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XMebHULBKUIT HALliOHAJIBHUH YHIBEPCUTET

MOJIEJIb TA METO/I CTABLJII3ALIII OI[HOBICHOT IJIAT®OPMHU
JJIAA BATATO®YHKHIOHAJIBHOI KOOIIEPATUBHOI
POBOTOTEXHIYHOI CUCTEMHU

IIposedenuii ananiz sidomux memodie ma piweHs 8 2any3i koonepamusHoi po6omomexHiku cgiduums npo me, o
Hapasi ece ¢ 3a1UWAEMbCA 8eAUKA KinbKicmb HesupiwleHux numaHb 8 yill 2aaysi, 3o0kpema, cmabinizayiss o0Ho8icHO
naamgopmu, wjo i € Memoro daHozo docaidxiceHHs. B cmammi pospob.aeHo modeab cmabinizayii o0HosicHoi nnamgopmu 3a
donomozoio PID-anzopummy 6 nakemi MATLAB Simulink. Po3po6aerno makosc memod docaidxceHHs skocmi as12o0pummie
cmabinizayii o0HosicHoi n1amgopmu.

Kniouoei ciosa: koonepamusHull pobom, 6azamo@dyHKyioHabHA KoohepamusHa po60momexHiyHa cucmemd,
o0dHogicHa ni1amgopma, aszopumm cma6inizayii.
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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

KooneparnBHa poOOTOTEXHiKa — II€¢ HOBa Taly3b NPOMHCIOBOI POOOTOTEXHIKH, SKa JIa€ MOXKIMBICTH
CHiJIbHOro BHpOOHMITBA. KoomnepaTinBHe BUPOOHUITBO 3HAYHOIO MIpOO 3aJI€KUTh Bil HASBHOCTI KOOTIEPATHBHOTO
(KOTEKTHBHOTO, KOAabOpaTHBHOTO) poboTa (koboTa). KoomeparuBHuUiT poOOT — 1€ BapiaHT IMIPOMHUCIOBOTO POOOTAa,
OCHAII[CHOTO CHCTEMOIO CEHCOPIB Ta KOMII IOTEPHOTO 30pY, IO JO3BOJISIE 3 BHCOKHMM CTyIIEHEM HMOBIpHOCTI
Homnepe/pKaTH 3ITKHEHHS HPHCTPOI0 3 JIIOAWHOK Ta MEepelIKoJaMH, BKIIOYAI0YH CHTyaliio 30010 BOYZOBaHOTO
nporpaMHOTro 3abe3nedyeHHs. Taki poOOTH MpHU3HAYEH] A1 BUKOPHUCTAHHA B TICHIM Koomeparii 3 JII0ABMH, MOPYH 3
HuMmu. KoonepaTuBHMit poOOT NOBHHEH MaTH HACTYIIHI SKOCTIi: BiICYTHICTh HEOOXITHOCTI B iHTerpaii (Bcs cucreMa
MoBHHHA OyTH poOOTO3MATHOIO 0OApa3y); BIACYTHICTH HEOOXiIHOCTI B mporpamyBaHHI abo HaB4aHHI (poOoT
MOBHHEH OyTH TOTOBUM 10 pOOOTH 3a JIiYeHI XBIJINHN); HASBHICTh IUPOKNX (QYHKIIIHHAX MOKIMBOCTEH; HASIBHICTh
PO3BUHYTOT JIOTIKK /Jisi pOOOTH 3 BpaxyBaHHSIM OTOYYHOUOi OOCTAHOBKHM, BKJIIOYAIOYM aBTOMATHYHE BiJHOBICHHS
micist 3001B; 3a0e3nedeHHs Oe3MeKy MpH eKcIuTyaranii (HaBiTh IpH 3ITKHEHHI 3 OIIepaToOpoM Ha MoBHOMY xoxy) [1].
OcHOBHa 3ajjaya KOOIIEPAaTHBHHX pOOOTIB — JOMOMOITH pO3B’S3aTH CKJIAAHI 33j4adi, SKi HEMOXXIHBO
aBTOMaTH3yBaTH. KoorneparnBHuii poOOT 3MiHIOE MOHSTTSI aBTOMATH3aIIi1 BiJ] TOBHICTIO aBTOMAaTH30BaHHUX OTIEpariif
JIO HAITiBABTOHOMHHMX OTEpaIliif, Ae pillieHHs MpaliBHUKA BILTABATUMYTh Ha il K0OoTa i HaBmaku [2].

