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TEKCTYy NpoBEepPAEMOro JOoKymMeHTa.

e CoBnageHuUs — pparMeHTbl MPOBEPSAEMOro TeKCTa, MOJHOCTLIO UM YaCTUYHO CXOAHbIE C HAaAEHHbBIMU NCTOYHMKaMK, 3@ UCKIOYeHneM ¢pparMeHTOB, KOTopble cuctema
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e TekcToBOe nepeceyeHne — GparMeHT TeKCTa NPOBEPSeMOro A0KyMeHTa, COBMaAatoLLMiA UK NOYTU CoBNagatowuii ¢ pparMeHToM TekcTa MCTOYHMKA.
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BBEJAEHUWE

AKTYyaJIbHOCTh TeMbl JuccepTamuu. PoOOTOTEXHUYECKHE CHUCTEMBI
MO3BOJISIOT BBITOJHATH IUPOKUNA HAOOP OTPACIIEBBIX U UCCIIEA0BATENLCKUX 3a1ad.
Hcnonp30BaHne HECKOJIBKUX TOMOTEHHBIX WM TE€TEPOreHHBIX pPOOOTOB st
pelieHus 1eNeBbIX 3a7ad JIaeT MPEUMYIIEeCTBAa B BUJI€ CHIDKEHUS 3aTpaT BPEMEHHU
WIN PacUIMpPeHuss (PYHKIIMOHATBHBIX BO3MOXKHOCTEH MO CPaBHEHHUIO C OJIMHOYHBIM
po6otom. Ilpu 3TOM Takke BO3pacTaeT KOJIMYECTBO PECypCoB, HEOOXOIUMOE IS
oOecrieueHust pabOThI TPYIIIBI pOOOTOB.

OrpaHuyeHHBI pecypc HCTOYHMKA TMHUTaHUS OJHOTO pobOoTa JenaeT
1eJ1eCO00pa3HBIM HCIIOJIb30BaHNE noaxonaa C nepepacIpeeeHueM
HYHEPreTUYECKUX PECYPCOB BHYTPH TPYMIBI, TAK KaK MO3BOJISIET CHU3UThH 3aTPAThI
BpEMEHHU, HEOOXOJIMMBIE NJisi BO3BpaTra pOOOTOB K TOYKaM IIOMOJHEHUs 3araca
SHEPruM, W PacIIUpUTh JOCTYINHYIO pabouyro obOsnacte. Takum o00pasom,
3d(dexTUBHOE TEepepaclpeesieHHe SHEPreTUYECKUX PECYpCOB BHYTPH TPYIIIbI
pOOOTOB SIBIISETCS aKTyaJIbHOM HAy4YHO-TEXHMUYECKOW 3amadeil. OcCyIIeCTBUTH
nepefavyy dJIEKTPUYECKOW SHEPruu MEXIy poOOTaMH MOXKHO C IOMOIIBIO
KOHTaKTHBIX METOJIOB, HO B 3TOM CITy4ae KakK MpaBUIO TPEOyeTCs BBICOKAsi TOYHOCTh
MO3UIIMOHUPOBAHHUS, YTO YCIIOKHSET CEHCOpHYI0 cucteMy pobota. Kpome Toro,
pa3beMbl U KOHTAaKTHBIE Mapbl TPEOYIOT PETYJSPHOrO OOCITYKUBAHUS U JOJKHBI
UMETh  MbUIEBJIArO3allUIIEHHOE UCIOJHEHHEe g  (PYHKUMOHUPOBAHUS B
€CTECTBEHHON OKPYXKAIOILIEH Cpele Ha OTKPBITOM MHPOCTPAHCTBE. YUHTHIBASI TOT
dakT, 4ro (QYHKIIMOHMPOBAHUE TPYMIBl POOOTOB MOXKET MPOUCXOAUTH Ha
HEOJHOPOJHBIX TMOBEPXHOCTSX, @ TAaKKE HECOBEPIICHCTBO CEHCOPHBIX CHUCTEM,
KOHTaKTHBIE METOJbl NEPENayd SHEPIMH MMEIOT 3HAYWUTEIbHBIE OTPAHUYECHUS U
CHIKAIOT OOIYI0 HAaJeXHOCTh. J[aHHBIX HEJIOCTATKOB JIMIIEHBI OECIpPOBOHbBIE
cuctembl nepenayu sHeprun (bCIID), koTopble HAXOASIT NPUMEHEHHUE B KaU4€CTBE
YCTPOMCTB Ji1 OECIPOBOAHOIO 3apsijia aKKyMYJISTOPOB Pa3jIM4HbIX aBTOHOMHBIX

cucteM. B cBsa3m ¢ 9TUM, AKTyaJIbHbIM IPEACTABIISACTCA pa3pa60TKa moaxoaa K
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GYyHKIIMOHUPOBAHUIO TPYIIIBI HA3eMHBIX POOOTOB C mepepachpeneiieHueM
AHEPreTUYECKUX PECYPCOB MOCPEICTBOM OECIIPOBOIHOM MEpe/laur SHEPTUH.

Crenenb paspaboraHHOCTHM TeMbl. B HacTosiliee Bpemsi B HallpaBJICHUU
rpynmnoBoii pobotorexHuku B Poccum mpoBogsT uccienoBanusi Kapmosa .I1.,
Kanses U. A., Measenes M.IO., MemepskoB P.B., Marun E.A., Ilerpenxo B.1.,
[Mmmxonmo B.X. wu gpyrue. W3 3apyOexHBIX CHEIUAIMCTOB, BHECIINX
CYIIECTBEHHBIN BKJIA]] B HAIIPaBJIECHUE POEBOM POOOTOTEXHUKH, CIEAYET OTMETHUTH:
M. Birattari, JC. Barca, M. Brambilla, AL. Christensen, E. Ferrante, J. Gomes, S.
Kernbach, JH. Lee, W. Liu u npyrue. McciaenoBanust y4eHBIX COCPEIOTOUYCHBI HA
OMOJIOTMYECKH MHCIIMPUPOBAHHBIX IMOJX0JIaX K YIPABICHUIO TPyIIIaMH POOOTOB,
ONTUMM3AIMK paCOpEACICHUs] 3a7a4 U COBMECTHOM IEPEABMKEHUU B CpEJE C
JTWHAMUYECKUMU TPENSTCTBUSIMHU, a TAKKE HA BCTIOMOTATEJIbHBIX TEXHOJIOTUSX JIJIsI
(GYHKITMOHUPOBAHUS POEBBIX CHUCTEM. 3aJa4Md SHEPreTUYECKOro OOeCIeUCHHUsS U
MJIAHUPOBAHUSI TIPU TPYIIIIOBOM YIPABICHUH B OOJIBIIIECH CTENIEHU pacCMaTPUBAIOTCS
CO CTOPOHBI MOJIJIEPKaHUS DHEPTETUUECKUX MTapaMeTPOB POOOTOB U pacipeaeieHUs
3a/1a4 COOTBETCTBYIOIMIUM oOpa3oM. Ha TekyIinii MOMEHT ITOAX0/IbI K YIIPABJICHHUIO
IpymIon podOTOB ¢ MepepacnpeieIEeHUeM YHEPTeTUUECKUX PECYPCOB CUCTEMHO HE
paccMaTpUBaJIUCh.

Heabo auccepranuoHHOM pPadOThHI ABJSAETCH CHIKEHUE BPEMEHHBIX
3aTpaT W pacUIUpeHue TePpUTOpUU (DYHKIIMOHUPOBAHUS TPYNIbl POOOTOB,
BBITIOJTHSIOIIMX 3aJadyd Ha OTKPBITOM MECTHOCTH C IIEPEMEHHBIM peabedoM
MOCPEJICTBOM MEPEPACIIPEICTICHUSI YHEPTETUUECKUX PECYPCOB BHYTPU TPYMIIBI C
MIPUMEHEHUEM CHCTEMBI OeCHpOBOJHOM Tmepeaadyu SHepruu. J{ins HOCTHXKEHUS
yKa3aHHOM 11e71 B paboTe chopMyTUPOBAHBI U PEIIECHBI CICAYIOINE 3aa9n:

1. aHanmM3 COBPEMEHHBIX MOJAXOJOB K PEIICHUIO 3a/laud MepepaclpenesiCHHs

HPHEPTreTUYECKUX PECYPCOB B TPYMIIE HA3EMHBIX POOOTOB,;

2. pa3paboTka MaTeMaTUYECKON MOJIENH TPYIIIOBOIO yIPaBICHUS HAa3€MHBIMU

poboTaMu, y4MTHIBAIOIIEH MepepachpeiesieHne dHEPreTUUEeCKUX PecypcoB

BHYTpPH I'PYIIIIHI;
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3. pa3paboTKa aJlrOpUTMOB TPYMIIOBOTO YIIPaBICHUS HA3eMHBIMH POOOTaMH C
nepepacipeeieHueM YHEPreTUYECKUX PECYPCOB;

4. pa3paboTKa  QJIrOPUTMHUYECKOIO W allapaTHOrO  OOecredeHHus
JIBYHAIIpaBJICHHOW OECITPOBOIHON CUCTEMBI MEpEAadyn SHEPTHH,

5. ampoOanus pa3paboTaHHBIX PEIICHUI B MOICIHMPYIOIIEH cpeie, 00paboTka u
OLICHMBAHWE MOMyUYEHHBIX IKCIIEPUMEHTATbHBIX PE3yJIbTAaTOB.

O0beKTOM HCCAeAOBAHMSA SIBIISICTCS TMPOLIECC YMOPABICHUS TPyNION
HA3eMHBIX pOOOTOB, OCHAIIEHHBIX JBYHalpaBJICHHOW OECHpPOBOAHON CHUCTEMOMU
nepeayn SHEPTUH.

IIpenmeroM MccieqoBaHusl SBISIOTCS MOJENIU M aJTOPUTMBI TPYIIIOBOIO
yhopaBieHus: poOOTaMHM MpH MEpepactpe/ieieHUd IHEPreTUUECKUX PEeCypcoB U
peanu3anuy 1eieBbIX 3a1a4.

HayuHyo HOBHM3HY A1CCEPTAlIMOHHON pabOThl COCTABIIAIOT:

1. Marematudeckasi MOJeNb YIPaBJICHUS TPYNNONW HA3eMHBIX pPOOOTOB,
OTJMYAIOMIAsACS HOBBIMH YCJOBHSIMH PEIICHUS 3aJadd, YYWUTHIBAIOIIAS
nepepaclpeielieHue SHEPreTUYECKUX PEeCypcoB Mexay poboTamu H
ONITUMHU3HPYIOIIAs BBITIOJTHEHHE LIEJIEBBIX 3aa4.

2. KoMIuiekc aiaroputMoB TpPYHIOBOrO LEHTPAJIM30BAHHOTO  YNpaBICHUS
Ha3eMHbIMM pOOOTaMH, OTJIMYAIOLIUNCS COBOKYMHOCTBIO TIPaBWI H
peanm3yromuii  mepepacnpeieieHue  DHEePreTUYeCKUX  PEecypcoB  Ha
MapuipyTax MeXAy TOYKaMU MECTOIOJOKEHUsI IIeJIEBbIX 3aJad MpH
NEPEIBIKEHNN Ha OTKPHITOM TPOCTPAHCTBE C TMEPEMEHHBIM pelibedoM,
o0ecreunBaOMUi yMEHbIIIEHHE OOIIEr0 BPEMEHU BBINIOJHEHHS IEJIEBBIX
3ajad.

3. ApXuTekTypa NpOTPaMMHONM CHCTEMBI YIPABJICHUS TPYIION Ha3eMHBIX
poOOTOB, OTIMYAIOIIAACA TNPUMEHEHHEM HECKOJbKMX UIMH JIaHHBIX,
OCYIIECTBILSIIOIINX COCAUHEHUE MOJYJIEM CHUCTEMbl YIPAaBICHUS TPYIIION
po0OOTOB, MOAYJEH OTAEIBHOIO HA3eMHOTO poOOTa M HMH(POPMALUOHHBIN
OOMEeH MEXIy HHMH; HaJM4heM MOJIYJIs OIpeneseHHs KOOpAUHAT TOYEeK

HHEPreTUYECKOro 0OMEeHa MEX1y pabounuM U 3apsHKAIOIIMM pOOOTOM.
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Teopernueckasi 1 MpakTU4ecKasi 3HAYUMOCTh pPadoThl. Teoperuueckas
3HAYUMOCTh ITOJYYEHHBIX HAYYHBIX PE3yJIbTATOB COCTOMT B PAa3BUTHMU HAYYHO-
METOJMYECKOro ammapara B OOJacTH TPYIIOBOTO YIPABJICHHUS HA3eMHBIMU
poboTamMu C mepepacrpepeieHueM 3JHepreTudeckux pecypcoB. [IpakTuueckas
3HAYMMOCTh HAay4YHBIX PE€3YyJIbTATOB COCTOUT B CHM)KEHMU BPEMEHHBIX 3aTpaT Ha
BBITIOJTHCHHUE TICJICBBIX 3a/1a4 TPYIIION Ha3eMHBIX pOOOTOB MPH (PYHKITMOHUPOBAHUT
Ha OTKPBITOM MPOCTPAHCTBE C MEPEMEHHBIM PeNbedoM.

MeTtopoioruss ¥ MeTOAbI HCCAeI0BAHUA. /[ pelieHus MOCTaBICHHBIX
3a/1ay B pabOTe MCHOJIB3YIOTCS METOJIbI TEOPUU UH(POPMALIMH, TEOPUH MHOMECTB,
METOJIbl MAaTEMaTUYECKOI'0 MOJIECIMPOBAHUSA, METOAbl CHUCTEMHOIO aHAJI3a WU
CHUHTE3a, a TaKXe METOJbl JIOTUYECKOro aHaimm3a W BhiBoja. [lpu paspaboTke
anmapatHeix pemeHuii bCIID npuMeHsnuch METOIbl CTPYKTYPHOTO CHHTE3a U
[IapaMeTpUUYECKON  onTuMM3aluu. s  KOMIBIOTEPHOIO  MOJEJIMPOBAHUS,
pa3pabOTaHHOTO  MAaTeMaTHYEeCKOro W aJIrOPUTMHYECKOrO0  OOecredeHHs,
npuMeHsutack cpena Gazebo.

Ha 3ammTy BHIHOCATCH CJIEAYIOLIHME MOJI0KeHUS

1. Marematuyeckass MOJENb YOPABJICHHUS TPYNINOM HA3eMHBIX POOOTOB C
repepacIpeeIeHueM dJHEPreTUYECKUX PECYPCOB.

2. Komruiekc anropuTMOB pelieHHs 3aJadyd TPYIIOBOTO IEHTPATU30BAHHOTO
yIpaBJICHUs HA3eMHBIMU pPAOOUYMMM M 3apsKAOIMIMMU  POOOTaMU  TpU
COBMECTHOM (yHKIIMOHUPOBAHHH.

3. ApxutekTtypa NpOrpaMMHOM CHUCTEMBI YIPABJICHHUS TPYIIOW Ha3eMHBIX
poOOTOB ¢ mepepacnpeieleHUEM SHEPTETUIECKIX PECYPCOB.

CreneHb 10CTOBEPHOCTH Pe3yJIbTATOB. BriCOKas CTENeHb JOCTOBEPHOCTH
HAy4YHbIX MOJIOKEHUH, BHIBOJOB M PE3yJbTAaTOB OOECIEUYeHa aHAIM30M TEKYIIEro
YPOBHSI HCCJICIOBAaHWWA B JaHHOW OO0JAacTH, KOPPEKTHBIM HCIIOIH30BAHUEM
anpoOUpPOBAHHOTO MaTeMaTUYECKOTO arapara, COTJIACOBAHHOCTBIO
TEOPETUYECKUX BBIBOJAOB C PE3yJbTaTaMH MOJCIHMPOBAHUS U DKCIEPUMEHTOB,

CpaBHCHHUCM IPCIIOKCHHBIX peIHeHI/Iﬁ C UM3BCCTHBIMH aHaJIOraMH H OI[O6pCHI/IeM
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OCHOBHBIX  TIOJIO)KEHUH  JMCCEPTAIIMOHHOM paboOThl Ha  POCCHMCKUX U
MEXTYHAPOIHBIX HAYYHBIX KOH(EpPEHIINIX.

Anpobanus 4 peaju3anus pe3yJjabTATOB.

Pa3paboTanHbie MOJIENb U aTOPUTMBI TPYIIIOBOTO YIIPABIEHUSI pOOOTaMH C
nepepacnpeieieHUeM SHEPreTUUEeCKUX pPecypcoB ObUIM peaiu30BaHbl B BHJIE
IPOrpaMMHO-aIIaPaTHOTO 00eCIeYeHHsI, UCIIOJIb30BAHbI PAIOM KOMMEPYECKUX U
rOCy/AapCTBEHHBIX OpraHU3aIni, a TAK)Ke BHEAPEHBI B 00pa30BaTeIbHOM IIPOIIECCE.
UccnenoBanusi, OTpaKEHHBIE B JUCCEPTAIMK, MPOBEACHBI B paMKax 2 Hay4yHO-
uccienoBaTenbCkux pador: 1) rpant PODU Nol9-08-01215A «Teopetnueckue
OCHOBBI JIBYHAlIpaBJICHHOW O€CHpOBOAHOM NepeJayd SHEPIUd U aJTOPUTMBI
IIOCTPOEHUSI aBTOMAaTUYECKOI'O IEepepaclpeleleHUs] YHEPrOpECYpCOB B TIpymIe
po6oroBy»; 2) rpant Illpesmperra PD MK-3094.2022.1.6 «llomxom K
MO3UIIMOHUPOBAHUIO TOJBOJIHOTO ABTOHOMHOTO ammapara JJjisi  TOJyYeHHS
OECIIPOBOIHOM BJIEKTPUUECKON HSHEPruM OT 3apAJHOW CTAHIIMU HAJBOIHOTO
annapara». Pa3pa0oTaHHOE MOJEIbHO-AITOPUTMUYECKOE UM MPOrPaMMHO-
anmapaTHoe o0eclieueHre TPYIIOBOro yIpaBieHUs: poO0oTaMu ObLIO UCTIOIH30BAHO
npu mnpoBeneHun wuccienoBarenbckux pador CII6 ®UI] PAH, KBHI[ PAH,
000 «PYOUIIMC HHHOBEPHHEH», " B y4eOHOM Mpolecce
KanuHuHrpasckoro rocy1apcTBEHHOIO TEXHHMYECKOIO YHUBEPCHUTETA, MOJY4YEHBI
COOTBETCTBYIOIIME aKThl BHeApeHusa. Ha mpeanoxkeHHble TEXHUYECKHE pPEeLIeHUs
MOJIyY€HO J1Ba MAaTeHTa Ha U300pPETEHUE U YEThIPe CBUIECTENHCTBA O PETUCTPALUU
nporpamMmbl it OBM: «becnipoBonHas 3apsigHas cuctema» Ne 2698307 or
26.08.2019 r.; «/IByHanpaBieHHas cucTeMa OeCIpOBOHOM mepeaadun SHeprum» No
2802056 or 22.08.2023 r.; «OOpa3oBaTtenpHas oOja4yHas cpema A
IPOrpaMMUPOBAHMS HA3€MHBIX poOoTOTeXHUYECKHUX Tatgopm» Ne2022680118 ot
27.10.2022, «IIporpammHoe obecrieueHre sl yIPaBJICHUs TIEPEIAOIIeH YaCcThIO
OecpoBOJHOM  CHUCTEMbl TME€pelaud »dSHEepruM Ha 0a3e  PE30HAHCHOTO
aBrorereparopa» Ne2023669595 ot 18.09.2023, «IIporpamMmMHBIii MOAYJIb
NO3UIIMOHKpPOBaHUs podoTa mo ArUco-mapkepam» Ne2023681828 ot 19.10.2023,
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«IIporpamMmHubIii KOMIUIEKC (POPMUPOBAHUS MUCCUI TPYMIBI HA3€MHBIX POOOTOB)
Ne2023686919 ot 11.12.2023.

OCHOBHBIE TIOJIOKEHUSI JTUCCEPTAIMOHHOW pabOThl MPEJCTABISUINCh Ha
MEXIYHAPOAHBIX U poccuiickux KoHpepeHmsax: «CoBpeMEeHHbIE MPOOIEMBI
pob6ororexunuku 2019» (Mocksa, MI'TY umenu H.3. baymana 26.03.2019), «18th
International Conference on Smart Technologies» (IEEE EUROCON 2019, Novi
Sad, Serbia, 1-4 urons 2019), «International Conference on Interactive Collaborative
Robotics» (ICR-2019, Istanbul, Turkey, 20-25 Asrycra 2019), «International
Conference on Electromechanics and Robotics "Zavalishin's Readings"» (ER(ZR)-
2019, Kypck, 17-19 anpens 2019), International Conference on Electromechanics
and Robotics "Zavalishin's Readings” (ER(ZR)-2021, Caukr-IletepOypr, 14-17
anpens  2021), «CIIMCOK-2023: Bcepoccuiickas  Hay4YHO-IIpaKTHYECKas
koHpeperrms»  (Cankr-IletepOypr, 26-28 ampens  2023),  JloHenkwuii
MEKIyHAPOIHBIA KPYTJbI CTOJ «VICKYCCTBEHHBI WHTEIUIEKT: TEOPETHYECKHUE
aCIIeKThI U ITPAKTUYECKOE TPUMEHEeHNE» B paMmKkax [X Mexaynapoanoro Hayynoro
dbopyma Jlonenkoit Haponnoii Pecnyomuku (24 mas 2023), MKITY-2023 XVI-s
BCEPOCCUICKast MyJIbTUKOHBEPEHIIHS 110 pobsiemam yrnpapieHus (11-15 centsaops
2023).

IMyoaukanum. | lo HaydHBIM pe3ynbTaTaM IucCepTallMOHHOIO UCCIIE0BaHNUS
omybnukoBano 18 pabdot, B Tom uncie 10 myOnmkamnuii B xypHanax u3 «llepeuns
peleH3UPYEMBIX HAyYHBIX H3JaHUH, B KOTOPBIX IOJKHBI OBITH OITyOJMKOBAHBI
OCHOBHBIC Hay4YHBIC pPe3yJbTaThl AMCCEPTAIMA HA COMCKAHUE YUYEHOW CTEMEHU
KaH/IUJaTa HAyK, HA COMCKAHWE YYCHOW CTENEHU JOKTOpa HayK», JBE CTaThbU B
yKa3aHHOM IiepeyHe OIyOJuKOBaHbl 0€3 COaBTOPOB, 8 MyOJIMKaluii B 3apyOeKHbIX
W3IaHUSX, HHJACKCUpPYyeMbIX B Scopus/WoS (B Tom uwucie 7 mnyOmukanud B
xypHanax Q3/Q4), cBueTeIhCTBA O TOCYAAPCTBEHHOM PETUCTPAIIMHA N300pETEeHNUS
u riporpamm it OBM.

Jlnunblii  BKJIAA  coWckaTedas.  ABTOpOM  JIMYHO  pa3pabOTaHbI
MaTeMaTH4ecKass MOJENIb M aJITOPUTMbI (PYHKIIMOHHUPOBAHHUS TPYIIIBI HA3€MHBIX

poOOTOB € TepepacnpeieIeHUeM SHEPreTUYECKUX PecypcoB, pa3paboTaHbI
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anmapaTHoe M aJIrOpUTMHYECKoe oOecrnedyeHue aAByHanpasiieHHOHM BCIIO,
IIPOBEICHO MPAKTUYECKOE TECTUPOBAHME M CHCTEMATH3alUsl SKCILTyaTal[MOHHBIX
orpanndeHuii. Pazpabotka Mojaenu poOOTOTEXHUYECKONM CHUCTEMBI C TPYIMIOBBIM
ynpasiieHueM B cpezie Gazebo 1 HKCIIEPUMEHTHI ¢ Hel IPOBEJICHBI B COABTOPCTBE C
HAyYHBIM PYKOBOJIUTEJEM, PUYEM BKJIAJl COMCKATENS ObLII 3HAYUTEIbHBIM.

Crpykrypa u o0bem padoTbl. TekcT pabOThl COCTOMT M3 CIEIYIOIIMX
CTPYKTYPHBIX 3JIEMEHTOB: BBE/ICHHE; OCHOBHASI YaCTh, BKJIIOYAIOIAsl YETHIPE IJ1aBhI,
3aKJIIOUEHUE; CHIHCOK JUTepaTypsl, coaepxamuid 110 HaumeHOBaHMii; Tpu
NPWIOKEHUS, COJEpKallhe CIHCOK MyONMKauWid COUCKATeNss [0 TeMe
JUCCepTali, KONUHM IOJIyYEHHBIX CBHUJAETEILCTB 00 HMHTEIUIEKTYaJbHOU
COOCTBEHHOCTH, a TAK)K€ KOIMU aKTOB BHEJPEHUS pe3yIbTaTOB IUCCEPTALMOHHON
pabotel. OOmmit 00beM auccepTarMoHHOW paboTel — 178 crpanui. Pabota
BKJIIOYAET B ce0s 53 pucyHkoB, 14 tabui.

Kpatkoe coaep:kanue padoThbl:

IlepBasi riaBa JuccepTalli TOCBSIIEHA aHAJIUTHYECKOMY 0030py
CYILIECTBYIOIINX IMOAXOJAOB K IEpPEpacHpeeiCHUI0 YHEPreTUYECKUX PECYPCOB B
rpyIie poOoTOB, METOJIOB ONTUMAJIBHOTO PACHPEEICHHs 3a7ad U ONpEAeIICHUS
MapILIPYTHBIX TOYEK Ul MPOBENCHUS Omepanuu 3apsjaa (Touek 3apsna). Takxke B
JAaHHOW TIJaBe MpelcTaBiIeH 0030p CIOCOOOB mepepacrlperiesieHuss pecypcoB B
rpyIIe Ha3eMHBIX POOOTOB, MPOBEIECH aHAIU3 UX MPEUMYIIECTB U HEAOCTATKOB.
PaccMmoTpens! KitoueBbie 0COOCHHOCTH OECKOHTAKTHOM Mepeadyu dJIeKTPUIECKON
sHepruu. B kauecTBe nepcrneKTUBHOTO crocoba BeiOpaHa OeCKOHTaKTHAs Mepeaayda
DHEPIrUM  IOCPEACTBOM  HMHAYKTHBHO-CBSI3AHHBIX  KOHTYpOB. PaccMoTpeHsl
CYLIECTBYIOIIME CTaHJAPTU3UPOBAHHBIE pEIICHUS OECIPOBOIHBIX 3apsIHBIX
YCTPOMCTB, a TaKKe MPOBEACH aHaM3 OJAHOHAINPABIECHHBIX U JIBYHAIIPaBIECHHBIX
BCIID, npeacTaBiIeHHBIX B UCCIIENOBATEILCKUX PabOTaxX.

Bo BTOpOIi riaBe npeacTaBieHa pa3pabOTKa MAaTEeMaTHUYECKOW MOJIENH U
ITOPUTMOB (GYHKIMOHUPOBAHUS IpYIIIBI Ha3eMHBIX  pOOOTOB C
nepepacnpe/iesieHneM SHEPTeTHYeCKuX pecypcoB. Pazpaborannas matemaruyeckas

MOJCJIb OTIMYaCTCsad BBCACHHCM  KOMINUICKCA IIapaMETpPOB, OIIKMCBIBAIOIINX
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DHEPTEeTUYECKUE XaPAKTEPUCTUKH POOOTOB, 3a7a4 U cpebl HyHKIIMOHUPOBAHUS, a
TAaK)K€ YUYHUTHIBACT BO3MOXXHOCTH JHEPTEeTHYECKOTO OOMEHa MEXIy poOoTaMu
nocpenctsoM  bCIID. Mogens omnucbiBaeT NPUHIMNBL  (GYHKIIMOHUPOBAHUS
poOOTOB-paboUNX ¥ POOOTOB-3aPSDKAIOIMNX M WX B3aUMOJICUCTBHSA. [ pymre
poOOTOB Ha3HAYAIOTCS LIeNIeBbIE 3aJaHus (3a7auM), Kaxaas U3 KOTOPBIX ONKCaHa
KOPTEXKEM MapaMeTpoB. B KkadecTBe mnapaMeTpOoB MOJICIHA 33JaHbl 3HAYEHUS
MaKCUMAJIbHBIX 1 MUHUMAJIbHBIX YPOBHEN IHEPTETUUECKUX PECYPCOB AJIisl pOOOTOB,
KOTOpBIE€ HCIOJIB3YIOTCA I OIPEIEJICHUS BBINOJHUMOCTH 3aa4 U KOOpPIHUHAT
TOYEK 3aps/ia Ha IUIAHUPYEMBIX TPACKTOPHUSAX poOOoTOB-pabouux. PazpaboranHbie
QITOpUTMbl  (PYHKITMOHUPOBAHUSA TPYNIbl POOOTOB OTIMYAIOTCS pean3aluei
IIPOLIECCOB NIEPEPACIPEACIIEHUS SJHEPTETUUECKUX PECYPCOB HA OCHOBE PE3yJIbTAaTOB
MPEIBAPUTEIBHOIO IJIAHUPOBAHMS BHENIHEW LEHTPAIM30BAHHOM CHCTEMOMU
yIIpaBJICHUS.

B Tperbeii riaBe TpeAcTaBiieHa pa3paboTka  anmapaTHOTO U
QIrOPUTMHYECKOTO  oOecreueHus s pealu3aluyd  [epepacupeneineHus
HPHEPTreTUYECKUX PECYpPCOB MexIy poboramu. CTpyKTypa U CXEMOTEXHUYECKUE
peuienus paspaboraHHoi nByHamnpasieHHON BCIID oTinyaroTcss NMpUMEHEHUEM
PE30HAHCHOTO  aBTOreHepaTopa, 3aJaHue pabouyed  4YacTOThl  KOTOPOTO
OCYILIECTBISIETCS TEPEAAIOIINM PE30HAHCHBIM KOHTYPOM, a TaKX€ OTCYTCTBHEM
OTAEJBHOIO CUHXPOHHOTO WJIM HECUHXPOHHOTO BBIPSIMUTEIISI B IPUHIUITHATIBHON
cxeMe. Mcnonmp3oBaHue aBTOreHeparopa IMO3BOJIAET IOANEPKUBATH PE30OHAHC B
nepearoIneM KOHTYpe TPU U3MEHEHUN UHAYKTUBHOCTH MEepeIatoIieii KaTyku 0e3
WCIOJIb30BaHUs JIOMOJHUTENBHBIX CUCTEM IOACTPOMKH 4YacTOThl. lIpuemHas wu
nepenaroiias yactu apyHanpasieHHONM BCIID uMeroT nieHTHYHbIE pe30HAHCHBIE
KOHTYPBI, 4YTO JlaeéT BO3MOXKHOCTb HM30aBUTHCA OT JIOMOJHHUTEIBHBIX CHCTEM
MOJACTPOMKM  YAaCTOThl IPUEMHOIO KOHTypa IIPU MU3MEHEHUU B3aWMHOTO
pacrioyiokeHus:  karymiek. llepedncineHHble  OCOOEHHOCTH  CIIOCOOCTBYIOT
JOCTHXKEHHUIO BBICOKOW 3(P(EKTUBHOCTH TEpelayd SHEPruu MpU 3HAYUTENbHBIX
CMEMICHUSIX MEXITy MPUEMHON U TMepearoleil 4yacTIMu CUCTeMbI. PaspaboTaHHbIe

AJITOPUTMBI ITO3BOJIAIOT OCYHICCTBJIATH MOHUTOPHUHI IMApaMCTPOB M YIIPABJICHHC
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neyHanpasieHHod BCIIO. Hcnonb3zoBanue BCIID paccmarpuBaeTcsi B cocTaBe
pacmpesieieHHOW CHCTeMbl ympaBieHus poborta. [IpemsiokeHHbIE alrOpUTMBI
pean3yoT (PYHKIMH 3aIIUTHI, KOTOPbIE YUUTHIBAIOT CHENUPUKY pa3paOOTaHHBIX
CXEMOTEXHUYECKUX PEIICHUH.

B 4yerBepToOii rIy1aBe NPEICTaBICHO ONHMCAHME IPOrPAMMHOM CHCTEMBI
yOpaBlieHUs  TPYMNIOH  HA3eMHBIX  pPOOOTOB,  OTPaXEHBI  PE3yJIbTaThl
IKCMEPUMEHTATbHBIX UCCJIEIOBaHU pa3paboTaHHOTO MOJIETIBHO-
AITOPUTMUYECKOIO0 U ammapaTHoro obOecneueHusi. IlpuBeneHbl pe3yibTaThl
UMHUTAIMOHHOTO MOJICJIMPOBAHNs, BBIMOJHEHHOTO B cpene Gazebo, B xoTopom
IPOBEJCHO CPAaBHEHUE MEXIY Ipynnol, GyHKUMOHUPYIOIIEH C TpaJlulMOHHBIMU
OpPUHLMIIAMA M Ha OCHOBE pa3paboTaHHOro oOecnedeHus. MojaenupoBaHue
NPOBEJCHO C LEJbI0 OMpEACNCHUS W TIOCIEAYIOUIET0 CpPaBHEHUS BpPEMEHU
BBINOJIHEHMSI 33/1a4 Trpynnamu. [Ipu mopenupoBaHuu B 00J1acTH paboyero mois
HaXOAMJIaCh TOMOTEHHas rpymnmna u3 6 po6oToB. MoenupoBaHue BBITIOTHSIOCH T10
JIBYM clLieHapusiM. B mepBoMm crieHapuu Bce ecTbh poOOTOB ObLIM paboyuMu U
BBITNOJIHSUIMA 3a/1ayM, a BO BTOPOM Ipymmna Obliia pa3zesieHa MOpOBHY Ha poOOTOB-
pabounx u poOoTOB-3apspkaromux. [IpoBeneHo Tpu Habopa PKCIEPUMEHTOB, B
KOTOPBIX CpelHEe 3HAUEHHUE PACCTOSHUS OT 3apsiIHOM CTaHIMM A0 IEJIEBBIX 3a]a4
CYLIECTBEHHO OTJIMYaJIOCh. BpIOpaHHbIE 3HAYEHUS CPEIHEro pPacCTOSHUS
MO3BOJIWJIM BBISIBUTH, YTO TPU €r0 YMEHBIICHWH NPEUMYIIECTBO BO BPEMEHU
BBIMIOJIHEHMsI ~ LENEBBIX  3aJay  IOCTENEHHO  MEepeXoJuT K  Tpymre,
dbyHKImoHupyomeid 0e3 mepepacmpeneneHus pecypcoB. B kaxmom Habope
HKCIEPUMEHTOB BapbUPOBAJIOCH KOJMYECTBO LIEJEBBIX 3aJay, IOCTaBJICHHBIX
rpynne. MuHHMaabHOE KOJMYECTBO 3aJad B JIKCHEPUMEHTaX COOTBETCTBOBAJIO
o0llleMy KOJMYECTBY pOOOTOB, a MaKCcUMajibHOe Oojiee 4YeM B JBa pasza
OPEBOCXOAWIO €ro. Takyke TMpeNCcTaBiIeHbl pe3yJbTaThl BBIYUCIUTEIHHOTO
DKCIIEPUMEHTA, HAMpaBICHHOTO Ha OMpEACNICHUE pa3HHUIBI B MaKCHMaJIbHOM
paaunyce paboThl Tpynn (pyHKIHOHUPYIOUIUX C MEPEepacpeieICeHUEM PECYPCOB U

0e3 HeTo AJI1 pA3JIMYHBIX 3aTPaT S9HCPIrMU HAa BBIITOJIHCHUC 3a/1a4H.
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1 AHAJIM3 COBPEMEHHBIX TIOAXO0J0B K YIIPABJIEHUIO
I'PYIIIONA HABEMHBIX POEOTOB C OTPAHUYEHHBIMHA
JQHEPI'ETUYECKHUMU PECYPCAMHA

B mepBoil rinaBe pacCMOTPEHBI CYIIECTBYIOLIME MOAXOAbl K YIIPABICHUIO
PHEPreTUUECKUMU pecypcaMd B TIpyHIe€ Ha3eMHbIX poOOOTOB, METOJbI
ONTUMAJILHOTO PACTIPEIEIICHNS CEPBUCHBIX U LIEJIEBBIX 3aa4, a TAKXKE ONPEACICHUS
MECTONOJIOKEHUIH Ha MapuipyTax poOOTOB Ul OCYIIECTBIECHHUS CEPBHCHOTO
oOciyxuBaHus. Taxke mnpeacTaBieH 0030p crIoco0OB NepepacHpeeseHus
pECYpPCOB B TpyIllle Ha3eMHBIX POOOTOB, MPOBENEH aHAIM3 HUX MPEUMYIIECTB U
HEJOCTaTKOB. B kauecTBe NMEpCIEKTHBHOIO Crocoba oOMEHa SHEpreTHUYEeCKUMHU
pecypcamMu paccMaTpuBaeTcs OECKOHTAKTHas Mepefada HHEPru IMOCPEICTBOM
WHIYKTUBHO-CBA3aHHBIX ~ KOHTypoB. IIpoBeneH  aHanm3  CymIeCTBYIOIIMX
CTaHJIaPTU3UPOBAHHBIX PELICHUI OECIPOBOAHBIX 3apsIHBIX YCTPOMCTB, a TaKKe
IIPOBE/ICH aHAJIN3 OJJHOHAMNPABIICHHBIX U IByHAIIPaBICHHBIX O€CITPOBOIHBIX CUCTEM
nepenaun sHepruu (bCIID), npencTaBlieHHbIX B HCCIIEI0BATENBCKUX padoTax.

HazemHbie poboToTexHUYecKue cpeactsa [1] MOryT peaan30BbIBaThH 3a1auu
COXPAaHEHMS U NEPEPACIPENCIICHUS PECYPCOB M0 OTHOIIEHHUIO K BHEIIHEMY MHpY,
TO €cTh OBIThb 3BEHOM B peaju3aluu TIo0ajdbHBIX mporeccoB. IlepBrie 3Tambl
pa3BuUTUsl POOOTOTEXHUKH HE TMpPEANoyiarald akTUBHOTO (PU3NYECKOTO WU
YHEPTreTUYECKOTO B3aUMOJCHCTBUS MEKIY POOOTOTEXHUYCCKUMHU eIuHUIaMu [2],
YTO B IIPUHLMIIE UCKIIIOYAJIO 3a7a4y COXPAaHEHMs U IepepacipencsieHusl pecypcoB
BHYTpPH caMOil poOOTOTEXHUUECKOM cucTteMbl. [TosiBneHue HarpaBiaeHus rpynnoBon
poboToTexHuku [3-5] cienano JaHHYH BHYTPUCHCTEMHYIO 33]ady aKTYyalbHOW.
['pymnmoBoe yIpaBsiieHME NPEANOJAraeT KOOPAWHHUPOBAHHOE M COTJIACOBAHHOE
yOpaBJICHHE OJHOBPEMEHHO HECKOJIBKUMM POOOTaMM JJIsi BBHITOJHEHMS LEIEBOU
3agaun. [{ns pacmmpenus GyHKIMOHAIBHBIX BO3MOXKHOCTEH Tpymibl Tpedyercs
pelaTh 3aja4 COXpPaHEHHUs U NIEPEPACTIPEIEIICHNS PECYPCOB BHYTPHU HEE C YUETOM
BO3MOXKHOCTEM pPOOOTOB M cHeuu(UKHA BBINOIHIEMBIX HMHU 3aaad. AHanu3

COBPEMEHHOTO COCTOSIHMSI TPOOJIEeMBbl TMepepaclpepesieHUs] IHEPreTHUYECKUX
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pPECYpCOB  MEXAy POOOTOTEXHUYECKUMH CPEICTBAMU TO3BOJUI  BBIICIUTH
OCHOBHBIEC HAIpaBJIICHUS] U METOJAbl PELICHUS 3aJlaud JAUCCEPTALMOHHOIO

HCCICAOBAaHUs, 4 TAKIKC BBIAIBUTH UX JOCTOMHCTBA U HCAOCTATKU.

1.1 AHann3 CYmeCTBYOIIMX MOAX0A0B K YIIPAaBJCHHIO

JHEePreTHYeCKUMHU pecypcaMu B rpyiime podoTos

Pa3paboTka mMOAXOMOB W METOJOB, HAIMpPABJICHHBIX HA TOBBIIICHHUE
3¢(deKTUBHOCTH  (YHKIUOHHUPOBAHUS TPYIIbl poOOOTOB MpU COBMECTHOM
BBITIOJTHEHUH IIETIEBBIX 3aJ]1a4, SBISETCS BaXHBIM HAIPABICHUEM COBPEMEHHBIX
UCCIIEIOBAaHUA B 001acCTH POOOTOTEXHUKH. AKTyaIbHBIMU Ha CETOMHALIHUI JI€Hb
SBJIIOTCSL 33Jla4dl YMPABICHUS U ONTUMU3AIMH HCIOJIb30BAHUS DHEPrEeTHUECKUX
pecypcoB poOOTOB W Tpynmbl B 1enoM. QDOyHKIHMOHAIBHBIE BO3MOXXHOCTH,
3G ()EKTUBHOCTH BBIMIOJHEHUS 3aJlad M BPEeMs aBTOHOMHON pa0OThl BO MHOTOM
3aBHCST OT CyMMapHBIX YHEPTEeTHUECKUX PECypCOB, TOCTYITHBIX TPYIIE pOOOTOB, U
NPUHIIAIIOB MX COXpaHeHWs W mepepacnpenenceHus. [1oAroToBiIeHHBIH B paMKax
JUCCEPTAlMOHHOTO HCCIIEI0BaHUsI 0030p METOJIOB TPYIIIOBOrO YMPAaBICHUS U
pacmpesieieHus SHEPreTUYECKMX PpEecypcoB BKIIOYAET TMPUMEPHI U3 00JacTu
Ha3eMHOM, BO3YIITHON ¥ BOJAHOM poOOTOTEXHUKH [6].

TexHonornyeckue JOCTUKEHMSI, CIIOCOOCTBYIOUIME IepeAaye HSHEPrUu
MeXIy poOOTamMu, MPUBENHU K MOSIBICHUIO MOAX0I0B, B KOTOPHIX UHIANBUAYaTHHBIN
3arac PHEPreTHUECKUX PecypcoB poOOTa, paccMaTpUBAETCs Kak OOIIMM AJis Beel
rpymisl. B pabote [7] ocHOBHOE BHUMaHUE yIeseTcs Ipo0IeMe MapIpy TH3AIH
IpU WCCIEAOBaHWN pabodero MpOCTPaHCTBA pOeM POOOTOB, B KOTOPOH 4YacThb
poOOTOB HWMEIOT (PYHKIMIO Tiepefadyd dSHEPruM JApyruM poboram. 3amaua
uccienoBanust (GopMyIupyeTcs Kak 3agada  ABYX(AKTOPHOW ONTHMHU3AIINH.
KauecTBO MapuipyToB u3MepsieTcsi ¢ TOUKH 3peHus kommpomucca [lapero mexmy
MIPOTHO3UPYEMOM 00JIaCThIO, UCCIIEIyeMON poOOTaMHU, U PUCKOM BBIXOJIa U3 CTPOS
poboTta u3-3a paspsga Oartapeu. Ecnm obGmacth, ucciienyemasi poeM, CIHILIKOM

BEJIIMKa, BEPOSTHOCTH paspsna 6arapen podota moseimaercs. UtoObr a3 exTuBHO
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cOaJlaHCHPOBAaTh 3TH JBE€ NPOTUBOPEUMBBIEC LEIH, UCIOIb3YETCS 3BOJIOLMOHHBIN
QITOPUTM, OCHOBAHHBIA Ha OHOMHCIIHPUPOBAHHBIX MeTonax. llpemnoxkeHHbI
anroput™ NSGA-II copTupyeT NOTEHIMAIbHbBIE TOYKH 3apsA/ia B COOTBETCTBUH C
o0mieil miuomaabpio, uccaeayeMoi poem. [lanee BBISABISETCS, NTOMHHHPYET JU
KaXJI0€ pEUIEHUWE C TOYKU 3PEHHUS ONTUMaJbHOCTH Mo npuHuumy I[lapero Han
JIPYTUMH PEIICHUSIMH B O0IIIEM, B BRIOMpaeTCs caMoe OJIM3K0E paCCTOSIHUE OT TOUKH
3apsa J0 KaXKJI0ro areHra.

Cucrema, coctodliass M3 TPYNIbl MOOWIBHBIX POOOTOB W MOJBUKHOU
3apsITHOM CTaHIMK, paccMarpuBaercsi B [8]. POOOTHI BEITIOIHSAIOT TPaHCIIOPTHYIO
3a/ladyy U NEPUOAUYECKU MOIMOJIHAIT 3apsA] Ha CTaHUMU. Pa3merieHue 3apsaHON
CTaHIIMK B 00JIacTH pabovyero MpOCTPAHCTBA BIMSIET Ha IMPOU3BOIUTEIBHOCTD
rpynmbl U 3((EKTUBHOCTh pacxoja HHEPreTUYECKUX PECypcoB. ABTOpPBI
IIpeIaratoT NoAX0, B KOTOPOM 3apsiiHasi CTAHLIMS SIBJISIETCS 110 CyTH aBTOHOMHBIM
poOOTOM, KOTOPBII HA OCHOBE JJAHHBIX OT padO4YHUX POOOTOB MBITAETCS TOCTETIEHHO
YIyUIIUTh CBOE MECTOMOJIOKEHUE. B Xone MoaenupoBaHus ObLJIO MOKA3aHO, YTO
noJaXoJ  O0OecrnevyMBaeT  MPOU3BOJUTEIBHOCTb, CPAaBHUMYK C  XOpPOUIO
pPACIOJIOKEHHOM  CTaTUYECKOM  3apsiaiHoM  ctaHumeid.  [IpuBnekarenbHOMR
0COOCHHOCTBIO SBJISICTCSI CIIOCOOHOCTH CUCTEMBI C TTOABMKHOM 3apsITHOM CTaHITUEeH
aJanTHUPOBAaThCAd K JMHAMHYECKM MEHSIOIMMCA W CIYy4YalHO pPAaCIOJIOKEHHBIM
3a/layam.

[IpuMeHeHrne CcOUMaNbHOIO TOBEACHUS JUISI  YBEJIWYEHUS BpPEMEHHU
aBTOHOMHOM pa0OTBI BCETO posi IPEII0KEHO B padote [9]. ABTOpaMu npejcTaBiieHa
MOJieIb, B KOTOPOIl pou poOOTOB BBIMOJHAIOT 3aJa4y OYHUCTKHU OKPY>KaroIIeH UxX
cpenbl, coOupasi mpeaMeThl W cOpacbiBas WX B II€JIeByl0 30HY. Pabouee
MPOCTPAHCTBO POs JEIUTCS Ha 3 30HBI B 3aBUCMMOCTH OT PEATN3yeMbIX TaM 3aj1ay:
30Ha TOHMCKa, IleJieBas 30HA, 30HA 3apsaa. B 30He moucka pasmernieHsl OJOKH U
poOOTHI, POOOTHI OUYHUIIAIOT 3Ty 00JIACTh, Mepemerias OJIOKH B IEJEBYIO 30HY.
Kax b1l poboT pacnonaraer uHGpopManyen 0 MECTOIOJIOKEHUH 1IEeJIeBOM 00J1acTu
U obmactu 3apsAa. YpPOBEHb 3apsga aKKyMyJsiTopa HWHHUIHAIU3UPYETCS

IIPOU3BOJIBHO, a4 KOI'Za OH OIIYyCKAC€TCsA HHUKC MHHHUMAJIIBHOI'O 3HAYCHUA, pO6OT
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IIEPEXOIUT B PEXKUM IIOWCKA 3aPAJHOM CTAHIMHU. AJNBTPYUCTUYECKHU ITOAXOJ
(YHKIIMOHUPOBAHUS COCTOUT B TOM, UTO €CIIK POOOT HAXOUTCS B PEKUME MOMCKA
OJIOKOB M UMEET YPOBEHb 3apsi/ia BbILIE IOPOIOBOIO 3HAYEHMSI, OH MOXKET NE€PEAAThH
HEKOTOPOE KOJIMYECTBO HEPTUU pOOOTaM, UMEIOIIUM SHEPTHIO HUKE MTOPOTOBOTO
ypoBHs. {11 3TOro poOGOTHI 10JKHBI HAXOJUTHCS B HEMOCPEICTBEHHOM O1M30CTH
Ipyr K Apyry. [Ipu anpTpyrcTudecKoM moaxo/ie 0o1ee KoJINn4ecTBO MoTpedasieMon
poboTamMu >HEprumM cHIKaercs. llpuBeneHHbIE SKCIIEPUMEHTAIbHBIE PE3yJIbTaThl
MOKa3bIBAIOT, YTO BHEAPEHUE COLUAIBHOIO MOBEACHUS B POM pPOOOTOB yIydIlaeT
IIPOU3BOJAUTENILHOCTD U 3P(HEKTUBHOCTH pabOTHI POSI C TOUKHU 3pEHUS MOTPEeOIEHUs
sHepruu. KoHIenuus anbTpyHMCTUYECKOTO IOBEACHHUS B pOE POOOTOB Takke
uccnenobaiack B [10], u Oblia mMpakTHYECKH peaan30BaHa Ha OCHOBE POOOTOB
CISSBot, KoTOpbIE HMEIOT BO3MOXHOCTh OOMEHA aKKYMYJISITOPHBIMU OaTapesiMH.

[Iporpecc B oOnacTh MOABONHOM POOOTOTEXHUKH M TEXHOJIOTUH
OecpOBOJHBIX CEHCOPHBIX CeTeld MpuBell K pa3paboTke poOOTOB-PHIO,
OCHAIICHHBIX CEHCOpPaMH, OECIIPOBOAHON CBSI3bI0 M COOCTBEHHBIM BBIYHUCIUTEIIEM.
Anroputm, mpemsiokeHHbIH B [11], OCHOBaH Ha COIMAIbHOM IIOBEJICHUHU PBIO U
NPUMEHSETCS aBTOpaMH JUIsl ONTHUMU3AINHA JUHAMUYECKOTO Ha3HAYeHUS 3a/1ad U
HPHEProcOepeKeHnss B UCKYCCTBEHHOM poe poOoTOB-pri0. CHauasa BBIMOIHSIETCA
MOJICJIMPOBAaHUE NOTPEOJSCHUSI SHEPruU areHToOM pos, a 3aTeM IMpenasaraercs
GbyHKIMS 3aTpaT IpyU HAa3HAYSHHUH 33/1a4H, KOTOpasi COUETACTCS C MOJICTTUPOBAHUEM
NOTpPeOJICHUS! SHEPTUU areHTOM U OTBEYAaeT TPeOOBaHUSIM M OTPaHUUYEHUSIM 33/1a4.
Pe3ynbTaThl MOIETUPOBAHNS TIOKA3BIBAIOT, YTO BPEMs BHITIOTHEHUS U TOTpeOIeHne
HEPrUH MOTYT OBbIThb YMEHBIIEHBI, & CPOK BO3MOKHOM pabOTOCIIOCOOHOCTH pOsi
POOOTOB-PBIO MPOICH C MOMOIIBIO IIPEIIOKESHHOTO METO/1A.

MeTon ~ KOJUIGKTHBHOTO  DHEPreTHUYECKOTO  TOMEOocCTa3a,  IMOAO0OHBIN
pPaccMOTPEHHOMY BBIIIIE METOJIy COLIMAIBLHOTO MOBEIECHUS MPH paboTe posi, MOKET
MOBBICUTH d(PPEKTUBHOCTH YMPABICHHS KCIIOJB30BAHUEM DHEPIHH B poe. Takoi
MeTo rpeaiaoxkeH B [12] Janubiii moaxoa pacimpsieT Meto pos yactuil (Particle
swarm optimization, PSO) mms BeiOOpa 3agady ¥ IJIAHUPOBAHUS JIBHDKCHHSI

OTACIBHBIX pO6OTOB, Acjasa X 4yBCTBUTCIIbHBIMHA K OHCPIr€TUYCCKOMY COCTOSAHHUIO.
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OO6mmii 3h(}eKT TOro anrropuT™Ma — HBONIOIMOHHAS ONTUMHU3AIMS METOJA POs
gactul (Energy Aware Particle Swarm Optimization as Search Mechanism - EPSO),
3aKJII0YAeTCsl B CMEIICHUM JHEPrOEMKHX 3a7ad B CTOPOHY TeX pPOOOTOB B poe,
KOTOpbIE HWMEIOT 0oJiee BBICOKHE YPOBHHM DJHEPrHH. TakuMm o0pa3om,
OCYIIECTBJISICTCS. BBIPABHUBAHUE SHEPreTUYECKOW Harpy3KH, YTO TIOBBIIIACT
00eCrIeYeHHOCTh POOOTOB PHEPTHEN U OJHOPOTHOCTD €€ PACHPEICICHHUS 110 BCEMY
poto. B manHOM cilydyae MOYKHO TOBOPUTH O KOCBEHHOM 0OMEHE SHEpruei mpu CMEHe
3aJa4. OKCIEpUMEHTAJIbHbIE PE3yJIbTaThl MOKa3bIBalOT, uTo anroputM EPSO
MO3BOJIAET COLMAIBHBIM POOOTaAM BBIMIOJNHATE TOACPKAHUE KOJUIEKTHBHOTO
ypOBHs 3Hepruu 0osiee 3pPeKTUBHO, yMEHbIIasi pa30poc SHEPTUU MEXK1y areHTaMU
post Ha 49% 1 yBenMUMBasi KOJIMYECTBO MUCCUIN, KOTOPBIE MOXKET BBIIIOJIHUTD PO,
npu (PUKCHPOBAHHOM HAYAJILHOM YPOBHE DHEPTHH.

EPSO mos3Bonsier cHU3UTH oOIee HHEPronorpedsieHre pos Mpu
HE3HAUMTEIIFHOM YXYIIICHUW pe3yiabTatoB moucka. B [13] mpencraenen
MOWCKOBBI MEXaHWU3M Ui PO MajorabapUTHBIX JIETaTEeIbHBIX —alIapaTos,
OCHOBaHHBIN Ha MeTojie post yacTull. OCHOBHAs UJEes METO/A 3aKII0YAeTCs B TOM,
YTOOBI JIeTaTeIbHbIC allapaThl HE 3aBUCAIIM B BO3yXe, a MEPEMEIIATUCH 10 TOUKU
HA3HAYCHUSI KOPOTKUMHU PACCUYUTAHHBIMH TUCTAHIIASIMH.

Eme onuH MeTon ONTMMHU3ALMK, OCHOBaHHBIM Ha METOAE POs YaCTHL,
Navigation Wind PSO (NWPSOQ), [14] npencTaBisier co00i MeXaHU3M TTOMCKa TSI
BO3YILLIHBIX MUKPO-POOOTOB C OTpaHMYEHHON EMKOCThIO OaTapeu, JeHCTBYIOIUX B
cpellax C HEM3BECTHOM BHEIIHEN AuHaMuKoM (Hanpumep, Betep). [Ipeanonaraercs,
YTO pOOOTHI pa3psKAIOTCA TOJIBKO MPHU JIBIKCHUM B HAINPABJICHUU MPOTHUB BETpa
1oJ1 KakuM-J1160 yriom. [IpenioxkeHHbI METOI UCTIONb3YET KOHILICTILUIO PUHATHUS
MHOTOKPHUTEPHUAIBHBIX PEIICHU W TMO3BOJIICT WHIWBUIYyMaM BBIOMpPATh CBOU
JIBUKEHMSI TIO HAIIPABJICHHIO BO3YIITHOTO MTOTOKA C HEOOJIBIIMMH OTKJIIOHEHUSIMH OT
Kypca, 4ToObl COKOHOMHUTH KaK MOKHO OoJibllie SHEpruu. B craTthbe mpeacraBiieH
HABUTAlIMOHHBIA KOJUIEKTUBHBIA MOWCK, OCHOBAHHBIM HA KOHIEHIUU TPUHITHUS
MHOTOKPUTECPUAIBHBIX  PEIICHWH I8  MHHUMH3AIUA  JOTIOJHUTEIBHBIX

OHCPIreTHYCCKUX 3aTpaT, BOZHHUKAIOINHUX B BO3AYHIHBIX POAX IO BO?),Z[GI\/'ICTBI/ICM
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HEHU3BECTHOW BHEIIHEW AWHAMHUKU. [IpeokeHHas Moaenb U COOTBETCTBYIOILINE
GyHKIIMM TpeaHa3HayeHbl ISl  OOECHEYeHHs OLEHKU BIMSHUA BHEIIHEH
HEU3BECTHOM JMHAMHKUA HAa JHEPromnoTpediieHHe BO3AYIIHOTO POsl B MPOIECCe
noucka. COrjJacHO MOJYYEHHBIM pe3yJibTaTaM, BaKHBIM SIBIISICTCS OalaHC MEXIY
COXpaHEHHUEM OHHEPrUM W MEXAaHU3MOM I[IOMCKA, KOTOPBIA 3aBUCUT JHOO OT
MOMCKOBOTO JaHAmadTa, 1100 OT CTPYKTYpbl BEKTOPHOTO MOJIA (XapaKTEPUCTUK
BETpA).

Taxoxe 17151 ONTUMHU3ALUU pacIpeIeIeHUs SHEPTETHUECKUX PECYPCOB B pOE B
pabore [15] npennoxxken metos BbIOOpa riaBbl KilacTepa poOOTOB-PHIO HA OCHOBE
HEYETKOM JIOTMKH, B COOTBETCTBUU C Ha3BaHUEM TPeX (PaKTOPOB HEUETKOMN JIOTHKU:
octraroyHas sHeprus (residual energy), moasuxkHOCTH (fish mobility) u monoxenue
(position). ITockoapKy 0oJiee TOABMKHBINA areHT posi TPATUT OOJIbIIE YHEPTUU, TO B
KayecTBE IJIaBbl KJIacTepa OyJeT BBIOpaH areHT ¢ HauMEHbILIEH OJBUKHOCTBIO.

JleneHTpanu3oBaHHas pOOOTOTEXHWYECKass CHCTeMa, OCHOBAaHHas Ha
NPUHIUNAX (PYHKIMOHUPOBAHUS POsI IMUENl B TMOWMCKAX MHIM TMOKazaHa B [16]
[IpensioxkeHHBI AITOPUTM JIETUT areHTOB Ha POOOTOB-PAOOTHUKOB M POOOTOB-
n00sITunKOB. CTaTyc areHTa OmpeaesieTcss KOJUYeCTBOM OCTaBIIEHCS IHEPIHH,
KOTOpast OMPEIeIIAeT ero Kak paboTHHKA WU JOOBITYMKA. ATEHTHI paboTaloT, MoKa
HHEPrUM JTOCTATOYHO, a 3aT€M aBTOHOMHO HIYT UCTOYHHUK 3HEepruu. Mudpopmarus
O MECTONOJIO)KEHUH HWCTOYHWKA DHEPTUH, KOTOpas TMOCTymaeT OT poboTa-
NOOBITYMKA, NEpeNaeTcss APYruM poOOTaM MOCPEACTBOM JIOKAJIBHOM CBS3H.
Pesynbprar cUMyNSIMM TTOKa3bIBAET, YTO POOOT MOXKET HEMPEpHIBHO paboTaTh,
noObIBaTh, Nepe3apsskaTh M BO3BpamiaTbess K paboTe CcaMOCTOSTENbHO, 0e3
BMeEUIaTebCTBA YEJIOBEKA.

[IpoBeneHHblli aHAIW3 TIOKa3bIBAaeT, YTO MCCIAEAOBaHUSA B 00JacTH
nepepacipeiefieHuss PecypcoB B TIpynmax poOOTOTEXHUYECKUX CPEIACTB B
HACTOSIIEE BPEMS COCPEIOTOUCHBI Ha OMOIOTHYeCKH HHCITMPHUPOBAHHBIX TTOIX0aX
K YIPABJICHUIO JBM)KEHHUEM POOOTOB, ONTUMM3AIUMHU PACTIPEACIICHUS 3a1a4 MEKIY
HUMH. 3a/1a4u SHEPTeTUYECKOro 00ecreyeHus] U TUIAaHUPOBAHUS MPHU TPYIIIOBOM

YIIpaBJICHUN B OONBIIIEH CTENCHH paccMaTpuBarOTCA CO CTOPOHBI MOAACPKAHUSA
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HHEPreTUYECKUX MMapaMeTPOB areHTOB M PAcHpeeIeHUs 3a1a4 COOTBETCTBYIOIUM
obpazom. [[ist perieHust mpo6IeMbl OTPaHUYCHHOTO BPEMEHU aBTOHOMHOM pabOThI
POEBBIX pOOOTOB MPUMEHSIIOTCS CJIEIYIOUIUE MOAXObl: ONTUMHU3ALIUS AITOPUTMOB
yOpaBlIeHUsT poeM U pa3paboTKa alropuTMOB TOMCKA KpaTyalIlero myTH AJis
JNBIDKEHUS  KaXJOrO0 areHTa; COpPTUPOBKAa KAHAWJATOB HA  IOMNOJIHEHUE
HPHEPreTUYECKUX PECYPCOB; O0ECNEYEHHE COLUAIBHOTO TOBEACHHS pPOOOTOB,
3aKJIIovaroerocs B 3p(eKTHBHOM pacipeIeICHUH PECYPCOB B POE.

