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AHHOTAIINA

B cratee pemeHa 3amada ONTHMANBHOTO YINPAaBIECHUS BEIMYMHOM BXOJHOTO IIOTOKAa MaTepuaa
MarucTpaJIbHOI'O KOHBEHEpa C aKKyMYIHPYIOIIUM OyHKepoM. JiIst onmucaHus MarucTpajbHOro KOHBeHepa
ucnonb3oBana PDE-model notouno# nuHur. MaructpalibHblii KOHBEHEp MPeICTaBlICH B BUAC CIOXKHON
JUHAMHYECKOM paclpefeNeHHON CHUCTeMbl. [IpennoxkeH aaropurM MOCTPOEHHUS ONTHMAIbHOTO
yIpaBJIeHUs] OTOKOM MaTepuajia M3 aKKyMyJUpYHoIero OyHkepa. AJTOPUTM MO3BOJIAET OOECIICUHUTh
MUHUMAaJIbHOE OTKJIOHEHHE BBIXOJHOIO I'py30IOTOKa MaTepuana OT 33JaHHOTO IUIAHOBOTO 3HAYEHMS.
CuHHTe3 ONTUMAJIBHBIX YIPaBJIEHUI BHIIOIHEH C Y4€TOM OTpaHMYEHHH Ha pa3Mep aKKyMYJIUpPYIOLIEro
OyHKepa W OrpaHHYEHHs HA BEIMYHMHY ynpaieHus. lIpu mpoeKTHpOBaHMM ONTUMANbHBIX YHPABICHUM
[I0JIAraeTcsl, 4YTO CKOPOCTh KOHBEHEPHOW JIEHTBI MAaruCTPaJIbHOIO KOHBEHEpa SBISETCS IIOCTOSHHOM.
JletanbHO aHANM3UPYETCS JUHAMUKA 3allOJTHEHUS] MaTEpPUaIoM aKKyMYJIHPYOMEero OyHKepa sl pa3HbIX
aNropuTMOB ynpasieHus. IlpencraBiaeHbl BapHaHTBl TOYEK NEPEKIIOUYEHUS 3HAYEHHS] ONTHMAIBHOTO
ynpasyieHust. OTIEIBHO aHATTM3UPYIOTCS ClIydad ONTUMAaJIbHOTO YIpaBiIeHHs, Koraa (azoBast KoopanHaTa
He JocTHraeT (a3oBbIX OrpaHUuEHHI 1 Kora Ga3oBasi KOOpAWHATa HAXOAUTCS Ha ()a30BOM OTpaHUYEHHH.

Abstract

The article solves the problem of optimal control of the input flow of the material of the main conveyor
with an accumulating bunker. The PDE-model of the production line is used to describe the main conveyor.
The main conveyor is presented as a complex dynamic distributed system. The proposed algorithm for
constructing optimal control of the material flow from the accumulating bunker. The algorithm allows
ensuring the minimum deviation of the output cargo flow of the material from a given planned value. The
optimal controls were synthesized taking into account restrictions on the size of the accumulating bunker
and restrictions on the value of the control. When designing optimal controls, it is assumed that the speed
of the conveyor belt of the main conveyor is constant. The dynamic of filling the accumulating bunker for
various control algorithms is analyzed in detail. The options for switching points of the optimal control
value are presented. The cases of optimal control are analyzed separately when the phase coordinates have
no phase constraints and when the phase coordinates are in phase constraint.

KuroueBble ciioBa: KOHBeerp, MNpOU3BOACTBCHHAA JIMHUA, IPECAMET Tpyda, IOTOYHAA JIMHUA, PDE-MO,E[GJ'IB
MMpoOU3BOACTBA, TapaMETPbI COCTOSIHUSA IMOTOYHOH JIMHHUH, TCXHOJIOI'N4YCCKas 1o3uliys, nepexoz[HOﬁ nepuona,
CHCTEMBI YIIPABIICHUs MPOHM3BOACTBOM, ONTHUMaJbHOE yrpamieHue, (yHkmnus [loHTpsiruHa, QyHKIMS
Jlarpamxa, mudQepeHunanbHble CBA3H, aKKyMYJIUPYIOLINA OyHKEp, paclpeiesieHHas: CHCTEMA.

Keywords: conveyor, a subject of labour, production line, PDE-model of the production, parameters of the
state of the production line, technological position, transition period, production management systems,
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optimal control, Pontryagin function, Lagrange function, differential constraints, accumulating bunker,
distributed system.

OO0uasi NOCTAaHOBKA 321a4M MCCJIEJ0BAHUA U €€ aKTyaJIbHOCTh

CymiecTByeT JBa NPUHIMIHAIBHO OTIMYAIOUIMXCS CIIOCO0A YIPABICHHUS BBIXOJAHBIM
Ipy30II0TOKOM KOHBeiepHOi nuHuM. I[lepBblif croco0 yrpaBieHHs BEIUYHMHON BBIXOJHOTO
IPY30II0TOKA 3aKJIIOYAeTCs B PETYJUPOBAHUHM CKOPOCTH JIBM)KCHUS KOHBEHEPHOW JIEHTHI
[[axmeticTep u ap., 1972; Lauhoff, 2005; Halepoto, et al., 2016; BARTEC, 2020; Pihnastyi,
Khodusov, 2017]. Bropoii crioco0 yrpaBiieHHs: BETMYMHOMN BBIXOTHOTO IPY30II0TOKAa OCHOBAH Ha
UCIIOJIb30BAaHWM Ha BXOJE€ B KOHBeHepa akkymynupymomiero OyHkepa [Pa3zymubiii, Pyxios,
Kozaps, 2006; Ilpomnenko, 2008; Ilpokyna u ap., 2012]. YnpapieHue BBIXOJHBIM IOTOKOM
OCYILECTBIISICTCSI C ONPEACICHHBIM 3alla3IbIBAHUEM TIOCPEICTBOM HM3MCHCHUSI BEITHMYMHBI
MOCTYMAIONIEr0 MaTrepuaja Ha BXOJ KoHBeWepa. Kak mpaBmiio, BTOpPOH crocod ympaBiieHUs
OCYILECTBIISICTCS ITPH MOCTOSIHHON CKOPOCTH JBMIKEHHSI JICHTHI.

Crioco6 peryupoBKH CKOPOCTH KOHBEWEpa MCIONB3YETCs NIl CHIDKEHUSI TTOTPEOICHUS
suepruu [Hiltermann, et al., 2011; DIN 22101:2002-08, 2002]. DTo cBsi3aHO C TeM, 4YTO B
OOJIBIIIMHCTBE CIIy4acB KOHBEHEPHBIC CHCTEMbI (YHKIHMOHHPYIOT B PEXKUMAX, 3HAYUTEIBHO
OTJIMYAIONIMXCS OT HOPMAaTUBHOTO. V3MeHsromascs BO BPEMEHH BEIMYMHA IMOTOKA TOPHOM
IOpOJbl, TOCTYMAaloiass Ha BXOJ KOHBeWepa, OKa3blBa€T CYHNIECTBEHHOE BIHUSHHE Ha
HEPaBHOMEPHOCTh ~ 3arpy’KEHHOCTH JICHTHl BJOJb MapuipyTa TpPaHCIIOPTHPOBKU  IIPH
HEeperyJmpyeMoM npuBojie KoHBeiepa [Semenchenko, et al., 2016]. Bo3M0OXHOCTb peryaIupoBKu
CKOPOCTH JIBMDKEHHS JICHTHI TII03BOJISIET (DYHKIIMOHUMPOBATH TPAHCIIOPTHOM CHCTEME B
HOPMAaTHBHOM pE&XHME, OO0CCIeuuBas IPH OSTOM MHHUMAJIbHOE 3HAYCHUE MOTPEOIICHHS
AJIEKTPOIHEPTUU HA TPAHCIIOPTUPOBKY ITOPOJIBI €IUHHYHON MaCCHI.

