TEOPETUYECKUI N MPUKNAOHOWM HAYYHO-TEXHUYECKNA YKYPHAJT

EXATPOHUKA,
IT@MAT%SALM%
BJIEHUE

ISSN 1684-6427 (Print) ISSN 2619-1253 (Online)

NP,

M3paetcs ¢ 2000 roga

DOI 10.17587/issn.1684-6427

I'naBnbiii pepakTop:
OUJIMMOHOB H. B., aA.T.H.

3aMecTHTE M [MIABHOTO PeJAKTOpa:
BOJIBILIAKOB A. A., 1.T.H.
[MOAYPAEB 10. B., a.1.H.
IOLIEHKO A. C., 1.T.H.

OTBETCTBEHHBIN CEKpeTaphb:
BE3MEHOBA M. IO.

PepaKkuMoHHBII cOBeT:

AHIIAKOB T. I1., un.-kopp. PAH
BOJIOTHUK H. H., un.-xopp. PAH
BACUJIBEB C. H., akan. PAH
XEJITOB C. 0., akan. PAH
KAJISIEB U. A., akax. PAH
KY3HELOB H. A., akan. PAH
KYPXXAHCKUH A. B., akan. PAH
MUWKPUH E. A, akax. PAH
IMEIIEXOHOB B. I',, akaa. PAH
PE3UUKOB A. @, un.-kopp. PAH
CEBPAKOB T T., un.-kopp. PAH
CUTIOB A. C., akan. PAH
COU®EP B. A., akax. PAH
COJIOMEHUEB 0. M., un.-xopp. PAH
®EJIOPOB W. b., akan. PAH
YEHLOB A. I, un.-xopp. PAH
YEPHOYCBKO ®. JI., akaax. PAH
HIEPBATIOK A. @., un.-kopp. PAH
IOCVYIIOB P. M., un.-kopp. PAH

Penkoaaerns:

DANIELE Z., PhD, Utanus
DORANTES D. J.,, PhD, Typuus
GROUMPOS P. P., PhD, I'peuus
ISIDORI A., PhD, Utanus
KATALINIC B., PhD, Asctpus
LIN CH.-Y., PhD, TaiiBaub
MASON O. J., PhD, Upnanaus
ORTEGA R. S., PhD, ®pannus
SKIBNIEWSKI M. J,, PhD, CLLIA
STRZELECKI R. M., PhD, Tosnbura
SUBUDHI B. D., PhD, Unaus
AJIUEB T. A., n.1.H., AzepbaiiaxaH
TAPALILEHKO ®. T, n.1.H., YKpauHa
TPO®PUMEHKO E. E., n.1.1., Benapych
BOBLIOB A. A., 1.T.H.

BYKOB B. H., 1.1.H.

EPMOJIOB Y. J1., a.T.H.

XYKOB U. A., n.1.H.

MNJIBbACOB B. I., a.1.H.
KOPOCTEJIEB B. ®., n.T.H.
JJEBEAEB I'. H., a.1.H.

JIOXWUH B. M., n.1.H.
MMABJIOBCKUM B. E., 1.0.-M.H.
IMYTOB B. B., a.T.H.

MUK XOIIOB B. X., n.T.H.
PATIOIIOPT ®. 4., a.T.H.
CEPTEEB C. @, n.nc.H.
OUJIAPETOB B. ®., a.1.H.
DPAIKOB A. J1., o.T.H.

®YPCOB B. A, n.T.H.

IOPEBUY E. U., n.1.H.

Penaknus:
BE3MEHOBA M. 0.

JIMpeKTOop M3AaTeNbCcTBA:
AHTOHOB B. U.

CONEPXAHUE

CUCTEMHbIA AHANK3, YNPABNEHUE U OBPAEOTKA UH®OPMALIUN

Xmyab B. A., BoctpukoB A. C., UBonnos A. 0., Cabnuna I. B. CnHTe3 pobacTHbix ML
perynsaTopoB MeTOAOM ABOVHOM ONTUMMBALIMNM . . . .o v ittt it i e e e e 67

Kapcaes O. B. Mogudwukauus CGR-anropMtma MapLupyTm3aunm AaHHbIX B KOMMYHUKaLUOH-
HOW CETU TPYMMUPOBKN CITYTHUKOB & . o o v vt ettt et et et et et e e et e e e e e e 75

Ln6aHoB I. [1. ABTOMaTM3MpPOBaHHbIA KOHTPOIb aBMaZBUraTenen B yCINoBUAX UX CTEHO0BbIX
MCTIBITAHMIM . o ottt et e e e e e e e e et e e e e e e e e e e e 86

Sergeev S. F. Artificial Intelligence in Mechatronic Systems: Problems of Embodiment ... .. 93
ABTOMATU3ALUUA U YNIPABINEHUE TEXHONOIMMYECKUMU NMPOLIECCAMU

TarupoBa K. ®., HyraeB WU. ®. KoHuenTyanbHble OCHOBbI aBTOMaTu3aLmm ynpasneHns ycta-
HOBKaMu aNeKTPOLEHTPOOEXHbBIX HACOCOB HEPTEA0OLIBAOLUNX CKBAXKUH . . ... o\ .. .. 102

POBOTbIl, MEXATPOHUKA U POBOTOTEXHUYECKUE CUCTEMbI

UBaHoB B. M. ViMutaunoHHasi Moaenb cucteMbl ctabunusauyum ckopocty pesaHusa onsa me-
TannopexyLwwmx CTaHKOB C UMY .. ... 110

ONHAMUKA, BATNITIUCTUKA,
YNPABJEHVE OBUXEHUEM NETATEJIbHbIX AMMAPATOB

Ka6aHoB C. A., 3umuH B. A., Mutun ®. B. PaspaboTka 1 nccnegoBaHve matemMaTnyeckmx
MoZenei packpbiTUsi NOABMXHbLIX YacTeih TpaHCOPMUPYEMbIX KOCMUYECKMUX KOHCTPYK-
LM HaCTb Ll .o e 117

Kypnaa exooum e Ilepeuensv peyenzupyemvlx Hay4HbIX u30auuil, 6 KOMOPbIX 00ANCHbI
Obimb onybauKoeamnvt OCHOGHbIE pe3yabmamot OuUcCCepMauull Ha COUCKAHUe YHEeHOU
cmenenu Kanouoama u 0oKmopa HAyK; XcypHaa eKaiouen ¢ cucmemy Poccuiickozo
undexca Hay4Hozo yumuposanus, a maxxce 6 bJ] RSCI na naamgopme Web of Science.

HNudopmanusa o xypHajie nocrynsa no cetu Internet mo agpecy:
http://novtex.ru/mech, e-mail: mech@novtex.ru

© M3nparensctBo "Hosble TexHogormn", "MexaTpoHHKa, aBTOMATH3ANNSA, ynpasjienne”, 2020



THEORETICAL AND APPLIED SCIENTIFIC AND TECHNICAL JOURNAL

MECHATRONICS, Sl 2

2020

AUTOMATION, CONTROL <.
MIEKRATRONIKA, AMTOMATZATSNA, UPRALEN]=

Published since 2000

ISSN 1684-6427 (Print) ISSN 2619-1253 (Online)

DOI 10.17587/issn.1684-6427

Editor-in-Chief
FILIMONOV N. B.

Deputy Editors-in-Chief:
BOLSHAKOV A. A.
PODURAEV Yu. V.
YUSCHENKO A. S.

Responsible Secretary:
BEZMENOVA M. Yu.

Editorial Board:
ANSHAKOV G. P.
BOLOTNIK N. N.
CHENTSOV A. G.
CHERNOUSKO F. L.
FEDOROV I. B.
KALYAEV I. A.
KURZHANSKI A. B.
KUZNETSOV N. A.
MIKRIN E. A.
PESHEKHONOV V. G.
REZCHIKOV A. F.
SCHERBATYUK A. F.
SEBRYAKOV G. G.
SIGOV A. S.

SOJFER V. A.
SOLOMENTSEV Yu. M.
VASSILYEV S. N.
YUSUPOV R. M.
ZHELTOV S. Yu.

Editorial Council:

ALIEV T. A., Azerbaijan
DANIELE Z., PhD, Italy
DORANTES D. J., PhD, Turkey
GARASCHENKO F. G., Ukraine
GROUMPOS P. P, PhD, Greece
ISIDORI A., PhD, Italy
KATALINIC B., PhD, Austria
LIN CH.-Y., PhD, Taiwan
MASON O. J., PhD, Ireland
ORTEGA R. S., PhD, France
SKIBNIEWSKI M. J., PhD, USA
STRZELECKI R. M., PhD, Poland
SUBUDHI B. D., PhD, India
TROFIMENKO Ye. Ye., Belarus
BOBTSOV A. A.

BUKOV V. N.

ERMOLOV I. L.

FILARETOV V. F.

FRADKOV V. L.

FURSOV V. A.

ILYASOV B. G.

KOROSTELEV V. F.

LEBEDEV G. N.

LOKHIN V.M.

PAVLOVSKY V. E.

PUTOV V. V.

PSHIKHOPOV V. Kh.
RAPOPORT E. Ya.

SERGEEV S. F.

YUREVICHE. L.

ZHUKOV 1. A.

Editorial Staff:
BEZMENOVA M. Yu.

Director of the Publishing House:
ANTONOV B. 1.

The mission of the Journal is to cover the current state, trends and prospectives deve-
lopment of mechatronics, that is the priority field in the technosphere as it combines
mechanics, electronics, automatics and informatics in order to improve manufacturing pro-
cesses and to develop new generations of equipment. Covers topical issues of development,
creation, implementation and operation of mechatronic systems and technologies in the
production sector, power economy and in transport.

CONTENTS

SYSTEM ANALYSIS, CONTROL AND INFORMATION PROCESSING

Zhmud V. A., Vostrikov A. S., Ivoilov A. Yu., Sablina G. V. Synthesis of Robust PID Control-
lers by Double Optimization Method . ........ ... .. ... .. . . . i, 67

Karsaev O. V. Modification of the CGR-Algorithm on Data Routing in a Communication Net-

work of Satellite Constellation ....... ... .. .. . . . 75
Shibanov G. P. Automatic Control of Aircraft Engine in Conditions of Stand Test ... ....... 86
Sergeev S. F. Artificial Intelligence in Mechatronic Systems: Problems of Embodiment .. ... 93

AUTOMATION AND CONTROL TECHNOLOGICAL PROCESSES

Tagirova K. F., Nugaev I. F. Actual Tasks of Oil-Wells Electric Submersible Pump Control
AUtomMatioN . ... 102

ROBOT, MECHATRONICS AND ROBOTIC SYSTEMS

Ivanov V. M. Simulation Model of the Cutting Speed Stabilization System for CNC Metal-Cut-
ting Machine Tools . ... .. .. . 110

DYNAMICS, BALLISTICS AND CONTROL OF AIRCRAFT

Kabanov S. A., Zimin B. A., Mitin F. V. Development and Research of Mathematical Models
of Deployment of Mobole Parts of Transformable Space Construction. Part Il ........... 117

Information about the journal is available online at:
http://novtex.ru/mech.html, e-mail: mech@novtex.ru

© Wznarenscro "Hosbie Texnosorun", "MexaTpoHHKa, aBToMaTu3anus, ynpasjenne", 2020



CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 681.511.46 DOI: 10.17587/mau.21.67-73
B. A. Xmyab, O-p TeXH. HayK, 3aB. kad., oao_nips@bk.ru,
A. C. BocTpMKOB, O-p TEXH. HayK, Npod., a.s.vostrikov@gmail.com,
A. 10. UBounogB, acnupaHrt, iau13hv@mail.ru,
. B. CabnuHa, kaHA. TexH. Hayk, aoL., sablina@corp.nstu.ru,
HoBocnbupcknin rocygapcTBeHHbI TEXHUYECKUIA YHUBEPCUTET, I. HoBocnbupck

CuHTe3 pobacTtHbix MU perynaTtopoB MeToAOM ABOMHOMN ONTUMU3ALUN

Ilpoexmuposanue adanmuenvlx pezyasimopos N03604s1em peuwlams 3a0auy YNpagieHus 006eKmom ¢ HeCmayuoHAaApHbIMU
napamempamu. O0nako ecau napamempovl 006eKmMa USMEHAIOMCA He CAUUKOM CUAbHO UAU eCAU U3B8eCMeH AUllb HeKOMOpbill
UHMePBan UX U3MEHEHUS, MOJNCeM 0KA3ambCsl, Ymo a0anmugHbili pecyiamop e mpedyemcs, HOCKOAbKY 3adava modcem Obimo
peuleHa ¢ nomoubio pobacmuozo peeyramopa. Pobacmuoiii peeyaamop noszeonsem obecneuums npuemiemoe Ka4ecmeo ynpas-
AeHUs 0adce 6 mom cay4ae, ecau napamempsl Mamemamu4ecKol Mooeau 006eKma U3MeHsIIOMCs 8 HeKOMopoM Hanepeod 3a0aH-
HoM unmepeane. Mzsecmen cnocob npoeKkmuposanus maKkux pecyisimopos Memooom YUCAeHHOU ONMUMUZAUUU aHCaMbAs pe-
2YAAMOP08, UCNOAb3YEeMbIX 8 aHCaMOAe cCUCmeM, 8 KOMOPbIX MoOeaU 006eKmos pa3Au4Hbl, a MOOeAU pe2yAimopo8 UOeHMUYHDbL.
Ilpu smom 6 ancambae ucnoab3yromes modeau 006eKmos ¢ KpauHumuy 3HaveHusmu napamempos. Hedocmamox amoeo memoda
cocmoum 6 CAUUKOM OOAbULOM HUCAe CUCmeM, KOmopble mpebyemcs 00HO8PEeMEHHO MOOeAUPOSAMsd U ONMUMUIUPOEAMb, eCAlU
UBMEHAEMbIX napamempos Heckoavko. Kpome moeo, Hauxyowee couemanue napamempos mooeiu moxcem Obimb He 2paAHUY-
HbIM, G CepeOUHHbIM, 8 IMOM cAy4ae OAHHbIU Memood He npumerum. B dannoti cmamve aemopul npedaazaiom u aHaAU3UPYIOM
HA YUCACHHOM NpUMepe ANbMEePHAMUBHBLI Memo0 NPoeKmuposanus pobacmuozo peeyiamopa. Cymb 0anH020 Memooa 3aKar-
uaemcsi 6 HUCACHHOU ONMUMU3AUUY PecYAamopa 045 MOOeAU ¢ HAUXYOUUM COHeManuem 3HAYeHUL 6CeX U3MeHAeMblX napame-
mpos. [louck nauxyouieeo covemanus napamempos 0Cyuecmessemcs maKice ¢ NOMOuLbI0 Memooa YUCAeHHOU ONMUMUZAYUU.
Ilpu smom omovickusaemces maxkoe couemanue napamempos mooeiu, npu KOMopom Hauiyyuiee COOMHOUeHUe K03PPuyueHmoes
peayaamopa oaem HAUXyouwul pe3yibmam pabomot cucmemsl. 3adaua peuiaemcs 6 HeCKOAbKO YUKA08 ONMUMU3AUUU C Yepedo-
eanuem yeneevlx yuxyui. Illesesas gyunkyus npedcmasasiem co6ol HeKOMOPYIO UHMESPALbHYIO OUCHKY OWUOKU YNPABAeHUS
6 cucmeme, ee euo onpedensemcs peuwaemoi 3adauei. Ilosesnocmv npedaoyceHH020 Memooa nPOUAACMPUPOBAHA YUCAECHHO
Ha npumepe OUHAMUYECK020 006eKma mpembe2o NopA0Ka ¢ NOCAe008aMeNbHO 6KAIOUEHHbIM 36eHOM 3ANA30bI6AHUSL.

Karwueevie caosa: yuciennas onmumu3ayus, pecyiupoganue, poobacmuas cucmema, CUMyAAyus, Mooeiupoganue, mame-

Mamuueckas modeasv, o6sexm, IIHJ] pecyarsmop

BBenenne

AKTyaJbHOCTh 3aJauyM IIPOCKTHUPOBAHUS PO-
0aCTHBIX PEryJsITOPOB MOATBEPXKAACTCSI OOJBIINM
YuCIOM IyOnumkKanuii Ha 9Ty Temy [1—37]. Takue
PETYISTOPHl MO3BOJISIOT YIIPABISITh OOBEKTAMU
Jaxke B TOM cJlydae, Korja mapaMeTphl MX MaTeMa-
TUUYECKUX MOAeJel He NU3BECTHBI TOUHO UM U3ME-
HSIIOTCSI B HEKOTOPBIX Mpeaesiax, HO IIPU YCIOBUH,
YTO TpaHUIbBl M3MEHEHMUS KaXXIOro W3 IapaMe-
TPOB M3BECTHHI. 3ajaya OTBICKAHMS POOACTHOTIO
peryasiTopa I8 KaXIoro KOHKPETHOro ciydas
MOXET 0Ka3aThCsl HEBBITIOJHUMOI, 1 B 3TOM CIIy-
Yyae HeoOXOIMMO MCIOJIb30BaTh aJlallTUBHBINA pe-
ryasatop. Eciau ke poOacTHBIN peryasitop cyle-
CTBYET, HeOOXOoOAMMa METOAMKA €ro pacyera, T. €.
pacyeTra Bcex KO3 (GUIMEHTOB 3TOr'0 PEryJjsiTopa.

Jamaya OTBICKAHMS CTPYKTYpbl peryjiasropa
B JAHHOM CTaTbe HE pacCMaTPUBAETCs, ITOCKOJIBKY
TTN]I peryasitopbl SIBASIOTCS Haubojee yHUBEp-

CallbHBIMU CTPYKTYypaMH, aJeKBaTHBIMU IIOCTaB-
JIEHHOM 3aja4ye B OOJBIIMHCTBE ciaydyaeB. Hannuue
OCHOBaHUI IJISI MPEONOYTCHUSI OPYTUX CTPYKTYP
peryasitopa He MEHseT CyTW MpeajaraeMoi M uc-
cJeayeMoil METOAUKY pacyeTa ero Ko3hGUIIUeHTOB.

Haubonee 3¢hdekTUBHBIN MOAXOA K OThICKa-
HUIO KO3(DOUIMEHTOB peryasaropa mis WHTEpP-
BaJIbHO 3aJlaHHBIX Mojefieli 00beKkTa Oa3mpyercs
Ha yucJeHHo ontuMusauuu [37]. JIas Toro 4yro-
Obl IPUHSITH B pacyeT BCE M3BECTHBIE COUETAHUS
rmapaMeTpoOB MOIEIU OOBEKTOB, MOTYT UCIIOJIb30-
BaTbhCsl HECKOJILKO TMOAXOA0B.

[lepBbIit MOAX0OA COCTOUT B TOM, YTO IIPU OITH-
MU3alMU OMHOBPEMEHHO MCMOJIb3YIOTCS HECKOJb-
KO MozeJieil 00beKTa ¢ pa3IMYHBIMU (haKTUUECKU-
MU 3HAYCHUSIMU TapaMeTpoB ero momenu [37].

[Ipu a3TOM MOIENUPYETCS CTOIBLKO MOIEICH CU-
CTeMBbI, CKOJIbKO MCTIOJIb3YeTCs Pa3JMyHbIX cOYe-
TaHU TapaMeTPOB, HO B KaXKI0l CUCTEME MOIE/b
peryysiTopa Bcerga oiHa M Ta Xe, a Koahhuiu-
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€HTBI 3TOM MOJEIMN OTBICKUBAIOTCS METOAOM UYMC-
JICHHOM ONTUMMU3ALIUU.

[leneBast GyHKIIMS MpeacTaBaseT coboil MHTe-
rpajbHYIO OLIEHKY BCEX MOAYJIeil OlIMOKU BO BCEX
MOJETUPYEMBIX CUCTEMax, Takxke 1ieieBast (pyHK-
LU MOXET MMETh JONOJHMTEIbHbIE YJICHBI OIS
YIYYIIEHU ST TPOLeAYPhl MTOUCKA.

Takum obGpa3oM, MoaenupyeTcss aHcaMOJb CU-
CTeM C MIEHTUYHBIMU PETyJsITOpaMu B IEsIX
OTBICKAHUSI peryjasTopa, AaloIIero MUHUMYM
CYMMBI BCEX YAaCTHBIX LIeJeBbIX (DYyHKIIU, XapaK-
TEePU3YIOIIMX KadeCTBO KaXXAOH MoIelInupyeMoi
cucteMbl. CTpyKTypHasi cxeMa MpoeKTa AJs 3TOTO
MeToJa pelleHus IoKa3aHa Ha puc. 1.

Henoctarkom 3TOro moaxona siBASIETCS U3JIUIII-
HSS1 CIOXHOCTb MpPOeKTa i MOJEIMPOBaHUS:
Mpu ABYX MapaMmeTpax TpeOyeTcs OMHOBPEMEHHOE
HCIIOJIb30BaHUE HE MEHEee YeM 4YeThIpeX MOIeJIei,
MpHU Tpex mapameTpax TpedyeTcss BOCeMb MOJIEEN,
npu N U3MEHSIEMbIX IlapaMeTpax MOAEIU Tpe-
oyercst 2V momerneit. Ho u B 3TOM ciydyae 4mcio
MoIesiell HeAOCTaTOYHO IJIS1 ITOJHOWM YBEPEHHO-
CTHM B MPaBUJBHOCTU pe3yJibTaTa, MOCKOJbKY MpHU
3TOM MPOBEPSIOTCS TOJbKO TI'PaHUYHBbIE TOYKU
WHTEPBAJIOB MU3MEHEHMSI BCEX MapaMeTpoB, TOrIa
KaK MOXET 0Ka3aTbCsl, YTO HAMXYIIIUM cCOoYyeTa-
HHUEM TapaMeTpoOB O0bEeKTa SBJISETCS HEKOTOPOE
COUeTaHME, He SIBJISIOLICECS I'paHUYHBIM.

BTopoii moaxoa cOCTOMT B TOM, UTO Iapame-
Tpbl MOJEAu OO0BEKTa MEIJIEHHO H3MEHSIOTCS B
COOTBETCTBUU C HEKOTOPOU MNEPUOAUYECCKOU 3a-
BUCUMOCTBIO. JTO oOecrneyrBaeT IOCTEIIEHHOE
W3MEHEeHME TapaMeTpPoOB BO BCeM AuAaria3oHe J0-
NYyCTUMBIX 3HAY€HU, MO3TOMY 4YMCJEHHasl OIl-

| |
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Puc. 1. IIpoekT 1Jisi ONTHMH3ANNNA PETYISATOPA:

1, 9— dopmuposarens 3aganus; 2, /0 — BbIYUTAIOLIMIA 3JICMEHT;
3, 11 — uaeHTUYHBIE TepecTpanuBaeMble MONEIU PEryJsiTopa;
4, 12 — pas3nuuHbie MOAEIM O0BeKTa; S5, 13 — ocuuanorpad;
6 — OULEHIIUK CTOMMOCTHOI (GyHKUUU; 7 — GopMupoBaTesb
CTapTOBBIX 3HAYCHUI; & — ONITUMHU3ATOP

Fig. 1. The project for regulator optimization:

1, 9 — the setpoint former; 2, 10 — the subtraction element;
3, 11 — the identical tunable models of regulator; 4, 12 — the different
models of the object; 5, 13 — the oscilloscope; 6 — the cost function
estimator; 7 — the initial conditions former; & — the optimizer

TUMU3ALMS JOJKHA TEOPETUYECKHU NaBaTh TaKou
pe3yabTaT HaCTPOMKU PEryasiTOPOB, IIPU KOTOPOM
cucTeMa OyIEeT OCTaBaThCs YCTOMYMBOU MpPHU BCEX
rmapamMeTrpax €€ MOMAEJU, KOTOpble ObLIM HCIOJb-
30BaHbl B Xoie MoaeaupoBaHus. CTpyKTypHas
cxeMa IIpoeKTa OJIsI 3TOr0 MeToda PelIeHUs I10-
Ka3aHa Ha puc. 2.

HenoctaTkoM Takoil CHCTEMBbI SIBISIETCS Tpe-
0oBaHUE AJTUTEJIBHOIO BPEMEHM MOMEIMPOBAHUS
JJIsl TOTO, YTOOBLI IMepedopoM MCHpPoOOBATL BCe
BO3MOXHbBIE COUETAHUS TTapaMeTPOB OOBEKTA.

Tpetuit mogxom MOXeT ObITh CUHTE3UPOBAH M3
KOMOMHALIMU TIEPBIX ABYX, &8 UMEHHO: MOXET ObITh
OITHOBPEMEHHO PEaJM30BaHO HECKOJIbKO MOJAEIEH,
HO WX HEAOCTATOYHOE YMCJIO MOXET ObITh BOCIIOJI-
HEHO TeM, YTO OAWH WJIMU HECKOJbKO ITapaMeTpoB
MOJIEJIM TIPM 3TOM BCE X€ MEMJIEHHO MEHSIOTCS,
TOrAa Kak JApyrue mnapameTrpsl 3adUKCUPOBAHbI
B CBOMX KpallHUX 3HAYEHUSIX, YTO M AAET HEKOTO-
poe cokpallleHre BpeMeHU MOASINPOBaHMSL.

[Ipenmnonaraercs, 4To TPEeTU MOAXOJ OOBEAU-
HsIET JOCTOMHCTBA IIePBHIX IBYX MOAXOAOB U CBO-
0oneH oT ux HemocTaTkoB. Ha mpakTuke xe MoXeT
0Ka3aThCsl, YTO TPETUM (KOMILJIEKCHBIN) ITOAXOMI
00BeAUHSIET HEOOCTATKMU TEPBBIX ABYX TOAXOIOB
U CBOOOJEH OT MX JOCTOMHCTB, ITOCKOJBKY IIpHU
3TOM TpebyeTcsd M Oosiee CAOXHASI MOJEb IS
MOJEeJMpOBaHUs (4eM IIpyM BTOPOM MOAXOAE) U
Oosiee MIMTENbHOE BpeMsI MOACIMPOBaAHUS (deM
IpuY IepBOM IToAxoae). B cTarhe pelaercs 3agaya
OTBICKAHMSI aJIbTEPHATUBHOTO METOAA MPOEKTU-
poBaHUSI POOACTHOIO pPeryasiTopa, KOTOPBIA Obl
B JEWCTBUTEJBLHOCTH OTJIMYAJICS OT M3BECTHBIX
METOAOB B JYUIIIyIO CTOPOHY.
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Puc. 2. IIpoekT Ajisi ONTUMU3ANUU PEryaaTOpa:

1 — dopMmupoBaTeab 3agaHusl; 2 — BBIUYMTAIOIINNA 3JIEMEHT; 3 —
repectparBaeMasi MOJIeJIb peryisitopa; 4 — rnepecTpavBaeMast
Moziesib 00beKTa; 5 — ocumiorpad; 6 — OLEHIIUK CTOMMOCT-
HOWl pyHKUMU; 7 — popMUpOBaTENb CTAPTOBBIX 3HAYCHUI; & —
ONTUMU3ATOP; 9 — CKAHUPYIOLIUI TeHepaTop

Fig. 2. The project for regulator optimization:

1 — the setpoint former; 2 — the subtraction element; 3 — the
tunable regulator model; 4 — the tunable object model; 5 — the
oscilloscope; 6 — the cost function estimator; 7 — the initial
conditions former; & — the optimizer; 9 — the scanning generator
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IIpennaraemblii METOJ peHICHHS

IIpennaraeTcss HOBBIMI METOH OTBICKAHUS PO-
6acTHOI HACTPONKM, OCHOBAHHBIMA Ha YUCJICHHOM
ONTUMU3ALIMHU PEeryasTopa AJs HauxXymllen Mo-
neau o0bekTa, T. €. JUIS HauxXyJllero coyeTaHus
BceX M3MeHseMbIx mapaMeTpoB. [lomck Hamxyn-
1Iell MOAEIU BBIIIOJHSCTCS METOIOM YMCJIECHHOM
ONTUMU3ALIMU, MPU BTOM OTBICKHBAETCS COYE-
TaHWE ITapaMeTPOB MOIEIH, IPU KOTOPOM Hau-
JIYUIIUHA peryasTop JaeT HaAaMXYIIIWK pe3yJibTaT.
3agaya pelraeTcsl B HECKOJbKO LIMKJIOB ONTUMU-
3allUM C YepeloBaHMEM lieJeBbIX QyHKuui. Me-
TOOMKA IPOMJIJIIOCTPUPOBAHA YUCICHHBIM IIPU-
MmepoM. Ilpexne yeM ONMMCHIBATh IIpeliaraeMblit
aJITOPUTM, JAaIMM HECKOJbKO OMpeaeaeHU.

®uxkcupoBaHHbie mapametpbl (PI1) — Te mapa-
METpPHI, KOTOPBIE B TAaHHOW CEPUM SKCIICPUMEHTOB
MO0 MOACIMPOBAHMIO M ONTUMHU3ALMM 3a0al0TCS
(pukcupoBaHHBIMM 3HauyeHMsIMU. HeusBecTHBIE
napamMeTpbl (HIT) — Te mapameTpsl, KOTOphIE MTPO-
rpamMmMa MOAeIMPOBaHUS OTHICKMBAET B pe3yJIbTaTe
cepuU KCIEPUMEHTOB MO MOIEIMPOBAHUIO B lie-
JISIX MUHUMM3aLUUKU CTOUMOCTHOMI GyHKuuK (CD).
Pesynbrarst noucka (PI1) — HalineHHbIE 3HAYEHU S
a1 HIT mo okoH4YaHuM cepuu SKCIIEPUMEHTOB.

BO3MOXHBIM aJITOPUTMOM IIOMCKA MOXKET CITY-
KWTh, HAIIPUMED, CICAVIONINI BapyuaHT:

1. OThICKaHME JYYIIEro peryjasiTopa s yc-
penHeHHOU Moaenu obbekta. Co3zmaeTcs MOAEb
cuctembl U3 peryiasitopa ¢ HIT n o6wekTa ¢ PII.
I1pu stom PI1 Mmonenn odbbeKkTa OEpPyTCS U3 cepe-
IWHBI KaXXJ0ro MHTepBajga MX BO3MOXHBIX H3Me-
HeHuit. [Ing nonyuyenus PII mcrmonb3yeTcs MeTon
YUCJICHHOW ONMTUMU3alUM TIPU 3aJaHHOM ILIEJie-
BOi pyHKIIMM F).

2. OTbICKaHME XYyIIIero oobeKTa g HalJaeH-
Horo peryasTopa. @PopMupyercst MOAEIb CUCTEMbI
n3 peryiasitopa ¢ DIl u odowekra ¢ HII, mpuuem
PIl u3 nynkra 1 ucronn3yiorcsa kak ®DII perynsa-
Topa. IlpuMeHsgeTcsa MeTon YMCIECHHON ONTUMM-
3allMU 110 3aJaHHON LeneBOi GyHKUMU F,.

3. OTbICKaHUE JYYIIeTro peryastopa IS Xyalle-
ro oonekta. Co3maeTcsl MOJIEIb CUCTEMBI, COCTOSI-
was u3 peryisitopa ¢ HIT n oobexkTa ¢ @I1, npryem
PIT u3 myHkTa 2 ucnonb3yorcs Kak PI1 oobekTa.
[IpumeHsieTcsT MeTOm YMCICHHONW ONTHUMU3ALNU
1o 3ajaHHoi uenesoit pynkuuum F,. [lposepsercs
KpUTEepHiA OCTAaHOBKM moucka. Ecim kpurepnii He
JOCTUTHYT, IIYHKTHI 2 U 3 TIOBTOPSIIOTCS C BHOBb
HailmeHHeiMU HII, eciu oH JOCTUTHYT, OCYILECT-
BJISIETCS TIEPEXO K CIEAYIOIIEMY ITYHKTY.

4. Bepudukauusa pesyabrata. IIpoBogutcs
TEeCTUPOBAHNE KadyeCTBa CHCTEMbl C HalJAEHHBIM
peryasiTopoM AJsI BCEX COYETAaHUI ITapaMeTpoB

MOZENIN, HailJeHHBIX Ha NPEAbIAYLIMX CTaIusIX
movcka. Ecnu mepexomHbIe IpoLieCChl BO BceX
cllyyasiX yIOBJIETBOPUTENIbHBI, 3aJadya CUYUTACTCS
pemieHHOR. Ecau XoTs1 ObI OMMH TIPOLIECC HEYAOB-
JIETBOPUTEJIEH, TPOBEPSIETCI KPUTEPUIA OKOHYA-
HUS TIOMCKa, €CJIU OH HEe TOCTUTHYT, ITOMCK IPO-
JOJIKAeTCsI C MYHKTA 2, €CJIU OH JOCTUTHYT, IIOUCK
MpeKpalllaeTcs, 3ajJadya CUMTACTCS HE PELICHHOIA.

CTpyKkTypHas cxemMa mpPOEKTa
JUIS pelleHns MOCTABJIEHHOM 32124l

Ha puc. 3 mokaszaHa cTpyKTypHas cxemMa Ipo-
eKTa JJIS TIepBOro 3Tana pPelieHus MOCTaBICHHOM
3aJa4M, Ha puUC. 4 IpUBelcHa CTPYKTypHas cxeMa
MPOEKTa i BTOPOIo 3Talla pelleHMs 3a1auM.

| + — | 1
| + |
o1 » 2 o 3 L 4 [ 5 |}
| |
a L a
| |
! 6 » 8 (4 7 :
| |

Puc. 3. IIpoekT aas peaju3anuu MepBOro 3Tana ONTHMHU3AIMUU
peryasTopa:

1 — dopmupoBarenb 3agaHus; 2 — BBIYUTAIOUINI 3JIEMEHT; 3 —
rnepecTpauBaeMasi MOJeJib peryjsTopa; 4 — Moueiab 00beKTa co
CPeNHUMM 3HAYEHUSIMU TapaMeTpoB; 5 — ocuuorpad; 6 —
OLICHIIMK CTOMMOCTHOM (yHKLIMHU; 7 — GOPMUPOBATETb CTAPTO-
BBIX 3HAYEHUIi; & — ONTUMHU3ATOP B pEXKUME MMOMCKA MUHUMYMa
Fig. 3. The project for implementation of the first stage of the
regulator optimization:

I — the setpoint former; 2 — the subtraction element; 3 — the
tunable regulator model; 4 — the model of the object with middle
values of the parameters; 5 — the oscilloscope; 6 — the cost
function estimator; 7 — the initial conditions former; & — the
optimizer in the minimum search mode

« B

Puc. 4. IIpoekT ans peaju3anmui BTOPOro 3Tana ONTHMHU3ANMAN
peryastopa (OThICKaHHE XYAIEld MOAEIN 00beKTa):

1 — dopmupoBaresb 3a1aHus1; 2 — BBIUMTAIOWUI DJIEMEHT; 3 —
HallleHHasl Ha MEepPBOM 3Tare MOjeNb peryisaropa; 4 — mepe-
cTpauBaemasi Moleib 00beKTa; 5 — ocuujuiorpad; 6 — oueH-
UK CTOMMOCTHOU GyHKIWU; 7 — GopMUpOBaATENb CTAPTOBBIX
3HAYCHUU; & — ONTUMU3ATOP B PeXMMeE MOUCKA MaKCUMyMa
Fig. 4. The project for implementation of the second stage of the
regulator optimization (the search of the worst model of the object):
1 — the setpoint former; 2 — the subtraction element; 3 — the
regulator model found at the first stage; 4 — the tunable object model;
5 — the oscilloscope; 6 — the cost function estimator; 7 — the initial
conditions former; §& — the optimizer in the maximum search mode
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[IpoexT wmcnonb3yercsl MJsI YUCIAEHHOI'O MO-
JequpoBaHus MW onTuMuzanuu. OH COmEepXUT
dopmupoBarenb 3amaHusi I, BbIYMTAIOIIUIA 3J€-
MEHT 2, MOJIeJIb peryJjsitopa 3, Moaelb 00beKTa 4,
ociyiorpad 5, OLUEHIIMK CTOMMOCTHOW (hyHK-
uuu 6, GopMUPOBATEIb CTAPTOBLIX 3HAUYCHU 7 U
ontumuzatop 8 Ha mepBom 3tame mo cTpyKType
puc. 3 OTBICKMBAETCSI HACTPOIKa peryasaTopa s
00BbeKTa, B KOTOPOM BCE€ IapaMeTpbl 3aHMMAIOT
CpelHue 3HaYeHUs M3 00JacTU CBOMX IOMYCTU-
MbIX 3HaueHuii. Ha BTOpom artame ¢ aTum pery-
JIITOPOM OTBICKMBAETCs TaKoil Habop mapaMeTpOB
00BbeKTa, MpU KOTOPOM HCXOAHAsi CTOMMOCTHAasI
(yHKIIMS IpUHMMaeT MaKCMMaJlbHOE 3HAYCHUE.

Ecau mporpaMMHOe CpPeacTBO JJisl pelIeHUs
3a/Ja4y ITO3BOJISIET OCYIIECTBJISTH ONTUMMU3ALIMIO
TOJILKO ITyTe€M OTBICKAHWS MUHHUMYMa CTOMMOCT-
HOil (YHKIMM, KaK 3TO CAEJIaHO B MHporpamme
VisSim, To Ha BTOPOM 3Tare clieAyeT MCIOJb30-
BaThb MOAUPUIIMPOBAHHYI (QYHKIMIO, KOTOpas
BBIYMCIISIETCS ITyTEeM BBEIYMTAHMS MCXOMTHOM CTOM-
MOCTHOM (pyHKIIMU U3 OOJIBbIIOr0 HOJOXUTEIbHO-
ro 4yuciaa, 3aBeAOMO OOJIBIIEro J000ro 3HaYeHUsI
3TOU CTOMMOCTHOMN (PYHKIIMU.

YncaeHHblii mpumep
pelieHus MOCTABJEHHOM 32124

PaccMoTpuMm Monesib 00beKTa B CIIEAYIOILEM BUE:

1425+ 52
a+bs+ces®+s’
31ech mapaMeTphl MOAEIN 00beKTa N3MEHSIOT-

csl B CleAyIolIeM UHTepBaJe:

a=0,1.03b=02.08; c=0,1.0,3.

LI(S) _ e—0,0SS

IlepenuiiieM ypaBHEHHUE BTOPOI YacTH Iepeaa-
TOUYHOM (GyHKIMM (0e3 3JeMeHTa 3aIra3abIBaHNs)
B CJIeNyIOlIeM BUIE:

(s> + 25 + Du(s) = (s> + cs? + bs + a)x(s).

Hanee pacKpoeM CKOOKHU UM TOJYyYUM:

$3X + ¢82X + bsx + ax = s°u + 2su + u.

ITpocThiMK TIpEeOOpa30BaHUSIMHU IIOJYYHUM CO-
OTHOILLIEHUE [JIS MOIEIMPOBAHMUSI C MCIOJIb30Ba-
HUEM UHTErpaTopoB:

1 1 1
X=—qu—cx+—|2u—bx+—(u—-ax)|;.
S S s

MogaenupoBaHue 3TOM YacTH MOAEIU OOBEKTa
M0 JaHHOMY COOTHOILIEHUIO TO3BOJSIET Hauboee
MPOCTO U3MEHSITh €€ KO3 (UIIUECHTHI.

st onTUMU3ALUM TIpeaiaraeTcs MCIOoIb30-
BaTh CJIEAYIOUIYIO LeJIeBYIO (QYyHKIIMIO:

T
R(T) = [{/i,() + k,fi,(D) 1,
0

S11(0) =e()

dt

3mech T — BpeMsl MOICIMPOBAHUSI TpoIlecca;
Jf11(f) — OCHOBHOE S1pO CTOMMOCTHON (PyHKLMHU;
fip(t) — mokaszarenb pocTa OLIMOKHU, KOTOPBII
MIPUHKUMAET HYJIEBOE 3HAUCHUE, €CIU IIPOU3BEIC-
HUEe OLIMOKM Ha ee MPOU3BOAHYIO OTPULIATENLHO,
U paBEeH 3TOMY IIPOU3BEACHMIO, €CJIM OHO II0JIO-
KUTEJIBbHO; k,, — BECOBOI Koa(pduuMeHT; e(f) —

f, fip(r) = max {o, ad )}.

OILIMOKA yIpaBJIeHUS.

Ha pwmc. 5 moka3aH IIpoeKkT AJIs MepBOro 3Tara
pewieHust B nporpamme VisSim. HaiineHHble 3Ha-
yeHus1t koadpdunnentos I[IM] perynsitopa moka-
3aHBl B COOTBETCTBYIOLIMX OJIOKaX OMCILIESI, OHU
paBHbl: Kp =749, K; = 1,86, K;, = 0,607. Ha puc. 6

7.43448
1.85628
.607364

0] parameterUnknown p}
= parameterUnknown =ﬂ
[0} nl [d}

parameterUnknown

Puc. 5. IIpoekT 1Jist nepBoro 3rana pemenus B nporpamme VisSim
Fig. 5. The project for the first stage of the solution in VisSim software

Puc. 6. IlepexoaHblii mpounecc B CHCTeMe MOCJ€e ONTHMH3AIUHU
IINJL peryasitopa
Fig. 6. The transient process in the system after optimization of
the PID regulator
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MOKa3aH IIePEeXOMHBIN IIPOIIeCC B CHCTEME IOCTe
ontumusauuu U] perynstopa.

Ha puc. 7 mokazaH NpoeKT OJs1 OTBICKAHUS
HauXyalero coueTaHus Ko3PruunueHTOB MOIeI
00BeKTa.

3aech MOTpeboBaoCh Clenylollee U3MEHEHHE
CTOMMOCTHO# (pyHKInu. Bo-mepBBIX, B Hee BBe-
IIeHbl CjlaraeMble, KOTOpPbI€ OrpaHMYMBAIOT 00-
JIAaCTh TOMCKA 33JaHHOM TPAHULIEA TOMYCTUMBIX
M3MEHEHUM sl KaXJI0ro uHTepBaja. Bo-BTOpHIX,

7.495 —{p] Eﬂ-‘.‘n -184336
1.856 i m-‘.‘m - 565733
6974 d- [-0.2] A -.300886

b e e e e o  — — — — — —— —————— — — — — —— — ——— 4

Puc. 7. TIpoeKT njs OTHICKAHMSA HAMXY/JIIEro coYeTaHus Kodg-
¢unuenTos Moxean 00bEKTA

Fig. 7. The project for search of the worst combination of the ob-
ject model coefficients

Puc. 8. Ilepexoanblii mpounecc 1AJs COYETAHUS NAPAMETPOB 00b-
€KTa B CHCTeMe C pPeryasaTopoM, Ko3(pduuueHTsl KOTOPOro Haii-
JleHbl HA MEePBOM JdTamne

Fig. 8. The transient process for the object parameters combination
in the system with the regulator coefficients found at the first stage

HCXOMHAsI CTOMMOCTHAsI (PYHKLUS B3sITa C 00-
paTHBIM 3HAKOM. B-TpeTbux, OIS TOrO 4YTOOKI
CTOMMOCTHasl (yHKIMS BCerma ocTaBaljiach IO-
JIOXUTENbHOM, K Heil JobaBieHa 0obllas MOJIo-
JKUATEJIbHASI KOHCTaHTA.

HaiigeHHble KO3(p(GUIMEHTHl TaKOBBL: a =
= 0,184336; b = 0,565733; ¢ = 0,300. Ha puc. 8
MoKa3aH IMepeXodHBbIil Mpouecc Al 3TOro coye-
TaHUS ITapaMeTpPOB OOBEKTa B CUCTEME C pPerys-
TOPOM, KO3(P(PUUMEHTH KOTOPOro HaliJeHbl Ha
MepBOM BTare.

Ha puc. 9 nmokazaH mpoekT Ijis OThICKAHUS KO-
3 PULIMEHTOB peryJIsiTopa IS caydas Hauxymiiei
Momeian o0beKTa. Pesynbrar B BUIE OKOHYATEIb-
HBIX 3HAYCHU KO3(P(PUIIMEHTOB PEeryiIsTopa MoKa-
3aH B IUCILIESIX 3HAUEHU U, a UMeHHO: Kp = 7,69;
K; = 1,65; K, = 0,59. Ha puc. 10 mokazaHo ce-

7.4945 # parameterUnknown ‘ﬂ .69293
1.8563 | P parameterUnknown -I] 1.64606
6074 parameterUnknown [d | .58941
b e e e e ———— e — 4

Puc. 9. IIpoekT noucka Ko3pGpuuueHToB peryasaTopa 1Jjs Hau-
XyJumei MoJaen 00beKTa
Fig. 9. The project for search of regulator coefficients for the
worst model of the object

Puc. 10. CemeiicTBO mepexoaHbIX MPOLECCOB MPH PA3TMYHBIX
3HAYEHUAX NMapaMeTPOB 00bEKTa, BKJII0YAsl HaliJeHHOE HAUXY/-
mee 3HAYEHHE M KpaiiHue 3HAYEHUS

Fig. 10. The family of transient processes at the different values of the
object parameters including the worst one found and the bound values

MexaTpoHuKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 2, 2020

71



MENCTBO MEPEXOIHBIX MPOLECCOB MPU Pa3INMUHBIX
3HAYCHMSIX MMapaMeTpoOB OObEKTa, BKJIOUYasi Haii-
JEeHHOe HauMxydlllee 3HAUeHHEe U KpaliHue 3Haue-
HUS mapaMeTpoB. BuaHo, 4To pasHuiia B rpacu-
Kax HecyllleCTBeHHa.

O0cyXkaeHne ¥ BbIBOIbI

I'pacdpuk, KOTOPBHI COOTBETCTBYET pacCUMTaH-
HOMY HauXyAllIeMy COYEeTaHUIO ITapaMeTpPOB 00b-
€KTa, BO3MOXHO, HE€ SIBISETCS CaMbIM XYALIUM
0 KaKMM-TM0O OTACIbHBIM KPUTEPUSIM, HAIIPU-
Mep, TIepEPEryINpOBaHNE B 3TOM CIy4yae HEe CamMoe
6osbiroe. MoXHO ObIJIO OBl C HOBBIM pPacCUMTaH-
HBIM PETYJSTOPOM MOBTOPUTH mpoueaypy. On-
HaKO IOJy4YeHHBIC pe3yJbTaThl MOXHO IIpU3HATh
BIIOJTHE YIOBJETBOPUTEIBLHBIMU, PETYJISATOP HOEu-
CTBUTEJIbHO IIOJIYYUJICA POOACTHBIM, ITOCKOJBKY
rpadpuku mnepexogHbIXx MpoueccoB (cM. puc. 10)
OTJIMYAIOTCSI HECYIIECTBEHHO.

