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OB OLHOA CUCTEME ABTOMATHYECKOI'O YIIPABIEHVA
[IPOLECCAMY FBI'OTOBJEHMA MUKPOCXEM

dzcturyr rubepueTuru AH YCCP B.M. I'mymxos, B.Il. Jepkau,
Lues, CCCP I'.T. Makapos

3a nocneguue [0-15 neT KonmMuecTBO SAEKTPOHHHX BHUWCIH~
TEIbHHX MaIMH, ABIAKIMXCH OINHMM MS HauGogee MOWHHX CPElICTB Ho-
BHIIGHUS SJPEKTUBHOCTH pasHOOSDASHO# LEATENbHOCTH  YenoBeKa,
BOSPOCJIO B COTHM pas. B TO xe BpeMs OHM Kak NPaBuUIO COOHPanTCH
BPyuYHYW, UYTO NOBHUEET KX CTOMMOCTH, CHMEAET HaUeXHOCTh, OI'pPaHu-
QuBaeT NpUMeHeHue. Bpems, TpelGyemoe Ha paspaGOTKy M MS[OTOBIG-
HNWEe MmalvH, CHBAaeT COMSMEPUMO, & MHOILE2 Laxe GONblie BPEMEHM MO-
panbHEoOro MX CT8pEHMH, ROTOPOe MOCTENEeHHO COKpaulgeTcd ¥ B HACTOR-
mee BpEMA COCTaBIREeT NpUOIMSHTENbHO 3-4 rong.

HecmoTps Ha MHOI'OUMCHIOHHHE NONHTKY MCCAeLoBaTeledl aBToMa-
THSMPOBATH NPOIECC MPOM3BOJCTBA CXEM, NOCTPOGHHHX HE HE8BECHHX
leranfx, Ks-sa OHCTDOIO YCHOEHEHMSs annapaTypH ¥ GOINLWOI'C. pas-
HOOOp2SUA MCOONB3YOMHX HeTanelf SHAUMMHX pesyJbTATOB MOIYYEHO
He Ouno. [lorpeGoBanock OTHCKAHME CYUECTBEHHO HOBHX (DUBHKO-TEX-
HO/JOTHUSCKUX MyTei MOCTPOEHMS OTOR ammapaTypH, KOTOPOe NPUBENO
K SaMeHe OTIE&NbHHX JeTaledl ¥ KOMIOHEHTOB, MCHONB3YEMHX B Ka-
YESCTBE CTPOMTENSHHX 2JE6MEHTOB, WSBECTHHMM TENEDb MHTEIDANbHEMU
cXeMamy, BHITyCKAeMHMW B BHNE TOHKMX [UIGHOK MIM TBEpOHX MOoly-
NPOBOJHKKOBHX MOHOJMTHHX GJIOKOB.

_ Hapany ¢ peskuu ymMeHbmEHMEM rabapuTOB M MOBHUIGHMOM ION-
FOBEYHOCTYM NPUGOPOB BaXHEHIMM NOCTOMHCTBOM TaKMX CXeM. ABISeTCH
yupoOWeHKe sajaudl a8BTOMATHB3ALMU DTAanoOB KX NMPOMSBOACTBA.

A0TS B OCHOBY MMKDOSJIERTDOHMKH MNOJOXEHH LOCTATOUHO XOPOMO
u3yueHHHe (u3MyecKue SABIGHHA W TAFRMe USBECTHHE MeTOIH, KaK Ba-
KyyMHOE OCakleHMe BemecTsa Ha MOJNOXKY, mu{pysns, peEpUCTaliIH-
3auus, OKMCIEHMe, SMUTaKcuanbH0e BHpalyBaHUEe MOHOKPHCTAJIMue-
CKMX MIEHOK, TpaBleHHe, doTonuTorpagus, TepuooCpaleTKE M AD.,
NparKTUYECKOe MCIONb30BAHME MX YCIOEHAETCH KH3-38 HEOOXOIMMOCTH
OIpOCTPaHCTBEHHON NOKanusSalMy NPOMCXOLAIMX NPOLEeCCOB HA MHOIO-
QMCJIEHHHX MUEKDOHHHX YUaCTKax maTepuana. PaspadoTka crnocoCoB
OCYLIECTBIEHKA CTPOr0 KOHTPONMDPYEMOTO CEIEeKTHUBHOI'O MPOTEKaHuA
GUBUKO-TEXHOJIOIHYECKHX NPOLECCOB, MO3TOMY, SBAAETCH BaxHeRmeR
npoSnemoit ®TOH HOBOM HEYKH.

OnHuM M3 TaKMX METONOB, KOTOPHH ceiiyac uame BCEro NpUMe-
‘HAEeTCS HA NpAKTHKEe, SBJAETCH BO3ICHCTBME HA BENECTBO uepes
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M8CKy /Tpadaper/. HcnoansoBaHHe ero NpHBENO K SHAUMTONbLHHM De-
SyJBTATAM, OKOHUATENbHO yTBEpAMBINMM MUKDOSIEKTDOHMKY KaK [pO—
rPecCHBHYKD HAYKY.

Ho mpu MCROZbSOBEHMM STOIO CNOCO0A BHABHAMCH H TDYLHOCTH.

B raMepy NpMXONUTCHA MOMONATL TPadapeTH DasAMuHHX ROH(MIypaLmit

W MOXaHUSMH MX NepeMemeHus, KOTODHS. Hepenko Tpefyercs Harpe-
BaTh g OCeSrazxMBaHMS M NOAYWEeHME I'TyCoXOro BaxyyMa. [Ipu MHO-
FOKDATHOM COBMGNSHHM TPa(2peTOB BOSHHKANT ONyTHMHE ONMOKH W,
CHIeIOBATENbHO, CHMUEAETCH TOYHOCTH FEOMOTPUUSCKMX paSMEpoB HSIo-
TOBJISI@MHX - KOMIIOHEHTOB, yXyANRETCH BOCHPOXSBONMMOCTH HMX XADAKTe-
pPHCTHE. BO. MHOIWX CIyuasxX CHBA©T BOOOH@ HEBOSMOXHO WMSI'OTOBHTD
rpajapeT HyEHO! KOHMIyPaLHM. - ;

TounocTh pasMepoB NOBHEAGT 88 CYET HCNOIbSOBAHMA Npeuusu-
OHHHX KOHT2¥THHX MACOK, HSIOTOBIAGMHX HA 06paCaTHBASMHX MOJIOR-
kax merojamu (gorommrorpajuu. Ho mcnoassopanme goTomMTOrpaguue-
CEMX NpPOUECCOB HPH O6paGOTKS NONYNPOBOAHUKOBHX MATEDUANOB [pUBO-
4T E YBENWUSHWD PaQSHOTUNHOCTH NPUMEHSEMHX TEXHONOIWYeCKX . One-
paumil, UTO 3aeueT 3a coCoil MOSBIEHWe LONOAHMTENAbHHX ONMOOK. K-
8& cIyuaiHorc pacnpefielleHus GpaKOBAHHHX KOMIOHEHTOB MO MUIACTHHE
PHCYHOR MOHTAXa B KakJOM DKSOMIUIADe MHTerpanbHOi CxemH, clenaH-
HHi TaKuM 00pasoM, MOJYUAeTCH HHAMBMAyaIbHEM. (nefopaTenbHo,Tpe-
fyeTcd MSOTOBIGHUWE HOBOK MACKM IJA KaxNoli mracTuHH. YToOH u3le-
EATh DPESKOr0o yINOPORaHMS OPONYKUMM U CONBIMX NMOTEPh BpPEeMEeHM Ha
3TO, Ceif7aC OrpaHYYMBANT UHCIO BIEMEHTOB, HSIOTOBJAEMHX HA Of-
HOl mnacTHHe. M BCe paBHO BHXOJ IOJHHX USLEIMA B NywmeM ciaydae
H® NpPEeBHUAeT HECKOIbRUX JOCATKOB IPOLIGHTOB. e

Bonbmoe pasHooGpasue onepaiuuit, sHAUMTENbHAH HYACTb M3 KOTO-
PHX, K TOMy XK€, BHOONHAETCS BPYuHYD, CYyMECTBEHHO SaTpylHAeT pe-
meHWe 38J2uUM MOJHOA aBTOMATMSALMM MPOM3BOJACTBA MUKpOCXeM. Cie-
LyeT ydYecTb TAKE®, UTO GHCTPO MOSBIAWIXECH HOBHE TEXHOIOI'MUe-
CK{e NpUeMH BHSHBAWT 3HAUUTENbHHO NEepEleNK¥ JOPOrOCTOSUMX 8BTO- -
MATHYECKUX AMHMR. [JoaTOMy BO MHOIMX cTpaHaX BefeTcd yYCHISHHHH
NMOMCK TAKUX TEXHOJOIMYECKUX NPUEeMOB ¥ KHHCTPYMEHTOB, NapaMeTpH #
¥ADAKTEPUCTHKM KOTOPHX (ONlee MOJHO COCTBETCTBOBAIM OH 3a7auaM
CO8J8HUA YCTDOHCTB C 3JEMEHTaMM MMKDOHSHX pPasMepoB.

OCrojexuBapuMe NEPCNEKTHBH JJIf YCHENHONO DEmeHMA JTHX 3&-
[a9 OTKIHBAXT PesyAbTaTH U3yUSHHS BOMPOCOB BSAMMOLGHCTBUA BIEK~
TPOHHEX ¥ WOHHHX [YYKOB C TBEpDIHM TEIOM. JNeKTPOHHAf M MCHHAA
/smuorHas/ o6raGoTKa MAaTepManOB MO MpaBy CuMTaeTcAd Ceifvac Hau=-
GoJiee COBEpUWEeHHOK U8 BCEX CYUECTBYWIMX METOLOB COSJAHUSA KOMIIO-
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HEHTOB MMKpPOCXeM. C MOMOmBE DJEKTPOHHHX M MOHHHX IYUKOB ceiiyac
M3TOTOBIANTCH DP-f1 NEPEXOIH, TPAH3MCTOPH, NMPOKSBOIMTCA MMKDOCBap-
Ra, MNONMMEpn3alld, DASJOREHUS XUMMUECKMX COGAMHeHWH ¢ Leabo BOC-
CT2HOB/CHNA XUMWJIECKUX DIEMEeHTOB Ha JOKAIbHHX YUACTKAX MOIJIOXKH,
PeKpUCTa/IN3aLUNd, DKCNOSULMA (OTOPESUCTHMBHHX CHO06B, HAIHIEHHE
MJIeHOK, CKpaiifupoBasue, IepMOTH3aLMd, USMEDeHHe M KOHTpOAb napa-
MSTPOB TEXHOJOI'MUECKMX MPOLEecCOB M HslenMil, onpeneneHue Xumuye-
CKOTO COCTAB& MATEDHANOB ¥ T.J. — BHIONHEETCH MHOXECTBO OCHOBHHX
onepauuit, HEOCXOOMMHX W NPHUMEHSEMHX qxannqecn IJisi TIOCTPOSHUS MH-
TErpalbHHX CXEeM. %

[IpemqymecTBOM BIMOHHHX METOJOB ABJAETCS. BOSMOXHOCTH BHIIONHE-
HHS BCEX TEXHONOIMUECKNX 9TamoB B BAKyyMHOR Kamepe 0es ee pasrep-
MeTHSalMH, T.e. B yCIOBHMEX, 0CECHEeUMBADEEX BHCOKY BOCIPOMSBOLM-
MOCTb NMapaMeTpoB usjenuit. [IOTHOCTHL MONHOCTH SIEKTPOHHHX M HOH-
HHX .[[yYKOB JEI'K0 peryjmpyercd # JOCTUIaeT MUINMOHOB KMIOBATT HA

« C ¥X noMOmMED MOXHO NOKANIKSOBATHL (USHEO-TEXHONOIMUECKHe Mpo-
HeccH B OueHb MaNOM mpocrpaHcTBe. [lomyueHHHR NpaRTHIECKM MUHM-
ManbHHE JuaMerp, COCTABRAST JONH MUKDOHR..

MockoNBbKY MPOLECCH NORATHSyWTCH HE MyTeM MEXAaHWWeCEUX mepe-
MEUEeHHUl 2JIEMEHTOB, CRaxXeM, TpajapeToB, & € NOMOWLD BOSIOACTBY-
UMX Ha SapAXcHHHE YACTHIH SNOKTPUYECKMX ¥ MAIHWTHHX noaed, To s
00paCOTKM MOEHO NOUTH MIHOBEHHO M C GOXBmOfi TOUHOCTHD BHOMpATH
o6y TOUKY MSIOTOBIAEMOY MUKDOCXOMH, MONYYaTh KAKME YIOAHO KOH-
gurypammuu o6padaTHBAEMHX YYaCTROB, OTKAB8ABIMCH OT MACOE HIM, ©€C-
I¥ 9TO Hamo, ¢ HanOombmell BOSMOXHOK cefigaC TOUHOCTHW MSIOTOBAATH
caMy MAaCKH.,

dmioHHas TEXHOANOI'MS NpeAcTABISAeT codon OJiMH M8 npmlepoa Ta-
KOjf O0nacTH TeXHUKH, GHCTPOE pasBUTHE KOTOpPOR OCYCHOBIEHO MOSBIE-
HUeM KMOEPHETUUeCKMX CPeACTE ynpaBneHd. Bpyudyo, ¢ momombo OnTH-
YECKUX NPUOCDOB MOEHO COSJABATDH JVNb J2GOPATODHHE OCPasLH 3leMeH-
TOB B €IMHKWUHHX 2KSSMOAspax. HeBoSMOZHO NMpPOMSBONMTH B TEUeHHe pa-
3yYMHOIO BDEMEHM TAKMM CHOCOCOM LeJHe GAOKM - MHOIOKOMIOHEHTHHE
CXeuMd ¢ NPuemneMod BOCHPOM3BOIVMOCTHO HMX NapameTpOBe

C rouxv 3penus pasHooOpasus xapakKTepa TEXHONOIMYECKUX MpO-
LESCCOR ¥ KOAWUECTBA DAEMEHTOB, HA KOTODHE JONEHA BOSLEACTBOBATH
VOpaBifoTag CHCTEMA, BIMOHHHEe YCTAHOBKH SBIAWTCR BHIOLHEM , ME-
'nc USMEHSNIMMCE 50 BDPSMEHH OOBEKTOM VIPABNEHHS, M09TOMy IPHHUH-
nH ABTOMATHYECKOIO YNPABIEHMS X NDUMEHSeMHEe JUIS WX BOIIOWeHEA
TeXHMYECKNE CPeACTS&, €CHM OHW BHODaHH C yueroM HOBeMmiX HAYIHC -
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" TOXHWYECKHX NOCTHROHMHE, NCHEEH OHTH MOCTETOUHO EMSHECMOCOCHH-'
MH.

B Hucruryre mmbGepuerwrm AH YCCP wa mepsom sTane paspaGo-
TAHA DPASOMKHyTas CUCTeMA SBTOMATHYeCROr0 YNPaBlISHHA mnpouecca-
MM M3IOTOBJASHMA EOMIOHEHTOB SIMOHHHX MHTErpaibHHX cxeM /"Huip-
67%/, roTopes ceiiyac. BKCNIYATHPYETCA HA OJHOM WS HDEAIpHATHR
M yEe n0rasais BHCOKYN HAJEeEHOCThL K 2fibeRTMBHOCTB. B ocHOBY
8e moJOKeH UMPPOBO# crnocol yNpABISHWA, KAK 60Nee 8 XOHOMUUHH
MO BpeMeHM ¥ o6naJanmyil AyImAMY BOSMOXHOCTAMH, UEM METOH MC-
NMOAL3YNIME HENPESPEBHYO DaSBEPTEY .

[Ipy 3716RTPOHHO~TYyYEBOM MSI'OTOBNEHUM KOMIOHEHTOB MMEDOCXEM,
HaNpUMep, uame BCerc OHBAaeT BEIOLHHM NDUMEHEHMEe WMIYJIBCHOI'O pe-
XMM8 BOBJEHCTBUA Myuka HA Marepuan, IpefyeTcd safaHue AIUTEIb-
HOCTedA MMIyNBbCOB H Nays, & TAK®Ee KONWYECTBO MMITYJbCOB 00pajoT-—
KM B KaxNo# TOurRe. B cmyuae HeNpepHBHO# pasBepTKM BCEro pacTpa,
KaE 9TO jejaeTcd, CKAXeM, NPH MCHOIbSOBaHMM (POTOKROMUPE, NIKTElb—
HOCTH nays BCErJ2 CBSSAHH C JAUTENbHOCTSMUM UMIYJILCOB yD2BHEHUEM

tn= HEu
Ddn : y DHe
LuH - gauma u sucora pacrpa; ‘

lu = LIMTENLHOCTb MMIYNECA O6paCOTHH;

9 - monycTUMCe PAcCTOAHMS, HE KOTODOE MOEeT NepeMecTi-
ThCA MYUOK 84 BpeMA [N6fCTBMS MMIy IbCa& 0CpaCOTKM, NOnydaemoe H3
ychosu#t ofecneueHus NOCTETOYHOH paspemanmeél CHOCOOHOCTH.

n - IHaMEeTP HNyuKa. :

Hag BUOHO W8 2TO# (OPMyZH COOTHCMEHUE MEKLY tn ulu
HEe MOEEeT OHTh BHODAHO IpOMSBOJbHEM. Hpome Toro, otiayyaemue M CBO--
COfHHE OT BOSJASHCTBMA [yUuKa YUACTHEM KaJpa PasBEPTHBAWNTCH C ONHOH
H TO# ®e CKOpOCTBO. BCleJCTBME 9TOrO NPUXOLUTCH HENPOM3BOLMTENb-
HO TPaTHTh BpeMs Ha IBEEeyue "sameproro” nyua, KOTOpPOE€ HaKariu-
BaeTCA C yBEINUEHMEM KOJWUEeCTBA UMIYJAbCOB M pasHOOOGpasus BpeMeH-
HHX yCIOBM# 00paCOTKM M onpefenseTcd S ypaBHEHMdA.

ts.n. 3 Z Z Qux Lnx , e
Kt Ot

C. - OTHOCHUTEIbHOE UUCIO HeofpabaTHBAeMHX TOUEK Ha MOIJIOR-
Ke; 2

M= UYKCIO PaSIUUHHX IIMT3IbHOCTEH  MMIyIbCOB OOpaGOTHM, TPe-
OyeMHX NMpY UST'OTOBIEHHM CXOMH,

n - HauOOoABmee YUCIO MMIYJIbCOB OJHOH ¥ TOK Ee IIUTEAbHOC—
TH, HEoOXonuMoe HjiI o6raCoTKM B OJHOH TOYKE pacTpa.