Cornacuo crannapty DIN 22101 (I'epmanust) [DIN 22101:2002-08, 2002] oxwugaercsi, 4To
NOTpeOJIeHne SHEPTU JICHTOYHOTO KOHBeHepa OyneT yMeHbIIeHO. [Ipu 3TOM cymiecTBEeHHO
BO3PACTAIOT MOTEHIIMAIBHBIE PUCKU BBIXO/Ia U3 CTPOS 3JIEMEHTOB JICHTOYHBIX KOHBEHEPOB U3-32
94acTOro Mepexoja U3 OJHOTO PeXHUMa CKOPOCTH JIBMKEHHS JICHTHI B JAPYTOM PEKUM CKOPOCTH
[conveyorbeltguide, 2020], 9To NPUBOAWT K 3HAYUTENBHBIM (HHAHCOBBEIM 3arparam. B
NEPeXOJHBIX PEKUMaX HM3MEHEHHE CKOPOCTH JIBIIKCHHS KOHBEHEPHOH JIEHTHI NMPUBOIUT K
HATSHKCHUIO JICHTBI, YTO SIBJISICTCSI OCHOBHOM MPUYMHON Pa3phiBa JICHTHI B 00JIACTH CPAIIMBaAHHS
(puc.1), [conveyorbeltguide, 2020]. [Ipu npoekTUpOBaHUM TPAHCHOPTHOM CUCTEMbI HEOOXOIMMO
YYUTBIBATH M JPYTUE PUCKH, BO3HUKAIOIINE B pe3yibTaTe (QYHKIMOHUPOBAHUS KOHBEHWEPHOMN
JMHUM B TIEPEXOTHOM PEXHMME: MPOCKaJIb3bIBAHHE PEMHS BOKPYT MPUBOIHOTO IIKHBA; yTeYKa
Matepuala B CTOPOHY OT PEMHS; IEPErPeB JABUTATEIIS.

Puc. 1. Beixon u3 cTpost TpaHCIIOPTHOM CUCTEMBI B pE3yJIbTaTe MMOBPEXKACHUS JIEHTHl KOHBEHEpa
Fig. 1. Failure of the transport system as a result of damage to the conveyor belt
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Hapsny ¢ HanuumeM NOTEHIMAIBHBIX PUCKOB DPAa3pyLICHUS TPaHCIOPTHOM CHUCTEMBI
BOKHOM MpOOJIEMON SBISICTCS JUHAMUYECKHM aHAIW3 TPAHCIIOPTHBIX CHUCTEM C PEKHMOM
pEeryaupoBaHUs CKOPOCTH JBWKCHHS JICHTHI M 0€3 peXHuMa peryIupoBaHUsS CKOPOCTH
[[axmeiicTep, AmuTtpues, Jlobauéra, 1972]. CoXHOCTh TMHAMHYECKOTO aHAIN3a MPOSBIISCTCS
B TOM, YTO KOHBEUEP C JIBHXKYILIEHCS TOPHOW MOPOAOM BIOJb TPAHCIIOPTHOTO MapLIpyTa — 3TO
pacmpeziesieHHass CUCTeMa C PsAJOM OIPAaHMYEHUM, Cpeld KOTOPBIX HEMAaJOBaXKHBIM SIBIISIETCS
OrpaHUYCHUE 110 MAKCUMaJIbHOM YJEIbHOM JMHEHHOM Harpy3Ke Ha KOHBEHEpPHYIO JICHTY U
OTrpaHUYCHHUE 10 MAKCUMAJIbBHOMY 00beMy TpaHcropTupyemoit Macchl [[1laxmeiictep, JIMuTpues,
1978]. KonBeilepHass cuctema SIBJISIETCS CTaTUCTHMYECKU HeompeneseHHoi. Crarucrtuyeckas
HEONPEIENCHHOCTh 3aKJII0YAaeTCsl B HEOINPEAEIIEHHOCTH BEIWYMHBI IOCTYNAOLIEr0 IMOTOKA
MOPO/IbI HAa BXOJ1 KOHBeHepa (HeonpeeeHHOCTh TPAaHUYHBIX YCIOBHIT), YTO TpeOyeT MpH pacyere
KOHBEWEPHOM JIMHUM UCIIOJIb30BaTh BEpOATHOCTHBIE MeTO bl [[IIaxmericTep, 1983].

B nacrosimeii paboTe 0OCHOBHOM yIop C/IeiaH Ha MOCTPOSHUE ONTUMAIBHOTO YIIPABICHUS
rPY30IIOTOKOM  MAarucCTpaJibHOM KOHBEUEPHOW JIMHUHW, OCHAICHHOW aKKyMYJIUPYIOIIUM
OynkepoMm. IIpu MCHONB30BAHUU CHCTEMBI TPAHCIIOPTUPOBKM TOPHOW MOPOIBI K HOPTOBOMY
tepmuHaiy [Shanghai Keda Heavy Industry Group, 2020] (prc.2) rpy30Boii IOTOK MaTepuaia Ha
BBIXOJIe KOHBEIepa JOKEH U3MEHATHCS B 3aBHCUMOCTH OT KOJIMYECTBA U 00BbEMa 3arpy304HBIX
€MKOCTEH CyXOTpy30B, a TaKkxke rpaduka nojJauu CyXorpy3oB Ha 3arpy3Ky.

B)
Puc. 2. ITanopama opTOBOT0 JIEHTOYHOTO KOHBElepa:
Fig. 2. Panorama of the port belt conveyor:
a) Shanghai Port, Luojing Phase Il ore terminal; 6) Inner Mongolia Shenhua Group Wanli Burte
conveyors; B) Rubber belt conveyors for the phase I, Il, and I11 projects of the Raw Material Factory,
Baosteel Group; 1) Belt conveyors in the Phase Il Project of Jiangsu Dafeng Port.

OT0 gocturaercs 3a CYeT TOro, YTO BXOJHOW IOTOK MAaTepuajoB IOCTyMaeT B
aKKyMYJIMPYIOLIHH OyHKep. YTpaBieHHe MOTOKOM, BEIXOASIIUM U3 aKKyMYJIHpYoIero OyHkepa
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W TIOCTYNAIOIIMM Ha BXOJI KOHBEHEPHOW JIMHUH, IO3BOJIAET CHOPMHPOBATH TPeOyeMBbIit
IPY30I0TOK Ha BBIXOJI€ C TPAHCIIOPTHON CUCTEMBI.

IIpy moOCTpOCHMM  ONTHMAJIBHOIO  YNPABICHUS TI'PY30IOTOKOM  MAaruCTpajibHOU
KOHBEMEPHON JIMHUM IPEAIIONIAraeTcs, 4YTO CKOPOCTb KOHBEHEPHOM JICHTHI IIOCTOSHHA.
B03M0OXKHOCTB peryanupoBaTh CKOPOCTh JIBUXKEHUSI KOHBEHEPHOM JIeHThl oTcyTcTBYeT. Ha puc. 2
NPECTaBICHbl COBPEMEHHBIE IOPTOBBIC JIGHTOYHBIE KOHBEHEpHI, TpeOyeMblii BBIXOIHOU
IPY30II0TOK € KOTOPBIX MOXKET OBbIThb OO€cleYeH HAIWYMEeM aKKyMYJIUpYHoIlero OyHKepa u
CHCTEMOM yIpaBJIeHHsI TIOCTYIJICHUS] TOPHOW IOPO/Ibl HA BXOJI TPAHCIIOPTHOH crctemsl [ Shanghai
Keda Heavy Industry Group, 2020].

B kauecTBe aKKyMyJIMpYIOIIETO BXOJHOI'O YCTPOMCTBA MOXET OBITH HCIIOJIb30BaH
CIUPAJIBHBIM HAKOIUTEIbHBIM KOHBEHEp, NMPUHLMIIMAIBHAS CXe€Ma KOTOPOro IPEJCTaBJICHA Ha
puc. 3. I[lpumeHeHHe TakuX AaKKyMYJIMPYIOLUIMX YCTPOWCTB OOOCHOBAHO [JIsi OpraHU3alluu
TEXHOJIOTUYECKUX  MAapUIpyTOB, KOTOpble TpeOYyIOT OJHOBPEMEHHOM aKKyMyJSMUM U
NepeMELIEHHs TPOIYKIUU B IPOM3BOJCTBEHHOM MPOILIECCE B BEPTUKAIBHOM U FOPU30HTAIILHOM
HanpasyieHuu. [locTynnenne Marepuana ¢ akKyMyJIUPYIOIIErO yCTPOKWCTBA HA BXOJ OCHOBHOTO
MarucTpajibHOT0 KOHBeWepa OCYIIECTBIIAECTCS IOCPEACTBOM PETYIUPOBAHUS CKOPOCTH JIBUKEHUS
JICHTBI B CIIMPaJIbHOM KOHBEHEPE.

