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KOCMMNYECKHUE CUCTEMBI

SPACE SYSTEMS

Kocvuueckuii u@T: cTaTHKA U KOJIEOAHUSA

Jaaunua A.H.l, Jlenuncon E.A.z’l, OnyuuH E.C.z’l, ®enpaureiin B.A>!
'UIPUM PAH, r. Mocksa, Poccus,
MOTY, r. Honronpynnsiii, Poccust

Pazpabotana Mozenp KocMu4ecKoro Jugra A 0e3pakeTHOTO BbIBOJIA CITyTHUKOB 3eMJIU
Ha opOuTy. HecMOTpsi Ha TUIIOTETHYECKUI XapaKTep M€ KOCMHYECKOro Ju(dTa, BRICKa3aHHON
K.O. [InoaKkOBCKMM, OHA IPEJCTABISIET HAyYHbI HMHTEPEC M BECbMa aKTyallbHA, IIOCKOJIbKY
HEIOCPEACTBEHHO NPHUMBIKAET K MCCIEI0BAaHUSAM KOCMUYECKUX TPOCOBBIX CHUCTEM, KOTOPbBIE
pa3BOpauMBAIOTCA U (PYHKIIMOHUPYIOT B YCIOBHSIX OTKpBITOro KocMmoca [1]. Paccmorpennas
Mmojenb oTHocuTes K cxeme FO.H. ApiyranoBa (TexHosoruueckas miardopma, pacroyioskeHHas
BBIIIIE ['€OCTALlMOHAPHOM OPOUTHI M YyIEp>KUBaeMmas TPOCOM, PACTAHYTHIM LEHTPOOESKHBIMU
CHJIaMH CYTOYHOT'O BpallleHUs 3eMIIn).

IlepBoii 3anaueil uccnenoBaHusl ABJISIETCS BHIOOP U aHAIM3 CXEMBI TPOCA, PALIMOHATIBLHON
C TOYKU 3pEHUsl IPOYHOCTH M BECOBBIX 3aTpaT. PaccMOTpeHbl BapuaHThl TPOCa MOCTOSHHOTO
CEUYEHHS M PABHONPOYHOIO TpPOCA, IEPEMEHHOE CEUYEHHE KOTOPOr0 COOTBETCTBYET
pacOpelesIeHnI0  MOTOHHBIX TIpPaBUTALMOHHBIX M LEHTpPOOeXHbIX cuil. MccienoBaHsl
COOTHOIIEHUS Macchl IMIATGOPMBI M paauyca €€ OpOUTHl, OOECIEUMBAIONINE BBIMOJIHEHUE
IIPOTUBOPEYMBBIX  YCIOBHM IPOYHOCTH M  MHUHUMAJIBHOIO IMPU3EMHOIO  HATSHKCHHUS,
HE00X0AuMoro A pyHKIIMOHUPOBAHUS NOJbEMHUKA, Pa3BO3SILEI0 CIIYTHUKU 110 UX OpOUTaM.
IToxazaHo, YTO HamNpsKEHUS B TPOCE ONPEACIAIOTCSA MapaMEeTPaMH, CBS3bIBAIOIIMMU YIJIOBYIO
CKOPOCTb BPALIEHUS 3€MJIM CO CKOPOCTSIMU IIPOJIOJIBHBIX U IONIEPEUHBIX BOJIH B Tpoce [2].

