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XMeNnbHUIBKUH HalliOHATbHUI YHIBEpCHTET

MOJIEJIb TA AJITOPUTM PYXY KPOKYIOUOI IJIAT®OPMU
Y BATATO®YHKIIIOHAJIbHI KOOIIEPATUBHINA POBOTOTEXHIYHIN CUCTEMI

IIposedenutl anasiz gidomux memodie ma piuieHb 8 2aJ1y3i koonepamugHoi po6omomexHiku cgiduums npo me, Wo
npu vumaniii kinekocmi ehekmugHux piwleHb Hapasi 6 2asys3i 3aauwaemuvcsl psid HegupiweHUX NUMAHb, 30Kpemd, pyx
Kpokytouoi naamgopmu. B cmammi po3pobaeHo modeab pyxy Kpokyrwouoi naamgopmu e nakemi MATLAB Simulink,
CNpOeKmogaHo anapamuy i npozpamHy apximekmypy Mail6ymHboi pob6omus3o8aHoi cucmemu, npogedeHo po3nodia
06YUCAI0BANLHUX pecypcié npozpam Kepys8aHHs ma noGydo8aHo 6/0K-cXemy, WO U3HA4deE 3azaabHull aszopumm 0iil
Kpokylouoi naamgpopmu. OnucaHo 0CHO8HI eseMeHMuU po3pobaeHoi cucmemu ma no6ydo8aHo CMpyKMypHy CXemy, ujo
8idobpadicae 0CHOBHI 36°13KU ma 83aEmMO0ii Mijc KOMNOHEHMAMU CUCMEeMU.

Katouosi cnosa: koonepamusHuil po6om, 6azamo@yHKYioHaAbHA KOonepamusHa po6omMomexHiyHa cucmema,
Kpokyloua naamgopma.
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MODEL AND ALGORHITM OF THE WALKING (STEPPING) PLATFORM MOVING
IN THE MULTI-FUNCTIONAL COOPERATIVE ROBOTIC SYSTEM

The analysis of known methods and solutions in the field of cooperative robotics shows that with a large number of effective
solutions, there are still a number of unresolved issues in the industry, in particular, the movement of the walking (stepping) 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 cooperative robot must meet the requirements of International Standards, the
main of which is the standard 1SO/TS 15066: 2016. 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
paper develops a model of the walking (stepping) platform movement in the MATLAB Simulink, designed the hardware and software
architecture of the future robotic system, allocated computing resources of control programs and built a block diagram that defines the
general algorithm of the walking platform. The main elements of the developed system are described and a structural diagram is
constructed, which reflects the main connections and interactions between the components of the system.

Keywords: cooperative robot, multifunctional cooperative robotic system, walking (stepping) platform.

Beryn. KoomepatnBHa poOOTOTEXHiKa 3HAYHOIO MIPOK 3a€KHUTH BiJl HASBHOCTI KOOIIEPAaTHBHOTO
(KOJNEeKTUBHOTO, KOJIAOOpaTHBHOT0) poboTa (koboTta). KoonepaTuBHuii poOOT — 1ie BapiaHT IPOMKCIOBOrO podoTa,
OCHAII[CHOT'0 CHCTEMOI) CEHCOPIB Ta KOMII IOTEPHOTO 30pY, IO JO3BOJISIE 3 BUCOKHM CTYNEHEM HMOBIPHOCTI
Homnepe/pKaTH 3ITKHEHHS HPHCTPOI0 3 JIIOAWHOK Ta MEpEelIKoJaMH, BKIIOYAI0YH CHUTyaliio 30010 BOYZOBaHOTO
nporpamuoro 3a0esnedeHHs [1]. OcHOBHa 3amada KOOMEPATUBHUX POOOTIB — JOMOMOITH PO3B’s3aTH CKIIAIHI
3ajayi, sSKi HEMOXIIMBO aBToMaTH3yBaTtu. KooneparuBHHN pOOOT 3MIHIOE IMOHSTTS aBTOMATH3AaLil BiJl MOBHICTIO
AaBTOMATH30BaHMX OIEpalliii 10 HaiBaBTOHOMHHX Ollepalliii, ¢ PillieHHs MpaliBHUKA BIUIMBATUMYTh Ha Jii K0OOTa
1 HaBmaku [2].