Puc. 3. IlpunnunuanbHas cxema CupajIbHOIO HAKOMUTEIBHOTIO KOHBeWepa
Fig. 3. Schematic diagram of a spiral accumulate conveyor

ITocTanoBka npo6saemMbl 1 (POPMYJIMPOBKA LEIH CTATBH

[lenpro HacTOsAImEH CTaTbu  SBISETCA  IMOCTPOEHUE  PACHpPENEICHHONM  MOJEIU
MarucTpajJbHON KOHBEMEPHOU JIMHUM U ONPEEIIEHUE ONITUMAJIBHOTO YIIPaBJICHUSI IPY30II0TOKOM
MarucTpajbHON KOHBEHEpHO! JIMHUM, OCHAIIEHHON akKymyaupyroummm OyHkepoM. Ilpu stom
BBIJIEJIMM OTZACIIbHBIC 3a/1a4H:

a) TIOCTPOECHUE MOJEIN pACIpe/IeIEeHHOW TPAHCIOPTHOW CHUCTEMBI C BXOJHBIM
AKKyMYJIMPYIOIUM OyHKEpOM;

0) MocTaHOBKa 3aJjaud ONTUMAJIBHOIO YIPABJICHHUS MOTOKOM Ha BXOJE€ KOHBEHEpHOM
JVHUU C aKKYMYJUPYIOILEro OyHKepa;

B) CHUHTE3 ONTUMAJbHBIX YIPABIEHUH COCTOSHMEM MAaTepUaloB B  E€MKOCTHU
aKKyMyJMpyrolero OyHKepa W 3aBUCUMOCTH ONTUMAJIBHOTO 3HAUYE€HUS EMKOCTH OT
MPOTSKEHHOCTU TPAHCIIOPTHOU CHUCTEMBI.

Mopesb KOHBeHEPHOH JTHHUN

KonBeliepHble CHUCTEMBI SBISIOTCS PAa3HOBHIHOCTHIO TPOU3BOJCTBEHHBIX CHCTEM C
MOTOYHBIM METOJIOM OpTaHU3aIUH MPOU3BOACTBA. OTIHYUTETEHON 0COOCHHOCTHIO KOHBEHEPHBIX
CHCTEM SIBJISIETCSI TO, YTO JJIEMEHTHI MEPEMEINAITCs BIOJb MaplipyTa TPaHCIOPTUPOBKU B
CUHXPOHU3HUPOBAHHOM TEMIIC C OJIHHaKOBOfI CKOpPOCTEBIO, paBHOﬁ CKOpPOCTH ABHXKCHHUA JICHTHI
KOHBeHepa. Mojenb TOTOYHOW JIMHMM B OJHOMOMEHTHOM TPHONMKEHHH MOXKET OBITh
npescrasnena B Buge [Pihnastyi, 2018]:
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alx]y . s), olch(ts) _ 0

(L)
ot 0S
[cht9)=[xh, ©9). )
l'IpI/I HaYaJIbHBIX
[x],(0,8) =¥(s), 3)
FpaHI/I‘lHBIX YCJ'IOBI/IHX Ha BX0AEC HOTO‘{HOP'I JIUHUUN
(] t0) =A(), 4)

rae Sy — KOOpAMHATAa TEXHOJIOTMYECKOM IO3MLMHU JJIS 3aKIIOYHUTENBHON OIEpaluH; D(]o (t, S),
[Z]l (t, S) — IUIOTHOCTBH PacHpeeNICHUs U TeMIT 00pabOTKH MPEIMETOB TPY/Aa B MOMEHT BPEMECHH
t Ha TEXHOJOTHYECKOW IMO3UIMH, XaPAKTCPU3YIOIIUXCS KOOPAMHATOH S e [0, Sy ] Y(S) -
HavyaJbHOE pachpejieiieHue MPeIMETOB TPyAa BJI0JIb TEXHOJIOTMYECKOT0 MapIIpyTa, [X]lw t,S) —
HOPMATHBHBI TeMI 0OpaOOTKM MPEIMETOB Tpylda Ha TEXHOJOTUYECKHX IO3UIIMSX,
OTpE/ICTICHHBI B TEXHOJOTUYECKOW MPOM3BOJCTBEHHON TOKYMEHTAIMU (SIBJISETCS 3a/IaHHBIM)
A(t) — Temm mocTymIeHKs IPEAMETOB TPY/IA HAa BXOJ IOTOYHOM JIMHUH.

KonBeliepHass JIMHUSA TpeACTaBIsieT Cco0OM  Pa3sHOBUIHOCTh TIOTOYHOH JIMHHU.
[IpuHnunuansHasi 0COOEHHOCTh MOJEIUPOBAHMS KOHBEHEPHOH JMHUU A MPOMBIIIIICHHOTO
NPEANPUATHS 3aKII0YAECTCS B TOM, YTO NPEAMETHI TPYJa, PACHOJIOKEHHBIE Ha KOHBEUEPHOM
JIEHTE, ABMXKYTCS C OJMHAKOBOW CKOPOCTHIO. DTOT (haKT MO3BOJISET 3aMMCaTh CUCTEMY YpaBHEHUN
(1)-(4) B cnenyromem Buze [Pihnastyi, Khodusov, 2017]:

a[’(];t(t’ S, a[’((]als(t’ S)_ 5(S)A(), Ojoé(s )ds =1, (5)
[xh(t.9)=a®-[x]r9), (6)

IIpH HAYaJIbHBIX YCIIOBUAX

0, S<0,
[x]o(0,S) =H(S)-¥(S), H(S>={1’ 550

[ToTokOBBIE TTapamMeTpbl [;(]O(t,S) u [;(]1(t, S) cBs3aHBl MEXAYy co00i Kod(hUIMEHTOM

Se[0;s4]- (7

a = a(t) (Merp/4ac), KOTOpHIA ONpeNEIAET CKOPOCTh JBMKEHHS JIEHTHI KOHBEHEPHOW JIMHHUM.
[IpaBas yactb ypaBHeHUs (5) 5(8 )ﬂ(t) YUUTBIBA€T UICTOYHUK ITOCTYIUICHUS MaTepuaa Ha IEPBYIO
TexHojoruueckyro onepanuo (S =0 (metp)), 5(5 )—I[eJ'ILTa byHkus. HTEHCUBHOCTh
MOCTYIUIEHUsS. TOPHOM MOPOABI Ha KOHBEWEPHYIO JIMHMIO mperacraBieHa (yuximen A(t),

XapaKTepU3yIollel MOIHOCTh JIUHUM (TOHHA/4ac). B HauanbHbIH MOMEHT BpeMeHu t =0 (yac)
Ha KOHBEHEPHOW JIMHUM HAaXOJWTCS MaTepHall, KOTOPBIM pacHpesnesieH IO JIEHTE C JIMHEWHOU
IJIOTHOCTBIO [X]o (0,S) (tonna/metrp). DyHKUUA 5(8) OTpeseNsieT MECTO MOCTYIUICHUS

MaTepuaia Ha KoHBelepHyto auHM0: S =0. Cuctema ypaBHeHuit (5), (6) sBiseTcs 3aMKHYTOH

OTHOCUTEIBHO MOTOKOBBIX MAPaMETPOB [)(]0 (tS) u [)(]l(t, S) . YcnoBue 3ambikanus (6) oTpaxkaer

0COOCHHOCTh (DYHKIIMOHMPOBAHUS KOHBEMEPHOW JIMHUHU, 3aMEHHIIO ycloBHe (2) B cucreMme
ypaBueHnui (1)—(4). CnenyeT 3aMeTUTh, UTO ycIIOBUE (2) 7151 MPOSKTUPOBAHUS TOTOYHBIX JIMHUN
B OJHOMOMEHTHOM OMHCaHWUU sBisieTcs npuOmmkeHHbIM [[lurnacteid, 2007]. TowHOCTH
npubnmKeHus ompenensercss konuuectBoM N, mpeaMeToB Tpynaa, KOTOpbIE HAaXOAATCS B
MEKOIEPALIMOHHBIX 3a/ellax Mepe] KaXIOW M3 m—OH TEXHOJOrudeckou omnepanuen. Ilpu
Ny, = © mpuOIIKEHHOE PAaBEHCTBO (2) MEPEXOAWT B TOYHOE PABEHCTBO. TakuM 00pa3oM,
ycnoBue (6) MO3BOJISET TOCTPOUTH TOYHOE PEIICHHE CUCTEMBI YpaBHEeHHH (5)—(7) OTHOCUTEIHHO

MOTOKOBBIX MTAPaMETPOB [X]O(t, S) u [x],(t.S).
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PazoObeM TEXHOIOrMYECKMH MapIIpyT MPOTSHKEHHOCTBIO Sy Ha M ydacTkoB

AS;, =S —Smo1 Sp =0. IIpounrerpupyem ypaBHeHue (5) B IpeAenax y4acTka AITHHOU AS,,