Hcxons W3 IPOBENEHHOIO AHAIM3a MOYKHO BBIJCIHUTH IEPCIEKTUBHBIC
MOAXOJbI K YHPaBICHUIO TPYNIOW poOOTOB sl d(PGHEKTUBHOIO HCIOIL30BaHUS
pecypcoB: TMPHMEHEHHE AITOPUTMOB Ha OCHOBe Merona posi vactui (PSO),
MO3BOJIAIOIIME MTOBBICUTH BPEMS padOThI U CHU3UTh SHEProNnoTpeOIeHHE POsl IyTEM
oosiee AdPekTUBHOTO pacmpeAcieHuss OOIel SHEPruu MEXIy areHTamu;
UCIIOJIb30BaHUE METOIOB pa3ziesieHus 00s3aHHOCTEHN cpei poOOTOB POs, TO3BOJISIET
pa3zeNnsaTh areHToB pos Mo (GYyHKIHMOHAIBHOMY NPH3HAKY, HAIpUMEpP Ha POOOTOB-
pabOTHUKOB, BBIMOJHSIOMUX 3aJaHUsl U pOOOTOB, 3apsKalomUX UX. Tak poOOThI-
pabOTHUKYU MOTYT HE IPEPHIBATH BBIITOJIHEHUS 3a/IaHUS, IOJy4asi SHEPTUIO BO BPEMsI

BBITTOJIHCHUA.

1.2 AHaau3 MeTo/0B pacripe/ieJIeHUs 1ieJIeBbIX 32124 U onpeaeeHust

MeCTOIO0JI0KeHUI CePBUCHOTO YHEPTeTHYECKOr0 00CTyKUBAaHHUs POOOTOB

['pynma poG0TOB Ha OTKPHITOM MPOCTPAHCTBE MOXKET BBITIOJIHATE PA3INIHBIC
3aJ]auM: COCTaBJIEHUE KapThl, MOHUTOPUHI MECTHOCTH, IOUCK OOBEKTOB MHTEpECa,
JIOCTaBKy oOopyAoBaHUs H oOecrnedeHue ero (GyHKuuoHupoBaHus. llpu
OTPAaHUYEHHBIX HSHEPreTHYECKUX pecypcax poOOTOB i CHUXKEHHS OOIIero
BPEMEHHM  BBINMOJHEHHS  LEJEBBIX 3aJad M PACIIUPEHUS  TEPPUTOPUU
(GYHKIIMOHUPOBAHUS TPYIIBI HMEET CMBICI pa3feliaTh poOOTOB TPYMIBI IO
cunenuanu3anuu [8, 16]. PoOoTel-paboume OCYIICCTBIISIOT HEMOCPEACTBCHHOE

BBIIIOJTHCHHUC ILCJICBBIX 3a4a4, a pO6OTBI-3apH}KaIOH_II/I€ BOCITIOJIHAKOT UX PECYPCHI.
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OaHUM 13 TJIaBHBIX 3TANOB IUTAHUPOBAHUS 3a/1aHMSI SIBJIAETCS pACIPEACICHHUE 3a/1a4
MeXAy poOoTaMu-pabOvYUMH.

JUi HaXOKJEHUs pacrpesiesieHus: n poOoTOB-padounx Ha m 3aJa4, KOTOpoe
MUHUMHU3UPYET 3aTpaThl BPEMEHU Ha TIEpeMEIIeHHE, TJe KaKIblid pabounii MOKET
BBITNOJHATh HECKOJIBKO 3a7a4, HEOOXOJUMO pEIIUTh HeoOxonumo peuntbh NP-
MOJTHYTO 33/1a9y O HazHaveHmsx [17, 18].

Metonabl Ha OCHOBE AMHAMUYECKOTO MPOrpaMMHUPOBAHUS PELIAIOT 3a1a4y O
Ha3HAYEHMSIX IO CJAEAYIOIEMY MPUHIUILY: Ha KaKJOM IIare Ha3HauYeHuil, HaunHas
C TIepBOTO, BEIOMpaeTcsi camblil 3P PekTHBHBIN (HeI((HEKTUBHBIN) UCTIOHUTEID 110
3aJlaHHOMY KpuTepuio. Takum oOpa3om, AJisl MOMCKAa ONTUMAIbHOIO Ha3HAYEHUs
IUIAaHUpyEeMasl OIepalMsl pas3JeiseTcs Ha psj  [OCIENI0BAaTEIbHBIX IIaros.
COOTBETCTBEHHO, M CaM MpPOIEeCC pacmpeacieHuss paboT MeXIy HUCHOJHUTEIISIMU
CTAaHOBHUTCSI MHOTOLIArOBBIM U Pa3BUBAETCS IOCIIEI0BATEIbHO, OT 3Tana K 3TaIly.
Opnako Takoil cHoco0 peleHus, Kak NpaBWiO, HE NPUBOJAUT K MOJYYEHHUIO
ONTUMAJIBHOTO penieHus. Eciau Ha nepBhIX marax BeIOMpaTh caMbIX d3(PPEKTUBHBIX
(Hen(h(PEKTUBHBIX ) UICTIOJTHUTENICH, TO HA MOCJICTHUX IIIarax aJilrOpUuTMa MPUX0UTCS
BBINIOJIHATh HA3HAYEHUS!, KOTOPbIE MOTYT BHECTH HETaTUBHBINA BKJIaJ B CyMMAapHbII
kputepuil. [loaToMy nenecooOpazHO B KauecTBE METOAA PELICHUS 3aJaud «O
Ha3HAYeHMUSIX»  NPUMEHUTh  MaTeMaTHYeCKH  ammapaT  AMHAMHYECKOTO
IPOrpaMMUPOBAHMS, Pa3pa0OTaHHBIM MJIsi pPELICHHUs HEKOTOpOro Kiacca 3ajay
OyTeM HX pa3JIo’KEHUsT HAa OTHOCHUTEIBHO HEOOJIbIIME, MpHUYeM, Kaxabld pa3
ONTUMM3UPYS YIPABICHHUE TOJbKO Ha oAHOM miare | 19—-21]. 'maBHBIM HETOCTaTKOM
METOJIOB HAa OCHOBE JWHAMHUYECKOI'O IPOTPAaMMHUPOBAHUS SIBJIETCS BBICOKAs
BBIUMCIIUTENbHAS CIOKHOCTh. [[03TOMY yBenuueHue 4uciia 3ajgad Wil poOOTOB-
pabounx UMEET 3HAYUTENIbHOE BIUSHNAE HA BPEMS BBITIOJIHEHHUS.

Crenuguyeckue 0COOCHHOCTH 3a/1a4 O HA3HAYEHUSIX TOCTYKUIIH MTOBOJIOM K
MOSIBJICHUIO BEHIrepcKoro anroputrma [22—24]. OcHoBHas ujies BEHIepCKOro MeTo1a
3aKJIIOYAETCsl B MEpPEeXOoJe OT MCXOJHOM KBaJIpaTHOM MAaTpULbl CTOMMOCTH K

SKBUBAJICHTHOM €M MaTpuIle C HEOTPUUATEIbHBIMUA 3JEMEHTAMH M CUCTEMOM n
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HE3aBUCHUMBIX HYJIEW, U3 KOTOPBIX HUKAKHUE JIBA HE MPUHAJJICKAT OJHOM U TOU kKe
CTPOKE WJIM OJTHOMY U TOMY K€ CTOJIOILY.

3ajada 0 HA3HAYCHMSIX B MAaTEMaTHYECKOW MOCTAaHOBKE MPEACTaBIsAET CO00M
3a/1a4y AUCKPETHOW onTuMuU3anuu. [losTomy Njisi ee peleHus: MOKHO MPUMEHUTh
aJTOPUTMBI IIEJIOUYMCIIEHHOTO MporpaMMUpoBaHus. B Hacrosiee BpeMs: HauboJee
HAJIC)KHBIM CPEACTBOM PEIIEHUS ILEJIOYMCIEHHBIX 3a/1a4, BCTPEYAIONIUXCA B
NPAKTHYECKUX WCCIICOBAHMSX, SBISCTCS METOJ «BETBe WM TrpaHui» [25, 26].
['maBHBIM HEJOCTATOK aJIrOpUTMa METOJa BETBEM M TpaHUIl 3aKJIIOYAECTCS B
HEOOXOJMMOCTH TOJHOCTBIO peIllaTh 3aJayd JMHEHHOTO MPOTrpaMMHUpPOBAHUS,
aACCOLIMMPOBAHHBIE C KAXKJIOW M3 BEPIIMH MHOTOIPaHHUKA JOMYCTUMBIX PEIICHUM.
Jlns1 3a1au OOJIBIION pa3MEPHOCTH ATO TPEeOyET 3HAUNUTEIbHBIX M HEOMPABAAHHBIX C
MPAKTUYECKOM TOYKM 3pEHHSI 3aTpaT BpeMeHU. MeHee TPYJAOEMKHUM METOJAO0M
pEIICHHs TOCTABIICHHOM 3aa4d B 3TOM ClIydae sBiisieTcs anroputm Jlurria [27].
JIaHHBIN aNTOPUTM SIBJISIETCSI YAaCTHBIM CiIydyaeM MPUMEHEHUs METOJla «BETBEU U
TPaHUI» U OTHOCUTCS K YHMCIIy TOUYHBIX AJITOPUTMOB, OJTHAKO MPU PEIICHUU 3a/1a4
OOJIBIIION pa3MEPHOCTH, KOTJa pa30poC TaHHBIX HEBEIIUK, 3TOT aJITOPUTM CXOIUTCS
OYE€Hb MEJIJICHHO.

N3 paccMOTpeHHBIX pelreHuil Hanbosee MOAXOIAIINM IS TOCTaBJISHHON
3a7a4M O HA3HAYEHUSX SBISIETCS BEHIEPCKUM aJIrOPUTM. AJITOPUTM SIBJISIETCSA
CTPOTO TMOJUHOMHAIBHBIM M OOECIEUHMBAET TOYHOE PEIICHUE 33 MHHUMAaJIbHO
BO3MOYKHOE€ BPEMSI, B OTJIMYME OT APYTUX PACCMOTPEHHBIX aJITOPUTMOB.

[ToMumo pacnpenesneHus 3aa4d Mex,1y poooTamu, B TpyIIIe, pa3aeeHHOMN M0
GyHKIMOHATBFHOMY TIPHU3HAKY, HEOO0XOJUMO ONPENeNuTh TOYKU 3apsga W
MapmipyTel poOOTOB. B Xome aHanm3a CymeCTBYIOIIUX PEHIICHUNH TPOOIeMbI
OTMpeNeNieHUs] TOYeK 3apsjga OblIM  HaWIEeHBl METOAbI, pa3paboTaHHBIC
MPEUMYIIECTBEHHO /JII Pa3BE/IbIBATEIIbHBIX OMNEpaldid WM JOCTaBKH TOBAapOB B
TOPOJACKMX  YCJIOBHUSIX  OCCHWJIOTHBIMM  JIETaTCJIbHBIMM  amnmapaTramMd U
YIIPaBJISIEMbIMU TPAHCIIOPTHBIMU CPEJICTBAMU C OTPAHUYEHHBIM 3a11aCOM SHEPTHUH.

B [28] uccnenyercs 3amava miiaHHpOBaHUS MapIIpyTa JUIS JIEKTPOMOOHIIS C

BPCMCHHBIMH HHTCPBAJIaMH W OKXKHWIAAHHUEM 3apsga Ha CTaHIHH, ITIOCKOJbKY MOTI'YT
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BO3HUKHYTh CII€HapWH, KOTJa TPAHCIOPTHOE CPEICTBO OyJeT HaXOAWUTCA B
OKUJAHUM H3-3a OOJIBIIOTO YHWCJIAa KIMEHTOB M MAaJIOTO KOJUYECTBA 3apsTHBIX
ycTpoicTB. s pemieHust HEOOIBIIMX MOJOOHBIX 3a/lad aBTOpaMU Ipejiaraercs
paccMaTpuBaTh €€ KakK 3aJadyy CMEIIAHHOIO LIEJIOYHCICHHOIO JIMHEWHOIO
MPOrpaMMHPOBAHUS U PellIaTh ¢ MOMOIIbIO MporpamMHoro nakera CPLEX. Jlns
Ooree CIOXKHBIX 3a/ad aBTOpaMH Obla pazpaboTaHa MaTeMaTHYecKas MOJEIb,
COCTOSINAs M3 aJJalTHBHOTO MoMCKa 0obImmx okpecTHocTeit (ALNS — Adaptive
Large Neighborhood Search) u pemenus: cmenanHo! 1€I0YUCICHHON TPOTPAMMBI.

B paGote [29] neMoHCTpUpYyETCs pelIeHNne 3a1a41 TUIAaHUPOBAHMS MapIIPyTa
AIEKTPOKApA C YUYETOM 3araca €ro 3HEPTUH U BPEMEHHBIX OKOH JOCTABKH TOBApa.
ABTOpBI pa3paboTaiu ONTHUMU3UPOBAHHBIA MypaBbUHBINA anroputM (ACO — Ant
Colony Optimization), COBMEIIEHHBIA C METOJIOM BCTaBKM TOYKH 3apsija B
MOCTPOEHHBIM MapHipyT (BbIOOp OJivKaWIell CTaTUYHOM 3apsiAHOW CTaHIMH) U
pPacCHIMpPEHHBIM JIOKAJbHBIM MMOMCKOM. Takke pa3zpaboTaHa HOBas MOJEIb
BEepOSITHOCTHOTO BbIOOpa B ACO, KOTOpasi yUUTHIBAET BIUSHUE PACCTOSIHUS MEXITY
TOYKaMU U BPEMEHHBIMH HMHTepBasiaMu. Kpome TOoro, pazpaboTaHHBIN aJIrOpUTM
MO3BOJIAT CpaBHUTH 3 cmocoba 3apsga (MOJHBIM, YaCTUYHBIM, 3amMeHa
aKKyMyJsiTopa) ¥ BbIOpaTh Hanbojiee ONTHUMAJbHBIM OTHOCUTEIHHO BPEMEHH
MIOCEILEHHS] BCEX TOYEK U CTOUMOCTH IEKTPOIHEPTUH.

[IpuMeHeHrne MypaBBUHOTO AJIrOpUTMA JIJIsl MOMCKA CTPATErMH MOBEICHUS
rpynibl MOOUITBHBIX pOOOTOB Ha paboydeM MoJie C MPENITCTBUSIMU PacCCMaTpPUBACTCS
B padote [30, 31]. ABTOpamMu paccMaTpHBaeTCS BapUaHT PEHICHHUS MPOOJICMBI
pacnpeneneHus 3a1a4d B Tpynre MOOMIBLHBIX POOOTOB MPU HATMYUHU MIPETISITCTBUN B
pabouemM mpocTpaHCTBE. ba3zoBBIM alropuTMOM pEIICHHs] TOCTABJICHHBIX 3a7]a4
SBIJISUICA OAWH M3 BHUJIOB MYPABBUHOTO aJIrOPUTMa - METOJ MYJbTUKOJIOHUAIBHOU
MypaBbUHOW CHUCTEMBI B COYETAHUHM C aJTOPUTMOM IUTAHHUPOBAHUS TPACKTOPUH,
peaan30BaHHbIN C UCIIOJIb30BaHUEM NpUHIUIIA JTUHAMUYECKOTO
porpaMMupoBaHus. Pe3ybTaThl BHIYMCIUTENbHBIX SKCIIEPUMEHTOB MOKa3aju, YTO
TPACKTOPUH POOOTOB CTPOSTCS HA MOJMHOXKECTBE CBOOOAHBIX SYEEK pPabOuero

INPOCTpaHCTBA MW HE IICPCCCKAIOT STYEMKH  C NpCIATCTBUAMU. HpI/I 9TOM
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KoH(purypamusi pabodyero moJis BIUSET HE TOIBKO HAa (DAKTUYECKHUE MapIIPyThHI
poOOTOB, HO ¥ Ha TEpepaclpeieiCHHe 3aJaHuid MEXITy HHMH, WU YHUCIIO
3aJIeiCTBOBAHHBIX POOOTOB.

B [32] paccmarpuBaercs mpoOsiemMa IUTAHHPOBAHHS —MapiipyTa s
AIEKTPOMOOWIISI C YYETOM BpPEMEHHBIX HMHTEPBAJIOB M BPEMEHU OKUJAHUA Ha
CTaTHYECKOW 3apsAHOM CTaHUMWHU. {11 MUHMMH3aIUKU OKUAAHUA 3apsa aBTOpaAMU
CTaThU MpeJjiaraeTcsl AByXCTyNeH4YaTasi SBPUCTUKA, OCHOBAHHAsS HA CUMYJISIIIUU U
ucnons3yromass ALNS ¢ amanTupoBaHHBIMM T0J] JAHHYIO 33/ady oOleparopamu
POXICHUST W YHUYTOXKEeHHMs. Ha mepBoil cTaguu BBIMIOTHSETCS IMOCTPOCHUE
TPAEKTOPUN C YUETOM CPEIHEr0 BPEMEHU OKMJIaHUS Ha cTaHuuu. [Ipu 3TOM ecin
peaqbHOE BpeMs OXKUJIAaHWS TPEBBICUT OXKHUJIaeMoe, TO 3Ta uHpopmanus Oyaer
WCIIOJIB30BaThCA MPHU TJIAHUPOBAHUU MAPUIPYTOB JIPYTUX TPAHCIOPTHBIX CPEACTB.
Ha BTOpO# cTaguu BBIMOTHAETCS KOPPEKTUPOBKA HEMOAXOIAIIETO PEMICHUS ITyTEM
mTpadoBaHUs 3a HApPYUICHUE 3aJlaHHBIX BPEMEHHBIX HMHTEPBAJIOB M TMO3HETO
BO3BpAIICHUS B JICTIO.

B [33] Ttakxke wuccimenyercs mpoblieMa MHUHHMM3AIlMM KaK BpPEMEHHU
MOCEIIEHUsSI BCEX IEJIEBBIX TOYEK, IMPEOJ0JICeBAEMOTI0O pPACCTOSHUSA, TaK U
MUHUMM3AIUU BPEMEHH U CTOMMOCTH 3apsijia aKKyMyJIATOpHOU OaTtapeu. ABTopamMu
MPEVIOKEH METOJI CMEIMIAaHHO-IIEJIOYUCIEHHOIO JIMHEWMHOrO MpOrpaMMHUpPOBAHUS
(MILP — Mixed-Integer Linear Programming), pemaemblii ¢ [TOMOIIBIO
nporpammHoro nakera CPLEX nms HeOGombimoro Habopa IieieBbIX Touek. Jlis
peleHust 3adad ¢ OoibIIMM HAOOpOM TOYEK aBTOpaMu Oblia pazpaboTaHa
ruOpuHAs BPUCTHKA, COCTOSAIIAS W3 KOMOWHAIINY YKaTHOTO aJITOPUTMA U TIOMCKA
IIEPEMEHHBIX OKPECTHOCTEM.

B pabore [34] paccmarpuBaercs 3amava IUIAHUPOBAHHS MapIIpyTa s
rpymnibsl OecnuIOTHBIX JieTarenbHbix ammapatoB (BITJIA) c¢ mocereHuneM Bcex
I[EJIEBBIX TOUEK 3a MUHUMAJIbHOE BpeMs. TakKe YUHUTHIBACTCS M OTpaHUYCHHBIN
DHEPreTUYECKUI PECYPC JIETATENBHBIX annapaToB. M3ydaercs cueHapuii, B KOTOpOM
BIIJIA MOXET NONOJHUTh JHEPreTUYECKUd PECypc Ha CTAUMOHAPHBIX WJIU

MOOMIBLHBIX 3apAAHBbIX CTAHIUAX. ABTOpBI npempiararor pemcHuc, KOTOPOC
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MIO3BOJIIET ONPEACIUTh HE TOJIBKO TMOPSAJOK NOCEHIEHUS LENEBBIX TOYEK
JIETAaTEIbHBIMHA aNlapaTaMy, HO ¥ BPEMs X MECTO IOCAAKH Ha 3apsiAHYI0 CTAHIIMIO.
Jlannyto 3ajmady mpeasiaraloT  paccMaTpuBaTh Kak — O0O0OOIIECHHYIO 3ajady
KOMMUBOSDKEpa U periath ee ¢ nomoribio anroputma Concorde TSP Solver (TSP —
Traveling Salesman Problem), npemioxxensoro B [35]. Kpome Toro, Beraucsercs
MUHHAMAJIBHOE KOJMYECTBO HA3€MHBIX POOOTOB I PEIICHUS 33a4l U MapIIpPyTh
JUTSL HAX. AHAJOTHYHBIC 3a/1a4d paccMaTpUBarOTCs B padorax [36] u [37].

ABtoMatuzaiusi cepBucHoro obcmyxxkuBanusi BIIJIA sBisieTcs akTyanbHON
Hay4HOU 3amaueii [38]. ABropamu [39] uccnemyercs 3amava pa3BeiKi TEPPUTOPHH
TPYIION, COCTOSAIIEH M3 HAa3eMHBIX M JIETATENbHBIX OECHHJIOTHBIX alIapaToB.
HazemHblii cepBUCHBIN pOOOT BBIMIOJHIET POJIb MOOWJIBHOM 0a3bl, Ha KOTOPOH
bnJIA MOKeT BOCIOJHUTH 3a1ac SJHEPTUH BO BpEMS Pa3BElIKU TeppUTopun. B nemnn
paboThl BXOAMIIAa MUHUMU3ALMS TIPOUIEHHOTO paccTosiHUS KaxkabiM u3 brJIA. B
KAueCTBE PEIICHHUs] aBTOPhl PadOThl MPEMIOKWIM CTPATETHI0 IUIAHUPOBAHUS,
OCHOBAaHHYIO Ha 4 3Tanax: (OpMHUpPOBAHUE TPYNI U3 HA3EMHBIX U JIETATEJIbHBIX
anrnaparoB; JEKOMIIO3UIMS IIEJIEBOTO palilOHa HAa ONTUMAJbHBIE YaCTHU, KOTOPHIE
MOTYT OBITh MOKpBITBI  JIOOBIMM  KOMaHAamMu 0e3  3apsja/no3arpaBKy;
pacnpezieieHue KOMaHJ| Ha 4acTH pa3OUTOro paiioHa [UIsl €ro HCCIeI0BaHUS;
paBHOMEpHOE pactnpenenenue Bcex bnJIA B rpyine Ha 3a1aHHYIO YacTh pailoHa, U
N0 3aBEpUICHUH pPa3BEIKU BO3BpaT Ha 0a3oByl0 miargopmy [is 3apsga u
MEPEMEIIEHHS K CICIYIOIIEH YaCTH 1IEJIEBOr0 paroHa.

B pa6ote [40] paccmaTtpuBaetcst 3amada mowcka nened rpymmoi bnJIA c
OrpaHUYEHHBIM YHEPreTUYECKUM PECYPCOM, KOTOPBIA OHM MOTYT IOIOJHUTH C
MOMOIIIbI0 MOOWJIBHBIX Ha3eMHBIX 3apspkatonux Tuiatrgopm. Ilepeasuxenue
3apspKAOIIUX MIaTGOPM MPOUCXOJUT MO JOPOKHOM KapTe, a UMEHHO 1o Tpady,
IIOCTPOEHHOMY II0 JaHHOW CceTH. B kauecTBe peleHuss aBTOpaMy IpeIIaraercs
ucnons3oBanue MILP u CP. Pe3ynprarsl 3KCIEpUMEHTOB IIPOJIEMOHCTPUPOBAIIH,
yto CP B 11€J10M IpeyiaraeT Jydilre penieHus no cpaBuenuto ¢ MILP.

B [41] npeacTaBieHo pemieHue 3afadd sl HecKoiabkux brnJIA u omgHOro

Ha3€MHOI'o p060Ta, NpeAHa3HAYCHHOIro Jid HMX J03alpaBKH, B KOTOPOM
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MpeIaraeTcs IByXypOBHEBAsI ONTUMU3AIMA: ONITUMU3ALUS TPACKTOPUU HA3EMHOTO
po0oTa MyTeM TOKCKa IEHTPOUIOB KJIACTEPOB, HAWJACHHBIX C MMOMOIIBIO MeToaa k-
CPEIHHUX CPENIM BCEX ILIEJEBBIX TOYEK; ONTUMU3auus Tpacktopuii briJIA ¢ yuerom
pacnpeeNIeHHbIX MEXy HUMH 3a]1a4 U TOYEK JI03aIPABKH, HAWJECHHBIX B IIEPBOM
JTare ¢ y4eTOM OTPaHUYEHHOIr0 KoJinuecTBa ToruimBa y bnJIA, HeorpaHU4eHHOTO
KOJMYECTBA TOIUIMBA Yy HA3eMHOTO0 poO0OOTa W BPEMEHHBIX OKOH OCTaHOBOK
HA3eMHOTro poO0Ta B TOYKaX JO3aIPaBKH.

B paccMoTpeHHBIX pellleHUsX 3apsAHble CTAaHIMU JIMOO CTATUYHBI, JIUOO y
HUX HE OrpaHUYEHBbI SHEPreTUUYECKUE pecypchl. Takke pabounmu amnmapaTtaMy B
OCHOBHOM SIBJISIFOTCSL JICTATEJIbHBIC ammaparbl, YTO HE MOAXOAUT JJIs PELICHUS
MOCTABJICHHOW 3a7aud B paMKax Ha3eMHoM rpymmbl poOoToB. IIpennmaraemsiii B
JJAaHHOW paldoTe TMOJXOJ] YYMTHIBAET OTrPAHUYECHHBIM HSHEPreTUUYECKUM pecypc
3apsDKAOIIUX pOOOTOB, a TakKe KapTy BBICOT MECTHOCTH, Ha OCHOBE KOTOPOM
BBIOMPAIOTCS YYACTKU TPACKTOPUM, B KOTOPHIX OYJET OCYIIECTBIATHCS IMepenaya

HHEPrUr MEXAy poOoTamu.

1.3 AHaau3 noaxXo0J0B U TEXHHYECKHUX CPEJACTB NMepepacnpeieeHust

JHEPreTHYECKUX PeCypcoB Mexkay podoTamu

Jns  pemieHWss 3aJa4dl  TUIAHUPOBAHUS W peaU3alliil  pacupeieieHHs
HEPTETUYECKUX PECYPCOB B IpyIIe poOOTOB, HEOOXOAUMO BHITIOTHHUTH aHATU3 U
CHCTEMATH3AIMI0 CYIISCTBYIONIMX PEIICHUH B 00JaCTH TEXHHYECKUX CPEJICTB
nepefayd  AJEKTPUYECKOM  dHepruM MexAy poboTaMH WM YacTSIMHU
POOOTOTEXHUYECKON CUCTEMBI.

B oGnactu mMonynbHON poOoTtoTexHUKU [42—44], e HamboJiee aKTyaJIbHBI
3a7]auu Tiepeaull SHEPruu U MHOOPMAIMH MEXIy OTACIbHBIMU aBTOHOMHBIMH U
HCAaBTOHOMHBIMU MOJYJISIMH, aKTUBHO TNPHUMEHSIOTCS KOHTAKTHBIC METOJBI JIS
nepenauu SHeprur U wmHopmaruu. KoOHTaKTHBIE METOIBI Tepeiaddl SHEPrHU

noaApasyMeEBarOT MCIIOJIb30BaHNEC PA3bEMHLBIX COGIII/IHCHI/II\/'I C Pa3JINYHBIMH THUIIAMHU



26

KOHTaKTHBIX MMap. B MaHHOM HampaBieHWH €CTh PsA CTaHIAPTU3UPOBAHHBIX
pEIIeHN, KOTOPhIE MOTYT OBITh IPUMEHEHBI IS 3TUX Iieneil. JlaHHbIe pemeHus
BO3MOYKHO Pa3AeIUTh Ha OBICTPO pa3beMHbIEC COeIMHEHN 0€3 (PUKCAIUU U pa3beMbl
¢ pukcanueii. [IpumeHenne pazbema ¢ hUKCAUEH Il MOAKITIOUEHUS CEHCOPHBIX U
UCTIOTHUTEJIbHBIX MOAYJICH K CEIbCKOXO3HCTBEHHOM T1aTdopMe mokaszaHo B [45].
ABTOpBI HCTIONB3YIOT pa3beMbl cTangapTa M12, ¢ pe3p0oBoii hukcanuet. Pazbembl
¢ (huKcanuen moApasyMeBaoT y4acTHe YeI0BeKa B €0 MOJKIIOYCHUH B CBSI3U C UEM
WX MPUMEHEHHE HE aKTyaJbHO JIJIS 33]1a4 MepepacipeiesieHus peCypcoB B TpyIIIe.

B pabGore [46] aBTOpHI pa3paboTaiu MOIYJIbHYIO OJIOKOBYIO cuctemy |-
BLOCKS, B KOTOpBI KaXKIblii OJIOK UMEET CBOE HAa3HAYCHHE U IJICKTPUYECKU U
MEXaHUYECKU MOXKET COSAUHSTHCS C APYrMMH. B KauecTBe OCHOBBI caMuX OJIOKOB
ucnonb3oBanel getan LEGO Duplo. Dnekrponuka u pa3beMbl CIIPOSKTUPOBAHBI
TakuM 00pa3oM, 4ToObl 00eCTeunTh OOMEH JaHHBIMHU U paclpeeieHue MUTaHus
mexay 1-BLOCKS, korna o ¢u3ndecku coenuHEeHbl. Kakapiii OJI0K COACpKUT
MHUKPOKOHTPOJIJIEP U pa3bheMbl MUTAHUS U KOMMYHUKAIMK. B OJI0OK HHTETpUpOBaHbBI
2 MTHIPEBBIX pa3beMa Ha BEPXHEH MOBEPXHOCTH U 2 pa3zbeMa-pPO3ETKH, BCTPOSHHBIX
B MIEUATHYIO IJIaTy CHU3Y. AHAJIOTHYHBIMU CTIOCOOOM AJIEKTPUUECKOTO COSTNHEHUS
MOJyJICH TOJB3yOTCsS aBTOpbl pabothl [47, 48] B KOTOpO# mpejcTaBicHA
pacmpsiemMas MOAyJbHas poOoToTexHHueckas cuctema Molecube. AxkTuBHBIC
MOJYJIA DJIEKTPUYECKH COCAUHSAIOTCS MEXAYy COOOW TOCPEACTBOM INTHIPEBOTO
pazbeMa BWIKa-po3eTka tuma PLS.

Jtst mepeiauu SHePTHH MEX Ty poO0TaMU BO3MOYKHO IPUMEHSTH TIPYKUHHBIC
KOHTaKTHBIC Tapbl. Takoe pelieHne 3HAYUTEILHO YIPOIIAET MPOIECC CTHIKOBKH U
JieaeT HIDKE TPeOyeMyr0 TOYHOCTh K B3aMMHOMY TOJIOKEHUIO 10 CPABHEHUIO CO
CTaHIapTU3NPOBAHHBIMU pa3zbeMaMu. [IpyKMHHBIC KOHTAKThl M3 JIACTOBOH MEIH
npumeHsitorcst B [49]  ana  mepemayum  JTaHHBIX M TIATAHUAA ~ MEXKIY
caMOpeKOHpUTYprpyeMbIMU  poOoTaMu. [IpyXKWHHBIE KOHTakThl B TMape C
KOHTAKTHBIMH IIJIONI3IKaAMH Ha MIEYaTHOH IIaTe UCIIOJIb30BaIM aBTOPBI padoThI [50]
s MomaynpHOro pob6ora Thor. MexaHudeckoe COEIMHEHHE MOAYyJeH

OCYHICCTBIIACTCA 3a CUHCT MAarHuTOB HIJIN pCSB6OBBIX COGHHHCHHﬁ. I[J'ISI nepeaadu
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PHEPrUd W WHGOPMAIUU MEXIY MOIYJISIMH HCIIONB3YEeTCS TMATH MPYKUHHBIX
KOHTaKTOB. [IpyXKHMHHbBIE KOHTAKThI TAaKXKE UCIOJB3YIOTCA B OBICTPOJACHCTBYIONMIEM
MEXaHU3ME Il COEIMHEHMsS MOIYJIbHBIX poboTtoTexHuueckux cuctem HiGen
npejacTaBieHHOM B [51], m B coemuHeHUsX MoayibHOro podora Odin [52] mms
OpraHu3alliy Mepeaadu SHEPTUU U HHOOPMAITMOHHON HTUHBI MEKTY MOTYJISIMH.

[TpuHIMIIBI, 32JI0)KEHHBIC B HA3€MHBIE 3apsIHbIC CTAHINH JJIs1 OECITUIOTHBIX
aerarenbHBIX ammaparoB (BnJIA), nmpeacraBnennsie B [53, 54] BO3MOXHO TaKkxke
OPUMEHUTH JUIsl TIEpelladyd dHEPTUuM MExIy poOoTamu. ABTOpHI pazpaboTaiiv
3apSAIHYIO CTAHIIMIO HA OCHOBE MaTPHI] MHTEJUIEKTYJIbHBIX KOHTAKTOB U 3aPSIHYIO0
CTaHIMI0O HAa OCHOBE IUIOCKMX NapaJICJIbHBIX 3JIEKTPOAOB. 3apsAHbIE CTAHLMH
CHOCOOHBI 3apsiKaTh OJTHOBPEMEHHO HECKOJIBKO allapaToB U MepeaaBaTh SHEPTUIO
B ycnoBusAx HeTouHoW nocanku bmJIA. Ilepemaua sHeprum oCyIIeCTBISIETCS
MOCPEACTBOM IUIOCKUX MPSIMOYTOJbHBIX OOPTOBBIX IMOCAJOYHBIX AJIEKTPOJIOB, K
KOTOpPBIM MOJKJIIOUEHBl nostoca akkymysstopa brJIA. IlpencraBnena cxema
YIPaBJICHUS UHTEJUIEKTYaJIbHBIM KOHTaKTOM. [IpoBeneHo moaenupoBanue padboThl
WHTEJUICKTYalIbHOM KOHTAaKTHOM Matrpuilsl [55] CTaHIMS HAa OCHOBE IUIOCKHUX
napajyiebHbIX  3JIEKTPOJAOB  COACPKHUT CHCTEMY KOHTAKTHBIX  ILJIOIIAJIOK,
pa3lIeNIeHHbIX Y3KUMHU AU3JIeKTpruueckuMu npokiaakamu. Ha BriJIA pacnonosxeHsl
YeThIpe OOPTOBBIX MOCAAOUYHBIX JIEKTPOJA TAKUM 00pa30M, YTO UX TOUKU KaCaHUs
C TMOCaI04YHOM TUIaTPOpMON JekaT B yrjlax KBaaparoB. Takoe pacrosokeHue
OOBSICHSICTCSI HUCKIIOYEHHEM 3aMbIKaHUsi OOpPTOBBIM 3JIEKTPOJIOM  COCEIHUX
HA3eMHBIX AJEKTPOJAoB. Kaxkapiii u3 OOpPTOBBIX 3JEKTPOAOB MOJKIIOYEH K
3apsATHOMY KOHTPOJUIEPY aKKyMyJisitopa. [IpaBuiibHOE MOJKIIIOUEHNE K 3apSAIHOMY
YCTPOMCTBY OOecreueHo Npu JitoOOM paclojOXKEHUH amnmnapara Ha MOCagoYHON
matgopme.

B panee paccmorpeHHol pabote [56] mpemararoTcst METOABI ISl OOMEHa
OarapesmMu B POOOTOTEXHUYECKON cHucTeMe, B KOTOpOM Bcs HMHpOpMaLUs
coOupaeTcsi Ha cepBepe Uil NMpUHATUS perieHuil. CepBep aHAIM3UPYET JAaHHbIE U
yKa3bIBaeT po00Ta, KOTOPOMY HEOOXOAMMO 3aMEHHUTh pa3psbKeHHYHo Oarapero, a

TAKKE MECTO, I'’/TC OH JOJIKCH BCTPECTUTHCA C ITOJTHOCTBIO 3apsKCHHBIM pO60TOM.
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B [57] npencrapiiena poOOTH3UpOBaHHAS CHCTEMa 3aMEHBI aKKyMYJIsTOpa U
€ro mnocienyroueil O0ecnpoBOAHON 3apsKH. OKCIEPUMEHTAJIbHBIE PE3YJIbTaTh
MOKAa3bIBAIOT, YTO MHKOBBIM TOK OECHPOBOJHON 3apsIKU CHUCTEMbI COCTAaBISET
okosio 725 MA. Bpems 3apsanku akkymymsitopa eMkocThio 4000 MAY cocTaBisier
OKOJIO 8 4acoB npu cpeanent appexTuBHOCTU 3apanku 46,4%.

becnipoBogHOI crioco® mepenaun SHEPrHM OT UCTOYHHKA K MOOHIBHOMY
INPUEMHUKY OTJINYAETCS OTHOCHUTEIBHO OOJBIIMM BO3AYIIHBIM 3a30pOM MEXIY
HUMU. BO03MOXHOCTH OECHpOBOJIHON TMepesayrl SHEPTUM 4Yepe3 HHIYKTUBHO
CBSI3aHHBIC PE30HAHCHBIE KOHTYPHI mpojaeMoHcTpupoBaHa B [58]. Iloka3zana
CUCTEMA C OJIHOM OOJIBIION KAaTyNIKONW MCTOYHHKA DHEPTUH W OJHUM WU JIBYMS
HEOOJILIITUMU TTpUEMHUKaMU. Pe30HaHC MeX Ty KaTylIkaMi UCTOYHUKA U HATPY3KU
JIOCTUIaeTCA C MOMOILBIO MMOJCTPOMUKH MTOCPEICTBOM PE30OHAHCHBIX KOHJIEHCATOPOB.
[IpencraBinena MareMaruueckass MOJIEIb CHCTEMbl Ha OCHOBE YpaBHEHUUH
Kupxroda. HampspkeHue Ha KakI0M KaTyIIKE OINMCBIBAETCS KaK CKOPOCTh
W3MEHEHUS MarHUTHOro noToka. Cucrema ypaBHEHHM CBA3BIBAET KOMILJIEKCHbBIE
aAMIUTUTYIbl MATHUTHOTO MOTOKA U TOKA JIJISl KAKI0M M3 KaTyIlIeK MPeCTaBIEHHOM
MOJieNId. ABTOPBI YTBEPKIAIOT, YTO B CUCTEME C OJJHUM MPUEMHUKOM B PE30HAHCE
6onee 50% sHepruu, KoTopas mojaaercs ot (GakKTUHISCKOr0 UCTOYHHMKA, TOCTUTACT
Harpy3ku. B cucteme ¢ HECKOJBKUMHU MPUEMHUKAMH HEOOXOIUMO OTCJICKHUBAThH
CABUTM YaCTOThl OTHOCHTEIIbHO PE30HAHCHOM M  BBINOJHATH MOJACTPOUKY
PE30HAHCHBIMHU €MKOCTSIMU, YTOOBI YBETUIUTH dP(HEKTUBHOCTH CHCTEMBI.

B [59] npennoxena cucrema O0eCrpoOBOJIHOM Tepeaayd SHEPTUHA Ha OCHOBE
MAarHUTHOI'O PE30HaHCa C OJHOW MEPEHArolled KaTyIIKOW W OJHO HIPUEMHOM.
[IpencraBieHpl OKBUBAJICHTHBIE CXEMbl W  MaTEMaTUYECKUE ypaBHEHUS,
OIMCBIBAIOIIME CBS3M NApPAMETPOB MEPEHAOUIEH U IIPUEMHOW YaCTEW CHUCTEMBI,
npeacTaBisione coboit  mociemoBarenbHyto  RLC-pe3oHancHylo 1ienb ¢
BHYTPEHHHUM COIPOTHUBIIEHHEM R, COOCTBEHHON WHIYKTUBHOCTBHIO U EMKOCTHIO.
[Tony4yeHbl MaTeMaTUYECKUE YpaBHEHUsS JIsi MMapaMETPOB BBIXOJHOM MOIIHOCTH
cuctemsl. [IpeqoxkeHHoe peneHne NPaKTUYECKH PEATM30BAHO C UCIOJIb30BAHUEM

COJICHOMAHBIX KAaTyYIICK W YCTAHOBJIICHO Ha IIOABHXXHYIO YCTBIPCXKOJICCHYIO
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miatpopMmy. MakcuManbHass MOIIHOCTh, OTJaBaeMas TPHEMHOW YacThl0 B
Harpysky, cocrasmia 1,3 Br.

Cucrema, obecnieurBaroias HEMPEPbIBHYIO pab0OTy MHOXKECTBa poOOTOB 0€3
Oarapeii m crmocoOHass OJHOBPEMEHHO OOECIeYMBATh OCCIPOBOAHOC NMUTAHUE H
JIBYHAIIPABJICHHYIO CBSI3b MEXY HECKOJIBKMMH poOoTamMu, mpenctarieHa B [60].
[IporoTun cucrteMbl mOpencTaBigeT coOoil moBepxHOCTh 60x60 cm, KoTOpas
oOecrieuynBaeT MUTAHKUE U JBYHAIIPABICHHYIO CBSI3b JIJISl TPYIIIBI U3 TISATH POOOTOB,
KKl 13 KoTopbix notpedisger 200 mBt sHepruu. Ilepenaya sHeprum B 3TOM
CHUCTEME TIPOMCXOIUT C HCmoiab3oBaHneM LC KoHTypa, pacIionoXeHHOTO IO
paboueil TMOBEPXHOCTHIO, M HEPE30HAHCHOM KATYIIKA Ha KaXIoM poborTe.
JleMOHCTpUpYETCs MOIIHOCTh, COCTaBisiomas B cpeaHeM 4,1 mBr/cm? nns
CTaTUYECKOW Harpy3kd. IIWkoBass MONTHOCTH JJIsi JAWHAMHYECKHUX HArpy3oK,
JIOCTUTaeTCs C TIOMOIIBI0 KOHJIEHCATOPHON CXEeMbl XpaHEHUS W MpeoOpa3zoBaHUs
MOIIIHOCTH. Takke MpenCcTaBIIIeTCS OJHOBPEMEHHAS IIMPOKOBEUIATEIbHAS CBS3b
MEXIy TTOBEPXHOCTHIO U BCEMH POOOTaMH MOCPEACTBOM aMILUTATYIHOW MOIYIISIIAN
MarHUTHOTO TIOJISI, & TAKXKE CBSI3b MEXKY OTJEIBHBIMH POOOTAMHU U MOBEPXHOCTHIO
MOCPEICTBOM MOYJISIIMN TOKA HATPY3KH.

Cnoco06 OecrnipoBOJIHOM Tepeavyd SHEPIHUU IO3BOJSET COBEPIIATH 3apsi
aKKyMYJISITOPOB pOOOTOB B JBM)KCHHH, TAKUM O0pa3oM, MPUHIIUIHAIBHO peIacT
npoOJieMy KOHEYHOM emkocTh Oarapen. IlpemnmokenHas B [61] cucrtema
OECKOHTAKTHOTO 3apsiIHOTO YCTPOMCTBA OCHOBaHa HAa MAarHUTHO-PE30HAHCHOMU
CBS3U. YTIpaBJICHUE 3apSJHBIM YCTPOWCTBOM U  BBINIOJHCHHE aJTrOpUTMa
mupPOBaHUS IHEPTUU OCYIIECTBISETCS CTAHIAPTHBHIM ITHU(PPOBBIM CUTHAIBHBIM
nporeccopom (digital signal processor, DSP). IT10THOCTH MarHMTHOIO IOTOKA
PE30HAHCHOM M NPHEMHOM Karymek MmoxkeT pocturath 0,25 mMTn mpu 3apsake
IIEJIEBBIX POOOTOB (OPHUEHTHPOBAHHBIX HA BHITIOJIHEHHE KAaKOW-TM00 3a/1auu), TOT/1a
KaK TUIOTHOCTh MAarHUTHOTO TIOTOKAa Pe3Ko CHrvkaercs mouyTu go 0 mTn mms
HeleneBbIX po0oToB. To ecTh KaHaN mepenayu YHEPTrUu 3alllMIIEeH OT HEIlleIeBBIX

poOOTOB, W K 3apsAIKE IOMYCKAETCS TOJIBKO TOT POOOT, KOTOPHIM HMEET KII0U
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0e30macHOCTH. 3apsia aKKyMYJIsITOpa OCYIIECTBIISCTCS TIOCTOSTHHBIM TOKOM 1 A, ipu
Hanpsbkennu 10 B.

B [62] npennaraercs GecnpoBojaHas cucreMma 3apsaakd Ha jety (On-the-fly
Inductive Charging), coctosmas u3 HECKOJbKHX 3apsaHBIX dJIEMEHTOB. JlaHHas
cUcTeMa 00ECIIEUMBAET 3apsJIKy aKKyMYJISITOPOB areHTOB posi MPU JIBUXKEHUH, UTO
MO3BOJISIET HE MPEPHIBATH BHITTOJIHCHHE 3a/IaHMsI JIJIS TIOTIOTHCHHMS 3amaca YHEPruu
arerra. J[ns ompeneneHus CIOCOOHOCTH CHCTEMBI IMOJICPKUBATH MOCTOSHHYIO
paboty posi, pazpaboTaHa BEPOATHOCTHAS MOJEIb POsi, YIUTHIBAIOIIAs TIOBE/ICHUE
areHToB U pa3Mep pos. Ha ocHOBe maHHOM MOAENM CO3/1aH MPOTOTUI CUCTEMEI C 12
3apsAIHBIMU DJIEMEHTaMU W HebonsimuM pobotoM Mona. IlpoBenennas cepus
HKCIIEPUMEHTOB C PA3JIMYHBIMHU CpeJlaMU M TOBEICHYECKUMH KOH(PUTYpaIusMu
areHTOB, MOATBEPNJIAa COOTBETCTBHEC MOJICTH M €€ CIOCOOHOCTh MOJACPKUBATH
MOCTOSIHHYIO PabOTy CUCTEMBI. PaccTosiHuEe MEXy TepelaTYuKoM U IPUEMHUKOM
B JIAHHOM CHCTEME€ HE JOJDKHO mpeBblath 10 MM i MakCHMaJbHOU
3G (HEKTUBHOCTH Nepelayu SHEPTUH.

B [63] mpencrtaBmeHa 3apsaHas tuiaropMa Ha OCHOBE WHIYKTHBHOM
nepeaaun dHeprun. [lokazana KOHCTPYKIIUS CUCTEMbI CHIIOBOTO TTpeoOpa3oBaTers,
NPUEMHOW M TEepelarollel yacTtel cucteMbl mnepenadu sHepruu. OT HJaHHOU
wiaThopMbl MOTYT 3apspKaThCsl 10 deThipex podoToB E-puck. Cpeanee Bpems
3apsiia COCTABIISIETCS] OKOJIO TPEX YACOB.

Hcxons W3 mMpoOBENEHHOTO aHaIW3a, BO3MOXHO BBIJEIUTH JIBE OCHOBHBIE
IPYIIB  CIIOCOOOB, TOCPEACTBOM KOTOPBIX BO3MOXKHO OCYIIECTBUTH OOMEH

AIIEKTPUUECKOU dHEPTHEH MEeX Ty podoTamMu (pPUCYHOK 1):
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Pucynok 1 — Knaccuduxanus cnoco0oB o0OMeHa 3J€KTpUUYECKOi SHEprueit

MEXIy poOOTaMu TPYTIIIbI

TpaguIMOHHBIM pEIIEHUEM JUIS Tepeladdl dHEPrud MOXKHO CUYUTaTh
KOHTAKTHBIC CIIOCOOBI, TIOPa3yMEBAOIINE HAUYHE COCAMHHUTEIBHBIX MPOBOIOB,
pa3beMOB WM KOHTAKTHBIX Tmap. JlaHHBIE CHoOCOOBI 3a4acTyio TpeOyrOT
BMEIIATEIbCTBA YSJIIOBEKA B TIPOIIECC IKCILTyaTaIli POOOTOTEXHUIECKON CUCTEMBI,
4TO HaKJIaJbIBACT HEKOTOpHIC OrpaHWYeHUs. Ecim poOOoT JKCIuTyaTUpyeTcs B
arpecCHBHON cCpele WJIM Ha OTKPHITOM BO3IyXe, TO TpeOyeTcs NpUMEHEHHE
JOTIOJTHUTEIBHBIX MEP IO 3alIUTE Pa3beMOB M KOHTAKTHBIX MMap OT 3arps3HCHUS 1
Tormajanusl Biard. lIpuMeHeHWEe KOHTAKTHBIX METOJIOB KakK IMpaBWIO Tpedyer
BBICOKOW TOYHOCTH ITO3MIIMOHUPOBAHUS, YTO YCIOXKHSIET CCHCOPHYIO CHCTEMY
pobora.

CrocoObl ¢ 00OMEHOM WCTOYHWKA JHEPTrUU MEXAy poboTamu, TpeOyroT
JIOTIOJTHUTEIIPHOTO MEXaHHMUYECKOTO yCTPOMCTBA, OCYIICCTBIISIONIETO JIaHHYIO
Olepanyio, a TakXKe KOMMYTAIlMs WCTOYHHWKA TUTaHUS poboTa TpedyeT
CHCIMAU3UPOBAHHBIX KOHTAKTHBIX Tap. JlaHHOe YCTpOHCTBO HEM30EKHO
YBEJIMUMBAET Maccy po0oTa u TpedyeT onpeaciéHHOro oobema i pa3MelieHus, a
TaK)KE CHIDKAeT OOIIyI0 HAIS)KHOCTh POOOTOTEXHHUYECKOH cucTteMbl. CToWT
OTMETHUTh, YTO JIAHHOE YCTPOHCTBO HE MOXKET ObITh YHUBEPCAIBHBIM, JUIS KaXKI0TO
HOBOTO THMa pPoOOTa HEoOXoauMa OTAeNbHAs pa3padOoTKa CHUCTEMBI OOMEHa

HCTOYHHUKOM OHCPIvH, y4duTbIBarOOias €ro KOHCTPYKTHUBHBIC OCOOEHHOCTH.
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[lepedniClieHHBIX BBINIE HEJOCTATKOB JIMIIEH CIOCO0 OecrpoBOIHOM
nepeayu 3Hepruu. becnpoBoiHas nepeaya SHEPruy BO3MOKHA HEMTOCPEACTBEHHO
MEXIy ABYMsI poOOTamMu, a TaKKe C MCIOJIb30BAHUEM MPOMEXKYTOUHOIO 3BEHA B
POJIM KOTOPOTO MOXET BBICTYIATh 3apsiAHasi CTAHIIMS WM CIEIMaIbHasl MIOMAIKA.
YMEHBIIUTh BOBJICUCHHUE YEJIOBEKA B MPOIECC IKCILUTyaTallud pOOOTOTEXHUUECKOU
CUCTEMBbI, YIPOCTUTh MPOLIECC MO3UIIMOHUPOBAHUS M MOCIEAYIOEro oOMeHa
SHEPruei Mexay poooTaMu BO3MOXKHO € MMOMOIIBI0 MPUMEHEHHUS IAHHOTO crioco0a
nepegayu SHEPTrUm.

CucrteMbl, TpeAHA3HAUYCHHBbIE MJisi OCCKOHTAKTHOW TMepenayud >SHEpruw,
paccMaTpUBaIOTCs B HCCIIEIOBATENBCKUX paboTax 1o 1 Ha3BaHusIMU «becrpoBoiHas
crcTeMa Tepeiadr SHEpruu» oT aHrossbiaHoro repmuna WPT (Wireless Power
Transmission) - system, u «becripoBoHast 3apsiAHast CHCTEMa» OT aHTJIOS3BIYHOTO
tepmuHa «Wireless charging systemy.

Hanbonee pacnpocTpaHeHHbIE pelleHUs B JTaHHOW 00JaCTU OCHOBaHBI Ha
MPUHININE Tepeladyd YHEPTUH MEXAY WHIYKTUBHO CBSI3aHHBIMHU JJIEMEHTAMH U
MMEIOT BO3MOXKHOCTH OJIHOHAIIPABIICHHOW MEpeJayd SHEPruuM OT HCTOYHHMKA K
notpebutento. CamMbiM  pacOpOCTPAHEHHBIM  CTaHAAPTOM  OECIPOBOIHOTO
3apSITHOTO YCTPOMCTBA JIISI MOOMIIBHBIX TI0JIb30BATEIIBCKUX YCTPOMCTB Ha JIAHHBIN
MoMeHT sBisietcss Qi. OH  pa3paboTaH  KOHCOPIIMYMOM  OECIpOBOIHOM
anexktpomaruutHor osHepruu (Wireless Power Consortium, WPC). HmenHo
ctanaapt Q1 MoAePKUBAIOT MHOTHE IPOU3BOIUTEIN COBPEMEHHBIX CMapTHOHOB U
IUIAHIIIETOB. Hpyrou CTaHapT, TaKXKe HCTIOJIB3Y IO MPUHIUI
SJIEKTPOMArHUTHON HWHAyKIMH, Kak u QIi, HassiBaetcsi PMA. On BHeapeH
koMrianued Powermat B 2012 roxay. JlaHHBI cTaHAApT HE MPEAOCTABISAET TAKYIO
IIUPOKYIO0 TOAJACPKKY MPOU3ZBOJUTENICH YCTPOMCTB, Kak i, MO3ITOMYy MeHee
BocTpeboBaH. [locnennuii cranmapt, co3manubii A4WP (Alliance for Wireless
Power), mon HasBaHueMm Rezence, OCHOBaH Ha MPHUHIUINAX JJICKTPOMArHUTHOTO
pe3oHaHca u paboTaeT Ha yactore 6.78 MHz. Bo3morkHa nepegaya MOIIHOCTH 10
50 Br, Ha pacctosame 10 5 cM. Pa3zButne cranmapta moanepxkuBatoT Qualcomm,

LG, Intel, HTC u apyrue.
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Qi - aTO cTaHmapT, pa3pabOTaHHBIN JIJIs MHIYKIIMOHHON Mepenayn dSHEPTHH
Ha paccTosiHue 10 4 cM. Anmaparypa Qi BKIIFO4aeT B ceOsl TUIOMIAIKy MepeaTInKa
U COBMECTUMBIN NPHUEMHUK B MOAKIOYaeMOM ycTpoiicTBe. [Ipu mcnonp3oBaHuu
MOJKJIF0YaEMO€E YCTPOMCTBO Pa3MEIIAOT HA IUIOMIAJKE MEepeIaTunKa. Y CTPOMCTBA
cragaapra Qi HCHOJB3YIOT DJJIEKTPOMArHUTHYIO HWHAYKIUMIO MEXAy IBYyMs
IJIOCKUMU KaTymkamu. OqHa U3 HUX SBJSETCS 02301 U TIOJIKITFOYAETCS K HCTOYHUKY
SHEPruM, a BTOpas HAXOJMUTCS BHYTPHU 3apsKAEMOTO YCTPOMCTBA U SIBISIETCS
npuémMHukoM. CtanmapT Qi HHU3KOW MOIIHOCTH MpeaycMaTpUBaeT Iepeaady
MorHocTH —10 5 BT, cpennel MmormuaocTH — g0 15 Bt [64]. JlaHHBIH cTaHmapT
BKJIIOYAET B c€0s1 BOBMOXHOCTh HCIIOJIb30BAaTh OTPAHUYCHHYIO CUCTEMY TEepeiauu
JAHHBIX JUIsi 0a30BOM CTaHIMM M MOOWJIBHOTO YCTPOMCTBA. DTO IMO3BOJISET
3apspKaTh M TepenaBaTh 0a30BOM CTAHIMU WH(OPMALMIO O COCTOSHHUM 3apsja.
Takum 06pazoM, 6a3oBasi CTAHIIMS MOXKET OOHAPYKUTh YCTPOMCTBO U OCTAHOBUTH
CBOI0 paboTy, KOrja yCTpOMCTBO 3apsbkeHo. llepemada sHepruu mpoucxXOoauT B
nuana3one vactor 87-205 xI[m. KIIJI waxomutcs B mpemenax 50-70% [65].
[lepenatTunk W TPUEMHHK MOTYT OBITH OCHOBaHbI Ha CHEIUATM3UPOBAHHBIX
WHTETpaJIbHBIX MUKpOcXxeMmax. [lepenatoias kaTymka UMeeT AuameTp okoso 40mm

Y TOJIIIUHY 2MM, KOHEYHOE YCTPOICTBO UMEET KOMITAKTHBIE pa3MephI.

Crannapt PMA Bxirouaet B ce6st 1Be Bepcun. CucTemMa epBOro MOKOJIEHUs
paccuuTaHa Ha Tiepenady MOIIMHOCTH 10 5 BT, m mMeeT oaHy Mepeaaroniyr u
MPUHUMAIOIIYIO KaTylIKi. Bo BTOpOM MOKOJEHWH MOIIHOCTh yBeanu4eHa 10 15 Bt
U TIepeIaTYiK UMEeT HeCKOJbKO KaTymek. CucrteMa paboTaeT B AMana3oHe 4acToOT
277-357 xI'n. KIIJ mHaxomgutcs B mpenenax 50-70%. Ilepemaryuk u IpUEMHHK

crangapta PMA cxoxu ¢ QI.

Cranmapt Rezence ocCHOBaH Ha TIPHWHIMIIE MAarHUTHOTO PE30HAHCA M
MO3BOJISIET OT OJIHOTO TMepefaTyhKa 3apsoKaTh  HECKOJIIBKO — YCTPOMCTB
OJTHOBPEMEHHO, UTO SIBJISETCS OCHOBHBIM OTJIMYHMEM OT MPEIbLIYIIUX CTaHIApPTOB
Qi u PMA. Cucrema paboraer Ha yactore 6.78 MI'Il u mo3BOJIsSET MepeaaBaTh

MomHOCTh g0 S50 Bt [66]. Jns KOMMYyHUKauu MEXAy HPUEMHUKOM U
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nepenaTaukoM wucnonb3yercs Bluetooth na uwacrote 2.4 [Tu. DddexTuBHOCTH
cUCTEeMbI HaxoauTcs B mpenenax 25-50%. 9PpheKTHBHOCTh CUCTEMBI HIKE, YEM Y
cuctem cragaapta Qi u PMA.

[TomMuMO cTaHAApTU3MPOBAHHBIX pemieHuid, paspadorku BCIID akTHBHO
paccMaTpuBalOTCS B HCCIIEI0BATEIbCKUX paborax. B cratbe [67] u pabote [68]
pa3paboTaHa ¥ MMPOTECTUPOBAHA CHCTEMA JJIS 3aPSIKA aKKYMYJISITOPOB THOPHIHOTO
Benocuniena(E-bikes). Ilpm mnmraromem Hanpsokenuun 46 B,  BbIXOogHOM
HarnpsbkeHuu 36 B, mepenaBaemoit moutHocTH 96 BT, K03 GUIIMEHT MOJIE3HOTO
neicTBus cucteMbl coctaBuil 79%. B nuccepranmonHoi pabote [69] mpoussencH
aHaJIM3 MAarHUTHBIX TMOJEH JaHHOW cucTembl. s coOmoneHus peKoMeHaaui u
TpeOOBaHUIM MEXIyHApPOJHOM KOMHCCHUHM TIO 3allluT€ OT HEHOHU3UPYIOIIETO
paguanuronHoro u3nydenus (ICNIRP), 6e3onacHoe paccTosHUE SKCIUTyaTallK JTs
paspaboTtanHoii cuctembl cocraBisger 0,25 M. Paspaborannas cucrema [69]
MIPEACTABIIET COOOW CHJIOBYIO YacTh YCTPOWCTBA IS TepeAadyd SHEPTUH I10
CPEIICTBOM 3JIEKTPOMArHUTHOW HHIYKIIMH U HE IMEET CUCTEM YITPaBJICHUS, 3aIIUTHI
W B3aMMOJICHCTBHUS C TOJb30BaTeneM. B pabore He paccmarpuBaiics 3¢ exT
WHIYKITMOHHOTO HarpeBa METALTUYCCKUX MPEIMETOB, MOMAIAIONINX B MATHUTHOE
M0JIE CUCTEMBI, CO37aBaeMO€ IEepealoNuM PE30HAHCHBIM KOHTYPOM, U 3aJlayu
HKPAHUPOBAHUS MATHUTHBIX TOJICH.