T

Meron HenpepHBHOH Da3BEPTEM NPENCTABAAETCS MPHEMIEMHM
TOJbKO TOLHA, KOI'N@8 HET HEOOXONMMOCTH B MSMEHEHUM BDEMEHHHX
pexmMoB 0CL2COTKM B Mpeleiax pacrpa. B nojasismomeM GONBUMHCTES
Ipyrux ciyuaeB JIONEHA OHTH OfecrneueHa BOBMOEHOCTb GHCTpPO# aBTO-
MaTUYECKO! YCTAaHOBKM Iyuyka B J0OOH# YUacTOK MOMIOERM M Oflyue-
HUA BHODaHHOW TOUKM HENOIBMEHHM JIY4YOM NPK KaKOM yIOOHO OTHOWe-
R/

A8 oCymecTBIGHMR 5TOIO Haudonee yZo6Ha KOHTypHas pasBepT-
Ka, noiyuaemas npeobtpasoBaHueM UIMPPOBHX KOLOB, COOTBETCTEYIOIMX
KOOpIMHaTaM TOUEK, B OTKIOHSNUME TOKH WIM HanpageHud. Hcnmoanpso-
BaHWe WAroBO# KOHTYPHOH DasBEepPTKM MPUBOAMT K HEOGXOIMMOCTH MpH-
MEHeHMs LA ynpaBleHHs 3JIeKTPOHHOJIYUEBO# yYCTaHOBKOR LMPPOBOHK cHc-
TEMH.,

MKuenmmecs yHuBepcanbHHe LMPPOBHE MBNMHH HE NPUCHOCOGIEHH
ILAs JaHHO{ nenM, NOCKONbKY OHM He B COCTOAHMM OGeclneuuTh MUHM-
MaJbHOE ,HEOOXOIMMOe IJA peanusalMy NpeuMymecTB SAEKTDOHHOIYUEBO#
TEeXHOJOI'MM GHCTPOJEHCTBRE M TPeCyOT UpPEesSMepHOr0 YCIOXSHEHHA Npo-
1eCCOB MpOrpaMMipOBaHHUS «

Hawy cucTeMy MOXHO NPUMEHATb MDH nadopa'ropm MCCHeNOBaHHUAX
M MEIKOCEeDHiiHOM NMpOusBOICTBE. OHa MOXET OHTH TAKEKEe HCNONBSOBAHA
Ing BjieKTPOHHONyuencll cBapku, (PpPesepoBKM ¥ B JPYyIuX PasHOOOPaBSHHX
clyuasx, KOrha HYRHO C OonbimM GHCTDPOJE/CTBHEM BOSISHCTBOBATH HE
O0BEeKT yNpaBIeHUA OLHOBPEMEHHO M0 HECKOJbKMX KaHANaMe

OnmHo¥ us Haubojee BaXHHX e€e OCOOEHHOCTed ABIAETCH MPOCTOTA
OporpaMMMpOBaHKUA TEXHONOTMUeCKUX salad. [lo oflHo# KOMaHZEe MOXeT
oTpafaTHBaTBHCE M00AA M3 OATH HauOOIEE YacTO BCTpEUanIMXCA Ieo-
MEeTPUUECKUX (UIyD MNPOUSBOJbHHX B MpeLenax pacTpa pasMepoB./puc.
1/. llpu aToM sHeplreTHUECKHe M BPEMEHHHE DERMMH OCIy4eHUs OIMHE-
KOBH IJIf BCEeX TOYeK. /sMeHAs mapamMeTpH Q H é " POYEYHOIro
pacrpa"” KCHONEBYEMOrO MpPU MSTOTOBJEHMM CXeM C DeryJspHO pacmo-
NOEEHHHMX KOMNOHEHTaMM /HaNpuMep, IMOIHHX MATPHL/, yCTaHABIUBANTCH
paccToAHMA MExLy oGpadaTHBaeMuMM TouKamM. [Ipy @ =1 wm =1
noNyvyaeTcs CEpUR MepaijelbHHX JMHUE, HYEHAs, CKaxeM, A4 cO3Za-
HUS TaKk =asHBaeMO} TOKOMpOBOASme#d sMeiru. Ecau a=1ln =1,
70 "royeuHH¥ pacTp" mpeolpasyeTcs B.NMPSMOYIONbHYy IOWLALKY .

Lns Toro, uTo6H Ha OIHOK MIACTHHE KDEMHMS MORHO OHJIO M3ro-
TOBJETH GONBMOE KOAMUECTBO PEerylspHO PaClNOJOXEHHHX CXeM N0 ympo-
mesHof nporpamme, NpPeLyCMOTPEH& BOSMOEHOCTH OGpPaCOTKM MO ONHOM
KOLi2HIE CepUK PEryNsSpHO DECHOJOREHEHX MIOLAJOK. LJIf STOH Lieau
cnyzuT xazp "psl npemoyroipkuroB". Ecau eToT kaip 8alaTh B npe-
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Lenex OfECH CTPOKM, TO HA MOAJOXKE BOCMDOW3BOMMATCA MpPEPHBHC-
Tas OUHUA, BCTPEvalmascsd NpH M3TOTOBIASHWK PESUCTOLOB, BHION-
HEMHX B BUE TOHKOIUIEHOUHO# SMelikH.

OrpaGorza mmHMik ¥ niaomajei MPOMSBONLHON GOpMH, TpeCyoIMX-
cd, Hampuuep, NPH CBapKe KODIYCOB, MB8IOTOBIEHVH M3COK, SacBeT-
ke {OTOPESHCTMBHHX CJIOEB M T.N. OCYWECTBIAETCH C MNOMOUbO Kal-
poB "HakIoHHAE JMHMR", "ORpyzEOoCTB" /"myra"/ wm "mmomaae". B mo-
clelHer JBe CTOPOHE (UIYPH HJIM ONHA US HEX KCEET OIPaKWUKBRTBHCS
HaRIOHHOR  IMHUEH# NUOO0 YacTh OKPYEHOCTH, OOpasys TPEyroIbHHE,
PaBHOCTOPOHHID WIM MPAMOYIOJbHYD Tpaneuyo, KpPyr', CerMeHT H T.0.

HouOuHMpys aTH reoMeTpHUecEMe. (WIYPH M CBASH MEXNY HUMM
Ha NOLJNOXKe, U 8ajJaBas MX OTPaCOTKy B HYXHOA BpeMeHHO# nocieno-
BATENbHOCTH, MOXHO COSJaBaTh CIOEXHHE CXEMH, CTDOMTH pasaéodpas-
HHe (yHKUMOHANBHHE YCTPOACTBRs .. .- s

O6bmumit Bun "HueBa-67" nam ma puc. 2, a GIOE-CXeMa MalMHH U
dysERUMOHANbHOE ycTpoiicTBo. 6nokoB BYO mw BO - Ha puc. 3 &

Haxpas romanza /koj kanpa/ mpelcTaBiAsSeTCS NECATHD ABeHAM-
NaTHpPaSpAIHEMH IBOMUHHMA CIOBaMu, IS XPaHEHUS KOTOPHX MpUMEHe-
HO MBTHMTHOe SaNOMMHENWEee yYCTPOUCTBO, I'Nie OHM DACHOJNCKEHH B MO-
CTOSHHO! MocrenoBaTEeNbHOCTH. B 3THX clOBaX cojepxaTcs RaHHHE
00 . 9HEepreTUUYEeCKUX pEexuMax Iyuxa, BPeMeHHHX NapaMeTpax o6padoT-
KM, 8 TaKgEe YKa3aHusd O SaKOHe NEePEeMEereHMA Iyua IO MOBePXHOCTH
nuomany ¥ BCEe MCXOAHHE BENMUMHH, HEOOXOOWMHE IAA NoIydeHus (u-
ryp TpeSyemux pasuepoB. i sajiaHuf Hauaza M KOHLA ABMEEHHS Iy-
ga crayzaT perucTpd Cu HX, Cu KX, PHY u PKY. Ilpn mare 5 mx u mo-
NOJHUTENbHOM DaspAlle peBepca MaKCHManbHAafd MIOmaALb oﬁpa6amae-
MO#l noBepXHOCTH nonyuaercA paBHo# I0xIO .

O6bem M3Y 4006 pBeHamuaTHMpasSpANHHX CIOB, YTO cocranser
Gonee uem 400 EOZOB KaOpoB. 9TOrO0 KOAMYECTBA, . MOBUAMMOMY JOCTa-
TOYHO IAS MHOTWMX NPUMEHEHW#, TeM He MeHse NpeNyCMOTDEHa BOSMOE-
HOCTb OMEepPaTMBHOTO MOMONHOHMS MIM SAMEHH IpOrpaMM, COREPEANUX -
cd B MamaTH, B XOLe BHITOJHEHUS TEXHOJOI'MUECKHUX OmepaiMid ¢ mo-
MOUbD YCTPOACTBA BBOZA C NEPHONEHTH WM APYyrod BHUMCIHTENBHOR
MaIVMHH, KCOOJAbSYEMOi,HanpuMep, A18 8BTOMATHYECKCIO COCTABIGHMA
NMpPOrpaiM K3rOTOBIGHUS MUKDOCXEM WM WX KOPPEKTHPOBKM O CHIHAJaM
ofraTHHX cBaseif.

XapakTep ¥ KOJWYECTBO OCHOBHHX I6OMETPUYECEMX (QHIyp ORasa-
Iu pemaniee BIMSHKE Ha MOCTPOSHME BHUMCIMTERbHOro ysma /BYO/,
OCHOBY KOTODPOI'O COCTaBAfET DepecTpaMBaeMHii Ha OTPaCOTKY DPasIMUHHX
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"KafpoB /B COOTBOTCTBMM C KOIOM B PErMCTDe NpuSHAKa Kanpa/ Iu-
HEe{HO-KpyroBO#l MHTe PHOAATOP, COOpPaHHHA HA ABYX LMPPOBHX MHTO-
rparopax. Haxmuit ms HMX B CBOW OuYepefb COCTOMT M3 CYETWMKE M
HAKAIUIMBARIEr0 CYMMATOPA .

[lpu orpaboTKe TOWEWHOrO pacTpa, Haopumep, BHPaXeHHOE B
KOIMUeCTBEe IaroB paccTosSHMe Q MexNy TOuKaMu no ock X sana-
eTcs KOJOM B quo, a paccrostme & no ocm ¥ - Komom B Ca¥,,.

OTH KOINH B TEUeHWe pacyeTa BCOX TOWOK K8Jpa XPaHATCH B cym-
ropax 2XulY . : oy

Hocne o6ayueHns nepeoik TOWKM BpeMs o6paGoTHM KOTCpPO# ompe-
Hengerca GnoxoM (OpPMMpOBaHME BpeMeHHHX napamerpos /BIBI/, ocy-
mecTBASeTCA Mepexof K clegypmei, MNd. Uero MsMeHSeTCH HA eIuHH-
uy KOX B cuerunxe orraoHexns CuX /Bmok oTwioHemus, BO/ m ompo-
BpeMeHHO BHUMTAeTcd eIMHMIR M8 koja B CuX, mpu ycnosmu,uro.

TCCX maxomures B "0", TO eCTh. He OKOHWEH& OTpalGOTEA CTPORH.[lox-
CueT HeoOpaGaTHBAEMHX TOWEK IPOMSBOLUTCH IO0. HyIEBOI'O COCTOSHHA
Cu X,, 0 ueM cBMIETENbCTBYOT NEPEKHDUEHHe TPUITEPA COBNALEHUA
TCX, B "1". Benen 8a oTUM BOCCTAHABIMBRGTCH KOJM, XAPAKTepHBYW-
num paccTosSHWe MEXNy MecTaMu 0oOpaGoTKH, .nepemaweit ero us X

B quo.! s 24 B CvYo,,n NOCHNQEeTCHA CHIHAl Ha BRmpuenne BIBI.
Benen sa orpaterkofi .crporu /TCCX B "1%/ amyu nepememaerca no ocu
Y B pesynbraTe noGaBnenms /miM BuuMTaHusa/ emmHMI B cweTuuk Cu ¥
¥ ONHOBPEMEHHOr'0 BHUMTAHWA emuHMI u8 xoza B Cu Yo. llo mocTuxe-
HUI0 SaJaHHOTO paccTORHMA Mexny. crpouxamu /TCY, B "I"/ myuor yc-
TAHABIWBASTCH B HAUAJBHYD TOWKy OuepelHoil CTpOxu, Omarozaps ne-
penaqe krona us Cu HX B Cu X, ¢ omHOBpEeMEHHHM BOCCTAHOBJIGHWOM KO-
KoB B Cu X, u Cu ¥,. YnpaBnesme cHoBa nepenaercs GIOKY bBZBIl. B
TAKO} NOCAeHOBAaTENbHOCTH ONepaluMKM ynpaBleHus 06paGoTRO# ¥ BH-
quCIeHHe KOODIMHAT uepefynTca A0 Tex nop, noka xoj B CuX He cra-
ger pasHuM Koy B Cu KX u ®xox B Cu ¥ - roxy B perucrpe PKY, noc-
ne yero BHpaGaTHBaeTCA CUIHan “"KoHel kazpa", CIyXalMiéi NpASHAKOM
LIS BHOAuM M3 namaTH /meppoBBoia/ caenyomedl KOMaH[H.

AnropuTMH OTpabOTEM PASIMUHHX KQUPOB LAHH HA DHC. A.

Biok fopMMpOBaHMS BpeMEHHHX [apaMeTpoB PeryiupyeT LIWTelb-
HOCTh MMIYJbCOB M MayS MEXLY HUMM MpPM MOOOM MX COOTHONEHMH B
Imanasone oT 2 mxcex jgo 10,2 cex. Yucao mmyabcoB oOHyueHHA Kax-
Ioft TOUKM MaTepuana MOXET sajaBaThcs B mpeldenax ot I mo 2047.
lpenycMoTpeH Takge HenperHBHHI pexMM 00p2GOTEH.

Jns npeoGpasopalus KOIOB B—OTKIOHAWIMEA TOK MCMONbSYeTCH

' IpMHUMD CYMMMPOB2HMA Ha HarpysKe BSBENICHHHX N0 IBOMUHOMY 8a-
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'EOHy TOKoB, (opmupyemsx cradumsaropam Cmd + Um0 /muc.
6/ B COOTBETCTBMM C DaBOHCTBOM

.7# =002’Jo "Q:Z‘%""' *angn]; =.Z:_£;am2m
rie Q@m -0 #u I, B 3aBHCHMOCTH OT COCTOSHMA /7?2 =IO paspd-
I8 CUeTUMKA OTKIOHEHMH .

C menbo MOJIEXAHWA MOCTOSHHOIO pasMepa 0GIACTH 06paGOTRH
npu HSMEHeHMH yCROPAmMero HANpAXeHHWs BHXOAHO# TOEK mpeoGpasoBa-
Teld KOPPEKTHPYyeTC A HSMEHEeHHWEM OMOPHOI'0 HANpAXEHWS CTACHINSaTO-
poB. PeBepcupoBalne OTKICHSOUMX KATYWNEK OCYNECTBAAETCH C MO-
MOUBI MAIHMTOYIPABIAEGMHX NENeCTKOBHX pelle, MMEDIMX BHCOKOe GHC-
TPOLEACTBUE U JUIATCNbHHI (POK CHyEGH.

[Iporpammtoe peryiupoBanMe BeIWUMHH TOKA Ayua /CTO BOSMOE-
HHX yDOBHeil, 8ajaercd B NPOLEHTAaX OT HOMMHAIBLHOIO SHAYEHHH /H
ycropspmero Hampaxeuus /16 cryneweit, sajaercds B KuIOBOAbTAX/
NPOU3BOIUTCA C MOMOMb GJOKA YNpaBAEHHA SHEPreTHUECKMMM Mapamer
pamm /BYall/. :

C OCHOBHOrO MIM BHHOCHOIO MyJAbTA& YNpABICHUH, ABAAKUErOCH
yacTbo G10Ka NMpeoGpasoBaHuA M pacnpeneneHus uapopmaumm /BIIPH/,
nporpamMMa BBOJUTCH NECATHUHEMM LMPpaMu. i

Ornagka nmporpaMM ¥ KOHTPOAb S& MPABUIBHOCTHO MX BBOJA 0C=-
nerveHH 6rarofaps HaiaWuWo GIOKA BUSyanbHOro KoHTpoas /BEBK/, mo-
CTPOGHHOI'O Ha TPyGKe C TEMHOBOH 3amMChid H SIEKTPOMOMUHECLEHTHOR]
cucremMe MHIMKALMM, CHOBAMH M JOCATUUHHMM Ludpamu OTpaxanmen
NpPaKTHYECKH BCE BAXHHE MOMEHTH YMpaBIeHWS TEXHONOTMYOCKMMUA MpO-
ueccaMi. B KauecTse MAMOCTPALMM BOSMOZHOCTU KOHTDOAA OTPaGOTKH
nporpaMMH Ha8 pDUC. 7 MORKasaH CEMATPOH C BHIIONHEHHHM Ha HeM "Hue-
BoM-67" msoGpaxeHueM"”.