B nmaHHOI cTaTbe BIIEPBBIE IPEIJIOKEH METON
MPOEKTUPOBAaHUSI POOACTHOIO peryasTopa IyTeM
OTBICKAHWSI HaUXyAIIEH BO3MOXHONW MOAEIU O00b-
€KTa METOIOM 4YMCJICHHONM ONTUMHU3alUMU C II0-
CIEAYIOIIMM OTBICKAHWEM HAWJIYYIIEro PEeryasiTo-
pa I 3TOro cliydyas Tak>Ke METOIOM UMCJIeHHOM
ontTuMM3anvu. B mepBoM ciiydyae onNTHMMU3aLMS
OCYIIECTBJISETCS IO W3MEHEHHOMY KpUTEPUIO
OINTUMAJIBHOCTH, KOTOPHBIA (opMUpYyeTCS B BUIE
pPa3HOCTH MeXIY (PUKCUPOBAHHON OOJIBIIION BEN-
YMHOM M pelieBaHTHOI uLesieBor (pyHKUUU. Takxe
B LIeJIeBYIO (DYHKIIMIO BBOASITCS cllaraeMble, Pe3KO
BO3pacTalollne, €ClIu IapaMeTp MOIEIu OOBbEKTa
BBIXOAUT 3a MpeAeiabl CBOMX OOIYCTUMBIX T'PaHUII,
YTO MO3BOJSET 3a1a4y r106aJabHOr0O MOMCKa TpaHC-
¢opMupoBaTh B 3a7a4y JOKaJbHOro Ioucka. JIBa
MOCJIeNOBaTENbHBIX dTalla JAIOT B WUTOre podacT-
HBII PEryJisiToOp, €CAu IJIs1 IIOCTABJICHHOM 3ada4yu
TaKOBOM CYIIIECTBYEeT. METONOM 4YWCJICHHOW OIl-
TUMHU3aLIUKU TIPOAEMOHCTPUPOBAaHA HA YKUCJICHHOM
npuMepe padboTOCMOCOOHOCTh M JAOCTaTOYHAas 3(-
(peKTUBHOCTh NpeIJIOKeHHOro MeToxa. JlambHei-
1€ UCCIEA0BAHU S MO3BOJIST OMPEAEINTh 00JIaCTh
MPUMEHEHUS 3TOro MeToda U ero 3POeKTUBHOCTD
IUTST HanboJiee CIIOXKHBIX 3a1ay.
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The design of adaptive controllers allows to solve the problem of control of the object with non-stationary parameters.
However, if the parameters of the object do not change too much or if only a certain interval of their change is known, it
may turn out that an adaptive controller is not required, since the problem can be solved with the help of a robust controller.
The robust controller allows to provide an acceptable quality of control even if the parameters of the mathematical model
of the object change in some predetermined interval. A method of designing such controllers is known as the method of nu-
merical optimization of the controllers used in the ensemble of systems in which the models of objects are different and the
models of controllers are identical. The ensemble uses object models with extreme parameter values. The disadvantages of
this method are too many systems that need to be modeled and optimized at the same time if there are several parameters
to be changed. In addition, the worst combination of model parameters may not be boundary, but middle, in this case
this method is not applicable. This article offers and analyzes an alternative method of designing a robust controller on a
numerical example. The essence of this method is the numerical optimization of the regulator for the model with the worst
combination of the values of all modifiable parameters. The search for the worst combination of parameters is also carried
out using the method of numerical optimization. In this case, a combination of model parameters is found in which the best
relation of regulator coefficients gives the worst result of the system. The problem is solved in several optimization cycles
with alternating cost functions. The utility of the method is illustrated numerically by an example of a third order dynamic
object with a series linked delay element.
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depepanbHoe rocygapcTBeHHoe bogxeTHoe yupexaeHue Haykn CaHKT-INeTepOyprcknini UHCTUTYT
WHopmaTHkM 1 aBToMmaTmusaumm Poccuinckon akagemun Hayk, Carkt-INeTtepbypr

Moaudumkauua CGR-anroputma MmapLipyTmsaumm AaHHbIX
B KOMMYHMUKaLMOHHOWN CETU rPYNMUPOBKM CMYTHUKOB™

Cemu 653U 6 KOCMUHECKUX CUCMeMAX, NPeonoaa2arnuux Ucnoab308anue 2pynnupoeox cnymuuxos, seaswmcs DTN-
cemsamu (Delay and Disruption Tolerant Networks). Ycmanoeaenue kaunanoe cesnszeil 8 KOCMUYECKUX cemax c8a3u obaadaem
onpedeneHHOU Cneyu@uKoi: Kanaibl c83u Moeym naaHuposamscsi. B cesasu ¢ amum 6 kauecmee Haubosee nepcneKkmueHo2o
pewenus 3a0aqu mapupymuzayuu dannvix paccmampusaemces CGR-nodxoo (Contact Graph Routing). B ocnoge smoeo nodxooda
C y4emom YKa3aHHoU cneyuduku aexcum pacuem niana koumakmos. Ha ocnose smoeo naana 6 yznax cemu paccuumoiearom-
cA epaghpl KOHMAKMO8, KOMOpPble UCNOAB3YIOMCA 045 NOUCKA KPAMYaliuux Mapupymos nepedavu OaHHbIX.

B dannoii cmamve 6 kauecmee modugukauuu 0arHo20 nodxoda npedsaearomcs 08a 83aUMOCEA3AHHBIX PeUleHUs: NOUCK
Mapuipymoe Ha 0CHO8e NAAHA KOHMAKmMos, m. e. 6e3 pacuema u UCn0Ab308aAHUs epapa KOHMAKmMOo8, U a0anmueHslii Memoad no-
ucka Heobxo0uMmol 0451 MApupymu3ayuu cO8OKYNHOCmu Kpamyaiwux mapupymos. Cyms nepeoeo peuleHus cocmoum 6 caedyio-
wem. B cmandapmuom eapuanme CGR-nooxoda eepuunst epagha coomeememeayiom nAGHUPYEMbIM KOHMAKMAM Melcoy Y31amu
cemu, a pebpa — npoyeccam Xpanenus OaHHbIX @ y31ax cemu. B omauuue om 3moeo 6 npedsazaemom eapuanme eepulunsl epagpa
coomeemcmeym y3aam cemu, a pebpa epaga u eec pebep epaga onpedeastomcs OUHAMUYECKU, 8 NPOYecce HOUCKa Kpamuaii-
wux mapupymos. B ocnoge émopoeo pewenus 6600umcs noHamue GpoHma NAAGHUPOSAHUS, NOO KOMOPbIM HOHUMAEMCS CRUCOK
konmaxkmos. Hckombie mapupymsl pazouearomcs Ha onpedeseHHoe Yucao nyi08. B kaxcoom nynse 06sedunsaiomcs mapupymeol,
6 KOMOpPbIX UCHOAb3YemCsl OnpedeseHHblll KOHMAKm U3 gponma naanupoganus. PpoHm naanupoeanus o06H08Asiemcs 8 08YX
cayuasnx. B cayuae uzmenenus monoaoeuu cemu npoucxooum 3ameujeHue UCnoAb308aAHHbIX UAU He YCMAHOBACHHbIX KOHMAKMO8
noCcAe0yOWUMU KOHMAKMAMU C MeMU Jice CAMbIMU Y3AaMu cemu, bauxcaiimumu no epemeru. B cayuae pocma mpaghuka coobuje-
HUL 6bINOAHsIeMCS OnpedeeHHoe paculuperue GpoHma nAAHUPOGAHUS U UCHOAB3YIOMCS OONOAHUMENbHbIe NYAbl MAPUIPYMO8.
B 3akatouenuu cmamou npueooUmMCs ORUCAHUE U 000CHOBAHUE 0XCUOAEMbIX NPEUMYULECME NPEONOICEHHO20 N00X00d.

Karueewie caosa: epynnuposxa cnymuuxos, DTN-cemov, CGR-mapwpymu3zayus

BBenenne

OCHOBOIf CHCTEMBI IIJIAHMPOBAHUSI U YIIpaB-
JICHUS TPYIIIIUPOBKOW CHYTHUKOB SIBISIETCS WH-
(opmanimoHHoe B3auMMOAENCTBUE, pa3pabOTKa
KOTOPOTO  IPEAONPEACHsIeTCS BO3MOXHOCTSIMU
ceTu cBsI3u. PU3NIECKOM OCHOBOI CETH SIBIISTIOTCS
KaHaJbl CBSI3M, KOTOPbIE MOTYT YCTaHAaBJIMBATbCS
MEXIY CITyTHUKAMU M MEXIYy CIIyTHUKAaMW 1 Ha-
36MHBIMU CTAaHLMSIMM B WHTEPBAaX BPEMEHM,
KOT/la OHU HaXOASTCS B 30HE MPSIMOU BUAMMOCTHU
IpyT Opyra. DT WHTEPBAJIbl BpeMEHM IIPEAOIIpe-
JEJISTIOTCSI CICAYIOIIMMUA OCHOBHBIMU (DaKTOPaAMU:
e OpOMTaAJIbHOE MOCTPOEHUE U YUCJIO COYTHUKOB

TPYIINUPOBKU,;

* reorpaguyeckoe TMOJOXEHUE M YKUCIO Ha3eM-
HBIX CTAHIIUM;

* TEXHWYECKME BO3MOXHOCTM W OTPpaHUYCHUS
CUCTEMBI CBS3M CIHYTHUKOB, B YAaCTHOCTU —
MakKCMMaJibHas NaJbHOCTD MEepeaadyn pagrOCUr-
HaJIOB, YUCJIO KAHAJIOB CBS3U, KOTOPOE OIHO-
BPEMEHHO MOXET 00eCneuYnBaThCS CITyTHUKOM.

*PaboTa BBINOJIHEHA MpU (UHAHCOBOI moanepxke POOU
(mpoekt No 18-01-00840).

OCHOBHOIl 3ajmayeil Mpy OpraHU3alUu CETU
CBSI3M SIBJSICTCS MaplUpyTH3alMs IMepeaayu IaH-
HBIX. B cllyyae KOCMUYECKUX CETeil CBSI3U TaHHas
3ajlaya paccMaTpuBaeTCs ¢ YYETOM IBYX OCHOB-
HBIX (PaKTOPOB: MOOMJILHOCTH Y3JIOB CETU (CHYT-
HUKOB) ¥ CBSI3aHHOCTU UJIM HECBSI3aHHOCTU CETH.
CeTb sBISETCA CBSI3aHHOM, €CIM B 11000l MOMEHT
BPEMEHU MEXIY 1000 Mapoil y3J0B CYIIECTBYET
MapuIpyT Iepeaayrd COOOIIEHMIA.

B ciyyae KOCMHUYECKHMX CUCTEM, KakK IIpaBU-
JIO, TIoJlaraeTcsl, YTO CEeThb SIBJSIETCSI HECBS3aH-
Holl. CBsI3aHHBIE CETU pPaccMaTpPUBAIOTCS TOJb-
KO B JBYX YacTHBIX cly4yasx. B mepBoM ciydae
paccMaTpUBaIOTCId TPYNINUPOBKU, COCTOSIIUE U3
HEOOJIBIIOr0 Yrcia CIIyTHUKOB, HAXOASIIIUXCSI Ha
HE3HAYUTEIbHOM PAacCTOSTHUM APYT OT mpyra. Ta-
K1e KOH(Urypaluuu, Kak ImpaBujio, paccMaTpuBa-
IOTCS B 9KCIIEpPUMEHTaIbHBIX MUCCHUSIX. B yacTHO-
CTH, B OMHOM U3 MEPBBIX IIPOEKTOB 10 OTPabOTKE
nHpopMaLMoHHOTO B3auMoneiictBuss — Edison
Demonstration of Small Sat Network (EDSN) [1] —
paccMaTpuBajiach IpyIIUMpPOBKa U3 BOCBMHU CITYT-
HUKOB, HAXOMSIIMXCS Ha PacCTOSSHUU OPYr OT
npyra meHee 100 kM. Bo BTOpoM ciydae paccMma-
TPUBAIOTCS TPYNIIMPOBKHU, COCTOSIIINE U3 3HAYM-
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TEJbHOTO YMcja CIyTHUKOB. [Ipn 3TOM MX 4mucio
omnpeaessieTcsl MCXoisi U3 TpeOOBaHUS, YTO CETh
JIOMXKHA OBITh CBsI3aHHOW. Takue TrpyIIMpOBKU,
B YaCTHOCTH, paccMaTpuBaIOTCId B TaKuUX PyTypu-
CTHUYeCKHUX ITpoeKTax, kKak OneWeb [2] u Cdepa [3],
Mpearnoarapimmnx ucroiab3oBanue 700 u 640 cryt-
HHUKOB COOTBETCTBEHHO.

CBs3aHHBIE CETH, B KOTODPBIX Y3JIbl SIBJISIFOTCS
MOOUJIBHBIMU, 000011IeHHO Ha3biBatoTcs MANET-
cetsasmu (ot aHria. Mobil Ad-hock Network). Mapiir-
pyTHM3alMsl B CETSIX TaKOro TMIa CBOAUTCS K pac-
MPOCTPAHEHUIO B CETW JAHHBIX, OIMMCBHIBAIOIINX
MPOUCXOMSIINEe M3MEHEeHUsT Tomojioruu ceTu. Ha
OCHOBaHWM 3TUX JAHHBIX B y3JIaX CETHU MEePECUNThI-
BalOTCS TAOJMIIbI MapIIPyTU3ALMU, U TOC]E ITOrO
npojaojkaeTcs nepeaada cooduieHuit. Ilocne nmepe-
cyeta TabIWI[ MapuIpyTH3allMM BpeMs TMepenadyu
COOOILIEHUT MO HaWACHHBIM MaplipyTaM 3aBUCHT
OT MJOTHOCTU TpaduKa M TPOMYCKHOM CIOCO0-
HOCTM KaHaJIOB CBSI3U M COCTABJISIET, KaK MPaBUJIO,
JnoJu ceKyHabl. OmHako BpeMsl pacipoCTpaHEHUs
CIAYXKEOHBIX JAHHBIX 00 M3MEHEHUSX TOIMOJIOTUHN
CeTU MOXET OBbITh BeChbMa CYIIECTBEHHBIM. [103TO-
MY B 3aBUCMMOCTM OT KOHKPETHBIX CBOMCTB CETHU
(MJIOTHOCTU CETH, CKOPOCTU MepeMelleHUs Y3JIOB
WU Jp.) paccMaTpyBaIOTCSl pa3jiMyHbIe CTpaTerud U
MPOTOKOJIbI MaplIpyTuzauuu [4—7].

B ciyyae HecBsSI3aHHBIX ceTeil METOIAbl Mapiil-
pyTH3anMu pa3pabareiBalOTC Ha OCHOBE WMHBIX
MOIXOM0B, YUYMTHIBAIOIIMX Pa3pbIBEI CETHU U Bpe-
MEHHBIC 3alepXKW mMepeaayud AaHHbIX. Takwue
cetu HaseiBaoTcsI DTNs-cetsamu (ot anria. De-
lay-and-disruption Tolerant Networks). I[IpoToko-
JIbl MaplIpyTU3allMM B TaKWX CETSIX 1O aHaJIOTUU
¢ nporokonamu Mapipytuzauuu B MANET-ceTsx
pa3padaThIBAlOTCS C YYETOM KOHKPETHBIX CIIeLI-
(puuecknx ocobeHHOCTEN TTpeaAMETHBIX 0bacTeN.
O0630p mpoTokojioB Mapmipytuszauuu B DTN-
CeTSIX MOXHO HalTH B paboTe [8].

B DTN-ceTsix pa3nunyaloTcs TpU Kjacca CeTeu,
B KOTODPBIX CBSI3b MEXJY y3JaMU CETH SIBJSIETCS
CJIy4YallHOM, BEPOSTHOCTHOM WM TJIAHUPYEMOW,
U COOTBETCTBEHHO paccMaTpUBAIOTCSI TPU KJlacca
MPOTOKOJIOB MapipyTusauu. CeTu cBsI3U KOCMU-
YeCKMX CUCTEM OTHOCSTCS K TOCJeqHEMY KJaccy,
B KOTOPOM CBSI3b MEXY y3J1aMU MOXKET MJIaHUPO-
Barbcda. B atom knacce DTN-cereit Hanbonee 3¢-
(beKTUBHBIM U aKTUBHO pPa3BUBAEMbIM SIBIISIETCS
CGR-nmogxon (ot anria. Contact Graph Routing).
JaHHBIM TIOAXOM pacCMaTPUBAETCS B MHTErpalluu
¢ DTN-TtexHoJoTHEl TIepeaayn JaHHBIX, KOTopas
paspabareiBaeTca B NASA B paMmKax IIporpam-
MBI Advanced Exploration Systems ¢ 2002 1. [9].

B ocHOBY 3TOW TEXHOJIOTUMU TOJIOXEH CJIeIYIOIUIA
6azoBblii mpuHUMO. Eciu y3ea He CMOT Iepenarb
MMaKeT JaHHBIX, TO 3TOT ITaKEeT HEe yAAJISIETCS, a CO-
XpaHseTCs B y3Jie U IepegaeTcsl IIOBTOPHO B paM-
Kax TOCJeAYIOIMX KOHTAKTOB. TakuM obOpa3om,
nHoOpMaLIMs BCerma OOXOOUT IO IIOJydaTes.
Hnst 6onee a3(p(peKTUBHOrO MCIOJIB30BAaHUS IIPO-
IMyCKHOI CITOCOOHOCTHM KaHAJIOB CBSI3W BBIIIOJIHS-
ercsa (¢parMeHTalMsI IepedaBaeMbIX MaHHBIX Ha
HECKOJIBKO ITaKeTOB OrpaHMYeHHOro pa3mepa. bo-
Jee netanbHoe onucaHue DTN-TexHOI0ruu Mox-
HO HaiiTm B pabortax [10, 11]. Cieqgyer OTMETUTD,
yTo MeXayHapoaHblii KOHCYJIbTaTUBHBIM KOMMU-
TeT [0 KOCMUUYECKUM CHUCTeMaM Iepeaadyn JaHHBIX
(CCSDS) mpenjaraeT BceM KOCMUYECKMM areHT-
CTBaM MHUpa yCTaHABJIMBATh Ha CBOM HOBBIE aBTO-
MaTUYEeCKNE Y MUJIOTUPYEMbIE aIlliapaThl 000pymI0-
BaHMe, paboTtaroiiee Mo DTN-TexHomornn. Takoe
000pyIoBaHNE, B YACTHOCTH, YK€ MCIIOJIL3yeTCs Ha
MexxayHapoaHOW KOCMMUYECKON CTaHIIMU.

B ymoMsiHyTBHIX BBIIIE YaCTHBIX KOHQUIypa-
IMUASIX KOCMUUECKUX CUCTEM, KOIJa CeTh SIBIISIETCS
cBg3aHHOM, mcrnonb3oBanme CGR-mogxoma Tak-
Ke IIpeAcTaBiIsieTcsl OoJiee IIPEANIOUYTUTETIbHBIM
[0 CPaBHEHMIO C METOHAMM MapLIPYTU3aLUHU
B MANET-ceTsx BcaeacTBue CAEAYIOLIMX IMpHU-
yuH. I obecneyeHUsT MEXCIYTHUKOBOM CBSI3U
MIpeACTaBIsIETCS Oojiee 1eIeCO00pa3HBIM UCIIOIb-
30BaHME HaNpaBJIEHHBIX KaHAJOB CBSI3M W3-3a
OoJbIIel OaJbHOCTA IMepedadyd paJuOoCUTHAJOB.
[Ipu 3TOM ycTaHOBJICHHWE HAaIIpaBJICHHBIX KaHAJIOB
CBS3M TpeOyeT IMpeaBapUTEILHOTO INIAHUPOBAHUS
U Tepenady COyTHHUKaM BPEMEHHBIX U IIPOCTPaH-
CTBEHHBIX ITapaMEeTPOB IJISI OPMECHTALIMM aHTEHH.
DTO MOJIHOCTBHIO COIJIACYETCS C TE€M, UTO OCHO-
Boii CGR-mogxoma siBisieTcs pacueT M Iepedadya
CIIyTHMKAM IIJlaHa KOHTakKToB. KpoMme Toro, miaH
KOHTaKTOB IIpeIIlojiaracT BKJIIOUYEHNE MPUEMHBIX
YCTPOMCTB CIYTHUKOB B OIIpeNeIcHHbIE NMHTEPBa-
JIBI BpeMeHU. B IIpOTUBHOM clly4yae OHM JOJIKHBI
IMOCTOSIHHO HAaXOAUThCS BO BKJIIOUEHHOM COCTO-
SIHUM, YTO BJICYET IIOBBILICHHBIA pacxom 3Hep-
ruv. MoXHO 3aMeTUTh, YTO B paHee YIIOMSIHYTOM
EDSN-npoekre [lI] HecMOTps Ha CBSI3aHHOCTH
CeTH TMpeAnojaraeTcsli YCTaHOBJCHHME KaHaJIOB
CBSI3M II0 3apaHee pa3pabOTaHHOMY IIJIaHY.

Hcxomnas xonuentyajibHass moueiab CGR-mon-
xofa ObLIa omyOimKoBaHa B pa6ote [12] B 2011 1.
C Tex mop STOT MOOXOM SIBISIETCSI OOBEKTOM akK-
TUBHOI'O Pa3BUTHsI, KPAaTKUK 0030p COBPEMEHHO-
ro cocrosHusgs CGR-momxoma mpencrasiieH B 1. 1
JaHHOM cTaTtbu. B 1. 2 cTaThu MPpUBOAUTCS OIMKCA-
HHE HOBBIX METOAOB IIOMCKA MaplIpyTOB, IIpeIia-
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raeMbIx aBTopoMm, u cneundukannu CGR-nmonxoma
B LIEJIOM C YYETOM MCIIOJIb30BaHUS 3TUX METOIOB.

1. CoBpemennoe cocroanue CGR-noaxona

B ocHoBy konuentyaabHoit wmomenu CGR-
noaxoma IoOJoXeHa creuuduka mojera COyTHU-
KOB, KOTOpas IMO3BOJISET TOCTAaTOYHO TOYHO pac-
CUMTBHIBATh MHTEPBaJIbl BpPeMEHM, KOTJa MEXIY
CIyTHUKAMU U MEXIY COYTHUKAMH M Ha3eMHBI-
MU IYHKTaMHU IIOSIBJISIETCS BO3MOXHOCTD Ilepena-
yu uHdopmamnuu. Ha ocHoBaHuM 3TOrO Ha 3emJe
paccuuThiBaeTCsl ILIAH YCTaHOBJIEHMSI KaHaJIOB
CBSI3M, KOTOPBHIA B MOIEAM Ha3bIBaeTCs ILJIAHOM
KOHTakKTOB. OIpeneieHUe KOHTAaKTOB B IIJaHe
BKJIIOYAET OMKUCAHUE TMap Y3JIOB, MEXIY KOTOPbI-
MU YCTaHABJIMBAIOTCS KOHTAKTHhI, 3allJIaHUPOBaH-
HBIC MHTEPBaJIbl BPEMEHM KOHTAKTOB U CKOPOCTH
nepegadyv mTaHHBIX. I1JaH KOHTaKTOB pacCUMTHI-
BaeTcsl LIEHTPAJM30BaHHO M Jajiee TiepeaaeTcs
BCEM Yy3JlaM CeTU, CIIyTHUKAM U Ha3eMHBIM CTaH-
uusiM. Ha ocHoBaHMM TJIaHa KOHTAaKTOB B y3Jax
ceTd POpMUPYIOTCS rpadbl KOHTAKTOB, KOTOPHIE
WUCTIOb3YIOTCS [JISI TOMCKa MaplIpyTOB Tepeaadyun
JaHHBIX B 3aBUCUMOCTHU OT T€KYIIEro COCTOSIHUS
CITYTHUKOB U Tpaduka COOOILEHMI.

OpHoit u3 nepBbIX padboT 1o pa3putuio CGR-
noaxona ObLIa padora [13]. B Heit nisa onpenesieHUS
KpaTyaiiliero nyTy Oblja BBeIeHa METPUKa CaMOro
paHHEro BPEMEHU JOCTaBKU JaHHBIX B y3€J Ha3Ha-
YEeHUSI M OMHCAH CHOCOO0 peIleHUs 3aJadyM Mapli-
pyTHU3allMU C TIOMOILbIO CTAHAAPTHOIO ajJropuTMa
Heiikctpol [14]. Tlepenaya maHHBIX MOXET Hadu-
HaThCsl cpasy e I0cje YCTAHOBJIEHUSI KOHTAKTOB,
JIM0O0 B TEKYIIMIA MOMEHT BPEMEHM, €CJIU KOHTaKT
yxke yctaHoBjeH. [Ipu 3ToM pacueT 3HAYeHUS Me-
TPUKHU HE SIBJISIETCS TOYHBIM. B CBSI3M ¢ 3TUM B pa-
0ote [15] ObLIM TpeAJIOKEHBI OBa B3aMMOCBSI3aH-
HBIX pelIeHUs, 00eCIeUYnBaIOIINX 00JIe€ BBICOKYIO
TOYHOCTb IIJIAHMPOBAaHUS: OIIpeAeieHUe OLEHKU
CaMOro paHHEro BpEMEHU OTHpPaBKMU COOOIIEHUNA U
yIIpaBJIEHUE OYepeasIMU COOOIIEHUI B caydae mpe-
BBIIIIEHUS IIPOIMMYCKHOM CIIOCOOHOCTM KOHTAaKTOB
C y4eTOM MX (COOOIIEHMIT) IPUOPUTETOB.

OcHoBHOe BpeMs BbluuciaeHuit B pamkax CGR-
nomxoma TpaTuTcsd Ha ¢GopMupoBaHue TpadoB
KOHTAaKTOB M MOMCK MAapIIPYyTOB II€peaayud Co-
oOuieHut. JIj19 MUHUMU3AaL UM 3TUX BBIYUCIIEHUN
B pabote [16] ObLIO MpeasIoXKeHO TepenaBaTh B 3a-
roJ0oBKaxX IIaKeTOB HOAaHHBIX MAapIIPYThl Mepena-
YM, pacCUMTAHHBIE B MCXOAHBIX y3Jax MapllipyTa.
B sTOM ciiyyae HEOOXOIMMOCTh B MaplIPyTHU3aLI T

B IIPOMEXYTOYHEIX y3JIaX BOBHUKAET TOJHKO B TOM
clyyae, €ciM JnajbHeulnas Tepeaada AAaHHBIX IO
HMCXOTHOMY MapIIpPyTy CTAHOBUTCSI HEBO3MOXKHOIA.

OnHoOIT M3 OCHOBHBEIX ITPOOJIeM MaplIpyTu3a-
ouu B DTN-ceTsx aBasieTcs: BOSBHUKHOBEHUE 3a-
CTOSI JAHHBIX B y3JIaX CETH B ciiydyae Ype3MepHO-
ro Tpadpuka m3-3a OrpaHUYECHUST ITAMSITU Y3JI0B
U TIPOIYCKHBIX CIIOCOOHOCTEH KOHTAaKTOB. DTa
npobieMa dBIsETCI OOBEKTOM MCCAeAOBaHUM
BO MHOTMX pabortax. B dyactHocTH, B padorte [17]
npeajaraeTcsl MCIOJIb30BaTh MMEIOIIUECT B Y3-
JIaX CTPYKTYypHBIC JaHHBIE O BO3MOXHOCTSIX CETH
B 1IEJIOM, 2 UMEHHO — IPOMNYCKHbIE CITOCOOHO-
CTV KOHTAaKTOB M OTPaHWYCHMS MaMSITH B y3JIax
cetu. Mcmonb3oBaHWE 3TUX AAHHBIX ITO3BOJISICT
BBIOMpPATh MapUIpyThl C YYETOM NPOTHO3MPOBaA-
HUS BO3HMKHOBEHHS 3aCTOSI B MPOMEXYTOUHBIX
y3jaax MapupyToB. OgHAKo 3TO pelleHue oba-
AT OrpaHUYECHHBIMM BO3MOXHOCTSIMH, TaK KakK
HE ITI0O3BOJISIET BBISIBJSATH 3aCTOM, BO3HUKAIOIIWE
B PE3yJbTAaT€ BXOMHBIX TpaUKOB M3 APYTUX y3-
JIOB ceTHu. [ 4Y4aCTUYHOTO MPEOdOJEHUS 3STOU
npobseMbl B pabote [18] mpenyiaraeTcss Moaxon,
B KOTOPOM IIPU YCTAHOBJICHUM KOHTAKTOB Y3JbI
OOMEHUBAIOTCI JAHHBIMU O HaJIWYMKU CBOOOTHON
namsaTtu. TakuM oOpa3oM, B 3TOM ClIy4yae MOXKET
BBISIBISITHCS 3aCTOM, BOZHUKAIOIIHUI B pe3yJIbTaTe
BXOIHBIX Tpa(UKOB M3 pa3HBIX UCXOMHBIX Y3JIOB,
HO TOJIBKO B y3JaX CETH, C KOTOPHIMU HMEIOTCS
YCTaHOBJIEHHBIE KOHTakKThl. O030p Ipyrux pas-
pabaThIBaéMbIX ITOAXOIOB K PELICHUIO MPOOIeMBbI
3aCcTOs B y3J1aX CETM MOXHO HaiiTu B padote [19].

OcHoBoit CGR-nonxona sBasieTcsl pacyeT rJa-
Ha KOHTaKToB. CoaepXaTeabHbIA aHAJIU3 3TOM 3a-
Jauu paccmaTtpuBaeTcs B padote [20]. MHTepBaibl
BPEMEHM, KOIZa Maphl Y3J0B HAXOASATCS B MPSIMO
BUAUMMOCTH IPYT Apyra v B mnpeneyiax JaJbHOCTH
JNEeUCTBUS TepeaamlInX YCTPOWCTB, pacCUUThIBA-
IOTCSI Ha OCHOBE MMMTALIMOHHOIO MOIEJIMpPOBa-
HUS ABUXEHUS CIYTHUKOB II0O CBOMM OpOMTaM M
SIBJISIIOTCSI UICXOMHBIMU TaHHBIMM B 3TOM 3ajaye.
Ha ocHOBe 3THUX JaHHBIX MJaH KOHTAaKTOB JOJIXEH
pacCUMTBHIBATLCI C YYETOM YMKCJIa OAHOBPEMEH-
HBIX KOHTaKTOB, KOTOPO€ MOXET yCTaHaBJIMBaTb
y3eJd CeTH, a TaKXe C yYEeTOM IOIOJHUTEIbHBIX
OrpaHMYEHMI, KOraa CBS3b MEXIY y3JaMU CIIYT-
HHUKOB MOXET ObITh HEBO3MOXKXHOM JaXe B paMKax
HCXOAHBIX UHTEPBAJIOB BpeMeHU. B cOOTBeTCTBUU
C 9TUM pacyeT MJaHa KOHTAKTOB SIBJISIETCS CJIOXK-
HOI KOMOMHATOPHOM 3ajayeil, AJs1 pelleHus] KO-
TOpOii TpebyeTcsl pa3pabdoTKa BCIIOMOrarejbHOM
ImporpaMMHOi cucTembl. OmnucaHue IpPOTOTHUIA
TaKoO# CUCTEMBI ITPUBOAUTCS B padoTe [21].

MexaTpoHuKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 2, 2020

77



B cersgx Oosbloii pa3sMepHOCTH, HampUMeEp,
koraa y3i0B 6ojiee 100 1 ynciio KOHTAKTOB B IJ1a-
HE MOXET MCUHWCISITbCS MUWJUJIMOHAMU, Maplipy-
TH3alMsl COOOIIEHUI C MOMOIIBIO CTAHJAPTHOIO
CGR-mtogxoma MOXeT CTaHOBHMTBCS HEIIpUEMJIC-
MOl Mo BpeMeHU. B cBsi3u ¢ aTum B pabote [22]
npeaiaraeTcsi KOMIPOMUCCHBIN MOAXO0M, KOTOPBIM
MO3BOJISIET CYIIECTBEHHO CHMUXaTh 00bEM BbIUMC-
JIEeHWHW B y3Jax 3a CUeT HEKOTOPOTO yBEJIWUYECHUS
BpEeMEHHU JOCTaBKMU COOOIIEHUN B Y3Jbl Ha3Ha-
YyeHHusl. YBeAWYeHUEe BpeMEHU B JAHHOM ciydae
SIBASIETCSl CJAEACTBUMEM TOrO, YTO OIpeneJeHHOe
MOJMHOXECTBO KOHTAKTOB MPOCTO HE pacCcMaTpu-
BAeTCsl U COOTBETCTBEHHO HE HCIOJb3YeTCs IPU
Mapuipytusainuu. B ocHoBe maHHOTro moaxona Jje-
XKUT pa3OueHue ceTh Ha HECKOJbKO PErMOHOB M
paszbueHue y3J0B Ha JBa TUTIA — OOBIYHBIE PETUO-
HaJIbHBIE Y3JIbl M Y3JIbI-1ILJII03bI, 00€CeYMBaIOII1e
nepenadyy cooOlleHUir Mexay peruoHamu. Ilpm
9TOM PETrMOHAJIbHBIM y3JIaM TepeJaroTcs TJIaHbl
KOHTAKTOB TOJILKO C y3JIJaMU CBOErO peruoHa. Y3-
JIBI-1IIJTI036I MOTYT OTHOCHUTBCSI K IByM WM Oojiee
peruoHaM M COOTBETCTBEHHO MOJYy4YaloT TIJIaHBI
KOHTaKTOB 3TUX peruoHoB. [Ipum sTom mepemauya
COOOIIEHU MeXIy y3JaMM pa3HbIX PETUOHOB
paccuuThiBaeTcsl 0e3 yuyeTa BpeMEHHbBIX Mapame-
TPOB KOHTakKTOB. B paccMmarpuBaemoMm Tmoaxoze
npearnojaraeTcs, 4YTO TPYNMNUPOBKA CITyTHUKOB
BKJIIOYAET reocTallMOHApHbIe CIYyTHWKW, HaJM-
yue KOTOPBIX alpuoOpu MPenoIpenesisieT OCHOBY
MOCTPOEHUST MAPUIPYTOB Tepeaavyr JaHHBIX.

B 3aksitoueHue o630pa cieayetr MpuBECTU CChII-
Ky Ha paboty [23], B KOTOpO#i NMpuBeAcHa CIIelH-
(ukauus Hamnbosee MOJHOrO BapuaHTa peaju3a-
muu CGR-mogxoma, mHTErpupylomas OOJbIINH-
CTBO MPEIJOXEHHBIX PELIeHN MO ero pa3BUTHIO.

2. Moaudukamus CGR-noaxona

CGR-nogxon B LEJOM CBOAMUTCS K peLIEHUIO
IBYX 3aJa4. K TIONCKY HaWJIYYIINX MaplIpyTOB W
K TJIaHWUPOBAHUWIO TIepeladyr MMEIOIINXCS B y3Iie
COOOIIIEHNA Ha OCHOBE HaWJEHHBIX MaplIIpyTOB.
I[InanupoBaHWe mpeAroaraeT pacipeneieHne co-
OOIIEHNIT MeXAy OMMKaWIIMMU TT0 BpeMeHU KOH-
TaKTaM¥ U OINpenesieHne ouepeny (TopsiiKa) repe-
Ja4y¥W COOOIIEHNI B paMKaxX 3TUX KOHTaKTOB B CO-
OTBETCTBMU C TpUOpUTETaMHM cooOumeHnii. I[lpu
5TOM BBIOOp KOHTaKTa IJsd Tepegayd COOOIIeHUS
npenonpeaenaseTcs BHIOOPOM HAMIIYUYIIETO BO3-
MOXHOTO MaplIpyTa, TaK KaK 3TOT KOHTaKT SIBJIS-
eTCS TIEPBBIM 3JIEMEHTOM BHLIOPAaHHOTO MaplIpyTa.

B pesynbraTe penieHus IMEepBOIl 3amadyd IS
KaXJIOTO COOOIIEHUSI MMEETCSI HECKOJbKO BO3-
MOXHBIX MapuipyToB Iiepenaur. Hamnydmmum us
HUX SBJISIETCS MaplLIPyT, 0OecIeYnBaIOlInil Hau-
OoJiee paHHee BpeMs JOCTaBKU COOOILLEHUS B y3el
Ha3zHauyeHWs. BpiOOp HauMIydylIMX MaplupyTOB AJs
BCEX COOOIIEHNIT BO3MOXEH TOJILKO ITPU OTHOCH-
TEeJIbHO HU3KOM Tpaduke. B obiiem ciydyae BEIOOD
HAaMJYYIINX MapIIpyTOB BBIIIOJIHSIETCS C YYETOM
CIEAYIOIIMX OTPAaHUYCHU M.

Oepanuyernue 1. CymmapHBIe 00beMbI JaHHBIX,
KOTOpbIE B COOTBETCTBUM C BHIOpAHHBIMHU MapIil-
pyTaMmu IIepedaioTcs 4Yepe3 COOTBETCTBYIOLINE
KOHTaKThl U y3Jbl CETH, HE MOJIKHBI ITPEBHIIIATH
MPOITYCKHOM CHOCOOHOCTM O3TUX KOHTAKTOB U
o0beMa IMaMSITH B 3TUX y3JIaX CETH. DTO OTPaHU-
yeHue 00001IaeT OorpaHUYEeHU I, KOTOpbIE paccMa-
TpuBaloTcs B paborax [15] u [17].

Oepanuuenue 2. CooOllleHME HE MOXET IIepe-
JIaBaThCS TOMY Y31y, U3 KOTOPOr0 OHO ObLIO IO-
JIydeHO. DTO OrpaHHMUYCHHE paccMaTpHUBaeTCs
B ctrangapTHoii Bepcun CGR-momxoma mias mu3be-
raHus 3allUKJIMBAHUS Tepeaadyr COOOIICHUIA.

Kak MoxHO 3amMeTuTh U3 0030pa, OCHOBHBIM
oobekToM uccaenoBanuit CGR-moaxoma Ovlia u
ocCTaeTcs 3ajada MJaHupoBaHMS. B gaHHOI ke
CTaThe OCHOBHOE BHUMAaHHUE YIEJSICTCS PElIeHUIO
3aJayy ITOMCKa Hauiaydinux mapuipyTtoB. Ilpen-
JlaraeTcs ABa B3aMMOCBSI3aHHBIX PEIICHUS: TTOMCK
MaplIpyTOB Ha OCHOBE IlJIaHA KOHTAaKTOB 1 aJarl-
THUBHAsI cxeMa IIOMCKa MaplIpyTOB.

Ilouck mapwmpymoe na ocnoee naana KoHmak-
moe. B ocHoBe crangaptHoro CGR-nomgxona pac-
CMaTpUBaeTCs MOCTpOoeHHe rpada KOHTAKTOB,
B KOTOPOM BEPIIMHBI COOTBETCTBYIOT KOHTAKTaM,
a peOpa — mpoleccy XpaHeHUsI JaHHBIX B y3Jax
cetu. Takoe mocTtpoeHue rpada obOecrednBaeT
BO3MOXHOCTb IIOMCKAa MAapIIPyTOB C IIOMOIIbIO
anroputMma HeiikcTpel. Crnenyer 3aMeTUTh, 4TO
HMEHHO 3TO IOHSATHE — Tpad KOHTAKTOB — BBI-
HECEeHO B Ha3BaHME ITOJAX0Ja B 1IEJIOM.

B oTnmume ot 3TOrO B maHHOI paboTe Ipel-
JlaraeTcs IOAX0/I, B KOTOPOM BEpIIMHEI rpada co-
OTBETCTBYIOT y3JIaM CETH, a peOpa — KOHTaKTaM,
KOTOpbIE BBIOMPAIOTCS TMHAMMWYECKHU B IIPOIECCe
Imorcka MapuipytoB. B cranmapTHOM ajaropurme
HeikcTphl OJIMHA MaplipyTa A0 BEpIIMHBI I'pa-
¢a aBasieTcss cyMMoOil BecoB pebep, M3 KOTOPBIX
cocTtouT 3TOT MapuipyT. [Ipu aToM Bec pedpa He
MOXET NPHMHUMATh OTPUUATEIBHBIX 3HAYCHUIA.
B mpennaraeMom momxone BMECTO IJIMHBI Maplil-
pyTa o0 BeplIMHBI rpada paccMaTpUBaeTCs Ta XKe
MeTpHKa, YTO U B pabore [13], — caMoe paHHee
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BpeMsI JOCTaBKM COOOILEHMS B y3ea CeTU (B Bep-
LIKMHY T'pada).

OnHako B COOTBETCTBUMU C IpeaiaraeMbIM MO~
XOIOM 3HAYEHHUS 3TOM METPUKM OIPEACISIIOTCS
B pe3yJbTaTe BhIOOpa KOHTAKTOB M3 IJIaHA KOH-
TaKTOB cienyowumM oopasom. Iycts V! n V2 —
IBa y3ja, MEXIYy KOTOPbHIMMA BO BPEMEHM MOTYT
BO3HMKATh (3aIIAHMPOBAHBI B MJaHE KOHTAKTOB)
KOHTAaKTHI, Rl, R’ u Ll, L? — COOTBETCTBEHHO W3-
BECTHbIE MapIIPYThl U BpeMsl JOCTaBKHU COOOIIIe-
Hust B y36l V! 1 V2 13 KAKOTro-TO MCXOIHOTO y31a
v, L' < [*. B o6uem cliyyae MaplupyT R? MoxeT
OBbITH €llle HEe U3BECTEH, U B OTOM cliyyae [? =
ITyctb C'2 — camprii paHHUN KOHTaKT MEXIY y3-
namu V' u V2 nocre spemenu L. TIpu aTom MoryT
OBITH IBE CUTYallMM, 3TOT KOHTAKT yCTaHaBJIMBa-
eTcst mocsie Bpemenn L, T. e.

L' < start (C'?), (1)

100 OH yKe YCTaHOBJIEH B 3TO BpeMs, T. €.
start (C'2) < L' < end (C'?). 2)

B 3aBHCHMOCTH OT 3TOTO MOXET OBITH IMOJY-
JeHa HOBasl OLEHKa new L? MOCTaBKM COOGIICHMSI
u3 y3na VB ysen V'

new L* = start(Cl'z)
B cayyae (1), u
new L* = L

B ciayuae (2).

CrnenyeT 3aMeTUTh, UTO B JIIOOOM CiIy4yae BBI-
MOJIHSIETCS YCJIOBUE L' < new L?. BobimonHeHue
9TOrO YCJOBHUS B IpeajiaraeMoM IOIXOAe SIBJISET-
cs1 aHaJI0roM 6a30BOI'0 yCJIOBUS ajaropuTMa Jleik-
CTPBI O TOM, YTO Bec pebpa rpada He MOXET MpHU-
HUMAaTh OTPULIATEIBHOTO 3HAUCHUS.

Ecnu mipy 3TOM TakKe BBITIOJTHSIETCS YCIOBUE

new L? < Lz,

TOrMa JAJ1s1 JOCTaBKM COOOIIeHUs U3 y3aa V B y3en
V2 MOXeT paccMaTpUBaThCs 6oiee KOPOTKHiA TYTh

new R? = {R', C'"2,

cocTostimii 3 Mapipyta R' n konrakrta C'2.

B cooTBeTcTBUM C NMPUBEACHHBIMU ITOSICHEHM-
IMUA MOAM(MUKALUNIO CTAaHAAPTHOTO aJITOpUTMa
JelKCTphl, KOTOpasi MCHOJb3yeTCsl B Ipeajiarae-
MOM IIOAXOAE, MOXHO IIPEICTaBUTh CJIACAYIOLIUM
obpa3oM. B cooTBeTCTBUM CO CXeMOI ajaropurMma
paccMaTpuBalOTCs ABa MOJMHOXECTBA Y3JI0B CETH:

Set' = {<Wi), RG), L()>}, i = 1(1)k;

Ser> = {<V()), [RG), L)Y, j =k + 1), n,

rae V' — y3en cetu; R — HaliieHHBII MapLIpyT 10
9TOro y3ja; L — OlleHKa caMOro paHHEro BpeMe-
HU JOCTaBKU COOOIIEHMS B Y3€JI CeTU; 1 — YUCJIO
BepiiuH B rpade. KBagparHeie CKOOKHM BO BTOPOM
MOAMHOXECTBE YKa3bIBaIOT, UTO MAPILIPYT IO BEp-
IIMHBI MOXET OBITH ellle He HakaeH. [Ipu naHuima-
An3auuM aaroput™a Set'! = @, a mus ysma PV
U3 KOTOPOro Hado HaWTU MapuipyThl, R = O,
L paBHO TeKyIllleMy MOMEHTY BPEMEHU.

Ha KaXX[Ioil UTepalny U3 MHOXECTBA Ser’ BbI-
OupaeTcs y3esa CeTU C HAMMEHbBIIUM 3Ha4YeHUeEM L.
Ha mnepBoit wutepanuu uM gBageTcs y3ea V*
Hns sToro ysjia BbIOMpAIOTCS y3Jbl, C KOTOPBIMU
Yy HEro BO3MOXHBI (3aIJIaHMPOBAHBI B TIAHE KOH-
TaKTOB) OJMXXaWlllMe BO BpPEeMEHM KOHTAKThI, U
B COOTBETCTBUM C PACCMOTPECHHON BBIIIE CXEMOM
pPacCYMTHIBAIOTCS HOBBIE OIIEHKHM CAMOT'0 PaHHEro
BPEMEHU JOCTaBKU COOOIIEHUI B 3TU Y3JIbl, U CO-
XpaHSIOTCSI HOBBIE MapuipyThl. Ilociae 3TOro BEHI-
OpaHHBII y3e] MepeHOCUTCS U3 Set’ B Set'. Tlowck
3aBeplIaeTcs, Koraa Set’> = @.

Adanmuenas cxema noucka Mapuipymoa.
B ocHoBe maHHOU cxeMbl mJis y3na V, u3 KoTo-
poro Hajmo HaWTU MapUIPYTHI, paccMaTpPUBACTCS
NnoHsTUEe (GpoHTa mIaHupoBaHusi Front (V, L).
3HauyeHue mapameTpa L paBHO TEKYIIEMY Bpeme-
Hu. @POHT IJIAHMPOBAHMS BKJIOYaeT Bce OJIu-
Kalllie Ha MOMEHT BpeMeHU L KOHTAaKThl 3TOro
y3na V ¢ gpyrumu y3namu. UHBIMH clioBamMu, BO
(pOHT MJIAaHMPOBAHUS A KaXXAOTo TaKOro yaia
BKJIIOYAETCSl ONMH KOHTAaKT, KOTOPBIA yIOBIETBO-
pseT yciaoBuio (1) unu ycnosuio (2).