PazpaboTtka OecmpoBoaHoit  cuctembl  3apsina EDLC-kxonaeHcatopa
(MOHHCTOpA), MPEIHA3HAYEHHOTO IS TMHUTaHWUS THOPUIHOTO BEJIOCHIIENA,
npezacTtaBiieHa B padote [/0]. Tlepenaroiias 4acTh CUCTEMBI TIPEACTABIAECT COOOM
MapaJyICIbHBIN PE30HAHCHBIN KOHTYP, MTOAKIFOYEHHBIN K TEHEPATOPY NEPEMEHHOTO
Toka c paboueit wyactoror 2.3 MIn. IlpuemHas dacTb mpeACTaBICHA
HEYIPaBIIIEMbIM BBIIIPSIMUTEIIEM 17} DC-DC npeoOpa3zoBaTesem.
DKCnepUMEHTAIIbHBIE PE3yJIbTaThl OBLIN MOTYYEHBI MPU CIASAYIONINX MapaMeTpax:
paccrosiune mnepeagauu sHepruu S0 MM, nepepgaBaemas moinHocTh 100 BT,
conpoTtuBiieHue Harpy3ku 50 Owm, BHEUIHMN AUAMETP MEpEeNarole U NMPUeMHON
karyiek 200 mm. OiHOM U3 0COOEHHOCTEN CUCTEMBI SIBJISIETCS TO, YTO IPUEMHAS U

nepeaaromasg KaTylmKy BbIITOJHCHBI ITPOBOAHUKAMHA Ha ,Z[BYXCTOpOHHefI MeYaTHOMN
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wiate. DPPEeKTUBHOCTh CUCTEMBI C MapajUICIbHBIM PE30HAHCHBIM KOHTYPOM Ha
yacrore mnepenadyn sHepruun 1.1 MI'm cocraBuna 72-73%. [na cucrtemsl ¢
MOCJIEIOBATEIbHBIM PE30HAHCHBIM KOHTYPOM 3 ()EKTUBHOCTH Mepeaadyd dHEPruu
nocrurana 70% wa wyacrore 2.3 MI'n. ABTOpel MpOBEIM HCCIEIOBAaHUE
pa3paboTaHHOM CUCTEMBI 3apsifia ¢ TpeMs TUIlaMU MpeoOpa3zoBaresiell TOCTOSHHOTO
TOKa B mpuemHou vactu [71]: boost-type, step-down type u buck-boost type. B
IpOIECCe CpaBHEHHsS] aBTOpaMHU OBUIO BBIABIEHO, YTO MpeoOpazoBaTeb
IOCTOSIHHOTO TOKa moBblmawomero tuna (boost-type) sBiseTcss Haubosee
NOAXOSIINAM, TaK KaK CUCTEMAa C HUM B OOIIEM SIBJIA€TCA 00Jiee KOMIAKTHOM MpHU
BBIXOTHOM MoItHOCTH 110 1,1 KBT.

B pabote [72] npencrtaBieHa pa3paboTKa U MPAKTUYECKOE TECTUPOBAHHE
BCIID ¢ miaHapHBIMM MAarHMTOCBSI3aHHBIMU  Karymkamu. llpuemuas wu
nepenaroiias Karymkd uMeroT pasMepbl 13x13 m 21x21 cM COOTBETCTBEHHO.
[lepenaromas karymka coaepXuT 10 BHTKOB MpPOBOJAA, MPUEMHAs S5 BUTKOB
MakcumanbHas 3((QEKTUBHOCTh Mepenayd dHeprud cocraBwia 77%  mpu
nepenaBaemMoil momiHocTH 295 BT, ¢ HCHOIB30BaHWEM MPUHYIUTEIHHOTO
OXJIQXKJICHUSI CUCTEMBI.

Cucrema 6ecipoBOAHON Tepenadu dHEPTUu, NMpeaHa3HauYeHHas NS 3apsiia
Oarapen podotroB M3Pi npencrasnena B [73]. [lepenaua sHEprun OCyIIECTBIASCTCS
yepe3 BHICOKOYacTOTHOE MarHuTHoe noJie. [lepeatoniast 4acTh CUCTEMbBI HAXOIUTCSA
110J1 TOBEPXHOCTHIO IKCIUTyaTallii po6oToB. [IpueMHas yacTh CUCTEMbI COCTOUT U3
BoIIpsiMuTenst W noBbimatoniero DC-DC  nmpeoOpaszoBatenst anisg  ynpaBieHUs
MpoIECCOM 3apsia akKymyJsaropoB. HomuHanbHas mnepegaBaemasi MOIIHOCTD
coctapisier 7 Bt. MakcumanbHas 3QheKTUBHOCTh CHCTEMBI cocTaBuia 43%.

AKTHBHOE pa3BUTHE CHCTEM OJHOHANPABICHHON Mepefayd SHEPruu
MOATBEP)KIACTCS 3HAYUTEIBHBIM KOJMYECTBOM HCCIIEIOBATEILCKUX 00pasiioB
CUCTEM, a TakKKe CTaHAapTU3UPOBAHHBIX penieHud. CHUcTEeMbl MNpeanoJaratoT
HaJuyue MepelaTyhka SHEPrud W NPUEMHUKA, OCHOBHOW YAaCThIO KOTOPBIX
ABJISIIOTCS] KaTYLIKU PAa3JIUYHBIX TUIOB U pa3MepoB. DyHKIIMOHAN Nepeaatonei u

HpPICMHOﬁ 4acTeHd CHUCTEMBI CTpPOro onpcacicH CXEMOTCXHUYCCKUMHU PCIICHUSMMU.
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CrnepnoBareibHO, HCIIOJIb30BaHUE OJTHOHANPABJIEHHBIX CUCTEM TUIS
nepepacipeeNieHrs S HEPT U MEX Ty poOOTaMH MOTPeOyeT YCTAHOBKH U PUEMHON
U TIepeIaroNiel yacTel CUCTeMbl Ha Kak0ro pobota. bosee mpakTuyHoe pelieHne
JAHHOM 3a/1a4uM MOTYT NPEAOCTaBUTh JByHarpaBieHHble BCIID, B KOTOphIX Kakaas
4acCTh CUCTEMBI MOKET HUCIIOJIb30BATHCS B POJIU MEPEAAOIIECH U IPUEMHOM.
Pazpabotka pgByHamnpaienHoit BCIID ¢ wucnons3oBaHuEeM TOMOJIOTUU
BBIIIPSIMUTENS C YABOCHHEM HAIpsDKEHUS B MPUEMHOM 4acTu Iokas3aHa B [/4]. B
IIPEUIOKEHHOM DPELICHUM B IMEPENAIOLIEd YacTH HCIOJB3YETCs IMOJIyMOCTOBOM
WHBEPTOP TOKA, & B MPUEMHOM YaCTH UCNONb3yeTcs Beipssmutens Ha MOSFEET
TPaH3UCTOpax C yABOEHUEM HampspkeHHUs. Bo Bpemst paboThl B pexume 0OpaTHON
nepenayu 3Hepruu BeinpsiMutesib HA MOSFEET TpaH3ucTopax MCHOJIB3YEeTCs KaK
WHBEPTOP, a MPHU Mepelade IHEPTUM OT NEPEAOIIEN YaCTH K IPUEMHOM, B IPSIMOM
HalpaBJICHUU, pabdOTaeT Kak HEYIpPaBJIIEMbI BBIIpAMUTENb. i TOCTHXKEHUS
IJIABHOTO MEPEKIIIOUYECHUSI MHBEPTOPHBIX KITF0UEH MpU OJM3KUX K HYJIEBOMY YPOBHIO
3HAYEHUAX HANpPSIKEHUs, CKBAXXHOCTh NpeoOpa3oBaTensl MOAJAECPKUBACTCA Ha
ypoBHe 50%, a nepenaBaeMas MOLTHOCTb PEryJIUPYETCs MyTeM U3MEHEHUs paboueit
YaCTOThl CHCTEMBI. [l KOMIEHCAaIMM IyJbCAlM Ha CWIOBBIX KIIFOYaXx
NEPENAOIICH YacTH YCTAHABJIMBAIOT IOCJIEAOBATENbHO € mapauienbHbiM LC
NEPENAIOIIEM KOHTYPOM JOMNOJHUTENBHBIA KOHAECHCATOP, MOJydas TEM CaMbIM
MOCJIEN0BATENBHO-TIAPAIUIETIBHBIA PE30HAHCHBIM KOHTYp. Tak Kak MpOTOTHII
CUCTEMBI MMEET MOIIHOCTh 1.2 kBT M BXOIWUT B IMAIa3oH CUCTEM C BBICOKOM
MOIIHOCTBIO, aBTOPBI MPEUIATalOT IPUMEHEHUE ISl TONOJHEHHS 3apsla
aKKyMYJISITOPOB TPAHCIIOPTHBIX CPEACTB M MEpeJayd BSHEPIHMH OT OJHOTO
TPAHCIIOPTHOTO cpefcTBa K Apyromy. HomuHanbHbld 3apsaHblii TOK — 3.7 A,
BbIXOJIHOE HanpsbkeHue 325 B. [Monyuennas a¢dextuBHOCTS O5m3Ka K 92%.
JIByHaIpaBiIeHHass CUCTEMa Iepefayu dHEPruH, MO3BOJAIOIIAS IEpenaBaTh
DHEPIUI0 OT OJHOTO MEPENAaTYhKa HAa HECKOJIBKO NMPUEMHHUKOB, OJHOBPEMEHHO
paccMatpuBaercs B [75]. Pe3oHaHCHBII KOHTYP Ka)KI0W YaCTH CHCTEMbI BBIITOJIHEH
II0 TOCJIEIOBATENIBHO-TIAPAIIIENBLHON cxeme. KoHTypa cHCTEMBI HAaCTPOEHBI Ha

paboTy Ha pe30HAHCHOW YaCTOTE, & KaXK/bIi peBEPCUBHBIN BBIIIPSIMUTEND pabOTaeT
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100 B peKUME HHBEPTHUPOBAHUS, JTUOO B PEKUME BBHITPSIMIICHUS B 3aBUCHMOCTH OT
HaIlpaBJ€HUs Iepefauyd »HEeprud. BenuunHa W HampaBi€HUE IepeaaBaeMoi
SHEPIUM OINPEIEISAIOTCS YIIIOM OTKPBITHS KJIIOUEHW YIPaBISEMOTO BBIIPSIMUTEIIS.
BenmnunHa W HampaBi€HUWE NOTOKA SHEPIHMM MEXKIY HECKOJbKHUMHU CHCTEMamMu
PEryJIupyrOTCsl TOCPEACTBOM (Da30BOM M aMIUIUTYIHOM MOIYJISIUU HAMPSKEHUH,
KOTOpPbIE MOTYT HCIOJIb30BaThCA COBMECTHO WM IO OTAeIbHOCTU. Cucrema
nepeadn SHEPruu, MpeAcTaBiIeHHas B padoTe, uMeeT MOIIHOCTh 1.5 kBT, padouyro
yactotry 20 kI'm. DddextuBHOCTh cHUcTeMbl cocTaBisieT 85% Mpu BO3AYIIHOM
3a3ope 40 MM, utaromee Hanpsoxeaue 200 B.

I'ubpuaHas cuctema apyHanpasienHoi bCIID npenoxena B [76]. Cucrema
COCTOWT W3 JIBYX MHap KaTyIIEK, [JI¢ OJIHA Mapa BBICTYNAET B POJIM IMEpPEIaroneil
4yacTu, a Jpyras B poiu npuemHou. Kak mepenaromias 4acThb CHCTEMBI, TaK U
IpUeMHasi UMEIOT JIBa KOHTYypa 00beIMHEHHBIE Ha OOIIEM MPOBOJIE, MPUYEM OJIUH
U3 KOHTYpOB TIOCTPOE€H IIO IMOCIENOBATEIBbHOM CXEME, a JApYyrom 1o
nocyenoBaTeabHO-MapaieabHoil. Takag ruOpuaHas KOHLENIMS IO3BOJSET
ucnons3oBath LCL um LC koHTypa Mg KOMIIEHCAallMM YMEHBIIEHUS MOTOKa
MEepeIaBaeMOil MOIIHOCTH M3-32 OCEBBIX CMENICHWN MPUEMHON W TEpeNarolen
4acTel CUCTEMBI, IOCKOJIbKY 00BheAMHEHHAs BBIXOIHASI MOIITHOCTH 00€UX KOHTYPOB
MPUBOJIUT K TPHUOJIM3UTEIBHO MOCTOSHHONW BBIXOAHOW MOITHOCTH. IIpueMHBIN U
NEepeaoIMi  PE30HAaHCHBIE  KOHTypa  MHUTAIOTCA  OT  IMOJYMOCTOBOIO
npeoOpa3oBaressi, KOTOPBIM CIYKUT JUOO HCTOYHMKOM, JMOO Harpys3koil, B
3aBUCUMOCTH OT HallpaBJeHUsl MOTOKa MoilHOocTH. [IpeoOpa3zoBarens paboTaer ¢
TpeObyeMol YacTOTON, W aMIUIMTYJla HaIpsDKEHUs, TeHepupyemasi B MPUEMHOM
KOHTYypeE, peryinupyrorcs dha3oBoii Momaysiiuei. [Ipu ucnons30BaHNM B KauecTBE
OJIHOHAIIPABJICHHOW CHUCTEMbI TMepefJayd »HHEpPruu mpeodpa3zoBaTedb MOXKET
paboTaTh Kak BBIIPSIMUTENh MJIsi TIONYYCHHS] TOCTOSIHHOTO TOKa Ha BBIXOJIE
cuctembl. Cucrema pabortaer mnpu Hanpspkenun 180 B Ha wactore 85 xI'm.
MakcumainbHas nepeaaBaeMasi MOITHOCTS - 3.3 kBT ¢ addexTuBHOCTBIO NIEpeaaun
sHepruu 91% npu onTUMaIBHOM MOJ0KEHUU TIPUEMHBIX U MEPEIAIOIINX KOHTYPOB

Apyr OTHOCHUTCIIBHO JApyra: oe3 IIpOAOJIBHOIO M MOINECpPpEYHOI0 CMCIICHUS,



38

pPACCTOSIHME MEXTYy IPUEMHBIMU U nepeaaromuMu Koutypamu 120 mm. Cuctemsl ¢
AHAJIOTMYHBIM JHANIa30HOM MOIIHOCTEU TaKKe pacCMOTPeHbI B [77—79].

ABtopel pabGotel [80] mpemmaraioT OECHPOBOAHYIO CHCTEMY Majou
MOIIIHOCTU JUIS 3apsiia aKKyMyJIATOPHBIX Oarapeil MOpPTAaTWBHBIX YCTPOWCTB. B
MPUEMHOM M TMEPEIAOIIEH YacTAX CHCTEMBI HCIIOJb3YETCS IMOCIEA0BATEIbHbBIN
PE30HAHCHBIN KOHTYP U MOJIYMOCTOBAsI CXEMa BKIIFOUEHHUS CUIIOBBIX TPAH3UCTOPOB,
YTO 00€CIeurnBaeT BO3MOKHOCTD JIByHAIPABIEHHOM nepeaadun suepru. llpuemuas
U Iepelarolas KaTyllKu HUMEIT Kpyriayro gopmy U 18 BUTKOB, BHYTPEHHUH
auametp 21.7 Mm u HapyxHbIM nguametrp 32 mM. Tak Kak mpu HUCHOJIb30BAaHUU
CUCTEMBI MOT'YT BO3HUKHYTbh OCEBBIE CMEILIEHUS U YBEIMYECHHUE BO3LYyLIHOIO 3a30pa
MEX1y IPUEMHOM U Mepearollel KaTylKamMu, npejuiaraeTcs n3MeHeHue padoueit
gactoTel oT 110 xI'm mo 205 xI'm. [lns ympaBiieHHMsT pE30HAHCHBIM KOHTYPOM
UCITOJIB3YETCS YaCTOTHAs! MOLYJISIIMS. BXOJHOE 1 BBIXOJHOE HAIIPSIKEHUE CUCTEMBI
nepenayu sHepruu 4 B, nepenaBaemas MomHocTh 2.5 BT. IIpu Bo3aymHOM 3a30pe
2 MM M OCEBBIX CMELIEHUAX 10 8 MM 3(PPEKTUBHOCTD MEpeaul SHEPTUU COCTABIISET
70%.

ABtopamu pabotel [81] pa3paborana coOCTBeHHassh WMHTETpajbHas CXema,
BKJIIOHArOasi B ce0s cuctemy ympasieHus naByHamnpasieHHoi bBCIID wu
peanu3yromas CUCTEMY IE€pPENaur 3HEPTrUU OT aKKyMYJISTOpa K aKKyMYyJsTOpY,
KOTOpass UMEET MHUHHUMAJIbHOE KOJUYECTBO JOIMOJHHUTENIbHBIX KOMIIOHEHTOB Ha
neyatHo mimate. [l mpoBepku cucTeMbl Obul  cOOpaH MPOTOTUI  C
UCIIOJIb30BAaHUEM TOMOJIOTUH C TMOCIEAOBATEIbHBIM PE30HAHCHBIM KOHTYpPOM,
KoTopass oOnamana Oousbmield pacyeTHOW dS(PPEKTUBHOCTHIO W MEHBITUMU
pasmepamu. B mporoTume He OBLIO pealn30BaHO CXEMbl YINpaBiCHUS IS
pEeryJaupoBaHusl BBIXOAHOTO HAMNPSIKEHUS WM TOKA, MOCKOJBKY BBIXOJHOM TOK
CUCTEMBI 3apSKN CO BDEMEHEM YMEHBILIAETCS, a IO MAKCUMAJIBHOE 3HAUCHUE HUXKE
HOMHUHAJIBHOTO TOKAa 3apsiiKd, JOMYyCTUMOrO OOJBIIMHCTBOM MOOMWJIBHBIX
ycrpoiicTB. Jlannas BCIID paboraeT Ha yactote 6.78 MI'11, a BBIXOIHAsI MOIIIHOCTh
cocraBisieT 1.55 Bt. Cucrema nokazana 3¢ ¢dekTuBHOCTh 58.6% B HOMHUHAJIBHOM

pexXrumMe paboThI.
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B pabote [82] mpenctaBnena neyHampasieHHas BCIID ¢ BO3MOXHOCTBHIO
oOMeHa nanHbIMH. CUcTeMa nepeaayr nHQopMaIui HHTETPUPOBAHA B KOHTPOJLIEP
CUCTEMBI Tepefauyd »dHepruu. [[as KOAMPOBaHUS JAHHBIX HCIIOJb3YETCS
aMIUTyqHass Moxayssiiusa. CTpyKTypa MpeiaraéMoil CHUCTEMBI OeCIpOBOIHOM
nepeadyd 3HEPruud OCHOBaHAa Ha MOCIEAOBATEIbHOM PE30HAHCHOM KOHTYpPE C
JIByHamnpaBieHHbIM up/down mpeobOpaszoBareneM. B pexxume mepegadn dHEPTrUd
yIpaBIsSIEMbIE KJIIOYH, BKIIIOYCHHBIC IO CXEME MOCTa, PaboTaloT B KadyecTBE
WHBEPTOpA B MEpEIAloIIel YacTH, a B PEKUME MPUEeMa YHEPTUU BHYTPEHHHE JTUOIbI
TPAH3UCTOPOB PAOOTAIOT B KaUECTBE HEYNPABIISIEMOTO BBIITPSIMUTEIISI COBMECTHO C
neyHanpasieHHbiM  DC-DC  mnpeobpaszoBarenem. Yactora paboThl CHCTEMBI
cocrapisier 500 kl'm. CrabunbpHasi paboTa cUCTEMBI 00€CIEUUBACTCS TMIPH
BO3IyITHOM 3a30pe 110 50 MM 1 60k0BOM cMenieHrur 10 20 MM.

[IpeacTaBieHHble HAa JAHHBI MOMEHT CTaHAAPTHI OECHPOBOIHBIX CHCTEM
nepenaun sHepruu (Qi, PMA, AirFuel) uMeror BO3MOXHOCTh HCKITIOUHUTEIHHO
OJIHOHAITPABJICHHOM nepenadn SHEPTHUH. UccnenoBarenbckue u
HKCIIEPUMEHTAJIbHBIE 00pa3Iibl PACCMOTPEHHBIX CHUCTEM B OOJBIIMHCTBE CIy4acB
MOCTPOCHBl HA  OCHOBE IMOJYMOCTOBBIX WJIM  MOCTOBBIX  HMHBEPTOPOB,
MOAPAa3yMEBAIOIINX OTJAEIbHYIO CUCTEMY YIPABJICHUS, PECATH3YIOLIYIO0 aJrOPUTMBbI
JIBYHAIpaBJiIeHHOU nepeaaun sHeprur. OMHUM U3 00X HEJOCTaTKOB OCHOBHOM
yactu mnpeactaBieHHbIx BCIID saBnsieTcs HEOOXOAUMOCTh ympaBJieHHUs padoueii
4aCTOTOM B 3aBUCUMOCTH OT B3aUMHOT'O PACTIOJIOXKECHUS TPUEMHON U MEpEIAtoIeH
yacTel W BEIMYMHBI HArpy3ku. bonmpmmHCTBO cucrtem nByHanpasieHHou BCIID
OTHOCATCSA K KJIACCY CUCTEM C OOJIBIIION TepelaBaeMoii MOIITHOCTHIO (Ooiiee 1 kBT),
TaK Kak NpPEIHAa3HAYCHbl I JJICKTPOTPAHCIOPTA W HWHBIX WHJYCTPHUATBHBIX
npuMeHeHnii. CHCTEMBl B JITaHHOM JMalla3oHe MEepPeJaBaeMoOl MOIIHOCTH
U30BITOYHBI JIsi OOJIBIIMHCTBA MAaJIbIX Ha3eMHBIX po00TOB. ClemyromuM To
pacrpoOCTPaHEHHOCTU PEIICHUEM SIBIISIFOTCS CHUCTEMBI C Majol TmepeaaBaeMoi
MOIIIHOCTBIO, pa3pabOTaHHbIC NJIsi MPUMEHEHUsS B MOOWJIbHOW 3neKTpoHuke. Mx
nepeaaBaeMasi MOITHOCTh JISKHUT B Auamna3zoHe 10 10 Bt, uto Oymer moctaTodHo

TOJIBKO JJIA pO6OTOB MaJIbIX PasMCpoOB IIPpH HpHCMJICMOﬁ MMPOAOJIZKUTCIIbHOCTHU
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BpeMeHu 3apsiga. CHCTeMbl B JMAla30HE CPEIHEH IepenaBaeMoOi MOIIHOCTH,
TIOJIXOJIATIME JIUIS MCIIOJIb30BaHKUS B POOOTOTEXHHUKE, MPEACTABICHB B OCHOBHOM
OJTHOHAINIPABJICHHBIMU CHCTEMaMH W HEIOCTaTOYHO IIMUPOKO OCBEIICHB B

HCCICAOBATCIIbCKHUX pa60TaX.

1.4 BsbIBOABI 0 EPBOI IJIaBe

B mnepBon r1yaBe NpeAcCTaBIEH aHANW3 MOAXOAOB K PEUICHUIO 3a1adu
nepepacipeesIeHusl pecypcoB B rpymme podotoB. Ha ocHoBe mnpoBeneHHOro
aHanM3a CcoCTaBjieHa KiacCU(UKauUs CcrnocoOOB MOBBIMIECHHUS 3(P(HEKTUBHOCTH
WCITOJIb30BAHUS PECYPCOB IPYIIION (PUCYHOK 2), a TAKXKE MPEICTaBIECHbI IPUMEPHI
peanu3anuy.

HccnenoBanust B HaNpaBIIEHUHW TNEPEpacIpEiesieHus] PECypcoB B Ipynmnax
pOOOTOTEXHUYECKUX CPEACTB B  HACTOSLIEE BpPEeMs COCPENOTOYEHBI Ha
OMOJOTMYECKH MHCIUPUPOBAHHBIX MOIX0JaX K YMPABIECHUIO TpynnamMu poOOTOB,
ONTUMM3ALMHU paCIIpeieNICHUs IEIEBbIX 3aJaHUI U TIEpEMEILIEHUsI POOOTOB, a TAKKE
Ha BCIIOMOTaTEJIbHbIX CEPBUCHBIX 331auyax. HayuHble npoOaeMbl SHEPreTHYECKOTo
oOecrieyeHus: U TUIAaHUPOBAHUS MPHU TPYNIIOBOM YIIPABIEHUU PACCMATPUBAIOTCS CO
CTOPOHBI MOJIEPKAHUS SHEPreTUUECKUX MapaMeTpoB poOOTOB M paclpeaesieHus
3aJa4 COOTBETCTBYIOUIMM 00pa3oM. Crnoco0 K ympaBlIEHUIO I'PYNIONW Ha3eMHBIX
poOOTOB ¢ pa3feneHreM (PYHKIUN MEXIy HUMH, CIEAYET BBIACIUTH B KaueCTBE
NEPCIEKTUBHOIO TUTSL MOBBILICHUS 3¢ (HeKTUBHOCTH UCITOJI30BaHUS
HPHEPreTUYECKUX pecypcoB. TakkKe CTOUT OTMETUTh CIOCOObI, CBSI3aHHBIE C
BHEJIDEHUEM COIMAIBHOTO TIOBEACHHUS TpU TpynnoBoM ympasieHuu. Ilox
COLIMAJIBHBIM TIOBEJCHHEM, KaK NPABWIIO PACCMATPUBAIOTCSA AIbTPYUCTUUYECKUE
noAxoAbl NpHu  (QYHKIHMOHUPOBAHMU POOOTOB. CyIIHOCTH JAHHBIX MOJAXO0JIOB
COCTOUT B mepefaue MH(OPMALKUKU O MECTaX PACIOJNIOKEHHS] PEeCcypcoB MEXIY
poboTaMu Ui 0OMEHE LEJIEBbIMU 3a/layaMu, a TaKK€ B 0OMEHE IHEPreTUYECKUMHU

pecypcamu.
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Pucynoxk 2 — Knaccuduxkanus crnoco00B noBsiieHus 3pPeKTuBHOCTU

HCTIOJIb30BAHUS PECYPCOB TPYMIION

JIIst  CHWXKEHUS pacxojla DSHEPTMM W YMEHBIICHUS OOIIET0 BpPEMCHH
BBITIOJIHEHUM  IICJIEBBIX  33Jlad  TPyNIoll  HEoOXOIUMO  ONTHMHU3MPOBATH
nepeMenieHne poOOTOB MeXAy 3amadamMu. W3 paccCMOTPEHHBIX METOAOB s
ONITHUMAJIBHOTO pacIpelieNieHns 3a7ad MEXKIy poOOTaMH BO3MOXHO BBIICITUTH
BEHIEPCKUN aITOPUTM. AJITOPUTM SIBISIETCS CTPOTO TOJUHOMHUAIBHBIM U
oOecIieynBaeT TOYHOE PEIICHUE 332 MUHUMAJIbHO BO3MOXHOE BPEMS, B OTJIMYHE OT
JIPYTHUX PACCMOTPEHHBIX aJITOPUTMOB. B X07€ aHanm3a CymiecTBYIOMUX PEIIeHUN
poOJIeMBbI OTIPE/ICTICHUST TOUEK 3aps/ia ObLIM HAWIEHBI METOJIbI, pa3padOTaHHbBIE
MPEUMYIIECTBEHHO IS Pa3BeIbIBATCIbHBIX ONEPAIMA WM JOCTaBKH TOBApOB
KJIIMEHTaM B TOPOJICKHX YCIIOBHUSX OECHUJIOTHBIMU JIETATEIHLHBIMH armapaTaMud U
YIPABISIEMBIMH TPAHCTIOPTHBIMH CPEICTBAMH C OTPAHMYCHHBIM 3aIlaCOM JSHEPTHH.
B paccMOTpeHHBIX pemIeHusX 3apsaHble CTAaHIIUU JTU0O CTaTUYHBI, JIUOO Y HUX HE

OrpaHUYEHbl SHEPreTUYECKHE pecypchl. KpoMe Toro B pacCMOTPEHHBIX PELICHHUSIX,



42

TPAHCIIOPTHBIMU CPEACTBAMHU B OCHOBHOM SIBJISIFOTCS JIETATEJIbHBIE anmapaTsl, YTO
HE MOJXOJUT JIJIsl PEIICHUs MOCTABJICHHON 3ajlaud B paMKax HA3e€MHOHN TPYIIIbI
poOOTOB.

[Tepenada sHEepruM Mex Iy poOOTaMU TPYIITBEI BO3MOYKHA C UCIIOJIh30BAaHUEM
KOHTaKTHBIX METOJIOB M TOCPEJICTBOM OECIPOBOJHON Tepenayd HHEPTHUu.
[IpumeHeHue OECpPOBOJHOW  TMEpeJayd dHEPrud  HUMEET  3HAYUTEIbHbIC
MpPEUMYIIeCTBa Tepel] KOHTAKTHBIMH CHUCTEMaMHd W METOJaMH OOMeHa
MCTOYHUKAMU TTUTaHusi poOoToB. [IpencTaBieHHbIe HA JaHHBIN MOMEHT CTaHAPThI
OecripoBogHbIx cucreM Tniepenaun  dHepruu  (Qi, PMA, AirFuel) wumeror
BO3MOXXHOCTh ~ MCKJIIFOYUTEIBHO  OJHOHANPABICHHOM  Iepellayd  SHEPTUU.
bonpmHCcTBO cucteMm aByHamnpaBieHHOM BCIID oTHOcCATCS K Kiaccy CHCTEM C
0o0JIbIIION MepenaBacMoi MOITHOCTHIO (Oosiee 1 kKBT), Tak Kak nmpeaHa3HaYeHbI IS
AIEKTPOTPAHCIIOPTA M MHBIX HMHAYCTPUAIbHBIX NpUMeHeHHil. CreayromuM Mo
pacpoOCTPaHEHHOCTU PEIICHUEM SIBIISIFOTCS CUCTEMBI C Majoll IepeaaBaeMoi
MOIITHOCTBIO, pa3pabOTaHHbIC ISl MPUMEHEHHS B MOOWIBHOUN D3JIEKTPOHHKE H
meauimHe. x nepegaBaemMasi MOITHOCTH JISKUT B Auanazone 10 10 BT, uro Oyner
JIOCTATOYHO TOJBKO JJii pOOOTOB MajbiX pa3sMEpoB TMpU  MpUEMIIEMON
MPOJOKUTEILHOCTH BpeMeHu 3apsana. CucrtemMbl B JHana3oHe CpeaHEn
nepeaaBaeMoil MOIIIHOCTH, MOAXOMASIINE JJI MCIOJb30BaHUS B POOOTOTEXHHKE,
MPEJCTaBICHBl B OCHOBHOM OJHOHAMNPABICHHBIMU CHCTEMaMHU M HEJOCTaTOYHO
IIMPOKO OCBEIIEHBI B UCCIIE0BATENIbCKUX paboTax. OMHUM U3 OOIINX HEIOCTATKOB,
npeactaBieHHbIx BCIID, sBisercss HEOOXOIUMOCTh pPEryJupoBaHUsl padbouei
YacCTOThI B 3aBUCHMOCTH OT B3aUMHOI'O PACIOJIOKEHUSI IPUEMHON U MEpeaaroen

YacTel U BEJIMUMHBI HarpyskKu.
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2 MATEMATHUYECKASA MOJAEJIb U AJITOPUTMBbI
YIPABJIEHUA I'PYIIIIOM POBOTOB C
HEPEPACIHHPEAEJIEHUEM SQHEPIT'ETUYECKHUX PECYPCOB

Bo BTOpOli TJIaBe OIKCaHbl TEOPETUUYECKUE PE3YJIbTATHl BBHINOJHEHHOM
JUCCEpTAalMOHHON paloThl. [lpuBeneHO omnucaHWe OCHOBHBIX HCIIOJIb3YEMBIX
mapaMeTpoB M (OpMalbHOM  TOCTAHOBKM  3aa4d  JIUCCEPTALMOHHOTO
uccienoBanus. B omy6nukoBaHHO# paboTe, copepikaiieil OTAeNbHbBIE Pe3yIbTaThl
JMCCEPTAIMOHHOTO ucchenoBanust [83], mpoBeneH aHanM3 MoJeENed POEBBIX
pOOOTOTEXHUYECKUX CHUCTEM pa3pabOTaHHBIX C YYETOM SHEPreTHYECKUX
apaMeTpoB areéHTOB M pPOsi, a TaKKe BO3MOXKHOCTBIO SHEPreTHUYECKOro OOMeHa
Mexay areHtamu. CyIIecTBYIOIIME MOJENIW HE YYHUTBIBAIOT OCOOEHHOCTU
OECIIpOBOIHON TEpelauyn PHEPIUU MEXIy poOOoTaMu U B OOJBIIMHCTBE CIIy4acB
HaIIpaBJICHHBI HA LEHTPAIN30BAHHOE NOAJIEPKAHUE IHEPIETUYECKOIO MOTEHIIHAIIA
CUCTEMBI, YTO JI€JTa€T HEOOXOJIMMBIM pPa3pabOTKy COOTBETCTBYIOIIEH MOJEIH.
Mozens OKHA OMMCHIBATh TPYIIY HA3eMHBIX po0oTOB [84] u mpuHIHMIIEI
B3aUMOJICUCTBUS BHYTPH HEE JJI NIEPEPACIIPENCIICHNS YHEPTETUYECKUX PECYPCOB.
B  pa3paboranHOi MareMaTHUYecKOW MOJAEIM U  aIroOpuTMax  yUTEHbI
HHEpreTHYECKUe mapaMeTpbl poOOTOB, 3a/1a4 U cpe/ibl (PYHKIIMOHUPOBAHUS, @ TAKXKE

0COOEHHOCTH Tnepeaun 3Heprun nocpeactsom bCIID.

2.1 MaremaTnueckasi IOCTAHOBKA 322U

B nmanHoli paboTe paccMarpuBaeTCs 3ajladya  yOpaBJieHUS TPYIION
TOMOTEHHBIX POOOTOB, (DYHKIIMOHAJILHO Pa3/IeJICHHOM Ha pab0odyuX U 3apsiKaroIuX,
KOTOPBIM HEOOXOJMMO BBITIOJHUTL PSAJ IIEJIEBBIX 3a7a4 C ONpeAeTIEHHBIMU
KOOpJIMHATaMHU, PACIIOJIOAKEHHBIX B 00JIaCTH paboyero NpoCcTpaHCTBa, OIMCAHHOTO
MOBEPXHOCTHIO (pPHCYHOK 3). B HauaIbHbI MOMEHT BPEMEHH POOOTHI PACIIOIOKEHBI
B OIpPEEJICHHBIX TOYKaxX paboyero MmpoCTpaHCTBA. DHEPrOCHAOKEHUE TPYIIIIbI
oOecreynBaeT CTallMOHApHAs 3apsaHas CTaHIUS C HEOrpaHUYEHHBIM 3aracoMm

SHEpPruM, PaCMHOJOXKEHHas B paboueM NPOCTPAHCTBE, M HMEIOIIas H3BECTHbHIC
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KOOpIMHATHIL. ['pynma wWMeeT BHEIIHIOI 10 OTHOIICHHIO K poboTam
IEHTPATN30BAaHHYIO CUCTEMY YIpaBJICHUSI. AKKYMYJISITOpHBIE OaTtapen pabounx u
3apsOKAOIIMX POOOTOB UMEIOT HMJICHTUYHYIO SHEPrOEMKOCTb. DHEPreTUYECKUe
pecypcbl 6atapen poOOTOB-pabouMX pacXoayIOTCs Ha MPEOOJICHUE Iy TH 10 MECTa
pacIoIOKEHUS 3a1aHKS U Ha €r0 BBIMOJIHEHUE. DHEPreTUUECKUE PeCypChbl pOOOTOB-
3apsSOKAIONIMX — PAacXOAYIOTCSl Ha TMOMOJHEHHE 3apsAga poOOTOB-paboOuyux U
IPEOAO0JICHUE MyTH A0 MECTa, B KOTOPOM OCYIIECTBIISICTCS Mepeaada >HEPIUU.
Heobxoaumo obecrieuntsh 3()pPEKTUBHOE BBIMOIHEHUE IIETEBBIX 3a7a4 POoOOTaMU-
pabouunmu.

- - poboT-paboumni \:\ - 3apsagHan cTaHumA

\:\ - poboT-3apAKatoWmin - - uenesble 33434

Touka 3apaga
poboTa-paboyero

<KOOpZAMHaTbI,PeCYpChbl,
cTaTyc>

<KOOpAMHaTbI,pecypcbl,>

<KOOpAnHaTbI>

<KoopAuHaTbl,pecypcbl, / |~-—---
cTaTyc>

ObnacTb pabouero
NpoCTpaHCTBa

Pucynoxk 3 — BusyanibHoe nipe/icTaBiieHUE 3a/1a4u

C ydyeTroM »OTOro MaTeMaTHUYECKyl0 (OPMYJIMPOBKY 3aJaddl ITOMCKa
ONTUMAJILHOTO TUIaHA Ha3Ha4deHHi ||Xjj|o I-pOOOTOB Ha j-1ieneBbIe 3aa4ll MOKHO

3amucarh B cieayromieM Bujae. Tpebyercs HaWTH TakoW ONTUMAbHBIN IJIaH, TPH
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KOTOPOM JIOCTHTaeTCsi MaKCUMyM LieJeBod (QyHKIMH V, - dYHCla pelaeMbIX

OCJICBBIX 3a71a4, C Y4YCTOM HMX BAXKHOCTH.

Vo(I1xi5110) = n Uﬁéﬂz L =1 Ajxij, (1)
P OTPaHUYCHUSX

121 27=1TijXij < Thon, (2)
Tij = Alg(Zmxn, E, R, Ty, B, €2) < Tjpon, (3)
Eg(i) 2 Eyj(ty)), (4)
Xy = {1 eCJIM [ — pob0T HAa3HA4Y€eH Ha j — 3aaaqy (5)

0, He Ha3HayeH
s1xj<1,j=1n (6)
foixi<1,i=1m (7)

rie Vo — 3HadueHue neneBoil QyHKum, Aj — BaXKHOCTb 33J1a4H, Tjj — JIEMEHT MaTPHULIbI
3arpat BpeMeHHu C, Xj; — 3JIeMEeHT MaTpHIlbl Ha3HaueHul Z, Ty, — JOMyCTUMOE BpeMs
BBITTOJIHEHUS LEJIEBBIX 3a/1aY, Tjoo, — JOIMYCTHMMOE BpEMs BBIIOJHEHHS II€JIEBOIl
3ajaud, E — MHOXecCTBO sHepreTmuyeckux mnapameTpoB poOoToB, Ejj — obmme
3aTpaThl SHEPTUH Ha BHITIOJHCHHE |-1I€JIEBO 3a1aun I-podoToM, Ej — Tekymuii 3amac
sHeprun poOoTa-pabouero, Ey — sHeprermyeckue pecypcbl KOTOpble poOOT-
3apsDKAOIIANA MOXKET TIepeaaTh poOoTy-paboueMy, cM. Takke pasaen 2.2 Tabiuia
1.

B psane ciyuaeB BMecto 3agauu (1) - (7) MOXKHO pemiaTh 3ajady, COTVIACHO
KOTOpOH TpeOyeTcsi HaWTH ONTHUMAIbHBIA TUTAH HAa3HAYCHUM W3 CTPEMIICHUS

MHWHHUMHU3AIIUHN O6IJ.[€1"O BpPEMCHU BBIITOJHCHUS 1ICJICBBIX 3a/1a4.

F,(I1xillo) = » U”eﬂzl_12 1 TijXijs (8)

npu orpanuueHusx (3) - (7) u:

=1 2=14%ij = Qpons (9)
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rae F, — 3nHauenue neneBoit GpyHKun, Qyy, — YUCIIO PENIAEMBIX 3371a4 C YUYETOM UX

BaXHOCTH.

B cooTBeTCTBUM C MOCTaBJICHHOU 3azlaqeﬁ MaTpula 3aTpaT BPCMCHHU P mmeer

pa3sMepHOCTb M X N U COCTOUT U3 3JICMCHTOB Tij-

T11 0 Tn
p=]|: | (10)

Tmi " Tmn

rae M — 49ucio p06OTOB, N - 9uCI10 3aaa4.

ManI/I]_Ia Ha3HaueHUH Z UMeeT pa3MEepHOCTL M X N U COCTOUT U3 3JICMCHTOB Xij-

X117 Xan
z=|+% (12)

Xm1 " Xmn
OnTuManbHBIN TJ1aH pacipcaciCHus pO6OTOB Ha MNOCJICBBIC 3aJa4Hl C YYCTOM
BO3MOXKHOTO  TIepepaclpesiecfieHisi ~ OTPaHWYCHHBIX  PECypcoB  pOOOTOB,

o0OecreynBaeT MHUHHUMMU3AIIUKO CYMMApHBIX 3aTpaT BPCMCHH HaA BBbIIOJIHCHHUC

OCJICBBIX 3aa4.

ANTOpPUTM pellIeHHs] TOCTABICHHON 3a/1ayd MOKET ObITh ciaeayromum. s
KaXJI0ro poOoTa-pabovyero OCyIIECTBISETCS IMOUCK TPACKTOPUU JBIKCHHS 0
KOKJIOM TOYKM 3a7adyd, 3aTeM OMNPEACNSIOTCS TOYKM 3apsijga Ha KaXIouW u3
TpaekTopuil. Ha crienyromiem 1iare AOHKHBI OBITh OMpEAeieHbl TPACKTOPUU OT
KOKJIOTO pOOO0Ta-3apsDKAIONIETO 10 KaXJO0W TOYKH 3apsga poOoTa-pabouero.
Heobxoaumo ompenenuts Bpemsi MepeMelieHrs poOOTOB, BpeMsl Ha Iepenady
SHEPTUU U ONPEICTUTH Tjj C YYETOM BPEMEHHM HENOCPEICTBEHHOTO BBIMIOJHEHHUS
neneBoit 3agaun. Jlanee HeoOXoquMO BHIOpATh BapuaHThl Ha3HAYEHUW pabodnx u
3apspKAOIUX pOoOOTOB TakMM 00pa3oM, 4TOOBI OOIee BpeMsl BBITIOJIHEHHUSI BCEX
IEJeBhIX 3a/lady ObIII0 MUHUMAJIbHBIM. OTUCAaHHBIM aNTOPUTM pEIICHUS 3aJauu
MOXHO OTHECTH K TepeOOpHBIM MeETOJaM, TaK KaK paccMaTpHUBAIOTCS BCE
BO3MOXHBbIE  BapuaHThl. [lOMCK ONTUMALHOTO  pELIEHUs  CYIIECTBEHHO

YCIIOXKHSETCS €CITU KOJIMYECTBO 3a]1a4 MPEBBIIIAET YUCIO POOOTOB-pabounx. B sTom
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cily4dae BpeMs BBITIOJIHEHUS 3a]1a4 Ha KaXKJI0HM MOCIEay IO UTEpalluy YIpaBICHUS
3aBUCUT OT TMPEABIAYIINX pemieHuH W (HAKTHIECKOTO BPEMEHHU BBIMOJTHEHUS
1eJIeBOM 3aJaud. AHAJIOTMYHAsT CUTyallus CKJIQJIBIBAa€TCS B TOM Cllydae, €CIIH
pOOOTORB-3apsHKAIONIMX MEHBINE, YeM TOYEK 3apsja Ha TPAEKTOPHUSIX POOOTOB-
pabounx. CTOUT OTMETUTb, YTO HEBO3MOXXHO 3apaHee BBIUUCIUTH TOYHOE BPEMS
nepeaadr SHEPTHUH MEXIy pOOOTaMK TIPH UCTIOJIb30BAHUU O€CKOHTAKTHON CHCTEMBI
nepeIaur SHEPTHH, TaK KaK OHO 3aBHUCUT OT TOYHOCTH TTO3UITMOHUPOBAHUS POOOTOB.
OrnrcaHHBIA BBIIIE AJITOPUTM BBIUYKCIICHUS BPEMEHH BBITTOJHEHUS 11€JIEBOM 3a/1auu
TEPSIET CMBICI €CJIH BO BpeMs yHKIIMOHUPOBAHHS TPYIIITBI MOTYT OBITh HA3HAYCHBI
HOBBIE IICJIEBBIC 3a/1a4r. PelieHne mocTapIeHHON 3a1a4l METOJI0M Iepedopa Beex
BApDUAHTOB HMEET BBICOKYIO BBIUUCIHUTEIBHYIO CJIOKHOCTh. BBHAYy Bcero
BBIIIETIEPEYUCIICHHOTO aKTyallbHa peajlu3alis OJIHOIIArOBOTO YIPAaBJICHUS, MPHU
KOTOPOM HOBasi UTepaIus pacrpeesieHusi poO0TOB-paboUYrX Ha IeJIeBbIC 3aJ1a4u U
pOOOTOB-3apsKAIOIIUX Ha 3aJlauyd MOMOJIHEHUS! YHEPreTUUECKUX PECYpCOB OyleT
BBITIOHATBCST B Cllydae Hajau4usi CBOOOJHBIX poOoToB. Ha kaxgom 1iare
yrpaBiieHus: OyAeT BBINMOJHATECSA ONTHMAJIbHOE pachupelielieHHe CBOOOIHBIX
pOOOTOB-pabOUMX MEXIy IEJNEeBbIMU 3aJadyaMu, 3aTeM OCYIIECTBISATHCS TOUCK
TOYEK 3apsja HCKIIOUMTEIBHO Ha OINPEIASICHHBIX TPACKTOPHSIX IEepEeMeEIICHUS
poOOTOB-pabouMx 70 IeJeBBIX 3amad. llocie ompeneneHus TOYEK 3apsijaa
dbopMUpYIOTCST  3aJlaud  TOMOJIHEHUS] DJHEPreTUYECKUX PECYpCoOB, KOTOpbIE
pactpesesaioTcss MEXJIy CBOOOIHBIMH POOOTaMH-3apsDKAOIUMU.  J[aHHBIHA
QITOPUTM PEIICHUS 3aTa4yM IMO3BOJIUT Peain30BaTh (PYHKIIMOHUPOBAHUE TPYIIIIHI
poOOTOB C mepepachpeieICHUEM PeCypcoB, B ClIydae €Clid HEM3BECTHO TOYHOE
BpeMsl Iepe/ladyd dHEPTruM, BPeMs BBITIOJIHEHHUS IICJICBOM 3aJlaud, a TaKXe ecld
BO3MO)XHA IIOCTAHOBKAa HOBBIX IIEJIEBBIX 3aJa4 HEMOCPEJACTBEHHO BO BpeMs

(GYHKIMOHUPOBAHUS TPYIIIBL.
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MarteMaTn4eckasi MoJieJib POOOTOTEXHUYECKOH CHCTEMBbI C

rpyNmnoBbIM ylpaBJeHUeM

JUist perieHns MoCTaBICHHOM 3a/lauu pa3padoTaHa MaTeMaTHUYECKask MOJEINb

yIpaBJICHUS TPYIION Ha3eMHBIX pOOOTOB, YUMTHIBAIOIIAS MapaMEeTPbl HA3€MHBIX

p060TOB " TPYIIIIBI, HGO6XOIII/IMI>I€ Il paclpeaciICHUA 3ada49 U S9HCPICTHICCKUX

pecypcoB. B Tabnuiie 1 npeacTaBieHbl IepeMEHHbIE 1 MHOXKECTBA, UX OMUCAHUE U

B3aUMOCBA3HU, KOTOPLIC JAJICC 6YIIYT HCIIOJIB30BATHCA B MOJCIIN U AJITOPUTMAX.

Tabnuua 1 — [lepeMeHHbIE 1 MHOKECTBA MAaTEMATHYECKOW MOJIENIN U aJIrOPUTMOB

O6o3HaueHne | Onrucanne
b, Touka moBepxHOCTH pabouero npocTpancTsa by = [Xy, Yu,
zJby€B,u=1,...,um,umeN
B Matpuiia TOYCK KapThl BBICOT pabd0YEero NpoCcTpaHCTBA
cz KoopauHath! 3apsiiHO#M CTaHIUU CZ = [Xy, Yu, Zu]
R MmuoskectBo podoroB R = {W, C}
MuoxecTBo poboToB-padounx W = {wy, ..., W;, ..., Wn}, Tae i —
uaeHtudukatop podorta, | € [1;m],m €N
C MHoskecTBO 3apspkaroniux poooros C = {cy, ..., C, ..., C;}, e Z
— YHCJI0 3apsoKaromx podortos, K € [1;z],Z €N
" PoGoT-pabounii, onmucan KOpTexeM mapameTpoB Wi = <Cf;, €r;j,
Sri>
C Po6oT-3apspKkaromuii, onmucaH KOpTeKeM rmapaMeTpoB Cyx = <CI,
erg, Srg>
Cri, Crg KoopaunaTel poboTa B ipocTpaHcTse Cri =[Xi, Vi, Zi]
er;, ery Tekymuii 3amac SHepruu poO0Ta B OTHOCUTEIBHBIX €AMHUIIAX
" [Tapametp cratyca pobota Srj mpuaumaeT 3HaueHus 0 uiu 1,
' €CJIM poOOT BBINOJHSIET MUCCHIO, TO SFi=1
T, MHO0KeCTBO LI€JIEBBIX 3a/1ad, Ha3HAYCHHBIX TPYIIIIE. T.={ta, ...,
ta;, ..., tan}, re uaentudukarop 3agauu j € [1;n], n €N
ta; IleneBas 3a1aua, onyMcaHa KOPTEKEM napamerpos ta; = < ctj, et; >
Ct; KoopauHaThl TOYKH BBIMOJHEHUS 3a1a4u Ctj = [Xi, Vi, Zi]
et, 3HaYeHHE SHEPTHH B OTHOCUTEIIBHBIX CIMHMIIAX, KOTOPOE
HEO0OXOIMMO JIsl BEIIOJTHEHUST pOOOTOM-pabounM 3aj1a4u ta;
E Pacxos sHepreTHIeCKuX pecypcoB poOOTa Ha BHIMTOJTHCHHE
) 3amauu B BTy
Emax MakcuMalibHO BO3MOKHBIN 3arac sHepruu podora B BT-u.
E, 3aTpatrhl 3HEPrETHUYECKUX PECYPCOB Ha MIPEOI0JICHHE POOOTOM
eIMHUYHOTO pacctosinus d, B Bru
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dy

EnuHndHOE paccTossHUE B METPax MPHU MPOXOXKICHUH KOTOPOTO
pobort pacxoayet Er, Br-u snepruun

Em

Pacxo sHeprun Ha MpeoI0JICHUE SIUHIUYHOTO paccTosHus d, B
OTHOCUTEJIBHBIX €AMHUIAX (ITPOLIEHTaX OT MAKCUMAJILHO
BO3MOYKHOT'O 3amaca SHepruu poooTa Emax)

Eminw

3alaHHBI MUHUMAJIBHBIN YPOBEHB 3aI1aca SHEPTe€THYECKHUX
PECYPCOB B OTHOCUTENIbHBIX SAMHMIIAX JJIsl pOOOTOB-paboUunX

€minc

3aaHHBI MUHUMAJIBHBIN YPOBEHB 3aI1aca SHEPTe€THYECKHUX
pPECYPCOB B OTHOCHUTEIBHBIX EAUHULAX JIJIS1 pOOOTOB-
3apsKAKOLINX

emax

3a/laHHOE MaKCHMMaJIbHOE 3HAUYCHHE YPOBHS 3amaca
HHEPreTUYECKHUX PECYPCOB B OTHOCUTEIBHBIX SAMHHUIIAX IS
poOOTOB

M, My

Koptexu M; u My BKiTtogarot B ce0st mapameTpbl MUCCUU
pobota. M= <pijj, cpi, Cti> - a1 poboToB-padounx. M= < Pyg, CZ,
Cty > - 171 poOOTOB-3aPsIKAIOITNUX

Pw

MHO0XeCTBO TPAaEKTOPHil poOOTOB-padOUMX O TOUEK
BeIoNIHEeHHs 3a7a4 Py = {pij}

MHO0XeCTBO TPAaEKTOPHI pOOOTOB-3apSAKAIOLIUX 10 TOUEK
BBITNIOJTHEHMSI 3a/1a4 MOIOJIHEHUS SHEPTe€TUYECKUX pecypcoB P, =

{Pxa}

Pij

TpaekTopust nmepeMeIeHus B TOUKY BBITIOJTHEHUS 3a1auu 1) s
poboTa-padodero Wi. TpaeKTOprHu MOMEIIAIOTCS BO MHOYKECTBO
Pw = {pij}, 1 mpencrasiser codoit HaOOp TOUEK OT KOOPAUHAT
MOJIOKEHUS 1-po00Ta-paboyero 10 KOOPAUHAT TOUYKH
BBINOJIHEHYSI |-33]1a91

Pkg

Tpaektopust nepemenieHrs: B TOUKY BBIIOJHEHHUS 33a41
HIOTIOJTHEHUS SHEPTETUUECKUX pecypcoB tCy 11t podoTa-
3apsKAIOIIETO Ck. TpacKTOpPUM MOMENIAIOTCS BO MHOXKECTBO P =
{pxg}, m ipeacraBiseT coboit HAOOP TOYEK OT KOOPAUHAT
HOJIOXKEHUS 1-po00Ta-3apsHKAIONIETO 10 KOOPIUHAT TOUKH
BBINOJIHEHMS §-3a0a4u

Tw

MHO0X€eCTBO BBIITOJHUMBIX 3a7a4 tWjnosydeHHoe u3 Ta Ty =
{twe, ..., tw;, ..., twy}, rae | — uneHTHUKATOp 331341, C —
HAaUMCHBIINN UAeHTH(GHUKATOP 3a1a49u B Ty, d — HanOoIbIINi
uaeHtudukaTop 3amaun B Ty, C,d EN

th

Brimonaumas OcJICBasd 3aa4a, OIIMCaHa KOPTCKEM IIapaMCTPOB
tw; = <ct;, et;>

Te

MHokecTBO 3a/1a4 ICy MOMOTHEHUS SHEPTETHUECKUX PECYPCOB
chopMHUPOBAHHOE Ha OCHOBE HAMICHHBIX TOYCK 3apsijga poOOTOB-
pabouux. T¢ = {tcy, ..., tCy, ..., tCq}, TIEe MIEHTHHUKATOD 337291

g€fl,gl,geN

tcy

3agava NOMOJHEHUS YHEPTETUUECKUX PECYPCOB, ONTMCAHA
KOpTEeXeM napaMeTpos {Cq = <Cty, etg>
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Cty KoopauHaThl 3a1a4¥ MOTIOJTHEHUS SHEPTETHYECKUX PECYPCOB
KoJyinyecTBO SHEPriK B OTHOCUTEIBHBIX SIMHHUIIAX, KOTOPOE

ety HE00XO0MMO TIepeaaTh podboTy-pabodemy oT podoTa-
3apsDKAIONIETo

[TapameTp nmoTeHIMATBEHOM () PEKTUBHOCTH MIEpeIadn SHEPTUU
MeXAy poOOTamMu, MOKa3bIBa€T OTHOLIEHUE MEXKITY DHEPTUEH,

"Ip KOTOPYIO poOOT-pabounii MOMYUYUII, U SHEPTUEH, KOTOPYIO
POOOT-3apsHKAIOIIUIA [TPU ITOM Hepe/Ial.
o KopTex KoOpAHHAT TOYCK 3apsna I — pobora. Cty € cpi, |cpi| =
! pm, pm — gKcIo Touek 3apsaa i — pobora, pm € N
do JITMHA Ty TH IO TPACKTOPUHU pOOOTa-3apsHKAIONIETO OT 3apsIHON
j

CTAHIIMU JI0 TOYKH BBITIOJHEHUS 330291
MHO0X€eCTBO BKJIIOYAET B CEOs 2JIEMEHTHI, COCTOSIIINE U3

Dw UJeHTU(HUKATOPOB pOOOTOB-PabOUYNX U UIAECHTU(HUKATOPOB
3amad. Dy = {(i, )}, i=1,...m;j=c,...,d

MHOXECTBO BKJIIOYAET B CEOS DIEMEHTHI, COCTOSIIIHNE U3

D, UJEHTU(UKATOPOB pOOOTOB-3apsKAIOIIMX U UACHTU(PUKATOPOB
samau. Do ={(k,9)}, k=1,....,2;9=1,....0

lii JlnvHa TpaeKTopHH i- podoTa-padovero a0 |- HeIeBOM 3a1aun
MHO0XeCTBO JIJTMH TPAEKTOPUI OT poOOTOB-pabOUUX J0 TOUEK
Lw BeimonHenus 3anad Ly = {lic, ...lij, ..., Ima}, 1= 1,...,m; j=cC,...,
d

JliMHa TPaeKTOPUH I-r0 poOOTa-3apsKAIOIIETO 10 TOUYKH
BBITIOJTHCHMSI §J-3a]1a91 TIOTIOJTHCHHUSI YHEPTETHYCCKHUX PECypCOB
MHOXECTBO JIJTMH TPACKTOPHUI OT pOOOTOB-3apsHKAIOIITUX JI0

L. TOYEK 3a]a4 MOTIOHEHHS SHepreTHdeckux pecypcoB. L¢ = {lig},
i=1..20=1..q

KonudecTBo TOUEK Ha TPACKTOPUHU, HEOOXOIUMOE IS

nb MO3UIIMOHUPOBAHUsI pOOOTOB MpH Tepeade IHEPTUH
a JlnuHa poboTa B MeTpax
[ITar kapThl BBICOT B METPaxX, MPUHATHIA PABHOMEPHBIM U
Sh OJUHAKOBBIM 110 ocsM X, Y ISt BCEH KapThl BHICOT: Sp=|X, —
Xu+1] = [Yu— Yus
lo.og JlinHa MyTH OT HAa4YaJIbHOM TOUKH TPAEKTOPUH Pij ABHKEHHUS
poboTa-paboyero 10 TOUKH TPACKTOPUH ¢ HOMepoM bg
g JITMHa Ty TH yYacTKa TPAeKTOPUH Pij OT TOYKU ¢ HOMepoM bg 1o
TOYKHU C HOMepoM Q
Q Uwucno Touek TpaeKTOPUH B IMAMA30HE KOTOPBIX Pa3peIlieH
n

sapsia, Qn=de * d,/en Sp

[TycTh MOBEpXHOCTH, ONpeieNsitolias paboyee MpOCTPAHCTBO, 3a/1aHa KapTOH

BbICOT by = [Xu, Yu, Zu]| b €B, u =1, ..., um, a Takke MHOXeCTBO poOOTOB R,
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coCTosIIIIee U3 MHOXKecTBa poboToB-padbounx W u 3apspkaromux pobotoB C: R =
{W, C}. MHoxecTBO poboToB-pabounx npencrasisercs B Buae W = {wi, ..., W;,
..., Wn}, T1e | — uaeHTudukaTop podora, i € [1;m]. Kaxnaprit po6oT-pabounii onrcan
KOPTEXKEeM ImapamMeTpoB Wi = <Cfj, er;, Sri>, rae Cri = [Xi, Yi, Zi] — koopauHaTh poboTa-
pabodero B TPOCTpaHCTBE, €l — 3HAYCHHE €ro TEKYIIero 3armaca JHEpru B
OTHOCHTEJIBHBIX CIMHUIIAX U ITApaMEeTp €ro cTaTyca S, IPUHUMAIOITNI 3HaYeHus ()
uiu 1. MHOXeCTBO 3apsiKarolux poOOTOB MpeACcTaBiseT coboir MHOkecTBO C =
{c1, ..., Ck, ..., C;}, TOA€ Z — YHCIIO 3apspKarommx poooroB. IIpu stom pobOT-
3apspKAOIINNA aHAJIOTUYHO OMHACAH KOPTEXKEM ITapaMeTpoB Ci= <Cl, €, SIc>.

['pynne poOoTOB-paboUMX Ha3HAuYalOTCA LEJeBble 3ajaHus (3amaun) tg
Hpe/ICTaBIICHHBIE BO MHOXecTBe 1, = {tai, ..., ta;, ..., ta,}, rae uaeHTUdUKaTop
3amaud j € [1;n]. Kaxxnas 3agaya onmmcana KopTeskeM napameTpos ta; = <ctj, etj>, rue
ctj = [, Vj, Zj] — KOOpAMHATHI TOYKH BBHIOJIHEHHS 3324, elj — 3HAYCHUE SHEPTHU B
OTHOCHTEJIBHBIX CIMHHIAX, KOTOPOE HEOOXOAUMO ISl BBIMOTHEHHUS POOOTOM-
pabouum 3anauu ta;.

B mpomecce  GyHKIIMOHUPOBAHHWS  CHUCTEMBI  YIPABICHUS  TPYIIIBI
dbopMHpyeTCs MHOKECTBO 3a7ad IOTOJHEHUS DSHEPTeTHYECKHX PECypcoB .
JlaHHOE MHOYECTBO aHAJIOTUYHO TI0 CTPYKTYPE MHOXKECTBY Tq, T¢ = {tCy, ..., tCq, ...,
tcq}, rme unentudukaTop 3amaun g € [1, q]. Kaxnmas 3agaya onmcaHa KopTexeM
napaMeTpoB iCy = <Cty, etg>, rae Cly — KoopauHaTel 3axauu, a ely — KOJIUYECTBO
DPHEPTUM B OTHOCUTEJIBHBIX €IWHHUIIAX, KOTOPOE HEOOXOAMMO MepeaaTh poOoTy-
pabouemy ot poboTta-3apspkaromiero. COOTBETCTBEHHO 3ajlauyd  IMOTMOJTHEHUS
YHEPTEeTUYECKUX PECYPCOB BBITIOIHSIIOT POOOTHI-3apsHKAIOIITHE.

