TEOPETUYECKUI N MPUKNAOHOWM HAYYHO-TEXHUYECKNA YKYPHAJT

EXATPOHUKA,
IT@MAT%SALM%
NMPABJIEHUE

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

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, ABctpus
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.
WJIBACOB B. I, a.T.H.
KOPOCTEJIEB B. ®., n.1.H.
JIEBEAEBT. H., a.T.H.

JIOXUH B. M., n.1.H.
MMABJIOBCKHWM B. E., 1.d.-M.H.
IMYTOB B. B, a.T.H.

IMIIWXOIIOB B. X., A.1.H.
PATIOIIOPT ®. 4., n.1.H.
CEPT'EEB C. @, a.nc.H.
DUIAPETOB B. @, n.1.H.
®PAJIKOB A. JI., i.T.H.

®YPCOB B. A., 1.1.H.

IOPEBUY E. U, 1.1.H.

Pepaknnsa:
BE3SMEHOBA M. 0.

JlMpexTop M3aaTeabCcTBa:
AHTOHOB b. U.

CONEPXAHUE

CUCTEMHbIA AHANN3, YNPABJIEHUE U OBPABOTKA UHO®OPMALIUU

Fopopeukun B. U., INlaptoxuH B. B., Cko6enes . O. KoHuenTyanbHas moaens LudpoBow
nnatcopmbl  Ans  kubep-pusnM4eckoro ynpaBneHUs COBPEMEHHbIM MpeanpusiTueM.
YacTtb 1. LUndpoBas nnatgopma 1 LMPPOBAA SKOCUCTEMA . .. v v v v v et ee e eee e e n 323

OwmopoB P. O. Po6acTHOCTb MHTEPBANbHbIX ANHAMUYECKUX CUCTEM . .. v oo e e e e e e . 333

CyxuHuH B. B., CypkoB B. B. K Bonpocy o po6acTHbIx cuctemax aBToMaTU4eCKOro ynpas-
IBHUS o ottt e e 341

POBOTbIl, MEXATPOHUKA U POBOTOTEXHUWYECKUE CUCTEMbI

Ivoilov A. Yu., Zhmud V. A., Trubin V. G., Roth H. Parametric Synthesis of the Control System
of the Balancing Robot by the Numerical Optimization Method . ..................... 352

Mono. WU. M. AHTUPE30OHAHC—PE3OHAHC CKOPOCTEM . . o . v ot vttt et e e e e e e 362

AONHAMUKA, BATITIUCTUKA
N YNPABJIEHME ABWXEHUEM NIETATEJIbHbIX AMMAPATOB

KopcyHn O. H., CtynoBckun A. B. CpaBHeHMe npsMoOro metoda v nNpuvHUMNA MakcuMmyma
B 3afave (hOpMUPOBaHNA NPOrpaMMHOro yrnpaBneHus netaTtenebHelM annapaTom . . . . . . 367

Bykoe B. H., lLlypmaH B. A., FamatoHoB U. ®., AreeB A. M. YnpaBneHune n3bbITO4HOCTLHO
BbIYUCMNTENBHbIX PECYPCOB MHTETPUPOBAHHON MOAYIBHON @BUOHUKN . ..o oo e v e e 376

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

© M3nmarensctBo "Hosble TexHogornn", "MexaTpoHHKa, aBTOMATH3ANNSA, ynpasjienne”, 2019



THEORETICAL AND APPLIED SCIENTIFIC AND TECHNICAL JOURNAL

MECHATRONICS, L

2019

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.

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

Gorodetsky V. |., Laryukhin V. B., Skobelev P. O. Conceptual Model of a Digital Platform for
Cyber-Physical Management of a Modern Enterprises. Part 1. Digital Platform and Digital

ECOSyStem . ..o 323
Omorov R. O. Robust of Interval Dynamic Systems . .......... ... ... ... .. 333
Sukhinin B. V., Surkov V. V. On the Issue of Robust Automatic Control Systems . .. ....... 341

ROBOT, MECHATRONICS AND ROBOTIC SYSTEMS

Ivoilov A. Yu., Zhmud V. A., Trubin V. G., Roth H. Parametric Synthesis of the Control System
of the Balancing Robot by the Numerical Optimization Method . ..................... 352

Popov . P. Anti-Resonance — Velocity Resonance ........... ... ... ... . ... ... ..... 362
DYNAMICS, BALLISTICS AND CONTROL OF AIRCRAFT

Korsun O. N., Stulovskii A. V. Comparison of the Direct Method and the Maximum Principle in
the Problem of the Aircraft Program Control Design . ......... ... .. . ... 367

Bukov V. N., Shurman V. A., Gamayunov I. F., Ageev A. M. Redundant Computing Re-
sources Management of Integrated Modular Avionics . . ........ ... . ... ... . ... ... .. 376

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

© Uznarenscro "Hosbie Texnosorun", "MexaTpoHHKa, aBToMaTu3anus, ynpasienue", 2019



CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 519.7:65.012.122

DOI: 10.17587/mau.20.323-332

B. WU. Nopoaeukni, a-p TexH. Hayk, Npod., vladim.gorodetsky@gmail.com,
UHcTuTyT npobnem ynpasneHus PAH, r. Mockea,
B. B. IlaptoxuH, acnupaHT, vi@kg.ru,

Camapckuin rocyaapCTBEHHbIN TEXHUYECKUI yHuBepcuTeT, . Camapa,
M. O. Ckobenes, A-p TEXH. HAyK, CT. HAy4. CoTp., petr.skobelev@gmail.com,
MHCTUTYT npobnem ynpaBneHus crnoxHbiMmu cuctemamm PAH, r. Camapa,
Hay4Ho-npounsBoacTBeHHas komnaHus "PasymHble pelieHus”, r. Camapa

KoHuenTtyanbHasa mogenb uudposon nnatcgopmbl
Ana Knbep-pusnyeckoro ynpaBreHUs COBpeMeHHbIM npegnpusaTuem*

YacTb 1. UudpoBasa nnatdopma n undpoBasa akocucrema

Ilpedaaecaemcs konyenmyansvuas modeav yugposoll naameopmol 043 Kubep-guauueckoeo ynpasienus npouseo0CcmeeHHbl-
Mu npednpusmusamu ¢ npubauxcarouyrocs anoxy Industry 5.0. B omauuue om Industry 4.0, opuenmupoeanroi Ha aemomamu-
3ayuto guzuveckux npoyeccos, Industry 5.0 opuenmupyemcs Ha yugpposu3ayuro 3HAHUL U ABMOMAMU3AUUIO NPOUECCOB8 MbLUL-
AeHUS 045 CO30AHUA UCKYCCMBEHHO20 UHMEANeKMA, YRPABAAWe20 npeonpuimuamu. s smoii euwe moavKo 3apoxcoaroueiics
anoxu 6ydem xapakmepHo euderue 1100020 OusHeca, 6KA04As NPOMbIUAECHHOE NPOU3BO0CMEO UAU N02UCIMUKY, KAK CAONCHOU
adanmugHoU cucmembl, NOCMPOEHHOU HA YYHOAMEHMANbHBIX NPUHUYUNAX caMoopearu3ayuu u 3gostoyuu. [lokaszvieaemces, 4ymo
peaiu3ayus maKux cucmem YnpaeieHus npou3e00cmeom u A02Uucmuku nompedyem pazpabomku HO8blX Mooeneil U Memooos
NpUHAMUS PeueHUll Ha OCHO8e 3HAHUL U CeMAHMUYecKol 00pabomKu UHGopMayuu, UHMe2payuy 6bIMUCAUMENbHBIX U KOMMY-
HUKAUUOHHbIX KOMNOHEHMO8, HAKONACHUS O0AbUWUX OAHHbIX U UX 00pabomKu 0458 NPeoCKa3amenbHol AHAAUMUKU, OA0KYeliH-
mexHoA02Ul PUKCAuUU 83AUMHbIX 0013AMeabCmE KOMNOHEHMO8 Cucmembl 6 hopme YMHbIX KOHMPAKMO8, d MAKice Heiose-
KO-MAQUIUHHbBIX U NPOSPAMMHBIX UHmMepgelicos. Anarusupyromces cyujecmayroujue nooxodsl K cO30aHU0 YUPDpPo8svixX niamepopm
8 KoHuenyuu yugpoeou skonomuxu smana Industry 4.0 u ux oepanuuenus. Paszeusaemcs KoHuenyus yugppoeoi skocucmemobl
KaK omkpuimoil, pacnpedeieHHol, camoopeanusyoueics "cucmemvl cucmem” YMHbIX CEPBUCO8, CNOCOOHbIX 6bipabambleams
PeuleHus U aemomMamu4ecku pa3peuams KOHGAUKmMbl Ha 0CHOGe nepe2o08opos ¢ ycmynkamu. Onucvléaemcs KOHYenyus yug-
poeoli naampopmur smana Industry 5.0, komopas 6ydem cnocobna obecneuumsv no00epiCKy DYHKUUOHUPOBAHUS UUDPPOBOU
aKocucmemol "yMHbIX cepaucos” Kubep-guszuuecko2o ynpasieHus KaKk omoeabHbiMu 006eKmamu, max u yeabiMu npeonpusimu-
amu arodeid u pobomos, a 6 Gyoyuem — u OMpaAcAAMU MAKUX NPEONPUAMULL, PearU3VeMblX C NOMOUWbIO CAMOOP2AHUZYIOUUXCS
ABMOHOMHBIX A2EHMOB HA 8CeX YPOBHSAX.

Karoueevie caosa: kubep-gusuveckoe ynpaeierue, camoopeanuzayus, yugpogas niamgopma, yugpoeas sxocucmema,

MYAbMUASEHNMHbIEe MEXHOoA02UU, cemU deeHmoe

BBenenue

[IpakTuuecky yxKe OKOJIO ACCITUICTUS OCHOB-
HBIC TJI00AJbHbIC TPEHAbl Pa3BUTUS HPOU3BOI-
CTBEHHO-JIOTUCTUYECKUX CHCTEM OIIPEACIISIIOTCS
koHuenuueit Industry 4.0, cyTh KOTOpO# COCTOUT
B UCIIOJIb30BaHUM LIU(PDPOBBIX METOJAOB U CPEICTB
JUJISI KHTETPUPOBAHHOrO YIpaBJIeHUS BCEMU KOM-

*CraThs MOATOTOBJIEHA HA OCHOBE MAaTEPHAJIOB HAYYHBIX UCCIIE-
noBaHuii B pamkax F'ocoromxkeTHoit TeMbl UTTYCC PAH "Pazpaborka
¥ WCCIIEIOBAHKE METOIOB U CPEICTB aHATUTUIECKOTO KOHCTPYHPO-
BaHMsI, KOMITBIOTEPHOTO TPEICTaBICHHS 3HAHMA, BBIYMCIMTETbHBIX
aJITOPUTMOB M MYJITUAreHTHBIX TEXHOJIOTHIA B 3a/a4yax ONTUMU3a-
LMK TIPOLIECCOB YIIPABJICHUS CIOXHBIMU CUCTEMaMu'.

MOHEHTaMM MPOU3BOACTBA, BKIoUass ACY TexHo-
Joruyeckumu mnpoueccamu, ERP- u Bl-cuctembl
uT g [l

OnHako Ha TrOpU30OHTE yXe BO3HUKAIOT OCHOB-
HbIE YEPTHI COBEPIIIEHHO HOBOTO yKiaaa Industry 5.0,
LIEIUKOM OPUEHTMPOBAHHOTO Ha BHEIPEHUE CU-
cTeM rckyccTBeHHoro unreinekra (M) B ynpas-
JIeHWE TPOU3BOJACTBOM M Ha COTPYAHUYECTBO U
B3aMMOjIeiCTBME POOOTOB U Jtoaei [2].

I[Io owmenke Beayuieid WT-kKoHCAJITUHTOBOM
kommnaHnun (UT — or "mH(bOpMallMOHHBIE TEXHO-
jgorun") Gartner, B Uucje AeCITU CaMbIX TEPCIeK-
tuBHBIX TpeHA0B Ha 2019 1. (Top 10 Strategic Tech-
nology Trends for 2019 [3]) rmaBHBIN TpeHD — 3TO
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"ABTOHOMHBIE Bemin" (aHII. "Autonomous things"):
"BHE 3aBUCMMOCTH OT TOT'O, UALT JIM peub O Oecrn-
JIOTHBIX MaIlIMHAX WJIX poOOTaX B CEJIBCKOM X035~
CTB€, aBTOHOMHBIE Belllk OyayT ucnoiab3oBatb MM
IUIST BBITIOJTHEHWSI 3amad, TPagWIIMOHHO BBITIOJ-
HSBILMXCS JIOAbMU. YPOBEHb "MHTEJJIEKTa" Belllei
OyzneT paznuyaTbCs, HO Bce 3TU "Belin” OyAayT uc-
MOJb30BaTh WMHTEIEKT AJsd 0ojiee OpraHM4YHOIo
B3aMMOICHCTBHUS CO Cpenoil” (IepeBod aBTOPOB).
IIpn sToM Gartner paccMaTpwBaeT MSITh THUIIOB
ABTOHOMHEIX Bellei: poOOTHI, OSCIMIOTHEIE Ma-
LIWHBI, APOHBI, OLITOBAsI TEXHUKA U IIPOrpaMMHbIE
areHThl. ABTOHOMHOCTDH KaXXIOW BEIIM O3HAYaerT,
YTO OHA CIOCOOHA CTaBUTh LIEJIM M pelllaTh 3a1a-
Yy, pearupoBaTb Ha COOBITHS W aHAJIM3UPOBATh
CHUTYyallMIO BO BHEIIHEH cpene, IMJIaHNPOBaTh CBOIO
paboTy M KOHTPOJIUPOBATh JOCTUKEHMUE LICJCH.
ABTOHOMHBIE BEIIIM ITOCTEIIEHHO 3aBOIOIOT YETHIPE
cdepbl: Mope, CYIIY, BO3AYX M, YTO OTMEUYAETCS OT-
IeJbHO, HU(PPOBOM MUP, OIEPUPYS C Pa3HOU CTe-
MEHBIO CBOMMM (PU3NIECKUMU W WHTEIJICKTYallb-
HBIMU BO3MOXHOCTSIMHU, a TAKXKe OCYIIECTBJISISI BCe
06ojiee pa3zHOOOpPA3HYI0 KOOPAWHALMIO MOBEICHU S
¢ cebe momoOHbpIMU. Hampumep, IpoH OIS CElb-
CKOT'0 XO3JIMCTBa MOXET KOOIIepHMpOBaTh CBOM pe-
LIEHWS W ACHCTBUS KaK C YeJIOBEKOM-aCCUCTEHTOM
Ha 3eMJie, TaK U C IIOJJHOCTHIO aBTOHOMHBLIM PO-
6otoMm B miosie. M, xak cieacTBue, TJIaBHBII BBIBO/I
3TOM KOHUEMIIMY COCTOUT B TOM, UTO "KOOTepaiusi
ABTOHOMHEIX Belllei, KaK, HaIlpuMep, B poe Ipo-
HOB, CTAaHOBMTCSI TJIaBHBIM ApaiiBepoM OyIyIIero
NH-cuctem” (mepeBoa aBTOPOB).

DTOT BBIBOJ ITOKA3BIBA€T CTPEMUTEIBHBIN IIPO-
Tpecc B 3BOMIONNY BuacHUS Oynyiiero MT-cuctem
B COOOIIIECTBE CIELMaJTUCTOB OT "IMPPOBOI1 Beln"
K "yMHOI1 Bellld" 1 Jajiee — K "aBTOHOMHOI BEIIN'.

MOXHO I TOBOPUTH O TeX K€ TCHACHIIUSIX, HO
B YIpaBICHUU COBPEMEHHBIMU IIPEANIPUATUSIMU,
W O HaMNpaBJICHUSIX Pa3BUTHS IIOCT-KJIACCHUYCCKUX
ERP-cucreM mist monaepXKu 3TUX TeHaeHuii? Yro
KJIET HAC Jajibliie, 3a yXe CBEepIIAloIIMMCS TIepexo-
JIOM OT OTIEJIbHBIX IIpUIOKeHU (aHTI. Stand-Alone
Application) m pemieHnit MaciuTadba TPeAIIPUSITUN
(arrn. Enterprise-Ready Solutions) — K 111uppoBbIM
miaatgopmam Oynyiero (aHr. Digital Platforms)? Ha
KaKUX TPUHIUIAX OyIyT CTPOUTHCS TaKHUe IIJIaT-
(opMBI 1 KaKOBEI OyOyT HOBBIE CBOIICTBA CO3MaBae-
MBIX CUCTEM B paMKax 3TUX Iiaatgopm?

Lenpro mudpoBbIX TIaTGOPM HOBOTO TTOKOJICHUST
(LIIT HIT) cranoBsaTcs, Impexae BCETro, SBOIIOLIOH-
Hoe (popMUpOBaHUE U TOHIEPXKKa (PYHKIIMOHUPO-
BaHMS OTKPBITBIX LM(GPOBLIX 3KOCUCTEM YMHBIX
CEpPBHCOB, TOCTPOCHHBIX KaK aBTOHOMHBIE MHTE-

nexTtyanbHble cucteMbl (AUC) kubep-dusnyeckoro
VIIPpaBJICHUSI 00BEKTaMU PEaJIbHOTO MUPA, KOTOPhIC
WHTErpUPYIOT pa3avudyHble AATYUKU W UCIIOJHU-
TEJIbHbIE MEXaHU3MBbI, BBIYMCIUTEIbHBIC U CETEBbIC
KOMIIOHEHTHI [4, 5]. B mpuHLMIAX NOCTPOEHUS Ta-
KOTro pojia CUCTEeM Pa3HOro macuitada (OT OTIeIbHO-
o NPEeANnpUsITUS 10 CUCTEMbI OTPACIEBOrO UM Ha-
IIMOHAIBHOrO MacIITaba) He JOJIKHO OBITh IIPUHIIN-
MMUAJBHBIX PA3IMUNMA, UOCT JIM peub 00 YIIpaBIeHUN
CTPYKTYpOi moApa3aeJeHUuil aspoKOCMUYECKOTO
OPEANPUITUS WM 00 YNpPaBJICHUU €ro OTACIbHbI-
MU COTPYOAHUKAMM, 00 yHpaBJCHUU MOE3IOM WU
CTAaHLIMEH B 1I€JIOM, JIOKOMOTMBOM MJIM BaroHOM
B TIPOLIECCE TPY30IEePEBO30K, 00 YIIPABICHUHN arpo-
HOMaMM ¥ MEXaHHM3aTopaMMu WU OECHUIOTHBIMU
poboTaMU-IpOHAMU B CEJIbCKOM XO3SIMCTBE U T. II.
I'naBHbiM oTanuuem LIIT HIT craHoBuTCS opueHTa-
LIMs1 Ha TPYNIOBOE B3aMMOJEUCTBHUE, BKJIIOYAST KaK
KOOIIepallnio, TaK U KOHKYPEHLMIO YKa3aHHBIX aB-
TOHOMHBIX BELIEH U IpeaiaraéMblX UMU CEPBUCOB,
CHAOXEHHBIX MHTEJJIEKTOM IS aHaU3a CUTyallui
B peaJIbHOM MUpE, IIPUHSTUS PELIeHNI U BEIPadOT-
KM ILJIAHOB, a TaKXXe MX COIVIACOBAHUS IyTEM Iepe-
TOBOPOB IUISI pa3peleHnss KOHQIMKTOB ¢ cebe Mo-
JTOOHBIMU U JIOAbMU B peaibHOM BPEMEHU.

Llenpto maHHOW pabOThl SIBISETCS OIMNMCAHUE
pa3pabaTbIBaeMOii B HACTOSIIEe BpeMsS KOHIICII-
TYaJbHON Momen, 0a30BbIX (PYHKIINI M CEPBHCOB
LIT HIT npennpusartuit stama Industry 5.0. Jdanee
B pasgene 1 obcyxparorcs uenu v 3agauu LIIT HIT,
B pasmerne 2 paccMaTpUBAaeTCsS COBPEMEHHOE CO-
CTOSIHUE HCCJIENOBaHMI M pa3paboToOK B 00JacTu
Moaeaeid M mporpaMMHbix paszpaborok ILIIT HII
OPEANPUITHS C aHAJIM30M BOIpoca O TOM, B KaKOM
CTETICHW Ha CEeromHs yXe pa3paboTaHbl HYXXHBIC
apXUTEKTYpPhl U MeXaHU3Mbl (DYHKIIMOHMUPOBAHUS
TaKoro pona IardopM 1 UMEIOTCS JIU UX KOMMEP-
yeckue npuioxeHus. B pasgene 3 mosicHsieTcs 110-
HATHE LUGPOBOM MPOU3BOICTBEHHON 3KOCHCTEMBI
1 pacCMaTpUBAIOTCS €€ CBOMCTBA, U3 KOTOPLIX BbI-
tekatoT TpedoBaHus K LIT HII, mognepxuBaroiei
ee padorty. JlanpHeias geraan3ains cocTaBa cep-
BucoB LII1 HII u ux kmaccudukanmss garoTcs BO
BTOpPOIM YacTH pabOTHl. B 3akiioueHNU pe3roMupy-
FOTCSI OCHOBHbIE PE3YJIbTAThl IEPBOM YaCTU PAOOTHI.

1. Henaun n 3agaun uudpoBoii naardopmbl

HMHTerpanus KOMIIOHEHTOB IPOU3BOICTBEH-
HOI CUCTEMbI — OIMH U3 KJIIOYEBBIX TPEHIOB In-
dustry 4.0 myst obecriedeHUS B3aUMOICUCTBUS €€
MOACUCTEM, Pa3IMUYHBIX IO CBOEMY YCTPOMCTBY
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W IIpUHIMIAM padoOTHI, TI0 X WHPOOPMALIMOHHOM
COBMECTUMOCTHU B Ipolieccax OOMeHa MTaHHBIMU,
no MeromaMm oOecriedeHUsT OE30IMaCHOCTH U Ha-
JIeXXHOCTH Tiepenadyr JaHHBIX U T. 1.

OngHako pa3paboTaHHBIE MOACAN U METOIBI
WHTeTpallii, B OCOOCHHOCTHA B YaCTH HMCIOJIb30-
BaHUS Mojejiel "Beayluii—BeaOMbIN" (OT aHTJL.
master-slave), Kak IpaBHUJIO, JAJIEKO HE BCeTda OT-
paxkaioT peaJIbHbIe B3aMMOCBSI3M MEXIY pa3ind-
HBIMHM KOMITOHEHTaMM IIPOM3BOICTBEHHON CHCTE-
MBI, KOTOpbIE Ha IPAaKTUKE OKa3bIBAIOTCS MHOTO
CJIOXHEE U AMHAMUYHEMN.

B cBs13u ¢ 9THM B TIOCeqHee BpeMs Bce 0O0Jb-
1Iee pa3BUTHE M IPUMEHEHNE HAXOOUT KOHIICTI-
LIUST CJIOKHBIX aJJallTUBHBIX CUCTEM [6], B KOTOpOIi
BMECTO TOTaJIbHOM LIEHTPAJIN3aLNN UCTIOIb3YeTCS
pacripeieieHHOe YIIpaBJICHME, IIpeaIojiaraioiiee
HaJIM4¥e MHOXECTBA JIOKAJbHBIX LIEHTPOB IIPU-
HSITUS pellieHn i, 3aMeHy YyKa3aHUi "CBepXy-BHU3"
Ha TIeperoBOphl PaBHBIX CTOPOH M T. .

HeicTBUTEIBHO, UYTO BaxXHee MOJIsI IIPEOIIpH-
SITUSI: TIPOM3BOACTBEHHBIM WM  (DMHAHCOBHINA
niaaH? MHorma mpou3BOACTBEHHBIN IIJIAH TUKTYET
(pvHAHCOBBIIT M 3acTaBisIeT OpaTb KPEOUTHI OIS
obecrieyeHHsT TPOMU3BOACTBA, HO MHOrAAa, Hao0o-
pPOT, IIPOM3BOACTBO IIOACTPAMBAETCS TOH HOCTYII-
HBIe (PMHAHCOBBIE PECYPCHI, T. €. PEIIeHNE BCIKUIA
pa3 3aBUCUT OT CUTyalluM, KOTOpas IIPH 3TOM He-
MPEPHIBHO MEHSIETCSI 3a CUET Pa3jIMYHBIX HEIIpe-
BUJCHHBIX COOBITHI, MOSIBJISIIOIINXCS B pealbHOM
BpeMeHU. [lpuMepamMu TaKMX COOBITUI SBIISTIOTCS
MPEMIOKEHNE HOBOIO KPYITHOTO 3aKa3a, BBIXOI M3
CTPOSI KaKOro-TO OOOpYHOBaHWMSI MM HEOOCTYI-
HOCTh paHee WMMEBIINXCA PECYpCOB, M3MEHEHUE
CTpaTeTMH PA3BUTUS MPEAIIPUSITHUS, IIOJyUSCHUE
HOBBIX MHBECTHLIMI U Ip. B 3TUX ycIIoBUSIX XeCT-
KO€ IEHTpaJM30BaHHOE IIAaHUPOBAHWE CTaHOBUT-
cs HEeIIpUeMJIEMbIM BBUAY €ro He3(P(PeKTUBHOCTH.

B xadecTBe OmHOro M3 IMEPCHEKTUBHBIX IyTEH
MOBBILICHNS 3P(PEKTUBHOCTA COBPEMEHHBIX ITPE/I-
NPUSATUI B 3TUX YCIOBUSIX pacCMaTpUBAETCS TIe-
pexon OT LEHTPaJIU30BaHHBIX, MEPAPXUUYCCKUX U
MOHOJIUTHBIX CXEeM YIpaBJCHUS IIPEINpUSITUSIMU
K CETSIM OHM3HEC-LIEHTPOB W LEHTPOB 3HAHWUU [7,
8]. B aToM BapuaHTe MpoLECCHl yIpaBIeHUS He-
M30€XKHO JOJKHBI OBbITh pacnpeacieHHbIMU. B HUX
KaxJI0e 13 Ioapa3aesIieHUid ITPOM3BOACTBA TOJIKHO
KOOPIMHUPOBAaHHBIM 00pa30M B3aMOAECHCTBOBATh
C OIPYTMMU €ro IoApa3ieacHUSIMU II0 IIPUHIIAIIAM
"KaXXIBIil ¢ KaxXIbIM" 1 "paBHBIA C paBHBIM'. DTOT
MOAXOI Ha Jejie O3HayaeT Mepexon K IPUHIIAIIAM
CEeTELCHTPUYECKOIO YIIpaBJICHUsS, OaBHO pa3BH-
BaeMbIM U IIPUMEHSEMBIM B BOEHHOM Jeje, IIe

OTCYTCTBUE KOOPAMHALIUMA U JIIOOBIC 3aJE€PXKKHU U
MPOMEIJIEHNSI MOTYT UMETh KPUTUYECKHUE TTOCTECA-
cTBUS I ncxona 6oesBoit onepauuu [9]. Ilepexon
K CETEeBbIM CTPYKTypaM, OCHOBAHHBIM Ha B3aMMO-
JNEUCTBUSIX U MEPEeroBopax y3JoB CETU NSl BbIpa-
OOTKM, COrJIacoBaHWSsI, MPUHSATUSI W WUCIIOJHEHUS
JIOKAJIbHBIX U TJIOOANbHBIX PELICHWI, a TaKXe
MPOrHO3UPOBAHMS U KOHTPOJIS MOCAEACTBUN MpPU-
HSITBIX PEIICHUN, UMEeT 1IeJIbI0 00eCIIeUnTh CKBO3-
HYI0 OECIIOBHYIO pabOTy BCEro MPEAIpUsITUS KaK
€IUHOTr0 IIPOM3BOACTBEHHOIO Oopranmuima (1, B Oy-
IyIIeM, LIeJIOM OTPacin).

B cBs3M ¢ 3TMMUM M3MEHEHUSIMU BO B3IJISIax
Ha MOAEIU YIpaBJICHUS MPEANPUITUSIMU, YTO SIB-
JISIETCS 3aKOHOMEPHOM peakluell Ha BO3pacTaHUE
CJIOXKHOCTHM, Ha HEOMNpPEAeJIEHHOCTh U JUHAMUKY
Ou3Heca, MOCTENEHHO HAYMHAIOT MEHSITBHCSI U MO-
Ienu uu¢poBOro MpoOM3BOACTBA, B KOTOPHIX BCE
LM PE UCIOJb3YIOTCS CETEBbIE OpPraHU3allMOHHBIE
CTPYKTYphl. B 3TUX CTpyKTypax HpOM3BOACTBO
paccMaTpUBAETCI KaK CETb B3aUMOAEUCTBYIOLINX
OTHOCHUTEJIbHO ABTOHOMHBIX KOMIIOHEHTOB, OT-
BETCTBEHHEBIX 3a BBIIIOJIHEHHNE CBOMX YaCTel O0IIIe-
ro pacnpenejaeHHOro Ou3Hec-mpouecca, KOTOpbIe
BBIMOJHSIOTCSI UMM HE TOJBKO Ha OCHOBE CBOMX
3HAHUU, C KUCMOJIb30BAHWEM CBOMX TEXHOJOTUU
U pPecypcoB, B MEPBYIO ouyepenb, PMHAHCOBBIX U
MaTepHaJlbHBIX (CTAaHKOB, pPOOOTOB, BCIIOMOTAa-
TEJIBHOI'0 000PYIOBaHMS M CBOEI0 IIePCOHAa), HO
TaK>Xe M 3a cYeT oOMeHa CepBUMCaMU, pecypcamu,
3HAHUSIMU U JAHHBIMU C APYTUMU AaBTOHOMHBIMU
KOMMOOHEHTaMU IIPOU3BOJACTBEHHOrO Mpolecca.

XapakTepHO, YTO ITOJOOHOE CETEeBOE IMPEACTaB-
JIeHWEe paccMaTpuBaeTcd M IPOU3BOACTBEH-
HBIX NPEeINpUSITUIl IIPOM3BOJIBHOIO MaciiTtadba u
YPOBHS BJIOXEHHOCTU. Hampumep, ajs1 KpymHO-
ro NpearnpusaTus B KaYeCTBE KOMIIOHEHTOB TaKOM
ceTHu (ee y3JIOB) MOTYT BBICTYHATh OTACIbHBIC 1IeXa
U JOTUCTUYECKME NOAPA3ACTCHUS Pa3HOTrO Ha3Ha-
YeHMsI, IoApa3ae/ieHnsl, OTBETCTBEHHEIE 3a CHA0-
KEeHUE NPEANPUSITUS TEIJIOM U 3JIeKTPO3HEPTUei,
PEMOHTHBIC OpUTaIbl, CIIYKOBI OXpaHbI, (GMHAHCO-
BBbIE CJIYKOBI, IMOApa3aeeHNsI, OTBETCTBEHHBIE 3a
paboTy ¢ mepCOHAIOM, U IPYTUE BCIIOMOTraTeIbHBIC
U YIpaBISOIINE HOApa3faeieHUs] MPearpUsITUSL.
AHaJIOTUYHBIE CETEBbIE MOACIM paccMaTpUBaIOT-
Csl TakXe M IPUMEHUTEIbHO K MPEANpPUSITUIM
MaJIOro M CpeaHero Ou3Heca U K MX OObEAMHE-
HUSIM B BUPTYaJIbHBIC CETEBbIC IIPOU3BOJACTBA, Ha-
mnmpumep, B ceTeBbie B2B-1mpon3BoacTsa, B CeTeBBIC
NpeANpUATUS MHOTOMOAAJTBbHOU TPAaHCIIOPTHOM
JIOTUCTUKU U T. I. ECTeCTBEHHO, YTO KOMIOHEHTBI
TaKHUX CeTeli, B CBOIO O4Yepeldb, TOXE MOTYT UMETh
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CEeTEBYIO CTPYKTYpPY. 3aMETHUM, UTO 3TO IIPEACTaB-
JICHWE OpraHMYHO COIJIACyeTCsI C KOHIEIIIneH
ku3HecnocobHoi cuctembl C. bupa [10], koTopas,
10 ero MHEHMIO, JOJIXKHA MMETh MMEHHO CETEBYIO
CTPYKTYpPY C CaMOIIogoOHeM ee KOMIIOHEHTOB Ha
pa3HBIX YPOBHSX HMepapXwu (IIPOU3BOACTBEHHOE
obbenuHeHne — Kak cetb Kb 1 3aBogoB, 3aBog —
KaK CeTh 1IeXOB, IIeX — KaK CeTh y4YacTKOB, yda-
CTOK — KaK CeTh CTAaHKOB U JIIOACH).

OpHako Ha MpakTUKE peaam3anus Iu@poBOro
MPOM3BOACTBA TAaKOW OPraHU3alIMOHHOM CTPYK-
TYpbl U COIIaCOBaHHOEe (DYHKIMOHMPOBAHUE €TO
noapa3ae/ieHU MOXKET OBITh JOCTUTHYTO, €CJIU BCE
€ro pa3sHOPOAHBIE KOMIOHEHTHl (PYHKIIMOHUPYIOT
B eAWHONW MH(MOPMALIMOHHO-KOMMYHUKAIIMOHHOM
cpele WCIOJHEHMsI, KOTOpasl CIIOCOOHAa Momaep-
KVBaTh MX IIPOTPaMMHYIO COBMECTHUMOCTh, CO-
BMECTHUMOCTD 110 JaHHBIM U B3aUMOACHCTBHUE XOTSI
Obl Ha YpOBHE Iepemauyl MTaHHBIX WJIA BBI3OBOB
yepe3 mporpaMMHbIe MHTepelchl (IToKa 3IeCh He
HOCT pedb O ICHCTBUTEIBHO COTJIACOBAHHOM B3a-
MMOICHCTBUU 4Yepe3 IeperoBOpbl M YCTYIIKU WA
BCTpEUHBIC IIPEIIOKEHUsT cucTeM). B HacTosiiee
BpeMSI TaKyIo Cpeay IIpUHATO Ha3bIBaTh HU(PPOBOI
nnargopmoit (LIIT).

Ho onmmcannsiii B3mrsaa Ha LT u ee dyHKIIMm, Ko-
TOPBII OTpaXaeT IMMOTPEOHOCTU Cco8pemerHH020 TND-
POBOI'0 TIPOM3BOACTBA, IIPEACTABISICTCS JOCTATOYHO
orpannmyeHHbIM. Takast LII1 Oymer, Hampumep, He
B COCTOSTHMM OOCIYXXWBaTh IMOTPEOHOCTH CETEBOTO
TIPOM3BONCTBA C alalTallkeil K COOBITUSIM peajlbHO-
ro BpEeMEHH, O KOTOPBIX IIIa pedyb BHIIIE. B cooT-
BETCTBMHU C COBPEMEHHBIMU IpeacTaBiaeHussMu LII1
HOBOTO IIOKOJICHMSI AOJKHA OBITh MHTEJUICKTYalb-
HBIM ¥ OPraHM3YIOIINM SIIPOM IIPOM3BOACTBEHHO-
ro npeanpusatus. OHa JOJXKHA TpaHC(POPMUPOBATH
MPEONPUSATUE B CETh aBTOHOMHBIX MHTEJUICKTYalb-
HBIX KOMIIOHEHTOB, (PYHKIIMOHMPYIOIIUX KaK eau-
Has CHCTeMa 3a CYeT YIIOMSHYTOM BBIIIE COIJIACO-
BaHHOCTH JelicTBuil. OHa Takke HOJIKHA OBITh
CITOCOOHA pearnpoBaTh Ha COOBITHS, 00ECITeYnBaTh
aJIcKBaTHOE COOBITHSIM IIAHMPOBAHUE PECYpPCOB U
KOOPIWHAIIAIO TIOBEACHMS TIOApa3ACICHUN TIpe-
npusitus (y3J0B €ro CEeTeBOM OpraHMU3aIim), TOBO-
IUTH TIOCTPOCHHBIE IIJIAHBI 10 COTPYIHMKOB IIpEI-
NPUATUSL U KOHTPOJMPOBATh MX HUCIIOJHEHUE, T. €.
paboTaTh B COOTBETCTBUM C M3BECTHHIM B MEHEIX-
MeHTe nukjaoMm Jemunra "[lmanupyii—HMcnomHsii—
Anammupyii—Koppektupyit" [11]".

Ulpyrumu crioBamu, 0GecreduTh yIpaBlIeHHe MPOU3BOJI-
CTBOM C HCITOJIb30BaHMEM OOPaTHOM CBSA3MU IO COOBITUSIM.

Cozmanue LIIT HII (manee mast KpaTKOCTH TIPO-
cro IIII) ¢ TakumMu BO3MOXHOCTSIMU CTaHOBUTCSI
OIIHOM M3 KJIIOYEBBIX lieJiel 11U POBOL SKOHOMUKHU
B KoHuenuuu Industry 5.0, B koropoit LIIT mpen-
NpUATAS — 93TO OTKpbITasg MNpOTrpaMMHO-armna-
paTHasi cpela COIJIaCOBAaHHOTO B3aMMOAEMCTBUS
cucrem (“cuctema cuctem"), KOTOpass MHTETpUpPyeT
MHOXECTBO aBTOHOMHBIX KOMIIOHEHTOB MpPenIpu-
SITUSI, UX 3HAHUS U JAHHbIE, UX CEPBUCHI U peCyp-
CHI B €AUHYIO CETEBYIO MOJIENb KNOEP-(PU3NIECKOMN
CHCTEMBI, y3JIbl KOTOPOI 00JIafaloT BCTPOEHHBIMU
YIIPaBJISIIOIIMMA, BBIYMCIUTEIbHBIMU U KOMMY-
HUKAIIMOHHBIMU BO3MOXHOCTSIMMU.

Takag LIl mpeanpuaTtus moJXHA OBITH CITO-
coOHa:

e "MOrpy3uTh BCE KOMIOHEHTHI IPOM3BOACTBEH-
HOW CHCTEeMbI B eIMHOe WH(pOpMaIIMOHHOE, a a-
Jiee — ¥ B CEMaHTHUYeCKOe MPOCTPAHCTBO 3HAHU I
1 TaHHBIX ¢ obecrieyeHreM HEeOOXOAMMBIX MOJIb-
30BaTeJIbCKMX U MPOrpaMMHbBIX UHTEP(ENCOB;

e obecreynuTh COBMECTUMOCTb KOMIIOHEHTOB
MPOU3BOACTBEHHOW CUCTEMBI MO MH(OpManu
U YNpaBJEeHUIO, YTO HEOOXOmMMO AJs TMOMI-
JepXKHU MX B3aMMOJEHUCTBUS B IIpolieccax KOo-
rnepauuu, KOOpAMHALUUU M TIPUHSATHS COTJIaco-
BaHHBIX PELICHUM;

e obecreyuThb y3Jbl CETU HAOOPOM CTaHIAPTHBIX
CEepPBUCOB JIJIsl PellIeHUs He TOJIbKO 3a1ay yde-
Ta, KaK 3TO MPEMMYIIECTBEHHO peaau3yeTcs
ceiluac, HO M 3ajJa4 pacrpeiesieHus, TJIaHU-
pOBaHUSs, ONTUMU3AIMNA U KOHTPOJISI UCIIOJb-
30BaHUS PECYpCOB B peajibHOM BpeMEHU Tpu
BBITIOJTHEHUM PA3HOPOMHBIX pacrpeneeHHbIX
OM3HEC-MPOLEeCCOB MPOU3BOACTBA;

* MpPeAoCTaBJsiTh y3JaM CETU JAOTOJTHUTEIbHbIE
pecypchl, HamprUMep, BBIYUCIUTENbHBIE PECyp-
Chl, KOI/1a 3TO HEOOXOOUMO;

e o0ecrnevyrBaTh Y3Jibl CETU TOCTYTIOM K OOJIaYHBIM
pecypcam U cepBucCaM, a TakxXe K BHEITHUM HC-
TOYHMKaM MH(pOpMALIMU, HATPUMED, K JAHHbBIM,
COOMpaeMbIM CEHCOPHBIMU CETSIMU OOILEro Ha-
3HAUYEHUS B PEXXKUME PeajibHOrO BPEMEHMU;

* MpPeAoCTaBsITh KOMIOHEHTaM CeTU eAUHYIO
cpeay WCIIOJHEHUSI MPOoTrpaMM U TMPOTOKOJIOB
WX B3aUMOJECUCTBUS.

OOpaTvM BHMMaHMWE Ha TO, YTO MPHUBEIECHHOE
onucaHue oOIero HasHauyeHUs M pyHkuuit 1111
HUKaK He 3aTparuBaeT BHYTPEHHIOIO CTPYKTYpY,
byHk1mu, a Takxe KoHGUAEHIMAIbHbIC JAHHbIE U
3HaHUS OTACJbHBIX Y3JI0B ceTu. M 3T0 BaxkHO mJist
TOrO, 4YTOOBI, BO-IIEPBEIX, OOECIIEUNTH HEOOXOIM-
MBI YPOBEHb aOCTPaKIIMMU apXUTEKTYyphl U DyHK-
uuii HIT mo oTHOIIEHNIO K IPEeAMETHBIM OCOOEH-
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HOCTSIM TPUJIOXKEHUI, KOTOpble OO0CITYXMBAIOTCS
niaaTopmoii, BO-BTOPBIX, MPUHITH BO BHUMaHUE
U MOAAEPKaTh aBTOHOMHOCTb KOH(PUAeHIIMATIbHbBIX
JAHHBIX, 3HAHUM, PECYpCOB U (PYHKIIMI, KOTOpbIE
He JOJIKHBI ObITh "BUIHBI" Ha yPOBHE CETEBOM Op-
raHu3aluu TPeANpUsITUsI, U, B-TPETbUX, obecre-
YUTh BO3MOXHOCTb IOBTOPHOT'O MCITOJIb30BaHMS
KOMTIOHEHTOB €€ TTPOrpaMMHOI peau3aluu.

2. CocTosiHue McCaeI0BaHMi U pa3padoToK
B o0sacTn nudpoBbix miardopm

B nutepaType MOXXHO HaliTH JOBOJIBHO OOIIHMP-
HyI0 MH(}pOpPMALIUIO O MOMAEISIX, apXUTEKTypax U
nporpaMMHoO-anmapatHeix  peanuzanusax LI
NpeanpusTuii, Ho 0OJbIlIAasl UX YacTh, IO CYIIE-
CTBY, oTBedaeT kKoHUenuuu Industry 4.0 uau, uyro
ellle IIPOolle, He BRIXOAUT 32 paMKHU KJIaCCUYECKUX
ERP- u Bl-cucrem.

Taxk, B Tekymei nporpamme EC Horizon 2020
oko10 10 KPYITHBIX IMPOEKTOB ITOCBSIIEHBI HEITO-
CPEICTBEHHO MCCJIeNOBaHUSIM U pa3paboTKaM pas-
JmaHbIX acriekToB LT nins mpeanpustuii B pamkax
koHnenuuu Industry 4.0. O630p 3TUX MPOEKTOB U
MOJIYYEHHBIX B HUX Pe3yJbTaTOB UMEeTCsI, HaIllpu-
Mep, B paborax [12, 13]. B aTux mpoekTax OCHOB-
Hoe BHuUMaHue yaensercs poau LI kak urmeepa-
mopa 3HaHUM 1 JaHHBIX Pa3JIMYHbIX IPEeANpUSITAR
B B2B-nmpoun3BoacTBEHHOM ceTU IJIsT 00eCIIeueHU
nX MHGOPMALIMOHHON U IMTPOrpaMMHOM COBMECTH-
mocTtu. Jpyrue 3amauu, Bosnaraemble Ha LI, me-
TaJbHO B paMKaX yKa3aHHOI1 IIporpaMMbl II0Ka He
CTaBSITCAL.

OouH "3 BapuMaHTOB apXUTEKTYpbl M (PYHK-
Ui HOBO# miardopMbl B KoHuenuuu Industry 4.0
11 B2B-mipon3BoacTBEHHBIX TPEANPUSITUNA TIpe]-
JIoxkeH B pabote [14]. B Heit cdhopmynupoBaHbI OC-
HoBHbIe (yHKLUU (cepBuchl) LIIT nast B2B-npous-
BOJICTBEHHOI ceTH, apxutektypa LIIT 1 Bo3aMoxkHbBIe
pellleHrsI B YacTU €€ IIPOrpaMMHOI peau3alluu.
B kauectBe cTaHIapTHBIX MHGPACTPYKTYPHBIX Cep-
BHUCOB 3TOI IJIAT(OPMBbI YKa3aHBbI;

e KOMMYHUMKAIMOHHBIN CepBUC, 00ECTIEYNBAIOIINIA
KaHaJIbl CBSI3U, OTIPABKY U MapLIPyTU3ALUIO CO-
OOIIEHN, KOTOPBIMU OOMEHMBAIOTCS Y3JIbI TTPO-
M3BOACTBEHHOM CEeTH, U IOMCK y3JIOB CETU (areH-
TOB) U CEPBUCOB, KOTOPHIMU OHU 00JIaalIO0T;

* CpeicTBa MOAAECPXKKHU €€ OTKPHITOCTU IJIS MOMI-
KJIIOYEHU ST HOBBIX KOMIIOHEHTOB CETHU;

* cepBuUC, obOecreynBaronii MHGHOPMAITMOHHYIO
COBMECTHUMOCTH KOMIIOHEHTOB ITPOM3BOJICTBEH-
HOI CETH, a TaKXke

* CEepBUC MONAEPXKHN CTAaHAAPTHBIX ITPOTOKOJIOB
B3aMMOJICIICTBUS y3JIOB CETH B pPa3JIMUHBIX 3a-
Jadyax W clydasiX MCIOJIb30BaHUS CETEBON MO-
nenn B2B-nmpousBonacTsa.

Bce »Tu cepBuCHl, 0€3yCI0OBHO, HEOOXOIMMBbI
I peanu3auuu 6a3oBbix ¢yHkuuii LII1 HOBOrO
IMOKOJICHH I, OMHAKO MX OKa3bIBaeTCsI HEAOCTATOU-
HO. B mocnemHume rombl IpemjioXXeHO HECKOJIBKO
OoJiee OOLIMX KOHLEMUMIA ynpaBiaeHUS O0O0beKTa-
MU CETEeBOM CTPYKTYPHI, YACTHBIM CIy4aeM KOTO-
PBIX SIBJISIETCSI CeTeBasl IIPOM3BOACTBEHHAST CUCTE-
Ma, UCclieayeMasi B JaHHOI pabore.