Bropas 3ai1aua uccnenoBanus cBsi3aHa ¢ aHAJIM30M BO3MOKHBIX BUJIOB KosiebaHuil ndra
B MIEPEMEHHOM I10JI€ TPaBUTALIMOHHBIX U LIEHTPOOEeKHbIX cuil. [lomyueHa cuctema ypaBHEHUH,
ONMCHIBAIOLIAS CBSI3aHHBIE MPOJOJIbHBIE U TONEPEYHble (TaHI€HIMAIbHbIE U aKCHAJIbHBIC)
Koje0aHus OTHOCHUTENIBHO CTallMOHAPHOTO COCTOsIHUA. BcerencTtBue mNponoprHuoOHATIBLHOCTH
MECTHOT'O HATsDKEHUS M IUIOIIAJM CEYEHUs! TPOCa PaBHOTO CONPOTHUBIEHUS, €r0 0COOEHHOCTHIO
SBJISIETCS TOCTOSIHCTBO (Da30BBIX CKOPOCTEH HE TONBKO YNPYIHX MPOIOJIBHBIX, HO U HOMEPEYHbIX
BOJIH. [Toka3zaHO, 4TO MPOOJIBHBIE BOJIHBI HE3aBUCHUMBI, @ B3aMMOCBS3BI0 MTONIEPEYHBIX PA3INYHO
NOJISIPU30BAaHHBIX ~KoJeOaHWi, oO0ycrnoBieHHON BiausHMeM cuin Kopuonuca, a0mycTUMO
npeHeOpeub. B cBs3m ¢ 3TMM M3 oOmIed cucTeMbl ypaBHEHHMH KoseOaHM BblieneHa
«YKOpOYEHHas» CUCTeMa, MpeHeOperarolas MepeMeHHOCThIO TPaBUTAILMIOHHO-IIEHTPOOEKHOTO
CWJIOBOTO TIOJII M ONUCHIBAIOIIAs IE€PEUMCICHHBbIE THUIBl KOJeOaHWH, Kak MaplHabHBIE.
Cob6cTBeHHbIE (DYHKLIMH «HaplUUaibHBIX» YpPaBHEHHH HCIOJIB30BaHbl Jajiee B KadyecTBE
0a3ucHBIX (PYHKIMNA IpU MPUMEHEHUH K TMOJHOM cucreme npouenypsl ['anepkuna. [lokazano,
4TO B COOCTBEHHBIX MOJIaX MpeobsiafaeT Ta KOMIIOHEHTA, Ybs MapluaibHas 4acToTa OJiM3Ka K
YacTOTE CBSA3aHHBIX KOJE€OaHWH, YTO JaeT OCHOBAaHHUE TOBOPUTh O IPEUMYILECTBEHHO
IPO/IOJIBHBIX, TAHT€HIMATbHBIX M AKCHAIBHBIX KOJeOaHMSX, (OPMBI KOTOPHIX, HECMOTpPS Ha
HEOJJHOPOAHOCTH CHJIOBOTO TOJIsI, OJIN3KH K KITACCUYECKHM «CTPYHHBIMY.

Paboma evinonnena npu @unancosoti nooodepoicke Poccuiickoeo Hayunoeo ®onoa.

IIpoexm Ne 22-19-00678.
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Space elevator: statics and vibrations

Danilin A.N.!, Denisov E.A.>!, Onuchin E.S.>!, Feldstein V.A.>!
'IPRIM RAS, Moscow, Russia,
*MIPT, Dolgoprudny, Russia

A model of a space elevator has been developed for launching Earth satellites into orbit
without rockets. Despite the hypothetical nature of the idea of a space elevator expressed by K.E.
Tsiolkovsky, it is of scientific interest and is very relevant, since it is directly adjacent to the
research of space tether systems that deploy and operate in outer space [1]. The considered
model belongs to the scheme of Yu.N. Artsutanova (a technological platform located above the
geostationary orbit and held by a cable stretched by the centrifugal forces of the Earth’s daily
rotation).

The first task of the study is to select and analyze a cable design that is rational in terms
of strength and weight costs. Options for a cable with a constant cross-section and an equal-
strength cable, the variable cross-section of which corresponds to the distribution of linear
gravitational and centrifugal forces, are considered. The relationship between the mass of the
platform and the radius of its orbit, ensuring the fulfillment of contradictory conditions of
strength and the minimum ground tension necessary for the operation of the lift transporting
satellites in their orbits, has been studied. It has been shown that the stresses in the cable are
determined by parameters connecting the angular velocity of the Earth’s rotation with the
velocities of longitudinal and transverse waves in the cable [2].

The second task of the study is related to the analysis of possible types of elevator
oscillations in an alternating field of gravitational and centrifugal forces. A system of equations
is obtained that describes coupled longitudinal and transverse (tangential and axial) vibrations
relative to the stationary state. Due to the proportionality of local tension and cross-sectional area
of a cable of equal resistance, its feature is the constancy of the phase velocities of not only
elastic longitudinal, but also transverse waves. It is shown that longitudinal waves are
independent, and the interrelation of transverse differently polarized oscillations, caused by the
influence of Coriolis forces, can be neglected. In this regard, from the general system of
oscillation equations, a “shortened” system has been isolated, which neglects the variability of
the gravitational-centrifugal force field and describes the listed types of oscillations as partial.
The eigenfunctions of the “partial” equations are used further as basis functions when applying
the Galerkin procedure to the complete system. It is shown that in the eigenmodes the
component whose partial frequency is close to the frequency of coupled oscillations
predominates, which gives grounds to speak about predominantly longitudinal, tangential and
axial oscillations, the shapes of which, despite the inhomogeneity of the force field, are close to
classical “strings”.



