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YPABHEHUSI JMHAMWKHU TPAHCIIOPTHOI'O POBOTA
JJI1 JECOITPOMBIIIVIEHHOI'O KOMIIVIEKCA

Bgeoenue. I'TaBHBIM CTUMYJIOM ISl BHEIPEHHUS POOOTH3MPOBAHHBIX TEXHO-
JIOTHA Ha POCCHUICKHX TPEANPHITHAX JIECOMPOMBIIIIeHHOTo KoMmIutekca (JITTK)
JIOJDKHO CTaTh 3HAYUTEIILHOE MOBBIIICHUE MPOU3BOANTENBHOCTH Tpyna. PoboTu-
3UPOBAHHBIE TEXHOJOTHMH IIOMOTAl0T COXPAHUTH OE30CTaHOBOYHOE IPOHU3BOJI-
CTBO, BBITIOJIHATH CJIOKHBIE, TPYIOEMKHIE U SHEPro3aTpaTHBIE IPOM3BOACTBEHHEIC
ornepanuu 24 4aca B CyTKH, YJIy4IIUTh YCIOBUS TPyJa Ha IPOU3BOJCTBE.

Kpome toro, poGotuzaius Moria Ob TOMOYb OTPACIN CIPABUTHCS C TEMU
BBI30BaMH, ¢ KOTOPBIMH CETO/IHS CTalKuBaeTcs oTedecTBeHHbIH JIIIK B ycinoBu-
X OTPAaHUYEHHUS IKCIOPTA APEBECUHBI. BaxkHON TeMOW CTaHOBUTCS NEPEOPUECH-
Tanus NpeINpUATHH Ha Goiee MryOoKyio rnepepaboTKy IPEeBECHHBI B IETSIX CO-
31aHMs TNPOAYKTa C BBICOKOW n00aBleHHOH cTouMMocThio. MckmoueHue
BO3MOXHOCTHU YEJIOBEUECKOH OMMOKH, CKOPOCTh U TOYHOCTH BBIIIOIHEHHS TPO-
IIECCOB — BCE 3TO CBUJCTEIHCTBYET B IOJH3Y HEOOXOAMMOCTH WHBECTHIHH B
poboTH3upoBaHHbIe TeXHOJIOTHH [JloOpaueB u ap., 2014].

TpancnopTHBIE (TTOABHKHBIC) POOOTHI MOTYT OBITH HCIIOJIB30BAHbI HE TOJIb-
KO B 3aBOJICKHX YCIIOBUSIX, HO U B TEIIMIAX, OPAaHXKepesax, MUTOMHUKAX, Te Mo-
CaJIK{ OCYIIECTBISIOTCS B PETYIIPHOM BHJIE.

[NoBsimerne 3(p()EeKTUBHOCTH TAaKUX CHCTEM CBSI3aHO MPEXAE BCETO C TIO-
BBILIIEHHEM OBICTPOAEHCTBHS U TOYHOCTH PadOTHI MOJABIXKHOTO podoTa, IS ue-
ro HEOOXOAMMO YYHTHIBATh €r0 AWHAMUYeckue xapakrepuctuku [Kosblpes,
1983; Boponus u ap., 1986; JloBOHs u np., 1988].

Memoouxa pacuema. BBHIIOIHUM HaxO0XJICHUE YypPaBHEHWH JUHAMUKA
TPAHCIIOPTHOTO POOOTa C MOMOINIBIO ypaBHeHWH Jlarpamka BTOpOro poja c
MHoxuTensamu [Jlypee, 1961].

XonoBast acTh TpaHcroprtHoro pobora (TP)', paccMoTpeHHoOro B craThe,
COCTOHUT U3 2 MOAyJIeH MOTOP-KOJIEC, PAaCcIIOJIOKEHHBIX Ha MONEPEYHOH ocu Te-