:j’“ Arb®s) 4 :j”‘ %S(t’s‘)ds - :j“ S5(S)A(t)dS - (8)

HpI/IHI/IMaH BO BHUMaHHC

Sm Sm
| a[x]gt(t’s) dS_— j[x] (t, S)dS— : [[x]o @ S)ds =N, (9)
Sm-1 Sm-1
S

i —[’%S(t 45 = [} 5m) - [rh(tSms), (10)

Sm-1

Sm At), if S, 4 =0;

sn{f( JA(t)dS = ﬂ(t)Sn{ f( )ds {O, £ s -0, (11)

ypaBHeHUE (8) MOKET OBbIThH Hpe,Z[CTaBJ'IeHO B CJIETyIOIIIEM BUJIE

d('j\ll /Lt htSm) -kt Sma)=0, [xhto)=0.  (12)

Ycnosue [X]l(t,0)= 0 CBI/IILeTenLCTByeT 0 TOM, 4TO IPH YCJIOBUHU OTCYTCTBUS UCTOYHUKA

nocrymienus mMarepuanos ( A(f)=0), moTok mMarepuanoB Ha BXojae KOHBEHEPHOI IMHUM paBeH
Hymo. Ecinu ydacTok AS,,, COOTBETCTBYET M-0i TEXHOJIOTMYECKOM ONEpaliiy IPOU3BOACTBEHHON

NOTOYHOM  JuHMM, TO ypaBHeHus (10)—(12) onpenenstoT U3MEHEHUS  COCTOSHUS
MEXOIEepallMOHHbIX 3aJIeJIOB Nepe] m-oi TexHojJoruyeckon omepanueil. Cuctema ypaBHEHUH
(12) HarnsgHO JEMOHCTPUPYET, KaK BJMSET BEIMYMHA MHTEHCHMBHOCTH ucTouHuKa A(f)

NOCTYIUIEHUSI MAaTEPHAJIOB U €r0 MECTOPACIOJI0KEHUE HAa COCTOSIHUE MEKOTIEPALIMOHHBIX 33/I€JI0B
BJI0JIb TEXHOJIOTMYECKOTO MapuIpyTa IPOU3BOICTBEHHOM JIMHUU.

[IpuHiMnIranpHas cxeéMa MArucTpaJbHOM KOHBEHMEPHOM JIMHUU C aKKyMYJIUPYIOLIUM
OyHKEpOM Ha BXOjie IpeacTaBiieHa Ha puc. 4 [conveyorbeltguide, 2020]. IToTok ropHo# mopob!
JOJDKEH TOoCTynaThb Ha BXOJ KOHBEHEpPHON JHMHHM OT aKKyMyJlupymolero OyHKepa ¢
MHTEHCUBHOCTBIO, HEOOXOOUMOM 1isi obecredyeHus TpeOyeMoro 3aJaHHOro TIpy30lOTOKa Ha
Bbixosie. Jlomomaum cuctemy ypaBHeHud (5)—(7) ypaBHEHHEM, MOJETUPYIOIIMM padoTy
aKKyMYJIMpYIOLIero OyHkepa:

dNo(t)
dt

N (t) —Tekymee coCTOSHME KOJMYECTBA MATEPHUANIOB B aKKyMYJHUPYIOLIEM OyHKEpe €MKOCTBIO

=2p®-A0, No(0)=Nogar  0<Ng <Ny, 0SAY<Ame,  (13)

Ny, . IIoTok MaTepHanos Ha BXOJl B aKKyMYJIUPYIOIH OyHKep Ay, (t) sBiIdgeTca u3BeCTHBIM. Takxke

OyzieM mosarath, 4To 3amaH Tpebyemblii motok o(l) Ha BBIXOZE C TPAHCIOPTHOM CHCTEMBI,

KOTOPBIA ompezesieH rpagukoM OTTPY3KH Mopoabl motpedutento. I[IpencraBum cucreMmy
ypaBaenuii (5)—(7),(12) B 6e3pazmeprom Buae. CocTossHUE MapaMeTpOB KOHBEHEPHOW JTHHUU
Oyzem onuceiBaTh 0e3pa3MepHBIMU IEPEMEHHBIMU [Pihnastyi Khodusov, 2017]:

t

r=—, e:— (14)
[x]ot 5) Tsp(s) B (t) T
_ _ _ No(t __y_d
O(z.8) ===5— v(&) no(r) = 5.6 L 9(r) = (t)Sd 5
y(7) = z(t)— 7o(0) = 2y () 2 (15)

540 S40
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A
o= 2, 0=ma 19,201, 525,00, HE-HE. a9
d

[Tomaraem, urto mnpu ocraHoBke KouseliepHod muuuu a(t) =0 wunTeHCHMBHOCTH

nocrymienus marepuanoB A(f)=0. 3nayeHne MOroHHON HArpy3KM Ha KOHBEHEPHYIO JIEHTY HE

JIOJDKHO TIPEBBINIATE MPEASIbHO-0MYCTUMOIO 3HAYCHHS [X]O (t,S)< [X]

npenen Ajds OTHOLIEHUS %: [X]o (t,0)< [X]o:mx- OTO NO3BOJIAET ONPEIEIUTH IPOMENKYTOK
a

ormax » 9TO U OIPENENIET

BpEeMEHH At[,} ., B TCYCHHE KOTOPOIO NOTOHHAs HArpy3ka B OKPECTHOCTH NO3HIMH S=0
max

AOCTUTHET NPEACIBHOIO0 3HAYCHHUA [X]Ormx

[ Jorax AS

0

At[)(]o ~ [X]Omax ’ (17)

rje AS[X]O — NPOTSHKEHHOCTH IISITHA KOHTAKTA HACBIITHOTO Marepuaia ¢ KOHBEHEPHOU JICHTON
max

IIPY OCTAHOBKE KOHBEHEpa U MPOJI0JIKAIOIIEMCS TOCTYIUIEHUN MaTepuaa U3 akKyMyJIUpYIOLIETro

Oynkepa. Mcnonbszyemoe orpaHudeHue [X]o (t,S)< [)(] MO3BOJIAET YTBEPXKIaTh, YTO IMOCIE

Omax
nepe3alycka JIMHUU KOHBeHep cMoXeT (yHKIMOHMpPOBAaTh B HOpMAaTUBHOM pexume. Crenyer
0o0paTUTh BHMMAaHUE HAa TO, YTO NPU KOJIMYECTBEHHOM 3HAUYCHUHM Oe3pa3sMepHOW BEITMYUHBI
No(zr)=1.0 mnpu ©O= [X]Omax aKKyMYJIHUPYIOIIUH OyHKEp COAEPKUT Takoe KOJMYECTBO
marepuana Ng(t), KoTopoe MO3BOJIMT 3allOJHUTh KOHBEHEpHYIO JIMHUU 110 BCEH MIMHE C
MaKCHMaJIbHO J0IyCTUMOH Harpy3koil N (t) =S40 .

C yuerom BBeAeHHbIX o00o3HaueHuii (14)—(16) ypaBHeHue OanaHca MOTOKOBBIX
napaMeTpoB KOHBEHEPHOH JIMHMHU 3amuchiBaeTcsi B OespazmepHoM Buze [Pihnastyi, Khodusov,
2017]:
06y(7.8)

00y(z,S) B
SO T =8y @) (18)
65(0,8) =H(S)w (S), (19)
dn(;)t(t) =1 (D)= 7(2), (20)
No(0) = Nostarts 0<ng(z) <ny, 0<7(7) < ¥rux - (21)

Pemenue cucremsl ypaBuenuit (5)—(7) ¢ ucronbp3zoBanueM 0e3pa3MepHbIX 0003HAYECHUHN 13
(14)—(16) mpencrasneno B [Pihnastyi, Khodusov, 2017]. IlpuauMast BO BHUMaHHE MOJyIEHHOE
peuienue, 3anumieM (18)—(19) B Bune

()
0 (7.&) =[H (&) - H (‘G(Tg))]g(z) +H(- G ) - G(zs)), (22)
G(r)=[g(r)dr, G HG(r)-&)=r,, (23)
o0 070, (24)

No(0) = Nostart: 0<no(z) <ny, 0<7(7) < ¥rex - (25)
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Conveyed material =
Chute Carry side idler Trough-to-flat transition

Carry side/toprun -/ Material discharge
/ /

Feed idlers

Flat-to-trough \

transition
\

(+) .
‘ - ] - e W EERY TR A [ P—— e
\ \ \ —
\ \ \ \ /

\ \ e / h
Scraper \ Return idler Dnive Ll TR
Bottom/return run Snub pulley / Seraper =
Head pulley

