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Mexaynapoaubie HayuHble KOH(pepenunu «®YHIAAMEHTAJIb-
HBIE U IIPUKJIA/IHBIE 3AJTAYU MEXAHMKW» (Fundamental
and applied problems of mechanics — FAPM) ¢ 2012 r. perymnsipHo npo-
Boastcs B MI'TY um. H.D. baymana na 6aze Hayuno-yueObHOro komriekca
«DyHnameHTanbHble Hayku» U Kadeapsl «Teopernueckas MexaHHKa»
umenu npodeccopa H.E. XKykoBckoro ¢ yyactueMm ydeHbIX M3 HayYHBIX
yupexaennii PAH, yauBepcuteToB PD, n3BeCTHBIX 3apyOeKHBIX yUEHBIX-
MEXaHHUKOB.

OCHOBHOH LI€TBI0 KOH(PEPEHIIUU SIBIISIETCS MPEICTaBIEHNE HOBBIX pe-
3yJIbTaTOB MCCJIEIOBAHUN IO PA3JIMYHBIM HANPABICHUSIM MEXAHHUKH, MPO-
BOJMMBIX B POCCHICKHX W 3apyO€KHBIX HAy4YHBIX M 00pa3oBaTeNbHBIX
YUPEXKIECHUSX.

Ouepennast koHbepeHIs poxoamia B roa 190-neTust co THS OCHO-
Banust MI'TY um. H.O. baymana — oaHOro M3 BeQyIIUX TEXHUYECKUX
yHuBepcuTeToB Poccun, 1aBiiero Hayaino MHOTUM BBICIIMM TEXHHUYECKUM
y4eOHBIM 3aBEJCHHSIM, HAYYHBIM W HAyYHO-TIEaTOTHYECKUM IIKOJIaM
B 00J1aCTH TEXHUKHU U TEXHOJIOTHII.

B 2020 r. oTkpbITHE KOH(EPEHIHMH U MEpBOE IUICHAPHOE 3aceqaHHe
IPOIUIM B OYHO-TUCTAHIIMOHHOM peXuMe B KOH(epeHl-3ai1e Momomex-
HOro KocMHuueckoro Hay4Horo nentpa MI'TY um. H.O. baymana ¢ tpaHc-
JSAUUEH U1l YYaCTHHKOB dYepe3 ruiaTdopmy Zoom. 3acefdaHusi CEKIUi
IPOBOJWINCH TOJIKO B TUCTAHIIMOHHOM (hopmare.

Pabouwne s13p1k1 KOHPEPEHINK: PYCCKUIN M aHTJTUHCKHA.

Matepuansl K JOKJIagaM KOHPEpEeHIIUU MyOIHKYIOTCS B IBYX YacTIX
B aBTOPCKOM pefakuuu. B wacts 1 Bonum ruieHapHbIe JOKIaAbl U MaTepHa-
abl cexuuil 1 u 2. B yactu 2 npeacraBieHsl MaTepUaibl ceKIUn 3—-5.

OI'JIABJIEHHE

OO0mue cBeeHus 0 KOH(PEePEHIHH
IlnenapHbie JOKIAIBI
Cexmus 1. MATEMATUYECKOE MOJIEJIMPOBAHUE
1.1. MaTemaTnueckoe MOJISTHPOBAHNE MEXaHUIECKHX CHCTEM,
yHIpaBJeHUE IBIKEHUEM
1.2. MaTemaTu4yeckoe MOJICIMPOBaHUE (PU3NUESCKUX MPOIIECCOB
1.3. MaTemaTtn4eckoe MOJICIIMPOBAHUE U aHAIIN3
Cexmus 2. TEOPETUUYECKAS MEXAHUKA. HEBECHAS
MEXAHUKA
2.1. TeopeTuueckas MEXaHUKa
2.2. HeGecHast MexaHUKa
Cexnus 3. ADPO- U TUJAPOMEXAHUKA
Cexnus 4. [IPUKITATHASI MEXAHUKA
Cexkmus 5. HAYUHO-METOAMYECKUE U UICTOPUYECKUE
BOITPOCbI MEXAHUKN
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Opranuzaropsl KOH(pepeHIH

MuHHICTEpPCTBO HAYKH U BBICIIero obpa3zoBanus PO
Pocculickuii HAMOHANBHBIA KOMUTET 10 TEOPETUYECKON U IPUKIIAIHON
MEXaHHKE
MockoBCKHH TOCYJapCTBEHHBI TEXHUUECKUN YHUBEPCUTET
umenu H.D. baymana
MoOCKOBCKHI rOCY 1apCTBEHHBIN yHUBepcUTeT UMeHH M.B. JIomoHOCOBa
HuctutyT npobdieM mexannku nMmeHn A.1O. Unmumackoro PAH
IeHTpaabHBIH a3pOrHAPOIUHAMUYSCKUI HHCTUTYT UMEHHU TIpodeccopa
H.E. XyxoBckoro
Hay4no-MeToiaeckuii COBET 10 TeOpeTHYECKOM MeXxaHuKe pu MuHoOpHayku PO

MeKkayHAPOAHbIH OPraHU3ANUOHHBIA KOMHUTET

[pod. A.A. Anekcanapos (npencenarens), MI'TY um. H.D. baymana, Mocksa,
Poccus

IIpod. B.O. I'magemmes (conpencenarens), MI'TY um. H.D. baymana, Mockga,
Poccus

[pod. I1.M. IlIkanos (compenceaarens), MI'TY um. H.O. baymana, Mockga,
Poccus

Astronom C. Bizouard (Co-Chairman), Observatoire de Paris, France

Prof. K. Matsumoto, RISE Project, National Astronomical Observatory of Japan,
Japan

IIpod. B.C. Acnanos, Camapckuii yHuBepcuteT, r. Camapa, Poccus

Mpoo. b.C. bapaun, MAU (HUY), Mocksa, Poccust

[Ipood. B.A. beprsies, Tyal'V, r. Tyna, Poccus

IIpod. C.A. bepecrosa, Yp®V, r. Ekarepun0Oypr, Poccus

IIpod. W.I". bnarosemienckuii, MI'TY um. H.D. baymana, Mocksa, Poccus

[pod. FO.U. Jumurpuenko, MI'TY um. H.D. baymana, Mocksa, Poccust

[Ipo¢. B.B. UBamkun, UTIM nm. M.B. Kennpriima PAH, Mocksa, Poccust

IIpod. B.T. Kanyrua, MI'TY um. H.D. baymana, Mocksa, Poccus

[pod. B.A. Kammanuenko, UTTMex um. A.1O. Umunackoro PAH, Mocksa, Poccust

Ipo¢. I'.H. Kyseipkunr, MI'TY um. H.D. baymana, Mocksa, Poccus

H-p ¢ms.-mar. mayk M.X. MaromenoB, OOO HII® «Cayno», r. Maxaukaia,
Jlarectan, Poccus

[Ipod. B.W. Maiioposa, MI'TY um. H.D. baymana, Mocksa, Poccus

[Ipo¢. C.H. Casiur, UMAIII um. A.A. braronpaBoBa PAH, Mocksa, Poccus

pod. H.U. Cunnsie, MI'TY um. H.O. baymana, Mocksa, Poccust

[pod. FO.I1. Yasiosiies, PKK «9ueprus», r. Koponés, Poccus

[Ipo¢. FO. . Yamreukun, UIMex nm. A.1O. Nmmmuackoro PAH, Mocksa, Poccust

IIpod. B.H. Uybapukos, MI'Y umenn M.B. JlomoHocoBa, MockBa, Poccust

Ipod. A.O. llumanosckwuit, BI'YT, r. [omens, Pecniy0mnuka benapych

VYuensrnii cekperaps — M.U. [psaenko, MI'TY um. H.D. baymana, Mocksa, Poccust

Huorcenepnoiit ncypuan: nayka u unnosayuu # 3-2021 3



DynoamenmanvHvie u npuKkIaouvle 3adaqu mexanuku. Mamepuanv kongpepenyuu. Yacmo 1

AKaJeMH4ecKHi NPOrPAMMHBIA KOMHUTET

[pod. B.O. I'magpimies (npencenatens), MI'TY um. H.D. Baymana, Mocksa,
Poccus

IIpod. B.H. 3umun (conpencenarens), MI'TY um. H.D. baymana, Mockga, Poccus

[pod. IL.M. lkanos (compencenatens), MI'TY um. H.D. baymana, Mocksa,
Poccus

Prof. H. Hanada (Co-Chairman), director of RISE Project, NAO of Japan, Japan

Astronom C. Bizouard (Co-Chairman), Observatoire de Paris, France

Prof. Shuanggen Jin, Chinese Academy of Sciences, China

Axanemuk PAH P.®. I'anues, UMAIII um. A.A. biaroupaBoBa PAH, Mockaa,
Poccus

Axanemuk PAH W.I'. I'opstueBa, PHKTIIM, Mocksa, Poccust

Axkanemuk PAH B.®. XKypapnés, UTIMex um. A.1O. Ummunckoro PAH, Mockaa,
Poccus

Axanemuk PAH C.T. Cypxukos, UIIMex um. A.JO. HMunumnckoro PAH,
Mocksa, Poccus

Axanemuxk PAH JI.B. Tpemés, MI'Y umenu M.B. JlomoHnocoBa, MockBa, Poccus

Axanemuk PAH C.JI. Yepnsimes, LIAT'Y, r. XKykoBckuii, Poccus

Un.-xopp. PAH A.Il. Kpumenko, MI'TY um. H.O. baymana, Mocksa, Poccus

Un.-xopp. PAH N.N. Jlunaros, LHAT'U, r. XKykosckuii, Poccus

Uin.-xkopp. PAH A.H. Mopo3zos, MI'TY um. H.D. baymana, Mocksa, Poccust

Un.-xopp. PAH O.C. Hapaiikun, MI'TY um. H.D. baymana, Mocksa, Poccus

Un.-xopp. PAH B.A. ConoBsé, MI'TY um. H.O. baymana, Mocksa, Poccus

IIpod. M.M. bnarosemenckasi, MI'VIIII, Mockga, Poccus

[poo. B.C. 3apyoun, MI'TY um. H.D. baymana, Mocksa, Poccust

IIpod. T.A. Ucmaunos, AT'TY, r. Maxaukana, /larecran, Poccus

IIpod. B.B. Cazonos, UIIM um. M.B. Kennpmra PAH, Mocksa, Poccust

IIpod. B.A. Camconos, MI'Y umenu M.B. JlomoHocoBa, MockBa, Poccust

[pod. AM. Hupmunr, UIIC wum. A.K. Aiinamassna PAH, . IlepecnaBib-
Samecckuii, Poccus

IIpod. B.H. lllepbakoB, BKA um. A.®D. Moxaiickoro, C.-ITerepoypr, Poccus

VY4eHblii cekpeTapp — KaHA. ¢u3.-mMaT. Hayk, gou. E.B. Menkymosa, MI'Y
nmeHu M.B. JlomoHocoBa, MockBa, Poccus

CEKIIMM KOHO®EPEHIINU

1. MATEMATHUYECKOE MOJIEJIMPOBAHUE

2. TEOPETUYECKASI MEXAHUKA. HEBECHA I MEXAHHKA

3. APPO- U TUJIPOMEXAHUKA

4. IIPUKJIIATHASI MEXAHUKA

5. HAVYHO-METOJMYECKUE U UCTOPUYECKHUE BOIIPOCHI MEXAHUKU

Caiim kongepenyuu:
http://fn.bmstu.ru/coferences-sec-fs/item/1011-fapm-2020

e-mail: fapm2020@mail.ru
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lNneHapHbie poKNagbl

MopaeanpoBaHue pa3BepThIBAHUA
KOCMHYECKUX KOHCTPYKUMH U3MEHAeMOil KOH(pUIrypauuu
C HCI0JIb30BAHMEM MHTEJIEKTYAJbHbIX IPHUBOI0B

© B.H. 3umun, A.B. Kpsuios, I'.H. KyBeipkun, A.O. [Ilaxsepnos

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: zimin@bmstu.ru

AnHoTanusi. OcoOblii Ki1acc KpymHOrabapuUTHBIX KOCMUYECKUX KOH-
CTPYKLUUH 00pa3yloT CHCTEMbI, HUMEIOUINE pa3IMyHble KOHPUTYpaluuu
B TPAHCIOPTHOM U paboueM cocTosHusAX. /i obecnieueHus ynpasiseMo-
ro Oe3yapHOro pa3BEpTHIBAHUS IpeJiaraeTcs MCIOJIb30BaTh MPHUBOJIBI,
AKTUBHBIC 3JICMCHTBI KOTOPBIX U3TOTOBJICHBI U3 MAaTCpHaJia HUKCIINIa TH-
TaHa, oOsanaromero dhdexrTom naMatu Gopmbl. sl aKTUBHBIX dJIEMEH-
TOB HMHTCIUICKTYAJIbHOT'O IPHUBOJA YIIPABJIAIOUIINM BO3ﬂCﬁCTBHeM MOKET
OBITH TOJIBKO TemIiepaTypHoe moiie. [lpu sTom Hapsiay c 3agaueit gedop-
MHPOBAHUSA AKTHUBHBIX 3JICMCHTOB HGOGXOI[I/IMO peiiaTth 3aJavy TCIUIO-
MPOBOAHOCTHU. [103TOMY UYHCIICHHBIM 3KCIEPUMEHT, UCIOJIB3YIONIUN pa3-
pa6aTLIBa€MBIe MAaTeMaTUUICCKHUC MOJCIU IHponecCa pa3BCPTbIBAHUA
KOCMHUYECKHX KOHCTPYKLUUH M3MEHSEeMOHl KOH(UTrypaluu C HMCIOJIb30Ba-
HUCM HHTCJUICKTYAJIbHBIX IMPUBOJAOB, ABJISACTCA BAXKHBIM 3TAIllOM O6CCHC-
YeHHs] BBICOKUX IOKa3aTesel HaJeKHOCTH MPOEKTUPYEMBIX MEPCIEKTHUB-
HBIX CUCTEM.

Knrwouesuvie cnoea: xocmuuecxue KOHCmMpYyKyuu, KOquueypauuﬂ, mamema-
muyeckas Mooeib.

Paboma evinoanena npu noodepoicke Munucmepcmea HayKku
u gvicuie2o oopazosanus Poccuu (npoexm 0705-2020-0047).

JIuteparypa

1.  Bammuyk H.B., Kapros N.U., Knumos .M. u np. Mexanuxa 601buux Kocmuieckux
koncmpykyuil. Mocksa, 3n-Bo «®akropuam», 1997, 302 c.

2. Schiedeck F., Hemsel T., Wallaschek J. The use of shape memory alloy wires in
actuators. In: Solid State Phenomena, 2006, vol. 113, pp. 195-198. Trans Tech Pub-
lications Ltd.
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Deployment simulation for space structures
of transformable configuration
with usage of intelligent actuators

© V.N. Zimin, A.V. Krylov, G.N. Kuvyrkin, A.O. Shakhverdov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: zimin@bmstu.ru

Abstract. A special class of large-sized space structures is formed by
systems that have different configurations in transport and operating
states. To ensure a controlled non-impact deployment, it is proposed to use
actuators whose active elements are made of material with a shape
memory effect — titanium nickelide. For the active elements of intelligent
actuators only the temperature field can be used as the control action. And
along with the problem of the active element deformation, it is necessary
to solve the problem of thermal conductivity. Therefore, a numerical
experiment on the base of the developing mathematical models for the de-
ployment of the space structures of transformable configuration with us-
age of the intelligent actuators is an important stage to ensure high reliabil-
ity of the developing perspective systems.

Keywords: space structures, configuration, mathematical model.

This work was supported by the Ministry of Science and Higher Education
of the Russian Federation (Project 0705-2020-0047).

References

1. Banichuk N.V., Karpov LI, Klimov D.M., et al. Mekhanika bol shikh kosmicheskikh
konstructsiy [Mechanics of large space structures]. Moscow, Faktorial Publ., 1997,
302 p.

2. Schiedeck F., Hemsel T., Wallaschek J. The use of shape memory alloy wires in
actuators. In: Solid State Phenomena, 2006, vol. 113, pp. 195-198. Trans Tech Pub-
lications Ltd.

Onpenenenue Hando1ee ONMACHBIX 00bEKTOB
KOCMHY€ECKOr0 MycOpa Ha HU3KHX opOuTax

© Darren McKnight”, Rachel Witnerb, Francesca Letizia®,

Stijn Lemmens®, Luciano Anselmo®, Carmen Pardini’, Alessandro Rossi®,
Chris Kunstadterh, Satomi Kawamoto', Vladimir Aslanov’, Juan-Carlos
Dolado Perez", Vincent Ruch', Hugh Lewis™, Mike Nicolls", Liu Jing’,

Shen Dan®, Wang Dongfang”, Andrey Baranov', Dmitriy Grishko®

a, b — Centauri; ¢, d — ESA; e, f— ISTI/CNR; g — IFAC/CNR; h— AXA XL;i—JAXA;
j — Samara University; k, | - CNES; m — University of Southampton; n — LeoLabs;
0,p, q— CAS; r— KIAM RAS; s — BMSTU
E-mail: darren.mcknight@centauricorp.com
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AnHoTauus. llenpio naHHOrO JOKIaAa sBiseTcs (HOpPMUpPOBaHHE
NPU3HAHHOTO HAa MEXIYHapOJHOM YpOBHE CIHCKa Haubosiee OIMacHBIX
00BEKTOB KOCMHUYECKOI0 MycOpa Ha HU3KHMX opOutax. s storo mpen-
NPUHSATA MONBITKAa 0000IIEHNST aBTOPUTETHBIX METOJIUK, KOTOPBIE OCHOBA-
Hbl HA pa3HbIX I'MIOTE3aX M IMOAXO0JaX WU AAOT Pa3IUYHbIE PE3yJIbTaThI.
3HaYMMOCTb 3TOW paboThl 00YCIOBICHA y4acTHeM B Hell 19 skcriepToB u3
13 crpan/opranuzanuii, KOTOpble MpeacTaBuian 11 He3aBUCUMBIX OLCHOK,
UHTETPUPOBAHHBIX B MTOre B CHUCOK TON-50 OOBEKTOB, KOTOpHIE C
HauOONbLIeH BEPOATHOCTBIO MPEACTABISAIOT OMACHOCTh sl KOCMUYECKOM
JIESITEIbHOCTH B OKOJIO3€MHOM IPOCTPAHCTBE, TaK KaK MOTYT CTaTh OCHOB-
HBIM MCTOYHMKOB HOBBIX ()parMEHTOB KOCMHYECKOro Mycopa. Kaxapiil n3
11 HezaBucumbIx civckoB Ha 40...60 % coBnazaeT kak MUHUMYM C TpeMs
cocelHUMHU. HecMOTpst Ha TO YTO TOJNBKO JBa MOAXO0Ja NPEIHAMEPEHHO He
paccmarpuBaiu oTpadoTaBlIMe CIyTHUKH, 39 n3 50 0OBEKTOB NpeacTaB-
JSIOT cO0O0M CTYNEHU pakeT-HocuTenei u ToibKo 11 00beKTOB — HeyHK-
IIMOHUPYIOIINE CITyTHUKH.

Knroueswvie cnosa: svicoxoseposmmuvie onachvie 00beKmobl, HU3KUE 0OKOJO-
3eMHble OpOUMbL, Y800 KOCMUHLECKO20 MYCOpa.

Search of Most-Concerning Space Debris Objects
in Low Earth Orbit

© Darren McKnight*, Rachel Witner®, Francesca Letizia®,

Stijn Lemmensd, Luciano Anselmo®, Carmen Pardinif, Alessandro Rossi®,
Chris Kunstadterh, Satomi Kawamoto', Vladimir Aslanov’, Juan-Carlos
Dolado Perez*, Vincent Ruch!, Hugh Lewis™, Mike Nicolls", Liu Jing®,

Shen Dan®, Wang Dongfang?, Andrey Baranov', Dmitriy Grishko®

a, b — Centauri; ¢, d — ESA; e, f— ISTI/CNR; g — IFAC/CNR; h — AXA XL; i—JAXA;
j — Samara University; k, | — CNES; m — University of Southampton; n — LeoLabs;
0, p, q— CAS; r— KIAM RAS; s - BMSTU
E-mail: darren.mcknight@centauricorp.com

Abstract. This report integrates a variety of methods to find interna-
tionally agreed list of the most dangerous space debris objects in low Earth
orbits. These methods each generate different results based on diverse hy-
potheses and approaches. A state-of-the-art model consolidation approach
was applied for the integration of these reputable models. The significance
of the results of this effort is noteworthy — 19 experts from 13 coun-
tries/organizations had their 11 individual assessments aggregated into a
list of the 50 statistically-most-concerning (SMC) objects for debris gen-
eration. Upon examination of the original 11 lists, it is noted that all of
them had between ~40 to 60% objects in common between some other
top-list. In addition, it is also important that, even though only two of

Huorcenepnoiit ncypuan: nayka u unnosayuu # 3-2021 7
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the 11 approaches specifically disregarded payloads, 39 of the top 50 SMC
are derelict rocket bodies; only 11 are non-operational payloads.

Keywords: statistically-most-concerning objects, low Earth orbit, space
debris remediation.

JKCNEePUMEHTHI M0 PeryJasipU3auMu CTOTYHUX
rPaBUTAIMOHHBIX BOJIH

© B.A. Kanuauuenko

" MincturyT npo6aem mexanuku um. A FO. Muumuackoro PAH, Mocksa, Poccnst
MITY um. H.D. baymana, Mocksa, Poccus
E-mail: kalin@ipmnet.ru

AHHoTanus. O0CYXJIal0TCS BO3MOXHbIE MEXaHU3MBI PETyJIIpU3alun
pa3pyLIaloMXcs TPaBUTALMOHHBIX BOJIH Ha CBOOOJAHONW MOBEPXHOCTH
JKUJKOCTH OTpaHUYEeHHOro o0bema. [IpeacTaBieHbl pe3ynbTaThl IKCIIEPH-
MEHTOB, MPOBEAECHHBIX aBTOpOM B 20182020 rr., B X0/1€¢ KOTOPBIX UCCIIE-
JOBaHbI: 1) BIMAHHUE BSA3KOCTU KOJICOMIOIIEHCS >KUIKOCTH; 2) Mepexo
K KoneOmomelcs B OapOTPOMHOM pPEXHME JABYXCIONHOW >KUIKOCTH;
3) BAMSHUE CIIOS YaCTHII TTOJIOKHUTEIBHON T1aBydecTH; 4) addexr miaba-
IOIIEH TUUTACTHUHBI Ha TIPOIIECC Pa3pyIICHUS U PEryJIApU3aINI0 CTOSYEH
rpaBUTAllMOHHON BONHBI Dapanes Ha CBOOOIHON MOBEPXHOCTH BOJABI B
NPSIMOYTOJIBHOM COCYJI€.

Kniwouesvie cnosa: pecynapuvie, nepecynispuvie u paspyuaowuecs no-
sepxnocmuvie gonnbl Papades, bapomponuvie GOJHbL, GbICOKOHYEHMPU-
POBAHHbIE CYCNEH3UU, NAABAIOWAsL NIACMUHA, NPEeOebHAsl KDYMU3HA O]
Hbl, ouccunamugHvle d¢)ghexmol.

Paboma eévinonnena no meme 2ocyoapcmeenno2o 3a0anus
Noe AAAA-A20-120011690131-7.

Experiments on the regularization of standing gravity waves

© V.A. Kalinichenko '*

! Ishlinskii Institute for Problems in Mechanics
of the Russian Academy of Sciences, Moscow, Russia
? Bauman Moscow State Technical University, Moscow, Russia
E-mail: kalin@ipmnet.ru

Abstract. Possible mechanisms of regularization of breaking gravity
waves on a free surface of a liquid of limited volume are discussed.
The results of experiments carried out by the author in 2018-2020 are pre-
sented, in which (1) the effect of the viscosity of an oscillating fluid,
(2) the transition to a two-layer system oscillating in a barotropic mode,
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(3) the effect of a layer of particles of positive buoyancy, and (4) the effect
of a floating plate on the process of breaking and regularization of the
standing gravity surface Faraday wave in a rectangular vessel are investi-
gated.

Keywords: regular, irregular, and breaking Faraday surface waves, ba-
rotropic waves, highly concentrated suspensions, floating plate, limit
steepness, dissipative effects.

The work was supported by the State Program
no. AAAA-A20-120011690131-7.

JAnHaMuKa HHepIHOUIA ¢ 1e0aTaHCOM U MaXOBUKOM
HA IePOX0BATOM IJIOCKOCTH B YCJIOBHUSAX MAJIOH IPAaBUTALINH

© M.3. ocaes

HUU mexannku MI'Y, Mocksa, Poccns
E-mail: dosayev@imec.msu.ru

AnHoTauus. [Ipu pa3paboTke poboTa /Ui nepeMeneHus M0 MoBepX-
HOCTH MaJbIX IJIaHET (aCTepOMJI0B) MOMUMO Majoi I'paBUTALMM HEOOXO-
JMMO YYMTBHIBaTh BIMSHME arpecCUBHOM BHemIHed cpeabl. B kauecTse
OJIHOTO M3 BO3MOKHBIX BapHaHTOB Ui TaKOro poOOTa MpPEIoKEH UHEp-
LUOUJ, TPEICTABIAIOUIMI COO0M H30JIMPOBAHHYIO Karcylly, KOTOPBIH
JIBUTAETCA 32 CUET NEepEMEUICHHs] BHYTPEHHUX MacC M TPEHMsI pa3IMuHOM
HOPUPOABI O MOBEPXHOCTh IUIaHEThl. POOOT ocHaleH onHUM AebanaHcoM
U OJIHUM MaXOBHUKOM. AJITOPUTM YNPAaBJICHUS YIJIIOBBIM YCKOPEHHUEM Jie-
OanaHca MOCTPOEH B MPEAINOJIOKEHUH, YTO POOOT MOKET OTOPBATHCS OT
MOBEPXHOCTU M COBEPLIUTH IMOCTyNareiabHOe mepemenienue. Ilpu stom
B IIpoliecce ABMKEHMs YepeayloTcs Ba pexxuma. Ha ogHOM pexume pe-
aKlMs OMOPHOW IMJIOCKOCTH MPAaKTHUYECKU paBHA HYJIO, pOOOT HaXOAUTCS
B COCTOSIHUM «mojieTa». Ha BTopoM pexxume, Hao00pOT, poOOT mpuxar
K OIOPHOM IJIOCKOCTH, MPU 3TOM jAe0anaHc NPUBOAUTCSA B COCTOSIHUE, He-
o0xoanMoe /17151 BO3Bpara B MepBbli pexxuM. [1oka3aHo, 4To eciau sl Bbl-
OpaHHOrO aNropuTMa HE paccMaTpUBaTh OIPaHUYEHHE Ha MAaKCHMaJbHOE
3HaYeHHEe YCKOpeHHs JebanaHca, TO CPEIHssl CKOPOCTh KOpIyca TakxkKe
MOJKET pacTH HeorpaHuueHHoO. [Ipu 3TOM Bpemst CTOSIHUS KOpIlyca COKpa-
I1aeTCsl, U PacTeT €ro FTOPU30HTANIbHASL CKOPOCTh «IIOJIETay.

Knrwoueewie cnosa: 6ubpopobom, cyxoe mpenue, mamemamuyeckoe mooe-
JUposanue, aniopumm yYnpasieHus.

Hccneoosanue vinonneno npu noodepacke MedcoucyuniunapHoi
Hay4Ho-obpazosamenvHoll wkoawvl Mockoeckoeo yHugepcumema
«DyHoamenmanvuvie U NPUKIAOHBIE UCCTIE008AHUSL KOCMOCAN.
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Dynamics on a rough plane of a vibration robot
with an unbalance rotor and a flywheel
in low gravity conditions

© M.Z. Dosaev

Lomonosov Moscow State University, Institute of Mechanics, Moscow, Russia
E-mail: dosayev@imec.msu.ru

Abstract. When developing a robot for moving on the surface of
small planets (asteroids), in addition to low gravity, it is necessary to take
into account the influence of an aggressive environment. As one of the
possible options for such a device, a vibration robot is proposed, which is
an isolated capsule and moves due to the motion of internal masses and
friction of various natures. The robot is equipped with one unbalance rotor
and one flywheel. The unbalance angular acceleration control algorithm is
built on the assumption that the robot can break away from the surface and
perform a translational motion. In this case, two modes alternate during
the motion. In the first mode, the reaction of the supporting plane is prac-
tically zero; the robot is in the “flight” regime and performs a horizontal
displacement. In the second mode, on the contrary, the robot is pressed
against the supporting plane, while the unbalance rotor is brought to the
state that is necessary to return to the first mode. It is shown that if the
limitation on the maximum value of the unbalance acceleration is not con-
sidered for the selected algorithm, then the average speed of the body can
also grow indefinitely. In this case, the standing time of the body is re-
duced, and its horizontal “flight” speed increases.

Keywords: vibration robot, dry friction, mathematical model, control
algorithm.

This study has been partially supported by the Interdisciplinary Scientific
and Educational School of Moscow University “Fundamental and Applied
Space Research”.
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CEKUMA 1. MATEMATUYECKOE MOAENNPOBAHUNE

1.1. MaTemaTuyeckoe mogenmMpoBaHme mexaHM4ecKux cuctem,
ynpasJjieHue ABUXXeHuem

Pyxosooumenu: un.-xopp. PAH A.Il. Kpumenxo,
I-p ¢u3.-maT. Hayk npod. B.B. Jlanmua

MopesupoBaHue TMHAMHYECKOT0 B3aMMOAeiCTBUS
TKAHEBOH BO31YXOHAMOJHEHHON MOAYIIKH
C AHTPONOMETPUYECKUM MAHEKEHOM

© B.B. Cenusanos, /I.I1. JIeun, A.B. IlettokoB, M.E. ApiuBeHko,
A.A. T'oncanec

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: dr.ni7e@gmail.com

AnHotanusi. B pabore chopmymupoBana (usnko-mMaremMaTuueckas
MOJIENIb B3aMMOJACUCTBUS TKAHEBOW paCIIUPSAIONICHCS aBTOMOOMIBHON
MOAYIIKA O€30MacCHOCTH € OMO0OBEKTaMU. BHOOOBEKTHI MpeCTaBICHBI
C MTOMOIIIBI0 KOHEYHO-3JIEMEHTHBIX MOJIEJIEH aHTPONIOMETPUUECKUX MaHe-
keHoB tuna Hybrid 111 50™ Male. B kauectBe Mozenu Marepuaia MmoayI-
KA 0€30MacHOCTH HCMOJIb30Bajach MOJAETh MHOTOCIOHHOTO TKaHEBOTO
OpPTOTPOMHOro Matepuana. Jljis 4MCIEHHOrO0 MOJEIUPOBAHUS Mpollecca
¢byHKIMOHMPOBaHUS NOAYIIKH O6e3onacHocTh B cpene LS-DYNA ucnosns-
30BajiCsl METOJ KOPHYCKYJSIpHbIX wyacTull. [IpeacraBineHbl pe3ysbTaThl
pacueTa JMHAMHMYECKOTO B3aMMOJCHUCTBHS PACIIMPSIOMIEHCS MOMYIIKH
C TpeMsl MaHEKEHaMH, PacCIOJIOKEHHBIMH CTOSI.

Knwueewie cnoea: uucnennoe mooenupogamue, mMemoo KOPHYCKYIAPHBIX
yacmuy, KOHeYHO-21eMEHMHAS MOOElb AHMPONOMEMPULECKO20 MAHEKEHA.

Lenpto nanHO# pabOTHI SBISETCS Pa3pabOTKa METOIUKU YUCICHHOTO
MOJICTTMPOBAHMS JUHAMUYIECKOTO B3aUMOJICHCTBUSI TKAaHEBOTO PACIIHPSIFO-
[IETOCS BO3IYyXOHAIOIHEHHOTO OOBEKTa C MEXaHHMYECKUMH MOJCISIMU
061000beKTOB. Takne 0OBEKTHI (MOAYIIKHA 0€30MaCHOCTH) MHUPOKO HUCTIONb-
3YIOTCS B Ka4€CTBE OCHOBHBIX JJIEMEHTOB IMACCHBHON CHCTEMBI Oe3orac-
HOCTH B COBPEMEHHBIX aBTOMOOWIsIX — SRS (oT anrm. Supplementary
Restraint System — IOTOJHUTENbHAS CHCTEMa YICpPKUBAHUS), KOTOpas
o0ecrieunBaeT 3alIuTy BOJUTENS U IMACCAKUPOB MPHU JIOOOBOM CTOJKHOBE-
HHUH CO CTATHYHBIM WU JIBUOKYIIIUMCS OOBEKTOM.

Huorcenepnoiii ncypnan: nayka u unnoeauyuu # 3-2021 11
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Crneunguka pacdyeTHON CXEMBbI, pacCMaTpUBaeMON B JTaHHOU padore,
onpeacsICTCd BO3MOXHBIM IIPUMCHCHUEM ITOAYIIKH 0€e30IMacHOCTH B Ka-
YeCTBE TPAaBMOOE30MaCHOTO YJapHHUKA B CUCTEMAaX OPYXKHs HEJIeTaTbHOTO
JICUCTBUA.

PaccMoTpuM crienyroniyro pacueTHyH CXE€My: B KOMHATe, B KOTOpOH
HaxOoJATCA HECKOJIBKO YEJIOBEK, MOJICKANX BPEMEHHOW HEUTpaIu3aluu
UX TOABW)XHOCTH, cpabaTbiBaeT CBEpHyTas MOIylIKa Oe30MacHOCTH
C IUIOMIABI0 TIOBEPXHOCTH | M’, MMeEIOIasi HAYaIbHYIO CKOPOCTH OKOJIO
50 m/c.

3ajaua pelianach YKMCIECHHO, JIATPAHXKEBBIM METOAOM, pPealn30BaH-
HbIM B nporpamme LS-DYNA. B ero ocHoBe JI€KUT cHCTEMa ypaBHEHUH
3aKOHOB COXpaHCHHA MACChI, UMITYJIbCA U DHCPIUU:

PV =Ppy;
Oy TS =pX;;
E= Vs —(p+ qV;
s =0, +(p+9)d;,
roe p U p, — TeKyllas M HadalbHas IJIOTHOCTH MaTepHana COOTBET-

CTBCHHO, Vu V — OTHOCHUTENLHBIN y,[[eJ'IBHLIﬁ 00BEM U €ro IoIHas npo-

M3BOJ(HAS 110 BPEMEHH COOTBETCTBEHHO; O ; — KOMIIOHCHTBI JUBEPICH-
LMK TeH30pa HanpsbkeHui Komy; f; — KOMIIOHEHTBI BEKTOPa 00BEMHBIX

CHJI, JEHCTBYIOIIMX HA TENO; X; — KOMIIOHEHTBI YCKOPEHHs PaccMaTpu-

BAaEMOI0 3JIEMEHTa; £ — IOJIHAs MPOU3BOJHAS 10 BPEMEHM YJIEIbHOU

BHYTPCHHEW SHEPruM; §; — KOMIIOHEHTBI ACBHATOPA TEH30pa HAIPsIKe-

HUIT; €; — KOMIIOHCHTBI TCH30pa CKOpOCTeil Jedopmanuu; p — TeKy-
niee JaBjeHHe; g — /100aBKa K JaBIIEHUIO, 0O0YCIIOBJIEHHAsI UCKYCCTBEH-
HOM BSIBKOCTBIO; &, — nenbra-QpyHkus Kponekepa.

DTa cucTeMa ypaBHCHHUM JOTOIHACTCS MOJEISIMU MPOYHOCTH U ypaB-
HCHHUSAMU COCTOAHUSA MaTCpI/IaJIOB, HUCIIOJIB30BABIINXCA B pacquax.

B kadectBe Mozenu Marepuana MoAyIIKH OE30MaCHOCTH HCIIOIh30Ba-
Jach MOJENIb MHOTOCJIOMHOTO TKaHEBOrO0 OPTOTPOMHOrO MaTepuara.
B kaxxmoit pacueTHOW sueiike MOAYIIKH 3a/laBajlach COOCTBEHHAsI OPTOTO-
HaJIbHas1 CUcTeMa KOOpI[I/IHaT.

CBs13b HaNPsDKEHUM 1 fehopMaIuii onpeaessiiach Kak

Cc=T"C,T,

rne 7 — marpuna npeodpasoBanus; C; — omnpenensionas MaTpuua, 3a-
JlaHHasl Yyepe3 KOHCTAHThl MaTepuaia AJisi OPTOroHaJIbHBIX OCel MaTepua-
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na a, b u c. O6parHast matpuua a1 C; B OpTOTPOIIHOM CIIydae 3aaBaach
CJICAYIOIUM 00pa3oM:

L _Yba _Vea 0 0 0

Ea Eb Ec
Vba L _vcb 0 0 0

Ea Eb Ec

v v 1
Cl=f-% - — 0 0 0
t Ea Eb Ec ’
0 0 0 R 0 0
Gab

o 0 0 0 G, O
o o0 0 0 0 G,

Vab _Voa . Yea _ Vac . Veb _ Ve
- > - > - .
E, E E.E, E. E,
3necy E,,E,,E, — monynu IOHra B HampaBJIICEHUU COOTBETCTBYIOIIUX

ocel MaTepuana; Vvy,,V,,,V., — Kodddunnents! Ilyaccona B koopauHar-
HBIX IJIOCKOCTsAX Marepuana; G,,,G,.,G,, — MOIyNb CIBUra B KOOPIH-

HATHBIX TUIOCKOCTSIX MaTepuara.
KoHcTaHTBI K JaHHOW MOJICIH, UCIIOJIb30BABIINECS B pacueTe, MpUBe-
neHsl B Ta0u. 1.

Tabnuya 1
Ko3dpummeHTs! 1151 MOIeIH MPOYHOCTH MOTYIIKA 0€30aACHOCTH
IInotHOCTS, Kr/m® E, ITa | E,, I'lla Via Vea G, I'lla
2000 2 2 0,35 0,35 2

MonenupoBanue 6M000BEKTOB (JI0/ICH) B MOMEIICHHH MPOBOIUIOCH
C MOMOIIBI0 KOHEYHO-3JIEMEHTHBIX MOJICTICH aHTPOITOMETPUICCKUX MaHe-
keHoB tuna Hybrid 111 50" Male. Macca OJIHOI'O MaHEKeHa COCTaBJIsuIa
95 xr. benpo, roieHbr U CTOMA OMHCHIBAIIUCH MOJEIBIO OWJIMHEHHOTO
yIPYromIacTU4YeCKOro Teja. B kadecTBe Moienu MaTepualia yepena u pe-
Oep Obl1a BeIOpaHa Bs3KOyMpyTast Mojelb. [Ipu sTom pemakcaiys Mo Tyist
C/IBHTA MOTYMHSIIACH YPABHCHHIO

G(t) =G, +(Gy=G,)e ™,

rae G, — MOIyJb CABUra IpH JUINTEIbHOM HarpyxeHuu; G, — MOIyJb
KPaTKOBPEMEHHOTO CIIBHTA; [J — KOHCTaHTa 3aTyXaHUsI.
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Jlns onucaHus MatepuagoB TPyAHOU KJIETKHM U Ta3a KCIOIb30BaJach
MOJIEJIb MMOPUCTOrO TeJa, B KOTOPOH MPU CXKATHUU CBS3b MEXIY HaIpsiKe-
HUSMU U JAeopMalusiMi OMUCHIBAIACh HEIMHEHHOW 3aBUCUMOCTHIO,
a TIPH PACTSHKEHUU TIPEATNoJarajiach JUHEHHAs CBSI3b MEXIAY HaIpsSKEHU-
MU | 1epopManusimMu.

KoHKkpeTHBIE KOHCTaHThI MaTepUaIOB MOJOMPATNCh TAKUM 00pa3oM,
yTOOBl HanboJiee TOYHO COOTBETCTBOBATH JAaHHBIM KalHMOpPOBOYHBIX HC-
NBITAHUN: TECT HAa YJUIMHCHUWE IIeH, TeCT Ha CrubaHue Iew, yaap IO
rpyAHOU KJeTke. B3auMmonencTBue MEXAy pa3iMYHbIMU YacTIMH MaHe-
KEHOB OMNHCHIBATIOCH C TOMOIIBIO MITPAGHOTO KOHTAKTHOTO alrOpPUTMA.
[Ipn ucnosp30BaHUM AAHHOTO AJTOPUTMA CHJIA OTTAJKMBAHUS COIpPHKA-
CAIOINXCS SYEEK MATEPUaIOB MPSIMO MPOMOPIHMOHANIBHA TTTyOuHEe UX B3a-
uMonpoHUKHOBeHUs. KoadduuueHT nponopuroHanbHOCTH OIpenessics
KaK

pcA
K At
rie p — IUIOTHOCTh MaTepuana; ¢ — CKOPOCTh 3ByKa; 4 — IUIOLIAIb
AYEeNKH; Af — 1ar UHTETPUPOBAHUSI IO BPEMEHH.

Jlo HAcCTOSIIIET0 BPEMEHH OJHHUM W3 OCHOBHBIX METOIOB, TTO3BOJISIO-
IIMX MOJEIMPOBATh PACKPBITHE MOIYIIKH, SBJSJICS METOJ] KOHTPOJIBHOTO
o0bema. B cooTBeTCTBUU C aITOPUTMOM 3TOTO METOJIa MOAYIIKa Oe30mac-
HOCTH paccMaTpHuBajach Kak KOHTPOJIbHAs MOBEPXHOCTh, MOJEIUpPYyEMas
Ha0OpoM 000J0YEYHBIX KOHEYHBIX AJIE€MEHTOB. J[aBlieHHE, COOTBETCTBY-
IOlee TEKyIIeMy O0beMy, OMNpEeNeNsyioch U3 YPaBHEHHUS COCTOSHUS
UJCANBHOTO Ta3a M MPHUKIAIBIBAIOCH OJTHOBPEMEHHO KO BCEM sYEHKaM
MOJYILIKH.

['maBHBIMU TpeMMyIIECTBAMU JAHHOTO METOJIA SIBJISIFOTCS €T0 OBICTPO-
Ta, YCTOMYMBOCTb U XOpOILIAsi CXOAUMOCTb, & HEJOCTATKOM — HEKOPPEKT-
HOE€ MOJEIUPOBAHUE CHUTyalui, B KOTOPBIX B3aWMOACUCTBHE IOJYILKH
0€30IMacCHOCTH U 0OBEKTOB MPOUCXOANT 0 €€ MOJTHOTO pa3BOpPAYNBAHHUS.

B nanHO# paboTe MCHONB30BAJICS METOJ KOPIyCKYJSIPHBIX YacTHII,
KOTOPBIM MO3BOJISIET HUBEIMPOBATh JAHHBIA HEIOCTAaTOK. B oTimume ot
METO/Ia, OMMCAHHOTO BBIIIE, HAJAyBaHUE MOIYIIKA 0€30MacHOCTU MPOMC-
XOJUT MOJ JAeWCTBUEM MOTOKA YacTHll chepruueckoil popmbl, KOTOpPhIE MO
CBOCH CYTH SIBIISIFOTCS aHCAMOJISIMU MHOXECTBA PEATbHBIX MOJICKYJ Ta3a.
[Ipu sTOoM obOecrneunBaeTCsl PaBEHCTBO YJEIBHOW MOCTYIMATEeIbHON KHHE-
THUYECKON SHEPrUy MOJIEKYJ M 4acTUL. B3auMoAEeHCTBUS MEXIYy CaMUMHU
YaCTHIIAMU U TKAHBIO MPEICTABIISIN COOOM HIEaNbHO YNPYTrue CTOJIKHO-
BEHMSI.

B pesynbpraTe mpoBeneHHBIX pacueToB ObLIO MOKA3aHO, YTO JAHHBIN
MOAXO0J MO3BOJISIET C JOCTATOYHON TOYHOCTBIO JJII MH)KEHEPHBIX MPHIIO-
KEHUI MOJENUpOBaTh PACKPBITUE CBEPHYTOM MOAYLIKHM OE€30MacHOCTH,
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a TaKKe ONpeAeNsATh HAarpy3Ku (paclpelesieHus] AaBICHHS, HUMITYJIbCa,
YCKOPEHHUI), KOTOpBIE JEMCTBYIOT Ha pa3IMyHbIEe YaCTU aHTPOIIOMETpHUYE-
CKUX MAaHEKEHOB TP yJape pa3BepHyBLICHCS MOIYIIKONW O€30MaCHOCTH.

Modeling of dynamic interaction of a fabric airbag
with an anthropometric dummy

© V.V. Selivanov, D.P. Levin, A.V. Petukov, M.E. Arcivenko,
A.A. Gonsales

Bauman Moscow State Technical University, Moscow, Russia
E-mail: dr.ni7e@gmail.com

Abstract. In this paper, a physical and mathematical model of interac-
tion between a fabric expanding automobile airbag and biological objects
is formulated. Bioobjects are represented using finite element models of
anthropometric dummies of the Hybrid III 50th Male type. As a model of
the airbag material, a model of multi-layer fabric orthotropic material was
used. The method of corpuscular particles was used for numerical simula-
tion of the airbag functioning in the LS-DYNA multiphysics simulation
software package. The results of calculating the dynamic interaction of an
expanding airbag with three standing dummies are presented.

Keywords: numerical modeling, corpuscular particles method, finite ele-
ment model, an anthropometric dummy.

The purpose of this work is to develop a method for numerical mode-
ling of the dynamic interaction of a tissue expanding air-filled object with
mechanical models of biological objects. Such objects (airbags) are widely
used as the main elements of the passive safety system of modern cars —
SRS (Supplementary Restraint System), which provides protection for the
driver and passengers in a head-on collision with a static or moving object.

The specifics of the design scheme considered in this paper are deter-
mined by the possible use of an airbag as a trauma-safe striker in non-
lethal weapon systems.

Consider the following calculation scheme: in a room where there are
several people who are subject to temporary neutralization of their mobili-
ty, a rolled-up airbag with a surface area of 1 m?, having an initial speed of
about 50 m/s, is triggered.

The problem was solved numerically by the Lagrangian method im-
plemented in the LS-DYNA program. It is based on a system of equations
of the laws of conservation of mass, momentum and energy:

PV =py;

0+ =pX;;
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E= Vsijéij —(p+q)V;

Sij =0y +(p+q)8ij5
where p and p, — current and initial density of the material, respective-

ly; V and V — the relative specific volume and its total time derivative,
respectively; o, ; — components of the Cauchy stress tensor divergence;
f; — components of the vector of volumetric forces acting the body;
X, — acceleration components of the element; £ — total time derivative
of specific internal energy; ¢; — components of the strain rate tensor;
p — current pressure; g — additive to the pressure due to artificial vis-
cosity; s; — components of the stress tensor deviator; 8, — Kronecker

Delta function. This system of equations is supplemented by strength
models and equations of state of the materials used in the calculations.

As a model of the airbag material, a model of multi-layer fabric ortho-
tropic material was used. Each calculated cell of the pillow had its own or-
thogonal coordinate system.

The relationship between stress and strain was defined as

Cc=T"C,T,
where T — transformation matrix, and C; — defining matrix defined by

material constants for orthogonal axes of the material a, b and c. The in-
verse matrix for the C; in the orthotropic case was given as follows:

LI P N
Ea Eb Ec

_ Vba L _ Veb 0 0 0
Ea Eb Ec
v v 1

C—l |~ ca cb - 0 0 0
t Ea Eb Ec ’
0 0 0 L 0 0
Gab

o 0 0 0 G, 0
o o0 0 0 0 G,

Yab _Yba . Yea _ Vac . Yeb _ Vic

3

E, EE E,

a c

2 2

E, E,
where E_,E,,E. — Young's modules in the direction of the correspon-

ding axes of the material; v,,,v,,,v, — Poisson coefficients in the coor-

a
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dinate planes of the material; G,,,G,.,G,, — shear modulus in the coor-

dinate planes of the material. Table 1 shows the constants for this model
used in the calculation.

Table 1
The coefficients for the model of the strength of the airbag
Density, kg/m’ E, GPa | E,, GPa Vi Vea G,,. GPa
2000 2 2 0,35 0,35 2

Modeling of biological objects in the room was performed using finite
element models of anthropometric dummies of the Hybrid III 50th Male
type. The weight of one dummy was 95 kg.

The hip, lower leg and foot were described by a model of a bilinear
elastic-plastic body. A viscoelastic model was chosen as the material
model for the skull and ribs. The relaxation of the shear modulus obeyed
the equation

G(t) =G, +(Gy-G,)e ™,

where G,, — shear modulus under prolonged loading; G, — short-term

shear modulus; f — attenuation constant.

To describe the materials of the chest and pelvis, a porous body model
was used, in which the relationship between stresses and deformations was
described by a nonlinear relationship during compression, and a linear re-
lationship between stresses and deformations was assumed during tension.

Specific constants of materials were selected in such a way as to most
accurately match the data of calibration tests: neck elongation test, neck
flexion test, chest impact. The interaction between different parts of the
dummies was described using a penalty contact algorithm. When using
this algorithm, the repulsive force of touching cells of materials is directly
proportional to the depth of their interpenetration. The proportionality co-
efficient was defined as

x = Ped
At

>

where p — material density; ¢ — sound speed; 4 — area of a cell; At —
time integration step.

Until now, one of the main methods for modeling airbag opening has
been the control volume method. In accordance with the algorithm of this
method, the airbag was considered as a control surface modeled by a set of
shell finite elements. The pressure corresponding to the current volume
was determined from the equation of state of the ideal gas and applied
simultaneously to all the cells of the airbag.
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The main advantages of this method are its speed, stability and good
convergence, and the disadvantage is incorrect modeling of situations in
which the interaction of the airbag and objects occurs before it is fully
deployed.

In this work, we used the method of corpuscular particles, which al-
lows us to neutralize this disadvantage. In contrast to the method described
above, the airbag inflates under the action of a stream of spherical parti-
cles, which are essentially ensembles of many real gas molecules. This en-
sures that the specific translational kinetic energy of molecules and parti-
cles is equal. The interactions between the particles themselves and the
fabric were perfectly elastic collisions.

As a result of the calculations, it was shown that this approach allows
modeling the deployment of a collapsed airbag with sufficient accuracy
for engineering applications, as well as determining the loads (pressure,
momentum, acceleration distributions) that impact various parts of anthro-
pometric dummies.

00 yYupaBJjJeHUN I[HHaMHKOﬁ CHUCTEMBI KOHb — HAa€3JHHK

© B.K. bansesa, P.I'. MyxapisimMoB

PYJIH, Mocksa, Poccust.
E-mail: vlada badyaeva@mail.ru

AnHoTanus. Vccnenyercs nuHamMHuKa CHUCTEMbl KOHb — Hae3JHHK.
[IpoBoauTCS aHAMU3 CTWIEH NBMKEHUM M B3aWMOJICUCTBHUS €3/10Ka C KO-
HEM. (DOpMI/IpyeTCSI MCXaHH4YCCKasd MOACJIb CHUCTCMBI, HpeIlCTaBJIeHHaSI
IBYMs TBepAbIMU Teslamu. Omnpenensercs W3MEHEHUE MBIIICYHONW CHIIBI
BCaJHUKaA, ynpaannomaH ABUXKXCHUEM €TI0 ueHTpa Macc I10 BepTI/IKaJII/I
u o0ecrieyeHus: YCTOMYMBOCTH JIBIDKCHHS. 3a7ada yMpaBJICHUs] paccMaT-
pI/IBaCTCSI KaK o6paTHa51 3aJa4a JUHAMHUKU U COCTOUT B onpeueneHI/m BbI-
paXXeHUsl YIPABJISIFOIIEH PEaKIUU CBSA3U MPU U3BECTHON CHJIE OTTAJIKHUBA-
HHA KOHA OT 3€MIJIN. I/ICHOHBBOBaHI/IC COBpeMeHHLIX METOA0B HOCTpOGHI/ISI
ypaBHEHUN IUHAMUKH C YYETOM CTAOWMIM3AIMH CBSI3€H IMO3BOJISIET II0O-
CTPOUTH AJITOPUTM PEIICHUS C HEOOXOAMMON TOYHOCTHIO.

Knwueswie cnosa: xonv, HaeB@HuK, auHClMUKCl, cucmema, ycmoﬁtmeocmb.

Lenbto naHHOM pPabOTHI SBISETCS ONMUCAHHWE JAMHAMUKU CHUCTEMBI
KOHb — HAae3[JHUK U MOCTAHOBKA 3a/lauyd MAaTEMaTHYECKOro MOZETUpOBa-
HUS U pa3paOOTKH PEKOMEHIAIMK 10 MPOEKTHPOBAHHIO TPEHAKEPOB,
NpeJHa3HAYEHHBIX JJI TPEHUPOBOK CHOPTCMEHOB U Jitobureneil. K Hacro-
SIIeMy BpeMEHH pa3paOoTaHbl pa3IMuHble TUIBI TPeHAXepoB. OHAKO U3-
BECTHbIE KOHCTPYKIMM 33Jal0T OrpaHMYEeHHbIe BUJbI ABIMKeHUH. Tak, 1o
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CUX IIOp HE CKOHCTPYHMPOBAHO JIBWKEHHE JIOLIAJM Ha CKayKaX, a TaKxke
JBWKECHUE CHCTEMBI IIPH MTOBOPOTAX U JBIKEHHE IO Kpyry. Ilootomy mis
pa3paboTKu KOHCTPYKLHMH TPEHa)XepPOB, COOTBETCTBYIOUIMX PA3THMYHBIM
BUJIaM [IBIJKEHMH CHCTEMbl KOHb — HAE3[HMK, MpEkAe Bcero Tpedyercs
co3aath 3(p(HEeKTUBHYIO0 MaTEMAaTHYECKYIO MO/IEIb.

B pabore wuocTpupyroTCs HEKOTOPBIE U3BECTHBIE TPEHAXKEPHI: Tpe-
Haxkep AramuHa, TpeHaxep Fortis. [IpuBogsTcs onpeaeneHus HEKOTOPHIX
TEPMHMHOB, HCIIOJIB3YEMBIX B KOHEBOJCTBE: INAr, PbICh, TajoOll, IJIaJKHE
CKauyKH, aJUIIop, Kapbep, BbIE3]IKa, M0JIEBas 110CaKa, IEHTP MacCc BCaJHU-
Ka, EHTP MacC KOHs.

Ilae. Tlpu mare pacCTOSHUE 110 BEPTUKAIBHOW OCHU MEXKIY LEHTPOM
MacC BCaJHHKA U JIOLIAJM OCTAeTCs MOCTOSIHHBIM. LleHTp macc nomanu
JBUKETCS. 110 TOPU3OHTAJIM, LIEHTP MacC BCaJHMKAa ABWXKETCS BIEpEl-
Ha3aJl, coBepllas KojaeOaHusl BOKPYT TOUKH PABHOBECHSL.

Puico. Tlpu yueOHOU phICH IBHKEHUE CUCTEMBI MIOX0XKE HA TBUKCHHE
npu mare. B 5ToM ciy4ae H3MEHSIOTCS TOINBKO CKOPOCTH, CHIIBI B3aUMO-
JeicTBUs M aMIUTyAa Konebanuit. [Ipu cTpoeBoil pbicu LIeHTp Macc Jo-
IIagy JIBUXKETCS TaK, KaKk IpU y4yeOHOHM pbICH, a LEHTP MacC BCAJHHUKA
JIBIDKETCSI BBEPX-BHM3, COBEpIIast KojJeOaHUsI BOKPYT TOYKU PABHOBECHS.
[Ipu 3TOM CcHUCTEMY MOXHO NPEACTABUTH B BHJIE IBYX TeJ, CBSI3aHHBIX
MEXy COOOH ABYMS MPY>KUHAMHU.

Tanon. Tlpu ramone U3MEHSAIOTCA CUJIbI B3aUMOJICUCTBUA U CKOPOCTh
JBUKEHMS. J[BU)KEHUE BCAaHUKA MIOXOXKE U HA ABM)KEHUE IIPU PBICH, U HA
JIBIDKCHHUE TpU Kapbepe (Ha ckaukax). LleHTp mMacc Hae3gHWKAa OTHOCH-
TEJIbHO 3€MJIM ABWXKETCSA U 110 TOPU3OHTAIM, U IO BepTukanu. Ilpu stom
HOTY BCaJHHMKA UIPAIOT poJib IpyxkuH. Kopmyc BcagHuKa MOYTH NEPIECH-
JUKYJISIPEH TIOBEPXHOCTH CeJIa.

Taxkum o0Opa3om, Ipy pa3HbIX JBMXKEHUSX JIOIIAAN U3MEHSETCS M0JI0-
JKEHHUE LIEHTPa MacCc BCaJHUKA. [[BKEHUs Jo1aayu B YIPOLIEHHONW MoJe-
JIM Pa3nyaroTCs TOIbKO CHIIAMH B3aMMOACUCTBHS C BCATHUKOM U CKOPO-
cTsMu. B pesynbprare mccienoBaHus cOpMHpOBaHA METOAMKA aHAIN3A
JBUKCHMS KOHSI, KOTOPOW MOXET COOTBETCTBOBATH MATEMAaTHUYECKask MO-
JIENIb TPEHAXKEpA.

JIBM>KeHHE CHCTEMBl KOHb — HAE€3JHUK Ha CKaykax, KOrzaa Jouanab
JIBUTAETCs OBICTPBIM TaJIONIOM U BCAJHUK HAKJIOHSAET CBOW KOpIyC mapal-
JIEJIbHO TIOBEPXHOCTU 3€MJIM, MOJEIHUPYETCsS KOoJeOAaTeIbHOW CHCTEMOM
JIBYX TBEPHABIX TeJl ¢ ynpyroiul cBssbo [1]. [ns onpeneneHus: MpllieuHON
CWJIbI BCAJHUKA, IEUCTBYIOLIEH HA KOPITYC JIOIIA 1, UCCIEAYETCsl CUCTEMA
JBYX TOYEK, COBEPILIAIOIIMX IBWKEHUE IO BepTUKaIM. /[uHamuka cucre-
MBI OIIUCBIBAETCSl YPAaBHEHUSMU:

mx, =—F —-mg+R, myx, = F, —myg —R; (1

x(t)=x0.  X(19) =23, % (to)=%10, X (to)= %05 2
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.dx . d*x
X=—, X = -
dt dt
3,I[GCB my,my, X, X, — MacCChbl U KOOPAMHATBI HCHTPOB MACC HAC3JHUKA U
KOHH, Fi’F2 — MBIIICYHBIC CUJIbI; & — YCKOPCHUC CBO6OI[HO ImagaroIie-

2
ro tena, g =9,81 m/c”.
3menenune cunbl JaBjIeHUA Hae3IHUKA HA Jolaas R = R(t) noJgacT-

Cid HU3SMCPCHMUIO. 3aKOH M3MEHECHUS II0JI0XKCHUS OEHTpa MacCC KOH:A
Xy = Asin (ut) ONpEACIIAACTC IO PE3YJIbTATaM dHAJIN3a BUACOMATCPUATIOB

¢ KOHHBIX ckauek B Jly0ae [2]. Tak, npu m; =50 kr, m, =500 ke umeem:

A=0,06m; u=(0,82-2m)c ",

Jlns onpeneneHus BelpakeHUi cun Fy, F, UCIONB3yeTCsl METOH CTa-
Oounmzanuu cBszel [3]. 3agaBas Lenb ynpaBiIeHUs] YPaBHEHUSIMU CBsI3ei

by (x,0)=0; hy(x,1)=x,—Asin(ut)=0; x=(x,x,), (3)
BBOJISITCS YPaBHEHUs IPOTPAMMHBIX CBSI3EH
Vi :hl-(x,t), i=12. 4)
[IpaBbie yacTh ypaBHEHHI BO3MYILIEHUI CBS3€i

dyi_~ dj’i
ar U a

:Yi().}ayaxax’t); YI(O’O’ x’ X, t):()’ y:(yl’yz) (5)

noaouparoTcs Tak, YToObl TpUBHAJIbHOE pelieHne y =) =0 ObUIO yCTOil-
YUBO aCUMITOTUYECKH W BBITIOJIHSINCH YCIOBUS cTaOmIn3anuu cBsizei (3).
W3 pasencts (1), (3)(5) cnenyrot BolpaskeHus cun F, F,

F =R (t) -mg+
m

()

—+

(7 (12— Aue® sin () ) 5 1+ 20+ = )

F, =m, (g—Au2 sin(ut)+Y2)+R(t).

Hanpumep, mpocteiitieMy ciydaro /s =X, —c¢ COOTBETCTBYET 3aKOH W3-

MCHEHHsI MBILICYHON critbl Bcanunka F = R(t)—m, (g -Y)).

Paboma svinonnena npu purnancosoii noooepcke PODHU,
npoexkm Ne 19-08-00261-a.
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On dynamics control of horse—rider system

© V.K. Badyaeva, R.G. Mukharlyamov

RUDN University, Moskow, Russia
E-mail: vlada badyaeva@mail.ru

Abstract. The dynamics of the horse-rider system is investigated.
The analysis of movement styles and interaction between the rider and
the horse is carried out. A mechanical model of the system is formed, rep-
resented by two solid bodies. The change in the rider's muscle strength is
determined, which controls the movement of his center of mass vertically
and ensures stability of movement. The control problem is considered as
an inverse problem of dynamics and consists in determining the expres-
sion of the control constraint reaction at a known force of repulsion of the
horse from the ground. The use of modern methods for constructing dy-
namic equations taking into account the constraint stabilization makes it
possible to construct a solution algorithm with the necessary accuracy.

Keywords: horse, rider, dynamics, system, stability.

The purpose of this work is to describe the dynamics of the horse—
rider system and to formulate a mathematical modeling problem for de-
veloping recommendations for the design of simulators intended for trai-
ning athletes and Amateurs. To date, various types of simulators have
been developed. However, known constructions set limited types of
movements. So, the movement of a horse at a race has not yet been de-
signed. Also, the system is not designed to move when turning and mov-
ing in a circle. Therefore, the development of simulator designs that corre-
spond to various types of movements of the horse—rider system first of all
requires the creation of an effective mathematical model.

The message illustrates some well-known simulators: the simulator of
Agashin, the Fortis simulator. The definitions of some equestrian terms are
given: step, trot, gallop, smooth racing, gait, quarry, dressage, field land-
ing, center of mass of the rider, center of mass of the horse.

Step. At a step, the distance along the vertical axis between the center
of mass of the rider and the horse remains constant. The center of mass of
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the horse moves horizontally, the center of mass of the rider moves back
and forth, making fluctuations around the equilibrium point.

Trot. In a training trot, the movement of the system is similar to that of
a step. In this case, only the velocities, interaction forces, and oscillation
amplitude change. In a drill trot, the horse's center of mass moves as in a
training trot, and the rider's center of mass moves up and down, oscillating
around the point of balance. In this case, the system can be represented as
two bodies connected by two springs.

Gallop. When you gallop, the interaction forces and speed of move-
ment change. The movement of the rider is similar to that of the trot and
the movement of the quarry (at the races). The rider's center of mass rela-
tive to the ground moves both horizontally and vertically. In this case, the
rider's legs play the role of springs. The rider's body is almost perpendicu-
lar to the saddle surface.

Thus, with different movements of the horse, the position of the rider's
center of mass changes. The horse's movements in the simplified model
differ only in the forces of interaction with the rider and speeds. As a re-
sult of the research, a method for analyzing the horse's movement was
formed, which can correspond to the mathematical model of the simulator.

The movement of the horse-rider system in horse racing, when the
horse moves at a fast gallop and the rider tilts his body parallel to the
ground, is modeled by an oscillatory system of two rigid bodies with an
elastic connection [1]. To determine the rider's muscular force acting on
the horse's body, we study a system of two points that move vertically.
The dynamics of the system is described by the equations

mx, =—F—-mg+R;, myX,=F,—-myg—R; (1)

x (1) =% xz(fo):xzoZ (1) = %05 xz(fo):"czo; (2)
. dx . d’*x
X=—; ¥=—.
dt dr?

Here m,,m,,x;,x, are masses and coordinates of the centers of mass of
the rider and horse; F|,F, are muscle forces; g=9,81 m/s? is acceleration
of a free-falling body. The change in the rider's pressure on the horse
R=R (t) can be measured. The law of changing the position of the horse's
center of mass x, = Asin(ut) is determined from the analysis of video
materials from horse races in Dubai [2]. For example, if m; =50kg,
m, =500kg , we have: 4=0,06 m; u = (0,82-2n)c_1. To determine the
expressions of the forces Fj,F, the method of constraints stabilization is
used [3]. Setting the goal of control by equations
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by (x,0)=0; hy(x,t)=x,—Asin(ut)=0; x=(x,x,), 3)
equations of program constraints are introduced:
yi=h(x1); i=12. (4)

Right hand sides of the constraint perturbation equations
dy, . dy o .

:yi7 _:)Ii(y’y’xaxat); Yl(0507 X, X, t)zoa y:(y15 yz) (5)
dt dt
selected so that the trivial solution y =y =0 is asymptotically stable and

the conditions for constraint stabilization (3) are met. From equalities (1),
(3)—(5) the expressions of the forces F|, F, follow:

K :R(t)—m1g+
m

()

—+

— (hf (Y — du® sin (ur) ) + i b + 205, + —Yl);

F, =m, (g—Au2 sin(ut)+Y2)+R(t).

For example, the simplest case 5 =x; —c corresponds to the law of

change in the rider's muscular force F =R(t)—m, (g -Y,).

This work is supported by RFBR, project 19-08-00261 A.
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KoMnbroTepHOe MOIeTHPOBaHNEe Pa3rPy3Ku
ABTOMOOMJISI-CAMOCBAJIA HA HAKJIOHHOM IIOIIAIKE

© I0.H. bappimankos
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AnHoTanus. B crathe paccmoTpeHa mnpoOiema moTepu yCTOMUUBOCTH
caMocBajia TIpH Pa3rpy3Ke Ha HAKJIOHHOM ruiomanake. OCHOBHOW 3amadeit
UCCJICIOBAHMs SIBIISICTCS OMpENEICHUE TMPEIebHO JOMyCTUMOIrO Yria
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HaKJIOHA IUIOmaAku. Pa3paborana MaTemaTHyeckas MOJENb CaMoOCBaja
IpHU pasrpy3ke Ha IUIOLIAJKe ¢ MPOJOIbHBIM YKIOHOM. B ciyuae npuim-
naHus Tpy3a K IuiatopMe MojydyeHa aHanuTHdeckas (Gopmyna i pac-
yeTa KPUTHYECKOTO yrila HakJIoHa Iuiomanku. llpum nBmxeHMu Tpys3a
npeaIokeHa Mpoueaypa MomaroBoro N3MeHeHHs mapaMeTpoB. Ha ocHose
MOJTyYeHHBIX COOTHOLIEHHH COCTaBJeHa IpOrpaMMa pacuera IpoOJbHOM
yCTOMYMBOCTH camocBana. lIpuBeneHbl pe3ynbTaThl OLEHKH IPOMOILHOM
ycToiunBoctu camocBana KamA3-53605.

Knrwouesvie cnosa: a6m0M061/lJlu—CaMOCGLIJZbZ, ycmoﬁ'meocmb, Hecywas
cucmemd, mamemamudecKue Mooelu.

BBenenue. OnpokuasiBanue (MOTEps YCTOMYMBOCTH) aBTOMOOMJIS
B IIPOJOJIBHOM TIOCKOCTH MOXET HaOII0aThCs B CaMbIX Pa3IHMYHBIX CITy-
yasx: MpU PEe3KOM TOPMOXKEHUU Ha KPYTOM CITyCKe, MpH JIBUKEHUU Ha
KpPYTOM NOABEME, NPU IBUKEHUM 33JTHUM XOJIOM B OBpar WiH B peKky [1].
Kpome Toro, mmsi aBTOMOOWMIICH-CaMOCBAJIOB CYIIECTBYET OIMACHOCTH
ONPOKUABIBAHUS B Ipolecce pasrpy3ku. ONpoKuIbIBAHUE YACTO IPO-
MCXOJUT Ha HAKJIOHHBIX IUIONIaAKax JIMOO MpH MpOocaaKe 3aJHUX KoJec
B IPYHT BO BpEMs pasrpy3Kh. B 3TOH CBA3M OCHOBHOM 3ajadyed IIpH
OILICHKE YCTOMYMBOCTH aBTOMOOWIIS SIBJSIETCS OIpe/elieHue KPUTUYECKO-
r'o yrja HaKJIOHA IUIOMIAIKH.

IIpoxosbHast yCcTOHYMBOCTHL camocBajia. PaccMoTrpum cxemy pas-
Ipy3KH caMOCBaJla Ha IPOAOJIBHOM YKIIOHE (puc. 1).

Bocnonszyemes npunnunom Jlamambepa [2]:

D My(m2)+Y M (R)+ D My(D,)=0. (1)

TIpuBesem Bce CHITBI HHEpIHH Ipy3a (P, ) K ero nentpy mMacc C B BH-

Jie TJIaBHOTO BeKTOpa R™ W IIIaBHOro MOMEHTa L .

[lycte rpy3 — MOHOJNMTHAs TJbI0A, CUMMETPHYHAs OTHOCUTEIBHO
BEPTUKAJIBHON TUIOCKOCTH cummeTpur Oxy aBromoOwmisa. Torma, kKak mo-

Ka3aHo B pabore [3], IIaBHBI MOMEHT CHJI MHEpLUH rpy3a Lo =—J,€

paBeH Hymo (€ =0). B cBoro ouepenp, INIaBHBIM BEKTOpP CUJI MHEPLUU

R™ = —m,a, HampaBeH NPOTUB JBIKeHUs rpy3a (cM. puc. 1), a ero mMo-
WH .
oynb R™ =m,S.

C y4eToM MOJTyueHHBIX COOTHOIIICHUH ypaBHeHue (1) 3amuiiem B Buje
3 3
—ZngXK cose+ZngYK sin 0+
k=1 =1 (2)
+ R L—R"™(y, +Y¥,cosp+ X,sing)=0.
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Puc. 1. PacueTHas cxema pa3rpy3ku camocBaa:

m; um, — macca miatdopmbl / u rpysa 2; ms; — Macca maccu 3; ¢ — yroi nojgbema miarhop-

MbI; O — yron HaKJIOHA IUIOMAIK] Pa3rpy3KH; S — MepeMelenye rpysa; R, u R, — cyMMapHbie

peakIiy Ha KoJiecax IepeaHell u 3axHel oceit aBToMoOmist; AB = L — KonecHas 6aza

Bxopnsmue B ypaBHeHHe (2) KOOPIUHATHI LIEGHTPOB Macc MIaTGOpMbl /
U rpy3a 2 B HeNOABWKHOU (X, ;Y,) U B MOABWKHOU (X, ; YV, ) CUCTEME KO-

OpJMHAT CBSI3aHbI MEXKIY COOOH CleAyIOUIMMH COOTHOILICHUSMU:
X, =x,cosQ—y,sing— X; 3)
Y, =x, sin@+y,coso+Y, (k=1,2). “4)

[Ipn pasrpy3ke caMocBajia Ha IUIOIIAJKE C KPUTUYECKUM YIJIOM

%
Hak/IoHa O mepegHHe Kojeca OTPHIBAIOTCS OT ONOPBl U aBTOMOOWIIb Te-
pseT ycTonuuBOCTh. IIpu 5TOM peakunu R; HA IEpEeIHUX KOJECaxX CTaHyT

PaBHBIMU HYJIIO, U ypaBHEHUE (2) mpuUMeT BUJL

3 3
* . * .. M
—gcosH ZmKXK + gsin0 meYK —my§(y, + Y, cos@+ X, sing) =0. (5)
xk=1 k=1
B ciydae npunmnanus (mpumep3aHusi) rpysa K miardopme, Korjaa ero
NepeMEIIEHUE S PABHO HYJIIO, U3 YpaBHEHHUs (5) HaWIeM KPUTUYCCKHIA
yroJ1 HAaKJIOHA TUTOIIA KK
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3
ZmKXK

6" =arctg | S—— |, (6)

2 MY,
x=1

[Tocne moacranoBku cootHotienuii (3) u (4) B popmyny (6) nomyuum:

(X, +my%,) COS @ — (MY, +my y, ) Sin @ — (my +my) Xy +m3 X3

0" = arctg _
(myxy +my X, ) SN @+ (my Yy + 1, y,) €08 @+ (my + 1) Yy + 1z Yy

(7

Pe3ynbraThl pac4eToB KPUTHYECKOTO yria 1o ¢opmyde (7) mo3Bods-

I0T y’K€ Ha 3Talle IPOEKTUPOBAHUS CJENaTh BbIBOJ 00 yCTONYMBOCTH ca-
MOCBaJia MpH pa3rpysKe.

B ciyuae nBrmkeHUs rpysa JUisi pacdeTa KPUTHYECKOTO YIJia HaKJIOHA

IUTOMIAJIKK pa3paboTaHa Mpoleaypa MOMAroBOro M3MEHEHHUs YIIIOB O

U @. B oCHOBe ayiropuT™Ma pelIeHHs 3a1a4H HCIIOIb3yeTCsl ypaBHEHHE (5)

u cootHomeHus (3) u (4).

Ha ocHoBe npeayioxkeHHOM METOJAMKHU BBIMOJIHEH PAaCYET KPUTUUECKO-
ro yrja HakJioHa Tuiomaaku s camocBasia KamA3-53605. PesynbraTsl
pac4eToB IPECTaBICHbI HAa puC. 2.

- 9*, rpaj.

40
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yron nogsema nnatcgopmel
Puc. 2. l"pa(bmc HN3MCHCHUS KPUTUYCCKOI'O yIjla HaKJIOHA IIOAaAKN
W3 npusenenHoro rpaguka BuaHO, uto camocBasn KamA3-53605 xa-

paKTepu3yeTcss BBICOKON YCTOMYMBOCTBIO Ha ONPOKHAbIBaHUE. Tak, MpH
noabeMe MIaTGopMbl ¢ TPY30M Ha MaKCUMAJIbHBINA yrosl 50° aBTOMOOWIIb
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COXpaHsIeT YCTOMYMBOCTH JMOO Ha IJIOLIAAKE C YIJIOM HAKJIOHAa OKOJO
15°, nubo mpu mpocake 3aJHUX KOJIeC B TPYHT Ha 250 MM.

3akmoyenue. Takum 00pa3oM, MNpeNIOKEHHBIA METOA SBISETCA
3 PEKTUBHBIM WHCTPYMEHTOM JIJIsl SKCHPECC-aHANIN3a YCTOWYMBOCTH Ca-
MocBaia. Vicnonb3ys popmyiy (7), MOXKHO yke Ha paHHEW CTaJuu MPOEK-
TUPOBaHMUS aBTOMOOWIISI IPOBOIUTH MHOTOBAPHAHTHBIEC PACUETHI C LIENbIO
BbIOOpa ONTHMAJIBHOIO KOMIIOHOBOUHOTO pemenus. [lpu Takom moaxone
CYIIIECTBEHHO COKPAIIAIOTCSl CPOKHU JIOBOJKM aBTOMOOWIIEH M 3aTpaThl Ha
IIPOBEJEHHUE TOPOTOCTOSALINX UCIIBITAHUH.
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Computer simulation of unloading a dump truck
on an inclined platform

© Yu.N. Baryshnikov

Bauman Moscow State Technical University, Moscow, Russia
E-mail: mhts@list.ru

Abstract. The article deals with the problem of loss of stability of
a dump truck when unloading on an inclined platform. The main task of
the study is to determine the maximum permissible angle of inclination of
the site. A mathematical model of a dump truck when unloading on a site
with a longitudinal slope is developed. In the case of cargo sticking to the
platform, an analytical formula is obtained for calculating the critical an-
gle of inclination of the platform. When the cargo is moving, the proce-
dure of step-by-step change of parameters is proposed. Based on the ob-
tained ratios, a program for calculating the longitudinal stability of the
dump truck is compiled. The results of assessing the longitudinal stability
of the KAMAZ-53605 dump truck are presented.

Keywords: dump trucks, stability, load-bearing system, mathematical
models.
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Mopein TMHAMIUYECKHX CHCTEM C MepepacnpenejieHneM

© M.U. Ipsauenko*, A.H. TemHos

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail (noknmamgunka): s masyanya@mail.ru

AnHoramusi. B pabore paccmorpensl nuHamuueckue monenu PH
TSDKEJIOTO Kjlacca ¢ mepepacrpesielieHneM TOIUIMBa U3 OOKOBBIX OakoB
1-ii cTymeHu B MEHTPAIBHBIM OaKk WJIM IEHTPaIbHYIO TOTUIMBHYIO Maru-
cTpaJyib 2-i1 cTyneHu. B nmepBoM ciydae 3TO OCYLIECTBISETCA C MOMOLIBIO
JIOTIOTHUTEILHOTO Hacoca B IIEHTPaJbHOM Oake, BO BTOPOM CiIydae C Io-
MOIIIBIO TIEPETajoB AaBICHUN B Ta30BbIX MOMyIIKax O0akoB 1-it u 2-i cTy-
neHeil. J[aHHoe yClIOKHEHHE MOJAaYl TOIUIMBA YBEIUYMBAECT MAcCy BBIBO-
JUMOM Ha OpOUTHI MOJE3HOW Harpy3kH [l] W sBIsSETCS MallOM3y4eHHOM
3anmaveit quaamuku PH. PaccMarpuBaemblie MOJICNT BKITFOYAIOT B ce0sl Jie-
dbopMupyeMbie U TBEpAbIE Tela, UMEIOIINE IMOJOCTH, YaCTUYHO HAIOJ-
HEHHBIE TMEpPEpaCIpPeETAIOIIENHCS KUKOCThIO, & TAK)KE TUIPABINYECKUE
CBSI3U C COCPENOTOYECHHBIMU MapaMerpaMmu. [Ipemiaraembie Mmoaenu onu-
CBIBAIOTCS Kak Iu((epeHMaIBHBIMI YPABHCHUSMH B YaCTHBIX IPOU3-
BOJIHBIX, TaK U OOBIKHOBEHHBIMU NU(PepeHIInanbHbIMU YpaBHEHUSIMHU [2].
B pesynbraTe aHanM3a MCXOAHBIX BBIPAKEHUM IOJIy4EHA CHCTEMA JIMHEH-
HBIX IU(pdepeHInaNbHBIX YPaBHEHUH, KOTOpasi OMUCKHIBAECT THIPOAUHAMHU-
YECKHE MPOIIECChl BOBMYIIIEHHOTO JIBMKCHHUS TOTUTMBA B 0aKaX, pacXoIHBIX
MarucTpaisx, TpyOornpoBoax MoAayl TOIUIMBA MEXIY CTYNEHSMHU C yye-
TOM TPOJIOJIBHBIX KOJICOaHUM IIEHTPATIHHOTO U OOKOBBIX OaKoB [3].

Knroueswie cnoea: 2udpocesss, konrebanus moniued, pakema-Hocumens,
nPO0OIbHYBIE KONEOAHUS.

JlaHHas paboTa MOCBSIIEHA CO3JJaHUIO0 U MCCIIEJOBAHUIO MOJIENIEH s
OTIMCaHMS TIepepacpeAeTICHHS KUIKOTO TOTUTUBA MEXTy OOKOBBIMH 0J10-
KaMU MEepBOM CTyNEHM U LIEHTPalbHbIM OJOKOM BTOpOM cTyneHH. Takas
cXeMa I10Ka He UCIOJIb30BaIach, HO PacCMaTpUBAIIACh:

— B Kb «Camtor» Ha pakere-HOcuTene «AHrapa-AS» ¢ epemBOM TOI-
nauBa 10 2012 r. 11 yBeauueHus Tpy3010/beMHOCTH pakeThl, B 2015 r. —
C COIJIOBBIMU HacaJKaMH AJIs 110JeToB Ha JIyHy;

— ¢upmoit SpaceX ans MoauQHUKAIMU ¢ MMoAa4Yel TOIIMBa U3 OOKO-
BBIX OJIOKOB, YTO IUIAaHUpPOBaIOCh NpuMeHUTh Ha Falcon Heavy.
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B mpenpinymmx paborax aBTOpOB OBUIM TOMYYEHBI CUCTEMa JTMHEH-
HbIX nudepeHInaTbHBIX YPaBHEHUH 2-TO TOpsIKa BO BpEMEHHON 00Ja-
CTH, KOTOpas MOJCIHUPYET IUHAMUYECKHE TMPOIECCHl, MPOUCXOMISIINE
B pakeTe-HOCUTEIE MaKEeTHON CXEMbI C OJTHOKOMIIAHEHTHBIM KHJIKOCTHBIM
pakerusiM asuratenem (JKPJ[) mpu mepepacnpeneneHuu ToruBa u3z 60-
koBbIX 0710k0B (bb) B enTpanshsiii (11B).

B cnydae OTCYyTCTBUS HENOCPEICTBEHHOW THIPABIMYECKON CBS3U
Mexy pacxonHbiMu maructpainsimMu IIb m Bb ocrtaercs mexanuueckas
CBSI3b B MECTaX KpEIUICHUs, KOTOpas, KaK CIeAyeT U3 MOIYYEHHBIX ypaB-
HEHUI, TaK’Ke MOJKET OKa3bIBaTh B3aMMHOE BIIMSHUE HA CHCTEMY MOJa4u
TOILJIMBA U pabOTy ABUraTenei Kaxaoro 0i1oka.

IlepBasi momenn: «XKectkue OGaku + MarucTpaib Tepepacipesaeiie-
HUs». PaccMOTpUM JUHAMUYECKYIO MOJIENb, COCTOSIIYIO M3 HEMOIBUXK-
HBIX JKECTKHX OakoB OOKOBOro OJIOKa, HEIIOJBHIKHOI'O JKECTKOTO Oaka
[EHTPAIBHOrO OJIOKA, COCTUHEHHBIX MArUCTpajbl0 TepepachpeeIeHuUs
toruBa (puc. 1).

[IycTh OoTCYTCTBYET ABMKEHUE TOIUIMBA B PACXOJHBIX MAarucTpaisx,
a TaK»Ke OIYyCTHM CJlaraéMo€ B MpaBOi yacTu ypaBHeHus s Lb, cBsa3aH-
HOE C IIOTePsIMU SHEPTruu B bb.

A pHap.E AN pHﬂAH A :)Hap.E

[T [T LTI
AHs AHy AHs

| ; — |aPni O APl o H

Puc. 1. MaremaTuueckast MoJieNb CUCTEMBI IlepepacipeaeeHus
u3 xectkux 6akoB bb B xectkuii 0ak L{b

Jlisg sToro cimyyas MOJyuyeHHash CHUCTEMa YpaBHEHUH YHpoIaeTrcs
U MOXET OBITh 3amrcana B BUIE

. . ) ) )
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N3yuyenne momoOHON MOJENM TOMOTIIO BBISICHUTH OCHOBHBIE COO-
CTBEHHbIE JMHAMHMYECKHE OCOOEHHOCTH CHUCTEMBlI NepepachpeeseHus
TOTIMBA. 371eCh CBOOOIHBIE IBMKEHHS TOIUIMBA B MarucCTpaisx mepepac-
IpeleleHNus] B MPEINOJIIOKEHUH OTCYTCTBUS BO3MYILIEHHH CO CTOPOHBI
KOpITyca ¥ pacXOAHBIX MarucTpaiei.

B cnyyae BO3HHMKHOBEHHMsS CBOOOAHBIX IBM)KEHUI TOIUIMBAa B Maru-
CTpaJIsiX MepepacipeielieHNs U3 COCTOSHUS MTOKOSI UMEEM BhIpaKECHHUS:

a->b e -
AHy = yua+yBib+yBiTQle it sin(Q¢ + ¢);

€

tgo=0Q/¢,.

Ecnu B pe3ynbrare MTHOBEHHOI'O NPUJIOKEHUS JABJIECHUS CKOPOCTH
usmeHenuss AHy, AHp; npuoOpeTyT HavalubHble KOHEUYHbIC 3HAYCHU,

TO CBOOOHBIE JBMKEHHS YPOBHS TOILUIMBA OYIyT CIIEA0BATH 3aBUCHMOCTH
_ —b; _eq .
AH = (ypa + v )(1—e 2 [ 28, + vy, %e ' sin(Q);
- —b; _ep .
AHyg; = (yua +veiby )1 —e 2aty/ 28 -y %e a1 sin(Qr);

tgo=Q/,.

Bropas Mmonenn: «Kectkre 6aku + MarucTpaib nepepacipeaeIeHus
+ Konebanus Kopryca» (puc. 2).

THUESLH L [HILL LEDLLLEL

pni': pni

M £ PHB £ PHBi

|

Puc. 2. MaTemaTideckas MOAEITh CHCTEMEI ITepepacIpeIeIeHIs
n3 xecTkux 6akoB bb B xxectkuii 6ak L|b ¢ xonebanmsIMHu KOpPITyCcOB
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[MpunsATEl CcBOOOAHBIE KONEOAaHUS B CHCTEME Mepepacrlpe/e/ICHus.
3nmech MOKET OBITh M3YYEHO BIMSHHUE MPOJOJIBHBIX KOJEOaHUH Kopiryca
Ha repepacrpe/ielieHue TOUBA!

o0 N s
+ zl(cuqnqn +Cuignd,, + ZICHMZ ),
n= =

. . 5 2
AHg; +2e5,AHy; + o5, AHy; = o5, AH | +

0 .t
j .. .
+ Zl (Chihn + Crihn + Crindy)s 1=12,...,n.
n=

TpeTbst Moneib: «KecTkue Oaku + MarucTpaib nepepacripeiesieHus +
+ pacxogHble MarucTpaiaum + KojebaHus kopryca». Paccmorpum OGonee
CIIOKHYIO MAaTeMaTU4eCKyr Mojeib (puc. 3), YUUTHIBAIOIIYIO JIBH)KCHHE
TOILJTMBA B PACXOHBIX MAaruCTPAISAX U KaMepax CrOpaHwsl JBUTATEIICH.

\Pan

_F):u 1 —ps I 1 &Psi

p.
spusi | s JAapuu 4 H L PHE
\‘ﬁ;: \p:ﬂ—‘/ g
L ] L J
2 el 6i)
L me(w) L P (i)

Lo\ Lo\ o\

Puc. 3. MatemaTtrueckass MOJIelb CUCTEMBI TiepepactpeacIeHus
C JKECTKUMH OaKaMH, TOIUTMBHBIMH MariuCTPaJIIMH JI0 BX0O/a B HACOC

B nannoit Mogenu qo0aBieHbl ypaBHEHUS U1 OTKJIOHCHUHA JaBICHUS
Ha BXoJie B Hacockl cucTeMbl mogauu Torumsa (CIIT) I1b u i-ro bb.

YpaBHEHUS BO3MYIIIEHHOTO JIBI)KCHHSI THAPOAMHAMUYECKON CHCTEMBI
B 3TOM ClIy4ae 3aluIIyTCs B CIEIYIOIEM BUJIE:
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APpy + 284, Apy, + 03 Apy, = +ey AH

Abrg; + 260 0pis; + Orppy; = +eg A g, i=1,2,..,m;

AH | +2e AH  + of AH = of AH g, + CyiApy, + Criy by, + CripAPyes
AHy,; +2e5,AHy, + sziAH Bi = CO%;'AH 1+ CrpAs; + CppApg; + Cpp Ay,

Ora cuctema ypaBHEHUH OMKMCHIBAET COBMECTHBIE COOCTBEHHBIE KOJIe-
OaHMsI IBYX MaplHalbHBIX CUCTEM: COCTOAIIEH M3 CUCTEMbI MOJa4H TOT-
JMBA C JIBUTATEIbHON YCTAaHOBKOW M CHUCTEMBI mepepacnpenencHus. Cu-
cTeMa MepepacnpeeieHUs] BbIPAXKEHA 4Yepe3 KOMIIOHEHTHI OTKJIOHEHHH
YPOBHEM TOILIUBA.

[IpuBeneHHbIE ypaBHEHUS, ONMKUCHIBAOIINE TUHAMUKY CUCTEMBI Mepe-
pacrpenieneHus, B Ka4ecTBe 0000IEHHONH KOOPIUHATHI COIEPKAT OTKIIO-
HEHUS YPOBHSI TOTIMBA B OaKax.
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Models of dynamic system
with liquid component redistribution

© M.I. Dyachenko*, A.N. Temnov

Bauman Moscow State Technical University, Moscow, Russia
*E-mail (speaker): s masyanya@mail.ru, antt45@mail.ru

Abstract. The paper considers dynamic models of a heavy-class
launch vehicle (LV) with fuel redistribution from the side tanks of the 1st
stage to the central tank or the central fuel line of the 2nd stage. In the first
case, this is done with the help of an additional pump in the central tank,
in the second case, with the help of pressure drops in the gas cushions of
the 1st and 2nd stage tanks. This complication of the fuel supply increases
the mass of the payload launched into orbits [1] and is a poorly studied
problem of the LV dynamics. The models under consideration include de-
formable and solid bodies with cavities partially filled with redistributed
fluid, as well as hydraulic connections with lumped parameters. The pro-
posed models are described by both partial differential equations and ordi-
nary differential equations [2]. As a result of the analysis of the initial
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expressions, a system of linear differential equations was obtained, which
describes the hydrodynamic processes of the disturbed movement of fuel
in the tanks, flow lines, fuel supply pipelines between the stages, taking
into account the longitudinal vibrations of the central and side tanks [3].

Keywords: hydraulic communications, fuel fluctuations, launch vehicle,
longitudinal vibrations.
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O nocTpoeHnH ypaBHEeHUI TUHAMUKHA
yHpaBJifieMbIX CHCTEM

© P.I'. Myxapnsmos*, U.E. Kacniuposuu

Poccuiicknii yansepcureT npyx0bl HaponoB, Mocksa, Poccnst
*E-mail: robgar@mail.ru

AHHOTanus. VM3naratorcs MeTo/bl MOCTPOCHUS YpPaBHEHUN JTMHAMMU-
KM CHCTEM YIIPABJICHUS M AJITOPUTMbI JOCTHXKEHUS LEJIEH YINpaBICHUS,
3aIaHHBIX YPABHEHUSIMU CBSI3€il. Y PaBHEHUS JBH)KEHUN CHCTEMBI BTOPOTO
NOpsIZIKa CIEAYIOT U3 MPUHLUIIOB MEXaHUKH C MPEIBAPUTEIBHBIM OIpe/e-
JIEHUEM MHOKECTBA BUPTYyaJIbHBIX IIEpEMEICHUN. BBeieHneM ypaBHEHUN
IPOrPaMMHBIX CBSA3€Hl OIMpEeNessoTCs YCIOBUS CTaOWUIM3alluU CBS3EH.
[IpuBoguTCs pelieHue 3aaadyu ynpaBi€HUS CUCTEMON C MHEPLHUOHHBIMU
npuBogamu. [Ipeanmaraercs wmeton moctpoeHus auddepeHnaIbHBIX
YPaBHEHUN CHCTEMBI C TOJOHOMHBIMH M JIMHEMHBIMH HETOJIOHOMHBIMHU
IIPOTPaMMHBIMHU CBSI3SIMH C TOCIEAYIOIIMM IPUBEICHUEM K 3aJaHHOU
cTpykrype. IIpuBoasTca pe3ysbTaTsl pEeMIEHUs 3aJa4d YIIPABICHUS MPO-
W3BOJICTBEHHBIMH, POOOTOTEXHUYECKUMHU U IPYTUMH CUCTEMaMHU.

Knrouesvie cnosa: ounamuxa, cucmema, yCmouyu8oCmy, YpaeHe s, Cessu,
cmabuauzayusl.

BBenenne. Ilpu uncieHHOM MHTErPUPOBAHUM HAKOIUIEHHE OIIHMOOK
WIM OTKJIOHEHUH OT 33JaHHBIX YPAaBHEHUH CBSI3€M MOXKET IIPUBECTH K He-
YCTOMUMBOCTH UYHUCIIEHHOrO peuieHus. UToObl n30exarh 3TOro HakoIuie-
Hus, baymrapre B cratbe [1] mpennokun He paccMaTpUBaTh MEXaHUYe-
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CKHE CBSI3U KaK YaCTHbIC MHTErPAJIbl, a, CKOpee, NPUPAaBHATh CHayaua ux
IIOJIHBIE TPOM3BOJHBIE 10 BPEMEHHU K HEKOTOPOW IPOU3BOJIBHOW JIMHEH-
HO#T opme. COOTBETCTBYIOINIEE COOTHOIIEHNUE KOA(PPUITMEHTOB JTHHEHHOM
GbOopMBI MOXKET aHHUTUIUPOBATH HEKOTOpBIE OTpHIATeTbHBbIE A(H(PEKTHI
HakoryieHus ommOok. B pabore [2] paccMOTpeHBI HEKOTOPBIE METOJBI
OIICHKH JOIYCTUMBIX COOTHOIIEHUH MOA00HBIX Kod(hduimenToB. Meroxn
Baymrapre MoXHO HCMONB30BaTh AJSI TOTO, YTOOBI MOCTPOHUTH CHUCTEMY
Qg depeHIMaIbHbIX YPaBHEHHUH 110 3aJaHHOMY Habopy CBsi3el ¢ anpuop-
HO YCTOWYHMBBIM YHCIICEHHBIM PEIICHHEM OTHOCHTEIHHO YPAaBHEHUI CBS-
3eil. Hekotopsie 00001IeHHBIC METOABI PEIICHUs] OOPATHBIX 3a7a4 HUCCJe-
noBanbl B padore [3]. IlocTpoeHHblE ¢ MOMOIIBIO MOJOOHBIX METOIOB
CHCTEMBI HCCIEIYIOTCS Ha NMPUBOJMMOCTh K BHIY ypaBHeHHH Jlarpamxka
BTOpOTO pona ¢ pyHkiuei auccunanuu Penes [4].

IlocTanoBka 3amaum M BbIBOABI. [lycTh MexaHmdeckas cucrtema

OTHMCBIBAETCS HAOOPOM OOOOIICHHBIX KOOPJIWHAT ¢ :(ql, ...,q") U CKO-

pocteit ¢ =dgq/dt = (cjl, oo q"). PaccmotpumMm crnenyromnyto cuctemy me-

XaHUYECKUX CBI3EH:
h!' =q’ —v/ (q), j=1 ..., n,

rae v (q) — MPOU3BOJIbHAS BEKTOP-(DYHKITHSL.

