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(57) Abstract: The invention relates to the field of robotics and can be used for refining the geometrical parameters of the links of
multi-degree-of-freedom (multi-DoF) manipulators, in particular industrial, underwater and collaborative manipulators. For parameter
estimation, a tool with a different orientation is moved manually into an arbitrary fixed point in space. The position of the end point
is monitored visually using a pointed component and a set of calibration data is generated. A vector of the position of the end point of
the tool is then estimated in a second system of coordinates and an initial estimate of the kinematic parameters of the manipulator is
generated. A quality criterion value is calculated that characterizes the range of variation in the estimates of the positions of the end
point of the tool that have been calculated using the initial estimate of the kinematic parameters of the manipulator relative to the fixed
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point. Aniterative procedure for calculating the estimates of the kinematic parameters of the manipulator is then carried out. This results
in increasing the accuracy of positioning a working instrument of a multi-DoF manipulator.

(57) Pedepar: M306peTeHe OTHOCHTCA K 001aCTH POOOTOTCXHIHKH H MOKET OBITH HCIIOJIB30BAHO MPH YTOUHCHHH TEOMETPHUCCKUX
napaMETPOB 3BCHECB MHOTOCTCIICHHBIX MAHUITY JIATOPOB, B YACTHOCTH MPOMBIIIJICHHBIX, ITOJBOIHEBIX, KOJ'UIa60paTI/IBHLIX. Z[JIS{ OLICHKH
IapaMeTPOB PYHUHBIM IMYTEM BBIBOAAT HHCTPYMEHT C PA3HOH OPHEHTAIMEH B MMPOU3BONBHYIO (PHKCHPOBAHHYIO TOUKY MPOCTPAHCTEA.
OCyIECTBIIIIOT BU3Y ANBHEIH KOHTPOIIb IT0JIOXKEHIS KPaHHEH TOUKH C IIOMOIINBIO OCTPOKOHEYHOH AeTamd H (HopMHUpyIOT Habop Kannb-
POBOYHEIX JAHHEIX. 3aTeM MPOU3BOAAT OLCHKY BEKTOPA MOJIOXKCHUS KPaHEH TOUKH HHCTPYMECHTA BO BTOPOIf CHCTEME KOOPIHHAT U
(POPMHPYIOT HAYATEHYIO OLCHKY KHHEMATHUYCCKAX MAPAMETPOB MAHHUITYJLITOPA. BEMHUCIIIIOT 3HAYCHHE KPUTEPHUS KAUCCTBA, XapaKTe-
PH3YIOIIETO Pa36pOC OUECHOK NMOJIOKEHU T KpaiiHeH TOUKY HHCTPYMEHTA, PACCUHTAHHBIX C HCIIOIb30BAHHEM HAYATLHOI OLICHKH KUHE-
MATHYECKHX MAPAMETPOB MAHHIY JIATOPA OTHOCHTEIEHO (DHKCHPOBAHHOM TOUKH. 3aTEM BBINOIHAIOT HTCPALIMOHHY IO MPOIEAYPY pac-
1UCTA OUCHOK KHHEMATHYICCKUX NMAPAMCTPOB MAHUITY JIAITOPDA. B PE3YIBTATE MOBBIIUACTC TOUYHOCTE MO3UITUOHUPOBAHUA pa60qer0 HH-
CTPYMEHTA MHOTOCTETICHHOTO MAHHITY JIATOPA.
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Onucanue

Hassanne n3o0perennsi: Cnocod KaTHOPOBKH KHHEMATHYECKHX Ma-

[0001]

[0002]

[0003]

[0004]

[0005]

PaMETPOB MHOTI'OCTCIICHHbIX MAQHHILYJIATOPOB

Hacrosimas 3asBKa uclpaiyBaeT KOHBEHIMOHHbBINA IIPUOPUTET 110 NTATEHTY HA
nzo0pererue RU2719207 mosHOE pacKpbITUe, KOTOPOTO BKIIFOYEHO B HACTOSIIEE
OTIMCAHUE TIOCPEACTBOM CChIIIKU B TIOJTHOM OOBEME.

Texanueckast 00acTb

N306peTeHne OTHOCUTCS K 00J1aCTH pOOOTOTEXHUKH, & UMEHHO K CIIOCO0aM
YTOUHEHUS T€OMETPUUYECKUX 11aPAMETPOB 3BEHbEB MHOI'OCTEIIEHHBIX MaHU-
MyJIATOPOB (IIPOMBILIJICHHBIX, TTOABOAHBIX, KOJIIA0OOPATUBHBIX).
IpemuecTByONUNA YPOBEHb TEXHHKH

HzBecten crmocod (cMm. Nubiola A., Bonev 1. Absolute calibration of an ABB IRB
1600 robot using a laser tracker // Robotics and Computer-Integrated Manufacturing.
2019. 29(1). P. 236-245. DOI: 10.1016/j.rcim.2012.06.004) nOBBILIEHUS] TOYHOCTH
MO3ULUMOHUPOBAHHUS IPOMBILIIEHHOTO pobdoTa. Criocod MOBBIIEHUS TOYHOCTH 110~
3UUUOHUPOBAHUS POOOTA, BKIIOUAIOIINN KATUOPOBKY KUHEMATUUECKUX T1a-
paMeTpoB poOOTa U KaTMOPOBKY HEKMHEMATUYECKUX ITAPAMETPOB IIyTEM BBI-
YUCIIEHUS KPYTSLIEr0 MOMEHTA KaK10r0 3B€Ha HA OCHOBE JAHHBIX O MACCE 3BEHA,
€T0 LEHTPA THKECTH, MACCHI PabOoUero opraHa, KpyTAILIUiA MOMEHT KaXXIOTO 3BeHA
PACCUMTBIBAETCS PEKYPCUBHO M 3aBUCUT OT LIEHTPA MACC IIOCIEAYIOLIUX 3BEHbEB U
pabouero oprana, 3aTeM Ha OCHOBE JAHHBIX O KPYTSIIEM MOMEHTE KaXI0TO
3B€HA BBIUMCIISIETCS BKJIAJ KPYTALLEIO MOMEHTA B YIVIOBOE OTKIIOHEHHUE 3BEHA
poboTa. YrioBoe OTKIIOHEHHUE 3B€HA UCIIONB3YeTCs B mapameTpax JlenaBura-
Xaptenbepra (DH-mmapaMeTpsbI), OIMCHIBAIOIIWX KHHEMATHIECKYIO MOIEIb
pobora.

