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Csipeyn B. 11., Cgipeyn O. A. Onmumanvhe Kepy8anHHs KpaHom MOCHI08020 MURY 3d
YMO8 00MEHCEHHA BI0XUIEHHA 6AHMANCY 8 NPoUeci pyxy i HO6He YCYHEHHA 1020 KOJIUBAHb
nicna 3ynuHKu Kpamy 6 3a0aniil mouuyi

Anomauia. B pobomi nasedeno pesynomamu 00CHiONHCEHb PYXY 080OMACOBOI MOOeIi
«BI30K-BAHMAICY, AKA BION0BIOA€E OLbUWOCmi KpaHie mocmogoeo muny. 11io uac pyxy eizka
NPUPOOHLO BUHUKATOMb KOJUBAHHS 8AHMAIICY, SIKI MAIOMb OYMU YCYHeH i NiCas 3YNUHKU 8i3KA 8
3a0aniti. moyyi. Ane HAUBANCIUBIULOID YMOBOIO € MAKCUMATIbHE CKOPOYEHHS MPUBALOCH]
nepesanmanicy8anbHo2o Yyukay. Tomy kpumepiem onmumanibHOCMi 3aKOHY Kepy8aHHs 8i3KOM €
MaxkcumanvHa weuokooitunicmos. Came makuii Kpumepii 003601UmMbsb Y NOOANbULOMY, KOIU Yi
3aKOHU KepyB8aHHs OYOymb peanizo8ani Ha pealbHOMY KPAaHi 3a O0NOMO2010 MIKPONPOYeCOpHOi
MexHIKU, docaemu  MAKCUMATbHOI  NPOOYKMUBHOCHII, wo  akmyaibHo 01
nepesanmaniCy8anbHUX Kpamis, Ki GUKOPUCMOBYIOMbCS HA BEIUKUX 8aHMAaXCHUX nomoxax. 11io
4ac O00CNIONCeHHSI 8CMAHOBNEHO, WO O/l OOCACHEeHHs NOCMABIEHOI Memu - MAKCUMALbHOL
NPOOYKMUBHOCMI, HA NEpPexiOHux emanax Maioms OYmu 3aCmoCcO8aHl MAKCUMAbHE
npuckopeHus abo eanvmyeants. Ilpu 3HauHill 008HCUHI KaHamMy ye Modxice npussecmu 00
HeOOnyCmumMoi amniimyou KoausaHv eawmadicy nio yac pyxy. Came momy po3ensioaemuvcs
NOCMAHOBKA 3A0aUi I3 0OMENCEHHAM HA MAKCUMANbHE BIOXUNEHHS BAHMAIICY NPU 30epediceHHti
8Cix IHUWUX Kpumepiig i oomedxnceHwb. [Ipunyuno6oro iOMIHHICMIO 3aNPONOHOBAH020 NIOX0OY IO
BI0OMUX pilleHb € 8IOMOBA 810 YCYHEHHs KOJUBAHb BAHMAICY NICIA PO32OHY GI3KA 3 MUM, WO
mae micye y bazamvox poboma. Lle pooumvcs 0nsi moeo, w06 ompumamu 0OHaAKo8y Pazoey
KapmuHy nepeo No4amkoM 2albMY8AHHS 8 He 3AJIeHCHOCMI 8I0 NPOUOeHO20 BI3KOM ULIAX).
Tinoku ye 6d21ce CKOpOUYE NEPesaHmadtCy8albHUll YUK MOMY, WO He mpeba 2asmu yac Ha
VCYHeHHsl KOIUBAHb 8AHMANCY NPU PO320HI 8i3Ka. Taxutl nioxio 3Ha4HO YCKIAOHIOE NOCMABIIEHY
3a0auy uepe3 HeOOXIOHICMb 3HAXOOUMU ONMUMANbHE DIUeHHsT HA KIHYesiltl OLISAHYI YUKIY
(3ynuHKa 6i3Ka), Ko1u nouamrosi ¢pazosi koopouHamu 6y0yme pi3Hi i 3anedxcamo 6i0 i0cmani
Ha Ky Mae nepemicmumucs 8i30Kk. Koauganns eanmasicy 8i0cymui minbKu nicis 3yNUHKY 8i3Ka.
3acmocysannsa npocmoi 0860Maco8oi Mooeni Kpamy 0ae MONCIUBICIb NPOBEOEHHS AHAIIMUYHUX
00CnioJiCeHb pyXy 6i3ka i eawmasicy. Buxopucmanns Oinbul CKIAOHUX PO3PAXYHKOBUX CXeM
SMYULYE 3ACMOCO8YBAMU YUCETbHI MEMOOU, WO 3HAYHO 3MEHULYE Modxcausocmi ananizy. I ye ne
0ae HCOOHUX nepesaz, Momy Wo O0CTIOHNCYIOMbC HU3bKOUACMOMHI KOIUBAHHS 8AHMAICY, HA
K MW ghakmopu, Hanpukiao, npoyecu 8 NPUBOOJi BNIUBAIOMb He CYMMEEO.