Jlnis pemieHus 3aa4n CTaOMIN3alMK BOCIIONb3yeMcs MeToioM baym-
rapre ¢ UCMOJIb30BaHUEM IPOU3BOJIBHONW OJHOPOJIHON (YHKIUU MO BEK-
Topy h:

h =F/(h,q.q). (1)

CemeticTBo muddepeHIManbHbIX YPaBHEHUH BTOPOTO MOPSAIKA, YAO-
BIETBOpsONUX CBs3siM h =0, ¢ yduerom crabmimsamuu (1) Moxem 3amnmu-

CaThb B CJICAYIOIICM BHU/IC:

va OV, B )
f,=dq _8qbqb_F (h.q.4)=0; a,b=1,....n. (2)

HccnenoBanue cuctemsl (2) Ha peayUUpyeMOCTh K BUAY ypaBHEHMH
Jlarpan>xa BTOpOro poja ¢ AUCCUNIATUBHOW (YHKIMEH MPUBOJIUT K BBIBO-
Iy O TOM, YTO OOOOIIEHHbIE ycIOBUs ['enbpMronbla orpaHUYMBaOT BO3-
MO>KHBIN BU QyHKUIMU F ClieqyromuM COOTHOIIEHUEM:

ov* OF, OF, &' O0F, OF,
+ + + + +

+d , +d, =0, 3
A . T ) ©)
&*D
rae d,, =———; D — QyHKIUs JUCCUTIAINN.
ab aqaa.b
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JlaHHOEe ypaBHEHHE MOXKHO paccMaTpHBaTh KaK ypaBHEHHUE OTHOCH-
TenbHO (yHKIMM ctadwmm3anuu F . [IpoBeneHHBI aHAINW3 HETPUBUATb-
HBIX peleHui (3) MmoKas3bIBaeT, YTO JUIIb JUHEHHOE OTHOCHUTENIBHO CBS-
3¢l pelIeHHe MOXET YJIOBJIETBOPATH YCIOBUIO OJHOPOJHOCTH. Takum
o0Opa3oMm, QYHKIHS CTaOWIM3aIUs MOXKET HMETh TONBKO JIMHEHHYIO

crpyxrypy: F, =k, (4.4)h".
Paboma evinonnena npu noodepoicke I panma PODOU Ne 19-08-00261-a.
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On construction of dynamical equations
of controlled systems

© R.G. Mukharlyamov*, 1.E. Kaspirovich
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Abstract. Methods of dynamics equations constructing for control
systems and algorithms for achieving control purpose set by the constraint
equations are described. The equations of motion of the second-order sys-
tem follow from the principles of mechanics with a preliminary definition
of the set of virtual displacements. By introducing the equations of pro-
gram constraints, the conditions for constraint stabilization are determined.
A solution to the control problem for system with inertial drives is given.
A method is proposed for constructing differential equations of a system
with holonomic and linear non-holonomic program constraints with sub-
sequent reduction to a given structure. The results of solving the problem
of control for production, robotic and other systems are presented.
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Ynpasiienue ABHKEHUEM BHYTPEHHEH MacChl
JJI AKTUBHOIO rallleHUus1 KoJIe0aHuH
KPYNHOradapuTHBIX HECYIIUX KOHCTPYKIMMT

© C.A. Kymakiies

Wucruryt npobnem mexanuku uM. A.1O. Mmmmackoro PAH, Mocksa, Poccust
E-mail: kumak@ipmnet.ru

AnHoTtanusi. KpynHoraGaputHble HarpyXeHHblE KOHCTPYKIMH, HE-
CyILIME NOJIE3HYI0 HArpy3Ky, IIMPOKO IPUMEHSIOTCS Ha MpaKkTUKe. B kaye-
CTBE MPUMEpPAa MOXKHO MPUBECTU pa3MEIIEHUE ONTUYECKUX MPUOOpPOB Ha
JUIMHHOM IITaHre Ajs HaOJIOJIEHHs 3a IMOBEPXHOCThIO 3emMiu ¢ OopTa
KOCMUYECKOW CTaHUMUM. Takas KOHCTPYKIMS IOJBEpP)KEHA HEXKEIATEIb-
HBIM KOJIEOaHMSAM, Pa3MBIBAIOIIMM HM300paXKE€HUs, MOITy4YEHHbIE ONTHYE-
ckuMu npubopamu. [Ipeanaraerca cnoco® rameHuss TakuX KoJieOaHH.
OH COCTOMT B YINpaBJIE€HUM JBM)KEHHUEM MacChl (racuTelisl) MO HamlpaBils-
IOIIEH, NEPIEHANKYJISIPHOW HECYIIEH INTaHTre. YPaBJICHHE MPOUCXOIUT
NOCPEACTBOM CHJIBI B3aUMOJEUCTBUSA racurens ¢ rpy3oM. [loctpoeno iu-
HEIHOMW yIpaBlIeHHE 110 00paTHOMN CBSI3U 110 OTKJIOHEHUIO U CKOPOCTH Kak
racuTesss OTHOCUTEIbHO KOHIAa OajKu, TaK U Ipy3a OTHOCUTEIBHO CTaH-
nuu. B pamkax uccienoBaHusi NpeioKeHbl HECKOJIbKO CIIOCOOOB yIIpaB-
JeHUS: MAaKCHUMU3UPYIOUIMHA CTENeHb YCTOWYMBOCTH TaKOW KosebaTelb-
HOM CHCTEMBI, «MSATKOE» TrallleHue KojeOaHuid U KOMOMHHpPOBAHHOE
yIpaBiIeHUE ¢ MepeKIoueHueM Ko3(p@uuueHToB oOpaTHON CBA3M. OTH
pa3HbIe OIX0AbI K (POPMUPOBAHHIO KOI(P(DHUIIMEHTOB 0OpaTHOM CBSI3U 00-
JafaT pa3HbIMM NPEUMMYIIECTBAMU M HejgocTtatkamu. IIpu mMakcumwusa-
LIUU CTEIIEHH YCTOMYMBOCTH BPEMS IIEPEXOIHOTO IIPOLIECCA OTHOCUTEIBHO
MaJlo, HO JOBOJBHO OosblIOe OTKIOHeHHe racutens. [lpu «Msrkom»
ranleHuM aMIUINTYJa OTKJIOHEHHUs TaCUTENsl OTHOCUTENIBHO Majla, HO yBe-
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JMYUBACTCA BpeMs NEepexoaHoro mnporecca. KomOuHMpOBaHHOE yTipaBiie-
HUE MPUBOJIUT K HEOOJBIION aMIUTUTYJI€ OTKJIOHEHUS TacuTeNs IMpu He-
0OJBIIIOM BpPEMEHHU IMEePEXOJHOro mporecca. Pe3ynbTaTsl MCCIeI0BaHUS
MOTYT OBITh UCHOJIB30BaHBI MIPH BBIICHEHUH MPEAETbHBIX XapaKTePUCTUK
npoliecca aKTUBHOTO TaIIeHUsl KoJeOaHW KPYyMHOTa0apUTHBIX HECYIIUX
KOHCTPYKIIUM.

Knroueswie cnosa: cawenue xonedanutl, 1uHeliHas 00pamHas ces3o.

I'eometpus 3apaun. bynem paccmaTpuBaTh MIIOCKOE ABM)KEHHUE Me-
XaHU4YeCKoH cucteMsl [ 1], n3obpaxeHHol Ha puc. 1. JTa cucTeMa COCTOUT
U3 abCOJIIOTHO TBEPAOro Tena 1, TodyeuHOM Macchl 2 my,, COCOMHEHHOM
c TenoM 1 ynpyrum crepxkHem (6ankoii JmuHHOHN /) 3,  TouedHoi Macchl 4
m;, KOTOpas MOXET IepeMeLaThCs BIOJIb HApaBIAIOMEH 5 (1 — cMe-
[ICHUE), JKECTKO 3aKPEIJICHHOM Ha KOHIE CTepXkKHS (ero CMelIeHHe
u(l,t) = &) m nepneHIUKYIApHON ero ocu. Teno 1 mMomenupyeT KocMude-

CKMH ammapar, ToueuHasi Macca 2 — IatopMy ¢ U3MEpHTEIBHOH ammnapa-
TYpOH, CTepKeHb 3 — COCIMHUTENBHYIO INTAHTY, a TOYedHas mMacca 4 —
teno racurens. [Ipeamonaraercs, 4To ABM)KEHUE Tela TaCUTENs MPOHCXO-
IUT TIOCPEICTBOM DJIEKTPUUECKOTO MOTOpa, IAe V — ympaBisoiee
HanpspkeHue; R — OMHUYECKOe CONPOTHBIEHUE OOMOTKH SKOpst; ky U k, —

IIOCTOSIHHBIE [TAPaMETPBbI, XapaKTEPU3YIOIINE KOHKPETHBIN IBUTATEb.

Yn

Puc. 1. 'eometpus 3anaun

Moaesib B KBa3UCTATHYECKOM Npudan:keHuu. [Ipeanonoxum, 4ro
JUHENHBbIE U YTJIOBBbIE CKOPOCTH M YCKOPEHHS KOCMHYECKOTrO arapara
paBHBI HYJIIO U Ha CHUCTEMY HE JEHCTBYIOT BHEIIHWE CUJIBI 1 MOMCHTHI.
Torna 3amaga 00 ynpaBieHHH KOJICOAHUSMHU CUCTEMBI C YIIPYTHM CTEpK-
HEM CBOJIUTCS K 3a71a4e 00 yIPaBJICHUH MEXaHHYECKOW CHCTEMOM C IBYMS
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CTCIICHAMU CBO6OI[BI, YPpaBHCHUEC NBUKCHUA KOTOpOfI MOZKHO IIPEACTABUTH
B BUJC

(I+wE+pii+E=0;  pE+i)+on=v;

1
w=my / my; G =kiky / myR; v=kyV / myR. )

byneMm uckate ynpasieHue v B BUAE JIMHEHHON (yHKIMM (a30BbIX
NEPEMEHHBIX 3TOH CUCTEMBI:

V=L a§+b&+ g—c n—-dn|, 2)
u

rae a,b,c,d — HensBecTHBIE KO PHUIIMESHTHI, MTOJISIKAIIIE OTPEICICHHUIO.

MakcumMu3anmus CTeNeHH YCTOWYHMBOCTH. bBICTPOTY 3aTyxaHus
cBoOOAHBIX KoneOanuit cuctemsl (1), (2) OyneM XapakTepu3oBaTh BeJH-
YUHOM, HA3bIBAEMOM CTENEHBIO YCTOMYMBOCTH, ONPEAEIIIEMON KaK B3sThIN
CO 3HaKOM MHMHYC MaKCUMYyM BELIECTBEHHBIX YHCEI XapAKTEPUCTUUECKOTO
MOJIMHOMA CUCTEMBl. MO)KHO MOKa3aTh, 4YTO YCTOWYMBOCTh MaKCUMajbHa,
KOT/Ia BCE KOPHHM OJWHAKOBBL. B aTOM ciiydae koaddunmentsl a,b,c,d

CBSI3aHbl COOTHOLIEHUSIMU
(I+we+pb=4d",  (Q+wd+pa+1=6d4"%, c=4d"* (3)
W3 3TUX cOOTHOLIEHUH mapameTpsl a, b, c OAHO3HAYHO BBIPAKAIOTCA

yepe3 d, a 3ajaya onpesesieHus ynpaBieHHsl v B COOTBETCTBUU C PaBEH-

CTBOM (2) cBOOUTCA K BBIOOPY mapamerpa d (puc. 2). DTOT napaMmerp cie-
JyeT BBIOUPATh U3 YCIOBUS «KOMIIPOMHUCCA» MEXKY BPEMEHEM 3aTyXaHHS

xonebannii T~d 4 u aMIUTUTY A0 KoJeOaHUil MacChl TacUTEs.

05 o 0.5 E_' 1

Puc. 2. ®a30Bble TPaeKTOPUH IIPU PA3TUYHBIX YIPABISIOMIKX TapaMeTpax
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«Msrkoe» ramenHue Kojgedanuii miaardopmsl. IlpennoxenHoe
BBIIIIE YIIPABJICHUE JIOMYCKAET CYLIECTBEHHBIC OTKJIOHEHMSI T€Ia FracUTes,
4TO OOBSCHIETCS BECbMa CHIJIHOW OOpaTHOM CBSI3bIO IO NEPEMEHHBIM
mBikenns wiatdopmel (& u &) mpu mameix . Kosddumuentsr a u b

uMmeroT nopsaok 1/ Ocmabum 3Ty 0OpaTHYIO CBsi3b, monaras a =0 u

b=1/ \/E, a ko3¢ umentsl ¢ U d Oynem BHIOMpaTh Tak, YTOOBI HyJIe-

BOE€ pEIIEHHE CUCTEMBI OBUTO aCHMITOTHYECKH yCTOWYNBBIM. Ha3oBem Ta-
KOH croco0 HacTpoWku KOA(PPUIIUEHTOB OOPATHON CBSI3U «MSTKHUM) Ta-
nieHueM koinebanuii miuardopmer (puc. 3). OH NPUBOAWT K MEHBIINM
OTKJIOHEHUSIM Tejla TaCUTENs, HO YBEJIMUYMBACT BpeMs MEPEeXOAHOro Mpo-
necca.

-1 0 1

=
)
Puc. 3. ®a30Bble TPACKTOPUH MIPH «MITKOMY TaIIEHUH KOJIeOaHuH

KomOunupoBanHoe ynpaJjenue. [l Toro 4roObl nu3bexarb Helo-
CTaTKOB, CBOWCTBEHHBIX YNPABICHHAM, INPEUIOKCHHBIM BBIIIE, MOXHO
NPEeUIOKUTh KOMOMHUpOBaHHOE ympasieHue (puc. 4). OHO cocTOHT
B TOM, YTO B Iporecce KojaeOaHui MPOUCXOANT MEPEKII0UCHNUE yIpaBiie-
HUSI C MATKOTO TalleHUs Ha PeXMM MaKCHUMHU3alUuHu ycroitumBoctu. [lpu
3TOM BpeMsl NIEPEXOIHOTO MpoIiecca He Takoe 0OJbIIoe, KaK MPH MATKOM
raieHuy KojeOaHui, a aMIUIUTyAa KoJie0aHuil — He Takas OoJibIiasi, Kak
IpY MaKCUMH3ALUH CTETICHH yCTOWYNBOCTH.
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3

n

2

1

-1 1] a
Puc. 4. ®a3oBnie TPACKTOPUH IIPpU KOM6I/IHI/IpOBaHHOM YHpaBJIC€HUH

3akarouenue. [lonxon, pacCMOTPEHHBINA B TAHHOM CTAaThE, MO3BOJISET
OIICHUTh BO3MOKHOCTH JeMI(UPOBAHUS YIIPYTUX KoyieOaHUI KpymHOTa-
OapUTHBIX HECYIIMX KOHCTPYKIMH OaJIOYHOTO WM (DEPMEHHOTO THIA TIPHU
MOMOIIM aKTUBHOT'O BUOPOTACHUTENS C MOCTYIATEIBHO MepEeMEIIaroIencs
Maccom.

3a ynpapIsIONIYI0 BEIMYHHY MPUHATA CHJIA B3aUMOJICUCTBUS TacHUTe-
751 C TPy30M. YTIpaBJieHHWE OCYIIECTBISCTCA MyTeM JIMHEHMHOW 0OpaTHOM
CBSI3M TIO0 OTKJIOHEHHUIO M CKOPOCTU KaK TaCHUTENs OTHOCHUTEIHHO KOHIIA
0aJIKu, Tak W Tpy3a OTHOCHUTEIBHO HEMOJBIKHOTO ocHOBaHM. Koaddu-
IIUEHTHl 00paTHON CBsI3U (POPMUPYIOTCS TaKUM 00pa3oM, UYTOOBl YMEHb-
HIUTHh BpeMs IMEPEeXOJHOT0 MIpolecca Mpu OTpaHUYEHUU Ha OTKIOHEHHE
racurens. [IpemioxkeHo KOMOMHUPOBAHHOE YIIPABJICHHUE C TIEPEKIIFOUCHU-
eM Kod(PuImeHToB 00paTHOM CBS3H.

Paboma evinonnena npu ¢punarncosoti noodepiicke POOU
(IIpoexm Ne 18-01-00812) u no meme 2ocyoapcmeeHH020 3A0aHUs
AAAA-A17-117021310387-0.
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Control of internal mass movement for active damping
of large-sized load-bearing structures

© S.A. Kumakshev

Ishlinsky Institute for Problems in Mechanics RAS, Russia
E-mail: kumak@ipmnet.ru

Abstract. Large-sized loaded structures that carry a payload are wide-
ly used in practice. An example is the placement of optical devices on
a long rod for observing the Earth's surface from the space station. This
construction is subjected to undesirable vibrations that blur the images
obtained by optical devices. A method for dampening such vibrations is
proposed. It consists in controlling the movement of the mass (damper)
along a guide perpendicular to the load-bearing rod. The force of interac-
tion of the damper with the load performs control. Linear feedback control
for the displacement and speed of both the damper relative to the end of
the beam and the load relative to the station is constructed. Within the
framework of the study, several control methods are proposed: maximiz-
ing the degree of stability of such an oscillatory system, "soft" damping of
vibrations, and combined control with switching of feedback coefficients.
These different approaches to the formation of the feedback coefficients
have different advantages and disadvantages. When the degree of stability
is maximized, the transition time is relatively short, but the displacement
of the damper is quite large. With "soft" damping, the amplitude of the
damper displacement is relatively small, but the transition time increases.
Combined control leads to small amplitude of the damper displacement
with a short transition time. The results of the study can be use to deter-
mine the limiting characteristics of the process of active damping of large-
sized load-bearing structures.

Keywords: vibration damping, linear feedback.
References
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OO0 ypaBHeHUSIX IBH/KEHUS] TBEPAOIO Teaa

© B.B. Jlammmuu

MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: lapshin032@bmstu.ru

AHHOTanusA. TpaIUIIMOHHO B KA4E€CTBE YPAaBHEHUM JIBUKEHHS TBEPIO-
ro Tejla WCIOJIb3YIOTCS TeopeMa O JBM)KCHHM IIEHTpa Macc U Teopema o0
W3MEHEHWH KUHETUYECKOTO MOMEHTa OTHOCUTEIBHO IIEHTpa Macc (ocei
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Kénura). OpgHako npu HCClIEIOBAaHUU BMKEHHE TBEPIOrO Tella B pAle
cllydaeB B KauecTBe 000OIIEHHBIX KOOPAMHAT 1€J1€CO00pa3HO BHIOPATh KO-
OpMHATBl HEKOTOPOW XapaKTepHOM TOYKH TBEPAOro Tena (Iojroca), He
COBIIQJIAIOIIEH C IEHTPOM Macc, ¥ yIJIbl [IOBOPOTA Tejla BOKPYT ITOM TOUKH.
B pabote nosryueHsl ypaBHEHUs ABMXKEHUSI TBEPJOro Tesa Ui 3THX 0000-
IIEHHBIX KOOPJAMHAT. DTO BaXKHO IPHU MOJEIMPOBAHUM ABHKEHUS pa3Ivy-
HBIX OOBEKTOB, B TOM YHCJIE TPAHCIIOPTHBIX CpeACTB. B mpouecce nBuxke-
HHSI TPAHCIIOPTHOTO CPE/ICTBA MOTYT M3MEHSATHCS €r0 MacC-WHEPIMOHHBIC
XapaKTepPUCTHKH, B TOM YHCJE MOJOXKEHHE LIEHTPa Macc M HalpaBJIeHUE
IJIaBHBIX OCEH MHEPLMHU, Macca U MOMEHThI HHEPLIMU.

Knrwueswie cnosa: 0uHaMuK1/l, YpaeHEHUA 06143!C€Huﬂ, I’I’l6€p60€ meio.

OOBIYHO /TSl OMMCAHUS IBMKEHUSI TBEPAOTO TEJIa UCTIONIB3YIOTCS TE€O-
pema o IBIKEHUH IIEHTPa Macc U TeopeMa 00 M3MEHEHUU KUHETHYECKOTO
MOMEHTa OTHOCHUTEIIbHO meHTpa macce [1-7]. Ilpu 3ToM B kKadecTBe 0000-
HICHHBIX KOOPJWHAT, OMPEIEISIONINX MOJI0KEHNE TBEPIOTO Tela, UCTOb-
3YIOTCSl KOOPAMHATHI IIEHTPA MacC W TPU yIJia MOBOPOTA Tejla OTHOCHU-
TenbHO oceil Kénura (yrmel Diinepa, yrasl KpbuioBa, camoneTHbIE WU
pakeTHbie yriibl). OAHAKO MPU MOJCIHPOBAHWH JIBIKEHUS PA3IMIHBIX
MOJIBYKHBIX 00BEKTOB (camosera, Kopalis, marampiiero anmnapara [8, 9]
U T. J1.) LeJIecoo0pa3HO B KauyeCTBE XapaKTEPHOW TOYKM TBEPJOTO Teia
(monroca) WCMONb30BaTh HEKOTOPYIO (PUKCHPOBAHHYIO TOUKY TBEPAOTO
TeJa, He COBIMAIAIONIYI0 C IIEHTPOM Macc. ITO MOXKET OBITh BBI3BAHO pa3-
HBIMU TIpUYUHaMH. BO3MOXXHO, JBMKEHHE UMEHHO 3TOM TOUYKU MPECTaB-
JSIET 0COOBIN MHTEPEC MPHU UCCIICIOBAHUY JUHAMHUKY JIBWKCHUS TBEPIOTO
Tena. TBepAoe Teno YacTo paccMaTpUBaeTCs KaK MOJAETb JIBUKCHHUS
TPaHCIIOPTHOTO cpeAcTBa. [Ipu 3ToM B mpoliecce TBUKEHUS MOTYT U3Me-
HSTBCS MacC-MHEPLUOHHBIE XapaKTEPUCTHUKU JBIKEHHUS TBEPAOro Teja,
B TOM YHCIIC TIOJIOKEHHUE IIEHTPA MAacC M HaNpaBJIEHHWE TJIABHBIX OCEH
WHEPIINUU, Macca U MOMEHTHI nHepuuu. OHU MOTYT U3MEHATHCA TUO0 eu-
HOBPEMEHHO B IPOIIECCE 3arpy3Ku (pa3rpy3Ku) TPAHCIIOPTHOTO CPECTBA,
a0 B Mpollecce IBUKECHHS B pe3yJbTaTe CrOpaHus TOILTMBA, OOJeIeHe-
HUS, HATUNIAHWS TPsi3u. B mocnenneM cirydae MOKHO CYUTaTh, YTO Macc-
WHEPLHUOHHBIE XapAaKTEPUCTUKH MEHSIOTCS MEIJICHHO U MX MPOU3BOJHBIC
MOJKHO CUHMTATh PAaBHBIMH HYIIO. [Ipr MOACTMPOBAHUN TUHAMUKHU JIBUXKE-
HUS TBEpPIOro Tella HAayalao MOJBMKHOW CHCTEMbl KOOpAMHAT (TOJIOC),
CBSI3aHHOUM C TBEPIBIM TEJIOM, U HAMPABICHHE OCEH OCTAIOTCS HEU3MEH-
HBIMH. DTO TOJIIOC U OCH, UCIONb3yeMble B CHCTEME YMPABICHUS JBUKE-
HUEM TPaHCIIOPTHOTO CpeACTBa (TBEpaoro Tena). PaccMoTpum ypaBHEHUS
JBUKEHHSI TeJla B 3TOM Clydae.

B pabote mosydeHbl ypaBHEHHS IBIKCHHUS TBEPIOrO TEJNa B ITHX
00001IeHHBIX KOOpAUHATAX B MPOEKIIUU HA OCU MOABUKHON CHCTEMBI KO-
OpIMHAT, CBS3aHHOHN C TBEPIBIM TEIIOM.
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The equations of motion of a rigid body

© V.V. Lapshin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: vladimir@lapshin.net

Abstract. Traditionally, the equations of motion of a rigid body use
the theorem of the center of mass and the theorem of change of angular
momentum with respect to the center of mass (Koenig's axes). However,
in the study of motion of a rigid body in a number of cases, the
generalized coordinates is advisable to choose coordinates of a feature
point of a rigid body (pole) does not match the center of mass of the body,
and the angles of rotation around this point. We obtain the equations of
motion of a rigid body for these generalized coordinates. This is important
for mathematical modeling of the motion of various objects, including
vehicles. During the motion of a vehicle, its mass-inertial characteristics
may change, including the position of the center of mass and the direction
of the main axes of inertia, mass and moments of inertia.

Keywords: dynamics, equations of motion, solid.

Usually, to describe the motion of a rigid body, the theorem on the
motion of the center of mass and the theorem on the change in the angular
momentum relative to the center of mass (Koenig's axes) are used [1-7].
In this case, the coordinates of the center of mass and three angles of
rotation of the body relative to the Koenig axes (Euler angles, Krylov
angles, aircraft or rocket angles) are used as generalized coordinates that
determine the position of a rigid body.
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However, in the investigation of motion of various moving objects
(aircraft, ship, walking apparatus [8, 9], etc.), it is advisable to choose
coordinates of a feature point of a rigid body (pole) does not match the
center of mass of the body, and the angles of rotation around this point.

This can be due to various reasons. May be the movement of this very
point is of particular interest in the investigation of the dynamics of
motion of a rigid body. A rigid body is often viewed as a vehicle motion
model. In this case, in the process of motion, the mass-inertial
characteristics of the motion of a rigid body can change, including the
position of the center of mass and the direction of the main axes of inertia,
mass and moments of inertia. They can be changed either at the same time
during loading (unloading) of the vehicle, or during movement as a result
of fuel combustion, icing, and dirt adhesion. In the latter case, we can
assume that the mass-inertial characteristics change slowly and their
derivatives can be considered equal to zero. When simulating the
dynamics of a rigid body, the origin of the moving coordinate system
(pole) associated with the rigid body and the direction of the axes remain
unchanged. These are the pole and axles used in the vehicle (rigid body)
motion control system.

In this work, the equations of motion of a rigid body in these
generalized coordinates are obtained in the projection on the axis of
a moving coordinate system associated with the rigid body.
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Yder n3MeHEHUs HOPMAJILHOM COCTABJISIIOLIECH peakuuu
CKJIOHA B MAaTEeMAaTH4YeCKOM MO/e/IM PABHOBECHOI'0
TOPHOJIBI’KHOI'0 PE3aHOr0 MOBOPOTA
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AnHoTanms. [IpencraBnenHas padora nocsieHa KOpPEKTUPOBKE Ma-
TEMAaTHYECKON MOJIENIN JBUKEHUS TOPHOJIBDKHUKA B PABHOBECHOM PE3aHOM
HIOBOPOTE MPH YNPABISEMON JIBDKHUKOM aHTYJIALUH C Y4eTOM (aKTUIECKO-
IO U3MEHEHHMSI BEJTMUYMHBI HOPMAJIbHOM PEAaKIMU CKJIOHA. YUeT TEeKyIlel Be-
JIMYMHBI HOPMAJIBHOW PEAKIMH CKJIOHA MOKET IIPUBOJUTH KaK K U3MCHEHU-
M TPACKTOPUM ABIKEHMS, TaK U K MU3MEHEHUSM IUHAMUKU IOJIOKEHUS
T€Jla CHOPTCMEHA IIPU BBIIOJIHEHUU TOPHOJIBDKHOIO MoBopora. OrneHka
BJIMSIHUSL U3MEHEHNS HOPMaJIbHOW peakliu CKJIIOHa Heo0X0AuMa MpH OIu-
CaHUU OMOMEXaHUKU M MOJIETMPOBAHUH TOPHOJIBDKHOTO TIOBOPOTA.

Knroueswvie cnosa: buomexanuxa cnopma, ciaioMHas mpaeKmopus, auay-
JAYUSL, HAKIIOH JIIHCHUKA, Pe3anblll (KapeUuH2o8blii) nosopom.

B pa6ote [1] B yCIOBHUSIX OTHOCUTEILHOTO PABHOBECHS JBUKYIIETOCS
B PE3aHOM IOBOPOTE JBDKHUKA, MPU KOTOPBIX JIMHUS JEUCTBUS BEKTOpa
PaBHOJEHCTBYIOIIEH OIOPHBIX PEAKLUN IMPOXOJUT 4Yepe3 LEHTP Mace
aebkHUKA (T. C), oMy4YeHsl (HOPMYIIBI ISl BEKTOPHOTO YPAaBHEHUS JBH-
JKEHUSI LIEHTpa Macc JIbDKHHMKA B MPOEKIUSX Ha OCH, KacaTeslbHOH (T)
¥ HOpMaJbHOM (#) K IPOEKLUU TPACKTOPUH ABIKEHUS TOUkU C Ha CKIIOH,
a Tak>Ke MO HAMPABJICHUIO (Z) HOPMAJHU K CKIIOHY:

ma,. =mgsina.cosf— R, sindsinC—F,,; (1)

ma,, =—mgsinasinB+ R sindcos(; 2)

ma,, =—mgcosa+ R cosd. 3)

3necs 0003HaueHo: o, B, &, { — COOTBETCTBEHHO KPyTHU3HA CKIIOHA,

yTOJI ABMKEHHUS (Yroa MeXIy BEKTOPOM CKOPOCTH M HAIpaBJIEHUEM JIHU-
HHMU HauOOJBLIETO CKaTa), yrol MeXIy BEKTOPOM ONOPHOH peakuuu R, u

HOpMaJIbl0 K CKJIOHY M YTOJl OCaJKH, OOYCJOBIECHHBIH HaJIMUYUEM CHJIbI

TPEHUSI CKOJILXKEHHUS, m — Macca CHUCTEMBI JIBDKHUK — JIBDKH; & —
YCKOpEHHE CBOOOLHOrO majeHus; F,, — BEIMYMHA CUJIBI CONPOTHBIIC-
HUS IBUWXKEHUIO; d.., d.,, (4, — HPOEKIUH BEKTOPA YCKOPEHUS Ha yKa-

3aHHBIC HAIIPABJICHHA.
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W3 (3) BeIpa3uM BenuuuHy R, ¥ nojactasuMm B (2). Beegem psa gomy-
meHui. 3a ManocTelo { NpeHeOpekeM ee BIMSHUEM Ha BEIMUYMHY d,.

[TockonbKy KpUBU3HBI TPAEKTOPUH JBMKEHMS LIEHTPAa Macc U JMHUU pe-
3aHOTO JIBM)KEHUS JIBDK MO CKJIOHY HE3HAUMUTENbHO OTJIMYaroTcs Apyr [1],
OyZeM CcuuTaTh, 4TO TPACKTOPHs ABMKEHMS LIEHTPAa Macc MPaKTUYECKH
COOTBETCTBYET JIMHUU JBHXEHUS JbDK B (haze pe3aHoro mnosopota. Boc-
MOJIb3YEMCSl M3BECTHON CBSI3bI0 MEXKJIY PaJAMyCOM KPUBU3HBI P JIMHUU
KOHTAaKTa JIbDKM CO CKJIOHOM U paauycoM R ee OOKOBOro BhIpe3a:
p=RcosH, rne 6 — yros 3akaHTOBKHU JIbDKH. [10CKOIBKY HOpMaJIBHOE
YCKOPEHUE ONPENESIeTCsl CKOPOCThIO U PAInyCOM KPUBU3HBI TPAEKTOPHUHU

a,, = 2 / p, C y4ETOM YK€ OTMEUEHHOTO MOIYYHM:

2 a,., . .
—=| tgd| cosa+—= [—sinasinf} [cosH. 4)
Rg g

BennuuHa yria 3akaHTOBKM O paBHAa cyMMe yIJia HaKJIOHA OIOPHOMN
JMHUM O W yTJIa JIOTIOJHUTENIFHON 3aKaHTOBKH JIBDK, OOYCIIOBICHHOTO aH-
ryJsinuei TbbKHUKA (YOIl ¢):

0=5+q, 5

YTO MO3BOJIAET, BB/ O€3pa3MepHbIe MapaMeTphl, epenucats (4) B BUae

Vi=[ tgd(cosa +a)—sinasinB]cos(d+ Q). (6)
3nech V1 @ — GespasMepHas CKOPOCTh M OE3pasMEpHOE HOPMATBHOE
K CKJIOHY YCKOPEHHE IIEHTPa Macc, OIpeIeNIsieMbIe KakK:

R~ a="e (7)

JRg' g

Kaxk nokazano B [2], ypaBHeHHE (6) TTO3BOJISET CBSA3aTh YO HAKJIOHA
OTIOPHOM JIMHUU O M aHTYJISIHUIO @ C OCTAIbHBIMH KHHEMATUYECKUMU TIa-
pamMeTpaMH JBIMKEHUS, peliasi ero YUCIeHHO COBMECTHO C 3aJaHHOM CTHU-
neBoit pynkuumeit ¢ = @(d). Kak BuaHO 13 (6), €ro yucieHHOE pelIeHue
JUTSL yTi1a O C YYETOM CBSI3HM ((0) 3aBHCHT OT 3HAYEHUH TEKYIIHUX MapaMeT-
poB V, Pua.

Paccrostnue z ot nentpa Macc C 10 CKJIOHA ONpeAenseTcss AIUHOU
omopHoro orpe3ka [3] u ero HakiIoHOM (0 ): z = £-cos 0. Torga HopMab-
HBIM K CKJIOHY KOMIIOHEHT CKOPOCTH MPU HEU3MEHHOU JuInHE £ onpenens-
eTCsl KaK:

:g_gd(cos 0) do

|4 —/sin 0—. 8
py (3)

2de dt
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BbipazuM uiMHYy S7€MeHTa IYT'M 4Yepe3 CKOpPOCTh JBMKEHUS JIBDK
¥ BpeMsl, C OJJHOI CTOPOHBI, M Yepe3 paanyc KPUBU3HBI U N3MEHEHHUE yTIiIa
IBWKeHUsT — ¢ apyroil: Vdf = Rcos0df. Orcrona Belpazum auddepen-

1IMaj BPEMEHU U TIOJICTaBUM B (8):

__VKSiﬂG@__V_Et 9@
*" T Reos0 dB R T dp’

€))
O1eHnM BeIM4YMHY HOPMAJIBHOTO K CKIIOHY YCKOPEHHS d,.:

do
d(V te 60—
g Vel

a, = - =

Y :RcosedB: R? cos0 dp

2 2 2
— [thdVde d (dGJ +Vtg9%} (10)

av.  vdv, Ve

2 FTYTRITIPT
R”cosO dB dB cos“ 0\ dp

22 (sinodrde 1 (do) . d%
=—— — — | +sin@—|.
R°cos“0O| V dB dB cosO{dp dp

st 6e3pa3MepHbIX (GOPM YCKOPEHHUSI U CKOPOCTH BBIPAXKEHHE MPe00-
pasyeTcs K CIeTyIomeMy BHIY:

i & 1 (do) sin0d’de . d%
a=-— — | +—=———+sin0—|; (11)
Rcos® 0| cosO| dp Vo dp dp dp?

> i
a—ﬁﬁzﬁ[fqz(j—gj +\/r<21(ld—V@+@J], (11a)

R V dp dp  dp>

re K =cos ' 0 — Ge3pasMepHas KPHBU3HA TPACKTOPHH.

JUist BBITIOJTHEHUS! YUCICHHOTO TU(depeHIIMPOBAHNUS TPOBEIEM 3aMe-
Hy nuddepeHInaioB pa3HOCTIME UCTIONB3YEMBIX BETHYMH B Pa3HOCTHOU
cXeme, a UMEHHO:

do A0 _6,,-0,
dg AP 2h
drde AV A8 _ (Vi =V =6,)

—_— > - ; (12)
dp dp AP AP 4h
d’0 _ AG,,,—A6, 0,,-20,+6,
2 - 2 - 2 ’
dp h h
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3necy mar aprymenta AP npu auddepeHupoBaHUU 0003HAYECH IS

KpPaTKOCTH KakK /.
Torna 3Hauenune a Ha i-m mare u3 (11a) mpuodperer BUA

a;= _ﬁl}'ﬁiL[ﬁ?Vi (9i+1 -6, )2 +

Ty K7 -1 (4171(9141 =26, +6, )+ (Vm Vi ) (041 - 91’1))}- (13)

TpaexTopHa
Oe: yd4eTa N\
VCEOpEHHA 1
L TpaekTopHA
C  VIeTOM
VCEOpPEHHA 0.8
0.6
04
0.2
o4 03 ez o

XapakTepHble TPAaCKTOPHH PE3aHOT0 [TOBOPOTA B O€3pa3MEPHOM BH/IE

[IporpamMmmHuast peanuzanus 4YuCICHHOTO nu(epeHITUPOBaHUS 10
cxeme (13) mokasana, uro HauGosee raagkoi GpyHkuus a;(B) cTaHoBUTCS

OpU CPAaBHUTENIBHO KpymHOM 1miare auddepeHunpoBaHus MOpsIKa
h = 7,5°. Y4eT OLIECHEHHOTO0 TaKuM O0pa3oM yCKOPEHHS B COTJIACYIOIIEM
ypaBHEeHHH (6) TO3BOJMJI IMOJYYUTh MHTETPAIbHBIC PELICHUS IS BCEX
TCOMETPUYECKAX M KHHEMaTHYECKUX IapaMeTpoB MOBOpoTa. B dacTHO-
CTH, Ha PUCYHKE TMPEACTABIEHBI XapaKTePHbIC TPACKTOPUU PE3aHOTO IO-
BOpOTa B O€3pa3MEepHOM BHJIE, TIOJCUUTAHHBIC JIJISI OJTHOTO U3 CTUIICH €ro
yHopaBJICHUA, HA KOTOPOM BHJIHBI JIMIIb HC3HAYUTCIILHBIC OTJIWYUA, CBA-
3aHHBIC C YYETOM U3MEHEHHSI HOPMAIILHON PEaKIIuy CKIIOHA.
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BeiBoabl.

1. Coznmana maTemaTH4ecKas MOJIEJIb PABHOBECHOI'O PE3aHOTO TOPHO-
JBDKHOIO IIOBOPOTa C y4E€TOM HOPMAJIBHOM K CKJIOHY COCTaBJIAIOLICH
YCKOPEHHUSI.

2. Peann3oBaHa KOMIBIOTEPHASI MOAEIb TAKOIO MIOBOPOTA.

3. OmnpeneneHsl mapamMeTpbl KOMIBIOTEPHON MOJIENH, 00eCIeunBaro-
1I1E TMOMYyYeHHUE MPUEMIIEMbIX TUHAMUYECKUX MMapaMeTPOB JIBHKCHHUS.

4. YCTaHOBJIEHO, YTO Y4Y€T HOPMAJIBHOM K CKJIOHY COCTaBJISIOLICH
YCKOPEHUS MPUBOAUT K HE3HAYUTEIbHBIM U3MEHEHUSIM IUHAMHYECKUX U
F€OMETPUUYECKHUX MTapaMeTPOB IBHKEHUS IIPU PE3aHOM ITOBOPOTE.
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Accounting for changes in the normal component
of the slope reaction in the mathematical model
of an equilibrium ski carve turn
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Abstract. The presented work is devoted to the correction of
the mathematical model of the movement of the skier in the equilibrium
carve turn with the angulation controlled by the skier, taking into account
the actual change in the value of the normal reaction of the slope. Taking
into account the current value of the normal reaction of the slope can lead
to both changes in the trajectory of movement and changes in the
dynamics of the athlete's body position when performing a ski turn.
Assessment of the effect of changes in the normal slope response is
necessary in the description of biomechanics and modeling of the ski turn.

Keywords: biomechanics of sport, slalom trajectory, angulation, skier’s
inclination, carve turn.
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Cnacenue marampiero podora u3 aBapuiHOro0 MmoJI0KeHHU s
HA CIIMHe
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AnHoTauus. [IpennoxkeH MeTol pacKaunBaHMs IECTUHOIOrO HIararo-
mero po0dora ¢ 1ebl0 00eCeYUTh €ro NepeBOpoT U3 MONOKEHHUS «BBEPX
HOoramm». B kadecTBe OmoOpel pacCMOTPEHBI TOPU3OHTAIbHAS IUIOCKOCTH
U HaKJIOHHAS IUIOCKOCTb C HEOOJBIIUM YKJIOHOM B CTOPOHY IE€PEBOpOTA.
[Toka3zaHo, 4TO MEPEBOPOT BO3MOXKEH MPU NOMOUIU LIUKJIAYECKOTO JIBHKE-
HUSI HOT, €CJIM KOPITyC MMEET BEPXHIOK 00O0JIOYKY B BHJE YCEUEHHOTO LH-
muHapa. Horm Ha 3apaHee BBIOpaHHOM Kparo KOpIyca, depe3 KOTOpBIi
JIOJDKEH IPOM30UTH IIEPEBOPOT, SBJISIOTCSA MACCUBHBIMHU M BBIIPAMIISIOTCS
BJOJIb KOpIyca JAjsl TOro, 4ToObl HE MellaTh packauuBaHuio. Horum Ha
NPOTUBOIIOJIOKHOM KPAK0  SIBIIIIOTCS  aKTUBHBIMHM, OHHU OCYILECTBIISIOT
CUHXPOHHOE JBWKEHUE B IUIOCKOCTH, NEPIEHAUKYIISIPHOW MIPOAOIBHON OCH
KopIyca, pu (PUKCUPOBAHHOM YIJI€ B KOJICHE. BBINOIHEHO aHATMTHYECKOe
HCCIICZIOBAHUE, a TAKXKE KOMIIBIOTEPHOE MOJEIMPOBAHUE NIOJHON JTUHAMUKHU
po00Ta, KOHTAKTUPYIOIIETo C OMOPOii, CpeICTBAMHU NPOrPAMMHOI0 KOMILIeca
«YHUBEPCAIIbHBIA MEXaHU3MY.

Knrouesvie cnosa: wecmunocuii pobom, agaputinas cumyayus, nepeso-
PpOm KOpnyca, packaiusaHue.

Beenenue. [Ipu npmxenuun podota 1mo 6€310poxpio [1] MOTYT BO3HU-
KaTh pa3JInyHble aBapuiiHble cuTyaruu. [IpoGieMaTHYHBIM SBISETCS CITy-
yaii, korjga poOOT OKa3bIBaETCs B MEPEBEPHYTOM MO3UIUN C HOTAMH, OpPH-
E€HTUPOBAaHHBIMU BBepX. 11 MHOrOHOTOrO po0OOTa C KOPIYyCOM B BHUJE
BBITTYKJIOTO MHOTOYTOJIbHUKA [2] 0OpaTHBINA MEpEeBOPOT KOpITyca TPYIHO-
BBINOJIHUM. BO3MOXEH criacuTeNnbHbI BapUaHT, KOT/IA 3a CUET CHeIHalb-
HOM KOHCTPYKIIMH HOT pOOOT MOKET JABUIaThCs KaK B CTAHAAPTHOM, TaK
U B NIEPEBEPHYTOM IOJIOKEHUH Kopiyca [3]. Bmecte ¢ Tem amis obnerde-
HUS 3a/la4dl TIepeBOpOTa KOPIyca MOKHO BOCIOJIb30BaThCS PE30OHAHCHBI-
MU 3 PeKTamMu, KOTOPbIE BOZHUKAIOT MIPU ONpeesieHHON (opMe Kopiryca
3a CYeT CIeUAIbHBIX JBUKEHUH HOT.

Jannasi pa®oTa pas3BHBAaeT pe3yJbTaTbl, NpPEACTaBICHHBIE B pabo-
Tax [1, 4, 5], B 4aCTH MOCTPOEHUS AITOPUTMOB YIIPABJICHUS MMOBEACHUEM
poboTa B IKCTPEMAIbHBIX CUTYalUsAX C HMCIOJIb30BAaHHEM METO/I0B KOM-
NBIOTEPHOr0 MojenupoBaHus. [loiaHas nuHamuyeckass MoJenb poOoTa
dopmupyeTcss aBTOMAaTHYECKH CPEACTBAMHU KOMILIEKCa «YHHUBEPCATbHBIN
MEXaHu3M» [6].
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Permaemas 3amaua gpopmynupyercs crieayroumm oopasom. B pesynbra-
T€ HEMpPEBUACHHOW CIyYallHOCTH MIAararoluii poOOT OKa3bIBaeTCs Jie¥kKa-
MM Ha CIIMHE B TIOJIOKEHUU «BBEpX Horamm». OH JOKeH 0e3 MOCTOpOH-
HEll TMOMOINM 3a CUET HMMEIOIIMXCSA Y HEro pecypcoB IO YIPAaBICHUIO
MEPEBEPHYThCA B UCXOJHOE paboyee MONOKEHHE, KOTAa HOTH HaXOASTCS
B OlOpe, a Kopmyc — HaBepxy. llogoOHOro ponma cuTyanuud HEpeako
BCTPEUAIOTCS B MUPE >KUBOTHBIX U OCOOECHHO Cpelld HACEKOMBIX M PETTH-
JMH, Y KOTOPBIX MUMEETCs IIMPOKUN TBepAbld Kopmyc. Hampumep, xyku
WIN Yepenaxu, U BCE OHU B IIPOLIECCE IBOJIIOLMHN HAYUMIIUCH IIPEO0IIEBATh
noA00HbIe 3aTpyJHEHUS. MeTO/bl, KOTOPBIE OHH UCIIONB3YIOT, BKIIIOYAIOT B
ce0st pUeMBbI TOATATMBAHKS U OT)KUMAHUSI OT OTIOPHOM ToBepXHOCTH [7, 8].

Hwxe npemaraercst Jpyroit MeTo1 mepeBopoTa podoTa U3 aBapHitHO-
ro B paboyee MOJOKEHHUE C HMCIIOIB30BaHMEM TUHAMHYECKHX 3((HEKTOoB,
KOTOpbIE BO3HHUKAIOT, KOTJa POOOT, OKAa3aBIIUCh B MEPEBEPHYTOM IOJIO-
KEHUHU, HauMHaeT 0e3 Omophl HOraMU O TPYHT packauumBaTh KOpIYC 3a
CYET CIEIHaIbHO c(hOPMUPOBAHHOTO IBMXKEHHUS HOT, 00ECHEeUnBAIOIIETO
YBEJIMUEHUE aMIUINTY/bl KadaHWd. B pesynbrare ammimryga I1OCTHraeT
TaKOT0 3HAYEHUs, UTO poOOT 00s3aTeabHO NepeBopaunBaeTcs. OueBUIHO,
4YTO B PACCMAaTPUBAEMOM CIy4yae MPOCTON NEPUOAMUYECKUN 3aKOH JBUXKE-
HUS HOT HE MPHBEJET K YCIeXy, TaK Kak Mepuo]| KayaHui Kopiyca Oyaer
3aBHCETh OT aMIUIUTY/Ibl. B paboTe mpeacTaBieH KOHCTPYKTUBHO HOCTPO-
CHHBII aJITOPUTM peleHus cPOpMyIMpPOBAHHON 3aauu. DTOT aITOPUTM
ObUT OTpabOTaH HAa MPOTPAMMHOM KOMIUIEKCE «YHHBEPCAIbHBIA MeXa-
HU3M» [6] C y4eTOM TMOJIHOW JMHAMHUKUA CUCTEMBI B IIE€JIOM, MMEIOIIEH
JBaJlaTh YEThIPE CTENEHU CBOOObI. Pe3yabTaThl KOMIBIOTEPHOTO MO/JE-
JUPOBAHUSI CBUJETENILCTBYIOT O MPUHLMIINAIBHON pean3yeMOCTH Mpe-
JIO’)KEHHOTO aJTOpUTMa yNPABICHUS 1IAraroliuM poOoTOM.

IlocranoBka MoaenbHol 3agauu. /[l oOnerdeHuss mporecca
MEepPEeBOpPOTa KOPITyC IIAraroiiero podbora B padodyeM TMOJOKEHUU MOXKET
UMeTh (OpPMY BBITYKJIOH BBEpX YaCTH HWJIMHAPA, CPE3AHHOTO IIOCKOCTHIO,
NnapajuieJbHOM OCU LMWJIMHApA. PaccMOTpUM CIEAYIOUIYH0 MOJEIbHYIO
3aaa4dy. [IpeAanonoxum, 4To Ha TOPU3OHTAIBHOM OMOPHOM MPSIMOM JICKUT
OJIHOPOAHBIA CErMEHT Kpyra, uMmeromui maccy M. CerMeHT OorpaHnyeH
IYyrol OKpYKHOCTH paauyca R U XOpIAOH, OTCTOAIIEH OT LEeHTpa
OKPY>XKHOCTH Ha paccTostHue 4. Jlyra OKpy»KHOCTHM CErMEHTa KacaeTcs
ornopHoil mpsiMoii B Touke A. CerMeHT MOXXeT NepeKaTblBaThCs 0e3
IIPOCKAJIB3bIBAHUS IO ONOPHOM NPSMOM, IMOBOPAYMBASCh BOKPYT LIEHTpa
YHOMSIHYTOM OKpPY’KHOCTH Ha YIOJ (@ , OTCYMTHIBAEMbIH OT BEPTUKAIBHOTO
paauyca, HaIlpaBJIEHHOTO B TOUKY A KacaHUsl CerMeHTa ¢ npsMoil. Ecmu
¢ =0, TO CEerMEHT JIeXHUT TaK, YTO €ro Xopja MapajuleibHa ONOPHOMN
PSIMOiA.

K nmnpaBoMy koHIly B XOpAbl CErMEHTAa IUIOCKMM IIAPHUPOM
IIPUKpEIIJICHA HOT'a, CTEPXKEHb MAacChl 71, KOTOPBIA MOXET BpallaTbes
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OTHOCUTEJIbHO CErMEeHTa Ha Yroia \. YToJl \ OTCUUTBHIBAE€TCS OT
BHEIIIHETO TMEpIeHIuKYJsipa K xopae cermeHta. Korma y =0, Hora
HarpapJjieHa MEePIEHANKYISPHO XOpJi€ B CTOPOHY OT ONMOPHOM mpsimoil. Ha
JIPyroM KOHIIE XOpJbl B TOUKe FE pacHojoXeHa TodeyHas macca 7m,,

ypaBHOBemMBarouiass Hory. LleHTp Macc D HOIM pacmojoXeH Ha
paccrossHuM p OT Touku B. lleHTp Macc C cermeHTa pacnoJiOKeH Ha

CPEIVHHOM INEPIEHAMKYJIApE K XOpAE€ Ha pacCTOSHUM 7 OT LEHTpa
OKPY>KHOCTH cermMeHTa. CerMeHT MMeeT MOMEHT MHEPUUH J OTHOCH-
TEJIbHO MPAMOW, MPOXOASIIEH yYepe3 LEHTP MacC CerMEHTa MepHeHIu-
KYJISIPHO IIJIOCKOCTH CETMEHTAa. MOMEHT MHEPLMU HOTUM OTHOCUTEJIBHO €€
LieHTpa Macc paBeH J,. 3aMeTHM, 4TO B COOTBETCTBMU C IOCTAHOBKOIi

3aJa4M OOIyCTUMAaA BEJIMYWHA tgp OrpaHUYCHA MpeaciiaMmu

2 2 2 2
_R—_hgtg(PSR—_h_
h h

Jliis 3HaueHu# tg@ , BBIXOIAIIMX U3 9TOrO AMANa30HA, CIEAYET M0JIaraTh

2 2

R . :
&= Rarcthsm(p, £E,=0

B cucrteMe koopauHaT OEC ¢ HayanoM (O B TOUKE KacaHUS CETMEHTa
¢ onopHo# npsmoii ipu @ =0, ockto OF, HANpaBICHHOW BIOJIb OTIOPHOM
npsIMOM CIpaBa HajieBo, ocbio OF, HampaBIeHHOW BEPTUKAIBHO BBEPX.

PackauunBanue poOoTa Ha cnuHe. AHAIUTHUYECKOE OMNHCAHUE
Ipoliecca pacKauyMBaHUS BBIMOJHIECTCS C MOMOIIBIO TEOPEMbl 00 M3MEHe-
HUM KUHETUYECKOIO MOMEHTa CHUCTEMbl OTHOCUTENILHO MOABM)KHOW TOUKU
A [9, 10]. U3 ananm3a MOJENBHON 3aJaud CIELYET, YTO YNPaBIIAIOLIUI
YTOJI OTKJIOHEHHUS aKTUBHBIX HOTI' HYXXHO NEpEeKIovaTh MEXIY JBYyMs
MOCTOSIHHBIMHU 3HAUEHUSMU (OHHM COOTBETCTBYIOT NPEAEIbHBIM IOJIOXKE-
HUSIM aKTHBHBIX HOT IPU MaxaxX B CTOPOHY IAaCCHUBHBIX HOT U OOpaTHO)
B MOMEHTHl BPEMEHH, KOTJIa YIJIOBasi CKOPOCTh KOpIlyca oOpaiaercsi B
HyJb. [lepexiiouenne npoucxXouT B BUIE JTMHEHHOTO IIepexo/a.

KommnbioTepHOE MOAETHPOBaHKE TIOJHOW AMHAMHUKH POOOTa MPOBOAUT-
Csl C LIENbI0 YTOUYHEHHS MapaMeTpOB PAaCKayMBaHUS MPU yueTe HAIUUUA
TpeHHsI B KOHTAaKkTe (MCMONb3yeTCs BCTPOCHHAsT B «YHUBEPCATbHBIN
MeXaHu3M» [6] Mozelb TpeHUs, OCHOBAHHAsI HAa BSI3KOYIPYTrOM B3aMMO-
JNEHUCTBUM TeJl B TOUKE KOHTAKTa, & TaKXKE YUYUTHIBAETCS MOMEHT TpPEHUS
KaueHUs).

B cnyuae onopel B BHUJE TOPU30OHTAIBHON IUIOCKOCTH IPU yMEHb-
HIEHWH Macchl HOr TpeOyeTcsl yBeNIMYuBaTh Yroj OTMamku (Max
B CTOPOHY, IPOTHUBOIIOJIOKHYIO CTOPOHE NIEPEBOPOTA).

52 Huotcenepnotit scypran: Hayka u unnosayuu # 3-2021



DOI: 10.18698/2308-6033-2021-3-2067

Jlnisi HaKJIOHHOW TIOCKOCTH ¢ HeOonpmmM (MeHbne 15°) ykioHOM
B CTOpPOHY IE€peBOpOTa B Hauajie ABW)KEHUS, KOTJa IacCHUBHbIE HOTHU
pachpsMIISIIOTCS, OHU KacaroTCsl KOJICHSIMH IJIOCKOCTH. B KOMITbIOTEPHBIX
HKCIEPUMEHTAX 3TO HE MELIAIO JajJbHEHIIEMy pacKauMBaHUIO. YKJIIOH
B JAHHOM CJIy4ae CIOCOOCTBYET pacKayMBaHHIO, MOATOMY JOCTATOYHO
yMEHbBIIIaTh Yrol OTMAallKd IO CpPaBHEHHIO C pacKauMBaHHWEM Ha
TOPU3OHTAIILHOM IVIOCKOCTH.

B cnywae, ecniu B MecTe HCXOJHOrO KOHTakTa poOoTa C Omopou
HAXOAMUTCS SIMKA, YKCIEPUMEHTHI MOKA3adu BO3MOXHOCTh pacKauWBaHUs
B HEKOTOPBIX CIIydasx, KOrJa pajuyC SIMKM HEMHOTO OOJbINe paguyca
YCEUEHHOTO IJIMH/PA, COOTBETCTBYIOLIETO CITUHE POOOTA.

3akiarouenme. IIpeacraBieHo penieHue 3aaydl O CHACEHUU aBTO-
HOMHOTO IIAraromiero poboTa, aBapuitHO JieXkallero Ha TOPU30HTaIbHOU
OMOPHOM IUIOCKOCTH Ha CIMHE B IOJIOKEHUU «BBEpX Horamm». g
criaceHuss poboTa TpeaIoKeHa creruanbHas ¢opma Kopiyca B BHJEC
CIIOKEHHBIX IO TUNIOCKOMY CEUEHUIO JABYX YCEUEHHBIX MPSIMBIX KPYTOBBIX
mwIMHApoB. Pa3paboran u aHanmutudecku obocHoBan [9, 10] meron
aMIUIMTY/IHOTO pacKauMBaHHUsI CHCTEMbl B OKPECTHOCTH IOJIOKEHUS
aBapHUITHOrO PaBHOBECHS, TTO3BOJISIONININ HCIOIB30BaTh KHHEMATHUECKUE
U TMHAMHUYECKHE BO3MOXKHOCTH po0OTa Il CAMOCTOATEIBHOTO CIIaCEHHS.
VYcTaHOBNIEHBl OTJIMYMS B PAaCKauyMBaHUU IMPU HAIUYUU HEOOJIBIIOTO
YKJIOHA OTIOPHOM TUIOCKOCTH B CTOPOHY MEPEBOPOTA.

Paboma svinonnena npu gpunancosoii noooepicke PODU
(npoexm Ne 19-01-00123 A).
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Rescue of the six-legged robot from an emergency position
on the back
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! Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia
2 Lomonosov State University, Moscow, Russia
E-mail: ' golubev@keldysh.ru, *elena_v_m@mail.ru

Abstract. A method of swinging of the six-legged robot to ensure its
overturn from the “upside down” position is proposed. As a support, we
consider a horizontal plane and an inclined plane with a slight slope to-
wards the flip. It is shown that the overturn is possible with the help of cy-
clic movement of the legs, if the body has an upper shell in the form of a
truncated cylinder. The legs on the pre-chosen edge of the body through
which the flip should occur, are passive, and straightened along the body
so that they do not interfere with the flip. The legs on the opposite edge
are active; they perform synchronous movement in a plane perpendicular
to the longitudinal axis of the body, with a fixed angle in the knee. An
analytical study was performed, as well as computer simulation of the full
dynamics of the robot in contact with the support by means of the “Uni-
versal mechanism” software package.

Keywords: six-legged robot, emergency, flipping of the robot’s body, rocking.

Introduction. When the walking robot moves off-road [1], various
emergencies can occur. A problematic case is when the robot is in an up-
side down position with its legs oriented upwards. For a multi-legged ro-
bot with a box-shaped body [2], reverse flipping of the body is difficult.
A saving option is possible when due to the special design of the legs the
robot can move both in the standard and inverted body positions [3].
Along with that, to facilitate the task of flipping the body, we can use the
resonant effects that occur with a specific body shape due to special legs
movements.

This article develops the results presented in [1, 4, 5] regarding the con-
struction of algorithms for controlling robot behavior in extreme situations
using computer experimentation methods. The full dynamic model of the
robot is automatically generated by the complex Universal Mechanism [6].

The problem to be solved is formulated as follows. As a result of un-
foreseen accident, the walking robot is lying on its back in the “upside
down” position. Robot should, without assistance, at the expense of his
management resources, turn over to its original working position when its
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legs are in support and the body is at the top. Such situations are often
found in the animal world, and especially among insects and reptiles,
which have a wide solid body. For example, beetles or turtles, and all of
them learned how to overcome such difficulties in the process of
evolution. The methods they use include pull-ups and push-ups from the
support [7, 8].

Below, we propose another method of turning the robot from emer-
gency to working position using dynamic effects that occur when the ro-
bot, being in an inverted position, begins to swing the body without sup-
porting its feet on the ground due to a specially formed movement of the
legs, providing an increase in the swing amplitude. As a result, the ampli-
tude reaches such a value that the case inevitably turns over. Obviously, in
this case, a simple periodic law of movement of the legs will not lead to
success, since the period of swing of the body will depend on the ampli-
tude. This work presents a constructively constructed algorithm for solv-
ing the formulated problem. This algorithm was worked out using the
Universal Mechanism software package [6], taking into account the com-
plete dynamics of the system as a whole, which has twenty four degrees of
freedom. The results of computer simulation testify to the fundamental
feasibility of the proposed robot control algorithm.

Formulation of the model problem. To facilitate the process of
revolution, the body of the walking robot in the working position can be in the
form of a convex upward part of the cylinder cut off by a plane parallel to the
axis of the cylinder. Consider the following model problem. Suppose that on a
horizontal reference line lies a homogeneous segment of a circle having mass
M. The segment is bounded by an arc of a circle of radius R and a chord,
which is at a distance /4 from the center of the circle. The arc of the segment
circle touches the reference line at a point A. A segment can roll without
slippage along the reference line, rotating around the center of the mentioned
circle by an angle ¢ counted from the vertical radius directed to the point of
contact of the segment with the line. If ¢ =0, then the segment lies so that its
chord is parallel to the support line.

A leg (rod) of mass m is attached to the right end B of the chord of

the segment by a flat hinge. The rod can rotate by angle y relative to the
segment. The angle y is measured from the outer perpendicular to the
chord of the segment. When y =0, the leg is directed perpendicular to the
chord away from the reference line. At the other end of the chord, a point
mass m,, is located at the point E that balances the leg. The center of
mass D of the leg is located at a distance p from the point B. The center

of mass C of the segment is located on the median perpendicular to the
chord at a distance » from the center of the circle of the segment.
A segment has an inertia moment J relative to a straight line passing
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through the center of mass of the segment perpendicular to the plane of the
segment. The moment of inertia of the leg relative to its center of mass
is J,. Note that, in accordance with the statement of the problem, the

admissible value tge is limited by the limits

JR? — 12 Py JR? - i?
T Sees—

For values tgp outside this range, it should be assumed

2 2

R . .
E = Rarcthsm(p, £,=0

in the coordinate system OEC with the origin O at the point of tangency
of the segment with the reference line at ¢ =0, Of axis directed along
the reference line from right to left, OC axis directed vertically upwards.

Rocking the robot on its back. The analytical description of the
rocking process is performed using the theorem on changes of the sys-
tem’s angular momentum relative to the moving point 4 [9, 10]. From the
analysis of the model problem, it follows that the control angle of devia-
tion of the active legs must be switched between two constant values (they
correspond to the limit positions of the active legs when swinging towards
the passive legs and back) at time instants when the angular velocity of the
body turns to zero. Switching occurs as a linear transition.

Computer simulation of the full dynamics of the robot is conducted to
refine the parameters of rocking taking into account the presence of fric-
tion in the contact (using the built-in in “Universal mechanism” [6] fric-
tion model based on viscoelastic interaction of bodies at the points of con-
tact, and also taking into account the torque of rolling friction).

In the case of support in the form of a horizontal plane, if the mass of
the legs decreases, it is necessary to increase the angle of the reverse
swing (swing in the direction opposite to the side of the flip).

For an inclined plane with a slight (less than 15 degrees) slope in the
direction of a flip, at the beginning of the movement, when the passive
legs are straightened, they touch the plane with their knees. In computer
experiments, this did not prevent further rocking. The slope in this case
contributes to swinging, so it is enough to reduce the angle of the reverse
swing compared to swinging on a horizontal plane.

If there is a pit at the point of initial contact of the robot with the sup-
port, experiments have shown the possibility of rocking in some cases,
when the radius of the pit is slightly larger than the radius of the truncated
cylinder corresponding to the robot's back.
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Conclusions. The solution of the problem of rescuing an autonomous
legged robot, emergency lying on a horizontal supporting plane on his
back in the “upside down” position is presented. To save the robot, a spe-
cial body shape is proposed in the form of two truncated straight circular
cylinders folded in a flat section. A method of amplitude swinging of the
system in the vicinity of the emergency equilibrium position has been de-
veloped and analytically justified [9, 10], which allows using the kinemat-
ic and dynamic capabilities of the robot for self-rescue. Differences in
swinging due to the small slope of the reference plane in the direction of a
flip are established.

This work was supported by the Russian Foundation for Basic Research
(project no. 19-01-00123 A).
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O npenu3MOHHOM YIJIOBOl OPMEHTALMH U CTA0OMIN3AIUT
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B otnmuue ot camonetHsIX, Bpamatomrecs anteHHsl (BA) PJIC aspo-
CTaTHOTO 0a3MPOBAHUS UMEIOT BO3MOKHOCTh KPYTJIOCYTOUHOTO OOHApYKe-
HUS HU3KONETSIIMX OOBEKTOB Ha AanbHUX paccTosHusX (200...300 km),
MEHBIIIE OTPAaHUYEHUN IO METEOYCJIOBUSM U 3KOHOMHUYECKHE IMpEeUMYyIle-
ctBa [1, 2]. B T0 ke Bpems a3pocTarhl MOABEPKEHBI B MPOLIECCE IKCILTya-
TaIlM¥ HU3KOYACTOTHBIM KOJICOAHUSM IO TaHTAXKy M KPEeHY, aMIUIMTY1a KO-
TOpPBIX MOXKET aocturarb +£15° mpu yrioBol ckopoctd 1 rpaz[/cfl. G4\
NPUBOIUT K OTKJIOHEHHIO ocu BpauieHuss BA PJIC ot 3amanHOro momnoxe-
HUS, YTO HEIOMyCTHMO. 3alluTa OT HU3KOYACTOTHBIX KOJIeOaHUN B HACTO-
Aliee BpeMsl OCYIIECTBIISIETCS MPUMEHEHHEM CTaOMIN3aTOPOB a’pocraTa
B BUJIE XBOCTOBOIO orepeHus [3, 4], a Takke NPUMEHEHUEM MACCUBHBIX WIH
AKTHBHBIX CTaOMIM3UPYIOMIKX MOABECOK. [Ip1 3TOM B acCUBHBIX MOABECKAX
UCIIOJIB3YIOT KapJaHOBBIN WM APYTOi MojBec ¢ 00pa3oBaHueM (PU3UIECKOro
MasiTHHKA [2, 4], KOTOPBIA HE CIIOCOOCH 00ECTIEYNTh COBPEMEHHBIE TPeOOBa-
HUS TI0 TOYHOCTH OpUEHTAIMU U cTabumm3aru ocu BpameHust BA PJIC (uve
Oonee 6 yra. MuH.). JIONOMHUTEIHHOE HCIIOIb30BAHHUE CIEISIINX 3JIEKTPO-
IIPUBOOB C CAMOTOPMO3AIIUMHI MEXaHUUYECKUMHU TIepelayaMy WIHA CO3/1aHUE
AKTUBHOW TIOJIBECKM HAa OCHOBE TpHUIIoJa [5] HEM30€KHO MPUBEIET K YBEIU-
YEHUIO €€ MaCChl, MOTPEOIIIEMOI MOIITHOCTH ¥ CTOMMOCTH.

Pemenne nanHoi nmpoOiaemMbl mpeiaraeTcsl OCyIECTBUTh 3a CYET MO-
CTPOEHHS CUCTEMbI IPELIU3UOHHOM YIJIOBOI OPHUEHTALMU U CTaOMIN3aLUN
(CITYOC) BA PJIC aspocratHOro 0a3upoBaHus B BUJE ABYXCTECIICHHOTO
KapJaHOBOT'O MOJIBECA C YCTAHOBJIEHHBIMU BPAacop CIAEASIIUMU ITHEBMO-
npusogamu [6, 7]. [Ipu 3TOM MHEBMONIPUBO/IbI COEAMHEHBI THEBMOIIPOBO-
JlaMH C MCTOYHHMKOM C)KaTOro BO3[yXa M yCTPOWCTBaMU MHEBMOABTOMa-
TUKH, BBIMOJIHEHHBIMU M3 CTAHJAPTHBIX JJIEMEHTOB, BBIIYCKAaEMbIX
OTEYECTBEHHOW aBTOMOOMWJIBHOM TPOMBIIUIEHHOCTBIO W OTBEYAIOLIUX
TpeOOBaHUSAM 10 HAJIEKHOCTU U AKCIUTYaTAllMOHHBIM YCJIOBUSAM MpU JJIHU-
TenbHOM (He MeHee 10 sier) skcruryaranuu. OpueHTaus U cTabumu3amus
ocu Bpamienusi BA PJIC no kpeHy u TaHraxxy B yCJIOBUSX BHEIIHUX BUO-
PALMOHHBIX BO3JEHCTBUI BEJETCS HE3ABUCUMO I10 ITOKA3aHUSIM JIByXCTe-
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IIEHHOTO0 THUPOCKOIA, JKECTKO ycTaHoBiIeHHOro Bmecte ¢ BA PJIC na
iatopMe BHyTPEHHEH pPaMKH KapIlaHOBOTO 10/IBECA.

Pa6oraer CITYOC BA PJIC aspocraTtHOro 6azupoBaHMsl ClIEAYIOLIMM
obpazom. [lo komaHzae ¢ MyHKTa ynpaBleHUs Kabeab-TpoC OTITyCKAETCs U
a’pocTar MOJHUMAETCA Ha 3aJlaHHyl BbIcOTy. IIpu 3TOM ympaBieHue
CIIYOC BA PJIC otkiioueHo, a H30BITOYHOE OJMHAKOBOE IaBJICHHE
B pabo4ux KaMepax COOTBETCTBYIOIIUX Map MHEBMONPUBOAOB obecreyn-
BaeT Tpebyemyto kecTkocTh ocu Bpamienus BA PJIC u ¢ukcanuio ee yr-
JIOBOT'O MOJIOKEHHSI OTHOCUTENBHO HECYLIEH KOHCTPYKIMU cucTemsl. [lo-
Cle MOoAbEeMa a’3pocTaTa Ha 3aJaHHYI0 BBICOTY IO KOMaHJE C ITyHKTa
yrpasieHus npou3Boautcs BkiatoueHue ynpasieHus CIIYOC ocu Bpaiue-
Hus BA PJIC oT mpeun3noHHBIX TMPOCKONOB M NOTEHLHOMETPUYECKUX
naTt4ukoB. IIpu 3TOM, B Cily4ae OTKJIOHEHHUs a’poCTara C HECYIIEW KOH-
CTPYKLUMEN CUCTEMBI IO YINIy KpPEHA, COOTBETCTBYIOIIMHI MPEUU3UOHHBINA
THPOCKOI BhIpAaOaTHIBAaCT YMPABISIONIME CUTHAJIBI, KOTOpPBIE Yepe3 COOT-
BETCTBYIOLINE CyMMaTOpP, MHBEPTOP M YCUIUTEIN MOUIHOCTH IOJAIOTCSA Ha
COOTBETCTBYIOIIME 3JIEKTPOMEXaHUUECKHE MpeoOpa3oBaTeNn, OCYIIEeCTB-
JISIOIME YTIPaBJICHUE MOJI0KEHHEM pabounX OpraHoB IMHEBMOpPACIPE/IEIHU-
TEJIbHBIX YCTpoicTB. Ilpu 3TOM NHEBMOpacnpenenuTeabHOE YCTPOUCTBO
ITHEBMOIIPHBO/Ia COEAMHSAET €ro padouylo KaMepy ¢ MarucTpajibHBIM ITHEB-
MOIIPOBOJIOM U IPOMCXOJUT €r0 HAIOJIHEHUE U3 PECUBEPA CHKATBIM Ta3oM,
nojyiepkanue paboyero JaBleHHUs KOTOPOTO OCYIIECTBIISIETCS] aBTOMaTHYe-
CKU NEPUOJUYECKUM BKIIOYEHHEM KOMIIpECCOpa OT JaT4uKa JaBJICHUS,
YCTaHOBJIEHHOT'O Ha MarucTpajJbHOM ITHEBMOIIPOBOJIE, a ITHEBMOpAcIIpeie-
JIMTENIFHOE YCTPOMCTBO MHEBMONPUBOJA COCIUHSIET €ro padouylo Kamepy
¢ atMocdepoit 1 obecreunBaeT CTpaBIMBaHHE U3 Hee C)KaToro rasza. B pe-
3yJbTaTe MPOMCXOIUT COIVIACOBAHHOE YBEIMUYEHME JJIMHBI MIEPBOTO ITHEB-
MOIIpUBO/Ia TIapbl U YMEHbIIEHUE AMUHbI BToporo. [Ipu noBopoTe a3pocta-
Ta MO YLy KpeHa B OOpaTHOM HAaIPaBJICHUHM MPOHUCXOIUT, Ha00OpOT,
YMEHbLIEHHUE JAJUHBI [IEPBOTO THEBMOIIPUBOAA MAphl U YMEHBIIEHUE JITUHbI
BTOporo. CorinacoBaHHOE U3MEHEHHUE JJIMH ITHEBMOIIPUBOOB IMapbl, BHYT-
PEHHME TOPLIBI KOTOPBIX IIAPHUPHO CBSI3aHBI C PbIYaroM BHYTPEHHEH pam-
KU ¢ TIaThOpMO, a BHEIIIHUE — C HAPY>KHOM pamMKoil, 00ecriedynBaceT Io-
BOpPOT BHYTPEHHEHN paMKH ¢ MIaT(opMoil OTHOCUTENILHO Hapy>KHOW paMKu
U HeCylleW KOHCTPYKUUH CHCTEMBbl B IPOTHBOIOJOKHOM OT IOBOPOTa
a’pocTara HalpaBJICHUU, HO C OJMHAKOBOM YTIJIOBOW CKOpPOCThIO. biiarona-
ps 3TOMY oOecrieunBaeTcs cTaduin3alys MPOCTPAHCTBEHHOTO IOJIOKEHUS
wIaTGOpMBI M, COOTBETCTBEHHO, BEPTUKAJILHOE HAINPABICHUE OCH BpaIle-
Hust anteHHbl PJIC He3zaBuCHMO OT KosieOaHui a’pocTaTa Mo Yy KpeHa.
Amnanoruuno padoraet CITYOC npu xonebanusix aspocrata ¢ BA PJIC nmo
yTJIy TaHTaxa.

Jst 3amuter CITYOC BA PJIC ot pe3oHaHCHBIX KoJieOaHUN B TPO-
LIECCE D3KCIUTyaTallu{, IOBBIIIEHUS TOYHOCTH YIJIOBOM OpHUEHTaluH, a
TaK)K€ HAJEKHOCTH M CHIDKEHHS rabapUTHO-MACCOBBIX XapaKTEPUCTUK
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pa3paboTaHbl CrOCcO0 M YCTPOWCTBO, BKIIOYAIOIINE YCTAaHOBKY Bpacrop
MTHEBMOYIIPYTUX JJICMEHTOB B BHUC PE3MHOKOPIHBIX 000JI0ueK, oOpa3y-
IOLIMX TTHEBMOIIPUBOJ JBOWHOrO aeictBus [7]. B mpouecce skcrutyata-
nun CITYOC ocu Bpamenust BA PJIC aBromarnyecku peryiupyroT dac-
TOTBI €€ COOCTBEHHBIX KOJeOaHUU, MPU 3TOM KOHTPOJUPYIOT YACTOTHI
BO30Y’KICHHUI OT NEHCTBUS HAa HEEC BHEIIHUX W BHYTPEHHUX BO3MYIIIAO-
X (GakTopoB, CPAaBHUBAIOT C €€ COOCTBEHHOW YacTOTOW M MPHU UX KPH-
TUYECKOM CONMKCHUH HM3MEHSIOT >KeCTKOCTh YCTAHOBJICHHBIX BPACIOp
ITHEBMOYIIPYTHX 3JIEMEHTOB M, KaK CIEACTBHE, COOCTBEHHYIO YacTOTY
MOJBECKH MYTEM COIIACOBAHHOIO YBEIMYEHMSI WM YMEHbILICHUS JaBje-
HUS C)KAaTOTO0 raza B UX pabo4ynx KaMmepax U3 pe3uHOKOPAHBIX 000I0YEK.

IIpencraBnennas nonsecka BA PJIC yHuBepcaigbHa U MOXET OBITH
TaK)Ke HCMOJb30BaHA B JPYTrUX OOJACTSIX, HANpUMEp, B IOJABEMHO-
TPAHCIIOPTHBIX YCTPONCTBAX, MpPeAHA3HAYCHHBIX NI paboThl ¢ 0OBEKTa-
MU TOBBIILIEHHON ONAaCHOCTH, a TAaK)K€ MPH MPOBEACHUN TOYHBIX MOHTaX-
HBIX pabOT B TPYIHOMIOCTYITHBIX MECTaX, HAlPUMEpP, C IMOMOIILI0 BEPTO-
JIETOB WJIM BBICOTHBIX KPaHOB.
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In contrast to aircraft, aerostat-based radar rotating antennas (RA) have
the ability to detect low-flying objects at long distances (200...300 km)
around the clock, there are fewer restrictions on weather conditions and
economic advantages [1, 2]. At the same time, balloons are subject to low-
frequency pitch and roll fluctuations during operation, the amplitude of
which can reach +15° at an angular velocity of 1 degree per s . This leads
to a deviation of the axis of rotation of the radar RA from the set position,
which is unacceptable. Protection against low-frequency vibrations is cur-
rently provided by the use of balloon stabilizers in the form of a tail [3, 4],
as well as the use of passive or active stabilizing suspensions. At the same
time, passive suspensions use a gimbal or other suspension with the for-
mation of a physical pendulum [2, 4], which is not able to meet modern re-
quirements for the accuracy of orientation and stabilization of the axis of ro-
tation of the radar RA (no more than 6 arc minute). The additional use of
tracking electric drives with self-braking mechanical gears or the creation of
an active suspension based on a tripod [5] will inevitably lead to an increase
in its weight, power consumption and cost.

The solution of this problem is due to the construction precision of the
angular orientation and stabilization (CPAOS) RA radar balloon based in a
two-step gimbals installed back-to-back servo pneumatic actuators [6, 7].
At the same time, the pneumatic drives are connected by pneumatic lines
to a compressed air source and pneumatic automation devices made of
standard elements produced by the domestic automotive industry and
meeting the requirements for reliability and operating conditions for long-
term (at least 10 years) operation. Orientation and stabilization of the rota-
tion axis RA of the radar roll and pitch in terms of external vibration im-
pacts are separated according to the testimony of two-phase gyroscope,
rigidly installed with RA radar on the platform of the inner frame gimbals.

The CPAOS RA balloon-based radar works as follows. At the com-
mand from the control point, the cable is released and the balloon rises to
the specified height. At the same time control CPAOS RA radar disabled,
and the same excess pressure in the working chambers of respective pairs
of pneumatic actuators provides the required rigidity of the rotation axis
RA of the radar and fixing its angular position relative to the supporting
structure of the system. After the rise of the balloon to a predetermined
height according to the command control switching control CPAOS rota-
tion axis RA of the radar from precision gyroscopes and potentiometers. In
this case, if the balloon with the supporting structure of the system is de-
flected by the angle of roll, the corresponding precision gyroscope gener-
ates control signals that are fed through the corresponding adder, inverter
and power amplifiers to the corresponding electromechanical converters
that control the position of the working bodies of pneumatic distribution
devices. While the pneumatic switch device of actuator connects the work-
ing chamber with the main pneumatic conduit is released and filling of the
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receiver with compressed gas, maintaining the working pressure which is
automatic periodic enable of the compressor from a pressure sensor in-
stalled in the main pneumatic conduit, and the pneumatic switch device of
actuator connects the working chamber with the atmosphere and creates
bleeding from her compressed gas. As a result, there is a coordinated in-
crease in the length of the first pneumatic drive of the pair and a decrease
in the length of the second. When the balloon is rotated along the roll an-
gle in the opposite direction, the length of the first pneumatic drive of the
pair, on the contrary, decreases and the length of the second one decreases.
Agreed change of the lengths of the pneumatic actuators of the pair, the
inner ends of which are pivotally connected with the lever of the internal
frame with the platform, and the outer — with the outer frame provides ro-
tation of the internal frame with the platform relative to the outer frame
and supporting structure of the system in the opposite turn direction of the
balloon, but with the same angular velocity. This ensures the stabilization
of the spatial position of the platform and, accordingly, the vertical direc-
tion of the axis of rotation of the radar antenna, regardless of the fluctua-
tions of the balloon in the angle of roll. The same is true for CPAOS when
the oscillations of the balloon with RA radar at the corner of the pitch.

To protect the CPAOS RA radar from resonant vibrations during opera-
tion, improve the accuracy of angular orientation, as well as reliability and
reduce the overall mass characteristics, a method and device have been de-
veloped that includes the installation of pneumoelastic elements in the form
of rubber-cord shells forming a double-acting pneumatic drive [7]. In the
process of operation CPAOS rotation axis RA of the radar automatically
adjust the frequency of its oscillation, at the same time control the fre-
quency of the excitations from acting on it external and internal disturbing
factors, compared with its own frequency and when their critical conver-
gence change the stiffness installed back-to-back pneumoelastic elements
and, as a consequence, the natural frequency of the suspension by a con-
sistent increase or reduce the pressure of compressed gas in their working
chambers of the rubber-cord shells.

The presented RA radar suspension is universal and can also be used
in other areas, for example, in lifting and transport devices designed to
work with high-risk objects, as well as when performing precise installa-
tion work in hard-to-reach places, for example, using helicopters or high-
rise cranes.
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AnHoTtanus. [Ipu pa3paboTke HOBBIX MAIIUH 0053aTENBHO MPOBOJISAT
UX JWHAMUYECKUH aHanu3. J[MHAMHWYECKWH aHaldu3 MAallhH TPOBOJUTCS
C IOMOIIBIO 3aKOHOB, TEOPEM U METOJIOB KJIACCUUECKON MEXaHUKH. Tak Kak
COBPEMCHHBIC MAITUHBI UMEIOT OOBIYHO CJIOKHBIC KHHEMATHYECCKHE IICITH,
TO HEMOCPEJICTBEHHOE MPUMEHEHHE 3aKOHOB M TEOPEM KIIACCUYECKOW M
AQHAJIMTUYECKON MEXAHUKH SBJISIETCS CJIOKHOW M TpyJoeMKoM 3aaaudei. [lo-
3TOMY, ONHUPAsACh HA COBPEMEHHBIE 3HAHUS, MOHATHS U PEAIbHBIE 3aKOHBI
MEXaHUKH, B paboTe pazpaboTaHa OAHO3BEHHAs BpalllaTesibHAs TUHAMUYe-
CKas MOJIEJIb MAIIUH U C €€ OMOIIbIO IPOBEECHO TEOPETUUECKOE UCCIEI0-
BAaHHE MMOJBEMHOTO YCTPOMCTBA.

Knrouesvie crnosa: ounamuueckas Mooeib, Macca, MOMeHm UHepYuu, npu-
BCOCHHbIL MOMEHM, NPUBCOCHHbIN MOMEHM UHEPYUU, 3AKOH OBUNCEHUS,
CKOpOCMb, YCKOpeHue.

Kaxkumu OBl CIIOKHBIMU HU 6I)IJ'II/I MalllUHbI, OHU COCTOAT TOJIBKO H3
3BEHbEB M KMHEMAaTHYECKUX Map, KOTOpPhIE B Pe3yJbTaTe UX COCAMHEHUS
MEXTy co0oi 00pasyloT KHHeMaTHnueckue uemnu [1-4].

JluHaMuyeckuil aHau3 MallvH (MEXaHMYECKUX CHUCTEM) MPOBOAMTCS
METOJlaMH, pa3pabOTaHHBIMU B KJIACCHUYECKON M aHATUTUYECKOM MEXaHHKe,
KOTOphIe Oa3upyroTcsi Ha 3akoHaxX HproToHa. AHanmu3 3akoHOB HbroToHa
IIOKAa3bIBACT, YTO OHU HC ABJIAIOTCA HU 3aKOHaMH, HU aKCHOMaMU. CJIQI[OBa-
TEJIbHO, MOJIyYE€HHbIE HA UX OCHOBE T€OPEMBI, IPUHIUIBI U YPABHEHHUS JIJIs
UCcciacaoBaHus ABUKCHUA MAIlIUH SABJIAIOTCSA HpI/I6JII/DKeHHbIMI/I. bonee TOrO,
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TaK KaK MAalllMHbI 4YaCTO UMEIOT Pa3BUTHIE U CIOKHbIE KUHEMATUYECKUE LIe-
MU, TO HEMOCPEACTBEHHOE MPUMEHEHHE ATHX 3aKOHOB, TEOPEM U ypaBHE-
HUM MEXaHUKH JUISl UX WCCIIEIOBAHUS SIBISIETCS CIOKHOM M TPYJIOEMKOM
3amadeid. [losromy B [5] st MEXaHHMYECKUX CHCTEM M MaTE€PHAIBHBIX TeEll
ObUTH CHOPMYITHPOBAHBI HOBBIE pealIbHbIE 3aKOHBI IBUYKEHHUSI U CIIEICTBUSI.

Onwupasch Ha 3HaHUS peaJIbHbIX 3aKOHOB M MOHATUA MEXAaHUKH [35, 6]
U YYHUTBIBAsA, YTO OOJBIIMHCTBO MAIllMH MMEIOT BpallaTeiIbHbIA MPUBOJ,
OblJTa TIOCTPOCHA OJHO3BEHHAsI BpalllaTelbHAs JIMHAMHUYECKAs MOJCIb
MalIuH.

OnHo3BeHHAs] JTUHAMHMYECKass MOJENb MAalIMH M MEXaHUYECKHX CHU-
CTEM MpeACTaBIseT cO00M BpallaTeabHyl0 KHUHEMATUYECKYIO Mapy, KOTO-
pas coeAMHEeHa CO CTOMKON M HaYaJIbHBIM MEXaHU3MOM (3BEHOM).

3BEHO BpallaeTCid BOKPYTr CTOMKH TOJA ACHCTBUEM MPHIIOKEHHBIX
K HEMY MPUBEIECHHBIX MOMEHTOB BHEIIHUX CUJ M, U cui uHepuuu My,
C YIJIOBOM CKOPOCTBIO M YIVIOBBIM YCKOPEHUEM M MMEET NPUBEIACHHBIN
MOMEHT UHEPLHH 1,

bbun HailieHbl MaTEMaTUYECKHUE BBIPAXKEHUS ISl ONIPEACIICHUS MPU-
BEJICHHBIX K HAYaJIbHOMY 3BE€HY JTUHAMUYECKOW MOJIETM MOMEHTOB BHEII-
HUX cUll M, u cri1 uHepuuu Mg, a TAKKE MOMEHT UHEPIUU /,,.

Hns onpenenenust M,,, Mg, v I, TpUMEHSIICS BTOPOU pEAJIbHBIN 3aKOH
IBIDKEHUS [S, 6], KOTOPBIA YTBEPKIAET, YTO pabOTHl BHEITHUX U WHEPIIU-
OHHBIX B3aUMOJICHCTBUN MaTepUATBHBIX TEl Ha JIIOOOM TMepeMeIIeHUN
PaBHBI MEXIY COOOM.

[IpoBeneHHBIE ¢ MOMOIIBIO pa3pabOTaHHON JUHAMUYECKOH MOJENH
WCCJIE0BAHUS JMHAMHUKU TIPY30MOJBEMHOTO MEXaHM3Ma IOKa3alu ee
a¢dekTuBHOCT. M3 MONMydYeHHBIX pe3yIbTaTOB CIEAYET, YTO MCCIIe0Ba-
HUS JUHAMHUKU MAallMH U MEXaHWYECKHUX CHUCTEM C MOMOIIBI JUHAMUYE-
CKHX MOjieJIell 3HaYUTEIbHO YIPOIIAIOTCS [0 CPABHEHUIO C TPATUIMOH-
HBIMHU METOJIaMH.
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Construction and research of a rotational dynamic model
of mechanical systems using real laws of mechanics

© A.L Smelyagin

Kuban state technological University, Krasnodar, Russia
E-mail: asmelyagin@yandex.ru

Abstract. When developing new machines, they must be dynamically
analyzed. Dynamic analysis of machines is performed using laws, theo-
rems, and methods of classical mechanics. Since modern machines usually
have complex kinematic circuits, the direct application of the laws and
theorems of classical and analytical mechanics is a complex and time-
consuming task. Therefore, based on modern knowledge and concepts of
mechanics, we develop a single-link rotational dynamic model of ma-
chines and use it to conduct a theoretical study of the lifting device.

Keywords: dynamic model, mass, moment of inertia, reduced moment, re-
duced moment of inertia, law of motion, speed, acceleration.

No matter how complex machines are, they consist only of links and
kinematic pairs, which as a result of their connection form kinematic
chains [1-4].

Dynamic analysis of machines (mechanical systems) is carried out by
methods developed in classical and analytical mechanics, which are based
on Newton's laws. An analysis of Newton's laws shows that they are nei-
ther laws nor axioms. Consequently, the theorems, principles, and equa-
tions obtained on their basis for studying the movement of machines are
approximate. Moreover, since machines often have developed and com-
plex kinematic circuits, the direct application of these laws, theorems, and
equations of mechanics to their study is a complex and time-consuming
task. Therefore, in [5, 6], new real laws of motion and consequences were
formulated for mechanical systems and material bodies.

Based on the knowledge of real laws and concepts of mechanics [5, 6],
and taking into account that most machines have a rotational drive, a single-
link rotational dynamic model of machines was constructed.

A single-link dynamic model of machines and mechanical systems is a
rotational kinematic pair that is connected to a rack and an initial mecha-
nism (link).

The link rotates around the rack under the action of the applied re-
duced moments of external forces M, and inertia forces My, with angular
velocity and angular acceleration and has a reduced moment of inertia 7,,.

Mathematical expressions were found for determining the moments of
external forces M, and inertia forces Mq,, as well as the moment of inertia
I,,, reduced to the initial link of the dynamic model.
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The second real law of motion [5] was used to determine M,, My, and
I,, which states that the workings of external and inertial interactions of
material bodies at any movement are equal to each other.

Studies of the dynamics of the lifting mechanism carried out using the
developed dynamic model have shown its effectiveness.

From the results obtained, it follows that the study of the dynamics of
machines and mechanical systems using dynamic models is significantly
simplified compared to traditional methods.
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CroiicTBa penieHMid MHOTOMEPHBIX 0000 1eHn It
JIOTHCTHYECKOI0 YPABHEHH S

© A.II. Kpumenko, E.C. TBepckas

MI'TY um. H.D. baymana, Mocksa, Poccus
E-mail: e_tverskaya@bmstu.ru

AHHOTanms. PaccMoTpeHbl MHOTOMEpHBIE CHCTEMBI TU(PepeHInab-
HBIX YPaBHEHUI C HEOTPHUIATEIbHBIMHU NEPEMEHHBIMHU, KOTOpPBHIE B OJIHO-
MEpPHOM Cllyyae coJepkKaT M3BECTHOE JIOTHCTUYECKOEe ypaBHEHHE. B 00-
HIEM Cllyyae TaKue CHUCTEMbl MOTYT MMETh CIOXHYIO JUHAMHUKY, B TOM
yyciae U 00JIACTH CYIIECTBOBAHUS XAOTHMUYECKUX TpaeKTopui. s 3Tux
CUCTEM HaMIEHbl YCIOBMSI OTPAHMYEHHOCTU TPACKTOpPHUI, HAIW4Ms aT-
TPAKTOpa, CYIIECTBOBAHUS BHYTPEHHUX MOJIOKEHUH PABHOBECHSI U APYTHUE
XapakTepucTuku (azoBoro moprpera. llpuBeneHbl pa3nuYHbBIE HpUME-
PBI CHCTEM PAacCMATPUBAEMOTrO TUIIA U YUCIIEHHBIE PE3yJIbTaThI.

Knroueswie cnosa: xaomuueckue mpaekmopuu, nOJOMCeHUe PABHOBECUs,
JIOKanu3upyrowee MHoxcecmeo, hyHkyus Jlanynoea, ycmouyueocms.
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Properties of solutions of multidimensional generalizations
of the logistic equation

© A.P. Krishchenko, E.S. Tverskaya
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Abstract. Multidimensional systems of differential equations with
non-negative variables are considered. In the one-dimensional case, these
systems contain the well-known logistic equation. In the general case,
such systems can have complex dynamics, including the regions of exist-
ence of chaotic trajectories. For these systems, conditions are found for
bounded trajectories, the presence of an attractor, the existence of internal
equilibrium points, and other characteristics of the phase portrait. Various
examples of systems of this type and numerical results are given.

Keywords: chaotic trajectories, equilibrium point, localizing set, Lyapun-
ov function, stability.

HccnaenoBanue 6€30mMacHOCTH NMPoOLECCA OTACICHHUA
KPYNHOradapuTHBIX CTBOPOK 3alIUTHBIX 00TeKaTe/ el
M0JIE3HOI0 Ipy3a

© C.B. bop3bix, K.B. Tepemuna*, FO.H. [Ilu6aeB

ITAO PKK «Qneprus» nm. C.I1. Koponésa, Kopones, MockoBckas 061actb, Poccust
*E-mail: kovaleva-kv@mai.ru

AnHoTauus. [Iponecc otaeneHus CTBOPOK oOTeKareist — OJHa U3
KITIOYEBBIX TUHAMUYECKHUX ONEpaliii, HEBBIMOJHEHHE KOTOPOH aBTOMATH-
YEeCKHU BeJIeT K HeyJaue MUCCHU. Tak Kak Ha Ha3eMHbBIX IKCIIEPUMEHTalb-
HBIX YCTAHOBKaX HEBO3MOXXHO B TIOJHOW Mepe pean30BaTh peajbHbIe
YCIIOBHSL OTACIICHHS, TO JJIsi 000CHOBaHMS MPUHATHIX TEXHHYECKUX pellie-
HUI HCIIONIb3yeTCs MaTeMaTHYecKoe MojenrpoBaHue. Pazpaborana mo-
JIeNb TIpoIecca, TO3BOJISIONIAs aHATTM3UPOBATh IBIKEHUE OTACISIOIIUXCS
CTBOPOK OTHOCHUTEIIbHO HOCHUTENS C YYETOM BCEX CHJIOBBIX (DakTOpOB.
HccnenoBana 6e30macHOCTb Mpolecca, Mo KOTOpoil MOHUMAETCs UCKITIO-
YeHHE COYIApeHHH pa3aensieMblx 00BeKTOB. OCYIIECTBICH BBIOOP DHEP-
TeTUYECKUX XapaKTePUCTUK CPEACTB OTICIICHHUS.

Knrwoueswie cnosa: CMBOPKU 06m€KClm€]Z}Z, npoyecc omdeﬂeHuﬂ, beszonac-
HOCMb.

