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INPUMEHEHUE MOAU®UIINPOBAHHOI'O AJITOPUTMA
"qUCTOI'O NNPECJIEAOBAHUA" IJ5 YIIPABJIEHUSA
BECIIMJIOTHBIM BUJIOYHBIM ITIOT'PY3UUKOM

CoBpeMeHHbIE JOCTIKEHHS B 00JIACTH MUKPORJIEKTPOHUKH U HCKYCCTBEHHOI'O MHTEIIJIEKTA TO3BOJIMIN COBEPIIUTH
KaueCTBEHHBIH CKauOK B pa3BUTHU poOoTOTeXHUKHU. Kak cielncTBue, pacimpuiachk cepa MpUMEHEHHsT OecInioT-
HBIX TPAHCIOPTHBIX CHCTEM, YTO IOBBIIIAET TPEOOBaHMSI K TOYHOCTH M O€30MaCHOCTH aBTOHOMHOTI'O YIpaBIICHUSI.
AKTyanbHBIM SBISIETCA HE TOJIBKO CO3JaHHME JAAHHBIX CUCTEM, HO M MX aJalTalys 0] BHELIHIOK CpPely; MHTErpa-
s B TEXHUKY, H3HAYaIbHO CO3JaHHYIO AJS MUIOTHUPOBAHMS 4EIOBEKOM. B HacTosIIel cTaThe MCCIENOBaHbI BO-
MPOCHI TOYHOCTH CJIEAOBAHUS TPACKTOPHUH, 1MOI00pa WM pasMeIleHns nauieTsl. [Ipennoken MoanhunnpoBaHHbII
aJaNTUBHBIN alTOPUTM HAa OCHOBE METOJA "YMCTOro MpecieloBaHusA" B MPUMEHEHWH K BHIOYHBIM MOTPYy3UUKaM,
OCHAII[CHHBIM TIEPEHOCHOI OOPTOBOM CHCTEMOI ONTHYECKOI HaBUrallMM COOCTBEHHOW pa3paboTku. TecTHpoBainch
CIIEHapHH BbI€3]a U JABMIKEHUS I10 MPSIMOM TPASKTOPUH, OJ00p M pa3MelleHHe NauIeThl Ha TIPOMBIIIIIEHHBIX CKIIa-
Jax. AJTOPUTM JEMOHCTPUPYET TOYHOCTb, COM3MEPUMYIO C TOYHOCTBIO JAPYTHUX COBPEMEHHBIX METOMOB, HO MpHU
OoJIbIIIEIT CKOPOCTH JIBUYKEHHS ¥ [IPU MEHBILINX TPEOOBAHUSIX K TOUHOCTH NO3UIIMOHUPOBAHUSL.

Kniouegvie cnosa: METOA YUCTOIO IMpECICA0OBAHMS, AJAIITUBHOC YIIPABJIICHUE, BEJIOCUIICIHAA MOACIIb IBUKCHUA,

AJITOPUTM CJICAOBAHUSA TPACKTOPHUU

BBEJAEHUE

OnHOM W3 KIIOYEBBIX MPOOJIeM MpH pa3paboTKe
CHCTEMBI YIIPaBJICHUS IBUKEHUEM OECIIMIOTHON TeX-
HUKH ABJIICTCA HMHTETpalusd ajropurMma CJI€AO0BaHUA
3agaHHOM TpaekTopuu. CeromHs CyLIECTBYIOT TPH
HauOoJIee PACIPOCTPAHCHHBIX IOAX0JIa B PEIICHUU
JAaHHOW mNpoOJIeMBl: METOJA IUHAMUYECKOTO OKHa,
yhpaBlieHHe Ha OCHOBE MpEICKa3aHWi MOAETH U Me-
tox "dncToro npecienoBanus’ [1].

IlepBblii MOAXOA IIUPOKO MPUMEHSETCA B JUHAMU-
YECKOM OKPYXKEHUH I M30€KaHUS CTOJKHOBCHHIA.
On TpeOyeT 3aaHusl MPOCTPAHCTBA CKOPOCTEH B OT-
paHMYeHHOW o0yiacTH OyAyIIUX TOJOXKEHUH poboTa.
B 3TOoM mpocTpaHCTBE OCYLIECTBISIETCS] TIOUCK TaKHX
CKOPOCTEH, KOTOpBIE YJIOBJIETBOPSIOT JBYM OIPaHU-
YEHUSIM: OIPAaHMYCHHI0 HA MAaKCHMAJIbHYIO BEIHYUHY
U OrpaHMYEHHIO0 Ha [UIMHY TOPMO3HOIO IIyTH, KOTO-
phlii HE JIOJDKEH MPEBBINIATh JUCTAHIIUIO JIO OJIMKai-
mero mpenarcTBus. JlaHHBIT MeTon, TpeOyrommi
TOYHOTO M3MEPEHUS JTMHEWHOW U YIIIOBOW CKOpPOCTEN
KaK OCHOBHBIX KOMIIOHEHTOB YIIPaBJISIOIIMX KOMAaHI,
YacTo peanusyercss B poOOTaXx C CEepBONPUBOJAMHU
n nuddepeHnnanbHON MOAenblo nBmKeHus. OmxHaKo
B ClIydya€ MNPUMCEHCHUA MNPOMBIIIICHHBIX BHUJIOYHBIX
IMOrpy34rKOB 3aJaHHUC TOYHOI'O0 COOTBETCTBUA MNPCA-
N0JIaraeMbIX M PeaJIbHBIX 3HAUYE€HUH CKOPOCTH OKa3bl-
BaC€TCd 3aTPYAHUTCIBHBIM H3-3a HAJIWYUA Y po60Ta
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HEJIMHEWHOM CHUCTEMBI CTIIaKMBAHHUS U3MEHEHUS CKO-
poctu xona. Kak ciiefctsre, anropuTtM THHAMHYECKO-
ro okHa TpeOyeT ajanTalluy YIpaBlIEHHUs MOJ TEKy-
IIyI0 MOZENb MPHUBOJa BHIOYHOTO TIOTPY3YHKa U JIe-
JIAeT €ro 3aBHCHMBIM OT XapaKTEPUCTUK MOJIEIH, YTO
SIBIISIETCS] HEJIOCTATKOM TIPH pa3pabOTKe MEPEHOCHOTO
YCTpO#CTBa OECTTUIIOTHOTO YIIPABICHUS.

