; ope3e™[| . 6T=D( WO 02/ 086324 PCT/ US02/ 12593 MUILTI - STAGE CENTRI FUGAL N
COVPRESSCR DRI VEN BY | NTEGRAL HI GH SPEED MOTOR BACKGROUND COF THE | NVENTI GNY?, ;
1. Fieldw§obhgstgyvention ° [0001] Historically, small | perikeiM ket e -
conpressors (below 800 ICFM (200 HP)) with di scharge pressures bel ow 150

psig were either screw or reciprocating type conpressors. These screw and

reci procating type cMipLEESTAGEVEENTRIKEGADYCOMPRESSORIcti on type | ow

speed (1800 to 3600 DRIVENMBY NTESRAL HIGH SEEED MODBOR requi red hi gh
rotating speeds, this dictated use of gears to increase the drive speed to

hi gher rotor speeds (appgRYKEROUND OPTHE INVENTIQN drive s
Initially, small centrifUgal conpressors were less effici entI |NN“[IMW
ue'to e

rates, had. hi ical | osses, and were not economi ca

requiregegev L e H8"{1creasing gears and additional bearings. BE8use of
., these problens, centrifugal, copgpressors were not feasi ro.t | ow fl ow

rate rra[rqggﬂ] s dgaienfally, .SUBQSlBWi ‘P’dﬁteoqonﬁg?sé?’@o(%ﬁw ?%EWA&OQ@) with
centrifugal conpressor technol ogy becane nore efficient at these | ow fl ow
rates, disehargepessired belpwr Hkhpsig byere eether §HcE gt ICEIREPCABRS ANCCHIMITENEEs due
to the speed increasing gears and additional bearings. This gave incentive
t o deveflhgsengreav aid exiprdtating thpgbompresdramaterr diienpbye small,. iInf@008] typoolever
for years these speeds and power |evels were not feasible. The advance in
state oboddiq g0l ol SEMRIHGYofofs. POURFiNE)LORBRKGNE RTRRAE N & RNARlzePethie
requi red high swtching frequencies at the required power |evels. But there
wer e ot her .p | ens .such.as i ta| j I onto
2 shar't UendRlRel FEREHS STt EhetthE e el shih ofRHF ok roTRRRRES U2
strength greater than netallic.s|leeves turned.out to be the, ansyer. [0004]
The pur ol ttes b dnrsoResa) ofia b ST o ERIh OBIOTIS e IS SRR b g
speed notor integrally designed with conpressor stages to directly drive
t he comprvesor migsa had 1highayvoethmioddeses, palr/wise2nat2semogued! r &g 1 ghe speed
wi t hout the need of a speed increasing gear and additional bearings for the
gears. SdvivB¥ntGor Spded linbEINTHED¢al DS IdddTtimapbesimgs. Bevast iod thess pobblepas, ed t 0
a nulti-stage, such as a two-stage centrifugal conpressor, driven directly
by a hi Qghtﬁﬁ.ﬁgﬂcdﬁ%r%soﬁh@éré nb@hsiblE forthe Wvahiby ri@mbarkét stfiftedtot or conpri sed
of two inpell’ers mounted directly on both ends of the notor shaft. The
not or s?a “hiﬁﬁ(j eﬁg(pgﬁted on hydrodynam c bearings |ubricated with oi
is rotate red by a high frequency inverter that is
controlled electronical]ly with a systemthat interacts with the power
conver 5101028y ok et iadal COBRIEEIE SqBBbEY DEHTBh B HIoRLAL EE PHeTow
invention a nulti-sta?e centrifugal conpressor with an integral high-speed
not or f oatess shey werd agll durdened bonie igh cost: ang) mgchanicah hessess B Hher fresdnt
magnet notor having electronically conmmutated stator coils surrounding a
rotor cadradshg gearsnanieaidithaahdtaingahélds pavehimcentive ta dgaglopmiwedmedt ldeiveoi | s
and the rotor, said rotor having a magnetic steel rotor shaft rotatably

supportgﬁg}ﬂpe&pﬁgt&@gm Yesgressuri zed oil |ubricated hydrodynam c bearings,
wherein the stator coils are conprised of a plurality of stator wires

he ot L Redspy HEUELAtL et M SRaghAl Bbw ity AN HbIBa GOl The ifafeBds Of

the sta I'ne’ en urns, of conpressor inpellers

mounted to turn with the rotor shaft . . .
in state o? the art tec o{ogy In power électronic components enabled the required high

switching frequencies at the required power levels. But there were other problems such as
being able to retain high density magnets onto a shaft that is rotating at an extreme speed.
Composite fibers that have strength greater than metallic sleeves turned out to be the answer.

[0004] The purpose of this invention is to provide an improved small compact high speed

motor integrally designed with compressor stages to directly drive the compressor to a

.
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c) a punp for introducing cooled oil into the bearings for lubricating the
beari ngs and for cooling the bearings, rotor and stator coils, said bearing
confi gurggosoedsBat oil exiting fromthe bearings spl ashespovgkodngos
supported ends of the shaft and spl ashes over the end turns of the stator
coils, and d) a passageway through the stator for introducing pressurized
ai r durdesiyedhightspesd withawhihetreedoba presi inoreaspeegseuang agidititingl basangsier theer eby
di splacing oil fromthe gap. -2 WO 02/ 086324 PCT/ US02/12s93 (0007] The
inventigard s also directed to a nethod of starting a nulti-stage
centrifugal conpressor with an integral high-speed notor, wherein the notor

has a stator and a rotor keiviMiLORY OF TSHDPIVENTTIGEr ei n defining a gap
t her ebet ween and wherein € rotor 15 supported at each end by hydrodynam c

