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XMenbHULBKHN HALlIOHATBHUH YHIBEPCUTET

MOJEJIb TA METO/I CTABLJII3AILIII OI[HOBICHOT IJIAT®OPMHU
JJISA BATATO®YHKIIOHAJIBHOI KOOITIEPATUBHOI
POBOTOTEXHIYHOI CUCTEMHU

IIposedenuii ananiz sidomux memodie ma piwieHsb 8 2a/1y3i KoonepamueHoi po6omomexHiku cgiduums npo me, ujo
Hapasi ece % 3a/4UWAEMbCS 8eAUKA KilbKicmb HesupiwleHUX NUumaHb 8 yiil 2a.aysi, 30kpema, cmabinizayis odHogicHoOT
naamgopmu, wjo i € Memoio daHozo docaidxceHHs. B cmammi po3pobseHo modens cmabinizayii od0HosicHoi na1amgopmu 3a
donomoezoto PID-anzopummy 6 nakemi MATLAB Simulink. Po3po6aeHo makosx memod docaidxiceHHs skocmi an20pummis
cmab6inizayii o0HosicHoi n1amgopmu.

Kmiouosi cnoea: koonepamusHull pobom, 6azamo@yHKyioHabHA KoohepamusHa po6omomexHiuHa cucmemd,
odHogicHa niamgopma, anzopumm cmabinizayii.
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MODEL AND METHOD OF STABILIZATION OF THE SINGLE-AXIS PLATFORM
FOR A MULTI-FUNCTIONAL COOPERATIVE ROBOTIC SYSTEM

The conducted analysis of known methods and solutions in the field of cooperative robotics shows that there are still a large
number of unresolved issues in this area, in particular, the stabilization of the single-axis platform, which is the purpose of this study.
Cooperative robotics is a new branch of industrial robotics that enables joint production. Cooperative production largely depends on the
availability of cooperative robot. The creation of cooperative robots that work in close contact with humans is a direction that is rapidly
developing. Cooperative application, natural for such tasks, should provide absolute safety, high functional flexibility and autonomy of the
robots used. This requires the development of new technologies in the field of management, the creation of new design solutions, the
development of algorithms for planning and execution of movements that ensure the safety of physical interaction between man and robot.
Given that the market for cooperative robots is projected to reach $ 12,303 million by 2025 from $ 710 million in 2018, i.e. will increase by
50.31% during 2018-2025, the urgent task now is to develop a multifunctional cooperative robotic system or technology. The analysis of
known methods and solutions in the field of cooperative robotics shows that there are still a large number of unresolved issues in this area, in
particular, the stabilization of the single-axis platform. The paper develops a model for stabilizing a single-axis platform using the PID
algorithm in the MATLAB Simulink, which allows fine-tuning additional parameters of a single-axis platform and optimizing transients,
which emerge due to external factors that negatively affect the real prototype. A method for studying the quality of a single-axis platform
stabilization algorithms has also been developed, as a result of which graphs are constructed for each of a single-axis platform stabilization
algorithms, according to which the quality of the stabilization algorithm can be analytically determined - each graph is compared to others,
the lower and narrower graph indicates more quality algorithm of stabilization of a single-axis platform.

Keywords: cooperative robot, multifunctional cooperative robotic system, single-axis platform, stabilization algorithm.

