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ESTIMATION OF RESIDUAL PAYLOAD SWING
AMPLITUDE FOR AUTOMATED CRANE UNITS
SUBJECTED TO INACCURATE CABLE LENGTH VALUE

Pabota nocesilieHa BOMpOcaM COBEPLUEHCTBOBAHMS anropuTMoB AeMndupoBaHus KonebaHui
rpy3oB, NepemeLlaemMbix MOCTOBbIMU KpaHaMu, MyTEM NMPUMEHEHUSA penerHbIX guarpamMmm pasroHa
3NEKTPONPUBOAOB FOPM3OHTANbHOIrO nepemelleHus. MNpuBedeH aHanu3 BAVSHUSA MOrPeLUHOCTEN
onpegeneHns AnuHbl nogseca Ha TOYHOCTb paboTbl TPEX3aTanHoro anropuTma AemndpupoBaHns
konebaHui rpysa B aBTOMaTM3MpPOBAHHbLIX CUCTEMAX YNPaBleHUA OBWMXEHMS MOCTOBbLIX KpaHOB.
Mony4eHbl aHanUTMYEeCKMEe 3aBUCUMOCTM amMnnTyabl M HavanbHON hasbl OCTAaTOUYHbIX KonebaHuin
rpysa OT OTHOCUTENbLHOM MOrPELUHOCTU onpeferneHus AnuHbl nogseca UM napameTpoB pasroHa
anekTponpusoaa. KoppekTHOCTb MOMyYeHHbIX pesynbTaToB NpoBepeHa MeTodamMn maTemaTu-
YeCcKOoro MoaenupoBaHus

KnroueBble cnoBa: MOCTOBOW KpaH, AeMndupoBaHmne konebaHum,

TpexaTanHas guarpaMmma pasroHa, OCTaTouHble KorebaHus.

The paper considers the problem of improving the payload swing elimination algorithms for gantry cranes
implementing stepwise acceleration diagrams for horizontal motion electric drives. The analysis inaccurate
cable length estimation effect on the accuracy of three-stage payload swing elimination algorithm for gantry
crane automated motion control systems is given. The analytical dependencies of amplitude and starting
phase of payload residual sway from relative cable length estimation error and electric drive acceleration
parameters were derived. The correctness of obtained results was confirmed via computer simulation.
Key words: gantry crane, anti-swing control, three-stage acceleration diagram, residual
sway, computer simulation.
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OLI,eHKa aMnnnTydbl OCTaTO4YHbIX koneb6aHum rpysa...

BBepneHue

B coBpeMEHHOM NPOM3BOACTBEHHOM IPOIIECCE KPAHOBBIC YCTAHOBKU BBIMOJIHSIOT
TPaHCIOPTHPOBOYHbIC (DYHKIMH, SBISSCH CBS3YIOIIUM 3BEHOM MEXIY OTACITbHBIMH
NPOM3BOJICTBCHHBIMH JIMHUSIMH M YYacTKaMU XpaHeHHs mnpoaykuuu. I[lpu paspabotke
CHCTEM aBTOMATH3MPOBAHHOTO YIIPABJICHUS JBIKCHUEM KPAHOBBIX YCTaHOBOK JIOJDKHOE
BHMMaHHE HEOOXOAMMO YACIATH MpodieMe neMIIpUpOBaHUS KOJICOATSIbHBIX JIBU)KCHHN
rpy3a, KOTOpbIE YXYAIAIT SHEPreTUISCKUE TTOKA3aTelH U HalIe)KHOCTh CHCTEM 3JIEKTpPO-
IPUBO/IA, @ TAK)KE MOTYT IPUBOJMTH K BOSHUKHOBEHHUIO aBapHiiHBIX cutyanuii [1], [2].

[Tpobneme nemnupoBaHus KoJIeOaHUH Irpy3a MOCBSIEHO HEMAJIO HayYHBIX paboT. B
HIOCJICIHUE TOJbI HAOIIOACTCSl TCHACHIIMS PA3BUTHSI CIIOKHBIX AITOPUTMOB YIPABICHHS,
UCIIONB3YIONIMX ajanThBHbIC TexHonoruu [3], [4], cucremsl HeueTkoit moruku [5], [6], u
HEWPOHHBIC CeTH. B Takue anropuTMbl TaKKe 3aKIIAIbIBACTCS BO3MOKHOCTh aIalTalluK K
U3MCHEHHIO JTMHBI ToaBeca [7], [8]. OaHOBpeMEHHO ¢ 3THM BHUMAHHUE TAKKE yICIACTCS
0oJiee MPOCTHIM AITOPUTMaM, IOCTPOCHHBIM Ha (POPMHUPOBAHIH KOMIICHCAIMOHHOM 00paT-
HOU CBSI3U IO CUTHAIY OTKJIOHCHUS Ipy3a, MOJIaBaeMOI Ha BXOJl KOHTYpa PEryJIUpOBaHHUS
CKOPOCTH Me€XaHW3Ma TOpPHU30HTAIILHOTO TiepeMenienus [9-12]. Bee 3Tu anropuTMbl mokasbl-
BAIOT BBICOKYIO 3()(DEKTUBHOCTD, OJIHAKO TPEOYIOT HATMYUS CHCIMATH3UPOBAHHBIX JaTYH-
KOB M3MEPEHHS YIJIOBOTO TOJIOKEHHS TPy3a, YCTAHOBKA KOTOPBIX HA MPAKTHKE HE BCET/a
BO3MOYKHA WJIH TIeJiecoo0pa3Ha.