" TOCTP 60.0.0.4— 2019/ YICO 8373:2012 POBOThI U POBOTOTEXHUYE-
CKUE YCTPOMCTBA. Tepmuns! u onpeaenenns. M.: Crangaprundopm, 2019. 27 c.
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nexxku TP Bonb ero 60pToB, U 2 QuUIIOrepHBIX KOJEC, YCTAHOBICHHBIX B IEpe/-
Heid wactu TP mo ero Oopram (kuMHemaTHdeckas cxema TP mpuBeneHa Ha
puc. 1). Takoe pacmonokeHre TATOBBIX KOJeC 00ecreYrBaeT BHICOKYIO MaHEB-
penHocTts TP BIIOTh 10 pa3BopaunBaHus BOKPYT LEHTPaIbHOU ocu. B kauecTse
JBHUraTeaeid MOTOP-KOJIEC HCIONB3YIOTCS MIEKTPOIBUTATENH TOCTOSHHOTO TOKA,
ITUTaHHE KOTOPBIX OCYILECTBIISIETCSI OT OOPTOBOM aKKyMYJISITOpHO# GaTapeu.

IIpu BeIBOAE ypaBHEHUHU nBuXeHus TP cumraeMm, 4TO MOTOp-KOJEca U
(utrorepHbIe KoJieca XKECTKO CBsI3aHbI ¢ KOpiycoM. [lonamimBocTio U odToM
peIyKTOpa MOTOP-KOJIEC TIpeHeOperaeM.

W3-3a pa3HeceHHs BO BpeMeHH paboTel TP M mpomslnuieHHOro pob6ota
(ITP), IIP paccMarpuBaeTcsl Kak HEHOIBIXKHAs Macca M, pacloyloXKeHHas Ha
mpoxonsHOi ocu wiatdopmel TP B Touke C) Ha paccTOSHUM L( OT IIEHTPa Macc
wiatdopmsl (puc. 1)

Jns cocraBineHus ypaBHeHUs IBIbkeHHs TP Bocmonb3yemcs ypaBHEHHSIMU
Jlarpana BTOpOro pona ¢ MEHOXuTeNsiMu [JIypwe, 1961].

Kunernueckast sneprus T TPaHCIIOPTHOTO poOOTa CKJIaJbIBACTCS U3 KHHE-
THYIECKOH SHEPTUU MOTOP-KONEC Ty, Ty, KHHETHUECKOM dHEPTHM IIaTGOpMEI 7,
C ycraHOBJIEHHBIM Ha Heil IIP, kuneTnyeckux sHepruii Bunok ¢uorepos 7,y 1
T42, COOTBETCTBEHHO, Kosiec (uIorepoB Tp1, Tgo-

Brruucnenns mepedncIeHHBIX BEIIIe KHHETHIECKAX YHEPT Ul TPOU3BOATCS
o Teopeme Kenwura [bate u np., 2025]:

1 1
T= Emivi + E(Jx,.u)ii +J,07 + Jﬂm;), (1)

IZie m; — Macca PacCMaTpUBAEMOTO i-I'0 Tela; V,; — CKOPOCTh IIEHTPa MAcCHI i-TO
tena; Jy, Jyi, J; — MOMEHTBI MHEPILHHU i-TO TeJa OTHOCUTEIBHO OCel MOCTyIa-
TEJIFHO NIBIDKYIIEHCS CHCTEMBI KOOPIAWHAT C HAYaIOM B LIEHTPE Mace TeNa; My;,
Oy, ©;; — IPOEKIUH aOCONIOTHOI yriIOBOM CKOPOCTH i-T0 Teja Ha OCH MOCTyMa-
TEJBHO JIBIXKYIICHCS CUCTEMbI KOOPJMHAT C HAYaJIOM B IIEHTPE Mace Tela.

Tak, HanprMep, KHHETHYECKast SHeprus T, MOTOp-Kojeca A paBHa:

1 1 . .
T, =Emk(va +vj,)+E(JK(pf+JZK(p2), ()

TZie mg — Macca MOTOP-KOJIECa; V,y, V4y — IPOEKIIUU CKOPOCTH LIEHTPa Macc MO-
TOp-KOJIeca Ha OCH OCHOBHOH (HEIOABM)KHOW) CHCTEMBI KOOPIUHAT; Ji — MpH-
BEJICHHBII MOMEHT HWHEPIIMH MOTOp-KOJIeCa OTHOCHUTEIHHO COOCTBEHHOU OCH
BpaleHust; Jzx — NpUBEIESHHBII MOMEHT UHEPIUUA MOTOP-KOJeca OTHOCUTENBHO
BEpPTUKAJIBHOH OCH, IPOXOsIIeil yepes ero UeHTp Macc; (p, — yrioBas CKOPOCTb
Bpamenus kojeca TP; ¢ — yrmosas ckopocTh BpameHus miargopmel TP Bo-
KpYT ee IIeHTpa Macc.
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“X