The work was carried out with financial support from the Russian Science Foundation.
Project No. 22-19-00678.
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Kommepunaaunszanus Poceniickoil opOMTAIbHOM CTAHIMH Yepe3 pa3padoTKy HOBBIX
MATepHaIO0B A 3eMHBIX LeJleli: MePCIeKTHBBI U BbI30BbI

3axaposa 0.0., Ucaesa C.10.
MAM, r. Mockaa

B Hacrosiiee Bpemst o Bcemy Mupy (B yactHoctu B CIIIA, EBpone, ctpanax A3uu u 1p.)
Ha0JII01aeTCsl TEHJSHIMS Ha KOMMepIHanu3annoo kocMoca. B Poccun 3to HanpaBieHue Takxke
HA4YMHAET aKTUBHO Pa3BUBATHCA, IPUBJIEKAas BHUMAHUE HE TOJBKO I'OCYAApCTBEHHBIX CTPYKTYP,
HO U pa3BUBAIOLIMXCS YAaCTHBIX KOMIAHWH. B cTpane QyHKIMOHMPYIOT KOCMUYECKUE LIEHTPHI,
3aIlyCKalOTCs MHHOBALIMOHHBIE ITPOEKTHI U IUIAHUPYIOTCS KOCMUYECKHE MUCCUH, TIO3BOJISAIOIINE
pa3paboTaTh MPOAYKTHI AJI UX KOMMEpLHAIU3aluy Ha 3emIIe.

OnHuUM M3 TakMX IPOEKTOB SBIAETCS BBIBOJ  Ha opOUTy HOBOW Poccuiickoii
opoutansroit cranmuu (POC), koroperii 3ammanmpoBan Ha 2027-2031 rox. POC obnamaer
3HAYUTEIBHBIM MOTEHIMAJIOM JUIS Pa3pabOTKH WHHOBAIMOHHBIX MPOAYKTOB U TEXHOJIOTHH,
KOTOpBIE MOKHO YCIIEIIHO UCIOJIb30BaTh Ha 3eMIIe.

B nanHoii paboTe paccMaTpUBarOTCsl BO3MOYKHOCTH JUIsl KOMMEPIUAIU3AlUA [TPOYKTOB,
«monyueHHbix» Ha POC. Kommepumanusauuss — Oyaer BO3MOXKHA yepe3 pa3paboTKy U
IIPOU3BOJICTBO HOBBIX MAaTE€pPHAIOB IO TAKUM TEMAaTHKaM KaK CTEKJIO, KepaMHKa, METaJUIbI,
OpraHMKa, dJIEKTPOHUKA, TIOJTUMEPDI, KOMIIO3UTHI U HOBBIE MaTEPUAIIbI.

Ota paboTa HampaBieHa Ha MOJTOTOBKY pEKOMEHIAUMH MO MpOAYKTaM, KOTOpbIe
MOMOT'YT HCNOJb30BaTh  Poccuiickyio OpOMTanbHYIO CTaHIMIO TaKXKe JJis IPOU3BOJCTBA
MHHOBAIIMOHHBIX MaTepUaJIOB U UX UCIOJIb30BaHUS Ha 3eMile ISl TPAKIAHCKUX LEIeH.

Jig  pa3paOOTKM NPaKTUYECKUX PEKOMEHJAUMHd TpOBEAEH JIeTAJbHBIA  aHaIu3
3apyOeXKHBIX HCCIEAOBAaHUM, CYIIECTBYIOIIMX TEXHOJIOTHMH MPOM3BOACTBA MarepuayiioB [1] u
NOTEeHUUaNbHBIX Bo3MoxkHOcTel POC.

Ha ocHOBe npoBeA€HHOIO aHAJIN3a CAENAHbI CIEAYIOLIUE BBIBOIDL:

e l3yyeHue MaTepuarsoB B YCIOBHUSX MHUKpPOTpPaBUTALMM MPEICTaBISIET COOOM
MEPCIIEKTUBHYIO 00JIacTh HAy4yHBIX HccienoBaHuil. IIpoaykTel, co3gaHHBIE B
KOCMHUYECKOM IPOCTPAHCTBE, MOTYT HAWTH CBO€ NPUMEHEHHE M PHIHOYHBIN
copoc.[2]

e 3HauuTeNbHBIH TOTEHIMAT UMEIOT TEMaTUKH MPOU3BOJCTBA OSK30THUYECKUX
CTEKOJI, ONMTOBOJIOKHA, a’pOreieid, KOBETHUECKHUX MaTepUaIOB (JIEKTPOHUKA),
MIPOU3BOJICTBO apCEHU 1A TN, CTepeouTorpaduyexas neyarb KepaMuku.[3]

e [lo Bcem TemaTukam BeLieneHo 200+ nIpoyKTOB, KOTOPBIE UMEIOT KOMMEPYECKUI
MOTEHIINA.
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Commercialization of the Russian orbital station through the development of new
materials for Earthly purposes: prospects and challenges

Zakharova O.0., Isaeva S.Y.
MALI, Moscow, Russia

Currently, all over the world (in particular in the USA, Europe, Asian countries, etc.)
there is a trend toward the commercialization of space. In Russia, this area is also beginning to
actively develop, attracting the attention of not only government agencies, but also developing
private companies. The country has space centers, launching innovative projects and planning
space missions to develop products for commercialization on Earth.