OnHT skcnIyaTauMu NMOKasal, UTO ONUCAHHAA CHCTEMa& ynpaBle-
HEA Crnoco6Ha 0GecmeunTh BOCHPOMSBOAMMOCTD BJEKTPUUECKUX Xapak-
TEDPUCTHE xqunoaet-i-roa SAMOHHHX MHTErpajbHHX CXeM, GIUSKYD K

100%. :



1

g fa—o




12

|

AVE

%«4 S 2\3
99 09 0A9 Udd g
srodumox | ENHIHOUNUI N0XUI0gDAQ0 godwawvdou
02019 fiENg xovg ~ snwalgoduh XI9HHIWaB) NN
Yovg xovq . xovg |
Hdl/9
nnhowdodtmn EnH
-avapaduond n T
-ogosoogosds ovg
UERT AW U9k
rwodwenwodopu ogunmoduh 1quHavochdau
PINIYdeRTILI20HE 23 MOIDHTWOUDE 2 Dpog9
& nHavgodulft wovg JOHUINHED)) oguonodusng




EwUR

Puc. 4

i’igﬁi é[é‘u@g

Paalem;p | YRLING
KQ raopa

2

3e
SEERRE
QNS
Ll Bl . >§ 6

P4
Mampuya
ynpairerus £eox
x nod. BBK




14

_ _.H_mgg G *ong

o)
PR il
g

. : JFEA3L
XYW F3) r V b |
¥) Yo @M

F 8 Aol
3

09 AL

J AL

F3ha1

J 9%l
.\ % °§ ’QN b ;
. _ o~ X3 [7" TR TR
/0% SR y
i SR 3 TR
T woraoie (2| e
m 2 I}

J8°]

09Xl |0 9 Xl
oxy/- - XV
07X

£ Xl

J U

Faxadl




15

2&3&&&&&5“« ; ;
s 34 B NHIHOUNWO  NNhioh )
qua °d |
‘ ‘
ﬁ . |
N “n *n “n

=
L
]

1

|

|

{

(|

'
\
1
]
i

"

M BT g gl . i 1 14 i,
Fuo vww 5 % m 60 "m\ﬂ ! oro :
‘ i
“ " _r ! .q " H “
| | | | K |

| W | i
'Y _wq.#!. il sl oo

154 Y OrN




16

4 *ong




17

A MICRO PATTERN POSITIONING SYSTEM

Y. Oshima and B. S. Chang
Institute of Industrial Science, Univ. of Tokwve

Tokyo, Japan

1. INTRODUCTION

The micro pattern positioning system is necessary for automatic as-
sembling of transistors and integrating circuits'. This newly developed
micro pattern positioning system aims to automatize the wire bonding pro-
cess for transistor pellets, in which positioning is done manuaily at the
present. Positioning of pellets in the transistor assembling process is
done in this country by young woman workers by means of stereoscopic
microscopes and motion reducing mechanisms. The wire bonding process
is becoming the neck of transistor mass production because of shortage of
young woman workers. The problem of automatization of pellet positioning
is the optical detection system which replaces the human eye. In this auto-
matic positioning system the special photoelectric microscope with L -type
slits is used. This paper describes the principle and construction of the
micro pattern positioning systeém as well as the experimental results of
the prototype system.

2. OPTICAL PATTERN DETECTION SYSTEM
2.1 Micro pattern

If the planar or mesa type transistor pellets are illuminated from the
direction with the angle of 45° to the vertical, the optical patterns with
good contrast as shown in Fig 1 are obtained. The polished specular sur-
face of the semiconductor material such as Si appears black, while the
surface of Al deposited electrodes appears brighter than the backgroﬁnd
because the electrode surface reflects light diffusely and scrde of the light
is reflected in the vertical direction. Such optical patterns are the object
of position detection.

2.2 Principle of optical pattern detection system

The system uses the photoelectric microscope2 as the detector. As
shown in Fig 2, the optical pattern obtained by inclined illumination is en-
larged by the optical system and its real images are formed at two slits
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after separation of the optical beam into two directions by means of the
half-silvered mirror. Two photomultipliers receive the light through the
slits. Since two slits are shifted relatively with respect to the optical

. axis, the outputs from the photomultipliers are shifted to each other.
These output signals are introduced to the differential amplifier which am-
plifies the difference. The output of the differential amplifier is applied
to the pulse shaper and then differentiated. Thus the recognition pulse
signal is generated at the precise position of the optical pattern.
Fig 3 shows the wave forms of each part. In this photoelectric microscope
the slit width and relative shift of two slits are important factors. Lert us
consider the case of rectangular optical pattern for simplicity. Figs £
and 5 show the schematic output wave forms in cases of Wp = Ws and
Wp > Ws, where Wp is the pattern width and Ws is the slit width. In case
of Wp = Ws the allowable range of the relative shift of slits is 0~2 Wp
and the output wave form is triangular. In case of Wp>>Ws the allowable
range is O~(Wp + Ws) and the output wave form is trapezoidal. The for-
mer is the special case of the latter. Three values of the relative shift
of slits (Wp -2"23 ), Wp and (Wp +%’-§) are chosen and the experiments
determine which is the best as described below.

In order to determine the position in X and Y directions, slits are
arranged as shown in Fig 6. Sy and Sy are the slits for X direction
and Syl and Sy2 are the slits for Y direction. We call this arrangement
as L-type slit. When the optical pattern is fed in the Y direction, the out-
puts of two photomultipliers Pl and P, as shown by y; and ¥2 in the figure
are obtained and the recognition pulse Py is generated. The optical pat-
tern is still fed by the predetermined distance from the point of generation
of py and is stopped. Then the optical pattern is fed in the X direction.
When it is brought to the point corresponding to the slits S, and Sy»,
the outputs of photomultipliers P; and P as shown by xq and x5 in the fi-
gure are obtained and the recognition pulse p, is generated. The otpical
pattern is stopped at the instant of generation of i’x‘ Thus the optical
pattern is positioned at the predetermined point.

Fig 7 shows the optical system. In order to enlarge the pattern the 3X
microscope objective is used. The distance between the objective lens and
the object is chosen as 50mm so as to enable the bonding work. The optical
path is divided .into two by half-silvered mirror mj. The real images of
the pattern are formed at the slits Sy and Sy. The photomultipliers P,
and Pj collect the light through S; and S respectively and convert the
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optical signal to the electrical signal. The half-silvered mirrors mp and
m3 reflect a portion of light to the eyepieces. The eyepiece is a 10X lens.
The operator can see the pattern through the eyepiece with magnification

of 50. The range of adjustable slit width is O ~2mm and the range of ad-
justable position of each slit is #2mm. Both adjustments are done by means
of respective micrometer screw. Fig.8 shows the outside view of the
above-mentioned photoelectric microscope together with the driving me-
chanism to be described in the following chapter.

3. DRIVING MECHANISM

The transistor pellet to be assembled is placed on the small table
which is driven in both X and Y directions by means of micrometer screws.
The driving mechanism of Y-direction consists of the stepping motor for
fine positioning, induction motor for quick feed, magnetic clutch with brake
for switching of quick feed and stepping motor feed, gear train and micro-
meter screw. For X direction, the induction motor and magnetic clutch
are not necessary. The quick feed by induction motor is Smm/sec. Since
the gear ratio and screw feed for stepping motor drive is so chosen that one
step rotation of stepping motor results 2 u linear motion and the maximum
pulse frequency for the used stepping motor to follow up is 200 pulses per
sec., the maximum stepping motor feed is 400 p/sec. The stroke of table
feed is 20 cm in both X and Y directions.

4. CONTROL CIRCUITS

The control circuits consist of the control counters, gate inverters,
flip-ilops, monostable multivibrators, multivibrator oscillator and various
driving circuits. Fig 9 shows the block diagram of control circuits. Fig10
shows the timing chart of the control circuits. The function of the circuits
is as follows:

At first setting RSA "1" and pushing the push button B, the output of
the monostable multivibrator MMA resets all the packages. Then setting
RSA "2" and pushing the push button B, the output of MMA sets the flip-
flop FFC. Setting of FFC through the clutch driving circuit CD activates
the magnetic clutch and the quick feed in Y direction starts. When the
table is fed in Y direction and the optical mark on the table reaches just
under the optical detection system, the output pulse of the detection system

is generated and is introduced to the input terminal of the control circuits.
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When the control counter A consisting of flip-flops FFA and FFB :
counts "1™, the state of the gate inverter GIA changes from "1" to "0",
resetting FFC and setting FFD. Thus the magnetic clutch is deenergized
and the induction motor stops, while the stepping motor starts. When the
table is driven by the stepping motor and the optical pattern reaches the
point corresponding to Sy slits of the optical detection system, the detec-
tion system gemerates the recognition pulse which is introduced to the
control circuits. When the control counter A counts "2", the state of the
gate inverter GIB changes from "1" to "0", letting the control counter B
start counting. The stepping motor feed still continues. The control
counter B counts the driving pulses of stepping motor generated by the
multivibrator oscillator MO. When the control counter B counts the num-
ber preset by the dials, the output pulse is generated, resetting FFD and
setting FFE. Resetting of FFD stops the Y-direction stepping motor feed.

Setting of FFE starts the stepping motor feed in X-direction. When
the optical pattern reaches the point corresponding to Sy slits of the optical
detection system, the detection system generates the recognition pulse.
When the control counter A counts "3", the state of the gate inverter GIC
changes from "1" to "0", resetting FFE and setting FFF. Resetting of
FFE stops the X-direction stepping motor feed. Thus the positioning ac-
tion is completed. Setting of FFF generates the command to start the
bonding operation. The change of state of GIC through the monostable
multivibrator MMC resets all the packages. When the bonding operation
is completed, the signal is generated and the above-mentioned actions are
repeated. Each action is indicated by the lamps LA~LD. Fig 11 shows
the flow chart of sequential action. Fig 12 shows the block diagram of the

overall system.

5. EXPERIMENTS

Various experiments have be‘e.n done concerning the prototype system.
The experimental items are the effects of pellet position, slit width and
relative shift of slits, pellet type, illumination and rotational displace-
ment of pelletr. The experimental results of each item are to be described
below. Before positioning experiments, the characteristics of driving
mechanism were tested. In this test the small table is fed by pulse number
preset on the control counter B by means of “the stepping motor. The actual
displacement of the table is measured by the micrometer microscope equip-
ped.in the eyepiece of photoelectric microscope. The measured displace -
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ment and calculated displacement based on pulse number are compared.
The measured data are the average of 5 measurements. Three kinds of
feed rate 100 u/sec, 200 p/sec and 400 p/sec are taken. Fig 13 shows
the test results. Fig 13 (a) shows that the error increases with number
of steps owing to the accumulated pitch error of micrometer screw. This
error is not important for positioning accuracy. Fig 13 (b) shows the
maximum deviation among 5 measured data at each step. This deviation
is within t 3u in the range up to 600 steps. This error affects the posi-
tioning accuracy but doesn't depend upon feed rate.

5.1 Efiects of pellet position

The pellet position means the position of optical pattern in X-direc-
tion in case of Y-direction feed and the position in Y-direction in case of
X-direction feed. The pellet position is measured from the center of
optical field. The effects of pellet position are investigated every 100u
displacement up to 1mm. Figs 14 (1) ~ (3) show the experimental results.
In these figures (1), (2) and (3) are the cases of pellet type 2 SC 455,

2 SC 454 and 2 SC 281 as shown in Fig 1 respectively. The experimental
conditions are:

Supply voltage for illuminating lamp : 7V

(SG-2, 8V, 60W)
Direction of illumination : opposite to feed direction
Feed rate : 400 u/sec

The results show that the positioning error increases with pellet position
especially in. case of slit width = 300a expressed in terms of dimensions

of pattern (actual width is 5 times as much as this value because of magni-
fication of optical system). The main reason is assumed that the intensi-
ty of reflected light from the pellet varies in accordance with its position
and the gain characteristics for amplifying two photomultiplier outputs are
unbalanced. If two shifted output wave forms of photomultipliers vary in
the same way according to the pellet position as shown in Fig 15(a), no er-
ror occurs. But if two wave forms vary in different way as shown in Fig
15 (b), the positioning error occurs. Fig 16 skows the output wave forms
of photomultipliers. As understood from Fig 14, the effects of pellet posi-
tion is very smalil if the slit width is small.

5.2 Effects of slit width and relative shift of sliis

Taking the slit widths at intervals of 50u from 50 to 300u, the posi-
tioning accuracy is measured. The three kiads of relative shift of slits as
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described in Sec. 2.2 are chosen. 1ne other conditions are the same with
those described in Sec. 5.1. Figs 17(1)~(3) show the experimental re-
sults. In these figures, (1), (2) and (3) are the cases of pellet type 2SC
455, 2SC 454 and 2SC 281. The results show that the error decreases
with decrease of slit width except the case of 2S5C 281 pellet as shown in
Fig 17(3). In case of 25C 281 pellet which has level change on the sur-
face, the brilliant small portion appears near the electrode pattern as
shown in Fig 1(c). This is due to level change. In this case the large
error occurs when the slit width is very small as shown in Fig 17(3).
Considering such a case and other noise effects the optimum slit width is
taken as 60 * 5% of the electrode pattern length in feed direction. If there
is no noise effect, the smaller slit width results the smaller error range
as shown in Fig 18 because the output wave forms of photomultipliers be-

come Narrow.

As recognized from Fig 17, in almost every case the best results are
obtained when the relative shift is chosen as (Wp+ —“éi). The larger
relative shift of slits results the smaller error range as shown in Fig 19.
Fig 20 shows the output wave forms of photomultipliers in cases of various
slit widths and two pellet positions. Fig 21 shows the case of each rela-

tive shift of slits.
5.3 Effects of pellet type

Rearranging the experimental results.as shown in Figs 17(1) ~ (3)
with respect to pellet type, the results as shown in Fig 22 are obtained.
As understood from the figures, the error is of the same order for each
pattern with almost same size when the same slit width is used. The effe-
cts of pellet type are conspicuous when the small slit width and small re-
lative shift of slits are used or when there exists the rotational displace-

ment of pellet as described below.
5.4 Effects of illumination

Choosing the supply voltage for illuminating lamp as 6, 7 and 8V,
experiments are done. The other conditions are:

Slit width : 200 a1

Relative shift of slits : Wp + =~ Ws

Feed rate : 400 n/sec '
Direction of illumination : 180° (opposite) and 90° to feed direction.

Fig 23 shows the experimental results. The results show that the effects

of intensity of illumination are very small. Next the effects of direction of
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illumination are investigated. Two kinds of direction 90° and 180° with
respect to the direction of feed are taken. The results are indicated for
each pellet type as shown in Fig 24. Rearranging the results we obtain
Fig 25. As understood from the figure, in cases of pellet types 25C 454
and 2SC 455 the illumination from 90° direction in Y-direction feed and
that from 180° direction in X-direction feed are preferable but in case of
pellet type 2SC 281 the inverse condition is preferable.

5.5 Effects of rotational displacement of pellet

Experiments are done at rotational positions of pellet -20°, a0, o°;
+10° and +20° and at pellet position of 200, distance from the center, choos-
ing the slit width as 100, 150, 200, 250 and 300 p. Fig 26 shows the ex-
perimental results. The effects of rotational displacement of pellet are
conspicuous. In case of pellet type 25C 455 the larger slit width gives the
smaller positioning error for small rotational displacement of pellet. The
pellet type strong for rotational displacement is in order of 2SC 281, 25C
454 and 25C 455.

0. POSITIONING FUNCTION

Positioning function is estimated by positioning accuracy, positioning
time and range of allowable pellet position both rotational and linear.
Some interconnection exists among them. For example, if we specify the
allowable pellet position in narrow range, good positioning accuracy is
obtained. On the contrary, if we extend the rangze of pellet position, bad

positioning accuracy or in the worst case failure of positioning results.

6.1 Positioning accuracy

® Positioning accuracy depends upon the initial condition of pellet, that
is, linear or rotational pellet position. The positioning accuracy of the
prototype syvstem is tabulated in Table 1. This shows that the accuracy
t5 is obtained if the pellet position is within 200u and the rotational
displacement is less than +10°,  Fig 27 shows the error distribution
range on the enlarged pattern on the following conditions:
Pzilet position in X direcrion : 1,000 u
(Y-direction feed)
Pellet position in Y-direction : 200 u
(X-direction feed) (in actual positioning action
this is negligibly smell )
Rotational displacement s + 20°
of pellet
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This figure clarifies the positioning situation.

6.2 Positioning time

Positioning time depends upon the initial condition of pellet and feed
rate. Designating symbols of each dimension as shown in Fig 28, we ob-
tain the positioning time as

T = Ay/Vg + (ay + by + cy +dy + ax +%—bx +%cx)/Vs
where Vf is quick feed rate and Vs is stepping motor feed rate.
Taking the pellet type 2SC 281 as an example,

by = 640p, Cy = 340 p :

by = 580m , Cx = 280n
are given, where bx and by are determined by positioning conditions.
Assuming Ay = Smm, ay = 20m, dy =20p, ax =500 pn,

Vg = 5mm/sec, Vs =400u/sec

we obtain T = 5.87 sec

Table 2 shows the calculated positioning time for each type of pellet. In
total average the calculated positioning time is 5.13 sec in case of initial
position = 5mm. This time is not satisfactory. The problem will be solved

by using a more high speed stepping motor.
6.3 Range of allowable pellet position

The range of allowable pellet position is determined by the specified
positioning accuracy. Table 3 shows such a range for each type of pellet.
This range specifies the accuracy of the previous processes which the
pellets undergo before they are introduced to the positiotioning system.

7. ANALYSIS OF POSITIONING ERROR Py

The error sources and order of each error are investigated. In this
positioning system positioning is done by stepping motor feed, that is, step-
wise feed (1 step = 2u ). The recognition pulse generated anywhere in a
step motion stops the pellet at the erd of this step motion. The maximum
error from such a source which is designated €1 is equal to 1/2 step.
Thatis €m1 = ¥ 1u. Then the overshoot of stepping motor due to inertia
is considered. This error designated £ ;o is equal to 1 step and always
positive. Therefore £,2 = 2p. Next the mechanical errors such as
backlash and pitch error of micrometer screw cause the positioning error
E m3- Asdescribed in Chap 5, € m3 = + 3p. Thus the positioning error
due to driving mechanism is (Em1 + E€m2 + € 3 -
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In the second place the error caused from the detection system is
investigated. This error consists of the error due to differential ampli-
fier itself and the error due to the unbalance of output wave forms of photo-
multipliers generated by pellet pattern and also the difference of input from
the back ground of optical pattern. The error due to differential amplifier
itself, €41 , is measured as t 1u. Thatis £47 = £1pn. The other error
is illustrated in Fig 29. In the figure (a) is the normal case, (b) is the un-
balance of output wave forms, and (c) is the difference of input from the
back ground. The unbalance of output wave forms including the difference
of back ground is caused from the pellet position, rotational displacemeht
and other noises. The positioning error due to the unbalance of output
wave forms is designated €42 .

