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CHUHTE3 OIITUMAJIBHOI'O KEPYBAHHSA PYXOM KPAHOBOI'O BI3BKA. YACTHUHA 11

1. IToctanoBka npoodJieMu

VY mepmriii yacTUHI cTarTi OYyJ0 CHHTE30BAaHO ONTHMAJIbHE KEPYBAHHS PYXOM KpPaHOBOTO
BI3Ka 3 BaHTa)KE€M IPU YCYHEHH1 KOJIUBaHb OCTAaHHHOTO Y MOMEHT 3YNUHKH Bi3ka. OJIHaK MpoIiec
CUHTE3y KEepyBaHHs MPOXOJUB 3 NMPUIYHICHHSIM, 110 OOMEXEHHS Ha KepyBaHHS BIJACYTHI, 10, Y
3arajlbHOMY BHIIAJKy, HE BinoOpaxkae peajbHI MOXIIMBOCTI IpHuBOAY Bi3ka. OTke HEOOXITHO
MIEBHUM YHMHOM OOMEXHUTH KEpyroue 3yCHJUISI IPHU LbOMY 30€piriy Horo OCHOBHI BJIACTHUBOCTI —
BJIACTUBICTb KEpPYBaHHS MO (QaKkTUYHUM (a30BUM KOOpJIMHATAM CHCTEMH ,,BI30K-BaHTaX Ta

BJIACTUBICTh YCYHEHHS KOJIMBaHb BAHTAXKY JI0 KIHIIS 3yIIMHKHU Bi3Ka.

2. AHaJIi3 OCTaHHIX J0CTiKeHb Ta myOJIiKanin

HeoOxinHo Bka3zaTu, 110 KJIAaCHYHE BapialliiHE YHWCJIEHHS HE Ja€ 3MOTM OTpUMAaTH
ONTUMAJIbHE KEPYBAaHHS MpHU OOMEKCHHSIX Ha KepyBaHHs. BHKIIIOYCHHS MOXXYTh CTAHOBUTH JIESKi
3aJ1a4i MpU po3B’A3yBaHHI IKMX BUKOPUCTOBYEThCSI MeToA Tpadis [1].

JIns oTpyUMaHHSI ONTUMAIBHOTO KEpYBaHHS MPU OOMEXKEHH! MOro BEJIMYMHU MPHUIATHI METOAU
JMHAMIYHOTO TIPOTPaMyBaHHS Ta METOJ TPHUHIMITYY MakcuMymy. [IpHHIII MakCHMyMy JIa€ 3MOTy
OTpUMaTH HeOOXITHI Ta JAOCTATHI (Iy1s1 JIHIMHUX CHCTEM) YMOBHU eKCcTpeMyMy ¢yHKiTioHary. Lleit meton €
OUTBII 3araJIbHUM aHDK BaplaliifHe YMCIIEHHS: 3 HhOIO MOYKHA OTPUMATH YMOBH €KCTPEMYMY (PYHKIIOHATY
— piBusHH Einepa-Ilyaccona [2]. [lpuHUmMI MakcMMyMy BCTaHOBIIOE SIKICHY KAapTHHY CTPYKTYpU
ONITHIMAITLHOTO KEPYBaHHS, O[HAK BIH HE JIa€ BIAMOBIMI MPO KUTHKICHI XapaKTEPUCTUKH PyXy cuctemu. Lle
O3Hayae, 10 NPUHIMI MaKCUMYyMY JO03BOJISIE 3HANTH XapakTep (YHKLIT KepyBaHHs (HalpUKiaf, 3 Kiacy
KYCOYHO-TIOCTIHUX (DYHKIIH 1 BUSHAYUTH KUIHKICTh IEpEMHUKaHb KEpyBaHH:I), ajle 3a JOINOMOIOK0 HIINX
METO/IIB HEOOXITHO 3HAXOUTH KOOPIMHATH TOYOK CIIOJTyYeHHs! KyCKIB (DyHKIIIi ONTUMAJIBHOTO KEPYBAHHSI.
[Ipu po3B’si3yBaHHI 3a/1a4l YCYHEHHS KOJIMBAHb BAHTAXY 32 HAMKOPOTIIHMIA Yac TaKUMH ,,JJOTIOMBKHIMUA
MeTosiaMu € MeTo1 (ha3oBoi TIoNMHY [3] Ta METOT pO3B’sI3yBaHHS TPAHCIICHICHTHHUX PIBHSHG [4]. OmHak,
gk OyJI0 BKa3aHO Yy IMEpIIii YacTUHI CTAaTTl CHHTE30BAaHE 3a JIONIOMOIOIO TPUHILIMIYY MaKCHUMYyMY
ONITUMAJIbHE KepyBaHHS HE BPAXOBYE (DaKTUIHUI CTaH KOOPIMHAT CUCTEMH.