oi | bealhRGS, erein th t.h i I 15:€ f e .S > Qf - knLecting
pr essu?ﬁoggg ai’fﬂé\ﬂr?sﬁ}ltnmtv rét%gldﬁ%grt&%dggg% ildglnsq t\%'/geclgnast%g‘p%rsl@ge Sﬁh%lgu«%hfot or
as the rotor begjns to rotate to mnimze the entry.of oil fro he

boar | nEOTRESOR ASGRETEHD By SvbiGh iR o5 hath St il P A b Fiey
sufficient to centrifugally expel oil outvvardlgl fromthe rotor _ends and
away f ramaprised gdpwo dinpelbas inmuinted ditstly onekath spdoef tiermoopsbaf]. Yhe m@iet her
enbodi nent of the invention is directed to a nulti-stage centrifugal

conpr esgaft whith id siippafted o hgdrod et eirargs dabrmatesi with od)is vatatediby @ sgeed

per manent magnet notor having el ectronically commutated stator coils

sur r oungliiged vy} RIehCAEGUEhEE iRRFER [P ks E@tﬁftﬂtea:el&ﬁioﬁichﬂg Q¥itih a\sysiemathat
magnetic steel “shaft rotatably supported by bearings, b) a plurality of

conpressor_ i lL.ers mun . i otor shaft, c¢) said rotor
conpri s’inged.adg?ﬁééﬁea?oew eétégé\ge?%lélgf)}sﬁﬁs eltéIF‘Hg%gP 5 defi ned by four faces
parallel to the rotati axig of the. shaft, .2 er ent magnets defined by
DTy | ni990Bk 15 g cabodfiecns of 15k ioveisey eulialaeh SRRl eomatarsr “0ByHont
shaped cross-section secured to each of the four faces

integral high-speed motor for compressing air is comprised of:

a) a variable speed permanent magnet motor having electronically
commutated stator coils surréunding a rotor carrying permanent magnets, wherein there is a
gap between the coils and the rotor, said rotor having a magnetic steel rotor shaft rotatably
supported at each end by pressurized oil lubricated hydrodynamic bearings, wherein the
stator coils are comprised of a plurality of stator wires extending longitudinally along the
stator and continuing around the ends of the stator to define end turns;

b) a plurality of compressor impellers mounted to turn with the rotor
shaft,

c) a pump for introducing cooled oil into the bearings for lubricating the
bearings and for cooling the bearings, rotor and stator coils, said bearing configured so that
oil exiting from the bearings splashes over the supported ends of the shaft and splashes over
the end turns of the stator coils, and

d) a passageway through the stator for introducing pressurized air during

start up to maintain a positive pressure within the gap thereby displacing oil from the gap.



of the square steel shaft, said nagnets arranged with alternating polarity,
and 3) prestressed carbon graphite fiber reinforced plastic binding for

hol di ng g opegsaRNENt magnets agai nst the shaft. -3 VWO pPet/a8dx34o3

PCT/ US02/ 12593 [0009] The stator and inverter are water cooled utilizing
finned heat exchangers. The gap between the rotor and the stator is

cont r ol j0867]by Thadoedintign de llsoadirected tocha IgtabodS@f tskrating ar yeli-stagee centefughk om
contam nates such as oil. The rotor shaft is cooled by bathing the ends

adj acendonipledsbewitagieintegrdl 1igokpead Imotéy) velleréin nhd encddr kahasmeremd 4 eotbhe
shaft cooling is utilizing an axial hole through the rotor fromthe second

stage i jypy ohﬁ[y §u§g5x§@q[ Efeﬁ{ nﬁx%e E?’ﬁ%f'eﬁét’we@%d Ankrdid 91'3‘1'5@?153%8&%@'[ age

inlet is then pa roug ft taking heat away. The notive force

1o the terdy b tronsBeniq GhGTheR o BRET R bR BebiBraE 8N SRR 1 oo

shaped samari um cobalt nets nounted qon.a square cross sectioned s eeI
\% q
a

shaft and retainéd by Rieahag pressiriged air e thin ecARHY <4 RASIIOR BrENHey iM%

fiber w nding. BRI EF DESCRI PTION OF THE DRAWNGS [0011 ] Figure 1 is
schematic drawi ng shovefrie troler e$ dut rotaraiegpdo antatoio mimmizs g wlEafrdikal
power to the notor during the startup and running node; [001Z] Figure 2 is
an illustration of thefréaties beatihfs invdthe gapambssi on stages, air path and
intercooler; [0013] Figure 3 is a split stator construction draw ng; [0014]

Figure 4 is a Crol@_s-se\%ésrpﬂé' rofdre¥alies ANrRASRAAP Yeel! dutRdiERL ﬂo”&:n‘f'ﬁﬁl

Figure 3; [00l5] Figure a rotor construction dravm ng; EI gure SA
is a section view taken a

schematical ly illustrat®§ 8“@1&\{\@:‘?}%’6:&0@5 i@ It&f chek ﬁ(\i/erafv{agoér?rh tﬁé\%hput

to a' DC voltage; [0018] Fi gure 7 schematically |IIustrates the inverter
circuit conpose of sixdip¢gBtingiig theragection of air.

