BECTHUK POCCUNCKOIro YHUBEPCUTETA APY)XBEbl HAPOL4OB.
CEPUSA: UHXXEHEPHbIE UCCJIEAOBAHUSA

2025 Tom 26 N2 4
DOI: 10.22363/2312-8143-2025-26-4
http://journals.rudn.ru/engineering-researches

Hayunblii :kypHaJ

H3naercs ¢ 2000 r.

W3nanue 3apeructpupoBano PenepanbHoii ciry:x00i no Hag30py B cdepe cBs3m,
MH(OPMAIIMOHHBIX TEXHOJIOTHI U MAacCOBBIX KOMMyHHKatwii (Pockomuamzop)
Ceuaereberso 0 perucrpauuu [T Ne ©C 77-61174 ot 30.03.2015 1.
Yupeautenn: OenepanbHoe rocy1apcTBEHHOE aBTOHOMHOE 00pa30BaTeNIbHOE YUIPEXKICHUE BHICIIEro 00pa30oBaHUs
«Poccuiickuii yHuBepcUTeT Ipy>k0bI HaporoB uMeHu [latpuca JlymymObD»

TI'naBHbIi perakTop
Paszymnotii FOpuit Hukonaeeuu — JOKTOp TEXHUYECKHUX HAyK, Ipodeccop, AMPEKTOp MHKECHEPHOH aKkaJeMHH, 3aBeAyouii kadeapoit MEXaHUKU U IPOLec-
COB yIpaBJIeHHs HH)XCHEPHOIT akanemun, Poccuiickuil yHuBepcuret 1py0bl Hapo10B, MockBa, Poccust

3amecTHTEIb IJIABHOIO peJaKTOpa OTBeTCTBEHHbIH CeKpeTapb
Pe3nuk Cepzeit Bacunveeuy — NOKTOp TEXHUUECKUX HAYK, podeccop, 3aBe-  Acacueea Céemnana Bukmopoena — KaHIUIAT TEXHUYECKUX HAYK, TOLEHT
nytomuii kapenpoit CM-13 «PakeTHO-KOCMUYECKHE KOMIIO3UTHBIE KOHCTPYK-  KadeApbl HAHOTEXHOIOTUI M MUKPOCHCTEMHON TEXHMKH, HH)KCHEpHast aKa-
iy, dakyasrer «CrenuanbHOe MaIIMHOCTPOSHHE», MOCKOBCKHI Tocymap- — Jemwus, Poccuiickuii yHUBepCHTET qpysKObI HapoaoB, Mocksa, Poccus
CTBEHHbIN TeXxHU4ecKuil yuusepcurer umenu H.D. Baymana, Mocksa, Poccust

YiieHbl peaKIIMOHHOI KOJLIernl

Azpasan Bpuoac — npodeccop, BoenHo-mopckast mkosa, Monrepeii, CIIA

Anugpanoe Onez Muxaiinosuy — axagemuk PAH, 1okTop TeXHHYECKHX HayK, podeccop, MOCKOBCKHIA aBUAIMOHHBIN HHCTUTYT (HAallMOHAJIBHBII HCCIIeI0Ba-
TeIbCKUil yHuBepcuTeT), Mockaa, Poccust

Bapamapaoacy Penyzanm — nipodeccop, Yausepcuret [lyrpa Manaiizus, Cepranr, Manaiisus

Bacune Maccumunuano JI. — npodeccop, Yuusepcurer Crpatknaiina, I'masro, Benukobpuranus

Busuanu Anmonuo — npodeccop, Yuausepcurer Kamnanun «/Iynmpku Bansuremmy, Heanons, Utanus

T'acéappu ITaono — npodeccop, Pumckuii ynusepcuter «Jla Canuenuay», Pum, Utanus

TI'epman Anna — npodeccop, Yuusepcutet beiipa-Murepuop, Kosunbsn, ITopryramms

Tumac Hoannuc 3ouc — npodeccop, Yausepcuter Apucrorens B Canonukax, Canonuku, ['pernus

I'payuanu @ununno — novetHslii npodeccop, Pumcknii yuusepenter «Jla Cannenua», Pum, Wramus

Typgun ITunu — noveTHsIi npodeccop, V3panabekuii TEXHOIOTHYeCKHA HHCTUTYT, Xaida, V3paunis

Joica Mopuba — nouent, Texacckuii yausepcuteT B Octune, Octun, CIIA

Jcenma J{ocankapno — npodeccop, TypUHCKHN MOTUTEXHUUSCKUI UHCTUTYT, TypuH, UTanms

Kasazymu /[3tonvumupo — npodeccop, SIMoHCKOE areHTCTBO a9pOKOCMUYECKUX HcciIenoBanuil, Tokno, monus

Kanyeun Braoumup Tumogheeeuy — [OKTOp TEXHUYECKUX HAyK, mpodeccop, MOCKOBCKHUIA rOCYIapCTBEHHBIH TeXHHYeCKHil yHuBepceuteT umenn H.D. Baymana,
Mocksa, Poccust

Kanycmun Bnaoumup Muxatinoéuy — JIOKTOP TEXHUYECKHX HayK, npodeccop, Poccuiicknii rocy1apcTBeHHBII yHHBepCUTeT He(pTH U ra3a umeHu V.M. I'yOkuHa,
Mocksa, Poccust

Kysueyoe Hukonaii Bopucosuu — npodeccop, I'eonornueckuii nacruryt PAH, Mocksa, Poccnst

Jlunapec Puuapo — nipoeccop, MaccadyceTckuii TexHOIOrHYecKiid HHCTUTYT, KemOpumk, CILIA

Mamwwun Makcum Muxaiiiosuy — NOKTOp TeXHUYECKUX Hayk, LleHTp ynpasnenus noiaeramu LIHWMMmam, I'K «Pockocmoc», Kopones, Poccust

Meogeoes Anopeii Bcesonooosuy — noktop HU3HKO-MaTeMaTHYECKUX Hayk, wieH-koppecnionaeHtT CO PAH, UucrutyT connedyHo-3emHoi dusuxkun CO PAH,
Hpkyrck, Poceust

Mucpa Apyn — nipodeccop, Yuupepcurer Makruna, Monpeains, Kanana

Mopmapu [Janusne — npodeccop, Texacckuii ynusepeuret A&M, Komnemx-Creiinn, CIITA

Moxammeo Ceiidy O. — npodeccop, HanmonaabHoe areHTCTBO 110 KOCMHYECKUM MCCIIEIOBAHUAM M pa3BUTHIO, A0y Ka, Hurepus

ITanmepunu [Incosannu — npodeccop, Pumckuii yuusepeuter «Jla Canuenna», Pum, Uranus

Ilemyxoé Bauecnae I'eopzuesuy — OKTOp TEXHUUECKUX HayK, WieH-KoppecnoHaeHT PAH, MockoBCKuii aBHAIllMOHHBIA MHCTUTYT (HAlMOHAJBHBIN HCCIIeI0-
BaTeNbCKUN yHUBepcuteT), Mocksa, Poccnst

Ilonkos IOpuii Conomonosuu — axanemuk PAH, noktop TexHHUeckux Hayk, npodeccop, MHcTuTyT cuctemHoro ananmza, OULL «MHpopmaruka u yrpasie-
uue» PAH, Mocksa, Poccust

ITonog I'appu Anexceesuu — axanemuxk PAH, noktop TexHHueckux Hayk, npodeccop, qupekrop HayuHo-mccie0BaTeNnbCKOro HHCTHTYTA MPUKIATHOM
MEXaHUKH M JIeKTPOANHAMHUKH, MOCKOBCKHMIT aBUALIMOHHBIH MHCTUTYT (HALMOHAIBHBIN HCCIICI0BATENIbCKHUI yHIBepeuTeT), MockBa, Poccust

Ilpaoo Aumonuo — npodeccop, HarponapHbI HHCTUTYT KOCMHYECKHX nccienoBannii, Can-XKoze-nyc-Kammyc, bpasumms

Peovko Hean Axoenesuy — NOKTOp TEXHUUECKUX HayK, mpodeccop, DHepretuueckuii nuctuTyT NMeHn I'.M. KpxikanoBckoro, Mocksa, Poceust

Cnencep B. /I76u0 — npodeccop, Yuusepcurer mrara [lencunsBanus, FOnuepcuru-Ilapk, CIIA

Dypepapo Pobepmo — npodeccop, Yuusepcurer Apusonsl, Tycon, CIITA

Yenanu @aouo — npodeccop, Pumckuii ynusepeurer «Jla Canuenuay, Pum, Uranus

Yepn Pok Yene-Illunz — npodeccop, Yunusepcurer Paitepcona, Toponro, Kanana

Acaxa Troyyo — nouetHslii npodeccop, Yuusepeuret Krocto, @ykyoxa, Snonus




BECTHUK POCCUMCKOIro YHUBEPCUTETA APY)XEbl HAPO/[I0B.
CEPUSA: UHXEHEPHbDIE UCCJIELOBAHUYA

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online)

Caiit xypuana: http:/journals.rudn.ru/engineering-researches (OTKpbITBIH oCTYI) Fseets

[eprnoauuHOCTh: 4 BBIMTyCKa B roJ (€KEKBAPTAILHO).

SI3bIKM: pyCCKUM, aHTTTUHCKUH.

Kypuan ungekcupyror: PUHI], DOAJ, Ulrich’s Periodicals Directory, Cyberleninka, Google Scholar, WorldCat, Dimensions,
ResearchBib, Lens, Research4Life, JournalTOCs, British Library, Bodleian Libraries (University of Oxford), Ghent University
Library.

Llenb n Tematuka

Kypnan «Bectauk Poccuiickoro yHuBepcurera npyx0sl HapoaoB. Cepusi: HxKeHEepHBIE HCCIEIOBAaHUSI» —
MIEPHOANIECKOE MEXIYHAPOAHOE PELEH3UPYEMOE HAyTHOE N3JaHNE B 00JIaCTH aBUAIIMOHHON M PaKETHO-KOCMHYECKON
TEXHHUKH, MAaIIMHOCTpoeHHs. JKypHan ABIseTcs MEXIYHapOIHBIM IO COCTaBYy PENAaKIMOHHOW KOJUIETHH, aBTOPaM
U TeMaTHuKe MyOnukanui. B sxypHae myOuuKyroTCs pe3yIbTaThl OPUTHHAIBHBIX HAyYHBIX UCCIETOBAHUH POCCUHCKUX
1 3apyOE)KHBIX yUCHBIX.

enu xxypHana:

— COZICHCTBUE PA3BUTHIO POCCUIICKUX U 3apYOEKHBIX NHKEHEPHBIX LIKOJ;

— TPOJBHKCHUE U BHEAPECHHUE B IIPAKTHKY COBPEMEHHBIX MEPCIIEKTUBHBIX pa3pab0TOK B yKa3aHHBIX 00JIacTsIX;

— Hay4HbIit OOMEH M COTPYIHHYECTBO MEX/Yy YUCHBIMH.

KypHai BXOIUT B IepevyeHb U3/1aHui, MyOJUKalMl KOTOPBIX YUUTHIBAIOTCA Bricuiei aTTrecTallmOHHONH KOMUCCH-
eit Poccun (BAK P®) npu 3ammre nuccepraiuii Ha COMCKaHUE YUEHBIX CTETeHEeH KaHauaaTa U IOKTopa HayK IO CIie-
UATBHOCTSM:

2.3.1. CucremHBII aHANN3, yIIpaBiIeHUE U 00paboTKa HHPOPMANNH (TEXHUIECKHE HAYKH);

2.3.4. YupapneHre B OpraHU3aMOHHBIX CHCTEMAaX (TEXHUIECKHE HAYKH);

2.5.6. TexHOMOTHS MAIITMHOCTPOCHHS (TEXHIYECKUE HAYKH);

2.5.13. IlpoexTupoBaHue, KOHCTPYKLHS M MTPOU3BOJICTBO JIETATEIBHBIX allIapaToB (TEXHUIECKUE HAYKH);

2.5.14. IIpoYHOCTH ¥ TETUIOBBIE PEKUMBI JIETATEIBHBIX alllapaToB (TEXHUIECKUE HAYKH);

2.5.16. lunamuka, OaJuTMCTHKA, YIIPaBJICHHE ABUKEHHEM JIETATEIbHBIX alllapaToB (TEXHMYECKHUE HAYKH).

XKypHnan anpecoBaH Hay4HbIM paOOTHHKAM, HH)KEHEPaM, acClIUPaHTaM.

Brinycku xypHalia B IOJTHOTEKCTOBOM BHJIE, NPaBuiIa OOpMIICHHS CTaTeil U IOMOJHUTEbHAs HH(opMaLus pas-
MeIleHbI Ha caiite http://journals.rudn.ru/engineering-researches

Penkoiuterns xypHajia CTpOro NpHICP)KUBACTCS MEXTyHAPOIHBIX CTAaHAAPTOB ITyOIMKAIIMOHHON STHKH, CPOopMy-
mupoBaHHEIX B TokyMeHTe COPE (Committee on Publication Ethics): http://publicationethics.org

Penaxrop U.JI. Ilankpamosa
Penakrop anrnos3eranbix TekcToB A.C. Kopsun, E.@. Lllaneesa, H.A. Anexceesa
Komnsrorepnas Bepctka H.B. Mapxenogoii

AJnpec peJaKIMm:
Poccuiickas ®enepanms, 115419, Mockaa, yi1. OppKOHUKHA3E, 1. 3
Ten.: +7 (495) 955-07-16; e-mail: publishing@rudn.ru
Azpec pelaKIHMOHHOM KOJLIETHH KypHaJIa
«BecTtHuk Poccuiickoro ynuBepcurerta pyk0b1 HapoaoB. Cepusi: UHKeHepHbIE HCCTeTOBAHU):

Poccuiickas ®enepanus, 115419, Mockaa, yi1. OppkoHUKHA3E, 1. 3
Ten.: +7 (495) 955-07-92; e-mail: engj@rudn.ru

Tloamucano B mevats 23.12.2025. Beixox B cet 30.12.2025. dopmat 60x84/8.
Bymara odcernas. [Teuats odcernas. 'apuurypa «Times New Romany.
VYen. ney. 1. 17,90. Tupax 500 3k3. 3aka3 Ne 1654. [ena cBoOoaHAasL.

DenepanbHOE TOCYIapCTBEHHOE aBTOHOMHOE 00pa30BaTelIbHOE yUPEXKICHHE BBICIIET0 00pa30BaHus
«Poccuiickuii yHHBEpCUTET ApYKObI Hapo 0B uMeHH [larpuca JlymyMObD»
Poccuiickas ®eneparus, 117198, Mocksa, yi1. Mukiyxo-Makinas, 1. 6

Orneuarano B tunorpadun UIIK PYIH nm. Iatpuca JlymymO5bt
Poccuiickas @enepanus, 115419, Mockaa, yi1. OppKoHUKHA3E, 1. 3
Ten.: +7 (495) 955-08-61; e-mail: publishing@rudn.ru

© Poccuiickuit yauBepcuter Jpyx0bl HapooB uMenu [latpuca Jlymym6s1, 2025


http://journals.rudn.ru/engineering-researches

RUDN JOURNAL OF ENGINEERING RESEARCH
2025 Volume 26 Number 4
DOI: 10.22363/2312-8143-2025-26-4
http://journals.rudn.ru/engineering-researches
Founded in 2000

Founder: Peoples’ Friendship University of Russia named after Patrice Lumumba

Editor-in-Chief
Yury N. Razoumny — Dr. (Technical Sciences), Professor, Director of the Academy of Engineering, Head of the Department of Mechanics and Con-
trol Processes of the Academy of Engineering, RUDN University, Moscow, Russia

Associate Editor-in-Chief Assistant to the Editor-in-Chief
Sergey V. Reznik — Dr. (Technical Sciences), Professor, Head of the Svetlana V. Agasieva — Ph.D. (Technical Sciences), Associate Professor
Department SM-13 “Composite Materials for Aerospace”, Special Machinery  of the Department of Nanotechnology and Microsystem Engineering, Academy
Faculty, Bauman Moscow State Technical University, Moscow, Russia of Engineering, RUDN University, Moscow, Russia

Editorial Board
Brij Agrawal — Professor, Naval Postgraduate School, Monterey, USA
Oleg M. Alifanov — Academician of the Russian Academy of Sciences, Dr. (Technical Sciences), Professor, Moscow Aviation Institute (National Research
University), Moscow, Russia
Fabio Celani — Professor, Sapienza University of Rome, Rome, Italia
Rock Jeng-Shing Chern — Professor, Ryerson University, Toronto, Canada
Roberto Furfaro — Professor, University of Arizona, Tucson, USA
Paolo Gasbarri — Professor, Sapienza University of Rome, Rome, Italia
Giancarlo Genta — Professor, Polytechnic University of Turin, Turin, Italia
loannis Zois Gitas — Professor, Aristotle University of Thessaloniki, Thessaloniki, Greece
Filippo Graziani — Full Professor, Sapienza University of Rome, Rome, Italia
Anna Guerman — Professor, University of Beira Interior, Covilha, Portugal
Pini Gurfil — Full Professor, Israel Institute of Technology, Haifa, Israel
Moriba Jah — Associate Professor, University of Texas at Austin, Austin, USA
Vladimir T. Kalugin — Dr. (Technical Sciences), Professor, Bauman Moscow State Technical University, Moscow, Russia
Viadimir M. Kapustin — Dr. (Technical Sciences), Professor, National University of Oil and Gas “Gubkin University” (Gubkin University), Moscow, Russia
Junichiro Kawaguchi — Professor, Japan Aerospace Exploration Agency, Tokyo, Japan
Nikolay B. Kuznetsov — Professor, Geological Institute of the Russian Academy of Sciences, Moscow, Russia
Richard Linares — Professor, Massachusetts Institute of Technology, Cambridge, USA
Maxim M. Matyushin — Dr. (Technical Sciences), Mission Control Center (TSUP), Central Research Institute for Machine Building (TsNIIMash), State Space
Corporation “Roscosmos”, Korolev, Russia
Andrey V. Medvedev — Dr. (Physical and Mathematical Sciences), corresponding member of Siberian Branch of the Russian Academy of Sciences, Institute
of Solar-Terrestrial Physics of the Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia
Arun Misra — Professor, McGill University, Montreal, Canada
Seidu 0. Mohammed — Professor, National Space Research and Development Agency, Abuja, Nigeria
Daniele Mortari — Professor, Texas A&M University, College Station, USA
Giovanni Palmerini — Professor, Sapienza University of Rome, Rome, Italia
Vyacheslav G. Petukhov — Dr. (Technical Sciences), corresponding member of the Russian Academy of Sciences, Moscow Aviation Institute (National
Research University), Moscow, Russia

Yury S. Popkov — Academician of the Russian Academy of Sciences, Dr. (Technical Sciences), Professor, Institute for Systems Analysis, Federal Research
Center “Computer Science and Control” of the Russian Academy of Sciences, Moscow, Russia

Harri A. Popov — Academician of the Russian Academy of Sciences, Dr. (Technical Sciences), Professor, Director of the Research Institute of Applied
Mechanics and Electrodynamics, Moscow Aviation Institute (National Research University), Moscow, Russia

Antonio Prado — Professor, National Institute for Space Research, Sao Jose dos Campos, Brazil

Ivan Y. Redko — Dr. (Technical Sciences), Professor, Krzhizhanovsky Energy Institute, Moscow, Russia

David B. Spencer — Professor, Pennsylvania State University, University Park, USA

Renuganth Varatharajoo — Professor, University Putra Malaysia, Seri Kembangan, Malaysia

Massimiliano L. Vasile — Professor, University of Strathclyde, Glasgow, United Kingdom

Antonio Viviani — Professor, University of Campania “Luigi Vanvitelli”, Naples, Italy

Tetsuo Yasaka — Professor Emeritus, Kyushu University, Fukuoka, Japan



RUDN JOURNAL OF ENGINEERING RESEARCH
Published by the Peoples’ Friendship University of Russia named after Patrice Lumumba (RUDN University)

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online)

Publication frequency: quarterly.

Journal homepage: http://journals.rudn.ru/engineering-researches (Open Access) @

Languages: Russian, English.

Indexed by Russian Index of Science Citation, DOAJ, Ulrich’s Periodicals Directory, Cyberleninka, Google Scholar, WorldCat,
Dimensions, ResearchBib, Lens, Research4Life, JournalTOCs, British Library, Bodleian Libraries (University of Oxford), Ghent
University Library.

Aims and Scope

The RUDN Journal of Engineering Research — is a peer-reviewed international academic journal publishing
research in the field of aviation and space technology, mechanical engineering. The journal is international in terms of
the composition of the editorial board, authors and topics of publications. The journal publishes the results of original
scientific research by Russian and foreign scientists.

The aims of the journal:

— assistance in the development of Russian and foreign engineering schools;

— promotion and implementation into practice of modern advanced technologies in these areas;

— scientific exchange and collaboration between scientists.

The journal is addressed to researchers, engineers, graduate students. Included in the List of the Leading Scientific
Journals and Editions of the Highest Certification Committee of the Ministry of Education and Science of Russian
Federation in which the basic results of PhD and Doctoral theses are to be published.

The journal website operates on the Portal of RUDN University scientific journals http://journals.rudn.ru/engineering-
researches and contains full information about the journal, editorial policy and ethics, requirements for the preparation
and publication of the articles, as well as full-text issues of the journal since 2008 (Open Access).

Editorial Board strictly adheres to the international standards of publication ethics of the COPE:

http://publicationethics.org

Copy Editor I.L. Pankratova
English Texts’ Editor A.S. Korzin, E.F. Shaleeva, N.A. Alekseeva
Layout Designer N.V. Markelova

Address of the editorial board:
3 Ordzhonikidze St, Moscow, 115419, Russian Federation
Ph.: +7 (495) 955-07-16; e-mail: publishing@rudn.ru

Address of the editorial board of RUDN Journal of Engineering Research:
3 Ordzhonikidze St, Moscow, 115419, Russian Federation
Ph.: +7 (495) 955-07-92; e-mail: engj@rudn.ru

Printing run 500 copies. Open price.

Peoples’ Friendship University of Russia named after Patrice Lumumba
6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation

Printed at RUDN Publishing House:
3 Ordzhonikidze St, Moscow, 115419, Russian Federation
Ph.: +7 (495) 955-08-61; e-mail: publishing@rudn.ru

© Peoples’ Friendship University of Russia named after Patrice Lumumba, 2025


http://journals.rudn.ru/engineering-researches

BectHuk PYOH 2025 Tom 26
Cepusa: UH)KEHEPHbIE UCCNTEAOBAHUYA

Ne 4

http://journals.rudn.ru/engineering-researches

COAEPXAHUE

Adde Y.A., Razoumny Yu.N., Betelie A.A., Degefu B. Optimizing Space Robot Configurations to Mini-
mize Capture Contact Forces (OnTrMuzanusi KOHQUTypauu KOCMUYECKUX POOOTOB JIJIsl MUHIUMHU3AITUH
YCUIIHH TIPH BAXBATE) ...cuveuvinreureiieiietietesteetestetess et estettetesueese st e ae s esseateseeseeseebesaesa et e s et e st eseeseenesaesaesseaeneenene

Starkov A.V., Zin M.L., Samusenko O.E., Aung M.T., Nay H.L. Formulation of Satellite-UAVs Integration
System for Earth Remote Sensing in the Republic of the Union of Myanmar (Pa3paboTka cucTembl
MHTETPAIMK CITyTHUKOB U OSCITUIIOTHBIX JICTATEIbHBIX alllapaToB sl TUCTAaHIMOHHOTO 30HIMPOBAHUS
3eMiTi B PeCTTYOITIKE COTO3 IMBSTHMA) ......eeeivieiieriieniieiiieeteeteesteesttessteeteenteeseesseesseesetesnsesnseenbeesseesneesnsesnnes

Yctuno A.H., AramacoB B.[l. Oco0eHHOCTH (DYHKIIMOHUPOBAHHS W CIIOCOOBI paTUaIlMOHHON 3aIUTHI
KOCMHYECKOT'0 ammapara ¢ siiepHON 3HeproyCTaHOBKOW B Ta30MBIICBON MIa3MEHHOI cpesie COOCTBEH-
HOM BHETITHEH ATMOCHEPBI ....euvietietienteeeuteeteeteesteesttesstesaseenteaseenseasseesssesnseenseenseesseesssesasesnsesnsessseesseesnsesnes

San Lin Aung. Aircraft Pitch Control Via Parametric Identification and PID Optimization (Ympasienue
CaMOJIETOM I10 TAHTAXYy C MOMOIIBIO MapaMeTpudeckoi naeHTuukanuu u [INJ/I-ontumusanun)..........

Benoycoe 10.B., LLam6una C.J1., Pekay @.B., Kupees 0.Jl. Biustue oceBoit Harpy3ku Ha pabOTOCIIO-
COOHOCTD IMAPUKOBBIX PATUATBHBIX TIOMIIHITHIKOB .....eeveetiesreserseesessesssensesseessessesssensessesssessesssessessesssansens

BoiikoB A.A., Camycenko O.E., ManukoB E.A., BuHorpapgos E.B., lLnwkux U.B., Pomawenko M.H.,
Cemenuos [I.A. Ontumu3anys yrpapieHds: TPeANPHATHIMH 000POHHO-TIPOMBIIIIIEHHOTO KOMILIEKCa €
HUCTIOB30BAHUEM HOTAITUU BPIMIN L. ittt e e e e e e r e e e e e e e e nnnnnes

Cupopos WU.T. CuHTE3 TUCKPETHOTO ONTUMAIEHOTO MHOTOMEPHOTO PEryJsATOpa 10 HETIOHBIM JTaHHBIM:
MHOTOMEPHBIN CHIEKTPATTBHBIM TTOTXOJL ..vvveeeerrreeesunrreeasssrreeesasseeessnsseesssssseesssnsssessssssesssssssesesssssesssssseessnnses

Kurbanov S.V., Andrikov D.A. Agasieva S.V., laroshenko A.V. Digital Modelling of Low-Frequency ECG
Signals Denoising (LludpoBoe MoaennpoBaHre CHIDKEHHS ITyMa HU3KO4acTOTHBIX curHanoB OKI) .....

Crenansii U.B., Kypoukun M.A. Pa3zpaboTka u mpuMeHEHHE HOBBIX TU(PPOBBIX HHCTPYMEHTOB JIJISI Opra-
HHU3AIUU OXPaHbl TPy/a IPH CTPOUTEIBCTBE AMYPCKOTO ra3onepepadaThbIBAIOIIETO 3aBOMA .......ccveeneen....

Tanna ®onranr T.M. TexHonorus GIOKYEHH ISl TOAACPKKH MPUHATHS YPABICHYECKUX PEIICHHN .......

Jlo6aHoe B.K., Kongpawmna M.C., Napkues LW.M. TIpiumeHeHre TeHETHYECKOTO aJrOpUTMa IS 3a/1a9
MIPOCKTUPOBAHUS MATUCTPATBHBIX TAZ0TIPOBOOB ....eeeuvrreurrernrreennreeseeesaseeesseessssessnseesssseesssesssseessnseessseesnnns

Chaplygina E.l., Kruglova L.V., Glavina S.G. The Role of Intelligent Data Processing in Optimizing
Companies’ Financial Efficiency (Ponp unHTemnexkTyanpHOW 00pabOTKM JaHHBIX B ONTHMH3ALUHU
(hrHAHCOBOU YPPEKTHBHOCTH KOMITAHHTE) ...eevvieeviresireeatieesereesoseeessseesssesessseesssesssesessseesssesessseesssessssseessses

343

359

376

388

399

412

428

447

457
466

472



RUDN Journal 2025;26(4)

of Engineering Research

http://journals.rudn.ru/engineering-researches

CONTENTS

Adde Y.A., Razoumny Yu.N., Betelie A.A., Degefu B. Optimizing Space Robot Configurations to Minimize
Capture CONtACE FOTCES .....iiiiiiiiiiieiiieeit et e cee et ett e et te et e st e etae e st e e sstaeessseessseesssseessseeansaeenssessnssesnssens

Starkov A.V., Zin M.L., Samusenko O.E., Aung M.T., Nay H.L. Formulation of Satellite-UAVs Integration
System for Earth Remote Sensing in the Republic of the Union of Myanmar ...........ccccceeevercivrcrinciveniennnene

Ustinov A.N., Atamasov V.D. Functional Features and Radiation Protection Methods for a Spacecraft
with a Nuclear Power Plant in the Gas-DUSt .........ccccoiiiriiniiieiinecieceeceeseeeee et

San Lin Aung. Aircraft Pitch Control Via Parametric Identification and PID Optimization ....................

Belousov Yu.V., Shambina S.L., Rekach F.V., Kireev 0.L. Influence of Axial Load on the Performance
0f Ball Radial BEATINES .........oeiiiiiiiiiiiiiiieeciiite e eitee ettt e e e etre e e e e traeeeessaeeesssaaeessssseeessssseeessnssaeessssseens

Boykov A.A., Samusenko O.E., Malikov E.A., Vinogradov E.V., Shishkin I.V., Romashchenko M.N.,
Sementsov D.A. Optimizing the Management of Defense Industry Enterprises Using BPMN Notation ..

Sidorov I.G. Synthesis of a Discrete Optimal Multidimensional Controller Based on Incomplete Data:
Multidimensional Spectral APPIOACK ........cccviiiiiiiiiiiieeie ettt e e steesebesevessbeesreesseesenensnas

Kurbanov S.V., Andrikov D.A. Agasieva S.V., laroshenko A.V. Digital Modelling of Low-Frequency ECG
SIGNALS DIENOISINE ...eevvieiieriierierieeiiettestteseestestesteebeesteesseesssessseasseasseesaesseesssesssessseesseesssessessssesssenssennsenns

Stepanyan L.V., Kurochkin P.A. Development and Experience of Using Digital Tools for the Organization
of Labor Protection During the Construction of the Amur Gas Processing Plant ............c.ccccceevvieeninnnnen.

Talla Fongang T.P. Blockchain Technology for Managerial Decision SUpport ..........ccccevevverienveeveenneenn,

Lobanov V.K., Kondrashina M.S., Gadzhiev Sh.M. Application of a Genetic Algorithm for Pipeline Route
LD 1) 4 o USRS

Chaplygina E.l., Kruglova L.V., Glavina S.G. The Role of Intelligent Data Processing in Optimizing
Companies’ Financial EffICICNCY .....c.cooviiiiiiiiiiiiciii ettt ettt vee st e e sebeeseveeesaeesereas

343

359

376
388

399

412

428

447

466
457

472



BecTHuk PYOH. Cepus: UHXeHepHble nccnenoBaHus

RUDN Journal of Engineering Research

2025;26(4):343-358

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online)
journals.rudn.ru/engineering-researches

of ENGINEERING

[ RESEARCH

DOI: 10.22363/2312-8143-2025-26-4-343-358

EDN: COWRBD

Research article / HayyHas ctatba

Optimizing Space Robot Configurations to Minimize Capture Contact Forces

Yeshurun A. Adde*™®, Yury N. Razoumny""®,
Araya Abera Betelie*, Biruk Degefu?®

2 College of Technology & Built Environment-AAiT, Addis Ababa University, Addis Ababa, Ethiopia

®RUDN University, Moscow, Russian Federation
P4 kibret1 0@gmail.com

Article history

Received: August 2, 2025
Revised: October 20, 2025
Accepted: October 25, 2025

Conflicts of interest

The authors declare that there
is no conflict of interest.

Funding:
This research received
no external funding.

Abstract. Space robotics is rapidly becoming essential as satellites and orbital debris continue
to increase, creating demand for reliable capture and servicing technologies. A central
challenge lies in minimizing the impact forces generated during contact, which can threaten
both the robot and the target. This paper addresses the problem by introducing a configuration
optimization approach that leverages the concept of integrated effective mass (IEM) to reduce
capture contact forces. The contribution of this study is twofold: it demonstrates how
IEM serves as a practical performance metric for predicting capture safety, and it validates
configuration optimization as an effective strategy for mitigating impact forces in free-floating
space robots. The methodology applied a Hunt — Crossley contact model with hysteresis
damping to simulate robot-target interactions under various manipulator configurations.
A 7-DOF free-floating robot was modeled, and IEM was computed through Jacobian-based
dynamic analysis. The coefficient of restitution was also tuned to balance rebound and capture
stability. Results reveal a strong nonlinear relationship between IEM and contact force.
Configurations with low IEM generated substantially lower forces: for example, an IEM
of 0.0413 kg produced only 442 N, while an IEM of 1.7199 kg resulted in forces exceeding
4142 N. By tuning the restitution coefficient to approximately 0.8, rebound effects were
minimized without compromising stability. The simulations confirmed that configuration
optimization can reduce capture forces by nearly an order of magnitude while avoiding
singularities. In conclusion, this work shows that planning manipulator configurations based
on IEM analysis is not merely theoretical but a practical tool for safer, more reliable
on-orbit servicing and debris removal. These findings reinforce configuration optimization as
a cornerstone for the next generation of space robotic operations.

Keywords: contact force minimization, free-floating robot, integrated effective mass, on-orbit
servicing, space robotics
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HUcTtopus cratbu

[Toctymmna B pegakuuto: 2 aBrycra 2025 T.
Jlopa6otana: 20 oktsiopst 2025 .
IMpunsata k myOmukamuu: 25 okTs6pst 2025 r.

3asiBjieHUE O KOH(I)J'IHKTC HHTEpeCcoB

ABTOPEI 3aIBIIAIOT 00 OTCYTCTBUH
KOH(IMKTa UHTEPECOB.

DuHaHCHMPOBaHHUE:

HccnenoBanue He UMENIO BHEITHEH (HHAH-
COBOM MOJJEPIKKHU.

AnHoTauus. Kocmuyeckas poO0TOTEXHHKA CTPEMUTEIBHO Pa3BUBAETCS BBHILY
BO3pPACTAIOLIEr0 YKCIa MCKYCCTBEHHBIX CIIyTHHUKOB 3€MJIM M KOCMHUYECKOTO
Mycopa, 4To TpeOyeT pa3paOOTKU HaJeXKHbIX TEXHOJOTUH IUCTAaHLIUOHHOTO
3axBaTa OOBEKTOB M UX TEXHUYECKOTo 0OCTyXuBaHUs. [T1aBHas 3a1a4a 3aKiio-
YaeTCs B CHIKEHUM yAAapHBIX HArPY30K, BOZHUKAIOIUX IIPH MEXaHUYECKOM B3a-
UMOJICHCTBIH POOOTOB ¢ OOBEKTaMH, YTO NPEICTABIAET YyTPo3y KaK CaMOMY
MaHUIYIATOPY, Tak U uenu. Mccnenopana npobiaeMa onTUMU3ALUU KOHOUTY-
panuu KOCMHYECKHX poOOoTOB. IIpeioxkeHo NCToNB30BaTh KOHIETIIIUIO HHTE-
rpupoBaHHoOil 3¢dexTuBHOM Macchl (IEM), 4T0ObI CHU3UTh KOHTAKTHBIE YCH-
nus ipu 3axBate. VccenenoBanue nokassiaet, 4To IEM — 310 mpakTtnyeckunii
nokasarenb 3G(PEKTUBHOCTH, KOTOPBI IOMOraeT IpOrHO3UpoBaTh Oe3omac-
HOCTh 3axBaTa. Tarxke MOKa3aHO, YTO ONTHMHU3AIMS KOH(OUTYPALUH SBISIETCS
3G (eKTUBHBIM CIIOCOOOM yMEHBILIEHUs CUIIBL yjapa B CBOOOJHO JETAIOIIUX
KOCMHUYECKUX poborax. J[is MopenupoBaHus B3aUMOIeiicTBUS poOoTa ¢ 00beK-
TaMH P Pa3HbIX KOH(PUTYpalUsIX MaHUITYJISTOpa UCIIONB30BaIach KOHTAKTHAS
Mozenb Xanta — Kpoccnu ¢ rucrepesucHbsiM aeMipupoBannemM. CMOAEIHPO-
BaH cBOOOJHO MIaBaromuil poOoT ¢ 7-cTyneHuaroil nepenadeit, a IEM paccuu-
TaH C MOMOIIBIO JMHAMUYECKOTO aHalM3a Ha OCHOBe MaTpHubl Skoou. Koad-
¢unmeHT nemMndupoBaHUs HACTPOUIM TaKUM 00pa3oM, YTOObI cOallaHCUPOBaTh
OTCKOK M CTaOMIIBHOCTB 3aXBara. Pe3ynbraThl MOKa3hIBalOT CHIIBHYIO HEJTMHEH-
HYy!0 Koppessiuuio mexxay IEM u cunoii konTtakra. Kongurypamuu ¢ Huzkum [EM
BBI3BIBANI 3HAUNTEIHFHO MEHbIINE ycunus: Hanpumep, npu IEM B 0,0413 xr
3adukcuposano Bcero 442 H, B To Bpems kak npu IEM B 1,7199 kr ycunust npe-
Beimanu 4142 H. Ontumusanus napamerpa AeMinpupyomero Ko3puineHra
[0 3Ha4eHus nopszaka 0,8 mo3Bosuia CyluecTBEHHO MUHUMU3UPOBATH IIPOsIBIIE-
HUs 2 deKTa puKoIeTa, COXpaHUB IIPH ITOM TpeOyeMbli ypOBEHb THHAMHYE-
CKOM yCTOMUMBOCTH CHUCTEMBbI. MoJenupoBaHue MOATBEPANIO, YTO ONTHMHU3A-
st KoHQUTYpanuu crmocoOHa YMEHBIIUTE CHJIBI 3aXBaTa MOYTH Ha MOPSIIOK Be-
JUYMHBI, OAHOBPEMEHHO n30eras CUHryasipHocreil. Takum o6pa3oM, MOKa3aHo,
YTO IUTAHMPOBaHWE KOHMUTYpaLWid MaHWIYJSITOPOB Ha ocHoBe aHanm3a [EM
SBJISETCS HE TOIBKO TEOPETUIECKUM HHCTPYMEHTOM, HO U IPAKTUUECKUM CPEea-
CTBOM JUIsl IOBBIIIEHHST OE30ITACHOCTH U HAJIEKHOCTHU OTEpaIiii o 00CIyXKu-
BaHHUIO Ha OpPOMTE M YIAJCHUIO KOCMUYECKOTO Mycopa. DTH BBIBOIBI IOATBEP-
JKJIaI0T BaKHOCTh ONTHMU3ALUU KOH(UIYpalK KaK OCHOBBI JJIsl CIEAYIOLIETO
MOKOJICHHSI KOCMHUYECKUX POOOTHU3MPOBAHHBIX OIEPALIUH.

KirodeBble cj10Ba: MUHMMHU3ALUS KOHTAKTHOH CUJIBI, CBOOOAHO JICTAIOIIUI
poboT, uHTerpupoBanHas 3p¢eKkTuBHas Macca, 0OCIyKUBaHHE Ha opoOuTe,
KOCMHYECKasi pOOOTOTEXHHKA

Bxuag aBTOpOB:

Aoode H.A.— pa3paboTKa KOHIEIIIHH HCCIIeI0BAHIS, METOONOTHH, (JOPMaTbHEIH aHANN3, HAIHCAHHE IEPBOI0 BAPHAHTA CTa-
TbH; Pazymuuiii FO.H. — Hay4dHOE PyKOBOACTBO, IPOBEPKa, MOATOTOBKA CTaThbU K MyOnukanuu; bemenu A.A. — HayuHOe
PYKOBOJICTBO, IPOBEPKA, MOATOTOBKA CTATHH K ITyOnuKauum; Jecegpy b. — mpoBeeHue HcciaeJ0BaHuUs, METOIONOTHS, (op-
MaJIbHbBIN aHanu3. Bce aBTOpbI 03HAKOMIICHBI C OKOHYATEIBHOM Bepchell cTaThu ¥ 0100pHIIH ee.
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Introduction

The Earth’s orbit is becoming dangerously
congested. With thousands of active satellites now
sharing space with retired spacecraft and millions
of debris fragments, the risk of collisions is
increasing at an alarming pace [1; 2]. To maintain
orbital operations sustainable, robotic capture and
servicing technologies have emerged as vital tools
for debris removal, satellite life extension, and in-
orbit repair [3;4]. Free-floating robotic manipu-
lators, in particular, offer unique capabilities for
these missions. However, a serious challenge
remains: when a robot arm makes contact with
a satellite or debris, the resulting forces can damage
sensitive components or destabilize the servicing
spacecraft itself [5; 6]. Therefore, reducing the
capture contact forces is essential for safe and
reliable operation.

Various approaches have been explored to
address this issue. Simple spring-damper models
provided an early approximation of contact but
failed to capture nonlinear energy dissipation. Ad-
vanced formulations such as Hunt — Crossley [7]
and Lankarani — Nikravesh [8] incorporated hyste-
resis damping and offered more realistic force—
deformation predictions. Alternative models, in-
cluding Lee — Wang [9], Flores et al. [10], Gonthier
etal. [11], and Hu— Guo [12], further extended the
modeling landscape. In parallel, control methods
have evolved: sliding mode control [5], impedance
and admittance control [13; 14], adaptive control
[15], and prescribed performance control [16] were
all developed to regulate manipulator behavior.
Hybrid force/motion strategies [17] and trajectory
optimization approaches [18; 19] further sophisti-
cation, whereas reinforcement learning [20; 21;
22] provided data-driven adaptability under un-
certainty.

Despite this progress, limitations persist. Many
studies assume rigid targets [23; 24] and single-
point contacts [14], ignoring flexible appendages
and multi-contact realities in orbit. Others em-
phasize trajectory planning [25; 26] but underplay
the influence of manipulator configuration. Studies
on effective mass [27; 28] confirmed that a robot’s
apparent inertia directly affects impact severity,

and singularity analyses [29; 30] highlighted the
risks of unstable postures. However, few efforts
have integrated these insights into a configuration
optimization framework.

The contribution of this study is the develop-
ment of a configuration optimization framework
that uses integrated effective mass (IEM) as a
guiding metric to minimize the capture contact
forces. By combining nonlinear Hunt — Crossley
modeling, Jacobian-based IEM analysis, and eva-
luation of manipulator configurations, this study
demonstrates that contact forces can be reduced by
nearly an order of magnitude while avoiding sin-
gularities. This contribution shifts the configuration
from a background parameter to a central design
tool for safer on-orbit servicing and debris removal.

1. Literature Review

The problem of safe capture in space robotics
has driven extensivere-searchh across modeling,
control, and optimization. Early studies often relied
on simple spring-damper systems [31], which
offered basic insights but failed to capture the
nonlinearities inherent in contact. To improve the
realism, Hunt and Crossley [7] and Lankarani and
Nikravesh [8] introduced nonlinear damping models
that incorporated hysteresis and better reflected
energy dissipation. Comparative studies by Flores
etal. [32], Gonthier et al. [11], and Hu — Guo [12]
confirmed the advantages of these models, with
Hunt — Crossley proving especially effective.

Control methods were another major line ofre-
searchh. Sliding mode control [34] became popular
because of its robustness against uncertainties,
whereas impedance [35] and admittance control [36]
enforced compliance at the manipulator — target
interface. Adaptive schemes [37] and prescribed
performance control [38] offered resilience against
modeling errors, and hybrid force/motion frame-
works [39] sought to unify trajectory tracking with
force regulation. More recent approaches integrated
learning with reinforcement learning methods [40],
allowing robots to adapt to unstructured environ-
ments.

Optimization-based strategies have comple-
mented these advances. Trajectory optimization
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[41; 42] produced smoother motions that reduced
peak impact loads. Particle swarm optimization
[43; 44] and deep learning methods [45] expanded
the toolkit for path planning under uncertainty.
Simultaneously, configuration optimization [46; 47]
emerged as a promising method, emphasizing that
the manipulator posture itself is a determinant of
the contact force. This idea is closely linked to the
concept of effective mass [46], which quantifies
the apparent inertia of a manipulator in the direction
of contact. Research on singularity analysis
[48; 49] further highlighted how poor configu-
rations can destabilize capture operations.

Despite this breadth ofre-searchh, significant
gaps remain. Many models assume rigid targets
[37;46] and simplified contact conditions [50]
whereas real-world missions involve flexible
structures and multi-contact dynamics. Learning-
based controllers [51-53] have demonstrated
adaptability but typically prioritize motion plann-
ing over posture optimization. Consequently, the
explicit use of the integrated effective mass as
a central metric for configuration optimization
remains underexplored. This study addresses this
gap by presenting a unified framework that com-
bines nonlinear Hunt — Crossley modeling,
Jacobian-based IEM analysis, and systematic
configuration optimization to reduce capture
forces in space robotics.

2. Methodology

Understanding the behavior of contact forces
during robotic interactions in space is essential for
the safe and effective performance of manipulators
in missions such as satellite servicing and debris
removal. This study employed a physics-based
modeling and simulation approach to estimate,
minimize, and regulate these forces under micro-
gravity conditions. The 7-DOF KUKA LBR R800
manipulator [54] (Figure 1), with its 800 mm
maximum reach, was adopted as the reference
system, as this reach defined the manipulator’s
operational workspace and influenced the capture
dynamics. The methodology focuses on determin-
ing the integrated effective mass (IEM) and related
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dynamic parameters, providing a foundation for
configuration optimization and impact force re-
duction during on-orbit capture operations.

R

Figure 1. The 7-DOF KUKA LBR iiwa R800 manipulator

S ource: by KUKA Roboter GmbH.

LBR iiwa — product specification sheet, version v5.
Technical datasheet. Augsburg, Germany, 2015.
Available from: https://www.kuka.com/en-de/products/
robot-systems/industrial-robots/Ibr-iiwa
(accessed: 12.05.2024)

2.1. Contact Force Modeling

In orbital environments where gravity is neg-
ligible, the interaction of a robotic manipulator
with a target object, such as a tumbling satellite,
results in complex contact dynamics. These inter-
actions are governed by parameters such as the
relative velocity, stiffness of the contact interface,
damping, and, crucially, the apparent or effective
mass along the direction of contact.

Traditional linear models are often insufficient
for realistically modeling these forces. Instead, non-
linear formulations, such as the Hunt — Crossley
model, are preferred because they incorporate hys-
teresis damping, a mechanism that better captures
energy dissipation during impact. This allowed for
a more accurate estimation of both the peak forces
and deformation during contact.

Mathematically, the Hunt — Crossley model
represents the contact force F' as [32; 56-58]

Fmax = Kf(me)’

where &= k*(*Y,

1:%{7&(0”1@#
A A3




Anne U.A., Pasymubivi FO.H., betesm A.A., feregy 5. Bectruk PYH. Cepus: UrxeHepHble nccneposanns. 2025. T. 26. Ne 4. C. 343-358

and

1 o/ (atl)
o)

For single-point and no-friction assumptions,
the classical model of the contact force, which
incorporates a spring and damper in parallel
connecting the contact points, is [58]:

F =K +238,

where K is the stiffness parameter, §, & represent
the deformation and deformation velocity; a is the

nonlinear power exponent, which is considered to
be 1.5 in most cases, and A is called the hysteresis
damping factor with several classical expressions
shown in Table 1.

This model, along with the variants proposed
by Lee and Wang [9], Gonthier et al. [11], and
Flores et al. [10], allows impact events to be
simulated with greater accuracy. However, among
all the compared formulations, the Hunt —
Crossley model offers the most reliable balance
between computational simplicity and physical
realism, particularly in returning to a zero-force
state post-deformation (i.e., capturing elastic
recovery accurately) [58].

Table 1
Classical Expressions of Hysteresis Damping Factor
Model Hysteresis Damping Factor Model Hysteresis Damping Factor
Herbert — McWhannell A= Sl-c) -K Hunt — Cross| X—M K
erbe cWhanne ((2Cr _1)2 +3) 8(—) u ossley = > 8(_1)
3(1-c? 3(1- K
Lankarain — Nikravesh A= ( ! )i Lee —Wang A= (—c,)_
4 0 4 50
8(l-¢,) K 1-¢? K
Flores et al. [10] A= (-¢) K Gonthier etal. [11] A=
SCT 6(_) c, 5(_)
3(1-c2)eXe) 3(1-¢,) K
Zhiying — Qishao A= ( r ) K Hu — Guo A= QW
4 6(_) 2Cr 6

Source:byP. Flores and H.M. Lankarani [10]

The maximum deformation occurs when the
final velocity is zero, thus for maximum defor-
mation between the manipulator and the target,
the maximum force of contact can be determined
by 6 N:

8o = {w(m(‘) +Kln
A

K U o+l
)+ K

K ] ol
2+ K '

K[M[mu .

2.2. Hysteresis Damping Factor Comparison

A critical aspect of realistic force modeling is
the selection of the damping factor, A, which dictates
how energy is dissipated. As seen in comparative
simulations, while models like Lankarani —
Nikravesh [8] and Lee — Wang [9] exhibit good
dissipation, the Hunt — Crossley [7] model
minimizes estimation error for maximum contact
force and better reflects post-impact behavior.

To choose the best model to determine the
hysteresis damping factor, which is a critical
parameter for showcasing the maximum contact
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force created between the tumbling target and the
robotic manipulator, the relationship between the
deformation and contact force was modeled as
shown in Figure 1. The figure shows the curve of
the contact force with respect to deformation,
where

M, =1kg, K =10° N/m"%,§7) =02 m/s,

and ¢, =0.5, and the different models of the
hysteresis damping factor are adopted.

Contact Force vs Deformation
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Figure 2 was plotted using the equations from
[10] and simulated in MATLAB to observe the
performance of each model. Based on these
simulations, among the various numerical models
analyzed, the Hunt — Crossley model demonstrated
the most promising performance in estimating the
maximum contact force with minimal error
between the tumbling target and the robotic
manipulator. Additionally, its force-displacement
loop exhibited a tendency to return to zero more
effectively than the other models.

Contact Force vs Deformation
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Figure 2. Curve of contact force with respect to deformation
for different models of hysteresis damping factor:
a— Herbert — McWhannell Model; b — Lankarain — Nikravesh Model; ¢ — Flores et al. Model;
d— Zhiying — Qishao Model; e — Hunt — Crossley Model; f— Lee — Wang Model;
g — Gonthier et al. Model; #— Hu — Guo Model
Source:byP.Flores and H. M. Lankarani [10]
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Figure 2 (Ending). Curve of contact force with respect to deformation
for different models of hysteresis damping factor:
a— Herbert — McWhannell Model; b — Lankarain — Nikravesh Model; ¢ — Flores et al. Model;
d— Zhiying — Qishao Model; e — Hunt — Crossley Model; f— Lee — Wang Model;
g — Gonthier et al. Model; #— Hu — Guo Model
Source:byP.Flores and H. M. Lankarani [10]

2.3. Coefficient of Restitution (CR)

Another key parameter is the coefficient of
restitution, which is defined as the ratio of the
post-impact to pre-impact relative velocities. It ef-
fectively measures how “bouncy” a collision is and
thus determines the extent of rebound. A higher
CR (e.g., 0.9) implies more energy retention
(greater rebound), whereas a lower CR (e.g., 0.7)
reduces the rebound but increases the energy

dissipation. In space applications, a balanced CR
of approximately 0.8 is optimal, as it minimizes
rebound without causing excessive deformation or
prolonging the contact duration, which could
destabilize the robot or the captured object [58; 59].

2.4. Integrated Effective Mass (IEM)

The concept of Integrated Effective Mass
(IEM) quantifies the inertia of the manipulator in
the direction of contact. It is derived from the
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dynamic parameters of the manipulator using the
Jacobian matrix J, which maps the joint velocities
to the end-effector velocities. The IEM is derived
from the effective mass of the system. The effective
mass is the apparent inertia of a robotic mani-
pulator (or object) in a particular direction of
motion or force, and it quantifies the resistance
offered by the end effector of a robot when a force
is applied in a given direction. Mathematically, this
1s represented as

M, = (nT (Jnata" )_1 nj_l,

where: J = Jacobian matrix (linear velocity part);
M = inertia matrix in joint space; » = unit vector
along the contact direction;

The integrated effective mass is a cumulative
or averaged measure of the effective mass across a
range of configurations, or along a manipulator
path. It captures the overall dynamic behavior of
the robot during a capture or contact maneuver
involving multiple joints and motion segments.

The total mass of the system can be expressed
using the integrated effective mass of a continuous
object (robotic manipulator) as follows:

1

M, = ,
_ m, +m
ul [—I’th]t lrtp><+‘3tEJun

1€

mm,

where u, — the unit norm direction vector; r, —

the vector from mass center of target to contact

e o i o

point; m,,m_ — effective mass of the robotic
manipulator and mass of mass of the target res-
pectively.

The effective mass of the robotic manipulator
depicts the total mass as a continuous object and is

determined as follows [60; 61]:

where u is a unit direction vector, m, is called the
. N -1 .

effective mass, and H, = (Jb wH Y mv) with

Jy v the Jacobian matrix corresponding to the

linear velocity.

2.5. Jacobian Modeling and DH Parameters

Before determining the effective mass of the
end effector, the Jacobian matrix for the robotic
manipulator must be determined. For the 7-DOF
free-floating space robot (modeled after the KUKA
system), the Jacobian is derived using Denavit—
Hartenberg parameters. This mathematical frame-
work allows the mapping of joint-space motion to
the robot’s operational space [62]. A symbolic,
compact form of the Jacobian matrix was used
to compute the dynamic behavior and ultimately
evaluate the effective mass across different con-
figurations [63]. The D-H parameters for the KUKA
robot shown in Figure 3 are listed in Table 2.

Tumbling target

|
I
|
|
|
1
|
I
I
|
I
|
I
|

Figure 3. The 2D orientation of 7-DOF free-floating space robot capturing tumbling target
Source:byL. Zhang [54]
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Table 2

D-H Parameter of seven DOF KUKA robot

The Jacobian matrix below has been compacted
by symbolizing only entries with more than two

Link an(m) % (1) d{m) o() mathematical operations.
1 0 0 0.6 0, . : )
> o %0 o 0, Trigonometric shorthand was used as follows:
3 0 -90 0 0;
4 1 0 0 8. s 456 = sin(theta 4+theta S+theta 6).
5 1 0 0.2 05
6 0 90 0.2 06 J
7 0 90 0 0, Full Jacobean Matrix J(6) :[ g } ;
Source: byJ. Chimento [62] JW
Jiu Ji —cl2#(0.6% c3+cdx s3+cdxc5*53—53 % 54%55) Jia Jis 0 0
Jy=|Jy Jy s12%(0.6c%c3+cdxs3+c4*c5%x53-53%54%55) sy Jss 0 0f;
0 0 c3%c4—-0.6%s3+c3*cd*c5—c3*s54*55 —s3%(s4+545) —s3%s545 0 0
0 0 s12 —s3*%cl2 —s3*cl2 —s3*cl2 J 47
Jy={0 0 —cl2 —s3%s12 —s3%s512 —s3%512 Jsq ;
1 1 0 c3 c3 c3 53 %5456
[Ji Ji —c12%(0.6%c3 + cd#s3+ cdrc5#s3 — s3xsd#s5) Jiu Jis 0 ]
Joy Iy s12%(0.6%c3 + c4#53 + c4#c5xs3 — s3#xs4#s5) I Jys 0 0
J(0)= 0 0 c3#c4 —0.6%53 + c3xcd*c5— c3xsd#s5 —s3%(s4 + s45) —s3%*s45 0 0
0 0 s12 —s3#cl2 —s3*cl2 —s3*cl2  Jy
0 0 —cl2 —s3#sl2 —s3#*sl2  —s3#sl2 Js;
|1 1 0 c3 c3 c3 $3%5456 |

The effective mass of the end-effector is
derived from the Jacobian matrix of the system
using the dynamic parameters of the space robot

listed in Table 3. The corresponding simulation
results using MATLAB for the effective mass are
presented in Table 4.

Table 4
Effective Mass of the End Effector

Table 3
Dynamic Parameter of the Robot
Part m;,kg l,kg m’
Link 1 5 diag([0.01, 0.02, 0.02])
Link 2 5 diag([0.02, 0.01, 0.02])
Link 3 10 diag([0.84, 0.01, 0.84])
Link 4 10 diag([0.01, 0.84, 0.84])
Link 5 5 diag([0.02, 0.02, 0.01])
Link 6 5 diag([0.02, 0.02, 0.01])
Link 7 8 diag([0.03, 0.03, 0.01])
Base 1,000 diag([500, 500, 500])
Target 200 diag([100, 100, 100])

Source:bylL. Skrinjar, J. Slavi'c, and M. Bolte zar [55]

N, Configuration Effective Mass, kg
1 |30, -55, 60, -70, 35, 20, -40 1.7377
2 |-20,85,-110, 30, -45, 60, 150 0.0413
3 190, -75,40,-130, 70, 15, -20 1.6088
4 |-60, 120, -35, 55, 100, 80, 25 0.7090
5 |10, -140, 95, -15, 60, -10, 130 0.1348
6 |-85,40,-70,20,-11,120, 55 0.2359
7 1135, -50, 75, -90, 15, 100, -35 0.0841
8 |-30, 110,-100, 70, 40, —20, 60 0.1355
9 |70,-100, 55, -45, 140, -60, 5 0.2162
10|-150, 25, -20, 115, -95, 45, -70 0.4346

Source: byS. Doliwa [63]

351



Adde Y.A., Razoumny Yu.N., Betelie A.A., Degefu B. RUDN Journal of Engineering Research. 2025;26(4):343-358

2.6. Singularity Analysis

Singularity analysis plays a critical role in en-
suring that a free-flying space robot never reaches
a state of uncontrollability, where motion along one
or more Cartesian directions becomes impossible
or demands unrealistically large joint velocities.
A singularity occurs when the manipulator’s
Jacobian matrix J(0) loses rank, thereby reducing
its ability to map joint velocities into end-effector
velocities [64].

For a redundant 7-DOF manipulator, such as
the KUKA LBR considered in this study, sin-
gularities may appear in specific configurations
where the rank of J drops below six. This condition
typically arises due to certain joint alignments,
which lead to the loss of motion capability in one
or more directions and, consequently, the risk of
control instability [65; 66].

In this study, singularity tests were performed
across ten representative configurations, as shown
in Table 4, using a MATLAB simulation. The
results of the evaluation on singularity are pre-
sented in Table 5 below. In every case, the Jacobian
maintained full rank (Rank (J) = 6), indicating that
none of the chosen poses were singular.

Table 5
Singularity of 7-DOF Space Robots
Configuration Rank Singularity
1 Rank(J) =6 Not Singular
2 Rank(J) =6 Not Singular
3 Rank(J) =6 Not Singular
4 Rank(J) =6 Not Singular
5 Rank(J) =6 Not Singular
6 Rank(J) =6 Not Singular
7 Rank(J) =6 Not Singular
8 Rank(J) =6 Not Singular
9 Rank(J) =6 Not Singular
10 Rank(J) =6 Not Singular

Source: byA. Mueller [66]

However, points along a trajectory may ap-
proach near-singular conditions, underscoring the
importance of careful motion planning. Entering
a singular configuration during microgravity ope-
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rations can significantly amplify manipulator —
base coupling effects, driving joint torques beyond
their limits and potentially destabilizing the space-
craft attitude [68].

Once the singularity of the workspace has been
identified, IEM of the space robot manipulator
at a given configuration can be easily determined
using the equation M;,. Therefore, singularity
analysis should not be treated as a routine
mathematical exercise but as a vital safety measure
for ensuring robust, stable, and precise capture
maneuvers in free-flying space robotics.

3. Results and Discussion

3. 1. Numerical Simulation
of a 7-DOF Free-Floating Space Robot

A 7-DOF free-floating space robot with @ = 0.6 m,
b=02m, ¢c=02m, d=1.0m, e=1.0m,
f=02m, g=02m, #=02m and k=0.6 m.
T =[-0.25,0.15,0.1]m and o, =[1,-0.5,2]deg /s

are both expressed in the target coordinate frame
[54]. The unit vector according to the calculation
is expressed as follows:

u, =[0.431,-0.267, 0.862].

The dynamics parameters of the space robot and
target are listed in Table 1.

Table 6 was derived from the M equation
above and computed using MATLAB. It sum-
marizes the simulated integrated effective mass
(Mie) for each configuration. It also lists the
simulated maximum contact force during on-orbit
servicing between the space robot manipulator and
the target, which was obtained using the Hunt —
Crossley model with a hysteresis damping factor.

From Table 6, we can see that the maximum
force has different values for different integrated
effective masses, which are the results obtained by
randomly varying the configuration ten times. The
reduced maximum contact force created between
the robotic manipulator and the tumbling target
was observed in configuration 2.

Figure 4 was plotted using MATLAB from the
data in Table 6 and reveals that as the integrated
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effective mass increases, the contact force during
space robot captures increases nonlinearly, parti-
cularly beyond a certain threshold. This indicates
a higher momentum transfer and impact severity.

Minimizing IEM is essential for reducing capture
forces and ensuring safer and more stable robotic
interactions during satellite servicing and debris
capture missions.

Table 6
Integrated Effective Mass for Different Configuration
No Configuration Integrated Effective Mass, kg Maximum Force, N
1 30, -55, 60, -70, 35, 20, -40 1.7199 4.1421e + 03N
2 -20, 85, -110, 30, -45, 60, 150 0.0413 4.4207e + 02N
3 90, -75, 40, -130, 70, 15, -20 1.5935 3.9567e + 03N
4 -60, 120, -35, 55, 100, 80, 25 0.7060 2.4278e + 03N
5 10, -140, 95, -15, 60, -10, 130 0.1347 8.9855e + 02 N
6 -85, 40, -70, 20, -11, 120, 55 0.2355 1.2564e + 03 N
7 120, -40, 60, -70, 35, 60, -20 0.0841 6.7733e + 02N
8 -30, 110, -100, 70, 40, -20, 60 0.1354 9.0135e + 02N
9 70, -100, 55, -45, 140, -60, 5 0.2159 1.1925e + 03 N
10 | -150, 25, -20, 115, -95, 45, -70 0.4334 1.8116e + 03N

Source:byL. Zhang [54]
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Figure 4. Effect of Integrated Effective Mass
to Reduce Contact Force
Source: by P.Flores and H.M. Lankarani [10]
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As demonstrated in the above figure (Figure 5),
the contact models of Lee — Wang, Lankarani —
Nikravesh, Herbert — McWhannell, and Hunt —
Crossley exhibit reduced dissipation energy owing
to their diminished hysteresis damping factor.
However, from the figure, we can see that the Lee-
Wang, Lankarani — Nikravesh, and Herbert —
McWhannel models have higher deformation than
the Hunt — Crossley model. For the above
reasons, the Hunt — Crossley contact force model
was selected to model the contact forces between
the robotic manipulator and the tumbling target.