[HIma cnpaBa npy BUKOPHCTaHHI METOAY JUHAMIYHOTO MporpamyBaHHs. OCHOBHE (DYHKITIOHATHHE
PIBHSIHHS ITHOTO METO/TY, 32 YMOBH BIZICYTHOCT1 OOMEXKEHb, Ja€ 3MOTY CHHTE3YBaTH ONTUMAIILHE KEPYBaHHS Y
(opmi 3BOpoTHOTO 3B’s3Ky. ONTHAK HAKIa[AaHHS Ha KEPyBaHHS OOMEXKEHb CHJIBHO YCKIIAHIOIOTH BHUXIIHY
3amauy. o crocyersest muckperHoi opmMu JUHAMIYHOTO MPOTpaMyBaHHS (TaK 3BaHHMN OaraTOKPOKOBHI
TMpOLIEC PUHAHSITTS PIllIeHb MO0 KepyBaHHs), To P.benmvan Bkasye [5], mo cama nprposa oOMeXeHb Ha
KEpyBaHHS ,JlorioMarae’ po3B’si3yBaTH 3aj1a4y. JificHO, He MOTPIOHO MepeOrpaTy YBECh CIIEKTP MOMKITUBHX
KepyBaHb Ha KOYKHOMY KPOITl, OCKUILKH IIIMPUHA 30HH TIEpeOOpy KepyBaHb arpiopi ooMmeskeHa. Haxab, Take

TBEP/LKEHHS HE MOLIMPIOETHCS HA HEMEPEPBHUI aHAJIOT AMHAMIYHOTO [POr paMyBaHHSI.
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3. IlocTanoBKa MeTH Ta 32124 JOCJTiIKEHHS

Metoro npuBEIEHOrO JOCTIHKEHHS y JAPYrid 4acTUHI CTaTTi € po3polka alropurMy poOoTu
CHCTEMHU KEpPYBaHHS pyXOM KPaHOBOI'O BI3Ka, MPH sIKii O 0OMEKeHHs Ha KepyBaHHs OyJId BPaxOBaHi.
BignoBigHo 10 MeTu cTaBiIsATbCA Taki 3ajadl: 1) mpoaHani3yBaTé BIUIMB Ha BEJIMYUHY KEpPYBaHHS

KOeILIEHTY &, ; 2) BU3HAYUTH YMOBY 3aKIHUEHHS MEPEXIITHOTO MPOLECcy; 3) 3aporOHyBaTH alrOPUTM

u?
po6OTH LUPPOBOT CUCTEMH KEPYBAaHHS IPU SIKOMY O BpPaxOBYBaIUCh OOMEXKEHHS Ha KepyBaHHS; 4)
BKa3aTH MEPCHEKTUBU NOJAIBIIUX JOCIIIPKEHb Y HAlpSIMKY BUKOPUCTAHHS pO3pOOJIEHOI METOIUKU

OOMEKEHHS IMHAMIYHMX Ha KIHEMAaTUYHUX XapaKTEPUCTUK PYXy AUHAMIUHUX CUCTEM.

4. BukJjiaJ 0CHOBHOIO MaTepiaJy
Bupa3 ontumanbHOro KepyBaHHS, OTPUMAHOTO y MEpIIid YacTHHI JOCHIIKEHHS Ma€e Takui

BUITIAL u = u(x,, X5, X5, 8¢, 0y, 05, @) . OCKUIBKH ()a30BI KOOPIMHATH INPH KEPYBaHHI CHUCTEMOIO

MOCTIHO 3MIHIOIOTHCS, TO Y IEIKUIM MOMEHT 4acy MoKe OyTH, 110 u > u, . - lIpu IIbOMY BBaXKa€ThC,

max
0 KOoe(IIEHTH NpU OJUHUYHUX KpuTepisix y Bupasi (10) mepiioi yacTHHM CTATTi € MOCTIHHUMU
BenuuuHaMu. Bubip 1ux koediieHTiB NPOBOIUTHCS PI3HUMH CIIOCOOAMU: eKCIIEpTHUM [6]; HIIsIXoM
3a0e3MeueHHsl JTOJIaTKOBUX KPallOBUX YMOB PyXy cuctemMu [7] abo OUIbIN 3arajJilbHO — MUISIXOM
MIHIMI3aIlil TepMiHATBEHOTO (DYHKITIOHATY; NIITXOM MIHIMI3AIll TOJaTKOBUX KPUTEPIiB PyXy CUCTEMHU
[8]; muisixom 3abe3nedyeHHs AONYCTUMUX 3HAu€Hb KIHEMATUYHUX a00 AMHAMIYHUX XapaKTEePUCTHK
pyxy cuctemu [9]. Came ocranHii cnoci0 103Bojsie 3a0e3meunTH OOMEXKEHHS HaKJaJeHl Ha
KepyBaHHs. IlokakeMO Iie Ha NpUKIani: OOMEXEHHsS HAKIAJeHi Ha KepyBaHHA |u/<0,6, IO
BIIMOBIAA€  MAKCHMaJbHOMY 3HAYCHHIO JUHAMIYHOI  CKJIAQJOBOI  NPHBOJHOTO  3YCHIUIS
F,,, =F-W =600 H . IloOynyemo rpadiku KepyBaHHs Ta (a3oBuil moprtper cucremu (puc. 1.).