HenocraTtkoMm siBisieTcst HEOOXOAUMOCTD UCTIONIB30BAHUS KPaiiHe 10pO-
FOCTOSILLEN KOHTPOJIBHO-U3MEPUTEIBHOM MAIIUHbBI (JIA3EPHOIO TPEKepa) Il OCy-
IIECTBIICHUS IPEUIOKEHHOTO criocoda. boitee Toro, cys 1o onucaHuio crnocooa,
OH IIpEAHA3HAYEH MJIS IIOJIyUE€HHUs] KHHEMATUYECKUX 11apaMeTpPOB OJHOM
KOHKPETHOM MO ITPOMBILIIIEHHOTO podoTa — ABB IRB 1600.

N3BecTeH crtocod u cucteMa ONpeaeneHus 110 MEHbIIIeH Mepe OJJHON Xapak-
TEPUCTUKH COUJIEHEHUS, BIMSIOLLEH HA TOYHOCTD ABUKEHUSI MAHHUILYJISITOPA.
YKa3aHHOE COWICHEHUE TIPUCTTOCOOIIEHO TPUBOIUTHCS B IEUCTBUE TIO MEHBIIIEH
Mepe OJHUM IIPUBOLOM, IPUBOL MPUCTIOCOOJICH IPUBOAUTH B IEHCTBUE YKA3AHHOE
COWIEHEHUE TIOCPEACTBOM TpaHCMUCCHU. OCYIIECTBIISIIOT (PUKCUPOBAHHUE

YKa3aHHOT'O COWIEHEHUS TaK, 9TOOBI €T0 IBUKEHUE OBIIIO OTPAHUICHHBIM.
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[0006]

[0007]

[0008]

[0009]

[TpuBOIAT B ASHCTBUE YKA3AHHYIO TPAHCMHUCCHIO C OTHOBPEMEHHBIM OTCJIE-
JKUBAHUEM 110 MEHBILIEN MEPE OOHON BEIUUWHBI, IIPEACTABISIOLIEN KDY TALIUA
MOMEHT YKa3aHHOTO MPUBOAA, U 110 MEHBINEH MEPE OOHOMN BEITUUMHBI, TIPEH-
CTaBJISIIOLIEH 110JIOXKeHue IipuBoAa. OIpeeNsoT 110 MEHbIIeH MepPe OAHO
BBIXOJIHOE 3HAYEHUE YKA3aHHOTO MTPUBOAA. YKA3aHHOE BBIXOIHOE 3HAUYEHUE COOT-
BETCTBYET 110 MEHbBIIEH MePe OJTHOMY ITIOJIOKEHHUIO CouieHeHus. W onipenenstor
XapaKTePUCTUKY COWICHEHUS HA OCHOBAHUW YKA3aHHOTO 110 MEHBILIEH Mepe
OJHOTO BBIXOJHOTO 3HaUeHusl. MI300peTeHue odeciieunBaeT TOUHOE ONpeAeIIeHNUE
apamMeTPOB COWICHEHUS 11 KATMOPOBKU TTOJIOKEHUIA U IBUKEHUI poOOTa (CM.
RU2667938 C2, B25J 9/16, 25.09.2018).

HenocraTtkom 3T0r0 crrocoda sSBIsSeTcs: HEOOXOAUMOCTD UCTIOIB30BAHUS TOYHO
U3TOTOBJIEHHOTO AOTIOJHUTEIIBHOTO 000pynoBaHus. bomiee Toro, cyas mo
OTIMCAHUIO CITOCO0Aa, HA €r0 peaiu3auio TPEOYIOTCS 3HAUUTETbHbIC BPEMEHHBIC
3aTpaThl.

N3BecTeH c1tocod MOBBIIEHUS TOYHOCTH TTO3ULMOHUPOBAHUS IIPOMBITIUIEHHOT O
poboTa. iig kanuOpOBKKM HEKMHEMATUIECKUX TIAPAMETPOB U3MEPSIIOT KO-
OpAMHATHI TOUKHM Ha 3aIICThe POOOTA B 3aIaHHBIX KOOPAUHATAX PACIOJIOKEHUS
podota ¢ paboueli HArPy3KOii Mpu BpallleHUud HaudoJee JUIMHHBIX 3BeHbeB A u b ¢
3aJaHHBIM IIAaroM. BerauciaroT GyHKUMIO YASITBHON OMMOKH yIiIa IIOBOPOTA
3BeHa b oT yrna 3BeHa b k ropu3oHTy 1 Habop (PyHKLUMA yAETbHON OIIUMOKK yTIiia
MMOBOPOTA 3B€HA A OT 3aJaHHOT'O YIJIa 3B€HA A K TOPU3OHTY JJIS BCEX U3-
MEPEHHBIX YIJIOB 3BeHa b. BHOCST U3MEeHEHHUS B KUHEMATUIECKYIO MOAENb podoTa,
IIPY 3TOM YTJIOBAS ITONPABKA [JIs1 3BE€HBEB A W b BEIUUCIISETCS HHTETPUPOBAHUEM
(YHKLMHY yAETBHON OIIMOKH yTJIa TIOBOPOTA COOTBETCTBYIOIIETO 3BEHA HA yUACTKE
MEXIy MAKCUMYMOM (DYHKLMHW U 3aTJaHHBIM 3HAUSHUEM YIJIa TIOBOPOTA 3BEHA K
ropuzoHTy (cM. RU 2671787 C1, B25J9/16, 06.11.2017).

HenocraTtkowm siBisieTcst HEOOXOAUMOCTD U3MEPEHUS TEOMETPUIECKUX T1a-
pPaMeTpOB MPOMBIIIIEHHOTO pOOOTA C ITOMOIIBIO KpaiHe JOPOTOCTOSIIeNH KO-
OPAMHATHO-W3MEPUTEIBHON MAIIUHBI, O0ECTIEYMBAIOIIEH BBICOKYIO TOYHOCTD
U3MEPEHUI U HAUOOJIBIIIMI OXBAT paboUeii 30HBI.