The maximum positioning error measured is % 15p. That is (§n1+5m2+5m3)
+(Eq1+E42) =t 15

Therefore &g = 1 12p

Since the error due to the pellet position is within * 2u if the suitable slit
width is chosen, the most part of €42 is due to the rotational displacement
of pellet.

8. Remarks and suggestion for application

In order to improve the positioning accuracy it is necessary to in-
crease the accuracy of detection system. For this purpose the noise should
be avoided. The rotational displacement of pellet is considered as a kind
of noise to the detection system and is the most important one. In order to
improve the accuracy it is necessary to limit the rotational displacement
within narrow range or to design the pellet pattern strong for rotation.

For the former purpose the previous processes should be strictly controlled.

Requirements for the pellet is:

1) Symmetrical pattern whose contour is similar to circular arc as
much as possible is preferable.

2) The arrangement of pattern in the pellet as shown in Fig 30 is
good for illumination. This arrangement is conventional.

3) The pellet whose electrode surface has uniform infinitesimal rou-
ghness and whose semi-conductor surface is mirror finished is preferable.
The method of loading the transistor pelletito the positioning system is a
problem. In loading the arrangement as shown in Fig 31 is suggested.
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If such an arrangement is adopted, continuous positioning is possible and
positioning time can be saved sufficiently.

9. CONCLUSION

The principle and construction of a newly developed micro pattern
positioning system for automatic assembling of transistors as well as the
experimental results concerning the characteristics of the prototype have
been described. The experimental results show that the positioning with
accuracy £5p is possible under a certain condition which is realizable in
the previous processes. If the positioning time is improved by using high
speed stepping motor, this sytem can be put to practical use. :

Appreciatién is expressed to Mr. T. Numakura and Mr. K. Isoda,
Hitachi Central Lab., for their active co-operation in the development of

this system.
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INVESTIGATION OF A RECTIFIER REGULATING
CIRCUIT AS A SAMPLED DATA SYSTEM

H. Biihler, Oerlikon Engineering Company, Zurich / Switzerland

1. General

1.1. Summary

Typical characteristics of rectifiers are discontinuous. If one device
is ignited, then the process can only be altered again when the following
device is ignited. Investigations into its transient conditions with the normal
continuous methods, which use the mean value and modifications to voltage

waveform, tend to give inexact results.

Corresponding to the descontinuous mode of the function of the recti-
fier, the circuit shows substantial similiarities to a sampled data system.
However there are two basic differences from the normal linear sampied
data system.' On the one hand the sampling function is not composed of
rectangular blocks, but of sinusoidal sections, and on the other, the sampl-

ing period is not constant when the ignition angle is altered.

The switching process of a rectifier is investigated as a sampled data
system in reference [1], where it is shown that the parts of a sine wave can
be absorbed relatively easily into the sampling function. The behaviour of a
rectifier, as the ignition angle changes is determined in this paper. If the
investigation is limited to small changes in the ignition angle, then it is
possible, as will be shown later in the text, again using constant sampling
periods, to determine the stability .ana.lysis for a rectifier regulating cir-

cuit just as for a normal sampling system.

In the following section 1.2. the well known voltage and current cond-
itions for a rectifier are described and it is shown how the commutation

can be approximated.

The behaviour of the rectifier is investigated in section 2 for small
changes in firing angle, with special emphasis on the determination of the

equivalent circuit diagram and the separate transfer functions.

Before the regulating circuit can be investigated in section 3, the
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conditions in the gate control circuit must be determined (section 3.1.).

Finally, as an example, the results on a separately excited d. c.

motor with rectifier supply and current control are quoted in section 3. 5.

1.2. General volta&e and current behaviour for a rectifier

ted: 1, Neglecting commutation

The following investigation is based on a p-phased controlled recti-
fier (see fig. 1a). A back e.m.f. U; is connected in series with a given
load Z on the d.c. side. If it is assumed that only one individual device
conducts and the commutation is neglected, then the short circuit induct-
ance L, on the d.c. side can be combined ﬁth the load Z to form the re-

sulting imped'ance Z,. as is shown in fig. 1b.

The rectifier voltage U s whose basic waveform for a two-phased
controlled rectifier is shown in fig. 2 for distortion-free conduction, is
superimbosed onto thebacke.m.f. U; andthe resultingimpedance Z,.. The

waveform of the direct current is also shown here schematically.

1.2.2. Approximate allowance for commutation

During continuous conduction two phases are short-'circuited for short
periods because of the commutation from one device onto the following one.

Thus the rectifier voltage has the well-known waveform shown in fig. 3a.

The rectifier voltage Us can be considered as composed of two com-
ponents; one component Uy, which does not take the commutation into con-
sideration (fig. 3 ¢) and a component Uj which allows for the additional
voltage drop resulting from the commutation (fig. 3d). These two compo-
nents are built up of short sections of a sinusoidal function, whose widths
correspond to the periods of commutation. Because the widths of this
"oommutation impulse" is normally not very large, it is arranged to re-
place the true waveiorm of finite width by a series of impulses of infinite-
ly small width (Dirac Impulse). The area enclosed by these impulses is
the same as the voltage-time area, for the voltage drop due to cummut-
ation, which is‘dependent oh the instantaneous value of the current at the
instant of commutation. Thanks to this simplification the commutation can

be allowed for with appreciably less trouble during the mathematical
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treatiment of the differential equations.

More exactly, during the period of commutation, the inductance L.
(see fig. 1b) is less important on the d. c. side than the inductance L /2
ol because of the two short circuited phases. However, to take the
changes of the resulting load impedance into consideration would com-
plicate the calculation very much so that only constant load impedance
will be dealt with below (see fig. 1b). The smallness of the error arising
out of this will depend on the difference between the short circuit imped-

ance L, and the inductance of the load impedance Z.

2. Behaviour of the rectifier during small changes in the igu’.tion a.ng_l_e_
2.1. General

If the ignition angle remains constant, the rectifier operates like a
sampled-data system with a sampling period of

29

T o= Ry
PUN z : (1)

where c, is the angular frequency of the network voltage.

However when the ignition angle changes, the sampling period is no
longer constant and the problem cannot be solved in a general form. If
the changes are limited to small values, as is usual in control technologj,

then the sampling period can again be regarded as constant.

To simplify the following, constant back e.m.f. U; and continuous
conduction are assumed. The changes in current then depend purely and
solely on the change of ignition angle. The aim of this work is to find
discrete transier functions between the changes in ignition angle and
current, whilst making allowance for commutation. Corresponding to the
break down of the voltage Ug in fig. 3, into the cé:mponents Uy, (referred
20 in the following as the wave voltage) and the component U, (referred
to below as the commutation impulse), the change in current c;a.n also be

built up from two components.

¢t should be mentioned that referred values are used. All the
voliages are referred to a rated value U, and the currents io a rated

vaiue



2.2, Voliage changes

2.2.1. Changes in the wave voltage due to small changes in the ignition
angle

We will determing first of all the changes in the wave voltage due to

small changes in the ignition angle.

Fig. 4a shows a sinusoidal section from a sampling period for the
wave voltage. The ignition angle changes byA¢, and the extinction angle
by A¢gy , whereas the sinusoidal function is kept fixed relative to the
time axes. This sets up a displaced sinusoidal section as in fig. 4b. The
diiference, i.e. the main voltage change 8uw , is shown in fig. 4c.
These small sinusoidal sections of 4uyw can be approximated, with a
sufficiently good degree of accuracy, to Dirac-impulses with the same

voltage-time area, for small changes in the ignition and extinction angles.

The voltage-timé area referred to the sampling period T for an

impulse due to a change in the ignition angle is

- Aq’z v .
L wa = - = u.sm B Atpz @)

|v

n
=)

and that for the ""change in extinction angle"

4g P -
L S% @ slnle  oR
Y, C-?N'l‘ T e sz‘f(“’z 5 P ) A(""l. (3)

If not only the individual parts of the sine wave are considered, but
the whole waveform of the wave voltage, then it can be seen that at every
sampling instant (for the same ignition point) an impulse for the change
in ignition angle coincides with the change in extinction angle, for which
Ag, =4, (see fig. 5a). Both of these impulses can be incorporated in-
to a combined impulse with a voltage-time area of

L n
¥ : B & >

+ =) A = u_cos(o + =) 4p
cosupz P/ ?z g \'z p) z

»

e (4)

(see fig. 5b). Thus the maximum d.c. voltage obtained from the rectifier,
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referred to the rated vBlta.ge Up is combined with

D
~

& q-Tusin (5)

| =]

Changes in the ignition angle for wave voltages have the effect, as
in a normal saiapled-data system, of working with the Dirac impulses » 7
and the changes in the ignition angle are superimposed on the introduct-
ion of the impulses. The amplification factor of the sampling unit is thus
T

-~ l
Kgo - R <:<>s(q>z + p) (6)

2.2.2. Changes in voltage due to the commutation impulses

As is shown in fig. 3e, the cémmutation can be considered, to a
good degree of approximation, as a Dirac impulse. The area swept out by"
this "commutation impulse" is equal to the voltage-time area of the
inductive voltage drop. The voltage-time area referred to the sampling
period is equal to Tj<i , where

P I

n

e A% (0
a

which is the equivalent internal resistance of the rectifier expressed in

referred values, and i the commutating current.

Thus the effect of commutation can thereby be represented by-é
normal sampling system with Dirac impulses, where the amplification
factor for the sampling unit is equal to r; and onto which the current i is

superimposed.

Special attention must be paid to the determination of the determinate
current change for the commutation during small changes in the ignition
angle. The conditions should be investigated with the help of fig. 6. This
shows the béhaviour of the current with respect to time. The full line
shows the steady state behaviour befox:e the ignition angle is changed and
the broken line shows its behaviour after the change in ignition angle,
designated by i. The difference Al =i-lgiot &S shown by a dot-dash line.

The change of ignition angle during the sampling period is
- P

e - —
A, *ou (8)
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The determinate current for the commutation in the steady state condition
is igiqs [n, OJ whereas during a change in the ignition angle the current
i[n.Aez] must be considered. The effective change in current for the

commutation is therefore
&, [n] &3 [n’AEz]_ “dtat [n,c] (9)

As can be seen from fig. 6, this current change can also be written
2ifn-1, 1]
oe

: . 7 .
i [a] = aifo-1, 1]+ ag, [=] (10)
Because small changes were specified, the current i differs by only a

small amount from the steady state current i, . and the gradient 0;/0€
can be replaced by 91,,,/d¢ . If the change in ignition angle A€zi_n:

is replaced by 4 ?Z‘[n] , then it follows that
Azc[n] = Al [n-l, l] + Kcz u,,z[n] (11)

where
. S E_ 3 is e t[n-l, 1]

2.3. The block diagram

As was.shown in the previous section, the behaviour of the rectifier
during small changes in the ignition angle can be represented by two
sampling units, one of which emits pulses as a result of changes in the
ignition_angle, and the other emits impulses because of commutation. The
latter behave exactly as in equation (11) and are directly dependent on
changes in the current as well as the ignition angle. A block diagram can
be set up, as shown in fig. 7a. Gi is the transfer function for the load in

the d.c. circuit, i.e. the impedance Z, in fig. 1b.

Because both of t.he sampling units operate synchronously and in
phase, the subtraction point in front of the sampling units can be trans-
ferred, which means that they can be combined into a single sampling unit.
Both parallel branches, which are directly dependent on the change in _

firing angle can be united into a block with an amplification factor of
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K = K -ri-l
€ go - ez (13)

The block diagram, transformed and simplified as above, is illustrated in
fig. 7b.

2.4. The discrete transfer functmn ‘

The simplified block diagram for the rectifier represents a feedback
sampling system. Further investigations can therefore be made using the
usual methods for sampling systems, in éarticular with the aid of a dis-
crete Laplace transformation (see [3] and [4] ) 7

It should be noted when setting up the system of equations, that be-
cause of the Dirac impulses, the change in current 41 can produce a
spike just at the instant of sampling. According to equation (11) the current
change should be obtained just before the instant of sampling, and the :
change in ignition angle immediately afterwards. Using the relationship
between the original function and the discrete function in the g-plane

o, [3] 0o s0.* ()

‘ 14
8 [n1,1] c—o ai* (1) e

the change in current 41%(q,€) in the g-plane of the discrete Laplace
transformation follows from - :

sir(e) = ko ued[E e @-n e @) ] gy
where K;* (q,€) is the discrete transfer function for the d.c. load. Should

the normal transfer function be a rational function of the form
(-u’

= = - 16
¢, (a —T—Ps. - (16)

then the discrete transfer function follows from -

5
s
Ki. 7(‘1,5) = q}, (k 3 eqke =
: p' (o) a_ % an
=1

) are the 1 zero points from pi(q)=0. Thus the summation covers all ¢f the
L zero peints. It is assumed in equation (17) that nc multiple zero points

&

oceur (if su, see *3 and 34])

,‘q..a tion (15) can be transformed by letting € = 1. From this A1%¥{c.
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can be found. If this intermediate result is substituted into equation (15),
‘then the discrete transfer function for small chaxiges in the firing angle
can be obtained very quickly '

4i #(g, &) K X* (q,8)
x*(q,g) = - —£d = (18)
- b * (q) l+r 0 K>* (g,2)

2.5. The transfer function

The transfer function represents the behaviour of the change in
current A1 with respect to time, referred to the change in the ignition
angle, when the ignition angle changes 4%, in the form of a step funct-
ion. The transfer function follows from the discrete transfer function by

back-transformation

o q
slE]l oo ke (ge) -2
Aq’z Y -1

In the case of an chmic-inductive d.c. load with a time constant Tg re-

(19)

ferred to the sampling period T, which is obtained from the normal trans-

: fer function 1

i :
r l-rq‘l")

i . (20)

the transfer G; (g) function can be determined. The behaviour of the

change in the current factor

sk, [n,€] = 5—%—{15- ' (21)

5
with respect to time referred iv the change in the ignition angle Ayz
is shown in fig. 8, and in particular the effect of the commutation is in-
vestigated. It can be clearly seen that the change in current decreases
very quickly as the ratio ri/r'r° is increased. For a steady time constant
To , the transient process reduces more quickly the larger ri/ rTy be-
ccmes. When ri/r'fo = 1, the final stationary process will be reached
rign: from the start. r;/r T, implies that the d.c. load is purely ohmic

and that only the short circuit inductance L ie evident.

3. The control circuit

3,1.  Conditions in the gate contrel circuit for small control voltage

o ges
cranjges

Before the investigation into the controi circuit can be started,
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special attention must be paid to the gate control circuit. An ignition

pulse is conducted to the rectifier connected next in circuit, from a con;
tinuously changing control voltage ug in the gate control circuit, where the
level of the ignition impulse, i.e. the ignition angle ¢ ,, is a function of
the control voltage ug. Practically no time constants occur in a transist-
orized gate control circuit. When determining the transfer function, one
must appreciate that the control voltage ug normally has a ripple. The

corresponding conditions should be found with the help of fig. 9.

The-behaviour of the control voltage for the steady state condition
ug staf is shown, and the dashed line represents a small change (ug). The
difference 4 ug is shown by a dot-dash line. The intersection of the con-
trol voltage with a saw-tooth shaped reference voltage u., for example, :
gives the level of the impulses. The change in the control voltage impor-
tant for the change in the ignition angle (expressed by A€ ) fcllows

according to fig. 9 from

du_[n-, 1]
&a_, [n] = b [n—l, 1] + 828 AEZ[D] (22)

If small changes are again considered, then ug does not differ great-
ly from ug g45¢ and d ug /€ can be replaced by d 152 stat/aﬁ . On the

other hand the relation
A‘Pz‘:m] i T n] (23)
is obtained from the gradient of the reference voltage u,. Taking equation

(8) into consideration, the resulting transfer function for the gate control

circuit is obtained from

. by, [2] X
= Aus [n—l,l] g P_ - auestat [n—l,l} ' (24)
1+ 2T Ks aa

The block diagram shown in fig. 10 can be used for the gate control
circuit. The fact that the gate control circuit operates like a sampling cir-
cuit will be taken into consideration by a sampling unit connected imme-

diately in circuit with Dirac impulses.

3.2. The block diagram for the control circuit

By using diagrams 7b and 10, the block diagrams shown in fig. 11a
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for the control circuit, can be set up. The regulator has a transfer funct-'

_ion Gy, and smoothing circuits with the transfer function G; are provided
in the feedback loop. The block diagram can be transformed and simpli-
fied.

Both sampling units work synchronously and in phase. Because a
unit with pure P-conditions (transfer function Kg) lies between the two
sampling units, the first unit can be removed. Both blocks with the trans-

fer factors K. and K can be combined into a single unit with the transfer

g
factor

K = X - K
sT - g
(25)
The junction at the output, i.e. behind the block Gi, can be put in
front of this, which means that both the feedback circuits must each have
a unit with the transfer function G; inserted into them. From this the

block diagram in fig. 11b follows.

A further step is to transfer the subtraction point for the reference-
actual value comparison unit by two blocks to the right. These two blocks
must also be added to the lower feedback circuit (fig. 11 ¢).

Both parallel feedback loops can be combined into a sixigle bldck,
having the transfer function y
6{a) = K6 (a) - 5.(a) -« 6. () + r, C.(a) 26)
However both the blocks at the inlet to the reference value change
Aic can be united into a single unit with the transfer function
Gc(q) = K. GR(Q) (27)
This is how the completely reduced block diagram shown in fig. 11d is ob-

tained.