Toukoto Ha puc. 1, 6 Mo3HauYeHO MOYATOK KOOPAMHAT (LI TOYKA BIANOBIIAE YMOBI KOJHU BI30K
3yNUHAETHCS 1 KOJTMBAaHHA BAHTAXY 3aTyXaroTh). I'padiku nodynosani npu &, = 0,7 .

1, Mf’c2

0.0
0.5 Ax, mfc

a) rpadik QyHKIIi KEpyBaHHS 0) hazoBuii moprep pyxy
CHCTEMOIO CUCTEMHU
Puc. 1 — KepyBaHHs cuCTEMOIO ITpU 0OMEXKEHH1 |u| <0,6 Ta BIAMOBIAHUM

oMy ¢Ga3zoBUli MOPTPET PYXY CUCTEMHU
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3azHauuMo, 1m0 rpadiku Ha puc. 1 moOyaoBaHl mpu TPUBAJIOCTI raibMyBaHHA 15 c, 110
MPaKTUYHO ,HE BUIIAHO”, OCKUIBKM MpU LbOMY 3aTATYEThCS MepexigHuil mpouec. Take
3aTATYBaHHS MEPEXITHOTO MPOIECy HEOOXiHEe IS JOCATHEHHS (ha30BOI0 TOYKOK OKOJY MOYaTKY
KoopauHaT. AHan3yrouu rpadik npuBeeHU Ha puc. 1, a MOXKHA CKa3aTH, 1110 KEpYBaHHS JI0CATaE
CBOTO MaKCHUMAaJIbHOIO 3HAYEHHS JIMLIE Y OJUH MOMEHT 4Yacy (mpubnauszHo 1,7 ¢ Bix modarky
rasibMyBaHHs). Ha BcboMy yacoBOMY IMPOMDKKY, 3a BUKIIOUEHHSIM BKa3aHOI TOUYKH, BUKOHYETHCS
CTpora HEepiBHICTb |u| < 0,6 . Came 11€ 1 € IPUYUHOIO 3aTATYBaHHS MEPEXITHOTO MPOLIECY: HEBEIUKE
3HAYEHHS KePYBAaHHS MPU3BOJUTH 10 HEBEIUKUX 3MiH (Da30BOro crany cucreMu y yaci. Cucrema
MOBUIBHO pYyXa€Tbcs J0 BKAa3aHOI TOUKM IIOYATKy KOOpPAMHAT. 3BIACH BUIUIMBAE OYEBUIHHM
BHCHOBOK: HEOOX1THO TaKUM YMHOM OOMpAaTH KepyBaHHS, 1100 SKOMOra IHTEHCHUBHIILIE 3MIHIOBATH
¢dazoBuil cTaH cucrteMu y 01K JOCATHEHHS MOYaTKy KoopauHaT. L{poro Mo’kHa AOCATTH Bapialli€ro

koedinieHty, T00T0 5, =6, (U u), Ha BCbOMY NIPOMDKKY TajJbMyBaHHS Bi3ka. [losicHuMoO OuibII

max >
JETallbHO: 3MEHIIYIOYH O, MM BCTAHOBJIIOEMO Majly IIMTOMY Bary KepyBaHHS y KpuTepii (Bupa3s
(10) nepuoi yactuHu pociikeHHs ). ToMy KepyBaHHS MOXe OyTH Jy)K€ BEIMKE OCKUIBKM BOHO
MaJI0 BIUIMBA€ HAa BEJIWYMHY KPHUTEPIIO (IIIICHO BaroBHi Koe(iUieHT O, € MHOXXHUKOM IIpH
KEepyBaHHI1; HaBITh JY)K€ BEJIMKE 3HAUEHHS KEPYBAHHS HE 3HAUHO BIUIMHE HA BEJIMYMHY KPUTEPIIO).

Hapmaku: 30uIblIeHHS O, NpU3BEAE 0 3MEHIICHHS KEPYBAaHHS, OCKUIBKHM 3pOCTa€ HOro NnuToma
Bara y kputepii. TakuM 4MHOM, 3MIHIOIOYM O, MOXHA 3MIHIOBATH BEIMYMHY KEPyBAaHHS JUIA

3aJJ0BOJICHHS1 OOMEKEHb HaKJIaIeHUX Ha HbOTO.

HeoOxinHo 3a3HaunTH, 10 OUIBII IHTEHCUBHINIMM pyX CHUCTEMHU BIIOYBA€ThCS MpPHU
MaKCUMaJIbHOMY KepyBaHHI. DyHKIISI KepyBaHHS, y 3arajbHOMY BHUMAaJKy, OyJe MaTH BIIpi3Ku
MOCTIMHUX KepyBaHb (K [OJATHHUX TaK 1 BIA’€MHHUX) 1 BIIPI3KH, SKI CHOJY4YalOTh BIIpI3KH
MOCTIMHUX KepyBaHb. OTxe (QYHKIIS KEpYBaHHSA, Y 3arajJbHOMY BUMAJKY, € KycKoBoro. O4eBUIHO,