When the coefficient of restitution was reduced,
the maximum force and maximum deformation
were reduced; however, this resulted in an increase
in the contact duration, which resulted in energy
dissipation, as shown in Figure 6. Therefore, it is
necessary to use a coefficient of restitution of
approximately 0.8. Figure 7 shows the simulation
performed in MATLAB to compare the theoretical
data with the numerical data to verify the results in
depicting the error propagation. Consequently, we
can observe from the figure that the error between
the maximum theoretical and numeric forces was
significantly reduced, as shown in Figure 7.

Contact Force vs Deformation
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Figure 7. Reduced Error
Source: by P.Flores and H.M. Lankarani [10]

Conclusion

This study demonstrated how the configuration
of a free-floating 7-DOF space robot strongly in-
fluences the capture dynamics during satellite ser-
vicing and debris removal. By analyzing the
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integrated effective mass (IEM) across different
joint configurations, it was observed that the con-
tact forces increased nonlinearly with the IEM.
Capture forces were dramatically reduced by nearly
an order of magnitude in low-IEM configurations
compared to higher IEM poses. For instance, an
IEM of 0.0413 kg produced only 442 N, whereas
an IEM of 1.7199 kg generated more than 4142 N.
The Hunt — Crossley model was effective in re-
presenting the contact dynamics, and a restitution
coefficient of approximately 0.8 provided a good
balance between reducing the rebound and main-
taining the capture reliability. These results confirm
that configuration optimization guided by IEM
analysis is a powerful strategy for ensuring safe,
more stable, and reliable space robot operations.
However, this study assumes rigid targets and ideal
conditions, overlooking flexible structures, multi-
contact, and sensor noise. Future efforts should
integrate trajectory planning, flexible modeling,
and adaptive learning-based control to address
uncertainties, paving the way for more robust,
efficient, and sustainable space robotics missions.
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3asBiieHHEe 0 KOH(JIUKTE HHTEPecoB

ABTOpBI 3a5IBJIAIOT 00 OTCYTCTBUU
KOH()ITMKTa HHTEPECOB.

AnnoTtauus. Pa3paborana xoHuenuus raOpUIHON CHCTEMBI THCTAHIIMOH-
Horo 3oHaupoBanus 3emun (I'C/33) mis MbsSHMEI, HHTETPUPYIOMICH HU3-
koopOutanbubele criyTHUKH (LEO) 1 OGecnuioTHbIe JeTaTeabHbIe anmnaparsl
(BITJTA) ans omepaTWBHOTO IOJNYYEHHS JETATM3UPOBAHHBIX MPOCTPaH-
CTBEHHBIX JaHHBIX B 33/1auaXx MOHUTOPUHIA OKPYI)KAIOIIEH Cpebl U YIpaB-
JIeHNsl PUCKaMH CTHXHHHBIX O€ACTBUI. AHanmM3 CymecTByromeil uHdpa-
cTpyKTypHsl JI33 U peasin30BaHHBIX IPOEKTOB BBISIBIJI OIPaHUYEHUs: BBICO-
KYyIO JIATEHTHOCTb CITyTHHKOBBIX CHCTEM, IOMEXH OT 00JIaYHOCTH, OIpaHH-
YEHHYIO JIOCTYITHOCTh JaHHBIX, a TaK)Ke€ MHCTUTYLIMOHAJIbHBIE Oaphbephl,
BKJIIOYAsl CJIa0yI0 MEKBEJAOMCTBCHHYIO KOOPAWHAIMIO, JE(PUIIUT TTOATOTOB-
JICHHBIX KaJIpOB U HEI0CTaTo4HOe (MHAHCHpOBaHME. B pesynbrare uccie-
noBaHus chopmynupoBana apxutekrypa ['CJI33, Bkirovaroiias HHTErpa-
nuto criytHuka 1 BITJIA, ucnonp3oBaHne MHOTOYAaCTOTHBIX U JIa3epHBIX Ka-
HaJoB cBs3U U 3HeprodpdexruHbix BITJIA ¢ MogynbpHOI MoNE3HO HArpys3-
koit (SAR, runepcnexTpaibHble U HHGPaKpacHbIE CEHCOPHI), 00ecIednBao-
IIMX COBMECTHMYIO 00pa0OTKY M ONEpaTHBHYIO IIepefady JaHHBIX B HALUO-
HainbHyto ['MIC-undpactpykrypy. [TokazaHo, 4TO NMpeAsOKECHHAs CUCTEMa
MOBBIIIAET IIPOCTPAHCTBEHHO-BPEMEHHOE pa3peleHne HaOIIoneHu, CHU-
JKaeT BIMSHHME OOJAYHOCTH, YMEHbBIIAET HKCIUTyaTal[MOHHBIE 3aTpaThl IO
CPaBHEHHUIO C MIPEUMYUICCTBEHHO CITyTHUKOBBIMHU PEUICHUSMU M PacIIupseT
CIIEKTp MPHUKJIAJHBIX 33/1a4; OT MOHUTOPHHTA CEIILCKOTO XO3SICTBA, JIECOB H
BOJIHBIX PECYPCOB JI0 ONEPATUBHOIO pearupoBaHMs Ha HaBOJHEHHS U IIMK-
JIOHBI B PEeXHMe, ONM3KOM K pealbHOMYy BpeMeHH. [IpakTndeckas 3Ha4IH-
MOCTH pabOThI 3aKITFO4aeTCs B TOM, uTo BHeapeHue ['CJ[33 coBMecTHO ¢ pas-
BuTHEeM HanmoHabHOU ['MC-rutaTopMBl 1 IporpaMM MOATOTOBKH CIICIHA-
JIUCTOB IOBBIMIAET YCTOMUYUBOCTh MBbSHMBI K MPHUPOIHBIM U aHTPOIIOTEH-
HBIM yIpo3aM 1 o0ecrieduBaet 6oj1ee 000CHOBaHHYIO IOAJEPIKKY YIIPABICH-
YECKHUX PEIICHUH.

KiroueBble cjioBa: rubpuHast CHCTEMa, CITy THUKOBbIE CHUMKH, MOHUTOPUHT
C TIOMOUIBIO OECIUIOTHBIX JIETATEIBHBIX aMIapaToB, MOHUTOPUHT CEIIbCKOTO
XO03siCcTBa
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Introduction

Introduction of UAV-Satellite Hybrid Remote
Sensing System

Existing satellite-based remote sensing systems
often lack real-time data transmission and suffer
from high latency and cloud-cover interference.
However, UAV-based monitoring, although flexible
and precise, struggles with range limitations
and energy constraints. The lack of an integrated
approach hinders efficient decision making, par-
ticularly in disaster response, agriculture moni-
toring, and climate change adaptation. This study
aimed to develop a Hybrid Remote Sensing System
(HRSS) that combines the wide-area coverage of
Low-Earth Orbit (LEO) satellites with the real-
time precision of UAV-based monitoring to create
a cost-effective, scalable, and adaptive solution for
Myanmar. Traditional remote sensing systems
often rely on either LEO satellites or Unmanned
Aerial Vehicles (UAVs) independently. Although
satellites provide global coverage and long-term
data collection, they have limitations, such as low
temporal resolution, high operational costs, and
cloud interference. On the other hand, UAVs offer
high-resolution, real-time monitoring with ope-
rational flexibility, but they are limited in endu-
rance and range. To overcome these challenges, an
HRSS integrating LEO satellites and UAVs was
proposed for Myanmar’s environmental and
resource management needs. Remote sensing and
Geographic Information Systems (GIS) have be-
come integral tools for environmental monitoring,
disaster risk management, and resource planning
[1; 2]. This study provides an in-depth analysis of
the advancements, applications, and challenges
associated with remote sensing technologies in
Myanmar. This study explores the historical
development of satellite data utilisation, the role
of key institutions, ongoing research initiatives,
and future perspectives. Particular emphasis is
placed on the Myanmar-India Friendship Centre

for Remote Sensing, postgraduate education pro-
grams, and collaborative efforts with international
agencies. This study highlights the importance of
capacity building, technological advancements,
and policy integration to optimise the potential of
remote sensing for sustainable development.

The proposed HRSS offers a synergistic
solution by integrating satellite-based remote
sensing with UAV-based aerial surveillance. First,
LEO satellites provide wide-area continuous cove-
rage, making them ideal for large-scale environ-
mental and climate monitoring. However, their
fixed orbital paths and data-acquisition delays can
hinder real-time disaster response. Second, UAVs
offer on-demand high-resolution imaging, allowing
for detailed local monitoring, rapid deployment,
and flexibility in data collection. They can supple-
ment satellite limitations by capturing imagery
in critical regions affected by cloud cover, enabling
continuous monitoring, regardless of weather con-
ditions. Finally, the combination of these techno-
logies enhances the overall efficiency, ensuring a
high temporal resolution from UAVs and extensive
spatial coverage from satellites. This hybrid system
will provide accurate, real-time, and multispectral
data, essential for precision agriculture, forestry
management, urban planning, and disaster response.'

Introduction of the Remote Sensing in Myanmar

The First Myanmar-India Friendship Centre
for Remote Sensing and Data Processing was es-
tablished on 15 February 2001 as a result of a
collaborative initiative between the Ministry of
Science and Technology (MOST) of Myanmar and
the Indian Space Research Organization (ISRO)
of India. This centre marked a significant milestone
in the advancement of remote sensing technology
and its practical applications in Myanmar, laying
the foundation for the integration of geospatial tech-
nologies into the country’s development agenda’
[3]. The establishment of the centre was a testa-

! Remote Sensing for REDD+MRYV for Myanmar Officials. Available from: https://www.icimod.org/remote-sensing-for-
redd-mrv-for-myanmar-officials (accessed: 14.03.2025); Learning from the experiences of 13 developing countries. Global

Comparative Study on REDD+(GCS REDD+).

2 Floodlist, UN Report — Floods in Myanmar Had Devastating Impact on Agriculture, 2015. Available from: https:/
floodlist.com/asia/un-myanmar-floods-food-security (accessed: 14.03.2025); Learning from the experiences of 13 developing

countries. Global Comparative Study on REDD+(GCS REDD+).
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ment to the growing recognition of the im-portance
of remote sensing and GIS in addressing critical
challenges in agriculture, urban planning, environ-
mental management, and disaster risk reduction.
Since its inception, the centre has played a pivotal
role in building local capacity, fostering innovation,
and promoting sustainable development through
the effective use of space-based technologies.

One of the centre’s primary achievements has
been the comprehensive training of its staff
members in the applications of remote sensing
technology. This training, facilitated by Indian
scientists and experts, has equipped Myanmar’s
professionals with the technical skills and know-
ledge necessary to harness the power of geospatial
data. The training programs have covered a wide
range of topics, including data acquisition, image
processing, spatial analysis, and the integration of
remote sensing with GIS for decision-making.
In addition to theoretical knowledge, the centre
has emphasised hands-on learning through the
execution of several mini-projects. These projects
have not only enhanced the technical expertise
of the participants, but also demonstrated the
practical utility of remote sensing in addressing
real-world challenges® [4].

Among the notable projects undertaken by the
centre are Crop Area Estimation and Condition
Monitoring for the Bago Division, which has pro-
vided valuable insights into agricultural productivity
and resource management; Coastal Land Use
Analysis in Rakhine State, which has supported
sustainable coastal development and conservation
efforts; and Urban Land Use Mapping and
Planning for a section of the Mandalay Region,
which has contributed to the efficient management
of urban growth and infrastructure development.
Other significant projects include Land Use
and Land Cover Mapping for Myanmar, which
has provided a comprehensive overview of the
country’s land resources; Forest Type Mapping
in Pyinmana, which has aided in biodiversity
conservation and forest management; and Waste-

land Development in the Sagging Division, which
has promoted the rehabilitation of degraded lands
for agricultural and ecological purposes. These pro-
jects have not only addressed specific sectoral needs
but have also highlighted the versatility and trans-
formative potential of remote sensing technology”.

In addition to its project-based initiatives, the
centre has successfully implemented a research-
oriented program for postgraduate studies affiliated
with the United Nations Centre for Space Science
and Technology Education in Asia and the Pacific
(CSSTEAP). Since its launch in 2002, this program
has aimed to enhance the academic and profes-
sional capabilities of students in the field of remote
sensing and data processing. By offering advanced
training and research opportunities, the program
has nurtured a new generation of experts who are
equipped to tackle complex challenges using geo-
spatial technologies. The program’s emphasis on
interdisciplinary learning and international collabo-
ration has further enriched its curriculum, enabling
students to gain exposure to global best practices
and innovative approaches [1; 5].

The establishment and ongoing activities of the
First Myanmar-India Friendship Centre for Remote
Sensing and Data Processing underscore the im-
portance of international collaboration in advancing
scientific research and technological applications
for sustainable development. By leveraging the ex-
pertise and resources of ISRO and otherinterna-
tional partners, the centre has been able to accelerate
the adoption of remote sensing and GIS techno-
logies in Myanmar. Its contributions have not only
strengthened the country’s technical capacity but
have also fostered a culture of innovation and
knowledge-sharing. As Myanmar continues to face
challenges related to climate change, urbanisation,
and resource management, the centre’s work re-
mains critical in providing data-driven solutions
and supporting evidence-based decision-making.
Through its commitment to excellence and collabo-
ration, the centre serves as a model for how inter-
national partnerships can drive technological
progress and sustainable development in the region.

3 Union of Myanmar. Ministry of Forestry. National Action Programme of Myanmar to Combat Desertification in the
context of United Nations Convention to Combat Desertification (UNCCD). Yangon: Ministry of Forestry; 2005
4 Learning from the experiences of 13 developing countries. Global Comparative Study on REDD+(GCS REDD+).
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1. Materials and Methods

1.2. Advanced Professional Certification
in Geospatial Technologies and Applications

In 20072008, the first Post Graduate Diploma
Course on Remote Sensing and GIS was success-
fully launched, enrolling 13 trainees. This course
aimed to enhance the technical expertise and
practical skills of the participants in the application
of remote sensing and GIS technologies across
various fields. The training program covered
diverse areas, including Agriculture and Soil
Science, Geoscience Applications, Marine Science
Applications, and Urban Planning’ [1].

These projects and courses have contributed
significantly to the development of expertise in
remote sensing and GIS applications, fostering ad-
vancements in environmental monitoring, resource
management, and urban development.

In 2007, the Myanmar-India Friendship Centre
for Remote Sensing and Data Processing (RSDPC)
was reorganised and renamed as the Remote
Sensing Department. This department was placed
under the auspices of Mandalay Technological
University (MTU) and the Ministry of Science and
Technology (MOST). This reorganisation marked
a new chapter in the department’s mission to
advance research and education in remote sensing
and GIS technologies, further solidifying its role in
national and regional development initiatives® [5].

1.2. Historical Applications and Case Studies
in Remote Sensing and GIS

The Remote Sensing Department has a rich
history of conducting impactful research and pro-
jects that leverage remote sensing and GIS techno-
logies. These initiatives have addressed various
critical areas including disaster risk management,

environmental studies, and agricultural planning.
Key projects and studies include the following.

1. Disaster Risk Management in Myanmar:
This project focused on utilising remote sensing
and GIS to assess and mitigate the risks associated
with natural disasters, enhancing the country’s pre-
paredness and response strategies.

2. Groundwater Potential Zone of the Kyaukse
Area: A comprehensive analysis was conducted
to identify and map groundwater potential zones
in the Kyaukse area to support sustainable water
resource management.

3. Geomorphological Studies on Ayeyarwaddy
Deltaic Shelf: This study involved detailed geo-
morphological mapping and analysis of the Ayeyar-
waddy Deltaic Shelf and contribute to a better
understanding of the region’s physical landscape
and its changes over time.

4. Crop Pattern Change Analysis of Mandalay
Area: Remote sensing techniques were employed
to monitor and analyse changes in crop patterns in
the Mandalay area, aiding in agricultural planning
and policy-making.

5. Land Use/Land Cover Change Analysis of
Mandalay City: This project focused on mapping
and analysing land use and land cover changes
in Mandalay City to provide valuable insights for
urban planning and development.

6. Irrigation Management System for Paddy
Field in Mandalay Region: An advanced irrigation
management system was developed using remote
sensing and GIS technologies to optimise water
use and improve paddy field productivity in the
Mandalay Region.

These projects underscore the department’s
commitment to applying cutting-edge technologies
to address real-world challenges, contributing
to sustainable development and resource manage-
ment in Myanmar’.

5 Reliefweb, Myanmar: Floods — Final Report, 2017. Available from: https:/reliefweb.int/report/myanmar/myanmar-
floods-final report-mdrmmO006 (accessed: 14.03.2025); United Nations Platform for Space-Based Information for Disaster
Management and Emergency Response (UN-SPIDER), Flood 2022, 2022. Available from: https://www.un-spider.org/flood

(accessed: 14.03.2025).

¢ Remote Sensing for REDD+MRYV for Myanmar Officials. Available from: https://www.icimod.org/remote-sensing-for-
redd-mrv-for-myanmar-officials (accessed: 14.03.2025); Learning from the experiences of 13 developing countries. Global

Comparative Study on REDD+(GCS REDD+)

" Learning from the experiences of 13 developing countries. Global Comparative Study on REDD+(GCS REDD+);
Reliefweb, Myanmar: Floods — Final Report, 2017. Available from: https://reliefweb.int/report/myanmar/myanmar-floods-
final report-mdrmmO006 (accessed: 14.03.2025); Union of Myanmar. Ministry of Forestry. National Action Programme of
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1.3. Current Initiatives and Innovations
in Remote Sensing and GIS Applications

The Remote Sensing Department is currently
engaged in several significant projects and initi-
atives that highlight the continued application of
remote sensing and GIS technologies [1; 6]. These
activities span a range of critical areas from
environmental monitoring to cultural heritage pre-
servation and urban safety. Key ongoing activities
include the following.

1. Delineation of Outer Limits of Continental
Shelf beyond 200 Nautical Miles: This project in-
volves the precise mapping and delineation of
Myanmar’s continental shelf extending beyond
200 nautical miles, contributing to the nation’s mari-
time boundary claims and resource management.

2. Creating Database of Myanmar Ancient
Cities to Include in the List of World Cultural
Heritage: Efforts are underway to develop a com-
prehensive database of Myanmar’s ancient cities.
This initiative aims to support the inclusion of
these sites in the UNESCO World Cultural Heritage
List, promoting cultural preservation and tourism.

3. ASEAN-INDIA Cooperation Project (Extent
of Transfer of Alien Invasive Organisms in South/
Southeast Asia Region by Shipping): This collabo-
rative project focuses on assessing the transfer of
alien invasive organisms through shipping
activities in the South and Southeast Asia regions.
This project aims to mitigate ecological risks and
protect biodiversity.

4. Urban Fire Analysis in Mandalay using
Remote Sensing & GIS Techniques: Remote sensing
and GIS technologies are being utilised to analyse
and map urban fire risks in Mandalay. This project
supports urban planning and emergency response
strategies to enhance public safety.

5. Teaching Remote Sensing and GIS Subjects
for Ph.D. Civil Engineering Students: The depart-
ment is actively involved in the education and
training of Ph.D. students in Civil Engineering,

offering specialised courses in remote sensing and
GIS. This initiative aims to build an advanced tech-
nical expertise among future researchers and pro-
fessionals.

These ongoing activities demonstrate the de-
partment’s commitment to leveraging remote sensing
and GIS technologies for diverse applications,
thereby contributing to national development, en-
vironmental sustainability, and academic advance-
ment.

1.4. Utilization of Space-based Technologies
for Disaster Risk Management

The initiative entitled “Utilization of Space-
based Technologies for Disaster Risk Management”
was organised by the Asian Disaster Reduction
Center (ADRC) in collaboration with the Asian
Institute of Technology (AIT). This program aimed
to enhance regional capabilities in disaster risk
management through the application of advanced
geospatial technologies. The initiative included
a series of training workshops supported by Tokyo
University, Japan to build technical expertise and
foster knowledge exchange. Two key workshops
were conducted as part of this initiative: Basic Geo-
spatial Technologies Workshop: Held in February
2011, which provided foundational training in geo-
spatial technologies, equipping participants with
essential skills for disaster risk assessment and
management. Advanced Geospatial Technologies
Workshop: Conducted in November 2011, this
workshop focused on advanced applications of
geospatial technologies, enabling participants to
leverage sophisticated tools and methodologies for
more effective disaster risk management.

1.5. Collaborative Partnerships

In addition to the training workshops, the
project established significant collaboration to
further its objectives:

Myanmar to Combat Desertification in the context of United Nations Convention to Combat Desertification (UNCCD). Yangon:
Ministry of Forestry; 2005. Remote Sensing for REDD+MRYV for Myanmar Officials. Available from: https://www.icimod.org/
remote-sensing-for-redd-mrv-for-myanmar-officials (accessed: 14.03.2025); Floodlist, UN Report — Floods in Myanmar Had
Devastating Impact on Agriculture, 2015. Available from: https:/floodlist.com/asia/un-myanmar-floods-food-security (accessed:
14.03.2025); United Nations Platform for Space-Based Information for Disaster Management and Emergency Response
(UN-SPIDER), Flood 2022, 2022. Available from: https://www.un-spider.org/flood (accessed: 14.03.2025).
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® China Centre of Resources Satellite Data
and Applications (CRESDA): A partnership was
formed with CRESDA to enhance the utilisation of
satellite data in disaster risk management.

= China Myanmar Satellite Data Sharing
Service Platform Program: Launched in March
2014, which aimed to create a platform for sharing
satellite data between China and Myanmar. This
initiative sought to improve the application of
space-based technologies in disaster risk manage-

ment, fostering regional cooperation and capacity
building [5; 7; 8].

These efforts underscore the importance of
international collaboration and advanced techno-
logical applications for enhancing disaster risk
management capabilities. The partnerships and
training programs have contributed significantly
to building regional expertise and promoting the
effective use of geospatial technologies for disaster
preparedness and response (Figure 1).

Figure 1. Flood after Cyclone Nargis at 2008 in Myanmar

Source: by Hurricanes & Society*
Available from: https://www.hurricanescience.org/history/storms/2000s/cyclonenargis/
(accessed: 14.03.2025).

2. Results and Discussion

2. 1. Leveraging Remote Sensing Technology
for Enhanced Meteorological and Hydrological
Services in Myanmar

The Department of Meteorology and Hydro-
logy (DMH) in Myanmar serves as a critical

institution for monitoring and managing meteoro-
logical, hydrological, and seismological activities.
Over the decades, the DMH has developed a range
of services and achieved notable milestones, signi-
ficantly contributing to both national and inter-
national initiatives in environmental monitoring
and disaster risk reduction.’

? Floodlist, UN Report — Floods in Myanmar Had Devastating Impact on Agriculture, 2015. Available from: https:/
floodlist.com/asia/un-myanmar-floods-food-security (accessed: 14.03.2025). Learning from the experiences of 13 developing

countries. Global Comparative Study on REDD+(GCS REDD+)
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Establishment of Services

1. Meteorological Services: Initiated in 1937,
these services provide crucial weather forecasts
and climate information, supporting diverse sectors,
such as agriculture, aviation, and public safety.

2. Agro-meteorological Services: Established
in 1970, these services deliver specialised meteo-
rological data and forecasts to aid agricultural
planning and management, thereby enhancing
crop productivity and food security.

3. Hydrological Services: Launched in 1964,
these services oversee the monitoring of water re-
sources, including rivers, lakes, and groundwater,
thereby facilitating sustainable water management
and accurate flood forecasting.

4. Seismological and Earthquake Activities:
Since their inception in 1961, these activities have
involved the systematic observation and analysis
of seismic events, improving earthquake prepared-
ness and response strategies.

International Memberships

® nternational Meteorological Organization
(IMO): The DMH’s membership in the IMO under-
scores its commitment to global meteorological
collaboration and exchange of scientific know-
ledge.

B Acid Deposition Monitoring: Introduced in
2003, this program focuses on tracking acid rain
and its environmental consequences, contributing
to the understanding of atmospheric pollution.

® Acid Deposition Monitoring Network in
Asia (EANET): Joining in 2006, the DMH has
reinforced regional efforts to monitor and mitigate
the effects of acid deposition across Asia.

The DMH’s core functions encompass the
issuance of timely information, forecasts, and
warnings, which are disseminated to decision
makers, policymakers, various departments, and
the public [2; 9]. The primary responsibility of the
DMH is the operation of the Early Warning
System, which plays a vital role in disaster risk re-
duction by providing advance notice of potential
hazards. Information, Forecasts, and Warnings:
The DMH is responsible for issuing accurate and
timely meteorological and hydrological infor-
mation, forecasts, and warnings to support decision
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making and public safety. Data Dissemination:
Critical data is disseminated to decision makers,
policy makers, various departments, and the public
to inform and guide actions related to weather, water
resources, and disaster preparedness. Early Warning
System: Managing the Early Warning System is a
primary responsibility of the DMH, particularly in
the context of Disaster Risk Reduction (DRR).
This system plays a crucial role in mitigating the
impacts of natural disasters by providing early
alerts and facilitating timely responses [2; 9].

Various satellite data applications are utilised
by the Department of Meteorology and Hydrology
(DMH). These applications are categorised into
warnings, bulletins, forecasts, and news, which are
essential for public safety and informed decision
making. They include: Warnings: Cyclone Warning,
Storm Surge, Warning Flood Warning, Untimely
Rainfall Warning, Fog Warning, Heavy Rain
Warning, Aviation Weather Warning, Tsunami
Warning, Port Warning, Forecasts: Daily Weather/
Water Level Forecast, 10 Days Weather/Flood
Forecast, Monthly Weather/Flood Forecast,
Seasonal Weather/River Flood Forecast, Aviation
Weather Forecast, Marine Weather Forecast, Low
Flow Water Level Forecast, Special Forecast,
Bulletins and News: Rainfall/Temperature Records,
Bay Bulletin, Cyclone News, Flood Bulletin, Special
Weather Bulletin, Earthquake News [4; 9; 10].

A historical overview of the application of
satellite data and remote sensing technologies by
the Department of Forest. Aerial photographs were
utilized in the 1920s to assess the vegetative cover
of the Ayeyarwady Delta Mangroves. Satellite
imagery was first introduced to the Forest De-
partment in 1980 under the FAO/UNEP Tropical
Resources Assessment Project. This initiative aimed
to conduct a comprehensive forest cover assessment
across the entire country. In early 1996, the Forest
Department established a Remote Sensing and GIS
Section. A digital image processing system was
installed during this period, facilitated by financial
assistance from the “Watershed Manage-ment for
Three Critical Areas Project” (MY A/93/005) [11-15].

The image details the remote sensing data
sources and software utilised for forest cover
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assessment and conservation efforts. Here are
some Remote Sensing Data Sources: Landsat TM
and ETM+: Imagery with a resolution of 30m x
30m was used for previous forest cover assessments
of the entire country in 1990, 2000, and 2005. IRS
LISS III: Imagery with a resolution of 23.5m was
used for the 2010 forest cover assessment of the
entire country. High-Resolution Satellite Imageries:
Quickbird, IKONOS, ALOS, Rapideye, and Aster
were used for specific conservation priority areas,
including: Tanimtharyi Nature Reserve, Ayeyar-
wady Delta, Naypyitaw Region, Rakhine State,
Shan State'° [10].

Several challenges are faced in the implemen-
tation and utilisation of Remote Sensing (RS) and
GIS technologies. These challenges can be cate-
gorised as technical, institutional, and resource-
related issues, and there is a pressing need for
technical training in RS and GIS for local staff

to enhance their proficiency and operational capa-
bilities. Interconnectivity between ministries and
agencies is limited, necessitating stronger partner-
ship activities to foster collaboration. The relation-
ship between government ministries and related
departments is weak, which hampers coordinated
efforts. Information exchange mechanisms are
inadequate, leading to inefficient data sharing and
utilisation. Public Awareness and Community
Engagement: There is a significant lack of public
awareness and local knowledge regarding the
benefits and applications of RS and GIS techno-
logies [2]. The capacity of community response
and operation is limited, which affects the effective
implementation of these technologies at the
grassroots level. The absence of a National GIS-
based system is a major impediment to the centra-
lised and efficient management of geospatial data
(Figure 2).

User Request

Processing Scenarios

Yangon Mandalay /
.

Myitkyina Myate

Figure 2. Workflow Efficiency in Application Processing Systems
Source: byA.V. Starkov, O.E. Samusenko, Aung Myo Thant

10 Remote Sensing for REDD+MRYV for Myanmar Officials. Available from: https://www.icimod.org/remote-sensing-for-
redd-mrv-for-myanmar-officials (accessed: 14.03.2025); United Nations Platform for Space-Based Information for Disaster
Management and Emergency Response (UN-SPIDER), Flood 2022, 2022. Available from: https://www.un-spider.org/flood

(accessed: 14.03.2025).
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Funding limitations restrict the acquisition of
necessary tools, technologies, and training pro-
grams. There is a shortage of human resources
with the requisite skills and expertise to fully
leverage RS and GIS technologies.

GIS has been identified as a crucial tool for
providing up-to-date information, enabling timely
and appropriate actions in various sectors. There
is a need for comprehensive capacity-building
programs, including seminars, workshops, and
hands-on training, to facilitate the sharing of know-
ledge and experiences among stakeholders [4; 10].
Access to near-real-time satellite data is essential
for effective decision making and response
strategies. Technical training should be provided
to personnel in related ministries and departments
to enhance their proficiency in using GIS and
remote sensing technologies. Interdepartmental and
interministerial coordination and planning are
necessary to ensure cohesive and integrated efforts.
Strengthening the collaboration and cooperation of
the remote sensing and space-based technology
task force through training and project initiatives
is vital. Promoting collaborative activities and pro-
jects focused on space technology and its appli-
cations will help to leverage these technologies for
broader societal benefits."!

2.2. Challenges and Future Perspectives

Despite advancements in remote sensing and
GIS applications, several challenges remain:

Technical limitations: The need for continuous
training and skill enhancement remains a pressing
issue.

Data-sharing constraints: Limited intercon-
nectivity between government agencies hampers
the effective utilisation of GIS technologies.

Funding and resource constraints: Budget
limitations affect the procurement of high-reso-
lution satellite imagery and analytical tools.

Public awareness: There is a need to enhance
community engagement and awareness regarding
the benefits of remote sensing applications.

Future advancements in remote sensing
technologies in Myanmar should focus on the
following:

® Strengthening international collaborations
for data access and knowledge exchange.

® |mplementing real-time satellite monitoring
systems for enhanced disaster response.

® Developing a centralised National GIS
framework to facilitate integrated resource manage-
ment.

® Enhancing technical training programs to
build a skilled workforce proficient in the latest
remote sensing and GIS technologies.

® Encouraging government-private sector
partnerships to invest in high-resolution satellite
imagery and geospatial infrastructure.

® Expanding public engagement initiatives to
raise awareness of the importance of geospatial
technologies in daily life and decision-making.

These conclusions emphasise the importance
of GIS and remote sensing in informed decision
making and highlight the need for capacity build-
ing, technical training, and enhanced collaboration
to maximise the potential of these technologies
in Myanmar. The adoption of remote sensing and
GIS technologies in Myanmar has contributed
significantly to various sectors, from agriculture
and disaster management to cultural heritage pre-
servation. While progress has been made, further
investment in capacity building, infrastructure,
and policy integration is necessary to maximise
the benefits of these technologies. Strengthened
collaboration between government institutions,
academia, and international agencies will be crucial
in ensuring the sustainable development of geo-
spatial technologies in Myanmar. Implementing
robust technical training programs, fostering
public-private partnerships, and increasing public

! Reliefweb, Myanmar: Floods — Final Report, 2017. Available from: https://reliefweb.int/report/myanmar/myanmar-
floods-final report-mdrmmO006 (accessed: 14.03.2025); Union of Myanmar. Ministry of Forestry. National Action Programme
of Myanmar to Combat Desertification in the context of United Nations Convention to Combat Desertification (UNCCD).
Yangon: Ministry of Forestry; 2005; United Nations Platform for Space-Based Information for Disaster Management and
Emergency Response (UN-SPIDER), Flood 2022, 2022. Available from: https://www.un-spider.org/flood (accessed: 14.03.2025).
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awareness can significantly enhance the efficiency
and effectiveness of remote sensing applications in
Myanmar.'?

2.3. UAV-Satellite Integration for Earth
Remote Sensing

Unmanned Aerial Vehicles (UAVs) and Low
Earth Orbit (LEO) satellites have become critical
technologies for Earth remote sensing. Their in-
tegration provides enhanced spatial and temporal
resolution, real-time data collection, and improved
environmental monitoring capabilities. This thesis
explores the challenges and methodologies asso-
ciated with UAV-Satellite integration for remote
sensing applications. The key areas of focus include
optimising data transmission, improving energy
efficiency, overcoming environmental constraints,
ensuring seamless system integration, and address-
ing cybersecurity risks. This study aims to establish

a framework for the effective use of UAV-Satellite
networks to enhance Earth observation and disaster
management. Remote sensing has transformed
the monitoring of the Earth’s surface, climate, and
ecosystems. Traditionally, satellitebased remote
sensing has been the primary tool for largescale
environmental monitoring. However, satellite
imagery often suffers from temporal delays, cloud-
cover interference, and limited revisit times. UAVs,
owing to their ability to capture high-resolution
imagery in real time, offer a complementary solution
(Figure 3).

The integration of UAVs with LEO satellites
allows for more frequent and precise Earth obser-
vation, benefiting various applications, such as
disaster response, agriculture, climate change studies,
and urban development. This thesis examines the
technical aspects of UAV-LEO satellite integration
and explores practical solutions to overcome these
challenges [16; 17].

Flight control
(Including IMU)

Aerial
Camera

Figure 3. UAVs supports systems for Arieal Image with separated Area
Source:byA.V. Starkov, O.E. Samusenko, Aung Myo Thant

2.4. Advantages of UAV-Satellite Integration

Satellites provide global coverage with periodic
updates, but their spatial resolution is limited by
altitude and sensor constraints. UAVs offer ultra-

high-resolution imagery at low altitudes, filling the
gap in satellite imaging by capturing finer details.
By integrating both the platforms, the system can
achieve comprehensive coverage with real-time
updates in high-priority areas.

12 Floodlist, UN Report — Floods in Myanmar Had Devastating Impact on Agriculture, 2015. Available from: https://
floodlist.com/asia/un-myanmar-floods-food-security (accessed: 14.03.2025); Learning from the experiences of 13 developing

countries. Global Comparative Study on REDD+(GCS REDD+).
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UAVs can relay real-time data to satellites, which
then transmit infor-mation to ground stations for
immediate analysis. This capability is essential for
time-sensitive appli-cations such as disaster re-
sponse, where rapid decision-making is re-quired.
UAVs equipped with onboard processing units
can preprocess data, reducing the burden on sa-
tellites and improving data transmission efficiency
[16; 18-20].

Optical satellites are affected by cloud cover,
which can obstruct imaging capabilities. UAVs
equipped with Synthetic Aperture Radar (SAR) can
operate under all weather conditions, providing un-
interrupted imaging. The fusion of optical satellite
imagery with UAV SAR data enhances the accuracy
of remote-sensing applications.

Satellites are constrained to fixed orbits, there
by limiting their capacity to focus on specific
locations at will. UAVs can be deployed in targeted
regions by adjusting their flight paths based on
real-time events and mission requirements. This
flexibility allows for rapid response to emerging
environmental changes, natural disasters, and other
critical situations (Figure 4). The deployment of
LEO satellites requires significant investment,
and their revisit frequency may not meet all the
operational require-ments. UAVs provide a cost-
effective solution for continuous monitoring of
specific regions, reducing the need for frequent
satellite launches. The hybrid approach minimises
operational costs while maximising data coverage
and frequency.

LEO Satellite

Data transmission

Ground Stations

)y

Data Processing

Center

Agrlculture Remote Sensing
Climate Monitoring Emergency Response Application

Figure 4. Application of UAV-Satellite Hybrid Systems to Users
Source:byA.V. Starkov, O.E. Samusenko, Aung Myo Thant

UAVs can be deployed rapidly in disaster-
affected areas to assess damage, locate survivors,
and provide first responders with real-time data.
LEO satellites provide a broader overview of
affected regions, helping authorities coordinate
large-scale emergency response efforts. The com-
bination of UAV and satellite data improves situ-
ational awareness and enhances relief operations.
LEO satellites carry a variety of sensors, including
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optical, infrared, and hyperspectral imaging. UAVs
can be equipped with complementary sensors such
as LiDAR, thermal imaging, and high-resolution
video cameras. This multi-sensor integration
enhances the ability to monitor environmental
changes, detect anomalies, and improve data
accuracy. UAVs can act as relay nodes, ensuring
continuous data transmission even in areas with
limited satellite connectivity. Secure communication
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channels, including quantum encryption and
frequency-hopping techniques, enhance data pro-
tection. Redundant transmission methods ensure
data integrity, preventing losses during critical
remote-sensing operations.

2.5. Proposed Methodologies

To optimise data relay efficiency, hybrid data
transmission networks leverage laser communi-
cation between UAVs and LEO satellites, ensuring
high-speed and low-latency connectivity [16; 21].
By implementing multichannel frequency-hopp-
ing techniques, these networks minimise the risk
of signal interference, enhancing communication
reliability in dynamic environments. Additionally,
high-speed downlink stations play a crucial role in
processing and distributing UAV-LEO data, there-
by reducing reliance on terrestrial infrastructure.
Starlink’s optical inter-satellite communication
system significantly decreases the dependency on
ground stations, enabling more efficient and direct
data transmission across space-based networks.
Energy-Efficient UAV Design. To enhance the en-
durance and efficiency of remote-sensing missions,
solar-powered UAVs are being developed, allow-
ing for prolonged operation without frequent re-
charging. Additionally, integrating fuel cell techno-
logies provides a supplementary power source,
enabling UAVs to handle high-energy applications,
such as advanced sensor payloads and long-range
data transmission. Furthermore, the use of light-
weight composite materials improves aerody-
namics, reducing the overall power consumption
and increasing flight efficiency. Airbus Zephyr’s
solar-powered UAV has demonstrated continuous
flight beyond 30 days, showcasing the potential for
long-endurance, energy-efficient aerial operations
[16;20-22].

To enhance UAV-based remote sensing
capabilities, Synthetic Aperture Radar (SAR) is
integrated for cloud-penetrating imaging, enabling
data acquisition under all weather conditions.
Additionally, hyperspectral and infrared sensors
provide advanced environmental monitoring by
detecting subtle changes in vegetation, pollution
levels, and temperature variations. The develop-

ment of modular UAV payload systems further
enhances flexibility, allowing UAVs to be adapted
for diverse remote sensing applications from dis-
aster response to agricultural assessment. NASA
employs SAR-equipped UAVs to monitor Arctic ice
sheets and analyse climate patterns, thereby pro-
viding critical insights into environmental changes.
Ensuring seamless communication between UAV's
and LEO satellites requires the establishment of
interoperability protocols that facilitate efficient
data exchange. Frequency coordination strategies
are implemented to mitigate signal interference,
optimising communication stability across multiple
channels. Additionally, secure telemetry trans-
mission safeguards data integrity, preventing
potential corruption or cyber threats during trans-
mission. The European Space Agency’s Sentinel
satellite program utilizes standardized data-sharing
protocols to streamline Earth observation data
integration across multiple platforms [17; 23].

Reducing the financial burden of UAV-Satellite
integration involves leveraging CubeSats for low-
cost LEO satellite launches, enhancing the afford-
ability of UAV network expansion [18]. The de-
velopment of modular UAV platforms with replace-
able components ensures cost-effective mainten-
ance, extending the operational lifespan while mini-
mising expenses. Furthermore, high-altitude UAVs
serve as viable alternatives to expensive geo-
stationary satellites, offering regional monitoring
capabilities at a fraction of the cost. SpaceX’s cost-
effective satellite launch solutions have signifi-
cantly reduced deployment expenses, making re-
motesensing missions more accessible and scal-
able (Figure 5).

As UAV-LEQ satellite communication systems
have become more advanced, ensuring data
security is a critical priority. Quantum encryption
is employed to secure communication channels
and prevent cyber threats such as eavesdropping
and data interception. To enhance resilience against
GPS spoofing and jamming attacks, alternative
navigation methods, such as Inertial Navigation
Systems (INS), are integrated to enable UAVs to
operate autonomously without reliance on satellite-
based positioning. Additionally, electromagnetic
shielding is deployed to protect UAV electronics
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from external interference, ensuring stable operation  system significantly enhances data security for space-
even in environments with high electromagnetic ~ based operations, setting a new standard for en-
activity. China’s quantum communication satellite ~ crypted satellite-UAV communications (Figure 6).

Quantum Security

UAV-Satellite Coordination

—

Smart Operations

5G/6G Connectivity

Decision Making

User

Cophmunication Networ

Ground Station

Al Processing

uav
T satellite

Figure 5. Flow chart UAVs-Satellite integration Cost-Effective Deployment Strategies

Source: byA.V. Starkov, O.E. Samusenko, Aung Myo Thant
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Figure 6. Flow chart UAVs-Satellite integration
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The integration of UAVs with satellites pre-
sents a promising advancement in Earth remote
sensing, offering improved spatial resolution, real-
time monitoring, and expanded coverage. Address-
ing technical challenges such as communication
reliability, energy efficiency, environmental adapt-
ability, and cybersecurity will enable sustainable
UAV-satellite operations. By leveraging laser com-
munication, solar-powered UAVs, SAR imaging,
and standardised networking protocols, this study
provides a framework for future UAV-assisted
satellite remote sensing missions. Future develop-
ments will focus on refining UAV endurance, opti-
mizing power consumption, and expanding UAV
applications in climate change monitoring, agri-
cultural assessment, and disaster management'?
[15; 20; 23; 24]

Conclusion

Satellite-UAV hybrid systems significantly
enhance capabilities across various applications
owing to their complementary strengths. Satellites
excel at covering vast, often remote, regions, pro-
viding reliable and consistent large-scale monitoring.
By contrast, UAVs, commonly known as drones,
specialise in localised operations, capturing high-
resolution imagery and precise data close to the
ground. When these technologies are integrated,
they offer an unmatched combination of wide-area
coverage and detailed local insights, creating an
ideal solution for comprehensive data gathering.
The accuracy and resolution of data were signifi-
cantly improved in these hybrid systems. While
satellites typically offer broad-scale data that
might lack fine details, UAVs can provide high-
quality, detailed information about targeted areas.
Thus, the hybrid approach ensures precise, accurate,
and actionable information, which is critical for
informed decision making in emergency response
scenarios or detailed environmental analyses.

Real-time responsiveness is another vital ad-
vantage of Satellite-UAV hybrid systems. Satellites
alone often experience latency between revisits to
a particular location, potentially causing delays in
urgent scenarios. UAVs complement this by swiftly
responding to and delivering immediate data when
rapid assessments are crucial, such as during
natural disasters, humanitarian crises, or security
operations. Reliable communication was further
strengthened by using the hybrid approach.
Satellites maintain robust communication channels
that are essential in isolated regions lacking
terrestrial infrastructure. Meanwhile, UAVs can
act as temporary communication relays, especially
valuable in situations where local ground commu-
nication networks are damaged or compromised'*.

These hybrid systems are characterised by
flexibility and adaptability. Satellites provide
consistent, predictable data collection due to their
fixed orbital paths, while UAVs can quickly adapt
to changing mission requirements, modifying their
paths or targets in real time. This dual capability
allows the hybrid system to manage evolving
scenarios effectively. Cost effectiveness and system
resilience are additional key factors. Satellites
require significant initial investments, but offer
affordable, continuous coverage over long periods.
On the other hand, UAVs are cost-effective for
rapid deployment and targeted short-term
operations. Integrating both allows cost optimi-
sation by leveraging satellite efficiency for long-
term monitoring and UAV agility for immediate
focused missions. Furthermore, the redundancy
provided by both satellites and UAVs increases the
overall reliability, ensuring continuous operation
even if one component experiences disruption.
Finally, the diverse application potential of Satellite-
UAV hybrid systems is extensive.

They effectively support disaster management,
environmental monitoring, agricultural and forestry

13 European Parliament and of the Council of 27 April 2016, Regulation (EU) 2016/679 on the protection of natural persons
with regard to the processing of personal data and on the free movement of such data, and repealing Directive 95/46/EC (General
Data Protection Regulation). Available from: http://data.europa.eu/eli/reg/2016/679/0j, 2016 (accessed: 14.03.2025).

14 Union of Myanmar. Ministry of Forestry. National Action Programme of Myanmar to Combat Desertification in the
context of United Nations Convention to Combat Desertification (UNCCD). Yangon: Ministry of Forestry; 2005. Remote
Sensing for REDD+MRYV for Myanmar Officials. Available from: https://www.icimod.org/remote-sensing-for-redd-mrv-for-
myanmar-officials (accessed: 14.03.2025). United Nations Platform for Space-Based Information for Disaster Management and
Emergency Response (UN-SPIDER), Flood 2022, 2022. Available from: https://www.un-spider.org/flood (accessed: 14.03.2025).
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management, military and security surveillance,
communication reinforcement in remote regions,
and precise infrastructure inspection tasks. This
breadth of applications demonstrates the significant
value and broad appeal of adopting integrated
Satellite-UAYV solutions [25].

Implementing a Satellite-UAV hybrid system
is highly advantageous for Myanmar, given the
country’s geographical diversity, frequent natural
disasters, and limited infrastructure in remote
regions. Satellites can provide extensive coverage
across Myanmar’s challenging terrain, enabling
the reliable and comprehensive monitoring of en-
vironmental conditions, disaster risks, and resource
management. Simultaneously, UAVs (drones) offer
precise, high-resolution data collection, which is
crucial for immediate local responses to disasters,
such as cyclones, floods, or earthquakes. The
integration of these technologies has the potential
to enhance emergency responsiveness, strengthen
communication connectivity in isolated regions,
and facilitate effective management of agricultural,
environmental, and infrastructural developments.
This, in turn, is expected to support the nation’s
resilience and sustainable growth.
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Abstract. The operation of spacecraft with nuclear power plants operating under the influence
of their own external atmosphere is associated with the effect of radiation transfer from the
near-reactor zone to the area near the instrument compartment. This phenomenon is called
“induced radiation”. Induced radiation has a negative effect on the equipment in the area near
the instrument compartment. To protect against induced radiation, this article suggests,
together with traditional protection methods, using special devices that provide additional
radiation protection for spacecraft with nuclear power plants. These include: a positively
charged separation screen; gas nozzles for purging the outboard space; electronic plasma
neutralizers with thermionic cathodes. The combined use of traditional methods and additional
protection devices to reduce the negative impact of a nuclear reactor will significantly extend
the service life of the spacecraft.
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BBepeHue

HccnenoBanue siBleHUs HaBEJCHHOW pajaua-
A COOCTBEHHBIX BHEIIHMX aTMoc(dep KocMu-
YECKUX allapaToB HEOOXOIMMO INPH BHEAPCHHUU
SIIEPHBIX CHCTEM JHEProoOecredyeHus B COCTaBbI
MIEPCTIEKTUBHBIX KocMuyeckux ammapatoB (KA).
JlanHOE sIBJI€HHE BO3HUKAET B PE3YNbTATE U3ITY-
YEeHHsI SAEPHOTO PeakTopa, KOTOPbI aKTUBUPYET
SIpa BEIIECTB, BXOASIINX B COCTaB 3a00PTHOM ra-
30MbUIeBOM Ma3MeHHou cpensl [1]. [Tocne ucte-
YeHUs Mepuoja Mnojypacnajaa nojioBUHa BO30YX-
JICHHBIX sIIep ACAKTHBHPYETCS B pe3yabTare MX
pacuierieHui, COMPOBOXKIAEMbIX H3ITyUYeHUIMHU
KOPIYCKYJISIPHBIX IIOTOKOB U Y-KBaH-TOB. JTO sIBJIE-
HHUE, KaK MpaBWJIO, OCYIIECTBISIETCS B IMPOIIECCE

MepeMeIIeHUs] aKTUBUPOBAHHOM ra30IlIa3MEHHOM
cpenbl COOCTBEHHOM BHEIIHEH atMocdepbl B 00-
X0J1 OJIOKa PauallMOHHON 3alUThl TCHEBOTO THIIA
B 001aCTh TEHEBOW PaIMAIIMOHHON 3aIUTHI.
O6nacTh 1Ia3Mbl, COPMHUPOBABIIASCS B 3a-
O0pTHOI arMocdepe psAAOM C pabOTAIOIIIM siIep-
HBIM PEaKTOPOM Ha KOCMUYECKOM arnapare, Coiep-
KHUT OOJIBIIIOE KOJIMYECTBO 3apSKEHHBIX YaCTHUIL
U UMEET BBICOKYIO Temreparypy. [Ipoueccs noHu-
3alUl aTOMOB W BO30YXACHUs simep armocdep-
HBIX BEIIECTB JIOMUHUPYIOT B JaHHOH 00aacTu.
JeaxTuBanus paguoOHYKIUIOB B 3aIIUIIEHHON OT
SIEPHOTO peaKkTopa OOJACTH MPHUBOIAUT K HEra-
TUBHBIM U3MEHEHUSIM CBOWCTB MaTepHAaJIOB H I10-
pPaKEHUSIM DJICKTPOHHBIX YCTPOWCTB, YTO MOXET
NPUBECTH K JerpaganusmM O0opToBbIX cucteM KA,

377



Ustinov A.N., Atamasov V.D. RUDN Journal of Engineering Research. 2025;26(4):376-387

OCHAILIEHHBIX SJEPHBIMH 3HEPI€TUYECKUMH yCTa-
HoBKamH. [Iporiecc HaKoOIUIEHUs paHOaKTUBHBIX
n3otonoB B BemectBax CBA moj neiictBuem 06-
Jy4eHUs SJCpHBIM PEaKTOPOM Ha3bIBAETCS aKTH-
BaIuen cpeapl [2-5].

E1e pa3 akueHTupyem, 4To NpoLecchl peKoM-
OWHAIMK U PaCLICIUICHUS sJep NPU UX JIeaKTHBA-
oM B oOmactu atMocgepbl, TAE PacHoI0KEHBI
nprOOpHBIE OTCEKH, IIeJIEBBIE U BCIOMOTaTeIbHbIC
CUCTEMBI, IPOTEKAIOT 3a CYET BTOPUYHBIX IJIEK-
TPOMAarHUTHBIX W KOPIYCKYJISPHBIX H3ITYUYEHH.
ObpazoBaBmmecs B CBA rpaaneHThl KOHIIEHTpa-
LW{A, MOTEHIUANIO0B, TEMIEPATypbl W J1aBJIEHUS
MPUBOJAT K MHTEHCUBHOMY I€pPEMEIIMBAHUIO
(«Oyprenuro») atMoC(epHON cpelbl U MEePEeHOCY
OOJIyYeHHBIX SIIEPHBIM PEaKTOPOM BEUIECTB, Iie-
peMenIanuXxcst CHapYy u 0J0Ka TEHEeBOW panua-
LUOHHOM 3a1uTHI B 3a00pTHYI0 00macTs KA, okpy-
JKAIOUIYI0 €ro JIPyryl0 OKOHEYHOCTb, IJ€ pa3Mme-
IIEHBI €10 3aILHUIIEHHbIE OTCEKH U KOHCTPYKTUBHBIE
ycTpoiicTBa. M3myyenusi, cConpoBOXaa0LUe BTO-
pHUYHBIE MPOLIECCHI AAECPHBIX MPEBPAIIECHUH B aTO-
Max arMOC(epHBIX BEIIECTB, BHI3BIBAIOT MOPaKe-
HUE YYBCTBUTEIBHON K TAKOMY M3JIy4YEHHUIO JIEK-
TPOHHOM W Apyroil ammaparypbl HaBEIEHHOU
panuamnueir CBA [5; 6]. Takxke oHU CIIOCOOHBI
BBI3BaTh CYIIECTBEHHOE HEraTMBHOE M3MEHEHUE
CBOMCTB KOHCTPYKIIMOHHBIX MarepHajioB, 0COOEHHO
MIPOYHOCTHBIX U )KECTKOCTHBIX XaPaKTEPUCTUK BbI-
HOCHBIX YIPYI'HX 3JIeMeHTOB. ClieayeT NOMHUTb,
YTO TaHHOE (PyHKIMOHANBHOE opaxenue KA ocy-
LIECTBIIAETCSA 3@ CYET SHEPruu, NOABOAMUMON OT
COOCTBEHHOTO SI/IEPHOTO PEAKTOPA.

PannoakTUBHOCTH BELIECTB BO3HUKAET MOJ
JNEHCTBHEM HOHU3UPYIOLIETO H3Iy4YEeHHs, TaKOro
KaK IOTOKM HEUTPOHOB M raMMa-KBaHTOB, KOTO-
pbie SBISIOTCS Hanbosee MHTEHCHBHO H3IIydae-
MBIMH aKTHUBHBIMU 30HaMU SIIEPHBIX PEAKTOPOB
KOCMHYECKOTO 6a3upOBaHMs. ITOT MPOLIECC Ha3bl-
BaeTcs aktuBanueinn CBA mepBuuHON paauanueit
anepHoro peakropa. Bemectsa CBA npu o6myye-
HUU TIPEBPAIIAIOTCS B PAAHOAKTUBHBIE U30TOIIBI C
Pa3TMYHBIME BPEMEHAMU ITOJTyPACTIaZoB, KOTOPHIE
M3ITy4aloT BTOPUUHYIO Palalliio CITyCTs HEKOTO-
poe (pa3zHoe i pa3TUYHbIX BEIIECTB) BPEMS I0-
clle TipeKparieHust oomydeHus peakropom. Ocobo
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OTIACHYIO PaJMOAKTHBHOCTH BBI3BIBAET HEHTPOH-
HOE O0JyyeHHe, YTO MPOUCXOIUT HM3-32 CBOWCTB
HEUTPOHOB, MMEIOIIMX JOCTATOYHO OOJIBLIYIO
SHEPTHIO (HE MEHbIIE HeCKOIbKUX MaB), crioco6-
HYI0 UHUIIMMPOBATh PEaKUH SAEPHBIX TpeBpallie-
HUH. 3apsHKeHHBIE YaCTHIIBI M TaMMa-KBaHThI B3a-
MMOJICUCTBYIOT C JIEKTPOHHBIMU 000JIOUKaMH aTo-
MOB HaMHOTO WHTCHCHBHEE, YeM C SApaMHU aro-
MOB, U OBICTPO TEPSIIOT SHEPTHIO, TEPSISL U CIIOCO0-
HOCTh K akTuBanmu sjep. [lomoxxutensHo 3aps-
JKCHHBIE YaCTHUIIbI, TAKUE KaK TMPOTOHBI U aibda-
YaCTHILIbI, TAKXKE TEPSIIOT SHEPTUIO, YIPYTO pacce-
UBasCh Ha sipax [7; 8].

Takum 0Opa3oM, HEHTPOHBI 00JIATAOT HaU-
OoubIIeil CrIOCOOHOCTBIO CO3/1aBaTh HABEICHHYIO
paananuio, KoTopasi MPOUCXOIUT MPH UX TOIIIO-
IICHUH SApaMH WM BBIOMBAHWU U3 SIEP MPOTO-
HOB, HETPOHOB MJIM KJIaCTEPOB HYKJIOHOB, HallpH-
Mep anbga-yactui. OOpa3oBaHUE pPATUOAKTUB-
HBIX M30TOIIOB MPOUCXOMUT KaK HA MIOBEPXHOCTH,
TaKk U B TOJIIIE BEUIECTBA KOHCTPYKTHUBHBIX 3Jie-
MeHTOB U 3a0opTHOU armocgepsl KA. Pagnoak-
THUBHBIE U30TOIBI PACalalOTCs U UCITyCKAIOT BTO-
pUYHOE H3Iy4YeHHE, KOTOPOE Ha3bIBAeTCsl HaBe-
JICHHOW paJiainei.

1. OcHOBHbIe Pn3nyHeckKkme NpoLecchl,
npoTtekalwLwme B COOCTBEHHOI BHELUHen
atmocdepe, oO6nyyaemMon aaepHbIM
peakTopoM KOCMUYEeCKOro annapara

VYCTaHOBIEHO, YTO MpPU PACIICIUICHUU SAEP
aToMoB oOpazyercst okoso 80 pa3nUYHBIX H30TO-
OB, KOTOpBIE JIenaTcs mpuMepHo 40 criocobamu.
CraOuIbHOCT ATUX M30TONOB OTJINYAETCS: HEKO-
TOpBI€ U3 HUX HOJHOCTBIO CTAOMIJIbHBL, B TO BpEMs
Kak JApyrve paJroaKkTUBHO paclaaroTcs C epUo-
JaMH TOJTypaclafoB B CEKyHbI, Yachl M CYTKH.
Paznararomuecss U30TONbI MOT'YT MOPOXKAATH CTa-
OWJIbHBIE W HECTAOWIBbHBIE TOYEPHUE H30TOIIBI.
Kak pesynbrar, cMech M30TOIOB OBICTPO CTAaHO-
BUTCA cloXHOW. Hampumep, mpu siiepHBIX B3pbI-
Bax B IIPOJYKTax pacmajaa OblJI0 0OHAPYKEHO I10-
psanka 300 uzoTonoB 36 3IeMEHTOB.

B o0nmacTp KOHCTPYKIMH M TPUOOPHOTO OT-
ceka KA neperexaroT KOpOTKO>KUBYIIHE U30TOIIBI,
KOTOpBbIE OBICTPO HCITYCKAalOT YHEPTUI0 PacIaja.
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OnHu cOpachIBAlOT YacTh ATOW SHEPTUM HA KOH-
CTPYKTHUBHBIE DIIEMEHTHl M MPUOOPHBIA OTCEK,
Jpyrasi 4acTb M3JIy4aeTcsl B KOCMHYECKOE MpO-
cTpadcTBO [9-13]. JlonroxkuByIuue MU30TOIBI, HA-
MIPOTUB, UCITYCKAIOT SHEPTHIO B TEUCHHUE JUTUTENb-
HOT'O BPEMEHH, YTO CO3JacT MEHEEC MHTEHCUBHOE
U3JIy4eHue, HO ¢ 0oJiee BBICOKUM CPOKOM JKHU3HH.
Takum 0Opa3om, MPOAYKTHI pacraja sBISIOTCS HC-
TOYHHKOM BBICOKOTO YPOBHS paJualliH, KOTOPHIi
HE CHIDKAETCs B T€UEHHE BPEMEHM PaboTHI sijiep-
HOTO PEaKTopa B YCIOBHAX aTMOC(epHOro oKpy-
HKEHHUSL.

BonbmmHCTBO 2neMeHToB Tabmuibsl MeHe-
JieeBa UCCIIEA0BaHbI HA paInallMOHHYIO CTOUKOCTbD,
1 MOCJIE UX SKCTIOHUPOBAHUS HA MU3ITyUEHHSIX sJIep-
HBIX PEaKTOpOB ObUIM OOHApPY’KEHbI SIBICHUS HC-
KyCCTBEHHOM paJMOAKTUBHOCTH.

Ha puc. 1-4 npencraBieHbl CXeMbl CTPYK-
TYpHO-(QYHKIIMOHATBHBIX MOJENEH CI0KHBIX TEX-
HUYECKUX CHCTEM, KaXKAasl U3 KOTOPBIX BKIIFOYAET
KOCMHUYECKUH anmapar ¢ SIepHON SHEPreTUIeCKOU
YCTaHOBKOM U €ro COOCTBEHHYO BHELIHIOKO aTMO-
chepy. KocMuuecknii ammapar cCOCTOUT W3 siiep-
HOTO peakTopa, 0J0Ka TEeHEBOM paJuallMOHHOM 3a-
LIUTBI, CHCTEMBI OTOIBHKEHUS SIAEPHOTO PEAKTOpA

OT OCHOBHOM KOHCTPYKIIMM amnmnapara, Kotopas
BKJIIOYA€T BBIHOCHBIE YNPYTHE JIEMEHTHI U MO-
JIyJIH LEEBBIX U CITYKEOHBIX CHCTEM.

Ha puc. 3, 4 u 5 nokazaHbl HE TOJIBKO 3JIe-
MEHTBI CJIO)KHOW TEXHUUECKOM CUCTEMBI, HO U Cpell-
CTBa JIOTIOJIHUTEIBHON (DYHKIIMOHATHHON 3aIllUTHI
OT HABEJEHHOW paaualuu, reHepupyeMou Belie-
CTBAMHU Ta30IMBUIEBOM arMocdepsl Ha KOHCTPYK-
uuto KA, pacronoxeHHyto 3a 0J0KOM TeHEBOMH
paguanoHHON 3amuThl. [ obGecrneuenus ao-
ITOJTHUTENIFHON paAualliOHHON 3aIlUThI UCIIOIb-
3yIOTCSl 3KpaH (puc. 3, 5), MHXKEKTOp 3JICKTPOHOB
(puc. 3, 4 u 5) u razoBeie cormna (puc. 4, 5). Pazne-
JISTFOIIUH arMocepy TEMEHT, BBITONTHSIONNHN (yH-
KLIMIO 9KpaHa, MPEersTCTBYET NePETEKaHHIO ra30Ibl-
JIEBOM CpeIbl U3 OKOJIOPEAKTOPHOTO MPOCTPAHCTBA
B 0071aCTh, OKPY’KAIOIIYI0 OCTAJIEHYIO0 KOHCTPYK-
nuro KA.