[0008] Yet another embodiment of the invention is directed to a multi-stage centrifugal
compressor with integral high-speed motor comprising:

a) variable speed permanent magnet motor having electronically
commutated stator coils surrounding a rotor carrying permanent magnets, said rotor having a

magnetic steel shaft rotatably supported by bearings,

b) a plurality of compressor impellers mounted to tum with the rotor
shaft,
c) said rotor comprising:
1) square cross-section steel shaft defined by four faces parallel to

the rotating axis of the shaft,

2) permanent magnets defined by a cylindrical surface and a flat
surface and having a circular segment shaped cross-section secured to each of the four faces
of the square steel shaft, said magnets arranged with alternating polarity, and

3) prestressed carbon graphite fiber reinforced plastic binding for

holding the permanent magnets against the shaft.



used to communicate the current to the notor during the startup and running
node; and -4 f WO 02/086324-1 PCT/ US02/ 12593 [0019] Figure 8 illustrates
a boost e @pHGG3Mi rcuit conposed of two | GBT switches usegli/gs@igmsup
voltage | evel on the DC bus. DETAILED DESCRI PTI ON OF THE PREFERRED

EMBODI MENTS [ 0020] Figure 1 illustrates the relation between an el ectrical
cont r 0108883t efFhe stator aud iny ctesyrs tveatercepatedoitilismgifinned heatcenspangsrsor Theogapr ol | er
2, and a power conversion system including a rectifier 4, a boost 5, an

i nver t eyetveeenathel rétormmidthe Atatdihie ceheellad aindacing kodl Ey st the gaptserthatt purpest h t he
power conversion systemand Hall sensors 3 to provide notor startup as well

as not Qfe fildh krofPERarkiAREE ShcBNS of10 THEGORTBICkH i8 cbfied 69 BRINGESHE ehdafjackR021]

Figures 2, 3 and 4 illustrate the rotor conpressor configuration and air

| 19 PSR PIECSAYRE S 80 Pon ABRATG 68 U8 SIS g °

rifug ressor stag

conpresses the air d causes the air to be ated. Jo increase th

GF T Tt e POl e SR rESsram (b se0ud stagh SmaalEr S HieoRLBEh mapeflgh Cool
exchanger 31 before entering a second stage 2G t hrough a second stage inlet
24. Theihfem thx sdsand stngeinldtiiyben paskd aeush theskatl waljingthepioavaayd Theimeteg at 30
to exchange the heat fromthe air to the water. The second stage 2G further
conpr esforg fohtheaiir @b 4 thetdifferdetsdl peshsyre desnitie deevel stagedidR2 ko Breefsustageed ai r
is introduced froman external source by line 23 to the gap SO between the

rotor 28eand the stator 52 to prevent oil fromthe bearings 53, 54
supporting the rotor 28 fromentering the gap SO when the rotor 28 is

begi nni o] ] = up. oF i i SCUSSI :

ar T angdtghd1”, dRkfrely FnllrheitPios By PHERTET MopddsIniiaf SRR Ikl |
that the arrangenent related to eargngg§4 @jll.bg simlar. .[0023 /¥4

f or ced PAFHC] 198 HaRHAED RSy SHEREE lach SExfhapgdireBHIed RNTUARR PE RENERH he
rotor 28 and the stator 52 to prevent the entry of oil within the gap 50 or
pur ge otdmpoliie carbgn glapkitaifjbasevipdinghe gap 50. After startup, when the rotor
28 is rotating at a speed sufficient that any oil contacting the rotor 28
w [l be centrifugal | y BREEEDESORIPTION OFTHEDRAWINGS from the gap 50,
the pressurized air through line 23 should be discontinued. If pressurized
air vwergoif b&igwe 1 Y@af)?dh%&ﬁ@-df}aﬁﬁ%/ YRW3he 268 31euiil is9stekOfdrhgrogind0 at

hi gh rotational ™ speeds, undesirable triction and heating of the rotor 28

and the_ stator 5 . 0 1 tation of the rotor 28
under |%8688568H§€¥ﬁ§%§“%%§@?3 gg”ﬁééPdkﬁqPﬁgﬁnggg due to w ndage, iron
and copper | osses, .and hgrnonjcs.. The rotor shaft 55 is cool ed. by bat hi ng
the end¥0%3 offigWe ZSﬁéptl?lgﬁfqﬂﬁanfc}P%aOtaf withcwo ?@Wﬁ%‘gﬂs%%espﬁﬁrﬁégbmﬂ rough
oil passages 57 where it is introduced under pressure to bearing 53 for

| ubri caintesepddert al so to renove heat fromthe bearing 53 and, as it splashes
fromthe bearing 53 in a cavity 58 onto the end turns 9 of the stator 52,
renovesjooed)t fRigure Bhea eplil statorreen@retion dmwssgt or 52. 1t shoul d be

appreci ated that punp 59 is shown schematically and provides oil to all of

the rot o1 Peardifgs 4iida bRSs-axt6ilWew bPARkerBlyallistiafing BetaffedfiFig@eld ng
arrangenent {not shown) is supplying cool air fromthe second stage inlet

24 thrOﬂ@ES?O?@éﬁ?%qs§E§°P&9$&WR&’EﬁﬁY@glor 28 to the first stage inlet 21

The not or alr 1st erential pressure of the second

stage ipl 24 which .is higher than the pressure,.of the first stage inlet
21. Thi @Ozft’]r aﬁﬁ%‘ﬁ%ﬁf‘ lééﬁecéﬁ’gd”%"ét §%a‘}3f‘%%88%js5u%'§ i (‘Jrh%\ﬁuffhé’t he oil cooling.
[0026J Directing attention to _Figures 3 and 4, ~a_ synchronous permanent
magnet M3k Figwe Gsehernaicaly @@Sgh@s 8 BeRbidIeE Sisquitsion Gy epineathg A7 INPYRAES 3ot or
7 is conprised of the stator 52 and the rotor 28. The stator 52 is

manuf acD@redtagsi ng el ectrical steel |am nated disks 60 that are stacked
together, as shown in Figure 3. Lam nated material for the disks 60 (two

shown) pﬂ)w{s Htiglte AUhérhatichip 1R ate s Bel ihvér@r bitcuiO¥orhisss ©F six THBT sbitdhks of
the stator 52 contains threephase distributed we connected w ndings in