CTBOpEHHS KOOIIEpaTHBHUX POOOTIB, SIKI MPALIOIOTh B TICHOMY KOHTAKTI 3 JIFOJJMHOIO, — HAmpsM, SKHAH
IHTEHCHBHO PO3BHBAETHCS. AKTYaJIbHICTh PO3POOJICHHST TaKUX pOOOTIB 00yMOBIICHa HEOOXITHICTIO HaJaHHS JJOIIOMOTH
JIFOJIIM TIPM BUKOHAHHI BaKKUX POOIT HA MPOMUCIOBHX IIANPUEMCTBAX 1 MOBCSKICHHUX POOIT MO JIOMy, AOTJISAAI 3a
MOXWIMMHK JIFOABMH Ta iHBAJiaMH, MEIMIHOMY OOCITYrOBYBaHHI B JIKapHSIX Ta IicisonepamiiiHiii peaOimiTarii,
3a0e3reueHHl J03BUDI Ta HaB4YaHHSA. KoomepaTwBHE 3aCTOCYBaHHsS, TMPUPOIHE IS TOMIOHMX 3aaad, mependadac
abcooTHY Oe3reKy, BUCOKY (DYHKIIIHY THYYKiCTh Ta aBTOHOMHICTh BUKOPHUCTOBYBaHHX POOOTiB. JIiIs 11bOT0 HEOOXiTHE
PO3pOOJICHHST HOBUX TEXHOJOTIH B Taly3i YIPaBIiHHS, CTBOPSHHS HOBHUX KOHCTPYKTHBHHUX DillleHb, PO3POOIICHHS
ITOPUTMIB TUTAHYBAHHS Ta BAKOHAHHS PYXiB, SKi 320€3MeUyI0Th 0e31eKy Gi3udaHoi B3aEMOIi1 IO JUHA Ta podoTa [3].

KooneparuBauii poOOT MOBHHEH 33/I0BOJILHATH BUMOraM MIKHapOJHUX CTaHIApTiB, OCHOBHHUM 3 SIKHX €
craugapt ISO/TS 15066:2016 [4], sxuil € GakTHYHO TEXHIYHOKO creludikaiie, 30KpeMa, BUMOT OS3MCKH IS
KOOOTIB, 1151 CyMiCHOT pOOOTH IPOMHUCIIOBUX POOOTOTEXHIYHUX CHCTEM Ta pOOOYOT0 CEpeIOBHUINA.
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BpaxoByroun, 1110 pUHOK KOONEpaTUBHHUX poOOTIB Iporuo3osano nocsrae 12303 mun non. CHIA no 2025
p.- 3 710 miu noxn. CIIIA y 2018 p., T06T0 3pocte Ha 50,31% mpoTsirom 2018—2025 pokiB [5], akTyaapHOIO 3a1a4YCHO
Hapasi € po3pobieHHs 6araToyHKIIIOHAIEHOI KOOTIEPaTUBHOI pOOOTOTEXHIYHOI CHCTEMH 200 TEXHOJIOT1].

AHamiz JiTepaTypu Ha MpeaMeT IOITyKy BiOMHX METOHIB Ta pIMIEHb IS Talxy3i KOOIepaTUBHOL
pobortorexHiku OyB mpoBenmeHmi aBTOopamu y [6]. IlpoBemeHmii aHami3 BiZOMHX METOZIB Ta pIlIEHh B Taly3i
KOOIIEPaTUBHOI POOOTOTEXHIKM CBIAYUTH MPO Te, IO Hapasi BCE XK 3AIMIIAETHCS BEIWKA KUTbKICTh HEBHPIIICHUX
MMUTaHb B Ii# Tamy3i, 30KpeMa, cTabiii3alist OHOBICHOI IIIATQOPMH, IO i € Memoi OAHO20 OOCTIONCEHHS.