OnHa 13 TaKUX KOHLUEIIINN — 3TO KOHUEHILIASI
HWnutepuera Beuieii (anru. Internet of Things, loT),
Ipyrassi — 9TO KOHLENUUS Kuoep-(pu3nmdecKoi
cucteMbl (KPC). IMapagurma IoT paccMarpuBaeT
MIPUJIOKEHNE KaK CeTh OTHOCUTEIBHO aBTOHOM-
HBIX Y3JIOB, O0JIaJaloIIMX BCTPOCHHBIMU M3MeE-
PUTEIBbHO-YIIPABIISIONIUMHY, BBIYUCIUTEIbHBIMU
1 KOMMYHUKAIIMOHHBIMHM BO3MOXHOCTsIMH. OHa
HMeEET LIEJIBI0 paclIMpeHne HOCTYIHBIX PECcypCcoB
1 CEPBUCOB MPUJIOXEHUSI, B YaCTHOCTH, CEPBHUCOB,
JOCTYITHBIX IPOM3BOACTBEHHOM CHUCTEME, 3a CUET
00JIaYHBIX TEXHOJIOTMM M BHEIIHUX HCTOYHUKOB
nHPOPMALIMKU TUIIA CEHCOPHBIX CeTell B peaIbHOM
Bpemenu. INapamurma KOC [4, 5], ecniu roBOpUTH
VIIPOILIEHHO, MMEET LIEJIbI0 00ecreunTh oojee a3d-
(¢exTuBHOE, OOJIee amaITUBHOE U 00JIee YCTOMYM-
BO€ YIPaBJICHMUE CJIOXHOU CUCTEMOI, B YACTHO-
CTH, TIPOM3BOJACTBOM, 3a CUYET MCIIOJb30BAaHUS €€
TaK Ha3bIBaeMbIX "LIM(PPOBEIX TBOMHUKOB" (KOM-
MMBIOTePHBIX Moelell 00beKTa U CUCTEMBI YIIpaB-
JICHUST), KOTOPBIE SKCILIYaTUPYIOTCS MapajljieIbHO
C peaJIbHBIMM IIPOTPaMMHO-aIIIIapaTHBIMU KOM-
IMOHEHTAaMM CHUCTEMBI M MCIIOJb3YIOTCS IJIsS aHa-
JIn3a TeKYIIMX CUTyalluii B peajJbHOM BPEMEHU,
MOCTPOCHUS TUIAHOB ACHUCTBUN M MNPEACKA3ZAHUS
MOCJIEACTBUN U PUCKOB IPUHUMAEMBIX YIIPaBJICH-
YECKUX pemeHHﬁz.

st mprMepa MOXHO IIpeICTaBUTh ceOe JIeTsI-
IIyI0 B KOCMOce MexXIyHapOmHYI0 KOCMUYECKYIO
CTaHLMIO, a Ha 3eMJie — "NMeTAIIYyI0" B MOIEIUPY-
I011Ie#l cpefie ee KOMTIBIOTEPHYIO MOJIe)b, 36pKaJib-
HO OTpaxKalollyl0 aKTyaJbHOE COCTOSHME CTaH-
UM TI0 OCHOBHEIM H3MEpSIEMBIM IIapaMeTpaM.
Takyio momenb "OHPPOBOTO ABOMHUKA' MOXKXHO
HCIIOJIb30BaTh KaK AJIST BEIpAOOTKU OIEepaTUBHBIX
YOPaBIISIONINX BO3ACHCTBUI, TaK U MOIEIHPO-
BaHMS U MPOTHO3MPOBAHUS CUTYALIMI IO MPUH-

2K nbep-pusnuecKre CHCTEeMbl MOKHO CUMTATh 0G0GIIEHAEM
Y pa3BUTUEM cUCcTeM KoHuenuuu [oT.
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numry "Yro Oymet, ecau?". 3aMeTUM, UTO CJIEIYeT
oTan4aTh "UMdpoBOro ABoMHMUKA" OT "UMDPOBON
TeHU", MpeACTaBJICHHOW AaHHBIMU 00 OOBEKTE,
He TIO3BOJISIIOIIMMU MOJAEJIMPOBATh pa3IMYHbIE CU-
Tyallud U OLEHWBATh MOCIEACTBUSA. MOXHO yXke
TOBOpUTh U 00 yMHOM "HU(POBOM IBOMHUKE",
€CJIM KOMITbIOTepHAsA MOJEb O0BbEKTa ellle U u3Me-
HsIeTCSI 1 9BOJIOLMOHMPYET BO BpEMEHHU, peannsys
MPUHLMUN "TOMaroyuu" (Hampumep, B CEJIbCKOM
XO35IMCTBE MHTEJJIEKTyalbHasl CUCTEMa yIpaBJie-
HUS JOJIXKHA UMETh BCTPOCHHYIO MOJIe/Ib Pa3BUTHUS
pacTeHus1 Kak o0beKTa yIpaBIeHUS).

K coxaneHuio, B HacToslilee BpeMs B HayuYHOM
U TEXHUYECKOU IUTepaType npodyieMa MmocTpoeHus
LIIT mis ceTeBbIX OOBEKTOB yIpaBaeHUs Tuma loT
u KOC pa3BuBaeTcss B JOCTATOYHO Y3KOM ITOHH-
MaHUH, B KOTOPOM OCHOBHOE BHUMaHME yIEsSIeTCs
nHTEepENCHBIM CPEACTBAM COMPSIXKEHUS armnapar-
HBIX KOMIIOHEHTOB 00BbEeKTa (CEHCOPOB, HAITPUMED)
U €ro MporpaMMHOI YacTU. DTU pa3pabOTKU HOCAT
Cyry0o0 TpUKJIAIHON XapakKTep Ha YpPOBHE CTaH-
JapTHBIX TPOrpaMMHBIX WM BeO-mHTepdheiicoB
¥ TIOTOMY HE pemiaroT mpobiiemy noctpoeHus LI1
npeanpudTus B koHuenuuu Industry 5.0.

Cpenu cCylIecTBYIOIIMX IPOrPpaMMHO-KOMMY-
HUKALIMOHHBIX CPEll CXOAHOrOo Ha3HayeHus OJu-
xkanmmM aHajgorom LIl mpenmpusitus sBisteTcsa
naaTdopma MporpaMMHBIX areHTOB, AJsI KOTOPOM
WMEIOTCSI CTaHAApPThl abCTPAKTHOM apXUTEKTYpPhl
(aurn. Reference Model) B uieHTpaaIn30BaHHOM U
pacmpeneiaeHHoM (p2p) BapuaHTax, pa3paboTaH-
Hble FIPA, ¥ HecKOJIbKO MX MpOrpaMMHBIX pea-
mm3anuii [14—17]. YnoMsHyTOE BEIIIIE CXOACTBO HE
CJy4yaiiHO, TIOCKOJIbKY MYJIbTHMAareHTHas cucteMa
(MAC), HanpuMep, peanau3ylolias 3agady yIpas-
neHns B2B-mpon3BoOCTBEHHO# CEThIO MM TPyII-
MOBOU pabOTON MOOMJIBHBIX POOOTOB, B Or'paHU-
YEHHOM BapMaHTE UT'PAET MPAKTUUYECKU TY XK€ POJib
¥ BBIIIOJHSIET Te Xe PpyHKuuu, uro u LI mpous-
BOACTBEHHOM cucTembl. Ilo 3TOI NprUYMHE UMEIO-
IUCI MHOTOJIETHUIM OITBIT CO3MaHUS U TPAKTH-
YeCcKoro ucnoyib3oBanus rmiatgopm MAC aBiserT-
Cs OYEHb TOJIE3HBIM, U €ro, HECOMHEHHO, CleayeT
MCIOJb30BaTh Npu paspadorke LI npennpustus.
OTMEeTHM B CBSI3M ¢ 3TUM pabory [18], B KoTOpoit
MAC paccMmaTpuBaIoTCs yXe OJIsl peaau3aluy Me-
XaHU3MOB MEXO0JAuHbIX B3aUMOICHCTBUIA.

Cpenu areHTCKUX maaTdopm cleayeT, mpex/e
Bcero, ynoMsHyTh miardopmy JADE (ot anrm.
Java-Agent DEvelopment Framework), njis1 KOTOpOi
Osaromapsi MCIOJb30BAHUIO KOHIEMIMU OTKPbI-
TOro Koja (aHTJI. open source) pa3paboTaHO MHO-
ro ITIOJIE3HBIX IMPOrpaMMHBIX MHCTPYMEHTOB [19].

bonee Toro, mmerwTca pazpaboTKH, B KOTOPBIX
maatrdopma JADE paccmarpuBaeTcs B KadecTBe
BapuaHTa s peanusanuuu L1 B koHmenuuu ca-
MOOPraHU3YIOUIUXCS ceTeil areHToB [14—16].

Opnnaxko miaatdopma JADE, x0T n nMmeeT MH-
IyCTpMaJbHbIii YyPOBEHb pa3pabOTKM M peau-
3allMM, OO0JamaeT pSAAOM CYIIECTBEHHBIX HEIO-
CTAaTKOB, KOTOpPbIE AEJIAl0OT HEBO3MOXHBIM €€ He-
MOCpeACTBEHHOE McMoJib3oBaHUe B KadecTBe LI
I uudpoBoro mpeanpustusa. Bo-mepBbeix, oHa
MEIJIEHHO paboTaeT B YCIOBUSX MHTEHCHUBHOTO
oOMeHa COOOIICHUSIMHU, IIOCKOJIBKY KaX10€ CO00-
IIEHWE Ha 3TOH I1aT(hopMe IIPOXOAUT MHOTO3TAIl-
HYI0 00paboTKy: cHadajia paboTaeT MHTEpIpeTa-
TOp si3bika oOMmeHa coobmeHussMu ACL, reHepu-
pyoolunii Java-kom, 3aTeM reHepupyeTcs bite-kom 1
Jlajiee — UCHOJHsAeMbll Koad. B To Xe BpeMs 006-
MEH COOOILIECHUSIMU — 3TO 0a30Basi U UHTEHCHUBHO
HCIIoNib3yeMast GyHKIIMS CeTEeBOr0 00beKTa BOOO-
e u LIT npou3BoaCTBEHHOM CUCTEMbl — B 4acT-
HocTu. Bo-BTOphix, JADE moanep:kmuBaeT TOJIBKO
IWAaJOTU MEXIY pacIpeneeHHBIMU CYIIHOCTSIMMU,
W OHA HE pacCuyMTaHa Ha peaju3alUI0 CIOXHBIX
MHOIOCTOPOHHHUX IPOTOKOJIOB, WCII0JIb30BaHUE
KOTOPBIX — BTO OOBIYHASI (PYHKIIMS TEXHOJOTUU
B3amMogaeicTeus, noaaepxupaemoin IIII. Mwme-
IOTCSI TaKK€ W Apyrue MpoOieMbl UCIIOJb30BaHMS
miaatdopmbel JADE B kauvectBe mpororuma LI
MPEANPUATUS HOBOT'O ITOKOJICHUS.

3. Konunenuus nugpoBoii 3K0CHCTEMBI

B pabote paccmaTpuBaeTcss BO3MOXKXHOCTL CO3-
JaHUsI HOBOIO MOKOJICHUSI paclpenesieHHbIX WH-
TeJJIEKTYaJbHBIX CHUCTEM YIIpaBJIEHUS IIpeaIpu-
aTtusgMu B KoHIenuuu Industry 5.0, mocTpoeHHBIX
KaK MHOI'OYpPOBHEBbIE CETM aBTOHOMHBIX MHTENI-
JIEKTyaJIbHBIX CEPBUCOB MOMACPXKKHU IIPUHSITUS
pelIeHn, CIOCOOHBIX K B3aMMOAEUCTBUIO U CO-
[JIACOBAHUIO peIIeHUI N TIOBBIILIEHUS 3P hek-
THBHOCTH GM3Heca’.

[IpyHLMNIMAIBbHO HOBBHI MOAXON K CO3IaHMIO
TaKMX CHUCTEM OKa3aJCs BO3MOXHBLIM OJjiaromapsi
MOSIBJICHUIO KOHUEHLUU UUPDPOBbIX IKOCUCHEM.

3HamomunM, uto, B To Bpemst Kak Industry 4.0 hbokycupyercs
Ha aBTOMaTU3allMM TEXHOJOTHYECKMX MPOLECCOB, MHTErpaluu
CHCTEM M arperaluMu JaHHBIX, a TaKXe WX BU3yaJau3allud s
qui, npuHumatomux pemeHus (https://en.wikipedia.org/wiki/
Industry_4.0#cite_note-9), Industry 5.0 opueHTUpyeTCsl Ha LK~
poKOe BHEIpPEHUE METOAOB UCKYCCTBEHHOTO MHTEJJIeKTa IS
MPUHSITUS PEIIEHU i, B YACTHOCTH, IJIsI KOOTepalluu poOOTOB U
mopeit  (https://www.machinedesign.com/industrial-automation/
yes-industry-50-already-horizon).
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B cuily BaXHOCTU 3TOl KOHLENLIUW ITPOLIUTHU-
pyeM LIeJIMKOM ee OompeAesieHUue, COBCeM HelaBHO
nosiBuBlieecs B Bukunenuu [20]: "A digital ecosys-
tem is a distributed, adaptive, open socio-technical
system with properties of self-organization, scalability
and sustainability inspired from natural ecosystems.
Digital ecosystem models are informed by knowledge
of natural ecosystems, especially for aspects related
to competition and collaboration among diverse en-
tities". B OykBalbHOM mepeBome LMGppoBas KO-
cucTeMa — DBTO paclipeAeseHHas, amallTUBHAasd,
OTKpPHITAasA COLIMOTEXHWUYECKAsT CHUCTEMa, CII0OCO0-
Has K caMOOpraHM3alliy, MaclITaOMpOBaHUIO U
YCTOMYMBOMY pa3BUTHUIO, YCTPOEHHAs IIOJ00HO
OMOJIOTMYSCKUM CHUCTEeMaM, 4YTO IIpeaIojaracr,
B OCOOEHHOCTH, KOHKYPEHIHMIO M KOOIIEpalnIio
MEXIY OTHEJIbHBIMU €¢ MTOACUCTeMaMu. 3aMETHUM,
YTO TOYHO TaKHe K€ CBOMCTBA IEKJIAPUPYIOTCS
B JAaHHOM paboTe W AJISI IMPOU3BOIACTBEHHOU CH-
creMbl B KoHLenuuu Industry 5.0, mosTomy mpo-
M3BOACTBEHHAs CCTEMAa B 3TOM KOHTEKCTE MOXKET
paccMaTpuBaThCs KaK YaCTHBHIM ciaydail mudppo-
Bol skocuctemMbl, a LI Takoro nmpennpusatusg —
kak LIT mudposoit 3kocucteMmbl. Eciii ToBOpUTH
o6osiee TouHo, To LIIT monkHa cTaThb UMEHHO TeM
KOMITIOHEHTOM, KOTOPBIM mpeobpa3yeT uu¢ppoBoe
MpeanpusTie B LU(PPOBYIO 3KOCUCTEMY YMHBIX
CepBUCOB K1Oep-(pU3NUECKOTO yIIpaBICHUSI.
BaxxHeiimeidi OCOOEHHOCTBbIO MPOEKTUPYEMOM
1aTPOPMEL IS CO3TAHUS SKOCUCTEM MHTEIIICKTY-
AJIbHBIX CEPBUCOB SIBJISIETCS €€ OTKPBITOCTD, IIO3BO-
JISIOIIAs HOBBIM CHUCTEMaM BXOOUTH B yxXe (PyHK-
LUOHUPYIOIIYI0 MU(POBYIO "CUCTEMY CHUCTEM' WU
MOKMIATh ee 0e3 OCTaHOBA M Iiepe3alrycKa Beell "Cu-
CTEMBI CACTEM', a TaKXXe BO3MOXHOCTH IJIsI HOBBIX
CHCTEM KaK KOHKYPHPOBAaTh, TAK 1 KOOIIEPUPOBATh-
Cs C yKe CYIIECTBYIOIIMMH CHUCTEMaMM, IIpeaJjiarasi
JIYYIIAE CEePBUCHI WM MX LENMOYKU-KOMOWHALIMK
(KOMIIO3UIIMK CEPBHUCOB) IIJIST ITIOTPEOUTEIICH.
OOpatuM BHMMaHHE Ha TO, KaKOW 3HAYUTENIb-
HBIN 1ar OblI caesadH B 3ToM TutaHe ¢ 2016 r., Kor-
Jla yXe yIIoMsIHyTas Bbilie koMmmanust Gartner [21]
Jieyiajaa akKIeHT Ha CEPBUCH M X MHTETpalinio Je-
pe3 oobruHbIe BbI3oBHI (aHT. APl Enabled), urno-
pupylolne BHIpaOOTKY M IPUHSITHE COTJIaCOBaH-
HBIX PEIICHUUN 3a CYET B3aUMMOJCUCTBUS CUCTEM.
IMo-BugumMoMy, B cyliecTBytomux MT-pemeHusix
IUIST TIPOMBIIIJICHHOCTH CETOAHS €Ie CIMIIKOM
TPYOAHO HAWTH CHUCTEMBI, peaJU3yIOIINe CaMOOp-
raHM3alunio, afanTalnio, KOHKYPEHIINIO U KOOIIe-
paunto cepBucoB. OgHako ipu 3ToM Gartner yxe
TOTIA OTMeYas MPUHIUIINAIBHYIO BaXXHOCTb IO~
Xola K ympaBJIieHUIO "oT coObiTuit" (aHmi1. Event-

driven) mnst moctpoenust LIIT HII, yro HeBO3-

MOXHO 0e3 TMOKOI ajanTallid CUCTeM "Ha JeTy",

a 3TO, B CBOIO OYepellb, TPEOYeT OT CUCTEMBI aBTO-

HOMHOCTH €€ KOMITOHEHTOB KaK BaXXHEWIIIEro ee

CBONMCTBA.

B mpakTnyeckoMm (MHXEHEpPHOM) ILIAaHE Cle-
IyeT BBIICIUTH CJENyIOle HOBbIE WM HamboJjiee
BaKHBIE CBOMCTBA MHTEJJIEKTYaJIbHBIX 9KOCUCTEM
YMHBIX CEPBHUCOB:

*  OMKpbIMOCMb — 3TO BO3MOXHOCTH BBOOUTH HO-
BblE€ CEPBUCHI B PabOTAIOIIYIO0 KOCHUCTEMY "Ha
Jery”, 0e3 OCTAaHOBKM U Iiepe3arlycka, 4To Ka-
CaeTcsl U BO3MOXHOCTEH TMHAMMYECKOIO yCTa-
HOBJICHUS CBSI3U U MOSIBJICHU ST B3aMOJIEUCTBUS
MEXIy CepBHMCAaMM, a TaKXe BBIBOJA CEpBHUCA U3
skcmryatanu. OTMETHM, YTO IPU 3TOM HOBBIH
CEpBUC JOJIKE€H OOBSIBUTH O cebe B COOTBET-
CTBUM C HEKOTOPBIM ITPOTOKOJIOM, YTOOBI KaK-
TO "BIMCATHCA" B CUCTEMY, T. €. OOBICHUTH YKE
paboTaloluM cepBHUCaM, YTO €My TpeOyeTcs U
YTO OH MOXET MPEAJIOXKUTh AJS IPYTUX CUCTEM
W IJ15 TI0JIb30BaTEJICH;

e pacnpedeneHHOCMb — 3TO CBOMCTBO MpPEAIO-
JlaraeT, 4TO BCE CEPBMCHI MOTYT pabOTaTh He-
IIPEPBIBHO, MapajljieIbHO U aCMHXpPOHHO. OHU
MOT'YT BbI3bIBATbhCH MOJIb30BATEAAIMU UJIU APY-
TMMUM CepBHCAaMM KaK HAIMpsSMYIO, TaK U IPO-
aKTMBHO, T. €. MHUIIMAPOBATHCA COOBITHSIMU,
KOTOPBIE TEHEPUPYIOTCSA CAMOM CUCTEMOM B 3a-
BUCHMMOCTH OT BHYTPEHHEIO €€ COCTOSHUS U
C YYETOM UMEIOIIMXCS KPUTEPUEB, IPEAIOUTE-
HUN M OTPAaHUYEHUI B IPUHATUU PELICHUM;

e adanmueéHocmbs — B LIMPOKOM IIOHMMaHUU —
3TO CIIOCOOHOCTh CHCTEMBI M3MEHSITH CTPYK-
TYpy WIn (PYHKOUU TOA OEHMCTBUEM BHEIIHUX
(akTOpOB IJIsI MOBBIIIEHUSI CBOE 3(P(PEeKTUB-
HOCTH, 4YTO B 00Jiee Y3KOM ITOHMMAaHWU MOXK-
HO TPaKTOBaTh KaK CIOCOOHOCTH amaIlITUBHO
pearupoBaTh Ha COOBITHSI, YACTUYHO M3MEHSIS,
HampuMep, cAejJaHHBbIE paHee BBIBOABI IIO pe-
3yJibTaTaM aHaju3a WIW paHee IOCTPOCHHBIE
IIJIaHBI B CBSI3M C U3MEHEHMEM CUTYyalluu;

* camoopeanu3ayus — CIIOCOOHOCTb CEPBUCOB CHU-
CTeMBbI CaMOCTOSITEJIbHO YCTaHABIUBATH JIOKAJIb-
HBIE CBSI3M U B Xxoie pabOTHI mepecMaTpuBaTh
UX TIpU U3MEHEHMHU cuTyauuu. KIIIo4eBBIM OT-
HOIIIEHHEM MEXIYy CepBHCaMHU JI000il paccMa-
TPUBAEMOM 3KOCHUCTEMBI SIBJISIFOTCSI OTHOIICHU S
"IIOTPEOHOCTh — BO3MOXHOCTE', UTO HOJIXKHO
IMO3BOJISITH cepBUCaM (pOpMUPOBATh CBSI3aHHEIC
LIETIOYKH CEPBUCOB;

* KOHKYpeHuus U Koonepauus cepeucoe — 3Ta
CIOCOOHOCTH IIPEAIIOaraeT, YTO OOAUH U TOT XKe
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CEPBUC B BKOCUCTEME MOXKET ObITh MPEeNOCTaB-
JIeH pa3HbIMU nocTaBIimkaMu. OH MOXET OBITh
TaK>kKe KJIOHWPOBAH AJI51 pa3HbIX NOTPEOUTENECHA.

Hampumep, ofvH U TOT XK€ CEpBUC MJIaHUPOBa-

HU S 3arpy3KHU paboymMX LeXa MOXET ObITh UHU-

LMaJIu3UpOBaH, HACTPOEH M MOXET paboTaTb

ISl KaXkaoro uexa 3aBoja. Ilpu 3ToM HeCcKoJIb-

KO LIEXOB MOTYT KOHKYpPHUPOBAaTh 3a ONUH 3aKa3

WJIM KOONEPUPOBATHCS [JIsI COBMECTHOM OoJjiee

a¢hdeKTUBHON peanu3aliyd OOJbIIOrO 3aKa3a.

Hanpumep, 3aaepkka B MCIOJTHEHU W YaCTH 3a-

Ka3a B OJHOM LIEXy MOXET KOMIEHCUPOBATHCS

B APYTMX Li€XaX Ha IOCACAYIOIIMX 3Tanax WC-

MOJHEeHUS 3aKa3a, MpeaoTBpalas TeM CaMbIM

pacnopocTpaHeHMe W YyBEJIMUYEHHUE 3aJepKKU

WCTIOJTHEHU ST OU3HEC-TIpoliecca B LIEJIOM.

B oTanuure oT TpaAMLIMOHHBIX 3aKPbITHIX, LIEH-
TPaJU30BaHHBIX, MOHOJUTHBIX U MOCIEAOBATEIb-
HBIX CUCTEM YIIpaBJCHUS NPEANPUITUSIMU, pea-
JIN3YIONINX IIPEUMYIIECTBEHHO YYeTHBhIE (YHK-
MU, DKO-CUCTEMbI Mpeajaraercs CTPOUTh U3
aBTOHOMHBIX WHTEJIJIEKTYyaJbHBIX CUCTEM KHOEp-
(pu3mueckoro ympaBieHUSI pecypcaMH peajibHOTO
MMpa, 00ecIreuBalIIMMU BO3MOXHOCTb aHaIU3a
CUTyallMii BO BHEIUHEH cpeae, CIIOCOOHBIX CTPO-
WTb IIJIJaHbl U UX ONTUMU3UPOBATh, B3aUMOACH-
CTBOBATh C APYTMMMU CUCTEMaMU U MOJb30BATE I~
MU U JTOTOBAPUBATBLCS O COBMECTHBIX NEHCTBUSIX,
a TaK>Xe pearmpoBaTh Ha COOBITHS, BOZHUKAIOIIUE
B peajbHOM BpEeMEHM, IJid TUOKOH MepecTpoid-
KU TUIAHOB W JTOCTUXEHMS MOCTAaBJICHHBIX MEpen
HUMM LeJeil, BECTU MOHUTOPUHT U KOHTPOJIUPO-
BaTh JTOCTUXEHUE LICJIECH.

Hnsa co3maHus LU(MPOBBEIX YKOCHUCTEM TPeOy-
eTcs mepexod OT LEeHTPAJTM30BAaHHBIX Uepapxuye-
CKMX, MOHOJMTHBIX U MOCJIeI0BATEIbHBIX CUCTEM
K pacnopeneieHHOMY COOOILIECTBY aBTOHOMHBIX
CUCTEM, MMEIOLIUX CETELUEHTPUUYECKYIO0 apXMTEK-
TYpy U CIIOCOOHBIX K P2p-B3aUMOICUCTBUIO (OT
aHTII. "peer-to-peer’ — "KaXXIBII ¢ KaXIBIM" Kak
"paBHBIN ¢ paBHBIM") KaK I10 BEpTUKAJIH, TaK U II0
TOPU3OHTAJIN.

B cBs13u ¢ aTMM TpeOyeTcsa pa3paboTka IIpUH-
nunuanabHo HoBou IIIT, mommepkuBaouieil cep-
BUCHI pacnpeneieHHoro M, koTopsie mocTaBis-
IOTCS PACIIUPSIEMON CEThIO B3aMMOACUCTBYIOIINX
aBTOHOMHBIX WHTEJJIEKTyaJbHBIX KOMIIOHEHTOB
yOpaBJeHUS MPEeANpUITUEM, CIOCOOHON Toaaep-
KWBaTh KOHCTPYMpOBaHME (TeHepaluio) Tpedye-
MBIX KJAaCCOB areHTOB, MOJEJIW W METOAbI MpHU-
HATUS pELICHUN, TTPOTOKOJIbI IEPETOBOPOB MEX Y
areHTaMu JIJ1s1 COrJIacOBaHUs PEIUEHU I, XpaHEHUE
IUHAMUYECKN MOIMGPUIIUPYEMBIX HAOOpPOB daH-

HBIX, peakKIMI0 Ha COOBITHS, Tiepenady JaHHBIX
MEXIy CepBUCAMM, 3alINTy MHPOPMAIIUU U 0€30-
IMACHOCTH II0JIb30BaTeNeil U T. 1.

Bo BTOpOIT YacTn pabOTH MpemiaraeTcs TUIN-
3alMsg U COCTaB TaKMX CEPBUCOB, TOIAEpPKIBaC-
MBIX KOMIIOHEHTaAMM CETH B3aNMMOIECHCTBYIOIINX
ABTOHOMHBIX WHTEJIJIEKTYaJIbHBIX KOMITOHEHTOB
YIpaBJACHUS TTPEITIPUSITUEM.

3akaoyenue

B paboTte obocHOBaHAa HEOOXOAMMOCTb CO3/a-
HUS U c(popMyJIMpOBaHAa MOCTAaHOBKA 3aJa4yd pas3-
pabotku IIIT HOBOro moKoJeHWS, IpeAcTaBIeHa
o0Iasg KOHUEMNIXS M COCTaB 0a30BBIX CEPBUCOB
HudpoBoil 1maar@opMbl KaK OCHOBBI LM(MPOBOM
9KOCHUCTEMBI [JI YIIPaBJAECHUS MNPEIANPUSITUIMU
B nmpubauxatouyocs snoxy Industry 5.0, koTopas
(okycupyeTcd Ha WCIIOJb30BaHUM (POopMaIn30-
BaHHBIX 3HAHMH KaK MHOOPMALIMOHHONH OCHOBBI
MPOLIECCOB YIPABJEHUS U IMIPUMEHEHUU METOHOB
HWCKYCCTBEHHOTO MHTEJIJIEKTA JIJsl MPUHSATUS pe-
IIEHU TIpY YOPaBICHUMN NPEIIPUITUSIMU.

ITpoaHanu3MpoBaHbl CYIIECTBYIOIIVE ITOAXOMbI
K CO3IaHUIO TU(POBBIX MIAaT(HOPM, MOTyYarOIIUX
Bce Oourblliee pacrpoctpaHenue B Industry 4.0, 00-
CYXII€HBl UX OrpaHWYCHUS, OOYCIOBJIEHHBIC HC-
MOJIb30BAHMEM B HUX YCTAPEBIINX MOAEIEH yIIpaB-
JICHWS W HEAOCTaTKaM1 B CEMaHTUYECKOU MHTEPO-
nepabeIbHOCTH, OTCYTCTBUEM CPENCTB MOAIEPKKHU
MPUHATHUS U COIIAaCOBAaHUS PELICHUI, OTCYTCTBU-
€M a0CTpaKTHBIX MoAeael mIaTtopM U T. 1.

OcHoOBHOE coaepXaHue padoTbl OTHOCUTCS
K Pa3BUTHUIO HOBOM KOHLIENIINU LIA(MPOBON 3KOCHU-
CTEMBI — OTKPBITOM, pacnpeaeeHHOM, caMoopra-
HU3YIoUIeHcs "CUCTEMBI CMCTEM YMHBIX CEPBHCOB,
CIMIOCOOHBIX aBTOHOMHO NPUHUMATh PEIICHUS, BbI-
SIBJIATHh W pa3pelarb KOHQIMKTE U KOOPAUHUPO-
BaThb WMHAWBUAYaJIbHOE ITOBEICHHE KOMIIOHECHTOB
IMPOM3BOACTBEHHOM CHUCTEMbI TIPU COBMECTHOM
pelliecHU MMM CJIOXHBIX 3a7ad IIAHWPOBAaHUS U
pacnpeneseHus] pecypcoB U APYrUX 3aaay yIpas-
JeHus. B nanHoit pabore mpemsaraeTcs Aas pea-
JIM3AIUN SKOCHUCTEMBI UCITOJIb30BaTh apXUTEKTYPY
1 TEXHOJIOTMIO MYJIBTUATE€HTHBIX CUCTEM M MOIEIN
KOOIIEpaTUBHOIO TPUHSATHUS pElIeHU B CaMOOp-
TAaHU3YIOIINXCS CETSIX aBTOHOMHBIX areHTOB, KO-
TOpBIE YK€ Ha IpakTUKE 3apeKOMEHAOBaJU cebsi
B pellieHUH MOIO0HBIX KJIACCOB 3a/ay.

LIT HIT mpeanpusatus paccMaTpyUBaeTCSd Kak
ocHoBa 1151 co3nanus akocucteM AWC kubep-pu-
3UYECKOTO YMpaBJIeHUSI, CIOCOOHBIX CaMOCTOSI-
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TEJIbHO TMPUHMMAaTh YIpPaBJIeHYECKHE PpeIIeHUs],
JTIOBOAWTH 3aJa4yM O MCIOJHUTENIEH U KOHTPOJIU-
poBaTh UX ucnojHeHue. OYeBMIHO, YTO CO3MaHUE
TaKOTO POIa CUCTEM — 3TO TIOKA €Ile AeJIo Oymy-
1mero, Ho yxke cerogHss AVC Hamo HAaUMHATH CTPO-
UTh KaK CHUCTEeMBI "ITOIOJIHEHHOTO WHTEJJIEKTa",
KOTOpbIE pabOTaOT B KOHTYpE C JIMLIAMM, TTPUHU-
MAlOLIMMU PeLIeHUSI.

CTpyKTypa TaKMX CUCTEM BKJIOYAET B ce0s pa3-
HOOOpa3HbIe, OTHOCUTEIBHO aBTOHOMHBIE KOMITO-
HEHTHI MPeAnpusTUsi, O0beAUHEHHbIE B €IUHYIO
TMIPOU3BOACTBEHHYIO CUCTEMY CETEBOU CTPYKTYPHI
C TOPU3OHTAJIBHBIMU U BEPTUKAJbHBIMU B3aUMO-
JEVCTBUSIMA KOMIIOHEHTOB. DTU CHUCTEMBI JOJIXK-
HbI QYHKIIMOHUPOBATH B €MIMHOM MH(OPMaIIMOH-
HOM TIPOCTPAHCTBE 3HAHUU W MAHHBIX, 00JamaTh
CIIOCOOHOCTBIO OOMEHHMBaThCsl  MHMOpPMaInei,
CepBUCAMU U PECYpPCaMU.

Matepualibl JaHHOK pabOThl B LIEJIOM paccma-
TPUBAIOTCI €€ aBTOpaMMU KaK OCHOBA JJISI CO31a-
HHUs 0a30BOM KOHIEIITYyaJbHOI MOACIMN IIEPBOM
OTEYECTBEHHON MYJbTMAreHTHON Mi1aT(opMbl
JJIST cO3MaHMsT TUM(POBBIX 9KOCUCTEM YMHBIX Cep-
BUICOB IIPOM3BOJICTBEHHBIX MNPEANPUSITUII Malllu-
HOCTPOEHMUS, CEIIbCKOTO XO3SWCTBA, MPOECKTHBHIX,
CEePBUCHBIX W IPYTUX TUIIOB IIPEAIIPUSITUN, 3aMH-
TepeCOBaHHBIX B CKOpElleM pa3BUTUM U BHEIpe-
HUM TIPOAYKTOB U TexHoyoruit Industry 5.0.
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Abstract

The paper proposes conceptual model of a digital platform for cyber-physical management of modern enterprises in
the upcoming era of Industry 5.0. Unlike Industry 4.0, which focuses on automation of physical processes, Industry 5.0 is
oriented on digitization of knowledge and automation of reasoning processes for creating artificial intelligence that is able to
manage enterprises. This still emerging era will be characterized by the vision of any business, including industrial produc-
tion or logistics, as a complex adaptive system built on fundamental principles of self-organization and evolution, as well
as interaction of artificial intelligence systems and humans. The paper shows that implementation of such production and
logistics management systems will require development of new models and decision-making methods based on knowledge
and semantic information processing, integration of computational and communication components, accumulation of big
data and its processing for predictive analytics, blockchain technologies for fixing mutual obligations of systems components
in the form of smart contracts, as well as human-machine and software interfaces. Existing approaches to creation of digital
platforms within the digital economy of Industry 4.0 and their limitations are analyzed. The concept of digital ecosystem
is developed as an open, distributed, self-organized "system of systems" of smart services capable of coming up with solu-
tions and automatically resolving conflicts through negotiations and concessions. The concept of the digital platform within
Industry 5.0 is described, which will be able to support functioning of the digital ecosystem of "smart services" of cyber-
physical management of both individual objects and enterprises of humans and robots, and in the future, industries of such
enterprises — implemented using self-organizing autonomous agents at all levels.

Keywords: cyber-physical management, self-organization, digital platform, digital eco-system, multi-agent technolo-

gies, network of agents
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P. O. OmopoB, O-p TeXH. HayK, Npod., M. Hay4. coTp., romano_ip@list.ru,
NHCTUTYT U3NKO-TEXHNYECKMX NPOBEM U MaTepuanoBegeHus

HaunoHanbHon akagemun Hayk Kelprelackon Pecnybnukn, r. Buwikek

PobGacTHOCTb MHTepBalibHbIX AUHAMU4YE€CKUX CUCTEM

Paccmampusaiomes wacmomusie u areebpauveckue Hanpasienus uccaedosanui pobacmuou ycmouuueocmu. Yacmomuoe
Hanpaeaenue, uiu Hanpaeaenue [lunxuna — Iloaska, paccmompeno Kpamko 6 0030pHom nopsoke. Aaeebpauyeckoe, uau
XapumoHo8cKoe, HanpasaieHue paccmampusaemces wupe. I[Ipedcmasnensl 0CHOBHbIE NOA0JCEHUS U pe3yabmameol daieebpauue-
cK020 Memoda pobacmuol ycmouuueocmu UHMepP8albHblX OUHAMUYECKUX CUCmeM, PA3pabomaHH020 8 paMKaXx paseumus an-
eebpauueckoeo, XapumoHo8CcKk02o, Hanpaeaenus poobacmuoi ycmouuusocmu. Ocnoeonoaaearoujue pabomel B. JI. Xapumornoea
CO 8peMeHU 8biX00d 8 C8eMm Bbl36AAU 02POMHbLIL NOMOK NYOAUKAYUU, CEA3AHHbIX C 4Pe38bIYAUHOU aAKMYaAbHOCMbI0 pPelleHUs
npobaem pobacmuocmu cucmem. K nacmoswemy apemenu u3 kpyea npobaem po6acmuocmu peulensvt MHO2UE 80NPOCLl pobacm-
Hou yemotvueocmu. Iloayuenst duckpemmusle ananroeu u eapuanmol meopem Xapumownosea. Yacmomusie ycaosus pobacmuou
yemouvugocmu paccmompenst u peutenvt 6 pabomax 4. 3. Hwunkuna, b. T. lloaska, 0. U. Heimapka. Odnako é npobaeme
pobacmHou ycmouvueocmu K Hacmosuemy 8pemMeHu peuleHvl He 6ce 8ONpPOCHl, 0COOeHHO 6oabuiUe NPOMUBOPEYHUs 603HUKAU
6 HenpepvleHOM cayuae. He Oviau pewenst u 3adauu, paccmampueaemoie 30eco 045 UHMEPBANbHBIX MAMPUY, U MHO202DAHHUKOG
mampuy. B pabome copmyauposana u dokazana meopema muna mpemoveli meopemv. XapumoHoga, KOMopas AHHYAUPYem
KOHMpPRpUMepbl K NPeNCHUM U3BECMHBbIM pe3yAbmamam 6 3moM HANPAgAeHUlU, a makxdice Ha ee OCHoge dokazana pebepHas
meopema 045 mMHoeoepanHukoe mampuy. Hoeas pebeprnas meopema makice aHuysupyem KOHmMpPRpumepsl 045 SM020 CAYHAS.
K ocnosHoll meopeme paccmampueaemozo aneebpauvecko2o memooda c@OpMYAUPOGAHO YMOUHAKUee 3amMedanue, 4mo npu
omcymcemeuu noAH020 MHOJCecmea (Habopa) u3 Hemoipex y2ea08uix NOAUHOMO8 XapumoHoea yca08us 3moi meopemsl Heo0xo-
Oumbsl, HO Moeym bbimb HedocmamouHsl 045 ycmouyueocmu cucmemsl. OnpedeseHue yea06vlx Cenapamuvlx Kodgouyuenmoes
XapaKmepucmu4ecKk020 NOAUHOMA CUCMeMbl 8 00ueM cayuae 0Cyuecmeasemcs nocpeocmeom UCnoAb308aHUsS MemM0o008 Heall-
HeliH020 npoepammuposanus. [las ouckpemnoeo cayuas npedcmagier OUCKpemHbll anasoe meopemsl Xapumonoga, Komopbiil
noayuen Ha ocHoge meopemsi lllypa. Beedenvr nonsmus mouex u UHmMep8aLo8 nepemencaemocmu, UCnoab3yemoie 04 meopemol
ananoea HenpepwvieHoeo cayuas. Cgopmyauposan aseopumm onpedesenus pobacmuocmu ouckpemuwix cucmem. OcHoGHble
pe3yibmamsl pa3pabomanto20 asmopom anreedpauyeckoeo memoda pobacmHoi ycmouuugocmu nPoUAAOCMPUPOBAHbI AHHYAU-
POBaHUEM KOHMPAPUMEPOB, WUPOKO UBECIMHBIX U3 HAYYHOU AUMEPAmMYpbL.

Karoueswie caosa: pobacmuas ycmouuueocms, uHmepeansvHole OUHAMUYECKUE CUCMEMb, YACMOMHOoe U areebpauieckoe
HanpaeneHus pobacmuol ycmouyugocmu, aireebpauyeckuii memoo pobacmuol ycmouuugocmu, HenpepovléHvie U OUCKpemHble
AUHelIHble UHMepBaabHble CUCMeMbl, UHMEePBAAbHAs MAMPUYA, MHO202DAHHUK MAMpuy, yea0evie noAuHomMsl Xapumownosa,
meopema Xapumonoea

BBenenne

B pa3BuTuUM COBpeMEHHOI TEOPUU Y paBJICHUS
HaOJomaeTcs TMOBHILIEHHBI MHTEpec K IpoOdJie-
MaM pobacTHOCTU U rpyodoctu cuctem [1—10]. Oco-
00e MeCTO B OOCYXAECHUU MPOOJEeMbl pOOACTHOCTHU
CHCTEM yIpaBjieHus 3aHsaa 11-ii MexayHapoaHbIi
Konrpecc UPAK, xoropniii cocTosyica B 1990 T.
B I. Tannune [10]. Ha 3tom KoHrpecce B cBsi3u
C BaXXHOCThIO BOIIPOCOB POOACTHOCTH IJIsl COBpE-
MEHHOM TEOpPUU U MPAKTUKU CHUCTEM YyIIpaBICHUS
Oblla IIpoBeldcHAa IIpeACTaBUTEIbHAsl OUCKYCCHUS
0 IIpobiieMax pobacTHOCTU. JlOCTaTOYHO OTMe-
TUTh, UTO B auckyccum KoHrpecca mo mpo0bieme
pobacTHOCTH B CHCTEMax YHpaBJIeHUSI y4acTBOBa-
JIM U BBICTYIIaJI1 MHOTHUE U3BECTHbIC YUEHbIC B 00-
JJACTM aBTOMATMYECKOTO YIpPaBJIEHUS, TaKue Kak
4. 3. OeinkuH, 3. . Ixypu, b. T. IMonsxk, P. Tem-
no, B. JI. Xaputonos, 0. AkkepmanH, b. bapmui,
B. M. KyHuesuu, M. MaHcyp u ap. Bormpocam po-
0acTHOCTH, C KOTOPbIMM TECHO CBsI3aHa MpobJieMa

rpy0OCTH, IOCBSILIEHBI pa0OThl YUEHBIX U UCCIEI0-
BaTeJieii MHOTMX cTpaH mupa [3—29].

TpaguroHHOe MOHMMaHUe rpy0oOCTH 1 podacT-
HOCTU B COBPEMEHHOI1 JIMTeparype omnpeaessicT po-
0acCTHOCTb KaK CIIOCOOHOCTh CHCTEM COXPaHSATb TE
WJIM WHBIE CBOMCTBA HE €IMHCTBEHHOW CHCTEMBbI,
a MHOXECTBA CUCTEM, OIPEIeIeHHBIX TEM UJIM MHBIM
CIIocodoM, a TpybOCTbh — KaK CBOMCTBO CHCTEM CO-
XpaHATb KAaYeCTBEHHYIO KapTUHY pa3ouneHus dazo-
BOT'O IPOCTPAHCTBA HA TPACKTOPUU IPU MaJIOM BO3-
MYILIEHUHU TOIOJIOTUM MPU PACCMOTPEHUN OJIM3KUX
10 BUIY YpaBHeHM cucteM [1, 2, 9, 10].

ToT MHTEpec, KOTOPBIM MPUBIEKAIOT IpodJie-
MBI POOACTHOCTU U I'PyOOCTU B pa3jIUUHBIX 00J1a-
CTSIX HAYKKU M TEXHUKHU, 1a U HE TOJbKO B TEOPUU
yIIpaBJeHMUs, HO U B DSKOJIOTUM, CUHEPTeTUKE U
T. d., CBSI3aH C TEM, YTO 3TU MOHSATUS OTHOCSTCS
K BaxKHEWIIMM CBOMCTBaM CUCTEM, pacCMaTpuBa-
€MBbIX IIpU MX pealbHOM (YHKIIMOHUPOBAHUM.

Uto KacaeTcsa HEMOCPEACTBEHHO CUCTEM YIIpaB-
JIEHUS, TO B HacTosdllee BpeMsl Haubojee paccMo-
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TPEHBI W PEIIEHBl BOIMPOCHI POOACTHON YCTOM-
yuBOCTU. PellleHre 3TUX BOMPOCOB Tpexie Bce-
ro CBSI3aHO C OCHOBOIOJAralolIMMu padboTamMu
B. JI. XapuToHOBa, B KOTOPBIX PEIICHBI BOIIPOCHI
POOACTHOUN YyCTOMYMBOCTU JJ1S1 MHTEPBAJIbHBIX TO-
nmHOoMOB [30, 31].

BHavane paGoThl MO aHAAu3y U CUHTE3Y Ipy-
ObIX (MaJIOYyBCTBUTEIbHBIX) CUCTEM OBbIIW CBSI3a-
HBI C Pa3BUTUEM TEOPUM YYBCTBUTEIbHOCTU [32],
a MepBhIe 3a4a4M 0 MpodaeMe podaCTHOCTH ObLIU
TMOCTaBJIEHBI U peIIaJUCh TIpU 00pabOTKEe CTaTU-
cTuueckux uHdopmanuii [33].

K HacrogiinemMy BpeMeHU HEZOCTaTOYHO pac-
CMOTPEHBI BOIPOCH TOCTPOCHUSI POOACTHBIX U
rpyObIX HETMHEMHBIX CUCTEM yIIpaBJICHUS.

OTMeTUM, YTO JAJIS1 MHXKEHEPHBIX MPUMEHEHU
HEOOXOOMMO pacCMOTPEeTh M OoJblIne (KOHEY-
HbIE) BO3MYIIEHUS, T. €. BOIPOCHl pOOACTHOCTU U
Tpy0oOCTH B OOJIBIIOM, a TAKXKE CIENYEeT OTMETUTD,
YTO Ha MpakTWKe MOJEIU U IMapaMeTpbl BO3MY-
IEHUA MOTYT OBITb HE TOJBKO M3BECTHBI, HO U
HeompeneaeHHHI [6, 11, 13, 23].

[TosiBIIeHME TeHIEHIIMH "podaCTH3aAMU" B pa3-
BUTUM TEOPUM YIpaBJIEHUS HE CIydyallHO, OHa
MPOAMKTOBaHA HEOOXONMMOCTBIO PACCMOTPEHUS
COBPEMEHHBIX CJIOXHBIX CUCTEM YyTpaBjieHus (He
TOJIBKO TPAAUIIMOHHBIX CUCTEM aBTOMATMYECKOIO
yIpaBjieHus, a 0ojiee IUPOKOTO Kjacca CUCTEM
yIIpaBJeHUS Pa3JMdHON TPUPOABI) B IMHAMUKE,
CO BCEMU BO3MOXHBIMW M3MEHEHUSIMU U BO3MY-
IEHUSIMU B peajbHbIX YCIOBUSAX (QYHKIIMOHUPO-
BaHUS U pas3Butusg (dBomtonuun) [10, 28].