B3anMoCBsI3u  OTMMCAHHBIX BBIIIE MHOXKECTB U IApaMETPOB  MOIYKHO

NPEJCTaBUTh B rpaMuecKoM BUE CICTYIOIIUM 00pa3oM (PUCYHOK 4):
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Pabouee npocTpaHCTBO MNapameTpbl pabouero
npocTpaHcTea
/ MHoecTtso R \ 3apsanHas CTaHI.l:[/IH\ B - MHOKECTRO
4 Ty ~ TOYEK KAPTEI
W - MHOXECTBO €2 = Xy Vo 2] P
BEICOT

poboToB-pabounx

[ E—w ]/ \[ b, =[xy Vi 2] L
/ \ : Sf? - I0ar KapTel BEICOT :

T, - MHOXKECTBO
LEJIEBBIX 33134

. J

C - MHOXECTBO
POOOTOB-3apsIKAIOIINX

)

[ C; = <CIy, €ry, Sy~

T, - MHOKECTBO

T, - MHO:KeCTBO 3a1a4 BBITIOTTHHMBIX
TIOIIOJIHEHHA 3HEPIreTHYECKHX 3ajaq
ecypcoR
[ tog = <cl,, el~ ] \

7

Pucynok 4 — B3auMOCBsI31 MHOKECTB U [apaMeTPOB B rpa)uyecKoM BUJIE

Jliis Bcex poOOTOB OMpeesieHo 3HaueHUuE Emax — MakCUManbHO BO3MOXKHBIN
3amac sHepruu podora B BT-u, 00yCiOBIEHHBIN (PU3NUECKUMH XapaKTepUCTUKAMU
VCTOYHHKA MMUTAaHWSA M COOTBETCTBYIOIIMI YPOBHIO IOJIHOTO 3apsiaa. B mporecce
JBUKEHHS pOOOT pacXoyeT SHEPreTUUECKHe PECypChl Ha epeMellleHre, BETMYHHA
Em ompenensier 3aTpaThl dHEPreTUYECKUX PECYPCOB Ha IPEOJOJIEHUE POOOTOM
CIIMHUYHOTO paccTosiHus dy. Pacxos sHepreTH4eckux pecypcoB B OTHOCHTEIBHBIX
eMHUIIAX Ha IPEOI0JICHUE €IMHUYHOTO PACCTOSIHUS ONIPENIETISIETCS B COOTBETCTBUU
¢ opmyuoii (12):

e = -2 (12)

Emax

3HaueHUE €y MO3BOJISIET OLEHMBATh PACXOJl AHEPrUM Ha MPEOJOJICHUE
CIIMHUYHOTO paccTosiHus Oy B TMPOLEHTAX OT MAKCHMAaJIbHO BO3MOXHOTO 3araca
HEPruu PoOoTa Emax.

Pacxon osueprum poGota E; Ha BbINOJIHEHHME 3a7aud NEPEBOAUTCS B

OTHOCHUTEIIbHBIC €UHUIIBI IO hopmyde (13):
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Ej

et; =

f (13)

Emax

C mnomouipio €tj ompenensercss CKOJBKO SHEPruM B MPOLEHTaX OT
MaKCHUMaJIbHO BO3MOXKHOTO 3araca dHepruu po0oTa Ema OyaeT u3pacxomoBano Ha
BBITIOJTHCHHE 32/1a4H.

Texymmuii ypoBeHb 3amaca SHEPTETHUYECKHX PECYPCOB B OTHOCHUTEIHHBIX
SAMHMIIAX el ONpeAesIeTcs Kak COOTHOIIIEHUE TeKYIIEro 3HaYSHUS 3araca SHePTHH
K MaKCHUMaldbHOMY Emax. AHaJOTMYHO ompenenseTcs, 3aJlaHHbIi MHHUMAaJbHBIN
YPOBEHb 3aliaca JHEPIeTHUYCCKUX PECypCOB B OTHOCHUTEIBHBIX EAWHUIAX IS
pPOOOTOB-padOYHNX — Eminw U POOOTOB-3aPSHKAIOIMINX — Eminc. [Ipu €ri < €minw pOOOTY
TpeOyeTCs TMOMOJHEHUE YHEPTETHUYECKUX PECYPCOB.

B npenmnmaraemoili  Momenw  OPHHATO, YTO  TPOIECC  ITOMOJHCHHUS

DHEPIeTUYCCKUX PECypcoB pOOOTOB BCerja OCYIIECTBISETCS JO 3aJaHHOTO

MaKCUMAIILHOTO 3HAYCHUS Emax, TP ATOM JIOJDKHO BBITIOJIHATHCS HEPaBeHCTBO (14):
eminw < €max = 1 (14)

3HaueHue 1 B JaHHOM HEPABEHCTBE COOTBETCTBYET MAKCUMAIbHOMY YPOBHIO
HHEPreTUYECKOro 3amaca pooora Emax.

Takxe mpuMeM, 4TO Eninc< Eminw, TAK KaK pOOOTY-3apsDKaIOIIEMy HEOOX0IUMO
MPE00JIEBATh My Th OT 3aps,AHONM CTAaHUMU O TOUKH 3apsiaa U 0OpaTHO.

[Io 3HaYeHHSAM Eminw, E€minc U €max OIPEHEISAIOTCS AUAIla30Hbl YPOBHEHU
HPHEPreTUYECKUX PECypcoB, JOCTYHNHBIX poOoTam-pabouriM U poOoTaMm-
3apsKAIOIIMM JUISI IEPEMEILEHUs IO TPACKTOPUH U BBITIOJTHEHHS 3a/1a4.

PobGoThi-pabourie  MMEIOT TPU COCTOSIHMS: CJEAOBAaHUE [0 MapIIpyTy,
BBITIOJIHEHUE 33/1a4U U 3apsi/i aKKyMYJIATOpHOU Oatapeu. B cocTosiHuM clie1oBaHuUs
0 MapuipyTy poOOT MOCIEAOBATEIHHO MEPEMEIIACTCS MEXAY ABYMS TOUYKAMHU
TPaeKTOPHUH, MOKA HE JOCTUTHET KOHEYHOW TOYKM WM TOYKM 3apsna (mpu ee
Hanuuuu). [Ipu JOCTHOXKEHMHM TOYKM 3apsaa poOOT-padouMii OCTaHABIMBAETCS U
OKUAET JI0 TeX MOp, OKa HE MPUOYAET 3apsHKaIOIIKi poOOT M HE BOCIIOJIHUT 3apsi

ero 6arapeu. I[Ipu JOCTUXKEHUH KOOPJMHAT 1IEJIEBOM 3a/1auu, poOOT MPUCTYIAET K
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ee BBINOJHEHNIO. [Iponecc HEmocpeaCTBEHHO BBIIOJHEHHS POOOTOM IIEJIEBOM
3a/laud B paMKax JaHHOW pabOThl HE paccMaTpUBAETCS, TaK KaK HE OKa3bIBaeT
OpsMOTO  BIMSHUSL ~ Ha  mporecchl  (QYHKIMOHUPOBaHUS  TPyHmbl U
nepepacipeesieHus] peCypcoB.

3apspraroniye poOOThl UMEIOT YETHIPE COCTOSTHUS: CJIEIOBAaHUE 10 MAPUIPYTY,
MO3UIIMOHUPOBAHKE JJIA NIepeiaul SHEPTUH, TIepeaya SHEPTUU poOOTy-padouemy,
BOCTIOJTHEHHE 3apsiga coOCTBeHHO OaTapen. COCTOSTHUE CIEI0BaHUS TI0 MapIIPYTY
3apspKAlOIMUX  pOOOTOB  aHAJOTUYHO PoOOTaM-pabouMM 3a  HCKIIOYEHUEM
OTCYTCTBUSI OCTAHOBOK B OXHJAaHUU COOCTBEHHOro 3apsiga. Ilpu goctmkeHuun
3apsHKAIOIIUM POOOTOM TOYKH 3apsifia podoTa-pabodyero OH HaXOIUTCA Ha MECTE /10
TE€X IMOp, MOKa poboT-pabounii He npuOyAET B AAHHYIO TOYKY JUIs 3apsja
aKKyMYJSITODHOM OaTaped, MOCJe Yero 3apsKaloluid poOOT MepexoIuT B
COCTOSIHUE TMO3WLHUOHUPOBAHMS JUIsl [epeladyd dSHeprud. B cocTosiHuu
MO3UIIMOHUPOBAHUS 3aPsDKAIOIIUN pOOOT ABUIKETCS IO JIOKAJILHOW TPACKTOPUU 10
KOHEUHOW TOYKH, B KOTOPON HAuMHAETCS Mepefaya dHEPruu poodoTy-padouemy.
[Tocne 3aBepiieHUs TO3UITMOHUPOBAHUS C POOOTOM-PabOUNUM 3apsIKAIOIINNA pOOOT
MEePEXO/IUT B COCTOSTHUE Tepe/laun dHepruu. B M1aHHOM COCTOSIHUU OH pacxoayer
CBOHM 3amac HSHEpPrMM Ha BOCIOJHEHHE 3apsjia Oarapen pobOoTa-pabouero o
JIOCTUKEHUSA €€ 3aps/ia, COOTBETCTBYIOWIEIO 3aJaHHOW BEJIWYHUHE Emax. 1lO
3aBEpIICHUU TMepe/layd DSHEPruu, poOOT-pabouuii MNPOJOJDKACT ABUKEHUE 10
TPaeKTOPHH, a pOOOT-3apsKAIONINN HAUMHAET TIEPEMEIICHHUE K 3apsAIHON CTaHIIUU
JIJIs1 BOCTIOJTHEHUS 3apsijia COOCTBEHHOM OaTapen.

Mexay HeHTpaTu30BaHHOW CHCTEMOW YIIpaBIEHUS W poOdoTamu Tpynmsl R

OCYIIECTBIIACTCS HH(OOPMAITHOHHBIA 00OMEH (PUCYHOK 5).
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BHeLIHAA UeHTpaIn3oBaHHaA cuctema
ynpas/ieHuA

( ITapameTpsl poboTa ITapametpsr poboTta

Muccun (Ml)ﬁ7 ( Muccun (M,)

[ Po6oT-pabounit ] [Po60T—3apﬂ>Karow,m‘/'|]

Pucynoxk 5 — UndopmaiimoHHsiit 00MeH MEX1y poOOTaMH U CUCTEMOM

YIPaBJICHUS TPYNIION

PaGoune u 3apsokaromue poOOTHI MEPENaOT CUCTEME YIpaBJIEHUS CBOU
KoopauHaThl (Cri, Cry), TEKyIIUHA ypoBeHb 3apsiga (eri, ery) u craryc (Sri, Sry). Ha
OCHOBE WH(pOpMaNMK, TOJYYEHHON OT poOOTOB, CHCTEMa YIMpaBICHHUS B
COOTBETCTBHH C aNrOpuTMaMu paboThl (POpMUPYET MUCCUU TSI KAXA0TO poOoTa.
Muccust M poOoToB-pabounx BKIIIOUAET B €051 TPACKTOPHIO ABMKEHUS poOoTa Pij,
KOOPIMHATHI TOUEK MOTIOJIHEHHS 3a11aca YHEPreTHUECKUX PECYPCOB, COAepKAIIUECs
B KOPTEXeE CPi, U KOOPAUHATHI 3a7auu Ctj. J{is poboTa-3apsxkatomiero 3agauei Oyaer
ABJIATBCS Mepeavya dHepruu poOoTy pabodyemMy B ONpENEICHHOM TOUKe pabouei
o0nacTd, a KOOpJAUHATAMH TOYKH TOTIOJTHEHHUS 3araca YHEPreTUYECKUX PeCcypcoB
OyAyT SIBISATHCS KOOPAMHATHI 3apsITHOM CTAaHIMH CZ.

C ydeToM omnpeaeneHHbIX COCTOSSHUN (DYyHKIIMOHUPOBAHUS pOOOTOB-pabounx
o0Iee BpeMsl BBIMOJNHEHUS |-3aJla4d 1-pOOOTOM CKIIAJIBIBACTCS M3 CIEAYIONINX
cocTapisronux (15):

Tij = Ts + Tp + Tix + Toxp + T, (15)

rae zij — oOliee BpeMsi BBIMOJHEHUS [-337addl 1-poO0TOM, 7s — BpeMsl TPUHSTHUS

peIIeHUH CUCTEMOM yIpaBIICHHUS, Tr — BPEMs TIepeMeIeHHs I1-podoTa K j-3a71a4ue, Tix
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— oOuiee BpeMs Iepesadn SHEPruu OT poOoTa-3apsuKaroliero K podoTy-padbouemy,
Texp — BPEMS OXKHJIaHUS po0OTa-3apsDKAIOIIETO, 7j — BpEMsl BBIITOJIHEHHUS |-33]1a4H.
[Ipumem, 4TO BpeMsl IPUHATHS PELIECHUI CUCTEMON YNIPaBICHUS Majlo U UM
MO>KHO IpeHeOpeyb B 00I1IEM BPEMEHU BBITIOJIHEHHS 33JJa4H, a TAKKE, YTO Ts = CONSt.
ITporiecc HEMOCPEACTBEHHO BBIIOJHEHUS POOOTOM IIEJIEBOM 3alayd B paMKax
JTaHHOU pabOThI HE pacCMaTPUBAETCS, BBUIY Y€ro MpUMeEM, 4To 7j = COnst. [1pu atom
3agaun cTaBsTcs u3BHE (T,) W ansg crabmibHO (YHKIMOHUPOBAHMS TPYIIIIHI

H€O6XOIIHMO IMPOBCPUTH UX BBIIIOJTHHUMOCTD:

Tw = fl (Cth CZ, €max) €minwr €minc) €m> 63» np):j € {1; Tl}, (16)
cM. pazfen 2.2 pucyHokK 9.

3HayeHue T, 3aBUCUT OT CKOPOCTH JIBMXKEHUsI poOoTa, penbeda padoyero
MPOCTPAHCTBA U JUIMHBI TpaeKTOpuu. CKOPOCTh JABUKEHUS MO TPACKTOPUHU U €€
MaKCUMaJIbHOC  3HAUYCHHWE  SBISICTCS  MapaMeTpaMd,  3aBHCSIIAMH  OT
KOHCTPYKTHUBHBIX pENIEHUH KOHKpeTHOro pobora. I[lpumem, dto poOOTHI
MepeMeIIarTcsl B paboueM MPOCTPAHCTBE C MAKCUMAJILHO BO3MOXKHOU CKOPOCTHIO,
OTPaHMYCHHOW  HMX  KOHCTPYKTUBHBIMH  TapaMeTpaMHd W YCJIOBHSIMHU
¢dyHkumonupoBanusa. Torma BpeMs mepemelneHus i-pobora-pabodero K j-3amaue
3aBUCUT OT BBIOpAHHOU TpaeKTOpUHM MU peibeda pabouero mpoctpancTsa. JninHa
TPACKTOPHUH 3aBUCUT OT TOTO, KAKUM 00pa3oM IeeBbIe 3a/1a4u Oy Iy pacrpeaeneHbl
MEXIy poOOTaMH 1 B3aMMHOTO PACIOJIOKEHHUSI poO0Ta M HA3HAYCHHOW eMy 3a/1auu:
Ly = f>(B,ctj, cr; ), j € {c,d},i € {1,m}, (17)

< Py, Dy, >= f3(Ty, W), (18)

cM. pazzen 2.2 pucyHok 10 u pucynok 11.

OO6miee Bpemsi mepeadyd SHEPTHH OT POOOTa-3apsDKAIOIIETO K poOOTy-
pabouemMy 7y 3aBUCHUT OT YHWCia TOYeK 3apsna (Pm), adhdeKTUBHOCTH Tepenadu
DHEPIUM MEXIy poOoTaMu (#n) M KOJWYECTBA IHEPTUM, KOTOPOE HEOOXOIMMO

nepenatb Mexay pobGotamu (etg). [lapamerpsl pm u €ty BBIYUCIAIOTCS TpU
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dbopMUpOBaHUM MHOXKECTBA 3aja4 TOIMOJIHEHUS DSHEPreTHUYECKHX pEeCypCcoB

poboToB-pabounx T, M KOpTeka TOUYEK 3apsiia i-podora Cpi:

T, = f4(pij,ctj,eri, etj, emax> €minw €m» 06, du,sb,nb),j € {c,d},i € {1,m}, (19)

CM. pazzien 2.2 pucyHok 12.
NMn = fs(Mmax> Lrews Hrew Prer), (20)

TI€ /jmax — MaKCHUMajbHas BO3MOXHas 3(PQPEKTUBHOCTh MEpemadnd dHEPTrUuu (CM.
paszaen 3.3, dopmyna (52)), Lre, Hrel, Prel — paccrosiaue, cMmelieHue, nepeaaBaemast
MomtHOCTh BCIID B oTHOCHTENBHBIX eauHUIaX (cM. paszaen 3.3, CUCTEeMbl
ypaBuenuii (55), (56)).

Bpewms oxuaanusi, podoTa-3apsKaronero poooToM-padoyuuM, Texpy 3aBUCUT OT
KOJIMYEeCTBA 3a/1ad TOMOJIHEHHsI JHepretudeckux pecypcoB (|T¢|), mimHBI
TpaeKkTopuu podoTa-3apspkaroero (lg) u ux konmdectBa B cocrae rpynsl (|C|).
JlnmHA TpaeKTOPUU 3aBHUCHUT OT TOTO, KakuM oOpa3oM 3aJadd IOTOJHEHUS
DPHEPTETUYECKUX PECYPCOB Oyay pacmpeneieHbl MEXIy POOOTaMH-3apsKaIONIMU

¥ B3aMMHOTO PACIIOIOXKEHUsI po00Ta U Ha3HAYCHHOW eMy 3aJla4y:

Le=f, (B, Cty, Cry ),g €{1,q} k €{1,z}, (21)
< P,D. >= f¢(T, 0), (22)
cM. pazzaen 2.2 pucyHok 11 u pucynok 14.
[lpumem, 9YTO Ha MOMEHT Hayaia pabOThl TPYIIBI KOJHMYECTBO pPabOYMX W
3apspKaroIX po00TOB M3BecTHO U moctosiHHo: |W/| = const, |C| = const.
OyHKIIMOHUPOBaHKE PabOUMX M 3apsHKAIONIMX POOOTOB COOTBETCTBYIOIIMM
oOpazoM oOecreynBaeTcsi CHCTEMOW YNPABJICHUS] TPYIMION, MOCPEICTBOM
dbopMHUpOBaHHUS MHCCHUH Ha OCHOBE 3aJlaHHBIX MapaMEeTpOB 3ajad, poOOTOB U
obyacti padouero npocrpancTBa. C yu4eTOM YKa3aHHBIX BbIIIEC (DYHKIIMOHAIBHBIX
3aBUCHMOCTEH BpeMsl BBITIOJHEHHUSI |-337a4k I-poOOTOM 7jj OyJIeT 3aBUCETh OT TOTO,
KaK c(hOpMHPOBAHBI MUCCUU KaXKJOTO pOOOTA TPYIIIIHI:
M; = (R, T, Ty),j € {c,d},i € {1,m}, (23)
My = f7 (P, Te,c2), g € {1,q}, k € {1, 2}, (24)

CM. paszjien 2.2 PUCYHOK /.
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2.3 KoMiuiekc a1ropuTMoB yrpasJjeHHs TPYIoii HAa3eMHbIX pO0OTOB

C mepepacnpeaejeHHeM YHEPreTHIeCKUX PecypcoB

[IpenyioxkeHHass MaTeMaTUYECKass MOJIEIb YMPABICHUS TPYIIION Ha3eMHBIX
poOOTOB OblIa peaii30BaHa MPU CO3MaHWU KOMIUIEKCA aJTOPUTMOB TPYIIIOBOTO
IIEHTPAJN30BaHHOTO  YIpaBJIeHHWs  poboTamMm ¢ Mepepachpee’IcHueM
DPHEPTreTUYECKUX PECYpCOB HA MapIIpyTaX MEXKIY TOYKAMU MECTOIOJIOKCHUS
IEJEeBbIX 3a7a4 NP MEePEABUKEHUN HAa OTKPHITOM IMPOCTPAHCTBE C MEPEMEHHBIM
penbedoM, YTO O0OECHEUUIO COKpaIlleHHEe OOIIEro BPEMEHHU peaau3aiuu
MTOCTABJICHHBIX IIEJICBBIX 33]1a4.

Ha pucynke 6 mpuBeseHa cxema, KOTOpas OTpakaeT B3aUMOCBSI3ZH MEX]Y
pa3pabOTaHHBIMUA ~ AJNTOPUTMAaMH  (YHKIIMOHUPOBAHUS CHUCTEMBI  yIIPABJICHUS

rpynmnoi Ha3eMHbIX POOOTOB.

AnTOpUTM (DYHKIIMOHUPOBAHHUSI CHCTEMBI YIIPABIICHHUS TPYIIIO#
HazeMHbIX po6oToB (f7)

Bsojx: ¢z, T,

2

AJITOpUTM MPOBEPKH
BBIIOJHUMOCTH 1IEIEBBIX
sanay (f;)

h 4
Beog:<cr;, er;j, sri>
WM <CIy, er, Sh>

ANTopuT™ pactpesieNieHus 3a1ay
Mexy podoramu-pabourmu (f3)

AJNTOPUTM OTpe/ieeH s
JUTAH TPAaeKTOPUU
po6otos(f,)

v

ANTOpUTM pacnpeeneHus
3a7a4 MeXy pobotamu

v

ANropuT™ OnpesieneHus
touek 3apsiza (f;)

AJITOpPUTM pacnpe/eneHus 3a1a4d
MEXIy POOOTaMHU-3apsKAIOIIMU
(fe)
AJTOpPUTM OnpeseneHust
JUTAH TPAaeKTOPHUH
po6otos(fy)

v

AATOpUTM pacnpeneneHust
3a/1a4 MeXay poboTamu

v

BrBoa: M, mis ¢

.

/

Anroput™ QyHKIHOHUPOBAaHUS POOOTA

TpYHITBI

Beoa:M; i My

h 4
BeBoa:<cr;, er;, Sri>
WU <Cly, ery, Sre>

Brimonxnenne Mmuccun

AJNTOpUTM KOHEYHOTO
MO3UIIMOHUPOBAHHS
poboTa-3apsKaronero

v

BrBox: «Bce 3amaun
BBIITOJTHE HBD)

/

Pucynox 6 — KoMriekc anropuTMoB yIpaBieHuUs TPYIIOil Ha3eMHBIX

pob6oToB
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Jlanee paccMOTpuM pa3pabOTaHHBIE aIrOPUTMBI OoJiee moapoOHO. Kaxabii
poOOT WMEeT OTHOCHUTEIHHO HH3KHE BBIYUCIUTEIBHBIE MOIIHOCTH, ITOATOMY
yIpaBlieHUE TPYIIION OCYIIECTBISETCS BHEIIHEH IEHTPAaTU30BAHHOW CHCTEMOMU
yOpaBieHus. AJTOpUTM (PYHKIIMOHMPOBAHUS CHUCTEMBI YMPABICHUS TPYIION

HA3eMHBIX pOOOTOB MPEACTABJICH HA PUCYHKE /.

[

v

AJnTropuT™M MpoBEepKU
BBINIOJTHUMOCTH
MPEIMETHBIX 3a]1a4

|-
>

\ 4

OOwmeH nanabiMu ¢ Wi A Cy:

<Crii er;, Sl’i>,<CI’k, ery, Srk>y
|TW| + |TC|1 Mi! Mk

a HET a/\ HET
—<[ml>0 —JTd>0

A 4

na HET | g HET
AJITOPUTM pacmipeneicHus AJTOpUTM pacipeaeneHus
3aja4 MeXIy poboTamu- 3a71a4 MEeXAy poOOTaMH-
pabounmu 3apsIKAIOIIIMHE

i |
<

A

DopMHUPOBaHUE MUCCHI

IA
«

Pucynox 7 — briok-cxema airoputMa (pyHKIIMOHUPOBAHUS CUCTEMBbI

yIpaBJIeHUs TPYIION HazeMHbIX po6oToB (f7)

Ha IICPBOM ISTAllC MMOCPECACTBOM BJIOKCHHOI'O aJITOPUTMA, IIPCACTABJICHHOI'O

Ha PUCYHKC 9, OT6I/IpaIOTC$[ BBITIOJITHUMBIC 3aJa4H taj, KOTOPBIC MMOMCHIAIOTCA BO
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MHOKECTBO Ty. 3aTeM OCyIIeCTBIsIeTCS OOMEH JaHHBIMU C pOOOTaMH TPYIIIIbI AJIs
nojsyuyeHuss HHQOpMAIMM O MX COOCTBEHHBIX KOOpJAMHATaX M  3amace
PHEPreTUUECKUX pecypcoB. Jlamee ocyliecTBIseTCs MpPOBEpKa KOJUYECTBA
AJIEMEHTOB MHOKECTBA Ty, a B CIIy4yae, €CJIM OHO ITyCTOE, TO MHOXKECTBA T ¢, KOTOpOE
COJEPKUT B ceO€ 3aaUu MONOJHEHHSI YHEPIrETUUECKUX pecypcoB. Eciiu MHOXKECTBO
3amay Ty IMycTOE, @ MHOXECTBO [ MMEET 3JEMEHThI, TO CUCTEMa YIPABICHUS
IPYIIION MPOBEPSIET HAIMYKUE CBOOOAHOro poboTa-3apspkatouiero. IlocpencrBom
aJITOPUTMa pacIpesieleHHsl 3a1a4 MOMOJIHEHNS SHEPreTHYECKUX PECYPCOB MEXKIY
pobotamu-3apsokaromuMu (pucyHok 14) ocBoOoauBIIEMYCST pPOOOTY Ha3HAYaCTCS
TOYKAa, B KOTOPOM OH JOJKEH IONOJHUTH 3apsn poborta-pabouero. J[lanee
(GOopMHUPYIOTCS MUCCUU M CHOBA OCYIIECTBISIETCS OOMEH JaHHBIMH C POOOTAMH.
Ecnu mHOXeECTBO 3a7a4 Ty HE MyCTOE, TO CUCTEMA yIPaBICHUS TPYIION MPOBEPsIeT
HaJIMyue cBOOOJHOro poOoTa-pabouero. Jlamee B COOTBETCTBUU C aITOPUTMOM
pacmpeeneHuss 3aJad  MEXIy poOoTaMu-pabOYuMH, TMPEICTaBICHHBIM Ha
pucynke 10, ocymiecTBisieTcst BBIOOp 3aJa4yul ISl JAHHOTO POOOTa, MOUCK TOYEK
MOTIOJTHEHUS SHEPTreTUUECKUX PECYpCOB, a 3aTeM (POPMUPYETCS MUCCHSI.

dopMHpOBAaHUE MHUCCHH CTAaHOBUTCS BO3MOXKHBIM TIOCTIE OIpPENCTCHHS |
BBIYUCJICHUS BCEX HEOOXOIMMBIX TTapaMeTPOB ISl pOOOTOB-PabOUYNX HIIH POOOTOB-
3apspkarommx. PopMUpOBaHME MHUCCHUN M MOCieayiouas nepenada ux podoram
IPOUCXOAUT B cieayromeM Buue. g podoToB-pabounx M; Bkimodaer B cels
TPACKTOPHUIO JABMXKEHHS pOOOTa Pjj, KOOpAUHATHI TOYEK IIOMOJHEHUS 3araca
DHEPreTHUECKUX PECypCOB, COAEPKAIINECS B KOPTEKE CPj, 1 KOOPAUHATHI 3aa9n
ctj: M = <pjj, cpi, Ct>. B ciyuyae poboTa-3apspKaromiero 3agauei Oyner sBIsSThCS
nepeaada dHepruu pooboTy paboueMy B OINpPEACIICHHON Touke pabodeit obmactu, a
KOOpAMHATAMHU TOYKH TIOTIOJTHEHMsSI 3araca JHEPreTHYEeCKHX pPEeCcypcoB OyayT
SBIIATHCS KOOPAMHATHI 3apSIAHON CTAHIUU CZ: My = <Pkg, CZ, Ctg>.

AJroput™M paboOThl CHUCTEMBl YIPABICHHUS TPYIIOW HA3eMHBIX pPOOOTOB
3aBeplIaeT CBOK padOTy B Cilyyae, KOI1a MHOXKECTBO 3aJ1a4 Ty M MHOXKECTBO 3aja4

IOIMOJIHCHUS SHCPICTUICCKUX PECYPCOB Tc CTAHOBATCA IIYCTbBIMH, YTO B CBOIO
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ouepe]lb 03HAYAET UTO BCE BBIMOJHUMBIC 33/1a4l, MOCTABJICHHBIE TPyIIe PpoOOTOB
BBITIOJTHEHBI.

Kaxnip1it poboT rpynmsl GyHKIMOHUPYET MO AITOPUTMY, U300paKEHHOMY Ha
pUCYHKE 8, MHIIEKCHI TapaMEeTPOB B KOTOPOM IMPEACTABICHBI JIsl pOOOTOB-pab0InX

(). Ay poOOTOB-3apspKaIOIMX HEOOXOAMMO HCIOIB30BaTh UHICKCHI MTapaMeTPOB

k.

cr;=1[0,0,0], er;= 100,

sr;=0
+
Bruciienne coOCTBEHHBIX
KoopauHart Chi=[X;, Yi, Zi]
+ Muccus nonyueHa?
Brrucnenue 3amaca sHeprum €r; sri=1
OOMeH JaHHBIMHU C CHCTEMOH A v
NPUHSTUA PeLIeHuit: <Crj, er;, Sr>, BremonHnenne Mmuccun
|Tw|+ |Tc|, I\/Ii
HET
Aa HET Muccus 3aBepieHa? a

sr;=0
'

Pucynok 8 — brok-cxema anroputma QyHKIIMOHUPOBaHUS POOOTA U3 TPYTIIIHI

B HavanpHBII MOMEHT BPEMEHHM IMOCJE BKIIOUEHHUS poOOTa MEPEeMEHHBIM
napameTpam MPUCBOEHBI clieayrorue 3uadenus: Cr = [0, 0, 0], er; = 100, sri=0. Ha
NEepBOM IlIare ajaroputMa poOOT BBIUUCISET COOCTBEHHBbIE KOOPAMHATHI
OTHOCHUTEIIFHO CUCTEMBI OTCUETA, CBSI3aHHOM C KapTOM BBICOT, YTO HEOOXOAMMO JIJIst
Jokanu3auuu podoTa B padboueit odnactu. Bropoi mar nogpasymeBaeT usMepeHue
po6OTOM MapaMeTpoB COOCTBEHHOT'O MCTOYHUKA MUTAHUS U BBIUMCICHUE TEKYIIETO
3araca PHepruM B OTHOCUTENbHBIX eauHuIax. Jlanee npoucxoaut oOMeH JaHHBIMU
MEeXIy poOOTOM M LEHTPAIM30BAHHOW CUCTEMOM yrpaBieHus. PoOOT oTmpasisier
CHCTEME CBOM KOOPAMHATHI, TEKYIIMH 3amnac 3Hepruu u cratyc. Ctatyc podoTa Sr;

JaeT cucTeMe HH(OpMAIMI0O O TOM, 3aHAT JM POOOT B TEKYIIMA MOMEHT
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BBIIIOJIHEHUEM MUCCUU WU HeT. Eciu I = 1, To poOOT 3aHAT BHIITOJIHEHUEM MUCCUN
Y Y4acTBOBAaTh B pacCIpe/esIeHUU 3aJa4 WM TOYEK 3apsiaa oH He MoxeT. Cucrtema
yOpaBJICHUs TPYNIOW Tepenaer poOOTy 3HAYEHHWE CYMMBI JUIMHBI MacCHBa
BBITIOJTHUMBIX 3aJa4 [y W JJIMHBI MacCHBa 3ajJiad MOTMOJHEHUSI SHEPreTUYECKUX
pecypcoB T, KOTOpO€ HCHOJIb3YeTCs [JIsi 3aBepuIeHUsT pabOThl alIropuTMa.
AJTOpUTM 3aBEpIIAET CBOIO pabOTy B CIyyae, €Ciu CyMMa JIJTMH JaHHBIX MaCCHUBOB
paBHa (0. DTO 03HayaeT 4TO BCE BBINOJHUMBIE 33aJa4d M 33Ja4d NOMNOJHEHUS

OQHCPICTHYCCKUX PCCYPCOB pACIIPCACIICHBI MCKAY COOTBCTCTBYIOIIINMU p060TaMI/I.

PoGoTel rpynmbl, a COOTBETCTBEHHO W TIpynmna B I1EJIOM, HWMEIOT
GbyHKIMOHATIBHBIE OTPAHUYCHUS, CBSI3aHHbBIC C PU3MUECKUMU IMapaMeTpamu. Bumy
TOTO, YTO 3aJa4yll Trpymme poOOTOB CTaBATCA W3BHE, YHEPTETUUYECKUE PECYPCHI,
HEO0OXOIMMBbIE JJIsl UX BBITIOJIHEHUSI MOTYT MPEBBIIIATH IOMyCTUMbIE 3HaUeHUS. [[7s1
CTaOMIILHOTO (DYHKIIMOHUPOBAHUSI TPYMIBI HEOOXOJAUMO UCKIIIOUUTH MOCTAHOBKY
poOOTaM HEBBINMOJHUMBIX 3a/Jad. 3ajlaya MOXKET ObITh HE BBINOJHHUMA B JIBYX
cinyuasx. [lepBolif cityuyail cBsi3aH ¢ HEOOXOIUMBIM KOJMYECTBOM SHEPTUU IS €€
BBINOJIHEHUS, & BTOPOM C YJAJICHHOCTHIO PACIOJIOKEHUS 3aJa4¥ OTHOCUTEIIBHO
pacnoJioxkeHus: poooToB. Jljis 0TOOpa BBIMOJHUMBIX 3a/1a4 pa3paboTaH aJrOPUTM,

IIPEICTABJICHHBIN HA PUCYHKE Y.

AJTOPUTM TPOBEPKHU BHITIOJIHUMOCTH IIEJIEBBIX 3aJlad OCHOBAaH HA CUYETHOM
IIUKJIe, BHYTPHU KOTOPOTO KaKJas 3ajada W3 MHOXKECTBA |, MPOBEPSETCS MO JBYM
ycioBusaM. [lepBoe mpoBepsieMoe yCIIOBHE, NPEACTaBICHHOS HepaBeHCTBOM (25),
COOJTI0TaeTCsl B cliydae, €CIM dHEeprusi HeoOXoaumasi Ui BBITTOJIHCHHSI 3a]]a4H HEe
MPEBBIIIACT 3HAYCHHE DHEPTETHUECKUX PECYPCOB, JOCTYIHOE POOOTY-pabouemy

JJI UCIIOJIb30OBAaHUSI.

etj S €max™ (eminw + 69)- (25)
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Hepagenctso (25) Aa
BBITIOJIHSIETCS?

Aa HepasenctBo (26) HeT

BBITIOJTHSIETCS ?

v

[TocTpoenue TpaekTopuu U
BBIMMHCJICHUEC IJIMHBI TYTHU OT

CZ 1o Ct;

v Jo6asuts ta; B Ty v

dcj — nmHA My TH OT Tu
CZ 1o Cf

I

Pucynox 9 — briok-cxema ajiroputMa nmpoBEPKHU BHITTOJIHUMOCTH IIEJIEBBIX 33]1a4

(f1)

A

[Tpennaraemas MojieIb (YHKIIMOHUPOBAHUS TPYIIIIBI ITPEITOIaracT HaIuunue
CTAIIMOHAPHOTO MCTOYHHKA C IMOTCHIIMAIHLHO HEOTPAaHHMUCHHBIM 3aI1acOM SHEPTHUH.
B poau JaHHOrO WMCTOYHMKA BBICTYIACT 3apsaHas CTAHIUSA, PACIOJOKECHHAs B
paboveM IpPOCTPaHCTBE TPYIIIBI, ¥ UMEIOIIAas KOOPAUHATHI CZ = [Xy, Yu, Zu]. Takum
oOpa3oM  poOOTHI-3apsDKAIOIIUME  HMMEIOT  BO3MOXKHOCTH  HEOTPAHUYCHHOTO
TIOTIOJTHEHHSI COOCTBEHHBIX SHEPTeTHUECKUX pecypcoB. [Ipeamnonaraercs 4To podoT-
3apsHKAFOIIHIA TIOMOJTHSACT CBOM 3arac SHEPreTHYSCKUX PECYPCOB JI0 3HAYCHUS Emax
Ha 3apsSIHOW CTaHIMH, TOCIE YEro MOXET IOJIyYUTh MHUCCHIO Ha TIOIOJIHCHUE
3apsiia podoTa-padbouero. Tak Kak pacxoj SHEPrUU Ha MEepeMelleHue pabouux u
3apsHKAIOIIMX POOOTOB MPUHAT B MOJIEITH OJUHAKOBBIM, BO3MOYKHO HCIIOJB30BaTh
pPacCTOSIHAE HEMOCPEACTBEHHO OT 3apsAAHON CTaHIIMM JO 3aJa4M IS IPOBEPKHU €€
JOCTHKUMOCTH poOoTOM-pabounM. KomudecTBo SHepruu IOCTYMHOE poOOTYy-

pabouemMy, C y4eTOM TOH KOTOPYIO €My MepenacT poOOT-3apspKAroIIni, TOIHKHO
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OBITh AOCTATOYHBIM JUJIA IPCOAO0JICHUS ITYTH OT SapﬂHHOﬁ CTaHI MU 0 3aaa4Yu 1 OJId

¢¢ BBITTOJIHEHUS. J[J1s1 MpoBEepKH TaHHOTO TPeOOBAHUS BBIBEICHO HEpaBEHCTRO (26):

dcj 1
]
2em Z + etj < €max — Cminwt % (emax - eminc) (26)

Jleass dacTh HepaBeHCTBa (26) o3Hawaer, 4ro poOOTaM HEOOXOIUMO
MPEOJIOJIETh YJIBOGHHOE PACCTOSIHHE, IIOCKOJIbKY TpeOyeTcsi, 4ToObl pPoOOT-
3apsDKAIONIAN TIOCHE Tepeadll YHEPTUu pPoOoTy-paboueMy BEpHYJCS 0OpaTHO K
3apsAHON CTAaHUUU JJIA TIOTOJHEHUsI COOCTBEHHBIX pecypcoB. IIpaBas yacTh
HEpaBEHCTBA IIOKa3bIBaeT 00IIE€e KOJIUYECTBO HHEPIUM, JOCTYIMHOE pPOOOTY-
pabouemy ¢ yueToM 3(PGHEeKTUBHOCTHU MEpPeiaur SHEPTUU OT POOOTA-3aPSKAIOIIETO.
[TapameTp noTeHIIMANBHON 3 (HEKTUBHOCTH MEpEauu SHEPTUU MEXKAY POOOTaMH —
#p, TOKA3bIBAET OTHOLIEHUE MEXKy dHEPrUei, KOTOPYIO poOOT-paboumii OIyduI,
Y SHEpruen, KOTOPYI0 poOOT-3apspKAONIUK pU 3TOM Tiepeaan. JlaHHblil napameTp
MO3BOJISIET y4€CTh MOTEPU SHEPTUM MPU TMepefayde dHEPTUU MEXIy podoTaMu
IPYMIIBI, YTO SBJISAETCS 0COOEHHOCTBIO Hcnonb3oBaHus bCIID. Takxke #p, BO3MOKHO
WCITIOJIB30BATh IS yUeTa pacxoja sHepruu podoTa-pabodyero Bo BpeMs MOTydeHUs
SHEPIruM OT pobdoTa-3apsvkaromero. s ycToiunBoi paboThl peaIbHOM CHCTEMBI
napaMmeTp #p CIeayeT 3aJaBaTh KakK IPEANoyiaracéMoe MHHHMAaJIbHOE 3HA4YECHHE
3¢ (HEKTUBHOCTH TIEpeIaytl FHEPTUU MEXKIY POOOTaMHU.

Ecnu nepaBeHCTBO (26) BBITTOHSIETCS, TO B COOTBETCTBUH C MPEICTABICHHBIM
aNTOPUTMOM 3aja4a JT00aBIIETCSI BO MHOKECTBO Ty = {twWe, ..., twj, ..., twg}, Tae
uaentudukaTop 3amaun j € [C;d]. Ty SBIACTCS MyCTHIM HAa MOMEHT Hauasia paboThI
anroput™Ma. TakuM 00pa3oM MPOBEPSIOTCS BCE 3aJlauyd M3 MHOXKECTBA 3a7ad |,
MOCJIC YETO AJITOPHUTM 3aBEPIIIacT CBOIO padoTy.

Pacnpenenennie 3amay  Mexay — poOOTaMU-pa0OYMMHU  BBITIOJIHSETCS
MOCPEACTBOM aliropuTMa, mpeactaBieHHoro Ha pucynke 10. bmoku 2,4 u 7

aJIropuTtMa pacrnpeaciiCHUA 3aaa4 COACPIKAT BJIOKCHHBIC OTACIIbHBIC aJITOPUTMBI.
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v

/ W, T, / Y ianurs tw; ;3 Ty, ecmn j €
w

AJTOpUTM ONIpENENIEHUS
JUTUH TPaeKTOpuil poOOTOB-
paboumx 70 BHITOJTHUMBIX

[Toctpoenue TpaekTopuii
JUIs1 poOOTOB-paboUmX

3a7a4 v
* / MmuoxectBo Py, /

MHOXeCTBO JJTUH v
nyTei Ly OrnpeneneHue Touek 3apsaa

Ha TPAaeKTOpHUsAX POOOTOB-

Pacnpenenenwne 3amau T, paboumnx
mexy W v

! / DuPuT. /)
/ Mmuoxectso Dy, /
.

Pucynox 10 — brok-cxema anroputma pacnpeesieHus 3a1a4 Mexx1y podoTtaMu-

pabounmu (f3)

Ha Bxom anroputMa moOJaeTcs MHOXECTBO, COJEp)KaIIee KOPTEKH
napaMeTpoB po0oToB-pabounx W 1 MHOKECTBO BBITIOJIHUMBIX 3a/1a4 |y. Takxke B
ITOPUTME MCTIOJIB3YETCS MHOXKECTBO PACIpelIesIeHHBIX 3a7a4 MEXIy poOoTamMu-
padounmu Dy, = {(i, j), ...}, ] =¢C,..., d; i =1,..., m, koTOpoe B HAYaIbHBII MOMCHT
BpeMEHHU sBIgeTCS mycThiM Dy, = ). B maHHO€ MHOXECTBO TOCIIC MPUMEHEHUS
aJrOpUTMa ONTUMAIILHOTO pactipeencHus (0J10k 4) OyayT 100aBISATHCS SJIEMEHTHI,
BKJTIOYATOIIHNE B ce0s naeHTuduKaTop podora-paboyero u uaCHTU(PUKATOP 3aTa4H.

Ha mnepBoMm »aTame anropuTMa, MOCPEACTBOM BIIO)KCHHOTO ajropuTMa,
npeacTaBieHHoOro Ha pucynke 10, 11 Bcex poO0TOB-pabounx, UMEIOIIHUX CTATYC ST
= 0, CTpOSATCS TPACKTOPHUH JI0 KAXKIOH 3a7]a91 U3 MHOXKECTBA | 1 BRIUUCIISIOTCS UX
nmusbl. [Tocne paboTel maHHOTO anroputMa o0paszyercs MHOKECTBO Ly = {li, ...l;j,
..., Ind}, B KOTOpOM cojmepkaTbcs JUIMHBI TPACKTOPUH JIO JOCTHDKAMBIX TOYEK

BBIITOJIHCHUA 3aJad4. I[aﬂee MHOZKECTBO LW HCIIOJIB3YCTCA JIs1 ONTHUMAJIbHOI'O
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pacnpeneneHusT BBIOJHAMBIX 33aJad MEXAY POOOTaMH-pabOuYMMH TOCPEICTBOM
BEHT'€PCKOT0 ajroputma [22].

Benrepckuii anroputM MO3BOJIIET HAXOAUTh ONTHMAJIbHOE COOTBETCTBHE
MEXIY POOOTOM-pabOYMM M BBITIOJIHIEMOU 3a/1a4ueii, UCXO0Is U3 JJTMHBI TPACKTOPUHU
lij Mmexay i-podoToM m j-3amadeil. MaTpuiia, ¢ KOTOpPOil onepupyeT BEHI'CPCKHA
AIITOPUTM, HMEET CleNyromuii Bus (27):

Ly - ln
. ‘. . (27)
lml lmn

I[MIpu |W|>|Tw|, crtpoutcs wmatpuma pasmepHocthio |W|x |W|, rae
AJITOPUTMOM pacHpe/ielieHnss OyJIyT YYHTBIBATHCSA TOJBKO TiepBble |Tw| cTpok
(octampHble — (uUKTUBHBIE 3amaud). OTOOpaHHBIE Mapbl HIESHTU(OUKATOPOB
poOOTOB-pabOUMX U KOOPAMHATHI 3a/1ay JOOABISIOTCS SJIEMEHTOM BO MHOKECTBO
W,

J1J1st MOCTpOEHUS TPACKTOPUU KaKIO0TO poOoTa Oblia BhIOpaHa MOUpUKAITIS
anroputma LRLHD-A* (Local Roughness Local Height Difference A*) [85, 86].
JlaHHBIN aNTOPUTM TO3BOJSET HAXOAUTh IHEProd(p(HEeKTUBHBIC MYTH IBUKEHUS
HA3eMHBIX POOOTOB MO HEOHOPOIHOM MOBEPXHOCTH, UTO SBIISACTCA HEOOXOIUMBIM
Ipu OTpaHUYEHHOM 3apsiie Oarapen poOora. OmnpenencHue MIUH TPACKTOPUI
poOOTOB-pabouMXx, oOrmeparus, INpeAcTaBiIcHHas B OJloke 2  ajaropurMa
pacmpezienieHusi 3a7ad, OCYIIECTBISIETCS MO alIrOpUTMy, MpPEICTaBICHHOMY Ha
pucynke 11. JlaHHBIH aNrOpUTM TaKXe IMPUMEHSECTCS B COCTaBE aJrOpUTMa
pacnpeneneHuss 3adad  MeXIy poOortamu-3apsikaronumu  (pucyHok 14) s

OTpeIeSICHUs] IJIUH TPACKTOPUM JI0 3a]1a4 MOMOJHEHHUS SHEPTETUYECKUX PECYPCOB.
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/ WT.CT) /

v
w; €W, i=1,m,1
(ke C,i=121)

HET @ na
th € Tw, j:C,d,l
(tcg€ T, 9=1,0,1)
v

ITocTpoenue TpaekTopuu u

BBMUHCJICHUE UIMHBI ITYTH OT
Wi(Ck) o taj(th)

v
lij(lkg) — AnuHa myTH
ot W;(Cy) 1o taj(tc,)
v v
Ho6asuts lj(lyg) B / Lu(Lc) ;

Lu(Le)
] A 4

( Konerr )

Pucynox 11 — biok-cxema anroputMma onpeeieH s IJTUH TPAeKTOpUid poOOTOB-

Y

pabouux J10 BHIMOJHUMBIX 3a/1a4 (POOOTOB-3apsKAIOIIMX A0 3a/1a4 MOTOTHEHUS

sHeprerudeckux pecypcos) (f2)

B anroputme Ha pucynke 11 mms kaxmoro poOoTa CTPOUTCS TPACKTOPHUS
nepeMeIleHusl OT TOYKH Cli 10 TOYKM BBIMOJIHEHUS Kax10# 3amaun Ctj. 3arem mo
KOOpJMHATAM MPOMEXYTOYHBIX TOYEK TpaeKTOpuu ompexaensercs e€ amuna lj,
KOTOPYIO HEOOXOJUMO MPEOA0NeTh pobOTy-padbodeMy, YTOObl JOCTUTHYTh TOUYKU
BBITIOJTHCHHS 3a/1a4u. Jlajnee paccuynTaHHOE 3HAUYCHHE HO0ABIISCTCS BO MHOYKECTBO
Lw. Anroputm paboTtaet, moka He OyIyT pacCMOTPEHBI BCE 3a7a4d U3 MHOXKECTBA
Tw 151 KaK10T0 poboTa-padoyero.

YIaneHHOCTh TOYKH BBITIOJHEHUS 3aJa4d OT HAYaJIbHOTO ITOJOKCHHUS
poboTa-pabodero B MpOCTPAHCTBE 1 OOJIBINOE KOJIUISCTBO SHEPTUH, HEOOXOIUMOE
JUTSL €€ BBITIOJIHEHUS, MOTYT TpeOOoBaTh y JaHHBIX POOOTOB 3HAYMTEIHLHOTO 3amaca
sHepruv. BBUy 3TOTO 1151 BBITIOIHEHHSI 3a/1a4i, Ha3HAYEHHOU poOoTy-pabodemy,

MOJTHOTO 3apsja aKKyMYJISITOPHOU OaTtaper MOXKeT ObITh HelocTaTo4yHo. M3 aToro
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BO3HHMKAET HEOOXOIMMOCTh OMpENETICHUs KOOPIWHAT TOYCK TOMOJHEHHUS 3apsia
OaTapen Ha TPAeKTOPUIX poOOTOB-pabounx. Omneparius onpeaeacHus TOUeK 3apsa
Ha TPAcKTOpUU pPOOOTOB-pabouMx, 0OO03HaueHHass B Oioke 9 (pucynok 10),
pean3yeTcsi MOCPEICTBOM pa3pabOTaHHOTO AalrOpUTMa, MPEACTaBICHHOTO Ha
pucynke 12. Ha BxoJ1 TaHHOTO aliropyuTMa MoIaeTCsi MHOKECTBO pabodnx Touek Dy,
MHOKECTBA BBIMTOJIHUMBIX 33714 | U TPaeKTOpUi poOOTOB-paboumx 10 3amad Py, a

TAKXX€ IMapaMECTpPHI a U Sp.

PW! TW1 Dw; a, Sp

v

Omnpeenie HIE KOJIMYECTBA
TOYek Nb g moucka

v
> pij € Pw, j=c,d,1
¥ v
Znin = Std(ZQ. . -ZQ+nb);
cty = pi[Q+nb/2]
|

Pacuer mo dpopmyite (29)
no3uiuu Q

v
HET
by =0; Q < Ipyl-nb/2 >
lo..og = 0; Q= Q

.

HCT Aa OH[)C,I[GHCHI/IC JJIAHBI
A nyTHu Ibng

A
Q = |pij|' Qn
' | HeT Cobmoaercs
v D ycnosue (32)?
Jo6asurs: {Cty; ety} B T,
{ct,}B cp; v

Zmin = Std(ZQ. . -ZQ+nb)

Cobmonaercs HET
ycinoue (34)?

HET Ja
- <7, <2

_ ) JoGaButs:
ly ng :_|0Qb: +Q|fk;g @ {Ctg; Etg} y Z Z
= e T, {Ct }B CPi min” = Znmin;
bg = Q+nb/2 ’ cty = p;[Q+nb/2] v

L ]
| >l ( Komeny )

Pucynox 12 — biok-cxema anropuTMma OnpeeieH s TOYEK 3apsiia Ha TPACKTOPUSIX

po6otoB-padounx (fs)

AJIFOpI/ITM OIpCACIICHUA TOYCK 3apsaa HaIlpaBJICH Ha IIOUMCK YYaCTKOB Ha

TPACKTOPHSIX JIBIKCHHSI POOOTOB-pabOUYMX, HA KOTOPBIX OYJET OCYIIECTBISTHCS
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MO3UIIMOHUPOBAHKUE MEXKIY POOOTaMH-pPadOUYNMU U POOOTAMU-3aPSKAIONIUMHA IS
nepeayu SHEPreTUHYECKUX pecypcoB. BrIOOp JaHHBIX y4acTKOB OCYILECTBIISIETCS
[0 NPUHIUITY TOWCKA HAMMEHBIIETO0 OTKJIOHEHUS MEXIAYy KOOpAWHATAMHU Z
COCEJIHUX TOYEK TpaeKTopuu. KomuecTBO TOUeK Ha TPAEKTOPUH, HEOOXOIUMOE TSt
MO3UIIMOHUPOBAHMS POOOTOB MPHU NEpeiaue YHEPTUU ONMPEEISICTCS UCXOASM U3 UX

pa3Mepa, CBSI3aHHOTO ¢ MecToM ycTtaHoBKH Kartyinek BCITD (cm. pucynok 13).
a a

»i »
< Ll »

[ 1 [ 1] 1 [ ]

BCIID

Pucynok 13 — [lo3unmronupoBanue poOOTOB ISl EpEIadu SJHEPTETUISCKUX
pecypcoB

Hcxons u3 pucyHka 13, KOJHYECTBO TOYECK NbD ompemenseTcs Mo IIHHE
poboTa @ B COOTBETCTBHH C (28).

nb =22, (28)

Sh
1€, Sp — IIar KapThl BHICOT, IPUHATHIN pAaBHOMEPHBIM M OJJMHAKOBBIM 110 ocsiM X, Y
JUTSL BCEH KapThI BBICOT: Sp=|Xy— Xu+1| = |[Yu— Yu+1l.

Crnenyrorieit 4acThio aarOpUTMa SBIISIETCS CYCTHBIN UK, BHYTPU KOTOPOTO
OCYIIIECTBJISICTCS TIOUCK YYaCTKOB Ha TPACKTOPHUSAX pPOOOTOB-pabodmx HamOojee
MOJIXOSIINX JJIsl TIepefadn dHEPrur Mexay pobotamu. BHyTpu 1ukia B mepBom
Onmoke paccuuTbiBaeTcss HoMep Q MO3MLMU  3JIEMEHTa MHOXKECTBa  jj
COOTBETCTBYIOIINHN TOYKE TPACKTOPUH, C KOTOPOM HAUMHAETCS MIOUCK YYACTKOB IS

TOYEK IMOTIOJTHCHHS SHEPreTHYECKOro 3amaca poooToB-padouunx, mo popmyie (29).

Q = (eri - eminw — 0c) * dy [/ enSp, (29)
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JlnamazoH TOMCKa TOYEK 3apsia COOTBETCTBYET CIEIYIOIIEMY JUANa30Hy
YPOBHSI 3apsifla aKKyMmyJsiTopa po0OoTa-pabodero: (Eminw; E€minw + Oe), TIe de —
3aJ[aHHBIA MapaMeTp, MO3BOJISIONIUI ONPEACIUTh BEPXHIOW TPaHMILY JUara3oHa
3apsiia  aKKyMYJSITOPHOM OaTtapew, TpH KOTOPOM pa3pemieHO TOIMOJHEHHE

HPHEPreTUYECKOro 3armaca poborta-padouero. IlapameTp de orpaHuydeH ycioBUEM

(30).
0 < de < emgx — eminw — €t;. (30)

[Tpy MO3UIMOHUPOBAHUK POOOTOB JIJIS TIEpEAaYl SHEPTUU HeoOXomumo Nb
TO4YeK Tpackropun. [lo3uImoHnpoBaHre poOOTOB HEAOMYCTUMO B TOYKE
BBITIOJIHEHUS 3aJlayd, a TakKe TOYKM, HaXOJSIIMecs 3a TMpefeiaMu TOYKHU
BBIMIOJIHEHMs 33Jaud, OTCYTCTBYIOT BO MHOXECTBE Pijj YTO HE IO3BOJIAET
pPacCUHMTHIBATh OTKJIIOHEHHE IO Z-KOOPAMHATE MEXTy HUMH. sl ydera MaHHBIX
OTpaHUYECHHM B alNropuTMe MpeaycMoTpeHa npoBepka mnoszunuu Q. IlpoBepka
TPOM3BOANTCS B COOTBETCTBHH CO CIIEAYIOIUM HepaBeHCTBOM: Q < |pij|-Qn, Tae Qn-
YUCJIO TOYEK TPACKTOPHUH B JHAMA30HE KOTOPHIX PAa3pEIICHO IOMOJHCHUE
DHEPIreTUIECKOro 3amaca podora-padouero. 3naueHrue Qn pacCUUTHIBACTCS MCXOIS
u3 oe:

Qn =0c - dy [/ emSp. (31)

[Tpumenenne mapamerpa Qn MO3BOJSAET MOJYYNUTh HEKOTOPHIN IHAITa30H
TOYEK Ha TPACKTOPUHU pOoOOTa-paboyero B KOTOPOM OYIET OCYIIECTBIATHCS TTOUCK
HanOoJiee POBHBIX YYAaCTKOB, YTO BaXXHO IS CIydaeB, Korjga 3HaueHue Q
paccuMTaHHOE B COOTBETCTBHU ¢ (29) mpeBbIIaeT |Pjj|, a Takke Ui CIy4aeB MOUCcKa
MoCJIeTHEN HA TPACKTOPUHU TOUKH 3apsijia, €CJIU UX HECKOJIBKO.

Haubonee mnoaxomsmmmu 7t TIEpeladyd  JHEPTrUU  MEXKIy poOoTamu
SIBJITFOTCSI POBHBIC YYAaCTKH TPACKTOPHUH, TO €CTh C HAMMEHBIIIUM OTKJIOHEHUEM T10
Z — KOOpJMHATE MEXKIY COCEIHUMH TOouKamH. Vcrosib30BaHUE POBHBIX YYaCTKOB
JUTSL TIepeayvl SHEPTHHM 00JIerdacT IMO3MIIMOHUPOBAHHWE POOOTOB W IOBBIMIACT
3¢ (HEKTUBHOCTD NIEpE/Iayil SHEPTUU 32 CUET YMEHBIIEHUS PACCTOSHUNA U CMELIEHU N

Mexay dactamu bCIID. Haumenpmas pazHuna Mexa1y KOOpPAMHATAMM Z YyYacTKa
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TPaeKTOPHUH u3 nb TOYEK  OMNPEACIIICTCS myTeM BBIYHCIICHUS
CPEIHEKBAIPATUYECKOTO  OTKJIOHEHUS  Zmin MEXAY TOYKAMHU  ZQ...ZQ+nb-
BoluncinenHoe Tekyliee 3HaueHHE Zpyin Jajee CPaBHUBACTCS C MPEAbLAYIIUM
MUHUMAJIbHBIM 3HAYCHUEM Zpmin: €CIU Zmin < Zmin’, TO OPEIbIAYIIEe 3HAYCHUE
3aMEHSIETCS TEKYIIUM - Znyin = Zmin. Beunucnenue Zyin ¥ mocienyonee CpaBHeHNUE
C TMpeAblAyHIMM 3HAaYe€HHUEM OCYIIECTBIETCS B Clyuyae €Cld YCIOBUE,
IpEJICTaBICHHOE B BHJIe HepaBeHCTBa (32), BoimosHseTcs. [IpoBepka ycinoBus (32)
BBITIOJIHAETCS TIOCJIE OMPENETICHUsT JJIMHBI MyTH 10 TOYkM Q W ypoBHs 3apsijia

aKKyMYyJIITOpa poboTa-pabouero mocje mpeoJoaeHus JaHHOTO Iy TH.
eminw < €max~ €m ° lbg...Q/dul (32)

rae lpg..o — JVTMHA My TH yYacTKa TPACKTOPUH Pijj OT TOYKHU ¢ HOMepoM by no Toukw ¢
HOMepoMm Q.

[Ipu 3TOM ecim 3aps]l aKKyMYJISATOPHOM OaTapen OoJibllleé MUHUMAIbHOTO
YPOBHS Eminw, TO OYJIET pacCMaTPUBAThLCS CIASAYIOIIAs TOYKA TPACKTOPUH, HHAYE BO
MHOECTBO TOUYEK [¢ J00aBiseTCsl HOBBIN 371€MEHT {Cq, COCTOSIIIINI U3 KOOpIUHAT
LHEHTPaJbHOW TOYKM OOJACTH MO3MIMOHUPOBaHUS Cly M KoiMuyecTBa 3apsja B
OTHOCHTENBHBIX enuHHunax ety (33), koTopoe poOOT-3apsHKAIONMIMIA JOJKEH
nepeaaTh podboTy-pabouemMy.

ety = €max — €m " lpg..qo / du- (33)

Taxke KOOpAWMHATHI IEHTPAIBHONW TOYKH OOJACTH TTO3WIIMOHUPOBAHUS
T00ABJISIOTCS B BHJIC JIEMEHTa B KOPTEX KOOPAMHAT TOYEK 3apsaa | — poboTa cp,
Cty € cpi, [cpil = pm, pm — uucio Toduek 3apsyga | — pobora. HoBbIA 31meMeHT
00aBsIeTCS BO MHOXKECTBO [ ¢ TaKkKe B Cilydae, korja HoMep Q cTaHOBUTCS 0OJIbIIIe
pasHoctu |pijl u Nb/2, mockonbKy TOYKHM B Juana3zoHe HomepoB [|pij|- Nb/2; |pijl]
HEBO3MOYKHO HCITOJIh30BaTh B KAUECTBE YJacTKa MO3UITMOHUPOBAHKS POOOTOB ISt
nepeaaun dHepreTudeckux pecypcon. [locne noGaBieHns HOBBIX PJIEMEHTOB B T 1
CPi B COOTBETCTBUU C ycioBHueM (34) mpoBepsieTcs, JOCTATOYHO JIM YHEPTETUUECKUX

pecypcoB poboTa-pabodero jigs MPEOAOJEHUS KM PACCTOSHUS JO TOYKHU
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BBIIIOJIHCHUA 3aAa4dl, BbIIOJIHCHUSA TOM 3ajladi W BO3BpPAIlICHUSA 06paTHO a0

JTAaHHOM TOYKH 3apsi/a.
Cmax ~ Eminw < etj + 2ep, - (lij - lbg...Q - lO...bg) / Ay, (34)

rne lo.pg — IUIMHA yTH OT HAYaJbHOW TOYKM TPACKTOPHUU Pijj IBUKECHUS poOOTa-
pabouero 10 TOUYKH TPaeKTOpUH ¢ HoMepoM bg.