[Iporekaromiye noa 1eHCTBUEM COTHEYHBIX U
raJJAKTUYECKUX KOCMUUYECKUX U3ITyYEHUH POLIECCHI
MoHM3aMK 3a00pTHOU cpenbl atMocdepsl KA ¢
HEpaOOoTAIOIIUM SIIEPHBIM PEAKTOPOM BBI3BIBAIOT
TeHEPUPOBAHHE AIEKTPUIECKHUX 3apsi/IOB: OTpHUIIA-
TEJILHOTO Ha Kopityce KOHCTpyKuMu KA u nonoxu-
TenbHOTO B 00beMe CBA, kak mokaszaHo Ha puc. 1.

Puc. 1. Cxema CTpyKTypHO-DYHKLUMOHANBHOW MoAenn KA ¢ BbIKIIOYEHHBIM SAEPHBIM PEAKTOPOM
(B NOAKPUTUHHOM COCTOSIHMM) B YCITIOBUSAX BO3AECTBUIN COOCTBEHHOM BHELLUHEN ra3onblineBoi atmocdepbi:
7 — ainepHbI peakTop; 2— BGJI0K TEHEBOW paavaLMOHHON 3aluTbl; 3— CUCTEMA OTOOBUXEHUS SOEPHOI0 peakTopa;
4 — NOBEPXHOCTHbINM C/IO COOCTBEHHOW BHELLHEN aTMocdepbl; 5 — cOOCTBEHHAs BHELLHAA aTMocdepa;
6 — moaynb creuyanbHbIX U CITYXXeOHbIX CUCTEM
M ¢ T0o4HwUK: BbinosHeHO B.[. AtTamacoBbiM

Figure 1. The scheme of the structural and functional model of a spacecraft with a switched-off
nuclear reactor (in a subcritical state) under the influence of its own external gas-dust atmosphere:
7 — anuclear reactor; 2— a block of shadow radiation protection; 3— a system for moving away a nuclear reactor;
4 — a surface layer of its own external atmosphere; 5 — its own external atmosphere;
6 — a module of special and service systems
Source: byV.D. Atamasov
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[Iporekaromee pasneneHue 3apsyKEHHOCTEN
noBepxHoctu KA (orpunarensnoii) u oobema CBA
(IONIOKUTENBHOI), OCYLIECTBISIEMOE BCIEACTBUE
3HAUUTEIPHOTO OTJIMYMS CKOPOCTEH TepeMernie-
HUS B 3200pTHOM MPOCTPAHCTBE JIETKUX OTpHUIIa-
TEJbHBIX YaCTHUI] (3JIEKTPOHOB) MO CPABHEHUIO CO
CKOPOCTSIMU TSDKEJIBIX (ITOJIOKUTENIBHO 3apsKEH-
HBIX YaCTHUI]) MOHOB, (OPMHUPYET KYJIOHOBCKHE
CHJIBl TIPUTSDKEHUS, YAEpXKHUBAIOIIUEe arMocdepy
KA ot paccessHus B KOCMHYECKOM IIPOCTPAHCTBE.
Hapy:xusble cion CBA, BbIIeJICHHBIE HA PUCYHKAX
LIBETOM, BOCIHPUHUMAIOT H3JIy4EHHUsS KOCMOca H
MOJIBEpraroTcsl Hanbojiee MHTEHCUBHOMY pajua-
IHOHHOMY Bo3zaevcTButo. [lognepxanue 3apskeH-
HOT'O COCTOSIHMSI T'a30IbUIEBOM Cpelbl U KopIyca
KA nocruraercs 3a cuet quddy3un 3apsKeHHbIX
YaCTHUIl U3 BHEIIHUX CIIOEB aTMOC(EpHI B €€ BHYT-
pennne oowvembl. [lpu 3TOM mepemennBanue at-
MochepHOH cpebl MPH HEPabOTAIOIIEM SIEPHOM
peaxkTope IPOHCXOJUT B OCHOBHOM B paJIMaIbHOM

HanpasieHH. OJJHaKO BKIIIOUEHHE SAEPHOIO PEaAK-
TOpa MPY HAJTMYUH BHEIIHEH aTMOC(epbl IPUBOIUT
K KapJUHAJIbHOMY HM3MEHEHHUIO COCTOSHHUS CIIOXK-
HOM TexHuuecko cucrembl. Ha puc. 2 nokazaHo,
4TO O€3 JOMOJHUTEIbHBIX CPEICTB 3aLIUTHI B 3a-
OOpPTHOM MPOCTPAHCTBE BO3HHUKAIOT MOTOKU HE
TOJIBKO B paavaJIbHOM, HO 1 B ITPOJ0JIbHOM HaIlpaB-
JICHUU.

[IpononbHble nepemenieHuss o0pa3yroTcs B
CBSI3M C HaJIIMYHEM HM30BITOYHOTO IIoTE€HII Haj1a
Cpebl ¥ 3HAYUTEIIBHBIM YBEINYSHHEM 00BEeMHOTO
3apsaa ¥ TeMIepaTrypbl B o0macTu arMmocdepsl
OKOJIO SIZIEPHOTO PEAKTOPA. ITO IPUBOAUT K IEepe-
HOCY AKTHBUPOBAHHBLIX HU3JTYYCHHUAMHU SAJACPHOTO
peakTopa BEIIECTB B TEHEBYIO 00J1acTh OJI0Ka paiu-
aHI/IOHHOfI 3allUiThl, 1 BO3HUKHOBCHHUIO HABCICH-
HOHM paJMallid Ha 3alllMIIEHHBIE 3J€MEHThI KOH-
CTPYKLIMH KOCMUYECKOro anmnapara. s mpeaorspa-
LIEHHUs TAaKOIO IEPEHOCa YCTAHOBJIEH 3alllUTHBIN
akpaH (puc. 3).

iy

o W
o

Puc. 2. Cxema CTpPyKTYpHO-PYHKLUMOHANbHOM Moaenn KA ¢ akTMBMPOBAHHBIM SAEPHbLIM PEAKTOPOM
B YCJI0BUSIX BO3OENCTBUIA COOCTBEHHOW BHELLHEN ra30mnbIIEBOM NNa3MeHHO aTMochepbl:
7 — apepHbI peakTop; 2— 610K TeHEBO PaanaLMOHHOM 3aLUnThI;
3— cuctemMa OTOABUXEHUSA AAEPHOro peakTopa; 4 — NpoaosibHble noTokn MY oT saepHOro peakTopa;
5 — NpoJoJibHbIE MOTOKW MEIKOONCMNEPCHbIX YaCTULL K SAEPHOMY peakTopy; 6 — cOOCTBEHHasi BHELLHSS aTMocdepa annapara;
7 — NOBEPXHOCTHbIN CNOWM COOCTBEHHOM BHELLHEN aTMOCdEpPDI; 8 — MOAYNN CNELNasbHbIX U CY>XEOHbIX CUCTEM;
9 — TenecHbI yron TeHeBOW pagnaunoHHon 3awmTel; 70— 061acTb MHTEHCUMBHOW akTUBaUWKM SAEP BELLECTB aTMocdhephl
M ¢ T0o4HWUK: BbinonHeHo B.[l. ATamacoBbiM

Figure 2. The scheme of the structural and functional model of a spacecraft with an activated
nuclear reactor under the influence of its own external gas-dust plasma atmosphere.

7— anuclear reactor; 2— a block of shadow radiation protection; 3— a system for moving a nuclear reactor;
4 — longitudinal fluxes of MDC from a nuclear reactor; 5— longitudinal fluxes of fine particles to a nuclear reactor;
6 — its own external atmosphere of the apparatus; 7— the surface layer of its external atmosphere;
& — modules of special and service systems; 9— solid angle of shadow radiation protection;
70— the area of intensive activation of the nuclei of atmospheric substances
Source:byV.D. Atamasov

380



Yeruros A.H., Aramacos B./]. BectHnk PYOH. Cepusi: IHxeHepHble nccneposanus. 2025. T. 26. Ne 4. C. 376-387

N
)
>3
o}
©
=
N
[

Puc. 3. Cxema CTpyKTypHO-PYHKUMOHaNbHON moaenu KA ¢ akTMBMPOBaHHbLIM
A0epHbIM PEaKTOPOM B YC/TIOBUSAX BO3AENCTBUN COOCTBEHHO BHELLHEN ra3onblieBoin nNiasMeHHon aTMocdepsl,
pasneneHHom 3aWmnTHLIM 3KPaHOM C TEPMO3MMCCUMOHHBIMU HETPann3aTopamMm NaasMeHHoM cpeabl:
7 — paccenBaoLLNNCa HENTPaNN30BaHHbI ra30nbiNeBOo NOTOK U3 061aCTV MHTEHCMBHOW akTMBaUUmn

anep BellecTB atMocdepbl; 2— NOTOKN HENTPaNM30BaHHOM Nasmbl; 3 — 3/1IeKTPOHHbIM HelTpannaaTop niasmbl

C TEPMO3MUCCUOHHBIM KaToA0oM; 4 — akTVBHas 30Ha S4ePHOro peaktopa; 5 — 610k paavaLoHHON 3aLUNTbI;

6 — pasfenuTenbHblii 3KpaH; 7 — coBCTBEeHHas BHeLHsS aTMocdepa KA 3a 6710KOM paanaLmoHHOM 3aLlUmThl;
8 — cuctema oToaBMXEHUS SAEePHOro peaktopa; 9 — NOBEePXHOCTHbIN C/Io COOCTBEHHOM BHELLHel aTMocdepbl;

70— pmarpamma HanpasfieHHOCTM MOTOKa 3N1EKTPOHOB N3 31EKTPOHHOMO HENTpanmM3aTopa niasmel
(C TEPMOSMMCCUOHHBIM KaTOAOM); 77 — MOAYNb CreumanbHbIX U CIY>XeOHbIX CUCTEM;

72— KOHyC TeHMn 610Kka paamnaLmoHHOM 3almThl; 73— 061acTb HaBeAEHHOM paamaumm B KOHYC TEHEBOWN 3aLMTbI
M € T0o4HWMK: BbINOAHeHo B.[,. AtamacoBbiM

Figure 3. The scheme of the structural and functional model of a spacecraft with an activated
nuclear reactor under the influence of its own external gas-dust plasma atmosphere
separated by a shield with thermionic plasma neutralizers:
7 — a scattering neutralized gas-dust stream from the area of intense activation of the nuclei
of atmospheric substances; 2— neutralized plasma streams; 3— an electronic plasma neutralizer
with a thermomission cathode; 4 — the active zone of a nuclear reactor; 5 — a radiation protection unit;
6 — a separation screen; 7— the spacecraft’s own external atmosphere behind the radiation protection unit;
8 — the system of separation of a nuclear reactor; 9— the surface layer of its own external atmosphere;
70— a diagram of the direction of the electron flow from an electronic plasma neutralizer (with a thermionic cathode);
77— the module of special and service systems; 72— the cone of the shadow of the radiation protection unit;

713 — the area of induced radiation in the cone of shadow protection
Source: byV.D. Atamasov

2. CnocoObl 3aluThl OT HaBe4,eHHOMN
paauaunmn

Jnst oGecrniedeHrst HHTEHCUBHOTO pacCeUBaHUs
arMocdepbl B KOCMHUYECKOM MPOCTPAHCTBE UCTIOJNb-
3YIOTCSl TEPMOIMUCCHOHHBIE UCTOUHUKHU AJIEKTPO-
HOB. OHU HEHTPANTU3YIOT MOJIOKHUTEIBHBIN 00BEM-
HBIA 3aps aTMoc(epbl U CHUXKAIOT OTpHULATEb-
HBIN 3apsi/i NOBEPXHOCTH KOHCTPYKLUH ammapara,
co3JaBasi yCJIOBHUS ISl PACCEUBAHUS aTMOCQEpHI.
OTO MO3BOJSAET YCTPAHUTD AIEKTPOCTATUUECKHUE
NPUTSDKEHUsT cpebl. Jlis co3anus 3eKTpocTa-
THUYCCKOT'O OTTAJIKUBAaHUA aKTHBHpOBaHHOﬁ aTMoO-
cepHoOIi cpebl OT pa3AesIoIIero YKpaHa Ha Hero
HAHOCST IMOJIOKUTEIIBHBIA MOTEHIIUAI (TI0Ka3aHO
Ha puc. 3 u 4).

Ha puc. 4 nuzo0pakena MO€b CIIOKHOM TEX-
Huueckoil cuctembl «KA ¢ A3V + CBA», kotopas
UCIIOJIb3YET APYTyI0 CUCTEMY 3allUThl OT HaBe-
JIEHHOW paauaiuy. B 7aHHON MozIenu Juist OUUCTKU
3a00pPTHOTO MPOCTPAHCTBA OT pagUaAllMOHHO-AK-
TUBHOW Cpelbl MPEeTyCMOTPEHO ITHEBMAaTUYECKOE
YCTPOMCTBO, C MOMOILbIO KOTOPOTO OCYILECTBIIS-
eTCsl MPO/IyBKa 3a00pTHOTO MPOCTPAHCTBA, YTOOBI
OUHCTUTBH €ro OT ra3olbuIeBOW cpefbl. s sToit
ornepanuy IpeaiaracTcs MCIOIb30BaTh CHKATBIA
ra3, Harpumep a3or.

Jnst yCcTpaHEHHUsl AJIEKTPOCTATUYECKUX CUIT
NPUTSDKEHUSI, IEHCTBYIOIIMX MEXKAY OTPHUIIATENIHHO
3apsbkeHHbIM KoprnycoM KA ¢ MONOXHUTENbHBIM
00BEMHBIM 3apsiIOM COOCTBEHHOU aTtMocdepsl,
UCIIOJIb3YIOTCS TEPMOIMHUCCUOHHBIE HHKEKTOPbI
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3JIEKTPOHOB, YCTAHOBJICHHBIE B 00JIACTH OKOJIO
SIIEPHOTO PeaKkTopa U Ha KopIyce mpuOopHo-arpe-
ratHoro orceka (cM. puc. 3). [ns xommneHcauu
PEaKTUBHBIX BO3JIEWCTBHIM MCTEKAIOIIErO raza Ha

KOpITYyC alrapara IHEBMaTU4CCKasd CUCTEMAa UMECT
ra3oBbIC COIlJIa, KOTOPBIC O6I[YBaIOT 3360pTHO€
MNPOCTPAaHCTBO B INPOTUBOIIOJIOKHBIX HaIlpaBJIC-

HHUAX.

Puc. 4. Cxema CTpPyKTYpHO-PYyHKLUMOHaNbHOM Moaenn KA ¢ akTMBMPOBAHHLIM SAEPHbLIM PEAKTOPOM
B YCJI0BMSIX BO3AENCTBUI COOCTBEHHOW BHELLHEN ra3onbuieBoi aTMocdhepbl, NPoAyBaeMOol NoTokamMu rasa
C LLeSIblo 04YNCTKM 3aBOPTHOrO NPOCTPaHCTBA OT HABEAEHHOW paamaummn:

7/ — cobCcTBEHHaaA BHELLHASA ra3onbiiesas aTM00d>epa C akKTMBUPOBAHHbLIMU N3NTy4EHNAMUN peakTopa aapamMu BeLWeCTB,
2— NOTOKM rasa o4mMcTkM 3aOOPTHOIro NPOCTPAHCTBA OT HABEAEHHOW paguaumn; 3 — aneKTPOHHbIN HENTpanNn3aTop nia3mbl
C TEPMO3MUCCUOHHBIM KaTOZ0M; 4 — corJia ra30BOro yCTPOMCTBa; 5 — GasisIoH CXKaToro ra3a O4nCTKu;

6 — cucTema OTOABUXEHUS IAEPHOIO peakTopa; 7 — NPUBOPHLI 0TCeK; 8 — KOHYC TeHW Broka paguauoHHON 3aLunThl
M ¢ T0o4HwUK: BbinosHeHO B.[l. ATamacoBbiM

Figure 4. The scheme of the structural and functional model of a spacecraft
with an activated nuclear reactor under the influence of its own external gas-dust atmosphere
blown by gas flows in order to clean the outboard space from induced radiation:

7 — its own external gas-dust atmosphere with activated radiation of the reactor by the nuclei of substances;
2— gas streams of purification of the outboard space from induced radiation; 3— electronic plasma neutralizer
with a thermionic cathode; 4 — nozzles of the gas device; 5— a cylinder of compressed gas purification;

6 — a system for moving the nuclear reactor; 7— instrument compartment;

8 — cone of the shadow of the radiation protection unit
Source:byV.D. Atamasov

[Tonmyuennsie nateHTol [14; 15] n3obperenuit
KacaroTCsl CPE/ICTB 3alUThI OT HABEICHHON paju-
aruy  cOOCTBEHHOW BHEMIHEH armocdepsl mpu
(YHKIMOHUPOBAHUU SEPHOTO PEAKTOPA CHCTEMBI
sHeproobecrnedenuss KA. @akTopsl, TpUBOIAIIHE
K 00pa30BaHMIO YCIOBH JJISl aKTUBAIMH sJep Be-
iecTB aTMocdepsl U NepeHOCY aKTUBHPOBAHHON
cpenbl B 00xof OJ0Ka paJMallMOHHON 3alIUTHI B
00NacTh MOIYNs LENEBBIX M 00ECIIeUNBAFOIINX
OOpTOBBIX cucTeM KoHCTpyKiuu KA, Obutn 060c¢-
HOBaHBI B pE3y/bTaTe aHAIM3a XUMHUYECKHX U
sanepHbIx npoueccos B CBA KA, umeromero 6op-
TOBYIO SIJICPHYIO YHEPTOYCTAaHOBKY.

382

CtpyKTypHO-(YHKIIHOHAJIBHBIE MOACTH OBbLIN
CO3/1aHbl JUIs IpeAcTaBiieHust KoHCTpyKuui KA ¢
SIePHBIMU YHEPrOyCTaHOBKAMU U COOCTBEHHBIMH
BHEIIHUMH Ta30IbUICBBIMH TUIa3MEHHBIMH aTMO-
cdepamu, a TaKKe IS IPOTEKAIOIINX TEKTPOXH-
MHYECKHX H SICPHBIX IPOIECCOB, KOTOPBIE TPH-
BOJIAT K TOSIBJICHUIO HABEICHHBIX paraliid. beum
PACCMOTPEHBI Pa3INYHbIC KOHCTPYKTHBHBIC CXEMBI
3aIUTBl KOCMUYECKOTO ammapara oT (pakTopoB
paauaoOHHOTO BO3/ACHCTBHUS OOPTOBOTO siep-
HOTO peakTopa Ha KOHCTPYKIMOHHbBIC MaTepHabl 1
AIIEKTPOHHBIE MTPUOOPHI Yepe3 HaBEJCHHYIO PajiH-
aIUIo BHEIIHEH COOCTBEHHON aTMOCc(hephl.
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3. YHMBepcasbHbIA CNOCO0 3aLmThl
OT HaBeAEeHHOW paganauumn

BrInmonHuM aHanu3 HETOCTAaTKOB KaXKIOTO M3
MIPEAJIOKEHHBIX METOJ0B, OTPAHUYMBAIOIUX CPOKH
WX aKTUBHBIX (yHKIMOHMpOBaHUH. Mcnonb30Ba-
HUE€ aBTOHOMHOM CHCTEMBI C MPOIYBKOW 3a00pT-
HOT'O IIPOCTPaHCTBA JutuTenbHOE Bpems (7...10 1er)
TpeOyeT Harm4uus OOJIBIIOTO 3araca pacxoayeMoro
ras3a, uTo JIeJIaeT CUCTEMY ra30CHA0KEeHHsI HETIPH-
emJyeMo MaccuBHoOM. Cucrtema JIONMOJTHUTEIHHOU
paaMalMOHHOM 3alUTHI C PA3AEIUTEIbHBIM dKpa-
HOM, OTTAJIKMBAIOIIUM OOJYyYEHHYIO (aKTHBHPO-
BaHHYI0) DPaIUAIMOHHBIMH HW3Iy4YEHUSIMHU siep-
HOTO peakTopa arMochepHyro cpeay (cMm. puc. 3),
MMEeT OTPaHUYECHHUS, CBI3aHHBIE C KOHCTPYKTUBHO
JIOTTyCTUMBIM JHAMETPOM dKpaHa. B aHOManbHBIX
CUTyallUsIX HapyKHBIA JHaMETp OKOJIOPEAKTOp-
HOIl o6mactu CBA MoOeT mpeBbIIaTh AUAMETP
3alIMUTHOTO JKpaHa, YTO MPHUBENET K 3aTEKaHUIO
AKTUBHPOBAHHOM peakTOpoM aTMoc(epsI K 3aIiu-
ieHHbIM oTcekaM KA 1 k pekpaiieHuto ero (pyHk-
unoHupoBanus. C LEbI0 yCTPpaHEHHS YKa3aHHbBIX
HEJIOCTATKOB 11e7IecO000pa3HO 00BEANHNUTH 3aNaTeH-
TOBaHHBIE CIIOCOOBI B €IUHYIO JTOIIOJHUTEIbHYIO
K TPaJAMIIMOHHBIM METO/JaM paJHAlMOHHYIO 3a-
mmty KA, mist ynpaBneHus: (pyHKIMOHHUPOBAHUS
KOTOPOH B 3aIIMIIEHHYIO 001acTh 3a00pTHOTO PO~
CTpaHCTBA yCTaHABIMBAETCS MPUOOP (MOHU3ALUOH-
Hasi Kamepa), KOHTPOJIUPYIOUINH WHTEHCHBHOCTh
HaBeJIEHHOTO paauannoHHoro namydeHus CBA.

Ha puc. 5 npeacrasnena HoBast cxeMa CTPyK-
TYpPHO-(YHKIIMOHATBHON MOJENH CJI0KHON TEXHU-
YECKOM CHCTEMBI, B COCTaB KOTOPOI BXOUT KOCMHU-
YECKUH anmapar ¢ a1epHOU SHEPreTUYECKOM ycTa-
HOBKOW U OKpY»XaroIiasi ero «coOCTBEHHas! BHEIII-
Hssg atMocdepay. Kak U B mpeaplyiux BapuaH-
Tax (puc. 3 u 4), KocMudeckuil anmapar (puc. 5)
COCTOHUT W3 SIIEPHOTO peakTopa J, 0JI0ka TCHEBOM
paaralOHHOM 3aIUThI 6, CHCTEMbI OTOIBHKEHUS
SIIEPHOTO PEAKTOpa OT 3AIIUIIECHHBIX YaCTEe KOH-
CTpyKuuu annapara /0, a Takke YHUBEpCaIbHOTO
KOMILJIEKCA CPENICTB JONOTHUTEIbHON 3alUThI OT
HaBEJICHHOMW pa/inallvu, NEPEHOCUMOM BellleCTBAMHU
ra3ornbuIeBON aTMoC(epbl Ha YaCTh KOHCTPYKIIHH
KA, pacnionoxxeHHyo B TeHH KOHyca OJloKa paju-
AlMOHHOM 3aMThI /2.

B kayecTBe 3J€MEHTOB CHCTEMBI JIOTIOIHU-
TENbHON paJNallMOHHON 3alllUThl HCIOJIb3YIOTCS
CIEYIOIINE YCTPOMCTRA: pa3NelUTeIbHbIN SKpaH 7,
ANIEKTPOHHBIE HEUTPAIN3aTOPhI TIa3Mbl C TEPMO-
SMHUCCHOHHBIMHU KaTOJaMu 4 M COIJIa Ta30BBIX
yCTpOUCTB 3 U 8.

Wrak, Ha puc. 5 npeacTaBieHO 3HAKOBO-CUM-
BOJIMYECKOE U TIPOCTPAHCTBEHHO-CXEMATHUECKOE
M300paKEeHHEe CTPYKTYPHO-(DYHKIIMOHAIBHOM CXEMBbI
KA ¢ ssaepHbIM HCTOUHHUKOM 3JIEKTPUUECKON IHEP-
TMA U TpeAjiaraeMoil aBTOpaMH YHHBEpCAIbHOU
CUCTeMOM paauanroHHOM Oe3zomacHoctu. [lpen-
Jaraemasi CUcTeMa paJuallMoHHON 6e3011acHOCTH
BKJIFOYAET B CBOW COCTAB TPAUIIMOHHBIE U IOTION-
HUTEJBHBIE CTIOCOOBI 3aIIUTHI YCTPOHCTB, UyBCTBH-
TENbHBIX K paJMallMOHHBIM u3nmyudeHusiM. [loka-
3aHO, YTO SIZIEPHBIN pEaKTop ¢ 3Hepronpeodpasy-
IOIIMM YCTPOHCTBOM PACHOIaraeTcsi Ha OKOHEYHO-
ctu KoHCTpykinu KA u uMeeT KOHCTPYKTHBHYIO
CBSI3b C OJIOKOM PaJMallMOHHON 3alUTHI 6, CO3/1a-
IOILUM B PaJIMAaLIMOHHOM I10JI€ SIAEPHOTO PEAKTOpa
«TEHEBYI0» 00J1aCTh /5, B KOTOPO MIOTHOCTH U3-
Jy4eHUst ocnabieHa 10 JOIMyCTUMOrO YPOBHSL. YKa-
3aHHas OOJIaCTh BBIJICNIEHA HA PUCYHKE 3a pasJie-
JUTEIbHBIM 9KPAaHOM B BUJI€ YCEYEHHOTO KOHYCa
TEMHO-CEpOro 11BETA.

EctecTBeHHO, YTO BHIMOTHHUTH OJIOK paarali-
OHHOM 3aIIUTBL, TOJTHOCTHIO OKPYKAFOIINAN MTOBEPX-
HOCTh peakTopa-npeodpazoBaresis, Kak U OTOABH-
HYTb PEAaKTOp Ha OYEHb OOJBILIOE PACCTOSHUE, HE
NPEJICTABISAETCS BO3MOXHBIM, BBUJTY HETIPUEMIIEMO
OoNBIUX MaccorabapUTHBIX XapaKTEPUCTHK Ta-
KHUX cHCTeM. ABTOpaMHu ObUIO MPEIJIOKEHO OCY-
MIECTBIIATH OUUCTKY 3a00pTHOTO IpocTpaHcTBa KA
or CBA c momolIpi0 HOBOM yHHBEPCAJIBHON J10-
HOJTHUTEJIBHOW CUCTEMBI PaJMalluOHHON Oe3omac-
HOCTH. YHHBepcajbHasi CHCTEMa BKIIIOYAET B CBOU
COCTaB JIOTIOJIHUTEIbHbBIE CPEACTBA PaJAMAIMOH-
HOM 6e30macHOCTH, 00eCleYnBaIOLINe OUUCTKY
3a0opTHOTO npoctpancTBa oT CBA, Kak UCnomnb3y-
€MYIO B 3allaTeHTOBAaHHOM METO/IE OYMCTKH C Pa3-
JIEUTETBHBIM KPaHOM (CM. puc. 3), Tak U pa3pa-
00TaHHYI0 B METOJIe C MpPOIYBKOH 3a00pPTHOrO
MpOCTpaHCTBa razoM o4uCTKU (cM. puc. 4). Cos-
MECTHOE HCIIOJNIb30BaHUE YKa3aHHBIX METOJ0B
3aIIMUTH OT HABEJICHHOM pagualiy CriocOOCTBYET
3HAYUTEIHHOMY MOBBIIIECHUIO HAIEKHOCTU U J0J-
roBeuHocTH KA ¢ SADYV.
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Puc 5. Cxema CTpyKTYypHO-PYHKLUMOHANbHOM Mogenn KA ¢ akTMBMPOBAHHbLIM
AAEPHbBIM PEAKTOPOM C 3/IEMEHTAMW A0MNONHUTENBHON PAAMALMOHHON 3aLNTbl LENEBbIX
1 cny>XebHbIX CUCTEM B YC/IOBUSIX BO3AENCTBUS Nna3meHHo CBA:

7 — paccevBaloLLmMNCcs HEeNTPanM30BaHHbIN ra30oMbIIEBON NOTOK N3 06/1aCTU MHTEHCUBHOM akTUBaLMn Saep
BeLLecTB aTMocdepsbl; 2— HENTPann3oBaHHas N1a3MeHHasa cpea B OKOIOPeakTopHOM npocTpaHcTee CBA;
3, 8— conna razoBOro yCTPOMCTBA; 4 — 31EKTPOHHbIV HEUTPaNn3aTop niasmbl C TEPMO3MUCCUOHHBLIM KaTOO0M;

5 — aKTMBHas 30Ha SAepHOro peaktopa; 6 — 610K paanauMoHHOM 3aLUnTbI; 7 — NMONIOXUTESNIbHO 3apSXKEHHbI pa3aennTenbHbli
3KpaH, oTTankmeaowmin nnaamy CBA ¢ NoNoXUTENbHBIM NPOCTPAHCTBEHHBLIM 3apsiaoM; 9 — COOCTBEHHAs BHELLHAS aTMocdepa
KA 3a 6,10KkOM paamaLmoHHOM 3awmThl; 70— cucTema OTOABUXKEHUS SAEPHOro peakTopa;

77— pnarpamMma HanpaBfEHHOCTM NOTOKA 3/IEKTPOHOB U3 3N1EKTPOHHOIO HeMTpanM3aTopa niasmbl
(C TEPMOSMUCCUOHHBIM KaToaoM); 72— Moaysib LLeneBbIX U CIyXebOHbIX CUCTEM; 73 — pacCenBaloLMNCa HeNTPann30BaHHbIN
rasonbiieBo NoTok n3 obnactyi CBA 3a 610KOM paanaumoHHOM 3alumnThl; 74 — HaBefeHHas paavauus B 06n1acTb TeHn 6rioka
PaAMALMOHHON 3aWmThl; 75 — KOHYC TeHU 6noka paguaunoHHON 3amTel; 76 — peakumsa AeakTneaumm (MpespaLLeHust)
aKTMBMPOBAHHOIO siapa BewecTsa CBA; 77— gaTtyMk UHTEHCUBHOCTU HaBeAeHHOW paguauunn; 78, 19— HanpaBneHne ABUKEeHUS
notokoB CBA; 20 — HeilTpann3oBaHHas nnasmeHHas cpefa 3a 6,10KOM TEHEBOW pPaanaLMOHHON 3aLUUThI
M CTO4HMUK: BbINOAHEHO A.H. YCTUHOBbLIM

Figure 5. The scheme of the structural and functional model of a spacecraft
with an activated nuclear reactor with elements of additional radiation protection of target
and service systems under the influence of plasma own external atmosphere:

7 — ascattering neutralized gas-dust stream from the area of intense activation of the nuclei of atmospheric substances;
2 — aneutralized plasma medium in the near-reactor space of its own external atmosphere; 3, 8 — a gas device;
4 — an electronic plasma neutralizer with a thermionic cathode; 5 — the active zone of a nuclear reactor;
6 — aradiation protection unit; 7 — a positively charged separation screen repelling the plasma of its own external atmosphere
with a positive spatial charge; 9 — the spacecraft’s own external atmosphere behind the radiation protection unit;

70— a system for moving away a nuclear reactor; 77— a directional diagram of the electron flow from an electronic plasma
neutralizer (with a thermionic cathode); 72 — a module of target and service systems; 73 — a scattering neutralized gas-dust
flow from the area of its own external atmosphere behind the radiation protection unit; 74 — induced radiation into the shadow
area of the radiation protection unit; 75 — the cone of the shadow of the radiation protection unit;

76 — the reaction of deactivation (transformation) of the activated core of the substance of its own external atmosphere;
17 — the intensity sensor of induced radiation; 78, 79 — the direction of movement of the flows of its own external atmosphere;
20 — the neutralized plasma environment behind the block of shadow radiation protection
Source: byA.N. Ustinov

Jis yrpaBlieHUs CUCTEMOM OYUCTKH TPEAy-
CMOTPCH JaTYUK UHTCHCUBHOCTH HaBeIICHHOﬁ pa-
muaryu 17 — 3To0 MOHM3alMOHHAs KaMepa, ycTa-
HOBJICHHAs B 3alllMIIEHHON 00nacTu, popmMupyo-
11asi CUTHaJI, 32y CKarOIIMi ra30ByI0 CUCTEMY MPO-
JYBKU B CITy4ae MPEBBIIEHUS 10IyCTUMOIO YPOBHS
HABEJAEHHOM paJualvi.

Bxirodenue saepHOTO peakropa B YCIOBHUAX
Hammunsi CBA npusogut k opmupoBanuio TypOy-
JICHTHBIX IJIa3MEHHBIX TOTOKOB, KOTOPbIE HAIIpaB-
JIEHbl OTHOCHUTENBHO MponoabHoi ocu KA 1o cru-
pasieoOpa3HbIM (BEXPEBBIM) TpaekTopusiM. Harmom-

284

HUM, YTO TaKHEC NCPEMCIICHHN TOABJIAIOTCA BCIIC-
CTBUE pa3orpeBa (YHKIMOHUPYIOMIUM SACPHBIM
peakTopom 3a00pTHOH cpeibl, (HOPMUPOBAHUS B HEl
MHTEHCUBHBIX IIPOLIECCOB MOHU3ALMM aTOMOB U
aktuBanuu sjep uarpenrentoB CBA, B cBoro oue-
peab MOPOXKJAIONINX BBHITAIKUBAIOLINE TPAIUEHTHI
napaMeTpoB aTMOC(EphI U3 OKOJIOPEAKTOPHON 00-
nactu CBA B yaaneHHOe OT peakTopa 3a00pTHOe
npocTpanctso [16—-19].

Taxum 00pa3om, 000CHOBAHO, YTO AJIsI IPEIOT-
BpaleHuss 00pa30BaHMsI HABEACHHON paualny Ha
YyBCTBUTENbHBIE AeMeHThl KA cnenyer ucnomb-
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30BaTh IPEUIaraéMyl0 BIEPBBIE YHHBEPCAIbHYIO
JIOTIOJTHUTENBHYIO (110 OTHOIIEHUIO K TpaJuLHOH-
HBIM) CUCTEMY paJIMallMOHHON O€30MacHOCTH, B CO-
CTaB KOTOPOU JAOJKHBI OBITH BKITFOUEHBI:

B pa3ne’auTeNabHbIA 3KpaH, 3apsSKEHHbIN OT-
TAJKUBAIOUINM TOJOXKHUTEILHBIM TOTEHIINAIIOM,
OTPaHUYMBAIOIINM JBIKEHHE K 00JIACTH TEHEBOU
paaMalMOHHOMN 3aIUThl CUIBHO aKTUBUPOBAHHOMN
Cpelbl OT SAEPHOIO PEAKTOPA;

B TEPMO3MUCCUOHHBIE MHKEKTOPBI AEKTPO-
HOB, CITOCOOCTBYIOIIME JTUKBUIAIIMH JIEKTPOCTA-
TUYECKOTO MPUTSKEHHSI CEJIEKTUBHO Pa3leisto-
LIMXCS 3apsAJI0B: OTpULIATeNbHOTO Ha kopiyce KA,
MOJIOXKHUTEIHLHOTO B MPOCTPAHCTBE 3a00pTHOMU
Cpenbl, yAepKUBAIOUIUXCS IPYT OKOJIO JIpyra Cu-
JIaMH KyJIOHOBCKOTO TIPUTSKCHHUS,

B ra3oBas CUCTEMa, OCYILECTBISAIONIAs IEPU-
onuueckyro ounctky KA ¢ A9V ot paguanuoHHo
arpeccuBHoOil CBA ¢ moMoIisto mpomyBKy 3a00pT-
HOTO MPOCTPAHCTBA MMOTOKAMH ra3a OYUCTKH IO-
CPEICTBOM MPOTHBOIIOIOKHO HANIPABICHHBIX 0€3-
MOMEHTHBIX coresl. be3MoMeHTHBIe coma crna-
PEHBI BCTPEYHO U COOCHO, YTO 00ECTIEUHBAET KOM-
MIEHCAI[MI0 PEAaKTHBHOIO BO3JECHCTBHUS CHCTEMBI
npoxyBkH Ha amwkeHne KA no opoute dyHkmmo-
HUPOBaHUSI.

DOyHKIIMOHUPOBAHNE YHUBEPCAIIBHON CUCTEMBI
paZMallMOHHOMN 3alUTHl 3aKJII0YAETCs B CIEIyIO-
IIUX 0COOCHHOCTAX:

B jocie HelTpanu3aluuu JIeKTpocTaTuye-
CKOTO TOJIOKUTETBHOTO TIPOCTPAHCTBEHHOTO 3apsizia
Cpelbl OCYLIECTBIISIETCS €€ pacCcesiHUE BaKyyMOM
OKPY’KaIoIIEero KOCMUYECKOTO MPOCTPAHCTBA;

® ecnm quametp obmactu CBA B okonopeak-
TOPHOM IPOCTPAHCTBE MPEBBILIAET JUAMETP pa3-
JIEIUTENIBHOTO dKpaHa, TO CHJIBHO aKTHBHUPOBAH-
Has cpena OymeT MpPOHWKATh B 3aIMIEHHYIO 00-
nacth KA. B TakoMm cuTyanuu 1aT4yuku HHTEHCHB-
HOCTEW HaBEAEHHOW paJualliM, yCTaHOBJICHHBIE
Ha KopIyce IpuOOpHO-arperaTHoro oTceka, cop-
MHUPYIOT CUTHAJ Ha BKJIIOUEHHUE JAPYroro — Oonee
AKTUBHOI'O METOJA 3alUThl — IOJICUCTEMBI I'a30-
BOM mpoayBKH 3ab00opTHOro mpoctpaHcTBa KA ¢
OJTHOBPEMEHHBIM BKJIIOUEHUEM BCEX HEUTpasin3a-
TopoB maa3zMel CBA.

Hcnonp3oBanue yka3aHHBIX YCTPOMCTB J0-
MOJIHUTENBHOM pasinalmoHHol 6e3onmacHocti KA

¢ AADY no3BonsieT MUHUMHU3UPOBATH NX MACCOBBIC
XApPaKTCPUCTUKU W 3HAYUTCIIBHO ITOBBIIIACT 3(1)—
(eKTUBHOCTh (PYHKLMOHUPOBAHUSA IPH KOHOM-
HOM (KpaTKOBPEMEHHOM ) PacX0JJ0BaHUH MPOAYBOY-
Horo raza. CrezncTBueM 1yOnMpOBaHUs APYT ApyTra
YKa3aHHbIX IOJCHUCTEM SBISAETCS IOBBILICHUE
HA/ISKHOCTU panuanuoHHoi 3amutsel KA ¢ suep-
HOW CHCTEMOH JHEpProoOeCTeYeHHs] B yCIOBHIX
GbyHKIIMOHUpPOBaHUs B OKpyxeHuH CBA.

boutn monydeHsl mareHThl HAa U300peTeHHUs,
KOTOpBIE MO3BOJISAIOT U30aBUTHCSA OT paJHalMOH-
HBIX [IPOLIECCOB, BBI3BIBAEMBIX U3IYyUEHHEM SIIIEP-
HBIX PEaKTOPOB.

3akoyeHume

Boinonnen ¢usnueckuii aHaan3 mporeccos,
nporekaromux B CBA, npu ncnons3oBanuu B co-
craBe KA smepHON SHEpPreTHYECKON YCTaHOBKH.
OTpaskeHbl KIII0YeBbI€ (DAKTOPHI HETATUBHOTO BIIH-
SIHUS HaBEJCHHON COOCTBEHHOM BHEIIHEH arMo-
cthepoii paguanuy Ha 3anrimaeMyro oomacts KA.

1. C momMoup0 MIOCKUX CTPYKTYpHO-(YHK-
LIMOHAJIbHBIX MOJIEJIEH MPOLECCOB SAEPHBIX Ipe-
BpaileHui B 3a00pTHbIX cpenax KA ¢ ADY uzy-
YeHO SIBJICHHE HaBeleHHoU paananuu CBA.

2. Pa3paboTaHbl TeXHUYECKHE CPEJICTBA 3a-
HIUTHI OT HaBeAeHHOH paguanu CBA npu ¢yHK-
LUOHUPYIOLLEM siiepHOM peakrope. [Ipumenenue
3TUX pa3pabOTOK B KOHCTPYKIMSIX anlapaToB C
SJIEPHBIMU SHEPTreTUUYECKUMH YCTAHOBKAMHU MO3-
BOJISIET CHU3UTH PaIMallMOHHbIE HArPy3KU, BO3HH-
Karolye Ha opOuTax (PyHKIMOHUPOBAHMS, 10 Be-
JUYHUH BO3ACUCTBUN W3Iy4YEHMS, ITOCTYHNAOLIETO
U3 OKPYXAIOLIEro KOCMUYECKOTO IPOCTPAHCTBA.
[Tomyuensl maTeHTHl HA M300pETEHHS YKa3aHHBIX
YCTPOMCTB.

3. Pa3paborana cTpyKTypHO-(YHKIIMOHATIbHAS
cxema KA ¢ saepHOi sHEpreTH4eCcKOil yCTaHOB-
KO C YHUBEPCAJIbHBIM CPEICTBOM 3aIUTHI OT HaBe-
JIEHHOW paJivalyy, UMEIOLUM JIOMOJHUTEIbHbIC
YCTPOICTBA, B COCTaBE KOTOPBIX UCIIOJIB3YETCsI O -
CUCTEMA C pa3AeIIUTEIIbLHBIM DKPAHOM, OTCEKal0-
muM oT CBA 00macTs HHTEHCUBHON MOHU3ALIUU
Y aKTUBALIMU aTMOC(EpBI, a TAKXKe MOJICUCTEMA C ra-
30BOM ITPOTYBKOM 3a00pPTHOTO IPOCTPAHCTBA.

385



Ustinov A.N., Atamasov V.D. RUDN Journal of Engineering Research. 2025;26(4):376-387

4. IIpennoxeHHBIE METOMBI 3aIUTHl MOTYT
OBIThH MCIIOJIb30BAaHbI B IEPCTICKTUBHBIX pa3padoT-
KaX KOCMHUYECKHUX anmnaparoB ¢ 19V ans nossiie-
HUS UX HAJIGKHOCTHU U JOJITOBEYHOCTH.
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3asiBjieHUE O KOH([)J'IHKTC HHTEpecoB

ABTOp 3asBIIsIeT 00 OTCYTCTBUU
KOH(JIUKTA HHTEPECOB.

Annoranus. [IpeioxxeHa KOMIIIEKCHasE METOROJIOTHS IPOSKTUPOBAHUS CH-
CTEMEI YIPABICHHS YITIOM TaHTaXa caMoJIeTa, COYeTaloIas MaTeMaTHIeCcKoe
MOJIEJIUPOBaHKE, NICHTH(GUKALNIO adPOIUHAMHYECKUX ITapaMeTPOB U OITH-
MU3aLHI0 PeryasTopoB. [IpoBeneHO cpaBHUTEIBHOE UCCIEIOBAHIE TOUHOCTH
MeTonoB Dinepa u Pynre — KyTTbl 4-ro nopsiaika npu 4uciIeHHOM HHTErPUPO-
BaHHWH ypPaBHEHHUH KOPOTKONEPHOANYECKOTO JIBHKCHUS IS 3a/1a4 UICHTHDH-
Kaluy. YCTaHOBIIEHO, 4yTo MeTox PyHre — KyTTbl oOecneurBaeT moBbIIICH-
HYI0 TOYHOCTb OLCHKH a3POJMHAMHYECKHX KOA(D(HUIIMESHTOB CHIIBL, a METOJ
Diiepa MpeANoUTHTENSH ISl aHAI3a MOMEHTOB, UTO ONPEeNelsieT KpUTePHU
BBIOOpA AITOPUTMOB TIPY TeHEPALlNH JAaHHBIX. ABTOMaTH3HUPOBaHHAS HACTPOIKa
MU -perynsropa B Simulink mo3Bouia A0CTHYb PEKOPAHBIX JMHAMHYECKUX
XapaKTePUCTHK CUCTEMBI 0e3 yueTa pyJIeBOro pUBOJA: BpeMsl HapacTaHHsI —
0,0709 c, nepeperynupoBanne — 11,6 %, uto Ha 20-30 % npeBocxoaut
pe3yNbTaThl M3BECTHBIX aHAJIOTOB. Pa3paboTaHHEIH MOIXOJ JAEMOHCTPUPYET
BO3MOXXHOCTH 3aMEHBI TPYJOEMKHX HAaTYPHBIX SKCIIEPHMEHTOB ITH(POBEIMU
MOJIENISIMU C COXPAaHEHHEM TOYHOCTH, COKpaliasi CPOKH MPOEKTHPOBAHNSI.
PCSy_]'[BTaTBI TMOATBECPKAAOT, YTO MHTETpalusA YUCICHHOTO MOIACINPOBAHUs,
napaMeTpuyeckoi HACHTUGHUKALIMN U ONTUMH3ALIK (GOpMUpPYET HOBBIH CTaH-
JIapT JUIS IpeBapUTEIILHBIX UCCIICIOBAaHUN B c(hepe aBHAlMOHHON TEXHHKH,
COOTBETCTBYIOUIUI TEHJEHIUAM LU(PPOBU3ALUYN a3POKOCMUYECKOH OTpaciIy.

KuoueBble c/10Ba: MpHONIHKEHHOE MOAEINPOBAHNE, TOYHOCTH OIEHOK, OLCHKH
ko3¢ duirenTos, Mero Dinepa, Meron Pynre — KyTTbl, CUHTE3 CHCTEMBI
yNpaBiIeHHs, aBTOHACTPOIKa
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Introduction

figurations, is essential [3]. Traditional analytical
methods have limitations when addressing non-

Contemporary aviation technology demands
enhanced safety, stability, and controllability [1].
The precise characterization of aircraft short-period
motion, defined by the coupled dynamics of the
angle of attack, pitch rate, and normal load factor,
is fundamental to achieving these objectives [2; 3].
Accurate modeling of aerodynamic phenomena,
including the transitional states of complex con-

linear dynamics and stochastic disturbances [4].
Consequently, numerical integration techniques
critically influence simulation fidelity and com-
putational efficiency [4; 5]. Euler’s method offers
advantages for real-time applications in onboard
flight control computers [6], whereas Runge —
Kutta methods enable higher-fidelity aircraft
motion modeling [7].
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The relevance of this study is the need to
improve the accuracy of short-period motion
models, particularly under nonlinear dynamics
and stochastic disturbances. Traditional analytical
modeling methods described in studies on flight
dynamics are often limited to simple cases, where-
as modern computational approaches, such as
Runge — Kutta and Euler methods, allow solving
complex problems with controlled error. The reliable
estimation of aerodynamic parameters from flight
data underpins effective system identification [8;
9]. Parametric identification methods, including
the least-squares method (LSM) and neural net-
work algorithms, remain key tools for minimizing
errors in estimating aerodynamic coefficients.
Experimental data processing methods, such as
noise filtering and error estimation, also play an
important role, which is particularly important
for complex aerodynamic systems. The estimated
coefficients enable a robust flight control design
in which PID controllers are universally em-
ployed for aircraft attitude regulation' [10-12].
Computational aero-dynamic modeling provides
the foundation for flight dynamics simulation
[13], although validation against experimental
data remains imperative [14]. PID synthesis
leverages transfer function fitting [ 5], optimization
techniques [10], and specialized approaches for
nonlinear systems [ 13]. Adaptive control strategies
[14; 15] and delay-compensation methods [16]
address practical implementation constraints,
whereas rotor dynamics simulations [17] and
director algorithms for landing [18] further
demonstrate the dependency on precise models.
PID tuning methodologies [19] complete this
essential framework.

The scientific novelty of this work consists of
the integration of Runge — Kutta methods of the
4th order and adaptive LSM for joint modeling of
aircraft dynamics and parameter identification in
conditions of nonlinear disturbances, the develop-
ment of an algorithm for automatic adjustment
of the PID controller, taking into account the
relationship between aerodynamic coefficients and

transient characteristics of the system, and the
creation of a universal methodology for parametric
studies in MATLAB/Simulink. This study syste-
matically evaluates how numerical integration
errors propagate into acrodynamic coefficient esti-
mation and subsequently affect PID controller
performance. This analysis provides critical insights
into aviation systems that require balanced com-
putational efficiency and control fidelity.

1. Problem Statement

In aircraft dynamics, the short-period mode of
the aircraft motion refers to pitch motion in which
the aircraft rotates around its lateral axis. This mo-
tion includes changes in the pitch angle, pitch rate,
and airspeed. In this short-period mode, the aircraft
experiences rapid pitch angle fluctuations owing to
interference, such as turbulence or pilot actions.
The stability and controllability characteristics of
the aircraft in this mode are crucial for flight safety
and efficiency.

The aim of this study is to develop an inte-
grated approach to model the short-period motion
of aircraft, combining numerical methods for
solving differential equations (Euler and Runge —
Kutta methods), algorithms for parametric identifi-
cation, and optimization of control systems based
on PID controllers. This study solves the following
tasks: comparative analysis of the accuracy of the
Euler and Runge — Kutta methods, identification
of aerodynamic coefficients using LSM, and
Repetition. Revision required synthesis and auto-
matic adjustment of the PID controller in the
Simulink environment to improve the stability of
the pitch control system. Presents an integrated
methodology comprising: Dynamics simulation of
short-period motion using Euler and Runge — Kutta
methods, Aerodynamic parameter identification,
and Automatic PID controller tuning for pitch
control. The methodological basis of the study in-
cludes a three-stage approach: dynamics modeling
using Euler and Runge — Kutta methods to solve
a system of nonlinear differential equations, para-

! Kryuchkov AN, Ermilov MA, Vidyaskina AN. Synthesis of PID controller using frequency response: Guidelines.

Samara: Samara University Publ.; 2021. (In Russ.)
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meter identification using LSM based on experi-
mental data, as well as control optimization through
automatic adjustment of the PID controller.

2. Modeling of Aircraft Short Period Motion

This study employed numerical modeling to
simulate the aircraft’s short-period longitudinal
motion, specifically capturing the coupled dynamics
of the angle of attack (AoA), pitch rate, and normal
load factor. This approach minimizes the costs and
risks associated with traditional methods that rely
on wind tunnel experiments or flight tests.

Elevator deflection served as the input ex-
citation, while the outputs such as AoA, pitch rate,
and normal load factor were selected as standard
parameters defining the short-period mode for
longitudinal dynamics analysis.

The governing system of nonlinear differential
equations was solved using two numerical inte-
gration techniques: the explicit Euler method
and the 4th-order Runge-Kutta (RK4) method.
The choice of the numerical method critically
influences the solution stability and local error
magnitude, particularly under nonlinear aerody-
namic conditions, as established in prior research.

2.1. Euler Method

This is the most elementary numerical method
for solving systems of ordinary differential equa-
tions (ODEs). It was first described by Leonhard
Euler in 1768 in his work “Institutiones Calculi
Integralis”. The Euler method is an explicit single-
step first-order accuracy scheme. It approximates
the solution curve with a piecewise linear function
termed the Euler polygon.

Moreover, it represents the simplest numerical
technique for solving first-order ODEs. This method
is employed for the approximate solution of the
initial value problems (Cauchy problems) and
determines the values of a function defined by
a differential equation on a specified point grid.

The Euler method approximates the solution
at each step using local linearization. At each

iteration, a new function value },,; is computed

based on the current valueV,and its derivative.
The integration step is denoted as 4. At every step,
the x-value increments by /4, whereas the y-value is
updated according to the following formula:

yn+1:yn+hf(xn’yn)’ (1)

where Y, is the current function value; V, ., is the
next function value; f (xn, yn) is the derivative

at a point (xn, V, ) ; h is the integration step.

The process is repeated for each step until the
endpoint of the integration interval is reached.

2.2. Runge-Kutta Method

The Runge — Kutta method represents one of
the numerical techniques used for solving ordinary
differential equations (ODEs). The most widely
adopted variant is the fourth-order Runge — Kutta
method (RK4), which delivers a high accuracy and
is extensively utilized in practice.

The RK4 method employs four intermediate
points to compute the slope (derivative) at each
integration step. This approach enables a signifi-
cantly more accurate solution approximation com-
pared to the Euler method. The integration step is
denoted as h. At each iteration, the x-value
increments by 4, whereas the y-value is updated
as follows:

1
yn+]:yn +g(k172k252k353k4)5 (2)

where kl, k2, k3, k4 are intermediate coefficients

calculated at each step.
The intermediate coefficients are calculated
as follows:

klzf(xn’yn)’

h h
kZZf(‘xn-i_E’yn +Eklj’

h h
k3:f(xn+§ayn+2k2}
ky=f(x,+h,y,+hk,). (3)
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The new value V,,, is calculated as a weighted
sum of these coefficients.

2.3. Modeling the Dynamics of the Angular
Motion of an Aircraft as a Control Object

The presented system of ordinary differential
equations describes the dynamics of the angular
motion of the aircraft in the longitudinal channel,
considering it as an object of control.

Av=X Av+ X Aa+X AO+X"AS, + X Ap,,:
Aa=Ao, -V Av-Y"Aa-Y" A3, -V Ap,, +

+§sin 0A0;

Vo

Ab. =M. "Aa+M." Ao +M. Aa+M_ Av+
+ ATZSB A8B + MPApcrtl 5
Ad=Ao_;

AH =2
57

3 AB; AD=A0-Aa;

A =w. -Ad;

An =—20 Aj=—"0
' 573g 57.3g

(o, —AG). 4)

In short-period motion, the change in the
airspeed of the aircraft can be negligible, and in
this flight mode, Av=0,p_,=0 and 0,=0.
Then, the mathematical model of the aircraft can
be described as follows:

ctrl

Ad=Ao, ~ Y Aa—T"AS,;
AD. =M. Aa+M_"“Ao_+M_"Ad+M."AS,;
AD=Ao_; A =A0—Ag; A =Aw, —Ad.  (5)

Simulations in the presence of a stepwise
input signal of the angle of attack and pitch rate
were performed using the Euler method and the
fourth-order Runge — Kutta method. The pro-
cessing time was 10s, in increments of 0.01. The
simulation results of the short-period motion of the
aircraft in the longitudinal channel are shown in
Figures 1, 2, and 3.
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A key feature of this approach is the utiliza-
tion of simulated data instead of experimental data
for the subsequent parametric identification. This
enables the estimation of aerodynamic coefficients
via the Least Squares Method (LSM) under
controlled conditions, eliminating the influence of
external noise and measurement inaccuracies

The simulation results demonstrate that the
Runge — Kautta method yields a reduced dis-
cretizetion error compared to the Euler method,
which is critical for identifying high-frequency
flight regimes. The accuracy of the numerical
method is crucial for analyzing short-duration
dynamic modes. The obtained data provides a
foundation for developing digital twins of aero-
dynamic systems corresponding to trends in
aviation engineering digitalization.

Thus, combining Euler and Runge — Kutta
methods in simulation frameworks not only repro-
duces short-period motion, but also evaluates the
applicability boundaries of each method for specific
problem classes. This contributes to the advance-
ment of aviation system design methodologies.

3. Identification of Aerodynamic
Coefficients Based on Numerically
Simulated Data

The identification of aerodynamic parameters
constitutes a critical stage in the design and analysis
of aircraft, as the accuracy of determining these
parameters directly impacts the effectiveness and
reliability of control systems. The obtained coeffi-
cient estimates were utilized for developing and
tuning automatic control systems that ensure
aircraft motion stabilization and control. Conse-
quently, the accurate determination of aerodynamic
characteristics plays a pivotal role in creating safe
and high-performance control systems capable of
adapting to various flight regimes and external
conditions.

3. 1. Estimation of Aerodynamic Coefficients
Using the Least Squares Method

To estimate the aerodynamic coefficients, the
traditional least-squares method was used in this
work. The least-squares method is undeniably more

effective for linear systems. The mathematical
model of an object can be described as:

Yy =4 Xy (6)

where » () is the output vector; x(?) is the vector

of regressors or state vector; d is the vector of
unknown parameters to be estimated.

In this case,Y=[yl,y2,y3...y]\,]T is of Nx1

dimension and X is of Nx1 dimension:

1 Yoy Fay M
Y= L X0 X x3t.(2)
1 Xiny  Xan(wvy Xau(w)

Unlike maximum likelihood, when using the
least squares method, the parameters to be estimated
must occur in expressions for the average values
of observations. When the parameters are displayed
linearly in these expressions, the least-squares
estimation problem can be solved in a closed form,
and it is relatively simple to obtain statistical
properties for the resulting parameter estimates.
The least-squares method is described as:

a=(x"x) X", (7)

where @ — the vector of unknown parameters
to be estimated; X — the object model matrix;
Y — the output vector.

3.2. Estimation of Aerodynamic Coefficients
Based on Numerically Simulated Data

This study presents the estimation of two force
coefficients and four moment coefficients asso-
ciated with the angle of attack, pitch rate, and
normal load factor. To estimate the two force
coefficients, the normal load factor is required to
form the output signal vector. The object model
matrix incorporates angle of attack and elevator
deflection.

To estimate the four moment coefficients, a de-
rivative of the pitch rate is required to form the
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output signal vector. The object model matrix in-
corporates the angle of attack, pitch rate, derivative
of the angle of attack, and the elevator deflection.
Thus, the object model matrices, output signal
vectors, and unknown parameter vectors take the
following form:
For the estimation of two force coefficients

Y and Y

%oy Oy )
Yo 0!,(2) ‘Sz(z) ’ y= ny(Z) ’ 5= |:?(x YBB j|T
%y Oy My |

For the estimation of four moment coefficients

MMM and a1

dmz(])
Lo,y o, a8 dd’
0)22
X:% a’(z) 2y at(z) Sffz) , Y= dt() ,
ooy o, O By do,,,
dt

— a0, 043 T
&:[MZ MMM, } .

To analyze the efficacy and stability of the
Least Squares Method (LSM) for estimating aero-
dynamic coefficients, a numerical experiment was
conducted with varying measurement noise levels.
Measurement noise was modeled using random
variables with normal distribution, characterized
by zero mean and different standard deviation
values (o = 0.01, 0.02, 0.03). The quantitative
results of the aerodynamic coefficient estimation,
reflecting the error dependence on measurement
noise intensity, are presented in Figures 4 and 5.

The research results demonstrate that the data
obtained using the Runge — Kutta method provide
significantly higher accuracy for estimating aero-
dynamic force coefficients, whereas Euler method-
derived data yield superior accuracy for estimating
aerodynamic moment coefficients across various
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measurement noise levels. These findings under-
score the critical importance of selecting appropri
ate numerical methods for acrodynamic modeling,
as they directly impact parameter estimation re-
liability and, consequently, control system design.
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Figure 4. The results of the estimation
of aerodynamic coefficients using data modeled

by the Euler method
Source:bySanLin Aungin Excel
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Figure 5. The results of the evaluation
of aerodynamic coefficients using the data modeled

by the Runge Kutta method
Source: bySanLin Aungin Excel

4. Aircraft Pitch Control System
Using PID Controller

The aerodynamic coefficients were estimated
using the Least Squares Method (LSM), which en-
abled the acquisition of the necessary parameters
for designing an automatic pitch angle control
system. The obtained coefficients are utilized to
derive the transfer function relating the pitch rate
to the elevator deflection, which represents a critical
stage in control system development. This transfer
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function is derived from equations describing the
angle of attack (o) and pitch rate, establishing
a mathematical relationship that quantifies how
changes in elevator deflection (3) affect the pitch

dynamics (Figure 6). This phase is essential for
creating a reliable and precise control system that
ensures effective regulation of aircraft angular
motion.

(O] 1|k
U(s) s

Figure 6. Structure diagram of the aircraft's automatic pitch control system
Source: bySan Lin Aung in Simulink

Aircraft transfer functions via Laplace trans-
formation can be expressed as:

3y

z 2

=0 o = )=

o Aw, (s
) =)=
8(s)
—, —by—a — by —a  —by——a
[MZ Y M. js+MZ Y -Y" M.
- s*+2E 0,5t ’
M"Y
n, Y .
VV@B7 (S)*ﬁszo - ; 2 2
Y 57,3g 5" +2§, 0,5+,

In this study, a model that does not consider
the elevator lift is used as a mathematical model of
the first approximation.

Ad=Ao,-Y Aa
A, =M_"Aa+M. " Ao, + M. Aa+M."AS,. (8)
The transfer function from the elevator to the

pitch rate through the Laplace transform Wb‘: (S)

can be written as:

i)

NS, (s)  s*+2E,0,5+0,>

W, (s) =

The initial PID controller coefficients were set
empirically, followed by a linear analysis of the
transient response of the system to step elevator
deflection (Figure 7). The investigation results re-
vealed the following dynamic performance indica-
tors:

= Overshoot ¢ = 22.9%, indicating pronounced
oscillatory components during the transients;

= Rise time 7, =1.53s, reflecting high initial
responsiveness;

= Settling time ¢, =10.9s , demonstrating in-

sufficient damping in the initial controller configu-
ration resulting in prolonged stabilization within
the 2% tolerance band.

To address these deficiencies, automatic para-
metric optimization of the PID controller was im-
plemented using gradient descent algorithms in
Simulink, targeting settling-time minimization while
maintaining acceptable overshoot levels. These
findings underscore the necessity of adaptive ap-
proaches to tuning controllers in dynamically com-
plex aerospace systems.
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Figure 7. Transient function of the aircraft's automatic pitch control system
using a PID controller at preset coefficient values
Source: by San Lin Aung in Simulink

The initial PID controller coefficients were
adjusted using an automatic tuning algorithm im-
plemented in Simulink (Figure 8). For the simpli-
fied mathematical model, excluding the actuator
dynamics and physical constraints, the transient
characteristics demonstrate high controller efficacy:

Step Plot: Reference tracking

2 System: Tuned response
1/0: In(1) to y

Peak deviation: 1.12

1.2 [F] Overshoot (%): 136 @ \W\ir

T
Tuned response
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Figure 8. Transient function of the aircraft’s automatic
pitch control system using a PID controller
with automatic tuning coefficient values
Source:bySan Lin Aung in Simulink

» Overshoot o=11.6%, reflecting moderate
oscillatory components during transients within
acceptable limits for aviation systems;
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= Rise time 7,,, = 0.0709s , indicating minimal

system inertia when responding to control inputs;

= Settling time ¢, =0.608s, confirming the
rapid attainment of steady state within the 2%
tolerance band.