Ha ochoBe kaxpgoro koHTakta C u3 (poHTa
manupoBanus Front (V, L) paccunThIBaeTCsI CBOI
nyJa MapupytoB Route Pool (C), T. €. MaplLIpyTOB,
B KOTOPBIX MEPBLIM 2JIEMEHTOM SIBJISIETCSI 9TOT KOH-
takT C. Ilonck MapuIpyToB B KaxXJIOM ITyJIe BHITIOJ-
HSIETCS PACCMOTPEHHBIM BBILIE METOIOM Ha OCHOBE
MJaHa KOHTakKToB. TakuM o0paszoM, KaxKAblid My
Route_Pool (C) nas1 Kaxaoro ysja CeTu COACPXKUT
[0 OMHOMY HAaWJIYyYllleMy MapLIpyTy OO KaXJ0ro
y3Jla ceTu, HadYnHawuiemMycs KoHTaktoMm C.

i mepegadyu KaxXAOro COOOIIEHMSI OMNTH-
MaJIbHBIM BapHUaHTOM SIBJISIETCS BBIOOP HaMIIy4-
IIero MapuipyTa, oOecneyMBalIero Haubosee
paHHee BpeMs JOCTaBKU COOOILIEHUS B y3ed Ha-
3HAUYCHUSI. DTOT MapIIPyT BLIOMpAETCSI U3 YMC-
Jla BceX MyJoB MapuipyToB. OmHAKO BCJIEACTBUE
OrpaHMYECHMI CEeTU MOTYT BO3HMKAaTh KOH(MIMK-
ThI, pa3pelIeHUe KOTOPBIX CBOIUTCS K BHIOOpPY HE
HaMJYYIIMX MaplIpyTOB Iepeaadyu Ajasl KaKoro-To
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MOIMHOXECTBA COOOIEHU. B 3TOM ciydyae BBI-
MOJIHSIETCSl pacliupeHre (poHTa MIaHUPOBAHUS,
T. €. BKJIIOYEHUE MOMOJHUTEIbHBIX KOHTAKTOB, U
pacyeT COOTBETCTBYIOIIMX MYyJIOB MapIIPyTOB, Ha-
YUHAOIIUXCS Yepe3 3T KOHTaKThI. [Ipu aTom co-
BOKYITHOCTb JOTOJHUTEIbHBIX KOHTAKTOB OIIpe-
nensieTcs clienylomum odpasom. Ilycte V. List —
CIIUCOK COOONIEHWI, IS KOTOPBIX TpedyeTcs
BBIOpaTh HOBBIE MapuIpyThl, a R List — CIIMCOK
MapuIpyToB, KOTOpblE paccMaTpUBAIMUCh s
nepenauyu 3TUX cooOueHui. Torma pacuimpeHue
(bpoHTa MAaHUPOBAHUSI ONpENESIeTCSI CITUCKOM
koHTakTOB C _List, C KOTOPBIX HAUMHAJIMCh Mapl-
pyThl U3 cnucka R_List. [lpu 3ToM BO (pOHT I1a-
HUPOBaHUS BKJIIOYAETCS MO OJHOMY IOCJEAYIO-
1IeMy KOHTaKTy C TeMU e caMbIMU y3aaMu. Ta-
KOe aJanTUBHOE pacliupeHue (poHTa KOHTAKTOB
obecrnieynBaeT yCJIOBUE TOTO, YTO B paclIMPEHHOMN
COBOKYITHOCTM TYJIOB OyAyT COmepKaTbCsl Mapii-
pyThI, obecrieunBalole HauJIy4llInue BO3MOXHBIE
MapLIPYTHl OO BCEX IPYIUX Y3J0B CETU B HJAHHBIN
MOMEHT BpEMEHHU.

JInst HaTASIAHOTO TIOSICHEHM ST TIpe/ijIaraeMbIX pe-
LIEHW# paccMoTpuM Tpumep (puc. 1), 3aMMCTBO-
BaHHBIN M3 pabotsl [23]. Ha puc. 1, a npuBeneH
MJ1aH KOHTAKTOB, a Ha puc. 1, 6 — rpad KOHTaKTOB,
c(OpMUPOBAHHBIN Had 3TUM ILIAHOM, KOTOPBII
WUCTIONIb3YETC MJIS1 TIOMCKa MaplipyToB M3 y3jia A
B y3en D B crangaptHoit Bepcun CGR-noaxona.

CHauana ucnojib3yeM 3TOT MpUMEp IJs1 Ha-
TJISIAHOTO TIOSICHEHU ST TIOMCKA HAMJYUIIuX Mapli-
PYTOB Haj MJaHOM KOHTakToB (Tabi. 1). Ha mep-
BOW WTEpallMyd BbIOMPAIOTCS KOHTAaKThl y3aa A
c y3iaoM B (c Hauanom B MoMmeHT BpeMeHu [000)
u ¢ y3nmom C. Ha ocHOBaHMUM 3TMX KOHTAaKTOB
ONpENEeNSIOTCS OLEHKM CaMOro paHHEro Bpeme-
HU JOCTaBKU COOOIIEHUI B 3TH y3Jbl (L) U COOT-
BETCTBYyIOIIMEe MaplIpyTH (R). B 1aHHBIX ciydasx
camMoe paHHee BpeMsl COOTBETCTBYET BPEMEHM Ha-
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Puc. 1. Ilnan (a) u rpad (6) KOHTAKTOB
Fig. 1. Plan (@) and graph (6) of contacts

Tabnuna 1
Table 1

ITouck HAXJYYIIUX MAPHIPYTOB HAJ MJIAHOM KOHTAKTOB

Search for the best routes above the contact plan

B C D
Neo Setl
L R L R L R
1 A 1000 A-B 1100 A4-C
2 A, B 1000 A-B | 1100 A-C | 1100 A-B-D
3 A, B, C 1000 A-B 1100 A-C 1100 A-B-D
4 A, B, C, D | 1000 A-B | 1100 A-C | 1100 A-B-D

yaJja BEIOpaHHBIX KOHTaKTOB A-Bu A-C — 1000n
1100, cOOTBETCTBEHHO.

Ha BTOpoOil uTepauuu BeiOUpaeTcs y3ea B, Tak
KaK y Hero camMoe paHHee BpeMs JOCTaBKHU CO-
obweHus (1000). 3 octaBuuxcs B Set? y3j0B C
u D y3en B umeeT 3allaHUPOBAHHBIE KOHTAKThBI
Tosibko ¢ D. Tak Kak Ajis y3na B BpeMs NOCTaBKU
coobmeHus L = 1000, BeiOupaeTcs MepBblii KOH-
TakT B-D c HauajoM B MOMEHT BpeMeHU 1100, u 3To
3HaYeHUe MpucBauBaeTcs napametpy L B y3ae D.

Ha TpeTbeil HTepalny B OCTaBIINXCS B Sef’ y3-
nax Cu D Bpems L onuHakoBoe: L = 1100. B aTtom
clydyae IJisl IMMPOMOJIKEHUS MOMCKA MOXET BbIOU-
paTbecs JI1000i1 M3 y3710B. B 1aHHOM cilyyae BbI-
opaH y3en C. IIpu 3TOM camasi paHHSs JOCTaBKa
cooO1eHus B y3ea D ux y3ina C BO3MOXHa B MO-
MEHT BpeMeHU 1500, 4To XyKe paHee HallJeHHOro
MapuipyTta A-B-D ¢ BpeMeHeM moctaBku 1100.

Ha uertBepToit utepaunu B Sef! mepenocurcs
BeplivnHa D, ¥ Ha 3TOM IIOMCK 3aKaHYMBaeTCH,
TaK KaK MHOXECTBO Sef’ CTAHOBUTCS MTYCTBIM.

Tenepb 3TOT Xe MpUMEp UCMIOJIb3YETCs IJIs MO-
SICHEHHMSI aJanTUBHOM cxeMbl moucka. B maHHOM
ciyyae BO (pOHT IJIAHMPOBAHUSA y37da A BKIIO-
yaoTcs KOHTakThl <A-B, 1000> n <A-C, 1100>
U PaCCUMTBIBAIOTCS COOTBETCTBYIOIIME WM ITYJIBI
MapupyToB, Route Pool <A-B, 1000> w Route Pool
<A-C, 1100>. Haunydymium MapuipyToM o ysaa D
B MEPBOM ITyje sBiseTcs mMapiipyT A-B-D ¢ Bpe-
MmeHeM noctaBku L = 1100 (Route 1), BO
BTOpoM — MapupyT A-C-D ¢ BpeMeHeM
noctaBku L = 1500 (Route 3). B nanHOM
cllydyae IJsl BceX cooOlneHuit B aapec D
BBIOMpaeTCs HaWIydInnii MapuipyT Route 1.
Ecnu npu miaHMpoBaHUM BHISIBISIETCS, YTO
KaKMe-TO U3 3TUX COOOIICHWIl BCICICTBUE
OrpaHUYECHUM HE MOIYT IlepedaBaThCsl II0
5TOMY MapIIPyTy, TO IIPOUCXOIUT pacIlIrpe-
Hue (GPOHTA IJIAHUPOBAHUS 3a CYET KOHTAK-
ta <A-B, 1300> 1 pacyeT AOIOIHUTEILHOIO
Imyaa MapuipytoB Route Pool <A-B, 1300>.
B stom myne mo BepuimHb D HaXOOUTCS

1500
1600

1100
1200
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Mapuipyt A-B-D c BpemeHem aoctaBku L = 1400
(Route 2), xotopwlii nydiie mapuipyTta Route 3
¢ BpemeHeM aoctaBku L = 1500.

3. Onucanue aaropuTma

B manHOM paszaene NMpUBOAUTCS OMMCAHUE CIIe-
HupUKaLMY aIropuTMa MaplIpyTU3ALIMKU B LIEJIOM.

AJTOpUTM MaplLIpyTU3alMX 3allyCKaeTcsl IIpU
BO3HMKHOBEHMY COOTBETCTBYIOLIMX COOBITHIA. B 3a-
BUCHMMOCTH OT THMIIOB COOBITUI aJIrOpUTMY Iiepena-
IOTCSI COOTBETCTBYIOIINE BXOAHBIE JaHHBIE (Ta0I. 2).

B neBoii yacTtu TaGAMIIbl MEPEeYUCTIEHbl COObI-
THUS, TIPU BO3HUKHOBEHUU KOTOPBIX ITPOUCXOAUT
VWHULIMMPOBAaHKE ajJropuTMa, a B IIpaBoil 4a-
CTU — 3HAYeHMS IepeaaBaeMbIX BXOIHBIX TaHHBIX
B 3aBUCHMMOCTU OT TUHa coObiTusA. B ciayyae u3-
MEHEHMUSsI TOMNOJIOTUM YKa3bIlBaeTcsl KOHTakKT C, He
yCTaHOBJIEHHE, OKOHYaHME WU MOTepsT KOTOPOTO
MOBJICKJIO M3MEHEHHE TOMOJOTUU CETH. YCTaHOB-
JIeHHe KOHTaKTa TaKKe SIBJISIETCS COOBITUEM, U3ME-
HSIIOIIMM TOMOJIOrHI0 ceTu. OQHAKO B 3TOM CJydae
aJITOPUTM MaplLIpyTU3allM¥ HE BBI3bIBAE€TCS, TakK
KaK Ha 3TOT MOMEHT BPEMEHU YK€ MMEeTCs IlJIaH
nepesadyr CoOOOIICHW, pacCUMTAHHBIN B pe3yJibTa-
Te 00pPabOTKM TpeaIIeCTBYIOIINX COOBITHU.

B cnyyae mosiBleHHsSI HOBOrO MakeTa AaHHBIX,
MoAIekKalllero Iepenadye, yKasblBaeTCsl 3TOT IaKeT
B* OH Mor OBITH CreHepupoBaH B JAHHOM Y3Iie,
B YAaCTHOCTHM, B pE€3yJbTaTe BBIIOJHEHUS ChEeMKU
WX TIOJyYeH M3 Apyroro ysia. Bo BTOpoMm ciryyae
yKasbIBaeTcs y3ea N*, 13 KOTOPOro OH ObLT MOJIYYEH.

Biok-cxema aaroputMa IpuBeAeHa Ha puc. 2.
IIpu mepBMYHOM 3alycKe ajJropuTMa BBIIOJIHSI-
€TCs1 pacyeT HavyaJbHOIro (poHTa IIAaHUPOBAHMS
Y1 COOTBETCTBYIOIIMX ITyJIOB MapiipyToB. IIpu mo-
cleAyIIINX 3aIlyckax (pOHT MJaHUPOBAHUS U
COOTBETCTBYIOLIIME €My MYJbl MapLIPyTOB OOHOB-
JISIIOTCSI TOJIBKO IIPU U3MEHEHUU TOIIOJOIUU CETH.

Tabnauua 2
Table 2
NnnnuupoBanue ajiropuTMa MapmpyTH3aLUH
Routing algorithm initiation

CoObiTHE BxomHbie mapamMeTphl

* YCTaHOBJIEHUE KOHTaKTa

¢ He ycranoBienune kontakta C c*=C
¢ OkoHYaHue KoHTakTa C

* [Torepst koHTakTa C paHee 3amnJja-

HUPOBAHHOTO CpOKa

* [losiBieHue HOBOIro nmakeTta B B*=B
e Ecnu makeT moiydeH u3 y3na N N*=N

[Toka3zaTeneM U3MEHEHHUS TOIIOJIOTUH SIBJISICTCS
HE MyCTOE 3HAUCHME BXOAHOI'O MapaMeTpa — KOH-
takta C*. OOHOBieHUE (DpOHTA TJIAHWPOBAHUS
CBOJIUTCS K BBITIOJHEHUIO CICAYIOLUINX TCHCTBUM.
Ecnu ecTh makeThl, KOTOpbIE ObLIM 3aIlJaHUpPOBa-
HBI K Iepegade B 3TOM KOHTaKTe, HO OKa3aJINCh
HEe NepeJaHHBIMU, OHM IIOAJIEXXaT ITOBTOPHOMY
maanupoBanuio. [Ipu 3TOM IpOUCXOOUT 3aMelle-
HUe KoHTakTa C* BO ()pOHTE MJIaHUPOBAHUS ClIC-
IyolmunM KOHTakKToM C ¢ TeM XK€ cCaMbIM Y3JIOM U
pacyeT Iyjia MaplipyTOB, HAUMHAIOIINXCSI C 3TO-
ro konrakTa C. Ilpouenypa Routing, ¢ TIOMOIIbIO
KOTOPO! BBIIIOJHSIETCS pacueT Iyja MaplIpyTOB,
paccMarpuBaeTcs jaajee.

Ilpumeuanue 1. Ha MmoMeHT 0OHOBICHUS DPOHT
IJIAHUPOBAHUSI MOXET COIepXaTh CJEIYIOLINi
KOHTakT C ¢ TeM Xe CaMbIM Y3JIOM, YTO M KOH-
TakT C*, M, KaK CJeICTBHE, UMEIOTCS pacCUMTaH-
HBIE MYJbI MapIIpyTOB yepe3 KOHTakKTel C u C*,
B sToM ciayuyae mipu oOHOBJIeHUM (PPOHTA MJIAHU-
pOBaHUS MPOUCXOMAUT TOJBKO ymaJieHHEe KOHTaK-
Ta C* ¥ COOTBETCTBYIOIIETO ITyJIa MapIIPyTOB.

Ilpumeyanue 2. EcTb HECKOJBKO pa3IMYHBIX
CUTyallii, KOIJa Ipy yAaJeHUM KOHTAaKTa KaKue-

[a

PacueT Ha4asbHOrO
dpoHTa
nnaHupoBaxus Front

Aa
L2

3ameuieHue
KOHTakTa C* B Front

)

Pacuet nyna
mapuwpyTos Pool(C)
Yepes Kaxablit
KOHTaKT C u3 Front

Pacuet nyna
MmapLpyTos Pool(C*)
yepes KoHTakT C*

Ha
v

Contact(B*):=
Her {KoHTaKT c N*}
| I
¥ 1
PacnpeseneHve PacwmpeHue cnucka
nakeTos no Contact(B) pns Kaxaoro
KOHTaKTam nakeTa B u3 cnucka L1

[

Pacyet nyna mapLipyTos
Pool(C) yepes Kaxablit

KOHTaKT C M3 cnucka L2
KoHTponb
OrpaHuyeHuni f
PacwupeHnue ppoHTa
EcTb
@Aa—»

NaHMPOBAHWA CNUCKOM
Het

KOHTaKTOB L2

T

Bbibop cnucka naketos L1
ANA NOBTOPHOrO
NNaHMPOBaHNA

Puc. 2. Baok-cxema anropurma MapmpyTH3auun
Fig. 2. Block diagram of routing algorithm
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TO TMaKeThl U3 OYePead OKa3bIBAIOTCSI He TepenaH-
HbIMU. K 4ncily MHTYUTUBHO TTOHSITHBIX CUTYallMi
OTHOCSTCS HE YCTAHOBJIEHUE KOHTaKTa WJIU Tpe-
XJIeBpeMeHHas moTepst KoHTtakTa. [1py okoHuaHUM
KOHTAaKTa B 3arjJaHMPOBaHHOE BpeM s KaKHMe-TO Ma-
KEThl MOTYT OCTaBaTbCsl HE TEepeAaHHBbIMU BCIE/I-
CTBME OTHOCUTEJBbHON TOYHOCTU pacyeTa BpeMeH-
HBIX TapaMeTpPoOB IJIaHA Tiepeaauu nakeToB. OmHa
U3 BO3MOXHBIX IPUUYMH, MMOYeMy aOCOJIOTHO TOY-
HBI pacyeT HEBO3MOXEH, COCTOUT B CJICIYIOLIEM.
Ilepemaya odepemHOro TMaKeTa HAYMHAETCS TIOCIe
MOJYyYEHHUSI CIYKEOHOro COOOILIEHUS O MOATBEPK-
JEHUW TIONy4YeHUsl Mpeablayliiero rnakera. B cBs-
3W C 3TUM Tepenadya MakeToB (aKTUYECKHW Hadyu-
HaeTcs To3aHee 3amnjaHMpPOBAHHOTO BPEMEHU, U
BCJIEACTBME ITOTO MOCAECAHWI MaKeT (MJIM MaKeThl)
U3 OYepenr MOXET OKa3aThCs He IMepeaaHHbIM 10
OKOHYaHMSI BpeMEeHN KOHTaKTa.

B nocnenytolieit yactu aaroputMa uTepaTuBHO
(bopmupyercs (yTouHseTCs) TIJIaH Mepeaadu make-
TOB: JJISI KaXKJIOTro TakKeTa BbIOMpaeTcsi MaplipyT
U COOTBETCTBYIOIIUN KOHTaKT (MEPBBI KOHTAKT
B MapuipyTe) AJjs ero Iepenadu, W Ijis KaxXI0ro
KOHTaKTa OIpeae/seTcs: mopsiIok (ouepeab) nepe-
Ja4yy Ha3HayeHHBIX MakeToB. MTepanum cocTosT
U3 ABYX 1LIAroB..

Ha niepBoM 1are aj1si KaXkaoro rnakeTa, 1Jsl KO-
TOPOTO He omnpee/ieH KOHTaKT, BBIOMPatoTCsl Mapil-
pyT ¢ HanboJiee paHHUM BPEMEHEM €ro OCTaBKU
JO0 y37la Ha3HAUEHUS U COOTBETCTBYIOIIUN KOH-
TakT. BeIOOp MapipyTa 1uts makeTa B BBITIOTHSET-
Cs C YUETOM TOTO, YTO OH HE MOXET MCIOJIb30BaTh
KoHTakTHl M3 crimcka Contact (B). Ecnu maker B
ObLJI TMOJIy4YeH M3 ApyToro ysjia N*, To u3HavyaabHO
B 9TOT CHMCOK BHOCUTCSI KOHTAKT, 4Yepe3 KOTOPbIi
naxkeT B ObL1 MepeaaH B JaHHbBIN y3€J, TaK KaK BbI-
0Op 3TOro KOHTaKTa AJs MaJbHEWIIEH TMepemnadyu
MakKeTa BJIYET HapylleHWEe orpaHmyeHus (2) (CM.
pasmen 2). Eciu B mpolecce IIaHUPOBAHUS MPU
BBISIBJIEHUMU HapylleHui orpaHndeHus (1) maHHbII
naxkeT B BbIOMpaeTcs A1 TOBTOPHOIO MJIaHUPOBa-
HUS, B 3TOT CIUCOK BHOCUTCS KOHTaKT, KOTOPbIM
paccMmaTpuBaJics Ha JaHHOW MTEepalvu.

BerOop MapuipyTa ¥ COOTBETCTBYIOIIETO KOH-
TaKTa BKJIIOYAET OMNpEAEIEHUE MecTa TaKeTa
B ouepeaM KOHTAaKTa, pacueT BPEeMEHM Hauyaja u
OKOHYaHUS €ro mepeaayd U yTOUYHEHUE DTUX Xe
BPEMEHHBIX TTapaMeTPOB AJSI BCEX MOCIEAYIOUINX
MaKeTOB B OYEPEAU.

KoHTponb orpanuuenust (1) BBITIOJHSIETCS Ha
BTOPOM 1l1are MTepaluu C MOMOIIbIO MPOLELYPbI
Restriction control, onucanue KOTOPOIl IIPUBOTUTCS
nanee. [IpoBepka orpaHMYEHU U BBITIOJIHSIETCS TO-

clJie pacIIpelie/iecHUsT BCeX ITaKETOB 110 KOHTAaKTaM
U pacueTa BpeMEHHBIX MapaMeTPOB UX Ilepeaayu 1
CBOIUTCS K MOICIMPOBAHUIO MEpeaayu ITaKeTOB.
IIpu BeISIBIeHMM HapylleHuUir orpaHmdeHus (1)
BBIOMpaeTCs CIIUCOK L/ HamMeHee IPUOPUTETHBIX
IMaKeTOB, yIajieHHWe KOTOPBIX M3 ouepeneil cooT-
BETCTBYIOLIMX KOHTAKTOB BJICYET yIOBJICTBOPEHUE
atoro orpaHuvenus (1). [Ipu 3ToM BbIMOIHSIETCS
oIpeneeHUe CIIMCKa KOHTAaKTOB L2 IJIsT paciiu-
peHus ¢ppoHTaA IJIAHMPOBAHUS U PACYET COOTBET-
CTBYIOIIMX ITYJIOB MaplIPyTOB 4Yepe3 3TU KOHTAaK-
Tol. st Kaxmoro maketa B u3 LI B ero CImcok
Contact(B) nobGaBisieTcas KOHTAKT, KOTOPBIM pac-
CMaTpUBaJICA IJIsI ero mepegayyd Ha 3TOM uTepa-
uun. [locne 3TOro BBIITOJIHSIETCS ITOBTOPHOE ILIa-
HUpPOBaHUE TNepeaayrd BCexX MakeToB 13 crucka L.

Ilpoeepxa oepanuuenuii (Restriction Control).
KoHTponb orpaHM4YeHUiT CBOOUTCS K MOACIHUPO-
BaHMIO Mepeaadn ITaKeTOB 110 BRIOpAaHHBIM MapIii-
pyram. Ecim B mpoliecce MoOAenuMpOBaHUS BHI-
SIBJISIETCS HEXBaTKa OCTAaTOYHOW BO3MOXHOCTU
KaKOro-TO KOHTaKTa MJIM OCTaTOYHON IaMsITH
y37a, 9TO COOTBETCTBYET HApYIIEHUIO OrpaHUYe-
Huii. JINCTUHT IIpoueayphl IIPUBEISH Ha puc. 3.

[Nopsimok MomenmpoBaHUS OIpPEAesieTCs MpHU-
OpUTETOM ITaKETOB M BpEeMEHEM Hauajla UX mepe-
Jauu. B mepByro oudepenb BBIOMPAIOTCS ITaKETHI
C HaMOOJIBLINM IPUOPUTETOM, a IIPH OMMHAKOBBIX
IIpUOpUTETaX — MaKeTHl ¢ 00Jiee paHHUM BpeMe-
HEM Hadajia Iepemadu.

JIns1 BBIOpaHHOIrO MakeTa I0CJeI0BaTe/IbHO Bbl-
OMpaloTCa KOHTAKTHl M3 MapllpyTa ero Iepemadyu
(ctpoka 3), ¥ BHIIOJHSIETCSA IIepecdeT OCTaTOYHBIX
BO3MOXHOCTEH 3TUX KOHTAKTOB U Y3JIOB, PECIIOH-
JIEHTOB MAaHHBIX KOHTAKTOB. PacueT oCTaTOYHBIX
BO3MOXHOCTE KOHTAaKTa M Yy3Jia BBIITIOJIHSIETCS
C YYETOM HMX HCIIOJIb30BaHUS IIPU Iepenade mped-
mrecTByonux nakeroB (ctpoku 9, 10). Ecam B pe-
3yJbTaTe IepepacuyeTa OCTAaTOYHASI BO3MOXHOCTH
KOHTaKTa WMJM y3JIa CTAaHOBUTCSI OTpHULIATEIbHON
(ctpoka 11), aTO 03HAYaeT HapylLICHHE OrpaHuyYe-
HUIA. B 3TOM ciyyae BBIIOJHSETCS OOpaTHBIM Ie-
pepacyeT OCTaTOYHBIX BO3MOXHOCTE KOHTAKTOB U
Y3JIOB MaplipyTa, paCCMOTPEHHBIX K JAaHHOMY MO-
MeHTY (CTpoku 13—15), u faHHBII ITaKeT J00aBIsI-
ercs B criucok NBP_List njisl nepenjaHupOBaHuUSI.

[locne MomenmpoBaHUS HPOXOXKIACHUS Maplil-
PYTOB BCEMU ITaKeTaMU TaK:ke (DOPMUPYETCS CITH-
cok KoHTakToB C2List (ctpoku 17—19), B pe3yib-
TaTe 4ero Tpedyercs paciiupeHue ¢GpoHTa IJIaHU-
pOBaHMUAI.

Ilouck mapwpymoe (Routing). JICTUHT TIpO-
uenypbsl Routing npuBeneH Ha puc. 4. Ha Havanb-
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HOM CTaguM BBLIITONHSIETCS WHHULMAIU3ALMUS Ta-
pameTpoB anroputma (ctpoku 1—7). Bce wucko-
Mble MapLIpyThl JOJKHBI HAUMHATHCI ¢ KOHTaKTa
y3na N ¢ y3iaoM N MapuipyTt 1o y3ia N' coor-
BETCTBEHHO COCTOMT M3 KOHTakTa C* (cTpoka 3), u
Ha OCHOBaHMU 3TOTO OMpeAessieTcsl caMoe paHHee
BpeMsI IOCTABKH JaHHBIX B 3TOT y3es N! (ctpoka 4).
B xauecTBe ormopHOro y3na x (cTpoka 8) IS IIepBoit
UTepalny TTOMCKA MapLIPYTOB 3amaetcs y3en N

BcenomorarenbHble napamMmeTpsl

e [=1(1)n— nopsaKoBble HOMEpA AKETOB JUISl MOJEIUPOBAHUS

e Route (I) — mapmpyT nepenaun nakera I

e V(I) — oObeM JaHHBIX makera |

e C(I, J)/J=1(1)n' — mociexoBaTeNBHOCTH KOHTAKTOB B MApIIpyTe makera I

o N(I,J)/J = 1(1)n' — mocmenoBatensHOCTH y3110B B MapmipyTe makera |

e Cap (C) / Res_Cap (C) — ucxonnasi / ocTaro4Hasi MpOIyCKHash CHOCOOHOCTH
xoHTtakra C

e Mem (N)/Res Mem (N) — ucxonHas / ocratoqnast cBoOOqHast mamsth y3ma N

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| . |
1| 1 [CList: =& |
I1'2 |ForI=1(1)n do |
I3 ForJ=1(I)n'do :
1| 4 If Res_Cap (I, J) = Cap (1, J) |
s then |
: 6 Res_Cap (I, I) := Cap (1, I) - V(I) :
17 Res_Mem (I, J) := Mem (I, J) - V(I) |
18 else 1
: 9 Res_Cap (I, J) := Res_Cap (I, J) - V(I) :
1| 10 Res_Mem (I, J) := Res_Men (I, J) — V(I) |
1|11 If Res_Cap (I, J) <0 or Res_Mem (I, J) <0 1
12 then |
3 fork=1J(1)1 :
1| 14 Res_Cap (I, J) :=Res_Cap (I, J) + V(I) |
115 Res Mem (1, J) := Res Mem (I, J) + V(I) |
|16 Add bundle to list (I, NPB_List) |
1| 17 | For each B € NBP_List |
1118 C := First contact of route (Route(I)) !
1119 Add contact to list ( C, C2List) :

Puc. 3. Jluctunr npouenypsl Restriction Control
Fig. 3. Restriction Control procedure listing

TTapameTpbt

N — y3e1, U3 KOTOPOTO BBIIOIHSICTCS MOMCK MapIIPyTOB

N' —y3ei, uepe3 KOTOPBIii IOIKHBI IPOXOAUTH HCKOMBIE MapIIPYThI

X, y — HPOU3BOJIBHBIN y3ell CeTH

C* - onTakT y31a N ¢ y31nom N1

t¥ — TeKy1uee Bpemst

Set — CIIMCOK y3/I0B CETH 3a HCKITIOUeHHEM y31a N

Set' — CIIHCOK y31T0B, /ST KOTOPBIX OMPEACCHBI KPATIAMIIHIE MapIIPyTHI
Set’ = CIHCOK Y3708, /I KOTOPHIX KPATHAMIIIE MAPIIPYTHI HE OMPEICTCHBI
Route to (x) — MapupyT 10 y311a X (I0CJIe10BaTEILHOCT KOHTAKTOB )

L (x) — olieHKa caMOro paHHEro BPEMEHH J0CTAaBKH MAKETOB B y3el X

Set' == { N1}
Set” := Set — Set'
Route to (N') := {C*}
L (N") := max {Start (C*), t*}
For each x € Set’ do
L (x) =00
Route to (x) =9
x:=N'
While Set’ = &
10 Compute (Front (x, L(x))
11 For each C € Front (x, L(X)) do

O 000NN~

12 y = Contact respondent (C)

13 t :=max {L(x), Start contact (C)}
14 Ift <L (y) then

15 Route to (y) := { Route to (x), C}
16 L(y) ==t

17 Delete node from list (x, Set?)
18|  Add node to list (x, Set')

19 x :=argmin x € Set’/ L(x)
20 | Create Pool (C*)

Puc. 4. JInctunr npouenyps Routing
Fig. 4. Routing procedure listing

Urepanus noucka (ctpoku 9—19) HaumHaet-
ca c ompenesieHUsT (GpoOHTA TIJIAHUPOBAHUS st
OIIOPHOT'0 y3JIa ¢ yueToM Iapametrpa L(x) (cTpo-
ka 10). Ha ocHoBaHMM KaXXIOro KOHTakKTa U3
(bpoHTa TTAHWUPOBAHUS OIpENEIACTCS CaMoe
paHHee BpeMs ! IOCTaBKM NaHHBIX U3 OMOPHOTO
y3J1a B y3eJ1 y — y3eJ PeCIOHIEHT 3TOr0 KOHTaKTa
(ctpoka 13). Eciu aTo Bpems ¢ gBasercs: OoJiee
paHHMM TIO CPaBHEHUIO C TEKYIIUM 3HaYeHUEM
BpEMEHM IOCTAaBKM B 3TOM Y3JIe Y, TOTAA JJIsl JaH-
HOTO y3J1a 3allOMMHAETCs HOBBIII MapuIpyT U 00-
HoBJsteTcs mapameTp L(x) (ctpoku 15, 16).

Ha xoHewHOM I1are mreparuu OTOPHBIN y3es
IePEHOCUTCSI U3 CITHCKa Sef” B criicok Set! (cTpo-
Ka 17) u onpenensieTcsi ONOPHBIN Y3 IJIs1 Ceay-
fonieii urepauuun (ctpoka 18). UM gaBnsteTcs y3en
W3 CIIMcKa Ser’ ¢ Hanbosee paHHUM BPeMEHeM J10-
CTaBKU MaHHBIX. [To okoHYaHUM TIoncka GopMu-
pyeTcs IIyJl HalASHHBIX MapuipyToB Pool(C*).

4. OueHKH NpeHMYIIeCTB MOAH(PUKAINH
CGR-noaxona

OCHOBHBIM OXHIaeMBbIM MPEUMYIIECTBOM SIB-
JSIeTCsSl KpaTHOE COKpallleHWe oO0beMa BBIUMCIIE-
HUIA, CBSI3aHHBIX C TTOMCKOM MapiuIpyToB. B ciyuae
CGR-nogxona cnMcoK MapuIpyTOB pacCUMThIBA-
€TCsl 3aHOBO MPU KaxkKJI0OM U3MEHEHUHM JIOKAJIbHOM
Torosioruu cetu. [Ipu 3TOM BpeMst pacueTa MOX-
HO OLICHUTH MO (opMyJie

nt' + nkt?,

IIe n — YWCJIO Y3J0B Ha3HAUYEHMSI, IO KOTOPBIX
HA0 HATH MapIIpyTh, /' — BpeMs OCTPOCHMS
rpada KOHTAKTOB, 1> — BpeMsl MOMCKA HAMJIy4-
1ero mMapuipyra B rpade KOHTaKTOB; kK — 4YMHC-
JIO MapUIPYTOB, IOMCK KOTOPBIX BBIIIOJIHSIECTCS
B rpade KOHTAKTOB. ITOSICHUTH JaHHYIO GOPMYITY
MOXHO ciaeaywomuM obpazoM. B CGR-noaxone
MPU KaxXXKJI0M U3MEHEHUM TOMOJIOTUM BBINIOJIHSET-
csl TepecyeT BCeX HalleHHBIX paHee MaplIpyTOB.
IIpyn 3TOM AJs1 KaXXAoro y3ja Ha3HAuYe€HUs pac-
CUMTBIBAETCS OTOEJIbHBIN rpad KOHTAKTOB, HAa OC-
HOBE KOTOPOT'O ¢ MOMOIIBIO HEOOXOIMMOTrO Yurcia
urepauunit (k umepayuil) BEIMOJHSETCS TTOUCK CO-
OTBETCTBYIOIIETO 4YMcJIa kK HAMJIYyYIIMX Maplipy-
ToB. Kaxnasi ciaemyroomiasi utepauusl OTIMYaeTCs
OT IIpelblayllieil TeM, 4YTO B Ipade KOHTAKTOB
yaanasieTcsl KOHTakKT ¢ Haubojiee paHHUM BpeMe-
HEeM HauaJja, U Ha KaXJO0il UTepalyu B MOJTy4YeH-
HOM rpade HaxXOAMTCS OAMH HAaWJIYyYIIMil Mapli-
pyT. bonee getanbHOe onmucaHue 3TOM METOAUKU
MoYCKa MaplIpyTOB MOXHO HaiiTu B padote [23].
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B monudunuposannom CGR-noaxone B ocHO-
BE CXEMbl MOMCKAa HAUJIYYIIMX MapIIpyTOB pac-
cMaTpuBaeTcsl (POHT IJIAHUPOBAHUS M COOT-
BETCTBYIOIIIEE YMCIO IYJI0B MapLIPyTOB IO BCEX
OCTaJIbHBIX y3J0B ceTu. B kaxmom myne comep-
KUATCS MO OMTHOMY HaWAydllleMy MapUIpyTy OO
KaxJ0ro Apyroro ysia cetu. Ilpu aToM mpu u3-
MEHEHUM JIOKAJIBLHON TOIIOJIOTMM CETH TpelyeT-
Cs TEepecyeT TOJBbKO OMHOrO IyjJda MapIIpyToOB.
Takum obGpazoM, BpeMs IepecyeTa MapLIpyTOB
OLIEHUBAETCS JIMTEIbHOCTHIO BCETO JIMIIL OJHOMU
uTepalnm IonuckKa .

Bropoe oxumaemoe nperMYIIECTBO COCTOUT
B cienywooumeMm. Ilepemaya coobmenuii B CGR-
MOIXOMAe IMOCJIe YCTaHOBJIECHUS KOHTAKTOB Hayu-
HaeTcs MO IPOLIECTBUU ONpeae € HHOIO BpEMEHHU,
KOTOpO€ TPaTUTCS Ha pelleHue 3aaayd Maplipy-
tu3auuu. B momudunupoBanHoM CGR-nomxome
NJaH Tepeaadyrd COOOIIEHMI pPacCUYMTHIBAETCS
(yTOYHSETCS) MO YCTAaHOBJEHMS KOHTAaKTOB. Ta-
KMM 00pa3oM, BpeMsi KOHTAaKTOB MCIIOJb3yeTcCs
6onee a3ppexkTuBHO.

Tpetrbe oXugaeMoe MNPEUMYILIECTBO COCTOUT
B cienywoimeMm. B ciyuae CGR-mmogxoma ompene-
JICHUE TOPUM30OHTa BpPEeMEHHU, B paMKax KOTOPOIO
BBIOMPAIOTCSI KOHTAKTHI AJIs1 TIOCTPOeHU S IpadoB,
oIpeneasieTcs AMIUPUIECKUM o0pa3oM, "c 3ama-
coM BpeMeHU'". BEIOOp CAMIIKOM KOPOTKOTO FOpH-
30HTa Bp€MEHM MOXET IPUBECTHU K ITOTepe (He Ha-
XOXJICHUI0) KaKMX-TO HAMJIYYIIMX MapIIpyTOB IO
y3JI0B Ha3HaueHus. BMecTe ¢ Tem BbIOOp ClmIII-
KOM JIJIMHHOTO TOPU3OHTA BPEMEHU MPUBOAUT K
YBEJIMUYEHUI0O 00BbeMa M BPEMEHU BbIYMCIICHUI.
B momudpunuposanHom CGR-nongxone 3amaya BbI-
0opa ropu3oHTa IIJIaHMPOBAHUS HE paccMaTpuBa-
eTcs1 BoBce. BMecTo Hee mpu HEOOXOOMMOCTHU BhI-
MOJHSIETCSl paclidpeHue (ppoHTa IMJIaHUPOBAHUS
M pacyeT AOMOJHUTEIbHBIX IIYJ0B MaplLIPYyTOB.

3akJoyeHue

B cratbe npenyioxena mogucdukauus CGR-
noaxoaa K MaplIpyTU3allMM JaHHBIX B KOCMM-
yeckoit DTN-cetu cBsa3u. C y4yeToOM MCIOIb3Y-
eMBbIX pelleHMi OHa MoxeT HasbiBaThcsl Contact
Plan Routing (CPR), mapuipyTusanust Ha OCHOBE
njaaHa KoHTakToB. IlpemysoxeHHass Momubpu-
Kanuss oOecleuynBaeT CYIIeCTBEHHOE ITOBBIIIE-
HHUE OIePaTHUBHOCTU MapIIpyTU3allMU JaHHBIX
B 1LIEJIOM 110 cpaBHeHMIO co cTaHgapTHBIM CGR-
TOAXOA0M.
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Abstract

Communication networks in space systems involving the use of satellite constellations are DTN networks (Delay and
Disruption Tolerant Networks). The establishment of communication channels in space communication networks has certain
specifics: communication channels can be planned. In this regard, the CGR approach (Contact Graph Routing) is considered
as the most promising solution to the problem of data routing. At the basis of this approach, taking into account this specificity,
the calculation of the contact plan is considered. On the basis of this plan in the network nodes contact graphs are calculated,
which are used to search the shortest data transmission routes. The paper proposes two interrelated solutions as a modifica-
tion of this approach: the route search based on the contact plan, i.e. without calculation and use of the contact graph, and
an adaptive method of finding the set of shortest routes required for routing. The essence of the first solution is as follows. In
the standard CGR approach, the graph vertices correspond to the planned contacts between the network nodes, and the edges
correspond to the data storage processes in the network nodes. In contrast, in the proposed approach, the vertices of the graph
correspond to the nodes of the network, and the edges of the graph and their weight are determined dynamically, in the process
of finding the shortest routes. The second solution is based on the concept of the planning front, which means a list of the clos-
est contacts in time. The required routes are divided into a certain number of pools. Each pool combines the routes that use
the specified contact from the planning front. The planning front is updated in two cases. If the network topology changes, the
completed or not established contacts are replaced by subsequent ones with the same network nodes that are closest in time.
If message traffic grows, a certain extension of the planning front and the use of additional route pools are performed. The

article concludes with a description and justification of the expected advantages of the proposed approach.
Keywords: Satellite constellation, Delay-and-Disruption Tolerant Networks, Contact Graph Routing
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ABTOMaTU3MPOBaHHbLIN KOHTPOSb aBUaaBUraTeneun
B YCNOBUSIX UX CTEHAOBbIX UCMbITaHUN

IIpeonoxncenvt 00uue NPUHYUNBL ABMOMAMUZUPOBAHHO20 KOHMPOAS aguadeueamenei u GYHKUUOHAAbHO CEA3AHHbIX C HUMU
cucmem 8 YCAOBUAX UX CMEHO08bIX UCNbIMAHUL. JJaHHble NPUHYUNbL YCAOBHO CEO00AMCA K WeCmu NOCAe008AMeNbHO peatu3y-
eMblM npoyedypam Uil IManam.

B coomeemcmeuu ¢ smumu npunyunamu KOHMpoOAb nApamempos aguadgueameneli 0Cyuecmensemcs a6MmoMamu3upo8anHoll
cucmenmoti koumponsi (ACK), evinoanennoi Ha 6asze bl4UCAUMENbHO20 KOMNACKCA, KOMOPbLLU peaiusyem ai2opummol, HOCMpPo-
eHHble Ha 0CHOBe OYae6ol aneebpul u aseedpovl cobbimuil u cocmostuil. Januvie arcopummol NO360ASIOM NPOYUEOYPbl KOHMPOAS
npoeodumsv 6 OUHAMUYECKOM pedcume 6 COOMmeemcmeuu ¢ epapuxom onpobosanus asuadsueamens. Illpu maxom Koumpoae 6
npoyecce ucnslmanus aguadgueamens cooa00aemcs 3a0aHHAs 04ePedHOCMb PelcuMoe pabomsl be3 ukcayuu ux no epemeHu
U C 803MONCHOCMbIO NPONYCKA UAU NOBMOPEHUSL OMOeAbHbIX pedcumos. Konmpoas napamempoe na Kaicoom ouepeoHom pexcume
pabomul asuadsuzamens 0Cyu,ecmeasemcs Aulb nocie moao, Kak 6yoym npoKoHmpoAUpo8aHvl 6ce NApamempsvl Ha npeodvioyuem
pexcume, U OCHOBHOU Onpedeasowull napamemp 00CMuzHem onpedeseHHo20 041 OAHHO20 PeNCUMA 3HAYEeHUS.

B nepuod npomekanus nepexo0HulX npoyeccoe KOHMpPOLb NAPAMEMpPOo8 NPOGOOUMCS AUWDb 8 MOYKAX IKCMPEMYMO8 3HA-
YeHUlI OCHOBHO20 Onpedensioljeco napamempa ¢ QuKcayuell epemeny nPoOmeKanus nepexooHbvX Npoueccos8 U onpedeienuem
moeo, "6 donycke" uau "ne 6 donycke" Haxodumcs nposepsemulil napamemp U 3aQUKCUPOBAHHLI 8PeMEHHOU UHMeDPBal.

Ilpu nocmynaenuu om obsexkma KOHMPOAS CUSHAN08, 8PeMs NOABGACHUS KOMOPbIX MOUYHO He U3BECMHO, A U3BeCMeH AUllb
UHMEpP8an 8peMeHU, 6 meUeHue KOmopo2o OHU MOSYym NoA6UMbCs, npekpawaemcs aooi u3 pexcumos pabomor ACK, nposo-
oumces 0onycKo8uli KOHMPOAb NPedyCMOMPEHHbIX NPOSPAMMOL NAPAMEMPO8 U 0CCMAHABAUBAEMC NPEPEAHHbII PAHEe PeNCUM.
O0HogpemenHo ¢ npogedeHuem 0ONYCK08020 KOHMPOAs NAPAMEMpPO8 PUKCUPYemCs 8peMsi NPUX00a YKA3AHHbIX Gblide CUSHAN08.
I'pynna asaputinbix napamempos KOHMPOAUPYEMCsL HENPEPbIGHO 6 MeUeHUe 8Ce20 Nepuoda npogedenus CmeH006blX UCHbIMAHULL.

Karueewie caoea: aemomamuwpoeaHHbtﬁ KOHmMpO/b, aeuaaeueameﬂb, napamemp, CO5blmU€, cocmosAHue, cmeHdogble Uc-

nbolMaHUu s

ABUallMOHHBIE OBUTATEIM MPaKTHUYECKH BCEX
KOHCTPYKTHMBHBIX CXEM IIPOXOAST OOJbIION LUK
Ha3eMHBIX MCIIbITAHUM HA MCIbITATEbHBIX CTEH-
nax. [Ipu 3ToM LHUKI0rpaMMa UX IMIPOBEPKU BKITIO-
yaeT Bce 0e3 MCKIIOUEHUS PeXMMBbI pabOTHI, Ha
KOTOPBIX OHU AOJIXKHBI B IIOJJTHOM 00beMe (PyHK-
LIMOHUPOBATh B IMOJIETE.

ITo Mepe pa3BUTHUSI BHIYUCIUTEIbHON TEXHUKU
WUCIBITaTe/bHBIE CTEHIbI U LIMKJIOTPAMMBbI UCIIbITA-
HUI1 aBuaaBUraresieii HelmpepbIBHO COBEPIICHCTBO-
BaJNUCh U YCIOXHSIJIMCh, O YeM T'OBOPUT, HAIpU-
Mep, MepedyeHb IpuIaraeMbIX K CTaTbe OMyOJMKO-
BaHHBIX aBTOPOM WJIU IIPU €TI0 HEMOCPEACTBEHHOM
yyactuu pabor [1—16]. Bce 3t paGoThl, Kak U
paboThl APYTrUX aBTOPOB IIO0 MpoOieMaM HKCIIbITa-
HUIl aBUALIMOHHBIX IBUraTeleil U MOBEACHUS UX
10 TpeOyeMOoro ypoBHSI, 000CHOBAHHOTO B TaKTHU-
KO-TeXHUUYECKUX 3aJaHUSIX HA UX pa3paboTKy, He-
U30€XHO CTaBSAT BOIPOC O HEOOXOAMMOCTU MMETh
0011I1e IPUHIIUIIBI CTEHAOBBIX McnbiTaHui. [Ipen-
CTaBJISICTCSA, YTO B OCHOBY YKa3aHHBIX IIPUHIIMUIIOB
JOJIXKEH OBITh MOJIOXKEH eIMHBIA ITOAX0H K COCTaB-
JIEHUIO LIMKJIOTpaMM MpPOBEPKU aBUAJABUTATENICH U
(byHKIIMOHABHO CBA3aHHBIX C HUMU CUCTEM pa3-

IHoceawaemcs Enene Bcesonodosne Ipucopun-Paboeoi —
HAy4HOMY pedaKmopy no020MmoeAeHHbIX MHOI U ONYOAUKOBAH-
HblX uzdameavcmeom "Mawunocmpoenue” monoepaguii

JIMYHOM KOHCTPYKIIMU, KOTOPbIE B KOMILJIEKCE Oy-
JeM Ha3bIBaTb 008eKMOM KOHMPOAA.