U3 cymiecTBYIONMX METOIOB JAeMII(PHUPOBAHHS KOJICOAHUN B OTACIBHYIO KaTErOpUI0
MOYKHO BBIJICJIUTH AJITOPUTMBI, (POPMHUPYIOIIUE JTUHEHHOE YCKOPEHHUE TOYKH IO/IBECa rpy3a
B TOPU30HTAJILHON TJIOCKOCTH B BHUJIC TIOCIICIOBATEIILHOCTH MPSIMOYTOJIbHBIX UMITYJIECOB
OIPENIEICHHON JUTMTENBHOCTH W aMIumTyabl [13-18]. [IpeumyiecTBoM TakuX METOJIOB
SIBJISIETCSI TPOCTOTA MX PEATM3alMKi U HHTETPAIMH B CYIECTBYIOIINE CHCTEMbI YIIPaBICHHUS
JBM)KCHUEM KPAaHOBBIX YCTaHOBOK. OJIIHAKO, CYIIECTBEHHBIM HMX HEIOCTATKOM SIBIISETCS
MPUBSA3KA K YacCTOTE COOCTBEHHBIX KoyieOaHuii rpy3a 2o, B PyHKIIMH KOTOpOW ompee-
JISIFOTCSI MOMEHTBI U3MEHECHHUSI BEITMYMHBI YCKOpeHHsl. M3BECTHO, YTO 3Ta Y4acTOTa MOXKET

OBITH BBIYKCIICHA TIO (hopMmyIIe:
/g (M +m) /g
! 2 = —_— R —, 1
0 LM L @

rae M — macca moaBHKHOM TU1aT(OpMBbI, K KOTOPOM MOABEIIEH Ipy3; M — Macca rpy3a; L —
JUIMHA 10/1Beca; § — YCKOpeHHEe CBOOOAHOTrO najieHus. MIcXos u3 3TOro BEIPaXKEHUSI MOXKHO
c/IeNaTh BBIBOM, YTO OT TOYHOTO OTPENEICHHUs JJIHHBI 1MojiBeca OyIeT 3aBHCETh TOYHOCTD
pacyeTa MOMEHTOB U3MEHEHUS YCKOPEHHUS, a CIeJ0BATENIbHO, U KAYeCTBO JAeMI(UPOBAHUS
kosnebanuit rpysa. Mccnenosanuio 3¢(heKTUBHOCTH aNropuTMOB JieMIlpupoBaHusl Koseba-
HUI1 rpy3a MOCBSIIEHBI, B YaCTHOCTH, paboThI [6], [7].

[locTaHoBKa 3agadyn nccnegoBaHus

B [19] npuBeneHa kauecTBeHHAs! OIICHKA aMIIMTYIbl OCTATOYHBIX KOJEOaHHH MpH
HETOYHOM OIIPEAEIIEHUH UIMHBI NosBeca. B 3TOl cTarbe OTMEYEHO, YTO OTHOCHUTEIbHAS
MOTPEIIHOCTh BBIYUCIICHUS JUIMHBI MTOJIBECA ABIIETCS 00Jiee TOUHBIM MOKa3aTeIeM OLIEHKH
KadecTBa (DYHKIIMOHUPOBAHMS aJTOPUTMOB JeMI(pHUpoBaHUs KojeOaHMH, oaHako Oosee
TOYHasi UHPOpMAIHs OTCYTCTBYeT. [Ipu 3TOM 0XkHgaemMoe 3Ha4eHHE aMILTUTYIbl OCTaTOY-
HBIX KoJIeOaHUH HEOOXOIMMO OIICHHMBATh IpPH pPa3paboOTKe alrOpUTMOB YIpPaBICHHUS
JBUKEHHEM JIsl BBIOOpa 0011el CTPYKTYpbl CHCTEMbI aBTOMaTHUECKOTO YIIPaBICHHUS.
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Llensto gaHHoM paboThl SBISCTCS BEIBOJ MaTeMaTHUECKUX 3aBUCUMOCTEH, CBSI3BIBAIO-
IIUX aMIUTUTYTy OCTaTOYHBIX KOJIeOaHMI Ipy3a U OTHOCUTEIIBHYIO TOTPEITHOCTD OTpeiee-
HUS JUTHHEI [T0JIBECa Ha PUMEPE allrTOpUT™Ma ieMiipupoBaHus KoneOaHui rpy3a ¢ TpexdTan-
HOM JuarpaMMoi U3MEHEHUS YCKOPEHHS.

BbiBOA ypaBHEHUN OCTATOUYHbIX KonebaHui

C 1eJIb0 YIPOILEHHS PACUSTOB B KAYECTBE MaTEMAaTHUYECKON MOJIENN 00bEKTa UCCIIe-
JIOBaHUH MPUMEM YIIPOIIECHHYO JIMHEAPU30BaHHYIO MOJIC]Ib, TIOJIYYCHHYIO HCXO/Is U3 YCIIO-
BUS HAJTMUHsI OBICTPOICHCTBYIONICH CHCTEMbI aBTOMATHUECKOTO PEryJIMPOBAHUS CKOPOCTH
JIBHKEHUS TPy30MoabeMHol iatgopmel B Buze [2], [20]:

d>s
£ )= F /(M +m),
dt
d2o(t) )
o(t
LEO0 1)+ 0t) = a(t).
dt

Ha pucynke | npuBeneHsl 1uarpaMMbl IIEPEXOAHBIX MPOLECCOB B TAKOW MOJAEIH PU
TOYHOM OIIPEIEICHUH JUIUHBI 0J[BECA U ITPH OTHOCUTEIBHON MOrPEIHOCTH, paBHOM 20%.
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Pucynok 1 — JInarpaMmmbl IepexoHBIX ITPOLIECCOB MPHU KOPPEKTHOM (CTUIOIIHBIE JTMHUN)
¥ HETOYHOM (ITyHKTHUPHBIE JTMHUN) ONpEIeIeHUH AJTUHBI [10/IBEca