Puc. 1. Kunematndeckas cxema TP.
1, 4 — moTop-Koneca; 2, 3 — drorepusie koneca; C — MooKeHHe [EeHTpa Mace MmIaThopMbl
TP; C; — Touka KpeIuieHns IpOMBIIUICHHOTO poboTa; a, B, ¢, d, L, Ly, R — reomerprueckne
Ppa3Mepsbl, XapaKTepHu3yIoliie B3anMHOE Pacloiokenue u pasmepsl miatdopmsl, TP, motop-
KoJIeC, (IIIOrepHBIX KOJIEC; ( — yroJ IOBOPOTa IJIaT(GOPMBI BOKPYT €€ LIEHTpa Macc;p; U ¢z —
YIJIBI TOBOPOTA, COOTBETCTBEHHO, MOTOP-KOJiec A U B; (3 1 (5 —yTIiel OBOpOTa (hIIrorepoB
TP B ropH30HTaNBHON MIOCKOCTH

Fig. 1. Kinematic diagram of the vehicle

1, 4 — motor wheels; 2, 3 — weathervane wheels; C — position of the center of mass of the plat-
form vehicle; C; — attachment point of the industrial robot; a, B, c, d, L, Lo, R — geometric
dimensions characterizing the relative position and dimensions of the platform, vehicle, motor
wheels, weathervane wheels; ¢ — the angle of rotation of the platform around its center of
mass;@; and ¢, — rotation angles of motor wheels A and B, respectively; ¢3 and ¢s — rotation
angles of the vehicle weathervanes in the horizontal plane
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3unauenns Ty, Tin, Tty Tg2s Top1s Top2 HAXOOATCS AHAJIOTHYHO.
Takum oOpa3oM, KHHETHYECKast SHeprus I’ TPAaHCIIOPTHOTO poOOTA SBIISCT-
cs pyHKOHEH cieayomuX napaMeTpoB:

T =T (% 3.0.9.9,. 95,94, D5, P Py O3, P51, ), ©)

3mech x, y — KOOpIUHATHI IIeHTpa Macc miatdopmel TP; ¢ — yrox moBopora
mIaT(GopMbl BOKPYT €€ LIEHTpa Macc; ¢ U (¢, — YIJIbl TOBOpoTa Kosec TP; ¢4 u
(P — YTJIBI TIOBOPOTA, COOTBETCTBEHHO, JIEBOTO M MPABOT0 Kojieca QuIrorepa; @3 u
(s — yIJIBI TIOBOPOTA, COOTBETCTBEHHO, MIPABOW U JIEBOW BWIIOK (QuItorepa; m; —
Macchl MOTOp-Koseca, matdopmsl TP u 1P, Bunku drorepa, koneca dirorepa;
J; — MOMEHTBI HHEPIIUHU pacCMaTpPUBAEMBbIX COCTaBHBIX yacTeld TP oTHOCUTENBHO
ocell MOCTyNaTeIbHO ABMXKYIIUXCSI CHCTEM KOOPAHMHAT C HavyajaMH B LEHTpax
Macc 3TUX yacTeil.

ITorenumansnyto sHepruto TP cunraem paBHOU HYJIIO.

OO6001IEeHHBIMU KOOPAUHATAMU SIBIISTIOTCS CIICAYIONINE JEBSATh BEITUUUH: X,
Y, 0, ©1, P2, 03, P2, P4, Pg. OHU HE SABJIAIOTCS HE3aBUCUMBIMH, TaK KaK HETPYIHO
COCTaBUTh CEMb YPaBHEHUH HETOJIOHOMHBIX CBS3EH.