0 KyCKOBOIK Oyne 1 QyHkmia J,, ajske BOHA Takoxk oOmexeHa 0<0, <. KpaiiHi BenuunHH
HEPIBHOCTI BIANOBIIAIOTh YACTHHHUM ONTUMI3aLlIMHUM 3a1adaMm: 1pH O, =0 MIHIMI3y€TbCS JIMIIE
cyma KBaJpaTiB (pa30BUX KOOpAMHAT, NpH O, =1 MIHIMI3Y€TbCA JHMINE KEPyBaHHA. AHaIITHYHE

JOCIIKEHHS QYHKIII O, € CKIagHoo 3a1a4dero. OHaK [ 3a/1a4a CYyTTEBO CHPOLLYETHCS, KO Bl
HenepepBHOI 3ajayl nepetu 1o ii auckpeTHoro BapiaHTy. OTke OyAeMO pO3IJIsIaTH JIUIIe
IMCKPETH1 3HaueHHs (a30BUX KOOPAMHAT X,(jAt), X,(jAt), X,(jAt) Ta xepyBaHHa u(jAt) y
BU3HaueHI MoMeHTH 4acy ¢=0, At, 2At,...,.nAt=T (j=0,1,2,.,n). Kpim Toro, Oymemo
BB@XXATH, 110 CHUCTEMa KepyBaHHS 00JaHAHA NATYMKOM, SIKUM BUMIpIOE (paKTUYHI KIHEMaTH4H1
¢GyHKIIT BaHTaxy (Hampukiax, UU(poBUIl eHKonep). 3a3HaYMMO, SKIIO Yy CHCTEMI KepyBaHHS
BIJICYTHI! 3BOPOTHIN 3B’A30K MO ()a30BUM KOOpAMHATaM AMHAMIYHOI CUCTEMH ,,BI30K-BaHTaX , TO
KEpyBaHHS Y B 1IbOMY BHIIaJKy MOK€ OyTH pealii3oBaHe: y MepIliii 4acTHHI OTpUMaHa (YHKIis
X,(?). 3Haxoxd4M ii BHMINI MOXIAHI Ta IIACTABIAIOYU IX Y BUPA3 u =u(x,, X,, X5, 8¢, 01, 02, @) »

MOKHa OTPHMaTH KepyBaHHA u =u(d, &;, 6,, ®). ONHAK Take KepyBaHHsA BTPava€c BIIACTUBICTH
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ONTHUMAJIBHOCTI NPHU 30BHIIIHIX CTOXaCTUYHUX BIUIMBAX HA CHCTEMY, OCKUIBKM BOHO OTPUMAHO 3
YMOBH a0COJIFOTHOT BU3HAYEHOCTI, NIepei0auyBaHOCT1 pyXy CUCTEMHU.

BinMiTuMo 111€ 0JJMH MOMEHT IIpH MOOYA0B1 AUCKPETHOTO ONTUMAJIbHOIO KEpyBaHHs. 3 puC.
1 BuaHO, sKumO (ha3oBa TOUKa 3HAXOAMTHCS MOOJIM3Y MOYATKYy KOOPAMHAT, TO KEpPYBAHHS €
HeBenukuM. HasBemo Take kepyBaHHs cinabkum. CriaOke KepyBaHHS, BIUIMBAalOYM Ha pyX
JMHAMIYHOT CUCTEMH, MOBUIBHO 3MIHIOE i CTaH — (pa30Ba TOYKA MOBUILHO PYXA€ThCS 10 MOYATKY
KOOpJMHAT, II0 O3HAya€ 3aTAryBaHHSA IMepexiiHoro mpouecy. ToMy TyT moTpiOHO mpuilMaTH
MEBHUH KOMITPOMIC — HEOOXITHO BU3HAYHMTH TPUBAIICTH MEPEXITHOTO MPOIIECY MPU AKOMY BIH OH
OyB IOCTaTHbO LIBUAKOIUIMHHUM 1 IpU LIbOMY IIBHJIKICTh PyXy Bi3Ka 1 KOJIMBAHHS BaHTaxy Oyiu O
JOCTaTHHO MAJIMMH (MMPAKTHYHO HYJLOBUMH). MaTeMaTUYHO 1€ O3HAYAE, 10 HEOOX1THO BU3HAYUTH
TaKy TPHUBAIICTh PYyXy CHUCTeMH 71, TpH sKiii OW BiACTaHb Bix (a30BOI TOYKH 1O TOYATKY

KOOpJMHAT HE [epeBUILlyBaJla Hallepe] BCTAHOBJIEHOT BEJINYNHU:
Eam’,rz (T)S Emaxa (1)
ne E. .« — MakCMMalbHO-JOIlyCTUMa BEIMYHHA paJlyCy OKOIy noyarky koopauHuat; E . (T)

max

— BIICTaHb BiJl ()a30BOi TOUKHU JI0 OYATKY KOOPJAWHAT Y MOMEHT 4acy 7', y JaHOMY BUIAJIKY:

JE(T) + 353 (T) + %3 (T)
( .