OI[HI/IM 13 HanOoJiee OTBETCTBEHHEIX BHUOOB IIPOLECCCOB OTACIICHUA SB-
JACTCA HIpOLCCC OTACICHHA 3alllUTHBIX CTBOPOK oOTeKaTeNeil IMoIe3HOr0
Ipy3a. OOTekareib MNpEAHA3HAYCH IJIs 3allUThI allliapaTta OT BETpa, IbUIN
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Ha CTApTOBOM CTOJIE, OT MHTEHCHBHBIX HArpy30K (aKyCTUYECKUX, TEIIOBBIX
¥ T.J.) Ha ydacTke BbIBeZieHWs. llocne mpoxokaeHus aTMochepHOro
ydyacTKa ero 3almrTHas (yHKUUS mnepectaeT ObITh HeOOXOAUMOM, U OH OT-
JeTsieTcst OT pakeTbl-HocuTens. O0TekaTeNb UMEeT 3HaUUTENIbHYIO JUTUHY,
IIO3TOMY BBIIIOJHSETCS COCTaBHBIM M BKJIIOUAET HECKOJBKO pa3feiIbHO
cOpacelBaeMbIX CTBOPOK. {151 obecrieueHns OpraHU30BaHHOIO JIBHXKEHMS
OT/EJICHUS] CTBOPOK B IIEPBOM (pasze mporecca OHU Pa3BOPAUYNBAIOTCS OTHO-
CUTEJIBHO OCEN BpalllEHMsI, Pa3MEILEHHbIX HAa HOCUTENE. 3aTeM, MOCie J10-
CTHIKEHMSI OIIPEJEIIEHHOTO yTIjla pa3BOpOTa, CBA3b C HOCUTEJIEM pa3pbIBACT-
Csl, 1 HAUMHAETCS y4aCTOK aBTOHOMHOTO JABMKEHUS CTBOPOK [1].

Ilon Oe3omacHOCTBIO Tpollecca OTHENEHHs CTBOPOK IOHHUMAeTcs
OTCYTCTBHE COYJApEHUMN HX KaK C IOJIE3HBIM Ipy30M (KOCMHYECKHUM afl-
napaToM), Tak ¥ ¢ HOCUTEJEM, ITPOAOIIKAIOIINM TOJIET.

KoHcTpykTrBHO 00TEKaTe b NPEACTaBIsIET COOOM, KaK IPAaBUIIO, KOM-
OMHaIMI0 000J0YeK BpalleHUs] — LWIMHAPOB, KOHYCOB, chep. [Tox HuM
C HEKOTOPBIM 3a30pOM HaXOAMUTCS 30Ha KOHCTPYKLIMH KOCMHUYECKOTO af-
napara. BenuuuHa 3a30pa onpezensercs B OCHOBHOM aMIUIMTYIOU yIIpy-
ruX KojeOaHWil CTBOpPOK oOTekaTress B mpolecce otneneHus. Hemocra-
TOYHBIN 3a30p MOXKET NPUBECTH K COYJIAPEHUIO CTBOPOK C KOHCTPYKIMEH
ammapara ¥ BbI3BaTh MOBpEXIeHH. M30pITOYHO OOMBIION 3a30p («Be3eM
BO3/1yX») YBEJIMYMBACT JUAMETpP 0OTEeKaTelisl, 4To BIEYET 3a cO00i yBenu-
YEHHE a3pOJIMHAMUYECKOI0 CONPOTHUBIICHUS, Harpy30K Ha KOHCTPYKIIHIO,
Beca.

B cBs3U ¢ 3TUM BaKeH ydeT yNpPyTHUX CBOWCTB B IPOLECCE OTIACICHUS
CTBOPOK, KOTOPBIN IMIPOUCXOJUT MOJ ACUCTBUEM 3HAUUTENBHBIX COCPENO-
TOYEHHBIX CHJ, CO3/IaBa€MbIX CIELUUAIbHBIMU CPEICTBAMU OTAEICHUS
(CO), ycTaHOBIEHHBIMH B HECKOJBKUX TOUYKax KOHCTpyKuuu. Ilox neii-
CTBHEM 3THX CHJ B KOHCTPYKIIMH CTBOPOK MOTYT BO3HUKHYThH KOJIE€OaHHMS,
Ha BO30YX/I€HHE KOTOpbIX pacxoayeTcs yacTb padbotsl CO. Kpome oren-
KW YPOBHS KoJieOaHUi, TpeOyeTCs ONpeeNnTh IBUKCHAE OTACIHBIINXCS
CTBOPOK OTHOCHUTEIBHO HOCHUTEJNS, YTOObI yOEAUThCS B OTCYTCTBHU CO-
yAapeHuil ¢ HUM B JaJIbHEHIIIEM OTHOCUTEIBHOM JABM)KEHHUU.

W3BecTHBI OAXOABI K MOAEIUPOBAHUIO IIPOLECCOB OTIEICHHUS C yde-
TOM yIPYIHX CBOMCTB pa3feisieMbIX KOHCTpyKIMH. /[0 HacTosmero Bpe-
MEHM paboThl B 3TOM HAalpaBJIEHUH OrPAaHUYMBAINCH KaueCTBEHHBIMU
OLICHKaMH JJIs1 IPOCTBIX OAIOUHBIX MOJIENIEH, KOTOPBIMU MOJIEIMPOBAIINCH
YCKOPHUTENH pakeT-Hocutenei [1, 2].

B camoii 00mieii mocTaHOBKE M3y4eHHE OT/ENEHHS M HAlpaBICHHOTO
NEpEMEILEHNUS YIPYTUX KOHCTPYKLUM SBIISETCS CI0XKHOM 3ajauel, TaK Kak
TaKue JABM)KEHUS ONKCBHIBAIOTCS TPOMO3JIKUMHU «TUOPUIAHBIMU» CUCTEMAMHU,
BKJIFOYAIOIIMMH KaK YPaBHEHUS B YAaCTHBIX MPOU3BOJHBIX, TAK U OOBIKHO-
BeHHBIE quddepeHtmanbapie ypaBaeHus [1, 3]. Mcxoas U3 KOHCTPYKTHB-
HBIX OCOOECHHOCTEH pa3lesiieMbIX TeJl U OMbITa TEXHUYECKON peann3aiu
IPOLIECCOB Pa3/IEICHUs, MOXKHO CAEIaTh MPEANOI0KEHHE O MAJIIOCTH yIIpY-
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rux aehopManuii Mo CpaBHEHUIO C XapaKTEPHBIMU JIMHEWHBIMHU pa3MepamMu
CTBOPOK, JOCTUTAIOIIMMH JIECATKOB METpoB. Takum oOpa3om, 3amada 00
ynpyrux aeopManusx MOXKET pelaTbcsi B TMHEHHON noctanoBke. [1oaTo-
My MpPEJCTaBISETCS LIEIeCO00pa3HbIM IMOAXOJ, WCHOJIB3YIOMUN pasoxkKe-
HHUE JBMKEHUS YIPYroro Teja Ha €CTECTBEHHBIE COCTABISIOLIME: TOPOXK-
Jaroliee JBM)KEHHE KaK TBEpAOro Tena (omuchiBaeMoe B OOLIeM cliiyyae
HEJTMHEHHBIMU YPAaBHEHUSIMH) W Mallble JIMHEHHBIE yNpyrue KojeOaHHs
OKOJIO MOPO’KAAOIIEro JABMXKEHHUSI, MPEICTaBICHHbIE B MOJAIILHOM BHJIE,
T. €. B BUJIC PA3JIOKEHHUs MO COOCTBEHHBIM (popMaM KojeOaHUHM, METOJbI
onpeeNieHrs KOTOPBIX ONMHUCcaHbl B jauTeparype [4]. B mpaktuueckux pac-
YyeTax MOXET MCIIOJIb30BATHCSI KOHEUHOE YHMCIIO HM3IINX (HOpM, TaK KakK ya-
CTOTHBIA CIEKTP CTBOPOK, KakK MPABUJIO, Pa3psOKEHHBIM, M BKJIAJA Kaaou
Y4acTHOM (OpMbI B 00LIyI0 JIedopMaIio ObICTPO MalaeT C YBEIUYCHUEM
HOMEpa (GOpPMBI.

AHanmu3 MOKa3bIBaeT, YTO CKOPOCTb CTBOPOK IIOCNE CpadaThIBaHUS
CPEIICTB OTIENEHUS U TPACKTOPUM JIBUKEHUS OTHOCUTEIBHO HOCHUTENs
XOpOLLIO COIJIaCOBBIBAJIUCH C TBEPJOW MOJEIBIO CTBOPOK, @ JOCTaTOY-
HOCTb HEOOXOJUMOM BETMUMHBI 3a30pa, OINpeAesieMo ypoBHEM KoJieha-
HUM, TOJATBEp)KJIajach Ha HA3€MHBIX SKCIIEPUMEHTAIBHBIX YCTaHOBKaX
IUTIsE OTpabOTKH Tiporiecca otaeneHus. /s ontumansHOro Beioopa tpedy-
€MOM BEIMUYMHBI 3a30pa YXKE€ Ha 3Tale MpPeIBapUTEIbHOIO MPOEKTUPOBaA-
HUS TpeOyeTCsl IPOTHO3HBIN pacyeT YpOBHS YIPYTUX KoJeOaHUil CTBOPOK
U OTAETICHUH.
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Research of the safety of the process of separation
of large-sized salves of protective payloads
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Abstract. The process of separating the fairing flaps is one of the key
dynamic operations, the failure of which will automatically lead to a mis-
sion failure. Since it is impossible to fully implement the real separation
conditions at ground-based experimental facilities, mathematical modeling
is used to substantiate the adopted technical solutions. A model of the pro-
cess has been developed, which makes it possible to analyze the move-
ment of the separating flaps relative to the carrier, taking into account all
force factors. The safety of the process is investigated, which is under-
stood as the exclusion of collisions of shared objects. The choice of the
energy characteristics of the separation means has been carried out.

Keywords: fairing flaps, separation process, safety.
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CHCKTpaJILHbIe HCCJIeJ0BAHUA
‘IeTblpeX(l)OTOHHLIX mapaMmMmeTpuieCKux nmpoueccon
B KOHACHCUPOBAHHBIX TUIJICKTPUKAX
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AnHoTanus. [IpuBeneHsl pe3yapTaThl UCCIEIOBAHUS CIEKTPOB BbI-
HYKJIEHHOTO KOMOMHAIIMOHHOTO PAacCesHUs MPU HaKayKe pa3lu4yHbIX MO-
HOKPHUCTAJJIOB U MOJUKPUCTATUIMYECKUX MTOPOUIKOB JIA3€PHBIM HU3JIyUEHU-
eM BuauMoro u Y ®-nuanazoHa JJIMH BOJH JUIS 3a7a4 MapaMeTPUYECKON
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TCHepalui BBICOKOYACTOTHBIX TPABUTAIMOHHBIX BOJH MPU BO3ICHCTBUU
WHTEHCUBHOTO JIA3€PHOTO M3JIYYCHHUSI Ha KOHJCHCUPOBAHHYIO JUAJICKTPH-
YECKYIO CPey.

Knrwouesvie cnosa: Ouaﬂekmpuqecmte cpe()bz, MHOZquOI’I’lOHHble npoyeccsl,
MHOZOQbOmOHHCUi CNneKmpOCKOnusl.

B [1] O6puto mMOKa3aHO, YTO TPH BBIHYXKIEHHOM KOMOWHAIIMOHHOM
paccesuun (BKP) B pesynbpraTe 4eThIpex(OTOHHBIX MapaMEeTPUUECKUX
IPOIIECCOB BO3MOXKHO 00pa30BaHUE KOTEPEHTHBIX BHICOKOYACTOTHBIX T'pa-
BUTALIMOHHBIX BOJIH. JJI1 3KCHNEPUMEHTAIBHOTO MOATBEPKICHUS 3TOTO
HEO0OXO0MMO TIpoBecTH uccienoBanusi cnekTpoB BKP mpu nakauke pas-
JUYHBIX MOHOKPHUCTAUIOB U MOJIUKPUCTAINIMYECKUX MOPOIIKOB JIa3€PHBIM
M3JIydeHreM BUAUMOTo 1 Y d-nuana3oHa JIJIMH BOJIH.

b npoBenensl n3Mepenns cnekrpos BKP MoHOKpucTauioB u nosu-
KPHUCTAJUIMYECKUE MOPOIIKOB: KallbIIUTa, HUTpaTa Oapusi, Opomara HaTpus,
BOJIb()pAMATOB M MOJUOMATOB IIEJTOYHO3EMEIBHBIX 3JIEMEHTOB U 1p. Psin
cnektpoB BKP mpu Bo30yKIeHHHM KOTEPEHTHBIM ONTUYECKUM HW3ITy4CHHS
Y®-auana3ona noiydeH BrepBble. [lomydeHHble pe3yabTaThl MU3MEPEHUN
MIO3BOJISIIOT BBIOPATh HAHOOJIEe MEPCIIEKTHBHBIE MATEPUATTBI M PEKUMBI JIJIS
IapaMeTpUYEeCKOM IeHepaly rpaBUTallMOHHBIX BOJIH pu BKP.

Paboma evinonnena npu noooepaicke I panma PH®D Nel9-12-00242.
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Spectral studies of four-photon parametric processes
in condensed dielectrics
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Abstract. Research results of stimulated Raman scattering spectra at
pumping various single crystals and polycrystalline powders with laser ra-
diation of visible and UV wavelength range for the tasks of parametric
generation of high-frequency gravitational waves under the influence of
intensive laser radiation on condensed dielectric medium are covered.

Keywords: dielectric media, multiphotonic processes, multiphoton spect-
roscopy.

Huorcenepnoiii ncypnan: nayka u unnoeauyuu # 3-2021 71



DynoamenmanvHvie u npuKkIaouvle 3adaqu mexanuku. Mamepuanv kongpepenyuu. Yacmo 1

It was shown in [1] that stimulated Raman Scattering (SRS) as a re-
sult of four-photon parametric processes may produce coherent high-
frequency gravity waves. To experimentally confirm this, it is necessary to
study the SRS spectra when pumping various single crystals and polycrys-
talline powders with laser radiation of visible and UV wavelength range.

SRS spectra of single crystals and polycrystalline powders were
measured: calcite, barium nitrate, sodium bromate, tungsten and molyb-
dates of alkaline earth elements, etc. Some SRS spectra at excitation of
coherent optical radiation of UV range were obtained for the first time.
The obtained results allow selecting the most promising materials and
modes for parametric generation of gravitational waves at SRS.

This work was supported by the grant RSCF #19-12-00242.
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IrpaBUTAUOHHBLIX BOJIH B HeJIMHEMHbIX ONTHYEeCKHUX cpeaax

© B.U. Ilycrosoiit, B.O. I'mageiues, B.C. I'openuk, B.JI. Kayn,
A.B. Karorenko, A.H. Mopo3os, [LI1. Hukonaes, 1.B. ®omum,
E.A. lllapanauu

MI'TY um. H.O. baymana, Mocksa, Poccus
E-mail: vkauts@mail.ru

AHHoOTanus. PaccMOTpeHbI TPOLIECCHl B3aUMHON KOHBEPCHUH BBICOKO-
YaCTOTHBIX T'PAaBUTALIMOHHBIX W BJICKTPOMArHUMTHBIX BOJIH IIPpHU paciipo-
CTPAaHCHUU B HEJIMHENUHBIX ONTHYECKUX cpcaax. HpoaHaHI/I3I/IpOBaHI)I BO3-
MOKHOCTH CO3JaHHdA HOBBIX MCTOAJOB TCHCPpAIMU M ACTCKTUPOBAHUA
BBICOKOYAaCTOTHBIX I'PABUTALMOHHBIX BOJIH OIITHYCCKUMHU MCTOAAMU.

Knwueswie cnosa: cpasumayuoOHHble 60JIHblL, ONMUKA, KOHEEPCUAL.
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Generation and detection of high-frequency gravitational
waves in nonlinear optical media

© V.1 Pustovoit, V.O. Gladyshev, V.S. Gorelik, V.L. Kauts,
A.V. Kayutenko, A.N. Morozov, P.P. Nikolaev, .V. Fomin,
E.A. Sharandin

Bauman Moscow State Technical University, Moscow, Russia
E-mail: vkauts@mail.ru

Abstract. The processes of mutual conversion of high-frequency
gravitational and electromagnetic waves during propagation in nonlinear
optical media are considered. The possibilities of creating new methods
for generating and detecting high-frequency gravitational waves by optical
methods are analyzed.

Keywords: gravitational waves, optics, conversion.

Pacuer audJjieKTpu4eCcKOH NMPOHNULAEMOCTH
JJISI MUKPOBOJIHOBOM THATHOCTHKH

© H.M. l'opneesa

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: nmgordeeva@bmstu.ru

Jnst u3ydeHus: MOBEPXHOCTHOM M IPOCTPAHCTBEHHOM AHM3OTPOIINHU
TBEPABIX TEJ MIUPOKO MCHOJIB3YIOT METOABI MUKPOBOJIHOBOW JMATHOCTH-
k. Pacmmpsiercs M 4acTOTHBIM Mana3oH pa3HbIX TUIIOB alapaTyphl,
YBEJIMUUBAETCS U ACCOPTUMEHT HCCIIEyEMBIX MaTEpUajoB, KOTOPHIN Te-
nepb BKJIIOYAET HE TOJBKO MPUPOJHBIE MaTepUaibl, HO U UCKYCCTBEHHbIE
cpelbl (BKIIIOUYAIOIIUE YIIIEPOJHbIE HUTH, HAHOTPYOBI | T. 11.).

OnHO M3 HamNpaBICHUN — HUCCIEAOBAaHHUE SJICKTPOPHU3UUECKUX TMapa-
METPOB IUAIEKTPUUYECKUX U MOJYyIPOBOJIHUKOBBIX MaTepuanoB. [Ipu pac-
YyeTax 4acTo MCIONb3yIoT hopmyibl MakcBemna — [Maprera u bpyrrema-
Ha, KOTOpBIE COJEPKAT 3HAUEHUE AUDIIEKTPUUECKON TPOHULIAEMOCTH.

OYHKIMS TUIIEKTPUYECKON MPOHUIIAEMOCTH 3aBUCUT U OT TeMIlepa-
Typbl, U OT YaCTOTHI NOJII, U OT KOOPJAMHAT, HO IIPU SKCIEPUMEHTAIBHBIX
pacyeTax U B U3MEPEHUSX €€ UCIOIb3YIOT B CUJIBHO YIIPOUIEHHOM BUJIE.

[Ipennaraemas maTemMaTuyeckas MOJENb [IO3BOJIAET pacCUUTATh B HE-
KOTOPBIX CIIy4asX 3HAu€HUE AMAJICKTPUUECKON MPOHUIAEMOCTH B 3aBH-
CHMOCTH HE TOJIBKO OT TEMIIEpaTypbl U YAaCTOTHI MOJI, HO U B 3aBUCUMO-
CTH OT IPOCTPAHCTBEHHOW KOOPJUHATHI.

Knroueswie cnosa: ouaznocmuxa, (hpyHKyus OudieKmpuieckoll npornuyae-
Mocmu.

Huorcenepnoiii ncypnan: nayka u unnoeauyuu # 3-2021 73



DynoamenmanvHvie u npuKkIaouvle 3adaqu mexanuku. Mamepuanv kongpepenyuu. Yacmo 1

Jluteparypa
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The calculation of the dielectric constant
for microwave diagnostics

© N.M. Gordeeva

Bauman Moscow State Technical University, Moscow, Russia
E-mail: nmgordeeva@bmstu.ru

Methods of microwave diagnostics are widely used for study of sur-
face and spatial anisotropy of solids. The frequency range of different
types of devices is expanding, and the range of materials is also increas-
ing, which now includes not only natural materials, but also artificial ones
(including carbon filaments, nanotubes, etc.).

One of the directions is the study of electrophysical parameters of
dielectric and semiconductor materials. Calculations often use the Max-
well — Garnet and Bruggeman formulas, which contain the value of the
permittivity.

A function of the dielectric permittivity is very complicated. It de-
pends on both the temperature and the frequency of the field, but in exper-
imental calculations and measurements it is used in a very simplified form.

The proposed mathematical model allows us to calculate in some cas-
es the value of the permittivity depending not only on the temperature and
frequency of the field, but also depending on the spatial coordinate.

Keywords: diagnostics, permittivity function.
References
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MeTtpoJiornueckoe odecrevyeHue Mo3J1eMEeHTHOH KaJIuOpPOBKH
(azoxpoHOMETPUYECKON CHCTEMBbI JUATHOCTHUKH
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AHHoTanus. B pabore npeacTaBieH CTeH] sl KATMOPOBKHU SHKOC-
POB, IPUMEHSIEMBIX B cepe (pa3oXpoOHOMETpHUECKOM TuarHoctuku. [pu-
BOJIUTCS KpaTKOe omucaHue (pazoxXpoHOMETPUIECKOTO0 METO/1a, OCHOBHBIC
KOMITOHEHTbl W TPUHIMI JeHCTBUS (Da30XPOHOMETPHUYECKOW CHUCTEMBI.
B pabote mpuBeneHO OMHMCAHUE SKCHEPUMEHTAIBHOTO IMONYyYCHHS U3Me-
puTenbHON MH(pOpMAIUK U ee MaTeMaTHdecKor 00paboTku. Takxe momy-
YeHBI JIaHHBIC, TIOATBEPKIAIONINE BO3MOKHOCTh KAIMOPOBKH YHKOJICPOB
C TIOMOUIBIO 3TOTO CTEH/IA, U SKCIIEPUMEHTAIILHBIC PE3yJIbTaThI.

Knrouesvte cnosa: gazoxponomempuueckuti mMemoo, KaiubposKa, IHKO-
oep, cmeHo.

Jli1s1 Toro 4yToOB! OBITH YBEPEHHBIM B KOPPEKTHOCTHU MOIy4aeMBIX pe-
3yJbTAaTOB, HEOOXOIMMa M OUYEHb Ba)KHA OIIEHKAa cOCTOsSHMs. brmaronmaps
9TOM OLIEHKE MOXKHO O0€CNeYuTh TOUYHOCTh M3MEPEHUH B Ipejesax Tex-
HUYECKUX XapaKTEPUCTUK CPEICTBAa M3MepeHus. PerynsapHoe nposeneHue
OLIEHKU COCTOSIHMSI, Hamnpumep, KaauOpOBKH, BBINOJHAEMOM B LEJAX
OTIpeNIeNIeHUs] IEUCTBUTEIbHBIX 3HAUEHUH METPOJIOTMYECKHX XapaKTepH-
CTHK CpEACTB H3MEPEHUH, CIYKUT ISl TOAJEp’KaHWs MCIPABHOCTU
U TIPOU3BOAUTEIBHOCTH TPUOODA.

B rn 3 cr. 11 @3 Ne 102 «O6 obecriedeHnr €IMHCTBA WU3MEPEHUID
orpezeneHs! (HOpMbI TOCYIAPCTBEHHOTO PEryIMPOBaHUsI B 00JacTH obecte-
YEeHUsI €UHCTBA U3MEPEHUM, TAKXKE CIeIyeT OTMETUTbh, YTO B COOTBETCTBUU
cri 1 cr. 1 @3 Ne 102 pernameHTHpOBaHBI CEpbl TOCYIAPCTBEHHOTO Pery-
JIMpoBaHus oOecrieueHus: eauHCcTBa M3MepeHuil. Cdepa rocyjapcTBEHHOTO
perynupoBaHus oOecTieueHUs] €AMHCTBA M3MEPEHHMH PacpoCTpaHseTCs Ha
U3MEPEHHs], KOTOPbIE BBIMOJIHAIOTCS MPU JEATEIbHOCTH B 00JaCTH 3paBo-
OXpaHEHMs1, OXPaHbl OKPY>KaroLIeH cpebl, oOecrieueHns: 6e30MacHOCTH TPY-
Jla, SKOHOMHUYECKOM, HAJIOTOBOW M MHOM TOProBO-(DHMHAHCOBOM NEATEIHLHO-
CTH, OIICHKU COOTBETCTBHS U T. 1. (mopodHee cm. [1]).

BriOpanHOe cpelICTBO M3MEPEHUs MCIOJIb3yeTCs B 001aCTH TEXHOJIO-
THYECKOro obecmeueHust mpousBoacTBa. Mcxons u3 3TOro, B COOTBET-
CTBHMHM C BBILIEH3JIOKEHHBIM, CPE/ICTBA U3MEPEHUH, HE MpeIHAa3HAYECHHbIE
JUIS IPUMEHEHHUS B cepe rocyJapCTBEHHOTO PETYIMPOBaHUs 00eCTICUeHHS
€IMHCTBA U3MEPEHUIl, MOIyT B 10OpPOBOJIBHOM HOPSAKE MOABEPraThCs Ka-
aubpoBke [1].

®da3z0XpoHOMETpUYECKAss CHCTEMA, s KOTOPOM pa3padaTbiBaeTCs
CTEH[ JJIsl KaTMOPOBKH, COCTOMUT U3 JIByX OCHOBHBIX MOJYJICH: MEpBUYHO-
ro npeobpazosarenst (JIMP-158A) u Gnoka dopMupoBaHHsT BpeMEHHBIX
uHTEpBaNOB. Takue yrinossle F3HKOAEPH! N3roToBisAtoT o 'OCT 26242-90
«IIpeoOpazoBatenu nepemerieHuid. OOIME TEXHUYECKUE YCIOBUS», KO-
TOPBI pacHpoCTpaHAETCs] Ha MpeoOpa3oBaTeIN MEepeMelleHuil, KOTopble
ABJISIOTCS CPEACTBOM aBTOMAaTH3allMU U MPEIHA3HAYAIOTCS ISl UCIOIb30-
BaHUs B CUCTEMaX aBTOMATHUYECKOTO PETYJIMPOBAHUS CTAHKOB U (MJIN) JUIs
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UH(QOPMALIMOHHOM CBSI3M MO MOJOXKEHUIO MEXIY HCIIOJHUTEIbHBIMU Me-
XaHU3MaMU CTaHKa, MPOMBIIIEHHOT0 poO0Ta U yCTPOMCTBOM YHCIOBOTO
OPOTPaMMHOTO YIIPABJICHMS, a TaKXKe B CUCTEMax aBTOMAaTUYECKOIO WU
ABTOMATU3MUPOBAHHOTO KOHTPOJIS, PETYJIIMPOBAHUS U YIIPABICHUS JIPYTUX
obnacrerd TexHuku [2]. O4eBUIHO, YTO TPH BBIMYCKE W3 MPOU3BOJICTBA
npeoOpa3oBaTesid, HECOMHEHHO, TOJIeKAT KOHTPOIO. Il JaHHBIX Tpe-
obpasoBareneil pazpaborana metoauka moepku «IIpeoOpa3oBaTenu yr-
noBbIx nepemenienuit JIMP-158. MeTtoasl u cpeacTtBa MoBEPKU», KOTOPAs
npearnonaraeT UCMOJIb30BaHUE YHMKAIBHOIO M CIOXKHOIO (Tak Kak IOA-
JiepKaHue CTaOUIIBLHOTO YHCiia MEXaHUYECKUX 00OpPOTOB BJIEUET 3a COOOi
BBICOKME TpeOOBaHMs K KOHCTPYKTMBHBIM IMapameTpaM M IapaMmeTpam
CTaOUIIPHOCTU DIJIEKTPUYECKOTO TOKA) 00OpYyIOBaHHS (TaxoreHepaTop),
MIO3TOMY KOMIUIEKTHasl KaJIMOPOBKa SBIISETCS TEXHUYECKH CIIOKHO peau-
3yeMOH M SKOHOMHYECKH HEBBITOJHON (HEOOXOIUMOCTh CHATHS CUCTEMBI
CO CTaHKa, TPAHCIIOPTUPOBKA K MECTY KalIMOPOBKH), I03TOMY B JaHHOM
cllydae OTAAeTCs MpearoyTeHNne o3IEeMEHTHOM KamuopoBke [3].

B pamkax naHHOM paboThl Ipu KaauOpOBKE SHKOJEpa CIEIyeT HC-
NI0JIb30BaTh METOJ] HENOCPEACTBEHHOIO ciinueHus. OCHOBOM MeToJa Cily-
KHUT OJHOBPEMEHHOE M3MEpPEHHE OJHOTO0 M TOrO XK€ 3HaueHUs Qusnue-
CKUX BeNMYMH X aHAJOTHYHBIM 10 pOAY U3MEpsSEeMON BEITUUYMHBI
HOBEpsieMbIM M 00pa3LioBbIM npubopamu. [lpu moBepke JaHHBIM METOJOM
YCTaHABIIMBAIOT TpeOyeMoe 3HaueHHe X, 3aTeM CpPaBHUBAIOT IMOKA3aHUS
kanmuopyemoro npudopa X ¢ mokazanusmMu X0 oOpas3oBOro u ompees-
10T pasHocTh D = X — XO.

[Ipu mpoBeneHnn KaauOpPOBKK ObLIa IMOCTABIICHA LIEIh CPABHHUTH I10-
KazaHus kKanubOpyemoro sHKozepa JIMP-158A 5-ro kmacca ToyHOCTH
(x15”) ¢ mokazaHMSIMH TMPEU3MOHHOTO SHKoAepa (padouuii HTaloH),
Hanpumep, JINP-1170 2-ro knacca rounoctu (£1,57).

JlauHBIN crtoco0, BO-TEPBBIX, PEATM3yeTCs C MOMOIIBIO JIaTYUKA OJI-
HOT'O MTPOU3BOAUTENS (T. €. TUIIBI CUTHAJAa YHU(PHUIMPOBAHBI), a TAKXKE IS
JAHHOT'O PHKOJZIEpa CYIIECTBYET YTBEP)KIACHHas METOAMKa MoBepku. [l
UCIIOJIb30BaHUsl B JIaHHOM cXeMe KaJIMOPOBKH MPELU3UOHHBIN 3HKOJEP
JIOJKEH OBITh IOBEPEH COIIACHO CBOEH METOAMKE MOBEPKHU.

[MpunnunuanbHast cxema KaauOpOBKU 3aKII0YAeTCs B TOM, YTO C OJ-
HOM CTOPOHBI pacroyaraeTcsl pado4ymii 3TajoH, a ¢ IPyrod — Kaauopye-
MBII 3HKOZEp, KOTOPbIE COEINHEHBI MEXAy CO0O0H 1IaroBbIM JIBUTATEIEM
86HS118-6004B14 ¢ nByms BBIXOAHBIMM BajamMu U Mydtamu. Ha maro-
BBII JIBUraTesb IOJACTCS YIPaBJIAIOIUNA CUTHAN ¢ bioka ynpaBieHus u
00paboTKu, Bajl JBUTaTeNs JeJlaeT NOBOPOT Ha 3aJaHHbIN yroi. M3mepe-
HUS IPOBOJATCS B IECSTH TOUKAX, PABHOMEPHO paclpe/ielIeHHbIX MO BCe-
My auana3zoHy usmepenuii [3]. ITokazanus o0OMX HKOAEPOB B KaXKIOU
TOUYKE 3amUChIBalOTCSI U oOpabatbiBatoTcs biiokom. B kauectBe bioka
MOJKET MCIIOJIb30BaThcsad bilok (opMupoBaHMsI BpEMEHHBIX HMHTEPBAJOB
(c AByMs pazbeMaMM Ui SHKOJEpOB M ABYMS KaHAJaMH Ul Nepefadu
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JAHHBIX) TIPU YCJIOBUHM €T0 MNpeaBapuTeNbHONW KanmmOpoBku. OOpaboTka
pe3yabsraToB npoBoautcs coriaacHo ['OCT 8.207-76 [4] ¢ oOs3aTenbHON
IPOBEPKOI pe3yJbTaTOB M3MEPEHUH HAa COOTBETCTBHE HOPMAILHOMY 3a-
KOHY pacripezesieHHs.

Yrpapnsooias nporpaMMa OCYIIECTBISIET MOBOPOT Bajia IIATOBOTO
JBUTATENSl C IBYMS BBIXOJHBIMHU Bajamu. [IporpaMMupyemMsblii KOHTPOII-
aep SMSD-4.2 oTIM4HO MOAXOAUT JUISl €r0 MOAKIYEHHS U yIPaBICHUS.
[Ipu paboTe B mporpaMMUpyeMOM pPEKHMME KOHTPOJUJIEP BBIMOIHSET IMO-
CIIeIOBATEeNIbHOCTh KOMaH/, 3adaHHbIX oT [IK — yrom moBopora, Hampas-
JICHWE JBW)KEHUS, HAYaJIbHYI0 U MaKCUMAaJbHYIO CKOPOCThb, YCKOpEHHE.
EcTh BO3MOXHOCTh COCTAaBJISITh CJIOXKHBIC AITOPUTMBI (MCIIOTHUTEIHHBIC
IpOrpaMMBbI) C OpraHM3aled IUKIOB, CHHXPOHU3AlMEH C BHEIIHUMU
ycTpoiictBamu. [Iporpammel yrpaBiieHUs IIarOBBIMU JBUTATEISIMU CO-
JiepKaTcs B Mepe3anucbiBaeMON SHEProHE3aBUCUMON MaMsATH KOHTPOJLIe-
pa mubo MOTyT COXpaHsATbCs B Buae (hailima Ha koMmbioTepe. Jist ynpas-
JeHUsl OT KOMIbIoTepa npenHazHadeHa nporpamMma SMC Program wnm
MHasl IporpamMmma, o0ecTieYrBaroIas mepeady JaHHbix mo RS-232.

Jist cHATHI MOKa3aHWM C JAaTYMKOB HEOOXOIUM IpeoOpa3oBaTelb,
TaKk Kak 00paboTKa NMaHHBIX MPOUCXOIUT IO IH(PPOBBHIM 3HAUYCHUSM.
YcranosneHHsbll yriioBoit natuuk JIMP-158A BeipabaThIBacT aHAJIOTOBBIM
CHHYCOMJIAJIbHBIN CUTHAJI, 3aT€M MOCTYIAIOIINI Ha BX0/a 00ka 06paboT-
K1 u3MepurenbHoi nHpopmarmn. [loacucrema onugpoBKy CUTHANA TIPH
MIOMOIIIM aHAJIOTOBBIX KommapatopoB Jmbo ALl (anamoro-mudpoBoi
npeoOpazoBarenb) MpeoOpa3yeT aHaJIOrOBBIA CUTHAI B YJOOHBIN s
nanbHeWen o0paboTtku nmdposol BuA. Mcxons W3 XapaKTEPUCTHK
9HKOJIEpa, Hamboyee MPEANOYTUTEIBHBIM IPeo0pazoBaTeNeM SBISETCS
JINP-510. Ho y naHHOoro mpeoOpa3oBaTeisi BXOA IS TOIKITIOUYCHUS
RS422 1N TTL, a y suxonepa BboixogHoi curdan CH, moatomy HeoOxo-
UM  HOpMHUpYIOLIUI npeoOpazoBarenb (MHTEPHONSATOP), @ HMEHHO
JINP-960, xoTophlii mMpeaHa3HAdYeH ISl MpeoOpa3oBaHUsl CHUHYCOUIATb-
HBIX KBaJpPaTypPHBIX CUTHAJIOB MHKPEMEHTHBIX 3HKOAepoB Tumnia CH (~1 B)
nin CT (~11 MKA) B psMOYTOJIbHBIE KBaJpaTypHbie curHaiabl Tuma 111
JUTsL MIX TIocienytomei 0opadotku B cucremax UITY u YIIU.

[To BeiOpanHOMy YIIM HE0OX0IMMO OCYIIECTBUThH CHITHE MOKA3aHUM.
st storo cymectByer mnporpamma «Ckud». OHa mpeaHa3zHaueHa st
oToOpakeHUsT M cOOpa JTaHHBIX TpeoOpazoBaTeNiel MEepeMEeIIeHUsT C HC-
MOJIb30BAHUEM HEKOTOPBIX YCTPOUCTB LU(PPOBONM MHIMKAIMU, TUIAT U MO-
nynei natepdeirica CKb UC. PaboTa ¢ mporpaMmoii mpocta 1 HHTYUTHBHO
nousTHa. [Iporpamma paboTaeT ¢ JMHEHHBIMU M YIJIOBBIMH, UHKPEMEHT-
HBIMH ¥ a0COIOTHBIMU SHKOepaMu. [y manbHeiiel o0paboTK pe3yJib-
TaTOB, CHATBHIX TMPH KAIMOPOBKE HHKOJAEpa, ObLIa BBIOpaHA MporpamMma
MATLAB. B Heli 011 pa3paboTaH KO MpOTrpamMMbl, HA OCHOBE KOTOPOTO
Koza ObLIO CO3/1aH0 KOHCOIbHOE Tprmitoskenne Calibration APP. O6pa6otka
pE3yJIbTaTOB B MPHIOKEHUH MTPOUCXOIUT CIETYIOIINM 00pazoM:
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1) mpoBOAST CHATHE TOKa3aHUM C TMOMOIIbI0 BbiOpanHoro YIIU
¢ kamubpyemoro sukonaepa JIMP-158A (A) m ¢ 3TaJloHHOTO SHKOAEpA
JINP-1170 (B) 3a 1 momusiit 060poT (1 06opot = 10 3HaUeHUsIM = N) 1 3a-
HOCSIT UX B OTJEIbHBIN (haiij, KOTOPBIN pacroiaraeTcs B Marnke co CIeIu-
anpHOM mporpammoini Calibration APP;

2) moBTOPSIIOT 15 pa3 mpouenypy, ykazaHHyo B 1I. 1;

3) otkpseiBaroT mnpuiokenue Calibration APP u 3atem HaxxkumaroT
kHonKy «KanubpoBate». Ha skpane mosiBnsiercs rpaduk 3aBUCUMOCTHU
pasHocTH ToKa3aHuK (A) OT KonmuecTBa m3MepeHuit (N), Ha KOTOpPBIH
HaHECEHBI TPAaHMIIBI ToITyckaeMou norpemHocty Ao = £0,0073°.

[lo nanHomy rpaduky MpOBOAUTCS aHAIN3 MOKAa3aHUM, MO KOTOPOMY
BUJIHO, YTO BCE€ TOYKHU pe3yJibTaTa JIeKaT B Mpejesax JOMyCKaeMoi Io-
rpemHocty Ao = 0,0073°. Otcrona cneayert, uyto naHHsiii JIMP-158A ro-
neH. [lo aToMy rpaduKy MpPOBOIWTCS aHAIN3 MMOKA3aHHMA, MO KOTOPOMY
BUJHO, 4TO l-1 TOUKa pe3ysbTaTa JIEKUT 3a MPEJEsIOM J0MyCKaeMon Mo-
rpemHoctd Ao = 0,0073°, orcroma cnemyer, uto gaHHbid JIMP-158A
HE TOJIEH.
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Metrological support of elementwise calibration
of the phase-chronometric diagnostic system
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Abstract. The article presents a stand for calibrating encoders applied
in the phasechronometric diagnostics sphere. Short describing of phase-
chronometric method, basic components and operating principles of the
phasechronometric system are given. Experimental obtaining of measuring
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information and its mathematical processing are described. Also data con-
firming the ability of calibration of encoders by means of this stand and
experimental results are obtained.

Keywords: phasechronometric method, calibration, encoder, stand.
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MarnuTHbI€e 3apsiibl KaK CJIeICTBHE COXPAHEHHUS MaCChl
BpalianIIerocs cpepuueckoro BUXps

© E. Mumiore *, A.}0.B. Munoc

MHUTI" “LITAVEM-3”, BunbHtoc, JIuTBa
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[IpencraBnena ¢u3uyueckass MOJIENb BHYTPEHHETO CTPOEHHS Bpalia-
IOIEerocs c(hepuyecKoro BUXPS, SBISAIOMIETOCs OJHOW U3 OCHOBHBIX (hopm
CyIlleCTBOBaHMs BemiecTBa Bo Bcenennoil. OOHapy» eHO, YTO BUXPEBOU
MEeXaHM3M 00pa30BaHUs MOTOKOB BEUIECTBAa, OTBETCTBEHHBIX 3a IOSBIIE-
HUE MarHUTHBIX 3aps/10B, OTBEUYAET 3a COXPAHEHNE MAcChl BPAIlAIOIIErOCs
cepuueckoro Buxps. [lokazaHo, Kkak KMHETHUYECKas SHEPTUs BUXPEBOU
LEHTPaIbHOW HUTHU MPeoOpa3yercss B MarHUTHYIO SHEPTHI0 c(hepruuecKoro
BUXDSL.

Knrwuesvie cnoea: macuummnolii 3Clpﬂ(), UUpKyAyust, euxpeeast OUHAMUKA
eewyecmeda, MacHunHovle nomoKu MUKpoeuxp:l.

Magnetic charges as a result of conversation of the mass
of a rotating spherical vortex
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IRG “LITAVEM-3”, Vilnius, Lithuania
*E-mail: litavem-3@post.com

Huorcenepnoiii ncypnan: nayka u unnoeauyuu # 3-2021 79



DynoamenmanvHvie u npuKkIaouvle 3adaqu mexanuku. Mamepuanv kongpepenyuu. Yacmo 1

A physical model of the internal structure of a rotating spherical vor-
tex, being one of the main forms of existence of substance in the Universe,
is presented. In this work it is found that the vortex mechanism of for-
mation of fluxes of substance, responsible for appearance of magnetic
charges, answer for conversation of the mass of a rotating spherical; vor-
tex. It is shown how the kinetic energy of the vortex central filament is
converted into magnetic energy of a spherical vortex.

Keywords: magnetic charge, circulation, vortex dynamics of substance,
magnetic fluxes of microvortex.

K Bompocy o npupoe MArHUTHO-MEXaHUYECKUX
OTHOLLEHU MUKPOBHUXPS

© E. Murore*

MHUTI" “LITAVEM-3”, BunbHtoc, JIuTBa
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[IpuBeneHo oOCyKaeHNUE HOBOM XapaKTEPUCTHKU «THPOCKOMUYECKON
PCakKrmn» SJICKTPOMArHUTHOT'O IIOJA MHKPOBUXPA, KOTOpas OTBEYACT 3a
CABUT COOCTBEHHOTO MAarHUTHOIO IOJIsl, OKPY’KAIOIIEr0o MUKPOBUXPh MpHU
HaJIOKCHHWHU BHCITHETIO MaroHuTHOI'O I10JI4.

Knwueswie cnosa: MUKDOBUXDD, CcOBUS MACHUMHO20 NOJIS MUKPDOBUXDHL.

On the nature of the magnetic-mechanical relations
of a microvortex

© E. Milyute*

IRG “LITAVEM-3”, Vilnius, Lithuania
*E-mail: litavem-3@post.com

A new characteristic of the “gyroscopic reaction” of the electromag-
netic field of a microvortex is discussed, which is responsible for the shift
of the intrinsic magnetic field surrounding the microvortex with the appli-
cation of an external magnetic field.

Keywords: microvortex, shift of the magnetic field of a microvortex.
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KpuBas niaBJjieHus1 candupa npy BbICOKUX TaBJIEHUAX

© JI.H. Hukomnaes*, A.B. Octpux

WucTtutyT ipobnem xumudeckoit Gpmsukn PAH, UepHoromnoska, Poccus
*E-mail: nik@ficp.ac.ru

AHHoTanus. B pabote mpennaraercs MeToj pacueTa KpUBBIX IJIaB-
JICHUA KPHUCTANIMYCCKUX TCJI HAa OCHOBC TCOPHUH TCINIOCMKOCTHU I[e6a51
u Kputepus miuasiaeHus Jlunaemana. B xauecTBe OCHOBHBIX SKCIIEPUMEH-
TAJIbHBIX JAaHHBIX MCIIOJB3YIOTCA YIapHBIC a,Z[I/Ia6aTBI, OnpeaAcCIsICMbIC
B JMHAMHMYECKUX SKCIEPUMEHTaX, U TEIIOPU3NUYECKUE XapaKTePUCTUKU
BEILECTBA IIPU HOPMAJIBHBIX YCIOBUAX. MaTeMaTU4eCKU pacdeT KpPUBOU
IUTaBJIEHUS CBOJUTCS K 3afade Ko ass cucteMbl OOBIKHOBEHHBIX AU (]-
depeHnuanbHBIX ypaBHeHUH. CHcTeMa perraercs YHUCICHHO METOJA0M
Pynre — KytTbl. [loslydyeHO ynOBIETBOPUTEIBHOE COTJIACHE PACUETHBIX
U DKCIEPUMEHTAIBHBIX JAHHBIX MO IUIABJICHHUIO 32 (POHTOM YIapHOU
BOJIHBI B carndupe.

Kniouegvle cnosa: cangup, yoapHo-8onHosble dKCnepUMenmyl, yOapHas
aouabama, ypaeHeHusi cOCMosiIHUs 8ewecmaa, azosvie nepexoovl, Kpu-
6as NuAasNIeHUs.

[MnaBnenue, sBIssICh (Ha30BBIM MEPEXOAOM TEPBOTO pOJa C U3MEHE-
HUE arperaTHoro COCTOSIHUS, CYIIECTBEHHO BJIMSET Ha CBOICTBa Bellle-
CTBA, HEKOTOPBIC XaPAKTEPUCTUKH (TUIOTHOCThH, SHTPOMHS, DJIEKTPOIPO-
BOJHOCTb, IPO3PAvYHOCTb) KOTOPBIX MPETEPIHEBAIOT CKAYOK Ha KPHUBOU
iaBiieHus. HeoOxoqumocTh B MHGOPMAIUHU O TUIABJICHUH TPU BBICOKHX
JABJICHUSAX BO3HUKAeT B ¢u3uke yaapHbix BoiH (YB), ¢usuke tBepmoro
Tena, reopusuke, acTpopusmke, a Takke BO MHOTHX MPHUKIAAHBIX 00Ja-
CTSIX MHXEHEPHOU Hayku. B yacTHOCTH, 3HaHHME KPUBBIX IJIaBICHUS Tpe-
Oyercst Ui JMy4IIET0 MOHUMAHUS CTPYKTYPHI IUIAHET W MOCTPOCHUS HX
TEIUIOBBIX Mojenen [1].

C pocTroMm naBneHUs y KPUCTAIUTMUECKHUX BEIIECTB HAOIOAIOTCS He-
OOBIYHBIC TEPMOJIMHAMUYECKHE CBOMCTBA [2, 3], KOTOpBIE OTpa)x)aroTCs
U Ha TIOBEJICHUU KPUBOM JaBJeHHsI. XOPOIIO U3BECTCH (DAKT aHOMATBHOTO
MOBE/ICHUS KPUCTAJJIOB (HaMpUMep, IIEJOYHBIX METaIOB), KOTJa Mpu
YBEIMUEHUU MABJICHUS TEeMIlepaTypa IUIABIICHUS YMEHBIIACTCS W KpH-
CTaJIJTM3alusl BEIeCTBA MPOUCXOIUT C yBeluueHueM obbema. B camoi
TOYKE CMEHBI HAKJIOHA KPUBOH IJIABJICHHUS PA3HOCTh IUIOTHOCTEH KpH-
cTajlyla M XUAKOCTU oOpaiaercss B Hoib. [Ipu atmochepHOM naBneHun
aHOMAaJNTLHBIMHU BelliecTBaMu siBisiroTest Si, Bi, Ce, H,O u nip.

[IpoGneme muaBieHus: KPUCTAIOB MPU CKATHH MOCBSIIEHO 0O0JIbIIOE
KOJIMYECTBO padoT. J{s onpeneneHusl KPUBBIX IUIABJICHHS BEIECTBA MO
JABJICHUEM HCIOJIb3YIOTCS B OCHOBHOM CIIEYIOIIHNE METOIBI:
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® ONTHYECKOE WM PEHTIC€HOBCKOE OOHapy KEHHUE TUIaBJICHUS MIPU CTa-
TUYECKOM CXKaTHH B aJIMa3HOUM HaKOBaJbHE (sueiike BHICOKOTO JaBJICHUA);

e HaOmronenne (akTa TMIaBIeHUS (M3MEHEHHsI HAKJIOHA YJapHOU
aaralaThl WM 3aBUCUMOCTH TEMIEPATyphl YAAPHOTO CKATHUS OT AABJICHUS
3a (hpoHTOM Y B), BRI3BaHHOTO YB B AMHaMUYECKUX SKCIIEPUMEHTAX;

e noctpoeHre MHoroasHeix ypaBHeHuit cocrosiHus (YPC) c Bbige-
JIEHUEM TPAHHUIl arperaTHbIX COCTOSIHHS, B TOM YHCJIE MEXKIy TBEPIOH
U JKUJKOH (pazaMmu;

e pacueTsl ab initio ¥ METOI0M MOJIEKYJIIPHON TUHAMHKH.

JInst HEKOTOpPBIX METAJUIOB, HAPUMEP MEAM, COIJIaCHe MEXIY pac-
YETHbIMH M 3KCHEPUMEHTATbHBIMU JAHHBIMU OKAa3bIBAETCS JOCTATOYHO
xopomuM [4, 5], HO IS APYrUX TEPEXOAHBIX METAJIOB (B YaCTHOCTH,
MONIMO/ICHA) €IUHOTO0 MHEHHS [0 HWHTEpPIPETallMd TOTYYEHHBIX TaH-
HBIX [6—8] MmoKa He CyIIEeCTBYET.

[To psiny mpyyYMH SKCIEPUMEHTAJIHBIE UCCIIEIOBAHUS 110 TUIABICHUIO
OBLIM B OCHOBHOM COCPEIOTOUYECHBI Ha MEH, JKeJe3€e U HEKOTOPhIX IPYTHX
MEPEeXOIHBIX MeTaiax, oxBaThiBas naBieHus O6oinee 10 ['Tla u temmepa-
Typsl Boilie 1000 K. [ToaToMy ocTanuchk HETOCTATOYHO UCCIIEIOBAaHHBIMU
JIaXKe TIPU CPABHUTEIBHO HU3KHUX JIABJICHUAX KPUBbBIC IJIABJICHUS HE MEHEE
MHTEPECHBIX ISl TEOPHMHM M NMPAKTUKU METAJUIOB, HANPUMEp, TAaKUX KakK
MarHuii, Mapraseil, 30J0T0, cepedpo, UHK, KaJIMUN, aTFOMUHUN, UHIUN
Y CBHHEIL.

BaxxHbIM OKOHHBIM MaTEpUajOM, HKCIOJb3YEMbIM B JUHAMHUYECKHX
SKCIIEPUMEHTAX C BBICOKMMH JIABJICHUSIMU WM TEMIIEpaTypaMu, SIBISETCS
canup. ITO KECTKUN U MPO3PAYHBIA AUIICKTPUK, U3 KOTOPOTO M3rOTaB-
JIMBAETCS SYEHKa JUIsl pa3MEICHUs U YIapHOTO CKaTUsl B HEW JKUJKOIO BO-
JI0poJia, O METAUIM3alUKd KOTOPOro CYAST IO MOBBIIIEHUIO €r0 3JEKTPO-
POBOJHOCTH. Eciu jke 1moj 1aBjaeHreM 3IEKTPOIIPOBOISIIECH OKa3bIBAeTCA
cama s14yeiika, TO BbIBOJ O HACTYIUICHUH METAJUIM3alMU BOAOPOJa OKa3bIBa-
ercs J0XHbIM. [103TOMy BecbMa BaKEH BOINPOC: COXPAHSET JM OKOHHBIN
MaTepual cardup CBOM CBOICTBA MPH BBICOKHX AABICHHSIX U TeMIIEpary-
pax, 0COOEHHO MPO3PAaYHOCTh M HU3KYIO AJIEKTPONPOBOJIHOCTH? DIIEKTPO-
MIPOBOAHOCTh, KOHEYHO, YYBCTBUTEIBbHA K COCTOSHUIO BEILECTBA, K €ro
CTPYKType. B ycrnoBusix TMHAMUYECKHX 3KCIIEPUMEHTOB 3a4acTylO TPYJIHO
ONpEAENUTh 3TO COCTOsiHME. Hampumep, CIOKHO y3HATh, HAXOAUTCA JIHU
carnup B TBEPAOM HJIH KHIKOM COCTOSHHH, XOTSI XOPOILIO MU3BECTHO, YTO
B CWIBbHbIX YB Bemiectso mnasurcs. B To ke BpeMs NaHHBIX O KPUBOU
IUIaBJICHUS carn@upa MNpH BHICOKUX JTABJICHUAX SBHO HEAOCTATOUHO.

B pabote mpeanaraercs MeTO] pacueTa KPUBBIX IUIABJICHHS KPUCTAI-
JUYECKUX TeJl HA OCHOBE TEOpHH TeruioeMkocTu Jlebast (B ciydae Meral-
JIOB TaK)K€ YYMUTHIBAETCS BKJAJ B TEIUIOEMKOCTb 3JIEKTPOHHOU MOJCUCTE-
MbI) U Kputepus miaasieHus Jlunaemana [9]. B kauecTBe OCHOBHBIX
9KCIIEPUMEHTANBHBIX JaHHBIX UCHONB3YIOTCSA yAapHble aauabatsl (YA),

82 Huotcenepnotit scypran: Hayka u unnosayuu # 3-2021



DOI: 10.18698/2308-6033-2021-3-2067

orpenenseMble B JUHAMHUYECKUX OSKCIEPUMEHTAX, M TEIUIO(pU3NUYECKUe
XapaKTePUCTUKHU BEIIECTBA MIPU HOPMaJIbHBIX YCIOBUAX. MaTeMaTHUeCKH
3aja4a CBOJUTCS K penieHuto 3a1aun Komm uist cuctemMbl 0OBIKHOBEHHBIX
muddepeHIMaNbHBIX YpaBHeHUH. CrucTeMa penraeTcst YUCIEHHO METOJIOM
Pynre — KyTTbl ueTBepTOro nopsigka TOYHOCTH C aBTOMATUYECKUM BbI-
OOpOM II1ara MHTETPUPOBAHUS.

C momoupio MpeayokKEHHOTO METOJa pacyeTa MOCTPOCHbI KpPUBBIC
IUIaBIICHUST MeAH, cepedpa, 30710Ta, U candupa Npu BHICOKUX IaBICHUSX.
[TorydeHHbIe pe3ybTaThl U1 MEH, cepedpa U 30J10Ta UCTIOIB3YIOTCS AJIs
BAIMJAIIMA METOJ]a TIOCPEJCTBOM CPAaBHEHHS C MMEIOUIMMHUCS PACUCTHBI-
MU ¥ 9KCTIEPUMEHTAIbHBIMH TAHHBIMU JPYTUX aBTOPOB.

Candup (Al,O3) sBAsIeTCS MOJEKYISIPHBIM KPUCTAIIIOM U TUAJIEKTPH-
KOM C 3allpellieHHoN 30Hoi mupuHoi 4,8 3B. CooTBeTCTBEHHO, NpU HOP-
MaJbHBIX YCIOBHUSAX y HETO OTCYTCTBYET AJIEKTPOHHAS YACTh TETIOEMKO-
CTH, U B pacyerax OHa MoJiarajach paBHOM HYJIIO. DKCIEPUMEHTAIbLHOM
uHpopmanuu 06 YA candupa nocratouno maoro [10—-12]. [IpoBeneHHsbIi
aHaJu3 U Pe3yJbTaThl IPEIBAPUTEIILHBIX PACUETOB IMTOKA3aJIH, YTO BO BCEH

npe/ACTaBIsIomell nHTepec obnmactu paboraer ammpokcumarus Kepiu
(Kerley) [12]

D=7,673+1,23U. (1)

OpHako MpU HEBBICOKUX JABJICHUSX YKCHEPUMEHTAIbHbBIE PE3YIbTATHI
nyurnie onuckiBatoT qanHbie Ipckune (Erskine) [10] ¢ anmpokcumarueit

D=8,74+U. ©)

Jlisa u3ydeHus: BIUSHUSA TOYHOCTH 3aJaHusi YA Ha KpPHUBYIO IUIaBlie-
HUS pacdeTsl TpoBoauauch o YA (1) u mo komOunanmu u3 (1) u (2):
8,74+U, U <£4,639km;
7,673+1,23U, U >4,639km.

Paznuuune B TeMnepaTypax IUIaBIe€HUs candupa npu UCHOIb30BAHUU
JIByX pacCMaTpuBaeMbIX BUI0B Y A He mpesblimaeT 5 % BIUIOTH A0 JaBJe-
Huit 600 I'Tla. Pe3ynbrarsl pacueToB JAlOT TOUKY MEPECEUEHUS KPHUBOU
mnaBiaeHust ¢ YA I'toronno npu gasienun P =500 I'Tla u temneparype

T =10000 K, 4TO COOTBETCTBYET yCIOBHSM ILIaBieHus candupa B YB,
npuBeIeHHBIM B [13].

Paboma svinonnena npu noooepacxe I pauma PODPU 18-08-00964-a.
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High pressure melting curve of sapphire

© D.N. Nikolaev*, A.V. Ostrik

Institute of Problems of Chemical Physics of the RAS, Chernogolovka, Russia
*E-mail: nik@ficp.ac.ru

Abstract. The method of calculating the melting curves of crystalline
bodies based on the Debye's theory of heat capacity and the Lindeman
melting criterion is proposed in the work. Hugoniot adiabates determined
in dynamic experiments and thermophysical characteristics of the sub-
stance under normal conditions are used as basic experimental data. Mathe-
matically, the calculation of the melting curve is reduced to the Cauchy
problem for a system of ordinary differential equations. This system is
solved numerically by the Runge—Kutta method. Satisfactory agreement of
calculated and experimental data on melting behind the shock wave front
in sapphire is received.

Keywords: sapphire, shock-wave experiments, Hugoniot adiabate, equa-
tions of state, phase transitions, melting curve.
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Hcnoab3oBaHue METOA0B UCCJIEAOBAHUS ONlePALUii
JJIS pa3padoTKH IHEPreTH4eCKUX ObICTPBIX PEAKTOPOB
00JILINO MOIITHOCTH

© B.C. OkyHeB

MI'TY um. H.3. Baymana, Mocksa, Poccus
E-mail: okunevvs@bmstu.ru

AnHoranusi. Hacrosimmas paboTta mpoaomkaeT MCCIIeIOBaHUsA, TIPE/I-

craBneHasle Ha FAPM-2019. Ona ocHOBaHa Ha CHCTEMHOM IIOAXOE,
UCCJICIOBAaHUM OIE€palvii, TEOPUH WUIP, BAPHALMOHHBIX METOJAaX, TEOPHUU
ONTHMAJIBHOTO YIIPABJICHUS, JIOTHYECKOM MozennpoBanni. Ha HayansHOM
JTalne peleHa 3a/a4a O BbIOOpE MPEANOUYTUTEIbHBIX MaTEpUAIOB aKTHB-
HOU 30HBL. [lonTBepxnaeH BbIOOp paszpaborunkoB BPECT: cBUHLIOBBIH
TerioHocuTenb 1 MN-TormBo. Ha crenyromeM 3tane KOppeKTUPOBAICs
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COCTaB MaTepHuasioB. B uncio ynpaBiaeHU ONTUMHU3AIIMOHHON 3a71a91 OBLITH
BKJTIOYEHBI CBOMCTBA MaTepUasoB (IJIOTHOCTh, TEIUIONPOBOJHOCTD, TEILIO-
€MKOCTb, JOMYCTHUMbIE TEMIIEPATyphbl, CEUYECHUS B3aUMOJEHCTBUS U [p.).
JlonomHUTEIbHBIE BO3MOXHOCTH B MOBBIIIEHUH O€30MacHOCTH TPeOyrOT
UCTOJIb30BaHUSI TEPMOCTOMKOrO, HO OoJiee MIOTHOTO U TEIIOMPOBOIHOIO
toruiBa, yeM MN. Ha TpeThem sTane Obutn mogo0paHbl HEOOXOAUMbBIC Ma-
Tepuaiibl. CBUHEN, W3BJICYEHHBIA U3 TOPUEBBIX pyH, coaepkuT 75...98 %
msotora “**Pb. Mcronp30BaHIe TAKOTO TEIUIOHOCHTENS [O3BOMSET CHU3HTh
MyCTOTHBIA 3(PPEKT PEaKTUBHOCTU MPU HAWOOJIEE OIMACHOM CIIEHAPUU €TO
peammsaryu ¢ 5 B (f — > dexTuBHas M0 3ama3apIBAIONINX HEUTPOHOB) B
npoekre BPECT-1200 no 6e3onmacHoro 3HavyeHus (meHee [3). MN-TommBo,
MOPBI KOTOPOT'O 3aM0JTHEHbI HAHOMOPOIIKOM U, MO3BOJIUT 3aMETHO CHU3UTH
MaKCUMAaJIbHYIO TEMIIEpaTypy TOIUTMBA B aBaPUUHBIX PEKUMaX. ITO BaAXKHO
B HanOoJIee onmacHbIXx kKomOnHammax ATWS.

Knroueswie cnosa: ucciedosanus onepayuti, bvicmpsie peakmopwvl 60.1b-
WOt MOWHOCMU.

Beeaenmne. [IpuemaemMocTh HCTOUHUKOB 3HEPIUM OyAYLIETro onpese-
JSIETCSl MX SKOHOMUYECKOH 3(h(PeKTUBHOCTHIO, O€30MacHOCTHIO U obecte-
YEHHOCTBIO TOIUIMBOM. SIJiepHas HEpPreTuka CUUTAETCS MEPCHEKTUBHBIM
UCTOYHUKOM, CIIOCOOHBIM 00ECHEeYHTh UYEIOBEYECTBO SHEPrHel Ha JIJH-
TEJbHYIO MepCNeKTUBy. B uncie 6a30BbIX 351eMEeHTOB 3HEpreTuku Poccun
BTOpoil monoBuHb XXI B. paccMaTpuBalOTCS PEaKTOpPhl Ha OBICTPHIX
HENTpoHaX OOJbIION MOIIHOCTH CO CBUHIIOBBIM OXJIQXJACHUEM U CMe-
HIaHHBIM  MOHOHHUTpuAHBIM TomuBoM (MN). B OAO «HUKUDT
uM. H.A. Jlonnexans» pazpadotan texuuueckuii npoekt BPECT-O/1-300,
KOHLENTyanbHble MpoekThl peakTopoB BPECT-600, -1200. OcnoBHOE
OTpaHUYEHUE B HCIIOJIB30BAHUM OOBEKTOB SIAEPHOM SHEpreTMKH — 0e3-
onacHOCTb. OOBIYHO OHA yXYJIIAETCS NMPH MOBBIIIEHUH MOIIHOCTU 3HEp-
roomoka. BPECT-1200 xapakrepusyeTcsi HenprueMJIEeMbIM 3HAaYCHUEM ITy-
ctoTHoro 3¢ ¢dekra peaktuBHocTH (IIDP): omacHOCTBIO OCYyIIEHUS YacTH
aKTUBHOHM 30HBL. HeoO0X0oAMMO HCKIIIOUUTH TSXKENbIE aBapUHU C HEAOITY-
CTHMBIM BBIOPOCOM PaJIMOAKTUBHBIX BelecTB 3a mpeaessl ADC.

MaremaTnueckoe obGecneyeHue. B pabGore [1] kpaTko uzmoxeHa
METOJI0JIOTHs, MaTeMaTUYECKUE MOJIENIN U KOJIbI sl pa3pabOTKU sACPHBIX
pEeaKTOpoB HOBOTo MokojieHus. OHa OCHOBaHa Ha CHCTEMHOM IOJXOJE,
UCCJIEIOBAaHUM OIEpaLlUii, TEOPUU HUIpP, BapUALMOHHBIX METOJaX, TEOPHH
ONTUMAJILHOTO YIPABJIECHUS, JIOTUYECKOM MOJAEIUPOBaHUU. AHamu3 0e3-
OIACHOCTH MPOBOJUTCS YK€ HA CTAAUU KOHILETITYyalbHOU pa3pabOTKU peak-
Topa. KitoueBbIM 3BEHOM HCIIOJIb30BAaHUSI METOAOJIOTUN SBIISETCSI MHOIO-
KpPaTHO MOJEPHU3NPOBAaHHbBIN onTUMU3aoHHbIl Komiuiekc DRAGON-M,
NO3BOJISIOIIMK  pelllaTh ONTUMHU3ALMOHHBIE 3a7jaud C OTPaHUYEHUSIMHU,
MOJIETTMPYIOLIMMH BCE BO3MOJKHBIC aBapUiiHbIE CUTyallud, B TOM 4YHCIIE
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COMPOBOXKIAIOIIMECS] O0TKa3oM aBapuitHol 3ammTbl (ATWS). B ycrnoBusix
HEONPEIEICHHOCTH CLIEHAPUEB PAa3BUTHS aBAPUUHBIX PEXUMOB [2] HACTO-
smas paboTa sBISETCS pa3BUTHEM HcclieioBanHuil [1].

3agauu. Ha HayanbHOM 3Tamne penieHa 3ajada 0 BbIOOpE MPEANoYTH-
TEJbHBIX MaTEpHUAJIOB aKTUBHOM 30HBI. [loaTBEpkIeH BBIOOP pa3zpaboTyu-
koB BPECT: cBunnoBsiii Termmonocurens 1 MN-tormuBo. Ha cinegyromem
JTare KOPpEeKTUPOBAJICSA COCTaB MaTepHaNIOB. B 4nciio ynpaBieHu onTu-
MHU3AI[MOHHOW 3aJaud OBbUTM BKJIIOYEHBI CBOWCTBA MaTepuaioB (TUIOT-
HOCTh, TEIJIOMPOBOAHOCTh, TEIUIOEMKOCTb, JOIMYCTUMBIC TEMIIEpaTypHhI,
CEYEHHUs B3aUMOJEUCTBUA U Ap.). s peakTopoB OOJBLION MOUIHOCTH B
KayecTBE TEIUIOHOCHUTENS MPEANOYTUTEIeH CBUHEI] C KOHLEHTpaluen
msorona “"°Pb Gouee 75...80 %. JIONOIHUTEIBHBIC BOBMOXHOCTH B IIO-
BBIIIEHUU 0€30MacHOCTH TPeOyIOT HCIOJB30BaHUS TEPMOCTOMKOro, HO
0oJiee MIOTHOTO M TEIJIONMPOBOAHOTO ToruBa, ueM MN. Ha TpeThem ata-
e OBLTN TT0TI00PaHBl HEOOXOAMMBIC MaTEPHAIBI.

Pesyabrarbl. CBUHEL, W3BJICUCHHBIA W3 TOPUEBBIX Py, COAEPKHUT
75...98 % u3oroma “**Pb. Mcmonp30BaHme TAKOrO TEIUTOHOCHTEIIS TTO3BO-
nsier cHu3uTh [IDP mpu Hambosiee OmacHOM CIIEHApUU €ro pean3aliiu
¢ 5B (P — >pdexruBHas moys 3ama3abIBAONIMX HEHTPOHOB) B MPOEKTE
BPECT-1200 no 6e3omacHoro 3HadyeHus: (MeHee [3). MN-TOmIMBO, MOPHI
KOTOPOTO 3aloJHEHbl HAHOMOpOIIKOM U, MO3BOJIUT 3aMETHO CHU3UTH
MaKCUMaJIbHYIO TEMIEPaTypy TOIUIMBA B aBapUHHBIX pexUMax. ITO Bax-
HO B HanbOosee onacHbIx kKomOuHarusx ATWS.
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Using Operations Research Methods to Design High Power
Fast Power Reactors

© V.S. Okunev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: okunevvs@bmstu.ru

Abstract. This paper continues investigations presented at FAPM-2019.
They are based on a systems approach, operations research, game theory, var-
iational methods, optimal control theory, and logical modeling. At the initial
stage, the problem of choosing the preferred core materials was solved. The
choice of BREST developers has been confirmed: lead coolant and MN fuel.
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At the next stage, the composition of the materials was adjusted. The number
of controls of the optimization problem included the properties of materials
(density, thermal conductivity, heat capacity, permissible temperatures, inter-
action cross sections, etc.). Additional safety enhancements require the use of
a heat-resistant, but denser and more thermally conductive fuel than MN. At
the third stage, the necessary materials were selected. Lead recovered from
thorium ores contains 75...98% of the isotope ***Pb. The use of such a coolant
makes it possible to reduce the void reactivity effect in the most dangerous
scenario of its implementation from 5 B (B is the effective delayed neutron
fraction) in the BREST-1200 design to a safe value (less than f).
MN-fuel, the pores of which are filled with U nanopowder, will significantly
reduce the maximum fuel temperature in emergency modes. This is important
in the most dangerous ATWS combinations.

Keywords: operations research, high power fast reactors.

Introduction. The acceptability of future energy sources is deter-
mined by their economic efficiency, safety and fuel availability. Nuclear
power is considered to be a promising source capable of providing human-
ity with energy for the long term. Among the basic elements of the Rus-
sian energy sector in the second half of the 21st century, high power fast
reactors with lead cooling and mixed mononitride fuel (MN) are consid-
ered. In JSC "NIKIET" developed a technical design for BREST-OD-300,
conceptual designs for reactors BREST-600, -1200. The main limitation in
the use of nuclear power facilities is safety. It usually deteriorates with in-
creasing reactor power. For example, the BREST-1200 reactor is charac-
terized by an unacceptable value of the void reactivity effect (VRE): the
danger of draining a part of the core. It is necessary to exclude severe ac-
cidents with unacceptable release of radioactive substances outside the
Nuclear Power Plant.

Mathematical software. The paper [1] summarizes the methodology,
mathematical models and codes for the development of new generation
nuclear reactors. It is based on a systems approach, operations research,
game theory, variational methods, optimal control theory, and logical
modeling. Safety analysis is already underway at the stage of reactor con-
ceptual design. The key link in the use of the methodology is the multiply
modernized DRAGON-M optimization complex, which allows solving
optimization problems with constraints that simulate all possible emergen-
cy situations, including anticipated transients without scram (ATWS), un-
der conditions of uncertainty of emergency scenarios [2]. The work is a
development of research [1].

Tasks. At the initial stage, the problem of choosing the preferred core
materials was solved. The choice of BREST developers has been con-
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firmed: lead coolant and MN fuel. At the next stage, the composition of
the materials was adjusted. The number of controls of the optimization
problem included the properties of materials (density, thermal conductivi-
ty, heat capacity, permissible temperatures, interaction cross sections,
etc.). For high-power reactors, lead with a concentration of ***Pb isotope
of more than 75...80% is preferable. Additional safety enhancements re-
quire the use of a heat-resistant, but denser and more thermally conductive
fuel than MN. At the third stage, the necessary materials were selected.

Results. Lead recovered from thorium ores contains 75...98% of the
isotope 2**Pb. The use of such a coolant makes it possible to reduce the
VRE in the most dangerous scenario of its implementation from 5 B (B is
the effective delayed neutron fraction) in the BREST-1200 design to a safe
value (less than B). MN-fuel, the pores of which are filled with U na-
nopowder, will significantly reduce the maximum fuel temperature in
emergency modes. This is important in the most dangerous ATWS combi-
nations.
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K Bonpocy o ¢popmMupoBaHUU HOBBIX (PU3UYECKUX
NMpeACTABJIEHUN 0 CKOPOCTH, MAaCCe U MHEPIUU TeJl

© I0.H. Pazymnusiii, C.A. Kynpees, B.C. Pyunnckuii

Poccutickuit yausepcurer npyx0s1 Hapono; MAU (HNUY), Mocksa, Poccus
E-mail: 2svr@mail.ru

BeiBuHyTa TMNOTE3a 00 W3TY4YEHHH/TIOTJIONICHUH TEJIOM 3JIeMEHTap-
HBIX YacTHIl, O0JaNalOMMX CIIMHOM, B TUIOCKOCTH IIE€PIICHINKYJISPHOM
BEKTOPY CKOPOCTH ABIKEHHUS Tena. [IpuBeneHBl mpuMepsl M3 pPas3HBIX
oOnacteil pu3nku. PaccMOTpeH 3KCHEPUMEHT C JIBUKEHUEM Tell B BaKy-
yMHOW Kamepe. [IpuBeneHHBIE MPUMEPHI HATJISAHO JAEMOHCTPHPYIOT Iie-
peXon KOJIHMYEeCTBAa IBMIKCHUS T B IUIOCKOCTh, IMEPICHIANKYIISPHYIO
HavyaJlbHOMY JABIKCHUIO Teja. JlaHHbIE MpUMephl BIOJHE COTJIACyIOTCS C
BBIJIBUHYTOW TMIIOTE30M.

[Tony4yeHHbIE pe3ynbTaThl MOTYT OBITh HCIIONB30BaHBI B IKCIEpPHU-
MEHTaX IJIs TMOMCKAa HHU3KOPHEPTETUYECKUX DIIEMEHTApHBIX YacTHI[ U
B pa3pabOTKe HOBBIX Pa3/eloOB KBaHTOBOW Teopuu. llpeanoxkeHHas ru-
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1oTe3a, NPUBEJIEHHbIE NMPUMEPbl U SKCHEPUMEHT JAlOT OCHOBAaHMS K
(OpMHPOBAaHNIO HOBBIX (DU3NYECKUX MPEICTABIECHUN O CKOPOCTH, Macce
U MHEPLUH TEJl.

Knrwueswie cnosa: xeanmosas Mexaruka, cKkopocmov méeia, ydap, umnyiovcC
meja, CNUH 3J1EMEHMAPHBIX Yacmuy.
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On the formation of new physical concepts
about the speed, mass, and inertia of bodies

© Y.N. Razoumny, S.A. Kupreev, V.S. Ruchinskiy
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A hypothesis has been put forward about the emission/absorption by
a body of elementary particles having a spin in a plane perpendicular to
the velocity vector of the body. Examples are given from various fields of
physics. An experiment with the motion of bodies in a vacuum chamber is
considered. Compton wavelength of elementary particles emitted/absorbed
by the body is estimated. The proposed hypothesis, the given examples
and the experiment give grounds for the formation of new physical ideas
about the speed, mass and inertia of bodies.

The results can be used in experiments to search for low-energy ele-
mentary particles and in the development of a new quantum theory.

Keywords: quantum physics, body velocity, impact, momentum of the
body, spin of elementary particles.

90 Huotcenepnotit scypran: Hayka u unnosayuu # 3-2021



DOI: 10.18698/2308-6033-2021-3-2067

OueHka JHTPONMIHON KOHIENIUN MPOUCXOKICHUS CHJT
TPaBUTAIUM C MO3UIHMI CHCTEeMBbI (PM3NYECKUX BeJIMYHH
U 3aKOHOMEPHOCTEH

© A.C. Yyes
MI'TY um. H.3. baymana, Mocksa, Poccus

AHHoTanusi. OlLleHKa CTPOMTCS Ha aHalu3e MyONuKanuu Opuka
Bepnaunne «O mnpupone TtaroreHus u 3akoHoB Heiorona» (mepeBon
M.X. Hlynemana). B sToii paboTte cuia rpaBuTanuy He cuurtaetrcs GyHna-
MEHTAJIBHON (PU3MUYECKON CHJIONW, a OTHECEHA K IPOSBICHUIO TPaIUCHTA
UH()OPMAIIMOHHONW M TEPMOJAMHAMMYECKON SHTPONMU. AHAJIU3 3HTPONUIi-
HOM KOHIICTIIIMH BBITIOJHEH C MCIIOJIh30BAaHMEM aBTOPCKOW CHUCTEMBI (DU3H-
YEeCKUX BEJIMYMH U 3akoHoMepHocTel (PBu3), rae ¢pusnyeckre BeIUYMHBI
(®B) cTpyKTypHUpOBaHbl B CBOEM DPACIIOJIOKEHUH B BUJE OTIEIbHBIX CH-
CTEMHBIX KiacTepoB. B kaxnom kiacrepe @B xapakrtepusyrorcs onpeze-
JIEHHOM (PM3MYECKOM HaIpaBIE€HHOCTHIO (CMBICIIOM), a BHYTPUKJIACTEPHBIE
Y MEKKJIaCTEPHBIE pa3MepHOCTHBIE CBsA3U DB, BU3yanbHO NpencTaBisieMble
B BH/JIE BBIICICHHBIX MMAPAJLIEIONPAMMOB U JIMHUM C ONpPENEIEHHBIM COOT-
HOLIEHHEM pa3MmepHocTel DB, pacnonoKeHHbIX Ha CMEKHBIX U IPOTUBO-
MOJIOKHBIX BEPIIMHAX, BBIPAXKAIOT MPUPOJIHBIE 3aKOHOMEPHOCTH. C TOUKH
3penust cucrembl PBu3 sHTponuiiHas KOHLENLUS MPOUCXOXKIACHHS CHI
TPaBUTALIUU SIBJISIETCS BIOJHE 0OOCHOBAHHON. AHAIN3 KOHKPETHOU ITyOJIn-
Kaiuu O. BepanHae nmoka3splBaeT NPaBUIBHOCTh €€ OCHOBHBIX ITOJIOKEHUI.
[IpaBaa, BcTpewyaroTcsi OTIENBHBIE OMMOKH B (OpMyJiaX, KOTOPbIE MOTYT
OBITH CBSI3aHbI C MOTPELIHOCTIMH NIEPEBO/IA.

Knrwouesvie cnosa: cpasumayusl, SHMponus, cucmema qbus‘u%cxux eenu-
YUH U 3aKOHOM€pHOCm€LVL

Co Bpemen U. HploToHa cuily TpaBUTAallUM TNPUHATO OTHOCUTH
K MexaHuke. OqHaKo (PU3MYECKU CMBICT 3TOW CHIIBI, BKIIFOYAsl MIPUUNHY
INPOMCXOXAECHUS U BO3MOXKHOCTb YNpPABJIEHUS 3TOM CUJIOH, 10 CHUX IOp
ocTaercsi Hemo3HaHHbIM. HekoTopble yueHble CUMTAIOT IPABUTALIMIO TIPO-
SBJICHUEM HEOOJBIION pa3HMUIBI BO B3aUMOJACHCTBUHU 3IIEKTPUUECKHUX
3apsA0B MPOTHUBOIIOJIOKHON MHOJSPHOCTH. [[pyrue ydeHble CKIOHHBI OT-
HOCHUTB 3Ty CHIJIy K HPOSIBIICHHIO TeHEBOro 3¢ ¢eKTa B KOHUENIHUU CyIIIe-
CTBOBaHUSI BCENMpPOHMKaroImero »pupa. M coBceM HEMHOTHE CBS3BIBAIOT
IOPOMCXOXAECHUE CHJI TPaBUTALUU C TEPMOJUHAMUYECKOH SHTPOIUEH,
00yCIJIOBJIEHHON BEpOATHOCTHBIMHU XapakTepucTukamu. OJHOW M3 TaKUX
paOor sBisiercs myOnukanus 3. Bepnunge [1].

[Ipenmaraemast B padote [1] csizp @B umeer Bun

WG = sc3,
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rae s — miomaab obonouku; G — KoHcTaHTa TaroteHus M. HeroTona;
T — temnieparypa; 7 — noctosHHas [1nanka.

Harnsanas wutrocTpanus 3TOro COOTHOIIEHUs U3 padotsl [1] nmpuse-
neHa Ha puc. 1. Ho moHsTh 4T0-1M00 M3 3TOr0 pUCYHKAa M MPUBOAMMBIX
MOSICHEHUH OYEHB CJIOXKHO.

0101111
1100101
0011100

1001010
‘:':'T

Puc. 1. Yactua ¢ Maccoi m BOJIM3K ToIorpadudeckoro
chepuueckoro skpaHa

[IpuBenem HexoTopble MosACHEHHs U3 paboThl [1]. «...IIpocTpancTBO
HE MOXET BO3HHKaTh caMo 1o cebe. OHO JOIDKHO OBITh YE€M-TO BPOJE
YCTPONCTBA MaMATH, XPaHSIIIEro KOJIMYECTBO MH(POPMALUKU [T 3aJaHHO-
ro pacnpenenenus 3Heprun. OKas3pIBaeTCs, YTO B HEPEIATUBUCTCKOM CITy-
Yyae 3TO YCTPOWCTBO MpeAcTaBiseT coOOi HBIOTOHOB IMOTEHIMAJ, a pe-
3yJIBTUPYIOIIAS SHTPOIIMIHAS CHJIa UMEHYETCS TSATOTCHUEM.

Byznem oTtankuBatbes OT MUKpOcKonndeckoil uaopmanuu. [Ipearno-
JaraeTcs, 4YTo OHa XPAHUTCS Ha rojorpaduueckux dKpaHax. 3aMeTHM, 4TO
9Ta uHpopMalMs 00JalaeT €CTECTBEHHBIM CBOMCTBOM BKJIIOUEHHS: INPH
3a0bIBAHUM HEKOTOPBIX OUT (Ipu OrpyOJIEHHHU 3a CUET YPOBHS JUCKPETH-
3allMu) KOJIMYECTBO MHPOpMaLnu noHmxkaercs. Takoe orpyOieHue MoxeT
OBITH TOJYYEHO B pE3yJIbTaTe YCPEIHEHHs, UTHOPHUPOBAHUS BPALICHHUS
(block spin transformation), uHTErpUpOBaHUs WK JTIO00H APYTOH mpoiie-
Iypbl peHOpMallM3allMOHHOW Tpymmbl. [Ipn Kaxmom mare mpoHCXOIUT
JanpHeimee orpyOsieHHe MCXOAHBIX MHKPOCKONHUYECKMX JIaHHBIX.
Orpy0JieHHBIE JaHHBIE XPAHATCS HAa MaJlCHBKUX dKpaHaX, BOSHUKAIOIIUX
npu “TiepeMeleHnn”’ UCXOJHOTO dKpaHa BHYTph npocTtpanctBa. UHpop-
Malys, yaajasemas Npu orpyOJieHHH, 3aMEHSETCS] BO3HHKAIOIIEH YacThIO
NPOCTPaHCTBA MEXAy IBYMs 3KpaHamH. Tak moiydaercss BeTBslleecs
OIKCaHHE MPOCTPAHCTBA 33 CYET MOBEPXHOCTEH, COCTOSIUX U3 JPYTUX
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noBepxHocTel. [[pyrumu cioBamu, BOZHUKAET HAalpaBIEHUE B NIPOCTpaH-
CTBE, KOTOPOE€ COOTBETCTBYET IMEPEMEHHON ‘‘MUCKpEeTH3aluu’, 4eMY-TO
BpOZIe MapamMeTpa o0pe3aHus A CUCTEMBbI 3KpaHOB. M3HavaabHO B MpoO-
CTPaHCTBE HET BbIAENIEHHOro rosiorpadudeckoro HampasiaeHus. OaHako
OHO MOSABISAETCS, KOI1a Mbl TOBOPUM O HBIOTOHOBOM IMOTEHIHANIE. DTO —
€CTECTBEHHAsI MEpPEMEHHAas, KOTOpas U3MepsieT KOJIMYECTBO JHUCKPETHU3a-
i Ha skpanax. CremoBaTenbHO, rojorpaduueckoe HampaBlieHHE 3aia-
€TCs IPaIUEHTOM HbIOTOHOBA MTOTEHIUAIA).

Bce n3noxeHHOE 04EHb TEMHO U HEMOHSITHO.

Bocnonbsizyemcst 6osee moHATHBIM cooTHomeHneM @B B pazmepHoCT-
HOl cucteme ®Bu3, rae 3akoHbI IPEACTABICHBI B BUE BbIACIICHHbBIX Ma-
paienorpaMmoB U JuHuil. B cucteme ®Bu3 sHTpomnus oTHeceHa K Kia-
cTepy 0a30BBIX MEXaHHYECKHUX BEJIMYMH U MUMEET Pa3MEPHOCTb MLT™.
N300paxeHust CUCTEMbI, C YYETOM €€ MHOTOCIIOMHOCTH, JIy4dIlle BCEro
MPUBOIUTH OBl B I[BETHOM HCIOJHEHUU. Ho BBUAY OorpaHWueHus Ha pas-
MEIIEHNEe PUCYHKOB, TpuBoauM cucteMy ®Bu3 B uepHo-6emom ucmosHe-
HuM (puc. 2 u 3). be3 pUCYHKOB CHCTEMBI B 3TOI TeMe OOBSICHUTH YTO-
1160 BOOOIIIE HEBO3MOXKHO. DTO MPUMEPHO TaK )K€, KaK IMBITAThCA 00BsC-
HUTH Tabauiy J[.1. MenneneeBa TOIBKO CIIOBaMH.

Mamenenne o0LeMHoi Obzen, "
v

ILTOTHOCTH 3HTPOITHI

HOPOKIAET JNaBICHHE L3 LAT?

II3meHeHnIe Tokas e e \
Il1omans, obBema, 4 3 Macea?, \
4t Vit
\ »w /

Vaemsnas
SHTPOIIHA.
=

Kpneusna
TIPOCTPAHCTBRA,

11

I'pamment
TACTOTET
(YTII. CKOpPOCTH)

Puc. 2. PacnionoxeHne 1 OCHOBHBIE CUCTEMHBIE CBS3U SHTPOIIHHU
B crcTeMe (M3NYECKUX BEJIMUYHMH U 3akoHOMepHocTel (PBu3)
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CBA3bL HIMeHeHHI IHTPONHHA H
00 BLeMHON NJIOTHOCTH BpeMeHH ¢
JAABJeHHEM, BOCTIPHHAMAEMOM B

KAauecTBe TPABHTAIHOHHOI CHIBI

Bx]b.ucn. FHeprud,
Bpeas, ;11!::15\. “KHHEMaTIT. | \dau‘a ,” Thumyase, Iamenenne
! 7 ”-"r T
T = \1 MIT! }JLIT*Z
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: MLT ML*T
/

Temnepatypa
(uactora, ©)

Iamenenite
Obpemnan
Hauqemle

naoTh. )mpomm fdf’h’ CIHH

MLT MLT-

. Bextop
mg.:tﬂyle VmoBa-

ToiirTimra,

ML MT-

TInoTH. Bpem ¢
TIOBEPXHOCTH. ,
LT

Issengite - ‘Tﬁ:mem [lsmenemie Tpaanent 3aKOHOMEPHBIE CBAM_OGHAPYAIBAITCA Tl
obBeMHol 00BEMH. IITOTH, J2BIEHIA PaBeHCTBY OTHOMICHNIT pazMepHocTeii OB
i ch“ LIOTHOCTII MACCHI, Macce! HA CMEXHLIX BePUIIIHAX BBUICICHHOIO
L2711 ML+ ML-T! ML-2T? napanIenorpaMMa

Puc. 3. Cuna TpaBUTAILlUM KAaK OaBJICHUC, 06YCJ'IOBJ'I€HHO€ 00BEMHOM MIIOTHOCTHIO
WU3MCHEHUS DHTPOIIMU 1 U3BMEHCHUEM 00BEMHOM IIOTHOCTH BPEMEHHN

[MpuBomumoe B  pabore [l] SHepreTMyeckoe COOTHOIICHUE
FAx=TAS BnosiHe MOHATHO U COOTBETCTBYET JaHHOU cucteme. OqHAKO
JIpyroe COOTHOILICHHE, M0 UJee UMEIOIIee Pa3MEPHOCTh SHEPTUH,

=L
21 ¢
IZIe @ — YCKOPEHHUE, IMOYEeMY-TO HE BIMCHIBACTCS B HAIIy CHUCTEMY; /I —
noctosiHHas [1nanka v SHTPONHS UMEIOT OJMHAKOBYIO PA3MEPHOCTb.

Crnenyromiee cooTHomenue J. Bepnunne:

85 _ —k &pﬂ
=—kg =
n 2c

Ecnu B 3TOM cooTHomeHnH kg — mnocTosiHHas bonsniMaHa, ¢ — CKo-
pOCTh cBeTa, a n — Oe3pa3MepHasi BEIHYHNHA, TO OHO COOTBETCTBYET CHU-
creme ®Bu3.

[MpuBenem emie oqHO M300pakeHNE HAIIEH CUCTEMBI ¢ yuyactuem OB,
CBSI3aHHBIX C M3MEHEHHEM OOBEMHOM TUIOTHOCTH BPEMEHU. DTO HAy4IHOE
HamnpaBlieHUuE pa3pabdaThIBAIOCh JICHUHTpaackuM actpoHomom H.A. Ko-
3BIPEBBIM U UMEET OTHOIIICHHUE K MTPOUCXOKICHHUIO YHTPOITUUHBIX CHII Tpa-
BUTAIIUU.

[IpuBogumbie Ha puc. 2 u 3 (u3MyUecKre 3aKOHOMEPHOCTH, B TOM
YHCIIe C YYaCTHEM SHTPOIHHU, HATJISIIHO U CUCTEMHO (4Yepe3 pa3MepHOCTH)
WJUTFOCTPUPYIOT CBSI3b €€ MapaMeTPOB U MapaMeTPOB TPaBUTAIIHH.
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BoiBoa. DHTponMitHAS KOHIENIUS MPOUCXOXKICHUS CHJI TPaBUTAIIUN
B OCHOBHOM HAaXOJUT CBO€ MOATBEPKIAECHUE Pa3MEPHOCTHOW CHCTEMOM
(U3UYECKUX BETMYNH U 3aKOHOMEPHOCTEH.

Jluteparypa

1. Bepmuage 2. O npupoode mazomernus u 3axkoroé Hetomona. (IlepeBom). URL:
http://timeorigin21.narod.ru/rus_translation/Gravity and_entropy.pdf
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O BO3MOKHOCTH JOCTHKEHUS IIBUHIE€POBCKOIO mpeaesa
B PE30HAHCHOW TBEPAOTEJbHOM MUKPONOJIOCTH

© C.B. [Inukypenko*, B.B. ®unaros

MI'TY um. H.D. baymana, Mocksa, Poccust
*E-mail: swetlathok@gmail.com

[Ipenen IlIBunTrepa — BeIMUYMHA HAMPSHKEHHOCTH JIEKTPOMArHUTHOTO
T0JIsI, BBIIIIE KOTOPOM BaKyyM MpPOSIBIISIET HENMHEWHbIE cBoiicTBa. Ha ocHo-
BE YHCIICHHBIX PAacueTOB HaMU OblJIa YCTAaHOBJICHA TEOPETUYECKAst BO3MOXK-
HOCTb JIOCTH>KEHUS IIBUHTEPOBCKOTO Mpesieia B pe30HaHCHONW MUKPOIIOJIO-
CTH (DOTOHHOTO KpHCTala MPU ONTHYECKOM BO30YXKAECHUHU IOCIEIHETO
MOHOXPOMAaTHYECKMM HCTOYHUKOM C JJIMHOW BOJIHBI, COOTBETCTBYIOUIECH
Kpao 3arperieHHol (OTOHHOM 30HBI KpHcTaula. B sToM cimywae mpu
Ha/IJIeKAIIEM OXJIAXKJICHUH o0pasla ¢ LeIblo MOoAAepKaHusl TOOPOTHOCTH
B €ro MHUKPOIOJIOCTAX (OPMHUPYETCS TMONSAPUTOHHBIN 003e-KOHICHCaT,
B KOTOPOM IUIOTHOCTb TMOJISPUTOHHBIX COCTOSIHUN CTPEMHTCS K OECKOHEU-
HocTu. [lomydeHHble pe3ysbTaThl OTKPHIBAIOT BO3MOXKHOCTH TBEPIOTEIb-
HOM TeHepalliy TO3UTPOHOB IS 33/1a4 KOJUTAUIEPHON (DU3HKH.

Knrouesvte cnoea: npeoen lllsuncepa, nerunetHocms 8axKyyma, (omoH-

HbLU KPUCTNAL, MUKPONOJIOCHb, 003e-9UHWUMEUHOBCKASI KOHOCHCAYUSL.

Paboma evinonnena npu noooepacke PH® (epanm Nel9-12-00242).

On the possibility to reach the Schwinger limit
in the resonant solid microcavity

© S.V. Pichkurenko *, V.V. Filatov

Bauman Moscow State Technical University, Moscow, Russia
*E-mail: swetlathok@gmail.com

In quantum electrodynamics, the Schwinger limit is a scale above
which the electromagnetic field is expected to become nonlinear. Our
simulations show the possibility of its reaching by the optical pumping of
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a photonic crystal by the monocromatic (laser or LED) source with wave-
length mathched to the photonic crystal bandgap edge. This way, at active
cooling to preserve the crystal’s Q-factor, in its microcavities, there form
the Bose-Einstein condensation of polaritons with a giant (tends to the in-
finity) density of states. The results allow to get the solid source of posi-
trons for colliders.

Keywords: Shwinger limit, vacuum non-linearity, photonic crystal, micro-
cavity, Bose-Einstein condensation.

The work is supported by the Russian Science Foundation
(grant No.19-12-00242).

I'paBUTAalIMOHHBIEC BOJHBI B MOJI€JISIX PAHHEH BCeJICHHOM
Ha ocHoBe JDI'b-rpaBuranun

© U.B. ®omun*, B.O. I'nmagpiies, B.JI. Kayn

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail: (ingvor@inbox.ru)

AHHOTanms. PaccMoTpenbl MHQISIIMOHHBIE MOJENH paHHeH Bcenen-
HOW Ha OCHOBE T€OpUU rpaBuTanuu JiHIITeHa — ["aycca — bonne. [lo-
Ka3zaHa CBS3b JaHHOW MOAM(DUKAIIMY TEOPUH TPAaBUTALUK DWHINITEIHA C Xa-
PaKTEpUCTUKAMH PETUKTOBBIX TPAaBUTALIMOHHBIX BOJIH.

Knrwueswie cnosa: cpasumayUOHHble 60JIHbl, PAHHAA 6CENEHHAA, Moduqbu—
UUPOBAHHbIE Meopuu cpasumayuiul.