KooneparuBauii poOOT MOBHHEH 33/I0BOJILHITH BUMOraM MDKHapOJHHUX CTaHJapTiB, OCHOBHUM 3 SIKUX €
cragapt ISO/TS 15066:2016 [3], skuil € PakTHYHO TEXHIYHOKW crenu(iKamiero, 30KpeMa, BUMOT OC3MEeKH s
KOOOTIB, 1151 CyMiCHOT pOOOTH IPOMHUCIIOBIX POOOTOTEXHIYHUX CHCTEM Ta pOOOYOT0 CEPEeIOBUINA.

PuHOK KOOnepaTuBHHX poOOTiB Mporuo3oBano pocsrae 12303 muH pon. CILIA no 2025 p. 3 710 muH om.
CIIIA y 2018 p., To6TO 3pocte Ha 50,31 % mpotsarom 2018—-2025 pokis [4], BinTak akTyalbHOK 3a/1ader0 Hapasi €
po3polbiieHHs 6araTopyHKIIIOHATBHOT KOOTIEPATHBHOT POOOTOTEXHIYHOI CHCTEMH a00 TEXHOJOT11.

AHaii3 JiTepaTypu Ha MpeIMeT IOIIYyKy BiOMHX METOMIB Ta pIMIeHb IS Talxy3i KOOIEepaTUBHOL
poboroTexHikn OyB mpoBeneHui aBTOopamu y [5]. IIpoBemenuil aHami3 BiJOMHX METOZIB Ta PIlIeHb B Tamy3i
KOOTIepaTUBHOI pOOOTOTEXHIKM CBIJYHTH PO TE, IO Hapasi BCE K 3AINIIAECTHCA BEJWKA KUTBKICTh HEBHPIIIEHUX
MUTaHb B IiH Tay3i, 30KpeMa, pyX KPOKyI9O0i IIaTGOPMH, IO 1 € Memor 0aH020 00CHIOHCEHHS.

CTBOpEHHSIM KpOKYIOUMX MAIIWH 1 yNPaBIiHHAM IX PYXOM 3aiiMaroTbcsi 0arato HayKOBHX KOJIEKTHBIB 3
ycboro cBiTy [6]. Benmkuii iHTepec 10 IbOr0 HANPSIMKY IOCIHI/DKEHHsSI MOSICHIOETHCS THM, IO B IOPIBHSHHI 3
TPaAMLIMHUMH METOAaMH NepeMillleHHs (KOJIICHUMH, T'YCEHHWYHHUMHM), KPOKYIO4i CHCTEMH BOJOMAIIOTH KpallUMHU
XapaKTePUCTHKAMU aJIarTallii 10 OMOPHOI MOBEPXHi, a BIAMOBIAHO 1 OUIBIIO MPOXiTHICTIO . AJlKE, BHKOPHCTaHHS
KPOKYIOYOTO METOJly IIepecyBaHHs Ja€ BEIMKUI BUOIp HalAIITYBaHb JOJATKOBHX IapaMeTpiB, TAKMX SK IOBXHHA
KPOKY, BHCOTa KOPITYyCY BIJIHOCHO ONOPHOI MOBEPXHi Ta INBUIKICTH nepecyBaHHs. OCKIIbKHM crcTeMa Mo0y10BaHa
3a i€papXiuHUM TPUHIAIIOM, BOHa (HOpPMYyE €IWHUN MEXaHi3M 3a PaxXyHOK CTBOPEHHsI KEPYIOUMX CHTHAIIIB ISt
MEBHOT KUIBKOCTI €IeMEHTApHUX, HE3aIeKHO (YHKIIOHYIOUMX BUKOHYIOUHMX MEXaHI3MiB, KOXKEH 3 SIKHX BUKOHYE
CBO€ BIIACHE 3aBJAHHs i TAKUM YHMHOM BHOCHUTH CBilf BHECOK Y GopMyBaHHS pyXxy [7]. 3aBIsKH HE3aJIEKHUM OIMH
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BiJl O/IHOTO ONOPHUM MeEXaHi3MaM, KOPITyC CHCTEMH MOXKE IEpeMIlllyBaTHCsl y Oy/Ab-sIKOMY HanpsMKy, YHUKarOUu
HeOe3MeYHNX JAUISHOK Ta IOCTIHHO 3MiHIOIOYM cBOI Touku onopu [8]. B Ham yac icHye 6e3miu po3poOok Ta
HAyKOBUX JOCTI/DKCHb 3 JaHOI TEMAaTHWKH, aje BHACHIJOK TOTO, IO IWUM 3aifMaroThCs B OLIBIIOCTI KOMEpHifHi
CTPYKTYpH, iH(OpMAIlis PO BCi pe3yibTaTH Ta HOBI TEXHOJOTIi 3HAXOIUTHCA B 3aKPUTOMY IOCTYII, IO 3HAYHO
YCKIJIaIHIOE PO3BHTOK Ta PO3POOJICHHA TaKUX CUCTEM. B OCHOBI pyXy OiJBIIOCTI KPOKYIOUHX CHCTEM JICKHUTH METO,
3aCHOBaHMUI Ha CIIOCO01 MepeMileHHsS KOMaX, 3aBISKH BHCOKHUM IOKa3HHKaM CTIiHKOCTI pyXy. B Hamr gac mocTiiiHO
3’SIBJSIFOTBCS HOBI allTOPUTMH PYXy KPOKYIOUMX pOOOTIB, BHACKTIIOK MOJEpHi3amii i KOMOIHyBaHHS BXXE iICHYIOUHX,
ajyie B OCHOBI OyZb-SKOTO 3 HUX JISKUTH iIMITyBaHHS O10JIOTIYHOTO PYXy TBapHH.

