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K VCCIEIOBAHMD IVHAMIMECKUX PEXVMOB JIIPABIAEMHX
THUPYICTOPHHX JIEKTPOIIPMBOLOB

SOEHIVBAIE A.A.,JUCTEATAPTEH B.A.,BAIVIPOB C.M.,
SAVPOBA T.A.,KYFPIXKOB D.M.
cccp
AsepOaitnxanCKuii HAYYHO~MCCIEN0BATENBCKUlT MHCTUTYT.

um.A.I'. EceManoBa
PaspaTHe OONYOPOBOXHREOBOZ TEXHEKR OTKPHIO MHEDOEKME OEpCIEeK-

THBE 0 paspaCOTEe A CO3NaHAD JOPARIAEMJX THDACTODHHX 3JeEKTpO-
OPEBONOE OEPeMEHHOr'0 H NOCTOHHHOI'O TOEA.

Xora 3a moclegHMe I'OTH ORYyGNHROBAH DN pacoT, MOCRAMEHHEX
zccue;iosamm cEcTeMH " craTHYEeCERf npeodpésosa're.u 9aCTOTH-
aCHEXPOHEHT' nmli'a:reu " 1'7. fARNeHAs, IPOTEKaOIEe B 3TAX CHACTE-
MAX E3YYEeHH €me HeJoCTaTOTHO. ‘

K oCmemsBecTHEM TPYNHOCTSM, HMENIEM MeCTO OPE ECCIEqOBAHAR
TepexXONHHX OpOIeCCOB ACHHXPOHHOrO IBEraTeld, NJOCABREDICA eme
HOBHE ,CBA34HHHE C HAINYEEM BeHTAIEeR, KOTOpHe B YACTHOCTH oCyc-
JORIABADT NOgRIEHAe nened ¢ mepHOnEYECKO# KoMMyTamzeld.

OnHO#t E3 CymecTBeHHHX OCOOeHHOCTef CTaTEYeCKEX NpeopasoBa-
Tenel YacTOTH ABIAETCA TO,9TO HA BHXOXE 3TEX mpeoCpasomareneft
HaNpsXEeR¥e mpeyucTaBldeTr co6of cTyneRYaTHe KpmeHe.[[pE 3TOM TOR
IBEraTeNs OCHIHO ONDERENAeTCH MyTEM mOCJENOBaTEIBHOrO PacCMo-
TPERES IPONECCOE MpE PASIAYHHX COCTOAEMAX mHBepropa o' mim
ACOONB3YEeTCA METON IapMOEXYEeCKOI0 anannsa7.

A1 KBa3HyCTAHOBHRIEXCS H IMEPEXONHEHX 3JEKTPOMATHATHHX HOpo-
0EeCCOB MORHO NOIYIHTh OCIMe aHANIWTHYECKAe BHDAXEHAE IJIS TOEKOB
B MOMeHTa ACZHXPOHHOI'O NBHAraTeld NPH MCOOIBSOBAHEE TEODHE HM—
IyNBCHHX Oemefl B MeTOna MECKPETHOr'O mpeodpasopaHms Jamnaca.

PaccMoTprM ONHY E3 DPAanfOHANBHNX CXEM MHBEpPTOpa - TpexfasHyp

MOCTOEYyH C OI'DAHMYEHHHMH KONMYTHDPYRIFMA eMKOCTEMKI.

[lpennonaraer, YTO BCEe BEHTWIH HRIAOTCH HIEeallbHHMA, E€MROCTH
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CrJIAXWBANMErO KOHXEHCATOpa HACTONBEO BEIRKA, YTO HANDAXEHHEE
mpeoCpas’opaTeld OCTAeTCA MNOCTOSHHHM , HE3aBACEMO OT HATDY3KH.
IOpr TagoX EueanMsamim HANDSXEHWE HHBRPTOpA EMEET CTYNEeHZaTyw
dopMy, 3aBECAIYD OT XapaETepa BArpy3KE H CIOCOGa ee COEIHHEHAd.
AHQIATAYSCKA HANpAREHAE MOXET OHTh ONHECAHO CTYMNEHJATHMA
dynEmEME BEpa:
Uy =A, c’as;fz kasz’/zgffz (%=%2,3) 4]
NMepron moBropenns STEX fyHEmEE 3aBACHT OT 9YACTOTH, & EMEHHO.
o @
6f “bw
Hexe B radnmne I npABeneHR BHpaxeHAS Jum BampsxeHRA% B caygae
COENAHEHAS HAIDY3EKA B 3Be3Ny B TPEYI'ONBHER.

TARIMIIA I
B Cxema coermEHEHEA HAT'DY3KH
oy TPEeYTQIBHRAR 3Besna
& [n] gaza 1 u (n] uln]
4(n] fasa I w1 [2-2] o (n-2]
4 /n] Gasa I uln-47 Uln-41 .

7 T
”;i)p{ Haﬁpi.ﬁi';* Z;ffz/ =l cos 3—‘72 ©U=3 z zz sing /m« 7)

0 <a)i‘ \7 OsesJ

zz[n]

. 3
z{//?]—l//?o.s” _;3_ z z;[ﬂ:fzgw;afz
z

PR aKTHEHO-HH- Oswlsg ;7/<es/
IYKTABHOA Har- ; =
Py3Ke U= U o557 1{[/7/;5} S e 1) //,;_ 7
3-7[\< wty s ZZ

T
fm—(fzfz) U []=% Uy Cos 57
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prm TakoM MpencRaBIeHMEM CECTEMy "mpeodpasoBaTeldb YacTOTH -
ACHHEXpDOHHHNE nBEraTensd" MOEHO paécmarpnnau B mé BEMIOyABCHORE
-nem, cocTosme#t B3 (opMEpymmero ajemeHTa,COJNANmEro HpEMOYI'Olb-
HHe EMOy/ABCH,” NDEBEIEHHOR HempepHBHOX YACTH,ROTODAE COOTBETC-
TEyeT CXeMe SaMemeHHs aCEHXPOHHOI'O NBATATeId.

Ina KBasKyCTAHOBMEIErocg Ipomecca OepenaroyHas (yHERnms He-
NpepuEHOR yacTu B omepaTOpHOR dopMe EMeeT CAGRyUIAR BET:

. A ‘
’ K‘f(’o)—h‘z,‘a (3)
rxe Z-’=73 , anecs /;,L, - oRENBANeETHNe CONPOTEBIEHES XBEra-

£
Tend.

BBOJUI HOBH# mapamerp npeodpasonam g_ /07' omperengeM me-
penaTouRyD JyHEIHD BMIyABCHOR netm k[y £).
l3o6paxenne mag dynma TORA
1/7 &)=k 1z.)- 1([7 ) )

e V4 (7 ar= onmperenserca Mo coo'rnerc'rxymmu SHAYeHRM opm'n-
HaIOB HampsReHuft, ODpmBeneHAMX B Tadnimme I. o oGpaTHOMy mpeod-
pa3oranmEp Jamiaca Ompenelanrcs OPEIEralE (yHKOME TOKA.

Haxe OpUBONSATCA pasBepHYTHE BHDAXCHHA IS E3o0paxeHRs yHE-
omif TOK@E M CIy9ad BRINYERER NBEraTeld B TPEYTOIBEEE (O < @ f;s 2.

wmalsSeE<S), {jy,s):{d/./l?g,e)—@?g,f)/, (5)
ma J'SE s/, gffgf,fﬁ 73‘9/4?7,9 5 é,ffgf,f)/ : (6)

7 % y 2.2
Alg,6) =y~ S =1 _ P €le’-45).
I‘ne 7 / 67—6-./3 e Jezﬁ— e_—";-/-/ y
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3HaYeHAs ODHI'EHAIOB TOKOB ONPENEIADTCS IO OCpaTHOMy mpeol-
pasoBaHmp lamaca.

TpE HCCAEnOBAHME 3J1eKTPOMATHATHOI'O IepexOnHOro mpomecca B
CHCTeMe oceff, BpamammmxCd C CHEXPOHHO®X CKOPOCTEHD,BHpa%EHHE IASg
TOKA CTaTopa AMeeT CAENyImp# BHER:

Eee
L= L ), 8

e ey ©
Js)+ . (P oy #7S)
-nmepenaTovHas (yHEIAR HeNDepHBHOK 9acTH.

Onpenensgs mepenaToYHYD dmmmn EMOYABCHOZ CHCTEMH A’-’/a £) mo
ypaprenEp (9) ,sHagenme 6 (5 ). 10 BHDareHEIM n.m @asm Ha-
OpSXeHHZ, maIygaeM H3oCpaxeREe Ilg dyEXmAE TOKa ( 9,€ L

B caygae npeHeCpeXeHES ARTHRHHM CONDOTHBLEEHMEM CTATODPA BO3—

MOXHO MOIYYETH TAKXe SHANATAYECKOe BHpDAXEHHEe NJIS MOTOKOCHEle-
HAT.PaSBepHyTHE BHDAREHAS IJIA TOKA H IOTOKOCHEIVIEHHA NDHBENEHH
s 6.

Mpz ECCNENOBAHMA 3JEKTPOMEXAHAYECKHEX EPEXONHHX MPONEeCCOB
IS pacdyeTOE Hel1ecoo6pasHo ECIOIB30BATH SEANOrOBYD WIX OEPPO-
BYD BHYACAATENBEYD Mamm:yg.

Jns pacyeToB Ha JIBM ypaBHeHAd NBATaTeslsa CHIH 3alNCAHH B
cmcreme oceff & @ 3 ,BpamammEXCA C NEPEMEHHOH YIMOBOH CHO-
POCTBD, COOTBETCTBYHNE!k pPeryJinpyemoft 9acToTe ,n 0OpasyLuix yrol §Z
C HENONREEAMME OCAMZ®.

[Ipr OycKe nBHraTens 3KBHBANIEHTHOE COMPOTHUEJIEHHE HOCUT EH-
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mmﬁ xaparTep. [IpH 9TOM BHDaXeHRS LIA Hanpaxe_m lét B zzﬁ q
OTHECEHHENX K EDaAINEMCHA OCAM,EMEDT CHeIymumd BHx:

%, = ;/3-‘?@{ cos(Fn-a,I%)
A =;,3gz£{ sin(frn -, 72)

Havanseuft Gas3omaf yron OPERAT PARHHM HYJID.

(10)

g caygag 9aCTOTHOrO pErylApOBAHAS NDE NOCTOSHHOM HATPY309-

HOM MOMEHTE, HMEeM CIEnyImyD cucreMy rndbepeHnmalrHEX ypaBHE-
02088

e
e §~" % S5
”'“Ezu"%j;’d* 54’;;‘5‘4”5{2;‘%%”%; (1)
0= «g%ffx f;’/-;’ﬁ # é'd)‘,téﬂf Za, P56 452,751,

- :217/% M=Z (% %‘ Z,4

rme 2= 2 o'rnocme.uxa.a JacToTa TORA CTaTOopa, % -aécan-
/ﬁr’dﬂ ./f/ﬂﬂ
DTHOE CRONBEEHRE, S= =2 ;) /M_u)iz‘ @,=157 1/cer, // -uexamz-
YecKaad MNOCTOSHBAS BPEMEHH.

Ha ocHOopaHmE cHCTeMH ypaBHeHEE (11) OWiE OpABeNeBEH pacYeTH
3J1eKTPOMEXaHMIECKOr'0 IIepEeXONHOro mpomecca aCHHXPOHBOI'O NBETaTens
MOIHOCTSD 2,8 KbT, // = 380 B, 7, = I500 of/Mmn.

Jaa cpaBHEHHMS NPOTERaHMs NEepPeXONHHX NPOmecCOB IPH MHTAQHEA OT
ACTOYHNEA CTyNEeHYaTHM E CHEyCOHNAIBHHM HampareHHeM GIR OpOBEN EeHH
pacveTH L4 3THX NBYX BApMAHTOB; B OCORY caydaax OwWil OpEMEHEeH Me-
ron Pyare-Kyrra.

Opr CHHyCORNA&IBHOM HANpAXEHAM OHia HCHONB30BaHA CTaRmapTHad



MporpaMma OpE ABTOMATHYECEOM IOOHCKE NAra AHTEIDEPORSHEZ. lpA
crynesguaTo dopme KpmBof HampsxeHEd CTaENapTHAA HOXOpOrpamma
pemenRg cEcTeMy NrGPepeHIHATEEEX YPABRHEHRZ Oiia ECOOIB3ORARA
Kak fnomoporpamma B ofme#t mporpamde pemenms cmcreMa (11) .Baok-
cxeMa NPOrpaMMs DENeHAs NpencTamleHa Ha pac. I. Mar mETerpmEpo-
paRET /4 Gul NDERAT pamHEM A4 =4—;—, .Hpr nporpaumpoBaEmE GrnE
BEEIERH CJenyImme OGO3HAYeHHAR: /{4 =T g/}:é Y 4 éﬁ:f -
S=J .

BIE pPACCMOTDEHH HECKOABEO BADESHETOB MOYCKA JBErarels mOpH
XOJIOCTOM XOne H OpE IOCTOSHHOM HATDY30YHOM MOMEHTE IS Daslme—
ENX 3Havenmd wacror or 7=7 gpo 7=44.

Ha pEc. 2,3 NpencTaBleHE KpHEHE SABACEMOCTH /‘g=//f) OpE Ho-
MRHATBHOM MOMEHTE CONDOTHBACHRA (/7= 7 ) mpa P=7/ ® P04 mas
cEHycopnansHo B crymerqaroff opMe KpEENX HanpaxeEEs. Ha pmc.4
n3oGpagens kpuewe /¥, =4/5) mpu crymemuarol dopMe HAnpsxeHEs
opn /’{r‘-/ ma P=747 wu ?P=04 .

AHANHE3 NONYYEHHHX KPHEBHX TOKasal, UTO OPR METAHEE IBATATENS
HanpaxeHmeM cTymeHdaTo# dopME B RpEBHX MOMEHTA NOABLEDTCE NyAb-
camey. [IpONOIRATENBHOCTH MyCKA NBETATEIS OO CPABHEHED C METAHE-
eM NBATaTElT CHHYCORNAIBEEM HANDSREHHEM yBelEImBaeTcd.[lpE myc-
Ke mop Harpysrok mpm 2= 7/ OpONQIRATENHLHOCTH OycKa  Bospacla
B 2,85 pasa,mpn 7=04 B nsa pasa. Ipm mycke Bxpaoctyp (/#=0)
coorBercreerHo B I,25 pasa m B I,57 pasa.

Buna paspadoTaHa @ ECCENOBAHA 3AMKHYTAS CHCTEMA ABTOMATE-
9ECKOr'0 DEryJNpOBAHAE CKODOCTA ACHHXPOHHOI'O nnﬁra'rem mpa mo-
CTOAHHOR MOmHOCTA Ha Bany (2=(ons?).Ha puc. 5 mpencramntera
CTPYKTYpHAX cxema 3Toft cmcrTemy. [nTaHme NBAraTeld OCYyNECTRIS-
eTcss CT CTATHYECKOro mpeodpasosaTeld 9acTOTH. B KawecTse HAr-
DY3KK HCHOIB3YETCS I'€HepaTop MOCTOSHHOTO TOKA.ABTOMASTHYECKOE

norrepranre OOCTOAHCTBA Momxoc'rn‘reaepa:ropa 0GeCIeYARAETCE 34



CUeT ChnemWalbHO paspadoTaHHOR cxeMﬂIO'II.

Ina ocymecTRIEHIF 32KOHA JACTOTHOI'O yOpaBIEHAsS AMEETCA pBA
EOHTYpa PEervJHpOBAHAS:NO YacTOTe B HaNpEReHWK.PeryimpoBaHEme 4a-
CTOTH BENETCA MO TOKY ACHHXPOHHOrO NBHraTend.l[na peryJlRpOBAHAA
HANpAXEHAA IO TpedyeMojt 3aBACAMOCTE X = ]fz?_' B CXEMy BRIDYEH
dysRoEOBANBHEEE 1IIpeoGpa3oBaTens.

[p¥ aRaIATAYECKOM ACCAENOBAHAR 3TOHR CECTeMH OHia DpPOE3BExe-
'Ha JIMHeapus3amas yparHEHAf M DPACCMOTDEHH JHNb MAIHE OTKIOHEHHS.

Ilpn ompepeneHur neperaToYHo# JyHEN¥MA nBArSTela OpeBReCperin
BHCHOEMA I'apMOHAKAMA B KpABHX nanpsxems. .

JlpHeapn3amma ypaBHEHRE NBEXCHAS B yPaBHEHAS MOMEHTa ompe-
IeaseT clenynmue 3aERCHEMOCTH: '

AN, =AM, = 6paa, (12)
aMy = K padtHpay + Ky, o

L W= 3rss— 4/’3*4/’2*#*

3 3
W= 2Py’ _GL 7 ﬁzr‘cﬁorco
2’J m g pé

4Pt g oot @prr ap+a,

N 310“(2 2y + 3,0 Ao o+ 1

. r&p it a0t R,
élieCB P - YHACJIO nap OQIBCOEB, ZZ//?Z - aMIUIATYnHOe 3Ha4YeHHe Ha-
Npsxenns, JZ{ - OTHOCHTENBHOE NpEpAmEHAe AMVIETYXH HANDAKEHRA ,
Af - NpHpameHne yIJia MOBOPOTA MOIA c'raTopa,z_I)’/é—f%g—)-’o - mpmpa-
meHre yraa MoBOpoTa poropa. XoadirmmeRTH B mepenaTOMHNX byHE-
IUAY, ONpEmENsDTCA MO NapaMeTpaM IBIreTend.
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YpaBReHES KOHTYDOB DEryJIHPOBAHAZ IO YacTOTe€ M HANPAXEHAD
MOXHO NPEICTABATH B ClenymmeM BHEIE:

af =-Bp)aly ; 4%,=-Ap) 14, (1.4)

CBa3p Mexny DpHEpamleHAsMA 'roxadg H CROPOCTHR 4% monyyaeM HC-—
XOI& M3 3aROHA JACTOTHOI'O PEryJHpDOBAHAR NDH zf= const

40y = -k 41y, (15)

Lpom

VA

oM
Pemag coBMecTHO ypaBReREE (12 - 15) MQIyYAIH ¥ADAKTEpACTE-

mme £ =

9YeCKOe YPAEHEHHE CHCTOME: .
kﬁp’z—ﬁ,%a)/(o} - 272}5(,}5@)—- Eip=0 «e&

BunE mpoBEeNEeHH HCCIENOBAHEA HA yCTORYABOCTD NPA DANEYHHX
gacrorax (50 ro - 20 rn) .OECIIEepAMEHTAaNbHHE HCCIEiOBAHAG INORa2-
3a1M, YTO CHCTeMa OGecmeYHBAeT MONNEepPEXAHHME NOCTOSHHOR MOMHOCTE
OpH yCTORYMBOM DEryJIEpOBAHEH CKODOCTH ACHRXDORHOrO  IBAIATEls
IpH HM3MeHeHME JacToTH OT 60 o 20 rm. Ha pmc. 6 mpencTarleHH '
OCIWLIOT'PaMMi, XAPARTEpA3yDIAe Nepexox ¢ ONHOR CKOPOCTH HA Ipy-
I'yD OpH A3MEHEeHWE MOMEHTa.

Buna paspadoraBa HOBasg CHCTEMA THPHCTOPHOI'O 3JEKTPONPHBONA
MOCTOAHHOr'O TOKA MOWHOCTED O KBT C NOIyympanigeMdM TpexdtasHHM
BHOPAMATEJEM, npennaaﬁaqeﬁnaz LN 3aKaTOYHOTO arperara MMHHO-
TO OpOA3BONCTEA. JHANA30H PEeryJlHpOBARUA CKOpocTH cmcTeMy I:60. '
PeryawpopaHme CKOpOCTH NBATATENHA OCYUECTRIZETCS B d)yumn CKO~-
pocTH mpOpe3mHEeHAOr'o Kopma B nHaMeTpa GapadaBa. YOpamLARgEM

97eMeHTOM CHCTEeMH ABNAETCA GEeCROHTERTHHE cenbcuH. CTpyKTypHaAs
cxema 3TO# CHCTeMS mpencTanleHa Ha DHC. 7.

Cmcrema noxposzo Gwia HCCleNOBaHA TEOPETHIeCK:A H 3Kchmepd-
MEHTANbHO. PacyeT mepexOmHHX NMPOIECCOB M AHANIHN3 YCTONYABOCTH
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Ol OpoBeneH ¢ momombm J[BM.

ABasA3 3JE€KTPOMATHATHHX NEepeXONHHX OPOmEeCCOB B CHCTEME"Tpex-
dasmuit monyympamigemufl BHMDAMETEND - NBAraTelb" CwI OpOBeNeH
IpE NCOOIB30BAHAN METOXa PasHOCTHHX ypam{eamm. PemeHus Gu-
JE DONYYeHH IJA NByX CAydaeB: Ge3 yueTa A C yYETOM yria KOM-
MyTamma .

Bes yuera yria KOMMyTANZE NEpHOX HOBTODAEHOCTRA CONEPXET NEA
monuTepBata. B 9TOM ciaydyae BHpaxeHMe JIA TOKA B MOMEHTH KOMMy-
Tanam ¥MeeT CJleRymImi mm‘z =

J-p 1=€ siliie oty ) L TR
17-eFcy T 77

me £ =Ff(x,9) , ot - yron, sanasaemii cECTeMOR yupamie-
HAA, f - napaMeTp HATrpYy3KH.

Tr yueTe yria KOMMyTAOME CHIE MOIYYEHH 34BACHMOCTH JTIOB
KOMMyTAOMA OT 3HAYEHUA TOKOB B NTHCKPETHHE MOMEHTH BDEMEHH,JTO
NO3BOIMIO HCKINYUTE 3HAYEHAS YIVIOB ROMMyTaAIRM A3 DPA3HOCTHHX
ypaBHeHRn#. BupaxreHHd Ijg TOKOB B 3TOM caydae irpumam caeny-
DOA# BHN .

7] ‘2z¢5[/ f xﬂj / e 2'7‘2 . e

rne £, = ¢(x, X) , X - MHIJKTHBHOCTH HAIDY3KE.

o ypasuennM (17 - 18) BO3MORHD pacYETaTh [ePexOnHHE Hpomec-
CH NpN PasiNYHNX PADUAHTAX W3MEHEHAS TAREX IapameTpoB,Kak yTol
DErVAUPORAHES B rnamazoHe 0SS < o , 9.0.C. Ha BXOme H
BHXONE NMPEOCpa30BATENA B T.0. :

Bunn nposemer: pacyeTH Ha Jl[BY 3/1EKTpPOMEXaHHYEeCKHX Iepexon-

HUX NPOL2CCOB CHCTENH "BHOPAMATENB-IBUIaTeNb" 32KaTOYHOI'O arpe-
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4 nepeMeHHOM MOMEHTEe HHEpPIHH. HconenyeMad cCACTEM2 ONDMCHBAETCH

CJAEIYYIAMA YDABHEHAIMA :

Lﬂ_/;- + RE +C 72 = 2/”//-;‘ cosat), (19)
A= Ma :

7 c g 2

30 V(K +5p) 7 .
e e

rme ol 5 /Z=

X

_x 2 ey &4 107 209 97 A
4 =l 47y z;‘//; # 4%/@2%-% -/5//2;

.{;5).4» - MOMeRTH MHEpIER NBETaTels B OapadaHa. A, - Havars-

HEH#t panmEyc, 7 = -?Zzé:- 5 j: ,/ -ynenpHu#t BeC Kopma ¥ Ipo-
458 ;2’
RISNKH, d - mEpEHA Kopna, /A , -cmwia HaTAREeHAd Kopna H

4
IIPORJAN KA.
Tlo mpoBENEHHHM Ha MamuHe pacyeTaM GHI MOIYYeH 3aKOH M3MEHEeHUA
yIila PeryampOBaHAS & B pexEMe NyCKa, OGecNeddBanmAil OrpaHmYeH-

HOe 3HavYeHHe IYCKOBOI'O TOKAa:

z
& = /fcca.s/-’—?_@//-— e—”‘y—- {/ (20)

Ha pEC. 8 mpemcTaBlesn NOIyYeHANE DACYETHHE RpUBHE U3MEHEHAS
TOKa, CKODOCTE B ODOHECCE NMVCKA NP E3MEHEHMM yIia <&& COINIacHO

ypaeHemun (20) .
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1 - Peaymyoyentnd  bsmomrent

2 - cupobod gureip L-C

3 - Unbeprap

4~ Gevmrpounbny yrekpodéuearent

6 - Tporcgoprorgp roxa

7 - Bornpsmurens

8 - Maerurnen yeumurens

9- Ceraxcuborowgu pupTp

10- Bepurens Hanpsacesus

H - Sadowwua  eenepargp

12 - Mepecvernai cxemo eucremer
Ynpabrenun  uHbeoTaPam

13- Pywrgeonanérss

npegopasoborens

14 - Maewutisid  ycymurens

15 - Cepawtbarowud Puréimp

16- Cucrema yrpabrenus
yenom pegyrupobarm

bburparmurenem.

Puc. 3 CrpyKTypHas CXeMla B3AMKHYTOW CHCTeMd 2.BTOMATMUECKOrO Perymuposd:2HNA CKODOCTN 2ACUHXDOHHOrO

asurarensa npu [TOCTORHHOL MOWHOCTY HI BATY

Ll
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CUCTEMA ABTOMATMYECKOI'O PEI'YJMPOBAHIA PEXMMA

[IOCTOAHCTBA ABCOJOTHOI'O CKOJBAEHNA ACWMHXPOHHOI'O

JJIEKTPOTIPUBOJIA C YACTOTHHM JIPABIEHUEM OT
TUPUCTOPHOI'O [IPEOBPAS0BATEIf

XaMyznxaHoB M.3. - ZOKTOpP TEXHUYECKMX HAYK,
npogeccop,Y30eKCKU MHCTUTYT
SHepreTMKu ¥ ABTOM3THKH.

Kamanos T.C. - HayuHuif cOTpyAHMK MHCTUTYTa

MywwmHOB K. - HayuHHlf COTDYAHMK MHCTUTYTA

r.TaukeHr, CCCP

OzHolt U3 BaxHelwux MpoCIeM TEOpUM M npéxwmxn COBPEMEHHOT'O
8BTOMATU3MPOBAHHOTO 3JEKTPONPUBOAA ABIAETCA CO3AGHME YSCTOTHO-
yUpaBIAEMHX 3JEKTPONPUBOZOB NMEPEMEHHOT'O TOKA C MCIONB30BIHMEM
KOPOTKO33MKHYTHX 8CUHXDOHHHX ZABMrateineil (ANl). [IpakTuueckas pea-
In3aunsA TAKNX 3JIEKTPONPUBOZOB CBA38HO C P3a3paCOTKON 3KOHOMWYHEX
1 H3ZleXHHX B DPac0oTe NpeoOpa3oBaTejielf YaCTOTH M CUCTEMH YyIpaBle-
HUA UMW, B CBA3M C OCBOEHMEM NPOMHUJIEHHOCTBO CHJIOBHX TUPUCTOPOB
NOABUJIACH PEallbHAaA BO3MOXHOCTH CO3ZA3HUA TAKUX MpeoOpasoBaTeleil.

13 Bcero MHOrooOpa3uf CYLECTBYOUUX B HACTOAULEE BPEMA Ipe-
06pa30oBaTesiell YaCTOTH HANGONBMAN MHTEPEC NpeACTABIAANT THPUCTOD-
HHe npeoGpa3oBaTesm 4acTOTH(TNY) ¢ ABHOBHPaREeHHO! LEMBO MOCTO-
AHHOT'O TOK3,COCTOALME U3 YNpaBAAEMOro BHIpAMATeNsA(B) u aBToHOM-
HOTO MHBepTopa (AM). .

HecuoTpsas Ha TO, YTO CyumecTBYOT pa3ianuHnHe cxeMu TIY m cno-
COOH 3BTOMATUYECKOTO YNPaBJIEHUA HanpAxeHUsa AJl mpM COBMECTHOM
padote ¢ TI4Y, B BONpocax AETAlNBHOT'O WCCIEAOBAHNA W pEaNN3aLUH
3TUX CNOCOGOB M B BONPOCAX 33MUTH CUCTEMH OT 8HODMAJBHHX DEXR-
MOB MUEET MECTO 3H3UMTENBHOE OTCT3BAHUE,

B ZaHHOif pafoTe paccMaTpUBAaEeTCA Pa3paCcOTAHHAsA aBTOPaMA
38MKHYTaA CMCTEM3 aBTOMATHMUECKOTO peryampoBaHusA(CAP)HanpAxeHUA
All,00ecneunBanilan NOCTOAHCTBO 30COJKNTHOT'O cxonsmeﬂna(ﬁha.)nan-
raTenas # 3aUWATH TUPUCTOPOB TIY OT CBEDPXTOKOB.