Pacuersl Oynem mnpoBOAMTH HAa OCHOBaHMM YCJIOBHMHM TMOJHOTO JeMI(pUPOBAHUS
KoJieOaHul Tpy3a, (2), BRIBEACHHOTO U3 YACTHOTO PEIIEHUS] CUCTEMBbI TU(depeHIINaTbHBIX
ypaBHEHUIT /11 KOHEUHON TOYKHM TPETHEro dTara pa3rona B Buje [9]:
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_ figL (cos(Qotp )-2c0s(Q o (t+1,))+ Zcos(Qot3)—l) =0,

(?OSL (sin (gt ) - 2sin (Q ot +t2))+ 2sin (Qot3)) =0, ®3)

a3 (tl +t3)_a3t2 :V3,

rae tp = ti+totHs.

Tperbe ypaBHEHUE TaHHOM CHCTEMBI ONPE/EIIeT KOHEUHOE 3HAUeHHE JTMHEHHON

CKOPOCTH JIBIKEHUS TPY30MOABEMHOM IaThopMbl. B pamkax JaHHOTO UCCIEIOBAHUS 3TO
3HaYeHHe He OyJIeM YUUThIBATh, T.K. OHO HE OKa3bIBAeT BIUSHUS Ha MPOIIECC
nemiupoBanus KoJeOaHUN U HE COEPKUT (.
[TepBoe u BTOpOE ypaBHEHUS JAHHOW CHUCTEMbI OMUCHIBAIOT, COOTBETCTBEHHO, MOBEJCHHE
yrjla OTKJIOHEHHS Tpy3a OT BEPTHKAIU ( U €ro YIJIOBOM CKOPOCTH ®. AHAIM3UPYs
YHCIICHHbIC 3HAYCHUS KOMIIOHEHT 3TUX YPaBHEHUH MPH Pa3IMYHBIX 3HAUCHUSAX MTapaMETPOB
JIarpaMMbl pa3roHa MOXHO CJIeIaTh BBIBOJ] O BEJIMYMHE OCTATOYHBIX KoJjiebanuil. B cirydae,
ecnu paKTUYECKOe 3HaYCHHE JJIMHBI TI0JIBECa OTJIMYAETCS OT PACYETHOTO, YTOJI OTKIOHEHUS
rpy3a OT BEpTHKAIH OyIET U3MEHATHLCS 10 (hopMyIie:

O, . .
— K —
o(t) = Q—sm(Qot) + @, COS(Qt) = Ay SIN(Qpt +0,,) 4)
0

IJ€ Wx U Px — 3HAYCHHUS YIJIOBOM CKOPOCTH Tpy3a M YIJIa €ro OTKJIOHEHUSI B KOHEUYHBIHN
MOMEHT pabOThl alrOpUTMa JeMI(UPOBAHUS KOJIECOAHUH, Aocr — AMILTUTYAa OCTATOYHBIX
KonebaHui, Oocr — YIJIOBOE CMEIEHHWE MPU OCTATOYHBIX KoJIeOaHUAX. Takum 00pazom,
OIICHUB 3HAYEHUS Wk M Px, MOKHO BBIYUCIUTH AMIUIUTYAY OCTATOUYHBIX KOJICOAHHIA.

OueHka amnnnTyabl OCTAaTOYHbIX KornebaHui

Jns ompeneneHuss ATUTENLHOCTH KaXXIOTO M3 MHTEPBAIOB tj HEOOXOAMMO pPEUIUThH
clenyoliee aiaredpanyeckoe YpaBHEHHE WTEPAllMOHHBIMU METOJIaMU OTHOCHUTENIBHO
MIEPEMEHHOM T, SBISAIOIIECHCS KOCBEHHOM OLICHKOH JJIMTEIbHOCTH MEPEXOIHBIX MPOLECCOB:

V—3:r—4arcsin(lsin(£j} (5)
a, 2 2

Nckomble 3HaueHUs ti BBIYUCISIIOTCS U3 BBIPAKECHUM:

(1. (7
Qut, = 2arcsm(§sm (ED ()

Ananuzupys BelpakeHus (5)-(7) MOXKHO cA€NaTh CIEIYIOIe BHIBOIBL:

1. Ilockonbky Kpyropas 4acToTa COOCTBEHHBIX KosieOaHUI rpy3a (2o HaXOJUTCS B
7eBoii yacTu BeIpakeHui (6) u (7) U OTCYTCTBYET B BhIpaKeHUH (5), pacUeTHbIE JJINTEb-
HOCTH MHTEPBAJIOB JMArpaMMbl pa3roHa MpHU pa3iINYHbIX 3HAUEHUSX (2o, BHIpaKCHHBIE B
CeKyHJIaX, OyIyT OTINYAThCsI, OJHAKO COOTBETCTBYIOIINE UM (Da3bl FTaApMOHUYECKUX COCTAB-
JSIOUIUX B pajinaHax OyayT COBNAAATh.
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2. ®opma quarpaMMmbl pasrOHa W COOTHOIICHHE JUJTUTEILHOCTEH OTIENBHBIX ATAroB
arpaMMbl 3aBUCHUT OT MUHHMAJIbHOTO BPEMEHH DPa3TOHA JIIEKTPONpUBOJa 0e3 yuera
HEOOXO0IUMOCTH ASMITI(PUPOBAHUS KOJICOAHHUH min:

Lmin = % : (8)

Pe3ynbTaThl MOJIENUPOBAHUS CBUAETENBCTBYIOT O KOPPEKTHOCTH OOOMX yTBEpKIe-
HUM. B TakoM ciyyae OLIEHKY aMILIUTY/Jbl OCTATOYHBIX KOJIEOAHUII MOYKHO IPOBOJIUTH B
¢GyHkuuu oaHoro napaMerpa. [1oCKOJIbKY aHAJTUTHUYECKH OLICHUTh M3MEHEHHE 3HAa4eHUH
TPUTOHOMETPHUUYECKUX (DYHKIMU 3aTPYyAHUTENBHO, 3Ty 33/1a4y OyAeM pemaTb YUCICHHBIMU
Metogamu. Ha pucyHke 2 npuBeneHbI 3aBUCUMOCTU I1apaMETPOB T1 M T2, IOJyYEHHBIX
YMHOKE€HUEM 3HayeHUil t1 ¥ t2 COOTBETCTBEHHO Ha KPYIOBYIO 4YacCTOTYy COOCTBEHHBIX

KoJieOaHUH, OT BpeMeHH {min.
1.3 T T T T T 7

P T S S R S

08 .............. ............... ............... .............. i
S . . —
e e e e
o ; ; ; ; ; . toin: €
0.2 0.4 0.6 0.8 1 1.2 14 1.6

PucyHok 2 — 3aBUCHMOCTH TapaMeTPOB T1 U T2 OT BPEMEHH Imin

C y4eToM TOro, 4TO T1 = T3, [IEPEIIUIIIEM TIEPBhIC JIBa YpaBHEHUS CUCTEMBI (3) B BHJIE:

_%(COS(ZH +15)—2008(1y +1,) +2008(7; ) -1) =0,
0
)
i(Sin(2r1 +1) = 2sin(1y +71,) +2sin(71)) =0.
QL

C yderoM TOro, 4TO MOMEHTBI NEPEKIIIOUYEHUS] YCKOPEHUS PAaCCUUTHIBAIOTCA IJIA
OJIHOTO 3HAYEHHUS JJIMHBI TI0JIBECA, KOTOPOIl COOTBETCTBYET KPyroBasi 4acToTa KoseOaHui
rpy3a Qop, @ IPU MOJICIMPOBAHUH PaOOThI CUCTEMBI (PaKTHUECKOE 3HaUEHHE JITMHBI TI0/IBECA
COOTBETCTBYET KPYToBOil uacTtoTe {20¢, BHIITOJIHUM IepecyeT (a30BbIX IEPEMEHHBIX T1 U T2
B cucteme (9). Takxke 0003HAUNM pe3yJIbTaT BEIUMCICHUH IEPBOT0O U3 YPaBHEHUI CHCTEMBI
KaK Qx, a BTOPOTO — M. B pe3ynbTare mojgydyuM CleQyIoIlre BbIpaXEHUsS AJis pacueTa
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b

KOHEYHBIX 3HAYEHHUU yTJIa M YIJIOBOH CKOPOCTH B KOHEYHBIH MOMEHT BPEMEHHU pabOThI
aJropuT™a eMnpupoBaHus KoieOaHui rpys3a:

Q Q Q
(PK:__aé3 cos| (21, +7,) = |-2c0s| (7, +7y) == |+2c0s| 1y > | -1, (10)
QoL Qop Op Qop
Q Q Q
0 =~ sin| (25 +75)—2 |- 2sin| (1 +1,) L [+2sin| 1 L || (11)
QL Qo Qqp Qop

ITo 3aBepuieHnH pabOTHI aaropuT™Ma AeMndupoBaHus KojaeOaHUI yrosl OTKIOHEHUS
rpy3a OT BEPTUKAJIU OyAET U3MEHSATHCS B COOTBETCTBUU C BhIpaKeHUEM (4), ISl KOTOPOTO
napaMeTpbl MOXKHO BBIYUCIUTH CIEIYIOIUM 00pa3oM:

(12)

(13)

Jl1s mpoBepKU KOPPEKTHOCTU BBINOJIHEHHBIX PAacu€TOB BBINOJIHUM MOJEIMPOBAHUE
uccienyeMoil cucteMbl npu ¢akTHueckod amuHe nojseca Ly =15M mpu HacTpoiike
anropuT™Ma aeMnupoBaHus Konebanuii Ha 3HadeHue L, = 10 M npu MuHUMaIBEHOM BpeMe-
HU pa3roHa npusoja tmin = 1.25 C. Pe3ynbraThl MoJenupoBaHus IPUBEEHBI HA PUCYHKE 3.