N3BecTeH crmocod KamOpoOBKU U TPOoTpaMMUpoBaHus podoTa. [lpu ocy-
IIECTBIIEHUU CIIOCO0A OOECTIEUMBAIOT, 110 MEHBIIIEH MepE, B POOOTA, KaXKIbIi U3
KOTOPBIX COACPKUT COUWICHEHUST W/WITH 3BEHBSI, COSAUHSIONUE Oa30BbIi (PrraHen u
WHCTPYMEHTAIBHBIN (praHel, GOpMUPYIOT 3aMKHYTYIO LTI W3, IO MEHBIIEH MEpe,
IBYX POOOTOB, IIPUYEM COSOUHSIOIIMECS (DITAHLIBI, IO MEHBIIEH Mepe, IBYX
poOOTOB HEe UMEIOT OOIIEH OCH BpallleHUs, BO3ACHCTBYIOT Ha, IO MEHbIIICH MEpE,
OJIHO 3BEHO WJIU COUWICHEHHUE B LIETIH, OOECIIeUMBasi TEM CAMbIM BO3JIEHCTBUE HA

APYTue 3BCHbA WK COHWICHCHHUA B LCIINW, U 3aTCM OLCHHUBAIOT KHHCMATHUYCCKUC
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[0010]

[0011]

[0012]

[0013]

MOJIEIH TSl KaXI0TO poOOTa Ha OCHOBE MH(POPMALIMK JATIYUKOB, CBSI3aHHON C CO-
YJICHEHUSIMHU KaXXJIOTO U3, IO MEHBIIIEH Mepe, IBYX poOoToB. (cM. RU 2605393 C2,

B25J 9/16, 20.12.2016).
DT10T cnocod sBIIsIeTCss HauboItee OJIM3KUM K IIpeiaraeMomy usoopereHuto. Ero

HEJOCTATKOM SIBJISIETCSI HEOOXOAUMOCTD UCTIONIB30BAHUS TOYHO KaTHOPOBAHHOTO
JIOITOJTHUTEITFHOTO POOOTA, KOTOPBI 110 CBOEH CYTH SIBJISIETCS BHEITHUM TOPO-
TOCTOSIIIUM U3MEPHUTEIBLHBIM 000pYyI0BaHUEM. bojtee TOTO, TpuMeHEHHe
OIIMCAHHOI'O METOJA CBI3aHO ¢ HEOOXOAUMOCTHIO MOHTAXA 3TOT0 JTOIOIHU-
TEIHLHOTO POOOTA BOIMU3U KATIMOPYEMOTO poOoTa ¢ LEIbI0 (OPMUPOBAHUS
3aMKHYTOM LK. DTO YACTO MOXKET BbI3bIBATD 3ATPYAHEHUS IIPH UCITOJIB30BAHUU

Ha IIPOU3BOJICTBE BBUAY HAIMUMUS PAZIMUHOTO TEXHOJIOTMUECKOTO 000Dy IOBAHMS.

Kparkoe u3noxenue u3o0peTeHust

N3006peTeHne OTHOCUTCS K 0071aCTH pOOOTOTEXHUKU U MOXKET ObITh UC-
I10JIB30BAHO [P YTOYHEHUHU TEOMETPUUECKUX 11APAMETPOB 3BEHbEB MHOI'OC-
TEIIEHHBIX MAHUITYJISITOPOB, B YACTHOCTH IIPOMBIIIUICHHBIX, IOJIBOJHBIX, KOJUTA00-
paTtuBHBIX. {JIs1 OLEHKU IAPAMETPOB PYUYHBIM IIYTEM BbIBOASIT HHCTPYMEHT C
pPa3HOI OPUEHTALMEH B TIPOU3BOJIBHYIO (PUKCHPOBAHHYIO TOUKY IIPOCTPAHCTBA.
OCyHIeCTBIISIIOT BU3YAJIbHbBINA KOHTPOJIb IIOJIOKEHUS KPAMHEH TOUKH C IIOMOIIBIO
OCTPOKOHEUHOM JAeTajIu U (POPMUPYIOT HA0OP KAIMOPOBOUHBIX JIAHHBIX. 3aTEM
MPOU3BOISIT OLEHKY BEKTOPA ITOJIOKEHUSA KPAHHENR TOUYKU UHCTPYMEHTA BO BTOPOH
CUCTEME KOOPAUHAT U (POPMUPYIOT HAUAIIBHYIO OLEHKY KUHEMATHIECKUX T1a-
pPaMeTPOB MAHUITYJIATOPA. BBIUMCIISIOT 3HAYEHUE KPUTEPUS KAUECTBA, XAPAKTE-
PHU3YIOLIEro pa3dpPOC OLIEHOK TTONOXKEHUN KpaiHel TOYKY HHCTPYMEHTA, pac-
CUUTAHHBIX C UCIIOJIB30BAHUEM HAYAJIbHON OLUEHKU KUHEMATUYECKUX IIaPAMETPOB
MaHUITYJISITOPA OTHOCUTEIIFHO (PUKCHUPOBAHHON TOUYKH. 3aTEM BBITIOTHSIOT UTE-
PALMOHHYIO IIPOLEAYPY pacueTa OUEHOK KMHEMATUYECKUX IIapaMEeTPOB MAaHU-
mynsitopa. B pe3yibTaTe MOBBIIIASTCS TOYHOCT TTO3ULMOHUPOBAHUS padodero
MHCTPYMEHTA MHOT'OCTEIIEHHOI'O MAHUILYJIATOPA.
Texnuueckasa 3amada

3agaueit u300pEeTEHUS SIBJISIETCS YCTPAHEHUE YKA3aHHOTO BBIIIE HEIOCTATKA U, B
YaCTHOCTH, YCTPAHEHUE HEOOXOIMMOCTH UCTIOIb30BAHUS BHEIITHETO H3MEPU-
TEIHLHOTO 000PYIOBaHHUS JJIS1 YTOUYHEHUS TEOMETPUUECKUX TTAPAMETPOB 3BEHBEB
MHOTOCTEIIEHHBIX MAHUITYJISITOPOB (IIPOMBIIIUICHHBIX, IOJIBOJIHBIX, KOJUTA00-
PAaTUBHBIX).
Pemenne 3amaun

[TocTaBiieHHas 3a4a49a PEIaeTCs TEM, 9TO MPU KaTMOPOBKE KHHEMATUIECKUX TIa-

PaMETPOB MHOI'OCTCIICHHOTI'O MAHUITYJIATOPpA, COACPKAIICTO COUICHCHUA u/unu
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[0014]

[0015]

[0016]

