ﬁ’é ALY eK1Up Epupbiag is previdetbarainddsighaed gangrall @611 Inklichior Of T .
The rim after |ift off, also provides high torsional stiffness thus
avoi di"Hg™t bI&sindigie 2¢andtip Erguref 37dtjuta i lesofibf the fotdtine rRfeAlih SssReRIRL ange.
Furthernore, the radial pin concept, achieved by the tight interference
bet weéftdiéhef lowsinpmemperangdarizodccelatesi m which is at the mid-point between
Figure 28 is an end view, partially broken away, of a rotatable member illustrating a high
torque spline attachment of rotating bodies using the coupling apparatus and method of the
invention. Similarly, Figure 29 illustrates a high torque non-circular lobe arrangement using the
coupling apparatus and method of the invention.
Figure 30 is a front view of an alternative embodiment of a flexible rim hub for use with
flywheels in the flywheel energy storage systems of the invention. Figure 31 is a sectional view
taken through the flexible rim hub illustrated in Figure 30.
The flexible rim hub illustrated in Figure 30 embodies a balanced siress profile across the
complete operating system. The hub illustrated in Figure 30 when equipped with a flywheel
employs a tight interference fit between the hub and the flywheel ring at low speeds. Hence, at low
speeds, the rotor defined by the hub and rim illustrated in Figure 30 together with a flywheel ring
affixed thereto behaves as a rigid body. As rotor speed increases, centrifugal force causes the rim of

the apparatus illustrated in Figure 30 to expand radially beyond the expansion of the hub at the

44




t he spokes, and the surrounding flywheel ring, is used to retain
concentricity of the hub rimand the flywheel ring thus maintaining rotor
bal ance after lift off. A principal advantage of this apparatus is that
radial tracking of the rim retention of ring- hub concentricity and

avoi dance of critical frequencies is acconplished by a gentle rolling
action between the hub and the flywheel ring without any sliding or wear
bet ween the surfaces. Hence, 1long cyclic life results. In the apparatus
illustrated in Figure 30 the rimis slightly thickened at thg REY Bodr €@
bet ween the spokes. This inproves the rimstress profile in tﬁat area over

pri or sokesd@hisgrparaivg phkisomenph OVGUEES adraRREMBM {REPatOl a?(gyd{orlﬂe 9@468{2)99
in Fi

wei ghts shoul d those be required. The hub illustrated gure

mani f estise gynank dlkeapPnIgaieh is virtually unchanged through and after
lift off. Referring to Figure 22 of the drawi ngs, the thick cylindrical

rings, whi CihefsiRedtiof Besitst06i ftﬂc@ RFadlsh Xm%?%re{uéﬁ]&%’rbeg{)ega %ﬁ'ufu%\%gcgl{}%ging

id
manuf actured fromeither nmetal matrix conposites

I nt egrgdi ng Lot Lk g nf cial and axial fib r1h%y s or, _pol ar. weaves
with axial rei n?%r é[l;e?rrg[lril%?l ' I ﬁe’ R R Vlgvl iphyfrsiggral stitfsss E’@% auiding igrpiondle
axi al pt. les. to.function as carrier _rings and the filament wound
cir curr”? 1@?@2‘{@%%%&6? ‘gbtfé‘r“{lﬁeegpef%mﬁ drRet rBi8e aBurthsfraere sth wrsbpinicorespt, agdeved 3
MARCH, 2006 . illustrated, eithey single or nmultiple carbon rings may be
st acked q%i ?%Efrftv?%ﬂl"ﬁ%?%?e‘% e dexible nogénn; of she rim; whish isat dicomalpojntibsiviegn
thermal as enggy Wiile the preferred enbodi nent of the invention has been
descr iBel sBo¥K Anehraupding Sy wikel riegrioeedbretiheneenaiciy dieerhutlescmided, t he
scope of protection to which the invention is believed entitled is defined
by t hdlYBhss! Hse Hie msintaining eidrdatasca dfer Bftoffwhi ch perform substantial ly the
same ftinction in substantially the sane way to achieve substantially the
same resul B pecifabadvaiipagcof thistapgaratus is that radial tracking of the rim, retention of ring-
hub concentricity and avoidance of critical frequencies js accomplished by a gentle rolling action
between the hub and the flywheel ring without any sliding or wear between the surfaces. Hence,

tong cyclic life results.