These parameters demonstrate the high system
responsiveness and stability achieved through gra-
dient-based optimization methods. However, the
model limitations stemming from neglected actuator
dynamics and real operational constraints necessi-
tate further research for validation under near-
physical conditions. These results establish a foun-
dation for developing adaptive algorithms that
account for nonlinear effects and external dis-
turbance characteristics of aircraft control systems.

Conclusion

This study confirms the efficacy of integrating
Euler and Runge — Kutta methods for solving
aerodynamic modeling, parametric identification,
and pitch control system synthesis tasks. It was
established that the Runge — Kutta method pro-
vides enhanced accuracy for estimating aero-
dynamic force coefficients, whereas the Euler
method demonstrates advantages for estimating
moment coefficients under distinct measurement
noise con-ditions. The developed pitch angle PID
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controller, characterized by a rise time of 0.0709 s,
overshoot ¢ = 11.6%, and settling time of 0.608 s,
validates the feasibility of achieving high-quality
control despite noise disturbances in systems
neglecting actuator dynamics.

The proposed methodology integrating nu-
merical simulation, parameter identification, and
adaptive controller synthesis demonstrates the
potential for creating digital twins and their appli-
cation in preliminary design stages, notwithstanding
simplifications in the aerodynamic model. These
results underscore the critical role of numerical
method selection, which directly impacts estimation
credibility and designed system reliability.
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BnusHune oceBoit Harpy3ku Ha paboToCNOCOOHOCTDb
LAPUKOBbLIX paguvualnbHbIX NOALUUNNMHUKOB

10.B. Beanoycos™»=, C.JI. lllamouna®”, ®.B. Pexkau®”, O.JI. Kupees®

2 MOCKOBCKH TOCy IapCTBEHHBIN TeXHUUECKHi yHUBepcuTeT uM. H.D. baymana
(HaMOHANBHBINA UCCIIEN0BAaTENLCKUN YHUBEpCUTET), Mockea, Poccuiickaa ®edepayus
b Poccwmiickuii yauBepcuteT apyx061 HaponoB, Mockea, Poccuiickas Dedepayus

P4 juvbelousov@bmstu.ru

Hcropus crarbn AHHoTanus. B xadecTBe 0n0p BajoB 4acTO MCIOJIB3YIOTCS IAPUKOBBIE PAaAHalIb-
ocTynuia B pefakimio: 3 Mapra 2025 r.  HBIC OMMMIHAKA. OHI NpeIHA3HAYCHBI [T BOCTIPHSTHS PajinaIbHON HarpysKH,
JlopaGoTana: 25 anpens 2025 r. OIHAKO OKa3bIBAIOTCA JOCTATOYHO pabOTOCIOCOOHBIMU IIPU AEHCTBUM TAaKXKE U
Ipunsita k my6nukarum: 11 mas 2025 1. OCCBOH HAarpysKku. JUist ONPe/IC/ICH st CTETICHH BITHSHHS OCEBOH HAarpysKH Ha pa-

00TOCTIOCOOHOCTh YKa3aHHBIX TOAUIMITHUKOB PACCMOTPEH XapaKTep B3aUMOJICH-
CTBHS TeJ KaYeHHUS C KOIbLAMH IIaPUKOBBIX PaJAUaIbHBIX OAHOPSAHBIX TTOAIINII-
HUKOB, YCTaHOBJICHHBIX BPAaCHOp, MOJ eficTBHEM KOMONHIPOBAaHHOH Harpy3KH.
PaspaboTana MeTomMKa OmNpeneiCHHUS MPEACIbHON paaualbHOW U OCEBOIt
Harpy3KH JJIsL JaHHBIX ITOAIHUITHUKOB. [10TyYeHbI BBIpKEHUS], CBSI3bIBAIOIIHE OCe-
BYIO HArpy3Ky ¢ HEHCIIOJb30BaHHOW pauaibHOi. Ha KOHKPETHBIX MpUMepax Imo-
Ka3aHo, YTO HauOoJIbIIasi peaklys ONop C UIAPUKOBBIMH PaJuajbHBIMH OJHO-
PAIHBIMH HOJIINIHIKAMY IPU I€HCTBUH Ha BaJl KOMOMHUPOBAHHON HArpy3KH,
KOTZIa OceBasi Harpy3Ka sIBJIeTCSs IpeeIbHOM, MOXKET ITPEBHIIIATh B J1Ba pa3a aHa-
JIOTHYHYIO PEaKIHIO OIOp MpH ACHCTBUH Ha Bajl TONBKO paluajbHON Harpy3ku
TOH ke BenW4yuHbL. CIMIIKOM OOJblIas MOTPEHIHOCTh B ONpENeNICHUH pPeaKkunit
OIIOp Bajla CUJIBHO CHIXKAeT pabOTOCIOCOOHOCTh MOAOOPAHHBIX A HETO HOJ-
LIUITHUKOB, YCKOPSIS UX BBIXOA U3 cTpost. Kpome Toro, npu cocraBiieHHH pacyer-
HOH CXeMBI BaJla, B KA9€CTBE OIOP KOTOPOTO HCHONB3YIOTCS IIAPUKOBBIE PaAnallb-
HBIe TIOMIINITHUKY, BaJ BCETAa MPEACTABIAETCS Kak Oanka Ha ABYX IIapHUPHBIX
omopax. OgHa U3 ONOp — HEMOABMKHBIN IMAPHUP, IPyTas — IMOIBIKHBIN IIap-
HUP. YCTaHOBJICHO, YTO TPH JACHCTBMH KOMOMHUPOBAHHOM HArpy3Ku o0e Omopsl
paboTaroT KaK HEMOABIIKHBIE MIAPHUPHI, TOCKOIBKY 00€ BOCIIPHHUMAIOT OCEBYIO
Harpy3Kky. [Ipu 5TOM o/1Ha 4acTh Bajla MEXIY ONOPaMU OKa3bIBaETCsl PACTIHYTO,
a npyrast — cxkatoil. ['panuneit Mexay pacTIHyTOH M CKaToW 30HAMHU SIBISIETCS
TOYKA MPUIIOKEHHUS OCEBON CHIIBL.

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTODBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(IMKTa UHTEPECOB.

KmoueBble cjioBa: peakuus onop, Tejaa KadeHus, paauanbHas i 0ceBas HarpysKa,
CBOOOJHBI YTOJ KOHTAKTa, IIAPHUPHBIE OMOPHI
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Abstract. Ball radial bearings are often used as shaft supports. They are designed to withstand
radial loads. However, they are also quite efficient under axial loads. To determine the degree
of influence of axial loads on the performance of these bearings, the nature of the interaction
of rolling elements with the rings of single-row ball radial bearings installed in a thrust manner
under a combined load is considered. A method for determining the ultimate radial and axial
loads for these bearings has been developed. Expressions have been obtained that relate the
axial load to the unused radial load. Specific examples have shown that the greatest reaction
of supports with single-row ball radial bearings under a combined load on the shaft, when the
axial load is ultimate, can be twice as great as a similar reaction of supports under only a radial
load of the same magnitude on the shaft. An excessively large error in determining the reactions
of shaft supports significantly reduces the performance of the bearings selected for it,
accelerating their failure. In addition, when a calculation scheme for a shaft supported by radial
ball bearings is drawn up, the shaft is always represented as a beam on two hinged supports.
One of the supports was a fixed hinge, and the other was a movable hinge. It has been
established that under the action of a combined load, both supports operate as fixed hinges
because both perceive an axial load. In this case, one part of the shaft between the supports
was stretched, and the other was compressed. The boundary between the stretched and
compressed zones was the point of application of the axial force.

Keywords: reaction of supports, rolling elements, radial and axial load, free contact angle,
articulated supports
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BBepeHune

paboTarOT ¢ MUHIUMAJIBHBIMH TIOTEPSIMU Ha TPEHUE,
CrocoOHBI paboTaTh C BBICOKUMHU CKOPOCTSMU

B kagecTBe o1mop BajoB M BPAIIAOMIMXCSA OCEN
JIOBOJIBHO YacTO UCHOb3YIOTCA IIAPUKOBBIE pajIu-
aJIbHbIC TOAIIUIHUKA. DTU MOJUIUITHUKA UMEIOT
MPOCTYIO KOHCTPYKIIHMIO, YIOOHBI B OKCILTyaTaIl1H,
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BpaIlleHHsI, POU3BOATCS B IIMPOKOM JTHAITa30HE
pa3mepoB. Kpome Toro, 1aHHble HOAIIUITHUKY J10-
CTaTOYHO YHHUBEPCAJIbHBI, TAK KaK MO3BOJISIOT BOC-
NpUHUMATH JEHCTBYIONIHE Ha BaJIbl B 000MX Hampa-
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BJICHUAX KaK paJualibHble, TaK U OCEBBIC HArpy-
3KM. OTH HAarpy3Kd BOCIPUHHMAIOTCS TE€JIaMH U
JIOPOKKAaMHU KauyeHUs! MOAIIMIHUKOB, IUIONIAJKH
KOHTAaKTa KOTOPbIX 04eHb Maibl. [ToaTOMy Hamps-
KEHMsI B MECTax KOHTaKTa O4eHb BbICOKHE. Tak,
HOpMaJIbHbIE HAMPSDKEHUS TPU HadyaJIbHOM TOYEY-
HOM KOHTAKTe TeJl KaUeHUs C JOPOKKAMHU KaYCHHUS
moryT nocturarb 5000 MIIa [1-3]. [TosTomy mipu
KOHCTPYMPOBAHUH ONOP C JAaHHBIMHM NOIUIMITHU-
KaMH BO3HUKAaeT HEOOXOIUMOCTh B OIpPEAEICHUN
HanpsOKEHUH U AeopMaInii B KOHTAKTe IIAPUKOB
C IOPO’KKAMHU Kau€HUSI.

BbIcokye HanpsKEHUs CKaTus IEUCTBYIOT
TOJBKO B 30HE KOHTaKTa Tesl KadeHus. [lostomy
IIPOYHOCTHBIE CBOMCTBA ITUX ITOJLIMITHUKOB 3aBH-
CAT B OCHOBHOM OT HAIPSKEHUMN, BO3HUKAIOLIUX
Ha NOBEPXHOCTH KOHTakTa. /ledopmanuu B KOH-
TaKTe MOBEPXHOCTEN KaueHHUs, BBUAY UX BbICOKOI
TBEPIOCTH, CPABHUTEIILHO HEBEIMKH U UX Y4eT
00BIYHO HE TpebyeTcsl.

KoHTaKTHBIE HaNpsDKEHMsI, BO3HUKAIOLINE B
TeNax Ka4eHHUs, 3aBUCAT OT HArPy3KH, KOTOPYIO
OHU BOCIPUHHMMAIOT, Pa3MepoB U (pOpMBbI KOHTAK-
TUPYIOLIMX TeJl, UX YIPYTrUX XapakrepucTuk. Pas-
Mepbl, (opMa KOHTAKTUPYIOIUX TeJ, a TaKkKe UX
YIOpPyTrue XapakTepUCTUKH 0OBIYHO U3BECTHBI 3a-
paHee, IOCKOJIbKY JaHHBIE OALIUITHUKY CTaHAAp-
THU30BaHbl. Hen3BecTHOM sBIseTCS HArpy3Ka, Boc-
npuHUMaeMas noamunHukaMu. OHa JOBOJIBHO
IIPOCTO ONPENEIISETCS IPU AEHCTBUH HA BaJI TOJIBKO
panuanbHbIX cuil. [Ipu oAHOBpEMEHHOM JIeHCTBUU
Ha BaJI paJuajbHbIX U OCEBBIX CHJI OIIPE/EIICHUE
JAHHOM HArpy3KH 3HAUUTEJIBHO YCIIOXKHSIETCH,
IIOCKOJIBKY 3apaHee HEeU3BECTHO, KaKuM 00pa3oM
IO/l HAarpy3Koil B MOMIIMIHHUKAX OyayT pacroia-
rarbest Tena kaueHus [4-8]. Kpome Toro, nis yka-
3aHHBIX NOJIINITHUKOB HEU3BECTHOM ABIISETCS BE-
JMYMHA NpeJebHON 0ceBOM Harpy3ku. B yactHo-
CTH, OOIIEM3BECTHBIM CUUTAETCS TOT (DAKT, YTO
OHa He J0JKHA npeBbimars 70 % OT HEMCIoNIb30-
BAaHHOW paauanbHON Harpy3ku. OJHAKO HUKAKOTO
TEOPETHYECKOr0 0O0CHOBAHUS JIaHHOE TOJIOKEHHE
HE MMeEeT.

Lenv uccnedosanus — onpenieneHue CTereH!
BIMSIHASI OCEBOM HAarpy3Kd Ha paboToCroco0-
HOCTb IIAPUKOBBIX PaHalbHBIX MOAILIUITHUKOB.

1. MeToabl nccnepoBaHus

PaccMoTpuM B3aumoelicTBUE TEN KaY€HUS U
KOJIEI] IAPUKOBBIX PaiaibHBIX OJHOPSIIHBIX MO~
IIUITHAKOB, YCTAHOBIIEHHBIX BpacIop, Mox JeH-
CTBHEM KOMOWHUPOBAHHOW HArpy3Ku. To ecTh IpH
JIEWCTBUM Ha BaJl, YCTAHOBJICHHBIH Ha JaHHBIX
MOJIITUITHUKAX, OCEBOM U paguaibHoi cui. Oce-

Bas Cujia — 3TO CHJIa Ez , 4 paJuajibHas Cujia —
9TO CHJIa F;z , KOTOpasA, Mo CylmcCTBY, SABJISCTCA

BEKTOPHOW CYMMOI1 IByX CHJI: COOCTBEHHO paju-
aJIbHOM cuutbl . 1 OKpY>XHOI1 cuitel F, , cooOrmato-

H_leﬁ Bajly BpamarcJIbHOC IBHXXCHHUC. To ectb

F =Fr+}7t. M3rubaromuii MOMEHT IpU Tiepe-

s
HOCE CHJIbI P; U3 30HEI €€ ILCP'ICTBI/ISI Ha OCh BaJjia

y4uTHIBaTh He OyneM. Kpome Toro, He Oynem y4u-
TBIBaTh TIEPEKOC KOJIEI TOIIMITHUKA BCIIEACTBUE
n3ruda Bajia BBHIY €ro MajocTd. Tak, MOMycTH-
MBI YTOJl B3aMMHOTO IEepeKoca KOJIeI MapruKo-
BBIX pagUalbHBIX OJHOPSIIHBIX TMOMIIUITHUKOB
MIPU paanaibHOM HarpyKeHUH JJIsl TOAIIUITHUKOB,
HarpuMep, HOpMaJIbHOW TPYIIITBI PagHaIbHOTO 3a-
30pa COCTaBIISIET BCEro 8 MUHYT [5].

V GONBIINHCTBA HOAIIAITHUKOB JAHHOTO THIIA
B MCXOJHOM HEHArpy)KCHHOM COCTOSHUH MEKIY
HapY>XHBIM KOJBIIOM M TeJlaMU KadeHHUS] UMeeTCs

panuaibHeli 3a30p g, . OH npeanonaraeT HEKOTo-

pyto cBOOOY B3aMMHOTO MEpPEMEIICHHUsI KOJIEl B
paZvaIbHOM U OCEBOM HampabieHUX. Bennunny
paZvaIbHBIX 3a30POB B JaHHBIX MOAIINITHUKAX Ka-
YeHHsI BBIOMPAIOT C YYETOM HKCIUTyaTallMOHHBIX
XapaKTepUCTUK OMop (IPy30MOIbEMHOCTH, OBICT-
POXOJHOCTH, JOMYCTUMBIX BEJIIMYUH paauajb-
HOTO M OCEBOro OMeHus, rabapuTHBIX pa3MepoB
U PACCTOSHUS MEXIy OIMOpaMu), YCIOBUH MOH-
TaXa W PEeryJIrpOBaHUS MOAIIUITHUKOB (TTOCaI04-
HBIX HATATOB, TEMIIEPATypHBIX KojeOaHUM B MOA-
HIMITHUKOBOM Y37I€, BUa CMa3KU U crloco0a ee 1mo-
nmaam) [9-11].

[Ipunoxxum K Bally OHOBPEMEHHO pajHalib-
HyIO F.. W oceByro F,cuibl. HampaBum cuiy F.,

BepTUKaIbHO BHU3 (puc. 1). [lox nefictBuem cusb
FBan BMeCTe ¢ BHYTPEHHUMHM KOJBLAMH IIOJ-

IOUITHUKOB CMECTUTCA B OCCBOM HAIIPAaBJICHUU,
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a ToJ IEUCTBUEM CHIIBI F,.. m3orHercs. I[Ipu stom
o0a mporecca MPOUCXOAIT OAHOBpeMeHHo. Cuia
F., mouru Bcerna Gonblue cuibl F,, a mporud Bana
MEHBIIIE BEJIMYUHBI €r0 MepeMeNIeHHs B 0CEBOM
HaIpaBJIeHUH TPH BBIOOPKE 3a30pa g,. Toraa cie-
JyeT 0)KHUIaTh, YTO MPOTHO Baia 3aKOHYUTCS ObIC-

Tpee ero oceBoro nepemenienus. [loatomy oceBoe
nepeMenIeHHe Bajla ero M3rudy MpernsTCTBOBATH
He OyzeT. B 3Toi1 cBs3M OeCTIOUBEeHHBIMH OKa3bIBa-
FOTCS BBIBOJIBI aBTOPOB UCTOUHUKOB [12; 13] 00 mc-
MOJIb30BaHUM MPHUHIIMIA CYNEPIIO3UIIUU TepeMe-
HICHUI TPU KOMOMHUPOBAHHOM HArpy>KEHUH BaJja.

ac

Puc. 1. Cxema Harpy>XeHuns Ten Ka4eHust HUXKHEN YacT NOALLINMHNKOB
M ¢ To4HuUK: BbinonHeHo O0.B. BenoycoBbim

Figure 1. Loading diagram of the rolling elements of the lower part of the bearings
Source: byYu.V. Belousov

[Tpu nmocraTouHOW BeIMYMHE CWIBI F Bal

a
CMECTHUTCS B KpailHee oceBoe MoyiokeHue. [lpu
9TOM yTOJI KOHTaKTa TeJ KaueHUs-IIAPUKOB C JI0-
pO’KKaMM KaueHMsi OyleT paBeH 0, . DTO MaKCH-
MaJbHBIA yToJl KOHTaKTa MIAPUKOB C JOPOKKAMH
KaueHUs1, KOTOPBIN Ha3bIBACTCSI CBOOOIHBIM YITIOM
KOHTaKTa. BennumHa cBOOOIHOTO yIyla KOHTAKTa Y
[IAPUKOBOTO PATMATBHOTO OTHOPSIHOTO TTO/IIITHII-
HUKAa MOXET OBITh OIpeAesieHa MO CICAYIOIIeH

dopmymne [14]:

0L, = arccos 1-£

) (1

e B=(f,+f,-1)D,; D, — nuamerp Tena
kauenus; f,=1,/D,, f,=nr /D, 1nun r—

paanychl JOPOXKEK KaY€HUS! BHYTPEHHETO U Hapy K-
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HOI'O KOJIEL] COOTBETCTBEHHO, PACIIOJIOXKECHHBIE B
IUIOCKOCTH, IEPIIEHANKYJISIPHON HAIpaBJICHUIO Bpa-
LIEHHS BaJa.

OnpernenyM BeIMYUHY OCEBOH cuitbl £, , HeoO-

XOIUMOM ISl TIepeMeEllleHUs Bajla B KpailHee oce-
BOE TMOJIOKEHHE. [ 3TOro BCce CHUIIBI, IEWCTBYIO-
[IME Ha BaJl B KpallHEM OCEBOM TOJIOKEHUH, CIIPO-
eIUpyeM Ha OCH KOOpAHMHAT. B utore nmomydnm

(Fh1 +th)sinac+(F_ﬁ +Ff.2)cosac =F, (2)

(Fh] +th)cosac—(Fﬁ +Ff2)sin(xc =F_, (3)

s

rae F, , F, — CyMMapHble HOPMaJbHBIC CHIIEL,

BO3HUKAIOIIUE B KOHTAKTE IAPUKOB C JIOPOKKAMHU
KaueHUs B Harpy>KEHHOW 30HE BHYTPEHHHUX KOJIEIL
NOJIMITHAKOB; [, F, — CyMMapHBIC CHIIBI
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COIPOTHBJICHUS KQYCHHUIO IAPUKOB MPU MX yCTa-
HOBKE B TpeOyemMoe TOJI0KECHHE.

Ecnu npeHeOpeub BeCOM MIapHKa, TO CHILY,
HEOOXOMUMYIO IS €ro MepeKaThIBAaHUS MEXIY
JIByMsI HAKJIOHHBIMHU TIOBEPXHOCTSIMH, MOXKHO OTI-
penenuTh CIAeNyIOIIMM 00pa3oM:

P - EDy _yp _p 2N 4N
/D, /2 D, D

w w

NG

rac FK — CHJIa COIIPOTHUBJICHUA KAUCHUIO IapHUKa,

N — HopMmainbHas Harpy3ka Ha LIapuK; f,—

KO3 DUIHUCHT TPEHUS Ka4eHHs MIAPUKOB MO JI0-
POXKKaM HOJUIUIHUKOB £, = 0,001 cm [15; 16].

Torma
AN, fo Af & 4f. 4,37F,
F,o=—X ey =2k 27 by
h Zl: Dw Dw Zl: ! Dw z
x[l +2c08*y+...+2cos”? (ny)] , 5)
AN, fo  Af & 4f 4,37F,
1 Zl: Dw Dw Zl: 2; Dw z
X[l+ 2c0s”*y +...+2cos™? (ny)] , (6)

17,48 f.cosa, [

17,48f
Ffl*'Fzz:(Eﬂ'th) D X

w

x[l+200s3/2y+...+2cos3/2(ny)], (7)

rac Y — Yroia MEXIay CMEKHBIMU TC€IIaMU KQUCHU A

MOJIINITHUKA; 7 — KOJIMYECTBO Map TeJ KAYCHHUs,
BOCIPUHUMAIOINX, KPOME LIEHTPAILHOTO, HATPy-
3Ky Ha MOALIUITHHUK.

Paznenum Beipaxkenue (2) Ha BeipaskeHue (3).
Torma

tgo = F, :<Fhl +F;,2)sinac+(F/i +Ff2)cc.)socC ®)
(F, +F, )eosa, —(F, +F, )sina,

e

z

TJe o — yroll HaKJIOHa CyMMapHO# CUiIbl F, , 1eH-

CTBYIOILEH Ha BaJl, K TNIOCKOCTU MEPIEHAUKYISP-
HOM €T0 OCH.

Hozcrasus B Bepaxerue (8) cymmy F .+ F,
u3 BeipaxxeHus (7), momyqaum (9).

3Has yroio, OIpU HU3BECTHOM paauaibHOMN

cune F, MOXHO ONpPEeNeIUTh OCEBYIO CHTy F,.
z

1+2cos’?y+...+2cos™” (ny)]

sina, +
tgo = zD,
cos o, - 17,48 f sina,
zD

w

2. PesynbTaThl U 00CYyXaeHue

N3 Beipaxkenus (9) BuaHO, uto o >0, . Ilpn

OTCYTCTBHMH CONPOTHUBIICHHS MEPEKATHIBAHUIO I11a-
PHUKOB 3TH yIIIbl ObUTH ObI paBHBI. BBIsICHUM, Kak
CUJIBHO 3TH YDl OTIAM4YaloTcs. B kadectBe mnpu-
MEpa pacCMOTPHUM IIAPUKOBBIA pagvalibHBIA OJI-
HOpsyIHBIN ToAmMIHUK Ne 207. BHyTpeHHuii qua-
MeTp JaHHOro moamunauka d =35 MM, Hapyx-
HbIM tuaMetrp D =72 MM, AMAMETP TeJla KaueHUs
D, =11,11 MM, paauanbHbIi 3a30p A/ TOALIMII-

HUKa HOPMaJbHOM TPYyMIbl PaJuaibHOIO 3a30pa

g, =6...20 mxm.

[ 1+2c0s™y +...+2cos™” (ny) |

€))

Jlnst mpuHSATHIX 3HaueHwdd fp = f,; = 0,515
[17]n
B=(fy+/fu—-1)D, =
=(0,515+0,515-1)-11,11=0,3333 ™M,

TOTIA
g, _,;_0.006...0,02

cosa, =1-=-=

=0,991...0,97,
2, 2-0,3333

TO €CTh o, = 7,69 ...14,07".
[Tpy MUHHMAIIEHOM 3HAYEHUH yIiia o, = 7, 69’

no gopmyie (9) Haxonum, uro tga =0,1394, uro
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COOTBETCTBYeT yruy o=7,94 . Ilpu Makcumab-
HOM 3HadeHMM ymia o, =14,07, tgo=0,2552,
T0 ecTh 0.=14,32". B mepBoM citydae yrosn o OT-
nn4aerca or yra o, Ha 3,3 %, BO BTOpOM —

Ha 1,8 %. /11 moamMmHUKOB OOJIBIIETO JHaMeTpa
TOM € HOPMAJIBHOW TPyNIIBl paIiaIbHOTO 3a30pa
JaHHOE oTiMuue eme MeHblie. [loatomy ¢ nocra-
TOYHON CTENEHbIO TOYHOCTU MOKHO CUUTATh, YTO
MUHUMAaJbHOE 3HaY€HHE yIa o MEXIy CyMMap-

HOIl F W pajuanbHOH F, cunamu, ACHCTBYIO-

LIMMH Ha BaJl IPU €0 CMELIEHUH B KpaliHee oce-
BOE MOJIOKEHUE, COOTBETCTBYET CBOOOHOMY YTy

KOHTaKTa o . B aToM ciyudae cunamu F ; H F /

MOKHO NpeHeOpeyb, a Harpy3Ky Ha Baj OyIyT BOoC-
IIPUHUMATh TOJIBKO TEJla Ka4eHUs, HaXOAALIUeCs
B HIDKHEH YaCTH MOJIIUITHUKOB.

Hx cymmapHas peakuus

— Iy

cosa,,

F, +F, (10)

2

aC
W
/K//////

Cunsl F,unF, B o01ieM ciay4yae He PaBHBI.

[Ipu nanpHENIIEM YBEIMUYEHUN OCEBOU CHUIIBI
F yron o craner Gombiue yria o, . CymMmmapHO#
peakuuu TeJl KaueHUs B HMKHEH 4acTH MOALIUI-
HUKOB R, U R, (puc. 2) He OyaeT XBaTaTh Ui KOM-
nencauu cuiel F,. [lostomy craHyT Harpy-

JKaTbCsl TeJla KaueHUs TAKKe U B BEPXHEH 4acTH
noAmUImHUKOB. C UX CTOPOHBI OyIyT 1eHCTBOBAaTh

! !
peakuuun R, u R,. B 3TOM ciydae paBHOBecue

Bajia OyzeT obecrneyeHo, Koraa

tga

Z ' Z " “sina, (1
F
R-)R=—"{1—. 12
Z' Z' oS0, (12)
Cnoxus ¢opmyisl (11) u (12), momyuum
F
SR=a| g, ] (13)
2 \sino, cosa,
aC
// WIS V4

\

a7

(
[

ﬁ\

TIITV V7777

™

rd

Fy

7
2

A

Puc. 2. Cxema cun, AeliicTByoLWMX Ha Ban
M ¢ To4HuUK: BbinonHeHo O0.B. BenoycoBbim

Figure 2. Diagram of forces acting on the shaft
Source: byYu.V. Belousov
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MakcumanbHoOe 3Ha4eHue yra 0. OyaeT cooT-
BETCTBOBATH INPE/IEIbHON Harpy3Ke Ha Tejla Kade-
HUS B TOAIIMITHUKAX BaJja.

[ToncraBuB B popmyiry (13) Z R, = SF, tne
S=F"/F, ,a F™ — MakcuManbHas paju-

albHAs Harpys3ka Ha BaJl, MOJIyYMM BBIpaXKECHHE
IJI OIpeleNeHHs] MaKCUMalbHOrO yria o ..

B CIIEIYIOIIEM BU/IE:
tga, . =2Ssina, —tgo, . (14)

st onpenenerus koddduipenta S HeoOXo-

MO HANTH MakCUMAaJbHYIO paJliaibHYI0 Harpy-

3Ky Ha Ball F"™ U cpaBHUTH C JACUCTBYIOIEH F_ .
s s

MakcumanbHasi paaualbHas Harpy3ka — 3TO
Harpyska, IpeBBIIIEHUE KOTOPOH MOXKET BBI3BAThH
TUIaCTUYECKUE AePOopMalii Ha TOPOKKE KaueHUs
BHYTPEHHET0 HamOoJiee Harpy>KEHHOTO KOJbIla
IMOAIIUITHUKA.

HmxHIO10 OLIEHKY MaKCUMaTbHON CUIIBL, JEH-
CTBYIOIICH Ha HauboJee HAarpy>KeHHOE TeJIOo Kade-
HUS TIOJIIUITHUKA, TIPEBBINIEHUE KOTOPOH MOXKET
TIPUBECTHU K TIOSBICHHUIO TUIACTHYECKUX Aedop-
Malui, MOXKHO TOJYYUTh MO Cieayromen ¢op-
myae [18]:

2 3
F, =8674| 1 ||2=], (15)
max zp n

[

rae Xp — CyMMa INIaBHBIX KPUBH3H KOHTAKTHPYIO-
X T (XapakTepu3yeT (GopMy B3aUMOJICHCTBYO-
X Ten); N — Kod)PUIMEHT, YIUTHIBAIOIIUMA
YIPYTUe XapaKTEPUCTUKHA KOHTAKTHUPYIOIIUX TEJ
. S
(ms cranpubix geraneit M=0,87-10"mm" / H;
n,— KO3(p(QULUUEHT, 3aBUCSLIUA OT Pa3HOCTH
KpUBU3H O; G, — Ipejen TeKy4yecTH MaTepuaia

JieTajael NOAHITHHKA.
Peaknno MakCUMalIbHO Harpy>K€HHOM OIIOPbI
MOKHO HaWTH 110 U3BECTHOU popmyre

E)lmaxz

R, =max(R;R,) =137

(16)

rie z — KOJHMYECTBO TeJI KQU€HHUS B IOIIIHUITHUKE
JTAaHHOU OTOPBHI.

Torma

Fr™ =R, (1+m), (17)

max

e m=R_ /R — COOTHOLICHHE MEXIY pe-

aKIUsIMU OIIOP.

OrmpesieiuM, HanpuMep, MaKCHMAJTBHYIO Har-
PY3Ky Ha Baj, YCTAHOBJICHHBIA Ha MOANIMITHUKAX
Ne 207:

" CpeOHMI TUAMETP MOIIUITHUKA:

d,=(d+D)/2=(35+72)/2=53,5mm;

* JIMaMeTp BHYTPEHHETO KOJIbIIA [0 THY XKe-
m00a

d=d,—D, =53,5-11,11=42,39 mm;
= paauyc xenooa:
r, = 0,515D, =0,515-11,11=5,72 mwm.

Marepuan mapukoB U BHyTpeHHero komibia LIIX15
(TBepmocTh noBepxHocTH 62...65 HRC)).
CyMMa TIIaBHBIX KPUBU3H COMPSHKEHHBIX TI0-

BEPXHOCTEH TeN Kaue€HUS U BHYTPEHHETO KOJbIIA
MOJIIUITHUKA

2 2 1 2
p=—+———+—=
Dw Dw r)}( dl
L S S P VYT
1,11 5,72 42,39
P3_3HOCTI) KpI/IBI/I3H
1 2 1 2
T Td T572 4239
O=—1r G -2 22 = 0,549,
p 0,2324

Jlns mansoro sHadenus ® mo taGmuue [14]
Haxomum 7, =0,9262.

Jia cranu HIX15 ¢ TBepROCTBIO MOBEPXHO-
ctu  62...65 HRC, cpennee 3HaueHue mnpejeia

Tekydyectd 6. =1050 MIla. Huxknss onenka npe-
JieJIa TEKY4ECTH Oy =Op —U pf}, rae u, — KBaH-
THJIb HOPMAJILHOTO pacrpeseneusi, ¥ — cpenHee
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KBajipaTuueckoe orkinonenue (V=175 Mlla).
C HagexxHOCTBIO 95 % noryuynm

o, =1050-1,645-175="762MIla.

[ToncraBum 3TH gaHHBIE B dopmyry (15).

Torma
3
j _67H.

HukHIOIO OLIEHKY CHUIIBI, ACHCTBYIOLIEH Ha
Hanbomee HarpyKEHHYIO OTOpY, TPEBbIIIEHHE KO-
TOPON MOKET BBI3BATh MOSIBJICHUE MIACTHYECKUX
nedopmarnuii geTaieidl MOAIIMUITHUKA, OTpese-
aum o popmyre (16): R =67-9/4,37=138 H.
MaxkcumanbHyI0 paJuajibHyl0 Harpy3ky Ha Bal
i ko3ddunuenta m, pasHoro Hamnpumep 0,8,
Haiinem o popmyne (17):

FOl

max

—5\2
86,74 0,87-10 762
0,2324 0,9262

F™ =138(1+0,8) = 248,4 H.
Ecimmn S=2, 10
F_=F"™ /2=248,4/2=124,2H.

[To popmyne (14) Haxoaum, 4TO JIIs MOIUTHUITHUKA
Noe 207 ¢ MUHUMaNBHBIM PaJUATBEHBIM 3230POM
g = 6 MKM

max :2251n7,690 —tg7’69Q :0’4
(0t = 21,87),

max

tgo

Korga

Frz =100H (S=248,4/100=2,484),
tga,  =2-2,484-sin7,69 —tg7,69 = 0,554
(0 =297).

max

B nepBom ciyuae cuna F, cocrasiser 40 %

OT HEHUCITIOJIb30BaHHOW paJHaIbHON Harpy3KH,
BO BTOpoM ciiydae — 37,3 %.
Hewncnons3oBanHas paguanbHas Harpy3Ka

F'=F"™ -F_=F_(5-1). (18)

s s

406

Haiinem otnomenue F, /F!:

s

F,  F_(2Ssina, —tga,)
= = T D)
F" F, (S-1)

s

W3 Boipaxkenus (18) onpenenum BeIHUUuHy S:

:L%_ (20)
k—2sina,

®opmyna (20) mMo3BONSET ONPEACTUTH BEIU-
yuny S (mpu S >1 B 3aBUCMMOCTH OT TOM JIOJIH,
KOTOPYIO OCEBasi CHJIa MOXKET COCTABIISITh OT HEMC-
MOJTB30BAHHON panualnbHOW Harpy3ku. Tak, nmg
toro e mommuranka Ne 207 mpu k£ =0,7 (70 %)

S=1,31.Korma k=1 (100%) S=1,18 k=12
(120 %) S =1,14 . Takum 06pazom, yTBepKIcHUE

0 TOM, YTO TpeelbHAs OcCeBas Harpy3ka He
JnoikHa TipeBbimath 70 % OT HEMCHOIb30BaHHON
pajnaIbHOMN, JINIIIEHO OCHOBAHUSI.

[Ipu cocraBieHMHM pacYCTHON CXEMBbI BaJa,
B Ka4eCTBE OMOP KOTOPOTO HCIIOJB3YIOTCS IIapH-
KOBBIC paliaJIbHBIC MTOJAIMIUITHUKHA, BaJl MPEACTaB-
JISIOT Kak 0anKy Ha AByX ornopax. OnHa u3 onop —
HETOJBWKHBIN MApHUP, Apyras — TOJABHUKHBIN
mapaup. B aToM ciydae Banm aedopmupyercs
TOJILKO Ha YY4acTKE MEXIY TOYKOH MPHIOKCHHUS

cunbl [, W IIapHUPHO-HEMOABIDKHOW ONOPOH
(cxuMaercs), a ocTalibHasg 4acTh Baja (MEXIy
cuwioil F, M mapHUPHO-TIIOABMXKHOI ONOpPOi) He
nedopmupyercs [19]. Ognaxo xapakrep nedopma-
IIH BaJla MEX/y OTIOPaMH B TJaHHOM CIIy4dae MHOM.
Cyns no puc. 2, mpaBasi 4acTb Bana (0T cuisl F
JI0 TIPaBOM OTOPBI) PACTSAHYTA, a JieBast (OT CHJIIBI
F, no nesoii onopsl) cxxara. PacTarusarommas cuia

F,=(R,+R,)sina, dopmupyercs B mpapoii
onope, a cxumaromas F, = (R +R )sina, —

B JieBoil. [loaToMy Ha pacueTHOi cxeme Baja 006e
OMOpHI  JTOJDKHBI  OBITh  IIAPHUPHO-HETIOIBUK-
HBIMHU.

Cxema HarpyKeHHs Bajla ¥ 3II0pa IPOIO0JIb-
HBIX CHJI IPUBE/ICHBI HA PUC. 3, a TAKXKeE [TOKa3aHbI
BEPTUKAJIbHBIE U TOPU30HTAJIBHBIE PEAKLIUU OIIOP.
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Beprukanpnas peakuuss B KaXIOH Omope SBIIS-
FOTCSL CyMMOM JByX PEaKIHi: CYMMapHOW BEPTH-
KQJIBHOW pEaKIUy Tel Ka4eHWs HWDKHEH YacTH
! !
HOJIIUIHUKOB (R cosa, u R, cosa,) 1 cymMmap-
HOM BEPTUKAJIbHOW pEaKIUHU Tl KAYCHUs BEPX-
(V) 1 . ! .

Hel yacTy NoAMMNHUKOB (R sino, u R;sina, ).
Ucnonp3yss COOTHOLIEHHE MEXAY PpeaKIHsIMU
R,/R =m=a/b, u3 Beipaxennii (11) n (12)
MOXHO TOJYy4dUTh (GOPMYJIBI A ONpeAeTeHHUs
BCEX HOPMaJIbHBIX pEaKLUi:

F

R=rn b [te0 1 ) @1
2 a+b\sina, cosa,
F

R="2 b f e 22)
2 a+b{sina, cosa,
F

L (23)
2 a+b(sina, coso,
F

R=x | e (4)
2 a+b{sina, cosa,

R, cosa,
R, cosa,
X2
! !
R cosa, , COSO,
a b
F,a
a+b
b N
a +
a+b 3n N
\ -

Puc. 3. Cxema HarpyxeHus Bana 1 anopa NpogosbHbIX CUI
M ¢ T 04 Hwk: BeinonHeHo t0.B. BenoycosbiM

Figure 3. Shaft loading diagram and longitudinal force diagram
Source:byYu.V. Belousov

[opu30HTaNBHBIE PEAKIIH ONOp OMpPEess-
FOTCS CIIEYIOIAM 00pa3oM:

| Eb  Fp
=(R +R)sino, =—2—tga=—=¢ 25
( ! l) ° a+b 8 a+b (23)

N. _Fa  Fa
u xz=(R2+Ré)s1nac:a+btga=a+b~ (26)

Od4eBuaHO, YTO HAMOOIBIIAST U3 BCEX pEaK-
WA OTIOp, KOTOpasi JOJDKHA WCTIONB30BATHCS TPH
110100pe MOJIIIMITHUKOB (B JAaHHOM CiIy4ae 310 R, ),
Oyznet Oonblie peakuuu R, =F, b/ (a + b) , KOTO-

T s

pas OOBIYHO MPUHUMACTCS B TOAOOHOW CHTYya-
muu' [19].

' [Tucapenxo I'.C., Axoenes A.Il, Mameees B.B. CIpaBOYHHK 110 CONPOTUBJIEHUIO MATEPHAJIOB. 2-€ U311, Iepepal.  JIOIL

Kwues : Hayxk. Jlymka, 1988. 736 c.
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Haxe ecau o = 0, To cortacHo Gopmyie (21)

F. b R
R =—2= = (27)
coso, a+b cosoa,

Hnst mommumnuamka Ne 207 HopMmalbHOU
TPYIIBI PAJHAIBHOTO 3330pa P MUHUMAIBHOM

3HAYEHUU CBOOOJHOTIO yIla KOHTaKTa o, = 7,69
U npu o=a,, no ¢popmyine (21) nomyuum, 4ro
R =1,01R,_.Toectb cuna R, Gonbuie cumbl R,

Bcero Ha 1 %. OnHako mpu yBeNWYEHHUH yrya O
70 TPEeleNbHOr0 B JIAaHHOM Ciydae 3Ha4YeHUs
o, =21,8 , Hanpumep npu S =2,

max

R, 1tga+1

E 2{ sina, coso,
_ 1 tg21,8 . 1 Ry
2{sin7,69 cos7,69

IIpu mMakcumabHOM 3HadyeHuw yria o, =14,07

MOJTy4YUM

o, = arctg(2-2-sinl4, 07 —tg14,07°) =35,82°

max

R 2

11tg(1+1

sina, cosa,

1(1g3582° 1

2\ sinl4.07  cos14,07°

To ecTh HamOOMBIIIAS peakIusi OTIOpP B 000X
cllydasix OOJIbIIE TPAIUIIMOHHO MPUHUMAEMOW B
7iBa pasa.

Taxum obpa3oM, oceBast Harpys3ka Ha Bax [

JIOCTAaTOYHO CUJIBHO BiIMsieT Ha paboTocmocoo-
HOCTBH H_IapI/IKOBLIX pannanbﬂmx OI[HOpSII[HLIX
noAmMIHAKOB. OTHAKO TTPH MOI00PE TOAIIUITHH-
KOB T10 CTaTUYECKOW IPy30MOABEMHOCTH WK TIPU
MPOBEPOYHOM pacueTe Ha CTATHYECKYIO Tpy30-
HOBEMHOCTb, JAHHOE 00CTOSATEIILCTBO MPAKTUYC-
CKH He yuuTbiBaeTcs. [Ipu pacuere TaHHBIX MOJ-

408

IIMITHAKOB DKBUBAJICHTHAsI CTaTHYECKasi Harpy3Ka
onpenensiercs mo ¢opmyne P =X F +YF ,

e X, n ¥,— ko3¢ HunneHTs cOOTBETCTBEHHO

paananbHON U 0ceBoit Harpy3ok. KoaddummeHTsr
X, n Y, mmoxo oTpaxalT BIHSIHUE OCEBOIl

Harpy3kn Ha HArpy>X¢HHOCTBH OIIOP INOAUIMUITHHUKA.

I[J'I)I yIlIa KOHTaKTa MOAIIMITHHUKA O , UTO Xapak-
TepHO JJIs HIapI/IKOBBIX paIII/IaHLHLIX OI[HOpH)l—
HBIX IIOAIIUITHHUKOB, 1 BOBCE HpI/IHI/IMaeTCH, qTO
[)or = F; *

3aknyeHve

B kauecTBe Omop BaJOB M BPAlAIOLIUXCS
0CEH TOBOJIBHO YacTO UCIONIB3YIOTCS IIAPUKOBBIC
panuaibHble NOAUNHUKA. OHM NpeIHa3HAYEHBI
JUIsl BOCIIPUATUS B OCHOBHOM paJMallbHOU HArpy-
3kd. OHAaKO JAaHHBIE MOJIIMITHUKYA OKa3bIBAIOTCS
JOCTaTO4YHO pabOTOCIOCOOHBIMH IIPH JEHCTBUU
TaKXe U oceBoM Harpysku. IIpu sTOoM creneHb
BIUSHUS OCEBOM HArpy3ku Ha paboTocmocol-
HOCTb YKa3aHHBIX ITOAIINUITHUKOB JI0 CUX IOp He-
u3BeCTHA. J{JIs OLEHKU CTENEHH BIMSHHS OCEBOU
Harpy3ku Ha paboTOCIOCOOHOCTh MOALIMITHUKOB
JAHHOTO THIIA PaCCMOTPEH XapaKTep B3aUMOIEH-
CTBHS TEJI KAYEHHUs U KOJIEL LIAPUKOBBIX paralib-
HBIX OJHOPSAHBIX IOJIIMITHUKOB, YCTaHOBJICH-
HBIX BpPacrop, MoA JeicTBUEM KOMOMHHUPOBAHHON
Harpy3ku. [Ipu 5TOM y4HUTBIBaIOCH, YTO Yo KOH-
TaKTa TeJl KAYE€HUs C KOJIbLIAMU 3aBUCUT OT Paju-
aJIBHOTO 3a30pa, KOTOPBIM MMeeT MecTo y OO0Ib-
HIMHCTBA NOALIUITHUKOB JAHHOTO THIIA.

Pa3paborana Meroguka ompeneneHus Ipe-
JIeIIbHOM paiuaabHOM U 0CEBOM HArpy3KHU HA JAaH-
HbI€ NOJUIUIHUKHU. YCTAaHOBJIEHA CBS3b MEXIY
HuMH. [1omydeHsl BbIpaskeHus], CBA3BIBAIOLIHE OCE-
BYIO HArpy3Ky C HEHMCIIOJIb30BAHHOW paJUalIbHOA.
Ha KOHKpETHBIX NpHMepax MNOKa3aHO, YTO Hau-
OoJblasi peakiys Onop ¢ MAPUKOBBIMH PajUaiib-
HBIMH OIHOPSAHBIMM TOAUIMITHUKAMM TpU JeiH-
CTBMU Ha BaJl KOMOMHUPOBAaHHOM Harpy3KH, Koraa
oceBasi Harpyska sBISIETCS IPEAEIbHOM, MOXKET
IIPEBBIIATE B JIBA Pa3a AHAJIOTUYHYIO PEAKLUIO
OTOp TIPH ACHUCTBHM HA BAJI TOJIBKO pagvaibHON
Harpy3ku Toi e BennduHbl. ClnunikoM Oonblas
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MOTPEIIHOCTD B ONPEAEIICHUHN pEeakLnii OIop Bajia
CHJIPHO CHIKAaeT pabOTOCHOCOOHOCTh MOA0OpaH-
HBIX JJI HEro MOJIIMITHUKOB, YCKOPSIS X BBIXOA
U3 CTPOSL.

IIpu cocraBieHun pacyeTHOH cXeMbl Baja,
B Kau€CTBE OIOP KOTOPOT'O HCIOJIB3YHTCS LIapH-
KOBbIE€ paJiMalibHblEe MOAIIMIIHUKHA, Bajl BCEraa
MPEICTABIACTCS Kak Oalika Ha JIBYX HIAPHUPHBIX
onopax. OiHa U3 onop — HENOABMKHBIH IIapHUP,
JIpyras — MOJBWHBIN LIAPHUP. YCTAHOBIIEHO, YTO
TP IeHCTBUM KOMOMHUPOBAHHOW HATPY3KH JaH-
HOE TIOJIOKEHHE SBIIsieTcs omuOouHbM. Ha camom
nene o6e omopel pabOTalOT KaK HETOABH)KHBIC
HIAPHUPBI, TOCKOJIBKY 00€ BOCHIPUHHUMAIOT OCe-
ByI0 Harpy3ky. [Ipu a3ToM on1Ha yacTh Baja MEXIy
OIOPAMH OKa3bIBAETCS PACTAHYTOH, a JApyras —
CkaTod. I'paHunel Mexay pacTSIHYTOW U CHKaTou
30HAMM SBJISIETCA TOYKA HPUIOKEHUS OCEBOMU
CHJIBL.

Takum 00pa3om, oceBast Harpy3Ka Ha BaJ JI0-
CTaTOYHO CHIJIBHO BJIMSET Ha paboTOCIOCOOHOCTH
LIAPUKOBBIX PaHaIbHBIX MOAMIUITHUKOB. [Ipu moa-
60pe MOALIUITHUKOB 10 CTaTUYECKOI Ipy30Mo1b-
€MHOCTH WJIN IPU IPOBEPOYHOM PacyeTe Ha cTa-
TUYECKYI0 TPy30I0ABEMHOCTh JaHHOE 00CTOs-
TEJIBCTBO MIPAKTUYECKU HE YUUTHIBAE€TCS. DKBUBA-
JIGHTHas cTarhu4yeckasi Harpy3ka Juisl JaHHBIX T0JI-
HIMITHUKOB OMPEAETSETCs C TOMOIIBIO K03 duIu-
€HTOB paJHabHON U 0CEBOM HArpy30K. ITH K0d(h-
(UIMEHTHI He B MTOJTHON Mepe OTPa)KaloT BIUSHHE
OCEBOIl Harpy3ku Ha pabOTOCHOCOOHOCTH OIOp
MOAIUMITHUKOB. J[7Is1 yIila KOHTaKTa Tesl KaueHHs
¢ konbuamu 0°, 4TO XapaKTepHO IS MAPUKOBBIX
paaMaIbHBIX MOAIMIIHUKOB, YKBUBAJICHTHAs CTa-
TUYECKasi Harpy3Ka U BOBCE IPUPABHUBAETCS K pa-
JTUAJILHOM.
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OnTumMunsaunsa ynpasneHua npeanpuaTMsaMm 060pOHHO-NMPOMbILLJIEHHOIO
KOMMJieKkca ¢ ucnosib3oeaHmem Hotaumu BPMN

A.A. Boiikos“™, O.E. Camycenko™, E.A. Manukos™, E.B. Bunorpanos™,
HU.B. lInmxun”, M.H. Pomamenko“, /I.A. CeMeHII0B
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P< 1042200032@pfur.ru

Hcropus cratbn AHHoOTanus. PaccMOTpeHB! BONPOCH ONTHUMU3AINH YIIPABICHUS MIPEATPHUS-
TUSAMH O0OOPOHHO-IIPOMBIIIIEHHOTO KOMILIEKCA C MCIIOJIb30BAHUEM HOTAIMH
BPMN. OIIK, kak KIF04€BOH CEKTOp SKOHOMHUKH, HIPaeT BaXKHYIO pOJib B 00ec-
MEYEHNH HAI[OHAIBHON 6€3011aCHOCTH, NOAIEPKAHUH TEXHOJIOTHUECKOTO CY-
BEPEHUTETa CTPaHbl ¥ CTUMYJIHUPOBAHUU SKOHOMUUYECKOro pocra. [IpoBeneH
aHaJM3 CYIIECTBYIOMINX MPOIECCOB YIPABICHUS MPEANPUATHIME 000POHHO-
npombinuieHHoro kommiekca (OITK) u BBISBICHBI OCHOBHBIE MPOOIEMBI:
yCTapeBIINe TEXHOJIOTUH, OTCYTCTBHE CTPATETMYECKOTO IUTAHUPOBAHUS, HHU3-
Kasi MTHHOBAI[MOHHAS U UHBECTHIIMOHHASI aKTUBHOCTH, AE(HUIIUT BHICOKOKBA-
TUQHUINPOBAHHBIX KAaJIPOB U CIIOXKHOCTH C OAHKOBCKHM COIIPOBOXKIECHHEM
rOCyIapCTBEHHOI0 00OpOHHOrO 3aka3a. [Ipe/uiokeHa ycOBEpICHCTBOBAHHASL
BPMN-cxema ympaBrneHus, BKIIOYAIOIasi CO3aHNEe WHHOBAIMOHHOTO IICH-
Tpa. IHHOBaMOHHBIN LIEHTP MPEAIONIAraeTcsl Kak CaMOCTOSTENbHbIH (ene-
palibHBIN UHCTUTYT, BeINONHsoMN QyHkunu nposeneanss HUOKP, trexHoso-
TUYECKOT0 aKcesaeparopa, MOATOTOBKU KaJpoB, pa3pabO0TKH SKOHOMHYECKUX
CTpaTeTHi U B3aUMOJCHCTBHS C By3aMH, TEXHOJIOTHYECKUMH CTapTamnaMu.
Jns ouenku 3 HeKTUBHOCTH NMpemiokeHHbIX pemenuit B OIIK npencras-
neHbl Gopmynbl Return on Innovation Investment, Technology Transfer
Efficiency u mokazarenp HOArOTOBKM KaapoB. [loquepKkuBaeTcsl, 4YTo UCIOb-
30BaHUE JJAHHOM CXEMBI YIIPABJICHUS MTO3BOJIUT 3HAYUTEIBHO OBBICUTH HHHO-
BallMOHHYIO akTUBHOCTH mpennpustuid OIIK, ux ycToiunBOCTh K BHEIIHUM
BBI30BAaM, YCKOPUTb pa3pabOTKy U BHEAPEHHE COBPEMEHHBIX TEXHOJIOTHUH
B 00opoHHO#1 chepe Poccuiickoii denepanuu.
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Abstract. The study addresses issues related to optimizing the management of defense
industry enterprises using BPMN notation. The defense-industrial complex (DIC), as a key
sector of the economy, plays an important role in ensuring national security, maintaining
the country’s technological sovereignty, and stimulating economic growth. The authors
analyze existing management processes of DIC enterprises and identify the main problems:
outdated technologies, lack of strategic planning, low innovation and investment activity,
shortage of highly qualified personnel, and difficulties with banking support for the state
defense order. The paper proposes an improved BPMN management scheme that includes
the creation of an innovation center. The innovation center is envisioned as an independent
federal institution performing functions such as conducting R&D, acting as a technology
accelerator, training personnel, developing economic strategies, and interacting with
universities and technology startups. To assess the effectiveness of the proposed solutions
in the DIC, formulas for Return on Innovation Investment, Technology Transfer Efficiency,
and a personnel training indicator are presented. The authors emphasize that the use of this
management scheme will significantly increase the innovation activity of DIC enterprises,
enhance their resilience to external challenges, and accelerate the development and
implementation of modern technologies in the defense sector of the Russian Federation.
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BBepeHue

Oboponno-npomeluuniennvlil Komnieke (na-
nee — OIIK) nro0o0ii cTpaHbl ABISETCS OJMHUM W3
KIIFOYEBBIX CEKTOPOB PKOHOMHUKH, B YACTHOCTH B
YCIIOBUSIX TOJIUTUYECKONW HECTAOMIBHOCTH U TEX-
HOJIOTMYECKUX U3MeHeHUH. C TOUKU 3peHHs yIIpaB-
nenust OIIK siBnsieTcss BaXXKHEWIIHMM 3JIEMEHTOM
Mo 00ecIeueHNI0 HAIMOHAIBHOW 0e30MacHOCTH,
000pOHOCTIOCOOHOCTH TOCYIAapCTBa, a TaKXkKe B
CTUMYJIMPOBaHUU POCTa HAIIMOHAIBHON 3KOHO-
muku [1; 2]. B cBogaom peectpe OIIK Poccuii-
ckoit @enepanuu Ha 2018 1. HaxonsaTes 1355 npen-
npustuii'. B 2024 r. KOIMYECTBO MpeINpUSTHIA
OIIK ysenuuunock 10 60007, kak MuHEMYM 500
U3 KOTOPBIX JI€HCTBYeT Ha TeppUTOPUU MOCKBBL.
B HacroAmmii MOMEHT BpEMEHH aKTyaJIbHOE YHCIIO
npeanpusatuii OIIK siBnsieTcs 3acekpedeHHON UH-
(dbopmanueit 1 He MOISKUT pasmianieHuto. Takum
o0pa3oM, MpoBeAEHUE HCCIIEIOBAHUS YIIpaBie-
HUS CJIOKHOW MHOTO(YHKITHOHABHOUW CTPYKTYPBI,
BKJIIOYAIOLIEH HAYYHbIE IEHTPBI, KOHCTPYKTOPCKHE
010pO ¥ MPOU3BOICTBEHHBIE KOMIUIEKCHI, LIE€JECO-
00pa3Ho 1O MPUYKHE TOTO, YTO B JAHHOM CEKTOpE
SKOHOMMKH 33JIeiICTBOBaHO HE MeHee 3,8 MJIH ye-
nosex?. CoBpeMeHHBIH 000POHHO-IPOMBIILIEH-
HBI KOMIUIEKC MUMEeT OOJIBIION CHEKTP BBICOKO-
TEXHOJIOTUYHBIX CPEJICTB IMPOU3BOJCTBA, BKIHOUAs
ABTOMAaTU3UPOBaHHbIE JIMHUH, POOOTU3UPOBAH-
HbIE CHCTEMbl U MHOTOKOOpAWHATHOE 000pyI0Ba-
HUE, 110 HEKOTOPBIM JITaHHBIM, Ha JOJII0 NMPEAIpUs-
tuit OIIK mpuxogutcs 6onee 70 % HaykoeMKon
nponykuuu u nopsaka 50 % HayyHBIX KagpoB
cTpansi [3; 4].

Lenv uccnedosanus — NOCTPOUTH CXEMBI OH3-
Hec-Tpoliecca ynpasiieHus npeanpustusimu OIK
B HoTanuu Business Process Model and Notation

(manee — BPMN); BBISIBUTH 1 OTPa3HUTh CYIIECTBY-
IOLINE CIO0KHOCTU U MPOOJIEMBI B paMKaX TEKy-
X OM3HEC-MPOIECCOB yNPaBICHUS MPEANPUsi-
tuamu OIIK; npemiokuTe onTUMU3ALUIO U CO-
CTaBUTh HOBYIO CXeMy OM3HEc-TpoLecca yIrpasJe-
uus npeanpustusmu OITK B HoTaniuum BPMN ¢
Y4ETOM COBPEMEHHBIX peannii U u(poBU3aAIUN
HKOHOMHKH; OIICHUTH 3()(HEKTUBHOCTH MPETOKEH-
HBIX PELICHUM.

1. MaTepuansi u MeTOAbI

Ha ocHOBe OTKpBITBIX HCTOYHUKOB HHPOPMA-
LMW U paHee MPOBEIECHHBIX HAYYHbIX HCCIEI0BaA-
HUN aBTOPBI CTaThbU pa3paboTaiu cxemy Ou3HecC-
nponecca ynpapinenus npeanpustusimu OIIK B
Hotanuu BPMN comtacHO peraMeHTHPYIOIEMY
IokymeHTy B Poccuiickoit denepanuu, a UMEHHO
I'oCT P UCO 18828-3-2020. BPMN — wmetoz
MOJIEJIMPOBAHUS MPOLIECCOB B CTPYKTYpPE OpraHu-
3aruu. Cxembl wim aurarpammMbl BPMN BriTtodaroT
B ce0s1 OCHOBHBIE 3JIEMEHTHI METOIOJIOTUH: COOBI-
THS, TEUCTBYSA, TTOTOKH U IIII036I [5—7]. CoritacHO
punosxenuto D 8 TOCT P UCO 18828-3-2020°,
AIIEMEHTHI OBUTH aJalTUPOBAHBI U MPEICTABIISIOT
co0oM eCTBUS, 3a/1a9H, COOBITHS, ITYHKTBI COTIPSI-
JKEHUS, COeTMHUTENH, ITYJIbI U TOPOKKH, a TAKKE
apTeakThl. ATaNTHPOBAHHBIE IEMEHTHI TOAPOO-
HO IIPE/ICTABIICHBI B MEXIYHAPOAHOM JOKYMEHTE
NCO/MDK 19510 (ISO/IEC 19510)°. ABropamu
MpUBEICHBI ONTUCAHUE U HEKOTOPBIE BUJIbI DJIEMEH-
TOB B TalnuIe.

Panee mpoBeneHHble HccnenoBaHus B o0na-
ctu ynpasnenus npeanpustusimu OIK no3sonmmm
cocraBuTh auarpammy BPMN ynpasnenus npen-
npusitueMm OIIK [8-13]. Cxema BPMN ymnpasie-
Hus npennpustueM OIIK npencrasnena Ha puc. 1.

! IpaBurenscTBO Poccun. O60poHHO-NpoMbIILIeHHbIH Kommieke. URL: http://government.ru/info/32164/ (nata obparie-

Hust: 15.06.2025).

2 Mockosckuit Komcomonen. URL: https://www.mk.ru/politics/2024/02/02/putin-nazval-kolichestvo-predpriyatiy-opk-v-

rossii.html (nara obpammenus: 15.06.2025).

3 Mos.ru. B Mockse Ha my:x161 CBO pa6otaet okxono 500 npemmnpustuii OIIK. URL: https://www.mos.ru/mayor/themes/

11952050/ (nata obpamenus: 15.06.2025).

4 Menuaxonmuur «Dxcnept». AnToH Anuxanos: B OIIK paboraior 3,8 mnn yenosek. URL: https://expert.ru/news/anton-
alikhanov-v-opk-rabotayut-3-i-8-mln-chelovek/ (nata obpamenus: 15.06.2025).

SHammonansHeni cranmapt Poccuiickoit ®epeparum. TOCT P MCO 18828-3-2020. Mocksa : Ctanmaptuadopm, 2020. 49 c.

S INTERNATIONAL STANDARD. ISO/IEC 19510:2013. Information technology — Object Management Group Business

Process Model and Notation.
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OCHOBHble 35ieMmeHTbl HoTauun BPMN

AnemeHT

U3o6paxeHue

OnucaHune

HencTteus

[encTeue

\ /

N

Moanpouecc

JencTena cBazaHbl ¢ paboynM 3agaHriem, KoTopoe TpebyeTcs BbIMOHUTL B pamMKax GUsHec-
npoLecca 1 KOTOPoe MOXET KacaTbCa peLleHnst onpeaeneHHoN 3aaaqm Ui BbiMoSIHEHUS No-
60oro npouecca nMbo noanpouecca

3apaun

3apava

3apauv npencTaBnaoT coboli BcnomoraTtesbHble OeCTBUS, SBASIOLMECS YacTbio NMioboro
npouecca v NpMMeHsieMble B Tex CUTyaumsx, korga paboTy B JaHHOM NpoLecce HEBO3MOXHO
pasbuTb Ha 3Tanbl UM 4eTannu3npoBaTb

Cob6bITust

Cob6bITVsI ABASIOTCA CUTyauusiMu, KOTOpble 3anyckaloT npouecc. B pamkax mogenu cylue-
CTBYET TPV TMNa COBLITUIA: HaYaNbHbIE, KOTOPbIE 3aMNyCKAIOT BbIMOHEHME NPOLLECcca, NPOMEXY-
TOYHbIE, KOTOPbIE BO3HMKAIOT B XOAE NPOLECCa, U KOHEYHbIe, KOTOpbIE 3aBepLuatoT NpoLece.