U3 ycnoBust OTCYTCTBUS NPOCKaib3blBaHUA Kosec A u B, T. e. u3 yciosus
paBEHCTBa HYJIO CKOPOCTEH TOUEK KOHTAKTa KOJIEC C IOBEPXHOCTHIO JABHKEHHS
TP nony4daem:

xcos@+ysin@—ap—rp, =0; 4)

Xcos@+ ysin@+ap—rp,=0. %)

N3 ycnoBuit oTCYTCTBUSL JBUKEHUS MOTOP-KOJIEC MO HANPABICHUIO JIUHUU
AB (puc. 1) nmeem:
Xsin@—ycos@+I/p=0. (6)

U3 YCJ'IOBI/Iﬁ OTCYTCTBUS ABHIKXCHUSA 11O HAIIPABJICHUIO oceit BpalllCHUs KO-
Jec (bmorepa HMEEM CIIEC IBC HEIOJIOHOMHBIX CBA3M:

xsin(@+@;)— ycos(@+@,)+@.d —p(bcos @, +csing, —d)=0;  (7)
xsin (@ +@5)— yeos(@+@; )+ P d —p(bcos s —csing,—d)=0.  (8)

Ycnosus OTCYTCTBUA NPOCKAJIb3bIBAHUSA KOJIEC (1)J'IIOl"epOB JarT JaBa IIO-
CJICAHUX YPAaBHCHUA HETr0JIOHOMHOM CBS3U:

xcos(@+@;)+ ycos(¢ +@;)—r,p, —(ccos@, +bsing,)=0; )

)'ccos((p+q)5)+)'/cos((|)+(|)5)—r(b(b5 +(i)(cc0s(|)5 +bsin(p5)= 0. (10)
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EnuncTBeHHbIe HeHyseBble 00001IeHHBIe cIbl (O, 5, COOTBETCTBYIOIIHE
yriaam @; u ¢, noBopota konéc A u B TP, paBus! [Uunukus u ap., 1979]:

Q4=_.31_mcl; (11)

]

M
O = ;2 M. (12)

3neck M,;, M, — 3J€KTpOMarHUTHBIE MOMEHTBI, COOTBETCTBEHHO, Ha Bajy Iep-
BOI'O M BTOPOTO AJIEKTPOABUTATENS MOTOP-KOJIEC; i — MepeaaTOYHOE YUCIIO pe-
JIyKTOpa MOTOp-KOJIECa; M|, My — MOMEHTBI COITPOTUBIICHUS JBUKEHUIO Kojleca
(BKITIOYAs KaK MEXaHWYECKHE TIOTEPU Ha MOTOpP-KoJiece, TaK U MOMEHT TPSHHS
KaueHus kKoneca). M, u M,, OpeNessIIoTCsl U3 CUCTEM YPaBHEHUH, OMMCHIBAIO-
IIUX DJIEKTPONIPHUBOJ HA OCHOBE JIBUTATENEH TTOCTOSTHHOTO TOKa [UMIUKUH | Jp.,
1979].

Pesynomamut u ob6cyoscoenue. CocraBum ypaBHeHUs nBrkeHus TP B popme
ypaBHeHuil Jlarpanka BToporo poja ¢ MHoxkutensiMu [Mcnonos, 1972]:

d T T ,
aol _of _ C., 13
dr 94, 9q, Qk+;“f g ()

rae Cjx — ko3QdHULUEHTs! B ypaBHEHUAX HEFOJIOHOMHBIX CBsA3€H BU/a

5
NCd, +C, =0. (14
k=1

B pesynbrate modMydYnM 3alHMCaHHYIO B MaTPUYHO-BEKTOPHOW (opme cH-
CTEMY YpaBHEHUH, ONMCHIBAIONIUX ABKeHuEe TP:

i
.. 0
y bl 0 611012”'61700 (2%
o . o lelols . 15
a eeoa |l : 84 Cpy Gy €,00 ML, ()
ol 94 : :5 0 0---0 00 |0
S/ O 0---0 0 00 |0
P
3neck a; (ij =1, ..., 9) — 2neMeHThl MaTpUIlbl HHEPLUOHHBIX KO3 puImeH-
TOB; [X, ¥, (b,...,(ﬁé]r— BEKTOp yckopenuii; [by, ..., bo]” — BEKTOP, 00YCIIOBIICH-

HBII CHJIaMU HMHEPpUHHU OT B3aMMHOI'O BJIMSAHHUSA JABUKCHHSA IO KOOpAUWHATAM @i,
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03, 055 [0, 0,0, O4, 05,0, ..., O]T— BEKTOp 0000MICHHBIX CHIT; [LLy, ..., M7, O, O]T—
BekTOp MHOXHTenei Jlarpamxka; C; — »1eMeHTHl MaTpHIbl KO3(hUIHEHTOB
YPaBHEHUI HEIrOJIOHOMHBIX CBSI3€EH.