Mogens pyxy kpokyw4oi niardopmu. Jns 3abe3neueHHs PIBHOMIPHOTO 1 NPSIMOJIHIKHOTO PyXy
KpOKy040i ruiaTropmMu HEOOXiTHO TOYHO BU3HAYUTH KiHIIEBE MOJIOKEHHS KOKHOTO PyXOMOT'O CETMEHTY OIOPHOTO
MeXaHi3My Mal4d JHIIe HOro movaTkoBi koopauHatu. [ mporo B mporpamuHomy maketi MATLAB Simulink
OyJI0 CTBOPEHO MOJIENIb PYXY, B OCHOBI SIKOT JIS)KUTh MaTeMaTHYHE PiBHSAHHS BUPIIICHHS NPSAMOI 3aja4l KIHEMaTHKH.
bnok-cxemy, 300paxkeHy Ha puc. 1, yMOBHO PO3JLIEHO Ha IpyNH, KOXKHA 3 SKUX BIINOBIZAa€ 32 MOJENIOBAHHSA 1
BHpIIICHHS NIEBHOI YaCTHHHU 3a7a4i.

I'pyma a MicTUTh ycro mOYaTKOBY iH(pOpPMaLio A HOpMalkHOI poO0TH cucTeMH, e SX Ta Sy — BiAcTaHb,
Ha Ky TIOTPiOHO 3MIMCHUTH TIEPEMINICHHSA OTIOPHOTO MEXaHi3My BiIHOCHO oceil X Ta Y; @ Ta b — mouaTrkoBi KyTH
Haxuny cepBonpuBois; 11, 12, 13 — 1oBxuHE OCHOBHHX CETMEHTIB OMIOPHOT'O MEXaHI3MYy.

I'pyna b mictuts GyHKIiOHATBHUI ONIOK, IO BIAMOBIAAa€E 3a PO3PaXyHOK MOYATKOBOI MPOEKIIT OMOPHOTO
MeXaHi3My Ta IOJIO’KeHHs cerMeHTy L1.

I'pynma ¢ MicTUTh (DYHKI[IOHAIBHHUIA OJIOK, IO BIJMOBIZa€ 3a PO3PaxXyHOK MPOCKIli BHUCOTH OIMOPHOIO
MeXaHi3My 1 MOJI0XKeHHs cerMeHTiB L2 Ta L3.