3BEHbSI, COSTUHAONIME 0a30BbId (PiTaHel, C KOTOPBIM KECTKO CBsI3aHa IepBas
cucTeMa KOOPIMHAT, U MHCTPYMEHTAIBHBIN (hIaHel, C KOTOPBIM )eCTKO CBA3aHa
BTOpAasi CUCTEMA KOOPAUHAT, BKIFOYAIOLIEN OUEHKY C IIOMOLIBIO UTEPALMOHHON
IIPOLEAYPBI KUHEMATUIECKUX TAPAMETPOB MOIEIM MHOI OCTEIIEHHOI'O MaHU-
MyJISTOPa HA OCHOBE UH(POPMALIMU OT JATIYUKOB YIIIOBOTO MTOIOKEHUS 3BEHHEB,
JOITOJTHUTENBHO IS OUEHKU KUHEMATUIECKUX ITaPAMETPOB MOJIEIM MHOI'OC-
TEIIEHHOTO MAHUITYJISATOPA PYYHBIM IIyTEM BBIBOAST UHCTPYMEHT, 3aKPEILICHHBIN
Ha (prraHLUEe MHOTOCTEIIEHHOTO MAHUITYJISITOPA, C PA3HON OPUEHTALUEN B HE MEHEE
YeM OJHY IIPOU3BOIBHYIO (PUKCUPOBAHHYIO TOYKY IIPOCTPAHCTBA, IIPU 3TOM OCY-
LIECTBISAIOT BU3YAJIbHBINA KOHTPOIIb ITOJIOKEHUS KPAUHEN TOUKU, UCIIONIB3YS IS
3TOT'0 IIPOU3BOJIBHYIO OCTPOKOHEUHYIO I€TANb, BBIIIOJHEHHYIO C BO3MOXKHOCTBIO
¢ukcauuu B IpocTpancTBe, GOPMUPYIOT HAOOP KATIMOPOBOYHBIX JAHHBIX,
3aIIMCBIBAS TaHHBIE 00 yTJIax MOBOPOTA 3BEHHEB MHOT'OCTEIIEHHOTO MaHMU-
MyJIATOpa B (PUKCUPOBAHHON TOYKE, 3ATEM BBIYUCIISIIOT OLEHKY BEKTOPa
IIOJIOXKEHUSI KPAUHEN TOYKU UHCTPYMEHTA BO BTOPOH CUCTEME KOOPOUHAT U
($hOpPMUPYIOT HAYAIIBHYIO OLEHKY KHHEMATUIECKUX TTAPAMETPOB MHOTOCTETIEHHOT'O
MAaHUITYJIATOPA, BEIUYUCIISIIOT 3HAYEHUE KPUTEPUS KAUECTBA, XapPaKTEPU3YIOLIETO
Pa3dopoC OLEHOK TTONOKEHHUI KPaiiHel TOUKU HHCTPYMEHTA, PACCUMTAHHBIX C UC-
II0JIB30BAHUEM HAYAIBHON OLEHKHU KUHEMATUYECKUX ITAPAMETPOB MHOI'OC-
TENEHHOTO MAHUITYJISITOPA OTHOCUTEIHEHO (PMKCUPOBAHHON TOUKU ITPOCTPAHCTBA,
3aTEM BBIIOJIHAIOT UTEPALMOHHYIO IIPOLEAYPY pacueTa OLUEHOK KUHEMATHYECKUX
ImapaMeTpOB MHOTOCTEIIEHHOTO MAHUITYJIITOPA, KOTOPBIE MUHUMU3UPYIOT
YKa3aHHBIN pa30pOoC OLEHOK ITOJI0XKEHHUI KpaiHel TOUKY HHCTPYMEHTA OTHO-
CUTEIBHO (PUKCUPOBAHHON TOYKU IPOCTPAHCTBA.

CorocTaBUTENBHBIN aHAIU3 IPU3HAKOB 3aSBISIEMOTO CIIOCO0A C MIPU3HAKAMU
aHAJIOTOB U IIPOTOTUIIA CBUIETEINBCTBYET O €T0 COOTBETCTBUU KPUTEPUIO
«HOBHU3HA».

[Tpu 3TOM OTIMUUTEIIBHBIC TIPU3HAKU (DOPMYJTBI U300PETEHUSI PEIIAtOT
cienyromue (PyHKUMOHAIIBHbBIE 3a1a4H.

[TpusHAK «...pyYHBIM IIyTE€M BBIBOAST MHCTPYMEHT, 3aKPETUICHHBIA Ha (PrlaHue
MHOTOCTEIIEHHOTO MAHUITYJISITOPA, C PA3HOU OPUEHTAUUEN B HE MEHEE UYEM OJHY
MPOU3BOJIBHYIO (PUKCUPOBAHHYIO TOUKY IIPOCTPAHCTBA, IIPU ITOM OCYIIECTBIISIIOT
BU3YAJIbHBINA KOHTPOIb ITOJIOKEHUS KPANHEN TOUKHU, UCTIONB3Ys A/ 3TOTO IIPO-
U3BOJIBHYIO OCTPOKOHEUHYIO 1€TaJIb, BBIIIOJIHEHHYIO C BO3MOXHOCTBIO (PUKCALMU B
MPOCTPAHCTBE, POPMUPYIOT HAOOP KaTMOPOBOUHBIX JAHHBIX, 3AITUCHIBAS JAHHBIC
00 yTiIax IOBOPOTA 3BEHHEB MHOT'OCTEIIEHHOT'O MAHUITYJISITOPA B (PUKCUPOBAHHOMN
TOYKE...» 00ECIIEUUBACT MOIyUeHUE HAaOOpa KAITMOPOBOYHBIX JAHHBIX ISl BbI-

IOJITHCHUS ITPOUCAYPBI YTOUHCHUSA I'COMETPHUCCKUX 1IAPaMCTPOB 3BCHBCB MHOI'OC-
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[0017]

[0018]

[0019]

[0020]

[0021]

[0022]

TCIICHHBIX MAHHUITYJIATOPOB 0e3 UCTI0JIBb30BAHUS BHEIITHUX BBICOKOTOUYHBIX HU3Me-

PUTEIBHBIX YCTPOUCTB.
IIpusHaK «...BBIYMCISIOT OLEHKY BEKTOPA ITOJOKEHUS KPANHEN TOUKU WH-

CTPYMEHTA BO BTOPOI CUCTEME KOOPAUHAT U (POPMUPYIOT HAYAIIBHYIO OLEHKY KH-
HEMATUYECKUX TTAPAMETPOB MHOTOCTEIIEHHOTO MAHUITYJISITOPA ...» O0ECIIEUUBAET
(hopMuUpOBaHHE HAYAIBHON OLEHKH KHHEMATUIECKUX ITAPaAMETPOB MHOTOC-
TEIIEHHOTI'O MAHUITYJISATOPA.

