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AHAJIN3 IMTPOBJIEM TOYHOCTMU IMTPELHU3UOHHBIX
ITPOMBIINIVIEHHBIX POBOTOB

B craree paccmaTpuBaroTCs BOIPOCHI COOTBETCTBHS MEXAHWKHM MAaHUIYIATOPOB MPEHU3UOHHBIX MPOMBIIIIEHHBIX
po6otoB (IITIP) kBanuTeTaM HauWBBHICHIEH TOYHOCTH, YKa3aHHBIM B HOPMAaTHBHOW TEXHHYECKOH IOKyMEHTAIH
W TPaKTHYECKH IAOCTUTHYTHIM B OOJIACTSAX MAIIMHOCTPOUTENBHON, MPHOOPOCTPOUTENHFHON M 3JEKTPOHHOM IIpO-
MBIIIUIEHHOCTH. PaccMmarpuBaroTcs BO3MOKHOCTH CHCTEM MHOTOCBSI3HOTO YIIPABIIEHUS! CIIOAKHBIMH MPOCTPAHCTBEH-
HBIMH MEXaHM3MaMH C M30BITOYHBIMHU CTENEHSIMU CBOOOBI (B ToM umcie manumyistopamu I1T1P); BoamoxHOCTH
CHUCTEM MHOTOKOHTYPHOT'O YIIPABJICHUA IIPHUBOAAMHA TIIIP ¢ NpCIU3NOHHBIMHU JaTYNKaMH JIMHEUHBIX U YTJIOBBIX IIC-
peMelIeHnH, CKOPOCTeH, YCKOPEHHUH, IPaJHeHTOB YCKOPEHHH (B MEPCIIEKTHURE); BOIIPOCH COTIACOBAHMS 3TUX Mapa-
METPOB C ITapaMeTPaMH BBIYUCIUTEIBHON YaCTH CHCTEM YNPABICHUS — Pa3PsITHOCTHIO HU(PPOBBIX AATIYMKOB (00-
nee 20 pa3psAoB), ¢ pa3pelIeHHeM MEHBIIIE YTTIOBOH CEKYH/IbI.

Manumnynstopst [ITTP ncnons3yroorces B ccTeMaX MHOTOCBA3HOTO U MHOTOKOHTYPHOI'O PEryJIMPOBAaHUS U yNpaBiie-
HUSI C JJIEMEHTaMH HCKYCCTBEHHOTO MHTEIUIEKTa, TAKHX KaK CHCTEMBI aBTOMaTrnieckoro peryiupoBanus (CAP),
cucreMbl aBToMarndeckoro ynpasienust (CAY) u cucTeMbl HCKYCCTBEHHOTO HHTEIUIEKTA.

VYkazaHHbIe POOIEMBl PACCMAaTPUBAIOTCS B IIMPOKUX IMpEAeax, BKIIOYas mepexo/] K 001acTsiM HaHOTEXHOJIOTHH,
KOHKPETHO: TPH JIMHEHHBIX (HAHOMETPHI) U YIJIOBBIX (COTHIEC IOJIM YTIIOBBIX CEKYHJ) M3MEPEHUAX, a TAaKXKe IPH U3-
MEpPEHUHN CKOPOCTEH, YCKOPEHHWW M TPaJUEHTOB YCKOPEHWH (B MEPCHEKTHBE — JUISI CUCTEM C 'UeJIOBEKOM-
omepaTtopoM" B KOHTYpeE, T.€. cucTeM "denoBek — MamuHa" (CUM)).

PaccmarpuBaercst oOecriedeHne TOYHOCTH MO3UITHOHNPOBaHUs [IP mpy HEBBICOKOW TOYHOCTH W3TOTOBICHHS €T0

QJICMCHTOB 3a CYCT CUCTCMbI YIIPABJICHUA.

K. cn.: npomsinuiennstit pooot (I1P), manumynsatop, keamuretsl TouHocTH, CAP, CAY, CUU, nperu3noHHbIe
JIaTYMKU MEXaHUIECKUX BEITUYHH, TOYHOCTh MPEIU3UOHHBIX JaTYMKOB, YEIOBEK-0NEpaTop, CUCTEMA

"genosek — MammHa" (CUM)

BBEJEHUE

[Ipeunsnonnsle npomeinuieHHbie podoTsl (III1P)
OTHOCSTCS K KJIACCY BBICOKOTOYHOI'O TEXHOJOTHYE-
CKOTO 000pyIOBaHMS, TOYHOCTh KOTOPOTO YK€ B Ha-
CTOAIIEE BpEMs OIpPENeNsIeTCs 3HAYEHHUSMHU EIUHUIL
U J10JIE MUKPOMETPOB.

JanbHellee COBEPIICHCTBOBAHWE M Pa3BUTHE
IITTP nper upe3BbIYaliHO BBICOKHUMHU TEMITAMU.

OTO onpemesiercsi NOCTOSHHBIM IOBBILICHHUEM
TpeOOBaHUH K TOYHOCTH MO3MLIUOHUPOBAHUS U BBI-
TIOJIHCHUIO TpPaeKTopui TmepememieHus dddexTopa
pobota. IlpumMepoM MOXKET CIyXHTh HCIOJIb30BaHHUE
npomeinuieHHoro po6ora (IIP) mis wmsroroBmenus
1 cOOPKH MUKPORJIEKTPOHHBIX KOMIIOHEHTOB.

Bremmonnenne »Tux TpeOoBaHMI oOmpenensercs
JIBYMs TpyIIIaMu (pakTopoB, a UMEHHO:

— (aKTophl, CBSI3aHHBIE C TOYHOCTBHIO H3TOTOBIIC-
HUS eTanel poboTa U KECTKOCTHIO MX COWICHEHUS;

— (baKTOpbI, CBSI3aHHBIC C CUCTEMOW YIpaBIICHUS
I1P.