In the apparatus illustrated in Figure 30 the rim is slightly thickened at the center area
between the spokes. This improves the rim stress profiie in that area over prior art designs and also
provides a good surface for adding balance weights should those be required.

The hub illustrated in Figure 30 manifests dynamic response which is virtually unchanged
through and after lift off,

Referring to Figure 22 of the drawings, the thick cylindrical rings, which function as the
inner flywheel rings, are preferably manufactured from either metal matrix composites or special
weaves, integrating both circumferencial and axial fiber lay ups or polar weaves with axial
reinforcement. The thick cylindrical rings possess both the axial propetties to function as carrier

rings and the filament wound circumferential properties to function as inner flywheel rings. As
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defined literally by the clains, so |long as such substantial equivalents,
as defined by a claimfor such Substantial equivalent, do not read on the
prior art. 46 3 MARCH 2006 i claimthe follow ng: Energy storage apparatus
conprising: a. a shaft; b. a flywheel rotatable relative to said shaft; C.
means for selectably rotating said flywheel responsively to electrical
power input or producing electrical power upon rotation thereof by said
flywheel; d. bearing neans facilitating rotation of said flywheel and said
flywheel rotation/power production neans respecting said shafRcee2odgeans
for connecting said flywheel and said neans for selectably rotating said

f1 ywheplusi@itedptiaftt Sihflg oLmaRipIe @ion PRYEhaybH diéked AredilPOMtd iRAhief ciRiufedpear i ng
means which is rotatable relative to said shaft, conprising: 1. an inner

member ifat aLRRLS Widehh@mBRistdnfyly Of sai d bearing neans relative to said
shaft; i1. an outer nenber fixedly connected to said flywheel and flywheel

rotation/ powge &%S%Péd%ﬂ%bgﬁmﬁt &Qﬁ@ﬁo&ttllﬁg gés ﬂeiﬁ_?lil) cries(%:%ali)ne% eaib{)]vneeali]dgiggrae%m e

menbers contactin en stationary; 1v. ns ctlng Wgnbers

f facilitatir {i ' tat i id ter.ne i th id
| mmor LA AR bEN B B cntedi Proof L PRHE NS Sl e lyheot ~and

said fly el ot at i on/ power roducti on nmeans _conbi nati on reaches a rate
at whi edﬁlwg(iﬁtdtefh? | thg cagleqé and bjp equlva?ents thereto wh?ch perform substantially the same

function in substantially the same way to achieve substantially the same result as the subject matter
defined literally by the claims, so long as such substantial equivalents, as defined by a claim for

such substantial equivalent, do not read on the prior art.




separates said nenbers. 47 3 MARCH 2006 2. Apparatus of claim1 wherein
said rotation of said flywheel and said flywheel rotation/power production
means is unitary. 3. Apparatus of claim?2 wherein said elastonmeric neans is
annul ar. 4. Apparatus of claim3 wherein said elastoneric nmeans conpri ses
Orings. 5. Apparatus of claim21 further conprising: a. a vacuum chanber
surroundi ng said flywheel; and b. neans for evacuating said chanber to a
substantial vacuum 6. Apparatus of claim5 wherein said elastoneric neans

are Orings. 7. Apparatus of claim6 wherein said el astoneri ns
conprise two O-rings. 8. Apparatus of claim?7 wherein saidgaﬁﬁﬁﬁggﬂgﬁe

axially al ilcﬂiﬂéﬂ thyg t)Hlé"EfaE:d bearing nmeans. 9. Apparatus of claim8 wherein
said Ori n%rsnéare radi ally outboard of said bearing nmeans. 10. Apparatus of

claimll wh Eﬂsawmgg@pmamécéf?ﬁﬁﬁgi(M1 bet ween said i nner and outer
menbers, upon rotation of said outer nenber, said flywheel and said

fl ywheel retatianhgggwer production means conbi nation reaching a rate at
whi ch centrifugal force separates said nenbers, exceeds initial radial

i nterfereneée ofamygh&ggﬁggﬂgg?éamt@@ﬁggﬁﬁgso?fSg!gin110 wherei n said

O rings are axi al I nboar extre region of said

separ ati oncof sgkghs outer sleeves. 12. Apparatus of claim!|
wherein said beari r?gfmr:%réerfga% yurrottjé}]ilé’g Sélérfgﬂf@%lsrﬁsp&nswy tutlectribagroinveg inpairber