IIpyuMeHUTENBHO K KOHTPOJIIO paboTOCIOCO0-
HOCTU aBMaJBUTaTeNeil U (PYHKLIMOHAIBHO CBSI-
3aHHBIX C HUMM CUCTEM TaKMMM OOIIMMU MPUH-
LHUIaMU, TO3BOJISIOIIUMU CHOPMYIUPOBATL ME-
TOAUKY HMX KOHTPOJISI B YCJIOBUSX IIPOBEICHMUS
CTEHOBBIX UCIIBITAHUI, SIBJASIIOTCS CEAYIOLINE:

1) mpoBepka MPOBOAUTCA B IUHAMUYECKOM pe-
KMME€ B COOTBETCTBUM C I'paMKOM OIpPOOOBaAHUS
U coOJIofAeHUST Hamepen 3aJaHHOM O4YepeaHOCTU
peXUMOB 0€3 (puKcallMyi UX BO BPEMEHU C BO3MOX-
HOCTBIO TIPOITYCKa MJIM TTOBTOPEHUS OTACIBHBIX pe-
KMMOB;

2) KOHTpOJIb MapaMeTPOB HAa HEKOTOPOM p-M
pexXuMe OCYIIECTBISETCS TOJBKO B TOM cllyyae,
eClIi IIpOoBeleHa IpOoBepKa BCeX ITapaMeTpoB Ha
(v — 1)-M pexume;

3) u3MepeHue 3HAYCHWI MapaMeTpoB B u-M pe-
KUME TIPOBOAUTCS TOJBKO ITOC/Ie OKOHYAHUS Iiepe-
XOIHBIX IIPOLIECCOB, UMEBIINX MECTO MPU IIEPeXoe
00BbeKTa KOHTpOJIS ¢ (W — 1)-ro Ha p-i peXuM €ro
paboThI, U TOJLKO B TOM Clly4ae, €CIM OCHOBHOI
ONpeaesaIolINi MMapaMeTp IIpU BbIXoAe OOBEKTA
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KOHTPOJISI Ha - peXXrM JOCTUT OMpeAeIeHHOrO Ha-
nepen 3aAaHHOTO /IS JAHHOTO peXXrMMa 3HAuYeHM S,

4) B mepuoJ MpOTEeKaHU S TIEPEXOAHBIX TPoIleC-
COB HM3MepeHUe 3HAUYeHWI IapaMeTpoOB BBITOJ-
HsIETCS JIMIIb B TOYKAX 3KCTPEMYMOB 3HAYEHU M
OCHOBHOTO OIpeaeISIoIIero napamerpa ¢ pukca-
1Meil BpeMeHU MPOTEKaHU S MEePEXOAHBIX TPOLIeC-
COB U OIpeIelIeHUueM TOro, 'B JOIycKe' MM "He
B JOIYCKe" HaXOAMTCS MPOBEPSIEMbI TTapamMeTp U
3a(pUKCUPOBAHHBIN BPEMEHHON MHTEPBAJI;

5) nipu TIpYXofe OT 00BEKTA KOHTPOJISI CUTHAJIOB,
BpeMsl TIOSIBJIEHUST KOTOPBIX TOYHO HE WM3BECTHO,
a M3BECTEH JIMIb WHTEpBaJl BpEMEHM, B TEYCHUE
KOTOPOTO OHM MOTYT TIOSIBUTHCSI, TpeKpallaeTcs
JII000M U3 pexXUMOB pabOThl aBTOMATU3MPOBAHHO-
ro cpeactsa KoHTpojas (ACK), mpoBomuTcs mOITy-
CKOBBIM KOHTPOJIb MPENyCMOTPEHHBIX MPOrpaMMON
MmapaMeTpoB M BOCCTaHABJIMBAETCS IPEPBAHHBIMN
paHee pexXuM; PU 3TOM OJHOBPEMEHHO C TTpOBe/ie-
HUEM JOMYCKOBOTO KOHTPOJISI MapaMeTpoB (puKCH-
pyeTcst BpeMsl TpUXo/a yKa3aHHBIX BbIIEe CUTHAJIOB,

6) TpyIma aBapuWHBIX TapaMeTpPOB KOHTPO-
JIUPYETCsl HeMPEPHIBHO B TEUEHME BCEro Mepuojaa
MPOBEJAEHU ST CTEHIOBBIX UCITBITAHUM.

PaccmarpuBasi mepeyucieHHbIE MPUHLMIIBL C
TOYKHU 3pEHUS OYyJI€BOU anreOpsl U ajaredopbl COObBI-
THUI M COCTOSHUI, IONBITaeMCsI c(DOPMYIUPOBATH
3TU MPUHLMITEI TPUMEHUTESIBHO K UX peaan3alunu
¢ nomoiibio ACK, noctpoeHHo# Ha 6a3e 1ingpoBoi
BBIUMCIIUTEIBHONW TEXHUKH, KOTOpasi Obl B peayib-
HOM MaciiTabe BpeMeHU MOTJja peliaTb He TOJbKO
MaremMaTh4eckKue, HO 1 JIoThYecKue 3a7adyu C uc-

MOJIb30BAHUEM LIEJIOTO Psijia crielupUIeCcKUX ore-
patopoB. HJist 3TOro BBeAeM IOHSITHUS "COOBITHE" U
"COCTOSIHME": eCIM UMEIOT MECTO Kakue-Tubo nBa
YCJIOBMSI, OTHO U3 KOTOPBIX CYIIECTBYET B TEUECHUE
BPEMEHM Af;, a Ipyroe — B TEUEHUE BPEMEHU Af,,
n At; > Af,, TO TIEPBOE YCJIOBUE OylIEeM Ha3bIBaTh
cOCMosiHUeM, a BTOPOEC — COObIMUEM.

K cobbimusim MOTYT OBITH OTHECEHBI BCE KOMAH/I-
HbIe W YIIPaBJSIOIIME CUTHAJbI, B COOTBETCTBUM C
KOTOPBIMY MPOBOAMTCS 3aMyCK MOIEKAIINX UCIThI-
TaHu10 00beKTOB U ACK, mepexos ¢ OoqHUX PeKMMOB
paboTHI Ha IpyTHe, TIpephIBaHNE M BOCCTAHOBJICHUE
PEXMMOB U T.1I., & K COCIOSHUAM — PEXUMbI PaOOTHI
ACK 1 00beKTOB KOHTPOJIsI. O003HAYMM BCE COOBI-
THsI, KOTOPBIMU MBI OyZleM OIlepUpOBaTh, CTPOUHBI-
MM JJATMHCKUMU OyKBaMu, 32 UCKJIIOUEHUEM COObI-
TUH, COCTOSIIIMX B TOSIBJICHUM YIIPABJISIIOIIMX CUT-
HaJIOB, 3HaYeHMWE KOTOPBIX AaHO B padore [1]. DTu
coObITHS 00O03HavatoTes A, rne i = 1, 2, ..., 9.

Bce coctossHuS 0003HaYMM OyKBaMU T'PEYECKO-
ro andaBuTa u 151 yI100CTBa MOJb30BAHUS CBEIEM
WX C COOTBETCTBYIOIIMMMU MOSICHEHUSIMU CMBICIIO-
BOT'O COJAEPKaAHMS KaxXKa0ro U3 HUx B Taba. 1. AHa-
JIOTUYHO O0O3HAYEHUSI BCEX COOBITHI, MX YCJIOB-
Hble HAMMEHOBAHUSI U TIOSICHEHU S 110 CMBICJIOBOMY
CO/Iep>KaHMIO KaxKJIOro M3 HUX CBeleM B TaoI. 2.

Bech mpoliecc aBTOMaTM3UPOBAHHOTO KOHTPO-
JI1 paboOTOCHOCOOHOCTH aBUAABUTATEIECH M CBS-
3aHHBIX C HUMU CUCTEM B TMHAMUYECKOM PEXUMe
B HA3eMHBIX YCJOBUSIX MOXET ObITh MpeACTaBJIeH
KaK COOTBETCTBYIOIIEE UepeaoBaHUE IPUBEACH-
HBIX B Ta0a. 1 u Taba. 2 COCTOSHHUU M COOBITHIA,

Tabnuna 1
Table 1

YcaosHoe 0003HaYeHHe 1 HauMeHOBaHHe cocTOAHUSA ACK M HCIOBITHIBAEMOr0 aBHAIIMOHHOIO JBHraTe/ s

Designation and name of the state of ASK and test aircraft engine

YcinoBHOe 0603HaUECHHE U
HauMeHOBaHWE COCTOSTHUS

CwMbiciioBoe coaepxaHue cocTostHuit ACK 1 06beKTa KOHTPOJISt

n — "oxuganue"

3akJroyaeTcs B BbIJICPXKKE BPEMCHHU, HEOOXOOMMOTO IS IIpomnyCcKa nepexoaHbIX IMpoHeCcCOB

8, u 8, — "mowuck 1o x;"
1 "MOMCK MO X,"

CocTosiHUS, TIPU KOTOPBIX IPOBOAUTCS MEPUOINYECKOEe U3MEPEHUE U aHATU3 TIPUPALLEHUIT TTapaMe-
TPOB X; U X, B LeJISIX OMpeleIeHNs] IKCTpeMalbHbIX 3HAUYEHM 1 IepeXOAHbIX MPOLIECCOB U BBIPAOOTKH
YIPaBJISAIOIKNX KOMaHI, TIO3BOJISIONINX OCYLIECTBUTh aBTOMAaTHYECKYyI0 MPUBsI3Ky pa6otsl ACK k
rpaduky onpoOoBaHMs TPOBEPSIEMOTO aBUAABUTATENS U ACUCTBUSIM Oleparopa

6, u 6, — "ompoc no x;"
1 "onpoc 1o x,"

CocCTOsIHUSI, TPU KOTOPBIX AJIs1 OMpPeaesIeHUs] pexxnuma paboThl aBUaBUTATEsl TPOBOAUTCS MEPUOIM-
YecKoe U3MEpeHUe NMapaMeTpoB X; U X, 10 MOMEHTA JOCTUXEHMSI UMU Hamepes 3aJaHHbIX 3HaYeHU I

n — "U3MepeHune
mapaMeTpos”
MEePEeXOIHBIX MPOLIECCOB

COCTOﬂHHe, IIpy KOTOPOM IMMPOBOAUTCA UBMEPECHUEC U ,E[Ol'[yCKOBbIﬁ KOHTPOJIb MapaMeTpoOB Ha yCTa-
HOBHMBIIUXCA peXKXHUMaX pa60TbI o0BbeKTa KOHTPOJIA UJIKU B OKCTPEMAJIBHBIX TOUKAX UCCICOAYEMBIX

A — "BHeOYEpemIHOE U3-
MepeHHe mapamMeTpoB”

CooTtBeTcTBYeT pexxumy pabotel ACK, 1pr KoTopoM U3 00beKTa KOHTPOJIS MTOCTYHAeT MPUOPUTET-
HBIM CUTHAJI, IpeKpallaloui IpeablAyIIUNA PeXUM

t — "u3MepeHune BpeMeHU"

CocTosiHue, IpU KOTOPOM MPOBOAMUTCS JOMYCKOBBIN KOHTPOJIb BPEMEHHBIX MHTEPBAJIOB U BpPEMEHU
MPOTEKaHUS TIEPEXOAHBIX MPOLIECCOB, GUKCALIMSI MOMEHTOB MOSIBJICHU S PAa3JIMUYHBIX CUTHAJIOB, IMO-
CTYTNAMNIINX U3 aBTOMAaTUKUA 00BHEKTa KOHTPOJSI B TIEPUOJ IPOBEACHUSI IIPOBEPKU €r0 PabOTOCIIOCOO-
HOCTH, U BHIpaboTKa BpeMeHHBIX KoMaH ynpaBieHuss ACK (cocTtosiHue t CylIecTByeT OMHOBPEMEH-
HO C COCTOSIHUSIMU 1, &) U &y, 0; U 6,, T U L)
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Ta0nuua 2
Table 2

YciaoBHOE HAUMEHOBAHHME COOBITHS M €r0 CMBICJIOBOE coaepxKaHue

Conditional name of the event and its semantic content

YcnoBHOE 0603HaYEeHNE 1
HAaMMEHOBAHUE COOBITUSA

CMBEICTIOBOE COonCpXKaHUC COOBITHS

a — "3aIlycK MmpoBeps-
€MOro aBUaJBUTATEN S
(06beKTa KOHTPOJIST)"

TNosiBIeHMe cUTHaIa OT KHOMKM 3alycka aBUaJBUTaTeN sl ¥ TOCTYIJICHHE ero B ITyCKOBYIO MaHe b
(xopoOKYy)

b — "cMrHaJjbl 3JIEKTPO-
aBTOMAaTUKM 3amycka”

TlosiBaeHME CUTHAJIOB OT 3JIEKTPOABTOMATUKU IMPOBEPSEMOr0o aBMaBUraTe/s B MIEPHOJ €ro 3amycka
(oT MOMeHTa HaxXaTusi KHOIKH 3aIlycKa 10 BbIXO[a IBUTATEJISI Ha PeXUM "MaJsiblii ra3")

¢ — "KOHel] ImorcKa 1o
X"

TlosiBeHMe U3 CUCTEMBI YIIpaBJIeHUsI CUTHAJIa, TT0 KOTOPOMY BbIpabaThIBaeTCsl KOMaH/1a, MpeKpalia-
I011as1 COCTOSIHUME §; aBTOMAaTU3UPOBAHHOIN CUCTEMBI KOHTPOJIS

d — "KoHell ompoca 1o
X"

[NosiBieHMe ynpaBsIOLLEro CUrHajla B MOMEHT IOCTUKEHU S MapaMeTPOM X; Hamepe[ 3a1aHHOTO
3HAYeHMsI, 10 KOTOPOMY Npekpautaercs coctossHue 6; ACK

e — "KoHel oXugaHua"

TMosiBIeHME KOMaHI, TT0 KOTOPHIM B OINpenesIeHHbIE MOMEHTHI BPEMEHU TIPEKPAIaeTCsl COCTOSTHUE N
ACK 1 ocylecTBisieTcs €e nepexos B Apyrue cocTosiHus (0;, m, ;)

h — "KOHell U3MEepEeHUsI
napameTpos”

®opMuUpoBaHUE CUTHAJA, 110 KOTOpOoMY mpekpalnaercs coctosiHue 1 ACK u nepexos ee K O1HOMY U3
COCTOSTHUM 1, 0y, §; MK §,

j — "TIpUOpPUTETHBIN
curHan"

TMpuxon U3 o6beKTa KOHTPOJISI CUTHAJIA, BpeMsl MOSIBJICHUST KOTOPOTO TOYHO HEe M3BECTHO, a U3BECTEH
JIMIIb UHTEPBAJ BPEMEHU Af;, B TEYEHUE KOTOPOrO 3TOT CUTHAJ MOXET MOSIBUTHCS

q — "KOHell U3MEPEeHUs
BpeMeHU"

TNosiBneHMe curHazia, Mo KOTOPOMY MpeKpallaeTcs u3MepeHue U AOMYCKOBbI KOHTPOJb BPeMEHHBIX
WHTEPBAJIOB

k — "skcTpemyMm”

[NosBIeHME 3KCTpEMyMa B aHAJTU3UPYEMOM TIEPEXOTHOM IIPOLECCE OCHOBHOTO OINPENEIAIONIEro Hapa-
MeTpa, [0 KOTOPOMY BEIETCS MTOMCK

| — "cpabaTbsIBaHUE TO-
MJVBHON aBTOMaTUKH"

[NosiBneHue curHaaoB CpaGaTblBaHl/lﬂ ABTOMATUKU TOMJMBHOU CUCTEMBI HA peXxXunumMax nNpoBEpPKU
BpPEMCHMU 3alia3ibiBaHUA

r — "KOHell orpoca 1o x,"

IMosaBaenue yrnpaBadmlomero Curuaja, rmo KOTopomMy npekpamacTcsa COCTOAHHNUE 92

v — "HayaJjo MepexogHo-
ro mpoiecca”

ITosBnenue NEPEXOTHOTO ITpoLecca

w — "KOHeIl TTepeXoqHOro
npoiecca”

OKoHYaHUe TIEPEXOJIHOTO Ipolecca

A; — "TIOJNIOXUTENbHOE
npupaiieHue”

Tlepexon KpUBO U3MEHEHU s 3HAYEHH I OCHOBHOTO OINPEIeIsIOIIEero napaMeTpa OT FTOPpU30HTAIbLHOTO
ydyacTKa K HaKJOHHOMY, Ha KOTOPOM AaHHBIM MapaMeTp MoJyyaeT MoJOXUTeJIbHOE MpupalleHue

YKJIaIbIBAIOIIUXCS IO BPEMEHU B IIEpUO OIIPOOO-
BaHUS aBUaABUrartens. Ilpu 3ToM B COOTBETCTBUM
C IIPUBEACHHBIMHU BBILIE MPUHIMIAMU KaXI0€ U3
COCTOSSHMM MOXET OBITh BBIPaXXEHO 4Yepe3 ApyTrue
COCTOSIHMS U COOBITHS B BUJE COOTBETCTBYIOIINX
JIOTMYECKUX 3aBUCUMOCTEH, MO3BOJSIOMIMX HO-
CTaTOYHO IIPOCTO OCYIIECTBUTHh MPOrpaMMHUpPOBa-
Hue padbotbl ACK B COOTBETCTBUM C I'pauKoM
OITPOOOBaHMS IIPOBEPSIEMOTO aBUAIBUTATENS.
IIpuMeHUTENBHO K TypOOpeaKTHBHBIM aBMa-
IBUTATENISIM, IJISI KOTOPBIX B Ka4eCTBE OCHOBHBIX
OIIPEACNSIIOIINX MTapaMETPOB MOTYT OBITH B3SITHI
BCETO [Ba apaMeTpa, COCTOAHUS N, 0, 65, &), Oy,
7, T MOXHO IMpPEACTaBUTH Yepe3 HauMHAIIIWE U
3aKaHYMBAIOIINE UX COOBITUS B BUIE JIOTMUECKUX

3aBUCHUMOCTE:

T] = (ab + dﬁglg2 + hélgl + Célﬁ) (5_7), (l)
0, = (ex + hd, + N+ r)(d j);
0, = (A5,4;)(jF),

rne A — omeparop "mocie”, 03HaYarolInil, YTO He-
KOTOPOE COCTOSIHUE (B JTaHHOM KOHKPETHOM CIIy-
yae &,) UMeJIO MECTO 10 JAHHOTO MOMEHTa BpeMe-
HU ¥ YTO B JaHHBIA MOMEHT OHO IMPEKPaTUJIOCh,
a A; — coObITHE, COCTOsIIEE B MOSIBJICHUM YIIPaB-
JISIIOLIEr0 CUIHajla, 3HauYeHHe KOTOPOTo JIaHO B
pab6orte [1] U B OyJIeBbIX ITIePEMEHHBIX ITpeACTaBIIE-
HO B BUJE JIOTUUYECKOI 3aBUCUMOCTH

A7 = OlpenlOlzn10Ben20l3m2s (4)
1€ Gpent =0, @anr =0, Ogen2 = 1, Oy = 1.

Yepra cBepxy OYKB JIAaTUHCKOI'O M I'PEYECKOTO
aj1daBUTOB, MCHOJb30BAHHBIX IJII O00O3HAYCHMS
aprymMeHToB B BbIpaxeHusx (1)—(4) m Bo Bcex
IPYTUX BCTPEUAIOIIUXCS IO TEKCTY BbIPaKeHUSIX,
03HAYaeT, YTO COOTBETCTBYIOILINE COOBITUS U CO-
CTOSIHUS ellie He HAaCTYIIUIU.

OmepaTtop A MOXeET OBITH BBIpaXkKeH 4epes oIle-
patopnl H ("ipoucxonuts’) u N ("He") B Buae

@
(©)

A82 = H82N82 (5)
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[ToncraBuB cootHoureHue (4) u (5) B BHIpaxe-
Hue (3), moryIum

62 = [(H82N62)(aBeﬂlaSHlaBCH2a3H2)](77)' (6)

Y4yuteiBasi, 4TO 8, MOXHO MPEICTABUTh B BUIE
3aBUCUMOCTH

(7

M0CJIe OYeBUIHBIX IIpeoOpa3oBaHUil BhipaxkeHus (7)
M MOACTAaHOBKHU B HEro BhIpaxKeHUS (4) momydyum

8, = (Mg, 5, +dsmm(J + A7),

62 = (hél + dﬁ) [J_ + (aBeﬂlaBHlaBEJﬂaBK-ﬂ) ]glﬁ (8)

Ycnosuga nepexona ACK B cocrosiHusd 8, 1, n 1
ee TMpeObIBAHUS B 3TUX COCTOSIHUSIX MOTYT OBITh
OIMCaHbl 3aBUCUMOCTSIMU

8; = (MB35, +dNTs, +gM)(j T) =
= [g + 52(h§, + dT)IN(Jj ©);
t=(d+e+!+b)qg;

)

(10)
(11)

OcTaHOBUMCSI Ha HEKOTOpbIX HamboJiee BaK-
HBIX OCOOEHHOCTSIX peajau3alliyd MNPUBEICHHBIX
JIOTUYECKUX 3aBUCHUMOCTEl U PacCMOTPUM 3aBU-
cumocTH, peanusdyembie Tipu nepexoae ACK B co-
CTOSTHUE A.

B nepuonbl BpeMeHM, COOTBETCTBYIOLIUE IIpe-
obiBaHM10 ACK B COCTOAHMSAX &, MU ), BOBMOX-
HBI C/lydyau MpOIycKa OTAECIbHBIX PeKMMOB pabdo-
Thl 00beKTa KOHTpojs, npuueM B ACK goskHa
ObITh IpeayCMOTpPeHa BO3MOXHOCTb IIpOITycKa
KaK OJHOIo, TaK M HECKOJbKHX PEXHUMOB OIHO-
BpeMmeHHo. IIpomyck ke OgHOro, ABYX WJIHU M pe-
KMUMOB pabOThl 00bEKTa KOHTPOJISI MPEICTaBasSIeT
coboit nmepexon ot (u — 1)-ro K (u + 1)-My pexu-
My, MUHYS QU peXuM, WK mepexod K (u + 2)-My
pexXuMy, MUHYS u-l 1 (u + 1)-il pexXuMmbl, WIH,
HakKoHell, nepexon K (u + n)-My, MUHYSI BCE pexXU-
MBI OT p-ro 1o u + (n — 1)-ro.

IIycts (u — 1)-ii peXXuM eCTh pexXuM, Mpealle-
CTBYIOLIMII MOMEHTY, HauMHasl C KOTOPOIo 4Yeso-
BEK-OIIepaTop MO TEM MM MHBIM IpUYMHAM MOXET
MpOBOAUTH OMpoOOBaHUE JUOO Ha u-M, JIMOO Ha
(v + n)-M pexmMax, MUHYS BCE PEXMMBI OT U-TO
1o [u + (n — 1)]-ro. Torna nepexon ACK Ha pexkMMbI
paboThI, COOTBETCTBYIOIIIME -MY, JU00 (1 + n)-My
pexxnMam paboThl 00BEKTAa KOHTPOJISI, MOXKET OBbITh
MpeacTaBjeH KaK HEKOTOPOE COOBITUE g Uepe3 IBO-
WYHBIC QYHKIMU p, U p, 1 , ICTHHHOCTU WU-TO U
(u + n)-ro peXXUMOB B CIEAYIOLIEM BUIE:

n =(eg, +dq M5 5, + cNoy + k) J.

(12)

§=DPuTPu+n

rae GyHKUMU p, ¥ p, 4 , IPUHUMAIOT 3HAYCHUS
"1", ecim B MOMEHT Iiepexofa OO0OBeKTa KOHTpPO-
ast ¢ (@ — 1)-ro pexrMa MMeeM COOTBETCTBEHHO
u-ii u (u + n)-it pexumsl, u 3HadeHue "0" Bo Bcex
OCTAJIBHBIX CIyYasiX.

AHau3 npoiiecca rnepexoaa 00beKTa KOHTPOJIS C
(uw — 1)-ro Ha p-it M (u + n)-i pexxumMbl paboOTHI,
MPOBEACHHBIN Ha TpuMepe TYPOOBMHTOBOIO U
JIByXpPOTOPHOTO TYpOOPEaKTUBHOIO aBUaJBUTaTE-
JIei, MOKa3bIBAET, YTO TAKOTO pojJa MePexoll COMpo-
BOX/IA€TCS MOSIBJIEHUEM COOBITUI A; 1ub0 Ag. Tlep-
BOE€ M3 HMUX MPEACTABJIEHO JIOTUYECKON 3aBUCUMO-
cThio (4), a BTOpoe B COOTBETCTBMU C paboToii [I]
yepe3 OyJIeBbl IEPEMEHHBIE MPENCTABISIETCS B BUIE

BBIPAXEHUA Ag = 0 o0y O gen2Oayr, TPUIEM
Py = ﬁ“_1A7; (13)
pp+n = ﬁ“—1A63 (14)

rae p, U p, y , — JNBOMYHBIE DYHKIUU MCTUH-
HocTu (u — 1)-ro pexuma, paBHbIe 1, KOrma ume-
eT Mecto (u — 1)-ii pexxum, u paBHble 0 IIpu Ha-
JIMYUU JTIIOOBIX JPYTUX PEXUMOB pabOTHl 00BbEKTa
koHTpoJis. Iloactasnss cootHoweHue (13) u (14)
B BeIpaxeHue (12), HaligeM

(15)

YuuteiBasg, 4TO COIJACHO AMCTPUOYTHUBHOMY
3aKOHY OyJIeBOM aareophl

g = Py_147 + Py 4.

PuiA7 + Py Ag = Py (A7 + Ag),
npeactaBuM BoipaxkeHue (15) B Buae

g = Py1(A7 + 4p). (16)

YyureiBag ganee, 4TO A; = 0 yen10sy 1 pen2®sn2
U Ag = UpenOsy1%pen20552, OKOHYATEIBHO MOITYUYNUM

g = ﬁ}l*l((—xBeﬂla3HlaBeﬂ2a3H2 +
+ aBenl&wIOLBeJ126L31-12)'

Ilpr mepexome OT OOHOTO pexXuMa pPabdOTHI
00BEKTa KOHTPOJS K IPYroMy Ha HEKOTOPOM JI0-
CTaTOYHO MaJIOM WHTEpBaJie BPEMEHU Af = m,
MPEACTABASIONIEM COOOM MUHUMaJIbHOE BpeMS
MEPEXOAHOTO MpPOoIECcCca, KOTOPOE MOXET OBITh 3a-
¢pukcupoBano ACK, Henb3s cka3aTh, UTO p-i pe-
KUM pabOThl 00BEKTa KOHTPOJS 3aKOHUMJICS U,
BMECTE C TE€M, UTO CIAEAYIOIIUMA 3a HUM (u + 1)-11
pexuM eine He Hadajncd. Ilpuxom oObeKTa KOH-
TPOJISI B COCTOSIHHME, COOTBETCTBYIoIIEE (1 + 1)-My
pPEXHUMY €ro paboThI C YYETOM JaHHONW OCOOEHHO-
CTM MOXET OBITH omnpeneeH oneparopom E ("mpu-
xon") yepes omepaTopsl N ("He") u D ("3agepxka"):

(17)
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Ep, +1 =D+ {ND'p + 1 (P, +1, HO eie He D, 4 ),(18)

a BBIXOJ M3 COCTOSTHHSI, COOTBETCTBYIOILIETO L-MY
pexnmy, — onepatopom L ("yxonm"):

Lp, = Np,D"p, (e p,, no eme D"p,). (19)

Torma nepexon 00beKTa KOHTPOJISI M3 OMHOIO CO-
CTOSIHMSI B IPYroe MOXeT ObITh onpeaesieH Kak "yxon'"
U3 MEPBOT0 COCTOSIHUSI, COOTBETCTBYIOILIETO -MY pe-
JKMMY €ro paboThl, ¥ "MPUX0N" BO BTOPOE COCTOSTHUE,
cooTBeTCTByMOIIEE (W + 1)-My peXumy, T.e. 3TO CO-
ObITHE MOXET ObITh OMKMCAHO BbIpasKeHUEM

C(py, py+1) = Lp,Ep, 4+ =

= (Np, D"p)(p, + IND"p, 1 ). (20)

OnHoIl U3 OCHOBHBIX 3ajau, pemaeMbix ACK B
npolecce "Moucka" 1mo OJHOMY U3 OIPeNeISIONINX
mapaMeTpoB, SIBJISIETCSI yCTaHOBJIeHUE haKTa Ha-
JUYUS TIEPEeXOAHOro mpoiiecca U (HakToOB HaIU-
Y1 SKCTPEMYMOB B IIEPEXOIHOM IIpolLiecce.

Ecnu o603HauuTth S(v, w) ABOUYHYIO (PYHKIINIO
HaJIMuusl TIepEeXOJHOro Ipolecca, NPpUHUMAIO-
myto 3HaueHue 1 mpu v=1wu 0 npu w = 1, To 3a-
Ja4a yCTaHOBJICHUS (paKTa HAJIUYUS TIEPEXOTHOTO
npoluecca OyaeT cBeicHa K OTHICKAHWIO 3HAYCHU M
dyukuuu S(v, w). IlocaenHsist ke MOXET ObITh BbI-
pakeHa yepe3 ornepatopbl "He" (N) m "3agepxkka”
(D) B Buze

S, w) = Nw[v + D"S(v, w)]. (21)

"[Ipnxon" OCHOBHOTO OIIPENENSIONIEro Mnapa-
METpa, 10 KOTOPOMY BeAeTcs "TIOMCK", K 3KCTpe-
MaJIbHOMY 3HAUYE€HWI0 MOXHO BBIPAa3UTh KakK

Ek = kND}". 2)

[losiBneHne ke camMoro coObITUSI kK BO3MOXKHO
TOTA U TOJBKO TOTJA, KOTIa UMEeT MECTO TIePexOI-
HEBII TIpouecc [S(v, w) = 1] 1 OTHOBPEMEHHO C 3TUM
MPOM30LUJIO  COOBITHE Ay = Olpe; 105y 1% pen2Psm2
nim A9 = Olpen O3y Open20ay2, TTPUYEM, €CIIM MPO-
M301IJI0 COOBITUE Ag, TO UMEET MECTO MUHUMYM
(min), a eciu A9, To MAaKCUMYM (max). O603HauYNnB
COOTBETCTBEHHO k; U k, COOBITUS, COCTOSIIINE B
MOSIBJIEHMU Min M max B aHaJIM3UPYeMOM Iepe-
XOJZHOM Mpolecce, MOXHO 3alKiCaTh:

ki =[SO, w)ds;
ky = [S(v, w)]A.

(23)
24)

—_

Bxonsiiiee B Boipaxkenust (23) u (24) 3HaueHue
S(v, w) onpenensiercss u3 BoipaxxeHus (21). CoObI-
i Ag 1 Ag MOTYT OBITH NPENCTABIECHBI B COOT-

BETCTBUU ¢ paboToii [1] Kak (GyHKIIUU ABOMYHBIX
apryMeHTOB B OTOOpPakeHHOM BBIIIE€ BUJIE.

Hng onmcanmg cocrogauss A ACK BBemeMm,
KpOM€ YIOMMUHABIIUXCS paHee omnepaTopoB F
("mpuxon"), L ("yxon"), A ("mocne"), N ("ue") u H
("mpowucxonute), oneparopsl F, u V. Tlox onepa-
TOopoM F; ("HOMyCKOBBI/ KOHTPOJIb MapamMeTpoB
MO MPUOPUTETHOMY CHUTHany") OyJeM TNOHUMAaTh
oreparop, O3HaJyawI[Ui, YTO TOciae MpUuxoIa
13 00BbEKTa KOHTPOJIS MPUOPUTETHOrO CUTHaJa
W TpepbiBaHUS CYLIECTBOBABIIETO A0 €ro Mpu-
xona coctosiHusgd ACK mpoBoauTcs u3MEpeHUe
U JOTYCKOBBI KOHTPOJb HEKOTOPOW TMpemyc-
MOTPEHHOW MpOrpaMMOl TpyIIbl MapaMeTpPOB
(X145 Xgy5 «es Xyy), COOTBETCTBYIOIIEH p-MY PEXH-
My paboThl 00BbEKTAa KOHTPOJI, a MO OnepaTopoM
V' — onepaTop MOSIBJEHUS NTPUOPUTETHOTO CUT-
HaJla Ha HEKOTOPOM MHTepBajie BpEMEHH 7.

Ecau 0603HauuTh Z(j) A1BOMYHYIO (PYyHKIIMIO,
KOTOpasi MOXET MPUHMMATh 3HaueHue 1 B 11000
U3 MOMEHTOB BpeMEHHU, Jiexallluii B Tipeaeiax
BPEMEHHOTO MHTEPBAJa Af; BCETO OJMH pas, COOT-
BETCTBYIOILIMI MPUXOMY MPUOPUTETHOTO CUTHAJA,
T.6. COOTBETCTBYIOLLUWIA MCTUHHOCTU COOBITUS J,
TO MOXHO 3amucaTh

. At/ .
Z())=V""()). (25)

O6o3Hauum panee C(P, A) ABOMYHYIO (PYyHK-
nuto nepexoga ACK u3 HEKOTOpPOro €€ COCTOSIHUS
P, cyliecTBOBaBIIIErO A0 IIPUX0Aa OT 00beKTa KOH-
TPOJISI NPUOPUTETHOIO CUTHAJIa, B COCTOSHUE A,
a C(h, P) — nBonMYHYIO (PYHKIMIO BOCCTAHOBJIC-
HUSI paHee IIPEpPBaHHOIO COCTOSIHUS P U ydTeMm
TO OOCTOSITEJILCTBO, UTO IIEPEXOJ OT COCTOSIHUS A
K COCTOSIHMIO P OCYIIECTBISIETCSI TOJBKO ITOCIIe
OKOHYaHUsI KOHTPOJISI ApaMeTpa X,,,, T.e. mapame-
Tpa, IOCJEIHETO0 B JaHHOU TrpyIllle ITapaMeTpoOB,
MOJJIeXXAIMX KOHTPOJI Ha u-M pexXuMe pabdo-
Thl 00BbEKTa KOHTPOJS, IIPH KOTOPOM MOCTYIIMII
MPUOPUTETHHIN curHajia. Torma, CorjacHoO IpuBe-
JEHHOMY BBIIIIE ONpPEaeICHUIO COCTOSIHUS A, TIPU-
xon ACK B 3T0 cocTosiHMe, peObIBaHUE B HEM U
BBIXOA M3 HEro MOT'YT ObITb ONMCaHbl HEKOTOPOI
JBOMYHON (PyHKIMEN

A =V (DCPAF)(Xiye Xy s X))

" (26)
X ALF;(x, )IH[C(, P)].

Ecnu nog m noHuMaTh MPOMEXYTOK BpEMEHHU,
JoctaTtouHblil gs nepexona ACK us cocrosgnus P
B COCTOSIHME A UJIM HA0OOPOT, TO BXOASILUE B BbI-
paxenue (26) dyukuuu C(P, A) u C(h, P) moryT
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OBITh BBIpaxKeHBI uepe3 omepaTopsl £ ("mpuxoxn")
u L ("yxom") 3aBUCMMOCTSIMW, aHAJOTMUYHBIMU
(20), T.e.

C(P,%.) = LPE). = (NPD"P)(O.ND™.); (27)

C(\, P) = LLEP = (NA.D".) (PN D"P), (28)

a oneparop H[C(\, P)] MmoxeT ObITh IIpeacTaBJICH
B BUJIE

H[C(., P)] = C(», P) + D"H[C(), P)] =
= (LAEP)[D"H(L\EP)] =
= (NAD™.)(PND™P) +
+ D"H[(N%.D"™.)(PND™P)].

(29)

Cuwnrasl, 4TO0 M3MEpPEHUE U IONMYCKOBBIN KOH-
TPOJb KaXJOTo IMapaMeTpa M3 TPYyIIIbl IIapaMe-
TPOB (X}, Xy, - X,,) 3aHUMACT OJHO M TO XKe
BpeMs Af, IPUYEM TaKOe€, 4TO Af < m|, MOXEM 3a-
MKCaThb

Fi(Xy,5 Xops 05 Xy) = D™x D™ xy, .. .D™ x, . (30)

Hakonen, oneparop A[F(x,,)] MoxeT ObITh TIpes-
CTaBJICH B BUJE BbIpaxK€HU S, aHAJIOTUYHOIO (4):

AlFj(x,,)]= HF;(x,,)NF;(x,,). (3D
Iloncrasnsis Beipaxenus (27)—(31) B popmyny
(26), momyuum
A= VAtf(j) =[(NPD"P)(AND"\)] %
X (D’"lxluD”’lxzu...D”’lxvu)[HFj(x\,H)NFj(xVH)] X
X{[(NAD"L)(PND™P)] +
+ D"H[(NAD"))(PND™P)]}.

(32)

BBuny cneumpuyHOCTA 3amadyd, pelraeMoit
npu peanmsauum 3aBucumoctu (32), B cocTaBe
ACK nmomxHa OBITH IIpeIycMOTpeHa CIielaJbHast
NPUOPUTETHASI CXEeMa, KOTOpas BBIMOJHSIA Obl
BECh LIMKJ OINEepallnii, CBSI3aHHBIX C IPUXOAOM U3
00beKTa KOHTPOJISI IPUOPUTETHBIX CUTHAJIOB.

PaccMoTpeHHBII BHILIIE aJTOPUTM (3aBUCHUMO-
cru (1), (2), (6), B)—(11), (17), (20), (23)—(24),
(32)) yctaHaBAMBAaeT CBSI3b MEXJY OTACJbHBIMU
coctosHusIMHU ACK u pexkxmmamu paboTBl 00beK-
Ta KOHTPOJISI M MOXET OBITh PEKOMEHIIOBAH [IJIS
aBTOMaTuuyeckoil IpuBsa3Ku cocTtosHuii ACK k
LUKJIOTpaMMe IIPOBEPKU PabOTOCIOCOOHOCTHU
pa3IMYHBIX THIIOB aBHaIBUTaTeNell M (PYyHKIIMO-
HaJIbHO CBSI3aHHBIX C HUMU CUCTEM.
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Abstract

The general principles of automatic control of aircraft engines and functionally related systems in the conditions of their
stand tests are suggested. These principles are prospectively reduced to six sequentially implemented procedures or steps. In
accordance with these principles, the control of aircraft engine parameters is carried out by a computer-aided test equipment
(CTE) based on a computer complex that implements algorithms based on Boolean algebra and the algebra of events and
states. These algorithms allow control procedures to be carried out in dynamic mode in accordance with the schedule of test-
ing an aircraft engine. With this control, the specified sequence of operating modes of the aircraft engine undergoing testing is
observed without fixing them in time and with the possibility of skipping or repeating individual modes. Parameters are moni-
tored at each of the next aircraft engine operating modes only after all parameters are checked in the previous mode and the
value of the main determining parameter reaches the value determined for this mode. During the period of transient processes,
parameters are controlled only at the points of extremum of the values of the main determining parameter with fixing the time
of transient processes and determining that. "In the tolerance"” or "not in the tolerance" is the checked parameter and the fixed
time interval. Upon arrival of the signals from the monitoring object, the time of occurrence of which is unknown, and only
the time interval during which they can appear is known, any of the CTE operation modes are terminated, tolerance control
of the parameters provided by the program is performed, and the previously interrupted mode is restored. Simultaneously with
the tolerance control of the parameters, the time of arrival of the above signals is recorded. The group of emergency parameters
is monitored continuously throughout the entire period of stand test.
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The article deals with the issues related to the possibility and limitations of technological creation of artificial systems endowed
with consciousness and acting subject existing in the world of artificial subjective reality. The problems of creating an artificial
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CaHkT-lNeTepbyprckuii nonuTexHU4ecknin yHneepcuteT lNeTpa Benuvkoro

MCKyCCTBeHHbIﬁ pa3ymMm B MeXaTpOHHbIX CUCTeMax. np06neMb| BonnoweHusa*

Paccmampuesaromcesn 6onpocol, c613aHHbIE C 603MOICHOCMbIO U 02DAHUYEHUAMU MEXHOA02UHECK020 CO30AHUA UCKYCCMBEH-
HbIX cucmem, HA0eNeHHbIX COZHAHUEM U 0elicmeyruum cy0seKmom, Cyuecmeyiouum 6 mupe UCKycCcmeeHHol cy0seKmueHol
peaavrhocmu. [lokazanvl npobaemvt cO30aHUS UCKYCCMBEHHOU AUMHOCMU 8 3a0aHHbIX napamempax. OCHOBHbIM Npenamcmeuem
K CO30QHUI0O PA3YMHBIX CUCMeEM AGAAemCs OMCYmMcmeue npozpecca 6 HauleM NOHUMAHUU Npupoosbl U MeXanu3mos pabomol
20/108H020 M032a 6 NPoyecce NOPOICOeHUA NCUXUHECK020 00pa3a U OpeaHu3ayuu yeieHanpasieHnoi deasmeavnocmu. [lepenoc
OQHHBIX NCUXON02UU 8 UHICEHEPHYIO chepy Manodphekmuser 6 cury pa3iuvus NOHAMULHbIX U UHCMPYMEHMAAbHbIX 00aacmell
dannbix ducyunaun. Ilpedcmaeaenv nodxo0vl cunmemuueckol NCUXoA02UU U nedazo2uku, NPU3BAHHble 00ecnevums peuleHue
npobaemol cO30anUs UCKYCCMBEHHOU CYOBeKMUBHOU PeasbHOCMU U MEeXHO2EHHOU MOOUPUKAUUU YeN06eKa.

Karoueente caosa: UCKyccmeeHHas cyﬁaeicmueﬁaﬂ peaibHocms, UCKYCCMEBEHHOEe CO3HAHUe, UCK)YCCMBEHHble OpedHbl Yyecme,

CUHmemu4eckasa ncuxoaocusd, camoopeanu3layusd, KOHeepeceHmHmsle U 0u6epeeHmete mexHojaoeuu

Introduction

The dominant themes of the defining part of the
scientific and technological discourse of modern
engineering knowledge of the last decade and, in
particular, robotics, one way or another, are con-
nected with the problem of the human factor and
the problem of creating complex technical systems
endowed with artificial intelligence in their capa-

*PaboTa BBITIOJIHEHA B paMKaX IOCYyIapCTBEHHOIrO 3adaHus
MuHoG6pHayku PO Ne 25.8444.2017/bY.

bilities identical or superior to the human mind.
In the case of robotics, we are talking not only
about intelligent, but also about intelligently oper-
ating in social systems and communications artifi-
cial machines and mechanisms. At the same time,
the categories of "intelligence" and "mind" are of-
ten considered synonymous by the engineering and
technical community, despite the deep, repeatedly
noted in the Humanities, fundamental differences
in their content and conceptual structure [1, 2]. The
sources of humanity’s aspiration to the world of "in-
telligent machines" are the General dissatisfaction of
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man with himself and attempts to find a replacement
for him in the complex technological world, which
imposes special requirements on man, far exceeding
his physical, psychophysiological and mental capabili-
ties. Along with the development of technologies and
means of communication, the process of human in-
tegration with the emerging intellectual techno-genic
environment of the planetary scale is observed |3, 4].

The problem of symbiosis of man with the man-
made world created by him becomes especially rele-
vant when we talk about the expansion of the human
mind into new environments of experience, mani-
fested, inter alia, in the exploration of outer space,
macro — and micro-worlds of the physical world, in
aggressive and harmful to human forms and con-
ditions of activity. Questions of interaction between
man and technology inevitably arise in the creation
of complex systems and managed complexes. For
example, in the study and colonization of the plan-
ets of the solar system and the exploration of deep
space, the problems of interaction in space robotics,
management of automated technical systems and
technologies serving planetary bases and production
require their solution. The problems of the unity of
man and technology in the harsh conditions of space
are becoming particularly complex and relevant.

The solution to the problem of "man in the techno-
genic world" is seen by most scientists and engineers
only in the technological aspect and is reduced to the
creation of artificial intelligence superior to human
capabilities. At the same time, technology is seen as
a catalyst for progress, as a friendly environment that
enhances the capabilities of mankind, as a compass
and a guide for development. This is a rather danger-
ous point of view, removing control over technological
development. Forgotten are the warnings of Cybernet-
ics founder Norbert Wiener, who believed that "exces-
sive fascination with technology can seriously damage
the environment, which we will learn soon enough
or never know-we will no longer be." Excessive faith
in science and optimism create and maintain among
the population and part of the scientific and technical
workers faith in the limitless possibilities of mankind,
enjoying the fruits of man-made civilization [5]. We
are convinced that there are practically no spheres
of human activity where the achievements of tech-
no-science forming convergent complexes of NBICS
technologies and their variants uniting interdisciplin-
ary fields of humanitarian and technical knowledge
are used [6, 7]. Civilization is moving to the point
of technological singularity, in which technological
progress will become inaccessible to our understand-
ing and will be carried out by artificial intelligence,
which in turn will be integrated with techno-modified
man through computer and neurocomputer interfaces
and virtual environments [8, 9].