[epBas rpynma ¢akTopoB MPaKTHYECKH HCUEpIia-
Jla CBOM BO3MO>KHOCTH IO BJIMSIHHIO HA HOIPEIIHOCTH

no3unroHupoBanus dpdexropa podoTa. B HacTosmee
BpeMsI MEXaHHUYECKOE MPOM3BOJCTBO OO0ECIeUnBaCT
MOTPENTHOCTH M3TOTOBJIEHUS Pa3MEpoB JeTayei, co-
CTaBJISIIOLIUE AOJU MOJEH AOIMYCKOB, ONPEAENIIeMbIX
l'ocynapcTBeHHON HOPMATUBHOM  JOKYMEHTALUEH,
1 JIOCTHTJIO CBOETO (PU3UYECKOTO TIpe/Iena.

Bropas rpynma oT4acTd NO3BOJIIET YMEHBIIUTH
TIOTPEITHOCTH TO3UITUOHUPOBaHUS d(h(PEKTOPOB po-
00Ta 3a cueT NpUMEHEHHE CIIEIMAIbHBIX CXEM yIpaB-
neHus. DG (QEKTUBHOCTh TAKOTO TMOAXO0JA OIPEIeIIs-
eTcsl OOJIBIIMM OITBITOM YIPAaBICHHS CIOXHBIMH 00b-
eKTaMH, HampuMep CcTadWiIM3alueil BO3BpamacMbIX
MOAYJIEH KOCMUYECKUX allapaTroB Hpu mnocaike. Ta-
KOH MMOJAXO/] TTO3BOJIIET pealn30BaTh MPUHIIUIIBEI MHO-
TOCBSI3HOCTH cucteM ympasienus [IP, a B psaae ciy-
4yaeB UCIOJIb30BATh B KOHTYpPE YIPABICHUS UEIOBEKa-
omneparopa. OCOOEHHO aKTyaJbHBIM BOIIPOC yBEJIHUC-
HUS TOYHOCTH  ITO3WUIIMOHUpPOBaHUS  3dderropa
3a CUeT MPUMEHEHUS CIIEIHAIBHBIX CXEM YTIpaBJIECHUS
ctaHoBUTCS Ui noABMkHbIX [IP, mepememaromuxcs
OTHOCHUTEJIbHO TPOTSHKEHHOTO 00BEKTa MaHHITYJINPO-
BaHUS.
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Cucrema CuHcTeMa MHOTOCBAZHOTO K
TEXHHYECKOTO L, YIIPABJIEHUS » [IPHB O AM
3PEHU IpHEOfAMH poSoTa pobora
T TeopeTimeckoe (xenacmoc) l
TIOIOMKECHHE

- CHcTeMa
BHISOKOHTPOII
geIoBeKa-
oIreparopa

CXBEara

!

Puc. 1. Kunematudeckas cxeMa Mperu3HOHHOTO MPOMBIIUICHHOTO po00Ta C CUCTEMO#
MHOTOCBSI3HOTO YTIPABJICHUSI U YEIOBEKOM-OMIEPATOPOM B KOHTYpE YIPABICHUS
(mounocms IIP npu MHO20C8A3HOM YNPABIEHUU BCeMU 386eHbAMU pOOOMA onpeodensien-
CA pasHuyell 8 NON0NCeHUAX Yele8oM U PeanlbHOM 3aX8aMHO20 YCMpOUCmea)

MPOBJEMbI TOUHOCTHU KOHCTPYKIIAM
MEXAHUM3MOB MAHUITYJIATOPOB POBOTOB

B Hacrosimee Bpems pa3paboOTaHO IOCTATOYHO
MHOTO KMHEMaTH4eCKHX CHCTEM H, COOTBETCTBEHHO,
BapHAHTOB KOHCTPYKIMH MEXaHM3MOB MaHHWITYJISTO-
pos IIP u IIIIP, nmpudyem npakTU4ecKu Uil BCEX IPO-
MBIIIIEHHBIX TTpon3BocTB [0, 1].

IIpumep onHoM u3 kuHeMarudeckux cxem IIITP
MpeJcTaBlieH Ha pHc. 1.

OTa cxemMa WUTIOCTPUPYET SIBIICHWUE HapacTaHUs
CYMMAapHOM MOTPEIIHOCTH KOHCTPYKIUH "yCIOBHOTO"
[P, wHakannuBaroLWEics W  yBeIUYMBAIOLIEHCS
ot "0a30Boro" aneMeHTa (OCHOBaHUS) K MOCIICAHEMY
3BeHy KHHEMAaTHYECKOW LIEMTH 3BEHbEB MaHHUITYJISTOPA,
HecylieMy cxBaT ¢ padounm uHcTpymeHToMm IIIIP [2,
3].

AHannu3 TakoW CXeMbl IO3BOJIAET KaK OLICHHUTh
B IIEJIOM BO3MOXXHbIE peallbHbleé WHAWBHIYaJIbHbBIE
tounoct MexaHuku III1P 6e3 cucrembr aBTOMaTHde-
CKOTO YIpaBJIeHUs, TaK U c(HOPMHUPOBATH TPeOOBaHMS
K cucteMaM ynpasienus [1T1P.

CUCTEMBI YITPABJIEHU A
NPENU3NOHHBIMHA POBOTAMU
(CTPYKTYpHBIE CXeMbI)

Cucrems! ynpasienus I[IIIP cymectBeHHO crox-
Hee CHCTEM YINpaBJleHHs poOOTaMH OOIIETIPOMBILI-
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JICHHOTO MpUMEHEHus, T.K. cucteMbl [IP mpoexTupy-
I0TCS. B OCHOBHOM B COOTBETCTBHM C METOJIaMH TEO-
pUH aBTOMATHYECKUX CHUCTEM YIIPABICHUS U PETYIIH-
poBanus (CAY, CAP), Torma xak cucteMbl yrnpasJe-
Hus [P BKIIOYAIOT TaKXKE€ CUCTEMBI C 3JIEMEHTaMU
uckyccrsennoro wuHremiekra (CHUU, CAY, CAP),
a "cepxmnpernusuonnele" I[P Bximouaror eme cu-
CTEMBI C YeJIOBEKOM-OIIEpaTopoM B KOHTYpE B Kade-
cTBe KOHTpoJbHBIX (CUM) [4, 5].