Ecnu 3apsina akkymynaropa 10CTaTOYHO M HEPABEHCTBO HE BBITIOJIHAETCS, TO
B T ¥ cPi CHOBa TOOABIIIOTCS yKa3aHHBIC BHITIIE DJIEMEHTHI, a JJajiee MPONU3BOIUTCS
MOMCK TOYEK 3apsja JUisl CleqyIoniel TpaekTopuu u3 MHoxecTtBa Py. [ToBTOpHOE
N00aBJIICHHE JJIEMEHTOB HEOOXOAMMO JUIsl TOTO, 4YTOOBI TOCIE 3aBEpPLICHUS
BBITIOJTHEHUS 3aJa4yu poOOT-padounii MOMOJHUII CBOM 3aps]l Mepell MOoJydeHUEeM
HOBOM Muccuu. B ciydae eciiu HepaBeHCTBO (34) BBITIOIHIETCS OOHOBIISIETCSI HOMED
Toukd Q OT KOTOpOW HAYMHACTCS TOWUCK CIEAYIOIeH TOYKM 3apsaa i
OCTaBIIETOCS y4YacTKa TPACKTOPUHU. AJITOPUTM 3aBEpIIAET CBOIO paldOTy IMOCIe
PacCMOTPEHHUS BCEX TPACKTOPUM U3 MHOKECTBaA Py,

ANTOPUTM pachpee/ieHus 3a7ad MOTOJHEHUS JHEPTeTUYECKUX PECYpPCOB
MEXIY 3apspKaloUMU podoTamu n3o0pakeH Ha pucyHke 14. Ha Bxon maHHOrO
ITOPHUTMA TTOAFOTCS MHOYKECTBO 337124 MOTIOTHEHUS YJHEPTETHIECKUX PECYPCOB T¢

¥ MHOXKECTBO poOoTOB-3apsixkatonux C.

:

/ C T / / MmuoxectBo D, /
AJTOpUTM OTIpe/eNICHISI Vnanure tcg u3 T, ecin g €
JUTHH TPAaeKTOpHil poOOTOB- D,
3apsHKAIONIHX JIO 3372 ¢
T pp— HOCTp6O€HI/Ie TPacKTOpUI
nyTeii L, U151 poOOTOB-3apsKAIOIINX
Pacnipenenenne 3anau T, / D, P¢ /
MEXIY Cy
|

Pucynok 14 — biok-cxema anroputma pacnpeaeieHus 3aau MornoJIHEeHUs

YHEPIreTUUECKUX PECYPCOB MEKIY podoTamu-3apspkatoniumu (fs)
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[IpeacTaBieHHbId  aNrOpUTM B OOIIEM  AQHAJIOTMYEH  alrOPUTMY
pacmpeselieHuss  3ama4  MEXAy ~— poboramm-paboummm  (pucyHok  10).
[IpuHIMTIHATBHBIM OTJIMYMEM SIBJIIETCS OTCYTCTBHE 0JI0Ka BIIOKEHHOTO allTOpUTMa
ONpEIENCHHS] TOYEK 3apsiia Ha TPAEKTOPHSIX, YTO OOYCIOBJIEHO 3aJI0KEHHBIMH
OpUHIMNIAMU  (QYHKIIMOHUPOBAHUSL TPYMIbI, B KOTOPBIX POOOTHI-3apsiKaloline
NOMOJIHAIOT CBOM 3aps] Ha CTAalMOHAPHOW 3apsJHOM CTaHUUU. AJTOPUTM
OTIpEENECHUs] JUIMH TPACKTOpUH pPOOOTOB-3apsDKAIOMIMX A0 3a7ad TMOIMOJHEHUS
HHEPreTHYECKUX pecypcoB (010K 2, pucyHok 14) npeacTaBieH B pa3BepHYTOM BHUJIE
Ha pucyHke 11. Ilpu pabote mAaHHOTO anropuTMa ¢ PoOOOTAMU-3apPSHKAIOLIIUMU
UCIIOJIBb3YIOTCSl IEPEMEHHBIE, YKa3aHHbIE B CKOOKaX.

Pesynbrarom paboThl alropuT™Ma pacmpenesieHus 3ajad  IOMOJHEHHUS
HPHEPreTUYECKUX PECYPCOB MEKIY pOOOTaMHU-3apsIKAIOIIMMU SBIISIETCS MHOXKECTBA
D: u P., koTOpBIle HCMONB3YIOTCA B QJIrOpUTME PaOOThl CUCTEMbI YIPABICHUS
rpynnou jjist popMUpOBaHUs MUCCHI. DiieMeHTaMU MHOXecTBa D SBIAIOTCS aphl
apamMeTpoOB YCTAHABIMBAIOLIME COOTBETCTBUE MEXAY UACHTU(PUKATOPOM poOOTa-
pabouero u maentudukaropom 3amaun, D. = {(k, 9)}, k = 1,..., z; g = 1,..., Q.
MHoxecTBO P, aHAJIOTUYHO MHOXECTBY Py M COIAEPXKHUT TpaeKTOpUH POOOTOB-
3apsHKAIOLIMX J10 TOYEK BBIMOJTHEHUS 3a7a4 MOMOTHEHUS SHEPTETUYECKUX PECYPCOB
Pc = {Pkg}-

ANTOpUTM, NIPEACTABICHHBIA HA PUCYHKE 15, mpeiHa3HayeH Jisl yIIPaBJICHHUS
IPOLECCOM MO3UIMOHUPOBAHUS POOOTA-3apsKAIOIIETO OTHOCUTENBHO pobOoTa-
pabouero ajs nepegavyu YHepruu B TOUKe 3apsaa. Pabora anroputMa oCHOBaHa Ha
MPUHIINAIE BBIYUCICHUS MOJ0KeHUs 1leHTpa ArUco-mMapKkepa OTHOCUTENBHO LIEHTpa

00BEKTHBA KaMCpPbl CUCTCMBI TCXHUYCCKOI'O 3PCHHUA.
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Ornpenenenue
OJIryKanI el TOYKH

3axBaT H300paKEHUS
MapIpyra
13 BHJICOITOTOKA
Onpenenenne Heobxomim HET
MapKepoB Ha IIOBOPOT poboTa?
n300paXeHUH

Bpewms oxunganus
HCTEKII0?

—

OnpeneneHue TOUKH U
PacCcTOsHUS
TO3UIIMOHHPOBAHUS

IToctpoenne HoBoro

VBenomnenue o
l'IpCBI)IIJ_ICH nun

nepuoja Moucka

Mapupyra

A

H3menenue
MapKepLI HaIrpaBJICHUS
QOHAPYKEHBI2 TpasJt
pobora

I

y

[lepememenue
1aTopMsl B
Y3JI0BYIO TOUKY

Touka KOHEYHOTO
MO3UIIUOHUPOBAH M

JOCTHTHYTa?

Pucynox 15 — brok-cxema anroputMa KOHEYHOTO IMO3UIIMOHUPOBAHUS poOOTa-

3apsrKaromero

[Ipenmonaraercs, 9To B HavaJie Mpoliecca MO3UIMOHUPOBAHUS POOOTHI MOTYT
HaXOAWThCS Ha PACCTOSHHUM, MPEBBIIIAIONIEM JOMYCTUMOE sl HICHTHU(PUKAIIUN
ArUco-mapkepa. [Ipennaraemspiii anropuTM HaYMHAET CBOIO pabOTy B TOT MOMEHT
BPEMEHH, KOTJa CUCTeMa TEXHUYECKOTO 3pEHHsI ompeaenseT Mapkepsl. Jlo aToro
MOMEHTa POOOT-3apsKAIOIINIA MTePEeMEeIaeTCsl 0 TPACKTOPHH OIpeNeIeHHON pU
dbopmupoBannn muccuu. Jlokanuzamnus v HaBUTAIKUS POOOTa B paMKaxX IBUKCHHUS
0 TPAaCKTOPHH, OMpEeAeNeHHOW Tpu  (HOPMHUPOBAHHH MHUCCHUH, MOXKET
OCYIIECTBISTHCS MOCPEACTBOM OJOMETPUHU, MHEPLUATHHOW CHUCTEMbl HAaBUTAIH
WM WHBIX BHemHHX cucteM. Eciu nsa ArUco-mapkepa ¢ 3apaHee M3BECTHBIMU
uaeHTUQUKaTOpaMu HEe OBLTH OTpeIeNieHbl Ha H300PaKEHUU, TO TIOMCK MTOBTOPSETCS
CHOBa JI0 T€X IOp, MOKa HE OyJeT MPEBBIIIEHO 3aJaHHOE BpEeMs OXKUAAHUS
oOHapyx’eHUs1 MapkepoB. [Ipu 3ToM anroput™M yBe1OMIISIET O NMPEBBILLIECHUU BPEMEHU

OOHapy>KeHUs MPOTrPAMMHBINA MOYJb BHITTOTHEHHSI MUCCHH.
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B cnywae ycnemnoro omnpeaeneHuss ArUco-MapKepoB BBIUHUCISIOTCS
KOOPJIMHATHI TOUKH KOHEYHOT'O MO3UIIHOHUPOBAHMSI B TPEXMEPHOM IIPOCTPAHCTBE —
N. lnst aToro criepa He0OXOAUMO OIPEEIUTh BEKTOPBI C/IBUTA KAX0I0 Mapkepa
B [IPOCTPAHCTBE OTHOCUTENILHO cUCTeMBI 0TcueTa C, CBsI3aHHOM ¢ KaMepoH, KOTopast
HETIOJIBIKHO 3aKpellieHa Ha 3apsbkarolieM poOore. Ha pucynke 16 mokazaHbl
JIAHHBIE BEKTOPHI \ P U 5P, HanpapneHHsle B Toukd M1 u M2 cooTBeTCTBEHHO,

0003HaYaroIIMe TeOMEeTPHUYECKHI IeHTp Kaxaoro ArUco-mapkepa.

I

ITnardopma

Kawmepa ArUco-mapkep

Pucynox 16 — Onpenenenue KOopAuHAT TOUKH KOHEUHOTO

MO3UITMOHUPOBAHHA

[TocpenctBom  OubOnuoTekn  KommbioTepHoro 3peHuss OpenCV  1mo
U300pKEHUSIM W TMapaMeTrpaM Kamepbl (KOd(PQUIIMEHTHl TUCTOPCUU € Jp.)
ONPEJIEIIAIOTCS KOOPAMHATEI BEKTOPOB CIABHTA P = (Xp1, Vi, Zyi)! M waP =
(Xp2> V2, Zmz) T OTHOCUTENBHO cucTeMBbI oTcueTa kamephl C. Jlanee, 9To0bl HaiiTH
KOOpAMHATHI cpeAaHeil Toukun N Mexay MapkepamHu B CHCTEME OTCYEeTa KaMephl,
MO’KHO BBIYHCIIUTH MOJIOBUHY OT CyMMBI KOOPAMHAT BEKTOPOB. Torna moaydeHHbIH
BekTop P = (Xy, Vv, Zy)T (35) Oyler yKka3elBaTh Ha CepeMHY MEXKITy HEHTPAMH
JIByX MapKepoB B POCTPAHCTBE.

XN Xm1 + Xm2

P =|w| = % Ym1 + Ymz | (35)
ZN Zm1 + Zmz
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Jlanee ¢ y4eTOM JOMOJIHUTENBHBIX JAHHBIX O B3aHMHOM OJIO)KEHUH POOOTOB
OOHOBIISIETCS TPACKTOPHS IBIKEHUS POOOTa-3apsKAIOIIETO A0 TOYKH KOHEYHOTO
NO3UIMOHUPOBAaHUA. ['eHepalys JOKaJIbHOM TPAaeKTOPUHU IPOBOIUTCS TaKKE C
ucnonb3oBanueM amroputmMa LRLHD-A* [85]. TIlomydenHnast TpaekTopus

CTJIaKUBAETCs ¢ puMeHeHneM anroputma CSA [87].

[Io creHepupoBaHHOW TPAEKTOPUU ONpeAeNseTcs OmmKailiias Todka
(BeplIMHAa TMOJYYEHHOrO MapuipyTa), K KOTOpOM 3aTeM MepeMellaeTcs
3apspkaroluii poOoT. J[aHHbIE OO0 OpUEHTAIMM U TIOJIOKEHUHU, TMOJYYEHHBIE C
MIOMOIIBI0 TEXHUYECKOTO 3PEHMS, MMO3BOJSIOT YTOYHUTH HANPABICHUE JBUKCHUS
3apsKAIOIIEr0 poOOTa K TOYKE KOHEUYHOTO MO3UIMOHUPOBAHUS U KOPPEKTUPOBATH
€ro IpU 3HAYUTEIIBHOM OTKJIOHEHUH, KOTOPOE 3aJaercs OTIEIbHO. J[BM>KEHHE
OPOAODKAETCSA, IOKa poOOT-3apsUKAIOIIMK HE JIOCTUTHET TOYKM KOHEYHOI'O
MO3MLIMOHUPOBAHUS C 33JaHHOW TOYHOCTBbIO. B amroputme 3TO peamu3oBaHO
HUKINYECKH, MpPOBEpsis, JOCTUT 3apsDKAOIUN  poOOT TOYKM KOHEUHOTO
MO3ULIMOHUPOBAHUS WJIM HET: €CIU HET, TO OompeneiseTcs Omwkailias Touka
TPAeKTOPHUH, K KOTOPOH 3aTeM HampasiisieTcsi poOoT. Eciin cucreMa TeXHUYECKOro
3peHHUs] IMEpecCTaHeT ONpPENeNsITh MapKepbl, TO 3apsKaroluil pobor Oyxaer
nepeMeniaTbesl Mo TPACKTOPHUH, OMpEeNeIeHHOW mpu (HOopMUPOBaHMM MuccUU. B
TAKOM CJIy4ae 3TO MOKET NOBJIMATh HA TOYHOCTh KOHEYHOI'O MMO3UIIMOHUPOBAHUS,

€CJIM MapKephl TaK U HE OyAyT OOHApPYKEHBI.

[Ipu noCTWXKEHUM TOYKA KOHEYHOTO TMO3WIIMOHUPOBAHUS MAPAILICIbHOCTD
MEXy poOOoTaMu JOCTUTAeTCs 3a CUET UCIOJIb30BaHUS JAHHBIX 00 OpUEHTAIUU
3apsDKAIONIET0 poOOTa OTHOCUTENTHHO TOYKM TMO3UIIMOHUpOBaHUsS. Jljis 3TOTO
MPEIJIaraeTcsl UCIoJb30BaATh MATPUIBI TOBOPOTA KaXIOTO MapKepa, KOTOPbIE Tak
K€, KaK U BEKTOPBI CABUIra, OMPEACISAIOTCS C MOMOIIBIO CUCTEMbI TEXHHYECKOTO
3penusi. B cooTBeTcTBHM ¢ nipuBeneHHBIME B [88] ompeseneHusaMu, CBI3aHHBIMU C
MaTpUIIAMU TOBOPOTA, COOTBETCTBYIOIIME KOOPAWMHATHBIE OCH JBYX CHCTEM
OTCYETA SIBJISIFOTCSI COHAITPABJIICHHBIMU IPU HYJEBBIX 3HAYEHUSX YTJIOB ITOBOPOTA

OHHOﬁ CHUCTEMBI OTCUYECTA OTHOCHUTCIIBHO ):[pyroﬁ. C Y4€TOM 3TOro, €Cjiu, HalIlpuMep,
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OpHEHTaIUA 3a7aeTcCsl Yepe3 yribl Ditepa, To MaTpuiia moBopoTta (36) cTaHOBUTCS

enuHnIHON (37):

casy —sacfPsy —casy —sacfsy sasf

R = |sacy + cacfsy —sacy + cacfsy —casf|, (36)
sBsy sBcy cp
rjie CX = COSX, SX = SinX, X € {a, B, v},
1 0 0
R|a=0,B=0,y=0 =10 1 0 (37)
0 0 1

COOTBETCTBEHHO NapaJICIBHOCTh POOOTOB MOKHO MPOBEPATH IO TOMY

IIPU3HAKY, YTO MATPHUILIBI IIOBOPOTA CTPEMSTCS K € IMHUIHOM.

2.4  BbIBOABI 10 BTOPO¥i IJ1aBe

Bo BTOpOIf I1aBe npenicTaBieHbl pa3paboTaHHAS MaTeMaTHYeCKasi MOJIEb U
QJIITOPUTMBbI (bYHKIIMOHUPOBAHUS IpyNIbl Ha3eMHBIX poOOTOB C
nepepacrpe/esIeHneM SHEPTeTHYECKUX pecypcoB. PazpaboTaHnHas MmaTeMaTuyecKkas
MOJIeJh ~ OTJMYAeTCs  BBEJEHHEM  HOBBIX  IapaMETPOB,  OINHKCHIBAIOIINX
HHEPreTUUECKUE XapaKTePUCTUKU poOOTOB, 3aa4 U cpebl PYHKIIMOHUPOBAHUS, a
TAK)K€ YUYWUTHIBAET BO3MOXXHOCTb JHEPreTUYECKOro OOMEHa MexXay poOoTamu
nocpeactsoM bCIID. Monens omnucbiBaeT NPUHIUOB  (DYHKIIMOHUPOBAHUSA
po0OOTOB-pabounx W POOOTOB-3apsHKAIOMIMX M HMX B3aUMOJICHCTBUA. Pabouee
MPOCTPAHCTBO OMHMCAHO KApTOH BBICOT C INAaroM, MPUHSATHIM PaBHOMEPHBIM U
OJMHAKOBBIM TIO OCSAM JUJIsi BCEHM KapThl BBICOT. 3alaHO MHOKECTBO POOOTOB,
KOTOpO€ BKJIIOUAET B ceOsi poOOTOB pabouux u 3apspraromniux. Kaxaeiii podot
OTHCaH KOPTEXKEM MapaMeTpPOB, KOTOPHIM BKIIOYAET B ce0sl TEKYIIHE KOOPIUHATHI,
HHEPreTUYECKUN 3armac B OTHOCUTENIbHBIX EIUHMIIAX M MapaMeTp ero craTyca.
['pynmie poOOTOB Ha3HAYAKOTCA IENEBBIC 3afaHus (3a7aun), Kakaas U3 KOTOPBIX
OMHKCaHa KOPTEXKEM MapaMeTpoB, BKIIOYAIOIIUM B ce0s 3HAUCHHUS HSHEPrUH B

OTHOCHUTENBbHBIX eIUHHUIIaX 1 KoopAuHATHI. [Ipu nepemeniennu B o6mactu paboyero
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IPOCTPAHCTBAa POOOTHI PACXOMYIOT DHEPTHUIO, KOTOPAs ONpEICINSeTCs] MCXOIs U3
KOJIMYECTBA MIPEOOJICHHBIX CIMHUYHBIX PACCTOSIHUA. B Moienu 3a1aHpl 3HAaUCHUS
MaKCHUMaJIbHBIX 1 MUHIMAJLHBIX YPOBHEH SHEPTeTUIECKUX PECypCOB ISl pOOOTOB,
KOTOPBIC HCITOJIB3YIOTCS JIJISl OTPECIICHHUS BBITTOJHUMBIX 33J1a4 M TOUYCK 3apsjia Ha

TPaeKTOPUSIX POOOTOB-pA0OUHX.

Pa3paGorannpie  anropuT™Mbl (YHKIMOHUPOBAHUS TPYIIBl  HA3EMHBIX
poGoTOB OTIIMYAIOTCA ~ pealu3aluedl  MpoOLEecCOB  IepepacupereseHus
HPHEPreTUYECKUX PpECypcoB MEXAYy poOOTaMHM Ha OCHOBE pE3yJIbTATOB
MPEABAPUTEILHOIO IUIAHUPOBAHUS BHEIIHEH IEHTPAIU30BAHHON CHUCTEMOM
yrpasieHusi. DyHKIIMOHUPOBAHUE TPYIMIbl OMNHWCAHO B BOCBMHU aJIrOpPUTMax.
OCHOBHBIM QJITOPUTMOM SIBJISIETCSL «AJTOPUTM PaOOThl CHCTEMBI YIIpaBICHUS
rpynmnoi». Cucrema ynpapiieHUs TPYIION MOJy4aeT OT poOOTOB UH(OPMAIIUIO O
UX TEKyIIMX KOOpAMHATaxX, 3amace »JHEeprud, a Takxke craryc. Jlamee
OCYIIECTBIISIETCSl pacipeiesieHre, paHee 0TOOPaHHBIX, BBHITTOJIHUMBIX 3a/1a4 MEXKTLY
poOoTamu-pabounmu. AJNTOpUTM TNPUMEHSIETCS JUisi poOOTOB, HE 3aHATHIX
BBITIOJTHEHUEM 3a7]a4 Ha TEeKyUIMid MOMEHT. [locie onTumanbHOro pacrpeneineHus
BBITIOJIHUMBIX 33/1ad MEXJIy poOOoTaMHu, OCYIIECTBISICTCS ONpEIeNieHue TOYEK
3apsiia Ha TPACKTOPHUSAX UX JABUXKEHUS. B kadecTBe Touek 3apsijia BHIOMpPAIOTCS
YYaCTKH TPACKTOPUU UMEIOIIUME MHHUMAJIbHOE OTKJIOHEHHUE MO BBICOTE MEXKIY
COCETHUMU TOUKaMH KapThl BEICOT, UYTO 00eCIeunBaeT yBenueHue 3(hPeKTUHBHOCTH
nepeiaur SHEPruu MeX 1y poOOTaMu U COKpALICHUE BPEMEHHBIX 3aTpaT Ha TaHHbBIN
npouecc. OrmnpenenéHHble TOYKM 3apsaa  (HOPMHPYIOT MHOXKECTBO —3ajad
MOTIOJIHEHUSI ~ SHEPreTUYECKUX  PECcypcoB W MOAJIEKAT  ONTHUMAIbHOMY
pacnpeneneHui0o  MEXIy  poOoTaMu-3apspKarommMu.  J[ns  onmTuMalibHOTO
pacnpeneneHus 3aa4 MexIy poooTaMu IPUMEHSIETCS BEHTEPCKHUM aIrOpUTM, YTO

oOecrieunBaeT CHUKEHHE 3aTpaT BpEMCHHU Ha NMCPEMCIICHUC pO6OTOB.



79

3 AJI'OPUTMHUYECKOE N AIIITAPATHOE OBECIIEYEHHUE
CUCTEMBI ITIEPEJJAYHU SGHEPI'MN POBOTOB

B Tperbeili rnaBe mpencTaBieHO OoMMcaHuE pa3zpabOTaHHOTO alMapaTHOTO M
AITOPUTMHUYECKOTO OOECHeUeHUs JJid peaau3alliid SHepreTuyeckoro oOMeHa
Mexay pobotamu rpynmsl. Paspaborannas neynanpasienHas BCIID peanuzoBana
Ha 0aze PEe30HAHCHOTO AaBTOTEHEPATOpPa, YaCTOTO33JAI0OLIMM KOHTYPOM KOTOPOTO
ABJIAETCS MEPEJAOIINIA, YTO O3BOJISET MNOAAEPKUBATh PE30HAHC NTPU U3MEHEHUHU
WHIYKTUBHOCTH TIEpPENaroNIel KaTylmKd Oe3 HCIOJIb30BaHUS JOMOJHUTEIbHBIX
CUCTEM IIOJACTPOMKM 4YacTOThl. PaccmaTpuBaroTCs OpUTHHAIBHBIE ABTOPCKUE
aJITOPUTMBI YIIPABJICHUSI U MOHUTOPUHTa napameTpoB AByHamnpasieHHor BCIID B
COCTaBE€  pacHpelesIeHHON  cucTeMbl  ympasieHuss  pobora. IlpuBeneHsl
DKCIIEPUMEHTAJIbHBIE PE3YyJbTaThl TECTHPOBAaHUA pa3pabOTaHHOM CHCTEMBI W

CUCTCMATU3UPOBAHLBI €C 3KCINTYATAlITMOHHBIC OIPAHUYCHU.

3.1 AuaropurMuueckoe M anmnapatrHoe odecriedeHue

ABYHANPABJIEHHOH 0eCIIPOBOHOM CHCTEMbI NepPeAadu IHePrumn

Ananmu3 cyuiectByromux pemeHuit B obnactu BCIID mokazan akTUBHOE
pa3BuTHE CIIOCOO0B OJTHOHATIPABJICHHON Mepenayu sHepruu. Ha Tekymuit MOMEHT
CYLIECTBYIOT CTAaHAAPTU3UPOBAHHBIE PELICHUS, & TAaKXE B HCCIENOBATEIbCKUX
paboTax NpPenCTaBIIEHO 3HAYUTEIBHOE KOJUYECTBO MPOTOTUIIOB C Pa3IUUYHBIM
YPOBHEM IepeiaBaeMoii MOITHOCTH. OCHOBHBIM HEIOCTATKOM OJIHOHAMNPABIEHHBIX
BCIID B pamkax 3agauM IepepaclpesiesieHus pecypcoB B TPYIIIE SBISETCA
HEOOXOJMMOCTh YCTAHOBKM M TPUEMHOW W Mepenarolied 4YacTel CUCTeMbl Ha
Kakaoro pobora. [lannas mpobnema MOXET OBITh pelieHa MPUMEHEHHUEM
nByHarnpapieHHbIX BCIID, HO OONBIIMHCTBO MPEACTABICHHBIX CUCTEM OTHOCSTCS
7100 K KJIaCCy CHCTEM C OOJIBIIION TepenaBaeMol MOIIHOCTHIO M MPEAHA3HAYEHBI
JUISL DJIEKTPOTPAHCIIOPTAa M MHBIX WHAYCTPUAIBHBIX NPUMEHEHWH, 100 UMEIoT
NepeaBacMy0 MOIIHOCTh B aAuanasoHe A0 10 Bt u npenHazHaueHbl s

IIPUMCHCHUA B MOOMIBLHOM QJICKTPOHHUKEC W MCAUIIUHC. 3KCHepI/IMeHTaJIBHI)Ie
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JaHHBIE C PaOOYMMH XapaKTEPUCTHUKAMU JTaHHBIX CHCTEM KaK MPaBUJIO MOJYUYEHBI
P COOCHOM pACHOJIOKCHUM TPUEMHOM H TEpEAIOIIECd KaTylIeK Ha
(UKCUPOBAHHOM  PAacCTOSIHMM, 4YTO HE IMO3BOJSET  OLEHUTh  pabouwue
XapakTEPUCTUKM B ToJHOM Mepe. llepemaua sHeprum Mexay poOoTamu
MOAPA3yMEBAET HAJIMYHME pACCTOSIHUS W CMEIICHHUS MEXAYy [PUEMHOU U
nepenaroniet yactsimu BCIID BBUAY OrpaHMYEHHBIX BO3MOYKHOCTEM CEHCOPHOM
CUCTEeMbl poOOTOB M penbeda MecTHOCTH B 00JaCTH  SKCILTyaTalluu.
[lepeuncriienHble (QakTOpbl AENAIOT AKTyaJdbHOW pa3pabOTKy IBYHAIpPaBICHHON
BCIID cpenneit montHoctu (ot 10 Bt no 1 xBT), KoTOpasi, B HE3aBUCUMOCTHU OT
B3aMMHOT'O PACIOJIOKEHUS TPHEMHON W TIepearolieii JyacTtel cucTembl, Oyaer
paboTaTh B PE30HAHCHOM PEKHUME C BBICOKMMH IMOKa3aTessiMU 3(PPEKTUBHOCTU U
Mepe1aBa€MOil MOITHOCTH.

B nepBbIx aBTOpCKUX paboTax Mo AMCCEPTALIMIOHHOMY HUCCIIEI0BaHUIO ObUIN
omucaHbl pazpabotanHbie ogHoHanpasieHHble BCIID Ha kaTynikax ¢ cepAe4YHUKOM
u Ha Katymkax Oe3 cepaecunmka [89, 90]. B mpomecce wuccrmemoBaHusi OBLIO
BBISIBJICHO, YTO pa3pa0OTaHHBbIE 0Opa3lbl Ha KaTylIkax 0e3 cepJeyHUuKa HMEIOT
MEHBIIMK BeC, Jydlylo 3(()EKTUBHOCT, M OONBIIYI0 JUCTAHIUIO MEpeaadu
sHeprun. CUCTEMBI C OJHOHANPABICHHON NEepeaadeld SJHEPIUH XOPOLIO MOAXOIAT
JUISL  DKCIUTyaTallud COBMECTHO C pPa3jJU4YHbIMU MOOWIBHBIMH CEPBHCHBIMU
mwiarpopmamu  [91], OecnmtoTHeIMU MOABOAHBIME ammapatamu [92, 93]. B
IpOLECCe JUCCEPTALMOHHOIO HCCJENOBAaHUS NpU aHaliu3e U pa3paboTke
MaTEMaTUYECKON MOJENIH POEBOM POOOTOTEXHUUYECKONW CUCTEMBI C BO3MOXKHOCTHIO
JIBYHAIIPABJICHHOW Mepeay YHEPTUU MEXK]y areHTaMH aBTOPOM OBLIO BBISIBIICHO,
4yTO TIpuMeHeHue ogHoHanpasieHHbXx bCIID nmubo HakIaabIBaeT OrpaHUYCHUS Ha
CIOCOOBI TEpelayu SHEPruM MEXIy areHTaMu W MCKJIIOYaeT BO3MOKHOCTh
CKBO3HOHM mepefaud HSHEPruu uepe3 areHra, Judo TpedyeT OIHOBPEMEHHOM
YCTAaHOBKM Y NMPUEMHBIX U nepenatomux yacteir bCIID B kaxk oM s3HEpreTH4ecKom
coequnenun [94]. JIByHanpaBieHHas cHCTEMa JIMIIEHA JAaHHBIX HEIOCTATKOB.

OHI/IpaﬂCB Ha MOpcAbiAymme HCCICAOBAHUA OJHOHAIIPABICHHBIX CHCTCM, ObLIa
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paspaboTtaHa cTpykTypa nByHarpasiaeHHor bCIID, Britouaromas 6JI0ku TpUEeMHOMI
¥ TIepeIAloNIe YaCTU CUCTEMBI M UX CBSI3U C KOHEUHBIM YCTPOHCTBOM (POOOTOM).

B pamkax npumccepTalluOHHOW pabOThl TECTUPOBAHHME JIBYHAINPABICHHOM
BCIID Obpu10 TPOBEACHO MPH B3aMMOJICHCTBUHM HA3€MHBIX POOOTOB, MMEIOIIHX
COOCTBEHHYIO pacmpeiesieHHyo cuctemy ympasienus (CY) [95]. Pa3paborannas
apxXuUTeKTypa, oOjanaromias CBOWCTBaMH MAacIITaOMPYEeMOCTH U aJlallTUBHOCTH,
COCTOMT M3 TpeX YPOBHEHM U MOXKET NPUMEHATHCA M POOOTOTEXHUYECKUX
KOMILJIEKCOB Pa3JIMYHOTO Ha3HAYEHUsl U OECMUJIOTHBIX anmapatoB. Takum o6pa3zom
yrpasieHue aByHarnpasieHHOW bBCIID MokeT OCyIecTBIAeTC OTICIbHBIM
anmapaTHbIM MOJYJIEM YPOBHS ycTpoicTB. OOMEH KOMaH/IaMU U COOOIIECHUSIMU C
BBICOKOYPOBHEBBIM BBIYMCIIUTEIEM OCYLIECTBISECTCS 4YEpe3 BHYTPUCHCTEMHBIN
KOMMYHUKAIIMOHHBIN nHTEep(eric. CTpyKTypHas cXxeMa MOJ1yJiel ypOBHS YCTPOMCTB
MPEANOJIAraeT HCIOJIb30BaHUE HU3KOYPOBHEBOIO BBIYMCIUTENS, B KAadyeCTBE
KOTOPOTO MOKET MPUMEHATHCS MHUKPOKOHTpoJuiep. B 1maHHOM BapuaHte
opranuzaimun  CY poOoTta o00mMid aaroputM (QyHKIIMOHMPOBAHUSA MOIYJIS
neyHanpasiaeHHor BCIID Oynmer mmeTh BU, NMPEACTABICHHBIA Ha pucyHke 17.
[IporpammHoOe oOecreueHrne MUKPOKOHTpPOJIIEpa MOTyJisl IByHanpasiaeHHoi BCIID
paboTaeT B YCIOBHO OECKOHEUHOM IIMKJE, IOKa MPUCYTCTBYET NHUTaHHE

MUKPOKOHTPOJIIEPA, YTO OTPAXKEHO B MIEPBOM OJIOKE aJITOPUTMA.

[Tpu Hanuuuu nutanus moaysib BCIID oxuaaer komanasl ot CY pobota. B
cllydae IOCTYIUIEHHsS KOMaHIbl «Iepedada »dHEpruw», pabdora MOAYyIs
IPOAOHKAETCS MO AJITOPUTMY B PEXKHUME MEepeiaydl IHEPrHH, OJI0K cXxema KOTOPOro
npuBeAeHa Ha pucyHke 18. B ciyuyae mocTyruieHHs KOMaHJIbl «IIPUEM SHEPTUM»

MOJIYJTh OCYIIECTBIISIET pabOTy IO aJITOPUTMY, PEACTaBICHHOMY Ha pucyHke 19.
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Hauano

Ja Her
[Turanue npuCyTCTBYET?

) 4
Oskumanue KoMaHz OT
CY pobora

|

Ha

Komanna «mpuem
SHEPIUM»

Komanna «repcaada
OHCPIrumn»

v
Anroputwm ynpasyieHust BCITO Anroputwm ynpasiyieHust BCIT™
B PEKUME Iepeayvd SHEPTUU B PEXUME NpHEMa SHEPTUU

I »l
Ll

Pucynoxk 17 — bnok-cxema o61iero aropurMa (pyHKITMOHUPOBAHUS MOYJIS

nByHarnpasieHHo bCITO

Ha nepBom mare anroputma ympasienusi BCIID B pexume mnepenauu
HPHEPruM OCYILIECTBIIIETCS MPOBEpPKAa CHUrHajda KOHTpoJs paboueil yactoTel. B
COOTBETCTBHM C ONHCAHHEM CXEMOTEXHUYECKUX PEIICHUH, MPEICTAaBICHHBIM B
pazzaene 3.2, curHaJl B LIENU KOHTPOJS pabodeil 4acTOThI MO3BOJISIET OMPEACIIUTh
TEKYIUH PeXUM pabOThl YACTH CUCTEMBI, KOTOpasi YCTAaHOBJIEHA B APYrOM poOoTe
U I0JKHA IPUHUMATh SHEpruto. Eciu 10 Havana nepenadyu SHEPTUM B JaHHOW ey
MPUCYTCTBYET CHUTHAJI C HUMIYJIbCaMU TPSMOYTOJbHONW (OPMBI M B 3aJaHHOM
JMara3oHe 4acToT, To u3 3toro cieayer yto vacte BCIID, ycranoBneHHas B
JIpyroro po0OoTa, KOTOpas MOJ/DKHA MPUHUMATh JHEPIrHi0, B TEKYIIUA MOMEHT
OCYILECTBIISIET €€ nepenavy. B 1TaHHOM ciiydae 3amyCcK HEBO3MOXKEH, TAK KaK MOYKET
BBI3BATh MOBPEXKICHUE CUIIOBBIX ANEKTPOHHBIX KoMIoHeHTOB bCIID. Ecnu 3amyck
HeBO3MOKeH, To CY po0oTa OTNpaBiisieTcss COOTBETCTBYIOIIEE COOOIIEHUE, TTOCIIEe

YEero BIIOKCHHBIM aJITOPUTM 3aBEpIIaeT CBOIO paboTy, a B OOIIEM allrOpUTME
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IPOUCXOAUT Tepexoa K oxumanuio komania. CooOmieHus, ormnpasisieMbie CY
poGoTta ot momyst AByHanpasieHHoi bCIID, cooTBeTCTBYOMME UM TTapaMeTPhl U

YCI0oBUA IPCACTABJICHLI B Ta6JIHIIe 2.

Hauano

ITpoBepka curnana
KOHTPOJISi paboUeii 9acTOThI v
Brmuucnenue
noTpedIIsIeMon
Cursain ecTp? MOHIEOCTI/I
[Monyuenue
v nHDOpPMAaIUHU OT
Bxntouenue pexuma aneMHoﬁ 4acTUu
«mepenaya SHEPTHN»
P

HNudopmanms
noJryyeHa’?

A 4
N3mepenue pabounx
napamerpoB BCIID

Brmucnenue
PaGoune 3¢ eKTHBHOCTH
HECT Ia
rapaMeTpsbl B IOMyCTHMOM nepeaadn dSHEPrum

nrarna3oHe?

"%

BriknmtoueHnne pexxrma
«repenaya SHEPrun»

|-
>

\ 4
OTtnpaBka
COOTBETCTBYIOIIUX
coobmennii CY pobora

3apsin OKOHYEH?

»  Komen )

Pucynox 18 — biok-cxema anroputma ynpasienus bCIID B pexxume nepegauu

SHEPrun

B ciiygae OTCyTCTBHS COOTBETCTBYIOIIETO CUTHAJIA B IIEMH KOHTPOJS padoueit
YaCTOTHI, BKJIIOYAECTCA PEKHUM INEpeladyd SHEPrUM U MPOUCXOIUT HU3MEPEHUE
pabounx mapametpoB bCIID. Eciu mapameTpsl B JOMYCTUMOM JUaria3oHe, TO
BBIYHCIIICTCST MOTpeOJiieMasl MOIMHOCTh JIJIE  TOTO, YTOOBI  OCYIIECTBUTH

nanpHeWmmMii  pacuer 3¢G(GEeKTUBHOCTH mepedaud HHepruu. Jlnsg pacuera
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3¢ (HEKTUBHOCTH Mepeaun SHEPTUH He0OX0auMa HH(pOpMAITHs OT TPUEMHOMN YaCTH
CUCTEMBI O 3HAUCHUH HAMPSDKEHUS U TOKA Harpy3KH B TEKYIIMA MOMEHT. B cirydae
ecni nH(GOpMaIUS OT MPUEMHON YacTH HE IMOJyYCeHA, PEKUM IMepeaadyu dHEPTHH
BeIkIOHaercsa, CY poboTa oOTHpaBisieTcsi COOTBETCTBYIOIIEE COOOIIEHUE, U
MPOUCXOANT TEPexXoa K OXKHUIAHUIO KOMaHI B OCHOBHOM ajroputMe. Ecmu
3G (HEKTUBHOCTh dHEPTUHM OONBIIE MHUHUMAIHHOTO 3aJaHHOTO 3HAYCHHUS, TO
BBITIOJIHSETCS POBEPKA YPOBHS 3apsiia aKKyMyJIsITOpHOM OaTapeu, nH(GOpMaLUs O
KOTOPOM IPEJOCTaBIISAETCS IPUEMHON YacThio cucTeMbl. [loka mpouecc 3apsaa He
3aBepIlEH, a Bce paboune mapaMeTpbl U 3(PPEKTUBHOCTHh MEpeJaydl SHEPruu
HAxXoJATCA B JOIMYCTHUMOM JHarna3oHe, padoTa CHUCTEMbl B peXUME TNepenayu
MPOJIOJDKACTCA € HUKJIMYHOM TPOBEPKOW MaHHBIX MapamerpoB. [lo okoHuaHUUM
rpolecca 3apsaaa MoayJib AsyHarpasieHHOM bCIID oTnpasisieT COOTBETCTBYIOIIEE

coobmienue (Tabnuia 2) CY pobora.

cI)yHI(III/IOHI/IpOBElHI/IG MOAYJIA OCYIICCTBIECTCA B PCIKUMC IIPpHUCMaA SHCPIUH

IIPU MOJYYEHUU COOTBETCTBYIOMIEH KoMaHabl oT CY pobora.

Hauaio

I[TpoBepka curnaia v

KOHTPOJIS paboueil 4acTOThI OTtnpaBka uHbopMaIuu
repearne 4acTu

na
Cursan ecTts? Yy

3apsii OKOHYEH?

¢ v

OrnpaBka
Wsmepenne pabounx COOTBETCTBYIOLHUX
napamerpos bCITO coobmennii CY pobota

Pucynok 19 — bnok-cxema anroputrma ynpasienust BCIID B pexxume npuema

SHEPrun
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OCHOBHBIMH OIEpalusIMy aaroputMa (pucyHok 19) sBinstorcs usmMmepeHue padbodymnx
napameTpoB BCIID u otmpaBka 3To#t mHGOpMaMKU Ha MEpeAaronlyro 4actb. 1o
OKOHYaHMHM 3apsaa Moayiab uHpopmupyet CY pobora, a anroputM paboTsl MOy s

B PEeXHMMeE [IpUeMa 3HEPruy 3aBeplIaeT CBOIO padoTy.

Tabmuia 2 — Coobmiennst Mmoysis naByHarnpasiaeHHor BCITD

Pexxum nepenaun sHepruu

VYcnoBue Coo0Omenune

HpI/ICYTCTByeT CHUI'Hala B ICIIN
«Hepenaqa HC BO3MOXXHa»
KOHTPOJIA pa6oqen YaCTOThI

Tok morpebaenus < Imin «Het narpy3ku»
Tox nmotpebneHust > Imax «ITeperpyska»

PaGouas yacrora > Fmax «He HoMHUHANBHBIN peXUM pabOTHD»
Hamnpspxkenue nutanust < Umin «Hwuzkwuit 3apsig 6atapeny

WNudopmanus ot npueMHon
«Her cBs3U ¢ MpUEMHOM Y4acThIO»
4acTHU OTCYTCTBYET

O PexTUBHOCTD < #min «Hu3kast TOUHOCTh TO3ULIMOHUPOBAHUS

3ap;1/:[ OKOHYCH «3ap51z[ OKOHYCH»

Pexxnm npuema sHeprun

3ap;m OKOHYCH «3ap5m OKOHYCH»

[Tapametpsl B Tabnume T1 mis pexuma mepenadyd dHEPTUUM UMEIOT CIIETYIOITHe
3HA4YCHUS: |min — MUHUMaJIbHOE 3HAYEHUE TOKa MOTPeOIeHUsI; Imax — MaKCUMAaJIbHOE
3HAYCHUE TOKA MOTPeOneHUs; Fnax — MakCMMaabHOE 3HAUCHUE PadOUYei YacTOTHI;
Unin — MUHMMaJbHOE 3HAYCHUE HAMPSDKCHUS MUTAHUS, #min — MHUHHMaJIbHOE

3HaueHue 3((PEeKTUBHOCTHU NEpelayu FIHEPTUH.
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B nmpencraBieHHBIX — anropuTMax — MOApPAa3yMEBAeTCs, UYTO  MOAYJb
neyHanpasieHHor bCIID umeer mutanue ot 60pTOBOM ceTH poOOTa, a YpOBEHb
MUTAIOIIET0 HANPSLKEHUSI COOTBETCTBYET HANPSHKEHHUIO aKKyMYJISITOPHOUM OaTapen.
Kputepuem st omnpenesieHHs] OKOHYAHUS 3apsia MOXKET CIYXUTb YPOBEHb
HanpspkeHus, u3aMmepsieMbli yacteio BCIID, koTopas GyHKUIHOHUPYET B peKUME

IprueMa SHCPIruu.

Jlanee paccMoTpum 6oJiee TOIpOOHO pa3paOOTaHHBIE aNMapaTHBIC PEIICHUS
npyHamnpasieHHon  BCIID. Omnupadce Ha  OpeaplaylIMe  MCCIEIOBaHUS
OJTHOHAIIPABJICHHBIX CUCTEM, OblUIa pa3paboTaHa CTPYKTypa ABYHANpPaBICHHON
BCIID, npencraBnennas Ha pucyHke 20. CTpykTypHas cxeMa BBINIOJHEHA B BHUJIEC
0JI0OKOB, MPECTABIIAIOIINX IPUEMHYIO U IEPEAAIOILYI0 YACTH CUCTEMBI, U UX CBSI3EH
C KOHEYHBIM YCTPOUCTBOM.

M

¢ O\

VAR

Pucynok 20 — CtpykrypHas cxema aByHanpaieHHon bCIID

JIBynanpasiennas bBCIID cocrout u3 aByx (yHKIHMOHAIbHBIX dacTeit (1),
UMEIOIINX UICHTUYHYIO TPUHIMIHANIbHYI0 cxemy. Kaxnas GpyHKIMOHaIbHAS YacTh
CHUCTEMbl MMEET DJIEKTPUUECKOE TMOJKIOYEHHE K HUCTOYHHKY MUTAHUS WIIH
NOTPEOUTEITIO SHEPTHUH B KOHEYHOM ycTporcTBe (6), B KOTOpOE OHAa yCTaHOBJICHA.
becnipoBoiHas mepenada 3HEPIHMM OCYILIECTBISETCS MEXIY ABYMSI KOHEUHBIMHU
yCTpOMCTBaMH, B KOTOPbIE YCTaHOBJIEHAa (DyHKIMOHAJIbHAs 4YacTh MpeljiaraeMoi
cuctemMbl. Kaxxnas pyHKUIMOHANbHAS YacTh MPEIaraéMoro peieHus COCTOUT M3

CIICIYIOIIUX CTPYKTYPHBIX 0J10KOB: pe3oHaHcHbI LC-koHTYD (3), COCTMHEHHBIH €
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BBIXOJIOM PE30HAHCHOTO aBToreHepaTopa (2), mopermatonmii DC-DC (mocrostHHOE
HaNpsDKEHUE B MIOCTOSTHHOE HaNpsDKEHUE) TIpeoOpaszoBateltb (4), mernu yrpaBieHUs
peoxkumoMm  pabotel  (5), mo3Bomsomue  ympaBisate  paboroit  DC-DC
npeoOpazoBateist U INEKTPUYECKH COCAMHATh HCTOYHMK SHEPTrUM KOHEYHOTO
YCTPOMCTBA CO BXOJOM pE30HAHCHOTO aBToreHepatopa. (OCHOBHOM 4YacThbIO
CUCTEMBI  SIBIIIETCS ~ PE30HAHCHBIM  aBTroreHeparop. Ilepemaua  »sHeprum
OCYULIECTBJISIETCS METOAOM 3JIEKTPOMAarHUTHOW HMHAYKIHUH Yepe3 HWHAYKTUBHO
cBs3anHHbie (M) napasienbHabie pe3oHaHcHbIe LC-KOHTYpBHI.

[Tepenarommii kKoHTYp npemnaraecMor aByHamnpasieHHoW bCIID sBnsercs
4acTOTO33JA0IIMM Ul PE30HAHCHOIO  aBTOIEHEpaTopa, 4YTO  IO3BOJSET
MOJ/JICP)KUBATh PE30HAHC B HEM IPU M3MEHEHWU HHAYKTHUBHOCTH KAaTyIIKA Oe€3
UCIIOJIb30BAaHUsL JIOMOJIHUTENbHBIX CHUCTEM IOJICTPOMKM YacTOThl. Pe3oHaHC B
MEepPEAIOIIEM KOHTYpPE IIO3BOJIIET IE€pelaBaTh MAaKCUMaJIbHYIO MOIIHOCTH B
NpUEeMHYI0 4acTb. lIpuemMHas m mepenmaromas vactu AByHampasieHHOM BCIID
UMEIOT HJIEHTUYHBIE PE30HAHCHBIE KOHTYPBI, YTO IMO3BOJSET H30aBUTHCS OT
JOTIOTHUTENBHBIX CHUCTEM TOJCTPOWKH YacTOThl MPUEMHOTO KOHTypa JJis
NOJAJIEP)KaHUSI B HEM pE30HaHCAa NpPH HM3MEHEHUU B3aUMHOIO PaCIHOJIOXKEHUS
KaTymek. Tak Kak B3aMMHOE PACIOJIOKEHUE NMPUEMHOM U IEepelarolend 4acTeu
YCTpOMCTBA B OJMHAKOBOW MEpE BIHUAIOT HA HMHIYKTUBHOCTH U JOOPOTHOCTH
PE30HAaHCHBIX KOHTYPOB, a MEepeJaloluii KOHTYp SBJSETCS YaCTOTO3a1al0IINUM, TO
o0a KOHTypa CHCTEMBbI MepeJaTYMuK — MPUEMHUK HaxXOHIATCs B PE30HAHCE.
[lepeuncneHHbple  OCOOCHHOCTH  CIIOCOOCTBYIOT  JOCTHDKEHHUIO  BBICOKOM
b (HEKTUBHOCTH W TIepeaaBaeMOil MOIIMHOCTH TPH 3HAYUTENHHBIX CMEIIEHUSIX
MEXy PUEMHOU U MEPENAIOIIEN YACTSIMUA CUCTEMBI.

Ucnons3oBanne DC-DC mnoeimatomero mpeobpazoBatessi 00yCIOBICHO
TeM, 4To uHAaynupoBanHas JJIC B mpueMHON KaTymike Oy/IeT WMETh MEHBIIYIO
aMIUTUTYly YEM B MepeAaroei KaTylKe B BUy MPUCYTCTBUS BO3YIIHOIO 3a30Pa,
KOTOpPbI MMEET BBICOKOE COMPOTUBIIEHWE JUIsi MAarHUTHOTO IOTOKAa, a TaKXKe
aKTUBHBIX MOTEPh B PE30HAHCHBIX KOHTypax. Ammmryaa DJIC B mepenaromei

KaTyIllKe paccunuThiBaeTcs 1mo gpopmyie (38) [96-98]:
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Um = T[Vdc ) (38)
rae V.- HanpshKeHue UCTOYHUKA.,

Takum o00pa3oM npHUMEHEHHE B CTPYKTYpPE CHCTEMBI [OBBIIIAIOLIETO
npeoOpazoBareisl MO3BOJISIET TOMydYaTh HAINpPSKEHHE Ha BBIXOJE CHCTEMBI,
paboTarouieil B pesxuMe IpreMa YHEPrUH PaBHBIM U BBILLIE HANPSKEHUSI UICTOUYHUKA
INUTAHHUS CUCTEMBI paboTaroieil B pexuMe nepeaayu 3Hepruu. JlaHnoe cBOMCTBO
IIO3BOJIIET HCIIOJB30BaTh CUCTEMY JUISI MEPEPaCIpPENEICHUs DHEPreTUYECKUX
peCypcoB MEKy aBTOHOMHBIMU yCTPOMCTBAMM, HCTOYHUKAMH IUTAHMUSI KOTOPBIX
ABJIAIOTCS aKKyMYJISITOpHBIE OaTraper ¢ paBHbIM pabouuM HampsbkeHueMm. Takas
0COOEHHOCTh CUCTEMBI aKTyallbHa MIPH €€ UCII0JIb30BaHUU AJIs TIepepacupeesieHus
PECYPCOB B IPYIIIEC TOMOIEeHHBIX po00TOB [94].

CXeMOTEXHHUYECKOE pEelIeHUE ABYHANPABICHHOM CHUCTEMbI OECIpPOBOAHOM
nepefayd SHEpPruu, NpEeJCTaBICHHOE Ha pucyHke 21, pa3zpaboTaHO Ha OCHOBE
NpeabIAyIMX HUCClenoBaHuid, B KoTopbix omnucanbl BCIID Ha karymkax 0e3
cepaeunuka [89], u pa3paboTaH CHHXPOHHBIM BBIPSIMHUTEb, @ TAKIKE PACCUMTAHBI

MOTEPU CHUHXPOHHOTO BBIIPSIMUTENS AJI1 MPUMEHEHUs! B npueMmHoi yactu BCIID

[99, 100].
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Pucynok 21 — ITpunnunuansHas cxema asyHamnpasieHHo bCITO
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[TpuHIMIT pabOTHI CHUCTEMBI B PEKHME Iepeadd SHEPTHH CIICTYOIINN.
Koneunoe yctpoiictBo (8), B KOTOpoe yCTaHOBJICHAa (YHKIIMOHAIbHAS YacTh
neyHanpasieHHoit BCIID (7), umeer coOCTBeHHYIO cucTteMy ympabieHus (9).
CoOcTBEeHHAs CUCTeMa YNPaBJICHHUS KOHEYHOI'O YCTPOWCTBA MMEET BO3MOYKHOCTH
YTEHUS CUTHAJIA C IIETTH KOHTPOJIsI pabodeii yacTotsl (11), n momaym ympaBIisioniero
CHUTHajJa B Ienb BbIOOpa pekuma padothl (10). Ilems BbIOOpa pexuma pabOTHI
yIPaBIISAET KIIFOUEBBIM 35ieMeHToM (7) u osimarorum DC-DC npeodpaszoBareiem
(4). Cucrema ympaBlieHUSI KOHEUHBIM yCTPOHMCTBOM IMPOBEPSICT HAJIMYUE CHTHAJIA
IPSIMOYTOJIBHOHM (POPMBI B IIETTH KOHTPOJIS pabodei 4acTOThI, €CIM OH OTCYTCTBYET,
TO CHUCTEME pa3pelieHO IMOoJaTh CHTHAI B IIeNb BbIOOpa pekuMa padotsl. [lpm
moJladye YIpaBJSIFOIIET0 CHTHANA B IIENb BBIOOpA pekuma paboThI 3aIpernaeTcs
pabora DC-DC npeobpazoBarens, a KIIFOU€BON 3JIEMEHT 3aMbIKACT ICTIh, TO3BOJISS
NpOTeKaTh TOKY OT HMCTOYHHKA mMUTaHMs (6) KOHEYHOro YCTPOMCTBa KO BXO.IY
PE30HAHCHOTO TEHEepaTopa, TeM caMbIM 3alyckas ero paboTy, Mocie 4ero B
PE30HAHCHOM KOHTYpE (3) reHepupyrOTCs He3aTyXarolue KojaeOaHus, a B 00JIaCTH

KaTyIIKU L1 mosiBiisieTcst MMCPECMCHHOC MAaIrHUTHOC II0JIC C YaCTOTOM B COOTBETCTBUU

¢ (39):
Wy = Wy ,1_40)(2)%1?32’ (39)

1
T Wo = = — PE30HAHCHAs YACTOTA HICANBHOIO KOHTYDA, R, — DKBUBaJICHTHOE

CONMPOTHUBJICHUE HArpy3KH, MPUIIOKEHHONW K pEe30HaHCHOMY KOHTYpy, L m C —

HHAYKTHUBHOCTb U CMKOCTb PE30OHAHCHOI'O KOHTYPa COOTBETCTBCHHO.

[Tpunun paboThl CUCTEMBI B peXUME MpUeMa dHEpruu cieayromui. Eciu
0JIHa U3 (PYHKIIMOHAJIBHBIX YaCTEH CUCTEMBI pa0OTAET B peKUME NIepeaul SHEPTUH,
a BTOpas TMoMajgaeT B 00JacTb JCHCTBUS NEPEMEHHOTO MAarHUTHOTO MOJS,
C03/1aBaeMoro €10, To B Katyuike L1 ungynupyercs 3/1C. B pe3oHaHCHOM KOHTYype
(3) BO3HMKAOT HE3aTyXaloIIHe KOJICOaHUs ¢ 4aCTOTOM, PABHOM YacTOTE KOJICOaHHH,
IreHEpUPYEMBIX B PE30HAHCHOM KOHTYpe (YHKIIMOHAIBHON 4YacTH CHCTEMBI,

paboTaroieid B pexxume nepenauun sHeprun. Jlanee 3/1C, unayuuposannas B L1,



90

BBIIPAMIISICTCS] PE30HAHCHBIM aBTOT'€HEPATOPOM, pabOTAIOIIUM B JAHHOM PEKUME
KaK CHHXPOHHBIM BBIIPSMUTENb, W MOCTyHaeT Ha BXoj mosbimaromero DC-DC
npeodpazosarens. Beixon DC-DC npeobpazoBaTesns COEAMHEH B IaHHOM CIIydae ¢
noTpeduTeseM SHEPrur KOHEUHOTO YCTPOHCTBA.

[TpyuHuun pa®oTBl CUCTEMBI HAa YpPOBHE CXEMOTEXHHUYECKHX pELICHUN u
KOMITOHEHTOB OoJiee MoApoOHO TPEACTaBICH B OMyOIMKOBaHHBIX padortax [101,
102].

[lepBuunas poBEpKa paboTocrnocoOHOCTH IPEJI0KEHHOT O
cxeMoTexHudyeckoro pemeHusi mnpoeaeHa B SPICE-cumymstope. ['padux
3aBUCUMOCTH 3((EKTUBHOCTH MEpeauyn SHEPruu OT MEpPeaaBacMOM MOIIHOCTH,
IOCTPOEHHBIN Ha OCHOBE JAHHBIX MOJIETMPOBAHUS, IPEACTABIICH HA PUCYHKE 22,
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BrixomHas MONTHOCTE, BT

Pucynoxk 22 — 3aBucumocth 3PHEeKTUBHOCTH MEpEIadd SHEPTHH OT
MepeaaBaeMoi MOIITHOCTH
Hcxomnas cxeMa cucTeMbl OblTa YIpoIleHa JJIsi MOJEH MMy TEeM UCKITFOUCHHSI
DC-DC npeobpa3zoBaresisi, HO B pacueTax BbIXOJHOU MOIIHOCTU U 3P(HEKTUBHOCTH
yUUTBIBAJIACh €ro 3P ¢GeKTUBHOCTh NpuHsTas paBHOU 87%. Tpausuctoper VT3
3aMEHEHbl Ha aKTUBHOE comnporuBieHue paBHoe 0,065 Om B mnpuemMHON U
nepearomei yactsax cucrembl. KiroueBoit anemeHT (puc. 21 — 4) npencraiieH

akTuBHBIM compotuBiieHreM 0,065 OM B yacTu cUCTEMBI pabOTAIOIEH B PEKUME
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nepeJaud  JHEpPruu. OKBHBAJEHTHOE  IOCIEAOBATEIBHOE  CONPOTHUBIICHUE
KOHJIEHCATOpa PE30HAHCHOIO KOHTYpa W AKTUBHOE COMNPOTUBIEHUE KaTYIIKH
npuHATH paBHbIMHA 0,01 OM. MHIyKTUBHOCTS NIPUEMHON U NIEPENAIOIIEH KaTylIEK
cocraBmsia L1 = 14 pH, emkocTs pezonancunoro kougencaropa C1 = 0,47 pF. Ha
OCHOBE HAIIMX TMPEABIAYIINX HUCCIEIOBaHUM KOA((UIMEHT CBSI3U KaTyIlIeK
NpUEMHON W TIepelaroleil yacTteil cucteMbl mpuHAT paBHbIM K. = 0,85, Takoe
3HAYEHUE MOXKET OBbITh JOCTUTHYTO IPU HETIOCPEICTBEHHON OJIM30CTH KaTyIIEK.
@opMbl TOKa M HANpsXKEHUA TMpu paboTe CHUCTEMBI 0€3 Harpys3ku
IpEJICTaBICHbl HA pPHUCYHKEe 23, HaNpsHKEHUE HCTOYHUKA IUTAHUS CHUCTEMBI

paboTarolieil B pexxuMe Tiepeiadyu SHEPTuu COCTaBIsuio 8,4 B.
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EBrmogro: HANpASEHRE TPHEMHCH T30TH CHCTEMED

Hanpmzenues B3 cTOKE TpaRsHeTopa V11

11V+

-2V T T T | T | T | T
Ops  Gps  12ps  18ps  24ps 30ps  36ps  42ps  48ps  Sdps  GOps

Pucynok 23 — ®opMbl HaNpsHKEHUN U TOKA TIPH paboTe CUCTEMBI 6€3
Harpy3Kku
MopenupoBanue pabOThl CXEMbI MPOBOJUIOCH Ha AKTUBHYIO HArpys3ky C
conpotuBieHuemM ot 1 mo 250 Om. Haubonbmmeit Beixomuoit momntHOoCcTH 8,81 BT

yAQJIOCh JOCTUYb TIPU  CONPOTHBIEHHM Harpy3ku 2 Owm. HaubGonbmas
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s dextuBHOCTH 60,05% mocTuraercs mpu BeIXoHON MomtHOCcTH 3,73 BT. cxons
U3 rpaduKoB, MPEACTABICHHBIX Ha pUCYyHKe 23, pabodas 4yacToTa CHUCTEMBI 0e3
Harpy3ku coctaBmia ~43 kl'11, a MaKCUMaIbHBIN YPOBEHBb BBIXOJITHOTO HAIPSKEHUS
CUCTEMBI, paboTaroIel B pexxUMe npruema dHepruu, nocrturai 7,56 B.
[IpoBeaeHHOE MOJECIUPOBAHUE MO3BOJIMIO MPOBEPUTH PAOOTOCTIOCOOHOCTD
MPEVIO)KEHHOTO CXEMOTEXHUYECKOTO PEIICHHS U TMOJYYUTh TEOPETUYECKYIO
3aBUCUMOCTh 3(PPEKTUBHOCTH CHUCTEMBI OT TIEPEIaBaEMOM MOITHOCTH TPHU

3a/IaHHBIX ITapaMCTpax U OIPaHUYCHUAX.