Baxcnuso payionanvro subpamu kepyiouuii napamemp. Im mosce 6ymu npuckopenns
gi3ka abo pywitina cuia. Bubip pywitinoi cuiu 6 sikocmi Kepyruoz2o napamempy Oinviu
payionanvHo. Lle 0036015€ BUKOPUCMOBY8AMU HA OEKUX OLISIHKAX YUKIY KIHEMUYH) eHep2ito
8aHMAdCY NPU 2ATLMYBAHHI AO0 NPUCKOPEHHI 8i3Ka | GUKTIOUAE NEPeBAHMANCYEAHHS NPUBOOY.
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Hocniooicenns nokazanu, wo npoyec po3eoHy 6i3Ka npu OOMPUMYBAHHI 3A3HAYEHUX
o0bOMediCeHb  GUNA0AE MAK: BAHMANC O0B0MA KOPOMKUMU KepyrouuMu OiaMu «po32iH-
2ANbMYBAHHSY) BUBOOUMBCSL HA MAKCUMAILHO OONYyCmume 8i0XuieHHs (no3ady 6iska) i oaui
PYXAEMbC NPUCKOPEHO PA3OM 3 8I3KOM Y GIOXUIEHOMY CMAHI 00 OOCASHEHHS 8I3KOM CMAlol
weuokocmi, 0ali, nid 4ac CManoeo pyxy, 6AHMANC 8LILHO KOJIUBAEMbCA, A HA OLIAHYL 3YNUHKU
8I3KA, 8AHMAMNC BUBOOUMbCSA HA MAKCUMAILHO OONycmume 6i0OXUleHHs (nonepedy 6i3Ka),
NOYUHAEMbCA 2ANbMYBAHHS BAHMANCY 1 BI3KA AK 00He Yile V GIOXUNeHOM) CHAHI 00 NeGHO20
3HauenHs i (hinanvbha 3ynunka eizka. IlesHow Mipoio OLISHKU PO320HY | 2ANbMY8AHHS 8I3KA
CX00iCl, ane npu po32OHI AHMANC YMPUMYEMbCA Y GIOXULEHOMY CMAHI N03ady 8i3Kd, a HA
OIIAHYI 2AIbMYBAHHS — NONepeoy

Knrouogi cnosa: onmumanvHe KepyeawHs, YCYHEHHs KOIUBAHL BAHMANCY, MOYHE
NO3UYI08AHHS, KPAH, MIKPONPOYECop, Nepesanmadicy8aibHull Yuki.

Svirgun V. P., Svirgun. O. A. Optimal control of an overhead crane with a constraint
on load deviation during motion and complete suppression of load oscillations after stopping
at a prescribed point

Abstract. This work presents the results of a study of the motion of a two mass “trolley—
load” model representative of most overhead cranes. During trolley motion, load oscillations
naturally arise and must be eliminated after the trolley stops at a prescribed position. The
primary objective, however, is to minimize the duration of the handling cycle. Therefore, the
optimality criterion for the trolley control law is maximum speed of operation. Such a criterion
will enable, when these control laws are implemented on a real crane using microprocessor
control, attainment of maximal throughput—an important requirement for handling cranes
operating under high cargo flow.

The study shows that to achieve the objective of maximal throughput, maximum
acceleration or braking must be applied during transient phases. For long hoist ropes this may
produce unacceptable load oscillation amplitudes during motion. Consequently, the problem
formulation considered here includes a constraint on the maximum allowable load deviation
while preserving all other criteria and constraints. A principal distinction of the proposed
approach from many known solutions is the deliberate omission of eliminating load oscillations
immediately after the trolley acceleration phase. This omission is intended to produce a
consistent phase state prior to the onset of braking, independent of the distance traveled by the
trolley. Omitting oscillation suppression during acceleration shortens the handling cycle
because time is not spent damping load oscillations during acceleration.

This approach complicates the problem substantially because the optimal control must
be found on the terminal segment of the cycle (trolley stop), when the initial phase coordinates
vary and depend on the travel distance. Load oscillations are absent only after the trolley comes
to rest. Use of a simple two mass crane model enables analytical investigation of trolley and
load motion. Employing more complex numerical models forces reliance on numerical
methods, which significantly reduces analytical insight and offers no advantage here, since the
studied phenomena are low frequency load oscillations that are not strongly affected by other
factors (for example, drive dynamics).

It is important to choose the control variable rationally. The control input may be trolley
acceleration or the driving force. Selecting the driving force as the control variable is more
rational because it allows kinetic energy of the load to be utilized during braking or
acceleration on certain cycle segments and prevents drive overload.

