Consol i dated Specification 06 10 2005 MJLTI - STAGE CENTRI FUGAL COVPRESSOR
DRI VEN BY | NTEGRAL HI GH SPEED MOTOR BACKGRELNG|idhtehitdpctVERTH @8 10 2bpg! d of
the Invention [00011 Historically, small Iow flow rate conpressors (bel ow
800 ICFM (200 HP)) with discharge pressures bel ow 150 psig were either

screw or reciprocati Y REs s g eci procating type
conpressors were dri vyﬁgy&ﬁﬁﬁ tg%"ﬁ i%%;)&?% éd ( 1800 to 3600
rpm) notors. Centrifu 5 g speeds, .this

di ctated use of gears to jncrease the drlve seed to hi gher ‘rotor speeds
(approximately 5 to 20 tBASRGROUND e AINVENERQN| |y, snal |

centri fugal corrpressors were | ess efficient at low flow . rates, had

hi gher mbchiphd cbthe hlogstisn and were not econonical due to the requirenment
for speed increasing gears and additional bearings. Because of these

pr obl ens[000¢ENtHisoHgaAly, GRIEANBSSAGW MR & ssB@.agjetU“ﬁ gh@ICERe (A00\ib) 1)
mar ket segment. 2. Description of Rel ated Art 002] As the centriTuga

conpress i h flow rat t hey
vere ot MrebErGaRsaRts BARA RIBNE e By I“Eﬂ%%n%fcﬁﬁ%r%@é’n YRS R
speed r easi ars an addi ti onal bearings.. ncentlve to
devel opi ﬁéesﬁ s&fer"gé*?deﬁerCFWB"a REJHPS PUBRI AP DI FED Y medeé ARSI £ or
years t hese speeds and power |evels were not feasible. The advance in
state of SResd (£$Q0 toe2¢RotPayympiers o wewrtridigat cowprassare mpvired thigheredd ingdspe s,
required high - switching frequencies at the required power levels. But

t her e wethss dictaeed e @ifigenrs (¢ intheaas thebirivegpaddl ® higherab@i spdedy (epgexsmttgly 5
nmagnets onto a shaft that is rotating at an extreme speed. Conposite

fibers thato hiawe (8¢ G8AIEICE), eBig4lly, Qﬁl@ll%}lﬁ"fb%éﬁ RRRESTs Wi & 8ds @Ecidi® aPe
t he answer. [0004] The purpose of this invention is to provide an inproved

smal | copRaciofi Qs SREEthigher mechanical losses, and were not economical due to the

ate

requirement for speed increasing gears and additional bearings. Because of these problems,
centrifugal compressors were not feasible for the low flow rate market segment.

2. Description of Related Art

[0002] As the centrifuéal compressor technology became more efficient at these low flow _
rates, they were still burdened by the high cost and mechanical losses due to the speed
increasing gears and additional bearings. This gave incentive to developing a direct drive .
high speed motor/compressor.
[0003] -' However, for years these speeds and power levels were not feasible. The advance
in state of the art technology in power electronic 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 compéct high speed

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



notor integrally designed with conpressor stages to directly drive the

conpressor to a 1 Consolidated Specificati eg,08idhte g)&@ $ibh €8s RbGhozreed
wi t hout the need of a speed increasing gear gndlad(ﬂztl orllfg% |bear?ngs for the
gears. SUMVARY OF THE | NVENTI ON [ 0005] The present invention is directed to

~a multi-stage,, .such as .a two-stage centrjfugal conpressor, driven directly
- by a hig e%‘%‘@é}ig 683 Wéﬁ&?‘m? H&?ﬁp i snse@ HicERasyie garnandfaddiiengldeaings domthei sed
“of two inpellers nounted directly on both ends of the notor shaft. The
notor sB&#®- which is supported on hydrodynanic bearings lubricated with
oil is rotated by a stator powered by a high frequency inverter that is
control |l ed el ectronical |y WUMMARS ONTHRINVENTZOACts With the power
conversi on system and Hall sensors. [0006] I'n one enbodi nent of the

o ent i oodsy The bicda if@Alib 1t BRLEORDS AR Rl o QS cilzaPecd

‘notor for conpressing air Is conprise a-variablée speed perna

reanet T8 da, B AFAOLSbL SRR b § g LR LR °

coils and the rot said rotor having a magnetic steel rotor shaft

. _
r ot at abl §°m8{]b°;5‘o?ff‘é@ mepeelgsnmenried firgsthisen bptheendsiaf the braterashel: hihgrmdipnani ¢ -

bearings, wherein the stator coils are conprised of a plurality-of stator
wi res exskaftivhighl is sgpnonied walbydradyomyid bearingd hibarated evithail isnuiated r ostawrt he
ends of the stator to define end turns; b) a plurality of conpressor