3.2 METOI{I/IKa pacdueTra onTuMaJbHbIX MAPAMETPOB CUCTEMbI

0ecrpoBOIHOI MepeaaYy IHePrun

[IpaBuibHBI BBIOOp MApaMeTPOB CHCTEMbI OECHpPOBOAHOM Nepenadu
DHEPIUM, a NPEXKIE BCErO, KAaTyUIEK PE30HAHCHBIX KOHTYPOB B HMHAYKTHMBHBIX
CUCTEMAaX Iepeaadyu dHEPruu SBIACTCS BAXXHOM 3a7adyel, TaK KaK B 3HAYNUTEIbHOU
CTENIEHU BJIMSET Ha 3(PPEKTUBHOCTH U MEPEAaBAEMYI0 MOIIHOCTh JAHHBIX CUCTEM.
OnTtrMuzanyss KOHTYPHOW KATYIIKH SBJISIETCS MHOTOKPUTEPHAIBHOM 3ajadei,
BBUJly HAJIMYMsA B3aMMOCBS3aHHBIX I1apaMETPOB, KOCBEHHO BIMAIOIIMX APyl Ha
npyra. [lnockyto cnupaibHyr0 KOHTYPHYIO KaTyIIKy (PUCYHOK 24), C TOYKH 3PCHUS
KOHCTPYKTUBHBIX OCOOEHHOCTEH, BO3MOXXKHO O0XapaKTepHU30BaTh CIEAYIOMUMU
napamMeTpaMu: KOJMYeCTBOM BUTKOB N, marom HaMOTKH O, HAYaJIbHBIM PaIyCOM

HaMOTKH I.

N ¢

Pucynoxk 24 — KoHCTpyKTUBHBIE MTapaMeTphbl MIIOCKOUN CIMpaIeBUIHOM

KaTyIlIKH
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Ha sddextuBHOCTh TEpenaun SHEPTUM HAMpsMYIO BIuseT Kod(hduiueHt
CBSA3M MEXAY NMPUEMHOM M MEpPENaronlel KaTyIIKaMHA KOTOPBIA PaCcCUMUTHIBAECTCS

UCXO/s M3 B3aUMOMHIYKIUU Mekay KaTyiikamu (40) [103]:

M DPr1PMm2
Kooy = 2 = 40
coup NEZR Y D11Pp; ( )

rie Mi; — B3auMHas WHAYKTUBHOCTB; Li, L, — wHAYKTUBHOCTB;, Dpi, Pumz —
MAarHWTHBIM TIOTOK B3aUMHOM WHAyKunu; P17, Dr; — MarHUTHBIA ITOTOKH
CaMOMHAYKIINH, IEPEIAIOIIEH U MPUEMHOM KATYIIEK COOTBETCTBEHHO.

B BCIID npu 3kcrutyarandu noapa3yMeBaeTCsl HAIMYKUE BO3AYIIIHOTO 3a30pa
M OCEBBIX CMEIICHUWA MEXIY KaTyIIKaMd HEMOCTOSHHOW BeIWYMHBI. 3 3TOTrO
cieayeT 4To Kod(pGUIMEHT CBSA3M HE SBISCTCSA MOCTOSHHON BETUYMHOM, a UCXOAS
n3 (40) ymeHbImaercss ¢ POCTOM pPACCTOSHHUS IIepeJayd dSHEPruu, TaK Kak
YBEJIMYEHUE PACCTOSHUS MEKTY KaTylIKaMU CHUXKAET BEJIMUYUHY B3aUMOUHIYKIIUU
Mio. KoaddunmeHT CBs3M MMOKa3bIBa€T Kakas 4YacTh MAarHUTHOTO TOTOKAa,

WHIyIIMPOBAHHOTO OJTHOM KaTymikou, naaynupyer IJ1C Bo BTOpoit karymike (41):

do
coup E

e, = —k (41)

Takum obpazom, ucxoss u3 (41), 11 MOBBILICHUS TIEpeIaBaeMONM MOIIIHOCTH
1 3Q(HEeKTUBHOCTH PabOTHI CUCTEMBI B O0IIEM Clydyae HEOOXOIUMO YBEJIMYUBATH
160 KOA((DUITMEHT CBSI3U MEXKITY KaTyIIKaMU, YTO SIBJISIETCS BO3MOKHBIM TOJIBKO B
cllydyae W3MEHEHHUs MapaMeTpoOB B3aWUMHOTO PACIOJIOXKEHHUS MPUEMHOM U
MepealonuX KaTymiek, Ju00 3a CYeT YBEIWYCHHS MArHUTHOTO IIOTOKa,
uaaymupytomero J3JC B mpueMHOM KOHType. B pealbHBIX  yCIOBHUAX
skcrutyataniu BCIID B cocTtaBe poOOTOTEXHHMYECKHUX CHCTEM TOYHOE B3aMMHOE
pacronoskenne [104] karymiek npd mepefade SHEPTHH M €ro  MOBTOPHOE
JIOCTUKEHHUE SBIISIIOTCS CJIOXKHOM 3ajlaueil W JIMIIAIOT JAaHHBIA CIOCO0 mepenadu
DHEPTUM TPEUMYIIECTB HaJl KOHTAaKTHBIMH MeTojamu. ClenoBaTeinbHO, BBIOOD
ONTUMAJBLHOTO BapuUaHTa KOHTYPHOM KATYIIKM HE JOJKEH OCHOBBIBAaThCA Ha

napamMeTpeC B3aUMOMHAYKIVH U €TI0 MaKCUMHU3AllUH.
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o 3akony bruo-Casapa-Jlamnaca, BerMurHa BEKTOpa MArHUTHON MHIYKLIUH,
CO3/1aBAEMOM HEKOTOPBIM 3JIEMEHTApPHBIM TOKOM B Ka)XOM TOYKE IPOCTPAHCTBA,
MPONOPLUHUOHAIIBHA 3TOMY TOKY. MarHuTHBIM NMOTOK IMPONOPLHMOHAJIEH BEIUYMHE
MarHuTHOW MHAyKUuMU B, xoTOpas B CBOK odepeb NPONOpLHOHAIbHA TOKY | B
npoBoJHUKE. 3 3TOr0 BO3MOXKHO clenaTh BbIBOJ, 4To @ ~I, a kordduimeHTom
IPOTIOPIIMOHATILHOCTH SIBIISICTCSI BETMYMHA HHAYKTUBHOCTH L (42):

® =LI. (42)

Ucxons u3 (42), yBenuYUTh MArHUTHBIN MOTOK, CO3/1aBaEMbIil TIepeaaroNIei
KATYIIKOM, BO3MOKHO 3a CYET YBEJIMYECHHUS TOKAa 4YEpe3 HEE WM YBEIUYCHUS
BEJIMYMHBI €€ MHIYKTUBHOCTU. [Ipu aTOM mapametpsi L u [,,, kaTyiku B coctaBe LC
KOHTYpa, palOoTarolmero Ha pPE30HAHCHOM YacToTe, SBISIOTCA CBSI3aHHBIMU

cooTHomeHueM (43):

Um

\/(Zn'fL)Z ‘|'Rcon2

: (43)

I,

rae U, — ammmTyna nepeMeHHOro HanpsiKeHUs, MOABOAUMOIO K PE30HAHCHOMY
KOHTYpY, f — pabouas dYacToTa KOHTYpPHOW KaTymku, R.,, - aKTHBHOE
COIPOTHUBIICHUE ITPOBOJHUKA KATYIIKH.

N3MeHeHne KONMM4YEeCTBA BUTKOB KATYIIKM IPUBOJUT K H3MEHEHHUIO €€
WHIYKTUBHOCTH, 4, CJIEAOBATEIbHO, €€ PEAKTHUBHOTO CONPOTHUBIEHHUs. Takxke ¢
KOJIMYECTBOM BHUTKOB M3MEHSAETCS [UIMHA [POBOJHHUKA M €ro aKTUBHOE
conpoTuBieHue. Hanmmuue Takux B3auMocBsi3el TpeOyeT pacyeTa BCeX MapaMeTpoB
KaTyIIKH B 3aBUCUMOCTH OT KOJIMYECTBa BUTKOB. /{7151 3TOro HE00X0AMMO BBIPA3UTh
BCE PACUETHBIE COOTHOLIEHUS YePE3 FEOMETPUUYECKHUE IapaMETPhI KaTYIIIKH.

DJIEKTPUYECKUMH TapaMEeTPpaMHM KaTyIIKU SBJISIOTCS HMHAYKTUBHOCTH U
BEJIMYMHA AKTHUBHOI'O COIPOTUBIICHMS. BenuunMHa akTUBHOTO CONPOTHUBIICHUS
OJTHOPOJHOTO TMPOBOJIHMKA C TOCTOSIHHBIM CE€YeHHeM, O0e3 ydeTa BIHUSHUS

MOBEPXHOCTHOTO 3¢ deKkTa BeruncaseTcs mo Gopmyie (44):

lCOTL
Reon = pT’ (44)
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TJIe p — yISIBHOE COMPOTHBIICHUE BEIIECTBA TPOBOIHUKA; |con— AITMHA TIPOBOTHHIKA,;
S — momaabr MONePeyHOro CEYCHUsI MPOBOTHUKA.

JUiss  mocieAyromuXx pacuyeToB MOXKHO NPUHUMATh  CONPOTHUBIICHHUE
MIPOBOJIHHUKA KATYUIKHA KPYTJOro CEYeHUs, paccuuTaHHoe no Gopmyie (43) B TOM
ciyqae ecnu D/6 <2 [105], rme D — muamerp mpoBoja, & — TOJNIIUMHA CJIOS
POBOAMMOCTH. Eciiu HepaBeHCTBO He cOOMI0AaeTCsI HEOOXOAMMO BOCTIOIB30BAThHCS
dopmyitamu, mpemnokeHasiva B [105, 106] wimm  wHBIMH, I8 pacdera
COIPOTHUBIIEHUS MPOBOJIHUKA C YUYETOM ITOBEPXHOCTHOTO 3PdeKTa.

JInMHa TPOBOJHMKA CHMPAIBHOW IUIOCKOW KAaTyIIKA B 3aBUCUMOCTH OT
KOJINYECTBA BUTKOB PACCUUTHIBACTCS UCXOs U3 (opMyJis (45):

leon = 2m(N7 + d(0.5N% — 0.5N)). (45)

Wcnons3ys (44), (45), BO3MOXHO BBIYMCIIUTH AKTHBHOE COIPOTHBIICHHUEC
MIPOBOIHUKA CTIUPATBHOMN KaTYIIKH.

Pacuer BenMuuMHBI WMHIYKTUBHOCTH IUIOCKOW CHOUPAJIbHOM KATYWIKH C
JIOCTaTOYHO BBICOKOH TOUYHOCTHIO BO3MOXKHO BBINOJHUTH IO SMIHUPUYECKON
dopmysie Bunepa [107, 108], npuBemeHHOW K METPUYCCKUM CIUHUIAM U

0003HAYCHHBIM BBIIIIC TEOMETPHUCCKUM MapameTpam Katymku (46):

Mo 1000 (2r+Nd)?N?
" 4w 2.54 32r+60Nd '

(46)
rac Yo — MaroHuTHasa IOoCTOSHHAA.

Hcnonp3ys aMImmuTyiHOE 3Ha4eHue Toka I, (29), paccunuThIBalOTCS MOTEPH

Ha aKTHUBHOM COTPOTHBJICHUN KOHTYPHOU KaTymiku - Py (47):

2
Py = (f/ﬂz) Reon- (47)
Jlist TOro 4ToObI POBOAUTH CPABHEHHE KATYIIEK M BHIOpATh ONTHMAILHOE
KOJMYECTBO BHMTKOB, HEOOXOJMMO BBECTU IApaMETpP, KOTOPBLIA BO3MOKHO
COOTHECTH C HAPaMETPOM MOTEPh P; M KOTOPBIA XapaKTEpPU3yeT KOJIUYECTBO
OHCPTrMM MAruruTHOI'O II0JIA, 3armacaeMoi B KOHTypHOP’I KaTylmke 3a COAWHUIY

BpemenH (48):

P, = 2Lf (%)2 (48)
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bosee HarnsgHO NOKa3aTh pasHULY MEXAYy KOHTYPHBIMH KaTyIIKaMH C
pa3HbIM KOJMYECTBOM BHUTKOB IIO3BOJIUT HapaMerp 7Y, KOTOPBIA SABISETCA
OTHOILLIEHWEM 3HEPIHMM MATHUTHOIO IOJIsA, 3allacaéMOM B KOHTYPHOHM KaTylIKe 3a

€IUHUILY BPEMEHHU K ITIOTEPSIM B HEM:

y==2 (49)

=

3HaueHus Yy MeHee | moKa3bIBaIOT TO, UYTO MOTEPU B KaTYyIIKE OOJBIIE, YeM
DHEPrus MAarHUTHOTO TIOJs, 3amacaeMas B HeM 3a eAuHully BpemeHu. C
YBEJIMYEHUEM KOJIMUECTBA BUTKOB IPU HEN3MEHHOM HAIPSHKEHUHU, IPUITOKEHHOM K
napauiensHoMy LC — KOHTypy, TOTepHM B KaTyIIKE CHHXKAIOTCS, TaK Kak
YBEJIMYUBAETCS MHAYKTUBHOCTh M PEAKTUBHOE COINPOTUBIICHHUE, CIIEOBATEIBHO,
YMEHBIIAETCS BEJIMYUHA PEAKTUBHOIO TOKA. [Ipr 3TOM pocT Y 00yCIIOBIEH TEM, YTO
C YBEJIMYEHUEM KOJIMYECTBA BUTKOB MPHUPOCT PEAKTUBHOTO COMPOTHUBIEHUS
0oJbllIe, YeM IPUPOCT AKTUBHOTO.

Br100p KoMuecTBa BUTKOB MOAPAa3yMEBAET pacyeT B TAOJIMUYHOUN (popMe, Tak
KaK TpPU TaKOM TMPEJCTaBICHUU JaHHBIX IOJYyYEHHbIE 3HAUCHUS TapaMeTpoB
KaTyliek Hanbosee y100HO CpaBHUBATh MEXKIy co00i. MIcXoMHbIMU MapaMeTpamMu
U1l pacyeTa aBisitores: Uy, — aMITUTy1a IEPEMEHHOT0 HANPSKEHUS [TOABOIUMOIO
K PE30HAaHCHOMY KOHTYpY, f — pabouas 4YacToTa KOHTYPHOM KAaTyIIKd, T" —
HAYalbHBIA paadyC HAMOTKH, d — IIar HAMOTKMA KaTyImIKH, P — YJAEIbHOE
COIPOTHBIIEHUE MaTepraja IPOBOJIHUKA, S — CEYEHHE POBOJIHUKA, j — IOMyCTUMAas
IJIOTHOCTH TOKa B IPOBOJHUKE.

B nanHO#l paboTe moapoOHO paccMOTPEH BapHaHT BHIOOpAa ONTHMAIBHOIO
KOJIMYECTBA BUTKOB KaTymKH N* TpW 3alaHHOM Ha4yaJlbHOM pajuyce M Iimare
HaMOTKU. OJIHAKO TMpeACTaBICHHbIE BBIIE (POPMYIJIBI MOXKHO KCIONB30BATH IS
non0opa ONTUMANBHBIX BapUaHTOB KATYIIKA TPU HM3MEHSEMOM Illare WU
HAYaJIbHOM paJiiyce HAMOTKH, WJIM M3MEHSeMOW padodeil 4actoTe cucTtembl. B
KauecTBE OrPAHMYMBAIONIETO YCIOBUS B TNIPEICTABICHHOM BapUaHTE BBIOOpA
ONTUMAJIBHOTO KOJHYECTBA BUTKOB OBLJIO 33a/laHO JIOMYCTUMOE 3HAUEHUE TOKA B

npoBoguuke I-:N = {N |[(N; <N < NA(I < Iﬁl)} € R™. lanHblii mapamerp
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PaCCUMTHIBACTCS MO JIOMYCTUMOM IUJIOTHOCTA TOKA j W 33JaHHOMY CEYEHUIO
MIPOBOJIHUKA S’

IP = jPs. (50)

IleneBass ¢GyHKIMS TPEACTABICHA JCUCTBYIOIIMM TOKOM B IPOBOJHUKE

karymku: [:N — R"™. Takum o0pa3oM, I oOecledeHHss MaKCHMaIbHOU

nepeaaBaeMoit momHoctu: I(N) <oy max.
€

Ecim monbop mapaMeTpoB KaTyIIKM HampaBieH HAa MHHHMH3AIUIO
MaccorabapuTHBIX IMapaMeTPOB, TO OTPAHMYCHHS HAKIAILIBAIOTCS HAa Pa3Mephl
KaTyIIKH WA eMKOCTh KOHJICHCATOpa PE30HAHCHOTO KOHTYpa. [Ipu ncnons3oBaHun
B nepenaromet yactu BbCIID aBToreHeparopa, 4acToTO3aJaroOlIMM KOHTYPOM
KoTOporo sBisiercss mepenaronuii LC KOHTyp, MHTEpEC MOXET MPEACTaBIAThH
noa00p ONTUMAJIBHOM KATYIIKH C YCIOBUEM (PUKCUPOBAHHON EMKOCTHU
KOH/ICHCATOpa PE30HAHCHOTO KOHTYpa U U3MEHsIeMOr pabodeil 4acToTol, KoTopas
3aBUCHUT OT UHYKTUBHOCTU KOHTYPHOM KaTyIIIKH.

JIist BBIOOpa ONMTUMAIBLHOTO KOJMYECTBA BUTKOB KOHTYPHOH KATYIIKH TIPH
f = const 3amgaercs quana3on 3HadeHuil BUTKOB [Ny, N, |. JIist KaKI0ro 3HAYCHUS
N mpu oMoy npeacTaBiIeHHbIX GopmyIt paccunTbiBaroTcst reoMetTpudeckue (leon)

u anektpudyeckue (Reon, L) mapamMerpsl KaTymku. 3aTeM OOpenemsiercs

I[eﬁCTBYIOIHee 3HA4YCHUC TOKa B IIPOBOJHUKC I = \/—_ B 3aBUCHUMOCTH OT KOTOPOI'O

BBIOMPACTCS ONTHUMAIIbHOE KOJU4ecTBO BUTKOB N *, Takoe uro [(N*) = max I(N).

Im
29

IIpu f = var cHayana s kaxaoro N pacCUMTBIBAIOTCS T€OMETPUICCKUE U
IEKTPUUECKUE TapaMeTphl KaTyIIKH, 3aTeM OMpenesseTcs padoyas 4acToTa Io
bopmyie:

1
f=m= (51)

Jlanee aHaOTHYHBIM CIIOCOOOM, Kak 1pu f = const onpenensitores | u N*.

[Ipn 3amaHHBIX OTpPaHUYCHHSAX B pa3Mepax KaTyIIKd €€ BHEIIHWH JTuaMeTp

paccunTtbiBaetcs o popmyne D = 2(r + Nd), a KOTHUYECTBO BUTKOB BhIOMpAETCS

Takoe, 4To0sl D, 5, < D.
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B Tabnuiie 3 mpeacTaBieHBl HCXOMHBIC MTapaMeTPhl JIJIS pacdeTra u BhIOOpa
ONTUMAJBLHOTO KOJMYECTBA BUTKOB MpPUEMHOW W mnepenarouux katymek bCIID
MaJioil  MOIIHOCTM HCHOJIb30BAaHHE KOTOPOW MpenanojaraeTca B 3ajadax

HEPreTHYECKOro 0OMeHa MEXIy poOOTaMU TPYTIIbI.

Tabmuma 3 — McxomHble mapaMeTpsl IJIs pacuera

[TapameTtp Un r d p S jP

om-mm? 0.374 6.5 A/
m mm mm

3nagenue (26.37V| 19mm | 0.74mm | 0.0171

JInst  mpeasioKEeHHOTO  CXEMOTEXHUYECKOTO PEIIeHUs, B KOTOPOM CHUCTEMa
MOCTPOEHA Ha OCHOBE aBTOrE€HEpaTOpa, YacTOTO33JAI0OIIMM KOHTYPOM KOTOPOTO
apisiercs nepepatomuii LC koHTyp, Oosee yaoOHBIM MPEACTaBIACTCS IMOI00D
ONTUMAJIbHON KaTYIIKU C YCJIOBHEM (UKCUPOBAHHOW EMKOCTH KOHJEHcaTopa
PE30HAHCHOTO KOHTypa M HM3MeHseMol pabodeil 4yacTOTOH, KOTOpas 3aBUCHUT OT
WHIYKTUBHOCTH KOHTYPHOHM KaTymIKW. B KadecTBE OrpaHUYMBAIOIIETO YCIOBHUS
OBLJIO 32/1aHO JOMYCTUMOE 3HAYCHUE TOKA B MPOBOTHUKE.

B tabnune 4 mpuBeneHbl pe3yabTaThl pacdyeTa MmapaMeTpPOB IS 3HAYCHHSI
€MKOCTH KOHJEHCAaTopa pe30oHaHCHOro koHTypa C = 0.47 pF.

Tabmuma 4 — Pe3ynbratel pacueta npu f = var,C = const

N f, xI'n I,A |P4 Br|Pm Br| vy N f, xI' I, A |Pg, Br|Pm, BT| Yy

1 7714 | 424 9.8 | 252 | 25.6 11 76.3 4.2 1.2 | 249|196
2 391.1 | 215 51 | 1278 | 24.7 12 70.2 3.8 11 | 229 |19.2
3 263.9 | 145 35 | 86.2 | 240 13 65.0 35 11 | 21.2|189
4 200.1 | 11.0 2.8 | 654 | 233 14 60.6 3.3 1 19.8 | 18.5
5 161.6 8.9 23 | 528 | 22,6 15 56.7 3.1 1 18.5 | 18.2
6 135.8 7.4 20 | 444 | 220 16 53.2 2.9 09 | 174 179
7 117.3 6.4 1.7 | 383 | 215 17 50.2 2.7 09 | 164 |17.6
8 103.3 5.6 16 | 33.7 | 21.0 18 47.5 2.6 0.8 | 155|173
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9 92.4 5 14 | 30.1 | 20.5 19 45.0 2.5 08 | 14.7 |17.0

10 83.5 4.6 13 | 273 | 201 20 42.8 2.3 0.8 14 |16.8

Ucxons w3 (50), mis 3amaHHBIX HWCXOMHBIX TApaMeTPOB JIOMyCTHUMOE
3HAYECHUE TOKA MPOBOJHUKA I,Zf,)l coctapiseT 2.43 A. CnenoBareabHO, BO3MOXKHBIMHU
BapUAHTAMU SIBJISIIOTCS KATYIIKU C KOJTUYECTBOM BUTKOB 19 1 20. Crietyst KpUTEpHIO
MAaKCUMM3allMM MArHUTHOTO IIOTOKA, CO3JaBAEMOT0O MEPENAOMIEH KaTyIIKOM,
HaWIy4lllMM BapUaHTOM SBIISIETCA KaTyuika ¢ 19 Butkamu. KoHTypHas KaTyIka ¢
19 BUTKamMu wHMeeT NEUCTBYIOIIEE 3HAYEHHE Toka 2.5 A, 4YTO BBIIIE, YEM
pacCUMTaHHOE 3HAYCHUE Iﬁl Ha 2,8%, TO3TOMY JIOIMYCTUMO MCIIOJIb30BATh JAHHBIM
BapuaHT. C y4eToM 3aIaHHOTO OTPAHUYCHUS MO TOKY, ONTUMAJIbHBIM BapUAHTOM
ABJISICTCS KaTylIka ¢ 19 BUTKaMu.

bonee moapoOHO MeTonMKa pacdeTa ONTHUMAIBHOTO KOJMYECTBA BHUTKOB
npueMHOM M nepenaronier karymek bCIID ¢ mapamienbHbIM pe30HAHCHBIM

KOHTypoM mnpejcranieHa [109].

3.3 TecrupoBaHue U CHCTEMATH3ALMSA IKCIIYATAIHOHHBIX

OrpaHUYeHNH Pa3padOTAHHOM CHCTEMbI

Katymiku pe3oHaHCHOTO KOHTYpa UMEIOT 19 BUTKOB C OTBOJOM OT CEPEAUHBI
M HaMoTaHbl MpoBojgoM guamerpoM 0,69 wmwm. Ilonb3ysicb METOAUKOM,
npemtoxkeHHou B [105], 6b110 paccunTaHO COMTPOTUBIICHUE MTPOBOIHUKA KATYIITKH C
y4eToM noBepxHocTHOro 3 dekra. Ha wactore padbotsl cuctemsl 45 kI'11 siBieHue
MOBEPXHOCTHOTO d((PeKTa yBeTnIMBaeT COMPOTUBICHUE TTPOBOJHUKA KATYIIIKU U3
19 ButkoB nuamerpom mnposonaa 0,69 mm (o menu) Ha 3,12%, yTo sBIsSETCA HE
CYILIECTBEHHBIM ISl POTOTHUIIA, U3TOTOBJIIEHHOI'O ISl alpoOaluy npeioKeHHON
CTPYKTYpbl M CXEMOTEXHHMYECKOTO pelleHus. B KkadecTBe KOHJEHcAaTopa
PE30HAHCHOTO KOHTYpPa UCHOJIB3YIOTCA TIeHOUHbIe MPP KOHIEHCaTOphl ¢ HU3KUM

3HaueHnueM ESR.
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[Ipu mpoBeneHnH NEPBOro 3KCIEPUMEHTA, B pe30HaHCHOM KoHType bCIID ¢

buKcupoBaHHON eMKOCThIO KoHIeHcaTopa C=0.47 uF Obuia mogyyeHa 3aBUCUMOCTh

3¢ (GEKTUBHOCTH OT MepeaaBacMoi MOIIHOCTH (pHCYHOK 25).

DippeKTHBHOCTE, %o

CHCTCMBbI
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Pucynox 25 — 3aBucumocts 3 HeKTUBHOCTA CUCTEMBI OT TIEpPEIaBaECMOi

MOIIHOCTH.

N3 rpaduka Ha pucyHke 25 ciemyer, 4To MakKcHUMasibHAs 3(PQPEeKTHBHOCTH

nocturaer 59.91% mnpu mnepegaBaemoi wmomuoctn  10.09  W.

MakcumainbHas nepegaBaemasi MOITHOCTh 15.4 W,

[Tepenapaemadt MOIIHOCTE, BT

18
16
14
12
10

O b e Ch GO

=
Lh

10 15 20 25

Paccrosane, MM

Pucynok 26 — 3aBucUMOCTh MaKCUMaJIbLHOM MepeaBaeMO MOIIIHOCTH

CUCTCMBI OT PACCTOAHUA 1ICPCAadn S9HCPIUH.
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Bo BTOpOM »3KCIEpUMEHTE NPOBOAWIOCH HW3MEPEHHE MAaKCUMAaJIbHON
nepenaBaeMoil MmomHOcTH BCIID npu u3MeHsseMOM PacCTOSIHUU MEXAY MPUEMHON
U 1nepeparomied KarymkamMu. [lodmydeHHass 3aBHCMMOCTh MaKCUMallbHOU
NEpeIaBaéMOil  MOIIHOCTM CHCTEMBl OT PACCTOSIHUS MEpedadyd SHEPruu
MpejICTaBlIeHa Ha pucyHKe 26.

[Ipn yBenuMYeHUM PACCTOSIHUS MEXKIy KaTylIKaMd CHHKAeTCs BEIUYMHA
B3aMMHOW MHIYKIMH, KaK CJIEJICTBHE CHUKAETCS MepeaBaeMas MOIHOCTh. KpuBas
UMEEeT HUCXOSIINN XapakTep, HauOoJbllee 3HaUCHUE MepeaBaeMoid MOUTHOCTH
JIOCTUTAETCS TIPU HETMOCPEICTBEHHOM OJM30CTH MPUEMHON U MEPEeIatoNIuX JyacTen
cuctemsl. [Ipu paccTosinnu 25 MM niepeiaBaeMasi MOIITHOCTh YMEHbIIaeTcs B 6,1 pa3
U cocrtasiisieT 2,5 BT.

Ha pucynke 27 mnpeacraBieHa 3aBUCUMOCTH 3(PGEKTUBHOCTH pPabOTHI
cuctembl BCIID oT paccTosiHus MeXIy IPUEMHOW U MEPEIAIONIEH KaTyIlIKaMU [Py
MaKCUMAaJIbHOW IepeAaBaeMOil MOIIHOCTH JJIsl 3aIaHHOTO PACCTOSHUS NEpeaaydn

HHEPTUH.

60

DippekTHBHOCTE, %0
ey
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0 3 10 15 20 25
PaccrosHne, MM

Pucynox 27 — 3aBucumocth 3P PEKTUBHOCTH CUCTEMBI OT PACCTOSHHUSI
nepeaadn SHEPTUH.
N3 rtpadmka Ha pucyHke 27 cilemyeT, YTO MaKCHUMaJlbHOE 3HAYCHHE

(b (HEKTUBHOCTH TPH MaKCUMAJIbHOM TepenaBaeMOld MOIIHOCTU JUIsl 3aJaHHOTO
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paccTostHUs 1ocTUraet 56.58 % npu paccTossHUN MEXAy IPUEMHON U TIEpelarolen
4acTsAMU 5 MM, NepefaBaeMasi MOIIHOCTb pu 3ToM coctaBuia 14,01 Bt. [lanublii
¢akT 00yciOBIEH JIydllleld, [0 CpPaBHEHHUIO C JPYTMMH CIIy4yasiMHu,
COIJIaCOBAaHHOCTBIO CONPOTUBIEHUS Harpy3ku ¢ bCIID npu nanHON nepenaBaemMon
MOIIIHOCTH U PACCTOSHUU.

[IpeumymiectBamu  pa3pabotanHoit aByHampasieHHo BCIID  sBusercs
VMHTEIPUPOBAaHHAsl CHCTEMa YNPABICHUS PEKUMOM MEpeJadyd SHEPIUU U CUJIOBast
4acTh CUCTEMBI, HE TpeOyrolas CleluaIn3upOBaHHON CHUCTEMbI yIpPaBIEHUS TaK
KaK BBIIIOJIHEHA B BUJIE PE30HAHCHOI0 aBTOoreHeparopa. [ [pumenenne pe3oHaHCHOTO
aBTOT€HEpPATOpa M WIACHTUYHBIX KOHTYPOB B NPHUEMHOW M IEPENAOLIEH YacTaX
MO3BOJIAIET CHCTEME paldoTaTh BCErla B PE30HAHCHOM pEXUME M He Tpedyer
MOJICTPOMKM pabouell 4acTOThl, HE3aBUCUMO OT PACCTOSIHUSI U CMEIIEHUH MEX Ty
KaTylIKaMH, YTO TIO3BOJIIET TMOBBICUTh 3(PPEKTUBHOCTH U MEPEIaBaAEMyIO
MOIIHOCTh cUCTeMBI. JlaHHas 0COOEHHOCTH MO3BOJISIET UCIIOIB30BATh CUCTEMY NPU
HU3KOM TOYHOCTU COBMELIECHHUSI TPUEMHON U MTEPEIAOIIEH KaTyIEK, YTO aKTyJIbHO
IpU HCIOJIB30BAaHUU B poOoToTexHHKe. OJHUM M3 CBOMCTB MpEACTaBICHHOU
CTPYKTYpPbl M CXEMOTEXHUYECKOTO PEIICHUS SBJISETCS BO3MOXHOCThH MOJIyYaTh
HaIpsDKEHUE Ha BBIXOAE CUCTEMBI, paboTarolledl B pexXUMe IMpHeMa SHEPruu
PaBHBIM U BBIIIE HANPSOKEHUs] MCTOYHMKA IMUTAaHUS CHUCTEMbI paboTaroiieil B
pexume nepenaun sHepruu. CreoBaTeIbHO, CUCTEMY BO3MOXKHO HCHOJIb30BaTh
JUISL IepepacipeeNIeHNs] JHEPTEeTUUECKUX PECYPCOB MEXTy Ha3eMHBIMU poOOTaMH,
VUCTOYHUKAMHU TUTAaHUS KOTOPBIX SABJIAIOTCS aKKyMYJATOpHbIE OaTapeu C
OJIMHAKOBBIM U Pa3HbIM pabOUYKUM HANPSKEHUEM.

N3 paccmoTpennbix B aHanuse [110] uccrnenoBatenbckux pabOT BO3MOXKHO
BBIJICIUTh HEKOTOPBIE B3aWMOCBSI3U MEXAY d(DPEKTUBHOCTHIO pabOThl CUCTEMBI,
NIEPENABAEMON MOUIHOCTBIO M TE€OMETPUYECKHM PACIIOJIOKEHUEM MPUEMHOU U
nepenarommx katymek. Okcmryatauuss BCIID B cocraBe HazeMHBIX pPOOOTOB
TpeOyeT aHanM3a KCIUTyaTaunoHHbIX orpanndyeHnii bCIID u ux cucremaruszauuu
JUI TOCJenyIonie pa3pabOTKU aNrOpPUTMOB JIBIXKEHUS, MO3UIIMOHUPOBAHUS U

yOpaBJeHHs  CUCTEMOM  3apsana  akkymyssropa. g cucremaTusauuu
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AKCIUTyaTallMOHHbIX orpaHuueHuit BCIID, CBsS3aHHBIX C  OTHOCHUTEIIBHBIM
paCIlONIOKEHUEM TMPUEMHON M Mepefarolieil 4JacTeil CHUCTEMbl HEOOXOAMMO
MPOBECTH Psii AKCIIEPUMEHTOB, KOTOPHIE MO3BOJIAT MOJYYHUTh XapaKTEPUCTUKU
CUCTEMBI JIJISl PA3JIMYHBIX YCIOBHI MEepegay SHEPTHH.

HccnenoBanue 3aBUCHMOCTEH XapaKTEpUCTUK CHUCTEMbl IIPOBEJICHO Ha
peasibHOM TmporoTune. Jias momydeHuss 3aBHCUMOCTEH 3(G(EKTUBHOCTH H
NEepPEeIaBaEMONl MOIIHOCTUM OT PACCTOSHHMS M CMEILIEHUS MEX]Iy IPUEMHON u
nepeJarouieil KaTylIKkaMy ObUIH ITPOBEIEHBI J1BA BUAA SKCIIEPUMEHTOB.

B nepBoM BHAE JKCIEPUMEHTOB ObUI TMOJIY4YEH pAJ 3aBUCUMOCTEU
nepesaBaeMoil MOIIHOCTH U 3()(PEKTUBHOCTU CUCTEMBbI A 6 (PUKCUPOBAHHBIX
paccTOsHUM Meperayd 3HEPTUM B JMala3oHe OT HEMOCPEICTBEHHOM OJIM30CTH
KaTymeKk JApyr K Apyry Ao 25 mMm. BbpiOop BepXHero 3HaueHHs JuanazoHa
00yCJIOBJIEH 3HaUUTENbHBIM NazieHneM DJ{C B IpUEMHOMN KaTyIIKe U OTCYTCTBHEM
pabOTOCTIOCOOHOCTH CHUCTEMBI MPU PACCTOSHUSIX, MPEBBIMIAOIIUX AaHHOE. [Ipu
MIPOBEICHUH PKCIIEPUMEHTA Mepeaaroas 4acTb MUTAIACh OT CTAOUIU3UPOBAHHOTO
UCTOYHUKA C HanpspkeHueM 8,43 B. Ha BbIxoje NpUEMHON YacTH CUCTEMBbI
BeIXOMHBIM DC-DC  moBbImmaromuM — mpeodpazoBaresieM HampsikeHHE  ObLIO
yCTaHOBJIECHO Ha ypoBHe 8,43 B Ha xomnoctrom xonay. Harpyskoi sBisics
AJIEKTPOHHBIN  yMpaBisieMbld OaytacT co cradunm3anuei Toka. ['padux
3aBUCUMOCTH 3(QQPEKTUBHOCTH PaOOThl CUCTEMbI OT MOIIHOCTH Harpy3k st

pa3TUYHBIX PACCTOSHUN - L mepenayun sHepruu mpeicTaBlieH Ha PUCYHKe 28.
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Pucynok 28 — 3aBucumoctu 3¢ (peKTHBHOCTH pabOTHI CHCTEMBI OT

MOIIIHOCTH Harpy3KH JJIs Pa3Iu4HbIX PaCCTOSHUN MEXAY KaTylIKaMH

Kpusbie Ha pucynke 28 umeror Ommskyro dopmy, npu L=0 u L=5 mm
NPAKTUYECKA COBIMAJAIOT. YBEJIMYEHUE PACCTOSIHUS MEXAY MPUEMHON U
Nepearollei KaTyllKaMy BeJIET K CHUKEHUIO MaKCUMaIbHON MOIIHOCTH HArpy3KH.
[Ipy uW3MEHEHHHM pacCTOSIHUSI MEXIy KaTrylkamMu A0 25 MM MakCHMallbHas
nepeaaBaeMasi MOIIHOCTh CHUXKAeTcsl B ~2,8 pa3 Mo CPaBHEHHUIO C MUHUMAJIbHBIM
pacCTOSHUEM MEXKIY KaTylIIKaMH.

BTopoii psig  OKCIIEpMMEHTOB MpEAINojaral IOJy4YeHHE 3aBUCUMOCTEN
nepeaaBaeMoil MOIIHOCTH U 3((HEKTUBHOCTH CUCTEMBI MPHU TEX )K€ YCIOBUSAX YTO U
B MEPBOM JKCHepuMeHTe. PaccTossHre Mexay KaTrylnikamu ObUI0O MHUHMMAJIbHBIM
(L=0) npum 5TOM H3MEHSIOCH OCEBOC CMEIICHMH MEXAy KaryimkamMu — H B
nuarnaszone 70 30 Mm. 3aBHCUMOCTH OBUIM TOYYEHBI JJISl 5 OCEBBIX CMEIICHUN U

Ipe/ICTaBIICHbI Ha pUcyHKe 29.
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Pucynok 29 — 3aBucumoctu 3¢ (HeKTHBHOCTH pabOTHI CUCTEMBI OT

MOIIHOCTU Harpy3Ku JJI Pa3IMYHbIX CMEIMICHUI MEX1y KaTylIKaMu

[Tpu cpaBHeHUU rpadukoB Ha pucyHKax 28 u 29 MOXKHO c/ieNIaTh BBIBOJ, YTO
OCEBBIE CMEILECHUS MEXIy KAaTylUIKaMH BIMSIIOT Ha MEpeAaBaeMyl0 MOLIHOCTb U
3¢ (HEKTUBHOCTH CUCTEMBI B MEHBIIIEH CTEIIEHU YEM PACCTOSIHUE MEXTY KaTyIIKaMHU.
[Tpu oceBOM CMeEIIEHUH MEXAY KaTylIKaMd PaBHBIM MPUOJU3UTENBHO MOJIOBUHE
aMeTpa KaTyllek MakCUMallbHas TiepeaBaemMasi MOITHOCTh najaeT B ~3.5 pasa.

ITonmy4yeHHBIE U3 3KCIIEPUMEHTOB JIaHHBIE B WX IEPBOHAYAJIILHOM BHJIE HE
JAI0T BO3MOKHOCTH BBIUHUCIATH S()PPEKTUBHOCTH CHUCTEMBI B 3aBUCUMOCTH OT
PACCTOSIHUS WM CMELIEHUN MEXIy KaTylIKaMU U MepeJaBaeMOi MOLIHOCTH IS
BCIID ¢ papyrum pa3smMepoM KOHTYPHBIX KaTymiek. JlJisi BbIBOAA YpaBHEHHIA
3aBUCUMOCTEHN A(DPEKTUBHOCTH pabOThl CUCTEMbI M TEPEaBaeMON MOITHOCTH OT
paccTtosiHusl U cMmeleHuil Mexay karymkamu uis bCIID HeoOxoauMo BbIpa3uTh
MOJIyYeHHbIE PE3YJIbTAThl B OTHOCUTENBbHBIX BEIMYMHAX U CBECTH B TAOIUIIbI.

[lepeBoag HSKCHEPUMEHTANBHBIX JAHHBIX B OTHOCUTENbHBIE €IUHHUILIBI

IPOBEEH CcIenyroIuM o0pa3oM. MoIHOCTh Harpysku Pp cooTBeTCTBYMOLIas
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HEKOTOPOMY 3HA4YCHHIO d(PPEKTUBHOCTH 7, HA PacCTOSIHUM L, Wi co cMenieHneM

H, nmepeBoaHUTCS B OTHOCUTENBHOE 3HAYEHUE Prei(n):

—n (51)

P =

rel(n) Prmax
rae Pmax — MakcumanbHas MOIHOCTh Harpy3ku bCIID.

OtHocutenbHas  3(PGEeKTUBHOCTH Hrel(n) COOTBETCTBYIOIIAA Prein)

pacCUnThIBACTCA:

Nrei(n) = n (52)

)
Nmax

TJI€ Nmax — MakcuMaibHas 3¢ dextuBHOCTH BCIID.

Brnusinue mapaMeTpoB CMEIICHHS W PACCTOSIHUS MEXAY KaTylmIKaMH Ha
pabouune napametpbl BCIID cBsizaHO ¢ pa3MepaMu KOHTYpPHBIX KaTyIIEK, TaKUM
o0pa3oM HEOOXOAMMO TAaKXe BBIPA3UTh 3TH NApPAMETPbl B OTHOCUTEIbHBIX

CcAUHUIax. I[J'IH PaCCTOAHUA MCKAY KaTyYIIKaMM BBIPpAKCHHUC UMCCT BU/:

Ln
Lrel(n) = (53)

rae D — nuameTp KOHTYpHOM KaTyIIKH.
®dopmysia OyJIeT UMETh aHAJIIOTUYHBIN BUJ I OCEBOTO CMEIIECHUSI MEXITY

KaTyIIKaMH:

Hp

Hrel(n) =7 (54)

Pe3ynbrarhl, TONIydeHHBIC B BBIINIE TMPOBEACHHBIX JKCIEPUMEHTaX, IIO0
nepefade dHEPrud TpPU  M3MEHSIONIEMCS PACCTOSHUM MEXKIY KaTyIIKaMu
BBIPOKCHHBIC B OTHOCUTEIBHBIX SIUHUIIAX CBEIACHBI B TAOIHITY 5.

Tabnuma 5 — 3aBucuMocTh 3(HEKTUBHOCTH | TEepeIaBaeMOi MOIIIHOCTH OT

pacCTOAHUA IICpCaAadn SHCPIUHU B OTHOCUTCIIBHBIX CAMHHUIIAX

Lre=0 Lrer= 0,08 Lre=0,16 Lre=0,24 Lrer=0,32 Lre= 0,40
Prei Hrel Prel Hrel Prel Hrel Prel Hrel Prel Hrel Prel Hrel
0,14 | 053 | 0,14 | 052 | 0,24 | 051 | 0,24 | 0,48 | 0,24 | 0,47 | 0,14 | 0,47
0,29 | 0,80 ( 0,29 | 0,80 | 0,29 | 0,77 | 0,29 | 0,75 | 0,29 | 0,75 | 0,29 | 0,75
043 | 094 | 043 | 0,94 | 0,43 | 0,92 | 043 | 0,90 | 0,43 | 0,88 | 0,43 | 0,70
0,57 | 1,00 | 0,57 | 0,99 | 0,57 | 0,96 | 0,57 | 0,95
0,71 | 0,99 ( 0,71 | 1,00 | 0,71 | 0,96
0,86 | 097 | 0,86 | 0,95 | 0,86 | 0,80
1,00 | 0,87
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[IpuBeneHHbic B TaONWIE JaHHBIC C TMOMOIIBIO IMAKETa MPOTPaMM IS
pelieHus 3a/1a4 BHIYUCIICHUIN ObLIM anmpOKCUMUPOBAHbI CTETIEHHBIM MOJIMHOMOM
TpeThero mopsaka. K ToJydeHHOMY ypaBHEHHIO TTOBEPXHOCTH J10OABJICHBI
OTpaHUYEHMs] Ha 00JIaCTh JOMYCTUMBIX 3HAYEHHM TEPEMEHHBIX U TMOoJIydeHa

CJHEYIOIAs CUCTEMA YPABHEHHU:

z = 0.1498 + 0.04462x + 3.14y — 2.147x* + 0.3625xy — 3.566y° +
+3.982x% — 0.02121x%*y — 0.5439xy* + 1.15y° , (55)
y < 0.3906x* — 1.738x + 1.016

rie X = Lrel, ¥ = Prel, Z = #re1, X,Y,2 € [0:1].
BI/IByaJ'IBHOC HpeI[CTaBJ'IeHI/Ie HOBerHOCTI/I, HOCTpOGHHOﬁ Ha OCHOBC

CUCTEMBI ypaBHeHUH (55) nzobpaxeno Ha pucynke 30.

0.7 —

=
[=2]
!

efficiency (nrel)
[=1 [=1
E= on
i i

<
=
z

<
M
z

0.1 ~

0.6

0.3 0.4

distance (Lrel) 0.4 0 power (Prel)

Pucynox 30 — 3aBucumoctb 3pPeKTUBHOCTUA PAOOTHI CUCTEMBI OT

MOHOIHOCTHU HAIrpy3KH U paCCTOAHUA MCKY KaTyllIKaMH
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B coorBerctBun ¢ dopmymamu (51), (52) m (54) ucxomHble IaHHBIC
OKCIIEPUMEHTOB TP TIiepelade SHEPrud CO CMEIICHHEM MEXIy KaTyIIKaMu
NICPEBE/ICHBI B OTHOCUTEIIBHBIC SIMHUIIBI U TIPEACTABJICHBI B TAOJUYHOM BHJIC:
Tabmuma 6 — 3aBucuMOocTh 3G(HEKTUBHOCTH | IEpEaBaeMON MOIITHOCTH OT

OCCBOI'0 CMCIICHUA MCKAY KaTyIIKaMH B OTHOCUTCIIbHBIX CAHMHUIAX

Hre = 0 Hre = 0,03 Hre = 0,06 Hre = 0,13 Hre = 0,26 Hre = 0,48
Prel Hrel Prel Hrel Prel Hrel Prel Hrel Prel Hrel Prel Hrel
0,14 | 053 | 0,14 | 054 | 0,14 | 0,53 | 0,14 | 0,52 | 0,14 | 0,50 | 0,14 | 0,22
0,29 | 0,80 | 0,29 080 | 029 | 080 (029|079 ] 029 | 0,77 | 0,29 | 0,72
043 | 0,94 | 0,43 09 | 043 | 092|043 | 091 | 043 | 0,89
0,57 | 1,00 | 0,57 | 100 | 0557 | 0,98 | 0,57 | 0,96 | 0,57 | 0,94
07109 |07 101 | 071 | 100 | 0,71 | 0,96 | 0,71 | 0,94
0,86 | 0,97 | 0,86 09 | 086 | 091 | 0,86 | 0,87
1,00 | 0,87 | 1,00 0,84

AHAJIIOTUYHO CIIy4yaro [Jis PacCTOSHHMS MEXIy KaTyllKaMu, IpOBEICHA
MOJJMHOMMAJIbHAS alllPOKCUMAIIUS IOBEPXHOCTH, MOJIYUYEHHON HA OCHOBE JTAHHBIX
IIPY OCEBOM CMEILICHUM KaTylIeK. B pe3yibTare MOoJy4eHHbIA MOJIMHOM BTOPOIO
MOpsiiKa JIOTIOJHEH OrpaHWYEHUsSIMH Ha O0O0JacTh JIONYCTUMBIX 3HAYEHUU
MIEPEMEHHBIX Y BBIBEJICHA CJIEAYIOIIAs CUCTEMA YPABHEHUM:

{z = 0.2402 — 0.1936x + 2.322y — 0.4821x% + 0.1042xy — 1.774y? (56)

y < —1.342x* — 0.7919x + 1.03
rae X = Hrel, Y = Prel, Z = 7re1, X,Y,Z € [0:1].
BI/I3yaJ'IBHOC MMpCACTAaBJICHUEC ITOBCPXHOCTH, HOCTpOGHHOfI Ha OCHOBC

CUCTEeMBbI ypaBHEHUM (56) n300pakeHo Ha pucyHke 31.
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Pucynok 31 — 3aBucumocTtb 3¢ (HeKTHBHOCTH pabOTHI CUCTEMBI OT
MOIITHOCTH Harpy3Kd ¥ CMEIICHUS MEXITY KaTyIIKaMu

CpaBHEHHE TIOBEPXHOCTEH, TOJYYCHHBIX Ha OCHOBE TIPUBEICHHBIX B
OTHOCUTEIBHBIX EAWHHUIIAX JAaHHBIX OKCIICPUMEHTOB, HATJSIHO ITOKAa3bIBACT
OOJBIIYI0 3aBUCHUMOCTh J(PPEKTUBHOCTH U TEpeJaBaeMOd MOIIHOCTA OT
PACCTOSIHUS TIEpe/Iayl DHEPTUU Y€M OT OCEBOT'O CMEIICHUSI MEXTy KaTyIIKaMHu.

BriBeieHHBIE CHCTEMBI YPaBHEHUH IMO3BOJISIOT BBIYUCIATH 3PHEKTHBHOCTH
nepeaadyrd dHEPruu B 3aBUCUMOCTH OT MOIIHOCTH HArpy3KH M PACCTOSIHUS WITH
cMenIeHUs MexX Ty Karynikamu 11 BCITD, ocHOBaHHBIX Ha MHIYKTHBHO CBS3aHHBIX
PE30HAHCHBIX  KOHTypaX C  IUIOCKHMH  CIUPQJICBHIHBIMHA  KaTyIIKaMH.
Hcnonp3oBaHne airopuTMOB, OCHOBAaHHBIX Ha TPEICTABIEHHBIX CHCTEMax
ypaBHeHuil Tipu npumeHeHun bCIID B cocTaBe Ha3eMHBIX POOOTOB IMO3BOJIUT
BBISIBUTH PA3IMYHOTO POJia MOMEXH Mpu Tepenade sHeprud. Ecim pacdeTHoe
3HaueHHe A(P(OEKTUBHOCTH CHCTEMBI HWKE peajbHO HW3MEPEHHOW, TO MOXKHO
KOCBEHHO C/IeJIaTh BBIBOJI JIMOO 00 OIIMOKAX B MO3UIIMOHUPOBAHUU POOOTOB, JTUOO

O HAJIUYUU TIOCTOPOHHUX MPEAMETOB MEXKJIy IPUEMHOM U NEpPEIarolen
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KaTylmkaMu. Tak K€ BO3MOXHO IPOBOAUTH INPEABAPUTEIBHYIO OLICHKY
1EJIeCO00PAa3HOCTH MEePEAAUU SHEPTUU MEXKAY pOOOTaMU WIIH 3apsSAHON CTaHIIMEH U
poOOTOM TMpH 3aJaHHOM B3alUMHOM T[IOJOXKEHUM U MPUHUMATh PpELICHHUE

IMPOU3BOAUTH IICPCAATY SHCPTHUHN WU ITPOAOJIKUTH ITO3UITMOHHUPOBAHUC.

3.4 BbIBoAbI 10 TPeThEH IiIaBe

B tperbeli rmaBe mpencTaBieHO pa3pabOTaHHOE —amnmapaTHoe |
QITOPUTMHUYECKOE  OOecreueHue, pealusyroliee OOMEH DHEPreTUYeCKUMU
pecypcamu wmexay pobotamu. CTpykTypa U CXEMOTEXHUYECKHE pEelICHUs
pa3paboranHoi  nByHampamieHHod ~— BCIID  omimuaroTcs  mpuUMEHEHUEM
PE30HAHCHOTO aBTOIE€HEPATOPA YACTOTO3AJAIOIIMM KOHTYPOM KOTOPOIO SIBJISIETCS
MEPENAOIINN  PE30HAHCHBIA KOHTYP, a TaKXe OTCYTCTBUEM OTAEIBHOIO
CUHXPOHHOIO WJIM HECUHXPOHHOI'O BBINIPSAMUTEINS] B IPUHIMIIMAIBHON CXEME.
Hcnonp30BaHne pPE30HAHCHOTO ABTOTE€HEPATOPa, YaCTOTO3aJAIOIIMM KOHTYPOM
KOTOpPOTO ABJISICTCS MEPEHNAIONIMN KOHTYpP, MO3BOJISIET MOAIECPKUBATH PE30OHAHC B
NepeIaroIieM KOHTYpEe MPU U3MEHEHNU HHAYKTUBHOCTH TIEPENAIONIeH KaTy K 0e3
WCIMOJIb30BaHUs JIOMOJHUTEIBHBIX CHUCTEM MOACTPOMKH 4YacTOThl. llpuemHas wu
nepenaronias yactu apyHanpasieHHONM BCIID MMeroT naeHTUYHbIE pE30HAHCHbBIC
KOHTYpbI, 4YTO Ja€T BO3MOXHOCTh H30aBUTHCS OT JOMOJHUTEIBHBIX CHCTEM
MOJACTPOMKM YAaCTOThl MPUEMHOIO KOHTypa TMpPU HU3MEHEHHUM B3aUMHOIO
pacmoyio)keHusi  Karymiek. llepeduciaeHHble  OCOOCHHOCTH  CIIOCOOCTBYIOT
JIOCTHUKEHUIO BBICOKOM dS(PGEeKTUBHOCTHM U TiepeaBaeMOil MOITHOCTH MpHU

SHAYUTCIBbHBIX CMCIICHHUAX MCIKIY HpHCMHOfI u Hepejla}omeﬁ HacTsaIMU CUCTEMBI.

Pa3paboTanHbpie anropuTMbl TIO3BOJISIOT OCYIIECTBISATH YIPaBICHUE U
MOHUTOPUHT TapameTpoB JByHampasieHHol BCIID. Wcnons3oBanue BCIID
paccMaTpuBaeTcs B COCTaBE PACIPEEICHHOW CUCTEMBl YNPABICHUS HA3EMHOTO
pobota. IlpemokeHHBIE aNTOPUTMBI PEATU3YIOT (YHKIHUM 3alIUThI, KOTOPHIC

YUHUTBIBAIOT CIELIU(PUKY pa3pabOTaHHBIX CXEMOTEXHUYECKUX PEIICHUM.



111

4 JKCIHEPUMEHTAJIBHBIE PE3YJIBTATHI
OYHKINMOHUPOBAHMUA I'PYIIIBI POBOTOB C
HEPEPACIHHPEAEJIEHUEM SQHEPIT'ETUYECKHUX PECYPCOB

B getBepToii rmaBe 00cyknat0TCa pe3yabTaThl IKCIIEPUMEHTOB JIJISl OLEHKU
pa3paboOTaHHOIO  MAaTEMaTHMYeCKOIo,  aJIrOPUTMUYECKOTO U anmnapaTHOro
oOecrnieueHus 1715 yIpaBIeHUs TPYIIONi Ha3eMHBIX POOOTOB, MOATBEPIKIAIOIIUE €TI0
paboTtocrnocoOHOCTh U 3(PGEeKTUBHOCTh. ONTUMHU3HPYEMBIM MapaMeTpoM, Kak
0003HaUYEHO paHee B JUCCEPTALMOHHOW paboTe, sBiIseTca o0miee Bpems
BBINIOJIHEHUS LENEBBIX 3a7ad rpynnoi poooros. Ilpu ouenke sddextuBHOCTH
pa3paboTaHHBIX PELICHUI MOCPEICTBOM MPOBEACHHBIX IKCIHEPUMEHTOB YAAIOCH
CPaBHUTH pa3HUIly BO BPEMEHHU BBINOJHEHHS 3ajad rpyImou, padoraromieil 6e3
nepepaclpeesieHns] YHEPreTUYECKUX PECYPCOB, U IPYNION, (PYHKIIMOHUPYIOLIEH
Ha OCHOBE IPEUIOKEHHOro obecrneueHus. /[lng moigyyeHus CTaTUCTHYECKU
3HaYUMBIX PE3yJIbTATOB ampoOamusi MPeIIoKEHHOTO0 OOEeCIeueHus MPOBEACHA
MIOCPEJICTBOM HWMHTAIMOHHOTO MojeiupoBanuss B cpene Gazebo. B kauectse
NOBEPXHOCTU JUIsl JIBHJKEHUST pOOOTOB MCIOJIb30BAIACh MOJENb KapThl BBICOT,
CO3/IaHHAs U3 U300paKEHUs B OTTEHKaX ceporo. McxomHoi Moenbo ajist poooToB
ABIsUTach MoauduKanuu pobdoToTexHUueckor maardopmer Pioneer 3-AT Ha
KoTopyto Obun jo0aBieHbl AruCo-mapkepbl M KaMepbl TEXHUYECKOTO 3PEHUS.
Taxxe mpeacTaBieH BBIYHCIUTENBHBIN SKCIEPUMEHT, B KOTOPOM TPOBEACHO
CpaBHEHHE Pa3HHULIbI B MAKCUMAJIbHOM pajinyce paboThl rpynn (yHKIMOHUPYIOIIHUX
C TepepacrpeaeieHueM PecypcoB B 0€3 Hero i pa3jMuHbIX 3aTpaT dHEPruu Ha

BBIITOJIHCHUC 3aJa4H.

4.1 Onucanue NpOorpaMMHOI CHCTEMbI YIIPABJICHUSA IPYNIION

Ha3eMHbIX pOOOTOB

Pa3zpaboranHbie MOJENbh M aIrOPUTMbI OBLITM MCIOJB30BaHbI IS CO3/IaHUs
IPOrpaMMHOr0 KOMILIeKca, GyHKIIMOHUpYomero Ha 0aze Robot Operating System

(ROS) wu obOecneunBaromiero ympaBieHHE TPYNIOW HA3eMHBIX pPOOOTOB.
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ApXHTEKTypa CHCTEMBI, COCTOSINAs U3 psjia HPOrPaMMHBIX MOJIYJICH W
HEOOXOMMBIX IIVH JTaHHBIX, MPEJCTaBiIcHa Ha pucyHke 32. Cucrtema peaan3oBaHa
B BHJC COOTBETCTBYIOUIMX HCIOJHAEMBIX (aillIoB C  HCIOJIb30BAaHHUEM

IPOrPaMMHBIX CPEICTB U cpeabl pa3padotku Python 2.7.

____________________________________________________________________________

Cucrema ynpaBJieHHs TPYIIONH poOOTOB

Mopyib
Monyib pacdera
Kapra BeICcOT IapameTper MOCTPOCHUA AYIB P -
P po0oTOB U 33134 TpaeKTopHii JUTMH TPAeKTOpUH

i i

Muna ganueix CY rpymnmoit

! ! ! i

Mopnyib
Monyab Monyias Monyiab
Y OIITUMAJILHOT'O y Y
OTIpeCIICHUS OTIpEIEeTICHUS TOUCK (hopmupoBaHUs
pacnpeneneHus N
BBIITOJIHUMBIX 3a1a4 sanan 3apsaa MUCCHIA

'

Hunaa maraex Mexay CY rpynmoi u podboTaMmu

‘ CY pobora 1
Monyns Monyns
BBITIOJTHEHUS onpeneneHus
MUCCHH mapaMeTpoB podoTa

; !

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| [lIuHa gaHHBIX pobOTa
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

! !

Monynb
Monyns Y
nepeMenieHus mo
MTO3UIITUOHUPOBAHUS
TpPaeKTOPUHU

i CV pobora i

Pucynok 32 — ApxurtekTypa IporpaMMHONW CUCTEMBI YIIPABIICHUS IPYIIION

Ha3eMHBIX pOOOTOB

[IIuna nanHbBIX cuctemsl yrpaienus (CY) rpymnmoii npeacrapieHa HabopoM
tormmkoB (Topics) ROS. ROS-rpad cucreMbl ympasjieHHs TIPyNmoi poOOTOB

MIPEICTABIICH HAa PUCYHKE 33!



113

cur_robot_param

mission_planner mission_worker

mission_charger

robot_param

path/workers_tasks

path/chargers_tasks path_planner

path/station_tasks

I

tasks/work

tasks/assigned

length/station_tasks tasks_validator
path_length_calc length/workers_tasks
task_distributor

length/chargers_tasks
distr_chargers_tasks

distr_workers_tasks

charge_point_finder tasks/charge j

I:I - Node Q - Topic

Pucynox 33 — ROS-rpad cuctemsr ynpasieHus Tpynmnoii poooToB
[MIuna nanaeix Mexay CY rpynmoit u pobotamu peanusyercs Homoi (Node)
tx_rx_mavlink, xotopas BbIIOJMHICT (QOPMHPOBAHME TMAKETOB MJAHHBIX JUIS
nepeaayu podoram ¢ ucronb3oBanueM mpotokoiaa MAVLINk. Hoxa tx_rx_mavlink
peaiu30BaHa C KCIOJIB30BAHUEM TNPOTPAMMHOTO TIAKeTa Mavi0S H  TaKke
OCYIIECTBIIICT MPEOOpPa3OBaHUE MPHUHATHIX OT POOOTOB IMAKETOB JAHHBIX W HMX

nepegady Hoze mMission_planner. IllmHa naHHBIX KaXIoro poOOTa TPYIIIBI
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pealin3oBaHa aHAJIOTUYHO ¢ Hcnoib3oBaHueM TonukoB ROS. ROS-rpad cucremsr

ympasieHust pobota n (mpedukce ri) mpeacrapieH Ha pucyHke 34.

ri/param_calc ri/cur_robot_param
ri/mission_executor ri/cur_mission
ri/move_status

ri/task_status

ri/position_status

ri/start_positioning

ri/start_task
ri/path
ri/robot_status j
ri/pose
ri/vel

- Node © - Topic

ri/aruco_position
ri/task_executor
ri/move_controller

Pucynox 34 — ROS-rpad cuctemsl ynpasieHus poooTomM
W cxonHBIMU JTaHHBIMU 1711 pabOThl MPOrPaMMHOIO KOMILJIEKCA SIBJISIOTCS
KapTa BBICOT paboyero MmpocTpaHcTBa Map.png M KOH(UrypalMOHHBIN (aiin
config.py, B KOTOpOM cojiepaThCsl MMapaMeTphbl, IpeACTaBIcHHbIC B Tabauie Al
(cMm. mpunoxkenue A). B nponecce QyHKIIMOHUPOBAHUST MOJYJIEH MPOrpaMMHOIO
KOMITJIEKCA CO3MIAl0TCSl MMapaMeTphl, MPEACTaBICHHbIE B Tabmuie A2 (cm.