Hecmotpst Ha pa3muumsi BceX yKa3aHHBIX BBIIIE
CUCTEM, MpPU NPOEKTUPOBAHUM U ympaBiaeHuu IIP
u IIITP npenBapuTenbHO pa3feibHO PacCMaTpUBAIOT-
CsI CUCTEMBI (TTOJICHCTEMBI):

* MHOTOMEpPHEIE,

* MHOTOCBSI3HBIE,

* MHOTOKOHTYpPHBIE,

* CHCTEMBI C YEIOBEKOM-0IIEPaTOPOM B KOHTYPE.

Muozomeprnocms  XapakTepuszyeTcsl OIpeJesieH-
HOM HE3aBUCUMOCTBIO KaHanoB ynpasneHus IITP (ux
aBTOHOMHOCTEIO).

Mnozoceazannocms yUpaBlIeHUS MHOTOCTEICH-
HBIMA MEXaHM3MaMH MaHUITYJIATOPOB 3aKJIF0YacTCs
B ONTUMH3AIWU TOCIEAOBATEIBHOCTH YIPABICHUS
3BEHBSIMH MAaHUITYJISATOPA, Ja)Ke BBIKIIOUEHHUS OT-
JIeNBHBIX KaHAIOB, (OPMHPYsS TaKyIO TPYIIY OCTaB-
IIMXCS BKJIIOYCHHBIMH 3BEHBEB, KOTOPasi 00eCIieynBaeT
MHHUMYM TIOTPEITHOCTH TO3MLIUOHUPOBAHUS CXBaTa
MaHHMITYJIITOpa (CXBara, paboyero MHCTPYMEHTA).
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BrmoaHble CHTHAEL IIpocTpaHcTEO S30HBI MIAIIHX
npueoaos IIIIP ¢ MOTpelrHoCTeH paspanos mudpPOBEX
NOTPelIHOCTAMHU npHeonos TP JaTYHKOE IIPHEOIOE
MO3HITHOHHP OBAHHA TP
(mpiveps)
Tunosoe
(e THMHITIHOE) JomycTHnMEe
CTYIIeHUATOS x(1) TPAaHHIIEL
BO37eficTBHe P " TIpoCcTpaHCTBa
HA BXOIAX e \ \\ ; = TIOTPEeImHOCTe
npuBoJoE [P i L {}‘\\ 3 npuE0J0E [P
L Y
t

Puc. 2. Mnmoctpanun nepexoaHsIx mpoueccoB B nmpuBogax [1I1P 6e3 oOpaTHOii cBsi3n
IIPY TUTIOBOM (E€AMHUYHOM CTYIIEHYaTOM) BO3JICHCTBUN

EcTtecTBeHHO, 9TO Takoil alTOPUTM YIIpaBIICHUS
peanu3yeM TOJNBKO JUIsl CIOKHBIX KHHEMATHYECKHUX
CXeM MaHHITYJIATOPOB, JOMYCKAIOIUX COKpalleHue
B TIPOLIECCe YMPABICHUS HEKOTOPOTO YUCHA CTEIICHEH
NBIDKCHUS TIPH COXPAHCHWHM BO3MOXHOCTH peajin3a-
UMW 33JaHHOTO TEXHOJOTHYECKOTO MpoIecca H3ro-
TOBJICHUS] KOHKPETHBIX W3/ICITHA.

[Ipu »TOM MeTOABI CHHTE3a TAaKUX aJTOPUTMOB
YIIPaBJICHHUS] MOTYT OBITH JOCTATOYHO MPOCTHIMH, T.K.
qucino creneHeld cBoboabl coBpemeHHbIX [IIIP, kak
MPABUJIO, HE TIPEBBIMIACT HIECTH, U MOTYT OBITh JIETKO
cMopenupoBansl Ha T1K.

Kpome Toro, moxer OBbITH JOMYyIICHA BO3MOX-
HOCTh HMCKYCCTBEHHOTO BBEICHHS JOIOJHUTEIHHBIX
CTerneHel CBOOO/IbI MAHMITYJISTOPOB ISl PACIIMPEHUS
BO3MOXHOCTEH ONTHMM3ALUU TPACKTOPUNA JABUKCHUS
ero cxpara (MHCTpPYMEHTa) C UENbI0 MHHAMH3AIUU
WHTErpaJbHON OIMMOKN NBIKCHUS WU TO3ULMOHUPO-
BaHMS.

Takue TexHUYECKHE pEHICHUs YK€ NpocMaTpuBa-
JUCh B CIIOKHBIX TPOCTPAHCTBEHHBIX MEXaHU3MaX:
KaK KOHCTPYKLMSX, TaK U QJITOPUTMAX YIPaBICHUS
MU, HAlIpUMEP B TpPEHaXKEpax PyJHOTO YIIPaBICHUS
KOCMHYECKAMHU KOpaOJIsIMH, B KOTOPBIX OBLIN BBeJe-
HBI JOTOJTHUTEIHHBIC CTETICHH CBOOOJBI B CIIOKHEIE
MPOCTPAaHCTBEHHBIE  MEXaHW3MBI, WMHUTHPYIOIINE
"fraBHoe" BpalleHHE KOCMHMYECKOTO JIETaTeNIbHOTO
armapata (KJIA) oTHOcHTENbHO MMHTATOPOB 3BE3J-
HOTro Heba [6].