st MEeTosI0B yIipaBiIeHHS Ha OCHOBE MpeJcKa3a-
HUN MOJENHN XapaKTepHBI CXOXKHe MpoOiieMbl. B HuX
3a/1aya CJIeI0OBaHUs TPACKTOPUHU PacCMaTpUBAETCS KaK
3a/laya ONTHMH3AIWN BEKTOpPA COCTOSHHUS W YIIpaB-
JISIOIIUX BO3JIEUCTBUN B pealbHOM BpeMeHH [2], uTo
JIeJTaeT 3TOT BEKTOpP B OOIMIEM Ciy4ae HEe3aBUCHUMBIM
OT CJIO’)KHOCTH TMHAMHUYECKOH MOJENH, YCTOWYMBBIM
K U3MEHEHMSIM BHeEIIHel cpenpl. OIHAKO TOYHOCTH
TaKOTO MMOIX0/a HAMPSMYIO 3aBUCUT OT TOYHOCTH MO-
JIeJH, KOTOpasi JUIsl KaXKJIOro MOTPY3YHKa MOXKET OT-
TUYaThCS TMapaMeTrpamu. UYem TodHee MOJAeb, TeM
0oJIbIlIe TTApaMETPOB, — B Cliyyae pa3pabOTKHU peliie-
HUS 107, MHOKECTBO TOTPY3YHKOB 3TO SIBISAETCS HE-
OHpaBI[aHHI)IM pemeHHeM B CBiA3U C YBGJ'II/I‘IGHI/ICM
CJIIOKHOCTH TOoJ100pa mapameTpoB. Takxke o0a moj-
X0Jla paccMaTpHBAIOTCS KaK 3a/Jada MHOTOIEIeBOU
ONTHUMH3AIMH, YTO OMpaBAAaHO B CIy4ae CIOXKHOTO
JTUHAMHYECKOTO OKPYKEHHUsS. B yCIOBHAX CKIIaJCKOTO
TIOMEIIEHUS CYIIECTBYIOT CTPOTHE MIPaBUIIa IOPOKHO-
ro JBWKEHHA, T.K. padoTa TMOTPY3YHUKOB BIHSET
Ha O€30MacHOCTh COTPYIAHHKOB. Bce MapmpyThl
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pOOOTOB TpEACTaBIAIOT COOOH MpsAMBIE JBYCTOPOH-
HHE JIOPOTH C MEPEeKpPEecTKaMH, BKIOYas MPOE3Jbl
MEXIY CTe/ulakaMu. B Takux cTporux yciaoBusix 00b-
€3JHbBIC MAaHCBpPbLI OIIaCHBI, M IIOMCK ONTUMAIbLHON
TPAEKTOPHH SABIISIETCSI M30BITOYHO 3a1adei.
OCHOBHOE TPEUMYIIECTBO METOAA "YUCTOrO Mpe-
CIIeTOBAHMA" 3aKITFOYAETCS B OTHOCHTEIBHOM MPOCTO-
T€ T€OMCTPUUCCKUX BI)IHPICHCHHfI, 4TO yHnpouacT €ro
MHTErpalyio U orTiagky. Kak crnencrBue, moBblaeT
ero 0e30macHOCTb, HAAEKHOCTh M OTKa30yCTONYH-
BOCTb 110 CPaBHEHUIO ¢ ApyruMu merozamu [3]. Oc-
HOBHAsl MJ€S METOAA 3aKJII0YAaeTCs] B MOUCKE TOYKH
Ha MapIpyTe, KOTopas pacroyio’KeHa Ha BHIOPAaHHOM
paccTosHUM (pajnyce MPOTHO3UPOBAHM) OT Hadaia
orcueta pobOoTa (Kak MpaBWJIO, €ro IEHTpa Bpalle-
HUSI) ¥ TEOMETPUYECKOM pacdyeTe MIHOBEHHOW Tpaek-
TOpHWH, TpoXojsmIel depe3 Hee [4]. B cmydae ¢ mo-
TPY34YUKOM QJITOPHUTM BBIYUCIACT YIoJl IMMOBOPOTa BE-
IYLIEro KoJieca, ONPEAEIIIIOIINI MTHOBEHHBIN paguyc
KPUBH3HBI TPAEKTOPHUH OTHOCUTEIBHO CEPEeIUHBI KO-
JIeCHOM omnopsl Bujl. JlaHHBIA METOJ YCHENIHO IpUMe-
HACTCA JIA PA3/IMYHBIX BUIAOB KOJICCHBIX HMHTCJUICK-
TyaJbHBIX TPAHCIIOPTHBIX CUCTEM U JEMOHCTPHUPYET
COU3BMCPUMYIO TOYHOCTH C APYTHUMHU IMOAXOAaMHU, YTO
ACIaeT €ro MnpueMJICMbIM BLI60pOM JUIA BHUJIOYHBIX
HOI'PY3YMKOB B YCIOBHSAX HKCIUTyaTallMy Ha IPOMBIII-
neHHbIX ckiagax. CoBpeMEHHBIE METOJNBI 'dHCTOrO
npecienoBanua”, Kak MPaBHJIO, W3MEHSIOT PaccTos-
HUC NPOTHO3WPOBAHUA B 3aBUCUMOCTHU OT CKOPOCTH.
JIOCTOMHCTBOM TaKOTo ajJropuTMa SIBISETCS CHIDKE-
HUE pHCcKa nmotepu yrpasieHus. C Apyroi CTOpOHBI,
NpY JUIMHHOM Pajiiyce IPOTrHO3UPOBAHUS CONMKEHUE
C WCTUHHOW TPaeKTOpPHEH MPOWCXOIUT Ha OobIen
JUCTaHIIMK, YTO OCOOCHHO KPUTHYHO B Cllydae ABY-
CTOPOHHETO ABWXEHHUS B Y3KOM IIPOE3/I€ MEXIY CTEI-
naxxkamu. [loaToMy B MpeaCcTaBICHHOM HaMH METOJIE
COXpaHEHHE YNPaBJIIEMOCTH 3aJa€TCsl OTPaHUICHUEM
CKOpPOCTH. HpI/I AJIBTCPHATUBHBIX IIOAXO0JaX TaKXE
perynupyercs JIMHEHas CKOPOCTh ABWKEHHUS B 3aBU-
CHUMOCTH OT paauyca KPUBHU3HBI TPAEKTOPHH, YTO HC-
NOJb3yeTcsT A 3aMeNJICHUsl Iepe]i MOBOPOTOM
BO m30eXaHHWe 3aHOCa W TepeBOpadyMBaHUS poOOTa,
a He KaK CpPEJICTBO KOHTPOJIs yIpapisieMocTd. B psie
UCCIEAOBAaHUA METOJ '"4MCTOro mpeciaeaoBaHus"
NPUMEHSIICS Ha CKOpocTsx 10 1.5 m/c [5], Toraa kak
NPEIJIOKEHHBIH METO/ MO3BOJIMI OCYIIECTBIISATH Oec-
INIJIOTHOE YINPaBJICHHWE IOIPY3UYMKOM Ha €ro MakKCH-
MaJIbHOHM ckopocTH: 10 2.2 M/c. B nccnenopanusx [5]
paccMOTpEeHHE METOMOB CIEAOBAaHUS TPACKTOPUHU OT-
PaHUYINUBACTCA MOJACIMPOBAHUCM WJIM NPUMCHCHUCM
B KaueCTBE CHCTEMbI O3UIMOHUPOBAHUS BBICOKOTOY-
HBIX JuAapoB. [IpoBeseHHOE HcceIoBaHrE MTOKa3alo
MPUMEHUMOCTh METO/Ia '"J4HCTOTO TMpecienoBaHus"
AJid YIOpaBJICHUA MMPOMBIIIVICHHBIMU BUJIOYHBIMH I10-
rpy34dKaMd C HWCIOJNb30BaHHEM IEPEHOCHOW TIJaT-
(opMBI ONTHYECKOH HABUTALMKM [0 MOTOJOYHBIM
METKaM. HpI/I 9TOM TOYHOCTB CJIEAOBAaHUS TPACKTOPUHA
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OKa3anach COM3MEPUMON C TOYHOCTBIO APYTUX CO-
BPEMEHHBIX METOJIOB [2, 5, 6]. B pabore npejacrasie-
HBI MOJU(HUKAIMH AITOPUTMA '"9HCTOTO TPECcie0Ba-
HUs'", TO3BOJIUBIINE OCYIIECTBIIATH MOJ00P U pa3Me-
LIEHUE MaJUIEThl C NPOM3BOJBHOM mno3uuuu. Takoil
nmoaxoa MMECT NpeUuMylieCTBa 10 CpaBHECHUIO C BbI-
YHUCJICHUEM TPAEKTOPUHU A0 NaJUIEThl METOJOM OITH-
Mu3aIuu [7] Win ¢ UCIOIh30BaHUEM CIUIAaHHOB [8],
Onaronapss MEHbILIEMY YHMCIy HMapaMeTpPOB, BBIYMCIIH-
TeTbHOH J(PQPEKTUBHOCTH, IETSPMUHUPOBAHHOCTH,
YTO BAXXHO JJI1 NMPOMBINIIEHHONW TexHuku. [Ipenio-
KEHbl aJlallTUBHbIE KOMIIOHEHTHI yIPaBJICHUS, [1OBbI-
HIAIOIIMe TOYHOCTh CJIeOBAaHMs TPACKTOPUH TPH Ha-
JIMYUH CUCTEMHON OLIMOKH I10 YIiIy IIOBOPOTa KoJjeca,
U OHHU YK€ BHCIAPCHBLI B IMPAKTHYCCKOC IMPUMCHCHUC.
B cratbe mpencraBieHsl pe3yibTaThl HA OCHOBE CH-
MYJSIIMU JBIDKEHHS TIOTPYy34YHMKa, a TaKKe pe3ynbTa-
Thbl HATYPHBIX SKCIICPUMCHTOB.

OIIMCAHUE AJIT'OPUTMA

dopmManuzyeM 3azady CIEAOBaHHUS TPAeKTOPHUH,
moi0opa WM pa3MeIleHus NaJICThI JJis OSCIMIOTHO-
ro MOrpy3dnKa 4epe3 reoMeTpudeckue abCTpakLuu
(puc. 1), 4T0 macT BO3MOXKHOCTH CPaBHHUBATh U WH-
TEPIPETUPOBATH PE3YIbTAThl CUMYJISILIUM U HATYPHBIX
SKCIIEPUMEHTOB.

3amaguM COCTOSIHHE TOTPY34YHKa B TIIO0ANBHOU
cUCTeMe KOOpAWHAT ¢ HeHTpoM B () O, ompenennB
€ro KII0YeBbIe T€OMETPUYECKHE TOYKH B IUIOCKOCTH
nona. Ilycte Touka R — LEHTp BpalleHUsl NOrpy34u-
Ka (cepeauHa 3aqHel KoJecHol ocH), W — cepennHa

Benyliero kosieca. Torma nnuHa BekTopa w=RW
eCTh JJIMHA KOJIECHOW 0a3pl. Bektop r otpaxkaer

T 0

L 2

Puc. 1. BekropHas cxema norpy3uunka (a) u nauiersi (0)
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HarpaBJIeHHE TIepeIHero Beaylero koneca. Hopmain
n obpasyeT ¢ w 0Oasuc. Tenepr onpenesiuM mapamer-
pe1 MapmpyTa. CKIafcKue MOMENeHHs TPerMYyIIecT-
BEHHO MMEIOT KIETOYHYIO CTPYKTYpPY, IIOOTOMY Map-
MIPYTHl YOOOHO ONHCHIBaTh 4Yepe3 MPSMbIE OTPE3KH
MyTEM 3aJaHusd KOOpAWHAT UX Hadajla U KOHIA. Bge-
nemM o0o3HaveHue S IS TeOMETPUIECKON TOYKH Ha-
yaja oTpeska, a I' — JuIs KOHLA oTpe3ka. Takue xe
0003HaUeHus1 OyIyT WMCIIONBE30BAHBI IS 3aJaHsl JIN-
HUU. be3 orpaHmdeHust OOIIHOCTH MOXHO CKasarh,
YTO MapuIpyT MPOU3BOJIBHON (POPMBI 33a€TCS MHO-
xecTBoM otpeskoB {S;7;: S; = T, ,}. BBegem reomer-
pUUYECKHE BEITMYUHBI, 3aJal0Iie OTHOIIEHHE IOJIO-
KEHHsI TIOTPy34YHMKa K IIeJIeBOMYy MapHipyTy. Bekrop
N; OTPAXACT MONEPEYHOE OTKJIOHCHUE OT TOYKU Tpa-
ektopuu. Ero jumHa »SKBHBaJeHTHAa pACCTOSHUIO
0 TPAaeKTOPHWH, CaM BEKTOP HAIpaBlieH B CTOPOHY
TOYKU Tpaekropuu P. Toraa BeIM4MHA IONEPEYHOTO
OTKJIOHEHHS €CTh TPOEKIHsS BEKTOopa N; Ha OCh N.
AHAJIOTUYHO |N,| €CTh 3HAKOBOE PACCTOSHUE OT TOUKH