2 T T T T T T T T T

1.5

05k

-05

-1 1
0 1 2 3 4 5 6 7 8 9 10
Pucynok 3 — Pe3ynpraThl MoeMpoBaHus poLecca AeMIUpoBaHus KoinebaHui Ipy omO0YHOM
oIpeieNIeHNH UTUHBI ITOJBECa C PAcYeTOM KPUBOI OCTATOUHBIX KOJIeOaHUH Ipy3a (IyHKTUpHAsS JTMHHSA)

Ha nanHOM prcyHKe YepHBIM MMyHKTUPOM 0003HAa4YeHa pacueTHas KpUBasi U3MEHEHUS
yrjla OTKJIOHEHHS Tpy3a OT BEPTHUKAIM B PEKHMME OCTAaTOYHBIX Kojiebanuid. M3 rpaduka
BUJIHO, YTO JIaHHAs KpUBAas TMOJHOCTHIO COBIMAAET C TpadMKOM yriia OTKIOHEHUS TIpy3a,
MOJYYEHHBIM U3 MOJIENIH, YTO CBUJIETEIILCTBYET O KOPPEKTHOCTH BBHIMIOJIHEHHBIX PACUETOB.
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Hcnonb3yst MpUBEIEHHYI0 METOJUKY, MOXHO OILICHUTb, HACKOJIBKO CYIIECTBEHHOM
OyIeT aMITUTYJa OCTAaTOYHBIX KOJIEOaHHWM rpy3a MpH U3BECTHOW MOTPEIIHOCTU OLICHKHU
JUTMHBI TTO/IBECA.

BbiBOAbI

I[JISI OLCHKHU aMIIJIUTY bl OCTAaTOYHBIX KOJIEOaHNI IIPpU UCIOJIB30BAHNHN TPCXITAIMHBIX
JMarpaMM pa3roHa 3JIEKTPOIIPUBOIOB MEXaHU3MOB F'OPHU30HTAIEHOTO TIEPEMEIIEHHS TPY30B
MO>KHO HCITOJIb30BaTh YaCcTHOE perieHue quddepeHIINalIbHOTO YPAaBHEHHS KOJIeOaTeIbHOTO
IBIDKeHUS rpy3a. [IpuBeaeHHas METOAMKA 1aeT TOYHBIM Pe3yabTaT TOJBKO JUIS YIPOIIEH-
HOH MOJC/IHN, B KOTOpOﬁ HC YUUTBIBACTCA JUHAMHWKA MCXAaHN3MOB, OIHAKO, KaK ITIOKa3bIBAOT
HpEbIYIINE UCCIIEI0BAaHMs, IPU CHHTE3€ OBICTPOACHCTBYIOIIEH CHCTEMBI aBTOMaTHYECKOTO
pEryarpoBaHusl CKOPOCTH MOTPEIIHOCTh pacyeToB He npesbiiaeT 2%. CienoBaTenbHoO, pac-
CMOTpPEHHAsl B paMKax JaHHOW CTAaThbU METOJUKA MOJYKET WCIIOJIB30BATHCS ISl PEILICHHUS
MPAKTUYCCKUX 3aaa4 TP aBTOMATHU3aAllUX IPOLCCCOB NNECPEMECILICHHA KPAaHOBBIX YCTAHOBOK.

Cnucok nutepaTypsbl

1. Nguyen V.C. An integrated solution for 3D overhead cranes: Time-optimal motion planning, obstacle
avoidance, and anti-swing / V.C. Nguyen et. al. Engineering Science and Technology, an International
Journal, vol. 59, 2024 22 P.

2. Buch A. Optimale Bewegungssteuerung von schwingungsfihigen mechatronischen Systemen mit zwei
Freiheitsgraden am Beispiel eines Krans mit Pendelnder Last und elastischer Mechanik. Dissertation [Dr.-
Ing]. Magdeburg, 1999. - 250 p.

3. A. A. M. Fadlalla and M. Hassan, "Dynamic Modeling and Feedback Linearization Control of a 3-D
Overhead Gantry Crane System," 2021 IEEE International 10T, Electronics and Mechatronics Conference
(IEMTRONICS), Toronto, ON, Canada, 2021, pp. 1-6, doi: 10.1109/IEMTRONICS52119.2021.9422566.

4. W. Liu, W. Yao, R. Chi and C. Mu, "Anti-Sway Control for Bulk Terminal Gantry Cranes Based on
MFAC," 2023 IEEE 12th Data Driven Control and Learning Systems Conference (DDCLS), Xiangtan,
China, 2023, pp. 78-82, doi: 10.1109/DDCLS58216.2023.10165880.

5. H. Budiarto, V. T. Widyaningrum, A. Dafid, A. Kusairi and A. S. Romadhon, "Speed Control System in
Gantry Crane Prototype for Horizontal Axis Using Fuzzy Method,"” 2024 IEEE 10th Information
Technology International Seminar (ITIS), Surabaya, Indonesia, 2024, pp. 40-44, doi:
10.1109/1TIS64716.2024.10845647.

6. Nguyen, H. Ph. Tracking Control Based on Takagi-Sugeno Fuzzy Descriptor Model for Overhead Crane
Combined With Input Shaping / H. Ph. Nguyen, N. T. Bui, T. V. A. Nguyen. IEEE Access. 2024. Vol. 12.
P.127507-127521.

7. J. S. Radaideh and M. K. AlAjlouni, "Dynamical Modeling and Control of Motion System of the Gantry
Crane to Minimize Swing Angle of the Payload,” 2023 IEEE Jordan International Joint Conference on
Electrical Engineering and Information Technology (JEEIT), Amman, Jordan, 2023, pp. 87-92, doi:
10.1109/JEEIT58638.2023.10185684.