connected to sald inner menber and having an inwardly facing race adapted
to receive rot Z%rjg{)&;ucﬁlgfﬁc%‘a@’%ﬁ?@ fogation theatdf by samotfiyoheddf sai d

rot at abl e gl enebne%rsmrespecti ng said outer bearing nenber;
. g means facilitating rotation of said flywheel and said flywheei

rotation/power production means respecting said shaft;

e. means for connecting said flywheel and said means for selectably rotating said
flywheel or producing electrical power output to a portion of said bearing means
which is rotatable reiative to said shaft, comprising:

i an inner member rotatable with a portion of said bearing means relative to
said shaft;

i, an outer member fixedly connected to said flywheel and flywheel
rotation/power production means combination ;

iil. said inner and outer members contacting when stationary;

iv, means for connecting said members for facilitating continued unitary
rotation of said outer member with said inner member as rotation of said
inner and outer member, said flywheel and said flywheel rotation/power

production means combination reaches a rate at which centrifugal force

separates said members,
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48 3 MARCH 2006 b. an inner bearing nenber connected to said shaft and
havi ng an outwardly facing race adapted to receive said rotatable bearing
el enents for rotating notion of said rotatable bearing el enents respecting
said inner bearing nenber; C. a plurality of said rotatabl e bearing

el enents retai ned between said inwardly and outwardly facing race
surfaces; and d. solid lubricant materi al biased against or occasionally
contacting at | east one of said rotatable bearing elenents for depositing
a filmof said solid |ubricant on said rotatable el ement by

therewith or by entrapping solid |lubricant wear particles thggﬂ%ﬁghggg6
sai d rot at abl & BLANRNLE Jf0hal e Wi ShidS Rdlicha rRGRSy L3 Agp rafus of
claim12 mherefﬁ said solid Iubr%?ghtlnagggfélgfégg b?ﬁggﬂlﬂxiﬁﬂ aﬁEW ?ﬁof
claim13 AWCTH e R-Y-YR I LS. Eadi y inboard or axially alongside of said
rotatablé&%féﬁ%ntsi(%%&hﬁgggﬁgfﬁgh%blclain114 wherein a first conbination
defi ned ky said. flywheel ai.d .fl eel rotation/power production neans
and saidl%(')utefés‘(]:'%rl%aeral 89?%5@1?@@%ﬁﬂh%m¥$@ﬁﬂ5ﬂﬁvnﬁﬂﬁgEmPH@h rotation frequency
at whi ch said  outer mber . separates from sai d i nner nenber due to
centrifudal f&PB%ra‘éfﬁgF dlaiopd shareiui slagtorsericaasans eemprjses Srdngs ywheel , sai d
fl ywheel _ rotation/power production neans and said outer nmenber has

r esonant °f r eq(t8REYIF 8EGaih b furthepeamntising f r equency after said outer sleeve
separates fromsaid i nner nmenber. 16. Energy storage apparatus conpri sing:
2. a frame; ba a f#yahew chamber surrounding said flywheel; and

b. means for evacuating said chamber to a substantial vacuum.
6. Apparatus of claim 5 wherein said elastomeric means are O-rings.
7. Apparatus of claim 6 wherein said elastomeric means comprise two O-rings.
8. Apparatus of claim 7 wherein said O-rings are axially aligned with said bearing means.
9. Apparatus of claim 8 wherein said O-rings are radially outboard of said bearing means.
10. Apparatus of claim 1 wherein a region of separation between said inner and outer

members, upon rotation of said outer member, said flywheel and said flywheel rotation/power
production means combination reaching a rate at which centrifugal force separates said
members, exceeds initial radial interference of such members.
1. Apparatus of claim 10 wherein said O-rings are axially inboard of extremities of said
region of said separation of said inner and outer sleeves.
2. Apparatus of claim 1 wherein said bearing means further comprises:

a. an outer bearing member connected to said inner member and having an inwardly

facing race adapted to receive rotatable bearing elements for rotating motion of

said rotatable elements respecting said outer bearing member;




3 MARCH 2006 C. neans for selectably rotating said flywheel responsively
to electrical Power input or producing electrical power upon rotation

t hereof by said flywheel; d. bearing neans facilitating rotation of said

fl ywheel and said flywheel rotation/power production neans respecting said
frame; e. neans for connecting said flywheel and said neans for selectably
rotating said flywheel or producing electrical power output to said
beari ng nmeans, conprising: i. a nmenber fixedly rotatable with a bearing
nmeans portion which is rotatable respecting said frame; iigp\paARe 6
menber concentric with said first nenber, fixedly connected to sai