M (‘RM ‘ = 1) JI0 KacaTeJIbHOM K TPAaeKTOPUHU B TOYKE

P. Yepes naHHbIE pacCTOSIHUS MOXKHO BBIPA3HUTh YIJIO-
BO€ OTKJIOHEHHE OT TPACKTOPUH, OHH B3STHI B Ka4ecT-
B€ MEPBUYHBIX BEJMYHMH U3-3a IPOCTOTHI HHTEPIIPETA-
uud. [IpononsHOE OTKIOHEHHUE S OT LEJIEBOM TOUKH T
ecTh npoeknus TW na nHanpasienue WR (npu ornepa-
MU C TAJUIETOH) Wiu mpoekuus 7R Ha HamnpaBJeHHE
WR (1ipu IBMKEHUH TIO LIeJIeBOMY MapuipyTy). OTMme-
THUM, YTO B CIy4yae, €Cli IieJieBas TPAeKTOPHs €CThb
npsMasi JMHUS, TO KacaTelbHas B TO4YKe P coBHazeT
¢ Tpaekropuel. B ciydae mombopa wim pa3merneHus
NaJJIeTHl 11eJeBas TPAeKTOpPHUs 3ahaeTcst B BUAE JIU-

HUH, ompenensieMoil Bektopom t=S7, toe S ectb
MPEAIOIaraéMoe MECTO CEpeAMHBI MEPeAHEro Topua
naysiersl, a 7 — 3agHero. [lanee mMbl Oynem mpuaep-
KUBAThCSl IMEHHO Takux 00o3HaueHnid. dDopmaabHO
KaueCTBO MOOCTHMIXXCHHA IMOTPY3YUKOM MLCJIU MOXKHO
MPEJCTaBUTh B BUIE (POPMYJIBI:

lim(|n, |+ 1
}ng [ +n,]) =0, M
rae s — paccrosinue ot R no 7.

Kputepuem KauecTBa CICJOBAHUS TPACKTOPUH
MOJKET BHICTYIaTh (QYHKIMOHAT B hopmyite (2):

lim(|n,|+|n,|) — min, )

rjie {s;} — JIUCKPETHOE MHOXXECTBO UIMH OTPE3KOB
MPOHAEHHOTO MYTH, Ha KOTOPBIX MPOBOIMIOCH H3MeE-
pEHUE MONEPEYHBIX OTKIOHEHUN NOTpy34HKa BO Bpe-
MsI JBHKEHUS.

3amaguM yOpapJsIoONlee COCTOSHHE IOTPYy3uHKa.
B mamem ciydae OHO 3amaeTcs YIIIOM BEIYIIETO
pyJIeBOro KoJjieca O U JIMHEWHOW CKOPOCTHIO 3TOTO
KoJjeca v.

. K

Puc. 2. 'eomeTpudeckast MOJENb JBUKEHUS 110 IPIMOKN

PaccmoTpum nBHKEHHE MOTPY3YHKA IO MApIIPYTy
B KOHTEKCTE BbIXOJa €ro Ha LEIEeBOW MapUIPyT B BHJIE

BekTtopa ST . ['eomeTpuueckast MOJENb "UUCTOTO Ipe-
cienoBaHua” B JAaHHOM Clydae  IpelCTaBJieHa
Ha puc. 2.

[lonpoOHBI aHANMW3 MAHHOW 3a7add IO3BOJISIET
3aTeM O0OOIUTh ABMKEHHE MOTPY3YHKa IO BCEMY
MapuipyTy MHyTeM IUIAHUPOBAHUS ABIDKEHHUS MEXIY
ero orpeskamu. Ilyctes m3BectHBl TOukHM S, T, R, W
Ha TUIOCKOCTH W 33J]JaHO pacCTOSHUE MPOTHO3HpOBa-
Hus L. Torzna yron HanpaBiieHHsI KOJIeca BBIYHCIIAETCS
o popmynam:

5= f(S.T.RW,L)=Z(w.r)=2(w,WP)=
= sign([w . W]) - Arccos <W,W>, (3)
— | —AC—-B~NI? -C* —-BC-AI? -C?

WP = — , — , (4
‘ST ‘ST

rae 4, B, C — x03hpdUIeHTs ypaBHEHUs MPSIMOH,
BBIYHCIIIEMbIE M3 KOOPIMHAT TOYEK HAIPaBIISIONIETO

BekTopa ST .
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Puc. 3. Tpaexropuu po6oTa Ipu COMMKEHIH C IeTIeBON MPAMOH (0Ch aOCIIHCC COBIANAET C IPSMON).
Cumynsamnuu: 6e3 orpaHHYeHUit CKOPOCTH (@), ¢ orpaHHYEHHEM CKOpocTH (0); L — paccTosHUE POrHO3UPOBAHUS

Ha puc. 3 mpencraBieHsl pe3ynbTaThl CUMYJISLIAN
MeTo/a "YMCTOTO MpecieoBaHus .

HagansHoe mpo1onsHOE OTKIIOHEHHE po00Ta OBIIIO
BbIOpaHo 20 M, nonepedyHoe — 2 M. HauansHoe yrio-
BO€ OTKJIOHEHHUE OT npsAMoi paBHo 0.25w pan. B nep-
BOM ciydae Oblia 3amaHa (PUKCUPOBAaHHAS CKOPOCTH
2.2 M/Cc KaK MaKCUMaJIbHO JIOCTHM)KHMasi, U HMCCIEL0-
BaJICsl XapakTep OTKJIOHEHHWH INpH pa3IMdHOM pac-
CTOSIHUM MpOTHO3upoBaHust L. BuaHo, 4ro mnpu
L <2 wm nabmogaercs moTepss KOHTPOJS HaJl yIpaB-
JIeHWeM — TOrpy34yMk HaunHaeT "BuiaTh". IloTeps
KOHTPOJISI HaJl YIPABICHHUEM BbI3BaHA OrPaHUYECHUEM
YIJIOBOM CKOPOCTH BpallleHUs PYJIEBOro KoJjieca U He-
JIOITYCTHMO OOJIBIIION CKOPOCTHIO CONMKEHHUS C TIpsi-
Moil. C Apyroil cTOpoHBI, MpHU yBeIMUeHUH L pacter
CpelHss BEeJUMYMHA IONEPEYHBIX OTKIOHEHHMH 7y, 7,
Ha BceM Mapupyte. [loaTomMy mpengoxkeHo orpaHu-
YUBaTh JIMHEHHYIO CKOPOCTbh BpalllEHUS BEIyIIEro
KoJieca MpH OOJBIIMX OTKJIOHEHHMAX OT LIEJIEBOM Tpa-
eKTOpUH:

v (ml <y (m]-[m] < ).

)

v,, otherwise.

[Ipu nonydyeHun naHHBIX HA puc. 3, 0, OBUIO BhI-
opano C;=0.05m, C,=0.13M, v;=22 w/c,
v,=1 M/c, 94TO TIO3BONMIIO M30EKaTh MOTEPH YIpPaB-
JeHus Jaxe mpu L < 2 m.

B xone uccienoBaHMs BO3HMKIIA IpoOiiema, CBS-
3aHHAs C TEM, YTO METOJ "YHUCTOTO MpecieaoBaHUs"
HE TIO3BOJISIET BBINIOJHHUTH ycioBue cxoaumocTtu (1)
Py HAJMYUU CHCTEMHOIO CMEILEHHS MEXIy OXKH-
JTAEMBIM YTJIOM TOBOPOTA PYJIEBOTO KoJjieca U peajb-
HeIM. [Ipobnema nponsumiocTpupoBana Ha puc. 4.
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Puc. 4. YcroifunBoe CMENIEHHOE MOJIOXKEHHE
MOTrpy34MKa OTHOCHUTEIBHO HCTHHHOW Tpaek-
TOPUM TIPY HAJIMYUHM CHCTEMHOW OMIMOKH O
0 YIJIy IIOBOPOTa PYJIeBOro Kojieca

[Ipn HANMWYMK CUCTEMHOUN OMMOKK O CyIIECTBYET
TaKO€ IOJIOKEHHUE IOrPy3YHKa OTHOCUTEIBHO MCTHH-
HOHM MNpsAMOHM, IIPU KOTOPOM PACCUUTAHHOE METOAOM
"qucTOoro  mpeciefoBaHHMA"  3HaueHHe yria o
B CyMME€ C CHCTEMHOW OIIMOKOH He MPUBOAUT
K CONIMKEHHIO TTOTPY3YMKA C UCTUHHON TPaeKTOPHUEH.
MeTo0M OT MPOTHBHOIO JIETKO IMOKAa3aThk, 4YTO MpHU
3TOM BEKTOp W OyJeT mapauiesieH mpsMoi t (rieneBoi
TpaekTopun). B TakoMm ciydae OblTa mpeaokeHa
aJlalTUBHAs TONpaBka ® K yriy MOBOpPOTa PyJIEBOTO
KoJIeca Ha OCHOBE KOOPIHMHAT, MOJIyYEHHbIX 110 ONTH-
YyeCcKOUW HaBUTAIMU:



88 A. E. AHTUIIOB u zp.

0=f+0, 6)
@=0,+ > K, (7)

i=As

¢ = Lo (] <C)n(lm=n|, <), ()

0, otherwise,

rae ®y — mpenoOydeHHas TMOMpaBKa, | — HTEpaIus
oOyueHus (Harmpumep, OOHOBJICHUE TIOTIPABKUA MOXKET
NpouCcXoAuTh ¢ maroM As = 0.2 M DpoHAEeHHOro Iy-
TH), {; — WHIUKATOp ONHM30CTH W MapajuIeIbHOCTH
KOpITyca Torpy34nka IeneBoil npsamoii. C;, C; ompe-
JEJISI0T OKPECTHOCTh MOJIOKEHHUS NTOrPpy34rKa, B Ipe-
JieJiax KOTOPOM IOMpaBKka MOXET OOHOBIAThCs. Ko-
a¢durmeHT £ ompenenseT Bec MOMPABKHA Ha KaKIOM
mrare OOHOBJICHHSI.