MPUIOKEHUE A)
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['mobGanpHas 3ajada  (QYHKIHMOHUPOBAHUS  IPOTPAMMHOM  CHUCTEMBI
COOTBETCTBYET, ITOCTABIICHHOW 3aja4e JHUCCEPTAMOHHOTO HCCISIOBaHUSA (CM.
paszzaen 2.1), 1 MOXKeET OBITh pa3/ieiicHa Ha PsiJl ONICPAIIUH.

Moty)ib TOCTPOCHHUS TPACKTOPHA (PYHKIIMOHUPYET CICIYIONIMM O0pa30oM.
Ecau BxomupiMu napaMmetrpamu Motyist siBisitoTcst MaccuBbl ASSIGNED _TASKS u
CHARGING_STATION, 1o co3maercs MaccuB tasks charge path snemenTamu
KOTOPOTO SIBJISFOTCSI TPASKTOPUHU OT 3apsTHOW CTAHITUM JIO KaXIo# 3amaun. Eciu
BXOJHBIMH  [apaMeTpaMHd MOJIYJS  SBJISAIOTCS MaccuBbl  WOrkers_tasks wu
robots_workers, To co3maercs maccuB Workers_path smemeHTamMB  KOTOpPOTO
SIBIISTIOTCS. TPACKTOPUH OT pOOOTOB-pabOYMX 10 KaKIOW 3amaun. Ecim BXOIHBIME
napamMeTpaMH MOJIYJIs SBIstOTCA MaccuBbl chargers_tasks, robots_chargers wu
CHARGING_STATION To co3maercs wmaccuB chargers_path »siaemeHTamu
KOTOPOTO SIBIIAIOTCST TPACKTOPUH OT POOOTOB-3apsDKAONIUX 10 KKIOW 3a1adu
IOMOJTHCHUST ~ DHEPIeTHUYECKUX  pecypcoB.  Takke  co3JaeTcsi  MacCHB
chargers_charge_path snemenTamMu KOTOPOTro SBJISIOTCS TPACKTOPHH OT KOOPAUHAT
3ajau MaccuBa chargers_tasks mo xoopauuar 3apsaHoi cranimu. [Ipu cozmaHun
maccuBoB Workers_path u chargers_path wucnons3yrorcs TONbKO Te pOOOTHI,
KoTophie umeroT Status = 0

Moaynb pacueTa IJIMH TPACKTOPHU (PYHKITMOHUPYET CIETYIOIIMM 00pa3oM.
Ecin BXomHBIM MapameTpoM siBisieTcss MaccuB tasks charge path to co3maercs
maccuB tasks_charge_length snemeHTaMi KOTOPOTO SIBISIOTCS JUIMHBI TPACKTOPHIA
OT 3apsAHOM CTAHIIMHU J0 KaXKI0M 3a1aun. AHAJIOTHYHO ¢ MaccuBamu Workers_path
u chargers_path, B pesynbTare QyHKIIMOHUPOBAHMS MOMIYJIS CO3AFOTCS MAaCCHBBI
workers_path_length u chargers_path_length, xkotopele comepkaT IJIHHBI
TpaeKTOpUil poOOTOB-pabOUNX U POOOTOB-3aAPSIKAIOIINX

Moysib omnpeielieHusT BBITOJIHUMOCTH 337a4 B IPOTPaMMHOM KOMILIEKCE
OCYIIECTBIISICT IPOBEPKY TOJBKO JOCTIKUMOCTH 3a7ad H (PYHKIHMOHUPYET
CICAYIONMM 00pa3oM. BXOTHBIMH MapamMeTpoM MOMAYJIS SIBJSETCS MAacCHB
tasks_charge_length, kotopsiii hopmupyercst MoysieM pacdera JUIMH TPASKTOPHI.

Ecau AJIMHa TPAaCKTOpHUHU OoubIIIe HOHYCTHMOﬁ, TO COOTBCTCTBYI-OHII/Iﬁ OJICMCHT
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maccuBa ASSIGNED _TASKS He Oyaer moOaBieH B MaccuB WOrkers_tasks.
JluarpaMma TOTOKOB JaHHBIX OICPAIlMM ONPEACICHHUS BBIMOJIHUMBIX 3a/1ad

MpejcTaBlieHa Ha pUCyHKe 33:

S e
> JyJIb

ASSIGNED_TASKS,

tasks_charge_path

Kapra BbICOT CHARGING_STATION TOCTpOCHNA
> TPACKTOPUU
[ N
Monayib
Mopyns pacuera
[MTapameTpsl pobOTOB (bOpMI/IpOBaHI/I q _
¥ 337189 MHCCHi JUTAH TPACKTOpUH
config.py
workers_tasks ( MOILYJIB W tasks_charge_length )
Bpemennoe - OIPEIEIICHUS -
XpaHuIHie EI)IHOHHI/IMBIX 3a11aﬂ

Pucynok 33 — JluarpamMMa OTOKOB JaHHBIX OMEPAIIAU OMPEICICHHS
BBITMTOJIHUMOCTH IIEJICBBIX 3a/1a4

Moayab ONTHMAIBHOTO pacipeaeieHus 3aaa4 QyHKIHOHUPYET CIIEAYOIIM
oOpa3om. BXoaHbpIMU TaHHBIME MOJTYJIS siBIIsieTcst MmaccuB Workers _path_length v
chargers_path_length, kotopsie co3maroTcst MOIyJieM pacueTa JUIMH TPACKTOPHIA.
DJIeMEHTOM JaHHBIX JBYMEPHBIX MACCHBOB SIBIIICTCS [UIMHA TPAEKTOPHH OT poOOTa
10 3amaun. [TpuMensis BeHrepcKuil anroput™ K maccuBy workers_path_length umu
chargers_path_length, onTuManbHbIe 1O JJUHE TPACKTOPHUHU OCTAIOTCS, a BMECTO
BCEX HEONTHMAJbHBIX 3amuchbiBacTcs (0. CO3Mal0TCS HOBBIE COOTBETCTBYIOIIHE
maccuBbl ~ Workers_tasks length  wmm  chargers_tasks_length.  Jluarpamma
TOSICHSIFOIAs, OMEPAIMI0 ONTHMAJIBHOTO PACTPEACIICHHsS 33734  OMOJHECHUS
IHEPreTHIECKUX PECYPCOB MEXKAY POOOTaMHU-3apsKAIONIMMHU IPEJACTAaBIeHA Ha

pucynke 34:
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map.png 4

chargers_path

IIOCTPOCHUA
Kapra BbIcOT o o
chargers_tasks, o TpaeKTOpI/II/I
robots_chargers,
CHARGING_STATION
Moayab
( Y Monayns pacuera
[NapameTpsr poboTOB > q)OpMI/IpOBaHI/IH chargers_charge_path JTHH TpaeKTOpI/Iﬁ
H sanad t MUCCUH
config.py
Monyns
chargers_tasks_length OIITUMAJIBHOI'O chargers_path_length
Bpemennoe -t pacipeseneHus |
XpaHUJIUIIE
3aaa4

Pucynox 34 — JlnarpaMma moTOKOB JJAHHBIX OIEPAIUU ONTHMAIBEHOTO
pacrpenesieHus 3a7a4 MONOJTHEHUs YHEPTETUIECKUX PECYPCOB
Monynb onpezeneHust Touek 3apsiia GyHKIHOHUPYET CIEAYIOIIMM 00pa3oM.
BxoaHpIMU TlapameTpamMu MOAYJISL SIBJISIFOTCS MaccuBbl WOrkers_tasks_length wu
workers_path, napamMeTpsl DISTANCE_RATE, ROBOT_LENGTH,
CHARGE_RANGE. Monyns (GyHKIMOHHPYET B COOTBETCTBUM C MPHHIIUIIAMU
aTOpUTMa OMPENEJTICHUs TOYEK 3apsiia Ha TPAGKTOpUAX POOOTOB-paboumx
npeACTaBIeHHbIM B paszene 2.2. KoopanHaTel OINpenesNieHHBIX TOYeK 3apsiia Ha
TPACKTOPHUSIX poOOTOB-paboumx q00aBsAIOTCsA B MaccuB chargers_tasks. Omneparus

OTIpEJICIICHHS TOUYEK 3apsijia MPeACTaBIeHa Ha PUCYHKE 35!

map.png 4
Monynb
workers_tasks, HOCTPOEHHS
Kapra BeIcoT robots_workers o
TpacKTOpHi
-

\ 4

workers_path Monynnb pacuera |workers_path_length

JUTMH TPAaeKTOPHil

Mopyib
- Monyiib workers_tasks_length ONTHUMAJILHOTO
(1)0 MEDOBAHIS pacrpeaciaCHusA
basa ganHEBIX PMHP N 3amau
MHUCCHHU
config.py workers_path 4
> Monyib
DISTANCE_RATE,
ROBOT_LENGTH, ONpeacICHUs TOUCK
CHARGE_RANGE _
Bpemennoe > 3apsaa

XpaHUIHNIIIE

chargers_tasks

Pucynok 35 — JluarpamMmma OTOKOB IaHHBIX OTEPAIH OMPEIEICHHS TOUEK

3apsiia
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Monayas (hOpMHUPOBaHHS MHCCHI SBISIETCS KOOPAMHUPYIOIIMM B CHCTEME
YOPABJIEHHS TPYNION M (PYHKIMOHHPYET cieAyromum ooOpas3om. Ilocne Hayama
pabOTBl MOJYJISl OCYIIECTBIICTCS OIPEICICHUE BBIMOJHUMBIX 3amad. JlaHHas
oreparys BKIIOYaeT B ce0s MCIOJIb30BAaHUE MOJYJICH MOCTPOCHHS TPACKTOPHH,
pacueTa JUIMH TPACKTOPHIA, OMNPEICICHUS BBITOJHUMBIX 3amad. MOIYIIo
nocTpoeHusi Tpaektopuii mepenatorcs wmaccuBel  ASSIGNED_TASKS wu
CHARGING_STATION, mnonydennsrii wMaccuB tasks charge path, nmamee
nepeaaeTcs B MOJAYJIb pacueTa JUIMH TPAacKTOPHH, KOTOPBIH (OpMHpPYET MacCuB
tasks_charge_length. Maccus tasks_charge length mepemaercs B Momynb
OIpE/ICIICHUsT BBIMIOJHUMBIX 3aja4, KOTOPBIH (OPMHPYET MACCHUB KOOPIUHAT
BEITIOJIHUMBIX 3a7a4 Workers_tasks.

[Tocne ompeneneHUs BBIMOJHUMBIX 3a7a4 MOAYJb (DOPMHPOBAHUS MHCCHU
nepefaeT MOIYJII0 MMOCTPOCHHUS TpaeKTOpuit MaccuBbl  WoOrkers_tasks wu
robots_workers. [lanee monyuenHsnii MmaccuB WOrkers_path mepenaercs momyio
pacueta JJIMH TpacKTOpHi, KoTopwlii (opMmupyer maccuB Workers_path_length.
Maccus workers_path_length HeoOxomumM MOYJTH0 ONITUMAIBHOTO pacpeaCICHHS
3ajga4, 4ToObl copmupoBath MaccuB WoOrkers tasks length. Ilocne co3manus
maccuBa Workers_tasks_length ocymiectsiasiercss mMOMCK TOYeK 3apsjga Ha
TpaeKTOpHsX podoToB-padounx. IToce momyuenus maccuBa chargers_tasks muccumn
11 poO0TOB-padounx (WOrkers_mission) MoryT ObITh C(HOPMUPOBAHBI U TICPEIAHBI
COOTBETCTBYIOIIUM  poOoTam. JluarpamMma TIOTOKOB JAHHBIX  OIEparvu

dhopmMupoBaHUsI MUCCUN POOOTOB-pabOYMX MpECTaBICHA HA PUCYHKE 306.
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Mopynb
IIOCTPOECHHUS
TPaeKTOpUM

Mo IyJ1b workers_path ‘/
OIITUMAJIBHOI'O workers_tasks_length

pacipeaciCHuA chargers_tasks
3a7a4

dbopMupoBaHUS >
> MHCCHH

Monyib W workers_mission

Mopnyib
OIIPEIEICHUS TOYCK
3apsaga

Pucynok 36 — /lnarpamMmma MOTOKOB JIaHHBIX OTiepaIiy GOpMUPOBAHUS
MUCCUU POOOTa-pabouero

dopMHUpOBaHUE MUCCUH U pOOOTOB-3apsDKAIOIIUX TPEOYeT aHATIOTUYHOM
MOCIIEZIOBATEIHLHOCTH IIArOB, KaK JJIsl pOOOTOB-pabOUYnX, ¢ TOM pa3HHIICH YTO HE
OCYIIECTBIISIETCS TOMCK TOYEK 3apsAja Ha HUX TpaekTropusax. Taxxke Maccus
chargers_mission comepXKUT TPaeKTOPHIO MEPEMEIICHUs OT 3aJa4yd 10 3apsaHOMN
CTaHLMU. JlaHHAs TpaeKTOpus UCTIONb3YyETCs AJIsl BO3BpaTa poO0Ta-3apsiKaroIero K
3apsTHOM CTAHIIMHM M TIOTIOJTHEHUs] COOCTBEHHBIX pecypcoB. Ha mepBoii ureparuu
(GyHKUMOHUPOBaHUS MOAYJA (OPMHUPOBAHUS MHUCCUWA MapaMmeTpbl poOOTOB
UCIOJIB3YIOTCS U3 KOH(uUrypanuonHoro ¢aina. Ha nmocneayrounmx urepauusx B
maccuBbl  robots_workers wu robots_chargers 3ammceiBaercs wumH(DOpMaIus,
MOJTydeHHas HEMOCPEACTBEHHO OT poOoToB. KoopawHaThl 3amad M3 MHOXKECTB
workers_tasks u chargers_tasks koTopbie ObUTH HCITOIB30BaHbI PH (HOPMUPOBAHUH
MHUCCUH Ha TEKYIIEH UTepaluu, yAAISIOTCA U3 JAHHBIX MACCUBOB. Pe3ynpratoMm
sBisieTcs To, uto Workers_tasks u chargers_tasks na cienyromeit nrepaiuu paboThI
Monynis (QOpMHUPOBAHUS MHUCCHI OyAyT colepkaTh KOOpPAMHATHI TOJBKO HE
pacmpeeieHHbIX MeX Ty poOboTamu 3a/1a4.

Cucrema ympaBieHus pPoOOTOM (YHKIIMOHUPYET CIEAYIONUM 00pa3oM.

Mojyiib  BBIIOJHEHUS MHCCHHM TOJy4aeT MaccuB WOrkers_mission wnum
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chargers_mission npenHa3HaueHHBIH ATOMY pOOOTY. MOTyJTb BBITIOJIHEHHUS MHUCCUH
UCIIOJIL3YET JIJIsl yIpaBleHHUs pOOOTOM MOJYJb MEPEMEHICHUS 10 TPACKTOPHU H
MOJIyJTb TIO3uIIMOHNpOoBanust (pucyHok 37). Tlocie momydeHuss MUCCHU U TIOCIIE e
3aBEPIICHUS MOJYJIb BBITIOJIHEHHS MHCCHH OOpAIacTcss K MOJAYJIIO OMpEICICHUsI
apaMeTpoB poOOTa IS MOMYUYCHUs TEKYIINX KOOPAMHAT U YPOBHs 3apsja. [locie
ATOTO MOJTYJIb BBIITOJIHEHHSI MHCCUU (DOPMUPYET IeMEHT MaccuBa robots_workers
win robots_chargers, c¢ coorBeTcTBytommM cratycom po0oTa, W JaHHAs

uHdopMaIus IepeaeTCs CUCTEME YIIPaBICHUS TPYIION.

~
robots_chargers Monyns - N\
BpemenHoe dbopmupoBaHUs
XpaHUIIHIIIS MUCCHIL
chargers_mission
movement_path
Moaynb robots_chargers Y,
TIepeMeIIeH s IO (
"\ «activate»
TPaeKTOpUHU Moxxyss .
Mopyib
BBIITOJIHCHUS
«message» «message» | [TO3UITUOHHUPOBAHU A
MHUCCUHN -t
% o
Moaynb
Ay Xi, yi, zi, ch_level
oTpeneneHus

napameTpoB po0oTa

Pucynox 37 — JIluarpamma mOoTOKOB JJAHHBIX ONIEPAIH BHIMOJTHEHUS MUCCUU
poboTa-3apsHKAIOIIETO

Moaynbs GopMUpOBaHUS MUCCHI B CUCTEME YITPABJIEHUS TPYIIONA OOHOBIISIET
COOTBETCTBYIOIINIA MaCCUB MOJTYyYEeHHON HH(popMaluen. Moayb mepeMeInieHus 1mno
TPAaeKTOPUHU Ha OCHOBE MaccuBa mMovement_path ocymiecTBisieT nepeMenieHue mno
TpaekTopuu podoTa 10 3aJayd WIM A0 MPOMEXKYTOUHBIX TOYEK, B KOTOPBIX
OCylIIecTBIsieTCsl sHepreTuueckuil oomeH. [lpu mepemernieHun poOOT pacxoayer
sHepruto ucrounuka co ckopocteto MOVEMENT_RATE. Ilo mnpuGeituu B
3aJJaHHble TOYKH MOJYJIb OTIPABISAET COOTBETCTBYIOUIYIO MH(POPMAIIUIO MOAYIIO
BBITIOJIHEHHsSI MUCCHH. Eciu poOOT sBIsETCs 3apsHKArOIUM, TO MPH AOCTHXKEHUU
TOYKA  3apsa  aKTUBUPYETCS  MOAYJb  IO3UMLUMOHUPOBAHUS,  KOTOPBIU

(YHKIIMOHUPYET B COOTBETCTBUU C AITOPUTMOM, MPECTABICHHBIM B pasjaene 2.2.
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[To 3aBepmIeHUIO TO3UITMOHWPOBAHMS BKIIFOYACTCS Teperada dHEPTHH, KOTopas
nojapasyMeBaeT pacxon 3apsga 6atapen B cootBerctBunm ¢ CHARGERS_TASK
RATE.

[To npubeiT poboTa-pabodyero B TOUYKY 3amadd, poOOT HAYMHAET
pacxomoBath 3Hepru0 co ckopoctbio WORKERS_TASK_RATE. IlonomHeHue
SHEPTETUYECKUX PECYPCOB pPOOOTOB-pabOYMX B TOYKAX 3apsiga U POOOTOB-
3apsDKAIONIMX  HA  3apSIHOW  CTAHIMHM  OCYIIECTBIIIETCS CO  CKOPOCTBIO

CHARGING_RATE.

4.2 DJKcnepuMeHTAJIbHbIE HCCJIEI0BAHUS Pa3padOoTAHHOTO

odecnieuenusi B cpene Gazebo

Jlns  TomydeHuss CTaTHCTUYECKHM 3HAYMMBIX PE3yJIbTaToOB  ampoOlarus
MPEAIOKEHHOTO o0ecriedeHus: K (QYHKIIMOHUPOBAHUIO TPYMIbl POOOTOB €
nepepacipesieicHieM PECypCOB TMPOBEACHA MOCPEACTBOM HMHUTAIMOHHOTO
moneaupoBanuss B cperae Gazebo. PabGouee mpocTpaHCTBO Tpymnmbl B cpelne
mozenupoBanus Gazebo npencrapnser coboii penbeHYH MECTHOCTD, BUJI KOTOPOIt
npeacTaBieH Ha pucyHke 38. B oOmactu paGodero mpocTpaHCTBA HAXOIUTCS

rpymmna poOOTOB, 3aJ1a4u U 3apsiIHast CTAHIHSL.

Pucynok 38 — Penbednast MecTHOCTh pabodero nmpoCcTpaHCTBA FPYIIIbI
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3apsiiHas CTaHIUS MPEACTaBIsIET CO00H 00BEKT Ciaeayrolero Buaa (pucyHok 39):

Pucynox 39 — BHemnuit BUj 3apsiTHON CTaHIIUK

3apsaHas CTaHIMS UMEET KOJMYECTBO MOCTOB NEpEeNauyd 3HEPTUU Il poOOTOB
NPEBBIIIAIONIEe WX KOJUYECTBO, UYTO YyOHWpaeT OrpaHHYeHHE Ha YHUCIO
OJIHOBPEMEHHO 3apsHKAIOIINUXCS POOOTOB B MOZeNin. MecTa pacnoio;KeHus 1IeJIeBbIX
3a/a4, IOCTaBJICHHBIX Ipynmne poOOTOB, 0003HayaroTCs B 00JacTH paboydero

IIPOCTPAHCTBA CIIEAYIOIIMM 00pa3oM (pucyHok 40):

Pucynok 40 — O603HaueHre TOUKH BBITOJIHEHUS 1IEJIEBOM 3a7auu

B xadecTBe HCXOHOM MOZiEIH AJIsl pOOOTOB UCIIOIb30BaHA MOAU(DUKALINN MOAETIeH
Pioneer 3-AT. UerhlpexKkoJieCHbIC Ha3eMHbIC pPOOOTBI, MOJEIb KOTOPBIX

npenacrasieHa Ha pucyHke 41, ocnamensl bBCIID, ArUco-mapkepamu U kamMmepamu
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TCXHUYCCKOI'0 3PCHUA. HepeqncneHHoe OCHaIlICHUC PACIIOJIOKCHO B HepeI[HefI

4acTH poboTa.

Pucynok 41 — Mogeinb 4eThIpEXKOJIECHOTO Ha3€MHOTO po0oTa

[Ipu pabote Tpymmbel ¢ Mepepaclpeie]IeHUeM pPEecypcoB B COOTBETCTBHH C
QITOPUTMOM OIPENEISIOTCS TOYKH 3apsiia Ha TPACKTOPUU JBWKECHUS POOOTOB-
pabounx W GOPMHUPYIOTCS 3aJaud TONOJHEHUS DHEPreTHUECKUX PECYpCOB JUIS
POOOTOB-3apsDKAIONIMX. 3a7addl  IOMOJHEHUSI DHEPreTHYECKUX PECypCcoB IS
poOOTOB-3apsKAOMIMX  0003HAYAIOTCS B O0JacTh  pabouero MpOCTPAHCTBA

CJIEYIOLMM 00pa3oM (pUCyHOK 42):

Pucynox 42 — O603Ha4eHNE TOYKH BHITIOJHEHUS 33191 TTOTIOTHEHUS

DHEPreTHUECKUX PECypCOB
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OcHOBHOI 3ajadyeil MOJETUPOBAHUSA SIBJSIETCS OMNPEACIICHHE OOIIEro
BPEMEHHU BBINIOJIHEHUSL OMpPEACIEHHOTO KOJWYECTBAa IEJIEBBIX 3a7ad TpyninaMu
po060TOB, (HYHKIMOHUPYIOIIMMH C TEepepaclpeieieHHeM pecypcoB u 0e3 Hero. B
COOTBETCTBHHM C TOCTAaBICHHOM 3ajauell pa3paboTaHbl CIEAYIOUINE CIICHApUU

GyHKIMOHUPOBAHUS TPyl POOOTOB:

o Cuenapuii 1. I'pynma po60TOB BBITIONHSET 3a7a4u O€3 mepepacupeneIcHus
pecypcoB. Hucio po6otoB paBHo 6. Ha HayanbHBI MOMEHT BPEMEHHU POOOTHI
HaxXOJATCA B ONMpPEACNEHHBIX MeCTax padodero MPOCTPAHCTBA W HMEIOT
MaKCUMaJIbHBIA YpPOBEHb 3apsjaa. Yucno 3amay Bapbupyercss oT 6 1o 15,
COOTBETCTBEHHO MPOBOAUTCS 10 DSKCHEPUMEHTOB ISl OMPEASICHHOTO
CpEIHETO 3HAYCHUS PACCTOSHUS OT 3apsAHOM CTaHIIUU A0 3a71a4. Bee 3amaun
SIBJISIOTCSI BBITTOJIHUMBIMU U HAXOJSITCS B ONMpPENENEHHBIX MEeCTax paboyero
npocTtpancTBa. HeoOxomumo 3adukcupoBath BpeMsi, 32 KOTOPOE POOOTHI
BBITIOJIHAT BCE IOCTaBJIEHHBIE 3adaud. [locpencTBoM mpenBapUTEIHLHOTO
IUIAHUPOBAHUS C  TNPUMEHEHHWEM BEHIEePCKOTO  ajuropuTMa  3ajlayu
pacnpenensaoTcs Mexay poooramu. Ilocie BbImoJNIHEHHS 3agayd poOOT
ClelyeT Ha 3apsSAHYI0 CTAHIMI0O W TIOTOJHSET 3amac JHEPreTHYEeCKUX
pecypcos. Ilocae 3Toro po6oT BHOB MOKET Y4acCTBOBATh B paclpeicieHuu
3a/1ay.

e Cuenapuii 2. ['pynmna poOOTOB BBINOJHAET 3aJa4l C TIepepacnpeaeiCHUEM
pecypcoB. Hucio po6oToB-pabounx paBHO 3, pOOOTOB-3apsKAIOIINX PABHO
3. Ha HauanpHBI MOMEHT BpEMEHHU POOOTHI HAXOIATCS B COOTBETCTBYIOIINX
MecTax pabodero MpOoCTPaHCTBA, OMPENEIEHHBIX B IMEPBOM CIICHAPWUHU, U
UMEIOT MaKCUMaJIbHBIA YPOBEHb 3apsaa. Uucio 3aa1ad, X pacrioioKeHUE U
KOJIMYECTBO SKCIIEPUMEHTOB aHAJIOTHYHO TIEpBOMY clieHaputo. HeoOxoaumo
3auKCUpPOBaATH BpPEMSs, 32 KOTOPOE POOOTHI BBHITIONHSIT BCE MOCTABIICHHBIE
3amaun. IlocpencTBoM TMpeaBapUTEILHOTO TJIAHUPOBAHKS C TMPUMCHCHHUEM
BEHI'€PCKOTO aQJIrOpuTMa 3a7aud pPACIPENesIoTCS MeXay podoTamu-

pabounmu. Jlamee Ha TpaeKTOpUsX POOOTOB-pabOUUX OCYIIECTBIAETCS
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OIpEJEJICHUE TOYEK 3apsia. 3aJaud MOMOJIHEHHS YJHEPTETUYECKUX PECYPCOB
aHAJIOTUYHO MOCPEJICTBOM BEHI€PCKOI0 aJrOPUTMa PACHPEAEISIIOTCS MEXIY
pobortamu 3apsikatornumu. [locne BBIONHEHHS 3aaud poOOTOM-paboduMm,
OH BHOBb Y4YaCTBYET B PACIPEICICHUM HEBBITOJIHEHHBIX 3aaad. PoOoT-
3apsOKAIONIMIA  TIOC)IE TIepeladyd HEepruu podoTy-paboueMy clelyeT Ha
3apsAIHYI0 CTaHLUIO IS MONOJIHEHHsI COOCTBEHHBIX pecypcoB. [locie vero
MOXET BHOBb Yy4YacTBOBaTb B pacHpelelCHUM 3aJad IOMOJHEHUS

DHEPIreTUYCCKUX PECYPCOB pOOOTOB-PabOUHX.

[Ipu MoaenupoBaHUU B HadaJdbHBIH MOMEHT BPEMEHH POOOTHI M 3aJa4yu B
JBYX TPEACTABICHHBIX CIICHAPHSIX PaCIoJIaraloTcsl Ha OJWHAKOBBIX MECTaxX B
obnactu pabodero nmpocrpaHcTBa. BBUy 3TOro Ha MepBoi UTEpaIiy BHITIOJIHCHHS
3a/1a4 poOOTaMHU-pabOYMMU HAa WX TPACKTOPUSIX JIBOKCHHUS TOYKM 3apsjga OyayT
pacmoJyiaraThCsli B HETIOCPEICTBEHHOW OJIM30CTH OT TOYKH BBHITIOJHEHUS 3a7adyH, a
nepejada dHEPrud MeXay podoTramMu OyIeT OCYIIECTBIATHCS HEMOCPEACTBEHHO
MOCJIC BBIMOJHEHUS 3adadd poOoTOM-pabouynM. Takke OINMUCAHHBIA BapUaHT
pa3MeIeHus TOYKH 3apsga OyJeT HMCIOJIb30BaThCS B Clydae, €CIIM PAcCTOSHUC
MEXTy poOOTOM-pabovrM M CIICIYIONICH 3a1aueii Majo, 1 He TpeOyeT pa3MenieHus

IMPOMCEIKYTOUHBIX TOYCK ITOIIOJHCHUS 3apssaa Ha TPACKTOPHH.

MonenupoBaHie MPOBOIUTCS C UENBIO ONPEACNCHUS U TOCIEAYIOUIETO
CpaBHEHUS BPEMEHH BBITIOJIHEHHUS 33]1a4 TPYTTIO, BBUY YeTO HEOOXOAMMO CBS3aTh
pabourie mapameTpbl poOOTOB cO BpeMeHeM. JlJis co3maHusi MOJAETH, UMEIOIICH
BBICOKH YPOBEHb COOTBETCTBHSI PEATBHOMY MPOIECCY, OBLIN MPOBEIACHBI 3aMEPbI
MOTPEOISIEMO  MOIIIHOCTH peaibHOTOo poboTa (pucyHOK 43) B pa3IMyHBIX

COCTOSAHUAX.
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Pucynok 43 — IIpoToTumn Ha3eMHOM pOOOTOTEXHUYECKOM TIIATHOPMBI

[IporoTrn Ha3eMHO# pOOOTOTEXHUUECKON TIaT(HOPMBI, PECTABICHHBIN HA
pucyHke 43 npeaHazHadyeH ISl YUYEOHBIX U HUCCIEIOBATENIbCKUX 33]1ad B 001acTu
IPYIIIOBOTO yIpaBieHUs, U uMeeT pazMepbl 220%x220%195 MM AKKyMylsTOpHas
OaTapest poO0Ta UMeeT HOMUHAIbHOE pabouee Hamnpsbkenue 7,4 B u émkocth 5 A-u.
ba3zoBast xommiektauus miaaTGopMbl OOECIEUMBAET aBTOHOMHOE JBUKEHHE I10
3apaHee  3aJaHHOMY MapuIpyTy, [PEOJOJICHUE TMPEIATCTBUNA, IMepenady
BUJICONIOTOKA C O0O30pHOW KaMephl, paclO3HABaHHWE PA3IMYHBIX MapKepoB C

HCIIOJIB30BAHUCM KaAMCPbI TCXHUYCCKOI'O 3PCHMU.

B skcrniepuMeHTaNbHBIX LIENSAX OJIHA U3 Bepcui miaTdopmbl 000py0Baiach
neyHanpasieHHoOU bCIID. beln npoBeneH psl SKCIIEpUMEHTOB, HAIIPABJIECHHBIX HA
anpoOanrio pa3padOTaHHBIX alMapaTHbIX M MPOTPAMMHBIX pPEIIEHUH IS
HHEPreTUYECKOro ooMeHa Mexay podotamu. POOOTHI GyHKIIMOHUPOBAJIK B 00J1aCTH
pabouero moJis, Ha KOTOPOM KpyramH pa3jiH4YHbIX [[BETOB ObLIM OTMEUYEHBI TOUKU

YCJIOBHBIX 33]1a4 M TOYKH 0OMEHA SHEPreTUIECKUMU pecypcamu (pUCYHOK 44).
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Pucynoxk 44 — PaGouee moJie /1t MPOBEACHUS SKCIIEPUMEHTOB TI0

HHEPreTHUECKOMY OOMEHY MEXTy poOoTaMu

benbiMmu kpyramu B oOnacTu paboudero mojsi 00O3HAYEHbI TOYKM OOMEHa
SHEPreTUYECKUMU pecypcaMu. POOOTHI BBITIOIHSUIN MO3UIITMOHUPOBAHUE B TAHHBIX
TOouKax (pUCYHOK 45), U oauH U3 PoOOTOB MepeaaBai APYroMy SHEPreTHUCCKHE

pecypcsl nocpeactsoM aByHamnpasiaeHHou BCIIO.

Pucynok 45 — Ilepenaua sHepruu Mexay poO0oTaMu B 0003HAYEHHBIX TOUKAX

pabouero moJis
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I/ICXOI[HBIe JaHHBIC, ITOJIYYCHHBIC B IIPOICCCC SKCIICPUMCHTOB, OITMCAHHBIX BbIIIC, 1

pacy€THbIE 3HAYCHUS TOTPEOIIIEMOM MOIIIHOCTU NMPUBEACHBI B TAOIHIIE 7.

Tabnuua 7 — [oTpebnsieMass MOITHOCTh MPOTOTUIIA HA3EMHOW POOOTOTEXHUYECKOU

HJ'IaT(bOpMBI B PA3JIMYHBIX COCTOSHHUAX

Cocrosinue pobota [ToTpeburenu U,B IL,A | P,Br
IIpocToit Breraucnurenu B mpocroe 5,0 0,5 2,5
Mepememeniie KosecHble TpuBO/IbI 7,4 0,5 3,7
Brruncnurenu 5,0 1,2 6,0
JlomomHUTENBHOE 1,4 2 14,8
Brimosinenue 3agaun
(paGouuii) o0opynoBaHue
Brruncnurenu 5,0 1,2 6,0
Brimmonnnenue 3agauun BCIID 7,4 6,25 | 46,3
(3apspKaFOIIIHIN) Brrauciaurenu B mpocToe 5,0 0,5 2,5
Mportece sapsiza Pob6oT-pabounit 7,4 5 37,0
Po6oT-3apspraromuii 7,4 5 37,0

B TaGauiie 7 mpuBeneHbI COCTOSHHS BBIMOJHEHHS 3aJadd IS poOOTOB
pabounx W 3apspKAONIMX. 3JHAYEHHWE TOKa TMOTPEOJICHWS B JAHHBIX COCTOSIHUSIX
BBIOpaHO cienyrommm obpa3om. st poboTa-paboyero MCIOJIb30BaHO 3HAUCHUE
CpEIIHEro TOKa MOTpeOJIeHHs] MajJoradapuTHOM MAHMITYJISIUMOHHOM cUCTeMBbI. Tak
KaK 3a7auell po00Ta-3apsrKarollero sBISEeTCA epeiaya SHEPT U poOoTy-padbodemy,
TO TIOTPEOUTENIeM DSHEPrHuH €ro akKyMmyJsTopHol Oatapen sBisercs bCIID.
OddextuBHocTh padboThl BCIID mpunsara paBHoit 80%. COOTBETCTBEHHO JIst
oOecrieueHus Tpoliecca 3apssa, s KOTOPOTo 3HAYEHUE TOKA MPUHSTO PABHBIM 5

A, pacuétHoe 3HaueHue Toka norpednenust bCIID cocrasmser 6,25 A.

B coorBeTrcTBMM ¢  TIPEMIIOKEHHOW  MATEMAaTUYECKOM  MOZEIBIO,
paccurMTaHHbIC 3HAYCHUS MOTPEOJIeMO pOoOOTOM MOITHOCTH ISl AajbHEHIIEro
HCIIOJIB30BaHUs HEOOXOJIUMO TIEPEBECTH B OTHOCHTEIBbHBIC ¢IMHMIII. LleneBbriM
napaMeTpoM, KOTOPhI HEOOXOAUMO BBISIBUTH NMPU MOJETUPOBAHUHU U TIO KOTOPOMY
OCYIIIECTBIISIETCS. CPABHCHHE MEXKIy MNPUHIUNAMHA (YHKIIMOHUPOBAHUS TPYIIIHI

sBIsieTCS Bpemsi. BBuay Toro, 4to moTpedasieMy0 MOIIHOCTh HEOOXOAUMO CBSI3aTh
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CO BPCMCHCM, PACCUMTAHHBLIC BCIIMYMHBI ITPHUBCACHLI K 3HepFOHOTpe6J'ICHI/IIO 3a

CIMHUILY BPEMEHH, M ITIEPEBEACHBI B OTHOCHTEIbHBIC €MHMIIBI (Tadymma 8):

Tabnuia 8 — DHepronorpediieHHe MPOTOTUIIA HA3eMHOM POOOTOTEXHUYECKON

HJ'IaT(bOpMBI B OTHOCHUTCJIBHBIX CANHHUIIaX

Cocrosinue pobota [Torpeburenu Pi, %-a | Py, %-C
[TpocTont Beraucnurenu B mpoctoe 6,8 0,0019
K
[TepemernieHue OIICCHPIC IPHBOAN 26,2 0,0073
Brrauciurenn
B o 310 JIomIOTHUTEIBHOS
51 qn
PITOTHEH . A o0opyoBaHUE 56,2 0,0156
(pabouwuii)
Brrauciurenn
BCII
Brimonnenune 3an[an/1 CIID 131.8 | 00366
(3apspKaroIImin) Brruucnurenu B mpocroe
Mvomece 3ansma Po6oT-pabounit 100,0 | 0,0278
P
pott A PoGoT-3apsokaroriuit 100,0 | 0,0278

DHEpProeMKOCTh aKKyMYJISITOPHON Oartapen poOOTa COOTBETCTBYET 3HAUEHHUIO 37
Btu, u mpunsta 3a 100% ypoBenb 3apsnma. Takum oOpa3om, 3HAUYCHUS,
npuBeIeHHbIE B Tabiuie 8, MPencTaBIsAOT BEIUYMHY pacxojaa 3apsna
aKKyMYJISITOpHOM OaTtapen poOoTa 3a Bpemsi.

Pa3mepsl paboudero mpocTpaHCTBA OMPEIEISIFOTCS UCXOJs M3 MapamMeTpoB
pob6oToB. Pabouee MmMpoCTPaHCTBO OrpaHUYEHO OKPYKHOCTHIO C OMNpeeIeHHBIM
pajilycoM BOKPYT 3apsiAHON cTaHiuu. st Toro 4to 661 pobOTHI, paboTatomiue 6e3
nepepacnpeiesieHls] SHEPreTUUECKUX PECypcoB, MOTJIM BBINOJHUTH ClIEHApUN
(GyHKIMOHUPOBaHUS, pajnyC paboyero MpOCTPAHCTBA JOJIKEH OBbITh OrpaHUYeH

crneayromnmm odpasom (57):

d,(e —eminw—e€ti
TW S u( max minw _]) ) (57)
2em

[Tpumem uto d,= 1 M, Toraa 3HaYeHHUE Iy TakKe OYJIET paccyuTaHo B MeTpax. s
BCEX CLIEHAPUEB MOJICIIMPOBAHUS U SKCIIEPUMEHTOB NPUMEHSUIUCH CIEAYIOIINE

napaMeTpsl (Tabuma 9):

Ta6nuna 9 — [TapameTpbl MOAETMPOBAHUS
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MaxkcuMalIbHBIM YPOBEHB 3apsaaa

pPOOOTOB (Emax), %0 10
MuHuManbHbBIM YPOBEHB 3apsiaa

po60TOB-pabOIHX (Eminw), %0 o
MuHUManbHBIA YPOBEHB 3apsAaa
POOOTOB-3apsHKAOIIUX (Eminc), %0 >
Pamuyc paGoTsl rpymmsl (Iy) HE

bomnee, M 230
MaxkcumanbsHast CKOpocTh po0oTa,

Mm/c o
Bpewmst BeimonHeHus 3a1a4u (1), C 2000

Ha nHauvanpHbIii MOMEHT BpeMeHH poOOTHI B 00JIacTH pabodero MpoCTpaHCTBa

PaCIIOJIOKEHBI PSIIOM C 3apSTHOW CTAHIIUEH CIIeIyIoInUM 00pa3oM (pUCYHOK 46):

Pucynok 46 — PacnionoxeHue poO0TOB Ha Ha4aJIbHBII MOMEHT BpEMEHU

Paccrostnue o1 3apsIHOM CTaHIHMM 0 KaXKIAOW LIEJIEBOU 3a1a4d ONPENEIICHO

JUTSL KaXKI0T0 SKCTIICPUMEHTA | MpeAcTaBieHo B Tadbnwuie 10:
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Tab6muma 10 — PaccTostHust OT 3apsiTHON CTAHITUHU 10 KaKIOH IEJICBOM 3a/1a9n

OxcnepumeHT Nel

3amaua, Ne 1 2 3 4 5 6 7 8
Paccrosnue, m | 226 222 222 229 226 227 224 225
3anaua, Ne 9 10 11 12 13 14 15 Cpennee
Paccrosgnue, m | 227 226 222 227 226 220 221 225
OxcnepumeHT No2
3amaua, Ne 1 2 3 4 5 6 7 8
Paccrosgnue, m | 211 190 181 229 203 179 204 214
3anaua, Ne 9 10 11 12 13 14 15 Cpennee
Paccrosnue, m | 230 202 180 183 174 195 175 197
OxcnepumeHT Ne3
3amaua, Ne 1 2 3 4 5 6 7 8
Paccrosgnue, m | 160 144 82 86 114 83 186 93
3anaua, No 9 10 11 12 13 14 15 Cpennee
Paccrossnue, m | 197 89 183 128 150 132 123 130

Kak CIcaycCT U3 Ta6JII/II_[I)I CPpCAHCC 3HAYCHUC PACCTOAHUA OT 3ap;mH01"4 CTaHIIMU 00

3aJ1a4 CYINCCTBCHHO OTIINYACTCS B OKCIICPUMCHTAX, YTO ITO3BOJIUT BBIABUTL BJIIMSHUC

JTAHHOTO TTapaMeTpa Ha 0011iee BpeMsl BBIIIOIHEHUS 3a/1a4. B cOOTBETCTBUM C paHee

npcacCTaBJICHHBIMHU

COCHapusAMHU  IIPOBCIACHO MOJICIIMPOBAHUC,

KOTOPOTO IpecTaBiieHbl B Ta0uie 11:

Tabnuua 11 — Pe3ynbpTaThl MOAECIUPOBAHUS

KonnyectBo 1eneBbIx OO11ee BpeMst BBINOJIHEHUS OO011ee BpeMst BBINOJIHEHUS

3ajad, MIT. 3a7a4 clieHapui 1, MUH 3a/1a4 CIieHapHil 2, MUH
OxcnepumeHT Ne: 1 2 3 1 2 3

6 165,20 165,93 125,56 176,15 179,67 163,45

7 321,86 322,70 267,37 243,73 245,82 230,42

8 325,45 322,70 267,37 243,93 251,59 237,86

9 331,19 328,88 267,37 246,34 251,59 237,86

10 334,21 328,88 267,37 315,30 317,06 312,65

11 334,21 328,88 272,85 316,05 323,92 312,65

12 334,21 328,88 272,85 316,05 323,92 312,65

13 500,07 462,70 397,10 388,72 390,72 386,74

14 500,07 482,99 397,10 388,72 390,75 386,74

15 500,07 482,99 397,10 388,72 396,02 386,74

pe3yabTaThl
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Hcxonas u3 qaHHbIX, PECTaBICHHBIX B Tabnuile 11, cnemyer, 4To mipu uucie 3aaad
PAaBHOM KOJMYECTBY POOOTOB MUHUMAIILHOE BPEMSI BBINOJHEHUS JOCTUTAECTCS B
crieHapuu 1, riae Bce poOOTHI SBISIOTCS pab0YMMU U TpyIma GyHKIIMOHUPYET 0e3
nepepacnpeeneanss pecypcoB. JlaHHBIM dakT 0O0yCIOBICH TMapaMeTpaMu
MOJICITUPOBaHUs, @ UMEHHO MaKCHMaJIbHbIM YPOBHEM 3apsjia BCeX pPOOOTOB Ha
HaYaJIbHBIE MOMEHT BpeMeHH. PoOoTam He TpeOyeTcsi MOMOJHATh COOCTBEHHBIE
SHEPreTHYECKHUE PECYPCHI JJIS BHINOJHEHUS JAHHOTO KOJInYecTBa 3a1a4. Ha ocHoBe
JTAHHBIX, TTOJTYYEHHBIX ITPU MOJICIMPOBAHKUH ITOCTPOCHBI T'papIecKre 3aBUCUMOCTH
JUIL KaKJIOrO 3KcrepuMeHTa. Pe3ynbprarel 3kcnepuMmenTa Nel mpenactaBieHbl Ha

pucyHke 47:
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Pucynok 47 — I'padpuk 3aBUCMMOCTH BPEMEHHU BBITIOJIHEHHS 33]1a4u OT UX

KOJIMYCCTBA IIPpHU CPCAHCM PACCTOAHHNHN JO TOYKH BBIIIOJHCHUA 3aa4H 225 M

Hcxons u3 rpaduka ciemyeT, 4To TeHICHIIUS 00Jee OBICTPOTO BBHITIOJHEHHS 3a/1a4
Tpynmnou, GyHKIIMOHUPYIOIIEH 10 BTOPOMY CIICHAPHIO, COXPAHSCTCS TPH YHUCIIEe
3a/1a4, MPEBBIIAIONIEM O0IIee KOJIMIECTBO POOOTOB. ITO MOKHO OOBSICHUTH TEM,

4TO0 poOOThI-paboune, (QYHKIIMOHUPYIOUIME IO CLEHAPUI0 2, PacXoayloT
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3HAYMTEIPHO MEHBIIE BPEMEHM Ha IepeMmenieHue. Takxke cokpamiaercsi Bpems
3apsaa Kaxaoro pobora, Tak Kak podoTtaM-pabodnM TpedyeTcs mepeaaTb MEHbIIe
OHEPrUM, BBHJIYy COKpAILEHHS €€ PACXOJ0B Ha ImepemenieHue. MakcumaiabHas
pa3HMIIAa BO BPEMEHHU BBINOJHEHHS 3aJad TIpyNIaMyd JOCTUraeTcs MpH HX

kosmmuecTBe OoT 13 1o 15 u cocrasiser Ooee 25 %.

Pesynbratel skcniepumMenta No2, B KOTOPOM Cpe/iHee pacCTOSTHUE OT 3apsTHOM

CTaHITUH JIO 33J1a4¥ COCTaBIsIIO 197 M mpecTaBieHbl Ha pucyHke 48:
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Pucynox 48 — I'padvik 3aBUCHMOCTH BPEMEHHU BBITIOJIHCHUS 3a1a49 OT MX

KOJINYECTBA MPU CPEIHEM PACCTOSIHUU JIO TOUKH BBIMOJIHEHUS 3aaaun 197 m

Tennenuus 0osiee OBICTPOrO BHIIOTHEHUS 3a/1a4 TPYMHION ¢ IepepacnpeiesieHueM
pecypcoB coxpansiercs st akcniepuMenTa Ne2. [Ipu konuuectse 3aaad ot 10 go 12
pa3HMIla BO BPEMEHM BBINOJHEHUSA 337a4 IIPU  PaA3JIMYHBIX CLEHAPUAX
(GYyHKLIMOHUPOBAHUS TPYMNNbl CTAHOBUTCS HE CyllecTBeHHOW. JlaHHbIA (akT
0OyCJIOBJIEH KOJMYECTBOM POOOTOB B rpymme. s rpymnmnsl, GyHKIMOHUPYIOIIEH
0e3 mepepacrpesiesieHusl pecypcoB oOIee BpeMsi BBIMOIHEHUS 3a1ad MpH UX
KOJM4ecTBe OT 7 10 12 n3MeHseTcs He 3HaYUTEIbHO BBUAY TOIO, YTO HA MOMEHT

BBIIIOJIHCHUA JaHHBIX 3aJia4 3apsad BCCX pO6OTOB HaxoaAuTCsa B 3aBepH1aI01ueI7I
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CTaauun II0CJIC BBIIIOJHCHHUSA IICPBBIX 6 3agad. MaxkcumanbHas pasHua B O6H.I€M
BPCMCHHM BBIIIOJIHCHUA 3aaad AOCTUTACTCA IIpU HMX KOJINMYCCTBC PABHOM 14 un

coctaBygeT 20%.

I'paduk, orpaxkaronmii pesynbTaThl dKcriepuMeHTa Ne3 mpeacTaBieH Ha

pucynke 49:

450

6 7 8 9 10 11 12 13 14 15

KonuuecTBo 3a1a4, 1T

Cuenapuii 1 Cuenapwuii 2

Pucynox 49 — I'paduk 3aBUCUMOCTH BPEMEHHU BBITIOJIHEHHUS 33/1a4 OT UX

KOJIMYECTBA MPU CPEIHEM PACCTOSIHUM O TOUKHU BHIMOJHEHUS 3a1auu 130 m

Kak BumHo u3 rpaduxoB Ha pucyHke 49 mnpu cpelHEeM pacCTOSHHUM 10 3aJadu
paBHbIM 130 M, rpymnma 0e3 mepepacnpencsieHus] PeCypcoB BBITIONHIET 3aJaud
ObIcTpee B cilyudae ux koimuectBa oT 9 mo 12. Taxxke, Kak U B PEABIAYIIUX JBYX
DKCIIEPUMEHTAaX BpeMs  BBIMOJHEHUss 6 3amad  OoJsibllie Yy  TPYIIIIHI,

(GYHKIIMOHUPYIONIEH 110 BTOPOMY CIICHAPHUIO.

Ucxons U3 pe3ynabTaToB MOJAEIUPOBAHMS, MOKHO CIEIaTh BBIBOJ, YTO MPU
YMEHBIIICHUU CPETHEr0 PAacCTOSHUS 10 3ajlad MPEeUMYIIECTBO BO BPEMEHU HX
BBITIOJTHEHUS TTIOCTETICHHO TIEPEXOAUT K TPyIIe PoOOTOB, (DYHKIIMOHUPYIOIICH 0e3

nepepacnpeiesieHlsl pecypcoB. ITO 00YCIOBICHO CHMXKEHHEM OOIIEero BpeMEHU
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nepemerieHus poooToB. He Maso BaykHy10 poJib IJis rpymi GyHKIIMOHUPYIOMIEH 6€3
niepepacipesieiCHrs] PECYpPCOB HUTpaeT 3apsiiHasl CTaHIUS C HEOTPAHWYCHHBIM
KOJIMYECTBOM TIOCTOB TMepedaadd dSHepruu. Bce poOOThI Tpynmbl  MOTYT
OJTHOBPEMEHHO TIOMOJIHATh CBOH 3apsii. BO3MOXHO TPEANoOI0XKUTh, YTO
COKpaIlleHHE MTOCTOB 3apsiia oKa3ajao Obl 3HAUMTEIBHOE BIMSHUE HA o0Iee BpeMs

BBHITIOJTHCHHUS 3a/1a49 B TJAHHOM CIIeHapu# (PYHKITMOHUPOBAHUS.

4.3 BKCHepI/IMeHTaJIBHOC HCCJICI0BAHNE MAKCHUMAJIBHOTO paanyca

(GyHKIMOHMPOBAaHNSI ITPYNIBI C IepepacnpeaejeHueM PecypcoB

OnHuM U3 TPEUMYIIECTB MpeajiaraeMoro oOecredyeHus MJid YNpaBiIeHUs
TpyIIoi poOOTOB € mepepachpesiefieHueM pEeCcypcoB SBISIETCS  yBEJIMYEHUE
MakCUMallbHOro  paaumyca  e€  (dyHkuuoHupoBanus. Ilog  pamgmycom
GyHKIMOHUPOBAHUS TPYIIBI B JAHHOM Cydae CJIeIyeT MOHUMATh MaKCUMAaJIbHOE
JIOITyCTUMOE PACCTOSIHUE OT 3apsAHOM CTAHIIMU O TOYKH BBITIOJTHEHUS 3aa4U, IPU
KOTOpPOM 3ajadya OyJeT BBHIMIOJIHUMA (CM. aJTOPUTM OMPEACIICHUS! BBIMOJHUMBIX
3amay). [lonTBepauTh AaHHBIM (AKT BO3MOXKHO MOCPEICTBOM BBIYMCIUTEIHHOTO

9KCIICPUMCHTA.

OYyHKIMOHUpPOBaHHE poOoTa-pabovero, paboraromero B rpynmne 0e3

nepepacnpeieiCHHs SHEPTEeTHUECKUX PECYyPCOB, MOSICHAETCS pUCYHKOM S0:

MNepemelteHune

pobora-p. (1;)

BoinonHeHue
LeneBoM 3a4a4m

Pucynox 50 — Ynpomernas nuarpamma GyHKIIMOHUPOBAHUS poOOTa-pabouero B

rpymme 0e3 nmepepacnpee’IeHus SHEPreTHIECKUX PECyPCoB
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[Tepemenienne poboTa-paboUYero OCYMIECTBISCTCS MEXKIY 3aadaMy W 3apsiaHON
CTaHIIMEH, TakuM 00pa3oM poOOT pPACXOAyeT OSHEPrHI0 Ha MEPEeMEIICHUE H
BBITIOJTHCHHE 33/1a4. Y paBHEHHE YHEPTeTHUECKOro Oaanca st podoTa B JAHHOM

ciydae uMeet cirenayromui Bu (58):

/ —
€Tmax = €max — Eminw> (58)

Zli]-em

TIC elmay = — tet €Tmax — MAKCUMAJILHOE KOJTMYECTBO SHEPIHU JTOCTYITHOS
u

poboTty-pabouemy.

OyHKIMOHUPOBAaHUE PabOUYMX U 3apsDKAOIIMX POOOTOB, paboTaromMX B
TpYIIIE C MepepacnpeieICHUEM SHEPTETUYECKUX PECYPCOB, MOSICHAETCS PUCYHKOM

51:

MNepemeweHune

NepemelleHue
pobora-3. (/)

podota-p.

Q BbinonHeHue
LeneBon 3a4a4m

Pucynok 51 — Ynpouennas nuarpamMMa GyHKIIMOHUPOBaHMsI poOOTOB B IpyTIIE C

nepepacmpeieiecHneM dHEPTeTUIECKUX PECYPCOB

Jlia cinydast pyHKIMOHUPOBAHUS TPYIIIEI C IEpepaclpeaesiEeHUEM PECYpcoB poOoT-
paboumii OCYIIECTBISCT BBIMOJHEHUE 33Ja4d U MEpPEeMEIICHUE MEXAYy TOUKOU
3apsijia U MECTOM BBINOJIHEHUS 3aaul. PoOOT-3apsKaronuil nepemMeniaeTcsi MexmIy
TOYKOM 3apsima pobOoTa-pabodero U 3apsAIHONM  CTaHIMEW. YpaBHEHUE
JHEepreTHYecKoro Oamanca st poboTa-paboyero, (yHKIMOHHUPYIOIIETO IO

JaHHOMY MPHUHIUITY, UMeeT caemyromui Bus (59):



137

2liqe
/ _ igtm
€Tmax = €max — €minw T Ny (emax — €minc — dy ) (59)

N3 npeAcCTaBICHHBIX ypaBHEHHM MOXHO BHUJIETh, YTO pPOOOT-pabouwii,
GYHKIMOHUPYIOIIMA B TPYIIE C TEpepaclpesieiCcHHeM PecypcoB, Omaromaps

poboTy-3apspKaroniemMy 061aaeT O0IBIIMM MPUBEACHHBIM 3a1aCOM SHEPIHH.

[lenb BBIYKMCIUTENIBLHOIO JKCIEPUMEHTA 3aKJIIOYaeTCs B YCTaHOBJICHUU
pasHHUIIBI B  MAaKCUMaJbHOM  pamuyce  (DYHKIMOHMpPOBAHWS  TPYII  C
nepepacrpeeicHueM PecypcoB M 0€3 HEro Ui Pa3jMyHBbIX 3aTpaT SHEPrHM Ha
BbINOJIHEHUE 3aaaun (€tj). Pacuér 3HaueHuii, mpejacraBieHHBIX B Tabmuie 12,

BBITIOJTHEH TPH: Emax = 1; €minw, €minc = 0,1; €m = 0,01; dy=1 m; #,=0,8.

Tabnuna 12 — Pe3ynbTaThl BHIYUCICHUHA

efj SWiax, M ScCmax, M Fw, M o', M rw/ ry'
0,2 70 46 35 58 1,66
0,4 50 59 25 54 2,18
0,6 30 71 15 51 3,38
0,8 10 84 5 47 9,38

B Tabmume 12 wcmonn3yloTcs CIHSAYIOIMINE TEPEMEHHBIC: SWmax M SCmax
MaKCHUMaJbHbIE€ PACCTOSIHUS, KOTOPbIE MOTYT MPEOI0JIETh POOOT-padounii u podoT-
3apspKAIOIIMA  COOTBETCTBEHHO, [y — paauyc (PYHKIHMOHUPOBAHHUS POOOTOB-
pabouux, Iy’ — NpUBEIECHHBIN paanyc (YHKIIMOHUPOBAHUS POOOTOB-pAdOUUX MPH

(GYyHKIIMOHUPOBAHUH B TPYTIIE C epepacipeieICHUEM PECYPCOB.