Beryn

KoomepatnBHa poOOTOTEXHIKA — II€ HOBa Taily3b IPOMHCIOBOI POOOTOTEXHIKH, SKa Ja€ MOXIUBICTDH
CHibHOTO BUpOOHUITBA. KoomepaTHBHE BUPOOHHUIITBO 3HAYHOIO MipOIO 3aJIC)KHTh BiJl HASBHOCTI KOOIIEPATHBHOTO
(KOJIGKTHBHOTO, KOJJAOOpaTHBHOT0) poboTa (koboTa). KoomepatusHuii poOOT — 11e BapiaHT MPOMHCIOBOTO poOoOTa,
OCHAIIIEHOTO CHCTEMOIO CEHCOPIB Ta KOMII IOTEPHOTO 30pY, IO JIO3BOJISIE 3 BHCOKHM CTYIIEHEM HMOBIpHOCTI
nonepepKaTH 3iTKHEHHS NPHUCTPOIO 3 JIIOAMHOIO Ta IEPEIIKoJaMH, BKIIOYAOYM CHUTyalilo 30010 BOYJOBaHOTO
nporpamHoro 3a0e3nedyeHHs. Taki poOOTH NMpHU3HAUEHI A5l BAKOPUCTAHHS B TICHIN Koomepaii 3 J0JIbMH, OPYY 3
HUMHU. KooniepatuBHMI poOOT MOBUHEH MATH HACTYIIHI SKOCTI: BiICYTHICTh HEOOX1THOCTI B iHTErpanii (Bcst cucrema
NOBUHHA OyTH pOOOTO31aTHOIO 0JIpa3y); BIJCYTHICTb HEOOXIIHOCTI B TNporpaMyBaHHI a0o HaBuaHHI (poOOT
MOBUHEH OyTH TOTOBUM 110 POOOTH 3a JIiYeHi XBWINHH); HasBHICTh IIMPOKUX (QYHKIIHHNX MOXIIMBOCTEIl; HasIBHICTD
PO3BHHYTOI JIOTiKM 111 POOOTH 3 BpaxyBaHHSAM OTOUYIOUOi OOCTAaHOBKH, BKJIFOUAIOYM aBTOMATHYHE BiTHOBIICHHS
miciist 3001B; 3a0e3medeH s Oe3MeKH P eKCIUTyaTarlil (HaBiTh IpH 3iTKHEHHI 3 OIepaTopoM Ha IOBHOMY xoxy) [1].
OcHOBHa 3ajada KOOIEPAaTHBHUX POOOTIB — JOMOMOITH pO3B’S3aTH CKIAAHI 3amadi, sIKi HEMOXIUBO
aBToMaTtn3yBatu. KoomepaTuBHUI poOOT 3MiHIOE TIOHATTSI aBTOMATH3AIIi1 Bijl TOBHICTIO aBTOMATH30BAHKX OIIepartiit
JI0 HaITiBABTOHOMHHUX OTlepalliil, Ae pimeHHs mpaliBHUKa BILIMBATUMYTh Ha [ii koOoTa i HaBmaku [2].

CTBOpeHHS KOOIIEPATUBHUX POOOTIB, SKi TMPAIIOIOTH B TICHOMY KOHTAaKTi 3 JIOJAWHOI0, — HAMpPsM, KUK
IHTEHCHBHO PO3BHUBAETHCS. AKTYalbHICTH pO3POOICHHS TaKuX poOOTiB 00yMOBIeHa HEOOXiTHICTIO HaJlaHHS JOTIOMOTH
JIOASM TIPM BUKOHAHHI Ba)XKKUX POOIT Ha NMPOMHUCIIOBUX MIJNPUEMCTBAX 1 MOBCAKACHHUX POOIT MO JOMY, JOIJIiAl 3a
MNOXWJIMMH JIFOJbMH Ta IHB&IAMH, MEIMYHOMY OOCIYroByBaHHI B JIKapHAX Ta MicisonepauiiHii peaOumirtarii,
3a0e3neyeHHi J03BULIA Ta HaByaHHs. KoomnepaTuBHE 3aCTOCYBaHHS, NMPUPOJIHE IS TMOAIOHMX 3ajay, nependadae
a0coMIOTHY Oe3I1eKy, BUCOKY (pyHKIIHHY THYUYKICTb Ta aBTOHOMHICTh BUKOPHUCTOBYBaHHX poOOTIB. /11t 110r0 HEoOXiqHe
PO3pO0JICHHST HOBMX TEXHOJIOTIH B Taly3i YIpaBIiHHS, CTBOPEHHS HOBHMX KOHCTPYKTHBHHX pillleHb, PO3pOOJICHHS
AITOPUTMIB IUIaHYBaHHS Ta BUKOHAHHS PYXiB, sIKi 3a0e31euyloTs Oe3neKy Gpi3n4Hoi B3aeMoii ioanHu Ta pobora [3].

KoomneparuBHuii po6OT MOBMHEH 3a{0BOJBHATH BUMOraM MDKHApOIHHX CTAHIAPTIB, OCHOBHHM 3 SIKHUX €
cragaapT ISO/TS 15066:2016 [4], skuit € HakTHIHO TEXHIYHOIO CreIHUdikalielo, 30KpeMa, BUMOT Oe3leKu st
KOOOTIB, JJIsI CyMICHOT POOOTH TIPOMHUCIIOBUX POOOTOTEXHIYHUX CHCTEM Ta pOOOUOTO CepeOBHIIA.
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BpaxoBytoun, 1110 pUHOK KOONEpaTUBHUX poOOTIB mporrHo3osaHo nocsirHe 12303 mun non. CIHA mo 2025
p- 3 710 min non. CIIA y 2018 p., T06T0 3pocte Ha 50,31% mpoTsirom 2018—2025 pokiB [5], akTyanabHOIO 3a7a4Yeto
Hapasi € po3pobiieHHs 6araToyHKIIOHATBHOT KOOIIEpaTUBHOI POOOTOTEXHIYHOI CHCTEMH ab0 TEXHOJIOTI1.