IIpu3HaK «...BBIYMCISIOT 3HAUEHUE KPUTEPUS KAUECTBA, XaAPAKTEPUIYIOLIETO
Pa3dopoC OLEHOK TTONOKEHHUI KPaiiHel TOUKU HHCTPYMEHTA, PACCUMTAHHBIX C UC-
ITOJIb30BAHMEM HAYAIBHON OLEHKU KUHEMATUIECKUX ITAPAMETPOB MHOT'OC-
TENEHHOTO MAHHUITYJISITOPA OTHOCUTEIHEHO (PMKCUPOBAHHON TOYKU
MPOCTPAHCTBA. ..» IO3BOJISIET KOJIMYECTBEHHO OLEHUTH pa30pOC OLEHOK
ITOJIOXKEHUNA KPanHEN TOUYKU UHCTPYMEHTA, IIPU UCTIOJIL30BAHUU B KAYECTBE KUHE-
MAaTHYECKUX ITAPAMETPOB MHOT'OCTEIIEHHOI'O MAHUITYJITOPA UX HAYAJIbHBIX ITpU-
OJIKEHUIA.

ITpusHaK «...BBITOJHSIOT UTEPALMOHHYIO IIPOLEAYPY pacdeTa OLEHOK KMHEMA-
TUYECKUX ITAPAMETPOB MHOTOCTEIIEHHOI'O MAHUITYJIITOPA, KOTOPBIE MUHU-
MU3UPYIOT YKa3aHHbBINA Pa30pOC OLEHOK IOJIOKEHUN KpaiHel TOUYKH HHCTPYMEHTA
OTHOCUTEIILHO (PUKCUPOBAHHOM TOYKHM IIPOCTPAHCTBA.» OOECIIEUNBAET yTOUHEHUE
F€OMETPUIECKUX ITAPAMETPOB 3BEHBEB MHOTOCTEIIEHHBIX MAHUITYJIATOPOB.
IHonoxurenbHbie 3(pheKTHI OT H300peTeHUst

TexHudeckuil pe3ysIbTaT U300PETEHHUS 3aKITI0YAETCS B YTOYHEHUH T€OMET-
PUYECKUX TIAPAMETPOB 3BEHBEB MHOT'OCTEIIEHHBIX MAHUITYJIITOPOB € IIOMOIIBIO
UTEPALMOHHON IIPOUEAYPBI MUHUMU3ALMU KPUTEPUS KAUECTBA, XapaKTe-
PHU3YIOIIEro Pa3dopPoOC MOJIOKEHUI KpaHEHd TOUKH HHCTPYMEHTA OTHOCUTEIIBHO He-
ITOABMKHOM TOYKM IIPOCTPAHCTBA, PACCUUTAHHOTO € IIOMOIIBIO JAHHBIX, I10-
JIYYEHHBIX B X0JI€ MHOTOKPATHOI'O BBIBOAA HHCTPYMEHTA MHOT'OCTEIIEHHOTO MAaHU-
IIYJIATOPA € PA3HOW OPUEHTALUEN B HE MEHEE UEM OJIHY HEITOABUXKHYIO TOUKY
IIPOCTPAHCTBA.

Kparkoe onrcanne ueprexei

Ha ¢ur.1 cxemaTuuecku moka3aH MHOTOCTEIIEHHONW MAaHUITYJISITOP, B TIPOLIECCe
PYYHOTO BBIBOJIA MHCTPYMEHTA, 3aKPEIUIEHHOTO Ha (IIAHLE, C pA3HOH OpU-
SHTALMEN B TPOU3BOJIBHYIO (PUKCUPOBAHHYIO TOUKY IIPOCTPAHCTBA.

Ha ¢ur.1 BBenens! citegyromue 0003HadeHus: | — MHOTOCTENIEHHOM Ma-
HUITYJISITOP; 2 — COWIEHEHUST; 3 — 3BEHbs; 4 — 0a30BbIi (iaHel; 5 — mepBasi cucTeMa
KOOPIMHAT; 6 — MHCTPYMEHTAIbHBIN (haHew; 7 — BTopasi CuCTeMa KOOpAUHAT; 8 —

WHCTPYMEHT; 9 — Ipou3BoOIIbHAS (PUKCUPOBAHHAS TOUKA IPOCTpaHCTBa; 10 — OCT-
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[0023]

[0024]

[0025]

[0026]

POKOHCYHAs ACTAJNb, BBIITOJIHCHHAA ¢ BO3BMOXXHOCTBIO (1)I/IKCELLH/II/I B ITPOCTPAHCTBE;

— BEKTO
pa Rees P

Y — BEKTOp KOOpIMHAT ¢uraHua 6 B 1I€PBOIi CUCTEME KOOPIUHAT 5; X
i
KOOPAMHAT KPAaHEH TOUKU UHCTPYMEHTA 8 BO BTOPOM CUCTEME KOOPAMHAT; X{‘_ -

BEKTOP KOOPAUHAT IIPOU3BOJIBHBIN TOUKU IIPOCTPAHCTBA B IIEPBOIN CUCTEME

KOOPIAUHAT 5, KOOPAUHATHI HEU3BECTHBI; — BEKTOP KOOPAMHAT KpaiHen

i -
Y
TOYKW MHCTPYMEHTA 8 B IIEPBOM CUCTEME KOOPAMHAT S5, BBIYUCIEHHBIN C IIOMOIIBIO
KUHEMATUYECKON MOAEIIY MHOTOCTEIIEHHOTO MAHUITYJIATOPA 1, IOCTPOEHHON ¢ UC-
MOIB30BaHKeM TIpeacTaBienus JenaBura- XapreHOepra, Ha OCHOBE JAHHBIX 00
yriax noBopora { 3BeHbeB 3 U TOYHBIX 3HaUeHUN @ rapameTpoB JleHaBura-
Xaptenbepra.
®urypa.l