{1 ywheel and.f|yehéeler boirhipiraétiRe Weiindofeds Shil SRl BN ARLLANY facthly |

sai d nenbers contacting when stationary; iv. elastomeric nmeans

connecting said pRebaificPRdthRr SRYrotAMIL Béa‘?ﬁl% @Qmeﬁtg i rrlg)!frj?glgl lglnnoiufpanlroi saiq

rotation thereof as centrifugal force separat@s sal e

f1 ywheel - f | ywheel. 9t @tLowy ct 1 on, .neans- second_nenber

conbi nati on’ havi ng resonan§Q$¥§%ﬁ§%§%HgﬁﬁﬁghP%ré??gﬁ%?m??%quency at whi ch
said nenbers separate.due to C rifugal, force; and 9. said

f1 ywheel - f | §'mheeﬁ%rl‘%%‘]§F RORSTER ?aﬂf?rb&a HeoHE Siraeb befivaemistb ardy snd
menber conbinatioq ha ig&.resonaq; frequency bel ow rotational frequency
after said nenbg?gmgg% HELAF U2 At ri fugal force. 17. A rnethod for
storing energy coqpriELng accel eratingly rotating a unitary subconbi nation
of a flywhedl antfieRdcant matssiab biagsh seaihst of eesasanalyfdopisbing atoeaspoodoti ng

el ectrical power upon 50 ]
said rotatable bearing elements for depositing a film of said solid lubricant on said

rotatable clement by contact therewith or by entrapping solid lubricant wear
particles therefrom as said rotatable elements rotate against said race surfaces.
13. Apparatus of claim 12 wherein said solid lubricant material is a ring.

14, Apparatus of claim 13 wherein said ring is radially inboard or axially alongside of said

rotatable elements.

15, Apparatus of claim 14 wherein a first combination defined by said flywheel, said
flywheel rotation/power production means and said outer member has resonant frequency more
than rotation frequency at which said outer member separates from said inner member due to
centrifugal force and a second combination defined by said flywheel, said flywheel
rotation/power production means and said outer member has resonant frequency less than
rotational frequency after said outer sleeve separates from said inner member.

16. Fnergy storage apparatus comprising:

a. a frame;

b. a flywheel,
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3 MARCH 2006 rotation of said flywheel approaching the resonant frequency
of a unitary conbination defined by an outer nmenber and said unitary
subconbi nation to a rotational rate sufficient to separate a concentric

i nner menber from said outer nenber in unison with said unitary conbination
but stopping short of said resonant frequency which then drops bel ow said
rotation rate for the second unitary conbination defined by said inner and
outer nmenbers and said unitary subconbination after said separati%l 18.
The method of claim 17 wherein said i nner and outer sleeves VM&RGH 2006
conpl emental contact prior to separation. 19. An energy storage rotor
conprising a unitar Sl aliddk 1}1}89&tﬁgfshiﬂiﬂ}gvlﬁelcremoesivdﬁf 1p eleaticdPoves FIPY hub
havi ng a pl ufalit{* Spaced dpart spokes and a continuous hr@t:ﬁlm to which

sai d spokes are integrally con acdhapeity shidddtwheels, and a
conposite ring suP?@gﬂ'ﬁﬂl?{%elgcgﬁ%??{j‘gngL%Hé?gi n said riym isin a tiggt et
interference fit with the conposi ri. 00k shiqamdwihedlaves sadsdpwned|y
as a solid bddy aff’equ\&eﬁ“%?aaf%lﬁ%ﬁgslgge{g%% %fﬁd vvhg?ei n those portions of

the rim disposed between said spokes ar adsthgedeflect radially
outwardly under th@aﬁlqﬁH’%@@dﬁ’F%“dgﬁatnﬁir‘?%ﬁ%gﬁg%orce when in use at hi gher

rotational speeds so as to follow th enfrifugal ol adtakiagdisad
expansi on of & he 0mmp@§¢ﬁ@nﬂ¢%g§ﬁﬁdr§¥}ﬁmetam{ ﬁag(?ﬁekﬁsggoghse!teﬁg?@at saigld