I'pynu d, e MicTaTh (QYHKIIOHANBHI ONOKH, SKi OMMPAIOYHCh HA TOIMEPEIHI Pe3yJabTaTH PO3PaxyHKIB,
BU3HAYAIOTh KiHIIEB] MOJOXEHHs KyTiB CEPBOIPUBO/IB @ Ta b.

I'pyma f micTuTh (QyHKIIOHATBHHN OJIOK, IO BiAMOBiZae 3a Bi3yami3amilo OTPUMAHHX PO3PAXYHKIB Y
BUTJISII liarpaMu Micysl 3aBEepIICHHS MOETIOBaHHS.

OTpuMaHa MaTeMaTHYHA MOJICNb € CIJIBHOIO IS YCIX KPOKYIOUHX cucTeM THITy quadruped (KOHCTPYKITis
JaHOTO THITY CHCTEM MiCTHTh YOTHPH TOYKH OIIOPH i TOMY Kpallle IPUCTOCOBaHA JI0 IIepeCyBaHH: 0 HEPiBHOMIpHIi
MOBEPXHi; PyX peali3yeThcsl MULIXOM HOYEpProBOro MEpeMillieHHs] OJHOTO 3 YOTHPHOX ONMOPHUX MEXaHI3MiB, B TOW
gac SK TPH IHII MATPUMYIOTH KOPIlyC B CTaOUTbHOMY TOJIOKEHHI [9]; HEHTp Barm Micis KOXHOTO KPOKY
3MIHIOETBCS, ale CTIMKICTh CHCTEMH 3aJIMIIAETHCS CTAJIOK) 3 JABOMA CTYNECHSMH CBOOOIM OIIOPHOTO MEXaHi3MYy.
BoHa 103BOJIsiE BCTAHOBUTHM MAaKCHUMAJIbHY BiJICTaHb, Ha SKY MOXE 3MICTHTHCS CHCTEMa, HE IepeMillyHo4H
ONOPHOTO MEXaHi3My Ta I'PaHMYHO JONYCTUMI KYyTH IOBOPOTY CEPBONPHBOJIB, & TAKOX EKCIEPUMEHTaJIbHUM
[UIXOM Migi0paT OCHOBHI MOJIOXKEHHS CETMEHTIB OTIOPHOTO MEXaHi3My Ui HOro MepeMillieHHS B 3a1aHy TOUKY.
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Puc. 1. MoaeJunb pyxy kpokywouoi miargopmu B Matlab Simulink
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Js mepeBipkM aJeKBaTHOCTI Ta JOCTOBIPHOCTI OTpUMaHOi Mozesi pyXy OyJjo IPOBEJEHO TECTyBaHHS
(puc. 2) 3 HACTYITHUMU ITapaMeTPaMHU:

— noBxxuHa cermenTiB: L1 =35, L2 =25.5, L3 = 78.

— TIOYaTKOBi KyTH moyio>keHHs: a = 80°, b = 80°.

— TOYKH IiepeMitnerHs: Sy = 8, Sy = 4.

10 T T T T

Puc. 2. PesyasTaT po6oTH Mojel1i pyXy KPpOoKY04oi miatgopmMu

AJTOpUTM PYXy KpOKyw4oi miargopmu. CTpyKTypy NPOrpaMHOroO alrOPUTMY KPOKYIOUOI CHCTEMH
MOYXHa YMOBHO PO3JUIMTH Ha TP KEPYIOUi piBHi:

— NepLIMi piBeHb BIJIIOBIIAE 32 KEPYBaHHS CEPBONPUBOJAMU Ta (hOPMYE Jiana3oH NepeMillleHHs OTIOPHUX
MeXaHi3MiB.

— IpyTHid piBeHb BIATIOBifa€ 3a peaizallifo pyXy Ta caMo CTa0LIi3allilo MOJIOKEHHS KOPIYCY CHCTEMH B
TIPOCTOPI.

— TpeTili piBeHb BH3HAYa€ AITOPHTM PYXy Ta HANPAMOK B 3aJeKHOCTI Bil OTPUMAHOIO KEpYyKHYOro
CHTHAITY.