B HaCcTOACEC BpECMA JIA IMOCTPOCHUA HCIIPOTUBOPCUUBLIX MOI[CJ'ICﬁ
IBOJIONMH BceneHHON HCIONB3YIOTCS pa3InyHble MOTU(BHUKAIINHA TPaBH-
Tanuu DWHIITeTHA. OCHOBOM 71 TOCTPOEHUS KOCMOJIOTUYECKUX MOJIE-
ne ¢ ucnonbzoBanueMm monaudukanuii OTO sBHIsSETCS y4eT KBaHTOBBIX
MOMPABOK K TEOPUU TpaBUTALMM ODWHIITEHHA. ['eomMeTpuyeckoil MHTEp-
MpeTalnyreil OJHON U3 TaKuX MOMpPaBOK sBisieTcs ckaap ['aycca — bonne,
HEMUHUMAJIbHOE B3aWMOJICHCTBHE KOTOPOTO CO CKAJSIPHBIM MoJjieM (MH-
(b1aTOHOM) MPUBOAUT K PACXOXKJEHUSM C MPeICKa3aHUSIMU CTaHJAPTHBIX
UHOIAIMOHHBIX MOJeNIe paHHeH BceneHHOM, OCHOBaHHBIX Ha T'paBUTa-
uuu DuHIITeWHa [1, 2].

B nanHoM nokinaze mpejacTaBieH aHalW3 BIMSHUS HEMUHUMAaTbHOU
cBs13u ckajsipa ['aycca — BoHHE M CKaJIIpHOTO TOJIsE HA OCHOBHBIE (DOHO-
Bble TMapaMeTpbl Mofeliell KOCMOJIOTMYECKON WHQISAIUN U MapaMeTphbl
KOCMOJIOTUYECKUX BO3MYIIEHUH, UYTO MO3BOJIIET COIMOCTABUTH JaHHbIE
MOJIETIM C COBPEMEHHBIMHU HAOIIOACHUSIMH aHU30TPOIUU U TOJSIPU3ALIUN
PEIHUKTOBOTO U3TyUYEHUSI.
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Onpenenena mnpoueAypa PEKOHCTPYKUMH IapaMeTpoB TpaBUTALUU
OiiHiureiina — [Maycca — BoHHE Ha OCHOBE M3MEPEHMI XapaKTEPUCTUK Pe-
JIMKTOBBIX T'PABUTALIMOHHBIX BOJIH. O6Cy)KI[a€TC$I POJIb HETIOCPECACTBCHHOT'O
JIETEKTUPOBAHUS PEIMKTOBBIX TPABUTALIMOHHBIX BOJIH IMPU MOCTpoeHUH (e-
HOMEHOJIOTUYECKU KOPPEKTHBIX KOCMOJIOIMYECKUX MO/IEIICH.

Paboma evinonnena npu noooepowcke I panma PODOU 19-29-11015 mx.
Jluteparypa

1. Fomin I.V. Cosmological Inflation with Einstein — Gauss — Bonnet Gravity. Phys.
Part. Nucl., 2018, vol. 49, no. 4, p. 525.

2. Fomin L.V., Chervon S.V. Reconstruction of general relativistic cosmological solu-
tions in modified gravity theories. Phys. Rev. D., 2019, vol. 100, no. 2, p. 023511.

Gravitational waves in models of early universe based
on EGB-gravity

© L.V. Fomin*, V.O. Gladyshev, V.L. Kauts

Bauman Moscow State Technical University, Moscow, Russia
*E-mail: ingvor@inbox.ru

Abstract. Inflationary models of the early universe based on the Ein-
stein—Gauss—Bonnet theory of gravity are considered. The relationship
of this modification of Einstein's theory of gravity with the characteristics
of relict gravitational waves is considered as well.

Keywords: gravitational waves, early universe, modified gravity theories.

At present, various modifications of Einstein gravity are used to con-
struct consistent models of the evolution of the universe. The basis for
constructing cosmological models using modifications of general relativity
is taking into account quantum corrections to Einstein theory of gravity.
The geometric interpretation of one of such corrections is the Gauss—
Bonnet scalar, whose non-minimal coupling with a scalar field (inflaton)
leads to deviations with the predictions of the standard inflationary models
of the early universe based on Einstein gravity [1, 2].

This report presents an analysis of the influence of the non-minimal
coupling of the Gauss—Bonnet scalar and the scalar field on the main
background parameters of cosmological inflation models and parameters
of cosmological perturbations, which makes it possible to compare the
model data with modern observations of the CMB anisotropy and polari-
zation.

The procedure for reconstructing the parameters of Einstein—Gauss—
Bonnet gravity based on measurements of the characteristics of relict gravi-
tational waves is also determined. The role of direct detection of relict
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gravitational waves in the construction of phenomenologically correct
cosmological models is discussed.

This work was supported by the grant RFBR 19-29-11015 mk.
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O BO3MOKHOCTH MOJIYYEHHSI CTOSTYUX ITPABUTALIMOHHBIX
BOJIH B OIITHYECKOM pe3oHaTOpe

© 10.A. Xpubkora*, B.B. ®unaros

MI'TY um. H.D. baymana, Mocksa, Poccust
*E-mail: yulia.hribkova@mail.ru

AHHOTaNUA. YCTaHOBJIIEHO, YTO TOJIE€ CTOSYEH BIEKTPOMArHUTHOU
BOJIHBI B ONTHYECKOM PE30HATOPE MCKPHUBIISIET METPUKY MPOCTPAHCTBA —
BPEMEHHM TaKUM 00pa3oM, YTO BHYTPH pe30oHATOpa (GOPMUPYETCS CTOSJAst
I paBI/ITaLII/IOHHaSI BOJIHA. Pe?)y.HBTaT TIO3BOJISICT ITOJIOKUTCIIBHO pa3peu11/m>
BONPOC O BO3MOXKHOCTH OTKJIOHEHHUSI CKOPOCTH PaCIpOCTPaHEHUS TpaBUTa-
IIMOHHBIX BOJIH OT CKOpOCTI/I CBC€Ta B BaKyyMe.

Knrwuesuwie cnosa: cpasumayusl, MUKpope3soHamop, cmosAa4as 60JIHA.

IIpu BHemIHEM ONTHYECKOM BO30YXIEHHH OJIHOMEPHOIO MHKpPOPE30-
HAaTOpa MOHOXPOMATUYECKUM W3IYyYECHHUEM C JJIMHOM BOJIHBI, IOJIYLETIOE
YHCIIO pa3 yKJIaJbIBAIOUIEHCs BHYTPU PE30HATOpA, B MOCIEAHEM (HOpMHU-
pyeTrcss crosiyas JJIEKTPOMAarHuTHas BOJIHA, KOTOpas, Kak CIELyeT W3
ypaBHEHUH DMHIITEHA A1 0011el TEOPUH OTHOCUTEIBbHOCTH, UCKPUBJIS-
€T METPUKY IPOCTPAHCTBA — BPEMEHHM BHYTPH PE30HATOpA TaKUM 00Opa-
30M, YTO IOPOXKIAAEMOE I'PABUTALMOHHOE I10JI€ ONUCHIBACTCSA JTUHEHHBIM
T depeHIMaIbHbBIM YpaBHEHHEM BTOPOrO IMOPSAJKAa B YaCTHBIX HpPOM3-
BOJIHBIX, MIPE/ICTABISIONIUM cO00i1 BOTHOBOE YpaBHEHHE C KBAJPATUIHBIM
UCTOYHUKOM. Takum 00pa3oM, NMpH yKa3aHHBIX YCJOBUSAX MOPOXKAECHHOE
B PE30HATOPE IPABUTAILIOHHOE IOJIE MPEACTaBiIsIeT OO0 CTOSUYIO Tpa-
BUTALMOHHYIO BOJIHY C HENOJBMKHBIMM y3JIaMH M IIy4YHOCTAMH. Tem ca-
MBIM BONPOC O NPHUHIMIHAIBHOW BO3MOYKHOCTH OTKJIIOHEHUS CKOPOCTH
pacnpoCTpaHEHUs] I'PaBUTALMOHHBIX BOJIH OT CKOPOCTH CBETa B BaKyyMe
pa3peraeTcs NOJ0KUTENBHO.
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On the possibility to get a standing gravitational wave
in an optical resonator

© Yu.A. Khribkova*, V.V. Filatov

Bauman Moscow State Technical University, Moscow, Russia
*E-mail: yulia.hribkova@mail.ru

Abstract. The General Relativity shows a standing electromagnetic
wave in an optical resonator curves the space-time inside the resonator
such a way to form there the standing gravitational wave. This allows to
resolve the problem of a possible deviation for a speed of gravitational
waves from the speed of light in a vacuum.

Keywords: gravitation, microresonator, standing wave.

YucsieHHOe MoAeMpoBaHue (POTOH-APa(OTOHHBIX
OCHWJISIIMH B MEK3BE3IHOM cpele B MPUCYTCTBUH
3JIEKTPOMATHUTHOT'O I0JIA

© I.P. SAnpuxunckas™, B.B. ®unatos

MI'TY um. H.D. baymana, Mocksa, Poccus
*E-mail: daiaanayadr@bk.ru

[IpoBeneHo dHCICHHOE MOJACIUPOBaHUE Tporecca (HOTOH-Tapa-
(OTOHHBIX OCHWJUISIMI B MEXK3BE3IHOM cpefie. Y CTaHOBJIEHO, YTO TIO-
TJIoNIeHKE (U MOCNeayollee UCITyCKaHNe) BUPTyallbHbIX (JOTOHOB B 00Ja-
KaX MEX3BE3THOTO ra3a MPUBOIUT K YCTAHOBJICHUIO TEPMOAMHAMUYECKO-
ro paBHOBeCHs M&X 1y (POTOHHOU 1 mapad)OTOHHOW KOMITOHCHTAMH.

[TapadoroH — akcmoHONOO00HAS YACTHUIIA, 00PA3YIOIIAsACS B PE3YJib-
TaTe HEYNPYToro ABYX(OTOHHOTO B3auMojehcTBuUs y + vy — a. Ilpu pac-
MPOCTPAHEHUHU DJIECKTPOMATHUTHOTO TOJS B MEXK3BE3HOM Cpesie BO3MO-
JKEH TPOLIECC MOTIIOMIEHUS JIEKTPOMArHUTHBIM KBAaHTOM Y BUPTYaJIbHOTO
¢doroHa 7y,;; ¢ 00pazoBaHHEeM MapadoToHa @, KOTOPBIN MO MPOIIECTBUHN HE-
KOTOPOT'O BPEMEHH HCITYCKAET 7,;» M BO3BPAIIACTCS B MCXOAHOE COCTOS-
HUE 7:

Y + Yvit = ad —> Y + Yvirt-

Takum 00pa3oM, B MEX3BE3AHOM Cpefie CIeqyeT 0KUIaTh HEelpephiB-
HBIX (DOTOH-TIapaOTOHHBIX NPEBpAIICHUH, KOTOpbHIE, KaK ITOKAa3bIBAIOT
HAIllM pacyeThl, IPUBOIAT K YCTAaHOBJICHUIO TUHAMUYECKOTO PaBHOBECHS
MexTy (OTOHHOH U mapa)OTOHHON KOMIIOHEHTAMH.

Knroueswie cnosa: memnas mamepus, napagomon, pomou-napagomou-
Hble OCYUIAYUU, PABHOBeCUe.
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Numerical simulation for the photon-paraphoton
oscillations in the space at the relic background

© D.R. Yadrikhinskaya*, V.V. Filatov

Bauman Moscow State Technical University, Moscow, Russia
*E-mail: daiaanayadr@bk.ru

Abstract. We simulated the photon-paraphoton oscillations by the vir-
tual photon uptake and its subsequent emission into an interstellar space.
The results show, there is a dynamic equilibrium between photons and
paraphotons.

Keywords: dark matter, paraphoton, photon-paraphoton oscillations,
equilibrium.

1.3. MaTtemaTtuyeckoe mogenMpoBaHue U aHanus

Pyxosooumenu: n-p texH. Hayk, npod. H.U. Cunnsies,
n-p texH. Hayk npod. C.H. Casnun

YnpapjieHue HeCTAMOHAPHBIM TeMIIEPATYPHBIM I0JIeM
B KPMOJIUTO30HE

© H.U. Cunusesn

MI'TY um. H.D. baymana, Mocksa, Poccus
E-mail: Sidn_ni@mail.ru

N3noxeHs! BOIIPOCBI HAACKHOCTH TCOTCXHUYCCKUX COOPY)KCHHfI
C HCIOJIBb30BAHHUEM CE30HHBIX OXJIAXKIAIONIMX YCTaHOBOK, SKCILTyaTHPYIO-
HUXCA B CIOKHBIX KIIMMATHYCCKUX YCJIOBUAX C COOTBGTCTBYIOIHCﬁ reoj1o-
THUYECKOW CpeIoH, MPeICTaBICHHON BEUHOMEP3JIBIMU IPyHTaMU APKTUKH.

HpOFHO3I/IpOBaHI/I€ TEIIJIOBOT'O B3aI/IM0I[eI\/JICTBI/Iil T'COTCXHUYCCKHUX CO-
OpY>KEHHII ¢ MHOTOJIETHEMEP3JIBIMUA TPYHTAMU SIBISETCS OJHOM U3 Hanbo-
Jee CIOXHBIX 3afad. Pa3paboTku 3Toil mpoOsieMbl OCHOBaHbI, INIABHBIM
00pa3oM, Ha MPEANOI0KEHUN O CTAIIHOHAPHOCTH Tpoliecca Terioo0MeHa 1
He 00ecneunBarOT HEOOXOAUMYIO TOUYHOCTh MPOTHO3a, OCOOEHHO B Iepe-
XOJHbIE Tepuoabl roga. Ha ocHOBaHMM NaHHBIX HATYpPHBIX HAOIOICHUI
N MaTEMAaTHYCCKOro MOACIMPOBAHUA JOJIKHBI OLITh YCTAHOBJICHBI BJIIMSIHUC
CHelHMaNbHBIX CTPOUTENBHBIX PAa0OT HAa W3MEHEHHE TC€OKPHUOJOTHUECKUX
YCJIOBUW M OOIIME TEHACHIIUU 3TUX W3MEHEHUN; OCOOCHHOCTH TEIUIOBOTO
B3aUMOJICHCTBHS TOA3EMHBIX YYaCTKOB F€OTEXHUUYECKUX COOPY>KEHUH crie-
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[IUATLHOTO HAa3HAYCHHS C TPYHTaMH, BBI3BAaHHBIC M3MEHEHUSIMH TeMIIepa-
TYphl B HA/I3EMHBIX y4acTKaX, a Takke pa3padoTka (pU3HUECKUX U MaTeMa-
TUYECKUX MOJIENICH Ui ompeeNieHus] TyOuHbI MPOTanBaHUs. 3aada co-
CTaBJIEHUs] TPOrHO3a (OPMYJIHPYETCS KakK OIpeaesieHue HW3MEHEHH
TEMIIEPATYPHOTO0 PEXKMA, IUIOLIAJHOIO PAaCHpPOCTPAaHEHHUs, MOIIHOCTH M
BEPTUKAJIBHOTO CTPOEHHSI BEYHOMEP3JIbIX I'PYHTOB, CE30HHOTO M MHOTO-
JIETHETO IPOMEP3aHusl TPYHTOB, UX TEMIIEPATYPHO-IPOYHOCTHOTO COCTOS-
HUS U CBOMCTB B CBSI3U CO CTPOUTEIHCTBOM KOHKPETHBIX OOBEKTOB BOCHHO-
IO CHEUUAIbHOIO HAa3HA4YEHHS M COOPYKEHHM B Ka)KAOM MHUKpOpaiioHe
IJIOIIAJIKK, & TAaKXE MPUPANICHUN CEHCMUYECKOW WHTEHCHUBHOCTU 3THX
MUKpPOPAaOHOB B U3BMEHEHHBIX MEP3JIOTHBIX YCIOBHSIX.

B Hactosmiee Bpemsi pa3paboTaHO HECKOIBKO BHUIOB CE30HHO-JIEHCT-
BYIOILIUX OXJIAKIAIONIMX YCTPOUCTB (cokpamienno COYVY), a Takxke psig Mo-
Judukanui. JlaHHast cuctemMa COCTOUT U3 IByX OCHOBHBIX 3JIEMEHTOB:

1) oxnmaxxgaromux Tpyo — 3TO pa3MelIeHHass B OCHOBAHUU COOPYXKe-
HUS UcHapuTenbHas yacTb. Oxyaxaaromue TpyObl CiIyxaT JUIsl LUPKYJIs-
LIUY XJIa/lar€HTa U 3aMOPAa’KUBAaHUs TPYHTA;

2) KOHAEHCATOPHOTO OJ0Ka, PACIOJIOKEHHOIO HaJl MOBEPXHOCTHIO
IPyHTa U COEAUHEHHOIO C UCHapuTeNbHOM YacThio. [IpeaHasHaueH st
KOHJICHCAllUM TAapOB XJIaJareHTa W MEepeKauyku €ro Mo CHUCTEME 3a CYET
€CTECTBEHHOM KOHBEKLIMHU U CHJIbl TSHKECTU. XJIaJlar€HT CHUCTEMBbl —
aMMUaK WM YIJIEeKUCIIOoTA.

Oco0eHHOCTBIO CUCTEMBI SIBISIETCSI BO3MOXHOCTh OCYIIECTBIISTh ITy-
OMHHOE 3aMOpakMUBaHHUE TPYHTOB B CAMbIX HEJAOCTYIHBIX MECTAaX WJIHM TEX
MecTax, TJle pa3MelleHne HaJA3EMHBIX 3JIEMEHTOB HEXKEIaTeIbHO WU He-
BO3MOXXHO, TaK KaK BCE OXJIQXKJAIOLIUE AJIEMEHTHI PACIHOJIOKEHBI HIKE
MOBEPXHOCTU TPYHTA, & KOHJCHCATOPHBIN OJIOK MOXET ObITh BHIHECEH Ha
yaajeHue ot coopyskenust 10 70 M. HazHauenue cuctembl — mojaepxa-
HUE 33JaHHOTO TEMIIEpaTypHOrO0 pEXKMMa BEYHOMEP3JIbIX TIPYHTOB U
yCTpaHEHUE HEMPEIBUICHHBIX TEIUIOBBIACICHUN Mo pyHIaMEeHTaMH pas-
JUYHBIX COOPYXEHHUH: pe3epByapoB odosemom 1o 100 000 M°, aBTOMO-
OWIBHBIX U keNe3HbIX Jopor (mo 1000 M), 3maHuii ¢ TOaMH IO TPYHTY
mupuHor 10 120 m.

NnauBuayanbHble TEPMOCTAOMIU3aTOPhl MpeJHA3HAYCHBI I 3aMO-
paKMBaHUS TaJbIX M OXJAXKIEHUS IUIACTUYHOMEP3JbIX TPYHTOB O] 3/1a-
HUSIMU C TPOBETPUBAEMBIM IOANOILEM U 0€3 Hero, 3crtakagamu TpyOo-
MPOBOJIOB, JIMHUN 3NIEKTPONEpPEaaun U IPYTUMH COOPYKEHUSMU C LIETBI0
MOBBIIICHHS MX HECYyIlel CIOCOOHOCTH U MPEIyTNPEekKACHUS BHITyUNBaHUS
cBail.

TepMocTaOunu3aToOphl YCTAHABIMUBAIOTCS B TPYHT BEPTHKAIBHO JHOO
HaKkJIOHHO. OHU TPEACTaBISAIOT COOOW HHIWBUAYATbHYIO OJHOTPYOHYIO
KOHCTPYKLHUIO C IIeIbHOMETAUTMUECKUM KOPITyCOM, 3alpaBiICHHYIO XJIaJ-
areHToM: YIIeKUCIOTON nin aMMuakoM. OO1iast JuinHa TepMOCTa0uIn3a-
topa 15...30 M. BeicoTa Ha3eMHOI KOHIEHCATOPHOM YacTH C aJllOMUHUE-
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BbIM opeOpeHueM 10 3 M. McmaputenbHas 4acTh T€pMOCTaOMIM3AaTOpa
HaXOAUTCS B TPYHTE U UMEET 3alIUTHOE OLIMHKOBAHHOE MOKPBITHUE.

I'my6unnsie COY mpenHa3zHayeHbl IJIs 3aMOPAXUBAHHS M TeMIIEpa-
TYpHOH cTaOmIM3aly TPYHTOB IUIOTHH, YCThEB CKBAXHH TIyOHMHON 10
100 M st obecniedeHusT MX AKCILTyaTalMOHHONW HAJSKHOCTU. DTO CE30H-
HO-JICUCTBYIOIIEE OXJIaXKIAIOIIee YCTPONCTBO MPEACTABISAET COOOU rep-
METHUYHYIO HEPa3beMHYIO CBApHYIO0 KOHCTPYKIIMIO, 3alpaBICHHYIO XJiaja-
reatoMm. ['myOmHa moa3zemMHol dactu Oosnee 23 M. B Hacrosmee Bpems
pa3zpaboTaHbl U MPUMEHSIOTCS CIIEIYIONINE U3/IEHs, @ UMEHHO:

epynnosvle COY, cocTosiue U3 HECKOJbKUX WHIAWBHAYAJIBHBIX TEp-
MOCTa0MIIM3aTOPOB, KaXAbld M3 KOTOPHIX 3aMOPa’KMBAET CBOM T'OPH30H-
Thl. OnpoOoBaHbI JIB€ PazHOBUIHOCTH TpymnmoBbix COY: momHON 3aBO-
CKOM TOTOBHOCTH C TIOJMATHJICHOBOM BCTAaBKOW M 0OIIeH TIIyOMHOM
3aMopaxkuBaHus 10 50 M U 1eIbHOMETAJUTMYECKHE C TOJIEBBIM MOHTaXKOM
1 o01elt TiryornHOM 3amopakuBanus 10 20 M, XJIaJareHT — aMMHaKk;

konekmopHvle COY, ¢ OMOILIBIO KOJJIEKTOpa COEAMHEHHBIE C arma-
paToM BO3AYIIHOTO OXJIAXACHHS, B KOTOPOM OOIyB OpPEeOpEeHHBIX TpyO
MPOU3BOJIUTCS C TIOMOIIIbIO BEHTUIATOPOB. [IpuHYyIUTENbHBIN 001yB BO3-
yXa OpeOpeHHBIX TPyO MO3BOJISIET B CaMble MOPO3HBIE OE3BETPEHHBIE Tie-
PHOJIBI, CBOMCTBEHHBIE, HATPUMED, TSl SIKyTHH, 3HAUUTEIHLHO YBEIUYUTh
TEII000MEH U MOIYYUTh TEMIIEPATypy 3aMOpPaXUBAIOIINX TPYO, MPaKTH-
YECKH paBHYIO TEMIIEpaType Hapy>KHOTO BO3ayxa. Takas cucrema mpe-
Ha3HayeHa /i MHTEHCHUBHOTO TMEPBOHAYAILHOTO MPOMOPAXKUBAHUS H
JANbHEUIIET0 SKOHOMHYHOTO TMOAEPKaHUS MOTYYEHHOU MEp3NI0il 30HBI
TpyHTA.

WneanbubiM xmanarenToMm s rnyOuHHBIX COY sBnsieTCS YIJIEKHC-
JI0Ta, OHA 3aMOJIHSAET BCIO MpoMopaxuBaemyto BeicoTy COY, a HHTEHCHB-
Hasl [UPKYJSIUS XJaJareHta oOecreuynBaeTcs MPUMEHEHHEM CIelUalb-
HBIX BHYTPEHHUX yCTPOMCTB.

B HacTosiiiee BpeMsi BBISIBJICHO, YTO HHXKEHEPHO-T€OKPHOIOTUYECKHE
YCIIOBHSI CTPOUTENBCTBA SBISIOTCS OUYEHBb CIOXKHBIMHU 33 CUET 3aCOJICHHO-
CTH, 3aTOp(OBAHHOCTU U JBIUCTOCTH TPYHTOB, & TaK)KE HAIMYHS IJIACTO-
BBIX JIbJIOB. Hecyiasi cnocoOHOCTh TaKUX TPYHTOB B MPHUPOTHOM COCTOSI-
HUH SIBJISICTCS. OYEHH CNIA00N M 3HAYUTENEHO CHIDKACTCS MPH TMOBBIMICHHH
TeMIepaTypbl TpyHTOB. [I0CKONIBKY B Mpollecce MOHTaXKa CBail OypooITyCK-
HBIM CIIOCOOOM B IPYHTHI OCHOBAHUS TIOCTYIIAET 3HAYUTEIHHOE KOTHYECTBO
TEIUIa, TO MPOUCXOAUT PE3KOE MOBBIIICHUE TEMIIEPATYp TPYHTOB U CHIKE-
HUE HECYIIeH CIOCOOHOCTH CBail. BocCTaHOBUTH TeMIEpaTypHOE COCTOSI-
HUE TPYHTOB, a B JAJIbHEUIIEM MOHU3UTh WX TEMIIEPaTypy U HaJEKHO
00eCTIeYuTh HECYIYI0 CIIOCOOHOCTh IPYHTOB BO3MOXHO TOJBKO IIPH MPH-
MEHEHHUH CE30HHO-0XJIAXKIAIOIINUX YCTPOUCTB.

NHxeHepHO-TeOKPUOIIOTMUYECKUE YCIOBHS CTPOUTENLCTBA XapaKTepHU-
3YIOTCSl TAaK)K€ KaK OYEHb CIIOKHBIE, MOCKOJIbKY B OCHOBAaHUU 3aJIEraroT
3aCOJICHHBIE TPYHTHI, TOp U jen. B ocHoBaHWM 37aHHS aBapUKHO-
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criacaTesIbHOM CIryKO0bl (24%76 M), rie Ha 3HAUUTENbHOM IUIOIAAN OCHO-
BaHUs 3ajeraer JieJ, NPUMEHEHbl TOPU30HTAJIbHBIE M BEPTUKAJIbHBIC
cUCTeMbl. B 1ensX MCKIIOYEHHUs IUIaCTUYHO-BPEMEHHBIX aedopMariuid,
3aJIETal0IUX B OCHOBAaHUM IUIACTOBBIX JIBAOB, NPEMJIOKEHO BBIIOJIHUTH
pacnpeielieHue Harpy3oK OT TSDKEJIO Harpy)KEHHOM IOKapHOM TEXHUKH
IyTEM Pa3MEILLEHUS B OCHOBAHUU I€OPEIIETKH C LIEMEHTHO-IIECYaHbIM 3a-
nosiHuTeseM. HanexKHoCTh TeMIepaTypHOro pexumMa JeI0rpyHTOBBIX OC-
HOBaHUI oOecreynBaeTcsi 00s3aTEIbHBIM Pa3MEIICHUEM B OCHOBAaHUSX
JIOTIOJTHUTEBHBIX PE3EPBHBIX TPYO, K KOTOPHIM MPHU HEOOXOIUMOCTH MO-
I'yT OBITh OJKITIOUEHBI CEPUITHO-BBITYCKa€MbIE€ XOJIOAUIbHBIC MAIIIHHBI.
st ananu3a GOpMHPOBAHUS OPEOJia OTTAUBAHUS BOKPYT MOJA3EMHBIX
00BEKTOB MPOBOAUTCS pacueT AMHAMUKU TPEXMEPHOTO TEMIIEPAaTypHOTO
noJisi B TeueHue 50 JieT u coneprkaHus He3aMmep3liel Biaru B rpyHre. llpu
3TOM paccMaTpuBaeTCs Haubojee OMacHbI Cilydail, KOraa 4acTh COOpy-
JKEHUs JIKUT Ha TpaHuULle pa3jena OA3EMHOIO JIbJa U TPYHTOB C HU3KUM
COZIepKaHUEM JibJa. B mporpaMMe Ha OCHOBaHMM JaHHBIX 10 UHKEHEPHO-
Ie0JIOTMYECKUM U3BICKAHMAM BOCCTaHABIUBACTCS TPEXMEPHASI T€OMETPUS
HUHXEHEPHO-TEOJIOTMYECKOr0 CTPOCHUs TPYHTOB, a TaKXKE CO3/1aeTCs Ieo-
MeTpus coopykeHus. Cienyer OTMETUTh, YTO T€OMETPHUSl COOPY KEHHUS
UMeeT U3rHObI Kak M0 OCU Z, TaK U M0 OCH Y, IPU 3TOM HEKOTOPBIE yUacT-
K 00BEKTa MPOXOAT Yepe3 MOJA3EMHBIC JIbJbl. VI3MeHEeHHEe OTHOCHTEb-
HOT'O COJEp KaHUs He3aMep3lIed BOJbI B 3aBUCUMOCTH OT TEMIIEPATYpHI
JUIsl pa3iM4YHbIX THUIIOB IPYHTOB 3a/1a€TCsl B Iporpamme B TaOJIMYHOM BH-
ne. Ha rpanune obmactu MOJEIMpOBaHMs 3aJal0TCS TPAaHUYHBIE YCIIOBHS.

Knrouesvie cnosa: memnepamypa, KpuoaumosoHa, HeCmayuoOHApHOCHb,
NPO2HO3, YNpaesieHue, pacyen.
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Control of a non-stationary temperature field
in the cryolithozone

© N.I. Sidnyaev

Bauman Moscow State Technical University, Moscow, Russia
E-mail: Sidn_ni@mail.ru

The report describes the issues of reliability of geotechnical structures
using seasonal cooling units operating in difficult climatic conditions with
the corresponding geological environment represented by permafrost soils
of the Arctic.
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Forecasting the thermal interaction of geotechnical structures with
permafrost is one of the most difficult tasks. The development of this
problem is based mainly on the assumption that the heat exchange process
is stationary and does not provide the necessary accuracy of the forecast,
especially during the transition periods of the year. Based on the data of
field observations and mathematical modeling, the influence of special
construction works on changes in geocryological conditions and General
trends of these changes should be established; features of thermal interac-
tion of underground sections of special-purpose geotechnical structures
with soil caused by temperature changes in aboveground sections; devel-
opment of physical and mathematical models for determining the depth of
thawing. The task of making a forecast is formulated as determining
changes in the temperature regime, area distribution, thickness and vertical
structure of permafrost soils, seasonal and long-term freezing of soils,
their temperature and strength state and properties in connection with the
construction of specific military special-purpose objects and structures in
each microdistrict of the site, as well as increments in the seismic intensity
of these microdistricts under changed permafrost conditions.

Currently, several types of seasonally active cooling devices have
been developed; the sow has been reduced, as well as a number of modifi-
cations. This system consists of two main elements:

1) cooling pipes are the evaporative part located at the base of the
structure. Cooling pipes are used to circulate the refrigerant and freeze the
ground;

2) a condenser unit located above the ground surface and connected to
the evaporation part. Designed for condensing refrigerant vapors and
pumping it through the system due to natural convection and gravity.

The system's refrigerant is ammonia or carbon dioxide.

A special feature of the system is the ability to perform deep freezing
of soils in the most inaccessible places or in places where the placement of
aboveground elements is undesirable or impossible, since all cooling ele-
ments are located below the ground surface, and the condenser unit can be
removed from the structure up to 70 m. The purpose of the system is to
maintain the set temperature regime of permafrost soils and eliminate un-
expected heat release under the foundations of various structures: reser-
voirs with a volume of up to 100,000 m’, roads and railways (up to
1000 m), buildings with ground floors up to 120 m wide. Individual heat
stabilizers are designed for freezing thawed and cooling plastic-frozen
soils under buildings with and without ventilated underground, overpasses
of pipelines, power lines and other structures in order to increase their
load-bearing capacity and prevent bulging piles.

Heat stabilizers are installed in the ground vertically or obliquely.
They are an individual single-tube structure with an all-metal body, filled
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with a refrigerant: carbon dioxide or ammonia. The total length of the heat
stabilizer is from 15 to 30 m. The height of the ground condenser part with
aluminum fins is up to 3 m. The evaporative part of the heat stabilizer is
located in the ground and has a protective galvanized coating.

Deep DSS are designed for freezing and temperature stabilization of
dams and wellheads up to 100 m deep in order to ensure their operational
reliability. This seasonally active cooling device is a sealed, all-in-one
welded structure filled with refrigerant. The depth of the underground part
is more than 23 m. Currently, the following products are developed and
used, namely:

Group of SOU. Group sous consist of several individual heat stabi-
lizers, each of which freezes its horizons. Two types of group SDS were
tested: full factory readiness with a polyethylene insert and a total freezing
depth of up to 50 meters, and all-metal with field installation and a total
freezing depth of up to 20 meters, the refrigerant is ammonia;

Collector sous are connected to an air-cooling device using a collec-
tor, in which finned pipes are blown using fans. Forced air blowing of
finned pipes allows you to significantly increase heat exchange in the
frostiest windless periods, typical, for example, for Yakutia, and get the
temperature of freezing pipes almost equal to the temperature of the out-
side air. This system is designed for intensive initial freezing and further
economical maintenance of the resulting frozen ground zone.

Carbon dioxide is the ideal refrigerant for deep-water DSS, it fills the
entire frozen height of the DSS, and intensive circulation of the refrigerant
is provided by the use of special internal devices.

Currently, it has been revealed that the engineering and geocryological
conditions of construction are very difficult due to salinity, stagnation and
iciness of the soil, as well as the presence of reservoir ice. The bearing ca-
pacity of such soils in the natural state is very weak, and significantly de-
creases with increasing soil temperature. Since a significant amount of
heat enters the ground of the base during the installation of piles by drill-
ing, there is a sharp increase in soil temperatures and a decrease in the
load-bearing capacity of the piles. It is possible to restore the temperature
condition of the soil, and then lower its temperature and reliably ensure
the bearing capacity of the soil only when using seasonal cooling devices.

Engineering and geocryological conditions of construction are also
characterized as very complex, since saline soils, peat and ice lie at the
base. Horizontal and vertical systems are used at the base of the emergen-
cy service building (24x76 meters), where a large area of the base is cov-
ered with ice. In order to exclude plastic — time deformations that occur
at the base of reservoir ice, it is proposed to distribute loads from heavily
loaded fire equipment by placing a geogrid with a cement-sand aggregate
at the base. The reliability of the temperature regime of ice-ground bases
is ensured by the mandatory placement of additional backup pipes in the

Hnuorcenepnotit scypnan: nayka u unnosayuu # 3-2021 105



DynoamenmanvHvie u npuKkIaouvle 3adaqu mexanuku. Mamepuanv kongpepenyuu. Yacmo 1

bases, to which, if necessary, mass-produced refrigerating machines can
be connected.

To analyze the formation of a thawing halo around underground ob-
jects, the dynamics of a three-dimensional temperature field over 50 years
and the content of unfrozen moisture in the ground are calculated. In this
case, the most dangerous case is considered when part of the structure lies
at the interface between underground ice and low-ice soils. In the pro-
gram, based on data from engineering and geological surveys, the three-
dimensional geometry of the engineering and geological structure of soils
is restored, as well as the geometry of the structure was created. It should
be noted that the geometry of the structure has bends along both the Z and
Y axes, and some sections of the object pass through underground ice. The
change in the relative content of unfrozen water depending on the temper-
ature for different types of soils is set in the program in tabular form.
Boundary conditions are set at the boundary of the modeling area.

Keywords: temperature, cryolithozone, unsteadiness, forecast, control,
calculation.
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MaTtemaTH4ecKkoe MoIeTHPOBAHUE MPOIECCOB
TenjionepeHoca B Tpexga3sHoM MaTepuae
C MOTJIOIIAIIIMMH NMPOHUKAIOIIee H3JTyYeHne BKIIOYEeHUSIMH
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Annotanus. [Ipeanoxena Maremaryeckasl MOZIENb MPOLECCa TEILIONE-
peHoca B Tpex$azHOM MOPUCTOM MaTepHale, COAEpIKalleM HOTJIOMIAIONIIe
NPOHUKAIOIIEE U3TyUYeHNEe BKIIOUEHHS B BUJIE 1IAPOBOTO CJ0s (peryJssipHast
A4encTas cxema). Peanusyemas MateMaTudeckasl MOJEIb IPEICTABIISET CO-
001 cMmelIaHHyIO 3a/ady AJsl CUCTEMbl YpaBHEHMH B YaCTHBIX MPOM3BOJ-
HBIX BTOPOTrO MOpSAJKa NMapabOJIMUecKOro THUMA MPH HAJIUYHUU TEIUIOBOTO
UCTOYHUKA B cucreMe. OTMEUYEHb! TPYyJIHOCTH, BO3HUKAIOIINE IIPU aHAJIM-
TUYECKOM PELIEHUHU PACCMATPUBAEMON 3a1a4 C IPUMEHEHUEM UHTETPAIIb-
Horo mpeoOpaszoBanus Jlamnaca mo BpeMeHHOM nepeMeHHou. [liig mpeomo-
JIEHWs BO3HHUKIIMX TPYJHOCTEM C UCIOJb30BaHUEM OOLIEH Teopuun
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UHTETPAIbHBIX Tpeo0pa3oBaHUil pa3padOTaHO KOHEYHOE HHTErPALHOE
npeoOpa3oBaHue IO MPOCTPAHCTBEHHOW MEPEMEHHOW IS MHOTOCIOWHOM
obnactu. Ero npuMeHeHue mo3BosseT MPEACTaBUTh HICKOMOE TEMIIEpaTyp-
HOE 10J1e 00BEKTa UCCIIEOBAHUI B aHAIMTUYECKH 3aMKHYTOM BUJIE.

Knroueswie cnosa: mpexgasnuviii mamepuan, nazepHoe uznyuenue, nocuo-
warnwue BKIOYEHUs 8 8UOe UWAPOBO20 ClOs, MeMnepamypHoe noie, UH-
mezpanbHoe npeobpazoeaHue.
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Mathematical modelling of heat transfer in three-phase
with penetrating radiation absorbing inclusions
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Abstract. A mathematical model of heat transfer in a three-phase po-
rous material containing penetrating radiation absorbing inclusions in a
form of spherical layer (regular cellular scheme) is proposed. The imple-
mented mathematical model is a mixed problem for a system of equations in
second-order partial derivatives of parabolic type in the presence of thermal
source in the system. Difficulties arising in the analytical solution of the
problem under consideration with application of Laplace’s integral trans-
formation by time variable are noted. A finite integral transformation over a
spatial variable for multilayer region has been developed to overcome the
difficulties encountered using general theory of integral transformations. Its
application allows to represent the desired temperature filed of the research
object in analytically closed form.

Keywords: three-phase material, laser radiation, absorbing spherical
inclusions, temperature field, integral transformation.
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Pa3pa0oTka u uccjieoBaHNe MATEMATHYECKUX MoJeJIei
U AJITOPUTMOB YIIPABJIEHHS MIPOLIECCOM CeNapUPOBAHMS
CHINMYYHX MATEPHAJIOB

© B.T'. baropemenckuii*, A.E. KpacuoB, M.M. bnarosenieHnckas,
C.J. CaBoctun

MI'VIIII, Mocksa, Poccust
*E-mail: bvgl1996@mail.ru

AHHOTanus. AHanu3 Tpollecca CemapupoBaHUs TOKa3ad, uTo AaH-
HBI OOBEKT SBJISETCSI MHOTOMEPHBIM, CTOXAaCTUYECKUM, HEIMHEUHBIM U
o0JasaeT psAaOM MPOYHMX «HEYMOOHBIX» CBOWMCTB. st co3manms s¢dek-
TUBHBIX CHUCTEM YIIPABIICHUSI TaKUMHU OOBEKTaMH TpeOyeTcsl pa3BUBAThH
METOJIbI MX UACHTH(PHUKAIIUHU, CO3/IaHUsI ONIEPATUBHBIX alTOPUTMOB YIIPaB-
JICHUSI, peaTnu3yeMbIX MPOrpaMMHO-AINMapPaTHEIMU KOMIUIeKcamu. Paspa-
0O0TaHBI M UCCIIEIOBAHBI MAaTEMaTHUYECKHE MOJIENIN MPOIIECCOB CEMapHupo-
BaHUS Pa3IMYHBIX CHIMYYHUX MaTEpPHUaJIOB M aJTOPUTMOB HJIEHTU(UKALNUN
3TUX mporeccoB. Ha ocHOBe MOIyueHHBIX Pe3ysIbTaTOB pazpaboTaH airo-
PUTM TIPUHSTHS PEIICHUH HHTEIUICKTYaIbHOH MPOTrpaMMHO-AIIIapaTHON
CUCTEMOH YIIPABIICHUS.

Knwuesvie cnosa: mamemamuueckas MO()@JZb, anizopummbsl ynpaejleHusl,
cenapupoeanue coulny4ux mamepuanlos.

Development and research of mathematical models
and control algorithms for the separation
of bulk raw materials

© V.G. Blagoveshchensky*, A.E. Krasnov, I.G. Blagoveshchensky,
S.D. Savostin

Moscow State University of Food Production, Moscow, Russia
*E-mail: bvg1996@mail.ru

Abstract. Analysis of the separation process showed that this object is
multidimensional, stochastic, nonlinear and has a number of other “incon-
venient” properties. The creation of effective control systems for such ob-
jects requires the development of methods for their identification, the crea-
tion of operational control algorithms, implemented by software and
hardware systems. Mathematical models of separation processes of vari-
ous bulk materials and algorithms for the identification of these processes
have been developed and investigated. Based on the results obtained, an
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algorithm for making decisions by an intelligent software and hardware
control system was developed.

Keywords: mathematical model, control algorithms, separation of bulk
materials.

MaremaTH4ecKoe MOIeTHPOBaHNE MPoIlecca
MPOU3BO/JCTBA XAJIBbI

© B.I'. bnarosemenckuii®*, A.E. Kpacnos, 1.I'. biarosemenckuit

MI'VIIII, MockBa, Poccust
*E-mail: bvg1996@mail.ru

AnHoTanms. MccinoBana npobiemMa HECTallMOHAPHOCTH I1apaMeTpOB
NOCTYMAIOLIETO ChIPhS HA KaueCTBO TOTOBOM NMPOAYKIHMU B IPOIECCE IPO-
U3BOJCTBA XanBhbl. [IpeanoxeH amanTWBHBIA MOAXOA K WACHTH(UKAIH
9THX mpoueccoB. 1loka3aHo, 4TO pelleHue AAaHHOW 3alayd OCHOBAHO Ha
NPUMEHEHHH JIOKAJIbHON MISHTU(UKAIINY B 33/1a9aX MOCTPOCHUSI MOJIETIeH
TEXHOJIOTUYECKUX MPOLIECCOB B pealbHOM MacIiTabe BpeMEHH C UCIOIb30-
BaHMWEM B JAJIBHEHIIEM 3THUX MOJENEH U1 CO3LaHMs MHTEIUIEKTYalbHBIX
CHCTEM aBTOMAaTHUYECKOIO0 KOHTPOJIS ¥ MPOTHO3UPOBAHUS KaueCTBa TOTOBOU
XaJIBBI HAa BCEX 3Tallax €€ IPOU3BOJCTBA C BO3MOKHOCTBIO OIEPATUBHOIO
YIPaBJIECHUS XOJIOM 3THUX IpoueccoB. [lomyueHsl cTpyKTypHO-IapaMeTpu-
YECKHME M MATEMAaTUYECKUE MOJEIHM OCHOBHBIX 3TAallOB IIPOLIECCOB IPOU3-
BOJICTBa XaiBbl. Ha OCHOBE MOJyYEHHBIX PE3yJbTaTOB pa3paboTaH alro-
PUTM IPHUHATHS PELICHUA MHTEIUIEKTYaJIbHOM CUCTEMOM IIPH aBTOMaTH4Ye-
CKOM KOHTPOJIE ¥ JUCIIETYEPCKOM YIPABICHUU MPOLIECCAMH MPOU3BOICTBA
XaJIBBI.

Knroueewvie cnosa: mamemamuuecxas MO@QJlb, udeHmuqbuKauuﬂ npoyec-
coe6, xajea.

Mathematical modeling
of the sunflower halva production process

© V.G. Blagoveshchensky*, A.E. Krasnov, 1.G. Blagoveshchensky

Moscow State University of Food Production, Moscow, Russia
*E-mail: bvg1996@mail.ru

Abstract. The problem of non-stationarity of parameters of incoming
raw materials on the quality of finished products in the production of halva
is investigated. An adaptive approach to the identification of these pro-
cesses is proposed. It is shown that the solution of this problem is based on
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the use of local identification in the tasks of constructing models of tech-
nological processes in real time with the use of these models in the future
to create intelligent systems for automatic control and predicting the quali-
ty of finished halva at all stages of its production with the possibility of
operational control of the course of these processes. Structural-parametric
and mathematical models of the main stages of halva production processes
have been obtained. Based on the results obtained, an algorithm for mak-
ing decisions by an intelligent system was developed for automatic control
and dispatch control of technological processes of halva production.

Keywords: mathematical model, process identification, halva.

Mogaeab cucTeMbl 00pad0TKH BU3YaIbHON HHPOPMALNH

© N.T". bnarosemenckuii*, E.A. Hasolikun, B.I'. bnarosemenckuii

MI'VIIII, MockBa, Poccust
*E-mail: igblagov@mgupp.ru

AHHoTanus. B pe3ynbrare BBIIIOJHEHHBIX UCCIEI0BaHUN pa3zpaboTa-
Ha MOJIeNIb CHCTEMbI 00pabOTKH BU3yalbHOUW MHpopMalmu. OT ucciemye-
MOTO 00BEKTa Ha BXOJ MOJICITH CHCTEMBbI 00pabOTKH BU3yaIbHON HH()OP-
MalUy TMOCTYMAaeT BUJEONOTOK, KOTOPBIM CHayaja BBIIEISETCS B BHUJE
MIOCJIEIOBATENBHOCTH KaapoB ((ppeiimMoB) PpuKCHpOBaHHOW Pa3MEPHOCTH.
3areM IMpOHMCXONT MpeIBapUTeIbHas 00padOTKa MOTYyYEeHHOH OT 00BEKTa
MH(POPMALINH, €0 CETMEHTAIUS, U3BJICUCHUE TPU3HAKOB U TPUHSITHE pe-
HIEHUH. 371€Ch MOTYT MPUMEHSATHCS TPAAUIIMOHHOE KOJIMYECTBO OJIHOPOJ-
HBIX CErMEHTOB, Ha KOTOpbIe pa30uBaeTcsi OOBEKT C HCIIOJIb30BAHUEM
IIPUHIUIIA MaKCHUMAJIBHONW alOCTEPUOPHOW BEpOSATHOCTH. IlosyyeHHBIH
IIPY 3TOM Pe3yJIbTAT 3aTeM HCIOIB30BaJICS B Oyoke amamraruu. [Ipemo-
KEHHasl MOJIeTIb CUCTEMBI 00paObOTKH BH3yaIbHOW MH(OpManuu Oblia pe-
anu3oBana B cpene Qt Creator Ha si3pike C++.

Knrouegwie cnosa: mooennv, cucmema 00pabomk, 8U3YAIbHASL UHPOPMAYUSL.

Visual information processing system model

© I.G. Blagoveshchensky*, E.A. Nazoikin, V.G. Blagoveshchensky

Moscow State University of Food Production, Moscow, Russia
*E-mail: igblagov@mgupp.ru

Abstract. Based on the results of the studies performed, a model of
the visual information processing system was developed. From the object
under study, a video stream arrives at the input of the model of the visual
information processing system, which is first selected as a sequence of
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frames (frames) of a fixed dimension. Then there is a preliminary pro-
cessing of the information received from the object, its segmentation, ex-
traction of features and decision-making. Here, the traditional number of
homogeneous segments can be applied, into which the object is divided
using the principle of maximum posterior probability. The result obtained
is then used in the adaptation block. The proposed model of the visual in-
formation processing system was implemented in the Qt Creator environ-
ment in C ++.

Keywords: model, processing system, visual information.

IIpuMeHeHHe MaJAeKHON IPAMMATHKH AJIs1 BBIBOAA
uHGopManuu 13 0236l 3HAHUI IKCIIEPTHON CHCTEMBI
0 KOHCTPYKUMAX JIeTaTeJbHBIX allllapaToB

© 10.1. byrenko, E.E. bonorosa*

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail: bolotovaee@mail.ru

AHHOTanusi. B paboTe pacKkpbIThl OCHOBHBIE NPHHLUIIBI IOCTPOESHHUS
0a3 3HaHUH HKCIEPTHHIX CUCTEM B 00JaCTH aBUALIMOHHOMN MPOMBIIIIEHHO-
ctu. [IpeioskeH TOTUKO-TMHIBUCTUYECKHM MOIX0A K HH(OPMAILIMOHHOMY
MOJIETTMPOBAHUIO MPEIMETHON 00JIaCTU MpHU MPOEKTUPOBAHMU Oasbl 3Ha-
HUM sKcnepTHOM cuctembl. ONMUCaH MEXaHU3M BbIBOJIA MH(OpMAILMK U3
0a3bl 3HAHUN HA OCHOBE MaAEKHON rpamMmmaTuk Y. Oumamopa, I03BOIIs-
IOLIUI ONPENEeNUTh CEMaHTUKO-CUHTAKCUYECKYIO CTPYKTYPY BBIBOAMMOIO
npeioxkenus. [lokazaHo, 4TO MOCPEACTBOM PacCTaHOBKHM OrpaHMUYCHHUH
Ha YUCJIO YYaCTHUKOB CHUTYallUH, KOTOPbIE MOTYT MPUCOECIUHSTDH IJIAro,
MOYHO 00ecTeunTh A3PPEKTUBHBIN BHIBOJ MHPOPMALUHU U3 0a3bl 3HAHUI.

Knrwueswvie cnosa: JKCcnepmHas cucmemda, baza 3H61HMZZ, aemamesbHblil
annapam, naoescHas cpammanmuka.

[IpumeHeHne cucTeM HMCKYCCTBEHHOTO HHTEIUIEKTA Ui TOJICPIKKU
NPUHATHS PELICHUH B CIOXKHBIX CUTYaIlMsIX HEOOXOOUMO B cdepe aBHallu-
OHHO-KOCMHUYECKOM MPOMBIIUICHHOCTH, I7ie TPeOyIOTCs 000CHOBAaHHBIE, JIO-
TMYECKH JI0OKA3yeMbl€ apryMEHThI B OIIEPATUBHOM U CTPATErMYECKOM YIIpaB-
JICHUU TEXHOJOTMSAMH Ha aBHALMOHHO-KOCMHYECKHMX Mpeanpustusx. llpu
NPUHITAN PEIIeHUH HEOOXOJUMO MPOBEACHHE JETATLHOTO MOACIHPOBAHUS
HOCJIEACTBUM MPEATNONAraéMoOro peleHns, MOUCK ONTHUMAJIBHOIO MyTH J0-
CTIKEHUS 3aJJaHHOTO PE3yJIbTaTa C MOMOIIBIO TEXHOJIOTUI MMHUTAIIMOHHOTO
MoaenupoBanus. C MoJ0OHBIME 33/1a4aMH YCTICIITHO CIIPABISIOTCS SKCIIEPT-
HBIE CUCTEMBbl — KOMIUIEKCHI IPOrPaMMHBIX CPEACTB, CIOCOOHBIE YaCTUYHO
WIN TIOJHOCTBIO 3aMEHSITh CHEUAINCTa IPU PEIIEHUH CI0KHBIX 33/1a4, BO3-
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HHKAIOIIMX B TIPOIECCE MPOEKTHPOBAHMUS, AKCIUTyaTallMd W JUArHOCTUKH
ABUALIMOHHO-KOCMHUYECKON TEXHUKH.

SAnpom 5r000#1 cUCTEMBl HCKYCCTBEHHOI'O MHTEJIEKTA sIBiIseTcs 0aza
3HaHUH, B KOTOPOM HaKaIlJIMBAaETCA BCA HEoOXoaumasi ”HpopMalus 0 TOi
WIM WHOH TIpeIMeTHOM oOsiactu. OCHOBHOM 3a/1adueil MpOCKTUPOBaHUS Oa-
36l 3HaHUU B 00JIACTH aBUAKOCMHYECKOI'O MPUOOPOCTPOEHUS SIBISETCS
OMMCAaHHE CTPYKTYpBI JIETATEIbHOIO ammapara TakuM 00pa3oM, 4TOObI
OHO TIPEIOCTABIUIO HanboJjee MOJHYI0 U HEMPOTUBOPEUMBYIO MHPOpPMa-
o 00 omuchiBaeMOM 00bekTe. KOHCTpyKIMU camMoJeTOB M KOCMHYe-
CKUX ammapaTroB TPeOYIOT HAJMYHUS CIOXKHBIX KOHCTPYKTHUBHBIX JIEMEH-
ToB. EcCiMm TpUMEHHTH JHMHIBUCTUYECKHE MOJEIM B COBOKYIHOCTH
C MaTeMaTHYECKUM armnapaToM, BO3MOXHO JOCTHYb Oojiee SICHOTO U pe-
3yJbTaTUBHOI'O ONUCAHUS W PEIIEHUS CIOKHOM TEXHOJIOTMYECKOM Ipo-
6nembl. HpOpMaIs BOCIPUHUMAETCS CIIEHUAIMCTOM Ha KOTHUTHBHOM
YPOBHE NIOCPEACTBOM OCHOBHBIX €AMHMIL 3TOTO YPOBHS — MOHATHH, UIEH,
KOHIIETITOB, TIOATOMY JJISl MPEJICTaBICHUs] 3HAHUM IMpeJiaraeTcsi mpume-
HATH anmnapaT CEMaHTUYECKUX CETEH, KOTOPBIN MO3BOJIUT BOCCO34ATh MO-
JIellb, CX0XKYH0 € MPOLECCAMU MBIIUIEHUS] KOHCTPYKTOpa, TexHojora [1].
B unxeHepuu 3HaHUH [0J] CEMAaHTUYECKOH CEThIO Mo/Apa3yMeBaeTcs rpad
C y3JaMH, OTOOpa)xkarollMMH OOBEKThl MPEAMETHONH O0JIACTH, M JyTamH,
0003HaYaIOIMMHU OTHOUICHUSI MEXKIY AAHHBIMU MOHATHSIMU.

OnHUM U3 HEOOXOIUMBIX KOMIIOHEHTOB 0a3bl 3HAHUIN HKCIEPTHOHN CH-
CTEMbI SBIISICTCSI MEXAaHU3M BBIBOJAA, KOTOPBIM COJNEPKHUT MpaBuia JUIs
peleHss KOHKPETHOM 3a1aud. MexaHu3M BBIBOJIA CCbUIAaeTCsl Ha UHGOP-
Maruio U3 6a3bl 3HAHWM M BHIOMpAeT (PakThl U MpaBUia, KOTOPbIE OyIyT
HNPUMEHSATHCA MPU MOMBITKE OTBETUTh HA 3alpoc Mosb3oBaTens. JlaHHBIN
MEXaHU3M O0OecTieurBaeT apryMeHTaruo uHbopMauu B 0a3e 3HAHUN H
NO3BOJISIET YEJIOBEKY IOJydaTb MHGpOpMalMio U3 0a3bl 3HaHUM B BUAE
IPEJI0KEHHUH, ITOCTPOEHHBIX HA €CTECTBEHHOM s3blke. OHUM M3 Hanbo-
Jee yAayHbIX MEXAaHHU3MOB, IMO3BOJIAIONIUX MOJEIMPOBATh CMBICI BBICKA-
3bIBAHUN Ha €CTECTBEHHOM S3bIKE, SIBJIETCSI MEXAHU3M, OCHOBAHHBIH Ha
TeOpUHU NaAeKHbIX TpaMmaTuk Y. @umimopa [2]. B magexHoit rpammartu-
K€ CEMaHTHKa MNPEeAJIOKEHHUs pacCMAaTPUBAETCS KaK CUCTEMa CeMaHTHUYe-
CKUX BaJIeHTHOCTEH. BaneHTHOCTh omnpenenser 4ucio akTaHTOB (ydyacT-
HUKOB CHUTyalluH), KOTOpblE MOTYT HPUCOEAMHATH TIyaros. [maros
ABJISIETCA LIEHTPOM IPEAJIOKECHHUS U JUKTYEeT B CHJIy CBOEro 3HAueHMs
HaOop posel (MIyOMHHBIX MajaexXel), pealu3yloIUXcsl B MPEeIIoKEHUN
IOCPEACTBOM MMEHHBIX (GopM. MHBIMU clloBamMH, NajeKHasi rpaMMaTHKa
MOKA3bIBAET CBA3b CYIECTBUTEIBHOIO UM MECTOMMEHHUS C APYTUMHU CIIO-
BaMU B IpennoxeHuu. OOpamiieHue najaekaMu MOJBEP>KEHO OIpeieseH-
HBIM OTPaHMYCHHSM, HAIPUMEp, KaKIbIH CEMAaHTHYECKHH Ta/le) MOXKET
BCTpEUaThCs B MPEUIOKEHUH TOJIBKO OJMH pa3. Hekoropele manexu sB-
JSIFOTCS 00S3aTENIbHBIMU, IpyTue — HeoOs3aTenbHbIMU. OOs3aTenbHble
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NaJeKU HEIb3sl yIajsaTh, TaK KaK CYLIECTBYET PUCK IOJyUYUTh TpaMMaTH-
YECKU HEMPABUIIbHBIE MTPEIIOKEHUS.

Jlig onucanus cOOBITUS B KAXIOM (ppeliMe HepapXu4ecKol CTPyKTY-
PHI B IIEPBYIO OUEpeIb BBIEISIETCS AeWCTBHUE, KOTOpOe OOBIYHO ONMHCHIBA-
ercs riaroyioM. Jlanee onpenenstorcs:

e 00BEKT, KOTOPHIN IEHCTBYET — areHc;

e 00BEKT, HaJl KOTOPHIM 3TO JIeHCTBUE BBIMOIHIETCS — MAIlUEHC.

KonunuecTBo mazaexxeil BapbUpyeT B TPYJax OTEUECTBEHHBIX U 3apy-
OEKHBIX CIIEIMATNCTOB, 0AHAaK0 Y. OUIIMOD BbIIENSET 6 YHUBEPCATIBHBIX
najexel, KOTopble MOTYT OBbITh B3SIThl 32 OCHOBY IIPH IPOEKTHPOBAHUU
MeXaHHU3Ma BbIBOJA U3 0a3bl 3HAHUIL:

1) AreHTUB — OOBEKT, KOTOPBI MPOM3BOAMUT JCHCTBHE, aKTaHT,
YYaCTHUK CUTYAalHUH;

2) O0bekTHB — Hamnbosee pa3MBITBHIN MaJeK; K HEMY OOBIYHO OTHO-
CAT BCE T€ CYIIECTBUTENbHbBIC, HE OTHOCAILIMECS K IPYTUM MAJI€KaM;

3) JlatuB — OAYLIEBIEHHOE CYIIECTBO, 3aTPOHYTOE BBIPAXKAEMBIM
IJ1arojioM J€MCTBUEM WUJIA CUTYAILUEH;

4) VHCTpyMEHTaINC — MPEIMET, TOCPEACTBOM KOTOPOTO COBEpIa-
eTcs JIeliCTBHUE;

5) ®akTuB — HpeaMeT, BO3HUKIINM B pe3ysibTaTe AeHCTBUSI, peKpa-
TUBIIHN CYIIECTBOBAHUE WJIU MOJIBEPIIINIICS N3MEHEHUIO;

6) JlokaTuB — MecCTO IEHCTBUS, BBIPA)KAEMOE II1arojioM.

Ha kaxxnoe OTHOLIEHME HaKIaJIbIBAETCSI MHOXECTBO OIpaHUYECHMH,
HalpuMep, CTPYKTypa Iiaroia «IWIOTHPOBAaTh) MOXKET BKIKOYATh Cle-
JTYIOLIME CEMAaHTUYECKUE MaJICHKU:

1) AreHTuB — Jlemuux TWIOTUPOBAJ CAMOJIET;

2) IlanuentuB — JIeTUYHK MUIIOTUPOBAI CAMOIEN;

3) UnctpymenTanuc — JleTunk MUIOTUPOBAT CaMOJIET HOKO0B0U pyu-
KOl YNnpaegieHust;

4) JlokatuB — JleTynk BrepBbIC MIJIOTUPOBAII CAMOJIET HA APOOPOME
C TUIOXHUM ITOKPBITHUEM.

Bo3M0XHO BKIIIOUEHHE B CTPYKTYpY AJAHHOrO IJarojia M JIPyTrux ce-
MaHTHYECKHX MaJeKel, a TakKe aTpUOyTUBHBIX OTHOILEHUH, HapUMep,
«IUJIOTUPOBATh KaKUM 00pazoM?» — «yMeno», «IpodeccHuoHaNbHO» U
T. 1. Takue orpaHuyeHuss HEOOXOAMMO HAKJIAIBIBATH JUISI TOTO, YTOOBI
CUCTEMA MOIJla CTPOUTH IIPABUJIBHBIE CEMAHTUKO-CUHTAKCUYECKNE CTPYK-
TYpbl, 4TO OOECIEYUT CBA3HOCTh U BHYTPEHHIO HMHTEPHPETUPYEMOCTH
3HAHUU B DKCIIEPTHOMU CUCTEME.
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Use of case grammar to output data
from the knowledgebase of expert system
on aircraft structures

© Yu.l. Butenko, E.E. Bolotova*

Bauman Moscow State Technical University, Moscow, Russia
*E-mail (speaker): bolotovaee@mail.ru

Abstract. The paper describes the basic principles of building
knowledge bases of expert systems in the aviation industry. A logical-
linguistic approach to information modeling of the subject area in the de-
sign of the expert system knowledge is proposed. The mechanism of in-
formation output from the expert system based on the case grammar of
Ch. Fillmore, which allows to determine the semantic and syntactic struc-
ture of the output sentence, is described. It is shown that by placing re-
strictions on the number of participants in the situation that the verb can
attach, it is possible to ensure effective output of information from the
knowledge base.

Keywords: expert system, knowledge base, aircraft, case grammar.
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TpancaupoBanue puU3NIECKOro ABJICHUA «PIYKTYaAUsD)
HA JTUHAMHMKY 3KOHOMHUYECKOM AeATeTbHOCTH
HHHOBAIHOHHOI'0 BHICOKOTEXHOJIOIMYHOI'0 NPEANPUATHS
PAKeTHO-KOCMUYECKON 0Tpac/Iu

© JI.A. T'onomaos*, B.B. CokonsHckuit

MI'TY um. H.3. baymana, Mocksa, Poccus
*E-mail (noknamuuka): gdal7ea025@student.bmstu.ru

AnHoTanus. Paccmorpena agantanus GuU3NIecKoro SABICHUS «PIIyk-
Tyauus» JUIsl pacuera (UIyKTyanuil mokasareneil 3(pQGeKTHBHOCTH Jiesi-
TETBHOCTH BBICOKOTEXHOJIOTUYHOTO MPEANPHITHS PAKETHO-KOCMHYECKOM
orpaciu. [loctymupyercs, yTo QUIyKTyallMOHHBIA MEXaHU3M CIIOCOOCTBY-
€T HapyIICHHIO CTAOWIBHOCTH B JAEATEIBHOCTU HPEANPHATHS, MTOITOMY
BO3HHMKAeT HEOOXOAWMOCTh B KOJIMYECTBEHHON OLEHKE (IIyKTyaluil.
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[Ipennoxxena MeToAuka pacyera 3HAYeHUH (IyKTyauuid moka3aTeneit
3G (EKTUBHOCTH SKOHOMUYECKOH NEATENHOCTH BBICOKOTEXHOJOTHYHOTO
OpeanpUsATHs, 000CHOBaHHAS KOPPEISIIMOHHBIM aHATH30M.

Knrwouesvle cnosa: gryxmyayuu, 5KOHOMUKA UHHOBAYUOHHO20 8bICOKOMEX-
HOJIO2UYHO20 NPeOnpusmus, NoKazameau SKOHOMUYECKOU d¢hgekmusHo-
cmu, Memoouka paciema @uyKmyayuoHHo20 NOMEeHYUana npeonpusmus,
KOPPENAYUOHHASL MAMpuya, ayKmyayuoHHslll NOMEeHYUal npeonpusimus,
PAKEMHO-KOCMUYECKAs OMPACTb.

OnyKTyallMOHHbIE MEXaHU3Mbl M JIMHAMHKA TOKa3aTeneld SKOHOMHUYe-
cKoif 3(p(peKTUBHOCTH MHHOBALIMOHHOTO BBICOKOTEXHOJIIOTUYHOTO TMPEATNPH-
ATHS 10 CUX IIOp SIBJISIFOTCS MaJIOM3y4eHHOM TeMou. Panee mpousBoamics
pacuer ¢uyKTyauuii B 3aBHCHMOCTH OT Y3KOIO CIEKTpa IoKa3aTeneit
3¢ (EeKTUBHOCTH SKOHOMUYECKOH eI TeNbHOCTH Mpeanpustus [1].

OnykTyalu Kak (U3NYECKOoe SBICHUE MPEACTaBISIIOT co0oil roboe
Clly4ailHOe OTKJIOHEHHE Kakou-nmub6o BenuuuHbl. [lox dmyxryauusmu
B SKOHOMHKE BBHICOKOTEXHOJOTHYHOTO MPEANpHUATHs OyJeM NOHUMATh OT-
KJIOHEHHE PacYETHOIO (0KM1a€MOr0) 3HaUYEHUs] SKOHOMHMUYECKOTO MOKa3a-
TEJsl OT peajbHoro [2].

B kauecTBe 00BEKTOB HCClIeOBaHUS (PIyKTyalnii B MUKPO3KOHOMUKE
Ob110 BbIOpaHo 10 KpymHEHIIMX KOMMaHUN — MpPOU3BOAMUTENCH aBUAIM-
oHHoM u kocmuueckoit Texuuku CIIA u ctpan EBpocoroza. Mcnonb3oBa-
JU MaTepuaibl U3 OTKPBITHIX UCTOYHUKOB, Pa3MEIICHHbIX Ha O(ULIHaTb-
HBIX caiiTax KoMIaHui, 3a nepuoxa 2010-2018 rr.

[IpennosxeHa MHHOBAIIMOHHAsT METO/MKA pacueTa (UIyKTyaluii mapa-
METPOB 3(P(HEKTUBHOCTH SKOHOMUYECKOH NEATETLHOCTH MPEIIPUSTHSL.

Jlia ornpeneneHusl B3aUMOCBSI3U MEXAy IMoKazarensiMu 3(h(ekTUBHO-
CTH HKOHOMHMYECKOW JAEATEIbHOCTH MPEeANpUATUsl OBbLI MPOBEICH KOppe-
JSIMUOHHBIM aHaNIMU3 € TMOCIEIYIOIIMM COCTaBIEHUEM KOPPEISLUOHHOMN
Matpuilel. Ha ocHOBaHMM MomydeHHBIX KOA()PHUIIUEHTOB KOPPEIAIUN ObI-
JU COCTaBJIEHBI AMIUpHUUYECKUE (POPMYIIBI ISl ONpeAeNeHHUs] PacueTHBIX
(0UMIaeMbIX) 3HAUCHUN KITIOYEBBIX MOKa3aTenel 3pPeKTUBHOCTH HKOHO-
MUYECKOM JAESITEeTbHOCTU IJIS1 BBICOKOTEXHOJOTUYECKOTO MpPEIpUsITHS,
takux kak HUP-mynpTuUmmkarop, peHTa0enbHOCTh MEPCOHANa, MOBBIIIe-
HUE NPOU3BOAUTEIBLHOCTU TPYZa, SKOHOMMSI SJHEPTETUUECKUX PECYPCOB BO
BpeMs TIPOM3BO/ICTBA, CTOMMOCTh TOPTOBOM MapKH, peHTa0eIbHOCTD TPO-
nax, nenoas penyrtanus (goodwill), moxoasl OT MpoaaX JUIECH3UNA U YH-
CTast MpUOBLIb MOCIE YIUIAThl HAJIOTOB.

[IpoBeneHO cpaBHEHHE pEAIbHBIX U OXHUJIA€MbIX 3HAUYEHUM BbIIIETIE-
peUMCIEeHHBIX MTapaMeTPOB, B pe3ysbTare yero Oblia MolydeHa AMHAMUKa
OTHOCHUTENBHBIX (DIYKTyalluil Mo KaXXIOMY U3 YKa3aHHBIX Y9KOHOMUYECKHX
nokasarenen ais paccmarpuBaemoro nepuoga 2010-2018 rr. Ilyrem pac-
YyeTa CpeaHEKBaApaTUYecKuX (IIyKTyaruil Obul ompeneneH (Giykryaru-
OHHBIN MOTEHIUAI TTPEITPHUITHS.
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[TpuBeeHHAs METOIMKA pacyeTa YyBCTBUTEIbHA K OOJIBIIUHCTBY MO-
Kazarenei 23 PEeKTUBHOCTH IKOHOMHUYECKOW ACATEIBHOCTH TPEATIPHUSITHS.

HenocraTkoM npHBEICHHOW METOAMKH pacueTa (BIyKTyauuii MOXeT
OBITh TIpEHEOPEIKEHNE BO3JCHCTBUEM BHEIIHEH JUISl IPEATIPUSATHS CPEIbI,
HO3TOMY pacyeT (UIyKTyaluii MO JaHHOH METOAMKE He SBIISICTCS KOp-
PEKTHBIM B KPU3UCHBIC TICPHO/IBI PA3BUTHSI SKOHOMUKH.

BeIBopI 0 CTAOWIIBHOCTH TPOTHO3a TOTO WM WHOTO ITOKa3aTels
3 PEKTUBHOCTH IKOHOMHUYECKON JEATEIBHOCTH BBHICOKOTEXHOJIOTMYHOTO
IPEIIPHUATHS BO3MOXKHO CIEJIaTh, pacroiaras CpeHIM 3HaYCHUEM (IIyK-
Tyallil COOTBETCTBYIOIIETO IMOKa3arelnsi. Bmecte ¢ TeM pacuer ¢uykrya-
IIMOHHOTO TIOTEHIMANa TPEIIPHATHS MO3BOJISIET CIPOrHO3HPOBATH BO3-
MOYKHBIC OTKJIOHEHHS OT TPAAMLIUOHHOTO 3KOHOMHUYECKOTO pacueTa U TeM
CaMBbIM y MPEANPHUSITHUS MOSBISETCS BO3MOXXHOCTh CKOPPEKTHPOBAThH pac-
npeJieieHue pecypcoB 0ojiee pallMOHaIbHO U C MCHBIIMMHU PHCKAMHU.

[Toka3aHO, YTO BBICOKOTEXHOJOTHYHBIC WHHOBAI[HOHHBIC TPEIIIPHS-
THSI PaKETHO-KOCMHYECKOH OTPACIU SIBISIOTCS ONTHMAIBHBIM OOBEKTOM
IUIsL TIPUMEHEHHS MPEIJIOKEHHOW METOIMKH pacdera (GIyKTyauuil moka-
3areneit 3PPEKTUBHOCTH IKOHOMUUECKOHN JIESTEITBHOCTH MPEATIPHSTHSL.
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Transmission of the physical phenomenon “fluctuation”
to the dynamics of economic activity of an innovative
high-tech enterprise of the rocket and space industry
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Abstract. The adaptation of the physical phenomenon "fluctuation”
for calculating fluctuations in the performance indicators of a high-tech
enterprise in the rocket and space industry is considered. It is postulated
that the fluctuation mechanism contributes to the violation of stability in
the activities of the enterprise, therefore, there is a need for a quantitative
assessment of fluctuations. A method for calculating the values of fluctua-
tions of indicators of the efficiency of economic activity of a high-tech en-
terprise, substantiated by correlation analysis, is proposed.
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an enterprise, rocket and space industry.

Fluctuation mechanisms and dynamics of indicators of economic effi-
ciency of an innovative high-tech enterprise are still a poorly explored top-
ic. Earlier, fluctuations were calculated depending on a narrow range of
indicators of the efficiency of the economic activity of an enterprise [1].

Fluctuations, as a physical phenomenon, represent any random devia-
tion of any value. By fluctuations in the economy of a high-tech enterprise
we mean the deviation of the calculated (expected) value of the economic
indicator from the real one [2].

Ten largest companies — manufacturers of aviation and space tech-
nology in the USA and the European Union were chosen as the objects of
exploration of fluctuations in microeconomics. Materials were obtained
from open sources on the official websites of companies for the period
2010-2018.

An innovative method for calculating fluctuations in the parameters of
the efficiency of economic activity of an enterprise is proposed.

To determine the relationship between the indicators of the efficiency
of the economic activity of the enterprise, a correlation analysis was car-
ried out with the subsequent compilation of a correlation matrix. Based on
the obtained correlation coefficients, empirical formulas were drawn up to
determine the calculated (expected) values of key indicators of economic
activity efficiency for a high-tech enterprise, such as research and devel-
opment multiplier, personnel profitability, increased labor productivity,
saving energy resources during production, brand value, profitability sales,
goodwill, license revenues and net income after taxes.

A comparison of the real and expected values of the above parameters
was carried out, as a result of which the dynamics of relative fluctuations
for each of the indicated economic indicators for the period under review
2010-2018 was obtained. By calculating the mean square fluctuations, the
fluctuation potential of the enterprise was determined.

The given calculation method is sensitive to most indicators of the ef-
ficiency of the economic activity of the enterprise.

The disadvantage of this methodology for calculating fluctuations may
be neglect of the impact of the external environment for the enterprise;
therefore, the calculation of fluctuations using this method is not correct in
crisis periods of economic development.

Conclusions of the stability of the forecast of any indicator of the effi-
ciency of the economic activity of a high-tech enterprise can be made by
having the average value of the fluctuation of the corresponding indicator.
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At the same time, the calculation of the fluctuation potential of the enter-
prise makes it possible to predict possible deviations from the traditional
economic calculation, and, thus, the enterprise has the opportunity to ad-
just the allocation of resources more rationally and with fewer risks.

It is shown that high-tech innovative enterprises of the rocket and
space industry are the optimal object for applying the proposed methodol-
ogy for calculating fluctuations of indicators of the efficiency of the eco-
nomic activity of an enterprise.
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IIpuMeHeHue 32124 AHAJTUTHYECKOT0 PeryJIMpoOBaHUs
ONTUMAJILHOI'O NepeMelleHH sl JIEKAPCTBEHHbIX CPeICTB
B OMOJIOTHYECKOH CHUCTeMe B OTKPBITOi 00J1aCcTH

© K.3. Kacniuposuu

Poccuiickuit yausepcureT npyx0bl HapoaoB, Mocksa, Poccust
E-mail: kamilaska24@gmail.com

AnHoTanusi. B nanHo# crtathe, Omaromapsi MCIOJIB30BAHUIO METOJA
napameTpHu3aluu, T. €. ONUCAHUS BbIIEICHHBIX 3JIEMEHTOB CUCTEMBI, 3Je-
MCHTApPHBIX BOSI[GfICTBHfI Ha HEC C INOMOLIBIO ONPCACICHHBIX BCIMYHH
(mapamMeTpbl MOTYT OBITh KaK HETIPEPHIBHBIC, TaK M JUCKPETHHIC), U yCTa-
HOBJICHUIO aHAJIMTHUYECKUM U TpadUuecKUM CIOCOOOM pa3IMYHOTO pojaa
3aBUCHMOCTEN MEX1y BBEICHHBIMU KJIETOUYHBIMU XapaKTEPUCTUKAMHU, CO-
CTaBJICHa MaTeMaTudeckas Mojeiab Ouonoruueckoi kietku. IToctpoenue
MPEAJIOKEHHOM CUCTEMBI IPUBOJIUT K PEIICHUI0 MATEMaTUUECKOU 3a/1auH,
B KOTOpOI71 IIOHATHUC OIITUMAJIBHOCTHU CBOAUTCA K JOCTHMIXKCHUIO HAMMCHB-
IETO BPEMEHU MPUOBITUS B 33JJAaHHOE COCTOSHUE.

Knrouesvie cnosa: kpumepuii OnmumMaroHOCmMu, pe2yiuposanue, meopus
Vhpaenenus, KlemouHas cpeod, KUHemuKa pacnpeoeieHusi, OmMKpblmdsl
cucmema.

Beegenne u mocranoBka 3aaa4du. CHCTEMBI, ONPENEIAEMBIE CBS3S-
MU, OBIBAIOT OTKpPBIThIE U 3aKpbIThie. JKMBOI OpraHus3M Kak cucreMa Io-
CTOSIHHO HAXOAMUTCS IOJ BO3JCHCTBUEM BHEIIHEU CPEAbl U IIPEACTABIIACT
CaMOPETYJIMPYIOLLYOCS THHAMUYHYIO OTKpPBITYIO0 cucTeMy. Ero crpykry-
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pPbl U 3JEMEHTHI, HAXOJAIIMECS BO B3aUMOJICUCTBUH, CTPEMATCS MPUNTH
B COCTOSIHUE C MUHUMAJIbHBIM 3HAY€HHEM CBOOOJHOW SHEPruu, COOTBET-
CTBYIOIIMM yCTOWYMBOMY >KHBOMY CyIECTBY. Takum oOpa3om, cucTema
BO B3aMMOJICHCTBUHU C BHEIIHEW Cpeod MPUHUMAET ONTUMAIbHOE YCTOM-
YUBOE cocTosiHuEe. PaccmaTpuBasi CUCTEMY € TOUKH 3pEHUS CBSI3€U, MOXKHO
BBECTH TMOHATHE «CPEIbD» — BHYTPCHHEH W BHemIHeH. Tak, nzyyas QpyHK-
[IMOHUPOBAHKE KJIETKH C TOUYKHU 3pEHUS 0OMEHa BEIIECTB, MOXKHO JIEMEHT
«meMmOpaHa» OTHECTH K TpaHUIle, pa3Aelsioliell BHYTPEHHIOW cpeay (co-
JEP>KUMOE KIIETKH) U BHEIIHIOI (MEXKIETOUHOE pocTpaHCcTBO). Kierka
TaK)K€ OTHOCUTCSI K OTKPBITBIM CHCTEMaM, TaK KaKk OHAa HE MOXET (yHK-
[IMOHUPOBATH 0€3 CBS3U C BHEITHEH CpeoN.

HeoOxonuMo HalTH 3aKOH ONTUMAJIBHOTO YIPABIICHHUS JEKAapCTBEH-
HBIMU CpPEJCTBAMH B OpraHU3ME YeJIOBEKa MOCJE MOMaJlaHus B KPOBb JJIs
UX HAWIy4llero NPOHUKHOBEHUS B 3aJaHHbIE KJIETKH WU pacCIpelesIeHUs
BEIIECTB B OTCEKaxX KIETKH, YTO MpUBENET K MX 3(dekTuBHOI pabdoTe,
a 3HAYUT, IPOLYKTUBHOMY JICUECHHUIO.

[Ipumenrm Meron BapualMOHHOW 3amau Jlarpanka W COCTaBUM
GYyHKIMIO JUId AMHAMUYECKOH cucTeMbl. PaccMOTpUM 3aMKHYTYIO pEryJiu-
PYEMYIO KJIETOYHYIO CHUCTEMY, B KOTOPOW BO3MYILIEHHOE BHKEHHUE BEIle-
CTBa 33JJaHO COBOKYITHBIMH YPaBHEHHUSIMU B 0000IIEHHBIX KOOpAMHATAX:

Nk = A1 oMy + oMo + o o3 + Gy 3Ny +on @ Ny + 1y, &
M ==yl =@y g Ay = Qyp by = a3 kg +o =y 26 M5

rac ak,l,mk,ck — IOCTOSAHHBIC 3aJaHHBIC YHUCJIa, OTPAKAIOIHUE CKOPOCTHh

MEepeHoca, KaueCTBO CBS3bIBAHUS C MEMOPAHOM M YHCIIO IIEHTPOB CBS3bI-
BaHUs, HA KOTOPbIE MIOKA HE HAJIOKEHO KaKUX-IMOO yCIOBHi; 1, — mHa-

paMeTp, XapakTEepU3yIOIUN SYEUKY KIIETKH, KyJla IMPOHUKAET BEIIECTBO;
A, — BEIUYUHA, CBSA3aHHAs C S4YEHKAMM U PEryIHpyIollas MPaBUIbHOE

nepeMelieHne JeKapcTBEHHOTO CpeAcTBa; & — (YHKUMS ymnpaBieHHUS,

3ajalollas ONTHMAaJIbHOE IPOHUKHOBEHUE U PpACIpPEACICHHUE BEIIECTB
B HYXKHBIX KJIeTKaxX. KonnuecTBo KOA(Q(PHUIHMEHTOB OTpakaeT KOJIUYECTBO
OTCEKOB B KIIETKE.

3aa4a COCTOMT B HAXOKJICHUM YNPABICHUS, OTBEUAIOLIETO NIPUHATO-
My KPUTEpPHUIO ONTUMAIbHOCTH W TapaHTUPYIOLIEro CyIIECTBOBAaHUE 3a-
JTAHHBIX CBOMCTB BO3MYILEHHOI'O JABMXKEHHs (IIEPEXOHOI0 Mpoliecca)
IPUMEHUTENBHO K KJIETOUYHOH cpene opranu3ma. COBOKYIMHOCTh 0OBEKTa
YIPAaBIEHUS ONTHUMAJIBHOTO 3JIEMEHTA, KOTOPBIM SBIIAETCS KIIETKA, U OI-
TUMaJIbHON (PYHKIMM yIpPaBIEHUS, B KOTOPOM yUYUTHIBAIOTCS TaKUeE Iapa-
METPBI, KaK CBA3BIBAHUE BEILECTBA C KJICTKOW, LIEHTPBI CBSI3bIBAHUS, IO-
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CTOSIHHas CKOPOCTH TIEpEHOCa, COCTAaBIsIET ONTHMAJIbHYIO CHCTEMY
yIOpaBJIEHUS MPOLIECCOM KMHETUKH IPOHUKHOBEHUS U pacIpeieCHUs Jie-
KapCTBEHHBIX BEILECTB B sUEHKAX KJIETKH. 3aJada ONTHUMM3ALUN MOXKET
OBITh TpAaKTOBaHAa KaK JIByXTOYEUYHas rpaHUuHas Mpodiema, K PEelIeHUI0
KOTOPOI NPUMEHUMBI BCE METO/Ibl BAPHALIMOHHOTO UCUUCIICHUS.

OOwiee penieHre ypaBHEHUH 3ajaun B TAaKOM cilydae OyJIeT COCTOSATh
U3 JINHEHHON KOMOMHALIMY SKCIIOHEHIMAIBHBIX (YHKLUHI BUIA

3
Me =D A (W) eie™ = A (o) coet™ + Ay (wy) e + A (ny ) cre"? +
i=0

+ A (n3) e+ + A (1, ) e,

rae n — KO3 QPHUIHMEHT, KOTOPBIH HaXOIAT U3 ONPENEIUTENeH MAaTPHUIIBI 1
€e MHUHOPOB; [ 3aJacTCs KOJIMYECTBOM KOPHEH XapaKTEPUCTUYECKOIO
ypaBHEHMsI. Y PaBHEHUS 3a7a4y JOJDKHBI ObITh pa3pelIuMbl OTHOCUTEIIBHO

byHKIMHA M, E, A .
Hckomoe ypaBHEHUE ONTHUMAIbHOIO YIPABICHUS CUCTEMOW KUBOU
KJIETKU UMEET BU]L

&= oAy (ko) coe™ + Ay (1)
+ M3A (M3 ) ezt + Moh i (Ho)
+ 1A (H2) e + 1AL (M) e3e™ + oA, (o) cpe™ +
+ WAL (1) e + A, (1))
+ MoAgys (Mo ) coe™ + WAg s () e + oA s (1y) e +
+ A (Hy) e+ A s (B, )c,e™

TAC p OIPENENeTCS U3 MaTPULLBI.

OxoHUYaTeIbHBIA BUJ YPAaBHEHUS PETYJIATOPA 3aBUCUT TAKXKE OT KO-
JMYECTBA SUYEEeK B KJEeTKe. TpU OTceKa KIETKH, pa3JelieHHble MeMOpaHa-
MU, YUYUTBIBAIOTCS BCETAa: MUTOXOHAPHH, SAPO U IJ1a3Ma.

[lomyueHHoe pelieHne B COBOKYIHOCTH C UCXOAHBIMHM YPaBHEHUSIMHU
o0pa3yeT yCTOHUMBYIO CHUCTEMY AaBTOMATHYECKOI'O PEryJMpOBAaHUS WIH
yIpaBieHUs: OMOJIOrMYECKO KIETOYHON CUCTEMON.

3akurodenue. M3naraeTcs 3aK0H perynupoBaHus (YIpaBiIeHUs) B €70
AHAJTUTMYECKOM BHJI€ KaK HEKOTOpas (GYHKIHS MCXOJHBIX KOOPJIUHAT CH-
CTEMbI PEryJIMpOBaHus, T. €. chopMUpoOBaHO JU(PepeHIaTIbHOe ypaBHe-
HHUE (YHKLUH YNIPaBIEHHs IBUKEHUEM, IPOHUKHOBEHHEM BEILLIECTB HEIO-
CPEJICTBEHHO B HYXHbIE KJIETKU U PACIIPEACICHUEM B HUX B COOTBETCTBUU
C 3aJIaHHBIM ONTHUMU3UPYIOMMM (YHKIHMOHATIOM. V3yueHa 3a/aua aHajm-
TUYECKOTO NOCTPOEHHUSI ONTUMAJIbHBIX CUCTEM, OINPEAEIEHHBIX B OTKPBI-
TOW 00JIaCTH.

120 Huotcenepnotit scypnan: Hayka u unnogayuu # 3-2021



DOI: 10.18698/2308-6033-2021-3-2067

PaccmoTpenHbIil METOT OKa3bIBae€TCS TMOJIE3HBIM Ha MPAKTHKE U MO-
JKET OBITh IPUMEHEH B JICYCOHBIX IIEJISIX B MEIUIIUHE.

Paboma evinonnena npu ¢punancosoti noodepacke PODU,
npoexm Ne 19-08-00261 A.
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Application of the problem of analytical regulation
of optimal expansion of drugs in a biological system
in an open area
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Abstract. In this paper, by using the parametrization method, i.e., de-
scribing the selected elements of the system and elementary effects on it
using parameters (parameters can be either continuous or discrete) and es-
tablishing analytical and graphical methods of various kinds of dependen-
cies between the entered cellular parameters, a mathematical model of a
biological cell is compiled. The construction of the proposed system leads
to the solution of a mathematical problem for which the concept of opti-
mality is reduced to achieving the shortest time of arrival in a given state.

Keywords: optimality criterion, regulation, control theory, cellular envi-
ronment, distribution kinetics, open system.
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IHocTpoeHue JIOKATU3UPYHOIINX MHOXKECTB
JJIS OTHOM MONMYJISIHMOHHON MO/IeJIH
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AnHoTanusi. PaccMoTpeHa 3amaya TOCTPOEHUS JIOKAIU3HPYIOMIMX
MHOECTB ISl HEJIMHEHHOW cucteMbl auddepeHnaabHbIX YpaBHCHHUM
TPETHLEro nopAaka, OHI/ICLIBaIOHICﬁ MOMyJIIMUOHHYIO MOJCIIb B3aI/IM0IleI71-
CTBHSI TpeX OMOJIOTMYECKHX BUIOB B okeaHe. OCOOEHHOCTHIO TIPEAMETHON
O6HaCTI/I MOJCIHN ABJISICTCA ITOJIOXHUTCIBHOCTD (baSOBI:IX NEPpCMCHHBIX. B
paMKax mccieoBaHus Obljla MOCTPOEHA CHCTEMa JOKAIH3UPYIOIUX MHO-
YKECTB, U3YUCHO MOBEACHHUE TPACKTOPUN CHCTEMBI BHE PACIIUPEHHOTO JIO-
KaJU3UPYIOLIEro MHOXkecTBa. lIpuBeneHsl MpuUMepbl YHCICHHOTO MOJe-
JUPOBAHUS AJISl COJIEPKATENbHBIX 3HAUYEHUI MMapaMeTPOB CUCTEMBI.

Knrwueswvie cnosa: JoKausupyrouiee MHox;iHcecneo, UH6APUAHMHbLE KOM-
naxkmol, NOJIOHCEHUSL PABHOBECUAL.

Construction of localization sets for one population model
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Abstract. The problem of constructing localizing sets for a nonlinear
system of differential equations of the third order, describing a population
model of interaction of three biological species in the ocean, is considered.
A feature of the subject area of the model is the positivity of phase varia-
bles. Within the framework of the study, a system of localizing sets was
built, and the behavior of the trajectories of the system outside the extend-
ed localizing set was investigated. Examples of numerical modeling are
given for meaningful values of the system parameters.

Keywords: localizing set, invariant compacts, equilibrium position.
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IToaxoabl K OlleHKEe CTOMMOCTH KJIMEHTCKOIr0 KanmuraJjia
3apy6e>KHbe BBICOKOTECXHOJOIrHYHbIX HHHOBAIIMOHHBIX
IIpeIlIIpI/IﬂTI/Iﬁ a3pOKOCMl/I‘IeCKOﬁ oTpacjin
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AnHoTauus. [IpencraBieHsl pa3auMdHbIE TMOIXOIbI K OIEHKE CTOMMO-
CTH KJIMEHTCKOTO KamuTasia 3apyO0eHBIX BHICOKOTEXHOJIOTHYHBIX WHHOBA-
LIMOHHBIX MPEANPUITHII a3pOKOCMUYECKONW OTpaciu. OleHKa CTOMMOCTH
KJIMEHTCKOr0 KaluTaia BhIMOIHEeHa Ha ocHOBe MeTpuku CLV (moku3HeH-
Hasl IEHHOCTh KJIMEHTa) mocpeacTBoM noaxonos BN (Berger, Nasr, 1998),
GL (Gupta, Lehmann, 2003). JlonomHuTenbHO omucaHbl moaxonsl VK
(Venkatesan, Kumar, 2004), BGT (Blattberg, Getz, Thomas, 2001) u RLZ
(Rust, Lemon, Zeithaml, 2000) k orieHKe CTOMMOCTH KIMEHTCKOTO KaIlnuTa-
na no metpuke CLV. IlpennoxeH onTUMallbHbIII METOJ OLICHKU KJIMEHT-
CKOT0 KaIuTala Jjisl MPeNpUsTUil a9pOKOCMUYECKON OTPACIIH.

Knrwouegwvie cnosa: xnuenmckuti kanumarn, mempuxa CLV, aspoxocmuuec-
Kdsl Ompacio.

Jns [1OCTUXKEHUs BBICOKMX pPE3yJIbTaTOB 3KOHOMHMKO-IPOU3BOJICT-
BEHHOU AESITENbHOCTH MPEANPUATUIM HEOOXOAMMO OCYIIECTBISATH B3au-
MOJICHCTBUE C KJIMEHTaMU. YPOBEHb B3aUMOJCHCTBUS OLICHUBAETCA KIIU-
E€HTCKUM KanurtajaoMm npeanpusatus. OLeHKa Takoro napaMmerpa, Kak IeH-
HOCTb KJIMEHTA, IO3BOJHT CIPOTHO3UPOBATH OyAyIIyI0 AEATeIbHOCTH
KOMIaHUHM U MaKCUMHU3UPOBATh €€ MPUObLTH [ 1].

KnuenTckuii kanuran npeanpusThs MPeICTaBIseT CO00i CyMMapHYIO
MPUBEICHHYI0 CTOMMOCTH IMOKU3HEHHBIX MOTPEOUTENHCKUX IICHHOCTEH,
CTCHEPUPOBAHHBIX KIMEHTCKOW 0a30if KOMIaHWU. B OCHOBE KOHIIETIIUU
KIMEHTCKOTO KammuTaja JeKUT (yHIaMEHTAIbHOE MOJI0XKEHHE O TOM, YTO
NOTPEOUTENH SABJISIOTCS TJIABHBIM UCTOYHHKOM TEKYIIUX M Oyaylux fe-
HEXHBIX MOTOKOB KOMITAaHUH [2]. B CBSI3U € 3TUM POCT KIMEHTCKOIO Kanu-
Tana sBIseTcss 0a30BOM MapKETHHTOBOH LETBIO I KOMMEPUYECKUX Opra-
HU3ALHUM, B YACTHOCTH ISl a9POKOCMUYECKON OTPACIIH.

O.K. Oiinep ompejenuia OCHOBHBIE CTaAUM PadOTHI ¢ KIMECHTaMH, B
pe3yabTaTe KOTOPBIX MOTYT OBITH CO3aHbI OTHOIICHHUS, OJJHHAKOBO BBITO/I-
HBIC JUIS IPEINPUATUS U AJIs1 ToTpeOuTens: 1) nmpuBieYeHne HOBBIX KIIMEH-
TOB; 2) yAEpKaHHUE NPEKHUX KIMEHTOB; 3) pa3BUTUE B3aUMOOTHOLLIEHUH [3].

Jons 3aTpar npeanpusiTis Ha BOBJICUEHHE HOBBIX KJIMEHTOB JOJKHA
OBITh NHIMPYIOIIEH B IMEPEYHE PACXOJOB B €ro OKJKETE, MOCKOJBKY
o0JnasaHye 3HAYUTEIHLHBIM CETMEHTOM PBIHKA SIBJISIETCS TJIABEHCTBYIOMICH
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KOMMEpYECKON 3ajadeid J000H OpraHu3aluu, BeayIIe SKOHOMHKO-
IIPOU3BOACTBEHHYIO JEATEIbHOCTD.

['maBHBIMM TOKa3aTENsIMU PE3YyJbTaTUBHOCTH IPOLIECCOB IMpPHUBJEYE-
HUS HOBBIX KJIMEHTOB U yACP)KaHUS TPEKHUX SBISIIOTCA KAaueCTBO MPH-
BJICYEHHBIX KJIMEHTOB U 3aHMMaeMasi MpearpusiTueM a0Js pbiHka. Kpute-
pYeM TOoro, 4To paboTa ¢ KIIMEHTOM UMEET HEKOTOPBIN Pe3yibTaT ¢ TOYKH
3peHusi yBeIW4YeHHs (UHAHCOBBIX TMOKa3aTeled, CUMTAIOT JOCTHIKCHHE
BBICOKOTO YPOBHS €T0 KU3HEHHOU 1ieHHocTH 11 ipennpusitus (CLV) [1].

Paccmotpen arpermpoBanHblii Meton Kk oueHke CLV. B kaudectse
nonxoqoB Kk pacuery CLV BbeiOpansl GL-noaxox, npeanoxennsiii C. I'yn-
ta u [l. Jlemonom (Sunil Gupta, Donald R. Lehmann), u BN-noxaxon, pas-
paborannsiii I1. beprepom u H. Hacpom (P.D. Berger, N.I. Nasr), kak
Haubosee ONTUMANBHBIE C TOYKU 3PEHHsI KOJTMYECTBA JAHHBIX JUISI MOHH-
TOPHHTA.