twenty- B&ldrto %Elﬁ}xﬁhicﬁleQBé curfdhe toslth]@Wtoxsd?urfn t§Phrtuy hdl AAnily A48, df
accommodate a high tenperature plastic spdcer 8, Iin place of one or nore
di sks 60, having spoke passageways 64 extending radially to supply
pressurized air through Iine 23 fromthe stator 52 OD (outer dianeter) to
the gap SO between the stator 52 ID (inner dianeter) and the rotor 28 OD.
This air is used to renove or to prevent fromentering any oil -6 WO
021081>32-4 PCT/ US02/ 12593 in the gap 50. Air is provided through Iine 23
into a passageway 66 extendi ng through-a water-cool ed jacket 10, which is
around the disks 60, to an annulus 70 extendi ng around the outside of the
stator 52. Fromthere the air is distributed through the spoke passageways




into the gap 50. [0027] Openings between the wires of the end turn 9 wires
adj acent to the gap 50 are provided for oil drainage. On the outer

peri pher yw@b2ads3d0r 52 is nounted the water-cool ed jacket pdfPyképatrsddr ovi des
cooling for the heat generated by the copper and iron | osses created in the
stator 52. Therefore, cooling occurs by both the oil flow through the

beari ngi908 abiguid Bwlwirates b dpodtivhopeh cirbiet faopestd 00twd BOBBswithleesrusedto, as
shown in Figures 5 and 5A, has pernanent magnets 12 made of rare earth

samar i Ugffé;ﬁﬁ)‘bad,]tage'fé@[@nﬁfe@(t@ug pol es per rotor. The magnet geonetry is a
hal f noon shape to minimze nagnet end | osses and mnimze stress |evels.

The hal f nooRyspRpE {)@@egﬁfm?@ﬁﬂmpmggw%ﬁ@n%ﬁws

secti oned steef—sn e field.

d

The mag ate encased axi all ith non-conduct.ive titani um end caps 13.
Ti t ani u@]ﬁg'ﬁl o&ég%%ﬁslﬁﬂﬂrag's @ﬁé&lﬂﬁ/‘%&%&?ﬁﬂeﬁnﬁ%ﬁ?%&; Cf’fl{é?lg?’s A I—'lcn\?lluglggnasor s

w t hout shorting the nagnets. The rotor magnets are retained radi ?I yto
the shaystew eomtralipn band & gempressomsaniiQlier & Rl #§OWar CONNEISIONGHHER, N UHRRI ng
14 is a high strength, low electric conductivity and high resistance carbon
gr aphi t erectifier 4,cobgast bt amimyverTire, pnéstmetes &d Thsralédtiticah cofitrollwystemnpissidie

fi ber winding prevents nagnet lift-off fromthe shaft which coul d danage

t he magwih shelpswardcanversidn ©Rten] @RAP $lall TdeasdraBuio prolidagroton staftep pewedl] a4 age
can vary from380 Vto 57 5V, 50 or 60 Hz. The AC input voltage is

conver ! sdioPYul gﬁe@%@@@{%%éoﬂ%&ﬁm&igsl&l?ﬁéég&%éd.t0 a DC vol tage whose

| evel s can ange e boost phas DC voltage is changed to an

AC vol t wi th desired i tude and frequency b he.i nventer ssta The
st at or @ﬁﬂ. n&gg%?seb’cgﬂﬂ@tqgﬂsqage ft}?erofoﬁvcé’%?pé?sSéﬁf%\ﬁg}lraf‘?g and\Rp 89‘7’0‘% 2-4
PCT/ US02/ 12593 [ 0030j The three ﬁ[i)1h<3,1se, hal f controlled thyri ietor shfown in
Fi gur e Withgntgestagetair 6oRiAgr t AFReSPhAERG AINAteaglrqueha Best\tadeaglet |y @ firspe
vol tage | evel depends on the input voltage and is 1.45 higher then the rns
val ue oéentrifegaltpuiprassdrt stape.27Avtiicl toropnasses theaur ardygausasdhe nig torbribeatdd. t T ee
thyristors 15 and three diodes 16. Three snubber circuits 17, each

consi st inggkad the &Ffi@EndY o hE Coinpfessian Provesy) eint fifl i evoldeinan heke exelmgead hodes
of the three thyristors 15. The RC conponents have a | ow power rating due

to the ﬁnggllel en‘f?l{jr#qageseé&ﬂpﬁaéé %lsthl%ﬂgh :can cBA® &td gﬁﬁfé?QAbY’l‘lﬁé"ﬁeﬂaéxfchanger

control rec er conpared to th ul I -cont l'ed version. A soft start

is used to initially charge e .capacitor bank that |s.connect t he
nal - coHtiep ot VHSE PEEGRE Srapind Gt Bt Rhanittes PR nsh oERME2liE he

mai nt ai ned through the first stage startup, [0031] . Mptor starfu IS

depl oyeWaien Thipsesondjaiage Hoturthst eoypmresieethe dH P itrndasired RIcstuEpleVeledback
sensor decoding. During each of the six steps, two out of six |GBT