Mnozokonmypnocms XapakTepu3yeTcs BBEICHH-
€M B KOHTYpHI YIPAaBICHHUA KaXIBIM KaHAJOM KOp-
pekTupytomied  uHGOpPMAaLUMU [0  MPOU3BOJHBIM
OT (YyHKIWH 3aJaHHBIX TPACKTOPHH IBWKEHHS HHCT-
pyMmenTa: mo ckopoctu (1-1 mpousBoAHas1), MO yCKO-
peHuio (2-1 mpou3BOAHAS), a TaKXe, BO3MOXKHO,
0 TpaJeHTy yckopeHus (3-s mpousBoanas) [7].

Takue anroput™el (BBEJEHHE BBICUIMX MPOU3BOJ-
HBIX) y’K€ MPOCMaTPUBAJINCh B aJTOPUTMAaX PYYHOTO
yhnpaBieHHs TpEeHaKEpPaMHu KOCMHUYECKUX Kopaliei,
T.K. Obl1a 0OHapy’KeHa YyBCTBUTENBHOCTh OPTaHN3Ma
yenoBeka-oneparopa (muiotoB JIA, KJIA) k rpaauen-
Ty yckopeHus (3-s MPOW3BOAHAS) TPHU XAOTHIHOM
BpallleCHUM MX OTHOCHUTENBHO IIeHTpa Macc. He wuc-
KIIOYeHa CHTyalus BBEJIEHHS B TEPCHEKTHBE
B ynpasinenue I[P mpousBogHbix Oojiee BBICOKHX
NOPsIAKOB — 4-r0, 5-r0 U T. 1.

Pemaromee 3HaueHue B oOECHEUE€HHMH TOYHOCTH
[P uMeroT nepexogHble MPOLECCHl, BO3HHMKAIOLIHME
NpU OCYLIECTBICHHH pPa0oO4MX IBMKCHUH 3BCHBHEB
pobora.

Peanuszanmst 3asBIEHHBIX TNPUHIMIIOB NPUBOIUT
K BO3MOXXHOCTH YIIPABJICHUS! TaKUMH IE€PEXOJHBIMU
IIPOLIECCaMHU.

[Ipumeps! iepexoAHBIX MPOLIECCOB B TAKUX CHCTE-
Max TIpeJICTaBIeHBI Ha puc. 2, 3, 4.

Cucmembl ¢ ueno6ekom-onepamopom é KOHmype
XapaKkTepu3yloTcs (OPMHPOBAHHEM  MapauleNIbHO
KOHTypaM aBTOMATHYECKOIO YINPaBJICHUS MaHHITYJIS-
TopaMu (CM. BBIIIE pHC. 1) KOHTypa C YEIOBEKOM-
OIepaTopoM (TpyIIONH ONEepaToOpoB), BBIIOIHSAIOLINM
¢GyHKUINY:

* BO-IIEPBBIX, KOHTPOJIb TOYHOCTH JIBUKEHHS H I10-
3ULIMOHMPOBAHUA CXBaTa MaHMIyJIATopa (c pabounm
WHCTPYMEHTOM) MNpU peaju3alud 3aJaHHOTO TEXHO-
JIOTHYECKOTO MPOLIECCa;

* BO-BTOPBIX, BBIIIOJHEHHE Oo0Jiee TOYHBIX YIIpaB-
JISTOMINX JIEHCTBUM MaHHITYJISITOPOM OJaromapsi mpu-
MEHEHHI0O B Ka4yeCTBE [aTYMKOB OLEHKHA KayecTBa
JBUKEHUS U TO3ULMOHUPOBAHUSI BBICOKOTOUHBIX OII-
THYECKHUX CUCTEM.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2021, Tom 31, Ne 4
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. 30OHBI MK

Bexoamble AETOKOIeDATe BB PA3PAIOB HDPOBEX

qma:ﬂnﬂmm JATYHKOE IPHBOIOB

Eﬁpmoaonl’ﬂ'@ KOIebATelIbHELI ¢ Iorp

663 EROREHMS nepeperyIIpoBaHHen

TIPOH3BOIHEIX

B VIIpaBIeHHe KonebaTelIsHBIE De3 I panuE

' NepeperyIHpoBaHHa TIpOCTpPaHCTBA
} OorpelmHoCcTed

Tumosoe x(7) aTlepHO THYe CKHi npusoaos [P
(e IMHITIHOE) ST - ——
CTYTeHYaTOR _ ] /, -
BO3OeficTENE ' IIpocTpaHCTBO
HAa BXOJax p \lgp TOTpelmHOCTed
npusonos IITTP ¢ npHeonos IR

Puc. 3. Mmumtoctpanuy nepexogHbix nporeccos B npusoaax [P ¢ oOpatHo# cBs3bI0
T10 TIO3UIIMOHNUPOBAHUIO ITPU TUIIOBOM (E€AMHMYHOM CTYIEHYATOM) BO3JICHCTBIN

BEIXo0OHBIE CHTHATIEL

3OHBI MIATITHY TIpocTpaHcTBO
SITH3HOHHEIX IIPHEOZ0E PazpaIoE THAPOEEX TIOTpeImHocTeH
TIPH BEQISHHH IIPOH3BOHBIX B JATYHKOE IPHEOIOB npueogos [P
ypasinenne [ITTP TILIP
Tumogoe
(e gHHHYIHOE)
CTyIeHYI4TOoR T'panms
BO3OeficTEHE x(t) OCTpPAHCTBA
Ha BXOoJax A —A A TMOTPeInHOCTeH
npusonos ITTIP — 1 npHeo 08 ITTTP
t
T nepexomubiii
TIpoIecc
«—»"Po

Puc. 4. Nnroctpanyu nepexoaHbIX mporeccoB B mpuBojax [IIIP ¢ BBeneHnem
MIPOU3BOJIHBIX B YMPABISIONIUN CUTHAT MPU THUIMOBOM (€IMHUYHOM CTyTEeHYA-

TOM) BO3JICHCTBUN

Husa storo B xoHCcTpykmmsix I[P tpebyercs wnc-
MOJIb30BaHNE BBICOKOTOYHBIX IHM(POBBIX JaTYHKOB!
MEpEMEILICHUM, CKOpPOCTEH, yckopeHuil. B nenom mx
INPUMEHEHHE NMPUBOAUT K 3PPEKTUBHOMY U TOUHOMY
yrpasineHuro MmanunyJssitopamu IITP B mpocTpaHcTBe.