Ha puc. 5 npencrapiieH pe3yabTaT MOAECIUPOBAHUS
COMKEHHsT ¢ MPSAMOW MPH TeX K€ HAyaJIbHBIX YCIIO-
BUSIX, C OTPaHHYEHHEM CKOPOCTH, HO C BBEACHUEM
HaBUTaIIMOHHOM monpaBku. Kpome Toro, HCKycCTBEH-

HO BBeJleHa cucteMHas omubOka o =0.17 pan
(c yuerom 3Haka). B oakcnepumente C;=1wM,
C4=0.05m.

U3 puc. 5 BugHO, uTo mipu k =0 momepedHoe OT-
KJIOHEHHE C YMEHBIIEHUEM MPOJOJIBHON JAUCTAaHUUU
1o 7.5 m nepecraet ymenpmarthes. [pn 0 < k < 1 Ha-
OmomaeTcst cONMKEHUWE C MCTHHHOW TPaeKTOpUEH
M0 3HAYEHHWIO MONEePEeYHOro OTkIoHeHMs. [Ipu sToMm,
4eM MeHbIe k, TeM MompaBka Oojiee WHEPTHA, YTO
aKTyaJIbHO B Cllyyae IIyMa WMJIH BHIOPOCOB B KOODIH-
HaTaxX ONTHYECKON HaBUTAIWH.

Taxxe AJid TOBBIIICHUSA TOYHOCTHU YyIJia IMMOBOPOTa
pyJIEBOTO Kojieca B cucTeMy ObuLT m00aBleH MpOmop-
HUOHAIbHO-MHTETPO-TUPPEPEHIUPYIONINNA  perys-

g
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1

-
w
1

=
o
1

o
%]
|

[Tonepe4yHoe OTKJIOHEHUE, M

o
o
1

T T T T

20 15 10 5
MpoponsHas AUCTaHUMA A0 Lenu, M

Puc. 5. Bausuue Beca k mompasku ® Ha momnepedHoe
OTKJIOHEHHUE NOIPy3YrKa

top (ITHU/I-perynsiTop), B KOTOpOM B KauecTBe oOpart-
HOM CBSI3U BBICTYMAIOT IaHHBIE C SHKOJEPA.

IIpn nmonbope mnM pa3MelleHUH MaUIeThl aJro-
puT™M "ductoro mpecnenoBaHus” ObIT MOAMMUIMPO-
BaH TakuM 00pa3oM, dYTOOBI OOECIEYHTH BO3MOXK-
HOCTb 3ae3/1a MO/ NajjieTy BUIaMH BIEpe] U3 MpOu3-
BOJIGHOM mo3unuu miepes; Heid. C reoMeTpuyecKoi
TOYKM 3pEHMsI JaHHAs 3ajjada paccMaTpUBAETCS Kak
IUTaBHBINA BBIXOJ Ha MPSIMYIO, IPOXOIAIIYIO Yepes ce-
penuHBI MEPEIHEro U 3aJHEr0 TOPLOB MAJJIETHl (TO4-
ku S, T Ha puc. 1, 0). [Ipu 3TOM mOrpy34uK CBOMM
LEHTPOM BpalIeHUus R IOKEH OOCTUIHYTh 3aJIHETO
TOpLa MaJUICThI T, Ipu 3TOM OOJIKHO BBINIOJIHHUTLCH
ycnosue (1). Ha puc. 6 npencraBneHs! Tpu pa3HOBH/I-
HOCTH aJropuTMa "4uCTOro IMpeciieZloBaHus" B 3aBH-
CUMOCTH OT IIOJIOXKEHHUSI OCH POOOTa OTHOCHTEIHHO
LIETIEBOM NPSIMOH.

W3nauanbHO peann3oBaH 0a30BBIH alTOPUTM "dHC-
TOTO TIpecieIoBaHus" ¢ MOTUUKAITUEH TS pEeTIeHHS
3aga4u JBUIKCHUA K LCJIM BUJIAMU BIICPCH. AJIFOpI/ITM
ocymecTisier commkenne ¢ npsmoit ST (dhaza comm-
XKeHUs). {1 3Toro BeKTOpsl W, I IO IPUHIUITY CUM-
METpUHM OBUIM OTpaXkeHbl B BekTopsl W', r'. Torma
[0 MPUHLUIY BEJIOCUIIETHOM MOJIENN JIBUXKEHUS, UC-
XOZHbIE BEKTOPHI U OTPa)KEHHBbIE (POPMUPYIOT HJEH-
TUYHbIE MTHOBEHHBIE PallyChl KPUBHU3HBI U, CIE0Ba-
TEJIbHO, MTHOBEHHBIE TPAEKTOPUH B BHIE OKPYKHO-
ctu. [losToMy BM)KEHHE BEKTOpPa W MOXKHO paccMaT-
pUBaTh KaK KJIACCHYECKYIO 3ajjadyy "JUCTOro Ipece-
JOBaHUA" IJISI €T0 CUMMETPUYHOTO OTPaXKEHHsI. YTOI
PYJIEBOTO KOJIeca MPH 3TOM paccuuThiBaeTcs 1o (9):

5=f,(S.T,RW,L)=Z(w,r)=—L(W'r')=
2|w|sin(£(w',R—'))

=—Arctan 7 . 9)

IIpn sToM LzP[O‘S;l](d), rae d — mpoaoJbHas

OUCTaHIMA OT IepeIHero Topla HajuleThl 10 LIEHTpa
BpallleHus1 TOorpy3dynka. BeIOOp Takoil 3aBHCHMOCTH
IJIMHBI ~ IIPOTHO3UPOBAHHUA IO3BOJIACT COBEPIIATH
cOMMmKEeHne BHaJdW OT TMauleTel Ooyiee TIIIaBHO,
T.K. €CTh 3arac JUCTAHLMWHU JJIs IJIaBHOTO MaHeBpa.
BO6m3u naners! nonepeyHoe OTKIIOHEHHE KPUTHYHO,
T.K. pOOOT-TIOTPY3YUK MOXET MPOMAXHYThCS, 3aBECTH
BWJIBI HE TOYHO B Ta3bl NAJUIETHI U MOBpeAUTH ee. Pa-
IUyC KPHUBU3HBI IOBOPOTA B JJAHHOM Cllydae IOJDKEH
ObITh MEHbIIE. Y 0a30BOr0 ajropuTMa CYyIIECTBYET
HEJOCTaTOK: TIPH COMMKEHUH C LENEBON MPSMON O
HEHYJIEBBIM YTJIOM TpaeKTopus poOoTa OAMH WM He-
CKOJIBKO pa3 Iepecekaer ee. Takue nepecedeHus npu-
BOJAT K HU3JIMITHUM 3HF3aFOO6pa3HI)IM OTKJIOHCHUAM
OT [psIMOM, 4YTO, Kak CJEICTBHE,  BJEYET
3a co00if HEONMpaBIaHHOE YBEIMYCHUE 3HAUCHHS

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2
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Puc. 6. 'eomeTpuueckue cxeMbl JBIKEHHS MOTPy34YHKa IPU NOoA00pe MayuIeThl Mo JUHUK ST.
a — (aza conmmxenus, 6 — ¢a3a BbIX0JIa Ha KacaTellbHyI0, B — (ha3a BbIpaBHUBAHHUS

(dhynakmonana (2). Bomusu npsaMoii peaan3oBaHo dHc-
TOE€ IpeciiefloBaHHe 10 KacarenbHOH ((asza BbIxoma
Ha KacaTelbHyI0 Ha puc. 6, 6). Takum obpazom, 3aaa-
4y JBIKCHHUS IO KacaTeJIbHOM MOXKHO CBECTH K IIpe-
JBIIYIIEH MyTeM MpaBUIBLHOTO MOAOOpa paauyca IMpo-
rHo3upoBaHus. CHTyanus IpeacTaBieHa Ha puc. 6, Tie

aA-Ie o

Toraa yros moBopoTta pyJieBOro KoJjieca BbIpaXka-
eTcst popmyIoii:

§=2(w,r)=
= f(S.T.RW) = 1,(S.T.R W,

RPD. (11)

B ciydae ecnm koprnyc morpy3urka w nepecekaeT
muanio ST, KacaTelnbHYI0 ITIOCTPOMTH HEBO3MOXKHO,
OJTHAKO MOXXHO OCYIIECTBUTH CONMKEHHE TOYKH W
¢ npsimoi ((ha3za BeIpaBHUBAaHHA Ha puc. 6, B). AHao-
ru9HO (haze cONKEHUs IBIKEHHE BEKTOPa W MOXKHO
BbIpa3duTb 4Y€pe3 JBWIKCHUE €TI0 CHMMCTPUYHOTIO
orpaxenus. [Ipu sToM uncroe mpecienoBanue Oyaer
BBIYUCJIATBCA TaK XK€, KaK U IpPHU O6I)I‘-IHOM JBHXCHUU
10 MapupyTy. YToi HMOBOpOTa pyJIeBOro kojieca Oy-
JICT BBIYUCIISATHCS 110 (hopMyJIe:

§=2(w,r)=

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2

= f(S,T,RW,L)=—f,(S,T,RW',L),

rae L=0.5.
OObenuuss BCe MpECTaBIEHHBIE METOJBI, 00Ias
(dhopMyiia mpuoOpeTaeT CIaeAyONIHA B

5(S.T,RW,L)=

(12)

fis ((nln2 < O)U(nln2 > 0ﬁ|n2| <|nl|))ﬁ|nl| < (i,

={7, ((”1”2 <0)u(nln2 20(\|n2| <|n1|)),

f,, otherwise.