Y

Tail pulley

Take-up

Puc. 4. [lpuaiunmansHas cxeMa MarucTpaIbHON KOHBEHEPHOH JIHHIH
Fig. 4. Schematic diagram of the main conveyor line

IIpn ympaBieHMH TPaHCHOPTHBIM IIOTOKOM C KOHBEHEPHOW JIMHUM, HAa KOTOPOM
IPUCYTCTBYET aKKyMyaupyooumuil Oydep, OyaeM mnonaraTb CKOPOCTb JABMXKEHMS JICHTHI
NOCTOSAHHOM Q(7) = gg =const. Ilpeamomaraercs, 9o MMEETCS  BO3MOMKHOCTH OCTaHOBMTH

KOHBEep NpU CHUHXPOHHOM INIPEKpalleHUH IOCTYIUIEHUs MarepuanoB Ha ero Bxon. Jlms
MOCTOSIHHOM CKOPOCTH JABUKEHHMS JIEHThI KOHBEEpa

G(r) = g()dr = gor (26)
crenyer
r: =G—1(G(r)—§)=G(;)O‘§= go;f:r—i, (27)
Ar-=
00 (r.5)=[H(E) ~ H(E - gor)]TgO+ HE-gork(E—gor)  (28)

Beipaxkenue (28) onpezenser COCTOSIHUE INIOTHOCTH pacHpeeneHus Matepuana 6y (z,&)

BJI0JIb MapLIpyTa TPAHCHOPTUPOBKH B MPOU3BOJIbHBIH MOMEHT BpeMeHH 7. OCTaHOBHM CBOE

BHHUMaHUE Ha HUCCIeI0BaHUHU (YHKIIMOHUPOBAHMS TPAHCIIOPTHOW CUCTEMBI JJIsl BpEMEH 7 > < .
90
OTO0 MO3BOJMUT NMPEACTABUTH pellieHue (28) B yrpoIeHHOM BH/IE
g
Op(r,8)=——2, r>2 go > 0. (29)
90 90

JIyist TOTO, YTOOBI OMPEIETUTH B TIPOM3BOJIBHOM MECTE MapIipyTa & BEJIHYUHY JIMHEHHON
IUIOTHOCTH  6y(7,£) B MOMEHT BpPEMEHHU 7 TpeOyeTcsl 3HaTh 3HAUYE€HHE BXOJHOIO IOTOKA

MaTepuanoB Ha KoHBeiiepHyro mmamio A(f) B MomeHT BpemeHu 7 £ = r—i, KOTOpOE
Jdo

buKcupyercss U3MEPUTEITHLHO-BECOBOM anmapaTypoil KoHBeliepHOW JTMHUH. B3anuMocBs3b Mexy
3HAYEHUSAMU BEJIMYMHBI JINHEMHON IIJIOTHOCTH 6 (7,£) B MPOU3BOJIBHBIX TOYKaX TPAHCIIOPTHOTO

Mmapmipyra & u &, TPH IOCTOSHHON CKOPOCTH JBMD)KEHHSI KOHBEHEPHOW JIEHTHI JIETAIbHO

uccienoBana B [Crapkos, 2000]. [Ipurumas Bo BHuMaHue ypaBHeHus (26), (29), cucremy

ypaBHeHu# (22)-(25) npuBenem K BUAY:
-1/
eo(r1)=7(g—g°), 0<7(2) < Ve (30)
0
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dno(t)

pranib (s () - 7(2), (31)
nO(O) = Nostart 0< No (T) < Ny - (32)

YTO MO3BOJISAET OIMPEICIUTH IIOTOKOBBIE IIAPAMETPhI HA BBIXOIE KOHBehepHoi manu & =1. TTorok
MaTepraioB Ha BBIXOJE ¢ KOHBeiepHOW nuHUU O (7,1) MpH MOCTOSIHHON CKOPOCTH JIBMIKCHUS
JICHTBI ONPEACIACTCS IPOU3BEACHUEM Qg U O (7 1)

r-1/go)

A (r) =906 (7)) = 9o 7/( = 7’(7—1/ 90), (33)

Jo

3agaya oNnTUMAJIBHOIO YIIPABJIEHUs] IOTOKOM MaTepuaJjia, NOCTyNnalolero
U3 AKKYMYJMPYIOLIEero OyHKepa Ha BX0/]l KOHBelepHOil JIMHUM

Cdhopmynmupyem 3amady MOCTPOSHHSI ONTHMAJIbHON MPOTPaMMBbl YIPABICHUS MTOTOKOM
matepuana A(7) =U(7), nocrymaromero Ha BXOJ KOHBEHEPHON JIMHUM M3 aKKYMYJIHUPYIOLIErO
OyHKepa JUIsl YCTaHOBUBILIETOCS pexuMma paboThl KOHBeWepHoW nuHuu (22)—(25): ompenenutsb

BBIXOJ NpoayKuuu & (r1) = ggby(71) ¢ KOHBEHEPHON JTMHUU B TEYEHHUE NIPOMEKYTKA BPEMEHU
T= [O, Tk] IIPU HEMPEPHIBHOM YIIPABJIEHUHU MOTOKOM Marepuana A(7) =U(7), mocrynaromero ¢

aKKyMyJapyromero Oydepa Ha BX0Jl KOHBEHEPHOW JMHHH, KOTOPBIA MPUBOAWT K MHUHHUMYMY
(byHKIIMOHATT

7
”(91 () - 3(7)|dr — min (34)
0
npu quddepernnanbubix cBszsax (18), (20)
06y(z,8) ~ 96y(7.S)
: =0 , 35
5, 90— - (&) (35)
dng(t)
dot = Ybuffer(7) —U(7) , (36)
OTpaHMYEHUSIX Ha JIMHEWHYIO IIIOTHOCTH (21)
OSQO(T,é)SQOnmU (37)
OrpaHUYEHUSIX Ha BEJIMUMHY MaTepHaja B akkyMmynupymomem Oydepe (21)
0<ng(z)<ny, (38)

OrpaHUYCHUAX Ha BCIIMUUHY ITOTOKA MaTCPHUAJIOB, ITOCTYIIAIOUICTO U3 aKKYMYJIUPYIOIICTO 6y(1)epa
(21)

0<7(7) < Vrax »
OTPAaHHUYCHUSIX HA yIPABJICHHE
Umin SU(T) SUpax s Upin < Ggin < H7) < Gax < Upax (39)
1 HavanbHBIX ycnoBusx (19), (32)
00(0.8) =H(Ow(S), (40)
nO(O) = Nostart- (41)

[Tepedopmynupyem 3amauy (34)—(41), npuauMas Bo BHUMaHue perreHue ypasueHus (30)
6 (t)=6, (r -1/9g ,O): ONPENIeNUTh BBIXOJ TPOAYKInH & (7,1) ¢ KOHBEeHepHO IMHIN B TCUCHHE

IMPOMCIKYTKa BpPCMCHU T:[O, Tk] npu HCEHOPCPBIBHOM YIPABJICHUHW IIOTOKOM MaTcpUualia

A(r) =u(r), mocrymaromero ¢ akKyMyJIMpYyIOIIEro OyHKepa Ha BXOJ KOHBEHEPHOU JIMHMH,
KOTOPBIH IPUBOJUT K MUHUMYMY (DYHKIIHOHAT
Tk -1/ Jdo
J|01(T,O)—19(T+1/go)|df—)min Y Ty 21/90' (42)
0
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npu auddepeHInaNTbHBIX CBI35MX, OCHOBAHHBIX Ha cucTeMe ypaBHeHuit (30)—(32)

dng(7)

T =) -u@), 6, (r0)=u(z), (43)
OFpaHI/I‘leHI/IHX Ha J'II/IHGf/iHYIO ITIJIOTHOCTDb
0<6, (r,) < Gonex » (44)
OTPaHUYEHUSAX Ha COCTOSHUE BEJIMYMHBI MaTeprajia B akKyMyJupyroIiem oydepe
0<ng(z) <ng, (45)

OrpaHUYCHHAX Ha YIIPABJICHUC
0<u(7) < ¥px » Unin < Fmin < H7) < Fax < Upmx (46)
1 Ha4YaJIbHBIX YCJIOBUAX

No(0) = Nostart- (47)
®ynkuus [lonTpsruHa u conpskeHHas cucreMa umeet Buj [25]:
H =—u(r) - 9(z +1/ go)| + 4 (7 () — u(z)) > max, (48)
d 4] oH
_— O y T - T = O . 49
dr ong w1 (7 — 7o) (49)