AHami3 JjiTepaTypd Ha TpPEIMET TOMYKY BIJOMHX METOMIB Ta PillleHb IS Tally3i KOOIEPAaTUBHOI
poboTtoTexHikn OyB mpoBeneHnid aBTopamu y [6]. IlpoBemeHmii aHami3 BiZOMHX METOAIB Ta PIIIEHb B Taly3i
KOOTIEpaTUBHOI pOOOTOTEXHIKA CBIiTYUTH MPO TE, IO Hapas3i BCE XK 3aNMIIAETHCS BEJIMKA KiTbKiCTh HEBHPIIICHUX
MUTaHb B I1i# ramysi, 30Kkpema, cTabimi3allis 0JHOBICHOI IaTGOPMHU, IO 1 € MEMOI0 0AHO20 OOCTIONCEHHSL.

Mopeas cTadinizauii ogHoBicHOT m1aTdopmu 3a fonomoror PID-aaropurmy

Jis migBMINEHHS SIKOCTI cTabiii3amii ajaropuTMy, 3aCHOBaHOTO Ha BHKOpHcTaHHi PID-perymsropa,
OJHOBICHA IUIaTGopMa MOTpeOye TOYHOrO HANAIITYBAHHS JOJATKOBHX NapaMeTpiB Ta ONTHMI3alii mepexiTHux
MPOIIECiB, MO0 BHHUKAIOTH BHACNIJOK HAsSBHOCTI 30BHINIHIX YHMHHHKIB 1 HETATHBHO BIUIMBAIOTH HA pCallbHUM
nporotun. s BupimeHHs 1iei mpobiemMu Oyino po3pobieHo Mopenb cradiiizauii oaHOBICHOI mIathopMmu 3a
nonomororo PID-anroputmy B nakeri MATLAB Simulink (puc. 1).
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Puc. 1. MoaeJs cradinizanii onnoBicHoi niiaTgopmu 3a gonomororo PID-anropurmy B Matlab Simulink

Po3pobiieHy Mozenp MOXKHa YMOBHO PO3IUIMTH Ha TPW YAaCTHHH, Jie Heplia MICTUTh YCIO IOYaTKOBY
iH(pOpPMAIIiO 111 HOpMaJIbHOI pOOOTH CHCTEMH, APYTa CKIANAETHCS 3 (YHKIIOHATBHUX OJIOKIB, IO BiAIOBIAAIOTH 3a
BIITBOPEHHS NPONOPLIIHOro, IHTErpaNbHOro Ta AU(EPEeHLIHHOrO peryjsTopiB, a TPeTs MICTUTh MaTeMaTH4Hi
OJIOKH, IO BIiAMOBINAIOTH 32 PO3PAXyHOK IOTOYHOTO IOJIOKEHHS IHBEPTOBAHOTO MAasATHHKA, aMIUNTYIH HOTO
KOJIMBaHb Ta OJIOKY Bi3yami3amii OTpUMaHHUX JaHUX, SKHH Ha OCHOBI IOTIEPENHIX pe3yNbTaTiB po3paxyHKiB Gopmye
niarpamy ctabiTbHOCTI cucTeMu (puc. 2).
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Puc. 2. Pe3yabTaT podoTH po3pod.ienoi Moaei ctadinizauii oqrHoBicHoI miiatgopmu 3a fonomoror PID-ajaropurmy

Merton goctigKeHHs IKOCTI aIropuTMiB cTabinizanii onHoBicHOI maTdopmu

ITpu po3poO1i cucteM aBTOMAaTHYHOI cTabuIiz3amii Tijla B MPOCTOpi, BUHUKAE HEOOXITHICTh IMTPHUMKH TapamMeTpa
cTabimizarii B miarma3oHi 3aJaHUX 3HAYCHb. Teopis aBTOMAaTUIHOTO KEPYBaHHS IS i€l METH TIPOTIOHY€E BUKOPHUCTOBYBATH
PI3HI METOH, Cepel IKMX MaTeMaTHIHa MOJIeIh Ha OCHOBI piBHsHHS Elinepa-Jlarpamka ta PID-perymsitop [7-12].