(13)

B ¢opmyne (13) xoncranta Cs onmpenensieT mopor
BCJIMYUHBI MMONIEPCYHOI0 OTKJIIOHCHHS, HAYWHAA C KO-
Toporo (aza cONMmKeHNs cMeHsieTcs (a30il TBIKEHUS
no kacarenpHoil. B akcmepumentax Cs BbIOpaHa
paBHoii 0.02 M — nmonmycTUMasi MOTPEIIHOCTh Hapal-
JIEJIFHOTO CMEIIEHHUs] OTHOCUTENBFHO MajuieTsl. Beene-
HHUE (1)33 JABUXKCHUA 110 KacaTeJIbHOM U BbIpaBHUBAHUA
MO3BOJIMJIM  YJIYUYIIUTh CXOAWMOCTb IONEPEUHBIX
OTKJIOHEHHH K HYJIO MO CPAaBHEHUIO C KJIACCHYECKHM
MeTo/IoM "ymcToro mpecnenoBanus’ ((pazon cOmmxe-
HUS) U, KaK CJIeJCTBUE, YMEHBIINTD BEIHMYUHY (DYHK-
LUOHAJIA TPU OIMHAKOBBIX HAYaIbHBIX YCJIOBHSIX.
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MpoponsHaa gUcTaHUWa A0 Lenu, M

Puc. 7. Tpaekropun poOoTa IpH MOAOOPE WM Pa3MELICHUH MaJICThI
(och abcryicc coBHagaeT ¢ MPOAOJIBHON OChIO CHMMETPHH MaJUIETHOTO

MeCTa).

Krnaccuueckoe "aucroe npecnenosanue” (a), "uncroe mpecnemosanue”
¢ (asoii Kacanus U BeipaBHuBanus (0)

Ha puc. 7 npuBeneHsl rpadyiKu CUMYJISIIIAN TPACK-
TOPUM ISl yCTpaHEHUS IOTIEPEYHBIX OTKIOHEHUIA.

st omepaunu noabopa WM pa3MelieHus! majie-
Tl ObUTa BBIOpaHa TOCTOSHHAs cKopocTh 0.5 w/c
MpH MOoJbe3/ie K najwieTHomy Mecty u 0.1 M/c B Mo-
MEHT 3ae37a Ha Hero. /[l MUHUMHU3aul CHCTEMHON
OIMMOKN TPOJOIFHOTO CMENIeHHs Tpu (HUHATHHOM
MO3UIIMOHUPOBAHNUHN MAIJIETHI OBLIO MPEIOKEHO HC-
MOJIb30BaTh aNaNTHUBHBIA MeTo cOpoca raza. Mmes
3aKJIIOYaeTCsl B TOM, YTO NP MapKOBKE Ha MaJUIETHOE
MECTO C OIMHAKOBOM CKOPOCTBHIO TOUHOCTh OCTAHOBKH
omnpeaessieTcss MNPOJOJIbHOW AUCTAHLMEW 10 UEeNu,
Ha KOTOpOH Ta3 cOpackiBaeTcsa 10 HyINs ((PpopMyIIsI

(14), (15)).

Ve, Ax>Ax,,
V= ] (14)
0, otherwise,

Ax, =Ax, , —0.5Ad, (15)
rjae Ax — MpOoJOJILHOE OTKIOHEHHE HAa MOMEHT M3Me-
penus, Ax; — mopor cOpoca ra3a, MOJIYYCHHBIH
Ha TPEABIYIIUX uTepamsax, Ad — TpoaosibHas

omuOKa Mocie IMOJHOH OCTaHOBKU. Bo m30exaHue
BEIOPOCOB TIpH OOHOBJIGHWH AX; €€ BETUINHY MOYXHO
OTPaHUYUTH I10 MOJYJIFO OLIEHKOU CBEPXY.

OKCIIEPUMEHTAJIbHAA YACTb

Kpome mMaTemaTHueckoro MoJelupoBaHUs MPOBeE-
JICHbl HATypHBIE SKCIEPUMEHTHl C POOOTOM-NIOTPY3-

YUKOM. AJITOPUTMBI COJIMKECHHS C TPACKTOPUEH, MO/~
0opa M pa3MelIeHus MMajuieThl ObUTH BHEJPEHBI B CHC-
TEMY ABTOHOMHOTO YIpPaBJICHUS CTAHAAPTHBIM IIPpO-
MBILUIEHHBIM BHJIOYHBIM HOTPY3YMKOM, OCHAIEHHBIM
MEPEHOCHOW CHUCTEMOM  ONTHUYECKON  HaBUTalWU
[9, 10]. Cxema KOMITOHEHTOB CHCTEMBI YIPABICHHS
POOOTOM-TIOTPY3YMKOM NPEICTaBICHA Ha PHC. 8.

Mukpoxkontposuiep (STM32 Cortex-M4) obGecrie-
ynBaeT 00paboTky makeroB CAN-mHTEpdeiica OopTo-
BOoro kommnerorepa Curtis 1 0THOBpEMEHHO TPUHUMA-
€T YIPABIISIOLIEe COCTOSIHUE U OTIIPABIISIET 0OpPaTHYIO
CBsI3b uepe3 serial-mopT MHKpoOKOMIbIOTEpa Jetson
Orin NX. B kadectBe 00paTHO#l CBS3M [OCTYITHBI
YTOJ1 HAallpaBJICHUs BEAYILETro KoJjieca M €To JIMHEeHHas
ckopocTth. O0a 3HaueHHs U3 Oe3pa3MepHBIX BEIUYHH
nepeBonsTcs B cucreMy CU B cooTBeTCTBHM € MOJTY-
YCHHBIMH 3KCIICPUMEHTAIBHO TaOnuiamu. Mudopma-
oyl O 3ajadax U MapuipyTe MOCTYNaeT Ha KasKObli
poOOT MO ceTH dYepe3 cepBep MPHHATHS PEUICHUH
¢ ucrons3oBanueM uHppactpykrypbl ROS2 FastDDS
Middleware [11].

[No3umoHupoBaHre OCYHIECTBIISIETCS Yepe3 Kame-
py Logitech, HampaBIeHHYIO B MTOTOJOK JUTS JETEKITHH
U CONPOBOXKJIEHHUS ONTHYECKUX METOK (cHcTeMa To-
TOJIOYHOTO OpHeHTHpoBaHus). Ha ocHoBe sToi cuc-
TEMBl PACCUUTHIBAETCS CKOPOCTh, YrOJl TOBOPOTA
BEYILEro Kojieca, a TaKKe IeOMEeTpUYEecKasi Ionpas-
Ka. ['eoMeTpUUecKr pPAcCCUUTAHHBIM Yrosl BELYIIErO
kosieca nojaercs Ha Bxoxa I[IW/I-perynstopa, momy-
YEHHOE 3HAa4YeHHE CYMMHPYETCSl C I'€OMETPHUYECKOM
IIOIIPABKOM.

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2
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Cepsep Cuctema
NPUHATUA Hasurauum no
peLLeHwnid noTonKy
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MWKpOKOHTpO/INep

Puc. 8. biiok cxema yrmpasieHus poOOTOM-TIOTpy34uKoM (a) U ero npototwil (0)

PaccunTaHHBI ynpaBIsIOIUANA CUTHAN IO CKOPO-
CTH II0JaeTCsl Ha BXOJ MPOIPAMMHOTO MOZYJIS 6e30- Taéu. 1. Oum61<el HOIEPEYHOr0 OTKJIOHEHMS IIPU CIIEJ0-
MaCHOCTH, KOTOPHIi TMO0 He MEHseT ero, Moo cOpa- ~ BAHMH 10 LCICBON TPACKTOPHH
CBIBAaeT €ro J0 HyJs B ciiydae OONBIIOrO pacxoxie-

Ha4yCHU HIMOKHU, CM
HUSI MEKAY BXOAHBIMH M BBIXOAHBIMH HapaMeTpaMu. Onucanue pexuma 3Havenye oumbKH, ¢
Takum 00pa3oM CHWKAIOTCS PHCKHM CTOJKHOBEHHS . MCAMAHHOC | MAKCHMATBHOC
Ha OONBIION CKOPOCTH, YTO aKTyaJhbHO B Ciydae Hucroe npecnezo-
"
KPaTKOBPEMEHHBIX OIIMOOK B CHCTEME paclo3HaBa- Banue" Oe3 anarn- 10.0 12.0
HUSI METOK M pe3Kux moBopoToB. llomyueHHoe co- TUBHOT'O YIpaBiie- ’ ’
CTOSIHHE OTIIPABISIETCS B MUKPOKOHTPOJIIEP C YacTo- HUS
Toi 10 I'u. OnbiTHBEIE 06pa31551 TMPOMBIIIEHHBIX TT0- "YucToe mpeciiesio-
TPY34YHKOB OONAMAIOT JIMHOW KOJECHOH 0a3bl 1.5 M, panue" C aIalTHB- 45 70
MaKCHMaJbHOU CK Th 2.2 m/c, T bHOM . o ' '
AKCUMAaJIbHOI CKOPOCTBIO 10 /¢, TpenenbHO HOI OIIHGKOI

CKOPOCTBIO TIOBOPOTA pyieBoro koxeca 1.57 pax/c.