ABTOMBTHUECKOE YNpaBleHNe DEEUMOM S,,.=COrSt B CHCTEME
TIY-AL moxeT OUTE pPEaIM30B3HO TPEMA 33MKHYTHMW KOHTYDPaMy :Ya8CTO-
Th ,HSNDSIHEHNA ¥ EMKOCTH KOMMYTHDYOUUX KOHAEHCATOpPOB All.

MTor ZmocTaTouHoll CTEOHIBHOCTH Y3CTOTH 33L3K0WETr0 IeHeDaTopa
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BO3MOKHO DEryJNpPOB3HME BHXOAHOK yaCTOTH Al MPOM3BOZUTH NO pa-
30MKHYTOIl menu. KOHTYD peryiMpOBaHMUA BeJIMUYMHH eMKOCTH (C) Tak-
Xe MOXHO OCyUECTBUTH MO DA3OMKHYTOi Lemu, eciu usMeHeHue C
paccMaTpUBATh KK BO3Myllapmee BO3AeiiCTBME H3 KOHTYD pEryJMpo-
.BAQHUA HAINpPAKEHWUA.

HanpszeHne npeoOpasOBaTeNs PEryNIUPYETCS MO OTKIOHEHUD S,y
OT 33L3HHOT'O NMOCTOAHHOT'O 3H3YEHUA B 33BUCUMOCTH OT Y3CTOTH,
HATPY3KN M BEJIMYMHH KOMMyTHpyDme#l eMKOCTH.

Kax u3BecTHO,3GCONDNTHOE CKOABXeHMe AJl BHpaxaeTcs

60
e =g -n =Kf-n,

P (I)

Tze P - uncno nmap noxwcos, _ﬂ - YacTOTa NUTanUEero
HanpAXeHusa, M - CKOPOCTH BpaileHud poTopa Al.

s (I) cmexyer, uTO ANA OCYLECTBIECHUA pexmua,%db=con5t
HEOOX0JUMO NOAZEPXNBATH PA3HOCTH CKOPOCTM BpaWALWErocd Mois
CT3TOpPa W CKOpocTM poTopa AJl mocTosHHO#. Ho npm 3aToM Ana
NpaKTUYecKoit peanmuaaumun CAP moTpeCOBaNUCH OH 3HAJOT'OBHE M3-
WMepuTenbHHe ycTpoiicTBa. OZHAKO, M3MEPEHME CKOPOCTH DOTOpa
TAXOMETPUUECKAN CIIOCOOOM ZaeT OWMOKYy NMOPAZKA ABYX NPOLEHTOB,
YTO COM3MEPUMO CO 3HAYEeHUEeM 5;ﬁ, . lloaToMy HaMu MCMONB3OBAH
IWCKDETHHI METOZ W3MEepPEeHMA CKOPOCTH.

Dopuyny (I) nepemumem B BUZE

'Sad'c:K(f,'fz}:Kfs ) (2)

rle 3 :_%2_ (3)

- YaCTOTa3 CKOPOCTH BpAWEHUA pOTODpa (Pu3UYECKN fABAAETCA Pa3HOCT-
10/t uyaCTOTOH mone#t craropa u poropa AL.

B cnyyae maodpaxeuma’é&dr no (2) u3MepseMie BEJNUYUHH 4
A J; 3 BAAE UMNYNHCOB HANPAXEHUA §BIANTCA AUCKPETHHMA M OHK
JUUWEH TEX HEAOCTATKOB, KOTOPHE CBOXCTBEHHH HENpPEpPHBHHM BeJn-
UNHAM E CMBICJE HAJIWyUA NOTDPEemHOCTE# B W3MEPEHUM.

Hla puc.I npuBeZeHa ONOK-cXeMs 33MKHYTO# CAP HanpaxeHua Al
OCYWeCTRICHHO! MO YK838HHOMY MDUHUMIY(2) U 3NEMEHTOB 33WHATH Ti-
PUCTOPOB OT CBEDXTOKOB. 3Zech /AC = craaiuBanuuii Zpoccensd;PMT -

8KCUMAKBHOTO TOK3 ;9L -(OTOINCKTDUUECKMAN MMIYIBCHNE JATUMK;
CMB, CYW -cooTBeTCTREHHO CHUCTEMH ynpaBiaeHusg B um Al ;3T'-3azaioumii
r2HepaTop,;BY -suynTaTelb qaCTOTf{' ufé;H‘IH -[peoopa3oBaTeNh 4ac-
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TOTH 4; B HanpsxeHue U,. ; ®C -gasocasurawpuee ycrpoiicrso; YH,
JM -COOTBETCTBEHHO YCHJMTEJNM HANMpARCHUA M MOMHOCTH; C3-CpaBHM-
Babmuit snemeHT; (l; - 3azawmee HanpaxeHue; U, -3TaNOHHOE HAMps-
zeHue; BOA, , HOA, - COOTBETCTBEHHO ONOK (OpMMPOBATENA NMIYIb-
coB Ay n Ap ; ]9 - noruveckuit sanemMaHT; BB - OECKOHTSKTHHH BHK-
ADYATEIb, '

Ana noayueHus CHUTHANE CKOPOCTM BpaueHus poropa AL paspaGo-
TaH ¢/, KOTOPH# KOHCTDYKTMBHO BHIOJHEH C yueToM CXeMH A u unc-
13 nmap noxawcos All.

U3MepeHue f, MOXHO OCYNECTBATH ABYMA NYTAMA - HEMOCPEZACT-
BeHHO Ha 3axmMax ALl uam c CYU.C Touku 3peHMsA yAOOCTBA,TOYHOCTH
naMepeHnd W yMEHBIEHUA KOJNYeCcTBa 3JEMEHTOB YCTPOiiCTB, MpeAnoy-
TUTeNbHEe f OpaTh ¢ CJl. [lpn 3TOM YaCTOTa yBENMUNBAETCA B M
pas, IZe m MOXeT OHTH DABHHM 6 MIM 3 B 33BUCHMOCTHM OT cXeMu AW,
B paccMaTpuBaeMOM CJyYae MOTYT OHTBH AB8 BApUaHTa MOJIyYEeHHs j;

B 33BUCUMOCTM OT uucia ¢a3 3I.

Ecan 3I' BHNOJNHEH B OZHOPA3HOM UCNOJNHEHUM C nocnenymmmu ze-
JeHNeM YaCTOTH C MOMOWBK NEPeCYeTHOrO KONBUE, TO f, CHUMAETCA
¢ Buxoza 3I'. B ciyyae e TpexpasHoro 3I' HEOGXOZMMO CHUMATH f
C BHXOZa MMIYNBCOOOpa3ywliero yCTpO#CTBa ¢ MOMOWBN AMOZHON# cGOp-
Ki. [

Ha puc.2 npuseZieHa pa3paCOTaHHAA HaMM 3JEKTPOHHAA cxeMa BY
u Y1, YacroTa f, mocae ycunemnss Ha naune J; (6HIN) nocrymaeT Ha
I, (6%20I) - BY, coza ®e MOASETCA Y3CTOTa f, ¢ 3r'. Jnia HopManB-
HOi{f paCoTH BY HEOOXOAMMO YTOOH IJAUTEIBHOCTH mcnynbca_ﬂ OnNa GONBb-
we ANMTENABHOCTH f, » BWXOZHAA BEAUYUH3 BQ_E nocje yCuUleHUd Ha
naune Jg (6HII) npeoGpasyeTcs B HENDEPHBHYD BEMUUUHY WU,,Mpu mo-
Mouu EAyuero MyasruBuOpartopa lg (6HIN) u R,C, uenourn. Hanee Ha-
npaxeHune iy, CPABHUBAETCA C HANpPAXEHUEM 113 1 U, . PasHOCTHOE Ha-
npAxeHne Uy yCWIMBAETCA yCHNUTENEN HaNpAXEHUA Ny (6H2I) n ycu-
mreneM MouHocTu Jly (6I17C). AHOZHO# HArpy3Koi mocieAHEro ABIAET-
ca oOMoTKa ympasnesus OY zpoccens JHM gasocasurabuero Mocra CYB.

CucteMa ympasieHusg B u All. kiocToBasd cxeMa npeoCpa3oBaTens
ABIAETCA OZJHO{ U3 WiPOKO pACNpOCTPIHEHHHX CXEM,NpUMEHAEMHX AJA
BHNPAMJICGHUA W UHBEPTUPOBAHUA., HO cucTeMa ynpaBieHUs TUPUCTODPIMU
YK@38HHHX CXeM LOBOJBHO CJIOXH3, NOCKOJNBKY CONpAKEHa C HEOOXOAM-
MOCTHR MOJNYYEHUA ABOWHHX MMUIYIBCOB,CTPOTMM COIJ3COB3HUEM Yepeno-
BIHUA MMOYABCOB NpY MOHT@XE U HAN3TKE.

Kak nokasa;n aHamM3 HccJeOBAHMA MOCTOBHX cXeM B u All,cucre-
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My YNpaBlI€HMS UMM MOXHO H3MHOT'O YNDOCTUTH 38 CYUET yMEHBUEHUS
KOJIMYEeCTB8 AYOAUDYOWNX UMIYIBCOB YNPaBIAEHMUA .

Ha puc.3 ¥ 4 npuBeZieHH NMpUHUMNMANBHHE cXeMd CYB m CYU. B
CYB BX0ZAT 3leMeHTH dasocABurapuUx, NpeoOpasybuero oAHodHasHoe
HanpsXeHe B Tpexda3Hoe M UMIYJBCOOGDPa3yHUUX YCTpOitcTB. UnA
NONyYeHUsl WecTU YNpaBAALUUX WMIYIBCOB CUMMETPUUHOIt MOCTOBOI
CXeMd OT Tpexpa3HOI'0 BXOA3 UCMOJNB3YHTCA ANddepeHuupylune
TpaHcgopmMaTopy (TX).

CxemMa CYU (puc.4) BrawuyaeT B ceGsa 3I'y NMepecyeTHOE KOJNBILO
N GOpPMMPOBATEND YNPABIALUNX UMIYIBCOB.

OTaMYNTENBHO# OCOCEHHOCTBHI 3TUX CXEM YNPAaBIEHUA ABIAETCHA
TO, YTO OHM BHMOJHEHH C OZHMMA AYyCIMpYOWMMI MUMIyIbCaMu. B cxe-
Me CYB AyOnupybunit MMIyabC 00Opa3yeTcs OZAHMM AMOZOM 4, BKINOYEH-
HHM MexAy KaHanamMu QgopMupoBaTesNs UMNylAbca. B cxeme CYU Ayonmpy-
bunii MMnynsc oOpasyeTcA AmoAoM [, 8HANOTMYHHM CMOCOOOM.

Takoe mocTpoeHMe cxeMu ynpaBieHuda B m Al B coueraHmu ¢
NpeZBKIOYEHHHM CONPOTUBIEHUEM R, (puc.3) 7aeT yMeHblleHMe 3JeMeH-
TOB CUCTEMH YNPaBIEHUA, YNpOW3EeT MOHTAX M HAN3AKY, NMOHMEAET IO-
TpeOnAeMyl MOWHOCTH CHCTEMOil yNpaBlE€HUHA,pa3rpyXseT NEepexon
3JEKTpOA-KaTOL TupucTopoB B u All,

CywHoCTh MCMONB30BAHUA R,33KINY3ETCA B cleAybueM. OAHMM K3
OCHOBHHX ycloBuii BkmoueHns TIY K ceTH sABAAETCA CHHPa3HaA M0OA3ya
YOPaBAANIMX WUMIYJABCOB H3 TUPUCTOPH B u All. I[Ipy HECcOGIANAEHUN 3TO-
IO yCNOBUA B 33BUCUMOCTM OT COOTHOMEHUS YaCTOT ympasienusd TUpPUC-
Topamu B u All nosaBafeTcsa "MHEpPUMOHHOCTH" uiu "MepTBasA 30HA". Ec-
I BpeMA WHEDUMOHHOCTM NpPU BKJINYEHUM NPEoZoJeB3eTCA aBTOM3TUYEC-
K1 camoit cucreMolt, TO ANA NpeofoJeHusa "KepTpoi 30HH" HEOOX0IMMO
MEeHATHh YyacTOTy ynpaBieHna Al uwim casuratTs no ¢ase ynpasuafouue UM-
nynscu B.

JAns ycTpaHeHWA YKa39HHHX ABIEHWU{ mpejnaraeTcs BKINY3TH Na-
pannensHo mexAy B m Al akTMBHOE conpoTMBIeHMe R, nepex JAC,c Ta-
KUM pacueToM, YTOOH R, OO€cneumsal, HE33BMCUMO OT MOMEHT3 H8XOX-
JIeHUA ynpaBnAabUMX LMIYABCOB All, TOK DaBHHII TOKYy yAep#SHMA TUPUC-
TODOB.

331UT8 CUCTEMH OT CBEDXTOKOB., OCHOBHHM BUJOM HApYyuWEHUs HOp-
M8NBbHO! pacoTH Al ABIAETCA €r'0 ONDOKUZAOB3aHWE, KOTOPOE NPUBOAUT K
peiNy KOPOTHOI'O 33MHK3HUA B LEMV NOCTOSHHOI'O TOK8 ¥ CO3A3ET He-
GNaronpiATHHE YCHOBWUA ZANA PaGOTH TUpPUCTOPOB B # Al

CyuecTBywiie MeTOAN 33uuTH (MJI3BKUE QHOLHHE NPENOXP3HUTENN,
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KOPOTKO38MHKATENN W ApP.) OCN8A8KT CYUECTBEHHHMA Henocwarxauml.
[loaToMy Hamy pa3pa6oTaH3 OECKOHT8KTHAA 33MUTE TUPUCTOPOB OT
CBEDXTOKOB, NPUHLUNNAJIBHAA CXEM3 KOTODO/ NMPUBEKEH3 H3 DHUC.5.

[IpnHOMN ZeiCTBUA 38MUTH OCHOBAH HA CDaBHEHUN WUMIYJAbCA A4
¢ umnynascoM Ap (puc.I). Ipy ompoxuzosanuum AWl mammynsc A¢ oTcye-
CTBYeT U Jorunyeckuit anemeHT JI3 BHASeT curHan Ay , KOTODHit BO3-
IefictByeT Ha CYB TaK, UTOOH BHIDAMIEHHOE HONpAXEHHE HE YMEHb—
majJoch X0 HyJnd, 8 NMPH 3TOM OCTAB3NOCH HEKOTOPHHt PUKCYUPOBIHHHIA
yroxn dq,,odecneqnnanmnn TOK yepea Tupmcmopﬁ B n Al, no Beanuu-
He MeHbMe, YeM UX HOMMHABJBHHIf TOK.

Ina cosmamua dg HATOTaeMoe NOCTOAHHOe HAaNpAEeHWe B LEMNH
CYB cOCTOMT u3 (MKCMPOBAHHOTO Ug M peryaupyedoro U, Hampaze-
Huit, 3TH HaNpAXEHUA MOACUPALTCA TaKUM odpaaon, YTOOH NpA OT-
KoueHun Ug oGecneuMBalncs 'rpecyelmna@

JA NONyuyeHNs MMIyJabca Aq ACIONB3YeTCA, MMIYNBCHHH TpaHC—-
dopmarop (TH) (puc.4). Bce munynascH ¢ TH coOMpPBDTCA C NOMOWBD
InoxHoit cGopku (CA) u ycmamsawrcsa Ha namme Jy (6HIN).YcunerHuit
UMOYJNBC MOR3ETCA Ha XIAymuit uynbrnnmdpamop'ﬂg (6HIN),c xoToporo
CHUM3ETCA UMNYJBC HYXHO! WMPUHH W NoZAseTcsa H3 JID -BTOpPYyD CETKY
Is (614200). Ha nmepsyb ceTky ll; mocrynaeT MMmynsc Ap OT BXOZHO-
ro tpaicgopuaropa TPy CYU uepes xaymmit MyapTusuGparTop J,(6HIM)
u ycunurens Ny (6HIN). lpu orcyrcrsum Ay namna J; OTKpoercs
UMIYIBCOM A, MO NMEpBO/ CeTKe M H3 BHXOAe TpaHcdopMarops TPp
BO3HNKAET CATHAan Az ,BKanvyapmuit Tupuctop T, KOTODHA CBOMM TO-
KOM OTKIWOYMT Uz . DECKOHTBKTHHH BHKIOYATENb HANpAReHUA Uz BHIOJ-
HeH Ha Tpuoie Tuna [202, yepe3 KOTOpHiIt MPOXOAUT TOK,00yCIOBIEH-
HHit Uy o TOK ANA OTKPHTUA TPUOZ3 CHUM3ETCA C TOr0 Ee WCTOYHMKA
Uz uepes compormsrenue R, . Kpome Toro, s nems Ll BKJIDYEH
HOPMAJBHO 33MKHYTHIk xour4§op K2, xoTopmni OTxnnqaeTca or PMT
(puc.l),nocnesiHee 3awumaeT TUPUCTOPH B u All OoT neperpys3oyHHX
TOKOB. KoHTakTH K1 B uemu T u aHOAHHX HampsxeHu# naun Jy- Jg
CIy®aT ZANA BO3BP3LEHNMA CXeMH B MCXOZHOE COCTOSHHE.

iipn BOZNM HEOGXOMMMHe AJA 8HANU3A YCTOAUNBOCTN paCCM3TpU-
BaeMOif CUCTEMH OCHOBHHE yYDaBHEHMf €€ 3JIEeMEeHTOB B JMHEeHAHOM MpH-
OnnxeHUM. [Ipy 3TOM NpUMEM MPAKTUUECKH AONMYyCTUMHE AIA TAKUX
cuCTeM ZOMyUeHMAS

JpepHeHNe ya3iaa B-JC npu Haauyuu y AC npoTHBO3BTOKONEOG3-
TE€NBHOK KOPOTKO38MKHYTON OGMOTKM (pUC.I) COTMIBCHO® 33MUEUTCA
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(PTop+ ol * (Top + 1) Rals= (AT +A)Rad , a4y

T, Liks
rze =7?‘ %’T;’E=E+ns’
K
1'3=_|:'3., B=pp 3 P==,

R,,L,,[,,- 8KTHBHOE CONPOTUBNEHM® , KOIPPULMEHT CIMOMHAYKUMM U
ToK padoueit uemn AC; Ry3,Lis-8KTHBHOE COMPOTHBIEHME M KOIHPU-
UMEHT CB8MOMHAYKLMN KODOTKO3aMKHYTO# oOMoTiM AC; U ,-BXOAHOE Ha-
npaxenne All; Kp,o -xo3GPuuuEHT nmepeAsuM U Yrod peryJMpoBIHMA
B; P -3Haxk AuddepeHUU POBaHUA.
JpapHEHUE DETyAATOPa HONpAReHUA . OCHOBHHMY 3IEMEHT3MH pe-
rynasTopa HanpAaxeHusa aBuawrca OA,BY,NYH,YH;YM u CYB (puc.2).
YpasHemua BY u OJ ompezeaswrca u3 (2) u (3). AvHamnueckuit
peauM [IYH B OCHOBHOM onpeZenfeTcs NapaMeTpaMu R, (, -uenoyku. U
€ro ypaBHEHUA B OTKIOHEHUHM OyAeT

(TcP‘*')Auac = Keally (5)
rae Ky tu 2 T, =KRC
R, + R, S F o
- COOTBETCTBEHHO KO3(QQUIMEHT nepessyd ¥ NOCTOAHHAA BpeMeHH R,C,
- uenoyku; R, - HarpysouHoe comporuBaerMe [YH; U, -BuXOAHOE Ha-
NnpAkeHUe XAyuero MyasTuBuOpaTopa MYH.
Hanpsixenne U, ¢ BuXosa [[YH cpaBHMBaeTcA C 33A3NUUM HEMNpHA-

KeHueM U; 1 HEM3MEHHHM 3T3JIOHHHM HanpAxeHueM U, B CpPaBHUBaLUEM
aneMeHTe C3. Ha BuxoZe C3 noayuyuM HanpAxeHUe, paBHOE

Aly =als-aly, | (6)
Jpasnemne YH 3amimeu B Buze '
AU4=KHAuy 5 &)
rae K, - xo3@QuUUMEHT YCUIEHWA NO HanpAxeHMo ycuaureans J,(6H2IT).
Hanpaxeme U, ycunusaerca ycuaurenaeM uomHocTu Iy (6I7C) ,
3HOAHOIl HArpy3KOil KOTOPOT'O CIYXUT OGMOTKA YyNpaBleHUA APOCCEINsA
Jasochpurapuero mocra (puc.3). Torza,o003Hayad TOK OGMOTKA ym-
paBIEHUA 3TOro Apoccensd yeped lp  moayumm

(TnP'*’)A[n:KMAu-a 9 (8)

-N0CTOAHHAA BpeMeHW aHOAHOH uemd; Ry -ee ax-

—

n

Te Tn =

=)
5]
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THBHOE CONpOTMBIEHME; L, -MHAYKTMBHOCTH OCMOTKM ynpaBaeHusa Mil;
K, -KO3(QJULUMEHT yCUIEHUS IO MOWHOCTH. \

[lapameTpH 37EMEHTOB, BXOJAAWUX B COCT3B CYB, - npeo0pa3oBa-
TeJb OZHO)A3HOTO HANpPAXKEHNA B TpeXha3Hoe, WMIYABCOOGpa3ynumme
YyCTpPO/CTBA N Ap.— NMPAKTMYECKA He BIMADT H3 BHXOAHHE KOODAMHA-
TH (a3ocABurabuero Mocra ($a3H HampAxeHUd). [l03TOMy ypaBHEHUA
BCEI'0 CETOYHOI'0 yCTpoilcTBa B XapaKTepusyeTc CleAyDLUM YDaBHE-
HueM (330CABUTANUET'O MOCT3

ad =kgyoly, , : (9)
rle o =-CABUI' $a3 MeEXy BXOAHHM M BHXOZHHM HaNmpAXeHUeM (a30-
CABUI'aNWLETr0 MOCTAa - yr'ol peryiaupoBaHus B,

YpapHeHue y3z1a AW-All MONyyuM WCXOAA U3 YDAaBHEHUA JBUEE-
HUA NPUBOZA

" df, D% d Sade

s e A L (10)
rze I -ppamapumuii MomeHT AN, M, -npuBeZlieHH K Bany All MOMEHT
CONPOTUBJIEHUAA DP3GOYEr0 MEX3HU3MA.
MomeHT N onpeZenfeTcA COOTHOMEHMEM
2
uss
= U 8.5 ~
M=y =9 e ) (11)
raze 1 -nurapmee HanpAxenne A, KOTOpOe B PaccMaTpUB3eMof
cicTeMe onpelelfAeTCA BHpaXEHUEN .

M=M,+

Ve K. % —_9( ER/BR )o)»
rae b " E5in Z(S) , T3 = M3PAMETDH CXEMhH 33MEemMEeHUA Y3Ja

M-AL ©y Ky - ko3(PuuMeHT TpaHCPODMAUMKH MHBEPTOPHOI'O TpPaHC-
gopMaTopa.

Jnneapusupya ypasHenua (I0) - (I2) npu C=CoOnst ¥ yuuTH-
Basg, YTO 5=i%%%_ ,IOJIyyuM nepeZaTouHyD ¢yHKumb y3na Al-AX.

(KT3 pP- Kq) Aff - K5 Auo = stio + k7AMC=(7§P+’)A'S;IJC ? (13)
° ;
e T3 = —;G;';gk_s - 3JIEKTpOMEX3HNYEeCKafd MOCTOAHHAA BPEMEHN INpn-

BoZa; K Kz - koa@guumeHt nnﬁeapmaaunna.

OGiaa nepeXaToyHas QYHKUMA 3aMKHYToit CAP onpeZenseTcs
COBMECTHO peumeHueM ypaBHeHU#r (2) - (9) 7 (I3).

2KCNepuMeHTEeNEHaA NMPOBEPKa PAGOTOCNOCOCHOCTH DPa3paCoTaH-
1HO0if CHMCTEMH NpON3BOAMIACH H3 NMPEOOP330BATENBHOH# YCTaHOBKE,COG-
paHHoit Ha TnpucTopaXx Tuna YIBK-50. B xauecTBe pETyIupyeMoro ABU-
raTensd Gua MCnoab3oBaH AJl MOLHOCTBM 2,8 KBT. [loNyueHHHE pes3yib-
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TTH TEOPETHYECKOro WCCAEeAOBaHUA Zajm XOopomee COBNAZEHUEe C 3K-
CIe pUMEHTOM,

i WANDCTPALUUM NpUBEAeM HEKOTODHE M3 MOJYYEHHHX OCLMUINO-
rpamM. Ha prc.68 NOKa3aHa AMHAMMKE PACOTH CXEMH 3aWUTH. OTKYZAd
BUAHO ,K8K B MOMEHT OMpOKUAOB8HMA All BO3pacTalT 8HOAHHI TOK [,
WIA [, BCTYNabwWero B paGOTy TUPUCTOPS. BpeMa HAXOXRAEHUA OTAENb-
HOT'O TUDUCTD3 NOA TOKOM KODOTKOTO 338MHK3HUS H3 ypPOBHE pacoyero
roxa cocrasaser 0,0I cek. Ha puc.66-0AHa U3 OCLMJUIIOrDAMM HAOpo-
ca U cOpoca HOMMWHAJNBHON HAarpy3KM NpPH YacTOTEe YI'PaBIEHHUA DIBHOM
60 ru. OTKyZAe BUAHO, YTO KAYECTBO IEPEXOZHOTO MpPOLECCA CUCTEMH
yAOBJET BOPATENBHO o

Jureparypa X

I.XaumyaxssoB M.3.,KaManoB T.C. CucTeMa 3JEKTPOHHON 33WHTH
TUDUCTOPOB B CXEM8X BEHTHIBHHX Npeolpa3oBaTeneit, " nek-
TpoTexHura", 1966, k 5.

2 .XaumyaxsHos M.3.,YcuMaHoB C.3.,YCMaHXOZX9€B H.M.,XyCaHOB M.A.
YacTOTHOE peryJRpOBaHME CKODOCTH 3JIEKXTDONDUBOXOB lepe-
MEHHOTO TOK8 C 9BTOMATHUECKUM YNDaBIEHHEM OT BEHTHUIBHHX
npeoGpasosareneit,H3a-so "OAH", Tamkxent,I1966.

3.XaMyaxaHoB M.3.JacToTHOe yNpaBIeHHE 8CHMHXDOHHHM 3JEKTpO-
MPUBOZOM IIDM MOMOMmA 8BTOHOMHOI'O MHBepropa,l3z-Bo AH Y3CCP,
Tamxenr ,1959r.

4 ,XauyaxssoB M.3.,MymmHoB K.,JycuMaHoB C.3. CrnocoG MOA3BIEHUSA
8BTOKOJIeCaHM{t B CHCTEeMe YacCTOTHO-YNPaBAAEMOTO BEHTHUIBHOTO
8CMHXPOHHOrO npuBOZ8,AAH Y3CCP, I965, k5.
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Ve/i4

Puc.2 [IpmHUMNNMANBHAA CXeMa Lenu OGpaTHOMf CBA3KM CUCTEMH.
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Puc.3 [IlpuHUMNMABNBHEA CXEM3 CUCTEMH YNDPABNEHWA BHIDPAMUTEJA.
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Puc.4 [IpHHLMINAABHAA CXEMa CHUCTEMH YNPaBIEHHS MHBEPTOPA.
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Puc.66 OcuuiyiorpaMMa HaGpoca W cGpoca Harpy3KH.
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K TEOPMM WHBAPMAHTHHX CIENSIMX IPMBONOB C
TUPUCTOPHEM YACTOTH:M YNIPABIEHVEM K.3.TPEX~
OASHEMN ACWHXPOHHMMM SIAEKTPOARATATENMIU

B.H.fropckuit, B.N.MarmanoB,
S.M.Anzosus, B.K.Jopoxun

Jlenunarpazn MOCKBa

E.C.ABSTKOB

cccre
I. B HUE

BHeZzpeRHe B NPARTHKY CJIGAAMEX NPHBOXOB C THPHCTODHHM 4ac-
TOTHHM YNpaBIEEHEM HCNOJHEUTEIBHHMA K.3. 8CHHXDOHHHME 3IEKTpPO—
ABUTaTeNAME o0emaeT A8TH OYEeHb CONbmO# dKOHOMUUECKHH 3ddexT.
Tekue cueafmme NPUBOAN CYAyT OCNaZ8TH CYMECTBEEHO NMOBHUEHEHMA
Enx (mouTH B ABA8 pa3a) M H8AEXHOCTHD IO CPABHERHD C CYLECTBYR-
mMMA CHCTEM8MM, HMEDMHME ZO 3-X BpamenmUXCH M8mMH. BO3MOXHOCTH
9aCTOTHOT'O YNpPOBIEHHS K.3. 8CHHXPOBHHMR 3NEKTPOABHI'ATEAAMH NpH
HCNONH30B8HENM THPUCTOPOB HE BH3HBANT coMHenui. Ilo aanHOMY EO -
npocy OOYyGAMKOBSHO MHOT'O paCOT K8K y HAC, T8K M 38 DYyGEROM.