The analysis demonstrates that, under the stated constraints, the trolley acceleration
process proceeds as follows: with two short control actions (“accelerate—brake”) the load is
brought to the maximum allowable deflection behind the trolley and then moves together with
the trolley in the deflected state under accelerated motion until the trolley reaches steady speed.
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During steady motion the load oscillates freely. On the trolley stopping segment the load is
brought to the maximum allowable deflection ahead of the trolley; braking of the load and
trolley as a single unit then begins in the deflected state down to a prescribed value, followed
by the final trolley stop. The acceleration and braking segments are similar in structure, but
during acceleration the load is held deflected behind the trolley, whereas during braking it is
deflected ahead.

Keywords: optimal control, suppression of load oscillations, precise positioning, crane,
microprocessor control, handling cycle.

IMocTanoBKka mpodJeMu

Binomo, 110 a5t miABUIIIEHHS TPOIYKTHBHOCTI Ta €(DEKTUBHOCTI IEPEBAHTAKYBATBHIX
poOIT Tpeba BHKOPHUCTOBYBATH Cy4YaCHY MIKPOIIPOLECOPHY TEXHIKY 1 MEpEeXOJUTH B
aBTOMaTU4YHUN pexuM pobotu [1-5]. OcobnuBiCTIO KpaHa-TiepeBaHTa)XKyBaua € Te, IO
HAsSBHICTh THYYKOT'O MIJBICY BaHTaXXy MPU3BOJUTH IO BUHUKHEHHS 3HAYHUX MOTO KOJIMBAHb,
SK1 HEIONMyCTUMI B MOMEHT 3aBaHTa)XEHHsI a00 po3BaHTaxeHHs. [Ipu pyuHOMy KepyBaHHI
KpaHOM 3ajada YCYHCHHsI KOJIMBaHb BAaHTAXY IPH 3YIUHII KpaHa MOKIaJieHa Ha oreparopa
KpaHa, KU, KepYIOUMCh CBOIM JIOCBIIOM, LUISIXOM 3MIHM HIBHUAKOCTI BaHTaKHOTO Bi3Ka
JocsTac 1€l MeTH 3a JIeKUTbka MaHIMyJ I MBUAKICTIO. [le BUMarae 3Ha4HOTO HaNpyXKEHHS
YBar" i He JI03BOJISIE MAKCHMAJIBHO IIBHJIKO YCYHYTH KOJWBAHHS BaHTaXXy B 3aJIaHIi TOMIII.
Btoma omepartopa Bix HampyxeHOi poOOTH MOXe MPU3BECTH N0 aBapiHUX cuTyarii. [lpu
Mepexo/ii Ha aBTOMAaTUYHHUM pEXKuM poOOTH Mepil 3a Bce Tpeda po3poOUTH Taki 3aKOHU
KEpYBaHHS, 110 JIO3BOJISATH 3IMCHUTH MepeBaTaXyBAIbHUM LUK y HAHKOPOTIIMN TEPMIH 3
YCYHEHHSIM KOJIMBaHb BAaHTAXY 1 TOYHUM TO3uIlifoBaHHsAM. [ToTpiOHa 11i1a crucTemMa JavuKiB,
sika OyJie HaJlaBaTH TIOBHY 1H(OpMAIIiIO PO XiJ] BUKOHAHHS omeparlii. MaremMaTHYHUI aHaTi3
pPyXy KpaHOBOTO Bi3Ka 3 BaHTaXeM, IO Ha THYYKOMY KaHaTi, TMOKa3aB HEOOXITHICTH
BUKOPHCTOBYBAaTH MaKCUMAaJIbHI IPUCKOPEHHS Ha MEPEXITHUX AUITHKAX UKy, 00 JOCITTH
MaKCUMaJIbHOT MIBUJIKOIHHOCTI. SIKIIO JOBXKMHA KaHAaTa 3HA4HA, TO TaKHH PEXUM POOOTH
OJIHO3HAYHO MPU3BEAE 0 CHIBHOTO PO3TOWIyBaHHS BaHTaXy IiJ Yac pyXy Bi3Ka, L0 MOXKE
OyTH HeOe3MeUHO 1€ CeHC BBECTH LIE OJIHE OOMEXKEHHS - HA MaKCUMAaJIbHE BIIXWICHHS BAaHTAXY
Bl BepTUKaIbHOI oci. Lle mento 30UIBIIUTHE TPUBAIICTh MEPEBAHTAXKYBAIBHOTO IHMKIY, aje
cucremMa Oyje OUThII KEPOBAHOIO.