IIpoBeneHO nBe cepuu HKCIIEPUMEHTOB. B nepBoit
CepuH IMOTPY34HK CTAPTOBAJ U3 BHIOPAHHON MO3ULMH
(x, y) = (=20, =2) nox yriiom 0.757 pan B rinodanbHON 200 TR R
CHCTEME KOOPAMHAT U JBUTAJICS HAIIPABICHUU OTPE3- —— Cumynsuus z0
ka {S; T}={(0,0); (0,20)}. B omnpezeneHHBIi MOMEHT ! '
poOOT BHIXOAMI Ha CTAOWIBHOE JBHXKCHHE BIOJb
npssMoil. HaumHast ¢ 3TOro MomeHTa, INPOBOIWIHCH
3aMephl €ro TOINEepeyHOro OTKJIOHEHWs. BHenpeHue
aJanTHBHON  ommbOkm  coBmectHo ¢ ITHJI-
PETYISTOPOM MO3BOJIMIIO COKPATUTh OMIMOKY TOYTH
B 2 pasa (taou. 1).

Ha puc. 9 npencrapieHa nojsydeHHas 3aBUCUMOCTh ]
IMONepPeYHOIro OTKJIIOHCHHA Ha IMPOJOJIbHOU IUCTaH-
UM B CEPUU 3KCIIEPUMEHTOB B CPaBHEHUH C PE3YJib-

e
~
vl

MonepeyHoe OTKAOHEHNE, M

=] =
n =3
o S}

CKOpPOCTbL BeAyLULero Koneca, M

0.25

T T T T T T T T 0.00
20 18 16 14 12 10 8 6

TaTOM MOI[eJII/IpOBaHI/Iﬂ. MpofonLHAR AUCTAHUUA A0 LENU, M

[Ipu mpoBeneHNH SKCIEPUMEHTa WCMOIB30BAINCH
napametpel: L=2 C,=0.2, C,= 0.13, v, =22, v, =1, Puc. 9. Tpaekropuss poGota TpH COMMKEHHU
C;=1, C4=0.05 (5). Bec reomeTpuyeckoii OMpaBKu ¢ meneBodl TpsMOiM (och abCcuHMCC COBIAJAeT
k=0.01. IlpomopinoHadbHBIN, WHTETPUPYIOLIHI, C TIPAMOA)

mudeperunansabiil kodpunuentsr [TH]-peryns-
Topa cooTBeTcTBeHHO: K, = 0.5, K; = 0.2, K4 = 0.
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Puc. 10. TpaexTopun poOOTa-NOrpy34MKa MpH MoJ00pe I pa3MEIeHNU NaJuIeThl C OJJHOM M TOM ke Mo-
3unuy (0ch abCIUCC COBIALAET € MPOJIONBHOM OChI0 CHMMETPHU MAJUIETHOTO MECTa)

Bo BTOpoll cepur 3KCHEPUMEHTOB IPOBOIUIICS
noadop M pa3MelleHHe NaJUIeThl: CHadana ¢ OJHOMN
Y TOM K€ MO3UINHU JUIsl CBEPKHU C pe3yJbTaTaMU CUMY-
JSAIUHN, 3aTeM C TPOHM3BOIBHOW mo3uiuu. [ 'paduxu
3aBUCUMOCTEN MONEPEYHOr0 OTKIOHEHMS! U YIJIOBOM
OpHEHTAllMM Ha MaplIpyTe K IEeId IpPeICTABICHBI
Ha puc. 10. BugHo, 4To cUMySIUs KOPPEKTHO OTpa-
KaeT ABMKEHHe poboTa.

Jist IpOBEPKHU CTAaOMIBHOCTH M MPEJCKa3yeMOCTH
no0opa MM pa3MeleHHs NauIeThl OBUTN POBEICHBI

AHAJIOTUYHBIE 3aMephl C MPOU3BOIBHBIX MO3UIUN OT-
HOCHTEJIBHO NaJUIETHOrO MecTa (puc. 11).

Pesynbrarel 3aMepoB CpefHEl OIIMOKU POI0JIb-
HOT'O U MONEPEYHOro OTKJIOHEHUH B KOHEYHOU TOYKE
MpeCcTaBiIeHbl B Ta0. 2.

[IpencraBneHHble  anTOPUTMBI  WHTETPHUPOBAHBI
B CHCTEMY aBTOHOMHOI'O YIIPaBJIEHHUS TPaHCIOPTH-
POBKOW TaUIeT Ha OJHOM W3 TMPOMBIIUIEHHBIX
CKJIAJIOB.
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Puc. 11. 3aBucumocTn momepedHoro (a) U yrioBoro (0) OTKIOHEHHH poOoTa-TOrpy3dnKa
OT MPOJOJILHOM JUCTAHIMHU K LIEJU NPU NOAOOpE WM Pa3MEIICHUH NalIeThl (pa3sHble HCXOM-

HbIE MMO3ULINN)
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Ta6.1. 2. BenmnunHb! omiOOK MPH OTIEPaINy C MMALIeTOH

By ook Cpennsist ommOka Hucnepcus MakcumansHoe
3HAYCHUC
[IpononpHas ommobKa, M 0.002 0.06 0.012
[onepeynas ommoOKa, M 0.016 0.006 0.03
YrioBas omuOka, paj 0.007 0.005 0.021

3AKJIFOYEHUE

B craTtbe mpemyioxkeH MOITUPUIMPOBAHHBIA METOA
"4UCTOTO mpecieoBaHus" B TNPUMEHEHHU K TIPO-
MBILIJICHHBIM pO0OTaM-Norpy3dnkam. PaccMoTpeHsl
3aJ]a4M JABIKEHUS 110 3a/laHHOMY OTpEe3Ky IYTH, MOJI-
0op nnm pasmelnieHue nawieTsl. B mepBom ciydae
yAaJ0Ch JOCTUYb YCTOWYMBOIO JIBUKEHMS NPHU CKO-
pocTsx 10 2.2 M/C CO CpeTHUM METUaHHBIM 3HAYeHH-
eM nonepeyHoro oTkiaoneHus 0.45 m. TouHocTh Me-
TO/a CpaBHMMa C TOYHOCTBIO JPYTHUX COBPEMEHHBIX
MOJIXOJI0B, OJIHAKO pa3BHBaeMas Kpelicepckas CKO-
pocTh poboTa-norpy3unka okaspiBaeTcs Boiie. [Ipea-
JIOKEHBI TEOMETPUYECKHE METOABI IONPAaBKH yIia
pyJieBoro koiieca. Pa3paboTaHHBIM TeOMETPHUYSCKUN
METOJ] TI0A00pa WMEET TOYHOCTh (DMHAIBHOTO TO3H-
IMOHMpOBaHus MeHee 2 cM. [IpenmyiecTBoM MeTona
ABIIIETCS] BO3MOYKHOCTB ITOACTPAUBATHCA MOJ MAJUIETY
C NPOU3BOJBHOM NO3UMLMU MNepel HeH, Toraa Kak
OOJIBIIMHCTBO albTEPHATHBHBIX METOJIOB paccMaTpH-
BaeT JAHHYIO 33Ja4y HCKIIOYHTEIBHO IPH IOJIOXKE-
HUM "HanpoTuB Hee". Pa3paboTaHHBI MeTON MpomIen
3TaIl CUMYJISIIMK ¥ BepU(PUKALUN B paMKaX HaTypHBIX
UCTIBITAHUI Ha HECKOJNBKHX TMPOTOTUMAX OeCIHIIOT-
HBIX POOOTOB-TIOTPY34YHKOB.
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Modern advances in microelectronics and artificial intelligence have led to a qualitative leap in the develop-
ment of robotics. As a result, the scope of application of unmanned transport systems has expanded, which in-
creases the requirements for the accuracy and safety of autonomous control. It is important not only to create
these systems, but also to adapt them to the external environment and integrate them into technology originally
designed for human piloting. This article examines issues related to trajectory accuracy and pallet selection or
placement. A modified adaptive algorithm based on the pure pursuit method is proposed for application to for-
klift trucks equipped with a portable on-board optical navigation system of our own design. Scenarios for depar-
ture and movement along a straight trajectory, pallet selection and placement in industrial warehouses were
tested. The algorithm demonstrates accuracy comparable to other modern methods, but at higher speeds and
with lower positioning accuracy.
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INTRODUCTION

One of the key challenges in developing a motion
control system for unmanned vehicles is integrating
a path-following algorithm. Three common approach-
es to this problem currently exist: the dynamic win-
dow method, model-based control, and the pure pur-
suit method [1].

The first approach is widely used in dynamic envi-
ronments to avoid collisions. It requires defining
a velocity space within a bounded region of the robot's
future positions. Within this space, a search is per-
formed for velocities that satisfy two constraints:
a maximum velocity constraint and a braking distance
constraint, which must not exceed the distance to the
nearest obstacle. This method, which requires precise
measurements of linear and angular velocities as the
main components of control commands, is often im-
plemented in robots with servo drives and a differen-
tial motion model. However, when using industrial
forklifts, precisely matching the predicted and actual
speed values proves difficult due to the robot's nonli-
near speed smoothing system. Consequently, the dy-
namic window algorithm requires adapting the control
to the current forklift drive model and makes it de-
pendent on the model's characteristics, which is
a drawback when developing a portable unmanned
control device.