In the future go to the past as a biological spe-
cies becomes technobiod. The evolution of the man-
made environment of human civilization of planet

Earth, its penetration into all levels of society, the
human body and psyche is global in nature, accom-
panied by organized increase in the level of inter-
system integration, the incarnation on Wednesday,
intelligence, and friendliness to man, emerging tech-
nobiotic unity. The expansion of life, leading to the
emergence of a complex symbiosis of man and the
environment created by him through technology, can
be considered as the next stage in the development
of the noosphere, generating a planetary self-orga-
nizing unity — technobiod. Its influence on man
and humanity differs from the opinion widespread
in modern humanitarian and sociological discourse
about the self-organizing action of autopoetic com-
munication, which constitutes and determines the
observed forms of human society. Technobiod is an
evolving system, building its own individual his-
tory, but it is not the history of society and man,
and techno-biological symbionts. At the same time,
models operating with ideal ideas about the social
evolution of human civilization cease to work, in
which the leading role is played by individual sci-
entific and collective creative abilities of a person,
generating an environment that has the properties
of the noosphere of V. 1. Vernadsky. Technobiod be-
comes an independent self-organizing system object,
generating forms of symbiotic and artificial intelli-
gence and their hybrids, in which the once leading
role of the individual human mind gradually fades
into the background. Separating from the biosphere,
man becomes an intelligent element of the evolving
techno-genic world, in which individual behavior
and human activity lose their decisive importance
for the processes of technobiod development. Man
becomes an element of a new planetary system unity
regulated by the mechanisms of self-organization,
which includes in its development active-reflexive
processes of Assembly and evolution of systems of
different nature. Previously unknown techno-social
catalytic forms are formed, which dramatically ac-
celerate the emergence of new and utilization of old
system objects of organized complexity. Processes
of generation of the active self-organizing environ-
ment of activity of mankind are observed. The ini-
tial phases of the development of a new technobiotic
civilization can be associated with the phenomenon
of multi-environmental self-organization, leading to
the points of singularity. They violated all previously
existing laws, and assumptions about the future are
unknown and uncertain. Everything makes no sense.
And even a scientific understanding of what is hap-
pening also has no significance for the emergence of
a new quality of a complex organization [10].

For the first time the term "singularity” in a tech-
nological context was used by Stanislaw Ulam in
an obituary dedicated to the memory of John von
Neumann. It describes a conversation with von Neu-
mann about "the constantly accelerating progress of
technology and changes in human life that lead to
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the approach of a significant singularity in historical
development, beyond which human activity in the
forms known to us will not be able to continue" [11].
The current stage of development of human civiliza-
tion, at first glance, confirms this hypothesis. Pre-
viously inaccessible technologies and products have
appeared, reflecting our knowledge of the nature of
things in a wide range of space, energy and time.
These are nano-and biotechnologies, Internet, cel-
lular communication, robotic systems, and artificial
intelligence technologies. They reflect the progress
and opportunities for the synthesis of science and
technology. One gets the impression of unlimited
possibilities of technogenic civilization. However,
this is not entirely true. Despite the considerable
efforts of the scientific community, using the most
advanced devices and equipment, no one has mana-
ged to understand the sources of human develop-
ment and civilization, and, explain, the determining
role in them of the moral and spiritual foundations
of the world around us. There is a certain rejection
of technology and science from man, which become
independent entities, devoid of any form of social
control. This is quite dangerous because of the pos-
sible uncontrolled development of situations leading
eventually to the destruction of humanity.

The public consciousness is dominated by forms of
technocratic thinking and intelligence. The thesis of
their superiority over their social and biological forms
is supported. According to V. P. Zinchenko, "Techno-
cratic thinking is a worldview, the essential features
of which are the primacy of the means over the goal,
the private goal over the meaning and universal in-
terests, the symbol over the being and realities of the
modern world, technology (including psychotechnics)
over man and his values. Technocratic thinking is
Reason, which is alien to Reason and Wisdom. For
technocratic thinking there are no categories of mo-
rality, conscience, human experience and dignity. An
essential feature of technocratic thinking is the view of
a person as a trainable, programmable component of
the system, as an object of a wide variety of manipula-
tions, and not as a person, which is characterized not
only by self-activity, but also freedom in relation to
the possible space of activities" [12].

Our worldview has changed dramatically over
the past decades of technological development. The
world is no longer as mechanistic, predictable and
simple as it was represented in our minds in the
models of the classical natural Sciences. It is com-
plex and diverse, with probability and chance, quan-
tum entanglement and nolocality, dark energy and
matter, and models and technologies that change
our understanding of the nature of time and space.

Attempts to use all these achievements of natural
science are ineffective in studying the phenomena of
the human soul and psyche. An experiment, even if
it is a thought experiment or a fact of self-observa-
tion, instantly changes a person’s psychic reality. His

consciousness becomes different. The phenomena
given to us directly in sensory experience stubbornly
defy experimental investigation. We do not know the
methods and technologies that allow us to study di-
rectly the content and basic mechanisms of the hu-
man psyche, its subjective sphere. Attempts to study
the functions and structure of the brain give rather
modest results and in practical terms are suitable
only in medicine for the diagnosis of pathological
conditions of the body. Despite technological prog-
ress, we are still far from understanding the work of
the human psyche and the mechanisms of its imple-
mentation. This state of the psychological Sciences
hinders progress in the technological implementation
of artificial intelligence and intelligence.

The main problem in the scientific study of men-
tal content is due, apparently, its holistic, integral
nature. Because of this, the basic tools of science
based on analysis, observation and measurement do
not work well in psychology. Also, modeling and
experimental methods, well-proven in the natural
Sciences, are ineffective. The scientific analysis of
the psychic and the consequent reduction of the
content destroy the synthetic properties of the liv-
ing, transforming it in its models and relations into
a collection of complex, hierarchically connected,
but dead and lifeless elements and structures. Disap-
pears mentioned above the whole system-defined no-
tion of "soul". This gave rise to the famous domestic
psychologist V. P. Zinchenko generate Maxim that
"psychology sacrificed his soul for the sake of objec-
tivity of its subjective science" [13]. Psychologists do
not deny the existence of the soul, but refrain from
studying it, giving the palm in this matter to religion.
Because of this, the main achievements of psycho-
logy are associated with the study of only behavioral
characteristics of a person, indirectly indicating the
work of his psyche. This is not enough to solve the
problem of creating artificial human analogues.

It should also be noted that theoretical psycho-
logy is increasingly losing its psychological content,
giving the baton to the currently fashionable cogni-
tive psychology, which uses cybernetic and infor-
mation metaphors and approaches in the study of
human physiological reactions to stimulus material.
Hypotheses about physiological determinants of the
brain determining the forms of mental reflection
of reality are exploited [14, 15]. A complex of dis-
ciplines, calling themselves cognitive Sciences, is
actively developing, based on the ideas of cognitive
neuroscience, which has absorbed all the illusions,
errors and expectations of physiological psychology,
the technological continuation of which they are.
The use of new technologies of computer analysis of
neurophysiological indicators of the active brain and
methods of visualization of the results in fact do not
change anything in our knowledge of the psyche
compared to the results obtained in the last century
on simpler experimental facilities.
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Gentleman’s set of modern researcher of the hu-
man brain and psyche includes computed tomogra-
phy, multi-channel electroencephalography, magnet-
ic resonance imaging, magneto encephalography and
transcranial magnetic stimulation. With their help, a
huge amount of experimental data is obtained, the free
interpretation of which is the essence of neuroscience.
It allows us to describe in a new language any known
facts of human behavior, but does not explain their
essence. The models created within the framework of
new technologies are very far in their essence from
the object of psychology research — a person acting
in the world, transforming and cognizing the world
and nature. They do not solve the main problem of
consciousness-the problem of qualia, which consists
in explaining the qualitative subjective experiences
experienced by a person in various mental States [16].
Despite the huge amount of experimental material
accumulated in neuroscience, the nature and forms
of connections arising in the physiological structure
of the brain with the qualia of subjective reality are
still insufficiently studied. The real person deals with
the psychic reality including the subjective world and
the subject operating in it in the form of the person-
ality experiencing in the multimodal form the whole
spectrum of internal and external sensory, mental
and sensual phenomena, living the difficult social
and personal life, showing human qualities, showing
phenomena of creativity, tops of human spirit. All
this has been studied so far on a descriptive level, be-
yond the explanation of their essence and connection
with the physical world that generates them.

For the sake of justice it is necessary to recog-
nize that thanks to development of natural Scienc-
es and psychology many secrets of the live nature
inaccessible to our direct perception and common
sense are solved. We already know a lot about the
structure of the human body, its biology and physi-
ology, psyche. However, we know almost nothing
about the soul. Here the achievements of science
are quite modest. According to V. P. Zinchenko,
"no one has ever managed to uncover the mecha-
nism of the miraculous, to attack the absolute (not
only in the field of psychology)... the soul cannot be
reduced to knowledge, feeling and will. The soul is
a mysterious excess of knowledge, feeling and will,
without which their full development is impossible”
[13, p. 4]. Psychology, using the methods of the
natural Sciences, has learned in its constructs and
models to dissect the living psychic whole into
parts, but the reverse synthesis of them into a whole
is still inaccessible to us. The main problems of the
human "I", consciousness, creative and cognitive
capabilities of man, his creative activity, goal-set-
ting in activity, permeating the entire pyramid of
psychological knowledge, without which it is dif-
ficult to talk about the creation of artificial intel-
ligence, remain unresolved.

Problems of techno-modification of human psyche
and creation of systems with artificial intelligence

The creation of human-like intelligent techni-
cal systems and robots, their inclusion in the social
life of mankind, involves serious changes in the so-
cial and personal life of man and society, causing
problems of a moral nature without the solution of
which it would be rash to talk about the emergence
of these systems. Endowing them with the proper-
ties of a reflective system that generates an artifi-
cial "I" can cause social conflicts and the struggle
of artificial systems with man, which nourishes the
authors of science fiction literature and cinema.

The philosophical reflection of the consequences
of technological intervention in the processes of bio-
logical and social evolution of man is reflected in the
ideas of transhumanism, which is an intellectual and
cultural movement, a system of views that support
the use of new data of science and technology to in-
crease the cognitive and physical abilities of man. An
advanced radical version of transhumanism is pre-
sented in the concept of posthumanism [17].

The concept of "transhumanism" was created by
the founder of UNESCO biologist Julian Huxley
(Julian Huxley) in his essay "Transhumanism", pub-
lished in the collection "New bottles for new wine"
(1957). He from positions of global evolutionism
considered possible technological self-improvement
of the person. "The human race," according to Hux-
ley, "can, if it wants to, surpass itself, and do it not
only sporadically: someone in one thing, someone-
in something quite different, but quite differently,
on the scale of humanity as a whole. We need to
give a name to this new belief. Perhaps, the word
transhumanism will fit here: a person will remain a
person, but will surpass himself, realizing the new
possibilities of his own nature" [18, p. 17].

The first problem of transhumanism is related to
its philosophical basis. Transhumanism as a radi-
cal form of materialistic worldview reflects excessive
technocratic optimism, supported mainly by repre-
sentatives of engineering and natural science know-
ledge and quite easily refers to deep psychological
phenomena. Its adherents consider it possible to copy
the mind with the help of a technological procedure
that allows you to transfer the ideal content of the
living brain to other, not only biological, carriers.
This form of philosophical reflection is reflected in
the form of vulgar total cognitivism, whose propo-
nents consider the phenomena of mind and psyche
to be purely informational processes, and man to be
a computer algorithmic biological system.

Theoretically, transhumanism is essentially a new
concept of human evolution in modern conditions.
The transhuman is declared to be a transitional type,
as a new being that has arisen thanks to modern
advances in science and technology. Transhumans
do not have to be future-oriented or the most tech-
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nologically savvy people, nor do they have to be
aware of their "connecting role in evolution." They
have signs of self-identification and active personal-
ity, have improved body implants, asexual, reproduce
artificially, have a distributed personality [19].

One of the unsolved problems of transhumanism
is related to the self-organizing nature of the living,
which prevents the management of these processes
from the outside. Because of this, the actions asso-
ciated with the construction of the living are tech-
nological intervention in processes that have inter-
nal logic and mechanisms of existence. As a result,
the basic structures that determine the work of the
mechanisms of life can be damaged.

Criticism of transhumanism is mainly concerned
with emerging ethical and moral issues in relation
to "failed products of technomodification”. First
of all, it concerns genetic engineering, which con-
tradicts the "will of God" and "violates the natural
order of nature" [20]. According to E. V. Vvedens-
kaya — "transhumanists clearly dominate the belief
in the incredible prospects of technical improvement
of mankind and there is no critical analysis of the
negative consequences of this, taking into account
the existential risks that undermine the foundations
of existence, as an individual and human society”
[20, p. 39]. "Radical genetic modification of the bio-
logical nature of man, according to the expectations
of transhumanists, is only a stage in the further de-
velopment of human autoevolution, when the syn-
thesis of man and machine will have to be realized,
by introducing artificial implants and chips into the
body and brain. Man, according to transhumanists,
goes into the past as a biovid and goes into the future
as a technovid. The world of pathological artificiality
kills all living things in man, he constructs himself,
determines his physical quality. In the consciousness
of the post-man, the boundary between the real and
the artificial is dismantled, not only his corporeality
disappears, but also the true individual "I" [ibid.].

From the point of view of bioethics, "the main
contradiction in transhumanism is the denial of
moral perfection of man and the reduction of his
essence only to the improvement of somatic and cog-
nitive characteristics" [ibid.]. Close arguments about
the violation of the boundaries of the human Self and
the disappearance of the subject in the process of
technomodification of the body and brain are present
in E. V. Mareva — "If nanotechnology and imitation
of living tissue make it possible to replace the human
brain, will the person retain his individuality, per-
sonality? After all, why would I want the immortality
of my body if it wasn’t me? If personality is a deriva-
tive of bodily organization, we lose it by changing
the body. If the personality is a derivative of commu-
nication with similar, not only contemporaries, but
also ancestors through the world of culture, it is pos-
sible to assume that other existence will affect spiri-
tual well-being, but it will be my self-consciousness

and well-being by means of the "repaired” brain as
means, but not essence of my I" [21, p. 173].

According to A. 1. Crimina "you can often find
synonymous understanding of transhumanism and
post-humanism. Although these philosophies work
with modern constructs and use similar terminol-
ogy, their interpretations are fundamentally differ-
ent. The discourse of transhumanism refers to the
Cartesian juxtaposition of soul and body. Despite
the sacralisation of the technological and the purifi-
cation of the Posthuman from such seemingly per-
manent attributes of the living as aging and death,
transhumanism largely continues the ideas of the
Enlightenment. In the understanding of posthu-
manists, the subject is nomadic and represents an
Assembly of the human, animal, digital, chimerical.
Thus violated the main Maxim of humanism about
man as the highest value-man in posthumanism
ceases to be "the measure of all things" [17]. Post-
humanism leads to the idea of the Posthuman and
considers the equality of man, nature and society as
co-evolving self-organizing entities.

At the same time, a number of scientists consider
human techno-evolution inevitable and find a solu-
tion to this problem in strengthening the humanitari-
an component of technological knowledge. According
to V. I. Arshinov and A. L. Andreev, "if we consider
engineering activities in relation to the prospects for
the development of techno-science and sociotechnical
design, it is quite natural that the question of a signifi-
cant expansion of engineering competence due to the
enrichment of its social knowledge may arise. For it is
social science that is called upon to clarify and bring
to the consciousness of man the values, motives and
images that are implicitly laid in the basis of various
programs, projects and directions of techno-science,
as well as to model future "social worlds" that will
arise during the evolution of the techno-sphere cre-
ated by the activity of mankind" [22].

Our rather limited knowledge of the human soul
is accompanied by the currently observed major
technological breakthrough in the natural Sciences
and convergent technologies and their applications.
And this is quite dangerous, because it causes the
technocratic part of humanity to replace the natural
evolution of man with technological intervention in
his body and nature. "Scalpel” is already created, but
who and how will use it? For many people, the an-
swer seems obvious — it’s robotic systems and "smart"
technologies of the future, superior to the natural
intelligence of man and his imperfect mind. Only
they will allow overcoming a barrier of technological
complexity of arising tasks. But unfortunately, we are
not ready for a radical but well-considered action.
The development of the techno-genic environment
of modern civilization is accompanied by the emer-
gence of the problem of increasing its complexity,
intelligence, intellectuality. Special forms of intelli-
gence are required, different from the natural human
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intelligence, which arose and focused on solving the
problems of human biological survival. We do not
know the technology to obtain them. The progress
observed in the last decade in the technologies of
information transmission and processing, unfortu-
nately, also does not automatically lead to the emer-
gence of appropriate quality and efficiency of intel-
ligent software tools, still working on deterministic
algorithms of situational control.

The use of machine learning technologies, which
are currently developing intensively, is considered
by many experts as the beginning of a genuine in-
tellectualization of the world of machines. However,
the fundamental limitation of this technology is the
inability of the machine to independently choose
a training algorithm, since an infinite number of
regularities can be obtained from a finite set of
data. Among them will be algorithms with which
the machine will cope badly. This forces us to turn
to the study of the mechanisms of self-organization
of experience in learning technical systems, leading
to the possible quasi-social development of systems
with artificial consciousness and cognitive develop-
ment of the world, but what will be the result of
machine socialization is unclear to us. Perhaps it
will be a machine repetition of human history, in
which there is no place for man.

The question of creating systems with artificial
consciousness becomes relevant in the problem of
the "smart world", replacing the problem of artificial
intelligence, experiencing a conceptual crisis. The
fact is that the limitations of the intelligence of an
algorithmically functioning artificial system are re-
lated to the limitations of its Creator, reducing his
experience into an algorithm. A system with artificial
consciousness can potentially form a subject-actor
capable of self-learning and assimilation of social
experience of various communities available to him
through language and behavior more effective than
a person. However, we cannot say what kind of per-
sonality will be formed in the process of social and
personal self-organization, and what goals it will set
for itself? Having free will, it can consider a person
an extra link and take appropriate measures.

Most of all, from an engineering point of view,
it would be possible to copy the information about
the personality of a living person, preferably wise
professional and social experience and implement it
into a technical system that creates conditions for
the maintenance and continuation of the process
of mental self-organization ensuring the existence
of a self-organizing self, which is equivalent to the
transfer of the soul to other carriers. However, every-
thing is not as simple as, for example, in a cybernetic
system, the program of which does not depend on
the computer implementing it. A digital copy of a
computer program is absolutely no different from the
original, which allows you to copy it in unlimited
quantities. The mental content of a person is unique,

due to its continuously evolving depending on the
conditions of life psychophysiological structure and
self in the form of an acting subject. This leads to
the fundamental impossibility of simultaneous and
complete fixation of the state of all structures and
processes of the brain involved in the creation and
maintenance of the mental. The solution of this
problem at the present stage of development of sci-
ence and technology is difficult, according to some
authors, almost insoluble problem. In the process of
measuring some States of the structure of the brain,
other parts of it will pass into a new state, as a re-
sult of which the continuity of the process of mental
regulation will disappear. There can be no reflective
subject, which determines the further direction of
development and form of the mental process. Hypo-
thetically, it can be assumed that a working model of
the mental process will be created with a permissible
error, in which all the basic properties of the original
are preserved. However, we do not know with what
accuracy the real brain functions, supporting the
mental content of a particular person, and how stable
it is when changing the physical parameters of the
brain. Indirect observations indicate the existence of
a wide range of stable mental processes that preserve
the "I" of a person, ensuring his self-identification
even with fairly extensive brain lesions after serious
diseases and even clinical death [23]. However, no
one has been able to find a direct physical connec-
tion between the phenomena of subjective reality and
the neurodynamic systems of the brain, although it
is the hypothesis of the presence of communication
is the basis of almost all information models of the
brain. In the center of attention of researchers there
are two main questions of "difficult problem": if to
phenomena of subjective reality it is impossible to at-
tribute physical properties — weight, energy, spatial
characteristics — how to explain 1) their communi-
cation with brain processes and 2) their causal action
on corporal processes. These questions within the
framework of the information concept of conscious-
ness are investigated by Professor D. I. Dubrovsky.
He introduced two initial assumptions:

1) Information must be embodied in its material,
physical carrier (i.e. does not exist outside and in
addition to it);

2) Information is invariant with respect to the
physical properties of its carrier (one and the same
information can be embodied and transmitted by
different physical properties of carriers [16], the
principle of information causality Introduced by
the author is designed and allows to circumvent the
physical limitations of information carriers forming
the content of the human psyche.

To substantiate the information approach, D. 1. Du-
brovsky hypothesized the existence of neurodynamic
codes that determine the existence of qualia. Every
qualia is necessarily embodied in its neural code, does
not exist outside and in addition to it [24].
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Modern models of the mental view it as the re-
sult of the brain, which is a biological computer,
included in multiple relationships with physical re-
ality, presented in consciousness as a virtual subjec-
tive reality. The problem of the subject as an active
participant in the life process, carrying out its ac-
tivities in the context of interaction with the objec-
tive world is the most difficult to understand and
implement in terms of technology. The possibility
of creating an ego-system with a subject acting in
it can be attributed to poorly studied both theo-
retically and practically. Much says that it is a form
of information self-organization arising in the phe-
nomenal field of consciousness.

It is possible to assume possibility of realization
and work of the following mechanism of generation
of the artificial subject environment (the world of
reality of the artificial subject) on the basis of two-
stage model of reducing consciousness (Sergeev S. F.,
Sergeeva A. S., 2016) [25]. In accordance with it, the
perceptual systems of the artificial organism at the
first stage of its development continuously carry out
the process of reduction of the stream of distinctions
coming from the physical world, turning it into a fi-
nite set of interacting autopoetic variants of the States
of the inner world, accompanied by the appearance
of the reflecting subject and his subjective reality. At
the same time the condition of consistent existence
of the physical process generating them is observed.
There are internal and external forms of the closed
cyclic process of transformations of external in inter-
nal and internal in external. It can be assumed that an
artificial system with similar properties is quite pos-
sible to implement technically in the form of a hybrid
cyber-biological form implementing the principle of
re-entry (Edelman J.) [26] and the postulates of the
theory of information synthesis (Ivanitsky A. M.) [27].
According to them, the brain maintains a continuous
recursive cyclic process of parallel multidimensional
comparison of signals coming to the brain from the
brain and the external environment. In cyclic repeti-
tion of operations of comparison of input and output
signals of system the reaction of the arising subject to
the external world is reflected also. The inner form
of the world of the artificial subject is analogous to,
but not identical with, the subjective world of man.
The difference is that the vital needs of the living
organism, which form the activity and motivational
spheres, are embodied in the human subject and his
world. The organism itself creates a subjective reality
for its needs. Subjective history forms occur in the
life process of a subject, his experience is determined
by selective engagement of a dynamic information
system of the brain, bounding the infinite or a very
large variety of possible, which is the subject auto-
matically options world. The selected variants exist
in the subject’s implicit memory as a cloud of possi-
bilities in a potential, timeless form. Each of the vari-
ants can be actualized, constructed and reproduced

in the form of a time sequence of the current reality
of the subject (in its subjective time and subjective
form), reflecting the actual state of the subject in
consciousness. In the memory of the subject is stored
not all the experience, but only the markers that trig-
ger the standard independent biological generators
that make up the network structure that implements
the picture of the world and the subject. It should
be noted that functional independence, standard
behavior and topological organization of generators
contribute to maintaining the spatial-temporal and
modal integrity and stability of the subjective picture
of the world.

Consciousness in accordance with the logic of its
functioning chooses from the existing in the subcon-
scious reduced set of possible options for the develop-
ment of the individual world the most necessary and
close at the moment option, which is implemented
and used to ensure the self-preservation of the organ-
ism and writing the history of the world and the life of
the subject. Thus, there is a two-stage process of for-
ming the image of physical reality. At the first stage,
a base of options is created that do not contradict the
conditions of existence of the autopoetic process of
consciousness and the observed world (the experience
of the subject), and at the second — one of its options
is realized, reproduced in a conscious form.

Note that not all States of the physical world can
be used in the elements of autopoetic self-organiza-
tion of consciousness. Manifests the selective nature
of the psyche. At the second stage of reduction there
is an organization of available autopoetically consis-
tent variants of development of history of the subject.
They are reflected in consciousness in the pheno-
mena of the thinking subject. It should be noted that
the subject evaluates not only the options of his fate,
but also chooses acceptable options according to the
criteria reflected in his personal organization, which
arises under the influence of social orientations cre-
ated by social mechanisms of self-organization.

The given model focuses on the important role
of the need-motivational sphere of a person creating
conditions for the emergence of a reflective subject
and its development in the process of life. How to
provide such mechanisms in an artificial system is
not entirely clear? A reflective artificial conscious
system can function only through self-learning in
the context of its interaction with social or lear-
ning systems. In this case, an artificial personal-
ity is formed, playing the role of an active agent
that determines conscious behavior and cognitive
activity. The introduction of moral codes created
by humanity can be destructive for the psyche of
the artificial subject, which will lose important for
the reflexive system meanings of self-preservation,
organizing and supporting the life of the subject.

According to Thomas Metzinger, the human
Ego and its subjective reality are complex represen-
tational phenomena developed as a result of evolu-
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tion, the result of a process of automatic dynamic
multilevel self-organization. Ultimately, subjective
experience is a biological data format, a highly spe-
cific way in which information about the world is
presented as our knowledge. But there is no such
thing as the Ego in the world. The biological organ-
ism as Such is not the Ego. It is only a form of the
content of representations-namely, the content of
the transparent Self-model activated in the brain
of the organism [28]. Despite the apparent paradox
of Metzinger’s hypothesis, it should be noted that
it is supported by a significant number of studies
and experiments demonstrating the formation and
transformation of the subjective picture of the world
[29, 30 and 31]. In particular, they show the role
of synchronization between multisensory perceptual
signals with the observed form of bodily self-con-
sciousness, developing in childhood and manifested
in a sense of presence in the world.

Metzinger’s research provides a fundamental op-
portunity for the creation and existence of systems
with artificial subjective reality on non-biological
media, which raises a number of problems of a tech-
nological and ethical nature, which can be solved
only by the methods of future techno-Humanities,
which can be conditionally called synthetic peda-
gogy and psychology [32]. These are scientific and
practical disciplines that will inevitably arise and
will study the processes of learning, self-learning
and socialization in artificial, aware of their exis-
tence in the world systems with artificial or hybrid
subjective reality. At present, this area of knowledge
is completely unexplored. We can only outline the
approximate range of problems that will be dealt
with in these disciplines. First of all, it is a prob-
lem of the artificial picture of the world created
by the techno subject in the course of its develop-
ment in the conditions of integration of artificial
sensory-perceptual systems and accumulation of
experience. The creation of artificial sensory sys-
tems that perceive different from human spectra of
physical influences will lead to the emergence of a
special ecological niche of an artificial being and
special forms of relations between him and man.
In the consciousness of the artificial individual,
a multidimensional image of the reality in which he
acts arises, and this reality can be strikingly differ-
ent from the human one. Synthetic psychology is a
discipline cross-border with synthetic biology and
studies the methods of creation and consequences
of social and other existence of mental structures
implemented with the help of various technolo-
gies, including artificial Assembly. The problems
of creation of intelligent systems including those
with specified or previously unknown functions and
properties are considered.

One of the important questions of this discipline
will be the question of the minimum possible struc-
ture that generates the psyche and stable forms of

consciousness. In addition, the psychological cha-
racteristics of a modified person endowed with:

— artificial organs and sensory systems (inclu-
ding new functions and properties);

— artificial emotions;

— artificial consciousness;

— artificial memory (hybrid, distributed and em-
bodied in information environments, etc.).

Note that now we do not know much about the
essence of the emerging artificial mental pheno-
mena, the ranges and boundaries in which they exist,
which would allow us to move to the solution of
technological problems of techno-modification of
the man and the creation of artificial intelligence.
To date, the creation of interface associations "man-
machine" did not affect the essential features of
subjective reality, namely:

— multi-media character, manifested in the in-
tegrity of perceptions and the presence of qualita-
tive organization, reducing the spectra of physical
effects on perceptual systems in subjective images;

—presence of space-time structure and event
character of changes reflecting cause-and-effect re-
lations of the objective World;

— the Presence of the subject playing the role of
an active observer and actor.

Intervention in the perceptual sphere of a person,
the expansion of its capabilities allows the cognitive
system of a person to more effectively use the ranges
of electromagnetic waves inaccessible to the natural
senses. However, at present this operation is performed
only by hardware conversion of the ranges of interest
to perceptually accessible forms using electro-optical
converters, thermal imagers, night vision devices, ul-
trasonic sonars, etc.). The introduction of new sensory
forms into the subjective sphere of man from the mo-
ment of his birth will require the creation of a new
sphere of engineering and humanitarian knowledge,
which can be called sensory engineering.

Technomodification of subjective reality is a
form of purposeful change of properties of subjec-
tive reality of the person by means of technologies,
and here the main role is played by technologies of
genetic engineering and neurobiology which reflect
a materialistic picture of the world. The relationship
between mental and physical States and processes is
studied. However, many scientists deny the possibi-
lity of "reduction" of mental phenomena to proces-
ses in the Central nervous system [33]. According
to them, the mental controls the physiological pro-
cesses of the brain, which create the conditions for
the emergence of mental regulation.

The psychology of emerging artificial sensory
forms in addition to human psychology in the natu-
ral world is taking its first steps and it is very im-
portant that it does not fall victim to technocratic
ideas about life.

Artificial senses lead to the appearance of artifi-
cial additional modalities in the consciousness and
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subjective reality of the modified person. Additional
or modified senses are possible. It is important how
they can be integrated into a consistent picture of
the world of the subject, providing him with the
right and opportunity for a happy and dignified life.
Note that systems with artificial consciousness
are systems that generate their subjective world and
generate an acting subject, realizing the goals of
their existence. The concept of "subject” reflects the
properties of a holistic self-organizing system en-
dowed with a mechanism of consciousness, oriented
in the world manifesting the properties of persona-
lity. However, it is impossible to know what kind of
personality will be formed in the process of artifi-
cial life, since it is the result of the evolution of a
self-organizing system, interference in the work of
which destroys the mechanism of self-organization.
Popular in the engineering environment, the idea
of endowing a reflexive artificial system with the nec-
essary personality traits does not take into account
the holistic nature of the personality, its non-reduc-
ibility to the sum of independent traits. For example,
in the model of V. A. Wittich, a person in the social
ergatic system proposed by Him is considered as a
rather limited being whose personal properties can
be neglected [34]. The author left him only functions
"atomic Holon" and opportunities manifestations of
"sense of solidarity". This is clearly not enough for
systems that model the behavior of an active person.
In conclusion, we can conclude that humanity is
only at the initial stage of creating systems like living
systems endowed with consciousness and reason.
Solving these problems will require the mobilization
of the scientific community in the field of natural
Sciences, Humanities and technical Sciences.
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KOHuenTyaanble OCHOBbI aBTOMaTuU3auunun ynpasreHnsd yCtaHOBKaMu
SﬂeKTpOLl,eHTpO6e)KHbIX HacocoB He(bTeAOGbIBaIOLIJMX CKBaXWUH*

Cmamps nocesujeHa aHaiu3y aKmyanibHuiX 3a0a4 a8mMoMamu3ayuu ynpagieHus yCmanoeKkamu 31eKmpoyeHmpooeicHoix
Hacocoe (YOLIH) nepmedobviearouux ckeaxncun u cospemerHvle nodxoovt K ux peuwienuro. Ilokazano, umo pewenue 3a0auu
ynpaeaenus YOIIH mpebyem cozdanus caodxucHvix MHo20yposHesbix cucmem (ACY YIIIH). Paccmompen 06yxypogHegwili noo-
x00 k nocmpoenuio ACY YDIIH, exaouaroueli 6 cebs NAAGHUPYIOWUT U ONepamueHblil YPOSHU YNPABACHUS, 20e NAAHUDYIOUWULL
YpoeeHs gvipabamobieaem mpedosanus k napamempam pexcuma pabomst YOIIH, o6ecneuusarouyum onmumaibhole NOKazamenu
dobbivu Hedhmu, a onepamueHblil ypoeersb obecnevusaem ux peasuszayuro. l[lpusedensvr n00xo0vl K NOCMPOEHUIO CMPYKMYPbL U
AN20pUMMUYECK020 00ecneueHUs YKA3aHHbIX YPoeHell ynpasienus. Paccmompen nooxoo K peaau3ayuu NAGHUPYIOUW€20 YPOBHS
YRpasaeHus Ha 6aze Kycmogeo2o UHPOPMAYUOHHO-BbIUUCAUMENbHO20 YUEHMPA, 83AUMOOeUCMEYIue20 ¢ 0MAeibHbIMU 2DYNNAMU
CK8AXNCUH MECMOpPONCOeHUs, A MAKIce ¢ UHPOPMAYUOHHO-BBIUUCAUMENbHBIM UECHMPOM MeCMOPONCOeHUs, Pearu3yiouum Koop-
OQuHuUpylOuee ynpasieHue mecmopoxcoenuem 6 yeaom. Paccmompen nodxoo k nocmpoenuro onepamuenozo ypoeHs ynpaeieHus
Ha 0CHOBe (OPpMUPOBAHUS MAKUX ROOCUCIEM, KAK NOOCUCMeMAa 8bi600a Ha pedxcum pabomesl, obecneuusaiowas nepexod YOI H
HA ONMUMAABHBLL PedcuM; NOOCUCHEMA Pe2yaupyoueeo ynpasieHus, obecnevuearnuas nodoepicanue napamempos peicuma
pabomul 8 YCAOBUAX BO3MYUAIOWUX 6030elicmEUll; NOOCUCMeMa A8APUIIHO20 YRPAGAeHUS, NPeOOMBPAUAIOWAS 803HUKHOBEHUE
omkazoe. Paccmompervt no0xo0sl K NOCMPOCHUID AA20PUMMUUECK020 00ecneyeHus 045 peueHus 3a0a4 YKA3aHHbIX NOOCUCHEM.

Karwueewie caosa: Hed)medo6b13aiougaﬂ CKeasMcuna, 3/l€Km[70L{€Hmp06€JICHbIIZ Hacoc, MHO20YpPO6HeBblIE cucmemsl ynpaeie-
HUA, aemomamu4eckoe pecyaupoearue, aeapuﬁﬁoe ynpaenernue

BBenenne

B Hactosiee Bpems 1o 70 % Hed T 10ObIBaeT-
cs Ha 0a3e yCTaHOBOK 3JIEKTPOLIEHTPOOEXKHBIX Ha-
cocoB (YBIIH). BTo 00ycnoBIMBaeT aKTyaJlbHOCTb
HENpepLIBHOIO MOBBIIIEHUST ITOKa3aTejaeld nux 3¢-
(beKTMBHOCTH, TaKMX KaK MHPOU3BOAUTEIbHOCTb,
5KOHOMMYHOCTb, BpeMs 0e30TKa3HOil paboThl U
Ip., KOTOpbIE B UTOre (POPMUPYIOT ceO0ECTOMMOCTh
noobiBaeMoil HepTU. TToBbllIeHUE yKa3aHHOU (-
(bekTUBHOCTU OOCTUIaeTCs KakK MyTeM COBEpPILICH-
CTBOBAaHMUS BKCILIyaTallMOHHBIX MOKAa3aTeseil 3Jie-
MmeHTOoB YOI H, Tak 1 nytem co3naHus 3p@eKTUB-
HBIX aBTOMAaTU3WPOBAHHBIX CHUCTEM YIIpaBJICHMS
(ACY). Onbit ucneitanuii ACY YBIH paznuu-
HBIX MPOU3BOAUTENCH MOKa3ad UX 3HAUMTEIbHBIM
MOTEHIIMaa IO TOBBIIIEHUIO TaKMX IOKa3aTeliei,
KakK BpeMs 0e30TKa3HOM pabOoThI 3a CUeT aBTOMa-
TUYECKOTO TIpeAOTBpallleHUsI aBapuiHBIX CUTya-

*UccnenoBaHue BBITIOJHEHO Mpu (UHAHCOBOI TMoAAepkKKe
PO®U B pamkax HayuHoro npoekTa Ne 17-08-01569.

LU, MPOU3BOAUTEIBHOCTh U 3KOHOMUYHOCTH 3a
CYeT aBTOMATHUYECKOro IIoAAepXaHUs ONTHMaslb-
HBIX peXXUMOB paboThI. B TO ke BpeMs MCIbITaAHUS
JaHHBIX CUCTEeM, IIPOBOAMMBIE BeAYIIUMU HedTe-
JOOBIBAIOIIMMU  IIPEANPUATUSIMU, TOKA3bIBAIOT
psio HEOOCTAaTKOB, CAEPXKMBAIOLIMX MX MacCOBOE
BHenpeHue [1]. OmHoI U3 OCHOBHBIX MTPO0JIEM, BbI-
SIBJIGHHBIX B IIPOLIECCE NJAaHHBIX UCIIBITAHUM, SIBJISI-
eTcsa HemocTarouHasl 3(p(PeKTUBHOCTL aJITOPUTMU-
yeckoro obecnieueHuss ACY YBIIH, npuBonsias
B psie CJy4yaeB K HEJOIIYCTUMBIM yIIPaBJIeHYECKUM
pemieHusIM. PerieHne maHHO# TIpoOiIeMBI CBSI3aHO
C COBEpIIEHCTBOBAaHMEM METOMOJOTUM CHHTE3a
aJITOPUTMOB YIIPaBJICHUsI, BKJIOYasl IIOBBIIIECHUE
3P HEeKTUBHOCTU TMPUMEHSIEMBIX MaTeMaTUYeCKUX
MOJEJIEM, a TaKKe€ NPUMEHEHHUE MOCTUXKECHUI CO-
BpPEMEHHOI TeOpUU aBTOMATUUECKOro YIIpaBJIeHUS
1 UCKYCCTBEHHOI'0 MHTEJLJIEKTA.

B nanHOI cTaThe MPUBOAUTCS aHAJIUTUYCCKU
0030p aKTyaJIbHBIX 3aJa4 aBTOMaTU3alluM yIIpaB-
nenus YOI H HedTenoObIBalOIINX CKBaXWH U
MOAXOMbI K UX PEelLIeHUIO.
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VBIIH Kak 00beKT ynpaBjieHus

Hnsa onpenenenuss YOIIH kak o6bekTa yrpaB-
JICHUST HEOOXOMMMO BBIICIUTH TaKHe I1apaMe-
TpHI, KaK yIpaBisieMble TapaMeTpbl X, mapamMe-
Tpbl ynpapisiomux U u Bo3Mymamiiux V¥ Bo3-
necTBuii. s 3TOro paccCMOTPHUM CTPYKTYpy U
NPUHIUT OEUCTBUS coBpeMeHHBIX YOIIH.

YBIH npencrasisieT co00il CIOXHYIO MHOTO-
CBSI3HYIO CHUCTEMY, OCHOBHBIMHU 3JIEMEHTAMM KO-
TOPOI SBISIOTCS: KOJOHHA HAaCOCHO-KOMIIpecC-
copHbix Tpyo (HKT), dpopmupyroias kaHan aias
IBUKEHMS TOObIBA€MOI KUIKOCTU U3 CKBaXKMHBI
B HazeMHylo cucteMy cbopa Heptu (HCC) mo-
cpelncTBOM ycTheBoro obopymoBanus (YO); 1o-
rpyxHoil neHTpobexHbiii Hacoc (LIH), obGecne-
yyBawIIMii Hamop U nogady xuakoctu B HKT;
MOrpy>KHON (ACMHXPOHHBIM WM BEHTUJIbHBIN)
anekTpoaBurarens (IIB/), obecneunBamIInii
CKOpOCTh M MOMeEHT BpameHus IIH; cranous
ynpasieauss (CY), obecneumBaromiasi u yIIpaB-
msmomas saekrpornuTanueM [19/] ¢ momolbio
YIpaBJIsSIEMOr0 YaCTOTHOTO IIpeoOpa3oBaTes; Ka-
oenp nutanug (KII), obecreunBamouii nmogavy
anekrponutanus or CY B IID/; tenemerpuue-
ckas cucrema (TMC), obGecrieunBalolasi uU3mMepe-
Hue u nepegayy B CY 3HaueHMW ImapaMeTpoOB, Xa-
PAKTEPU3YIOIIUX COCTOSTHUE MOTPYKHBIX 2JIEMEH-
ToB YOI H (Temmneparypsl, JaBjieHUs1, BUOpaLlUH,
3JIEKTPUYECKUX TOKOB U Ap.) (puc. 1, cM. BTOpyIo
CTOPOHY O0JIOXKMN).

PaccMOTpuM OCHOBHBIE OCOOEHHOCTU PaOOTHI
VYBIH, cBg3aHHBIE C €€ B3aUMOJCUCTBHUEM C He(-
TEHOCHBIM I1JIaCTOM M cKBaxxuHoi (puc. 1). [Ho
Havaja IIpoliecca M3BJIEUEHUS XMIKOCTh (CMECh
n3 HedTH, BOABI, paCTBOPEHHOTO ra3a M Ap.) To-
crynaet B obcanHyo KoJoHHY (OK) ckBaxXuHBbI
1“3 HeTEHOCHOIO IIJacTa BCJEACTBUE Pa3HMIILI
MEXAY IJIACTOBBIM JaBJIeHUEM Pp, M AaBIeHUEM
P35 B 3a00i1HOI 30HE CKBaxXWUHBI (P35 < Pr,),
00pasyst MPUTOK MIACTOBOW XuAKOCTU Oy, [0
Mmepe 3amonHeHusT OK KMIKOCTBIO TPOMCXOAUT
pocT 3aboiiHoro npasieHusi Ps,s, cO31aBaEMOro
CTOJIOOM Ly NAHHON XKUIKOCTU: Psyq pgLx,
Iie p — MJOTHOCTh XMIKOCTH, § — YCKOpEHUE
cBoOoagHoro maaeHus. Ilociae Toro kak 3a0oii-
HO€ [aBJIEHUWE IOCTMraeT 3HAuY€HHUS ILIACTOBOrO
(P36 = Pry), TPUTOK XKMAKOCTU B CKBAaXUHY
npekparaercst (Qp, = 0), ycraHaBiuBaercs: cra-
TUYECKasT BBICOTA Ly CTON0A XXUIOKOCTH U COOT-
BETCTBYIOIINUI YpOBeHb H (CTaTUYECKUII YPOBEHD)
KMJIKOCTH, PaBHBIM pacCCTOSHUIO OT YCThSl CKBa-
>KMHBI 10 MOBEPXHOCTU XUAKOCTU: H = L, — Ly,

rne Lcy, — IJIMHA CKBaXXWHBL. 1 M3BIEYEHUS

KUAKOCTU B CKBaXkMHY ornyckaercd YOI H Ha rny-

OuHY, paBHYIO 1JuUHE Lyt KonoHHsl HKT. TTocre

BkJtoueHus YOIIH mpoucxogut orToKk Q XHUIKO-

ctu u3 ckBaxkuHbl B HKT u manee B HCC. OTrok

BBI3BIBAET ITOHMXKCHME BBICOTHI CTOJIOA XKUIKO-

CTU Ly, NOBBILIEHME YPOBHSA H, CHUXEeHUE 3a001i-

HOT'O JaBJIEHUSI HUXE MJIACTOBOrO (P35 < Pp,) U

B pesysibrare BO30OHOBJICHUE MPUTOKA Oy, KU~

KOCTM B CKBaxXuHy u3 mjacrta. [lociae Toro kak

IIPUTOK CPaBHUBAETCS C JIOOBIBAEMBIM ITOTOKOM

(Opp = 0), MPOUCXOAUT CTAOUTU3AIIMS BBICOTHI

Ly cronba xuakoctu U ypoBHs1 H (amHamuye-

cKkuit ypoBeHb), a YOILIH BrIXonuUT HAa HOMUHAJb-

HBI peXXuM paboThI ¢ AeoutoM Q.

PaccMoTpuM OCHOBHEBEIE MapaMeTphl, XapaKTe-
pusytomiue YOIIH:

1) MHOXecTBO TTapamMeTpoB (A), onpeneasIoIInX
cBoricTtBa YOIIH, BKirIouaroiiee B ceos:

* TOAMHOXECTBO MMApaMeTPOB (4,), ONpeaeTSIOIInX
cBorictBa anemeHToB YOILIH: 119/, ITH, HKT;

* TIOAMHOXECTBO MapaMeTpoB (4,), onpenessio-
IIMX CBOMCTBA HE(PTEHOCHOIO IJIaCTa: MPOHU-
11a€MOCTb, IaBJIEHUE U JP.;

* TOJMHOXECTBO NapaMeTpoB (43), onpenesnso-
IIUX CBOWMCTBa JOOBIBAEMOM XMIKOCTH: KOH-
LIEHTpaluu He(TU, BOIbI, ra3a; BI3KOCTb, TEM-
rneparypa u ap.;

2) MHOXecTBO mapameTpoB (B), xapakTepusy-
oKX Ipouecc HedrTemoObrunm Ha 0Oase YDOILIH,
BKJIIOYAlOIlee B ceOsI:

* TMOIMHOXECTBO NapameTpoB (B)), xapakTepusy-
IOIIMX POLECC IBMXEHMS JOOBIBAEMOM XKMIKO-
ctu: neout Q, TMHAMWYECKUI ypoBeHb H 1 np.;

* MOIMHOXECTBO mapameTpoB (B,), xapakTtepu-
3ylomux pexum padotsl [1D]/1: moTpedasiemas
MOIIIHOCTD, IMapaMeTphbl 3JeKTpUYeCcKUX (Pasz-
HBIX HAIIPSIKEHWU M TOKOB; TeMIlepaTypa; Te-
Kyllass HapaboTKa M 1p.;

* TIOAMHOXECTBO MapameTpoB (B;), xapakTepusy-
oux pexxum padotsl LIH: Hanop, nmogaya, nas-
JICHHE Ha BXOJE M BBIXOJE, TeMIiepaTypa U Ip.
C ToukM 3peHHUs yIpaBJieHUsI YKa3aHHBIC Iapa-

METPhl MOXKHO pa3feuTh Ha CJEAYIOUIEe TPYIITHL:

* ynpasiasemble napameTpol: X = (B, B;);

* [apameTpsbl yNpaBisiowux Bo3aeicTeuii: U= B,;

e IapaMeTphbl BO3MYIIAIOIIMX BO3AeHCcTBuUil: V =
= (Ala A2’ A3)

Anamm3 YDIH xak o0bekTa ymnpaBJIeHUS,
BKJIIOYasi MaTeMaTWYeCKue MOJeau, IpPUBEICH
B pabotax [4, 7, 8].
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Ilean, 3a7a4n ¥ 0000MIEHHAS CTPYKTYpa
ACY YBIIH

Henpio ACY VBIH gaBagercsa obecrieyeHue
MHOXeCTBa Pupr MPOEKTHBIX TOKa3arejaell 3Kc-
nayarauun YBOIIH, Takux Kak NpoeKTHBINA cpel-
HEeromoBoOM NeOUT HePTU, TPOEKTHBIN MEXKPEMOHT-
HBIM TIepuod U ap. das JOCTUKEHUS yKa3aHHOM
LieJId HeoOXOAMMO pellieHHe B pealbHOM BpeMEHU
clleAyIolrX 3a1ay4:;

e oOecrneyeHHe ONTUMAJIbHBIX ITapaMeTpoB 3Je-
MeHTOB YOLIH (B));

* ToAJep:KaHHWe ONTUMAJbHBIX ITapaMEeTpPOB pe-
kuMa pabotel YOUH (B,).