Pernrenne ypaBHEHHIH JODKHO OCYINECTBISTHECS COBMECTHO C YPaBHEHUSIMU
HErOJIOHOMHEIX CBSI3€H.

Bui6o0wbi

1. ITomy4eHHbIE pe3yNbTaThl MOTYT OBITH WCIOJIB30BAHBI ISl PEIICHHS
NIPsIMO# 1 00paTHOM 3aa4 JUHAMUKH poOOTa NPH €ro NPOSKTHPOBAHUH;

2.lony4ennsle ypaBHeHMs1 AuHaMUKH TP MoryTt mcnombs3oBaThCs Ui Ma-
TEMaTHYECKOT0 MOJEIUPOBaHus ABmkeHNs TP 1mo Tpacce pa3nnaHoi KOHQHUTY-
pauuy;

3.Tlomy4yeHHBIE ypaBHEHHS HEOOXOIMMBI Al MCCIEAOBAHUS yCTOWYHNBO-
ctu TP.

Kongnuxm unmepecog. ABTOp 3asBiIseT 00 OTCYTCTBHH KOH(IINKTA HHTEPECOB.
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Mamepuan nocmynun 6 peoaxyuio 03.04.2024

BmacoB E.H. VYpaBHeHus 1guHaMUKH  TpaHCIOPTHOro  pobora  uist
JIECOTIPOMBIIILIEHHOTO KOMILIeKca /l UzBectus Cankr-IlerepOyprekoit
Jecotexunyeckoil akagemuu. 2025. Beim. 255. C. 253-261. DOI: 10.21266/2079-
4304.2025.255.253-261

I'maBHBIM CTUMYJIOM JUIi BHEAPEHUS pPOOOTHU3MPOBAHHBIX TEXHOJIOTHII Ha
POCCHIICKUX TPEeANpUATHIX JeconpombiiuieHHoro komruiekca (JIIIK) momkxHO crath
3HAYMUTENBHOE  IIOBBIIICHHE IPOM3BOAUTENILHOCTH  TpyAa. PoOOTH3MpOBaHHBIE
TEXHOJIOTMH TOMOTAlOT COXPaHUTh 0E30CTAaHOBOYHOE MPOM3BOJCTBO, BBINOJHATH
CIIOXKHBIE, TPYOEMKHE M SHEPro3aTpaTHbIC MPOM3BOACTBEHHbIC Omepaunuu 24 yaca B
CYTKH, YJIY4IIUTh YCJIOBHUS TPyJa Ha Mpou3BozacTee. Kpome Toro, pobotusanus moria
ObI IOMOYb OTPACIIH CIIPABUTHCS C TEMH BBI30BAMM, C KOTOPBIMH CETOJJHS CTAIKUBACTCS
oreuecTBeHHbIN JIIIK B ycrnoBusX orpaHn4eHus SKCnopra JpeBecuHbl. BaxkHol Temoit
CTAQHOBUTCS IIEPEOPHEHTALMS MpPENpUATHH Ha Ooxee TiIyOOKylo mepepaboTKy
JIPEBECHHBI B IETSIX CO3MaHUS TIPOAYKTAa C BBICOKOW J00ABICHHOH CTOMMOCTBHIO.
Hcximodenne BO3MOKHOCTH YEIOBEYECKOH OMHMOKH, CKOPOCTH ¥ TOYHOCTE BBITTOJTHEHHS
MPOLECCOB — BCE 3TO CBUJIETENIBCTBYET B IONB3y HEOOXOAWMOCTH WHBECTHUIMH B
POOOTH3MPOBaHHBIE TEXHOJOTHH. TpaHcnopTHEIE (TOxBIKHBIE) poboTtsl (TP) moryt
OBITH MCIIONB30BAaHBI HE TOJIBKO B 3aBOACKUX YCJIOBUSIX, HO U B TEIUITUIAX, OPAHXKEPEsX,
MUTOMHUKAX, TJE MOCAJKH OCYIIECTBISIOTCS B peryiaspHoM Buze. [loBemmeHue
9 )EeKTUBHOCTH TAKUX CHCTEM CBS3aHO TPEXIE BCETO C MOBBIILIEHHEM OBICTPOCHCTBUS
U TOYHOCTH pPabOThI MOABIDKHOTO PO0OTa, ISl 4ero HEoOXOOMMO YYHUTHIBATH HX
JMHAMMYECKHE XapaKTepUCTHKUH. B  paboTe mMoiy4YeHbl YpaBHEHUS JIBHKECHHS
TPaHCIIOPTHOr'O po0O0Ta, XOA0Bas YacTh KOTOPOTO COCTOUT U3 2 MOJYJICH MOTOP-KONEC,
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PACIONIOKESHHBIX Ha MOMEePEeYHON ocH Tenexku TP Bm1oab ero 60pToB, u 2 (QirorepHsix
Konéc, ycTaHOBJIEHHBIX B mepenneit yactu TP mo ero Gopram. Takoe pacronoxeHue
TATOBBIX ~ KOJeC O00eCreuMBaeT BBICOKYIO MaHEBpeHHOCT» TP  Bmiote 1o
pa3BopauMBaHKUs BOKPYT LEHTpalbHOM ocH. B kauecTBe aBurateneil MoTop-Kolec
HCTONB3YIOTCS  JNIEKTPOJBUTaTeNId  MOCTOSHHOTO — TOKAa, INHUTAaHHE  KOTOPBIX
OCYIIECTBIAETCS OT OOpTOBOW aKKyMyJsiTopHOW Oartapen. IlomydeHHBIE pe3yibTaThl
HMMEIOT CaMOCTOSATEIBHBIN IPAKTHYECKUI HHTEPEC, a TAK)KE MOTYT HCIOJIB30BAThCS LIS
MaTeMaTHYeCKOTO MOJENUpPOBaHMs IBWXKeHWs1 TP 1o Tpacce, wuccienoBaHus
YCTOWYMBOCTH U T. II.