Iepmii 1 apyruid piBHI Peai3ylOThCS aBTOMATUYHO, TOMI SAK TPETiM MOCTIHHO OYiKye KOMAaHIH Bi[
KepYYoro npuctporo. [10cimioBHICTh BUKOHAHHS OTEpallii Ta aIrOPUTM pOOOTH BioOpakae Onok-cxema (puc. 3).
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Puc. 3. Biok-cxema aJiropuT™My pyxy KpoKyI04oi nmiatdopmu

Jns BimoOpakxeHHs 3aTralibHOI KOHIETIIIi po3po0iieHoi ciucteMu 0yito o0yIoBaHO CTPYKTYPHY cxeMmy (puc. 4).
pwanun xii cuctemu HacTymHUA: Bluetooth Moxye oTprMye KoMaHTy Bif KepyrOdoro MPHUCTPOIO i mepenae ii mo
inTepdeiicy UART MikpoKoOHTpoOJepy, SIKHIl 3aJIe)KHO BiJf OTPUMAHOTO CHTHATY BUKOHYE INEBHHHA CICHAPIA Iii.
Cuenapiit mpencTasisie o000 MOCTiAOBHICTD PyXiB (KyTiB TOBOPOTY) CEPBOMPUBOIIB.
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Puc. 4. CtpykTypHa cxema po6ora Tumy quadruped

['0NIOBHUM KPUTEPIEM SIKOCTI pO3POOITIOBAHOI CHCTEMHU € BUCHOBOK MO 11 Npane3faTHICTh. Y 3B'SI3KY 3 THM,
IO CHCTEMa CKJIANAEThCA 3 BENMKOI KINBKOCTI PYXOMHX YacTHH, IyXK€ CKJIAJHO INependaduTH 3a3jalierinp ix
MalOyTHIO MOBEAIHKY, TOMY OYyJIO NPOBEICHO MOJEIIOBAaHHS TPHOX OCHOBHMX ACIIEKTIB: JOCHIKEHO PYX CHCTEMH
BIIEpe, Ha3al, JIBOPYY, MPABOPYY; AOCIIIKEHO TOUHICTh MEPEMIIIEHHS; BU3HAUYCHO KOS(DIIIIEHTH 3amacy MiIlHOCTI
Ta gaedopmariii. [[jis mOYaTKOBOro aHaIi3y 1 TECTYBaHHS alrOPUTMIB pyxy OyJio Bukopuctano 3D momens podora
quadruped, 110 po3pobiieHa B cepeioBuILi mporpamyBants Virtual Python.

BucnoBku. IlpoBeneHuii aHamiz BiIOMUX METOMIB Ta pillleHb B rajy3l KOOIEPaTHBHOI POOOTOTEXHIKU
CBIIYUTH PO Te, IO 332 YUMAJIOi KUIHKOCTI e()EeKTUBHUX pIllIeHb Hapasi B rajy3l 3aJMIIA€ThCs Ps HEBUPIILIEHUX
MUTaHb, 30KpeMa, pyX Kpokyrouol miatdopmu. B cTarTi po3pobiaeHo Mojenb pyxy KpoKyro4oi miaThopMu B MakeTi
MATLAB Simulink, crmpoekToBaHO amapaTHy i MpOTrpamMHy apXiTeKTypy MaiHOyTHBHOI pOOOTH30BaHOI CHCTEMH,
NPOBEJICHO PO3MOALT 00YMCIIOBAILHUX PECYpPCiB MporpaM KepyBaHHS Ta MOOYIOBaHO OJIOK-CXeMy, IO BU3HAYaE
3araJIbHA anropuTM Jill Kpokyrouoi rmiaTgopmu. ONUCaHO OCHOBHI EJIEMEHTH PpO3pPOOJIEHOI CHCTEMH Ta
NoOyJOBaHO CTPYKTYPHY CXeMY, L0 BiToOpaXkae OCHOBHI 3B’SI3KH Ta B3a€MOJIIT M)k KOMIIOHEHTAMH CHCTEMH.
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