3.3. The function in the g-plane for the change in current

Before the function in the g-plane for the change in current can be
found, the relationship between the change in the reference value 41¢
and the sampling points (ignition points for the rectifiers) with respect to

time, must be considered.

The behaviour of the change in reference value Aic with respect.to
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time is drawn schematically in fig. 12. The zeropoint of the reference *
time t/T = n + & is synchronized with the start of the reference value
change. 41, is transformed into the change Ax 5 by the unit G, in the block
diagram in fig. 11d. Axg = Ax, - Ax is sampled by means of the
sampling unit. Normally the start of the change in the reference value is
displaced from the instant of sampling by € o+ This displacement can,
within equal statistical probability, have values in the range 0= €c £1.

E ¢ can have a mean value of 1/2. The sampling does not take place with
integer values of n, but withn + €, (see fig. 12).

Corresponding to the arrangement in fig. 11d, the following re-
lationships can be set up for the block region in discrete Laplace trans-
formations

8i*(q,€) = K;*(q, 6~ €,) axg* (q, €) (28a) °

sxg*(a, £) = ax*(q, €.) - ex*(a,E) (28b)

AZ*(Q,E) = K% (q,i - ec) Axe’ (Q‘, EC) (28¢) ]
K;*(q,£) and K* (q,€) are the discrete transfer functions relating to

G;j(q) and G(q) respectively [see also equation (17)] . According to [4]

k*(q,€-€,) = ¢ 0k (g, 1+E-E) G s

= k* (q,€-€) E<E<1  (29D)

In order to determine thé value 4x*(q,€ ) at the instant of sampling, it
must be noted that the value corresponding to the change in current must
be obtained immediately before the sample (see section 2.4.). The re-
lationship (29a) must be used, where € must be replaced by Gc. Thus it
follows from equation (28c)

axt (q,8) = o2k* (q,1) ax* (g, €,) Lo

Substituting this relationship into equation (28b) and solving for Axe*(q,gc‘;

and using the answer in (28a), the change in current becomes
~ o Etlag-gl)
0i#(q,€) = = x *(q, €) $31)
1+e 2 xe(q,1)

For a given relationship concerning the change in the reference
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value 4 i with respect to time, 4 x* (g, £,) can be found. In particular,
for a step function change in the reference valued i, and a PI regulator-
having the normal transfer funcﬁon

1 Z

1
¢ (q) = iT, + A : (32)
the following relationship applies
f £y T ] e
&z *{(q,€,) = K {= & (33)
> ° [Ts o3 Ti e

The dead time E has the same effect as an increase in displacement pe-

riod T ;.
For the stability of current control, the characteristic equation
l+ve 2x* (gl) = © C o (34)

holds, according to equation (31). The usual methods for sampled-data
systems may be used for the stability investigation. Refer to [4] , in this

connection.

The behaviour of the change in current relative to time can be ob-
tained from equation (31) by the use of the inverse discrete Laplace trans-
formation (see {-:} ). This is relatively easily.obtained for a definite case,

i.e. for given values of K;*(q,£) and K* (q,E€) of not too high an order.

3.4. Back transformation in the g-plane of normal Laplace transforms

In many ways the control circuit is similar to the intermost control
loop for a cascade regulator, upon which further regulating circuits are
superimposed. The superimposed regulating circuits operate continually,
and energy sources are to be found between the Tegulated current and the
superimposed regulated objects, which practically smooth out all the
eifect of ripple on the current. Therefore it is desirable that the super-
imposed regulating circuits should be investigated using the normal
methods valid for continuous, linear regulating circuits, especially for
the irequency-response characteristic. For this it is necessary to trans-
form the transfer function for the closed regulating circuit of the g-plane
for the discrete Laplace transform back within the g-plane for the usual

Laplace transform. According to [4] the D~ ! transform should be used
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for this. Therefore
i

;(q) - J’ 0 1€ p (q,e) de (35)
o

Inserting tlie expression for 4 i*(q,€) in equation (31) into F*(q,£) and
remembering that only K* (q,E-E c) dependent on £, then

o Axc. (o_,Ec) (‘ (4
4i(q) .= - J o g w (q,6- ) de (36)
140 dge (q,1) ° » Y

Care must be taken in the integration that either e 9K;*(q,1+£-€ ) or
K;*{q,€ - £ ) should be used, according to the limits in which& lies, cor-
responding to equation (29) for K;*(q, £ - € ). If K;* (q,E) is replaced by
the summation in equation (17), thgn by integrating further

A ok

1 l

: (q,)
_(.“‘xi'(q,e-ec)dea M} %2&5— "‘_qk = 6,(q) e ~1€& 3y
° 5 r A

from this the transfer function is obtained

1
(q) 3 qi(qk) 1
G (q) -‘—(-y - W q_—qk'. (38)

The factor e "9€¢ in equation (37) allows, for the dead time between the
change in the reference value and the sampling point.

The change in current AJ (q) is obtained by inserting the relation-
ship (37) into equation (36), in the g-plane of the usual Laplace transform.
It should be noted that both before and aftéerwards that 4 x* (q,€,) and

the denominator 1 + e~ K*(q, 1) are functions of e9.

However it is desirable to e:;press éhe transfer function for the
ciosed control circuit as a rationai function of q. This can be approxi-
mated. The most cbvious approximation is by putting 9% 1 + q. How-
ever it turns cut that this approximation ;s not very good, and yields re-
sults which are unsatisfactory in practice. A very good approximation

can be obtained, however, using a function of the form

2+q

q —— :
S (39)
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'for abbriviation we insert

-a - - a wiEdtey _

B )) - 8 (1) = k0 (eY) w GFEE = o0 .
The star in Gs* (q) is for remembering that this transfer function was ob-
tained from the discrete transfer function K *(q,1).

If (39) is put into (33) then it follows quickly:

T, +8 =< A4
L e 2}(1+-§-) a0 (41)
q

S
ke. (‘h ec) = x[qti + ti

Using the mean value of £ ; = 1/2, and noting that Ai . q = A'i'c' it follows
that:

b T
ox * (q’ec) = (""'* ‘—) (2 +-') I = KG (CVRS! +—)A1 (42)

It has been found that this relation also applies for changes in the refe-

rence value other than step functit;ns, wifhin a good deéree of accuracy.

'

Finally the normal transfer function for the closed loop control cir-

cuit follows from

T@ ke io(Ged -8
= e
Ai‘e(q) 1+6.* () s

This keeps the effect of the mean dead time £ o 1/2 in exponential form
e-9/2,

As opposed to the normal continual treatment of the control circuit,
the additional factor (1*+ q/2) appears in the numerator, and the denomi-
nator has 1+G *(q) instead of 1+KGRGj e” /2, where G *(q) comes from
the discrete Laplace transform [see equation (40)] G *(q) also covers
supplementary the effect of commutation.

3.5. Example: Control circuit for a separately excited d. c. motor using
a rectifier supply

P.‘ina]ly an important applicdiion is shown as an example, namely the
control circuit for a separately excited direct current motor with a recti-

fier supply.
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Taking any possible change of speed into consideration, the transfex:

function for the d.c. load appears as (see [5] )

qQT
6 (a) = " (44)

l4aqr, T, (1+ q'l;)

5 is the ohmic resistance of the armature circuit, Jg = T a/T is the re-
ferred armature time constant, and Ty, = Tm/T the mechanical time
constant. A PI regulator is need for regulation having the transfer funct-

ion in equation (32).

It is beyond the scope of this paper to write the transfer function out
in detail. Fig. 13 only shows the unit-step response obtained from back

transforming the transfer function'for a step change in the reference value.

Three curves are drawn in fig. 13.-Curve 1 comes from back trans-
forming the discrete function in the g-plane in equation (31). It can be
seen that the ripple increases with time. This is also obvious from phy-
sical considerations. If the opposing torque is independent of speed, the
speed of the motor increases linearly when the armature current is in-
creased uniformly. However because the change in current remains con-
stant, the ignition angle must be altered continuously, which has the re-

sult that the ripple due to, the current change increases all the time.

Curve 2 in fig. 13 is found by back transforming'the normal transfer
function in equation (43) for a step change in the reference value, It can
be seen that the actual mean shape is a very good approximation. Other
examples have also shown that back trmqiormation in the g-plane for
normal Laplace transforms as dealt with in section 3. 4., together with
the approximation e = (2+q)/(2-q) yields very good results for practical

applications.

Finally cirve 3 in fig. 13 shows ihe unit-step response again, which
is obtained from the normal statie treatment of the rectifier control cir-
cuit (see [5] ). The control c‘.ircuit‘ is treated in this as a continuous
system, and also the commutation is not_considered. It can be seen that
as opposed to the true shapes (cux'-yves 1 and 2) a definite oscillation occurs
for the same regulator settings. The static treatment by itself of rectifier

control circuits only gives very approximate results which worsen, the



61

larger the sampling period T is in compérison on the time constants in the

circuit.
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Subscripts on the Figures

Fig. 1. p-phased controlled rectifier.
a) connection diagram.
. b) combination of the short circuit inductance Lc into the re-

sulting impedance Zr =Z+ ‘ch on the d.c. side.

Fig. 2. Voltage and current cutves neglecting commutation and havir
continuous conduction.
a) Rectifier wltaée Ug.
b) D.C. current I.

Fig. 3. Approximate allowance for commutation. (Separation into wave
voltage and commutation impulse).
a) Rectifier voltage U_.
b) D.C. current I.
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c) Wave voltage U
d) Components of the voltage drop because of commutatmn Uy
e) Replacing the sinusoidal section of U, by Dirac impulses.

Fig. 4. Voltage change in the wave voltage Uw as a result of changes in
the ignition and extinction angles 4¢;, and a4 ?L respectively
a) Sinusoidal section for the.original conditions.
b) Sinusoidal section for a change in ignition or extinction angle.
c) Voltage difference AUy . '
d) Replacing by smoothing Dirac impulses.

Fig. 5. Superimposing the Dirac impulses for changes in the ignition
and extinction angles (a) onto a'resulting impulse (b).

Fig. 6. . Determination of the main current change for the commutation Aic[n].

Fig. 7. Block diagram for the fectifie;', for small c"hanges in ignition
angle. . ;
a) Detailed block diagram,
b) Simplified block diagram.

Fig. 8. Transfer function for the change in the current factor Ak’i[n.e] )
referred to the change in ignition angle A_tfz . Ohmic-inductive
d.c. load, time constant To = 1,5 referred to the sampling

period. Effect of the mtema.l resistance r; (commutatmn)

Fig. 9. Determination of the transfer function for the gate control cir-
cuit,

Fig. 10, Block diagram for the gate control circuit.

Fig. 11. Block diagram for the control circuit.
a) Detailed block diagram.

b) and c¢) Intermediate steps in the sunphﬁcatmn (see text).

d) Completely reduced Block diagram.

"ig. 12, Relationship be_tween saxnplmg point and changé in reference

value.

ig. 13. Speed regulation for a.d.c. motor with the control circuit data
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as given, equalizing process for the closed loop with a step

change in the reference value.

1) Time behaviour of the sampling system.

2) From the function in the g-plane for the normal Laplace
transform [equation (43)] ’

3) From the usual continuous treatment of the rectifier control

circuit.
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BHCTPOJIEAICTBYNIME CUCTEMH YIPABIEHUA C
YACTOTHEMI JATYMKAMA.

Kpyr E.K., JleroBuu E.A.

Mocksa , CCCP.

B HacTofmee BpeMA WHPOKOE PACHPOCTPAHEHME MONYUUIH
yacroTHHe zatumku [ IJ . OrauuuTensEOfl OCOGEHHOCTEHD
OHCTpPOZEHCTBYOIMX CUCTEM YNpPABACHUA C YACTOTHHME ZATUYMKAMU
ABIAETCH COU3MEPUMOCTH YaCTOTH AATUYMKOB C COGCTBEHHHMH
9aCTOTaMHi CUCTEeM. [IpM NMOCTPOEHMM TAKUX CHCTEM BO3HKKAET
pAZ TpyZHOCcTE#, CBASAHHHX C BOCHPOM3BEZEHMEM CUTHANOB,
nponopuuoaanhnux nepBo#l U Gozlee BHCOKHMM NPOX3BOZHHM OT BXOZ-
HOT'0 CHI'HaJa.

[pumen, 4TO CUIrHAA C YaCTOTHOI'O ZAATUMKA /(t)uauexﬁ-
eTCH N0 3aKOHY:

f/f)‘= 7{,+1’44€-Qt

rie Q - 9acTOTa MOAYNALNH
f‘ur&/ﬂ - COOTBETCTBEHHO aMIIMTYyZAa U rnycnna MOZYNALMA,
CyuecTBYDT pa3iMyHHE METOZH NIpeo0pasoBaHUS YacTOT-

HOT'O CHT'HaJla ¥ NOCTPOEHUA yCTpPO#ACTB, OoGecneuMBanMUX NOIAY-
YeHNEe KOPPEeKTUpyLmuX BO3Ze#CTBUH, NpPONOPUMOHANBHHX OTKIO-
HEHMD YacTOTH OT €€ 3aJaHHOI'O 3HAUeHUf, MHTErpainy OT
OTKIOHEHUA, NepBoit, BTOpo#t ¥ T.Z. NPOUBBOJLHHM OT OTKIOHE-
Hus.

JTH METOZH B CUJBbHON Mepe 3aBUCAT OT BHODAHHOI'O CIIO-
cofa M3MEepEeHus 4YacTOTHOrO CHrHana. Cpelu M3BECTHHX Croco-
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G0B H3MEpEHHA YacCTOTHOrO CELHANA MOXHO BHZENUTH 2 OCHOB-
HHE TpyNNH, BHYTPM KOTOPHX MOTYT OHTH Das3iUdYHHE MOZudu-—
Ka[uM.

I. HempepuBHHe (aHANOTOBHE) CIOCOOH U3MEpeHUs, NpU KO-
TOpHX H3MEpEeHHEe YaCTOTH NPOUSBOZUTCA HENOCPEZACTBEHHHM Ze-
TEeKTHDOBAHHEM 4YaCTOTHOI'O CHTHAJIA.

2. [JluckperHue (Im@poBHE) CHOCOOH, NIPH KOTOPHX H3Me-
peRMe YacTOTH NPOM3BOZUTCA HAU:
a) OyreM moACHeTa UMCHA MMOYABCOB U3MEpsAeMoit dacrTo-
TH 3a OmpezeneHHLM LHTepsanm Bpemenm & . Hasosem
3TOT CHOCO0 MHTErpANBHHM
unu: 6) myTeM NOZCYeTa YUCAA HMMIOYABCOB STAJOHHON YacTOTH
3a OepHox H3MepsAeMoi qacroruzz= 7 * Ipy aTom ocy-
HeCTBIACTCSA HU3MEDEHHWe Nepuoza BXOAHOH YacTOTH.
CucTeMH, NOCTPOGHHHE B COOTBETCTBUM C MOCICZHUM METO-
L aMA ECNIOAB3YNT IMPPOBYD TEXHUKY M NpPH STOM MOEeT OHTH ofec-
neveHa BHCOKaA CTaTUYeCKad TOYHOCTH. PacCMOTpMM BO3MOE-
HOCTH NONYYeHUS KOPPEKTUDYDNUX BO3ZedcTBUA B COOTBETCTBMU
C yKasaHHHMU CHOCO0aMA M3MEPeHHs JacTOTH.

HenpepHBEHH MeTOZ NpeoO0pa3oBaHUA YacTOTHOTO CUTHaJA.

Cpezu CymecTBYDMUX CXEM H3MEDEeHUsA qacromnoro cursana
NpE CPaBHUTENBHO HEOOAbWOR rayCuHe MOZYyAAUuEZ ( A§-<c7/ )
onbmOe pacmpoCTpaHEHWEe NONYYMiId CXEMH C YaCTOTHHMU ZeMozy-
IATOpaMHd. B STUX cXeMax yacToTa Npeodpa3yemcs B aHAJOI'OBYR
BeIWYMEYy - TOK MIM HanpsAxeHue. Kak H3BECTHO, CXeMa YacCTOT-
HOI'O ZeMOZyZAATOpa COoZepxuT (puc.la) 2 pe30OHAHCHHX KOHTYpa
®, u @, , HACTPOCGHHNX HA I'DaHMYHHE YACTOTH 3aZaHHOrO Zuana-
30H& YacTOT, BHODAMUTENH CO CriaaxuBabuuM QuabTpoM CP ¥ BH-
XOAHOR ycuIMTENAh NMOCTOAHHOrO TOKa J ¢ KO3pduuueHTOM ycuie-
Husa K. :

HacrpauBanTcfl ZEeMOAYNATOPH TaKUM 00pa3soOM, 9TO BHXOZHOM
CUPHAX ZAEMOAYAATOpa NPONOPLUOHAJNEH OTKIOHEHMD JacTOTH
0T €8 3afaHHOTO 3HAadYeHUs ¥; (mpumeM, 4YTO ;{, =/o 2

ToyHoCTh Taroif cxeMH mpu THATEABHOR HacTPOHKM MOmeT
zocrurars 0,5 - I%.

CxemMa C YaCTOTHHM ZEMOZYIATOPOM OONaZAeT WHEDLUOH=
HOCTBD M 3Ta WHEPUMOHHOCTH ONpeZeAfeTCHA B OCHOBHOM MOCTO-
AIHHO!l BpeMeHd DNEMEcHTOB criaaxusapuero Quiabrpa Tce
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B raGnuge I BO BTOpPOM CTONGLE NPHBEZEHH YAaCTOTHHE Xa-
PaKTEpMCTUKY PA3ANYHHX KOPPEKTHDPYONUX yCTPOHCTB, Mcnoms-
3yOUWMX 4YaCTOTHHE ZEeMOZYAATOP. B 3TMX ycTpodcTBMY AnA moxy-
UEHUA CUI'HJA NPOM3BOZHON HA BHXOZE YACTOTHOTO AEMOZYIATOpA
BRIDYaLT Audeperuupyouuil aneueHT, cocTosmMA W3 Henouxu

R, C,<T, u ycunurens ¢ koadpumuentom K, ( To,=&T. .).
CooTBETCTBEHHO ZNA NMOAydYeHMS CMrHAAAa BTOpO# mpomsBozHOH
IOCNeN0BaTENBHO BRINYADT 2 TAaKUX adeMeHnTa (puc.Is). MpeoG-
pasoBaHme 4YacTOTH C MOMONBD YaCTOTHOT'O AEMOZYAATOpA NpaKTH-
9eCKM HE MOXET OHTH HCNIOABS0BAHO B CHCTEMAX, B KOTODHX dac-
TOTA / (t) cousuepuma ¢ wacroroli MozyaAmmm 2 Ws-3a 3HAUM-
TeNBHHX (a30BHX morpempocrell, BH3BaHHNX PuABTpyDmUM Bie-
MEHTOM.