(i nsul af0932patRredsipzridaair tis anteiducesd fpmswh texkesral 1WUregsbys hoar?3di @ thegeare>®, are
normally turned on. To limt the current as the notor accel erates, one of
the sw peheen ihe G226 Rul Siee sthtdt B2 noprevaited) frah th8ktdzringES8n54 suppotting the
commut ation state changes, the switch that is nodul ated i s changed,

resul ti i i | I | e lrh iy Dl t teXat Is dut
ot fﬁ gé@:ﬁ%ﬁ%ﬂ%%ﬁ?ﬁ@hgi e "rblM12gqE b@%i&?gl]g tBgofate¥at eBLap. Foe y

cycle is at reaches about 8 nom nal speed. At this

point the contr.al. swtches . to the seco ok 00 . !
r equi regu@SWr‘)g?h‘fj?hSFH%"O& é%%ﬁng%%%étr%q%@gﬁf#%%% ’qﬁglg?%ﬁlrgggw %ﬁ the
end of the first startup node DC, the bus i§ al.ready .charged to a | evel
dependeﬁﬂdf‘éﬁaﬁdﬁégW@tﬁhﬁﬁU?"RWUQEﬂ]%t%‘g@QFQFH% ANG PREMBTor is at 80% of the
desired speed. To further increase notor speed, it is necessary to increase
t he DC K83} olAiaderceding thegap S0ahayshpeused e contel dheaaigesphisye batwaen Hig rele
switch duty ration, which is refined as the ration of the on duration to
“the swi pghhdithetsidi® J2ewippehent the tehey BEBAI swidhircthie pgp 50 de ptige cdivthatahaycardadpl
signal, which

be in the gap 50. After startup, when the rotor 28 is rotating at a speed sufficient that any oil

contacting the rotor 28 will be centrifugally hurled from the rotor 28 and away from the gap

50, the pressurized air through line 23 should be discontinued. If pressurized air were to be



controls the state (on or off) of the switch, is generated by conparing a
signal -l evel control 8 WO 02/ 086324 PCT/ US02/ 12593 voltage with a
repetitivwgoyaugheyr m The frequency of the repetitive waveppiisyd iR
constant peak, a sawtooth shape, establishes the sw tching frequency.

[ 0033] During the boost node, the voltage controlled IGBT circuit shown in
Fi gur e stippBed to the gax 58 taeblgbantatlolhal spetals wridesirable Eiotiontand hieatangeeisthe odtor he
not or speed to a desired nom nal value. Current flows through the two notor
phase vaggidtgs stafdr 32 wouyd éécke dependi ng on the on/off setting of the |1 GBT
swi tches. Each of the six I GBT switches in on for 120 and off for 60 and is

regul at m@:acccﬁlgﬁ d&&%@mb%‘f@& Fab! &8 ufer 1881iNDndRR NS BehdriBs haatnﬁahé ive
vol tage i s “appl During the gap of 60, energizing is stopped. Energl zing

|sthen n ted in the n er |l e
. tining 8 éﬂ’gﬁ%iwilil%ée lgona%np cogiaﬁ ngsre %’saggtl{agngﬁlﬁr%%e%ﬁdggggﬁég l$ aot%4 ere is
a difference of 120 between hases s it possible t rive a, notor
when a baiyRsthe endst 28 PHHSE -‘fhé SRR E%’-r[%dr aif- %F[%MedAgbBEWi tqﬂ%"lggc?li ng
circuit, the Hall sensors 3 shown in Fig. 1, is based on the Hall effect
char act gassages 63. wiRine éteis Hatroduseh siodey m@um@nbe@dng@aﬁ@aﬂmbmaomési gaedoto
detect the stray nmagnetic fields fromthe notor rotor poles. A positive
si gnal ijgldvagrat orhahe bedinghtsnaml, aoitaplasiast frorp cheebenripned ipascwity 5 dritve
sensor; otherw se the signal is zero. The Hall effect pickups enable a

cl osed {,@QR4 ¢AIEYlRkheORatB 53, hEmbiRsaichefroR iR BRE RfnsSd 8f Bk SN S shddP35]
Wien the motor is at a nom nal speed, notor current is optimzed by

control]i %?rtcgﬁgte Eéte?l&mﬁ %Sl% s‘%g%n&%eﬁlg cli{a?lgaﬁn d%ﬂoogiléﬁ%gl R)agllf ol%l\{ﬁe rotor

(electr the Stator wn zero crossing is
used as a reference point for the current winding injection. The Hall
sensor sbepgngg in th ﬁéssﬁﬁg’ky EMF zero crossing. (0036] The systemcontroller
perfornms all control functions including: notor startu PWM control, boost
cont rol [008Fk sAweplteoate sbaft conlingrarpmgemewnndeshonm) amsumﬁﬂm@ aeol et fremzihe i on
and speed control. The conpressor controller controls start and stop

funct i oggond\stags inkdt Mithlougl agIRiin did haftiof tiesbab2Bsbdit fist stegninien@]. The
conpressor and notor controllers. Mdtor control setpoints are passed from

the conpr@se @drcl RO Rlthd H’lffe%tlﬁp&%su%ﬁtﬁ@ééc@ﬁd age k2 4awideh sShigheVO
02/ 086324 PCI/ US02/12593 desired speed set point, | ow speed alarmand trip

d- al d
1 b selitepeFREEn i AETRRE by A BhOM o RGTURRLA A BT R on 1

activated when_a m)nl tor ed paraneter has reached an unaccept abI e but not
criticamithdbepil gpolBiger ation. A trip action is activated when a nonitored
paraneter has reached a critical and unsafe |evel of operation. The system
cont r ol [@26perPeatmgattention to Higures 8 @nd 4, a synchronous permanent magnet motor 7 1s

used to drive the compressor stages 26 and 27. The motor 7 is comprised of the stator 52 and
the rotor 28. The stator 52 is manufactured using electrical steel laminated disks 60 that are
stacked together, as shown in Figure 3. Laminated material for the disks 60 (two shown) is
of high quality thereby resulting in low losses. This. stack of the stator 52 contains three-
phase distributed wye connected windings in twenty-four stator slots. The stator 52 is split in
the middle to accommodate a high temperature plastic spacer 8, in place of one or more disks
60, having spoke passageways 64 extending radially to supply pressurized air through line 23
from the stator 52 OD (outer diameter) to the gap 50 between the stator 52 ID (inner

diameter) and the rotor 28 OD. This air is used to remove or to prevent from entering any oil