B npsKTHKEe yXe 3KCIAYS8THPYDTCA JCTSHOPKH C THUPHUCTOPHHM DETYAMPO-
B8HHEM CKOpPOCTH 3-X PasHHX K.3. ABHrareneil, MOMHEOCTHF KOTOPHX
ZOCTHI'8eT HECKONBKHX THCAY KMIOB8TT. OZHSBKO TEODHA M NMPABKTUKA
CIeZAMMX NPHBOAOB BHCOKO# TOYHOCTH, MCHONB3YDEUX TAKOit cnmocol
yIpaEJeHHS MCIONHUTEIBHHMA ABUTATEJNAMH, OCBEmMEHH B JUTEpaType
cna6o, HeCMOTpPA H8 6OAbmOe KOJHYECTBO OpranMaanuil, m3yduapmumx STy
npoGaeMy.

[Ipn pa3paGoTKe TAKKX CIEAAMAX NPHUBOAOB BCTpedaeTcA pAZ GOJb-
DMX 38TpYAHEHH{, NpeoZ0jeTh KOTOpDHE MNOK8 MOJHOCTHED HEe YA8IO0Ch.
HacroAmas padoTa npecleXyeT OENb A3Th TEOPETHUYECKHME M ISKCnepu-
MEHT8NbEHE A8HHHE, MO3BOAAKNNME MOHATH M YCTPAHUTH BO3HUKINE 38-
TPYAHEHHS M pEalM30BaTh MHBADHAHTHHE CJHeAsmUe NPHBOAH TAKOTO
THMNA.

[IpoBepra TeopeTHYEeCKHX NMONOXSHHUil, NPUBEAAGHHHX HHEE, MpOU3 -
BOZHMTCA HaMM H3 CTeHZe C TpeX)a3HLM 8CHMHXDOBHHM K.3. 8CHMHXPOH -
HEM ZBUTaTeneM MomsEocThd IO kBT. BAOK-CcXeua clezAmero NpuBOZa
OpuEeneHa Ha puc. I. HcoomauTenbHH# K.3. 3-X (a3HHIA acUBEXpOHHHi
KEHPBTeHL’jz , nuTaewult or umBepropa #/ HanpAZeRuMeM nepeuen -
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HOlt YacTOoTH, uYepes penyxTop—P NpUBOZMUT B ABUEEHME OOGFEKT O. lie-
peueHHHlt TpeXPa3HHIl TOK NMOZaeTcs HAa BHOpAMATENH YB, Zaznee HA.
@MIBTD ¢2 ¥ uepe3 TOKOBHHA ZaTuyMK TOX mocrymaeT Ha MAEBepTOp M.
Benuunra HanpsiEeRNs BHXO0ZA EHNpAMUTENA JB peryaupyercs GIOKOM
BYB, BHpaGaTHEaNmMUM YIAH OTKPHBAHUS TUDUCTOPOB BHINDAMUTENA U
NUTaEMHEM OT ycuauTens J Uepe3 OTPaRMYATENd CUAH TOKa EOT,

llo zpyroMy Kanamy youmurens ¥ uepe3 (uasrp @ nuraer T'eHepaTop
yacTOTH J['4, BHXOZHHE MMOYIBCH KOTODOT'O Uepe3 peBepCUBHEE .KONb-
no PK, ynpaBisnmee NOpAAKOM UepeZioBaHUA (a3, BCIOMOTATENBHHE
6noxu BBB, BBI'y BEBK, npuzapmue MMnynbcaM HanpsaReHuil AyEaHe QODMH ,
nozanTcA Ha uABepTOop M. Takuu oGpa3oM Ha ABuTaTens ]I mojaercs
nepeMeRHoe HanpsAXeAMe C NepeMeHHo#t yacToToff, MO3BONAKMEE MIABHO
peEryAupoBaTh €ro CKOPOCTH ¥ NPOU3BOZUTE peBepC.

Ha BXox ycunurens Y mozaeTcs CyMMa YNpaBAspmUX HanpsEenuit,
NocTynapmux OoT cyMMmpybpmero ycrpoficrBa CY. I'MaBHEM yNpaBAARMUM
CUTHAIOM, BHP8CSTHBAEMHM MHAYKIMOHHHMA BpamMapmMMUCH ZS8TIMKIMH
CI u CO, caymxaT HanpsEeHue, MPONOPIMOHANBHOE JIrIy pacCOTriacoBa-—
:026: 8 8 = oy o, MEELY 33Z3KONUM JCTPOCTBEOM (d a) )}
oozexrou (el,) o

Ins oGecneueHusa BHCOKUX NOKa3aTenelt ycTo#uMBOCTM CIyXaT Ha-
npAReHUs, BHpaOaTHBaeMHe Taxoreseparopod TO u zauddepenimaTopoM
ﬂ®0 (oGpaTHHe cBfidM)., MaA oGecneuyenus KOMIEHCAOUM MOTpemHocTeft,
BH3EAHHOH ynpaBasouyuy EosZeficTemeM o 3, cay®aT ASTWIKM HH-
BapUaHTHHX EXoZoB-Taxoreneparop T/l, BpamaeMHit 3azapmuu ycrpoiicr-—
BoM 311 u ZugpdeperumaTop ﬂ@n' HoMnencanusa MOTpPEmHOCTH CIEEEHUSA,
BH3P3HHAA BO3MYMAKLMY MOMEHTOM My, NMPOM3BOZMTCA HaNMPAEEHMAMU,BH-
padaTHEaEeMHMN TOKOBHM nxaTuukoM TOH, ¥ auddeperumMaTopoM n@"'

PaccuaTpuEaeras CUCTEM3 MMEET HECKOJNBKO HEIMHEHHHX M MMIOYIBC-
HHX ONOKOB., TaKoit ciezfmmii npuBoj fABAAETCA CHOXHO! MMNYABCHOH
HenuueliHO# cucTeMolt, NMpaKTMUECKM pacueT KOTopoit He pa3paGoTaH.
[loaTowry E3uM NpU ELBOZE DPACUETHOTO YPAEHEHMS MCMNONB30BAHH HA3EaH-
HHE HauM "eXMHMUHHEe HennHeiiAHe GYHKUMM"., EZMHNUHAA HelMHeitras
OyHKLMA ONmpeAeNnAeTCA OTHOMEHMEY 3HAUeHUil HeauHeliHO#t BEIUUNMHH R
COOTEETCTBYWLMN JANHEapU30BAHHHLY €€ 3HAUEHUsAM, 33JaEB8EMHM JUGO
B EMfie TPAaduKOE, JUCO aQHANKTMUYECKU. OHM MO3EONAKNT COCTABIATE pac—
9eTHOE ypaEBHEHUE ZeliCTEMTENPHOE KaK ZAJf JMHEapU30BAHHOTO, TaK M
HeNUHEeHOTO BapUaHTOR. IlepBOHEYAaNBHO IPM 3TOM pPACCUMTHEBAETCH
N1HEeapN30BaHBH{l BApliaHT, KOTOPOMY OGECIEUHMBANTCHA ELCOKME INOKa-
3aTenl ycToffunBoCTM ( EKANUaA ECHECTEEHHHE OTPULATENBHHE KODHM

XapaKTepuCTUYECKOTO YPaBHEHUH) U GONbLAA TOYHOCTH CIEHEHUR, a
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sarTeM npoBepfAeTcs HeXnHeHELNA BApUaHT C y&e H3BECTHHMH NMOCTOSH-
HEMM BENMUMHAME BHGDAHHHX JCTPOHCTE.

[Ipn OTCYTCTEBEK pEKYNEpalmWE SHEPTHME NOCTOSHHHE KO3(fBIMEeHTH
IMHEAapH30BAHHOTO JPABHEHHA ClEAAMEro NpUBOA8 CYMECTBEHHO p&a3 -
AEYEH AXR OGI8CTH DAGOYHMX MEXaEHYECKHX XapaKTEpPHCTHKOK HCHONI - '
HETEAHHOTO 2NEKTPOABHUTaTENs M OCIACTH 6r0 TODMOSHHX X8paKTe -
PECTER. 37eCh paccMoTpuM Goamee mpocrolfh caxyuaif, Rorsa mMeeT Mec-
TO pERynepamus SHEPTrHH, T.6. BHIPAMHTEND JB NMOCTpPOGH HA CHMMET-
PHYBHX THpHCTOpPAX.

2. HCXOZHHE JPABHEHWA

i3 puc. 1 BuTexaer crezypmee HCXOZHOE YJDABHEHHE:

Up, 2K,y O-(5'P %t 8, D)ty (0% 2 T p) o 5 +
P 5t T 4 o) (M2 iy L (2Pt ), 1)

rae K, - KpyTH3HA X8pSKTEPECTUKE BNXOZA Z8TWMKa CO, B

. B/ paz,
ln - nepezaTouHoe YHCAO OT ZaTUYHKa ToYHEOro orcyera TO
KO0 ocH pdiexra, i 0

z—” TRl & AR, i fcck o, U‘,, omt
i plot, pag ' P‘O‘? qu} inlp‘M‘ xlm

- COOTBETCTBEHHO, KDYyTH3HA X8PSKTEPHCTHKM BHXOZA8 Audpepenmma -
TOpa (- eo nopsazka yraa moeopora of, oGtexra, of 3
3agapmero yerpoilcTra H ﬁ7 Boauymanmero MOMEHTA.
Ll Ll tl - HaNpAZeHHUd, rupadatnmaenue oruMm Audde perny-
amopaun 3 n. 2 :

Hanpazenme to C(E -1)p°l, cnymr xxm Kounemcemm Bmu-
AYMA HA ZUHBMUKY CHEAAMEro NPUBOAE NepeMeHHO#t cocTaBaspmel MO -
MenTa MHEpLMHM OCTEeKTa. BHpaZenue, 38KIDYEHHOE B KBAADATHHE CKOG- .
KH, PHPGOSTHBSETCH ZATUMKOM, DPACCMOTPEHHHM B padoTe [2] 5

Z; - eannuuRas HequHeiiRaf (YEKIMA, YUNTHESDMASA M3MEHEHUS MO-
EEHT8 KaepUUM OCEEKTa.

Cyuuapsut curman 415; nozeeTcs H8 BXOX Ge3HHEDPUMOHHOTO
yeunurens J. Jlanee 3TOT CHTHAN PaculeHA@TCA HA ABA KaHana,

Buxozsoe nanpamenue ycunurens K, Uy, yepe3 Onox BB
yNpaBIfAET HANpAXEHMEM PHXOAa BHIPAMUTENS NpPH IOMOmM M3MEHERHs
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yraa OTKPHEAHUA Sb TUpPNCTOPOB. I'padK 33BMCHMOCTH 3TOT'O yr-
b)¢:] oT BXOZHOTO HampsxeRus g, U;x npUBeAieH HA puc.2,
KpuBas I,

OTa 38EMCHMOCTH Henuneiina M. Jopua HemuHeliHOCTH ompezens -
eTc OCOOEHHOCTAMM CXEeMH OJNOKa o OHa NMoAUMAAETCHA BHPABSHUD

KylUg, =keZp(1+ TJP/(J'S?/, @)

rae Kg = A’%éd noCTOREHRS,
Z e % - eauRMuASs HeXmHefHas DyEEIMS,

b, 2T,
Ha puc. 2 BemMIMHa -4 J NOKa38H8 KpHUEOH 3.
T; - mocrosHEas EpeMemH IT0TO GIORE.
UMTyNBCH HaNpAXeHUA, COOTBETCTBYDNEE YLy (P » Zozma-
OTCA HA3 yNpaEiseMHli TMPUCTODHHH BHNpAMMTENH YB.
3aEMCHMOCTD AelicTByDmMEro HANpsZeHUS BHXOAA BHIDAMHTENS U,
oT yria </J NnoKa3aga HA pHUC. 3, KpuBas 1.
JuBeapu30BaHHas KpUBad NmpescTaBileHa npauoit auaueit 2. Ecmm
0003H3YUTh Yepes .
K TP, 7 ..._’_.(a -M)
8 Ugu Pl Rt S 4 1 SR
mo Q=P kK, (L, -Z,U,), 6)
rae U s “ Uy, - TEKymee ¥ HOMMHANBHOE 3HAUEHEA zelicTBYD-
IEero HanpAXeHWA H8 EHXOZE JCHINTENs,
Z, - ennuuvnasn HenuAeiinas QyEKUMA (KpuBas 3 puc. 3), muen-
asd MBKCUMANBHOE mpHpamenne 4 Z M .
Opu ycmoeumu, uro J - Y =Ky U,, , us Bupamenmii ( 2 )
n( 3 ) nmomyumm:

K.va aé’x » KJ-E;K“Z‘(/-* 7;-p}118 : )

HanpsazeHue u, nopaerca Ha T-oGpasmuft JuisTp Ppe
Ceash nesgy Bxomumy W, u euxommmw &,  manpsmenusu,
ecxill npeseCpeydb ENMAHKEM NMPOTURO3NEKTPOABMEymEH CHIH, cO378~
Baeloil B8 HHECpTOpE, OyZeT OnpenelsaThCA ypPaBHEHMEM:

ng = K.’pz (/08*/4,?/0 */402)“¢=er (/0-13)60‘)3)”¢
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raze A 2 ¢ A 3 ~ KODHM XapaKTepUCTHUECKOTO YpaBHEHMS,CO—
OTBETCTBYDUETr0 BHpPaXeRUD (5).

Eoadfummenty A e A,é ONpeZeNAnTCA MO KOpPHAM XapaK-—
TEPUCTUYECKOTO ypaBHEHUA A e ! A s 10THOCANEroCs K B~
paxenub (5), B COOTBETCTBMM C 33BMCHMOCTSMM BueTa.

Hanpazerme & @ 1 CHUMBEMOE C (UABTpa, MOZAETCA HA TUDU-
CTOpPH MHBEPTOpa K Aalee Ha ABUrarenb. N3 Bupaxenuii (4) u (5)
NoJayy|M

e
Kyols ™K oa KpZ t K2, T PP +ALpHAL )Ly ©

Hanpsazesne d‘o nozaerca Ha uABepTOp M.
Oo zpyroMy xamany, BHpaGaTHEanmeMy NEePEMEH:IYD YacTOTY, HAaNpAXeHUg
yeuarurens Ky’ dfx nozaerca Ha ¢uasTp @, o OH, B OCHOE=
HOM, NpEZHA3HaYeH ANA CHHXDOHM3AIMM B AMHAMUKE YaCTOTH f,
¥ HampsEeHNA U‘,, » NMOZ3aBaeMHX HA #HEEPTOP. [I03TOMY NOCTOAHHHE
3Toro PUABTpPa BHOMPANTCHA MO BO3MOXROCTM D3BHHMM NOCTOSHHHM
¢uaBTpa QDé .

lrddepenunansioe yparkeane QUIBTPA QU, 0yZeT KUMETh BUZ:

l
K, Ug, =x7,,6a +A,p +Am}tz¢,=x?,//+z;,,o/ /%é/:}zzw S
rae “9,, - HanpsikeHME EHXOZ3 3TOTO QUABTPA, KP'=K¢2'

Tagoe yparHenue peanusyercg I'-oO6pas3HmM QUABTPOM, MOC-TPOEH~
HHM H3 MEAYKTHBROCTH 4y n ewxocru €., rze To, 7;,e
TOCTOABHHE BpEMEHM 3%0ro GUIAETpa. -

Hanpaxenue l{p’nonaeTCﬁ H3 33fapmu# pegepaTop uacTOTH 3.
JaBMCUMOGCTE YaCTOTH f, OT 3TOT'0 HANPAXEHUS MOXET OHTH BHP3HE-

HO YpuBHEsdeM:

i Uy =K 2, (7+ 7;/0}]‘/ p ¢
rie K, e a%ww/{f;v- NOCTOAHAE,

3},*£4p,/4§;/a - GAVEMYHAA Heaunelnas QYHRIUA,

livaaraes, wro Giuoxu BP, PK, BBI',bBB, EBK u I'l He BHOCAT

BEEQUATECKBX WeHaQeHHd B 3aPMcnMocT: (8), a8 TOMBKO pacnpene-
nAS% CHTEANA Tpeoyemolt yacToTH 1mO (fa3ay, NpUABLL MMIYIBCAM,
OTEpERHEILY TEDHCTODH MHBEDTOpa, RYXHYD ¢opuy, 00ecneuyEannyn
UBSOTHERHOE BY OPEpY¥Eanne. B MTore Ha OOHOTRYA 8CUEXDORHOTC
SBERTPOLBUIATENRS OYyIET lOXARO0 HEIpAXeHME NepEeMEedHOr0 TOK3 pe-
TYyRUpyeuoid 4acrory, HO CUHYCOMN2IBAAR (ePMA KDUBHX HENpAKEHUH
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6yAeT MMETH OCMEM3IBECTHYD NMpPAMOYTOABHYD SMMPOKCUMAIKK,
Iina TpexdasHOTO 8CHHXPOHHOT'O K.3. ABUTATENf MEXLy TUCIOM
0GOpPOTOR B MMHYTY /7 ¥ MOMEHTOM H8 €ro Baly B CTATHKE CymecT-

ByeT 38EMCUMOCTH: o L KmZnlMi.
As o= ~gmdgT > "
5=y “8
rze N1, - CUHXPOHHOE UMCIO OGOPOTOE B MHHYTY,
Nn.-1n,
K= —p7 - NOCTOHRA, ONPEAEIADNAR COOTHOUGHHE MemLy
_“"3»  uowenTOM M UMCIOM OGOPOTOB B MHHYTY,
2,z 220

= m- enuMHKMYAaA Heaupeihnas QyEKmMsA,

Uy - exunuvYHas ReAuHe\HaA ¢YHKOMSA, ONpeZenApmas
3’= 7, OTKIOHEHME AEeACTEUTENHHOTO OT JMHEapU30BaH-
I HOTO HanpsAEeRMi Ha ABUTaTele, '

Z

Lza u L(aA - JelicTBUTENBHOE U ARHEApU3OBAHHOE HANPAXEHUSA,

[lp¥ 4aCTOTHOM pPEryIMPOBAHMM CKODOCTM TAKOTO 3JEKTPOABUIa-
TeAd C yMeHbNEHMEeM YaCTOTH BeOOXOZAMMO JMEHBHATH M HaNpAXeHue,
NI0laBaeMoe Ha 6r0 CTAaTOpHHE OGMOTKW. BNEepEHE COOTHONMEHHME MEXTY.
ganpsaEeEMeM & TacToTOoff OWIO NpeANoXeHO aKazeMuxoM M.[l.KocTenko.
Oznpako OHO He o0ecneIMBaeT NOCTORHCTBA HAKJIOHA MEeXaHMYECKO# Xa-
PaKTEpUCTUKM ABUTATENA U HEIABUCUMOCTH MOKCUMBNBHOTO MOMEHT8 OT
YaCcTOTH. TpelyeMuM YCIOBUAM JNyyme YAOBJIETBOPAET COOTHONEHHE MEE-
LY 9TMMM BEIMUMHBAME, ONpexesaenoe 3aBMCHMOCTEHD (2-68) (1 s OTO
COOTHOMEHNEe MCNONb3yeM ANs ceMei#icTBA YCTOUUUBHX MEX8HMUECKUX X8-
PAKTEPUCTHK MCNONRUTENBHOTO ABLIATENf, MOKA38HHWX HA PHUC. 4.
Tax=e npuBeZeHo M3MEHEHUe en%ﬂﬁqaom HenuHe#aol PyEKOUEA i!" c

Ecau 3arucumocts (2-68) I OTDEHKIUTH TNpPEAENEHHME KONE—
GaEMAMM 8GCOMNTHOPO CKOMBEEHAA /9=0 u ¥ ,rze &£ -
OTHOCHTENIbHAA Y8CTOTA NOJASEAEMOT'0 K ARuIraTeNn HanpAEeEMf, TO
0678CTs M3ueHEeHM{l OTHOCHTENbHOTO HanpaAzesms ¢ , NOZSBAEMOTO
K JBATaATeNn, OyAeT OrpaHNueRa KPMBHMHM, NDMBEEZEREHME HA DHUC. 5.
JvgeapuayeM ee mpsamoii I. Torza OTROCHTENHROS IMHEAPM3OBaHHOE
AanpfAacHNe, NOZ8RBOE B3 LEMTATENh, OyAeT NCAUMEATHCA YDPABHEHHD:

JAS 3’0+K),Za¢o(- ) {f?/

8 eIwENYHER HenuHekHas QYARUMA, OUPEASAADENAR OTHIOHEEHE HEIH-
HEREOTO HENDAXCEASKCOOTEETOTBYDMNEM JKTEapU30BSHHLYM 3HAUCHUAM

OyzeT peBRE: Z ‘e J, /&/A ¢1)

|
vze &, w2 (2.28) (1) goamio curs paswo:
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] T
Jz'ioé +/o"'+cic7+[d‘+e‘ec"j __zea
J = . @)

¢ 31,—+/5*cj (d+e/

0Go3naugrune Bcex BeNINUYKMH, BXOAAMMX B BHpaXeHUE (12) » B8HO B
pacdore

Bupszenue (9) cnpsBezNuBO ANA CTATUYECKMX JCIOBHHA PaGOTH
3NEKTPOABUIraTeNd. B AMHAMUKE 3T8 38BUCHMMOCTEH CYZAET M3MEHEHA
BIUAHRMEM 3NME€KTPOMSTHUTHHX NMpPOLECCOR B CT8TOPE M POTOPE ABUTE=-
renf. [pUGIMEEHHO JUTEM 3TO BIMAHUE ABYMA NMOCTOAHAHMM BpEMEHH
ABUTATENS 73’3 92¢ Torza Bupaxzesue (9) Gyzer MMeTH BUA :

Koo Zo K,
N = —"'sz 3 32‘2 (/0 "Aﬁp *Aaa)Ma (13)
rze K =f;”/ - 1'100‘1‘0 Hadn,
- HOMMESTBESA UBCTOTE N qncno 06OpOTOB B MHHYTY,
3

Afa 743 T3 ° A03= 7;87_-33 258 Aod

MoMenT, pasBHBAEMHR OGTEKTOM M NPUIOEEHBHYU K Baly ABUraTe-
1A, Ip TIpeBeCPEeXeBMHM BIMAHMEM K.N.K. NPHBOZA, GYyAET paBeB:

Mg . e :
M:?:—[,_ +lo.7,a o, . (%)
3necs M, = 9 b ? Ma' B KI'M, WTOTOBHA Boauymeomu#i Mo-
MeHT, npunoxeﬂmm K odﬁemy ¥ NpHEEZeHHHI! K Balny 3IEeKTpPOABUTaTENf,

,,:= t M —< _ MOMERT CTATMUECKUX conpoTHBRERut,
L BKIOY8A MOMEHT XOJIOCTOTO XOJa.-
ZBNTaTend N,, ,» NpuUBeZeHHH] K Baly ABUTaTenNf,
Mc" COGCTBEHHO BO3MYMAawmuii MOMEHT, BKIDUabmuit MOMEHT HeypaE-
HOBEWEHHOCTH, B KIM.

‘0- negenaroqaoe YUCAO OT ABUraTensd AO OOTEEKT8,

w4 ey

J- ];?4-—- MOMEHT MHEpLMM BpamanmuXCA 3M1EMEHTOB TNPUEOZAA, NpU-
¢, Bezemmui K Bany ABMTaTeNd, B KIM.CEK .

Ecau MOMEHT MHepLMK ~7o nepeMeHeH, TO MH OyZeM 3aMUCHEATEH

ero B Buze 7

0

T=Jy+

=Z/'-.7¢ 5 5/

'y 2
7 Lo
PneZ=7- eAVunupan HenVReltnasn (I)yﬂxuvm, onpezendmmasd OTKJIO-
/ c HeBue BEeJNUUHH j OT INOCTOAAHHOTO 3HaUYeHus ]C. .
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3. HEIVHEZHOE INGOEPEHIMATBHOE }'PABHEHPIE

Pemas COBMECTHO ypSEBHEHHSA (I) -(8), (IO) (13) - (I5),
MOAYYMM EHPaEECHHE:

(B Ap's ot Ap h,) 1)
3(8”0,".--* ”o)céaﬁ‘)f(gspﬁ...-f /P +60)M‘+3”
aye A‘_sa‘.*Gz‘-., i'té---‘s,

B, A, -6T, | i=12.. %

/’

By * o
G‘.sy‘- 6T,
K Ky,

,Ao__.vfn K, f/c‘ek, G ,
I

L=*01..5

’

“*-\.

p lortla 4
-!ast Ke Kn ° 7-317347; @1 pe. T - cex
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/ 1 { s e o
g Ll S v

i (e ] e
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4, BHIEP:XW U3 PACYETOB

PacueT OTHOCMTCA K ZelicTEyomeMy M8KETY CIEeAANEero NpHBOAS
C UCMOJHMUTENBHHM 3MEKTpPoRBUraTeneM MompocTsp I0 ker, 1350
06/MMH. Cxopocrs 0GTeKT8 MOEET ZOCTUraTh 3Hauenmft & 50°/cex
H JCKOpeHue < t 0 /cex » MOMEHT MHEpUHMH OOTEKT8 MMEeT EeInuu-
HY .7 = 2740 ¥ I300 KT'M.COK~, [lorpemBOCTH CIeEEeHNA MeHee:
cratuveckag 1,107 ' B nvBaMmuuecKas 3.10 -3 pan. [lpexnenpAHe 3H8-
yenna HenupefiHocTel:

1 622 / é _

z/‘{o,c ! 2"3{0.85 : z"“{o,w » Eprt.

Ina oGecnedyenus BHCOKHX NMOKasaTexel ycTofiumBOCTY HCNMOdB-
30E8H METOA TUNOEHX ypaBHeHuii, M3nOoBeHEH# B padoTe 3 .
BHOpaHO NuHEapU30EaHHOE JPa8BHEHME C BemMECTBEHHEHMM OTpPHOATENb-
HHMM KODHfAMM XapaKTepUCTHYECKOro ypaBHeHHA.. Koappumpenr ycu-—
e HUA yCUIMTENA OK838JICA DABHHM KyI = 462. B IMEE8pH30BARHOM
B8pU8HTE NepeperyAMpOR8HUE PBEHO  BYIO M AIUTENBHOCTH Nepe-
xoxsoro npouecca cocrarasfer 0,14 cer. Injddepenimansnoe ypar-
HeHHe HeluHelHOro BapHaHT8 MMEEeT BHAS

(2,p7+ 4746 2,p" (s5537-10"2, + y088.20")p°+
+(165-10°2,+ 6,555 10°)p°+ 2,51.10°p+ 34610 |6t )=
"[30 pir4r,6 2, p's(5 53010°2, + 108710 )p et 5 () +

-4 3 4 L7
+2, (32810 P rOI56P 182P+51E)M 11610 (1*)

[Ipu 2} =] monyyeeTcs NHHEAPM30OBSHAHI BApPHEHT 3TOT'0 ypaB-
Heuus. [IpOE€pKa H3 BHUMCAUTENHHO{t MAmMHEE NEpPeXoZHOTO Npouecca
HEeNUHEHOro BapuaHT8 NMOK83ana, YTO OTKIOHEHME KPHEOHR OT cooT-
BETCTEYyHmei KDUEOli AMHE8DH30BAHHOT'O BAPUAHTA COCTAENAET EAMHA-
OH NpPOLEHTOE, M NOTPEmHOCTH CHCEECHNA HE BHXOZAT 38 38A8HEHE
npeznen. '
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5._BHBOZIH

I. PaccuoTpeHnHH 3Z6Ch CAeZAmME NpPUBOA C YaCTOTHHM yIpaB-
JeHAGM K.8. TpeX]dasHHM aCHHXPOHHHM ABUraTelNed MMEeT MCKIDYH-
TEABHO BaXHOE 3H8UEGHHE ANA HAPOZHOTO X03AHCTBE M 33CHYXMBAET
fopCHPOBAHHOTO BHEAPEHHS 6I'0 B NPOMHIUIEHHOCTS.