[(ur.1] cxeMaTHUECKH TOKa3aH MHOTOCTETICHHON MAHUITYJISITOP, B IPOLIECCE
PYYHOTO BBIBOJIA MHCTPYMEHTA, 3aKPEIUIEHHOTO Ha (IIAHLE, C pA3HOH OpU-
SHTALMEN B TPOU3BOJIBHYIO (PUKCUPOBAHHYIO TOUKY IIPOCTPAHCTBA.
Onucanue BAPHAHTOB OCYIIECTBIICHHUA

3asBiIEHHBIN CIIOCO0 BKIIFOUAET ABa 3Tana. Ha nmepBom srane BpydHyro
(Harpumep, ¢ MOMOIIBIO ITYJIbTA OIIEPATOPA, YIIPABISIOWIETO YCTPONUCTBA HA
KOHEYHOM 3BEHE MAHUILYJISTOPA U T.1.) IPOUCXOIUT BBIBOJ MUHCTPYMEHTA § €
Pa3HO OpUEHTALMEN B OJIHY U TYXe (PUKCUPOBAHHYIO TOUKY 9 IIPOCTPAHCTBA U
3aIIMCh JAHHBIX 00 yIiiax HoBopoTa (J 3BEHbEB 3 MHOTOCTEIIEHHOI'O MaHU-
nysisropa 1. Ha BropoM 3Tane ¢ HOMOINbIO METOJAA YUCIICHHON OIITUMU3ALUU

(mampumep, meroa JleBenOepra-MapkBapATa) BEIUMCIIAECTCS OLEHKA (f) KUHEMa-

TUYECKUX ITaPaMETPOB MOJIEIU MHOTOCTEIIEHHOTO MAHUITYJISITOpa 1 Tak, 4TOOBI
YMEHBIIUTD PACCTOSTHUS MEXKAY OLCHKAMMU TTOJIOKEHUSIMU KPaiHel TOUKU WH-
CTpYMEHTA 8, pACCUMTAHHBIMU HA OCHOBE MATEMATUUECKON MOJENH 3TOTO MaHU-
MyJIaTopa 1 ¢ UCITONB30BAHUEM 3AITMCAHHBIX U COXPAHEHHBIX TaHHBIX 00 yriax
11oBopoTa {7 3BeHbEB 3. B pe3ylibTaTe BHITOIHEHUS [IPEIOKEHHOMN IIPOLELYPbI
MOXHO YTOYHUTH OLEHKY KUHEMATUYECKUX IIaPAMETPOB MHOTOCTEIIEHHOTO MaHH-
MyJIaTopa 1 ¥ TeM CaMbIM CYIIECTBEHHO YBEIUMYUTh TOYHOCTD JBUXEHUS WUH-
CTPYMEHTA 8§ B IIEPBOM CUCTEME KOOPAUHAT 5.

ITociienoBaTeNIbHOCTD OLIEPALMNA, PEAIU3YIOIINX 3asIBIISIEMBbIiA CIIOCO0, OIIU-
CBIBAETCS] HUXKE.

Brayase popMupyrOT HAGOP KAIMOPOBOYHBIX JIAHHBIX = IIyTEM PYYHOTO
BBIBO/IA C OCYIIECTBICHUEM BU3yAIBHOTO KOHTPOJIS TIOJIOKEHUS KpaHeH TOUKH

WHCTPYMEHTA 8, 3aKPEIUIEHHOTO Ha (PiIaHLe 6 MHOTOCTETIEHHOT'O MaHUITyJIsiTopa 1,
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[0027]

[0028]

[0029]

[0030]

[0031]

[0032]

C Pa3HOM OPUEHTALMEN B i-10 TIPOU3BOIBHYIO (PUKCUPOBAHHYIO TOUKY 9
HPOCTPAHCTBA, THE § = ( 1, n ) ,an >3 s moaydeHus 60jiee TOYHOTO pe-
syibrata. Kaxnas cepust usMepeHui B i-Oi TOUKE COCTOUT U3 M ; BEKTOPOB

JAHHBIX () = (ql’ e QK) T k= ( 1,K). 00 yrirax moBopoTa 3BEHbEB 3 MHO-

FOCTENIEHHOTI'O MAHHUITYJISITOPA 1, KOTOPBIE COOTBETCTBYIOT IIOJIOKEHUIO B IIEPBOH
CUCTEME KOOPAMHAT 5 MHOI'OCTENIEHHOI'O MAaHMILYJISITOpA 1 IIpu BBIBOAE C PA3HOMN
OPMEHTALMEN UHCTPYMEHTA 8 B OHY M Ty JKe TOUKY 9 IpocTpaHcTsa X', KO-
OPAMHATBHI KOTOPOM HeM3BECTHBI. Kak 1paBuiio, B KauecTBe HHCTPYMEHTA 8 U
netaii 10 ucronb3yroTcs OCTPOKOHEUHBIE LYIIbL.

Taxum 00pa3oM, Ha IIEPBOM 3TAIIE PeaU3al|u 3asBICHHOTO crtocoda (op-
MUPYETCS] MACCUB IAHHBIX:

[Matematuueckas dopmyia 1]

¥, .

=i LW = (0., 0h) i=(Ln) =0 m).

4

HauvanbHyro OLEHKY BEKTOpA j\(n‘p BO BTOPOH CUCTEME KOOPAUHAT 7 MOXKHO
IOJIYYMTh HA OCHOBE MACCUBA JAHHBIX & ¢ HOMOIIBIO METO/1a HAMMEHBIIINX
kBazpaToB (cM. Bjorck A. Numerical methods for least squares problems. SIAM,
Philadelphia, PA. 1996. 427 ¢.) uny ¢ TOMOLIBIO TUIIOBOT'O IIPOTPAMMHOTO
00ecIieueHrs MHOTOCTEIICHHBIX MAHUITYISITOPOB 1. B kauecTBe HaUaIbHON OLEHKH
KUHEMATUYECKUX IIAPAMETPOB MHOT'OCTEIIEHHOTO MAHUILYJIATOPA | UCTIONB3YIOT

BBIUMCIICHHBIA ¥ 1 Marpuuy ® napamerpos [leHaBura-Xaprenbepra, COOTBET-
fcp

2
CTBYIOIIYIO UX HOMUHAJIBHBIM T€OMETPUUECKUM ITApaMeTpaMm, B3ATBIM U3 TEX-
HUYECKON JOKYMEHTALUU.

Kaxnomy BekTopy Qi i= ( 1, n ) j= ( I, m_) MOKHO IIOCTABUTh B COOT-
L1 ), = ;
J

BETCTBUE BEKTOP X" KOOpAMHAT padodeii TOUKH MHCTPYMEHTA X' B repBoi
tJj !