OYHKIIOHYBaHHA METOAy Iiepeadadae HasBHICTh EKCIIEPUMEHTANbHOI 30HHM, IO OOMEXyBaTHMe
TIepeMiIleHHsT OJIHOBICHOI IaTGopMH, 11 po3Mip BU3HAYAETHCA B 3aJIEKHOCTI BiJl TabapwTIB IOCIIIHKyBaHOT
CHCTEMH 3a HaCTYITHUMH BigHomeHHsMu: M=1.5:1, L=8:1 (puc. 3). 30Hy yMOBHO pO3MIiJIcHO Ha BiciM CEKTOPIB 4, b,
¢, d, e, f, g, MUpUHA SKUX BU3HAYAETHCS 3aJISKHO Bijl IUPHHM JOCIIKYyBaHOi cucteMu n=1:1.

L
Puc. 3. ExcnepuMeHTA/IbHA 30HA NepeMillleHHs! 0HOBicHOI miIaTgopmu

MeTon DociKEHHS SIKOCTI aTOPUTMIB cTabiiizanii 0JJHOBICHOT IIIaTGOPMH CKIIaIa€ThCS 3 HACTYIIHHX CTalliB:

1) OnHOBicHY cucTeMy HEOOXiZJHO PO3MICTUTH B LICHTPI 30HU JTOCIIDKEHHS d.

2) [IpotsiroM 4acoBOTO IHTEPBAJy f, L0 BU3HAYAETHCS B 3AJIEKHOCTI BiJ] IIBHIKOCTI PYXYy CHCTEMH,
HEeoOXiTHO BU3HAYNTH KiIbKICTh IIEPETHHIB OKPEMO JIiHIH a Ta g.
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3) IIpoTsirom HacTYITHOrO YacCOBOT'O iHTEpBaJLy ¢ HEOOXiJHO BU3HAYUTH KUIBKICTh IIEPETHHIB OKPEMO JiHiit b Ta f.

4) IIpoTsroM HaCTYITHOTO YacOBOTO IHTEPBAITY /, HEOOX1THO BUSHAYMTH KUIBKICTh IIEPETHUHIB OKPEMO JIiHIH ¢ Ta e.

5) IloGynyBatu rpadik Ha OCHOBI OTpUMAHHUX PE3yJbTATIB, € Ha OCi X — BiT0OOpa3uTH Ha3BU CEKTOPIB, a Ha
0Ci y — KIJIBKICTB iX MEPETHHY OJHOBICHOIO IIAT(GOPMOIO.

6) Etanu 1-5 moBTOpUTH TSI BCiX aNropuTMiB cTadimizamii oJHOBICHOT TIATHOPMH.

B pesymbrati poboTH ommcaHOro MeTony OymayTh moOymoBaHi rpadikd Ui KOXXKHOTO 3 aJTOPUTMIB
ctabimizanii ogHOBicHOI mIaTdopmu. SKicTe anropuTMy cTabimizamii BU3HAYAETHCS aHANITHYHUM IUIIXOM — YUM
HIDKIAM 1 «BYXXYHM» € OAWH Tpadik B MOPIBHAHHI 3 iHIINMH, THM SIKICHIIINM € aJropuUTM cTabimizamii, skwii
ornucye gaHui rpadik.

Jis TOpIBHSHHS SKOCTI alTOPUTMIB cTadumi3amii OAHOBICHOI maTGopmu Oyno MOOYIOBaHO 30HY
JociikeHHs (puc. 4), e pyX iHBEPTOBAHOTO MasTHHKA 1 0OMEXyBaBCs 30HOIO 2, MO Kpasx SKOI OyJIO PO3MIIICHO
(doronaTuuku 3 Ta 4, HABIPOTH SKUX 3HAXOIWIIKCS cBiTIIOHionu 5 1 6. Komu mociipkyBaHa cucTema i 9ac CBO€ET
crabinmizauii neperuHana ymoBHi JiHii 7 Ta 8, e ¢ikcyBaB MIKpPOKOHTpOJIEp, TOJIOBHUM 3aBIAaHHSM SIKOTO OYJ0
MipaxyBaTH KiTBKICTh TMEPEeTHHIB OkpeMo miHii 7 Ta 8. TIpoTIroM KOXHHX IBOX XBHJIWH 3JIHCHIOBAJIOCH
MepeMilleHHs] JaTYiKiB Ha § CAaHTHUMETPiB Bce OMIDKYE O MEHTPY 30HHU AOCHTIHKEHHS, MICII KOXKHOTO 3MIICHHS
JATYUKIB MiKPOKOHTPOJIEP OKPEMO BU3HAUYAB KUTBKICTh MMEPETHHIB KOKHOTO HOBOTO CETMEHTY.