2. PaccMOTpeHHHA clezAmmit IpUBOA ABAAETCA MMNYIBCHOU He-
anaeitnoft cEcTeMOff B npeznaraeMuEli HaME cnocol COCTaBIEHUSA
ypePHeHRS c"ezmENYHOR Hemmmeino#t dyEKmEEU™ nosBoxseT cocTaB-
aaTh ARfPepeHOBaNIBEOe JypaBHEHHE HeXHMHEe#HOro BapuaHTa, KOTOpOE
O9YeEb ZE6I'KO MEepPeEORETCH D IMHEAPH30BAHHOE. .

3. [IpE HCNOXNE80PEHEE TOKOBOTO ZaTUMKA HanpsiXeAHs, MpONOp=-
OHOHAZBHOT'O BOSMymapmeMy MOMEHTY, OZAHOBPEMEHHO KOMIEHCHpYeT-
CH BIEEEHE NepeMeHHOHM cocrTaBafwme#i MOMEHTa MHEpDIMH OGTEKTa
H8 ANHAMARY CHEAAMEro NpUBOAA.

4. PaccuMoTperEHEe HeIMHOXHOCTH BIMADT TOJIBKO HA €CTECTBEH-
EHe cocTerasmmEe R2; B §; KoadimmmenTom A ;% G, u e Bauspr
Ha AEddepenmManBEHe COCTABIADLMAE 3THX KO3)IMOMERTOB. Eciu B
IRAESPESOBAHHOM BADHAHTE BHODATH BHCOKYD yCTONYMEOCTH ¥ GONB~
mol#t KosffmOEEHnT yCHIGHHH, TO , K&K NpPABUIO, TAKHE CHCTEMH B
HeNmHE#HOM PapHaETe GYAYT 38BEAOMO YCTOiUMEH.,

JUTEPATYPA

I. A.C.Cenznep , P.C.CapGaTor. YacToTHOE yNpaBIEHUE aCHHXDOH-
HBHMR ZABATATENAsMH. M3-B0 "Jmeprma®, I966.

2. B.H.fBOpCKEA#t, A.A.XOMEHKO. JIaTUYMKHE CHIrHOI8, MNPONOPIMOHANE-
HOT'O BO3MymanmeMy MOMEHTY. COOpREK TpyzoR JMHA. Texumueckas
REGepHeTHKa, M 41, I%64. .

3. B.H.flBOpCKEYH, A.A.Beccenor, A.l.Koporaes, A.M.[loTamnos.
[IpoexTRpOR8ENE MEBSPHAHTHHX CJAEZAmMX NMPUBOZOB. M3-Bo
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SPEED CONTROL OF INDUCTION MOTORS USING
SELF-CONTROLLED THYRISTOR INVERTERS

Eiichi Ohno Masahiko Akamatsu
Central Research Laboratories
Mitsubishi Electric Corp.
Amagasaki, Hyogo, Japan

Introduction

Speed control system of induction motors is divided into
two major groups; one is synchronous speed control with limit-
ed slip region and the other is slip control with constant syn-
chronous speed. The former uses variable frequency inverterBOr
pole changing method, while the latter utilizes secondary resi-
stance or secondary voltage control.

In the secondary resistance control, the electric energy
proportional to slip becomes loss and make the system ineffici-
ent especially in high slip region, In static scherbius system
the secondary power is fed back to the power source through
rectifier and inverter to improve the efficiency.

In ordinary scherbius system, however, power flow in the
converter is unidirectional where the secondary energy of the
induction motor is only fed back to the power source, so that
the speed control region stays always below the synchronous
sveed.

Using self-controlled thyristor inverter instead of silicon
rectifier in the ordinary scherbius system, the power flow in
induction motor can be made bidirectional realizing higher
speed driving above the synchronous speed,

In the following, authors describe the principle and the
characteristics of this static super synchronous scherbius
system (SSSS) with some experimental results.

Principle of SSSS
a) Basic connection

Compared to the ordinary scherbius system shown in fig.l,
SSSS hacs self-controlled inverter(conv.2) and externally ex-
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cited inverter (conv.l) in the secondary circuit of the induct-
ion motor as shown in fig.2. Firing angle of conv, 2 is controll-
ed by the signal from the distributor which is connected to the
main motor shaft.

Wheno < ﬁg’% , conv,2 acts as rectifier, and the system
becomes ordinary scherbius, When7572<ﬁs7c , conv.2 becomes
inverter and conv.l becomes rectifier(0§<x.<79§)._1n the latter
case, the secondary power is added to the induction motor thr-
ough conv.l and conv, 2 resulting in the super synchronous driv-
ing.

b) Power flow in an induction machine

Now, the basic power flow in an induction motor under secon-
dary excitation is shown in fig.3, where the fundamental equat-
ions are established as follows; ;

P, =5 B #0Pe -- (1)
Pe =¢s P -- s (2) ,
P 2 )RS -— (3)

vhere Pw is total input power in the secondary circuit
Pe is electric power in the secondary circuit
Pm is mechanical output of the machine
s 1is slip of the rotor

Considering the primary Eoppef loss Pcul’ the secondary cop-
per loss Pc u2 and the iron 1oss Pf A the primary input Pl and
the secondary electrical output P2 are expressed as follows;

1 = Pk Py g T e st oy (4)
Py a2 L Pcua ----------- (5)

There are six operatinv modes in an induction motor as
shown in table 1. Mode A,B and C are ‘motoring modes where P
stays positive. Moge D, E and F are braking modes where Pm be-
comes negative, =

In the ordinary scherbius system, P2 can not be negative,
and only three modes A,E and F are obtained. In.the SSSS, P2
can be both positive and negative, and all six modes may be
realized, It is noted that not only the super synchronous driv-
ing (mode B), but also the regenerative braking (mode D) and
the inverted pﬁése drivingl (mode C) are possible in the new
system,

To achieve the operation of the new mode B, C or D where
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PZ is negative, conv.2 should be self-controlled type inverter
and the swichting of the thyristors in conv.2 is controlled in
accordance with the secondary induced voltage of .the motor.

In our system, high frequency modulated type distributor is
adopted to detect the phase relationship of the secondary volt-
age and give the gating signal to the thyristors.

Characteristics of SSSS
a) Current-slip characteristics
The eguivalent circuit of conv.l and conv.2 is shown in
fig.4 where the average output voltage le of conv,l is ex-
oressed as
Vqy = 234 a, VlocoscX - 0.955 x31d" 2R313 -===(6)
where ay is winding ratio of the transformer
XB’ R3 are ac source impedance of conv,l
Refering to the conv.2, the average dc voltage Vd2 is ob-
tained in the same way as
Vd2 = 2.34 Vaocos p - 0.955 led -2 RZId ------ (?)
where XZ’ R2 are secondary impedance of the motor
Here X2 and VZO are proportional to slip s ,
X5 = {s[X54 ] Voo = (Blay Vg '~ SeeRekishe (8)
where a, is winding ratio of the induction motor
Neglecting the resistance of dc reactor Ld’ we can get
Vg = = Vg -(9)
From equation (6) - (9), slip s is expressed as T

Isl = - (Ca, cosa-5x )/ (a cosg-)x) =---====(10)
where ¥ = (0,955 X3 + 2 R, + 2 Ry ) Iy / 2.34 Vg,
P = 0.955 X50144 / 2.34 Vig (11)
=

1./ 1 , I,~ is the rated value of I
d do do v d

An example of the current-slip characteristics obtained
from eq.(10) is shown in fig.5, where g = 0 or to get most
efficient control as described following.
b) Toraue

From equation (7), the secondary power P2 is expressed as

P, = Vgpr Ig = (3]6/T))sla Ylogd cosp
~|sl(3/) X I~ = 2 Ry Ty =====- (12)
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Therefore, motor torque (synchronous watt) T is expressed
as

T = (Py- P, o) /1| =(3‘!?/7c)amvlordcosp-(3/7(j)x20rc21
e (13)
From equation (13), we can see that the most efficient
control of torque will be obtained when p is set at 0 in motor-
ing mode or at 7 in braking mode.
c) Power factor (reactive power)
When @ =0 orL , the reactive power Q of the system is
Q= 3 VyI. = (3l6/m )V I a,sint = x Qysin®( --(14)

From equation (14) and (10), equation (15) will be obtained
puttingP =0 or7T , and neglecting 's'x and ’zx comparing to a

m
and at.

(ays/ at)2 + (Q/ xQ, e R e T - (15)

The mechanical power Pm at @ =0 orT is éxprgssed as
P = Pe( l1-5)/|sj=(1-5s )xQ0 ay / a, --(16)

The curves of Pm and Q vs. slip are shown in fig.6. From
thefigure, it is clear that Qmax = Pm /2 in SSSSsystem, whereas
Qmax = ?m in the ordinary scherbius system.

Converter Characte tics th Forc C tation

Forced commutation circuit should be used to secure the
stable operation when voltage and frequency are varied in wide
range as motor speed changes.

Fig.?7 shows an example of such thyristor converter circuit
with farced commutation; Reversible converter developed for
thyristor commutatorless motor2 is also usable,

Fig.8 and fig.9 show the mode tramsitions and waveforms
under the commutating interval from phase R to phase S. The
voltage dip due to the commutation is the hatched portion in
fig.9(h) A-B-C-D-E-F-A, This area is nearly equal to the rect-
angular A-B-E-G (eR‘tBE) in the figure.

Assuming Fhe simplified waveform of de in longer time
scale as fig.l0 from the above consideration, the average volt-
age Vd ie expressed as

: . %6
vy = <3f6'/m>vaojy°°sé ab = (3l6/m)a, (sl v10(1-[36) an)
: =(%-6)
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From fig.9, the equivalent commutation interval e (tBE) is

B =Tty /T =T s1,dC Vo /(1441,) + STTE/6f -(18)
Putting equation (18) into equation (17),
Is| = vy /7 [3]6/ ay¥yq -3 £,{57[ic/6
+ OV / (1 + I} ]-09)
Example of the solution of equation (19) is shown in FIG.1l1l
where the speed regulation becomes poorer in light load region.

This effect of forced commutation is observed in mode B, C and
D in table 1.

Table 1 Operating modes of an induction motor with
secondary excitation

mode s Pm P1 P2

A 1>s>0 Pos. | Pos. | Pos. conventional
driving

B s<0 Pos. | Pos. | Neg. super-synchronous
driving

€ s>l Pos. | Neg. | Neg. inverted-phase
driving

D 1>s>0 Neg. | Neg. | Neg. regenerative
braking

E s<O0 Neg. | Neg. | Pos. induction
generating

F s>1 Neg. | Pos. | Pos. plugging

Control Circuit :

The firing angle X of conv.l is controlled as usual way by
GATE 1 circuit in fig.1l2, while the firing angle ﬁ of conv.2
has to be controlled according to the secondary induced voltage.

To detect the secondary voltage even when the slip is zero,
the high frequency modulation type detector is adopted as shown
in fig.1l2. The fotary modulator RM of which construction is
the same as wound-rotor induction motor is used. The primary
winding is excited by 3 phase 60 Yz voltage which is modulated
with high frequency of 10 kHz. The secondary induced voltage
of RY is demodulated to get the fundamental component which is
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applied to the LOGIC circuit to produce firing angle
Speed control of the induction motor is achieved by firing
angle adjustment of conv.l. To get the accurate control, the
firing angleX is controlled by the difference of the output
voltage of tachometer generator TG from the speed reference
signal as shown in: the figure making the feedback control loop.

Experimental Result
The experiment was conducted using the wound-rotor type
induction motor of the_following constants;
primary  3-ph, 220v, 60Hz, 6p; r,=0.472, x;=1.42 L
secondary 3-ph, 123v, 6p; r2=0.26 1 xa=0.46541
4y = 0.56 , a; =0.672 , a, / ay) = 1.2

From these constants, the maximum speed 6f'2640 rpm that
is ns( 1+ at/am ) and the minimum speed of =240 rpm that is
ns( l-'at/am ) are to be realized in the static. super synch-
ronous system,

Fig.1l3 shows the torque-speed characteristics obtained from
the experiment,. and fig.l4 shows the oscillograms of waveforms.
These results proved the stable operation in wide speed region
both above and below the synchronous speed as expected from the
analysis.

Conclusions
The secondary excitation of an induction motor with self-
controlled thyristor inverter is proved excellent characterist=
ics both theoretically and experimentally. The super synchro-
nous drive and regenerative braking which are impossible in
ordinary scherbius system are realized in this new system,
enlarging the application field of induction motors.,
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Fig. 6 Power-slip characteristics



[nguLngﬁanknun

F 3 l—

e
F
3
SANE

1 CONV2 P2 Pl CONVI
o | Jog % =
Lui o) xl & &
- v Yy
ek | i
B
vd2 vdi
- QO
& % ¥
L |
= B

R2 |

commufafion circuif

5
i

Fig. 7 Circuit diagram of the thyristor converter with
forced commutation

V)

VIS
W

Source

1



CR2I
RT% Td P
- *Vco Id
T
CR22 N
(a) mode I
R IO
P 4 P
D ~y
T N
(c) mode II
S ——DF—

NTY,
SR e -

(e) mode V
Id
5
R —e——4——p
T —a— N
(g) mode M

1. D

e is i

: 3 LI
R P % P
ic)
C L
(b) mode I
R—%—f gU_P
(d) mode I

R b T — P
“;r_ualld
re-lw

T —<t—p— N

(f) mode W

—& Conducting

- Non-Conducting

Mode transition under commutation of conv.2



57

Mode — 1 —Txll>xVae— V—=V|f1—
(A - :
(@) ic T
=t A
i
b) vC e
\ !
A
ol
(C) IR— :
Id
(d |5 —= :
e 17— .
-I'd -Id
N =
A
f) 1s g
(@ Versi
Y /
Bl 2 7B
%% /
(h) vdz %7 %
B8 cL7E
I
! D
! 1B
Fig.2 WYaveforms of conv.2 under commutation



58

Fig. 10 Simplified waveform of de
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INTEGRATED DISITAL CONTROL {FF By
THYRISTOR DRIVE

F, Fallside and R.D. Jackson, Engineering Laboratory,

University of Cambridge, Cambridge, England.

1. Iatroduction

4 study nas recently been made of the direct digital control of
thyristor arplifiers in computer control systemsl, in which each thyristor
is directly under the control of the computer., This technique gives a
precise control of the firing instants and is well suited to the require-
ments of optimal control since within the time limits of the sampling
perioc any form of control law can be implerented. -On the practical side
it allows the use of very simple firing circuits since these are triggered
directly from the accumlator of the computer, and the reduction of external
logic circuits is possible since their functions can be absorbed by the
corputer. Its use results in a fuller use of the system computer and at
its simplest removes the need for a digital to analogue converter between
the computer and the amplifier.

. The previous study was concerned with closed-loop voltage controls
and in it the firing instants were calculated from output voltage data fed
into the computer via an analogue to digital converter. In the present '
study the technique is extended to a d.c. speed control svstem in which
the output speed is measured digitally and strobed directly into the
computer at the beginning of each thyristor firing interval. This results
in a fully integrated digital drive; compared with other cocputer-controlled
drives or with hybrid drivesz’3 which invariably employ digital to analogue
conversion at sore stage.

Results are given in the paper for an experimental 2 ii.P. drive in
which the motor is fed from a computer-controlled three=-phase bridge
arplifier. A description is given of the complete system together with

details of the control alzorithm and practical aspects of the system.

2. Tne sttem
2.1 General

Tne corplete system is shown schematically in Fig.l. It is basic-
ally a cormputer—coatrolled drive employing proportional control with the
extension of computer control to the thyristor amplifier. The output speed

is derived by strooing the shaft position into the comnuter rzpetitively
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and taking the difference between successive samples. This is compared
with the programmed speed reference to form the speed error which the
computer tnen employs to produce a proportional amplifier output voltage.

Since the thyristor amplifier is a three-phaée bridge excited at
50 Ez its effective sampling frequency is 300 Hz and all the extermal
timing sequences are locked to this frequency. This is accomplished by
the element termed timing amil address circuits. All the timing sequences
are locked to the phase voltage crossovers - the instants at which
successive phase voltages become equal - by taking the three-phase bridge
supply voltages in pairs to six comparators whose outputs are shaped and
combined to produce the required phase-locked 300 Hz pulse train. This
pulse train is used to provide the programme interrupt signal and the
strobe shaft positior. signal. 1In addition the unit provides the thyristor
addresses. Integrated circuit comparators and pulse .circuits are employed
to provide precise timing.

The shaft position encoder is a 10 bit optical disc with Gray
format. To avoid ambiguities this is strobed via latching circuits by the
timing and address unit before conversion into binary form. The binary
position signal and the thyristor addresses are strobed into the computer
under prograrre control via gates in the interface.

The computer used in the experimental system (PDP8) has a 12 bit
word length and a 1.5 ps basic cycle time. A simple interface was used
and only the data inputs shown in the figure were erployed. Considerable
elaboration is of course possible particularly in the case where the drive

forms a small part of the computer controlled system.

2.2 Computer-controlled thyristor amplifier

For a given effective input signal to the amplifier, in this case
the speed error, the corputer calculates the required firing instants and
wien these are reached produces appropriate firing pulses for the thyris-
tors. To ensure that the thyristors are fired in the correct sequence it
is necessary to identify the individual thyristors of the amplifier. This
is done by the comparators in the timing and address unit rentioned in the
previous section. Each comparator has a 50 ilz pulse train output corres-
ponding to one of the six distinct phase voltage crossovers and thus each
output, suitably shaped, forms the address of one of the six thyristors.
The six address lines from the timing and address unit are comnected to

six bits in the accurmlator viz gates in the interface.
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In addition, the same six bits in the accumulator are comnected
via output gates in the interface and s-:i.mple firing circuits to the six
thyristors. In this way the address of successive thyristors is fed intc
the computer at the phase voltage crossovers and when the firing instants
calculated by the computer are reached the correct thyristor or, as in
this bridge amplifier, the correct pair of thyristors, is fired by simply
setting the required address or addresses in the accumilator and strobing
them into the firing circuits. thereby firing the thyristors. (The same
rethod can be used for other configurations of thyristor z.mplifietl.)

The amplifier employed in the experimental drive is rated at 200V
10A d.c. Tne firing circuits consist of simple single stage transformer-
coupled monostable circuits, they produce 5V, 200us duration firing pulses
from the 3V, 400ns interface output pulses. i

The timing sequences and the method of calculating the firing

instants are discussed in the next section.

3. Control Algorithm

The flow diagram of ‘the complete system is shown in Fig.2 and a
photograph of a number of amplifier waveforms showing some of the timing
sequences is given in Fig.3.

As can be seen the firing programme is.initiated by the interrupt.
pulse produced at each phase voltage crossover. After the interrupt has
been serviced the shaft position neld by the latch circuits at the inter-
rupt instant is strobed into the accurmlator and this is followed by the
current thyristor address. The next operation is the formation of the
speed error from the programmed reference and the derived output speed.

The firing instant is then calculated from the magnitude of this error.

In this system a simple look up table is used which is entered every 100us.
vhen the error is equal to or less than the current en.try in the looik up
table tne firing instant has bec;_n reached and the appropriate thyristors
are fired in the mamner already described. In the three-pnase bridge
amplifier there are two possible firing modes dependent on the magnitude of
the firing angle and these in fact define two-look up tables. The type of
firing law is determined by the form of the look up table and considerable
variety is possible; in the experimental system simple linearly increasing
entries were used corresponding to a ramp analogue reference circuit,

After firing the computer is available for other calculations, such

as logging or controlling other parts of a larger system, until the next
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interrupt occurs. The use of look up tables is of course prodigal of
computer time and faster methods can be employed to calculate ‘and define
the firing instant.

This basic algorithm lends itself to elaboration in a variety of
ways. For example, by reading in all the state variables a precalculated
optiral control law can be implemented, or a taree term control can be
produced. In addition a prograrmed or calculated reference change can be
used and an example of this is given in the next section.

The waveforms shown in Fig.3 are representative of the experimental
drive during steady-state behaviour. The phase voltage crossovers are
defined by the falling edges of the shaft position strobe signal and these
indicate that the amplifier is working about 14° away from its maximunm
free-firing output condition. It can be seen that double firing pulses are
used; the first pulse fires the particular thyristor which is being dis-
played here 14° after it has been addressed at its crossover and the second
pulse confirms that it is to provide the return conduction path for the
thyristor in the opposite side of the bridge which is fired next. It can
be secen that fairly short address and strobe pulses are used, they need
only be sufficiently long to cover the time interval from interrupt to the
covpletion of the tiayristor address read in instructions, see Fig.2, whica

is e2bout 3Cus.

4, Experirental Results

A number of experimental results from the drive are shown in Figs.
4-6. The first shows the speed response of the syster from standstill to a
steady-state speed of 1000 r.p.m. This step response resulted from
swvitching the corputer to run with a fixed value of speed reference in its
prograrme.

The next Figure is an exarple of the use of a prograrmed reference
change. In this case a relerence was obtained by increrenting the refer-
ence after every sixteen firing pulses. The variation in.speed is again
0-100C r.p.m. Figure 6 shows the response of the system to a load
transient caused by switching a load to a generator coupled to the motor
shaft, tie steady state speed is 1000 r.p.m. :

It can be seen that the system as deronstrated has a roderate
performance because of its low loop gain; it is not difficult to overcome
this and it is not a restriction of the technique.

In developinj the eguipwent the mzin practical difficulty expected
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was pick up between the power circuits and the pulse and perhaps cormputer
circuits, It was found however that the preventative measures adopted in
conventional thyristor amplifiers were sufficient to overcome these pro-
blems. Computer—controlled thyristor amplifiers have been found to be

reliable in operation and the same was true in this drive.

5. Conclusions

It has been shown that a computer—controlled thyristor amplifier
can be incorporated without difficulty in a machine drive and that by
employing digital shaft position measurement a fully integrated digital
control can ve achieved., A very simple drive was mechanised to demonstrate
the technique and it is clear that considerable extensions and elaborations

are possible in drives using this technique.
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Fig.3 Amplifier waveforms

Output voltage, firing pulses, address pulses, shaft position

strobe pulses. Korizontal scale 2 ms/cm

Fio.4 Step response of drive, Horizontal scale 1 s/cm
8.
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Fig.5 Response to programmed change of reference

Horizontal scale 1 s/cm

Fig.6 Response to load transient.Horizontal scale 1 s/cm
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PASBUTVE METOJXIOB YHPABKEHMH JHIYKUVOHAEM)! MUEPOMAIMHAMY
X.7.x. J.B.CBeuApHEK,K.T.H. J.X.Ixzonmd,
rExeHepH D.M.Keams ® A.A.Bexorzasos
( HMWHHmOHPKEXO

BEE[ERVE,

B coBpeMeHHNX CHCTEMAX CEEXDOHEOR CBASH K CIGAANEM NDHBOLE MH-
ZYRQEOHANE MMRpOMANEHH (XByXfaSHHe MCHONERTENBHNE ABATSTENH,Celb-
CEFH X Jp.) BAXOIAT CaMOe MHPOKOe NDEMeHeHie.

. B pame ciyuaeB HCIOIb30OBAHHE CJIEIAMETrO npLEBOJ2
OpHBOJANT K 3HAUKTEJBHOY I'POMO3IKOCTH 06OpPYJIOBAHHS
1 ero Majol HajgExHOCTH. EHauumenLHoe‘ynpomeHne cie-

Igmero npmsoja, kKorjga He rTpelbyeTca  0OCOGEHHO 6O0JBIOi:
TOYHOCTH / HECKOJNBKO YLIAOBHX MHUHYT/ ABIZETCA IOI.TO-
My BecnMa 8KTyaJbHO# IpOGIeMOil.

CTpeMICHEe JMEHHIMTE BeC K TradapATH,a TagEe cronuocrs CJIeIAmero
OpPEBOKA NpHMBEJO K paspaCoTKe 9JEKTPHISCKEX MEKDOMANAH ,COBMEIRAMIEX
HeCKOIEKO dymxnm# [ {]. B oTofft CBASH MepCHEKTEREMM ABIAETCA HCIONB—
30BaHEE MOTOCEHOB (COBMEMEHHHX ABETATeNeR-CeNbCHHOB) H IBHTATENEl,
yUpaBIgeMdX MNPOCTPAHCTBEHHEM CHBATOM oceft oomoTor (JIVIIC),KoTOpHE
B HacToAMee HEENEZEFWEE BPEMA yXe HCIOOIBSYDTCH B pAle CIyIAeB IOPaK-
roen [2+4], .

MoTocrHH ® 3JeKTpomBHTaTeJm TEma JYIC, nsodperennue I.B.CBeuap-
rrxom [ 17 ,Bumyckaprea cepuiHO CMOJEHCKEM ODHTHEM 3aBoXioM HMATerzo-
nprdopa (mozexnm CHC-2M,CIC-3M). MoTocERH TEma CIC-2M npAMeHEHH B
ykasaTeJsIX YpOBH H Hamopa BogH THmA A5020,yCTAHORIEHHHX B2 MID3AX
KreBcroit,CapaToBckoff  KageBcko# I'9C. B Havase 1968 roma mapTeA mpE-
copoB A5020 GymeT mocTaBleHa HA mib3 "Eesesmne BopoTa" (PymuEmi).

COTHE MOTOCHHOB TEHOA CKC-BM npnmenammcx B anexrpouexannqecxnx
MABMIYAATOPAX o7i i it 27 7 1 g LN

B radmmax I 7 2 mpuBelileHH OCHOBHHE TeXHEUECREe xapanwepncwzxz
paspadoTakHux B HiMTemronpnéope MOTCCEEOB H IBATATeNei ,yIpaRIAEMHX
OPOCTPAHCTBEHHHM CHBHETOM OCeif OOMOTOK.

HoBHE HHIYKUFOEHHE MMKDOMAMNMHH,NONYYeHHEe HA OCHOBE COBMENMEHE:
CeJbCKHA K BJIEKTPOABATrATENd C IIOJHM POTOPOM,He MOIyT OHTEH HCCIENO-
BDayH OYTEM FCIOJAB3CBAHAA INMEKUUXCHA TeOpeTWIEeCRAX paspaGoTOK KaK IIo
CeJibCHHAM,TAK K MO MAMiIHAM C IOUEM DPOTOPOM, Tak KAK NOCIeIHEE HCCJe-
LTORaHH JIMIb JULA DCRIMMOB C (PMKCHPOBIHHMEM yIVIOM CIBETa MEXXY OCAMH OG-
morox & = ¥ »3 TO BpeMa Kak ILNT moTocrHoB m IVIIC yriosce mepeme-
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meHEe ABIAETCA OmpellesaaiyM JAKTOPOM. OTO NPHEBEJO K HEOGXOXAMOCTH
Pa3paGOTKE HOBHX TEOPETHYECKIX MOJOXEHM ,IpEBEIeHHHX HUXE.

YCTPOUCTBO Y NPYHINT JEWCTBUH MOTOCVHOB Y J¥IIC,

Cxema BHJIKYEHHEA MOTOCHHA B CJEIANYD CHCTEMYy X eI0 KOHCTDYKTVBHAA
cxema MOKA3aHH Ba puc.l,a,0. MOTOCHH padoTaeT B OCHUYHOR VMHAMXATOPHOHR
ceasceHHO# cxeme (puc.I,a) ¢ Toit AEuER pasHmIe#,4TO ero OGMOTKA BO3—
OyXIeHNA NpACOeNWHEHA K TO# Xe CeTH,4YTO H OOMOTRA BO3CYRIEHUA CeJb—
CHHA-JIATYNKA ,HO He HENOCpPeICTBEHHO,a 4Yepe3 fasochBrranmmi KOHIEHCA-
TOp. B 3a30pe MeXIy CTATODPOM B pOTOpoM MoTocuHA (puc.I,5) nomemén
ooyt TOKONPOBORAMMA CTakaH 2,ARIAKEACA POTOPOM 3JEKTDOLBUIATENA
¥ CBASAHHHA C BHXOIHMM BAJIOM 9 poTopa 3 HOHMEADMM DeXyKTOpoM 8.