Control methods based on model predictions face
similar challenges. In these methods, the trajectory-
following problem is considered as a problem of op-
timizing the state vector and control actions in real
time [2], making this vector generally independent of
the complexity of the dynamic model and robust to
changes in the external environment. However, the
accuracy of this approach directly depends on the ac-
curacy of the model, which may have different para-
meters for each forklift. The more accurate the model,
the more parameters it includes. This is unjustified
when developing a solution for multiple forklifts due
to the increased complexity of parameter selection.
Both approaches are also considered a multi-objective
optimization problem, which is justified in complex
dynamic environments. Warehouse environments
have strict traffic regulations, as forklift operations
impact employee safety. All robot routes are straight,
two-way roads with intersections, including passages
between racks. In such strict conditions, avoidance
maneuvers are dangerous, and finding the optimal
trajectory is a redundant task.

The primary advantage of the pure pursuit method
is the relative simplicity of its geometric calculations,
which simplifies its integration and debugging. Con-
sequently, it improves its safety, reliability, and fault
tolerance compared to other methods [3]. The basic
idea of the method is to find a point along the route
that is located at a selected distance (prediction radius)

from the robot's origin (usually its center of rotation)
and geometrically calculate the instantaneous trajecto-
ry passing through it [4]. For a forklift, the algorithm
calculates the steering angle of the drive wheel, which
determines the instantaneous radius of curvature of
the trajectory relative to the center of the fork's wheel
support. This method has been successfully applied to
various types of wheeled intelligent transport systems
and demonstrates comparable accuracy to other ap-
proaches, making it an acceptable choice for forklifts
operating in industrial warehouses. Modern pure pur-
suit methods typically vary the prediction distance
depending on speed. The advantage of this algorithm
is that it reduces the risk of loss of control. On the
other hand, with a long prediction radius, the approach
to the true trajectory occurs at a greater distance,
which is especially critical in the case of two-way
traffic in a narrow aisle between racks. Therefore, in
the method we present, maintaining control is deter-
mined by limiting the speed. Alternative approaches
also adjust the linear speed depending on the trajecto-
ry's curvature radius, which is used to slow down be-
fore turning to prevent skidding and overturning the
robot, rather than as a means of controllability control.
In a number of studies, the pure pursuit method was
used at speeds up to 1.5 m/s [5], while the proposed
method enabled unmanned control of a forklift at its
maximum speed: up to 2.2 m/s. In studies [5], the
consideration of path-following methods is limited to
modeling or the use of high-precision lidars as a posi-
tioning system. The study demonstrated the applica-
bility of the pure pursuit method for controlling indus-
trial forklifts using a portable optical navigation plat-
form based on ceiling marks. Moreover, the path-
following accuracy was comparable to that of other
modern methods [2, 5, 6]. The paper presents modifi-
cations to the pure pursuit algorithm that make it poss-
ible to pick up and place a pallet from an arbitrary
position. This approach has advantages over calculat-
ing the path to the pallet using optimization [7] or
splines [8], due to the smaller number of parameters,
computational efficiency, and determinism, which is
important for industrial equipment. Adaptive control
components that improve the path-following accuracy
in the presence of a systemic error in the wheel rota-
tion angle are proposed and have already been imple-
mented in practical applications. This article presents
results based on a forklift simulation, as well as the
results of field experiments.

ALGORITHM DESCRIPTION

We formalize the problem of following a path,
picking up, or placing a pallet for an unmanned for-
klift using geometric abstractions (Fig. 1), which will
allow us to compare and interpret the results of the
simulation and field experiments.



Fig. 1. Vector diagram of a forklift (a) and a pallet
(6)

Let us define the state of the forklift in a global
coordinate system centered at (-) O by determining its
key geometric points in the floor plane. Let point R be
the forklift's center of rotation (the center of the rear
wheel axle) and W the center of the drive wheel. Then

the length of the vector w = RW is the length of the
wheelbase. Vector r reflects the direction of the front
drive wheel. The normal n and w form a basis. Now
let us define the route parameters. Warehouses pre-
dominantly have a cellular structure, so it is conve-
nient to describe routes through straight line segments
by specifying the coordinates of their beginning and
end. Let us introduce the designation S for the geome-
tric point of the segment's beginning, and T for the
segment's end. The same designations will be used to
specify the line. Without loss of generality, we can
say that a route of arbitrary shape is specified by a set
of segments {S;7;: S;= T;,}. Let us introduce geome-
tric quantities specifying the relationship of the for-
klift's position to the target route. Vector n; reflects
the lateral deviation from the trajectory point. Its
length is equivalent to the distance to the trajectory,
and the vector itself is directed toward trajectory point
P. The magnitude of the lateral deviation is then the
projection of vector n; onto the n-axis. Similarly, |n,|

is the signed distance from point M (‘W‘ = 1) to the

tangent to the trajectory at point P. These distances
can be used to express the angular deviation from the
trajectory; they are used as primary quantities for ease
of interpretation. The longitudinal deviation s from the
target point 7 is the projection of TW onto the WR di-
rection (during pallet handling) or the projection of 7R
onto the WR direction (during target route movement).
Note that if the target trajectory is a straight line, the
tangent at point P will coincide with the trajectory. In
the case of pallet picking or placement, the target tra-
jectory is defined as a line defined by the vector

t=ST, where S is the estimated midpoint of the pal-
let's front end, and 7 is the rear end. We will use these
notations below. Formally, the forklift's performance
in reaching its target can be represented by the formu-
la:

lim([n,| +|n,|) >0, (1)

s—0

where s is the distance from R to 7.
The functional in formula (2) can serve as the tra-
jectory following quality criterion:

lim(|n,|+|n,|) — min, )

where {s;} is a discrete set of path segment lengths
along which the forklift's lateral deviations were
measured during movement.

Let's define the forklift's control state. In our case,
it is determined by the angle of the drive steering
wheel 0 and the linear velocity of this wheel v.

We consider the forklift's movement along the
route in the context of its arrival at the target route as

a vector ST . The geometric model of pure pursuit in
this case is presented in Fig. 2.

Fig. 2. Geometric model of motion in a straight line

A detailed analysis of this problem allows us to
then generalize the forklift's movement along the en-
tire route by planning the motion between its seg-
ments. Let the points S, 7, R, W on the plane be
known and the prediction distance L be given. Then
the wheel's direction angle is calculated using the
formulas:

5= f(S.T.RW,L)=Z(w.r)=2(w,WP)=
= sign([w . W]) - Arccos <W,W>, (3)
— | —AC—-B~NI? -C* —-BC-AI? -C?

WP = — , — , (4
‘ST ‘ST

Where 4, B, and C are the coefficients of the
straight line equation, calculated from the coordinates

of the direction vector ST points.

Figure 3 shows the simulation results of the pure
pursuit method.

Fig. 3. Robot trajectories approaching the target line
(abscissa axis coincides with the straight line).
Simulations: without speed restrictions (a), with
speed restrictions (0); L is the prediction distance

The initial longitudinal deviation of the robot was
set to 20 m, and the lateral deviation was 2 m. The
initial angular deviation from the line was 0.25 = rad.
In the first case, a fixed speed of 2.2 m/s was set as
the maximum achievable, and the nature of the devia-
tions was studied for different prediction distances L.
It is evident that at L < 2 m, a loss of control is ob-
served — the forklift begins to "swerve." Loss of con-
trol is caused by limiting the angular velocity of the
steering wheel and the unacceptably high approach
speed. On the other hand, as L increases, the average
lateral deviations n,;, n, increase over the entire route.
Therefore, it is proposed to limit the linear velocity of



the drive wheel for large deviations from the target
trajectory:

v (m| < (] =[] < ),

)

v,, otherwise.

When obtaining the data in Fig. 3, 6, C; = 0.05 m,
C, =0.13 m, v; = 2.2 m/s, and v, = 1 m/s were cho-
sen, which prevented loss of control even at L <2 m.

During the study, a problem arose due to the fact
that the pure pursuit method does not satisfy the con-
vergence condition (1) in the presence of a systemic
bias between the expected and actual steering wheel
angles. This problem is illustrated in Fig. 4.

Fig. 4. Stable offset position of the forklift relative to
the true trajectory in the presence of a system error o
of the steering wheel angle

In the presence of a system error 6, there exists
a forklift position relative to the true straight line such
that the value of the angle o calculated by the pure
pursuit method, when added to the system error, does
not result in the forklift converging with the true tra-
jectory. It is easy to demonstrate by contradiction that
in this case, the vector w will be parallel to the straight
line t (the target trajectory). In this case, an adaptive
correction O to the steering wheel angle was proposed
based on coordinates obtained by optical navigation:

o0=f+0, ©6)
©=0,+ Y k!, )
i=As
Kl.:{l’ (|n1|l,<C3)m(|n1—n2|l,<C4), ®
0, otherwise,

where @, is the pre-trained correction, i is the training
iteration (e.g., the correction can be updated in incre-
ments of As = 0.2 m of the distance traveled), and ¢; is
an indicator of the proximity and parallelism of the
forklift body to the target straight line. C3;, C4 define
the vicinity of the forklift position within which the
correction can be updated. The coefficient & deter-
mines the weight of the correction at each update step.

Figure 5 shows the result of a simulated approach
to a straight line under the same initial conditions,
with a speed limit, but with a navigation correction. In
addition, a system error of 6 = 0.17 rad (taking the
sign into account) was artificially introduced. In the
experiment, C; =1 m, C; =0.05 m.

Fig. 5. The influence of the weight & of the correction
® on the lateral deviation of the loader

Figure 5 shows that at k£ = 0, the lateral deviation
ceases to decrease as the longitudinal distance de-
creases to 7.5 m. For 0 < k < 1, convergence with the
true trajectory is observed in terms of the lateral devi-
ation. Moreover, the smaller k, the more inert the cor-
rection, which is relevant in the case of noise or out-
liers in the optical navigation coordinates.

To improve the steering wheel angle accuracy,
a proportional-integral-derivative controller (PID con-
troller) was added to the system, using encoder data as
feedback.