Po3pobnena mporpama CHHTE3y ONTHUMAIbHHUX 3aKOHIB KEepPYBaHHS UId OYIb-SKOTO
KpaHa MOCTOBOTO THIy. Ha BUX0/i MU OTpUMYy€EMO B PO3TOPTIIi 32 YACOM OCHOBHI MapaMeTpu
(rpadixu) mepecyBaHHS 1 IMIBUIKICTh Bi3Ka Ta BaHTaxy. [Ipu mopanpmomy mporpaMmyBaHHI
MIKpPOKOHTpOJIEpa JIOTTYHO B3SITH OJIMH 3 IMX IapaMeTpiB, a caMe, MIBUIKICTh Bi3Ka Iij] 4ac
pyxy 1 3poOuTH #oro ympaBisiouuM. I[HINI mapaMeTpu JOCTaTHHO KOHTPOJIOBATH 3a
nornoMororo Aat4yukiB. CydacHi MIKpOMpPOLIECOPHI CUCTEMH 3JaTHI TOYHO peaji3yBaTH
nepeMinieHHss Oyab sIKO1 MarepialibHOI TOUKM 3a 3a/laHuM TpadikoM MIBUAKOCTI 1 AOCATTH
MOCTABJIEHOT METU — €(PEKTHUBHOIO MEPEXOay B aBTOMAaTUYHHN pexkuM poboTu. Came Takuit
MiAXiJ JO3BOJIUTH JOCATTH MAaKCUMaJIbHOI MPOJAYKTUBHOCTI KpaHy, YCYHEHHsI ()aKTOPYy BTOMU
KpaHIBHMKA, OKpAIlleHHs 0e3MeKr MepeBaHTaXXyBaIbHUX POOIT TOLIO.

D opMyIIOBAHHS METH J0CIIKEHb

Mertoro po6oTH € po3pobKka eheKTUBHUX 3aKOHIB KEPYBaHHS BAaHTQ)KHHUM BI3KOM KpaHa
MOCTOBOTO THUITy 3 YCYHEHHSM KOJIMBaHb BaHTaXy IIICAS 3YMUHKU KpaHa 1 TOYHUM
MO3UIIIIOBAHHSAM TPHU AOTPUMYBaHHI OOMEXKEHHS Ha MaKCHMallbHE BIIXWJICHHS BaHTAXY IMiJ

qac pyxy.
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AHaJi3 0CTaHHIX JOCTIXKeHDb | myOJikamnii.

ABTOMaTH3aIlis KpaHIB CTalla aKTyalbHOK 33/1a4€0 3 MOSBOI0 HA PUHKY KOMITAKTHHX
MIKPOIIPOLIECOPHUX MPHIIAAIB. AJle 3aCTOCYBaHHS 3aC00iB aBTOMATUKH Ha KPaHi CTUKAETHCS 3
BEITMKMM MAacCHBOM IPOOJIEM 1 MEpII 3a BCE 1€ HAIBHICTh THYYKOTO ITBICY BaHTaxXy, M0 HE
JI03BOJISIE 3aCTOCOBYBATH IPOCTI AJITOPUTMU KEPYBaHHS IO NMPUYMHI BUHUKHCHHS 3HAYHUX
KOJIMBaHb BAHTAXY IiJ] 9aC pyXy KPAaHOBOTO Bi3ka 200 camoro kpaHy. Takok MOYKHA 3a3HAYUTH
SK IPOOJIeMy 11€ arpecuBHE CepPeIOBHILE T CTa0LTBHOT POOOTH EEKTPOHHUX EIEMEHTIB, aje
JUTS MEXaHIKiB TOJIOBHE IO Tpebda 3poOUTH JUTsl yCIIIIHOT pOOOTH CHCTEMH KePYBaHHS KpaHOM
e epeKTUBHE YCYHCHHsS KOJWBaHb BAaHTAXY B TOYIll 3aBaHTAKEHHS/PO3BAHTAKCHHSI.
JlocnigHuky 3 6araTboX KpaiH 3alpoNOHYBaU Pi3HI CIOcoOU BUpilIeHHs i€l mpobaemu. Bci
BapiaHTH MOYKHA PO3KIJIACTH Ha JIeKiIbKa rpym [6-19]:

- TUTABHMI PO3TiH a00 TaIbMyBaHHSI Bi3Ka 3aBJISIKH Cy4aCHUM PETYIIOBAHUM ITPUBOJIAM.
[Ipu He3HAYHIM JOBKUHI KAaHATY 1 HA HEBEJTMKUX BAaHTAXXKHUX MIOTOKAX 11€ MOKe OyTH JOCTAaTHIM
JUI Oprasizaiii HOpMajJbHOTO MEPEBAaHTAXKYBAIBHOIO MPOIECY, aje BUPOOHICTh KpaHa He
MOKe OyTH BHUCOKOIO;