B kauyectBe 00BEKTOB M3YUYEHHS KIMEHTCKOTO KamuTanda BbICOKOTEX-
HOJIOTUYHBIX TPEINPHUITHI BBIOPAHBI MPEANPHUATHS aAdPOKOCMUIECKON
otpacnu CIIIA u EBpocorosza (Aerojet, Airbus SE, The Boeing Company,
HEICO Corporation, Honeywell, Lockheed Martin Corporation, Northrop
Grumman Corporation, Safran SA). belmm wucmons30BaHbl MapaMeTps
HKOHOMHUYECKOH JIeATeIbHOCTU MPEINPUSATUHN, B3SITbIE U3 KOPIOPATUBHBIX
)KypHaioB 3a nepuos ¢ 2010 o 2016 1.

brino Beimonneno cpaBuenue VK-, BGT-, RLZ-, BN- u GL-noaxonos
K OLICHKE CTOMMOCTH KJIIMEHTCKOTO KaluTalla IpeaNnpusiTUA a3pOKOCMHUYe-
ckoit otpaciu. [lomyuensl 3Hauenuss CLV BBICOKOTEXHOJIOTUYHBIX WHHO-
BAI[MOHHBIX PeANpUsATUd, paccuntanubie Metogamu BN u GL, ¢ 2010 mo
2016 .

HenocratkoM paccMOTpEHHBIX METOJOB OLEHKH KIIMEHTCKOIO KamuTa-
Ja SIBJISIETCS OIPAaHUYEHHOCTh MX NMPUMEHEHHUS B CBSI3U C OTCYTCTBUEM JO-
CTaTOYHOTO MepeyHs] HPOPMALIMU O KIIMEHTAaX PACCMOTPEHHBIX MpEeATPHs-
TUH, OJHAKO WX MPUMEHEHHE B MOJHOM Mepe MO3BOJISIET OLICHUTh YPOBEHb
MO’KW3HEHHOM LIEHHOCTH KJIIMEHTOB JUISl IPEANPUATHS U CIPOTHO3UPOBATH
JAHHBIA TOKa3aTedb Ha Oyaymmid TepHoA  Pa3BUTUS  SKOHOMHKO-
MIPOU3BOJCTBEHHOW OpraHW3alliy, NPUHSB BO BHHUMAHHE CIIOXUBLIMECS
TEHICHIINH B ((OPMUPOBAHHUH KJIMEHTCKOTO KalKTalIa 3a MPOIIEAIINE TOIBI.
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Approaches to assessing the client capital
of foreign high-tech innovative enterprises
in the aerospace industry
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Abstract. Various approaches to assessing the value of client capital
of foreign high-tech innovative enterprises in the aerospace industry are
presented. The assessment of the cost of client capital was carried out on
the basis of the CLV (Customer Lifetime Value) metric using BN (Berger,
Nasr, 1998), GL (Gupta, Lehmann, 2003) approaches. Additionally, VK
(Venkatesan, Kumar, 2004), BGT (Blattberg, Getz, Thomas, 2001) and
RLZ (Rust, Lemon, Zeithaml, 2000) approaches to assessing the cost of
client capital using the CLV metric are described. An optimal method for
assessing client capital for aerospace enterprises is proposed.

Keywords: client capital, CLV, aerospace industry.

To achieve high results in economic and production activities, enter-
prises need to interact with customers. The level of interaction is assessed
by the client's capital of the enterprise. Assessment of such a parameter as
customer value will allow predicting the future activities of the company
and maximizing its profit [1].

An enterprise's customer capital is the total present value of the life-
time customer value generated by a company's customer base. At the heart
of the concept of customer equity is the fundamental premise that con-
sumers are the primary source of a company's current and future cash
flows [2]. In this regard, the growth of client capital is a basic marketing
goal for commercial organizations, in particular for the aerospace industry.

0O.K. Oiner determined the main stages of working with clients, as a
result of which relationships can be created that are equally beneficial for
the enterprise and for the consumer: (1) attracting new customers; (2) re-
tention of previous clients; (3) development of relationships [3].

The share of the enterprise's costs for attracting new customers should
be leading in the list of expenses in its budget, since the possession of a
significant market segment is the main commercial task of any organiza-
tion conducting economic and production activities.

The main indicators of the effectiveness of the processes of attracting
new customers and retaining old ones are the quality of the attracted cus-
tomers and the market share occupied by the company. The criterion that
work with a client has some result in terms of increasing financial perfor-
mance is considered to be the achievement of a high level of its vital value
for the enterprise (CLV) [1].
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An aggregated method for CLV estimation is considered. The GL
approach proposed by Sunil Gupta and Donald R. Lehmann and the
BN approach developed by P.D. Berger and N.I. Nasr were selected as the
most optimal in terms of the amount of data for monitoring.

US and EU aerospace companies (Aerojet, Airbus SE, The Boeing
Company, HEICO Corporation, Honeywell, Lockheed Martin Corpora-
tion, Northrop Grumman Corporation, Safran SA) were selected as objects
of study of the client capital of high-tech enterprises. The parameters of
the economic activity of enterprises were used, taken from corporate mag-
azines issued from 2010 to 2016.

A comparison of VK, BGT, RLZ, BN and GL approaches to assessing
the value of client capital for aerospace enterprises was carried out. The
CLV values of the high-tech innovative enterprises, calculated by the BN
and GL methods from 2010 to 2016, were obtained.

The disadvantage of the considered methods for assessing client capi-
tal is their limited application due to the lack of a sufficient list of infor-
mation about the clients of the considered enterprises, however, their ap-
plication fully allows us to assess the level of lifetime value of clients for
the enterprise and predict this indicator for the future period of develop-
ment of the economic and production organization, taking into account the
current trends in the formation of client capital over the past years.
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CraTucTHYeCKMI MeTO paHHel JUATHOCTUKHU
AedeKTHbIX OYKC MOJABHKHOIO COCTaBa sKeJIe3HbIX J0POr

© J1.B. erOHaJ'IOBl*, A.1O. I[OJ'IFaHI/IHz, IO.H. I[onraHI/IH2

'MI'TV um.H.D. Baymana, Mocksa, Poccus
*AO «Mockopckuii 3aBo «Candupy, Mocksa, Poccus
*E-mail: dkreopalov@mail.ru

AHHOTauus. PaccMoTpeH MeTo1, TO3BOJISIIOIIMI 00ecieuyuTh Ha 0ase
NUPOMETPUYECKOTO KaHajla PAaHHIOIO JMAarHOCTUYECKYIO OLICHKY Ae(eKT-
HOCTH Oykc. MeToa MOCTPOEH C HCIIOJIBb30BaHUEM THIOTE3bl O MOCTOSH-
cTBe Kod((dulMeHTa BapHallMM pacihpelneieHuii Oykc Mo TeMmmeparype
HarpeBa, BBI3BAHHOTO pabOTOM CUJIBI TPEHUS B MOAIIMIHUKAX. Merton
MO3BOJISIET BBISABIATH CKPBIThIE e(eKThl OyKC ¢ 3alaHHON TOBEpUTEIHHON
BEPOSITHOCTBIO, HE TPEOYIOTCS TOTIOJIHUTEIbHBIE M3MEPEHHS TeMIIEpaTy-
PBI OKpY’KalOLIE cpesibl U CKOPOCTH MOE3/1a.
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Kniouegvle cnosa: memnepamypnvle pacnpeoenenus: 6yKc, NOCMOAHCMBO
K03 puyuenma sapuayuu, panHss OUacHOCMUKA 0egheKmHocmu OYKC.

CoBpeMeHHBIE CHCTEMBI TEIIOBOTO KOHTPOJISI OYKC TTOIBHKHOTO COCTa-
Ba JKEJIE3HBIX JIOPOT, HECMOTPSI HA MHTEHCHUBHYIO HIYIIYI0 KOMITBIOTEpH3a-
W0, WCOJIOTMYECKH MAaJI0 B Ye€M HM3MEHWJIMCh MO OTHOIICHHIO K padoTe
00XO0/TUMKa, OIIYIBIBAIOIIETO M OOCTYKMBAIOLIETO OYKChl Ha OCTAHOBKAXx,
pa3Be YTO OHM CTAJIH orepaTuBHee. VX Ha3HAYEHUE OCTANIOCh MPEXHUM: 00-
HapY>XUTb Teperperbie OyKChl M COOOLIUTH OINEpaTopy W MAIIMHUCTY 00
OMacHOM CUTYyalluH.

OnHako 3aMeHa B KeJE3HOIOPOKHOM TPAHCIOPTE OYKC CKOJIbKEHHUS
OykcaM¥ KaueHHsI CYIIECTBEHHO CHU3MIIO BpEMs Mepexoja OT IMeperpero-
IO COCTOSIHUSI MOJIIMITHUKA B aBapuilHOE, TaK YTO BO3HMKIIA HEOOXOIH-
MOCTh paHHEro OOHapyXeHHsS Ie()EKTHOCTH OYKC HEMOCPEACTBEHHO B
npoliecce ABUKCHHUS.

CunraeTcsi, 4TO MOTECHIIMAN TEIUIOBBIX U3MEPEHHUH 37eCh MOJIHOCTHIO
UCUEepIIaH, MOITOMY AaKTHBHO HCCIEAYIOTCS aJlbTEpPHATUBHBIC METOJIbI
paHHEH AMArHOCTUKH Ae(EKTHOCTH OYKC: OT BUOPAIIMOHHBIX U aKyCTHYE-
CKHUX JI0 PEHTT€HOBCKHX M paJUallMOHHbIX.

OnHaKo TOSIBIICHHE WHTEJUICKTYAIBHBIX U aJallTUBHBIX W3MEPHTEIb-
HBIX CHCTEM I03BOJISIET BEPHYTHCS K BOIPOCY O BO3ZMOXKHOCTH IPUMEHE-
HUSI TEIUIOBBIX METOJIOB HE TOJBKO KaK JETEKTOPOB MPEIaBAPHITHOTO CO-
CTOSIHUSI OyKCOBBIX MOJIIMITHUKOB, HO U B KAayeCTBE CPEJCTBA PAHHETO
HEpa3pyILIalonIero KOHTPOJIA U TUarHoctTupoBanus [ 1, 2].

B macrosmeit pabote paccMOTpeH crnocod, MO3BONIAIONUI obecme-
YUTh Ha 0a3e MUPOMETPHYECKOTO KaHajla PAHHIOK JIHArHOCTHUYECKYIO
oneHky aedextHoctu Oykc. [Ipu pa3paboTke u oTiIagKe crocoda UCIOb-
30BaJICs OOJBIION CTAaTUCTHYECKUN MaTepual (OKOJIO 3 ThIC. TOE3/I0B
co ckopocTsiMu B nuanazone 20...220 kM/4 U Ipu TeMIepaType OKpyxa-
romeii cpeanl ot —10 °C 1o +40 °C). OcobEeHHOCTBI0 U3MEPUTEILHOTO Ka-
HaJla SBJISUIaCh BO3MOXKHOCTh M3MEPEHUs TeMIIepaTypbl Kopiryca Oykc (He
TEMIIepaTypbl TeperpeBa OTHOCHUTEIHHO, HANPHUMEP, paMbl TEIICKKH, a
COOCTBEHHOM TeMmIieparypsl OyKchl). MeTpoioruyeckiue XapakTepuCTUKU
W3MEPUTEIHHOTO KaHaia 00ecreYrBaIl COOTHOIICHHE Oy < 3A; (3mech
Ocy — TIOTPEITHOCTh U3MEPUTENIBHOTO KaHamna, a A; — nuddy3HocTh 00b-
€KTOB U3MEPEHHUSI: KOPIIYCOB OYKC U PaM TEJIEKEK).

Crioco® OCHOBaH Ha CIIEIYIOIINX MOJOKEHHSIX.

1. U3 skcnepuMeHTalIbHBIX pachpeereHuit Oykc Mo Temmeparype,
MOJYYCHHBIX IO OJIHOW CTOPOHE TOE€3/1a, BBIWICHSETCS TEMIIEPaTypHOE
pacripeiesieHe OyKC, BBI3BAaHHOE TOJBKO PabOTOM CHIIBI TpeHHs. 3aTeM
NOJOUPAIOT TEOPETUIECKYIO (DYHKIIMIO PACIIPEICIICHUSI.

2. JInst TemmepaTyp BBIIIE CPETHETO 3HAUCHUS BBIACISIOTCS WHTEPBa-
JIbl, TJIC OPJIUHATHI YKCIICPUMEHTAIBHOTO pacIpeiesieHus: OyKC MpeBbIia-
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I0T OpJIMHATHI TeopeTudeckoro pacmpenenenus. [Ipumep Takol peanusa-
MU TPUBEJIEH Ha PUCYHKE AJIs MOE€3/1a, JBMXKYLIETOCS CO CKOPOCTBIO
117 km/4 mpu Temmeparype okpyxarworuei cpeapl 10 °C u umeromiero
C K0 CTOpoHHI 110 96 Oykc. B Temneparypubix unTepBanax 7,2...9 °C
1 10,5...12 °C MOXHO HaOII0ATh IIOYTH ABYKPATHOE IPEBLILIEHUE KOJIH-
yecTBa OYyKC HaJ TEOPETHUECKUM paclpelielieHueM (MaTeMaTHYecKoe
OXKHIaHHE DKCIIEPUMEHTAILHOrO pacmpenenenus pasuo 4,55 °C). Dro
o3Hayaet, 4to u3 16 Gykc, MMEIOIIMX Temieparypy rneperpesa ot 7,2 °C
10 9 °C, monosrHa OyKC IoNajia TyJa He CIydaiHo, a [0 NPUYMHE HEKO-
TOPOro yBenudeHus Cuiibl Tpenust. B uurepsan 10,5...12 °C toxe Hecy-
yaifHO momnanu ABe u3 uerbipex Oykc. Homepa Oykc, momaBmux B ykas3aH-
HbIE TEMIIEpAaTypHbIE HHTEPBAJIBI (B JAHHOM CIIyyae MX 4ucio paBHO 20),
(bUKCUpPYIOTCS.

3. U3mepenus no nm. 1-2 noBTOPSAIOTCS B U3MEPUTEIBHBIX KaMepax.
Howmepa Oykc, cTaOMiIbHO HaXOASIIMXCS B CIIUCKE M30BITOYHBIX, CICTYET
CUMTATh CKPHITO JAedekTHbiMU. JloBepUTENbHAs BEPOSTHOCTH TAaKOIO
YTBEPKACHUSI Jake MPU PAaBHOBEPOSTHOM pAacIpeaeseHUH Ui TpexX IMo-
ClIeI0BaTeNbHBIX peanu3anuii npesbimaet 0,98.

24
22
20
18
16 -
14
12
10 -

— q)yHKI.WISI pacnpegeneHusa

-4 [MCTOrpaMmma

Kon-Bo 6ykc

01 2 3 45 6 7 8 9 10 11 12 13 14 15
Temnepartypa, °C

OyHKIUS ¥ THCTOTPaMMa paclpeieIeHus OYKC 10 TeMIepaType
qust ckopocetr 117 km/a u T, = 10 °C

Paccmorpenune ocoGeHHOCTEH (PU3MUECKUX MPOIECCOB HarpeBa OyKc,
MOJKPEIUICHHOE CTATUCTUYECKUMH MCCIICIOBAHUSMU, TTO3BOJIMIIO aBTOPAM:

— copMuUpOBaTh JOCTOBEPHYIO THIIOTE3y O TOCTOSHCTBE KO03(du-
IIMCHTA BapUAIlMd PAaBHOBEPOATHBIX TEMIICPATYPHBIX pacupeaciIeHuN
Harpy»KeHHBIX OyKC, KOTOPBIH ISl OTHOCUTEIbHOTO KBaHTUIA (P = 0,95)
DL _ 057302

Mx .

1

COCTABJIAET v =

— pa3paboTaTh Ha €€ OCHOBE METOJI BBISIBIICHUS CKPBITO JE(DEKTHBIX OYKC
C 3a/IaHHOM TOBEPUTEIILHON BEPOATHOCTHIO (110 MPUUMHE HEKOTOPOT'O YBEIIN-
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yeHust cuiibl TpeHusi). [Ipu sTomM mMeton He TpeOyeT MOMONHUTEBHBIX U3ME-
peHui TeMrepaTypbl OKPYKaroIIen CPeJIbl U CKOPOCTH MOE3/1a.
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Statistical method of early diagnostics of defect bearings
of a carriage rolling stock of iron roads
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Abstract. The method permitting to provide on the basis of the chan-
nel of a pyrometer an early diagnostic estimate of presence of defects of
bearings is described. The method is built with usage of a hypothesis
about persistence of coefficient of a variation of allocations of bearings on
heating temperature caused by operation of frictional force in bearings.
The method allows to tap latent defects of bearings with a given confi-
dence coefficient and does not require padding measurements of an ambi-
ent temperature and speed of a train.

Keywords: temperature allocations of bearings, persistence of coefficient
of a variation, early diagnostics of presence of defects of bearings.
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IlocTpoeHne MmaTeMaTHYECKOW MO/1e/TH
TEPMOMEXAHUYECKHUX NMPOIECCOB B KOMIIO3UTE
¢ BKJIIDYEHUSIMHM B BH/IE JIJIMIICOMI0B BpallleHU sl

© JI.A. KyBIIMHHMKOBA
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B Hacrosee BpemMs B KadyecTBe KOHCTPYKIMOHHBIX U (DYHKIIMOHAIb-
HBIX MaTepUaloB MJs Pa3IMYHBIX TEXHUYECKHX YCTPOICTB HaXOAST
HIMPOKOE MPUMEHEHHE KOHCOJIMIWPOBAHHBIE CTPYKTYPHO-UyBCTBUTENb-
Hble MaTepualibl, PU3MKO-MEXaHUUECKUE CBOMCTBA KOTOPBIX CYIIECTBEH-
HO 3aBHCST OT UX BHYTpeHHEH cTpykTypbl. K HUM B nepByto ouepeab OT-
HOCSAT HAHOCTPYKTYpPHbIE KOMIO3MUTHI ¢ Pa3HOOOpa3HbBIM apMUpPOBaHHEM
BBICOKOTIPOYHBIMH BOJIOKHAMH; MaTepHaIIbl, MOAUDUITUPOBAHHBIC YaCTH-
aMM Pa3IM4YHOro Tumna (YrJepoAHbBIMM HaHOTpyOkamu, (ynnepeHamu
u T. 1.) [1]. Pa3paboTka TeXHOJIOTHH CO3JaHUsI HAHOCTPYKTYPHBIX KOMIIO-
3UTOB C BO3MOYKHOCTBIO NMPEICKA3aHU UX TEPMOMEXaHUYECKUX XapaKTe-
PUCTHK 0CO00 aKkTyajibHa JJi OTpaciell, NPeabsBISIOIINX BHICOKHE Tpe-
00BaHMs K AKPAHUPYIOIIUM, MOTJIOIMIAIONINM, U30JUPYIOIIUM CBOMCTBaM
MaTepUajoB, UCIOIb3yEMbIX B Kau€CTBE KOHCTPYKIIMOHHBIX NP KECTKUX
OTPaHUYEHUSIX HA MaCCOBO-Ta0APUTHBIE XapaKTEPUCTHKH.

Onucanue TepMOMEXaHUYECKHUX CBOMCTB TaKUX MaTEpUAIOB BO3MOXKHO
B paMKax HeJIOKaJbHbIX Mojenell. Takue Monenu 6a3upyroTcst Ha MeTo1ax
00OOIICHHOW MEXaHUKH CIUIONIHOW Cpeasl W TONYYHJIM CBOE Hayalo
B pabotax A.K. Opunrena [2]. [lanbHeilee pa3BuTue Uaei HeNOKaIbHOM
TEPMOJMHAMUKHN TMpHUBEIeHO B pabortax [3, 4]. KiroueBbIMH MOMEHTaMu
B 3TOM METO/JI€ SIBJISIFOTCS YCTAHOBJICHHUE CBS3M MEXKIY XapaKTepUCTUKaAMU
MHUKPO- M MAaKpOYpOBHS, a Takxke yueT 3((eKToB NpoCTpaHCTBEHHOU
HEJIOKAJIbHOCTH CPEIbl.

B pabore paccMOTpeH MoAXoJ K MOJECIUPOBAHUIO TEPMOMEXaHUYE-
CKUX IPOILIECCOB B KOMITO3UTHBIX MaTepHaiax ¢ yHOpsSA0YEHHBIMU BKIIIO-
YEHUSIMU B BUJE AJUIMIICOUJOB BpalleHus. JlaHHBIM MOIX0J OCHOBAH Ha
MoJeNAX OO0OOIIEHHOM MEXaHMKH CIUIOIIHOW cpeabl [S5] M mo3BOJseT
y4€CTh MPOLECCHI, MPOTEKAIOIINE HA MUKPOYpPOBHE, IMOCPEICTBOM BHYT-
PEHHUX MapaMeTPOB COCTOSHHMSI W MHTErPAJIbHBIX CIaraeéMblX, YYUTHIBA-
IOLIUX BJIMSHUE SJUIUIICOUIHBIX BKJIIOYEHHUH C MIOMOILBIO TaK HAa3bIBAEMOM
«(pyHKIUM BIUSHHUA» B COOTBETCTBYIOIIEH obnactu. Ilomydena cuctema
UHTETPO-TU(PepeHINATBHBIX YPAaBHEHHA ISl OTIMCAHHUS TEPMOYIIPYTOCTH
B KOMIIO3UTHOM MaTepuale ¢ BKJIIOYECHUSIMHU B BHJIE IIUIICOMIOB Bpallle-
Hus. PaccMoTpeHa BO3MOXKHOCTh IEpexo/ia K MOJEIUPOBAHUIO TeMIIEpa-
TYPHBIX HAIPSDKEHUH TNPH 3aJaHUM COOTBETCTBYIOLIMX T'PAaHUYHBIX H
Ha4yaJIbHBIX YCJIIOBHW. JIJIsI IBYMEpHOM IOCTAHOBKHM 3a/1audl IPEJIOKEHa
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(GyHKUMS BIMSHUSA, OCHOBaHHAsh HA MHOTOMEPHOM pactpeneneHuu [ayc-
ca. Takas ¢yHKIUS MO3BOJSET YUUTHIBATh BIMSHUE BKIIOYEHUH B hopme
AIIIUIICOUJIOB BpAlllEHUsl HA pPACIpENeeHUE TEIUIOTHl U HANpsKEHU B
AQHU30TPOITHOM TBEPJIOM TEJIE.

Knwoueswie cnosa: xomnosum, mamemamudeckas mooenb, 0000WeHHas
MeXAaHUuKa CHIOWHOU Cpeobl, MepMOYnpy20Cb.

Paboma evinonnena 6 pamxax 2ocyoapcmeeHHo20 3a0anus 8y3am
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Mathematical model of thermomechanical processes
in the composites with the ellipsoid inclusions

© D.A. Kuvshinnikova
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E-mail (speaker): kuvshinnikovadasha@gmail.com

Currently, consolidated structurally sensitive materials are widely
used as structural and functional materials for various technical devices.
The physical and mechanical properties of such materials depend signifi-
cantly on their internal structure. These materials primarily include
nanostructured composites with a variety of high-strength fiber reinforce-
ment: materials modified with various types of particles (carbon nano-
tubes, fullerenes, etc.) [1]. The development of technology for creating
nanostructured composites with the ability to predict their thermomechan-
ical characteristics is particularly relevant for industries that place high
demands on the shielding, absorbing, and insulating properties of materi-
als. Such materials are used as structural materials with strict restrictions
on mass and dimensional characteristics.
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The thermomechanical properties of such materials can be described
using non-local models. Such models are based on methods of generalized
continuum mechanics. This approach was first developed in the works of
A K. Eringen [2]. Further development of the ideas of experimental ther-
modynamics is given in [3, 4]. The key points in this method are the estab-
lishment of a relationship between the characteristics of the micro and
macro levels. It is also important to consider the effect of spatial nonlocal-
lity of the environment.

This paper considers an approach to modeling thermomechanical pro-
cesses in composite with the spheroid inclusions. This approach is based
on models of generalized continuum mechanics [5] and allows us to con-
sider processes occurring at the micro level by means of internal state pa-
rameters and integral terms. Integral terms consider the influence of ellip-
soid inclusions using the “influence function” in the corresponding
domain. A system of integro-differential equations for describing thermoe-
lasticity in composites with the ellipsoid inclusions. The possibility of
switching to modeling temperature stresses when setting the appropriate
boundary and initial conditions is considered. For a two-dimensional
problem statement, an influence function based on a multidimensional
Gaussian distribution is proposed. This function considers the influence of
ellipsoid inclusions on the distribution of heat and stress in an anisotropic
solid.

Keywords: composite, mathematical model, generalized continuum me-
chanics, thermoelasticity.

The work was carried out within the framework of a state order from the
Ministry of Science and Education of Russia,
project no. FSFN no. 0705-2020-0032.
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HccaenoBanue BJIUSHUA COTJIACOBAHHOCTH BO31eHCTBUA
3puTesieil HA JMHAMUYECKYI0 PeaKkuio TPUOyH
CIIOPTUBHBIX COOPYKEHU U
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AHHOTanus. [IpuBeNEHO KOMIUIEKCHOE HCCIIEIOBAaHUE IOBEICHUS
MOJIeTIM TPUOYHBI CIIOPTUBHOIO COOPY’KEHUS MOJ AEHCTBHEM HAarpy3KH,
co3gaBaemoi 3purensamu. [Ipu pacdere yuyTeH ciy4ailHbI XapakTep ma-
paMeTpoB Harpy >KeHusl.

Knroueswvie cnosa: cmamucmuueckoe mooeruposarue, Koagppuyuenm ou-
HAMUYHOCIU, CIYYAUHASL HACPY3KA, MPUOYHbI CROPMUBHBIX COOPYICEHUL,
K03 puyuenm paccoanacosannocmu, MATLAB, Simulink.

BBenenue. bosnblienponeTHble CIOPTUBHBIE U KYJIbTYPHO-MAaCCOBbBIE
COOpY>XEHHSI ¢ TPUOYHAMH B BHUJEC KOHCOJIM C OOJBIION CTPENIOi BhUIETA
WIH C TMOABECHBIMU TPUOYHAMU MOTYT HCHBITHIBATh 3HAYUTENbHBIC JHHA-
MHWYCCKUC HArPYy3KW IPH NPLDKKAX WK PUTMUYHBIX TAHICBAJIbHBIX OBH-
JKEHUAX 3puTeneid. Takue KOHCTPYKIMU UMEIOT Malyl0 )K€CTKOCTh U HU3-
KHE COOCTBEHHBIE YaCTOTbI, KOTOpPbLIC MOT'YT COBHIaJgaTb C YaCTOTaMU
JBWKEHUW 3puTeNeil. B Takux ciyyasix 3puTenu MOTYT CHpPOBOLMPOBATh
PE30HAHCHBIC SABJICHUSA B KOHCTPYKIUH, HNPUBOIAINIUC K KoJIe0aHUsIM
¢ OOJBIION aMITTUTYION U AaXKe JIOKaJIbHBIM pa3pylieHusm [ 1].

B oTredyecTBEeHHBIX HOPMATUBHBIX JOKYMCHTAaX OTCYTCTBYCT o00ocHoO-
BaHHAs METOJMKA pacueTa TPUOYH CHOPTHUBHBIX COOPYKEHHI Ha BO3ZCH-
cTBHS 3puTeiei. Llenp HacTosImero nccieaoBaHust — OIeHKa Kod(huIm-
€HTOB JWHAMHUYHOCTH IIPU COIJIACOBAHHBIX JCHCTBUAX 3pHUTENICd Ha
TpUOYHBI CHOPTHBHBIX coopykeHuil. [locraBieHHas 3amgaya pemraeTcs
C IPUMEHEHUEM CTaTUCTUYECKOIO MOJECIUPOBAHUS.

IlocTanoBka, pemieHue 3aJa4u M OCHOBHbIe BBIBOJbI. B kauecTBe
MoJien TpUOYHBI OblIa BeIOpaHa IIApHUPHO-OTEpTas Oayika JBYyTaBPOBO-
T'O CCUCHUS, HArpPy’KCHHAsA ACBATHBIO COCPCAOTOUCHHBIMU CHIIaMHU, COOT-
BETCTBYIOIIIMMHU HArpy3kam, CO3[1aBA€MbIM JEBATHIO 3PUTEIISIMH, COBEp-
HIaromrMU IPBIKKH. BO3I[CI>1CTBPI€ OT KaXJOTO 3pHUTCIIA MPCACTABJICHO
B BUJIE TTOJIYCHHYCOMIAIBHOTO UMITyJIbca [2]:

1L . Tt
—Gsin| —+o¢ |, 0Zr<aTl,;

F(1)=120 o, r (1)

0, anStSTp.
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3nece G — Bec 3puTens; o — KOX(P(OUIMEHT, 3aBUCSIIMA OT BHIA
aKTUBHOCTH 3puTens; T, — Neproj Harpysku; { — Bpems; ¢ — dasa,

XapaKkTepU3yolllas 3ana3/(bIBaHue 3pUTE.
B nacrosimeit pabore paccMatpuBaeTcs HanOoJee ONMacHbIN Cirydaid —
BBICOKHE NPbLKKH, Koraa o = 0,25, a nepuon T »» COCTaBIIAeT 0,5 c, T. €. yac-

TOTa NPbIKKOB paBHa 2 ['11.

Jnst pemenns 3amaud Obuta pa3paboTaHa KOHEYHO-IJIEMEHTHAs MO-
nenb Oanku B [IK MATLAB. UucieHHbIe SKCIIEPUMEHTHI MPOBOIUIHCH
B cpene moaenupoBanus Simulink. B xoxe kaxmoro skcrnepuMenTa ObLI10
NOJYYCHO YHCIICHHOE DPEUICHHWE ypaBHEHHsS JABIKCHHS OalKu TOJ Jeii-
CTBHEM COCPEOTOUYCHHBIX MOJIyCUHYCOUIATBHBIX UMITYJIBCOB BO BPEMEH-
HOI oOnactu mpH ciydaiiHbiX (aze u amrmumryge. Koadpduuuent nuna-
MHUYHOCTH ONpPEAEISUICA KaK OTHOLIEHHE MAaKCUMAJIbHOTO IMHAMHYECKOTO
nporuda K CTaTUYeCKOMY B IEHTPAJIbHOM CEUEHUH OalIKH.

banka MonenupoBanack B IByX KOH(QUIypaLusix — HEPE30HAHCHOU U
pe3oHancHod. B mepBom ciywae anmmHa Ganku Obuta mojgoOpaHa TaKoM,
YTO HU3IIAasg COOCTBEHHAsl YacTOTa ObUIAa ropa3fo BhINIE YaCTOTHI HArpPY-
xenus (2 I'm). Bo Bropom ciydae Oanka umena OONBIIYIO IIUHY, MOJIO-
OpaHHYIO TakuM 00pa3oM, YTOObI HAaMMEHBIIAasi COOCTBEHHAs YacTOTa KO-
nebanuii Oasnku Obula OJIM3KA K YacTOTE HArpy>KeHUs U MPUOIU3UTEIBHO
paBusutack 2 I'u. [lng o6enx koHurypamuii 66u10 nposeaero no 10 uuc-
JICHHBIX 3KCIIEPUMEHTOB, B pe3yJbTaTeé KOTOPBIX OBLIM ONpEAeseHbl KO-
3 PUIHEHTH TUHAMUYHOCTH. B MCClieqoBaHNM YUYHUTHIBAIICS CIyYalHBINA
XapakTep MapaMeTpoB HArpy>KEHHUs: Macca 3pUTelieil sBisjIach BEIUYH-
HOM, paBHOMEpHO pacnpeneneHHo ot 70 go 100 kr, 3ama3asiBaHue 3pu-
Tese paBHoMepHO pacnpeaeneHo ot 0 qo 1 cexkynapl. Ilocne BeimosHe-
HUSI CepHid YMCIICHHOTO MOJICJIMPOBAHUS OblIa IPOBeIeHa CTaTHCTUYECKast
00paboTKa JAHHBIX — ONpEAEICHbI CPeIHEKBAPATHUHbIE OTKJIOHEHUS U
MaTeMaTH4ecKue OXHUIaHusd Kod(duuueHToB nuHamuuHOCTH. CpenHui
K03(pPHUIIMEHT TUHAMUYHOCTH MOJENH Oalki HEPe30HAHCHOW KOH(HTY-
panmu okasajucs MOYTH B 2 pa3a MEHbIIEe KOd(PPHUIMEHTa THHAMUYHOCTH
MozeNn OaTKK Pe30HAaHCHOW KOH(UTYpaIIUH.

Jiis 06enx koH(pUTYparuii OBLIO TPOBEACHO 10 OJTHOMY 0COOOMY YHC-
JICHHOMY SKCIIEPUMEHTY, COOTBETCTBYIOIEMY a0COIIOTHO COTJIaCOBAHHOMY
BO3JIeiicTBUIO 3puUTenel (C HyJIEBbIM 3ama3/piBaHueM). B pesynbrate Obliu
NOJTy4eHbl KOAQPHUIMEHTHI TMHAMUYHOCTH 11 aOCOJIIOTHO COTJIACOBAHHO-
rO BO3JCHCTBUS, YTO IMO3BOJMJIO OINpPEACTUTh KO3(D(UIMEHT paccoriaco-
BAaHHOCTU B BHUJI€ OTHOIIEHUs cpeaHero Ko3(dduireHTa ITUHAMUYHOCTH
K KO3(pPUIMEHTY TUHAMUYHOCTH IIPH COTIIACOBAHHOM BO3/IEHCTBUU 3pUTE-
ned. B xone mccnenoBaHus yCTaHOBJIEHO, YTO PACCOTTIACOBAHHOE JIBHKE-
HHUE 3puTeNeil MOXXKeT CHHM3UTh KOd(pPHIMEHT TuHaMU4IHOCTH 10 60 %,
a 3aBUCHMOCTb BEJIMUYUHBI KOG GHULIMEHTAa JUHAMUYHOCTU OT CPEIHEH Be-
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JUYMHBI 3aMa3/IbIBaHUSl XOPOIIO ANMpPOKCUMHUPYETCS 3KCHOHEHIUAIbHON
3aBUCUMOCTBIO.

Pacuer mnsa omHoro u3 HabopoB ¢a3 u aMIuUTy[ (M I pe30HAHCHO-
ro, U A7 HEPEe30HAHCHOTO BAPUAHTOB KOH(UTrypanuii TpUOYHBI) OBLI
MPOBEZIEH B MporpaMmMHOM koMmruiekce ANSY'S, mo3BossitoniemM OLeHUTh
BIUSTHUE TE€OMETPUUYECKON HETMHEWHOCTH Ha KOA(P(GUIIMEHT TUHAMHYHO-
CTU. YCTaHOBJIEHO, YTO NPHU y4YE€Te T€OMETPUUYECKON HEITMHEUHOCTH KO-
G GUIMEHT NTUHAMUYHOCTU CHIDKaeTcs: Ha 6,5 % [ Hepe3oHaHCHOU
KoHuUrypamuu u Ha 64 % — 1715 pe30HaHCHOM.

3akmouyenue. B pabore oOcyxaaroTcs pe3yabTaThl UUCIEHHOTO MO-
JeTMPOBAaHMS KOJIEOAHUNW TPUOYH CIIOPTUBHBIX COOPYKCHHM MPHU BO3EH-
CTBUM JMHAMHUYECKON HArpy3Kd OT 3pUTEIIEH, 3aBUCAILIEH OT CIy4YalHbIX
napameTpoB. lccienoBanne nokasano, 4YTO JJis YCTPaHEHUS] BO3MOKHBIX
PE30HAHCHBIX SBIIEHUH HEOOXOIMMO OTCTpauBaTh CUCTEMY OT pe30HaHCa
Tak, 4TOOBI JUANa30H COOCTBEHHBIX YaCTOT CIIOPTUBHBIX TPUOYH OBLI
MaKCUMaJbHO yJaJ€H OT 4acTOT JBM>KeHMs 3putened. Kpome toro, cie-
JyeT YUWUThIBaThb, YTO COTJIACOBAHHBIE JBMKEHUS 3pUTENIEd MOTYT OBIThH
ONAacHbI 151 KOHCTPYKIIUH.
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Abstract. The paper gives a comprehensive study of the sports grand-
stand response under the load created by the audience. The calculation
takes into account random parameters of the load.
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AnHoTanusi. ONUCAaHO UCIOJIb30BAHUE KOMIBIOTEPHBIX WIp IS
BU3YaJIH3alUN JIEATEIbHOCTH BBICOKOTEXHOJOTUYHOTO MPEIIPHUSITHS.
Kowmmerorepnas urpa «Ku3Hb», mpencTaBisonas co0oi KIeTOUHbIA aB-
tomat aBropcTBa [[)xona KonBes, mpeioxkeHna uisi BU3yalu3aldd KO-
HOMHMKO-TTPOU3BOJICTBEHHON JIE€ATEIHHOCTH KOMIIAHWHU. SI3BIK OMHCaHUS
urpbl «Kuznab» agantupoBad ¢ Altair BASIC na coBpemennsiii C++. Ha
npuMepe KOMIBIOTEPHON UTPhI TIOKA3aHO, YTO KJIETOYHBIM aBTOMAT MPH-
eMJIeM IS BU3YalH3alUH JAESITEeIbHOCTU MPEANPHUATHS PAKEeTHO-KOCMHU-
YEeCKOW OTpacid U CIOCOOEH K OTPAKCHHI0 MHOTOMEPHON IKOHOMHUYE-
CKOM nH(popMaIuu.

Knwueswvie cnosa: xnemounviii asmomam «Kusznvy, romnviomepmvie
uepvl, OUHAMUKA, BbICOKOMEXHONI02UYHOEe UHHOBAYUOHHOE npeonpusmue,
PAKeMmHO-KOCMUYECKAs OMpacib, U3VAIUIAYUSL IKOHOMUYECKOU UHPOD-
Mayuu, kopnopayus Boeing.

[NosiBIeHNE KOMIBIOTEPHBIX WTP JAET BO3MOXKHOCTH CO3JIaHUSI HHHO-
BAallMOHHBIX 3KOHOMUKO-MATECMATUYCCKUX HWHCTPYMCHTOB. KOMHBIOTep-
HbIe nenoBble Urpel SimSity, Dwarf Fortress u «BupToHoMukay moctpoe-
Hbl Ha OCHOBE JKOHOMHUYECKOW MOJENH, TO3BOJSIOT IOJIH30BATEIIO
oTpabaThIBaTh HABBIKM TNPHUHSITHS YIPABICHYCCKHX PEIICHHA W KOM-
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IUIEKCHOI'O0 3KOHOMHYECKOIO aHajlu3a B MEHSIOUIECICS CUCTEME UIPOBOIO
mporecca.

B ocHOBe psiia COBpEMEHHBIX KOMIBIOTEPHBIX UTP JIEKHUT TEXHOJIOTHUS
KJIETOYHOro aBToMara. KileTouHslil aBTOMaT — 3TO JUCKPETHAs JUHAMUYE-
CKas CHCTeMa, MPeJCTaBIIsIoNas coOO0H COBOKYITHOCTh aHAJIOTUYHBIX KIIETOK,
OJIMHaKOBBIM 00pa30M COEMHEHHBIX Mexay coOoi. Kaxas kinetka sBiser-
Cs1 KOHEYHBIM aBTOMAaTOM, COCTOSIHHSL KOTOPOTO ONPEAEIISIFOTCS. COCTOSIHUSIMU
COCEJTHUX KJIETOK U, BO3MOKHO, €€ COOCTBEHHBIM COCTOsSIHHMEM [1].

JlxoH ¢on HelimaH f0Ka3an BO3MOKHOCTh CYILIECTBOBAHHUS CaMOBOC-
IPOU3BOJAIIMXCS aBTOMATOB C IOMOIIBI0 «KMHEMATHUYECKUX» MOJENIEH
MallliH, KOTOPbIe MOTYT TIOCTPOUTH KOIHIO CaMUX ceOsl. YTIPOCTHUB UICH,
npeiokeHHsle  Helimanom, Opurtanckuii matematuk Jxon Konsei
B 1970 r. co3nain kneTounslii aBTomMar «Ku3HbY.

Knerounsiii aBToMat «OKu3HB» MOKHO MCIIOIB30BaTh KaK MHHOBAL[MOH-
HBII Cmoco0 BH3yalnu3allid MHOTOMEPHOM SKOHOMHYECKOW HMH(pOpMAIUH.
Panee mMHOromepHasi sKoHOMHYecKass MH(oOpMalys ObUIa MpPEICTaBICHA B
Busie JHll YepHOBa — CBOEOOPA3HOrO 3MOLMOHAIBHOIO MHTEp(eiica, 4To
SIBJIACTCS JIOTHYECKUM MPOIOJbKEeHHEM pabot matemaruka ['. UepHosa [2].

KomnbrotepHast urpa «2Kusnp» mnpezacraiser coboil mpocToil kie-
TOYHBIM aBTOMAT C HENPEJICKa3yeMbIM IIOBEIEHUEM, B KOTOPOM UEJIOBEK
HE NPHUHMMAET y4yacTus. B KOMIBIOTEPHON UIpe CYIIECTBYET JBa IIPaBU-
Ja, OIpPENEIAIONINE «POXKICHHE» U «cMepTh». OTMETHM, YTO Hrpa
«Ku3Hp» OKkazaja BIUSHHE HA Pa3BUTHUE MATEMaTHKH U WH(POPMATUKH,
a CTPYKTYpBI, HaOJIr01aeMble B 3TOM Urpe, BCTpeyaroTcst B OMOJIOrUH, acT-
pOHOMUH, PU3UKE U XUMHUHU.

[IpoBenena aHanoOrust MEXIy CMEHSIOLIUMUCS MOKOJEHUSMHU <(OKH-
BbIX» KieTOK B urpe J[. Konsest u mpencraBiaeHus 1eATENbHOCTH BbICO-
KOTEXHOJIOTMYHOTO NPEANpPUITHS KaK JKUBOro opraHuszMa. B mensax kop-
PEKTHOM MHCTAUIALMU 3KOHOMUYECKUX IMEPEMEHHBIX B UIpy <« Ku3Hb»
urpa Oblla MEpeBel€Ha M3 H3HAYAIBHOIO s3blKa IPOrpaMMHPOBAHHUSA
Altair BASIC B coBpemennsrii C++.

OOBEKTOM HCCiIeI0OBaHUS SIBISETCS BBICOKOTEXHOJIOTMYHOE MHHOBA-
[IMOHHOE TpeanpusTue — Koprnoparus Boeing. [TapameTpbl s3x0oHOMUYC-
CKOH AESITeNbHOCTU MPEANPUATHUS B3SThl U3 OTKPBITHIX HCTOUYHUKOB 3a I1e-
puox 2010—-2016 rr.

Jliis mpoBeeHNsl IKOHOMHKO-MaTeMaTHUECKOr0 IKCIIEPUMEHTA MHOTO-
MepHasi SKOHOMHUYecKas HHPpOpMaIus, OTpaskaroias AeATeIbHOCTD TPe/-
npusatas Boeing Ha NpOTsHKEHUH MIECTH JIET, OblIa MpeICTaBIeHa CIemy-
fouumu 6iokamu: HUOKP, nepconan, yieiabHbli BEC MHTEIIEKTYaJIbHOM
COOCTBEHHOCTH B COCTaBE aKTHBOB MPEANPHUATHS, 3PHEKTUBHOCTh HHHO-
BalMi{, ”THHOBAIIMOHHBIN MOTEHIIMAN, KOHKYPEHTHBIE (DAaKTOPBI B Pa3BUTHU
BBICOKOTEXHOJIOTMYHOTO IIPEIIPUATHS, PUCK IIPOCKTOB, CBSI3aHHBIN C pa3-
paboTKO# M BHEIPEHHWEM HOBOW BBICOKOTEXHOJIOTHMYHON MPOIYKIIHH, TIO-
Ka3zaTelu ONEepaloHHONW 3((EeKTUBHOCTH, KPUTEPUH HHBECTULMOHHON
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IIPUBJIEKATEILHOCTH M MapKETHHI TexHoJjorui. Ilapamerpsl 3x0HOMUYE-
CKOM JeSITeIbHOCTH, BXOASIIUE B OJIOKHM, ObIIIM HOPMHUPOBAHbI MEpe] UH-
CTAJUISILIUEH B UTPY.

Buzyanuszanuuss MHOroMepHOW 3KOHOMUYECKOW HMH(OpMAIMU C MOMO-
IIbI0 KJIETOYHOI'O aBTOMAaTa — WHHOBALMOHHOW Hporpammsel <« Ku3HbBY
NO3BOJISIET MTOKA3aTh PAa3BUTHE BBICOKOTEXHOJOTMYHOW KoMmaHuu. Opuru-
HaJIbHOCTb NOJJOOHON BU3yallM3alluy yIy4lllaeT BOCIPUATHE TIEpEaaBaeMOi
9KOHOMUYECKOH NH(OpMALIUH MTOJIB30BATENIEM.
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Cellular automaton “Life” as an innovative tool
for visualizing the dynamics of development
of a high-tech enterprise in the rocket and space industry

© E.D. Sokurenko*, B.B. Sokolyansky

Bauman Moscow State Technical University, Moscow, Russia
*E-mail: sokurenkoed@student.bmstu.ru

Abstract. The paper describes the use of computer games for visualiz-
ing the activities of a high-tech enterprise. The computer game “Life” rep-
resenting a cellular automaton by John Conway, is proposed for visualiz-
ing the economic and production activities of the company. The language
for describing the game “Life” is adapted from Altair BASIC to modern
C ++. It is shown that the cellular automaton is acceptable for visualizing
the activities of an enterprise in the rocket and space industry and is capa-
ble of reflecting multidimensional economic information on the example
of a computer game.

Keywords: cellular automatons, Conway's Game of Life, computer games,
dynamics, high-tech innovative enterprise, rocket and space industry, visua-
lization of economic information, Boeing corporation.

The advent of computer games makes it possible to create innovative
economic and mathematical tools. Computer business games such as
SimSity, Dwarf Fortress and Virtonomics are built on the basis of an eco-
nomic model that allow the user to practice the skills of making managerial
decisions and complex economic analysis in a changing gameplay system.
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The basis of a number of modern computer games is the technology of
a cellular automaton. A cellular automaton is a discrete dynamic system,
which is a collection of connected in the same way similar cells. Each cell
is a finite automaton, the states of which are determined by the states of
neighboring cells and, possibly, its own states [1].

John von Neumann proved the possibility of the existence of self-
reproducing automata by means of “kinematic” machine models that can
build up themselves. Simplifying the ideas proposed by Neumann, British
mathematician John Conway in 1970 created the cellular automaton
“Life”.

Cellular automaton “Life” can be used as an innovative way to visual-
ize multidimensional economic information. Earlier, multidimensional
economic information was represented as Chernoff's faces, which is a kind
of emotional interface, which is a logical continuation of the works of the
mathematician G. Chernoff [2].

The computer game “Life” is a simple cellular automaton with unpre-
dictable behavior, in which a human does not participate. There are two
rules in the computer games that describe the “birth” and “death.” The
game “Life” influenced the development of mathematics and computer
science, and the observed in this game structures are found in biology, as-
tronomy, physics and chemistry.

An analogy was drawn between the alternating generations of “living”
cells in Conway's game and the presentation of a high-tech enterprise as a
living organism. The game “Life” was transferred from the original Altair
BASIC programming language to modern C ++ in order to correctly in-
stall economic variables.

The object of the research is a high-tech innovative enterprise-
corporation Boeing. The parameters of the economic activity of the enter-
prise were taken from open sources for the period from 2010 to 2016.

To make an economic and mathematical experiment, multidimension-
al economic information reflecting the activities of the Boeing enterprise
for six years was represented by the following blocks: R&D, personnel,
the share of intellectual property in the company's assets, innovation effi-
ciency, innovation potential, competitive factors in development of a high-
tech enterprise, project risk associated with the development and imple-
mentation of new high-tech products, operational efficiency indicators, in-
vestment attractiveness criteria and technology marketing. The parameters
of economic activity included in the blocks were normalized before instal-
lation into the game.

Visualization of multidimensional economic information using the
cellular automaton-innovation program “Life” allows showing the devel-
opment of a high-tech company. The originality of such visualization im-
proves the perception of the transmitted economic information by the user.

Hnuorcenepnotit scypnan: nayka u unnosayuu # 3-2021 139



DynoamenmanvHvie u npuKkIaouvle 3adaqu mexanuku. Mamepuanv kongpepenyuu. Yacmo 1

References

1.

Shalyapina N.A., Gromov M.L. “Life” in tensor: implementing cellular automata on
graphics adapters. Proceedings of the Institute for System Programming of the RAS,
2019, vol. 31, no. 3, pp. 217-228.

Zagorodnikov S.A., Sokolyansky V.V. Chernoff's faces as an emotional interface
when building a model of a high-tech innovative enterprise in the machine-building
industry. High-Tech Enterprises Economy, 2020, vol. 1, no. 2, pp. 77-90.

140

Huotcenepnotit scypnan: Hayka u unnogayuu # 3-2021



DOI: 10.18698/2308-6033-2021-3-2067

CEKUMA 2. TEOPETUYECKAA MEXAHUKA.
HEBECHAA MEXAHUKA

2.1. TeopeTnyeckasa MexaHuKa

Pyxosooumenu: n-p pus.-mar. Hayk, npod. B.A. CamcoHOB,
I-p ¢us.-mat. Hayk, npod. P.I'. Myxapnsamon

O600mennas Moaeb aBTokoe0annii Ban-gep-Iloas
u PeJtest

© C.B. Hecrepos', B.I'. Baiinynos'*

'UIMex PAH, Mocksa, Poccus
IMITY um. HD. Baymana, Mockga, Poccust
*E-mail: bayd@ipmnet.ru

Annoranusi. [Ipemnoxena Mozaenb, 0000MIarONMas U3BECTHHIE YpaB-
HEHUs HeNMWHEHHoW Teopun kKonebanmii (Ban-nep-Ilons u Penes), mpe-
JIEJIbHBIE IIUKJIBI KOTOPOI — KpUBBIE (Pa30BOM MIOCKOCTH, ONpeAeIsieMble
MIOJTHOW PHEpruei KoJieOaHUul B Cllydae OTCYTCTBHS JTHCCUTIAIIMH/TIPUTOKA
SHEpruu B cucteMy. VI3MeHssi mapamMeTphl CUCTEMBI U BHJI CHJIOBOTO BO3-
JENCTBHUS MOYKHO 33/1aBaTh YCTOWYMBBIE K BO3MYILECHUSAM XapaKTEPUCTUKH
Kojebanuii. PaccMoTpens! pa3zoBbie MOPTPETHI CUCTEMBI, BKITIOUAs CITydai
MHOTOCBSI3HBIX MPEICIbHBIX IUKIIOB.

Knrwueegwie cnosa: asmokonebanus, ypasuenue Ban-oep-Ilons, ypasnenue
Penes, 60110601 meepoomenvubili SUPOCKON.

Generalized Van der Pol
and Rayleigh Self-Oscillation Model

© S.V. Nesterov ', V.G. Baydulov'*’

'Ishlinsky institute for Problems in Mechanics, Russian Academy of Sciences,
Moscow, Russia
’Bauman Moscow State Technical University, Moscow, Russia
* E-mail: bayd@ipmnet.ru

Abstract. The model of equation which generalizes the well-known
equations of the theory of nonlinear oscillations (Van der Pol and Ray-
leigh) is proposed. The limit cycles of proposed model are the curves on
phase plane determined by the total energy of the oscillation in the adia-
batic case. The stable due to perturbations characteristics of the oscilla-
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tions can be set by varying of parameters of the system and the form of
force action. The phase portraits of the system are considered, including
the case of multiply connected limit cycles.

Keywords: self-oscillations, van der Pol equation, Rayleigh equation,
wave solid-state gyroscope.

HccaenoBanue yCTOMYMBOCTH MOJIOKEHU PABHOBECUS
TBEPAOI0 TeJIa C HEHTPOM MACC HA IJIABHOW O0CH MHEPL UM
¢ BUOpHUpYyOLIell TOYKOH moaBeca

© M.B. bennuenko

MockoBckuid aBUALIMOHHBIN HHCTUTYT, MockBa, Poccus
E-mail: tuzemecl@rambler.ru

AnHoTanus. VccnenoBano nBH>xeHHE TBEPAOTO Tela, TOUKa MOABECA
KOTOporo cosepmiaer BuOpauuu. Mccnenyercs ciydaid Tena ¢ LEHTPOM
Macc Ha IJIaBHOHM ocu uHepuuu. PaccMoTpen citydail BuOpauuii, BKIrO4a-
IOMUNA B ceOs MIMPOKHI CIEKTp JABMKCHUN TOYKH TOJBECa, TaKWe Kak
JBUKEHUE BJIOJb TOPU30HTAIBHON WM BEPTUKAIBHON MPSAMOM, IBUKEHUE
[0 TOPU30HTAJIBHOMY HWJIM BEPTUKAIBHOMY 3JUIMIICY, TPOU3BOJIBHOE JBU-
JKEHHE B TOPU3OHTAIBHOM IJIOCKOCTH, a TAKXKE PSAJ TPEXMEPHBIX JIBHKE-
HUN TOYKM mojBeca. B pamkax mpuOIMKEHHOW aBTOHOMHOW CHCTEMBI
mudhepeHINATBHBIX YPAaBHEHUH ABMKCHUS PELIeH BONPOC O CYIIECTBO-
BAHUU U YCTOMYHMBOCTH IOJOXKEHUM OTHOCUTEIBLHOIO PABHOBECHUS TEIIA.
[TomydyeHo, 4To B cHCTeMe MOXET ObITh OT YEThIpEeX O BOCBMH Kade-
CTBEHHO pa3JIMYHBIX IOJIOKEHUN paBHOBecHs. llosryueHbl nocrarouHble
Y HEOOXOAMMBbIE YCIOBHS YCTOMUYMBOCTH HAlACHHBIX MTOJIOKEHUH.

Knrwueswie cnosa: 6u6pauuu, NOJIOHCEHUSL pABHOBECUAL, ycmoduugocmb.

Ucrtopus uccnenoBanusi TMHAMUKHA TBEPJOTO Tejla C BUOpHUpYIOLIEH
TOYKOM TMojaBeca HacuuThiBaeT yxke Oomnee 100 mer. bruto moapoOHO uc-
CJIEIOBaHO JIBIKEHHUE MATEMaTHUECKOro MasTHUKA MPU HAJIHMYUU BHOpa-
uui Touku mojaseca [1]. B mocneaHee BpeMs aKTUBHO BENETCSI UCCIIENO-
BaHME JWHAMUKH TBEPABIX TEN PA3IMYHON TEOMETPUU MacC TpH
pa3IUYHBIX CiIydasx BUOparuii Touku moaseca. A.Il. MapkeeBbim [2] ObI-
Ja o Ty4YeHa MpUOIMKEHHAsI aBTOHOMHAs CHCTeMa YPaBHEHUM, B KOTOPO
BIIMSTHUC BUOpANMii TOYKH TIOJBECA IMPEICTABICHO B BUJE JOIMOJHUTEb-
HOr0 BHUOPALIMOHHOTO MOTEHIHUAIbHOTO mois. B pamkax stoil mpuOiu-
JKEHHOU CHCTEMbI ypaBHEHUU MPOBEACHO MHOXXECTBO MCCIIEIOBAaHUU CY-
HIECTBOBAHUS M YCTOMYMBOCTH PA3IUYHBIX YACTHBIX THUIIOB JIBHIKEHUSI TEI
Pa3IUYHON T€OMETPUU MacC MPHU Pa3HBIX Clydasx BUOpaALUil TOYKU MOJI-
Beca [3-5].
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B nmanHO#l paboTe paccMaTpuBaeTCs JBIKEHUE TSHKEIOTO TBEPAOTO
TeJIa ¢ IICHTPOM MaccC Ha IJIaBHOW OCH MHEPIHWH, Touka mojaseca O KOTO-
pOTO COBEpIIIAeT BHICOKOYACTOTHBIE BUOPAIMK B TPEXMEPHOM MPOCTpaH-
CTBE€ OTHOCUTEIHHO (PUKCHPOBAHHOW TOYKH mpocTpancTBa Ok. 3amanaum

JBUKEHHE TOYKH TOJBEcCa B HEMOJBIKHOU cucteMe koopauHat Oy XYZ,

ock OxZ KOTOpOil BepTHKaibHa, B Biie Bekropa OO0 = (u(t), v(1), w(?)) .

B pamkax npuOmmKeHHOH aBTOHOMHOW CHCTEMbI YPAaBHCHHM JIBUXKE-
HUs [2] BIUSHUE BHOpAMK TOYKHU IMOJBECA 3aBUCUT OT IIECTH IapameT-
POB — CpEIHMX 3HAYEHUH MOMapHBIX MPOU3BEICHUN KOMIIOHEHT CKOPO-
CTH TOYKH TOJ[BECa 3a epUoJ

<L'12>=ax, <\>2>:ay, <W2>:az, (iv)=ay,,

<u w> =a,,, <vw> =a,,.
B pabote paccMaTpuBaeTcst YaCcTHBIN CiTydail BUOpaluii, mpu KOTOpOM

a,, =a. =a, =0. DTOT ciy4ail BKIIIOYaeT B ceOs JBHKCHNUE TOUYKH IOJ-

Xy yz
BECa BJOJIb TOPU30HTAJIBHOM WM BEPTUKAIBHOM MPSAMOM, IO TOPU3OH-
TaJbHOMY WM BEPTUKAIBHOMY 3JUIMIICY, IPOU3BOJILHOE JIBH)KEHHE TOUYKHU
MIO/IBECA B TOPU30HTAIBHOM IUIOCKOCTH, a TaK)K€ pAJl IBM)KEHHM B Tpex-
MEpPHOM TIPOCTpaHCTBE. B paMkax mpuOMMKEeHHOW aBTOHOMHOM CHUCTEMBI
YPaBHEHMH JIBUJKEHUSI pAaCCMOTPEH BOIPOC O CYIIECTBOBAHUU U YCTOWUU-
BOCTH IIOJIO)KEHUH OTHOCUTEJIBHOTO PaBHOBECHS TEIA.

UccnenoBanue nokasano, 4To B 3aBUCHUMOCTH OT BUOpPALlMOHHBIX Ma-
paMETPOB MOKET CYIECTBOBaTb OT YETHIPEX O BOCBMU Kau€CTBEHHO
pa3IMYHBIX IMOJIOKEHUM paBHOBecus. JlJId 4eThIpeX paBHOBECUH, CyIle-
CTBYIOIIUX MPH JIIOOBIX 3HAYEHUSX BHOPAIIMOHHBIX MapaMeTpoB, pajnyc-
BEKTOpP LIEHTPAa MAacC 3aHUMAeT HWKHEE U BEPXHEE BEPTUKAJIbHBIE IOJIO-
KEHMsI, a TJIABHBIE OCH MHEPLIMH, HE COZEpIKALLME LIEHTP Macc, COHAIIPaB-
nenel ¢ ocsimu OX m OY. B cimywae, xorja pasHOCTh a, —a, (WU

a, —a,) 1O MOIYJIO JOCTATOYHO BEIIMKA, B CHCTEME NPUCYTCTBYIOT 1BA

OOKOBBIX TIOJIOKEHHUSI PaBHOBECHS, NMPU KOTOPBIX PaTUyC-BEKTOP LEHTpa
Macc Tena JexuT B miockoctu OXZ (wm OYZ). Ecnu 312 pa3HocTsh Mo-

JIO)KUTEIIbHA, TO PAIUYyC-BEKTOpP LIEHTpa MacC JISKUT B HIDKHEH TMOJy-
IJIOCKOCTH, a €CJIKN OTPULIATCIIbHA — B BerHefI MOJIYIIJIOCKOCTH.

J1714 monokeHuit paBHOBECHS BBIMKMCAH FAMIJIBTOHHAH BO3MYIIEHHOTO
ABMKCHHUS W HUCCIICAOBAHBI HCO6XOJ1HMBIG U JOCTATOYHBIC YCJIOBUSA
YCTOMYMBOCTU MO OTHOIICHHUIO K MIPOCTPAHCTBEHHBIM BO3MYIIEeHUsAM. He-
00XOIMMBIE€ YCJIOBUS YCTOWYMBOCTU IOJIYYEHBI B BHJE YCIIOBHUSI PaBEH-
CTBa HYJIIO ICMCTBUTEIIbHBIX YACTE KOPHEN XapaKTEPUCTUUECKOTO ypaB-
HCHUA JII/IHeapI/ISOBaHHOI\/JI CUCTEMBI ypaBHeHI/Iﬁ BO3MYIICHHOI'O JABUKCHHA.
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JlocTatouyHble YCIIOBUA YCTOMYMBOCTH HAWJIEHbI B BUJC YCIOBHUM, 4YTO
KBaJ[paTHU4YHas 4acTh FraMUIbTOHUAHA BO3MYLICHHOTO JIBHYKEHUS IOJIOKH-
TEJBHO OINPECIICHA.

[TonyuyeHo, 4TO AOCTATOYHBIE YCIOBMS YCTOWYMBOCTH B Clydae Ma-
JBIX UHTEHCUBHOCTEN BUOpAIMii BHINOIHSIOTCS IS OAHOTO U3 JABYX HHXK-
HUX BEPTUKAIBHBIX IOJIO)KCHUN PAaBHOBECHUs, OCTAJIbHBIC IOJIOKECHUS He-
ycTOoM4MBBEL. B ciy4yae ecim mapamerp a, 3HAYUTEIBHO IPEBOCXOIUT

napaMeTpel @, U a,, OJHO M3 BEPXHUX IIOJIOKEHUU CTAaHOBHUTCS YyCTOM-

y’
quBbIM. J[11 OOKOBBIX IOJIOKEHHH pPAaBHOBECHUS YCIOBHS YCTOHYHMBOCTHU
BBIIIOJIHAKOTCS JIMIIb JUI OJHOIO IIOJIOKEHUs, IIPU KOTOPOM paanycC-
BEKTOp LIEHTPa MacCc HaXOJIUTCs B HIKHEH momymiuockoctu. Heobxomu-
MBIE YCJIOBHUSl YCTOMYMBOCTH COBIAJIA C JOCTATOYHBIMHU JJI1 BCEX IIOJIO-

JKEHU paBHOBECHUs Tea.

Hccneoosanue gvinonneno 6 Mocko8ckom aguayuOHHOM UHCTUmMYme
(HAYUOHANLHOM UCCTIE008AMENbCKOM YHUBEPCUMeme) 3d Cuem epaHma
Poccuiickoeo nayunoco ¢ponoa (npoexm Ne 19-11-00116).
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Investigation of stability of equilibrium positions
of a rigid body with a mass center on the main axis
of inertia with a vibrating suspension point

© M.V. Belichenko

Moscow Aviation Institute (National Research University), Moscow, Russia
E-mail: tuzemecl@rambler.ru

Abstract. The paper considers the motion of a rigid body with sus-
pension point committing fast vibrations. The case of a body with the cen-
ter of mass on the main axis of inertia is investigated. The case of vibra-
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tions, including a wide range of the suspension point movements, such as
motion along a horizontal or vertical straight line, motion on a horizontal
or vertical ellipse, an arbitrary motion in the horizontal plane, and a num-
ber of three-dimensional suspension point motions. In the framework of an
approximate autonomous system of differential equations of motion, the
question of the existence and stability of the relative equilibrium positions
of the body is solved. It is found that the system can have from four to
eight qualitatively different equilibrium positions. Sufficient and necessary
stability conditions of the found positions are obtained.

Keywords: vibrations, equilibrium positions, stability.

The research was carried out at the Moscow aviation Institute (national
research University) with a grant from the Russian science Foundation
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MaTpu4HbIi METOA MOCTPOCHHUS YPABHEHUH
AMHAMHMKH CHOYOOpPAHCTA

© A.B. Bopucos', .E. Kacrimposua®, P.I". MyxapisaMos

'®uwman ®TBOY BO HIY «MBU» B 1. CmorteHcke, CMouneHck, Pocenst
2I/IHCTI/lTyT (U3MUECKHX UCCIIEJOBAHUN U TEXHOJIOTHH,
Poccuiickuii yauBepcuteT Apy)0bI HapogoB, Mocksa, Poccust

AnHoTanus. [IpennoxxeH MeToa COCTaBIEHUS YPAaBHEHUN JBHKEHUS
CHUCTEMBI TBEPJBIX TEJI C HETOJIOHOMHOM CBA3bI0. [locTpoeHue ypaBHeHui
JUHAMUKHU TPEAINOaraeT UCIoIb30BaHNEe MaTpUIHON (popmel 3anmucu. Ha
OCHOBAHUU aHAJIN3a CUCTEM C OJHMM, ABYMs, TPEMs 3BEHbSIMHU BBIBOIATCS
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00001eHus JIsl MaTpHIl, COACPKAIIUXCS B MAaTPUYHOM METOJE IS TO-
CTPOEHHUSI CUCTEMBI C MPOU3BOJBHBIM KOHEYHBIM KOJIMYECTBOM 3BEHBEB.
CocTaBiieH alnropuTM OMUCAHUS MOJENN CHOYOOpIUCTa ¢ MTPOU3BOIHHBIM
KOHEYHBIM KOJINUYECTBOM 3BEHBEB CIIOKHOW KOHCTPYKIMU IIEPEMEHHOMU
JUTMHBI, CKOJIb3SIIEer0 Ha abCONIOTHO TBEpAOW TbDKe. B 30HE KOHTakTa
JBDKU CO CHErOM BO3HMKAET HETOJIOHOMHAs CBfA3b. PaccMarpuBaercs 3a-
Jlaya MOCTPOEHUSI YCTOMYMBOIO JIBUKEHHSI CUCTEMBI CO 3BEHbSIMU IEpe-
MEHHOM JIIMHBI C MCIOJIF30BAHHEM METOJAa CTAOMJIM3alMy CBS3CH.
VYnpasneHue peanuzyercss U3MEHEHHEM JUIMHBI 3BEHBEB U H3MEHEHUEM
YIJIOB MEXIy 3BeHbsIMU. COeAMHEHUS! 3BEHBEB MOJCIUPYETCS ABYMS LU-
JTUHAPUYECKUMH MIAPHUPAMU, 00ECIICUYNBAIONIUMHU 3HAYUTEIHHYIO MeXa-
HUYECKYIO MPOYHOCTh, MPOCTOTY KOHCTPYKIIMU U PACIIONOKEHUS YITPaB-
JISFOIIUX TTPUBOJIOB.

Knwuesvie cnosa: mampuunvlii Memoo, He20JOHOMHAsL CUCEMA, He20Jl0-
HOMHASL C8513b, CHOYOOPOUCT, 36€HO NEPEeMEHHOU ONUHbL, WAPHUD, cucme-
Ma oupgepenyuanobiX YpaeHeHUll O8UNCEHUs], NPOU3BOIbHOE KOJUYe-
CMBO 36eHbEB, IbIXHCA.

BBenenue. [Ipo6nema pa3paboTku 3(pPEeKTHUBHBIX METOJOB COCTaBJIe-
HUS cucTeM AuddepeHIHaNbHbIX ypaBHEHUH ABIKCHUS U aHTPOIIO-
MOP(HBIX MEXaHU3MOB C OOJIBIIUM YHCIIOM 3BEHBEB SIBIISCTCS AKTYaJIbHOM
BCJICZICTBHE TPOMO3IKOCTH TAaKUX CHUCTEM, TPEOYIOUIMX 3HAYUTEIBHBIX 3a-
TpaT PeCcypcoB U BpeMEHHU. MeTobl OCTPOeHUs! cucTeM auddepeHnnab-
HBIX YpaBHEHUH IBU)KEHHUS aHTPONOMOP(GHOr0 MEXaHHW3Ma C FOJOHOMHBI-
MH CBSI35IMH, OCHOBAaHHbIE Ha MaTPUYHOM MU DPEKYPPEHTHOM METOJax,
ormucanbl B [1]. 3agaue mMoaenupoBaHusl TUHAMUKA MEXaHHM3Ma C y4eTOM
HErOJIOHOMHOM CBSI3U TOCBsiIieHa paboTa [2]. B Helt mpeanaraercss MeTon
peleHus 3a7a4yl YIpaBJICHHs THHAMUKOW CUCTEMBI C TIPOTPaMMHBIMH CBSI-
3amu. [Ipenyaraemplil JOKIa] MOCBAIIEH NPUMEHEHUIO MATPUYHOTO METO-
Jia Ui MOCTPOEHUsl cucteMbl U (depeHIUalIbHBIX YPaBHEHUN ABHKEHUS
MOJIETIM CHOYOOp/HCTa C KOHEYHBIM KOJMYECTBOM 3BEHBEB IEPEMEHHOM
JUIAHBIL.

Onucanue MoJesM JIBIKHUKA-CHOYOOPAUCTA CO 3BEHbSIMH Iepe-
MEHHOM JAJHHBI HA JbIKe. Mojeab CHOyOOpIUCTa, COCTOAMIAs U3 K T0-
JBWDKHBIX 3BEHBEB IMEPEMEHHOM JUIMHBI, IIAPHUPHO 3aKperyieHHas Ha ao-
COJIFOTHO TBEPJIOM MHEPLUMOHHOMW JIbDKE. BpaleHrne 3BeHbEB MPOUCXOAUT
B LIAPHUPAX, B KOTOPHIX MPHIIOKEHBI 110 ABa MOMEHTa, 00ecreunBaroye
MOJJEP’)KaHUE 3BEHAa B BEPTUKAJIBHOM IJIOCKOCTH U IMOBOPOTHI 3BEHA
B IUIOCKOCTH JIBWXeHHUs. MIMeercst mpoiosibHas cuia, AeHCTBYOMAs BAOIb
CTepKHA U obOecreunBaronasi U3MEeHEeHHe ero JUIMHbl. Ha i-om cTpexHe
HaXOAUTCS MPOU3BOJIBHOE KOJIMYECTBO COCPENOTOUEHHBIX Macc o; (i = 1,
2, ..., k). Macchl cuuTaroTCsl COCpeAOTOUEHHBIMU: B TouKax: A; = C;; pac-
ToJIaraeTcs Macca m;1, B Touke Cp mMacca myp, ..., B Touke Cj,, Macca mq,,
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i=1,2, ..., k IlonoxxeHne Macc Ha CTEp)KHE 3aJaeTCS MOCTOSHHBIMU
MHOXMTEISIMH 71, N2, ..., Njg; COOTBETCTBEHHO (0 <nmp<1,B=1,2, ...,
a, i=1,2, ..., k). [lepBblif H”HAEKC y MHOKHUTENSI 0003HAYAET HOMEP 3BE-

Ha, BTOPOH — HOMEp Macchl Ha 3BeHE. IIyCcTh JIbDKa ¢ KOOpAMHATAMM X4,
Y4, A YTIIOM IIOBOPOTA (o ABMXKETCA B I10cKOCTH XOY. Tlonoxenne 38eHa

A4, onpenensieTcss AByMsl yIrllaMH: (o) — YTIIOM Mexy ocbto OX u mpo-
ekuueit 3seHa 414, Ha miockoctb XOY, orcunthiBaeMbiM 0T ocu OX mipo-
THUB XOJa YaCOBOM CTPEJIKH; Y| — YIJIOM MEXIY 3BEHOM A A U €ro mpo-
eKIMeil Ha MIocKocTh XOY, OTCUNThIBa€MBbIM OT NMPOEKLNH 3BeHa A4, Ha
m1ockocTh XOY MpOTUB X0J1a YaCOBOW CTPEJIKH; U3MEHEHHEM €TO JTUHBI
[\ n xoopnuHatamu nomoca A1(x4,, y4,). llonoxenune 38ena A>A43 onpesne-

JSIeTCsl IByMS YIJIAMU: (2, 2 U U3MEHEHUEM €ro JUIMHBI /. AHAIOTMYHO
OTIpeIeNAeTCs TIOJI0KEHUE OCTANBbHBIX 3BEHBEB.

JIppka MOJENUPYeT CHOYOOpH M JKEeCTKO 3aKpEIUICHHBIC Ha HEM JIBE
CTOIIBI CIIOpTCMEHA. 3BeHO A4, MoaenupyeT o0e rojieH! JbDKHUKA, 4243
COOTBETCTBYET JABYM Oenpam. Takoi BBHIOOp MOIENM HIKHMX KOHEUHO-
cTeil 00ycnoBIIeH TeM, 4TO 00€ HOTH CIIOPTCMEHA KECTKO 3aKPEeTIsSIOTCS
Ha JIbDKE U UAYT NapajielbHO A0 Ta300€JpEHHOT0 CyCTaBa.

Bparmarommii MOMEHT, KOTOPBII MPUIIOKEH K JBDKE M CO3/1aeTCs HO-
raMy, yOpaBJseT JBMKCHUEM M OINPENEINSeTCs COCTABIAIOIUMH My, U
My, NENCTBYIOIMMH B T'OJIEHOCTOIIHOM CycTaBe. Bce cycTaBbl Monenu-
PYIOTCS KOMOMHALUAMHU JBYX HUIUHAPUYECKUX IIAPHUPOB, 0OECIeunBa-
IOLIUX HEOOXOAMMYIO MOJBUKHOCTH MOJENIH OMOPHO-IABUTATEIHHOIO arl-
rapara 4ejioBeKa.

HerononomHasi cBsi3b B/IOJIb IMOBEPXHOCTH KOHTAKTa JbDKU M CHeEra
o0ecreunBaeT TPACKTOPHIO CHOYOOpIUCTa, KOTOpasi OMHMCHIBACTCS CHHY-
counoil. Mcnonp3ys ypaBHEHHE HETOJIOHOMHOM CBS3M IO IMOBEPXHOCTHU
KOHTAaKTa JIBKU U CHEra, HaKJIaJpIBalolee OrpaHnYeHre Ha BapUalllK KO-
OpAMHAT C KCIOJNb30BaHHEM ypaBHeHUW Payca, moiyuyeHa MaTpuuHas
dbopMa 3amucu ypaBHEHUH JIBWKCHHS Ha OCHOBE aHajIM3a MOJEJeH ¢ of-
HUM, JIByMSl U TpeMs 3BEHbSIMHU MEepeMeHHOMN AnuHbl. OnpeseseHsl BbIpa-
JKEHUS IS DJIEMEHTOB KaXJOW MAaTpHUIIbl, COJEpKAIEHCS B CHCTEME
muddepeHIIMaTbHBIX YPaBHEHUHN JBUKEHHUSI MEXaHUUYECKOW CHCTEMBI, I0-
Jy4YEHHBIX Ha OCHOBE aHaJIM3a MOJIEJIEH C OJTHUM, IBYMs, TPEMS 3BEHbSIMU
MepEMEHHOM JJIMHBI 111 UCTI0JIb30BaHUS B MAaTpUYHOM MeToze [1].

Jlasiee MpOBENICHO YHCIIEHHOE MOJICIMPOBAHUE ABWKCHUS CHOYOOP-
JUCTa C 33JaHHBIM KOJIMYECTBOM 3BEHBEB, I'/I€ UCIOJIB3YETCS METO]| CTa-
Ownuzanuu cBsizei [2].

3akiouenune. Takum o0pazom, pa3paboTaH MAaTPUYHBIA METOM CO-
CTaBlIeHHsI cUCTeMBI AU depeHnanbHbIX ypaBHEHUH cCHOyOOpaHrcTa, MO-
JIEeNUpyIollel pealibHble JBIXKEHUS dYenoBeka. Mojenb cHoyOopaucTa
MOJKET OBITh TIOJIC3HOU B Pa3IMYHBIX 00JACTSIX ACSITEILHOCTH YEIOBEKA.
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Matrix method for constructing dynamical equations
of snowboarder
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Abstract. A method for setting equations of motion for a system of
solids with nonholonomic constraints is proposed. The construction of dy-
namical equations involves the application of a matrix form of recording.
Based on the analysis of systems with one, two, or three links, generaliza-
tions are derived for the matrices contained in the matrix method for con-
structing a system with an arbitrary finite number of links. An algorithm
for describing the model of a snowboarder with an arbitrary finite number
of links of a complex structure with variable length, sliding on an abso-
lutely solid ski, is compiled. A non-holonomic constraint occurs in the ski-
snow contact zone. The problem of constructing a stable motion of a sys-
tem with variable-length links using the link stabilization method is con-
sidered. The control is implemented by changing the length of the links
and changing the angles between the links. The connection of the links is
modeled by two cylindrical joints, which provide significant mechanical
strength, simplicity of design and location of the control drives.

Keywords: matrix method, non-holonomic system, non-holonomic connec-
tion, snowboarder, variable length link, hinge, system of differential equa-
tions of motion, arbitrary number of links, ski.

Introduction. The problem of developing effective methods for com-
posing systems of differential equations of motion for anthropomorphic
mechanisms with a large number of links is relevant due to the cumber-
some nature of such systems, which require significant resources and time.
Methods for setting systems of differential equations of motion of an an-
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thropomorphic mechanism with holonomic constraints based on matrix
and recurrent methods are described in [1]. The paper [2] is devoted to the
problem of modeling the dynamics of the mechanism with regard for non-
holonomic constraints. It offers a method for solving the problem of con-
trolling the dynamics of a system with program constraints. This paper is
devoted to the application of the matrix method for constructing a system
of differential equations of motion for a snowboarder model with a finite
number of links of variable length.

Description of the model of a skier-snowboarder with links of var-
iable length on skis. A model of a snowboarder consisting of & movable
links of variable length, pivotally fixed on a completely solid inertial ski.
The rotation of the links occurs at joints, which are attached at two points
to maintain the link in a vertical plane and turns the link in the plane of
motion. There is a longitudinal force acting along the rod and providing a
change in its length. There are arbitrary numbers of concentrated masses

o (i =1,2,..., k) possessed at i-th rod. The masses are considered to be
concentrated: at points 4; = C;; we have a mass m;;, at point C;, — mass
My, ..., at point Cj,, — mass mjq, i = 1, 2, ..., k. The position of the mass-
es on the rod is given by constant multipliers n;1, n;2, ..., iy, respectively
(0n, LB=L2,...,0;, i =1,2,...,k). The first index of the multiplier in-
dicates the number of the link, the second one — the number of the mass
on the link. Let the ski has coordinates x4, y4, and a rotation angle ¢,, and
it moves in the plane XOY. The position of the link 4,4, is determined by
two angles: @, — angle between axis OX and a projection of the link 4,4,

to the plane XOY, measured from the OX axis counterclockwise; y; —
the angle between the link 4,4, and its projection on the XOY plane, cal-
culated from the projection of the link 4,4, on the XOY plane counter-
clockwise; the change in its length /; and the coordinates of the pole

A, (x4, )- The position of the link 4,4; is determined by two angles:

¢;,V,; and the change in its length /,. The position of the other links is

determined in the same way.
The ski simulates a snowboard and two athlete's feet rigidly fixed on

it. The A4, A, link models both legs of the skier, link 4,4; corresponds to

two thighs. This choice of the lower limb model is due to the fact that both
legs of the athlete are rigidly fixed to the skis and run parallel to the pel-
vic-femoral joint.

The torque that is applied to the ski and created by the leg controls the
movement and is determined by the components M,,, and M, acting in
the ankle joint. All joints are modeled by combinations of two cylindrical

joints that provide the necessary mobility of the model of the human mus-
culoskeletal system.
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Nonholonomic constraint along the contact surface of the ski and
snow provides the trajectory of the snowboarder described by a sinusoid.
Using the equation of nonholonomic constraints over the contact surface
of snow and snow, which imposes a restriction on coordinate variations, a
matrix form of writing the equations of motion is obtained using the Routh
equations based on the analysis of models with one, two and three links of
variable length. Expressions are defined for the elements of each matrix
contained in the system of differential equations of motion of a mechani-
cal system obtained from the analysis of models with one, two, or three
variable-length links for use in the matrix method [1]. Then, a numerical
simulation of the motion of a snowboarder with a given number of links
was performed using the link stabilization method [2].

Conclusion. Thus, a matrix method for setting a system of differential
equations for a snowboarder that simulates real human movements has
been developed. The model of a snowboarder can be useful in various are-
as of human activity.

This work was supported by the RFBR, project no. 19-08-00261 A.
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Abstract. The problem of finding the “largest” and “smallest” regions
of attainability has been solved for the second order system under given
restrictions for system’s coefficients.
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AHHOTanusi. PaccMOoTpeHa MaTemaruveckas MOJENb BETPOMOOHIIS,
Ha KOpIyce KOTOPOTr0 YCTAaHOBJIEHA TOPU30HTAIBHO-OCEBas BETPOTYpOU-
Ha. Ban TypOMHBI coelMHEH PEIYKTOPOM C OCBHIO BEAYIIUX KOJEC BETPO-
moOwmts. Koneca nBmxyTcst 6€3 MpocKaib3bIBaHUS BAOJIb TOPH30HTAIBHOM
npsiMoii. CucTemMa moMeInieHa B MOTOK BETpa, HaIpaBIeHWE KOTOPOTO Ta-
paJIIeNIbHO HANPAaBICHUIO JBMKCHHUS KOpIyca MallWHBL. B OTCyTCTBHE
YVOpaBIEHUSI CHCTEMa MOXeT 00JalaTh HECKOJbKUMHU CTAallMOHAPHBIMHU
pPeKUMaMH JIBUKCHUS. B TOM 4HCIlie CYNIECTBYIOT PEXHMBI, Ha KOTOPBIX
CKOpPOCTh KOpIIyca HalpaBlieHa TPOTHB CKOpocTH Berpa. Cpeau Takux
pPEXKMMOB €CTh HeycToiumBbIe. [IpemyiokeHa crpaTerus CTaOWIH3aIuu
HEYCTOHYHMBOTO CTAI[MOHAPHOTO JBUKCHHSI. Y IPABICHUE OCYIIECTBIISICTCS
3a CYeT BO3JCUCTBUSA Ha MOJ3YH, KOTOPHIM MOXET MepeMelaThcsi BAOIb
HAPAaBIAIONICH, YCTAaHOBICHHOW Ha Kopiyce BeTpomoOmis. [lomyueHsl
ycioBHs Ha K03 GUIIMEHTH 00paTHOM CBSI3M B 3aKOHE yMpaBIICHUs, 00ec-
MICYMBAIOIINE CTAOMIIN3AINI0 HEYCTOMIMBOTO CTAITMOHAPHOTO JIBUKCHHSL.

Knrwoueswvie cnosa: 6@mp0fl/l05uﬂb, CMAayuUoOHAPHbLE DpedCUMbL, ycmoﬁqu—
680CMb, cma6uﬂu3at;uﬂ.
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Control of a wind car for stabilization
of an unstable steady motion

© S.A. Golovanov', L.A. Klimina®, V.A. Samsonov'*

' Mechanical and Mathematical Department
of Lomonosov Moscow State University, Moscow, Russia
2 Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
E-mail: serj-great@mail.ru, klimina@imec.msu.ru

Abstract. The mathematical model of a wind car is studied. A wind
turbine is mounted at the body of the car. The shaft of the turbine is con-
nected with the shaft of leading wheels using a reduction gear. The wheels
move without slipping along the horizontal line. The system is located in a
wind flow. The wind velocity is directed along the line of motion of the
car. Several steady motions of the car are possible without any control. In
particular, there are steady motions for which car moves against the wind.
There are unstable regimes among them. The control strategy is proposed
for stabilization of such unstable steady motions. The control is imple-
mented by applying a force to a slider that moves along a guide line locat-
ed on the car. Conditions upon the feedback coefficients are obtained that
ensure stabilization of an unstable steady motion.

Keywords: wind car, steady motion, stability, stabilization.

O nmunamuke BIY ¢ pabounm 3j1eMeHTOM
B BH/IE IBYX3B€HHOI'0 a3POIMHAMHYECKOT0 MASITHUKA

© A.IL l'ony6, FO.J1. Cenrorkumii

HHUU mexanunku MI'Y umenn M.B. JlomonocoBa, Mocksa, Poccus
E-mail: holub.imech@gmail.com, seliutski@imec.msu.ru

AHHoTamusi. PaccMOTpeH ABYX3BEHHBI MasATHUK, HA BTOPOM 3BEHE
KOTOPOT'O 3aKpPEIJIEHO CHMMETPUYHOE KPbUIO (TaK Ha3bIBA€MBIH [IBYX-
3BEHHBIH a’pOoJAMHAMUYECKUN MasTHUK). OcH BpamieHus: 00OUX 3BEHHEB
BepTUKaJIbHBL. [lepBoe 3BEHO MasiTHHKA COEAUHEHO C POTOPOM 3JIEKTPO-
reHepaTopa TakuMm o0pa3oM, 4TO JBHXKEHHE HTOr0 3BEHa MpeodpazyeTcs
BO BpallleHUE POTOpa B OJIHOM HampasiieHu. CucTema MnoMelieHa B cra-
[IMOHAPHBIA TOTOK cpefbl. M3BecTHO, UTO mpu HajIekaleM BeIOOpe 3Ha-
YEHUH MapaMeTpoB CUCTEMbI MASTHUK COBEPUIAET MEPUOJAUYECKHE KOJe-
Oanwust (B TOM YHCJIE U TIPU CPABHUTEIHLHO HEOONBIINX CKOPOCTSAX BETPA).
[TpoBeneHO YMCIEHHOE MOJEIMPOBAHUE TAKUX KOJIEOAHWN MPH pa3ind-
HBIX 3HAYCHHUSX MapaMmeTpoB cucTeMbl. [1oaydeHbl OlleHKH BhIpabaThiBae-
MOH MOIITHOCTH.

Knrwoueewie cnosa: xonebanus, eemposnepeemuxa, aspoynpy2ocma.

Paboma evinonnena npu noodepoicke epanma POOU Ne 18-01-00538.
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On dynamics of a wind power generator using double
aerodynamic pendulum as working element

© A.P. Holub, Yu.D. Selyutskiy

Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
E-mail: holub.imech@gmail.com, seliutski@imec.msu.ru

Abstract. A double pendulum is considered with a symmetrical wing
fixed on the second link (so called double aerodynamic pendulum). Axes
of rotation of both links are vertical. The first link of the pendulum is con-
nected with the rotor of an electric generator in such a way that motion of
this link is converted into unidirectional rotation of the rotor. The system
is placed into steady flow. It is known that, for certain values of parame-
ters of the system, the pendulum performs periodic oscillations (including
under relatively small wind speeds). Numerical simulation of such oscilla-
tions is performed for different values of parameters of the system. Esti-
mates for the output power are obtained.

Keywords: oscillations, wind power, aeroelasticity.

This work was partially supported by the Russian Foundation
for Basic Research, project no. 18-01-00538.

HccaenoBanue ypaBHenusi MaTbe BOJIU3HM rPAHNUI] BTOPOii
U TPeThell Pe30HAHCHBIX 30H

© J1.O. I[aBYIlOBal*, B.M. By;[aHOBl’2

'MI'Y umenu M.B. JlomoHOcoBa, MockBa, Poccus
’HUU mexanuku MI'Y umenn M.B. JlomonocoBa, MockBa, Poccus
*E-mail (noxmamumka): ldavudova96@mail.ru

AHHoOTanusi. PaccMorpeno muddepenimanbHoe ypaBHEHHE BTOPOTO
nopsijika ¢ nepuoandeckumu kodduuuentamu. Ilokasano ero cseneHue
K HEJIMHEWHOMY YypaBHEHHIO IepBoro mopszaka. IlocTpoensl uerBepToe
NpUOIMKEHNE U BTOPOI PE30HAHCHOW 30HBI M TPEThE MPHUOIIKEHHUE
JUISl TPEThEN PE30HAHCHOM 30HBI YpaBHEHMsI MaTbe, ONKCHIBAIOIINE TIOBE-
JICHUS] pEeLICHUH B OKPECTHOCTH IPAHULL ITHX 30H.

Knrwuesvie cnosa: napamempuueckuti pe3oHaHC, ypagHeHue ¢ nepuooute-
ckumu ko3 guyuenmamu.

K cucremam nuHeiHBIX quQQepeHINaIbHbIX YPaBHEHHN ¢ TIEPUOIH-
YyecKUMU Kod(p(ULHMEeHTaMH NPUBOAMUT Pl 3a1ady MexaHuku. OHoi u3
TUIUYHBIX 33/a4, CBOAAIIUXCS K PACCMOTPEHUIO 3TUX YpaBHEHUMH, SBIIS-
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eTcs 3ajjaya O IMONEpPEYHBbIX KOJEOAaHUSX CTEP)KHS, HaXOISIIErocs: Moj
BO3/ICHCTBUEM MPOAOJIBHBIX NMEpHOANYECKUX cuil. B 3Tol 3amade nudde-
pPEHLIMAIBHOE YPaBHEHHUE MONEPEUHbIX KOJICOaHUN CTEpKHS MOXKET OBbITH
CBEJICHO K CJIEIyIOLIEMY BUIY:

X(0) + p(Ox(1) = 0, (1

YTO MpeACTaBIseT co0oii u3BecTHOE ypaBHeHHe Xuiuia (1886), BBeneHHO-
0 UM B CBSI3U C U3yuUeHHEM JBI>KeHUs JIyHbl. XWJUT 1all METOJ| pelieHus,
UCIIOJIB3YS OIpeNeauTeN 0ECKOHEYHOIo MOpsiaKa, T. €. CUCTEMY ypaBHe-
HUU:

xi =Yk + b, Ylen] <1, 1< i< oo,
YacTHbIM cilydaeM ypaBHEHUsI XHWILUIa ABISETCS ypaBHEHHE MaThe
(1) + [0 +p cos(v)] x(1) =0, )

BBeZIeHHOE B 1873 T. B CBSI3U C HCCIIEJJIOBAaHUEM KOJICOAHUHM AIITUNTHYE-
CKOM MeMOpaHbl, TJe [ — aMIUIUTyJa BO30YKICHHUS; (0 — COOCTBEHHas
94acToTa; V — BHEUIHSA 4acTOTA.

Kak ypaBHeHue Matbe, Tak M ypaBHeHHE XUJUIA SBJSIOTCS YaCTHBIMU
ciydasMu JudQepeHInaibHOr0 ypaBHEHHUS BTOPOTO MOPsiIKa C IepUOIH-
YECKUMH KOd(PPHUIIMEHTAMHU:

X(t) +p(0)x(1) +q(H)x(2) =0, 3)

rae p(t) u g(f) — nepuoguveckue PyHKIUU BpEMEHH ¢ rieproaoM 7.

Jlia ypaBHeHusl (3) OTCYTCTBYIOT METOJbI IOCTPOEHUSI TOUHOIO aHa-
JUTUYECKOTO PEIIEeHUs] UM ONpPENeTIeHUs] YCTOWYMBOCTH 3TOTO PEILCHMS.
B nannolt pabote paccmarpuBaercsi ypaBHeHHe Matbe (2) U onMcaH moj-
XOJl, KOTOPBII MO3BOJISIET CTPOUTH IPUOIMIKEHHBIE PELIEHHsI KaK BHYTPH
IPaHULl PE30HAHCHBIX 30H, TAK U CHapYyXKH.

B nacrosimieit pabote uccnenyercs ypapaenue (2). Llenbro sBusieTcst
UCCIIeIOBAaHUE XapaKTepa pelleHuil B 001acTsAX BTOPOil M TpeTheil pe3o-
HAaHCHBIX 30H. lccrmenoBaHus HPOBOASTCS METOJIOM, MPENIOKEHHBIM
B [1]. [lomy4yeHHbIe pe3ysibTaThl CPAaBHUBAIOTCS C PE3yJIbTaTaMH YHCIICH-
HOT'O MHTEIPUPOBAHHUSA U C TEMH, KOTOPBIE UMEIOTCS B JIUTEpaType [2].

PaccmotpuMm ypaBHenue (1). Cnenaem B HEM CIEAYIOLIYIO 3aMEHY Iie-
PEMEHHBIX:

x=Acosy ,x=—A0siny, y=0¢+aq, 4)

rae 0 — mocTosiHHAs, HO 3apaHee He 3ajJlaHHas 4acToTa; A, o — HOBBIC
IIEpEMEHHEIE.

Paspelas OTHOCHTETBHO MEPEMEHHBIX A, (LM BBOAA HOBYIO Iepe-
MEHHYI0 § = In 4, umeeM:

§= %[—p—i—p*cos 2\|1+%(q —62)sin ZW};
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o = %E(q —0)(1+cos 2y) —p'sin 2\4; ()

v =0f+a.

Cucrema (5) ToyHa, Tak Kak noixydeHa (opMajabHOW 3aMEHOW mepe-
MEHHBIX, €€ 0COOEHHOCTBIO SBJISETCS OTAEICHHOE ypaBHEHHE /Uis (a3bl.
Tenepb paccMOTpHUM CiTy4aii, KOT1a

p(1) =0, g(1) = >+ p*cos vz,

r7ie ® — COOCTBEHHAsl YacTOTa; |l — aMIUIMTyAa BO30YKIEHUs; v — 4Ya-
cToTa BO30ykaeHHs. MokeM 3arucaTh:

X+ (w*+ucos vt) x =0.

B cooTBeTCTBHU C 3TUM cucTeMa MIpUMET BU

1
§= — (> — 0%+ pcos vt) sin 2v;
8 ( H ) sin 2y
o= 2%) (02— 02 +ficos v¢ )(1+ cos2y) ; (6)
y=0t+a
N CI/ICTeMy
$=$ (0> — 62)sin 2(6r+0a)+

+Esin[ (20 +v)r+ 20 |+ sin[ (20 — v)¢+20 };
pnf(20e e 2] oo el
1

Q= —
20

[(0)2 - 62)[1 +cos2 (07 + a)] +1LCOS VI +
+%cos[(29 +V)t+ 2(1] +%cos[(29 -v)t+ 20(]};

B cucreme (7) BTOpoe ypaBHEHHE OTAENSAETCS U €0 PElIeHHE SIBIISIeT-
Csl KJIIOYEBBIM U1 aHanu3a ypaBHeHUs Martbe. Eciu 910 perienue Haline-
HO Kak (pyHKIMst BpeMeHu o(¢), To amruutyaa A(¢) onpenensiercs 1o ¢op-
MyJe s = In A u BBIYMCISETCS 1O MEPBOMY YPABHEHHUIO MOCIEIHEH CHC-
tembl. 1 mo Qopmynam (4) momydaeM pemieHuss UCXOJAHOTO YpPaBHEHHS
Marse.