[Ipumepsl,  HIUTIOCTPUPYIOIIME  KOHCTPYKLUHU
U TEXHUYECKHE XapaKTEPUCTUKU MPEIU3UOHHBIX
MA(POBBIX MTATINKOB (PHKOACPOB — B COBPEMEHHOM
TEPMMHOJIOTUHN) JTUHEHHBIX U YIJIOBBIX MEpEMEIeHUN
3BeHbeB ManunysTopos I1I1P, mpusenens: B [8, 9].

W3 ananmmza TEXHUYECKHX XapaKTePUCTUK JTHUX
JTATYNKOB CTAHOBUTCS] OYEBUAHBIM, YTO COBPEMEHHBIN

HAVYYHOE [NIPUBOPOCTPOEHME, 2021, Tom 31, Ne 4

ypoBens touHoctu IIIIP yxe mpubmmkaercs x Ha-
NpaBJIeHUSM "HAaHOTEXHOJIOTHH" B 00JacTAX MeXaHH-
ku u ynpasineHus [IIIP — c¢ ydyeTroM BBeAcHUS
B YIOPAaBIAIONIME CHUTHAJBI BBICIIMX IPOU3BOIHBIX
OT yHpaBJsOUMX (YHKUUH, IPH YCIOBUM NPHUMEHE-
HUS TU(POBBIX IATYNKOB C YUCIOM JBOWYHBIX pa3psi-
0B mopsigka >> 21 u paspemeHueM << | yriu. ce-
KyHZBI, T.€. C XapaKTepUCTUKAaMH, CYIIECTBEHHO Mpe-
BBIIIAIONIVMMH JATYUKHU Ul TPOCTEUIINX alrOPUTMOB
TOJIBKO TMO3UITMOHHOTO yrpasieHus (<< 20 pa3psaos,
C paspeuieHuemM >> | yri. ceKyH/bl).
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Ha cerognsammnmii A1eHb NPOMBIIUIEHHOCTh BBIMYyC-
KaeT UU(pOBbIE JATYMKH JHMHEHHBIX IEepeMENICHUMI
(3HKOZEPBI), TOYHOCTh U Pa3peLIeHNe KOTOPbIX JOCTH-
ral0T HECKOJIBKUX JIECITKOB HAHOMETPOB. AHAJIOTMYHO
pa3peleHre yIIIOBBIX 3HKOACPOB IOCTUTHYTO B 1Uana-
30HE J10J1eH yrioBo# cexyHasl (= 0.0020625").

OCOBEHHOCTHU AIIITAPATYPBI YITPABJIEHUSA
INPUBOJAMU MAHMITYJATOPOB
C BBICOKOPA3PAJIHBIMHA HUP®POBBIMHA
JATIYNKAMMA

[lepBoii 0COOEHHOCTHIO MPUMEHEHHUS! BBICOKOPA3-
PAAHBIX IU(PPOBBIX NAaTYMKOB SBISETCS HEOOXOIH-
MOCTB CTPOTOTO COINIACOBAHHSA CKOPOCTHBIX MapameT-
pOB IBMKEHHSA CXBaTa MaHHIyJsITopa (c padodnm
MHCTPYMEHTOM) C TEXHOJOTHYECKUMU PpPEXUMaMHU
M TpoleccaMH KOHTPOJIS YeJIOBEKOM-OIepaTopoM
¢ynaxmmonuposanwust [111P B kommiekce.

3710 00YCIIOBICHO YpE3BbIYAHO MaJbIMU 3Haye-
HUSMHU paboumx maroB cxBata Manumyistopa I[P,
MaJbIMU JIUTEIBHOCTSIMH TAKTOB JUCKPETHU3aLlUU
TPaeKTOPUH ABIKEHUS, HU3KUMH 3HAYEHHUSIMH "TIOJ-
3y4qux" CKOpOCTEH BO MHOTHX IPOLECCAX, HHOTAA Ja-
’K€ He BOCIIPUHHMMAEMBIX TJ1a30M YeJI0OBEKa-oneparopa
0e3 COBPEMEHHBIX BBICOKOTOYHBIX  OINTHYECKHX
CpeAcTB (CM. BBIIIE MPUMEPHI CUCTEM C YEJIOBEKOM-
OTIepaToOpoOM B KOHTYpE).

PaccmoTtpum npumep pacueta mapameTpoB CKOpO-
CTH [IBW)XEHUs cxBaTa (pabouero oprana) [IIIP
JUTsl KOHKPETHOTO TEXHOJIOTMYECKOT0 MpoLecca:

* MycTh 3aJlaHHas paboyasi CKOPOCTb JIBHKCHMS
cxBaTa MaHumyjsaTopa (Tpedyemass IO 3aJaHHIO
Ha TEXHOJIOTMYEeCKHH Tpouecc) — 1 MM/c;

* pa3psIIHOCTD AATYHKOB (IHKOJEPOB YIJIOBBIX Tie-
peMelieHnit) npuBoI0B MaHuMysiTopa — 20 aABOMY-
HBIX pa3panoB (1296000 nB. ex.); 1eHa OJHOTO pas-
psana:= 1 yri. c;

e mar (JUCKPETHOCTh) TPAEKTOPUH TEXHOJIOTHYe-
CKOro npouecca — 1 HM;

* yacTOTa 3aJalolLIero TreHepaTopa YIpaBIEHUS
JaTYuKaMu nonoxkeHus — 1 I'T;

* TAKMM 00pa3oM, UTOTOBasi CKOPOCTh paBHa Iepe-
MelleHno 1 HM 3a 1 mar guckperusanuu, T.€. COOT-
BETCTBYET 3aJJaHHON CKOPOCTU pabouero MHCTPYMEH-
ta 1 MmmM/c.