¥y i,

3 4
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Puc. 4. MakeT ekcriepUMeHTAJIBLHOI 30HHU NepeMillleHHsI 0AHOBicHOI m1aThopMu

Ha puc. 5 npencraBieHo pe3ynabTaT MOPIBHIHHS JBOX allTOPUTMIB cTabimi3anii — MaTeMaTH4HOI MOieli Ha
ocHoBi piBHsHHS Eitnepa-Jlarpamwka (yactuna 1 puc. 5) ta nponopuiiiHo-iHTerpanbsHo-qudeperuiansHoro (PID)
perynsropa (dactuHa 2 puc. 2). Ockinbku rpadik 4aCTUHH 2 PHUC. 5 € HIKYUM 1 «BY)XKYHM», TO OUTBII SIKICHUM €
JITOPUTM TPONOpLiHHO-IHTerpabHO-TdepentiaisHoro (PID) perymsitopa.
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Puc. 5. Pe3yabTaT NOpiBHSAHHS ABOX aJropUTMiB cTadinizanii — maTremaTH4Hoi Moje1i Ha ocHOBI piBHsIHHA Eiisiepa-Jlarpan:ka (4acTuHa
1 p) Ta nponopuiiino-inTerpaabHo-1upepenuiansuoro (PID) peryasitopa (4acTuna 2)

B po6ori [13] aBTOpamu TpoOBECHO MOPIBHIHHS CHCTEM CTa0imi3allii Tijla B MPOCTOPi 3 BUKOPUCTAHHAM
AQHAJTITUYHOTO JIOCITI/DKEHHS, SKE TaKOX Jal0 MOXJIMBICTH oOparu PID-perymsrop 3a ocHOBY mis moOynoBU
CUCTEMHU cTabinizalii, 0Txe, pOOOTO3IaTHICTh Ta KOPEKTHICTh PE3Y/IbTATIB (PYHKIIOHYBAHHS PO3POOICHOTO METOTY
MiATBEPKYIOTHCS IHIITAMU JIOCITIIPKCHHSIMH.

BucHoBkn

[IpoBenenuit anani3z BiIOMMX METOAIB Ta PillleHb B rajy3i KOONepaTHBHOI POOOTOTEXHIKH CBITUHUTH IO TE,
10 32 YMMaioi KUIBKOCTI e()eKTUBHUX pillleHb Hapa3i B rajy3i 3aMIIA€ThCS PsA HEBHPINIEHHX NHTAaHb, 30KpEMa,
crabimizamisi omHOBicHOI TaTtdhopMu. B crarri po3pobieHo Moxaenb cTabimizamii OJHOBICHOI TuaThopmu 3a
nonomororo PID-anmroputmy B maketi MATLAB Simulink, sika 103Bossie BUKOHATH TOYHE HAJIAIITYBAHHS TOJAaTKOBHIX
rmapaMeTpiB OJHOBICHOI TUIATGOPMH Ta ONTHMI3YBaTH TEPEXilHI MPOIECH, II0 BHHUKAIOTH BHACIHIIOK HAsBHOCTI
30BHIIIHIX YNHHUKIB 1 HETATHBHO BIUTUBAIOTHh HA PEATbHUN MPOTOTHIL. PO3pOOICHO TaAKOXK METO. JOCHIHPKEHHS SKOCTI
ITOPUTMIB cTabii3amii 0MHOBICHOT TIAT(HOPMH, B PE3YIBTATI SKOTO OYIyIOTHCS Tpadiku IS KOXKHOTO 3 aJTOPUTMIB
ctabimizamii oMHOBiICHOI MIaTHOPMH, 3TIAHO 3 SIKAMH aHATITHYHUM [UITXOM MOXXHA BHU3HAYHTH SIKICTh aITOPUTMY
crabumizamii — YMM HIDKYUM 1 «BYXYMM» € OIUH Tpadik B MOPIBHSHHI 3 IHIIMMH, TUM SIKICHIIIUM € aJIOPUTM
cTab1mi3arlii, 10 OMKUCYETHCS TAaHUM TpadikoM.
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