8. Li X. Anti-swing control for 2-D under-actuated cranes with load hoisting/lowering: A coupling-based
approach / X. Li, X. Peng, Z. Geng. ISA Transactions, vol. 95, 2019 — P. 372-378.

9. Wang S. A novel payload swing control method based on active disturbance rejection control for 3D
overhead crane systems with time-varying rope length / S. Wang, W. Jin, W. Chen. Journal of the Franklin
Institute, vol. 361, No. 6, 2024.

10.S. Feng, Y. Liu, Z. Chen, Z. Chen, Z. Chen and B. Yao, "Active Anti-Sway Control of Multi-Ropes Gantry
Cranes with Scale Model Test," IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics
Society, Singapore, Singapore, 2023, pp. 1-6, doi: 10.1109/IECON51785.2023.10312070.

11. AkcamenTos, JI. H. MccnenoBanue aganTUBHOTO 3aKOHA YIIPABIEHUS MOCTOBBIM KPaHOM Ha €ro MakeTte /
. H. AkcameHTtoB. Becmuux Heanoscko2o 2ocydapcmeenno2o snepeemuiecko2o yHueepcumema. 2022.
Ne 2. C. 47-57.

12. lllepbakoB B.C. AKTHBHBIH crioco0 ranieHust kojebaHui rpy3a Mociie 0CTaHOBKH MocToBoro kpaHa / B.C.
lep6akoB, M.C. Kopsitos, E.O. lllepmneBa. Mexamponuka, asmomamuszayus, ynpasnenue, T. 17. Ne 6.
2016. C. 368-374.

112 Mpobnembl nCKyccTBEHHOrO MHTennekta 2025 Ne 2(37)



OLI,eHKa aMnnnTydbl OCTaTO4YHbIX koneb6aHum rpysa...

13. A. Stein and T. Singh, "Input Shaped Control of a Gantry Crane with Inertial Payload," 2022 American
Control Conference (ACC), Atlanta, GA, USA, 2022, pp. 4127-4132, doi:
10.23919/ACC53348.2022.9867494.

14.T. H. Do, M. D. Duong, M. L. Nguyen and Q. T. Dao, "A Combination of Distributed Delays Shapers and
ADRC for Gantry Crane Control,” 2020 International Conference on Advanced Mechatronic Systems
(ICAMechS), Hanoi, Vietnam, 2020, pp. 124-128, doi: 10.1109/ICAMechS49982.2020.9310161.

15. Optimization-Based Input-Shaping Swing Control of Overhead Cranes / W. Tang, R. Ma, W. Wang, H.
Gao. Applied Sciences (Switzerland). 2023. Vol. 13, No. 17. P. 9637.

16.V. Orsini, "A Robust Offline Precomputed Optimal Feedforward Control Action for the Real Time
Feedback/Feedforward Control of Double Pendulum Gantry Cranes," in IEEE Access, vol. 9, pp. 158273-
158286, 2021, doi: 10.1109/ACCESS.2021.3131032

17.C.Y. Chang. The switching algorithm for the control of overhead crane. Neural Computing & Applications
vol. 15, 2006 P. 350-358.

18. C. Forest, D. Frakes, W. Singhose. Input-shaped control of gantry cranes: simulation and curriculum develop-
ment. Proceedings of the ASME Design Engineering Technical Conference, Vol. 6B. 2001. p. 1877-1884.

19. Tonouxo, O. 1. BiusiHue HETOYHOTO ONpe/IeNIeHHs JUTMHbI KaHaTa Ha 3G QEeKTHBHOCTH TallleHus KoJieOaHuH
rpy3a / O. U. Tonouxko, . B. BaxyTtun. drexmpomexnuueckue u xomnviomephole cucmemot. 2011,
Ne 3(79). C. 175-177.

20. Tomouko O.M. AnropuT™m pacdeTra MHOTOSTAITHOTO 3aKOHA YIPABICHUS VIS JCKTPOIIPUBOIA TEICKKH
MocrtoBoro kpana / O.1. Tomouko, [1.B. baxyTtun. Hayunvie mpyoet JJonHTY. Cepusa: «Dnekmpomexnuka
u snepeemuka». — JJorenk: 'BY3 «JoeHTY», 2011.- Bem. 10(180). — C. 183-187.

References

1. Nguyen V.C. An integrated solution for 3D overhead cranes: Time-optimal motion planning, obstacle
avoidance, and anti-swing / V.C. Nguyen et. al. // Engineering Science and Technology, an International
Journal, vol. 59, 2024 — 22 P.

2. Buch A. Optimale Bewegungssteuerung von schwingungsfihigen mechatronischen Systemen mit zwei
Freiheitsgraden am Beispiel eines Krans mit Pendelnder Last und elastischer Mechanik. Dissertation [Dr.-
Ing]. Magdeburg, 1999. - 250 p.

3. A. A. M. Fadlalla and M. Hassan, "Dynamic Modeling and Feedback Linearization Control of a 3-D
Overhead Gantry Crane System," 2021 IEEE International 10T, Electronics and Mechatronics Conference
(IEMTRONICS), Toronto, ON, Canada, 2021, pp. 1-6, doi: 10.1109/IEMTRONICS52119.2021.9422566.

4. W. Liu, W. Yao, R. Chi and C. Mu, "Anti-Sway Control for Bulk Terminal Gantry Cranes Based on
MFAC," 2023 IEEE 12th Data Driven Control and Learning Systems Conference (DDCLS), Xiangtan,
China, 2023, pp. 78-82, doi: 10.1109/DDCLS58216.2023.10165880.