IIpencraBiieHHble pe3yJIbTaThl BBIYMCICHUN XapaKTEpU3YIOT Clydau, B
KOTOpPOM IepeMeleHre poOoTa-pabodyero OCylIeCTBIAECTCA OT MOCIEAHEW TOUYKU
3apsaa A0 TOYKHU BBIIOJHEHUS 3a/layd, a poOOT-3apsKalolInil mepeMeniaeTcs 10
JAHHOM TOYKM 3apsiia U BBINOJHSET Mepefadyy COOTBETCTBYIOLIETO KOJIMYECTBA
sHEprun poOoTy-paboueMy. JlaHHBIH BapuaHT COBMECTHOM pPabOThl pPOOOTOB
JIOTIYCTHM, TaK KaK MPOMEKYTOYHBIX TOUYEK 3apsAa MOKET OBbITh CTOJIBKO, CKOJIBKO

HEO0XO0IUMO.
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N3 Tabmuner 12 cnemyet, uro npu pacxoae 20 % 3amaca sHepruu podboTa Ha
BBHITIOJIHCHHE 3a71a4¥l paanyc GyHKIIMOHUPOBAHMS TPYIIIHI ¢ IIepepacipeneieHueM
pecypcoB OyzneT 6obie B 1,66 pa3, 4eMm y TpyMIbl ¢ TPAAUIUOHHBIM MPUHITUTIOM
dbyakuuonupoBanus. [Ipyu yBenmnueHNN KOJIMYECTBA YHEPTUU HEOOXOIUMOTO IS
BBITIOJIHEHUS 3a/1auu 10 80% pa3Hulia B pagnycax GyHKIIMOHUPOBAHUS MTPEBBIIIAET
9 pa3, ¢ mpeuMyIIeCTBOM Y TPYIIIBI ¢ TIepepacnpeeienieM pecypcoB. Harmsano
U3MCHEHHE pajuyca (QYHKIIMOHUPOBAHHWS B CIAWHHYHBIX paccTosHusx (d,) B
3aBUCMMOCTH OT 3aTpaT HDHEPrUM Ha BBHIMOJHEHUE 3a/Ja4d B OTHOCUTEIHHBIX

SIMHMIIAX MPEACTABICHO HA PUCYHKE 52!
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PucyHnok 52 — MakcuManbHbIi paguyc GyHKIMOHUPOBAHMS TPYMIIbI B

3aBMCUMOCTH OT pacxoJid SHCPIruMu Ha BBIITOJHCHUC 3aaa4n

W3 pucynka 52 cnemyet, 4To yBeIWYEHUE 3aTpaT YHEPTUU HA BBHIMOJTHEHUE 3a/1a91
BIUSECT Ha MAaKCUMaJbHBIM pamuyc OoJjiee 3HAYUTENHLHO y  TPYIIIHBI,
dbyHkunoHupytomei 0e3 mnepepacnpesesieHuss pecypcoB. Tak mpu HU3MEHEHHH
3aTpaT JHEPTrUU Ha BBIMOIHEHHE 3amgaun Ha 60% pagumyc pabOThl TPYMIBI C

nepepacrpeeieHueM pecypcoB cHmxkaercst Ha ~ 20%, a 6e3 Ha ~ 86%.
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4.4  BbIBoABI 10 YeTBEPTOH Ii1aBe

B okcnepumeHTanbHOM YacTh pabOThl MPOBEIEHO CPaBHEHUE MEXKIY
TpyIIon, (YHKIIMOHUPYIOMEH € TPAJAWIIMOHHBIMU TPHHIMIIAMHA ¥ Ha OCHOBE
pa3pabOTaHHOTO aBTOpPCKOro oOecreyeHusi. MMUTallMOHHOE MOJIETUPOBAHKE
npoBenieHo B cpene Gazebo. Ilpu momenupoBaHuu B 00JacTH pabOYEro Mmosis
HaXOJIUJIach TOMOTEHHAs TpyIa u3 6 po6oToB. MoaeMpoBaHUE BHITIOIHSIIOCH 110
JBYyM clieHapusiM. B mepBoMm crieHapuu Bce HIECTh pOoOOTOB OBLIM paboyMMu U
BBITIOJTHSITM 3a7]a4¥, @ BO BTOPOM TpyIa Oblia pasnesieHa ¢ npornopuueit 1/1 Ha
pob0TOB-pabounx U poOOTOB-3apsikaromux. [IpoBeieHO TpU TUITA SKCIIEPUMEHTOB,
B KOTOPBIX HM3MEHSUIOCh KOJMYECTBO 3ajad oT 6 mo 15. B kaxmom Tumne
HKCIIEPUMEHTOB  OTIMYAJIOCh PACIOJOKEHHWE 3aJad B obmactu padoyero
MIPOCTPAHCTBA M CPEJIHEE PACCTOSHUE OT 3apsiIHOM CTaHIMM A0 3adaudd. [lpu
3aJIO)KCHHBIX B MOJIeTb  IMapaMeTpax rpymma, QyHKIHOHUpPYOmas 0e3
nepepacrpesielieHuss pecypcoB, BBINMONHsUIa 6 3agad  ObIcTpee TPYMNNbl ¢
nepepacipeicicHieM pecypcoB BO BceX dJKcrepuMeHTax. JlaHHBIM  (dakT
oOyCJIOBJIEH TE€M, YTO Ha HA4YaJbHBIH MOMEHT BpPEMEHH BCE POOOTHI WMEIH
MaKCUMaJIbHBIA YPOBEHb 3apsifia, M TPyMIa, COCTOSIIas TOJIBKO U3 POOOTOB-
pabouux, OJHOBPEMEHHO MPHUCTyMNaja K BBHIMIOJHEHHIO Bcex 6 3amad. Ecmum
KOJMYECTBO 3a/lad TMPEBBINIAET YWUCIO0 POOOTOB B TpyIIe, TO Tpymma C
nepepacnpeie;IeHHeM pPECYpPCOB BBITIONHAET 3aaydl  ObICTpee TIPH  CpelHEM
pPacCTOSIHUM OT 3apsiTHOM CTaHIUMU 10 3a1add Oojee 85 % OT MaKCMMaJbHOTO
panuyca paboTel rpynmbl. [Ipu yMeHbIIEHUU cpeaHero paccTosHus a0 56% ot
MaKCUMaJIbHOTO CHUXXAETCs 00IIee BpeMsl TMepeMerieHuss poOOTOB, W TP
KojimuecTtBe 3amad ot 10 mo 12 rpymnma Oe3 mepepachpelesieHus pecypcoB
BHITIOJIHAET WX 3a MEHbIee BpeMms. JlanpHeilliee yMEHbIIEHHWE CPEIHETO
pPacCTOSTHUSL OT 3apsIHON CTAHIMHM JI0 3aJa4dl ITOCTEIEHHO BBIBOJIUT TPYIIY,
GyHKIMOHUPYIONIYIO 0€3 IepepacnpeeieHus] peCypcoB B JIMJEPhl MO BPEMEHH
BBITIOJIHEHUS JIF0O0OTO KoJmdecTBa 3anad. l[lomydeHHbIE TpU MOSITHPOBAHUU

PE3YyIbTAaThl IIOKA3bIBAIOT O6HIYIO TCHACHIIUIO Oonee 6BICTpOFO BBITIOJTHCEHHUA 3a1a4
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rpynnoi, GyHKIMOHUPYIOIIEH ¢ mepepacipeieiecHueM peCcypcoB MPHU YBETUUCHUN

pacCTodgHMA 10 3aaa4 U UX KOJIMYICCTBA.

OmHMM U3 MPEUMYIIECTB pa3pad0TaHHOTO AITOPUTMHUIECKOTO OOSCTICUCHUS
SIBIIIETCSl pacIIupeHne oOnacth (QyHKIMOHUpOBaHUs Trpynmnbl. [loaTBepkacHME
JaHHOTO (hakTa MPOBEIECHO MOCPEICTBOM BBIUUCIUTEIHHOTO SKcrepuMeHTa. [lo
pe3ysibTataM  BBIUMCIMTEIBLHOTO OKCIIEPUMEHTA YCTAaHOBJEHAa pa3HHUIA B
MaKCUMaJTbHOM paamyce paboThI TPy GYHKIIMOHUPYIOIIIHAX C
nepepacipeieieHieM PecypcoB W 0€3 Hero sl pasNUYHbIX 3aTpaT dHEPIHH Ha
BbITIOJIHEHUE 3a1a4u. [Ipu pacxone 20 % 3amaca sHepruu poOOTa Ha BBHIMOJIHEHUE
3a/1auu pajiyc paboThl TPYIIIbI C epepacipeeieHueM pecypcoB OyneT OobIe B
1,66 pa3, 4yem y rpynmnbl ¢ TPATUIIMOHHBIM MPUHIUIIOM QyHKIIMOHUpOoBanus. [Ipu
YBEJIUYCHUH KOJMYECTBA DHEPTUU HEOOXOIUMOTO JIJIsl BBITIOJIHEHUS 3a1a4u 110 80%
pa3HHIA B pagnycax (YHKIMOHUPOBAHUS MPEBBIMIACT 9 pa3, ¢ MPEUMYIIECTBOM Y

IPYIIIBI C IEPEPACIIPEACICHUEM PECYPCOB.

Pesynbratel  MpOBENEHHOTO  MOJETUPOBAHHS,  BBIUMCIUTEIBHBIX |
NPaKTUYECKUX  OKCHEPUMEHTOB  MOATBEPKIAIOT  pabOTOCHOCOOHOCTh U
2 PEKTUBHOCTH pa3paboTaHHOTO obecrieueHusI. Ilepepacnpenenetue
PHEPreTUYECKUX PECYpPCOB B TPYIINE IMO3BOJSET BBIMOJIHATH POOOTaM 3ajayu,
KOTOpbI€ TIPU OTCYTCTBHUM TaKOW BO3MOXXHOCTH ObUIM OBl Jisi poOOTOB
HenocTuxkuMbL. [Ipumenenne nByHanpasieHHOM BCIID mno3Boisier CHU3UTH
TpeOOBaHUSI K TOUHOCTH KOHEUHOT'O IMO3UIITMOHUPOBAHUSI pOOOTOB, TEM CaMbIM J1a€T
BO3MOXXHOCTh YIIPOCTUTh UX CEHCOPHYIO CHUCTEMY, CHU3UTh 3aTpaThl BpEMEHU Ha
JAHHBIM TPOIIECC, U 3HAYUTEIHLHO IOBBIIIAET BEPOSTHOCTH YCIEHNTHOTO OOMEHa
pecypcamu. Mcnons3oBanue pazpabOTaHHOTO aJIrOPUTMUYECKOTO M aImapaTHOro
oOecrieueHusl MO3BOJIIET 3HAYUTEIHHO PACIHIUPUTH 00J1aCTh (YHKIIMOHUPOBAHHS
IpYIIbl Ha3eMHBIX POOOTOB W HCMOJB30BaTh €€ I MMOTEHIHAIbHO OoJiee
HPHEPrOEMKHUX 3aJlay, a TaKXKe CHU3HUTh 3aTpaThl BPEMEHHU 3a CUET ONTHUMAJIbLHOTO

pacnpeneneHus QYHKIMA U 33129 MEXIy poOOTaMHu.
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3AK/IIOYEHUE

B muccepranmonnoif pabote Ha OCHOBE pa3pabOTaHHOTO MAaTEMAaTHYECKOTO,
QITOPUTMHUYECKOTO U alapaTHOro oOecleueHrs pelieHa HAYYHO-TeXHUYecKast
3aJa4a  CHWDKEHUS  BPEMEHHBIX 3aTpaT W PACIIMPEHUS  TEPPUTOPUHU
GYyHKIMOHUPOBAHUS TPYMIbl Ha3eMHBIX pPOOOTOB C TMepepacrpeeieHueM
DPHEPreTUYECKUX pecypcoB. PemieHHas 3agada MMEET BaXHOE 3HAUYEHHUE IS
COBEPILEHCTBOBAHMS CIIOCOOOB M TEXHUYECKUX CPEJICTB IPYNIIOBOrO YIIPaBICHUS
poOoTaMM HA3eMHOTO U IpYyrux cpell 0a3upoBanusi. COBOKYITHOCTb MPEJI0KEHHbBIX
MOJENW,  aIrOpUTMOB W allapaTHBIX  CpeacTB Ui oOecreyeHus
(YHKIMOHHUPOBAHUS TPYINIBl POOOTOB € NEPEPaACHPECIICHUEM IHEPreTHUECKUX

pECypCOB BKJIIOYAET CIAEAYIONINE HAYYHbIE Pe3yJbTATHI:

1. Marematuyeckass MoOJielb YIpaBJIECHUS TIPYNIONW HA3eMHBIX pPOOOTOB,
OTJIMYAIOUIAsIC HOBBIMU YCJIOBUSIMUA DEIICHHS 3a7a4M, YYHUTHIBAIOIIAS
nepepaclpeieieHue JHEPreTUYECKUX PECypcoB Mexay poboTamu H
ONTUMM3UPYIOIIAs BHIMOJIHEHUE 1IEJIEBBIX 3a]1a4.

2. KoMIuiekc aiaroputMoB TpPYHIOBOrO LIEHTPAJIM30BAHHOTO  YINpPaBICHUS
Ha3eMHbIMH pOOOTaMH, OTJIMYAIOLIUNCS COBOKYMHOCTBIO TIPaBUI H
peaNnu3yrOUMil  IEpEepaclIpeiclieHHe  JDHEPreTHYECKHX  PECypcoB  Ha
MapuipyTax MeEXIy TOYKaMHU MECTONOJIOKEHHS LEJIEBBIX 3a7ad IpU
NEPEABIKEHUN HAa OTKPBITOM IPOCTPAHCTBE C MEPEMEHHBIM perbedoM,
00eCIeynBaOIINiA YMEHbIIIEHHE OOIEero BPEMEHHU BBINOJHEHHUS IIEJIEBBIX
3a/1ad.

3. ApXUTEKTypa MpOrpaMMHON CHUCTEMbl YINPABIEHUS TPYNION Ha3eMHBIX
poOOTOB, OTIMYAIOIIAACA TNPUMEHEHHEM HECKOJbKUX UIMH JIaHHBIX,
OCYILECTBIISIIOIINX COCAUHEHUE MOZYJIEW CUCTEMBI YIIPABICHHS TPYIIION
poOOTOB, MOAYJEH OTAENBLHOTO HAa3eMHOro podoTa M WHMOPMAIMOHHBIN
OoOMeH MEXIy HHMH;, HaJIM4ueM MOIYJsS OMNpeleieHHUs KOOPAMHAT TOYEK

HPHEPreTUYECKOro 0OMeHa MEX 1y padodHuM U 3apsKAOIIMM pOOOTOM.
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[IpennoxxeHHbIe MOEIb, aJTOPUTMBI U allllapaTHBIC PEIICHUS MOTYT OBITh
UCIIOJIb30BaHbl B TEPCIEKTUBHBIX POOOTOTEXHUYECKHMX CHUCTEMAax C TPYIIOBBIM
yIpaBiicHHEM. B kauecTBe mepcneKTUB AajibHelleil pa3padoTKu TeMbl MOXKHO
BBIJICJIUTh KCCIIEIOBAHUsI, HAIPABJIEHHBIE HA NEPEXOJ OT LIEHTPAJIU30BAHHOIO K
JEUEHTPAIU30BaHHOMY CIOCOOY YIpaBJiCHHUs TPYNIOW Ha3eMHBIX POOOTOB Ha
OCHOBE IMPHUHIMIIOB CAMOOPraHM3aliM, a TaKXKe OMOMHCIUPHUPOBAHHBIX METOOB

UH(GOPMAIIMOHHOTO U (PU3UYECKOTO B3aUMOICHCTBHS B OOBIINX IPyMIax poOOTOB.

HOJIO)KCHPIH, BBIHOCMMBIE€ Ha 3allUTy, COOTBETCTBYHT CJICAYIOIIUM
IIYHKTaM nacmnopra CuneumajJbHOCTH 2.3.5 — «MaTemaTn4eckoe u IIpOrpaMMHOC
oOecrieueHre BEIYHCINTEIIHHBIX CUCTEM, KOMIIJICKCOB 1 KOMITBIOTCPHBIX ceTeiy: .
3. «MOIIGJ'II/I, MCTOAbI, AJITOPHUTMBI, SA3BIKKM W IIPOIrpPaAMMHBIC HHCTPYMCHTBI IJIA
opraHmusalnuun B33HMOI[GI>1CTBPI$I IIporpamMm M IporpaMMHBIX CUCTEM», II. 8. «MOI[GJII/I
N MCTOJbI CO3JaHHA IIPOTrpaMM M IIPOrpaMMHBIX CHUCTCM IS HapaHHeHBHOﬁ u
paCHPGIICHGHHOﬁ 06pa6OTKI/I JaHHBIX, A3BIKHK WM HHCTPYMCHTAJBHBIC CPCICTBA

NapajuIeIbHOrO MPOrPAMMUPOBAHUS .
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IMPUJIOKEHHUE A. TAPAMETPBI IIPOI'PAMMHOI'O

KOMIIVIEKCA

Tabnuua Al — [TapameTpsl KOHPUTYpAITMOHHOTO (paitsia MPOrpaMMHOTO

KOMITJIEKCa
Haumenosanue Tun 3HaueHus
O6o3HaueHe mapameTpa
napameTpa napameTpa
[TapameTpst poOOTOB

M Yucno poOOTOB- int

pabouux
Z Yucno poOOTOB- int

3apsOKAFOTIIAX

[ Unentuduxatop int

pobota

robots_workers

MaccuB mapameTpoB
poOOTOB-paboUMX

int robots_workers

[MI][71{i, xi, i, zi,
ch_level, status}

robots_chargers

Maccus nmapaMeTpoB
POOOTOB-3apsAKAIOIINX

int robots_chargers

[ZI[7{ i, xi, Vi, zi,
ch_level, status}

CH_LEVEL_MAX

MakcumaibHbBIN

YpOBEHbB 3apsaa podoTa
(%)

Int

WORKERS_LEVEL_MIN

MuBuManbHBIN
YPOBEHB 3apsiia
poboToB-padounx (%)

int

CHARGERS_LEVEL_MIN

MuBuManbHBIN
YPOBEHbB 3apsiaa

POOOTOB-3aPsHKAIOIITUX
(%)

int

CHARGE_RANGE

Jnama3oH noucka
TOYEK 3apsaa OT
workers_level_min (%)

int

MOVEMENT_SPEED

MaxkcumanbHas
CKOPOCTH poOOTOB

(m/c)

float
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DOWNTIME_RATE

Pacxon sneprum B
npocroe (%/C)

float

MOVEMENT_RATE

Pacxoj1 sHepruu npu
nepemerteHuu (%o/C)

float

WORKERS_TASK_ RATE

Pacxon sHeprum npu
BBIIIOJIHEHHUH 33/1a41
poboT-padoumii (%/C)

float

CHARGERS_TASK_
RATE

Pacxon sHepruu npu

BBITIOJTHCHHUH 3a1a4UM

pOOOT-3apsKAIOIIHIMA
(%l/c)

float

CHARGING_RATE

[lormonHeHne sHEPTUN
IIpu 3apsjie pooOTOB
(%l/c)

float

ROBOT_LENGTH

JnunHa pobota (m)

int

[TapameTpsl cpenbl GyHKIMOHUPOBAHMS

DISTANCE_RATE

Pacxon sneprum Ha
MPEO0JICHHE
PACCTOSTHUSI MEXKTY
COCETHUMH TOYKaMU
KapThl BHICOT

float

CHARGING_STATION

Koopaunate! 3apsaHon
CTaHLIUH

int
CHARGING_STATION
[31{xu, yu, zu}

[TapameTpsI 11€JIEBBIX 3a7a4

N

Yucio 3agau

int

ASSIGNED_TASKS

Maccus koopauHaT
LICJIEBBIX 3aJ1a4

int ASSIGNED_TASKS
[NI[3I{X), yj, 21}

BBITTOJIHCHUC 3a1a491U

TASK_TIME Bpewms BbImonHEHUSA Int
3aja4
TASK_RATE Pacxon sHeprum Ha float

Tabmuia A2 — [TapameTpsl, coznaBaembie IpU paboTe MOYJIEH TPOrPAMMHOTO

KOMILIEKCA
O6o03HaueHue Tum 3HaueHus
HaumenoBanue napamerpa
napamMmerpa rnapamMeTrpa
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Monyibs HOCTpOEHHS TPAEKTOPUI

movement_path

Tpaekropus i-podoTa 10
3a/1a4M WA TPACKTOPHUSI OT
3apsAHON CTaHIIMHU [0 |-
3a7a9n

int movement_path

[[2]{xu, yu}

workers_path

Maccus Tpaekropun
poOOTOB-padOUMX A0 KAXKIOM
3a/1a49u

int workers_path
[1[l{movement_path}

chargers_path

MaccuB TpaekTopun
POOOTOB-3aPKAIOIINX JI0
KaKI0U 3a/1auu

int chargers_path
[1[l{movement_path}

chargers_charge_path

Maccus Tpaektopui
POOOTOB-3aPSAKAIOIINX OT
KaXJI0W 3a/1a4u JI0 3apsTHON
CTaHIIUU

int
chargers_charge path
[[{movement_path}

tasks_charge_path

MaccuB TpaekTopuil OT
3apsAAHOM CTAaHIIUU J10
KaKI0U 3a/1auu

tasks_charge_path
[[{movement_path}

Monynb pacuera JjuH TPAeKTOpUI

path_length

JlnmuHa TpaekTopuH i-podoTa
710 3a71a4d WK TPACKTOPUHU OT
3apsAHON CTaHIIMHU 0 |-
3a1aun

int

workers_path_length

MaccuB 1MH TpaeKToOpui

int workers_path_length
[1[1{path_length}

chargers_path_length

MaccuB 1MH TpaeKTopHuit

int chargers_path_length
[1[]{path_length}

tasks_charge_length

MaccuB 1IMH TPaeKTOpPUH OT
3apsAIHON CTAaHUIUU 110
Ka)XXIIoU 3aJa4uu

int tasks_charge_length
[1{path_length}

MOI[YJ'IB OIIPCACIICHUSA BBIIIOJTHHUMBIX 3a1a4

workers_tasks

MaccuB KoopauHaT
BBIIIOJTHUMBIX 3a71a4

int workers_tasks

[B1Xi. vi. i}

Moaynbs onTUMaJIBHOTO pacipeieNieHus 3a/1a4y

workers_tasks_length

MaccuB IMH TpaeKTOpUil
IIOCJIE TOMCKA ONTUMAIBHOTO
pacmnpeneneHus poooToB-

pabounx MEeXIy 3a1a4yaMu

int
workers_tasks_length
[1[1{path_length}
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chargers_tasks_length

MaccuB 1uMH TpaeKTopui
1ocJie MOMCKa ONTUMAaIbHOTO
pacnpenenenus poooToB-
3apsKAIOIINX MEXTY
3aJja4aMHu

int
chargers_tasks_length

[1[{path_length}

Moy onpeneseHus ToYek 3apsaaa

chargers_tasks

MaccuB koopAauHAT 3a1a4
MONIOJIHEHUST SHEPTETUYECKHUX
pecypcoB

int chargers_tasks

(B3I, yi, 2}

Moayns hopMHUPOBaHUS MUCCHIA

workers_mission

MaccuB uaopmanuu o
MPEICTOSIIEH MUCCUU
poboTta-pabouero

int workers_mission
[1{i, workers_path[][],
chargers_tasks[]}

chargers_mission

MaccuB undopmanuu o
MPEACTOAILIECH MUCCUU
poboTa-3apsHKAIOIIETO

int chargers_mission

[1{i, chargers_path[][],
chargers_tasks[],

chargers_charge_path[]}
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MPUJIOXEHUE b. CHUCOK MYBJUKAIIMI COUCKATEJIA 11O
TEME JMCCEPTALIUN

Ilyonukayuu 6 JcypHanax u3 nepeurs peyeH3upyemuvlx Hay4HulX U30auul, 8

KOMOpbIX OO0JICHbI  OblMb  ONYOIUKOBAHBL OCHOBHblE HAYUHbLIE Pe3Vbinambl
ouccepmayuti Ha COUCKAHUE V¥iyou CmeneHu Kanouoama HAYK, HA COUCKAHUE
VuéHOU cmenenu 00OKmMopa HayK-.

1.

KpecroBuuko K.J[. Martematuyeckas MOJENIb W aITOPUTMbl YNpPaBICHUS
TpyNIol Ha3eMHBIX PpOOOTOB C IEpPEepaCPEICIICHHEM SHEPTETUIECKUX PECYPCOB
/ K. KpectoBaukoB // UudopmarmonHo-ymnpasisitoniue cucteMbl. 2023. No 6,
C. 20-34. DOI: 10.31799/1684-8853-2023-6-20-34

KpecroBuukos K./[. AIropuT™msl yripaBieHus IByHaIIPaBIECHHON O€CpOBOAHON
CUCTEMOW Iepeladyd SHEPruu IIpU IEpPEepaCIPENENICHUH DHEPropecypcoB B
rpymme HazeMHbix poooroB / K.JI. KpecroBHukoB // MexaTpoHukKa,
apromatusanusi, ynpasienwe. 2023. T. 24, Ne 9, C. 451-461. DOI:
10.17587/mau.24.481-488

KpecroBuuko K.JI. Martematuueckas Mojaelb pOEBOM pPOOOTOTEXHHUYECKOU
CUCTEMBI C OecnpoBOAHOW JByCTOpoHHeW mnepenadeit osHepruum / K./
KpectopuukoB, A.P. IllaGanoBa, A.Jl. Kosanés // Tpyast Hayuno-
uccienoBarenbckoro uHCTHTyTa pammo. 2020. Ne 1-2. C. 64-73. DOI:
10.34832/N1IR.2020.1.1.007

Kpectopaukop K.JI. Meron oOlLeHKH BpeMEeHH OeCnpoOBOIHON Mepenaydu
DPHEPTreTUYECKUX PEeCcypcoB Mexay aABymsi poboramu / A.A. Epamos, K.B.
Kampiaun, K.J[. KpectoBuukoB, A.N. CasenbeB, // HWHpopmatuka wu
aromaTm3arms. 2021. T. 20(6), C.1279-1306. DOI: 10.15622/ia.20.6.4
Kpecrouuko K. JI. TloBwimenue 3¢h@GEKTUBHOCTH pabOThl OECTIpOBOAHON
CUCTEMBI ITepeavyn SHEPTUU 3a CUET TPUMEHEHUSI CHHXPOHHOT'O BBINPSAMUTES /
K.J. KpectoBuukos, E.O. Uepckux, A.P. [llabanoga, A. J[. Koanes // laTuuku
u cuctemsl. 2019. Ne 10, C. 38-42. DOI: 10.25728/datsys.2019.10.6.
KpecroBuukoB K. JI. CxemMoTeXHHYECKHE WM KOHCTPYKTHUBHBIE pELICHUS s

66CHp0BOI[HOI>i CUCTCMbI 1ICPCAa4YM OSHCPruM Ha OCHOBC CHHXPOHHOIO
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Boinpsamutens / KJI. KpecrouukoB, E.O. Yepckux, A.P. IllaGanoBa //
MonenupoBanue, onTUMH3aIMsa U nHGopMarronHsie TexHonoruu. 2019. T. 7,
Ne 4. C. 11-12. DOI: 10.26102/2310 6018/2019.27.4.018

7. KpecropaukoB K./[. CTpykTypa M CXEMOTEXHUYECKOE PELIEHUE CHUCTEMBI
OCeCIIpOBOJIHOM Tepeaun YHEPTUM i puMeHeHus B MoOuiasHbIX PTK / K. /1.
KpecrosuukoB, A.H. beikoB, A.A. EpamioB // PoOoToTexHHWKa U TeXHUYECKas
kuoepHeTrka. 2021. Ne 9(3). C. 196-206. DOI: 10.31776/RTCJ.9305

8. KpectoBuukoB  K.JI. Crpykrypa M  CXEMOTEXHHYECKOE  pEILICHHE
JBYHAIIpaBJI€HHOW OECHpPOBOJHOM CHUCTEMBbI NEpeNayd SHEPrUd ISl POEBBIX
poo6oros / K.JI. KpecroBarkos, A.B. Cemenos, A.A. Epamos // U3Bectus FOro-
3anaaHoro rocyaapcrBeHHoro yHuepcutera. 2021. Ne25(4), C. 84-103. DOI:
10.21869/2223-1560-2021-25-4-84-103

9. KpecroBuukoB K.JI. MccnenoBanue 3¢ ¢ekTuBHOCTH OECIPOBOAHON CHUCTEMBbI
Mepe1auu SHEPTUU MPU SKCILTyaTalnnu B Boje v pactBopax / K.J[. KpectoBHHKOB,
A.A. EpamoB // Jlatuukum m cuctemsr. 2022. T 2, Ne 2, C. 19-27. DOI:
10.25728/datsys.2022.2.3.

10.KpecrouukoB K.JI. Ilogxom k OecrnpoBOAHOMY 3apsiay aKKyMYJISATOPHOU
Oarapen aBTOHOMHBIX HEOOMTaeMbIX TMOABOAHBIX ammapatoB / K./
KpecroBuukos, A.A. Epamos, A.M. CaBenbeB // Mopckue HHTEIIEKTyalbHbIC
TEXHOJIOTHH. 2022. Ne 4, 4acTh 1, C. 144-155. DOl
10.37220/MIT.2022.58.4.036

B 3apybesicnvix uzoanusx, unoexcupyemoix 6 WoS/Scopus:

11.Krestovnikov K. Mathematical Model of a Swarm Robotic System with Wireless
Bi-directional Energy Transfer / K. Krestovnikov, E. Cherskikh, A. Ronzhin //
Robotics: Industry 4.0 Issues & New Intelligent Control Paradigms. Springer,
Cham, 2020. P. 13-23. DOI:10.1007/978-3-030-37841-7_2

12.Krestovnikov K. Approach to Choose of Optimal Number of Turns in Planar

Spiral Coils for Systems of Wireless Power Transmission / K. Krestovnikov, E.
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Cherskikh, A. Bykov // Elektronika ir Elektrotechnika. 2020 No26(6), 17-24.
DOI: 10.5755/j01.eie.26.6.2618.

13.Krestovnikov K. Concept of a synchronous rectifier for wireless power transfer
system / K. Krestovnikov, E. Cherskikh, N. Pavliuk // IEEE EUROCON 2019-
18th International Conference on Smart Technologies. 2019. P. 1-5. DOI:
10.1109/EUROCON.2019.8861856

14.Krestovnikov K. Wireless Power Transmission System Based on Coreless Coils
for Resource Reallocation Within Robot Group / K. Krestovnikov, E. Cherskikh,
P. Smirnov // International Conference on Interactive Collaborative Robotics.
Springer, Cham, 2019. P. 193-203. DOI: 10.1007/978-3-030-26118-4 19

15.Krestovnikov K. Comparative study of synchronous and non-synchronous
rectifiers for use in the receiving part of a wireless charging system / K.
Krestovnikov, A. Saveliev, A. Shabanova, I. Vatamaniuk // Proceedings of 14th
International Conference on Electromechanics and Robotics ‘“Zavalishin's
Readings”. Springer, Singapore, 2020. P. 675-685. DOI: 10.1007/978-981-13-
9267-2_56

16.Krestovnikov K. Structure and Circuit Solution of a Bidirectional Wireless Power
Transmission System in Applied Robotics / K. Krestovnikov, E. Cherskikh, A.
Saveliev // Radioengineering. 2021.vol. 30, No. 1, P. 142-149. DOI:
10.13164/re.2021.0142

17.Krestovnikov K. D. Development of the structure and circuit solution of a
bidirectional wireless energy transmission system for swarm robots / K.
Krestovnikov, E. Cherskikh // Serbian Journal of Electrical Engineering. 2021.
vol. 18. No. 2. P. 171-192. DOI: 10.2298/SJEE2102171K

18.Krestovnikov K. Research of performance characteristics of WPT system
associated with mutual arrangement of coils / K. Krestovnikov, A. Erashov //
Proceedings of 16th International Conference on Electromechanics and Robotics
“Zavalishin's  Readings”.  Springer, Singapore. 2022. P. 359-369.
DOI:10.1007/978-981-16-2814-6_31
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Pezucmpayus pezyromamos unmeniekmyanibHou 0esimeabHOCmu.

. KpecrosaukoB K.JI., becnpoBomnas 3apsmHas cucrema / CaBemseB A.U.,
Kpecroruukos K. /. // [Tatent Ha uzoopetenue Ne2698307 ot 26.08.2019.

. KpecTtoBHUKOB K., OO6pa3zoBatenbHas oOnmavyHas cpena TUTSt
IpOrpaMMHUPOBAHUST HAa3eMHBIX poOoToTexHMYeckux Iuiathopm / CaBenbeB
A.U., Kampiaun K.B., KpecroBuukos K. /1., Ueproycora I1.M., Uepckux E.O. //
CBumerenbcTBO 0 peructpauumu nporpammel it OBM 2022680118 ot
27.10.2022.

. KpecroBuuko K.JI., JIByHampaBieHHass cucreMa OeCIpOBOJHOM Iepeaadu
sneprun / KpecrosuukoB K.JI., CasenaneB A.W., Epamos A.A. // Tlatent Ha
nzooperenue Ne2802056 ot 22.08.2023.

. KpecroBaukoB  K.JI., IlporpammHoe oOecrneueHue i yHpaBlICHUS
nepefarouieil 4yacTbio OECHpOBOJHOM CUCTEMBbI IEpeAayd SHEPIUM Ha Oasze
pe3oHaHcHoro aBtoreHeparopa / CasembeB A.W., KpecroBuumkoB K.JI. //
CBunerenscTBO 0 peructpanuu nporpammbl mis OBM  Ne2023669595 ot
18.09.2023.

. KpecroBuukos K.JI., [IporpaMMHbIii MOIYJib MO3UIMOHUPOBAHUS POOOTA IO
ArUco-mapkepam / CasenbeB A.U., JlerenkoB M. A., KpectoBuukos K.JI. //
CBugerenscTBO O peructpanuu nporpammbl g OBM  Ne2023681828 ot
19.10.2023.

. KpecroBuukos K./I., [Iporpammabiii KoMIieke GOPMUPOBAHUSI MUCCUIA TPYIITIBI
HazeMHbIX poboToB» / KpectoBHukoB K./I., Auukun I.A. // CBuaeTenscTBO 0O

peructpanuu rnporpammsl 11t 9BM No2023686919 ot 11.12.2023
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INPUJIOXKXEHHUE B. KOIITMU 3APETUCTPUPOBAHHBIX
CBUAETEJBbBCTB U HTATEHTOB HA PE3YJIBTATDBI
UHTEJUIEKTYAJIBHOM COBCTBEHHOCTI/I‘Il
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CBUAETEJBCTBO

0 roCyJapcTBeHHON perucrpaumun nporpamMmsl nas 2BM

Ne 2022680118

Ob6pazoBareabnasn obaaunas cpeaa s
NPOrpaAMMHPOBAHHS HAZEMHBIX POOOTOTEXHHYECKHX
miathopm
lpasootnanatens: DedepaibHoe 20CyoapemeeHHoe DH0McemHoe
yupexcoenue nayku "Canxm-ITemepoypzckuit @edepaibuuiii
uccaedosamenvexkuit yenmp Poccuiickou akademuu nayku” (RU)

Asropu: Cagenvee Aumon Hzeopeeuu (RU), Kamvinun Koncmanmun
Buxmopoeuyu (RU), Kpecmosnuxoe Koncmanmun Imumpuesuy
(RU), Yepnoycoea IMoruna Muxaitroena (RU), Yepckux
Examepuna Onezoena (RU)

Zasexa Ne 2022668320

Jlata noctynacuun 10 omaﬁpn 2022 r.
Jlata rocyapperacHHOI pericTpamm
8 Peectpe nporpams s 9BM 27 oxm&pa 2022 2.
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0 rOCYAAPCTBEHHOM perHcTpauuu nporpamme aas 9BM
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uccaedosamenvckuit yenmp Poccuiickoi akademuu Hayk"

(RU)

Awropu: Casenvee Anmon Hzopesuu (RU), Kpecmosnuroe
Koncmaumun Imumpueeuy (RU)
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Jlata nocrynsenns 18 cenTadps 2023 r.
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CBUAETEJIBCTBO

0 TOCYAAPCTBEHHOMH perncrpaunn nporpammsl aas 3BM

Ne 2023681828

Hporpammueiii MoayJis no3uunonuposanus pobora no
ArUco-mapkepam

lpascodnamrens: Dedepaibroe 2ocyoapecmeennoe bloOxcemmnoe
yupexcoenue nayku "Canxm-Ilemepoypeckuit @edepavnniit
uccaedoeamenvckuit yenmp Poccuitckoit akademuu nayx"
(RU)

Arropu: Cagervee Aumon Hzopeeuu (RU), /Temenxoe Makcum
Anopeeeuu (RU), Kpecmoenuxoe Koncmanmun Imumpueeuy
(RU)

3assxa Ne 2023681440

Jlara nocrynaerns 19 omﬁpu 2023 r.
JlaTa rocysapeTBCHHOM perncTpainm
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CBUIAETEJILCTBO

0 TOCYAAPCTBEHHONH perncrpaunn nporpamMmsl aas 9BM

Ne 2023686919

[porpammusbtii Komiiexe GopMHPOBAHUA MHCCHI IPYNIIbI
Ha3eMHLIX poboToB

lpascotnamrens: Dedepanbroe 2ocyoapcmeennoe 6100xcemnoe
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(RU)

Awropu: Kpecmoenuxoe Konemanmun Imumpueeuy (RU),
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IMTPUJIOKEHHUE TI'. KOIIUU AKTOB BHEI[PEHI/Iﬂm

MUHUCTEPCTBO HAYKH Y BBICUIErO OBPA30BAHHMSA POCCUHCKON ®EJEPALIMH

denepanbHOE roCyAApCTBEHHOE 6X0/KETHOE HayYHOEe yupexjeHne
~DenepanbHbIi HAYYHBIH LIEHTD
.KABAP/IUHO-BAJIKAPCKWIH HAYYHBIX LIEHTP
POCCUMCKOH AKAZJEMUHM HAYK,
(KBHL] PAH)

360002, KBP, r. Hanbuux, JonuHck, ya. Bankaposa, a. 2. Ten./daxc (866-2) 42-65-62
E-mail: kbneran@mail.ru, OKITO 31842187, OI'PH 1020700760453, UHH 0711026447

AKT
00 HCMOJIBL30BAHHH Pe3yJIbTATOB AHCCEPTANHOHHOKH paboThbl
Kpecrosuukosa K.[I. Ha Temy «['pynnosoe ynpasJjieHHe Ha3eMHbIMH
poGoTaMu ¢ mepepacnpeejieHHeM SHepreTHYeCKHX pecypcoB Ha
JHHAMMHYECKH IVIAHHPYEMBIX MapuIpyTax»

B HAYYHO-HCCJIe10BATeIbCKON AesiTe/IbHoCTH DeepanbHOro
rocyJapcTBEHHOro GI0KETHOr0 HAYYHOro yupe:kaenus «PeaepaabHblii
Hayunbiii uentp «Kabapanno-bankapekuii nayunbiii uentp Poccuiickoii

aKaJeMHH HAYK»

Komuccust B cocraBe: mpejceiarens — K.p.-M.H. 3aBefylomero JjabopaTopuu
«HefipoKOrHUTHBHBEIE aBTOHOMHBIe MHTe/LIeKTyanbHble cuctembl» (HAWIC) KBHLI
PAH K.4. brxuxatnosa, K.T.H. 3aBelyOIero naboparopuen
«BuoHaHOpoGOTOTEXHUKN» MHCTHTYTa MHOOPMATHKH M MpOOJeM pErHOHalbHOTro
ynpasnenus (MMITPY) KBHL] PAH A.Y. 3ammoeBa u K.).-M.H. [JaBHOIO y4€HOTro
cekperaps KBHL] PAH I0.B. Casolickoro, paccMOTpeB MPEACTaBICHHbBIE

MaTepHualbl:

1. Apropedepar u auccepraiuonHyro pabory Kpecrosuukosa KoncranTiHa

Jmutpuesuya.

2. TexHHMUECKYIO JOKYMEHTALMIO K Ha3eMHOH poGOTOTeXHHWYECKOH miuarhopme
Ha Gase IIACCH C YETHIPEXKOJIECHON KMHeMaTHKOH AuddepeHinansHoro Tuna

W pacrpeleleHHOH TpeXypOBHEBON apXUTEKTypOH CHUCTEMbl YNPABICHHS ee

IEKTPOTEXHUYECKHUM OCHAILCHUEM.
YCTaHOBHIJIA, YTO!

1. MaTemaTtudeckas MOJIENb U aJTOPUTMBI TPYIIIOBOrO YIIPaBIEH!s HA3EMHBIMU
poboramu, [pe/ICTaBIeHHbIE B JIFCCEPTALHOHHOMH pabore
Kpecrosrukosa K.JI., BOLLTH B KPYT MEPCIEKTUBHBIX MOAXO0B, BBISIBICHHBIX
Npy  aHAIMTHYeCKOM  0030pe  HCCENOBaHWH  HHTEJUICKTyaJlbHBIX

caMOOOYYalOIUXCsh ~ CHCTeM  ITPUHATHS  pelleHHd ¥ y[paBlIeHHus

COIIaCOBAaHHBIM MMOBEAECHHUEM AaBTOHOMHBIX pOGOTOB.
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2. PaspaGorannas ~ KpecropmukoseiM  K.JI.  MaTemaTuyeckas — MOZAEIb

JMHAMUYECKOTO  YIpaBlieHHs TpyNNnod  HaseMHBIX poGoToB  Oblia
MCIIONB30BaHA NPM HCCE[0BaHMM M pa3paboTke MaTeMaTHYeCKOH MOJeNH
mpolecca yIpaBieHHeM KOIIEKTHBHBIM MOBEJEHHEM TPYMNIbl aBTOHOMHBIX
po6OTOB Ha OCHOBE OOMEHa COOOIEHHAMH.

. Onucannsie B auccepraumonHoii paGote Kpecrosnukosa K.JI. MozmembHO-
AITOPUTMHYECKHE U MPOrpaMMHO-ANNaparHble  CPeACTBa  IPYINIIOBOrO
yIpaBJieHHsi HAa3eMHBIMH pPOGOTaMH M IMepepaclpe/iesieHusl SHEPreTHIeCKiX
pecypcoB ObLIH HCTIONB30BAHBL IPH HCCIIEIOBAHUAX MEPCIIEKTHBHBIX crocoboB
yIIpABJEHHs TMOBECHHEM aBTOHOMHBIX POGOTOB B paMKaX Hay4HOH TeMb
Ne FMEW-2022-0025 «Pa3paboTka METOIOB HMHTEIEKTYyaTbHOIO MPUHSTHS
pelnenuii ¥ yrnpaBIeHus COTIaCOBAHHBIM MTOBE/ICHHEM aBTOHOMHBIX poboToB B
YejOBEKO-MAlllMHHBIX ~ KOJUIEKTHBAaX  HAa ~ OCHOBE  MYJBTHAareHTHBIX
neifpoxorautuBHbIX apxutektyp» KBHLI PAH.

[pencenarens KOMUCCHH
3aBe/yIoILuii 1abopaTopuei

HAMC KBHII PAH 2 ,’//;,,
K.).-M.H. P~ = K.Y. Bxuxatios

YreHbl KOMUCCUH:

3aBe/lyIOIuii TabopaTopuen

«buonanopobororexuukmy UMITPY KBHL] PAH

K.T.H. A.Y. 3ammoeB

rnaBHbIl yaensii cexperaps KBHL] PAH
K.(.-M.H. 1O.B. Cagotiickuit
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OBWECTBO

C OTPAHMUYEHHON OTBETCTBEHHOCTBIO
"PYOUIMC NHHOBEWLIEH"

WHH/KIII: 9709081285/770901001

OI'PH 1227700300673 ot 25.05.2022
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YTBEPXIAIO

I'enepanbuEIil gupexTop

000 «PYOHJIMC MTHHOBEMILEH»
Anexceli Bnagumuposuy Kosynaes

«02» masg 2023 1.

AKT
00 HCII0/IL30BAHHH PE3y/1bTATOB JHCCEPTALMOHHON PAGOTH MIA/IIIEro HAYIHOTO
corpyaHuka DeaepabHOro rocyiapcrBeHHOro GI0KeTHOr0 YIPEK/ACHUS HAYKH

«Canxr-IlerepGyprexuii @enepanbublii Hecaenopare bcknii uentp Poccniickoi

akagemumn  Hayk» (CIIB @UII PAH) Kpecrosuuxosa KoncTanTuna

AvuTpHeBM4a B npoekTHoll  JHesrensnoct 000  «PYOPMIMC
WHHOBEMIIIEH»

Komuccust B cocrase: renepaisroro impexropa A.B. Kosyusesa, wienos

xomnekryusa: E. A. Konoronosoii u I1. B. Auppeesoif, pacCMOTpEB IIpeACTaBIEHHEIE
MaTepHalbL:

1. Asropedepar u guccepranuonnyio pabory Kpecrosuukosa Koncrautuna

JAmutpuesnya.

2. TexHuyeckyio JOKYMCHTALIUIO K IPOrpaMMHOMY NPOAYKTY
«O6pazoBarenpHas obyayHas cpeia JUisi NPOrPAMMMPOBAHHMS HA3EMHBIX

POBOTOTEXHHYECKUX MIaThHOpM»

YCTaHOBHJIH, YTO OPHIHMHAJbHBIC HAYYHBIC PE3yNbTATHl JUCCEPTALMOHHON PabOTHI

Tea. +7 (977)4437312 1
109004, ropon Mocxsa, IlecToBckuit nepeyaok, 9/15
avkozulyaev@rusubtitles.com
eakonotopova@rusubtitles.com
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T'enepaibHBIA AAPEKTOP

TEXHUYECKMX  HAyK, HCIONB3yIOTCI B
WUHHOBEMIIEH», a umenHo:

Kypca Ha3eMHOHM pOGOTOTEXHHKH, BKJIIOYas —HA3CMHBIC

17P

Kpecrosuukosa K.JI. Ha Temy «'pynnoBoe ynpapjieHHEe Ha3eMHBIMH po0OTaMH C
TICPEePacIpPeiCNeHHeM JHEPIETHUCCKUX PECYPCOB HA JIMHAMHYECKH IIAHHPYEMBIX

MapumpyTax», npencraanenﬂoﬁ Ha COMCKaHHE y'{eHoFx CTCIICeHH Kapauaarta

npoexrax 000  «PYOUIIMC

1. KoMIUIEKC alropuTMOB TPYNIIOBOrO LIEHTPANM30BAHHOIO YIPABJICHMS

Ha3eMHBIMA PO 60TaMH, OTIIMYAOUIUECA  pCaIU3ali el IPOLECCOB

nepepaclpesene sl SHEPreTHIECKHX PECYPCOB HAa MapIupyTax MEexAy

KOHTPOJNBHBIMUA  TOYKaMH  MECT OIIOJIOKEHMA LIENIEBBIX 33a7a4 IpH

NEPEIBIKEHAM Ha OTKPBITOM IPOCTPAHCTBE C PeNbe)HOH IOBEPXHOCTBIO,
obecIieynBaloHii yMeHbIIeHHe OOIIEro BpeMeHU (YHKIHOHHPOBAHUA
rpymnis! po6oToB.

o aBpaGOTaHHBIC IPOrpaMMHBIE H TEXHHYECKHC penleHus, peanu3yroume

yIpaBieHHe H B3aUMOJEHCTBME HA3EMHBIX POOOTOB, BHEJPEHBI B
06pazoBaTENbHbIE KOMIUTEKCH HA3eMHONH POOOTOTEXHIKM W PacIiMpAIOT

Habop TEXHOJIOTHI 11 y1eOHOH JeATeIBHOCTH.

PaspaboTaHHOE MaTEpPHANBLHO-TEXHUIECKOS obecrievenyie 06Pa30BATENHHOTO OHIANH-

pOGOTOTEXHMYCCKHE

mraTdhopMel M HabOpBl TPAacc, HCIONB3YIOMMECT B 06pa3oBaTebHBIX N HAYYHO-

OIYIAPHBIX MEPONPHATHIX, HAMIIHO AEMOHCTPHPYIOT BO3MOXHOCTH I'PYIIIIOBOTO

yrpapiIeHuA pO6OTOTCXHPI'-ICCI(I{MH CpeACTBAMH.

000 «PYOUIMC MHHOBEMIII RH)

Anexceit BraguMUpOBHY Kozynses

Tea. +7 (977)4437312 2
109004, ropoa Mockea, INecroBckuii nepeyaok, 9/15
avkozulyaevi@rusubtitles.com
eakonotopova@rusubtitles.com
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MHWHOBEPHAYKH POCCHUH

®ENEPAJILHOE I'OCYAAPCTBEHHOE BIO/I)KETHOE YUPEXKAEHUE HAY KU
«CAH]CT-HETEPEYPI:CKKH“ ®ETEPAILHEIN HCCIELOBATELCKHAN IEHTP
POCCHHUCKOH AKAJIEMHH HAYK» (CII6 ®HI] PAH)

14 munua B.O., a. 39, Cankr-TlerepSypr, 199178
Tenedon: (812) 328-34-11, daxc: (812) 328-44-50, E-mail: info@spcras.ru, https://spcras.ru/
OKTIO 04683303, OT'PH 1027800514411, UHH/KITIT 7801003920/780101001

AKT
00 HCNO/Ib30BAHNM Pe3y.IbTaTOB JUCCEPTAIHOHHOI PadoThi

Kpecrosunkosa K.JI. Ha Temy «AJIropuT™bl 1 IporpaMmHas cucTema

yupasJieHusi Fpynioii Ha3eMHbIX poGOTOB ¢ nepepacnpeeeHuem
3HepreTuyecKkux pecypcos» B HUP CII6 ®UI PAH

Komuccus B cocrase: npeacenarens x.1.1., C.B. Kynemoa, wieHOB KOMHCCHM: K.T.H.

AMW. Casenbesa u k.Boer.H. E.I1. Cuymisl, PaCCMOTPEB NMPE/ICTABICHHBIE MATEPHAIIBI:

l. Asropedepar u mucceprammonnyio pabory Kpecropuukosa Koncrantuna
JMutpuesuua. :

2. OTueTHyl0 JOKYMEHTAIHMIO HAyYHO-MCCIENOBATEIbCKHX pabor maboparopuu
ABTOHOMHBIX POOOTOTEXHUYECKUX CUCTEM. "

YCTaHOBMJA, YTO: ‘

1. OCHOBHEIE pe3yNbTaTel, TNOJyYEHHBIE ° Kpecropnukossim  K.J[. B pamkax
AACCEPTAMOHHOM  paboThl, OBUTM HCMONB30BAHBI TPH . NPOBELCHHH HHP,
BBITIOJTHAEMEIX -

no  rpaaty  POOU -~ Nel9-08-01215A  «Teopetwueckme  OCHOBbI
ABYHAIPAB/ICHHOH OECIPOBOAHON Mepejauld JHEPruM | AJITOPUTMBI
TIOCTPOCHHS. ABTOMATHYECKOTO MEPepacipeieeH s SHEPropecypcoB B
rpymnme poboToBy; .

no rpanry Ilpesumenta PO  MK-30942022.1.6 «lloaxon k
TO3UIWOHWPOBAHWIO TIOJIBOIHOTO ABTOHOMHOTO ammapara Ui MOTydeHus
GecrpOBO/IHOM JIEKTPUYECKON HEPru| OT 3apSIHON CTAHIMM HA/BOAHOIO
anraparay, S

1o Olo/uKeTHOH TeMe « TeOpeTHUECKHEe OCHOBBI M ATOPHTMHMECKHE MOJIEITH
KOTHHTHBHOTO YNPAB/IEHHSA, B3aHMOACHCTBHA M aHAIN3a COCTOSHHUSA DY
TETCPOTEHHBIX POOOTOTEXHMYECKHX KOMILIEKCOB» mmdp 0073-2019-0001,
2019-2021 rr.;

no OroKkeTHOH Teme «TeopeTHUecKHe OCHOBBI B3aMMOJEHCTBHS TPy
FETEPOreHHBIX POOOTOTEXHHYECKUX CPEACTB MPH BBIMOTHEHHH COBMECTHBIX
3ajay ¢ NpUMEHEHHEM OHOMOAOOHBIX  CaMOOOGYHAIOIMXCS  CHCTEM
HHTEIUIEKTYaIbHOH 06paboTku GOMBIIHX 06BEMOB HEUETKOH HHPOPMALHHY,
mupp FFZF-2022-0001, 2022 r.

2. B nucceprannoHHO# pabote KpecToBHHKOBBIM K.JI. paspaborana maremaTnueckas
MOZAENb TPYNNOBOTO yNPABICHHUA HA3EMHBIMH poOOoTamMu, 06eCrednBaonas
MEPEPACIpPE/ICICHNE  SHEPrETHYECKHUX  PECYPCOB  TOCPEACTBOM  GECTIPOBO/HOMN
IEPeAaYn SHEPruu Npy BbINOJHEHUM LEEBbIX 3aay rpynnoit poGoros. Moaesib
CUCTEMaTH3UPYET  CTPYKTYPHO-TIAPAMETPHYECKUE  3aBUCHMOCTH  OCHOBHBIX
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CYIIHOCTEH: MpHKIaAHAs 3a/a4a, poOOTH M B3aUMOAEHCTBHE B TPYINIE B IIEJIOM C
TOUKH 3PEHUS] SHEPIreTHUYECKHUX PECYPCOB M IMO3BOJSIET BBIYHCIIATH HEOOXOIAMOE
KOJTMYECTBO POOOTOB-pabourx, poOOTOB-3aPMKAOMIMX M BPEMS BBLIMOJHEHHS
LeneBor 3aaaun. Ilpennosxen aaropuTM KOHEYHOrO MO3UIHOHUPOBAHHS POOOTOB H
METOJT OLICHKH 3aTPAauyMBAEMOr0 BPEMEHH HAa OOMEH 3Hepropecypcamu. AJrOpUTM
KOHEYHOTO MO3WLIMOHNPOBAHWS OCHOBAH HAa MPHUMEHEHWH CHCTEMBI TEXHWUYECKOTO
3pEHHMA W I103BOJISIET C BBICOKOW TOYHOCTBIO JOCTHraTh HEOOXOIAMMOE B3aMMHOE
nonoxenre podboToB s >¢dexTuBHON meperaun >Hepruu. [lepepacnpeneneHue
SHEPreTUYECKUX PECYPCOB IOBBIMIAET HANEKHOCTh (DYHKIIMOHHUPOBAHUS T'PYIIIIBI
poGOTOB M TO3BOJISIET BBIMONHATH 3aa4d, KOTOPbIE OBUTH Obl HE pear3yeMbl
aBTOHOMHBIMH He3aBUCHUMBIMU poOoTamu. Pa3paboranHas cucreMa 0ecrpOBOIHOM
nepeaavy YHepruu obecreynBaeT MOHWIKEHHBIe TPeOOBaHHA K TOYHOCTH KOHEYHOTO
NO3HLMOHUPOBAHUA POOOTOB, TE€M CaMBIM TO3BOJIACT YMPOCTHTh CEHCOPHYIO
CHCTEMY POOOTOB, CHM3HUTb 3aTPAThl BPEMEHH HA MEPEABHIKCHHUE, W 3HAYMTEIHLHO
TIOBBIMIAET BEPOATHOCTH YCMEHIHOTO oOMeHa 3Hepropecypcamu. Hcrmonbzosanne
pa3pabOTaHHOrO  MAaTeMaTWYecKOro,  AITOPUTMHYECKOr0 W allaparHoOro
ofecneueHns NO3BONISET 3HAUUTENBHO PACIIMPHTH (PYHKIMOHAIBHBIE BO3MOKHOCTH
POEBOI pOOOTOTEXHHUESCKOH CHCTEMBI M MCIIOJIB30BATh €€ IS MOTEHIHAIBEHO GoJjiee
SHEPrOEeMKHX 3a/1a4. s

IIpencenarens KOMHCCHH , 3
3amecTHuTENb AUPEKTOPA 110 HAYYHOM paboTe, /

J.T.H. C.B. Kynemos

UsieHBI KOMHCCHH: _
PyxoBomurens aboparopuu '
aBTOHOMHBIX POOOTOTEXHHYECKIX CHCTEM,
K.T.H.

AU. Caseneen

VYueHsl# cekpeTapsb,

K.T.H. %, A.A. 3aiiuesa



176m

ST Ee ‘M
S C o OV, D
% &3 18 %, O
TR 2% YTBEPKIIAIO
3 SNl 6,
A TS
p B\

=D ¢bOY BOKI'TY,

<]
13
5 5x
®

3
0
iy

"

NAAPCTRE,
PAACKH

.A.Koctpukosa
2023 r.

00 HMCIIONIB30BaHMH PE3YJIBTATOB JMCCEPTALMOHHON PabOThl MII/IIEro HaydHOro
COTpYIHHKA Tab0PaTOPUH aBTOHOMHBIX POOOTOTEXHHYECKHAX CI/IC’;‘CM denepanbHOTO
rOCYJJapCTBEHHOTO OIO/DKETHOrO  YUPEXKICHHS HayKu «CaHKT-l'[eTep6yprc1<Hﬁ
DenepanbHbli Hece0BaTeNbCKHiA HeHTp Poccuiickoi akanemun Hayky (CITB OUIL]
PAH) erCTOBHPIKOBa. Koncrantuna JImutpreBnda B yueGHOM mpouecce
DenepanbHOro rocynapCTBEHHOTO v61on>xe’moro 00pa30BaTEIbHOTO YUpeXKICHHs
Beicero obpaszoBaHus «KalMHUHIPAICKUH TOCY[apCTBEHHBIM TEXHHYECKHM

yausepcuret» (PI'BOY BO «KFTY») -

Mg1, HMKENOANMHMCABILKECS, MPOpEKTop 1o ydeGHOM paGore PI'BOY BO
«KI'TY», 3aBemyrommuii Ké@)eupoﬁ 1 (GpPOBBIX _pnéTeM U aBTOMATHKH MHCTHUTYTa
uudposeix TexHonoruit ®I'BOY BO «KI'TY», kaHia. TexH. HayK, JOUEHT YCTHY
B.1., nupekTop MHCTHTYTa MHUPPOBBIX TEXHOJIOTHiA ®I'BOY BO «KI'TY» kauz.
TE€XH. HayK, JAoueHT Tpucranos - A.b., 3a13ezwxoumﬁﬁ Kadenpoil pUKITaIHOM
UH(QOPMATUKH HHCTUTYTA LH(POBBIX TexHOooruit ®I'BOY BO «KI'TVY» kaH/. 5KOH.
Hayk, noueHt Cosoeil M.B. cocTaBuiy HaCTOSIINIA aKT B TOM, YTO OPUTHHAIBHBIE
Hay4HBI€ pe3yJIbTaThl AUccepTalMoHHOM paboThl KpecroBuukoBa K.JI. Ha Temy
«'pynnoBoe ympaBieHHe Ha3eMHBIMH pOOOTaMH C  [epepachpenelieHueM
OHEPreTHYEeCKUX pEeCcypcoB Ha JMHAMUYECKH IUTAHUPYeMBIX MapIIpyTaxy,
NPEJICTaBJIEHHONM Ha COMCKaHWE YUYEHOH CTEeleHH KaHIuaaTa TEeXHHYECKHX HayK,

BHEJIPEHBI B y4eOHbIH MpoLecc yHUBEPCHTETA, & UMEHHO:
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1. MaremaTHyeckasi MOJIE)Ib JJHHAMAYECKOTO YIIPABJICHUS IPYIIION Ha3eMHBIX
poGOTOB,  OTJIMYAIOMASCS  YYETOM  HOBBIX  IapaMeTpOB,  ONHMCBIBAOLIMX
DHEPreTHYECKHe  XapaKTepPHCTHKHU pabounx ©  3apsDKalOIEX  pobOTOB,
obecrieunBaomasl ONTHMM3ALKIO MOTPeOJNeHUsT PEecypcoB IpU [BIKEHHH B
TPEXMEPHOM IIPOCTPAHCTBE M Peau3alliy LEIeBbIX 3a1a4.

2 KoMILIEKC alrOPHTMOB T'PYIIIIOBOTO IEHTPAIM30BaHHOIO YIPaBICHH
HA3eMHBIMH PabOYMMH U 3apsDKAIONIMME POGOTAMH, OTIMYAIOLLKECs peann3aluet
IPOLIECCOB TepepacrpeieleHnsl SHEPreTHYeCKuX pecypcoB Ha Mapmpyrax MEXTy
KOHTPOJIbHBIMH TOUKaMH MECTOIOJIOKEHHMS LEIEBbIX 3a/1a4 MpH nepensuméﬂnu Ha
OTKDHITOM TIPOCTPAHCTBE ¢ penbe(HON IOBEPXHOCTBIO, OGeCIeHBarOIHH
yMeHbIIeHHe 00IIero BpéMeHH (yHKIIHOHMPOBAHHS TPYIIITEI POOOTOB.

VkazaHHBlIE pe3ylbTaThl BOLUIM' B Marepuansl OTyera o Hay4dHO-
HCCIIEIOBATENIbCKOH U orxmme-xox—xcri)ymopcxoﬁ pabore  «Pa3paboTka
MaTepUaIbHO-TEXHUYECKOr 0 . yqeGHo-MeTonnqe,cKorb obecrieueHus
00pa30BaTeNLHOrO OHJIAMH Kypca Ha3zeMHOM poOOTOTEXHUKUY, IIOArOTOBIEHHOIO B
pamkax JloroBopa Ne6/HWP/2022 ot «08» mions 2022 r. mexay ®I'BOY BO
«KI'TY» n CITb ®UI] PAH.

PaspaGoTaHHble MPOrpaMMHBIE M TEXHHYECKHE PpEIICHHs, pPEeaTU3yIoLIHe
yIIpaBlieHre W B3aMMOJICHCTBHE HA3EMHBIX p060'f013, HCTIONB3YIOTCS B y4eOHOM
npouecce no Hampapienuto: 15.03.01 — <<ABT0Méfﬁ3auux TEXHOJOTUYECKH
MPOLIECCOB M MPOM3BOJCTBY NPH BBIIOJIHEHWH BBITYCKHBIX KBAIM(HKALMOHHBIX
paGoT, B NIEKIMOHHOM MaTepuaie i JabopaTOPHOM MPAKTHKYMe y4eOHBIX KypcoB
«CHCTeMBbl aBTOMATH3allMM ¥ YIPABJICHUS TEXHOJOIHYSCKUMH IPOLECCaMu»,
«AJIanTUBHBIE W ONITUMAJTIBHBIE CHCTEMBI YTIPABICHHUSY.

PaspaGoTaHHOE MaTepUalbHO-TEXHHYECKoe obecrieyeHre 00pa3soBaTeIbHOro
OHJIAMH-Kypca Ha3eMHOH pOOOTOTEXHHKH, BKIIOUas Ha3eMHbIe POOOTOTEXHHYECKHE

nnaTpopMbl U HAOOPBI TPACC, MCHOJIB3YIOMIMECS B HATYPHBIX JKCIEPUMEHTAX H
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mabopaTOpHOM — NPAKTHKyMe, TIO3BOJMIM  HAaIAQHO  IIPOJAEMOHCTPHPOBAThH
BO3MOXHOCTH TPYIIIOBOTO YIpaBieHUs poOoTaMu, CIOCOOBI NPOEKTHPOBAHHMS

CHCTEM yIpaBlieHUs] poOOTOB ¥ MOBBICUTH HHTEPEC 00yJaeMbIX K IIPEMETY.

Ipopexrop mno yuebnoit pabore ®I'BOY BO «KI'TY»,

3aBeyIoui kadenpoi uppoBbIX CUCTEM

¥ aBTOMATHKH WHCTUTYTa LUPPOBBIX

texHonoruiit ®I'EOY BO «KI'TVY», e / '

KaHJl. TeXH. HayK, OLIEHT ‘//J // = B.U. YcTuu

JlMpeKkTop HHCTUTYTa
mudposeix TexHoioruit PI'BOY BO-«KI'TV»,

KaHJ. TEXH. HayK, JOLIEHT : g1 A.B. Tpucranos

3aBemyroumii kadenpoit mpukia HONn

UH(OPMATUKU UHCTHTYTA

]

1 poseix TexHonoruidt PI'EOY BO «KI'TY»,

KaHJl. 9KOH. HayK, JOIEHT s /f% M.B.Cornoseit