Ha pmc. 1,0 mpeXcTapieH2 KOHCTPYKTUMBHAA €XEMAa MOTOCHHA,B KOTODOM
noxson Toxa (BBOIH 4) K BpamammedicAd OOMOTKe BO3GYXEIEeHAI poropa 3
OCYmeCTRIAETCA C IOMOMBY KOXBLeBOro TpaHchopmarTopa (5,6) Topuesoro
RIA DAXFANbHOTO THIIA C BHBOIAMA 7 OT HENOIBUEHOE OOMOTKHM. [lo Taxcit
KOHCTDYKTHBHO# CXeme BHIOJHEHH MoTockHH CIC-IMB m CHIC-B-400.

Tokn,npoxonsamme mo OGMOTKE CHMHXDOHH3AMMMA,DACIOJOXCHHOR Ha cTa-
Tope I, co3mapT OyJAbCHpykflee MOJNe,0Ch KOTOPOT'O OnpeleJseTcs MoJIoRe-—
‘HAEM DOTOpa CeJbCHHa-IATYMKA Jl ¥ B o0meM CJydae He COBNAZAaeT C OCBI0
OGMOTKM pOTOpA CeabCRHA-NpmémHiKa (MoTocMEa). HamarHuuueanure  CHIH
OOMOTOK CHFXDOHM3ANEY M BOBCYKIEHAR CMemeHH B IOPOCTPAHCTDE N BO Bpe-—
MeHK (C momOWED KOHAEeHcaTopa C),YTO OPMBOAAT K OGPA30BAHIK Bpamanr
merocAd moas B MorockHe . [pOCTPAHCTBEHHHWt yroll cnBMra OOMOTOK 6
MeHseTCA B 3aBHCUMOCTH OT DACCOIMIACORAHUA MEXIYy DOTOPOM IAaT4YHKA U
npuémirka (B COIVIAaCOBAHHOM mnojiokeHma 8 = 0 ),

YnpaBieHne HCIOJHUTEJBHHM IBIATATEJEM OCYLEeCTRISCTCA H3MeHeHueM
CTENEeHN JJUIMITUIHOCTH Epauamgerocd MoJd,3a CYETH3MeHeHMd HEe TOJBKO
BEJIMYMHY ¥ (A3H HONBONMMOI'O K OOMOTKAM HalpaXeHud, HO M IPOCTDAHCT-
BEHHOT'O CIBAI'a OOMOTOK. Pe3yJbTipyluee Bpaliameccsa Ioje B3aumomeit -
CTByeT C DVXDEeBHMHM TOKAMIU,HAEEJEHHHMH B IIOJOM DOTODE, ¥ CO3TAET BpA-
uannmi MOMeHT. [Ipu BpauleHMM IOJOTO POTOpA 4Yepe3 MOHIRAKIUE DPeLyKTOp
[oBopayyMeaeTca ynpapisieMad oChb S ¥ yMEHbINAEeTCHA pPacCOIVIACOBAHME,

\oMEHT HA BHXOIHO# CCH MOTOCHHA DaBEH

M=(Mc+ i 9 Mud) $in® (1)

rne Me, Mud—MOMEHTH CEJNBCHHA M MCIOJHUTEJNLHOTO NBUIATEJNA;
L, » - NepelATCUHOE YMCIC ¥ K.I.O. DPEIVKTOD?;
8 - IPOCTP2HCTBEHHHA yroJ CHBHIra MERIY OCAME OGMOTOK
CTaTOPa M BHYTDEHHET'O CTATOpa.



73

B 33aBECAMOCTE OT IEPEJATOYHOrO OTHONEHHES PeXYKTOpa MOTOCHHOM HpO-
FEBOIMTCH yCWICHEE MOMEHTA B COTHE X GOJee pa3. MOTOCHH 3ameHAeT HCIIC
HATeJBbEHI! IBMTATeJb H CeXbCHH, He Tpelyd NPOMEXyTOYHOI'O YCHIEHHA B
UelE yOpaBleHAd,

MOTOCHH NmO3BOJIAET AMCTAHIMOHHO YUOPABAATE CPABHETENBHO MOMHHMiI
pPerylapynaM OprasaME 6e3 NOpMMEHEHHA NONOJNEBHATEABHHX 3JEKTDPOHHHX,
MATHATEHX H IpDyTEX yCRIETexeii,

Ha Gaze MOTOCHHA JeI'KO BHIOJHEM 3JIEKTPOMEXAHAYECKH! HMHTEeIpaToD
yria BO BpeMeHH. [lomoOpaB KOShiEOEEeHT CHTHAIA B (a3y HAODAXEHUd,
MOXHO [IOJIyYHTH JEHeAHYyD 3aBECHMOCTH CKODOCTH BpAmEHAA IOJOT'O POTOpa
OT IPOCTPAHCTBEHHOro yraa @ B Bduanasome ' L0 40° ¢ morpemHocTED

+ 0,5 %. CpA3aB C DOMMM DOTOPOM CUETYEK OGODOTOB,IONyYREM HA HEM
HHTEIDPUPOBAHFE IO BPEMEHH BeJWYMHH,3aBHECANME# oT yria chsera 6 ,
3a/1aBaeMoit HEeMOCPELCTBEHHO HNM JHCTARIIEOHHO.

HerxoTopHe KOHCTPYKLHA MOTOCEHOB BHIIONHEHH IPA COBMENEHAW HCIOJHU~
TEJBHOI'O IBETATENS C IAGPepeHIEANTEHHM CeJbCHHOM (nanpmep,momcm
CIC-2I = CIC-2M).

Bo3MOEHOCTH MOTOCHHA C TOYKH 3DEHHES MeTONOB yUpamileHmA Besukic,
BHOOJIHEB H2 CTATOpe ¥ BHYTPEHHEM pOTOpe TpéXjasHHe OOMOTRE,MOXHO IO~
JYYHETH pas3HHe CHOCOOH YUOpABRIEHMA NYyTEM H3MEHEHHS TOrO EIX HHOTO DA -
pameTpa: :

I) peavumHy HampsameHEs (Ro3fdrImeHTa CHI'HANA);

2) BpemeHHO §A3H HANpIReHEH,NONABAEMHX HA OCMOTKH;

3) mosozeHEs Pe3yJLTHPYIIEX OCef TPEX{ASHHX OCMOTOK;

4) mpoCTPaECTBEHHHX YIVIOB MOBOPOTE POTOpA H CTATODA.

B pesyJnTaTe MOXHO MOMYYETH 63 cmocoda ympaplemmd [ 3] mMecTo OGHYHO
OpAMeRAeMHX )11 HCHOONHATENBHHX JBuraTetefl TpEX CHOCOGOB:aMILIATYIHOIX
$a30BOro ® aMIIETYIHO-fa30BOrOo., TaxEM o6pas3oM,BO3MOXHOCTH TaKOi MA-
UMHH 3HAYNTEABHO PACHEDADTCH,

llpn p230MKAyTO! KEHeMATHIECKOX CBA3H MEXNy MOOJHM DOTOPOM H OCBHD
yIOp2BJIeHud , pPACIOJOXEHEE Ha CTATOpe H POTOpe MOTOCHHA ONHOJASHHX OG-
MOTOK MOTOCHH OpeodpasyeTcd B HCHONHETEILHHN IBATaTelb,yOpapIgeMui
IOM/AMO MAPOKO H3BECTHHX CHOCOC0B (amuiaTymuuit,fa3oBHE H aMOIETYIHO-
$a30BH%) OPOCTPAHCTBEHHHM CHBHI'OM OcCeli OGMOTOK YHNpaBIeHHA H BO3CYE-
IeHrd. JOCTOMHCTBO TAKEX HCHOJEHETEJIBHHX ILBATAaTelell COCTOHT B TOM,
YTO yOPaRIAKLAA BeJAYAHA BBORHTCA HENOCPEeACTBEHHO B BHIOE MeMAHHJeC-
KOT0 IepeMelMeRnd.

VIHTepecHo OTMETHUTH,qTO INEePBHMH WHIYKOHMOHHHEMHA MHKDOMANAHAMEA,B KO-
TOPHX HCIOJB3YETCS METOI IPOCTPAHCTBEWHOI'O CHRHETA Ocell HAMATHEINBAL
WX CHJI OGMOTOK,ABMINCh KOHT2KTMHE B GeCKOHTaKTHme cexbcumy [ 3.
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BOIPOCH_TEOPYMY MOTOCHMHOB Y JBHTATENEN , YIIPABTAEMHX
[IPOCTPAHCTEEEHHM CIBVTOM OCEH OEMOTOK ( JITIC).

B dmonmorpade® mpEBeleHH OOyOAMEOBAHAHEe PAaCOTH ,NOCBAMEHHHE Teope—
TAYECKOMy H 3KCIepDEMEHTAJNEBHOMYy HCCJENOBaBED MOoTOCHHOB E JYIIC,

Hzxe paccMATPHEBADTCA OCHOBHHE BONPOCH TEOPHAE H METONOB IPOEKTHDPO—
BAHAA YKA3QHHHX MHKPOMAMMH,pa3paCOTAHHHE aBTOPSMH,

IYCKOBO#_MOMEHT MOTOCHHA ,BKIIMEHHOTO B CIENAIND CUCTEMY [ 5]

Ina aganEsa BO3BMEM Bamdosee oOmMmE ciydait: BRIFeHEe XudfepeHnA -
aJBHOT'O MOTOCHEA.

Ha puc. £ npHBefieHA NPVHIENEANEHAS CXeMa JWibdepeHIVANLEOR CeNb-
CEHEO-OTOCEHHO! ITHECTRHNAOHEOX mepemadm,rme: I,2 @ 3 - dasy oOmo-
TOK CeJHCHHOB~JATYAROB 4 U K K NOPMEMHMKA I 4- OOJHA poTOp MO-
TOCHHA ; 5 — NOHEEANMAK DEXYKTOpP ; 6 — BHXONHOX BAN MOTOCHHA.

®a3H OOMOTKE CHHEXDOHH3AAX IATYEKA a4 MOOIRIDYCHH K fa3aM po-
TOpHO# OOMOTEKH,a $23H OOMOTKE CHHXPOHH3aNMM NATYEKA K NOXKIDYCHH
K fa3aM cTaTOpHOX OOMOTKH MOTOCHHA II ,

OOMOTRE BO30yEIeHEA ITATYHKOB-IONRIDYEHH K olCe#t omEofasHoX mm-
Tapme# ceTH,OpEIEM OOMOTKA BO3CYXRINEHAd JATYEKA K mORRINYEHA K cel
TH Jepe3 fasocusarammui KOBAEHCATOD.

[lpr ECCAeNOBAHAA NPZHATH CJeRyDmde NONyMEHAA:

a) mdeeT MeCTO CHHYCOHIANHHOE H3MEHEHHe MOTOKoCUemNeHuE Y MOTORa
BO3Cy®RneHEA ¢ fasamu 1,2 # 3 OOMOTKE CHHXDOHH3ALEE IATIYEROB MDH
H3MeHEeHIE yTa0B o # f moBOpOTa DOTOPOB IATYHEROB;

6) IOJNHOEe CONpOTHRIEHHE B LENE RARNOX MADPH MOCKENOBATENBHO BKJID-
YeHHHX §A3 JATYMRA H OPAEMHEKA OPMHAMADTCA ONEHAROBHMA UL BCEX
TpéX a3 ¥ He3aBACANWMA OT MOJOXEHHA POTOPOB WIE MPOTEKARMMX TOKOB:

Zk’ﬂr =Zkﬂz=Zkﬂs; Lot & Lrans® Zaﬂ3,

IpHIEM

Zﬂ’”i = (2/"1' +2ni+ ?m') +</'/,YA,; o yﬂ"“‘xm') =

=Keni +) Xonj = |Zunil-€ s 4 (2)
Zaﬂ; = (?qi +2a +?n,~) ";/,'[.Yq; + Xy +J’/u') =

=/Zam'/‘ e j%”, (3)
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rne Zwn = / Zen:l e."ﬂ‘” ~[IOJHOE CONPOTMBIEHEE B KOMILIEKCHOM
BHIe B lLleNE DADH MOOCHENOBATENBHO BRIDYEHHHX (A3 FATYEKA K H OpE-—
EMHARA I ; )

7 o] €7 - TO Xe [ JATUAKA & H ODHEMENRA II;
%%n, Yan  -apryMEeHTH IOJHOTO CONPOTHERICHET B KOMILIGKCHOM BENE B
Len® ODAPH OOCJNEeNOBATEJNBHO BKRIKYCHHHX (A3 COOTBETCTBEHHO JATYHMROB K ,
a © NpREMAZKA @O}
ki, 2aiy Oni,24{~ aKTEBEHE CONDOTHBICHAA (A3H OOMOTKE CHEXPOHE3ANHE CO -
OTBETCTBEHHO JATYMKOB K, 4 , ODPEEMAAKA I K JARWE CBA3H;
Xei, Nai, Xaj, Xni= TO Re N4 EEIYRTYGHEHX COOPOTHBICHIH;

B) IpA KAYECTBEHHOM HCCJENOBAHAA (HESHYECKEX IPOLECCOB B CHACTEME
IoTepE B OOMOTKAX BO3CYENEHHEA H B Eele3e MATHATONPOBOIA He YYATH-
BApTCA; KOJMYECTBEHHO MOTEepH NPARMADTCA BO BHAMAHME B pe3yibTaTe
ACTHOJNB30BAHAA IPH pacuéTe OCHOBHO# peakTmBHO# cocTapiAmme# HAmpaRe-
Hus BO3CYXRIEHHEA Ee BMecTo mETanmero BANPAXRCHAL l/¢ B BHpAXeHEAX
A 9.X.C. OOMOTOK E TOKOB B IENAX CHCTEMH. ;

IlyckoBot MOMEHT B AQCHHXPOHHOR NBYXJA3HOM IBETATeJe,yIpaBlIde—
MOM H3MEHEHHeM yIJia CIBEIPA MeXIy MATHATHHME OCAMA OJMOTOK BO3GyRIAe—
HOS 7 yOpaBleHHmd,kax mokasamo B /2], paBeH

Mﬂ = -“/7' k/ pcl/-[—P//Ic/S‘l.”/}/e—%)‘g"‘ﬂg, (4)
rne Mpn -mycroBo#t MOMEHT;
W -yrnoBad YACTOTA NATAIMETO HANDARCHAA;
K —roaddrumeHT Tpch MexIy OCMOTRAME DOTOpa H CTa-
, Topaj
g IONOJHATENIEHOe CONPOTHBJIEHAE,BHOCEMOE B IleNb cTaTopa
, TOJHM DOTOpPOM B 3a30pe;
1},22- COOTBETCTBEHHO TOK B OOMOTKE DOTOpa H CTAaTOpa;
7?,7% — COOTBETCTBEHHO (fA3H TOK2 pOTOPA H CTATODA;
/A -~ yTon mpOCTPAHCTBEHHOrO CIBAra ocet OOMOTOK poTOopa X
cTaTopa.

B OoCHOBe MeTONa HECCJEROBAHHA JEEAT IpelCcTaBleHre BpATRKINETo MO—
MEeHTa HA NOJOM POTOpe MOTOCHHA “aK CYMVH BpallAKmmX MOMEHTOB,00paso-
PAHHNX B3amMoJieficTBMEM TOXOB BO BCeX Iapax oOMOTOK DOTOpa H cTaTopa
MOTOCHHA .

B mufhiepeHIMANBHOM MOTOCUHE MMENTCA MeCTh OCMOTOK ,B3amMONeicTBHe
MeRIy MATHUTONBISYNMMZ CHJAME (i.X.C.) KOTODHX IOPABOAMT K BOSHIRHO-
BEILID Bpamapmero MOMEHT2 Ha IOJOM POTOpe MOWNHL:TPX §Aas3H cTaTopa X
TpA fAa3H poTopa.
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B mavajne ompeleadM BpamAmmAi MOMEHT H2 IIOJAOM DOTOpPEe IPH paccoria-—
COBAHHA OT B3aBMONXEACTBASI M.M.C. IEPBHX (A3 CTATOPHOZ OOMOTKHE MO -
TOCHHA H €TI0 POTOpHOX OGMOTRE. JIA 3TOro,B IEePBYD OdepeXb, HaRméM
TOKH B KOMILIEKCHOB BHIe B Oemax 4,7 H 4/7 .

MrHOBEeHHOE 3HAYeHEe TOKA B Oen# nepBof §A3H OOMOTKE CEHXDOHH -
3aqEA JATYEKA a

1 Wy, K,
[/Q=Z€‘%"—§'§; -—#}/—-‘J- S"”/‘U! ‘/ga. )pon eﬁd {\6_)

TOE €E,; = 9eH.C.,HEABENCHEAd NOTOKOM BO3CyXIeHMA B mepBoZ dase
OOMOTKH CHHXDORH3AOWN NATYEKA a ;
a,, K{wa, =COOTBETCTBEHHO YHCJIO BETKOB H OGMOTOYHHHE KOSGHMIAEHT
nepBo# fA3H OOMOTRE CHHXDOHH3AUAM JATYAKA a ;
2N ~ YHECJO BHTKOB OOMOTKE BO3CyXIEHEA NATIYAKA 2
Yo ~ apryMeHT [OJHOrO CONPOTHBJEDES B KOMIUIEKCHOM BHZe HemH
OOMOTKE BO3GyXRIEHMAT TATIARA &,
Tor B KOMIUIERCHOM BHTE B nepBo fase OOMOTKE DOTOpDAa MOTOCHHA OyZIeT

Spa ()ﬂ *I
.Z;a =/Ila./’ Vi ) Co¥ol =
Wy, Kuse, Eaom S ;@4+%,,+2!7
O s/ @

ABAJNOTAIHO nommvx BHpaReHAe H IJIA TOKA B IepBoZ fas3e OOMOTKH CTATO
Pa MOTOCHHA :

7’- - @0’/3 “ji', %a}z, / s’m,/ J'/'/e/c‘*m"'éj'l) {7)

=K a}&c Ziens ) e

rme “k s (erx —COOTBECTBEHHO UUCHO BHTKOB B nepBo#t daze OOMOTKE
CHHXDOHHM3AIME JATYEK2 K H OOMOTKE BO3CYRIEHWA eTrO.

[Tocjle DOACTAHOBKA MOJNYYEHHHX 3HAYEHMHA TOKOB I,a_ H I/z B BHpaRe-

HEe [4) OOJMyqm4 3HAYEHEE IyCKOBOI'O BpANAMIEI'0 MOMEHTa HA IOJOM DO -

TOpe MOTOCEHA OT B3auMoZeilcTBMA M.X.C. NEPBHX §A3 OGMOTOK CTaTOpa E

poropa: :

, W, Ko (S K, E}m//fgm

M”/ :26'%"?‘ C Wea e | Zam Zmﬂ
%51 [Ypa+ Yarn + F ~ Lo~ Yen — Z). cotol-cos b 5B, (8)
rie o, P - yrmu mMeRIy ochb mepBoft 3N OOMOTKA CUHXDOHHSAIEA COOT-

BeTCTBEHHO JATYMKA a K K K OChO IOTOKA BO3CYRIEHHA IATIMKA ;
Wga,Wge = COOTBETCTBEHHO UECIA BATKOB B OGMOTKAX CHEXPOHUSAITAN

JATYEKOB & H K;
Wy, W = cOOTBETCTBEEHO UXCIA BATKOB B OOMOTKAX BO3CYXICHHA

JATIMKOB a4 1 XK.
B‘Qa.’m: NIGE 3 am o
J¢ ANMT N SHT HA [OJOM DOTCVE MOTOCHHA ABIAETCH CYMMA#
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BPAIRIMAX MOMEHTOB,KOTODHE BOSEEKRADT NDH DACCOTJACOBAHEE BCJEICTBIHE
B3aEMOXEHCTBEA M.I.C. AP OOMOTOK.
Y9ETHBAA 3TO H IOCJE HECJOXHHX TDET'OHOMETPEYECKEX mpeoGpasosa —
HEf, IONyTHM e~ 3
M, - ERPY Brp Kus-, o kis- Wk K | 7 /,/Eex/‘
¢ wac ga Wee Zan Zen
xf”’/‘@a*%n Yox - ﬂ.’ﬂ) 510[9 //3'04)] (—9)
The Mp - OYCKOBOA MOMEHT HA HOJOM DOTOpDe MOTOCEHA IIj
np,‘d;lc- COOTBETCTBEHHO YHCIA BHTKOB B fa8e poTOpa E CTATOpa MOTO—
CHHA I ;
K - o6MOTOUENE KOBFEMIIEEHT.
EcnE CeJHCHHH —JATYARE HICHTHEYHN M HICHTAYHH OCMOTKE CTAaTOpa X
Z DOTOpA MOTOCHHA,NPHYEM B OemM BO3CYRINEHHA JATYARA & BRIDYEH
da3ocaBrranmmii Kox.nenca'rop,émoc'rh KOTOpPOT'O- BHOpaHA Tak,dTo

'#G’a f‘( e 2 ’ i
$in ('/ea.“"/an —Sﬂez"ﬁ\'n): thézr)= =

TO MOMEHT BpameHHs OOJOTO POTOpa MOTOCHHA Mpn GymeT MARCHMAJIBHEM;
OpH BRIDYEHER TOX Xe EMKOCTE B [emb BO3CYRIEHAT ITATIERA K
féa.- Yoc =

# MOMeHT Mn Takke OyIeT EMETh MAKCHMANBHYD BEJHYFHY,HO ODPOTHBONO -
JOXHHI 3HaK., JKA3aHHHe BHIle NOOymeHHEA rmMeDT MecTO B mpméope AS020,
rae morocrH CIC-2Il, aMennmii ENeHTEIHHE OCMOTKH,IONKJIDYEH K IBYM Gec-
XOHTAKTHHM CEJbCHHAM-IATYAKAM THEmA BI-50IA.- ;

PacuéT IONMONHMTENBHOTO CONDOTHRIEHREA K- ,BHOCEMOTO B Lemb
cTaTopa MOJHM DPOTOPOM B 3a30pe,NPOM3BOINETCA B COOTBETCTBHE C BHpame-—
HEAME, mprBeNieEHsME B [ 3):

R = wh6 s @R,

TIe W)  -yTNOBAA YACTOTA NMTADNETO HANDAXEHHA;
/5_ - OPOBOIVMOCTE: MATEpEAJA OOJIOTO DOTOpa}
A - 'ronmmia IOJIOT'O porgppal
4 2R
Q=27 R" (5% - B,
e Mo K. ((2_.’ om
ki 7S TP

TIe R - pamyc OoJIoro POTopa;
e padoyasd LIMHA OaKeTa CTATOpa MOTOCHHA
L, - mnmsa moxoro poropa;
s =5 - orHomeswe HarrHMwmammel CHIN ,IpmonAme#ca Ha padoyri

/s P
3230p,K IIOJAHO# HavATrEEImBaxdel cuie;
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/Mo — MATHRTHAA OpOHHAIAEMOCTE B Sa30De;
K§ - KO3(QIAIEGHT BO3LYIHOTO 3a30pa;
"8 - BexmqERA padodero sasopa;

(Vs - 9HCNIO BETROB OOMOTKE CTATOPA;
KS- = & oOMOTOTEHZ KOSPHAIEEHT;
m - qpcao §a3 OOMOTKE cCTaTopa;

P - 9HCJO mAp DOJIDCOB MOTOCHHA.
Pacuér Pc' MOXeT GHTHh OPOH3BEJEeH TAKEe B COOTBETCTBHA C BHDAREHUA-
MA ,IpEBEIeHHHMY B MOHOI'pAdHRAX [:9 9, 10].

[Jo aHANOrYE C H3JIOXEHHHM BHIlEe JErKO NOJY4YMTh EHNpAREHHEe IJIA
TyCKOBOI'O MOMEHTA HA IIOJIOM POTOpe OOHYHOI'O MOTOCHKHA ,padoTammero OT
OIHOT'O CeJBbCHHA-JATYMKA. JTO BHDAEEHHE MMeeT BMI:

Myp = - %/,02./04_ Eeg-Lon . Ly Kus: “}F"‘Ijv" x

2w 52 w‘zj W
xCo8 (Yo~ fag - £ -¢) $in(On-63) [rem], (10)
rIe E?,,Een -IeficTByDmee 3HAYEHAe 3.K.C. OOMOTOX BO3CYRIEHHA NATIMKA
. ¥ OPHEMHMAKA §
Z —~ NOJIHOE COMPOTHBJIEHAe XXXM mapH A3 OCMOTOK CMHXDOHU3AI{ZAH
JATINKA ¥ ODHEMEFEKA; '
a%,, W4p - 9ECIA BETKOB COOTBEGTBEHHO B OOMOTKE BO3CYRIEHUA JAT-
9MKA H IOPHEMHEKA j
“Zq', Wn - 4ECNA BETROB ONHOX $A3H OOMOTKE CHHXDOHE3AIHA COOTBETC—
TBeHHO JATYMKA M ODHEMHIOKA ; .
93, &p - yTIM MexXIDy ocaMu §asH I OOMOTKH CHHXDOHM3AIMY AATYMKA M
OpEEMHAKR K COOTBETCTBYHmEHX OGMOTKH BO3CYRICHYA.-

MoMeHT Ha BaJy CeJNbCHHA-JATYEKA B HOCJENHEM CJIyyae BHPA3UTCHA
caerymue# GopMyao#: Jatigar s
u n Kus-
X

Moo 3. 102-10" EbyLen UG-k
9 2w 32 a?ig Wen
x §in(Gg-On) o8 Yo ~Yon ~ ¥ -9) (1)
loryvexrue pume BupaxeHms (/0 ) u (/1 ) cupaBemiuBH ATA MAJHX
yrioB paccorsacosanma (mo I5-20° ),rorma peakmue#t 0GMOLOK CHHXpPO-
HAXALIMM HA OOMOTKY BO3CYRIEHMA MPAKTUUYECKH MOXHO HPEHEOpeYh,

Ha puc. 3 moxasaH rpadumrk 3aBUCHMOCTH MYCKOBOI'O MOMEHTa HA MO-
JOM DPOTOpe IupdepeHIIMANBHOrO MoTocuMHa Tma CIC-2]l mpu padoTe OT
OECKOHTAaKTHHX CeJbCHHOB-FaTumiop Tmia BI-50IA oT yria paccoruacc-
samma [P~/ B -L)] . PesyxsraTe pacuéra (myHXTVDURA AUHIA)
ZOCTATOTHO TOYHO COBIAJANT C IAHHEMH SKCIepieHTa (CIlouHas JMHMA),
Pacxommenue no yHeABHOMY CHHXDOHU3WDYWIEMY MOMSHTY E€ IIpEBHIACT

TV
s

- Da
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JCCNETIORAHVE IBUTATENS C_IIONHM_POTOPOM,YITPARIARMOTO VERMEREHVEM
TPOCTPAHCTEEHHOTO CIIBWTA MEENY OCAMi OEMOTOK (IVTIC) [2+4,6.7]

dnerTpomsaraTens TEna JWIC,kax OTMedaJOCH EHIE,ABARETCA JACTHHM BA
IoM MoTocHHA. Ha pHC. 4 mpHBeleHA aNeKTpmdecRad cxema IVIIC. Ha ob-
morkz A = B momepres HANDAXEHRA ,CHBEEyTHE MeXEy codoft mo fasze.