Kak wusBectHo, paborer B. JI. XapuToHoBa
[30, 31] sBUAKUCH OCHOBOW COBPEMEHHOW TEOPUU
pOOACTHOM YCTOMYUBOCTH.

B otux pa6orax B. JI. XapuTOHOBBIM pEIICHBI
BOTIPOCHI 00 YCTOMYMBOCTU MHTEPBAJIbHBIX MOJIU-
HOMOB (MJIM ceMelCTBa MOJMHOMOB) BU1a

fO) =ap)" + ap" ' + ..+ a, (1)
e a; €la;,a;l,i =0,n, — ko>hdUIUEHTH 3a-
JaHHblE B MHTepBajax a; <a; <a; (najxee Inpu-
IepXuBaeMcd 3anucu q; € a;,4;]); a;,a; — coOT-
BETCTBEHHO HMXXHHWE W BEpPXHUE T'paHUILBI KOB(-
uumeHToB a;, i = 0,n.

B pa6ore [30] pemeHa 3agaya [Jisd MOJUHO-
MoB (1) ¢ HeHCTBUTEIbHBIMU KO3 GUIIMEHTAMU,
a B pabote [31] — ¢ KOMIUJIEKCHBIMU KO3hdULIN-
eHTaMu. ITokazaHO, YTO HEOOXOMUMBIMU 1 TOCTa-
TOYHBIMU YCJOBUSIMM POOACTHOM YCTOMYMBOCTH
BCETO CEeMEMCTBAa AEWCTBUTEIBHBIX M KOMILJIEKC-
HBIX TMOJMHOMOB (1) SABASIETCS COOTBETCTBEHHO

YCTOWUYMBOCTh YETHIPEX M BOCBMHU (MTAPHBIX) YTJIO-
BbIX MOJMHOMOB, KOTOpPblE Ha3BaHbl HOAUHOMAMU
Xapumomnoesa.

B HacTosiliee BpeMsl MOJYy4YeHO MHOI'O HO-
BbIX PE3YJbTAaTOB B TEOPUU POOACTHON YCTOWYM-
BOCTU, 3TO TpeXJe Bcero pebdepHasi Teopema U
JUCKPETHBbIE aHaJOTWU W BapuaHThl TeOpeM Xa-
putoHoBa. COBETCKMMU M POCCUMCKMMU y4Ye-
HeiMu — . 3. UpmkuaeiM, b. T. Iloasxow,
0. N. Heiimapkom — pa3paboTaHbl 4aCTOTHBIE
KpUTepuu poOACTHOUN yCTOMUYMBOCTM TuUla Mu-
xaiinoBa, HalikBucrta, D-pazbuenus [12, 24—29].

HanHasi paboTa TOCBSIIIIEHA BompocaMm ajre-
Opamyeckoro HampaBJIEeHUS poOACTHOW YCTOM-
YMBOCTU MHTEPBAJIbHBIX TMHAMUYECKUX CUCTEM.
PaccMoTpeHBbl OCHOBHBIE TTOJIOXKEHMSI U pPe3ysibTa-
Thl METOAA WCCJIENOBAaHUN pOOACTHON yCTOUYM-
BOCTU JIMHEWHBIX MHTEPBAJbHBIX TUHAMUYECKUX
CHUCTEM KakK B HEMPEPBIBHOM, TaK U B TUCKPETHOM
BpEeMEHM, Ha3BAaHHOTO asneebpauuecKkum memooom
pobacmuou ycmouuusocmu [16—22].

B 3zakmoueHuu 0630pa K maHHOK paboTe mpu-
BElleM CPaBHUTEbHbBIC XapaKTEPUCTUKMW M3BECT-
HBIX PE3yJbTaTOB, MOJYYEHHBIX B paboTax IIu-
POKO WM3BECTHBIX aBTOPOB ajJredpanveckoro Ha-
npaBjeHUS MPoOJIeMbl pOOACTHON YCTOMUYMBOCTHU
[7—11, 29].

B pa6orax [7—10] npencraBieHbl 0030pbI U TO-
CTAaHOBKU 3aJa4 po0aCTHON YCTOMIMBOCTH, KOTO-
pbie ObLIM BbI3BaHbI M3BECTHOM padboToit B. JI. Xa-
putonosa [30].

B pa6ore b. T. Iloxska, I1. C. Lllep6akosa [29]
MPeaJIOKEeHO TIOHSITUE CBEPXYCTOMYMBOCTU JIU-
HEeWHBbIX cucTtem ynpapieHus. [Ipu satom cBepx-
YCTOMYMBBIE CUCTEMbI 00J1a4al0T CBOMCTBAMU BbI-
MYKJOCTU, AOMYCKAIOUIMMU TPOCThiE pELIEHUS
MHOT'MX KJAaCCMYEeCKMX 3ajady TeOpuu YympasJe-
HUSI, B YaCTHOCTH, 3aJa4yu poOACTHOW CcTaOuJIu-
3allMy TpU MaTpuyHON HeomnpeneaeHHocTu. Ho
CYLIECTBEHHBIM OrpaHUYEeHWEeM TaKMX CHUCTEM
SIBJISIETCSl MpaKTHUUecKasl y30CTh UX KJlacca, ornpe-
JIeJISIEMOTO YCJIOBUSAMU HATMYK S JOMUHUPYIOIINX
JUAroHaJbHBIX 3JIEMEHTOB MAaTPUIIbI CUCTEMbI
C oTpuLAaTeIbHBIMU BeanuuHamu [34]. B manHoi
paboTe paccMaTpUBAIOTCSI MATPUILBI OOIIETO BUA.

B pabtore B. M. Kynuesuua [11] momydeHBI
WHTEPECHBIC PE3yJbTaThl 10 POOACTHON YCTOMYM-
BOCTU JJIS1 JIMHEMHBIX AUMCKPETHBIX cucTeM. [lpu
9TOM MaTpulia CUCTEMBbI 3aJaeTcsi B KJacce co-
MPOBOXJIAIOIIMX XapaKTEPUCTUUECKUI TIOTMHOM
cucteMmbl, T. €. Bo Mpobenunycosoit ¢opme [34],
YTO TaKXe CYXaeT KJacCc paccMaTpuBaeMbIX pe-
QJIbHBIX CHUCTEM.
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B paborax B. R. Barmish u ap. [35, 36] npen-
JIOXEeHbI KOHTpIpUMepHl K Teopeme buanaca [37],
KOTOpBIE aHHYJIMPOBaHBI B pabore [16].

B padorax M. Mansour u ap. [38, 39] momyue-
HBI TUCKPETHBIE aHAJIOTU CIa00W U CUJIBHOW T€O-
pem XaputoHosa [30], KoTopble UMEIOT OrpaHUYe-
HUSI, HaKJIaJblBaeMble HA MHTEpPBaJbHbIe 00JACTU
ko2 duiineHToB, uau npumensiercsa [9, 17, 20]
HermpocTas mpoleaypa MpOeKTUPOBAHUS KOpHEH
TMOJIMHOMOB Ha oTpe3okK [—1, 1].

ITocTanoBka 3amaun

PaccmaTpuBaloTcsl JUHEHHBIE AMHAMHYECKHE
CHCTEMBbI IOPSIIKA /1, HeIIpepbIBHAS

fC = Ax, x(to) = xO,

(@)
¥ IMCKPETHAs

x(m+1)=Ax(m), m=1, 2, 3, ..., 3)
rae x = x(f) € R"; x(m) — BEKTOPHI COCTOSIHMUSI;
A e R™" — ypHTepBanbHasg MaTpulla C dJEMEH-
TaMH a;;, i, j=1, .., n, IpeACTaBISIOIIUMU UH-
TepBaJIbHbIC BEIMYMHBI a; € [a;,a;] ¢ yriaoBeIMU
3HAUCHUSIMM d;;,q;,A; < dj;.

TpebyeTcss omnpeaeauTh YCIOBUS poOACTHOM
ycroitunBocTu cucteM (2) u (3).

ij>

HenpepbiBHbIE CHCTEMBI

OcHoBHbIE pe3yabTaThl. B ocHOBoOIOMaratoei
IJIST paccMaTpuBaeMoro meroga pabdore [16] mo-
JIydeHbl pe3yJibTaTbl B BUJE CTPOTO A0Ka3aHHBIX
TeopeMbl 1 M JIeMMBI K Heil 0 poOAcTHOM YCTOMI-
YUBOCTU CUCTEM (2) MO YCJIOBUSIM TYPBUIIEBECTU
YETHIPEX YIJIOBBIX IMOJIMHOMOB XapMTOHOBA, CO-
CTaBJIECHHBIM T10 MMOCJEeI0BATEIbHBIM CerapaTHbIM
YIJIOBBIM KO3 PuLeHTaM b,.,(Q,-,E,-,i =1,n) xa-
paKTepUCTUUYECKMX MOJTUHOMOB CUCTEMBI (2):

FO)=A"+b1"+..+b,=0. @)

[Ipusenem sTu Teopemy | u emMmy.

Teopema 1. Ingd TOro 4ToOBI IOJOXEHHUE paB-
HoBecus x = 0 cuctembl (2) ObLJIO aCUMIITOTUYE-
CKM yCTOMUYMBO TIpu BceX A € D, nau 4TOObl UH-
TepBaJibHas Marpulia A Obljia ycToiuynBa, HEO0X0-
JMMO 1 JOCTAaTOYHO, YTOOBI ObLIM TYPBUIIEBBIMU
BCE YEThIPE YIVIOBBIX MOJMHOMA XapUTOHOBA, CO-

CTaBJICHHbIE TI0 MOCJEeN0BaTEIbHBIM CelapaTHbIM
YIJI0OBEIM KO3 pUIImeHTaM bl-,(l_),-,l;i,i =1,n) xa-
pakTEpUCTUYECKUX MOJUHOMOB (4) cucteMbl (2).

[aHHasg TeopemMa moka3zaHa Ha OCHOBE CJIEAYIO-
LIEA JIEMMBL.

Jlemma. CenapaTHble YTJI0Bble KO(PHUIIMEHTHI
b,-,(Q,,l?,-,i =1,n) 06pa3yloTcsi KaK COOTBETCTBYIO-
mue kKo3hUIIMEHTHl TOTUHOMOB (4), 11b0 Tpu
YTJIOBBIX 3HAQUEHUSIX DJIEMEHTOB aij,i, Jj= I,_n, Ma-
TpUlbl A, TM0OO TIPU HYJEBBIX 3HAYEHUSIX HEKOTO-
PBIX BJIEMEHTOB (€CJIM MHTEpPBaJl MPUHAIJIEKHO-
CTU BKJIIOYAET HYJb).

Kak HeTpyaHO BUIETb U3 JIEMMBbI, AJSI HAXOX-
IeHUST KO3(PPUIIMEHTOB bi,(Qi,E,i =1,n) B 06-
1eM ciaydyae HeoOXONMMO MPUMEHEHUE ONTUMMU-
3allMOHHBIX METOIOB HEJWHEWHOro MporpamMMu-
poBaHus [40].

K teopeme 1, moka3zaTeabCTBO KOTOPOW MpH-
BEJICHO B MPUJIOXEHUUW paboThl [16], HEeoOX0MMMO
CIeNaTh CAeAyIoNee YTOUHSIONIEE 3aMeYaHueE.

3ameuanue. I3 OCHOBHOro aprymeHTa IoKa-
3aTeJbCTBA TEOPEeMbI 1, CBSI3aHHOTO C HaJIWYUEM
YeThIPEX YIVIOBBIX MOJMHOMOB XapUTOHOBA, CJie-
JIyeT, YTO TMPU OTCYTCTBMU TOJHOTO MHOXECTBa
(Habopa) M3 YETHIpEX YIJIOBBIX MTOJUHOMOB YCJIO-
BUS TeOpeMBbI | HEOOXOOUMBI, HO MOTYT OBITh HE-
JOCTAaTOYHBI AJIsI YCTOMUYMBOCTU CUCTEMBI (2).

Ciyuaii, COOTBETCTBYIOILLIMI TPUBEACHHOMY 3da-
MeYaHulo, MOXET BO3HUKHYTh TOTJa, KOrja cera-
paTHble YTI0Bble KOI(MOULIMEHTH MOJTMHOMOB (4)
B3aMMOCBSI3aHbI U B UTOTE CY>XAIOT HA0OP YIJIOBBIX
K03 GUIIMEHTOB 10 YKMCIia MeHee YeThIpeX.

Cnenyer OTMETWUTb, YTO 3aMe4aHUe CHUMAET
BbIBOABI paboThl [4]] OTHOCUTENBHO POOACTHOM
YCTOMYMBOCTU MHTEPBAJbHBIX JAWHAMUYECKUX
cucteM. [lpu 3TOM AaHHOe yTBepXJeHWE MPO-
WIJIOCTPUPOBAHO Ha MpUMeEpax, IPUBEIEHHBIX
HUXe B KOHILIEe pas3fea.

CripaBelIMBOCTb TIOKa3aHHOM TeopeMbl 1 moj-
TBEPXKIAETCS aHHYJIMPOBAHUEM U3BECTHBIX KOHTP-
IIpuMepoB K Teopeme buanaca [37].

Tak, Teopema 1 anmpoOupoBaHa Ha Pas3IMUHbBIX
KOHTpIpuMepax TeopeMbl buaiaca, B 4aCTHOCTHU
13 paboThl [35], Tme paccMaTpuBaeTCs MaTpulia

~0,5-r —12,06 —0,06
A=Q, =| -0,25 0 1, 6
0,25 4 ~1

rae r e [0, 1], A7 KOTOpOro MoATBEpXKAeHa CIpa-
BEIJIMBOCTb TEOpPEMBI 1.

Ho B cnyyae matpuubsl A = Q. u3 padorsl [35]
MOXXHO HarJSITHO PacCMOTPETh CIIPaBeAJUBOCTh
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MPUBEACHHOIO BbIlIE 3aMe4YaHusI K Teopeme 1, 4To
noka3aHo Huxe B [Ipumepe 1.

Teopema 1 u 1eMMa NO3BOJSIOT PEIIUTD 3a0a4y
0 pebepHOl TUIoTe3€ 51 MHOTOTPAHHUKOB Ma-
Tpui [9].

N3BecTHO [9], YTO MHOrOrpaHHUKOM MaTpUIL
Ha3bIBAETCSI MHOXECTBO

>0,i=T,m3 s, :1}, ©6)
i=1 i=1
rae P, i =1,m, — MOCTOSIHHbIE MATPULIBI.

B pabGote [9] chopmymumpoBaHa rumoTe3a 00
YCJIOBUSIX YCTOMYMBOCTU MHOrorpaHHuka P (6)
B ClieAyIOlleM BUIE:

Tunome3za. MHororpaHHukK P yCTOWYMB TOT-
Ja ¥ TOJILKO TOrJa, KOrjga ero pedopa yCTOMNUYMBHI,
T. €. MaTpula

sP+(1-5)P;

yCTOMYMBA TIPH JIOOBIX i, j = 1,m, s e [0,1].

Ho B paGore [36] Ha KOHTpmpuMmepax ITOKa-
3aHO, YTO JaHHAas I'MIIOTe3a HeBepHa IJIsl CTPOro
TypBULIEBa ciaydas.

[IpotuBopeuns B pedbepHOIl rUMOTE3e pa3peliie-
HBI HAa OCHOBE CJedylollieil pebepHOi TeopeMbl 2,
JOKa3aHHOU B pabore [16].

Teopema 2. Ins1 yCTOAYMBOCTU MHOI'OIPpAaHHMU-
Ka Martpull P HEOOXOOMMO MU JOCTATOYHO, YTOOBI
€ro BBINYKJble pedpa ObLIM YCTOMUYMBHI, T.€. Ma-
Tpula

5P + 5, P,

yCTOMYMBA TIpM  JTIOOBIX
s, € [0, 1].

B manHoMm ciyyae MHOTOrpaHHUK MaTpui P
MpeACTaBICH B BUIC

ia.j = Lmasl € [_lao]’

m
P:{Ps:Ps1+Ps2:Ps1:;S1i})i’
i=

m m
P, = ZiSZiP" 18 8y =5;20,i= 1,m,;s,~ = 1}.
iz

CrpaBeIJIMBOCTh TEOPEMBI 2 TaKXKe IMOITBEPXK-
JaeTcsl aHHYJIMPOBaAaHWEM BCeX M3BECTHBIX KOHTP-
MPUMEPOB U3 pabdoT [36, 42].

IIpumepni. PaccMoTpuM ITprMephl, KOTOPhIE Ha-
IJISSAHO TIOSICHSIOT CMBICT 3ameuarnus K Teopeme 1.

Ipumep 1. Ilokaxem, 9To cuctema (2) ¢ MHTEp-
BaJibHOU Marpuueil Buna A = Q, (5), KoTopasi He

00J1aaeT MOJTHBIM HAaOOpOM M3 YETBIPEX XapaKTe-
PUCTUYECKUX TOJIMHOMOB XapUTOHOBA, SBJISETCS
CHCTEMOI HeoIlpeaeeHHOM poOacTHOCTH.

JeUcTBUTENbHO, €CIAU  TMOJOXUM 7| =
= 0,5-40,06, r, =0,5+./0,06, To KaK U3BECTHO
[35] cucrema (2) sABASETCS HEYCTOMYMBON IIpU
ry <r<ry aBuHnrepBanax r e [0, r) ure (r,, 1]
aTa cucTteMa yctoiuuBa. Eciam Tenepb mpearoso-
KUTh, UYTO KO3 GULIMEHTHI XapaKTepUCTUUECKOTO
nojvuHoMma (4) He 3aBMUCSAT APYT OT Apyra U Mbl
MMeeM YeThIpe YTJIOBBIX MOJMHOMA CUCTEMBI (2),
TO HETPYAHO BBIYUCIWUTH, UTO TOJBKO B MaJbIX
4yacTsIX YKa3aHHBIX BbIlLIE WHTEPBAJIOB POOACTHOM
ycroituuBoctu r € [0, r)) u r € (r,, 1] umeeT mecto
YCTOMUMBOCTh BCEX UETBHIPEX XapaKTepUCTHYe-
CKMX TTOJMHOMOB, a uMeHHO Tipu 7 € [0, 0,475) u
r e (0,9617, 1].

Tak, Hanpumep, 15 uHTepBana r € [0, r;) ume-
€M ClieyIollMe YeThIpe YIJIOBBIX MOJMHOMA:

£i0) =23+ 1,522 + 1,50 + (2,06 + 4r));
H0) =23+ 1,532 + (1,5 + r)n + (2,06 + 4r);

£0) =23+ (1,5 + r)a? + 1,50 + 2,06;
fHi0) =23+ (1,5 + r)A2 + (1,5 + rp)h + 2,06,

13 KOTOPBIX 1Ba MIEPBBIX HEYCTOWYUBHI, & CICAYIO-
I[1€ IBA YCTOMYNBBHI.

JlaHHBIW TIpMMeEp TIOKa3bIBAeT, YTO M3-3a 3aBU-
CUMOCTH MeXIy KO3 PUIIMEHTaMI XapaKTePUCTH-
YeCKOTo ITOIMHOMA (4) 31ech AeHCTBUTEIBHO UMEET
MECTO HEIMOJIHbIM Habop M3 ABYX YIJIOBBIX IMOJM-
HOMOB, U MBI HE MOXEM OJHO3HAUYHO YCTaHOBUTH
WHTEpBaJIbl pOOACTHON YCTOMYMBOCTU CHUCTEMBI (2),
KakK ¥ CJIEIOBAJIO COITIaCHO 3ameuanuio K Teopeme 1.

IlIpumep 2. IlycThb 3amaH XapaKTEPUCTUUCCKUIA
MOJUHOM UHTEPBaJIbHOW CUCTEMBI (2) B BUJIE

f0) =33+ 1,52 + 2,50 + by, (7)
rae koaduuueHt b; € [2, 3]. Takoii cayyait cu-
creMbl (2) Bo3MOXeH, HanpuMep, mpu dpobeHny-
COBOI1 MJIM CONPOBOXAatollei ¢popMe MaTpULIbl A.

Toraa yeThpe yITIOBBIX XapaKTEPUCTUYECKMX TIO-
JIMHOMA CUCTEMBI (2) OyayT UMETh CJASHYIOLINIA BUJI;

£ =2+ 1,522 + 2,54 + 3;
HO) =23+ 1,502 + 2,50 + 3;
£0) =23+ 1,52 + 2,50 + 2;
£i0) =23+ 1,52 + 2,50 + 2.

Kak HeTpyaHO BuIeTh, B JaHHOM cCjy4ae BCe
YeThIpe XapaKTepUCTUUYECKUX TIOJMHOMA CHUCTE-
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MBI (2) ycroituussl (b;b, > b;), u cuctema (2) podact-
Ho ycroitunBa. Ecnu xe, monoxum b; € [2,06, 4,06],
TO B 3TOM CJy4yae MepBbie ABa MoJIMHOMA fi(A) U
f>(L) HeycTOMUYMBBI, a ABa cAenaywoux f3(A) u fi(L)
YCTOMYMBEI, a CliegoBaTelIbHO, cucteMa (2) po-
0acTHO HEYyCTOWYMBA.

B sTOM mpuMmepe MBI paccMOTpeau aBa CIy-
yasi MHTEpPBAJIbHOW CUCTEeMBI (2), KOrjma MMEIOTCs
JIBe Tapbl COBMAJAIONIMX MM KPaTHBIX XapakTe-
PUCTUYECKMX TTOJIMHOMOB, HO TIPU 3TOM MMEIOTCS
MOJIHbIE HA0OPBI YETHIPEX MOJMHOMOB XapUTOHO-
Ba, B OTJIMYME OT CJIy4yast CUCTEMHI (2) ¢ MaTpuiei
A = Q, (5), TAe HET MOJHOro Habopa U3 YEThIPEeX
VIJIOBBIX XapaKTEPUCTUYECKUX TOJMHOMOB, a €CTh
TOJIBKO JIBa YTJIOBBIX MOJMHOMA BCJEACTBUE KECT-
KOil 3aBucuMocTu Koapduumnentos b, i = 1, 2, 3
ot napameTpa r. [loaTomy B oboux ciaydasix pac-
cMarpuBaemoro [lpumepa 2 B cOOTBeTCTBUMU C 3a-
meyanuem K Teopeme I MOXHO cAenaTh BIOJIHE
OIPENIEIEHHBIN BBIBOI O pOOACTHON YCTOMYMBOCTU
WV HEYCTOMYMBOCTH MHTEPBAJIbHONW CUCTEMBI (2)
C XapaKTepuCTUYEeCKUM mojinHoMoM (7), B TO Bpe-
Msl Kak B cliyyae ¢ maTpuuei Buaa A = Q, Mbl
OIPENIEIEHHBIN BBIBOI O pOOACTHON YCTOMYMBOCTU
He MOXeM ciaesiaTh (3[eCh ClelyeT OTMETUTh, YTO
B pabote [16] BBIBOI IO JaHHOMY CJIyYalo CIeiaH
HEBEPHBI).

JIACKpeTHbIE CHCTEMBbI

Kaxk u3BectHO, myonukanus padbotsl [30] gana
WMIIYJIbC sl TIOMCKA MHOTMMMU HCCJEeIOBaTeNsI-
MU OUCKPETHBHIX aHAJIOrOB TeopeM XapUTOHOBA
[7—10, 17, 26]. Tak, B pabore [9] yka3aHO, 4YTO
"IMCKPETHBIA BapUaHT XapUTOHOBCKOI'O YCJIOBUSI
YeThIpeX MHOro4eHOB oTcyTcTBYeT". Ho 3mech ke
OTMEUYAETCs, YTO B HACTOSILIEE BPeMS IOJTyYCHBI
[38, 39] nuckpeTHBIE aHAJOTU CJIa0O0i U CUJIBHOM
TeopeM XapuToHoBa. Ho »Tu aHajmorm Teopem
XapuTOHOBAa MMEIOT OIIpeAeIcHHbIE OrpaHMyYe-
HUS, HaKJIaJblBaeMble HA MHTEpBaJbHbIe 00JIACTH
Koa(puieHToB [9]. DTU orpaHuMyeHus: ObLIU
CHATHI B padbotax [17, 20], roe mojiy4yeHbl aHAJIOTHU
TeopeM XapUTOHOBA C MCIIOJb30BAHUEM TEOPEMBI
Iypa [43]. Takxe B padotax [17, 20] chopmynu-
POBaHBI TEOPEMBI, SBISIOIIMECS AUCKPETHBIMU
aHaJIoraMU pe3yJbTaToB paboThl [16] mo mHTEp-
BaJIbHBIM MaTpHMlIaM U MHOTOIPaHHMKAaM MaTpuil.

Hanee paccmarpuBaeTcsi 0000ILeHUE pe3yib-
TaToOB, MOJydeHHBIX B padore [17, 20] ¢ yuyeToM

OcHoBHbie pe3yabTarbl. JIJ151 TMCKPETHBIX CHU-
CTEM, MCIIONb3Yysl Z-TIPeo0pa3oBaHUE, MOJTydYaeM
WHTEPBAJIbHBIA XapaKTEPUCTUUYECKUN MTOJTUHOM

f(z) =det(z] - A) =

' . _ 8
=>.b;2"", b; €b;,b;],b; < b;. ®

Hns  ompeneleHus] YCIOBUM YCTOMYMBOCTU
Bocronb3yeMcs TeopeMoil Illypa [43], T. e. ycio-
BUSIMU BUIA

|6l > 1B,

IJ1A IMMOoCJIEA0OBATCJIbHOCTU ITOJIMHOMOB, OIIPCACIA-
CMBIX PCKYPPCHTHBIMU COOTHOLICHUAMM

fi(@) =1byf(2) - b,f1/2)2")/z, ...,
s Ji1(2) = [y 1 f1(2) - bn,ifi(l/z)zn_l]/za

rae by ;, b, ; — COOTBETCTBEHHO CTApIIUIA ¥ MJIa/I-
it Ko3hPuuueHTsl i-ro (i = 1,7 —2) noauHoOMa
fi@).

Onpedeaenue. Toukamu nepemesxcaemocmu st
Ko3(puumenTos b;, i =0,n, Oynem Ha3pIBaTh TOY-
KM Ha JEWCTBUTEIbHOM OCH, B KOTOPBHIX IIPOUC-
XOIST Tepexolbl KOpHeil mnojuHoma (8) uepes
eAMHUYHYIO OKPYXKHOCTh Ha IJIOCKOCTU KOpHEH,
a UHMepe8alamu nepemexncaemocmu — UHTEPBabl,
B KOTOPBIX KOPHU HAXOAsITCs 10O BHYTPU, IUOO
BHE €IMHUYHOTO Kpyra (CM. pUCYHOK).

B paGote [17] cdopmyliupoBaHbl OCHOBHBIC
pe3yJbTaThl 10 OMNpPEACJCHUIO YCJIOBUM podacT-
HOI YCTOMYMBOCTM AWCKPETHBIX MHTEPBaJIbHBIX
CHCTEM B BHUIE COOTBETCTBYIOIIMX TeopeM 1—6.
IIpu sTOM cleayeT OTMETUTh, YTO, KaK yKa3aHO
BBIIlIE, AJd Cliydass HeNpepbIBHBIX cucteMm [16]

1 Rez;

Toukn (M, M)) mn uHTepBajbl HepeMexaeMocTH (-o, M{),
(M}, My)*, (M}, + o) — ana koadduuuenta b;

BbIBOIOB, IIPUBCACHHBIX BbIIIC IJIsI HEIIPEPBIBHBIX Points (M, M3) and intermittency intervals (-w, M})",
CUCTEM. My, Mj)*, (M}, +o)” — for the coefficient b;
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CIIPaBeIJIMBOCTb meopeMbl 5 UMEET OrpaHUuvYeHune,
o0yclioBiIeHHOE 3ameuanuem K TeopeMme 1 pabOTHI
[16], T. e. meopema 5 BepHa TpU MOJHOM Habope
W3 YeThIpeX pa3JM4YHbIX MOJMHOMOB XapuMTOHOBA.

CnpaBensiuBocTh pe3ysabraToB [17, 20] oTHOCH-
TeJIbHO aHaJiora CUJIbHOW TeopeMbl XapUTOHOBA
MPOJIEMOHCTPUPOBAHA HA M3BECTHBIX KOHTPIIPU-
Mepax u3 pab6or [9, 44, 45].

Takum o0pa3oM, aJITOPUTM OMpeAeeHUs] Po-
0acTHON YCTOMYMBOCTU MTMCKPETHBIX UHTEPBAJIb-
HBIX IUHAMUYECKHUX CUCTEM OyIeT CAeAyIOluM.

1. C ucnonbp3oBaHueM (GopMys JeMMBbl K T€O-
peme 1 [16] 1 myTeM ONTUMU3ALMHU IT0 3JIeMEHTAM
a; €la;,a;l,i,j= 1, n, MHTEPBAJIBHOI MaTPUIIBI A
HaXoOsITCS cernapaTHbie YIJoBble KO3(PGUIIMeHThI
b; € [l_),.,ZT,-], i =0,n, WHTEpPBAJIBHOIO XapaKTepU-
cTudeckoro mojanHoMa (8).

2. OnpeaensioTcs 4eTbipe MOJMHOMA XapuTo-
HOBa, COOTBETCTBYIOIIME MHTEPBAJIbHOMY TOJIM-
HOMY (8):

f1(2) i {bg, by, b2, b3, by}
f>(z) by, b1,b2,b5,by....};
£3(z) 1 {b0, by, by, b3, by}
f4(2) i {bo, b1, by, by, ba....}.

3. CocraBngworcs n HepaBeHCTB Buma (I1.2),
yKa3aHHBbIX B [Ipunoxennu pabotsr [17].

4. OTHOCUTENIbLHO Kaxjaoro koadduineHra
b;,i=0,n, cunTasg ocTajbHbBIE KO3(DPUIIMEHTHI
(puKcupoBaHHBIMU, TOCAEAOBATEIBLHO HAXOMSITCS
TOYKM TIEPEMEXKAEMOCTH AJS BCEX YEThIPEX MOJIM-
HOMOB XapuUTOHOBAa W TI0 BCEM K HEpPaBEHCTBaM
(cm. 1. 3), HAYMHASI C MEHBIINX MOPSIKOB.

5. Ecin Bce TOUKM TEepPEeMeKaeMOCTU IO BCEM
koapduuuentam b;, i =0,n, He NpUHALIEXKAT
3alaHHbIM MHTEpBajiaM, TO UCXOAHBII TMOJIUHOM
(cucteMa) yCTOMYMB, B IPOTUBHOM CiIy4yae — He-
YCTOMYMNB.

3akJoyenue

AnrebpanyecKuii MeTOH XapMTOHOBCKOTO Ha-
MpaBJeHUS HCCIEeTOBAaHUIN pOOACTHON YCTOMYM-
BOCTHM UHTEPBAJbHBIX IUHAMMYECKHX CHCTEM,
paccMOTpeHHBII B JaHHOH paboTe, SBISETCS
JaJbHEUIINM pa3BUTHUEM OCHOBHBIX pe3yJibTa-
TOB pab6oT [16, 17], KOTOpPHIN MO3BOJSIET pelLIaTh
npobseMy poOacTHON YCTOMYMBOCTH TIPU OOILLIEM
BUZI€ MHTEpBaJbHOU MaTpuUllbl cucTeMbl. Ilpu
3TOM METOJ HalpaBJIeH Ha pelleHue 3aaad po-

0acTHOM YCTOMYMBOCTM KakK AJSI JUHEHHBIX He-
MIPEPBIBHBIX, TaK U IJS JTMHEHMHBIX JMUCKPETHBIX
WHTEPBAJIbHBIX TUHAMUUYECKHUX CUCTEM.

Cnenyet OTMETUTD, UYTO 3ameuaHue K Teopeme |
CYILIECTBEHHBIM O0pa3oM YTOUHSIET pPe3yJbTaThl
pabotnl [16], a MMEHHO IOAYEPKMBAET HEOOXO-
JUMOCTb TOJIHOTO Habopa M3 4YeTbIpeX YIJIOBBIX
MOJMHOMOB XapMTOHOBA (C y4YeTOM KpPaTHOCTHU
MOJMHOMOB) AJIS ONpeaeJeHns] poOacTHOM yCTOM-
YMBOCTU MHTEPBAJIbHBIX TMHAMUYECKUX CUCTEM.
Takxe ycnoBUs HEOOXOAMMOCTU U JOCTATOYHOCTHU
rno teopeMe 1 COOTBETCTBYIOT YIJIOBBIM Cerapart-
HbIM KO3(duLMeHTaM, ONpeaesisieMbIM TOCIea0-
BaTeJILHO OT 1-ro g0 #-ro K03 duimeHTa Xapak-
TEPUCTUYECKOTO TOJMHOMA CHUCTEMBI, KOTOpBIE
MOTYT OBITh HaliIEHBI C UCIIOJIb30BAHUEM METOMIOB
HeJIMHEeWHOoro nporpaMmMmupoBaHus [40].
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The frequency and algebraic directions of researches of robust stability are considered. Frequency or Tsypkin-Polyaka’s
direction is considered briefly in a survey order. The algebraic or Kharitonov’s direction is considered more more widely,
namely basic provisions and results of the Algebraic method of robust stability of interval dynamic systems developed within
development algebraic or Kharitonov’s direction of robust stability are presented. Fundamental works of V. L. Kharitonov
since issue have caused a huge flow of the publications connected with extreme relevance of the solution of problems of a
robustness of systems. So far from a circle of problems of a robustness many issues of robust stability are resolved. Discrete
analogs and versions of theorems of Kharitonov are received. Frequency conditions of robust stability are considered and
solved in Ya. Z. Tsypkin, B. T. Polyak, Yu. I. Neymark works. However in a problem of robust stability not all issues are

MexaTpoHuKa, aBToMaTu3anus, ynpasjienue, Tom 20, Ne 6, 2019

339



so far resolved, especially big contradictions have arisen in a continuous case. Also the tasks considered here for interval
matrixes and polyhedrons of matrixes haven’t been solved. In work the theorem like the third theorem of Kharitonov which
cancels counterexamples to former known results in this direction is formulated and proved and also on its basis the costal
theorem for polyhedrons of matrixes is proved. The new costal theorem also cancels counterexamples for this case. To the
main theorem of the considered algebraic method the specifying remark is formulated that in the absence of a full set of four
angular polynoms of Kharitonov of a condition of this theorem are necessary, but can be insufficient for stability of system.
Determination of angular separate coefficients of a characteristic polynom of system is generally carried out by means of
use of methods of nonlinear programming. For a discrete case the discrete analog of the theorem of Kharitonov which is
received on the basis of Schur’s theorem is presented. At the same time, the concepts of points and intervals of a variabless
used for the theorem of an analog of a continuous case are entered. The algorithm of definition of a robustness of discrete
systems is formulated. The main results, the Algebraic method of robust stability developed by the author are illustrated
with cancellation of the counterexamples widely known from scientific literature.

Keywords: robust stability, interval dynamic systems, frequency and algebraic directions of robust stability, algebraic
method of robust stability, continuous and discrete linear interval systems, interval matrix, polyhedron of matrixes, angular

polynoms of Kharitonov, Kharitonov’s theorem, points and intervals of variabless
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TynbCKkMI rocyaapCTBEHHbIN yHUBEpPCUTET, I. Tyna

K Bonpocy o pobacTHbIX cMucTtemax aBToMaTU4eCKOro yrnpaBrieHuUs

Ilpedaaeaemcsa npodoasxcums o6cyncdenue npobaem, meopemu4ecKux 0CHO8 U NPAKMuU4ecKkux ocobeHHocmell NOCMpoeHus
U cunme3sa po6acmubIX cucmem ynpasaenus ¢ 604buuUM K0IQ@uyueHmom ycuieHus, n0360AAOUUX YAPABGAIMb MHO2OMEPHbIMU
HeAuHelHbIMU OUHAMUYeCKUMU 006eKMamMu 8biCOKOU pasmMepHOCMU ¢ YHKYUOHAAbHbIMU HeONnpeoeseHHOCMAMU.

Ecau npobaemvl He pewiaromcs HAa MOM Ypo8He, 20e OHU NOABUAUCH, He0OX00UMO NOOHAMbCSA HA YPOBeHb 8blule, Ha bOoaee
BbICOKYIO CMYNeHb NOHUMAHUSA 3aKOH08 npupodsl uiu caoéamu macmepa Jwoi-Ilu Yyus Lo (Kumati 111 éex 0o 1.3.):"Maavuux
pocmom nams yu gedem OblKa 3a Y30eUKy U OblK NOOUUHAEMCS eMY 80 CeM. Dmo npoucxooum ommozo, 4¥mo 4en06ex 6 0AHHOM
cayuae caedyem ecmecmeennocmu” (3aKonam npupoovt). B ocnosy guaocopuu 031000 ("Msaekuti nyms”) 3a404CeHbl RPUHYUNDL
UCNOAB30BAHUSL CUALL U IHEPUU NPOMUBHUKA 015 00CMUNCEHUs noOedbl.

Llenvro Hacmoswed pabomel s6a5emcst OeMOHCMPAUUS MeOPeMU4ecKux acneKkmoe U npaKkmu4eckux ocobeHHocmet Memo-
006 cuHmMe3a ONMUMAAbHBIX CUCEM YAPABACHUS N0 KPUMEePUID MAKCUMAAbHOU MOYHOCMU 60CNPOU3Be0eHUs HA npuMmepe pPo-
bacmHbix cucmem, NO360AAIOWUX YIPABASTMb OUHAMUYECKUMU 006eKMAaMU ¢ PYHKYUOHANbHBIMU HEONPeOeAeHHOCMAMU, 8 MOM
Yucae HeyCmouHUBbIMU; HEMUHUMANbHO-(DA308bIMU, HEUMPAAbHbIMU, 00aadarouumu ceolicmeamu dupgpepenyuposarus. Ilpo-
cmoma (Ha ypoeHe UHMCeHepa) U YHUBEPCAAbHOCMb, MAMEMAMU4ecKkas cmpoeocms u usuveckas 060CHO8AHHOCMYb OAHHO20
n00xo0a 3aKA4aemcs 6 UCHOAb308AHUU purocogpuu 031000: nodasieHuU OUHAMUKU HYHKUUOHAAbHO HEONpedeseHH020 006-
eKma U GHeWHUX 603MYyUeHuUll 3a cuem 0eCKOHeUHO 60Abu020 Kodpuyuenma ycuieHus npu KOHeYHOM CUeHaAe YNPaeAeHUs
C COXpaHeHuem ycmouuueocmu.

Teopemuuecku ucuepnsiearoujee peuieHue 3a0a4u pooacmHo20 ynpasieHus daem uoes ROCMPOCHUs CUCIEM, YCMOUYUBLIX
npU HeO2PAHUYEHHOM YeeauueHuu Kosguuyuenma ycurenus. Ceoticmeamu ycmouuueocmu npu 3mom 004adaom onmumans-
Hble cucmembl, CUHME3UPOBAHHbIE ¢ NPUMEHeHUeM K8AOpaAMU1HbIX PYHKYUOHAN08 KaYecmeda, He 3A8UCAUUX I6HO OM YNpas-
AAOWe20 CUSHAAA, U NPU O2paHuveHuu Ha ynpaeisiowui cuenar. CyuecmeeHHo, Ymo 6 OmAUYUEe OM HENPepulgHbIX CUCMeM
C He U3MepAeMbiMU 603MYUWCHUAMU U MAAOU3BECTMHbBIM 006eKMOM, 8 KOMOPbIX YCA08USL UHBAPUAHMHOCMU NPeON0Aa2aAOM UC-
noab3068anue 6eCKOHeuHo 00AbUUX KOIPDUUUEHMO8 YCUuieHUS, 8 peeliHblX (PA3PbI8HbIX) cUCMeMax IK6UBANeHMHbLI dppexm
docmueaemcsi ¢ NOMOWbIO KOHEUHbIX Ynpaesasiowux eosdeiicmeuii. [Ipusmusim 60HYyCOM 6845eMCs NOGblUIEHUE MOYHOCMU 00
ONMUMANbHO20 3HAYEHUS U CHUNCeHUe YCMAHO8UBWEUCs OWMUOKU 00 meopemuyeckKu cmpo2o HyAe80i OmuOKY pecyiuposanus,
npuyem éce K0IQpuyuenmol ouUUOOK (N0 NOAONCEHUI, CKOPOCMU, YCKOPEHUI, DbIBKY U M. 0.) MAKice PAGHbL HYAK NPU HAAU-
Yyu 6HeWHUX U gHympeHHux nomex. Paxmuuecku, ONMUMAAbHAS MO MOYHOCMU CUCMeEMA YNPABACHUS IKGUBANCHMHA cUCeMe
C acmamusmom n-20 NOPAOKA: pe2yasmop co0epucum n nocaedo08amenbHo 6KANUEHHbIX UHMe2pamopos.

Karoueevie caosa: neonpedenennulii 00sexm, 60abuol K0IQ@uyuenm ycuienus, ONMUMAAbHAS MOYHOCMb, CUHME3 YAPAG-

AeHUsl, yCmouuugocms, QYHKUUOHANbHOE YPAGHEHUe, YCA08Ue YRPABAIeMOCU

BBenenune

MupoBo33peHueckass  3HAYMMOCTh  HayKH
0 Ipolleccax YIpaBJIeHUS U cCaMOyIIpaBJIeHU S, KaK
cnpaBeanBo 3aMeTua A. A. KonecHukos [1], oripe-
JeJISIeTCS. TeM BaXXHBIM OOCTOSTEIbCTBOM, 4YTO,
Kak yTBepxaaroT yueHble CaHKT-ITeTepOyprckoro
rocynusepcutera (CII6Y) B cBoeit padore "Jlo-
craToyHo obmiass teopust ympapiaeHus (JOTY),
"... BCIKUI mpouecc B MUpO3gaHUU MOXET OBITh
MHTEPIPETUPOBAaH B KadyecTBE Mpollecca yIpaB-
JICHUS WM caMmoynpaBieHus. 1o aToil mpuyrHe
MOHSITUMAHBIA M TEPMMUHOJOTMYECKUIA anmnapar
MMEHHO TE€OpPUM YIIpaBJIECHHUS KaK TaKOBOH SB-
JIsIeTcs 00O00IIaloIMM, YTO ITO3BOJSET C €ro Io-
MOIIbIO €IMHOOOPA3HO OIMCHIBATh Pa3HbIEC IPO-

YeMm MeHblIIe U3BeCTEH OOBEKT YIIPaBICHMUS,
TeM OOJIbIIIe PAcXOJ SHePTUU yIPABICHUS U
TeM BBIIIE JOJXKHO OBITh KAYeCTBO YIIPABICHUS

OntumalibHOE yrnpaBJICHUEC — TO YIIpaBJCHUEC, B KOTOPOM
JNOCTUTAETCS HAUBBICIIUIA YPOB€Hb KAa4€CTBaA yIIpaBJICHUA

LIECCHI: OOLIENTPUPOAHbIE, OMOJIOTMYEeCKIE, TEXHU-
yeckue ...". JlobaBUM: U KauyeCTBEHHO YITPaBJISTh.
YopaBasTh MOXHO 4eM YTOJHO MJIM K€M YTOIHO,
HaIlpuMep, Jaxe B TaKuWX 00JacTdaX, KakK opra-
HU3alMUsg U YIOpaBJCHHUE LEJIbLIMU TOCyIapCTBa-
MU; IPOM3BOJACTBO TOBApPOB, 3KOHOMUKA, MEHEI-
KMEHT, OMOJIOTHSI, BOCHHOE [eJI0, ITOJIUTUKA WU
3I0POBbE OTAEILHOI'O YEJIOBEKA, €r0 YCIEeXMU.

st ycrelrHoro pelieHusl BOIIpOCOB yIIpaBJie-
HUSI C HAMBBICIIMM YPOBHEM KaueCTBa IOJIXXKHBI
OBITH BBIMTOJIHEHBI TPU YCJIOBUS: U3BECTEH OO0b-
eKT yIpaBJieHUsI, IpUYeM YeM MEHbIle MU3BECTCH
00BEKT YITpaBJIeHUSI, TEM OOJIbIIIEe pacXod dHEepPTruu
yIIpaBJIeHMsI; M3BECTHA KOHEYHas LieJb YIpaB-
JICHUSI M U3BECTEH KPUTEPUiIl OLIEHKM KauecTBa
ynpaBiaeHUs. Eciu HEeT XOTs Obl OMHOTO U3 B3TUX
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YCJIOBUI — HET CMBIC]IA TIPUCTYIATh K PEIIEHUI0
3ajmauu yrnpasiaeHus. [lonpasdymeBaeTcs, 4To B 3a-
Jadax yrpaBJIeHH s TIPUCYTCTBYIOT, KAK MUHUMYM,
JIBa B3aUMOJEUCTBYIOIIMX OJioKa (MOACUCTEMBI):
00bekT ynpaaeHus (OY) u cyObekT yrmpaBiaeHus,
KOTOPBIM MOXET OBbITh YeJOBEK (pydyHOE YMpaB-
nenue) uau cucrtema ymnpasieHusi (CY) (aBToma-
THUUYECKOe yIIpaBjieHHe (camoyIipaBieHue)). Yacto
CY naswiBatoT peryiasitopoM (P).

Hanpumep, B ocHOBY ¢uiocopuu a31010
("MSATKUT MyTh') 3aJ0XKEHBI MPUHIIAIIBI UCIIOJb-
30BaHUS CUJII U BHEPrUM MPOTUBHUKA JJS J0-
CTUXEeHUs mobenbl. 3pech. NMPOTUBHUK — QY
nobena — KOHEYHas lieJib yIpaBJIeHUsS W OJHO-
BPEMEHHO KPUTEPUIi, A3I0I0 — METOJ MJIU UACO-
JIOTU S, U KOHUEMIMS YIpaBIeHUSI.

Jns HageXHOW W TPOAOJKMTEIbHON pabOThI
cucTeMbl (0COOEHHO MOOMJIBHOI) B aBTOMaTUye-
CKOM pPEXHME 3TH YCJIOBMS HEOOXONMMO OOMOJI-
HUTb YCJIOBHUEM JOCTAaTOYHOCTU SHEPruUU, aBTOMa-
TUYECKHU BO30OHOBJISIEMOI HEMOCPEACTBEHHO B Ca-
MOM CUCTEME.