KnioueBple cimoBa: TPaHCIOPTHHIM poOoT, ypaBHeHHs Jlarpamka BTOpOro
poJa ¢ MHOXKHTEISIMU, HETOJIOHOMHBIE CBS3H.

Vlasov E.N. Equations of dynamics of a transport robot for the timber industry.
Izvestia Sankt-Peterburgskoj Lesotehniceskoj Akademii, 2025, iss. 255, pp. 253-261
(in Russian with English summary). DOI: 10.21266/2079-4304.2025.255.253-261

The main incentive for the introduction of robotic technologies at Russian
enterprises of the timber industry complex (LPC) should be a significant increase in
labor productivity. Robotic technologies help to maintain non-stop production,
perform complex, labor-intensive and energy-consuming production operations 24
hours a day, improve working conditions in production. Meanwhile, robotization could
help the industry to cope with the challenges that the domestic timber industry is
facing today in the context of limited timber exports. An important topic is the
reorientation of enterprises to deeper processing of wood in order to create a product
with high added value. The exclusion of the possibility of human error, the speed and
accuracy of the processes also testify for the need for investments in robotic
technologies. Transport (mobile) robots (TR) can be used not only in factory
conditions, but also in greenhouses, greenhouses, nurseries, where plantings are
carried out on a regular basis. The increase in the efficiency of such systems is
primarily due to an increase in the speed and accuracy of the mobile robot, for which it
is necessary to take into account their dynamic characteristics. In this paper, the
equations of motion of a transport robot are obtained, the undercarriage of which
consists of 2 motor-wheel modules located on the transverse axis of the truck along its
sides, and 2 weather vane wheels mounted in front of the truck along its sides. This
arrangement of the traction wheels ensures high maneuverability of the vehicle up to
turning around the central axis. Direct current electric motors are used as motor-wheel
motors, which are powered by an on-board battery. The results obtained are of
independent practical interest, and can also be used for mathematical modeling of
vehicle movement along the highway, stability studies, etc.

Keywords: transport robot, Lagrange equations of the 2nd kind with
multipliers, nonholonomic relationships.
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