- 3aCTOCYBaHHSl PI3HOMAHITHMX TPOCTOPOBUX KOHCTPYKIIIH MIIBICY BaHTaxy 3
IeMIPYIOUNMHU eleMeHTaMi. KOHCTPYKIIiT BUXOATh CKIaIHUMHU Ta KOIITOBHUMHU 1 Maiike He
MPAIIOIOTh Ha MiIBICAX BEJIMKOT IOBXKUHU,

- YCYHEHHS KOJIMBaHb BaHTAXXYy BUKIIOYHO 3aCO00aMU €IIEKTPOHIKH, BUKOPHUCTOBYIOUH
3BOPOTHIN 3B'I30K 3 JAaTYMKaMU. AJITOPUTM KEpPYBaHHS JIOBOJII MPOCTUN — B TOYI 3YMHHKHU
BI30K PYyXa€eThCs CIIIJIOM 3a BaHTa)KEM 1 Yepe3 JeKUIbKa ITepalliif BaHTax 3acroKoroeThes. Le
TEX HE IMIBUIKUN CIIOCIO 1 MOoTpedye M0IaTKOBUX MAHIMTYJISAIIN JUIsi TOYHOTO TIO3UIIIFOBAHHS;

- YCYHEHHS KOJIMBaHb BAaHTA)Ky 3MIHIOIOUH IIBUAKICT Bi3Ka. [le HaltOIbII momynsspHuiA
croci0 1 30kpeMa orepaTop KpaHy MpU PYy9HOMY KepyBaHHI came Tak 1 poOuThk. Po3pobieHo
0aratro pi3HOMAaHITHUX JITOPUTMIB 3MIHHM IIBHUIKOCTI BaHTaXYy MPHU SKUX HE OyJe KOJIMBaHb
BAHTAXY ITICIIA 3yMUHKH. J[esKi 3 HUX BXKe peai3oBaHl Ha MPaKTHUIll. AJie y BCIX HUX € OJHA
BaJla — BOHU HE JIO3BOJIAIOTH CKOPOTHUTHU MEPEBaHTAXKYBAaHUI LUKII IO MIHIMYMY 1 IPOTparoTh
JOCBIYEHOMY orepaTopy KpaH. [IpuunHa B TOMY, 110 BC1 BiIOMI pillIeHHST po00Yi TUTbKH, KOJIH
YCYHEH1 KOJIMBaHHS BaHTaXy IIPHU PO3TOHI , Ha 1110 BUTPAaYae€ThCs 3aiiBUi Yac.

3poOuBIIM aHATI3 BIJOMHUX PINICHb, MPUHHITA KOHIICTIS MOAATBIITNX JOCHTIKEHb, a
came, OTpMMATH ONTUMAJIbHI 32 MIBHJIKOJINHICTIO 3aKOHHU KEpyBaHHs, K1 HE Tepea0adyroTh
YCYHEHHsI KOJIMBaHb BAHTAXKY IPU PO3TOHI, a TUTLKH MICIIS 3yMIMHKY KpaHy B KIHIIEBI 3aaHil
Touli. B Takili mocTaHOBLI 3amadya 3HAYHO YCKIQJHSETHCA TOMY IO MEpel MOYaTKOM
raJlbMyBaHHS BaHTaX 3JIHCHIOE BiIbHI KOJMBaHHA. J{0JaTKOBO HakjajeHi OOMEXEHHsS Ha
MaKCcHUMalbHE BIIXUJICHHS BaHTaXy Bill BEPTUKAIbHOI Oci. B Takiii mocTaHoBIII LA 3a7a4a e
HE po3rJisiaanacs.

Pe3yabTaTH 10CIiIKEHbD.

PosrisiHemo 1BOMacoBy Mojenb KpaHa (puc.l), sika CKiIaaeTbes 3 Bi3ka Macor My i
BaHTaXXy Macolo My, MiIBIIICHOTO HAa THYYKOMY KaHati qoBxkuHOIO |. Ha Bi3ok mie pymriiine
sycuuist F(t) i 3ycummis cratudanoro onopy W.
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Flt) | %

Puc. 1. PospaxynkoBa cxema

Pyx Takoi Mozie1l ONUCYETHCS CUCTEMOIO TU(PEPEHIITHUX PIBHSIHB

. \ 32—yma g . N 1—-¥2)g

Y1 =Y2,Y2 =2m—1112+U(t);Y3 =YVarYa =% ’ )
e Ut)=(F(t)-W)/m1; y1, y2 - nepemilieHas i MBUAKICTh Bi3Ka; Y3, Y4 - MEpEeMIIIEHHS i
HIBUJKICTh BAaHTaXYy; J - rpaBiTalliiiHa KOHCTAHTA.

B sikocTi kepyrodoro mapameTpy BuOpaHo pymriitae 3ycuist F(t). Anme y mogansimomy
KEpYIOUUM mapameTpom Oyaemo paxysaru mapametp U(t), sikuii € nponopiiiiauii F(t).