Mot or/ control | er anal og i nput readings are passed to the conpressor
controller for display and they are speed, anperage, DC bus vol tage, and
not or powed 02/h48887] Wil e specific enbodi ments of the invepties/nswse been
described in detail, it will be appreciated by those skilled in the art
that various nopdifications and alternatives to those tails.could be
devel op8dh §ap PPntAGfIS PHRY ¢ TN HYQ adtastagevay ggle&.&wg@g Fﬂélgg a
presently preferred enbodi nents descri bed herein are neant to be

i |1 ust restereoaded jackard Onwhichiisriatoung thesdisks @hdo aw openlof 70 hxtending arduod thehi ch
is to be given the full breadth of the appended cl ains and any and all
equi val @néige bhekaadftor 521 OFrom\Ref2the 8632 4istritimtd¢ INUENEh@hE GhoNeNaBdg&rays 64
PCT/ US02/ 12593 7. A nulti-stage centrifugal conpressor with an integral

hi gh- spgafh ﬁpgofor conpressing air conprising: a) a variable speed

per mmnent magnet notor having electronically comutated stator coils
surroungi adotor carryi Rer t net s....\wher gl e i

bet weenlPRE o oteebgndeplsth B SAFER RARM L iSgal REHE L3 9, o,
shaft rotatably supported at each end py pressurjzed oil bri cat ed

hydr odypraiided i Aeganasgn Smefs quies wrabdy ST 37 B leem&FﬁL dwgpr-gooled
plurality of stator wires extending longitudinally along the stator and
cont i nujankgt 4P chat gravidesendingfor tiechaat aensratedbyitheicepparrrddtingnrigssepyreafed in
plurality of conpressor inpellers mounted to turn with the rotor shaft, c)
a punp fherstdtér $0dThefGre,0sdobitlg @icturs Hythdtinéhdoeidfiomgthréwgh thelbeadrds S ande
beari ngs and for cooling the bearings, rotor and stator coils, said bearing

confi guRed o3 Yaldh b (heX¥ddkk@. f rom t he bearings spl ashes over the
supported gndg o?&?ﬁ% shgft and spl ashes over the end turns of the stator

coils, ) -Rassageway t hr. h.th 0 i i p.zed air
duri ng GoaRE JBRaRRa b 8 Yo T ol Shebel PhmigtbiRHERIEEERT Y LEE
di splacing oil fromthe _gap. 2. The conpress according to claim1 further
conpr i sPHE FERRYNY eabalte TheteAre fprpales pat ?%%Fugjﬁledﬂa%‘let §?‘g%%tﬁ’r ‘isz"‘gli‘rﬂa’i“Po‘E o the
gap when the notor has reached a predeterm ned speed. 3. The conpressor
accor di stgape do ahiaimizg magnet erich lasespandswisdmiger stfesptavals. eXhe haldmeasushaped s
i ntroduced into the gap during start up. -11
magnets 72a-72d are mounted on a square cross sectioned steel shaft 75 which is used to
complete the conductive field. The magnets are encased axially with non-conductive
titanium end caps 13. Titanium allows sensing of the rotor magnets stray fields by Hall
sensors without shorting the magnets. The rotor magnets are retained radially to the shaft
with a prestressed composite winding 14. This composite winding 14 is a high strength, low
electric conductivity and high resistance carbon graphite fiber composition. The prestressed
condition of the composite fiber winding prevents magnet lift-off from the shaft which could
damage the magnets during operation.
[0029] The input voltage to the power stage can vary from 380 V to 57 5 V, 50 or 60 Hz.
The AC input voltage is converted by the half controlled rectifier circuit to a DC voltage
whose levels can be changed by the boost phase. The DC voltage is changed to an AC

voltage with desired magnitude and frequency by the inverter stage. The stator windings are

connected to the inverter output.
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WO 02/ 086324 PCT/ US02/ 12593 4. The conpressor according to claiml, wherein
the stator coil is supported by | am nations and wherei n the passageway

ext ends thheuadysishe stator coil |am nations mdway betweepctiosompesasl ends
oftthe II:]O]'E or hshaft r 5I 'rll'he conpressor according to claim1, wherein the
rotor shaft has an axial hole extendjng th rethr h ta accept oil for

cool i ngl00801 AThgtree §P%§§eh%1§ﬁ?1?‘f°f”&aé“ Bg’EdP T 617 {8 CRVEH W eed
not or conprising a) variable speed perrranent magnet notor having

el ect r oinputavditage tormR@iveliagst levdr RGivodaguleveludrpends en thst laputc\é@rl&aﬁﬁ aad is

per mmnent magnets, said rotor having a nmagnetic steel shaft rotatably

suppor t gas BygheeaiehBs rmb yake pif whialrpuy voitageonphalsontroliquethyestor rowadedf t o
turn with the rotor shaft, c¢) said rotor conprising: | ) square