B naHHOIi cTaTbe MbI Cy3UM KpPYT 3a/1a4 U Orpa-
HUYMMCST PACCMOTPEHMEM BOIIPOCOB TEOPUHN OITH-
MaJIbHOTO Y paBJeHUSI MPUMEHUTENIbHO K TEXHUKE
U, B YaCTHOCTHU, K poOaCTHOMY YIpPaBJIEHNIO, OCTa-
BUB Ha OJmkaiiiiee Oymaylee BOIIPOCH CHAOXKEHM S
AJIETEPHATUBHOW 3JIEKTPUYECKOW SHEPTUEH.

B Hacrosiee BpeMss B TEOpUW YIIPaBICHUS
WUCIIONb3YeTCS MHOXECTBO METOJOB, 4TO SBJIS-
€TCSl CJEACTBMEM HEPEUIEHHBIX A0 CUX TMOp IMpPO-
OsieM yrnpaBjeHUS] HEJTMHEWHBIMU, MHOTOMEPHbI-
MW U MHOTIOCBSI3HBIMU cuctemamu: "[Ipobiembl
CUCTEMHOTO CHHTE3a IMO-MPEeXHEMY SBISIOTCS
BeCbMa aKTyaJIbHBIMU, TPYAHBIMU W BO MHOTOM
MPaKTUUYECKU MAJIOAOCTYITHBIMU JIJISI COBPEMEH-
HoUl Teopuu ynpasiaeHus" [1]. UMeHHO moaTomy
B MOCJeIHEee BpeMs MOSIBUIUCH MHOTOUYUCIEHHbBIE
paboThl 10 Pa3IUYHBIM TOMYJSIPHBIM HampasBJe-
HUSM HEJIMHEWHOU TEOPUU YNPABJICHUS: METOAbI
AKAP n 63kcrennuHr [1], Ha OCHOBE ITPOrHO3U-
PYIOLIMX MOJCJIEM MJIM HAa OCHOBE IOJTUAIPATIBHOMN
METONOJOTUM, METOAbl aJaliTUBHOTO M WHTEN-
JIEKTYaJIbHOTO YMpaBJieHUsI, METOAbl Ha OCHOBE
UCMOJIb30BAHUS HEWPOHHBIX CETEW U HEUYETKUX
aJITOPUTMOB, METONlbl YIMpaBJeHUS OObEKTaMU
C MaJIOU3BECTHON (MM MaJIOM3YyUYeHHO?) MaTe-
MaTU4YecKol Moaenbio [2—4].

OcCHOBHbIE METONbl YIMpaBieHUS OObEKTaMU
C HEU3BECTHOW WJIA HEIIOJHOM MaTeMaTU4eCKOM
MOZIEJIbI0 B YCJIOBMSIX HeolpeneJeHHOCTU (po-
OacTHOe yIIpaBjieHHEe WIM T'pyOoe yIIpaBjeHUE)
Bo3HUKJIU B 80-e roasl XX crtonetus. B HacTo-

siliee BpeMsi OOJIBIIMHCTBO aBTOPOB UCIONb3YIOT

H_- wau K_-Teopuu ynpaBieHus st "perieHus

pa3iMuyHBIX POOACTHBIX 3aaay, MPUBOASMIIMX HE

M3BECTHO OTKYyAAa K MOSIBJEHUIO OONBLIMX KO-

uumenToB ycunenus" [2].

[ToagpoOGHO MCciedoBaB OCHOBHBIE METOIAbl CHH-
Te3a pOOACTHBIX CHUCTEM YMPABJICHUS C OOJBIIMM
koappuumenTom ycuinenus (MBKY), ux nocromnn-
CTBa M HEIOCTAaTKM, aBTOp CTaThu [3] IMoKka3aj, 4To
e "ocHOBHEIM HemoctatkoM MBKY gaBasercsa

npeoodsagaHue 3BPUCTUUYECKUX PACCYXACHMI

M, KaK CJeAcTBUe, ciiabasg maremaruyeckas u

MeTOoIoJoTuYecKass OCHOBA'.

o "Kaxyumuiicsi Ha TepBblid B3I IMPOCTHIM,
Mmetod MBKY npu cuHTe3e HaTaJlkuBaeTcsd Ha
MPUHLIMTIUAJBHYIO TPYAHOCTh — YBEJIUYECHUE
KoadhduiimeHTa ycuaeHus (K) mIpuBOaUT K MO-
Tepe YCTOMUYMBOCTU CUCTEMBI. 31€Ch MOATBEPXK-
JlaeTCsd COMHUTEJIbHOCTb PEIIEHUS CIOXHBIX
3aja4y MPOCTHIMU IBPUCTUUYECKUMU NpUEeMaMu
B COOTBETCTBUM CO CTApOW MCTUHOU — "uynec
He ObiBaeT" [4]".

* "YHUKaJIbHOCTb MPOoOJeMbl POOACTHOCTU TIPHU-
BEJIO K TPUBJEYCHUIO CIELMAJbHBIX pa3esioB
MareMaTUKWd M pa3padOTKe IMOYTH HOBOTO Ma-
TeMaTuuyeckoro amnmnapara. OmHako ycuiaue pe-
IIUTh TUIOXO (hopMasiu3yemble MpaKTUYECKUE
3aJa4M MaTeMaTUYeCKMMHU CpEeACTBAMM YacTo
IIPUBOIUT K "METOHOJIOTHYeCKOMY Kpu3ucy' [5]".
OnH¥M M3 HampaBJiEeHUU CUHTE3a POOACTHBIX

CHUCTEM YTIpaBJEHHUSI, OCTABIIUXCS B CTOPOHE OT

"BUPTyaJbHOTO MaTeMaTUYeCKOro HalecTBus"

[3], MOXeT FgBASITbCA METOMN CHMHTE3a ONTUMAaJb-

HbIX (C HAWMJY4YIIUM KayeCTBOM, B OTJIMYUE OT

BCEX MEPEUYMCIEHHBIX BBIIIE) CUCTEM YTIpaBJIEHUS

Ha OCHOBE JMHAMUYECKOTOo MPOrpaMMUPOBAHUS

P. bennmmana (Richard Ernest Bellman), mpenJo-

XKeHHBIN emie B 40-X Togax IIPOIILJIOro BeKa U A0

CHUX MOP HE HalleAIIUi JOJIKHOTO Pa3BUTUS Y UC-

caenoBaresieil. [lo-BUAMMOMY, OCHOBHBIMU TpPU-

YUHAMU DTOTO SIBJSIOTCS:

e MaTeMaThyeckasi CJIOXHOCTh PEUIeHUS YypaB-
HeHus beysiMaHa B 4YacTHBIX TPOM3BOAHBIX,
ocobeHHo mis HenuHelHbIX QY. B HacTtogiiee
BpeMs HE CYILIECTBYET YHUBEPCaJIbHOTO CIO-
coba pelleHus, TO3BOJISIIOIIET0 B aHATUTHYE-
CKoil hopme HaTu QyHKUIUIO bennmana;

* B 3aJlaHHOM KJiacce MOMYCTUMBIX yIpaBieHU N
He BCerja CyIIeCTBYET Takoe, IPpU KOTOPOM J0-
CcTUraeTcs MUHUMYM ypaBHeHUus bennmana;

e ¢yukuus bennmana He Bcerma oOiiamaeT TOM
[JIAIKOCThIO, KOTOpasi Tpearnojaraercss mpu
3anucu ypaBHeHus bennmana. MHbIMU cloBa-
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MU, pellieHue ypaBHeHUs bemMaHa He 006s3a-
TeJIbHO COBMAaJaeT C COOTBETCTBYIOIIEH (hyHK-
nuert bennmana. TpebGoBaHWe HENMpPEepBIBHON
nuddepeHIUPYeMOCTH (TJIaAKOCTH) PYHKIIUU
bennmaHa sBASETCSl CylIECTBEHHO OrpaHUYU-
TeJIbHBIM, OHO HE BBITOJHSIETCSI BO MHOTHX,
Jaxe MPOCThIX 3adavyax, HampuMmep, B 3ajaye
0 OBICTPOACUCTBMU MpPHU YIPABJICHUU ABYyMS
Mocjaen0BaTebHO COeAMHEHHBIMY MHTErpaTo-
paMu. DTO MPUBOAUT K TOMY, UYTO (DYHKIIUS
bennmaHna okaspiBaeTcsl pa3pblBHON (DyHKIIW-
el TIpU OMpeaeIeHHbIX 3HAUEHUSIX CBOMX apry-
MEHTOB Jaxe Ajs JuHelHbix OY;

* peiuieHue ypaBHeHus bensmanHa MoxeT oka-
3aThCs HE eAMHCTBEHHBIM. B 3TOM ciyuae Tpe-
OyeTcsl NIOIMOJHMUTENbHOE HCCIeNOBaHUE, TO-
3BOJISIIONIEE YCTAHOBUTD, KAKOE U3 3TUX pellle-
Hu# sBasercs GyHkuuein bennmana ucxogHoi
3a/layv ONTUMAJIbHOTO YyIIpaBJIEHUS;

* Hambosiee cepbe3Hasi mpobjemMa CBsI3aHa C TEM,
YTO MpPU yBEJUUYEHN U MOPsAKa MaTEMaTUYeCKOM
monenu OY 00beM BHIYHUCIICHNU M, HEOOXOIMMBIX
IJIST pellieHUus 3aAadyy CHMHTEe3a OINTHMalbHOMI
CHUCTEMBI YMpaBJeHUS, CTPEMUTEIbHO Hapac-
taeT. "UToOBI yOenuThCSI B 3TOM, — OTMEYaeT
A. A. KolecCHUKOB, — NOCTaTOYHO YIOMSIHYTh
0 3HAMEHUMTO} 3aJaye MOMCKa peleHus] OCHOB-
HOro (byHKIIMOHAJBLHOTO ypaBHeHus benima-
Ha, KOTOPOE OMpeessieT 3aKOHbl ONTUMAabHO-
ro ynpasiieHusI B HenuHeiiHoU Teopuu AKOP.
XoTs 3TO ypaBHeHMe M3BecTHO Oosiee 30 jer,
C TeX MOpP B MOMCKAX €r0 YMCJIEHHBIX PelIeHU N
(hakTYECKM HUKAKOTO TPOABUXEHUS BIEpen
HeT'. AMepukaHcKuii yueHblii P. bennman Ha-
3BaJjl 9TO SBJIEHME "MPOKJISITUEM Pa3MEPHOCTH".
Llenpro HacTosIIel pabOTHI ABIASIETCS AEMOH-

CTpallusl TEOPETUYECKUX acneKTOB U TMpPaKTH-

YyecKrMX OCOOEHHOCTeil METOJO0B CHHTE3a OITH-

MaJbHBIX CHCTEM YIpaBIEHUS MO KPUTEPUIO

MaKCUMaJbHON TOYHOCTHM BOCTIPOMU3BEACHMUS, TO-

3BOJISIIOIIMX YTIPABISITh AMHAMUYECKUMU OOBEK-

TaMu ¢ (yHKIMOHAJLHBIMU HEONpPeaeIeHHOCTSI-

MU, B TOM YMCJI€ HEYCTOMYMBBIMU; HEMUHUMAJIb-

HO-(a30BbIMU; HEUTpaJIbHbIMU; OOJamaOIIMMU

cBoiictBamu muddepennupoBanus. IlpocroTta

(Ha ypoBHE MHXeHepa) U YHUBEPCAJbHOCTb, Ma-

TemMaTruyeckas CTpPOroctb U (pusmyeckasi 060CHO-

BAaHHOCTb IAaHHOI'O MOAXOJa 3aKJIYaeTcs B MO-

JaBJEHUM AMHAMUKN (QYHKIIMOHAJIBbHO Heompe-

JIeJeHHOr0 00beKTa M BHELIHUX BO3MYIIEHUN 3a

cYeT OECKOHEUHO 00JbIIoro Ko3ghduiimeHTa ycu-

JIEHUS TPU KOHEYHOM CUTHaJie yIpaBJeHUs ¢ CO-

XpaHEeHUEM YCTOMUYMBOCTHU (11O OMpPEeAeIeHUIO: OIl-

THUMaJIbHasI CUCTeMa 00s13aHa OBITh YCTOMUYMBOIA,
MHaye OHa He ONTHMAaJbHas).

D10 He 3HaYuT, YTo OY He HaAo NMpeaBapuTe/b-
HO M3y4arh. MI3BECTHO, YTO XOpOIIO M3YUYEHHBII
OY — 3T0 MOJIOBMHA peIIeHNS 3aJa4i yCIIeIIHO-
ro ympasineHus. M3ydars OY HeoOxommuMmo mjs
TOTO, YTOOBI YCTAHOBUTH OCHOBHBIC (DU3WUECKUE
MPUHIIATIBL  YIIpaBJeHUs (GYHKIIMOHAJIBHO He-
OmpelesIcHHBIM OOBEKTOM B YCIOBMUSIX BHEIITHUX
HEKOHTPOJHMPYEMBIX BO3MYIIEHUN C TTOMOIIBIO
000CHOBaHHOTO YypOBHS MaremaTuku. Kak wu3-
BECTHO: MaremMaTuka 0e3 ¢u3Mku riaymna, ¢pusnuka
0€e3 MaTeMaTUKU cliena.

IIpensaraeMplii MyTh pelmieHus Npoodem
POOACTHBIX CHCTEM YNpPaBJIECHUS

[maBHBIM comepXaHUEM TEOPMU aBTOMAaTHU4E-
CKOI'O yIIpaBJICHUS SABJISIETCS NPUHLMII OOpaTHOM
CBsA3M (3aMKHYTasl aBTomaruyeckas cucrtema). Ha
puc. 1 mpuBeneHa o0I1Iast CTPYKTYpHAsI cXxemMa 3aM-
KHYTOM CHCTEMbl aBTOMATUYECKOTO YIIpaBJICHUS
C OIHUM BXOAOM M OIHUM BBLIXOAOM (I YyIIPO-
IIEHUS U3JIOXKEHUS, He BIMIOLIEI0 HA CYIIHOCTh
pelaeMbIX Ipo0JIeM), COCTOSIIAsT U3 ABYX OCHOB-
HBIX OJIOKOB (3BeHbEB): 00beKTa yIpaBiaeHus OY
n cyonekTa ymnpasiaeHuss CY unm perynsitopa P.
B Texnmnyeckux cucremax yacto CY unau P Ha3bl-
BalOT CXeMOM (CUCTEMOI) yIpaBIeHU .

TpuBnanbHas1, Ha IEPBBII B3SO CTPYKTYypHAast
cxeMa, mokazaHHas Ha puc. 1, He Tak rmpocta. Ho-
Ka3aTeJIbCTBOM SIBJISIETCSI TO, YTO YK€ HECKOJIb-
KO JECSITKOB JIET OHAa CIYXUT HeHcuyepraeMbIM
WCTOYHMKOM HOBBLIX UIeil B 00JlaCTU aBTOMATU-
yeckoro ympapieHus. K HacTosgiieMy MOMEH-
Ty BpeMeHM K aBTOMATU3aLUU IIPEIbSIBISIOTCS
MPUHLMIINAILHO HOBBIE TPeOOBaHUS, HAIIpUMeED,
obecrnieyeHne poOACTHOCTH.

B cucreme (puc. 1) nyrem cpaBHEHMsI CUTHaJa
3aJaHUS Xy, C CUTHAJIOM OOpaTHOWM CBA3M (CUT-
HajoMm Beixoga OY) x; peryasitop P (ynpasisito-
1IIee YCTPOMCTBO) Ha OCHOBE CUTHAaJja OILIMOKU AX

1
1
i
.}
1
1
1
1
1

=
8
=

Puc. 1. CtpykTypHas cxemMa CHCTEMbI aBTOMATHYECKOr0 yNpaBJIeHHs
Fig. 1. The block diagram of the automatic control system

MexaTpoHuKa, aBToMaTu3anus, ynpasjienue, Tom 20, Ne 6, 2019

343



(dopmupyet ynpassioiiee BO3AeiCTBIEC 4 HA 00b-
eKkT. CUTHaJl 3alaHusl X|;,, HE JOJIKEH CONEPXKATh
MmoMmex, Tak Xe, KaK U Ha PeryjsiTop He JOJKHBI
nericTBoBaTh nomexu. Ha OY moryr nmeiicTBoBaTh
BHEIITHUE BO3MYILAIOIIMe BO3ACHCTBUS (ITOMEXN) f,
KOTOpbIE, KaK MPaBUJIO, JIETKO MPUBOISITCS K BXO-
ny OV u uckaxaloT yIpaBisiollee BO3AelCTBUE
(MemaT ynpasiaeHuio). Bce Bo3aMylaolie Bo3-
OercTBUS (PaKTUYECKM MOXHO paccMaTpuBaTh
KaK HeXelaTeJbHble YIPaBJIEHUS, NEWCTBYIOIINE
HETIOCPEACTBEHHO Ha OOBEKT, MUHYS PEryJsiTop.
HekoTopble 13 BO3MYILIAIOIIMX BO3AEHCTBUI MOTYT
OBITh MOJIE3HBIMU, T. €. TAKUMH, AJs MPEOJOJICHN S
KOTOPBIX M MpeAHa3HaYeH 00bEeKT, HAIpUMep, Io-
JIe3HBI1 MOMEHT (MOMEHT Harpy3ku) IBUTATENS.
B GOJBIIMHCTBE CIy4yaeB BO3MYIAIOIINE BO3IEH-
CTBMS 3apaHee HEW3BECTHBI M MOT'YT M3MEHSThCS
CJTyJallHBIM WJIM TPOM3BOJBHBIM 00pa3zoM. B 00-
1IEM ciydyae CJIydyallHbIM 00pa3oM MOXeT u3Me-
HATbCS TaKXXe M OOBEKT yIpaBieHUS, HAIpUMED,
€ro mapaMeTpbl WJIM CTPYKTypa, KOTOPbIE MOXHO
Ha3BaTh BHYTPEHHUMM HEXelaTeJbHBIMU BO3MY-
LIEHWSIMU-YTIPABJIEHUSIMUA U KOTOPbIE TaKXKe JIETKO
npuBopsaTcs K Bxony OV (puc. 2).

B cooTBETCTBMU C MPUHIIUIIOM OOpPaTHOM CBSI-
31 PETyNSITOp AOJIXKEH TacUTh BIUSHUE JIIOOOro,
Jaxe 3apaHee HEW3BECTHOTO, BO3MYILAIOIIETO
BO3IEUCTBUS (B OMpeAeeHHbIX Npeaeaax), cTpe-
MSIChb BCE BpeMsl JIMKBUIUPOBATh OTKJIOHEHUE AX,
1Mo Kakoi Obl MpUYMHE OHO HE BO3HUKJIO. Peryns-
TOp TE€M JIy4lle CITPaBJISIETCS CO CBOEU 3aliayei,
YyeM MEHbIE 3TO OTKJOHEHHME U YeM ObICTpee ero
raiieHue. 31ech MOXHO OTMETUTb JIBE TJaBHbBIC
3a/lauyM, KOTOPbIE JOJIXKEH pelliaTh peryasTop: Kak
MOXHO TOUYHEEe JIMKBUIMPOBATH OTKJOHEHUE (3a-
Ja4a TOYHOCTU BOCIIPOU3BEAEHU S 3aaHUSI) U KaK
MOXHO ObICTpee CO37aTh YCAOBUS AJSI pElIeHUs
3aJlayv TOYHOCTM (3agaya ObICTPOAEUCTBUS).

OueBuUaHO, YTO BHayaje HAAO PEUIMThb 3aJady
MaKCUMaJIbHOM TOYHOCTM BOCIPOW3BEAEHUS (UTO
TOJKY OT TOTO, YTO JeTajib U3rOTOBJIEHA OBICTPO,
C MUHUMYMOM DpecypcoB, HO He TouyHoO). [lo3To-
MY OCTaBMM Ha Ojuxaiiliee Oyaylliee BOIPOCHI
opicTponeiicTBUA. OTMETUM TOJIBKO, UYTO OBICTPO-
nevictBrg OY MOXHO JOCTUTHYTBH TpeMsI CItocoba-
MU MJIM UX KOMOMHALMEN: JUOO CyLIeCTBEHHBIM
YBEJIMYEHUEM MOIIHOCTU YIPABJSIONIETO CUTHA-
Ja (cujaoBoe yMpaBjieHHWe, MpPUMEpP: MTHOBEHHOE
nepeMelleHre Kadeaei Ha JTI000i KejJaeMblid yro
3aJjaHusl, 3[€Ch HE WUAET pedb O BO3HUKAIOLIMX
neperpy3kax OY), nmu00 yMEHBIIEHUEM BIIWSTHUS
uHepuuu u (Win) rpaButanuu Ha OY (He cuIoBOe
yIpaBjeHue, UCIONb3ylollee HOBble 3HaHUS 00

VIIPaBJICHUH, IPUMED: TIPU JABJIEHUU HA OCh TUPO-
CKOIIa OH OE3BIHEPIIMOHHO MEPEMEIIAETCS MEPIIEH-
IUKYJISIPHO BOOK), TMOO MPUMEHEHUEM TPadUuliu-
OHHBIX CIIOCOOOB MpPU OrPAaHUYCHHONW MOIIHOCTH
(He3HaUUTENbHOE CUJIOBOE YTpaBJCHME, HWCIOJb-
3YIOIIE€ M3BECTHBIC 3aKOHBI €CTECTBEHHOCTH IO-
BeneHus QY, npumep: 131010 WK MaJTbuUK POCTOM
IIATh UM BeAeT ObIKA 3a Y3[Ie4YKY U ObIK ITOTYMHSI-
eTCsl eMy BO BCEM ...).

Hng pemieHUs 3agadyvd TOYHOCTUM HEOOXOIMMO
BBITIOJIHUTH ABa OYEBUIHBIX YCIOBHS: 1) MoI-
HOCTb PEryJisiTopa COBMECTHO C OOBEKTOM YyMpaB-
JIEHUS OOJXKHA ObITb OOJIbIIIE MOLIHOCTA BO3MY-
IIeHUI (HalpuMep, MOMEHTa Harpysku); 2) 4em
oonpiie K (puc. 1), TeM MeHble Ax, 1 Ipu K — o
Ax = U/(K — ©) = 0. OgHako ¢ yBenmueHuem K
curHan ynpasieHusl U Takxke HEOTPaHUYEHHO yBe-
JIMYKUBaeTcsl (UTO paBHOCUJIBHO HEOTPAHUUYEHHOMY
YBEJMYEHUIO MOILIHOCTU YIIPaBJAEHUS), U HA CUT-
HaJI YIIPaBJICHUS MPUXOAUTCS HAKJIAAbIBaTh OTpa-
Huuenwue |U| < U, npuyeM JIMHEUHBINA PETyJIsSITOP
npeBpaiaercs B peneiHblid. 3necb U, — Hamps-
xxeHue nutanus OY, Hanpumep, ABurarens. Yacto
CUTHaJ ynpaBjeHus IJis1 yno0CcTBa MacluTabupy-
1o1: U= U,u; |u| < 1. Kpome TOro, C yBernueHreM
K yCcTOMYMBOCTH OOBIYHOU 3aMKHYTOW CHUCTEMBI
YMEHBIIIAETCS, BIUIOTh JO MOTEPHA YCTOMUYMBOCTH.

OCOOEHHOCTBIO 3aMKHYTBIX PENIEMHBIX CUCTEM
SIBJISIETCST BOBMOXXHOCTh BOBHUKHOBEHUS CKOJb3S-
KX pexXnuMoB. CKOJMB3SIINN peXuM paboThl pe-
JIEWHON CUCTEMbl — 3TO CHEUMPUUYECKUN PEXUM,
3aKJIIOYAIONIMICS B TOM, YTO MPU CPEIHEM 3HA-
YEHWU CHUTHAjla Ha BXOAE PEJEHHOro 3JIEMEHTA,
paBHOM HYJIO, TIOA AEHACTBUEM OOPaTHBIX CBS3EH,
OXBAaTBIBAIOIIMX 3TOT BJIEMEHT, OH MEePEKIIOYACTCS
C BBICOKOI YaCTOTOM (TeopeTuYecKu ¢ 6€CKOHEYHO
BBICOKOM), I CpefHee 3HaYeHHWe BhIXOAHOTO CUTHA-
JIa B 3TO BpeMs 110 aOCOIOTHOW BETMUYUMHE MEHBIIIE
MaKCHMAaJbHOTO, COOTBETCTBYIOIIETO OJHOMY W3
YCTOMYUBBIX MOJOXEHUN PEJIEMHOIO 2JIEMEHTA.

BpemMeHHO MpeanosoXuM, 4TO KaKMM-TO 00-
pa3oM pelIeH BOMPOC YCTOWYMBOCTU CHUCTEMBI
npu K — . Torga, Kak M3BECTHO, MepeaaTOYHbIE
(yHKUIMM MO ynpaBAasSIOIEMY M BO3MYILIAIOLIEMY
Bo3meiicTBuSIM (cM. puc. 1):

o (. ) _ KW(p) _
D= D) T KW ()
00 (p) _ xl(p) _ W(p) _

Koo f(p) 1+KW(p)

MPU 3TOM BBIXOJHOW CUTHAJI CIIYCTS BpeMsl pery-
JMPOBaHUA #, (f, — BPEMs OTCYTCTBHUS OOpaTHOM
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CBSI3M WM Pa30MKHYTOTO COCTOSTHUSI CHUCTEMBEI
P MaKCUMAaJIbHOM CHTHAaJIe YIIPaBJICHUS IO BO3-
HUKHOBEHHUS CKOJIB3SIIETO PEeXMMa) CTAHOBHUTCS
WHBapHaHTEH K mapaMeTpam 1 cTpykrype OY, T. e.
B TOYHOCTH IIOBTOPSIET BXOAHOM CUTHA (X| = X35,
Ax = 0 ipm 110601 nepenaTouHoit pyHKuIUU OY)
W WHBAapWaHTEH K JIOOBIM BO3MYIICHUSIM (I10-
MexaMm), B TOM 4ucie ciydaiHbiM. Ha Bpems i,
ecTecTBeHHO, BiusaeT OY 3a cueT CBOMX AUHAMU-
YEeCKMX W IpeXJe BCEro MHEePIMOHHBLIX CBOIMCTB
(aTO BTOpasg 3amada perynasitopa). MoXHO Moka-
3aTh [6], YTO JJII TOYHOTO OTCJIEXKUBAHUS BXOMI-
HOTO CUTHaJla 4acToTa €ro M3MEHEHUSs IOJIKHa
YVIOBJIETBOPSTH YCIIOBUIO

w0y < 2m/t,. 1)

Yem meHblie #, (4eM OOJIbIIE OBICTPOACHCTBHE),
TE€M BBIIIIE MOXET OBITh YaCTOTA UBMEHEHM S BXOI-
Horo curHasa. HauMeHbUIMM BpeMeHeM £, (HO
He ONTUMAaJbHBLIM OBICTpOAECTBHEM) 00JanalOT
CHUCTEMBI C ONTUMAJbHBIM (MUHUMAJILHBIM) "pac-
XOJIOM CHTHajla ymnpaBieHus" (TepMUH BBeIEH
A. A. KpacoBckuM). OgHako, 4eM BbILIE€ YaCTO-
Ta MIOMEX, JEWCTBYIOIINX HA OOBEKT, TEM MEHbIIE
OHH OKa3bIBAIOT BIWSHMUE HA CKOJB3SIIINNA PEXUM
pabothl (M3-3a mHepuuoHHocTu OY). Haubonee
"BpeaHBI" TIOCTOSITHHBIE BO3JEHCTBHUSI-TIOMEXM.

HMTak, TeopeTUYeCKU HCYEPIIBIBAIOIIEE peEIlle-
HME 3aJayd poOACTHOTO YIIpPaBJEHUS MAeT UIes
MOCTPOEHU S CUCTEM, YCTOMYMBBIX IPU HEOT PAHU-
YEHHOM YBEJIWYECHUM Kod(hDUIIMEHTa YCUJIEHUS.
CBoiicTBaMM yCTOMYMBOCTU Tpu K — oo oOiama-
IOT ONTUMAaJbHBIE CUCTEMBI, CUHTE3WPOBAHHBIE
C NPUMEHEHUEM KBaJpaTUYHBIX (YHKIIMOHAJIOB
Ka4yecTBa, HE 3aBUCSIINX SBHO OT YIIPaBJISIOLIEC-
ro CHIrHaJla, ¥ OTpaHWYEHWW Ha YIIPaBJISIOLIAA
curHan. Takoii MHTerpajabHBbIA KBaApaTUYHBIA
¢yHKLMOHANI obecreuynBaeT HauboJjiee OBLICTphIE
TIEPEXOIHBIE MTPOLIECCHl OTPAOOTKM paccoriacoBa-
HUS MEXIY NEHCTBUTEIbHBIM 3HAYCHUEM PETYJIU-
pyeMoii TepeMEeHHOI U €€ IPEeANCaHHBIM 3HaYe-
HHMEM, TaK KaK 3KCTPEMaJIbIO TaKOro (pyHKIIMOHA-
Jla SBJSETCSI €MMHUYHAs CTymneH4aras QyHKIIWS.
CylIecTBEHHO, YTO B OTJIMYME OT HENpPEphIBHBIX
CHCTEM C HE M3MepSIEeMBIMU BO3MYIIEHUSIMU U
MaJIOU3BECTHBIM OOBEKTOM, B KOTOPBIX YCJIOBUS
MHBAapUAaHTHOCTH ITIPEATIONATal0OT MCIIOJIb30BaHUE
0eCKOHEeYHO 00abuX KO3(hULUEHTOB YyCUJe-
HUS, B peleiHbIX (pa3pbIBHBIX) CUCTEMaxX SKBU-
BaJIEHTHBIN 3 (eKT J0CTUTAeTCs C MOMOLIBIO KO-
HEYHBIX YIIPaBJISIOMINX Bo3aeicTBuid. [IpusaTHBIM
OOHYCOM SIBJISIETCS TOBBIIIICHUE TOYHOCTH 10 OIl-
TUMaJbHOIO 3HAYECHUS M CHUXEHHE YCTaHOBMB-

IIeiicsl OIMIMOKM 0 TEOPETHUYECKH CTPOro HyJe-
BOI OIIMOKM peryJinpoOBaHMS, IpUIEM BCe KO3-
(uumeHTs OIMOOK (IO MOJIOXKEHUIO, CKOPOCTH,
YCKOPEHUIO, PHIBKY M T. O.) TaKXe paBHBI HYIIO
IMpYM HAJIWYMM BHELUIHMX W BHYTPEHHUX ITOMEX.
dakTUYeCK, ONTUMAJIbHAS [0 TOUHOCTU CUCTE-
Ma YIpaBJIEHUS SKBUBAaJIECHTHA CHUCTEME C acTa-
TU3MOM A-TO TOPSIAKA: PETryISATOP COOCPXUT H
MMOCJIEAOBATEIbHO BKJIIOUEHHBIX MHTETPaTOPOB,
n — nopsagok OY (3mech He 3aTparuBalOTCS BO-
IIPOCHI YCTOMYUBOCTH TAKOIl CHCTEMBI).

Onncanne MeToAa pemieHus

OouH M3 BO3MOXHBIX IIOAXOIOB K pa3paboT-
K€ MaTeMaTHM4YeCKU CTpOroi (pu3mvecKoi Teopuu
po0acTHOro ympaBJjieHUSI MOXET 0a3upoBaThCsl Ha
TEOPUU aHATUTUIECKOTO KOHCTPYMPOBAHUS OITH-
MAaJIbHBIX PEryJIITOPOB [7] MO KPUTEPUIO MAKCHU-
MaJibHOM TouHOCTU BocmnipousBeaeHust (AKOPT).

OO01MM IIPU3HAKOM MHTETpajibHbIX KPUTEPUEB
TOYHOCTH PETYJMPOBAHUS SIBISICTCSI WX HE3aBU-
CHMOCTb B SIBHOH (pOpMe OT yHpaBIICHUS:

T
J = [ Fy(X)d1, Fy(X) >0,
0

o)

roe X — BekTop coctostHus OY, mpuyeM KpuTepuii
OBICTPONEICTBUS SIBJISICTCA YACTHBIM CIIy4aeM KpH-
Tepust TO4HOCTH Nipu Fy(X) = 1 unum xkpurepuii Obl-
CTPOIEHCTBUS SIBJISIETCS OMHOBPEMEHHO U KpUTEPU-
eM ToyHocTA. MOXHO IToKa3arh [6], 4To B paMKax
00I11IeT0 KpUTEepUs TOUHOCTH (2) HAXOAUTCS TaKXkKe U
SHeprocoeperarolmii KpUTepMii pacxona "CUTHaja
VIIpaBJIeHUS", TPUCYTCTBYIOIIUI B KpUTEpUM 0000~
1eHHo# paboThl A. A. KpacoBckoro.

HN3BecTHO (Hampumep, U3 NPUHIMIIA MaKCH-
myma JI. C. TloHTpsirMHA MM JMHAMHYECKOTO
nporpammupoBanus P. O. bennmana), 4To MUHU-
Musauus Kkpurepus (2) obecriednBaeTcsl uealb-
HBIMU PEICHHBIMU YIIPABICHUSIMU:

BpeMs T — He ompeneseHo,

(1) = ~sign(y (X)), i = L., j=1,....m, (3)

re u;(H) <1, X=(x,x,,...,x,)" — BEKTOp CoO-
cTossHUS (BeKTop ha3oBbIX KoopauHaT) OV; n —
nopsagok OY (MakcumajbHOE YMCIO MHTEPBaJIOB
yIIpaBJIE€HMSI); M — YKCIO YOPaBISIOUIUX BO3ACH-
ctBuii; y;(X) — MCKOMBbIe DYHKIMH MEPEKITI0Ye-
Hust, npudeM y;(X) = 0 — MOBEepXHOCTH Mepe-
KJIIOYCHU S, MPOXOASIIME Yepe3 Hadyajlo KOOpAu-
Hat y;(0) = 0.
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[Tycte OY ¢ (pyHKUMOHATBbHON HeompeaeaeH-
HOCTBIO OINMMCHIBA€TCS BEKTOPHO-MaTPUUYHBIM He-
JUHEHHBIM auddepeHInanbHbIM ypaBHEHHEM
BO3MYIIEHHOTO JBUXEHUSI B COOTBETCTBUU C Te-
opueli BO3MYIIIEHHO-HEBO3MYILIEHHOTO JTBUKEHU ST
A. M. JIsanyHoBa:

X(#) = AX) + BX)U + V(¥),

rne U=(u,...,u,)"
AX) = (¢;(X),...,a,(X))" — HenuHeiiHasT HecTa-
1IMOHApHas OrpaHWYeHHasi BEKTOP-(hYHKIINS;
B(X) = (b;;(X)) xy — HENMHEWHasl HeCTallMOHap-
Hasl orpaHMyeHHass (yHKIIMOHAJIbHAsl MaTpula;
V() =(9,,9,,...,9,)" — BekTop-byHKIIUS He-
KOHTPOJUPYEMbIX OTPAaHUUYEHHBIX BHEIIHUX BO3-
myuieHuit. [Ipenmnonaraercsi, KaKk MUHUMYM, YTO
WU3BECTEH (M3 HUYEro cieiaTh 4yero-audo HeBO3-
MOXHO) U MOXET ObITh M3MEPEH BEKTOP COCTOSI-
Hust OY ¢ HeoOXONMMOUN TOYHOCTHIO U U3BECTHBI
BXOJbI TTIOJAY X YIIPABIISIOLIMX BO3aeCTBUI. B Oy-
OyIIEeM pelluM 3aaady, npejarnosaras, 4To U3BecT-
Ha U MOXeT ObITh M3MepeHa TOJIbKO BbIXOAHAs KO-
opauHaTa 00beKTa yMHpaBJeHUS, OJHAKO 3aKOH
yIpaBjieHUus OyneT cloxHee.

Hunst ynpouleHusl dajdbHEHINero M3JI0XeHUs,
He BJIMSIONIETO Ha CYIIHOCTb peliaeMoi 3ajauu,
paccMOTpUM OfHOMEPHBIN 00beKT (b,(X)) u npen-
CTaBUM MaTpU4yHOE ypaBHeHUE (4) B BUIE CUCTeE-
Mbl OOBIYHBIX AWGbEepeHIMaTIbHBIX YPaBHEHUM
B ¢popme Ko ¢ yueToMm MaciITabMpoBaHUS CUT-
HaJia yrpaBJIeHUS:

X =a;()+9,0);
Xy =ay() + 9,0);

x,=a,0)+b()U,u+9,().

@)

BEKTOp YIIPaBJICHUS;

©)

B OymymieM pacnpocTpaHUM pelleHue 3aia-
YW CHHTE3a B aHAJUTUYECKOM BHMJIE 3aKOHa OIl-
TUMAJIbHOTO YIPaBJEHUS, CTAOMJIM3UPYIOIIETO
JNBUXEHUE OOBEKTA MO BBIXOAHOM KOOPAMHATE X
C HYJEBOM OIIMOKOIM PEryJMpoBaHWsI, U HA MHO-
TOMEpPHBIE OOBEKTHI C M BXOAaMU YIPABICHUS.

ITockonbky A(*), B(*) n V(*) ABISIOTCS HEU3-
BECTHBIMMU, TO MpeAcTaBUM o0beKT (4), (5) B BUIe
JINHEWHOM U3BECTHOM YaCTU U HEJIMHEMHON HEU3-
BE€CTHOM 4acTu:

3nmech TMHEHAs yacTh 00beKTa TpeAcTaBIeHa
HanboJiee TPOCTHIM TOCIeI0BATEIBHBIM COSTMHE-
HUEM K WHTEeTpUpYIOIIMX 3BeHbeB (puc. 2). Bce
fi(*), b(*) MOXHO paccMaTpUBAaTh KaK HEXEJaTeJb-
HBbIEe TTOMEXH, IEUCTBYIONINE Ha OOBEKT.

| |
iy: Xn 1 Xn an Xo-1 |xf i
I [ {éﬂ — = N N ] |
|| l
L bl m foil] fff) i |

Puc. 2. CrpykrypHas cxema 00b€KTa ynpaBjieHus
Fig. 2. The block diagram of the control object

PaccMmoTpum pelieHue 3agauyM CUHTE3a 3aKOHA
OINTMMAJILHOIO yIIpaBjieHUs o0bekToM (6) ¢ uc-
nojb3oBaHueM ugeosioruu reopuu AKOPT [6, 7].

Pewenue. CoctaBuM (PyHKLIMOHAJILHOE YpaBHE-
Hue 17151 obbekTa (6), mpennonaras g; = const # 0,
g = 1 (1. e. Oynem MckaThb pelleHue B KJacce Ju-
HeMHbBIX 00OpaTHBIX CBS3eli), aHAaJIOTMYHO pabdorte [7]:

(7)

B sTOoM cnyyae GyHKIUS NEPEeKIIOYEHUS
oIpenesieTcs MPOCTbIM MHTETPUPOBAHUEM YpaB-
HeHud (7):

V(X)) = X; + 8% ...+ g, X,

)

rme C — mocTostHHasE uHTerpupoBaHusa. Ilo-
TpeOOBaB, 4YTOOBI ITOBEPXHOCTh IEPEKIIOUCHUS
v(x),Xy,...,x,) =0 Tpoxomnuna yepe3 HayaJo
koopauHar (x; =0,x, =0,...,x, =0), nDomyyum:
C = 0 B ciayyae aHAJIMTUYECKOrO MHTETPUpOBa-
Hus ypaBHeHus (7).

IlonctaBuM B ypaBHeHMe (7) ypaBHEHMSI O0b-
eKTa:

V=X + 8% +...+8,%x,+C,

V(X)) =X+ f1 + & (x5 + f5) +...
et & x, + fio) + 8,00 u+ f) =
=Xy + 8y X3+ ..+ &y X, +&,0U u+ f,

&)

e f=/fi+8&r+.+8ufn

Ilo ypaBHeHu0 (9) 3amuileM YCJIOBUE yHpaB-
JISIEMOCTH (OHO Ke: peaju3yeMOCTH, YCTOMYMBO-
CTH, BOBHUKHOBEHMSI CKOJIB3SIIIETO peKMMa):

{x,. =X + [i0); fi()==x; . +a;,()+9,(); Xy + gox3 + ..+ g, X, + fI<g,bU,. (10)
xn = fn() + b()Umu’ fn() = an(') + Sn('): (6)

. Orpannyenue (10) 3aTpymIHUTEIBLHO pean3o-
i=12..,n-1. BaTh MpPU HEM3BECTHBIX PyHKUUAX f 1 b. Enun-
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CTBEHHBIN CITOCOO 00ECTICUUTh BHITIOJTHEHHUE YC-
nosusa (10) — ysenmuenue U,, (Hampumep, IOjs
caMoro "MJIoXoro" BapmaHTa, a TaKxKe BO3MOXKHO
avHaMuveckoe nsmeHeHue U,, B 3aBUCUMOCTHU OT
TeKYIIUX YCIOBUI) Miau Hamo MeHsATh OY Ha 6o-
Jilee MOIIHBIN. 3a MaJIOM3y4YeHHBIN O0BEKT yIpaB-
JICHUS TIPUXOIMUTCS TUIATUTH TOBBIIICHHBIM pac-
XOIIOM 3HEpPrUM yIpaBJieHUs (Hampumep, B AMme-
pUKe JI0 CUX TTOp paboTaOT IeJible MHCTUTYTHI 10
n3yuyenuio OY — Poccun). OmgHako B 11000M CITy-
yae ymnpaBJieHHe u = —signy Heu30eXHO TepeBe-
JIeT 00BEKT B KaKyl0 YTOIHO MaJlyl0o OKPECTHOCTD
TMOBEPXHOCTH TepeKIodeHus y = 0:

(11)

V=X +8X)+...+&,%, =0.

JBuxeHHe 00beKTa BAOJb MOBEPXHOCTHU Iepe-
KJIIOUEHU ST K HadajJly KOOpAMHAT OyJeT MPOUCXO-
IUTH B CKOJIB3SIIIEM PEXUME IPU BHITTOJTHEHUU
ycaouit (10), (11). JuddepeHuupysa ypaBHEHUE
(11), moacTaBisiss ypaBHEHUS JIMHEAPU30BAHHOTO
o0bekTa (6), MOJyYUM XapaKTepPUCTUIECKOEe ypaB-
HeHue (n — 1)-to nopsiaka (mo A. A. KonecHuko-
BY, NMPOU3OIIIO CXKaThue (pa30BOTroO MPOCTPaHCTBA):

l+g,p+...+g,p" 1 =0. (12)

[IpumMeHssT MHOTOUMCEHHBIE XOPOIIO M3BECT-
HBIE METOABbI ONpeAeeHUSI YCTOMYMBOCTU (Ha-
npumep, kputepuii ['ypBuiia), onpeaensemM COOT-
HOUIEHUS IS g;.

Ecau B pesynbrare uszydyeHuss OV GyHKUUS
b(-) u3BecTHa, TO MOXHO MOPYYUTH PETYJISITOPY
M3MEPUTh BEKTOP MPOM3BOIHBIX X = (Xp5ees X)"
OT BEKTOpa COCTOSIHMS C IIOMOIIBIO HaOJI0Aa0-
1LIEr0 YCTPOMCTBA 3a BEKTOPOM (ha30BBIX KOOPIU-

Hat X =(Xy,...,X,)", WCIONB3YS TOT XK€ METOI
AKOPT, 3aTteM BBIYUCIUTH MO ypaBHEHUSM O0b-
exta (6) Bce fi(-), i = 1, 2, .., n, U peanu3oBaThb

orpannyenue (10). B atoM ciyyae He moTpedyeTcs
yBeanuuBarb U,, 4TOOBl HE NOMycKaThb nepepac-
X0l oHepruu ynpapieHus. OmHAaKO BpeMms i,
JOJIKHO BO3pacTu u3-3a orpaHudyeHus (10).

Ecin BekTop X HEM3BECTEH, TO €ro MOXHO
BOCCTAHOBUTD MO BBIXOJHOW KOOPAWHATE X| U U3-
BeCTHOMY Topsaky n OV.

ITpu HensBecTHOM Topsiake OV ero MoxHO I0-
MBITaTbCS ONPEASAUTh MyTEM MOCTENEHHOIO YBe-
JUYEHUST 1 10 HeOOXOAMMOIo 3HAUEHUS U Tepu-
OIMUYECKOM TPOBEPKON CUCTEMBbI YIpaBieHUS Ha
KayecTBO paboTsl OY.

I/IJIJIIOCTpalIHﬂ MOJYYECHHBIX PE3yJbTaTOB
HCCJIECA0BAHUA

PaccmorpuM nmpumep 2, B3ITHII U3 padboThl [1],
IJie IpUBEAEHbBl CPaBHUTENbHBIE XapaKTePUCTUKU
U BBISBJIEHBI JTOCTOMHCTBA M HEAOCTATKM pa3invy-
HbIX MeTo10B AKAP u OsKkcTennuHra:

X = =X; + X{ X35
sz = X2(X3 + X4); (13)
X3 = X4; X4 = Umu.

bynem npennonaraTh, YTO ypaBHEHMSI peabHO-
ro oobvekrta (13) 3anMcaHbl B OTKJIOHEHUSX C y4de-
TOM MacClLITaOMpPOBaHMsI CUTHAJIa YIIpaBJICHUS.

Pewenue. IlpenctaBum o0bekT (13) B BUAe AU-
HEWHOW M3BECTHOU YacTU U HEJMHEUHON HEU3-
BECTHOM IIJ1s1 HAC YaCTHU:

KO ==x) = x; + x{x33
f2() = —X3 + XZ(X3 + X4), (14)

Xy =Xy + f1(0);
Xy =x3+ f,0);
X3 = Xy, X4 = Umu.

DYHKIIMOHAJBHOE YpaBHEHUE:

W(X) = X + 82X, + g3X3 + g4Xy- 15)

DyHKIIMS TIEPEeKITIOUCHUS:

V=X + 8yX) + 83X3 + 84Xy (16)

HuddepeHuupys ypaBHeHHe y = 0, MOACTaB-

JIsisl ypaBHEHMSI JMHeapu30BaHHOTO oObekTa (14),

MOJIYYUM XapaKTepUCTUUECKOE ypaBHEHUE:

1+ gyp+g3p” +gap’ = 0. A7)

IIpumensgas xputepuit I'ypBuua, omnpeaesnsieMm
COOTHOLLUEHUS IS g

8&>0,i=14 g8 > g (18)

JlioOble orpaHuYeHUs, HANIpUMEp, OrpaHUYe-
HUe x4 < 1, yYUTHIBAIOTCS METOAOM IMOTYMHEH-
HOT'O YHpaBJICHUSI.