hi gher rotational speeds portions of said conpaosit.e, r] lbfbrighey
fromthe rimof tHawhebl aprehcidg cleseigel RONST QMBI §%{§Bezg%%kng%ﬂ%rcg&%onig%ct ed
to said rimand so that a tight fit between the rimand the rioﬂgv\}h&h is
mai ntai ned at al | ;oper af ingntepdeddlyofotathlle rwithra DeHeU AR PRhETein said
rimportions between said spokes defined respective radially inwardly
directed curved surface,pebld efctacdaid fwe;ng a center of curvature which

is |ocated radially outwardly of said center of rotation such 51 3 MARC
2006 ii. 4 second member concentric with said first member, fixedly connected to

said flywheel and flywheel rotation/power production means combination;

iii. said members contacting when stationary;

iv. clastomeric means for connecting said members and thereby facilitating
continued unitary rotation thereof as centrifugal force separates said
members;

f. said flywheel-flywheel rotation/power production means-second member

combination having resonant frequency above rotational frequency at which said

members separate due to centrifugal force; and

said flywheel-flywheel rotation/power production means-second member-first

g.
member combination having resonant frequency below rotational frequency after
said members separate due to centrifugal force.

17. A method for storing energy comprising acceleratingly rotating a unitary subcombination

of a flywheel and means for selectably driving said flywheel or producing electrical power upon
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t hat each of said rimportions becones thinner toward a central portion

bet ween adj acent said spokes. 20. A rotor as clainmed in claim19 wherein
the conposite ring is bi-annular. 21, Arotor as clained in claim20
wherein the conposite ring is conposed of a S2-glass inner ring and a
carbon filament outer ring. 22. Arotor as clained in claim19 wherein the
nctallic hub is conposed of alumnum 2 3. Arotor as clainmed in claim22
wherein the hub has four spokes. 24. Coupling apparatus facilitating
passage of an acceleratingly rotating body through a critigajakRCeugacy of
rotation, conprising: a. a pair of mating first and second portions of said

body, s@i@oR0r {di®NSwRQNERbAchEhg tHORBorRA ﬁec?x@ﬁ'dy df% uphiadyl ORBInatioRactifed byeans
for flexibly coupling said second portion to said first portion to

facilitat &uem@%augga smpaﬁ@aé@ s doVhbbaLbRRY al BlaBbh Fatk NG Rt 35 sSPkHe s€CONd

portion noves away fromsaid first portion responsively to centrifugal

force a&on&%#r?% in%?r%@ﬁl%greﬂombs%idogﬁt%%gn@ri iBiu%?slon fv&iﬁ-q&é?cpﬁﬁitaéﬁ %cl)rrr]lﬁg?t?(!ﬂ b

apparatus o wherein sal portions contact w erence

fit whcn said body i.s stationary and af roomte rature, 26. | ,ng
hppar AT Sicak ST aRs et e b oh g SRS JBowy st @i % 48t 15 when
said second portion mgves radially a fromsaid first portion, .

r esponsieERIIdy UPEATY etATPHIRLHRA] detisededy SFIck dnst aPUSH RIS G0 SRt WeHIYi cal
frequency. 2T Coupling apparatus of claim 26 wherein said second portion
noves radfanijatigniaiier wighepprationy said first portion responsively to

centrifugal force. 52 3 MARCH 2006
8.  The method of claim 17 wherein said inner and outer sleeves are in complemental contact

prior to separation.

9.  An energy storage rotor comprising a unitary metallic hub defining a center of rotation,
said hub having a plurality of spaced apart spokes and a continuous rim to which said spokes are
integrally connected at spaced apart locations, and a composite ring surrounding said rim,
wherein said rim is in a tight interference fit with the composite ring at rest and behaves
essentially as a solid body at lower rotational speeds, and wherein those portions of the rim
disposed between said spokes are adapted to deflect radially outwardly under the influence of
centrifugal force when in use at higher rotational speeds so as to follow the centrifugal force-
induced radial expansion of the composite ring surrounding the rim such that at said higher
rotational speeds portions of said composite ring can lift away from the rim of the hub at said
Jocations where said spokes are connected to said rim and so that a tight fit between the rim and
the ring is maintained at all operating speeds of the rotor and further wherein said rim portions
between said spokes defined respective radially inwardly directed curved surface portions each