- i mpel | er powersdtteda tiiglt Wequesicl invdreer ribitok ehablied lecRoEHIR Wik a §fslepflgdng
cooled oil into the bearings for lubricating the bearings and for cooling

the bear iMegets WAthOhe BBYerloRl AsichQdtsm 8! kg configured so that oil
exiting fromthe beg?ings splg?heg d@er Eﬁ%ﬂgﬁ%%%rted ends of the shaft and

spl ashes [6B63] In one embodiment of the invention a multi-stage centrifugal compressor with an

integral high-speed motor for compressing air is comprised of:
| a)‘ a variable speed permanent magnet -motor having electronically
‘commutated stator coils surrt;unding a rotor carrying permanent magnéts, wherein there is a
gap between the coils and the rotor, said rotor havi.ng a magnetic steel rotor shaft rotatably
supported at each end by pressurizéd oil lubricated hydrodynamic be.arings, wherein the
stator coils are comprised of a plurality of stator wires extending longitudinally ‘along the
* stator and c.ontinuing around the ends of the stator to define end turns;
b) a plurality of compressor impelleys mounted to turn with the rotor
- shaft,

c) a pump for introducing cooled oil into the bearings for lubricating the
bearings and for cooling thé bearings, fotor 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 ofthe 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.

{n



the end turns of the stator coils, and d) a passageway through the stator

for introducing pressurized air during stagpnddlidh@dTyebiRhflo® qPBH LbYS
pressure within the gap thereby displacing oil fromthe gap. Consolidated

Specification 06 10 2005 100071 The invention is also directed to a method
of startifg,a fulti-stage centrifugal conpressor with an integral, .
- hi gh- spLde@g}mt € IIWﬁ%tF?ﬂgff‘ plie disets tﬂ&’s“‘&%@a‘?ﬁﬁtaﬁ% & npgtigage centifigabal |y
“supported therein defining a gap t herebet ween and wherein the rotor is
suppor t E}MPEESOE Faf amdntpgrahlighsasadamiotorowhelsathienystor ae nestatot frel aebloed i s
conprised of the steps of: a) injecting pressurized air within the gap at a
~ posi ti oretitemabiy sufioeted itktscin e filiag & @lap theachethieen’ DIAOThREBIRSrdid? i§ HipbRed O

nmnimze the entry of oil fromthe bearings into the gap ‘and when the
rotor 1 gaabiesndby Rydbifnatic sReesisul lhakiithe heaG8R LdAMABk LY meSHBEL Ol

the gap, - urn

.outwardly fromthe rotor ends and away from Iscontin 8‘t he

~‘injection of air._Jy000 4 her. embodi nent of the.lnvention_ is
directed to a nul %)I[ -sta %:Xgéﬁﬁg%{nuzﬁglau ‘E@Hﬁgg%&m 2@ PRSIHOR g%\‘"ﬁ?n thegndspeed
not.or conprising: a) va{i abl e speed per manent ma%net not or  havi ng _
electronical ly commut %t B SP0aESMCHPSbagns GuiRtAtn e miridtier theamiyi ofypil
per manent magnets, said rotor having a magnetic steel shaft rotatably
 supported by beari ngs, fipn the p¢anings intythefzapengressor i npellers mounted to
turn with the rotor shaft, said rotor conprising: 1) square cross-section
steel shaft defingd bywheuthd at@srepeticald edtatienal Rpeddobititiogt axtmuPfughine

shaft, 2) pernmanent magnets defined by a cylindrical surface and a“flat
- expel oil outwardly from the rotor ends and away from the gap,
discontinuing the injection of air.
[0008] Yet another embodiment of the Invention is directed to a multi-stage centﬁfugal
compressor with: integral hi g_ﬁ-speed motor comprising;
a) variable speed perjnanent _magnet motor héviﬂg 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 comprcssof imbellers mounted to turn with the rotor
shéﬂ,
c) said rotor comprising:
1) square cross-section steel shaf{ defined by four faces parallel to

‘the rotating axis of the shafi,
| 2) permanent magnets defined by a cylindrical surface and a flat
surface aﬁd having a circular segment shaped cross-section secured to each of the four faccs
of ﬂ'xc square-steel shaft, said magnets afranged with altemating polarity, and
3)  prestressed carbon graphite fiber reinforced plastic binding for

holding the permanent magnets against the shaft.



surface and having a circular segnent shaped cross-section secured to each
of the four faces of the square steel Sha@énso‘ﬁ@hﬁéd@ﬁ@ﬁk%&{ rRNgedopst h
alternating polarity, and 3) prestressed carbon graphite fiber reinforced
pl astic binding for holding the permanent magnets against the shaft. 3

- Consol i dated Specification 06 10 2005 100091 The stator and inverter are
wat er cd80@Y uihé satargnd imveeter frearatexabidgeilizingheegdieat Heh m@[—\s thes |

-and the stator is controlled by inducing cool air to the gap 50 that urges

" the ar edefwei hO RN MBIHRSIEHCH BRrodd by HAuEA '
"bat hing the ends adjacent to It he rrragnetys |HIC%%I60 FH %nsgaa%?eﬁrtﬁgttﬁxé