OTOT mpUMep WUTIOCTPUPYET MPH HUCIOIB30BAHUU
COOTBETCTBYIOILIMX NATYMKOB BO3MOKHOCThH IEepeMe-
LIEHHUS C HAHOMETPOBOM NOTPELIHOCTBHIO MPU Pa3yM-
HOM TEXHOJIOTMYECKOH CKOPOCTH TepeMemeHus 3¢-
¢exTopa.

BTopoii 0COOEHHOCTBIO SIBIISICTCSI BBEJICHUE B KOH-
Typax yMpaBJIeHHUS MMPOWU3BOJHBIX BBICIINX MOPSIKOB
(1-ro, 2-ro, BO3MOXHO, 3-T0), 4TO TpeOyeT mpuMeHe-
HUSl TUQGPOBBIX JTAaTYUKOB C YBEIUYCHHBIM YHUCIOM
JIBOMYHBIX Pa3psioB (CBEPX TOTO KOJUYECTBA, KOTO-
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poe HeoOXOAMMO TOJBKO JUIsl CAMOM MPOCTOH 3aja-
Yy — TIO3UIIMOHUPOBAHUS MaHUIYJISATOpa, 0e3 ydera
Ka4decTBa MEPEXOIHBIX MPOIIECCOB).

OO1ee 4nCiI0 paspsioB IpU 3TOM OyJIET orpene-
JSTBCS B 3aBHCHMOCTH OT METOAOB IU(POBOTO AM(]-
(depeHupoBaHus, HO B JIIOOOM cllydae OHO Oyner
0OJIBITIIE HEOOXOIUMOTO TSI POCTOTO MTO3UIIHOHUPO-
BaHUs, M ATO MPHUBEIET K YCIOKHEHUIO KaK allTOPHT-
MUYECKHX, TaK U KOHCTPYKTOPCKUX PEUICHH.

3AK/IIOYEHHUE

AHanu3 COBpEMEHHBIX KOHCTPYKIMI MEXaHH3MOB
MaHHUIYJSITOPOB U cucrteM yrpasienus IIIIP nmo3so-
JsieT chOpPMyIMPOBATh CIEAYIOIINE BHIBOIBI.

1. CoBpemenHsie KOHCTpyKiuH "mexanuku" TITTP
JOCTUTTIM YPOBHS, COOTBETCTBYIOIIErO HAWBBICIINM
KBaJUTETaM TOYHOCTH, YKa3aHHBIM B TaOJiHLax Jo-
myckoB 1 mocagok ECJIII, ucmonp3yeMbIM B MaIlIMHO-
CTPOUTENBHBIX M MPHOOPOCTPOUTENBHBIX MPOU3BO-
CTBax.

2. JIOCTHUTHYTBIE pE3yJNbTaThl MOATBEPHKIAIOTCS
MyOIUKAUsIMA TEXHUYECKUX MaHHBIX IO CO3JIaHHUIO
KOMIUIEKCOB KaK COOTBETCTBYIOIIMX KOHCTPYKLUHI
MaHHUIIYJISITOPOB, TaKk U cucreM ynpasineHus IIITP
B LIEJIOM.

3. AHanM3 TEMIIOB Pa3BUTHsI TEXHOJOTMH KOHCT-
pyupoBanus u npoussoncrsa IIIIP nmo3posnser Haxe-
ATbCA Ha JANbHEHIIEe pa3BUTHSA OTpaciied MallliHO-
CTpOEHHS U NMPHOOPOCTPOEHUS KaK B YaCTH Mepexoja
K JIOCTH)KEHHIO emie 0oJjiee BBICOKMX TOYHOCTEH KOH-
crtpykumii u ynpasieHus [ITIP, Tak u B HanpaBieHUU
paclIMpEeHUs U UCIOJI30BaHUS Pa3sHOTO BUJA HOpMa-
TUBHBIX MaTepHajoB (B TOM 4Hcie TabJIHIl AOMYCKOB
Y TI0CAJIOK, YKa3aHHBIX BHINIE) C JAaHHBIMHU YXe B 00-
JIACTSIX HAHOMETPHHU: PACIIUPEHUEM JIHANa30HOB W3-
MEpPEHUI JMHEMHBIX W YIVIOBBIX  BEJIMYUH, Bpe-
MEHHBIX OTpPEe3KOB (HAHOMETPOB, HAHOCEKYHH), ThI-
CSIYHBIX JIOJIEH YIVIOBBIX CEKYHJ U T.J.

Taxum obpa3om, B 1aHHOU paboTe mpobiema mpe-
IIU3UOHHOCTH POOOTOB PACCMOTPEHA C CAMBIX Pa3HBIX
CTOPOH, C YYETOM HOBEHIINX TEOPETHUUECKUX U MpaK-
TUYECKUX JOCTHKEHUI M MpPH TOM C yKa3aHHEM pe-
ANBHBIX IPUMEPOB M3 Pa3HBIX 00JIaCTe HAYKH M TeX-
HUKH B 4aCTU KOHCTpyUpoBaHus U ynpasienus [111P.