having a center of curvature which is located radially outwardly of said center of rotation such
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28. Coupling apparatus of claim27 wherein said mating portions include
mati ng surfaces that conplenentally contact at anbient tenperature when
said body is at rest. 29. Coupling apparatus of claim28 wherein said
flexible coupling neans is elastoneric. 30. Coupling apparatus of claim 29
wherein said elastoneric neans is annular. Coupling apparatus of claim 28
wherein said coupling neans is netal. 32. Coupling apparatus of claim 31
wherein said coupling neans is a curved netal shell. 33. Coupling
apparatus of claim 28 wherein said coupling nmeans is a””“|a§mL§$CH%p t hod
for accelerating a rotating body through a critical frequency of rotation,
sai d Bbdlyatiavfl nyd ains paiods peoiries thih @R AbWEHdtOcHBRPFHin bEVTA afjhlt AT L On
at body angul ar velocity bclow said critical frequency, conprising: a.
perm t tspoigssai d second portion to nove away fromsaid first portion
responsively to centrifugal force at rotational speed below said critica

frequency t hefoeh¥s clangdEasiand 1955HRRE i.hility .of said rotating body
with said flexible couplingal an3¢eg%%%ﬁféﬁﬁﬁ%wémﬁé%P€WﬂP'Eal frequency for

said rotating thall hifted downwardly, from said original
critical fr quaogﬂg%/’s; a?ﬁﬁhgﬂ Cllrfa?f!n n%loafvﬁ?rﬁlél tﬁefcf’@?%’ieél i§feEpeeadvtich S3glags f i r st

and segggpﬁ9%5+j§&§bto facilitate substantially unitary rotation thereof

at common angul ar vengg@F?ﬁo§ "™He method of claim34 further conprising

t he st of ,perm tting said second portion to self-bias itself radially
i nwar d g terrf’{Oééf ta dd%ﬁbl"éﬁéﬁ@“ﬁ@”ﬁéﬁﬂ“&@ﬂh@éﬁv@mm&w ofplguiniaces of
said first gnd second portions when said body is at rest and at anbient

t enper &t'ur e '8 asTHaMed imelging 22 wheriein tB6 hwihlesdourspslaisd second portion noves
radially away fromsaid first portion responsively to centrifugal force.
53 3 IV’A%CH ©pgding apparatus facilitating passage of an acceleratingly rotating body through a

critical frequency of rotation, comprising;
a. a pair of mating first and second portions of said body, said portions contacting
when said body is stationary; and
b. means for flexibly coupling said second portion to said first portion to facilitate
continued substantially unitary rotation thereof as said second portion moves
away from said first portion responsively to centrifugal force at rotational speed
below said critical frequency.
25. Coupling apparatus of claim 24 wherein said portions contact with an interference fit
when said body is stationary and at room temperature.
26. Coupiing apparatus of claim 25 wherein said mating surfaces are mutually facing when
said second portion moves radially away from said first portion responsively to centrifugal force

at rotational speed below said critical frequency.

27. Coupling apparatus of claim 26 wherein said second portion moves radially with respect

to said first portion responsively to centrifugal force.
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33 7. Load orienting apparatus conprising: a. a shaft; b a flywheel
rotatable relative to said shaft; C. means for rotating said flywheel; d
bearing nmeans facilitating rotation of said flywheel respecting said shaft;

C. neans for connecting said flywheel and said shaft, conprising: i an
i nner member rotatable with a portion of said bearing nmeans relative to
said shaft; | i. an outer nenber fixedly connected to said flywheel; iii.

said inner and outer nenbers contacting when stationary; iv. means for
connecting said nenbers for facilitating continued unitary 3 MARCH@00Of
said outer member with said inner menber as rotation of said inner and
out er nbe't?;g?l?ﬂ; %ﬁghl%ﬂcslo\f WRGE b7 GARRINSd ARKERHNAS ifcllid Batdlg suithidet fthat

. - . 1 . - -
centri fugal parates said nmenbers; * . a housing having said shaft

and sai d f|%"X@%ﬁgéf,r%&ta?ﬁ}wieﬁ;gé{?%&gmret\bl?ern%%fdtt{&ﬁ?isaéi‘ﬁjesgefi ning an axis about