B BPMN-HOTaumMaxX BbIAENAOT ABE KATErOPUN COBLITUI: «3axBaT», OTBEYAIOLLIYIO 33 MPUEM CCbl-
NOK, N «COPOC», CBA3AHHYIO CO COPOCOM CChINOK. HauyanbHble cobbITUS BCeraa OTHOCATCS K Ka-
Teropum «3axearta», Kak 1 MPOMEXYTOUYHble COObITUS, CBA3aHHblE C rpaHuLaMn AeicTBuid. Mo-
AB/IEHVe Takoro cobbITUSi MPUBOAMUT K OCTaHOBKe AeicTBuiA. KoHeyHble coObiTuS Bcerga npu-
Haznexar kateropum «cbpoc»

MyHKTbI
COMpsiXeHns

MyHKTbI CONPSAXEHUs NPeACcTaBAAOT COO0MN y3/bl MPUHATUSA PELLUEHWUA, KOTOPbIE CIyXaT TOo4-
KamMu pa3BeTBJIEHNA NPW BbIMOJIHEHUN onepaumﬁ nmbo O6'be,EI,VIHFHOT HECKOJ1IbKO MOTOKOB B OAVH
C Uesbio orpaHnyeHns MHPOpPMaLUMOHHbBIX KOMYECTBa NOTOKOB. B 3aBMCMMOCTM OT xapakTtepa
MHPOPMALMOHHOIO NOTOKA MYHKTbl COMPSKEHUS NOAPA3AENAIOTCA Ha ABa TMMNa C PasHbIMU
6Gnok-cxemamu: pasaeneHna Unn NPpUHATUS peLlleHns, 4To COOTBETCTBYET Pa3BETBJIEHNIO NUH-
POPMALMOHHBIX MOTOKOB, MX KOMOWHALIMW, HANPUMEP CANSHWA. [ins MOAeNnMpoBaHna MHPOpP-
MaUMOHHbIX MOTOKOB MCMNOJIb3YIOT ABa OCHOBHLIX TUMa NMYHKTOB CONPSAXEHUd. nepBblﬁ — 9KC-
KJ/TO3UBHbIN MYHKT conps>XeHud, KOTOprIZ npuMeHdaeTcqa onga Bbl60pa OAHOro KOHKPETHOoro no-
TOKa N3 HECKOJIbKUX, a TakXxe A9 BeTBJIeHUAa nnn 06'be,D,I/IHeHI/IF| CcOObITUNA. BTOpOVI TN NYHKTOB
conpﬂermﬁ, 4yacTto COCTOHLLLVIVI N3 HECKOJIbKMX MapasiiesibHbIX MYHKTOB, NCMOJIb3YyeTCA o4
OMHORNAMAHHOIN RANVOKA NRACTRUNA UR HARCKOMhKUX UHADONMAITMOHHKIX TOTOKOR

CoenvHutenn

»
r

--------------)
O e

B BPMN-HoTaumax ons oTobpaxeHus CBA3ein Mexay a/ieMeHTamMu npoLuecca n caMmmumm npo-
Leccamm npuMeHstoT Habop cTpenok. MoTok nocneaoBaTelbHOCTEN, MOTOK COOBLLEHNI 1 CBA3N
006bI4HO N306paxatoT C MOMOLLIO COEANHUTENEN.

CoeVHUTENN HYacTo MCNOJb3YIOTCA /151 ONUCAHUS NOCNeA0BaTENIbHOro NOTOKA Ha pa3HbIX 3Ta-
nax, No3BOJsAs yka3blBaTb AONONHUTENBHYIO MHMOPMALMIO, TaKylo Kak KOMMEHTapUn 1 nX pe-
3ynbTaTbl B HANpaBieHUN CBA3K, a Takxke AJ19 0603Ha4YeHNs HanpaBneHMs obmMeHa coobLLeHN-
AMU MEXAY Pa3INYHLIMU LLOPOXKAMU

[ynbl ¥ BOPOXKU

7
[y

=

B BPMN-HOTauMsAX Ny ABASETCA NPOCTPAHCTBOM, Ha KOTOPOM MOAENbep MOXET 0603HaYaTb
BCEX YYaCTHUKOB npouecca. ATo 0603HaYeHe MoXeT ObiTb kKak 0606LLeHHbIM, Tak 1 Bonee
KOHKPETHbIM. KpoMe Toro, ¢ NOMOLLbIO Nynia MOXHO Ha3HavaTb COOTBETCTBYIOLLME 3a4a4M pas-
JINYHBIM YHaCTHMKAM, a Ux GU3HEC-B3aMMOOENCTBUS, HANPUMEP MEXKOPMNOPaTUBHbBIE, CBA3bI-
BaTb C MHHOPMALMOHHLIMU MOTOKAMMU.

Jlopoxku npeacTaBnaioT coboi YacTu nyna, NpeaHa3HavYeHHbIe 4151 OpraHn3aumn U pasaeneHus
BbINOJIHAEMbIX B HEM AeCTBUIA. ECiv Nyn oprMeHTMpoBaH ropusoHTasbHO, TO pasaenieHne nei-
CTBUIA NO AOPOXKAM NMPOUCXOAMUT No ropnaoHTanu. Nockoneky 8 BPMN HeT cTporux npasun no
MCNONb30BaHNIO AOPOXEK, Pa3paboT4nKN MOAENE MOryT NMPUMEHSITb X MPaKTUYECKN NIOObIM
Cnoco6oMm, HanpuMep, OCHOBLIBASICb HA GYHKLIMOHAIbHBLIX POISIX PYKOBOAUTENEN U COTPYAHN-
KOB WJIM HA OPraHn3aLMOHHO CTPYKTYpE.

Kpome Toro, LOpoXKu MOXHO pa3buBaTth Ha Tak Ha3biBaeMbl€ «OCHOBHbIE 3Tanbl», 4TO NO3BO-
nsieT Nony4nTh 6onee AeTanbHoe TabanyHOE NpeacTaBeHe AaHHbIX. JOMONHUTENbHBIM Npe-
VIMYLLLECTBOM TaKOro AENeHNs SBASETCS ynopsaoyMBaHie 06bekToB MHGOPMALMOHHOMO Mo-
TOKa, coeanHuTenel n aptedakToB B BUAE CETKN

ApTtedakTbl

WndopmaumorHun
06LEKT

-
o
<
3
-}
Y

Y106bI caenatb anarpammy 6onee noHATHoM, BPMN-Moaens MOXHO YyHLnTb C MOMOLLLbIO ap-
TedakToB, KOTOPbIE COAEPXaT AOMNONHUTENBHYIO0 MHbOopMaLmio. CyLLecTBYET TPU CTaHAAPTHbIX
Tna apTedakToB: NHGOPMALMNOHHbIV 0BBEKT, KOMMEHTaPUN 1 IPyMbl

M cT04HMK: BbINONHEHO A.A. BONKOBbLIM
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Main Elements of BPMN Notation

Element

Image

Description

Activity

Action

Sub-process

Activity is related to a work task that needs to be performed within a business process and may
involve solving a specific problem or executing any process or subprocess

Tasks

Task

Tasks represent auxiliary actions that are part of any process and are used in situations where
the work within the process cannot be broken down into stages or detailed further

Events

Events are situations that trigger a process. Within the model, there are three types of events:
start events, which initiate the execution of the process; intermediate events, which occur during
the process; and end events, which conclude the process.

In BPMN notations, two categories of events are distinguished: “catch,” responsible for
receiving signals, and "throw," related to sending signals. Start events always belong to the
"catch" category, as do intermediate events associated with the boundaries of activities. The
occurrence of such an event leads to the suspension of actions. End events always belong to the
"throw" category

Gateways

Gateways represent decision nodes that serve as branching points during operations or combine
multiple flows into one to limit the number of information flows. Depending on the nature of the
information flow, gateways are divided into two types with different flowchart symbols: splitting
or decision-making, corresponding to branching information flows, their combinations, such as
merging. Two main types of gateways are used to model information flows. The first is an
exclusive gateway, which is used to select one specific flow from several, as well as for branching
or merging events. The second type of gateways, often consisting of several parallel gateways,
is used for simultaneous triggering of actions from multiple information flows.

Connectors

In BPMN notations, a set of arrows is used to show connections between process elements and
the processes themselves. Sequence flow, message flow, and associations are usually depicted

using connectors.
Connectors are often used to describe sequential flow at different stages, allowing additional

information such as comments and their results along the connection direction, as well as
indicating the direction of message exchange between different lanes

Pools and Lanes

In BPMN-notations, a pool is a space where the modeler can denote all participants of the
process. This designation can be general or more specific. Furthermore, pools can be used to
assign corresponding tasks to different participants and link their business interactions, for
example inter-company ones, with information flows.

Lanes are parts of a pool intended for organizing and separating actions performed within it.
If the pool is oriented horizontally, then the division of actions by lanes occurs horizontally. Since
BPMN does not have strict rules for using lanes, model developers can apply them in almost any
way — for example, based on functional roles of managers and employees or on organizational
structure.

Additionally, lanes can be divided into so-called “main stages,” which allows obtaining a more
detailed tabular representation of data. An additional advantage of such division is the ordering
of objects of information flow, connectors, and artifacts in the form of a grid.

Artifacts

416

Data Object

[o]
b
=)
c
°

To make the diagram clearer, a BPMN model can be enhanced with artifacts that contain
additional information. There are three standard types of artifacts: data object, annotations, and
groups.

Source:byAA. Boykov
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Puc. 1. Cxema BPMN-ynpasnexusa npegnpusitnem OMNK
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Ha cxeMe npuBeeHbI KIIFOUEBBIE JIEMEHTHI
ynpasienus npeanpustueM OIIK B HoTanumn
BPMN. Ha auarpamme npencrasiieH IyJ, pasze-
JICHHBIA Ha TPU JIOPOXKKH, KaxkIas M3 KOTOPBIX
MpeACTaBIsieT co00i OTAEN: KOMMEpPYECKHHd OT-
JeJl, IOPUINYECKUN OTIeN U PyKoBOJACTBO. Kaxk-
IBIA OTHEN MMEET HaYaJIbHOE COOBITHE, NEHCTBUS
W 3aJ7]a4M, OTpaKaloliye peajabHble GYHKIMH TOTO
WIM WHOTO OTJIeNIa M 3aBepiuatoiue coositue. Ha
JMarpaMMme MMEIOTCSl ITYHKThI CONPSIKEHUS THUIMa
«AJIN», a Takke COEOAUHUTENHN, IPEICTABICHHBIE
B BH/JI€ MIOTOKA MOCJIEA0BATEIbHOCTEM.

B pamkax uccienoBaHusi aBTOpaMu OBLITH BbI-
SIBJICHBI KIIIOUEBBIE TPOOJIEMBI YIPABICHUS MPE-
npusitueM OIIK [14-18]. Janee paccmorpum He-
KOTOpBIC U3 HUX.

1. Vemapeswue mexnonoeuu. BombIIMHCTBO
HCIOJIb3YEMbIX TEXHOJIOTUH OpPUEHTHPOBAHBI Ha
OTrpaHUYECHHYIO HOMEHKJIATypy WU3JEIHid U He 00-
HOBJISTUCH JECATUWIETUSAMU — CPEIHUN BO3pacT
npoaykiuu ot 8 10 10 net, a 4eTBepTh MPOAYKITUN
OCBOEHO Oosee 25 et Haza.

2. Omcymcmeue cucmemvl cmpame2uieckoeo
nnanuposanus. Her 4eTKUX OpPHEHTHUPOB U MH-
ctpymenToB peanuzauuu ®3-172 «O crpareru-
4eCKOM IIaHUPOBaHUM»®. B wacTu ynpasnenus
rOCy/1apCcTBO OPUEHTHPYETCS B NEPBYIO OYepenb
Ha KOHTPOJIb, HEXKEU Ha IPOrHO3UPOBAHHUE.

3. @pacmenmuposannoe yenoobpazosanue
8 20cy0apcmeeHHoM 000pOHHOM 3aKa3e (nanee —
I'O3). ®opmupyetcst 0T ceOECTOMMOCTH MPOU3BO-
nuTenel 6e3 ydeta CTUMYJIMPOBAHUS K CHUKEHHUIO
W3JEPKEK WIN NOBBIIIEHUIO KaYeCTBA.

4. Huskas uneecmuyuonnas u uHHOBAYUOH-
Hasa akmugrnocms. OTCYTCTBYIOT MEXaHU3MBI CTH-
mynuposanust HUOKP u npusneueHuss HHBECTH-
uuit. 98 % 3aTpar Ha MHHOBALIMM MPOUCXOIUT 3a
CUET COOCTBEHHBIX CPEJICTB MPEANPHUATHI.

5. Kaoposvie npobnemul. BRICOKHI OTTOK KBa-
TM(PUIHPOBAHHBIX CIENHAINCTOB 3a TPAHUILLY,
YXyALLIEHUE KaAPOBOTO M HAYYHO-TEXHUYECKOTO
MOTEHLUAA.

6. I[Ipobnemovr ucnonnenuss 1'03 u rxoonepa-
yuu. CpbIBBI CPOKOB M3-3a MOTEPHU TEXHOJIOTUH,
CaHKIM{ U HapyLIEHUs MPOU3BOJICTBEHHO-TEX-

HOJIOTMYECKHUX CBS3EH, B TOM YHCIIE 3aBHCHMOCTD
OT UHOCTPAHHBIX KOMIUIEKTYOIIHX.

7. Hesaepysicennvie mownocmu u ycmapes-
wee obopyoosanue. bonplias 4acTb MPOU3BOI-
CTBEHHBIX (DOHI0B MOpasbHO U (U3UYECKU YCTa-
pena, MpOCTanBaOT 3HAYUTEIbHBIE MOIITHOCTH.

8. Heoocmamounas 3axonooamenvnas u opea-
HU3aYUoHHas nodoepoicka. Het cTuMysoB K mepe-
XOJly Ha KOHTPAKTHI TIOJTHOTO JKU3HEHHOTO IIHMKJIA,
ciabast mpaBoBas 6a3a JUIst rocyAapcTBEHHO-4acT-
HOTO mapTHepcTBa. KOHTPakT MOIHOTO >KU3HEH-
HOTO IIUKJIa — 3TO JOTOBOP, KOTOPBIN OXBATHIBAET
BCE CTAIUU CO3/AHUSA M IKCIUTyaTalldl MPOIyK-
1y, a umenno: HUOKP, npousBoacTBO, MOCTaBKY,
CepBHUCHOE OOCITY)KMBAaHHUE U PEMOHT B XOJI€ IKC-
IUTyaTaliy, YTHIN3AlUIo 110 3aBEPIICHUH CPOKa
CITYKOBI.

9. Ilpobnemsvr 6AHKOBCKO20 CONPOBOANCOECHUS
I'O3. CAOKHOCTH C OTKPHITHEM MHOXKECTBA OT-
JIENTbHBIX CUETOB M HEXBaTKa OaHKOBCKOW MHQpa-
CTPYKTYpPBI JUIsl OOCTYXXUBAaHUS TMPEATPUATHH.
[To 3akony mpemnpustus OIIK o0si3aHBI OTKpHI-
BaTh OTJACJBHBIC CIIEUATIbHBIE CUETa IS pacye-
TOB MO KakKIOMY TOCKOHTpakTy ¢ MHHOOOPOHBI.
Bce omnepanuu mo 3TuM cueTaM KOHTPOJIUPYIOTCS
JUTSL TIPEIOTBPALICHHSI HELIEJIEBOTO PACXOIOBAHUS
CPEACTB (3TO BBEIACHO IOCIE Psifa KOPPYIIHOH-
HBIX CKaH/IaJIOB).

10. Ocpanuuennas nomenxnamypa u ciabas
ousepcugurayus npouzeoocmea. OCHOBHOU TIO-
Tpeburens — rocyaapctso. Ciabast KoHBEpCHS s
BBIITYyCKa TPAYKAAHCKON MPOAYKIUU OTrpaHHYUBAET
ycroitunBocth OIIK.

Cnenyer oTMeTUTb, UTO B nepuon ¢ 2022 r.
HEKOTOpbIE€ OMHMCAHHbIE BBILIE MPOOIEMbl HadaIn
pelaThCs B CBS3U C MOCTYIUIEHHEM OOJBIINX WH-
Bectunuii B OIIK, B ToM 4mciie co CTOpOHBI YacT-
HBIX MHBECTOPOB [19; 20]. ABTOpaMu uccienoBa-
HUS IOMOJIHUTENBHO OBLIO U3YUYEHO YIpaBieHUE
npennpustusimu OIIK 3a py6exom: B CIILA,
Kurae, HATO [21-28]. Takum o6pazom, B CLHA
npaktukyetcs koHuenuus Modular Open Systems
Approach (manee — MOSA), B Kurae — rocy-
napctBenHas nporpamma Military — Civil Fusion
(nanee — MCF), a HATO pa3BuBaeT OTKpBITYIO

8 deepanbublil 3akoH «O cTpaTernyeckoM MmuaHupoBanuu B Poccuiickoit Meneparum» ot 28.06.2014 Ne 172-D3.
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apxuTekTypy, Hanpumep Future Combat Air System
(mamee — FCAS), a raxke mpoekt Defence
Innovation Accelerator for the North Atlantic
(manee — DIANA). Konnenmst MOSA Hampas-
JIeHa Ha CO3/1aHue BOOPY>KEHHBIX CUCTEM C OTKPbI-
TOH apXHUTEKTypOH W MOIYJIBHOW CTPYKTYpPOH,
MO3BOJIIONIEH OOHOBIIATH M 3aMEHSATH OT/ICJIbHBIC
KOMITOHEHTHI 0€3 HEeOOXOAMMOCTH TIONHOH Iepe-
ctpoiiku Bceil cucreMbl. MCF ocHOBBIBaeTcsl Ha
DTyOOKOH MHTErpanyy rpaXkJ1aHCcKOTO U BOCHHOTO
CEKTOPOB C ILIEJBI0 YCKOPEHHOT'O TEXHOJIOTHYe-
ckoro pasButusi. MCF no3BoiisieT MakcuMalibHO
OBICTPO TANTHPOBATH JOCTHYKEHUS TPAKIAHCKIX
KOMITaHHMH B 00JIaCTH HCKYCCTBEHHOTO HHTEIUIEKTa,
KBAHTOBBIX TEXHOJOTHH M CIyTHHUKOBBIX CHCTEM
st Hy k1 HapomgHo-ocBOOOAMTENbHON apMun
Kuras. bnaromapst co3nanmio crienuann3upoBaH-
HBIX 30H JIBOWHOTO HA3HAYEHHS, TIIE€ COCPENOTO-
YeHbI PENNPUATHUS, HAyYHbIE HHCTUTYTHI U TOCY-
JapcTBeHHBIE opraHu3anuu, Kurait popmupyer
€IMHYI0 HHHOBAIIMOHHYIO SKOCUCTEMY U COKpa-
[IaeT 3aTpaThl Ha HCCIEIOBAHUS U Pa3pabOTKH.
DIANA u European Open Systems Approach
HalpaBlieHbl Ha BOBJICYCHHUE CTAPTAINOB, HAYYHBIX
LEHTPOB M KOMMEPYECKHUX MPEANPHUITUN B pa3BU-
THE BOCHHBIX TEXHOJOTHH M MOIJEPKKY UHHOBA-
UK, OTHAKO, B oTiIM4ue oT kurtaiickoro MCF, stu
Mepbl HE MPEeAIoaraloT MacIITaOHOM Trpa)iaH-
CKO-BOGHHOM HHTETPAllMM M3-32 BBICOKHUX CTaH-
JapTOB KOH(UACHIIHAIEHOCTH U CIIOKHOTO MTPaBO-
BOTO PETYJIMPOBAHUS.

OTKpBITBIE apXUTEKTYPbl MPUMEHSIOTCS B
HATO mnpexnae Bcero s TOro, 4ToObl 00bEIH-
HATH YyCWJIMA PA3HBIX CTpaH, YIIPOIIaTb COBMECT-
HBIC 3aKYIIKHA M MOBBIMATH YPPEKTUBHOCTH B3aM-
MOJICHCTBUS MEKIY BOOPYKEHHBIMH CHUIIAMHU TOC-
yAapcTB-4wiIeHOB. TakuM 00pa3oM, aMepUKaHCKast
moznenb MOSA obGecriednBaeT THOKOCTh M KOHKY-
peHTocnocoOHoCTh, KuTaiickas MCF koHIeHTpH-
pyeTCst Ha CIMSIHAU TPaKJAHCKOTO U BOGHHOTO T10-
TEHIMAJIa JUIsl YCKOPEHHOTO HapalliBaHMs MOIIIH,
a waunuatubl HATO ciyxar 11t KoopAWHAIUN
MEXTyHAPOIHBIX YCUIHIA ¥ TIOBBIIICHHUS TEXHOJIO-
THYECKOM COBMECTUMOCTH.

Ha ocHOBaHMM M3yYE€HHBIX MaTEpPUAJIOB,
a TaKXKe BBISBICHHBIX ONIMOOK aBTOpaMH HCCIe-
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JoBaHUs OblJIa COCTABJICHAa YCOBEPIIEHCTBOBAH-
Has nuarpamma ynpasneHus npexnnpustus OITK
B Hotaumu BPMN. VYcoBepuieHcTBOBaHHas aua-
rpamMa ynpasienus npeanpustast OIIK B HoTamu
BPMN npezcraBnena Ha puc. 2.

Takum oOpa3zom, aBTOpaMH CTaThbU HPEAJIO-
JKEHO YCOBEPIICHCTBOBAaHKE 00IIeH MO/IeNH yIpaB-
nenust npeanpustusmu OIK nmocpencTBoM co3na-
HUSl YHU(DUUIMPOBAHHOTO (eaepanbHOro 000OpOoH-
HOTO MHHOBAITMOHHOTO TIeHTpa (nanee — YOOMULII),
KOTOPBIN OCYIIECTBIsUT Obl B3AUMOJICHCTBHE C TOC-
YAAPCTBEHHBIMHU U YACTHBIMH 3aKa3uYUKaMH, IIpeJl-
npustusmu OIIK, B ToM yucne Hay4HO-HCCIEO0-
BaTeNbCKUMH, BoIMoHAT ¢pynkuun HUOKP, Tex-
HOJIOTMYECKOTO aKceseparopa, akKyMYJIUpOBall Obl
B3aMMOJICCTBUE C BBICIIMMHU Y4€OHBIMU 3aBe[e-
HUSIMU, & TAK)KE C TEXHOJIOTHUECKUMU CTapTallaMu.
Takxke B pynxkmmm YOOUIL][ morna Obl BXOAWTH
pa3paboTka KOHOMUYECKUX CTpaTeruii, 3aKOHO-
JIaTeNbHBIX aKTOB, IMOATOTOBKA KaJIpOB, U3YYEHUE
KOHBIOHKTYPbl OOOPOHHOTO PBIHKA U T'€OMOJIUTH-
yeckoit 06ctanoBku B mupe. YOOUL] He nomxen
OBITh MOJHOCTBIO MoguMHEeH MuHo6oponsl Poc-
cuiickoil @efepalvy B CBSI3U C CYLIECTBYOILIUMHU
npobiemamu B ynpasnenuu npennpustiusimu OITK.

ITo maenuto aBTOPOB cTaThl, YOOUI] moxeT
OBITh YaCTUYHO MMOTuMHEH MuH0OOpoHBI Poccuii-
ckon @enepanuu sl MOJYYEHUS DKCIIEPTHOTO
MHEHHUS B 001acTé 0OOPOHBI M 0OOPOHHOU TPO-
MBIIUIEHHOCTH, OJTHAKO caMa cTpykTypa YOOUIL]
JIOJDKHA OBITh HE3aBUCHUMOM U COCTOSITh U3 IKC-
MEPTOB B COOTBETCTBYIOLIMX OONACTSIX TEOIOJH-
TUKH, SKOHOMHKH, INPOMBIIUIEHHOCTH M HAyKH
WJIM UMETh PUYACTHOCTH K CYIIECTBYIOIIUM OTe-
YECTBEHHBIM HAy4YHO-UCCJIEAOBATEIIbCKUM HIIN
KOMMEpPYECKHUM CTPYKTypaM B COOTBETCTBYIOIINX
oOmactsax. AJBTEPHATUBHBIM BAPHAHTOM MOXKET
ObITH MoNHas ogunHeHHOCTh YDOUL] dpenepans-
HOMY OpraHy UCIOJIHUTEIbHOMN BIACTH (32 UCKITIO-
yeHneM MuHOOOpoHbI Poccuiickoit deneparnun),
B TOM YHCJI€ BHOBb CO3/1laHHOMY, WM [IpaBurens-
ctBy Poccuiickoit ®denepanun. pyrum BapuaH-
TOM SIBJISIETCS MOJYMHEHUE KOHCTUTYLIMOHHOMY
TOCYIapCTBEHHOMY COBEILATEIbHOMY OpraHy MpH
[Tpesunente Poccutickoit denepanyivi, B TOM HHCIIE
BHOBB CO3/JaHHOMY.
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s pacdeTa MOTEHIHAIBHOW 3P (HEKTUBHO-
ctu YOOUIL[ MOXHO MCIIONB30BaTh MOAUQPUIIN-
poBaHHBIM mMoKa3arenab Return on Innovation
Investment (ROI) o popmyrne

ROI=%IOO%,

rae V' — oueHka 100aBI€HHON CTOMMOCTH B Jie-
HE)XKHOM JKBHBaJIeHTE (B pyOlIsIX Miaum Apyroi
BAJIIOTE), CO3JAHHON IIEHTPOM, HAlpUMep, CyMMma
sKoHOMHUYecKoro adekra ot BHeapeHHbix HUOKP,
MaTeHTOB, COKPAILLEHUSI BpEMEHH pa3pabOTKH HO-
BBIX 00pa3oB BoopyxeHust; C — o0Iue 3aTparsl
Ha COJIEpKaHUE IIEHTPA B ICHE)KHOM SKBHBAJICHTE
(B pyOisix mim Ipyroit BayroTe) Ha GUHAHCHPOBA-
HUE, aIMUHUCTPATUBHbBIC U3/IECPHKKH, 3apILIaTh.

VYoBIEeTBOPUTENBHBIM Oy/lIeT CUUTAThCS TIO-
kazarenb ROI, paBubiit 20-30 %.

s pacuera peallbHOM KOJIMYECTBEHHOMU
OIIEHKH TIOJIb3Bl MOXHO HPUMEHUTH HHJEKC
Technology Transfer Efficiency (TTE) mo dop-
MyIe

TTE:NXI;XW’

rae N — YHuCIIO TEXHOJOTMM WM MPOBEICHHBIX
HHWOKP 3a nepuon (B mrykax); P — ko3 durm-
€HT YCIELTHOTO BHEAPEHUS: A0S TEXHOJIOTHIA, pe-
anpHO ucnons3oBaHHbIX B OIIK mim nepenanHbix
NPOMBIIIUIEHHOCTH. PaccunMThIBaeTcss Kak J1OJst
pa3paboTOK, KOTOpbIe peajbHO BHEIPEHBI B IIPO-
M3BOACTBO Wi nepeaansl npeanpustusim OIIK:
N BH

p=-B1
N

rae Npy — 4YMCIO BHEJPEHHBIX TEXHOJOTUI B
npennpustus OIIK (B mTykax); W— cpennen3se-
HICHHBIA KO3()(QUIIMEHT 3HAYUMOCTH TEXHOJIOTHIA,
YUYUTBHIBAIONIUN BOCHHBIA, SKOHOMUYECKUN U CO-
nuanbHBIN 3G dekT. Kaxaoi TexHomornu npucea-
uBaeTcs Bec, HanpuMep, oT 1 10 5 B 3aBUCUMOCTH
OT €€ BOEHHOM, 5KOHOMHYECKON UJTM HayYHOH 1IeH-
HOCTH. Bec MOKHO HOpMUPOBATh MO HKCHEPTHOM
mkane; 7 — cpeaHee BpeMsi OT UICH 10 BHEApe-
Hus (B rogax).

UewM BpIIE MOTyunBIIMiCA okasarens TTE,
teM BbImIe 3¢ dexruBaOCcTE YOOULL. Ymosierso-

PUTEIEHBIM PE3yJbTaToOM Oy/IeT CYMTATHCS IOKa-
3arenb TTE He menee 5.

s pacuera 3((PEKTUBHOCTH TOATOTOBKH
KaJIpOB BO3MOYKHO TIPUMEHHUTH (POPMYITY

g Nx0
C

rae N — 4uCiOo MOArOTOBJICHHBIX CHEIUAIMCTOB
3a mepuof (B mTykax); Q — Ko3PPHUIHEHT KBaTH-
¢ukanuu, Hanpumep, % BBITYCKHUKOB, YCIICITHO
tpynoyctpoenusix B OIIK (B mponenrax). Paccuu-
THIBA€TCA KaK JOJS BBITYCKHUKOB, KOTOPHIC
yCrenrHo TpyaoycTpouinck B npeanpusitus OITK
WY TIOJTYYMJIM TIOBBIICHUE KBATH(DUKAIIH:

— N T
Q0= ~
rae Ny — YHUCIO TPYAOYCTPOEHHBIX BBIITYCKHH-
koB B npennpuarusa OIIK 3a nepuon (B mrykax);
C — 3arparhl Ha MOATOTOBKY KaJpOB B JIEHE)KHOM
AKBUBAJIEHTE (B PYOJISIX WIIH IPYTOH BaIioOTe). YI10-
BJIETBOPUTEIbHBIM PE3YJIBLTAaTOM OyJIeT CUUTAThCA
nokasarens E, paBHsblil ot 1,2 1o 1,5 B 3aBUCHMO-
CTH OT KOJIMYECTBA 3aTpaTr B JIEHE)KHOM JSKBHBa-
JICHTE.

2. Pe3synbTaTbl M 00CcyXaeHue

PesynpraroMm uccnenoBaHus SBISIOTCS pa3pa-
OOoTaHHBIE IMAarpaMMbl IPOIECCOB YIPABICHUS
npeanpustuamu OIIK B Hotarmun BPMN. Taxxe
ObUTH BBISBIICHBI OCHOBHBIE MPOOJIEMBI yIIpaBIie-
Hus npeanpustusmu OIIK. JlnarpamMmel BbIIOIN-
HEHbl C MOMOIIbI IPOrPAMMHOIO OOECIHeYeHUs
draw.i0.

PazpaboraHHble KOMIIAKTHBIE CXEMbI B HOTA-
unu BPMN Mmo3BONSIOT paccMOTpPETh IPOLECe
ynpasienus npeanpustasmu OITK B o6mem Bue,
OJTHAKO TPEJUIOKEHHBIE CXEMbl UMEIOT OOLIHI Xa-
paKkTep U MOTYT HE MOJONTH JJIsi HEKOTOPBIX Y3KO-
cnenuanuzupoBannbix npeanpustuii OIIK. lan-
HBIE CXEMbl MOTYT SIBJIATBCSA OTIPABHOM TOUKOM
JUIA co3/laHusl Ooliee JeTaIM3MpPOBAaHHBIX Ha-
rpamMm B HoTauuu BPMN, mis ipeyioxenns anb-
TEPHATUBHBIX PEIICHUH C IeNBI0 OOPHOBI C CyIIe-
CTBYIOIIMMH IpoOnemMamu B cepe ynpapieHUs
npennpuarusmu OIIK.
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3aknio4yeHve

Huarpammsel BPMN paspabotansl ¢ yueTom
perIaMEHTUPYIOIIUX JOKYMEHTOB Ha TEPPUTOPUHU
Poccwuiickoit @eaepanui 1 UMEIOT BBICOKYIO CTe-
IIEHb MHTErpallyd B CYIIECTBYIOIIME HOPMAaTHUB-
Hble akThl. lcronb30BaHHe AuarpaMM Ha Mpak-
TUKE MOXKET OKa3aTh BIMSIHHE HA IMHAMUKY pOCTa
nokazareneil npennpusatuii OIIK, ckopocts co3na-
HUSI HOBBIX MHHOBAIIMOHHBIX BOOPYKEHUH U 000-
POHHBIX TEXHOJIOTHIA.
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CuHTEe3 QUCKPETHOro onNnTUMaJsibHOro MHOroMepHoOro perynsatopa
No HeMnoJIHbIM A aHHbIM: MHOFOMEPHbII CNeKTpasbHbIA NOAX0A,

N.I'. Cugopos

MOCKOBCKHI TeXHUYECKHI YHUBEPCUTET CBs3H U nH(opmaTuku, Mocksa, Poccuiickas deneparust
P4 igor8i2016@yandex.ru

HcTopus cratbu AnHoTanus. PaccMoTpeHa MUHMMaKCHas MOCTAHOBKA 33/1a4X JIMHEIHOTO CTa-
IocTynuna B pexaximio: 30 mast 2025 T. [IMOHAPHOTO YIPABJICHUS MO HEMOJIHBIM JaHHBIM MHOTOMEPHBIMH CTaI[MOHAP-
JlopaGorana: 3 aBrycra 2024 r. HBIMH B IIMPOKOM CMBICJIE CITYYalHBIMU MPOIecCaMiu (BEKTOPHOTO TMOJIE3HOTO

TIpuHsTa K IyGIMKamum: 7 ceHTsops 2025 T. CUTHaJIa), HAOII0aeMOT0 B aIIMTUBHON CMECH C TIOMEXOH THIIa «OeJIbIH IIyM»,
KOIJIa CHEKTPajbHble INIOTHOCTU BO3MYIIEHUN B KaHAJIe U3MEPEHUI U B IOMEXe
M3MEpEHHH MTOJTHOCTHIO HEU3BECTHHI U IPUHAIIIEkKAT K HEKOTOPOMY MHOXKECTBY
3asiB/IeHHe 0 KOH(JIHKTe HHTEPECOB E HeoTpuIaTeNbHO omnpeaeieHHbIX (QyHkuni. Ha HaOmromaeMblii BEKTOPHBIN
MPOLIEeCC HaJaraeTcs JHIIb YCIOBUE TNHEHHOH perymsipHocT. PaccMorpena ra-
PaHTUPYIOILIAs OLIEHKA, I10J1 KOTOPOI IOHUMAETCs HauiTydIlasi OLeHKa IapameT-
POB IIOJIE3HOIO CUTHAJIA B CMbICIIE MUHUMYMa CPEAHEKBAIPATHUECKON OMUOKU
IIpU HaMXyAIIeM IIOBEIECHUU OIIMOOK U3MEPEHU 1 BO3MYILEHUI! CO CIIEKTpalb-
HBIMH IIOTHOCTSIMU, IPHHA/UIEKAIIUMH MHOKECTBY =, 10 OTHOLIEHHIO K KOTO-
POii ompesiensieTcst ONTUMAIbHOE YIIPABIeHHE 10 HETIOIHBIM JaHHBIM. OTHOCH-
TENBHO CTMEKTPAIBHO IIIOTHOCTH MOJIE3HOTO CHI'HAA H3BECTHO JIUIIB, YTO OHA
VIOBJIETBOPSIET 33/1aHHON CHCTEME MOMEHTHBIX YCJIOBHIl U COCPENOTOYeHa Ha
3aJaHHOM M3MEPUMOM IIOJMHOKECTBE OocU 4acToT. ITokazaHo, 4To (akTopu-
3a1us MaTPUYHON CIIEKTPaIbHOH IIOTHOCTU MO3BOJSAET HONYyYUTh PELICHUE
3a[1a4¥ ONTHMAIbHOW MUHHUMAKCHOH JINHEHHOM PUIIBTpAlUK U HEOOX0IUMa JUIS
penIeHus 3a1a4d JMHEHHOTO ONTHMAIIBHOTO YNPAaBIEHHS MO HEMOJHBIM JaH-
HbIM. OTBICKaHHE ONTHMAIILHOTO YNPABJIEHHUS 110 HETIONHBIM JaHHBIM Y BO3-
HUKaIoLIeil MHOTOMEPHON aHTaroHHUCTUYECKOH HMIPbl CBOAUTCS K PELICHHUIO
HEKOTOPOH CUCTEMBI COOTHOLIEHUH. ITpy pelieHny NCoIb30BaHbl METOABI MaT-
PUYHBIX KpaeBBIX 3ajadu, MaTpUuHble NpeoOpazoBaHus [miabbepra U cBoiCTBa
MAaTPUYHBIX YACTOTHBIX XapaKTePHUCTHK. [IprBeeH HILTIOCTPUPY IO IPHMED.

ABTOD 3asIBIA€T 00 OTCYTCTBHU
KOH(JIMKTa UHTEPECOB.

KuroueBble cji0Ba: GpakTopu3alys, MHOTOMEPHBIH, CTallMIOHAPHBIH, BEKTOPHBIH
CIIy4aiHbIi MPOIECcC, MUHUMAKCHBIN JIMHEWHBIH (DUIIBTP, HEONPEIEIICHHOCTD,
MaTpUyHas CIEKTpajbHas INIOTHOCTh, FAPAHTUPYIOLIAsl MaTpUYHas 4acTOTHas
XapaKTepUCTHKA, YIIPABICHUE, CELI0Bast TOUKA
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Abstract. The minimax formulation of the problem of linear stationary control based on
incomplete data of multidimensional stationary in a broad sense random processes (vector
useful signal) observed in an additive mixture with interference of the “white noise” type, when
the spectral densities of disturbances in the measurement channel and in the measurement
interference are completely unknown and belong to a certain set of non-negatively defined
functions, is considered. Only the condition of linear regularity is imposed on the observed vector
process. A guaranteeing estimate is considered, which means the best estimate of the parameters
of a useful signal in the sense of a minimum standard error with the worst behavior of
measurement errors and disturbances with spectral densities belonging to the set, with respect
to which the optimal control is determined based on incomplete data. Regarding the spectral
density of the useful signal, it is only known that it satisfies a given system of moment conditions
and is concentrated on a given measurable subset of the frequency axis. It is shown that the
factorization of the matrix spectral density makes it possible to obtain a solution to the problem
of optimal minimax linear filtration and is necessary to solve the problem of linear optimal control
based on incomplete data. The search for optimal control based on incomplete data from the
emerging multidimensional antagonistic game is reduced to solving a specific system of
relations. Matrix boundary value problem methods, Hilbert matrix transformations, and properties
of matrix frequency characteristics are used in the solution. An illustrative example is presented.

Keywords: factorization, multidimensional, stationary, vector random process, minimax linear
filter, uncertainty, matrix spectral density, guaranteeing matrix frequency response, control,
saddle point
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BBepneHue

321,[{8,‘18. YHOpaBJICHUSA W OLCHHUBAHWA MAapKOB-

3aJja4l TECHO CBfA3aHa C (haKTopU3aLueil MaTpud-
Hol criekrpanbHON miotHocTH (MCII), kotopas
BO3HUKAET B 33J[a4ax ONTUMAJIbHON CTallMOHAPHOU

CKHUX TIPOLIECCOB MO HAOIIONEHHSIM 3a IPYTUM, CBS-
3aHHBIM C HUM IPOIIECCOM HAXOAWIACh B IIEHTpPE
BHUMaHHS UCCeAoBaTenel Mmuorue roasl [1-13].
OO6cyxnena obmas GopMyTupoBKa STOW 3aladu
JUTS CITy4ast TMHEHHBIX CHCTEM C TIOCTOSIHHBIMH T1a-
pameTpamMu, a Tak)Ke B YaCTOTHOM CHHTE3€ aJiarl-
TUBHOTO ONTUMAJILHOTO YIIPABJICHUSI ISl YACTUYHO
HAOTIOMAEMBIX CTOXaCTUYECKHX CHCTEM Ha CITydaid
MPOM3BOJIBHOTO KOHEYHOTO YHCJIa OTPAaHUYCHHUN
Ha CIEKTPAIbHYIO TUIOTHOCTH BEKTOPHOTO BO3-
MYIICHHS] ¥ OITHOOK M3MEPEHHsI, TIPUCYTCTBYIO-
OIMX B KaHaje HaOIIONEHUs BEKTOPHOTO IOJIE3-
Horo curHaia. [Ipobnemarnka paccMarpuBaeMoit

JMHEHHOW (QUIBTpAlMi U ONTHMAJIBHOTO JIMHEH-
Horo ymnpasnenus [1-2; 9; 13]. B uccrnegoBanuu
(paznmen 2) mokazaHo, uto (akropusanus MCII
HeoOXomMa 1 JUIsl peteH s 3a/1a41 ONTHMAILHOTO
JMHEWHOTO YIPAaBJICHHUS MHOTOMEPHBIMH CTaIHO-
HapHBIMU CIIYYaiHBIMU TIPOIECCAMH B YCIOBUSIX
HEONPEJEICHHOCTH UX CHEKTPaJbHBIX IIOTHO-
CTeH, OHA TAKXE BO3HUKAET B TCOPUH MUHUMAKC-
HOM TMHEWHOU (QUIBTPAIIUU CTAIMOHAPHBIX MIPO-
neccos [14]. B pamkax Teopun nuHedHON (uib-
Tpalluu W B €€ TepMuHax mpobiema daxropu-
3al[M¥ paBHOLIEHHA OTHICKAHUIO (DOPMHPYIOIIETO U
oTOeNnuBaroero GpuibTpa U B KOHEYHOM CYETE
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Mepexoay OT UCXOHOTO HAOII0IaeMOTr0 IpoLecca
K SKBUBAJIEHTHOMY €My OeJIoMy ILIyMy, Ha3blBae-
MoMy (hyHIaMEHTaJIbHBIM MPOIeCCOM. biam3koi
Kk 3ana4e paxropuzanun MCII siBisiercs mpobiema
(axropu3alMy MaTPUYHON NepenaaToyHoil (yHK-

uuu (MII®), Bosuukaromas B /1~ teopuu ymnpas-
nenus [2—12; 15]. 3ameTum, uto 3amaya Gpakropu-
3allMM MPUMEHUTENbHO K panuoHanibHbiM MCII
pellieHa MoTHOCTHIO B [ 16], B aCTHOCTH, B MOCHEI-
HUE JECATHIETHS 0c000€ BHHUMaHHUE YIesieTcs
METOZaM MOCTPOCHHUS TAKUX CUCTEM, MaTeMaTuye-
CKHE€ MOJIEJIM KOTOPBIX MPEICTABISIOTCS JJIEMEH-
TaMH C MUHUMAJbHBIMH HOpPMaMHu B IPOCTpaH-
ctBax Xapyau, B [18] paccMoTpeH 4acTOTHBIN Me-
TOJ CHHTE3a ONTHUMAJIbHBIX PEryJIATOPOB IS JIU-
HEHHBIX CUCTEM CO CKaJISIPHBIM BO3MYIICHHEM Ha
MHOKECTBE palMOHANBHBIX (yHKIMA. OmHAKO
BaXXHBIM SBIISETCA TOJYYEHHE pPEIICHUS 3aJa4u
ONITHUMAJIBHOTO JINHEHHOTO YIPaBJIeHuUs C GaKTOpH-
3alMel MMEHHO Ui MPOLIECCOB C HEpalMOHAJb-
HBIMH CTIEKTPaMH, T. €. B KOHEYHOM CUETE B OOIIEM
ciydae. 3aMeTHM, YTO 3a/a4a JIMHEHHOW puiIbTpa-
MU TPOIIECCOB MPH PAIMOHATIBHBIX CIIEKTpax Cy-
LIECTBEHHO MepeKpbIBacTcs Teopueit Kanmana —
Berocu [28], u moToMy i1t 0OIIETO pernieHus 3a-
Jlauu JTMHEHHOH (pUIbTpalii MHOIOMEPHBIX CTa-
[IUOHAPHBIX CIly4alHBIX MPOIECCOB TpedyeTcs
(daxTopusanus B o0LIEeM ciiydae HeoOs13aTeIbHO
pannonanbHbIXx MCII. B [19-20] 66110 MOITy4eHO
pemieHre 3amgaun (HaKTOPU3ALUHN CHEKTPATBHOM
IUIOTHOCTH C HCHOJb30BAaHHEM IpeoOpa3oBaHUs
I'mnpbepra mist GUIBTPOB ¢ HENMPEPBIBHBIM [19] 1
muckpeTHbIM [20] BpemeneM. 3amada (axropusa-
umn MCII a1 MHOroMepHBIX IIPOLIECCOB C HETpe-
PBIBHBIM BpeMeHeM Oblia paccMoTpeHa B [21].
B [15] nns pemenwus 3apaun paxropuszammu MCIIT
OBUTO TPEUIOKEHO HCIOIb30BaTh MaTeMaTH4e-
CKMi anmapar TeOpyur I'PaHUYHBIX 3HAaYCHU aHa-
auTudeckux GpyHkumi [22—24] u Teopun KpaeBbIx
3amay [25; 26].

B ommume ot yHuBEpcaJIbHOIO NOX0/1, OCHO-
BaHHOTO Ha pelIeHnH ypaBHeHM Pukkaru [1; 22],
MpeUIaraeMblii  HM)KE METOJ HCHOJB3YET CIEK-
TpaJbHBIE OCOOEHHOCTH CHHTE3UPYEMBIX CHCTEM,
TIO3BOJISISt CYIIECTBEHHO YIIPOCTUTH aHAJIM3 U TIOMCK
JMHEWHOTO ONTUMAJIBHOTO YIIPABJICHUS O HEToJI-
HBIM JaHHBbIM. B [9] ykazaHa BO3MOKHOCTb CHH-
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T€3a MHUHMMAKCHOTO YIIPaBJIEHHUS MPOLECCOM B
JUHEWHON HEONpeNeleHHO-CTOXaCTUYECKON CH-
CTEME C HEMOJIHBIMU JAHHBIMHU, IJI€ NOCTOSIHHBIE
MHTEHCUBHOCTH IIIyMOB B YPaBHEHUSAX COCTOSIHUSA
U HaOMoeHMs 3aJaHbl JIMIIb C TOYHOCTBIO 0
HPUHAJICKHOCTH HEKOTOPBIM U3BECTHBIM MHOXKE-
ctBaM. Vcronb30BaHHE CHEKTPAJIBHOTO MOAXONA
JUI 3a]a4 C OJHUM YIPaBJICHUEM IO3BOJISET CY-
IIECTBEHHO YNPOCTUTh aHAJIM3 U CHHTE3 OITH-
MaJIBHBIX PEIICHUI MO0 CPaBHEHHIO C METOAAMU
«2-Puxkatn» u LMI [17]. Takoe ymnpomieHue
UMeeT 0COOBIN CMBICII NIPU peau3aluy alIropuT-
MOB aJJalITUBHOW HACTPONKHU 3aKOHOB YIPaBICHUS
JUI PAa3UYHBIX OOBEKTOB B PEXHME PEaTbHOTO
BpeMEHHU. DTO CBA3aHO C TEM, YTO, C OJHOH CTO-
POHBI, HECMOTpPSI Ha OypHOE pa3BUTHE LU(POBBIX
YCTPOICTB, NO-NPEKHEMY OCTAOTCS AKTYaJIbHBIMU
OrpaHUYEHUs, CBSI3aHHBIE C HEJOCTATOUHBIMU BbI-
YUCITUTENILHBIMU PECYPCaMH IS TOABMKHBIX 00b-
€KTOB M Pa3HBIX BCTPAUBAEMBIX CHCTEM, KaK CIIe]-
CTBHE, TIOPOXKIAIOIINX 0COOBIE TPeOOBAHUS K TIPO-
CTOTE MPUMEHSAEMBIX aIropuTMoB. C Apyrou cro-
POHBI, JOCTATOYHO OCTPO CTABUTCS BOIIPOC Kade-
cTBa ynpasieHus. IIpennaraemslii moaxon Mo-
KeT IOCIYKUTb OCHOBOM Ul IPOEKTUPOBAHMS
CHCTEM YHPaBJICHUS C HCIOJIb30BAaHHEM HEHpPOH-
HBIX CeTel, HEYETKOH JIOTMKH, MPOrHO3HPYHOLINX
Mozene u npyrux 3hHEKTUBHBIX CPENCTB, Oa3Upy-
IOLIMXCS HA COBPEMEHHBIX KOMIIbIOTEPHBIX TEXHO-
jgorusix. B cBA3M ¢ OTMEUEHHBIMH O0OCTOATENb-
CTBaMH B HAaCTOsLIEH cTaThe pa3oOpaH psiz BOIPO-
COB, CBf3aHHBIX C OOOOIIEHUEM HCIOIb30BaHUSA
CIIEKTPAJIbHOTO MOAX0/A K CHHTE3Y ONTHMAJILHOTO
MHOTOMEpPHOTO YIPABJICHUS 0 HHTETPATHLHOMY
CpeHEKBaJPaTUUECKOMY KPUTEPUIO KauecTBa JUIs
MHOTOMEpHBIX CTaIlMOHAPHBIX CIIy4YaiHbIX Hpo-
IIECCOB B YCJIOBUSIX HEONPEAEICHHOCTH UX CIIEK-
TPAaJbHBIX IUIOTHOCTEH.

1. NocTaHOBKM 3apa4M JIMHEAHOro
CTaLMOHaAPHOIro ONTUMAaJILHOIO yripaBJieHUs
MHOroOMepHbIMU CTaLNOHAPHbLIMU
cny4yaHbIMM Npoueccamm

byneM cuutare, 4TO ABHXKEHHE JWHAMHYE-
CKOro OOBEKTa OINUCHIBACTCS BEKTOPHBIM PEKYp-
PEHTHBIM YPaBHEHUEM
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X (n+1)=LX (n)+BU(n)+¢, (n+1)+

+5,(n+1), X (0)=X,, (1)

gz<n>=§a [ ()].

HaGmronaemblif BEKTOPHBIN CiTydaifHBIN Mpo-
Lece U BBIXOHOH W (n), momiexamuii oneHu-

BaHMUIO, IIPOLIECC ONMUCHIBAETCSA CTOXACTUYECKUM
YpaBHEHHUEM

Y(n+1)=CX (n)+DU (n)+n,(n+1)+

+1, (n+1),Y(0)=Y,, (2)

n2<n>=kM§Qk v ()]

U BbIpaxkeHnem W (n) = EX(n) .

3nece X (n) — BEKTOp (ha30BBIX KOOpAUHAT
oobekra; X (O) — CIIy4aiHbIil BEKTOP Ha4aJIbHBIX
yenosuii; ¥ (0) — ciydaiissiii Bextop; ¢, (n) —
JIMCKPETHBINA BEKTOPHBIM OCIIBIN IIIyM, Ha3bIBACMbIit
nanee myMoM 00beKTa; G, (7) — IMCKpETHbIN

CITy4alHBIM BEKTOPHBIM MPOIECC C HEU3BECTHOM
MAaTPUYHOHN CHEKTPaJIbHON MOJIOKUTENBHO OIpe-

JEIECHHOM IUaroHajibHOM IJIOTHOCTBIO f (X) s
TOPOXKICHHBII BOSMYIICHUAMI U, (1), Ha3biBae-

MBII1 IlyMOM KaHaj1a HaOMIoeHHUs; 1), (n) — JIUcC-

KpETHBIII BEKTOPHBIN Oemblif IIyM, Ha3bIBa€MBIN
Jlajiee NIyMOM KaHajla U3MEPEeHuii; 1), (n) — JIUC-
KPETHBIN CITy4aiiHbIi BEKTOPHBIN IIPOLECC C HEU3-
BECTHOM MAaTPUYHOM CHEKTPAJbHONW IUIOTHOCTBIO
H, (A,), mopoxkeHHBI Bo3MyIICHISIME Y, (1) ;

P,0,L B, C D, E — marpuips unu marpud-

Hble (PYHKIIMU BPEMEHU COOTBETCTBYIOIINX pa3-
MEpOB.
B ypaBuenus (1) u (2) BXOAHUT TaKXe BEKTOP-

Bl ynpasistouuii npouece U (n), umerommid

MU (n) = (0 1 orpaHMYEHHbIC TUCTIEPCUU KOMIIO-

HEHT M Ui2 (n) = aiz. Koppensiunonnsie GpyHKIUU
KxommoneHt mpomecca U(n) HemssectHbl. Bynem

MIPU 5TOM CUUTATh, YTO YCIOBUS HEKOPPEIUPOBAH-
HOCTH BO3MYIIAIOUINX TMPOIECCOB, IIYMOB 00b-
eKTa W KaHaja W3MepeHud HanmoxeHbl. OTHOCH-
TeNbHO MaTpull L, B,C cAelaeM CICOYIOoIue 10-
13211813178

1) cucrema o0bekT — wm3meputensb (1), (2)
SIBJISIETCS TTOJTHOCTBIO HAOJFOIAEMOM CHCTEMOT, T.€.

rang(G,L'G,.., (L)' C)=q,

I1e ¢ pasMEpHOCTh BeKTOpa coctosHus X ()

cuctembl oobekra (1);
2) cucreMa 00beKT (1) SABIIIETCS MOJHOCTHIO
YIPaBIIEMON CUCTEMOM, T.€.

-1
rang(B, LB,...,L'" " B)=q.
CHCKTpaHBHBIC MAaTPUYHBIC TWAaroHaJbHbIC HCOT-

punarensupie wiothoctn H, (L) u H, (1)

IIPOLECCOB U WU V YAOBIETBOPSIOT MOMEHTHBIM
BEKTOPHBIM HEPABEHCTBAM

J.AIH«H (}”)(Djd}‘gbj,jzl,...,ml; (3)
AlHyf (X)\dexgcjajzla...,mz;
H, (1)20.H, (1)20,

Dm Dm
rie @, (A)e R",¥, (A)e R — Heorpuuarens-
HBIC, YCTHBIC [10 A 33J1aHHBIC BEKTOPHBIE (yHKIIHH
4acToTsl; R :{xe R" | x, >0,i:1,...,n} — To-
JOKUTENBHBIN OpTaHT mpocTpancTsa R ; b, ¢; —
3aJaHHBIC HEOTPUIIATEIbHBIC MOCTOSHHBIC BEK-

TOPBI; 11" :{xe R" | x, ZO,i:I,...,n} — HEOT-

pHIaTenbHblil oprant R™ (3ambikanue R ).

Ousnveckuit cMpic orpaHmdeHui (3) co-
CTOHUT B TOM, YTO Ha ONpE/ICICHHbIC BO3MYIICHUS
B cucreMe 00beKT — u3Mepurens (1), (2), koppe-
JSIMOHHBIE (YHKIIUN KOTOPBIX TOYHO HEM3BECTHEI,
OJTHAKO M3BECTHBI BEPXHHE OICHKU UX JHCIIEp-
cuil ¥ (MaM) aucCrepCcuil MPOM3BOAHBIX M T.II.,
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HAJIOKCHBI OI'PaHUYCHUA Ha UX MOMCHTBI M Ha 00-
JJaCTU UX COCPCAOTOYCHHA CIICKTpPa (O>KI/I,I[216MBIG
IIOJIOCBI LIaCTOT).

Ha maGmromaembiii mporiecc Y (n) Hajara-

eTCsl JIMIIb YCIIOBUE JIMHEHMHON peryispHOCTU
MaKCHMAJIbHOTO PaHra, T.€. B TepPMUHAX MaTpuy-
HOW CNEKTPaJIbHON IIOTHOCTU ycnoBue I1amm —
Bunepa nmeer ananoruansiii Buj [27] nist ciydast
palHOHATBHOM MAaTpUYHOM CHEKTPaJbHOW ILIOT-
HocTH S(L) OTHOCHTENBHO U

J- Indet Sz(u) diL > —oo, @)
R & T}
o0ecreunBaronero mnpeacTaBieHne — (QakTopu-
3aIUIO
S\ =F(e™)F (e™), (4a)

rie Marpuussie Gyskimu F(ih) u F _1(11) —

aHAJUTUYECKUE B HIKHEH MOIYIUIOCKOCTH Tepe-
MEHHO# A, T. €. SBIISIOTCS YaCTOTHBIMHU XapaKTe-
pucTHKamMu (U3HYECKU OCYIIECTBUMBIX ((hopmu-
pyromiero u oréenuBaromniero) ¢Guiabrpos; (1) —
3HAK COIPSDKEHHS MaTPHIL.

B Hacroseii cratee pemieHue 3anaun pax-
TOpU3aluK OyJeT OCHOBBIBATHCS HA pa3paboTaH-
HOM paHee MeTozae npeobpaszoBanus [miasbepra
B [19] nnst ckansipHOro CTAlIMOHAPHOTO Clydail-
HOTO Tnporecca. Tam mokasaHo, YTO TPAaHUYHOE

snaucHue Gpynxunn I' (™) aHamTIaecKoi B HuK-
Hel TIOMYTIIOCKOCTH Y/IOBIETBOPSET IPAHUYHOMY
snagennio MCIT S (A)= ‘I‘ (e )‘2 [To uabmroze-
HUIO npouecca Y (n) Ha monyGecKOHEYHOM

OTpe3Ke BpEMEHH V=—oco,....n TpedyeTcs
HAHTH ONTHMabHYIO JTHHEHHYIO oueHKy X (7)
ciaydaifHoro Bekropa X (n), T.e. BEKTOp
X (n) :(X(n)Xq (n)) OpTOTOHAIBHBIX MPOEKIIHii
X, (n)=M (X, (n)|H" (n)) cnyailHbIX BeTUIHH
X;(n),j=1,...,q na TuHEHHOE MOMIPOCTPAH-
ctBo H' (n), MOPOXKIEHHO® CIydailbIMU Be/HIH-

Hamu Y, (v), k=1,....m, v=—oco,...,n
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X (n)= J.:e“"GAV (e’”‘)ﬁx (dr)> (5)

rie fi, (d\) — M3BECTHas BEKTOPHAs OPTOrOHAb-
Has cryyaiinas Mepa npouecca X(n), i, (dAh) —

HEU3BECTHAsl BEKTOpHAs OPTOrOHAJbHAs CIydaii-
Has Mepa mporecca X( n) , B3AIMHO HEKOpPEIUpo-

BaHHAs C M3BECTHOI Mepoii i (d)). B Bepase-
Huu (5) G, (e’“ ) — MaTpHU4Has 4aCTOTHAs Xapak-

Tepuctuka (MUX) onTuMaa,HOTO MUHUMAKCHOTO
JUHEHHOro (UIbTpa ¢ ydueroM orpanuueHuil (3),
HAJIO)KEHHBIX HA HEM3BECTHBIE MATPUUYHBIC CIICK-

TpaNbHEIE IIOTHOCTH Hporeccos X (n) u ¥ (n).

Bce BeKTOpHBIE OPTOTOHAIBHBIC CITyYaiiHbIE MEPBI
OyneM cauTarh aOCOOTHO HETIPEPHIBHBIMU U CTa-
[IMOHAPHO CBSI3aHHBIMU, a 3HAYUT, Y HHUX CYIIe-
CTBYIOT MAaTPUYHBIE CIIEKTPAJIbHBIE TNIOTHOCTH.

Ipoueccel X (n) u ¥ (n) umeror mMarpuu-

HBIC CIIEKTPAJILHBIC TIOTHOCTH
§()=8"(1);
S (1) = Mp* (dh) (0 (1)) /dh; (Sa)
§* (W) = MpX () (Y (L)) b
S (1) =M (@) 1.
Crexrpanbhbie wiothocta $™ (1) u §™ (1)
BO3MOXHO MMPEACTABUTH B BUIC
ST (M)=8"(\)+H, (1) (6)
ST (h)=8" (\+H, ().

XX Yy
3necy S, ,S, — H3BECTHBIE MOJIOKHUTEIb-

HbIE MaTPHYHBIE CIIEKTPAJIbHBIE IUIOTHOCTH MpPO-
ueccoB X (n) u ¥ (n), koTopsie B o0uieM cirydae

He SIBJISIOTCS PalMOHATBHBIMK, a Mepbl i (d)),

n, (di) obnagaror coiicTBOM

X(‘

M| dp, (%)dw, (h,)]=H, (0)80h=1,)dh;
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M [dp, (h)dp,, ()] =.
- Hyc (}‘1)8(7&1 —Xz)dxl

e H, (1), H, (A) — Heu3BEeCTHbIE TNOIOXKH-

TEJIbHO MONYyONpeAe/eHHbIE JUaroHajJbHble MaT-
puuHble (YHKINH, TOAYUHSIONIUECS OrpaHHue-
Husm Buaa (3). Bompoc dakropuzanmu MCIT
s (1) B ee npencTaBiaenHnu (6) B IPEIONONKE-

HUU O JINHEHHOW PEryJspHOCTH MaKCHUMAJIbLHOIO
paHra ee u3BecTHOH cocrapmstomeit S (1) pe-

maeTcss Ha OCHOBE TEOpeMbl 1 (JI0Ka3aTesbCTBO
Teopembl 1 mpuBoautcs B Ilpunoxkenun). Ontu-
MaJbHasl OIleHKa JJI MUHIMAaKCHOTO (pHIIbTpa Ja-
eTcs BeipakeHueM [21]

G(e?)=| s (1)(F7 () |

B pe3ynbTare MPUMEHEHHsI HHTETPaIbHBIX MPeoo-
pa3oBaHuil HaJ MaTPUYHON YACTOTHOM XapaKTepH-
CTHKOM CIJIQ)KHBAIOIIETO ONTUMAIBHOTO (PHIBTpa

H (%)

F! (e‘“)

PR

H (1) =8" (1) (s (1)) =
=8 (1) (F ()
nponecca X () 1o GpyHraMeHTaIbHOMY HpoLeccy
s(n)
s(n)=]

T

ﬂem"v (d\)=
_ J‘;eian—l (e—m ) llY (d?»)
B BUJIE

_ 1 ' ikn
E(n)—a:';e H, (\)dh,

H,(\)= " E(n),

n=0

Ha3bIBaEMBIX cemapanued M 0003Ha4aeMBbIX
-\ _
H(e")=[H(2)],,-

TpeOyercs HailiTH JTUHEWHOE CTAllMOHAPHOE
BEKTOPHOE yIIPaBICHHUE

U(n),U;(n)e H' (n),j=1,...,r,
U,(n)e H'(n),j=1,..,r,

MHUHUMU3UPYIOIICE KpI/ITepI/Iﬁ Ka4yeCTBa yIpaBJic-
HUsA

R=MX"(n)@X(n) — 1’51(11’)1 , (7)
rme ) — HEOTPHIATENLHO ONpEIEICHHAs MaT-

pUlla IpU OTPAHUYEHHUSX MO JAUCIEPCUH, HAJO-
JKEHHBIX HA KOMTIOHEHTH! U (1) ympapisioniero

npouecca U (n):

MUQ.(n)Saf,j:I,...,r, (8)

J

U YCJIOBHUAX HEYHNPECIKIAACMOCTH, HAJIOKCHHBIX
Ha KOMIIOHCHTBI U]. (l’l) 10 OTHOIIEHUIO K HAOIIO-

maemomy mponeccy Y (n): U, (n)e H" (n),
j=1...,r.