Cross- St‘f)ﬁ{]e' tﬂgﬂﬁ%ﬁeﬂs zﬁﬂatmeecﬁ'éde@qg bhréOsHubb@chcuRan éa@h cofisikthiy éfdeditd Ng

per manent magnets defined by a cylindrical surface

and a fkﬁt %ﬁﬁ%a%g cg{]}gec‘p AVl NEe AnGdes aﬂbaé’ath%ﬁ%f'{heftggelgetﬂ%ﬁ 8RS €¢hé RE

secured our aces he square s , said magnets

arranged with alternatlng polarlt and sse carbon raphite
fiber reQmPAEREIYEaZ Y BAW 13Y" djr“e tohé%:dgﬂ?? Re2&5e P ﬁﬁ%éWPS'ﬁ'g{gH&eﬁsont 0

the shaft. -12 WO 02/ 086324 PCT/ US02/ 12593 7. The conpressor according to
cl ai m Girposthby tohgf-Foritredled ressifier egrpared tm@ﬁévhlﬁogwkérveﬁ*@kl fretod $8 t he
rotor for detecting a change in polarity of the magnetic field of the rotor
as a cofsngdedab ihhRllgaharge the BG-capaditoobenk stwafis comeatedstoptist halheontreHedr . 8.
The conpressor according to claim6 wherein the magnets are positioned on

the shajl@:4d hf‘el“li% SORLHLIUOMEx &V JIREE isGadin@itiel AGBugPthe gt se@eRREREOr
accordi nhé'nt orc% er eiljn edges of g%ch magnet ar eg posi ti otr:la(egd adj gcent

(o The SHAEE SNt PAEIETE) ! el AR s

%glng'? glfq(:;?i{)@i;%fgqaqggie%?rg ?{)yﬁgg egc?l of theaélx Ssgarbg Ao c;[urt]% gl())(fIG%blu Emsu?zﬁet? dgg .
bipolar transistors) switches 18, as shown in Figure 6, are normally turned on. To limit the
current as the motor accelerates, one of the switches is PWM (pulse-width modulated) at
18kHz. Each time the commutation state changes, the switch that is modulated is changed,
resulting in even switching loss distribution among the six IGBTs. The duty cycle is at 100%
when the motor reaches about 80% of nominal speed. At this point the control switches to
the second mode.
[0032] The second mode requires control of the step-up (boost) circuit shown in Figure 8.
At the end of the first startup mode DC, the bus is already charged to a level dependent on the
AC input rms voltage value and the motor is at 80% of the desired speed. To further increase
motor speed, it is necessary to increase the DC bus voltage level. The voltage level is
changed by changing the switch duty ration, which is refined as the ration of the on duration
to the switching time period. In the PWM switching mode the switch control signal, which

controls the state (on or off) of the switch, is generated by comparing a signal-level control



11. A nmethod of starting a nulti-stage centrifugal conpressor with an
i ntegral high-speed notor, wherein the notor has a stator and a rotor

rotationglysssaported therein defining a gap therebet weepcpmdoiressei n the
rotor is supported at each end by hydrodynam c oil bearings, wherein the

met hod is conprised of the steps of: a) inject] ressurized air wthin

t he gapvtage Wkt 1epatithet W@é‘#ogﬂe @h‘ﬂézeﬁf‘e cP’fec’flr @1%0 epgtiye, avelogn WiBiths to
rotate to mnimze the entry of oil fromthe bearings into the gap and ' b)
when t heonsehopeak gawivasoth shapteaedtanighessheswiteudg fredusney-t o centrifugal Iy expel
oil outwardly fromthe rotor ends and away fromthe gap, discontinuing the

i Bjof\ac][ i R)D?!D]f DuringtA8bodthRddUhe Abltagh{conhbised ISBT Afuirshowhlin Aigudall.idis. AUs
c m

cztoj e [ V.c A
Jgalca B B A e oy B e
a] calca) cal cal ca cal] calcalcalcalca :

alj c%aﬁe%! i E%]Ril‘v@]kh BiRaRpET bk SRR S Gt Rh g ehe ool ©
a] ca] ca] ca] calca] ca] cal ca]cal ca .Ch !
2 or obbbowli ob apEiaba sbb UG P BHkn HaLH oL Rheibov]io] () €35 BEh e cau)
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj
ca] ca] c6d ==mifi® H@uERddardDpDOEGHekEHEbEL BluTing Jer) 120° on time, a positive voltage

K{ KKMWM wr mhc”Y] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca

] ca] ca] gahlpgg\&%aﬂ)ﬁ@ﬂgﬂxbc‘gab 08509 ksebalcia koppddMBAMENENP PRREQAIIRNEIRE thy SSSS

TiI'T" ]Ui Ut UVI Zufk;i\ W] g\i] ciz?] cla] cia] ca] ca] cal] ca] ca] cal] ca] ca] ca]ca]ca]calc
a)J ca] ca C ; ® MW E¥pettivd L

[\ AN ><}Eﬁ'ﬁ Iilﬁakl vvrrgup%?lae{im]??aﬁé] %ﬁ?gﬁagg]ﬁ?%%]@ﬂcgﬁeg%] cal caJ ca] ca] cae]%(t:lg(]zc% gg
130219;: i%@%l{ﬂ%g%#%@%@ é%.] n%@r%ﬁ%é: gﬁlﬁ%k%y%@_p ﬁle%?‘ This makes it possible to
10%& ()-!1 @O%& () -s10%& ()-bOdEF#10%& () -, ) TLO%& () -

9! @10YHRYY 3 MRtar FHEDALNRENCHE HUIREPT( @@iﬂ%f%r 26@) ) o | dEg)@#lo%)&' ()-

&6#10%& () - 4"10%& ()- y2, #10%& ()- LO, #10%& () -
[0034] A position detecting circuit, the Hall sensors 3 shown in Fig. 1, is based on the Hall

effect characteristics. Three Hall sensors are mounted 60° apart and designed to detect the
stray magnetic fields from the motor rotor poles. A positive signal voltage is latched when a
rotor south pole magnet passes by the sensor; otherwise the signal is zero. The Hall effect
pickups enable a closed loop commutation of the inverter and motor stator windings.

[0035] When the motor is at a nominal speed, motor current is optimized by controlling the
current phase advance to related induced back EMF (electro-motive force) in the stator
winding. A back EMF zero crossing is used as a reference point for the current winding
injection. The Hall sensors detect the back EMF zero crossing.