B 3a30pe MeRIy CTATOPOM H POTOpOM (BHYTDEHHMM) DACHONOXEH MOJik
porop /IP . BayTpeHHmi pOTOp (B) MOEeT IIOBOPAYABATHCA OTHOCHTEJBHO
c'ra'ropa(ﬁ) HA NpOH3BONEENR yroa A . IIpm cosnAReHEE ocelt odmo'ron A
# B B paGouem 3a30pe OTCyTCTByeT BpANANNEECA MATEATHOE IOJE £ mo-
JHi poTOp HemoIBmXe. [IpE mOBOPOTE BEYTPEHHETO DPOTOpPA OTHOCHTEJNEHO
cTaTopa B 3a30pe BO3HAKAET B OOmeM CIydYREe JUIENTEYECKOe Bpamanmeecsd
MATHATHOE OOJEe M OOVHA DOTOP HAYMHAET BPAMATHCH,AOCTHATAS MAKCUMAIB—
HO# CKOpPOCTH IpH IOBOPOTE BHYTPEHHETO poTopa Ha 60 + I20 ajexTpE-
9eCKMX IpafycoB (B SaBACEMOCTHE OT BeJEIMHH (pasonoro CIBAT2 MERIY
NATAKIYME HANDAXSHASMH) . ;

B IVIIC HemoCpeICTBEHEAA 3JEKTPOMAI'HATHAA CBASH MeXNy OCMOTRAMK
A = B MeBAeTcA B 3aBHCEMOCTE OT yIiia & Memny ocamm ooMoTok. Ko-
S¢PMIZEHT B3aAMOMENYKIEN MEXNy OCMOTRAMA # # B IpH HENOXBMEHOM IO-
JOM DOTOpe MEeHAeTCA IO aGCOJDTHOY BeJW4EHE OT MBKCEMAJNBHOI'O 3HAYe -
Hea (mpH- coBnafeHnn oce#t o6MOTOR) X0 Hyas (OpE B3amEMHONEPHERIEKYJIAP-
HOM pacCIIOJIOXeHME oceii).

CormacHo puc. 5 ,IVTIC mpemcramifeT coGoft SAEKTPOMATERTHYD CHC—
TeMy C TpeMd HHIYKTHEHO CBA3AHHNME OGMOTKAMA; ooMotka A , OOMOTRa
B ® nom# porop 1P.

[IpE OGuEenpEHATHX NOMyMEHEAX 1A REAYKIHOHHHX MEKPOMAMEH (Mar-
HATHAA CHCTEMA He HACHIEHA,NOTePE B CTAlE HTCYTCTBYDT,pacmpeleleHRe
FHIYKUMM B 3230pe CHHYCORIAALHOE) YpaBHEHHEA KEpXroja B KOMIUIEKCHOM
BETe A JVIC npmvyT CleXyDMEA BAN:

Up = [Ry+ju2(La=M)+ jw M1-co86) +joM cos] T +
+jwM-ed-1g +jwM(1-c248) I, +jwM 0 -I, |
Ug=[Rs + jw(big-m) +jwm(1-cotB) +jiwoM-ces 9] - T +

. Y ; (12)
+JUM~C$§9-IH “‘J“"Mﬂ‘ 0053)‘1}:‘+J‘u)M.0939-I,, ; (
D= [Rp (1-0e88)+Rp 38 +jeo(Lop-M)-(1-cos8) +
+dw(/..p -M). eoJBJ I,, +JwM(f— cos B)- I,,
+ jwW M-ce3D. Iﬁ +,u)M/{—MB) IB (jaJM 08 P- IB
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VHIYKTABHOCTD DACCeAHAI IOJOro poTopa [8+I0]3HaumTensHO MEHBIS
eT0 AKTHBHOT'C CONPOTHBIEHEA I en MOXKHO IpeHeOpedb. CYHTaeM IOITOMY,
g0 Lp-M=0 . '

TpuseneHmv ypaBHeEWDs (I4) COOTBETCTBYeT CXema 3aMemeH:nd,
1300paxEéHHAA HA DHUC. 6. -

COIPOTHEBNEHAE NOJOTO POTOPa 3ABHCET OT CKOJNBREHEA X COCTABJIAET
%e- L1A mpaeoft MOCTeNOoBATENbHOCTE (puc.6,a) = 'Z-% -Ia8 o6paT-
Holi (prc.6,6).

OXema 3aMemMeHKI HOCTPOEHA IA o0mero CIydas,Koria ooMoTKE A n B
MMEDT HEOIMHAKOBHE WHCJIA BHTKOB. Bce DapaMeTDH CXeMH 3aMelNeHHT IpH-
BelleHH K 9YHCIY BHETKOB OOMOTKE A .

Ha cxeme 3aMemeHHA HCNOJB30BAHH CJeIymmue OCO3HAYEHHA:

Ra, Re - axTmeEHe compoTmBIeHEA o6MoToK Az B ;
Xa, X8 - EHIYKTMBEHE CONDOTHBJIEHHA paccedrma oomoTok Az B ;
Xma - EHIYRTHBHOE CONPOTHBJEHHE ,COOTBETCTByRIEe IOTOKY ,32MH-

KameMycd depe3 BO3MYWHUI 3a30p # MPOXOLAmEMy depe3 CTa-
TOp T BHyTpeHEME DOTOD,IpEBENEEHOE K BETKAM OOMOTKE A ;

Xms - TO Ee,NpHBENEHHOe K BATKAM OCOMOTKE B

ReA - CONpOTHBIEHEE NOJOIO POTOpa,lpEBEfeHHOe K BATKAM 06 -
motkx A

Res -0 ®e ,IpMBENIHHOe K BHTKaM o6MoTkE B

K= U)Amp/a?ba?- OTHOTCHEe 3BJeKTUBMNX JHCeJ BUTXOB ofMoTok A = B ;
Ch,, U, - HoUpAREHZA,COSKUTTE D 3a30De MAWMHN IDE JAHHOM
) _ KDyTOBOe Bpamawmeecd moJe IDEMMOrO BANDABIEHZA ;
Uas, Ug, - BampaXeHud,cosfaime B 3a30pe MANUHH DDA JARHOM
KDyroBoe Bpamakmeecs mole OCPATHOLO HANPABJIEHAA,

AHaZATEYECKHEe DADAMETPH CXEeMH 3aMeNMeHMd MOTYT GHTH Ompelel]ieHd mo

E3BeCTHHM dopMynam [8<I0] .
TOKE TPAMO#t TMOCNEeNOBATENLHOCTH ONPeRENANTCA yPABHEHKAME:

Ve

I,= Un (K% +jKXe +R'5X'- K Up, (R jX )58
AF (R jXn +R X ) (K2 Re +jKNg +R X)) - (RT4j [ 0rs0

(15)
K2 U, (Cp+jXn+R'+jX)= KU, (R'+jx") ers® :
(Rn+j Xn+R "+ix i Re+jK2Xa+R™ )= (Rjx VersP

is.z
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L17 HAXOMMEHHA TOKOB OGPATHOM MOCHEeNoBATENHHOCTE Jag 1 jgz
Bmecto Uj,;Us,; R's X ! B ypaBmemma { (15) )IOVEHH OHTH mOJ—
craniexn coorsercrserno Up,;Use; R”; X . : _

SNEeXTPOMATHATHAA MONHOCTD,BHAEJAEMAR B MIOJOM POTOpE,IIA Ipi-
MO# MOCJIeNOBATENBHOCTH DABHA

2 $ ‘
Ps,= 215, R'sin’e (16)

a ma o0paTHOi II0CAeNOB2TENPHOCTH:
Psz = 2 Ip, R" 5in6 (17)

Pe3yapTEpynMii MOMEHT HA IIOJOM POTOpE OmpeleJfaeTcs KaK pPasHOCT:
MOMESHTOB IpAMOil B OoOpaTHOM mocjeXoBATENBHOCTEH :
M- _9_7,171‘92,(2 R~ 215 P") 5i0%6, fen ()
rie /?¢ -CHHXpPOHHAA CROPOCTB. .

Ha prmc. 7 m306paxeHH 3aBHCHMOCTH IOYCKOBHX TOKOB B OOMOTKAaX cTa-
ropa ( A ) ¥ poropa (B) or yrma 8 mra JIVIC, BHOOMHEHHOTO HA 6asze
moTocrHa CJIC-3. CrUIONANNMZ JFHEAME TOKA3aHH IADAKTEPHCTHKH,CHATHE
SKCIIe PAIMEHTAJBHO , IYHRTHPHUMA-PACCYATAHENEe IO cXeMme 3aMemeHHA, OTK-
JIOHEHZe pesyJIbTATOB PACUETA OT ONNTHHX JAHHHX HAXOLMTCH B LONYCTH-
MEX 11 MHXCHEDHHX pDAc4YEéTOB IpeleJsax,

Ha pmc.8 npEBeleHH MeXaHAJEeCKHE XapaKTepHCTHEKE IYIIC-63:

a) -IpH yOpapleHAM OPOCTPAHCTBEHHHM CHABET'OM;
6) - IpH -aMIUIATYOHOM YIPABICHHEH,

[PVLMEREHVE {OTOCHHOB 11 JVIIC B CXEMAX ABTOMATVKH,

3a nocielHye OATH JeT MoTocmHH H JVIIC HaXOmAT B CXeMAX &BTOMATHKH
IOBOJBHO WMUPOKOe mpyMeHeHHe. OTMETHEM HamOoJee BAXHHE CJIydYAH FX IpH -
MEeHeHHA:
I.IpnéMHIKI C yCWIEHMEM MOMEHTa IS CEJBCHEHHHX CHCTEM B yKas3aTeJaX

ypoBuA 7 Hamopa Tmna AS020 (morocemn Tima CIC-2I m CIC-2i).

2. TIpMBOI BJEKTPOMEXAHAYECKAX MAHmIyaATopoB (IVIIC Tuma CHC-3W m
IVTIC-6311) .

3. IIpMBOX SJEKTPAYECKAX HCHNOMHHTEJbHHX MexaHmsmoB (IYIIC-IO,INVIIC-25,
IVTIC-53 , IVTIC-160, I¥TIC—-400) . '

“ U3 NepCieXTHBHHEX paspadoTOK,B KOTOPHX OyIyT OpEMEHEHH HOBHE THIH
MUKDOMALTNH, CJIeTyST OTMETKTE CJeIyRuue:yCTpoiicTBa LJIA IUCTAHIIMOHHOK
neperauy yrja ¢ DpasTpysKoit ce.ubcma-na'rqmca[Il}ce:mcmmo—mo'ropuue mo-
srmonepy [I2]; peryampynuue yCTpoHCTBA CENBCHHHO-MOTOPHOTO THIR [ 31,
JnddeperEpy niMe , KETeTPUPYKiiKe ¥ MAOXITEJEHO—~HHTEe IpUpykilAe yCTpoiicTe2

By 71«
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Npuemnux 11

Prc. 2. JmhfepeHImAIbHAA CXeMA CeJBCHHHO-MOTOCIHHOH
IHCTAEINORHO mepeladid,

M,ren
450 -
A -1
¥ ¢4
V.
/
7
A
/v
300 7
//
/
f
d
150
/
/
e T Iﬂa—"[g“(ﬁ"l”"a

Pmc. 3. Tpadux 3aBHMCHMOCTH LDYCKBOI'O MOMEHTAa HAa IOOJIOM DOTOPE
motocmHa CJIC-RI oT yIria paccoraacoBaHHd:
- = = = XpUBafd,NONy9YeHHAA DACUYETHHM II/TEM;
KpuBad,NOJyYeHHAAA B pe3yJAbTaTe SKCIEDPAMEHTA.



87

Mep

Prc. 5. ONEXTPOMATHETHAA CBA3h MeRNy ooMoTRamu JVIC.
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Puc. 6. Cxema sameumcrusa JIVIC:
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6) - Imna Toxkos oCpaTHOil TOCJENOBATENBHOCTH.
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AN ANALYSIS OF THE STEPPING MOTOR -
WHAT CAN IT DO?
Sheldon S. L. Chang

State University of New York at Stony Brook
Stony Brook, New York, U.S.A.

INTRODUCTION
The reluctance stepper motor is of interest now primarily as a tape
drive for digital computers. However, it may very well become the pre-
dominant motor type for digitally controlled speed and positioning systems.
The motor has the following advantages:
1, It is rugged and long lasting.

2, It can be built in any size with predictable performance.

3. It has a very high torque to inertia ratio with a maximum accelera-
tion capability well above 105 radian/sec2 in small sizes.

4, It steps precisely a given angle per pulse, can be made to have as

many steps per revolution as any other type of stepping motor of the

same size and complexity. ' .

S. It can be positioned continuously ‘in between steps by applying pro-
portioning phase currents. %
6. It does not have cogging or backlash.

In summary, the reluctance stepper motor is inherently capable of
being accelerated or decelerated quickly to a speed as precise as frequency
can be controlled, or being positioned with a very high accuracy either
continuously or stepwise,

: PRINCIPLE OF OPERATION

Figure 1 illustrates the axial view of a stepper motor. In Fig. la
there is a permanent magnet in the rotor which causes the axial flux flow
as shown by the broken lines. In Fig. 1b the axial flux flow is caused by
a circular magnetizing coil shown as MM' in the figure, All the material in
the path of flux is magnetic except at the two airgaps.

Figure 2 is a cross-sectional view at section 1-1', In general, the
stator wiﬁding is of 2q poles per phase, where q is related to the number of
stator teeth, Sl, and number of rotor teeth, S2 by l

S, = NS, tq (1)
and N is a integer. In Fig. 2, 52 =9, S:L =4, N=2 and q = 1. The stator
tooth surface at the airgap is shaped to match the rotor slots so that there
is maximum variation in airgap reluctance as the rotor moves. The two rotor
sections I and II in Fig. 1 are displaced rotationally by half rotor tooth
pitch, while the two stator sections are lined up. The bottom stator tooth
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of Fig. 2 is at the maximm reluctance position while the top one is at the
minimum reluctance position. A similar cross sectional view of section 2-2!
would show that the top stator tooth is at the maximum reluctance position
while the bottom one is at the minimum reluctance position. The same 2q
pole stator winding is wound on the two stator sections as a whole.

Consider the instantaneous position as shown in Fig. 2. There is a
north-pole flux coming out of the rotor due to either the permanent magnet
or the magnetizing coil. The coil AA' is energized with currents going into
A and coming out of A', while the coil BB' is not. The m.m.f. produced by
coil A causes a shift of rotor flux towards left, and produces an unbalanced
counter clockwise torque until the rotor rotates 1/4 rotor tooth pitch and
is lined up with the perforations on the surface of the left stator tooth.
If AA' is then de-energized, and BB' energized, the rotor moves another 1/u
rotor tooth pitch counter clockwise. The same motion can be continued by
either sending two-phase currents into the windings or pulsing the windings
in turn.

A similar analysis of section 2-2' of Fig. 1 shows that the fluxes
are shifted to the right but the torque produced is in the same direction
and reinforces the torque produced in section Ta3f,

PERFORMANCE CALCULATIONS

In the following sections, MKS units are used throughout the paper.
Permeances, Airgap Reactance

Referring to Fig. 2 let 6 and 9, denote angular positions from a
given reference axis 0-X on the stator. ‘Let a rotor axis 0-Y be so selected
that if 0-Y is lined up with the center line of a certain stator tooth, its
airgap reluctance is then at a minimum in section I and at a maximum in
section II. Let 6, be assigned to 0-Y. The permeance of a stator tooth

with its center line at 6 is

P.s Po + P, cos 82(02 -9) ; (2)

1

where Po and Pl are calculated from maximum and minimum airgap reluctance

Mnax® "min and lamination reluctance per stator tooth n:
1
P +P 2 ————ee (3)
A s "min ¥ Mt
1
P -P. = (%)
o 1 Mo + N,

n
max - min (5)
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The ratio p as defined by (5) is called flux utilization factor. In equa-
tien (2) only the fundamental term of a Fourrier series is retained as the
harmonic terms are negligible with well designed rotor slots and stator per-
forations. .

At the other section (2-2') the permeance of the corresponding tooth
is denoted by P

P= Po - Pl cos 32(02 - 98) (6)

From (2) and (6)
P+P = 2P 7)

Equation (7) shows that the airgap reactance of a stator winding is a con-
stant independent of rotor position.
Let 9,, denote the position of the A-tn stator tooth. Then

22w ;
L ) A =0, leee S,-1. (8)
For the present analysis, the winding is assumed to be sinusoidally distrib-
uted, That is, if the winding axis is at an angle 01 from the reference

axis 0-X, the number of turns linking the A-th stator tooth is

N =Npcosq(0u-0) (9)

A 1
where Np is the theoretical peak turms per pole, It is related to the effec-
tive turns per pole Ne by

Np =k “e (10)

and 1,273 < k < 1,414, The lower figure of k is for an ideal well distributed
winding and the higher figure is for the concentrated winding of Fig. 2.
(Note: 1In Fig. 2, Np is simply the number of turns per coil, and Ne is

0,707 Np.)
The total airgap reactance of a two phase winding per phase is
A=8 =1
L, =] ; N2 2p_ = 5PN ?
A=0 P
In general the coupling between phases modifies La=
e | 2
La oy NQSIPoNp (11)

where N ¢ is the number of phases.

Instantaneous Operation

Let ia and ib denote instantaneous current in the two windings A and

T 2, Rt
B respectively., Let ela = 61 and elb N + el. The total m.m.f. produced

by the windings at the A-th stator tooth is
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"x E "Aa ia s NXb Lb

Np[:‘.a cos (qon-qol) + ib cos (qeln-qel y %)]

= Np 1 cos (q8,, - a8, - ¢) ‘ (12)

where i and ¢ are related to ia and i‘b and ic’ the final form of Equation
(12) is still valid. Then i and ¢ are calculated as shown in Fig. 3(b).
The total m.m.f. at the A-th teeth is

M, =M +M cos (e8,, - 99, - ¢) (13)
=-M +M cos (qo, - 98, - ¢) (14)

o
where "1 denotesN i,

From (1), the elctrical angle 5,8

2)182

S:01n = 3

uis

= -2%‘1'- + 20Nr = q0 | +2ANx (15)
1

The instantaneous torque developed is
T -lxu20‘+£~zu2d§‘ (16)
ezt W, T2 A 3,
A 2 A 2
where Px and FA are the permeances of the A-th stator teeth at the two
sections respectively. From (2) and (6)
ar, 1

°u)

= - P;S, sin (3292 - qon) © Q7)
Substitution of (13), (14) and (17) and (16) gives

Torque = - M M,P.S S, sin (S 8,-99, - ¢) (18)

1 1 172 1

It is assumed that the A.C. windings are open-circuited, and the mag-
netizing m.m.f. (due to either the permanent magnet or magnetizing coil) at
each airgap is Ho. The net flux entering the A-th teeth from both sections
is

4 =M P+ ﬁx Px (19)

where P, and Px are given by (2) and (6) respectively with 8 replaced by LITe
Substitution of (2), (6), (13) and (14) into (19) gives

4 =2M o P, cos S, (e -On) + 2 M,P cos (qo -q8, -4) : (20)

The total flux linkage with winding A is
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X=Sl-1

i -4 N ¢
t 220 A A

=2M P K : cos (q8,,-q0,) cos (S, 0,-q8,,)
+2M P Kp ;: (qeu-qel) cos (qen-qel-t)

=M P Np §, cos (32 ez-qel) + M 1

=M P, "p §, cos (82 ez-qol) + L ia (21)
Let Ve denote the instantaneous voltage applied to winding A. Let Rl and

Lx denote the resistarice and leakage reactance of each winding. Then
d¢ di

P N S cos ¢
°op

e a
'a'?‘?'nl i.‘l'Lx 0 (22)
Substituting (21) into (22) gives
di
a o -
PR Rl 1& + (I.x + La) - (23)
where
ea z - Ho Pl 'p Sl S2 02 sin (52 02—q01) : (24)
Similarly a
'hgeb"Rlib*(Lx'*La)—d? (25)
& =M P NS S, 8., cos (s, 8,-08) (26)

Equations (18), and (23) to (26) give the instantaneous torque, current, and
e.m.f. equations for transient operation. The energy conversion equation is
readily verified from (18), (24) and (26):

: 5 e'a + i e =0, x Torque (27)

Steady State Operation

For steady state operation with polyphase voltage source of frequency
f=zw/2%:

i, = V2 I cos (wt + ¥) (28)

S 72 I sin (wt + v) (29)
From Figure 3a,

s e S50 1 1 (30)

¢ = wt + #1 : (31)

Since Torque is constant for steady state operation, (18) gives

d =
T (5,6, -q8;, -¢) =0

€

é =l—ﬂ:——
2 52 t 32
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Equation (32) gives the synchronous speed as «/S2 which will be denoted as
Q. Equation 24 becomes

e, = V2 E, sin (ot - 0.) < (33)
1
where !:1 -6—_- » l!o Pl Np Sl , and ‘a is a phase angle. If e 1.

are expressed as a phasers 5', and I the equivalent circuit per phase can be
represented in Figure 4, where Lx, R and .V. are the leakage reactance and
effective resistance per phase, and applied phase voltage respectively. The
mechanical power produced is

H-N.Ea-}‘tll‘ﬁ‘-x?-; (34)

AA
where Z = R + ju (I.x + La). The maximum power and maximum torque occurs
when E is in phase with V/Z:
~ » A 2

W =N Ev _ER

max ¢ L Z ?-
The torque and maximum torque can be calculated from (34) and (35) by the
relation

(35)

S, W
W 2
Torque = g = —— (36)

The steady state performance of the motor can be readily calculated from
Fig. & and (34) by assuming different relative phase between V and E.
PERFORMANCE LIMITATIONS
Number of Steps per Revolution :
From (18), the torque vanishes if S, 8, = 96, + ¢. Since 6, is con-

stant,
Ad
A6, = =
2 s2
Consequently

Number of steps = S, x Number of ¢ (37)

2
The number of ¢'s can be readily determined from Fig. 3. There are either
4 or 8 positions of ¢ for a two phase winding and 6 or 12 positions of ¢ for
a three phase winding. The latter operation can be obtained as follows:

: TABLE I Three Phase Y, 12 positions

1 1
- % 1 1 5 0 -3 -1
1 1 :
i -3 0 5 1 1 1
1 1
i -3 -1 21 -1 -3 0
¢ o° 30° 60° 90° 120° 150°

The other six positions are obtained by reversing the current flow. Equa-
tion (37) becomes
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Number of steps = 12 82 . {38)

Maximum Torque Versus Rotor Diameter

As shown in (18), the maximum torque produced is

Tlax = no "1 pl s1 s2 (39)

Equation (39) can be rewritten as

P
= [(P_+P,)(M +M_)S J(M +M )S (%0)
Max ("o ‘N )2 Po + P1 o.1770 1710 172

In a typical design

(Poﬂ,l)(noﬂ'l)sl = O,4x D HIB‘

(H°+H1) = B- Gluo

*D
§ =
23S2

1

S
o

<[qAN

;&

W, = D/2
where D is the rotor diameter, "1 is the stack per section, 6 is the minimum
airgap, Bm is the maximum local flux density in the airgap, and u, = urx10’7
is the permeability of free space. Substituting the above relations into
(40) gives

T, =1.95 x 10"
Max

D (41)

The maximum value of Ho Ml/(H° + Hl)2 is %1 and Bm = 1,5 ueber/m2 in a prac-
tical design. Substituting these values into (41) gives

T = (22D)3 newton-m (42)
max

where D is the rotor diameter in meters.

Maximum Acceleration Versus Rotor Diameter

The rotor inertia is

S8 £.8 53 abab -
: J=ZaD W oo, 2(72-) (43)
Dividing (41) by (43) gives the angular acceleration as
MM B
amax=“‘§x=2x105 °12-"‘2 (us)
A (M° + Ml) p,D
Using the same values of Bm and MO/Hl, and‘pl = 7860 Kg/n3 (44) becomes
. Wi (u5)
max D2
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Equations (42) and (45) can be rewritten as

D= 0,085 T : (n6)
-2
@ ax * 6e9 X J.t)3 '1'..l /3 (87)

Equations (46) and (47) are plotted in Fig. 5, which gives the required rotor .
diameter and maximum angular acceleration as a function of the maximum

motor torque,

Maximum Speed :

The maximum operating speed of the motor is limited by the high fre-
quency properties of the stator and rotor laminations used. Usually the
stator teeth reluctance increases with frequency and consequently the flux
utilization ratio is reduced. Another limitation is that part of the iron
losses acts as a drag on the motor shaft. ;

The motor would fail to start if high frequency current is applied
directly to the motor when it is still at rest. However it can be started
by relatively low frequency currents, and accelerated by increasing the
frequency at a rate within maximum acceleration limits.

OPERATION AS A SERVOMOTOR

The motor can be used as a servomotor for continuous speed and posi-
tion control. To facilitate discussion, it will be assumed that the refer-
ence axis is selected so that 01 = 0 in equation (18).

Steady State Operation
For speed control under steady state operation
g=22f 3
s2
Therefore, the accuracy in speed is as good as that in frequency, and the
motor speed can be obtained by measuring the frequency. No tachometer
feedback is needed.
For position control, the best system appears to be a digital - analog

system where a large change in position is obtained by pulsing the windings
and the final adjustment or a small change in position is obtained by ad-
justing ¢. The accuracy for position control with this motor alone is com-
parable to a 82-speed dual-speed synchro system. The coarse position read-
ing can be obtained by counting pulses and the fine position reading can be
obtained by two Hall generators placed 90° electrical degrees apart near the
airgap as indicated by Hl and H, in Fig. 2.
Transient Property

To keep proper control of the motor, ¢ - 82 02 is kept within a range
of + 70°, Equation (18) can be written as
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ee

J '8, +K b, =T sin(4=-5,0,) : (48)

In Fig. 6 equation (48) is represented as a slightly nonlinear second order
system with ¢ and 0, as the input and output variables. The imput varia-
bles ¢ is varied by varying the phase currents 1& and 1b as shown in Fig. 3.
The appropriate controller for a simple nonlinear system as illustrated in
Fig. 6 is well known in feedback control theory.

CONCLUSION

The advantages of the stepping motor as a digitally controlled servo-
motor stated in the introductory section will now be substantiated in view
of the material presented here:

The motor is rugged and long lasting especially when it is built as
shown in Fig. 1b. There is no moving contact and the rotor is made entirely
of laminated steel. Furthermore, there is very little stress along the
axial direction. The magnetic pull radially is balanced for a motor of 4 or
more poles. :

Items 2, 3, 4 and 5 are obvious from the perfomnée equations, Fig.
5, Table 1, and Figs. 3 and 6.

The motor does not have cogging because the very factor, tooth har-
monics, which causes cogging is used to generate the main torque. It cannot
have backlash because the motor runs precisely and smoothly at very low
speeds without using gears.

In addition to showing the advantages of the stepping motor as a
servomotor, the following means for predicting its performance are also de-

veloped:
1. Synchronous speed and number of steps per revolution, (32)
and (38).
2. An equivalent circuit for steady state a.c. operation,
(Fig. ).

3. An equation for maximum synchronous torque, (35) and (36).
4,  An equation for instantaneous torque, (18).
5. Maximum angular acceleration and rotor diameter as a
function of maximum torque, (Fig. 5).
6. Transient characteristics when the motor j.s operated as
a continuous servomotor.
The advantages of the stepping motor as a digitally controlled servo-
motor stated in the introductory section are fully substantiated by the
analysis.
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Figure 2. Cross-sectional view at section 1-1'. The broken lines
in the airgap represent flux.

Figure 3, Calculation of the resultant current i and its space phase
angle ¢ from instantaneous winding currents. In (b) both
"b and ic are negative.

jwle Jwl, R

‘E l V1

Figure &, Steady state a.c. equivalent circuit.
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CHUHXPOHHHA MUKPOINEKTPOABUTATEND HOBOTI'O PONA

‘Zox. Rp. WEX. E.0BUapex
Bapmasckuif HoxmrexHmueckmit HacTuTyr. lonema.

I. BBegerue

B noxnaﬁe OCCyRIeHa TSODHA M MEeTOX pacyeTa CHHXDOHHOTO MU-
KDPO3JIeKTPOXBATATENA HOBOTO pofa. [IpMEOMN meiicTBUA 3TOrO p3UTraTe-
14 0GOCHOBAaH Ha JH3MYECKMX ABNCHMAX, HAaONONAEMHX B THCTEDE3UCHHX
zBaratenax /T7/, CHAXDOHHHX MamUMHAX NE€PEMEHHOTO TOKa C NOCTOAH-
HHMM MaTHUTaMM Ha poTope /IIMI/ W CUHXDOHHHX RBUTATENAX C 32)iEKT-
POMarHHTHHM BoaCly=Enemuem /CH/.