Mopeas cTadinizanii ogHoBicHOT mi1aTdopmu 3a fonomororo PID-anropurmy

Jnst migBuieHHS sAKOCTi cralimizamii ajropuTMy, 3acHOBaHOrO Ha BHUKopuctaHHi PID-perynstopa,
OJIHOBICHA IUIaTGopMa MOTpeOye TOYHOTO HANAINTYBAHHS JIOJATKOBMX NapaMeTpiB Ta ONTHMI3allii IepexiTHux
NPOLECIB, IO BUHHUKAIOTh BHACIHIJZOK HAasSBHOCTI 30BHIIIHIX YMHHHMKIB 1 HEraTHBHO BIUIMBAlOTh Ha pealbHUM
nporotun. J{ns BupimeHHs wiei mpobnemu Oyino po3poOieHO Monenb cralimizalii oJHOBICHOI MIaTGOpMHU 3a
nonomoroto PID-anroputmy B nakeri MATLAB Simulink (puc. 1).

L | LF CM

P MinMax

Step M

Add Subtract

Angle

Saturation

Integrator
! Limited

Pendulum

Initial

Puc. 1. Moaeus crabinizaunii oqinoBicHol miaTgopmu 3a nonomororo PID-anropurmy B Matlab Simulink

Po3pobiieHy Mozienp MOXXKHa YMOBHO PO3IUIMTH Ha TPH YacTHHH, J€ Ieplia MICTHUTh YCIO IOYaTKOBY
iH(pOpMAILifo 111 HOpMaJIbHOT POOOTH CHCTEMH, APYra CKIIANAETHCS 3 (QYHKUIOHAIBHHUX OJIOKIB, 1110 BIANOBINAIOTH 32
BIZITBOPEHHS IMPOIMOPLIIHOr0, IHTErpaIbHOTO Ta AU(EPEeHLIHHOrO PEryyisTopiB, a TPETs MICTHUTh MaTeMaTH4Hi
OJIOKH, INO BiANOBINAIOTH 332 PO3PAXyHOK IIOTOYHOIO IIOJIOKCHHS 1HBEPTOBAHOTO MAasTHHKA, AMIUITYyOH HOTO
KOJIMBaHb Ta OJIOKY Bi3yali3amii OTpUMaHHUX JaHUX, SKUHA Ha OCHOBI MOTIEPEIHIX Pe3yIbTATIB PO3PAXyHKIB hopMye
niarpamy ctabuTbHOCTI cuctemu (puc. 2).
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Puc. 2. PesyabraT po6oTH po3pod.enoi Mmoaeni cradiiizaunii oqnoBicHol miiaTgopmu 3a fonomoroio PID-anropurmy

MeToa Aoc/IiKeHHs SIKOCTi aJropuTMiB cradiiizanii oqHoBicHOl ni1aTgopmu

ITpu po3poOd1i cucTeM aBTOMATHYHOI cTaduTi3alil Tijla B MPOCTOPI, BUHUKAE HEOOXIIHICTh IMATPUMKH TIapameTpa
craOimizarii B Jiiania3oHi 3a/JaHIX 3Ha49eHb. Teopis aBTOMATHIHOTO KePYBAaHH JUTA ITi€] METH MPOTIOHYE BHKOPUCTOBYBATH
Pi3HI METOIH, cepe/l SIKMX MaTeMaTHYHa MOJIEITb Ha OCHOBI piBHsHHS Eiinepa-Jlarpamka ta PID-perysmsitop [7-12].