Eom’fl (T) = (2)
V akocti E,,;,(T') MOxkHa 0OpaTH TaKOK IHINY BEIUYUHY:
2
: : : (M) BT (T
E, . (T)=x*(T)+Ax*(T)w” + AA*(T) =| %,(T) + Zw(z )| 4 Zw(z ), Zw(4 ) (3)

Bupaz (3) BignoBimae cymi NHTOMOI €HEprii KOJMBaHb BaHTaXy (JOJaHOK
Ax*(T)w* + Ax*(T)) Ta muromoi KiHeTH4HOT eHeprii pyxy Biska (I0maHOK xl2 (T')). Bupasz (3), na
Hall TOrJsiA, Kpaule BigoOpaskae €HepreTMdHl IOKa3HMKH Npolecy raiabMmyBaHHA. JlificHoO,
,»11€aJIbHUI TIpOIIeC raJlbMyBaHHS 3aKIHUYETbCS Yy MOMEHT 4acy KOJM cyMa KIHETHYHOI eHeprii
pPYyXy Bi3Ka Ta €Heprii KOJMBaHHS BaHTaXy CTa€ PIBHOIO HYIIO.

[Tocrae nuranHs, gk oOpatu E,,, ? Bilnosigs Ha HBOrO MOKHA 3HAWTH MTPOAHANI3YBABIIH
MIPaKTUYHY CTOPOHY IPOLIECY YCYHEHHS KOJMBaHb BaHTAXXy HAa THYYKOMY MiJBici. IcHye sikach
MeXa KOJMBaHb, MPU SIKIA JO3BOJIAETHCS BUKOHYBATH IMOJAJIBIII TEXHOJIOTTYHI omepallii (3HIMaTu
BAaHTa&X 3 raka, OIMyCKaTH Horo Ha 1uiatrgopmy Tomio). Lliero Mexero € MakcuManbHE BIIXUICHHS

BAaHTaXYy B1Jl BEPTUKAJIL:

[ X
— % — *2max
Axmax = Xomax = 2 (4)
20
ne X5 max — MAKCUMaJbHE IPUCKOPEHHS BaHTAXY, SIKE BINOBIJa€ MAKCUMAJIbHO J03BOJIECHOMY,

3a TEXHOJOTIYHMMU BHMMOTaMH, BUIXWJIEHHIO BaHTaxy Bil BepTHKaml Ax OTxe MOXeMo

max *

3amnMcary, YoMy JOPIBHIOE PaJilyC OKOJIY OYaTKy KOOPAMHAT:

)
X2 max

Emax: rzna :Axmax' (5)
w
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Bupa3z (2) HeoOximHO mOpiBHIOBAaTH 3 BHUpa3oM (5) A 3HAXOJUKEHHS TPUBAIOCTI
rasibMyBaHHsl 7. SIKIIO X BUKOPHUCTOBYeThCS BHpa3 (3), TO Take NOPIBHAHHA HEOOXITHO
BUKOHYBATH 3 KBaJpaToM Bupasy (5). Y 1boMy BUMAJKy MOPIBHIOIOTHCS IIOBHA EHEPTis pyXy Bi3Ka 1
BaHTaxy (3) Ta eHepris JOMYCTUMOI BEIUYUHU KOJIUBAHb.

[IpuBenemo anropuT™ poOOTH CHUCTEMHU KEepyBaHHS, sika O BpaxoByBajla OOMEKEHHS
HaKJIa/IeH1 Ha KepyBaHH4 (puc. 2). [loxiagHo onuieMo mpouec GopMyBaHHS KEPYIOUYOro CUTHATY
Ha OJHOMY Kpolll (mpu mepexoni Bim t=iAt no t=(i+1)At) npu npoMmy OyaemMo BBaXKaTH, IIO
MOYaTKOBI ()a30B1 KOOPIMHATH, a TAKOXK [TApaMETPH CUCTEMH 3aJaHi:

1) 3ama10Th 3Ha4YEHHS O, SKHAMMEHIIE;

2) po3paxoBYIOTh 3HAYEHHs KepyBaHHs A (Aa30BUX KOOPIAMHAT X, (iAt), X,(iAt), X, (iAt)
Ta HaMEHIIIOTO 3HAYeHHs KOEDIIEHTY O, ;

3) MNOpIBHIOIOTH OTpPUMAHE 3HAYEHHS KEepyBaHHS 3 MaKCUMAaJbHUM U Axio

max *

BUKOHY€TbCS YMOBA |u| <u TO OTPUMAHMM CHUTHAJl KEPYBAHHS BHJAETbCS HAa BHUKOHABUYMU

max ?

npucTpiil. Skumo ymoBa |u| <U .x HE BUKOHYETBCS, TO 30UIBLIYIOTh 3HAYECHHS KOe(IlieHTy O, Ta

HOBEPTAIOThCA 0 Ipyroro Kpoky. Taka 3miHa koedimieHTy O, Yepe3 HesKy KUIBKICTh LUKIIIB

MPUBEE A0 BUKOHAHHS YMOBH |u| <u [Ticns boro BimOyBa€eThCS BUIa4a KEPYIOYOTO CUTHAITY;

max *
4) MUCKPETHUN Yac CUCTEMH 30UTbINTYEThCS f =1+ At . DaKTHYHO 1€ 03Ha4ae, 1mo nudpoBa
cUCTeMa KepyBaHHS ,,CIIUTH MPOTATOM 4acy Af;
5) BinOyBaeTbCs ONMMUTYBaHHS JaTyuka (a3oBUX KOOPAMHAT CUCTEMH, JUIsl TOro, 100
BU3HAYUTH y SKUH HOBUM (asoBuil cran X,((i+1)Af), X,(([+1)At), X,((i+1)A?) mnepeiinuia
cUCTeMa BiJ A1l KepyBaHHS;