I[TycTh BEKTOPHBIE CTALMOHAPHBIE CITyYaiiHbIE
npoueccsl X, (n), ¥,(n) 3anaHsl TO4HO, ympas-

nsemblit mponecc X (n) u Habmronaemsiit ¥ (n)
BBIP@KAKOTCS B BHJIE
X (n)=X,(n)+X"(n),
Y(n)=Y,(n)+Y"(n), (8a)

rie X" (n) u YY (n) — cocrapmsomue mporec-
coB X (n) u ¥(n), o0ycnoBIeHHbIE BEKTOPHBIM
CTAalMOHAPHBIM YIpaBIsionM mporeccom U (n)

H BbIpAXarouiyuecs B BUAC

n

XY (n)= ZB(n—v)U(v),

YV (n)= 3 D(n—v)U(v). ©)
rne B(n—v), D(n—v) — MaTpuyHbIe UMITYIIbC-

Heie nepexonHble pyHkimu (MUIID) cucremsr

(1), (2.
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HOI[CTaBJ'I}ISI OpPTOIrOHAJIbHOC  Pa3JI0KCHHUC

X (n)= X (n)+ X (n) B BbIpaKeHue 15 KpUTe-
pust (7), B pe3ysbTare moay4mm, 94ro R =R+R ,
rae ]%(U) = M)A((n)Q)A((n) — CpemHull pHCK
YIIPABIICHUS, R=MX T(n)QX' (n) — cpennmii
puck ¢unsrparuu. [Iockonbky R He 3aBHCHT OT
ynpagnsomtero npouecca U(n), 3amada onrtu-
MaJILHOTO YIIPABJIECHHUs CBOJUTCS K MUHUMHU3AIMH

R(U) . KoppeKTHOCTh IPUMEHUMOCTH «IPHHITAITA

pasleneHus» B PEIICHWH TOCTaBICHHON 3aJa4yu
ONTUMAJIbHOIO YIPABIEHUS JAETCs B Teopeme 2
(toxazarenbCTBO TeopeMsl 2 npusoxutcs B [Ipu-
noxxeHuu 1).

ITycTth v(dk) — BEKTOpHasi OPTOTOHabHaA
¢dyHIaMeHTanbHas CiydaiiHas Mepa mpolecca
Y(n).

Torga mporecc XO (n) OyZeT MMEThb CIeK-
TpaJibHOE MPEICTABICHUE

A T[ 7\ A _.}\
X,(n)=[" "G, (e™)v(dn),
e év (e"x) — MUX n1uHEeHHOro MUHUMAaKCHOT'O

¢GwIbTpa, ONTUMAIBHOTO MO OTHOMIEHUIO K (PyH-
JlaMeHTabHOMy npoueccy (), a npouecc U (n)

OyZeT UMETh CIIEKTPaIbHOE NPECTaBICHUE

U(n)= J.nneix"H (e’m)(;'v (e’ik)v(d?\). (10)

OnTtumanbHbI JTUHEHHBIA PEryasTop Ui
cToxactuueckoit cuctemsl (1), (2) Oymem mckarh

B npencrasinenuu (10), tne H (e_"x) — BEKTOp

MUX ympapistolero JIMHEHHOro 3BeHa (yIpasJis-
IOILETO yCTPOMCTBA) O OTHOIIEHHUIO K IPOLECCY

X, (n):

X(m)=]

Torna mpouecc X (n) Oymer mmers cmek-

T eMA (e’ik ) G, (e”‘x ) v(d)).

-

TpaJIbHOE MPEACTaBICHHE.

[To cyTu, 3amaya cBenach K HaXOXIACHUIO
JVICKPETHOTO PETYIISITOpa BO BpEMEHHO 00nacTu
B BUJIE
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U(n)=K(n)X,(n), (11)

e K (n) — marpuna k03hGHUIUCHTOB YCHICHUS

peryimiaropa, UMCHOlIasaA B CIICKTpaJbHOM IIPCa-
CTaBJICHHH BHU]

K(n)= jle’“ﬁlop, (e )v(dn). (12)

Jlnst cpaBHEHUSI OTMETUM, YTO B JAHHOM CH-
Tyallud B OCHOBE KOHCTPYKLIHMHM CTOXacTHYe-
CKOT0 HaOII0AaTeNsl, KOTOPBIN TOJKEH «BbIpaba-
THIBaTh» HAWIYYIIYIO C MO3ULIMHU (yHKIMOHAIA
R(U)=MX(n)QX (n) oreHky u3mMepseMoro mpo-
necca Y (n) JUIs cToXacTHueckol cucrteMsl (1), (2)
JIe)KaJl MUHUMAKCHBIA QUIbTp G, (e”x) yepes UH-

CTpPYMEHT (hakTopH3alM¥ MaTPUYHOHN CIIEKTpasb-
HOM muoTHOocTH S (A ) HaGmomaeMoro mpomecca

Y(I’l) , HO BO3MOXCH TAKKC€C W BAPHAHT CHUHTC3a

JIMCKPETHOTO PETyJIsITOpa C UCTIO30BaHNEM (DHITh-
Tpa Kanmana B kauecTBe HabIoqaTess, npecTaB-
JICHHOTO B YaCTOTHO-HETPEPBIBHOW 00NacTu pa-
Hee B [14], ecnmm n00aBUTH BCIOMOTATEIbHBII
dyskiponan ontummsamuu R = Me' (n)Qe(n)
JUTISE MUHUMU3A1[MH OLIMOKK BOCCTAaHOBJIEHUS (Ha0-
monenus, punsrpauu) e(n) =X (n)—X (n) x
OCHOBHOMY KpHUTEPHUIO onThuMu3anuu no MUX
YHPABIISAOLIETO TUHEWHOTO 3BeHA (YIPaBIISIOIIETO
YCTPOICTBA) 1O OTHOLICHHIO K mpomeccy X (n)
JUISL TIOMCKA ONTHMAJIBHOTO MaTPUYHOTO KOA(PH-
nuenta ycwienus K (7) B onTUManbHOM HaOIIrO-
narene (ontuManbHOM GwmibTpe Kammana —
Brrocn). Huke OymyT mpeacraBieHbl ypaBHEHUS,
OTHCHIBAIOIINE ONTUMAJIBLHBIN HaOMIOAaTeNh (PriTh-

Tpa KanmaHa u cTpyKTypy ONTUMAJIBHOTO PEryJis-
TOpa, POPMHUPYIOIIETO ONITUMAIILHOE YIIPABJICHHUE.

2. PewueHue 3apa4v onTMMasibHOro
ynpasneHus

JInsi moucKa ONTHMAJIBbHOTO PEIICHHUs Jalee
paccMarpuBaeTcs 3a4a9a MUHUMH3AIIN (QyHKIHO-
Hasna Jlarpamka pucka ympaBieHHS IO CTPOKE

ynpasnennst H /) (e"'X ) :
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[" sp{a(e™)N (A" (e )}t
+Xj( :[Hm(e’”")N(X)(H“)(e’M))*d?»—af)—)r}}(i/r}l (13)

j=L...,r,

I/Ie BBE/IeHBI 0603HAYCHMS
Ale™)=I-B(e™)H (™),
N (=6, (¢ )06 ().

A ;>0 — j-ii MmuOxuTEND Jlarpamxa, COOTBET-
CTBYIOLMI j -My OIpaHUYEHHUIO (8).

BBenem o0o3HaYeHME /1151 IOABIHTET PAIIEHOU
¢bynkumnn pynkimonana Jlarpamka

((HY ;)= Sp{A(e™)N (1) A ()]} +

oy fH<f>(e-'*)N(x)(H<-’))*(e-’“)dx—aj . (14)

-7

VYpaBHenus Diinepa, coorBercTByomue (14),
MOXXHO 3aIHCcaTh B BUJIE

BE(H('j),Xj)_O or(H, 1))

=0, j= 15
ol on, =0, j=1...,r. (15)

N3 coorHomenuii (15) MOXHO BOCHOJIB30-
BaThCsl MPUEMOM HAXOXICHUS MHHUMyMa cliena
¢ynkumonana Jlarpanxa pucka yrnpaBieHuUs ¢ MC-
MOJTE30BaHUEM OTIepaliii MaTpuaHoro nuddepen-
LIUPOBAHUS CKASIPHOW (DYHKIIMK OT MaTPUYHOTO

apryMmeHra H<])(CM. [Tpunoxenue 2). B pe3syinb-
TaTe MPUMEHEHUs ITUX OIEepaluil MmojryyaeMm OI-
TUMAaJbHBIN BEKTOP YIPABICHUN

H(f) _ BY (e—ix) ‘

opt B(/) (e_l-;h)B(f)* (e_l-;\ ) 4 xjpt >
J=1r, (16)
e BY) (e"“) 5TO j-fi CTPOKa MATpPHIIbI

B (e”“) . 3ametum, uTo mnpexacrasieHue (16)

KOPPEKTHO B CMBICIIE IPUMEHEHUS OTIEPAIMH JIE-
U O
JIEHWs Ha BhIpakeHne B (e & )B (e » ) +A,

TaK Kak IOCJIeHEE IPEACTABISET COO0H cKajsp-
HO€ BBIPAJKEHUE, BCEra OTIUYHOE OT HYJI.
Hckomblil BekTOop MHOXHTenel Jlarpanxka

0P :(xfp‘,...,ki’p‘) MOXKHO HaWTH C IOMOILBIO

COOTHOIIICHH (§) TTOCIIE MOJACTAHOBKY B HUX BBI-
paxkenuit (16) ayi1 oNTUMaIBLHOTO BEKTOpA YIpaB-

. )
neauii H . B urore onTuMaibHbIE MHOXKUTEU
opt

Jlarpanxa }L?"‘ MOYKHO HAalTH U3 COOTHOILIEHUI

B(j) (e—fk)
B(]) (e—m ) B(/)* (e—ik ) + }\'_/

(6.(c*)6: )

BY) (e—ix) *
X BY (e—ix)B(j)* (e_m)-l-?\,j =a;.

B pesynbrare pemenus pacCMOTPEeHHONM HAMHU
3a/1a49¥ TI0 MIOMCKY ONTUMAIBHOTO YITPaBICHUS 110
HETIOJIHBIM JIaHHBIM OBITH TOJYYeHBI HEOOXOIu-
MBbI€ 1 JIOCTATOYHBIC YCIOBUS CYIIIECTBOBAHUS CE/l-
JIOBOW TOUYKH B SIBHOW YacTOTHOW (opme B COOT-
BETCTBYIOIIECH UTPOBOY 3ajiaue, aHAJIOTUYHBIC TEM,
KOTOpBIe ObLTH Moy4eHsl B padote I A. T'omyOeBa
g 3agad A u b [15] B oKkBUBaJICHTHOM 3adade
B HEMPEPHIBHOM BPEMEHH JJIsI 00BEKTA, OMUCHIBA-
€MOT0 CUCTEMOM CTOXaCTHUECKUX JINHCUHBIX U (-
(bepeHInaTbHBIX YPAaBHEHUH C TTOCTOSIHHBIMU I1a-
pamMeTpaMu C KBaJpaTHYHbIM (DYHKITMOHAJIOM Ka-

gectBa R o nckomomy ynpasnenuto U (n) ¢ mo-

Mompro MUYX ynpaBisioniero JUHEHHOTO 3BEHA
H (e"“) (YynpaBisIOLIero ycTpoHCTBa) MO OTHO-

LICHHIO K YIIPaBISIEMOMY MapKOBCKOMY IIPOLIECCY

BTOPOTo nopsifika X, (7). AHaTUTHYECKAs OLCHKA

JUISl ONITUMAJIBHOTO YIIPABIICHUS B CTALlMOHAPHOM
peXUME COMIACYETCSl C aHAJOTUYHBIM pEe3ysbTa-
toM, noinyuyeHusiM [O. Ty [28] u H.H. Kpacos-
CKUM [29] AJis OLIEHKH ONTUMAaIbHOTO MHOTOMED-
HOTO YTIpaBJICHUSI B TUCKPETHOH (popme BO Bpe-
MEHHOW O0JIaCTH I CTAllMOHAPHOTO CIIydas Kak
CXOIALIMKCA MHOIOILIArOBbIN MPOLECC, MOITYyYEH-
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HBI MMM C IPUMEHEHUEM NPHUHLUIA ONTUMAaJb-
HOCTH bemnmana — MeTOOOM JUHAMHYECKOTO
IIporpaMMupoBaHus. B urore nomydena ciuenyro-
miast TeopeMa.

PeweHnune 3aga4yv onTuMasibHoro yrnpaBJsieHusi

Teopema 2. Peuwenue 3a0auu HAX0XHCOEHUS
0emepMUHUPOBAHHO20 ONMUMATLHO20 YNPAGLEHUs

R(G,,U)=MX"(n)QX (n)

1O HENONMbIM OAHHLIM OJ51 OMPUILMPOBAHHO20
ynpasnsiemo2o npoyecca u3 Haomooaemoco Y (n)

daemcs YCoBUAMU MUHUMYMA KpUumepust
R(G,,U)=MX"(n)QX (n)

6 hopme cyuecmeosanus MUHUMAKCHO2O0 JTUHell-
Ho20 urempa G, ¢ QyHKyuell viupolula

R(G,,U)=MX"(n)QX (n)

NpU 0PAHUYEHHBIX MOMEHMAX 8MOPO20 NOPSIOKA
ynpasnsowux o3oeicmeuit U (n) no nenonHvim

OQHHBIM 8 YCII0BUSAX HENOMHOU UHGOpMayuu o He-
PAYUOHATILHBIX CHEKMPATIbHBIX XAPAKMEPUCTIUKAX
B03MYUAIOUUX NPOYECCO8, OeUCBYIOUWUX HA TU-
HeUnblll OUHAMUYECKULL 0ObEeKm U NPUCYMCMBY-
IOWUX 8 KaHAle U3MEepPeHUl.

Jloka3zaTresbCTBO TEOPEMBI 2 MPEACTABICHO
B [Ipunoxenun 1.

Jns HailieHHOTO MMHUMAKCHOTrO (hUIbTpa
G(H, ,H,) pemaeM 3a1ady ONTHMAIBLHOIO

YIPaBJICHMUS.

ITpu penieHny yka3aHHOH BBIILIE 3a/1a4U ONTH-
MaJIbHOTO YIpPAaBJIEHUsI HEOOXOAUMO Y4eCTb Orpa-
HUUYEHHUS [0 Aucnepcui (8) U yclloBUs, HAT0XKEH-
Hple Ha npoueccsl U (n). [l aToro npumensercs

xc?

METOJl OPTOTOHAJIBHOTO PA3JIOKEHUS Ipolecca
[10]. AnanoruuHas Teopema CyIiecTBOBaHUS Cell-
J0BOM TOUKH chopmymnuposana B [20; 21; 15] nns
CTOXaCTUYECKHX JIMHEHHBIX Tu(epeHInaIbHbIX
yYpaBHEHUH B 3a/1au€ CUHTE3a MUHUMAKCHOI'O CTa-
IIMOHAPHOTO JIMHEHHOTO (DUIBTpa KOOPAMHAT JIH-
HEHHOTO NTMHAMUYECKOTO OOBEKTa B HETPEPHIB-
HOM U JIUCKPETHOM CIIy4dasx IPU OrpaHHMYEHHBIX
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JTUCTIEPCHSAX NEHCTBYIONMIMX Ha HEro BO3MYIIIE-
Huil. HeoOxoanmelie (hopMynbl UIsi BEIYUCICHUS
MPOU3BOHBIX Cliela M0 MaTPUYHOMY apryMEHTY
MPUBOAATCS HW)KE B MPENIOIOKEHHH, KOTOPOE
npeacranieHo B [Ipunoxenun 2.

3. CuHTEe3 onTuManbHOro Haonmoaarenda
n cyébonTUManbHOro perynsaropa
¢ nomoubio unoTpa Kanmana

IIycTe He Bce mepeMeHHbIE COCTOSHUS 00b-
ekta (1) mocTymHBI HETIOCPEACTBEHHOMY H3Mepe-
HHUIO, U ITyCTh, KPOME TOTO, U3MEPEHHUS OCYIIECTB-
JSFOTCA € IOMEXAaMHU TUIa «0eoro myma» B ycio-
BUSIX JIMHEHHOM PETYISIPHOCTH MaKCUMaJIbHOTO
paHra:

X(n+1):LX(n)+BU(n)+
+¢, (n+1)+g,(n+1), X(0)=X,,

N

S, (n) =;Pk [ ()], (17)

rae g, (n), g, (n) — cranuoHapHbBIE HEKOPPEIH-

POBaHHBIE MEXILY COOOM MPOLECCHI C
Mg, (n)=0,Mg, (n)=0,Mg,(n)c,(n)=0

C HEPALMOHAILHEIMH B OOIIEM CITydae CIIEKTPallb-
HBIMH TIOTHOCTAMH S, (A) 1 S, (A), a Habmona-

eMblit poniecc ¥ (1) BeIpakaeTcs B BHIE

Y (n)=C"X (n)+g,(n)+g,(n+1),

S, (k):Mgi(n <Ia;. (18)

[Ipennonaraercs, 4to cucteMa 0ObEKT — U3-
mepurensb (17), (18) B orcyTcTBHE OIIMOOK H3Me-
peHMs M BO3MYLICHHI Ha0llto1aeMa 1 ynpasisiema.
OnTUMalIbHBIM CTOXaCTUYECKUN PEryssiTop ¢ 00-
paTHOIl CBSA3BIO MO COCTOSHHIO, (HOPMHUPYIOLIUI
HCKOMOE€ YIPAaBJIE€HUE, COCTOUT M3 JBYX YacTeu:
YCTPOICTBA, peanu3yIolero onTuMaibHbIN 3aKOH
yIpaBJeHUs B BUJIE

U(n)=Kn)X,(n), (19)
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rae oueHka X (n) BBIPadaThIBAETCS BO BTOPOM

YCTPONCTBE BOCCTAHOBIICHUSI (HAOMIONECHNS, (PHITh-
TpaIyn) — ONTUMAaTLHOM HaOmonaresne (QuibTpe
Kanmana — Brrocu). Kak u B perepMuHMpOBaH-
HOM ciydae, HaOmomarenb 1mo ¢opme GuibTpa
Kanmana omuceiBaeTcs B yCTaHOBHBIIEMCS pe-
XKUMe ypaBHeHHEM [14] B Bune

X (n+1)=LX (n)+ K C[ ¥ (n)-C" X (n)] +

+BY Z(n-k)C[¥(K)-C"X ()], (20)

k=—oc0

rae K (n) =K (n) C — uckoMas oITUMalIbHas

MaTpulla yCHIECHUs PEryjIaTopa, a KOppessuoH-
nas marpuna K (n) nponecca X (n), otHecen-

2
Hasg K T , YOIOBICTBOPACT YPAaBHCHUIO B YCTaHO-
BUBHICMCA PEIKUME

LK_+K_L +KB" +
+BK —-K_CC'K_=0, Q1)

e Z (k)= ZLI e™Z, (\)d\ — opuruHai n3o0-
T

paxennss Z, ()= sze_’w‘ , TIPEICTABJIAIONIM
k=0

coboil ¢usMueckn peanuzyemblii  QUIBTP
177 =

Z(N)=K.C K=— [ K, 4. Koncrpyx-
n—oo

TUBHBIN CIIOCO0, TO3BOJISIOUINNA OMPENEIUTh UH-
terpan K , onucan moapo6Ho B MoHorpaduu [14,
c. 171] ¢ nomowsto pynxumit @ (i) u X, (A):

b (ih)=
“B(1+C"A'K,C)- 4K, CC" 4B |

), 1 .
@) e a8

:[~
vl
V

b

H(})

X, (M)=1+|c"a"B[ :

rie U~ (il) n V" (ik) — MaTpudHBIC TOTHHOMBI

OT I\, IMEIOIIKE HYJIH COOTBETCTBEHHO B BEPX-
Heit (ImA >0) u mmwxkrer (ImA < 0) nomymtoc-
KOCTSIX, TOJyYeHHBIE Yepe3 (HaKTOPH30BaHHOE
[PE/ICTABICHUE OMPEICITUTEIS] MATPHIIBI

A=ol-Lo=¢",

det A=det(wl —L)=U(M)V" (i)).

OTMeTuM Takxe, YTO B CHITy HaOIM01aeMocTu
cucteMbl (17) MOXKHO ONPEJENUTh BEKTOP BECO-

Bbix ko3(puumentos K _C, a sHauut, u BeKTOp
K03()(PpULIMEHTOB yCUIIEHUSI ONTHUMAJIBHOTO PEry-
JsiTopa K (n), He oOpamasich K CHCTEME ypaBHe-
Huit (21). Jlmg 3Toro HEOOXOAMMO COCTaBUTH
ypaBHeHus s vyneit iL=7 u ih=y" C'A'B

(ecnu OHU €CTh) B BEPXHEH MONYIIIIOCKOCTH
I+C"(yI+L)K C=
:X;(y’)U’(—y’)/U’ (v") (22)
W JUIs HyJIei A = y+ B HIKHEHN MONYTUIOCKOCTH

I+C" (Y T+L)K C=—! xU__(_y)
u(v')

xx + +
X (v)

Takum o0pa3zom, IJisi HaXOXKICHHUS BEKTOpa
YCHJICHUSI peryisiTopa W (QUIbTpa pPEIICHHs CH-
creMsl (21) He TpebyeTcs. B cinyuae onpenenenus
JIMarOHAJILHBIX MOMEHTOB KOPPEJSIIMOHHOM Mart-

. (23)

punst K, onpenensronmx kagectBo (uiabTpa-

xx 2
MU, pelleHrne cuctemsl (21) ymnpoiaercs u cBo-
JIUTCA K PELICHUI0 TMHEHHOM cUCTeMbl BUJIA

AK_+K _A=Y.

B KOHKpPETHBIX NMPHUJIOKEHUAX YaCTO PeryIisi-
Top B popme ¢puibrpa Kanmana (20), B koTopom
nonaraercsa Z =0, Majio npourpsIBaeT ONTHUMAb-
HOMy. B 3TOM cityuae 3aa4a cBOJMTCS K Ompere-
nenuto Toibko «Becosy K _C . B cuy npeanono-

JKEHHSI HaONIOIaeMOCTH W yNPaBISIEMOCTH CH-
cremsbl (17), (18) MOXXHO MMOKa3aTh, 4TO CUCTEMaA
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cuctema (17), (18) acuMnToTUYECKH YCTOWYMBA
3a cYeT BBIOOpA MaTPUIIBl yCHIJICHHUS K (n) mo
dbopmyite Ie(n) =K _(n)C ¥ B ynpaBIseMOCTH
cuctembl (17) Bcerga HaiimeTrcss eIUHCTBEHHAsS
IIOJIOXKUTEILHO OIpENeIIEHHas MaTpHulia K Y (n)

oOecrieunBaromas aCUMITOTUYECKYIO YCTOWYH-

BOCTh cucteMbl (17), (18). Jas 3TOro MOXHO

BOCTIONB30BAThCS MIPSIMBIM MeToaoM JIsmyHoBa,

ecnu B kauectBe (pyHKuuu JIssmyHOBa MPUHSTH
T 0

V(n)=X" (n)K_X(n)>0.loka3aTeabsCTBO 3TOrO

YTBEPIKACHHS OYEBUTHO U TSl HETIPEPBIBHOTO CITY-
yas'. Ecii 0ObEKT yIpaBIeHHs aCUMIITOTHYECKH
YCTOWYMB, TO ONIMOKA BOCCTAHOBJICHHS C Teue-
HUEM BpeMeHU OyneT yMeHblarbes lime(n) =0 .

n—oo

4. Npumep cuHTE3a ONTUMAJILHOIO
ynpasJsieHns

IIpuBenem npuMep NPUMEHEHHUs IpeuIarae-
MOI0 METO/a K PELICHUIO 3a/1a4l ONTUMaIbHOTO
YIIPaBJIEHUs] KOOPAMHAT JUHAMUYECKOr0 00bEKTa —
MOJIOKEHUSI U CKOPOCTH, KOI1a IBUKEHNE 00BEKTa
OIKUCHIBACTCS PEKYPPEHTHBIMU YPAaBHEHUSIMU

2

X, (n+1)= X, (n)+ X, (n)+%Ul (n)+U, (n);

X,(n+1)=X,(n)+hU, (n)+U,(n), (24)

rie h — JUIUTENbHOCTh JHO6Or0 71 -T0 TakKTa,
U, (n),U,(n) — IPOIIECCHI
(MU, (n)=0,MU,(n)=0) ¢ HepauHOHATbHBIMHI

B 00LIEM CiIydae CHEKTPAIbHBIMU IMIIOTHOCTAMH
S, (L) u S, (1), a mabmonaemsiii porecc Y (n)

CTallMOHApPHBIC

BBIPAXKAETCS B BUJIE
Y(n):Xl(n)+n(n+1)+U2 (n),Y(O):YO;
S, (AM)=MU}(n)<a};
S,(A\)=MU; (n)<a;, (25)
rne 1 (n) — AMCKPETHBIH Oeblii myMm ¢ aucHep-

o 2 2
cuet T =Mn".

C yderom orpanndeHus (25) Ha HEU3BECTHYIO
KOMMOHeHTy U, (n) — ymnpasisioiee Bo3Myllie-

HUE B IIOMEXE KaHAJIa U3MEPEHHUH, HalIeM ONTH-
MajIbHBIi MMHMMAaKCHbIH (QuUIBTp G, METOIOM

(paKTOpH3AIMK M HAMXYJIIIYIO CHEKTPATBHYIO IIOT-
HOCTh KOMIOHEHTHIU , () s nponecca X (7).

Bocnonb30BaBImINCE Pe3yabTaTOM pEIICHUS aHa-
Jora 3TOro MpUMepa, MPUBOAMMOTO B MOHOTpa-
¢un O.M. Kypkuna u ap. [14, npumep 3.10] ans
HAXOXKJIEHHUS CIIEKTPaTbHON HAMXYIIIEH IIOTHO-
CTH KOMIOHEHTHI U, (1) , OyZieM UMETh ee aHajIu-

THUYCCKOC NIPCACTABIICHUC B BUJIC

a; /[2(n—2,] an/I|X| > Nys

(k)= 0 pH |X|<k0.

YacTOTHBIC XapaKTepPHCTHKH OT Bxoaa U, (n)

10 BEIXONOB X (n), X, (n),n X (n) uMeroT B

al) =5 54

21
o h
C2(ex):eix_1’
C ik
C(e“)= 1(?)
Cz(e’k)

CrexTpaibHble MIIOTHOCTH (HIBTPYEMOIO U
HaAOJTIOIaEMOTO TIPOIIECCOB

S (n)=cC(e™)Ss ()€ (e™);

S(1)=[c, (") s, (1) +hy (1) + 7
A ux B3anMHas CIICKTpaJibHaA IJIOTHOCTDb

S§(1)=C(e*1)S, (1)C, (e™)-

Ha Bropom srare pemmm 3a1ady Gpakropusa-
i MCIT S (1) , BOCTIOIb30BaBIINCh TEOPEMOit 2

' Anexcanopoe A.I'. OntuManbHbIE U aJalTHBHBIE CUCTEMBI : y4ebHOe nocobue. Mocksa : Beiciuas mkona, 1989. 263 c.

ISBN 5-06-000037-0
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(o ¢pakropuzanun MCII) u3 paborsr I A. Tomy-
oeBa [20]. Pemenue 3amaun daxropuzarmu MCIT
S () cocTout B pacueTe MaTpPUUHBIX (yHKIMI

4,(2)=8" (1), In4, (1)

®()\) Kak MaTpHYHOrO IpeobpazoBaHus [uib-

" 3aTCM B pPacCUcCTC

6epra In4, (A)u hopmuposanns MUX ¢unstpa
F(e*)u F' (e ) 1o Gopmysaam:

F (e”'x) = 4, (M) exp (i (1)),
7 (e—ix): exp (—i® (1)) 47 (1),

a Ha TpEeTbeM JTale BOCHOJIb3yeMcs (opMyaon
(8a) u HaiineM BbIpaxkeHHe Ul (PU3UUECKH pea-

JIM3yeMOro MUHHMMakcHoro ¢uietpa G,. Hako-
HELl Ha YETBEPTOM JTale ONpPEAEIUM ONTHMAaJIb-
HOe ympaBieHue (perynsarop) GuibTpyemMoro
npouecca X (n) BBune (16)

1

H, (e")=[B(e™)B (e7)+n, | B(e™):

€

[ .

a,

A

opt

)
@ _b=|hctgl
“£2

2
= hzctgzg a1

2cos’ =

Marpuua koBapuanuii ommnOK BOCCTaHOBIIE-
nust (puisrpauun) e(n)=X(n)—X(n) Gyzer nmeTs

BUJ

K,, = Me(n)e" (n) =

Y
= [(s* =G (")S(M)G,(e"))ar.  (26)

T
JI1st IpHOIIMKEHHO OLICHKH Iapamerpa d B
YCTAHOBHUBILIEMCSL PEXHMME BOCIIOIB3YEMCS CBOK-
CTBOM aCHMIITOTHYECKH YCTOMYMBOCTH OOLEKTa
YIIPABIIEHHUS, TO €CTh MOCKOJIBKY OIIMOKa BOCCTa-
HOBJICHHSI C TEYECHMEM BPEMEHM OyIeT yMEHb-
marbCsA lim e(n) =0, TO U3 MOCIACIHETO COOTHO-

n—>oo
MICHUS JIJTs1 KOBapHaIlMi MaTPHUIIBI TP BEIOOpE Be-
COBOW MaTpHILIBI

0=5(}) =‘C1 (e" )‘2 S, (M) +h (1) + 7,

cJIeayeT, 4To CY6OHTI/IM€UIBH3H OICHKa I1apa-
MCTpa a MOXKET OBITh npeacraBjicHa B BH/C
cljcaa CHCKTpaHBHOﬁ IJIOTHOCTH OIIMOKH BOCCTa-

XX
HoByIeHUsT SPS

G~ Sp(év (¢")S(2)G, (e"“)) =

HeobxonuMble nmapamMeTpsl ONTHMAIBHOTO pe-
TyJsTopa HaiteHsl. [ paduku n3MeHEeHUS KOdPu-
uuenTa yeunenust K., (1) mo BpeMeHu JUisl KBa3u-
ONTUMAJIIBHOTO PETYISATOPA, IOCTPOEHHOrO: /| —
MeTofoM (haKTOPU3ANUU MATPHYHOW CIIEKTPaib-
HOHM IUIOTHOCTH, B OOIIEM Cilyyae HepaluoHalb-
HOI1 17151 HaOJFoIaeMoro mporecca, U H3MepseMoro
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B ¢dopme Habmromarenss — ¢uibTpa Kaimana —
belocu TpencTaBieHbl HAa PHCYHKE IO METOIY
(dakTOpHU3aUU CHEKTPATbHON IUIOTHOCTH; 2 —

no merony dumsrpa Kanmana npu h=1,1° = 25,
a} =25, a; =25. HauanbHble 3HaYCHUS MATPUILIBI
K (0) Gblun BEIGpaHbI HCXOMS 3 KOPPEIISIIAOH-
HBIX OLICHOK IO TONOKEeHHI0 X, (1) U ckopocTH
X, (n), mony4eHHBIM B IpUMEpE GITU3KHUM T10 CO-

JIepyKaHUIO K MOJIEITH, pacCMaTPUBAaeMOi B HaIlIeM
npuMepe, KOTOPBI TpPEACTaBIieH B paboTe
O.M. Kypkuna u ap. [14, c.175] u umerot Bun

K (0)=y\,,
K (0)=1[ v’/ 6+(1+6v*)/ (9m) ],
K. (0)=v"))/2,

XX

rIe napamerp Y, HaXOOUTCS U3 COOTHOLICHHMS

11
_tg—zl,xz = .- 7 2.
Y oy "4 (1+6y?) 7

0 20 40 60 80 n

M3meHeHne koBapuraumumn oLmnbKM CKOPOCTH
Nno BPeMeHU 419 KBa3nonTumasibHOro perynaropa:
17— no meToay dakTopmaaumm CnekTpanbHOW NIOTHOCTY;
2 —no metoay dpunbTpa Kanmana
M cT04HwunK: BoinonHeHo WN.I'. CnpopoBbiMm

Time variation of the velocity error
covariance for a quasi-optimal controller:
7 — by the spectral density factorization method;
2— by the Kalman filter method
Source:byl.G. Sidorov

W3 nmocTpoeHHBIX TpaduKOB BUIHO, YTO TPO-
UIPBIII 1O TOYHOCTH OIpPENETIeHHs] KOBapUalMH
OLIMOKH CKOPOCTH CIIEKTPAIILHOTO PEeryssTopa 1o

440

CpaBHEHHIO C peryastopoM — ¢(uiastpom Kai-
MaHa — berocu cocrasiser npumepro 10 %, uto
OOBIYHO IOy CTUMO Ha MpakTuke. M3 moimydeHHbIX
BBIIII€ COOTHOIIEHUI BUHO, YTO MOCTPOEHUE OTI-
TUMaJbHOIO MHOTOMEPHOIO PETYJSATOpa B yCIIO-
BUSX HEONPEAECNEHHOCTH CHEKTPaJbHBIX IJIOTHO-
CTel Kak HaOJII01aeMOoro, Tak 1 U3MEPsIEeMOT0 MHO-
TOMEPHBIX JUCKPETHBIX MApKOBCKUX CTAal[MOHAp-
HBIX TPOIIECCOB YMPABISIEMOr0 MHOTOMEPHOTO
JTUHAMHYECKOTO 00BEKTa METOIOM (PaKTOpH3AIIH
CHEKTPALHON TJIOTHOCTH MOXKET OBITh peajin3o-
BaHO Ha OBM ¢ mpumeHeHneM BBIYHCINTEIHHOM
MaTEeMaTHKH.

5. Pe3ynbTathbl

1. Y1BepxkaeHust reopem 1, 2 garoT perieHue
3a1a4d ONTUMAJbHOM MHMHHMMAaKCHOW JIMHEHHOMN
GbuIbTpalliy ¥ ONTUMAIBHOTO JTMHEHHOTO yIpaB-
JIEHUS] MHOTOMEPHBIMH CTALIMOHAPHBIMM CITydai-
HBIMU MPOLIECCAMH B YCIIOBUSIX HEOIPEAECIEHHO-
CTH UX CHEKTPaIbHBIX TUIOTHOCTEHN B KJIACCE MHO-
TOMEpHBIX JIMHEHHBIX (puinsTpoB Bunepa — Koi-
MoropoBa R ¢ HepalMOHAIbHBIMU CIEKTPalb-
HBIMU IJIOTHOCTSIMU BO3MYILIEHUH, PUCYTCTBYIO-
LIMMH B TIOJIE3HOM CUTHAJIE U TIOMEXE N3MEPEHU,
JUISL KOTOPBIX M3BECTHBI JUIIb MOMEHTHBIE Hepa-
BeHCTBA (3), KOTOPHIM YAOBJIETBOPSIIOT UX CIIEK-
TpaJibHbIE MEpPBI B JOpPME CYIIIECTBOBAHUS CEIJIO0-
BOI TOYKM UTPOBOTO Mpoliecca.

2. BolsiBeHbl HEOOXOUMMBIE M JOCTATOYHbBIE
YCIIOBUS CYIIIECTBOBaHMS CEAJIOBOM TOUKH Y (PyHK-
[IMOHAJIA JUCTIEPCUH OIIMOKHA OICHHBAHUS ONTH-
MaJbHOTO JMHEHMHOTrO0 yMpaBiIeHUs MHOTOMEp-
HBIMH CTallUOHAPHBIMHU CIIyYalHBIMU IPOLECCAMHU
B YCJIOBHSX HEONPEAECIEHHOCTH X CIIEKTPAJIbHBIX
IUIOTHOCTEHN.

3. YcnoBust ONTUMAIBHOCTH JTMHEWHOIO yIIpaB-
JICHUS TI0 HETIOJHBIM JTaHHBIM TPH KPUTEPHUH JIHC-
MepCHU OIIMOKH OLIEHUBAHUS MOTYT CIY>KUTh OC-
HOBOU 1 pa3paOOTKH PEKYPPEHTHBIX BBIYUCIH-
TEJIbHBIX TPOIELYP, PEATU3YIOIINX MUHUMAKCHBIN
(GWIBTP U ONTUMANIEHOE YIIPABJICHHUE.

4. TTomy4eH B pOCTOM KOHCTPYKTHBHOM (hopme
MHOTOMEPHBIH PEryisITop BO BpeMEHHOHI 001acTn
¢ momouibio Habmonarens ¢puipTpa Kanmana —
Brrocu A5 cTaMOHAPHBIX MHOTOMEPHBIX Cydaii-
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HBIX IIPOLIECCOB VISl CIIy4dasi, KOT/a YIIPaBIIseMbIi
CHTHaJ ¥ HaOMIIOIaeMBbIid COZIEPIKaT 10 OJJHOMY BO3-
MYILEHHUIO.

5. B koHCTpyKTUBHOH (hopmMe B 4aCTOTHOM
NpeCTaBIeHNH pa3paboTaH ONTUMAIBHBIN HEyIpe-
Jarouii peryastop H >, GopMupyemblii Ha pas-
JIMYHBIE BUJIbI BHEITHUX BO3MYIIIEHUIL, B TOM YHCIIE
U OKpAallleHHBIX, TPUCYTCTBYIOLUIUX KaK B IOJIE3-
HOM CHUTHaJIe, TaK U B TIOMEXE U3MEPEHUM, JIsl KO-
TOPBIX M3BECTHBI JIMIIb MOMEHTHBIE HEPABEHCTBA
1 00JIaCTU X COCPEAOTOUCHUS.

3aknyeHve

[IpennoxxeHHbIA CIEKTPaIbHBINA MOAXO M03-
BOJIMJI C(POPMHPOBATH HOBBIH METON PEIICHUS
CHHTE3a ONTHUMAIbHOTO CPEeIHEKBAIPATUYHOIO
MHHUMAKCHOTO AaCHUMNTOTHYECKH YCTOWYUBOTO
JIMHEMHOTO PErynsiTopa MO HEIMOJHBIM JIaHHBIM,
KOTOpPBIi OCHOBaH Ha allTOPUTME, COJIEPIKAIIEM
KOHEUHOE YHMCJIO MPOCTHIX ajreOpandecKux ore-
pauwmii. IlpennokeHHBIA METO HE HCIOJb3YEeT
YHUBEPCAIbHYIO TEXHUKY — ONTUMAIIbHOTO CHH-
Te3a, CBA3aHHYIO C pEIIEHHWEM ypaBHEHUU Puk-
KaTy WIN JIMHEHHBIX MATPUYHBIX HEPABEHCTB. JTO
CHMMAaeT TPYAHOCTH, BBI3BAaHHBIC BBIPOXKICHHO-
CTBIO 33/1a4¥, U MO3BOJISIET CYIIECTBEHHO YMEHB-
IIWTh BBIYUCITUTEIBHBIC 3aTPaThl, YTO UMEET OCO-
Oy10 3HAYUMOCTh JUIS aJATUBHOMN MTEPEHACTPONKH
cucTeM 00pabOTKHM CHTHAJIOB WU YyIpaBJICHHUS,
paboTamonx B peXUMe pPEearbHOTO BPEMEHW.
B nepcnexTrBe Takke BOBMOXEH U CUHTE3 YaCTOT-
HOTO poOaCTHOTO HEYNPEKIAIOIIETO PErysTopa B
YCIOBUAX HEUETKOCTHU JIMHEWMHOW NMHAMUYECKOU
CHUCTEMBI, IPUCYTCTBYIOIIEH, B YACTHOCTH, B MaT-
pHUIIE COCTOSHUSI CUCTEMBI.

MpunoxeHue

Jloka3areabcTBO Teopembl 1. YcimoBue dakro-
PHU3YEMOCTH MaTPUYHOMN CIIEKTPATbHON TUIOTHOCTH
s (k) > () ciemyeT u3 TOro, YTo oHa oOpa3yercs

CJIOKEHUEM JINHEMHO-PETYIIIPHON MaKCUMAJIbLHOTO
paHra MaTpU4HOW CTPOTO TOJOKUTEIBHOM CHEK-
TpaIbHOl mioTHOCTH S (L) >0 M TONOXKHUTENb-

HOW IIOIYOIPENEICHHON MaTpUYHOM CHEKTpalb-

M
HOM TUTOTHOCTH ZH D (7») 2 (). CBoiicTBO TUHEH-
I
HOM peryasipHOCTH MaKCHUMAaJIbHOTO paHra s
CIIEKTpanbHOM WwIoTHOCTH S (l) BBITCKACT B CHILY

HIPEATIONIOKEHNS, CIEITAHHOTO BBIILE OTHOCUTEIIEHO
MOJIOKUTENLHOW TOJIyOIIPEAEIEHHOCTH MaTpuy-
HBIX CIICKTPAIbHBIX IUTOTHOCTH H | (k) U JINHEW-

HOW PEryJIsspHOCTH MaKCHMAaJbHOTO paHra Mar-
punsl S!" (1) IIpu 5ToM CBOKHCTBO MONIOKHTEIIb-

HOM ONpeneleHHOCTH JUIsi MaTPUYHOM CIIeK-
TPaJIbHON TUIOTHOCTH COXpaHSETCS M, CIeNOBa-
TEJBHO, TI0 CJICJACTBUIO M3 Teopembl Belis, Bce
cOOCTBEHHbIE 3HAYEHHUS OyayT CTPOro MOJOXKH-
TeJIbHBIMU, a 3HAYUT, OHA TOJIOKUTENIbHA OIpee-
nena no teopeme 7.2.1 [30, teopema 7.2.1]. Ilo
Teopeme 6.1 [2] A BEITOTHUMOCTH CBOMCTBA JTHU-
HEHHOU PeryJsipHOCTH CTAllMOHAPHOTO Ipoliecca
HEOOXOAMMO M JOCTATOYHO, YTOOBI BBHITOIHSIIOCH
HEPABEHCTBO

jlndetS(u)du>—oo . (IL.1)

[TonoXMTENBHO ONPENENECHHYIO MaTpully S (1)

C TIOMOIUIbI0 YHUTAPHON MaTpullbl MOXXHO ITPUBE-
CTH K TUaroHajabHOMY BHY. Tak Kak COOCTBEHHBIE
3HAYEHMS M, ( u) , CTOSIIIIE HA JIMarOHAJH TPe00-

pa30BaHHON MAaTpPUIIBI, CTPOTO TOJIOKUTEIBHBI, TO
Oyznet BeIONHATHCS 1 HepaBeHCTBO (I1.1), B crmmy
OYEBHIHOTO PA3JIOKEHUS JUUIs IETCPMHUHAHTA MaT-

pUIIBI S(k):

Indet S(p) = Inm, (1) <oo,
k=1

TJle M — MaKCUMallbHBIM paHT MOJOKHUTEIBHO
OTPENEeNIEHHON MAaTpHIIbI SL,YY (k) IS TIOYTH

Bcex A, n k Marpuie S (A) INpEMEHHM TaKKe

MEXaHU3M (aKkTOpU3allMK MATPUYHON CIEK-
TpajbHOM IJIOTHOCTHU MO METOAUKE, N3JI0KEHHON
B [15] ¢ moMOUIbI0 FPAHUYHOTO 3HAYECHUSI aHAJIU-
TUYECKOH B €IMHUYHOM Kpyre MaTpuyHON (pyHK-

mn I'(z) :{ij (Z)J:j: kinacca H,

1 ] 4
I'(z)=exp EIlnS(u)e%—Zdu

e —Z
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IIpu 3TOM nOKa3bIBaETCA, YTO MaTpUYHAS
¢pynkuus ['(z) obnamaer rpaHUIHBIM CBOKCTBOM

3

§ () =lim|r (pe” )

115, BOOOIIE TOBOPS, HEPALMOHATLHON TIOJIOXKH-
TEJIBHO ONPE/IeNIeHHOM MaTpubl S ().

Jloka3areabcTBO Teopemsl 2. Paccmarpu-
Bas TMJILOEPTOBO NMPOCTPAHCTBO M-MEPHBIX BEK-

bynkumnit L, (2)

(z(k)e R ) , KOTOpBIE 3aJJal0TCSl B BUJIE CTPOK

TOPHBIX KOMIIJIICKCHBIX

YaCTOTHBIX XapaKTCpUCTHUK pasMepa m CO CKa-
JIAPHBIM ITPOU3BCACHHUEM

Foo
<z(A),z,(A)>= J. z,(A) 2, (x)dr,
3Hak (*) — conpskeHns Bektopa £ =z . HykHo
PEIIUTh CIEAYIONIYIO BAPUAIIMOHHYIO 3a/1a4y:

p(6)= {61 (1 (+ X1, () +

He(1) o) (.()+ X H,, (1)) — min,

G(1) =<G(1),G*(2)>,

m
rme ®  — MHOXkecTBO UX (usnuecku peanusye-
MBIX JIMHEWHBIX (UIBTPOB (AHAIUTHUECKUX B
HIDKHEH miockoctu), @ (A) — HeKoTopoe 3aj1aH-

HO€ JIMHEHHOE MpeoO0pa3oBaHUE MOJE3HOIO CHUT-
nana; H_ (A) — Heu3BeCTHbIE MaTPUYHBIE CIEK-

TpajbHbIE IUIOTHOCTH (HUIBTPYEMOTO IpoLecca
pasMepHOCTbI0O mXm; X (n) — HEU3BECTHbIE

MATPUYHBIC CHEKTPAJbHBIC INUIOTHOCTHU B IIOJIC3-
HOW COCTaBJIAIOIEH BEKTOPHOTO HAOIIONEHUS
Y (n) pasmepuoctero mXni; T, (A) — MaTpuuHas

CIIEKTPaJIbHAS TIOTHOCTH M3BECTHBIX COCTABJIAIO-
IUX TIOJIE3HOTO CUTHAJIA CTPOTO MOJOKUTEIBHAS
pasmepamxm; T, (L) — MaTpuuHas CEKTPasb-

Hasl IUIOTHOCTh U3BECTHBIX COCTABIISIONIMX (DUITb-
TPYEMOIO CHUTHaJla CTPOro MOJOKHUTEIbHAS pa3-
MepamxXm .

T, (1)>0,T,(1)>0.
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®Oyukiponan D(G) — seimykisiii Ha L, (2)

u muddepeHnupyembiid B cMmbiciie Opemre [6; 32],
npudeM

D(6)=2(T, (1) + X H,, (1)) G(1)+
2(6(1)-0(M)(L()+ X H,, (1)),

B yCJIOBUSAX JONONHMTEIBHBIX 71 OTpaHMYe-
Huit, HanoxeHnsIx Ha Beipakerns G (A)—Q(DP(A)

B HIKHEN MOJTYTUIOCKOCTH
[G.()-Q(WE(] =0. k=01..n

B cooTBeTcTBHM Cc Teopemon 1.2 u3 [31, c. 21]
YCJIOBHE ONTHUMAJILHOCTH BEKTOPHOW (DYHKITHH
bunbrpa G, (\)3aKmodaeTcs B BBINOJTHEHUHU BEK-

TOPHO-MATPpHUIHOI'0 COOTHOILICHUA

X, (MG, (M)-0(M)T,(A)=¢,(2), (IL2)
e
X,(M=T ()L + X H )+ X, (1),
&, (L) — HexoTopas BEKTOpHAs aHANMTHYECKAs

B BepxHe# momyruiockoctu (yHkius. [Ipoenem
B COOTBETCTBUU C TeopeMmoii 1 ¢akropuzanuio
MaTpUYHON (PYHKIIUH

X, (A)=x;(0) X, (1)

u

Torna cootnomenue (I1.2) moxet ObITH 3anu-
CaHoO TakK:

X (G, (=To(r)Q( | Xa ()| + U

e U (7») =<y (X) /X, (7») — BEKTOpHas (yHK-

1M aHAJIUTUYECKasl B BEPXHEHW MOIYIIOCKOCTH.
BrinenuB u3 ne€Boii U MpaBoil yacTeu MOCIEIHETO
YpaBHEHUS aHATUTUYECKUE B HIDKHEN COCTaBIISIO-
ye, Moxy4uM

X (16, (1)-T, () e[ X, ()],
Ortkyna

TOWYH,(Vjew)|
X, (1) X0

+

G,(\) =
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Ilocaennee COOTHOIIEHNE MOYKET OBITH 3all-
CaHO CJICAYIONUM 00pa3oM C Y4E€TOM CBOWMCTBa
CTPOTOM MOJIOKUTEITLHOCTH MaTPHIIBI

LM+ H,,(h):

- . I I

G, (}“): Q(}“) X, (A‘)_X— (7») X+ (}\‘)’ (11.2)
e X, 0= 1+ 2l ()
Ii (7»)-|— Zi:lH,VL»J (}‘)

9TO ¥ TpeOOBAIOCH JOKA3AaTh.

Joka3aTrejbCcTBO TeOpeMbl 2
Pemas 3agauy OTBICKaHMS MUHHUMAKCHOTO
¢wibTpa ¢ GyHKLIKEH BHIMTPHIIIA

R(G,,U)=MX"(n)QX (n),

MPHUXOAUM K UCKOMOH CTPYKType MHOTOMEPHOTO
ontumanbHoro ¢uisrpa Bunepa — Kommoro-
poBa. Meron ero HaxOoXJIEHHUS aHAJIOTMYEH Me-
TOy, onucanHoMy B MoHOTrpaduu O.M. Kypkuna
u ap. [14]. CTpykTypa HCKOMOTO MHOTOMEPHOTO
MUHHMAaKCHOTO ()WJIBTPA MPU HEOTIPEIEIICHHOCTSIX
B MAaTPUYHBIX CIIEKTPAJIBHBIX IIOTHOCTSIX BO3MY-
HIAIOIIHUX MPOLECCOB, MPUCYTCTBYIOUINX KaK B I10-
JIE3HON COCTaBIISIONICH BEKTOPHOIO HAOIONEHUS,
TaK U B KaHAJIE U3MEPUTEIS, BBHIBOAUTCS TOKOMITO-
HEHTHO JUISI KaXXJOW KOOPIMHATHI BEKTOPHOTO
HaOmonennst Y (n) aHagorM4Ho MeETOdy MOKMCKA
ONTUMAIILHOTO (WIIBTPA ISl CKaJSIPHOTO CITydast
HaOmonennst u mmeet Bun (I1. 2), mpu sTOM
UMeeT MECTO OBITh (PaKTOPU30BAHHOE MPECTaB-
nenue wist Gynkumn X, (1) B ee «Macurabupo-

BaHHOM)» I10 MaTpuue
L()+Y, H,,(1)>0
BHJIC

X, (=1

AL MO

11 (}‘)+ Z,}:Hycj (7‘)
=|x; (%) g

(I1.3)

e I — equnuyHas Marpuia ¢ pasMEPHOCTBIO M.

[Ipencrasnenune (I1.3a) KOPpeKTHO B CMEBICITE
NPUMEHEHHUSI OIEPallUK JICIICHHUs] Ha BBIPAKCHHE

T,(M)+ Z?:Hm (A), Tak Kak mocnenHee npe-

CTaBJISIeT COOOW MOJOKHUTENBHO OINPEACICHHYIO
MaTpHilLy, CIIeI0BaTeNIbHO, Y Hee 10 Teopeme 00 00-
paTHOI MaTpHIle CYIIECTBYET 0OpaTHasi MaTPHIIA.
Jlnst HaliIeHHOr0O MUHUMAKCHOTO (DHJIBTpa év
pelaeM 3a1a4y ONTUMAIBLHOTO YIIPABICHHS [0 MaK-
CHMYMY KpHUTEpHUs ]é(év,U) =MX" (n)QX(n)

C y4eToM OrpaHUYEeHM, HaJIOKECHHBIX HA YIIPaB-
nenue U(n), ontumusupyeM (GyHKIHOHAN

Jlarpamxka (2.1) Ha MHHMMYM, KOTOPBIM CyIie-
CTByeT B CHIIy BBINYKIOCTH (DYHKIIMOHANA IO
ynpasieHno. ONTUMAaIbHBIN BUJ YIPABIISIONUIETO

3BEHa 110 OTHOIIEHHIO K nponeccy X, (n) maercs

B Bujic (16).
Teopema 2 goka3zana.

3amevanue 1.(000CHOBaHWE KOPPEKTHOCTH
B MIPUMEHCHUS «IIPUHIIMIIA PA3JCIICHUS B TOCTPO-
eHuu Habmronarens B popme Kanmana)

KoppekTHOCTh MpUMeHEeHHS «ITPUHIUIA Pa3-
JIeNIeHUs» B MOCTpOeHUM HaOmtoznatens B ¢opme
¢wierpa Kanmana (20) mpu npeanosoxeHusx,
HAJIOKCHHBIX Ha MaTPUYHBIC CIIEKTPAIIbHBIC I1JI0T-
HOCTHU M3BECTHBIX U HEU3BECTHBIX COCTABIISIOLINX
MOJIE3HOTO CUTHAIA M BO3MYIICHUH, IPUCYTCTBY-
IOIUX B MOJIETTH 00beKT — m3mepuTtels (1)—(2) u
00ycIoBieHa YKBUBAJICHTHOCTHIO MOJICITA (POPMH-
pPOBaHUs 3TUX BO3MYIICHUH B BUJIC CYMMBI JBYX
BEKTOPHBIX IPOIECCOB — BEKTOPHOTo 0es1oro
IIyMa ¥ CTaHJapTHOTO BEKTOPHOTO Oesioro mryma,
KOTOPBIE CYMMAapHO B CHITy (haKTOPH3YEeMOCTH HX
CYMMapHOW CHEKTPaJbHOW IIOTHOCTH, YIOBIIE-
TBOPSIOIICH YCIOBHAM TEOpPEMBI 1, Takke mpea-
CTaBJISICT BEKTOPHBIN SKBUBAJICHTHBIN OCITBIN IITyM,
npu 3ToM (pueTp Kanmmana HacTpamBaercs Ha
BEPXHIOIO TapaHTUPOBAHHYIO OLEHKY CIEKTpaib-
HOM IUIOTHOCTH BO3MYIIEHHM B Moaenu [9], cie-
JIOBaTEIIbHO, TIPU C/ICTAHHBIX BBIIIE MPEIIIONI0MKE-
HUSIX, HAJTO)KEHHBIX HA MAaTPUYHBIE CIICKTPAJIbHBIC
TUIOTHOCTH M3BECTHBIX U HEM3BECTHBIX COCTABIIS-
IOIIMX TTOJIE3HOTO CUTHAJIA U TIOMEXH, IPUMEHUM
IPUHIATN pa3ieTeHHs B 3a/laue MHUHUMHU3AINN
KpUTEpHs ONTUMAIBHOCTH 1O yrpasieHuro [1].
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MpunoxeHue 2

Bcnomorare/ibHbIe CBOWCTBAa MATPHYHBIX
onepauuid. @opMyIsbl Il BBIYUCICHHS TPOU3-
BOJIHBIX CJIE/Ia [0 MAaTPUYIHOMY apTyMEHTY IPHBO-
JSTCS HYOKE (B TIPEATNONIOKESHUH, UTO CIIE]] CyIIe-
CTBYET).

1. InddhepenmpoBanne cKaasipHON (YHKITUU
10 MaTPUYHOMY apryMEHTY.

[Tycts (:'V , tne p — ckasap; K — mpsimo-

yroibHasi Marpuua pasmepanxm|, —— — ectb

Mmarpuna € JICMCHTaAMU

i,izl,...,n, j=1...,m.

oK

i

2. luddepennmpoBanue ciena Sp KBajapar-

HOI MaTpHIIBI MO0 MaTpuYHOMY aprymenty K :

0Sp(KD) _ . aSp(BK")

2

oK oK
aSp(A(K)-B(K))
oK B
dA(K)-B OB(K) A
- + . (1Y)
oK oK

3Hax (*) 03HAYAET 3HAK CONPSKEHHMS MATPUIL.
B marpuunbix naentuduxaropax A(K)u B(K)

K — nepemvennas, a B ugentuduxaropax A4 u
B — nocrosuuas.

B uvactHOM cityuae

dSp(KAK") .

VT VKA + KA. (IL5)
oK

Eciu A camoconpsikenHas (3pMHTOBA)

A= A*, TO MzzKA.
oK

0SpAKBK " C
oK
B npuenennsix Boie Gpopmynax (I1.4)—(11.6)

IpeanoJaaracTcs, 4To pasMEepHOCTU BCCX MATPHUI]
COI1IaCOBAHBI.

=A'C'KB" +CAKB. (11.6)
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HHU3KOYAaCTOTHBIX TIOMEX C UcIonb3oBaHueM (uisTpoB YeoObimesa II Tuma u
barrepBopra, cuHTe3upoBaHHbIX Ha Python. Pe3ynbTarsl uccienoBaHus npo-
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¢dynkuus filtfilt HeoOxomuma i mpenoTBparineHuss (Ha30BbIX HCKAKCHHH.
VYenex metona GUIBTpaniy 3aBHCUT OT CKOPOCTH N3MEHEHHS JINHUH HYJIEBOTO
NOTEHIHaNa, 1 TpedyeTcs nainbHeimas pa3paboTka KOMMIeCTBEHHBIX KpUTe-
pHCB OLICHKH M KOPPEKLUH MCKAKCHUH, BbI3BaHHBIX (uiabsTpoM. [pemarae-
MBI ITOAXO0]] HATIPaBJIeH Ha YIy4IIeHHe aBTOMAaTH3UpOBaHHOTO aHann3a DKI
U CHIDKCHHUE JIOKHBIX TPEBOT B CHCTEMaX MOHMTOPHHIA CEP/LIa.
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Introduction

The process of making a correct diagnosis has
always been complex and challenging. Advances
in medical technology have significantly improved
this process. However, the increased flow of infor-
mation has necessitated the introduction of auto-
mated diagnostic data processing tools into clinical
practice. Cardiogram recordings can last tens of
hours, and the number of heartbeats in such re-
cordings can reach tens of thousands. Therefore,
automated diagnostics, which harmoniously com-
bines medical expertise with the machine-like
precision of biological signal processing, is be-
coming increasingly important. At the same time,
the need to extract diagnostically significant com-
ponents from biological signals, i.e., filter these
signals, is also growing.

Electrocardiogram (ECG) signals are often
distorted by low-frequency fluctuations (baseline
drift) caused by respiration (0.1-0.5 Hz), patient
movement (motion artifacts), and poor electrode
contact (skin impedance changes). These distortion
disturbances can be critical for assessing ST-seg-
ment and T-wave morphology, which are important
for diagnosing ST depression/elevation or certain
arrhythmias (QT prolongation). A comprehensive
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review and comparison of various digital filters
for ECG noise reduction is presented below [1].

In medical practice, some filtering methods
are often used, such as baseline removal without
distorting ST/T waves and preserving ultra-low-
frequency components for heart rate variability
analysis. There are many low-frequency noise re-
duction methods: wavelet methods [2; 3], Kalman
filtering [4; 5], and other methods [6; 7; §].

In modern conditions, digital signal processing
(DSP) is becoming increasingly widespread. In ad-
dition to the traditional fields of signal processing
(television, radar, communications), new areas of
application are emerging — speech analysis and
telephony, medicine, image processing, and the
analysis of various physical phenomena [9].

The development of computing technology
has enabled the creation of reliable and inexpensive
digital signal processing devices with high speed
and quality. However, the expansion of the scope
of application of digital signal processing to
phenomena in the material world inevitably leads
to the complexity of both the useful signal and the
interference. The complication of the useful signal
can be expressed, for example, in the instability of
the time period, in the presence of short pulses of
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significant amplitude, instability of the envelope
shape and modulation frequency, and in other
similar manifestations. Interference can be caused
by a non-random process, the signal spectrum of
which overlaps with the spectrum of the useful
signal over a relatively wide frequency range [10];
interference can also be non-stationary, having a
spectrum that varies over time; the interference
spectrum can differ significantly from the well-
studied spectra of widespread noise.

Therefore, the solution to one of the main
problems of signal processing — the filtering
problem — for natural, in particular biological,
non-stationary signals of complex shape is non-
trivial and requires the development of specific
methods and corresponding digital filters.

1. Methods and Materials

1. 1. Problem Statement

In this paper, the filtering problem is addressed
for a long-duration digital cardiac signal (ECG),
ranging from tens to tens of thousands of heart-
beats. The objective is to maximize the ECG’s
adaptability to subsequent computer processing.
Long-duration ECG signals contain unique infor-
mation about the dynamics of cardiac activity
during a person’s daily activities. However, this
information is distorted, for example, by electrode
displacement due to movement or the appearance
of potentials unrelated to cardiovascular activity at
the electrode sites. Such extraneous influences on
the ECG manifest themselves as noise and low-
frequency oscillations in the zero potential line
of the digital ECG. Examples of such interference
in a single signal from a single ECG from
the Russian Society of Holter Monitoring and
Noninvasive Electrophysiology database (data
availability: http://rohmine.org/baza-dannykh-
rokhmine/) are shown in Figures 1-3.

Figure 1 shows a nearly constant shift of the
zero potential line. Figures 2 and 3 show fairly slow
oscillations of the zero potential line, lasting at least
three heartbeats. The amplitude of these oscillations,
as seen in Figure 3, can be several times greater
than the QRS complex amplitude.
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Figure 1. The zero-potential line offset
Source:byS.V. Kurbanov in the Python software
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Figure 2. The zero-potential line small oscillations
Source:byS.V. Kurbanov in the Python software
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Figure 3. The zero-potential line large oscillations
Source:byS. V. Kurbanovin the Python software
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Figure 2 also shows areas of high-frequency
bursts with a period comparable to the duration of
the QRS complex but significantly shorter than the
duration of the P- and T-waves. However, there is
insufficient evidence to unambiguously identify
these high-frequency bursts as interference; it is
possible that this noise characterizes processes
occurring in the heart.