@dyHKUiOHYBaHHS MeToNy Tepenadadae HasBHICTb EKCIIEPUMEHTAJIbHOI 30HH, IO OOMEXyBaTHMeE
nepeMinieHHst ogHoBicHOI Tuiatrdopmu, 11 po3Mip BH3HAYAETHCS B 3aJEKHOCTI Bl rabapuTiB AOCIIKYyBaHOI
CHCTEMH 32 HAaCTYNHUMH BigHomeHHsamu: M=1.5:1, L=8:1 (puc. 3). 30Hy yMOBHO pO3/IiJI€HO Ha BiCiM CEKTOPIB &, b,
C, d, e, f, 9, mMpHHa SIKMX BU3HAYAETHCS 3aICKHO BiJl LIMPHHH JIOCTIKYBaHOi cuctemu N=1:1.

n >

L
Puc. 3. ExcniepumenTaibHa 30Ha nepeMilleHHs1 0AHOBiCHOI ni1aTgopmMu

MeTon TociHKEHHS SIKOCTI aJITOPUTMIB cTabimizallii 0THOBICHOT TUIaT(GOPMH CKITAAAETHCS 3 HACTYITHHUX €TAaITiB:

1) OnHoBicHY cHCTEMY HEOOXiTIHO PO3MICTHTH B IIEHTPI 30HHM H0CIimKkeHHs d.

2) IlpotsiroM 9acoBOro iHTepBaiy i, 110 BM3HAYAETHCS B 3aJEKHOCTI BiJl IIBHIAKOCTI PyXy CHCTEMH,
HEOOXiIHO BU3HAYUTH KUIBKICTh MIEPETHUHIB OKpEMO JIiHiH a Ta g.
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3) IIpoTsrom HACTYITHOrO YaCOBOIO iHTEPBAITY I1 HEOOXITHO BU3HAYUTH KIbKICTh MEPETHHIB OKpeMo JiHii b Ta .

4) TIpoTAroM HaCTYITHOTO YacOBOTO iHTepBaNy t) HEOOXiAHO BU3HAUKMTH KiIbKICTh IIEPETHHIB OKPEMO JIiHiii C Ta €.

5) IMoGymyBaTh Tpadik Ha OCHOBI OTPUMAaHHUX PE3yJIbTATIB, J€ HA OCi X — BiIOOPa3sUTH Ha3BH CEKTOPIB, a Ha
0Ci y — KIJIBKICTB 1X MEPETHHY OJHOBICHOIO TIAT(POPMOIO.

6) Etamu 1-5 moBTOpHUTH IS BCIX alTOPUTMIB cTabimizanii oHOBICHOI TaThopmu.

B pesymeraTi poboTH ommcaHoro Merony OyayTe moOymoBaHi Trpadikéd Uil KOXKHOTO 3 aJlTrOpPUTMIB
ctabimizanii oqHOBICHOI mIaTGopMu. SKiCTh aNropuTMy CTa0LNTi3allii BU3HAYAETHCS aHAMITHYHUM IUIIXOM — YUM
HIDKYAM 1 «BYXXYAM» € ONWH Tpadik B MOPIBHSAHHI 3 IHIOIMMH, THM SKICHIIIMM € ANTOPHUTM CTadimizamii, SKui
onucye aaHui rpadik.

Jis TOpIBHSHHS SIKOCTI aJNTOPUTMIB cTa0umi3amii OZHOBICHOI maTgopmu Oyyno MOOYIOBaHO 30HY
JociikeHHs (puc. 4), e pyX iHBEPTOBAHOTO MasTHHKA 1 0OMEXYBaBCs 30HOIO 2, MO KPasxX sIKOi OYJIO PO3MIIICHO
(dotonatuuku 3 Ta 4, HABNPOTHU SIKUX 3HAXOMIIUCS CBITIIONiIONU 5 1 6. Konm mocnimKyBaHa cUCTeMa IIiJ| 4ac CBOET
crabinmizauii neperuHana yMoBHi JdiHii 7 Ta 8, ne (ikcyBaB MIKpOKOHTpOJEP, TOJOBHUM 3aBAAHHSAM SKOTro OyJo
MmipaxyBaTd KUTBKICTh TEpPeTHHIB oKkpeMo iHil 7 Ta §. IIpoTArOoM KOXHHX IBOX XBWJIHMH 3IIHCHIOBAJIOCH
MepeMilleHHs JaT4YHKiB Ha 8§ CAaHTHMETPIB Bce ONIDKYE O HEHTPY 30HU JOCIHIIHKEHHS, MICIT KOKHOTO 3MIICHHS
JATYUKIB MIKPOKOHTPOJIEP OKPEMO BH3HAYAB KiJIBKICTh IIEPETHHIB KOKHOTO HOBOTO CETMEHTY.
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Puc. 4. MakeT ekcriepuMeHTAIBHOI 30HH NepeMilieHHsI 0HOBicHOI miIaTdopMu