“enhance i i hol t he
‘rotor f%ﬁeﬁgogg%on g%tgg%h B & erhg:ré(’)t l%lhe?gl Pg?lﬁgégéthf Lég%fﬁpt air
fromtheoﬁﬁ;gond rge |nIIet IS then ed through the shaft takl ng heat
away. - The "holirgasts Fhored oflorAn pltergate |5 f}cemtewetodhﬁ Rk Reeling isrusdigimgents r om
t he second stage inlet to the first stage inlet. [00101 The rotor is _
_constru@f‘@t‘j hgle thepygh kg WtQﬁﬁﬁméhﬂamgnéatﬁWlmmlbotathe fimaigstegesimpelient €dobn a
square cross sectioned steel shaft -and retained by neans of a prestressed
conposi i foem ensegorabitagesintet ehempastd@roBRIEFsHIBESERLE TN, Tie RAW NGS
[00111 Figure 1 is-a schematic draw ng showi ng the el ectrical systemfor
provi di figrce gt Iélr(ﬂiiw BOWe i r

node; 10012] Figure 2 is aE ffe??rﬁgfrg?%lg%ﬁgwt@ge%%%oﬁé%lgﬁptmgc%%% egl on
stages, j@kf path and intercooler; 10013] Figure 3is a split stator
construction drawi ng; [0014] Figure 4 is a cross-sectional view of an
22?2{? Liqqlgi 'ﬁ'lge?\:n!r:]tg 9 %%gétlru_%:te%f OF Ifgl?rr ﬁal%’moolnogl%aSp]edFéa%gn%n? (;Iogalft’jl ntle(l)gtn(g{s

‘mounted on a square cross sectioned steel shaft and retained' by means of a prestressed

composite carbon graphite fiber winding.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1 is a schematic drawing showing the electrical system for providing |
electrical power to the motor during the startup and running mode;
[6012] = Figure 2 is an illustration of the rotor with tv;lo compression stages, air path and
intercooler; |

~ [0013]  Figure 3 is a split stator construc.tion dgawing;
[0014] Figure 4 is a cross-sectional view of an assembly illustrating details of Figure 3;
[601S] Figure 5 is a rotor coﬁstruction drawing;
[0016] Figure 5A is a section view taken along lines “5A-5A” in Fiéure 5;

N [0017] Figure 6 schematiealiy illustrates a rectifier circuit for converting the AC input to a
DC voltage; |
[0018] Fi gure 7 schematically illustrates the inverter circuit compose of six IGBT switehes

use_d to communicate the current to the motor during the startup and running mode; and



[0016] Figure 5A is a section view taken along Iines "5A-5A" in Figure 5;
[00171 Figure 6 schematically illustrates @ofifdufedd®petificatibh de*10 2005
converting the ACinput to a DC voltage; [00181 Figure 7 schematically
illustrates the inverter circuit conpose of six IGBT switches wused to

communi t he. cur t to the motor during the startup and runni ng node,
and Co @%‘ﬁdgﬁé’afﬂs%ﬁ@ﬁf?‘%% ot BT gty Powesgd o B IGRIT svitthes usaattes a

- boost. chopper circuit conposed of two | GBT switches used to step-up voltage
| evel ofteptl OltagrilevelDmEThe DEPPUESCRI PTI ON OF THE PREFERRED EMBODI MENTS
[00201-Figure 1 illustrates the relation between an electrical control

system incl UDETATLED OFETHE PREFERIOVD EMBODRGANTR | er -2, and .
a power conversion system including a rectifier 4, a boos , an inverter
6, and 0090} O'Fidure TN ELEHEGE the f1at & : ' hS. M tR the power

: convers?%n ]syst%lrlﬁeand. Hal | senso%go?iir’:is ttgle%?ﬁri/ite%g{dﬁgt gér;rﬁgotlasyftﬁ%’ é%cth\llq\gﬁ' 4as

‘ot or fy i tions to accommdaje the conpressar |oad. [0021]

Fi gures %e@ggﬁgﬂ%ﬁl &Satgrog}perests%reco Egprﬁ?ra:‘c PPOSST CRBYTFION PRt ernaReng; ¢

-fl ow path vfmtp i:tgt'erstage air é:ool ing. Atnmospheric air enters, through a
first stAYaliChitet b9ast 5 af ipverter 6c3d g mgkpal 7. cBpelsetsion! eontigbsyseminitedacts -

‘conpresses-the air and causes the air to be heated. To increase the
ef i ci eWath the power comyarsies syriemrand 84 sensersal to psovideohmetbri startuphasatvell as
exchanger 31 before entering a second stage. 26 through a second stage

i nl et 2dotoftfell ket conditiang@raccithibilze thecoaipravgéebagnt eri ng at 29 and
exiting at 30 to.exchange the heat fromthe air to the water. The second

- stage 2fpobyf t 8EuEOTPE @58 QSi1TubRaBitKe ARod &rgﬁ}@ssgf% riti Sl §§/ ! i\»’vﬁ!%aiﬂé?) ‘o