Hanmpumep, ecau MH 3amnca yJCHOBHEM, UTO HA BHXOZE
npeoGpa3oBaTeNs aMmAMTyZa KoleGamma uacrorh F(t) me ZAOIKHA
npesuuats 1% (27£7e =/00 ), a cooTHONSHHE “2l> pasio 0,01,
T0 ¢asoBaf NOTPENHOCTH (exc?y L27<¢ ) Gyzer TpeBHEATE 40%.
3azasascs BemuuuHOl (Pazoso#t morpemmocrs 3 I0° (RTce<017 )
noIyuu, wro. coorHomemme 2% 7%/e > 570

HiccnezoBanua moxasamw [2] , 4TO NpH conauepnocu
YacToT r' « u HeGonpmOR rAyOmEH MOZyZAmME 7 /,g(o,l.neneco-
00pa3HO UCNOAB30BATH YMHOEYTEARA YacTOT C KoadumuenTOM
yuHozsHEg &>  100(puc.I6). B 3TOM ciyduae HHEPIMOHHOCTH
dUTBTPOB MOXET GNTH yMenbmeHa B A pas. Ecam #>Z0Q. 1o
NIOCTOAHHO} BpeMeHM CrIax@Bapmero (QUIbTpa MOXHO NpeEelpevs
1 ZMHaMWYecKue CBoOlicTBa Npeo0pasoBaTeld NPAKTHYECKH ONpe-
JenfTCHd 3ana3zNBaHMEM, BHOCHMHM YMHOXUTEIEM, PaBHHM -ﬁ
COOTBETCTBEHHO YaCTOTHHE XapaKTEPHCTUKM KOPPEKTUPYDIHUX
yCTpoilcTB, MCHOAB3YONMX YaCTOTHHH yMHOXMTEND ,IPHBEZCHNB
TpeTheM cTondue radaume I.

Takoii npeoOpa3oBaTelb NPAaKTHYECKH MOXET padoTaTh B
IMANa3oHe YacTOT 0 <2 <42 , mpu 3TOM ero gasomag no-
PPENHOCTH HE NPEBHCHT 5° 60 (sanpuuep, mpu f» = S0 rm,
S <450)-

[locTpoeHne KOPPEKTUPYOIMMUX ycrpoﬁcu. onpenemm
OepByD ¥ BTOpPYy® NPOM3BOAHHE, a TAKES HMHTErpal OT OTKIOHE-
HUA, CBA33HO C OCLEN3BECTHHMHA TDYAHOCTHMHA, CBOHCTBEHHHMA
QHANOTOBHM CIOco0aM mpeoGpa3oBaHMs. TOYHOCTH aHANOI'OBHX
MHTErpaTopoB He npesumaeT 0,5 - I%, Ta xe TOYHOCTH
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CBO/CTBEHHA aHAJOIOBHM YCHUIUTEIAM.

[IpakTHYeCKU NpH UCNONB3CBAHMUA ycuiaurenxedd u auddepen-—
QUPYDLMX LENOYeK MOXKHO B OI'DaHMYEHHOM AMENA30HE YacToT
MNOJNYYUTE CHIPHANH, NPONOPUMOHANBHHE IepBoil B BTOpO# mpous—
BOZHHM. MaxcuManbHHe 3HAaYeHUs MOCTOSHHHX JuddepeHnUpoBanUf
ONpeZeNfnTCH AONYCTUMHMM (Pa30BHMU HCKAXCHUAMM M MAKCUMAIB-
HuM goa(ppuiumenToM ycuneHus K, KOTODHI MOXHO MOAYYMTH IIPU
(RT ke <02 unt (RT )aee <0, 2K, MPALI20 Tinee B,

TakuM 00pa3oM, MOXHO yTBEpEAaTh, YTO HENPEPHBHHi
(aBamorosuil) crnoco6 npeo6pa30BaHUA MOXET OHTH MCNONB30BAH
[IpU . COU3MEPUMOCTH JaCTOT 7 uQ TomBKO IpA OpPUMEHEHMU
yMHORATENA 4YacToT C Ko3(PuumeHTOM yMHOEEHUA A > 100

CraTuyeckas TOUYROCTH. PACCMATPUBICMHX KOPPEKTUDYOUAX
ycTpoiicTB MOXeT OHTH zoBezeHa Zo 0,5 - I%.

Beauuusa xe $a30BOid MOrpemHOCTH, BH3BAHHASA COU3MEDHU-—
MOCTBD YacTOT OnpeZeiaseTcs BeIUYUHOH —%%- . KopperTHpyn-
mue ycTpoiicTsa, o0ecHeydBanmue NOXYYEHUE CHUI'HALOB IPONOP-
IMOHANBHHX NEepBOi#t U BTOpO# NMPOM3BOAHHX, UMENT AONOMHUTEIB-
HHe (a30BHe MOrpemHOCTH, CBONCTBEHHHE AHAIOI'OBHM METOZOM
IuddepeEIApOBaAEUT.

MaTerpansunit MeTox mMpeolpa3OBAHUA JACTOTHOTO
CUTHANA .

BHCOKYW TOYHOCTH U NOMEXOYyCTOXUMBOCTH Ipn U3MEpEeHun
YaCTOTH MOXRHO NOJYYHUTE IIpU CYETE UMIYJIBCOB YACTOTH 38 OIpe-
ZeNeHHH UHTEpBal BpEMEHU & B ZUCKPETHHE MOMEHTH BpEMEHU

il s CooTBEeTCTBYDUEE BHPDAXCHUE IIDU TAKOM METOZE MU3MEepEeHUus

UMEeeT BUZ iir
767 igf)Vt)dt

KoppekTupymnuee ycTpoiicTBo, peanusywmee 3afaHHHA anaro-
PUTM, COZEPXUT CUETUYUK UMIYyNECOB Cu , JOruvecKuil aneuenT/1?
u reHepatop uMnyascoB I'l (puc.2a). I'eHepaTop UMIYILCOB
ofecnevyuBaeT Mozady B MOMEHTH BpeMeHM ~/ Ha Ioruvyecxuii
JNEeMEHT HANpAKEHUS B TEYEeHU@ MHTEpBana & , NpUd KOTOPOM
4a CYETUMK TMOCTYNAWT MMIOYIBCH yacToTH £/%).
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YacTOTHNE XAPAKTEPUCTUKU Da3JMUYHHX KOPPEKTUDYDIUX
YCTPOMCTB mpU TAKOM METOZE M3MEDeHHf OPUBEZEHH B TaGmu-

e 2 BO BTODOM CTOXCIE.

MH BUZMM, YTO BCEM CUCTEMaM C MHTEIrPANHHHM METOZOM
npeo0pas3oBaHus YaCTOTHOT'O CHIHANA CBOMUCTBEHHH 3HAUMTEIB-
HHe (fa30BHe NOTDEuHOCTYH, BH3BAHHHWE BpeMeHeM H3MepeHus 6.
Kpoue Toro, ycrpoicrsa, ofecneduBawiyue NOINyuYeHUe CHUI'HANA
OTKJIOHEHME YACTOTH OT €€ 33ZAHHOTO 3HAUEHUA M yCTPOHCTBa,
BHYMCAADNME NPOM3BOAHHE  MMEDT (a30BHE NOT'PENHOCTH, ONpe-
ZenfeMHe KBAHTOBaHWeM 1O Bpemenn 7 L[37.

MeeT Taxxe MECTO 32BUCMMOCTE AMIIUTYZ BHXOZHHX CUI-
HaJOB OTZEIBHHX KOPPEKTUDPYOEMX yCTpPoicTB 0T BeaudunH T.
fI3-3a 3HAUUTEABHHX (Aa30BHX NOTPEMHOCTEH WHTErpaibHHE Me-
TOZ NpeoGpa3oBaHMA MORHO DEKOMEHZOBaTh, KOIZa 4acTOTH

# u 2 He cousMepuu.
lleicTBUTENBHO, ZAR HONYYEHMS BHCOKOH TOYHOCTM WU3MEDEHMSA
OOHYHO NPUHUMBDT :
A -0>00, @T<01 « T=6

[Ipy 3THX YyCAOBUHX COOTHOMEHHUA MEEZAY fA u & [JOIEHH

YZOBIETBODPATH YCIOBUD 7{,240000.62.
llpu HeGombmo# rayOuHEe MOZYIALUA (.;','3- <01) pad

COKpaleHus BpeMeHM 6  [eaecoo0pasHo UCTONb30BaTh yuHO-
EUTEeAH dacToT - JY (puc.2a). B arom caydae (Kax BUZHO U3
TaGauns 2 TpeTuil crondel) MOEHO COEDAaTUTh BPEeMS H3MEPEHUA

B N pa3, NpPaKTUYECKH ZOBOZA BPEMA U3MEDEHUA ZO 9'=m
rze & - NOT'PEeHOCTE U3MEepEeEus YacTOTH.

B nmponopLMOoHAaJBHHX JCTPOACTBAX TAaKEE MOEHO YMEHBUATH
BpeMs uukaa T,Z0BOAR ero Zo Bexuduss 6 . OZHAKO B cCHCTe-
MaX C KOPPEKTUDYLUUMA yCTpodcTBaMu, OOECNEeYNBaKNUMA NOIY-
YeHUE CHUI'HANOB, NPOHOPLUMOHAJBHHX NDPOA3BOZHHM HEIH3A HPOA3-
BOIBHO MeHATH BpeMA T. OTAMYUTENBHOA OCOOCHHOCTBED TAKUX
JCTDPOUCTE ABAAETCH HEOOXOZUMOCTH BHOODA BPEMEHHOT'O HHBEpD-
Bana T B 3aBUCUMOCTM OT BO3MOXEHOTO AMANA30HA W3MEHEHHS
YaCTOTH MOZYAALUM R . [IDOBEZCHHHY AaHAJIN3 NO3BOJAMA NONy-
Y4Th KOHKDETHHE COOTHOWSHMA MeXLy aMIIuTyZo# BXOZHOTO
cursana A,=Fa 0 , QMIUINTYIHO# 4 ($a30BOil MOIpeMHOCTHH
BHXOZHOT'O curHana # Beanuunod L T.
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Ha puc.3 B zorapafuMuyeckom MacTale NPEACTABICHH COOT-
BETCTBYDHME 38BUCAMOCTH, CNAOMHHMH JMHUAMYU NOKA3aHH 3aBUCH-
MOCTY BeIMumHH 2 T  OT aMmauTyzas A, Ha BXOZe KODPEKTU-
pyomero 3BeHa, BOCHPOM3BOAANEr'0 CHUI'HAN, NPONOPIUOHALBHHI
" I-o#t mpou3BOZHO#, NpM KOTOPOM AMIAUTYZ3 HE BHXOAE 3TOrO
3BeHa paBHA Mg, =20, Ag =50 w« Ag, =10 RBaHTaM.
[IyHKTUDHEMY JNUHAAMA COOTBETCTBEHHO M300paxeHH 3aBHCUMOCTH

2Tor A, npm Tex Ee 3HAYGHUAX AMIIMTYZ HA BHXOZE KOp-
DPEKTHDYDILEro 3BeHa, BOCHPOU3BOAALErO CUTHAN 2-0if MPOU3BOZ-
Holt( Ag2 =20, Ag,=50, Ag, =100).

3 paCCMOTpeHMS DUC.3 ¥ ZAHHHX TAOHULUH 2 BUAHO, YTO
KBaHTOB8HEE N0 yPOBHW, CBOicTBeHHOe BceM OMPpOBHM cucTeMam,
OrpaEAYMBaET YaCTOTHHH Zmanaso KR 7T  CcHu3Y, a ZONmyCcTu-
Mal (asopaf MOrpemHOCTH, BH3BAaHHAA KBAHTOBAHWEM MO BpeMe-
HM, ZAA ZAHHOT'O KOPPEKTUPYDHEr'0 3BEHA OrPaHUYMBAET 3ITOT
AWanas3oE cBepXy. Kpome Toro, yeM BHme NOPAZOK KODPPEKTUPY-—
pHero BoszelcTBAA, TEM yEe ZMAnasoH YacTOT M BHUE TpedoBa-
HAf K TOYHOCTH M3MEPEHHA M TOYHOCTH HacTpolik® napamerpa T.

Hanpumep, Npu U3MEpEeHUM OTKAOHEHUE C TOYHOCTHD
0,I% .£,6' = 1000 xBanTaM, nepBaf NPOM3BOZAHAA MOXET GHTH
ompezeneHa C TOYHOCTED 5% (  Ag, =20 kBaurTam) mpu faso=
Boft morpemsocrs II° ( Q7<4g2 ) B zuanasore a (8T (ao2T<tt),
a BTOpaf MNpOH3BOZHAA C TOYHOCTHD 5% npu $a30Boit ouuOKM B
18°(QT =02) wuomer Gurs momyuena Tomsko npu 7, 8'> fo000
B zuanasone a(RT), (0/4<RT<02).

Taxuu o6pa3oM, MOXHO yTBEpEAaTh, YTO HpH LEQPOBOM
MEeTOZe M3MEepeHMA TOYHOCTH MOJNYyYEeHUs NMPOU3BOZHON! mepBoOro
NopAZKa Or'paHAYEHa, @ MOJYyYeHUMEe NPOM3BOLHHX BHCOKUX MOPAA-
KOB (BHmE BTOPOI'0) NPAKTUYECKH HEBO3MORHA.
OzHaKO clezyeT OTMETUTH, YTO NOXyYeHME uoppexrnpynmnx

Bo3zelicTauil NPONOPUMOHANBHHX OTKJIOHEHNMW YaCTOTH OT e€ 3azaH-

HOrO 3HAUEHMA U HMHTErpany OT OTKIOHEHHMA He BCTpedaeT
saTpyZHenuit. AHTEerpanbHHil OMPPOBOA METOX NpU BHUUCIEHUH
9THX BO3ZedcTBmii MoxeT ofecnevYuTh OUYEeHb OOJBUYD TOYHOCTS.

I
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HQGOGQ§3OBGHME YaCTOTHOI'O CHI'Halla NpH
U3MEDEHUR €I'0 NEepHUOoZa -

[lpr 3anonBEEEMH NEepUOZa HM3MepseMOfl YCaTOTH 3TANOHHOK
4acTOoTON )’3 MOXHO TEKEEe NONYYMTH BHCOKYD TOUHOCTH A3MEpe-
Huf. CTDYKTypHA# CXeMa TaKOro ycTpoicTBa mpezcTaBlieHa HA
puc.26. JCTpoHCTBO COZSPEMT CUETUMK MMNYIBCOB CU, M JNOI'H-
Yeckuil amemerT J3, ¥ remepaTop 3TANAHHOH YacTDTH /M.

CxeMa ynpaBieHUS JOTMUYECKEM 3ACMEHTOM O0ECHedYMBaeT NOZavy
Ha cqe'mnn HMIYABCOB YaCTOTH - /9 B TeYeHWR HHTEPBAla
Te= ?—— . B pesyapraTe B CUETINKE OKA3HBACTCH 3alMCAHO
weno - M =[ATe]" .
JacTOTHHE XapaKTEPUCTHEN OTASNBHHX. xoppennpynm
JCTpOACTB NpH TAKOM METOAEe W3MEpEeHHA NDHBEZEHH B Tadxume 3.
leBde CTOXOOH TAaGIROH OTHOCATCH K CAydYaw, KOT'Za H3Me-
PAETCH NOCNeZOBATEABHEO KaxXzHil mepMoZ H PasHOCTH BHYHCIA-
DTCH MEXZy COCeAHMMM mepuoaM: (oTEIOEeEMe &, ~BT]1-[HT.]"

B npaBHX cTOXCOAX TACIMUH NPHBEAGHH ZAHHHE AIA
ycrpoilcTB, paGoTapmEX ZXCKPETEO C IOCTOSHHHM BPEMEHEM
naxna T.

CnexyeT OTMETHTH, YTO CHCTEMH, OCHOBAaHHHE HA H3Mepe-
HHE Nepuoza, ABIAKTCA HeaMHelHHMH. HoaToMy npnezxeﬁnue
JIaHHEHE NMPaKTUYECKA CHpaBeZIMBH HNpH HeOOAbmOH# rIyOMHE MO-
ZyAAOuu (% {01 ) una npu o6ecneYeHHE IHHEADPH3ALAK.

MH BUZMM, YTO METOZ HM3MEPEHHA IOCIEZOBATENBHO KaxA0-
ro nepuoza fABafeTcs Hauoolxee OGHCTpoAEHCTBYDUMM M MOXET OHTH
JCHEWHO UCNOAB30BAH ZAA NONYUYECHUS CHUT'HANA OTEKIOHCHHA.
OZHAKO NPAaKTHYECKH. eI'0 HeIb3f NPUMEHATH IPH BHYHCICHUH
npousBoZEHX. TOYHOCTH ONpeZeleHHs NPOMSBOZHHX OYEHH Mana,
Tag EKaK Majla CaMa pasEMIa MEXZy COCEZHUMH NEepuoZaMi 4acTo-
TH, @ AMIIMTYZAH NpU NPOM3BOAHHX COOTBETCTBEHHO NPONOPIMO-
HANBHH 7) -

Hanpusep, ecim !lsuepemte NpPOM3BOAKUTCHE C TOYHOCTED
0,I%, urto coouercnyer ),’v =I000, a BxozHO# CHrEaZ HME-
eT DAYOUHY MOZYMAIME }{00/ nfw,.f (EanpuMep A =5,

A=Sry 4535 =95ry ), TO AMINMTYAA OTKAOHEHUA An
coorBercTByeT I0O0 kBaHTaM, a aMIInATyz8 nepBoil mpoussoz-
Boll He OyZeT NpPeBOCXOZUTH OZHOT'O xxanra(ﬂyfﬂ,,% =I xnanr),
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T.€. B Tako#f cucTeMe Za®e HEBO3MOXHO I'apaHTUPOBATE TOU- -
HOCTH ONpeZeNeHAs 3HaKa NMPOU3BOZHOM.