Kak ponoaHuTenbHBI OOHYC: TMMOCKOJBKY BhI-
6op g; ¢ yuetom (18) mpou3sBoJieH, TO NOLAOOPOM
K03 PUILIMEHTOB MU COOTBETCTBYIOLIUMU pac-
yetaMu (cM., Hampumep [4]) MOXHO 0O€CIeUYuTh
HauoboblIee OLICTPOACHCTBUE CUCTEME C JIMHEH-
HBIMU OOPAaTHBLIMU CBSI3SIMU JJIS1 JaHHBIX HAYAJIb-
HBIX YCJIOBM. Tak, JJIsi MOHOTOHHOM MepeXomHOMH
XapaKTepUCTUKU [4] TOJKHBI OBITH KpaTHBIE KOP-
Hu ypaBHeHus (17). [1pu atoM g, = g3 =3, g4 = 1,
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N 3aKOH YIIPpaBJICHUA B OTKJIIOHCHUAX IIPpU Orpa-
HWYCHUUN KOOPpAMHATHI X4 UMECT BU

u = —sign(sign(x; +3x, +3x3+ x4) —x4). (19)

3aech BaXXKHO OTMETUTD, YTO JIMHEHHBIE 00paT-
HBIE CBSI3M MOTYT U HE JaTh HaMMEHbIee BpeMs
MepeXoaHOro Ipoliecca B odlleM ciaydae (Ipu u3-
MEHEHUM HayvaJlbHBIX YCJIOBUIii, mapaMmeTpoB OY
WJIM BO3MYILLEHUI).

Ha puc. 3 mpuBeneHbl pe3yabTaTbl MOIEIM-
poBanust oobekTa (13) ¢ ympapiaenuem (19) npu
x100) = 1, x,(0) = 0,5, x3(0) = 1, x4(0) = 0,5, U,, = 10,
Iy < 1.

Ilo cpaBHeHMIO ¢ pucyHKamMu (puc. 1—4) npu-
Mepa 2, TIipuBeleHHbBIMU B pabote [1], 3mech npu
TOM X€ XapakTepe IEepeXOAHBIX IIPOLIECCOB UX
BpeMsI MEHbIIE, a 3aKOH YIpaBJeHUS IPOILLIE IO
CTPYKTYpe U MaTeMaTU4YECKOMY BBIBOAY, U AJISI €TO
MOJIyYEHU ST He HaJ0 HUUYErO BbIAYMBIBATh B OTJIU-
yue oT Apyrux MeronoB. Eciau KoopauHaty x, He
OrpaHMYMBaTh, TO €€ OTPUIATE]IbHOE 3HAYCHUE
JOXOOUT 10 3,625 enMHUL MPU HECYIIECTBEHHOM
YMEHBIICHUM BPEMEHU IEPEXOAHBIX IIPOLIECCOB.
W3 puc. 3 cienyer, 4yTO MpH #, ~ 5 B CUCTEME Ha-
YUHAETCS YCTOMYMBBIN CKOJNB3SIIUNA PEXKMM.

PaccmoTpum cieayiolmmii MHTEPECHBIM IIpU-
Mep u3 pabotnl [4]. Pemium 3amauyy ynpaBiaeHUS

Puc. 3. Ilepexoxnbie npoueccel B cucreme (13), (19)
Fig. 3. Transients in the system (13), (19)

rmapamMeTpuIecCKMM MAasSTHUKOM C TEpHOIMYECKU
M3MEHSIIOIIMMHUCS KO3¢GOUIINEHTAMMU:

V= —a%y—g%sin)ﬂr mkz U +n(1),
rme m=1xkr, g= 9,81 M/c?, a=2;0< R, < R< Ry,
y(0) = (0 0", |U] < 60.

YpaBHeHME IBUKCHUS T'Py3a:
R=0,8+0,1sin(8¢) + 0,3 cos(41).

Ha 00bexT B TOUKE HNPUIOXKEHUS YIIPaBICHUS
JIEeCTBYeT raycoBcKasl mmomexa n(f), IpeacTaBieH-
Hasi B pabote [4, puc. 1], U3 KOTOpOro ciaeayer,
uto |n(?)| < 1,5. B cBoe Bpems Pypwe XKan Batucr
Ko3zed mokaszan, 4To JI10OON caydyaiiHBIN CUTHAN
(B TOM 4mCJIe U TayCOBCKYIO IOMEXY) MOXHO IIpei-
CTAaBUTh HEOrPAHUYEHHOU CYMMOM HE ClIy4YalHbIX
(IeTepMMHHUPOBAaHHBIX) CHUHYCOMAAJbHBIX BO3-
IEVWCTBUN OMNPENECTIEHHON aMIUJIUTYIbI, 4YaCTOTHl U
¢aspl. IIpu MoaeIpoOBaHUM 3aMEHMM TayCOBCKYIO
MOMEXYy Ha CHHYCOMIAJIbHBI CUTHAJl C TOW Ke
aMILIMTYI0M M HaOOPOM pa3HbIX YaCTOT.

O6o3HauuM: x; =y, x, =y, U= 60u, |u| < 1.
3anuiieM ypaBHeHUe o0bekTa B (popme Kormm:

Xl = X2;
’ 20
Xy = —a%xz - g%sin(xl) +%u + n(?). 20
N3 pabotel [4, puc. 2, a] caeayer, 4TO
45 < % <294 — TOJIOXUTEIBHO OIpeAcIcH-
m

Hasg OrpaHMYeHHast (PYHKIMS C MUHUMaJIbHBIM
3HaYE€HUEM, PaBHBIM 45.

DTaJloOHHasg TpaekKTopust (CUTHAJl 3afdaHUs)
B pabote [4] 3amaHa B BUIE

vy =0,5sin(0,57) + 0,5cost.

Pewienue. ®yHk1MoHaIbHOE ypaBHEHNE UMEET BUJL

V(X) = X + 87X 21)
1 PyHKUMS TIepeKTIoUeH s
Y =X+ 8% (22)

INoncraBum B ypaBHeHue (21) ypaBHEHUsT OObEKTA:

: R
v(X) = x, —ag, §x2 -
(23)

- lsinx + g,n(t) + 60 u
g2gR 11782 gszz .
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YcnoBue yrpaBisieMOCTH:

60
mR*’

R 1 .
Xy —ag) — Xy — &8 —sinx; + gn(f)| < &, (24)

R R

M3 BTOpOro ypaBHeHUs 00bekTa (20), Mo Kpaii-
Hel Mepe, IS TIO3UIIMOHHBIX U CIEASIINX CUCTEM
IpY MaKCHMMaJILHOM CHUTHAJIe YIIpaBJICHUS B yCcTa-
HOBUBILEMCSI PEXUME CIIeAyeT:

—a§x2 - g%sin X +n(t) = ‘% . 25)
IMoncraBnsist cooTHoueHue (25) B (24), nony4yum
X, + & 6—02 <& 6—02
mR mR
158)071
|x,| < 2g, % (26)

VYenosue (26) 1ub60 HAIO NMPUHYIMTEIBHO pe-
aJN30BaTh B CHUCTEME YIIpaBJieHHs, JTMOO TOKa-
3aTh, YTO OHO BHIMOJTHSIETCSI aBTOMAaTHYECKH: IO~
CTaBIISAS B ycaoBue (26) MUHMMAJIbHOE 3HAaYeHUE
60/mR*> = min, umeeM: |x,| < 90g,. 3anuurem xa-
paKTepUCTUYECKOE YypaBHEHUE TP IBUKCHUN
BIIOJIb MIOBEPXHOCTU MepekatodeHus: 1 + g,p =0,
W3 KOTOPOTo IJIsT Hamboyiee OBICTPOTO HE KOJIe-
0aTenbHOrO TEPEXOAHOr0 IIpollecca BhIOMpaeM:
g, = 0,14. Tlpu 3TOM AOJXHO OBITH BBIITOJIHEHO
orpanuueHue (26): |x,| < 12,6.

3amnuiieM 3aKOH YIIpaBJIeHUS B OTKJIOHCHUIX:

u = signy = sign(x; +0,14x,). 27

Ha puc. 4 npuBeneHbl pe3yabTaTbl MOAEIMPOBA-
Hug oobekTa (20) ¢ ynpasaeHueM (27) npu x;(0) =
= —1,5, x,(0) = 0. YacToTra CMHYCOMJAJIBHOTO CUT-
Haja aMIuidTyaoit 1,5 uameHsnach oT Hyas, 10,
100, ..., mo 10'° I'm.

B otanume ot pucyHka npumepa, IpuBeIeHHO-
ro B pabote [4, puc. 3, a], 31ech NepexoaHble MPO-
LieCChl MPAaKTUUYECKM OMNTUMAJbHBI MO OBICTPO-
nevictBuio. Ilpu 3ToM orpanudeHue (26) aBToMa-
TUYECKU BBHIMOJHSAETCS, M HET HAJOOHOCTU €ro
peanuzoBbiBaTh. OIIMOKA MOCJE OKOHYAHUS Iie-
PEXOAHBIX IPOLIECCOB OOYCIOBJEHA HEIO0CTaTOY-
HOI TOYHOCTBIO KOMITBIOTEPHOI'O MOAEIMPOBAHUS
Y 3aBUCUT OT BBIOPAHHOM MPOrpaMMbl MOJAEIUPO-
BaHUS, TOYHOCTHU BBIYMUCICHMI, NUCKPETU3ALUUN
10 BpeMEHU U YPOBHIO. [l OKOHYATEIbHOTO BbI-
BOJIA JIYUllle IIPOBECTH JIaDOpaTOPHbIE UCIIBITAHUS
Ha pealibHOM o0beKkTe. (Ho "denee nem, Ho 6vt dep-
acumecy” — J1. A. MenBenes).

st peanbHBIX KOOpAWHAT 3aKOH YIIPAaBJICHUS
o0bekToM (20) MMeeT BUL

u =sign(y,; —y) =sign(y, —x; —0,14x,). (28)

PaccMoTtpuMm, kak 1 B padoTe [4], ciyyaii mapa-
METPUUECKOI HEOIMpeaeJeHHOCTH.

ITyctb KO3 dDULMEHT a U Macca Tpy3a m MEHS-
1orcd Ha 50 %: a =[1; 1,5; 2; 2,5]; m =[0,5; 1; 1,5; 2].

Ha puc. 5 moka3zaHbl ITY4YKM NEPEXOIHBIX Xa-
PAKTEPUCTUK BBIXOAHON KOOPAMHATHI X, CUTHaJa
3alaHusl (3TAJIOHHAsl TPAEKTOPUS) Yy, U OLIUOKHU
Y4 — X, ipu HayasnbHOM ycioBum x(0) = (2; 0)™.

W3 puc. 5 caeayet, 4TO OLIMOKA CIAEKEHUS He-
JOMYCTUMO OOJblIas.

Hns 6onee MHPOPMATUBHOIO MpeACTaBICHUS
npoiecca CJAeXEHUsS 3a 3TaJOHHOW TpaeKTOpH-
€l y; U BBISICHEHUS NIPUYUH MOSBIEHUSI OLUUOKHU
paccMoTpuM rpaduku (puc. 6) omHOro Hauboee
"BpemHoro" cayydast: a = 1; m = 0,5 gjas1 cucTeMBbl
(20) ¢ ynpaBnenuem (27) u ¢ ympaBieHUEM, B3SI-
ThIM U3 paboTHI [4] AJs1 CpaBHEHUS:

U =120(3,23¢ + ¢); [U| < 60;

- (29)
e:yd_xl;e:yd_X2.

I'padpuku Ha puc. 6 TONyYeHBI B OMHOW U
TOW Xe cpejie MOAETUPOBAHUSI.

IIpu ynpaBiaeHuu (28) ommbka HeCylIeCTBEH-
HO MeEHbIe, YeM Ipu ynpaBieHuu (29) u He-
CKOJIbKO 00Jjiee MEIJEHHOM MEePEXOAHOM Mpolec-
ce, 4YTO CBUIETEIbCTBYET 00 0O0IlEeM (CMCTEMHOM)
HEJ0CTATKe TMpoliecca CAeXEeHUs 32 BXOAHBIM CUT-
HaJIOM y,, TIOCKOJIBKY 3aKOHBI YIIpaBieHus (28) u
(29) mpakTUYeCKM ONMHAKOBBI 32 HEKOTOPBHIM HE-
CYILIECTBEHHBIM MCKJIIOUEHUEM.

| |
| |
I 4 + + 4 |
l o /ﬁ 08| 12| 16 ¢ I
| |
| 67 |
| -0.5¢ |
| |
| 4 |
| L |
| -1 2 |
| \ |
| 15 ' |
| ) 0 04 08 12 16 [
o u |
| ax107% e !
| - |
| 2x1074 05 |
| |
| | ] |
l 0 04 08 12 16 f o |
Lo 2x10” 41— ‘— -05 !
| |
I—4x107¥ —1 I

Puc. 4. I'paduku curuana ynpasjieHusi, epexoJHbIX MPOLECCOB
W u3MeHeHns omunoku B cucreme (20), (27)

Fig. 4. Graphs control signal, transients and changes in the error in
the system (20), (27)
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Puc. 5. Curnan ynpasienus (3ajiaHue) W MepexoJHble XaAPAKTEPUCTHKH NMPH OTHO-

BpPEMEHHOM M3MEHEHMH napaMeTpoB B cucteme (20), (28)

Fig. 5. Control signal (task) and transient characteristics while changing the parame-

ters in the system (20), (28)

HUS npeobiagaloT 3IBPUCTUUYECKUE
paccyXIeHusl, WHTYUTHUBHBIC TIpeI-
nonoxeHust "highly likely” o mosiB-
JIeHuu "0oJblINX KO3 GUIIMEHTOB
ycuiIeHus". DTUM Kak Obl TTOATBEpPXK-
JaeTcsl COMHMTENBHOCTb PEeIIEeHUS
CJIOXHBIX 3aJa4y IPOCTBIMU DBPU-
CTUYECKMMM MpUeMaMM B COOTBET-
CTBMM CO CTapoil MCTMHOW — "dynec
He OniBaeT". Yymec nelCTBUTENIHHO
He OBIBAET, YyJeca BO3HUKAIOT U3-3a
HeloCcTaTKa 3HaHWM 3aKOHOB Mupo-
3MaHUS, MO KOTOPHIM 3TH 'dymeca"
UMEIOT MeCTO ObITh. Yynec He ObIBaeT
JJISl TeX, KTO He MOMHSIJICS Ha OoJjiee
BBICOKYIO CTYIEHb TOHUMAHUS 3a-
KOHOB MPUPOAbI (HPABCTBEHHOCTH).
Yyneca (HOBbIE OTKPBITUSI) JAIOTCS
HaM MO JOCTUXXKEHUU HEOOXOIMMOTO
YPOBHSI HPaBCTBEHHOCTU OOJIBIIOTO
Yucia J0LeH.

IMockonbKy Bce mpouecchl B Mu-

Puc. 6. Peaknus cucremsi (20) Ha 3aganne y,; (puc. 5):
a — ynpaieHue (28); 6 — ymnpasieHue (29)

Fig. 6. Reaction of the system (20) to the task y, (Fig. 5):
a — control (28); 6 — control (29)

W3 puc. 4—6 cieayeT, 4TO 3a BpeMsl Jaxe I10Y-
TH OBICTPOACHCTBYIOIIErO MEePEXOIHOro IIpolecca
BXOIHOW CUTHAJ y,; YCIIEBAET 3HAYUTEIbHO HU3MeE-
HUTHCS, YTO SIBHO YKa3bIBAE€T HAa HapylIeHUE YC-
qnoBus (1). HeiicTBUTENIbHO, Ha TpaduKax yIpaB-
JIeHU# (puc. 6) OTCYTCTBYIOT YCTOMYUBEIC CKOJb-
3s11e PEXUMBI padOThl B OTIMYKE OT I'paUKOB
yIIpaBJeHHUH (cM. puc. 3, 4).

Hns BeinoHeHUs ycioBus (1) B JaHHOM ciyvae
HEeoOXOOMMO pelllaTh BTOPYIO 3aJady OITHUMAaJIbHO-
ro ObicTponeiicTBUs. Eciin 3TO He ITOMOXET, HY*KHO
3aMeHUTh OY Ha Oojiee OBICTPONEHCTBYIOLIMN WX
CHU3UTH TPEOOBAHMSI 110 YACTOTE BXOAHOIO CUTHAJIA.

3akJoyenue

B paboTte mpomoikeHO OOCyKAeHHE MPOOJIeMBbl
pO0ACTHOCTH M CBSI3aHHOW C Heil "BecbMa MpUBJie-
KareJabHOM" 3aJauM CMHTe3a poOacTHOrO yrpaBJie-
HUS B YCJIOBUSIX HEOTPEAEIEHHOCTH XapaKTePUCTUK
00beKTa U BHElIHel cpeabl. Bo MHOTMX mocTaHOB-
Kax 3ajJayM CHMHTEe3a pOOAaCTHBIX CUCTEM YTIpaBJie-

PO3IAHWU HOCST YIPaBJISIEMbIA WJIU
CaMOYMpPABJIIEMbIA XapakTep, B TOM

YHUCJIe U B TEXHUUECKUX CUCTEMAaX, TO
OYEBHUIHO, YTO B MpPEIesie MOXHO I10-
PYYUTh CaMOil CHUCTEMEe YIIpaBJICHUS
oObIBaTh 3HAaHUS 00 OY Ha OCHOBE
3aKOHOB MMUpPO30aHUsS, KOTOPHIX MBI
BO3MOXKHO €Ille He 3HaeM, IIPHUMEPOM
Yero MOXET OBITh CO3JaHue WHTEI-
JIEKTyaJIbHBIX CUCTEM YIIPaBJICHHUS C MCKYCCTBEH-
HBIM pasdymoM. OmHAKO 3HaHUE JaXKe OTHOIO 3aKO-
Ha CaMOYIIpaBJIEHUSI — IIPUHILIMIIA OOpaTHOM CBSI3U
BKYTI€ C OITHMMAJIbHBIM yIIPABJICHUEM — IO3BOJISIET
Xyjn0-0eqHO pelInuTh 3ajJauyy poOacCTHOIo yIipaBje-
HUSI IIpM HEKOTOPBIX OrpaHMYCHUSIX, HaKJIadbIBae-
MBIX Ha CUCTEMY yIlpaBjieHMs. Yem Jydiie n3ydyeH
OV ¢ moMolpi0 pa3HOOOpa3HbIX AATYMKOB U BBI-
SIBJICHHBIX 3aKOHOMEPHOCTE ero (pyHKIIMOHUPO-
BaHUS, TEM MEHBIIIEe YKCIIO OTpaHMYCHMI HE00-
XOQVMMO YYUTHIBAaTh M TEM BBIIIE OyIeT KadecTBO
VIIpaBJICHUSI W TEeM MEHBIIE pPacxol SHepruM Ha
yrpasieHue. OgHako eciu B Mupo3gaHUM HET CO-
OTBETCTBYIOIIETO 3aKOHA (MM HEM3BECTHO O HEM),
TO BCE HAIIA YCUJIUS OyayT OeCrojie3HbL: Hampu-
Mep, KaK IOJIYYUTh BHEPIUI0 u3 3¢upa (Bakyyma,
BO31yXa), €CIM Bce yOEXIEHBI, YTO €ro HET; KakK
YCTPaHUTh I'PABUTALIMIO, KaK IIPEOHOJIETh MHEPIIUIO
00BbEKTa U MOBBICUTD €TI0 OBICTPOACHCTBHE MM KaK
HCTIOJIb30BaTh MHEPILIMIO B CBOMX LIEISIX IJISI TO-
JIy4eHMsI CBOHCTB pOOACTHOCTH, €CId 00 STOM He
TOJIBKO HUKTO HE 3HAeT, HO JaxKe W He CJIBIIIAJIMN.
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This work is proposed to continue the discussion of the problems, theoretical foundations and practical features of
the construction and synthesis of robust control systems with high gain, allowing us to control multidimensional nonlinear
dynamic objects of high dimensional with functional uncertainties. If problems could not be solved at the level where they
appeared, it is necessary to rise the level of understanding of the laws of nature, or in the words of master Lui-Shi Chun
Qiu (China, 3rd century BC): "The boy of five chi growth leads the bull by the bridle and the bull obeys him in every-
thing. This is because the person in this case follows naturalness” (the laws of nature). The judo philosophy ("soft way")
is based on the principles of using the power and energy of the opponent to achieve victory. The purpose of this work is
to demonstrate the theoretical aspects and practical features of the methods of synthesis of optimal control systems by the
criterion of maximum reproduction accuracy using the example of robust systems, which allow to control dynamic objects
with functional uncertainties, including unstable objects, no minimal-phase objects, neutral objects and objects with differ-
entiation properties. The simplicity (at the level of the engineer) and universality, mathematical rigor and physical validity
of this approach is based on the judo philosophy: suppressing the dynamics of a functionally uncertain object and external
disturbances by the infinitely large gain with the finite control signal and at the same time maintaining sustainability.
Theoretically exhaustive solution of the problem of robust control is given by the idea of constructing systems that are stable
with an unlimited increase of the gain coefficient. The sustainability properties are valid for optimal systems that were
synthesized using quadratic quality functionals that do not explicitly depend on the control signal, and using a restriction
on the control signal. It is significant that in contrast to continuous systems with un-measurable disturbances and not well
known control object (in which the conditions of invariance imply the use of infinitely large gain), in relay (discontinuous)
systems the equivalent effect is achieved with the help of finite control signal. A nice bonus is the highest accuracy which
leads to mathematically zero error of regulation, thus all error coefficients (of position, speed, acceleration, acceleration
derivative, etc.) is also equal to zero in the presence of external and internal interferences. In fact, the optimal accuracy
control system is equivalent to a system with astatism of the n-th order: the regulator contains n serial connected integrators.

Keywords: indefinite object, large gain, optimal accuracy, control synthesis, stability, functional equation, controllabil-
ity condition
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Abstract

This article is devoted to parametric synthesis of a control system of a two-wheeled balancing robot. From the mathematical point
of view, the robot is an inverted pendulum type object with a pivot point placed on the wheel axis. This device is unstable while de-
energized. Devices of this type are excellent laboratory stands for testing and debugging control algorithms of unstable nonlinear systems.
The inverted pendulum math model is well studied theoretically but, when designing a particular device many additional tasks arise
such as taking into account the error in measuring the tilt angle and the influence of actuator nonlinearities. In this paper, one of these
tasks is solved, namely, the problem of reducing the amplitude of the robot’s oscillation around the equilibrium position. In practice, this
oscillation almost always occurs in such systems and leads to various negative effects, such as increased energy consumption, increased
wear of an actuator and heating of its windings, etc. Therefore, reducing the amplitude of the oscillation is an important task. To solve
this task, the authors of the article propose to use the method of numerical optimization of the regulator, which is well recommended
Jor solving many problems. The article analyzes the behavior of the device near the equilibrium position and identifies the causes of the
self-oscillation. Further the method of its simulation is proposed. On the basis of numerical experiments, the main reason for the increase
in the amplitude of the oscillation is revealed. The reason is an overlay of the reverse peak of the device transient process on the peak
caused by a torque throw. The throw is generated by a combination of actuator backlash and static friction effects which cause the robot
self-oscillation. The authors propose a technique of adjusting the regulator, aimed at reducing the magnitude of the reverse peak of
the transition process and, as a consequence, reducing the amplitude of the oscillation. The effectiveness of the technique is confirmed
experimentally by the results of numerical simulation of the robot’s behavior and the results of testing the coefficients obtained in a real
device. The use of the technique allowed reducing the oscillation amplitude in a real device by almost three times.

Keywords: two-wheeled balancing robot, numerical optimization, design, control system, PID controller, inverted pendulum
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H3zyuaemcs 6onpoc nhapamempuuecko2o cunmesa cucmemsl ynpasieHus 08yxXkoaecHoeo 6arancupyouweeo poboma. C mame-
Mamu4eckol mo4Ku 3peHus 3mo ycmpoucmeo npedcmasasem coboii o6sekm euda "llepesepuymutii masmuuk” ¢ moukoii nooseca
Ha ocu Koaeca u 8 00eCmoveHHOM COCMOSHUU HeyCmou4ugo. Yempoiicmea makoeo muna séAsl0mcs Xopouumu 1a60pamopHsimu
cmendamu 045 UCNBIMAHUS U OMAAOKU AA20PUMMO8 YNPABAeHUS 045 HEYCMOUYUBbIX HeAUuHeUHbIX cucmeM. Mamemamuueckas
Modens nepesepHymoe0 MAssMHUKA XOPOWo U3yYeHa meopemuvecku, HO npu NPOeKMUPOBAHUU KOHKPEMHO020 YCMpolcmea 803-
HUKaem MHOXCeCme0 OONONHUMENbHbIX 3a0ad, MAKUX KAK y4em OWUOKU U3MepeHUs Yead HAKAOHA U 6AUsHUe HeAuHelHocmell
UCNOAHUMENbHO20 MeXaHusma. B dannoii pabome pewaemcs o0na u3 makux 3a0a4, a UMeHHO — 3a0a4a YMeHbUeHUs AMNAU-
mydsl agmokose6anuii po6oma 0K0A0 NOA0NCEHUs pasHosecUs. Imu KoaeOaHUus Ha NPAKMUKe NPAKmu4ecKu 6ce20a 803HUKAOM
6 NOOOGHBIX cucmemMax u NpUgoosm K pAa3AUdHbLIM OMPUUAMeENbHbIM ddpexmam, maKum KaK NO8blUeHHbI pacxod 3Hepeul,
NOBbIUIEHHBLI UBHOC UCHOAHUMEAbHO20 MeXAHU3MA, Hazepes e20 00MomoK u np. [losmomy crHudicenue amnaumyos. smux Koieda-
Hull — eaxcnas 3adaua. Jlas peuwenus 3moi 3a0a4u agmopamu cmamo npediazaemcs UCnoab308ams Memoo YucieHHoOlU Onmu-
MUBAYUY pe2yasimopa, Xopoulo 3apeKoMeH008as Ul ce6s 045 peuleHus MHo2UX 3ada4. B cmamve npoeodumcs anaius noéedeHus
YCmpolicmea 0K0A0 NOA0JCEHUS PABHOBECUS U BbIABAAIOMCA NPUYUHbL B03HUKHOBeHUs aemokoaebanull. [laiee npediraeaemcs
cnocob modeaupoganus agmokosebanull. Ha ocnose uucieHHblx IKCNepUMEHMO8 GbiABASeMC S OCHOGHAS NPUYUHA YBeAUUEeHUS
amnaumyosl Smux KoaeOaHuli — Hanoxdcenue 00pamHo20 NUKA nepexo0H020 npoyecca ycmpoiucmea Ha RUK, 8bl36AHHbIL GpO-
CKOM MOMEHMA, NOPOIHCOEHHO20 NPOUECCaMU, Gbi3bI8AIOUWUMU A8MOKOAEOAHUS — cOYemaHueM dPHeKmos Mexanu1ecko2o 3a30pa
deueamens (nogpma) u mpenus noxos. Jasree agmopamu npediaeaemcs MmemoouKa HACMPoUKU pecyasmopa, HanpagieHHas Ha
YMeHbuleHUe geAUuYUHbl 00PAMHO20 RUKA Nepex00H020 NPoyecca U, KaKk credcmeue, YMeHbeHUs amMniumyosl aemokoie0aHul.
Ipgexmusnocms memoduxu noomeeprucoaemcs 3KCHePUMEeHMAaAbHO Pe3yAbMamamu YUCAeHHO20 MOOeAUPO8AHUs NogedeHUs
poboma u pe3ysbmamamu nPOGEPKU NOAYHEHHBIX KOIPDUuyuenmos 6 peaisvHom ycmpoticmee. [lpumenenue memoouxu no3604uno
YMeHbUWUmMb aMiAUMYOY KOAeOAHUL 8 PeaibHOM YCmpolichee nOUmMuy 6 mpu pasd.

Karoueevie caosa: 08yxxoaechvili 6arancupyrOuuil pobom, HUCAeHHAS ONMUMU3AUUS, KOHCMPYKYUS, CUCMeMa Ynpasie-

Hus, [TH]] konmpoanep, nepegepHymolil MASMHUK

Introduction

The article is devoted to parametric synthesis of
a control system of the two-wheeled balancing robot
(TWBR). The task of controlling a TWBR is highly
relevant in modern technology. This type of devices
has high mobility and maneuverability and is able
to operate autonomously. This allows them to be
used for solving a number of tasks, such as load
delivery and sampling from hard-to-reach places,
conducting observations, photo and video filming.
Two-wheeled robots can be used in various fields
of human activity, such as eliminating the conse-
quences of natural and man-made disasters, wor-
king in hazardous conditions, using them as human
helpers in everyday life, etc. From a mathematical
point of view, a TWBR belongs to the control ob-
jects of the inverted pendulum type. The task of
stabilizing an inverted pendulum is one of classi-
cal problems in the control theory. The behavior of
many technical systems, in one way or another, is
described by a model of this class of control objects.
In some cases, this model describes the behavior
of a part of the system or the system behavior at
some stage of work. The mathematical model of the
inverted pendulum is applied in medicine; in par-
ticular, it is used in the study of the human muscu-
loskeletal system. In addition, laboratory benches,
which are based on the inverted pendulum model,
are excellent platforms for testing and debugging
various control algorithms and synthesis methods.

Today, to solve the problem of stabilizing two-
wheeled robots, various control methods are used
that can be divided into three groups: linear, non-
linear, and non-classical. Linear methods include
the pole placement method, control using the PID
regulator or its modifications, as well as various ver-
sions of these methods using adaptive control. The
pole place technique is applied by authors in [1—3].
Non-linear control of a TWBR based on sliding
mode application is presented in paper [4]. In paper
[5] a special non-linear block, non-linear distur-
bance observer, is proposed to apply for stabilizing
of a two-wheeled robot. An example of non-classi-
cal methods is fuzzy logic control. Various versions
of this method are presented in [6—S8]. In addition,
when designing a specific device, a number of tasks
arise that require separate consideration. These
tasks include: estimating the tilt angle of the robot
relative to the vertical, estimating the rotation angle
and angular speed of the wheels, analyzing the in-
fluence of nonlinearities and unaccounted features
of the motors, suppressing undesirable oscillations
and others. Often the solving some of these tasks
may lead to the need to adjust the control method
of the system. In particular, the analysis of the fea-
tures of the based on MEMS sensors subsystem
of estimating the robot tilt angle, showed that it
is necessary to adjust the overall control system of
the robot [9]. In more detail the control system of
the robot will be considered further. In this arti-
cle, the problem of reducing the amplitude of the
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self-oscillations of the robot is solved. At present,
this issue has been studied worse compared to the
above. From the existing solutions, for example, the
energy relations proposed in [10] to reduce the am-
plitude of self-oscillations can be noted, as well as
a hybrid regulator that takes into account the pre-
sence of backlash motors, presented in [11]. However,
often this question is not considered separately by re-
searchers. In practice, this oscillation almost always
occurs in such systems and lead to various negative
effects, such as increased energy consumption, in-
creased wear of an actuator and heating of its win-
dings, etc. Therefore, reducing the amplitude of the
oscillation is an important task.

The features of the TWBR

The appearance of the two-wheeled balancing
robot is shown in Fig. 1. This device is a labora-
tory model of the vehicle "Segway". Structurally, the
robot is designed as a platform to which the stators
of DC motors are attached. A wheel with a tire is
attached to the shaft of each motor. Boards with
control and power electronics, as well as a battery
that ensures autonomous operation of the device,
are placed on the platform. The balancing robot
is unstable in the de-energized state; an automatic
stabilization system is implemented in the device
to maintain balance by rotating the wheels. Fig. 2
shows the block diagram of the robot. The core of
the device is the STM32F205 microcontroller of
the 32-bit ARM architecture microcontroller fami-
ly with the Cortex-M3 core. The microcontroller’s
control program performs a survey of the feedback
sensors, calculates the control action applied to the
DC motors, and sends the current values of the tilt
angle of the robot, the rotation angle of the wheels
and other data to the communication line. Two
types of sensors are used to provide feedback in the
robot: the MPU6050 measuring system, which is
used to estimate the robot tilt angle and its deriva-
tive, and the quadrature optical encoders built into
the DC motors, which are used to measure the ro-
tation angle of the wheels relative to the robot body.
The Lego NXT servomotors are used as actuators
of the robot. The servomotors are permanent mag-
net DC motors. The rotation of the motors is con-
trolled by the pulse-width modulation of the voltage
applied to the motors windings. A bridge circuit is
used to modulate the voltage of each motor. The
circuit includes four field-effect transistors and their
gates driver circuits. The device uses two lithium-

Connection
Module

TITITTTIT

MPUSH == STM32

TITTITIT

/r:i\\\

TJIITITIT

Driver A

%

Encoder A Motor A

Driver B

<

Motor B Encoder B

Power
Source

Fig. 2. The block diagram of the robot

ion batteries, connected in series, with a total vol-
tage of 7.4—8.4 V, depending on the state of charge.
To transfer data to an external computer, the device
has an UART connector to which an USB-UART
adapter for data transmission can be connected, or
a Bluetooth module for wireless transmission.

The control system of the TWBR

Let us to consider the automatic control system
of the robot. The purpose of this system is to sta-
bilize the robot in an upright position. In addition,
this system eliminates uncontrolled movements of
the robot in the horizontal plane. Mathematically,
the two-wheel balancing robot is an object of the
inverted pendulum type with a pivot point placed
on the wheel rotation axle. The equations of mo-
tion of this object can be obtained on the basis of
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the Lagrange equation of the second kind [12]. We
present a mathematical model of the robot in the
form of transfer functions, obtained in [9]:

k s
W) =L = ——° , (1
U s”+ays”+as+ag
2
W)= 2=k, S0 @)
(0] S

The numerical values of the parameters of this
model are shown in Table 1. The device control sys-
tem is implemented in accordance with the struc-
ture shown in Fig. 3. Since the control system sta-
bilizes both the tilt angle of the robot and its hori-
zontal movements, the feedback system includes the
robot’s wheel rotation angle in addition to the tilt
angle relative to the vertical. Each of these parame-
ters has its own regulator; their transfer functions
have the following form:

W) =L = Kus+ K, + X0 3)
0] s
u H, H;
WH(S)ZEZHP+T+S—2. (4)

Here ¢ is the robot tilt angle, o is the wheel ro-
tation angle, u is a voltage, applied to the motors
windings. The regulator (3) is a PID regulator. The
choice of the structure of the regulator (4) is due to
the fact that a MEMS-gyroscope is used to mea-
sure the robot tilt angle and has the disadvantage of
zero drift. The output value of the gyroscope is the
angular velocity, i.e. the tilt angle derivative. On the
one hand, this simplifies the implementation of the
controller (3), since the derivative is available for di-
rect measurement. On the other hand, to obtain the
value of the robot tilt angle, it is required to integrate
the gyroscope data, which leads to an accumulation
of error. This is manifested in the fact that the value
of the angle gradually "floats away", which over time
leads to a loss of stability of the system. This effect
can be considered as a linearly increasing tilt angle
error. This error is represented in the block diagram
as some Err, value, which goes to the

Table 1
The numerical values of the robots model parameters

Parameter k, a a a, k, by
Value —2.8| —490 | =52.3 | 99 | —7.07 | —49.5
e 1
i | Comtroller 1 !
I I @ :
: Erry e ! Wy (s) 1

i i
1 : b

Controller 2

W)

Fig. 3. The structure of the robot’s control system
Table 2

The regulators coefficients of the original system obtained in [13]

Coefficient K; K K, H H;

i D 4 i

—758

H;

ii

Value —4240 —11.9 | =354 | =55.7 | —32.3

six coefficients. This means that when calculating
the system, it is necessary to specify the closed loop
system desired characteristic polynomial, which has
the sixth order. This is difficult due to the presence
of nonlinearities in the real device, such as dry fric-
tion and backlash of the motors, and limited con-
trol resource. Because of these effects, the choice of
the desired polynomial is a non-trivial task, since in
practice the system can become unstable even with
the desired polynomial, giving a theoretically stable
system [13]. In [13], the authors proposed a tech-
nique based on the numerical optimization method,
which allows adjusting the coefficients of the control
system regulators to obtain one or another form of
transient processes, for example, with higher speed
or with a lower level of oscillation. The values of the
regulators coefficients obtained in [13] are presented
in table 2. Fig. 4 shows graphs of the change in time
of the robot tilt angle and wheel rotation angle.

As can be seen from the graphs, the control
system solves the robot stabilization task. But in
the real device there is self-oscillation around the

input of the integrator. F o

In [9], it was shown that the struc-
ture described allows eliminating the
negative effect of zero drift. The ad-

Tilt angle, ©

performance, since the system does
not apply filters for estimating values,

|
|
|
|
|
|
|
vantages of such a structure are higher |
|
|
:
|
and ease of implementation. However, !

|

the calculation of such a systemisdif- '____________Tms _____________________Tmes _________

ficult, since it is necessary to calculate

Fig. 4. The original system: the tilt angle and the wheel angle
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equilibrium position. The peak-to-peak amplitude of
the oscillation is about one degree, and the frequency
is about 4 Hz. The presence of such oscillation is
undesirable in view of the unnecessary battery power
consumption, motors heating, etc. Therefore, it is
necessary to eliminate these oscillations or, at least,
significantly reduce their amplitude. It is also proposed
to use the method of numerical optimization to solve
this problem. Thus, the task of parametric synthesis
of the robot control system is posed. To do this, it is
necessary to solve two related tasks:

1) To propose a method of self-oscillation
simulation;

2) To propose a technique of reducing the
amplitude of self-oscillation based on the numerical
optimization method.

The Self-oscillation simulation

The most probable causes of self-oscillation in the
real device are the presence of nonlinearities, which
the current mathematical model of the robot does not
take into account. First of all, this is a backlash of DC
motors and dry friction, and the effect of static fric-
tion is most pronounced. Indeed, as can be seen from
Fig. 4, oscillation begins only after the device’s motors
have completely stopped, and exactly at this point the
change of direction of motor shaft rotation at which
the backlash effect appears occurs. In the literature,
one can find various recommendations on the simula-
tion of backlash and friction of motors [17—21]. Five
different variants of backlash simulation are described
in [17]. Methods of compensation for the influence of
backlash on motor control are proposed in [18] and
[19]. However, in practice, simulation of these effects
involves a number of difficulties. First, the simulation
of the backlash in the composition of a particular sys-
tem is complicated, since the model of the system is
not continuous (for more details see below). Secondly,
in order for the simulation results to be in accordance
with the behavior of a real device, an experimental
measurement of all necessary parameters is required,
which can also be difficult. In addition, the values of
these parameters may change during operation of the
device. All this seriously complicates the application
of modeling to the real device.

Let us to consider an alternative way to simu-
late the effect of the motor nonlinearities on the
device behavior. The idea of the method lies in the
fact that the self-oscillation itself is simulated (the
consequence of backlash and friction phenomena)
rather than the reasons for its occurrence. To do
this it is necessary to select the correct model of

Fig. 5. The movement of the system with backlash:

1 — the motor rotor and the load move together; 2 — independent
movement of the rotor and the load after the changing the direction
of rotation; 3 — the exit from the backlash zone

such oscillation. Let us to consider in more detail
what happens with the system when changing the
direction of wheel rotation. The motor rotor and
the load move together before changing the rotation
direction. When changing the direction of rotation,
the load continues to move in the same direction,
while the motor rotor moves in the opposite di-
rection. Such movement is maintained for the time
required for the rotor to overcome the mechani-
cal gap. At this time, the system is uncontrollable,
because the body of the robot is not connected to
the motors shafts and hence to wheels. At the mo-
ment when the gap is passed, a short-term transient
process occurs (in fact, a small blow), after which
the load and the rotor move together. The above il-
lustrates Fig. 5. From this we can conclude that the
model of the robot is a piecewise function, its be-
havior is described by different models, depending
on the current state. In addition, the system is also
affected by the effect of static friction: when chan-
ging the direction of rotation, a slightly larger torque
is required for the system to exit from the state of
rest, compared with the torque of sliding friction.
This excess torque is added to the hit torque arising
from overcoming the mechanical gap, increasing
the amplitude of oscillation.

Based on the above it is possible to propose to
simulate self-oscillation as a series of periodic pulse
disturbing influences:

(-D"te {nTTM;nTTM+O.Ol}c
M) =

5
0,7 e(nTTM+0.Ol;(n+1)TTMjc ©)

n=01,...,0.

Here T,, is a period of the pulse disturbance.
It should be noted that such modeling is still esti-
mated, since in a real system the parameters of self-
oscillation, such as amplitude and frequency, de-
pend on the parameters of the device, which means
that resonance phenomena are possible. However,
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such modeling can be applied to
study the causes of the increase in
the amplitude of this oscillation.
Let us to perform the oscillation
simulation in system (1)—(4) with

regulator parameters from table 2.
We will simulate the oscillation in
accordance with the expression (5)

Tilt angle, ©

of the pulse disturbance. The simu-

lation result is presented in Fig. 6.
It can be seen from the figure that
the amplitude of oscillation varies
depending on the period of the pulse

disturbance. From the simulation re-
sults, it follows that the amplitude of
the oscillation increases if the next
pulse disturbance acts on the system
at the moment when the system pas-
ses the reverse peak of the transient
process from the previous disturbance. This leads to
overlap of two effects and the amplitude of the peak
increases. In a real system, this is likely to cause the
system to reach a certain resonant oscillation fre-
quency. Therefore, in order to reduce the amplitude
of the oscillation, it is necessary to reduce the mag-
nitude of the reverse peak of the system response to
a pulse disturbance. This is a key point in carrying
the numerical optimization.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
and set different values of the period |
I
|
|
|
|
|
|
|
|
|
|
|
|
|

The regulator coefficients adjusting technique

Let us briefly consider the features of the nu-
merical optimization method. The system model is
complemented by some parameter called the system
quality criterion. The value of this parameter indi-
cates how close the system transient processes to the
desired ones and is calculated by an expression called
the cost function of the system. The smaller the value
of the quality criterion, the better the processes in
the system corresponds to the desired. A numerical
simulation of the processes with certain initial values
of the regulator coefficients is performed. Next, the
values of the coefficients change in accordance with
the optimization algorithm, and the system is re-
simulated. The simulation result, i.e. the value of the
quality criterion is compared with the value in the
previous step or several steps. Based on the results
of this comparison, the values of the regulator coef-
ficients change again, and the simulation is repeated,
and so on. Thus, systems in which the quality of
processes is worse are rejected, and those in which

Fig. 6. The robot self-oscillation simulation. Bold line depicts a part of the process
before the second pulse of the disturbance influence. Dot line shows the system reaction
on the non-periodical pulse disturbance

the quality is better are preserved. As a result, after
a certain number of steps, the optimal values of the
regulator coefficients are determined. The obtained
coefficient values are used in a real device. Currently,
these algorithms are implemented and successfully
used in various software packages, such as VisSim
or Matlab. The application of the numerical opti-
mization method for solving a number of tasks is
described in [14—16]. The cost function of the sys-
tem can have a different form; its specific form is
determined by the problem to be solved. An example
of cost function is the following expression:

F.(T) = T|e(t)|N tRdr.
0

Here e(f) is a control error, ¢ is time elapsed in
the system, T is total simulating time. As the time
elapsed since the beginning of the transient pro-
cess increases, the X factor will make an increa-
sing contribution to the cost function, which means
that processes with lower speed will have a higher
value of the quality criterion, and, therefore, will be
discarded during optimization. In turn, the factor
le(®)|" is responsible for the overall value of the sys-
tem error. As a result, by changing the values of the
R and N coefficients, it is possible to obtain faster
or less oscillatory processes, depending on the spe-
cific requirements. In [13], the following cost func-
tion was used to adjust the robot control system:

F.T) = ?|d(t)|t4a’t. (6)
0
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Here, the wheel angular speed is selected as the
control error, since to achieve equilibrium, not only
maintaining the vertical position (i.e. zero value of
the tilt angle) is required, but also the absence of
uncontrolled horizontal movement (zero value of
the wheel angular speed).

In order to reduce the reverse peak of the system
response to the pulse disturbance, we introduce into
the cost function (6) the additional term and take
the values of the parameters N and R equal to 1:

15 ¢ < —=0Pjim

T
F@ =[(aolr +10°0)d0 =) o " "

The purpose of this term is to dramatically in-
crease the value of the cost function if the value
of the tile angle exceeds a certain threshold de-
termined by the value of ¢y,,. In this case, such a
process will be dropped during the automatic opti-
mization procedure and, therefore, the reverse peak
will be limited to ¢y;,,. In the course of optimiza-
tion, we will model the response to a single (non-
periodic) disturbing influence:

M) = 1,2 €]0;0.01]c
0,7>0.01c

The adjustment process, as in [13], is proposed to
be divided into several stages. In this case, we will
carry out the adjustment in three stages. The initial
values of the coefficients K, K,, K, are calculated
on the basis of the block diagram of the simplified
system presented in Fig. 7. The transfer function of
the simplified system and the expressions for calcu-

lating the coefficients are as follows:

ko(Kys® + K s+ K;)

Here a; is coefficients at the powers of s opera-
tor of the desired characteristic polynomial of the
closed-loop system, which is required to calculate
the regulator coefficients. Note that the simplified
system is only needed to calculate the initial values
of the coefficients.

At this stage, the regulator is optimized for an
ideal device in ideal conditions. In practice, firstly,
the device starts operation at a certain non-zero ini-
tial value of the tilt angle, and, secondly, the gyro
error Err, is present in the system. At the first stage,
both of these parameters are set equal to zero. At
the second stage, the H, and H; coefficients are ad-
justed, and their initial values are set to zero. The
purpose of this stage is to adjust the system response
to non-zero initial conditions. Therefore, in the sys-
tem a certain small initial value of the tilt angle is
set; the error value of the gyroscope Err,, as be-
fore, is set to zero. Note that it is also necessary to
slightly reduce the requirement for the value of the
reverse peak, since now the system also fulfills the
initial condition in addition to pulse disturbance.
Therefore, the value of the threshold ¢;;,, must be
reduced. In the third stage, the same coefficients
are adjusted as in stage 2, but the coefficient H;; is
also added to them. The purpose of this stage is to
adjust the system when there is a gyroscope error.
The initial value the tilt angle is set equal to zero,
and the value of the gyroscope error is taken to be
equal to a certain value determining the maximum
rate of increase of the tilt angle error. Measure-
ments in a real device show that this value is in the
range of 0.18—0.23 /s, therefore, we take a value
with a margin of 0.25 °/s.