HaHHas 1eJb MOXET ObITh TOCTUICHYTa Ha OC-
HOBe ABYXypoBHeBo#l cTpykTypel ACY VOBIIH,
BKJIIOYAIOLLIEH B CEOs:

*  NAGHUPYIOWUL YPOBEHb YNpaeaieHus — OIpele-
JIeHUEe ONTHMMAaJIbHBIX IapaMeTpOB 3JIEMEHTOB
YOUH (B, opr) ¥ mapaMeTpOB pexnuMa paboThl
YOUH (B, onr);

* onepamueHslli ypo8eHv YNpaeneHus — peallud-
3allisl ONTUMAJbHBIX IapaMeTPOB 3JEMEHTOB
(B, = B, opr) ¥ MapamMeTpoB pexuma paboThl
YOUH (B, = B, oni7)-

PaccMoTpuM noaxon K peaau3allMyd IBYXYpPOB-
HeBoil cTpykTyphl ACY YBIIH (puc. 2, cM. BTO-
pyIo cTOpoHyY 0010XKHM). [TnaHupyoommnii ypoBeHb
yIIpaBJeHMs peajlnu3yeTcsl Ha 0a3e KYCTOBBIX MH-
(bopMallMOHHO-BBIYUCIUTENAbHBIX 1LIEHTPOB, OX-
BaThIBAIOIIMX OTHAEJbHBIC TPYIIIbI CKBaXXUH Me-
CTOPOXIEHHUSI, B3aMOACHUCTBYET C ONEpPaTUBHBIM
ypPOBHEM YIIpaBjeHUs, a TaKXe ¢ MHPOpMallMOH-
HO-BBIUMCIUTEIbHBIM LEHTPOM MECTOPOXIECHMS,
peanus3yloluM KOOpAMHUpYIOllee YIpaBleHUE
MECTOPOXIEHHUEM B LIEJIOM.

Hanee pacCMOTpPEHBI MOAXOAbBI K IMOCTPOEHUIO
aJITOPUTMHUYECKOTO 00eCIIeUeH sl YKa3aHHBIX YPOB-
HEW yIIpaBJICHUS.

|
|
Il1anupyomuii ypoBeHb |

ynpasiaenus YOIIH i

[Tnanupylomuit ypoBeHb yHOpaB-
JIEHU S pean3yeTcsl Ha 0a3e KyCTOBbIX

NHbopmaumoHHO-
BbIYNC/IUTENbHbIV LEHTP
MeCTOpOXaeHunA

1) onTumanbHbBle 3HAYeHUST napaMeTpoB Yonr
anemeHTOoB YOUH n Meponpusatus Mgpt 1o ux
obecrneyeHWI0 (3amMeHa DBJIEMEHTOB, HW3MEHEHUe
IYOUHBI TIOTPYXKEHMSI, TEO0JIOrO-TeXHOJIOTnYe-
CKMe MEPOIPUITHUS U 1IP.);

2) onTuMajibHble mapaMeTpbl Xopp PEXMMOB
padoTel YOI H (ycTaBKM) OTHEABHBIX CKBaXKIH.
Hanee ykazaHHbIe pellIeHUs TIepeaaroTcs Ha ore-
paTUBHBIN YPOBEHbD YIIPaBJICHU S 1JIs1 pealiu3aliui.

PelleHns1 mpruHUMAaIOTCS Ha OCHOBE CJIENYlO-
el BXOAHOK MH(pOPMaLUN:

I) Tpebyemble (ONMTUMaJibHbIC) 3HAUYEHMS TO-
kazaresnen Popr HeQTemoObIYn CKBAXWH TPYTIIIHI,
rnojiyyaemble OT MHGOPMALIMOHHO-YIPaBISIOIIE-
ro LEHTPa MECTOPOXICHHUS; JaHHBIE MapaMeTphbl
BbIpabATHIBAIOTCS B 1I€JISIX KOOPAWMHUPOBAHUS pa-
0OTHI BCEX TPYII CKBAaXXUH MECTOPOXIACHMS;

2) mapameTpbl G, XapaKTepu3ylollue TEeKYIIyIo
reoJIOrMYecKyi0 00CTaHOBKY M CBOMCTBA AOObIBae-
MOW XHUAKOCTU B 00JaCTU MUTAHUS TPYTITbI CKBa-
JKUH OT T€OJIOTMYECKUX CIIYKO MECTOPOXKACHUS;

3) mapameTpbl X pexumoB padcorel YOILIH ot
OTAEJbHBIX CKBaXXUH T'PYTIIHI.

ABTOMAaTH3alMs MaHHOTO YPOBHS MpeAarnoJa-
raeT MpUMEHEHNEe CHUCTEM TOAAEPXKKU MPUHSTUS
yIPaBJICHUYECKNX PEIICHUI, pelialolinX Claeayo-
1IMEe OCHOBHBIE 3a7a4K:

1) cOoop, mpeaBapuTenbHass 00paboTKa, KJIacCH-
(ukanus OONBIINX MAaCCHMBOB IMOJYYEHHOU oOIe-
paTUBHOM WMH(pOPMALIMM O Pa3AMYHBIX acHeKTax
mmpoiecca HeTenOObIUN;

2) IpOTHO3MPOBaHUE PA3BUTHUS TMPOLIECCOB Ha
CKBaXXWHAaX TPYIIIIbI;

3) BBIpabOTKA PEKOMEHIALIUI IO IPUHSATHIO
pemenuii 06 ynpapiaeauu YO H ckBaxun rpyn-
Mbl, obecreyunBaloliMX TpeOyemble IOKa3aTenu
HedTen00bIun.

OxonuarensHble peweHus (Yonr, Xonr) npu-
HHUMAIOTCSI TEXHOJIOTOM (puc. 3).

I/IH(I)OpMaL[I/IOHHO—BI)I‘{I/ICI[I/ITe.T[bHI)IX
HOECHTPOB, OXBAaTbIBAIOIIMX OTACIIbHBIC

Cucrema
noAAEPIKKM

»

TexHosnoe OnepaTuBHbIii ypoBEHb |
[}

ynpasneHus Y3LUH

TPYTITBI CKBaXKUH MECTOPOXKICHUS.
3amaueilt JaHHOTO YPOBHS yIIpaB-

JICHUYCCKUX peLHCHI/Ifl, BKJIIOYAKOIIMNX
B ce0s:

1
NPUHATUA peLweHni ] '
1

MnaHupylowmii yposeHb ynpasnenusa Y3LH
JICHUSA SABJISACTCA Bpra6OTKa ynpaB- _ TS ITo TSI SISt ____ a

Puc. 3. CtpykTypa cucTemsbl IIIaHUPYIOIEro ypoBHs ynpasienus YOIIH
Fig. 3. The structure of the planning level of the ESP control system
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[Toagxombl K MOCTPOCHHIO MaTeMaTHMYEeCKOIo U
AJITOPUTMUIECKOTO O0OeCIeueHMsT YKa3aHHBIX CH-
CTeM TOANCPKKM IPUHSATHS PEIICHU Ha OCHO-
BE METOIOB TEOPUM MCKYCCTBEHHOTO WHTEJIJICK-
Ta paccMOTpeHBl B paboTax [5, 6]. CoBpeMeHHEBIE
MOIXOMbI K IOCTPOCHUIO aJITOPUTMOB KOOPIAWHM-
POBAHHOIO YIPAaBJICHUS TPYyNNaMMU CKBaXXUH Me-
CTOPOXIEHUS pacCMOTPEHEI B paboTax [2, 3].

OnepatuBHblii ypoBeHb ynpapjienusa YDIIH

OnepaTuBHBII YPOBEHb SIBJISIETCS HUXHUM
ypoBHeM yripaBienus YOIIH, Ha koropoM Hero-
CPEICTBEHHO BBHIMOJHSIIOTCS YIIpaBJICHUECKUE pe-
wenus (Yonr, Xonr), BbIpaOOTaHHBIE HA MJIAHU-
pylolieM ypoBHe. 3aJauyd OINEepPaTMBHOIO yPOBHS
MOXHO pa3AejuTh Ha CAEAYIOIINE BUIBL:

1) oOecrneyeHue ONTUMAJbHBIX IIapaMEeTPOB
Yot 21emeHToB YOLIH — 3amMeHa U peMOHT 3J1e-
MEHTOB, T€0JIOr0o-TE€XHOJOTMYeCKUEe MEpPOMIpUSI-
TUS; JaHHAs 3aJadya BBHIIOJHSIETCS IIepUOarYe-
CKHM CO CPaBHUTEJIbHO OOJBIIMMHU MHTEpPBaJIaMU,
MpeacTaBaseT COO0M MHOXECTBO CJIOKHBIX TeX-
HOJIOTMYECKUX OIlepaliuii (CIyCK, NOABbEM, JEMOH-
TaX U T. A.) U B LIEJIOM BBIIOJHSIETCSI BPYUYHYIO;

2) obOecneyeHue OINTHMAaJbHBIX IIapaMEeTpPOB
Xont pexuma paborsl YOLH — mnonnepxaHue
neOuTa CKBaXXUHEBI, IPeaoTBpallleHue aBapUHBIX
CUTYyalIU# U JIp.; pellieHue JaHHOU 3a7auyu TpeodyeT
KOMILJIEKCHOI aBTOMAaTU3alluM.

PaccMoTrpuM moaxonbl K aBTOMaTHU3alluM 3a-
Jayu obecrieyeHusl ONTUMaJbHOro pexxuma pabdo-
Tl YOIH. JInsg 3Toro neiecoodpa3Ho pa3aeiuTh
JaHHYIO 3aJa4y yIpaBJIeHUS Ha CIEIYIoILIue CO-
CTaBJISOIINE: aBapUiiHOE yIIpaBJeHHUE;, YIIpaB-
JICHUME BBIBOAOM Ha pPeXHUM pabOThI; PEryJupo-
BaHHUeE TTapaMeTpoB pexuma padbotel. Kaxngas us
yKa3aHHBIX COCTAaBJISAIOIIMX 3adayMd YIpaBJICHUS
TpeOyeT CBOETO allllapaTHOI'0 aJTOPUTMUUYECKOIO
obecrieueHM s, KOTOPbIE pACCMOTPEHBI HUXKE.

ABapuiinoe ynpasiaenue YDIIH

Llenr aBapuifHOro yIIpaBJICHUS
VYBIH — npenoTBpallieHe OTKa30B

1) 3ammTa OT HeTaTUBHBIX (PAKTOPOB 3JIEKTPO-
muTtanusg YOI H, Takux Kak OTKJIOHEHWE aMILIN-
TyO (pa3HBIX HANPSKEHWI OT HOMUHAJIBHBIX 3HA-
YyeHM; nucOalaHC aMIUIATYHA (ha3HBIX HaIlpsixKe-
HUU U Op.;

2) 3alMTa OT HeraTMBHBIX (paKTOPOB JOOBIBA-
eMOH XMIKOCTH, TAKMX KaK ITOBBIIICHHOE COIep-
KaHME MEXaHWYEeCKUX IIPUMECEi; ITOBBIIICHHOE
cofiep>KaHWe PAcTBOPEHHOIO Trasa; IMOBbIIIEHHAs
TeMIiepaTypa I00bIBaeMOU XUAKOCTU; ITOHUKCH-
HOE TMJIaCTOBOE JaBJICHUE U JP.;

3) 3ammTa OT HETaTUBHBIX TEXHOJOTHMYECKUX
(axTOpOB, TAKNX KAaK CHHUKEHUE CONPOTHBIICHUS
U30JISIIMK KaOessl MUTAaHUS, CIUB XHIKOCTU W3
HKT; nuc6amarnc oOMOTOK IOIIOCOB CTaTOpa U Ip.

ATrmmapaTHOe 00ecIleueHre aBapuHOTO yIIpaB-
JICHUS BKJIIOYAET B Ce0sI M3MEPUTEIbHBIC YCTPOii-
CTBAa, KOHTPOJIJIEp U MCIHOJTHUTEIbHBIE YCTPOM-
crBa. K m3mepsseMbIM KpUTHUYECKUM HapaMeTpam
OTHOCSITCS: TapaMeTpbl (a3 IMUTAIOIIETO HaIps-
KEHUS;, IapaMeTpbl MNOTpeOsseMbIX (ha3HBIX TO-
KoB; Temniepatypa [19/1; naBienue Ha Bxoae [19]]
u ap. Mi3MepeHre BBHITIONHSETCS C MOMOIIBIO Ha-
3eMHBIX U3MEPUTEIBHBIX YCTPONCTB M IIOTPYK-
HBIX TEJIEMETPUUECKUX CUCTEM, TAKUX KaK TEPMO-
MaHomeTpuueckue cucteMsl (TMC). @yHKIUMU
KOHTpoOJIJIepa ¥ WCIOJHUTEIBHOTO YCTPOKCTBA
3[€Ch BBITIOJHSIIOT 3JIEMEHTBI B COCTAaBe CTaHIIMI
yrpasjaeHus YOIIH.

AJNTropuTMHUYECKOEe oOecIieueHne aBapUIHO-
ro yrnpaBJeHUs TPeACTaBisieT coOOO0l MHOXECTBO
pelIaIInX MPaBUJI, BHITOJIHSIONINX JOITYCKOBBIN
KOHTPOJIb KpUTHYecKnx mapamerpoB YOI H u
¢dopMupoBaHHEe CHUTHAJIOB Ha M3MEHEHUE PEXU-
Ma paboTel YOILIH. AnropuTmbl HOJKHBI TaKKe
ImpeaycMaTpuBaTh BO3MOXKXHOCTh aBTOMAaTHYECKO-
ro BBIXOJA M3 aBapUIHOrO pexXuma IIpU IIpeKpa-
IIEHUN IOEHCTBUS HETaTUBHBIX (PaKTOpoB. B3am-
MOJEHCTBAE C IUIAHMPYIOIIUM YPOBHEM YIIpaB-
JICHUS 3[€Ch BBIMIOJHSCTCS ITyTEeM MOJIYYEeHUS OT
HEro 3HaYeHUI TOMYCKOB 1 KPUTEPUEB BHIXOHA U3
aBapuitHOro pexmma (ycraBok). CTpyKTypa Ioa-
CHCTEeMbl aBapUIHOIO yIIpaBJeHMS ITOKa3aHa Ha
puc. 4, rne X, — MHOXECTBO yCTaBOK, X; — MHO-

ero snementos (M9, LH) nyrem | ____ ¥ ______ X:

. | NI 11

MX 3alUTBl OT IEHCTBMSI pasiuy- i TMrampyomuii | X, Astropur™ U OGbexr ynpasienus !

' — aBapUIHOTO —>

HBIX HEraTUBHBIX (hakTOpoB. 3ama- '  YPoeere P !

. (b p a : | ynpaBneHus : yIpaBICHHUS (cxBanma ¢ YOLH) :

Yy aBapUUHOIO YIPABICHUS MOXHO |i------------- ' R VA

pa3neNUTh HA CHENYIOUINE TPYMIBl - - - oo — - - _____—_-———-—__ J
o BUJAM HambOojiee 3HAYMMBIX He- Puc. 4. CTpyKTypa nojicucTeMbl aBapuiiHoro ynpasienus YDI[H
TraTUBHBIX (AKTOPOB: Fig. 4. The structure of the subsystem for ESP emergency control
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JK€CTBO M3MEPSIEeMbIX KPUTMYECKUX TapaMeTpoOB
YBIIH, U — MHOXeCcTBO YHpaBJsSiOIIUX BO3ACH-
CTBUM, Z — MHOXECTBO KOHTPOJUPYEMbIX Tapa-
METPOB, XapaKTePU3YIOIIMX HEraTUBHbIE (PaKTOPHI.

PeryimpoBanue napaMmeTpoB
pexuma padorsl YOIIH

OnHoit U3 HanboJiee aKTyaJIbHBIX 3aJ1a4d pery-
JIMpOBaHUS IapaMeTpoB pexuma padoTel YIOIIH
SIBJISIETCSl TOAACPXaHNEe MaKCHMaJIbHO AOMYCTHU-
Moro geouta Q cKBaxkKuH.

AnmnapaTHoe oOO0ecleyeHue peryJupylolero
yIIpaBJeHUsS BKJIIOYAeT B ce0s M3MEPUTEIbHBIE
YCTPOMCTBA, KOHTPOJUIEp U HCIOJHUTEIbHEIE
ycTpolicTBa. HemocpeacTBeHHOE onepaTUBHOE W3-
MepeHue Ae0uTa Ha CKBaXKMHE CEroJHs ammapar-
HO HE peajM3yeTcsl, BMECTO 3TOr0 MCIOJb3YIOTCS
KOCBEHHbIEC OLICHKU C IIOMOILbIO JaTUMKOB IMHA-
MUYECKOTO YPOBHS H XUIKOCTU WX IaBICHUS
Pgx xunxkoctu Ha Bxozne Hacoca. DyHKUMU KOH-
TpoJuiepa U UCIOJHUTEIbLHOTO YCTPOMCTBA 3[1eCh
BeinofiHAT 3jemeHThl (ITJIK, TTY) B cocTaBe
IITAaTHBIX cTaHUMi ynpasiaeHus YOI H. Ynpas-
JsomuM BosaeiicTBueM U 3aech SIBASIIOTCS Mapa-
METPHI BJIEKTPUUECKOrO MUTAIOIIETO HAIIPSI)KEHU S
[ID (neiicTByloliee 3HaUEHUE U, YacTOTa f).

AJITOPUTMHYECKOE OO0ECIeUeHUe peryiupylo-
LLIEro yIpaBjeHUs MPeAcTaBiIseT co00i 3aKOH Bbl-
paboTKM yrpasisioliero Bosaeiictsus U, odecne-
YMBAIOLIEro IoaaepxkaHue neouta ( CKBa>KUHBI
Ha MaKCHMMAaJIbHO JOMYCTUMOM YpoBHe Qgp B yC-
JIOBUSIX OEHCTBUS BO3MYIIAIOIIMX BO3ACHCTBUM V.
INoaxonm K MOCTPOEHWIO JAHHOTO ajaropuTMa BO
MHOTOM OIIpeAe/IsIeTCS KPUTEepUEeM, XapaKTepu3y-
IOIIMM JOCTUXEHNE KPUTUYECKOrO 3HAUYECHUS Je-
outa Qgp. JdaHHbIil KpuTepuil onpenensercs Qak-
TOpaMy, OTPaHMYMBAIOIIUMMU AEOUT CKBAKMHBIL.
K HaunbGosee 3HaUMMBIM (haKTOpaM 34€Ch OTHOCUT-
cs BbIACJIEHUE PaCTBOPEHHOTO B XKMIKOCTH ra3a Ha
mpueMe Hacoca, IpUBOIIee K CPhIBY €ro Moaauu.
[IprynHOi BBIAENEHUS Ta3a SIBJISIETCS CHUXXKEHUE
naBiaeHus: P, XMAKOCTU Ha BXOIe
Hacoca HUXe KPUTHYECKOTO Py, r
(DaByieHWe HACBHIILEHMS), KOTOpoe |
CO3JaeTCsl CTOJIOOM XXUIKOCTU BbI- |

|
|
|

IInanupyrommit
YPOBEHb YIpaB -
JIeHust

coToit Lg,, PacrosOXEeHHBIM B CKBa-
KMHE Hal HacocoM: Pg, pglpy.
Jebut Q ckBaxKUHBI CBI3aH C JaBJie-
HUeM Pp, TIOCPEICTBOM BBICOTHI Lg, -
cTtoba kuakoctu. Yem Oosbliie ae-

outr O, TeM MeHblle BbICOTa CTOJIOa

XKUIKOCTU Lp,, a CIemoBaTesbHO, NaBjieHue Pg,.
Takum obpazoM, neduT Q orpaHMyYeH HEKOTOPHIM
KPUTHYECKUM 3HauYeHUeM Qy,, IPU KOTOPOM J1aB-
JIEHWE Ha BXoAe Pp, CTAHOBUTCS PABHBIM IOIYCTH-
MOMY YPOBHIO — NABJIEHUIO HACBIIUEHUS Py, ..

PaccMOTpUM airopuTM TMOAAEPKAHUS MAKCH-
MaJIbHO AOMYCTUMOIO NEOWTa CKBAXWHBI C y4ye-
TOM YyKa3zaHHOro ¢akropa. JlaHHBI aaropuT™m
MOXET OBITh MOCTPOEH KaK aJrOPUTM aBTOMa-
TUYECKOW CTaOWIM3auuu AaBieHUs Pp, Ha BXO-
Jle HacOoCa Ha YPOBHE AABJICHUS HACBIIUEHUS Py,
MOCPEICTBOM W3MEHEHUS Oe0UTa CKBaXXWHHI.
OCHOBHBIM BO3MYIIAIOIIUM BO3ACHCTBUEM 37AECh
ABJISIETCS KOJeOaHUe IJIaCTOBOro AaBiieHUs P,
MPUBOSIIEE K KOJIEOAHUSIM BBICOTHI Ly, cTONIOA
XKHAAKOCTU HaJ HACOCOM, a CJIEMOBATEJIbHO, U JaB-
smeHus Pg,. [lpy 3TOM cTaOnIn3amsT MTPOUCXOOUT
Mpu pa3auvHbIX 3HaueHUsix neobuta Q. K BO3-
MylaomuM (akTopaM MOXHO TaKXe OTHECTHU
KonebaHus1 cBOMCTB FV, moOBIBaEMOW XMIKOCTH,
TaKMX KaK Ta30ColepXaHWe, BOAOCOAEPKAHUE,
TeMmeparypa 1 Ap., IPUBOASIINE K KOJEOAHUSAM
KPAUTAYECKOTO HABJIEHUS HACBIIIEHUS Pp,., 4TO
TpeOyeT KOppeKUMU 3HaYeHUS Py, KaK yCTaBKH.
[aHHag 3amaya MOXET BBITIOJHATHCS Ha TJIaHU-
pYIOIIEM YPOBHE YIIPaBJIECHUS IO OIEePaTUBHBIM
JaHHBIM O JOOBIBAEMOM XKUJAKOCTU. st cTabuiam-
3allMM B KQ4€CTBE 3aKOHOB PETYJIUPOBAHUS MOTYT
OBITh MPUMEHEHBI TAKWE HEIMPEPBIBHBIE 3aKOHHBI,
kak [IM]I peryasaTopbl, HEYETKHE PETYISITOPHI
u ap. CTpyKTypa MOACUCTEMBI HEMTPEPHIBHOTO pe-
TYJIMPOBAHUA NeOWTa MOKa3aHa Ha puc. J.

Eme omHum ¢dakTopoMm, OrpaHMYMBAIOIIUM
MaKCUMaJIbHO NONYCTUMBIA N€OUT CKBa>XWHHI,
asiasgercd KITI IHH. Tak, npy HU3KUX MJIACTOBBIX
IaBIEHUSIX P, BOSMOXHBI CUTYalluM, KOTAa KpHU-
TUYECKOE 3HAUEHUE NeOUTa CHUXKAETCS O BEIU-
YUH, o0ecreyeHne KOTOphiXx TpedyeT padoTsl [[H
¢ Herpuemiemo HU3kUM KIIJI. B nanHOM cirydae
MMPUMEHEHNE BBIICTTPUBEAEHHOTO HEIIPEPBIBHOTO
QJIrOpruTMa PETYIUPOBAHUS CTAHOBUTCS HEIEJe-
coobpa3HbiM. OIHMM U3 MOAXOJOB K PELICHUIO
3aa4¥ B TAHHOM CJIy4dae SBJISETCSI MPUMEHECHUE

|
P \L i Pex
' ac HenpepbiBHbIit VALH
'%@ >|  perymsrop N
[y (O6bexT ynpasneHus ) R

|
| e {Xz
|

Puc. 5. Ctpykrypa noacuctTeMbl HeMpepbIBHOrO peryiupoBanus neduta YOIIH
Fig. 5. The structure of the subsystem for ESP production rate continuous control

106

MexaTpoHnKa, aBToMaTu3anus, ynpasienune, Tom 21, Ne 2, 2020



I13/1; BO3MOXHBIE HEMCIIPABHOCTU U

«OmKayka»
>
A i

Ir --------- u- - IPHGC U
InanoBsIit !
! «BKn »
' YpOBEHB '
| ympaBieHus
1
1
1
1

«3anonH.»
«Bobikn» | L

YOLH

(oOBeKT
yIpaBIeHHUS )

OLIMOKM B HACTpoMKax o0opyaoBa-
HUSI CKBaXXWHBI, HE BBISIBJICHHBIC TP
MOATOTOBKE K IIYCKY; BO3MOXHBIC
OIIMOKM B IIpeABApPUTEIBHEBIX pacye-

Puc. 6. CTpykTypa noacucTemMsl NpepbiBHOrO peryiupoBanus neoura YOIIH
Fig. 6. The structure of the subsystem for discontinuous control of ESP production rate

JNBYXIO3UIIMOHHBIX 3aKOHOB  peryJvMpoBaHMUS.
PaccmoTpuM oaMH M3 JaHHBIX 3aKOHOB, NIPU KO-
TopoM YOI H nepuognyecky mepexoguT B OJWH
W3 CIEAYIOLIMX PEeXMMOB paboThl (puc. 6):

1) pexkxum 3amnoyiHeHUs1 ckBaxXHbI — YOI H BbI-
KJIIOYEH, XXUJIKOCTh U3 IJIacTa MOCTYMNaeT B CKBa-
KUHY 0 TOCTUXEHUS CTaTU4eCcKOro ypoBHsl Hi,;

2) pexXruM OoTKaykHu xkuakoctu — YOIIH Bkito-
YyeH B HOMUHaAbHbIN pexum (KIITI paBeH HOMU-
HaJIbLHOMY 3HA4Y€HUI0), XUAKOCTh OTKauyuBaeTcCs
U3 CKBaXXUH A0 JOCTUXEHUS KPUTHYECKOTO IU-
HaMMUYECKOro ypoBHS Hy .

IMoaxoabl K MOCTPOEHUIO MAaTeMaTU4YeCKOro U
aJITOPUTMUYECKOTO obecredyeHus 3ajay orepa-
TUBHOro ypoBHS ymnpasiaeHuss YOIIH npencras-
JIeHbI B paboTtax [6—S8, 10].

YhpapjieHue BBIBOJIOM Ha pexum padorsl YOIIH

3amaua BhIBoga Ha pexum padorel YOLIH pe-
LIaeTcs B CACOYIOIIMX CHAydYasix: TEpPBBIA ITYCK
CKBaXXMHBI; IIYCK IIOCJIe OMNepallnii 110 M3MEHEHUIO
napaMeTpoB WJIM 3aMEHE M PEMOHTY €€ 3JIeMEH-
TOB, CBSI3aHHBIX C u3bsATHEM YDOIIH m3 ckBaxu-
HBl. OCOOCHHOCTSIMM [OaHHOM 3aJayM SIBJISIIOTCS
CIeNyIoIIMe. HapylleHHe IIpolecca OXJIaXKICHUS

Tax MapaMeTpoB pEXMMA.

PaccmoTpuM TpuumHy Hapylle-
HUs npouecca oxjaxaeHus I[1D]1.
B HOMMHATBLHOM pEXHME OXJIaX-
menue IIOJ mpoumcxoguT mocpen-
CTBOM OOTeKalollIel ero XUIKOCTH,
KoTopas aBuxkeTcs oT 3abodg Kk [IH
(puc. 7). 3a nepuoa OCTAaHOBKU IOOBIYM B KOJOH-
He Hag LIH HakannuBaeTcs CTAaTUYECKU YPOBEHD
XKHUIKOCTHU, YPOBEHb KOTOPOTO 3HAYUTEIBHO Mpe-
BocxoguT HoMHMHalbHBIN. [locne 3amycka YOLH
MPOMCXOAUT IIOCTEIIEHHOE CHUXEHUE OdAHHOTO
YPOBHS XKMIKOCTA OT CTaTUYECKOTIO 1O HOMMWHAJIb-
HOTO NUHAMUWYECKOTO. B TeueHne TaHHOTO TpolLec-
ca B IIH moctymaeT >XMaKOCTh B OCHOBHOM 3a CYET
CHUXCHUS €€ YPOBHS HaJ HACOCOM, T. €. CBEPXY
BHM3. DTO IPUBOIUT K TOMY, YTO CYIIECTBEHHO Ia-
JTaeT TIOTOK, o0Tekaromumit n oxnaxmarommnii [19/1,
KOTOPBIN pacnoyioxeH Huxe [[H.

OnHUM K3 TIOAXOIOB K IOCTPOCHUIO aJITOPUT-
Ma 3allMThl OT HApYLICHU S MPOLECcCca OXJIAXIAECHU S
[ID]1 saBnsieTcss NpUMEHEHHE ITPOrpaMMBI, COCTO-
S1Ue M3 TMOBTOPSIOLIMXCS LIUKJIOB yIpaBJCHUS,
BKJTIOYAIOIIUX B C€0S CIEAYIOIIUE ONEPAILAN:

1) BpemeHHoO# mHTepBaa Imycka YOIIH: mias-
HBII BBIBOJ HA HOMWHAJBHBIA PEXUM C OrpaHU-
YeHHeM ITyCKOBBIX TOKOB I1D/1;

2) BpeMeHHOI nHTepBaa paborsl YOILIH B HO-
MWHaJIbHOM PEXUME;

3) BpeMeHHOI WuHTepBaJ ocTtaHoBku YOILIH:
MJaaBHas 6e30MmacHasi OCTAHOBKA;

4) BpeMeHHOI MHTepBaj oxyiaxkaeHus [13/1.

OmuobKy B pacdyeTax M HACTPOMKAaX, MOITYIICH-
HEIE TIPY TTOATOTOBKE K BBIBOAY CKBa*XMHEI Ha pe-
KMM, MOTYT IIPUBECTU K HEBO3MOX-

HOCTH BBITTOJTHEHM S 3a4a4U U OTKA3y
obopynoBaHus. Hampumep, olunoKu
yepenoBaHus (ha3 TUTAIONIET0 Ha-
npskenust 191 moryT mpuBecTH

K BpameHuio YOIIH B mporusomno-

OTCYTCTBUIO MNogauyu. Takum oOpa-
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Puc. 7. Crpykrypa aaroputma ynpasiaenus Boisogom YDIIH Ha pexum padoTsi
Fig. 7. The control algorithm structure of ESP output to the operation mode

30M, 3aJayy BBIBOJA HA PEXUM pa-
6otel YOI H MoxHO paccMarpuBaTh
KaK CIelUaJdbHYyI0 3aJady aBapuii-
HOTO ympaBJieHUsI. B 1iesax 3alIuThl
OT OILIMOOK B HACTPOIKax 000OpyIO-
BaHMsSI CKBaXKMHbI B aJITOPUTM BBO-
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y © 70 Fig. 8. The algorithmic structure of the ESP automated control system
METPBI, OINPEACTAIOUINE TEKYIIUE

aNTopuTMHbl yrpasiuenus; F,, F,, F;,

F,, U, U,, U;, U, — mapaMeTpsl, ONPEACNSIOLINE
YCTaBKM M YIIPaBJISIOLIME BO3AECHCTBUS COOTBET-
CTBEHHO aBapUNHOTO yMpaBJCHUS, YOpPaBICHUS
BBIBOOOM Ha pexum YOI H, nenpepsiBHOro 1
NpPEPLIBHOIO PEryaupoBaHus; X — U3MEpsSEMbIe
napaMeTphl aiemMeHToB YOILIH; Y — usmepsiembie
napaMeTphl JOOBIBAEMOM XKUIKOCTH.

3akJoyenue

Peurenue 3amaun aBToMaTU3alMU YIIPaBICHUS
VBIH HedTenoObIBalomieidi CKBaXXWHBI TpeOy-
€T CO3JAaHMS CJIOXHBIX MHOTOYPOBHEBBIX CHUCTEM
MPUHSITHUS U pealnu3aluy YIPaBJIeHYCCKUX pellie-
HUil. BepxHue (I1aHMpylollilie) YPOBHU YIIpaB-
JIeHUs TpeOyIoT pa3pabOTKU CUCTEM MOAICPXKKU
MPUHSTUS pEILIeHMWI, BBINOJIHSIIOIIMX B pealib-
HOM BpeMeHHU cOOp M aHaau3 OOJbIINX 00HEMOB
uHGOpMALIMM O pa3JIMYHBIX acIleKTax IIpoliec-
ca paboTel ckBaxXuUHBbl ¢ YOIH. AKTyanbHBIMU
3ajlayaMM 3TOrO YPOBHsI SIBJSIIOTCS pa3paboTka
Mojaeaeil MASHTU(MUKALMU W IPOrHO3MPOBAHUS
MpoleccoB HedTemoObIUM, a TaKXkKe aJrOpPUTMOB
MOMCKa YIIPABIICHYECKUX PEIICHUI, HaIlpaBJIeH-
HBIX Ha ONTUMU3alLMIO0 JaHHBIX poueccoB. Hux-
HMe (OoIepaTUBHBIE) YPOBHU YIIpaBJIEHUS TpeOy-
0T pa3pabOTKM CHUCTEM aBapUIIHOTO W peryJiu-
pYIOLIEro yIpaBJieHUs, Pealu3yIoluX PelIeHUSI,
MPUHSITBIE HAa BEPXHUX YPOBHSIX. AKTYyaJIbHOM
3ajlayeil TaHHOrO YPOBHS YIIPaBJICHUS SBISETCS
pa3paboTka AUMHAMMUYECKUX MOJeJIeil IpOLIeCCOB
pabotrel YBOIIH, obGecrieunBamolInX CUHTE3 OI-

TUMaJbHBIX AJTOPUTMOB peau3aluu pelieHU i
BEpPXHEr0 YpPOBHS VIIpaBJeHMs, TAKUX KaK CTa-
Ouymzaius, BBOA-BbIBOJ M3 PEXUMa, aBapuiiHOE
yIpaBJeHUE U JP.
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Abstract

The article is devoted to the analysis of actual problems of automation of control of the installations of electric centrifu-
gal pumps (ESPs) of oil producing wells and modern approaches to their solution. The solution of the problem requires the
creation of complex multi-level systems for the adoption and implementation of control decisions. The top (planning) level of
control requires the development of decision support systems that perform real-time collection and analysis of large amounts of
information about the various work processes with ESPs. Actual tasks of this level are the development of models for identifi-
cation and forecasting of oil production processes, as well as algorithms for finding control solutions aimed at optimizing these
processes. Lower (operational) levels of management require the development of emergency and regulatory control systems that
implement decisions taken at the upper levels. The actual tasks of this level of management are the development of dynamic
models of the ESP process that provide the synthesis of optimal algorithms for implementing top-level management solutions,
such as stabilization, 1/0, emergency control. The main goals, tasks of these systems and approaches to the solution are
considered. The analysis of ESP as a complex multiply connected control object is given. Controllable parameters, parameters
of controlling and disturbing influences are distinguished. The generalized multilevel structure of the ESP control system and
approaches to the construction of subsystems solving management tasks at various levels are considered. The approach to the
construction of the system of the upper — planning level of the ESP control, the principles of its interaction with higher and
subordinate systems is considered. The approach to the construction of the subsystem of the lower — operational level of the
ESP control is considered. The tasks of this level of control are considered, including such as emergency control, regulation
of the mode parameters, output to the operating mode. The classification of groups of emergency control tasks on protection
from the most significant types of negative factors and approaches to their solution is given. The approach to the solution of
the problem of ensuring the maximum oil production, as a problem of stabilizing the critical pressure at the pump inlet, is
considered. Continuous and positional variants of algorithms for solving this problem are presented.

Keywords: automated control systems, oil producing wells, electric submersible pump, multi-level control system, emer-

gency control, stabilizing control, continuous and positional control algorithms
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POBOTbIl, MEXATPOHUKA
N POBOTOTEXHUYECKUE CUCTEMbDI
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B. M. UBaHOB, kaHA. TEXH. HayK, Aol,., v.ivanov@ulstu.ru,
YNbAHOBCKMI rocyfapCTBEHHbIN TEXHUYECKUA YHUBEPCUTET

UMutaumoHHas moaenb CUCTEMbI CTaOUIIN3aLMM CKOPOCTU pe3aHus
Ans MeTannopexywmx ctaHkos ¢ YIMY

Paspabomana umumayuoHnas modeas cmabuiu3ayuy cCKOpoCmu pe3anus 04 MOKAPHbIX CMAHKO08 € YUCAOBbIM NPO2PAMMHBIM
ynpaeaenuem. Pexcum cmabuiuzayuu ckopocmu pe3anus N03604sem peuams pso MexHOA0UYeCKUX 3a0a, K HUCAY KOMOPbIX 0N~
HOCUMCSL nOGblUEeHUEe NPOU3BOOUMEAbHOCMU 00pAbOMKU U Ka4ecmea NO8epXHOCMU 0emanl, yeeiudeHue cmouKoCmu pejcyu,eco
uHcmpymenma. Jlocmyn Kk @pyHKyuam 6a306020 npoepammuoeo obecnevenus cucmem 4I1Y oepanuuen. C yuemom smoeo 6 0aHHOU
pabome paccmampuearomcs GYHKUUOHAAbHBIE U AA20PUMMUYECKUE 0CODEHHOCMU CUCMeM CMAOUAU3AYUY CUA08bIX HAPAMEMPO8
KaK ocHoga danvHeluleli pa3pabomiu UHMeENNeKMYANbHO20 AA20PUMMULECKO020 U NPOePaAMMHO20 obecneuenus. Cywecmeyoujue
DEKOMEeHOAuUU, ONpedestoujue Pelcum pe3anus, OCHOBAHbI HA IMNUPUHECKUX 3ABUCUMOCHAX, UCNOAb308AHUE KOMOPLIX 045 He-
nocpedcmeeHn020 NPUMeHeHUsl 8 AA20PUMMAX A8MOMAMU1eCK020 YNPasaeHUs 3ampydHeH0, MaK KaK OaHHble 3a8UCUMOCMU Onpe-
Oeasiom npocHO3Upyemble, a He meKyuwjue napamempsl. B kauecmee 6a3060i cmpykmypsl npouecca Gopmoodpazoeanus demaiu
NPUHAMA HEeCMAYUOHAPHAS MOOeab, OCHOBHble napamempbsl KOMOpPOU onpedeneHbl MpexmepHol KUHeMAmUKoU YHUBEpPCAAbHO2O
cmanka. O600uweHHbIl N00X00 K CUCeMAaM CUA08bIX NAPAMEMPO8 U CUHMe3 Pecyasimopo8 OCHOBHbIX KOHMYPOE NO380AUAU 6bi-
A6UmMb HauboNee NPOCMOL 6APUAHM CMPYKMYD, OCHOGAHHbIL HA UCHONb308AHULU PecYASAMOPO8 ¢ NAPAMEMPUUECKOl 00PaAMHOL €85~
3610. DYHKYUOHANLHAS MOOEAb COOEPICUM OCHOBHbIE KOMNOHeHmbl cucmembl YI1Y: unmepnoasmop, cepgonpusodsvi noday u 21ae-
HO20 dgudicenus, a maxyice 00NOAHUMEAbHble MOOYAU YUKAQ U aHaau3a. Paccmompensl gvicokockopocmuas obpabomka mopyeasix
HnO8epXHOCMeEl U YCA08US Pearu3ayuu YUKA06bix 3a0au ynpaeaenus. Ilpueedenvl pezysvmamosl MOOeAUPOBAHUS, NOOMEEPICOaOUlUe
pabomocnoco6Hocmb YHKUUOHAALHBIX AAOPUMMO8 U BO3MONCHOCMb UX UCNOAb308AHUS 8 UHMEeANeKmYanbHblX cucmemax YI1Y.

Karoueenie caosa: ckopocms pezanus, popmoobpazoearue, 31eKmponpugoo, UHMepnoasmop

Beenenune

3a nocyiegHue AeCATUICTHS TPOU3OIILIN Kapau-
HaJIbHBIE M3MEHEHMSI B 00JIACTU CTAHKOCTPOEHUSI,
CBSI3aHHBIE KaK C pa3pabOTKOi MHOTro(yHKIIHO-
HaJbHBIX CTAHKOB, TaK M ¢ pa3pabOTKOi HOBO-
ro IOKOJIEHUSI CHUCTEM YHCJIOBOI'O IPOrPaMMHOTO
ynpasinenus [1, 2]. Ilepexon Ha cuctembl PCNC
(Personal Computer Numerical Control) conpoBo-
JKJIaJICSl HE TOJIBKO TIEPEX0J0M Ha MPUHIMITUAIBHO
HOBOE MporpaMMHoe oOecrneuyeHrue, OCHOBaHHOE
Ha onepauunoHHoi cucteme WINDOWS NT, Ho u
CYIIECTBEHHBIM paclliupeHueM QpyHKIU 6a30BOT0O
nporpaMmmHoro o6ecrieuenust YITVY [3, 4].

JIngupyroniye Mo3uluu B 00JaCTU COBPEMEH-
HbIX cucteM ¢ UITY nis meraniooOpadarsiBalrollie-
ro obOpyl0OBaHUSI B HACTOSILEE BPEeMs 3aHMMAIOT
psia 3apyOesKHBIX PUPM, K YUCTY KOTOPBIX OTHOCSIT-
cst FANUC, Siemens 1 HEIDENHEIN. IlepenoBbie
TEXHOJIOTUYECKME PelleHUsT B 00J1acTH armnapaTHO-
ro U mporpaMMHoOro oodecredyeHus cucreMm ¢ YITY
obecneuyuBaloT 3¢G@EeKTUBHOCTh MeTajajioodpa-
0oTku. K ynciy Takux peleHuid OTHOCUTCS MaKeT

"Dynamic Efficiency” ¢upmer HEIDENHAIN,
KOTOpBI comepxXUT (pyHKuu yrnpasiaeHuss AFC
(Adaptive Feed Control — aganTtuBHOE yIIpaBJe-
HUE IIojayeil), oOecreyrBaiollne ONTUMAaIbHYIO
rmojgavy B mpoiecce o0padboTKu. s MOBBIILIEHUS
KayecTBa 0OpPabOTKU TIOBEPXHOCTH B CHUCTEMax C
YITY ¢upmbr Siemens BBeAeHBI HOBBbIE (PYHKIIMU
KOHTPOJISI COCTOSIHMSI PEXYIIero MHCTPYMEHTa,
KOTOpbI€ MO3BOJISIIOT OTKa3aThCs OT (DUHUILHON
00paboOTKM AeTaeil U TEM CaMbIM IOBBICUTH MPO-
U3BOAUTENILHOCTh. AJITOPUTM IIpeABapUTEIbHOTO
npocMoTpa KaapoB Look-ahead mo3Bossier 00-
pabaTeIBaTh KOHTYpP ¢ MaKCHMMaJbHO BO3MOXHOM
rnmogaueil U 3ab0aroBpeMEHHO CHMXAaTh CKOPOCTH
B KPUTUYECKUX CUTyaLIUSX.

K pacummpenssim pyukunusaM YITY mMoxHO oT-
HeCcTU (PYHKILWM, C MOMOIIbIO KOTOPBIX 3adal0T
CKOpPOCTh pe3aHHUs U IoJadyy Ha 00OpOT IIpUBOIA
[JIAaBHOTO ABUXeHUSI cTaHKa. C OOHOI CTOPOHHI,
9TO IPOTPaAaMMHBIN Iepexol K KMHEeMaTUuKe YHU-
BEpCaJIbHOIO CTaHKa, a C APYroi — JOIOJHUTEIb-
Hble BO3MOXHOCTU IO 00pabOTKe AeTajiu 3a CUEeT
ONTUMHU3ALIMU PEXUMOB pe3aHus. Pexum cra-
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ounuzanuu ckopoctu peszanus (CCP) mosBoisieT
pelaTh psa TeXHoJorndyeckux 3amad [5—7]. K nx
YUCITY OTHOCUTCS TOBBIIIEHUE TTPOU3BOAUTEIBHO-
CTM 00pabOTKU M KadyecTBa MOBEPXHOCTU NETAJIH,
YBEJIWYEHUE CTOMKOCTH PEXYIIErO0 WHCTPYMEHTA.
Heo0xonnMo OTMETUTb, UTO AOCTYI K (PyHKIIU-
M 0a30BOro IporpammHoro obdecrnedyeHuss YITY
OrpaHWYEH, U paboTa C HUMHU OCYIIECTBISETCS,
KaK TIpaBUJIO, TOJBKO B PEXUME ITOJIb30BATEIIS.
C y4eToM 3TOro B paboTe pacCMaTpuBAIOTCS CTPYK-
TypHbIe U (PYHKIIMOHAJIbHbIE OCOOEHHOCTH CHUCTEM
CTaOMIM3allW CUJIOBBIX ITAPaMETPOB PE3aHUS KakK
OCHOBBI JIJI TaJIbHENUIIEN pa3pabOTKU alrOPUTMHU-
YeCKOTo M MPOorpaMMHOTo obdecriedyeHus GyHKIUMI
YITY mist cTaHKOB TOKAPHOW TPYTITIHL.

KunemaTuka nponecca
(dbopmooOpazoBanusa neraan

YcnoBus mpoTeKaHUs IIpoliecca pe3aHusl oIpe-
JEJISIOTCS KaK KMHEMATUYECKOM CXEeMOKM pe3aHus,
TaK M YCJIOBUSIMM CHSITHSI CpE3aeMOro cjosi, o0y-
CJIOBJICHHBIMU YIIPYTUMU U IJIACTUYECKMMMU Aedop-
MalMusIMU 00pabaThbIBAEMOIrO MaTepuajia, TPEHHUEM,
TEIUIOBBIMU SIBJICHUSIMU, XMMHYECKUMU, DJICKTPU-
YyecKMMU U apyrumu ¢aktopamu. CylecTBytoliue
MaTepuabl, coaepKallre peKOMeHAALNHY 110 PEXU-
MaM pe3aHus |8, 9], ocHOBaHbI B OOJIBIIMHCTBE CIIY-
4yaeB Ha SMIIMPUYECKUX 3aBUCUMOCTSIX, MCIOJIb30-
BaHUE KOTOPBIX JJIsl HEIOCPEACTBEHHOIO IMIPUMEHE-
HUS B aJITOPUTMAaX aBTOMATUYECKOIO YIIpaBJCHUS
MPOLIECCOM Pe3aHUsI 3aTPYAHEHO, TaK KaK JaHHBIC
3aBUCUMOCTHU OIPEACSIOT MPOTrHO3UpyeMble, a He
TeKylLIUe IapaMeTphl. YUMUTBIBAsl 3TO, B KauyeCTBE
BEJIMYMH, XapaKTepM3YIOLIUX IIPOLIECC pe3aHMus,
WCMOJB3YIOT CUJIBI pe3aHusl, MOMEHTbI HarpysKH,
TOKM M MOILIHOCTh Ha Bajly aBurareis. [Ipu sTtom
BO3HMKAET 3aJa4ya OIpeacacHUsT B3aMMOCBSI3U JaH-
HBIX BEJIMYMH, TaK KaK BCE OHU XapaKTepU3YIOT I1a-
paMeTpHI IIpoliecca pe3aHusl.