One of such projects is the launch of the new Russian Orbital Station (ROS), which is
planned for 2027-2031. ROS has significant potential for developing innovative products and
technologies that can be successfully used on Earth.

This paper examines opportunities for the commercialization of products “derived” from
ROS. Commercialization will be possible through the development and production of new
materials on topics such as glass, ceramics, metals, organics, electronics, polymers, composites
and new materials.

This work is aimed at preparing recommendations for products that will help use the
Russian orbital station also for the production of innovative materials and their use on Earth for
civilian purposes.

To develop practical recommendations, a detailed analysis of foreign research, existing
technologies for the production of materials and the potential capabilities of ROS was carried
out.

Based on the analysis, the following conclusions were made:

e Studying materials in microgravity conditions is a promising area for scientific
research. Products created in space can find their application and market demand.

e Topics such as production of exotic glasses, optical fibers, aerogels, covalent
materials (electronics), production of gallium arsenide, stereolithographic printing
of ceramics have significant potential.

e Over 200 products with commercial potential were identified across all themes.
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MeToauka NMpoBE€ACHUS Aerasaliui KOCMUIECCKUX almnmaparoB

Turos H.H., 3arunymiun P.C.
AO «PKI] «Iporpeccy, r. Camapa, Poccus

KayectBennast u Oe3omacHas paboTa aBTOMaTHYECKHMX KocMudeckux amnmapaTtoB (KA)
HErepMETUYHOr0 MCIIOJIHEHHsI C ONITUYECKOM anmnaparypoil BO MHOTOM OIPEJeIIseTCs] HaTuuueM
U cocTaBOM coOcTBeHHOM BHemHel arMochepsl (CBA) KA.

CBA KA npuBoAHT K MPOSBICHUIO CIEAYIOMNX (HaKTOPOB:

— 3arpsi3HeHue NoBepXHOCTH 3eMeHToB KA ocaxnaromumucs npoaykramMu CBA;

— yBelMueHus cBeToBoro (oHa 3a cyer paccesHuss cBera Ha vactunax CBA wu
JIOMUHECLIEHTHOTI'O CBEYEHUSI,;

— BO3pacTaHHE€ TOKOB YTEUKH B OTKPBITBIX BBICOKOBOJBTHBIX YycTpoiicTBax KA,
CHI)KEHHE UX 3JIEKTPUUYECKOM MPOUYHOCTH 32 CUET «YXY/IICHUs BaKyyMa.

[lepeuncnennpie (GakTOpbl MPUBOIAT K YMEHBIICHHIO YMEHBIICHUE CpoKa ciayxObr KA
IIOYTH B JIBa pasa.

Lenbto aerazauuu sBIsSETCS yJaJ€HHUE C MOBEPXHOCTH MATEPUAJIOB, KOPIIYCHBIX YacTe
U3/IeNIUsl OCTATKOB PacTBOPUTEIIEH, UCXOIHBIX KOMIIOHEHTOB, KaTaJIn3aTOPOB, IIACTU(PUKATOPOB
U T.J., HOJYYEHHBIX B X0JI€ Ha3eMHBIX 0TpaboToK [1].

Pazpa0OoTana MeToMKa NpoBeIeH s JIera3aluy, 00ecreuynBaroIas:

— MpeABapUTEIbHOE OYHUIIEHNE U 00€3ra)kiBaHNe BaKyyMHON KaMephl;

— HCII0JIb30BAHUE CUCTEMBI OCAXKACHUSI POTYKTOB JIera3aluy;

— JOCTHKEHHUE IMPENEIbHOIO0 OCTaTOYHOIO JABJIEHHUs B BAaKyyMHOH KaMmepe ¢ M3JENINeM
WM €r0 OT/IEIbHBIMU CHCTEMaMU;

— PaBHOMEPHBIN HarpeB M3J€IHs UM €r0 OTAEIBHBIX CUCTEM B YCIOBUAX NOHMKEHHOTO
JTaBJICHMS;

— KOHTPOJb Ta30BOT0 COCTaBa BaKyyMHOM KaMepbl IpH JerasalMd METOJIOM Macc-
CIEKTPOMETPHH;

— PaBHOMEpPHOE OCTBIBAHHWE M3JENIHUS WIM €ro OTIENbHBIX CHCTEM B YCJIOBMSX
MOHWKEHHOTO J1aBJICHUS;

— HaIlyCK BaKyyMHOH KaMepbl CyXUM YHCTBIM BO3/IyXOM;

— KOHCEpBALIMIO» W3JENMs WIA €ro OTACIbHBIX CHUCTEM II0 OKOHYAHHIO Ipoliecca
Jeras3arym.