y

CUCTEME KOOPAUHAT 5, KOTOPBIN OyAeT BEIYUCISITHCS 110 BhIpaxkeHuio (cM. Dy. K.,
INoncanec P., JIu K. Po6oToTexauka. M.: Mup, 1989. 624 ¢.):
[Matematuueckas opmyiia 2]

i{H ni ﬁl i )'Eri 1 i {
7} ((I)l Q}) = [ é’] ;j]] — (l—[kzl Tk,j)TECp:

i — MaTpUUA OIHOPOIHOTO MPeoOpa3OBaHusl, OITU-

T T (®,¢))er

CBHIBAIOINAS TIOJIOKEHUE U OPUEHTALMIO HHCTPYMEHTA 8 B IIEPBOM CUCTEME



WO 2021/076016 PCT/RU2020/050278

[0033]

[0034]

[0035]

[0036]

[0037]

[0038]

KOOPAUHAT 5 IS j-TO UBMEPEHUS B I-U CEpUr — MaTpuua

1 ~ 33
Re; & R

opueHTaluu (haHua 6 MHOTOCTEIIEHHOTO MaHUITYJIATOpa | B IIEPBOii cucTeMe

KOOPAUHAT 5 IS j-TO UBMEPEHUS B i-H CEPUH; 7 r’: Heop 5o g CIUHUYHAS
ep o 1 .
JMaroHalibHas MaTpuua; OeR1¥3" HYJIEBOI BEKTOD CTPOKA;
P17 — HOMEDP COYIEHEHUS MHOT'OCTEIIEHHOI'O Ma-
D=| 1P = (G, dy, @, O )i K
P

HUITyaTopa 1;
£0s (q,i,j + ék) - sin(qij + §k) cos(dy, ) sin(qﬁ;‘j + Ek)sin(c?k) &, C0S (q,i__,- + é,,._)
Ti = sin (i ; + 0,3 cos{q}; + 0, ) cos (&) —cos{g} ; + 0,) sin(@,) e:"zl,(.sin~ (ai; + )| _

0 sin(&,) cos{@,)} dy,
0 0 Y i

MaTpuua nmpeodpa3zoBanus [leHHaBuTa- XapTreHOepra Aisl j-TO U3MEPEHUS B i-ii
CEPUU.

KoopauHaTsl pacCUMTaHHBIX € IOMOLIBIO (2) TOYEK X" OyIyT OTIMYATHCS OT
tJ

KOOPIAMHAT PEAIBHOTO ITOJIOKEHUS] KOHEUHON TOYKU HHCTPYMEHTA § B CUILY
OTIIMYUS UCTIOB3YEMBIX ITAPAMETPOB MHOTOCTEIIEHHOT O MAHUITYJIATOPA 1 OT Ux
peanbHbIX 3HaueHuin. OTHAKO TaK Kak pabouuii MHHCTPYMEHT 8 B KaXIOW cepuu
WU3MEPEHUHN BBIBOAUTCS B OJIHY U TYXKE TOUKY 9 ¢ HEU3BECTHBIMU KOOPAUHATAMMU, TO
U PEABHBIE KOOPAUHATHI KOHEYHON TOUKY MHCTPYMEHTA 8§ B OHHOM cepuu
u3MepeHuil OyAyT coBIagaTh. DTOT (PaKT MOKHO MUCIIOIB30BATH [l OLEHKH KUHE-
MAaTHYECKUX ITAPAMETPOB MHOT'OCTEIIEHHOI'O MaHUITyJIsiTopa 1.

OueHKY MaTpULbl (f) apaMeTpOB MHOT'OCTEIIEHHOT'O MAHUITYJIATOPA 1 MOXKHO

OCYIIECTBUTD, IOA0MpAst YKa3aHHBIE TApaMETPhI TaK, YTOOBI KOOPAUHATHI }%’: ,
tJj

BBIYUCIIEHHBIE 110 MOAEIH (2) C UCTIONIB30BAHUEM (f), JUISL OTAEIIBHON Cepuu
u3MepeHuit COM3UIUCh HA MUHUMAJTBHOE paccTosiHUE. 10 eCTh OLEHKY KauecTBa
UACHTU(PUKALMHY TTAPAMETPOB MAHUITYJIATOPA MOXHO MIPOU3BOJIUTH I10
CHEAYIOIIEMY KPUTEPUIO:

[Martematuueckas dopmyia 3]

- ni=1 sy f Gl S yE
j(\b—": (I}) = ?:1 Z;;1 '{:I}’.g.i’le:,j - ‘:{é,f) ‘

BoipakeHue (3) HE COAEPKUT PEALHBIX KOOPAUHAT TOUEK X', IIO3TOMY VIS
OLIEHKU TTAPAMETPOB MHOTOCTETIEHHOT'O MaHUITyJIsiTOpa 1 He TpedyeTcs: uc-

IOJIB30BAHHSA BBICOKOTOYHBIX UBMCPUTCIIbHBIX CUCTCM. Taxkum 06pa30M, 3ajgavda
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[0039]

[0040]

[0041]

[0042]

[0043]
[0044]
[0045]

[0046]

UACHTU(UKALMY TAPAMETPOB MHOTOCTETICHHOT'O MAHUITYISATOpA | MaTeMaTUIECKH

hopMynupyeTcs CIeAYIOIMUM 00pa3oM:
E, @) = min J(E, @).
J(E,®) = minJ(E, ®)

151 OUSHKH MMapaMeTPOB MAHHUITYJIITOPA MOXKET ObITh UCITOJIB30BAHA MUTE-
paurMoHHAs IPOLEAYPA, B OCHOBE KOTOPOH JIEKUT JIFOOOM METO/T YUCIIEHHON OTI-
TUMU3aLUY (HaIpuMep, IUPOKO U3BeCTHBIN MeTo 1 JIuBenOepra-Mapkreapara).