5. H. Budiarto, V. T. Widyaningrum, A. Dafid, A. Kusairi and A. S. Romadhon, "Speed Control System in
Gantry Crane Prototype for Horizontal Axis Using Fuzzy Method," 2024 IEEE 10th Information
Technology International Seminar (ITIS), Surabaya, Indonesia, 2024, pp. 40-44, doi:
10.1109/1T1S64716.2024.10845647.

6. Nguyen, H. Ph. Tracking Control Based on Takagi-Sugeno Fuzzy Descriptor Model for Overhead Crane
Combined With Input Shaping / H. Ph. Nguyen, N. T. Bui, T. V. A. Nguyen // IEEE Access. — 2024. — Vol.
12. - P. 127507-127521.

7. J. S. Radaideh and M. K. AlAjlouni, "Dynamical Modeling and Control of Motion System of the Gantry
Crane to Minimize Swing Angle of the Payload," 2023 IEEE Jordan International Joint Conference on
Electrical Engineering and Information Technology (JEEIT), Amman, Jordan, 2023, pp. 87-92, doi:
10.1109/JEEIT58638.2023.10185684.

8. Li X. Anti-swing control for 2-D under-actuated cranes with load hoisting/lowering: A coupling-based
approach / X. Li, X. Peng, Z. Geng // ISA Transactions, vol. 95, 2019 — P. 372-378.

9. Wang S. A novel payload swing control method based on active disturbance rejection control for 3D
overhead crane systems with time-varying rope length / S. Wang, W. Jin, W. Chen // Journal of the Franklin
Institute, vol. 361, No. 6, 2024.

10.S. Feng, Y. Liu, Z. Chen, Z. Chen, Z. Chen and B. Yao, "Active Anti-Sway Control of Multi-Ropes Gantry
Cranes with Scale Model Test," IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics
Society, Singapore, Singapore, 2023, pp. 1-6, doi: 10.1109/IECON51785.2023.10312070.

11. Aksamentov, D.N. Study od adaptive control law for an overhead crane using its model // Proceedings of
Ivanovo State Power Engineering uUniversity. — 2022. — Ne2. — P. 47-57.

Problems of Artificial Intelligence 2025 Ne 2 (37) 113



BaxytuH . B., MNMaenbiw B. H.

b

12. Scherbakoov V.S. Active means of payload swing elimination after gantry crane stop / V.S. Scherbakov,
M.S. Korytov, Ye. O. Shershneva // Mechatronics, automation, control, vol. 17. Ne 6. — 2016. — P. 368-374.

13. A. Stein and T. Singh, "Input Shaped Control of a Gantry Crane with Inertial Payload," 2022 American
Control Conference (ACC), Atlanta, GA, USA, 2022, pp. 4127-4132, doi:
10.23919/ACC53348.2022.9867494.

14.T. H. Do, M. D. Duong, M. L. Nguyen and Q. T. Dao, "A Combination of Distributed Delays Shapers and
ADRC for Gantry Crane Control,” 2020 International Conference on Advanced Mechatronic Systems
(ICAMechS), Hanoi, Vietnam, 2020, pp. 124-128, doi: 10.1109/ICAMechS49982.2020.9310161.

15. Optimization-Based Input-Shaping Swing Control of Overhead Cranes / W. Tang, R. Ma, W. Wang, H.
Gao // Applied Sciences (Switzerland). — 2023. — Vol. 13, No. 17. — P. 9637.

16.V. Orsini, "A Robust Offline Precomputed Optimal Feedforward Control Action for the Real Time
Feedback/Feedforward Control of Double Pendulum Gantry Cranes," in IEEE Access, vol. 9, pp. 158273-
158286, 2021, doi: 10.1109/ACCESS.2021.3131032

17.C.Y. Chang. The switching algorithm for the control of overhead crane // Neural Computing & Applications
vol. 15, 2006 — P. 350-358.

18.C. Forest, D. Frakes, W. Singhose. Input-shaped control of gantry cranes: simulation and curriculum
development // Proceedings of the ASME Design Engineering Technical Conference, Vol. 6B. — 2001. —
p. 1877-1884.

19. Tolochko, O.I. Effect of inaccurate cable length estimation on payload swing elimination efficiency / O.1.
Tolochko, D.V. Bazhutin // Electrotechnical and computer systems. — 2011, — Ne3 (79). — P. 175-177.

20. Tolochko, O.1. Calculation algorithm for a multi-stage control law for overhead crane trolley electric drive
/I O.l. Tolochko, D.V. Bazhutin // Proceedings of Donetsk National Technical University. Series:
“Electrical engineering and power systems”. — Donetsk: DonNTU, 2011. — vol. 10 (180). — P. 183-187.

RESUME
D. V. Bazhutin, V. N. Pavlysh
Estimation of residual payload swing amplitude for automated crane units subjected
to inaccurate cable length value

Elimination of payload swing is crucial for effective payload transportation using
automated crane units. Despite direct measurement of payload sway angle being able to
provide means for effective crane motion control the sensors required for these algorithms
cannot be installed in some cases. In these situations an input-shaping algorithm can be used
providing bang-bang control action on electric drive system. The duration of these control
pulses is calculated according to current value of payload hoisting cable, which may be
inaccurate. Hence it is advised to estimate the effect of cable length calculation error on
payload swing effectiveness.