PaccMoTpuM CTPYKTYpHYIO CXeMy Ipolecca
00paboTKM pe3aHMeM KaK COBOKYIMHOCTH OIHO-
BPEMEHHO COBEpPIIAIOIIUXCSI B3aMMOCBSI3aHHBIX
MIPOLECCOB, Cpedu KOTOPHIX B IMEPBYIO odepelb
BBIJICIMM MEXaHM3M CTPYXKKOOOpa30BaHUS U CHU-
JIOBBIE TTapaMEeTPhl Pe3aHMus.

B mpouecce o6paboTrku ¢GopMoobOpa3oBaHue
MOBEPXHOCTH AETAJIM MOXET ObITh 3alIMCAHO CJIe-
IYIOIIUM 00pa3oM:

e JJISl IPOJOJIBLHOTO TOUCHMUS

®,, () =a,(V,1+Ax);

¢ Ui MOoNnepCcYHOTrO TOYCHU A
(Dyx(T) = ax(VyT +Ay),

roe a, = a; +Aa,, a,= a; +Aa, — BEJIMYMHBI,
XapaKTepusylollue MPUITYCK Ha CheM MeTaJljia o
KOOpAMHATaM X, V; a; =V, a; =V,t — moxaya
3a BpeMsi T OIHOTO obopora wnuHaens; Vi, V, —
CKOPOCTH IOfIa4 MHCTPYMEHTA; Ad,, Aa, — HepaB-
HOMEPHOCTH MPUNyCKa 00pabOTKM AETaH.

[Ipn omHOKOOpAMHATHOW OOpaboTKe Aad,, Aa,
OTpPENENsIIOT COOTBETCTBEHHO INIYOMHY pe3aHusI
MO COOTBETCTBYIOIIEH KOOpAMHATE.

Texkyiee 3HaueHHWE CUJIBI pPe3aHUs COTJIACHO
pa6ote [10] paBHO

Fi(v) = () H,,(1)Cp, (1),

rne H, TBEPAOCTh MaTepuajia 3aroTOBKHU;
Cp, — K02GOULMEHT, XapaKTepU3YIOLIHil reome-
TPUYECKHME TapaMeTpbl PEXYIIEr0 MHCTPYMEHTa
MO KOOpAMHATaM [ = X, ), Z 1 HEYUYTEHHBIEC YCJIO-
BUS 00pabOTKM.

YnpoleHHast CTpyKTypHasl cxeMma Ipoiiecca ¢Gpop-
MooOOpa30oBaHUs AeTaau NpuBeaeHa Ha puc. 1. Ipen-
roJjaraercs, 4To pe3ell XapaKTepusyeTcs Koaddu-
IIMEHTAMU, OOYCJIOBJIECHHBIMU T€OMETpUEl pe3aHus
1 CBOMCTBAMM MaTepHaJlia 3ar0TOBKH, MEXaHNUYECKIE
repenayyd CTaHKa — TepedaTOYHBIMM YHCJIaMU Me-
XaHU3MOB, a MTyTEBOI KOHTYP MO KOOpAWHATaM X, y
OIMCHIBACTCS TIepeaaTOUHOM (DyHKIIMEH
X, Y 1

Ves P

Wx,y(p) =

OcHOBHOE pasjimuve MEXAy MOMEHTaMU Ha-
TPY3KM Ha Bajax ABurarened mmwuHupens (H,) u
nonay cynmnopra (I, ;) cTaHKa cBA3aHO ¢ pa-
nuycoM obpaboTku aeranu R. [Ipy TOCTOSHHBIX
ycnoBusix pesanust (F = const, V., = const) oc-
HOBHBIM PEXMMOM JJISI TPUBOAOB MOJAAY SIBJISIET-
Csl peXXUM IMOCTOSTHCTBA MOMEHTA, a JJIs TJIABHOTO
MPUBOJIa — TMOCTOSIHCTBA MOIIHOCTH.

Crarnyeckue MOMEHTBHI Ha Bajly JBMUraTesiei
rnoaay onpeaessiiorcs yepe3 Ko3hGUIUEeHTH Mpu-
BEeIEHUS

Mx,y = Fx,ypx,y,
rne p,, =V, /m)ﬁ’y — paauychl TIpUBEIEHUS TIO
COOTBETCTBYIOLIEN KOOPIAMHATE.

OCHOBHOI COCTaBJISIIOLUENA CUJIBI PE3aHUS SIB-
JIAETCA TaHTeHLMabHas cocTaBisiomas F,, Ko-
TOpasi oIpenesisieT MOMEHT Harpys3ku IpuBoaa
[JIaBHOTO ABUXeHMs. PaccMoTpum mpolecc, Bbl-

MexaTpoHuKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 2, 2020

111



Boraenvm Ipoliecc pe3aHus
(puc. 2, a), cuutas, 4YTO MEXaHU3MbI

nomay M INMWHAEAS CBSA3aHbI 4Yepes
KO3(DOULMEHT Kk, XapaKTepu3ymoLNii
nonavyy Ha o0opoT mmnuHaens. CTpyk-
TYpbl MpoLecca pe3aHusi OTHOCUTEIb-
HO MOIITHOCTU pe3aHus (puc. 2, 6) u
CKOPOCTH pe3aHus (puc. 2, ) Tpu Mo-

TMepEYHOM TOYECHUM TOXIECTBEHHBI.
CBasb MexXIy nepeMeHHbIMU R u M,
OCYILECTBIIIETCS 4epe3 3HadeHue F,

Puc. 1. CrpykrypHas cxema npounecca (popmMoodpazoBanus aeTajiu
Fig. 1. Block diagram of the process of forming parts

JIEJIUB IIPU 3TOM BEJIMYUHBI, BIMSIONIAE HA CTa-
OMIM3alUI0 OCHOBHOIO IlapaMeTpa, B KayecTBE
KOTOPOI'o MPUMEM MOILIHOCTh pe3aHUS

N=Myo,=FRo,=FV,

rae M, — MOMEHT Harpy3ku Ha Bajy WINMUHAEIS

N3 paccmoTpeHust cTpyKTyphl (puc. 1) BUAHO,
YTO Kaxkaasl M3 MPOMEXYTOUYHBIX BEIMIUH SBJISI-
eTcst (pyHKIMEeH ImapamMeTpoB, 3HAYEHUST KOTOPBIX
B HauboJjiee oOlIeM cliyyae HMMEIT ciaydaiiHoe
pacrnpeaeneHue Bo BpemeHu. Kaxabiii u3 mapa-
METPOB BXOIUT B BEIXOAHYIO BEJIMYUHY B BUIE CO-
MHOXHUTEJSI, U TTOOTOMY COTJIACHO CBOMCTBaM MHO-
KUTEJbHOTO 3B€HA €r0 COCTOSIHUE MOXHO OLIEHUTh
MepeMEeHHEBIM BO BpeMeHU KO3 PUIIMEHTOM IIepe-
nauu k(f), a CBSI3b BXOJIHOM g U BBIXOJHOM Yy BEJIU-
YUH 3aMucaTh CIeAYIOIIUM 00pa3oMm:

y(p,t) = g(p) k1),

n
roe k(t) =[] k;(t) — o600ueHHBII KO3 OULIUEHT
i=1
nepcaaymn ABJIACTCA (bYHKHI/Ieﬁ N3MCHCHUA IT1apa-
METPOB |; BO BpDEMCHU.

W, CJIEOBATEJIbHO, CUCTEMa CTaOWIv-
3allMA CKOPOCTU PE3aHUS TIPU COOITIO-
JeHUH yCIoBUs F, = const MOXET OBITh
peaJM30BaHa Mo CUJIOBOMY ITapaMeTpy.

SIBHAsT aHANOTWSI BBIXOMHBLIX KOOpPAWHAT CH-
CTEM TIPOCJEXKUBAETCI U MPU MPOAOJbHOM TOYE-
HUM. s ciydyass B3aMMOCBSI3AHHOTO PEryJInupo-
BaHMS YAaCTOTHI BpallleHWs IINUHIACIS W MOoJadyu
CYIIIOpTa IPOLIECC PE3aHMsT OTHOCHUTEIBHO N,
npeacTaBieH Ha puc. 2, e. KoopauHara o, BXO-
IWUT B BEJIMUYMHY, XapaKTEepHU3YIOIIyI0 MOIIHOCTH
pesaHust N, OTHOCUTEIBHO CKOPOCTH Toma4yu V,,
IBaXXIbl M MPUA 3TOM B3aMMHO KOMIICHCHPYETCS.
DTO coryacyeTcs ¢ pesyabratamu pabotsr [10],
B KOTOpPOH 3KCIEPUMEHTAIbHO YCTAHOBJIEHO, YTO
KO2GhGUIIMEHT Mepenadyu Mo BO3MYIIEHUIO He 3a-
BUCHUT OT YAaCTOTHI BpallleHWs IIMUHACS, a CABUT
da3el Mexny TIIyOMHON pe3aHWs UM CUIIAMHU pe-
3aHUS TIPU BCeX pexXumMmax paBeH Hymwo. Cremo-
BaTejbHO, B IEPBOM NMPUOJMKEHUU MpeacTaBie-
HME TIpoliecca pe3aHus B BUae 0€3bIHEPLUMOHHOIO
3BeHa COIJIAaCHO CTPYKType (CM. puc. 1) sSBIIsIeTCS
IIPaBOMEPHBIM.

ITapameTpuyeckne CTPYKTYphbl CTAOHIM3ANUH
CHJIOBBIX MApPaMeTpPOB

OCHOBHbBIE OCOOEHHOCTM CHCTEM CTa-
oununzanuu cuoBeix mapamerpoB (CCCII)
3aKJII0YalOTCSl B MapaMeTpUYecKoM 3aKOHE
ux ¢yHkumonuposanus [11]. Paccmorpum
00001eHHYI0 cucTeMy (puc. 3, a), KoTopas
COAEPXKHUT PEryasiTOp CMJIOBOTO TMapamMeTpa
W,(p), BIEKTPONPHUBOL C MePeAATOTHOM

dynkuueit Wi(p), uenb dopMupoBaHUs
CUJIOBOTO TlapaMmeTpa y, MpeacTaBICHHYIO
HECTallMOHApHBIM 3BeHOM W, (p, f), 1 MHO-
XKUATENIbHOEe 3BeHO F(x, y) opMUpOBaHUS

Puc. 2. CrpykTypa nponecca pe3aHusi OTHOCHTEJIbHO MOUIHOCTH Pe3aHus
Fig. 2. The structure of the cutting process regarding cutting power

OCHOBHOM OOpaTHOMW CBS3W MO CHUJIOBOMY
rnmapamMmeTpy.
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Puc. 3. IlapameTpuyeckune cCHCTEMbI CTAOMIN3ANMHA CHJIOBBIX Ma-
pameTpoB
Fig. 3. Parametric systems of stabilizing power parameters

KoadduimeHT nepegayu MHOXUTEIHLHOTO 3BeE-
Ha MOXET M3MEHSITbCS B JECSITKM M COTHU pas,
YTO SIBJISIETCS OCHOBHOM NPUYMHON HEYCTOUYM-
BOI'O MOBEIECHUS CUCTEMBbI PeryJIupOBaHMUSI.

KomneHcanuss  BAMSHUS ~ MHOXUTEIBHOI'O
3B€Ha Ha YCTOMYMBOCTb CHCTEMBI ITOKa3aHa Ha
CTPYKTYPHBIX cxeMax (puc. 3, 6, 8), rae GyHKIUO-
HaJbHBIEe IpeobOpas3oBaTenu F(x, y), F(z, y) npen-
CTaBJISIIOT COOOM MHOXMTENIbHbIE U ACIUTEIbHbIE
ycTpoiicTtBa. IIpu cuHTEe3e MX MOXHO paccMaTpu-
BaTh KaK B3aMOOOpaTHHIE HECTAllMOHAPHbIE 3BE-
Hbs k(f) u 1/k(f). C y4eToM 3TOro B COCTaB pery-
JIATOpa BBEIASHO IapaMeTpuyeckoe 3BeHO F(z, y)
(puc. 3, 0). IIpu sToM cucrtemMa ¢ HONOJIHUTEIIb-
HBIM IapaMeTpUUYECKMM peryiastopoMm F(z, )
(puc. 3, 6) sKBUBaJICHTHA CHUCTeMe C IapaMeTpu-
yecKoil oOpaTHOI CBs3bio (puc. 3, 8), Ilie 3BEHO
3aMbIKaHUSI OOpPaTHOM CBSI3bIO SIBJISIETCSI IapaMe-
TPUUYECKUM, a BHYTPEHHUI KOHTYP OIIMChIBAETCS
nepenaTouyHoi (pyHKIIUEH

Wi(p) ‘
1L+ W, (p)W,(p)

B 3aBucuMocTu OT BbIOOpa OCHOBHOI 0OpaT-
HOI1 CBSI3M MOXHO IOJIYUYUTh PsiJl CTPYKTYp CTaOu-
JIM3alUy CUJIOBBIX NapamMeTpoB. [Ipenmouturesnb-
HbIN BapuaHT noacuctembl 1 YITY paccmotpen
B pabote [12] U1 ocHOBaH Ha HEMOCPEACTBEHHOM
U3MEPEHUU YCUIIUS pe3aHuUsl.

Wy (p) =

CucremMa cTaduIM3anun CKOpPOCTH pe3aHusA

IIpu 0OpaboTKe CIOKHBIX MOBEPXHOCTEN pabdo-
Ta CO CBEPXBBICOKMMHU CKOPOCTAMU (PaKTUUECKU

BO3MOXHA JIMIIb C COOJIONEHMEM peXuMa CTa-
ounuszanuu ckopoctu pesanus (CCP), tak kak
M3-3a2 BO3MOXHOTO OTKJIOHEHUS B 30HY KPUTH-
YEeCKMX CKOPOCTEW MOXET IMPOU3ONUTHU BBIXOJ U3
CTPOSl pexyllero MHCTpyMeHTa. B 3aBucuMocTu
OT 1ejell ympaBjieHUus, HAlpUMep TpPU CUJIOBOM
pe3aHuM, CKOPOCTH Tofay MOTYT BapbUpPOBAThCS
B (pyHKIIMMU mapamMeTpoB pe3aHus (ycuiaui pesa-
HM S, TOKOB, MOMEHTOB, MoLIHOCTH). Eciu Tpedy-
€TCsl TIOJIyYMTh 3aJlaHHYIO 111epPOXOBAaTOCTh, TO Ha
CKOPOCTH MoJa4 HEOOXOAUMO HAJIOKUTh OTPaHU-
YeHU s, TIO3BOJSIONINE 00eCneYruTh MOBEPXHOCTh
3aJlaHHOrO KJjacca, UJIU CBI3aTh UX CO CKOPOCTSI-
MU BpallleHUs LNuHae s xectko. Ha puc. 4 no-
kazaHa Mozenb cuctembl CCP Ha TOKapHBIX CTaH-
kax ¢ YITY. Crabunuzamus CKOPOCTU pe3aHUsI
OCYIIECTBIISIETCSA MyTeM (hOPMUPOBAHUST YaCTOThI
BpallleHus1 aaekTponpuBoAa muuaens (BI11T)
B COOTBETCTBUM C TapaMeTPUUYECKOW 3aBUCHU-
MocTbio ® = V/R, tne V — ckopocTh pe3aHwus,
R — texymuit paguyc o0paboTK OTHOCHUTEIBHO
neHTpa. Havasio orcuera iBUKE€HUSI MHCTPYMEHTA
orpenesieTcs MpU BBIXOME CYIIOpTa Ha 0a30BYIO
TOYKY. DTOH TOYKE COOTBETCTBYET HauyajbHBIMI
paauyc Ry OTHOCUTEJIBHO LIEHTpa 3aroToBKu. [1pu
9TOM TEKYLIUKI panuyc 00paboTKM ompeaesieT-

¢ Kak R= Ry, + Y, tae Y, — nepemelleHue 1o
. i=1
NOTIEPEYHON KOOpAMHATE CYIIOpTa, OTpabaThbl-

BAa€MO€ Ha i-M KaJpe yNpaBJISIOLEN MPOrpaMMBbl.
B3auMocBsi3aHHOE ABUKEHME 110 KOOpIMHATaM
CYIITIOPTa X, y OCYLLECTBIAETCA B QYHKLUUU TEKY-
1Iell YaCTOTHI BpallleHUs © LIMUHIENS. DTO OCy-
LIECTBJISIETCS ITYTEM IEpecyeTa CKOPOCTEN mogay
* *
Ve =k o, V, = ksyoa, rae kg, ksy — IPUBEICH-
Hble KO3(@UUMEHTHI, XapaKTepu3ylollue Ioia-
4yy Ha obopoT wmnuHaens. [lpu atom B oTinyue
OT TPAaJULMOHHBIX aJrOPUTMOB WHTEPIOJSILNH,

Vs
(P |

|
|
|
|
l
l
— AMx
Rl
|
|
|
|
|
|
|
|
|

Cnegaumit anextponpreog
0o KOODREHATE

Puc. 4. IlpuHuun opraHu3anui CHCTeMbl CTA0UIM3ANUA CKOPO-
CTH pe3aHus Ha TOKapHbIX cTaHkax ¢ YITY

Fig. 4. The principle of organization of the cutting speed stabiliza-
tion system on CNC lathes
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B KOTOPBIX MOXHO BBIACINTH TPU XapaKTEePHBIX
yJacTKa IBUKEHMS (pasroH, IBHXXEHHE C MOCTO-
SIHHOM CKOPOCTBIO, TOPMOXKEHHE), MHTEPIIOISITOP
IOJIXKeH OoTpabaThiBaTh HE 3aJaHHBIC, a TEKYIIUE

3HAYCHU ST CKOPOCTEel mogay V; , Vy* . OpuH u3 pac-
MIPOCTPAHEHHBIX BApUAHTOB peau3alluU CICIs-
LIEr0 B3JIEKTPOIIPMBOJA OCHOBAaH Ha IPMHIIMIAX
KOMOMHUPOBAHHOro ymnpaBieHusi. B cooTBer-
CTBUU C 3TUM, KPOME OCHOBHOTO (pOpPMUPOBAHUS
TPAeKTOPUU IBUXKEHUS MO KoopauHaTam X u Y,
MHTEPIIOISITOP AOMOJHUTENILHO (POPMUPYET 3a1a-
HUE Ha CKOpOCTH mepemenieruss Vi u V.
OTpaboTKa TOPLEBLIX U KOHYCHBIX TTIOBEpPXHO-
creii B pexkume CCP compoBoxaaeTcsl HelpepbIB-
HBIM M3MEHEHUEM YacTOThI BpallleHWs IIITWHICIS
U cKopocTeii nogad. IToaToMy opraHMU3aust CUCTE-
Mbl CCP npenbsiBiisieT TTOBBILIEHHBIE TPEOOBAHU S
K IMHAMUKE IIPUBOAOB I0Ja4Y U TJIaBHOTO JBMKE-
HUs1. Pe3koe n3MeHeHUe CKOPOCTU pe3aHus HebJia-
TONPUSTHO BIUSET HA CTOMKOCTH WHCTPYMEHTA.
AJTOpUTMHYECKNE OCOOEHHOCTU TpOTrpaMM MH-
teprionsauuu B pexkxnume CCP noiKHBI TaK3kKe Mpe-
ycMaTpuBaTh YCKOPEHHBIN OTBOJ MHCTPYMEHTA U
XOJIOCThIE Y4acTKU (TOPMOXEHHUS U peBepca) s
OpraHM3aluy IUKINYEeCKON 00pabOTKM.

Mogaean cucremsl CCP npu TopueBoii 06padoTke

Mogenb BBIYACAUTEIBHOTO ITPOIIECCA CHUCTE-
Mbl ¢ UITY (puc. 5) nmpencraBieHa CaeayOIINMUA
MOIYJISIMU:

1) MoayneM WHTEPIOIATOPa, (POPMUPYIOIIUM
TEKYIee MOJOXEHNE KOOPANHATHI Y,

2) MomyJieM KaJbKyasaTopa, (MOpMUPYIOIINUM
3HAQUCHUE paauyca M €ro MOOYJb MO Pa3HOCTH
MEXJYy €ro HayaJbHbIM 3HAaUY€HUEM U TEKYILIUM
3HAYEHUEM KOOpPAUHATHI;

3) MonmyjeM LMKJa, OIpPeAcsIOIINM TOUYKH
nepexoja paauyca oopaboTKu 4yepe3 HyJb U BO3-
BpaTa B HayaJbHOE TMOJIOKECHMUE.

NHTepnossiTop B CBOEM COCTAaBE CONEPXKHUT IBA
uudpoBbix nHTerpaTopa. Ha 6ase mepBoro u3 Hux
peanu3oBaH 3aaTYNK WHTEHCUBHOCTU CKOPOCTHU
Mojayu, a BTOPOW MCMOJIb30BaH AJs (opMUpOBa-
HUS 3aJaI0NIEd KOOPAWHATHI, MOCTYMAIOMIEH CO-
BMECTHO C CUTHAJIOM 3aIaHUS YaCTOTHI BPAIICHUS
Ha BXoA UMMPOBOro mpuBoma nopadu. Juckper-
HBIE ITIepeJaToyHble (YHKIUM HMHTErpaTOpOB Ha
MPOTPAMMHOM YPOBHE COOTBETCTBYIOT UX paboTe
COOTBETCTBEHHO IO METOAY MPSIMOYTOJbHUKOB U
Tparnenuii. Ilepron kBaHTOBaHMSI MHGOPMALIH TI0
BPEMEHU MHTEPIIOJISATOPA U NIPUBOAA MOIA4YM paBEH
OIHOW MMKPOCEKYHJE. DTO COOTBETCTBYET MEPUO-
Iy TIpepbIBaHUS COBpeMeHHbIX cucteM ¢ UITY npu
BBIMOJIHEHM M OCHOBHBIX 3a/1a4 YIPAaBJICHUS U NPO-
TOKOJIOB Tepefayu MH(GOpMaIlU 10 ONMTOBOJIOKHY
Mexnay cuctemoi ¢ YITY u nmudpoBbIM IPHUBOIOM.

CrpykTypa 1n¢poBOTro CepBOIIPUBOIA MOTAYN
BKJIIOYaeT B ce0s peTysiTOp MOJOXEHUS U COOT-
BETCTBYET KOMOWHUPOBAHHOW CUCTEME PETYIU-
poOBaHMs ¢ MOAYMHEHHBIMM KOHTYpaMu CKOpPO-
CTH U TOKA.

IIpu paszpaboTke MoaenlyM NpuBOAA IIMMWHIE-
JI1 32 OCHOBY NMPUHSTA CUCTEMA PETYJIMPOBAHUS
C KOHTYPOM TOKa M ABOMHBIM KOHTYPOM CKOpPO-
ctu. KOHTYp CKOpPOCTM B 3TOM CJIy4a€ HACTPOCH
Ha MOAYJIBHBI ONTUMYM
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Fig. 5. Model of stabilization of cutting speed on a CNC machine
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€TCS C MOMOIIBIO ONepaluy YMHOXEHMS, IMpe.-
CTaBJICHHOM OTAEJbHBIM 0JIOKOM. Mojiesib 371eKTPO-
MpUBOAA IIITUHIEIS TaKKe COOSPKUT BHYTPEHHUI
KOHTYP, UMUTHUPYIOIIMI MOTEPU XOJIOCTOTO XOAa.
[Tpouecc pezaHuss mpu TOPLEBOM 00pabOTKe
B 1LIEJIOM COOTBETCTBYET CTPYKTYpe, MpeacTaBIeH-
Hol Ha puc. 1. MckiodyeHue cocTaBiseT Imojada
1o KoopauHare V,, Koropas npu ¢GopMUPOBAHUU
1IMKJa 00pabOTKM UCIOAb3YETCS JIJIsSI OTBOAA Pe3-
11a ¥ 3aJaHus Ipunycka Ha odopaboTky. s ynpo-
LIEHWSI TIPUITYCK MPENCTaBJIEH BEJIWYUHOUN a,, KO-
TOpasi COOTBETCTBYET IJ1yOMHE pe3aHus Mpu 00-
paboTKe TOPLIEBbIX MMOBEPXHOCTEM 3aTOTOBKH.

PCSyJIbTaTbl MOJACTHPOBAHUA

JuarpamMMbl pabOThI HpeACTaBICHbLI Ha puc. 6.

B nmnama3zoHe HU3KMX CKOPOCTE M TeMIla MX
M3MEHEHUSI TOK HArpy3ku [ aBUTaresist riiaBHOIO
JIBUXKCHUS IPOMOPLMOHANEH TEKYIIEMY paauycy
00paboTKM.

Puc. 6. Jinarpammbl padoTsi Moaenu cuctembl ¢ UYITY B pexxume CCP

Fig. 6. Diagrams of the NC model in the cutting speed stabiliza-
tion mode

[Tpn npubAMXKeHUU K HEHTPY M3AeAUs YBEIU-
YMBAETCSl TEMM M3MEHEHMsI 4YacTOThI BpallleHUs
IIOWHACAS, U YKa3aHHasl MPONOPLUMOHAIbHOCTh
HapylIaeTcs 3a CUET CYIIECTBEHHOTO BO3pacTaHu s
JIUHAMWYECKOTO TOKa. BbIXoa Ha y4yacToK ABUKe-
HUSI, COOTBETCTBYIOIIMI OTPAaHUYEHUIO CKOPOCTH,
COIMMPOBOXIaeTCsd COPOCOM TOKa Ha 3HAYeHHUE TO-
Tepb XosocToro xona. B Touke nepexona panuyca R
yepe3 HyJIb MPOUCXOAUT PeBEPC ABUKEHM S TIO KO-
opauHare Y U mepexol Ha YCKOPEHHYIO Mojaydy.
3a cueT MHEPLUMOHHOCTY TMEPEXOAHBIX MPOLIECCOB
MPUBOJ MOJAYU TMEPEXOAUT Yepe3 LEeHTP ABaKIbl.
AHaJOTMYHBINM TIpoliecc HabaomaeTcsl Ha ydacT-
K€, COOTBETCTBYIOIIEM BBIXOAY Ha HadyaJbHBIN
paguyc obpaboTrku. Takum oO6pa3oM, CKOPOCTHAS
00paboTKa MOJKHA COMPOBOXIATHCS pa3padboT-
KO aJITOPUTMOB, TPEIyCMaTPUBAIOIINX yYaCTKHU
BBIOCTOB U IIUKJIMIECKOM 0OpabOTKM M3IEITUIA.

3akiaoyenue

Takum o0Opa3om, pacCMOTpeHHasi MOIEdb CHU-
creMbl CCP mo3BojsieT MMUTHUPOBATHh ITMKJIBI
CKOPOCTHBIX PEXMMOB 00pabOTKM, KOTOPbIE MO-
I'yT OBITh HCIIOJB30BAHBI IJISI IPOPAOOTKU MIO-
nmosHUTenbHbIX PyHknui YITY. JlanHyo mMomenb
MOXHO WCIOJb30BaTh KaK OCHOBY HJISI JOPYTUX
BO3MOXHBIX BapMaHTOB 00pabOTKM, B TOM YUCJIC
MHOTOKOOPAUHATHON 00pabOTKM ¢ M3MEHEHUuEeM
mojJady B 3aBUCHMMOCTHU OT yCcUIMi pe3aHus. Ilpu
CKOPOCTHBIX peXuMax pe3aHus lieaecoobpas-
HO HCIOJb30BaTh IIpeABapUTEIbHBIN (BU3yaslb-
HBI) IIPOCMOTP OTPaOOTKM Kaapa IJisl MCKIIIO-
YeHMsI BO3MOXHBIX KOJUIM3MUNA. JIJIST TTOBBILIEHU S
OBICTPOACUCTBUSI B 3TOM cCllyyae 1ieJiecoo0pa3Ho
HCIIOJIb30BaTh CTAaHAAPTHBIE METONBI PEIICHUS
nugdepeHIUaIbHBIX U Pa3HOCTHBIX YpaBHEHM
C BBIBOJOM rpadrka oTpabOTKH.
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In this paper a simulation model of cutting speed stabilization for numerical control machines was developed. The
mode of cutting speed stabilization allows solving a number of technological problems, including the increase in machining
productivity and the quality of the part surface, the increase in durability of the cutting tool.

Access to the functions of the basic software of CNC systems is limited. Taking this into account, this paper considers the
functional and algorithmic features of the power parameter stabilization systems, as the basis for the further development of
intelligent algorithmic support and software. The existing guidance on cutting conditions is based on empirical dependencies,
the use of which for direct application in algorithms for the cutting process automatic control is difficult, since these dependen-
cies determine the predicted, not the current, parameters. The non-stationary model was adopted as the basic structure of the
process of shaping parts, the main non-stationary model parameters are determined by the three-dimensional kinematics of the
universal machine. The generalized approach to the power parameter systems and the synthesis of the regulators of their main
circuits made it possible to identify the simplest version of the structures based on the use of the regulators with parametric
feedback. The functional model contains the main components of the CNC system: an interpolator, servo drives of feeds and
main motion, as well as additional cycle and analysis modules. The high-speed processing of end surfaces and the conditions
for the implementation of cyclic control tasks are considered. The simulation results confirming the performance of functional

algorithms and the possibility of their use in intelligent CNC systems are presented.
Keywords: cutting speed, shaping, electric drive, interpolator
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PaspaboTka n nccnegoBaHvue MateMaTuyecKMxX mMoaenen packpbITus
NOABMXHbIX YacTew TpaHC(bopMMpyethilx KOCMUNYECKNX KOHCTPYKLIUK.
Yactb II™

Paccmompen npouecc Hacmpoiku paouoompaxcarnue20 cemenoiomua KpynHo2adapumuo20 mpancopmupyemozo pegiex-
mopa Kocmuueckoeo 6azuposanus. Pegpaexmop cocmoum uz ¢ponmanvHoli cemu, Komopas HamsHyma Ha cun080l Kapkac,
6aHM, C NOMOWbIO KOMOPBIX NPOUCXO0UM OMMANCKA PPOHMAALHOU cemu K MblAbHOU cemu 045 3a0anus Heo0xo0umou ghopmul
ompascarwowei nogepxnocmu. Pewena 3adaua nacmpoiiku u onpedenerus opmol paduoompaicarnuezo cemenosomua Kaxk ¢ 00-
HOU naockocmu, mak u é mpex naockocmsax. B obujem eude 3adaua Hacmpoiku Gopmsl paduoompaxicarnujezo cemenoiomHa
pewaemcs 3a cuem 030elicmeus Ha KOHCMPYKYUI0 aKmioamopo8 — UCNOAHUMENAbHO20 YCMPOUCMBEA CUCMeMbl YNPABAeHU.
s Koppekmuoeo yHKUUOHUPOBAHUS pehaeKkmopa Ha opOume mpebyemcs 603MONCHOCMb YNPABAeHUs (OopMOL ompaxcaroueti
NnoGepXHOCMU nymeM HaAMANCeHUs QpoHmanvHou cemu. /las 06pazoeanus u noddepicanus opmol pegpaekmopa hponmanvras
U mbvlaogvle cemu coeOUHeHbl 6aHMOBbIMU NOOKPenAeHUAMU (ommaxckamu). Banmol coedunsaom npomuegonexcaujue y3avl ce-
meti. Banmoeas cucmema seasemcs 0CHO80U 045 NOCMPOEHUs cucmeMmbl NOOHAcmpoliku. Munuamioprsie mexampoHHble MOOYAU
Mo2ym Oblmb PACNOA0NCEHbL HA KaXcOOl U3 nodcmpausaemovix eanm. Jlas peeyaupoexu Gopmsl 6 00HOU NAOCKOCMU NpUMeHeHa
memoduka eubkux numeil. Ilokazana 603mM0ICHOCMb U3MEHEHUs NOBEPXHOCMU 00HOBPEMEHHbIM 6030eiicmauem 00H020 UAU He-
CKONMbKUX aKmioamopos. Jlas Hacmpouxu Gopmvl 6 NPOCMpPaAHcmee NpUMeHeH Memood MemMOpaubvl, ONUCHIGAeMbll YDPAGHEHUEM
Jlanaaca. B kauecmee akmoamopos 045 3a0aHUS HOPMbL pACCMOMPeHbl Nbe30npUsod, dgueament HOCMOIHHO20 MOKA U Cepeo-
Momop. 3a mamemamuueckyo mModeab nve3oaKkmoamopa npunama modeav A. A. Hukoavckoeo. Cucmema pewaemces ¢ yuemom
HCeCmK020 3aKpenierus omeemuou yacmu pegpaekmopa. Ilposedeno cpasnenue npumenenus IHUJ] peeyasmopa u onmumaibHo2o
peeyaamopa. M3 npuHyuna MaKcumyma eviseaeHa CmpyKkmypa onmumanibHoeo ynpasienus. Bosnukarouwas 0syxmoueunas kpae-
6as 3adava pewaemcs memooamu Hauckopetiuieeo cnycka u Hotomona. Ilokazano, umo npumenenue onmumaibHo20 ynpasieHus
n0360455eM COKPaAMUMb 8peMs NepexooH020 npoyecca. AHaroeuunas 3adaua Oviaa peuiena 04 dgueamens NOCMOSHHO20 MOKA U
cepgomomopa. /Jlns écex akmoamopog noKA3aHo NPeumMyu,ecmeo UCnoAb306AHUS Mem0o008 ONMUMANbHO20 ynpasaenus. [Iped-
A0JCEHO peuleHue 3a0aul ¢ NOMOUbI0 aA20pUMMA C KoppeKyuell napamempos CmpyKmypsl ynpagieHus.

Karouegoie cao6a: mamemamuyeckas mooens, moodeauposanue, KpynHoeabapumuolii mparcgopmupyemolii pedhaekmop, Ha-

cmpouKa hopmwl, cemenosomHo, AKmMmamop

BBenenne

OCHOBHBIMHU  TIOKa3aTeJIsIMUA TpaHChopMUpye-
MBIX CHCTEM SIBJISIIOTCS BBICOKAs TOYHOCTH (POPMBI
OTpaxarleid TOBEPXHOCTUA TIOCIE pPa3BEpPTHIBA-
HUSI, €€ CTAOMJIBHOE COCTOSTHUE B MPOILIECCE BCETO
nepuoaa dKCIUTyaTalluM, HaJIeXXHOCTb PaCKPBITHUS.

AHaNIA3MpPysl CYLIECTBYIOIINE pa3padaTbIBAEMBbIE
BUABI OOJBIIMX KOCMUYECKUX aHTeHH [l, 2], MoX-
HO cHefaTh BBIBOA, YTO OMHUM W3 MEPCHEKTUBHBIX
HaIlpaBJIEHUI SBISETCS CO3MaHUE KPYyIMHOrabapuT-

' YiccnenoBanus npencraBieHubie B I u Il yactax crateu
BBIIIOJIHEHBI TPU (MHAaHCOBOI nmoaaepxke PODU B pamkax Ha-
yuHoro mpoekTa Ne 20-08-00646 A.

2Yacrs I ony6nKoBaHa B XypHaie "MexaTpoHNKa, aBTOMA-
Tusauus, ynpasiaenue”, 2020, T. 21, Ne 1.

Horo TpaHcdopMupyemoro pedaekropa (KTP) koc-
MUYECKOro 0a3MpoBaHUSI C MCIIOJb30BAaHUEM TPO-
COBOI1 cucTeMbl noaaepkaHust GopMbl pedieKTopa.

PaccmorpuM koHcTpykuuto KTP ¢ ucnonb3o-
BaHMEM TPOCOBOI (BaHTOBOM) CHCTE€MBbI IIOAIEP-
KaHUs popMbl pediekTopa (puc. 1). OcobeHHOCTD
TaKOl KOHCTPYKLIMM 3aKJIIouyaeTcs B OOJIBIIOH
miomanyd padodeil IOBEPXHOCTUM B PaCKPHITOM
COCTOSIHUM M BO3MOXHOCTU YIpaBieHUs (popMoit
pedaekTopa. KioueBbIM 2JIeMEHTOM TaKOro BUJA
AHTEHH SIBJISIETCS YCTPOMCTBO TOYECUHOM pEryJiu-
poBKU popMmbl pedaekTopa. UMeHHO OHO JOJIXKHO
obecrneynBaTh BHICOKYIO TOYHOCTh pedJieKTopa U
MaJjioe cpegHekBaapaTuyHoe otkioHeHue (CKO).

PedaexTop cocTout U3 GpoOHTAIBHON CETH, KO-
TOpasi HaTSIHyTa Ha CUJIOBOI KapKac, BaHT, C [IOMO-
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DponraibHAf CeTh

Banter

Kaprac civiopoii

Teuibnan cete

Puc. 1. KpynnoradaputHslii TpancgopmMupyemslii pedieKTop
Fig. 1. The large transformable reflector

1LIbIO0 KOTOPBIX IIPOUCXOAUT OTTSIKKA (PPOHTATIBHOM
CETU K THIJIbHOI CeTH IJIs1 3aJaHUusl HEOOXOOMMOM
oTpaxaloueil TOBEPXHOCTH.

B o01ieM Buae 3agadya HacTpoMKU GOpMBI pa-
nuooTtpaxaminero cerenoiorHa KTP pemraercsa
3a CYET BO3JIEMCTBUSA HAa KOHCTPYKLUIO MCIIOJ-
HUTEJIBHOTO YCTPONCTBA CUCTEMBI YIIPaBICHUS —
aKTI0aTOPOB.

ABTOMaTHUYECKHE CHCTEMBbI, B KOTOPBIX DHEP-
TUs s HACTPOMKM pediekTopa MPOU3BOAUTCS
3a CYET NPUBOAOB, B YACTHOCTH Mbe30aKTIOATOPA,
aBuratesst noctosHHoro toka (IIIT), ceppomoTo-
pa, TTO3BOJISIIOT YIIPABJSATH IIPOLIECCOM HACTPOUKM
U TIOAACPXKaHUS, TEM CaMbIM MOAAEPKMUBATh ped-
JIEKTOp B paboyeM COCTOSIHMM Ha BCEM BPEMEHU
€ro 9KCIJIyaTalluu.

Hcnonp3oBaHKne TakKuX IMPUBOJAOB TpeOyeT Ha-
JUYMS CUCTEMBI yIIpaBleHUs, Oa3upylolleiica Ha
WUCIOJIb30BaHUM MH(POPMALMU O COCTOSHUU CHU-
creMmbl. [103TOMY JOMONHUTENBHO BCTAeT BOMPOC
0 JaTuyuKax OoOpaTHOI CBSA3M, MX YMCJE, TOYHO-
CTU M MEPUOAUYHOCTU pabOTHI, BCICACTBUE YETO
MOXET BO3HUKHYTH 3aja4a GUIbTpallMi JaHHBIX,
3ajlaya IporpaMMUpPOBAaHUS UM CUHTE3a YIpaB-
JeHus. Kak utor, Ha OCHOBE YMUCJICEHHOI'O MOJe-
JIMPOBAHUSI HEOOXOAUMO BBIPAOOTATh CTPATETUIO
ynpajieHus1 HacTporikoil KTP.

CrnenyeT OTMETUTh, YTO OCOOYI0 aKTyaJlbHOCTh
BOIIpOCY IpuaaeT TOT (akT, YTO 3a MOCJIeIAHEe
JeCSITUJIeTUe HOOCTUTHYT OTPOMHBIM IIporpecc
B KOMIIBIOTEPHOM TEXHUKE, KOTOPBIN IMO3BOJISIET
BBIIIOJIHSITh O0BbEMHbBIE BBHIYMCIUTEIbHBIC OMEpa-
LIMM 32 KOpOoTKoe BpeMsi. BenenctBue atoro 1ee-

coobpasHo ang pasepTeiBaHUsA KTP nmpuMeHATH
QJITOPUTMBbI ONITUMAJIBHOTO yTipaBiaeHus [3—7].

Hnst xoppeKTHOro (byHKIIMOHUPOBaHUS ped-
JIeKTopa Ha opbuTe TpedyeTcsi BO3MOXHOCTH
yrpaBjaeHus (popMoii oTpaxalolleil MoBepXHOCTHU
MyTeM HaTsIxKeHUsT (POHTATbHON CETH.

PaccMoTpuM HacTpoWKy paaroOTpaKaroliero
CETEINOoJ0THA KPyIMHOrabapuTHOI TpaHCHOpMUpy-
€MOUW KOCMUYECKOW KOHCTPYKIIUY. BHEIITHWI BUI
aHTEHHBI NpeacTaBiacH Ha puc. 1. KOHCTpYKTHUBHO
aHTEHHA COCTOMT M3 CUJOBOro Kapkaca, opmo-
00pasywlleil CTPYKTYphl U PaaIUOOTPaAXAIOIIETO
CETEMOJIOTHA.

®dopmooOpasylolasi CTpyKTypa TpeaHa3Haue-
Ha A1s1 ¢GopMHUpOBaHUS (GOPMBI paglOOTpaxKaro-
1Iel MOBEPXHOCTU pedieKTopa U MOoAACPXKaHUS ee
B MPOILIECCE BCErO CPOKA IKCIJIyaTalluu CIyTHU-
ka. OHa cocTOUT U3 (PPOHTAIBHON 1 THIJIIOBOMU Ce-
TEM, CBSI3bIBAEMbBIX MEXIY COOO CHCTEMOI BaHT.
®opmooOpasylolasi CTPYKTypa CIyXUT OCHOBOM
MOCTPOEHHUST CUCTEMbI MOIHACTPOUKM pedIeKTO-
pa, Tak KaK UMEET OOJBIIIOE YUCITIO KMHEMATHUYE -
CKMX CBsI3€l C MOBEPXHOCTHIO pediekTopa.

s o6pa3zoBaHus U mogaepKaHust GOpMEI ped-
JlekTopa (poHTa bHas U ThLJIOBBIE CETU COEIUHE-
Hbl BAHTOBBIMU TOAKPEIJIEHUSIMU (OTTSIXKKaMU).
BaHTBI coenMHSAIOT MPOTUBONEXKAIIMUE Y3JIbl CETEM.
HazeMHas HacTpolika 3aKJII04aeTCsl B MOACTPOMKE
HavyaJIbHBIX UIUH OTTSXEK C YYETOM BIUSHUS CUJT
rpaBUTALIMU U CUCTEMBI OOE3BEIIVBAHUS.

BanToBas cucremMa SIBISETCS OCHOBOW IS
MOCTPOEHUS CUCTEMBI MOMHACTPOWKU. MwuHUa-
TIOPHBIE MEXaTPOHHBIE MOJAYJIU MOTYT OBITH pac-
MOJIOKEHBI HAa KaXXJI0W U3 MOICTPANBAEMBIX BaHT.
B ocHOBE MeXaTpOHHOTO y3Ja JIEXXUT MUHUATIOP-
HBIU JIMHEWHBIA TTPUBO/I.

HacTpoiika ceTenojioTHA B 0JHO#M MJIOCKOCTH

PaccMOTpyuM MJIOCKYI0 MOIENb YIIpaBICHUS
dopmoii cerenonotHa. Ha puc. 2 nmpuBeneHa onHa
CIMIA, IBAa TJIABHBIX paaMajibHbIX IIHYpPa ThUIb-
HOW M (POHTAJBLHONM ceTeil W BaHTBI, UIYLIWE
MEXy HUMU.

3nech I — IIHYpP, COCOAMHSIONINI KOHIIBI 3Be-
HbeB 2 U 3 (MO3BOJISIIOIIME 3aJaTh Iapadosiuue-
CKy10 (opMy ceTemnosioTHa); 2 U 3 — KOHIIEBbIC
3B€HbSI CIIUIIbI; 4 — TJIaBHBIA paguaJbHbBIA LIHYP
¢pOHTANILHOI ceTu; 5 — TIJaBHBIA paaualdbHbIA
LIHYP THUIBHOM CETU; 6 — KOPHEBOE 3BEHO CITUIIbI;
7 — BaHTbBI, COCMUHSIIOIINE IVIaBHbIC paalaJibHbIC
LIIHYPHBI € y3JIaMU (PPOHTATILHON U THIJILHON CeTell.
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Puc. 2. BanTbl, cnuna v riaBHbie PaiHaJbHbIE ITHYPHI (BHJ COOKY)
Fig. 2. The rope, spoke and main radial cords (side view)

B xauecTBe Havasa KOOpAMHAT BEIOEpPEM TOUKY
KpeIUIeHUs IIaBHOTO paauajibHOro IHypa (GppoH-
TaJIbHOI CeTHW K OCHOBE CHJIOBOrO Kapkaca (TodY-
ka 0 Ha puc. 2).

BBugy cummeTpum JeBOMl M TIpaBOi BeTBeH
napaboJibl, a TakKKe NpUHUMAasi BO BHUMaHUE TOT
(haxkT, 4TO LIEHTpabHAsI TOUKA B OCHOBAaHUU KOp-
HEBOT'O 3B€Ha CIIMIbI M KOHIIEBbIE TOYKHU XKECT-
KO 3aKpeIlIeHbl, OyJeM HCCJIeA0BaTh yIpaBleHUe
TOJIBKO IPAaBOM YaCTH.

B xaxmoil BaHTe HAaXOAUTCS MO OJHOMY aKTIO-
aropy. Hactpoiika (opMBI TIPOUCXOIUT ITyTEM M3-
MEHEHU S AJMHBI BAHTHI B KaXX A0 TOUKE KpeILie-
HMS BaHTHI K GPOHTAIbHOM CETH.

BriBeneM ypaBHEHUS, OIMCHIBAIOIIME 3aBUCH-
MOCTb (DOPMBI CETEIOJOTHA OT CUJIbl HATSIXKEeHU S
B OIpele/leHHBIX TOYKax 3TOro mnojoTHa. s
3TOro onpeaeanumM GopMy, KOTOPYyIo uMeeT GpoH-
TaJbHas ceTh. PaccMOTpuM ciyyaili HacTpOMKHU
(opMBI oTpaxkalolleii MOBEPXHOCTU B KOCMMYE-
CKOM IIPOCTPAHCTBE MYyTeM HaTsSIXEeHUS (OpMBI
TOJILKO B OJHOM MJIOCKOCTH.