OmnucanHas BhIIIE OUEHKA ¥ ¥ § GOPMUPYIOT MCXOIHYIO OLEHKY (), KOTOpas HC-
“top ;

IIOJIB3YETCS HA IIEPBOM UTEPALUU YUCIEHHOIO METOAA OIITUMU3ALMH.
B pesynbTaTe BBITIOIIHEHUST UTEPALMOHHON IIPOLEIYPBI ONITUMU3ALUN (DOP-

MUPYETCS OLEHKA (f) IIAPAMETPOB MHOTOCTENIEHHOI'O MAHUITYJIATOpA 1, KOTOpBIE

00ECIIEUMBAIOT CXOXKIEHUE TOUEK ¢/ HA MUHUMAJIBHOE PACCTOSHUE MEXKIY COOOM
1

B KQXIOU i-U c€pyr u3MepeHUid. MCIIoNb30BaHUE PACCUMTAHHBIX KHHEMATHYECKUX
IapaMeTpoB (i) MHOT'OCTEIIEHHOI'O MAaHUILYJISITOpa 1 B €r0 KOHTPOJUIEPE BMECTO
HOMMHAJIbHBIX [IAPAMETPOB D TO3BOJIMT 3HAYUTEIBHO YBEIMUUTH TOYHOCTD I10-
3UUUOHUPOBAHHUS PAOOYETO UHCTPYMEHTA § MHOTOCTEIIEHHOT'O MaHUIIyIsiTopa 1 B
IIEPBOM CUCTEME KOOPAUHAT 5.
IIpoMbInuIeHHAS IPUMEHHUMOCTD

HN300peTeHne MOXKET MPUMEHSTHCS B 00JIACTU POOOTOTEXHUKM, TOUHEE TIPU Ka-
TMOPOBKKA MHOTOCTEIICHHBIX MAHUITYJISITOPOB.
IIaTenTHast TUTEpPaTypa
ITatenTHas mureparypa 1: Ilatent RU2667938
ITatenTHas murepatypa 2: Ilatent RU2671787
[TaTenTHas murepatypa 3: [latent RU2605393
HenareHTHas Jiureparypa
Henarentnas murepatypa 1: Nubiola A., Bonev I. Absolute calibration of an ABB
IRB 1600 robot using a laser tracker // Robotics and Computer-Integrated
Manufacturing. 2019. 29(1). P. 236-245. DOI: 10.1016/j.rcim.2012.06.004
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[I1yHxkT 1]

10

dopmyiia
Croco6 KamOpOBKY KUHEMATUIECKUX TTAPAMETPOB MHOTOCTEIIEHHOTO Ma-
HUITYJIATOPA, COAEPKALLETO COWIEHEHUS U/UIIY 3BEHbS, COCIUHSIIOIIUE
6a30BbIii (hnaHew, ¢ KOTOPBIM XECTKO CBs3aHa IIEpBasi CUCTEMa KOOPIMHAT,
W MHCTPYMEHTAJIbHBIN (PITaHel, C KOTOPBIM XKECTKO CBsi3aHa BTOPAs CUCTEMA
KOOPIUHAT, BKIIFOYAIOIIUNA OLUEHKY C IIOMOIIBIO UTEPAUUOHHON IPOLEIYPhI
KUHEMATUYECKUX ITIapaMETPOB MOAEIIM MHOTOCTEIIEHHOTO MAHUITYJIATOpA
Ha OCHOBE WH(OpPMaLUu OT JATYMKOB YIIIOBOTO TIOJIOKEHUS 3BEHBEB OTJIHU-
YAKOIIUICS TEM, YTO QI OLUEHKU KUHEMATUYECKUX IIapaMeTPOB MOEIIU
MHOT'OCTEIIEHHOI'O MAHUIIYJIATOPA PYYHBIM IIyTEM BBIBOLAAT UHCTPYMEHT,
3aKpEIUICHHBIN Ha (IaHLe MHOTOCTETIEHHOTO MAaHUITYJISITOPA, C PA3HOM
OpuUeHTaLMEN B HE MEHEE YeM OIHY IMPOU3BOIIBHYIO (DPUKCUPOBAHHYIO TOUKY
IIPOCTPAHCTBA, IIPU 3TOM OCYIIECTBIISIOT BU3YyAJIbHBIA KOHTPOJIb
MOJIOXKEHUS KPaHEN TOUKH, UCTIOIB3YS [T 3TOTO IIPOU3BOJIBHYIO OCTPO-
KOHEUYHYIO JI€TaJIb, BBIIIOJHEHHYIO C BOBMOXHOCTBIO (pUKCauuu B
MIPOCTPAHCTBE, GOPMUPYIOT HAOOP KaTUOPOBOYHBIX JAHHBIX, 3aITUCHIBAS
JAHHBIE 00 yriax IMOBOPOTA 3BEHBEB MHOTOCTEIIEHHOTO MAHUITYJISITOPA B
(PMKCUPOBAHHON TOYKE, 3aTEM BBIUUCIISIOT OLEHKY BEKTOPA TTOJIOKEHUS
KpanHen TOYKU UHCTPYMEHTA BO BTOPOM CUCTEME KOOPAUHAT U
($hOPMUPYIOT HAYATIBHYIO OLEHKY KUHEMATHUECKMX ITapaMeTPOB MHOTOC-
TEIIEHHOT'0 MAHUITYJISTOPA, BBIYUCIISIIOT 3HAUEHUE KPUTEPUS KadyecTBa, Xa-
PAKTEPHU3YIOMIETO Pa3dpPOC OLEHOK TTOIOXKECHUI KpaiHei TOUYKU WH-
CTPYMEHTA, PACCUUTAHHBIX C UCIIOJIb30BAHUEM HAYAILHON OLICHKU KHHEMA-
TUYECKUX [IaPAMETPOB MHOTOCTEIIEHHOI'O MAHUITYJIATOPA, OTHOCUTEIIBHO
(PUKCUPOBAHHON TOYKU IIPOCTPAHCTBA, 3aTEM BBIITOJIHSIOT HTEPALMOHHYIO
IIPOLEAYPY pacUueTa OUCHOK KUHEMATUIECKUX ITAPAMETPOB MHOTOC-
TENEHHOTO MAHUITYJIATOPA, KOTOPBIE MUHUMU3UPYIOT YKAa3aHHBIN pa3zopoc
OLEHOK TTOJIOKEHUI KPaHEeld TOYKU HHCTPYMEHTA OTHOCUTEIIFHO (DUKCH-

POBAaHHON TOYKH IIPOCTPAHCTBA.
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[ur. 1]

7
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