The results of the optimization, as well as the
simulation conditions for each stage, are presented

W imp(8) = 3 5 ;0 (7) | in Table 3. When calculating the initial values of
s”+(ay +k,K;)s” +
+(a, + koKp)s +(ay +k,K;) Table 3
*
a, + ko K 4 =a; ) The results of the regulator coefficients adjustment
a, + k K. = ai“. 9) The stage number 1 2 3
9
omp The simulation time, s 2 5 5
ay + kK, = ay. (10) The initial tilt angle, ° 0 0.1 0
The gyro sensor error, °/s 0 0 0.25
The tilt angle threshold (¢},), ° —-0.5 —=0.7 —0.7
The coeffici- | Before | After | Before | After | Before | After
ents values:
[Tttt —— " . (; -V K; —9820 | —5030 | —5030 | —5030 | —5030 | —5030
' ' K —983 | —914 | —914 | —914 | —914 | —914
! W, @) W, @ > | L
! x® ¢ ! Ky —28.6 | —28.2 | —28.2 [ —28.2 [ —28.2 | —28.2
: : H, — — 0 —18.4 | —18.4 | —23.2
- - ! H; — — 0 —47.3 | —47.3 | —40.0
Fig. 7. The block diagram of the simplified system Hi o - o - 0 181
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Fig. 8. The result of the optimization at stage 1. Dot line depicts the system before
adjustment; solid line shows the adjusted one
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Fig. 9. The result of the optimization at stage 2. Dot line depicts the system before
adjustment; solid line shows the adjusted one
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Fig. 10. The result of the optimization at stage 3. Dot line depicts the system before
adjustment; solid line shows the adjusted one
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Fig. 11. The simulation of the robot transient processes. Dot line depicts the original
system with regulator coefficients form Table 2; solid line shows the adjusted one

the coefficients, the following de-
sired characteristic polynomial of the
closed-loop system was used:

A(s) = (s +30)° =
=53 +90s% +2700s +27 000.

Figures 8—10 show the transient
processes of the system at each stage
of adjustment. Fig. 11 shows the re-
sult of operation of the original (with
the regulator coefficients from Tab-
le 2) and the adjusted systems. As it
can be seen from the figure, the re-
verse peak was reduced by almost 2
times using the technique proposed,
while slightly increasing the transient
process time.

Perform a simulation of oscillations
in the original and adjusted system.
The simulation result is shown in
Fig. 12. It can be seen from the figure
that the amplitude of oscillation of
the adjusted system was reduced by
1.5—2 times in comparison with the
original system.

Testing the technique
in the real device

The regulator coefficients obtained
during adjustment (see Table 3) were
applied in the real device. The results
of the operation of the balancing
robot with the initial and adjusted
coefficients of the regulators are
presented in Fig. 13 and Fig. 14. Fig. 13
shows graph of the robot tilt angle
upon completion of the transient
process. From the figure it can be seen
that the amplitude of self-oscillation
has decreased by almost 3 times,
compared with the original system;
and the value of the mean square
error in the adjusted system is almost
8 times lower: 7.58-1072 degrees for
the original system and 1.03-1072
for the adjusted one. The transient
process time of the tilt angle slightly
increased, as can be seen from Fig. 14,
while the same parameter for the
wheel rotation angle process remained
almost unchanged.
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Fig. 12. The simulation of the self-oscillation. Dot line depicts the
original system; solid line shows the adjusted one
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Fig. 13. The robot self-oscillation. Gray line depicts the original
system; black line shows the adjusted one

Conclusion

The objectives of the research are completed.
The analysis of the causes of robot self-oscillation
around the equilibrium position has been carried
out. A method of the robot oscillation simulation is
proposed, which consists in simulating the response of
the system to a periodic pulse disturbance influence.
Numerical experiments with the proposed model
allowed us to reveal the main reason for the increase
in the amplitude of self-oscillation, which consist of
overlap of the peak caused by the system reaction on

Tiltangle, ©

the pulse disturbance and the reverse peak caused
by the reaction on the previous disturbance. Based
on this, a three-step technique for adjusting the
device regulator coefficients based on the method of
numerical optimization is proposed. In the course
of this technique, the system is optimized to reduce
the magnitude of the reverse peak, which leads to
a decrease in the amplitude of self-oscillations.
The effectiveness of the technique is confirmed
experimentally by the results of numerical simulation
of the robot’s behavior and the results of testing the
coefficients obtained in the real device. The use of the
technique allowed reducing the oscillation amplitude
in the real device by almost three times. Thus, the
proposed technique has shown its efficiency even
when working with the real device.
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KypraHckun rocyfapCTBEHHbIV YHUBEPCUTET

AHTUPE30HAHC — Pe30HaHC CKOpocTeMn

3adaueii uccaedosanus seasiemcs yCmaHogieHUe XapaKkmepa MexaHu4ecKko2o pe3oHaunca, a UMeHHo, mozo akma, s61s-
emcsi OH Pe30HAHCOM CUA UAU ckopocmell. Beodamces onpedenenus pe3onanca cun u pe3oHanca ckopocmei. Ypaenenuio evi-
HYHCOCHHbIX MEXAHUYECKUX KOAeOAHUL COOMEemcmeyem cxema napaiieibHo20 cOeOUHeHUs, NPU KOMopom UHepmHoe meao u
UBMEHeHUSI PA3Mep08 Yupye020 dNeMeHma u demngepa umerom eOUHy0 CKOPOCMb, a UX PeaKmugHble CUAbl CKAAObI8AIOMCS.
IIpu smom cymma peakmuenvix cus nompebumeneil MEXaHU4eCKou MOWHOCMU PAGHA CUAe, PA36UBAeMOU UCMOYHUKOM MeXd-
HUYeCKOU MOWHOCMU, KOMOPbI NO00OHO UCMOYHUKY HANPAICEHUS 8 IAeKMPOMEXHUKE MOJUCHO HA36AMb UCMOYHUKOM CUAbL.
HnepmHoe meno, ynpyeuii snemenm u oemngep Mo’CHO COeOUHAMb He MOAbKO NAPAALeAbHO, HO U nocaedogamensvro. Ilpu no-
c1edoeamenbHOM COeOUHEeHUU K INeMEeHMAM CUCMeMbl NPUAONCEHA eOUHAS CUAA, d CKOPOCMU UHEPMHO20 MeAd U USMEeHeHUs
pasmepoe ynpyzoeo ajnemenma u demngpepa ckaadviearomcesa. Ilpu smom cymma ckopocmeii nompebumeneil MexXaHu4eckol
MOWHOCMU PABHA CKOPOCMU, PA36UBAEMOL UCMOYHUKOM MeXAHUYeCKOU MOWHOCMU, KOMOPbll NOO0OHO UCMOYHUKY MOKA 8
2NEKMPOMEXHUKEe MONCHO HA38AMb UCMOUYHUKOM ckopocmu. Onucblieaembliili 6 Kypcax meopemuveckol MexaHuKu MexaHu-
Yeckuil pe3oHanc Aeasemcs pe3oHancom cunr. Emy coomeemcmeyem napannenvnoe coedunenue uHepmHo20 meaa, yApy2020
anemenma u demngpepa. Ilpu nociedosamenvHom coeOuHeHUU IMUX INeMEHMO8 GOZHUKAEm Pe30HAHC CKOPpOCcmel.

Karwueeote caosa: PEe30HAaHC cuu, czcopocmeﬁ, napanineabHoe coe@uHeHue, nocxzedoeame/zbﬂoe, UCMOYHUK CcUlbl, CKoOpocmu

BBenenune

Yuer pe30HAHCHBIX SIBJICHUI B MEXaTPOHHBIX
chcTeMax sBJsETCI aKTyaJlbHOR 3ajmadeir [1—6].
B ocHoBe ux omuMcaHUil JIEKUT IIMPOKO M3BECT-
Hoe nuddepeHInanbHOe ypaBHEHNE

d’x x .
Ay — +a,—— + adyx = 4, sin of, 0))
dt dt
KOTOpOE MMEEeT pellieHue X = X| + Xx,, I1e
x, = ae " sin(o,f + a) Q)
— COOCTBEHHbIE 3aTyxalue KojiebaHus,
X, = Asin(ot — @) 3

— BBIHYXJIEHHbIE KOJI€OaHUS; d, @ — IMOCTOSIH-
Hble UHTEeTPUPOBaHUS;

b =i,m1 = \100(2) —b2,®0 = a—o,
2a, a,
5 @
A= 0 ,
JA =222 +4n%2
2h ® b a
tgop=——>5,A=—,h=—,5, =—2. 5
£ 1-2 0y ®g 0 a, ©)
ITpu moacTaHoBKax
a,=m,a; =r,ay,=k,a,=F (6)

ypaBHeHue (1) mpeBpalaeTcsi B KJIACCHUECKOE
nugdepeHIIMaIbHOE ypaBHEHUE BBIHYXISHHBIX
MeXaHNYeCKUX KoJeOaHU It

2
md—§+rd—x+kx = Fsinot
dt dt
dv .

UIn mE+rv+kfvdt:Fsmoot. 7)

ITpn
o= % ®)

m

HMeeT MECTO PE30HaHC.

TeopeTnyeckass 3JeKTPOTEXHUKA, OOBEKTHI U
IpOoLIeCChl KOTOPOM MaTeMaTU4eCKM H30MOPQHBI
MeXaHMYEeCKHUM, pa3jiuyaeT ABa pe3oHaHCa — pe-
30HAHC HAMPS>KEHUH U pe30HAHC TOKOB.

B 1873 r. MakcBe1 BBeJ IepBYIO (U3 ABYX) CHU-
CTEMY BJIEKTPO-MeXaHUUYeCKHUX aHaJOTuil, B COOT-
BETCTBUM C KOTOPOM HAIIPSIXKEHME NYyaJbHO CUJIe,
a TOK — CKOpOCTHU. B CBSI3U ¢ 3TUM BO3HMKAET 3a-
KOHOMEPHBII BOIIPOC: pe30HAHC IIPUMEHUTEIHLHO K
ypaBHeHMIO (7) — 3TO pe30HAHC CUJI UJIU CKOPO-
creii? OTBET HA 3TOT U CBSI3aHHBIE C HUM BOITPOCHI
COCTaBJISIET IIPEAMET HACTOSILEr0 UCCASIOBaHMSI.

Onpedenenue 1. Pe3oHaHC cUJI — 3TO pPe30-
HaHC, BO3HMKAIOIIU Ha yacToTe (8) B MexaHU-
YEeCKOM cucTeMe, BKIIOYAIOE WHEPTHOE TEJO
U YIPYTUH 3JIeMEHT, IpU KOTOPOM pa3BUBaeMEbIe
HMU peaKTUBHBIE CUJIBl MaKCHMMAaJIbHbI U IIPOTU-
BOITOJIOXKHBI.
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Onpeodenenue 2. PezoHaHC CKOpPOCTEl — 3TO pe-
30HAHC, BO3HMKAIOIIMK Ha 4yactoTe (8) B MexaHU-
YeCKOi cucTeMe, BKJIIoYalolleil WHepTHOE Telo U
YIIPYTHIT 3JIEMEHT, TP KOTOPOM pa3BUBaeMble MU
CKOPOCTH MaKCHMaJIbHBI U TTIPOTUBOMOJIOKHBI.

Pe3onanc cua

VYpaBHeHuw (7) COOTBETCTBYET cXeMa Ilapa-
JISJILHOTO coeauHeHus1 (puc. 1), mpum KOTOpOM
MHEPTHOE TEJIO U U3MEHEHHUs pa3MepOB YIIPYTOro
3JIeMEHTa U AeMIldepa UMEIOT eIMHYI0 CKOPOCTb,
a MX peakTUBHBIE CHUJIBI CKjaaabiBaloTcs. Ilpu
3TOM CyMMa PEaKTUBHBIX CUJ IIOTpeOuTeneii Me-
XaHUYECKOU MOIIHOCTH paBHA CUJI€, pa3BUBACMOM
MCTOYHMKOM MEXaHMUYECKON MOILIHOCTHU, KOTOPBIA
Moa00HO MCTOYHUKY HAIPSIKEHUS B BJIEKTPOTEX-
HMKE MOXHO Ha3BaTb UCTOYHUKOM CHJIBI.

CnpaBennuBa

Teopema 1. 1lpu BeImoNHeHUU yciioBUS (8) B
MEXAaHUYECKON CHUCTEME, COCTOSIICH M3 I1apaj-
JISJIbHO CO€AMHEHHBIX NHEPTHOTO Teja, YIPYIoro
aJIeMeHTa U AeMmIigepa, YTO COOTBETCTBYET ypaB-
HeHu1o (7), BOBHUKAET pe30HAHC CHUJL.

JHokazamenbcmeo. B cOOTBETCTBUU C BBIpaxe-
Huem (4)—(6)

Puc. 1. ITapannensHoe coeaguneHue
Fig. 1. Parallel connection

B YCTAaHOBUBLICMCA PCXKUME

x = Asin(ot — ) = il sin(w? - 9);
oo\/(k/oo - mm)2 +r?
fi = ox = L sini-9): ©)
co\/(k/co - mo)” + r?
2 2
fo=m ‘jh;‘ __ mo"F sin(of - ¢). (10)

co\/(k/co - mm)2 +r?
[Tpu BbIMONIHEHU M ycaoBus (8)

: kF
= X
© O JkImy kS Tm - mJkm)? + r?

xsin(wf — @) = @sin(mt —@) = (11)
- —Wsin(mt —o) = K Gin(or - ¢):
or or
o myk/mF y
" ks Sk m - mJkm)? + P
xsin(wt — @) = —@Sin((»t —@) = (12)
= —@sin(oﬁ —p)=— omF sin(of — @).

Jk/mr

Breipaxxenus (11) u (12) moka3bIBalT, UTO f,: u

f,: PaBHBI U MPOTUBOMOJOXHBI. COOTHOIICHUS
) u (11), (10) m (12) moka3pIBAIOT, YTO f,: n f,;
MaKCHMaJbHHI.

Teopema noka3zaHa.

Cnedcmeue 1.1. B 1iepBy10 (MaKCBEJJIOBCKYIO)
CUCTEMY DBJIEKTPO-MEXaHUYECKMX aHaJOTUil He-
00XoouMMO J00aBisgeTCsS Clenylollee AyaabHO-
WHBEPCHOE COOTBETCTBHE — IIOCJEAOBATEIbHOE
COeIMHEHUE MOTpeOUTeNIel 2IeKTPUIECKON MOIII-
HOCTHU TIpU PE30HAHCE HAIPSKEHWI AyaJibHO Ma-
pajjieIbHOMY COCAMHEHMIO IOTpeOuTeNeil Mexa-
HUYECKO MOIIHOCTU MPHU PE30HAHCE CHUJL.

Cnedcmeue 1.2. Ilpu pe3oHaHCe CUJI PEaKTUB-
Hasl CUJia CUCTEMBbl YIPYTUH 3JeMEHT—HUHEPTHOE
TEJIO paBHA HYJIO, TIOCKOJBKY f,: =- f,:.

BennunHy ~/mk 10 aHANOTMU C 2MEKTPOTEX-
HUKOI MOXHO Ha3BaTb GOIHOBbIM CONPOMUBACHU-
em (CUCTEMBI).

Cnedcmeue 1.3. Eciu /mk > r, TOo peakTHBHBIE
CUJIbI, pa3BMBaeMble MHEPTHBIM TEJIOM U YIPYTUM
3JIEMEHTOM, IPEBBIIIAIOT MPUIOXKEHHYIO CHUITY.

Ilpumep 1. F= 100 H, ® = 2 pan/c, m = 10 KT,
k=40 kr-c?, r=5«kr-c . Haittu f, u f,,.
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B cooTBeTcTBUM ¢ BhipaxeHuem (11) u (12)

oo wsin(mt _0) = 400sin(of — g) (H);
s = 210100 G r — ) = ~400sin(or - ¢) (H).

5

PeakTuBHBIE CUJIBI, pa3BUBaeMble MHEPTHBIM
TEJIOM U YIIPYTUM 3JIEMEHTOM, MPEBHIIIAIOT MPHU-
JIOXXEHHYIO CHITY.

ITocienoBarebHOE COeTHHEHHE

HMHepTHOE TEJI0, YIIPYTUM 3JIEMEHT U AeMIIpep
MOXHO COEIMHSTHh HE TOJIBKO MapajjeibHO, HO U
nocjaeaoBaTesIbHO (puc. 2).

—O—

Puc. 2. IlocaexoBaTenbHO€e COeTHHEHNE
Fig. 2. Serial connection

IIpn mocnemoBaTeNbHOM COEAWHEHWU K 3JIe-
MEHTaM CHUCTEeMBlI MPUJIOXKEHA eIWHas cuaa, a
CKOPOCTHM WHEPTHOTO TeJIa U UBMEHEHU S pa3MepOB
VIIPYTOTro 3JIEMEHTA U JeMIipepa CKIIAABIBAIOTCS.
IIpn sTOM cymMMa CKOpOCTElW TOTpeOuTesel me-
XaHUYECKOW MOIIIHOCTU paBHA CKOPOCTH, pa3BU-
BaeMOM MCTOYHUKOM MEXaHMYECKOW MOIIHOCTH,
KOTOpPBIA MOAOOHO MCTOYHMKY TOKa B 2JIEKTPO-
TEXHUKE MOXHO Ha3BaThb UCTOYHUKOM CKOPOCTH.

CKOpOCTH KOMITOHEHT CUCTEMbI PaBHBI

1 1,dx 1df
=—|(fdt,v, =——k—=—=-
Y = e == R =
v, :L,v = -V coswf;
r
Vi + Ve +V, =V,
%%+%+%jfdt:—lfcosoat
1d*f 1df 1 .
ni ;W'F;E'FE]‘:V(DSIH(DL (13)

[Tocnennee ypaBHeHME HM30MOPGHHO ypaBHE-
Huto (1). CobcTBEeHHBIE 3aTyXxalolue KojebdaHUs
CUJIBI Ha IITOKE MCTOYHUKA CKOPOCTH IJIsI TTOCIIe-

JOBATCJIBbHOIoO COCAMHCHUA B COOTBETCTBUU C CO-
OTHOILICHUEM (2) OIIPCACTIAIOTCA BbIPAKCHNUCM

by X (ke k2
fi =ae" sin(of +a) =ae " sin| | —-—57+a
m  4r

BoiHyXaeHHBIE KOJeOaHUSI CUJIBI Ha IITOKE
UCTOYHMKA CKOPOCTH JIJIsl TTIOCJIEN0BATEIBHOIO CO-
eIVMHEHNSI B COOTBETCTBUM C COOTHolueHueMm (3)
OIPeAEISIIOTCST BhIpaXXeHUSIMU

A= ) _
Ja=22)% + 4n%2
B Vom 3
2 2
k" m »m
-2 yqf M2M
( @ kj Tk C
B Vom
om [1_mj2+1
om k 2
tgp= 2 _pkom 1 _
PTIIN T k1 —olm/k
—_ wm .
rom(l/om-o/k)’
fr = Asin(ot — ¢) = v X

JI/(om) — o/k]? +1/r2

Xsin {oot —arctg

1
r(l/om - oo/k)}.
Pe3onanc ckopocreit

CnpasenjinBa

Teopema 2. Tlpu BbImONHEHMU ycaoBUs (8) B
MeXaHUYEeCKON CUCTEeME, COCTOSIIIEH U3 TOCIea0-
BaTeJIbHO COEAMHEHHBIX MHEPTHOrO TeJla, YIIpy-
roro sjeMeHTa M jaemmndepa, 4YTO COOTBETCTBYET
ypaBHeHUIO (15), BO3HMKAeT pe30HAHC CKOPOCTEH.

Jloxazameabcmeo. B yCTaHOBUBILIEMCS pEXUME

% .
f= sin(w? - ¢);
1/ om)—o/k]? +1/r2
Vi = %jfdt =
| v (14)
=—— cos(wt —);
oM 11 f@m) — o/k]> +1/ r?
_ldr
T dr )
= % 4 cos(wf — ).

J/om) - o/k]? +1/r
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[1pu BeITTOJTHEHUM yCIOBUS (8)

" Jk/mm

v
% X
/G fmm) K /m kP 1/
xcos(wt — @) =— \/VLk cos(of — @) =
m
B _fﬁ—d%cos(m’ —0)= ‘OI:—;COS(W - 0);
vi = kk/m y
X 4 y
1/ mm) & /m kP <1/
Vr

xXcos(wf —¢) = cos(of — @) =

vmk
oVr

=————cos(wf—0) = (D—Vrcos(cot -0).
om

Tk

Boipaxenus (16) u (17) moka3bIBalT, 4TO v,t u
v; pPaBHBI U IIPOTUBOIIOJOXHEI. Beipaxenue (14)
u (16), (15) u (17) mokaspIBaIOT, YTO vZ u v; MaK-
CHMaJIbHHI.

Teopema nokazana.

Caedcmeue 2.1. B nepBylo (MaKCBEJJIOBCKYIO)
CUCTEMY DJJIEKTPO-MEXaHMYECKMX aHaJloruii He-
00xoaMMO J00aBisIeTCs Claeaylolee nyaJabHO-MH-
BEpPCHOE COOTBETCTBHUE — IapajjelibHOE COeoU-
HeHUE MOTpeduTesiell BJIEKTPUUYECKO MOLIHOCTU
Ipyd pe30HaHCE TOKOB AyaJIbHO IIOCJed0BaTe/b-
HOMY COEIMHEHUIO MOTpeduTeseil MexaHn4eCcKon
MOIIIHOCTH IIPU PE€30HAHCE CKOPOCTEN.

Cnedcmeue 2.2. ITlpnm pe3oHaHce CKOpPOCTEH
TOYKA IIPUJIOKEHMSI CHJIBI K CHUCTeMe YIIPYTHid
3JIEMEHT—HMHEPTHOE TeJIO HeMOABUXXHA, ITOCKOIb-
Ky vZ = —v:,.

Cnedcmeue 2.3. Ecnn Jmk < r, To ckopoctH,
pa3BUBaeMble MHEPTHBIM TEJIOM U YIOPYTUM dJie-
MEHTOM, MPEBHIIAIOT CKOPOCTH IITOKA UCTOYHMU-
Ka BO3JIEVCTBUSA.

Ipumep 2. V=10m-c" !, r=80 kr-c”!, ocranp-
Hble TaHHble u3 npumepa 1. Haittu v u v,,.

B coorBercTBUU ¢ BhIpaxkeHueM (16) u (17)

v, = —%cos(cot —¢) = —40cos(wf —¢) (M-c1);
vZ = Mcos(mt —¢)=40cos(wt—¢) (M-c).

40

CKOpOCTI/I, pa3BMBACMbIC HMHCPTHBIM TCJIOM
n ylnpyrum 3JICMCHTOM, IIPCBLIIIAIOT CKOPOCTb
IITOKA UCTOYHHUKA BO3JIECUCTBUS.

ApTedaxTpl

CylIecTBYIOT YCTPOICTBA, B YIOBJICTBOPU-
TEJIbHOM IIPUOJMXEHUM CIIOCOOHBIC BBIMOJHSITH
(pyHKIIMY UCTOYHUKOB CUJIBI 1 UCTOYHUKOB CKO-
poctu. MCTOYHMKOM TapMOHMYECKOM CKOPOCTH
MOXKET BBICTYIIATh IIPUBOJ, ¢ KPUBOIIUITHO-KYJIMC-
HBIM MEXaHMU3MOM M MaXxOBUKOM C OOJIBIIMM MO-
MEHTOM HMHepUuM. MICTOYHUKOM TapMOHMYECKOM
CHUJIBI MOXET BBICTYIIATh IITOK ITHEBMOLMJIMHIPA,
MMOJIOCTh KOTOPOTO COOOIIAeTCs C MOJOCThIO APY-
roro IMHEBMOLUMJIMHApPA, JUAMETP KOTOPOro Hen3-
MEpHMMO BEHILIIE, YeM Y IIePBOI0, a MOpIIeHb COBEP-
1IaeT rapMOHUYECKHE KOJIcOaHMsI.

B pabote [7] onncaHa MexaHW4ecKasl CMCTeMa
U3 06yX MHEPTHHIX TEJl U 08YyX YIIPYTUX DJIEMEH-
TOB, IJISI KOTOPOW OOHApyXeHO "yAMBUTEIBHOE
gBJIeHME", TIPM KOTOPOM TOYKa IPUIJIOXKEHUS Tap-
MOHMYECKON CHUJIBI OCTAeTCSl HEMOABUKHOU. DTO
SIBJICHUE, Ka3aJIOCh Obl, OUEBUIHBIM OOpPa30M Ha-
3BaHO aHTUpe3oHaHcoM. CTeneHb HEYAaYHOCTHU
5TOTO TEPMHUHA MOXHO OLICHUTh, IPUMEHUB €T0 K
PE30HAHCY TOKOB B 2JICKTPOTEXHUKE.

B neiicTBUTENBbHOCTU YHOMSIHYTasi CUCTeMa
MpeaCcTaBIsIeT COOOM CYIIePIIO3UIINIO "3JIeMEeHTap-
HBIX" CHCTEM, paccMOTpeHHBIX Bble. [lo 3TOM
MPUYMHE IIPOLECChI, IPOUCXOASIINE B HEil, IBJISI-
I0TCS CYyIEpIIO3ULIUEH COOTBETCTBYIOLIMX IIPOLIEC-
COB, OTHMM M3 KOTOPHIX U OBLJI PE30HAHC CKOPO-
CTeil, OIIMOOYHO MPUHSTHIA 3a "aHTHUpPe30HaHC".
I[Ipy >TOM HENOABUXKHOCTb TOYKU IPUJIOXKCHUS
rapMoOHU4YecKoil cuibl ("yAUBUTEIbHOE IBJIeHUE")
COOTBETCTBYET CJEACTBUIO 2.2.

3akuaoyenue

OnuceiBaeMbIil B Kypcax TEOpEeTHUYECKON Me-
XaHUKM MEXaHMYECKUI pe30HaHC SIBJISIETCSI Pe30-
HaHcoM cuj. EMy cOOTBeTCTByeT IapajliejibHOe
COeIMHEHNEe MHEPTHOIO Teja, YIPYIroro sjJeMeHTa
u nemndepa. I1pu nmociaegoBaTeIbHOM COSAUHEHU
3TUX 3JEMEHTOB BO3HMKAET PE30HAHC CKOPOCTEH.

CnHCOK JuTEepaTypbl

1. BypwanIO. A., Illanaii B. B., 3yoapes A. B., IToaskos C. H.
JInHaMudeckasi KOMIIEHCAIMsI BUOPOAKTUBHBIX CHJI B KoJieOa-
TeJbHOU cucteMme // MexaTpoHUKa, aBTOMaTH3allus, yIIpaBlie-
nue. 2017. T. 18, Ne 3. C. 192—195. DOI: 10.17587/mau.18.192-195

MexaTpoHuKa, aBToMaTu3anus, ynpasjienue, Tom 20, Ne 6, 2019

365



2. Tonyo A. Il., Cemonxmii }0. JI. /IByx3BeHHBIN MasiITHUK
B YIIpyTOM mojaBece // MexaTpoHuKa, aBToMaTU3alusl, yIpaBie-
Hue. 2018. T. 19, Ne 6. C. 380—386. DOI: 10.17587/mau.19.380-386.

3. I'pagenknii B. I., Yamyxun B. I. McciaenoBanue nuHa-
MUKW MUHUATIOPHBIX BHYTPUTPYOHBIX pOOOTOB BUOPAIIMOHHOTO
Tuna // MexaTpoHuka, aBTromarusauus, ynpasienue. 2018. T. 19,
Ne 6. C. 396—401. DOI: 10.17587/mau.19.396-401.

4. Cemenos M. E., MatBees M. I., Meaemenko II. A.,
Cososbes A. M. JIluHamuKa OeMII(pUPYIOLIEr0 yCTPOMCTBA Ha
ocHOBe MaTepuaia MunimHckoro // MexaTpoHUKa, aBTOMaTH3a-
uus, yrnpasienue. 2019. T. 20, Ne 2. C. 106—113. DOI: 10.17587/
mau.20.106-113.

5. Tomuupina M. B. OnrtumanabHbIii BBIOOP YCKOpEHMUSI
MasiTHUKA B 3a7jauax yINpaBJieHUS BUOPALMOHHBIM pobOoTOM //
MexaTpoHuka, aBToMarusauus, ynpasieHue. 2018. T. 19, Ne 1.
C. 31-39. DOI: 10.17587/mau.19.31-39.

6. Cemenos M. E., Marsees M. I., Jleoenes I. H., Co-
nosbeB A. M. Crabunusauusi oOpaTHOro ruoKoro MasiTHUKa ¢
TUCTEPE3UCHBIMU CBOlicTBaMM // MexaTpoHUKa, aBTOMaTU3a-
uwus, ynpasienue. 2017. T. 18, Ne 1. C. 516—526. DOI: 10.17587/
mau.18.516-525.

7. Ianosko . I., I'ybanoa U. M. YcToituuBOCTh U KOJIE-
b6anus ynpyrux cucrem: CoBpeMeHHbIe KOHIIETIIIUY, TTapaToKCh
u ournbku. M.: Hayka, I'n. pen. dus.-mart. nut., 1987. 352 c.

Anti-Resonance — Velocity Resonance
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The task of the study is to establish the nature of mechanical resonance, namely, it is a resonance of forces or speeds.
Two definitions are introduced. Definition 1. Resonance of forces is a resonance arising at a frequency o = (k/m)%> in
a mechanical system including an inert body and an elastic element, at which the reactive forces developed by them are
maximal and opposite. Definition 2. The velocity resonance is a resonance arising at a frequency o = (k/m)0’5 in a me-
chanical system, including an inert body and an elastic element, at which the speeds developed by them are maximum and
opposite. The equation of forced mechanical oscillations corresponds to a parallel connection scheme, in which the inert
body and changes in the dimensions of the elastic element and damper have a uniform speed, and their reactive forces are
added. The sum of the reactive forces of the consumers of mechanical power is equal to the force developed by the source of
mechanical power, which, like a voltage source in electrical engineering, can be called a source of power. Theorem 1 holds.
If the condition © = (k/m)0’5 is satisfied in a mechanical system consisting of parallel-connected inert bodies, an elastic
element and a damper, a resonance of forces occurs. The inert body, the elastic element and the damper can be connected
not only in parallel but also in series. With a series connection, a single force is applied to the elements of the system, and
the velocities of the inert body and the changes in the dimensions of the elastic element and damper are added. The sum
of the speeds of consumers of mechanical power is equal to the speed developed by the source of mechanical power, which,
like a current source in electrical engineering, can be called a source of speed. Theorem 2 is valid. Under the condition
® = (k/m)0’5 in a mechanical system consisting of a series-connected inert body, an elastic element and a damper, a velocity
resonance occurs. The mechanical resonance described in the courses of theoretical mechanics is the resonance of forces. It
corresponds to a parallel connection of an inert body, an elastic element and a damper. When these elements are connected
in series, a velocity resonance occurs.

Keywords: resonance of forces, velocities, parallel connection, series, source of force, speed
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ANHAMUKA, BATUIUCTUKA U YINIPABJIEHUE

AOBUXXEHUWUEM NETATEJIbHbIX AMNMAPATOB

YAK 517.977.58
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locynapCTBEHHbIV HAyYHO-UCCEA0BATENbCKUA MHCTUTYT aBMaLMOHHbLIX cucTem, . Mockea

CpaBHeHMe NpsAMOro meToga M NpuMHUUNA MakCMMyMa B 3afade
dopMupoBaHUsA NporpaMMHOro yrnpaBrieHus netatenbHbIM annapaTtom*

evlOopa yeneoeo hyHKyUoHaq.

Ob6cyncoaemes peuterue 3a0a4u GOPpMUPOBAHUSL NPOCPAMMHO20 YHPAGAeHUs 0158 006eKkma, 3a0a6aemo20 HeAUHeUHOU CU-
cmemoiul dugpepenyuanrvhvlx ypaeHenutl. Hzeecmuole memoos. onmumanibHo20 Ynpagienus mpe6yom peueHus 08yXmo4eyHou
Kpaeeou 3adauu, ymo 6 obujem cayvae C8s13aHO C NPUHUURUAABHBIMU cA0dNCHOCmMAMU. [loamomy npedraeaemcs memoduka,
UCNONBIYIOUAS NPAMOU MeMO0 peuleHusi, 8 KOMOPOM ORMUMUZAUUSL OCYUECMBASLEMC NOCPEOCMEOM NONYAAYUOHHO20 AA20~-
pumma. Ha npumepe deusicenus semamenvHo2o annapama npo8ooUmMcs CpagHeHUe Peule Ui, NOLYYeHHbIX NPAMbIM Memodom
U HA OCHOBe KAACCUHeCKOU meopuu ONMUMAAbHO20 YNpAsieHus, 6 nepeyr ouepeds, npunyuna makcumyma Ilonmpseuna.
TIpusodsamcs pezyabmamot, ROKA3bL8AIOWUE BbICOKYIO CMEneHb COBNAJeHUS NOAYYEHHbLX YIPAGACHUI NPU PA3AUMHBIX CHOCO0AX

Karoueeovre caoea: onmumanvhoe npoepammuoe ynpagieHue, 08yXmoueunas Kpaeeas 3a0a4a, NPUHYUN MAKCUMYMA, NPs-
Mble MemoObl, NONYAAUUOHHBLI AA20PUMM YUCACHHOU ONMUMU3AUUU

Bsenenue

CyliecTByeT psI CIOCOOOB pelIeHUs 3agadyu
(dopMmupoBaHUs ymOpaBlIeHHUSI, HaYMHAs C KJjac-
CHYECKUX PEe3yJIbTaTOB BapHallMOHHOTO MCYMCIIe-
HUS ¥ npuHIMIIa MakcuMyMa [loaTpsaruna [1, 2]
M 3aKaHYMBas OTHOCUTEJIbHO HOBBIMU METOIAMU
0oOpaTHBIX 3aJ1a4 AMHAMUKM [3], MeTOoma JeKOMIIO-
3uLnu [4, 5] 1 BIOXEHHBIX cucTeM [6, 7].

B cBsI3u ¢ poCTOM AOCTYIIHBIX HCCJeAOBaTe-
JISIM BBIYMCIMTEIbHBIX MOLIHOCTEN 3HAUUTEIbHOE
BHUMaHUE IIPUBJIEKIN K cebe IpsSMbie METOIbI
peieHus 3agad [8, 9]. HamoMHuM, 4TO B OCHOBE
MNPSMBIX METOHOB JIEXUT JOMYILIEHUE, YTO TpaeK-
TOPUM BO3MOXHEIX YIIpaBJICHUH MOXHO IapaMe-
TPU3UPOBATh UM, TaKUM OOpPa3oM, CBECTH IMOMCK
yOopaBJIeHUSI K OJHOKPUTEepHUaAIbHON 0€3yCI0BHOM
MHOTOomapaMeTpuyeckKoil ontumuzauuu. Takas
MOCTAaHOBKA CYILIECTBEHHO IIPOIE, YeM pelleHue
TPagULIMOHHON ABYXTOYeUHOU 3amadyu. ITockoib-
Ky OpUMEHEHME MHOTHMX XOpOIIO 3apeKOMEHJI0-
BaBIIMX Cce0sT TpaJUEHTHBLIX METOIOB (B TOM YHCJIIE
u Metona HpioToHa ¢ ero MmogudukauusmMu) 3a-
TPYAHEHO IIpHU OOJBIIOM YHKCJE ITapaMEeTPOB, pa3-
YMHO 00paTUTHCS K ONNTUMHU3ALMOHHBIM aJIrOPUT-

MaM JIPYTroro TuIlla, a UMEHHO, F€éHEeTUYECKUM U
MOMYJISILMOHHBIM, JAIOLIMM XOPOIIHNE Pe3yabTaThl
MNpU pellieHUX MHOTOMEPHBIX ONTUMU3ALMOHHBIX
3amad. B maHHOI paboTe MCIOMB3yeTCI METOM POS
yactun [10, 11], SBIsIoOmIniicss pa3HOBUIHOCTBIO
MOMYJISLMOHHBIX aJITOPUTMOB.

B crarbe mipenaraercst mpsiMoii MeTon (popMu-
pOBaHMUS TPOrpaMMHOTO YIIpaBJIEHUS JieTaTelb-
HBIM armapaTtoM M IIPOBOAUTCSI €ro CpaBHEHUE
C KJACCUYECKHUMHU pe3yJbTaTaMU TEOPUU OITHU-
MAaJILHOTO YIIpaBJ€HUs — pelieHneM 3amadu Jla-
rpaH>a Ha OCHOBE BapyMallMOHHOTO UCYUCICHUS U
NpuHLMNA MakcuMyma IToHTpsiruHa.

O0mas nmocTaHOBKA 3a1a4H

[Iycts HenmHeiiHasT HecTallMOHApHAsT MOICIb
0o0beKTa yIIpaBjaeHMS 3aJaHa B BUOC

X = f(X’ u’ t)’

(1.1)

rae t € [ty, T] — Bpemst GPyHKLUMOHUPOBAHUS CUCTE-
MBbI; X I X — BEKTOpPHbI (pa30BbIX KOOpPAWHAT (BbI-
XOIHBIX CUTHAJIOB) 1 UX IIPOM3BOIHEIX IO BPEMEHMU;
U — HCKOMBII BEKTOp YIIpaBlIeHUSI (BXOIHOI CHUTI-
Han); f(+) — u3BecTHasT BeKTOpO3HAYHasl (PyHKIIMUS

BEKTOPHBIX apryMeHToB. HauanbHble yCIOBUS
*Pabota BbIMoOJHeHa Tnipu nonnepxke PODU, mnpoekr
18-08-00921-a. X(#)) = Xy TIPUHUMAIOTCA 3aJaHHBIMU.
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MUHUMU3UPYEMBI CKANSIPHBIK (DyHKIIMOHAT
nMeeT BU

J(x,u) = ? F(x,u,t)dt,

)

(1.2)

rae fty, I' — HayaJbHBIA M KOHEYHBIH MOMEHTBI
BpeMeHU (PyHKIIMOHUPOBAHUS CUCTEMBI.

[Iycte TpeOyeTcsd HaWTM ympaBieHue, o0e-
clieyMBalolllee Ha paccMaTpuMBaeMOM WHTepBaJie
BpeMEHU MHUHUMaJIbHbIE OTKJOHEHMS BBIXOIHBIX
CUTHAJIOB OT 3afaHHbIX. Torna B BeipaxeHuu (1.2)
MOJABIHTETPAJbHOE BbIpaXkKeHWE MOXHO 3aIucaTh
clIenyomunM 00pa3oMm:

Fx,ut)=FXx-Xx,u1),

rme X — BEKTOp 3aJaHHBIX 3HAUYeHUU (a30BBIX
KOOpIMHAT.

Beipaxenust (1.1)—(1.2) omnuchIBaloT XOPOILIO
M3BECTHYIO 3amady Jlarpanxa co CBOOOIHBIM
KoHIOM [12, 13], Tak KaK HayaJbHBIE YCJIOBUS Ha
JICBOM KOHIIE 3aJaHbl, a TpaHUIIbI pacCMaTpuBae-
MOrO0 MHTEpBaja BPeMEHU f;, 1T (UKCUPOBAHBI.
TpaguumMoHHON peKoMeHAalueil, IMO3BOJISIOLIEH
HalTU ONTHMMAaJIbHOE VIIpaBjJeHUE U, SIBISCTCS
nepexon K ABYXTOYEYHOM KpaeBoi 3apave. Jls
3TOro 3amnucbiBaeTcs ¢yHKuusS [amMmuibToHa

H=f)-F, (1.3)

roe (A, f) — ckansipHOe IpOU3BEACHNUE BEKTOPOB
A u f a cama comnpsKeHHas1 BEeKTOpP-(QYHKLIUS A
yIOBJIETBOPSIET YPABHEHUIO

A=A+ F, = —%—H
X

(1.4)
¢ HavyaJbHbIMU ycaoBusmu A(T) = 0.

OnTumaibpHOe yIIpaBiIeHHE U HaXOOUTCS M3
HEoO0XOAMMOTI0 YCIIOBMS MUHUMYMa ¢pyHKIUM [a-
MUJIBTOHA

% =AM, -F,=0.
3gech HEOOXOOMMO BO3HMKAET IBYXTOUYEUHAS
KpaeBas 3amada, ITOCKOJBKY HadaJlbHBbIE YCJIOBUS
st momenu obwekra (1.1) 3agaHBl B Hayalle WMH-
TepBala, a s compskeHHoW (yHkumu (1.4) —
Ha ero KoHile. PellleHre 3Toi 3aga4y 4acTO COIIPSI-
JKEHO CO 3HAYUTEIBbHBIMHM TPYZHOCTIMHU [12—14].
Bup ycmoBust (1.5) cOOTBETCTBYET cilydyalo, Korma
OrpaHMYEHMS Ha yIpaBJieHHe He HaKJIadbIBAalOTCS.
I[Ipy HanuuuM OrpaHUYECHUINA HEOOXOOMMOE
YCJIOBUE MUHHUMYMa OIIPEIeNISIeTCS HPUHIIAIIOM
Makcumyma IToHTpsruHa

(1.5)

H(x,u,y,1)= max H(X,u,y,1), (1.6)
ueG,

rme i — ONTUMAJIbHOE YIIpaBJIeHUE, BEIOMpaeMoe
Cpeiu yNnpaBJieHU ¢ orpaHuYeHUeM u € G,

OcTaHOBUMCSI TeIlepb Ha IIpemiaraéMoM Ipsi-
MoM Metone. OH 3aK/Io4yaeTcss B HEIOCPEICTBEH-
HOl MUHMMHU3ALMH 1LIeJICBOTO (DyHKIIMOHAIA BUOA
(1.2). Ins1 aTOrO yIipaBleHUs, IBISIOIINECS (QyHK-
LUSIMU BpeMEHU, IPEACTaBIISIOTCS Ha pacCcMaTpH-
Ba€MOM MHTEpBaje B BUAEC DPMHUTOBA CIljaiiHa
3-ro mopsiaka. IlapameTpsl cliaiiHa alproOpPHO He-
MU3BECTHHBI. JIJIs MX HaXOXIEHUS pellaeTcs 3agada
MHOTOMEPHON MNapaMETPUUYECKONA ONTUMM3ALUNMN,
T. €. HaXOHSTCS IapaMeTphl, JOCTABISIOIINE MU-
HUMYM dyHKunoHany (1.2). YucieHHoe pelieHue
HaxoAuM, IIPUMEHSSI OOHU U3 IONYJISIIMOHHBIX
aJITOPUTMOB ONTUMU3ALUU — METOM POsI YaCTHII.

®OynkunoHan (1.2) mo GU3NYECKOMY CMBICTY
JOCTUTaeT MMHMMYyMa, KOIJla BBIXOMHBIE CHUIHA-
JIBI MOJENIN X, COOTBETCTBYIOIINE OINTUMAJbLHOMY
yIIpaBJeHMIO Ul, Haubojee OJIM3KHU 3aJaHHBIM BhI-
XOOHBIM cuTHajam X. [loaToMy TeopeTmueckoit
OCHOBOII MAHHOI'O IIOAXOAA CIIYXWUT H3BECTHas
TeopeMa O CYIIECTBOBAHUM WM EAMHCTBEHHOCTU
pELIEHUSI KOHEYHOMEPHON CUCTEMBI HEJTMHENHBIX
nugdepeHInanbHbIX ypaBHeHu [15]. C npakTu-
YEeCKON TOYKM 3PEHMSI MPEUMYIIECTBO IPSIMOTO
METOAa B TOM, UYTO OH HE TpeOyeT pelIeHUs ABYyX-
TOYEYHOM KpacBOU 3a1a4u.

[lonpo6Hee momenb 00beKTa M BUA (PYHKIIMO-
HaJla ONMCAHbI B CIACAYIOIIEM pa3ee.

OO0beKT ynpaBiieHus

B xauecTBe Momesnu 00beKTa paccMaTpUBAIOTCS
clIefyIolIne YpaBHEHMS TPOCTPAHCTBEHHOTO IBH-
>KEHUS JieTaTeJIbHOro anmnapara [16, 17].

. S P
a=o, —#(t)cye(a) _Wx(t)sm[a(t)] +
+ %(sin[a(t)]sin[o(t)] +
+ cos[a(t)]cos[v(?)]cos[y(?)]);
V-85 (o) + P cosatn]+
m m

+ g(—cos[a(?)]sin[v(?)] +
+ sinfa(?)] cos[uv(?) | cos[y(?)]);
h =V (t)(cos[ot)]sin[v(r)] -
- sinfa(f)] cos[uv(?)|cos[y(1)]);

(1.7)

1 .
V= s O SO,
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i€ o. — YToJl ataku, paj; , — YIJI0Bas CKOPOCTh
OTHOCUTENBbHO Oocu (OF CBA3aHHOM CUCTEMBI KOOP-
nuHart [18], paa/c; v, y, w — YIJIbl TaHTaxa, KpeHa,
pbICKaHus, paa; V' — ucTuHHAS BO3MYIIIHAS CKO-
pocTh, M/c; h — BBICOTA TOJIETA, M; C)(0t) — KO-
3G ULIMEHT TTOABEMHONM CUJIbI B MOJYCBSI3aHHOMU
cucteme koopauHar [18]; ¢, (o) — KoadduIIMEHT
CUJIBI COTIPOTUBJIEHUS B TIOJYCBSI3aHHOU cHUCTEMe
KOOpIMHAT;, m — Macca camoJjiera, Kr; § — ak-
BUBAJCHTHAS! IJIOIAAb KPbUIA, M2 ¢ = Pn V2 —
CKOpOCTHO# Hamnop, [la; p, — MJIOTHOCTH BO3myxa
Ha BBICOTE MOJIETa, KI/M>; P, — npoexuus TsrU
nBuUTrareneil Ha ocb Ox CBSI3aHHOW CUCTEMBI KO-
opauHar, H.

Cucrema nuddepeHunaibHbix ypaBHeHuit (1.7)
JOTIOIHAETCS aJIreOpanyecKuM ypaBHEHUEM IS ;.

®, = v(t)cos[y(1)] -y cos[u(r)]sin[y()], (1.8)

TIe y — 3aJaHHOE 3HAYEHUE yIJia PhICKAHUS.