Furthermore, the powerful high-frequency
spectrum of the short-duration QRS complex is a
potential problem in ECG signal filtering. Since
the QRS complex has unconditional diagnostic
value, it must be preserved with minimal distortion
throughout all ECG manipulations.

Due to the described ECG characteristics,
the task of filtering the digital ECG signal can be
reduced to finding a sequence of applying digital
filters of certain types, with the aim of:

® identifying the deviation of the ECG zero
potential line,

® pnumerically estimating the magnitude of
this deviation,

m correcting the ECG zero potential line if the
deviation magnitude allows such correction,

® removing an ECG section if the deviation
magnitude does not allow its correction,

® identifying areas of high-frequency bursts,
preserving the original ECG shape, in particular
the QRS complex, during ECG manipulations.

1.2. Types of Digital Filters and Methods
of Their Synthesis

Decomposing the ECG filtering problem
suggests that low-frequency interference itself is
a valuable information resource. Therefore, the pro-
posed study applies a non-standard approach to
filtering a digital biological signal, which involves
explicitly and precisely identifying the interference,
followed by correcting the useful signal by sub-
tracting the identified interference. This approach
is similar to adaptive filtering and is characterized
by a virtually perfect tuning of the filter weighting
coefficients. To achieve this tuning, the actual
magnitude of the interference is subtracted from
the processed signal with high accuracy at each
sampling step, which should result in the isolation
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of a virtually noise-free useful signal. If the inter-
ference is so significant that the isolation of the
useful signal cannot be guaranteed, then the time
interval during which the “bad” signal exists can
be precisely defined, thereby eliminating it from
further processing. The disadvantage of the pro-
posed method is its limited applicability for signal
processing in real time, due to the significant delay
in isolating the interference and obtaining the
filtered signal [11].

The theory of digital filters and the methods
for their synthesis are well developed and described.
The simplest method is to synthesize a digital filter
based on an analog prototype, such a filter is stable
provided the prototype is stable. The prototype is
selected based on the required amplitude-frequency
response (AFR) of the filter. Thus, to isolate the
low-frequency component from the signal with
maximum accuracy, the filter’s AFR in the pass-
band must be as flat as possible. Of the main types
of analog filters, the Butterworth filter and the
inverse Chebyshev filter (also called the Chebyshev
type 2 filter) have this property. The remaining
filters have a slight unevenness in the passband,
expressed as frequency response fluctuations of
several decibels (AFR unevenness). Typically,
in theory, an AFR of about 3 dB is allowed, which
corresponds to a 30% signal attenuation; such
attenuation is clearly unacceptable in the proposed
filtering model.

Python was used to synthesize the digital
filters, so the study and comparison of the frequency
responses of the filters planned for use were per-
formed using Python tools, using the numpy, scipy,
and math libraries. The mathematical description
is presented in sufficient detail in the literature,
for example, [12]. Both prototype filters were
synthesized as filters with an infinite impulse
response (IIR filters) using the iirfilter function,
which returns the numerator b and the denominator
a of the filter transfer function:

b, a=iirfilter(Nf, wsr, rs = 40, btype =
'lowpass’,analog = True,ftype = ‘cheby2’)

according to specified parameters: Nf — the order
of the filter, which determines the steepness of



Kypbaros C.B. n agp. BectHuk PYH. Cepus: UHxeHepHble nccneposanus. 2025. T. 26. Ne 4. C. 447-456

the drop in its frequency response in the mid-
frequency region between the pass and stop bands;
wsr — circular cutoff frequency of the filter (o),
determined through the normal cutoff frequency
according to the formula [2*np.pi*fsr]; rs =40 —
minimum attenuation in the stopband in dB,
attenuation of 40 dB corresponds to attenuation by
a factor of 100 times; btype = ‘lowpass’ — filter
type (low pass, high pass, band pass, etc.), here the
low pass filter is specified; analog =True —
a logical constant that determines the type of filter
being synthesized; True corresponds to an analog
filter, False to a digital filter; ftype = ‘cheby2’ —
filter type: Chebyshev Type II filter is specified
here.

The comparison result between Chebyshev
Type II and Butterworth filters is shown in Figure 4.

filter frequency response
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Figure 4. Comparison of Chebyshev
type Il and Butterworth filters
Source:byS.V. Kurbanov in the Python software

Frequency responses of both types of 7th and
15th order filters were constructed. Filter features
are listed below:

1) The specified cutoff frequency for Butter-
worth filters characterizes the highest passband
frequency, while for Type II Chebyshev filters it
characterizes the lowest stopband frequency;

2) Butterworth filters are characterized by a
smooth frequency response drop compared to
Type II Chebyshev filters (confirming the theoretical
conclusions); for a 7th-order filter, the specified

attenuation of 40 dB is achieved at a frequency of
almost 2 Hz, and for a 15th-order filter, at a fre-
quency of approximately 1.4 Hz, i.e., the spectrum
of the filtered signal will contain a significant
number of frequencies above the specified cutoff
frequency;

3) Type II Chebyshev filters have a steeply
falling frequency response; for a 7th-order filter,
distortion will appear at a frequency of 0.7 Hz, and
for a 15th-order filter, at a frequency of 0.9 Hz, i.e.
In the filtered signal spectrum, a small number of
frequencies below the specified cutoff frequency
will be suppressed.

Thus, it can be concluded that it is advisable
to use a Type II Chebyshev filter to isolate low-
frequency interference from a cardiac signal. Only
such filters will be considered below [13].

1.3. Study of Digital Filters Applied
to the Problem of Filtering ECG Signals

Solving a filtering problem usually comes
down to selecting filter parameters, which involves
determining the cutoff frequency and filter order.

The filter cutoff frequency was determined
based on well-known time and frequency characte-
ristics of periodic processes occurring in the human
body. The closest approximation to the heart rate
is the respiratory rate, which normally is approxi-
mately 20 breaths per minute, corresponding to a
frequency of 0.3 Hz. In adults, the heart rate ranges
from 60 to 80 beats per minute, and a decrease in
this rate below 60 beats per minute is considered
to be bradycardia. However, trained individuals
can normally have a lower heart rate (up to 45 to
50 beats per minute). Thus, the lower limit of the
heart rate spectrum is located near a frequency
of 0.75 Hz, and the expected frequency of the low-
pass filter passband lies in the range of 0.3 to
0.7 Hz. Taking into account the nature of the
frequency response of the Chebyshev filter of the
2nd type (Figure 4), the cutoff frequency of the
low-pass filter for the proposed filtering method
should be in the range of 0.2...0.8 Hz.

The limits for changing the filter order were
determined primarily by means of a computational
experiment, the design of which took into account
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that the digital filter order determines the number
of terms in the difference equation. On the one
hand, increasing the filter order leads to a more
accurate separation of the signal by frequency due
to an increase in the slope of the characteristic.
On the other hand, this increases the volume of
calculations and the length of the data array
required to solve the difference equation. Based on
the fact that the number of data for one heart period
at a sampling frequency of 200 Hz is approximately
100, it seems reasonable to limit the filter order
to 15. An attempt to synthesize such filters in
Python revealed the phenomenon of frequency
response distortion in the passband depending
on the filter order. Figure 5 shows the undistorted
frequency response of a Sth-order filter with a
cutoff frequency of 0.2 Hz, and Figure 6 shows the
distorted frequency response of a 7th order filter
with the same cutoff frequency.

This effect is evident at a cutoff frequency of
0.3 Hz above the 6th order; at cutoff frequencies
of 0.4 Hz and 0.5 Hz, also above the 6th order; and
at cutoff frequencies of 0.6-0.8 Hz, above the 7th
order.

The filtering efficiency criterion for diagnostic
purposes should characterize the conditions under
which the filter application does not introduce
significant distortions to the ECG at frequencies
above f0 =0.7 Hz, as this frequency range is
important for diagnostics. It follows that for
significant distortions to occur in the diagnostic
spectrum, the rise or fall time of the low-frequency
component of the ECG must be approximately
1/f0 = 1.4 seconds. The increase in electrical
potential during this time should be of the same
order of magnitude as the average peak-to-peak
amplitude of the QRS complex, i.e., approximately
4 mV. In other words, for the effective filter to be
successfully implemented, the rise and fall slopes
of the low-frequency component of the ECG must
be no more than 3 mV/s. Refining this criterion
requires significant additional research.

The results of the filter parameter study are
summarized in the Table.

Thus, the maximum order of a low-pass filter
in the 0.2-0.8 Hz range is 5, when implemented
using Python without developing special functions.

452

For high-pass filters processing signals with fre-
quencies of 300 oscillations per minute (5 Hz), no
restrictions were found for filters of order no higher
than 15. For example, the same methods are avail-
able in [3] only for wavelets.
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Figure 5. AFC of 5" order filter with cutoff frequency 0.2 Hz
Source:byS.V. Kurbanov in the Python software
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Figure 6. AFC of 7" order filter with cutoff frequency 0.2 Hz
Source:byS.V. Kurbanov in the Python software

The Effect of the Cutoff Frequency of Chebyshev Filters
of the Second Kind on the Allowable Filter Order

Efficiency criterion
Cutoff The maximum for the front or decline
frequency, Hz filter order of the low-frequency

component, mV/s
0.2 5 3
0.3 5 3
0.4...0.5 5 3
0.6...0.8 6 3

Source: by S.V. Kurbanov
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2. Results of Applying Synthesized Filters
to Real ECG Signals

Filtering and detrending ECG time series have
their advantages, such as simplifying the process
of ECG recognition and analysis. Typically, the
obtained data is either analyzed immediately or
subjected to further processing. However, such
methods have limitations: for example, baseline
shifts can cause changes in the amplitude of the
waves and segments of the ECG, as well as the
appearance of false elements that can be mistakenly
interpreted as pathology. Everything depends on
how much the potential of the ECG readings
changes compared to the original data, since it can
be one value at the peak line and another at the zero
level line, which also affects diagnostics [14].

The result of applying a Sth-order filter to a
real cardiac signal (one branch of V2) is shown in
Figure 7; a fragment of the cardiogram is shown.
Two algorithms from the scipy.signal library im-
plemented in Python were tested: 1) Ifilter, which
implements filtering from beginning to end, with
the filtered signal having a phase shift; 2) filtfilt,
which implements filtering with start-end-start
return, which corrects phase shifts. For the proposed
filtering method, the phase shift is a critical para-
meter. Without compensation for this shift, the
method is fundamentally ineffective. In this case,
the phase shift was equal to five heartbeat periods,
which for the pattern in Figure 7 corresponds
to approximately a quarter of the period of slow
oscillations.

Clearly, only filtering with phase shift com-
pensation merits further study. The result of sub-
tracting the extracted low-frequency component
from the original cardiac signal is shown in Figures
8,9, and 10.

Figure 8 shows the zero potential line correc-
tion for small and slow changes. It is evident that
these changes are successfully compensated, with
the ECG remaining in the positive potential region,
except for the Q and S waves.

Figure 9 shows the zero potential line correc-
tion for significant and rapid changes. In this case
correction is unachievable near areas of abrupt
changes, such as near index 124200 in Figure 9.
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Figure 7. The result of filtering a real cardiogram
Source:byS.V. Kurbanov in the Python software
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A visual comparison of the original and
filtered ECG data allows us to formulate a hypo-
thesis that the factor determining the success of the
proposed filtering method is the rate of change
of the original signal. This is indicated by the
successful correction of a large deviation in the
range of 125,500...126,500 indices, whereas no
correction is observed at the steep front of the
change in the zero potential line at 124,200 indices.
On the contrary, the filter introduces additional
distortions into the zero potential line. A visual
signal enhancement method based on the digital
wavelet transform can provide an accurate result
[15], but in the case of a wavelet, we urgently need
to find the best wavelet mother function and de-
termine the correct scale to make the figure suitable
for study. Therefore, the proposed method, com-
pared to the digital wavelet transform, appears to
be a significantly simpler means of improving the
cardiac signal. To eliminate distortions, studies
were conducted to modify the proposed digital
filtering method. Due to the distortion of the zero
potential line, an attempt was made to extract this
line in a form as close as possible to that observed
in the original signal. To achieve this, a seventh-
order high-pass filter with a cutoff frequency of
1 Hz was applied to the original cardiac signal,
followed by calculating the difference between the
original and filtered signals. The result is shown in
Figure 10.
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Figure 10. The result of the selection of a low-frequency
component by a high-frequency filter
Source: byS.V. Kurbanov in the Python software
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Here, the distortion of the useful signal at the
steep leading edge at indices 124100-124250 is
also observed, which confirms the previously pro-
posed hypothesis.

Both studies aim to remove noise and baseline
drift from ECG signals while preserving diagnosti-
cally important features (QRS complex, ST segment,
T-wave).

This study evaluates the performance of Che-
byshev II (inverse Chebyshev) and Butterworth
filters for baseline drift correction, with an emphasis
on minimizing phase distortion through zero-
phase filtering. The results are compared with the
work of Chavan [16] and Kaur [17], who analyzed
Chebyshev I and II filters for ECG noise reduction.
In this study, Chebyshev Type II filters (7th order,
1 Hz cutoff) and Butterworth filters implementing
zero-phase filtering were tested using Python’s
scipy.signal filtfilt to remove time-domain artifacts.
The Chebyshev Type I filter demonstrated superior
performance in baseline correction due to a sharper
stopband rolloff, while Butterworth filters exhibited
a slower rolloff, resulting in ST segment distortion.
Phase alignment was found to be critical, with zero-
phase filtering reducing time-shift artifacts to less
than five heartbeat periods.

The curve obtained as the result of the filtering
process almost exactly replicates the zero-potential
line for a locally selected heartbeat period. Clearly,
the corrected useful signal, possibly with minor
distortions, is obtained immediately as a result of
filtering (Figure 11).

Chavan [16] compared Chebyshev Type I (flat
passband) and Type 11 (flat stopband) filters, meas-
uring performance through improved signal-to-
noise ratio (SNR) and QRS complex preservation.
The Chebyshev Type Il filter outperformed Type I
filters in noise removal and QRS energy preser-
vation, consistent with the results of the present
study. Both studies highlight the limitations of
Butterworth filters in preserving diagnostic features.

The computational complexity of the pro-
posed algorithm can be estimated as follows. The
difference equation for each point of the original
signal is solved in a fixed number of operations,
with a solution complexity of O(1). For filtering
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a digital ECG with a length of n samples, the algo-
rithm has a linear complexity of O(n). Compared
to neural network algorithms, they have a minimum
quadratic complexity of O(n2), as shown in [17].
The proposed method requires significantly fewer
computational resources than neural network algo-
rithms.
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Figure 11. The result of the selection of a useful
signal by a high-frequency filter
Source:byS.V. Kurbanov in the Python software

The results show that Chebyshev Type II filters
are optimal for ECG noise reduction, providinga
balance between effective noise suppression and
minimal distortion of critical signal components.
Zero-phase filtering is essential for maintaining
signal integrity, especially for automated diagnos-
tics and long-term monitoring. Future work may
explore hybrid methods, such as combining wavelet
transforms with Chebyshev filters, to remove non-
stationary noise and further improve real-time pro-
cessing.

Conclusion

On balance, this study confirms the advantage
of Chebyshev type Il filters for ECG signal noise
reduction, consistent with previous studies. The
emphasis on zero-phase implementation provides
practical insights for clinical applications, ensuring
accurate interpretation of ECG data. Limitations
on the filter order are determined depending on
the cutoff frequency: for cutoff frequencies of

0.2-0.8 Hz, it is recommended to use a filter of
no higher than 5th order, and for higher cutoff
frequencies, no higher than 7th order.

To minimize distortion, the absence of phase
distortion is critical, so in Python, the filtfilt function
from the scipy.signal library should be used, which
implements two forward and reverse passes through
the signal value array.

Comparison of the results of using high-pass
and low-pass filters to extract the zero-potential line
allows a clear choice in favor of using a 7th-order
high-pass filter with a cutoff frequency of 1 Hz.
The filtered signal represents an ECG signal with
a zero-potential line correction, and the difference
between the original and filtered signals represents
the zero-potential line itself. A hypothesis was
formulated and tested that the factor determining
the success of the proposed filtering method is the
rate of change of the zero-potential line of the
original signal. To numerically estimate the mag-
nitude of distortions introduced by the filter and
correct these distortions, it is necessary to develop
a distortion assessment criterion and an algorithm
for calculating this criterion.

Future work: classification of drift sources
(respiration, movement, and pathology) and integ-
ration with clinical ECG software without the
need for manual adjustments. This will improve
automated diagnostics (e.g., Al-based ECG inter-
pretation) and reduce the number of false alarms in
cardiac monitoring systems.
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ABTOpBHI 3asIBISIFOT 00 OTCYTCTBHH
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Pabora BbImonHeHa 3a cuer cpeact [ocy-
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AnHoTauus. Llens nccnenoBanus — pa3paboTka M ONKUCaHUE IPOTPAMMHOTO
obecrieyeHus] ISl OpPTaHM3ALMU OXpPaHbl TPyJda B INPOLECCE CTPOUTEIHCTBA
Amypckoro razonepepadatsiBatoriero 3asoga (AI'TI3). OnmucanHas MeTOaUKa
OCHOBAaHa Ha OLIEHKE PUCKOB U BHIOOPE MEPONPUSATHI MO YIIPABICHUIO OPTaHH-
3aIpeil CTpONTENbHO-MOHTaXKHEIX paboT. Cucrema ympasieHHus npodeccro-
HAJIbHBIMU PHCKaMH pa3pabOoTaHa U BHEJpPEHA B MPAKTUKY B UETBEPTOM KBap-
tane 2020 r. B 2022 r. Ha ocHOBe c()OpMHUPOBAHHOMN 0a3bl HICHTU(UIIMPOBAH-
HBIX OIAaCHOCTEW M Mep YIpaBJeHus OblIa MpoBeAeHa padoTa Mo aBTOMAaTH3a-
UM [Ipoliecca WACHTU(PHUKALNY ONAaCHOCTEH, (POPMHUPOBAHUS KapT YIIPaBICHUS
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Abstract. The purpose of this study is to develop and describe software for the organiza-
tion of labor protection during the construction of the Amur Gas Processing Plant (AGPP).
The described methodology is based on risk assessment and selection of measures for man-
aging the organization of construction and installation works. The professional risk man-
agement system was developed and put into practice in the 4th quarter of 2020. In 2022,
based on the established database of identified hazards and their management measures,
work was carried out to automate the process of hazard identification, as well as the for-
mation of risk management maps and the familiarization of employees with the contents
of these maps. The development and implementation of the proposed methodology has led
to a significant reduction in the rates of health disorders of AGPZ employees both in terms
of work-related diseases and injuries. The software developed as a result of the conducted
research for professional risk assessment and management is recommended for practical
use in the construction of new petrochemical and gas chemical plants.
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BBepeHue

okTsA0ph 2021 T.) eKeTHEBHO HA TUTOMIAIKE HaX0-
munock 32,9 + 1,4 Tteic. yenoBek. bomee 95 %

Amypckuil eazonepepabamuléaiowuil 34600
(AT'TI3), Ha KOTOPOM ILTAHUPYETCS TPOU3BOACTBO
1 nepepabOTKa IPUPOTHOTO ra3a C LENbI0 U3BJIeye-
HUS W3 HEro mpornaHa, OyTaHa, TEHTaH-TEKCAHO-
BO (ppakumu u renus, ctpourcss B CBOOOAHEHCKOM
paiione Amypckoil obsactu B J[anbHEBOCTOYHOM
(denepanbHOM OKpyTe. Pernon xapakrepusyercs
CYpOBBIMH TOTOJHBIMH YCJIOBHUSMH U MYCCOH-
HBIMH JOXAsSMU. B mepron nvika paboT (anpenp —
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pabOTHMKOB — MY>KYMHBI B Bo3pacTe oT 18 10
56 net, cpenauit Bo3pact 34,5 +3,6 rona. omns
JKEHIIMH Ha 00BEKTE CTPOUTEIIHCTBA COCTABJISIIA
He Ooisiee 5 %, ux Bo3pact ot 25 no 60 ner, cpen-
Huil Bo3pact 43,8 + 5,6 roga. My>XK4UMHBI 3aHSTHI
Ha CTPOMTENILHBIX Pad0Tax Ha OTKPBITOM BO3JyXE,
JKEHIUHBI — B MMOMEIICHUIX, 00ecTieYnBast Mu-
TaHuE U YOOPKY, peke aIMUHUCTPATUBHOE COMPO-
BOK/IeHHe. [lepcoHarn paboTaeT BaXTOBBIM METOZIOM
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0T 2 10 6 MeCSIIeB ¥ IPO’KUBAET B OJIOUHO-MOTYTh-
HBIX OOIIEKUTHAX, B KOMHATAX OT 2 JI0 8 YeIOBeK.
Hapy1ieHus 310pOBbs B pe3yJibTaTe Mmojryde-
HUS TPABMBbI [P BBITIOJIHEHUHU TPYIOBbIX 00s13aH-
HOCTEH OTCJIEKUBAIOT HA OCHOBE JMHAMHUKH ITOKa-
3areneil TpaBMatu3Ma. MHAEKC 4acTOTHI pOUC-
mecTBUi ¢ motepeil pabouero Bpemenu LTIF?
(arrn. Lost Time Injury Frequency Rate) paccun-
TBIBAETCSI KAK KOJIMYECTBO TPaBM C MoTepeit pado-
4YCero BpEMCHU Ha OJMH MUJIJIMOH OTpa6OTaHHI>IX
4acoB (B pacyueT BKJIFOYAKOTCS KaK CIy4Yau JIeTalb-
HOTO TPaBMAaTU3Ma, TaK U CIlyda ¢ moTepei Tpy-
JIOCTIOCOOHOCTH OT OJTHOTO ¥ OoJiee JHEH ).

Unoexc nemanvrnoco mpasmamuzma FAR
(anrn. Fatal Accident Rate) — mokasbIBaeT 4a-
CTOTY aBapHii CO CMEpTENIbHBIM UCX0A0M. B Tad-
Juue npuBeneHbl 3HadueHus nokaszatenedt LTIF
u FAR, nocturnytsie AO «HUITUIT"A3» npu ctpo-
UTENbCTBE 00BEKTOB HEdTe- U ra3oxumuu B 2015—
2023 rr. Kommnanuu, KOTOpbIE IPUBJIEKAIOT HA OC-
HOBE JOTOBOpA TOApSAIA IPYyTHe FOPUIUICCKHE
yuna (moApsAHbIE OPTaHM3alKK) K BBITOIHEHUIO
paboT, BKITIOYANIK cy4yau TpaBMaTU3Ma paOOTHU-
KOB TIOJIPSITHBIX OpPTaHW3aluii B o0IIee Koyde-
CTBO 3apErUCTPUPOBAHHBIX HECUACTHBIX CIIy4aeB
ipu pacuere uaaexca LTIF.

MokasaTtenu, gocturHyteie AO «<HUMUTA3»* npu cTpouTenbCcTBe 00bLEKTOB
HedTe- n razoxumum, 2015-2023 rr. (no gaHHbIM nnatdopmbl HSE Days, aeka6pb 2023 r.)

Mepwvop HanmeHoBaHune npoekTa 3aka3uuk OtpaGotano spemenu,| LTIF no A
MJIH Yes.-yac. NPOEeKTy | MPOEeKTy
2015-2019 MpoekT no CTpCiVITEJ'IbCTBy 06beKToB 000 44,7 0,58 4,47
3aBOJCKOro X03sncTea «3ancubHedTEXUM»
MpoekT No CTPOUTENbCTBY KOMOMHMPO- OAO «["aznpom
2016-2020 BaHHOI YCTaHOBKM NepepaboTkn HedpTn HepTb — MHM3» 32,3 0,06 0.0
n A 000 «l"asnpom
2016-2025 | [POEKT no (6)Tp0VITeJ'IbCTBy MYPCKOro MNepepaboTka Braro- 430,3 0.29 1,27
rasonepepabaTbiBaoLLEro 3aBoaa BELLEHCK>
2017-2021 MpoekT no CTp(v)VITeJ'IbCTBy 06bEKTOB OAO «["aznpom 16,6 0.34 0,00
3aBO/CKOr0 X035icTBa Hedptb — OHM3
2020-2025 MpoekT no CTpOUTEeNbLCTBY 06bekTOB AO «CUBYP» 8.3 1,32 0
3aBOA,CKOro Xxo3siMcTea

M ¢ T 04 Huk: kopnopatueHas ctatuctmka AO «HUMNTA3»
" IOGP Safety Performance Indicators. URL: https://www.iogp.org/bookstore/product-category/safety/ (nata o6pauieHus: 08.12.2024).

The indicators achieved by JSC NIPIGAZ* during the construction of oil and gas chemistry facilities,
2015-2023 (according to the HSE Days platform, December 2023)

Period Project name ELOTE Time worked, million |LTIF f_or the FAF_( by
people per hour project project
. . Zapsibneftekhim LLC
2015-2019 ],:-\ p.rr(:!ect for the construction of factory Refining Blagovesh- 44.7 0.58 4.47
acilities chensk, SIBUR JSC
B The project for the construction of a Gazprom Neft —
2016-2020 combined oil refining unit MNPZ JSC 823 0.06 0.0
Amur Gas Processing Plant Construc- | Gazprom Pererabotka
2016-2025 tion Project Blagoveshchensk LLC 430.3 029 1.27
2017-2021 A p_r_o!ect for the construction of factory Gazprom Neft — 16.6 0.34 0.00
facilities ONPZ
2020-2025 ]/;Eir”ci::gt for the construction of factory SIBUR JSC 8.3 132 0

S ource: by corporate statistics of JSC NIPIGAZ
" IOGP Safety Performance Indicators. URL: https://www.iogp.org/bookstore/product-category/safety/ (accessed: 08.12.2024).

2 IOGP Safety Performance Indicators. URL: https://www.iogp.org/bookstore/product-category/safety/ (accessed:

08.12.2024).
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Hannbie 19952023 rr. noka3pIBalOT MPaKTU-
YECKH JBYKPAaTHOE YBEJIUYEHUE KOJIMUYECTBA JHEH
HETPYAOCIOCOOHOCTH Ha OJMH cllydail TpaBMma-
TH3Ma Kak B 1enoMm no Poccumm (poct ¢ 27 no
64 nHeil), Tak U B cTpouTenbctBe — ¢ 31 mo
64 nueii [1]. Takum oOpa3oM, HECMOTpPSI HA MEHb-
11€€ YKUCIIO TTPOUCIIIECTBUM, TSHKECTh TTOCIIEICTBUM
yBeNM4YuBaeTcs. TO ecTh, HECMOTPSI Ha CpeaHee

2014 2015

e L TIF IOGP

yIIydIlieHHe TOKazarejaed IUHAMHUKH CHUKCHHS

IIPOM3BOJCTBEHHOIO TPaBMaTU3Ma, UMEET MECTO
YBEJIMYEHUE KOJINYECTBA JHEN HETPY10CIIOCOOHO-
CTU Ha ofHoro nocrpajasuiero. Ha puc. 1 noka-
3aHa AuHaMuka nokasartens LTIF mo cexkropy mpo-
MBIIIEHHOCTH 110 JaHHbIM IOGP? B cpaBHeHuH ¢
koprnoparuBHbIMH JaHHbIMU AO «HUIIUI'A3» B
2014-2020 rr.

2018 2019 2020

HUNUrA3

Puc. 1. nHamuka nokasatens LTIF no cektopy npombiwnieHHocTs (I0OGP)
B CPaBHEHWM C KOpropaTuBHbIMU AaHHbIMK AO «HUTMUTA3», 2014-2020 rr.
M ¢ TouHuk: kopnopatmeHas ctatuctika AO «HUTMUTA3»

Figure 1. Dynamics of the LTIFR indicator for the industry sector (I0GP)
in comparison with the corporate data of JSC NIPIGAZ, 2014-2020
S ource: by corporate statistics of JSC NIPIGAZ

Tewma ynpapiieHust mpodecCHOHATLHBIMU PHC-
KaMM Ha MPOMBIIICHHBIX MPEANPUATHIX HIUPOKO
oOcy’kaaeTcs B Hay4HOU tuteparype. Peanuzanus
CTaHJIapPTOB TIO OIICHKE M yTPABICHHIO Mpodeccu-
OHAJILHBIM PUCKOM JUIsl 3I0POBbSI pAaOOTHUKOB U
KOMIUIEKC TPUOPUTETHBIX MEP MO UHTETPAIIUH UH-
CTPYMEHTOB OIICHKH YCJIOBHI TpyJa U mpodeccu-
OHAJIBHBIX PUCKOB omnucaHa B [2; 3]. [lpumenu-
TEJIBHO K Pa0OTHHUKAM CTPOWTEIIBHOW OTpaciiu
B TIPOM3BOJICTBEHHBIX TMOMEIICHUSAX U HA YTJIEI0-
OBIBAIOIIEM MPEANPHUATHH PUCKH PACCMOTPEHBI U
o0cyxieHbl B [4-8]. YnpaBieHnue npodeccuoHab-
HBIMH PUCKaMH Ha MPEIPUITUSIX IIPU dKCIUTyaTa-
UM TPY30M0IBEMHOTO 000PYA0BaHUS MPOAHAIN-
3upoBaHo B [9]. Ynparnenue nmpodhecCHoHATbHBIMH

PHCKaMH KaK CHCTeMa COIIMAIbHO-3KOHOMHYECKUX
MEpOINPUITUHN, HANPaBJIEHHBIX HA MpEayIpexe-
HHUe 0osIe3Hel M OXpaHy 3/10pOBbsl PAOOTHUKOB B
Pecny6nuke benapycs, o0cyxkaeno B [10]. Mecto
IPOM3BOJCTBEHHOIO KOHTPOJIS M OLEHKA ONACHO-
CTeli B CUCTEME YIIpaBIIeHHUS IPOPeCCHOHATBHBIMU
puckamu paccMoTpens! B [11; 12]. O630p aurepa-
TYpPBI 1O OIIEHKE MPOTHO3UPOBAHUS M YIPABICHHS
pUCKaMU JJIs1 3JI0POBbsI PabOTAOIINX TPUBEICH B
[13]. CoBpeMeHHbIE OJIXO0/IbI 10 OPTAHU3ANNHT U
MPOBEICHUIO Pa0OT MO OLIEHKE U CHIKEHHUIO MPO-
(eccHOHANIBbHBIX U IIPOU3BOJICTBEHHBIX PUCKOB 00-
cyxJieHbl B [ 14]. Cucrema aBTOMaTU3aIMU MTpoLec-
COB OLICHKH NMPO(ECCHOHATIBHBIX PUCKOB C YYETOM
BJIMSIHUSL 4€JI0BEYECKOro (hakropa pazpaboraHa B

3 International Association of Oil and Gas Producers — MexmIyHapoaHas accoumanus IpousBoauTeneii nedTu u rasa,

coOHpaeT 00IEMUPOBYIO OTPACIEBYIO CTATUCTHUKY.
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[15], momenb oreHKH TTpodhecCHOHaTBLHON KOMITe-
TEHIIMU JUISL yTPaBJIeHUS NPOQecCHOHATBHBIMU
pUCKaMu Ha MpeanpusTuu pazpadorana B [16].

1. Mporpamma pacuyeTa rpynnoBbiX
nokasaTtenei notepm cnyxa

Jns ynpaBlieHHsS PHUCKaMU pa3BUTHS IPO-
(eccHOHATTLHON TYroyxoCcTH OblIa pa3paboTaHa
nporpamMma, KOTopasi yYUThIBaeT CTaXK, BO3PacT U
ypoBeHb IyMa Ha pabodem mecte (puc. 2). Ilpo-
rpaMma ObLTa cO3[]aHa Ha OCHOBE METOJMKH, Pa3-

pynna paboTHrKoB
Py P crniyxa

MyxumnHbl 30 neT u 6onee /130bITOuHbI

OtHocuTenbHbI | Skonornyeckas

paboranHoit DenepalbHBIM TOCYNAPCTBEHHBIM
OIO/KETHBIM HayyHbIM YyupexjaeHueM «HayuHo-
HCCIIE0BATENbCKUN HHCTUTYT MEIULIMHBI TPYyAa
umenu akagemuka H.®. U3meposa» B pamkax HUP
«Hay4noe 000cHOBaHME COBEPIICHCTBOBAHUS KPH-
TEpPHUEB OLICHKH (ampUOpPHOM M amoCTEepUOPHOMN)
U NPUEMJIEMOCTH NPO(ECCHOHAIBHOIO pPUCKA Y
paboTarommx B yCIOBUSAX ITyMa U IPYTHX BUOPO-
aKyCTHUYECKUX (DAaKTOPOB C YYETOM COBPEMEHHBIX
PHUCK-OPHUEHTUPOBAHHBIX MOJIENIEH IPOPHIAKTUKI
[17-18].

Pe3yﬂbTaTbI pac4yeTa pucka notepu Pe3yanaTb| pac4yeTa pucka npmu3HakoB

BO34EeNCTBUSA LLyMa

1136bITOYHBIA

OTHOCHTENbHbI Okonornyeckas

(aTpubyTUBHbIi1) (aTpuByTUBHBII1)
BospacT B HacTOsiLLee Bpems, NeT puck, ER(gr), % puck, RR(gr), % | mons, EF(gr), % pwck, ER(gr), % puck, RR(gr), % nons, EF(gr), %
55
Bo3spact Ha4yana pa6oTbl, net 0 1,0 0,0 2 1,03 2,99

18 years

CraxeBbli 9KBVBaNeHTHbIN YpOBEHb 3BYKa
AL(A), ab

80

Paccuutatb

Puc. 2. dparmeHT nHTEepdeiica nporpaMmmbl pacyeTa rpynnoBbIX nokasaTesnei noTepun cnyxa
M cTouHuK: BbinonHeHo U.B. CtenaHsiHoMm, MN.A. KypouknHbiM

Group of workers

Men 30 years and older Excess

Loss risk calculation results

Results of the risk calculation for signs
of exposure

Excess

(attributive) EeRl(ativeorisk, Etiol_ogical . | (attributive) Relativeorisk, Etiol_ogical .
Current age: risk, ER(gr), % ar), % fraction, EF(gr), % risk, ER(gr), % RR(gr), % fraction, EF(gr), %
55 years
Age at which employment commenced: 0 1.0 0.0 2 1.03 2.99
18 years

Equivalent sound level AL(A), dB
80

Figure 2. Fragment of the interface of the program for calculating group indicators of hearing loss
Source:byl.V. Stepanyan, P.A. Kurochkin

2. MporpamMmma no ynpassieHUIo
npodeccnoHanbHbiMy PUCKaAMM

Ha OCHOBE KapTUPOBaHUSA onacHocTel
1 PUCKOB Ha pabo4yem mecTe

st ynpaBieHusl pucKaMu aBTOpaMu ObLia
paszpaboTaHa crenualIu3upOBaHHAs MPOrpaMma,

unTepdeiic kotopoii npuseaeH Ha puc. 3. [locne
3aMoJIHEHUsI KapThl OMACHOCTEW MporpaMMma BbI-
JaeT MHIUBHYaJbHBIN JOKYMEHT U O3HAKOM-
JeHUs] pabOTHUKOB (TI0J] POCIHCH) ¢ MHCTPYKIU-
SMH TI0 TEXHHKE O€30MaCHOCTH U PEKOMEHIaIu-
SIMH TIO OpTaHU3aINH TPY/Ia.
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Ne kapTbl / BbinonHsgemMble paboThl (BbIOepuTe noaxoasime BapuaHTbl)

Map No. Work to be performed (select the appropriate options)

30 m] Pa6oTa Ha BbicoTe / Work at heights

31 5 PaboTa B noneBbiX YCNOBUSAX U OTAENbHbIX TPYAHOLOCTYMHbLIX MecTax /
Work in field conditions and remote, hard-to-reach locations

30 . PaboTa B akBaTOPUU, B TOM YMCIie Ha 3aD00YEHHbIX y4acTKax /
Work in water areas, including marshy areas

33 5 PaboTa Ha Boae 1 B6M3n BOOOEMOB /
Work on water and near water bodies

34 5 PaboTta Ha geicTyloLer Nnpomn3soacTeeHHon nnowaake (AH, MHP n gp.) /
Work at active production sites (AN, PNR, etc.)

35 0 PaboTa Ha cTpouTenbHOM nioLwaake (Tepputopms 3akasdmka) /
Work on a construction site (customer's premises)

36 5 PaboTa B TeMHoe Bpems cyTop /
Work during night hours

37 5 JlorncTumka (ConpoBOXAeHNE KPYNMHOTOHHAXXHOro rpyaa) /
Logistics (escorting heavy cargo)

38 5 OBakyauus npu noxape /
Evacuation in case of fire
HewTaTHble aBapuiiHbie cuTyaumu /

39 m] ; :
Emergency situations

40 5 3aHATNS cnopToM, CBA3aHHbIe ¢ paboToaarenem /
Sports activities related to the employer

41 5 PaboTa B anekTpoyctaHoBkax go 1000 B /
Work in electrical installations up to 1000 V

42 5 PaboTa B anekTpoycTaHoBkax Bbiwe 1000 B /
Work in electrical installations above 1000 V

43 5 PaboTa Ha TennoBbix 3HEProycTaHoBKax /
Work in thermal power plants

a4 . PaboTa no akcnnyatauum n obcnyxmsaHuio nndTos /
Work related to the operation and maintenance of lifts

45 5 PaboTbl NOrpy304HO-pas3rpy30yHbIe 1 pasmelleHne rpysa /
Loading, unloading and cargo placement

46 o Y6opka 1 peMoHT nomeleHuii / Cleaning and repair of premises
MopaknioyeHne 1 opraHmsaums paboymx mect /

47 O . Lo
Connection and organization of workplaces

Puc. 3. ®parmeHT nHTepdeiica nporpaMmmbl No ynpaeneHunto npodeccruoHanbHbIMNU PUCKaMm

Ha OCHOBE KapTUPOBaHWS ONACHOCTEN U PUCKOB Ha paboyemM MecTe

M cTouHuk: BbinonHeHo U.B. CtenaHsiHoMm, MN.A. KypouknHbiM

Figure 3. Fragment of the interface of an occupational risk management program

3. PesynbTathl
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based on hazard and risk mapping in the workplace
Source:byl.V. Stepanyan, P.A. Kurochkin

crpoutenbcTBe AITI3, OblT MpoBeaeH AeTanbHbINA
aHaJIM3 WTOTOBBIX ITOKAa3aTelel ypOBHSA YacCTOTHI

B pesynbrare peanusanyu KOMIUIEKCa MEPO-  TpaBM ¢ notepeit Tpyaocrnocobroctu (LTIF), npen-
NPUATHH, HAPABJICHHBIX Ha ABTOMATHU3AIIMIO [IPO-  CTaBJICHHBIX Ha pucC. 4. AHAIN3 IMHAMUKH JTAaHHOT'O
LIECCOB CHIDKEHHS MPO(HECCHOHATBHBIX PUCKOB MTPH nokazatens 3a nepuoa ¢ 2022 mo 2024 r. neMoH-
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CTPUPYET BBIPAKEHHBIM TPEH/ Ha €ro CHIKEHHE,
YTO CBUJAETEIHCTBYET 00 3(PEeKTUBHOCTH BHE-
PEHHOTO MPOrPaMMHOTO 00eCTIeYEeHUs! [l OBHI-
HIeHHs] YPOBHs 0€30MacCHOCTHU TpyJia B IpoIecce
CTPOUTEIIEHO-MOHTAXKHBIX PaloT.

Takum oOpa3om, NpUMEHEHUE HOBBIX LU]-
POBBIX MHCTPYMEHTOB JJISl YHpaBJIEeHUsS mpodec-
CHOHAJILHBIMU PUCKAMH MTO3BOJIUJIO CYIIECTBEHHO
YMEHBIIUTH KOJIMYECTBO CIy4YaeB yXyAIICHHUS 3110~
poBbs coTpynHukoB AI'TI3, cBS3aHHBIX Kak ¢ Ipo-
(eccuoHanbHBIMU 3a00JIEBAHUSAMH, TaK U C TPaB-
MaMH.

2019 2020 2021 2022 2023 2024

s | TIF IOGP = HUMWTA3

Puc. 4. lnHamunka nokasatens LTIF no cektopy
npombiwneHHocTb (IOGP) B cpaBHEHUM C KOPNOPAaTUBHLIMU
naHHbiMn AO «<HUTUTA3», 2019-2024 rr.

M cTou4HMK: KopnopaTusHas ctatuctuka AO «<HUMUIA3»

Figure 4. Dynamics of the LTIF indicator for the industry
sector (IOGP) in comparison with the corporate data
of JSC NIPIGAZ, 2019-2024
S ource: by corporate statistics of JSC NIPIGAZ

3aknyeHve

[IpesncTaBneHHOE pelIeHHe Ha OCHOBE paspa-
00TaHHBIX NHU(POBBIX WHCTPYMEHTOB TI0 aBTOMa-
TU3AIUH yIPABICHUS PUCKaMU TIOKa3aiIo ddek-
TUBHOCTB I o0ecriedeHns Oe30IMacHOCTH TpyAa
IPU CTPOUTENBCTBE AMYPCKOT0 ra3omnepepadarsi-
BAIOIIETO 3aBO/IA U MO3BOJISIET EPEHTH OT Tpaau-
IIHOHHOTO YIPaBJI€HHs 0€30MaCHOCTHIO BHITTOJIHE-
HUS paboT K yNpaBlIEHHIO NPO(ecCHOHANBHBIMU
puckamu. PaspaboTaHHble U BHEAPEHHBIC NPO-
rpaMMHBIE HHCTPYMEHTHI OLIEHKH H KOHTPOJIS IIPO-
(eccHOHATBHBIX PUCKOB, CO3J[AHHBIE B XOJE HC-
CIICIOBAHUSI, PEKOMEHIYIOTCS K HMCIOJIBb30BAHUIO
B IIPOLIECCE CTPOUTENILCTBA HOBBIX HEPTEXUMHUYE-
CKHX M Ta30XHUMUYECKHUX MPEIIPHATHH.
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TexHonorusa 6n10K4YeiiH Ang NoanepPXK1 NPUHATUS YyNipaBIeHYeCKUX PeLueHuni

T.II. Tanna PoHranr

Poccuiickuit yHuBepcuteT npyx0b1 HaponoB, Mockea, Poccuiickas @edepayus
P4 thierrytalla@gmail.com

HcTopus cratbu AnHoTanus. TexHonorus OJ0KYCIH NPHUBIEKaeT BHUMaHUE HE TOJILKO B (u-
HAHCOBOM CEKTOpE, HO M B TOCYJapCTBEHHOM M KOPIIOPATHBHOM YIIPaBJICHUH.
Ee ¢dyHmaMeHTaNbHBIE CBOMCTBA — JCIEHTPATU3ALUS, HEU3MEHIEMOCTh U
MPO3PaYHOCTh JaHHBIX — MO3BOJISIOT 00€CIICUNTh HOBBI YPOBEHD JOBEPHS U
s¢dexTHBHOCTH B IIpoIieccax NPUHATHS YIPABICHISCKUX PEIICHUH. YUUThI-
Basi BO3pACTaIOIIyI0 HU(PPOBU3ALNIO M CTPEMIICHHE K TOBBIIICHHUIO MIPO3pad-
HOCTH, MHOTHE OPTaHH3alUH M TOCYAapCTBEHHBIE OPraHbl PacCMaTpUBAIOT
OJIOKYEHH KaK MHCTPYMEHT pellleHHs HAKOTIMBIIUXCS TPOOJIeM, BKIFOYast KOH-
TPOJIb TPaH3aKIUH, TOKYMEHTOO00POTa U JIOTUCTHYECKUX 1enodek. Mceneno-
BaHbI KITIOYEBBIE BO3MOYKHOCTH ¥ OTPAaHUYEHHS MCIOJB30BAaHUS TEXHOJIOTHU
OJOKUYEHH JUIS O IeP KKY TIPHHATHS YIPaBICHYECKUX PEIICHUH Ha rocynap-
CTBEHHOM U KOPIIOPaTHBHOM ypoBHe. OmpeneneHsl epCleKTUBHBIe HallpaB-
JICHHS €€ JabHelIero BHeApeHns. B kauecTBe aMnuprudeckoid 6a3bl UCTIONb-
30BAJIMCh OTEUYECTBCHHBIC M 3apyOeKHbIC HAy4YHbIC MyOIMKalWHU, OpUIIHAIb-
HBIE OTYETHl MEXIYHAPOJIHBIX OpraHU3aIMi, Pe3yIbTaThl MUIOTHBIX MPOEK-
TOB ¥ BBITYCKHBIX KBaJH(PHUKAMOHHBIX paboT. MeTomsl HCCIIeIOBaHUS
BKITIOYQJTH KOHTEHT-aHaJI3, CPABHUTEIbHBIA aHaIN3 KeWCOB U CHCTEMATH-
3aIUIO TIOTyYEHHBIX JTaHHBIX Il ()OPMUPOBAHUS BEIBOIOB H PEKOMEHTAITHIA.
ITpoBenenHoe ncciaegoBaHue MOKA3aslo, YTO ONOKYEHH clOCOOEH MOBBICHTH
MPO3PAYHOCTh U HAJEKHOCTh YIPABICHUYECKUX IPOLECCOB, YCKOPUTH JOKY-
MEHTOO00POT U YKPEIUTh J0BEpHE CTEHKX011epoB. OHAKO CYLIECTBYIOT Op-
TaHW3alMOHHBIC M TPABOBbIE Oapbepbl, a TAKXKE TEXHUYECKUE CIIOKHOCTH
(MacmTabupyeMOCTb, HHTETPALUs C HACIEOYeMBbIMH CHCTEMaMH), KOTOPbIE
MPEMATCTBYIOT MaciiTabHoMy BHeApeHuto. [ 3¢ (heKTHBHOTO NMPUMEHEHHS
OJIoKYeliHA B OAJCPIKKE YIIPABICHUCCKUX PEIICHUH TPeOyeTCs: KOMILIEKCHBIH
MIOZIXOA: COBEPIICHCTBOBAHNE HOPMAaTHBHO-IIPABOBOIl 0a3bl, pa3BUTHE YEIO-
BEUECKOro Kamurajaa u GopMupoBaHue nuppoBoii HHYPACTPYKTYpHL.

[Moctymuna B pemaknuto: 20 mast 2025 .
Jopaborana: 4 aBrycra 2025 .
[punsra k myonmukauuu: 30 ceHtsidps 2025 .
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Abstract. Blockchain technology has gained attention not only in the financial sector but
also in public and corporate governance. Its core attributes — decentralization, immutability,
and data transparency — can foster a new level of trust and efficiency in managerial decision-
making processes. Given the ongoing digital transformation and the growing demand for
transparency, many state organizations and governmental bodies consider blockchain a tool
for addressing pressing issues in transaction control, document flow, and supply chain
management. The key opportunities and limitations of using blockchain technology to
support management decision-making at the government and corporate levels are explored.
The empirical base included Russian and international scientific publications, official reports
by international organizations, and findings from pilot projects and final qualification papers.
Research methods encompassed content analysis, comparative analysis of case studies, and
systematic data processing to form conclusions and recommendations. The study revealed
that blockchain can enhance the transparency and reliability of managerial processes,
expedite document flow, and strengthen stakeholder trust. However, organizational and legal
barriers, as well as technical challenges (scalability, integration with legacy systems), hinder
widespread adoption. Effective application of blockchain in managerial decision-making
demands a comprehensive approach: improving the regulatory framework, developing
human capital, and establishing a robust digital infrastructure.

Keywords: distributed ledger, digital governance, transparency, public administration,
corporate governance
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BBepeHue

HHUTb BCC N3BMCHCHHA B CUCTEMC B BHJIC ITOCJICAO-
BaTeJIbHOM «OCIMOYKH 6HOKOB>>, 4dTO YCJIOXHACT

Texuonorust OIOKYEHH, CTaBIIas H3HAYAIBEHO
ocHOBO# s kpunroBamor (Bitcoin, Ethereum),
B [TOCJIETHHIE TOJIbI BCE YaIlle pacCCMaTPUBAETCS KaK
WHHOBAIMOHHAS TutaTdopma st yrpasieHus [1].
CyTb OnokueiiHa B TOM, YTO JaHHBIC XPAHATCS B
pacrpeeieHHON CETH y3J10B, a KaK/1asi 3a1ch CBS-
3aHa C MPEIBIAYIICH MyTeM KpUITOTpaguuecKux
METOJIOB [2]. DTO OTKPBIBAET NTUPOKHE BO3ZMOXKHO-
CTH Uil 00ECTIEYCHUS IPO3PAYHOCTH, HEU3MEHsIE-
MOCTH ¥ HaJIEKHON (PUKCALUU TPaH3aKIIUH.

Bo MHOruX opraHuzanusx mporecc NpUHATUSL
peuieHu OCIO0XKHAETCS HEAOCTAaTKOM JOBEpHS,
HEIPo3payHbIM JT0KyMEHT0000poTOM, Hed(hdek-
THUBHON KOOPJIVHALIMEN MEXKIY OTAEIAMH U BBICO-
KHM pUCKOM OmMOOK. biiokueiiH mo3BomiseT Xpa-

¢banbcuuKanno JaHHBIX U JeJIaeT MPoLece Mpu-
HATHUS pernieHnid 6onee oObekTHBHBIM [3]. Tocy-
JApCTBEHHOE YIIPaBJIEHUE TaKXKe UCIIBITHIBAET UH-
Tepec K paclpeleseHHbIM PeecTpaM: BHEAPEHUE
0j70KueiiHa B TOCYCIyrM M aJMHHUCTPAaTUBHBIE
IpoLEeypbl pacCCMaTpUBAETCs KaK CIOCOO MOBBI-
CUTb MOJOTYETHOCTh U CHU3UTh KOPPYNLUOHHBIE
PHCKH.

OpnHako, HECMOTpPS Ha MOTEHLMAJ, IIUPOKOE
BHeZIpeHue OIoKUeiiHa CBsI3aHO ¢ OapbepaMu: OTCYT-
CTBUE MOJTHOLIEHHBIX IPABOBBIX HOPM, CJI0)KHOCTH
MHTETPALUH C YHACIIEAOBAHHBIMHI CUCTEMAaMH U He-
XBaTka crnenuanuctoB. Hacrosmas pabora nocss-
IIeHa PACCMOTPEHUIO TOTO, KaK 3TU (aKTOpPbI BIIH-
AI0T Ha TpUMEHEHUe OJoKueiiHa B ympaBlleHYE-
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CKUX PEIICHUAX M KaKue BO3MOXKHOCTH IJIS TIpe-
OZIOJICHUS! TAHHBIX MPEMSTCTBUH CYIIECTBYIOT.

Lenv uccnedosanus — MpoaHANU3UPOBATH
KJIIOUYEBbIE MTPEUMYIIECTBA U OTpaHUUYEHUs! OJIOK-
YEH-TEXHOJIIOTUH B KOHTEKCTE NMPHUHSATHUS YIIPaB-
JICHYECKHUX PEIIeHU B TOCYIapCTBEHHBIX M KOP-
MOPATUBHBIX CTPYKTYPaXx, a TAK)KE BEIPA0OTATh pe-
KOMeHJauu 1o ee 3((HEeKTUBHOMY BHEIPEHUIO.
Jlns mocTrKeHUs JaHHOM 1IeJIH OBLIN IIOCTABJICHBI
CJIEAYIOIINE 3a/1a4u:

1) u3y4uTh TUTEpATYpPHBIC UCTOYHUKH M IM-
MUPUYECKHE JaHHBIE [0 OINbITY NPUMEHEHHUS
OJOKYCiTHA B yIIPABJICHUM;

2) ompenenuTh, B KAKMX 007IacTAX OMOKYEHH
HanOomnee >QpGeKTUBEH Il yIIpaBIeHHs (C TOUYKU
3peHHUs MPO3PAYHOCTH, CKOPOCTHU MPHUHSATHUS pPe-
LICHUH, CHI)KEHUS TPAH3AKIUOHHBIX U3IEPKEK);

3) BBIIBUTH OCHOBHBIC TEXHHUYECKHUE, TPABO-
BbI€ U OPraHU3AIIOHHBIC OTPAaHUYCHHS, 3aMe/IIs-
foIIe MacTabHOE BHEIPCHHE;

4) chopmymupoBarh peKOMEHIAINHU TIO TIPe-
OZIOJICHUIO BBISBJICHHBIX 0apbepoB U 0003HAYUTH
NIEPCIIEKTUBBI TaTbHEUIITNX UCCIIEIOBAHUH.

1. MaTepuanbl ¥ MeTOAbI

B pabote npuMeHsITUCh CIEaYOUINE TTOAX0IbI
Y METOJIbIL:

B KOHMeHM-aHAIU3 HAyYHbIX CTaTeH, aHaJIH-
THYECKHUX OTYETOB M BBITYCKHBIX KBATH(UKAIH-
OHHBIX paboT [4; 5] Ang cucreMaru3ayy yroMu-
HaHUH 0 OJOKYEHH-TEXHOIOTUAX U MPAKTHUYECKOM
OTIBITE UX MCIIOJIb30BAHUS;

B cpasHumenvhblil aHaIu3 KEMCOB BHeEIpe-
HUsl OJOKYelHA B TOCYHApCTBEHHBIX U KOpIOpa-
TUBHBIX MTPOEKTax [6—8], UTO MO3BOJIUIIO BHISIBUTH
YHUBEpCaJIbHbIE YEPThI, BIUSIOIINE HA yCIEX WU
Hey/1a4y [IPOEKTOB;

B cunme3 NoOJY4YEeHHbIX pe3ybmamos B BULE
peKOMEeHIauui JUIsl yIpaBJIeHIIEB, CTPEMSILIUXCS
BHEJPUTH OJIOKYEHH B MPOLIECCHl NPHUHATHUS pe-
LICHUH.

s wiumroctpanuu ObUTH 0TOOpaHBI MOKa3a-
tenbHble puMepsl (Poccus, I'py3us, Dcronus,
yacTHbBIN cextop CIIIA), mo3Bosgroniue OleHUTh
MHOroo0pasue CleHapueB NPUMEHEHHS] TEXHO-
JIOTHH.

468

Teoperuyeckue OCHOBbI IPUMEHEHUS
O10Kk4esiHa

[Ipexe yem nepeiiTi K KOHKPETHBIM Pe3yiib-
TaTaMm, KpaTko pacCMOTPHM 0a30BbIC MpEeUMYyIIe-
CTBa U OCOOEHHOCTH OJIOKYEliHA, IEIAlOIAe €0
MIPUBJICKATEILHBIM TSI YIPABICHYCCKUX peIe-
Huii [9; 10]:

B JeyeHmpanu3o8aHHoe XpaneHue OaHHbIX:
OTCYTCTBHE E€IMHOTO ICHTPAJIBLHOTO Yy3Jia IMOBHI-
IIaeT 0TKa30yCTOMYMBOCTh M CHHIKACT PUCK 3J10-
ynoTpeOIeHnl BIacThIO;

B HeusMeHseMoCmb 3anucell. Kaxaas ornepa-
U IPOXOMTUT BEPUPHUKAIIIO CETHIO, 3 I3MEHEHHE
paHee 3aperucTPUPOBAHHBIX OJIOKOB KpaifHe 3a-
TpynHuTenbHo [11];

B 1pO3pauHOCMb. TIOJIb30BATENN CETH MOTYT
BUJICTh XPOHOJIOTHIO TPaH3aKIWH, YTO yIydIlacT
KOHTPOJIb ¥ KAY€CTBO ay/uTa;

B ggmomamusayusi ¢ NOMOWbI0 CMAPM-KOH-
mpakmog: MpU HACTYIUICHUU 3aJJaHHBIX YCIOBUUI
aJTOPHUTM UCHOJHACTCS CaMOCTOSATEIBHO, HCKITIO-
yas «4dejoBeueckuit pakropy» [12].

2. Pe3ynbTaThbl U 00CYyXaeHUue
2. 1. YnpasneHne yernovykamu rnoctaBok

B m106anbHbIX IenoYKax MoCTaBoK, IIe y4acT-
BYIOT JECSTKH KOHTPAareHTOB, OJOKYEHH I103BO-
JsIeT aBTOMAaTH4eCK (PUKCHPOBATh JBH)KEHHE TO-
BapoB Ha KaxkJioM 3tarie [7; 15]. 1o cHmxaet Mo-
HICHHUYECTBO, YCKOPSET IPOBEPKY KayecTBa  IMo-
BBIILIAET I0BEPUE MEXK/Ty MapTHEPaAMHU.

2.2. JokyMeHTO000pOT u ugeHTudnkaymns

l'ocynapcTBeHHBIE yCIIyTH, CBS3aHHBIE C BBbI-
nadel cepTu(UKaToB, perucTpanneil HelBUKUMO-
CTH, UACHTU(UKALMEH TPaKaaH, CTAHOBSTCA 3Ha-
YUTEIbHO NPO3pauyHee ¢ BHEIPEHUEM OJIoK4eliHa
[9; 16]. YMeHbIIaeTcss OymakHasi OHOpOKpATHS,
CPOKHM IPHUHATHS PELIEHUI COKpaIlarTcs, a BO3-
MOYKHOCTb IOJJEIKH JOKYMEHTOB IPAKTHYECKH
HCKITIOYAEeTCsl.

2.3. MMpeumyyecTBa 610k4esiHa

OcHOBHBIE TIpeUMYIIIeCcTBa OJIOKYEHHA B KOH-
TEKCTE YIPaBICHUYESCKUX MPOIIECCOB 00OOIICHHI B
Tadm. 1.
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Tabmuya 1/ Table 1

OCcHOBHbIe NpeuMyLLecTBa GsioK4YeiiHa B yripaBneHum /
The main advantages of blockchain in management

Mpeumywecteo / Advantage

OnucaHue / Description

MpospayHocTb / Transparency

Bce 3anucum BugHbl ysacTHuKam cetn /
All entries are visible to network members

HenamensemocTs / Immutability

CrOXHOCTb BHECTU N3MEHEHUS B Y>K€ NoATBEepPXOeHHble 6510Kkn /
The difficulty of making changes to already confirmed blocks

BesonacHocTb / Safety

KpunTtorpaduyeckne mexaHn3mbl 3aLmLLAOT AaHHble /
Cryptographic mechanisms protect data

CokpalleHne nocpegHuKoB /
Reducingintermediaries

OTCyTCTBUE LLEHTPANBHOIO Y3/1a YMEHbLUAET TPaH3aKLMOHHbIE N3AEPXKKM /
The absence of a central node reduces transaction costs

MoBbiweHne apHEeKTUBHOCTN peLueHnin /
Improving the efficiency of solutions

AsTOMaTM3aums psaa npoueayp (CMapT-KOHTPaKTbl, MPOBEPKAa AaHHbIX) /
Automation of a number of procedures (smart contracts, data verification)

W cTo4HwMK: BbinonHeHo T.M. Tanna ®@oHraHr /
Source: byT.P. Talla Fongang

2.4. TexHn4eckne v opraHn3aynoOHHbIE
b6apbepsbl. MacutabupyemocTts

[Ty6manbte 6mokgeitasl (Bitcoin, Ethereum)
MMEIOT OTPaHUYEHHS 110 POITYCKHOM CIIOCOOHOCTH
[14; 15]. B ycioBUsIX MacCOBBIX yIPaBIEHYECKUX
MIPOIIECCOB ATO MOXKET CTATh Y3KUM MecToM. Yact-
HbIe (private) OJIOKYCHHBI OTYACTH PEIIalOT MPO-
O1eMy, HO CHIDKAIOT YPOBEHb JEICHTpaTH3aI1H.

2.5. HexBarka komnereHuyuni

KoMnanum n rocopranbl HEPEAKO HCIILITHI-
BaroT He(bHHHT CIICcuraancCToOB, CITOCOOHBIX OJHO-

BPEMCHHO INOHUMATb TEXHUYCCKUE ACIICKThI U ous-
Hec-tipouecchl [16; 17]. OTo 3amenisieT BHeIpe-
HUE U MOBBIIIAET CTOUMOCTh IPOEKTOB.

2.6. CpaBHeHHe ycrieLHbIX U HeYAa4YHbIX KericoB

Heckonbko mpumepoB BHeApeHUs OnoKveiiHa
B TOCY/IapCTBEHHOM U KOPIIOPaTHBHOM CEKTOpax ¢
OTPAKCHHEM KIIIOUEBBIX (HaKTOPOB yclexa WiIn
IpoBaJia MpUBEEHBI B Ta0. 2.

B3anMocCBsI31 MEX Ty TEXHOJIOTMYECKUMH dJIe-
MeHTaMH OJIOKYelHa M YIpPaBIE€HYECKHUMH IIPO-
LeCCAMM OTPAKEHBI HA PUCYHKE.