[0036] The system controller performs all control functions including: motor startup, PWM
control, boost control, six step control, motor position detection, current optimization and
speed control. The compressor controller controls start and stop functions. A serial link
communication is established between the compressor and motor controllers. Motor control

setpoints are passed from the compressor controller to the motor controller and they are:



., #10%& ()- | mqgr st bC3 gl0% & ()- @10% & ()-:L!/10% & ()- 10b 10b
10b3>10%& ()-"y; 10%& ()- :aBbC/10% & ()- -10% & ()-y*10% & () -

| G10% " &6 haodsSHL0% & ()- CLSKI0% & ()G ~_@L10%E ()" 1iedsinss0’ 10

y>10% & ()-17, #10% & () -: 31S#10% & () - S@RaB~_@L0%& () - @0%h& () - F' 10%&
PIOK S OLT 0 80 SIS () Sl Gonet(); Gooh 1 10w

| * 10%& () - @OYE ()- @O%E ()-10%& ()-BY zdE~ @* 10%& () - (10%& ()-ff&10
Y& () -mihQfbdhpdrage dlaril 08dbSIN etfolfivdssd @ngle landlovabd bodatarmy setpoint. An
| h581 100kb& () - 3 109%8 () - B110%& ()- ./ 10%8 ()-S, 10%& ()- EI IKLh

o DCEFL0%sm{ deriGh L0 Yorkvaidd Whénl @ siifored parameter has reached an unacceptable but not

critical level of operation. A trip action is activated when a monitored parameter has reached
a critical and unsafe level of operation. The system controller performs all trip functions.
Motor/controller analog input readings are passed to the compressor controller for display
and they are speed, amperage, DC bus voltage, and motor power.

[0037] While specific embodiments of the invention have been described in detail, it will
be appreciated by those skilled in the art that various modifications and alternatives to those
details could be developed in light of the overall teachings of the disclosure. The presently
preferred embodiments described herein are meant to be illustrative only and not limiting as
to the scope of the invention which is to be given the full breadth of the appended claims and

any and all equivalents thereof.
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! b/ ke ENA 190 et AAMED) It 41008 ()-- & SF#10%& ()--& 0
Sf#10%J& () - - & sf#10%b& () -- & . _
MLOYD&' () - Mbos ' ' '1.' | ( bCrmnltostage( rentrifupphscampyessarolyithon 1i0kes1a) vyghspeed
* @L0%& () - F* @109%& ()-F] (**t, , - #0dELC, g#10% & () -
" $SH10%meof Jor EoMPHELERE hik'coMpRsihl 0% & () - f #10% & () -
f#10% & () - #0' 0(0) 0*0HO00Y1lb@ (10% u
u& ()-S#10% u&' ( )y SH1Q06yfaKIL - sﬂe@@(y%é%ﬁéaﬁém #endtOmotor having electronically
. 10°3y>1006 & () - Y1} 11272220E0@ -7 10% U& () - @L0% U& () - SH10% u& () -

Tortons Sugicf ML AT e £ DR s M e

666K7778dEb@ 910% u&' () -7, #10% u&, ().- : :
g gap betw@gen the e)coﬁ‘s Qd the rotor? sa% Qtor having a magnetic steel rotor shaft rotatably

supported at each end by pressurized oil lubricated hydrodynamic bearings, wherein the
stator coils are comprised of a plurality of stator wires extending longitudinally along the
stator and continuing around the ends of the stator to define end turns;

b) a plurality of compressor impellers mounted to turn with the rotor
shaft,

c) a pump for introducing cooled oil into the bearings for lubricating the
bearings and for cooling the bearings, rotor and stator coils, said bearing configured so that
oil exiting from the bearings splashes over the supported ends of the shaft and splashes over
the end turns of the stator coils, and

d) passageway through the stator for introducing pressurized air during

start up to maintain a positive pressure within the gap thereby displacing oil from the gap.

2. The compressor according to claim 1 further comprising means for

terminating the introduction of pressurized air to the gap when the motor has reached a

predetermined speed.

3. The compressor according to claim 1, wherein compressed air from an

external source is introduced into the gap during start up.

-11-
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axial hole extending therethrough to accept oil for cooling.

6. A multi-stage centrifugal compressor with integral high-speed motor
comprising

a) variable speed permanent magnet motor having electronically
commutated stator coils surrounding a rotor carrying permanent magnets, said rotor having a

magnetic steel shaft rotatably supported by bearings,

b) a plurality of compressor impellers mounted to turn with the rotor
shaft,
c) said rotor comprising:
1) square cross-section steel shaft defined by four faces parallel to

the rotating axis of the shatt,

2) permanent magnets defined by a cylindrical surface and a flat
surface and having a circular segment shaped cross-section secured to each of the four faces
of the square steel shaft, said magnets arranged with alternating polarity, and

3) prestressed carbon graphite fiber reinforced plastic binding for

holding the permanent magnets onto the shaft.
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are positioned adjacent to the edges of magnets having opposite polarity.

10. The compressor according to claim 8 wherein edges of the magnets
defined by the cylindrical surface thereof and the flat surface thereof abut the edges of

magnets of opposite polarity.

11. A method of starting a multi-stage centrifugal compressor with an
integral high-speed motor, wherein the motor has a stator and a rotor rotationally supported
therein defining a gap therebetween and wherein the rotor is supported at each end by
hydrodynamic oil bearings, wherein the method is comprised of the steps of:

a) injecting pressurized air within the gap at a position between the ends
of the rotor as the rotor begins to rotate to minimize the entry of oil from the bearings into the
gap and

b) when the rotor reaches a rotational speed sufficient to centrifugally
expel oil outwardly from the rotor ends and away from the gap, discontinuing the injection

of air.
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