JIns mpuBeaeHHOW MOJENIN BbIOEpeM B KaueCcTBE
VIPaBASIONIMX CUTHAJIOB YIJIbl TaHTaXa U KpeHa.
OHM MMEIOT TO MPEMMYUIECTBO, YTO, BO-TEPBHIX,
SIBJISIIOTCSI TOCTATOYHO TJaJKMMU U TO3TOMY MO-
TyT XOpOIIO amnIMpOKCUMUPOBAThCS CHJIaliHAMU
C HEeOOJBIIMM YMCJIOM Y3JIOB, BO-BTOPBIX, UMEIOT
MO OIPEIEIEHNIO0 OTPAaHUYECHNS Ha 00JTacTh 3HaYe-
Huii (£90° mo yriry Tanraxa, +£180° mmo yriry KpeHa).
[MpakTuueckass peajuzauusi 3TUX HPOrPaMMHBIX
VIJIOB TakKXe He BbI3bIBACT MPUHUMITMAIBHBIX
CJIO)KHOCTEM, TMOCKOJbKY METOAbl MPOEKTUPOBA-
HUSI KOHTYPOB CJIEXKEHHUS 3a 3aJlaHHBIMU YIJIaMU
TaHTraxka ¥ KpeHa B HACTOsI11Iee BpeMsT pa3BUTHI J10-
CTaTOYHO XOPOIIIO.

[Ipsimble MeTOABI pelieHusl 3aaadud  TpeOyloT
pa3oOXEeHNs YMIPaBJISIONIMX CUTHAJIOB MO 0a3ucy
JUHEWHO He3aBUCUMBbIX (yHkuui. [Ipu 3TOoM He-
00XOIMMO CTPEMUTHCSI K KOMITIPOMUCCY MEXAY TOY-
HOCTBIO aNMpPOKCMMAlLMW YOpaBAeHWIA, YTO BEIOET
K YBEJIMYECHUIO 4YMCIa MapamMeTpoB, U BBIYMCIIM-
TEJIbHOM CJIOXKHOCTBIO PEIIEHUS 3aJadyu Ilapame-
Tpuueckoil ontTumuzauuu. B naHHoi pabote ObLIM
MPUMEHEHbI DPMUTOBBI CILJIAMHBI TPETHETO MOPSIJI-
ka [19, 20] c paccTossHUEM MEXIY y3JlaMu OKOJIO § C.

Jnst mpoBepku pabOTOCIOCOOHOCTU TIPEJIO-
KEHHOTO MeToja pellajyd crheuuaibHo chopmy-
JIMPOBAHHYIO TECTOBYIO 3amady. B KxauecTBe BXOMI-
HBIX CHUTHAJOB 3aJaBajii M3BECTHbIE (QYHKUIUU
BpeMeHu. C MX TOMOILIbIO MOAEJIMPOBAJIU TBUXKE-
HHe o0bekTa cormtacHo cucteme (1.7)—(1.8). Ilo-
JIydeHHbIC BBIXOJAHbBIC CUTHAJbBl IPUHUMAJIY B Ka-
YecTBE 3alaHHbIX 3HaYeHUU X . Jlasee mpearmnona-
rTajv, 4TO MOAEIb OOBEKTA U3BECTHA, U CTaBUJIU

3ajayy Moucka yrpaBJIeHU, MUHUMU3UPYIOLIUX
bynkuumonan

J(x,u) =

_ %0 (ky(alty) - (1)) + ks (1)~ V(1)) + (19)
. %0 (ks ((t;) — h1))? + k() — 51,

rne k;, k,, ks, k4 — BecoBble KO3(DULIMEHTHI;

a, V,h,\f/ — 3aJaHHbIE 3HAYECHUS YyIJla arTaku,
CKOPOCTH, BBICOTBI U yIJla PbICKAHUS; by, Iy = T —
BpeMs Hayajla M KOHIIA Y4acTKa COOTBETCTBEHHO.

IlockonbKy B TECTOBOM 3amaye HCTUHHBIE
yIIpaBA€HMSI U3BECTHBI, OHHU UCIOJb30BAIUCH
B KayeCTBE OSTaJOHHBIX MJISI OLUEHKHM TOYHOCTH
MPEeAI0XKEHHOTO IIPSIMOro MeToa.

DTy Xe TeCTOBYIO 3aJadyy MOXHO PELIUTh Ha OC-
HOBE KJIACCMYECKOI TEOpUHU ONTHUMAJIbHOIO YIIpaB-
JIEHUSI, UCTONb3ysd Heobxomumoe yciosue (1.5) pa-
BEHCTBA HYJIIO MPOM3BOAHON (pyHKIIMK ['amMmuiabTOHA
no ynpapieHuto. IlpyHuMasi cucteMy ypaBHEHUI
(1.7)—(1.8) B xauecTBe MOAECAM OOBEKTa YympaBsJie-
HUSI, a YIJIBI TAHTaXa U KpeHa — B KayeCTBe yIpaB-
JISTIOIUX curHajos, ycioBue (1.5) MOXHO ympo-
CTUTb, YUYUTHIBAsI, YTO (PYHKIIMOHAT HE 3aBUCHUT
SIBHO OT ynpasiueHus. Toraa (1.5) mpuHuUMaeT BUI

Af, = 0. (1.10)

Omnpenenss nas cuctembl (1.7)—(1.8) yacTHbIE
MPOU3BOAHBIC MO0 BEKTOPY YIIPaBISIOUINX CUTHA-
JIOB aHAJIUTUYECKHU, TTOTYIUM

klful + }\‘quz + 7\‘3f\)3 + 7\‘4.}(‘04 = Oa
M) S+ 0 f) kg f) =0,

ra€ 4aCTHBIC IIPOU3BOAHLBIC 10 YIIPAaBJICHUIO
[ = 4@ sino()]sin[y(1)] +

+ %(sin[a(l‘)] cos[v(f)] -

— cos[a(?)]sin[v(t) ] cos[y(1)]);
1 = —g(cos[a(t)]cos[v(r)] +
+ sinfa(?)]sin[u(?)]cos[y()]);
f2 =V(t)(cos[a(r) | cos[u(r)] +
+ sinfa(?)]sin[v(¢) ] cos[y(?)]);
[ = =4 sin[o(0)]sin’[y(t)]
o.(0) sin[y(#)]sin[v(?)] .

cos’[u(r)]

(1.11)

1
cos|u(?)]
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[} = —o(@)sin[y(1)] - §i(r) cos[v(r) ] cos[y(r)] -

-~ & _cos[a(n)]cos[u(r)Isin[y(1)];

40)
[} = —gsin[a()]cos[v(n)]sin[y(1)];
[ =V(@sinfa(n)]cos[o(®)]sin[y(®)];

rh sin[y(1)]
;

= COS[W)]{D(O sin[y(#)] +

cos[y(n)]

+(r) cos[u(r) ] cos[y(1)]} - o (F) coso)]’

HamomHuM, 4TO coIpsikeHHasT BEKTOP-(yHK-
LI1SI B OOIIIEM cliy4yae HaxonuTcs u3 ypaBHeHUs (1.4):

A=A+ F, MT)=0.

I[TpumenutenbHo K moaenu (1.7)—(1.8) ¢ pyHk-
nuoHaaoM (1.9) BeKTOp-¢pYyHKINIO MOXHO 3allu-
caTh CIACAYIOLIUM 00pa3oM:

Ry = 2k () = 6(0)) = My ff = ha fi2 = Hs [
by = 2, (V(8) = V(1) =i fi} = Mo fiP = M3 s
by = 2ky(h(t) — h()) = 1o fy) = Mo S

by = 2k4(w(1) = 9(1)),

(1.12)

A NPpUHATHI 0003HaUeHU S

Flo_ gS 9cy  Px &
mV(t) oo mV(7) V(t)
X(cos[au?)]sin[v(#)] - sin[a(?)]cos[v(?)]cos[y(F)]);
f2 =220 PXGnta )+

m oo m
+ g(sinfou(?) ]sin[v(?)] +

+ cos[a(?)]cos[uv(#)]cos[y(1)]);

[ =V(#)(=sinfa(t)]sin[v(r)] -
—cos[a(?)[cos[v(?)]cos[y(1)]);

cosfa(?)] +

s P
= _g—mcye +F’;(t)sm[oc(t)] -
_sinfa()] 0Px g (sin[o(#)]sin[v(r)] +

mV(t) oV V@)
+cos[a(t)]cos[v(?)]cos[y()]);

b

2 8Px]

1

= E(—p V(H)Sc,, + cos[oc(t)]W
17 = cosla()]sin[u(r)] -
—sinfo(?)]cos[v(?)]cos[y(?)];

cer2 % +sinfa(?)]

3

P (15

1 &j
mV(H)\2

oh

1 1 2 5p oPx
2 =—(——Sc V<=Lt cos[a(t)]|—=|.
h m D) xe oh [ ( )] oh

ITony4yeHHBIE BBIpAaXXE€HUS MO3BOJSIOT PELINTH
3agady JlarpaHa Ha OCHOBE YCJIOBHMSI PaBEHCTBa
HYJII0 TIPOM3BOAHBIX (YHKLMM [aMHUIBTOHA IO
yIIpaBJIEHUIO.

CpaBHeHnue npssmMoro MeToja
¢ pemenuem 3aaaum Jlarpanxka
(orpaHuYeHHUs] HA yNpaBJieHHE OTCYTCTBYIOT)

I[IpoBeneM 1O TIOJNIyYEeHHBIM BBIIIE TECTOBBIM
JaHHBIM CpPaBHEHME PEIICHMW, ITOJYYSHHBIX IIpSI-
MBIM METOIOM U ITyTeM pellIeHMs 3aaaun Jlarpanxa
Ha OCHOBE YCJIOBUSI PAaBEHCTBA HYJIIO IIPOM3BOIHOMN
¢dyukuum I'amunabroHa mo ynpapiaeHuio. OueBua-
HO, YTO Ha T€CTOBBIX JAHHBIX TOYHOCTh PEIICHUN
JIOJKHA OBITH BBICOKOM, ITOCKOJIBKY MOIENIbh O0B-
eKTa M3BECTHA, IIIYMbl OTCYTCTBYIOT, a OOHO3HAY-
HOCTh OOECIIeUMBAETCSI TEOPEMOM O EIMHCTBEH-
HOCTW peUIeHWsT CUCTEMBl HEJIMHEeHHBIX mudde-
peHUMAaNbHBIX ypaBHeHMU [15]. Has 4yuciaeHHOM
mapaMeTpUIEeCKON OINTUMM3ALM HCIIOIb30BaJICs
MeTOJI pos yacTull. I'paHUIIBI O0acTeil moncka 3a-
JlaBaJId BO BCEM BO3MOXHOM IMalla30He 3HAYCHU,
T. €. £90° mns yria tanraxa, +180° ost yria Kpe-
Ha. Ha BpeMeHHOM uHTepBaje 36..40 ¢ 3amaBanu
PaBHOMEPHYIO CETKY C ILIEeCThIO y3naMu. Jpyrumu
cJIoBaMM, IJISI TIOJIyUY€HUs CILIAHOB, aIllIPOKCH-
MUPYIOIINX IBa YIPaBISIOIINX CUTHANA, TpeOoBa-
JIOCh HATH 24 mapameTpa (3HaYEHUS yIIpaBJICHUMN
1 UX TIPOU3BOMHBIX B Y3J1aX CIIJIaiiHOB).

Pe3ynbrarsl oJ1s1 IpsSIMOTO METOIA IPEACTABIICHBI
Ha puc. 1 u 2. CornacHo puc. 1 cTereHb COBITaACHM S
10 BBIXOMHBIM CUTHAJIAM SIBJISIETCSI OYEHBb BBICOKOIA,
BILJIOTH 0 BU3yaJIbHOI HEPa3IUYMMOCTH.

TOYHOCTH COOTBETCTBUS OLIEHOK BXOIHBIX CUT-
HaJIOB, 3aJaHHBIX IIPM MOICIMPOBAHUU, TaKXKe
BecbMa BbIcoKasi (puc. 2). OCOOeHHO 3TO 3aMETHO
B KaHaJjle yIjla TaHraxa W, B MEHBIICH CTEICHW,
B KaHaJjie KpeHa. DTUM ITOATBEPKAAETCS CIIOCO0-
HOCTbH aJITOpUTMa HaXOAUTh KAaUeCTBEHHYIO OIICH-
KY BXOOHBIX CUTHAJOB (PAaKTUUECKM IIPU OTCYT-
CTBUHM HavyaJbHBIX IMPUOIMKECHUIA.

Paccmorpum Teneps pelueHue 3agauu JlarpaH-
2Ka U1 3TUX Xe TECTOBBIX JaHHBIX. QYeBUIHO, YTO
YCJIOBME TOYHOI'O PaBEHCTBA HYIIO IIPOM3BOIHBIX
¢dyHkuum 'aMuIBTOHA TI0 YIIPABJICHMUIO B CIydae
YHUCJICHHOI'O pelllieHNsT HeBHIIToJHUMO. [loaTomy Ha
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Puc. 1. CpaBHeHHe HMCXOAHBIX BBIXOIHBIX CHTHAJIOB (CIJIOIIHAS JUHHUSA) U
BBIXOAHBIX CHIHAJIOB, MOJYYEHHBIX C MOMOMIbIO MPSAMOro MeTona (ITpH-
XOBasi JIHHHASA)

Fig. 1. Fitting of the targeted output signals (solid line) and output signals

o

sgég_o'sssg-c

g?‘

2

2

Puc. 2. CpaBHeHHe 3aJaHHBIX BXOJHbIX CHTHAJIOB (CILIOII-
Has JIMHAS) C CHTHAJIAMH, NMOJYYEHHBIMH MPSAMBIM METOIOM
(mITpuxoBasi IMHNUSA)

Fig. 2. Fitting of known test input signals (solid line) and

obtained using the direct method (dash line)

paccMaTpyMBaeMOM Y4YacTKe CJIEAYeT BBECTU HEKO-
TOPYIO Mepy OJIM30CTY MPOM3BOAHBIX K HYJIIO, Ha-
MpUMep, B3BEIIIEHHYIO CyMMY KBaJpaTOB MPOU3BO-
JHBIX BO BCE TMCKPETHBIE MOMEHTHI BpeMeHU. Tor-
Jla MOXHO COCTaBUTb CJEAYIOLINIA HDYyHKIIMOHAI:

2

OHE | @
ou, .

2
N
Jouy =S | K 2

+k,
i=0 ou, ‘

rne ky, k, — BecoBble KOI(MOULUUEHTHI;, U; = v,
U, = y — YDJIbl TaHraxa M KpeHa, BbIOpaHHbBIE
B Ka4eCTBE CUTHAJIOB yNpaBJIECHUS; Iy, ty = T —
BpeMs Hayajia U KOHLA y4acTKa COOTBETCTBEHHO.

signals obtained using the direct method (dash line)

OlLleHKM ONTUMAJbHBIX YIPaBICHUH, Kak U
B MpeabIAyIIeM ciydae, uileM B hopMe DpMUTOBA
CIIaiiHa TPEThEero MopsaKa, M YMCICHHOW OIl-
TUMM3AIMU TaKXKe UCIIONb3yeM METON pOs YacTHIL
MpU TeX Xe rpaHuIax 00JacT BO3MOXHBIX 3Haue-
Huii. OTIMYKe OT MPeabIAYIIero ciaydyas B TOM, YTO
BMecTO ¢yHKIMoHana (1.9) mpssMoro MeToga MUHU-
MusupyeM ¢yHKIoHan (4.1), COOTBETCTBYIOLLIMI
HeoOxommMmomy ycinoBuio (1.5) B 3amaue Jlarpanxa.

Pesynbrarsl peacrasieHbl Ha puc. 3 u 4. Cre-
MeHb COOTBETCTBMSI AOCTATOYHO XOpPOIasi, OCO-
OEHHO MO BBIXOAHBIM CUTHaJlaM, HO HECKOJbKO
HUXeE, YeM B MpPeabIAYyIIeM caydae.
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Puc. 3. CpaBHeHHe MCXOAHBIX BBIXOAHBIX CHTHAJIOB (CIJIOUIHAS JUHUSA) M
BBIXOJHbIX CHTHAJIOB, MOJYYEHHbIX HA OCHOBE PABEHCTBA HYJI0 NMPOM3BO-
nHbIX ¢ynknun Famuasrona (mrpuxosasi nunus), pynkuuonan (4.1)

Fig. 3. Fitting of the targeted output signals (solid line) and output signals
obtained using the partial control derivatives of the Hamilton function (dash
line), functional (4.1)

Puc. 4. CpaBHenue 3aJaHHBIX BXOJHBIX CUTHAJIOB (CILIONI-
Hasi JIMHMA) C CHUIHAJAMH, WOJYYEHHBIMH HAa OCHOBE
PaBEeHCTBA HYII0 Npou3BoAHbIX ¢(yHkuunm TIamuibToHA
(mrpuxoBas auans), pyakauonan (4.1)

Fig. 4. Fitting of known test input signals (solid line) and
signals obtained using the partial control derivatives of the
Hamilton function (dash line), functional (4.1)
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Puc. 5. CpaBHeHHe MCXOAHBIX BBIXOAHBIX CHTHAJIOB (CIJIOUIHAS JUHHUSA) M
BBIXOJHbIX CHTHAJIOB, MOJYYEHHBIX MPAMBIM METOAOM (IUTPUXOBAS JHHHA)

Fig. 5. Fitting of the targeted output signals (solid line) and output signals

obtained using the direct method (dash line)

BrInoTHEeHHBI YMCJIEHHBIN 3KCIIEPMMEHT TaK-
JKe TIoKa3aJl, YTO aJITOPUTM, MCIOJbL3YIOLIMM yC-
JIOBUE paBEHCTBA HYJIIO ITPOM3BOAHBLIX (DYHKIIWN
l'amunpeToHa, MMeeT GoJiee BHICOKYIO YYBCTBUTEb-
HOCTbh K IITUPUHE 00JIACTH TTOMCKA. DTO MOXKHO 3a-
METUTh, €CJIM CY3UTh 00JIACTh ITOMCKa, HaIlpuMep,
1o 120 % or 3HaYeHUil MCTUHHBIX 3HAYEHU Ma-
pametpoB. Toraa ymaeTcs 3HaYMTENLHO YIYyUYIIUTh
pelieHune, XOoTs OHO BCE PAaBHO YCTYITaeT IIPSIMOMY
meTony ¢ pyHKuuoHaiaoMm (1.9) ¢ Gojee MMpPOKOMH
HavYaJbHOM 00JIACTBHIO MTOMCKA.

CpaBHeHHe NpAMOro MeToJa
¢ pemenunem 3ajaaun Jlarpanxka
npua HAJTUIHUHA orpalmqelmﬁ Ha ynpaBJiCcHUE

B paccMoTpeHHOM BbIllle MpUMeEpe yIpaBisio-
1IMEe CUTHAJIbl HEe MPUOJUKAIOTCSI K CBOMM Mpe-
JETbHBIM 3HAUEHUSM, MOITOMY C TIOJIHBIM OCHO-
BaHMEM 3TOT MPUMEP OTHOCUTCS K CJIydyaro yrpaB-
JeHus 0e3 orpaHMYeHUi. DTOMY COOTBETCTBYET
3agava Jlarpanxa B moctaHoBke (1.1)—(1.2). Ilpu
HaJWM4YMUW OTpaHUYEHU I Ha yIIpaBJeHUE Kjaccuye-
ckas Teopus [15] pekoMeHayeT NpUMEHSTh TIPUH-
LI MakcuMyMa, rae (pyHKIIMOHAJ OMpenessieTcs
BeipaxkeHueM (1.6). B Hamiem riccienoBaHny 3amadya
peliaeTcs YMCIeHHO, TTIOATOMY HUYTO HE TMpensT-
CTBYET MPUMEHUTH JBa PACCMOTPEHHBIX BbIIIE Me-
TO/AA AJis MOUCKA YIPaBICHUs C OTPaHUYCHUSIMMU.

Hrak, Ha mpumMepe 3aja4yu ¢ OrpaHUYCHUSIMU
BBITIOJTHUM CpPaBHEHWE TpPeX METOMOB: MPSIMOI0
METOJa, PEUIEHUs] Ha OCHOBE DPABEHCTBA HYJIIO
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Puc. 6. CpapHeHHe 3aJaHHBIX BXOJHbIX CUTHAJIOB (CILIONI-
Hasl JMHNUSA) C CHTHAJAMH, MOJTYYEeHHBIMH NPAMBIM METOIOM
(mTpUXoBas IMHMS)

Fig. 6. Fitting of known test input signals (solid line) and
signals obtained using the direct method (dash line)

MPOU3BOAHBIX GYHKIMM [aMUIIbTOHA U pelleHne
MO MPUHIMIY MAaKCUMyMa, T. €. IO YCJIOBUIO MaK-
cumyMma ¢yukuum [amunbsrona (1.6). Ilepedop-
MYJMPYEM MCXOAHBIA MPUMEpP TakK, YTOOBI MCKO-
MbI€ yIIPABJSIOINE CUTHAIBI JOCTUTAJIN OTPAHU-
yeHHnii. 11 aTOro BBemeM orpaHmdeHue +40° 1o
yriy TaHraxa u £90° mo yriay KpeHa.

[ToBTOpMM UYMCIEHHBIE 3KCIIEPUMEHTHI, TPOBE-
JEHHbIe B pazaese 3, ¢ y4eTOM TOTO, YTO yIIpaBJIsi-
IOII[1I€ CUTHAJIbl HE MOT'YT BBIXOAUTH 32 YKa3aHHbBIC
BBIIIIE TTpenesbl. Kak MOXXHO BUIETh Ha pucC. 5 1 6,
MMPUMEHEHNE TIPSIMOr0 MeToAa ¢ (QYHKIIMOHAJIOM
(1.9) mo3BOJISIET TOOUTHCS TAKOU K€ BEICOKOM CTe-
MeHW COOTBETCTBUS IO BXOAHBIM M BBIXOAHBIM
CUTHajlaM, KaK MW B TMepBOHAYaJbHOM BKCHEpU-
MeHTe (cM. puc. 1 u 2).

HMcnonb3oBaHue (pyHKIIMOHAMa OT IPOU3BO-
OHBIX (QyHKOUWA [aMuUJIbTOHA MO YIpPaBICHUIO
4.1) (puc. 7 u 8) NpUBOAUT K pe3yabraraM, OJIu3-
KMM K MOJy4YeHHBIM paHee (cM. puc. 3 u 4). Tou-
HOCTb OIIEHOK, KaK W B cly4yae 0e€3 OrpaHUYECHUM,
SIBJISIETCS TOCTAaTOYHO BBICOKOU, XOTS HECKOJIBKO
YCTYIaeT IPSIMOMY METOMY.

IIpumMeHeHUe MPUHIUNIA MAKCUMYMA

1T  4uCIEHHOTro HAXOXICHUS MaKCUMyMa
¢dyskuun IamuiasToHa ycioBue (1.6) HeoOXOoUMO
KOHKpeTu3npoBath. [Ipennoxum cienyommii noa-
xon. IlycTs Ha KakOM-JIOO 3Tare paboThI AaJITOPUT-
Ma YHCJICHHOW ONTUMM3ALUM ToxydyeHo M Bapu-
AaHTOB YIpaBJICHUS, KaXJIOMY U3 HUX COOTBETCTBY-
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Puc. 7. CpaBHeHHE MCXOAHBIX BBIXOAHBIX CHIHAJOB (CIUIOINHAS JIMHHS)
C CHrHAJIAMH, TOJYYeHHHIMH HA OCHOBE PABEHCTBA HYJI0 NMPOU3BOIHBIX

¢ynknun F'amuasrona (mrpuxosas Junus), pynkuuonan (4.1)

Fig. 7. Fitting of the targeted output signals (solid line) and output signals
obtained using the partial control derivatives of the Hamilton function (dash

line), functional (4.1)

er cBost ¢yHkuus lamwuinsrona H,(¢;),i=1,M,
BBIUMCIIEHHAs 111 N IUCKPETHBIX MOMEHTOB Bpe-
MeHu #;,j=1,N. Cpenn 3Tux QyHKUUN MaKcH-
MaJILHOM Oy/ieM CUYUTATh TaKYI0, KOTOpasl B KaXKIbIi
MOMEHT BPEMEHU f; WU B OOJIBIINHCTBE TAKMX MO-
MEHTOB IIPEBOCXOAUT BCe OCTajibHbIE. PaccMoTpuM
MOMEHT [MCKPETHOIO BPEMEHU f;, IJIsi KOTOPOro
ornpeneneHo M 3HayeHuit ¢yHKuMu I'amMuiabTOHA.

Kaxmomy u3 3THUX 3HaYeHMii TIPUCBOMM PaHT 7}
0 CJICAYIOIIEMY MPaBUIY: MaKCUMaJIbHOMY 3Have-
HUIO COOTBETCTBYET paHT, paBHBIN 1, cliemylomeMy

Puc. 8. CpaBHeHme 3aJaHHBIX BXOJHBIX CHTHAJIOB
(CcnyIomHAS JIMHUA) C CUTHAJAMH, NOJYYeHHBIMH HA OCHO-
BE PABEHCTBA HYJI0 NPOM3BOAHBIX (yHKnun IamMuabToHA
(mTpuxoBas JuHusA), Gpynkuuonan (4.1)

Fig. 8. Fitting of known test input signals (solid line) and
signals obtained using the partial control derivatives of the
Hamilton function (dash line), functional (4.1)

3a HUM — paHr 2 u T. A. Torma Kaxmoil (OyHKIUN
Hi(#) v KaxI0My YIPABJICHUIO U; MOXXHO MOCTABUTh
B COOTBETCTBHE OOOOILIEHHBIN PaHT, BEIYUCISICMbII
o popmyiie

N 2
i
j=1
INosicHum cMBIca 06o61ieHHoro panra (6.1).
[lycTh 111 HEKOTOpOro ympasieHUsl u; QyHKUUS
T'amMuabTOHA ABISIETCS HAUOOJMBIIEN BO BCEX TOUKAX,
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Puc. 9. CpaBHeHMe HMCXOIHBIX BBIXOJIHBIX CHIHAJIOB (CILUIOMIHAS JIHHHA)
C CHrHAJaMH, MOJYYEHHBIMH C NOMOMIbIO AJrOPUTMA, OCHOBAHHOIO Ha
Makcumyme ¢pynknun Famuibrona (mrpuxoBas Junus), pyHkmuona (6.1)
Fig. 9. Fitting of the targeted output signals (solid line) and output signals
obtained using an algorithm based on Hamilton function maximum (dash

line), functional (6.1)

Puc. 10. CpasHeHme 3aJaHHBIX BXOAHBIX CHTHAJIOB
(CnjIomHAsA JUHUA) C CHTHAJIAMH, NMOJYYEHHBIMH C TIOMO-
HbI0 AJITOPHTMA, OCHOBAHHOTO HAa MakcuMyme (GYHKUHMH
lFamunbrona (TpuxoBas JuHusA), pyHknmonasu (6.1)

Fig. 10. Fitting of known test input signals (solid line)
and output signals obtained using an algorithm based on
Hamilton function maximum (dash line), functional (6.1)
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T. €. B KaXJ10i Touke umeeT paHr 1. Torga o60011eH-
HBIN paHT (6.1) paBeH HYJTIO 1 UMeeT MUHUMAaJIbHOE
BO3MOXXHOE 3HaUe€HUE. DTO MO3BOJISIET CBECTH 3a/a-
Yy IOMCKa MaKCUMaJbHOW (yHKIMU [aMuibTOHA
K 3aJa4e MUHMUMM3aUKU PyHKIMoHaa (6.1).
Pe3ynpraTel 00pabOTKM TECTOBOTO TIpUMEpPA, TO-
JydYeHHBbIe TIPY OTPaHMYEHMSX Ha 3HAYCHUs Tapa-
MeTpoB 120 %, npencrasiensl Ha puc. 9 u 10. Ot-
METUM, 4YTO MpM IIMPOKOW obmactu moucka (£90°
o TaHraxy, 180° 1o KpeHy) CXOAMMOCTh aJITOPUT-
Ma K WCTUHHBIM 3HAUYeHUSIM He OOeCIeurBaeTCsl.
N3 puc. 9 u 10 BUgHO, 4TO MOTYyYeHHAs] TOYHOCTD
10 BBIXOMHBIM M BXOJHBIM CUTHAJIaM IIPUMEPHO CO-
OTBETCTBYET PACCMOTPEHHBIM BBIIIE pe3yJibTaTaM
MpsiMoro Merona (cM. puc. 5 u 6) U MeTona, OCHO-
BaHHOTO Ha MPOM3BOAHBIX (yHKIMU [amMuiIBTOHA
(cM. puc. 7 u 8), XOTSI M1 HECKOJILKO UM YCTYIIaeT.

3akiao4eHue

B pabote mpenyioxkeH IpsiMOl METOI HAXOXKIE-
HUSI ONTHUMAJILHOTO MPOrPaMMHOIO YIIPABICHUS,
OCHOBAaHHBIII Ha IlapaMeTpu3alliy YIIpaBsIolie-
ro CHUrHaja M HEMNOCPEeICTBEHHOH MMHUMU3AIIUU
(byHKIIMOHAJIAa C TIOMOIIbBIO ITOIYISLIMOHHOIO ajJIro-
putMma. PaboTocrmocoOHOCTh METOJA MOATBEPKICHA
10 TaHHBIM MaTeMaTU4YeCKOro MOAEIMPOBaHMSI.

B pabote Takxke Ha mpuUMepe TECTOBOH 3ama-
YY, OMUCHIBAIOLIECH IIPOCTPAHCTBEHHOE NBUXEHUE
MaHEBPEHHOTI'O caMoJjieTa, IIPOBOIUTCS CpaBHEHUE
MNPSIMOTO METOJAa C ABYMSI KJIACCUUYECKUMMU pellie-
HMSIMM, OCHOBAaHHBIMM Ha YCJOBUM PaBEHCTBA
HYJI0O TPOM3BOAHBIX (PYHKUMM [aMuIBTOHA TIO
yIIpaBJAE€HMIO U Ha YCJIOBUU MaKCUMyMa QYHKILIUA
lamunabproHa mo ympaBieHUIO (IPUHLUMI MaKCHU-
MyMa). B pamkax pacCMOTpeHHOro mpuMepa Bce
METOAbl MPOAEMOHCTPUPOBATIN COIOCTaBUMBIE
pe3yabprathl. IIpn 3TOM TOYHOCTH KJIaCCHMUYECKMX
aJITOPUTMOB OKa3ajach HE3HAYUTEJIbHO XYXKe,
M OHM IIoKa3aju 0ojiee BBICOKYIO UyBCTBUTEJb-
HOCTb K Ka4eCTBY HayaJIbHOTO IPUOIMXKEHU .

Takxum o6pa3oM, IMpakKTUUYECKOe 3HAaYeHUE I10-
JIYUEHHBIX pe3yJbTaTOB COCTOMUT B TOM, 4YTO IIO
CPaBHEHMIO C KJIaCCUYECKUMU aJIropuTMaMu MpU-
MEHEHHUEe IPSIMOIro MeToda CYILIeCTBEHHO IIpolle,
o KpailHeill Mmepe, IJIs1 pacCMOTPEHHOrO KJjacca
3aJa4 yIpaBjieHUsS MaHEBPEHHBLIM JeTaTeJIbHbIM
anmapaToM, Korjua yIIpaBJeHUs SIBISIIOTCS HOCTa-
TOYHO INIaAKMMU (PYHKIMSIMM, a IIpaBble 4acTU
I depeHInaabHBIX YpaBHEHU 00BbeKTa Herpe-
PBIBHBI 1 MMEIOT HENpepbIBHBIE IEPBbIe IPOMU3-
BomHble. IIpaBOMEPHOCTH 3TOro yTBEPKACHUS

MOATBEPXKIAACTCS, HANpUMEp, MPEACTaBJICHHBIMU
BbILLIE TPOMO3AKMMU MaTeMaTUUYECKUMHU BbIKJIad-
KaMM, HEOOXOOMMBIMU Jisl BBIYKUCICHUSI COIPSI-
KEHHOM BEKTOP-(PYHKIHUU, €€ MPOU3BOAHBIX M
¢dyukuum lamuiaproHa. B mpsmom metome BBI-
MOJHSTh 3TU BBIYMCICHUS HE TpedyeTcs.
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Abstract

The article deals with the problem of program control design for a dynamic object defined by a nonlinear system of differ-
ential equations. Known methods of optimal control require the two-point boundary value problem solution, which in general
is coupled with fundamental difficulties. Therefore, this paper proposes a technique that uses the direct method, in which the
functional is minimized directly using a population-based algorithm. The use of direct methods is based on the assumption
that control signals may be defined by a finite set of parameters. Then a scalar functional is formed, the numerical value of
which measures the quality of the obtained solutions. In this case, the search for optimal control is reduced to the problem of
single-criterion multi-parameter optimization. The practical importance of this approach is that it eliminates the need to solve
a two-point boundary value problem. However, this results in another difficulty, since the approximation of control, in general,
requires a large number of parameters. It is known that in this case, the effectiveness of conventional gradient numerical op-
timization methods decreases markedly. Therefore, it is proposed to take the next step and apply genetic or population-based
optimization algorithms that have confirmed their performance in solving this class of problems. For this purpose the paper
uses one of the modifications of the particle swarm algorithm. The technique is applied to a test problem describing the spatial
movement of a maneuverable aircraft. The direct method is compared with two classical solutions based on the condition
that the partial control derivatives of the Hamilton function are equal to zero and with the condition of Hamilton function
maximum over controls (Pontryagin’s maximum principle). The presented results show the high degree of similarity between
obtained controls for all considered methods of selecting the target functional. At the same time, the accuracy of classical
algorithms turns out to be slightly worse, and they show a higher sensitivity fo the quality of the initial approximation. Thus,
the obtained results confirm the approximate equivalence of the direct method and the classical methods of program control
design, at least for the class of problems under consideration. The practical significance of this research is that the use of the
direct method is much simpler than solving a two-point boundary value problem necessary for classical algorithms.

Keywords: optimal program control, two-point boundary value problem, Pontryagin’s maximum principle, population-

based numerical optimization algorithm.
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YnpaBneHne n3dbITOYHOCTLIO BbIYUCIIUTENBbHBLIX pecypcoB
MHTErpupoBaHHOU MOAYTbHON aBUOHUKU

Paccmampusaromes cmpykmypa u areopumm ynpasieHus pasHopooHOU U30blmMoYHOCMbIO GbIYUCAUMENbHOU cUCmeMbl nep-
CHeKMUBHOU UHMe2PUPOBAHHOU MOOYAbHOU A8UOHUKU. BoiuucaumenvHoie pecypcol cucmemvl UHMe2pUpPOBAHHOU MOOYAbHOU A8U-
OHUKU 6 o0wem cayuae npedCmagastomcs HeoOHOPOOHbIMU GLIMUCAUMENbHVIMU CUCMEMAMU, UCHOAb3YeMbIMU 041 00pabomku
uHpopmayuu 6 cocmage 60pmMoOGOU UHMESPUPOBAHHOU GbIYUCAUMENbHOU cpedbl. OCHO8Y HEOOHOPOOHbBIX GbIMUCAUMENbHBIX CUCHEM
COCMagAsom NPOUeccOpHble Y3abl, U30bIMOYHOCHb BbIYUCAUMENbHBIX CUCHEM 3aKA4aAemcs 6 MOM, YMmo YUCA0 Npoueccop-
HbIX Y3108 60abuie edunuybl. Cmasumcesa 3adaua cunmesa makoil 6bI4UCAUMENbHOU CUCMEMbl, 8 KOMOPOU 0CYUeCmeasnocy bl
agmomamuueckoe ynpasienue u30blMoOYHbIMU GLIYUCAUMENbHVIMU PECYPCAMU 3a CHem UCHOAb308AHUS COOCMBEEHHBIX 603MOMIC-
Hocmell NPOUECCOPHBIX Y3408 U Oe3 UCNO0Ab306AHUS 0ONOAHUMENbHbIX annapamusix pecypcos. Cuumaemcs, Ymo u30bimo4Has
BHIYUCAUMENbHASA CUCIEMA 8bINOAHAEM CO0ePICAmenbHble BbIYUCACHUS PeulaeMOl 3a0auU HeCKOAbKUMU NPOUECCOPHBIMU Y3AaMU
napaaneavHo. Bce codepicamenvHble @viuucAeHUS NO KAKUM-AUOO NPUSHAKAM U3HAYAALHO pA30umel HA OMHOCUMENbHO He-
npodoadcumenvHble IMansl, npedocmasisioujue 603MONCHOCMb OUeHUBAHUS IPpekmusHoCmU 3a6epuleHUs Kaxc0020 U3 HUX.
B ocHoge ynpasaenus uzbbimouHOCMbI0 6bIMUCAUMENbHOU CUCTEMbL Aedcam nepuodutecKoe 8biuUcieHue U cpagHenue noKasa-
meaeil ycnewnocmu smana. [lonapHeili apoumpadc npoueccopHyixX Y3108 OCYUW,eCMEASeMCs N0 UePaApXU4ecKol cxeme nymem
CONOCMAaeaeHUs 3Ha4eHull nokazamenel ycneuwHocmu 00HouMeHHbiX 3manog. Tlocaedyrwujas pexongueypayus blMucAumensHol
cucmembl gvloensiem NACCUBHbIe U gedyujiie NPOUECCOPHble Y34bl 8 NAPAX 8ceX YPOGHell uepapxuieckoi cxemol. Omka3z naccue-
H020 NPOUECCOPHO20 Y31a HUKAK He CKA3blaemcs Ha @blNOAHEHUU 0CHOBHO20 yukaa. Omkas eedyujeco npoueccopHoo y3na He
ebi3bl6ACM nepeboes 6 gvidaye pe3yabmamos blMUCAeHUI, HO pa3pyuaem cmpyKmypy pe3epeos, Komopas 60CCMaHaeAUu8aemcs
nocae nposedenus apbumpaica 6 caedyoujem yukie. Omkas edyw,eco NPOYECCOPHO20 Y34a ePXHE20 YPOBHA NPUBOOUM K COOHO
6b610a4U 8bIXOOHBIX OAHHbIX 8 MEKYUeM YUKAe, 8bIYUCAUMENbHbII NPOUECC 0CCMAHABAUBACMCS 6Mecme ¢ HOBOU uepapxueil 6bl-
YucAUMeNbHoOU cucmembl 6 caedyrouem yuxae. Ilpedrazaemoe pewenue HanpagiIeHo Ha NApUPOBAHUe KAK OMKA308 ANNAPAMHOU
uacmu, mak u HenpaguAbHo20 YYHKUYUOHUPOBAHUS NPOSPAMMHO20 00ecneuerus. TIpusodumes memoduueckuii npumep Ha OCHOGe
BHIMUCAUMENbHOU CUCHEMbL COBDEMEHHO20 KOMNACKCA 00pM06020 000py008aHUS CAMOAeMA MPAHCROPMHOL Kame2opull.

Karoueevie caoea: xomniexc 60pmo6o2o 060py008anus, UHMe2PUPOBAHHAA MOOYAbHASA ABUOHUKA, YAPABACHUE U30bIMOY -

HBIMU pecypcamu

Beenenne

NHTerpupoBaHHOM MOAYJILHOW aBUOHUKE B 3a-
Jadax MOCTPOEHUS KOMIIJIEKCOB OOPTOBOro 000py-
JOBaHUSI aBUALIMOHHBIX cucTeM [1, 2] HeT anbTep-
HaTWBbI. B HacTosiiee BpemMsi yCUIMs OTeYeCTBEH-
HBIX M 3apyOeXHBIX CMNeIUaIuCTOB B 00JaCTH
aBMAIIMOHHOTO O0OPYIOBAaHUSI COCPENOTOYEHBI Ha
pPa3sBUTHUM Pa3JIMUYHBIX €€ CTOPOH IYyTeM peayu-
3allMU TOTEHIMAJIbHBIX BO3MOXHOCTE COOTBET-
CTBYIOIIIE KOHLEMIUU.

OnHO M3 aKTyaJbHBIX HAIpaBJIEHUIN CBSI3aHO
C TIOBBIIIIEHUEM YCTOMYMBOCTY aBUOHUKH K OTKa-
3aM M TIOBPEXJCHMUSIM OTIAEIbHBIX €€ KOMITOHEH-
ToB [3—5]. K HEMy HemocpeACTBEHHO PUMBIKAET
JOCTUXKEHME TaK Ha3blBaeMOW HeoOCIyXXMBaeMo-
CTU OGOPTOBOTO OOOPYAOBAHUS, MPU KOTOPOM KakK

MOHUTOPUHT TEXHUYECKOTO COCTOSTHUS KOMIIO-
HEHTOB M CHCTEMBI B I1I€JIOM, TaK U BOCCTaHOB-
JiIeHue paboTOCIIOCOOHOCTU TPU HEOOXOAMMOCTU
[6, 7], a BO3MOXHO, ¥ ONTUMU3ALAS TEXHUYECKUX
XapaKTepUCTUK B CJIOXMBILIelcsT oOcTaHOBKe [§]
BBITIOJTHSTIOTCS aBTOMaTHYeCKU, 0€3 y4acThusl SKH-
rmaxka ¥ TeXHWYEeCKOro IepcoHalia.

M3BecTHBIN nToaxoa [9] moTeHIMaabHO Mpeao-
CTaBJgET BO3MOXHOCTh NapHMpOBaHUS HeOIaro-
MIPUSITHBIX TMOCJIEICTBUI cOOEB M YaCTUYHBIX OT-
Ka30B IIPOIECCOPOB, OJHAKO €ro MHpakTHUYecKoe
IMpUMEHEHNEe OTpaHWYEHO XECTKUMHU CTPYKTYp-
HBIMM TpeOOBaHUSAMHU KaK K coaepkaHWIO 00-
pabarbiBaeMoOii WH(pOpPMAIIMU, TaK U K XapaKTepy
HeOJIaronpusTHBIX BO3IENCTBHIA.

Hpyroii Togxon K TIOBBIIIEHWIO HAaIeXHO-
CTM M JOCTOBEPHOCTH OOpPabOTKM KPUTHYECKUX
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(GyHKIOMI OTKAa30yCTOMYMBOM BBIYMCIUTEIHLHON

cuctembl [10] 3akao9aeTcd B MHOTOKPAaTHOM HX

pe3epBUPOBAHUHU, MPU KOTOPOM IPOLECC YHpaB-

JIeHUSI U30bITOYHOCTBIO M BBIYMCIUTENbHBIN MPO-

Lecc pas3aesieHbl B LIMKJIE peaJbHOro BpEMEHU U

YacTUYHO annapaTHLIMU cpeAcTBaMU. B KauecTBe

pE3EPBUPYEMBIX €IWHUL BBIYMCIMUTENST BbIACIIS-

I0TCS TaK Ha3bIBA€MbI€ BHIYMCIUTEIbHBIE TPAKTHI,

COCTOSIILIME M3 HEPa3pbIBHO CBSI3aHHBIX LIEMOYEK

BXOTHOTO MHTepdeiica, mpoleccopa M BBIXOTHO-

ro uHrepdeiica. B KkaxXmoM u3 BEIYMCIUTEIBHBIX

TPaKTOB MPOBOAMTCS Ma>KOpPUTApHOE CpaBHEHUE

CUTHAJIOB, NPOIUEAIINX Yepe3 Kaxablid TpakT. He-

OAHO3HAYHOCTb Ma>KOPUTAPHOI'O CPAaBHEHUS CUT-

HaJIOB B PAa3JMYHBIX TpaKTaX YCTPaHSIOT MaXoO-

PUTApPHBIM COITOCTABJICHUEM PE3YJbTATOB CpaBHE-

HUS CUTHAJIOB. JIOCTOBEPHOCTh MaXXOPUTAPHOTO

KOHTpPOJISI CUTHAJIOB JOCTUTaeTCsd ITyTeM CTaTH-

CTUYECKOM 00pabOTKM CIydaifHOro IIpoliecca M3-

MEHEHM I KPUTUYECKOro IapaMeTpa, BbIYMCICHU S

OCTaTOYHOW MOUCIEPCUM MU €€ MaXOPUTApHOIro

CpaBHEHMUS.

K HegocTaTkaM TaKoro moaxoga OTHOCSITCS:

e Hu3Kasg 3POEKTUBHOCTH MaXXKOPUTAPHOTO CpaB-
HEHMsI CUTHAJIOB MPU HEOAHOPOAHOM M30BITOU-
HOCTHU BBIYMCIUTEIbHBIX CPEICTB;

* 3aBeJOMOE 3aBblllIEHUE OOBEMOB IOTPEOHO-
r0 pe3epBUPOBAHUSI M3-3a OOBEOIMHEHMS He-
CKOJIbKMX anmnapaTHbIX KOMIIOHEHTOB B OAHY
Hepa3pbIBHYIO €IMHULLY;

* CJIMIIKOM BBICOKMII O00BbEM BBIYMCICHUIA, CBSI-
3aHHBIX C MHOTOYPOBHEBBIM MaxXXOPUTAPHBIM
KOHTPOJIEM B COYETAHUU CO CTATUCTUYECKOI
00pabOTKOM CUTHAJIOB TPAKTOB;

* CJIOXXHOCTb CaMOI0 YCTpOMCTBa, UTO BMECTE
C OTCYTCTBUEM y HEro BCTPOEHHOI'O CaMOKOH-
TPOJSI CHUXKAET HaJAEXKHOCTb TOCTUXEHUS CO-
OTBETCTBYIOIIETO TEXHUYeCKOTro 3P deKTa.