Ha puc. 5 npencraBieHO pe3y/IbTaT MOPIBHIHHS JBOX aJITOPUTMIB CTabimi3amii — MareMaTuIHOT MO/ Ha
ocHoBI piBHsHHs Eiinepa-Jlarpamka (actuna 1 puc. 5) ta mponopuiitHo-iHTerpanbHo-gudeperuiainsHoro (PID)
peryistopa (dactuna 2 puc. 2). Ockinbku rpadik YacTUHH 2 PUC. S5 € HIKYUAM 1 «BYKYUM», TO OUIBII SKICHUM €
JITOPUTM TIPONOpPLiHHO-IHTerpabHO-1udepeniansaoro (PID) perynsitopa.
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Puc. 5. Pe3yabTaT NOpiBHSIHHSA ABOX AJrOpUTMIB cTaditizanii — maTremaTuuHoi Moei Ha ocHOBI piBHsAHHS Eiiniepa-Jlarpan:xa (4acTuna
1 p) Ta nponopuiiino-inTerpanbHo-nudepentiansuoro (PID) peryasitopa (4acTuna 2)

B po6orti [13] aBTOpamMu npoBeAEHO MOPIBHSAHHS CHCTEM CTaduIi3auii Tiia B IPOCTOPi 3 BUKOPUCTaHHAM
AHATITUYHOTO JOCHIDKEHHS, SKEe TaKOX JaJ0 MOXIUBICTE oOpatu PID-perymsrop 3a OCHOBY i TOOYIOBH
CcUCTeMHM cTabimi3allii, 0Tke, poOOTO3JaTHICTh Ta KOPEKTHICTh PEe3yabTaTiB (YYHKI[IOHYBAHHS PO3POOIEHOTO METOAY
MiATBEPKYIOTCS IHITUMHE JTOCITIKCHHSIMH.

BucHoBku

IIpoBenennii anasi3 BiIOMHUX METOJIB Ta PIllIeHb B raiy3i KOOMEPAaTHBHOI POOOTOTEXHIKH CBIAYHTH TIPO TE,
IO 32 YMMaJoi KUTBKOCTI e(pEeKTUBHMX DIllleHb Hapa3i B Taly3i 3ajJMIIAEThCS PsJi HEBUPIIICHWX MHTaHb, 30KpeMa,
crabimizauis oxHoBicHOT tuiatgopmu. B crarti pospobmenHo monenb crabimizanii ofHOBicHOI miaTdopmu 3a
nonomoroto PID-anroputmy B nmakeri MATLAB Simulink, sika 103B01si€ BUKOHATH TOYHE HANAIITYBaHHS J10JaTKOBUX
napamMeTpiB OJHOBICHOI IUIAT(GOPMH Ta ONTHUMI3yBaTH IEpPEXiIHI MPOLECH, 10 BUHUKAIOTH BHACIIJIOK HasBHOCTI
30BHIIIHIX YMHHHUKIB 1 HETaTHBHO BIUIMBAIOTH HA peabHUN NPOTOTHUIL. PO3po0IeHO TaKoXK METO IOCIIKEHHS SIKOCTI
ITOpUTMIB cTabinizauii oqHOBICHOT M1aTGopMu, B pe3yibTati SIKOro OyayroThes rpadiky Uit KOXKHOTO 3 aJlrOPUTMIB
crabimizanii ogHOBICHOI maTdopmu, 3rigHO 3 SKUMM aHATITUYHAM HIIIXOM MOXKHA BH3HAYHMTH SIKICTH QJITOPHTMY
crabimizamii — YUM HIDKYAM 1 «BYXKYMM» € ONMH Tpadik B MOPIBHAHHI 3 IHIIMMH, THM SKICHIIIAM € aJTOPUTM
cTabinizarii, o OMHUCYETHCS TaHUM TpadikoM.
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