100221 Pressurized alr is introduced froman extern sour ce

. the gap : e -1 ot qr, and .t he stafor 52 t revent olil fromthe
beari nggégéngg%%u%ﬁésﬁﬁr‘?g ?ﬁrgggplhgfl%l‘alrzgﬁﬁrrsbth’%?@b?if?fﬁfp tihge 5’2?5 %]G PHEL t he
rotor 28 is belgcl nning to rofate at start-up. ,For .
‘centrifugal®compressor stage 27 which compresses the air and causes the air to be heated. To

increase the efﬂciency of the compression process, the air is cooled in a heat exchanger 31
before entering la' second stage 26 through a second stage inlet 24. The heat exchanger
utilizes cool water éntering at 29 and exiting at 30 to exchange the heat from the air to the
water. The second stage 26 further compresses tﬁé air 25 to the desired pressure level.
[0022] Pressuﬁzed air is introducc_ed from an external source b.y line 23 to the gap 50
betu'/cen the rotor 28 and the stator 52 to prevent oil from the bearings 53, 54 supporting the
_ rotor 28 from entering the gap 50 when the rotor 28 is beginning to rotate at start-up. For
purposes of this discussion, the arrangement related to beéring 53 will be described with the
understanding that the arrangement related to bearing 54 will be similar.
[§023] Air forced into the'gap 50 may be used to control the atmosphere between .the rotor
28 and the stator 52 to prevent the entry 6f oil within the gap 50 of purge oil that may already
be in the gap 50. After startup, when the rotor 28 is rotatiné 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, _;he pressurized air through line 23 should be discontinued. If pressurized air were to be



pur poses of this discussion, the arrangenment related to bearing 53 will be

described with the wunderstanding that thecghiAidg clichBbshd ¢o beaki ng
54 will be simlar. [0023] Air forced into the gap 50 nay be used to

control the atnosphere between the rotor 28 and the stator 52 to prevent
~the.entry of oil wthin the gap 50 or purge oil that may already be in the
~ gap 50. sPppléad tetthe gap;0 wheighrbiationd] spedl8, ursiesintbdd fritgiontand heRantofslé fdisi ent
that any oil -contacting the rotor 28 will be centrifugally hurled fromthe

T ot or ' 288amd the\atytof 5DMckilteoc@ap 50, the pressurized air through line 23
shoul d be discontinued. |If pressurized air were to be Consolidated

~Speci fi qagign [ ~gap.50.at _hi.gh rotatiopal  speeds,
undesi r gbl ecqf r?(%}}l%’ne%gggtaﬁ%&gtg ?lﬁ}ged%)?&t%égg?(getrg?adgg Cﬁﬂ@“?ﬂseg%"teé%t?ﬁ o d
occur. [0024] [Bii\%hds eed rotation 1of the rotor 28 under |oaded conditions -
gener at 82 Cheat 9 KIHARES 108281 capRerlesses: fad harmanicsn Thedows sl 53 isseeled bynd
harnmoni ¢s, . The rotor_shaft 55 is cooled by bathing the ends 56 of the .
shaft 5%52ihingHis| &ds i) of thy shaf 5§uﬁwéieﬁwlgu@pl Bopupiped dghpwitp Sopthssghes] 57

. Wwhere it is introduced under pressure to bearing 53 for lubrication but

- al so t oPresapsseS hedieref it dsrinthiodubmanndeg pbdsaedo basrig 5% PhioRbEsatidnoMi e to
‘bearing 53 in a cavity 58 onto the end turns 9 of the stator 52, renoves

heat  fr eeméteh@0gobtiheDeli , RRLACEALE] that
eat fresm &0 grofthe e 58 R8d Sdsat 91ashes fibin &F%‘ééﬁg g.}fﬁ% %‘E;Q‘?lgf%gﬁggto a.

punp 59 is shown schematically and provides oil

bear i ngghd dhqt) ' 0 ' te ft.cooli arrangement
Ut e shal s 3oRIP Lor b3 eHove i sBl i 2o 1% ofoi0he o252 S B PRt Bugh o

hol e in t. of . the rgtor 28 to the first stage_ inlet 21. The notive
force fB% %H%Ig%l}erd ?f?t PREPATT $% PR é‘i’heﬂ}aé'sc%lﬁbf 8 Providesseit s dliselathe Tokiret 24

which is higher than the pressure of the first stage inlet 21. This
- arrange n érhthélaé%?rfﬁéy-used in conjunction wth the oil cooling. [0026]
Directi n%gfat tention to Figures 3 and 4, a synchronous pernanent: nagnet
mot or 7[4035] uAeditematdrshe®t cobling amprgessor (mt slgwen) a6 sapilyidg codhgr MBhOhe? | S
~conprised of the stator 52 and ' : ‘
. second stage inlet 24 through a hole in the shaft of the rotor 28 to the first stage inlet 21. The
motive force for the air is the differential pressure of_ the second stage inlet 24 which is higher
than the pressure of the first stage inlet 21. This an"angement can also be used in conjunction
with the oil cooling.
[0026] Directing attention to Figures 3 and 4, a synchronous permanent magnet motor 7 is.
- used to drive the compressor stages 26 and 27. The motor 7 is compﬁseﬁ 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 52is split in
the middle to acqornmodate 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 1s used to remove or to preVent from entering any oil



the rotor 28. The stator 52 is manufactured using el ectrical steel

| am nat ed di sks 60 that are stacked togethgh li@%te%ih‘gi@@'f' Dti & €03
Lam nated material for the disks 60 (two shova”lo) 'S f [hllcgﬂ qggi?yo%ereby

resulting in low losses. This stack of the stator 52 contains three- phase
~distribyf esk 560 Q e Ah ARG et -fo sl ots. The stator
52 is split ?ér/{??hgnﬁﬁj é'mteg-acc w&&%ﬂ?ﬁi%ﬁag?&eﬁgﬁa?ﬂ‘tﬁ‘éméltﬁ@ﬁ‘ﬁﬁa .
spacer in ce,of ,one .or .nore dj sk 60, havi ng spoke passageways 64
ext endi ﬁvgat?réccﬁ’gLe?IJ?cﬁegI@u‘ﬁlﬂFg’/ ‘Sp‘?"BE‘%‘ﬁh’leiﬁﬂ(? a@i%r 'q # BRI {(hextermling propnd the
stator 52 OD (outer dianeter) to the gap 50 between the stator 52 I D (inner
- di amet ePptsiefithe stator 32 ZBomptherpibe aigiy dissibuteddhrangh dimpspokepatsoggwayu ent
.fromentering any oil 4 6 Consolidated Specification 06 10 2005 in the gap