OnTumizaiiitHa 3aga4a GOpMYIIIO€THCS HACTYITHUM YMHOM: HEOOX1IHO 3HAWTH 3aKOH
kepyBauus U(t), skuii Mae MiHIMaIbHY KUTBKICTh TEPEMHUKAHb 1 IPH [bOMY Bi30K 3 BAHTAXKEM,
10 BUCUTH Ha KaHAaTIl, IEPEeMICTUTHCS Ha BU3HAYEHY BIJICTaHb S 3 IOBHUM I'aCiHHAM KOJUBaHb
BaHTAXY HANPHKIHI pyxy. [Ipn oMy MalOTh BUKOHYBATHCSI HACTYITHI OOMEKEHHS:

|F(t)|SK, yZSU(): |YS_Y1|SA0: (2)

ne K — MakcMMaJIbHO MOXJIMBE PYIIiitHE 3yCHIUIS, Vo - HOMIHAJIbHA MIBUJKICTD Bi3Ka, Ao—
MaKCUMAaJIbHO MOJKJIMBE BiIXHJICHHS BAaHTaXy BiJl BEPTUKAIBHOI OCI.

Byno BcTaHOBIIEHO, 1110 ONTUMAIBHUN 3aKOH KEPYBaHHS 3TiJJHO NMPUHIUIIA MAKCUMyMa
JI.C.IlonTpsrina [5]:mae peneitnuit Bua. ToMy Ha KOXKHIM JUISHIN ITEPEBAHTAXKYBAJTIBLHOTO
nukiry U(t)=Uo=const. BpaxoByrouu 1€, pimeHHsi cucteMu piBHAHB (1) MOXHA 3amucatu y
BUTJISAIL

m; mp . U, [gt? 9
y, = by + byt — by m—lcoslt — b4m—15m/1t + 2|77 +(1- W)(l — cosAt)|,
, Up [t2 1
y3 = by + byt + bscosAt + b,sinAt + % [; -z01- coslt] (3)
Y2 =M1
Vi =3

ne by = (MyYyor + myyo3)/m, by = (MyYop + MyYoa)/m, by = my(Vo3 — Yo1)/Mm, by =
2_1m1()’04 — Yo2)/m, A = \/g/l,u, u=my/(m; +my), m=my +ms.

IMpottec pyxy MoJesi 3pydHO JOCTiIKYBaTH Ha (a3oBiil mwionmHi (£1,E2): &1 = (Ya-Yu)l,
&= yaya.

®da30Bi TpaekTOpii HAa MEepexXiTHUX AUITHKAX BUTIISNAIOTH K KOHIEHTPUYHI Kola 3
neHtpoM B Touri O1(-(K-W)/mil) npu posrosni i 3 nernrpom B toumi O2((K+W)/ mil) npu
rajpMyBaHHi (puc.2).

PiBHSIHHS [UX KUT Ma€ BUTIIAL
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b2)%2 b22%2 2U.b
(&1 + Up/A)? + & = (Up/2)? + ;Z ;2 M“f

<)

<
oy
]

Puc. 2. ®a3o0Bi TpaexTopii, koau 4o < (K-W)/m:4

Pyx mo TpaexTopii 31HCHIOETHCS 3a TOAMHHOIO CTPUIKOIO 1 pajilyc KoJia 3aJIeKHUTh BiJl
MovyaTKoBUX (ha30BHX KOOpAUHAT. Yac pyxy 1Mo Oyb-sKiii TpaeKTopii

ti = @i/ (4)

ne (@i — BeTMYMHA IICHTPAJILHOTO KyTa, Ha KWW CIUPAEThCs ayra kKoja; i=1,2,...- Homep
eTara.

Ockinbku (pazoBa KoopAwHaTa &1 MPOIMOPIliHA BETWYMHI BIIXWICHHS BaHTAXYy, Ha
momuHi (§1,E2) MOXKHA JIETKO TIOKa3aTH 00J1aCTh AOMYCTUMUX 3HAY€Hb, 00YMOBJICHY TPETHOIO
HepiBHICTIO 3 (2). BoHa oOmexeHa 1BOMa BEPTHKAILHUMH OCSIMH, IO PIBHO BiIJaleHI Bij
MOYaTKy KOOpJUHAT Ha BeIHMUUHY Aol (puc.2).

PosrnsiHeMo okpeMo BCi eTanu nepeBaHTaKyBaJIbHOTO ITUKITY.