PaccMoTpuM 4YacThb ceTenosoTHA ¢ ABYMS (PUK-
CUPOBAHHBIMU ToYKaMu (A 1 B) u npuaoXeHHOR
cujioi Mexny HuMu (puc. 3). 3amnuiueM ypaB-
HEHUE paBHOBECHUS IJIsl TaKON CUCTEMBI IIPU yC-
JIOBUM, UTO CTpeja MPOBUCAHUS HUTU Maja IO
CPaBHEHMIO C TOPU3OHTAJIbHBIM IIPOJIETOM MEXIY
3TUMU (PUKCUPOBAHHBIMU TOYKAMHU [§].

[TprumeM, 4TO cula HaTsI>KeHUs HUTU T paBHa
KOHCTaHTe, M IIPUJIOKEHHUE CUJIBI P IpOUCXOOUT
JTOCTAaTOYHO MEIJICHHO, TaK YTO MOXHO CYUTATh
JaHHBIA peXuM cTtaTudeckuM. PaccMoTpuMm paB-
HOBecue 3jieMeHTa HUTU ab = ds. B Touke a Ha
HUTH OEUCTBYET HATSKEHUE HUTU 7, TOrma B TOY-
ke b Oymer meiictBoBaTh cuja 1 + d7T. Ilomumo
9TOr0 Ha BJIEMEHT ds OeUCTByeT cuiia Pds.

Torma, ncnons3oBaB rpadpuueckuii meror [9, 10],
T. €. 3aIlMCaB IPOEKLUU NCUCTBYIOIIUX CUJ HA
OCH KOOPIMHAT, MOXHO MOJTYYUTh:

O0x: (T+dT)d—x—Td—x:O;
ds ds
0y: (T+dT)d—y—TQ—Pds =0.
ds ds
PackpblB CKOOKM M mMpojenaB HEOOXOAMMBbIE
MaTeMaTu4yecKue IIpeoOpa3oBaHus, ITOJYUYUM
dx d(,.dy
dT—=0 u —|T = |- P =0. W3 nepBoro BbI-
ds ds ds

paxkeHUs caenyeT, uto 7' P C, = const, T. €. Ipo-

eKIIMs HATSKEHMS Ha OCb X €CTb BEJMYMHA IO-
CTOSIHHAasI.

Cuna HatsikeHus T HalpaBJieHa MO KacaTeslb-
HOM K KpUBOW (ppoHTanabHON ceTu. Torma MoxXHO

X
3aImicaThb, YTO COSOl = Is u C, = Tcosa, rae o —
s

YroJl MeXIy KacaTeJbHOM K KPUBOM CEeTEeIoJI0THA
n ocbio Ox. Cuy BO3IEHCTBUS Ha CETh 3alMIIEM

dx

Kak P = q(x)d—, raoe g(x) — pacrmpeneneHHas 1O
s

IJIMHE Harpy3ka (B ciydyae HaJU4YUsl 7 TOYEK Ha-

TSKKM MOXHO 3amucatb —y P, rae i — HoMmep
n

TOYKU TIPUJIOKEHU ST CUJIBI).

Hutp cerenonoTHa, Haxomsiasicsi B paBHO-
BECHUU TIOA JAEMCTBMEM BEPTUKaJIbHON HArpy3Ku,
nmeet Gopmy napabonsl [10].

Onpenenum GopMy paanooTpakarollero cere-
MOJIOTHA 110 TPEM TOYKaM B 3aBUCUMOCTHU OT MPH-
noxeHHon cuiabl P (puc. 4). Touku 0 u B Oynem

I I I I

I BEES B :

! A B e |

I I

1 | | 1

| ds T+dT I |

| b L >

I I

! a (0] L g o x !

I I ! !

: ,T / | dx . : : T! .T2 :

I 0 I ! !
X ! |

] Pdss M- P P :

Puc. 3. Cuibl B ceTenoJOTHe NMPH 32JAHHOM HATSIKEHUH Puc. 4. ®opMma CeTenoNOTHA NPH NPHAOKEHHN CHIbI P

Fig. 3. Forces in the network at a given tension Fig. 4. Network form when force P is applied
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CUMTATh XECTKO 3aKPEMJIEHHBIMU U HE TepeMe-
mwatowmumucs. [pumem, uyto orpesku 0C u CB gB-
JS10TCS mapabosiamu ¢ nepecedyeHreM B Touke C.
Torna nast 5TUX napabos, NPUHSB, YTO MOACTPOY-
HbI€ UHIEKCHI | 1 2 0003HAYAIOT MPUHAIEXKHOCTh
K TEpBOM W BTOPOM TMapabdojie COOTBETCTBEHHO,
a Ey u E;, — xk0o3pduuMeHThl, 3alTMLIEM:

2
0C: y, = CLL%—&)CJ“‘ Ey;
11

2
q (x
c 5 8,x |+ Ey.
12\ 2
3amnuiueM MpoeKIIMyU IeCTBYIOIIUX CUJT B TOY-
ke C Ha ocu:

CB: y2 =

(1)
)

Ox: —Tycoso; +7T,cosa, =0;

Oy: —T;sina; + T, sina, - P =0.

N3 ypaBHeHus (1) nonyyaem C,; =CC2 = C. la-

nee, noncrasusB 1) =71, = = B ypaB-
cosa; cosa,
HeHue (2), nmoayyaem
-Ctga, + Ctga, — P =0.

Hng oOweit Toukn C U3 yciaoBus y; = y, Ha-
XOAUM:

q (x? q (x?
A x| g X E,.
C11(2 51’“) cu(z 52’“j+ 2

Jng HacTpolikm (GopMBI pagnooTpazKaroleit
MOBEPXHOCTH HEOOXOAMMO BHIOpAaTh TOYKY Ha-
CTPOMKM, OTPETYJIMPOBATH €€ IOJIOKEHHNE M CpaB-
HHUTh TOJYUYMBIIYIOCS KPUBYIO C XKeJIaeMON Kpu-
BOI. YBeIMYEHUE YMCJa TOUYEK PETyJIMpOBaHUS
BeAeT K YBEJIWYCHUIO YKCJIAa YpaBHEHMM, CBSI3bI-
BAIOILINX KaXXAYI0 TOYKY C APYTOM.

Onpedeaenue cuavl HAMANCCHUS

Hns mpoBeAcHUS MOAEIMPOBAHUS PacCMO-
TPUM 4YacTHYIO 3amady. Huth cerenosiorHa HaTs-
HyTa MEXAy ABYMS (PMKCUPOBAHHBIMM TOYKAMMU
¢ koopauHatamu 0 = [0; 0] u B = [10; 2] u ume-
eT (popMy mapadoJibl, OMUCHIBAEMYIO YpaBHEHUEM
y= 0,02x2. Koopaunatel Touku C npu 3agaHHOMR
dopme npumeMm C = [5; 0,5]. Hutp Haxomutcs
B HAaTSIHYTOM COCTOSIHMHU, T. €. CHUJIbI HATSIXKCHUS
HUTU T ypaBHOBELIEHBI CUJIOM OTTSIXKU P.

HeobxonuMo nepeHacTpouTh (popMy aHTEHHBI
B BUJI¢ IMapaboJibl B 3aJaHHYI0 popMy, onpenesi-

emyio ypaBHeHHeM y = 0,025x> — 0,05x mipy k-
CHPOBAHHBIX TPAaHWYHBIX ToukKax. Touka C mpu
3TOM OyaeT umeTh koopauHatel C = [5; 0,375]. 3a-
Jaya COCTOMT B ONpEACIEHUN CUJIBI P.

CnenaeM cienymolive JOMYIIeHWsI, HEOOXOaU-
MBbI€ JUJISI pelieHUs TIoCTaBJIeHHOU 3amayu. Hutb
CETeNoJIOTHA HAXOAUTCSI B KOCMUYECKOM IIpO-
CTPaHCTBE, M Ha Hee He NCHCTBYIOT CHUJIBI TSIXKe-
ctu. MUHUMAaNbHAS AJUHA HUTU L, ;, Onpenesns-
eTcsl 1o TIpssMoit, coenmHsotIei Touku 0 u C.

Ornpenenum JJIMHY HUTU B CBOOOITHOM COCTOSI-
HUM TPU 3aKPETJICHHBIX KOHEYHBIX TOUKaX (KpH-
Bast I Ha puc. 5):

Loin = V1% +h% =10,198.

I/ICXOIIFI N3 3aKOHa FYKa MOZKHO 3aIlnucaTb

aT =2 Es, 3)
L
rne AT = T, — T; — DPa3HOCTb CUJ HATSIXECHWUS

HuTHU B Touke C (puc. 5); Al = [, — [, — pa3HOCTb
InuH HUTU Ha ydyactke CB u 0C;, E — monyib
YIIPYrocTu; S — IUIOAaAb CEYCHU ST HUTH.

W3 ypaBHeHus (2) BbIpa3uM CUJIY HATSXKEHUS
HuUTH P:

P=-T;sina; + 7T, sina,.

B Touke C: oy = 0, = a. [looaTOMY MOXHO Mepe-
nucarb

P=(T,-T))sina =ATsino. 4
oy B
b2 :
| 1 |
15 | |
| 3|
1 |
0.5 / |
| | |
! gé%/ﬁl/}) !
0.5 | x!
001 2 34 5 6 7 8 9 10!

Puc. 5. Onpenenenue npuioxennoi cuin P
Fig. 5. Determination of applied force P
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Tak kak y' = tgo, TO MOXHO BBIYMCJIUTH 3HA-
YyeHue yria o.

Onpenenum 3HAYeHUE CUJIbI OTTSXKW P mpu
HEHATSIHYTOM COCTOSIHMM (KpuBast [ Ha puc. 5).
Tak xak Al = 0, To, COOTBETCTBEHHO, U3 (4) UMeeM
P =0. Huts HaxoauTCs1 B CBOOOAHOM COCTOSTHUM.

ITpu popme mapabobl, OMUCHIBAEMOI ypaBHE-
HieMm y = 0,02x (kpuBasi 2 Ha pUC. 5), HAXOLUM
nnuay Hutu [} = 5,06 u [, = 5,26. o dopmyre (3)
HaxoguM AT. TlpyHumaeM, 4TO HUTb COCTOMUT U3
Boabdpama (E = 350-10° [Ta), auameTp HUTH pa-
Ber 3 Mm. Torma AT = 1,9+10°. U3 coorHoweHNs
(4) BRIUMCIISIEM CUITY, TIOTPEOHYIO AJISI MOIAepXKa-
HUS ucxomHoi ¢opmbel: P = 6632 H.

[IponenaeM aHaJOTUYHBIC BBIYMCICHUS IS
XKejmaeMol  mapabosibl, ONMMCHIBAEMON ypaBHe-
HieM y = 0,025x2 — 0,05x (kpuBast 3 Ha puC. 5):
P =44 137 H.

Hacrpoiika ceTenojioTHa B NpOCTPAHCTBE

Hng ompeneneHuss GOpMBI paguooTpaxkalole-
o CETEIoJOTHA B IIPOCTPAHCTBE YAOOHO IIpel-
CTaBUTH ee B Buae MeMOpaHbl. Torma nuddepeH-
LIAaJIbHOE YpaBHEHUE MEMOpaHbl MOXHO OITMCATh
ypaBHeHnueM Jlammaca [11]:

2 2
i ®)
ox* oy S

IIe X, ¥, £ — OCU KOOpAMHAT, ¢ — pacripeacyieH-
Hag Harpyska; S — MJjolaab MOBEPXHOCTHU.

[Ipu pemieHun 3amaum omnpeneaeHus: (Gopmbl
PaaroOTpakalolero CeTernojJioTHA YA00HO mepe-
WTHU K MOJSIPHBIM KOOPAMHATaM, TaK Kak pediex-
TOop UMeeT popMy mapabosonga. B satoM ciyyae
B CWJYy CUMMETPUM YypaBHEHHUE, OMUCHIBAIOIIEE
nporud MeMOpaHbl, CBOIUTCS K CJIeAYIOLIEMY:

o%w . low p
op> p op S’

Ha puc. 6 nipeacraBieH nmpuMep OImpeneacHus
¢opMBI ceTeroIoTHA Ha OIHOH (aceTe (4acTH OT-
paxalolieil MoBepXHOCTH).

Ilonarast ¢ = 0 B ypaBHeHuu (5), T. €. cuuTas,
YTO Ha MeMOpaHy He ACHCTBYyeT IolepeuyHas Ha-
rpy3ka, IpUXOIuM K YPaBHECHUIO

o’z % _

— 0.
ox? 6y2

Puc. 6. ®acera paauooTpaxkaiomero ceTenoJoTHa
Fig. 6. Facet of radioreflection network

s ompeneneHUsT y3JIOBBIX 3HAYeHUN (DYHK-
UM TIporuba z COCTaBUM CHUCTEMY JMHEHHBIX
ypaBHEHUM, YIOBAETBOPSIOLLYIO ypaBHeHUO Jla-
riaca:

B Touke (1): 300 + 200 + 100 + 200 + z, + z3-6z, = 0;
B Touke (2): 100 + 200 + 100 + 50 + z; + z3-6z, = 0;
B Touke (3): 100 + 100 + 200 + 50 + z; + z,-6z; = 0.

PelieHue 3Toii cucTemMbl Caeayollee:
71 = 175, 7, = 125, z3 = 125.

DTO M ecTh 3HAUEHUE MPOTUda B TaHHBIX TOY-
kax. [lo 3HaYeHUsIM PYHKUIMHU Z MOXHO amIpoK-
CUMUPOBATh, HAIIPUMEP, METOJOM MEHBIINX KBa-
npatoB, napab6onoua. Ecin mMeMOpaHa MCHOBITHI-
BaeT Kakoe-JIM0Oo JaBjieHre, TO B MpaBbIX YaCTIX
YpPaBHEHMI MOSIBIATCS COOTBETCTBYIOLIME Ciarae-
MbI€ BMECTO HYJIS.

Kak pesynbratr, ucxonsi u3 3agaHHON (HOpMBbI
CETEINOoJ0THA MOXHO BBIYMCIUTH 3HAUYEHUE YCU-
JINA, HEOOXOAMMBIX JIUISI HATSIDKEHUSI U HACTPOMKU
(opMbI, a TakKe MMOCUUTATH PA3HUILY B MPOTUOAX
MpU HBIHELIHEeW opMe 1 TIPU KeJaeMO.

Hactpoiika ¢dopMbl pamuooTpakarwlieii Io-
BEPXHOCTU MPOBOAMTCS 3a CYET yIpaBJEHUS aK-
TI0ATOPOB MOOJMHOYHO MJIM COBMECTHO HEKOTOPOI1
I'PYIIION B 3aBUCUMOCTH OT MOCTABJICHHOM 3a1a4uH.

MoaeMpoBaHie akTIOATOPOB

B kxauecTBe aKTI0aTOPOB pacCMaTPUBAJIMCh MbeE-
30IIpMBOJ, ABHUTaTe]b IMocTostHHOro toka (AIIT),
CEepPBOITPUBO/I.

MexaTpoHuKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 2, 2020

121



Ilve3onpueoo

PaccmoTpuM npuMeHeHMe nbe3oakTioaropa [12].
OTMeTHM, YTO MPUMEHEHHE MbE303JEKTPUICCKUX
5JIEMEHTOB OOIIEN3BECTHO, HAMpUMeEp, IJISI PETrH-
cTpauuu nedpopMalviy AeTanseil KOHCTPYKIIMU, KOT-
Jla Tb€303JIEMEHTHI YCTAHABAMBAIOTCS Ha JETANISIX U
TepeMeIaTcs 1Mo Mepe a1eopMUpPOBaHUS A€TAJIH.
BMecTe ¢ TeM ITb€303JI€MEHTHI OKa3bIBAIOT ILIieJe-
HaIlpaBJICHHOE BO3NEHCTBUE Ha NETajlb, B YACTHO-
CTH, TeOpMUPYIOT €€. B aBMaliuM Nbe303JIEMEHTHI
MPUMEHSIOTCS OIS a3pOIUHAMUYECKUX MTPOpUIEH,
COHApOB, TMAPOGOHOB, TUPOCKONOB, a TaKXe IJIS
OOJIBIIMX BOTHYTHIX 3€pKaJl, HAIIpUMEP B TEJIECKO-
Iax, 1 BO MHOTUX Apyrux ciydasx [13—13].

IIpe30251eKTpUUECKUE MaTepHadbl U 3JIEMEH-
Thl Ha MX OCHOBE BBICOKOHAIEXHBI, YCTOMYMBHI
K BO3IEWCTBUIO Pa3JMYHBIX arpeCCUBHBIX Cpe,
MMEIOT MaJible MaccorabapuTHbBIE IOKa3aTesu,
BBICOKYIO paAWAIlMOHHYIO CTOWKOCTH W TEPMO-
CTOMKOCTh, IOMDJIEKTPUUYECKYI0 Iipuponmy [16].
JaHHBIE CBOMCTBAa OCOOEHHO BaXXKHBI MPU MPOEK-
TUPOBAHUM allllapaTypbl, MpeaHa3HaYeHHOU IJIs
paboThl B KOcMoce. B cBsI3M ¢ 3TUM B psiie paboT
paccMarpuBaeTcsl MCITOJIb30BaHWE JAaHHOTO THIIA
aKTHATOPOB B KOCMMUUYecKoil oTpacau [17—19].

Hnsg pellleHusT 3agayu  yIIPaBJICHUS IThe30-
aKTI0aTOPOM CJIEAYeT OIMPEACTUThCI C €ro KOH-
CTPYKTUBHBLIMU OCOOEHHOCTSIMM M Ha OCHOBaHUU
BTOTO BBECTH PsI YCIOBUM U NOMYILICHUWA.

Bynem cuuTath, 4TO IThEe30aKTIOATOpP, 3aKpe-
MJEHHBI Ha THIJIBHOU CeTU pedieKTopa KOCMU-
YeCKOro aIapaTra, HEHOIBMKEeH, MMeeT M3BeCT-
Hble MepBOHAYaJbHbIE pa3Mepsl: /), S — Havajb-
Hasl AJWHA W IIONEpPEeYHOE CEUEHME aKTioaTopa.
IlepBoHaYanbHBINA pa3Mep M3MEHSETCS MOM ACH-
CTBMEM 3JIEKTPUYECKOrO MOJS, IepeMeliass mpu-
BEIEHHYIO Maccy m. TakuM o6pa3om, cymMMapHas
Macca My COCTOMT U3 MAaCChl CaMOTO MbE30aKTI0a-
TOpa m, U NepemMelaeMoil MacChl.

ITpu nanpHelIIEM pEIIEHWM 3ada4yy IIPUHUMA-
IOTCSI TaKXX€ CJIECIYIOIIUE NOMYILEHNS:

* U3MEHEHME pa3Mepa aKTioaTopa Ha OAWH-IBa

MopsIIKa MEHBIIIE €r0 U3HaYaJIbHOrO pa3Mepa;
* QaKTIOAaTOp HONYCTMMO pacCcMaTpuBaTh Kak

OIWH MOHOJIMTHBIN 3JIEMEHT;

* aKTIOATOp MEPEMEIIAECTCS TOJABKO BAOJIb OTHOM

OCH.

C y4yeToM IIPUHSATHIX OOMYIIEHWN M YCIOBHA
BOCHOJB3YEMCSI MaTeMaTH4yecKoil Mmomenblo Hu-
Kosibckoro [20] aJis MOHOJIMTHOI'O MbE303JeMEH-
Ta, KOTOPBI paccMaTpUBaEeTCsI KakK OOBEKT C CO-
CPEIOTOYCHHBIMHU MapaMeTpaMu.

Cucrema auddepeHIIMaibHbIX YpaBHEHUM,
OIMUCBHIBAIOIIMX MbE303JIEMEHT C UCTIOJTHUTEIbHBIM
opraHomM, umeeTt ciaenywouuii Bug [20]:

Al =V;

p_ K+ F KAl KV ”
my,

J__ e U KV

T CoRuK, CoR.K, CoK,’

rae Al — u3aMeHeHue JJIMHBI (X01) akTioaropa; V—
CKOPOCTb BBIIBMXEHUS akTioaropa; K, — kKoa(d-
¢dunmeHT obparHoro mbe3oaddekra; U — Hanps-
JKEeHWe, MPUJIOKEHHOEe K 2JIEKTPOoJaM aKTIoaTopa;
F, — crarnveckoe yeunue; K, — KospbuimeHt
ynpyroctd; K, — KO03(hOULUHUEHT BHYTPEHHETO
neMndupoBaHUs; e, — HAMPSIXKEHUE OT UCTOYHU-
Ka 3JIeKTPOABUXYLIEH cuibl (mutaHus); C, — em-
KOCTb; R,, — BHYTpEHHee conpoTusieHue; K, —
KO3 GUILIMEHT PSIMOTO TNbe303¢h deKTa.

B 92TOil nWHEWHOW JIWHAMUWUYECKOW MOAEIU
mbe3oakTioaTopa (6) He YYTEHO BIMSHUE TOTEPh
Ha BHYTpeHHee TpeHue (MeXaHW4yecKue TOTEepU)
W JIUIMOJbHYIO pefakcaluio (IAudJeKTpuyecKue
norepu). JlunonbHasl penakcaius U BHYTpEHHeEe
TpeHUE — 3TO CJIOXHBIE U MHOTOOOpasHbIe Mpo-
LIECChI, JACUCTBYIOLIME HAa MOJEKYISIPHOM U Jaxe
Ha 2JIEKTPOHHOM YpOBHe. DTa MOAEIb aKTIaTo-
pa MOXeT paccMaTpMBaTbCS B KayeCcTBE MEPBOTrO
MPUOJINKEHNS.

Cucrema ypaBHeHMIT (6) pelranach C y4eTOM
HETIOABUKHOCTU M KECTKOTO 3aKperuieHUs OT-
BETHOM YacTH pedieKTopa.

3ajmaya ympaBjieHUS COCTOMT B TIPUBEICHUU
Mbe30aKTioaTopa W3 HaYaJIbHOTO TIOJOXEHUS
Aly =0wm; ¥y =0 m/c; Uy =0 B) B 3ananHoe
KOHEYHOe cocTosiHue (Al = 1-1077 m; Ve=0wm/c;
U, = 0 B) npu orpaHnYeHNM Ha yIpaBleHuUe, 3a
KOTOpOE€ TIPMHATO HaNpsiKeHWe OT HCTOYHMKA
2JIEKTPOABUXKYIIEH cuibl e, = =10 B.

[Ipy HaIWMYUU TIOCTOSIHHO  MEHSIOUIMXCS
BHEIIHUX YCJOBMI M BO3MYIIAOIINX (haKTOPOB
BaxKHOM 3amaueil SIBJISIETCS MaKCUMaJibHOE Obl-
CTPOJEUCTBUE MPU PETYIUPOBAHUM KaK KaXJIOTo
OTACJIBHO B3SITOr'0 aKTIATOpa, TaK W TPYyIbl aK-
TI0aTOpOB. [{yig BeIOOpA yIIpaBJIEHUS CPABHUM HC-
MOJb30BaHUE PA3IMUHBIX BapUAHTOB CTPYKTYPHI
MPOMOPIMOHATbHO-UHTETpaibHO-TUGbdepeHIIn-
pytomiero perynsrtopa (IINJI perynsitopa) m om-
TUMaJIbHOTO peryisitopa [3, 6, 7].

[Mpu MomenmpoBaHWU CHUCTEMBI (6) C WCITONb-
30BaHMEM pa3nuuHbIX cTpykTyp IIN]I peryngaro-
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pa yaanoch 100MThCS HEOOXOAMMBIX MapaMeTPOB
perynupoBaHus. [1pu aTOM 111 U3MEpEeHU ObLIO
JOCTYMHO JWHeWHoe TepemeleHre Al Bpems
MepexoaHOro mpoiuecca cocraBuio ¢ ~ 2 c¢. Ha-
crpoiika koadduumnento [MU]] perynsitopa ocy-
LLIECTBJSIaCh C MOMOIUbIO TIOHUHTA B 0J0Ke PID
Controller B Simulink.

AHaJTOTMYHBIM 00pa3oM pemraeTcsd 3agada
yIIpaBJeHUS JJUHON MbEe30aKTIAaTOpa C UCIOIb-
30BaHMEM ONTUMAJbHOTO peryisropa [3, 6, 7].

Mg 3agauyy 0 MUHUMHU3alIUM BpEMEHU KPUTE-
puil ONTUMATIBHOCTH OyIeT UMETh BUL J = I,

3anuieM raMUJIBTOHUAH CUCTEMBI (6):

KU+ F.~ KAl - K,V
H:PA,V+PV[ e By " e ]—
my,

P[ e, U KV j
Ul RuCoKy RyuCoK, RuCoK, )

[Mpu permieHnyn 3agauu ONTUMATBHOCTU 110 ObI-
CTPOIEMCTBUIO CTPYKTypa YIpaBIEHUSI COTJIACHO
MPUHIKITY MakcuMyMa [ToHTpsTruHA TPUMET BUI
[3, 6, 7]

e, (1) = e, maxSign Py (7).

CornacHo Teopeme Menpadayma [21] yncio npe-
JEJIbHBbIX MEPEKTIOUEHU yrpaBieHusl e, s CU-
CTEMbl ypaBHEHUI (6) HEe TOJKHO MPEBHIIIATh IBYX.

KpaeBas 3amaya, Bo3HMKAalOLIAsl U3 TIPUHLIMIIA
MaKCHMYyMa, pellajiaCh MeTOIOM HauCKOPEHUIIEero
cnycka [22]. JIaHHBI# METOJ MO3BOJIUJ HAUTU Ha-
YyajJbHbIE 3HAYEHMS COMNPSKEHHBIX IEPEeMEHHBIX
P,(0) = —617, P (0) = —400, Py(0) = 1-107°, mpu
KOTOPHIX yIaeTcsl IEPEBECTU CUCTEMY B 3aJJaHHOE
KOHEYHOE COCTOSIHUE.

Pesynbrarel MoaeaMpoBaHUS, KOTOPOE IIPOBO-
auock B mporpammHoii cpeae MATLAB Simulink,
npeacTaBieHbl Ha puc. 7. 3 molydyeHHBbIX Xapak-
TepUCTUK MOXHO CAeJaThb BBIBOJA, UTO IIpU Haii-
JEHHOM YMpaBJICHUU JOCTUTAIOTCA KOHEYHBIC 3a-
JAaHHbIC 3HAYEHUS 10 JTUHEHHOMY IepeMEIleHUIO,
CKOpOCTU M HampsikeHUo. CTOUT OTMETHUTh, UTO
JUHEIHOe TMepeMelIeHUe IIPOUCXOAUT 0e3 BO3-
HUKHOBEHMSI KOJeOaTeJIbHOrO Ipoliecca, a BpeMs
JOCTUXEHUSI KOHEUHOI'O COCTOSIHUSI CYLIECTBEHHO
MEHBbIIIe, YeM y MojAenu ¢ ucrnojb3oBaHueM ITH]]
perynsitopa, 1 coctaBisiet ¢ ~ 0,6 c.

HaiineHHoe ynpaBiieHMe e, MepeKJIIoYaeTcs
oauH pa3. Kak BuguM (puc. 7), mocie JTOCTUXKE-
HUS TPaHUYHBIX 3HAYEHMU AJMHA BBIABUXECHUS
HE3HAYMTEJbHO IpocaxuBaeTcsa. CBA3aHO 3TO
C TeM, 4YTO OT e, 3aBUCUT HANpsIKEHUE, MPUJIOo-

0.8

0.6 —

0.4 /
0.2

Puc. 7. JIauna BbIABHKEHHS AKTHBHON YACTH NMbe30aKTIOATOPA
Fig. 7. Extension length of the active part of the piezoactuator

JKEHHOe K 3JeKTpoiaMm akTiartopa (U), koTopoe
U3MEHSETCs He peJieiiHO, a ¢ HEKOTOPbIM 3amas-
IbIBaHUEM. B CBSI3M ¢ 3TUM MpU JOCTUXEHUU
rpaHUYHBIX YCJIOBHUI, KOIga IPOUCXOAUT TMepe-
KJIIOYEHUE e, U3 MUHUMAJBHOTO B 3aJIaHHOE CO-
CTOsSIHUE, TPOUCXoAUT uaMeHeHue U. JlaHHBIA 3¢-
(bekT MOXHO MUHUMM3UPOBATH, €CIM U3MEHSITh
yIIpaBieHUE HE II0 NpeAeabHBIM 3HAUCHUSIM,
a Halpumep, TpanenueBuaHo. B obonx ciayyasx
BbIOpaHHasl U3 MPUHIIMIIA MAKCUMYMa CTPYKTypa
yIIpaBJeHUS 3aBUCUT OT MOMEHTOB €€ MepeKJIIo-
yeHus. BBoas ynpaBiieHre MOMEHTaMU MEePEKII0-
YEeHUSI CTPYKTYPhI C MIEPEXOAOM K BCIIOMOTaTEb-
HOM 3ajJadye ONTUMM3ALUU 3TUX MOMEHTOB [3],
11eJIeCOO0pa3HO  BOCIIOJb30BAaThC  AJTOPUTMOM
OINTUMAJILHON KOPPEeKIMU CTPYKTYPHl YyHpaBJe-
Hug [5, 7]. B aToM ciyyae 3agadya onTUMM3aLUU
pelaeTcs B peaJbHOM BpEeMEHMU.

Hcrnonp3oBaHue ONTHMAJIBHOIO peryasTopa
MO3BOJISIET COKPAaTUThb BpeMS IMEePEeXOJHOI0 IMpo-
necca no cpaBHeHuto ¢ ITU perynstopom. Ta-
KUM 00pa3oM, MCIIOJb30BaHUE aJrOpUTMa OIl-
TUMAaJbHOI'O PEryysiTopa AJsl HAaCTPOMKU (OPMBI
pPaInMoOTPaXKamwIIero CeTernojJoTHA 3a CUeT pery-
JIMPOBaHUSI Ibe30aKToaTopa IO3BOJMUT 3Ha4yu-
TeJIbHO YCKOPUTh 3TOT IPOILIECC U, KaK CJIEeICTBUE,
MOAJAEPXKMUBATh 3aJaHHYI0 (OPMY CETeNoJoTHA
C HeOOXOAUMON TOYHOCTHIO.

ﬂeueameﬂb ROCMOsAAHHO020 MOKa

SJIGKTpOﬂ,BI/IFaTeJII/I ABJIAIOTCA OOAHUM U3 Ca-
MbIX MAaCCOBBIX U3ICIUNA SJIEKTPOTEXHUKMU. BBI/I,ZLy
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CBOETO MpeaHa3HaYeHu s (TIePeBO AJEKTPUUIECKON
SHEPIUM B MEXaHUUYECKYI0) JAaHHBIM TUII IBUTATE-
JIsl HallleJl CBOe TTPMMEHEHUEe BO MHOTHX 00JIacTsX
TexHuKu [23, 24]. DT0 00BSACHSETCS LIMPOKUM
JMAMa3oHOM U TJIABHOCTBIO PETYJIMPOBAHUS CKO-
POCTH BpallleHUS 3JIEKTPOIBUTATES.

HecMmoTpst Ha TO 4TO 3eKTpuyecKkash MalllMHa
XOPOIILIO M3BECTHA U MMEIOTCS MOAPOOHBIE MaTeMa-
TUYECKUE MOJAEIU, OMUChIBAIOIINE MTPOLIECCHI, TTPO-
WUCXOnsIue mpu ee pabore, yrpasjieHWE, B 4acT-
HOCTH D3JIGKTPUYECKMM [BHUTATEJIEM TIOCTOSTHHOTO
TOKa, SIBJISICTCS aKTyaJIbHOU 3amaueit [25—29]. eno
B TOM, YTO B 3aBUCMMOCTH OT KOHKPETHO TOCTaB-
JICHHOH 3amayu OyayT pa3ivyvarbCs W aJTrOPUTMBI
yIIpaBJIeHUsI.

PaccmoTpuM mapamMeTpbl IBUTATES] TTOCTOSTH-
Horo toka ([IIT), mpuBenenHBIe B padoTe [30].

Cucrema ypaBHeHM, omnwuchiBaiomas HIIT
C YYETOM yTIJIa IOBOPOTA Bajia, mMeeT BUA [23, 24]

_ U(l_RﬂIﬂ _ke(’)zl.

I, ;
L,
k,I,—M
— m= s BH; 7
(Dﬂ JH ( )
(i)M = Oy,

rae I, — Tok sikopsi; U, — BHEILIHee HaIMpsKEHUE;
R, — axTHBHOE CONMPOTUBJICHUE OOMOTKHU SIKODSI;
k, — KO3d@UUHUEHT NPONOPLIMOHAIBHOCTHU (IO-
croanHas DIC nsuraress);, o, — YIJIoBasg CKO-
pOCTb BpallleHWs BaJla Aurarensi; L, — MHIAYK-
TUBHOCTb SIKOPHOI OOMOTKH; k, — Ko3pduiu-
€HT MPONOPLIMOHATBHOCTH (ITOCTOSTHHASI MOMEHTA
asurarens); My, — MOMEHT BHEIWIHUX CWUI; J; —
MOMEHT MHEpPUUU pOTOpa ABUTaTeNsI; ¢, — Yroi
(MexaHWYeCKMil) MOBOPOTA Baja ABUTATENS.

3ajgaya ynpaBJIeHUSI COCTOUT B NPUBEACHUU
Baja JAIIT u3 HavyanpHOro moyioxeHus ¢, = 0°
o = 0°c, I,p = 0° A B 3a1aHHO€ KOHEYHOE CO-
crosinue ¢, = 180°, ,,= 0%/c, I,,= 0 A mipu orpa-
HUYEHUM Ha YMOpaBJIeHUE, 3a KOTOPOE MPUHSTO
BHellIHee HampsikeHue nutanus U, = £6 B. lan-
HBbII YyroJ moBopoTa ¢, OyzeTr obecrieyuBaTh U3-
MEHEHWE AJIMHBI BaHTA.

[lpy ynpaBaeHMU B KOCMUYECKOM MPOCTPAH-
CTBE ONHOW M3 BaXHBIX MPOOJEM SIBISIETCS MPO-
O0n1eMa »HeproapGEeKTUBHOCTH, TaK KaK 3alac
SHEpPruM Ha pediekTope orpaHuyYeH U HeoOXo-
JUMO BBITIOJIHUTh MOCTABJICHHYIO 3a1ayy, MUHU-
MU3UPYS SHEPreTUUYECKUE 3arparhl. g BeIOOpa
YIPaBJIEHUS CPAaBHUM WCIOJb30BaHUE pa3INY-
HBIX BapuaHTOB CTpyKTypol IIMU]I perymsitopa u
ONTUMAJIbHBIN PEryJIsITOP.

[Ipy npoBeAeHUU MOACIAMPOBAHUS AJISI OIpe-
NEJICHUS TapaMeTpOB MBUTATENS ITOCTOSIHHOTO
TOKa BO3bBMEM B Kauye€CTBE HCCIECAYEMOTO OOBEK-
ta mBurateab CHI1, KOoTOpBIii SIBIISIETCS aHAJIOTOM
nBuratenss mabuchi FA-130.

[Ipu momenupoBaHuM cucTeMBbI (7) C HUCIIONb-
30BaHMEM pa3nuuHbIX cTpykTyp I[Nl perynsaro-
pa ymaJioch TOOUTHCS HEOOXOMMMBIX MapaMeTpPOB
peryJamMpoBaHus CUCTeMbl Ipy mpuMeHeHuu TN ]
peryngaropa. [Ilpu 3ToM U3MepeHUSIM OBLI HOCTY-
TeH yTON ¢,. BpeMs mepexomHoro mporecca co-
craBuiio ¢ ~ 0,75 c. HacTtpoiika ko3¢hGUIIMeHTOoB
peryasaTopa OCylIECTBJIEHA C TIOMOIIbIO TIOHWHTA
B 0sioke PID Controller B Simulink.

AHaJOTUYHBIM 00pa3oM pemaeTcd  3amada
VIIPaBJICHUS ABUTATEJIEM MTOCTOSTHHOTO TOKa C MC-
MOJIb30BaHMEM ONTUMAJILHOIO peryisTopa [3, 6, 7].

[Ipy onTUMU3aLMU TTEPEBOAA CUCTEMBI U3 OTHO-
T'0 TIOJIOKEHU ST B APYToe ¢ GMKCUPOBAHHBIM Ha4YaJlb-
HBIM 1 KOHEYHBIM COCTOSIHEM BEIOEpEM KpUTEpUit
bonabla ¢ MHTErpo-TepMUHAIBHBIM KPUTEPUEM:

Iy
1=V, (14,0,,0y17)+ j folU,, t)dt.

fo
ITonoxum

Vi, =0,50[1,(t7) = 11> +0,5p5]0,(t ;) — 0,01 +
+0,5p300,(f ) — 0y I3
fO = O’S(Ua/Z)zk_2a

TIE Py, P2, P3 — BECOBBIE KOOGHULMEHTHI; f) — Ha-
YaJabHOE BPEMsl; Iy — KOHEYHOe Bpemsi; Z — UM-
nemaHc oOMoTkM skops. ITockonabKy OblIa TIO-
CTaBJICHA 3a/laya MUHUMU3ALUN SHEPTETUYECKUX
3aTpar, TO B KayecTBe (PyHKUMU f, OBLIO B3ATO
BBIPAXXEHUE [JISI 3aTPauyMBaeMOTO HaMpPSKEHUS
nutaHusa U, Ha BCEM MHTEPBAJIe MOIAECIUPOBAHUS.
l'amunbsTOHMaH cucteMsl (7) UMeeT BUM:

km[H_MBH +

H =P, o, +F, ~m=

s

U,-RJI, -k

o~ Snon RO 4 0,5U,/2)2 k2.
s LH

YnpasneHue HaXOIUTCS us3 YCJIOBU S
0H/oU, =0 c yyeToM OrpaHMYEHUs Ha YIPaAB-

JICHUC!

+ P

6 npu U, > 6;

U, = —P,ﬂé npu -6 <U, <6

L,
-6 npu U, <-6.
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Jns pelueHWs AAHHOW 3aladyd 1O TPUHIIUITY
MaKCMMyMa HEeOOXOAMMO HaWTH HavaJjbHbIE MPU-
ONMVMXKEHUS COMPSIKEHHBIX TMEPEMEHHBIX P(pM 0),
Pwﬂ (0), P[}1 (0). BosHukImmast KpaeBas 3aa4a pelia-
Jach METOIOM Hauckopeiiiiero crycka [22]. beuin
HaliieHbl HayaJibHble 3HAUEHUSI COINPSKEHHBIX
MepeMeHHbIX P, (0) =-0,0019, Pwa (0)=0,01,
P (0) = 0,1, mpu KOTOPBIX yAAeTCs MEPEBECTU CHU-
CTeMY B 3aJaHHO€ KOHEYHOE COCTOSHUE.

PesynbraTel MomenupoBaHUSI TPEaCTaBICHbI
Ha puc. 8.

M3 monydyeHHBIX XapaKTEpUCTUK BUIHO, UYTO
HalJeHHOE YNpaBJCHUE TO3BOJISIET OJOCTUYb KO-
HEYHBIX 3HAUEHUH MO YINIy, YIJIOBOW CKOPOCTH,
a takxe Toky JIIT. KonebGarenbHBIl Mpolecc
B cUCTeMe He Habmwopascs. Bpems mepexomHOro
npouecca cocraBuio ¢~ 0,5 c. [Ipn aToM ynanoch
CHU3UTH DHEPreTUUYeCcKre 3aTpaThl AJs 3alaHHON
3a/a4u yIpaBJeHUS.

CpaBHeHUE pe3yJbTaTOB MOIEJUPOBAHUS MPU
Pa3IMYHBIX HayaJbHbIX M KOHEYHBIX 3HAYEHMUSIX
ans ITA peryasgtopa ¥ ONTUMaJdbHOTO PEryis-
TOpa MOKa3aJlo MPEUMYIIECTBO HCHOJIb30BAHUS
aJITOpUTMa ONMTUMAJIbHOTO YIIpaBJIEHUSI.

Cepeomomop

B cBs3u ¢ OTCYTCTBUEM pPEaM30BAaHHOIO pe-
nyKTOopa Okl paccMoTpeH cepBomoTop NXT, ko-
Tophiit gBasiercss codyetanuem HIIT, pemykTopa
YU JaTYMKa BpalleHWs, OObeIMHEHHBLIX BMECTE B
onHOM Kopiryce. I[IpuMeHeHMe 1 ynpaBjieHUE JaH-
HBEIM CEpPBOMOTOPOM JOCKOHAJbHO MCCIICIOBAHBbI,
MO3TOMY OBLIO MPHUHSTO PELICHHE UCIIOJIbh30BaTh

cucteMy (7) Aas onMUcaHUS ABUTATENSI TTOCTOSTH-
Horo cepBoMoTopa NXT, a Ko3hPuIueHTH Ipo-
nopunoHansHoct k, = 0,42 u k,, = 0,48 Obln
paccyMTaHbl HCXOMsl M3 TapaMeTpoB IIPMBOJA,
OIMMCaHHBIX B pabote [31].

Hnst cuHTe3a ympaBjieHUsI ObLI MCIIOJb30BaH
anroput™M, npumeHseMmblid mia HIIT co craeny-
OIKUMH yeloBUAMK: |U, .l = 6 B, ¢, = 180°,
oy = 07c.

[lonyyeHHBIE XapaKTePUCTUKU CXOXU C pe-
3yJibTaTaMM, MpeacTaBJIeHHbBIMU B pabote [32].
HMmeroTcst pa3nuuusi B XapaKTepuUCTHKaxX ToKa
1 YIJIOBO CKOPOCTU, YTO MOXET OBITh CBSI3aHO
C TeM, YTO MPUMEHEHHBbIE METOIbl pacyeTa Ko-
3} pULIMEHTOB NPONMOPLIMOHAJIBHOCTHA B paboTax
[31] u [32] pa3HsaTCs.

3akioyeHue

st BeIOpaHHOIO THIIA pedIeKTopa JOIIYCTUMO
MIPUMEHSITh MEXaHUKY TMOKMUX HUTEH MJIs OIpene-
JIeHus: (POpMBI M HACTPOMKU PaarOOTPaKaroIIero
ceTertojioTHa. PaccmaTpuBas 3amady B OMHOM ILIO-
CKOCTH C HACTPOMKON (POpPMBI MO TPEeM TOYKaM,
MOXHO OIIPENeNINTh YCUJINUS, HEOOXOOUMEIE IS
OTTSIKKM HUTHU U 3aJaHUS HEOOXOTUMOUN (DOPMBI.

[lonyyeHHBIE YpaBHEHMS ITO3BOJISIOT paccuu-
TBIBaTh YCUJIME OTTSIXKKU ISl HUTEH U3 pa3HBIX
MaTepHaoB U IIPU pa3HBbIX HavyaJbHBIX YCJIOBUSIX
HaTSIXKEHU .

JaHHBIN TTOAXOI MOXHO PaclIMPUTh Ha /1 TOYEK
KaK B OMHOM ILJIOCKOCTH, TaK U B TPEXMEPHOM IIPO-
CTPaHCTBE, YTO IIpMBENET K YBEJIMYEHHUIO YMCIa
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ypaBHEHUI, KOTOpoe OyIeT 3aBHCETh OT CTENEeHU
TOYHOCTU. TakxXe MOXHO pacCMaTpUBaTh 3aBUCH-
MOCTb COCETHUX UJIH XK€ HECKOJbKUX TOYEK.

B kayecTBe aKTI0ATOPOB IJisl HACTPOMKU Gop-
MBI PaIMOOTpaskaroIIeil TOBEPXHOCTH PaCCMOTpe-
HBI NIbE30NPUBOM, IBUTATEIb ITOCTOSHHOIO TOKA,
CEPBOMOTOpP. DTO TO3BOJISIET B 3aBUCUMOCTH OT
3ajlaui BBIOpaTh Haubojiee BBITOAHBIM BapUaHT
HUCITOJTHUTEJIBHOTO ycTpoiicTBa. I Bcex THIIOB
aKTI0ATOPOB pellleHa 3amada yYIpaBJCHUS TIPU
MUHUMHU3ALIUKA dHepreTndyeckmx 3arpar. Ilokasa-
HO TIPEeUMMYLIECTBO MCITOJIb30BAaHMS aJITOPUTMOB
TEOpPMU ONTUMAJILHOIO ympaBieHus. s pelie-
HUS JaHHBIX 3aJa4 B peXHMe peaJbHOTO BpeMEeHU
TpearnojaraeTcsl UCIoIb30BaTh aJrOpPUTM C KOp-
pexiueit mapaMeTpoB CTPYKTYpPH [3, 5—7, 33, 34].
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Abstract

The process of deployment elements of constructions and adjustment of the radio-reflecting network of large-sized
transformable space-based reflector is considered. The reflector consists of a frontal network, which is stretched on the
power frame, cables, with which the front network is pulled to the rear network to set the desired shape of the reflecting
surface. The problem of setting and determining the shape of the radio-reflective network is solved both in one plane and
in three planes. In general, the task of adjusting the form of a radio reflecting reticle is solved by affecting the design of
the actuators — the element of the control system. For the correct functioning of the reflector in orbit, it is necessary to
control the shape of the reflecting surface by stretching the frontal network. For the formation and maintenance of the shape
of the reflector, the frontal and rear networks are connected by cable-stayed reinforcements (tie rods). The cable connect
the opposite network nodes. The cable system is the basis for building a sub-system. Miniature mechatronic modules can
be located on each of the adjustable guys. To adjust the shape in one plane, the technique of flexible threads is applied.
The possibility of changing the surface by simultaneous action of one or more actuators is shown. To adjust the shape in
space, the membrane method described by the Laplace equation is used. The piezo actuator, DC motor and servomotor are
considered as actuators for setting the shape. As a mathematical model of the piezoactuator, the model of A. A. Nikolsky
is considered. The system is solved taking into account rigid fixation of the reflector response. A comparison of the use
of PID-controller and optimal controller. The structure of optimal control is revealed from the maximum principle. The
arising two-point boundary value problem is solved by the methods of the steepest descent and Newton. It is shown that the
use of optimal control can reduce the time of the transition process. A similar problem was solved for DC motor and servo
motor. The advantage of using optimal control methods is shown for all actuators. The solution of the problem with the help
of algorithm with correction of parameters of control structure is offered.

Keywords: mathematical model, rotational motion, translational motion, deployment, modeling, large-sized transfor-

mable reflector
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