Pemenue cuctemsr (7) mpexkae BCEro €€ BTOPOTro ypaBHEHHUs, Oyaem
UCKaTh METOJIOM IOCJIeOBaTENbHBIX NMpubimxenuit. Crnaraemele, coaep-
JKalue sIBHO BXOJSIIEe BpeMs, HA30BEM OBICTPBIMHU, OCTAJbHBIE — ME/I-
JEeHHBIMH. ByZieM HckaTbh EpEMEHHBIE O, S B BUJE CYMMBI OBICTPBIX 0O Sf
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U MEJUIEHHBIX 0, S5 COCTaBJISIFOIIMX. BBICTpBIE COCTaBIAIONINE BBIUUCIIS-
IOTCSl MHTETPUPOBAHNEM OBICTPBIX CJIAraeMbIX, CUMTasl MEJUICHHbIE KOH-
CTaHTaMM. B ypaBHEHMAX [UIsl MEAJIEHHBIX COCTABIIIOIIUX O, Ss YUUTHI-
BalOTCA M MENJICHHBIC CJIaraeMble B INPABBIX YacCTAX YPAaBHEHUH CHUCTE-
MBI (7), 1 YCpEAHEHHBIE 110 SBHO BXOASAIIEMY BpEMEHHU J100AaBKU OT OBICT-
PBIX COCTABIIAIOUIMX O, Sy Y KA3aHHBIM aJTOPUTM IPUHIMIIAAIBHO CXOJEH
¢ anroputMoM Ilukapa, KOTOPBIN CXOOUTCSI BCErza, MO3TOMY €CTh OCHO-
BaHUS HAJEATHCS, YTO U3JI0KCHHBIA METOJ COMIETCS U Il HEMAJoro Ia-
pamerTpa.
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Mathieu equation solutions near the boundaries
of the second and third resonance zones

© L.F. Davudova'", V.M. Budanov'*

"Lomonosov Moscow State University, Moscow, Russia
?Research Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
E-mail (speaker): ldavudova96@mail.ru

Abstract. The paper considers the second order differential equation
with periodic coefficients. It is shown how to reduce this equation to the
first order nonlinear equation. We constructed the fourth approach to the
second resonance zone and the third approach to the third resonance zone
of Mathieu’s equation.

Keywords: parametric resonance, equation with periodic coefficients.
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Ouenka padounx pe;KMMOB IBYXPOTOPHOI
BeTpPsiHOM TypOuHbI THIIA CaBOHUYCA

© JLA. KJ‘II/IMI/IHa*, M.3. Hocaes, A.IL. T'ony6, B.51. Jlokmws,
B.A. Camconos, 10./1. Cemrorkmii

HUU mexanuxu MI'Y, Mocksa, Poccust
*E-mail: klimina@imec.msu.ru

AHHoTanus. PaccMoTpeHa 3JeKTpoMEeXaHMYeCKasi CUCTEMA — BETPO-
TypOMHa ¢ BEPTHKAIbHON OCHIO BpAIEHMsI, B3aUMOJECICTBYIOIAsl CO CTa-
LIMOHAPHBIM IIOTOKOM BeTpa. BeTponpuemMHbIil 2JIEMEHT COCTOUT U3 JBYX
TypOun CaBonuyca. O6e TypOUHBI BpallarTcs BOKPYT OJHOM U TOMl ke
BepTUKaNIbHOM ocu. Ha Bamy onHON TypOMHBI HaXOIUTCSI POTOP JIEKTPO-
reHepaTopa, a Ha Bajly Jpyrod — cTaTop reHeparopa. B3aumoneiicteue
MEXy JABYMs BpalalOIIMMUCS TE€JIaMH OIMCBIBAETCS HIIEKTPOMEXaHUYe-
CKMM KpPYTSALIUM MOMEHTOM, KOTOPBIM IPOMOPIMOHAIIEH OTHOCUTEIBHOU
YIJIOBOW CKOPOCTH pOTOpa IeéHepaTopa M0 OTHOILIEHUIO K CTaTopy. Alpo-
JUHAMHUYecKasi Harpy3ka Ha TypOuHbl CaBOHUYCA ONUCHIBACTCS C UCIONb-
30BaHMEM KBa3HWCTAaTHYECKOIO MOAXO0/Aa. YpaBHEHUS JTUHAMHUKU CHUCTEMBI
YCPEAHSAIOTCS TIO0 yIlaM MOoBOpoTa TypOuH. HemoaBmwkHBIE TOUKH yCpe-
HEHHOH CHCTEMBbl aHAJIM3UPYIOTCS Kak NPHUOIMKEHHE PEXUMOB PabOTHI
YCTpOICTBA.

Knwoueevie cnosa: mamemamuueckas MoOenb, AIPOOUHAMUYECKAS
Haz2py3Ka, Memoo yCpeoOHeHUsl, HeNOOBUICHbIE MOUKU.

Evaluation of operating modes of a two-rotor wind turbine
of the Savonius type

© L.A. Klimina", M.Z. Dosaev, A.P. Holub, B.Ya. Lokshin,
V.A. Samsonov, Yu.D. Selyutskiy

Lomonosov Moscow State University, Institute of Mechanics, Moscow, Russia
*E-mail: klimina@imec.msu.ru

Abstract. Mechanical system interacting with a steady wind flow is
studied. The system consists of two Savonius turbines. Both of them can
perform autorotation around the same vertical axis. Shaft of one turbine
carries a rotor of an electric generator and shaft of the other carries a stator
of the generator. Interaction between two rotating bodies is described by
the electromechanical torque that is proportional to the relative angular
speed of the rotor of the generator with respect to the stator. Aerodynamic
load upon Savonius turbines is described using the quasi-steady approach.
Dynamical equations of the system are averaged over angles of rotation of
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turbines. Fixed points of the averaged system are analyzed as the approx-
imation of operation modes of the device.

Keywords: mathematical model, aerodynamic load, method of averaging,
fixed points.

PaBHoBecue THHAMHMYECKH HECUMMETPUYHOIO TeJia
C YIPYrHMMH ONIOPAMH HA IIEPOX0BATOM IMJIIOCKOCTH

© M.3. I[OCB.CB*, B.A. Camconos, b.41. Jlokmux

HUU mexanuku MI'Y, Mocksa, Poccus
*E-mail: dosayev@imec.msu.ru

AHHOTanusi. PaccMoTpeHa MexaHW4YecKasi CHCTeMa, COCTOAllas M3
PSIMOYTOJIBHOTO TBEPAOrO TEJNa M JBYX HEBECOMBIX CTEp)KHEH, COeIu-
HEHHBIX C TEJIOM MOCPEACTBOM NPy UH. CTEpKHU ONMUPAIOTCA HA IIEpO-
XOBaTyK T'OPU30HTAJIbHYK NOBEPXHOCTh. KOHTAaKT cTEepkKHEH C IUIOCKO-
CThIO OMHCHIBaeTCsl ¢ momolplo 3akoHa Kymona. LleHTp Tsbkectu Tena
CMELIEH OT €ro reOMETPUYECKOTr0 IEHTpa Ha HEKOTOPOE PACCTOSHHE
BJIOJIb OJHOM M3 CTOPOH. HailieHO M30JMpOBaHHOE MOJIOKEHHUE PABHOBE-
cusa cucteMbl. Eciii HayalbHBIN HAKJIOH Tejla HE OTBEYAET ATOMY PaBHO-
BECHIO, TO MO KpailHEl Mepe 0/IHa Oropa JI0JKHA MPOCKab3biBaTh. Omnpe-
JIEJIeHbl TPAaHUYHbIE 3HAaYeHUsI KO3(PPUIIUEHTa TPEHUsl, MEHbIIIE KOTOPHIX
HAYMHAIOT CKOJB3UTh 00€ omopbl. UNCIEHHO HMCCIeI0BaH MPOoLece mepe-
X0J1a CHCTEMBI M3 33JaHHOTO HAYaJIbHOT'O MOJIOKEHHS B ITOJIOKEHUE PaB-
HOBECHSL.

Knroueswie cnosa: cuna mpenus, cuia ynpy2ocmu, yClious pasHoGecus,
peaxyusi onopbl.

Balance of a dynamically asymmetric body
with elastic supports on a rough plane

©OM.Z. Dosaev*, V.A. Samsonov, B.Ya. Lokshin

Lomonosov Moscow State University, Institute of Mechanics, Moscow, Russia
*E-mail: dosayev(@imec.msu.ru

Abstract. A mechanical system consisting of a rigid body and two
weightless rods connected to the body by means of springs is considered.
The rods rest on a rough horizontal surface. The contact of the rods with
the plane is described by Coulomb's law. The center of mass of the body is
displaced from its geometric center by some distance along one side of the
body. An isolated equilibrium position of the system is found. If the initial

158 Huotcenepnotit scypnan: Hayka u unnogayuu # 3:2021



DOI: 10.18698/2308-6033-2021-3-2067

position of the body differs from this balance then at least one supporting
leg must begin to slide. The boundary values of the friction coefficient are
determined, such that at lower values of the coefficient, both support legs
begin to slide. The process of transition of the system from a given initial
position to an equilibrium position is studied numerically.

Keywords: friction force, elastic force, balance conditions, support reaction.

OO0 u3MeHEeHNHM MHOKeCTBA CHHIYJISPHBIX
KOHGUrypauui MAHUIYJIATOPA NPH €ro yCTaHOBKe
Ha MOABMKHYIO IIaThopMy

© O.M. Kanycruna , A.W. Kobpun

HanuonaneHslil nccnenoBarensckuil yausepeutet «MOW», Mocksa, Poccust
*E-mail: KapustinaOM@mpei.ru

AHHoTanus. Jls mocneaoBaTelbHOrO0 MaHUMYJSATOPA, COCTOSIIEro
U3 MSATU 3BEHBEB, CBA3AHHBIX COECIMHEHUSAMH BpalIaTEIbHOTO THUIIA, MOKa-
3aHO, YTO IPHU YCTAHOBKE MAHUIYJSATOpAa Ha MOJABIKHYIO IIaTGopmy
C MEKaHyM KOJieCaMH HEKOTOpbIe ero KOH(UTyparuu CTaHOBSATCS HECHH-
TYJSPHBIMU. DTOT pe3yabTaT 0000IIaeT U JTOMOIHSIET BBIBOBI, TIOTyUYeH-
HBIC JUTS IPYTHX MOJIEIeH MOOMIILHBIX MaHHUITYJISITOPOB.

Knwueewie cnosa: manunynsmop, niamgopma ¢ MeKaHym Koiecamu,
CUHeyApHble KOHPU2YPayUU.

CUHTYJSIpHBIMU Ha3bIBalOT KOHQUTYpalMH, B KOTOPBIX PaHT MaTPUILIbI
Skobu oToOpakeHUs MPOCTpaHCTBA OOOOIICHHBIX KOOPJWHAT B IIPO-
CTPAHCTBO MapaMeTPOB JIOKALMU pabovyero opraHa CTAHOBUTCS MEHBIIIE
NOJTHOTO. 3ajaya HAaXOXICHUS CHHTYJSIPHBIX KOH(UTrypauuii BO3HHKAeT
yKe Ha JTane nmpoekTupoBaHus pobotos. IIpu paspaboTke airopuTMOB
YIPAaBIEHUS BUKEHUEM MEXAaHU3MOB TAKXKE CJIELYET YUUTBIBATH CYIIE-
CTBOBAaHUE TaKUX KOH(HUTYypamui, IUTAHUPYS TBUKCHUE C LEIbI0 WX HC-
KJIFOUCHMS.

OtMmeueHo [1], 4TO B psze ciayyaeB yCTaHOBKAa MAHUITYJISITOpA HA MO-
OMIbHYIO TUIAT(GOPMY MPHUBOAUT K MCUE3HOBEHHIO HEKOTOPBIX CHHTYJISIP-
HOCTEM.

B nHacrosmieit pabote aHaIOTHYHBIN BBIBOJ MOJYYEH ISl MOOMIBHOTO
manunynsatopa KUKA youBot mytem cpaBHEHMsI yCIIOBUI INOHMKEHUS
panra marpui SIKOOM CTalMOHAPHOTO M MOOWJIBHOTO MaHHUIIYJISTOPOB.
HccnenoBanue NpoBeIEHO aHATUTHYECKUM METOIOM.

[Monoxxenune mobunbHOro Manunyistopa KUKA youBot B abcomtot-
HOM TIPOCTPAHCTBE OMPEIEIIUM BOCBMHUMEPHBIM BEKTOPOM OOOOIIEHHBIX
KOOpJMHAT
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Q:(XC9YC799 61792563994795)T9

rae Xq, Y, — koopauHatTsl GUKCUPOBAaHHOM TOUKH C BEPXHETO FOPU30H-

TaJILHOTO OCHOBAHHMS IAT(HOPMbI OTHOCUTEIIEHO HETOJBH)KHOW CHUCTEMBI
koopauHat Oxyz, Oxy — TOPU3OHTAIbHAS KOOPIAWHATHAS IIOCKOCTD;
0 — yron noopota miaardopMbl OTHOCUTENBHO ocu Oz; 0, — yroia no-
BOpPOTa IUIOCKOCTH PYKH MAaHUIYJSATOpPa OTHOCHTEIBHO IUIAT(HOPMBI;
0,(i=2,...,5) — yrael MoBOPOTa 3BEHbEB OTHOCUTEIBHO IPYT JIPYyTa;

T’ — 3HaK TPaHCIIOHUPOBAHUSI.
[TonoxeHne CTalMOHAPHOIO MAHUILYJISATOPAa OTHOCUTEIBHO CUCTEMBI
koopauHat Oxyz 3a/1aJuM MISITUMEPHBIM BEKTOPOM

Q, =(6,,0,,05,0,,05)" .

Jlns ompeaenieHus MoJIoKEHMsT pabodyero opraHa Kak TBEPAOIrO Teja
OTHOCHTEJIBHO CHCTEMBI KOOpAMHAT Oxyz BBEIEM BEKTOP Pa3MEPHOCTH
6x1:

X:(XEJYEazE:'W: 97 (P)T’

Xg,Yp,Z; — KxoopanHaTel (PUKCUPOBAHHON TOUKM E pabouero oprasa;
vy, 0, @ — yrubl Diinepa paboyero oprasa.

B [2] mocTpoeHa u mpuBeaeHa K CTYNEHYaTOMY BHIYy MaTpuua Skoou
J=0Q/0X moOunbHOro manumynstopa. B Hacrosieil pabore anamo-
THYHBIM 00pa3oM ToOJydeHa U TmpeoOpa3oBaHa wmaTpuna SAxkoou
J,=0Q,/0X cranuonapHoro manumyistopa. Ha ocHoBe aHanu3za ciy-
YyaeB IOHIKEHUS paHra marpun J,J, MOKa3aHO, 4TO B NEPEMEHHBIX
0,,0,,05,0,,05 MHOXECTBO CHHTYJISIpHBIX KOH(UTYpaIUii CTAlHOHAPHOT'O

MaHHMITYJIATOpa COJEPKUT MHOXKECTBO CHHTYJSIPHBIX KOH(UTYpaluuil Mo-
OMJIBHOTO MaHUITYJIATOpa. B 4acTHOCTH, Ui MAaHUITYJISITOpA C HEMOIBUK-
HBIM OCHOBAaHHEM CHUHTYJSIPHOM SBJISIETCS HE TOJBKO KOH(HUIyparus
0, =0, =0, paccmorpeHHas B [2, 3] 111 MOOMIIBHOIO MaHUITYJISTOpA, HO
U, Harpumep, KoHpurypanus 0, =0, B KOTOPOH TPeThe 3BEHO BBITSIHYTO

BJOJIb BTOPOIO.

Hccnedosanue cuneynsapnot KUuHeMamuky MOOUTbHBIX MAHUNYIAMOPO8
cnedyem npogooums Ha 0CHO8e MAMeMaAmu4eckol Mooeu,
yuumulgaroujeri NOOBUNCHOCHb OCHOBAHUSL.
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of the manipulator when it is mounted on a moving platform
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Abstract. For a serial manipulator, consisting of five links, connected
by revolute-type joints it is shown that when the manipulator is mount-
ed on a moving platform with mecanum wheels, some its configurations
become nonsingular. This result generalizes and supplements the conclu-
sions obtained for other models of mobile manipulators.

Keywords: manipulator, platform with mecanum wheels, singular configu-
rations.
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JAnHaMuKa IJIABHOT0 Pa3BopoTa
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AHHoTanusi. B pabore paccMmarpuBaeTcsl yImpaBlIeHHE DPa3BOPOTOM
TBEPJIOTO TeJa. 3a YIpaBisiollee BO3JCHCTBUE MPUHUMAETCS BHEITHUIN
MOMEHT, JAecTByromuil Ha Terno. CTaBUTCS 3a/1a4a O HAXOXKICHUU (YHK-
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[IUU YIpaBlIeHUs, 00ecTeynBaIoNIeil MIaBHBIA pa3BoOpoOT (T. €. Ha4YaJbHbIC
U KOHEYHBIE YIJIOBbIE YCKOPEHHUS Tella paBHbBI HYI0). Pemenue cBoaurcs
K pELIeHUI0 OOpaTHOI 3a/layM TUHAMHKHU, B pe3yJibTaTe KOTOPOTO ycTa-
HAaBJIMBACTCS CBSI3b MEXJy 3aKOHOM IUJJaBHOTO IOBOPOTa U 3aKOHOM
yIpaBleHus, 00eCTIeUNBaIOIIETO JAHHOE JIBIKEHUE.

Knrwoueegvie cnosa: nnasuvili pazeopom, obpamuas 3a0aya OUHAMUKU,
K8amepHUOHbI.

3amada 00 ympaBineHHH c(EepHUUECKUM IBMKEHHUEM TBEpPAOro Tela
OUYeHb BaXHa M MMEET IIMPOKOE MPHUKIIAJHOE 3HAUYECHUE MPEXKIE BCETO
B BOIIpOCax KOCMUYECKOH HaBuranuu. CyIliecTByeT MHOXECTBO paboT,
B KOTOPBIX PacCMaTPUBAIOTCS PAa3IMYHBIE IMOAXO/BI K PEUICHUIO TOH 3a-
nayn. OIMH U3 TaKUX MOAXOJOB OCHOBAaH Ha pENICHUU OOpaTHOM 3amadyu
nuHaMuKkd [1], Korma cHavama WIIETCS TMPOTrpaMMHAsi TPASKTOPHS, YJI0-
BJIETBOPAIOLIAs 3aJaHHBIM YCIIOBHSAM, a 3aT€M IO 3TOM TPAaeKTOPUH CTPO-
UTCs yIpaBiieHue, 00ecrieunBarollee ABUKEHHUE 110 ATOH TPaeKTOpuu.

Cnioco6 mocTpoeHus: MPOrpaMMHOM TPAeKTOPUH JIJIsl TUIABHOTO Pa3BO-
poTa TBepAoro Tena (T. €. KOrJa Ha4ajdbHbIE W KOHEUHBIC YTJIOBBIE YCKO-
pEeHMs Tela paBHBI HYJIO) ObLI MPEASIOKEH aBTopaMu B padore [2]. YHu-
KaJbHOCTh TIPEAJIOKEHHOTO CIoco0a 3aKioyaeTcss B MPUMEHEHHU
uzomoppmsma Sp(1)/£1<> SO(3) <> D:r <7 U UCTONB30BaHUH B Kaye-

CTBE KOH(UI'YypallMOHHOTO IPOCTPAHCTBA MTOBOPOTOB TPEXMEPHOTrO ILapa
panuyca 7. Takoii criocod mo3BosisgeT NoaydyaTh TPEXMEPHOE MpeJIcTaBlIe-
HUE TPAeKTOPUI BpaleHHs TBEPJOTO TEJa, YTO MOXKET ObITh MOJIE3HO NpU
pelIeHUH Pa3IMYHBIX MPUKIAAHBIX 3a1ad. B ynomsHyToil pabote mpen-
JIO’)KEH METOJ| MOJyUYeHUs MPOrpaMMHOM TPAaeKTOpUU B BHJIE MOJMHOMA
ISATOW CTENEHM, OJJHAKO HE PACCMOTPEHO YIIPaBJIEHHUE, KOTOPOE JOJIKHO
o0ecrieuuTh JBMKEHUE M0 MAaHHOH TpaekTopuu. OCHOBHOHM LEIBHIO 3TOU
paboTHI SBIISIETCSI BOCIIOTHEHHUE YKa3aHHOTO mpobera.

Cunraem, 4TO ynpaBiseMas cHCTEMa OINMCHIBAETCS JUHAMHUYEC-

KUMH ypaBHeHMAMH Ditnepa M, = I,Q, +Q,Q; (13 —12), M, =10, +
+ 0, (I - 1;), My=1Q;+QQ,(I,-1), a B kauecTBe ynpaBIeHNs
paccMaTpHUBaEM IJIaBHBIA MOMEHT BHeWHUX cuil M = (M, M,, M), neii-

CTBYIOLIMX Ha Teno. s onpezneneHus ynpaBieHUs, 00eCIeunBaroIIEro
JIBIDKEHUE 110 IPOrpaMMHOM TPaeKTOPHM, HaXOAUM 3aKOHbI W3MEHEHMs
YIJI0BOM CKOPOCTH TBEPJOrO Teja U €€ MPOU3BOAHOM, a 3aTeM pellaeM
o0paTHy0 3ajayy JUHAMUKH, ONPEAEICHHYI AMHAMUYECKUMHU ypaBHE-
HUSAMH Diiepa.

Pemenne o6patHOil 3a0aun TUHAMMKY JJ1 TPAGKTOPUH U3 paboThI [2]
MO3BOJIAET HAMTH YNpaBJISIONINE BO3ACHCTBUS, 00eCeYnBalOIie JBUKe-
HUE IO 3TOM TPaeKTOpUHU, a TAKXKE OLIEHUTh BO3MOXHOCTh peasln3aluu
NPeJI0KEHHOM POrpaMMHON TPAEKTOPHH.
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Dynamics of smooth turn

© A.E. Lamotkin", N.E. Misyura, E.A. Mityushov

Ural Federal University, Ekaterinburg, Russia
*E-mail (speaker): alexeylamotkin@yandex.ru

Abstract. This work deals with the control of the rigid body rotation.
An external momentum affecting on the body is taken as a control. The
problem is posed of finding a control function that provides a smooth turn
(i.e., the initial and final angular accelerations of the body are equal zero).
The solution of this problem is reduced to the solution of the inverse prob-
lem of dynamics. As a result, we obtain a connection between the smooth
turn and the control function that provides this movement.

Keywords: smooth turn, inverse dynamics problem, quaternions.

The problem of controlling the spherical motion of a rigid body is
very important and has wide applied significance, primarily in space navi-
gation. There are many works that consider different approaches to solv-
ing this problem. One of such approaches is based on the solution of the
inverse problem of dynamics [1], when first a program trajectory is sought
that satisfies the given conditions, and then controls are constructed along
this trajectory, ensuring movement along this trajectory.

A method for constructing a programmed trajectory for a smooth turn
of a rigid body (ie, when the initial and final angular accelerations of the
body are equal to zero) was proposed by the authors in [2]. The unique-
ness of the proposed method lies in the use of isomorphism
Sp(1)/+£1 <> SO(3) <> D:r <m and the use of a three-dimensional ball of

radius 1 as the configuration space of rotations. This method allows one
to obtain a three-dimensional representation of the trajectories of a rigid
body, which can be useful in solving various applied problems. In the
work, a method for obtaining a programmed trajectory in the form of a
fifth-degree polynomial is proposed, however, the control that should en-
sure movement along this trajectory is not considered. The main goal of
this work 1is to fill this gap.
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We assume that the controlled system is described by the dynamic
M, =L, +QQ, (I,—1;), and as a control we consider the momentum

of external forces M =(M,M,,M;) acting on the body. To determine

the control that provides motion along the programmed trajectory, we find
the laws of change in the angular velocity of a rigid body and its deriva-
tive, and then solve the inverse problem of dynamics, determined by the
dynamic Euler equations.

The solution of the inverse problem of dynamics for a trajectory
from [2] makes it possible to find control actions that ensure movement
along this trajectory and allows one to assess the possibility of implement-
ing the proposed program trajectory.
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AHaau3 ycToiiuuBocTu no SAxoom
MaTeMATH4eCKOr0 MasiTHUKA ¢ JeMi(pupoBaHneM

© I1.M. IlIkamnos', A.B. CyJ‘II/IMOBl’z, B.JI. CyJH/IMOB1
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AnHoranusi. MccnenoBana ycTtoumBocTh 1o SK0OM OgHOMEpHOU
JTUHAMHYECKON CHUCTEMBl — MaTeMaTUYeCKOro MasTHUKA ¢ JAeMIipupoBa-
HUEM. PacCMOTpeHBbI TPaeKTOPUU CUCTEMbI C UCXOJHBIMHU M BO3MYIIECH-
HbIMU HapaMEeTpaMH B OKPECTHOCTU YCTOMYMBOIO MOJIOKEHHSI paBHOBE-
cus. [IpuBeieH YnuCICeHHBIN TpUMED.

Kntouesvie cnosa: mamemamuyeckuu MAsmHuxK, JUHEUHO-643K0€ CONPO-
mueienue, 2e0MempuiecKuli UH8ApUanm, ycmoudugocms no Axoou.

OnuH M3 METOJI0B UCCIEI0BAaHMs yCTOMYMBOCTU TUHAMHUUYECKHX CHUC-
TEM HapsAy € KIACCHYECKUM IOAXOJIOM Ha OCHOBe MeTona JlamyHosa [1]
npencrasiuset Teopust Kocambu — Kaprana — Yepna (teopust KKY) [2, 3],
IpU 3TOM B 00IIEM cilydae KOH(QUTYpPAILIMOHHOE ITPOCTPAHCTBO CUCTEMBI HE
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SIBIIIETCSl  €BKJIMIOBBIM. (DyHIAMEHTAIbHBIM SIBJISETCS MPEATIONI0KEHUE
O CYyIIECTBOBAHNUU B3aWMHO-OJHO3HAYHOI'O COOTBETCTBUS MEXKIy JWHAMMU-
YECKOW CHCTEMOM BTOPOIrO MOpPsAKAa U YPAaBHEHUSIMU I'€OJE3MYECKUX B ac-
couupoBaHHOM npocTpaHcTBe PuHcnepa. B pamkax teopun KKY peann-
30BaH auddepeHatbHO-TeOMETPUYECKU TMOIX0 K BapHUAllMOHHBIM
T epeHaTbHbIM  YPaBHEHHUSM, OIMCBHIBAIOIIUM OTKJIOHEHHE LEeNoi
TPAaEKTOPUU AMHAMHMYECKOH CHCTeMBbI OT OmrKaimx Tpaektopuil. [Ipume-
Henue teopun KKY akTyanbHO BO MHOTHMX NMPAKTUYECKUX IMPHIOKECHHUSX,
rze Tpedyercs UASHTU(PHUIUPOBATh 00JacTH, B KOTOPBIX UMEIOT MECTO OJI-
HOBPEMEHHO YCTOMYHUBOCTH 110 JIAIMyHOBY U YCTOMYMBOCTH 1O SIKOOH.

I'eomerpuueckue cTpykrypsl, BBoauMble Teopueid KKY, npencrasis-
I0TCS B TEPMUHAX MapaMeTpoB uccienyeMon cucreMsl. Juddepenumans-
HbIe YpaBHEHMs JIBUKECHUS TUHAMUYECKOH CHCTEMBI MOTYT OBITh NpHBE-
JI€HBI K BUTY

¥ 426 (x4 ,0=0, i=1,2,...n, (1)

rae Kaxzaas (QyHKIHSI Gi(xi,)'ci,t) umeer kKinacc riagkoctu C”,
i =difdr, ¥ =d%x[de*.
s ypaBHenuii Buza (1) paccmarpuBaroTcs 3ajjaun 00 MHBapHAaHTaX

CHUCTEMBI OOBIKHOBEHHBIX AH((depeHIInaIbHbIX YPaBHEHUH BTOPOTO IIO-
psIKa TPU HECHHTYJIIPHOM MPeo0pa30BaHUN KOOPIAMHAT:

f=t, X =f1(x).
B kadectBe nmpuMepa B JaHHOUN pabOTe UCCIIEAYETCsS OJTHOMEpHAs JTH-
HaMUYeCKas CHUCTeMa — KJIACCHUECKHMI MaTeMaTHYSCKHUM MAasATHHK C

nemripupoBanreM (JIMHEHHO-BSI3KMM COIMPOTUBIICHUEM), COCTOSIIIUN W3
XKeCTKOro (0e3MaccoBOT0) CTEPXKHS JITMHBI [, BPAIIAIOIIETOCS BOKPYT TO-
PHU30HTAIBHOW OCH HETIOABIYKHOTO TUIOCKOTO IAPHUPA, COBMEIIEHHOTO C
OJIHUM U3 KOHIIOB CTEpKHS (TOYKOM MOJBeca), U HECYIIEro Ha MPOTUBO-
MIOJIOKHOM KOHIIE MAaTepHUaIbHYI0 TOYKY HEKOTOPOW KOHEYHOW MAacChl.
PaccmarpuBaemasi HEKOHCEpBaTHUBHAS CHCTEMa HAaXOIHUTCS B BEPTUKAJb-
HOM TUIOCKOCTH ¥ BKJIIOUAET B ce€0s1 3BEHO, pealn3yroliee JTNHEHHO-BA3KOe
comnpotuBiieHre. OO0OIEHHONH KOOPIMHATOH SIBIIIETCS YTol 6 OTKIOHe-
HUS CTEP’KHs OT BEPTUKAJIBHOU OCH, MPOXOIAILEH Yepe3 TOUKY IoJaBeca
MasiTHUKA.

JIluneapuzoBanHoe auddepeHnnanbHoe ypaBHEHHE JBHKEHUS CUCTe-
MBI UMeeT BUJ [4]

ab+b0+c6=0,
rae a — o0000meHHbld K03 duimeHT uHepuuu; b — 000OIICHHBIN
KOA(PQUITUEHT JTMHEWHO-BSI3KOTO COINPOTUBJICHUS;, ¢ — KBa3sHyHpyTrHi

K03 pHIHEHT.
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B »KBHBaNeHTHONW KaHOHWYECKOH (opme 3amuieM 3TO ypaBHEHHE
TaK:

0+2n0+w’0=0. 2)

3mech ® — KpyroBas 4dacToTa COOCTBEHHBIX KOJeOaHWH, =
=al/c=4/g/l, g — yckopeHnue cBoOoHOTO MajcHus; n=>b/(2a) —

KO2(PUITMEHT 3aTyXaHUs.
B cootBerctBun ¢ Teopueit KKY ypaBHeHue nBuxenus (2) st pac-
CMaTpUBAEMONl CHCTEMBI C OJHOH CTENEHbIO CBOOOBI MOXHO 3aIllucaTh

B popme (1):
0+2G'(0,6,1) =0,

rae
G'= %(2;49 +®°0). (3)

Mo Teopun KKY ko3pdunmMeHT HETMHEWHOW CBS3HOCTH OMNpEIeseTcs
B BH/JIC

oG’
Nl =—=n, 4
17255 “4)
KOA(UIIUEHT KPUBHU3HBI HYIb-CBI3HOCTH
oG" 1
7l =—=—0o’, 5
1729 "3 (5)

a ko3¢ unmeHT cBsizHocTH bepBanbia paseH Hyo [3].

Wrak, nns OAHOMEpPHON CUCTEMBI BTOPOM I€OMETPUYECKUN WHBAPHU-
aHT, T. €. TEH30p KPUBU3HBI OTKJIOHEHUS ¢ yueToM (4) u (5), mpeacTasisi-
€TCsl CKJIIPHOM BEJITMYMHON, OTIPE/IETICHHOM B ciienytoeM Buie [3]:

2
R =(N) -2 =n’ -0, (6)
Ilycte X=ﬂ, x=0. Torna
()

B =1’ - =’ (x-D+1). (7)

[Tonmyuennsrit pe3ynbrar (7) MO3BOJISIET BBIMOJIHUTH aHAIN3 YCTOWYH-
BOCTHU CHUCTEMBI II0 ﬂKO6I/I C HUCIIOJIb30BAHUCM OLCHKHU KPUBHU3HLI OTKJIO-
HeHus. Ilpu uccrnenoBaHNM NUHAMUKH OJHOMEPHBIX CHCTEM, ABU)KCHUE
KOTOPBIX OIUCHIBACTCS JTUHEHHBIM JuddepeHInanbHbIM ypaBHEHUEM BH-
na (2), paccMaTpUBarOT TPH XapaKTEePHBIX ciydas [4].
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1. Cnyuaii manozco conpomuenenus: 1 <. ITO COOTBETCTBYET yCIIO-
Buo y <1, T. e., cormacHo (17), KpMBU3HA OTKJIOHECHHS OIPEACIISICTCS

OTPULATEIIBHOM BEIMYUHOU Pl1 <0. CnenoparenbHO, B COOTBETCTBUHU
C NIPUBEACHHBIM BBILIE ONPENEIICHUEM clucmema ycmotyusa no Axkoou.
2. Cayuau 6onvwioco conpomusinenus: mMm>o. Ilpu stom y>1 u

Pl1 > (0, cregoBaTenbHO, cucmema Heycmouuusa no Axoom.

3. Cayuati Kpumuyecko2o CONpOMuUBNeHus: N=0 < y=1 = Pll =0,

T. €. CUCTEMa TaKKe Heycmotuuea no Axkoou.

B 0600111eH1e BBINOJIHEHHOIO aHAIN3a YCTOMYMBOCTH paccMaTpuBae-
MO CHCTEMBI MO>KHO C/I€TIATh CIAEAYIOLIUE BbIBOBI:

e B Clly4yae Majoro CONpPOTHUBIIEHUS CUCTEMA OJHOBPEMEHHO JIMHEH-
HO yCTOHuuBa (B OKPECTHOCTH IOJIOKEHHS PABHOBECHsI) U YCTOHYMBA IO
SIkoOwu;

e 1pu OOJIBLIIOM U KPUTHYECKOM CONPOTHUBICHHU CHUCTEMA JIMHEHHO
yCTOunBa (B OKPECTHOCTH IOJIOKEHHsI PaBHOBECHS) U HEYCTOHUYMBA IO
Sxo6m.

Yucaennblii npumep. Ilycts 3amaHa cucrema, Ha3bplBaeMas jaiee
UCXOJIHOM, 1JI1 KOTOPOH ANMHA cTepkHS MasTHuKa [ =1 M. PaccmarpuBa-
eTCsl clTydail Majioro ConpoTUBIEHUs: NpuHATo y =0,2.

Briuncnenue KpuBU3HBI OTKJIOHEHUS! B COOTBETCTBUU C (7) AaeT
R =010+ ==9.4176 [¢”7)

HauanbHble yCIOBUS Ul ONPEENICHNS IOCTOSHHBIX HHTEIPHUPOBAHUS
3apatotes B Buge: (=0, 0(0)=6,=0, 6(0)=0,=mr/10 [c']. Torma
¢ =0, C= 90 / ®;. VI3mMeHeHne BO BpeMeHU 000OIIEHHON KOOPAWHATHI

npeCTaBICHO PyHKIUEH

() =0(t) = Cye ™ sin oy,

re N=yo=xJg/l ~0,626418 c'; o, =+/g/! 1-%2 ~3,06881 c¢';
C, =0,1024 pan.

BBonuTcs B paccMOTpeHHE MepBasi BO3MYILICHHAs: CHCTEMa, [IPU 3TOM
BO3MYILCHHE OTpENeNIeTCd HW3MEHEHHEM JUIMHBI CTEPXKHS MasTHHKA:

lpl = 1,4 M. BeluncneHnoe 3HayeHue KPHUBU3HBI OTKIIOHCHUSA

(A7) =Fa-D+D ~~6.7269 [¢?)
pl lp1

N3menenne BO BpeMeHHM OOOOIIEHHOW KOOPAWHATHI TIPU TEX Ke
HayaJIbHBIX YCIOBUAX 3/1€Ch MPEICTaBICHO (QyHKIMEH
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f1()=Cre M sinwyt,

e N=yo="7/g /1, ~0,529420 ¢ o = [g /1, \1-%* ~2,59362 ¢
C, =0,1211 pan.

J1J1s1 BTOpO¥ BO3MYIIIEHHOM CUCTEMBI 33J1aHO [ 2 = 1,12 m. Torna:
1 _ 8 -2
(B) | =5 (=D +1) ~-8,4086 [c”].
p2 1,

CooTBeTcTBYIOIIEE U3MEHEHHE BO BpeMEHU 0000IEHHOW KOOpAUHA-
THI TIPU TEX JKE HAYAIBHBIX YCIOBUAX uMmeeT Bui f,(1)=Cye " sinwyt,

N=yxo=x/g/l,y 0,591910 ¢'; o =[g/l,\1-x* ~2,89975 ¢;
C, ~0,1083 pan.

I'paduxu pynxuuit f(¢), f,(¢) u f,(t) (BeIUMCIEHUS HA BPEMEHHOM
uHTEepBase oT HyJs A0 0,35 ¢) npuBeneHs! Ha puc. 1.

=]
D
a0

P

k=)
Nl

P

k)
&

P
D
g

— (1)
— 1)
£2(t)

=]
D
S

=
D
V%)

(), f1(2), £2(¢)

==
D
)

>
D
=

>

ko)
D

-0J05 0,05 0,15 0,25 0,85

=]
D

fc

Puc. 1. V3meHeHne BO BpeMEHU 0000IIICHHON KOOPAMHATHI B ClIy4ae
MaJjioro COMPOTUBIICHUS AJI1 UCXOTHON U BO3MYIIEHHBIX CHCTEM

Jlanee paccMaTpuBaeTCsl Cy4aid OOJBIIOTO COMPOTHBICHHS: 3aIaHO
v =11.
JI71st BICXOTHOM CUCTEMBI B COOTBETCTBUU C (7) UMEeT MeCcTo

R ==+ x 2.0601 7]
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[Ipu >TOM KOpHHU (ZIEHCTBHUTENBHBIE) XapaKTEPUCTUUECKOTO ypaBHe-
HUS ONIPENEISAIOTCS B CIEIYIOIIEM BHUIE

Ma = o(—x x> -1) =§(—xi\/x2 ~-1).

I[J'ISI TCX K€ HaYaJIbHBIX yCHOBHﬁ, 4TO U B CIy4dac MaJIoro COIIPOTUBJICHHA,
BBIYUCJICHHUC HCU3BCCTHBIX IIOCTOAHHBIX HUHTCIpHUPOBAHUA JacT:

C; ~—0,1172 pan; C, =—C,. VI3MeHeHHE BO BPEMEHH 0BOOIICHHON KO-
opauHaThl npezacrasiserca pynkuuen f (1) =0(t)=C " (eklt - e}”2t); 371eCh
C =Cj.

Jist mepBoii BosMyiuenHo# cucremsl (/) =1,4 M) umeer mecto
(R') =EG-Do+1)=1,4715 ¢?, C" =] ~~0,1295
1 pl—l_(X_ )(X+)~ 5 (P —1 T pan.
pl

AHanoruyHble BEIUYHHEI JIIs BTOpOI>'I BOSMYHIGHHOI\/JI CHUCTCMBI:

(A )m :li(x—l)(xﬂ) ~1,8394 ¢ €' =C] ~~0,1172 pan.
p2

B cirydae GONBIIOTO COMPOTHBIICHUS M3MEHEHHE BO BPEMEHH 0000-
[IEHHON KOOPIWHATHI JIJISl UCXOHOM CHCTEMBI, a TaK)Ke MEepPBOil U BTOPOU
BO3MYIICHHBIX CHCTEM MPEJCTaBICHO COOTBETCTBEHHO (PyHKImsMH [ (1),

L1 @) n f,(¢). T'paduxu 3TuX QyHKUMHA (ONpeaeaeHbl HA BpEMEHHOM HH-
TepBaiie ot Hyns 10 0,35 ¢) npuBeaeHbI Ha puc. 2.

D
D
e <]

==
=)
he

P
D
N

>
D
v

— (1)
£1(t)
£2(t)

D
S

(9, f1(2), £2(9)
>

P
D
P

=
D
5}

P
D
fut

N\
\\
\

P
D
P

-0,05 0,05 0,15 0,25 0,35

Puc. 2. 3mMeHeHne BO BpeMEeHH 0000IIEHHON KOOPAWHATHI B CIIydae
OOJIBIIOTO CONPOTUBIICHUS ISl UCXOIHOM M BO3MYIIICHHBIX CHCTEM
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3akiarouenme. lccienoBana ycroilunBocTh 1o fIkoOu OAHOMEpHOM
JUHAMUYECKON CUCTEMBl — MaTEMaTU4ECKOTr0 MasTHHKA ¢ AeMI(pUpoBa-
HueM. B coorBerctBuu ¢ Teopueit Kocambu — Kaprana — UYepna ormpe-
JieNieHbl B SIBHOM KO3()(HUIMEHTH HETMHEWHOW CBSI3HOCTH, KPWUBU3HEI
HYJIb-CBSI3HOCTH M KpUBH3HBI OTKJIOHeHHU:A. [loaxon mosBomiser ompene-
JUTh YCIOBMs, NPU KOTOPBIX HCCIENyeMas CUCTEMA OJHOBPEMEHHO
ycroitunBa no JlsmyHoBy u no Sko0wu.
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Jacobi stability analysis
of the damped mathematical pendulum
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'Bauman Moscow State Technical University, Moscow, Russia
’Lomonosov Moscow State University, Branch in Sevastopol, Russia
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Abstract. The Jacobi stability of one-dimensional dynamical system
(the damped mathematical pendulum) is investigated. The trajectories of
the system with initial parameters and with perturbed parameters are con-
sidered in the neighborhood of the position of stable equilibrium. The nu-
merical example is presented.

Keywords: mathematical pendulum, linearly viscous resistance, geometric
invariant, Jacobi stability.
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HccnenoBanue ycTroiunBocTH 1o Sxkoou
HEeJIUHENHOro IBOMHOIr0 MasiTHUKA

© I1.M. Illkanos', A.B. CYJ'II/IMOBI’Z, B./. Can/IMOB1

'MI'TV um. H.D. Baymana, Mocksa, Poccust
2Ounran MI'Y umenn M.B. JIoMOHOCOBA B T. Cesacromnoue, CeBactormonas, Poccust
E-mail: spm2@bk.ru

AH”HoTanus. PaccmoTpeHna 3agaya Ha MCCIEAOBAHUE YCTOMYMBOCTH
no SIkoOM HEIMHEMHOro NBOMHOrO MasTHHKA. YPaBHEHHS 3BOJIOLUHU BO
BPEMEHM ONMCAaHbl HA OCHOBE ypaBHeHUM Dilnepa — Jlarpanxa. B perme-
HUU TPUMEHseTCs Moaxoi Ha ocHoBe Teopuu Kocambu — Kaprana —
UYepna (teopunm KKY), xoToperii siBisiercs >QQPEeKTHBHBIM MaTeMaTH4e-
CKMM METOJIOM HCCJIeAOBAHMS JMHAMHUYECKUX CHUCTEM C HCITOJb30BaHUEM
r€OMETPUUECKUX HUHBAPUAHTOB.

Knwuegwie cnosa: ounamuueckas cucmema, ycmouyusocmes no xobu,
2eomempudecKull UH8APUAHM, HETUHEUHbIU OBOUHOU MASMHUK.

PaccmatpuBaeTcst kiiaccuueckasi MaTeMaTuyeckass MOJENIb CHCTEMbI
C ABYMsI CTETIEHSMHU CBOOOIbI — HENUHEHHBINA TBOMHON MasTHUK, COCTaB-
JICHHBIN U3 ABYX OJAMHAKOBBIX MAasTHUKOB. KaXKIblii MasiTHUK COCTOHT U3
JKECTKOI0 HEBECOMOT'O CTEPKHS, HECYILIET0 Ha KOHIIE MaTEPUAIbHYIO TOY-
Ky. PaccMarpuBaemasi 1eTepMUHUPOBAHHAs CHCTEMa MOXET JI€MOHCTPH-
poBaTh JBa BHUAA MABIKEHHUS: PETryJSpPHOE TMOBEIECHHUE U TIIOOATbHBIH
xaoc [1]. CymiecTBeHHO, YTO NMPUMEHEHHME HKCHOHEHT JldamyHoBa Juis
YCTaHOBJICHUS PEXXHMa Xa0TUYECKOTO MOBEICHHS HETMHEHNHOTO ABOMHOTO
MasiTHUKA OKa3bIBACTCSl HEJOCTATOUHO [2, 3]. DTM 00yCIIOBICHA HEOOXO-
nuMOCTh TipuMeHeHus Teopun Kocambu — Kaprana — Yepna (teopuu
KKY) x ananu3y ycToH4UBOCTH.

YpaBHeHHMsI JBW:KeHHsI BOWHOro MasiTHMKAa. PaccMmarpuBaroTcs
BOTIPOCHl YCTOWYMBOCTU MO SIKOOM ABYMEPHBIX IUHAMHYECKHUX CUCTEM.
OIHMM W3 BaXXHBIX MPUMEPOB JBYMEPHON HEIMHEHHOW AMHAMHYECKON
CHUCTEMBI SIBJISETCS BOMHOW MAasTHUK, IE€MOHCTPUPYIOLIUN XAaOTHYECKOE
noseneHue [4]. JlunaMuka HETMHEHHOTO ABOMHOTO MasiTHUKA OMKMCHIBACT-
cs1 nudpepeHMaIbHBIMI ypaBHEHUSMH BTOPOTO Topsiaka. Mccnemyembiii
JIBOMHOM MasTHUK MOKa3aH Ha puc. 1.

JIBOMHOM MasATHUK COCTOUT U3 IBYX MATEMAaTUYECKUX MAATHUKOB M,

u M,. XecTkuil cTepKeHb MasTHUKa M| uUMeeT AJIMHY /; U HEceT Ha
KOHIIE MaTe€pPHaIbHyIO TOUYKY MACChl 77); AHAJOIMYHBIE NTAPAMETPhLI MasT-
HUKa M, — COOTBETCTBEHHO [, U m,. CTepKHHU INpearnoaralrcs 6e3-

MAaCCOBBIMH. PaCCManI/IBaeMaH cucrema ﬂBOﬁHOFO MasiTHHKA HaXOAHUTCs
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B BEPTUKAJIBHON IJIOCKOCTH W CUUTAeTCs KOHCEepBAaTUBHOW. O000IIEH-
HBIMH KOOPJMHATaMU JBOMHOTO MasTHHKA SBISIOTCS yriasl O, m 0,0t-

KJIOHEHHUSI CTEep)KHEMl OT BepThkainu. KuHeTndeckass sHeprusi IBOMHOTO
MasiITHUKA ONpeieNsieTcs: B BUae [S]:

1 | ) ) ..
T= Emlzfef +m, [ 1267 + 1263 +21,1,6,6, cos(6, —6,) |; (1)
MOoTCHIUaJIbHAA SHCPIrusa UMECT BU
(0]

pendulum M|

Puc. 1. CxeMa HETMHEHHOTO ABOMHOIO MAasiTHUKA

VYpaBHEHUs IBUKEHUS CUCTEMbI MOTYT OBITh MOJYYEHbI C UCIOJIb30-
BaHuEM ypaBHeHuUll Dinepa — Jlarpanxa

d(oL) oL
ANy, (i=1, 2), 3
il o6, ) e, (=R ®)

rae L — narpanxuan cuctemsl, L =T -U.
Janee paccmarpuBaeTCs YacTHBIM Clly4daid: Mpeanojaraercsi, 4ro
my=m, u [y =1[,=1[. Torna nuddepeHnnanbHble ypaBHEHUS IBHKCHUS

,HBOP'IHOFO MasTHHKA, MMTOJITYUYCHHBIC C UCIIO0JIb30BAHUEM (3), HUMCKOT BU.
.. Ir. ) ) )
0, = —a[sm(e1 —0,)cos(8, —0,)0; +sin(6, —0,)03 +

+2ysin 6, —ysin 6, cos(8, —6,)], “
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6, = [ 25in(6, —0,)87 +sin(8, — 6,) cos(8, — 6,)0% +
o
+2ysin 6, cos(6, —6,)—2ysin6, ], (5)

rae Y=g/l n a=2-cos*(6,—0,).

I'eomeTpnueckue 00bEKTHI HEJMHEHHOI0 ABOWHOI0O MAasiITHMKA.
['eomeTpuyeckue 0OBEKTHI CUCTEMBI OMPENENSIOTCS U3 YpaBHEHUI JIBU-
xenus (4), (5). KonkperHsie anropuTMbl BEIYUCICHUS] HETMHEHHON CBSI3-
HOCTH, KPUBM3HBI HYJb-CBSI3HOCTU M CBSI3HOCTH bepBaibia mpuBeneHb

B [3, 4]. Jnsa aHanu3upyemoro ciydasi KOMIIOHEHTBI TE€H30pa P]’ npea-
CTaBJIEHbl TPOMO3/IKMMHU BBIPRXKEHUSIMH, IOITOMY HUKE MPUBECHbI aH-
HbIE, ONpeeIsIore COOCTBEHHbIEe 3HaueHus A,, (i =1, 2), yka3aHHOro
TeH30pa:

112 —4A
Ma= T

3

II€ 3JICMCHTEI T U A AJid TCH30pa P‘Jl OMpCACJICHBI B BUAC

T=— 2 5 {2y cos O, [1+cos(6, —6,)]+

| —2+00s°(0, - 6,) |

+cos (6, —6,)[ 267 + 63 +26,0, cos(6, - 6,) |},

ycos O, cos (0, — 62)[2912 +2ycos 0, + 65 cos (6, -0, )}
[—2 +cos” (6,-6, )]3

I'pannubl ycroitunBoctd mo SIko0M i HAYAJbHBIX YCJIOBHIl.
JlnvHamMuKa HEIMHEWHOrO JBOMHOIO MasiTHUKA paccCMaTpHUBAETCS JJIS Clie-
OYIOIIMX THIIUYHBIX HAYaJIbHBIX 3HaueHUH 0, 0OOOLICHHBIX KOOPAMHAT

0, u 0,

(D) 6,(0)=6,(0) =6, =

b

.

Bl na

(D) 6,(0)=6,(0)=86, =

B nocnenayromux BeraucieHusx npuauMaercs: ¢ =9,81 u / =1.

s ciydaes (1) u (I1) ananu3 yctoiunBocTy 1o SIkoOu HETMHEHHOTO
JTIBOWHOTO MasiTHUKA MPOBOJUTCS C MCIIOJIb30BAHHEM PE3yJIbTATOB BBIUKC-

JIEHUS COOCTBEHHBIX 3HAYEHHH TEH30pa f)jl 3HaueHUSA O606H.[CHHLIX KO-
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opauHat O, m 0, He BBIXOIAT 3a IpeJeibl OTPAaHHMYCHHOW 001acTH:
—-n<0,, 0, < IloBenenne IBOWHOrO MasTHHKA ONpPENENACTCS TOIBKO

KO0J1€0aTeIbHBIMU JIBUKEHUSIMUA MasATHUKOB M, u M,. M3MeHeHue cob-

CTBEHHBIX 3HaueHHi A; U A, TeH30pa P]’ [IOKa3aHO Ha puc. 2 Ipu

40

Af/ ——eigl
0 : : : . : : : _51

- K ; 60 ;n/ 100 120 140 160 130 B
10 e X

eirl, eizl

A0

theta

Puc. 2. Vismenenue coOCTBEHHBIX 3HaUeHUi A, U A, TeH30pa P/.l (obo3Hauens! eigl

u eig2, coorsercTBeHHO) npu —7t < 0,(0), 0,(0) <m, 0,(0)= 0,(0)

Ha puc. 2 BugHo, 4to cucrema ycrtoWymBa Mo SkoOu, eciu
-1<0,(0)= 0,(0)<n/2. I'panuna nepexoja oT ycTOHUUBOCTH 1O SKO-

0u K HeycToH4YMBOCTH 1O SIkoOu ompeseneHa HauyallbHBIMU 3HAYCHUSIMU
0600mennsIx koopauHar 0,(0) = 0,(0)=n/2: umeer mecTo A; =A, =0,

T. €. COOCTBEHHEBIE 3HAUECHUS TCH30pa f)]l SABJIAFOTCS KpaAmHblMU.

M3meHeHue cOOCTBEHHBIX 3HAueHUl A; U A, TeH30pa Pj npu

0,(0)=0, =% u 0<0,(0) <m nokazaHo Ha puc. 3.

Ha puc. 3 BuaHO, 4TO CHCTeMa CTaHOBUTCS HEYCTOHUMBOU 1m0 SIkobu,
ecm 0,(0)>3n/4 (1. e. 0,(0) 2135"). Konkperno, npu 0,(0)=31/4

umeeT MecTo A, =0 (coorBercTByeT eig2 =0 Ha puc. 3).
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cigl, eig2

0 //

20 40 60 1207140 160 180

theta2

Puc. 3. VIsMeHenne COOCTBEHHBIX 3HAYEHUN A; M A, TEH30pa P/.'

npi 0,(0) = 0, =§ 10<0,(0)<x

3akawuenue. lccrienoBana ycToH4mBOCTh MO SIKOOM IBYMEpHOMN

NUHAMHUYECKON CHUCTEMEI — HEIWHEWHOT'0 IBOMHOI'O MAaTEeMaTHYECKOI'O
MasiTHUKa. B cootBeTcTBUM ¢ Teopueit Kocambu — Kaprana — Yepna
OTIpeJIeTICHBI B SIBHOM BHjI€ KO (DHUIIMEHTHI HEIMHEWHON CBS3HOCTH, KPH-
BU3HBI HYJb-CBSI3HOCTU W KpUBU3HBI OTKJIOHEHMs. [loaxon mo3BossieT
ONPEAEIUTh YCIOBHUS, TP KOTOPBIX MCCIEAyeMas CUCTEMa OJHOBPEMEH-
HO ycToituuBa 1o JlsnyHoBy u no SIko0u.
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Restoration of parameters of Jacobi stable nonlinear double
pendulum using hybrid algorithms of global optimization
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Abstract. The problem of restoration of parameters of Jacobi stable
nonlinear double pendulum is considered. Equations of time evolution are
described on base of Euler—Lagrange equations. When solving the prob-
lem, an approach on base of the Kosambi—Cartan—Chern (KCC) theory is
applied, this is an effective method for studying dynamical systems with
the use of geometric invariants.

Keywords: dynamical system, Jacobi stability, geometric invariant, non-
linear double pendulum.
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B c/Iy4ae KPATHOI0 BHEIIHET 0 pe30HAHCA
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AHHOTaHI/Iﬂ. PaCCMOTpeHO ABWXXCHHUC NUHAMHWYCCKHU CHUMMCTPHUYHOIO
TBEPAOTO TECJIa (CHyTHI/IKa) BOKPYI' CBOCTO HCHTpAa MAacCC B LCHTPAJIbHOM
HBIOTOHOBCKOM TI'PaBUTAlIMOHHOM II0JIC. HGHTp MacC CIIyTHHKa ABWXCTCA
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10 KEIUICPOBCKOW 3UIMNTUYECKOH OpOHTE Majoro 3KCLEHTPUCHUTETA.
HccnenoBana 3amadya O CyLIECTBOBAaHMM M TOCTPOCHMU NEPHOANYECKUX
JBW)KEHUHN CIIyTHHKA, POKIAIOIIUXCA M3 €r0 KOHMYECKOW IPELeCCMH Ha
KpyroBoii opbure. PaccMOTpeH ciydail KpaTHOTO BHEIIHETO PE30HaHCa,
IIpU KOTOPOM YacTOThI COOCTBEHHBIX KOJICOAHUI CITyTHUKA B OKPECTHOCTH
KOHMYECKOH mperneccun OJU3KU COOTBETCTBEHHO K YAaCTOTE M K YJIBOCHHOM
YaCTOTE BHEIIHEr0 BO3MYIICHUS, BBI3BAHHOTO JJUIMITUYHOCTBIO OPOMUTBHI.
Pa3paboTtaH anroputM MnocTpoeHus] NEPUOAMUYECKUX JBHKEHUH CITyTHHKA,
B ClTyyae KpPaHHOT'O BHEIIIHEro pe3oHaHca. [1oyyeHsl siBHbIE aCUMITTOTHYE-
cKkue (OpPMyJIbl, OMUCHIBAIOIINE MEPUOJUMUYECKUE IBIKEHUN CITyTHHKA,
OJIM3KHE K €r0 KOHUYECKOM MTPELeCCUH.

Knrwouesvie cnosa: snewnuii PE3OHAHC, KOHUYECKas npeyeccusl, nepuodu—
yeckKue 08UNCEHUS.

PaCCManI/IBaGTCSI JABMIKCHUC CIIYTHHKA, MOJACIHMPYCMOIo AMHAMHYC-
CKM CHUMMETPUYHBIM TBEPABbIM TEJIOM, B LEHTPAJIbHOM HBIOTOHOBCKOM
rpaBUTAMOHHOM moJe. JINHeHbIe pa3Mepbl CIIyTHHKA Majbl [0 CpaBHE-
HUIO C BEJIIMYMHOM paJuyC-BEKTOpa €ro LIEHTpa Macc, MO3TOMY MOXHO
IIPEANOIOKNTH, YTO ABUKEHUE CIIyTHHKA BOKPYT LIEHTPAa MacC HE BIIMSIET
Ha JBIDKEHHE caMoro leHTpa macc. Jlanee mpenmosaraercs, 4To LEHTP
Macc CITyTHHKA JBHXKETCS IO 3aJlaHHOW KeIIepoBCKOi opOute. Ecim
opOuTa IIEHTpa Macc Kpyroas, TO CyIIEeCTBYIOT CTallHOHAPHBIC IBHKECHUS
CITyTHUKA, KOTOPBIE SIBISIOTCS PETYJISPHBIMU MpeUeccusiMu. Bo3MOXKHBI
TPU THUIIA PETYJSAPHBIX IPEUECCU: KOHMYECKas, UWIMHAPHUYECKAas |
runiepoononnas [1].

B cinyyae KOHMYECKOW Npeueccuu OCh JTHUHAMHUYECKONW CHMMETPUHU
CIyTHHKA TIEPIICHINKYIIIPHA BEKTOPY CKOPOCTHU €ro IIEHTpa Macc u o0pa-
3yeT (PUKCUPOBAHHBIN YTOJl C HOPMAJbIO K MIIOCKOCTH OPOUTHI, IPH STOM
CITyTHUK PaBHOMEPHO BpallaeTCsi BOKPYT CBOEH OCU AMHAMUYECKON CUM-
MeTpuu. Ha snmuntuueckoit opoutTe KOHUYECKas Mpelreccuss HeBO3MOXKHa,
HO MPEJICTABIISIET UHTEPEC 3ajja4a O OCTPOCHUU TIEPUOUUECKUX JBUKE-
HUH CIyTHUKA BOJIM3M €ro KOHMYeCKoH mpereccuu. Eciu opOuta mieHTpa
Macc CIYTHHKA CJIa0O03JUIMNTHYECKas, T. €. DKCIEHTPUCUTET OpPOUTHI e

JOCTAaTOYHO Mall (e < 1), TO C IOMOUIIBIO METOAA MAJIOr'0 IapamMeTpa Iic-

pUOIUYECKUE TBUKECHHUSI, OMU3KIEe K KOHUYECKOM MPereccuu, MOTyT ObITh
MOJy4YeHbl aHamuTHYecKu. J[lIsi Hepe30HaHCHOTO ciayyasi CYIIEeCTBYET
€JIMHCTBCHHOE TICPUOJUYECKOE JIBKCHHE YKa3aHHOTO THUIA, KOTOPOE
MOJKET OBITh TOCTPOCHO B BUJE psAJia MO 1enbiM creneHsMm e [2]. Ecnu ga-
CTOTa COOCTBEHHBIX KOJICOAHUI B OKPECTHOCTH KOHUYECKOW Mpereccuu
OJIM3Ka K 9acTOTE BHEIIHETO BO3MYIIEHUS, BBI3BAHHOTO SJUIUNITUYHOCTHIO
OpOUTHI, TO UMEET MECTO BHENIHUN pe30HaHC. B 3ToM ciydae, B 3aBUCH-
MOCTH OT 3HAUEHHUH IMapaMeTpoB 3aJadH, CYIICCTBYIOT OJIHO HJIU TPH Tie-
PUOANYECKUX JBMXXKCHHS, OJNIM3KUX K KOHMYECKOW mpeneccuu [3]. Otu
JBUKCHHSI MOTYT OBITh TIPEJCTABJICHBI CXOMSIIAMUCS PSIIaMU IO JIPOO-
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HBIM CTEMEHSM dKCIeHTpucuTeTa. B [3, 4] Ha OCHOBaHMHM METOAUKHU paboT

[5-7] ykazaHHbIE MEPUOAMYECKUE NBIKCHHS ObUIM TOCTPOEHBI B (hopme

. 1/3
ACUMIITOTHYCCKHUX PA3JIOKCHUH IO CTCIICHAM € , a TAKIKC B aHAJIUTHUYC-

CKOM Qopme OBbUIO MOJyYeHO YpaBHEHHE IOBEPXHOCTH pPa3BETBICHMS,
pasAessIoIIEeH TPEXMEPHOE NTPOCTPAHCTBO NapAMETPOB 33Ja4d Ha JBE MOJ-
o0nactu, B OJHOM M3 KOTOPBIX CYLIECTBYET TOJIBKO OJTHO CEMEICTBO Iie-
PUOANYECKUX IBUKEHHM, a B IPYTrOil — TPH.

B nanHoli paboTe paccmaTrpuBaeTCsi HEUCCIIEIOBaHHbBIN paHee ciydai
KpPAaTHOTO pE30HaHCa, KOIJla OJHA M3 YacTOT COOCTBEHHBIX KOJeOaHUit
CIIyTHUKA B OKPECTHOCTU KOHMUYECKOM Mpereccuu O0Ju3Ka K 4acTOTe BHENI-
HEro BO3MYILIEHHS, BBI3BAHHOTO JUIMIITHYHOCTBIO OpOMTHI, a Apyras coo-
CTBEHHAsl 4aCTOTa OJIM3Ka K yIBOGHHON YacTOTE BHEIITHETO BO3MYIIICHHUS.

HccnenoBan BONpoc O CyHIECTBOBAHWU HNEPUOAUYECKHUX ABMXKCHUN
CIyTHHKA, OJIM3KMX K €ro KOHMYECKOW MpPElecCHH. Y CTaHOBIEHO, YTO
B CJIy4ae KpaTHOTO PE30HAHCa CYLIECTBYET /1B IEPUOANYECKUX JABHKEHUS,
NPEACTaBUMBbIX B BHJE PAJOB 110 APOOHBIM CTEHEHSAM e, KOTOpble HaYyMHa-

I0TCS C YICHOB MOpPsIKa ¢ . Tlokasano taxxke, 4to MIPU ONPEIEICHHBIX
3HAQYEHHUSAX MapaMEeTpOB 3aJaud CYIIECTBYET MEPHOAMYECKOE JBHKEHHE
CIYTHUKA, KOTOPOE MOXKET ObITh MPECTABICHO B BHJIE CXOJSIIETOCsS psaa

MO JPOOHBIM CTENEHSM € , HAYMHAIOILIETOCS C YJICHOB MOPsIKa 3. [Tpen-
JIO’)KEH KOHCTPYKTHBHBIA QJTOPUTM IOCTPOCHHS TEPUOIUYECKUX JIBHIKE-
HUIl B Cllydae KpaTHOT'O BHEIIHEr0 PE30HAHCa U BBIMOJIHEHA MPOrpaMMHast
peanuzanusi 3TOr0 aJIropuTMa B CHCTEME AHAIUTUYCCKUX BBIYMCIICHUHN
MAPLE 15. C nomouipto JaHHOTO aJIFOPUTMA IOJTyYEHbI SIBHBIE aCHMIITO-
TUYECKUE (DOPMYIIBI, OITUCHIBAIOIINE YKA3aHHBIC IIEPUOTUICCKUE IBHKCHUS.

Paboma evinonnena npu ¢punarncosoti noodepaicke Poccuiickozo ¢honoa
@ynoamenmanvuvix ucciedosarnutl, npoekm Ne 20-01-00637.
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On the construction of periodic motions
of a satellite emanating from its conical precession
in the case of multiple external resonance
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Abstract. The motion of a dynamically symmetric rigid body (satel-
lite) around its center of mass in a Central Newtonian gravitational field is
considered. The center of mass of the satellite moves along the Kepler
elliptical orbit of small eccentricity. The problem of the existence and con-
struction of periodic motions of a satellite emanating from its conical pre-
cession in a circular orbit is investigated. The case of multiple external
resonance is considered, in which the natural vibration frequencies of a
satellite approximately a conical precession are close to the frequency and
double the frequency of the external perturbation caused by the ellipticity
of the orbit, respectively. An algorithm for constructing periodic satellite
motions in the case of multiple external resonances is developed. Explicit
asymptotic formulas describing periodic motions of the satellite close to
its conical precession are obtained.

Keywords: conical precession, external resonance, periodic motions.
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O Oudypranum ¥ yCTONYUBOCTH B JIMHEHHOM
NPUOJIMKEeHUH HEHTPAJbHBIX KOH(pUrypauui
B OTPaHMYEHHOM KPYroBOM 3a/1a4e YeThbIpex TeJl
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AHHoTanusi. PaccMoTpeHa miockasi orpaHUYCHHAsT KPyroBas 3ajada
YeThIpeX TeJ, B3aUMOJCHCTBYIOIIUX IO 3aKOHY BCEMHUPHOTO TATOTCHHS.
OpnHo U3 YeThIpex Ten 00JagaeT OECKOHEYHO Maoid Maccod M HE BIHSET
Ha JIBIKCHHE TPEX JPYTUX TeJ, KOTOPBIE JABHXKYTCS MO KPYTOBBIM OpOH-
TaMm, 00pa3ys MOCTOSIHHYIO JlarpankeBy KoH(purypanuto. B maHHO# 3ama-
Ye BO3MOJKHBI IIEHTPAJIbHbIC KOH(PHUTYpaIHH, KOTJa BCe YEThIpE Teja, JIBH-
rasicb 0 KPyroBbIM OpOUTaM, 00pa3yroT YETHIPEXYTONbHUK HEM3MEHHOM
dbopmbl U pazmepoB. BeimoaHeHO HccneqoBaHue 3a0a4u 0 OudypKaruu u
YCTOHYMBOCTH B JIMHEHHOM NPUOJIMKCHUU JAHHBIX IEHTPAIBHBIX KOH(PU-
rypamuii. Pe3ynpTaThl MccleqoBaHUN TPEACTABICHBI B BHUAC AHarpamMmm
YCTOWYMBOCTH, TIOCTPOSHHBIX B TNIOCKOCTH MapaMeTPOB 3a/1ay.

Knwoueewie cnosa: sadaua uyemvipex mej, yenmpanioHas KoH@uaypayus,
ycmouuugocms no Jlanynogy, oughyprayus.

PaccmarpuBaercst miockas orpaHMYeHHas KpyroBas 3ajjada 4eTbIpex
teis1. Ilpeanonaraercs, 4To TeNO NMPEHEOPEKUMO MAJION MacChl ABHIKETCS
B TPaBUTALMOHHOM IIOJI€ TPEX MPUTATHBAIOIINX LEHTPOB, B3aUMOJECHCTBY-
IOIIMX 0 3aKOHY BCEMHMPHOIO TATOTEHUS M JBMKYIIMXCS 10 KPYTOBBIM
opOutaMm, 00pa3ys MOCTOSHHYIO JarpaHKeBy KOH(UIypaluio (paBHOCTO-
pOHHMH TpeyroibHUK). Ilpennomnaraercs, 4yTo jJarpaHxeBa KOH(UTYpaIHs
YCTONUMBA, T. €. Macchl MPUTATUBAIOIIMX LIEHTPOB YJOBJIETBOPSIOT YCJIO-
Buto Payca [1]. YpaBHEeHHsI IBYKEHUS TOMYCKAOT YaCTHBIC PEIICHUSI, OTTH-
CBIBAIOIIUE II0JIOKEHUSI OTHOCUTEIILHOIO PABHOBECHSI TEJNAa MOl MacChl
BO BpalllalOIEeNCcs BMECTE C MPUTSITMBAIOUIMMU LIEHTPAMU CHUCTEME KOOp-
JVHAT. B Moso’keHnn OTHOCUTEIBHOIO PaBHOBECHS TEJIO MO Macchl 00-
pasyeT ¢ MPUTATUBAIOIMMH LIEHTpaMU KOH(UTypaliio HEM3MEHHOH (op-
MBI U pa3MepoB, TAK HA3bIBAEMYIO LEHTpalbHYI0 KoH(urypauuto. [Ipu
BBIIIOJTHEHUM YCIIOBUHM Payca cyliecTByeT BOCEMb Pa3IMUHBIX LIEHTPAIIb-
HBIX KOHGuUrypamuii [2], KoTopble OyIyT YCTONYMBBIMU, €CIH yCTOMYMBO
COOTBETCTBYIOILIEE MTOJIOKEHNUE OTHOCUTEIBHOIO paBHOBecHs. Panee B [2-5]
paccMaTpUBaIMCh BOIPOCHI CYIIECTBOBAHUS M YCTOMUYUBOCTH LIEHTPAJIBHBIX
KOH(UTYypaIuii.

B nannoil paGote ans Bcex 3HAYEHMH HapaMeTpoB, YJOBIETBOPSIO-
X ycloBuio Payca, ucciienyercs Bonpoc o oudypkaiuu 1 yCTOWIUBO-
CTH LEHTpalbHbIX KOHQUrypauuid. beuto ycranoBieHo, uro 6udypkauus
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BO3MOYKHA TOJIBKO B MPEIEIBHOM CiIydae, KOrja Macca OJHOTO U3 MPHUTS-
TUBAIOUIMX IIEHTPOB oOOpaliaercss B HOJMb. B 3ToM ciyyae npuxoaum
K OrpaHMYCHHON 3aJade Tpex Tel, a paccMaTpUBaeMble IEHTpaJbHbIC
KOH(HTypaIy BBIPOXKIAIOTCS B TPEYTOJbHBIE (JIATPAH)KEBbI) MU KOJIIH-
HeapHbIe (MIIepoBBI) TOUkH auOpamu. [Ipu s3Tom Onudypkamus mpoucxo-
JUT TIO CJIEAYIOIIEMY CLIEHAPHIO: YEThIpe U3 BOCBMH IIEHTPAIbHBIX KOH-
burypanmii mepexoaaT B OJIHy U3 TPEYTOJIbHBIX TOUEK JTUOpaII.

B nuneitHoM npubirbkeHnn ObUIa MCCIE0BaHA 3a/1a4a 00 YCTOMUMBO-
CTH pacCMaTPUBAEMBIX LIEHTPAIBbHBIX KOHGUTypaluil. B cumy BbImomHEHHS
ycioBuil Payca sTa 3a1aya CBOJUTCS K UCCIIEIOBAHUIO YCTOMYMBOCTH COOT-
BETCTBYIOLIHX TTOJIOKEHUH OTHOCHTEIILHOTO paBHOBECHS Tella Majoil Mac-
CBl BO BpAIIAIOMICHCS] BMECTE C MPUTATUBAIOIIMMHU IIEHTPAMH CUCTEME KO-
opauHaT. B OKpecTHOCTH MOJN0KEHHH OTHOCHUTENBHOTO PaBHOBECHS OBLIH
MOJTyYeHBI ypaBHEHUS B BapUaIMsIX U MMPOBEJCH aHATUTUYECKUN U YHCIICH-
HBI aHan3 KO3((UIMEHTOB COOTBETCTBYIOIIEIO XapaKTEPUCTHUYECKOTO
ypaBHEHMsI MPU BCEX BO3MOKHBIX 3HAUEHHSX IapaMeTpoB 3agaud. B pe-
3yJIbTaTe MPOBEICHHOTO aHaM3a ObUIO YCTAHOBJIEHO, YTO CYIIECTBYET BO-
CeMb TMOJIOKEHUI pPaBHOBECHS, U3 KOTOPBIX TSTh BCErJa HEYCTOWYMBHI,
a TpU B 3aBUCHMOCTH OT 3HAYEHHI MapaMEeTPOB MOTYT OBITh KaK yCTOWYH-
BBIMH, TaK W HEYCTONYMBBIMH. J[71s1 9TMX KOH(UTrypamuii B IByMEpHOM
MIPOCTPAHCTBE MapaMeTPOB 33auu ObLIM MOCTPOEHBI AUarpaMmbl yCTONUH-
BOCTH, Ha KOTOPBIX YKa3aHbl 00JACTH HEYCTOWYMBOCTH M OOJIACTH YCTOM-
YMBOCTH B JIMHEHHOM MPUOIIKEHNN.

[Tomy4enHble BBIBOABI 00 YCTOHUMBOCTH XOPOIIO COIJIACYIOTCS C M3-
BECTHBIMH PE3yJIbTaTaMU Ui TPENENbHOr0 Clyyash PaBHBIX MacC JBYX
MIPUTATUBAIOIINX IIEHTPOB [4, 6, 7].

Hccneoosanue vinonneno 8 Mockoeckom aguayuoOHHOM UHCMumyme
(HAYUOHALHOM UCCTIE008AMENbCKOM YHUBEPCUMeme) 3d Cuem epaHma
Poccuiickozo nayunozo ¢honoa (npoexm Ne 19-11-00116).
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On bifurcation and stability in the linear approximation
of central configurations in the restricted circular
four-body problem
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Abstract. The paper considers a restricted planar circular four-body
problem when they are interacting according to the law of universal gravi-
tation. One of the four bodies has an infinitesimal mass and does not affect
the motion of the other three bodies, which move in circular orbits, form-
ing a Lagrangian configuration. In this problem, central configurations are
possible, when all four bodies, moving in circular orbits form a quadrilat-
eral of the same shape and size. The problem of bifurcation and stability in
the linear approximation of these Central configurations is investigated.
The research results are presented in the form of stability diagrams con-
structed in the plane of the problem parameters.

Keywords: four-body problem, central configuration, Lyapunov stability,
bifurcation.
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O nBHKEHUH TeJia ¢ BHYTPeHHE MOJABHKHONH MacCoil
10 TOPU30HTAJIBHON MOBEPXHOCTH NMPH HAJTUYHNHU
AHM30TPOIHOI0 CYX0I0 TPEeHUS
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AnHoranus. IlpoBeneHo wuccnegoBaHME JMHAMUKA MEXaHUYECKOM
CHUCTEMBI, COCTOSAILECH U3 TBEPAOTO TEIa U MaTEPUAIbHOW TOYKH, KOTOpas
JBUKETCSA BHYTPH TeJa MO OKPYKHOCTH, PACIOJIOKEHHON B BEPTUKAIBbHON
IUIOCKOCTH. Tesno mepeMemaercss 0 rOpU30HTAIBHON IIEPOXOBATOU I10-
BEPXHOCTH, CO CTOPOHBI KOTOPOW Ha HETO JEHCTBYET CHJIa CyXOTO aHU30-
TponHOro TpeHus. OnpeneneHbl BO3MOXKHbBIE MEPUOIUUYECKUE PEKUMBI
JBUKEHHS Tella, a Tak)Ke HailIeHbl COOTBETCTBYIOUINE UM OOJIACTH TMapa-
METPOB 3a1aud. J[aHO IMOJIHOE KayeCTBEHHOE ONHUCAHME KAXKIOTO IEepUo-
JUYECKOro pexuMa. B yacTHOCTH, MTOKa3aHO, YTO NEPUOJUYECKUE PEKU-
MBI SIBIISIFOTCS IIPENEIBHBIMU JBKEHUAMU. B 3aBUCUMOCTH OT 3HA4ECHUM
[IapaMeTPOB TEJIO BBIXOAUT HA MPEAEIbHBIA PEXKUM 32 KOHEUHBIN IpoMe-
KYTOK BpPEMEHH, JIMOO aCUMITOTHYECKH NpUOIMKaeTcss K HeMy. YcTa-
HOBJIEHO, YTO BO BCEX NEPUOJNYECKHUX PEKMMAX JBHXKCHHS TEJIO 3a OAUH
nepuosi 000poTa BHYTPEHHEH Macchl MO OKPYKHOCTH IepeMelacTcs
B [TOJIOKUTEIBHOM HAIPABICHNUH.

Knioueswie cnosa: cyxoe mperue, anuzompontoe mpemue, nepuooutecKoe
oguoicenue, MOOUIbHbIE POOOMDL.

PaccmarpuBaeTcs IBUKEHHE MEXaHUYECKON CHUCTEMBbI, COCTOAILECH U3
TBEPJOro Tena (Kopiyca) U MaTepHajbHOM TOYKH, ABMKYILIEHCS BHYTPH
Tela MO OKPYKHOCTH, LIEHTP KOTOPOM COBIAJAeT C LIEHTPOM Macc Tena.
IIpenmnonaraercs, 4To KOpIycC MEPEMEIIAETCS 10 TOPU30HTAIBHOM IIEpo-
XOBaTO MOBEPXHOCTH, & OTHOCUTENIbHOE JIBM)KEHUE TOYKU MPOUCXOIUT
B BEPTUKAJIBHOM INIOCKOCTH C TIOCTOSIHHOM 110 MOJYJIIO CKOPOCTBIO. Mex-
Iy KOPILyCOM U IOBEPXHOCTBHIO JAEMCTBYET CHJIa CYyXOro aHU30TPOIHOIO
TpPEeHus, T.e€. Mpeanojaraercs, 4ro KOI(PQHUIMEHT TPEHHUS 3aBUCUT OT
HaIpaBlieHUs IBUKEHMs Kopryca. [laHHas MexaHudeckasi cucTema sBJIs-
eTcsl MpOoCTeHIel MOAETbI0 MOOMIBHOIO POOOTOTEXHUYECKOTO YCTpPOii-
CTBa — KaIllCyJIbHOTO po00Ta, KOTOPBI HE MMEET BHEIIHUX JBHKUTEIEH
(xoyec, T'yCEHHI, HOT) U IEepeMellaeTcs MNOCPEACTBOM OTHOCHUTEIBHOIO
JBUKEHHS] BHYTPEHHHUX 3JIEMEHTOB.

HccnenoBanuio TUHAMUKY TeJl, COJAEPKAIIUX BHYTPEHHHUE HJIEMEHTHI,
MOCBSAIIEHO MHOKECTBO padoT. bubauorpaduro mo 3ToMmy BOIPOCY MOKHO
Hautu B [1-3]. Jlns paccmMaTpuBaeMON MEXaHUYECKOW CUCTEMBI MOJIHOE
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KaueCTBEHHOE HCCIIEOBaHUE TUHAMHUKU OBLIO BBIMIOJIHEHO JUIS CiTydas,
KOI'/Ia TPEHHE MEXy KOPIYCOM M MOBEPXHOCTHIO SIBISIETCS M30TPOMHBIM
U ONHCBIBAaETCS KiiaccudeckuM 3akoHoM Kymona [3-5]. B pabote [6] anHa-
JIOTUYHOE HCCJIeI0BaHUE ObUIO BBIINOJHEHO B MPENOJOKEHUHU, YTO Ha
KOpIYC JEHCTBYIOT KaK CHJIbI CyXOro KyJOHOBCKOTO, TaK U CHJIbI BSI3KOTO
Tpenus. PaccMaTpuBaivch Takke MEpUOAUYECKUE JABMXKEHHUS MO0 HAKIOH-
HOM IIEpOXOBATOM MJIOCKOCTH B CIIy4ae U30TPOITHOTO CyXOro TpeHus [7].

B nacrosmieil paboTe BBINOIHEHO MCCIEIOBaHUE ABM)KEHHUS KOpIyca
C MEPUOINYECKH U3MEHSIOIEHCS CKOPOCThIO. Y CTAHOBIIEHO, YTO B 3aBH-
CUMOCTHU OT 3HAYEHHUI MapaMeTpoB 3aJaud BO3MOXKHBI CIIEAYIOUINE MepH-
OJIMYECKHUE PEKUMBI JBUKCHUS.

1. Kopnyc nepememniaercsi TOJIbKO B MOJOXKUTEIbHOM HAaIpaBICHUU,
COBEpIlIasi OCTAHOBKHU 4€pe3 paBHbIE MPOMEXYTKH BpemeHu. [locne ocra-
HOBKM KOpIyC B TE€YEHHE KOHEYHOIO MHTEpBala BPEMEHHM HaXOAUTCS
B COCTOSIHUU TIOKOs (3aJMIMaeT), a 3aTeM MpOJ0JDKAeT IBIKeHue. MHTrep-
BaJbl JIBIKEHUS U TOKOS KOpIyca IMEPUOJUYECKH MOBTOPSIOTCS, T. €.
KOPIIyC COBEPIIIAET OCTAHOBKHU Y€pe3 paBHbIC MPOMEKYTKH BpeMeHU. Mo-
MEHTaM OCTaHOBOK KOpIIyca COOTBETCTBYET OJHO U TO XK€ IOJIO)KEHUE
BHYTPEHHEH MacChl Ha OKPYKHOCTH.

2. Kopmyc nepemeniaercs Kak B IOJIOKUTEJIBHOM, TaK U B OTpHUIIA-
TEJILHOM HAIpaBJICHUSX, COBEpIIAasi JBE OCTAHOBKH 32 BpPEMs MOJHOTO
000poTa BHYTPEHHEW MaccChl MO OKPYKHOCTH. [locine ka0 oCTaHOBKH
KOPIIyC OCTaeTCsl B MOKOE B T€UEHHWE KOHEYHOTO MHTEpBaja BPEMEHH, IO-
CJie KOTOPOTr0 HauMHAET ABM)KEHHE B MPOTHBOIOJIOKHOM HAlpaBiICHHUH.
WurtepBanbl IBUKEHUS U TIOKOS KOPITyCa MOBTOPSIOTCS MEPUOANYECKH,
a MOMEHTaM OCTaHOBOK KOPILyCa COOTBETCTBYIOT OJHU U T€ K€ IOJIOXKE-
HUS BHYTPEHHEH MacChl Ha OKPYKHOCTH.

3. Kopryc nepememaercs Kak B MOJOXUTEIBHOM, TaK U B OTpHIA-
TEJILHOM HAIpaBJICHUSX, COBEpIIAasi JBE OCTAHOBKH 32 BpPEMs IMOJHOTO
000poTa BHYTpPEHHEN Macchl O OKPYKHOCTH. B MOMEHT OCTaHOBKH KOp-
myca 1ocJie JBUKEHUS B MOJOKUTEJIbHOM HAIpPaBJICHUU OH HE 3aJIUIAET,
a cpa3y HauMHaeT JBMKEHHE B OTPULATEIILHOM HalpaBiieHuu. B cirydae
OCTaHOBKHU KOpIIyca MOCJI€ ABUKEHUSI B OTPULIATEILHOM HAINpPABIEHUU OH
3aJIUIHET, T. €. OyJIeT HaAXOJAUTHCS B MOKOE B T€YEHHE KOHEYHOTO UHTEp-
Bajla BPEMEHHU, MOCJIE KOTOPOTrO HAYMHAET JIBU)KEHHE B MPOTUBOIOJIONK-
HOM HampasiieHUH. VIHTepBaJIbl ABUKEHUS U TTOKOSI KOPITyCa MOBTOPSIIOTCS
NEPUOANYECKH, & MOMEHTaM OCTaHOBOK KOpITyca COOTBETCTBYIOT OJHU
U TE )K€ MOJIO0KEHUS BHYTPEHHEH MacChl Ha OKPYKHOCTH.

4. Kopmyc nepememniaercsi Kak B MOJOKUTEIBHOM, TaK U B OTpHIlA-
TEJIbHOM HaIlpaBICHUAX O€3 3aJMIIaHus, COBEpIlIas JBE€ OCTAaHOBKHU 3a
BpeMs TOJIHOTO 000poTa BHYTpPEHHEW Macchl Mo OkpyxHoctu. [locne
K10 OCTAaHOBKH KOPITyC Cpa3y HauMHAeT JBUXKEHHE B MPOTHUBOIOIOXK-
HOM HampaBlieHuu. VIHTepBaibl ABM)KEHUS TOBTOPSIIOTCS MEPHUOIUYECKH,
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a MOMEHTaM OCTaHOBOK KOpITyca COOTBETCTBYIOT OJHU U T€ K€ IMOJIOXKe-
HUSl BHyTPEHHEHN Macchl Ha OKPY>KHOCTH.

VYcraHOBIEHO, YTO BO BCEX MEPEUUCICHHBIX BBIIIE MEPUOJUYECKUX
peXUMax JBUKEHHS KOPITYC 3a OJIMH MEepHoj 000pOTa BHYTPEHHEW MacChl
M0 OKPY’>KHOCTH IEPEMELIAETCs B MOJIOKUTEIBHOM HampasieHuu. Ecin
KOPILYyC MOXET HauaTh JBM)KEHUE U3 COCTOSHUS MOKOS, TO JIF0O0E TBUXKE-
HUE KOpITyca MpY MPOU3BOJIBLHOM HAYAIBHON CKOPOCTH M (PUKCUPOBAHHBIX
3HAYEHUSX MapaMeTpOB 3aJauM MepeiieT B OUH U3 ITHUX PEKUMOB 3a KO-
HEYHBI WHTEpBal BPEMEHH WIH OyJeT aCUMITOTUYECKH K HEMY CTpe-
MuUThCs. Ecnu Kopityc He MOXKET HadaTh JBUKEHHE U3 COCTOSHUS MOKOS,
TO BHE 3aBHCHUMOCTH OT BEJIMYMHBI HAYaJIbHOM CKOPOCTU OH COBEPILIUT
OCTaHOBKY 4epe3 KOHEUHBI UHTEpBaJl BpEMEHU U Janee 0y/1eT HaXOAUTh-
Cs B COCTOSTHUU TTOKOSI.

B TpexMepHOM MTpOCTpaHCTBE MapaMeTpPOB 3aJaud ObUIM HAMICHBI
o0nacTv, B KOTOPBIX pEAM3yeTCs OJUH W3 TEPHOAMYECKHX PEKHMOB
JBUKEHHSI U YUCIIEHHO TIOCTPOEHBI UX rpaHulbl. Takxke ObLIO yCTaHOBIIE-
HO, 4TO JJis (PMKCUPOBAHHOTO HAOOpa 3HAUEHUI MapaMeTpOB 3aJa4d MO-
KET CYIIECTBOBATh TOJIBKO OJUH MEPUOIUYECKUIN PEKUM JIBUKEHUSI.

Hccneoosanue evinonneno 6 Mocko8ckom aguayuOHHOM UHCTUmMyme
(HAYUOHANLHOM UCCIE008AMENbCKOM YHUBEPCUMeEmMEe) 3a CUem 2paHma
Poccuiickozo nayunozo ¢honoa (npoexm Ne 19-11-00116).
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On the motion of a body with an internal moving mass
on a horizontal plane in the presence
of anisotropic dry friction
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Abstract. The dynamics of a mechanical system consisting of a solid
body and a material point that moves inside the body along a circle located
in a vertical plane is studied. The body moves along a horizontal rough
plane, from which the force of dry anisotropic friction acts on it. Possible
periodic modes of motion of the body are determined, and the correspond-
ing regions of the problem parameters are found. A complete qualitative
description of each periodic mode is given. In particular, it is shown that
periodic modes are limiting motions. Depending on the values of the pa-
rameters, the body reaches the limit mode in a finite period of time, or as-
ymptotically approaches it. It is established that in all periodic modes of
motion, the body moves in a positive direction during one period of rota-
tion of the internal mass around the circle.

Keywords: dry friction, anisotropic friction, periodic motion, mobile robots.

We consider the motion of a mechanical system consisting of a solid
body and a material point moving inside the body along a circle, the center
of which coincides with the center of mass of the body. It is assumed that
the body moves along a horizontal rough plane, and the relative movement
of the point occurs in the vertical plane with a constant velocity module.
A dry anisotropic friction force acts between the body and the surface, i.e.
it is assumed that the coefficient of friction depends on the direction of
movement of the body. This mechanical system is the simplest model of a
mobile robotic device — a capsule robot that does not have external mov-
ers (wheels, tracks, legs) and moves through the relative movement of in-
ternal elements.

Many works are devoted to the study of the dynamics of bodies con-
taining internal elements. A bibliography on this subject can be found
in [1-3]. For the considered mechanical system, a complete qualitative
study of the dynamics was performed in the case when the friction be-
tween the body and the surface is isotropic and is described by the classi-
cal Coulomb law [3-5]. In [6], a similar study was performed under the
assumption that both dry Coulomb and viscous friction forces act on the
body. Periodic motions along an inclined rough plane in the case of iso-
tropic dry friction were also considered in [7].
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In this article, we study the movement of the body with a periodically
changing speed. It is established that depending on the values of the prob-
lem parameters, the following periodic motion modes are possible.

1. The body moves only in a positive direction, making stops at equal
intervals of time. After stopping, the body is at rest (stuck) for a finite time
interval, and then continues to move. The intervals of movement and rest
of the body are periodically repeated, i.e. the body makes stops at regular
intervals. The same position of the internal mass on the circle corresponds
to the moments when the body stops.

2. The body moves in both positive and negative directions, making
two stops during a complete revolution of the internal mass around the cir-
cle. After each stop, the body remains at rest for a finite time interval, after
which it starts moving in the opposite direction. The intervals of move-
ment and rest of the body are repeated periodically, and the moments of
stopping the body correspond to the same positions of the internal mass on
the circle.

3. The body moves in both positive and negative directions, making
two stops during a complete revolution of the internal mass around the cir-
cle. When the body stops moving in the positive direction, it does not
stick, but immediately starts moving in the negative direction. If the body
stops after moving in the negative direction, it will stick, i.e. it will be at
rest for a finite time interval, after which it starts moving in the opposite
direction. The intervals of movement and rest of the body are periodically
repeated, and the moments of stops of the body correspond to the same
positions of the internal mass on the circle.

4. The body moves in both positive and negative directions without
sticking, making two stops during a full revolution of the internal mass
around the circle. After each stop, the body immediately starts moving in
the opposite direction. The intervals of movement are repeated periodical-
ly, and the moments of stopping the body correspond to the same positions
of the internal mass on the circle.

It is established that in all the above-mentioned periodic modes of mo-
tion, the body moves in a positive direction during one period of rotation
of the internal mass along the circumference. If the body can start moving
from a state of rest, then any motion of the body at an arbitrary initial
speed and fixed values of the problem parameters will switch to one of
these modes in a finite time interval or will asymptotically tend to it. If the
body cannot start moving from a rest state, then regardless of the initial
speed, it will stop after a finite time interval and then remain at rest.

In the three-dimensional space of the problem parameters, we found
areas where one of the periodic motion modes is realized and numerically
constructed their boundaries. It was also found that for a fixed set of prob-
lem parameter values, there can only be one periodic motion mode.
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3ajaya onTUMAJbLHOM BCTPEYH B TOPU30HTAIBHOM
IUIOCKOCTH NPH HAJTUYMH (PAa30BbIX OrPAHUYCHUI

© 2.1. Makuesa’, O.10. Yepkacos

MI'Y umenn M.B. JlomonocoBa, Mocksa, Poccus
*E-mail (noxiaguuka): elinamakieva@live.com

AHHOTanuUs. 3aa4a ONTUMAIBHON BCTPEYH JBYX MAaTEpUAJIBHBIX TO-
YeK, JBWKYIIUXCS B TOPU30OHTAJIBHOW IUIOCKOCTH, PACCMOTPEHA B HEIU-
HEMHOM nocTaHoBKe. CKOPOCTHM TOYEK IMOCTOSIHHBI MO MOAYJt0. Bpems
nporecca pukcupoBaHo. HayanbHble yCIOBHS 3a/1aHbI, KOHEYHBIE TIPUHH-
MaroTcsl cBOOOAHBIMU. Llenblo ympaBieHus: sABIsETCS MUHMMHU3ALUSA KO-
HEYHOro pacctostHus Mexay Mrpokom 1 (M1), nyist kotoporo umiercs omn-
TUManbHas cTparerus, u Wrpokom 2 (M2), HCHONB3yIOMHUM METOA
NPOTOPLMOHATIFHOTO HaBeneHus. llpeamonaraercsi, 4To UMEIOTCsS (a3o-
BbI€ OTPAHWYEHHUS Ha YroJl MeXy JTuHUel BuzupoBanus (JIB) u Bekropom
ckopoctu M1.

Knwoueewte cnosa: npunyun maxcumyma Ilonmpsaeuna, memoo nponop-
YUOHANILHO20 HaBeOeHUsl, (azosvili nopmpem, 3a0a4a ONMUMATLHOSO
VIpaGIeHus.
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IMocranoBka 3amaumn. PaboTa mpomomkaeT ucciaenoBaHUs, HAYaThIe
B pabore [1]. YpaBHeHUs TBMKEHUS UTPOKOB UMEIOT BHI:

7 =cosa—bcosp,

B =a(sina—>bsinp)/r,
n=(sina—bsinfB)/r,

X, =cos(n+a),

y; =sin(n+a),

x, =cos(n+p),

Y, =sin(n+p),

o =(—sina+bsinf)/r+u.