-50. Air inte thggapisded through line 23 into a passageway 66 extending through
a water-cool ed jacket 10, which is around the disks 60, to an annulus 70

‘ext endi OUDgelifi® bawks dR wired BE t{g Al s
-~ distri b{l}?)ezgmt hrg%gﬂkilﬁt he spoke pargsaggﬁa%@%%ﬁizgnrgfe?rr?gﬁgg%qgoag[%Bf‘?i dre

Openi ngsRe W r esH0f - | res .adjacent to the 50
- are ,prgf/i d&eig égro hg? ?lﬂ%éegi ggé}éé B%%F?%leﬁ hgf?{]gfst\é&é)g ?’%H@l’é/ouél%%stpﬁtwc?&eré’?g‘aeg .
“nmount ed. t he er-coaql ed j.acket 10 that prqyides cooling for the heat

Comor ot s ten T e CodiE o me Peat HBerBiea yhe pepper W pralstesgpeated in

Therefore, cooling occurs by both the oil flow through the bearings 54 and
f1ow of hgasteler Sk &TﬁrﬁfPWe cpligeccup. by bathghe Phleflowtthropghsheshemmgs 64 Findur es
~.5.and 5A, has permanent magnets 12 nmade of rare earth samarium cobalt.

Ther e "aflewfadfwatgpdhmeghére jaakedt0. The magnet geometry is a half noon shape
"to.mnim-ze magnet end | osses and.mnim ze stress |levels. The hal f noon

* ‘shaped [0028NetEheli3eor 2fsHRie) iﬂmiﬁﬁ@ﬂs%d%ﬁé%@r SrRARES AL PPethasLegleshaft
75 which is used to conplete the conductive field. The nagnets are encased
?‘Xi al |y expt ﬁnﬁ‘?ﬁh?@éﬂﬂ?tfh\é?e are four poles per rotor. The magnet geometry is a half moon
shape to rﬁinimize magnet end losses and minimize stress levels. The half moon shaped
' -m_agnets 722-72d are mounted on a square c;ross sectioned steel shaft 75 which is used to
complete the qonducti;.'e field. The magnets are encased axially with non-conductive
titanium end caps 13. Titgni'um allows _seﬂ$ing of the rotor rﬁagnets stray fields by Hall
sensors without shorting the magnets. The rotor magnets are retained radially to the shaft
with a pfestresscd composite winding 14. Th.is' composite winding 14 is a high strength, low
electric conductivity and high resistance carbon graphite hiber composition. The pres&essed
condition of the composite fiber winding prevents magnet lift-off from the shaft which could
- _damage the magnets during operation.
l[0029} The input voltage to the power stage can vary from 380V to 575V, 50 or 60 Hz.
The AC input vjoltage is converted by the half controlled rectifier circuit to a DC voltage
whose levels can be changed by the boost phase. The DC volla.ge is changed to an AC
voltage with desired magnitude and frequency by'the inverter stage. The stator windings are

connected to the inverter output.



titaniumend caps 13. Titanium allows sensing of the rotor magnets stray

fields by Hall sensors w thout shorting thgndBMeRgIdSSpetiiRafioh U6 TBANBES are
retained radially to the shaft wth a prestressed conposite w ndi ng 14.

This conposite winding 14 is a high strength, low electric conductivity
and hi gg resi stance carbon_ gf_r aphite fiber conposition. The prestressed .
~condi ti 6903t Ree Buegpaasechali-eantrolied divmigtopshewntis Figuye 6tis hisdd toafohvért ¢ie t he
shaft which could danmage the magnets during operation. [0029] The input
vol t age inpuit tvebageoteea DI agieagedevetamC iolape38Pel \debendalorbthY, inp@ Wlta@0alt®is The
AC input voltage is converted by the half controlled rectifier circuit to a
DC vol t 298 high¥SRed @3Cints Gale QE&E%B&%Itgﬁe.t Rehﬁg-géﬁtrﬁgéﬁftﬁg&&eis aéiyeoc{f}]gge |

is changed to an AC voltage with desired nagnitude an requency

i nverte L. W ndings—are nnect e the inverter. output.
consol | Jat e YEsiob Fr BhFHBke Bo0eh NOCTRIE snate Hreih,| Senphaemiotieg St sites”™ -
hal f-co td"olled t hyri staor,shqwn ig Figure 6 is used to convert the input
vol t age Yo 546 8161 tongectpdiefie 39edenprdgrihedss af the Hageshiartarndsi ihetRC
voltage and is 1.45 higher-then the rns value of the input voltage. A