B ompemeneHHOM RU3Na30HE MOMHOCTH OGCYEmaceMilif J{BUTaTeNh
/TIMCH/ npM TexHONOTWYECKW HPOCTOX KOHCTDYKOMM OGIaKaeT 3HAUM-
TEJILHHMI ODEMMyMECTBaMUd IKCHAYaTANUOHHHX [apaMeTpPOB IO OTHOmE-
HNO K JPDYTHAM BUJAM CHHXPOHHNX MUKPO3NEKTpOnBUraTedeid. Teopus nBu-
rarenx'nponepeua 3KCNEPUMEHTANbHO IJA AUana3oHa MOMHOCTH OT HecC-
RONBKMX 70 OKONO 50 BT UpM CUHXPOHHOII CKOPOCTM BpameHua IS5 000
06/unx. :

Teopusa, METOR pacyeTa I PEe3yNLTATH MCCHAENOBaHU NIOC TPOEHHX
Mopeneif NpUBeNeHH MNONHOCTHD B v,

2. [locTaROBKa 3amaul

Luana3oH MOMHOCTE# OT HECKOJNBKUX N0 HECKOIBKUX HECATKOB Ba-
TOB OCOOSHHO NpM YaCTOTAaX NPEeBHMANIUX OPOMHMIEHEYHD HEe#OCT3TOYHO
NepPeKpPHBAeTCA CUHXDOHHHMYA IBUTATENAMYU C COOT3ETCTBEHHO BHCOKINY
3HAUEeHUAMY ENUHEWYHON MOMHOCTM, BIOJHE NOCTINEZNMEMY 233 MpenenaMu
3TOT0 IUamnasoHa. Hampuuep GonbuMe 3HSUEHNA enuHNuUHOHE MomHocTH I
HaOMOIANTCA LA MOMHOCTEH N0 HECKONBKMX BATOB ¥ IDOMUIISHHON U3-
CTOTH, a C yBeAWYSHUEM MONHOCTM M Y3aCTOTH OHU YMEHLUSWTCA. B TO
xe Bpema IIMJ] mproGpeTanT OTHOCUTENBHO GONLNNE 3HAYCHUS EIAUHHIHO
MOMHOCTH NDPXA NONE3IHHX MomHocTaAX csume I00 BT.

AHanmu3 3THX 322-’.0}10!.!‘3}3‘1{03'!‘971 NPpUBOINT K 33KINYeHNH, YTO UX
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NPAYNHO# ABNANTCA (U3NYECKNe CBOMCTBA MaTHUTHO aKTUBHHX MaTepua-
0B OPUMEHAEMHX B YNOMAHYTHX RBUraTelAX. BO3HMKAET MHCABL 00EBEAU-
HEeHUA B OJNHOM ABUraTel]e XapaKTePUCTUYECKUX TPEUMymMEeCTB ITUX Ma-
IMH, KOTODPHMY SBIANTCA CaMOBANyCK NIDK IOpefeNbHEO NPOCTOH KOHCTPYK-
ouu poropa 'l ¥ OTHOCUTENBEO Conpmee 3Ha4YeHUE ENVHNYHOA MONMHOCTH
IMZ. TpymEHOCTHN HNOAJIeXameil NMPEONONECHMH ABIANTCA IPUHOUNMANBHHE
Pa3HULOH CBOCTB aKTUBHHX MaTepranoB B 000MX 3THUX XBUTaTelNAX.
OnTuManeHHe fAnA [l ChnNaBH TUNa BUKANOK /He. BHOyCKaeMHe K TOMY xe
NONBCKOil MPOMHIIEHHOCTHN/ HE O6MafalT XODONMME CBOMCTBAME B PeRH-
Me NOCTOAHHOTO HaMarEWUNBRHUA HANPAXCHUAMM NONA, KOTODHE MOTYT
OHTE CO3TaHH CT3TOPOM MUKPORBUIraTeNA; NOPM HaMaTHUUNBAHWK Xe U3-
BHE JABUraTeNs WX CBOHCTBa 33METHO “yCTYNANT NONydYaeMEM OpH TUOWY-
HHX MaTepwaliaX OPUMEHAEMHX AJIA IOCTOAHHHX MarHNTOB, KOTOPHE B
CBOK OuYepenh MMENT HENOCTAaTOYHHE TMCTepesucHHEe CBoifcTBa, Ompene-
naemie GopMoif YaCTHHX Tr'MHCTEepe3MCHHX miaeifoB, NMOMyIaeMHX OpH Ha-
OpAXEeHUAX MaTHUTHHX IONEt, CO3jaHMe KOTODPHX BO3MOKXHO B MUKDOXBU-
rarene.

TakuM 006pa30M CO3faHUE NBUTaTEId COBMENMANNEro IpeMMymecTBa
Il u I 3aBucenmo oT moxfopa MaCHUTHOTO MaTepuana oOnajanmero co-
OTBETCTBYWNUMU CBOiicTBauu, [locie ompefeneHMs JTUX CBOACTB ¥ OPO-
aHaIM3WPOBAaHMUA ‘PARa AOCTYNHHX MaTepuanoB, CBOKCTBA KOTOPHX HO3-
BONANM HaleAThCA Ha NONYYeHMe XODONNX De3yNbTaTOB, B KadecTse
ONTUMANLHEOTO M30paH CulNiFe 40 40 20.

3. KoHCTDyKROMS ¥ IPMANUN neicTBUA

Cratop I'MMCE, moCTPOEHHHN Kak B aCHMHXPOHHOM HBUTATENE, obe-~
CIeuMBaeT CO3NAHNE BPamMaKmerocA MarEXTHOTO NONA., POTOP HOCTPOEH
B BURe TIaQKOr0 HWIMHAPA COGPaHHOTO M3 MUCKOB CuNiFe 4040 20,

Bo BpeMs NMycKa IBUraTend HEOGXORMMO COCNNNERMEe MyCKOBOTO pe-
RUMa, 3aKM0YANNETOCA B BHHYXIEHUM yBeTWUEHMS TOKA MOPOTEKanmero
gepes OGMOTKM CTATODa, UTO BeAET K YBeNWUEHMW H.C. CTaTOPa ¥ NO-
MyYeRMn NepeMaTHAYNBAHMA MeTepuajla PoTOpa BRONL NPERENBHOTO mneii-
da rucrepesnca. BHHYZNEHNE yBeINMUEHUS TOKa BO BpeMfA NMYCKOBOTO pe-
XYMa BO3MOXHO HECKONBKMUM METOZaMU NPM3EINeHHHMU B 10, nocne mrmo-
4eHUs IBMTaTeNA MaTepuan POTOpa NOfBepr2eTCA MNepeMarHUuMBaHUb ,

B pesyNbTaTE UEro BO3HMKaeT MCTEPesuCHwi MyCKOoBOA MOMeHT. Ilpe-
NenbHNil TUCTePe3MCHHE mneiid mpmueHAeMOTro MaTepuana He oCianaeT
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ONTHUMANBHEMY CBOHCTBAMA C TOUKYM 3DEHUS CO3NABACMOTO MOMEHTAa, TaK
KaK Ko3(dunmenT ero BHOYKIOCTH ¢ zepemm. KpomMe TOTO B¢cmemcTsHe
KOHCTPYKOUM POTOPa ABIANMETr0CA HOYUTH NONHHM /3a MCKINUYeHueM Bana/
OUNMHLPOM BHCTYIAET ABICHAE KPYTOBOTO NEepPeMaTHUUNBAHUA yMEHBEAH-
mee TUCTEpPe3UCHH MOMEHT. HecMoTps Ha 3TO 3HaUEHME IIYCKOROTO MO-
MEeHTa J0CTaTOUYHO - OHO NaXe HECKOJNBKO NPEeBHmaeT 3HaueHue HOMU-
HalbHOT'O MOMEHTa 33 CUET YBENIMYEHUA TOKa CTaTOpa L0 3HaueHW B0
MHOTO NDPEBHNADMUX NONYCTHMHE OO0 TEePMUYECKHUM YCIOBUAM BO BPEMS NJIH-~
TENBHOR PHCIIYAaTAOU¥ MamWHH, STO yBENINUSHHOE 3HAYEHUE TOKA ONHAKO
ZIONYCTUMO KPaTKOBPEMEHHO B TEUEHNWEe OYCKOBOTO DERMMa 00eCIeyuBan—
mero HoCTOAHHOE HaMaTHUYMBAHME MaTepuanla pPOoTOpPa. BpeMA NYCKOBOTO
pexmMa JONTXHO 0CecHeuuBaTsh IPOTEKaEHMe YBENUUEHHOTO TOKa B Teue-
HMe OxoNo L0 LUKIOB N0 BXOXJASHWN RBUTaTeNd ‘B CHHXPOHM3M, [0 ucre-
YeHu: 3TOBO BPEMEHN HaNDAKEHNE OUTAHAA NBUT3TENA YMEHBUAETCH N0
HOMUH2NBHOTO 3HAUECHUS M OYCKOBOW PERNM CUUTAETCA OKOHUSHHEM,

[Io OKOHYQHWM IYCKOBOI'0 PEXUMAa DPOTOP ABMTaTeNd OKa3HBaeTCHA
HaMaTHYYEHHNM B DafMalbHOM HaNPaBNEHMU. ][BUTaTeNs OpuoSpeTaeT
cBoiicTBa [IM]] 0TAMYAACH OT HETO TEeM, UYTO HaMaTHMUYUBAHWAE NPOMCXO-
EHAT IOCJIE BXOXJNEHUA POTOPa B CHEXDPOHU3M, BCIEACTBME YEero OTCyT-
CTBYET XapaKTeDUCTAYECKOE SABIEHUS CTaCUIM3aMUM¥ MarHUTa OPOTMABO-
BKINYEHNEM, HaOnwnaeuoe B oOwuHNX [IMA. Brarozapa aToMy LBUraTelsb
TIIMCI MoxeT pa3BMBATh Ha Baly 6onBmMe eNUANYHHE MOMHOCTH.

" OcHOBHHe pasHumu I'MCH z mepeBozSyxnerzoro Il moxpoCHO pac- .
CMOTPEHHHE B 10 cocronr B-Da3NUMX TOJMAHE CJOA aKTUBHOTO MaTe-
pMala poTopa, a TBM CaMHM DacHpejeNleEns MaTHUTHOTO IOTOKA M B
pa3nuuu;m TpeGoBaHMil K CaMOMy MaTepualy, BaxHeHmuM CBOMHCTBOM KO-
TOPOTO NONKHA GHTH BOBMOXHOCTH HNOJIYUEHWs HpeienpHOro mieiifa ru-
cTepesnuca B YCIOBUAX NOJNA LBUTaTEeNA IPU OYCKOBOM pexuMe, a HE
MONYUeHNA MaKCHMANBHOTO K03@)MNMeHTa BHIYKIOCTH 3TOr0 mWieiia B
pexuMe HOMUHANBHOE DPaCOoTH ABATATEINdA.

PexmM HOMUHANBHOI padoTH, B KOTOPOM NBUraTEeNb MOXHO Harpy-
%aTh OT XONOCTOI'0 XOHa MO0 BHIQNeHUsA M3 CUHXPOHM2MA, HAUMHASTCA
0 OKOHUAHNU NYCKOBOT'O pexiMa. B pexuUMe HOMMEHaIBHOE pacoTH TIHMC
MOXHO PaCCMaTDPKBATh Kak ABUTATENb 06JNanakiuid NOCTOAHHHMU MaTHU-
ToaMM Ha DOTODE, ONHAKO HENMBh3A CKa3aTh O HEM Kak o TumuuHoM DA
uTO0 3TO "CUHXDOHHAR MamUHA C HENPEPHBHO BKINYEHHEHM Bo3Oyxnenney”
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B I'MCH "Boa3GyxmeHMEe BKINUaeTCA" NOCNEe BXOXIEHUA ABUTATENH B CHH-
XPOHU3M, TaK KaK 3TO MMEeT MecTO B ciydae Ci. Koncfpyxnns poTopa
pacCcMaTpUBaEeMOr0 ABHTaTENR IOXOXa TaKKe Ha npumeHseMyn B Cfj ¢ He-
ABHOBHDAXeHHHMA NOMNCaMu. [IpUMEHEHWe K DacCMaTDUBAEMOMY ABHIaTeNH
TEOPUN 3TOTO NOCIENHEre pOZa MamKUHHE NO3BONAET YeTKO OOBACHUTH IpO-
ucxopamue B HeM (uanyeckue ABNEHNA M BHBECTYU DacyeTHHE 33BHCHMOC—
T¥ OCOCHOBaEHNE Ha BEKTODHHX jZHarpaMMax papnwe KoCcTaTOYHO TOYUHHE
pesynbTaTH,

PaGouyn TOUKY Ha KPHUBOM pa3MarHMUYVBAHHA MaTepuala pPOTODE MO-
XHO ONpEenenuTh Kak MIA peuratens [IMI mcxoms uz muneitfa rucrepesu-
ca DONYUYSHHOTO BO BpeMs NYyCKOBOI'O DexWMa. 3Ta TOUKA ONpPEHeNuT
3HAUEHNE MAaTHHTHOTO NMOTOK2 DOTOPE HPHU XONOCTOM XOLE M 3eL.Ce CO-
OTBETCTBYNIE# 3.M.C. XoNOCTOro xons CE.

HouMyEanbpHOS HaNpAXeHHMEe ONT2HUS IBWTaTeNd ClernyeT #a0paTe He-
CKOMBKO GONBmMM OT HalfleHHOTO 3HaYeRUd 3.7.C., BO3CYENaeMOid PoTO-
poM. Pa3HuOma 3HaYEHWHE 3TOi 3.M.C. ¥ HaNDARCHMA OUTSHAA COOTBET-
CTByeT CTemeHy HejoBO3OyxueHus Cf, I'eoueTpuyeckas pasHUNE 3THX
IBYX BENVYNH COCTOANAA U3 NafeHWH HanpAxXeHUs Ha DPEe3UCTaHCe M
CHHXDOHHOM DEaKTaHCE ONpeneNdeT Kak BUNHO MO BEKTOPHOK Ruarpamme
TOK NOTpPe6IAeMHi ABUraTeleM. JTOT TOK coafaeT H.C. CTaropa CyM-
MUDYKIYKCH C H.Co. POTOPA B DPE3YIBTUPYWIYH H.C. COOCTBETCTEYRMYW
peaynsTupywmeir /menesoit/ 3.4.c. B CH. Npz memosoaCyxpexms CIl z
XONOCTOM XOJe H.C, CTaTOpPa HAXOAUTCHA NOX OCTPHM YTJOM K HeCe PO-—
TOpa ¥ ee BIWAHME HoIMarHWunBapmee. C yBenMueHNEM RarPy3KM IBH-
raTend, Kak B Kaxnoli CMHXDOKHO# MamuHe, Yrojl MeXny H.C, CTaTOPa
¥ poTOpa, 2 TEeM CaMHM yToX MexXAy 3.K.C. XOJIOCTOTO XOma poTOpa
HANDAREHNA CETH HA3HBEEMHIi yIIOM HarDyaKV CHHXPOHHOTO NBATATENA

‘yBENMUUMBAETCA. B ONDENEeNeHHOM MOMEHTE yrol MexRy H.C. POTOPa
¥ CTaTOpa npuodpeTaeT 3HAUYEHNE 4%} . OT 3TOTO0 MOMEHTa OpPY Ralb-
HeifmeM yBeNMUEHMM HaTDY3KN NOSBIAETCA COCTaBIAKNNMAA H.C, CTATOPa
pasMaTHUUMBaKmad POTOP. TYT ONATH OPOABIAETCA NPUHLANNANBEAA pa-
aEnna TIOMCH u C: pasMarEWuMBoKmee nelicTsne COCTaBNANMEH HeCe
cTaTOpa He MORET CHTH CKOMIEHCUDOBZHO yBeNNUEHNEM TOKA BO30y=Zne-
HUS POTOP2. PaGousA TOUKZ HauMEAeT NEDPENBUraThCA BHH3 BROIE KpA-
BOH Da3MATHIUWBAHWUA MaTepuala POTOPE RO MeCTa ONPENeNeHHOTO Ma-
KCUMaTBEHM 3HouemueM npomssenemus (BH) . .§ mocrie mepexona depes
3Ty TOYKY MamyHa BHIaLeeT W3 CHHEXPOHN3MA.
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Juana3ol BO3MOXHHX HarpPy30K ABUraTeNd MOXHO TaKMM 0Gpa3oM
pa30uTE Ha NONAMANa30H Earpy30K HE BHIHWBAKNMUX P33MaTHNIMBAHNA DO-
TODa HaMaTHMYEHHOTO BO BpeMs IyCKOBOT'O PexiuMa, KOTODH IpE mpa-
BUNLHO W30PaHHOM OTHONEHWM HaOpAXEGHUS OUTIHUA K 3.A.C. ABIAETCA
npeoGnafanmeif 4aCTHH BCEro LMaNa3oHa M OCTanbHO# HeGonpmoi mom-
INana30H MOMHOCTEll BH3HBAaKNMUX P3a3MarENUYMBaHNe DPOTOPa. B 3TOM
BTOPOM NONAWaNa30He YMEHBNEHWK HAUDY3KH COOTBETCTBYET JIBUXEHNE
padoueil TOUKYM BIONEB IpAMO BO3BpaTa, H3UANO KOTODO# HAXOMUTCA B
TOYKEe COOTBETCTBYyKIEH mocienHeyMy 3HaUeEWNW DacTymed Harpyskd. B
3TOM NOMNMaNa3OHEe NBUTaTel: NOJOGEE nepeBo3byzneHHoMy [W. [epe-
IBUEEHME padoueil TOUKM BHOJNE IPAMOJ BO3BpPaTa BEAET K TOMy, YTO
HNOTOK BO3pacTaeT MeNIeHHee 4YeM yMeHBNAJCA W He MOXeT CO037aTh
3.0.Ce DaBHO# 3.H.C. XONOCTOTO XOJA Raxe IOpPW NOJNHON# pasrpyake
ABUTaTeNd, [OTpeCNAeMull NBATATENEM TOK He ROCTUTaeT HaCINRaeMHX
paHee MEHBINX 3HaueEuii, PadoTa XBEraTeNd B 3TOM NOARHaNas3oHe XO-
TS ¥ BO3MOEKHA, HO HE MORET DEKOMEHNOBATHCA.

HCTIONB30BaHKE B KayecTse padoueil TOUKE, TOUKH Nexameil Ha
KDMBOY pasMarHMUYVWBAHAA, a HE Ha IOPAMOR BO3BparTa onpefeneRHOk AB-
7eHueM NPOTHBOBKINYSHNA OPY aCHHXPOHHOM mycxe IIMJl, mO3BOJAET Ha
nonyuexne B T'MIMJI Gonee BHCOKUX 3HAUEHMHA 3.1.C. XONOCTOT'O XOna,

a Gnaromaps STOMY W NOJNE3HON MONMHOCTH NIPH COOTBETCTBEHHO HU3KMX
3HaUEHMAX NOTPEGNAEMOTO TOKA.

4, BeKTOpPHHE nuaTrpPaMMi

NNA XapaKTeDUC TUYECKUX DexmuoB pacory [MMCH - umeansHOTO XOo-
TOCTOTO XOna, HaTpPys3KM HE BH3HBaKMe#d DasMaTEUYMBAHUA DOTOPa X
MaKCHManbHO# Harpy3KW, BHmE KOTODOX ZBUraTeNb BHNafaeT N3 CHA-
'XpOHW3Ma, MOXHO COCT2BUTH BEKTODHHE NMaTDaMMH KaK JIA HEenoB030y-
RIEHHOi CUHXPOHHO! HEsSBHONONKWCHO# MamuHH ' .

BekTOpHasA AuarpaMMa AJA HAEaNbHOI'O XOJOCTOTO XOHa NPHBERE—
H3 Ha puc, I. IlapaMeTpH M3MeHAKMUECA C H2Tpy3kOit 0GO3HAUSHH UH-
nexcom "Q", IIOCKOMBKO it: 0 HanpAxeHWe MOUTaHUA ﬁf coBnangaeT mo
HANPABNEHUH C 3.M.C. XONOCTOTO XOXa E ,p+ PasHuNa uezjy HIMI -
najieHE¥e HaNDAreHWA Ha CUHXPOHHOM mMmenance I 2z, COCTOANEE K3
IR u I,%ge CHHXDOHHH PEaKTaRC I  COCTONT U3 peaKTaHCa DeaKyuu
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axops X . W peaKTaHCa pacCeAHHA OGMOTKE CTaTOPa X, B - TTMCH
I, 2a3BuCAT OT MaTBWTHO# OPOBOJNMMOCTH MaTepmals poTopa # HO3-—
TOMy ODMEVMaeT 3E3UEeHNA NOJaBlANMEEe OpeBocxXopamue X,.PacverH
HECKONBKNX BapMaHTOB ABATaTeld NMOKasamM, 4rfo X, mopaaka 1 % X ..
NoaToMy BexTOp BEyTpeHHed /meneBoit/ 3.R.Ce E_ ~ MOXHO OpOBECTH
xax Ha puc. I. H.c, 6, ® 6,  COOTBETCTBYNNEE 3.MeCe E o ¥ Eg,
ompefenAnT UX Ha —F~, 3 HeC. PEAKONE AKODA Gtocoenxnammaa ux
KOHIH CyMMupyeTcsa C Ego B meiicTByeT mOAMarEWuMBanme. HampaBie-
HHe Gto ompenenseT HaopaBieHHWe TOKA XONOCTOTO XOma I° 1 xo30du-
OUEeHT MOMHOCTH HAEaNBbHOI'0 XONOCTOTO XOna cos ?o.

BexTopHaA fHarpaMMa A MAKCHMaNbHOX Harpy3KH He BH3HBaR-
meit pa3sMaTHWUMBAEMA POTOPa IpABENeHa Ha PHC. 2. NapaueTpH H3Me-
RAKNMUECHA C Harpya3Ko# 0603HAUEHH WHREKCOM "p", NOCKONBKY OTCYyT-
CTByeT Da3MaTHNUNBAENe DPOTOPE BEIMTIMH E ¢ HE WIMEEUIACh IO
oTHOmSRM® K puc. I, a yrox HarpyaK: 4, paBeH yray ffp TR Kak
Bﬁaron ciydae KaKk BHJEO U3 pEarpamus Y, E Omo COCTaBIANT yIroX
~7—, TaKk Xe CaMo KaK I COOTBETC TBYNHYE MM BeKTODH Ipxs_n Eoof®
BenuuuHN ¥ HaNpaBNeHMs OCTANBHHX BEKTODPOB YUOMAHYTHX IDH o6Cy®R~-
neHnu puc. I. MONydYawTCA HENOCPENCTBEHHO W3 KOHCTPYKIHH AuarpaM-
MH .

. BexTopHaA jpuUarpauMMa nud MaKCHManbHOM Harpysku, yBeIu4ueHHUE
koTopoi# BemeT K BumameHuw IIC] u3 CUHXDOHA3ME, OpuBeNieHa Ha DHC.
3. [JapaMeTpH H3MEHAKMUECH C Harpysko#l 0603HaUeHH HHJEKCOM "m".
C ypenuueHueM yria HaTrDy3KH CBHNE 3H3UEHNS B yron Mexny

Gmé " etm CTaHOBUTCA MEHBNE UeM -%— BCIEACTBHE 4Yero noaBiAeT-
¢g cocTaBIAnmas er oT Ekm HanpaBleHEHadg BCTPEUHO K Gmo KOTODpad -
pasuMarHNYMBaeT POTOP. NOCKONBKY 3TOTO pa3MarHVYNBaHAA HEIB3A
CKOMIIEHCMPOBATh 3.R.C. BO3OYyXHaeMad POTOPOM yMEeHbNAeTCA OO OTHO-
meEmo X E 1P MaKCHMaNBbEOM BO3MOXHOH# CHHXDOEWIECKOH Harpyske,
cooTBeTc TByWme# Touke (BH) .. EHa KpUBO# pasMarHAYMBAHAS MaTe-
puana-poTOPa, MOTOK HpuoGpeTaeT 3HAUSHME an,/xoropoe MOXHO Jer-
KO pacuuTaTh/ COOTBETCTBEHHO 3¢fleCe = 3Hayemwe E = H HiCe -
3HaueHue Grm Ha puarpamue TyHKTHDHOMR nMHENe ¥ OyKBaMm CO 3Ha-
koM ' 0603HaueHa CUTyauus, KOTOPad Guna6H B CIydae OTCYTCTBHA
pasMaTHNUMBAENA, &8 CHNOUWHHMA JNHUAMA = neitcTENTENBHAA CHTYyalud.
Mo nuarpaMMde BUNHO, UT( X B 3TOM crydae Y& =r§;.
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A3 cpasHeHua pmarpaMu pmc. I, 2 ¥-3-BHTEKaeT, 4UTO OpU Harpy-
3Ke ABATATENA OT XONOCTOTO XOXa MO MAKCHAYM C YBeNUYSHNWEM yIJa
Harpy3K® yBeNUIUBEETCH HOTPEONAeMHl NBUTATENBHHN TOK, a KO-
3@QUIMEHT MOMHOCTM ONPENeNeHHH yrmoM Y yBeNUUNBAETCA RO MOMEH:
Ta Havgla PasMalHKYKBAHMA POTOPA, a8 NOTOM ONATH HIUMHAET yMEHB—
maThCH,

5. 0 werone pacuera

Merom pacuerta I'IMCH npm 3amaHEOH DONE3HOM MOMHOCTH ¥ Opem-
DOCHIKE MaKCUMANBHOTO UCIONB30BAHMA aKTUBHHX MaTepPUaloOB /IOCTHU-
XeHMA JNONyCTHMOTO meperpeBa/, OCOCHOB2HHHA Ha MpuHNMNE ero Aeii-
CTBEA ¥ KOHCTDYKIMM BEKTODHHX ARUarpaMM, OpUBENEeH HOXPOOHO B 0.
l3-33 OTPaHUYEHHOT0 00%eMa NoKNIana O0CCYRUM MCKINYMTETBEC IPUH-
AN KOMIOHOBKKM 3TOI'0 METOnA.

00BeM akTUBHOTO MaTepuansa pPOTOpPa BHUNCIAEM COTNACHO COOT-
BeTCTBeHRO MomumdunuMpoBagHOMy MeTORY ~. Ilocne onpexeneEus 3TOTrQ
00BeMa U NPUHEATUA [EpMeTDUM CTAaTOPa pacueT MaTHUTHOH Hemu u
OLEHKY €€ HaCHIeHHSA NPOM3BONAM KIACCAYECKUMHA METORaMHU 243 c yue-
TOM N3PaMETDPOB OYCKOBOTO pexmMa. XapakTepncTHYeCKUE [aHHHE DO-
TOpa DOCHE HaMalHWYMBAHUA BHUMCIACK HO ~, OfHAKO YUATHBASL OT-
CYTCTBHE HBIEeHUA CTACMIN3aOMUK MarHNTa., KOHCTDYKLUUO OOMOTKM, OG-
MOTOYHHE NaEHHE, CUHYDOHHHE DEaKT3HCH DEe3NCTAHC U UMIEefaHC MOZ-
HO BHUHUCIUTEH KIACCUYESCHUME METONAMH.

[locne onpeneneHus 3HAUECHUK YNOMAHYTHX BENUUNH MORKHO BEYU-
CIUTH BMEKTPUUECKUe ¥ MeXaHWuYecKue mapameTpu I'IIMCH.

BenuunHy TOKa HEOOXOLWMOTO ANA HaMaPHAYMBAHNA POTOPa B Te-
YeHNE MyCKOBOTO DeXmMa oNnpeleideM IO H.C, HeoOXOomuMoi AAA mouy-
4Yenus aafaHHOTO /mpenensHoro/ mnelifa rmcrepeanmca Marepuana po-
TOpAa.

lyckoBO# MOMEHT, ABNAWNUIACA I'MCTEPE3WCHHM MOMEHTOM B Teue-
rue QOpCUpOoBaHHO# H.C. BO BpeMA NMyCKOBOTO DexmMa, PacUUTHBAEM
no Jopmynau nns [l ¢ ydeToM ABIEHUA KPYTOBOT'O I€pPEeMarHWYUBa-
i

— 4 mo 6 u 0.
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Yras HaTpy3k#, TOKM U KO3QOUIUEHTH MOMHOCTH ANA XapaKTepuc—
TuuecKuxX pexumoB padoTH I[TNICH HaxopuM 13 @opuyn-sﬁneneﬂxux B
Ha OCHOBaHUN BEKTODHHX guarpamM. COOTHONEHUA NONYYEHHHE U3 ITUX
IUarpaMM MOTYyT CHTBH OPUMEHEHH K KONINYEeC TBEHHOMY, a HE TOJBKO KaK
0GHUHO KauyeCTBEHHOMY aHanuay G6narofaps TOMy, $TO ympomanmue Ipen-—
NOCHJIKM OpUHWMaeuse OGHYHO NpU COCTaBIGHMM RUarpaMy ABIANTCA pe-
anbHHMA yCnoBUAME paGoTa [MMCH, Hampumep OPERUOCHIKA OTCYTCTBUA
MATHUTHOTO HACHHEHMS B 3TOM LBAraTeNe DealbHa U3-3a HEOGXORMMO-
CcTH 0CSCIeuXUTh NPOBOLUMOCTE AJA OOTOKa IYyCKOBOTO PexRMMA, 61aro-
napAa ueMy Opu HOMUHANBHOM DEXUME MaliHa padoTaeT Ha HEHACHNMEHHOM
OTpe3Ke XapaKTEeDWUCTAKY HaMarHUYMBAHUA CTATODPA.