Pa3zpaboranHas MeToMKa Jera3alyy M03BOJINIA MOJIYYUTh CIEYIOIINE PE3YJIbTaThl:

1) THTEHCUBHOCTD Ta30BBIIEICHUS BBICOKOMOJIEKYJISIPHBIX COEIMHEHHMM YMEHBIIUIIOCH
OT MEPBOHAYAIBHOTO YPOBHSI:

— 3a niepBble 24 yaca nerazauuu ot 20% 1o 49%;

— 3a BTOpBIe 24 yaca (¢ 24 no 48 yacoB) aerazauuu ot 14% 1o 45%;

—3a TpeTbu 24 yaca (c 48 1o 72 yacoB) nerazauuu ot 11% mo0 31%.
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2) I'azoBbigenenue KA cHU3MIOCH KpaTHO, YTO MOATBEpKAACT 3PHEKTUBHOCTh BBEICHUS
MpeABapUTEIIbHON Jera3allii COCTABHBIX YacTel U3eNusl.
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Methodology for degassing spacecraft

Titov N.N., Zagidullin R.S.
Joint Stock Company Space Rocket Centre Progress, Samara, Russia

The high-quality and safe operation of automated spacecraft of leaky design with optical
equipment is largely determined by the presence and composition of the spacecraft's own
external atmosphere.

The spacecraft's own external atmosphere leads to the following factors:

— contamination of the surface of the spacecraft elements by precipitating products of its
own external atmosphere;

— increasing the background light due to light scattering on particles of its own external
atmosphere and luminescent glow;

— an increase in leakage currents in open high-voltage devices of spacecraft, a decrease in
their electrical strength due to the "deterioration" of the vacuum.

These factors lead to a decrease in the service life of the spacecraft by almost two times.

The purpose of degassing is to remove from the surface of materials, body parts of the
product residues of solvents, starting components, catalysts, plasticizers, etc., obtained during
onshore mining [1].

The developed degassing methodology allowed us to obtain the following results:

— Pre - cleaning and decontamination of the vacuum chamber;

— the use of a degassing product deposition system;

— reaching the maximum residual pressure in the vacuum chamber with the product or its
individual systems;

— uniform heating of the product or its individual systems under low pressure conditions;

— control of the gas composition of the vacuum chamber during degassing by mass
spectrometry;

— uniform cooling of the product or its individual systems under low pressure conditions;

— filling the vacuum chamber with dry clean air;

— "Conservation" of the product or its individual systems at the end of the degassing
process.

The developed degassing methodology allowed us to obtain the following results:

1) The intensity of gas release of high—molecular compounds decreased from the initial
level:

— for the first 24 hours of degassing from 20% to 49%;

— for the second 24 hours (from 24 to 48 hours) degassing from 14% to 45%;

— for the third 24 hours (from 48 to 72 hours) degassing from 11% to 31%.
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2) The gas emission of the spacecraft decreased by a multiple, which confirms the
effectiveness of the introduction of preliminary degassing of the components of the product.
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TepM00aNIMCTHYCCKHI AHAJIN3 MPOEKTA MUJIOTHPYEMOI0 KOCMUYECKOIro KopaoJisi,
BbINOJIHAIOLIET0 A3PoAMHAMUYEeCKHIi MaHEBP B aTMoc(epe 3emuin

HenapoxomoB A.B., Pesuznuxos JI.JI., Hukonuues U.A., ['punenxo A.C.
MAM, r. Mocksa, Poccus

Lenpto naHHON pabOTHI SBIAETCS pa3paboTKa METOAAa TOPMOXKEHHS MHIOTUPYEMOTO
KOpalJisi Ipu BO3BPALICHUU €r0 Ha OKOJO3EMHYIO OpOHMTY C JYHHOW OpOMUTanbHOM 0a3bl C
UCIIOJIB30BAHUEM MHOTOKPAaTHOI'O a’pOJMHAMUYECKOrO MaHEBpa M, KaK CIEJICTBHUE, pa3paboTKa
MHOI'OPa30BOr0 TEIUIO3AIIUTHOIO OKPBITUS JUIsl 0€3011aCHOTO ABMXKEHUS B aTMocdepe 3eMITH.