~ hal f - coFRBPIal hixe Rslosr ppwenrmatimgodue tchithee stmhllr valtage sldfe  amdsidnhrisgegicodes
16. Three snubber circuits 17, each consisting of series RCcircuits, are

connect #uipdsed behahaldesntesitbdaastified esmpiret e tHefulecdnbysbS vaEDn1 A sofgafRC :
conponents have a | ow power rating due to the small voltage sl ope transient

i ncreasy bsEOsERithYlyt dfrfalfe 50N bailce hah® Ghit k%ﬁ@&@@&f?‘hé 9 1E-Q§ntrouﬁd
d trally c%arget e DC

full-controlled. version. A soft start is used to Initia

it ; torid 0 | f.- troll thyrj st t put.
The bC Samae) PabUF, TASPERAPEELP b Ois ol B B i pldeebtonglen ™
tart 0311 Mo fart S depl dint t . Both st
Convent 934 SR Rlhor s A bBe? e ritodioth SUIss 4G CORRON IMeEpy

steps, two out of six IGBT (insulated gate bipolar transistors) swtches
18, as SKebTkisAnyor gaseding. Rrdngeschefithe siksteps, e, our@flsixiGBT Hasulaed gaat as
- the nmotor accel erates, one of the switches is PWM (pul se-w dt h nodul at ed)
at bipolar transistors) switches 18, as shown in Fi gure 6, are normally tumed on. To limit the
current as the motor ac.cclérates, one of the switches is PWM (pulse-width modulated) at
18kHz. Each time the commutation state changes, the switch tha£ is modulated is changed,
resulting in even switching loss distribution among the six IGBTs. The duty cycle is at 100%
when the mbtor reaches about 80% of nominal spced. At this point the control switches to

the second mode. |

[0032] The second mode requires control of the step-up (boost) cfrcuit shown in Figure 8.

At the end of the first startup mode DC, the bus is éiready charged to 2 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 pqriod. In the PWM switching mode the switch control signal, which

controls the state (on or off) of the sv\:fitch, is generated by comparing a signal-level control



18kHz. Each tinme the commutation state changes, the switch that is

nodul ated is changed, resulting in even S@bhm]d@&dmlf@aﬁéﬁI@B,II]OQ@OngDng
the six IG@BTs. The duty cycle is at 100% when the notor reaches about 80%

of nom nal speed. At this point the control switches to the second rmde

(00321 Thg, %E%Hda TRARIG £ e O Ohre qglfegé %f%@si%ey&gw%gf&e}%g{ i 8

shown in Figure e en tar

al ready ch ed,to a depen n the rms vol t age value and
the not &% ﬁ?@gg?a}%ét’?&‘ﬁ{’a ﬁ‘rféla%§FtP@6Fh§i)@'§éW”?}6‘ng&ﬁﬂH§W1 ncrease notor speed |
it is necessar to increase the DC bus voltage |evel. The voltage |evel.
changed (@3 3}:ha%@ﬁﬁgthﬁwogﬂ@@htmwagmqn@mle PBH cirguit elidwreth Bigurelfeis it i on
of the on duration to the switching tinme period. In the PW switching node

the swi achx-stemtomtolsheteakhiciMobtains themidredss of kiee bR @péddntoad déltd nehirdane
switch, is generated by conparing a signal-level control 8 Consoli dated

~"Speci fi ¢glhk.oCuRent 1w OBR LR IhAER Woldh pﬁas%%ﬁaﬂngé Y6 alaNeE AL tﬁhp Iﬁﬁgfénetﬂé’ency

~of the repetitive waveformwith a constant peak, a sdaw o0

~ establi e 03 rin
vol tageél}gg?\ﬂs&g%ﬁ%gﬁ Mf\&%ﬁlﬁ% ﬁ%om%f[ﬂ?en g}l(g}é'jes &hé ﬁmofﬁr i%dfoaggé’&t Il((}E)nt rol
node whi ch ain e inhgrease o or S to a desired nomi nal
Vot T Bhs Tedilaed Boroninn i HlookHo BhiA Shpa %% 7 fige> SBOSEvearRag? o
dependi ng on the on/off setting of the I GBT switches. Each of the six |GBT
swi t che¥ apRlish Puring the eapaf 6%, epysizow ianwpped r Byugiingds denorddunged i the
| ookup table. During the- 120 on tine, a positive voltage is applied.

During $dmes gamenin 6@ otiemewgbhiseg Avastiipfeing &Ehareggizingds igplied enresgrust ed
in the same manner in the other two phases. A variable timing of

ener gi zihp€e: pisasédPf ihadihert 6 @SEBlehdLof 110° SRR RSO Tﬂwhak&ﬂt ?oés%l@to
difference of 120 between phases. This nmakes it possible to ive a .notor

when a ng et 'rHEkSnfeg@kﬂado% @@Er%hgr%ted10034l A position detecting

CI rcuit sensor own in is based on the Hall

[0034] A position detecting circuit, the HaII sensors 3 shown in Fig. 1, is based on the Hall |
eifect.characteristics. Thre.e Hall sensors are mouhted 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 éero. 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 6ptimized 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 cross@ng.