Paboma svinonnena 6 pamxax 2ocydapcmeennoco 3a0a-
Hust Munucmepcmea svicuie2o obpazosanus u nayku Poc-
cuu, Homep memwvl FSFF-2020-0015.
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ANALYSIS OF ACCURACY PROBLEMS
OF PRECISION INDUSTRIAL ROBOTS

S. V. Vantsov, V. A. Sokolov, O. V. Khomutskaya

Moscow Aviation Institute (National Research University), Moscow, Russian Federation

The article highlights the issues of compliance of the mechanics of manipulators of precision industrial ro-
bots (PIRs) with the highest accuracy standards specified in the normative technical documentation and practi-
cally achieved in the fields of machine-building, instrument-making and electronic industries. In the spotlight
there are the possibilities of systems of multi - connected control of complex spatial mechanisms with excessive
degrees of freedom (including manipulators of PIRs), the possibilities of systems of multi-circuit control of PIR
drives with precision sensors of linear and angular displacements, velocities, accelerations, acceleration gra-
dients (in the future), the issues of matching these parameters with the parameters of the computational part of
control systems — the bit depth of digital sensors (more than 20 digits) with an resolution of less than an arc
second.

PIR manipulators are used in systems of multi-connected and multi-circuit regulation and control with ele-
ments of artificial intelligence, such as automatic adjustment systems (AASs), automatic control systems
(ACSs) and artificial intelligence systems (AISs).

These problems are considered in a wide range, including the transition to the field of nanotechnologies, spe-
cifically: for linear (nanometers) and angular (hundredths of arc seconds) measurements, as well as the mea-
surements of velocities, accelerations, and acceleration gradients (in the future — for systems with a human op-
erator in the loop, i.e. human-machine systems (HMSs)).

Keywords: industrial robot, manipulator, accuracy qualifications, ACS, AAS, AIS, precision mechanical value sensors,

precision sensors, human operator, human-machine system

INTRODUCTION

Precision industrial robots (PIRs) belong to the
class of high-precision technological equipment, the
accuracy of which is already determined by the values
of units and fractions of micrometers.

Further improvement and development of the PIRs
is proceeding at an extremely rapid pace.

This is determined by the constant increase in the
requirements for positioning accuracy and execution
of the robot effector trajectories. An example is the
use of an industrial robot (IR) for manufacturing and
assembling microelectronic components.

Two groups of factors determine whether these re-
quirements are met, namely:

— factors related to accuracy of manufacturing of
robot parts and rigidity of their articulation;

— factors associated with the IR control system.

The first group of factors has practically exhausted
their ability to influence the sinfulness of the robot
effector positioning. Currently, mechanical production
allows manufacturing errors in the dimensions of
parts, equal to no more than a fraction of the tolerance
fields, determined by the State Regulatory Documen-
tation, and has reached its physical limit.

The second group partially reduces the positioning
errors of the robot effectors due to the use of special
control schemes. The effectiveness of this approach is

determined by extensive experience in managing
complex objects, such as stabilizing reentry spacecraft
modules during landing. This approach makes it poss-
ible to use the principles of multi-connectivity of the
IR control systems, and in some cases to use human
operator in the control loop. The issue of increasing
the effector positioning accuracy due to application of
special control schemes becomes particularly relevant
for locomotive IRs, moving relative to extended ob-
ject of manipulation.

STRUCTURAL ACCURACY ISSUES OF
ROBOT MANIPULATOR MECHANISMS

Currently, quite a lot of kinematic systems and, ac-
cordingly, design variants of the mechanisms of the
IR and PIR manipulators have been developed, and
for almost all industrial productions [1, 2].

An example of one of the PIR kinematic schemes
is shown in Fig. 1.

Fig. 1. Kinematic diagram of a precision industrial robot
with a multi-link control system and a human operator in|
the control loop

(IR accuracy in multi-link control of all robot links is de-|
termined by the difference in target and real positions of

lgripper)

116



AHAJIN3 TTPOBJIEM TOYHOCTWU IIIIP

This scheme illustrates the phenomenon of increas-
ing the total error of sample PIR design, accumulating
and increasing from the base to the last link of the ki-
nematic chain of the links of the manipulator, carrying
the grip with the PIR working tool [3, 4].

The analysis of such a scheme lets both to evaluate
possible real individual accuracy of PIR mechanics
without automatic control system in general, and to
generate requirements for PIR control systems.

PRECISION ROBOT CONTROL SYSTEMS
(structural diagrams)

Control systems of the PIRs are significantly more
difficult than control systems of robots for common
industrial application since the IR systems are pro-
jected generally according to methods of the theory of
automatic control and regulation systems (AASs,
ACSs), whereas PIR control systems include also sys-
tems with elements of artificial intelligence (AISs,
AASs, ACSs), and "over-precision" PIRs also include
systems with a human operator in the loop as control
ones (HMSs) [5, 6].

Despite the differences of all above mentioned sys-
tems, following systems (subsystems) are to be consi-
dered separately prior to IR and PIR design and con-
trol:

* multidimensional;

e multi-link;

* multi-loop;

* systems with a human operator in the loop.

Multidimensionality is characterized by a certain
independence of PIR control channels (their autono-
my).

Multi-link control of multi-degree mechanisms of
manipulators lies in optimization of sequence of ma-
nipulator links control, even disconnection of individ-
ual channels, forming such a group of links that re-
main active, that provides minimum error of manipu-
lator grip (working tool) positioning.

Naturally, such a control algorithm is implemented
only for complex kinematic schemes of manipulators
that allow reducing a number of motion degrees in the
course of control process, while maintaining the pos-
sibility of implementing a given technological process
of manufacturing specific products.

At the same time, the methods for synthesizing
such control algorithms can be quite simple, since the
degrees of freedom of modern PIRs, as a rule, does
not outnuber six, and can be easily modeled on a PC.

In addition, it may be possible to artificially intro-
duce additional degrees of freedom of the manipula-
tors in order to expand the possibilities of optimizing
the motion paths of its grip (tool) in order to minimize
integral motion and positioning error.
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Such technical solutions have already been seen in
complex spatial mechanisms: both structures and their
control algorithms, e.g. in simulators for manual con-
trol of spaceships, in which additional degrees of
freedom were introduced into complex spatial me-
chanisms that simulate the smooth rotation of a space-
craft relative to starry sky simulators [7].