6) BU3HAYA€ThCs BEJIMUMHA OKOJLY JJIsl HOBOTO (pasoBoro crany £ ., ((i +1)A?) ;

7) BinOyBaeThCs MOPIBHSHHS BU3HAaueHoOro 3HaueHHs E . ((i+1)Af) 3 pomyctumuMm 3a

OKINl (

TEXHOJIOTITYHUMH BUMOTramu £E T00TO TepeBipseTbess ymoBa E . ((+DAH)LE . . Skumo

max ° om'/l( max
yMOBa BUKOHYETHCS, TO 11€ O3HAYAE, 1[0 HEOOXITHO 3aKIHUyBaTH MPOIEC KepyBaHHA. SIKI0 ymoBa
HE BHUKOHAJaCh, TO HEOOXIMHO Hagall TMPOJOBXKYBATH KEPYBaHHS, JUIsI 4YOTO HEOOXITHO
ITIOBEPHYTHUCH HA MEPIINN KPOK.

VY pesyabrari poOOTH TaKOTO AITOPUTMY OTPHUMYEMO TIEpEeMIlIeHHs (Pa30BUX 3MIHHHUX
JUHAMIYHOT CHUCTEMH ,,BI30K-BaHTaX Yy JOCTaTHbO MaJUil OKUI MOYAaTKy KOOpPAMHAT IIpH
oOMexeHHI Ha KepyBaHHA. (DaKTUYHO II€ O3HAYa€ 3YNUHKY BI3KAa 3 MPAKTUYHO BIACYTHIMU
KOJIMBAaHHSIMU BaHTaXYy.

[IpuBenemo rpadik, orpuMaHoro npu poOOTI LBOTO AITOPUTMY, KepyBaHHS Ta Ipadik

Gbynxkuii 6, (puc. 3). I'padiku moOynosani npu Takux mapamerpax: my =1000 ke, m, =1000 xe,
[=10, xy0=—05 M, Xpg=L5m/c, ¥yy=-05m/c*, %u=-05m/c’, Ax,, =005nu

(ammtiTY 1@ 3aJUIIKOBUX KOJIMBAaHb BAHTAXY CTAHOBUTH BCHOTO 5 CM IPH JOBXHHI KaHaty 10 m).
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S et s
t=t+At .
. 04t *
A L Ol_ll/lTyBaHHﬂ Jar4dyuKa 1 BEJICHH - b
(G Jr"]')A{)’ £((+1)A), (ha30BUX KOOPIMHAT CHCTEMU N N
H(E+DAD JUISI MOMEHTY Yacy (i +1)At 0.2 _-‘ﬁ' .
E,..(i+1)Ar) v 1-—/' 2‘ 3' 5 > 6| tc
¥ 5 . .
" vn<E ) rpadik GyHKUIT 3MIHU

KoedilieHTy 0,
Puc. 3 — KepyBaHHs cucTeMoro npu
oOMexenHi [u < 0,6 Ta koedimienT

Puc. 2 — Anroput™ poGoTH H(pPOBOi CUCTEMU KEPYBAaHHS
poOOTO0 KpaHOBOTO Bi3Ka 3 BAHTa)KEM IIPU OOMEKEHH1 Ha 0,, Bapialis sKOro 3ade3rnedye 11e

KepyBaHHS 0OMEKCHHS

3 puc. 3, a 1obpe BUIHO, 110 KEPYBaHHS HE MEPEBUIIye BCTAHOBICHUX 0OMExeHb. [ padik
GyHKIIT KepyBaHHSI MpEACTaBlige cO00I0 AUISHKM TOCTIMHOCTI KEpyBaHHS Ta JUISIHKH, SKi
MOEAHYIOTh MDK COOOIO TIOCTIMHI 3HAYCHHsI KepyBaHHSA. AHali3yroun rpadik, MpeiacTaBiICHUN Ha
puc. 3, 6 BIIEBHIOEMOCH y BIPHOCTI IPUIYIIEHB MO0 KyCKOBOCTI QyHKIII O, .

VY neskux BHUMAJIKaxX OKpIM OOMEXEeHb Ha KEpyrde 3YCHILIS BBOAATHCS IHIII OOMEXEHHS,
HaIPUKIIAJ, Ha IBUJKICTh 3MIHU KepyBaHHs (Ha HOTo Mepliiy MoxiJHy 3a 4acom), To0To:

| < (6)

max?

ne Uax — MAKCHMAJIBHO JOIYCTUMA INBUAKICTH 3MIHM KEPYOUOro 3ycriurd. Take oOMeKeHHs

MO)X€ BHUHUKHYTH Yy 3B’S3Ky 3 OOMEXKEHUMHU MOJIMBOCTSAMU 3MIHM MOMEHTY JBMIYHA, SIKUN
KEepyeTbCs Bl YaCTOTHOIO IepeTBOproBavya. BpaxyBaHHS I1bOro OOMEXKEHHS BHKOHYETHCS
AQHAJIOTTYHO, AITOPUTM (pHUC. 2) 3MIHIOETHCS JIUIIE Y OJHIA YaCTHHI — JOJAETHCSA OJIOK MEpeBIpKH
obmexxenns (6). IlpuBememo mmIIe Ty YaCTUHY QJITOPUTMY, SKa BIAHOCHTHCS JO BHUKOHAHHS
obmexxeHs (puc. 4).