Tak xak ycioBue ng( 7, ) He 3a1aHO, TO w4 (7, — 7o) = 0. BBeaAeHHBIN KpUTEpUil KayecTBa
(42) coOTBETCTBYET UCXOJHOMY KpHUTEpHIO KauecTBa (34):

ﬂ@l(r,l) - 9(r)|dr = ﬂ&l(r -1/90.0) - 9(r)|dr =
0 0

7y -1/ 9o
=A+ [0z -1/g9.0) - Ie)de=A+  [|61(z0)— Kz +1/gy)|dr — min,
1/gq 0
0

1/g
A= [|6i(z -1/ g9 0) - H(z)|d7 = const
0

Hannmune koHCTaHTHI A CBHIECTEIHCTBYET O TOM (pakTe, U4TO B Cilydae IOCTOSHHOMN
CKOPOCTH JIBMJKEHHs KOHBEMEPHOM JIEHTBI g, =const Ha HHTEpBale TZ[O, 1/gO]KpHTepHI7I

Ka4yeCTBAa MHBAPUAHTEH OTHOCUTENIBHO YIIPABIICHUS u(z') BXOJIHBIMH ITApaMETPAMU KOHBEHEPHOU
nuHuK. Ha 3TOM MHTEpBaie BBIXOJHOM MTOTOK ¢ KOHBEWEPHOW JIMHHUM SIBJIIETCS HEYIPABIISIEMbIM.

CunTe3 ONTHMAJBLHBIX ynpaBﬂeHuﬁ

Jl1sl cCHHTE3a ONTUMAIbHBIX YIIpaBieHni 3aaanum Bua Gyaxuuit $(7) u y, () . Honoxkum,
4TO MaTepHUalbl MOCTYNAlT B Oydep ¢ MOCTOSHHON MHTEHCUBHOCTBIO y|, (7) =1. Bun dynkuun
9(r) ompememum kaxk  H(z)=1+sin(zr). Ipu orcyrcTBum (a3oBbIX orpaHudeHuii (45)
ONTHMAIIbHOE YIPABJIEHUE ONpEAesieTcss 3HayeHueM OQyHkuun H(7) B MOMEHT BpEMEHH

(r+1/9gp)
u(z)= 8z +1/ go) =1+sinlz (r+1/g,)), (50)

TaK KaK U3 HHTETpUpoBaHus ypaBHeHus (49) cinenyer wq(7) =const =0.
Ot0 no3BoJser 3anucarh GyHkuuio [IoHTpsruHa B cokparieHHoi hopme

H =—u(z —1/gg)— ()| - max.. (51)

[TonydynM nnsi ONTUMAIBHOTO YIpPAaBIEHUS IWHAMUKY W3MEHEHHUS COCTOSIHHS 3armaca
MatepuasoB Ny(7) B akkymynupyromeM OyHkepe. C yderom (50) ypaBHeHue (43) Oyner uMeTh

BHUI
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dno(7)
dr
rue 7o =1/ g, — Benuuuna onepexenns. 3uayenne Gpynkunn Hr) B MoMeHT BpeMeHu (r + ;)
U3BECTHO, ONPEAENACTCS, HAIpUMeEp, IIaHAMU 3arpy3Kd MaTepualaMd IOCTYIMBIINX Ha
3arpy3Ky CyXorpy3oB. Mcnonb3ys TeopeMy OnepexeHus OpuruHaia

f(r+ro)<:epT°{F(p)—Tjof(g)e‘p‘:dg’],
0

=y(r)—3(r+r0):—sin(ﬂ (T+Z'0)), (52)

HaiieM n3o0paxenue GyHKIUU Sin(ﬂ' (z' +79 ))

Sin(ﬂ' (r+ 174 ))<: gPro [—

p+7Z'

fsin(a e pfd;j

rjosin(ﬂg)e‘pgdg = —irfoe‘p”;d cos(z) = —l(e‘pg cos(;zg)(o —(- p)rjocos(ﬁg“)e‘pgdg“} =

0 T 4 0 0

__Leran cos(zrg)—1+ p?cos(;z{)epgdgj = —l(e"”o cos(zrg)— 1+— je P<d sin(z ;)]
0 T

PR cos(rzrg) -1 B[ pgsm(;zg’)( —(- p)jsm(;zg)e pgd;]] _
VA

) PRy cos(mo)—1+£[e‘p’° sin(zzg )+ prjosin(;rg“)ep?dgn =
a 0

__Leen cos(mo)+l—£2e P sin(rzg ) - jsm(ng“)e Peds;
T

T T
0 _ e~ P70 cos(rry )+ 7 — pe pTOsm(m )
(j)sm(ﬂg“)e Pedg = ( Op 2 0 )
b T (— e~ P™ cos(zrg )+ 7 — pe” P70 sin(zz, )) _ moos(wzg )+ psin(zrg)
p2+7z2 p2+7r2 p2+7r2 .

3anumiem pemieHue ypaBHeHus (52) B uzoOpaxeHusix [ApamanoBud, JIyHIl, DIIbCTOJBII,
1968; Crapkos, 2000]

m0os(xrg )+ psin(zzy ) Nostart 7 €0S(7z)  sin(zz)

PNo (P) ~Nostart =~ , No(p) = . (53
0 Ostart p2+7z'2 0 p p(pz -|—7z'2) p2 +7z'2 ( )
HpI/IHI/IMaH BO BHUMAHHUE, YTO
Lot Ll aocos(er), —1— = Lsin(m),
p plp? +2) 2 p+x? 7
pemienue ypaBHeHus (52), (53) npumer okoHUaTeNnbHYIO hopMy (pHC.5)
1 1. .
No(7) = Nostart ——5 (1~ cos(m));zcos(mo)—;sm(m)sm(mo):
T
= Nostart — 1cos(mo)+ l( cos(7zr )cos(7rg ) —sin(zr)sin(zz ) )=
T T
= Nostart + 1 cos( n(r+7p) )— 1 cos(zzy) (54)
T T

Breipaxxenue (54) omnpenenser pemieHHe 3ajadyd  ONTHMAJIbHOTO  YIpaBJICHHUSA
aKKyMyJIHpyoomuM OydepoM mpu OTCYTCTBUM (Da30BbIX OrpaHuueHMH Ha Ng(7) 1pH
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ontuMaibHOM ynpasieHuu (50). [lns onpeneneHHoCTH OyieM mojiaraTh, 4T0 CKOPOCTh IBUKEHUS
KOHBEHEPHOM JIEHTHI gy =1, oTKyna 7o =1/gg =1 ¥ cienoBaTensHo

1—cos(7r)
nO(T ) = nOStart L —

Oynkuys Ng(7) NPUHUMAET 3HAYCHHUE B IMANIA30HE

Nostart < No(7) < Nostart + ;
OueBHIHO, YTO IIPU
2
Osno(f)snOstart+;£nb (55)

petierne ¢ Gpa3oBbIME orpaHndeHusMU (45) Oynet coBmanats ¢ (54).
IIpennonoxumM, 4T0 B MOMEHT BpeMeHH 7 yciaoBua O0<ng(z) mm ng(z)<n, He

BeIMONHAIOTCA. C yderom oOo3HaueHwmii (48), Jlarpamxkuad 3amuiieM CISAYIONMM 00pa3oM
[[Tontpsirun, bontsuckuit, ['amkpenunze, 1983]

L=H + 24Ny + 1o (ny —Ng)=—|u(z)— 9z + 7o) + wa[l—u)+ gung + 15 (ny =g ), (56)

,ulZO,yln0=0, /1220, ﬂz(nb—no)zo, T0=1.
dng dy, oH
Do _q_y, dva R _ L, e —70)=0. (57
iz 4 oy iy + fo w1(7 — 7o) (57)

Maxkcumym Qyukuun Ilontparuna (48) mpu 0 < ng(7) < Npyfrer MOKET JOCTUIAThCSA HA

KOHEYHBIX 3HaueHusax U(7):

u(r) < 8(r+7q) | u(r) =8(r +7q) | u(r) > Yz +19)
yp<-1 - - Unmex
wp=-1 — u(r) =Hr+17q) | u(r) > IHr+17g)
-l<yy <0 — u(z) =3z +17qp) - (58)
w1=0 - u(z) = 9(z + 7o) -
O<yq <1 — u(z) =3z +17gp) -
W =1 u(z) < Hr+17q) | u(z) =9(r +7¢) -
w1>1 Upin - -
Oynkuus [lonTpsaruna (48) Oyzner uMeTh BUA
H=—Uu+%(c+79)+yy(l-u)=—-ull+y; )+ Kz +74) +y3 — max, u(r) = Hr +1p);
H=y,1-u)=w; -z +17) > max, - u(z) =9(r+17g);