{0036} The system controlier perfonﬁs all control functions including: motor starfup, PWM
control, boost control, six step control, motor position detection, current optimization and
speed control. The compressor controller controls start and stop fﬁnctions. A serial link
communication is established between the compressor and motor controller#. Motor control

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



effect characteristics. Three Hall sensors are nounted 60 apart and
designed to detect the stray magnetic fieltdasdlidaBd SedMiaAbn! G 90 Rees. A
positive signal voltage is |atched when a rotor south pole nagnet passes
by the sensor; otherwise the signal is zero. The Hall effect pickups

enabl e '\%QI osed | oop commutati on of the inverter and notor stator w ndings.
100351 WAEF-S RECHH BPInt<losPaedwiihand Sipestpointobish spendralerm asl wiptskpbized by
controlling the current phase advance to related i nduced back EMF '

(el ect r uaBhmcnARAregs) alinm adrbtrpt stpoint, lshddiglg anAldadC BV a8k QeBbRESIARY | S
~used as a reference point for the current winding injection. The Hall o

sensor s atiemestion e atibekedEMrerZ 8 bt RIS At etdP A6 NG SY ﬁt&%ﬁ?ﬁé bt +§tr
up, | ,

perforns all control functions including: noter start contro

boost cesatirql ' COQtE . - PRSI tection, current
coptim zati oﬁ lfg’r?gbf(g%éégtgméOﬂﬁ%{iﬂﬁpﬁfﬁ%?{%gﬁ%@iﬁg@% Igg?f??'rgﬁli P Wgeﬁﬁ’?%‘iegc@f]art :
and sto tlons, er. |ink comunication js established between the

: conpresgoé;rﬂfg%ldin% ol fécgeﬁf"lr_‘gfil cppésf:gl_onwal}ﬁ Syt FB?PUOlLeétPEEfPﬁ?% afltep denpsieds. from ©

t he conpressor controller to the. notor controller and they are: 9

Consol i t_@ﬁ""@ﬁf@ﬁﬁ fRaleg Hipubseatdmes Gos persed ite thes pasapresser cpoiralier hodisplaged

alarmand trip setpoint, high speed alarmand trip setpoint, maxinmm -

anper agéndthey prespded, rimpesage DT tis vokemd, anighetoapeweiow DC bus al ar m set poi nt .

An alarmaction is activated when a nonitored paranmeter has reached an

unaccep{®B7p Dahilagpecifid bnbdineh@\WEIthOnveRESELIRbeeh dbidib 8% BO%1T § wi

activated when .a nonitored paraneter has reached a critical and ‘unsafe

lovel | obe apstabiay dhe QURMSTEON 10l LBioRSHLARIRIAL bnd HhB LIS o0

Mot or/control [ er anal og | nput readings are passe egdgfhose

Totor  paaey s Rl 2 Sl bt GBI e tebG Wheistloowin 1 The mevetnoon

described,in detail, it will be appreciated b%/ those skilled in the art
that vaPicbuedfsrhodiments drsrbstiherrinegrn ateanicls heolllusimtive ondyt aid gotdouitidg be
~devel oped in light of the overall teachings of the disclosure. The
present 10ythe scope of themvention which is to be given the full breadth of the appended claims and

any and all equivalents thereof,
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preferred enbodi nents described herein are neant to be illustrative only

and not limting as to the scope of the I(]Mﬁm”ogfbo\@ﬂ&m(jagoﬁ%é)@oglomgn t he
full breadth of the appended clainms and any and all equival ents thereof.

Consol i dated Specification 06 10 2005 THE I NVENTION CLAIMED I'S: 1. A
- mul ti -_sﬁmﬁéﬁ@m& ssor with an integral high-speed notor for
: corrpress*r‘ngm-r—tcmmﬂ—s-rrrg—?’? a- variabl e speed pernanent magnet not or .

havi ng el ectroni c?l tated st coils surrounding a rotor carrying
per manent magnet s, HUtsEaee ‘?@"gﬁ‘g%ja@%@@%énthhealbéﬂtﬁgfahd'ﬂlgh-ﬁmd 7
rotor, said rotor haV| ng a magnetic steel rotor shaft rotatably supported

‘at eachn@mj‘ f@lycq@msssmgazxe@rmnsmgjbn cat ed hydrodynam c bearings, wherein"
the stator coils are conprised of a plurality of stator wires extendi ng

- longi tudinal 'y al gng thlevﬁ'tablwrspé\d’@d peffidreAt! | AggrRE Qﬂﬂdartﬁﬁlﬁ‘é‘de?edﬁfoniclﬂﬁ
stator to define end turns; b) a plurality of conpressor inpellers rmunt ed

Jto tur ncdfhﬁlntatéaestﬁtgf; Qéllsséﬁﬁfohndlﬂg RYBr %%ﬁh?%\%ﬂ@%@hﬁ&aﬁ&% aghdLih thidk s § he

" beari- .ngs for lubricating the bearings -an I ng~thé bearings, ro or

d f d hat f
‘boar  ngetepferbwecRif AREL Mt 300 Shasp @ fabnetEteed oL R

~the end_turns, of tf}les tor coils % d) passageway -t hrough the stator for
i nt r oduB PR Bt 85 &BFH S84 OXi PICWFF% ol s]P]é‘F‘Eat‘iijphf‘Hoﬁﬁia\Wlal‘?‘Paaﬂﬁ)%s‘}‘}lﬁif@)é the