BuuuCcNIeHMe OPOM3BOZHHX LENeco00pa3HO HPOU3BOAUTH
Np¥ BBeZEHUM AUCKPETHOCTH MO BpEMEHH. B 3TOM ciydae BpeMs
uyaxna T HeOOXOZMMO BHOMPATH B COOTBETCTBUMM C YACTOTHHM
AMaTia30HOM BXOZHOI'O CUI'HaJZa COrJacHO rpaduxaM, npuBezeH-
HHM Ha pHC.3.

[IpaxTUYECKU MNP U3MEpPEeHUM Iepuoxa Ipd COOTBETCTBYD-
meM BHOOpE BeJWYMHH T, BO3MOXHO NOCTPOEHME LOUYPOBHX KOp-
DeKTUDYDUUX YCTPO#CTB, BHUUCAALNLMX MEPBYD OPOM3BOZHFD. B
3TOM clIyyYae, TAaK Ee KaK M Ip4.MHTEeIpalbHOM MeTOZe, YacToT-
HHif ZMANas3OH BXOZHOI'O CHUI'Hazla, OpA KOTOPOM MOXeT OHTH ofen-
neyYeda 3aJaHHAA TOYHOCTH NONYYEHUS NPOU3BOZHOIR ,orpanuues
CHA3Y KBaHTOBaHUEM 0O YPOBHKD (BeAUUUHOIH ﬁa- ) # cBepxy
fazoBoil ommOKO#, BH3BAHHON KBAHTOBAHUEM IIO BPEMEHHU.

JnHeapH3almd NpM MOCTPOEHMM TARAX KOPPEKTHUPYLLUAX
ycrpoiicTB He o0f3aTelbHA, TaK KaKk TOYHOCTH MOJyYeHUS CHUI'Ha-
J10B, NPONOCPUAOHANBHA MPOM3BOZAHLHM HE BeJUEa.

CaezyeT OTMETUTH, UYTO OTCYTCTBME NMHEAPU3ALUUNA B CUCTE-
Max C MHTErpalbHHM BO3ZeliCTBMEM MOXET MPUBECTU K CTATUYEC—
kol omMOKM, ecnd usMepernme [ ¢ NpON3BOZUTCA B IUCKDET—
HHE MOMEHTH BpeMeHM 77 , a He KaxiHii nepuoz JacTOTH /( t),
[lpy M3MepeHud IOCAEZOBATENBHO KAXZOI'O NEpuoZa MHTSrpaibHOE
KOPPEKTUpyDmLEe JCTPOHACTBO MOEET pacCMaTpUBATBCHA KaKk Hempe-
pHBHHA HMHTErpaTOp, YyPaBHEHHE KOTOPOI'O MOXET OHTH 3IAMUCAHO

B BUme: y=/[/’(t)~ﬁ1c/l‘

COOTBETCTBEHHO CTDPYKTypHafd CXeMa TaKkoro ycTpoicTsa
npuBeLeHa pa puc.2s. OHa cocTouT 43 cUEeTUdKa C4, JOruyec-
Koro anemMesTa J3 -~ (31eMcHTA HECQBMAZEHASA) U 3axapmero re-
gepaTopa I'3, ofecneuuBapller0 CUIrHal, NPONOPLMOHAIBHHI 3a-
Z3HHOMY 3H2YEH#K YacTOTH f;-

Taxum 0o0pa3oM, HA OCHOBAHMM MPOBEAEHHOrO aHANU3A
MOXHO CHODMYNUDOBATH ClEZyluUe DEKOMEHZALMX N0 BHOODY Me-
TOIA NOCTPOEHUA yCTPDiCTB, OCECNEeYMBaWUNX MOJyUYEeHUE DA3AUI-
HHX KODPeKTHDYRUHUX BO3ZeicTBMI B cucTeMax npid 4acTOTHOM
EXOZHOM CHIHaIE.
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I. JlnA nonyvyeHms CHUTHAN8 OTKIOHEHMA YAaCTOTH OF €€ 3a-
ZIaHHOT'O 3HAYEHMA MOKHO BOCHOAB30BATHCH BCEMUM DACCMOTPEH-
HHMM METOZAMM.

I. HemnpepuBHHI MEeTOZA, OCHOBAHHH! Ha NpUMEHEHUH
YMHOEUTENA YacTOT X YAaCTOTHOT'O ZEeMOZyAATOpa, MO3BONAET
00ecnevyuTs CTAaTUYECKYD TOYHOCTH ONpeZeNeHMs 4acToTH B 0,5-
- 1%, npu gasoBoit morpemmoctn B I0-I2° B zmanasome gacToT
0<-<0f npu PAYOUHE MOXYAALEM 75’/,5 <0f.

2. Bucoryp craruyeckyn TousHocTs ( £ 40,007 ) MoxHO
NONYYATH KaK NOpU MHTETPAJBHOM METOZE U3MEPEeHUS YaCTOTH,

TAK @ Np¥ U3MEPEHMU nepuoza /s = Z%) - Bropoil cmocoG ABafET-
csi Oenee OHCTpOZeicTBYomUM. Eclu OCYHECTBIATH Y3MEDEHUE
NoCIeZ0BaTENbHO KAXZOr0 NEepHuoza, TO NPAKTUUECKH ero MOEHO
UCMOJB30BATh B Auanas3oHe O <‘§- <01 npu OTHOCUTEIBHO
onrmoft BeimuMHe MOZYNALUMM. OZHAKO ZNA NONYYEHUS BHCOKOH
CTaTUYEeCKO# TOYHOCTU HEOOXOZUMO NPEAYCMOTPETH COOTBETCTBYW-
uyo JMHEeapusalnn.

3. [HTErpaibHHl METOZ MOEET OHTH NpPUMEHEH IpE COHU3Me-
pAMOCTU YACTOT At)e  momsko Opy OpPUMEEEeHHM YaCTOTHHX
ymaon}aeﬁ ¢ xoaddumumenToM #/>/00u HeCombmo#k IAyOMHE MOZY-
nﬁuuu( 4/,g <0/ ) . [IpaxTHYeCKH YacTOTHHI ZManas3oH JIEeXUT
B npejenax o <% <oVs .

. Jns noixyyesus CUTHAJA, NPONOPIMOHANBHOTO NEpBROi
NPOM3BOZHOA NMpU COU3MEDUMOCTH YaCTOT ) « R nenecoodpas=-
HO UCNONB30BaTh KaK HenpepHBHHe AuddepesUMaTOpH B COUYBRTAHUH
C yuHOXUTeJeM YGCTOTH U 4YacTOTHHM LEMOZYIATODOM, TaK X
OHCTDOZe/CTBybmMe UU{POBHE AMCKpeTHHe ZnddepermuaTopH. 006a
3T¥ METOZA NMPUMEDHO PABHONEHHH. C TOYKA 3PEHHWA CTATHIECKO#
TOYHOCTA ¥ AXHAMUYECKOX OmuOKH.

I. [pu aHazorosoM Meroze ZudPepeHOMPOBAHHUA ¥ NPA MUCHONB-
30BGHMM YMHOEUTENA YaCTOTH C ZEeMOZYJAATOPOM ZAMAN330H YacTo-
TH 7,92 OrpaHMueH BeaMuMHEMM OLRT, <04  unnu 04,‘% £0/1.
CraTuyeckas TOYHOCTE Taroro zuddepenmuaropa nopazka I -2 %.
JxHauMudeCKas NOIpPSHHOCTH H2 NPEBHHAST 18°.

2. DbucTpozeiicTBypmufl madpoBolt zuddepeHUUATOD Ledeco-
06pa3HC CTPOKTH HpH 0<7%}<0,4 Kag yCTpOHCTEO, BHUHCIAKLIEE
D&3HOCTD MEXAY ZLBYMA NEepuoZaMi JacTOTH 7"(&‘), U3MEPEHELMA
B MOMSHTH BDeMeHu n/ . HeoGXOZuMO UpeZyCMOTpPeTE HacTpok-
Ky BpeMeHM LuMEaa T B 33BUCHMOCTM OT ZMSTA30HA HIMESCEUR
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lludpoBoit zupdeperuuaTop MoxeT padoTaTh B AUANA30HE
002<QT402, Tje HURHAA I'DAHMLA ONpeZeNfAeTCH KBAHTOBAHH-
eM N0 ypOBHD, & BepXHaf I'paHula zonycrumoil dasosoil morpem-
HOCTBD.

.. ToxyyeHue cursana, NPONOPLUUOHAABHOI'O BTOPO# mpors-—
BoZHOH#, CBA3aHO C CONBUMMA TPYZHOCTAMM . INPH HCHONB3OBAHAH
KaK OUPPOBHX, TaK Y aHATOrOBHX METOZOB. TOYHOCTH oGecnede-
HNS TAKOI'0. CAT'HaJa He BHCOKa. $a30BHE NOrpEemHOCTH 3HAYUTEIB-
HH. BHOOp TOro MIM ZpYroro MeToza 3aBUCHT OT ycTpolicTs,
HCINONB3yeMHX NOpY BHUMCAEHWM OTKIOHEHHA M NEpBOil mpomsBoz-
HO#.

BHe 3aBHCHMOCTHU OT. COM3MEPUMOCTH qacmor,¢7i)n L2
NoCTpoeRus LUUQpPOBHX KODPEKTHPYLHUX yCTpOilcTB, oGecnevyuBan-
mUX BHUUCJIEHUE NPOM3BOZEHX BHEE BTOPOdl, He HMEeT CMHCIA.

I¥. ]in8 mOIyYeHWMA CMIHAZA MpONOPLMOEANBHOTO usTerpa-
Iy .0T omMOKM Lelnecoo0pas3Ho. NpUMEHATH UuPpoBO#l UHTErpaAbHEHIi
MEeTOZ #3MEepeHUs YacTOTH. [I[p 3TOM oGecnevyZBaeTCHd BHCOKaf
TOYHOCTH M3MEDEHMA M DPEeryIApOBaHWA HPU UCHOAB30BAHHM Kak
HEMpPEepPHBHOI'O, TAK M AUCKpeTHOro uaTerparopal¥l.
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OPTIMUM CALIBRATION OF INERTIAL
COMPONENTS
George T. Schmidt
Instrumentation Laboratory, Massachusetts Institute
of Technology, Cambridge, Mass.

Introduction

Two recent developments are leading to changes in the way inertial in-
struments are calibrated in component, system, and vehicle level tests.
One of these developments is the new statistical filtering, prediction, and
smoothing techniques which provide the theory to account for all random
noises, measurement errors, and disturbances affecting the component un-
der test and its environment. The other complementary development is the
availability of more powerful computers, both the large digital machine
and the vehicle on-board computer, which provide the computational capa-
bility to take advantage of modern time-variable filter theory. There are,
however, several practical problems encountered when one attempts to
implement these techniques. A major one is in obtaining an adequate statis-
tical model of the physical systems involved in the calibration process.
Another problem is the immense amount of computation required. These
two problems are interrelated in that the more accurately the system is
statistically modeled, the more difficult the computational problem becomes

The plan for this paper is to first show the form of any calibration sys-
tem that uses statistical filtering together with the basic filter equations.
Two applications with solutions will then be presented. The first is the use
of a large digital computer to process gyro test table data and provide
knowledge of gyro drift together with generating a model of gyro behavior.
The filter is formulated and actual gyro test data is processed; the results
are compared with a conventional Fourier series data reduction. This
problem poses very little computational difficulty because of the availabil-
ity of a large digital computer.

The second application is to the alignment and calibration of an inertial
platform in a launch vehicle that is subjected to wind induced sway while on
the launch pad. This application requires an engineering solution to the
real time computation problem with a limited on-board computer. We alsc
impose the requirement that the calibration procedure be independent of
any external references. Only the outputs.of the components on the platform
are to be used for calibration. The problem solution is discussed in detail
and is, in fact, the method used in the Apollo Guidance Navigation and

Control System.
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Form of a Calibration System Using Statistical Filtering

The basic configuration of an inertial component calibration system
is shown in functional form in Fig. 1. The question is, "'What should the
computer program be that converts the measurements to the desired out-
puts? " In other words, given a set of noisy physical measurements and
some knowledge of the statistical characteristics of the components in-
volved (e. g. , accelerometers on a gyro-stabilized platform), find the best
estimate of the desired output quantities.

The maximum amount of information provided by the measurements
in a system with unpredictable errors is the probability density function
p(x). The vector x represents the state of the entire system involved in-
cluding the sensors, the vehicle(or mounting for the sensors), and the en-
vironment. With the knowledge of all past measurements and the a priori
assumptions of the statistical characteristics of the entire system, the
most that can be known about the state of a system is the probability that
it is in each incremental volume of possible states. In most cases the en-
tire probability density function is not desired. What is usually wanted is
a set of values that is, in some respect, the "best' estimate of the state of
the system. This estimate is symbolized by %, and it is usually chosen so
as to minimize the average of some function of the error in the estimate
e = ¥ - x. The most obvious estimate and one that minimizes the mean-
squared error is the expected or mean value which is given by

__gil....,g)dx (1)

where p(x |r£11, ...,m ) is the probability density function conditioned by
all past measurements.

The solution of Eq. (1) would require the computation of the entire
probability density function of all the state variables as a function of time.
The computation would include the changes in the density function due to
the dynamics of the system and the changes due to the information gained
by new measurements. The techniques for accomplishing this computation
are not, to the author's knowledge, well developed and, furthermore,
would be impractical for any computer in th- foreseeable future. However,
if we can assume that the errors in the estimate can be represented by a
linear system excited by uncorrelated noise, then the whole process re-
presented by Eq. (1) can be stated concisely by equations developed by
Kalman, 1’.
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Mathematical Development

It is assumed that the state of the entire system, including sensors,
mounting, and environment, can be described by differential equations of
the form

0 = £ [x®, e, 0w, t] i

where c are known control inputs and n are white noises. For the assump-
tions to be made here, it can be shown that the control does not affect the
form of the optimum filter. > % Thus the control variables c will not be
shown explicitly in the following discussion. It is assumed that measure-

ments are made at discrete times according to the relation
mt_)=h [’i(tm)’ u (tm)] (3)

where E(tm) are errors in the measurements that are uncorrelated be-
tween measurements. (Time correlated errors in the measurements would
have to be included in the state vector x.) Assuming that the optimal esti-
mates are close enough to the true values so that higher order terms may
be neglected, the optirnum measurement process is given by Kalman's
optimum linear filter. The derivations of these equations are given in
Refs. 1,2 and 4. The basic equations are

2=2EHTEE'HT + 0! (m-h@&D)

at
E-E’- E'HL(HE'H! + U)"! HE' .
measurement
time (4)
A A
x=1(x, t) between
. T measurements
E=FE+EF +N

where the prime indicates conditions that exist just before the measure-
ment. The covariance matrix of errors E is defined by

E= <6x6x1>
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where "< > " represents the expecied or mean value, and

f (%, t) ah (X, t)
F= — Ve H=
e %
T T
U=§_R a—l N=iQ2-£—-a
3u 3u on - on

The matrices R and Q are defined by

<u @) u (> = Ré t-7)

<a@n(r)T>=Qs (-7

The optimum filter for a linearized system in which the higher order
terms can be neglected is shown in diagram form in Fig. 2.

Gyro Unit Testing Using Statistical Filtering

Test Configuration

The test we will consider is the so called "IA vertical' test in which
the gyro with its input axis vertical is mounted on a rotary table. The gyro
output axis is west and the spin reference axis south. The gyro output sig-
nal is used to drive the rotary table by means of amplifiers and motors.
The table rotates about the vertical according to the differential equation:

da/dt = d + Wh b cos(a) + Wh ¢ sin(a) + Wv (5)
where: a = table angle measured clockwise from west, d = gyro drift, Wy=
vertical component of earth rate, Wh = horizontal component of earth rate,
b = misalignment about the output axis, ¢ = misalignment about the spin
axis, and the signs of b and c are by the user's convention. Other types of
servo tests are possible and are discussed in Ref. 7.

In a conventional servo table iest, the time it takes for the table to
move each one degree increment is recorded for two revolutions of the
table; this requires about 72 hours of testing. The usual data reduction
technique is to fit a Fourier series to the data and identify the constant in
the series as the gyro drift and the coefficients of the cosine and sine
terms as the misalignment angles. Typically the autocorrelation function
is also calculated for the data and one attempts to find an autocorrelation

function for some process that fits the data; eg., a ramp or perhaps a
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random walk. The curve fits are usualiy done by a least squares method.

The purpose here is to give an alternate approach using recursive statis-
tical filtering, compare the results from both methods and the advantages
in each, and suggest some areas for further research. A functional view

of the optimal calibration system is shown in Fig. 3,

The Filter

The time it takes the table to go each one degree is recorded on tape.
The tape is fed into a digital computer which has programmed into it the
following filter.

Between each measurement the state vector is integrated according to:

a 01 Wh cos(a) Whsin(a) 0] {a WV’]
a8 d d 0 0 0 ol |d| o
‘=@lP|=]0 © 0 0 ol |bi+ 0] (6)
c 0 0 0 0 ol {ef o
e 0 0 0 0 0 € 0

where e has been introduced to account for any bias in the measurement
of table angle. The initial condition for the state vector integration is the
estimated value after the last measurement incorporation.