H=u-Hr+7q)+y1[l-u)=ull—y; )+ (r +79) +v; > max, u(z) < Hr+175).  (59)
TTocne/10BaTebHO PACCMOTPUM BO3MOXKHBIC BAPHAHTBI C YPAaBHEHMAMH U CBSI3CH M
COHpﬂ)KeHHI)IMI/I C HUMMU.

a) 1 <=1 — U,y . JBIKeHHe HaunHaeTcs pu BeauduHe ynpaBieHus U(0) = U,y 4

napameTpax yq(0) = w19, Ng(0)=Nggtart

dng dyy
—— =1-Umy, — =it Uy
dr dr
Pemenue cucTeMbl ypaBHEHHI
No(7) = Nostart =0, w1 () =y10 — a7,

€CJIM BCJIMYMHA 3aI1aCOB B 6yHKepe HaxoJuJaaCb HU)KHEM OrpaHUYCHUU, U

Nostart
No(7)=Nostart + 7 —Upax 7 » w1(7) = w10, 037371=—1'
Upax —
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n . .
B NPOTHBHOM ciydae. [Ipu 7, = —9S1T spayenme (aszoBoil mepeMeHHOH Ny(7) AOCTHTHET

Unax —
HWOKHEro orpanndenus Ng(z;)=0 ¥ ocTaHeTcs Ha HEM
ng(7)=0, v1(7) =y10 — (7 —71),

U ycnoBue yq (7, —7g) =0 He OyAeT BBIIOIHEHO (pUC.6). DTO IPOTHBOPEYUT IPEAIOIOKEHHUIO O
CYLIECTBOBAHUH PEIICHUS U MPUHIUITY MAKCUMYyMa.
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Puc. 5. Jlunamrka n3MeHEHUs KOIMYIECTBA MaTepHala B OyHKepe (a — IJIsl HAa9aIbHBIX COCTOSIHUN
Nostart = 0.65+0.15-i,i=0..10; 6 — w1 7y ={0.51.01.5,2.0}, 75 =1/ g;)
Fig. 5. Dynamics changes in the amount of material in the hopper (a — for initial conditions
Nostart = 0.65+0.15-i,i=0..10; b — for 7, ={0.51.0,1.5,2.0}, 79 =1/g,)

0) w1 >1 — Ugj, - AHAJIOTUYHO NIpEABIAYIIEMY CIy4aro, YCIOBHE q (7, —7g) =0 He
OyJIeT BBIMOJIHEHO (puc.6).

B) —1<y; <0, O<wyy <1 comepxutr nomyctumoe pemeHue i U(zr) = 3z + 7).
JeictBuTensHo, Hampumep, ans  u(z) > Hz+17p) m3 (59) caenyer U=Upj,. Ho o510
HNPOTHUBOPEYUT UCXOAHOMY YCIOBHIO U(7) = Ui, = 9(7 +17¢) B cuity (46), rne H7 +7qg) = Upip, -
Bapuant 7 =0 Takxke NpUBOAUT K ONTUMATIBHOMY YNIPABICHUIO H(7 + 7 )U rip, -

r) w1 =-1. HauanpHOE ympaBieHHe MODKHO OBITh BBIOPAHO TakUM 00pa3oM, 4TOOBI
HIKHEE OrpaHUYeHUe He ObLIO TOCTUTHYTO MEPBbIM. B IPOTUBHOM ciy4yae, TOCTUTHYB HUYKHETO
OrpaHMYEHUs NEpPBBIM, (Da30Bas KOOPAMHATA NyOCTAHETCA HAa HHMKHEM OIPAHMYEHHH. OTO
HaKJIaJbIBaeT yCJIOBHE Ha yrpaBieHue 1> U.

o) wy=1 . Jlna nmaHHOro ciy4das B CHJIy AHAJIOTWYHBIX PacCyXIEHWH, HadalbHOE
yIpaBJIeHHE OKHO OBITH BHIOpAHO TaKMM 00pa3oM, 4TOOBI BEpXHEE OrpaHHYEHHE HE ObLIO
JOCTUTHYTO MEPBBIM. B MpoTUBHOM cilydae, JOCTUTHYB BEpXHEE OTpaHUYEHUE NIEPBBIM, (azoBast
KOOPJIMHATA Ny OCTaHETCs Ha BEPXHEM OIPaHMYEHHUH. JTO HAKJIAJbIBAET YCIIOBUE HA YIIPABICHHUE
1<u.

CewmelicTBO (ha30BbIX TpaeKTOpUil Ny (7 ) mpeacraBieHo Ha puc. 7—9. CemelicTBO (ha30BbIX
TPAaeKTOPHIl OTBEYaeT KpUTEpHIO KadecTBa ympasieHus (34). Puc. 7 neMoHCTpUpYyeT anroputM
YIPaBJICHUSA: TPU CTAPTE KOHBEHMEPHOM JIMHUM MCIOIB3YETCs ympabieHue U(r) = Hz+17g).
JIOCTUIHYB BEPXHETO OrPaHMYEHHUS, POUCXOIUT Iepekimouenue ynpasienus U(7) =1. Dro maer
BO3MOKHOCTh OOECIIEYHTh IMOCTOSHHYIO BEIMYUHY MaTepHanoB B OyHkepe Ng(7) = ny,. byHkep
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MOJTHOCTBIO 3aIOHEH. M3nuilHee KOJMMYecTBO MaTepUaloB MOMACTCS HA BXOJ KOHBEUEPHOU
nuHuu. Ilogada celpbs mpeBblaeT notpedHocTu U(r) > H(r + 7). JanpHeillee yBenuueHue

HOTPEOHOCTH BO BXOJHOM IIOTOKE IIPUBOJUT K TOMY, 4TO (ha3oBas mepeMeHHas Ng(7) CXOAUT C
¢asoBoro orpanuueHus ng(z) =n,. KommdectBo Marepuasa B OyHKEepe yMEHBIIAETCS.
Brinepxxusaercs ynpasinenue U(r) = H(z +17g) A0 TOr0O MOMEHTA, II0KA HE JJOCTUTHYTO HIKHEE
orpaanuenye Ny (r) =0. JOCTHIHYB HHKHETO OTPaHMYEHHs MCIoNb3yercs ynpasienue U(7) =1.

Becp wmarepuwan, mnocrtymaronmuii B OyHKEp, IIOJaeTCs Ha BXOJ KOHBEHEPHOW JIMHUH,
u(z) < Hr+17p). Takoe ynpaBneHUE BBIACPKUBACTCA IO TEX IIOP, MOKA IOTPEOHOCTH B

MaTepuaie He JOCTUTHET TOYKH BbIXOJa C (Da30BOro orpaHuveHus. PacCMOTPEHHBIN ITUKI
noBTopsieTrcsi.  OKOHYATEIBHO AJITOPUTM YIPABICHHUS MOXHO CPOPMYIHPOBATH CIEIYIOIIUM
obpaszom: U(r) =1 mns dasoseix orpannuenuit u u(z) = $(r +7,) 32 mpenenamu (HasoBbIX
orpannueHuil. Crenyer 3aMeTuTh, YTO Ha (PA30BBIX OTPAHMUYCHUSX IMPOUCXOJIUT H3MEHEHUE

dy

CONpPSDKEHHON mepeMeHHOH w4 (7), q —120. Ha puc.8 HEMOHCTpHpYETCS AalIrOPUTM
T

yIpaBJIeHUs,, KOTJa TOYKHM MEPEKIIIOYEHMs YIPABJICHUs BbIOpaHbl TakuM 0O0pa3oM, 4TOOBI
n30eXaTh JOCTHKEHHS BEPXHEro U HMXKHEro OrpaHHYeHus A (pa3oBoil mepeMeHHOH Ny (7).