Posein 6i3ka. Bynemo BBaXkaTH, O HOMiHAJbHA IIBUKICTH Vo JOCTATHHO BEIUKA 1
JNOCATHYTH 1i y Mekax oOJIaCTi JOIMYCTUMHUX 3HAYCHb HEMOXIIMBO SKIIO PYyXaTUCh IO
Tpaektopii J1 (puc.2). Toai po3rin Bi3ka Oyne 3A1iiCHIOBaTHCA HACTYIIHUM YMHOM: HEOOX1IHO
BHUBECTH BaHTa)X HA MAKCUMAJIbHE JIOTTYCTUME 3HAUYEHHS Ao 1 OJAIBIINHA PO3TiH 3IHICHIOBATH
3 BIIXWJICHHUM BaHTOXOM. SIK BHJHO 3 pHC.2, TIOJOXCHHIO, KOJIM BaHTaX BIIXWJICH Ha
BeJIMYUHY Ao BimnoBimae Touka B , B SKy MOXHA NONACTH HAMKOPOTIIMM IIIJISIXOM IO
tpaektopii OAB. Bupimyroun piBHsAHHA Y3-Yi=4o BimHOCcHO Up, MOXHAa OTpHUMAaTU MHOrO
3HaYeHHs NI YTPUMYBAaHHS BaHTaxy y BimxuneHHomy ctaHi Uo=4ol%. Take KepyBaHHS
cipaseuBo 11 Ao<(K-W)/miA?, sikiio HaBmaku, To Gyzie HOpyIIeHo 0OMEXeHHs Ha pyIiiiHe
3YCHILIIS.

TpuBanicTs mepmux JBOX AUITHOK BH3HAUYalOThCA 3a (Gopmyioro (4), a TpUBAIICTb
TUBTHKA YTPUMaHHS BaHTaXy y BiaxuiueHomy ctaHi t,=(Vo-Ve)/ 400, 1€ Ve — NIBUIKICTH Bi3Ka
TS IEPIINX JABOX JIUISTHOK.
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Puc. 3. ®a3o0Bi TpaekTopii, koau 40> (K-W)/md

Tenep 3HalieMo KepyBaHHS y BUIAAKy, Komn Ao>(K-W)/mi)2. Jlis Toro, mo6 1ocsartn
HOMIHAJIbHOT HIBUJKOCTI 1 HE MOPYIIyBaTh oOMexeHHs (2), HEOOX1IHO MepelTH 3 TPaeKToPil
J1, (puc.3) Ha HAUOIMHKIY TPAEKTOPIO po3roHy TUMY J2. HeoOXimHO 13 6€37119 TpaeKTOpiid THUITY
J2 BuOpaTu Taky, y sKii guisHka AB Oyna 6 MiHiManbHO. TOMY TpUBAJICTh NEPUIOT JUISHKU
BH3HAYAETHCS 3 YMOBH MIHIMAQJIBbHOI TPUBAJIOCTI JPYyroi AUISTHKKA , SKa BU3HAYAETHCS 3a
dbopmynoro (4). [ns BuU3HAUYEHHS TPUBAJIOCTI TPETHOTO €Tamy HEOOXIAHO pPO3B’SA3aTH
TPaAHCIICHJICHTHE PIBHSAHHS Y2=Vo , BAKOPUCTOBYIOUU hopmymy Y2 3 (3).

Pyx gizxa 3 nominanvhoto weudxicmro. J{js 3a0e31medeH st CTanoi MBUAKOCTI pyXy Bi3Ka
3 ypaxyBaHHSAM KOJIMBaHb BaHTa)Xy OyB OTpUMaHHii 3aKOH KepyBaHHS

Ut) = — =22 [((Vo3 — Yo1)cosut + (Vo4 — Yoz )sinut],

mll
ne p=49/1

B nipoMy Bumanaky ¢azoBa TOUYKa PyXaeThesl Y HAPSMKY TOJMHHOT CTPUIKU TI0 €JIICy
J3 (Puc.2), a6o no emincy J4 (Puc.3). Moro piBHSHHS 3aMMCYETHCS HACTYITHUM YHHOM

A
§fo + (A1E50)  (SrouA 12 + &5

TpuBaiicTh eTany piBHOMIPHOTO pyXy BU3HAYA€THCS B 3aJICKHOCTI BiJl BIZICTaH1 Ha SIKY
Mae€ MepeMICTUTHCS Bi30K.

Tanvmysannus sizka. Ilponiec ranbMyBaHHS € HAHCKIAIHIIINM €TallOM TOMY 10 Tpeba
MOBHICTIO YCYHYTHU KOJIMBAHHS BAaHTAXY B 3aJJaH1i TOULII MTICJISI 3YMIMHKH Bi3Ka 13 JOTPUMAHHIM
oOMexeHb (2). OCHOBHI TPyIHOILI OB sI3aH1 3 THUM , 1[0 Ha MOYATKy MPOLECY raJbMyBaHHS
(ha3oBUil CTaH CHCTEMH «BI30K-BaHTaX» Moxke OyTu Oyab-sikuil. Ha da3zosiit mnommuHi (£1,2)
1€ TEX caMe K MOTPAIIHHS 3 Oyb-sKOi TOUKH (pa30BOr0 MPOCTOPY B MOYATOK KOOPAMHAT,
Jie IBUJIKICTh Bi3Ka Ma€ JOPIBHIOBATH HYIIIO.