When picking or placing a pallet, the pure pursuit
algorithm was modified to allow forklifts to enter the
pallet from any position in front of it. Geometrically,
this task is considered as a smooth approach to
a straight line passing through the midpoints of the
front and rear ends of the pallet (points S, 7 in Fig. 1,
0). The forklift's center of rotation R must reach the
rear end of the pallet 7, and condition (1) must be sa-
tisfied. Figure 6 shows three variations of the pure
pursuit algorithm, depending on the position of the
robot's axis relative to the target line.

Fig. 6. Geometric patterns of forklift movement when
picking a pallet along the ST line.

a — approach phase, 6 — tangent phase, B— align-
ment phase

Initially, the basic pure pursuit algorithm was im-
plemented with a modification for solving the prob-
lem of forward fork movement toward a target. The
algorithm approaches the straight line ST (approach
phase). To do this, the vectors w and r were symmetr-
ically reflected into the vectors w’, r’. Then, according
to the principle of the bicycle motion model, the orig-
inal and reflected vectors form identical instantaneous
radii of curvature and, consequently, instantaneous
circular trajectories. Therefore, the movement of the
vector w can be considered a classic pure pursuit
problem for its symmetrical reflection. The steering
wheel angle is calculated according to (9):

5= (STR.L)= Z(wr)=—2(w'r') =

2|w|sin(£(w',R—PY))
L ' ©

=—Arctan

Meanwhile L= P[O'S;1

dinal distance from the front end of the pallet to the
forklift's center of rotation. Choosing this dependence
of the prediction length allows for a smoother ap-
proach away from the pallet, since there is a margin of
safety for a smooth maneuver. Near the pallet, lateral

](d), where d is the longitu-



deviation is critical, as the robotic forklift may miss,
misalign its forks, and damage the pallet. In this case,
the turning radius should be smaller. The basic algo-
rithm has a drawback: when approaching the target
line at a non-zero angle, the robot's trajectory inter-
sects it one or more times. These intersections lead to
excessive zigzag deviations from the line, which, as
a consequence, leads to an unjustified increase in the
value of functional (2). Near the line, pure tangent
pursuit is implemented (tangent approach phase in
Fig. 6, 6). Thus, the tangential motion problem can be
reduced to the previous one by properly selecting the
prediction radius. The situation is shown in Fig. 6,
where
‘QP‘ =‘QR‘. (10)
Then the steering wheel angle is expressed by the
formula:

§=2(w,r)=
=f3(S,T,R,W)=f2(S,T,R,W,

FA)an

If the forklift body w intersects line S7, it is im-
possible to construct a tangent, however, it is possible
to bring the point W closer to the straight line (the
alignment phase in Figure 6, B). Similar to the ap-
proach phase, the motion of vector w can be expressed
through the motion of its symmetrical reflection. In
this case, pure pursuit will be calculated in the same
way as for normal route movement. The steering
wheel angle will be calculated by the formula:

§=2(w,r)=
=, (S, T.RW,L)=—f,(S.,T,RW',L), (12)
where L =0.5.

Combining all the presented methods, the general
formula takes the following form: :

5(S.T,R.W,L)=
fis ((nln2 < O)U(nln2 > Oﬁ|n2| <|nl|))ﬁ|nl| <C,

={7, ((”1”2 <0)u(nln2 20(\|n2| <|n1|)),

f,, otherwise.

(13)

In formula (13), the constant Cs defines the lateral
deviation threshold, starting from which the approach
phase switches to the tangential motion phase. In the
experiments, Cs was chosen to be 0.02 m — the per-
missible error of parallel displacement relative to the
pallet. The introduction of the tangential motion and
alignment phases improved the convergence of lateral
deviations to zero compared to the classical pure pur-

suit method (approach phase) and, as a result, reduced
the magnitude of the functional under the same initial
conditions.

Figure 7 shows the simulated trajectory graphs for
eliminating lateral deviations.

Fig. 7. Robot trajectories during pallet pickup or
placement (the abscissa axis coincides with the lon-
gitudinal axis of symmetry of the pallet location).
Classic pure pursuit (a), pure pursuit with touchdown
and alignment phase (0)

For the pallet pickup or placement operation,
a constant speed of 0.5 m/s was selected when ap-
proaching the pallet space and 0.1 m/s when entering
it. To minimize the system error of longitudinal dis-
placement during final pallet positioning, an adaptive
throttle release method was proposed. The idea is that
when parking in a pallet space at a uniform speed, the
stopping accuracy is determined by the longitudinal
distance to the target at which the throttle is released
to zero (formulas (14), (15)).

Ve, Ax>Ax,,

V= ] (14)
0, otherwise,

Ax, =Ax, | —0.5Ad, (15)

where Ax is the longitudinal deviation at the time of
measurement, Ax; is the throttle release threshold ob-
tained in previous iterations, and Ad is the longitudin-
al error after a complete stop. To avoid outliers when
updating Ax;, its magnitude can be limited in absolute
value by an upper bound.

EXPERIMENTAL PART

In addition to mathematical modeling, full-scale
experiments with a robotic forklift were conducted.
Algorithms for trajectory approach, pallet pickup, and
pallet placement were implemented in the autonomous
control system of a standard industrial forklift
equipped with a portable optical navigation system [9,
10]. A schematic diagram of the robotic forklift con-
trol system components is shown in Fig. 8.

Fig. 8. Control system block diagram of the robot
forklift (a) and its prototype (0)

The  microcontroller (STM32  Cortex-M4)
processes packets from the Curtis onboard computer's
CAN interface and simultaneously receives control
status and sends feedback via the serial port of the
Jetson Orin NX microcomputer. The available feed-



back includes the drive wheel's yaw angle and its li-
near velocity. Both values are converted from dimen-
sionless units to SI units according to experimentally
obtained tables. Information about tasks and routes is
sent to each robot over the network via a decision
server using the ROS2 FastDDS Middleware infra-
structure [11].

Positioning is performed via a Logitech camera
aimed at the ceiling to detect and track optical mark-
ers (ceiling orientation system). This system is used to
calculate the speed, rotation angle of the drive wheel,
and geometric correction. The geometrically calcu-
lated angle of the drive wheel is fed to the input of the
PID controller, the resulting value is summed with the
geometric correction.

The calculated speed control signal is fed to the in-
put of the safety software module, which either leaves
it unchanged or resets it to zero in the event of a large
discrepancy between the input and output parameters.
This reduces the risk of collisions at high speeds,
which is important in the event of short-term errors in
the marker recognition system and sharp turns. The
resulting state is sent to the microcontroller at a fre-
quency of 10 Hz. The industrial forklift prototypes
have a wheelbase of 1.5 m, a maximum speed of up to
2.2 m/s, and a maximum steering wheel rotation speed
of 1.57 rad/s.

Two series of experiments were conducted. In the
first series, the forklift started from a selected position
(x, ¥) =(—20, —2) at an angle of 0.75x rad in the global
coordinate system and moved in the direction of the
segment {S; 7}={(0,0); (0,20)}. At a certain point, the
robot achieved stable motion along a straight line.
From this point on, its lateral deviation was measured.
Implementing an adaptive error together with the PID
controller reduced the error by almost 2 times
(Tab. 1).

Tab. 1. Lateral deviation error when following the
target trajectory

Figure 9 shows the resulting dependence of the lat-
eral deviation over a longitudinal distance in a series
of experiments compared to the simulation result.

Fig. 9. The robot's trajectory when approaching the
target line (the abscissa axis coincides with the line)

The following parameters were used in the expe-
riment: L=2 C;=02, C,= 0.13, v,=2.2, v, =1,
C;=1, C4,=0.05 (5). The geometric correction weight
was k = 0.01. The proportional, integrating, and diffe-
rential coefficients of the PID controller were, respec-
tively: Kp = 05, Ki = 02, Kd =0.

In the second series of experiments, pallet picking
and placement were performed: first from the same
position to compare with the simulation results, then
from an arbitrary position. Graphs of the lateral devia-
tion and angular orientation along the route to the tar-
get are shown in Fig. 10. It is evident that the simula-
tion accurately reflects the robot's movement beha-
vior.

Fig. 10. Trajectories of the forklift robot when pick-
ing or placing a pallet from the same position (the
abscissa axis coincides with the longitudinal axis of
symmetry of the pallet location)

To verify the stability and predictability of pallet
picking and placement, similar measurements were
taken from arbitrary positions relative to the pallet
location (Fig. 11).

Fig. 11. Dependences of the transverse (a) and angu-
lar (0) deviations of the forklift robot on the longitu-
dinal distance toward the target when picking up or
placing a pallet (different initial positions)

The results of the average error measurements of
the longitudinal and lateral deviations at the end point
are presented in Tab. 2.

Tab. 2. Error rates of pallet handling

The presented algorithms are integrated into an au-
tonomous pallet transport control system at one of the
industrial warehouses.

CONCLUSION

This article proposes a modified pure pursuit me-
thod for industrial robotic forklifts. The tasks of mo-
tion along a given path segment and pallet picking and
placement are considered. In the former case, stable
motion was achieved at speeds up to 2.2 m/s with an
average median lateral deviation of 0.45 m. The accu-
racy of the method is comparable to that of other
modern approaches; however, the cruising speed of
the robotic forklift is higher. Geometric methods for
steering wheel angle correction are proposed. The de-
veloped geometric picking method has a final posi-
tioning accuracy of less than 2 cm. An advantage of
this method is the ability to adjust to a pallet from any
position in front of it, whereas most alternative me-
thods consider this problem only from the "opposite"



position. The developed method has undergone simu-
lation and verification through full-scale testing on
several prototypes of unmanned robotic forklifts.