HauanbHoe qBMKEHNE OCYIIECTBIIAETCS € TOYEK Ny (0) = {0.3; 0.2; 0.1} C MIOCTOSIHHOM HAa4YaJIbHOU
untencuBHocThio  U(0) =1.5nocTymnenus marepuanoB Ha BXOJ KOHBEHEpHOW JHMHUM. JTO
obecrieunBaeT BBIXOJ I Ng(7)Ha (a30Byr0 TPAEKTOPHIO, KOTOpAs KacaeTcs OrpaHHYCHHUS B
CBOEH BepxHeH Touke. Beinepkusaercs ynpasienue U(r) = $(zr + 7) 40 TOro MOMEHTA, IT0Ka HE

OKa)KeTCA 11e7IECO00pa3HBIM OCYIIECTBUTH Mepexo Ha (a3oByI0 TPAeKTOPHIO, KOTOpasi KacaeTcs
OTpaHWYCHUs] B CBoel HmkHeH Touke. [lepexom Ha (a30BYHO TPaGKTOPHIO BBHITIOTHSCTCS C
ynpasinenuem U(7) =0. OxaszaBmmch Ha HOBOM (ha30BOM TPaeKTOPUHM, BBLIEPKUBAETCS

ynpasienue U(r) = Kz +7g) 10 CIAELYIOUIEN TOUKH EPEKTIOUECHUS.
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Fig. 6. The amount of material in the bunker forand y; <-1u y; >1

ANropuT™M yIpaBlIeHHs MOXXHO C(OPMYIMPOBATH CIEAYIOIIMM OO0pa3oM: HCIOJIb3YyeM
U(zr) =1.5 mna nepexona Ha GpasoByro TPAEKTOPHIO, KOTOPAs KACAETCS BEPXHETO OrPAHUYEHUS U

U(r) =0.0 nns nmepexona Ha ha3oByIO TPAEKTOPUIO, KOTOPAsk KACAETCS HUIKHETO OIPAHUYEHHS.
VpasieHue Mex 1y nepexofaMu BbliepkuBaerca U(z) = 9(z + 7). OOpaTuM BHHMaHUE HA TO,

uro npu yq(0) =0 Ha ¢a3oBbIX TpaekTopusx Takke OyaeT Bbiaepkano Wq(7)=0. Aaroputm
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yIpaBJIeHUs], ONpeJesaIonui nopeaeHrue (Ha3oBoil NEpeMEHHON Ny(z) Ha puc. 9, aHAIOrU4eH
allrOpPUTMY, OIpEleNsIoleMy MoBeleHne (a3oBoil MmepeMeHHOW Ng(zr) Ha puc. 8. OTinume
COCTOMT B TOM, YTO BCE IIEPEXOJbI BBHINOIHEHBI IPH ONTHMaibHOM ympasnenun U(7) =1.0.
AJITOpUTM yIpaBieHUS {u =Hr+71p); U =1.0} CXOJIEH C AITOPUTMOM puc. 7. [Ipn 0quHAKOBBIX
BBIOOpAX yrpasieHus st Ga3oBbix TpaekTopuil U = 9(r +74) u nepexonos U(r) =1.0 touku

NEPEKIOYCHUA YIIPABJICHHUA PACCTABJICHBI TaKUM o6pa30M, 4TO yaaJloChb n30exKaTh BbBIXO/J Ha
BCPXHCC U HUIKHCC OIrPaHUYICHUA.

05 LT AN LT AN AN L ANAN

AR B AR AR
NN
7/ [N/ AN\ (AN
7/ AN\ /NN (/AN

L L
/AN AR/ AR

0 1 2 3 4 5 fime,t g

Puc. 7. KonuuecTBo MaTepualia B OyHKEpe MPH MEPEKIOYCHUN yIIPaBJIcHUsS Ha (a30BbIX OrPaHHMYCHHUSIX
Fig. 7. Amount of material in the bunker when switching control at phase restrictions

np(t)

the state of the stock of materials,
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Puc. 8. KonmmuecTBo MaTepuana B OyHKepe MpH MepEeKITIOYeHIH YIIPaBIeHNs 3a npesenamMu (a30BhIX
OTrpaHUYECHUN
Fig. 8. Amount of material in the hopper when switching control outside phase limits

Omnpenenm 3aTpaThl, KOTOPBIE XapaKTePU3YIOT MEpeXo ¢ pa30BOi TPACKTOPHUHU, KOTOpast
KacaeTcs BEpXHEro OrpaHMYeHHs, Ha (PAa30BYI0 TpPAaEKTOPHUIO, KOTOpas KacaeTcsi HIKHEro
OrpaHUYEHUS. Y paBHEHUE TPACKTOPUH, Ha KOTOPYIO TpeOyeTcs mepenTn

No1(7)= n01(71)+_[(7b(§) v(E+To))E .
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[Iepexon ocymiecTBisieTcs 0 TPACKTOPUN
T
Noa(7)=noa(71) + (7 (§) ~u(&)M
1
KOTOpas onpenensercs ynpasienuem U(7) . B nmo6oii MOMEHT BpeMeHU 7; JUIS 9TUX TPAEKTOPHIA

No2(71) —Ng2(71 ) =Ang(zy ) =const.
Ng2(7)=nNg1(7). OTO MO3BONAET 3amUCaTh

CIIpaBCaJIMBO B MoMeHT OKOHYaHMA nepexoga

oa£) oe(7) = Moo (72)+ [ (7 (€)~UEE —noa(z1 )~ | (7 ()~ V(& + 70))E =0,

1 41

OTKYyJ1a

n0a(71) — Moo 71 ) = Ang(71 ) = [ (U() (& — 70))dE.

1
Tak kak mepexo]; OCYIIECTBISIETCS KaK B MPSIMOM, TaK U B OOpaTHOM HaIlpaBICHHUU, TO
pasHMLA I10 MOLYIIO ANg(7; ) IOCTOSHHA

Ang(7 )| = ﬂ(U(?) —v(&+1p))d& = const .

[Tocneanee BbIpakeHUE SIBJISETCS CJIEICTBUEM, BBITEKAIOIIUM U3 33/IaHHOTO KpPUTEpUs
kauectBa (34). [Ipou3BoIBHOCTH BHIOOpa MOMEHTa BPEMEHU 7q OIPEAEIAET HMPOU3BOIBHOCTD
BbIOOpPA TOUEK MEPEKITIOUECHUS YIIPABICHH, YTO ONpEAENsieT MHOXKECTBO PEIICHUH 3a]auu.

I NI S T A
IRVAITEN\\\NZITEN\\\NI/TTTEN\\
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= NN NN AN

Puc. 9. KonuectBo Mateprana B OyHKepe P YIIPABICHUIX
Fig. 9. The amount of material in the hopper for controls {u =Hr+7p); U =1.0}

BriBoabI

B pabore mposenen anamu3z PDE-Monenu KoHBeWepHOH TpaHCHOPTHON CUCTEMBbI U
CHUHTE3UPOBAHO CEMENCTBO ONTUMAJIBHBIX YIPABICHUN MOTOKOM MaTEPHAJIOB, MOCTYNAIOIIErO C
aKKyJyJupYyIoIiero OyHkepa Ha BX0Jl KOHBEHEPHOW TPaHCIIOPTHOM CUCTEMBI.

OmnpeneneH KpUTEpHUd KauecTBa yIPABICHUS BBIXOAHBIM IIOTOKOM C KOHBEHEPHOW JINHUU
U BBINIOJIHEHA ITOCTAHOBKA 3aJa4d ONTHUMAJIbHOIO YIPABJICHHUS TPAHCIOPTHOM CHUCTEMOM.
IIpoBeneH aHAIN3 TOMYCTUMBIX PEMICHUN 3a7a4M YIIPABICHMUS.

[IpencraBnenHble B paboTe pe3yibTaThl MO3BOJISIOT CAETATh CIEAYIOUIHE BHIBOIBL:

— CHCTEMBI YIPABIICHHS BBIXOJHBIM IIOTOKOM KOHBEWEPHOM JIMHUHU C aKKYIYJIUPYIOIIETO
OyHKepa Ha BXOJIE MOXKET UMETh OOJIBIIIOE KOJMUECTBO allTOPUTMOB;
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— TOYKHM TMEPEKIIOYCHUSI ONTHUMAJIBHOIO YIPABICHUS OINPENEIIIOTCS U3 OO0JBIIOro
MHO€ECTBA JAOMYCTUMBIX PELICHUH U3 MPAKTUYECKUX COOOpakeHUH;

— MHOXECTBO [JOIYCTHUMBIX OINTHUMAJIBHBIX YIPABJICHUN OIPEACIACTCS pa3MepoM
aKKyMYJIHpPYIOLIEro OyHKepa.

IlepcnexTuBamMu JAIBHEUIINX UCCIIEIOBAHUM SIBIISICTCS:

— CHUHTE3MPOBATH ONTUMAJIBHBIC YIIPABJICHUS IJIs1 KOHBEHMEPHOM CHCTEMBI C BXOJHBIM U
BBIXOJIHBIM aKKYJIYJIUPYIOIIUM OYHKEPOM.
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