B kayecTBE OCHOBHOTO METOJAa TOPMOXEHHMS 1O INEPBOM KOCMHYECKOM CKOPOCTH MU
BBIXOJIa Ha KPYroBYIO OpOMTY 3eMjM, Ha KOTOPOW HAXOAWUTCS OpOWTalIbHAs CTAHLUS, MOTYT
ObITh IPUMEHEHBI IOCIIE0BaTENIbHBIE MOTPYXKeHUs B atMocdepy 3ewitn. Ha cranuuu skumnax
BOCCTAHABJIMBAETCSl IIOCJE MMCCHUU, BBIIOJHSET IUIAHOBYIO pabOTy M 3aTeM BO3BpallaeTcs Ha
3eMJII0 Ha OJHOM M3 KOCMHUYECKUX KOpalOiiel, IpelHa3HaYeHHBIX JJIs BX0Ja B arMocdepy C
OpOUTAILHOM CKOPOCTHIO.

Peann3anus  Takoro mpoekTa, OCHOBAaHHOIO HAa  CO3JaHMM  MHOI'OpPa30BOTrO
OWIOTHPYEMOTO Kopalisi, KOTOPHI Oa3upyercss Ha OpOWUTAILHOW CTaHIMH, TO3BOJIMIA OB
3¢ (}EeKTUBHO € 3KOHOMHUYECKOM TOYKH 3PEHHUS PEIINTh 33734y pPEryJsIpHBIX MUIOTUPYEMBIX
nosueroB K Jlyne. /{ns aToro npoekra Ba)XHEHIIMMU IPOOIEMaMu SBISETCS PELIEHHE KOMILIEKCa
3a1a4 OaJUIMCTHKH, a9POJAMHAMHKH, YIPABJIEHUS M TEIUIOBOTO MPOEKTUPOBAHMUS, BBINOJIHEHHE
TpeOyeMBbIX OrpaHMUYEHHI IO HarpeBy, Meperpy3kaM, TOYHOCTH IPUBEACHUS K MECTY CONMKEHUs
Cc opOuTanbHOM CTaHIUEH, TO ecThb MpoOiieMa pelleHHs] KOMIUIEKCa TEepMOOATTUCTHUECKUX
3a1a4.

B nacrosmei pabore 11l peaBapUTEIbHON OLEHKU TEIUIOBBIX Harpy30K B OKPECTHOCTH
nepegHell KpUTHUECKON TOYKM Ha TPAEKTOPHH CITyCKa KOCMHUYECKOTO arrapaTa MCIOIb3yIOTCs
annpoKCHMallMOHHbIE 3aBUCUMOCTH.

Jlnst pacyeTa KOHBEKTHUBHBIX TEIUIOBBIX MTOTOKOB TaKUE 3aBUCUMOCTH OOBIYHO CTPOSATCS B
MYJbTUIIMKATUBHOM BHJE€ OTHOCUTEIBHO BEJIMYMH IUIOTHOCTH aTtMocdepsl, paauyca
3aTymjieHus M cKkopocTu ammapara [1]. Jlng cpaBHeHust OyaeM Takke MCIIOJIb30BaTh
annpoKCHMAallMOHHbIE COOTHOILIEHUS, KOTOphle ObUIM ONMyONMKOBaHBI B TpyJax KOH(EpeHLIUU
ATAA B 2014 1 [2].

Jlnig pacyeTa paJiuallMOHHBIX TEIUIOBBIX MOTOKOB HCIOJIb30BATIUCH ANMPOKCUMAIIMOHHBIE
3aBHCUMOCTH, TpeJCTaBlIeHHbIe B pabote [2]. [nst Bepudukanuu pe3yabTaToB, HCIOIb30BAINCH
COOTHOMICHUS B [3].

AbdpoauHamMHKa anmnapara MOJEIMpOBaIach Ha OCHOBE 3aBUCHUMOCTEH, NPEICTaBICHHBIX
B [4, 5]. Yron araku paccMaTpuBaJCsi B KayeCTBE YINPABICHHS KOCMUYECKHM aIllaparoM;
Opernoiaragioch OrpaHWYEHUE JMarna3oHa ero Mu3MeHeHus. TpaekrtopHas mpoOiema
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paccMaTpuBaiach ¢ TOYKH 3PEHUST ONTHUMU3AIMOHHON, IS PEIICHUS TIOCIEAHEN UCIIOIh30BaJICs
HENPSIMON METO]] BApUAIIMOHHOW TPYIIIBI — IPUHIIAIT MAaKCUMYyMa.

[Tonyyennble pe3ynbTaThl MOATBEPKIAAIOT MPUHIMIHAIBHYIO BO3MOXHOCTH CO3JIaHUS
Hepa3pylaeMol TEIJIOBOM 3allUThI ISl pACCMAaTPUBAEMOI0 KJIacca KOCMUYECKUX alnapaToB.
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Thermoballistic analysis of the design of a manned spacecraft performing an aerodynamic
maneuver in the Earth's atmosphere

Nenarokomov A.V., Reviznikov D.L., Nikolichev I.A., Grinenko A.S.
MALI, Moscow, Russia

The purpose of this work is to develop a method for braking a manned spacecraft when
returning it to low-Earth orbit from a lunar orbital base using multiple aerodynamic maneuvers
and, as a result, to develop a reusable heat-protective coating for safe movement in the Earth's
atmosphere.