(1)

3neck r — Oe3pa3MepHOE PACCTOSTHUE MEXKIY UTPOKAMH; 0L — YTOJT MEX-
JIy BEKTOPOM CKOPOCTH II€PBOTO HTPOKA W JIMHWEH BU3HPOBAHHS, [ —
YTOJI M@Ky BEKTOPOM CKOPOCTH BTOPOT'O UTPOKA M JIMHUEH BU3UPOBAHHS,
@ — TIOCTOSIHHAsI, CBSI3aHHAs C KOHCTAHTOM Ak 3aKOHA MPOMOPLMOHATBHOIO
HaBeJIeHHs BbIpakeHueM a=k—1, a>0; b — oOTHOIIEHUE CKOpOCTEU

BTOPOTO M MEPBOTO UTPOKOB, b>1; (x;,),),(X,,y,) — KOOpPIUHATHI HEep-

BOTO M BTOPOI'O UTPOKOB COOTBETCTBEHHO; 1| — YT'OJI MEXy JINHUEH BU-
3UpOBaHUs U (PUKCHPOBAHHOHN OCHIO; U — ympaBieHue. Pa3oBble OrpaHu-

YCHUS Ha MIEPEMEHHYIO 00 CHMMETPHYHBI U UIMEIOT BUI: o < a(f) < .
Kpaessie ycnoBus miis cuctemsl (1) uMeroT BUA

r(0) =1, B(0)=B,, n(0)=mn,, x,(0)=x,,

2
11(0) =19, %,(0) =xy, ¥,(0)=y,, a(0) @
¢BOOOIHO.

Urpok 1 peanuzyer MeToA IpONOPIHOHATEHOTO HABEICHHS, a CTpaTe-
rust Irpoka 2 noaJie:KuT ONpeAesIeHUIO JUIsl MUHUMU3AluU pacCTOSTHUSA 32
¢duxcupoBannoe Bpemst ¢ 1U1:

J =r(T)— min. 3)
uelU

AHajm3 3aga4u. YOpaBiI€HUE U BXOAUT B MPABYIO YACTh TOJBKO OJI-
HOTO YpaBHEHHUS paccMaTpUBAEMOMN CHUCTEMBI, YTO MO3BOJISIET OMYCTHUTH
9TO ypaBHEHHUE W MEPEUTH K PeIyIIMPOBAHHONW CUCTEME, B KOTOpOoul (a3zo-
Bbl€ OIPAaHUYEHUS HCXOJHOW 3a/Jaud MEpeXOoJsAT B OrPaHUYCHHS Ha
yIIpaBJeHUE JIs PEIyIUPOBAHHOW CHUCTEMBI, B KOTOPOW B Ka4eCTBE YII-
paBIE€HUS TPUHAT yTod MEXAY BEKTOpoM ckopoctu Wrpoka 1 u nuHuen
BU3UPOBAHUSA O .

PaccmatpuBas nepBble ceMb YpPaBHEHHUI CUCTEMBI C YIIPAaBICHUEM O,
MPUXOJUM K PEryJisipHOM 3a/laye ONTUMAJIbHOTO YIIPaBJIEHUSl C OTpaHuyYe-
HUSMH Ha yIIpaBJICHUE.
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[lepBble 1Ba ypaBHeHUs cucteMsl (1) oTaenstores oT ocTanbHbIX. Ecin
AKCTpeMalIbHBIN 3aK0H 7(¢), o), f(¢) HalaeH, TO OCTabHBIC TTEPEMEHHbIE

3aJa4d MOYKHO HAlTH C TOMOIIBIO KBajpaTyp. 3ajadya ONTHMAJIbHOTO
YIIPABJICHUS IPUHUMAET CIICTYFOIIMNA BU:

Ha TPACKTOPUAX CUCTEMBbI

7 =cosa—bcosf,
: : : 4
B=a(sina—bsinf)/r;
C HaYaJIbHBIMU YCIIOBUSIMHU
r(0) =7,,p(0) =By, (5)

MUHMMHU3UPOBaTh (yHKIMoHaN (3). Koneunsle ycnoBus cucremsl (4) cBO-
OOJTHBI.
Oyukuus [Tontpsruna H ns 3agayu (3)—(5) umeet BUa

H =y, (coso—bcosP)+wyga(sino—bsinB)/r=C,

rae C — KOHCTaHTA.
YpaBHeHHsI 7151 CONMPSKEHHBIX IEPEMEHHBIX 3allUIIYTCS B BUIE:

y, = a(sino—bsinB)yy, / (r)?, (6)
Vg =b(—y, sinf+wygacosB/r). (7
N3 ycnoBuii TpaHCBEPCAIBHOCTH MOIYYUM CIEAYIOIIUE COOTHOLICHHUS:
v, (T)=~1,y,(T) = 0. @®)
VYcnoBusg MakcumyMa QyHKIUHM /1 110 yIIpaBIeHUIO 0L UMEIOT BU:
6\—H:0<:>(\|/[3acosoc)/r—\|1,sinoc:O, 9)
oo
O*H :
5> <0< —(ygasina)/r—y, cosa<0. (10)
oo

U3 cootHomenuit (9) monyyaem
v =(ry, tga)/a. (11)

N3 (9) u ycnoBuii TpancBepcambHOcTH (8) crmeayer tgou(7) =0,
y,cosa >0, orkyna a(7)=mn. Hudpdepenuupys coorHomenue (11) mo

BPEMEHU KaK CIOXHYIO (PYHKIMIO 1O apryMmeHty ¢ B cuiy (4), (6), (7),
MOJTy4aeM BBIPAKCHHE IS OL:

(yp) =(ryrtga/a) <

= aWB :\Vr”(tgaj"‘\l’r’;tga*‘(‘lfrj”tga =
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< ayp=oryr/ (cosa)? + Yrtgo-r+rtgo-yr &
a(abcosPyp/ r—bsinByr) = ryra/ (cosa)® +
+ tgo(cosa—bcosP)yr+ypatgo(sina—bsinP)/r <
Gryr/ (cosa)® = ryra’btgo-cosP/ r—absin Pyr —tg ocos o —
—beosB)yr—rla(tga)’ (sino—bsinB)/ (r*a) <
o= [b(a +1)sina - cosa -cos—bsinPB(a(cos oc)2 —
&
—(sina)*)—sin oc] /r <<
< a=b(a+1)cosa-sin(a—B)/r—(sina—bsinB)/r. (12)
C nomolIpio NMpUHIKIA MakcuMyMa [IOHTpsATHHA ONTUMAalbHAs 3a/1a-
4a JJIs peayUPOBAHHOMN CUCTEMBI CBOJUTCS K KPAaeBOA:
7 =cosa—bcosf,
B =a(sina—bsinp)/r,

a=b(a+1)cosa-sin(a—P)/r—(sina—bsinP)/r;

r(0)=r,. B(0) =By, wT)=m

¢ (azoBeiMu orpaHmueHUsIMH O < 0(f) <0, KOTOpPBIE TEIEPh paccMmart-

pUBAIOTCS HE Kak (ha30BbIe OTPaHUYEHUS, a KaK OTpaHUYCHHS Ha YIIpaB-
JICHHE.

[TockobKy KOHEYHBIM YCJIOBHEM Ha TOJOXECHHE BEKTOpPA CKOPOCTH
nepBoro wurpoka ssusercs o(7)=m, ObUIM BBIOPAHBI OTPAHUYCHUS

3n/4<o(t)<5n/ 4.
Taxum o6pazom, npu o(?) € (3n/ 4,51/ 4) pemaercs cucrtema:

7 =cosa—bcosf,

B =a(sina—bsinp)/r, (13)

a=>b(a+1)cosa-sin(a—P)/r—(sina—bsinP)/r.
B cnyuae xorna o(¢) ¢ (3n/4,5n/4), unterpupyercs cuctema

7 =cosa—bcosf,

B =a(sina—bsinp)/r,
o=3n/4, ecmu ot) <37/ 4,
o=>5n/4, ecmu ot) > 5n/ 4.

(14)
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Ha cnenyromem mrare muTerpupyercs cuctema (13). HauanbHbiMu
3HAYCHUSMHU I HEe TPUHUMAIOTCS 3HAYCHHS IEPEMEHHBIX, KOTOPBIC
OBLTH TOJYYEHBI PU UHTErpupoBaHuu cuctemsl (14). Eciu B pesynbrare
UHTErpUpOBaHUs () CHOBa He JeXUT B uHtepBaie (3mn/4,5n/4), To

BHOBbD IEpEXoAT K cucteme (14).
IIpu b>1 dyHkuus o) ABaseTcss MOHOTOHHON (DyHKIMEH BpeMeHH.

CrnenoBarenbHO, ONTHMANbHAs TPACKTOPHUS COJACPKHUT He Oojee OIHOU
YT JBY)KEHUS 110 OrPaHUUYEHHUIO.
[Tocne onpexneneHus peryasipHOTO yIpaBlIeHUs B ONTUMalIbHON 3aja-
Yye s peayLUMpOBAaHHON CHCTEMBI OBIJIO HAaWJAEHO YIpaBlieHHE B MCXO/I-
HOM 3a71aue ¢ (ha30BBIMU OIPAHUUEHUSIMHU I UCXOJIHOW CHCTEMBI.
CornacHo ypaBHeHusM 1yt o (12) u u3 cucremsi (1):

u=[b(a+1)cosa-sin(a—P)/r—(sina—bsinP)/r]—[(-sina+bsinP)/r]=
=b(a+1)cosasin(a—B),npu o(t) e (3n/4,51/4).
Ecmm o(¢) ¢ 3/ 4,5n/4), TO
u=0o—(—sino+bsinP)/r=0—-(—sina+bsinf) =sina —bsinf.

Takum oOpa3oMm, B paboTe uccienoBaHa HETUHEWHas 3a/laya BCTpeun
JBIDKYIUXCSE 00BbEKTOB ¢ (PMKCHPOBAHHOM CTpaTerueil HaBeJIeHUs y OJTHO-
ro UrpoKa U ONTUMAIbHON — y JIPYroro npu HaJIW4YuM (pa3oBbIX OrpaHU-
YEeHMM Ha yrosl MeXAy JIMHMEH BHU3MPOBAaHUS M BEKTOPOM CKOPOCTH
HAIpPaBIIeMOro uUrpoka. B pesynbrare peaykuuu (azoBble OrpaHUYCHUS
MCXOJHON 3aJlauyM MEepellId B OTPaHUYEHUS Ha yIpaBJIEHUE AJIs PenyLu-
poBaHHOM cuctembl. C moMomibio npuHIMNA Makcumyma [loHTpsaruHa
ONTHMajbHas 3ajadya Juid PEeAyLUPOBAHHOM cHUcTeMbl Oblla CBEIEHA
K KpaeBOH 3a/1aye Cc OrpaHUYEHUsIMH Ha yrnpasieHue. [locie onpenenenus
PEryJIsipHOrO YIpaBJIEHUs B ONTHUMAIbHOM 3ajaue s peaylLMpOBAHHON
CUCTEMBI OBLIIO HAliICHO YIIpaBJIeHHE B UCXOAHOMU 3aaye.
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An optimal rendezvous problem in the horizontal plane
with phase restrictions
©E.L Makieva*, O.Yu. Cherkasov

Lomonosov Moscow State University, Moscow, Russia
*E-mail (speaker): elinamakieva@live.com

Abstract. A non-linear model of optimal rendezvous problem of two
material points moving in the horizontal plane is analyzed. The velocities
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of both players have a constant modulus. Rendezvous time is fixed. The
initial conditions are given; the final ones are taken free. The problem is to
minimize the final distance between players. Player 2 uses proportional
navigation law. It is assumed that there are phase restrictions on the angle
between the line of sight (LOS) and the velocity vector Player 1.

Keywords: Pontryagin maximum principle, proportional navigation law,
phase portrait, optimal control problem.

Problem formulation. This work continues the research begun
in [1].The equations of motion of the players are:

7 =coso—bcosp,

B =a(sina—bsinp)/r,
n=(sina—bsinf)/r,

X, =cos(n+a),

Yy =sin(n+a),

%, = cos(n+P),

Y, =sin(n+p),

o =(—sina+bsinf)/r+u,

(1)

where r is a dimensionless distance between the players; a — the angle
between the velocity vector of the Player 1 (P1) and the LOS;  — the an-
gle between the velocity vector of the Player 2 (P2) and the LOS; a is a
constant linked with the proportional navigation gain k£ by the formula
a=k—1,a>0; b is a positive constant representing the ratio of the P2
velocity magnitude to the P1 velocity magnitude, 5>1; (x;,,),(x,,»,) —
coordinates of the first and the second players, respectively; n — the angle
between the LOS and the fixed axis; u is considered as a control variable.
The phase restrictions on the variable o are symmetric and have the form

o <a®)La.

The boundary conditions for the system (1) have the form
r(0) =15, B(O) =Py, n(0) =7y, x,(0) =24, )
21(0) = yi05 %,(0) = X9, 1,(0) = 35, (0)

is not fixed.
Player 1 uses the proportional navigation law, and the strategy of P2 is
to be determined to minimize the distance for a fixed time with P1:
J=r(T) > min. 3)
uelU
Problem analysis. Control variable u is included in the right-hand
side of only one equation of the system under consideration, which allows
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us to omit this equation and consider a reduced system, in which the phase
restrictions of the original problem transfer into control restrictions for the
reduced system, in which o — the angle between the velocity vector of
P1 and LOS is considered as a control variable.

Considering the first seven equations of the system (1) with control
variable o, we get a regular optimal control problem with control re-

strictions.

The first two equations of system (1) are separated from the others. If
the extremal law r(¢),o(¢), B(¢) is found, then the remaining variables of
the problem can be found by integrating. The optimal control problem
takes the following form: to minimize the functional (3) on the trajectories
of the system

7 =cosa—bcosf,
: : : “
B=a(sina—bsinB)/r
with initial conditions
r(0) =1y, B(0) =P, )
The Pontryagin’s function H for problem (3-5) is
H =y, (coso—bcosP)+wyga(sino—bsinB)/r=C,
where C is a constant.
The equations for the conjugate variables are
, =a(sina—bsinB)y, / (1), (6)
Vg =b(—y, sinf+wygacosB/r). (7

From the transversality conditions we obtain the following relations:
Y, (T) ==L,y (T) =0. (8)

The maximum conditions of H function of the variable a are as fol-
lows:

a—H:0<:>(\|/Bacosoc)/r—\|/,,sinoc:O, 9)
oo

0*H :

a—zéO@—(wﬁasma)/r—wrcosaﬁo. (10)
o

From relations (9) one can get

v =(ry, tga)/a. (11)
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From (9) and transversality conditions (8) it follows that tgo(7") =0,
vy, cosa >0, therefore a(7)=n. By differentiating relation (11) with re-

spect to t according to (4), (6), (7), the equation for the control variable
could be obtained:

(yp) =(ryrtga/a) <
& ayp =y, r(tge) +y,Ftga+(y,)rtgo <
< ayp = ryr/ (cos o)’ +\yrtgo-r+rtgo-\yr &

a(abcosBwyp/r—bsinByr) =ryra/(cos oc)2 +
+ tga(cosa—bcosB)yr+ypatga(sina—bsinB)/r &

aryr/ (cosa)® = ryra’btgo-cosP/ r—absin Pyr —tg ocos o —
—beosP)yr—rla(tga)’(sina—bsinB)/ (r*a) <
o= [b(a +1)sina-cosa - cosP—bsinP(a(cos o)’ -
=
—(sin@)?)—sin oc} /r <
< a=b(a+1)cosa-sin(a—PB)/r—(sinaa—bsinfB)/r. (12)

Thus, the optimal control problem is reduced to the following bounda-
ry value problem for a system of three differential equations:
7 =cosa—bcosp,
B =a(sina—bsinp)/r,

a=>b(a+1)cosa-sin(a—PB)/r—(sina—bsinP)/r

r(0)=1,, B(O) =By, (7)==

with phase restrictions o < a(f) <o, which are now considered not as

phase restrictions, but as control restrictions.
Since the final condition on the position of the first player's velocity
vector is a(7) =7, the restrictions 31/ 4 < a(t) <5n/4 were chosen.

Thus, when o(¢) € (3n/4,5n/4) we consider the system:

7 =coso—bcosp,
B =a(sina—>bsinp)/r, (13)
a=>b(a+1)cosa-sin(a—PB)/r—(sina—bsinP)/r.
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Whena(?) ¢ (3n/ 4,51/ 4) we consider the system:

7 =cosa—bcosp,
B=a(sina—bsinf)/r,
a=3n/4, ectm o(t)<3m/4,
o=5m/4, ecu a(t)=>5n/4.

(14)

At the next step, system (13) is integrated, the initial values for which
are the values of the variables that were obtained during the integration of
system (14). If, as a result of integration, o.(¢) again does not lie in the in-
terval (3n/4, 5n/4), the system (14) is used next.

For b>1, the function o(¢) is a monotonic function of time. There-
fore, the optimal trajectory contains at most one arc of motion along the
restriction.

After determining the regular control in the optimal problem for the
reduced system, the control for the original system was found.

According to the equations for & (12) and from system (1):

u=[b(a+1)cosa-sin(a—P)/r—(sina—bsinB)/r]—[(—sina+bsinP)/r]=
=b(a+1)cosasin(o—B), npu a(t) € (3n/4,5n/4).

When o(¢) ¢ (3n/4,51/4), then
u=0o—(—sina+bsinf)/r=0—-(—sina+bsinf) =sina—bsinf.

Thus, the nonlinear rendezvous problem of moving points was inves-
tigated. As a result of the reduction, the phase restrictions of the original
problem are transformed into control restrictions for the reduced system.
Using the Pontryagin’s maximum principle, the optimal problem for the
reduced system was brought to a boundary value problem with control re-
strictions. After determining the regular control in the optimal problem for
the reduced system, the control was found in the original problem.
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O 1uHaAMHUKe KOJIECHO TeJIeKKU, MPUBOINMOM
B JABMKeHHe poTopoM CaBoHMyca

© A.®. 3yokos, A.Il. T'ony6, A.A. Mactepoga, 10./]. Centorkuit

HHUU mexannku MI'Y umenn M.B. JlomonocoBa, Mocksa, Poccus
E-mail: masterovaanya@yandex.ru, seliutski@imec.msu.ru

AHHOTanusi. PaccMoTpeHa koyiecHas TeJeKKa, KOTopasi MPUBOJUTCS
B JIB)KEHUE YCTAHOBJIEHHBIM Ha Hel poTopoM CaBOHMYyCa, COETMHEHHBIM
¢ BeAyluMu KosecaMu. IIpenmosnaraercs, 4To TeaekKKa JBHIKETCS BIOJIb
TOPU30HTAIILHOM MpPsAMONH. A’pPOAMHAMUYECKOE BO3JIEHCTBUE Ha POTOP
OTMCBIBAETCS C MOMOUIbIO pa3pabOTaHHOHN paHee SMIUPUUYECKON MOJIENH,
y‘{I/ITBIBaIOHlefI 3aBUCHUMOCTb a3pOAMHAMHUYCCKUX CHII U MOMCHTA KaK OT
yTja IOBOPOTa POTOpa, Tak U OT €ro yriioBo ckopoctu. [IpuBeneno onu-
CaHHC CTAMOHAPHBIX PCKHUMOB IBWIKCHUSA 00BEKTa U IMpoaHaJIn3upoOBaHa
3aBUCHUMOCTb CpEIHEH CKOPOCTH JBMKECHMSI TEJIEKKUA OT IapaMeTpoOB
CHUCTCMBI.

Knrouegwie cnosa: xonecnwiii pooom, semposnepeemuxa, pomop Casonuyca.

Paboma evinonnena npu noooepoicke epanma PODU Ne 19-31-90073.

On dynamics of a wheeled cart driven by a Savonius rotor

© A.F. Zubkov, A.P. Holub, A.A. Masterova, Yu.D. Selyutskiy

Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
E-mail: masterovaanya@yandex.ru, seliutski@imec.msu.ru

Abstract. A wheeled cart is considered which is driven by a Savonius
rotor mounted on it and connected with driving wheels. It is supposed
that the wheel moves along a horizontal line. The aerodynamic load upon
the rotor is described with the previously developed empirical model tak-
ing into account dependence of aerodynamic forces and torque on both
the angle of rotation and the angular speed of the rotor. Steady motions of
the object are described, and the dependence of the cart average speed on
parameters of the system is analyzed.

Keywords: wheeled robot, wind power, Savonius rotor.
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JIMHAMHMKA KOJIECHOT0 annapara
HA HAYAJLHOM CTAANHU 3aHOCA
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AnHotanus. [IpoBeneHo aHanUTHYECKOE HMCCIIEOBAHUE TUHAMHUKHU
JIByXOCHOI'O YETBIPEXKOJIECHOIO allllapara Ha Ha4aJlbHOM CTaJIuu 3aHoca,
HNPOMCXOJAIIET0 MpH OJOKMPOBKE WM TNMPOOYKCOBKE KOJEC OJHOM u3
oceil, 1100 Mpu NOoNaJaHUM Ha «MHUKCT» — Y4acTOK ONOPON IIOCKOCTH,
coJieprkaluii 00JacT ¢ pa3HbIMU KO3 PUIIEHTaMU TpeHus (paccMaTpu-
BaeTCs CIy4ald, Koraa KodQQHUIUEHT TPeHHUs Il OJHOTO U3 KOJIEC BEIy-
nieil ocu OKa3bIBaeTCs MeHbIe Kod(duiMeHTa TpeHus i JPYyrux Ko-
nec). PaccMOTpeHbl aJIrOpUTMBI, MIPENSTCTBYIOLIME Pa3BUTHUIO 3aHOCA, JUIS
pa3IMYHBIX CIIy4aeB B3aUMOJICHCTBUS KOJIEC C OMOPHOH MITOCKOCTHIO.

Kniwouesvie cnosa: sanoc xonecnoeo annapama, mpemue 6epueHusl, Mo-
oelb Y800a, MUKCHM.

Pabota mocBsieHa METOIUYECKUM M TIPUKJIAJTHBIM acTIeKTaM OIHca-
HUSl JUHAMHKHU JIBYXOCHOTO YETHIPEXKOJIECHOTO ammapaTa (aBTOMOOWIIS,
poboTa U T. 1.) Ha HAYAJIBHOW CTaIUU 3aHOCA, TPOUCXOJISIIETO TpH OJI0-
KHPOBKE MU MPOOYKCOBKE KOJIEC OAHOW M3 Ocei, 100 MpH MOMaJaHuH
Ha «MHKCT» — Y4aCTOK OTIOPOH IMJIOCKOCTH, COJIEpPKAIINil 00J1acTh ¢ pas-
HbIMH KO3 punnentamu Tpenus [1-3]. IIpennoxeHsl MOAX0IbI K MaTeMa-
TUYECKOMY MOJICITMPOBAHUIO JUHAMUKH armrmapara, OCHOBaHHbIE HA METO-
nax (QpakUMOHHOTO aHanmu3a (pas3leNeHusi IBWKEHUH). DTH METOBbI,
00BEIMHAIONINE METOJBI TEOPUU Pa3MEPHOCTEH W TOAOOUS W METOJIbI
TEOpUU BO3MYIIEHUH, TMO3BOJISIIOT TMOHU3UTh TOPSAOK HCCIEIyEeMbIX
ypaBHEHHUH, MPOBECTH WX AHATUTHYECKOE HCCIIEIOBAaHHUE, OIEHUTH II0-
TPEUTHOCTh U TPEENbl MPUMEHUMOCTH MOMYYCHHBIX PE3yJIbTaTOB, a TaK-
)K€ OOCYJHWTh BO3MOXKHOCTH HCIOJIb30BaHUSI TE€X WM HWHBIX THIIOTE3
0 CBOMCTBAaX MCCIIEyEMOU CUCTEMBI.

HccnenoBana HavalmbHas CTaaus 3aHOCA ammapara ¢ 3a0JOKUpPOBaH-
HBIMH WJIA POOYKCOBBIBAIOIIUMHU KOJIECAMU OJIHOM OCH B CITydasiX, KOTrjaa
KOJIeca IPYyroil OCH COXPaHSIOT WM TEPSIOT CIEIJICHUE C OMOPHOM IIOC-
KOCTBHIO (HAYMHAIOT CKOJIB3UTH). JlaHbI KOJUYCCTBEHHBIC OICHKH BIUSHHUS
napamMeTpoOB KOHCTPYKITUHU U yTJia IOBOPOTA MEPETHUX KOJIeC anmapara Ha
€ro 3aHOC M CPOPMYIUPOBAH aJITOPUTM €ro MojaaBleHus. PaccMoTpeHO
BIIMSIHUE TPEHUSI BEPUCHHS B 00JACTSIX KOHTAKTA KOJIEC C OTIOPHOM ILIOC-
KOCTBIO Ha 3aHOC ammapara.

[TocTpoeHbl aHATUTHYECKHNE MOJIENH TEPEXOIHBIX MPOIECCOB BBHIPAB-
HUBAHUS KOHTAKTHBIX CHUJI WJIM U3MEHEHUS yYTIIOBOM CKOPOCTH BBIXOIHOTO
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Baja JBMUraTelsl U MOJENM IMONEPEYHOM M YIVIOBOM JMHAMUKM KOpIlyca
amnnapara Ha «MUKCTe» AJIs ciaydasl, Koraa Ko3pduuueHT TpeHus 1is of-
HOT'O U3 KOJIEC BelyIIei OCH OKa3bIBAE€TCsl MEHbIIE KO PHUIIMEHTA TPEHHUS
Ui Apyrux kosec. [lomydeHbl OLEHKM MMITyJbCca YIVIOBOM CKOpPOCTH,
nproOpeTaeMoro KOpIrycoM IOCIe 3aBEPIISHHs MEPEXOIHBIX MPOLIECCOB,
JUISL PA3JIMYHBIX YCIOBUM B3aMMOJICHCTBHS KOJIEC BEAYIIEH OCH C OTIOPHOU
wiockocThio. [IpoBenen aHanu3 Oosiee MEAJICHHOHN IMONEPEYHON M YTIIO-
BOM JUHAMMKH KOpILyCa amrapara, BBIIEICHBI ClIy4au, KOrna TPEHUE Bep-
YeHHs1 B 00JAcTAX KOHTaKTa KOJIEC C OMOPHOW IJIOCKOCTBIO OKa3bIBaeT
CYILIECTBEHHOE BIUSHHUE HA €r0 3aHOC.

B nenom paGoTa mmeeT TEOpeTUUYECKUN XapaKTep, HO MOJIy4YeHHbIE
pEe3yJIbTaThl MO3BOJISIOT JaTh PsAJ NPAKTUYECKUX PEKOMEHIALUN I I10-
CTPOEHHUS AITOPUTMOB PAaOOTHI CUCTEM YIPABICHUS pyJeM (IIOBOPOTOM
NEepEeIHUX KOJIEC BOKPYT BEPTHKAJIBHON OCH) U CHUCTEM YINpaBJICHHS Bpa-
LICHUEM KOJIEC.
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Wheeled vehicle dynamics at the initial stage of skidding
© A.V. Vlakhova, A.P. Novoderova®

Lomonosov Moscow State University, Moscow, Russia
*E-mail (speaker): an.novoderova@yandex.ru

Abstract. An analytical description of the dynamics of two-axle four-
wheel vehicle at the initial stage of skid is given. It occurs when wheels of
one of its axes block or slip, or in contact with “u-split surface” — a sec-
tion of the reference plane containing areas with different friction coeffi-
cients (we consider the case when the coefficient of friction for a wheel of
driving axle is less than the coefficient of friction for the other wheels).
Algorithms that prevent its development are found. The results are com-
pared for different conditions of interaction between the wheels and the
reference plane.

Keywords: wheeled vehicle skidding, spinning friction, slip model, u-split
road surface.

The work is devoted to the methodological and applied aspects of de-
scribing the dynamics of a biaxial four-wheeled vehicle (car, robot, etc.) at
the initial stage of a skid that occurs when the wheels of one of its axis are
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blocked or slipped, or in contact with “p-split surface” [1-3]. The “p-split
surface” is a section of the reference plane containing areas with different
friction coefficients. Approaches to mathematical modeling of the vehicle
dynamics based on methods of fractional analysis (separation of move-
ments) are proposed. These approaches combine the methods of the theory
of dimensions and similarity and the methods of perturbation theory. This
allows us to lower the order of the equations under study, to conduct their
analytical study, to estimate the error and the limits of applicability of the
results obtained. The discussion of the possibility of using one or another
hypothesis about the properties of the system under study is carried out.

The initial stage of skidding of the vehicle with locked or slipped
wheels of one axis in cases when the wheels of the other axis lose or don’t
lose contact with the reference plane (start to slip) is investigated. Quanti-
tative estimates of the influence of the design parameters and the rotation
angle of the front wheels of the vehicle on its skidding are given and the
algorithm for its suppression is formulated. The influence of spinning fric-
tion in the areas of contact of wheels with the reference plane on the vehi-
cle skidding is considered.

For the case when the friction coefficient for one of the wheels of the
driving axis is less than the friction coefficient for the other wheels analy-
tical models of transient processes of alignment of contact forces or
changes of the angular velocity of the output shaft of the engine are given.
Models of the transverse and angular dynamics of the vehicle body on
“u-split surface” are constructed. Estimates of the angular velocity im-
pulse acquired by the body after the completion of transient processes are
obtained for various conditions of interaction of the wheels of the driving
axis with the reference plane. The analysis of the slower transverse and
angular dynamics of the vehicle body is carried out. The cases are identi-
fied when the spinning friction in the areas of contact of the wheels with
the reference plane has a significant effect on its skidding.

In general, the work is of a theoretical nature, but the results obtained
allow us to give a number of practical recommendations for constructing
algorithms for the operation of steering systems (turning the front wheels
around a vertical axis) and wheel rotation control systems.
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CpaBHeHHEe HEKOTOPBIX MOBeIeHUIl
IUIAHETAPHOI0 MEXaHN3MA NPH BHYTPEHHEM
U BHEIIHEM 3aleNJIeHUAX caTe/UIuTa

© H.U. bounapenxko, K.b. O6H0c0B, A.B. [Tanmmna

MI'TY um. H.3. baymana, Mocksa, Poccus
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AnHoTanusi. [IpoBenieH aHAIM3 TIOTEHIIMAIBHON YHEPTUU MEXaHH3Ma
TUTAHETAPHOTO THIIA, PACIIOJIOKCHHOTO B BEPTUKAIBHOW TUIOCKOCTH, TIPH
JIBYX Pa3IUYHBIX €r0 KOH(MUTYpaIUsIX CO CXOJHBIMU 3HAYCHHUSIMH Mapa-
METpPOB: C BHYTPCHHMM W C BHEITHUM 3alleIUICHUSMHU carejumra. Pac-
CMOTpPEH BOIpoc OMdypKalnu ero KoiedaHmii.

Knroueswie cnosa: pasnosecue, ycmoiiuugoe pagnogecue, NOMEHYUAIbHAS
9Hepausl, TOKATbHBIN MUHUMYM, OUDYPKAYUSL.

MexaHu3MBbl MJIAHETAPHOTO THIMA MOTYT SIBISTHCS YacThIO OOPTOBBIX
TUTAHETAPHBIX TIepead TsHKeNbIX aproModmieit [1]. B pabote usydaercs
M3MEHEHUE MOTEHIUAIbHON 3HEpruu [2] TaKMX MEXaHU3MOB, a 3HAYUT,
U UX JBIWKCHUM, IPU BapbUPOBAHUU BEIWYUH HEKOTOPBIX XapaKTEPHBIX
rapaMeTpoB.

PaccmarpuBaeMblii MEXaHM3M IUIAHETAPHOTO THIIA  PACIOJIOKEH
B BepTUKaIbHOH TuiockocTH [3] (puc. 1, 2). Catennut / paguyca r u Mac-
coil M| MOKeT KaTaThCsi 6€3 MPOCKAIb3bIBAHUS 110 HEMOABMKHOM IIUITUH/I-
pHuyYeckoi moBepxHocTH paauyca R. Ero och ckpemieHa ¢ BoauiaoM 2 Mac-
co M>; m nmHOM L. BOoamio MOXKET BpamaTrbCs BOKPYT HEMOABUKHOU
ropusoHTanbHOM ocu Oz. Ha puc. 1 caremnut umeeT BHyTpeHHee 3allen-
JIEHHE C HWIMHIPUYECKON MOBEPXHOCThIO, a Ha puc. 2 — BHemHee. K ca-
TEJUIUTY JKE€CTKO MPUKPETIEH HEBECOMBIN CTEPKEHb 5 C TPY30M 3 Maccoil
M3. I'py3 dukcupyeTcs Ha CTEpKHE Ha PACCTOSIHUM /3 OT OCH CaTeJUIMTa.

Ha Bogune Ha paccrossanun OD = [, HaXOQUTCS POTUBOBEC 4 Maccoi Mjy.

* (3
IIpu @ =0 ocb catennura A 1€XKUT HA OJHOW BEPTUKAIN U HUXKE ocu O

Boauna 2 (cm. puc. 2).
O06001IeHHas KOOpJMHATa — YTOJI OTKJIOHEHUS ( BoAWia 2 OT Bep-

THUKaJIW. AKTHBHBIC CHUJIBI — TOJBKO CHJIBI TSDKECTH. HOTGHHI/IaJ'IbHaSI
OHEPIus CUCTECMBI:

H((p)=g[(M1 +M, +M3)(R$V)—MZL/Z—M4I4](1—COS(p)+

_ 1
+gM3l3[1—cos(R+r(pﬂ. M
r
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Puc. 1. Monens Mexaunsma
C BHYTPEHHHM 3alleINICHUEM

Puc. 2. Cxema MexaHu3Ma C BHEIITHUM
3alelIEHUEM

BepxHuii 3HaK «—» COOTBETCTBYET BHYTPEHHEMY 3alICIUICHUIO CaTel-

auta (cM. puc. 1), a HWKHHIA 3HAK «+» COOTBETCTBYET BHEIIHEMY 3allel-
JeHuto (CM. puc. 2).

PaccmoTpuM 3aBUCUMOCTH MOTEHLMAILHOM 3HEPrUM MEXaHu3Ma OT
paauyca caTteyuiuTa r mpu oooux 3aiersieHusx. Bozbmem napamerpsi:

M1=0,2;M2=0,5;M3 M4—04(KF) R= 065 Z3 02 14 015
= 1,8 (m).

I'paduku noreHumansHOU 3Heprun //(¢) ¢ BHYTPEHHUM U BHELUIHUM
3alleIUIEHUEM CaTeJUINTa U300paXKeHbl Ha puc. 3.

i e , 1

\f'/‘

e
| - eonti
fIs 3
itz s R
JLTRE T
TR i t
TR &m‘ o sl |
breabiany
pasT
sz
e

pradiis
1ok

i i ] !

1

1T | st s

Lt |

IR T
R el ]
N

Puc. 3. l'paduku noteHnuanbHoit snepruu 11(() 1pu BHyTpeHHEM (a)

¥ BHEIIHEM (0) 3aleTIeHUsIX
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B o6oux ciyyasx npu r << I3 (rpy3 3 cHapyxu caremiura) /(o)
UMEET HECKOJIbKO 3KcTpeMyMoB nipu ¢ € [0,nt]. C yBenuueHueM » ux 4uc-
70 cokpamaercs. [Ipu » = /3 (rpy3 3 Ha 06oae) MuUHUMYM [7() TOIBKO
npu @=0 u ¢=2,8 B 0boux ciayyasx. [Ipu » = 0,29 M 115 BHYTpEeHHETO
sanerieHuss @ =0 oOpamaercs B Touky Makcumyma [1(¢). BoOnusu
(@ =T uMmeercs MO0 MaKCHUMYyM, JIMOO MUHHUMYM, YTO 3aBHUCHT OT COOT-

HoueHus R u . Kpome Toro, npu o0oux 3alleryieHUsIX HaOI0JaeM epH-
onuyHocTh. [Ipu BHyTpeHHEM 3aneruieHuu (puc. 3, a) nepuoj ¢ yBeande-
HUEM 7 3HaYuTeIbHO Bo3pacTaeT. Tak, ais » = 0,1 m nepuon 7= 12,5 pan,
TUISE

r =032 m T = 204 pan. Ocobast cutyamus mpu r = R/2 M, Koraa
() =1,18 cosp—0,711 (T == pan).

[Tpu BHemHeM 3areruieHuu (puc. 3, 6) MEepUoa C YBEIHUCHUEM 7
BHavasie Bo3pacrtaet. Tak, miusg » = 0,1 m 7= 12,5 pag, nna r = 0,3 m
T = 37,5 pan. A 3atem ymensiiaercs: aist » = 0,43 m T = 12,5 pan. Ilpu
BHYTPEHHEM 3allellJIeHUH (CM. pUC. 3, @) MpU HEKOTOPBIX 3HAUYEHUSX 7
(manpumep, npu » = 0,32) B noBenenuu [/(¢p) Habmomaercs «OueHUE»,

YTO OOBSCHSETCS CIOKEHHEM KOCHHYCOB C OJIM3KMMH 3HAYCHUSMHU apry-
meHTOB: [1(p)=1,44 cos@+0,78cos(1,031¢p)—0,66. B oboux cmyuasx,

korna /(@) CBOIUTCS K MPOU3BEICHUIO KOCHHYCOB U CHHYCOB C OJIU3KH-

MU apryMeHTaMH, Ha rpauke MOXKHO BUIETh «3MEUKY».
Paccmotpum nosenenue 77(¢) B OKpeCTHOCTH TOUYKH ¢ =0 c BHYT-

PECHHUM 3alCIJICHUEM CaTCJIMTa HIpHU MaJlbIX HM3MCHCHHAX paauyca r

(puc. 4).

r=0292

r=0293

r=0,2933

r=0,294

Puc. 4. Tlorenumanshas sueprus I7((Q) B okpecTHOCTH @ = 0

Huorcenepnotit scypnan: nayka u unnosayuu # 3-2021 203



Dynoamenmanvhvie u npukiaonvle 3adaqu mexanuku. Mamepuanel kongpepenyuu. Yacmo 1

Touka ¢ =0 — ocobas Touka. [Ipu r < 0,2933 — 370 TOUKA yCTOM-

YHUBOTrO MOJOXKEHUs paBHOBecHs, a npu » > 0,2933 — HeyCcTONYMBOTO,
T. . HaOmromaercs oudypkaus — cutyarus, Korjaa Ipu nepexoje depes
napameTp r =10,2933 (M) cBOICTBa MOTEHIIUAILHON YHEPTUU KaueCTBEH-
HO W3MeHsTCs. [leproandeckne NBUKCHHUS CHCTEMBI B OKPECTHOCTH
9TOM TOYKH B pe3yJbTaTe Ja)Ke HE3HAYMTEIBHBIX U3MEHEHUH pa3MepoB
CaTeJJTUTa CTAHOBATCS HEBO3MOXHBIMU, U CHCTEMA JIAJIee MOXKET TIOBECTU
ce0s1 HempeaCcKa3yeMo.
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Comparison of some behaviors of planetary mechanism
at internal and external gearing of satellite
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Abstract. The potential energy of a planetary type mechanism located
in a vertical plane is analyzed for two different configurations with similar
parameter values: with internal and external gearing of the satellite.
The question of bifurcation of its oscillations is considered. The features
of changes in the potential energy, and hence its possible movements, are
demonstrated, even with minor variations in the values of some character-
ristic parameters.

Keywords: equilibrium, stable equilibrium, potential energy, local mini-
mum, bifurcation.

MoaenupoBaHue MOBOPOTA roJI0OBBI YeJI0BeKa
pelieHreM ONTUMAJILHOM 32124 JJIs ONpeieIeHust
HA4aJia MOBOPOTA B YCJIOBHAX HEBECOMOCTH
M0 MHEPIUATbHBIM JaHHBIM
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AnHoTanus. PaccMoTpena 3agaua onpezeneHus: IoBOpOTa TOJI0BHI 0
JaHHBIM TPEXOCHOTO AaKCEJIepOMeTpa U TPEXOCHOTO JaT4yHKa YIJIOBOM
CKOPOCTH B YCJIOBHSIX opOHUTanpHOro nosera. [loctpoena matemaruueckas
MOJIJIb TTOBOPOTA TOJOBBL. [IpoBeneHO cpaBHEHHE KPUTEPHUEB, MO3BOJIS-
IOIIUX JCTEKTUPOBATh MOBOPOT HA MOJIETBHBIX U SKCIEPUMEHTAIBHBIX
JTAHHBIX.

Knroueewie cnosa: MOO@JZMPO@GHUB noeopoma 20Jjioevl, nosopom 6 )Cjlo-
BUSX HeeecoMOCmU, UHePYUATIbHbLE aaHHble, oamuyux yZ]ZOSOlZ CKopocmu.

B ycnoBusix opOurtanbHOro nojieta y KOCMOHaBTOB HabmtogaeTcst 0o-
ne3nb ABwxkeHus [1]. Ilpuumnbl 3TOrO COCTOsSIHUS JiexaT, ciaeays [1],
B KOMIIEHCAIIMH B OPOUTANBHBIX YCIOBUSX YCKOPEHHUS CBOOOIHOIO Maje-
HUSl 32 CUET MOCTOSHHOTO BpalleHHs CTaHIUU BOKpPYT 3emiu. B stux
YCIOBHSX Hapymaercs padoTta BecTHOyn0-oKyssipHoro peduiekca (BOP),
OTBEYAIOIIIETO, B YACTHOCTH, 33 CTa0MJIM3AIMIO JIMHUN B30pa Ha 00BEKTE,
MO3BOJISAS YEIIOBEKY paccMaTpUBaTh MPEIMETHI, YUTATh U COBEPIIATH €Il
MHOKECTBO JICHCTBHIA.

[TokaszaHno, 4yTo, UCHIONB3YS TaTbBAHUYECKYIO BECTUOYISAPHYIO CTUMY-
TS0, TEOPETUYECKH BO3MOKHO HHUIIMHPOBATH BECTHOYIISAPHBINA OTKIIHK.
JIi1st KoppeKInyu HeOOXOAMMO TapaHTUPOBAHHO OMPECIATh HAa4ajIo MOBO-
poTa roJioBbl Ha HauboJiee paHHeM JTarne [2].

PaccMoTprM MOBOPOT T'OJIOBBI B MOTIEPEYHON IIOCKOCTH (ITOBOPOT U3
CTOPOHBI B CTOpOHY). Kak Ha moBepxHOCTH 3eMJIM, TaK U B YCIOBHSIX
OpOUTANILHOTO TOJIETa, €CIM KOPIyC KOCMOHaBTa 3aKperieH, MaTeMaTH-
YyecKoe onucaHue OyAeT s ATHX ClIy4yaeB coBMaaath. ['0ioBy Oyaem mMo-
JIETUPOBATH OCECUMMETPHYHBIM TBEPJBIM TEJIOM MacChl M, ¢ MOMEHTOM

uHepuuu I, och BpallleHUs] IPOXOIUT YEPE3 MO3BOHOUYHUK, PACIIONOKEH-
HBII HA PACCTOSIHMM 7, OT LIEHTpa Macca, BOKPYT 3TOH OCH rojoBa IOBO-
pauMBaeTcs Ha yroy . 3HaA4eHUs B3SIThl B COOTBETCTBUM ¢ [3]. 3anuiiem
ypaBHeH#ue Jlarpanxa BTOpOro pojaa JJisi paccCMaTprUBaeMoro oObeKTa:

I$+Mpr? =U.

3necb U — cymMMapHbIi MOMEHT CHJI, PUJIOAKEHHBIX K TOJIOBE CO CTOPOHBI
MbIm 1ed. [lenenanpasieHHoe IBMKEHUE TOJIOBBI, Beaen 3a [baxwmi], Oy-
JIEM MOJIETTMPOBATH 3a1a4eil OBICTPOIECHCTBHSI B CIICYIOIIEH MOCTAHOBKE:

(1+M72)p=U, |U<U,

¢(0)=0,

. — Tk

(P(O) 0. J = Jdt — min.
o(T; ) =4, . U
(p(Tk)Zoa
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Orpanunuenue U ’ o0MpPaIoCh A1l OJIHOTO OBOPOTA U, KaK MOKa3a-
JO TOCHENyIolLee pelleHne 3a4aul, OKa3aJloch MPUMEHUMO IS JPYTUX
MIOBOPOTOB B TOH ke MIockocTH. ONTUMalIbHBIM B 3TOM 3aaaye Oyaer pe-
JIETHOE yIPaBJIEHUE C OJHUM IEPEKIIOUYEHNEM. PelleHne BhIMUChIBACTCS
AQHAIUTUYECKU:

Jlo MOMeHTa nepeKIOYeHHs ITocne nepexmntodeHus
U'e Ut uU'r
(P1 = (p11 = A + k -
2 2 2
o =U"t o' =U'T,-U't

DKcrepuMEHTANIbHbIE JaHHblEe ObUIM TOJYYEHbI C MOMOUIBIO TpEX-
KOMIIOHEHTHBIX JTaTYMKOB YTJIOBOM CKOPOCTH U JTUHEHHOTO YCKOPEHWS,
C 4acTOTOW chema mnokazaHuil 1666 I'n. MonenupoBaHue moBOpoOTOB Iro-
JIOBBl Ha pa3jIMYHbIE YIJbl M MOCJIEAYIOIIEE CPABHEHUE C SKCIEPUMEH-
TaJbHBIMU JAHHBIMU, YTO HA IIOBOPOTE OT | 10 2 paanaH cpeaHee CyMMBbI
KBaApaToB HEeBs30K coctaBisieT 0,015 paguana. IIpogomxuTenbHOCTD MO-
Bopota coctasisieT 0,3-0,4 c. ([lanHble MpUBENEHBI 7151 CEPUU U3 JIEBITH
MOCJIEIOBATEIBHBIX TIOBOPOTOB.)

Jlnst onpenieneHust Havajia MoBOPOTA TOJIOBHI MPEJIaraeTcs UCIOIb30-
BaTh TPU MOAXO0/a: U3MEPEHUS YTIIOBON CKOPOCTH, YIJIOBOTO U JTUHEHHOTO
YCKOpeHUH. AHaIu3 yIJIOBBIX YCKOpeHUM Tpedyer nuddepeHmpoBanms,
a B JIAHHOW CTaThe OTPaHUYMMCS] UCCIEAOBAHUEM TOJIBKO «CBIPBIX» JaH-
HBIX. [[7151 TeTeKTHpOoBaHUs Havyalla TOBOPOTA TOJIOBHI OJIMH U3 BHIOPAHHBIX
CUTHAJIOB TPOITyCKaeTcsi depe3 (UiIbTp, BBIUUCISIIONIMNA CpelHeKBaapa-
TUYHOE OTKJIOHEHHE. BBIXOAHOW CHUTHAJI CPABHUBAETCS C 3apaHee 3a/1aH-
HBIM TOPOTOBBIM 3HAYEHUEM, KOTOPOE BBICTYNAET KPUTEPUEM Hayana Io-
BOpOTA.

B kauectBe kpurepus BeioepeM 20 % OT MaKCHMAaJLHOTO 3HAYCHUS
CPEHEKBAIPATUYHOTO OTKJIOHEHHS B MOJEIH JUIsl yrjla TOBOpOTa B
1,5 panuana.

B Tabnune npencraBieHbl MOMEHTHI BpEMEHHU B OTCYETax, KOrjaa yaa-
BaJIOCh 10 Pa3HbIM JAHHBIM OINPEAENIATh HA4alo MOBOPOTA FOJIOBHI.

B cronbue «Mogenb» 0TMEUYeH OTCYET, ¢ KOTOPOTO OMpEAeNseTcs Mo-
BOPOT B MOjJeNbHON 3amaye. DakTHuecKu 3TO MHUHHMMAIbHAs 3aJIepiKKa,
C KOTOpPOH MaHHBIA METOJ OTMpeeseT MOBOPOT. B cTonbmax ¢ momeTkoun
(manHbBIC) IPUBEIECHBI HOMEpPA OTCUYETOB, B KOTOPBIX YAAIOCh JE€TEKTHPO-
BaTh IIOBOPOT, YAaCTOTa JUCKPETU3ALMH JaHHBIX — 1666 I'11.

Iupuna Mopens. CpenHexBaapaTuyHOe CpenHexBaapaTuyHOe
OKHa MunnManbpHas OTKJIOHCHUEC YTIIOBOM OTKJIOHCHUE JIMHEHHOTO
B OTCUETax 3aJlepiKKa, ¢ CKOpOCTH (JJaHHBIC) yCKOpeHHS (JTaHHBIC)
30 0,004 44 50
40 0,005 47 43
50 0,006 50 42
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Takum 06pa3om, B pe3yabTaTe MPUMEHEHUS IPOCTON MOAEIH AJIs BbI-
060opa mOpOroBOro 3HaA4CHUs KPUTEPHUS Hadajia MOBOPOTA ObLI MOATBEPK-
JIeH pe3yabTaT padoThl [2] , yTo Hauboee paHHee NeTEKTUPOBAHKE TTIOBO-
poTa BO3MOXKHO IO JaHHBIM akceinepomeTpoB. Mcmonb3oBanue Oosee
CJIOHOU MOJIETIH, HaPUMEDP, KOTopasi OyJeT YUUTHIBATh, YTO OrpaHUYICHA
CKOPOCTh M3MEHEHHS] MOMEHTA MBI, TPUI0KEHHOTO K TOJIOBE, JOJHKHA
YTOYHHUTH BBIOpaHHBIC TOpPOTU. M3-3a OTCYTCTBUS B BBHIOpAHHOW MOJIEIH
OTpaHUYEHUM, TMOJIyYeHHbIE MaKCHUMAJbHBIE YCKOPEHUS MPEBBIIIAIOT
HaOJr01aeMble B SKCIIEPHUMEHTE.

Ilybnukayus noocomosnena 6 pamkax peanuzayuu Ilpoepammel cozoanus
u paszsumusi Hayunozo yenmpa mupogozo yposms « Ceepxsgyk»

Ha 2020-2025 200v1 npu ghunancosoui nodoepcke Munobpuayku Poccuu
(pacnopscenue Ilpasumenvcmea P® om 24 okmaopsa 2020 2. Ne 2744-p)
u 8 pamkax uccinedosanuti, evinoanennvix 6 (K3) «Bekmop-MBHU-1»
Ha poccutickom ceemenme MedxcOyHapoOHOU KOCMUYeCKoUu CIMaHyuu.
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Ba):(aqa 0 6anI/lCTOXpOHe C orpaHu4IYcHUsAMMU
Ha YroJl HakKJIOHa TPaeKToOpUun
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AnHOTanusi. PaccMarpuBaercs ABUKEHUE MATEPUATBHON TOYKH
B BEPTUKAJIBHOM MIOCKOCTH MOJ JECUCTBUEM CHII TSIKECTH M BS3KOIO Tpe-
HUs, MPONOPIUOHAIBHOTO CKOpPOCTU. B KauecTBe ympaBieHHUs paccmar-
pHBaETCA CKOPOCTh U3MEHEHHMS yIjla HaKJIOHA TPACKTOPUU. 3a/1adya COCTO-
UT B MaKCUMM3ALUU TOPU30HTATBHON JAIBHOCTH 3a 3a/IaHHOE BpEMS WIH
B MUHHMM3AIMU BPEMEHHU TEPEX0/ia Ha 3aJlaHHOE PACCTOSIHUE IO TOpHU-
30HTaNM (3aMa4a o Opaxuctoxpone). [Ipeamomnaraercs, uto umeroTcs da-
30BbI€ OTPAHUYEHUS HA YTOJI HaKJIOHA TpaeKTopuu. B HayuHOU nuTepary-
pe W3BECTHBI TOCTAHOBKM 3a7aud O OpaxwmcTOXpoHE 0e3 TpeHHs IpHu
HaauunK (Ha30BBIX OrpaHWYCHHMMA. B pasnmmuHbix paboTax paccmaTpuBa-
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JIUCb OIpaHMYCHHUS Ha KOOpAMHATHI, HAIlpHUMEpP, OIpPaHUYCHHUA BHIA
y2>ax+b. Ilpu 3ToM yder (a30BBIX OrpaHUYEHUH MPOU3BOIWICS TPU
IIOMOIIIM YHUCIIEHHBIX Iporenyp. B HacTosmielt paboTe CTpOUTCS CHHTE3
ONTUMAJILHOTO YIPaBI€HUs ¢ (a30BBIMHM OINPAaHUYEHUSIMH HA Yrojl HAaKJIO-
Ha TPACKTOPHHU, AHAJIUTUICCKH YCTAHABJIIMBACTCA KOJIUYCCTBO AYTI ABHUIKC-
HUS 110 OTPAaHUYEHUIO.

Knroueevie cnoea: onmumanvuwlii CuHmes, 6paxucm0xp0Ha, ¢a306bl€
OcparHU4Y€eruUs, NPUHYUN MAKCUMYMA Honmpﬂzuﬂa, Kpaeesas 3adaua.

PaccmarpuBaeTcs ABUKEHME MaTEpPUATbHOM TOYKH B BEPTHUKAIBLHOU
IUIOCKOCTH IO IEUCTBUEM CHJI TSKECTH M BSI3KOT'O TPEHHs, IPOIOPLUO-
HaJIbHOTO CKOPOCTH. B KkadecTBe ymnpaBieHMs] pacCMAaTPUBAETCS CKOPOCTh
M3MEHEHUs yIila HAaKJIOHA TPAeKTOpPHUH. 3a/Jada COCTOUT B MAaKCUMU3ALUU
TOPU30HTAJILHOM NaJbHOCTU 3a 33JaHHOE BpeMsl WIM B MHHMMM3AIHUU
BpEMEHH Iepexo/a Ha 3aJaHHOE PACCTOSHHE IO TOpU30HTaNM (3agada
0 Opaxuctoxpone). [Ipenmonaraercs, 4ro umeroTcs (Ha3oBbIE OrpaHUICHHS
Ha yroj HaKJIOHAa TpaeKTopuu. B HaydHOI nuTepaType M3BECTHBI MOCTa-
HOBKH 33/1a4i 0 OpaxucToxpoHe 0e3 TpeHus MpH HaTUuuH (ha30BBIX Orpa-
HudeHuil. B pabore [1] paccmarpuBaiuch OrpaHUYEHUs] HA Yyrojl HaKJIOHA
TpaekTopuu, B [2, 3 | orpanuuenus Buga y = ax+b. [lpu atom yuer daso-

BbIX OIpaHMYEHUH NPOMU3BOAWICA IPU IMOMOIIM YHUCIEHHBIX IPOLELYP.
B Hacrosiiei pabote cTpoUTCS CHHTE3 ONTUMAJIBHOTO YIIpaBJeHus ¢ (aso-
BBIMM OIPaHUYEHUSAMH Ha yTOJI HAKJIOHA TPACKTOPHUH, AaHAJIUTUYECKH yCTa-
HaBJIMBAETCSl KOJUYECTBO YT JABMKEHMS 110 OTPAaHUYEHUIO. Y paBHEHMS
JIBI)KEHUS B O€3pa3MepHBIX MEPEMEHHBIX UMEIOT BUJ [4]

X =vcoso;
y=vsinb;
. . (D
v=—y —sin0;
0=u,
IJie X — JabHOCTh; ¥ — BBICOTA;, V — MOJYJIb CKOPOCTH; O — yroia

HAKJIOHAa TPACKTOPHUH, HA KOTOPBIA HAOXEHO (ha30BOC OrpaHHYCHHE BHA
0<[0,,0,]; u — ynpaBneHue, orpaHUYEHUs Ha YIIPABIEHUE OTCYTCTBYIOT.

Havanbuble ycnoBus i cuctemsl (1) umMeroT Bua
x(0) = x4, ¥(0) = 4, v(0) = v,. (2)

3uauenus 0(0), y(7), v(T) cBOOOAHEI.
B nanHO# 3a1a4e 11eTb YIIPaBICHHUS:

J=—x(T)>min, 0<¢<T. 3)
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WubiMu cioBamu, cMbIch GyHKIHOHANIA (3) — MakCUMU3aIHs KOHEY-
HOM nmanmpHOCTH nBrokeHHS X(7). Bpems oxoHuanwus mporecca 7 duxcu-

POBaHO.

Ilepexoas x peayuupoBaHHOI cucTeMe ¢ yrnpaBieHueMm 0, moiaydaem
PETYJSIPHYIO ONTHUMAJIbHYIO 3a/Jady C OTPAaHMUYEHHUSIMU Ha YIPABIICHUE.
C momompr0 MpUHIMIIA MaKCUMyMa 3aJad4a ONTHMMAJIBHOTO YIIPaBJICHHUS
CBOJUTCS K KpaeBOM 3ajaye Ui CUCTEMBI ABYX HEIMHEHHBIX Tu(QepeH-
[UAJIbHBIX YPAaBHEHUMN:

v=-v —sinb,
W, =y, —cosb;
v, (T)=0, v(0)=v,, 0<¢t<T;

91, - arCtg(\Vv /V) < ela
6 = —arctg(y, /v), —arctg(y,/v)€[6,,6,];
0,, —arctg(y,/v)>0,.

B pesynbrare npuUMEHEHUs NPHUHLOMIIA MAaKCUMyMa aHaJIUTUYECKU
YCTaHaABIMBAETCA, YTO ONTUMAJIbHAs TPACKTOPUS MOXKET COAEpPKATb HE
Ooiee OAHOM AyrW NBHXKEHHUS 10 HIDKHEMY OrpaHMUYCHHMIO M He Oolee
JBYX OyT JABMKEHUS IO BEpXHEMY orpaHudeHuto. IIpu orcyrersun comnpo-
TUBJICHUS TOKA3bIBAETCSI, UTO ONTHUMAaJbHasl TPAEKTOPHSI COJIEPKUT HE 00-
Jiee OJTHOM AYTH C IBMXKEHHUEM I10 KaXKJI0MY U3 OTPaHUYECHUM.
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The Brachistochrone problem with constraints
on the trajectory inclination angle

O N.V. Smirnova*, 0O.Yu. Cherkasov

LomonosovMoscow State University, Moscow, Russia
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Abstract. The motion of a material point in a vertical plane under
the action of gravity and viscous friction, proportional to the speed, is con-
sidered. The rate of change of the trajectory inclination angle is considered
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as a control. The task is to maximize the horizontal range in a given time,
or to minimize the time it takes to move to a given horizontal distance
(the brachistochrone problem). It is assumed that there are phase con-
straints on the angle of inclination of the trajectory. In the scientific litera-
ture, formulations of the problem of a frictionless brachistochrone in the
presence of phase constraints are known. Constraints on the coordinates
were considered in different works, for example, constraints like
v >ax+b. In this case, the phase constraints were taken into account us-
ing numerical procedures. In the present work, we construct a synthesis of
an optimal control with phase constraints on the trajectory inclination an-
gle, and analytically determine the number of arcs of motion along the
constraint.

Keywords: optimal synthesis, brachistochrone, phase constraints,
Pontryagin's maximum principle, boundary value problem.

The motion of a material point in a vertical plane under the action of
gravity and viscous friction, proportional to the speed, is considered.
The rate of change of the trajectory inclination angle is considered as a con-
trol. The task is to maximize the horizontal range in a given time, or to min-
imize the time it takes to move to a given horizontal distance (the brachisto-
chrone problem). It is assumed that there are phase constraints on the angle
of inclination of the trajectory. In the scientific literature, formulations of
the problem of a frictionless brachistochrone in the presence of phase con-
straints are known. In [1], constraints on the angle of inclination of the tra-
jectory were considered, in [2, 3] — constraints y > ax +b. In this case, the
phase constraints were taken into account using numerical procedures. In
the present work, we construct a synthesis of an optimal control with phase
constraints on the trajectory inclination angle, and analytically determine the
number of arcs of motion along the constraint. The system of equations of
the motion in dimensionless variables has the form [4]:

X =vcos0;
y=vsinb;
v=—v —sino; o
0=u.
Here x — horizontal distance, y — vertical altitude, v — module of the ve-

locity, 06— the angle of inclination, which has a phase constraint
0<[6,,0,], u — control, which has no constraints.

Boundary conditions for the system (1) are as follows:

x(0) = X9, ¥(0) = 9, (0) = ;. 2
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We consider 6(0), y(T'), v(T') to be free.
The cost functional has the following form:

J=—x(T) > min, 0Z¢<T. 3)

Thus, the optimization problem is to maximize the range x(7"). The
final time 7" we consider to be fixed.

Passing to a reduced system with control 6 we obtain a regular opti-
mal problem with control constraints. Using the maximum principle, the
optimal control problem is reduced to a boundary value problem for a sys-
tem of two nonlinear differential equations:

y=—y —sin0,
V, =y, —cosb6;
v, (T)=0, v(0)=v,, 0<t<T;

0,, —arctg(y,/v)<6,
0= _arCtg(Wv /V), _arCtg(Wv /V) € [91’ 92],
0,, —arctg(y,/v)>0,.

As a result of the application of the maximum principle, it is analyti-
cally shown that the optimal trajectory can contain no more than one arc
of motion along the lower constraint and no more than two arcs of motion
along the upper constraint. In the absence of resistance, it is shown that the
optimal trajectory contains at most one arc with motion along each of the
constraints.
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O yKCcJIEHHOM MOCTPOEHUM 00J1acTeH CyleCTBOBAHUS
U OPOUTAJIBLHON YCTOMYUBOCTH NEPUOAUYECCKHUX JIBHKEHU I
AaBTOHOMHOI raMHJIbTOHOBOM CHCTEMBbI
¢ IBYMSl CTeNIEHAMU CBOOOBI

© E.A. Cyxos
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AHHoTanus. B HacTosmelt pabote mpenyokeHa METOAMKA YHCIICH-
HOT'O TIOCTPOEHUsI 00JacTel CyIIecTBOBAaHUS U OPOUTAIBLHOU YCTOWYUBO-
CTH CEMEHCTB MEePUOIUYECKUX ABMKEHUNH aBTOHOMHOW TaMUJIBTOHOBOMU
CUCTEMBI C IByMA CTeneHsMHU cBoOobl. [locTpoeHre nCKOMbIX oOmacTeit
oCyllecTBIIsIeTCa B /1Ba 3Tana. Ha mepBoM sTane B OKPECTHOCTH M3BECT-
HBIX TIOJIO’KEHUH paBHOBECHS WM CTAI[MOHAPHBIX JIBIKEHUI CTPOSTCS TaK
Ha3bIBAEMbI€ OIOPHBIE MEpUOANYECKUE JBWKEeHHUs. Ha BTopoM 3tame
OTIOPHBIE JIBM)KEHUS YMCICHHO MPOJIOJDKAIOTCS B MPOCTPAHCTBE MapameT-
POB 33/1a4u BIOJb TPAHUI] CBOMX 00JacTel CyllecTBOBAaHUS U OpOUTAIIb-
HOM YyCTOMYMBOCTU. TakKe MNpPeJIOKEH aJrOpUTM TMOMCKA HAYaIbHBIX
YCJIOBHH MEPUOINYECKUX JABMKEHUIN BOIM3HM Touek Oudypkanuu. B xaue-
CTBE WIIIOCTPALIUU UCCIIEIOBaHbl CEMENCTBA MEPUOIUYECKUX JIBHKEHUI,
POXKIAIOMIMXCS U3 PETYISAPHBIX NPeleccuil AMHAMUYECKH CUMMETPUYHOTO
criyTHUKA. [TocTpoeHbl 00macTH CyIIeCTBOBAHUS U OpOUTAIBLHOM YCTOM-
YUBOCTU yKa3aHHBIX CEMEICTB B TPEXMEPHOM IMPOCTPAHCTBE MapaMeTPOB
3a/1a4i.

Knwoueegwie cnosa: nepuoouueckue 08udceHUs, amuibmoH08a Mexanuxda,
yucieHHoe nocmpoenue, OpoUmManNbHas YCmMouyu8oCmy, pecyiapHsie npe-
yeccuu.

PaccmarpuBaeTcst 3aa4a 0 OCTpOCHUM 00JIaCTE CyIIECTBOBAHUS Ce-
MEWUCTB MEPUOAUYECKUX JIBUKEHUH aBTOHOMHOW raMUJIBTOHOBOW CHCTEMBI
C IByMs CTETEeHSIMH CBOOOIbI. CTPOroMy aHAJIMTHYECKOMY PEIICHHIO JTaH-
HOW 3a/1auu TOCBSIIIEHbI MHOTHE padoThl [1—4]. OqHaKo MOIyYuTh aHAH-
TUYECKOE MPEJCTABICHUE MCKOMBIX NEPUOJNYECKUX JIBUKEHHI BO3MOXKHO
JIMIIb B YACTHBIX Ciydasx. JlJIs MOCTPOEHUS CEMEWCTB MEPUOIUYECKHX
JBMKEHHUH TIPH BCEX JOMYCTUMBIX 3HAUEHUSX MApaMeTPOB 3a/1aul HE0O0XO0-
JIMMO TPUMEHUTDH YUCIICHHBIA METO/.

B nacrosimeit paboTe mpemiokeHa METOJIMKa YHCIEHHOTO MOCTpoe-
HUS TpaHHI] 00JaCTel CyIIeCTBOBAHUS CEMENUCTB MEPUOIUYECKUX JIBUKE-
HUN aBTOHOMHOUM TaMHJIBTOHOBOW CHCTEMBI C IBYMS CTENEHSIMHU CBOOO/IBI
npu JIIOOBIX JIOMYCTUMBIX 3HAUEHHUSX TapaMmeTpoB 3amaudd. [locTpoeHwme
HWCKOMBIX I'PaHHUIL] OCYILECTBIISIETCA B JIBA JTalla.
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Ha nepBom 3Tamne mpocTpaHCTBO MapaMeTpoB 3a/ladul pa30MBaeTCs Ha
JIBYMEpHBIE IIJIOCKOCTH, B KOTOPBIX BBIITOJIHSOTCSA BCE MOCIEAYIONUE M0-
CTpOEHMS. 3aTEM CTPOSTCA TaK HA3bIBa€MblE OIOPHBIE NEPUOAMUYECKUE
JIBIKEHHs. B OKpECTHOCTM M3BECTHBIX CTAMOHAPHBIX JBMXKEHHUH W IO-
JIO’)KEHUN pPaBHOBECHS OMOPHBIE JIBUKCHHSI MOTYT OBITh MOCTPOCHBI aHa-
JTUTUYECKH, HATIPUMEP, CIIETysI METoIuKe padoT [1-3].

Ha BTopom sTane ¢ nomoiipio MeTona [S, 6] onopHbIe IBUKEHUS YUC-
JIEHHO TPOAOJIKAIOTCS MO TMapaMeTrpaM BJOJb I'PaHUIl CBOUX obiacTeit
cymectBoBanus. Crnenys [7, 8], rpanuiia 06JIacTH CyIIECTBOBAHUS CEMEH-
CTBa NEPUOJNYECKUX JIBMXKEHHMI ONpENeNseTcs TaK Ha3bIBa€MbIM KpHUTE-
pueM 3aBepiueHus cemeiicTBa. Ha npakTuke npu npuOIMKEeHUH K JAaHHBIM
rpaHuIaM 3a4acTyl0 BO3HHMKAeT HEOOXOAMMOCTh YMEHbLIATh IIar mpupa-
[ICHUS] MapaMeTPOB, YTO CYIIECTBEHHO YBEJIMUYMBACT BpeMs 00Xoja IMpH
JBUKEHUH BOJM3U T'PAaHULl U JieJIaeT Heleslecoo0pa3sHbIMU YacThle Mpo-
BEPKH KpUTEpHs 3aBeplieHus. B cBsi3u ¢ 3TUM B 1aHHON paboTe mpeasio-
’KEH aJlfOPUTM 00X0J]a, OCHOBaHHBIM Ha JBMKEHHH MapajieIbHO Kaca-
TEJIbHBIM K T'paHuIle 00JIaCTH CyllecTBOBaHMs. Ha KakaoMm miare JaHHOTO
aNropuT™Ma JBWKEHUE B IPOCTPAHCTBE MApaMETPOB MOJpa3JeiseTcs Ha
nBa sTana. Ha nepBom 3tane npubImKeHHO onpeenseTcss HopMaib U Ka-
caTesibHasl K TpaHuIle 00JacTH CYIIECTBOBAHUS UCCIIEyeMOr0 CEMENCTRA.
Ha BTOpOM 3Tame ocymiecTBIsSETCS YMCIEHHO IMPOJOJDKEHUE CEMeEcTBa
BJIOJIb €70 TPaHMIIBI TAKUM 00pa30M, U4TO JIBYKEHHUE NMPOUCXOJUT Ha pac-
CTOSSHMM /1 OT KacaTenbHOW. OKOHUaHHWE IIara ajJropurMa ONpeaessieTcs
MIPOXOXKICHUEM IyTH § (JJTMHBI mara, s > /), 1100 JTOCTH)KEHUEM TpaHU-
1pl. Kpurepruem 3aBepiieHus alropuTma Ciiy>KUT BO3BpaT B OKPECTHOCTD
HCXOJIHOW TOYKH WIJIM MPOXOXKIECHUE CyMMapHOro myTu S (S >> s). Beibop
3HAYeHUH MapaMeTpoB /1 U § MPOU3BOIUTCS UCXOJS U3 TpeOyeMol CKOpo-
CTH BBIYHMCIICHU U TOYHOCTH ITOCTPOEHHUS TPAHULIBL.

Hcnonb3yeMsblii B JaHHOW paboTe METOJ YHUCICHHOTO MPOJOIKEHUS
Tak)Ke MO3BOJIAET MOJyYaTh BBIBOJIBI 00 OpOUTaIbHONW YCTOWYMBOCTH HC-
CIIeyeMbIX MEepUOIUYEcKUX ABIKeHU. O0xox rpanui odnacteit opou-
TaJbHON YCTOWYMBOCTU OCYIIECTBISETCS aHAJIOTMYHO 00XOAY rpaHuIl 00-
JacTei CyIecTBOBAaHUS, OIHAKO BETMUMHA /1 TI0JIaraeTcsl paBHOW HYJIIO.

B yacTtHOM cnyuyae 3aBeplIeHHE CEMENCTBA MEPUOJMYECKUX JIBHIKE-
HUI MOXXeT OBITH CBsI3aHO ¢ ero Oudypkarueit [5]. J{ns mocTpoenus me-
PUOIMYECKUX NIBUKECHUHN, POXKIAIOMINXCS B pe3yibrare Oudypranuu uc-
XOJHOTO ceMeicTBa, B JaHHOM pa0oTe NPUMEHEH METOJl CEYeHHH
[Tyankape. B uwacTHOCTH, A ompesiesieHns HadallbHBIX YCJIOBUN OpOu-
TaJbHO YCTOMYMBBIX MEPUOJIUUYECKUX IBUKEHUU MPEAJIOKEH CIECTYIOUIUN
YUCJICHHBIA aJTOPUTM IOMCKA HETOJBMKHBIX TOUYEK oToOpakeHui [lyan-
kape. Ha mepBom miare nanHoro anroputma (ha3oBoe MpoCTPaHCTBO 3aa-
Yl pa30MBAeTCsl CETKOH, B y3JIaX KOTOPOW CTPOSITCS JOKaJbHBIE CEUCHHS
[lyankape. 3aTeM Ha MHOXeCTBE P TOYEK KaXJOro U3 JIOKAJIbHBIX ceYe-
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HUIl cTpouTcs TpuaHrysauus [enone [9] Dy, rpanuieil KOTOpou ABIsSeTCS
MUHUMaNbHAs BbIMYyKIas 000j04yka MHokecTBa P. [lanee s kakoro-
au00 BHYTPEHHETO Yy3Jla TPUAHTYISIMH [); BHOBH CTPOHUTCS CEUYCHHE
[Tyankape. Eciau Bce TOUKM JAHHOTO CEUYEHUS JI€KaT BHYTPHU TPaHUIIbI
TPHAHTYJISALMK, TO TOTydYeHHas 00JacTh paccMaTpuBaeTCs Kak 00JacTh
peryisipHoro ABMXkeHUs. Ha BTopowm mmare mjist Kaxaon u3 obiacTeit pery-
JSIPHOTO JIBMKEHUSI BBIIICONMHCAHHOE MOCTPOEHUE TMOBTOPSETCA, TOKa
JI0MAa b S; HOBOW TpHAHTYJSIIUU D; HE OyIeT YIOBICTBOPATh KPUTEPHIO
S; < k S, tne S| — mnomaap Tpuanrysuu Dy, a 0 < k < 1 — ko3 du-
IIUEHT, OINpPEAESIOUINI TOYHOCTh MPUOIMKEHHSI K HEMOABM)KHON TOUKE.
Kpome Toro, ecnu Ha kKakoM-Iu0o Imare Hapymiaercs yciosue S; < S,
COOTBETCTBYIOIIAs 00JacTh HCKIO4aeTcs u3 paccmorpenus. Ilocne 3a-
BEpILICHUSI aNrOpUTMa MPHUOIKEHHBIE HAYaJIbHBIE YCIIOBHSI MEPUOIAYC-
CKUX JBM)KEHUH, COOTBETCTBYIOIINE HAWJCHHBIM HEMOJBUKHBIM TOUKaM,
YTOUHSIOTCSI C TOMOILBIO MeTo1a 5, 6].

JIs wiuTrocTpaye PEIIoKEHHOM METOJUKA B JTAHHOW padoTe To-
CTPOEHBI 00J1aCTH CYIIECTBOBaHUS U OPOUTAILHON YCTOWYMBOCTH CEMENCTB
NEPUOANYECKHUX ABMKEHUM, POKIAIOUINXCSA U3 PETYIIPHBIX IPELecCuil 1u-
HAMHYECKU CUMMETPUYHOTO CIlyTHHUKA. [loyyeHHbIe pe3yabTaThl XOPOLIO
COIIACYIOTCS C BhIBOJIaMu pabot [4, 10, 11].

Paboma evinonnena npu ¢punarncosoti noodepoicke Poccuiickozo ¢honoa
@yHoamenmanvuvix ucciedogarnutl, npoekm Ne 20-01-00637.
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O npuMeHeHNH METOI0B AHAJIMTHYECKOH MEXaHUKU
K MOCTPOCHUI0 MATEMATHYECKUX MO/IeJIel TNHAMUKH
napajuieJibHbIX MAHUILYJISSTOPOB

© AL KpaCHHCKHﬁ1’2’3*, A.B. HI/I3, JLE. ]_HCCH}IK3, A.A. YOnnames?

'MocKkoBCKHii FOCYIapCTBEHHbII YHHBEPCHTET MUIIEBBIX MPOU3BOACTB, Mockaa, Poccus
“MOCKOBCKHiT aBHAIIHOHHBIH MHCTUTYT, MockBa, Poccust
*Poccniicknii YHHUBEPCHUTET JpYxKObl HaponoB, MockBa, Poccus
*E-mail: krasinsk@mail.ru

AHHOTanudA. Hanuure HEeCKONbKMX KMHEMATHYECKUX LENEH B mapai-
JICJIBHBIX MaHUMYJISATOpaX HEM30E)KHO NMPUBOJAUT K BOSHUKHOBEHHIO YCJIOB-
HBIX TE€OMETPUYECKHX COOTHOLICHHH MEXIy pPACCTOSHUSMHU IJsl y3JI0B
MaHMITYJIATOpAa M KOOPJMHATAMH 3TUX Y3JI0B, YTO JIEJaeT HEBO3MOKHBIM
NMpUMEHEeHHe ypaBHeHHMH Jlarpamxka BToporo poma. PaspaGatpiBaeMblit
B JIOKJIaJIe Tepexo] K npoaudepeHIMPOBAHHBIM YPAaBHEHUSIM T€OMETPH-
YEeCKHUX CBs3€l C MOCHEAYIONIMM MPUMEHEHHEM METOJ0B aHAIMTHUECKOM
MEXaHUKH CHUCTEM C W30BITOYHBIMH KOOPIMHATAMHU COKpAIlaeT pazMep-
HOCTh 3aJa4u oOpaTHOIl kuHemaTtuku. Ha nmpumepe nenpTa-poboTa mokasa-
HO, YTO TOJHAasi MaTeMaTh4ecKas MOJeNb JAMHAMUKU MAaHHUIYJISTOPOB
C TpeMsl MapaJIeIbHBIMU IETISIMHA OBIThH MOTy4YeHa BOoOIIe 0e3 paccMoTpe-
HUS 00paTHOM 3a/1a4l KHHEMATHKH.

Knwuesvie cnosa: napanienivHulii MAHUNYIAMOP, 2e0MempuiecKue cessu,
U30bLIMOYHBLE KOOPOUHAMBL.

BBenenne. MexaHu3Mel C nmapaijICJIbHbIMA KMHEMATHUYCCKUMU L CIIA-
MH o6naz[a}0T pAaAOM BaXXHBIX JOCTOMHCTB: BBICOKAsd »XECTKOCTb, TOY-
HOCTb, HAACKHOCTH, KOMITIAKTHOCTBb, OHM OTJIHMYAKOTCA OT IIOCICI0BATCIIb-
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HBIX MaHUMYJISATOPOB JTYUYIIUMU THHAMUYECKUMH cBoiicTBamu [1, 2] u Go-
Jee BBICOKOH TOYHOCTBIO M MOBTOPSIEMOCTbIO [3], 4TO MPUBOJUT K BCE
OoJiee IMPOKOMY UX NPUMEHEHHIO B TEXHUYECKOH mpakTtuke. OJHAKO 10
CUX MOp aKkTyalbHa MpoOjemMa IMOBBIIICHUS aJ€KBATHOCTU KHHEMaTHde-
CKHX MOJIEJIEN TaKMX MEXAHU3MOB, TaK KaK BCIEACTBHE HAIWYMsS CBS3EU
JUIS. OTIPEJICJIEHUs] COCTOSIHUSI 00BEKTa MPUXOIUTCS BBOJIUTH MapaMeTphl
B KOJIMYECTBE, MPEBBIIIAIOIIEM YUCIIO CTETIeHEH CBOOObI, U3-3a YETro KH-
HEMAaTHKa CYIIECTBEHHO ycioxHseTcs. K HacToseMy BpeMEHH He Cylie-
CTBYeT 3PPEKTUBHOIO METOa IIOCTPOCHUS MOTHBIX MATEMaTHYECKUX MO-
Jieneil TMHAMUKY TapaJlyIebHBIX MaHMITYJIITOPOB, KOTOPBIE CO3JaN OBl
BO3MO>XHOCTb IPUMEHEHUSI METOJ0B MAaTeMaTU4YECKOW TEOpUHU YIpaBiie-
HUS A0S pa3pabOTKU JITOPUTMOB YIIPABICHHUS TaKMMU MEXaHU3MaMHU.
OnHOI U3 OCHOBHBIX MPOOJIEM SBISIETCS HEOOXOIUMOCTh aHATTUTUYECKOTO
peleHus 3aJa4ud OOpaTHOM KMHEMAaTHKH: BBIPA3UTh 0OOOIIECHHbBIE KOOp-
JMHATHI UCTIOTHUTENBHBIX IPUBOAOB Yepe3 KOOPAUHATHI paboyero opraHa
MaHHIyJIATopa. IlpudyeM nOMOTHUTEIBHBIE CI0KHOCTH 00YCIIOBIICHBI €IIIe
¥ HEOJHO3HAYHOCTBIO PEIICHHUs 33Ja4l OOpaTHOW KUHEMAaTHKH Uil Ma-
HUIYJIATOPOB NMapaJljIeIbHON CTPYKTYpbl (Hampumep, B [4] Takas 3agada
MMEET BOCEMb DPEILLIEHUI), BCIEJACTBUE YEro AJIs PEIICHHUs 3TOH 3aJauu
npejiaraeTcsi NpUMEHATh [5, 6] mporpaMMHBIE pead3allMi pa3IudHbIX
YUCJICHHBIX METOO0B. JIMHeapu3anus ypaBHEHUM T€OMETPUYECKUX CBA3EH
Y HUCIIOJIb30BaHUE TOJIBKO MEPBOTO MPHUOJMKEHUs CBsizei [7] He Bcerma
NPUBOJUT K TMpPaBUWIbHBIM pE3yJIbTaTaM, OCOOCHHO MpH HCCIEIOBAHUU
YCTOMYMBOCTH YyCTaHOBUBILIUXCS ABM>KEHUU. B oOmiem ciydae mpu mo-
CTPOEHUHM COOTBETCTBYIOIIMX MAaT€MaTUYECKUX MOJIeJe IOKHBI OBbITH
YUTEHbI U HEJIMHEWHbIE YICHbI Pa3JI0KEHUsI TEOMETPUUYECKUX CBs3el [§].
B HacTosimieM noknaze mpeiaraeTcsl aabTEpPHATUBHBIN MOAXOM, KO-
TOpBIN 3a cyeT nepexoja K npoanddepeHIupoOBaHHBIM T€OMETPUUYECKUM
CBA35IM CO3/1a€T BO3MOKHOCTH NPUMEHEHMSI JUUIsI MATEMAaTUYECKOTO MOJE-
JUPOBAHUS IMHAMUKH ITOTO Kjacca MaHUIYJISTOPOB METOJOB aHAJIUTH-
YeCKOH MEXaHHKH CHCTEM C M30BITOUYHBIMH KOOpAWHATaMu. B oOriem
cilydae pa3MepHOCTh OOpaTHOM 3a/laud KMHEMATHKH COKpAaIIaeTcs, a Juis
CUCTEM C TpeMsl apauIeIbHbIMU LIETISIMH HEOOXOAUMOCTh B PELICHUH Ta-
KOU 3a/1auu BOOOIIIe MOXET OBITh UCKITFOYECHA, 3a CUET Yero BIEPBbIC OblIa
NOJTyYeHa NOJIHAas HeJIMHEeHas MOJelb IMHAMUKH J1eJIbTa-po0oTa.
MartemaTH4eckoe MOJeJMPOBAHME IHMHAMHKH MaHHUIYJSITOPOB
€ reOMeTPUYEeCKMMHU CBSA3SIMU. PaccCMOTpUM MaHUIYJISITOP € Mapasuieib-
HBIM COEJMHEHHEM 3BEHBEB KaK CUCTEMY C KOOpAMHATAMH (i, ..., (,, K-

HETHUYECKOM M MoTeHuuanbHou sHeprusmu 71(q,q),[1(q) n PyHkumein
Jlarpanxa L =T —1I, Haxomduiyrocss moa JAEWCTBUEM, KpPOME IOTEHIIM-

QJIBHBIX, €€ M HEMOTEHIHAIbHBIX cuil (; (Cpeau KOTOPBIX MOTYT OBITH
U YIPAaBIAIONIME), OTHECEHHBIX K KoopauHataMm g¢,. IlycTte Ha cucremy

HAJIOKCHBI HE3aBUCUMBIC MCKIY coOoi TCOMETPHUICCKUE CBA3U
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oD, ...,0,)
a(qn—m+1’ teeo qn)

(Dj(qla [ERE) qn)zoa ?50, j=1, e, m. (1)

BBenem BeKTOpHI (S — BEKTOp M30BITOYHBIX KOOPAMHAT) M MPOIUd-
dbepenmupyem (1):

ql , ql qn7m+1
g=| i q=| |} r=| ¢ |} s=|
s
ql’l qn—m ql’l
o _ov, o o o
dt or 0s

Pazpemas (2) OTHOCUTEIBHO CKOPOCTEH U30BITOYHBIX KOOPAUHAT, TO-
Ty4UM

Sz—(%) %F—B(V S)7. 3)

Ob6o3nauas yepe3 I(r,s,7) pe3ynbTaT UCKIIOUCHHS 3aBUCUMBIX CKO-
pocreit u3 ¢pynkmu Jlarpanxa, a pe3yabTaT UX HCKIIOYCHUS U3 HETTOTEH-
uanabHbIX cuil — 4depe3 O, (r,s,7), OyAeM ONMChIBATh JBUKEHUE CUCTE-

MBI BEKTOPHO-MaTpUuHbIMU ypaBHeHUAMU M.D. [llynsruna [7-9]:

d 03 09
EE——F—Q +B'(r,s)Q, + B'(r, s)—
O O m 4)
.= i [Q=|
Opm 0,

371ech WITPUX O3HAYAET TPAHCIOHUPOBAHHME COOTBETCTBYIOLIETO BBIpaXe-
Hus. s 3aMbIKaHUsI CUCTEMBI K (5) clielyeT NMpUCOEIUHUTh ypaBHEHUS
cBsaseil (4). IIpu paccMOTpeHUM TMHAMUKHA KOHKPETHBIX YCTPOMCTB Hapsi-
oy ¢ cucteMoil (4), (5) MoryT ObITh YUYTEHBl M NEPEXOJHbIE MPOIECCHI
B MCIIOJHUTENBHBIX MpHUBOAax. s 3Toro cienyer 100aBUTh MaTeMaTHye-
ckue monenmu ux auHamuku [10, 11]. s onpeneneHus: cTabMImM3upyroiie-
ro ynpasienus MerogqoM H.H. Kpacosckoro [12] onpenensercs ynpasiie-
HHE, O0ECHeunBaloIee AaCUMITOTHYECKYI0 YCTOWYMBOCTH IO BCEM
IIEPEMEHHBIM. Y CTOWYMBOCTh B MOJHOW HEJIMHEHHOW 3aMKHYTOM CUCTEME
YCTAHABJIMBAETCSI C WCIOJIb30BAHUEM TEOPUM KPUTUUYECKUX Ciyda-
eB [13, 14].

MaTteMaTH4YecKoe MoOAeJIMPOBAHHE IHHAMMKH [eJbTa-podoTa.
Po6oT cocTouT U3 AByX miaatdopM: HEMOIBMKHO 3aKPEIIEHHOTO BepXHe-
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IO OCHOBaHHMSA, KOTOPOE MOHTHPYETCS HaJl paboyeil 30HON U uMeeT hopmy
PaBHOCTOPOHHEI0 TPEYroJIbHUKA C JJIMHOW CTOPOHBI d, M TMOABUKHOTO
HIDKHETO OCHOBaHUS — HEOOJIBIIOr0 PaBHOCTOPOHHEIO TPEYroJibHUKA
(MCTIOTHUTENBHOTO 3BEHA) C JJIMHON CTOpOHBI b. CHIIOBBIE MPUBOABI —
JJIEKTPOABUIaTENM C PELYKTOpaMH pPAa3MEIIEHbl B CEPEAMHAaX CTOPOH
BEPXHEr0 OCHOBaHUA B TOUKax A, B, C. Ha BBIXOJIHBIX Bajax peayKTOpPOB
MPUBOJHBIX JBUTATENEH )KECTKO 3aKperuieHsl miedn AP, BQ, CS niaunbl /.
Ha HmxHUX KOHIaX 3THUX IJI€Y C TOMOIIBIO IIAPOBbIX IIAPHUPOB 3aKpel-
neHsl peraaru PK, OM, SN nivHbl d, HIKHHAE KOHIIBI KOTOPBIX COCTMHEHBI
C IApOBBIMHU IIAPHUPAMH, PACIIOIOKEHHBIMU B cepennHax K, M, N cro-
POH HM)KHETO PaBHOCTOPOHHEIO TPEYTOJIbHUKA — HCIIOJHUTENIBHOTO 3BE-
Ha. Benem HenoaBmxHy0 cucteMy KoopauHaT Oxyz, Hadano KOTOpOr —
TouKky O — IOMECTUM B LIEHTP BEPXHEro OCHOBAHHUSA, OCb Z HAIPaBUM
BEPTUKAJIBHO BBEPX, & OCb X — I10 OCH CUMMETPHUU BEPXHETO OCHOBAHMSL.
Brinuiem B 3T0# cuCTEME KOOPIMHATHI HCTIOJHUTEIBHBIX TPUBOAOB A4, B,
C v HIDKHUX KOHIIOB pbryaroB P, O, S:

a

23

Al 0;— ;0); B

a a a a
=0 Ol = —=:0;
47 4/3 4’ 43

P(O;—g—lsina;—lcosaj; 0 ﬁ+l£sin[3;i+ZsmB;—lcosB ;
4 4 2 2

43

S —E—lﬁsiny; a ; a +lsmy;—lc0sy )
4 2 43743 2
3nech o, P,y — YIVIBI OTKIOHEHUS COOTBETCTBeHHO mined AP, BO, CS

NpUBOJIOB OT BepTHKaiu. O003HauuB uepes3 (X, ¥, z) KOOPAUHATHI IIEHTpPA
MCIIOJIHUTENIBHOTO 3BEHA, BBIIUIIEM KOOPIMHATHI TOUEK KPEIUIEHUS HUXK-
HUX KOHIIOB pbIYaroB, COSAMHSIOMNX TOUKH P, O, S U UCIOIHUTEIbHOE
3BE€HO — COOTBETCTBEHHO To4ek K, M, N:

b
M x+z;y+ N x—

b K b b N b

IR Y- =52 YT =z

43 243 47 43
I'eomerprueckue cBsA3M, HAKJIAbIBAEMbIE TPEMsI ITAPAJUICIBHBIMU KH-

HEMAaTUYECKUMH LEMSMH, CXONSIIMMUCS B HCIIOJIHUTEIBHOM 3BEHE, 3a-

nuIeM B BUae Tpex teopeM Iludaropa — xBaapaTsl pacCTOSHUM MEXTY

KOHI[amMu pbryaroB PK, OM, SN, Belpa)kKeHHBIE Yepe3 KOOPAUHATHI, JOJIK-

HbI OBITh PaBHBI KBaJpaTaM UX JUINH:

2
a . b 2
x*+| —=+Isino+ y——— +(lcosa+z) =d*;

23 23
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2
£+l£sin5—x—2 +
4 2 4

a  Isinf

+
M3 2

2
y—43§j +(lcosB+z)2 =d*;

a 3. bz(alsiny bjz >
—+l—siny+x—— | + + ) +(lcosy+z) =d”.
4 2 4 43 2 43

®)
Crnenyst panee pa3zpaboTaHHOMY MeToAay, mpoauddepeHmupyemM ypas-

HeHUs (5) ¥ U3 MOJTyYEeHHBIX TMHEWHBIX COOTHOLLIEHUH MEXTy 3aBUCUMbIMU

Y HE3aBHCHUMBIMU CKOPOCTSIMH B OOIIIEM CITy4yae BBIPA3UM 3aBHUCHMBIE CKO-

pocTH (CKOPOCTH LIEHTPa HMYKHETO OCHOBAHUS) Yepe3 He3aBUCUMBbIE (YIII0-

BbI€ CKOPOCTH 3aKPEIICHHBIX Ha BajlaX HCIIOJHUTEIbHBIX MPUBOJIOB ILIEY

AP, BQ, CS). Ilpu nocTpoeHnr MaTeMaTHYECKONH MOJIEIH y9TEeM MaccChl M

mwied AP, BQ, CS, maccy M HUCHOTHUTEIBHOTO 3BEHA C PAa3MEIICHHBIM B

HEM TPy30M, MOMEHTHI HHEPIIMU J POTOPOB ABUTATEICH C MU3MEPUTEIHHbI-

MU JaTYUKaMH BMECTE C peAyKTOpaMH. 3amHilieM BblpakeHue (QyHKIHH

Jlarpanxa CUCTEMBI:

L:% J+mle (a2+32+72)+%(x2+y'2+z'2)+

/
+Mgz+%(cosoc+cosﬁ+cosy).

[Tocite WCKITFOYEHUST 3aBUCUMBIX CKOPOCTEH ¢ TOMOIIbI0 mpoaudde-
PEHIIMPOBAaHHBIX ypaBHEHU# (5) M mepexona K S(r,s,f) BIIEpBBIC ObLIA

NOJTyYCHa TOJIHASI HEeIMHEHHAsT MaTeMaTHIeCKasi MOJIENb THHAMHKH JICTTh-
Ta-poboTa B popme ypaBHeHUH (4).

Ilybnukayus evinonnena npu noodepacke I[lpoepammel cmpamezuieckozo
akademuyeckozo auoepcmea PY/IH.
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On the application of methods of analytical mechanics
to the construction of mathematical models
of the dynamics of parallel manipulators
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Abstract. The presence of several kinematic chains in parallel manip-
ulators inevitably leads to the appearance of conditional geometric rela-
tionships between the distances for the manipulator nodes and the coordi-
nates of these nodes, which makes it impossible to use the Lagrange
equations of the second kind. Developed in the report, the transition to the
differentiated equations of geometric relationships with the subsequent
application of methods of analytical mechanics of systems with redundant
coordinates reduces the dimension of the inverse kinematics problem. Us-
ing the example of a delta robot, it is shown that a complete mathematical
model of the dynamics of manipulators with three parallel circuits can be
obtained without considering the inverse problem of kinematics at all.

Keywords: parallel manipulator, geometric relationships, redundant co-
ordinates.
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00 oxHOM MeTOAEC NVIAHMPOBAHMS TPACKTOPHH
HCIOJHUTEJIbHOI0 3B€HA MHOT03BEHHOI0 MAHMILYJISITOPA
C IOCJIe0BATEILHON KHHEMATHKOMI
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AHHoTamusi. OMHOW M3 (yHIAMEHTAIBHBIX 3a7a4 YIIPABIICHUS IBU-
JKEHHEM POOOTOB-MAHHUIYJIATOPOB ¢ U30BITOUYHBIM YHCIIOM CTETICHEH CBO-
00IIbI ABJISETCS penieHue oOpaTHOM KMHEMAaTHYECKOW 3aJadd, 3aKjIroya-
IOIIEHCST B OMNPEJICJICHUH YTJIOB B Y3J1aX, COOTBETCTBYIOIIUX 3aJlaHHOMY
MOJIO’KEHUIO UCTIOJHUTENIBHOTO 3BeHA. AHAJIUTUYECKOE PELICHHUE 3TOM 3a-
Jladyy 3aTPYyJHEHO M3-3a OYEBHIHOM HEOJHO3HAYHOCTH OTBETA M CBSI3aHO
¢ 0OJBIIMM 00BEMOM BBIYMCICHHUH. [IpuMeHeHnEe BBICOKOTIPONU3BOIUTEIIb-
HBIX TPaJUEHTHBIX HEHPOHHBIX CETEH ISl TUIAHUPOBAHUS TPACKTOPUN M3-
OBITOYHBIX POOOTOB-MAHHUITYJIATOPOB OKa3aJlIOCh HEIOCTATOYHO A(H(PEeKTHB-
HBIM H3-3a MEIJICHHOH CXOAMMOCTH OIIMOKH. B maHHOM paboTe B KauecTBE
IJIAaHUPYEMOW TPAeKTOPHH TpeJjiaraeTcs BhIOpaTh OpaxUCTOXPOHY, SIBIIS-
OIIYIOCS] PELICHUEM BApUALIMOHHOM 33J1ayl O MUHUMAJIbHOM BPEMEHH Iie-
pemerieHus pabodero opraHa MaHHUITYJIATOpa KaK MaTepHAIbHON TOYKH W3
HCXOJHOTO TIOJIOKEHUSI B KOHEUHOE O] JICUCTBUEM TpaBUTAllMA. MOXKHO
CpPaBHUTH BpeMsI MPOXOKIACHUS MEXIY 3aJaHHbIMH HayaJdbHBIM M KOHEY-
HBIM TIOJIOXKEHUSIMH TI0 OPaXUCTOXPOHE U MO TPACKTOPUH, CO3IaHHON MPH-
noxxeanemM FANUC / ROBOGUID.