Bapianis koedinieHTy 0, Ha KOKHOMY KPOI[l PO3paxyHKy KE€pPyBaHHs JI03BOJISIE BUKOHYBATH
PI3HOMaHITHI OOMEXEHHsI, HapUKIIad, KIHEeMaTUyHl. Y HepiIiil 4acTuHi craTi 0yJa0 BUKOPHUCTAHO

NPUIYINEHHS signi, =1 UIA ¢ [0, T], IO 03HAYAE, IO MIBUIKICTH BI3Ka HE 3MIHIOETHCS 32 3HAKOM.
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3BHYAalHO, MO>KHA
5 = AS 3aJaHHsT MIHIMAILHOTO 3HAUEHHS 320e31eynT 1€ OOMEXKEHHS
" BaroBoro koedirienry J,
= JToJaBaHHSIM abo
(i) PospaxyHOK BIIHIMAHHSM BiJl IPUBOJHOTO
KepYBaHHS

7 3YCUIUIA BEJINYNHU
i G EIT | CTaTHYHOTO orIopy
5 =8 +AS _uiAn—u(G-nAy | HaGmmkerwit pospaxyHok nmepeminieHHo  Bidka  W.

w U= AL IIBHAKOCTI 3MiHH KEPYBAHHSI
7 Tobro, y BuUIAAKY KOJHU

- + . .
i ] <, signxy=1 11 te[0,T] n1O
Buyiaua kepyroumx OPUBOJAHOTO  3ycwuist  F
5,=8,+A5 " . p ' !

I HEO0OX1IHO OJaBaTH

. BennuuHy W. YV BHmauk
Puc. 4 — Yactuna anroputmy poO0oTH LHUPPOBOI CUCTEMU Y ey

KEepyBaHHsI pOOOTOI0 KPaHOBOTO Bi3Ka 3 BAHTAXKEM IIPU KOJIH signx; = —1 B1L
0oOMeKeHH]1 Ha KCpyBaHHA Ta MIBUAKICTh MO0 3M1HU BEJINYMHU F H€O6XiHHO

BigHIMaTu W. OfHaK y MOMEHT 3MIHU 3HaKy QYHKLII signx; IPUBOAHE 3yCHUIs OyJie MaTH pO3PUB
HEpIIOro poxay, mo € HebaxanuMm. OnHaK MOXKIMBICTH Bapialii Koe(ilieHTy O, Ha€ 3MOry

OyayBaTH TakMi aJrOPUTM CHHTE3y KEpyBaHHs NpU KA OM (QyHKUiA signx, HE 3MIHIOBala BCIA
3HAaK, oTKe PyHKIIA F He Oyzne MaTu po3puBiB. Lle gocaraerbest NesSKUM yCKIIaJHEHHSIM alITrOPUTMY:
HEOOX1JTHO KOHTPOJIIOBATH BEJIMYMHY IIBUJKOCTI BI3Ka X; 1 AKIIO X, € OJIM3BKOIO 10 HyJs, a
KOJIMBAHHSI BaHTaXYy 1ll[€ MalOTh JOCUThH BEJIMKY €HEprito, TO HEOOXIJHO HaBMHUCHO 30UIbLIYBAaTH

IMIBUJKICTh BI3Ka, 30UIBLIICHHSAM BEIMYMHM KEPyBaHHsS 3a JomoMoror Bapianii o,. Ha nedxomy

MPOMDKKY PyXy MOXYTh BUHUKHYTH BUIIQJKH IO 1€ 3POOUTH HEMOXKJIMBO, TOJl HEOOXITHO
30UIBIIYBATH IIBHUJIKICTh Bi3Ka BIAXWJISIOUYHCH BiJ] ONTUMAIbHOIO KEpPYBaHHS, TOOTO KOPHUIyBaTH
KepyBaHHA y ,,HeONMTUMaIbHY o001acTh. [licas kopoTkouacHOi Ail ,,HEONTUMAIBHOTO KEepyBaHHS
HEOOX1IHO 3HOBY MOYMHATU ONTUMAJIbHE KEPYBaHHS, NPU LbOMY IMEPEAICTOPIA pyXy IMHAMIYHOL
CUCTEMHU ,,BI30K-BaHTaXX~ HAC HE I[IKABUTh, a I[IKABJIATH JIUIIE IMOTOYHI 3HAYCHHs (a3zoBUX

KOOpJWHAT.