-pressure within the gap thereby displacing oil fromthe gap. 2. The

conpr esgaor gedo A mnmmeéloélarm urdlity pfietator ovipes &itenyling dorgitidinally elomgrthe i ng
the introduction of pressurized air to the gap when the notor has reached a
pr edet estatonet apeiedingroufidehe emproé seatataoeedhd and urgd; ai m 1, wherein
conpressed air from an

b) a plurality of compressor impellers mounted to turn with the rotor
shaft, |
'¢c) © apump Ifor ihtroducing cooled oil into the béarings for lubricating the.
- bearings and for cooling the beaﬁngs, rotor and stator coils, said bearing configured so that
oil exiting ﬁdm_the bearings splashes over the supported ends of tﬁe shaft and splashes over
the end tums of the stator coils, and R
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-



external source is introduced into the gap during start up. Consolidated

Speci fication 06 10 2005 4. The conpressor CagsfiddtdisgRiffdafibi d6 100Q0SI N
the stator coil is supported by |am nations and wherein the passageway

extends through the stator coil |amnations m dway between the axial ends
of the rotor shaft. 5. The conpressor according to claim1, wherein the
rotor shaft has dh Thki®QMPrsice wserdingingeleime e hewsinghe tasorsedépt oi | for
cooling. 6. A multi-stage centrifugal conpressor with integral high-speed
not or  cofPPEsdrhy lamingtions ans| vehessin g Prsraf e itendatirraeh thetsetor peili ng

el ectronically comutated stator coils surrounding a rotor carrying

per manent JaRigATeRSRIdWaY betyesndhe axighends of the rriyskafi ¢ steel shaft rotatably
supported by bearings, b) a plurality of conpressor inpellers nounted to
turn with the rotor shaft, c) said rotor conprising: 1) said steel shaft
havi ng a square cross-section defined by four faces parallel to the
rotating axis of X h&hefeapressoypecgrding tp gl hewkerein fisaeter ad hasan by a
cylindrical surface, and a flat surface and having a circul ar segnent
shaped cr &4 helecxientingBergieyeh o asephoil 197 cqoliBe-f our faces of the square steel
shaft, said nmagnets arranged with alternating polarity, and 3) prestressed
carbon graphite fiber reinforced plastic binding for holding the permnent
magnets onto the shaft. Consolidated Specification 06 10 2005 7. The

conpr essor accor dt n§ EBHEPss G fyeah qorwreston ik integr) hightsager mofarect

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,
¢) said rotor comprising:
1) said steel shaft having a square cross-section defined by
four faces parallel to the rotating axis of the shaft,

2) said 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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magneti c sensor proximate to the rotor for detecting a change in polarity

of the magnetic field of the rotor as a copa®ilidefedidpRcEREBHE 06 10 2005
cross-sectioned shaft rotates past the sensor. 8. The conpressor according

to claim6 wherein the Magnets are positioned on the shaft to define a

.‘continuous cylindri cal ~gur, ' : € SSor cording.to claim8
wher ei n edges of Zéch ggr?étaﬁ?easﬁogr aﬁ:ogﬁﬁ?%{r?(;@%ﬁjga%gﬁ? %°6n¥%@%%§%@-°g€?°t_
‘magnet s_havi ng opposite- polarity.. 10. The conpressor -according to claim8
“wher ei n “éa&B%“scg“&f‘gC{} RECHHTGILP dhe rlgr fﬂ%&“ﬁ%}mﬁﬁ’ec £5 Waolary of themeagactin Beldof
and the flat surface thereof abut the edges.of magnets of opposite

- pol ari t §f therotopanpeoraer offthe squerd ¢rgssaseatipnad shefigetatee past iffeisgasorconpr essor
with an integral high-speed motor, wherein the nmotor has a stator and a
rotor rotationally supported therein defining a gap therebetween and
~wherein the rotor is supported at each end by hydrodynam c oil bearings,

‘wherein the method. i s qaEPEdngsessaf &@&aﬁ{%eﬁg g%ié% % O@%rﬁﬁt kg ﬁ&fgglgnﬁg#'gzed

air within the gap at a position between e rotor

rotor bggifi r ] D, 0 ntory of oil fromthe bearings into
t he gaE ér@"eg;an\kgée%;aﬁhté%re g%&o%g??@%&légsgc}gmﬁ 5’% %-SPE;%%':I' speed sufficient to
centrifugally expel oil outwardly fromthe rotor ends and away fromthe
~gap, discontinuing the injection of air. : :

9. The compressor according to claim 8 wherein edges of each magnet

are posi tioned 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.

1. A method of starting a multi-stage éentrifugal compressor with an
integral high~speed motor, wherein the motor hés a stator and a rotor rotationally support.ed
therein defining a gap thercbetweeﬁ and wherein the rotor is supported at each end by
hydrodynamic oil béarings, wherein the method is comprised of the steps of:

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

| b) 'whcn the rotor reaches 4 rotational speéd sufficient to centrifugally
expel oil outwardly from the rotor ends and away from the gap, discontinuing the injection

of air,
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