BEYTDPEHEKK 37IEKTPOMATHUTHY® MONHOCTH, PABEC Kak U HOIE3HyW
MON[HOCTh, ONpenenideM M3BECTHHMA METORAMU AJA CIl cormacHO .

[17 OpOBEPKM pacdyeTa C TOUKK 3IPEHNA NONyCTUMOTO Neperpesa
MaOMEH Ha OCHOBAHUM PaCCYRREeHUE u 10 ompepengeM MaKCUMalbHHE
3HQUEHUA HOMyCTHMO# HeCe M norpeGnsenMoro Toxa Iy, Ecmm Iy > I
70 SKTUBHHE MaTepuaNH ABUCATENA HE UCHONEBE30BAHH WO HOCTBR, CIE-
LyeT yMeHbNMTH Pa3Mep: CTaToPa.

Bemt I, < T, = pasMepH CTaTOpa CIefyeT yBeIWduTh C NENBND
yMeHbImeHAA ncnonbsoaaﬁna ero aKTUBHHX MAaTEpPHUaloB U yIydyNeHUs yc-
70BUil TENNOOTHAYM MAIMHH.

CaMeM yhadHHM COOTHOMEGHMEM, K KOTOPOMY ciepyeT CBECTH pa-
CYeTH IyTeM COOTBETCTBYNEro IOLNCOpa pa3MepoB ABAraTens ABJIAETCA
I, =1 B JTOM CIyuae BHUMCIGHHOE 3HaUEHWe TOKA MOXHO OPUHATD
33 HoMUHaNbHOe I, 1O OPUUMHAM HOHATHHM 13 BHEEU3JIOXEHHOT'O NDUH-
nuna peiic Tausa nsnrarena ¥ NPOMCXONAMUX B HeM (QU3MISCKUX ABNEHMU .

lMes HOMMHATBHOE 3HAUEHME TOKA BHUUCIEHHME OCTalNbHHX HOMU-=
HaJibHHX NapaMeTpoB ABUTaTEeNA He DPenCTaBiieT 0COGHX 3aTPyRHEHHii.

6. MopmenbpHHE XBUTATENN

C Lenbk MPOBE “¥ TEOPUM U NPERIAr3aeMoro MeTona pacueTa
I'MICH .noCTPoeHH 7 MOLENBbHEX fBUraTeNed PasuyriihlX X MomHocTei. Ipu-
veneHHHE MATHUTHHE MaTepuall ¥ DONyYeHHHE 3NMEKTPOMEXaHIUUSCKUE
nzpaMeTpH TmATeNbEO ¥ BCECTODOEHE UCCIeROBaHM IPH IpUMEeHeHUH



112

cmenuanbEO pPa3paGOTAHHHX METOROE. [JOMHHE OTYET OTHOCHUTENBHO B3TUX

UCHHTAEMA ¥ 0GOCHOBAEME METOLOB ACCHEROBAHMA mpUBeneHH B O ¥ Io,

Ha OCHOBaHMM XapaKTeDUCTUK: HaMaTHMYMBaHUA, XONOCTOTO XOJa,
IyCKOBOT'O /rUCTePe3suCHOro/ MOMEHTa, HaTDy3Ké HOCJE HaMalHUYUBa—
HAA, OONE3HOH MOMHOCTH ¥ NOTPECNAEMOT0 TOKa, KOaPPUUMEHTOB MOm-
HOCTU 4 HONE3HOr'o ReifCTBUA, reHepUpyeMoil HaMaTHUYEHHHM DOTODOM
3.7.Ce ¥ OP. ONPENENeHH 3NEKTPOMEXaHUYECKUEe NapaMETPH UCCIenye-
MHX fBUraTened ¥ MX 3HAUEHUA CPaBHEHHW CO 3HAUCHUAMY MOIYYESHHHMU
43 pacueTa.

7. BuBOgH

OTnuuuTeNbEOX YepToil TEOpMM M OCHOBAHHOTO Ha Helf MeToZa pa-
cyera ITIMCH aBiAeTCs TO, YTO BC BpeMA paCoTH HaGNKZalTCA B HEM
@usuvecKue NPONECCH CBOMCTBEHHHE Da3HHM BUAAM JICKTDPORBUraTeNei.

[yCcKoBOi# peXMM ¥ BHUMCIEHME MYCKOBOTO MOMEHTAa NOJZHH B 3TOM
LBATaTEN® pacCMaTpUBATHCA Ha Gase Teopum [J] omHako OpHM yueTe AB-
neHuid KPYroBOTo HePeMalHWdMBAHNUA HE BHCTYNAWmero KakK ODaBHAO B
COBPeMEHHHX NPaBUIBHO 3aUPOEKTUPOBAHHHX [,

HoMuHaNBHHE DexmM CHHXDOHHO# DaGOTH NPOSABIAET HEKOTODHE.aHa-
noruu C¢ apineHuaMr B [IMJ[. OCHOBHag pasHMUIA COCTOUT B OTCYTCTBUM
Pa3MaTHUYMBAHAA POTOPA OPNM OPOTHBOBKINYEHMU B TEYeHMUE 3amyCKa.
3Ta UMEHHO pa3HUNa HO3BONMUIA MCHOONB30BaTh nnx'PHMCH caMmue JocCTo-
BepHHe (QparuMeHTH Teopum MMJ.

Ruckyccun ABACHUR NPOUCXONAMNX OPM U3MEHEHMAX HATPy3KU NBU-
ratens ¥ BHYHCIEHMe GONBIMHCTBA 3JCKTPOMEXaHMUECKUX [apaMETPOB
OKa3a/loCh BO3MOXHHM ODPOBECTH Ha Gas3e Teopuu HENOBO3CyxmeHHoro CJ
¢ HEABHOUNONKCHHM DOTOPOM. JTa TEOPUA COOTBETCTBEHHO MOZUQPUIUPOw
BaHHafA NO3BONMIA Hpome BCero O0GACHUTH Quauveckue ABineHua B IIDMCH,
a BHBEJeHHHE Ha ee OCHOBe pacueTHHe (QopMynH OTINYANTCA GONBMON -
TOYHOCTBE DPEe3yIbTaTOB MO OTHONEHUW K PE3yNbTaTaM SKCIEpPHMEHTANb—
HHX MCCIef0BaHui,
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Hnreparypé
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" Archiv f@r Elektrotechnik 37/1943

Maszyny synchroniczne PWT 1951
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4/1964
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FACTORS INVOLVED IN THE ANALYSIS AND
DESIGN OF D.C.LINEAR ACTUATORS

C.W. Green and R.J.A. Paul,
Institute of Engineering Comtrecl,
U.C.N.W.,

Bangor,

U.K.

Synopsis

Two basic forms of d.c. linear actuators are described. The first of
this type is one having a multi-polepiece field assembly which is most
suitable for a wide range of displacement whilst the second is based on a
circular cylindrical field unit and suitable for a more restricted ranée
of displacement. Flux patterns are considered in detail and experimentzl
results compared with theoretical figures. The output force is then
derived from a knowledge of the flux distribution and some representative
results are presented. It is shown that the d.c. linear actuator is an
attractive proposition due to its flexible force/current relationships and

relative ease of control.
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List of Principal Symbols

- magnetic vector potential
- magnetic flux density

- magnetic field strength
- current density

- radial component of flux density

w W Gl om| W B
N "

- horizontal component of flux density

hl’ h2, h3, hb - finite difference mesh lengths
r - distance from axis of symmetry to gridpoint 0

v - reluctivity

Ao’ Al, Az, A3, A& - gridpoint potentials

Yo, Yl’ YZ’ 13, 74 - constants relating to grid mesh

Jl‘ J2, J3. J4 - current density in areas of general mesh
vl, Vos Va» Y, - reluctivity values in areas of general mesh
F - force

1= currént

£ - length

TH - effective time constant of actuator

KH - actuator constant
x - displacement

s - complex variable
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1. Introduction

Many industrial applications require output force and linear movement
from an actuator at velocities léss than, say, three metres per second.
The traverse movement, which may range from a couple of millimetres to
several metres, could include such applications as the operation of lift
doors, mechanical valves etc. A paper by Nix and Laithwaite1 discusses
the feasibility of employing linear induction motors, operating from a

polyphase supply, where efficiency is not of prime importance.

This paper is concerned with the suitability of direct current
machines to such applications and, in particular, the factors which

influence the choice o: field system.

Direct current linear machines retain the variety of force/velocity
characteristics common to d.c. machines, and when used in conjunction with
a simple bridge consisting of two diodes and two SCR's may be controlled
in either direction from a single phase supply. The most common form of
d.c. linear actuator is the ordinary solenoid relay, whers output movement
seldom exceeds two millimetres. These devices are comrcnly of a bistable
nature and consume powers in order to retain the armature in either one or
both of its positions. A d.c. linear motor capable of operation over
extended distances wés developed by Ratcliff and Griffiths2 and the multit
polepiece structure discussed in this paper is a further development of
this machine. A practical disadvantage is the need to provide a winding
with an associated linear commutator over the entire length of the .
armature which must extend to the full limit of the required travel.

Where the traverse required exceeds that obtainable from a solenoid but is
not sufficient to justify an extended linear commutator, it is possible to
employ an encapsulated armature which is free from the need for brushes.
Such an armature and . field unit arrangement is not unlike that illustrated
by Tustin3. However, in those applications in which the flexibility of
force/velocity characteristics of d.c. machines together with the relative
ease of control is an essential requirement, the d.c. linear actuator

is an attractive proposition despite the disadvantage of the extended

linear commutator.

Some of the factors involved in the design and analysis of two basic

forms of a d.c. lincar actuator are discussed in this paper.
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2, ‘Constructicn and Principle of Operation

The structure of the machine is such that it produces linear thrust
and movement over extended distances from the interaction cf current
carrying conductors lying in a magnetic field. Figf 1 illustrates two
of the-possible arrangements by which this may be achieved. In each
example the gtationary member is the armature and the mobile carriage is
the main field producing system or field unit. The multi-polepiece
structure of Fig. la has the advantage that the armature may be supported
‘at regular intervals by a central web plate beneath it. If the distance
to be traversed is restricted such that the armature may be adequately
supported at each end élone; then the machine illustrated in Fig. lb may
be employed. This machine has a significant improvement in the
efficiency of its field system and is more readily analysed. In each case
the armature consists of a single layer surface winding, bonded to a mild
steel core of circular cross-section, the outer face of the winding is

machined to expose the copper so providing a linear commutator.

2.1 The Multi-Polepiece Field Unit.

This consists of a number of mild steel polepieces, each of which has
a field winding surrounding it, which are placed equi-distant around the
armature. - The windings are connected so that each produces flux in the
same direction in the two pole machine as illustrated in Fig. 2a. The
path of this main field flux is completed via the end plates, pole shoes,
airgap and armature core. Flux entering the armature radially beneath
the pole shoe, cuts orthogonally the tangental current flow in the
armature surface winding, producing a longitudinal couponent of force in
the same direction at each pole. The resultant movement of the field umit
over the armature, means that at any instant in time conduction is taking
place through only a small part of the armature winding. This enables
a lighter gauge of wire to be employed since the mild steel core acts as
a heat sink.

2.2 A Circular-Cylindrical Field Unit

This arrangement consists essentially of two short cylindrical field
coils which encompass the armature in the manner shown in Fig. 1b.
The field winding is enclesed by a mild stecl cuter cylinder and two end

plates which form tne return path for the flux, as illustrated in Fig. 2b.
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Main field flux is established by these windings in the armature core and
it has a return path which embraces the airgap, the pole shoes, end plates
and outer steel shell. Thrust and movement of the field unit again results
from the interaction of this flux and the armature current carrying
conductors in the airgap beneath the pole shoes. This configuration_has
angular symmetry about the central longitudinal axis of the armature core

resulting in the following advantages.

(i) The armature of circular cross-section utilizes all the armature
winding between the brushes without the need for end turms.
(ii) A uniform flux density distribution around the armature
circumference is achieved for a minimum end plate area.
(iii) Accurate location of the field unit about the armature is possible
which maintains a uniform airgap length beneath the.pole shoes and thus
neutralizing the component of magnetic attraction which exists between

the armature and field unit.

3. Factors in Design - Leakage Fields

Flux leakage from the machines can be roughly divided into two areas
of study. The first is the flux leakage from the individual members of
the field unit such as pole shoe, end plate, etc., while the second area
is concerned with the additional losses which arise out of the axial
flux flow within the armature and the discontinuity which exists in the

machine structure at the terminal poles.

3.1 Multi-Pole Piece Actuator

In the case of the multi-polepiece arrangement the total flux losses
from the field unit members can form an appreciable part of the total
established flux. Earlier machines suffered a field flux loss as high
as 657, that is to say that only 357 of the main field’flux established
in the poiepieces crossed the airgap beneath the poleshoes and contributed
to the output force. Before the topography of the machine can be
optimised it is necessary to examine the manner.in which the various
losses take place and the influence of individual members on each other.
Consider the four principal structural parameters of the field unit.
These are the surface area of the end plates, the polepiece length, the
number of polepieces and the poleshoe size and profile. Leakage from the
end plates is dependent upon the surface area of the inner and outer

faces and upon the separation of the end plates, that is, polepiece



121

length. Losses from the polepiece increase with length and are
influenced by the presence of other ferromagnetic material-such as the
poleshoes and armature core. Since the leakage from the end plates will
decrease with an increase in polepiece length whilst ‘the loss from the
polepieces increases, it is possible to arrive at a compromise between
end plate area and polepiece length which is compatible with minimum flux
loss. Fig. 3a illustrates the méasured variation in flux leakage from
the individual members of a two pole machine having only two polepieces for
which the end plate size is constant and the polepiece length is varied.
The field excitation is maintained at 3000 ampere-turns at the
continuously rated input power of 14 watts throughout. It may be seen
from the experimental results given in Fig. 3b that for this particular
end plate size there is an optimum value of polepiece length which

minimises the losses.

The advantage of a uniform flux density distribution irn the airgap
around the armature circumference suggest that a large number of slim
polepieces be employed. This also has the effect of minimising the
surface area of the end plates. However, if the polepieces are brought
inte close proximity the current flow through the faces of adjacent
windings is in opposition, hence the MMF's produced by these sections of
the windings tend to cancel, reducing the flux established in the polepieces.
The final structure chosen must clearly be a compromise between conflicting
magnetic requirements, with cost playing an important role for practical

applications.

With the multi-polepiece structure there is little flux in the
armature beyond the limits of the terminal poles, that is, the flux loss
due to the azial flux flow between the poles is low. Leakage from the
outer face of the end plates is a direct consequence of the discontinuity
in the field unit which exists there. Increasing the number of poles will

reduce the significance of this loss component.

The improvement which can be gained by this process of first order
optimisation can be seen from Table 1, which compares the performance
of two machines. The first is a simple structure employing only
two polepieces whose leakage figures are as shown in Fig. 3, whilst the
second employs eight polepieces in the manner illustrated in Fig. la.

It is clear that the eight polepiece version is much the better machine.



CONTINUOUS RATING

SHORT TERM RATING

TR0 POLE Carriage Input | Useful| Total Input | Useful|l Input | Useful
MACHINE s
EMPLOYING Weight Power Flux Flux Power Flux Power Flux
(Kg) (Watts) | (M-Wb) | (M-Wb) {| (Watts) | (M-Wb) ||(Watts) | (M-Wb)
2 POLEPIECES 5.0 14 0.34 0.94 55 0.39 80 0.43
8 POLEPIECES 1.8 15 0.28 0.43 55 0.45 80 0.50
TABLE 1., Multi-polepiece field unit. Generation of useful flux

related to input power required.

TT)
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3.2 Circular-Cylindrical Actuator

The flux distribution within the field unit of the circular-
cylindrical machine differs significantly from that qf the multi-polepieces
machine and the sources of flux leakage also differs. In the circular-
cylindrical machine the main field flux is established within the armature
core and returns via the field unit. However, not all of this established
flux will return via the field unit. Since the principal direction of flux
flow within the armature core is along the longitudinal axis, some of this
flux will flow beyond the end plates of the field unit and return via th
airspace, without making a contribution to output force. The magnitude of
this axial loss component which exists in the armature at the terminal poles
is dependent upon the value of the main field excitation and the machine
parameters such as poleshoe length. For a twe pole machine of the form
illustrated in Fig. 1b this loss was found experimentally to be of the
order of 337 of the established main field flux. If' the number of poles
is increased, the significance of this loss is reduced since it occurs only
at the terminal poles. A further reduction in the magnitude of this
component is obtained by employing an odd number of poles as illustrated in
Fig. 4, where the terminal loss is reduced to about 237 of that flux
establishgd by the terminal field winding. Leakage and fringing will also
take place in the interpolar regions between the poleshoes and end plates.
However, this flux has reached the field unit by crossing the airgap beneath-

the poleshoes and in doing so contributes to the output force of the machine.

It is useful to compare the relative flux efficiencies of the multi-
polepiece and the circular-cylindrical machines. Fig. 5 illustrates the
manner in which the useful.airgap flux varies with input power to the
field unit. Both machines have two poles and the same overall physical
dimensions, the multi-polepieces unit weighing }.8kg whilst the circular-

cylindrical unit weighed 2.0kg.

4. An Analytical Study of the Machine Topography

It would be a considerable advantage if the experimental techniques

employed could be supported by mathematical deduction. However, in the

_case of the multi-polepiece machine the angular variation in flux,

permeability and current density which exists about the central
longitudinal axis of the armature impose severe difficulties in the analysis.

Hence conventional approximations must be used, and development and
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prediction of performance proceed through a series of models and

experimental measurements.

The circular-cylindrical field unit however, has angular symmetry
about the central axis of the armature which enables a study to be made
of the three dimensional field system incorporating regions of differing

finite permeability and current density.

4,1 Field Theory for the Circular-Cylindrical Field Unit

Maxwell's equation expressing the magnetic circuital law takes the

following form when the displacement currents are negligible,

L3 - 0 O MR o U B SE R et S0 (1)

The vector potential A may be defined by the .relations

curl A e B sy L AR L LG ety (2)
and div. A = O.

The magnetic field vectors are related by the parameters of the medium as
S S B e ie i A ek e (3)
Combining equations (1), (2) and (3) will yield
curl (v.curl A) = J oL cats e (4)

Since the field has symmetry about the central horizontal axis of the
armature and the current flow in the field windings is confined to a
circular path around the armature, equation (4) may be conveniently

expressed in terms of polar co-ordinates as,

8 fvaa 2 -2 fvald\.
Bz(az) * o (rA)* 3r | dr Paptd

Similarly equation (2) may be expressed as,

3A LA _ 3A_ o
Tt T i T B e (6)

where the horizontal and radial components of flux density are,

respectively,
2.4 .. n -
T

and B =‘§—A................... (8)
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4,2 Finite Difference Equations

A finite difference method is employed as the basis of a numerical

technique for the solution of equations (5) - (8)'.

The area of interest

is subdivided by a network of horizontal and vertical grid limes which are

arranged to coincide with the machine boundaries.

are calculated at.euh node of the mesh.

Vector potential values

A map of current density and

permeability is obtained by.specifying these quantities in each mesh of the

field.

In the general case, illustrated in Fig. 6,. the mesh about the

gridpoint O embraces four areas of differing reluctivity and current

density. The vector potemtial et gridpeint © is given by,

A

B SR L0, D 10 b

Y, + A

%

<]

Yo

snvenssseves (9)

where I is the current density at gridpoint 0O, and the constants Yl' Y2,

Yas Y, and Y, are factors which ensure that each point in the star mesh

will make a contribution to the potential at the centre that is dependent

upon its separation and the permeability of the adjacent domains.

These Y

factors are obtained by taking a line integral around grid point O and

and

relating this to the field excitation enclosed by this integral. The
current density at gridpoint  © is given by,
2 thlhlo + .thlh2 + J3h2h3 + J4h3h4 i
o (h1 + h3) (h2 + hA)
S 2 {“1“4 v G e M 2 | } o
1 (hl*h3)(h2+h4) : h1 ; h1 2(2r + hé) 2(2r - h2)
P 2 g o IR IO AN
2 (h +hy) (hy+h,) h, h, (2r - h,)) (2r - h))
i 2 he 1> g 2L i DAY o ceee (11¢)
3 (h1+h3)(?2+h4) h3 . h3 2(2r + h4) 2(2z-- hZ)
o 2 \)[‘h3 \th1 : vah3 ‘ g \a}h1 ke 25
4 (hl+h3)(h2+h4) hA hl» (2r+ hl;) (2r + h4)
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v, h, viho

44
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4.3 Boundary Conditions and Numerical Solution

Because an axial component of flux exists in the armature beyond the
geometric limits of the field unit, it is necessary to take account of the
leakage field distribution in the airspace of the surrounding region. Under
no-load conditions, the horizontal and vertical geometric centre lines of the
machine are lines of symmetry and may be treated as boundaries.- The lower
lefthand quadrant of the cross section of a two pole machine is illustrated
in Fig. 7. Leakage fields are catered for by placing boundary BA at a
distance of ten times the pole pitch from the CD axis, and the boundary AC
at a distance of five times the pole pitch from the BD axis. As no flux is
assumed to exist beyond these boundaries, each is therefore at zero vector
potential., The vector potential along the central axis is also of zero

potential, hence,

(A)BA = (A)Ac = (A)p. =0 .c0uns (12)

Flux lines are orthogonal to CD, thus (Br)CD = 0.

When on-load operation takes place, the main field flux pattern is
distorted with the result that the distribution is no longer symmetrical
about the central vertical axis. The only remaining line of symmetry is the
longitudinal axis of the armature, therefore the field study must embrace the
entire lower half plane and be bounded on three sides by far distant

boundaries at zero potential,

An iterative process is employed which considers each node of the mesh
in turn and modifies the vector potential until equation (9) is satisfied.to
an acceptable accuracy at each point in the field. Convergence of the
Solution is accelerated by the employment of the extrapolated Liebmanna

process of overrelaxation to each point,

4.1 Computed Field Distributions

A computer aided solution of equation (9) leads to a value of vector
potential ‘throughout the entire field region. This enables the magnitude
of the flux density to be determined at any point within the armature or
field unit and reveals any localized regions of saturation. The extent
and magnitude of the leakage fields may be deduced for a variety of
constructional parameters and excitations. The radial component of the flux
density at the armature surface is readily obtained, which enables the thrust
to be calculated for various values of excitation and input power. Thus by

changing the principal parameters it is possible to optimise the geometry
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in terms of a particular quantity such as output force: input power ratio.
Alternatively it becomes possible to optimise the output force: weight

ratio.

The computed and experimentally determined distribhtion of flux density
at the armature surface is illustrated in Fig. 8, for the central pole of
a five pole machine under no-load conditions.. The main field excitation
is maintained at 735 amp-turns per machine section, corresponding to the
continuously rated input power of 7 watts per section. Changing the pole
shoe profile give rise to a different flux density distribution for the

same value of field excitation, as illustrated in Fig. 9.

5. Output Force of Two Pole Circular Cylindrical Actuator

In the previous section it has been shown that the calculated flux
density profile at the armature surface (for zero atm;ture current) agrees
closely with that obtained experimentally. This anaiysis may be
extended to includé the case when the armature is excited and the detailed
¢alculations involved in this respect will be the subject of a further

paper.

By considering incremental flux densities over small sections of the
armature spzface with known current flow the incremental force is
determined using the relationship AF=4B.I.AL where AF is the incremental
force, 4B is the incremental flux density and AR is the incremental length,
The total output force is then the summation of the incremental forces
between the armature brushes. To indicate the performance of a two pole
circular cylindrical actuator experimental tests were carried out and the
results compared with the predicted performance are shown in Fig. 10. The
scatter of the repeated results indicate the difficulties encountered in
precise measurement but there is reasonable agreement between the
experiments and predicted resylts. The scatter in the experimental results

are due to the following considerations.

Inaccurate alignment of the field unit about the armature gives rise
to a non-uniform flux density distribution about the armature periphery.
Complete accuracy of alignment is not possible since it is necessary to
allow some freedom in the wheel movement in order to cater for machining
tolerances aleng the armature. The reluctance force of attraction
‘between the pole shoes and armaturzs is not completely cancelled, resulting
in a comporent of force which is normal to the desired motion of the

carriage. Hence there is a reduction in the output force of the machine.
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stiction is also present at the armature brushes and the carriage
supporting wheels and these alone caused-a ferce reduction of 0.7kg - 0.9kg.
Thus the measured force/current relationship is simply that of the output
static force. If the stiction force of 0.7kg - 0.9kg is added to this curve

the resultant curve ii/the total output force characteristic shown.

6. Dynamic Performance

Tests were carried out to confirm the predicted linear transfer function

of the armature controlled d.c. linear actuator with constant field

X(s) Xy

i(s) s(L+sTy)

excitation of the form

where X(s) is the Laplace transform of linear displacement
I(s) is the Laplace transform armature current
l(,‘4 is the actuator constant

T,\1 is the effective time constant of the actuator

Detailed results are not included since the measurements follow the
standard procedure. Typical values of TM depending on the size of the

actuator and load are in the range 0.4 sec. - 0.6 sec.

The actuator can thus be incorporated in a feedback loop for precise
linear displacement or velocity. The engineering details of such an

arrangement are again not included as they follow standard practise.

7. Short Stroke and Static Force Applications

Where the required output displacement is less than the pole pitch of
the actuator, the need for a linear commutator can be avoided by reversing
the sense of the armature winding at intervals of one pole pitch. This
enables an encapsulated armature to be used which is free from the usual
commutation problems. Moreover, a graded winding permits a variety of
force position characteristics without complex feedback arrangements’. .
Such devices find an application in the operation of, say, mechanical valves.
Various configurations have been constructed for specific applications and

it is hoped to summarise the essential features in a further paper.
8. Conclusions

The analysis and experimental results discussed in this paper show that
the d.c. linear actuator is an attractive proposition for a wide range of
linear velocities. Two basic forms have been described, (i) a multi-pole

piece unit and (ii) a circular cylindrical unit. The former is particularly
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suitable for extended linear displacement whilst the latter is restricted

in displacement since in this case the armature can only be supported 3t

the extremities.

It has been shown that the flux density distribution of the circular

cylinder actuator may be determined analytically thus obviating the nced

for.development through a series of experimental models.

9. References

1
i

L]

Nix, G.F. and Laithwaite, E.R.,
Linear Induction Motors for Low-Speed and Standstill Applicationm,
Proc.I.E.E.; Vol. 113, No. 6, June, 1966, p. 1044,

Ratcliff, G. and Griffiths, J.T.

A Linear D.C. Motor,

J.Sci.Instrum., 1964, Vol. 41, p. 267.

Tustin, A,

Direct Current Machines for Control Systems,
Published by E. and F.N. Spon Ltd., 1952, p. 294,

Binns, K.J. and Lawrenson, P.J.
Analysis and Computation of Electric and Magnetic rield Problems,
Pergamon Press, Oxford (1963).



130

End plate.———— Polepiece_.rlnner brush. End plate.
Outer brush. l Pole shoe. l Outer brush
Armature
core.

Armature
winding.

Polepiece “Polepiece
core. winding.

Armature supports

(a)

Circular end plate. Cylindrical -—Inner armature brush.
outer shell. (

|
{soee ¥ ———Pole shoe

Insulating spacer.

Outer brﬁsh.

W
(

\ !

LAr‘ma!ur‘e core.

Outer' brush.

Insulating s -
spacer. Armature winding.
L Field windings.

(b)

Fige 1 Two basic forms of d.c. linear actuator
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Fig. 2 Main field flux patterns
. (a) Multi-polepiece machine

(b) Two pole circular-cylindrical machine
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Fig, 7 Cross-section of quadrant of two pole circular-cylindrical
actuator showing boundaries and grid mesh
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(a) Central pole of the five pole configuration

(b) Flux density profile at armature surface
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Fig. 10 Output force of a two pole circular-cylindrical actuator
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