BucHoBku

[lincymoByroun mnepuly Ta JIpyry YacTHMHM JAHOTO JOCHIIPKEHHS MOXHa CKa3aTH, IO
CUHTE30BaHO OINTHUMAaJIbHE KEPYBaHHSA PYyXOM KpPAaHOBOTO Bi3Ka 3 BaHTa)XXeM IPH OOMEKEHH1 Ha
BEJIMYMHY KepyBaHHs. MeToJ, KUl BUKOPHUCTOBYEThCS JJIi CUHTE3Y — aHAJIITUYHUMN (JUHAMIYHE
[IpOrpaMyBaHHs), OJIHAK BHUpaxyBaHHS OOMEXEHHsS Ha KEpyBaHHS MPOXOAUTH JUCKPETHO.
MeTtouka JUCKPETHOTO OOMEXKEHHS KepyBaHHs MOXke OyTH HOIIKMpEeHa TaKOoXK Ha 1HIII AMHAMIYHI
Ta KIHEMaTU4H1 IOKa3HUKU PyXy AMHAMIYHOI CUCTEMHU.

OTtpumMaHe KepyBaHHS MOXe OyTH BUKOpHUCTaHE ISl MIABUILEHHS MPOIYKTUBHOCTI POOOTH

MPOJILOTHUX KPAHIB,0COOIUBO, SKILO BOHU MPALIOIOTh Y CTOXAaCTUYHUX 30BHILIHIX CEPETOBUIIAX.
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Joseiixin B.C., Pomacesuu 10.0. «CuHTe3 ONTUMAIBLHOTO KEPYBaHHS PyXOM KPaHOBOTO
Bi3ka. Yactuna II».

[loka3aHo BIUIMB Ha BEIUYMHY ONTUMAJIBHOTO KEPYBaHHS JAMHAMIYHOIO CHUCTEMOIO ,,KpaH-
BAaHTaX 3HAYEHHS BaroBoro Koe(ili€eHTY, 0 BXOJAUTh Y CTPYKTYPY ONTUMI3aLIHOTO KPUTEPIIO 1
BiToOpakae ,I[iHy” Ha KepyBaHHS. BCTaHOBIEHO yMOBY 3aKIHUEHHsSI KEpyBaHHS JMHAMIYHOIO
cucremoro. Po3po0ieno anroputm po6oTu uppoBoi CUCTEMHU KEPYBAHHS pyXOM KPaHOBOI'O Bi3Ka 3
BaHTaXXeM IpU OOMEXEHH1 Ha KepyBaHHs. 3alpOINOHOBAHO MOUIMPUTH AJITOPUTM JJIsi BUKOHAHHS
oOMeXeHb Ha HIBUKICTh 3MIHU KEPYBAaHHS CUCTEMOIO.

Knrwouoei cnosa: ontuMaibHE KEpyBaHHS, BAHTAKOMIAHOMHUN KpaH, OOMEXEHHS Ha

KepyBaHHsI, IU(pOBa CUCTEMA, AITOPUTM.

Josgeiikun B.C., Pomacesuu FI0.A. «CuHTe3 ONTUMAaJIbHOIO YIpPABJICHUS ABUKEHHEM
KpaHoBOU Tenexku. Yactp [I».

[loxazaHo BiMSHME HA BEIUYMHY ONTHMAJIbHOTO YIPABIEHUS IUHAMHYECKOH CHUCTEMOM
»KpaH-rpy3”  3Ha4eHHs] BECOBOT0  Ko3(d(duiMeHTa, KOTOpbII BXOJAUT B  CTPYKTYpPY

ONTHUMHU3AIMOHHOTO KPHUTEpHUsI U OTpakaeT ,IIeHy Ha YIpaBleHHE. YCTAHOBJICHO YCIOBHE

29

MamunoOyayBanss. 2013. Nel2



IinHiMaabHO-TPaHCIOPTHI MAIIMHHI

OKOHYAHMS YIPaBICHUS IUHAMHYECKOW cuctemMoi. Pazpabortan anroputm paboTel 1UGPOBOIMA
CHUCTEMBI YIpaBJEHUS JBIKCHHEM KPAaHOBOW TEJIEKKA C TPy30M Ha THOKOM TIOJBECE TNPH
OTpaHUYECHUHU Ha yrpaBiieHue. [IpeaiokeHo paclimpuTh alTOPUTM 1711 BBITIOJHEHUS] OrPaHUYEHUI
Ha CKOPOCTh U3MEHEHHUS YIIPABICHUS CUCTEMOM.

Kniouegvie cnoga: onTUMalbHOE YIIPaBIEHUE, T'PY30IIOABEMHBIM KpaH, OTpaHUYEHUE Ha

yhpaBiieHue, HUPpoBas CUCTEMA, aJITOPUTM.

Loveykin V.S., Romasevichy Y.0. “Crane carriage movement optimal control. Part 1I”.

The influence to value of optimal control by dynamical system ,crane-load” value of
weighting coefficient, witch belonging to structure of optimization criteria and correspond to
,coast” of control has been showed. Condition of ending control dynamical system has been stated.
Algorithm of working of digital control system of crane carriage movement with load at flexible
suspension accounting control constraint has been developed. Algorithm has been proposed flare
for implementation of limit condition by speed of changing of system control.

Key words: optimal control, load-lifting crane, control limit, digital system, algorithm.
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