ITocTanoBka 3amauu

IIpeactaBuM BBIYMCIUTENbHBIE PECYpPChl CU-
CTEMbl MHTETPUPOBAHHOM MOIYJIbHOM aBUOHUKU
(UMA) B oOuiemM ciydyae HEONHOPOAHBIMU BbI-
yucauTeNbHbIMU cucteMaMu (BuruC), ucmoib-
3yeMbIMU 1JI1 00paboTKu uHpopmauuu (coop,
nojy4yeHue, aHaJIU3, nepegadya MHQopMalliu, BbI-
paboTka yNpaBisSIONIMX BO3ASUCTBUI, KOMaH]I
WHAMKAILIMM) B COCTaBe OOPTOBOI MHTETrpUpPOBaH-
Hoit BelumcautenabHoil cpenbl (BMBC). OcHoBy
BeiuC coctaBistioT mpoueccopHble y3iabl (ITY),
KaXX b U3 KOTOPBIX COCTOUT U3 OIHOTrO IIPOLEC-

copa, YCTPOMCTB MaMsITHU U OOeCIeunBalouieii nx
pabOTy COBOKYITHOCTH JIPYTHUX DJIEMEHTOB.
H36pTouHOCTh BEIUC 3aKaroyaeTcss B TOM, UTO
yuciio 1Y O6onbine enmaunel. [lpn aToM pazand-
Hble [TY nnum nx yacTtu, a Takke COOTBETCTBYIOLIUE
IIPOrpaMMHBIC KOMIIOHEHTHI MOTYT OBITH CO3IaHbI
pa3InYHBIMHU pa3pabOTYMKAMU U/UIU C UCIIOJb-
30BaHMeM pa3M4YHBIX TexHonoruii. Cammu BeruC
MOTYT OBITh JIMOO CKOHLEHTPUPOBAHBI B KpeEii-
Tax MO aHAJOTMHU C "KJIACCMUYECKOH" CTPYKTypOM
HUMA, nnbo pacnpeneneHbl 10 (PYHKIIMOHAIL-
HBIM CHUCTEMaM U IIPOCTPAHCTBEHHO 000COOJICHBEI.
CraButca 3amada cuHTe3a Takoii BeruC, B KO-
TOPOM  OCYIIECTBISIJIOCH OBl aBTOMAaTHMYECKOE
yIIpaBJIeHUE W30BITOYHBIMUA BBIYMCINTEILHBIMU
pecypcamu (padoroii I1Y) 3a cueT ncnoib30BaHUS
coOCTBEHHBIX BO3MOXHOCTeil I1Y u 6e3 mcrosib-
30BaHUS JOMOJHUTEIBHBIX allllapaTHBIX PECYpPCOB.

CtpyKTypa H30bITOYHBIX
BBIYHCJINTEIbHBIX PECYPCOB

BbyneM ncxonuts u3 Toro, 4to n3dosiTouHass BeraC
BBITIOJIHSIET COJEPXKATEIbHbIC BBIYMCICHUS pellae-
Moii 3amaun HeckoJbkuMu ITY mapannenbHo.

[IpyHLUUNIMANBLHBIM SIBASIETCS TO, YTO BCE CO-
JepXKaTeJIbHbIe BEIYUCICHUS 110 KAKUM-TMO0 IpHU-
3HakKaM (JIOrM4ecKasl 3aBepILICHHOCTb, MOIYJb-
HOCTb BBIYMCJIUTEIBHON IIPOrpaMMbl, BO3MOX-
HOCTb KOHTPOJIS LIEJIOCTHOCTH M IIpP.) U3HAYAIBHO
pa30UTHl HA OTHOCUTENILHO HEIPOIOIKUTEIbHBIC
STallbl, IPEAOCTABSIONINE BO3MOXHOCTb OLICHU-
BaHUA 3(PGEKTUBHOCTHU 3aBEpUICHUS KaXJI0TO U3
Hux. Takum oOpa3om, TOMUMO OOIIMX TpeboBa-
HUI MO NMUTAaHUIO M CPeACTBAaM KOMMYHUKAILMU
¢ okpyxeHueMm Bce IIY momxHbB (OpMUpPOBATH
nokaszaresb ycremrHoct 3tana (ITY3D). I1pu atom
rmoxkasaTejy MOTYT MMEThb MPOCTYI0 (YMCJIO0) WK
CJIOXKHYIO0 (Tabauua yucea uid QyHKLUS) CTPYK-
TYypy, HO IIOKa3aTeId OMHOMMEHHBLIX 3TaIlOB BCEX
ITY nonxHBI OBITH COMOCTABUMBIMU (ITO3BOJISITh
OIpelesiTh IPEAIOYTCHMSI).

ITomumo storo omuH u3 I1Y, npusHaBaeMbIii
BenywiuM I1Y BepxHero ypoBHS, GOpMHUpPYeT s
octanbHbiX ITY curHanel cunxponusauuun (CC).
Bce ITY mocne oTpaboTKM Kaxaoro aeicteus ¢op-
MUpPYIOT curHaabl ayreHTudukanuu (CA), non-
TBep:Kaaroire (GakT 3aBeplueHus neicteus. Puc. 1
(CM. BTOpYIO CTOPOHY OOJIOXKM) TOSICHSIET (PyHK-
LIMOHAJIbHYI0 cxeMy TpemnaraeMoil BeruC [11].

BuruC ¢ ycTpoiicTBOM aBTOMATUYECKOI'O yIIpaB-
JICHUSI M30BITOYHOCTBIO CONEPXKMUT OCHOBHON U
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pe3epBHBIII KaHallbl BXOOHBIX maHHBIX (KBxII),
COCAMHEHHbBIE C COOTBETCTBYIOLUIMMHU BXOIHBIMU
oydepamu (Bxb), peanu3symoiiine 0CHOBHYIO U pe-
3epBHYIO pa3gadyy JaHHbIX.

C oroii nensto Bxb coeauHeHsl ¢ mynamu
BXogHBIX maHHBIX Bcex ITY ot 1 mo W. Kaxnprit
ITY comepXuT Tpu myJja: myja BXOAHBIX JAHHBIX —
Bx/l (OcH — ocHoBHoIi, Pe3 — pe3epBHbIN), My
BHYTPEHHMX OaHHBIX — BHJ| ¥ myn BBIXOTHBIX
JaHHbIX — BeI]l.

[Iynbl BBIXOMHBIX MaHHBIX COCOUHEHBI C Je-
MYJBTUILIMKATOpaMU BeIXOAHBIX faHHBIX (JIBbI/1),
npeaHa3HAYeHHBIMU AJ151 BBIOOPOYHOI, IO pe3y/ib-
TaTy apbuTpaxa, nmepemgayd OCHOBHBIX M PE3€pB-
HBIX BBIXOJHBIX JaHHBIX U3 I1Y. [Ins storo 6j0-
ku JIBbi/l coemuHeHbl ¢ OCHOBHBIM U PE€3€PBHBIM
KaHajdaMM BBIXOAHBIX HaHHbIX KBbIJ BbhIYMCIM-
TE€JIbHOW CHUCTEMBbI. B BBIYMCIMTENIBHOM IIpoLIEeCcce
MNOMHUMO BXOOHBIX JAHHBIX AJS BOCCTAHOBJIEHUS
yTpauyeHHBIX JaHHBIX B Apyrux 1Y ucnonb3yorcsa
BHYTPEHHUE JaHHBIE, PACIIOJOXEHHbIE B COOTBET-
CTBYIOLIMX ITyJax.

Kpowme Toro, mexny I1Y nMeroTcs MexIipolec-
COpHBIE CBSI3M (IIOKa3aHHBIC HA puC. 1, CM. BTO-
PYIO CTOPOHY OOJIOXKKH, YCAOBHO IMYHKTUPHBIMU
CTPEJIKAMHU C ITOJIYKPYTIBIMU OKOHYAaHUSIMHU), TI0-
3posigonne KaxaoMmy IIY obGpaimatecsd K OmHO-
MMEHHBIM ITyJaM apyTux I1Y mns nmonydyeHus mx
BXOOHBIX W BHYTPEHHMX IAaHHBIX B 1IEJISIX BOC-
CTAHOBJIEHUSI CcBOMX NaHHbIX. Kaxaeiit ITY aTo
OCYLIECTBJISIET CAMOCTOSITEIbHO TMPU OTCYTCTBUU
(bmara y xakoro-1mbo CBOETO ITyJia B OIpeAcsIcH-
HbIA MPOMEXYTOK BpeMEeHMU. MOXeT oKa3aTbCs
TaK, 4TO BOoOIIe He Oymer HeoOxommMmbix (Bx]I,
Bu/l) nannbix. Torma BBIYMCAUTENbHBINA LUK
NpepbIBACTCs, W BBIOACTCSI COOOILIEHUE O HEUC-
MPaBHOCTU B CAYXEOHBIN KaHaT MHAUKALIUMU.

Hetanmu omepaumm oOMeHa HAaHHBIMHU (IIPOTO-
KOJIbI, PeTPEiiHbI) HE MMEIOT IMPUHIUITAATIHLHOTO
3HAYCHUS B paccMaTpUBaeMOl 3agadye U 31eChb He
00CyXIaroTCs.

YKazaHHbIE 1LIAarM MOTrYT OBITH AETAJIU3UPO-
BaHbl M IOMNOJHEHBI IO BIWSHUEM Pa3IMUHBIX
00CTOSATENILCTB U TpeOOBAHUI IIPUKJIATHOTO Xa-
pakTepa.

le/IH[lPIII YupaBJICHUA H30BITOYHOCTHIO
BBIYMCJIMTECJIBbHBIX PECYPCOB

B ocHoBe ympaBiieHUsI U30BITOYHOCTHIO BuiuC
JIexXaT NepUOANYECKOES BBIYMCICHUE U CpaBHEHUE
ITVYD. B 3aBUCMMOCTH OT conepkKaHUs 3Tara BbI-

YUCIUTEABHOM 3aJaud TaKMMHM TI0Ka3aTeIsIMU
MOTYT OBITB: pPa3JIMUHBIE HEBSI3KM WJIW HOPMBEI
MMOJIYYEHHBIX JAaHHBIX, IOBEPUTEIbHBIE WM Ta-
paHTHPOBAaHHBIC OLIEHKHU ITOTPEIIHOCTEN JaHHBIX,
(arm NpoXoXAEHUS 3alIPOCOB MJIM 3aBEPIICHUS
OIIpeAeCHHBIX OIlepaluii, pa3nyHble MHAIUKA-
TOPHBIE YMCJIa TUIA KOHTPOJBHBIX CYMM U IIp.

IIytem comoctaBineHus 3HauyeHU I1YD omHO-
MMEHHBIX OTaloB OCYIIECTBIISIETCS IIOHApHBIN
apoutpax I1Y no nepapxmueckou cxeme ¢ mocje-
nytonieil pekoHpurypanneir BeraC ¢ BeIIeIeHIEM
naccuBHbix 1Y (ITITY) u Beaywux I1Y (BITY)
B IIapax BCEX YPOBHEU HEPaAPXUUECCKON CXEMBI.
BITY Bepxnero yposHs (BBIIY) dopmupyer u
BbIIAET BO Bce ocTalibHble I1Y curHaiabl CUHXpO-
Huzauuu (CC), Mo KOTOPbIM BBITTOJHSIIOTCS BCE
a3l TUMKINYECKOTO IpOoIecca, a UMEHHO. BBO/
TaHHBIX 1 OOMEH MMM, BBIUMCICHUS M apOnTpax
ITY, a Tak:Xe OCyLIECTBISIET BBIYMCICHUS TEKYILIE-
ro sTamna pelaeMoi 3aJadyu, BbIOAET PE3yJbTaThl
BBIYUCIEHUIW B OCHOBHOU U PE3EPBHBIN BBIXOIHBIC
KaHajbl BBIYMCIMTEIbHOU cHucTeMBl. Kaxabii
BITY, xpome BBIIY, npuHuMaer oT y3710B Oosee
BBICOKOTI'O YPOBH I CBOCH BETBY ME€PAPXUU CUTHAJIBI
CMHXPOHU3ALIUM 1 ayTeHTU(UKALMHU, OCYIIECT-
BJISIET BBIYMCJICHUS TEKYIIETO B3Tala pelraeMoi
3agaum, popmupyer [1YD u BrigaeT B HUXHUE
YPOBHUM CBOEM BETBU ME€papXWU CHUTHAJI ayTEHTH-
dukanum (CA), MOATBEePXKOAIOLINI WMCIIOJTHEHUE
UM OTBEIECHHOM pOJiM, a Takxe co couMm [1YD
y4acTByeT B apOMTpake 3a IpaBO MOJIYYUTH POJIb
BI1Y Gonee Bbicokoro ypoBHs uepapxuu I1Y.

IIITY npuaumator CC u CA oT y3JI0B CBO€i1 BET-
BU HEpapXWU, OCYIIECTBIISIOT BBIYMCIECHUSI TEKY-
IIEro 3Tama pelraemMoit 3agadu, popmupyior [1YD,
a Takxe co ceoumu I1YD yuacrtByioT B apOuTpaxke
3a MpaBo MojydyeHus craryca Beayiiero I1Y nepso-
ro ypoBHs uepapxuu. Kpome Toro, xkaxabiid ITY
MOXET BOCCTAaHABJIMBATh CBOM BXOAHBIE I BHYTPEH-
HUE JaHHBIE MyTeM oOpalneHus K apyrum I1V.

JInarpaMmMa padoTbl CHCTEMbI
ynpasJjieHus H30bITOYHOCTDHIO

Cucrema ynpapjieHU ST N30bITOUHOCTBIO BBIUKC-
JIMTEJIBHBIX PECYpCOB paboTaeT UUKINYECKHU Clie-
JIYIOIIUM 00pa3oM.

ITo BxogHBIM KaHajlaM (OCHOBHOMY W pe3epB-
HOMY) IIOCTYHalOT BXOAHBbIE ITaHHBIE OYEPEIHOrO
3Tamna BBIYMCIUTENLHOTO IIpolecca. DT NaHHBIS
MOCTYMNAalOT B MYJbl (OCHOBHOM M PE3EPBHBINA CO-
OTBETCTBEHHO) Kaxoro u3 2N I1Y, yuacTByomunx
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B pabore BriuC. B Hauane kaxmgoro pabouero
1MKJaa Bce ¢arv, oTpaxaloliue akTyaJbHOCTh
JaHHBIX, OOHYJSIIOTCSI WM YCTaHaBJIMBAIOTCS IIO-
cJie YCMEIIHOro 3aBeplleHusl olepaluu 10 3a-
MOJIHEHUIO COOTBETCTBYMOIIEro myyna. OCHOBHBIE
JaHHBIE OYEePEeIHOro 93Tara BbIYMCIUTEIBLHOTO
nmpolecca BbIOUPAIOTCS HEMOCPEACTBEHHO M3 Ka-
HaJoB, noakoueHHBIX K BeraC. Ilpu HeoOxomm-
MOCTH IOTOJIHUTEIbHEBIE TaHHBIC BEIOMPAIOTCS U3
KaHaJI0B MEXMaIllMHHOTO OOMeHa.

OcHOBHOIT pab0O4YMii IUKJT BEIYUCINTEIBHON CH-
CTEeMBI, KaK IOKa3aHO Ha puc. 2 (CM. BTOPYIO CTO-
poHy 00Ji0XKHM), conepxkxut N + 4 ¢daz, tne N —
yucio ypoBHeit nepapxuu BeraC (M cOOTBETCTBEH-
HO ypOBHEeI apOuTpaxka).

®aszpr pazmevatorcsi CC, KoTopble TpeAcTaB-
JIII0T coboii makeTsl, BbigaBaeMmble BBITY Bo Bce
poctyiHble agpeca. CC BBIIAIOTCS KaK gaTarpam-
MBI 0€3 TTIoATBepXAeHU . Ecinu Kakoi-1nbo maket
0Kaszajcsl YTepsSIHHBbIM, TO MpoOjeMa BXOXIEHUS
B CHHXPOHHU3M peIlIaeTcsl B CAEAYIOIIEM IIMKJIE.
CHUHXpOIIakKeThl, KpOME IIPM3HAKOB THUIIA ITaKe-
Ta W aapeca UCTOYHMKA, UMEIOT B CBOEM COCTaBe
CYETYMK IIMKJIOB, KOTOPBIH (B IOMOJIHEHNE K Tali-
MUWHTY) MOXET MCITOJIb30BaThCS AJsI ONpeneeHus
LIEJIOCTHOCTU 0011ieii 0OCTAHOBKU M CIYXXKUThb Ha-
YaJbHBIMU JAaHHBIMU IJISI TECTOBOM 3aIadum.

®a3pl OCHOBHOTO paboyero IMKJa TMpeacTaB-
JISIIOT COOOH CleNYIOIIMe MMOCIeI0BaTEIbHO Bbi-
TOJTHSIEMBIE TeICTBUS:

®asa 1. lonyyenne CC1 u3 tekymiero BBITY—,
ONpeNEeSIEHHOTO B MpeablaylieM IMKJe (Ha 3TO
yKa3blBaeT HaJIW4ue 3Haka "MuUHYyC"). BBom depes
Bxb maHHBIX M3 OCHOBHOIO M PE€3EPBHOTO KaHa-
smoB KBx/[. OOMeH BXOMHBIMU JAaHHBIMU B ClIy4ae
OTCYTCTBMSI COOTBETCTBYIOIIUX (hJIArOB aKTyaJib-
HOCTU y KaKUX-JIn0o myynoB Bx/I.

®Dasza 2. llonyuenne CC2 u3 tekyiuero BBITY—.
BbeinmosiHeHWe MpUKIagHBIX MPOLIECCOB, BKJIIOYAs
MPOBEPKY aKTyaJbHOCTU JAHHBIX, COAEPXKATENb-
HBIC BBIYMCJICHUS pelIaeMOil 3adayM, BBIYMCIIE-
Hue [1YD Ha Texyluem 3Tare.

®Dasza 3. Mlonyyenne CC3 us texyiero BBITY—.
OOMeH BHYTPEHHUMM MaHHBIMM IIpX HEOOXOmu-
MOCTU BOCCTAHOBJIEHUS BBIYUCIUTENBHOTO IMPO-
1ecca B Mpolieccopax, He JOCTUTIIUX YCIEIIHOTO
3aBeplIeHUs dTarna.

®Dasza 4. Ilonyuenne CC4 u3 texyiiero BBITY—.
IIpoBenenue apoutpaxka I1Y Ha iepBoM (HUKHEM)
ypoBHe uepapxuu BreruC. IIpucBoeHue craTycoB
IIITY u BIITY Ha ocHoBe comocrtaBaeHus I[1YD
B Mapax ¢ y4eToM TpaBuJ apOuTpaxa, MpuBeaeH-
HBIX B Tabauue. B ciyyae oTcyTcTBUS TpeuMyliie-

cTBa Kakoro-an6o u3 I1Y peleHne npruHUMaeTCs
Ha OCHOBE NUCKPUMMWHALIMOHHOIO MpaBuja (Ha-
IIpuMep, Mo nopsimkoBomMy HoMepy I1Y).

®Dasza 5. Tonyyenne CCS5 u3 tekyiuero BBITY—.
Boigaua CA u3 BIITY (moaTBepkaeHuWe BBITIOJIHE-
HUS POJIU B COOTBETCTBMU CO crarycom) ajst IITTY
cBoeli naphl. [IpoBeneHue apouTpaka mpoieccopoB
BIITY nHa BTOpOoM ypoBHe nepapxuu BeraC Ha poib
B2I1Y no mpaBuiaM, aHAJIOTUYHBIM ITYHKTY 4.

... BermonnHeHue a3 ¢ 6 mo N + 2.

®@asza N + 3. Ilonyuenue CC(N + 3) u3 Teky-
mero BBITY—. Beigaua CA uz B(N + 3)ITY nusa
06onee Hu3KUX ypoBHeil nepapxuu BeraC. Ilpose-
neHue apoutpaxa Ha posab BBITY no npaBuiam,
aHaJIOTUYHBIM IIYHKTY 4.

@aza N + 4. Tlonyuenue CC(N + 4) u3 BHOBb
onpeneneHHoro BBITY (Ha 3To ykasbiBaeT OT-
CyTCTBME 3HakKa "MuHyc"). Beimaua manHbix Bei/]
n3 BBIIY uepe3 JABbi/l B ocHoBHOV KBbI/I. Bbi-
mada gaHHbIX BerJl n3 B(N — DITY uyepes 1B/l
B pe3epBHbI KBri/I. ITocne 3aBeplieHust Bblgauyu
JaHHBIX MePexo] K Havajay IMKJa.

Kaxapiii ITY KoHTpoaupyeT Mo Tammepy Bpe-
Ms nmpuema CC u CA, nmoctynamomux u3 I1Y 6o-
Jiee BBICOKOTro ypoBHS nepapxuu. Orcyrcrsue CC
uan CA B oxugaeMoe BpeMsl MHTEPIIPETUPYETCS
ITY kak ocHOBaHUE AJIsI BOCCTAHOBJICHUSI BhIYUC-
JICHUI U TOBTOpHOTO apoutpaxa. Eciu Ha 3toT
MOMEHT B CHCTeMe OBLII XOTSI Obl OOUH pe3epPBHBIN
ITY, To coxpaHuBIIKECS B €ro IyJje BHYTPEHHUE
JaHHBIE IIO3BOJISIOT BOCCTAHOBUTH BBIYMCIICHUS
C MUHUMAJIbHOUW 3a1€PXKKOM.

ApOuTpax u peKoH(pUrypupOBaHHe

ITpouenypa pexoHpurypupoBanus BeruC npo-
UCXOOUT B azax, MHHULUUPYEMBIX CHUTHaJaMU
CMHXpoHu3anuu, HauuHasa ¢ CC4 u 3akaHYMBas
CC(N + 3) BKIIOUUTEIbHO B 3aBUCMMOCTH OT CTa-
Tyca Kaxgoro usz ITY. IlepBoHayaibHO KaXAOMY
ITY npucsauBaetcs cratyc IIITY. Janee npoueny-
pa mpeaycMaTpUBaeT ABa IIpoliecca: BXOXICHUE
IV B nukn u Beixon I1Y w3 nukia. HelicTBus,
BBINIOJIHSAEMbIC TIPU BXOXAEHUU B LIUKJ, U OCHO-
BaHUS JIJIS1 MX BBIIIOJHEHU S TTOKA3aHbl B TAOJIMIIE.

IIpu sToM KaxapiM ITY yuuThIBalOTCAd Kak
YCHEILIHOCTD PEIICHUST UM 3a/1a4M Ha TeKYyIIEeM 3Ta-
e, Tak U OJJOKMPOBKHU €ro padboThl, BhI3BaHHBIE CA,
noctynatoimuMu ot BITY Gonee BEICOKOro ypoBHSI.

Puc. 3 wuanmocTtpupyeT opraHuzaluio uepap-
xuu Ha npumepe BoiuC ¢ msiThio MPOLECCOPHBI-
MU y3JIaMU: cepasl OKpacka — BeIYIIUil IpoMe-
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IIpasuaa neiicteus ITY no pesyabTaram apouTpaxa

Arbitration rules for processor nodes

Pesynprar apbuTpaxa
B COOTBETCTBUHU CO CTATyCOM

CootHomieHue [1YD

" . Hanuune CA
B Tlape, CBOW/Ipyroi

O1ueHKa COCTOSITHUS npouecca

BrinmonHsieMble IeiicTBUS

Menble unu PaBHBI —

Wpet mrarHas paboTta, B cBOEH
mape mpeanodyTeHne y KOHKYpPEHTa

He n3MeHsITh CBOI cTaryc,
oxugarb CC u CA

BBICOKOT'O YPOBHS,
Boiaatomero CA

Bonpbiire Bce CA B Hanmunu Wner mwitaTHas pabota, B CBOEit IMpucBouTh cebe cTaTyc BeaylIero B mnape,
rmape KOHKypeHT ycTymnaeT oxungatb CC u CA,
BbIaaTh CA IU1sl HUKHUX YPOBHEMH
Bonbie CA BepxHero ypoBHsI Hpet mraTtHas pabora, HO pa3- [MpucBouTh cebe cTaTyc BeAyIIero B Iape,
B HAJIMYUU, OTCYT- pyllleHa CTPYKTypa pe3epBa BbIaaTh CA IJ1sl HUKHUX YPOBHEM, BCTY-
ctByloT CA npyrux MUTHb B apOuTpax 3a 0ojiee BBICOKUIN CTaTyC
YPOBHEM
Bounbie OtcyrctByeT CA IIpekpalieHa mraTHas padoTta IIpucBOUTH cebe cTaTyc BemyIlero,
BEPXHETO YPOBHS BoigaTh CA 1J1sl BCeX YpOBHEM, BCTYITUTD
B apOUTpax 3a 60Jiee BHICOKMIA CTATyC
Bonbiire HeT 6onee IMpexpaieHa mrarHast paboTa IMpucBouTts cebe cratyc BBITY,

BBIBECTU CBOU BbIXOAHBIe maHHbIe (BbI1/l),
peryiasipHo BbiaaBath CC

)KYTOYHOTO M BEPXHEro YypPOBHS, MNOJYXUPHBINH
WpudT — TeKyl Uit ctatyc B uepapxuu. Ilpu He-
yeTHOM uuciae ITY, yyacTBylolmux B apouTpaxe,
OIVH U3 HUX MPOXOAUT 3TOT YPOBEHH ITO YMOIYa-
HUIO (KOHTYpHAs CTPEKa).

ApBuTpax ypoBHa 3

ApBUTpaxK ypoBHs 2

ApbuTtpax ypoBHsa 1

HauyanbHbIi cTaTyc

Puc. 3. Opranusanys nonapHoro apouTpaka npoueccopHbIX y3J10B
Fig. 3. Organization pair-wise arbitration of the processor nodes

| |
i YposeHb 3 | BBAYL i
| |
| \ |
i YposeHb 2 B2NY5 !
| |
| |
| \ |
| YposeHb 1 B1NY4 !
| |
| |
| \ |
| YposeHb 0 nny2 nnys !
| |

Puc. 4. Uepapxusi npoueccOpPHbIX Y3JOB MO pe3yJbTaTam apou-
Tpaxa
Fig. 4. Hierarchy of processor nodes based on the arbitration

B pesynbrare apouTpaxka ckijaabiBaeTcs uepap-
XU ST TPOLIECCOPHBIX Y3JI0B, MOKa3aHHas Ha puc. 4.

OO01as olleHKa BAUSHUS OTKA30B CJeIYIOIIasl.
Boeixon (BeikisitoueHue) I1I1Y HuKak He cka3biBa-
€TCSl Ha BBITIOJJTHEHUU OCHOBHOTO LiMKJja. Beixon
(oTka3, cOOl MAM HENpaBUIbHOE (PYHKIIMOHU-
poBaHue) awboro BITY He Bbi3biBaeT mepeboeB
B BblJaye pe3yJibTaTOB BBIYUCICHUM, HO pa3pyliia-
eT CTPYKTYpy (LIermoYyKy) pe3epBOB, KOTopas BOC-
CTaHABJIMBAETCS TMOCJE TPOBEACHUS apOuTpaxa
B CJIEAYIOLIEM LIAKIJIE.

Breixon BBITY nmpuBoaMT K COOI0 BBIIAYU BbI-
XOAHBIX AAHHBIX B TEKYIEM IIMKJIE, BbIYWCIIU-
TEJIbHBIM TIPOLIECC BOCCTAaHABIMWBAETCS BMECTE
¢ HoBolt nepapxueit BeiuC B cieqyroiiem 1nkIie.

MeToanyecKuii npumep

PaccmoTrpum pparmenT BeraC caMorieTa TpaHce-
MOPTHOM KaTeropuu, MmokazaHHbIM Ha puc. 5. OT-
nenbHble ITY 00beanHeHbl 00LIel HHPOPMAaLMOH-
HOU IMWHON B CETh IS pEelleHus 3agad oOMeHa,
BOCCTAaHOBJIEHMSI U KOHTPOJISI JAHHBIX.

Hns oOOCHOBAHHOIO MNPEANOYTEHUS] OJHOIrO
KOMITIOHEHTa (Habopa KOMITOHEHTOB) JIpPYTOMY,
aJbTEPHATHBHOMY TIpU peLIeHUU 3adavyd yIpaB-
JIECHUSI M30BITOYHOCTBIO BBIUMCAUTEIbHBIX Pecyp-
coB B pabote [8] BBeAeH mokaszaTeslb (PYHKIIMO-
HaJbHOU 3 dekTuBHOCT (I1DD), Mom KOTOPHIM
MOHUMAETCS OAWH MM HECKOJbKO CKaJSIPHBIX
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rnmokazaTesjieii, MHTerpajbHO Xapak-
TePU3YIOIIMX YPOBEHb BO3MOXHO

BbIXOA:
BbIYMCNIEHHbIE AaHHbIE,
MHGOPMALMA K aKTIOaTOPam U

vHAMKaTopam

JOCTMXKMMBIX  BKCMJyaTallMOHHO-
TEeXHUYECKUX XapaKTEPUCTUK KOM-
noHeHTOB BpiuC (onTMManbHOCTD,
palMoOHAJIbHOCTb, TOUHOCTh, 3KOHO-
MUWUYHOCTb, PE3YJBTaTUBHOCTD M IIP.).

nyz

LUMHA OBMEHA
VHOOPMALIMEN:
CBA3b MEXAY BblYMCIUTENAMMU,
BOCCTaHOB/IEHWE AaHHbIX,
KOHTpONb

MCcKII04NTEIBHO B HEISIX YIIPOIIe-

HUS NAJBHEUIIUX PACCYXXICHUW IJIs
onpeneneHuss [1IMD camoro HUKHETO
YPOBHSI OOHOTUITHBIX (A MMEIOLIMNX
omuHakoBble I[1PD 0Oojiee BBICOKOTO
YPOBHSI) KOMIIOHEHTOB IMPUHUMAIOTCS
ONpeAeICHHbIE TUCKPUMWHALIMOHHBIC -

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
: BXOZ:
I

I

3arpysumK, UCXOZHbIE JaHHbIE,
MHHOPMALMA OT AATYMKOB 1 NYNbTOB

Puc. 5. CTpyKTypa BHIYHMCIMTENBHON CHCTEMBI C YIPABJISIEMOi H30BITOYHOCTHIO
Fig. 5. Computing system structure with managed redundancy

BxopHo i

MpaBuJjia, TakKue Kak "MEHbIIWN MOo-

KommyTatop BbixogHoM

KommyTaTtop

UHTepd eicH bii
apantep

pH,Z[KOBBIfI HOMCPD KOMIIOHCHTA ABJIA-

BbIXO AHbIX

BXOAHbIX KaHa/ 0B
KaHanos

apantep

€TCsI TIPEATIOYTUTEIBHBIM TIPU IIPOUMX
PaBHBIX YCJIOBUSX'. YCIOXKHEHUE Mpa-
BUJI (3aKOHOB, (POPMYJI) OIpEHcICHMS
[1PD He MPUBOAUT K U3MEHEHUIO TI0-
Jly4aeMbIX pe3yJbTaToB.

Kaxapiii ITY moxeT ObITh MpeacTaBleH B BUIE
BeIUMCIUTENbHOrO Monyis (BM) u psgaa Kommy-
HUKAIIMOHHBIX KOMIIOHCHTOB (MHTep(PEHCHBIX
aganTepoB, KOMMYTATOPOB), [JISI HAIJISIAHOCTHU
MpeAcCTaBICHHBIX B BUIE OTIEAbHBIX MOLYJIEH Ha
BXone 1 BeIxoge BM, Kak moka3aHo Ha puc. 0.

NHTepdeiicHblll aganTep NpenHa3zHayeH [Jisi
cBs3u BM ¢ gatymMkamu, myJabTaMU YIIPaBJIEHUS,
aKTI0aTOpaMu U MHAMUKATOPaMHM, a TakxkKe Mpeoo-
pasoBaHusi curHaioB u3 dopmara ARINC 429!
B ARINC 664 p.7 (AFDX)? 1 06patHo.

KommyTaTop KaHaoB mpeaHa3HauyeH AJ1sl 00b-
eIVHEHUsT KOMIIOHEHTOB KOMIIJIEKCAa B EAMHYIO
ceTb AFDX ¢ nomollbio MEIHBIX JUHUI CBSI3U U
BOJIOKOHHO-OINTUYECKON JIUHUU CBSI3HU.

ConepxarejbHble BBIYMCIEHUS pPas3OUThl Ha
OTHOCHTEIBbHO HENMpPOAOIKUTENbHbIe 3Tanbl. W3-
obiTouHasgs BeiuC BBIMOMHSET coAepXKaTelbHbIE
BBIYMCJICHMSI pellaeMoOl 3aJauu HECKOJIbKMMHU
ITY mapamnenpHo. Cumraercst, yto Bce I1Y pas-

H03HaqHL13.

IARINC 429 — MEXAYHapOAHBbIM CTaHAAPT Ha MOCJEeN0Ba-
TeJbHBIM MHTepdeic mepeaaun TaHHBIX MeX1y aBUallMOHHBIMU
CUCTEeMaMM ISl TpaXAaHCKoW aBualumu. OTeuyecTBEHHBIN aHa-
qnor — F'OCT 18977—79.

ZARINC 664 p.7 — craHmapr, ONpenessiolnii crenudu-
KallMy MPOTOKOJA W DJIEKTPUYECKUX COCAMHEHMI ISl JeTep-
MUHUCTCKMX MHOOPMAIIMOHHBIX CETEi, UCIOJb3YeMbIX B aBU-
oHuke. OcHoBaH Ha TexHosoruu AFDX (Avionics Full Duplex
Switched Ethernet).

3C o3nunun (i)yHKHI/IOHI/lpOBaHI/IH CUCTEMBI YIIpABJCHUA U3-
OBITOYHOCTBIO BEIUMCIUTEIbHBIX pPECYpPCOB.

|
|
wntepdeiicubiin | |
|
|

Puc. 6. Crpykrypa otaeasnoro I1Y B pa3sepayTom BuIE
Fig. 6. Structure of a separate processor node in the expanded form

ITyctb Texymum BBITY, onpeaeaeHHBIM Ha nipe-
IpIayiIeM nukie, spiasgercsa I1Y5. B HavanbHBIN
MOMEHT BPEMEHU BCE KOMIIOHEHTHI UCIIPABHEI.

B cooTBeTcTBUM C OCHOBHBIM pabOYUM IU-
KJIOM BBIYUCIUTENILHON CHUCTEMBI (pucC. 2, CM.
BTOPYIO CTOPOHY OOJIOXKKHM) 3alluIilieM IOCIeaoBa-
TEJILHOCTb JECUCTBUIA:

1. THonyuenue CCI1 u3 I1V5. BBom MCXOmHBIX
JaHHbIX. OOMEH BXONHBIMM JaHHBIMM B CiIydae
HEO0O0XOAUMOCTH.

2. Tlonyyenne CC2 us I1Y5. IIpoBepka akTy-
aJIbHOCTU JaHHBIX, PelIeHHUe TEeKYILUEil BbIYMCII-
TeJbHON 3amauu, onpeneiacHue [TYD.

3. Monyyenne CC3 u3 I1Y5. O6MeH BHYTpeH-
HUMMU JAHHBIMU IIPU HEOOXOAMMOCTU BOCCTAHOB-
JICHUSI BIYMCIUTENbHOIO IIpouecca B I1Y, He no-
CTUTLIMX YCHEIIHOTO 3aBEepIICHUS 3Tala.

4. Tlonyuenue CC4 u3 ITV5. IlpoeneHue ap-
outpaxa ITY na nepBom ypoBHe nepapxuu BoeruC.
ITpucBoenue crarycoB IIITY u BIITY Ha ocHoBe
comoctaBieHus I1YD B mapax ¢ y4yeToM OroBO-
pEHHBIX TTpaBuJ (puc. 7).

5. TMonyuenume CC5 uz IT1Y5. Beigaua CA us
BIITY (nmoaTBepxXaeHWe BBLIMOJHEHUS POJIA B CO-
oTBeTCTBUU co ctaTtycom) ans ITITY cBoeii maphl.
ITpoBenenue apoutpaxa mnpoueccopoB BIITY Ha
BTOpOM ypoBHe uepapxuu BeiuC Ha ponp B2ITY
Mo TIpaBUJIaM, aHAJOTMYHBIM NYHKTY 4. Puc. 8
MOSICHSIET CXeMy apOuTpaxa.

6. IToayyenne CC6 u3 I1Y5. Beimaya CA us
B2IT1Y (noaTBepxKaeHWe BBITIOJIHEHUSI POJU B CO-
oTBeTCTBUU co ctaTtycom) ans ITITY cBoeii maphl.
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Puc. 7. Apoutpax I1Y Ha nepsom ypoBHe nepapxuu BoiuC
Fig. 7. Arbitration of processor nodes at the first level of the
computing system hierarchy
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Puc. 8. Apourpax ITY Ha BTopom ypoBHe mepapxuu BeiuC
Fig. 8. Arbitration of processor nodes at the second level of the
computing system hierarchy
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Puc. 9. Apourtpax ITY na Tperbem yposue nepapxuu BoraC

Fig. 9. Arbitration of processor nodes at the third level of the
computing system hierarchy

ITpoBeneHue apouTpaxa npoueccopoB B2ITY Ha
BTOpOM ypoBHe uepapxuu BuiuC Ha ponp BBITY
1o MpaBWJiaM, aHaJOTMYHBIM NYyHKTY 4. Puc. 9
MOSICHSIET CXeMY apOuTpaxka.

7. Tlonyuenue CC7 u3 BHOBbL OIpeaeieHHO-
ro BBITY (Ha 3To yka3biBaeT OTCYTCTBME 3HaKa
"MuHyc"). Beimaua ganHbix Ber/l u3 BBITY uyepes
JBw1/l B ocHoBHOU KBrb1/I. Brinaua nanHbIX Bbl/]
un3 B2ITY uyepe3 IBui[l B pe3epBHblii KBoi/I. TTo-
cJie 3aBeplleHUs BbIIAYMd AAHHBIX Iepexol K Ha-
yanay UuKJia.

B pacnucanHoM 1uKJIe pPabOTBHl CHUCTEMBbI
yrnpaBjeHus1 U30bITOYHOCThI0O BuiuC chopmupo-
BaHa MepapxuyecKkas IOCIeI0BaTeIbHOCTh KOM-
noHenToB I1V1, ITYS5, I1V3, I1V7, I1Y2, 11V4 u
I[1Y6 ¢ HucxomsgmMMu 3HAYEHUSIMM TIOKa3aTe-
neil 3(p(peKTUuBHOCTH, KOTOPHIMU B 3aBUCMMOCTU

OT copepxkaHUs, BKJIagpiBaemoro B I1YD, Moryr
OBITh PabOTOCIIOCOOHOCTH, TOYHOCTh, HaIexkK-
HOCTB, OCTaTOK pecypca WUju Jp.

CrnengyeT oOpaTuTh BHUMaHHWE Ha TO, YTO IIPO-
lenypa MOIIApHOro apOuTpaxa, a Takxe (akT
nepexoga HevyeTHoro I1Y Ha crienyrouuit ypo-
BeHb apOMTpa)ka BHE KOHKYpca BHECJIU HEKOTO-
pBle U3MEHEHU S B NUCXOAHBIN OTOBOPECHHBIN paHee
nepapxuueckuit nmopsanok I1V1, ..., ITY7.

B HekoTOphlli MOMEHT BpPEMEHU BBOIUTCS
B cuctemy orka3 I1Y1, a mocKojibKy OH Ha TEKy-
mem stare sasasercsa BBITY, ato coOsiTre nmpuBo-
IUT K HEBO3MOXHOCTH BBIJAYM UM YIIPABISIOIINX
CUHXPOCUTHAJIOB B ocTaJibHbIE [TV,

Crnenymoumii 1Mo Hepapxuud 3a OTKa3aBIIUM
My — B2I1YS (I1YS), He moAydyuBIIMN B Oro-
BOPECHHOE BpEMs YIPaBISIONINA CUHXPOCUTHA,
WHULMMPYET HOBBI pabO4YMil LMK CHUCTEMBbI
yIIpaBjeHUs N30BITOYHOCTHIO:

1. IMonmyuenne CCI1 n3 I1Y5. BBom MCXOTHBIX
JaHHBIX.

2. INonyuyenune CC2 m3 I1Y3S. IIpoBepka akTy-
aJbHOCTU NHAHHBIX, pellleHNe TeKYIIeH BhIYUCIH-
TeJAbHON 3amaun, onpeneiacHue [TYD.

3. Ilonyuenne CC3 u3 I1Y5. O6MeH BHYTpeH-
HUMU JAaHHBIMU IIPU HEOOXOOIMMOCTH BOCCTAHOB-
JIEHUSI BBIUMCIUTEAbHOI'O npouecca B I1Y, He no-
CTUTIINX YCIIEIITHOTO 3aBEpIIeHMUS dTama.

4. Tlonyuenne CC4 n3 I1VY5. Ilposenenue ap-
outpaxa I1Y Ha nepBom ypoBHe uepapxuu BeruC.
ITpucBoenue crarycoB IIITY u BIITY Ha ocHoBe
conocTtaBiaeHus I1YD B mapax ¢ yuyeToM OroBO-
peHHbIX ITpaBua (puc. 10).

5. IHonyuenune CC5 u3 I1Y5. Brimaua CA u3s
BIITY (moaTBepxXaeHue BBITIOJHEHUST POJIU B CO-
oTrBeTCcTBUU cO cTatycoM) muis IIITY cBoeit mapsr.
IIpoBenenue apourTpaxa mpoueccopoB BIITY nHa
BTOpOM ypoBHe mepapxuu BeraC Ha poms B2ITY
[0 IIpaBWJIaM, aHAJOTMYHBIM ITYHKTY 4. Puc. 11
MOSICHSIET CXeMY apOuTpaxa.

4
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LWMHA OBMEHA

Puc. 10. Apourpax IIY Ha mepBom ypoBHe uepapxum BpruC
¢ yyetom otkasa IIV1

Fig. 10. Arbitration of processor nodes at the first level of the
computing system hierarchy considering the failure of the processor
node 1
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Puc. 11. Aponrpax IIY Ha BTOpOM ypoBHe Hepapxum BoruC
¢ yyetom otkasa I1VY1

Fig. 11. Arbitration of processor nodes at the second level of
the computing system hierarchy considering the failure of the
processor node 1
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Puc. 12. Apoutpax IIY na Tperbem ypoBHe mepapxum BoruC
¢ yuetom oTka3a I1Y¥1

Fig. 12. Arbitration of processor nodes at the third level of the
computing system hierarchy considering the failure of the processor
node 1

6. IMonyuenne CC6 mu3 I1YS. Beipaua CA wus
B2I1Y (nmoatBepxkeHre BbIMOJHEHUS POJIU B CO-
oTrBeTcTBUU cO ctatycoM) aiist I1IITY cBoeit maphr.
IIpoBenenue apoutpaxka mpoueccopoB B2I1Y Ha
BTOpOoM ypoBHe mepapxuu BeraC Ha pons BBITY
O IIpaBWJIaM, aHAJOTMYHBIM IIYHKTY 4. Puc. 12
MOSICHSIET CXeMy apOuTpaxa.

7. Ilonyyenue CC7 U3 BHOBBH OIIpEIEIEHHO-
ro BBIIY (Ha 3T0 yKa3biBaeT OTCYyTCTBHE 3HaKa
"munyc"). Bermaua ganasix Ber/l 3 BBITY uepes
ABb1/l B ocHoBHOM KBoi/l. Beigaua nanHbIX Bb1/l
n3 B2I1Y uyepe3 [IBwi/l B pe3epBHbiii KB5I/I. I1o-
cJie 3aBepIICHUST BHIAAYM TaHHBIX MEPeXol K Ha-
yajay LHUKJIA.

DyHKIMOHUPOBAHUE CUCTEMbI YIIPABJICHUS pa3-
HOPOTHONM M30BITOYHOCTHIO BHIYMCIUTEIBHON CH-
CTeMbI B YaCTU y4yeTa U MapupoBaHus oTKazoB I1Y
Pa3IMYHBIX YPOBHEN CBOIUTCS K CIECAYIOLIEMY:

e B ciayyae oTrkasza BBIIY (orcyrcTBue miam He-
cBoeBpeMmeHHass Bbigada CC) ero ¢GyHKUIUU
nepexBatbiBatoTcst B(N — DITY pnst uHunmuu-
pOBaHMS HOBOrO paboyero 1MKJa;

* IIpu HewTaTHoil padore B(M)IIY (rme M = 1,
.., N — 1) (oTCyTCTBHE WM HECBOEBpEeMEHHas

Beigaya CA) OH He y4yacTByeT B apOMTpaxke Ha
TeKylueM 3Tare padoThl, U OcCTadbHbIMU IIY
CUMTAETCS OTKa3aBIIMM (HECMOTPSI Ha IOTCH-
MAAJIBHYI0O BO3MOXHOCTh (PYHKIIMOHMUPOBATH
B pexxume I1I1Y);

» otkazasmuit [1ITY uzonupyeTcss ocTaJibHBIMU
ITY, ero BeIXOAHBIE TaHHbIE HE MPUHUMAIOTCS
BO BHUMAaHHUE.

3akiaoyenue

IIpenmaraeMblil TTOOXOM K OCYIIECTBICHUIO aB-
TOMAaTHUYECKOI'0 YITpaBJIeHUS N30BITOUHOCTHIO BBI-
YUCIUTENBHON CUCTEMBI MOXET WCIIOJIb30BaThHCS
IUIS CO3JaHMWs OTKa30yCTOMYMBOW WHTETPUPO-
BaHHOM BBIYMCIUTEILHON Ccpelabl B MEpPCIEeKTUB-
HBIX KOMIIJIEKCax 60pTOBOro 000OpyJIOBaHUS B 1Ie-
JIgx obecreyeHUsl UX 0€30TKAa3HOCTU U Oe3omac-
HOCTM (PYHKIIMOHUPOBAHMSI.
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Abstract

In article the structure and the control algorithm are considered by diverse redundancy of the computing system of the per-
spective integrated modular avionics. Computing resources of the integrated modular avionics system are generally represented by
heterogeneous computing systems used for information processing as part of the onboard integrated computing environment. The
basis of heterogeneous computing systems are processor nodes, redundancy of computing systems is that the number of processor
nodes is greater than one. The task is to synthesize such a computer system in which the automatic control of redundant com-
putational resources would be carried out by using the own capabilities of the processor nodes and without the use of additional
hardware resources. It is considered that the redundant computer system performs meaningful calculations of the problem solved
by several processor nodes in parallel. All meaningful calculations for any signs initially divided into relatively short stages,
providing an opportunity fo assess the effectiveness of the completion of each of them. The computational system redundancy
management is based on the periodic calculation and comparison of the success indicators of the stage. Pairwise arbitration of
processor nodes is carried out according to a hierarchical scheme by comparing the values of the success indicators of the stages
of the same name. Subsequent reconfiguration of the computer system allocates passive and leading processor nodes in pairs at all
levels of the hierarchical scheme. The failure of the passive processor node does not affect the execution of the main cycle. The
failure of the host processor node does not cause interruptions in the output of the results of calculations, but destroys the structure
of reserves, which is restored after arbitration in the next cycle. Failure of the lead CPU top node leads to the failure output in
the current cycle, the computational process is restored along with the new hierarchy of the computing system in the next cycle.
The proposed solution is aimed at parrying both hardware failures and software malfunction. The methodical example based on

the computer system of the modern onboard equipment complex of the transports category aircraft is resulted.
Keywords: onboard equipment complex, integrated modular avionics, redundant resources management
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