Tabnuya 2 / Table 2

Mpumepsbl BHeapeHus Giok4eiiHa v knto4veBble pakTopbl ycriexa/Heyaaum /
Examples of blockchain Implementation and Key Success/Failure factors

Mpumep / Example CexTtop / Sector

PesynbTtaTt / Result

Kniouesbie ¢paktopsbl / Key Factors

Focynpasnenue /
Public administration

Ipysus (peectp) /
Georgia (registry)

YcnewHas peanusauus /
Successful implementation

MonuTtnyeckas nopgaepxka, Bitfury, npo3payHas Hopma-
TnBHas 6asa / Political support, Bitfury, transparent
regulatory framework

OcTtoHus (e-Residency) / | FocynpasneHue /
Estonia (e-Residency) Public administration

YcnewHas nHterpaums /
Successful integration

MpoasuHyTas e-MHGPaACTPYKTYpa, AOBEPUE rpaxaaH /
Advanced e-infrastructure, citizens' trust

CLUA (4acTHble nunoThbl) / | KopnopaTuBHbIi /

PaanuyHble pesynstaThl /

HenocTaTtok eavHbIX CTaHOapTOB, MpPaBoBas Heonpene-

USA (privatepilots)

Corporate

Different results

neHHocTb / Lack of uniform standards, legal uncertainty

MpoekT X (ycnosHO) /
Project X (conditional)

KopnopatuBHbiit /
Corporate

3akpblTre npoekTa /

Closing the project specialists

M cTo4HwMK: BbinonHeHo T.MN. Tanna ®@oHraHr /

Source: byT.P. Talla Fongang

OTCyTCTBME COrNAacoBaHHOW CTpaTeruun, Hexsatka cne-
umanuctoB / Lack of a coordinated strategy, lack of
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PacnpeaeneHHblii peecTtp /
Distributed ledger

Y3nbl cetn /

Network nodes

/

Jiurnctuyeckune ueno4km /
Logistics chains

FocynapcTBeHHbIe /
Governmental

KopnopaTuBHbie y4acTHUKM /
Corporate participants

W

CMapT-KOHTPaKTbI /
Smart contract

TpaH3akuusa /
Transactions

~. ./

Fpaxpane /
Citizens

JAokymMmeHTOo060pOT /
Document flow

CxemaTunyeckoe npeacTaBfieHMe B3aMMOAENCTBUS BokyeriHa 1 ynpasfieHYeCckMx NpoLeccoB
M ¢ To4HuMK: BoinonHeHo T.M. Tanna GoHraHr

Schematic representation of the interaction of blockchain and management processes
Source: byT.P. Talla Fongang

2.7. HayyHas HoBU3Ha mn npaKkTuyeckas
3HaYyuMocTs

PaboTa KOMIUIEKCHO paccMaTpuBaeT BIUSHUE
OJloKueifHa Ha pa3JWYHbIE ACTIEKTHI MPUHATHS
yIpaBICHYECKUX PEIICHUI: OT JOKyMEHT0000OpOoTa
710 JIOTUCTUKU. B oTiinyme ot psiia ucciaenoBaHmid,
(OKYCHPYIOLIUXCS TOJNBKO Ha TEXHUYECKOW CTO-
pone [13; 11], naHHOE HCCIenOBaHUE AKUEHTUPYET
BHUMaHHE Ha OPraHNW3aIlMOHHBIX U MPABOBBIX (ak-
TOpax.

Pesynbrarsl MOTYT OBITH HCTIOIB30BaHbI TOCY-
JApCTBEHHBIMH OpraHaMU U KOPHOpPALMAMU MIPU
pa3paboTKe MOPOXKHBIX KapT BHEAPEHUs OJIOK-
yeiiHa. Jlaaabie 0 Oapbhepax U pakropax ycrexa
MOT'YT JIedb B OCHOBY METOIUYECKHUX PEKOMEH[a-
LUH JJIs1 pyKOBOAUTENIEH MPOEKTOB.

3aknioyeHve

Biaox4yeiiH mo3BOJISIET MOBBICUTH MPO3paU-
HOCTH M JIOBEpHE B MpOIlECCax MPUHITUS pelle-
HUI, BBICTYIIAs! HAJIS)KHBIM HHCTPYMEHTOM XpaHe-
HUS ¥ BepU(DUKAIK JaHHBIX.

1. Haubonee nepcnexkmuernvie cgpepwi nis
BHEJIPEHHS: YIIPABICHHUE [IETIOYKAMH TIOCTAaBOK, TO-
CYIapCTBEHHBIE PEECTPHI, AIEKTPOHHBINH TOKYMEH-
TOOOOPOT, CMapT-KOHTPAKTHI.
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2. OcHosHble bapbepbl: IPaBOBas HEOIIPE-
JIENIEHHOCTh, TEXHUYECKHE OrpaHYeHHs (MacIiTa-
OUpPyeMOCTb, CKOPOCTb TPAH3AKIIHIA), HEXBATKa ITPO-
(eccnoHalioB, HETOTOBHOCTh OpPTaHU3AIMA K Kap-
JTUHAIBHOMY TIEpeCMOTpYy OM3HEC-TIPOIIECCOB.

3. Pexomeroayuu: HEOOXOANMO pa3BUBATh
HOPMAaTHBHO-TIPaBOBYI0 0a3y, (pOpMHUPOBATh CETh
[IEHTPOB KOMIIETEHIIMN 10 OJIOKYEHHY, BHEIPSThH
rHOKHME MOJIETTN KOPIIOPATUBHOTO YIIPABIICHUS, HH-
TErpUPYIOLINE paclpeelieHHbII peecTp ¢ cylie-
CTBYIOIIMMH CUCTEMaMHU.

4. Ilepcnekmugol uccnedoaHuii: yriyo-
JIEHHBIN aHAJIU3 YKOHOMHYECKOH 3(()EKTUBHOCTH
0JI0KUEHH-TIPOEKTOB, pa3paboTKa MPUKIIAIHBIX Me-
TOAMK BhIOOpa 1IatdopMel, GopMHUpPOBAHKE KOH-
COJMIUPOBAHHBIX MEXKTyHAPOIHBIX CTAH/IAPTOB.

[TogBoas uTOTr BBINIECKa3aHHOMY, MOXKHO OT-
METHUTb, YTO OJIOKYEHH-TEXHOJIOTHS YK€ JJoKa3aa
CBOIO LIEHHOCTH B OTJENIbHBIX Kelcax, HO JIJIs IIH-
POKOTO BHEIpEHUs! TpeOyeTcsi CHCTEMHas Mpopa-
0OTKa MMPaBOBBIX M OPTaHU3AIIMOHHBIX ACIIEKTOB,
a TaKKe Pa3BUTHE IU(PPOBBIX HABBIKOB Y YIPaB-
JICHIIEB ¥ TEXHUYECKUX CIICIIHAIIICTOB.

Bynymiue nccrnenoBanus MOTyT OBITh HarpaB-
JICHBI Ha pa3pabOTKy METOIMYECKUX PEKOMEH[a-
11 0 BBIOOPY OJI0KYEeHH-T17IaT(OPM B 3aBUCUMO-
CTH OT CTICHU(HUKHN OPTaHNU3AINH U OI[CHKY SKOHO-
MU4YeCKOr 3(p(hEeKTUBHOCTH TaKUX MPOEKTOB.
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MpumMeHeHue reHeTU4YeCcKoro anropuTma
A9 3apa4 NPOeKTUPOBaHNSA MarucTpasbHbIX ra30NpoBoAOB

B.K. JIo6anos™, M.C. Kongpammnua®™, III.M. I'axxuen

Poccuiickuit yHuBepcuteT npyx0b1 HaponoB, Mockea, Poccuiickas @edepayus
>4 1132236536@rudn.ru

Hctopus cratbu AHHoTanus. VccrnenoBan Bompoc OLIEHKM HOBOTO MOJAXOAA JIs Ipolecca
MIPOEKTUPOBAHUS MapIIpyTa TPyOOIPOBOAA C IOMOIIBIO CUHTE3a AJITOPUTMOB
HCKYCCTBEHHOT'O MHTEJIJIEKTA U JJAHHBIX AUCTAHLIMOHHOTO 30HIUPOBAHMS 3eMIIH.
B nemnsix 3¢ GeKTHBHOTO CTPOUTENBCTBA I'a30IIPOBOIOB HEOOXOANM TIATEIb-
HBIIl KOMIIJICKCHBIH aHaIM3 MHOXECTBA TI'€OJIOTHUECKUX, 3KOJIOTMUYECKHX,
9KOHOMHYECKUX U HHPAacTpyKTypHBIX hakTopoB. [IpoekTrpoBanue Mapi-
pyTa OCHOBAHO Ha MPUHIMIIC TOCTPOEHUS TPACKTOPUM HAUMEHBIIIEH CTOUMO-
ctu. [{s aToro mpoBeneH MHOTO(aKTOPHBINA aHaIH3 TEPPUTOPHH TI0 KITIOYe-
BBIM ITapaMeTpaM, BIUSIOIUM Ha ()MHAHCOBBIE 3aTPAThl IPU CTPOUTETHCTBE.
BrineneHs! cieayronye rpynibl IPH3HAKOB: BOAHBIE IPETPaIbl, FeoMopdoo-
rudeckue (paKTopHl, CYIMIECTBYIONIAE TPAHCIIOPTHBIE MAaTHCTPAIIH, 0CO00 OXpa-
HSIEMBIC MIPUPOAHBIC 30HBI U OIM30CTH K KPYIHBIM HACEIEHHBIM ITyHKTaM.
V3ydeH u aqanTUPOBaH MOAXOJ MHOTO(AKTOPHOTO aHAIIN3a IIPUTONHOCTH, HA
OCHOBE KOTOPOro (popMHpOBanIach Kapra CTOMMOCTH, UCTIONIb3yeMast IIpU HO-
HCKe ITyTH HaWMEHbIIeH cTOMMOCTH. OCHOBHBIM pPe3yIbTaTOM PabOTHI SBIIS-
€TCsI HOTy4YEeHHOE TPOTPaMMHOE pellleHre, 00eCIIeYNBaIOIIee ONTUMU3AINIO
BECOBBIX KO3((QUINEHTOB IpU MHOTO(AKTOPHOM aHANIM3E TEPPUTOPHUIl Uit
MPOKJIaJKH MarucTpajbHbIX I'a30IIPOBOAOB HAa OCHOBE '€HETUYECKOIO ajro-
purMa. K npenmymiecTBaM npeagokeHHOTO MOX0/1a OTHOCATCS aBTOMAaTH3a-
1M1 TIpoliecca U yueT peruoHalbHbIX 0COOEHHOCTe TeppuTopuil. B kauectBe
MPaKTHYECKOTO IPUMEHEHUsI pa3paboTaHbl TPAeKTOPHH, 00€CIIEUNBAIOIIIE Pe-
nreHue 3anauu rasudukanmu Kpacnospcekoro kpas Poccuiickoii deneparyu.

[Hoctynuna B penakuuto: 2 uronst 2025 r.
Jopabotana: 22 centsi6ps 2025 r.
IMpunsra k my6aukanuu: 30 ceHtaops 2025 r.

3asBileHHE 0 KOH(PJIUKTE HHTEPEeCcoB

ABTODBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

KniodeBble cj10Ba: IUCTAHIIMOHHOE 30HAUPOBAHUE 3€MIIM, IBOMIOLHOHHBIN
aITOPUTM, MOVCK ITyTH HAUMEHBIIEH CTOMMOCTH, ONITHMH3AIH, TPACCHI TPY-
GomnpoBoja, anroput™M A*
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Abstract. This study investigates the evaluation of a new approach for the pipeline route
design process using the synthesis of artificial intelligence algorithms and Earth remote
sensing data. For the effective construction of gas pipelines, a thorough comprehensive
analysis of various geological, environmental, economic, and infrastructural factors is
necessary. Route design is based on the principle of building a trajectory with the lowest
cost. For this purpose, a multifactorial analysis of the territory was conducted according to
key parameters that affect the financial costs during construction. The following groups of
features were identified: water barriers, geomorphological factors, existing transport routes,
specially protected natural areas, and proximity to large settlements. The approach of
multifactorial suitability analysis was studied and adapted, on the basis of which the cost
map used in the search for the path of lowest cost was formed. The main result of this study
is the obtained software solution, which provides optimization of weighting coefficients in
the multifactorial analysis of territories for laying main gas pipelines based on a genetic
algorithm. The advantages of the proposed approach are the automation of the process and
consideration of the regional characteristics of the territories. As a practical application,
trajectories have been developed to solve the problem of gasification in the Krasnoyarsk
Territory of the Russian Federation.
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BeepeHue ro()aKTOPHOTO aHAJIN3a TPUTOJHOCTH TEPPUTOPUH;
MIPUMEHEH TeHETUIECKUH aJITOPUTM JJISl OTITUMH3a-
1M BECOBBIX KOA(DPUITMEHTOB (haKTOPOB; Mpe-

JIO’KEHBI BApUAHTHI TPACKTOPHUI ra30MpoBOJIA.

[IpoextupoBanue TPyOOIPOBOIOB SBISIETCS
CJIOKHOW MHXKEHEPHOH 3a/1aueld, Tpedyroliei cre-

[IHATUCTOB U3 PA3HBIX cep HAYKHU U COTEH YacoB
JUISL OLICHKH pa3HbIX (PaKTOPOB: I'E€0JIOTHYECKUX,
9KOJIOTHYECKUX, YKOHOMHUYECKUX U MHPPACTPYK-
TypHBIX [1].

[Tpu cTpouTeNnbCTBE MPOTSHKEHHBIX MAarUCTpa-
Jel Nake He3HAUNUTENIbHbIE W3MEHEHHS TPAaeKTO-
puu TpyOOmpoBoJia MPUBOASAT K CYIIECTBEHHOM
SKOHOMHH PECYPCOB.

Lenv uccneoosanus — pazpaboTka MeToa
NPOEKTUPOBaHUsI MapuipyTa TpyodomnpoBoaa. s
JOCTHKEHUSI 1eu ObUIM pelIeHBl CIeAyIoIne
3a/la4yM: U3y4eHa BO3MOKHOCTb IPUMEHEHHUSI MHO-

HoBu3Ha mojxona 3akiro4aeTcsi B MpUMeEHe-
HUM TCHETUYECKOro ajropuT™a jisi mojdopa Be-
COBBIX KO3((unmeHToB (HakKTOPOB HAa OCHOBE CY-
HIECTBYIOIIUX TPYOOIPOBOIOB, YTO MO3BOJISIET Pe-
IaTh 33Ja4y Ja)xe MPU OTCYTCTBHH KCIIEPTHOU
OLICHKH BIHSHUS (DAKTOPOB HA CTOMMOCTH paboT
M0 IPOCKTHPOBAHUIO MAPIIPYTA.

B xadecTBe KOOpIMHAT HavYasla ¥ KOHIA IIPO-
E€KTUPYEMOTr0 ra3oBOro Tpy0ompoBoga paccMoT-
peHbl KOBBIKTHHCKOE Ta30KOHJICHCATHOE MECTO-
poxiaenue, ropoq HoBocuOUpCck M y4acTok B
okpectHOCTX KpacHosipcka. BeiOop cBsizaH ¢ TeM,
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9TO ypoBeHb razudukanuu KpacHospckoro kpas B
CpeITHEM COCTaBIIsieT OKoJIo 19 %, 4To 3HAUUTETHHO
HUIKE CPEJIHErO MoKas3aTeIs o cTpane — 73 %!

B HedrerazoBoil orpaciu ITaHHPOBAHHE
MapIpyTa OCHOBaHO Ha MUHUMH3AIMH 3aTpaT Ha
CTPOMUTENBCTBO U IKCIUTyaTalrio TPyOOIPOBOIOB:
MIPOEKTHPOBAHNE TPACKTOPUHU TPYOOIIpOBOIa Tpe-
OyeT MOCTpOeHHsI MyTH ¢ HaUMEHbBILIEH CTOMMO-
CTBIO MPOKJIAAKH [2; 3].

1. MeToab!

1. 1. MHOrogakTopHbIii aHanns
NPUrogqHoOCTU TEPPUTOPUN

CTouMOCTh IPOKJIAIKK B UHTEPECYIOMIEH 00-
JaCTH OMPEICISIETCS METOJOM aHAIHM3a TPUTOJ-
HocTtu Tepputopun. Cozmaercss KapTa MPUT0THO-
CTH, TJI€ KaXKJIbIii TUKCEh KapThl UMEET 3HaYCHUE,
o0o03HavaroIIee, HACKOJIBKO KOHKPETHBIN YIacTOK
IIOJIXOMMT JIJIsS HCTIOJIb30BaHuA [4].

B namem cimyuyae utoroBasi KapTa MpUTOTHO-
CTH TIpEeACTaBIsIET cOO0N KapTy CTOMMOCTH TIPO-

XOXJICHUS MapipyTa [5; 6], B KOTOpOoit yem Osmxe
3HAYEeHUE IHUKCeNs K HYJI0, TeM BBIFOJHEE 00-
nacTb. [lepBbIM 3TarioM NpoBeCHHS aHAIN3a IPU-
TOJHOCTH SIBJISIETCS OTpesesieHne (pakTopoB, BIH-
SIFOIITAX Ha CTOMMOCTB [7].

Brinu BbICNICHBI ClIeAYIOIIHME TPYIIbI IpU-
3HAKOB, YCIIOKHSIOUIUX TIOCTPOUKY TpyOOnpoBoa:
BOJIHBIE TIPETPAJIbl, OCOOCHHOCTH pelbeda, TpaHC-
MOPTHBIE MarucTPaIx U 0CO00 OXpaHIEMBbIE 30HBI.
JlononHuTENBHO OBLT paccMOTpeH (akTop O6JIu30-
CTH K HaCeJICHHBIMH ITYHKTaM JJIsl OaJlaHCca MEXITY
JIOCTYITHOCTBIO U O€30I1aCHOCTHIO TPyOONIpOBOAA.

OcHoBoii 17151 hopMupoBaHUs (PAKTOPOB MPHU-
TOJJHOCTH MOCITYXWUJIM JaHHbIE U3 JABYX MCTOYHH-
xoB: OpenStreetMap (OSM)?, 1aHHBIE 13 KOTOPOTrO
MOJIy4asuch Tpu nmomoinu miaruaa QuickOSMB
QGIS, u obmaunoro cepsuca Google Earth Engine
(GEE). Undopmanus o BeirpykaembiM u3 OSM
dakropam mpexacraBieHa B Tabn. 1. BektopHbie
JTaHHBIE TIPE0OPa30BBIBAIUCH B PACTPOBbIE U300-
pakeHwusl, rie 3HaueHue 1 0603Havano Hajau4ue
¢axTopa, a 0 — ero oTcyTCTBHE.

Tabmuya 1/ Table 1

AaHHble, o6pabaTbiBaemblie B QGIS / Data processed in QGIS

dakTop / Factor

Ter Bbirpy3ku / Export tag

Tun paHHbIX / Data type

BonoTta 1-1 Tun / Wetlands 1st type Wetland = Bog

Monwvron / Polygon

Bonota 2-i Tmn / Wetlands 2nd type Wetland = Fen

Monwvron / Polygon

Bonota 3-11 Tnn / Wetlands 3rd type

Natural = Wetland (- Fen, Bog)

MonuroH / Polygon

Peku / Rivers Waterway = River

JnHwng / Line

AsTopoporu / Highways

Highway = Motorway | Trunk | Primary | Secondary

JlnHnga / Line

JKenesHble goporu / Railways Landuse = Railway

JNnHng / Line

M cT0o4HwMK: BbinonHeHo M.C. KoHapatwmHo / So ur ¢ e: by M.S. Kondrashina

B GEE o6pabaTeiBanucey HaOOpHI JaHHBIX:
uudposas monens pensedpa SRTM* s pacuera
YKJIOHOB, CHUMKH HOUHO# ocBemenHoctd VIIRS®
3a nepuox 01.01.2024 — 31.01.2025 nns onpee-

JICHHUS yIAJICHHOCTH OT JKHMJIBIX 30H M IOJIMTOHBI
0c000 OXpaHSEMBbIX MPHPOJIHBIX TEPPUTOPHI
(OOIIT) u3 6a361 WDPAS®. YKIIOHBI yUHTBIBAIIHC

IO CJeyIoeMy IpaBuily: 3HaueHue Menee 20° —

' Hawxosa JI., Cmupnoe I'. «a3npom» Hayal IpoeKTHPOBaHUe rasonposoja amuHoit 700 kv B Kpacuosipek // PBK. URL:
https://www.rbc.ru/business/31/08/2023/64f0a5259a79473{f6£6c945 (nata obpamenus: 21.04.2025).

2 OpenStreetMap. URL: https://www.openstreetmap.org/#map=14/-1.32006/36.89358 (accessed: 21.04.2025).

4 NASA SRTM Digital Elevation 30m. URL: https://developers.google.com/earth-engine/datasets/catalog/USGS_SRTM

GL1_003 (accessed: 21.04.2025).

5 VIIRS Stray Light Corrected Nighttime Day/Night Band Composites Version 1. URL: https://developers.google.com/
earth-engine/datasets/catalog/NOAA_ VIIRS DNB_MONTHLY V1 _VCMSLCFG (accessed: 21.04.2025).
¢ WDPA: World Database on Protected Areas (polygons). URL: https://developers.google.com/earth-engine/datasets/cat-

alog/WCMC_WDPA _current_polygons (accessed: 21.04.2025).
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0,5, ot 20° no 40° — 0,8, a cBeime 40° — 0.9.
Y 1aJeHHOCTh OT HACEJIEHHBIX ITYHKTOB PACCUUTHI-
Bajach 4epe3 eBKJIMUOBO PACCTOSHUE U WHBEPTH-
poBaJiach JIsi COOTBETCTBHS JIOTHKE aHAIN3a, TJe
1 — 3T0 30HBI BOIHM3H TOpoI0B, a 0 — yaajaeHHbIe
Teppuropun. Taxke 100aBIsIHCh OyepHbIe 30HBI
BOKPYT HEKOTOPBIX (hakTopoB. Hampumep, st aB-
TOJIOPOT yCTaHaBIUBAICS Oydep 25 M, s xKenes-
HBIX gopor — 50 M, a 1t 6070T U pek — 30 M.
OTO MO3BOJUJIO y4ecTh HE TOJBKO HEHocpes-
CTBEHHOE HaTN4ue 00BEKTOB, HO U BIUSHUE 30HBI
BOKPYT.

Ha ocHoBe 00paboTaHHBIX MaHHBIX ObLIA
copMHpOBaHa KapTa CTOUMOCTH C IPHMEHEHHEM
METOJOB pacTpoBoil anreOpsl. PaccunteiBaercs
B3BemeHHas cymMmma (aktopoB (6e3 OOIIT), 3atem
JUTSL KCKITIOYEHHST 0C000 OXpaHSAEMBIX PUPOIHBIX
TEPPUTOPHUIl BBHIMOIHACTCS YMHOXEHUE DPE3Yilb-
tata Ha OuHapHyro Macky OOIIT, obnystomiee
3Ha4YeHHEe CTOMMOCTH B 3THX 30Hax. Ha 3axmroun-
TEJIHHOM JTare HyJeBble 3HAUCHUS 3aMEHSIOTCS
Ha OECKOHEYHO BBICOKYIO CTOMMOCTH (0), UTO UC-
KITIOYAeT MX M3 PACCMOTPEHHs aIrOPUTMOM IIO-
WCKa ITyTH HanMeHbIel crommocti A* [8]. Kaxk-
JIBIH TUKCEIb (PUHANBHOW KapThl OTPAXKAET yBEIH-
YEeHHE CTOMMOCTHU TIOCTPOCHUS Iy TH.

1.2. leHeTuyeckuii aroputm
AJ151 ONTTUMMN3 LN BECOBbIX
Koa@ppuymneHToB pakTopos

TpaauLMOHHO /U1 OLEHKU (PaKTOPOB HCIIOJIb-
3YyIOT 3KCIepTHBIN noaxon. [Ipu ananuse nurepa-
Typbl ObUIM HalJCHBI CBEJCHHS O TOBBIIAIOLIIX
KodpdUIMEeHTax AJsl pacyeTa CTOUMOCTH CTPOU-
TenbcTBa 1 KM TpyOOMIpOBOIa, TPOKIIAIBIBAEMOTO
B CJIOKHBIX YCJOBHUSIX WJIM Ha MEPECEYCHHSIX C
€CTeCTBEHHBIMU U MICKYCCTBEHHBIMU TPETSTCTBU-
amu’.

JlanHble BecOBBIC KOI(POHUIUEHTH OBLIH
HOPMAaJN30BaHbl U BBHIOpaHbI B KaYeCTBE OMOP-
HBIX. B Xoze wmccnenoBaHust u3ydancs BOIPOC:
HACKOJIBKO MOJTydeHHbIe KOA(p(UIUEHTH! (aKTo-
POB aKTyaJbHbI U HNPUMEHHMBI K Haleil Teppu-

topun? Kakum o0pazom He NpeICTaBICHHbIE B UC-
ciefoBaHMsIX (aKTOPbI CIeAyeT oneHuBaTh? Bos-
MOJKEH JIM aHaJH3 MPH OTCYTCTBHH IKCIIEPTHBIX
O1leHOK? MBI NMPUMEHWIN 3BOJIFOLMOHHBINA aro-
PHUTM, B KOTOPOM B Ka4ecCTBE 3TAJOHA HCIIOJB30-
BaJICsl CYILIECTBYIOIIUN TPyOONPOBO/I, U HA €0 OC-
HOBE TIOJTy9aJIi BECOBbIE KOO PHUIMEHTHI [T Kaxk-
JIOTO UHTEpECYIoIIEero akropa.

I'eneruuecknii anropurm (I'A) — 310 anamn-
TUBHBIN IBPUCTHYECKHI METOJ] TIOMCKA, OCHOBAH-
HBIi HAa TPUHIUIAX €CTECTBEHHOro OTOOpa u3
ouonornu. BriepBeie ObUT TpeyiokeH B 1975 T.
Jlxonom XomrangoMm B kHHMre «Adaptation in
Natural and Artifical Systems» [9].

[Ipumenenue I'A 1 moadopa BECOBBIX KO-
3 PHUITEHTOB, BIUSIOIINX HA CTOMMOCTb ITPOKJIATKI
ra3ornpoBo/Jia, npuseaeHo Ha cxeme 1 (puc. 1).

B anropurme ocobu nomynsnuy npeacTaBiis-
I0TCS B BHUjE€ HabOpa BECOB KaXIoro (axropa.
KirodeBbIM OTJIMYHEM MPEII0KESHHOTO PEIICHHUS
OT OOIIENIPUHATOTO SIBJISIETCS OJIOK CENEKITHH, TO0-
CKOJIBKY OlI€HKa BECOBBIX K03()(PpUIIMEHTOB pou3-
BOJMTCS Ha OCHOBE ITOCTPOCHHOTO MaplipyTa.
CrnemoBaTenbHO, IS KaKI0H 0COOH HEOOXOIMMO
MOJYYUTh KapTy CTOMMOCTH W CIIPOSKTHPOBATH
MapuIpyT Ha OCHOBE ainroput™ma A*, mocie dero
paccymMTaTh CTENICHb CXOXKECTH MEX/TY OTIOPHBIM U
MOCTPOCHHBIM MapIIPyTaMH.

B kak10M MOKOJICHUH JTy4IlIie KOMOUHAIMH
BECOB «BBDKHMBAIOT» M JIAIOT MIOTOMCTBO, TO €CTh
I'A no3BosnseT NONy4YUTh 3HAYEHHUE Beca, OINTH-
MaJIbHOT'O JIUISI UCCIIEAYEMBIX TEPPUTOPHATBHBIX
YCJIOBHIA.

B pabote cocraBnsromme OJIOKH alrOpUTMA,
OTHUCBIBAIOTCS CieayromuM oopaszom [10]:

1) cenexyus — BBIOOP poauTeENe It CKpe-
muBanus. [IpuMensicss TypHUPHBINA IOAXO0X, U3
5 oco0eit BeIOMpaach 0JIHa C MAKCUMAJILHBIM 3Ha-
YEHHEM OICHKH,

2) oyenxa npucnocobaennocmu (fitness) —
COBIMAJIEHUE MapUIPyTOB (ITOCTPOCHHOTO M IieJie-
BOT0) M X Oy(pepHBIX 30H C UCTIOJIH30BAHNEM KO-
s dunmenta Kakkapa, BRIYUCIIEMOTr0 KaK OTHO-

7 CII 36.13330.2012. MaructpasbHble Tpy60npoBobl. AkTyanusuposanHas peaakuus CHull 2.05.06-85. Jlata BBeieHuUs

2013-07-01.
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[ICHHUE pa3Mepa UX MEepPeceYeHHs K pa3Mepy ux
00bEIMHCHUS,

3) ckpewusanue — KOMOMHAIUS TE€HOB PO-
JMTENeH [T CO3JaHus TIOTOMKOB. B mpeioxen-

OueHKa Kaxgoro HAYANO / START
Habopa BecoB /
fitness evaluation for o 000000 0 A
each weightset -
i ¥
WHnumanusauus
nonynsiuum (secos) /
MocTpoeHue kapTbl Weight population
cToumocty / initialization

Cost surface map

— HeT/no

Y Y

sismilarity coefficient)

MyTaums /

r
—
Haxoxgenve . »|  Cenekums / Selection
MapLpyTa HauMeHbLIeH
*!

croumocty (A*) /
Last coast path
calculation (A¥)

Y

CkpewmBaHue | Crossover
h 4
Fitness
(koacpcpuumenT XKakkappa) /
Fitness (Jaccard ¥

HOM PCIICHUU HCIOJIb30BAJICA apu(PMETHICCKHUI
meton, rae Child = a x Parentl + (1 —a) x Parent2;

4) mymayuss — clydaifHOE U3MEHECHHE TEHOB
(Beca omHOTO (hakTOpa).

MpeBbiweHo yucno
nokonexuit? / Maximum
generations reached?

palyes

KOHEL| / END

HoBas nonynsums /
New population

Mutation

Puc. 1. Anroputm pa6oTsl A ona ontumusaummn sBecos GakTopos
M cT04HwMK: BbinonHeHo M.C. KoHapaluvHon

Figure 1. Genetic Algorithm for Optimizing Factor Weights

Source:byM.S. Kondrashina

2. Pe3aynbTaTtbl N 06CyXaeHue

B xagectBe omopHOTrO TpyOOmMpoBOAa OBLI
BbIOpaH ydacTok Mapuipyta Omck — UpkyTck,
KOTOPBIH MpoJieraeT depe3 O0bIIyro 9acTh 00a-
CTH MHTEpeca U IpezcTaBieH Ha puc. 2. s o0y-
YeHUsI ObLTH BBITPYKEHBI BCe (PAKTOPHI C MacIITa-
60oM pactpoBoro uzobpaxenus 500 m/mkc. OCHOB-
HBIE TTApaMETPHI UCTIONIb3YEMBIE BO BPeMs ITOUCKA
BecoB mpu oMot ['A, ipencTaBiieHs! B Ta0II. 2.

[To uroram oOy4eHUs: OBUIH TIOTYYEHBI HO-
BbI€ BECOBBIC KOA()(DHUIIMEHTHI TPEICTaBICHHBIC B
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TalJ1. 3 ¥ CIPOEKTHPOBAHBI MapPIIPYTHI Fa30MIPOBO-
0B Ha puc.3,a u 6. CpaBHUTEIbHBIA aHAIN3
MapIIpyTOB IMOKA3bIBAET, YTO UCIOJIb30BAHUE I'e-
HETUYECKOI0 aJIFOPUTMa JUIsl HACTPOWKH BECOBBIX
K03((HUIMEHTOB MO3BOJISIET MUHUMHU3UPOBATH Pac-
XOXACHUS MEXAYy MOCTPOCHHOW M 0o0ywaromen
Tpaektopueil. JlaHHBIN pe3yabTaT MOATBEPKAAET
3¢ (HEeKTUBHOCTh NPEIJIOKEHHOTO MOAX0MAa IS
HaX0’KJICHHs BECOB Pa3JINYHbIX IPU3HAKOB C yUe-
TOM TEPPUTOPUATBHON 0OCOOEHHOCTH.

Kpowme toro, B pamkax npoBeieHHOTO HCCIie-
JOBaHMs ObUTH pa3paboTaHbl TPACKTOPUH T'a30Ipo-
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BOJIOB JUISl TOCTHKEHUSI TIOCTABJICHHON menm —  JKuramoBo 10 3Toro e mecra. O6a TpydonpoBoza
razupukanmu KpacHosipcka. [lepBblif MapmpyT — mpeicTaBlIeHBI Ha pHC. 4 U 5 B IByX BapHaHTaX —
nposioxkeH oT HoBocuOupceka 10 ydacTka BOJIM3M — MOCTPOCHHE Ha OCHOBE HAYAJIBHBIX W IMOJI00paH-
KpacHosipcka, a BTOpoii — OT MECTOPOXKACHHS  HBIX KOA((OUIINEHTOB.

Tomck

HedGEh6Vpex
e}

Baprayn

Kemeposo

Bpatex

HoBsoxy3HeLK

MpkyTck

Puc. 2. YuacTtok HedTenpoeoaa OMck — MpKyTck (ToukamMm OTMEYEHbl PEKOMEHO0BAHHbIE

MecTa Hayasna 1 KoHLa ra3onpoBoAa, NpoekTupyemoro B paboTte)
M cT0o4HwMK: BbinonHeHo M.C. KoHapaluvHoin

Figure 2. Section of the Omsk — Irkutsk Oil Pipeline (points indicate the recommended

start and end locations of the gas pipeline designed in this work)
Source: made by M.S. Kondrashina

Tabnmya 2 / Table 2
MapameTpbl 06y4eHus A / Genetic Algorithm (GA) Training Parameters
MapameTtp / Parameter 3HaueHue / Value
Yucno nokonenuii / Number of Generations 10
Pasmep nonynsumn / Population Size 30
3HaveHne myTtaumm / Mutation Value 0,5
JononHuTtenbHbI NapameTp nepekpbiTue nyTen / Additional Parameter Route Overlap 500
M ¢ T04Hwk: BeinonHeHo M.C. KorapatwmHoi / So ur ¢ e: by M.S. Kondrashina
Tabmiya 3/ Table 3
Becosbie koadpPpuumneHTsl pakTopoB / Factor Weight Coefficients
@arrop Factor s | o e
Bonota 1-in Tun / Wetlands 1st type 0,5 0,5
Bonota 2-i Tmn / Wetlands 2nd type 0,9 0,4
Bonota 3-i Tn / Wetlands 3rd type 0,7 0,9
YknoH / Slope 1 0,9
Pekn / Rivers 0.7 0,4
AsTopoporu / Highways 0,6 1
KenesHble goporu / Railways 0,6 0,3
YpaneHHocTb OT xunbix 30H / Distance from Residential Areas 1 0,5

M c T04HwUMK: BbinosHeHo M.C. KoHgpawwuHon / So ur c e: by M.S. Kondrashina
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1e6 Predicted vs Reference Path

— Predicted Path
—— Reference Path
@ Predicted Start

Predicted End
Reference Start

® Reference End

1e6 Predicted vs Reference Path

— Predicted Path
—— Reference Path
@ Predicted Start

Predicted End
Reference Start

® Reference End

Puc. 3. HOCTpoeHHbIe MapLpyTbl HA OCHOBE: 4 — Ha4aJlbHbIX BECOB; 6— ONTUMN3NPOBAHHBLIX
W ¢ T04HuMK: BoinonHeHo M.C. KoHapalumHon

Figure 3. Constructed routes based on: a — initial weights; 6 — optimized
Source: byM.S. Kondrashina

—— Least Cost Path
@ Start

Puc. 4. MapwpyTt HoBocnbupck — KpacHosipck: a — HavanbHble Beca; 6 — ONTUMU3NPOBaHHbIE Beca
N cT04HuKK: BoinonHeHo M.C. KoHapalumHom

Figure 4. Novosibirsk — Krasnoyarsk route: a — initial weights; 6 — optimized weights
Source: byM.S. Kondrashina

=—— Least Cost Path
® stat
@® End

4000 8000 10000 12000 14000 16000

a

Y Al
—— Least Cost Path
@ Stat
@ End

4000 8000 10000 12000 14000 16000

6

Puc. 5. MapuwpyT XXuranoso — KpacHosipck: 8 — HadanbHble BeCa; 6 — ONTUMU3MPOBAHHbIE BECA
M cT04HwMK: BbinonHeHo M.C. KoHapaluvHon

Figure 5. Zhigalovo-Krasnoyarsk route: a — initial weights; 6 — optimized weights
Source:byM.S. Kondrashina

3aknyeHve

Uccnenoranue OBLIO TOCBSIIEHO THOPU-
HOMY TOAXONy, COSIHHSIONIEMY B ce0e MHOTO-
(haKTOPHBIN aHAIN3 TEPPUTOPUN U OTITUMH3IAITUIO
BECOBBIX KO PUITUEHTOB SISl TOCTPOSHUS MapIIi-
PYTOB C HCIIOJIb30BAHUEM T€OMPOCTPAHCTBEHHBIX
JaHHBIX. Peanuzaius Takoro mnoaxoza mo3BoJseT
Ha OCHOBE I€HETHYECKOTO aJITOPUTMa M 0TOOpaH-
HBIX MPU3HAKOB CO37]aTh KOMIUIEKCHYIO CHCTEMY
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[IPOEKTUPOBAHUS U NPUHATHUA PEUICHUS, COYETa-
IONIYIO TPEHMYIIECTBa MCKYyCCTBEHHOTO WHTEI-
JIEKTa U TeONPOCTPAHCTBEHHOTO aHAITU3A.

B xozne paboTs! mpoaHaIM3upOBaHbl MOTy4EH-
HBIE U3 OTKPBITBIX UCTOYHUKOB (DAaKTOPBI, BIUSIO-
IIME HAa CTOUMOCTB MTOCTPOCHUSI ra30MmpoBo0B. Pa3-
pabOoTaHHBI METOJ] ONTUMHU3AINHN BECOBBIX KOI(-
(UIMEHTOB C HCIOJIB30BAHUEM T'€HETHYECKOTO
aIropuTMa J0Ka3ay CBO 3PPEKTUBHOCTD JIJIS pe-
MEHUA 3aJa4i MPOCKTUPOBAHUA MATrUCTPaJIbHBIX
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TpyOomnpoBoaoB. [IpenmymiecTBaMu MpeIoKeH-
HOT'0 IOAXO/Ia SIBJISIFOTCSL aBTOMATH3alMs ITpoliecca
U y4eT PErHOHaIbHBIX OCOOEHHOCTEH TeppHUTO-
puii. B xadecTBe MpakTUYECKOTO MPUMEHEHUS
HaMH pa3paboTaHbl TPACKTOPHH IS PEIICHHS 3a-
nauu razudukanmu KpacHosipckoro kpas.
OrpaHu4eHus: BBIYUCIUTEIBHBIX MOITHOCTEH
MIPU TIPOBEICHUH SKCIEPUMEHTOB MO3BOJISUIH UC-
noJ1b30BaTh (pakTopsl B MaciTade 500 m/mke. Jaxe
IIPYU 3TOM TIOJTyYE€HBI YIYUIICHHS U ONTUMH3a-
1uH BecoB. [Ipu Hamuunm GONBIINX BEIYUCIUTEb-
HBIX MOIIHOCTEH pPEKOMEHAYEeTCSl HCIOJIb30BaTh
MaKCHMAJIbHO JIOCTYITHBIN JJIsI CITy THUKOBBIX CHUM-
koB Sentinel macmTab — 10 M/nKC, a Takxke yBe-
JMYUTh YUCIIO TIOKOJICHUH M pa3Mep MOMyJISIHU
C LIE€JIbI0 OXBATUTH OOJIBIIYI0 BAPHATUBHOCTH 3HA-
YeHUH BECOB. JTO, OE3YCIIOBHO, MO3BOJIUT TIOJY-
YUTh OOJee KaueCTBEHHbIE KOA(PPUIMEHTHI MpU
IPUMEHEHUHU TeHETHYECKOT0 aIrOpuT™Ma.
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Article history Abstract. The relevance of the research lies in the increasing need for the use of intelligent
Received: May 6, 2025 data processing (IDP) to increase the financial efficiency of a business in conditions of
Received: July 23, 2025 economic instability. The development of artificial intelligence and machine learning allows
Accepted: July 30, 2025 organizations to effectively manage risks, optimize internal processes, and improve the

accuracy of financial forecasting. The purpose of the research is to assess the impact of
intelligent data processing on the financial efficiency of a business, identify key problems
and propose solutions. To achieve this goal, a review of the literature was conducted,
methods for optimizing business processes were identified, barriers to the introduction of
IDP and prospects for its application were identified. The research methods include
comparative, systematic and statistical analysis. The use of these methods allowed us to
deeply explore the problem of implementing IDP in real business cases. The results of the
study confirm that intelligent data processing significantly increases the financial efficiency
of companies. However, the implementation of IDP is fraught with a number of problems,
such as the need for additional investments, restructuring of business processes and ensuring
staff qualifications. Despite the difficulties, the introduction of IDP allows companies to
significantly increase their competitiveness and profitability. The conclusion of the research
emphasizes that intelligent data processing in the modern economy is an important tool for
improving the financial stability and competitiveness of businesses. With well-organized
implementation, IDP helps optimize processes, improve forecasting and risk management,
which leads to improved financial results.
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3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOPEI 3aBIIAIOT 00 OTCYTCTBUH
KOH(IUKTa UHTEPECOB.

AHHOTaIMsA. AKTYaJTbHOCTb UCCIIEIOBaHHS 3aKIII0YaeTCs B BO3pACTaloIIeil HeoO-
XOIMMOCTH MPUMEHEHHUSI UHTEIUICKTyalbHOI 00pabotku ganubix (MOJ) ans mo-
BBILICHUS PUHAHCOBOM 3P HEKTUBHOCTH OM3HECA B YCIOBHAX SKOHOMUYECKOH He-
cTabunbHOCTH. Pa3BUTHE MCKYCCTBEHHOTO MHTEJIEKTa M MAlIMHHOTO O0y4YeHHS
MO3BOJSIET OpraHu3auusiM d(P(EKTUBHO YHPaBISITh PUCKAMH, ONTHMH3HPOBATDH
BHYTPEHHHUE MPOLECCH U NOBBIIATH TOYHOCTH (PUHAHCOBOTO NMPOTHO3UPOBAHMSI.
Lenb uccneoBaHUs] — OLCHKA BIHMSHHUS UHTEIUICKTYalbHONH 00pabOTKU JaHHBIX
Ha puHaHCOBYIO 3()(EKTHBHOCTh OM3HECA, BHISBICHUE KITFOUEBBIX POOJIEM U Y-
Tel uxX penieHus. s TOCTHKEHHS LENU POBECH 0030p JIUTEPaTyphl, OMpe/e-
JICHBI METO/IBI ONITHMHU3ALUK OM3HEC-NPOLIECCOB, BLISBICHBI Oapbephbl BHEAPEHUS
WO/I 1 nepCcreKTUBBI eT0 MpUMEHEHHs. MeTOoIbl HCCIIeIOBAaHMUS BKITIOYAIOT CPaB-
HUTEIbHBIN, CUCTEMHBIN 1 cTaTucTHUecKuil aHanu3. [IpuMeHenne JaHHBIX METO-
JIOB TIO3BOJIWIIO TIIYOOKO HCClenoBarh npoodnemy BHenpenusi MOJ] B peanbHbie
OnsHec-KkeWchl. Pe3ynbraTsl HCCeqOBaHUS MOATBEP)KAAIOT, YTO MHTEIIEKTYallb-
Hasi 00paboTKa aHHBIX 3HAYUTEIHHO IOBBIIIAET (UHAHCOBYIO 3()(HEKTUBHOCTD
xomnanuid. OnHako BHeapenue MOJ] compsbkeHo ¢ psiioM mpoOieM, TakuX Kak
HEOOXOJMMOCTD JIOTIOJTHUTENIBHBIX HHBECTHIINH, TIEpeCTPOiika OM3HEC-TIPOLIECCOB
n obecrieyeHne KBanudukanuy nepconana. HecMoTps Ha clIO)KHOCTH, BHEAPEHUE
MO/ no3BojsieT KOMIaHUSAM CYLIECTBEHHO MOBBICUTh KOHKYPEHTOCIIOCOOHOCTb
1 MIPUOBUTHLHOCTE. Pe3ynbTarsl nccaenoBaHusl OKa3aid, YTO UHTEIUIEKTyaIbHAas
00paboTKa JJAHHBIX B YCIOBUSX COBPEMEHHON 9KOHOMUKH SIBIISICTCS BAYKHBIM WH-
CTPYMEHTOM JUISI TTOBBIMIEHUS (GPMHAHCOBOH YCTOMYMBOCTH U KOHKYPEHTOCIIOCO0-
HocTu OusHeca. [Ipu rpamoTHO oprannzoanHoM BHenpenuu MO/] criocoOcTByeT
ONITHMU3ALHUH TPOLECCOB, YIYYNICHUIO IPOTHO3UPOBAHMS W YIPABICHHIO PHC-
KaMH, YTO NPUBOJUT K YIy4IIEHHIO (PMHAHCOBBIX PE3y/IbTaTOB.

KuroueBble cjioBa: onTUMH3AIMs OM3HEC-TTPOLECCOB, (PMHAHCOBOE MPOTHO3H-
pOBaHMe, YNPaBJICHUE PUCKAMH, UCKYCCTBCHHBIH MHTEIUIEKT, MAlIMHHOE 00Y-
YCHHE, CPAaBHUTEIbHBIH, CHCTEMHBIH W CTATUCTHYECKUI aHanu3, pUHAHCOBAs
YCTOWYHUBOCTh
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Introduction

make prompt management decisions. The finan-
cial efficiency of companies is often determined by

In current dynamic business environment,
companies are forced to be able to quickly adapt to
constantly changing conditions [1]. The economic
situation encourages businesses to be flexible and
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the quality and speed of information processing,
the accuracy of internal forecasts, and competent
risk management [2]. Intelligent data processing
(IDP) is gradually becoming one of the key tools
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for business optimization and increasing compe-
titiveness in the market [3].

Intelligent data processing is a set of data
analysis methods based on artificial intelligence
and machine learning, which allows companies to
automate their own processes [4]. IDP contains
a wide range of technologies and tools that enable
companies not only to automate routine tasks,
but also to significantly improve the accuracy of
analytical reporting [5]. Analysis of large volumes
of data allows businesses to minimize errors and
improve the efficiency of management decision-
making [6]. Modern approaches to intelligent data
processing involve analyzing big data in real time
[7]. By using IDP, enterprises are able to respond
quickly enough to market changes and adjust their
own strategies if necessary.!

One of the most important areas of application
of IOD is the financial component [8]. The main
goal of any business is to make a profit. With the
help of implementing intelligent data analysis,
companies strive to optimize financial processes
and increase efficiency. As part of increasing the
financial efficiency of enterprises, IOD algorithms
are used as follows:

1. Implementation of predictive analysis, which
calculates a forecast based on historical data and
market trends.

2. Intelligent cost control, which allows you
to analyze cost efficiency and identify excess costs.

3. Investment risk management, which deter-
mines the most profitable investment direction for
the business.

4. Dynamic pricing and competitive environ-
ment analysis, which makes it possible to automate
pricing based on market trends, etc.

The implementation of analytical tools helps
businesses increase the level of automation, which
is quite important and promising in the current
unstable economic environment.

The relevance of studying the role of intelligent
data processing in business economic processes
is due, first of all, to significant technological

progress, expressed in the development of artificial
intelligence and machine learning, which is be-
coming an integral part of the strategic manage-
ment of companies [9].

The purpose of the study is to assess the impact
of intelligent analysis on the financial performance
of a business: identifying key problems and pro-
posing ways to solve them. To achieve this goal, the
following research objectives were defined:

1. Review of literature on the use of IOD in
financial management.

2. Definition of the main methods for opti-
mizing business processes.

3. Identification of key barriers to the imple-
mentation of intelligent algorithms in financial
management.

4. Study of promising areas for the develop-
ment of IOD in the context of improving the finan-
cial efficiency of business.

The object of the study is the financial pro-
cesses of companies associated with the use of in-
telligent data processing. The subject of the study
is the methods and technologies of 10D used to
analyze financial flows.

Organizations that actively use smart data
analysis have more competitive advantages in the
market and achieve higher financial results [10].
There is also a downside to using IOD, which is
expressed in the need for additional investment,
forced restructuring of internal business processes,
and ensuring cybersecurity.

This article is aimed at reviewing studies on
the topic of intelligent data processing in the con-
text of improving business financial processes. The
article analyzes the advantages and disadvantages
of using smart data analysis, discusses prospects,
identifies problems, and suggests ways to solve
them.

1. Methods

The following methods were used in the
study: comparative analysis, system analysis and
statistical analysis of intelligent data processing in

V' Vysotsky V.1. Artificial intelligence in financial analytics: a revolution in decision-making. (In Russ.) Available from:
https://visotsky.com/public/site/knowledges/iskusstvennyy-intellekt-v-finansovoy-analitike-revolyutsiya-v-prinyatii-resheniy

(accessed: 14.03. 2025).

483



Chaplygina E.I., Kruglova L.V., Glavina S.G. RUDN Journal of Engineering Research. 2025;26(4):481-490

the financial sector [11]. Each of the mentioned
research approaches makes it possible to study the
problem of using IOD in the financial component
of business in sufficient depth, identifying not only
general trends, but also key aspects that require
special attention and improvement.

In this work, comparative analysis was used
to evaluate various technologies in the field of IOD
on the domestic market, which made it possible
to identify the most effective methods of intelli-
gent information analysis, as well as to determine
opportunities for improving existing technolo-
gies [12].

In the context of the study, system analysis
was aimed at studying how various methods of in-
telligent information processing can be integrated
into specific processes of companies, what kind
of business infrastructure is necessary for their
successful application, and what changes may be
required for their implementation [13]. A syste-
matic approach to the implementation of analytics,
according to the authors of the study [14], requires
taking into account the entire ecosystem of the
organization, including technologies, processes
and personnel, which increases the effectiveness of
decision-making and adaptation.

In this paper, statistical analysis was applied
to evaluate the effectiveness of financial forecast-
ing methods using two types of analysis:

1. Regression analysis aimed at studying de-
pendencies between processes.

2. Correlation analysis tracing the relation-
ships between processes.

This approach allowed us to determine how
big data analysis can optimize and improve the
efficiency of financial forecasting and improve the
management of financial processes®.

The study focused on methods for forecasting
financial flows, optimizing business processes,
and managing risks using big data analytics. The
problems of implementing intelligent data pro-
cessing in business processes of real companies
contain both technological and financial aspects,
as well as organizational problems, which, for

example, may be associated with the operational
adaptation of existing processes. The mentioned
methods allowed us to comprehensively study the
situation, identify the main barriers and prospects
for using 10D. Despite the difficulties in imple-
menting intelligent analysis in real business cases,
the use of intelligent algorithms can significantly
improve the efficiency of financial management.

2. Results and Discussion

The analysis of literature in our country
within the framework of the study confirmed the
extremely important role of intellectual data pro-
cessing in financial business processes. The main
areas of use of IOD by organizations are: financial
forecasting, optimization of business processes,
and risk management. The most common areas
were identified, distinguished by their effective-
ness in improving financial results and increasing
the financial efficiency of companies, and it was
determined that this process is associated with a
number of problems that require solutions.

2. 1. Forecasting Financial Flows

In the scientific work “Application of neural
networks in monitoring and forecasting financial
flows” the author [.V. Matyush analyzes the appli-
cation of artificial intelligence (AI) methods in the
context of increasing the accuracy of forecasting
business economic indicators. The author refers to
the matrix of payment balance coefficients and
notes that financial flows determine the stability
of companies in the market, and monitoring and
forecasting directly affect the financial efficiency
of a business. While traditional statistical forecast-
ing methods have limited accuracy, neural net-
works are capable of processing big data in real
time, automating analysis and building complex re-
lationships. Al transforms approaches to assessing,
monitoring and forecasting business economic
indicators, which contributes to making more
informed management decisions and optimizing
companies’ financial resources [15]. As shown in

2 UP lab. Big Data Analysis. (In Russ.) Available from: https://www.uplab.ru/blog/analiz-bolshih-dannyh-big-data/

(accessed: 14.03. 2025).
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the study [16], the application of machine learning
methods in financial modeling significantly in-
creases the accuracy of forecasts and reduces the
level of uncertainty in managing financial flows.
At the same time, the implementation of artificial
intelligence methods in real business processes
within the framework of forecasting financial
flows has some certain problems (Figure 1):

eImplementation of
certification corporate
training

Lack of competent
specialists

Al's dependence

*Pre-cleaning and unification

on the quality of data

of input data

Strict standardization
of Al methods

eDevelopment of an internal
corporate legal framework

Figure 1. Issues in Financial Flow Forecasting
with IDP and Their Solutions

Source:byE.l. Chaplygina

To obtain and process reliable results, as well
as to support intelligent analysis systems, compe-
tent specialists with the relevant competencies are
required. The labor market may not have enough
experts in these areas. It is recommended to
implement corporate employee training programs.
Investing in the development of company’s own
certification programs will not only improve the
qualifications of personnel, but also strengthen
employee loyalty to the employer.

The dependence of artificial intelligence on
the quality and completeness of the source data
directly affects the result obtained. In the event of
errors and inconsistencies in the financial and
economic information of the business, smart
analysis may not be built entirely correctly. Com-
panies often experience problems with distortion
of analytical conclusions due to the integration of
information from different internal sources. The
use of preliminary data cleaning systems will
allow tracking and eliminating inconsistencies
even before they enter the Al model. Standardi-
zation of data at all levels of the company can also
prevent potential errors.

Requirements for compliance with regulatory
and legal acts create risks of violation of legisla-
tion and reduce the likelihood of using intelligent
analysis methods. Artificial intelligence must
comply with strict rules and standards of Russian
legislation governing financial and economic pro-
cesses. The creation of an adaptable legal frame-
work will ensure compliance with regulations,
taking into account the company’s use of datamin-
ing methods and minimize the risks of violations.

2.2. Optimization of Business Processes

In the work of R.S. Nazipov “Prospects for
the application of artificial intelligence in the opti-
mization of business processes of companies”
the prospects for the application of intelligent data
analysis in the framework of business optimiza-
tions are studied. The automation of routine tasks
through the elimination of errors obtained in the
presence of the human factor, improvement of the
quality of customer service, as well as the increase
in the competitiveness of companies are noted as
positive aspects of implementation. The author
emphasizes that the implementation of Al requires
careful planning and risk assessment [17].

The use of intelligent data processing methods
in the framework of business process optimization
also has some barriers that require clarification
(Figure 2).

Using the most transparent
algorithms to improve
interpretability

Difficulties with
interpreting models

The need
to restructure
business processes

Step-by-step implementation
of IDP with parallel adaptation
of internal processes

Staff's fear of job Explaining the benefits of IDP

and new career opportunities

losses

Figure 2. Issues in business process optimization
with IDP and their solutions

Source:byE.l. Chaplygina

Difficulties with interpreting artificial intelli-
gence models can accompany businesses, since
neural networks do not have simplicity and trans-
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parency. Decision-making in organizations based
on complex Al mechanisms can be difficult. How-
ever, the most transparent intelligent algorithms
are perceived easier and more understandable. For
example, the modern intelligent software “Sber
Business Soft” is focused on simplification and
accessibility. The system provides ready-made
solutions within the framework of data analysis,
which are configured automatically and produce
results. Through a simple interface, clients have
access to a set of tools, for example, for financial
analytics, cost planning, optimization of business
processes, etc.>. Such I0D algorithms are also able
to better convey the essence through visualization,
which in turn can significantly increase the level
of customer trust.

An important problem on the way to process
automation using IOD technologies may be the
forced restructuring of business processes. The
implementation of intelligent analysis, one way or
another, involves a revision of the internal pro-
cesses of the organization that affect the formation
of the financial results of the business. Changes are
often a hard hit. However, it is possible to switch
to IOD gradually and consistently, which can
reduce staff stress, as well as enable the business
to apply smart analysis methods most effectively.

Automation of processes in companies often
gives rise to employee concerns about preserving
their own jobs. Negative perception can slow down
the implementation of new technologies. To elim-
inate barriers of misunderstanding between per-
sonnel and management, employees should be
informed about the benefits of implementing in-
telligent data processing in the company and the
opportunities that can positively affect their work.
Demonstration of new career options for employ-
ees that will open up as a result of the digitalization
of business processes will improve interaction.

2.3. Financial Risk Management

The authors A.A. Savvin et al. discuss the use
of machine learning (ML) methods to improve the

accuracy of forecasts in the context of economic
growth. They emphasize the correlation between
accurate estimates in the current time and future
risks. Risk forecasting taking into account the use
of IOD allows us to identify complex relationships
between data and external factors, which increases
the accuracy of the analysis [18].

The implementation of intelligent information
processing technologies in the context of financial
risk management has many prospects, but also some
features that must be taken into account (Figure 3):

Non-linearity
of dependencies

eApplication of nonlinear models
for forecasting modeling

The influence of
external factors

eImplementation of adaptive
models

eData generation as part of
improving the quality of the
training set

Limited data

Figure 3. Issues in Financial Risk Management
with IDP and Their Solutions

Source:byE.l. Chaplygina

Traditional data processing methods, such
as linear regression, suggest that a change in one
indicator will lead to a proportional change in
another. When considering situations from the real
economy, it is worth considering that changes may
not be linear and proportionate. Linear approaches
may not take into account more complex relation-
ships, which can distort the final results. Neural
networks are able to take into account hidden re-
lationships, which allows you to make the most
accurate forecasts and competently manage risks.
For example, the DataRobot automated machine
learning platform is engaged in the construction
and training of risk assessment models based on
business data. DataRobot analyzes production pro-
cesses, financial transactions, logistics processes,
etc.* The use of the recommended platform allows
for automated forecasting of operational and
financial risks.

3 Sher Business Software. (In Russ.) Available from: https://sberbs.ru/ (accessed: 14.03.2025).
* DataRobot. (In Russ.) Available from: https://www.datarobot.com/ (accessed: 14.03. 2025).
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Traditional risk management methods may
not take into account such external circumstances
as: economic crisis, exchange rate fluctuations,
changes in legislation, etc., which can lead to in-
correct decisions. Accordingly, it is recommended
to use adaptive models of smart machine learning
analysis that are able to take into account not only
internal corporate information, but also focus on
current market and political circumstances.’ For
example, the RoboKassa platform, a tool for online
payments and transaction analysis, helps com-
panies adapt their strategies to current market
realities using its own assessment of changes in the
external environment.

Often, businesses face the lack of complete
data, which can adversely affect the performance
of the IOD model. The problem can be solved
by generating data to improve the quality of the
training set. For example, integration with data
from external sources (government registries, open
economic reports, etc.), as well as information
simulation will expand the current data sets for
training. Such a solution will improve the quality
of training sets, which will positively affect the
accuracy of financial forecasts and estimates.
Intelligent IOD tools make it possible to optimize
risk management strategies.

2.4. Discussion

The implementation of intelligent analysis
methods in real business processes demonstrates
an improvement in the accuracy of forecasts,
on the basis of which management decisions are
made that affect business strategy and the deve-
lopment of the company as a whole. However, the
results of IOD largely depend on the quality of the
source data and the qualifications of personnel.
Organizations that actively use intelligent data

analysis methods have the opportunity to reduce
risks and increase efficiency.

The global study by Enterprise Strategy Group
and Oracle “Competitive Advantage in Finance
and Operations Management” demonstrates that
companies using Al and intelligent data analysis
in financial and operational activities increase an-
nual profits several times faster, and also signifi-
cantly reduce the number of errors in the financial
function and increase labor productivity.’

The scientific study was conducted among
700 executives from 13 countries. Enterprises that
implemented innovative technologies in financial
management received much more benefits than
they initially expected. It is worth noting that 82%
of companies that use smart analysis in business
processes are ahead of competitors who do not use
intelligent data processing methods. The survey
confirmed an increase in the financial efficiency
of companies and labor productivity due to the
implementation of IOD methods (Figure 4).

Theoretically speaking, IOD proves its
effectiveness in improving financial analysis and
forecasting. This statement is supported by the
results of scientific research and practical expe-
rience of corporations. However, problems with
data quality and the need for qualified personnel
remain relevant. The main reason for the positive
results of implementing smart analysis methods is
the ability of IOD to process large volumes of data
and identify important hidden relationships.®

IOD technologies allow organizations not
only to better forecast financial results, but also to
minimize risks and adapt to changes in the market.
However, without high-quality data and employee
training, the benefits may be limited.

Future research in this area could focus on
adapting IOD for small and medium-sized enter-
prises, as well as developing more robust models
for dealing with uncertainty in initial data.

5 RB. Attificial intelligence in finance. (In Russ.) Available from: https://rb.ru/opinion/iskusstvennyj-intellekt-v-finansah/

(accessed on 14 March 2025).

¢ Robokassa. (In Russ.) Available from: https://robokassa.com/ (accessed: 14.03. 2025).

" Oracle. Artificial intelligence helps organizations accelerate growth and drive innovation. 2020. Available from:
https://www.oracle.com/cis/corporate/pressrelease/ai-helps-organizations-growth-2020-02-12.html (accessed: 14.03. 2025).

8 FSE Editors and Writers. Methods of intelligent data analysis: extracting hidden patterns and trends. (In Russ.)
Available from: https://falconediting.com/ru/blog/metody-intellektualnogo-analiza-dannykh-izvlechenie-skrytykh-

zakonomernostei-i-tendentsii/ (accessed: 14.03. 2025).
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Increase in labor productivity _ 36%

Managers who believe that financial closure will
eventually become fully automatic

Companies that have gained a clear understanding of
business efficiency through Al

Reducing financial function errors — 37%

0%

20% 40% 60% 80% 100%

Figure 4. Key trends in financial process automation

Source: byE.l Chaplygina

Conclusion

In an unstable and rapidly changing economic
environment, the use of intelligent data processing
is becoming a key element that has a significant
impact on the optimization of financial processes
of companies. The implementation of IOD methods
demonstrates excellent results for business, giving
companies that use innovative solutions strong
competitive advantages.

Intelligent data analysis offers a wide range of
tools that allow organizations to obtain the most
accurate estimates and forecasts based on the anal-
ysis of not only internal corporate information, but
also taking into account external circumstances,
effectively manage financial, operational and in-
vestment risks, and automate business operations,
reducing the number of errors due to the human
factor. The implementation of IOD technologies
helps enterprises adapt more quickly to market
changes, increasing their competitiveness and
financial stability.

However, despite the numerous advantages,
the use of intelligent analysis is associated with
a number of certain difficulties. Implementation
of innovations requires additional investments,
restructuring of internal business processes and
development of personnel qualifications. In ad-
dition, it is necessary to take into account addi-

488

tional risks associated with the legal and ethical
aspects of the use of artificial intelligence. The
results of the study confirm that with a competent
approach, planning and solving emerging problems,
intelligent data processing can significantly in-
crease financial efficiency and ensure the compe-
titiveness of a business. The implementation of
IOD methods is becoming an important step in
achieving long-term success on the market.
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