Knrouesvie cnosa: mHo2036eHHbIU MAHUNYIAMOD, NIAHUPYEMAs MpaeK-
mopus, Opaxucmoxpona.

MaHumynsaTopsl ¢ H30BITOYHBIM YHCIIOM CTEIIEHEH CBOOOIBI HAXOMST
Bce 0oJiee MHUPOKOE MPUMEHEHNE B TeXHUYECKO# mpakTuke [1-3]. OmHoi
u3 (yHIAMEHTANBHBIX MPOOJIEM YIIpaBICHUS TEPEMEIICHHEM MaHUITYJIsS-
TOPOB C M30BITOYHBIMU CTEICHSIMH CBOOOBI SBIIICTCS PEIICHUE 3aJ1auu
00paTHOM KMHEMAaTHKU, KOTOpas MIPUBJIEKaeT BHUMAaHWE MHOTHX HCCJIE]IO-
Barenei [4, 5]. B HacTosIiee BpemMsi HHTEHCHUBHO pa3padaTbiBaemoe [6—8]
MIPUMEHEHHUE COBPEMEHHBIX BBICOKOIIPOU3BOJAUTEIBHBIX HEUPOCETEBBIX
TEXHOJIOTMH K TaKMM 3aJladyaM OKa3bIBACTCS HEAOCTATOYHO 3P (HEKTUBHBIM
B CBSI3U C MEIJIEHHON CXOJUMOCTBIO OIIMOKH, YTO MOXKET BBI3BATh SIBJIC-
HUE HETOBTOPSIEMOCTH TPACKTOPHHU, MOCKOJbKY TaKOW MOJIXOJ] HE JaeT
BO3MOKHOCTH OTIPEACIICHUS SBHOTO BUA TUIAHUPYEMOH TPAaCKTOPHH.

B HacrosmeM moknaze B KadyeCcTBE allbTEPHATHUBBI ITOMY IOJIXOIY
MpeIaracTcsl OMpeeATh TUIAHUPYEMYIO0 TPASKTOPHIO MCIIOTHUTEIBHOTO
3BE€HA MAHUIYJIATOPA U3 PEUIEHUsI B TPEXMEPHOM MPOCTPAHCTBE Bapuallu-

222 Huotcenepnotit scypnan: Hayka u unnosayuu # 3-2021



DOI: 10.18698/2308-6033-2021-3-2067

OHHOM 3a/1a4¥l 0 MHHUMH3AIIMK BPEMCHH TIEPEeX0/la MaTePHAITbHON TOYKH
13 3aJ]aHHOI0 HAYaIbHOI'O IOJIOKEHHUS B 3aJaHHOE KOHEUYHOE II0J JCH-
CTBHEM CHIIBI TSDKECTHU. Jlallee Ha HaMIEeHHON OpaxXHUCTOXPOHE JOCTATOUYHO
IJIOTHO PACIOJIATal0TCS TOYKH, TI0 KOTOPBIM OIPECIISIOTCS YIIPABICHUS,
oOecreunBarompe MepPexoabl MEXIy HHUMH. MOXKET OBITh BBIIOJHCHA
ONITHMHU3ALMS BapHaHTOB TAKHMX MEPEXOAOB C TOUYKU 3PCHHS MHUHHUMU3A-
IIUU TTepeMelIeH Han0oJiee MaCCUBHBIX 3BEHbEB MAHHUITYJIATOPA IIPHU Pe-
aln3alyy 3TUX IMepeMenieHui. Bo3MOKHO MpoBecHNEe CPaBHUTEIHLHOTO
aHaln3a BPEMEHH IIepeBOAa HCIOJIHUTEIHHOIO 3BE€HA ISATH3BEHHOTO PO-
00Ta-MaHMITYJISATOPA U3 33JJAHHOIO HAYaJIbHOTO IOJIOKCHHUS B Ha3HAUYCH-
HOE KOHEYHOE 0 TPACKTOPHUH, TEHEPUPYEMOU C TTOMOIIBIO ITPOTPaMMHOM
cpensl FANUC/ROBOGUID mnpu 3agaHuy TOJBKO HA4YaJbHOH U KOHEY-
HOM TOYEK, M IO IpeajiaracMod B JOKIAAC TPaeKTOPUH, TCHEPUPYEMOI
P 3aJlaHAM TTPOMEKYTOYHBIX TOUCK Ha Opaxucroxpone. Mcxons u3 31o-
ro B JaJIbHCHIIIEM MOXKET OBITh CO3JIaH IPOTrPaMMHBIN ITPOAYKT, PEIIaro-
Uil 3a7a4y O NEPEeBOJE MCIOJIHUTENIBHOIO 3B€HA MAaHUMYJATOpa U3 3a-
JTAaHHOTO TIOJIOKEHHS B HA3HAUYCHHOE KOHEYHOE.

CnemyeT OTMETUTD, YTO Ha OCHOBE IIOJIYYECHHOT'O SIBHOTO aHAJIUTHYCCKO-
ro BUJA TPACKTOPUHU HE TOJBKO oOjerdaercs 3aaada (OpPMHPOBAHHUS IIPO-
TPaMMHOTO yIPaBJICHUS AJI MEepeBOjia MCIOJHUTEILHOIO 3BEHA IO 3a[aH-
HOM TpPaeKTOPHH, HO W C HCIIOJIB30BAHHEM TIPEIaracMoro KOMIUIEKCHOTO
MIPUMCHEHHS PE3YyJIbTaTOB AHAIMTUYCCKONM MEXaHHWKH, MaTeMaTHYEeCKOTO
MOJICJTUPOBAHUS, TEOPUH ONTUMAJILHOTO YIPABJIEHUS, TEOPUH YCTOMUHBO-
CTH, HH(OPMALIMOHHBIX TEXHOJIOTHI BO3MOXKHO OITPEICICHUE IOIMOJIHUTEIb-
HOTO CTAaOWMJIM3HPYIOIIECTO YITPABIISIOIIETO BO3ACHCTBHS, 00CCIICUNBAIOIIICTO
YCTOMYMBOE OCYILIECTBICHUE TPOrPAMMHOTIO JIBHXKECHHUS.

Kpome pa3paboTku gajibHEHIIero IpUMEeHEHHUS IMOYYCHHBIX pe3yiIbTa-
TOB B Pa3BUTUH METOJIOB YIPABJICHUS MHOTO3BEHHBIMU MaHUITYJISITOPAMU
pe3yabTaThl IOKIaJa MOTYT OBITh HCIIONB30BaHBI B 3aadyax YIIPaBICHUS
peanbHBIMH  MHOTO3BEHHBIMH POOOTaMHU-MAaHUMYISATOPaMU  (HAampUMep,
umetomumucs B PY JIH po6oramu pupmer FANUC).

Ilybnukayus evinonnena npu noodepacke Ilpoepammel cmpamezuueckozo
akademuyeckozo auoepcmea PY/IH.
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On one method of planning the trajectory of the executive
link of a multi-link manipulator with sequential kinematics
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Abstract. One of the fundamental problems of motion control of ro-
botic manipulators with an excessive number of degrees of freedom is the
solution of the inverse kinematics problem, which consists in determining
the angles at the nodes corresponding to a given position of the executive
link. The analytical solution of this problem is hampered by the obvious
ambiguity of the answer, requires continuous control of the rank of the Ja-
cobian and is associated with a large amount of computation. The applica-
tion of high-performance gradient neural networks to the planning of the
trajectories of redundant robotic manipulators turned out to be insuffi-
ciently effective due to the slow convergence of the error, which can cause
the phenomenon of non-repeatability of the trajectory. In this paper, as the
planned trajectory, it is proposed to choose a brachistochrone, which is a
solution to the variational problem of the minimum time of movement of
the manipulator grip as a material point from the initial position to the fi-
nal one under the action of gravity. A comparison of the travel times be-
tween points on the brachistochrone and the trajectory generated by the
FANUC / ROBOGUID application can be made.

Keywords: sequential manipulator, trajectory planning, brachistochrone.
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End-of-life disposal in inclined geosynchronous orbits

© L. Anselmo, C. Pardini
Space Flight Dynamics Laboratory, ISTI/CNR, Pisa, Italy

Abstract. Significantly Inclined Geosynchronous Orbits (IGO) are
currently considered for various applications, like satellite navigation sys-
tems, intelligence and telecommunications. In the light of these develop-
ments, the aim of this report is to review the current definition of the Geo-
synchronous Protected Region, assessing if it would need an extension.
Special attention is paid to the end-of-life disposal, in order to check the
potential weaknesses of the current IADC formula and re-orbiting recom-
mendations, focusing on the consequences of having operational orbits
characterized by medium or high inclinations.

Keywords: inclined geosynchronous orbits (IGO), end-of-life (EoL) dis-
posal, space debris, geosynchronous protected region, IADC formula.

The first version (2002) of the Mitigation Guidelines issued by
the Inter-Agency Space Debris Coordination Committee (IADC) defined a
toroidal Geosynchronous Protected Region, extending 200 km below and
above the geosynchronous altitude of 35 786 km, and spanning latitudes in
between —15° and +15° with respect to the Earth equator. A formula was
also proposed (slightly amended in 2007) for the appropriate end-of-life
disposal of spacecraft, in order to guarantee no further interference with
the protected region over the long-term.

These definitions were elaborated when the nearly exclusive utiliza-
tion of the geosynchronous region consisted of geostationary satellites
placed and maintained, during their operational lifetime, close to the Earth
equator. When finally abandoned, due to the concurring action of geopo-
tential and luni-solar perturbations, such objects displayed a characteristic
periodic orbit plane evolution, with a period of about 54 years and a max-
imum inclination of about 15°.

However, significantly Inclined Geosynchronous Orbits (IGO) are
currently considered for various applications, like satellite navigation sys-
tems, intelligence and telecommunications. In the light of these develop-
ments, the aim of this presentation is to review the current definition of the
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Geosynchronous Protected Region, assessing if it would need an exten-
sion. Special attention was paid to the end-of-life disposal, in order to
check the potential weaknesses of the current IADC formula and re-
orbiting recommendations, focusing on the consequences of having opera-
tional orbits characterized by medium or high inclinations.

The original IADC guideline for the end-of-life re-orbiting of spacecraft
and orbital stages above the geosynchronous altitude, with 4y =235 km, was
devised for objects close to the geostationary ring and resulted strictly valid,
irrespective of the orbital and celestial initial conditions, for iy < 2°, and
applicable in most cases for iy < 10°.

The potential growing use of geosynchronous orbits with higher incli-
nations has raised the problem of what strategy to adopt at the end-of-life
for these new classes of objects. For iy <30°, it was shown that an effec-
tive extension of the IADC formula would be possible by just increasing
the value of /¢ as a function of iy, with a maximum of 550 km for iy = 30°.
This possibility arises from the fact that, despite the complexity of the per-
turbations acting on such orbits, the eccentricity would remain bounded to
sufficiently low values for at least 200 years, irrespective of the orbital and
celestial initial conditions. With iy = 30° and /49 = 550 km, no crossing of
the geosynchronous protected region would occur, over 200 years, even in
the less favourable combinations of orbital (€2y and w) and celestial (Sun
and Moon position) initial conditions. It should be however pointed out
that very often it would be possible to avoid any further long-term inter-
ference with the protected region adopting significantly lower values of 4y,
being those found just the values able to guarantee the fulfilment of the
guideline goal even with the worst initial conditions.

The cost of implementing the extended IADC formula, in terms of
additional AV to be delivered by the propulsion system and mission im-
pact, would not be negligible, but affordable. With iy = 30°, the maximum
additional AV penalty would be 11.5 m/s, approximately doubling the cost
currently incurred to apply the original IADC formula to nearly geosta-
tionary satellites.

This approach will not be instead generally applicable for iy > 30°.
Reducing the initial inclination and/or changing the initial right ascension
of the ascending node of the disposal orbit would be of course too much
expensive and unfeasible, not to mention the Moon and Sun positions.
Even choosing appropriate launch times, provided it were feasible from a
mission point of view, might not be so beneficial, being quite tricky the
accurate prediction of end-of-life epochs several years in advance.

The problem should be therefore addressed on a case by case basis,
strongly dependent as it is from the initial orbital and celestial conditions.
In certain cases, it should be possible to constrain the eccentricity growth
from several decades to a few centuries, in others the eccentricity would
grow to values so large to cause orbital decay in several decades. For very
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high inclinations and appropriate initial conditions, the interaction be-
tween the Lidov — Kozai effect and the other perturbations might lead to
the emergence of a dynamical protection mechanism of the geosynchro-
nous protected region, effective at least for several decades.

As a consequence of this situation, no easy to apply, general and cost-
effective end-of-life disposal solution can be recommended for the re-
orbiting of near circular geosynchronous objects with ip > 30°. Neverthe-
less, if the total number of these objects will not grow by more than two
orders of magnitude in the next century, even simply abandoning them at
the end of their missions would not lead to a significant increase of the
collision probability in the geostationary ring and in the geosynchronous
protected region, because they would be spread in a huge volume of space
by the perturbations, spending only occasional and relatively short periods
of time in the most populated geosynchronous belt. However, in order to
further reduce the average long-term collision probability with objects re-
siding in the geosynchronous protected region, an end-of-life re-orbiting
above the geosynchronous altitude of a few hundred km might be in any
case beneficial, even with an unbounded eccentricity.
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Oco0eHHOCTH IBOTIOLMH OPOUT Pa3rOHHBIX 0JI0KOB
B OKPECTHOCTH Pa004UX BBICOT I100aJIbHBIX
HABUTAIIMOHHBIX CHCTEM
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AHHOTauusi. B Hactosiiee BpeMs pOCCHHCKHE M MEXIyHapOJIHBIC
CTaHJAPThl PETIAMEHTUPYIOT MapaMeTpbl OpPOUT 3aXOPOHEHUS TOJIBKO
B JIBYX 3alllMIIAEMbIX 30HaX OKOJO3EMHOI0 IMPOCTPAHCTBA: HA HU3KUX Op-
ourtax (BeicoThl 10 2000 KM) U B OKPECTHOCTH T'€OCTAI[HIOHAPHON OPOUTHI.
B nanHOM poKiaze paccMaTpuBalOTCS OCOOCHHOCTH JOJITOBPEMEHHOM
ABOJIIOIMK OPOUT Pa3rOHHBIX OJIOKOB, KOTOPHIE paHee obecreuniu (op-
MHUPOBaHHE/BOCIIOJIHEHUE CHCTEM IJI00AIIbHOTO MO3UIMOHUpOBaHus [ 110-
Hacc, GPS, Beidou (MEO) u Galileo. [1ociie BbinoaHeHus! cBOUX QYHKIUN
3TH OOBEKTHI OBUIM MEPEBEJCHBI HA CIEIHAIbHBIE OPOUTHI 3aXOPOHEHMS,
napaMeTpbl KOTOPBIX OTIMYAOTCS Ul KaXJ10H M3 yKa3aHHBIX CIIyTHUKO-
BBIX CHCTEeM. Bo3myleHus, AeUCTBYIONME Ha OTpabOTaBIINE PAa3TOHHBIE
OJIOKH B T€UCHUE JITUTEITHHOTO BPEMEHH (JIECSATKH JIET), MOTYT MIPUBOINUTH
K [OTEpe YCTOMUMBOCTU MX OpOUT. B pesynbraTe 3TH KpyHHbIE OOBEKTHI
KOCMHYECKOTO MycOpa HAuMHAIOT MepeceKkaTh OpOUTHl (HYyHKIIMOHHPYIO-
IIMX HABUTAIIMOHHBIX CITyTHUKOB, YTO CO3JA€T PUCK BO3MOKHBIX CTOJIK-
HOBCHMM.

Knrwouegvie cnosa: enobanvhvie HABUSAYUOHHBIE CUCMEMbl, DA32OHHbIE
OIOKU, KOCMUHECKULl MYCop, 380H0YUs opoumsl, opouma 3axopoHeHuUs,
YCMOU4UB0CmMs OpoOUMbL.
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Features of R/Bs’ orbital evolution close
to the operational heights of GNSS

©A. Baranovl, D. Grishko?

'KIAM RAS, Moscow, Russia
’Bauman Moscow State Technical University, Moscow, Russia
E-mail: andrey baranov@list.ru, dim.gr@mail.ru

Abstract. Nowadays, speaking about the disposal strategies for de-
funct payloads and rocket bodies, the International and Russian standards
deal with only two protective zones: low Earth orbits (up to 2000 km) and
the vicinity of the geostationary orbit. This report regards the features of
long-term orbit evolution of R/B in MEQO. Previously these upper stages
ensured the formation and replenishment of the four satellite systems
which are Glonass, GPS, Beidou (MEO part) and Galileo. After their mis-
sion had been accomplished, these objects were transferred into the special
disposal orbits with the parameters unique for each of the mentioned satel-
lite systems. Different perturbations acting on the R/Bs during the decades
may cause the loss of the sustainability of their orbits. As a result, such
large-size space debris objects will cross the operational heights of the exis-
ting GNSS making accidental collisions between them possible.

Keywords: Global Navigation Satellite Systems (GNSS), upper stages
(R/B), space debris, evolution of orbit, disposal orbit, orbit sustainability.

Bannucrnyeckoe NpoeKTHPOBaHKME TPAEKTOPHUH
nepesiera k cnyTHuky FOnurepa I'annmeny

© A.A. Bensies" 2*, B.B. KOpHHOBl, K.C. <Den;1€133, AA~ nyaHOBz,
B.A. 3y6Ko0'?

'MI'TV um. H.D. Baymana, Mocksa, Poccust
KU PAH, Mocksa, Poccus
*BoeHHBIiT yHuBepcuteT MunuctepctBa 000poHsl Poccuiickoii deneparun,
Mocksa, Poccus
*E-mail (noxiaguuka): don.beliae2012@yandex.ru

AHHoTauus. JlanHas paboTa MOCBAIIEHA PACCMOTPEHHIO BO3MOXK-
HOCTU JOCTWXKeHUs cnyTHHKa IOmnutepa ['aHumena npu pasnuuHbIX CXe-
Max nepesera. B 4acTHOCTH, paccMaTpuBaeTCs BO3MOXKHOCTB JIOCTHXKE-
Hus Onurepa npu npsiMoM IepeneTe W Mpu UCIOJIb30BAaHUU T'paBUTALM-
OHHbIX MaHeBpoB y 3emuu U Benepwl. [lng poctmkenus ['anumena
paccMaTpUBaIOTCS TPEXUMITYJIbCHBIE M YETBIPEXHUMITYJIbCHBIE CXEMBI Iie-
penerta B cdepe nericteus FOmurepa.

Knrouesvie cnosa: cpasumayuonnvie manespwl, 3aoada Jlambepma, Ia-
HUMeO, AcmpoOOUHAMUKA.
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PaccmatpuBaeTcst 3agava, MOCBSIIEHHAs MPOEKTHPOBAHUIO BO3MOXK-
HBIX TpaeKTOpui mepenera oT 3emiu kK cnyTHUKY lOnurepa ['anumeny.
B pamkax pemraemoit 3ajaun paccmaTpuBaiKCh nepesneT k HOnurepy ot
3eMiM 10 TEJIHMOLICHTPUYECKOW TpaekTopuu W mnepener K [anumeny
B cdepe nmerictBus FOmnutepa. [nst goctmkenus FOmurepa paccMarpuBa-
JUCh CXEMBI MPSMOTO MepesieTa U C HCIOJIb30BAHUEM TI'PABUTALMOHHBIX
MaHeBpoB y Benepst u 3emun. IIpoBeneHo ucciegoBaHue OKOH cTapTa
B niepuoa ¢ 01-01-2026 rona mo 01-01-2038 roj, a Tak»ke OLIEHEHBI 3aTpa-
Thl XapaKTEPUCTHUUYECKOM CKOPOCTH W JJIMTENIBHOCTh MOJIeTa ISl 3TUX
cinydaeB. [lokazaHo, 4TO 3a cueT UCHOJIL30BAaHUS MEpEeTa C rpaBUTALIM-
OHHBIMHM MaHeBpaMu 1o cxeme 3emiisi — Benepa — 3emust — 3emuist —
FOnurep MOXXHO CyIIECTBEHHO COKpPAaTUTh 3aTpaThl XapaKTePUCTUUECKOU
CKOPOCTH, HO TIPU 3TOM BO3PACTaET JJIUTEIbHOCTH MOJIETA.

Jnia noctxkenus 'aHuMena paccMaTpUBaIUCh CXEMbI TPEXUMITYJIbC-
HOTO U YETBIPEXUMITYJIBCHOTO MEpeJIeTa, B pe3yJbTaTe Yero KOCMUYECKUMA
anmapar BBIXOIMWII Ha 33/1aHHyI0 opOuTy Bokpyr ['anumena. [lokaszansl 3a-
TpaThl XapaKTEPUCTUUECKON CKOPOCTH U OLIEHEHA JITUTEIBHOCTD MepeseTa
JUISL ABYX ciiydaeB. Takke MpuBeeHbI 3HAUCHUS 3aTpaT XapaKkTepucTuye-
CKOM CKOpPOCTH W JUIMTENIbHOCTHU TOJeTa IPU BapbUPOBAHUM MAapaMETPOB
MIPOMEKYTOUHBIX OpOUT, HEOOXOTUMBIX JJIsl JOCTIKeHus ["annmena.

Ballistic calculation of the flight path
to Jupiter's satellite Ganymede

© A.A. Belyaev" ", V.V. Koryanov', K.S. Fedyaev’,
AA. Sukhanovz, V.A. Zubko"?

"Bauman Moscow State Technical University, Moscow, Russia
2 Space Research Institute, Russian Academy of Sciences, Moscow, Russia
*Military University of the Ministry of Defense of the Russian Federation, Moscow, Russia
*E-mail (speaker): don.beliae2012@yandex.ru

Abstract. The work is devoted to the consideration of the possibility
of reaching the satellite of Jupiter Ganymede with various flight schemes.
In particular, the possibility of reaching Jupiter by direct flight and by
means of gravity assist maneuvers near the Earth and Venus is being con-
sidered. To reach Ganymede, three-pulse and four-pulse flight schemes
are considered in the sphere of action of Jupiter.

Keywords: gravity assist, Lambert problem, Ganymede, astrodinamics.

The problem of designing possible trajectories for a flight from Earth
to Jupiter's moon Ganymede is considered. A flight from Earth to Jupiter
along a heliocentric trajectory and a flight to Ganymede within the sphere
of influence of Jupiter were considered within the framework of the prob-
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lem being solved. A direct flight scheme and the use of gravity assist ma-
neuvers near Venus and Earth were analysed. A study of launch windows
for the period from 01-01-2026 to 01-01-2038 was carried out, and the
costs of the characteristic velocity and flight duration for these cases were
estimated. Due to the use of a flight with gravity assist maneuvers accord-
ing to the Earth—Venus—Earth—Earth—Jupiter scheme, the possibility
of significantly reducing the costs of the characteristic velocity, but the
flight duration increases, has been shown.

To reach Ganymede, three-impulse and four-impulse flight schemes
were considered, all resulting in the spacecraft entering the given orbit
around Ganymede. The costs of the characteristic velocity are shown and
the duration of the flight is estimated in both cases. Also given are values
for the costs of the characteristic velocity and the duration of the flight
when varying the parameters of intermediate orbits necessary to reach
Ganymede.

AJITOPUTM pelleHUs 321a44 BEKTOPHOI a3porpaBuMeTpUM
HAa OCHOBE AIIPUOPHOM JIOKAJIBbHON MO
rPAaBUTAIMOHHOIO MO 3eMJIH

© B.C. Bazsmun

MI'Y umenu M.B. JlomonocoBa, Mocksa, Poccust
E-mail: vadim.vyazmin@math.msu.ru

AH”HoTanus. PaccmoTpena 3agava onpeaeneHus BEKTOpA CUIIbI TSKe-
CTH TI0 M3MepeHHsM OecKapIaHHOTO a’porpaBumerpa. [Ipennoxen anro-
PUTM pPELICHHs], OCHOBAHHBIM HA IIPOCTPAHCTBEHHOM MOJEINPOBAHUU I10-
TSl CHJTBI TSOKECTH B PaiiOHE CHEMKH Ha OCHOBE CEPUUCCKUX CKEHIIMHT-
¢bynkiuit A6enss — Ilyaccona. IlpuBeneHo 0oOCYXKICHHE pe3yIbTaToOB
pacucToB HA MOACIIbHBIX JaHHBIX.

Knwuesvie cnosa: cpasumayuonnoe noie 3emiu, ONMUMAIbHOE OYeHUBA-
Hue, purbmpayusi.

3amaya BEKTOPHOW a’pOrpaBUMETPHH 3aKIIOYAETCS B ONPE/ICICHUH
BEKTOPA CHJIBI TSDKECTH BIIOJIb TPAEKTOPHH I0JIETa JIETATEIBHOTO arapara
(camosieTa uiM BepToOJIETa) 110 U3MEPEHUSAM OECKapJaHHOIO a3porpaBUMeET-
pa, perraemasi B pexxume 1mocroopadboTku. B coctaB a’sporpaBumerpa BXo-
18T OeckapAaHHas MHepuuanbHas HaBuranuonHas cucrema (BMTHC) naBu-
TalliOHHOTO KJlacca TOYHOCTH W TPUEMHUKH CHUTHAJIIOB CITYTHHKOBBIX
HaBurannoHHbeIXx cucteM (CHC) (OoproBoii u Ha3zeMHBIE), paboTaroriue
B (pazoBo-guddepeHnnaIbHOM pexume. MaTtematuuecku 3amada Ghopmy-
JHMpyeTCs B paMKax TEOPUH MHEPIUAIFHON HaBHTAIMU KakK 3ajada KOppeK-
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i BUHC no ganaeiv CHC (koopanHaTaM ¥ OTHOCUTENBHBIM JTUHEWHBIM
CKOpPOCTSIM UyBCTBUTEJIHLHON MacChl IpaBUMETpa) B MOCTOOpaboTKe. 3a cueT
BBEJICHUS AIIPUOPHON MOJIETN BEKTOpa CHJIbI TSXKECTH U MOJENEN MOorperl-
HOCTeH m3MepeHuit nHepimanbHbIX natunkoB bBUHC (rupockoroB u akce-
nepomeTpoB) u norpemHocted CHC 3amaya cBOAWUTCS K CTaHIAPTHOM JIH-
HEWHOM 3aJja4e ONTUMAJILHOIO CTOXAaCTUYECKOro oreHuBanus [1, 2].
OcHOBHasl CIIO)KHOCTb NP PELICHUH YKa3aHHOM 3a7aud COCTOUT B pasfe-
JICHUM OIICHOK TOPU30OHTAJIBHBIX KOMIIOHEHT BEKTOpa CHJIbl TSHKECTH
(YKIOHEHMH OTBECHOM JIMHMM) M MHCTPYMEHTAIbHBIX IOIPEIIHOCTEN
BUHC. Cpenu nocneqHux HauOONbUIYI0 3HAYMMOCTh B BEKTOPHOW a’po-
TPaBUMETPUH HUMEIOT YTJIOBBIE OIIMOKU OMpEeeNeHHs] OPUEHTALMU TPH-
6opuoro tpexrpannuka bBUHC u memieHHble (ATMHHOBOIHOBBIE) COCTAB-
Jstrolye ApeidoB Hyel akcenepoMeTpos [2].

N3BecTHBIN NOAXOA K PEIICHUIO 3a/1a4l BEKTOPHOM a3porpaBUMETpUU
OCHOBaH Ha BBEJCHUU AlPUOPHON MOJENN BEKTOpa CHJIBI TSHKECTH BO
BpeMeHHU (KaK MpPaBWIIO, B BUAE CTAIIMOHAPHOTO CIIy4ailHOTO MpoIecca).
OpnHako JTaHHBIM MMOAXOJ HE IMO3BOJSET OLEHUBATH YKIOHEHHS] OTBECHOM
JIMHUU C IIPUEMIIEMOM U1 IPWIOKEHUN TOYHOCTBIO. B nokiane mpensa-
raetcs HOBBIN MOAXO/I, UCIIONB3YIOIIUN anpuoOpHYI0 HH(OPMALIUIO O TPO-
CTPAaHCTBEHHOM IIOBEJICHUHU TOJISI CHJIbI TSHDKECTU B PallOHE ChEMKH, 1103BO-
JSIOIIMKA TIOBBICUTH HAOJII0AaeMOCTh YKJIOHEHUH OTBECHOW nuHuH [2, 3].
VYkazannas uHopMaiys GopMupyeTcs JOKaIbHONH MOAEIBIO TPaBUTAIH-
OHHOI'0 MOTEHIMala, OCHOBAHHOM Ha €ro napaMeTpu3alli TapMOHWYe-
CKUMU c(hepudecKUMH CKeHnuHr-gpyHkuusmu Adenss — Ilyaccona. B no-
KJage oO0CYyXJalTcsi OCOOEHHOCTH JAaHHOTO TMOAXOJa U Pe3yJbTaThl
OLICHUBAHMsI BEKTOpa CHJIBI TSKECTH HA OCHOBE OOpAaOOTKM MOAEIHHBIX
JTAHHBIX.

Paboma evinonnena npu gpunancosoii noooepiicke PODOU
(npoexm Ne 19-01-00179).
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Airborne vector gravimetry algorithm based
on a priori earth’s local gravity field model

© V.S. Vyazmin

Lomonosov Moscow State University, Moscow, Russia
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Abstract. The paper considers the airborne vector gravimetry prob-
lem, which lies in determining gravity vector from measurements of a
strapdown gravimeter. To solve the problem, we propose an approach
based on spatial gravity modeling in the survey area using the Abel —
Poisson spherical scaling functions. Numerical results from processing
simulated data are discussed.

Keywords: earth’s gravity field, optimal estimation, filtering.

Airborne vector gravimetry problem lies in determining gravity vector
from postprocessing airborne gravimetry measurements at a flight path of
an aircraft (airplane or helicopter). We assume an airborne gravimeter
consisting of a navigation-grade strapdown inertial navigation system
(INS) and receivers of global navigation satellite systems (GNSS)
(onboard the aircraft and on the ground) operating in the carrier phase dif-
ferential mode. The mathematical statement of the problem is formulated
within inertial navigation theory as the INS-GNSS integration problem
solved in the postprocessing mode. By introducing an a priori gravity vec-
tor model and measurement error models for inertial sensors (accelerome-
ters and gyroscopes) and for the GNSS position and velocity solutions,
the vector gravimetry problem is reduced to the standard stochastic linear
optimal estimation problem [1, 2]. The main difficulty lies in separating
estimates of the gravity horizontal components (deflections of the vertical)
from the INS instrumental errors. The latter are mainly the INS attitude er-
ror (i.e., the error in determining orientation of the INS body-frame) and
long-term bias drifts in accelerometer measurements [2].

The well-known approach to solving the airborne vector gravimetry
problem is based on introducing an a priori gravity model in time. Howev-
er, this approach is not capable to provide gravity horizontal component
estimates with accuracy sufficient for any practical use. In this work, we
propose a novel approach to airborne vector gravimetry based on taking
into account spatial behavior of the local gravity field in the survey area in
order to improve observability of the gravity horizontal components [2, 3].
The a priori spatial gravity model is based on a local representation of the
disturbing potential by harmonic spherical scaling functions of the Abel —
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Poisson type. Key features of the novel approach are presented, and nu-
merical results of gravity vector estimation from the simulated data are
discussed.

This work was supported by the Russian Foundation for Basic Research
(grant no. 19-01-00179).
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O moayasinun YaHa1epoBCKOro KoJiebanust
U ero Bo30YKACHUsA
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AnHoTanus. [IpenctaBneHsl pe3ynbTaThl MOACTUPOBAHUS aAMILIUTY-
nel YangmepoBckoro asuxeHus nomtoca (Y/1I1) mo qanusiM 3a mocneaHue
160 ner. BriBeneHbl ypaBHEHHS, CBA3BIBAIONINE MOAYJISAIMH YaHsIepoB-
CKOT'0 KOJIeOaHusl ¢ MOAYJISIUAMHA YaHIJIEPOBCKOTO BXOJHOTO BO30YXkIe-
Hus. CpaBHEHHE PE3yJIbTATOB BOCCTAHOBJICHUS BO30YXKIEHHUS METOIOM
Koppektupyromeil punpTpanun [lanTeneeBa ¢ pe3yJbTaTaMu, MOTYYCH-
HbIMU TI0 (hOpMyJIaM M Ha OCHOBE MOJIEJCH, MOATBEP)KAAIOT MOSBICHHUE
B B030yxaeHun KkBazu-20-1eTHUX KoneOaHui aMrmuTyasl. Ocraercst oT-
KPBITBIM BOIIPOC O MPUYMHAX TaKUX MOAYJAIMi. B dacTtHOCTH, ecnu He-
TuHEeNHas oOpaTHas CBsI3b MPUCYTCTBYET B BO3OYXKICHUH, 3TO MOXKET Be-
CTH K CHHXPOHM3AIIUU C HU3KOYACTOTHBIMHU BHEIITHUMH BO3JICHCTBUSAMHU.

Knroueswie cnoesa: epawernue 3emnu, Yanoneposckoe konedbanue.

Boinesenne Yanmiiepockoro kojedanusi. Yanmeposckoe koneda-
HUE — OCHOBHas MOJa [BIKEHHUS OCH BpallleHus 3eMIH, OTKphITas
B 1891 r. um mHaOmomaemass ¢ BoO3pacTalollell TOYHOCTBHIO Kak
433-cyTouHOe KOJieOaHUE TOJ0KECHUST MIHOBEHHOTO IOJIFOCA BPAICHHUS
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OTHOCHUTENILHO 3eMHOU KOpbI [1]. OO0 MCTOYHMKAX SHEPTUU ITOTO KoJeha-
HUS MOXHO y3HaTh B pabotax [1-4].
B pabote [5] Obuto mpeanoxeHo ucnoib3oBats GunsTp [lanteneena
B KQUeCTBE METO/Ia BbIeNieHns YaH yiepoBcKkoro aBmkenus nomtoca (YIT).
NmnynecHas xapaktepuctrka puibtpa [Tanteneesa naetrcs hopmynoit

- mo‘t‘—ian ZJ
h(t)=2mT02e {2*/5 (:os(D—OtJrsin(oo—|t|
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C MapaMeTpoM ®, = 27f,, ONPEICIAIOIUM LHPHHY (QUIbTPA, U f,

HeHTpanbHOU 4actoToil. [lepenarounas ¢yHkims GuiabTpa maercst BbIpa-
KEHUEM
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Puc. 1. Yananeporckoe konebaHue, BeIIeNeHHOE GubTparueii [lanreneesa, (a)
1 TIOBBIIIICHUE TOYHOCTH OIPECIICHII KOOPAWHAT ToJToca (0)

PesynbpTaTel Tako# (uiIbTpanuy mpeacTaBiIeHbl Ha puc. 1, a, rae Yaua-
JIEpOBCKOE KoJieOaHHE IMOKa3aHO OPAHXKEBBIM IIBETOM, ABIKEHHE MOJIIO-
ca — CHHHM, TIPOTpecc TOYHOCTH HAOFOICHUH 1MOKa3aH Ha puc. 1, 6.
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OTmeTuM, 4TO roJ0Bass KOMIOHEHTA MPAKTUUYECKU MOJHOCTHIO MOaB-
neHa QuIbTpanuen, oaHako KpaeBbie 3G(EKTHI Y3KOMOJIOCHON (ribTpa-
IIUM MOTYT COCTaBJIATH MO 20 JIeT OT Ha4aJbHON U KOHEYHOU TOYEK psija.

Hekotopeie aBTOpbI BhLAEHAIOT YaHiepoBcKoe KoJieOaHHE IMOJI0CO-
BbIM ¢uinbTpoM Dypbe, yAaIsAlOT roJOBYI0 KOMIIOHEHTY W TPEHIBl U3
JBWOKEHUS moioca. Ham ¢puinbTp obnagaer MOBOIBHO CHIIBHOW CTENICHBIO
CTJIQKMBAHUS, YTO MO3BOJISET YBUJIETh OCHOBHBIE CTPYKTYPBI B aMIUIUTY-
ne YIAII. Poct u cnag ammummatyasl xopoiro 3ameted. B 1840-x, 1920-x u
2010-x ronax HabIIOAAIOTCS OTYETIMBBIE MUHUMYMBI.

TeopeTnueckoe BbIpaskeHHne I CBA3M aMILIMTY. Bocnonszyemcs
JMHEapU30BaHHBIM ypaBHEHHEM Oinepa — JIMyBUIUISI, ONMUCHIBAIOIINM
JBUKEHHE TOJII0ca:

L2 p(0)=x0) 0

C
rie KomiuiekcHas Yaniepockas dactora o, =2mf, (1+i/2Q) 3aBucut

OT JACUCTBUTEIHHON YacTOTHI f, u goopoTHOCTH Q (~100). B neBoii wactu
Gurypupyer KOMIUIEKCHas TpaeKTopus Ioioca p = p,+ip,. Crpasa
CTOMT Treo(u3nUecKkoe BO3OYXKICHUE X =Y, +i), WIH 3SPPeKTuBHAS

(GyHKIHMS yTIIOBOTO MOMEHTA, HCTOYHHK KOTOPOH — HM3MEHEHHs B aTMO-
cdepe, OKeaHe U BHYTPEHHUX CIIOSIX 3€MJIH.
OO6o3HaunM: ©, =2nf, — Hecymylo YaHIIEpPOBCKYI0 YacTOTY;

A(t) — MEHSIONTYIOCS BO BpEeMEHU a0COJIIOTHYIO aMIUTHTYAY ABMKCHHUS
TIOJTFOCA; (p(t) — ¢azoBerii cnBur. [TogcraBuB B ucxoaHoe ypaBHeHHe (1)

npexncrasienue s Y11
p(1)=A4(r)e e,

ClleaB HEKOTOpBIE YMPOIICHUS, MOXKHO TIOJNyYUTh JUIS aMIUTUTYZIBI BO3-
Oyxnenust E(f) BblpaxkeHue

E(z):cic A1)+ i('p(t)+;)£2 A1) . @)

MoaeanpoBanue YanajiepoBckoii orudaromeid. Paccmorpum mpo-
CTYIO MOJIeJIb aMIUTUTYAHON MOy Isuu YaHamepoBCKOro KoneOaHus:

p(t)= [ao +a cos(oomt)]eim"t, 3)

rge ©®, — HU3Kas 4acTota MOAYJNSIMH; (a3oBbli CIBAT (p(t) OTCYT-

CTBYET.
Crnenys nmpenctaBieHHOMY Bbilie ioaxoxny [7] u monacrasiss (3) B (1),
TSl BO30Y KJICHUS TTOTYYUM:
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x(1)=— ;)—é[ao +a,c08(0,,f) |- o, asin(o,) |

Cuutas i/, KOMIUIEKCHBIM MHOXXHUTENEM, JEHCTBYIOUIUM Ha HECy-

o .
myro e’wc , 4JICH B CKOOKax 6y,I[6M CUUTaTb MCHAMOIICUCSA BO BPECMCHU

aMIUTUTYAO0N BO30YKICHUS:

E(t)= M+%cos(mmt) —0,,a8in(,,1).

20

Bkiaan u3MeHenmii amMmiuTyAbl M ¢asbl B Bo30yxkaeHue. 3
Habmonenuii HenuHeineiM MHK Ob110 olleHEeHO cpenHee 3HaUYE€HUE aM-
wmrtyasl YT 132 mc nyru u ase rapmonuku ammutyast YJII1: nepsas
¢ mepuoaoM 86 JeT ¥ aMmIuIMTyaA0u 46 Mc ayru, BTOpas — C MEPUOJIOM
42 roga v ammuTyaou 57 Mc ayru. [ns cpaBHeHus Ha puc. 1, a mokasza-
HbI oruoaromas Y/I1T u ee moxenu.

bepst TonpkO MEpBYIO0 FrapMOHUKY M MOACTaBIsAA B MoAelb (3), momy-
yaeM q, = 131, a = 46 mc nyru. IloMHs o mMHoxurtene i/c,., rae

6, ~5,3, moaydaeM Uil aMIUIUTYIbl BO30YXKIEHUS CpelHEee 3HA4YeHHE
3,5 Mc ayru, ammiutyga 80-ietHero koneOanusa Fg, =3,6 okaxeTcs

IIPAaKTUYECKHU PABHOU CPEAHEMY.

Yananeposckoe Bo3byxaeHne
40-neTHAsA rapMoHuKa
80-NeTHsAs rapMoHMKa
Habnionaemas avMnEUTyaa

MoZienbHbIA Mofy!
BO30YxaeHne

B L B B B L L RO NN S B L L L L L B A

1840 1860 1880 1900 1920 1940 1960 1980 2000 2020 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020
rogb! roas!

300 —

Amnnutyaa AsvxeHus nonoca
40-neTHSs rapMOHUKa
80-neTHsAs rapMoHVKa
HabniogeHnst

Mozaenb

200 —

100 —

MUNNUCeKyHabl ayrn
MUNNUCeKyHabl ayrmn
o

a o
Puc. 2. Vzmenenne ammuntyabl YaHuiepoBeKkoro kosebanus (a) u
YaH1y1IepoBCKOT0 BO30YKICHHS U €r0 MoJei (6)
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Jo6aBisas 40-1€THIOIO TapMOHUKY € ¢, = 57 MC JIyTH, MOJIy4uM €€
BKJIaJl B BO30YXJEHUE C aMILIUTYA0H E4y = 8,6 Mc myru, uto Gonee 4eM
B 2 pa3a IPeBOCXOIUT CpeAHee U aMIUIUTYny Eg, 80-lleTHeW rapMOHMKH.
CymMupyst 00e rapMOHUKHU U CpeJlHEE, Pa3JeiB Ha |G, |, MOIy4UM B MO-

nyie orubaromieit Bo3OyxaeHus E(f) (puc. 2, a) npucyrctBue 20-meTHen
BOJTHBI, SIBIISIOLICHCS CIIEACTBUEM OOJbINEH aMIUTUTy bl 40-JIETHETO IHK-
J1a, ePECEKAIOIIEro YPOBEHb HYJIsl Kaxkble 20 JIeT, U Majaol aMILTUTY bl
80-yeTHer0 KOJIEOAHUS, TPAKTUUECKH HE MEPECEKaIoIEero Hyb.

Jlns cpaBHeHMs HA puc. 2, 6 OKa3aHo YaHanepoBcKoe BO30YX ACHHE
(3eneHbIM), BbIIeTeHHOEe MeToqoM [laHTeneeBa B COOTBETCTBUU C pado-
TOU [5], u cMomenupoBaHHbIe rapMoHUKU. Orumbaromas YaHIepoBCKOTO
BO30Y>KJCHUsI BbIJIEJIEHA KPAaCHBIM, CyMMa TapMOHHUK U CPEIHEro — uep-
HbIM 11BeTOM. Coryacre MeXJy HUMHU BIIOJIHE yAOBIIETBOpUTEIbHOE. Elie
JYUIIEro COTJIACHsI MOKHO JOCTHYb, HETIOCPEACTBEHHO TMOJCTABIISSI KOM-
MOHEHTHI B popmyty (2).

3akiarouenue. [Tokazano, kak mpocTasi MOJIENIb U3MEHEHUN aMILINTY-
el YaHUIEpOBCKOTO KOJeOaHUs OOBSCHSET TMOSBICHHE B BBIACICHHOM
METOJOM KoppekTupytomiei ¢unbTpanuu [lanTeneeBa [5] Bo30yxaeHnn
kBa3u-20-neTHUX MoAyJsuil. Jlanel hopMyIIbI Ui CBSI3U U3MEHEHUI aM-
wmtyasl YA u ero Bo3Oyxaenus. Becbma mMHTEpecHa BO3MOXKHOCTH
O0O0BSICHEHUS MMOKA3aHHBIX B pad0Te MOIYJISIIUI HU3KOYACTOTHOW CHHXPO-
HU3aIMel ¢ BHEITHUMU CHiIaMH [§].

Paboma svinonnena npu noodepoicke epanma Hayuonanvho Hayunoeo
@onoa Kumas Ne B17033 u Hayunoeo ¢ponoa Hayuonanvroco
uccne008amenbeKo20 ynugepcumema « Boicuias wkona 3KoHoMuKu»
HUY BLID (npoexm Ne 20-04-033 na 2020-2021 22.).
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On modulations of the Chandler wobble and its excitation
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Abstract. The paper presents the results of Chandler wobble ampli-
tude modeling based on the last 160 years of observations. We developed
the equations, which relate the modulations in this wobble with modula-
tions of its excitation. The comparison of Chandler excitation reconstruc-
tion resultingfrom Panteleev corrective filtering with those obtained from
equations and models proves the appearance of quasi-20-year variations in
the excitation amplitude. The question of their cause remains open. In par-
ticular, if the non-linear back-propagation takes place, it could lead to the
synchronization with the low-frequency external forces.

Keywords: Earth rotation, Chandler wobble.
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OnTumMu3anus 1moJiera K TpaHCHEeNTYHOBOMY 00beKkTy Cenna

© B.A. 3y61<01’ 2*, B.B. KOpHHOBl, K.C. d)ez[ﬂe133,
A.A. Cyxanos’, A.A. Bemsies"?

'MI'TY um. H.D. baymana, Mocksa, Poccust
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Mocksa, Poccust
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AHHOTanus. PaccMOTpeH MoucK ONTUMAaIbHOM TPAaeKTOPHH IepeeTa
K TpaHcHenTyHoBoMYy 00bekTy 90377 (CenHa) ¢ coBeplIeHHEM IpaBUTa-
LIMOHHBIX MaHeBpoB y Benepsl, 3emun, Onurepa, Hentyna npu Hakna-
JbIBAEMbIX OTPAHUYEHHUSAX HA JUIUTEIBHOCTh MEPEJIeTa U BBICOTY IMPOJIETa
rwiaHeT. [louck oNTHManbHBIX TPACKTOPUHA MPOU3BOIUTCS B IEPHUOJ]
¢ 2029 no 2034 r. B pe3ynbrate pabOThI OBLTH TOTYYEHBI ONTHMAILHBIC
JlaThl cTapTa Ul pa3HbeIX cxeMm nepenera Kk CeqHe ¢ rpaBUTALlMOHHBIMU
MaHEBpaMH.

Kniouesvte cnosa: Ceona, mpanchenmynoswiii oovexm, nosic Kotinepa,
2PaABUMAYUOHHBLIL MAHEBD.

JlanHast paboTa TOCBSILEHAa TPOSKTUPOBAHUIO OAJUTMCTUIECKUX TpPaeK-
TOpuil K TpaHcHenTYHOBoMY 00bekTy 90377 (Cenna), KOTOPBIN SBISETCS
obwsekToM mosica Kotinepa ¢ nmepurenuem mopsiika 74 a.e. u ademuem 60-
nee 500 a.e. M3-3a 3HaunTenbHOro yaaneHus ot ConHua 1 JOCTUKCHUS
Cennbl TpeOylOTCS BECOMBIE 3aTpaThl XapaKTEPUCTHUYECKOM CKOPOCTH.
B paGote paccMOTpeHBI JBa BO3MOXKHBIX criocoba mocTikeHus: CelHbI:
NpSIMON NIEpENIET U MEepeieT C MCIOIb30BAaHUEM IPABUTALIMOHHBIX MAHEB-
POB Yy IUIAHET AJIsl yBeJIWYeHUs1 opOuTanbHON 3Hepruu. Ilouck ontumans-
HBIX TpaekTopui mpousBoauics Ha nepuoxa ¢ 2029 no 2036 r. Ipsmoit
HEpEeJIeT OKa3aJCsl HEPeaJu3yeM H3-3a BBICOKMX 3aTpaT XapaKTEpUCTUYe-
CKOM CKOPOCTH U JJIUTEJILHOCTH TaKOI'0 CLEHAPHUS.

[lepciekTUBHBIMM OKa3alKCh cLeHapuu nepenera Kk CeqHe ¢ UCmob-
30BaHMEM I'pPAaBUTALlMOHHBIX MaHEBpOB y 3emuu, Benepsl, FOnurepa, Ca-
TypHa ¥ Hentyna. B pabote nosyuena ontumainbHasi TpaeKTOpHs repelie-
ta Kk CelHE C HMCHOJIb30BAaHUEM TIpPaBUTALIMOHHBIX MaHEBPOB y 3eMIIH,
Beneps! u IOnurepa. Ilokazano, uto cxema nepenera 3emist — Benepa —
3emist — 3emust — FOmutep obecneunBaet goctmwkenne CemaHbI ¢ 3aTpa-
TaMH XapaKTepUCTUYECKON CKOpocTH He Oonee 4,5 KM/c JUIsl ONTUMAlb-
HOM naThl cTapta B 2029 .
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Design of a promising mission to the trans-Neptunian
object 90377 (Sedna)
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Abstract. This research considers the optimal flight path to the
TRANS-Neptunian object 90377 (Sedna) with gravity assists near Venus,
Earth, Jupiter, and Neptune with restrictions on the time of flight (ToF)
and the flight path altitudes of the planets. The search for optimal trajecto-
ries is performed at the period from 2029 to 2034. As result of research
optimal launch dates were obtained for different flight schemes to Sedna
with gravity assists.

Keywords: Sedna, trans-Neptunian object, Kuiper belt, gravity assist.

This work is devoted to the design of ballistic trajectories to the trans-
Neptunian object (90377) Sedna, which is a Kuiper belt object with the
perihelion of about 74 AU and aphelion over 500 AU. Due to a large dis-
tance from the Sun, reaching Sedna requires significant expenditures of
the characteristic velocity. The paper considers two possible ways to reach
Sedna: direct flight and flight using gravitational maneuvers near planets
to increase orbital energy. The search for optimal trajectories was carried
out for the launch period from 2029 to 2036. The direct flight turned out to
be unrealizable due to the high costs of the characteristic velocity and the
duration of such a scenario. Scenarios of a flight to Sedna using gravity
assist maneuvers near Earth, Venus, Jupiter, Saturn and Neptune turned
out to be promising.

In this work, the optimal transfer trajectory to Sedna was obtained us-
ing gravity assist maneuvers near the Earth, Venus and Jupiter. It is shown
that the scheme of the Earth—Venus—Earth—Earth—Jupiter transfer en-
sures reaching Sedna with the costs of a characteristic velocity of no more
than 4.5 km/s for the optimal launch in 2029.
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IIpumeHeHue 00001IEHHOT0 MHTETPAJIA IHEPTUH
AJISl aHAJIM3A IBUKEHUSI KOCMHYEeCKOro anmnapara
¢ yueToM c:katusi 3eMJiu

© B.B. UBamkuu

UIIM um. M.B. Kengeimra PAH; MI'TY um. H.3. baymana, Mocksa, Poccus
E-mail: Ivashkin@keldysh.ru

AHHOTanms. Pabota mocBseHa y4yeTy cxaTusi 3eMiId MpU aHaIu3e
OKOJIO3EMHOI'0 3Tana JBMKeHus kocMmuyeckoro ammapara (KA) k Jlyne
U iaHetaM. /laHo 000OIIeHNe WHTErpana SHEPTUy 3a CUeT ydeTa BTOPOM
30HAJILHOM TapMOHMKHU TOTEHIMAIa TPaBUTAIIMOHHOTO TTouist 3emutu. Tloka-
3aHO, 4TO CKaTHe 3eMJIM NMPUBOJIUT K U3MEHEHUIO INIaBHOTO OPOUTAIBHOTO
napameTpa — KeIJIepOBCKOW KOHCTaHTHI SHEpruu mpu nojere KA x ma-
HetaMm wiu JIyHe. DTo BbI3BIBAEeT BapHaliio ckopoctu otiera KA ¢ okono-
3eMHOM OpOHTHI OXKHIaHUs. [laHbI YHCIIEHHBIE OIIEHKH STHX () (PEKTOB.

Knroueswie cnosa: cpasumayuoOHHoe nojie 36]WZM, corcamue 36J|/UZM, 30HAJlIb-
Hble caApMOHUKU nomeryuala miAcoOmerus, urmezcpail dHepcuu, Kocmuude-
CcKull annapam, 0p6uma omJjema om 3€M/lu, noJenivl K .]Z)/He u naaHemdam.

Bgenenue. IlocranoBka 3agauu. Ilpu nonere KA B nenTpanbHOM
HBIOTOHOBCKOM T'paBUTAIMOHHOM Tosie 3emuin aBkeHrne KA B HeBpara-
IOLLEHCS TEOLIEHTPUYECKON I'€07KBAaTOPUAIbHON CUCTEME KOOPIMHAT YJI0-
BJIETBOPSIET YPABHEHUIO

d*r/df = oUy/or" = a(wr)lor' = — (Wr)r, (1)

rae r — panuyc-Bektop KA; r = |r|; «#» — 3HaK TpaHCTIOHUPOBAHUS; [l —
IpaBUTALMOHHBIN MapaMeTp 3eMII;

Us () = Wr )

€CTh MOTEHIINAJ MPUTSDKEHHST 3eMITu 0e3 yueTa BO3MYIICHUH.

Cucteme (1) COOTBETCTBYIOT KEIIEPOBCKUE ABHXKEHHSI B T0JIe cepu-
YECKOM, 0HOpOAHON 3eMiu. BakHeHIIMM NepBbIM HMHTETPAJIOM B 3TOM
cllydae sBJII€TCS MHTerpai 3Hepruu [1]:

V2I_2Uy=V>-2Wr=hy, hi=-wa, (3)

rae V = |V|, V — reouenrpuueckas ckopoctb KA; s — kemiepoBckas
KOHCTAHTA dHEPTUU; @ — OCKYJHMPYIOIIast OOJIbIIAs TOJTYyOCh OPOHUTHI TIPH
IMITUYECKOM JIBUXKEHUH, Korja /iy < 0.

PaccmoTpuM, kak m3MeHsieTca uHTErpai (3) mpu yyere BO3MYIIECHUS
OT CXKaTus 3eMJIM KakK TeJla BpalleHusl.

O000meHHBIN HHTErpaj JHePruM IpPH Yy4yeTe CKATHA 3eMJIH.
B npocreiiem cinydae anamusa nemwxeHus KA y 3emum [y yuyera ee
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ckatus K ocHoBHOMY wieHy U (2) B morennuane 3emiu U nobasisercs
BTOpast 30HaJIbHas rapMoHuka U,:

U=U(r)+ Uy (r); 4)
o 1 1
U, (r)= —r%(smz ¢ —gj = —%(%—g], e=(3/2) J; HReza )

riue ¢ — reoueHTpryeckas mmpota KA; J, = —Cyy — ko3 duitmeHT 30HaIb-

HO TApMOHKKH 2-r0 Topsiika, J> ~ 1082,63-10°° [2]; R, — cpe/muii kBa-

TopHanbHbI pazuyc 3emin, R, ~ 6378,137 kv; £~ 2,63328:10" km’/c?.
VYpaBuenue nsmxenus (1) mensiercs:

d*r/d¢ = oUlor", (6)

rae 3a U Bzar notenuman (4), (2), (5). YaBoeHHas sHeprusi JBUKCHUS
KA A(2):

2 2 222 1
h=V-=-2U=V —2U0—2U2 :hk+r_3 r—z—g . (7)

[Mockonbky norenmman U = U(r), To h = const, di/d¢ = 0 B cuny ypas-
Henus awxkenus [3]. CnemoBarenpHO, Ha Tpaekropuu KA sueprus (7)
MOCTOSTHHA:

2
h:V2—2—u+§[Z——§J:hk—2U2 = const. )

Bynem Ha3bIBaTh 3TOT UHTETPAT 000OUEHHBIM UHIMESPATIOM IHEP2ULL,
uMesi B BHJy, 4TO OH 00oOmuiaer unrterpan (3) Ha ciay4ail ydera cxaTus
3emuu ipu pacuete TpackTopuu KA.

3ameuanue 1. [lanHblii moaxoa MOXeT OBITH IPUMEHEH U IS Oolee
MOJIHOM MOJENIH 30HANIbHBIX rapMoHuk. s 3emnu [2]: J3= —2,53-1076;
Ji=-1,61-10"°.

3ameuanue 2. B 1aHHOM cily4yae MOTEHIUAIBLHOTO OCECUMMETPUYHO-
IO CHUJIOBOTO TMOJIS €CTh €lle MHTErpall OCEBOr0 MOMEHTa KOJIMYeCTBa
JBUKEHHUS [3].

BrinucaB unTerpan (8) ayia HauanbHOM TOUKH Xg (Yo, Vo, fp) U IS He-
KOTOpOH Apyroil Touku Xy (rs; Vy, f), IOIy4YUM COOTHOLIECHUE

2 72
h=1/02—2—'“+2—38 Z—g—l =v? —2—“+2—f —Jz’—l . (9)
non\n 3) 0 ol 3

[Ipumenum ero k anamuzy Tpaektopuii otiaeta KA ot 3emumn k Jlyne
U TUIaHETaM.
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HN3MeHeHHe KeIUIepOBCKOW KOHCTAHTHI JHEPTUU HA OpOUTe OTJIe-
Ta Kk JlyHe u mianeram. 13 (9) ciemyer, 4To u3MEHEHUE KEIIEPOBCKOMN
KOHCTAHTHI DHEPTHUHU:

26(zp 1) 2¢[z 1

Ahi = hyr— hyo=—2Up+ 22Uy = —| — —— =, 10
k= Nir— hio 20 2 7’03 7”02 3 r; rf2 3 (10)
z/r = sin ¢ = sini-sinu = sini-sin(w + 0), (11)

rzie i, ® — HAKJIOHEHHWE M apTyMEHT Iepurest OpoUTsL; u,  — apryment
IIUPOTHl U UCTUHHAs aHoManusi Touku. Eciaum mpu A < 0 mepeiitu ot Ay
K Oousbiiolt nosyocu a (3), To u3 (10), mocne nuHeapu3anuu Mo a, Mmoiy-
YuM Bapuauuio Aa, COOTBETCTBYIOLIYIO [4].

[Tpu monete x rutaneTe OyAeT OTIIET MO rUNepOoIIe (11 OLIEHOK BO3b-
MEM CKOPOCTh «Ha OECKOHEUHOCTH» Vo, = 3...4 km/c). B aTOM cnyuae pac-
CTOSIHME 7y BO3PacTaeT HEOrpaHMYEHHO, U mnociaenHuil uinern B (10)
2Uys cTpeMuTCA K HYJIIO, @ U3MEHEHHE KETUIEPOBCKOW KOHCTAHTBI SHEPTUH
Ahy — x ipenenbHOMY 3HaUeHUIo Ahy;

2
Ny~ Mg = Mg = 2Ung= =5 2L | (12)
B\ 3

Jlng nonera k JIyHe paccMOTpUM AIIITMITHYECKYIO OPOUTY € IEpUTreeM
B Ha4yaJbHOW TOYKE, 7y = rp = 6578 KM, C pAcCCTOSHHEM B aIOree 7y,
Ya = Ty, COOTBETCTBYIOIIMM paccTosiHuio 10 JIyHbI 1y npu noanere KA
K Jlyne, ryy = 360...405 toIc. KM. B (10) paccrosiHue ry BO3pacTaer OT ry
70 v < 00 , TIPH 9TOM TIOCIICAHUHN WiieH YOBIBAaeT 10 HEKOTOPO OYEeHb Ma-
JIOH BEJIMYNHEI (~10’6 KMZ/CZ), U TIpeIeNIbHOE U3MEHEHHUE /1y

2¢(z |1
Ay = Ahy=—2Usy = | 5 —= |. (13)
i\ 3

s ouenku Bo3bMeM 1y = 0, Torna zo = 0, Ahy = —28/3]”03, UL 3eMIIH
Al = —0,0617 kv*/c? [5]. UnceHHBIe pacueThl AyIs TPACKTOPHIl ITONeTa K
Jlyne nonrBepxkaatoT 3tu oueHku. [Ipu /; < 0 3T0 U3MEHEeHue KeriepoB-
CKOM KOHCTaHTBI YHEPTUU COOTBETCTBYET U3MEHEHHUIO OOJIBIION MOTYyOCH:
Aa = —6200 xm npu a = 200 TeIC. KM, Aa = —8900 kM tipu a = 220 THIC.
kM, Aa = —56 000 kM npu a = 600 TbIC. KM [5, 6]. IIpakTHyecku 310 U3Me-
HEHUE MPOUCXOAUT OBICTPO, B T€UeHHE ~3 4 HayanbHOro mnosiera KA or
3eMiH, IPU BO3PACTAHUU PACCTOSHUA 77 10 ~70 TBIC. KM.

CxopocTh 0T/IeTa ¢ 0K0JI03eMHOM OpOMTHI OkuaaHus. V3meHeHne
KEIUIEPOBCKOM KOHCTAHThl SHEPTHH NPUBOIUT B pamkax mojaenu (4)—(5)
K U3MEHEHHUIO HadalbHOU ckopocth KA oTiera ot 3emin mo cpaBHEHHUIO
C KEIUIEPOBCKOM MOJENbI0 ABMKEHUS. 3ajaguM JUisi OpOMTHl OTjeTa
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KEIUIEPOBCKYIO KOHCTAHTY 3HEPruu /iy (M Vs, a). Torna B KemiepoBCKon
moznenu neuxkeHust KA (1)—(3) HayasibHasi CKOpOCTh

Vo= (hy + 2u/ro)". (14)

B monemn (4)—(5) ¢ ydeTom cxkaTus 3eMIH, IIPH YCIOBHH hyr = My,
HavalbHask CKOPOCTh

0 )
2 2 2
z
VIV PRV TR B N PO TR NGO
3 3 31203
re\ Ty n\ 1\

JlaHbl yuCIeHHbIe OLIeHKH Tipu zo = 0. YdeT cxkatus 3eMiIu Tpu moJe-
Te K Tia”eTe ¢ V= 3...4 KM/C yBeIMYUBAET 1O CPABHEHUIO C KETUICPOB-
CKUM cllyyaeM HaudajbHyl0 ckopocTh Vp ot ~11,410...11,713 km/c no
~11,413...11,716 xm/c, T. e. Ha ~3 m/c. [Ipu monere k Jlyne nipu r, = ry =
= 400 ThIC. KM YYeT C)KaThsl yBEIMYMBAET HAYAIbHYIO CKOPOCTH Vj OT
~10, 919 xmM/c o ~10,922 kwm/c, T. €. Toxe Ha ~3 M/C. DTO MPUBOIUT
K YBEJIMUYEHUIO (M0 CPaBHEHHIO C KEIUIEPOBCKUM CIIy4aeM) HadaJbHOU
OCKYJIMpYIOIIel 00BN momyocu Ha ~6500 KM, Ha4YaILHOTO aNoTrelHO-
ro paccrosinusi — Ha ~13 TbIC. KM [5, 6].

3akiarouenune. Paccmorpena monens npuxeHust KA ¢ yyetom coxatust
3emuu mpu moieTe K rianere u JIyHe. B moreHImane moys mpUTSHKEHUS
3eMJId yUYTeH TIJIaBHBIA 4JIEH, COOTBETCTBYIOLIUI KEIIEPOBCKOMY JBHXKE-
HUIO, U 30HAJIbHAsi TaApMOHKKA BTOporo nopsaka. [Tomyuen o600mieHHbIH
MHTETpall 3Hepruu 1 3Tod mozenu. [IpuBeaeHo M3MEHEHHEe KeIuiepoB-
CKOTO MHTETpajia 3HEPTUU Ha HayalbHOM ydacTke nojiera KA. Onpenene-
Ha HavyayibHas CKopocTh omieta KA ot 3emiu npu ydere cxxkatus 3eMIIu.
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Using generalized integral of energy for analysis
of spaceflight dynamics with taking into account
the Earth oblateness

© V.V. Ivashkin

Keldysh Institute of Applied Mathematics, RAS; Bauman Moscow State University
of Technology, Moscow, Russia
E-mail: Ivashkin@keldysh.ru

Abstract. Taking into account the Earth oblateness is performed in
the paper for analysis of near-Earth part of spacecraft (SC) motion to
the Moon or planets. Generalization of the energy integral is made taking
into consideration the second zonal harmonic of the Earth gravity field po-
tential. It is shown that this effect of the Earth oblateness leads to variation
of main orbital parameter — Keplerian integral of energy for the flight off
the Earth to planets or to Moon. This results in a change of the spacecraft
velocity for the flying away from the near-Earth waiting orbit. The numer-
ical calculation results are given in the paper.

Keywords: gravity field of the Earth, the Earth oblateness, zonal harmon-
ics of gravity potential, integral of energy, spacecraft, orbit of flight off the
Earth, space flights to the Moon and planets.

Pacuer BEPOSITHOCTH CTOJKHOBCHUSA YaCTHIY
¢ KOCMHYE€CKHM allnmaparomMm

© H.C. Kiiumosa

MI'TY um. H.D. baymana, Mocksa, Poccust
E-mail: natali.lesnyh@gmail.com

AHHoTanus. B paGore paccmarpuBaroTcst CIOCOObI PELICHUs 3aauu
HAaXOXJICHUS BEPOSTHOCTH CTOJIKHOBEHHS YACTHUI] C KOCMUYECKUM ara-
paTtom, mpou3BOIUTCS 0030p M BHIOOP METOJOB M aJIrOPUTMOB, HEOOXO-
JUMBIX JJIs1 pelleHHs NOocTaBlieHHOM 3anaud. Ha ocHoBe BBIOpaHHBIX
QITOPUTMOB pa3padaThIBACTCd MPOTPAMMHBIM MPOAYKT, IO3BOJISIONINN
OPOBOJUTH MCCIEIOBaHUS /ISl PA3JIMYHBIX ITOCTOSHHO MEHSIOIIMXCS Ma-
pametpoB. IIpoBOIUTCS CTATUCTHYECKOE MOJEITMPOBAHUE KOCMUYECKHX
00BEKTOB 10 OpOMTAaM M Pa3IMYHBIM BBICOTAM U MCCIIEJOBAHUE MOJTYUYECH-
HBIX PE3yJIbTATOB.

Knroueevie cnosa: xocmuueckuil annapam, 6€poAmMHOCNb CMOJIKHOBEHUA,
KOHYenmpayus vacmuuy, KOCMU4ecKull Mmycop, KocMuyeckull 00vexkm.
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CunpHOe BIHMSHUE Ha HOpMaibHOE (DYHKIIMOHHpPOBAHHUE amrmapara
OKa3bIBAlOT BO3MOYKHBIE CTOJIKHOBCHWSI, BIIHSIFOIINE HA MPOYHOCTHBIC Xa-
PAKTEPUCTUKH KOCMHUYECKOTO arapara, BIUIOTh A0 MOTEPH HEKOTOPOM
CTENeHU (PYHKUMOHAIBHOCTH M JIaXK€ IMOJHOTO pPa3pyLICHHUs 3alUTHOU
000JIOUKH WM BHYTPEHHUX CHCTEM KOCMHYECKOro ammapata. JlaHHas
OTAaCHOCTh TIPOSIBJIIETCSI OCOOEHHO CHIJIBHO JUISI YaCTHUI[ KOCMHYECKOTO
Mycopa.

HpI/I AHAJIUTUYCCKOM CpPaBHCHUU HaI/I60JIee MOMmyJIIpHBIX MCETOA0B
pacdeTa BeposiTHOCcTH ObLT BBIOpaH Meton Keccnepa u @mopu [1], mpous-
BO)I?[HII/Iﬁ IOMCK BCPOATHOCTH CTOJKHOBCHUSA KOCMHYCCKOI'O arIiapara Ha
paccMaTprUBaeMOM y4YacTKe TPACKTOPUU C YACTHIIAMU KOCMHYECKOTO MPO-
CTpaHCTBa IO cienytomiei popmyse:

P=1-¢"%, (1)

rae L — pnuHa TpaekTopuu; S — IUIOMIAlb KOCMHUYECKOIrO amnmnapara;
¢ — KOHLIEHTpALMs YaCTHIL B IPOCTPAHCTBE.

KoHuenTpanus 4acTuil B MpOCTPAHCTBE ABJIAETCSA HE ITOCTOSHHOM Be-
JUYUHOM, a (QyHKIMEH, 3aBUCSIIEH OT BpEMEHH ! U MECTONOJIOXKECHUS ¥
KOCMHUYECKOI0O armnapara OTHOCUTEIBHO 3EMIIH:

q:q(t,r). 2)

Paccmorpum moapoOHee mnmuHy TpaekTopuu L. B manHOM ciydae
HEOOXOJUMO HAMTU MyTh, KOTOPBIM MPOXOAMT KOCMMYECKHUH ammapar,
JBUKYIIUICS CO CKOPOCTBIO V B TCUECHUE BPEMEHH [ :

L=vt. 3)

[ToxcraBuB Beipaxenus (2) u (3) B (1), momyduM yCcOBEpIICHCTBOBAH-
HYI0 (hOpMyITy TTOMCKA BEPOSTHOCTH:

p=1-e )" (&)
Komuentpauuio sactui g =u(M,t) paccMaTpuBacMON MOZEIH KOC-
MHYECKOTO Mycopa OyIeM ONpeJieNaTh U3 PelIeH s KpaeBoil 3a1aun:
ou
E+vgradu =DAu— pu+Q(M,t);

u(M,0)=0, Me; (5)
u(P,t)=0, PedQ, t>0,

rae D — xoa¢punuent typOynentHol quddysun; p >0 — KOHCTaHTa,

OINpeeNsAoNas UHTEHCUBHOCTh Pa3pylICHHUs W HCUE3HOBEHHUS YaCTHUIL
B IIPOLIECCE UX PACIIPOCTPAHEHHUS.
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Jliga paccMaTpuBaeMoro citydasi pacipezesIeHue 4acTUL] KOCMUYECKO-
ro Mycopa ¢ y4eTOM IOJCTaHOBOK MOXKHO 3alMcaTh IPU MOMOILU JABOM-
HOT'O TPUTOHOMETpHUUYECKOro psifa Pypre:

. NMX, . MWy, . ATX . MTy
40, _Vl(x*xo);[:z(yﬂ’o) w0 @ s . s1nTs1nTs1n—
u(x.y.)==5"e >3 (1= ) .
n=l m=1 nm

(6)

[Ipu peanuzanuu mporpaMMHOro MpoaykTa [2] ObUIM MOTy4YeHbl rpa-
(buKH, XapaKTepU3yIOIHe OCHOBHBIC 3aKOHOMEPHOCTH:

e IPU YBEIMYEHHM YHCJIA PACCMATPUBAEMbIX YACTHIl MOXHO 3ame-
TUTh CWIBHOE YBEJIMYEHUE BEPOSITHOCTH CTOJKHOBEHHUS KOCMHUYECKOTO
anmapara ¢ 00beKTaMH KOCMHYECKOro IMpOCTpaHCTBA. JlaHHas 3aKOHO-
MEPHOCTh HaOMIoAAeTCs A1 KOCMUYECKHX allapaToB pa3jIMYHBIX pa3Me-
posB. IIpu 3TOM pazMep KOCMHYECKOTO ammapara BIUSAET Ha CKOPOCThb po-
CTa BEPOSATHOCTU IPHU YBEIWYEHUH YACTHII: JJIi KOCMUYECKOIro ammapara
MaJIbIX Pa3MepoB MPH YBEIUUEHUH YMCIIa pacCMaTPUBAEMbIX YaCTHIl Be-
POSITHOCTh MOYKET YBEJIMYMTHCS HA HECKOJIbKO MOPSAIKOB; uid Oosee
KPYIHOIO0 KOCMHYECKOTO anmnapara BEpOSTHOCTb MU3MEHMTCA JIMLIb B He-
CKOJIBKO pa3;

e IIPU YBEJIWYECHUU BPEMEHHU MOJICIIMPOBAHUS BEPOSITHOCTb CTOJIKHO-
BEHUs Takke yBenuuuBaercs. COOTBETCTBEHHO, YEM MEHBIIIE BpPEMsI MO-
JEIIMPOBAHMSI, TEM HUKE BEPOSATHOCTH CTOJIKHOBEHHS KOCMUYECKOIO am-
napara ¢ KOCMMYeCKUMHU 00beKTaMu 32 0003HaYEHHOE BPEMSI;

e IPU YBEIMYEHUH pa3Mepa KOCMHYECKOIO ammapara BO3pacTaer
U BEPOSITHOCTh CTOJIKHOBEHHUSI pacCMaTpUBAEMOI0 0OBEKTAa C 0OBEKTaMU
KOCMHUYECKOT0 ITPOCTPAHCTBA.

Takum 00pa3zom, Bce MOJIyYEHHbIE PE3YJIbTaThl COOTBETCTBYIOT OXKHU-
JaeMbIM pe3yJbTaTaM MOJCIMPOBAHUS BBUIY HCIOJIb3yEeMbIX 3aBUCHMO-
CTE, YTO MO3BOJSET BHICOKO OLIEHUTh COCTOSTEIBHOCTh U aJ€KBATHOCTH
MIOCTPOEHHON MOJENH.
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Calculating the probability of a particle collision
with a spacecraft
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Abstract. The paper considers ways to solve the problem of finding
the probability of collision of particles with a spacecraft, reviews and se-
lects the methods and algorithms necessary to solve the problem. Based on
the selected algorithms, a software product is being developed that allows
research for various constantly changing parameters. Statistical modeling
of space objects in orbits and different heights and the study of the results
are carried out.

Keywords: spacecraft, collision probability, particle concentration, space
debris, space object.
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CorsacoBanmne Mojesieil BHyTpeHHero crpoeHusi Turana
¢ JaHHBIMH I'PABUTAIIHOHHOTO MOJIS

© B.A. KpOHponl*, A.H. I[yHaeBal, T.B. Fy;[KOBaZ, O.JL. KyCKOB1
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AnHotanus. OOcyxnaercs mpobiemMa CoriacoBaHUs MOJENEH BHYT-
peHHero cTpoeHusi yacTudHO auddepeniupoBanHoro TuraHna ¢ MOMEH-
TOM WHEpIHU, Maccoi u unciom JlsBa k. MonenbHble uncna JlsBa Omus-
ku K uucnam Jlsa k, (Durante et al., 2019) npu rioyOuHe BHYTpEHHETO
okeaHa > 310 kM noJ 1eIsTHOM Kopoii u3 mpaa [, momHocThI0 < 90 km.

Knrwouegvie cnosa: muman, eHympenHee cmpoenue, MOMEHM UHepYuu,
yucaa Jlaea, oxean.

Ocy1iiecTBiI€HHbIE B TOCIEAHHME JECATHIIETUS Hay4HO-HCCIIEe10Ba-
tenbckue muccun k FOmmrepy m Carypny («[ammneo», «Kaccunu-
['foifreHcy) MO3BOIWIM MOTYYUTh MPUHIMIIMAIBLHO HOBYIO MHGOpPMAIUIO
O CITyTHUKOBBIX CHUCTeMax 3THX IIaHeT. B "acTHOCTH, OBLI BIEPBBIC W3-
MepeH Oe3pa3MepHbIii MoMeHT uHepun Tutana I* = 0,34190+0,001 [1] u
MOJTy4YeHBI TIPUIIMBHBIC uncia JIsBa k; [2]. B HenpaBHel padote [3] Ha oc-
HOBaHWU OOpaOOTKM HOBBIX T'PaBUTAIMOHHBIX JAHHBIX OITyOJMKOBAHO
3HaueHue momeHTta unHepiuu 0,341. B pesynpraTe 00pabOTKHM JaHHBIX
IPaBUTALMOHHOTO Mo TuTaHa, BHIMOIHEHHBIX B XOJE IIECTH MPOJIETOB
cnyTHUKa anmnapaToM «KaccuHmu», ObIIIM pacCYUTAHBI IBa 3HAYEHUS YUCIIA
JlsBa ky: 0,589+0,075 u 0,637+0,112 [2]. JomonHutensHas oOpaboTka
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pE3yJIbTATOB €IlI€ YEThIPEX MPOJIETOB KOCMHYECKOW CTAHIMM I103BOJIAJIA
HOJY4YUTh YTOUHEHHOE 3HaueHue k, = 0,616 + 0,067 [3].

UucneHHoe MOJIeTUpPOBaHUE BHYTPEHHEro cTpoeHusi Turana ajis co-
IJIACOBAHMS PACUYETHBIX U IKCIIEPUMEHTAJIbHBIX YKcell JIgBa MPOBOIUIOCH
Ha OCHOBE MMeEIOIIEHC Teopu3nuecKoil HHPpOopMaluu 0 Macce, CpeaHen
IUIOTHOCTH W IMIPUBEJEHHOM MOMEHTE MHEepLuMH. B pacuerax ucnosb3oBa-
Hbl YPaBHEHMsI THMAPOCTATUYECKOTO PABHOBECHUS, COXPAHEHHUS MAacChl U
MOMEHTa UHEPLIUH CIyTHUKA, YPAaBHEHUs KOHAYKTUBHOI'O TEIUIONIEPEHOCA
BO BHEIIHEW JIEASHOU I;-KOpe, ypaBHEHHS COCTOSIHUS JKEIE€30KaMEHHOU
KOMITOHEHTHI [4, 5].

Paccuurans! uncna JlsBa ky, hy ans Mmoxenu yactuaHO quddepeHIpo-
BaHHOro TwWTaHa, COCTOSIIEIO M3 BHEIIHEH BOIHO-JIEASHON 000JOYKH, Ka-
MEHHO-JIEASIHON KOHBEKTHPYIOIIEH MaHTHUM ¥ LEHTPAIBHOIO KEJIEe30Ka-
MeHHoro sipa [4, 5]. PaccMOTpeHBbl OrpaHMYEHHs] Ha TEIUIOBOM IMOTOK,
CTpOEHHE BOJHO-JICASTHOW 000JOYKM M COCTaB okeaHa TuTaHa, HEOOXOIH-
MBI€ JIJIs1 COTJIACOBAHUSI MOJIEIIBHBIX U AKCIIEPUMEHTAIIBHO U3MEPEHHBIX YH-
cen JIgBa no nanHeM «KaccuHmy.

Jlns cornacoBanus MoAenbHBIX (ky > 0,55) m 3KCTIEpUMEHTAIBHBIX BE-
mnuuH yucen JlsBa k, = 0,616+0,067 [3] HEOOXOIMMO BBHIMOJIHEHUE OTpa-
HUYEHUI HA BEJTMYMHY MMOBEPXHOCTHOI'O TEIUIOBOTO MOTOKA F > 6,3 MBT/M,
YTO COOTBETCTBYeT IiyouHe okeana Hy > 310 kM mox nenstHoi Ij-kopoii
TOJIIUHON < 90 KM.

Paboma no coenacosanuio mooeneil 6nympennezo cmpoernusi Tumana

€ OGHHBIMU 2PABUMAYUOHHO20 NOJISL BLINOJIHEHA 8 PAMKAX 20C3A0AHUS
I'EOXU um. B.U. Bepnaockozo PAH Ne 0137-2020-0004 npu uacmuynotu

Gunancosotl noooepacke epanma PODU no npoexmy Ne 18-05-00685.
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Adjustment of models of the Titan internal structure
with data of the gravitation field

© V.A. Kronrodl*, AN. Dunaeval, T.V. Gudkovaz, O.L. Kuskov'

! GEOKHI RAS, Moscow, Russia
’IPE RAS, Moscow, Russia
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Abstract. The paper considers problem of matching the models of the
internal structure of the partially differentiated Titan with the Love num-
bers k,, value of the moment of inertia and mass of Titan. To match the
model and values of Love numbers (k) (Durante et al., 2019), it is neces-
sary to satisfy the constraints on the magnitude of the thickness a water
ocean > 310 km under the ice I, shell <90 km.

Keywords: Titan, internal structure, moment of inertia, Love numbers,
ocean.

The scientific research missions to Jupiter and Saturn implemented in
recent decades (Galileo and Cassini—Huygens) made it possible to obtain
principally new information about satellite systems of these planets.
In particular, the dimensionless moment of inertia of Titan I* =
=0.34190+0.001 was measured for the first time [1] and tidal Love num-
bers k, were obtained [2]. In a recent work [3], based on the processing of
new gravitational data, the value /* ~ 0.341 was published. Processing da-
ta on Titans gravitational field in the course of six flyby of the satellite by
the Cassini spacecraft resulted in calculations of two values of the Love
numbers k: 0.589+0.075 and 0.637+0.112 [2]. Additional processing of
results from four other flybys of the spacecraft allowed one to obtain a re-
fined value k; = 0.616+£0.067 [3].

The problem of matching the models of the internal structure of the
partially differentiated Titan with the Love numbers k,, value of the mo-
ment of inertia and mass of Titan is considered. Love numbers &, and 4
have been calculated for the model of partially differentiated Titan consist-
ing of the external water—ice shell, rock—ice convective mantle, and central
rock—iron core [4, 5]. Constraints on the heat flow, structure of the water—
ice shell, and composition of Titan’s ocean necessary for matching the
model and experimental Love numbers with Cassini data have been con-
sidered.

The energy release of the ice crystallization process in the ocean due
to cooling of Titan and the corresponding contribution to the surface heat
flow ~0.76 mW/m” have been estimated. Based on the analysis of quasi-
stationary models of Titan’s internal structure, constraints on the the wa-
ter—ice shell structure and estimates of model Love numbers and maxi-
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mum surface heat flows composition of the rock—iron component with al-
lowance for the radiogenic and tidal energies, as well as the energy of ice
crystallization ocean, have been obtained. To match the model (k, > 0.55)
and experimental Love numbers k; [3], it is necessary to satisfy the con-
straints on the magnitude of the surface heat flow > 6.3 mW/m?, which
corresponds to the ocean depth > 310 km under the ice I, shell with thick-
ness < 90 km.

The work on matching the models of Titan’s internal structure with data
on the gravitational field was carried out within the scope of the State
Contract for the Vernadsky Institute of Geochemistry and Analytical
Chemistry, Russian Academy of Sciences, under partial support
of the Russian Foundation for Basic Research, project no. 18-05-006835.
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MopenupoBaHue TeNJI0BOMH IBOJTIONUH siAEP
JIeASIHBIX CITyTHUKOB-THTAHTOB

© E.B. Kponpon " B.A. Kponpon, O.JI. Kyckos

WuctutyTt reoxumun u anamutudeckoil xumuu um. B.1. Bepuanckoro ("EOXU PAH),
Mocksa, Poccust
*E-mail: e kronrod@gmail.com

AHHOTanusi. Borpockl 0 cocraBe, arperaTHOM COCTOSIHUH, pa3Mepax
U (pU3HYECKNX CBOKMCTBAX sEp CIyTHUKOB IJIAHET-TUTAHTOB, MX TEILIO-
BOIl 3BOJIIOIMH, a TaKXe MEXaHU3Max HMX (OPMHUPOBAHHUS 1O CUX IOp
OCTAKOTCS MPEIMETOM MHOTOYMCIECHHBIX IJUCKyCCHHA. Moaenu BHYTpEH-
HEU CTPYKTYpPbI KPYIHBIX JEASHBIX CIIyTHHKOB HAKJIAJbIBAIOT OTpaHUYe-
HUSl HA COCTaB siiep CIYTHUKOB B COOTBETCTBHH C BEIIECTBOM OOBIYHBIX
(L/LL) wim yrnepoaucteix (CI) xonaputoB wim ux cmecu. Pacmipenene-
HUSI TEMIEpaTyphl B pax CIyTHUKOB B 3HAYMTEIBHOM CTETICHU OIpe/e-
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JSIOT CTEMEeHb TUApPATAllui MX CHUIMKATHOW KOMIIOHEHTBI, HaJU4HUe WU
OTCYTCTBHE BHYTPEHHHMX METAJUIMYECKHX sifep. B HacTosmeil pabote
MPEJICTaBICHbI PE3yJbTaThl M0 YUCIEHHOMY MOJICIMPOBAHUIO HECTAIHO-
HapHBIX TEMIEPATYPHBIX PEKHUMOB B SAPAX C yUETOM MPOIECCOB KOHBEK-
TUBHOrO nepeHoca. [loka3zaHo, 4TO Mpu nepexojie OT CUIMKATHOTO COCTa-
Ba K MpeodIaJaHui0 THAPOCUIMKATOB pa3HUIA TEeMIIepaTyp MOXKET
nocturatb ~600 K. Ilo pe3ynbraram pacueToB MOXKHO CHENIaTh BBIBOJ,
YTO MPU HAJMYKUK KOHBEKIIMU COCTAB MOPOJ siipa B 3HAYUTENBLHOM cTerne-
HU OTIPEJIeTISIeT TETUIOBYIO 3BOJIIOLHIO Spa.

Knwouegwie cnosa: neosinvie cnymuuku-eueanmsi, s0po, memnepamypa,
KOHBEKYUsL, XOHOPUMb.

Paboma evinonnena 6 pamxax coczaoanus ' EOXU PAH
Ne 0137-2020-0004 npu yacmuunot punancosoii noddepaicke cpaHma
PODIH no npoexmy Ne 18-05-00685.

Modeling of the thermal evolution of the cores
of icy giant satellites

©E.V. Kronrod*, V.A. Kronrod, O.L. Kuslov

Vernadsky Institute of Geochemistry and Analytical Chemistry (GEOKHI RAS),
Moscow, Russia
*E-mail (speaker): e.kronrod@gmail.com

Abstract. Questions on the composition, aggregate state, size and
physical properties of the giant planets cores of satellites, their thermal
evolution, as well as the mechanisms of their formation, are still the sub-
ject of numerous discussions. Models of the internal structure of large icy
satellites impose restrictions on the composition of satellite cores in ac-
cordance with the matter of L/LL or CI chondrites or their mixture.
The temperature distributions in the cores of satellites largely determine
the measure of hydration of their silicate component, the presence or ab-
sence of internal metal cores. In this paper, we present the results of nu-
merical modeling of nonstationary temperature regimes in cores with al-
lowance for convective transfer processes. According to the results of
calculations, it can be concluded that in the presence of convection, the
composition of the core largely determines the thermal evolution of the
core. For example, the temperature difference between silicate and hydro-
silicate composition, can reach =600 K.

Keywords: icy giant satellites, core, temperature, convection, chondrites.
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BansiHue XUuMH4Y€CKOro COCTaBa M Pa3MEePHOCTH NMbLIEBbIX
(ppakTaNbHBIX KJIACTEPOB HA IBOJIIOLMIO UX BHYTPEHHEH
CTPYKTYPHbI IPH apeiide K HeHTPAJTbHBIM 00J1aCTAM
NMPOTOIJIAHETHOIO TUCKA

© A.B. Pycomn, E.B. KpOHpOI[*

WuctutyTt reoxummn u anamutuiaeckoit xumun uM. B.W. Bepaanckoro (CEOXU PAH),
Mocksa, Poccus
*E-mail: e kronrod@gmail.com

AHHOTanusi. PaccMOTpPEeHO BJIMSIHUE XMMHYECKOTO COCTaBa BEIECTBA
IBUIEBBIX KJIACTEPOB U MX (DpaKTaIbHOW pa3MEPHOCTH Ha TMPOIECCHI H3-
MEHEHHUSI UX CTPYKTYpHI MpH JApeiide U3 OTHOCUTETHHO XOJOAHBIX 00ia-
CTeH K 60.]166 ropa4um BHYTPCHHHUM o0acTam MMPOTOIIAHCTHBIX AWCKOB.
B Oonee xomomHbeIx oOmacTsax (GOpMUPYIOTCS KiacTepbl, HACHIICHHbIE
JAbJAMH JIETYYUX KOMIIOHEHTOB. DTOT ()aKT MPUBOIUT K TOMY, 4TO TPU
nperide B pagualibHOM HANpPaBICHUW TaKUE KJIACTEPhI MOATAITHO Iepece-
KalOT YCIIOBHBIC TPaHMIIBI TIEPEX0/1a COOTBETCTBYIONIHX JICTYYHUX U3 TBEP-
noit ¢a3pl B ra3000pa3Hyt0. B 3aBUCHMOCTH OT MacCcoOBOM JOJIM TOTO WU
MHOTO JIETY4Yero KOMIIOHEHTa B OOpa3yOMMX KJIACTEp YacTHIAX MPOMC-
XOJMT MOCTENEHHOE M3MEHEHHE TIOPOBOTO MPOCTPAHCTBA KiacTepa. Bos-
pactanue o0beMa MOp MPUIOBEPXHOCTHBIX CIIOEB KJIAacTepa MPUBOIMUT K
YBEIMUYCHUIO CIIOCOOHOCTH KJIacTepa 3aXBaThIBaTh COXPAHMBUIYIOCS B
JIMCKE ThUIh CYOMMJUTUMETPOBBIX pPa3MEpOB, UYTO MOXET 00EeCTeYuBaTh
MEXaHU3M TPAHCIIOPTUPOBKU BEIIECTBA BHEIIHMX OOJIACTEH MPOTOILIA-
HETHBIX JUCKOB B X BHYTPEHHHUE OoJiee ropsiane 00JIacTH.

Knrwouesvle cnosa: nviiesvlie (hpakmanvHvle Kiacmepwl, HYMpeHHee Cmpo-
eHue, NpomonianemHvle OUCKU, Opeligh seujecmad.

Asmopuwl npusnamenvrol Ilpasumenvcmay Poccutickou Dedepayuu

u Munucmepcmsy gvicuieco obpazosanus u Hayku P® 3a noodepacky
no epaumy Ne 075-15-2020-780 (Ne 13.1902.21.0039).
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The effect of the chemical composition and dimensions
of dusty fractal clusters on the evolution
of their internal structure during drift to the central regions
of the protoplanetary disk

© A.V. Rusol, E.V. Kronrod"

Vernadsky Institute of Geochemistry and Analytical Chemistry (GEOKHI RAS),
Moscow, Russia
*E-mail (speaker): e.kronrod@gmail.com

Abstract. The effect of the chemical composition and fractal dimen-
sion of the dust clusters on their structure during drift from relatively cold
regions to the hotter inner regions of protoplanetary disks is considered. In
colder regions, clusters saturated with volatile ices are formed. This leads
to the fact that, when drifting in the radial direction, such clusters gradual-
ly cross the conditional boundaries of the transition of the corresponding
volatiles from the solid to the gaseous phase. Depending on the mass frac-
tion of a certain volatile component in the particles forming the cluster, a
gradual change in the pore space of the cluster occurs. An increase in the
pore volume of the near-surface layers of a cluster leads to an increase in
the cluster's ability to capture dust of submillimeter sizes preserved in the
disk, which can provide a mechanism for transporting matter from the out-
er regions of protoplanetary disks to their inner hotter regions.

Keywords: dust fractal clusters, internal structure, protoplanetary disks,
matter drift.
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O Ma10010/1KeTHOM MUCCHH I HCCJIeI0BAHUSA
HECKOJILKHUX ACTEPOU/IOB C MPOJIETHOI TPaeKTOPHUHU

© A.A. CyxaHoB

HMKU PAH, Mocksa, Poccus
E-mail: sasha.su2@hotmail.com

AHHOTauus. PaccmarpuBaercsi BO3SMOKHOCTD OCYIIECTBJICHHUSI MaJIO-
OIO/IKETHOM MUCCHUU C 1IeJIbI0 UCCIIE0BAHUS HECKOIBKUX aCTEPOUIIOB OJ1-
HUM KOCMHUYECKHM aIllapaToM C MPOJICTHOW TpaeKTopuu. Jimst moctmxe-
HUsl TJaBHOTO IIOsCa acTEpPOUIOB IMpeUIaraeTcsi HCMOJIb30BaTh IOJET
3emnss — Benepa — 3emns (maneBp VEGA = Venus + Earth Gravity
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Assist). [Ipemiaraemasi cxema MocienyroIIero mojera BKIIOYAET B ceds
MHOTOKpaTHbIE IPABUTALIMOHHBIE MAaHEBPHI Y 3eMJIM; Takasl cCXxema IMpeJo-
CTaBIIsieT OOJBIION BHIOOP ACTEPOHIIOB Ul UCCIENOBaHHUA C OJIM3KOTO
pacCTOSIHUA MEXIY Ka)J0W mapoil rpaBUTAllMOHHBIX MAHEBPOB y 3€MIIH.
[IpuBoasTCS pe3ynbTaThl MPEABAPUTEIHHOTO aHAIN3A TPACKTOPUI MOJIeTa
K HECKOJIbKUM acTepoujaM npu ctapte Muccuu B 2029 r. U npu HUZKUX
JIOTIOJTHUTEJBHBIX 3aTpaTax XapaKTePHUCTUYECKOH CKOPOCTH Ha cOmKe-
HUE C aCTEPOUIAMH.

Knwoueswvie cnosa: acmepouod, 2pasumayuoHubili MAHESp, NPOJEemHAs
mpaexmopusi.

On a low-cost mission to explore several asteroids
from a flyby trajectory

© A.A. Sukhanov

Space Research Institute, Russian Academy of Sciences, Moscow, Russia
E-mail: sasha.su2@hotmail.com

Abstract. The possibility of carrying out a low-cost mission with
the goal of exploration of several asteroids by one spacecraft from a flyby
trajectory is considered. To reach the main asteroid belt, it is proposed to
use the Earth—Venus—Earth flight (VEGA = Venus + Earth Gravity Assist
maneuver). The proposed scheme of the subsequent flight includes multi-
ple gravity assist maneuvers near the Earth; such a scheme provides a
large selection of asteroids for study from a close distance between each
pair of gravity assist maneuvers near the Earth. The results of a prelimi-
nary analysis of flight trajectories to several asteroids at the start of the
mission in 2029 and at low additional costs of the characteristic velocity
for approaching the asteroids are presented.

Keywords: asteroid, gravity assist maneuver, flyby trajectory.
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