Multi-loop control is characterized by introduction
of correcting information into control loops by each
channel. The information is on derivatives from the
functions of the given tool paths: speed (1st deriva-
tive), acceleration (2nd derivative), and also, possibly,
acceleration gradient (3rd derivative) [8].

Such algorithms (introduction of higher deriva-
tives) were already seen in the algorithms for manual
control of spacecraft simulators, since the sensitivity
of the human operator body (aircraft and spacecraft
pilots) to the acceleration gradient (3rd derivative)
was discovered when they were randomly rotated
relative to the center of mass. The situation of intro-
duction of derivatives of higher orders — 4th, 5th,
etc — in the PIR control is possible in the future.

Transient processes arising from the workpath of
the robot links are crucial in ensuring the IR accuracy.

Implementation of the stated principles leads to an
ability to control such transient processes.

Examples of transient processes in such systems
are shown in Fig. 2, 3, 4.

Fig. 2. Illustration of transient processes in PIR drives
without feedback under typical (single step) impact

Fig. 3. [llustration of transient processes in PIR drives with
positioning feedback under typical (single step) impact

Fig. 4. [llustration of transient processes in PIR drives un-
der typical (single step) impact when derivatives are intro-|
duced into control signal
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Systems with human operator in the loop are cha-
racterized by the formation of a loop with human op-
erator (group of operators) in parallel to the loops of
automatic control of manipulators (see Fig. 1). The
human operator of the loop performs the following
functions:

« first, control of the accuracy of movement and
positioning of the manipulator grip (with the working
tool) during the implementation of the given technol-
ogical process;

* secondly, performing more accurate manipulator
control actions due to the use of high-precision optical
systems as sensors for evaluating the quality of
movement and positioning.

This requires the use of high-precision digital sen-
sors of motion, speed, acceleration in PIR design. In
general, their use leads to effective and accurate con-
trol of the PIR manipulators in space.

Examples illustrating constructions and technical
characteristics of precision digital sensors (encoders
in modern terminology) of linear and angular move-
ments of links of PIR manipulators are given in [9,
10].

As a result of the analysis of the technical charac-
teristics of these sensors, it becomes clear that the
modern level of PIR accuracy is already approaching
the directions of "nanotechnology" in the fields of PIR
mechanics and control, taking into account the intro-
duction of higher derivatives of control functions to
control signals, and under condition of the use of dig-
ital sensors with the number of bits of order >> 21 and
resolution << 1 arcseconds, i.e. with characteristics
significantly greater than those of sensors for the sim-
plest algorithms of positional control only (<< 20 bits,
with a resolution of >> >> 1 arcsecond).

Today, the industry produces digital linear dis-
placement sensors (encoders), the accuracy and resolu-
tion of which reach several tens of nanometers. Similar-
ly, the resolution of angular encoders has reached the
arc second fraction range (= 0.0020625").

FEATURES OF MANIPULATOR DRIVE
CONTROL EQUIPMENT
WITH HIGH-BIT DIGITAL SENSORS

The first feature of using high-bit digital sensors is
the need to strictly coordinate the speed parameters of
the manipulator grip path (with the working tool) with
technological modes and processes of human-operator
control of PIR functioning as a whole.

This is due to the extremely small values of the
working steps of the PIR manipulator grip, the small
duration of the sampling cycles of the motion paths,
the low values of the "creeping" speeds in many
processes, sometimes not even perceived by the hu-
man operator’ eye without modern high-precision opt-
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ical means (see examples of systems with a human
operator in the loop above).

Let us consider an example of calculation of para-
meters of motion speed of the PIR grip (working
member) for a specific process:

» the given operating speed of manipulator grip
motion (required by the assignment for the technolo-
gical process) — 1 mm/s;

* bit depth of sensors (encoders of angular mo-
tions) of manipulator drives — 20 bits (1296 000 bin.
units); scale interval = 1 arcsecond,

» step (discreteness) of the process path — 1 nm;

* frequency of master control generator of sensor
positioning — 1 GHz;

» thus, the final speed is equal to displacement of 1
nm in 1 sampling step, i.e. corresponds to the given
working tool speed of 1 mm/s.

This example illustrates the possibility of dis-
placement with nanometer-scale error of effector mo-
tion using the appropriate sensors and at reasonable
technological speed.

The second feature is the introduction of higher-
order (Ist, 2nd, possibly 3rd) derivatives in control
loops, that requires the use of digital sensors with an
increased number of bits (beyond the amount that is
necessary only for the simplest task — positioning the
manipulator, without taking into account the quality of
transients).

The total number of bits in this case will be deter-
mined depending on the methods of digital differen-
tiation, but, in any case, it will be more than necessary
for simple positioning, and this will lead to the com-
plication of both algorithmic and design solutions.

CONCLUSION

Analysis of modern structures of manipulator me-
chanisms and control systems of PIR enables to for-
mulate the following conclusions.

1. Modern designs of PIR "mechanics" have
reached the level corresponding to the highest accura-
cy standards indicated in the tables of tolerances and
fits of the USTF used in machine-building and in-
strument-making industries.

2. The achieved results are confirmed by the publi-
cations of technical data on the creation of complexes
of both the corresponding structures of manipulators
and the control systems of PIR as a whole.

3. An analysis of the pace of development of tech-
nologies for the PIR design and production uncovers
the prospects for the further development of the engi-
neering and instrument industries, both in terms of
transition to achieve even higher accuracy of PIR de-
sign and control, and in the direction of expanding and
using various types of regulatory documentation (in-
cluding tables of tolerances and fits specified above)
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with data already in the fields of nanometry: expan-
sion of measurement ranges of linear and angular val-
ues, time segments (nanometers, nanoseconds), thou-
sandths of arc second, etc.

Thus, in this work, the problem of accuracy of ro-
bots is considered from various standpoints, taking
into account the latest theoretical and practical
achievements and moreover, with real examples from
different fields of science and technology in terms of
PIR design and control.
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