The extrapolation of the covariance matrix between measurements is
a bit harder to derive. Linearizing the differential equation for a we have:

< A

54 = &d+ Wh cos(A) b + Wk sin(3) 8¢ - Wh b sin(2)6 4 + Wh & cos(a) 3 (7

The measurements of table angle - denoted by m - are assumed to be
highly accurate; typically, they are true to within a few arc-seconds. Since
the misalignment angles are small, one may neglect the last two terms in
Bq. (7) and the F matrix in the covariance matrix extrapolation

GE/dt = FE+EF" (8)

is given by the matrix in Eq. {6). The initial condition for the covariance
matrix is the velue after the last measurement incorporation. Eguations
(8} and (8) are integrated on the digital computer until the time of the next
measurement (m). At that time the equations are updated according o



k=Eh(hTEhL+ra)’
2=%+k(m-nT§)
E=(I-khD)E

where: ra is the variance of the measurement noise and ET =(1,0,0,0,1).
The integration process (Eqs. 6 and 8) is then reinitiated.

Test Results

An "IA vertical test was run on a gas-bearing gyro and the data re-
corded as described. A digital computer was programmed to filter the
information. One full revolution of data in one-degree increments was
processed. The initial condition for the state vector was zero and all ini-
tial cross-correlation terms were set zero. The initial diagonal of the co-
variance matrix was: 9 x 10”8 radz, 100 meruz, 9x10°8 radz, 1x10°8
radz, and 1 x 10710 rag?, (A meru is approximately 0. 015 degrees/hour. )
The rms measurement noise was assumed to 1 x 10'5 rad.

The results of this test are plotted in Figures 4,5 and 6. In Fig. 4 we
notice, first, that the estimated drift is in two samples very close to its
steady state value of 12,158 meru. The estimated rms error 99 i8
also plotted. In two samples it is down from its initial value of 10 meru to
0. 06 meru; in 360 samples it is down to 0. 003 meru.

In Fig. 5 the b estimate is plotted together with its estimated rms un-
certainty. Apparently it takes about half a revolution before we have enough
data to filter this quantity. The final /E_33 is 0. 001 mrad as opposed to
its initial value of 0.3 mrad. Similar comments hold for Fig. 6. The final
value of /EK; is 0. 0007 mrad as opposed to its initial value of 1 mrad.
The final angle estimates in each case are 0. 489 and 0. 743 mrad, respec-
tively. Finally, the estimate of e showed an insignificant amount of bias.

Comparison with Conventional Method
The same data presented in the example was fitted with a Fourier

series. The drift and misalignment angles (12. 17 meru, 0.544 mrad,

0.711 mrad) compared almost perfectly with those as determined by the

filter (12,158 meru, 0.489 mrad, 0.743 mrad). One might ask the question,

"Why bother with this sophisticated method if a Fourier series works?"
One possible advantage is that the data can be processed as it is re-

ceived. One might imagine a number of test tables tied into a central com-

puter which would calibrate a whole number of gyros at once and provide
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a best estimate of each gyro's current behavior. Another advantage is
that the filter generates an rms uncertainty estimate in the estimated
variables. If one has confidence in the statistics that must be assumed

a priori, then in an ensemble sense, we can tell how good our test is.
Furthermore, another advantage is in the ease with which additional state
variables can be included in this formulation. We might like to try to add
in a model for drift other than a bias; perhaps a ramp, an exponentially
correlated process, or a random-walk. These models are easily added
to the filter. -

One possible disadvantage may be found if we test a gyro that has sud-
den jumnps to different steady-state levels. In all likelihood, the filter will
probably take a long time to catch up to the actual gyro or it may never
get there. This is the usual argument for a Fourier series expansion of
any discontinuous function. In any case, the purpose here is to show the
form of the system that could be used to reduce gyro test table data, not
that any great improvement is guaranteed. What is needed is more re-
search into this type of formulation.

Methods for Reducing Computation

Throughom'me previous example it has been tacitly assumed that a
large digital computer is available to do the computation. For this simple
example five state variables were required. Since the number of state var-
iables rapidly increases with the complexity of the problem, engineering
solutions will usually be required particularly if the digital computer has a
limited capability. This is the case in an on-board vehicle computer. Gen-
erally there are two possible ways to reduce the computational burden.

The first method is to partition the total filter into smaller and simpler
filters by neglecting the cross-correlations between dy'nami,call)'r unrelated
variables, One might also neglect to implement minor gains for particular
state variables; i.e., each state variable is updated by all measurements
even if the particular measuremeni has an insignificant effect on that par-
ticular state variable.

The second method of simplifying the optimum filter is through the use
of precomputed gains. If the system is linear, the gains at each measure-
ment are only functions of time and the a priori assumptions of the statis-
tics of the noises and the initial state. By specifying the measurement
schedule or rate, the gains may be precomputed and stored in the vehicle's

computer. For a small number of measurements this is a practical solu-
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tion to the problem of implementing an optimum filter, For a large num-
ber of measurements, the precomputed gains are usually smoothly vary-
ing with respect to time and may be approximated by suitable functions
that give an almost identical filier response as the true gains. The
weighting function box in Fig, 2 now contains simple functions of time.
These simplification techniques will be applied to the pre-launch cal-
ibration and alignment of an inertial platform in a spacecraft on top of a
swaying launch vehicle and they are, in fact, the techniques used in the
Apcilo Guidance Navigation and Control System. Practical hardware and
software problems that were involved will also be discussed in detail.

Pre-Launch Calibration and Alignment

The inertial system to be calibrated and aligned includes gyroscopes
and accelerometers. The known gravity acceleration is used to calibrate
the accelerometers; the known vector rotation of gravity (earth rate) is
used to calibrate the gyros. The exact quantities to be measured will not
be considered at this point in developing the general optimum method of
platform alignment to a local vertical coordinate system and measurement
of the south and vertical gyro drifts. In this procedure, the platform is
approximately aligned to the local vertical coordinates, then it goes iner-
tial. The two horizontal accelerometer outputs (south and east) are used
by the optimum filter to generate estimates of the relevant quantities by
comparing the measurement of the rotation of the gravity vector with the
known rotation rate.

The vertical gyro drift is the most difficult quantity to measure since
it cadses only a third-order effect on the measured acceleration, Gyro
failures can be closely associated with changes in drift due to acceleration
of gravity along the input axis so the pre-launch calibration of a gyro in a
vertical position is highly desirable,

Since the estimaies of the alignment and drift variables will depend on
the measurement by the accelerometers of the rotation of the gravity vec-
tor in the inertial coordinates instrumented by the gvros, the major dis-
tarbances are the accelerometer quantization and the wind-induced sway of
the laumnch vehicle. The model of the system for the optimum filter must
inclode varisbles due to this sway. The complete filter must be simulated
on a digital computer; it will be linear, so thai by specifying the measure-
ment schedale the optimum gains may be precomputed. The gains will be
approximared by functions that will be stored in the flight computer. The
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method for using this simplified filter in other platform positions, an

illustration of a system test program, and practical hardware problems
will be presented.

Models
The launch vehicle bending dynamics in the north - south and east-
west directions are approximated by identical second-order systems, The
~ wind causing the vehicle sway is assumed to be exponentially correlated
with a correlation time of 1/A sec. The correlation function of the white

noise required to produce a mean-squared value of missile sway can be
found to bes:

<p2>4x;..,i (uﬁ +20_+29)
nw =<nft)n(r)>= L2

l+2§wn

where < p2 > is the expected mean-squared missile sway, n(t) is the
white noise generating the exponentially correlated wind, and wp and ¢
are the natural frequency and damping ratio of the second-order approx-
imation to the bending dynamics. The state vector for the sway variables
in the south direction is

= : R el
B,] 0 1 o ] [pg 0

‘.rs = 1|0 0 1 i+ 14 9)
- ShiT =P »3Lw <At Ia n(t)

LaS wn Un n n g = S_ L

g are the horizontal displacement, velocity, and acee!.era—
tion in the north-south direction; the model for the sway variables in the
east direction (pe, Ve ae) has the same form. For the computelé simula-
tions in this paper, the preceding variables have the values: <p >=
100 cm2 (east and south), A = 0.1 sec-l, %, * 2,09 rad/sec, and ¢
= 0.1.

The orientation of the platform with respect to a local vertical coor-
dinate system (vertical, south and east) is described by three angles
(@,B,Y). If the platform axes (x,y, z) were rotatedby -2 , -8, - Y,

where Pg Vg 2

the axes would coincide with the reference coordinates. The state vector
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equation for this substate is given by

- - - - - -

a 0 0g 1 0f]a t -Q

;3. o 0oq 01| t,+%, =5
v |= |9 - 0 00|y |+|t,+d

d_ o 0o 0 o0 offd 0

_dyd -o 0.9 A olinded g ]

which has been assumed to be, for angle magnitudes of interest, a valid
representation of the general nonlinear platform dynamics. Qp and
-’-V are the horizontal and vertical components of earth rate at the test

site; d,d v d, are the constant drifts for the vertical, south, and east

gyros; and t_, ty, t, are the torquing rates (if any) applied to the gyros.

It is assumed that the torquing rates, the components of earth rate, and

the east gyro drift are known perfectly, so that the vector on the right re-

presents known forcing c(t) and is independent of the state of the system.
Using the small angle approximations, the south and east accelerom-

eter pulse rate outputs due to platform orientation in the gravity field may

be written as

i
e s A a (11)
po B

where pog and Po, represent the tota.l pulse counts at some instant of tune
and gis the local gravity (cm/sec ). A 1-cm/sec - pulse accelerometer
quantization has been assumed.

Accelerometer pulse rates cannot be instantaneously measured but
the total pulses can be counted which make up the output due to sway vel-
ocity and orientation in the gravity field. Inherent in these measurements,
then, are quantization errors. The meagurements are

m v, - | Pog M (12)
n.= = + +

n
m, va pocs m

The term ”nm" represents the quantization error at every sampling of the
accelerometer pulse count registers. Although the measurement noise is
not normally distributed with zero mean(a requirement for the optimum
filter), and is, in fact, uniformly distributed, the quantization operation is
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assumed a normally distributed error. This viewpoint does not hinder the
optimum filter's estimates of the alignment and gyro drift variables. . It
does degrade the accuracy of the sway variables estimates, which is of
little concern. Also

= 1
<n (Wn (& +7)> = ra sl7) (13)
The measurements are assumed to be made every second.

The state vector is 13-dimensional; the state vector differential
equation is

dx/dt = Fx + ¢ + n() (14)

(See Fig. 7 for x, F, ¢, and n). With the derivation of the model for the
system, the complete optimum linear filter is defined. The accelerometer
pulse count registers will be sampled at constant rates. The estimated
state vector is extrapolated between measurements according to

gv=¢ +c (15)

1>

and the covariance matrix according to

. N (16)

where ¢ and S are precomputed constant matrices for the time step be-
tween measurements, They satisfy the following differential equations:
dS/dt = FS + SF* + N S(0) = 0 (17

d®/dt=F& ®(0)=1 ° (18)

which may be integrated on a digital computer for a time step between
measurements of 1 sec. * At the time of a measurement, g and E are
changed according to Eq. (4). (See Fig. 7 for H, U, and N.)
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Filter Design

Computer Simulations

A complete nonlinear simulation of the inertial platform in a swaying
launch vehicle was made on a digital computer in order to simulate real
accelerometer outputs. The initial misalignments were 1 degree on all
axes; drifts were 10 meru for the vertical and south gyros and zero for the
east gyro. The rms sway in both horizontal directions was 10 cm. The
initial conditions for the covariance matrix were 1 deg2 for the alignment
angles and 100 meru2 for the gyro drifts. All initial cross correlation
terms were assumed zero. The initial estimate of the state was a zero
vector.

The response of the filter was excellent for these conditions. A num-
ber of runs were first made in which the matrix U was varied so as to
cause good agreement between the rms error as determined by the filter
and the actual error. The errors between the estimates and the actual val-
ues of azimuth angle, vertical gyro drift and south gyro drift are shown in
Figs. 8a,b and c. The errors reach small values for the three cases in
15, 40 and 10 min respectively. The errors in the estimates of the two
leveli.ng angles ( 8 and Y) are negligible after the first few measurements.
The estimates of the sway variables are not particularly good but this is
not important. These simulations were run under assumed perfect know-
ledge of east gyro drift because of the classical result that east gyro drift
cannot be identified from azimuth error. The fact that east gyro drift must
be known presents no problem; as seen from Fig.8c, the south gyro can
be calibrated in about 10 minutes and the error shows little sensitivity to
dz. This gyro can then be placed east and a complete calibration and a.lign-v
ment made. (The question of other platform positions is discussed later. )

Design of the Simplified System

The gains for the optimum filter may be precomputed for all trials
since the measurement times will be the same and the a priori assumption
for the statistics of the initial state vector and noises will not change. For
the problem at hand, the implementation of the gains into the system in-
volved, first, the design of a simplified optimum filter. The gains for
each state variable depend on both accelerometer measurements and, in
general, one gain is much smaller than the other and can be neglected. In

this problem all cross-coupling measurement gains are neglected;
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e. g., vertical drift estimation depends primarily on the south accelero-
meter so the east accelerometer measurement gain for vertical drift is
not implemented. Typiically the predominant gains vary as in Fig. 9.
These gains can be approximated by exponentials and straight-line seg-
ments where, at distinct intervals, the time constants and siopes are
changed to continually fit the approximate gains to the true gains. The
gains for the six sway variables quickly reach steady-state values and may
be approximated by three constants.

The response of a. simplified filter is shown in Figs. 8a through 8c.
The process of design enters since it required a number of runs using dif-
ferent slopes and time constants to get a good match with the response of
the complete filter. In fact, in the end, the same exponential gains were
used for bqth pog and Po,; the same exponential gains were used for B
and Y . The total precomputed constants were 3 sway variable gains, 2
initial conditions for exponentials, and sets of the following 5 numbers
which are changed at 10 discrete times: 2 time constants for exponentials
(pos and B ) and 3 slopes for straight-line segments ( o » d., dy)‘

Implementation
A slight variation of this simplified filter was implemented in the

Apollo Guidance Navigation and Control system. Part of the program was
concerned with initialization for platform positions other than the one con-
sidered here. The optimum filter, once implemented, does not change for
other platform positions; the measurements that the filter gets are made to
simulate the standard platform configuration. For example, if the platform
axes were vertical, north and east, and if the sign of the north acceler-
ometer output were changed to siraulate a south accelerometer, the filter
output for the variables in the north direction need only be interpreted as
negative of their true values. Similarly, for some platform positions it is
necessary to resolve the measurements to simulate south and east accel-
erometers.

For some applicaticns, it may be desirable to torque the south gyro
at negative horizontal earth rate. The form of the filter and the filter
gains do not change because perfect torcuing is assumed; just add negative
horizontal earth rate to the extrapolation of the angle g . It has also been
found convenient to extrapolate the alignment angles according to simple
first order {y=g+q di, etc.). The swav variables are extrapolated ac-
cording to a sway transition matrix whose elements can be changed to

compensate for variations in launch vehicle pararneters.
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Once the optimum: filter has been implemented according to the sim-
ple method outlined, it can be readily a.da.pted to various problems of al-
ignment and calibration. For example, consider the following system test
procedure in which the platform axes are identified as x,y,z: 1) run a 10-
min test with x up, y south, z east to determine y gyro bias drift; 2)at 10-
min read out y drift and use the angle estimates to align the platform;con-
tinue to torque the platform at earth rate for 90 sec while counting pulses
from the x accelerometer (vertical); 3) orient thé platform to x down, y
east, z south and run a 10-min test to determine z bias drif.; 4) use the
angle estimates at 10-min to align the platform and then torque for 90-sec
at earth rate while counting x accelerometer pulses; and 5) torque the
south gyro at horizontal earth rate for 45-min more while determining ver-
tical drift (x gyro). The y bias as determined in 1 is d, for this run.

This procedure takes about 68 min after which enough information is
available to determine y gyro bias drift, z gyro bias, the sum of x gyro
bias and acceleration sensitive drift, and x accelerometer bias and scale
factor. One can readily imagine how an automated system test procedure
can be sat up to completely calibrate the system in the swaying spacecraft.
The last step in the program would be an alignment run to ready the sys-
tem for launch. And through all of this, the basic simplified optimum filter
does not change.

Hardware Problems

The primary source of azimuth error is the uncertainty in east gyro
drift which comes about from errors in the calibration of the gyro; the
primary source of vertical drift error is due to variations in the east gyro
drift during a test. If the east gyro has a large drift due to acceleration
along its input axis, then it is desirable to keep the input axis alr.ost hor-
izontal during the test by torquing the south gyro at negative earth rate to
minimize the variations in east gyro drift. Unfortunately, if the bias of the
south gyro changes when it is torqued, then the south gyro calibration will
yield two answers corresponding to ihe torqued and untorqued cases, re-
spectively. (Torquing was done in the system test program. )

Another possible problem area appears when using pulsed integrating
accelerometers. If either horizontal accelerometer has a large dead-zone
for near zero inputs, large transients in the filter output will appear. The
form of the transients will vary depending on the time during the test that
the accelerometer goes through the dead-zone. Vertical drift estimation
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is particularly sensitive to a dead-zone in the south accelerometer. In
some cases a transient on the order of 800 meru has been observed; the
filter never reached the correct value of drift at the end of 45 minutes be-
cause the vertical drift gain is small at the end of the end of the test. As

a practical solution to the problem, the platform is deliberately offset
(between steps 4 and 5 in the system test program) from the vertical be-
fore beginning a vertical drift test so that the accelerometer never goes
through null. This problem is indicative of the strange results that can oc-
cur when the model for the system is incorrect. Philosophically, we have
designed a total system test and as such it should indicate in some manner
out of specification conditions which would then require lower testing. The
model must therefore include all in-spec conditions and the designer's ex-
perience must be used to recognize out-of-spec situations.

Conclusion

The possibility exists for significant reduction in the errors in calib-
ration systems by using statistical estimation techniques that make the
most efficient use of all available information. It also appears likely that
suitable simplificatfons can be made to adapt these techniques to practical
computers as was illustrated with two examples.
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