\Ahighhscﬁ?qa ywie 'S “hount r rotation in a single plane relative to
2bout | 2sec ity WP NG °F Snlel SR IOEFAIR AR PASRRRALED, B )
E)?it faltnftfj1 g@é 3&%ﬂéﬁ%%}p@ﬁ&p%%@h&ﬁ%Ev@%%ﬁrg%?%élgpé%ﬁérgcdjggﬁ%gaqgﬁﬁglaggiedl (r)rg?rber s for
T S, o el a0 B 22 LT

32, Coupling apparatus of claim 31 wherein said coupling means is a curved metal shell.
33.  Coupling apparatus of claim 28 wherein said coupling means is annular.
34 A method for accelerating a rotating body through a critical frequency of rotation, said

body having a second portion tending to separate from a first portion at body angular velocity
below said critical frequency, comprising:

a. permitting said second pottion to move away from said first portion responsively
to centrifugal force at rotational speed below said critical frequency thereby
increasing effective flexibility of said rotating body with said flexible coupling
and establishing a new critical frequency for said rotating body substantially
shifted downwardly from said original critical frequency; and

b. maintaining a flexible couple between said first and second portions to facilitate
substantially unitary rotation thereof at common angular velocity.

35.  The method of claim 34 further comprising the step of permitting said second portion to
sclf-bias itself radially inwardly to effectuate complemental contact between facing surfaces of
said first and second portions when said body is at rest and at ambient temperature.

36.  The method of claim 35 where in said second portion moves radially away from said first

portion responsively to centrifugal force.
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said inner and outer menbers and said flywheel conbination

at which centrifugal force separates sayd menbers i s elgstgﬁnggs g9ra%ﬁe
orienting device of claim38 wherein said el astomeric neans is annul ar. 40
The orienting device of claim39 wherein said elastoneric neans is - -
conprises at least one 4-ring. 41. The orienting device of claim38
wherein said nmeans connected to said housing and being rotatable about a
second axis differing fromthe axis of rotation of said shaft, for
rotatably securing the housing relative to said load is a tUMARH @006 2
Iﬂe grlentlng device of claim4l further conprising neans fixed relaiive-to
fe loy%bng %%giO&gﬁmgggkymﬁéwﬁmﬁgh@he turntable. 43. The orienting device
of claim37 ei n sard nmeans connected to said housing and being
rot at abl e about a S %Qnd axis differing fromthe axis of rotation of said
shaft, for rdtataBl ’securing the housing relative to said load is a

turntable. 44. The orientin evi ce .of .gl ai i
fixed relati Ve toa€W§mﬁ36@Fﬁgg 8 Blsailsidsl 43 further comprising means
5

@l?v%ﬁ|V|ng y turning the turntable in the
formof a wormagear. 5

c. means for rotating said flywheel,
d. bearing means facilitating rotation of said flywheel respecting said shaft;
e. means for connecting said flywhee! and said shaft, comprising:

i an inner member rotatable with a portion of said bearing means relative to
said shaft;

ii. an outer member fixedly connected to said fiywheel;

iii. said inner and outer members contacting when stationary;

iv. means for connecting said members for facilitating continued unitary
rotation of said outer member with said inner member as rotation of said
inner and outer members and said flywheel combination reaches a rate at
which centrifugal force separates said members;

V. a housing having said shaft and said flywheel rotatably mounted
therewithin and defining an axis about which said flywheel is mounted for
rotation in a single plane relative to said housing;

Vi. means connected to said housing and being rotatable about a second axis
differing from the axis of rotation of said shaft, for rotatably securing the
housing relative to said load.

38.  The load orienting device of claim 37 wherein said means connecting said members for

facilitating continued unitary rotation of said outer member with said inner member as rotation of
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said inner and outer members and said flywheel combination reaches arate at which centrifugal
force separates said members is elastomeric.

39. The orienting device of claim 38 wherein said elastomeric means is annular,

40. The orienting device of claim 39 wherein said elastomeric means is comprises at least
one O-ring.

4t, The orienting device of claim 38 wherein said means connected to said housing and being
rotatable about a second axis differing from the axis of rotation of said shaft, for rotatably
securing the housing relative to said load is a turntable,

42. The orienting device of claim 41 further comprising means fixed relative to the housing
for drivingly turning the turntable.

43. The orienting device of claim 37 wherein said means connected to said housing and being
rotatable about a second axis differing from the axis of rotation of said shaft, for rotatably
securing the housing relative to said load is a turntable,

44. The orienting device of claim 43 further comprising means fixed relative to the housing

for drivingly turning the turntable in the form of a worm gear.
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