As shown in [20] inaccurate cable length estimation results in residual swing with its
magnitude being dependent on various motion parameters. This effect is studied using the
analytical solution of linearized differential equations of crane with payload motion. The
correctness of obtained results is verified using numerical simulation.

The described approach yielded analytical expressions that describe magnitude and
phase of the residual swing using the ratio of estimated and exact cable length values. The
simulation results show negligible deviations of calculated swing transients compared to
linearized crane model.

The provided technique can be used to determine whether used cable length estimation
accuracy will affect the payload sing elimination efficiency, thus providing an information
of applicability of designed crane control systems for certain industrial applications.
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PE3IOME

4. B. baxymuH, B. H. lNasnbiw
OueHka amnnumydbl ocmamoyHbix KonebaHul 2py3a 8 asmomMamu3upoBaHHbIX
KpaHo8bIX ycmaHo8Kax 8 yCrio8usix Hemo4YHO20 orpederneHusi OnuHbl nodseca

JemndupoBanue kojaeOaHU# Tpy3a ABISETCS KUZHECHHO BaXKHOM 3a1adeit s dddek-
TUBHOU TPAaHCIOPTUPOBKH I'PY30B C IIOMOILIBIO KPAHOBBIX YCTaHOBOK. HecMoTps Ha TO, 4TO
psIMOE U3MEPEHHE yTIiia OTKIOHEHHUS Ipy3a 1aeT BO3MOKHOCTh CHHTE3HPOBATH AP PEKTHB-
HBIC CUCTCMBI YIIPAaBJICHUA ABUKCHUCM, YCTAHOBKA HGOGXOIII/IMBIX IJId TaKUX aJITOpUTMOB
YOpaBJICHUA OAaTYUKOB B PAAC Cliyda€B HCEBO3MOXKHA. B Takmx YCIOBHUAX MOI'YT
HCIIOJIb30BaThCS AJITOPUTMBI CTYIIEHYATOTO yIPaBJICHHS, (OPMHUPYIOIINE pelleiHOe U3Me-
HECHHUEC YIIPABIAIOMIETO BO3I[€fICTBH$I Ha CUCTEMY JJICKTPOIIPpHUBOIA. IL]'II/ITCJ'H:»HOCTB HUMITYJIbCOB
YOpaBJCHUA PACCUUTBIBACTCA HCXOJA M3 TCKYWICTO 3HAYCHHA JIMHBI IIOJABCCA, KOTOPOC
MOXeET ObITh HeTOYHBIM. COOTBETCTBEHHO, IIEJIECOO0PA3HBIM IPEICTABISAETCS MpEaBapH-
TCJIbHas OLICHKA BJIUAHUA HOFpGHIHOCTGfI OIIPCAC/ICHUS JJIMHBI TIOABCCA Ha BCI)(l)eKTI/IBHOCTI)
nemMidupoBaHus KoJieOaHUH.

Kaxk mokazano B [20] HCETOYHOC OIIPCACIICHUC JJIMHBI IIOABCCA IIPUBOJUT K BOBHUKHO-
BCHUIKO OCTAaTOYHBIX KOJIC6aHI/II71, aMIUINTyda W HadaJlbHas (1)21321 KOTOPBIX 3aBHUCHUT OT
Pa3IMYHBIX IMapaMeTpoB Ipolecca ABrkeHus. Jlanabii 3QPeKT paccMOTpeH ¢ MOMOIIBI0
AQHAJTMTHYECKOTO PEUICHUs CHCTEMBI JIMHEAPU30BAaHHBIX MU PEpEHINATbHBIX ypaBHEHHNA
ABUXKCHUS KPpaHa C MMOABCIICHHBIM I'DY30M. A,Z[eKBaTHOCTB INOJTYYCHHBIX PE3YJIbTATOB ObLI1a
IMpOBEpPCHA IMYyTEM YHUCICHHOTO MOACIINPOBAHUA.

C IIOMOIIIBIO HpI/IBe,Z[eHHoﬁ MCTOAUKHU IIOJTYYCHBI aHAJIMTUYCCKHUC BBIPAKCHUSA IJISA
aMIUTUTYABl U HAYaIbHOH (ha3bl OCTATOYHBIX KOJICOAHUH B (PYHKIUH COOTHOIICHUS MEKIY
OLOCHOYHBIM W TOYHBIM 3HAYCHUAMHU IJIMHBI I10JBECA. P€3y.HBTaTI)I MOACIIUPOBAHUA
MTOKa3aJIi PEHEOPEKUMO MAJIOe pacxokieHue (OpMbI IEPEXOJHBIX MPOLECCOB IBUKECHUS
rpy3a MEXKAY YHUCJICHHBIMHU paCcuUCTaMu U HI/IHeapI/I3OBaHHOI>'I MOZCIJIBIO KpaHa.

PaCCMOTpeHHaH METOAUKA MOXCET HCIIOJIB30BATHCA MJIA OLICHKHW CTCIICHHW BJIUAHUA
TOYHOCTH UCIIOJIB3YyEMOI'0O METOa OMPECACIICHNA AJIWHEBI ITIOABCCA Ha 3(1)(1)GKTI/IBHOCTB ACMII-
¢upoBaHus KojebaHUM rpy3a, HA OCHOBAaHHHM KOTOPOW MOXHO CJI€NIaTh BHIBOJ O MPUMEHU-
MOCTH CHUHTE3UPOBAHHOM CHCTEMBI YIIPABIECHUS KPAaHOBOW YCTAHOBKOM Il KOHKPETHBIX
YCIOBUH PaOOTHI.
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