B 3anexxHocTi Big Ao mpoliec raibMyBaHHS MOJKe 3/11HCHIOBAaTUCS ABOMA CIIOCOOaMH.

1). Bunagoxk, komu Ao<(K+W)/(miA\?). SIximo cepen Tpaextopiit Tumy HCGO (puc.2) ue
Oyze 3HaliJIeHO pillIeHHs, TOJi TralbMyBaHHs Oyze 31ilicHioBaTucs o tpaektopii HDEFO, ne
B TOULll £ 3’IBUTHCS €Tall yTPUMaHHS BaHTaXYy y BIIXMUJICHOMY CTaH1 3a JIOTIOMOT00 KepyBaHHS
Uo=-4042. TIpu 1poMy IIBUAKICTH Bi3ka Gyje PiBHOMIPHO 3MEHIIYBATHCS 3 IOYATKOBOI Vi JI0
TAKOTO 3HAYEHHS V2, 100 mpu mojaneiioMy pyci no EFO mBuakicts Bizka B Touri O maina

1
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Oytu HyJb. TpHUBATICTh I[LOTO €TANy BU3HAYAETHCS 3a hopmyioro te= I(vVi-v2)/ Aog. 3HaueHHS
V2 JIETKO 3HAWTH SIKIIIO PYyXaTUCh 3 TOYaTKy Koopauaat no OFE mpu 3BopoTHOMY BiUTiKY Hacy.

2). Bunagok, ko Ao>(K+W)/(m1A?). Sxmto cepen Tpaexropiit Tumry HDLO (puc.3) He
Oyze 3HaIEHO PIMICHHS, TO 32 JIOTIKOIO 3 €TaloM PO3TOHY, HEOOXIMHO 3IMCHUTH Tepexin 3
KoJta J7 Ha ko710 Jg, SIKe JIS)KHUTh MOBHICTIO B 00J1aCTI OMMYCTUMUX 3HaUeHb. Lle MoxkHa 3po0ouTH
1o Koury Js, ipudoMy 3 6e3iid Tpaekropiii Tuny HFE tpeba Bubpary Taxy, y axii ginsauns EF
MiHIManbHUHA. TpUBaNicTh pyxXy MO Jg BU3HAYAETHCS 3 YMOBH, 00 MIBUJKICTH Bi3ka B Toumi O
OyJia HyIIIO.

TpuBamicTh IHIMX eTamiB MPOIECY aHAIOTIYHO TOMY, SIK IIe pOOMJIOCH Ha CTaiil
pO3roHy.

Ha ocHOBi BHKIaJeHUX BUIIE JOCIIPKEHb Oylu po3po0JieH! alrOpUTMHU MOIIYKY
3aKOHY KepyBaHHs 1 ckiajgeHuil maket nporpam juis [1K.

Ha puc.4 noka3zani rpadiku nepexigHux mpouecis, ne F(t) — pymriiiae 3ycums, Yo -
HIBUJKICTh PyXy Bi3Ka, 4 - BIAXWIEHHS BaHTaXy BiJ BepTUKaIbHOI oci. Po3paxyHOok
3po0JIeHHI I TaKuX MmapaMeTpiB kpana: Mi=7425kr, My=6200kr, K=22620H, W=13070H,
A0=0,55Mm, S=14m, 1=6,2Mm, Vo=1,77m/c.

F(t)107 %, H
Yz 2027 ( A m
1,8 83 10,75
0,6 -1 [0,25
T N
10 t.c
0.6 i-+0,25
1,22 0,61 -

Puc. 4. I'padikn nepexizHux mpoireciB

[leii BapiaHT BIIHOCUTBCS JI0 BUIIAJIKY, KOJIA
(K —W)/(mA*) < Ao< (K + W)/(m2%)

OTpumaHmii 3aKOH KEpyBaHHsS MOXeE OyTH peani30BaHMN Ha KpaHi 3a JOTOMOTOFO
CHCTEMHU aBTOMAaTHYHOTO KepyBaHHS Ha 0a3i MIKpomporecopHoi TexHiku. Buxomsunm 3
XapakTepy 3MIHH PYIIIHHOT CHITH MOXHA 3pOOUTH BUCHOBOK, 1110 HAHKPAIIIMMU ITPUBOIAMU IS
peaiizailii OTpUMaHHUX 3aKOHIB KEPYBAHHS € YACTOTHHM, TUPUCTOPHUI ab0 TiApo00’ eMHHIA.
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