As the main method of braking to the first cosmic speed and entering the circular orbit of
the Earth on which the orbital station is located, successive dives into the Earth's atmosphere can
be used. At the station, the crew recovers from the lunar mission, performs routine work, and
then returns to Earth in one of the spacecraft designed to enter the atmosphere at orbital speed.

The implementation of such a project, based on the creation of a reusable manned
spacecraft, which is based at an orbital station, would make it possible to effectively solve the
problem of regular manned flights to the Moon from an economic point of view. For this project,
the most important problems are the solution of a complex of problems of ballistics,
aerodynamics, control and thermal design, the implementation of the required restrictions on
heating, overloads, accuracy of bringing to the rendezvous point with the orbital station, that is,
the problem of solving a complex of thermoballistic problems.

In this work, approximation dependencies are used to make a preliminary assessment of
thermal loads in the vicinity of the front critical point on the descent trajectory of the spacecraft.

To calculate convective heat fluxes, such dependences are usually constructed in a
multiplicative form with respect to the values of atmospheric density, blunt radius, and vehicle
speed [1]. For comparison, we will also use approximation relations that were published in the
proceedings of the AIAA conference in 2014 [2].
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To calculate radiative heat fluxes, the approximation dependencies presented in [2] were
used. To verify the results, the relations in [3] were used.

The aerodynamics of the vehicle was modeled based on the dependencies presented in [4,
5]. The angle of attack was considered to control the spacecraft; it was assumed that the range of
its change would be limited. The trajectory problem was considered from an optimization point
of view; To solve the latter, the indirect variational group method was used - the maximum
principle.

The obtained results confirm the fundamental possibility of creating indestructible
thermal protection for the class of the considerable type of the spacecraft.
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HUcciaenoBanue PA3JUYHBIX THUIIOB CPEACTB TeIIOBOM 3aIMThbI MHOI'0pa3oBbIX BO3AYILIHO
KOCMUYIECCKHUX TPAHCIIOPTHBLIX CUCTEM € MOMOIIBLIO MPUKJIATIHBIX IPOTrPaAMMHBIX
KOMILJICKCOB

bou A.®.M., Turos /.M., IOpo A.M., 'notoB M.K., Msykun JI.A.
MAM, r. Mocksa, Poccus

Jdns  >(QQPEeKTUBHOIO  OCBOEHHS  KOCMHUYECKOTO  IPOCTPAHCTBA,  OTIPAaBKU
UCCIIEIOBATENbCKUX DKCneauuuii Ha JlyHy, Mapc u Apyrue IUIaHeTbl COJIHEYHOH CHCTEMBI,
OCBOCHME TNPOMBIIUIEHHOW J00bIUM TOJIE3HBIX HCKOMaeMblX Ha JlyHe,—acTrepomnpuax, KOMET U
IpOYNX HEOECHBIX TeJ, BO3MOXKHO MOTPEOyeTCsl CO3/1aHUE COBEPIICHHO HOBOTO KOCMUYECKOIO
TPAHCIOPTHOTO cpenacTBa. JlaHHOE MEPCIEeKTUBHOE KOCMHMYECKOE TPAHCIOPTHOE CPEICTBO
JOJIKHO OBITh CIIOCOOHBIM BBIBOJIUTH Ha HU3KYHO OKOJIO3EMHYIO OpOMTY M BO3BpalllaTh C HEe
OonbiIoN 00BEM Tpy30B W NEpCOHATa 33 CTOMMOCTh KpPaTHO HUXKE CYIIECTBYIOIIMX Ha
CETOJIHAIIHUN JIeHb CpelCcTB BbiBeleHHs. OMHON M3 BaKHEHIIMX 3a/1ad, KOTOpPYK Tpelyercs
PeLIUTh IpPU CO3JaHHUU JAHHOTO ammnaparta, sIBJIsSeTCs pa3paboTKa TEIUIO3allUTHOTO MOKPHITHS,
NPU3BAHHOTO 3AIIMTUTh HECYLIHH KOpIyC ammapaTa OT BO3ZCHCTBUS BHEIIHETO TEIIOBOTO
Harpy)XeHusi, OCOOGHHO Ha JTame crycka ¢ opOuThl.TemoBas 3amMra JaHHOTO arnmapara
JOJKHA UMETh HHU3KYI0 MaccCy, BBICOKYIO HaJEKHOCTh M MHOropa3oBocTb. [Ipu paccMoTpeHun
BOIPOCa TMPOEKTHUPOBAHUS TEIUIO3AIIMTHOIO TOKPBITHS, BHIOOpa MaTepHaloB HEOOXOAMMO
YUUTHIBaTh CJIOXHOCTh KaK TEOPETHMYECKOTO pacuera, Tak M IKCIEPUMEHTAIbHOW OTpaboTKu
BBIOPAHHOTO TUIIA TEIJIO3AILUTHOTO MOKPBITUS U €r0 MaTEpPHAaJIOB.
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B noxnane npeacraBiieHbl CIeAYIOUINE PE3yIbTaThl:

- PaccMoTpeHbl BO3MOXKHBIE THIBI YCTPOMCTBA TEIIO3ALIUTHOTO IMOKPBITHS JUIsl alapaToB
paccMaTpuBaeMoro Kiacca.

- PaccmoTpeHbl BO3MOKHBIE TUITBI MATEPUAIIOB ISl TETUIO3AIUTHOTO MTOKPBITHSL.

- IlpoBeneHo MaTeMaTUYECKOE MOJEIMPOBAHUE BBIJACIEHHBIX THUIOB TEIJIO3AIUTHOTO
nokpbITUs. [IpuBeeHb! pe3yabTaThl MOJCIUPOBAHUS.
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Research of different types of heat protection systems for reuseable aerospace transport
systems using applied program software

Bon A.F.M., Titov D.M., Yourov A.M. Glotov M.K., Myaukin D.A.
MALI, Moscow, Russia

For the effective exploration of outer space, launching research expeditions to the Moon,
Mars and other planets of the solar system, the development of industrial mining on the Moon,
asteroids, comets and other celestial bodies, it may be necessary to create a completely new
space vehicle. This promising space vehicle should be able to launch large volume of payload
and personnel into low Earth orbit and return it for a cost multiple times lower than the currently
existing launch vehicles. One of the most important tasks to be solved when designing this type
of vehicle is the development of a thermal protective system designed to protect the airframe of
the vehicle from the effects of external thermal loading, especially at the stage of descent from
orbit. The thermal protection of this vehicle must have a low weight, high reliability and
reusability. When considering the issue of designing a heat-protective system, the choice of
materials must take into account the complexity of both theoretical calculation and experimental
testing of the selected type of heat-protective system and its materials. The report presents the
following results:

- Possible types of thermal protective systems for proposed type of vehicle
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- Possible types of materials for thermal protection system.

- Mathematical modeling of the selected types of thermal protective systems has been
carried out. The simulation results are presented.
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Mauiblii KOCMUYeCKHMI anmnapar ¢ a3poAUHAMHYECKUM TOPMO3HBIM YCTPOCTBOM /LISl
ONEepPaTUBHOIO YBO/JA ¢ OPOUTHI KOCMUYECKUX 00bEKTOB

®upciok C.0.!, Bupiokosa M.B. ', Kynbkos B.M.?
! MAMU, r. Mocksa, Poccus
>HUU TIMD MAWU, r. Mocksa, Poccust

B HacTosdmeM = [0KJaze = paccMaTpUBAIOTCS  BO3MOXKHOCTH — MCIOJIB30BaHUS
Pa3BEPTHIBAEMBIX adpPOYIIPYTUX TOPMO3HBIX YCTpohcTB (ATY) B cocTaBe MajbiXx KOCMHYECKUX
annaparoB (MKA). Takue KOHCTpYKIIMM MOXHO HCIOJIb30BaTh JJIs1 YIPABJIECHUS TOPMOKEHHUEM
MKA npu yBoje ¢ OpOUTHI 0O0BEKTOB KOCMHUYECKOTO MyCOpa WJIM JIOCTABKH IMOJIE3HOTO Tpy3a B
3aJaHHbIIl pailoH 3eMHOH MOBEPXHOCTH, YTO TIO3BOJIAET CBOAMTH C OPOUTHI KOCMUYECKHE
00bexTsl (KO) 6e3 3aTpaT pabouero Tena [1,2]. McnonszoBanue ATY npu topmoxkennu KO B
YCIOBHAX KOCMOCa M TPH CIycke B arMocdepe 3emMiu MO3BOJIIET HE MPOCTO YBOAWUTH HX C
OpOUTHI, HO U YIPABIATH MU IpU JABMKeHUH B aTMocdepe [3]. [ToaTomy coznaHue, ocBOEHHE U
AKCIUTyaTalMsl MEPCHEKTUBHBIX TexXHoJorui wucnonb3oBanus ATY npu topmoxenun KO B
KOCMOCE M TIPH CITyCKe B aTMocdepe 3eMiIH SBISETCS aKTyaJbHOM 3a1a4ei.

ChopmupoBana kounenuuss wuHHOBarmonHoro MKA ¢ ATY, mno3Bossromero
MaKCHMaJbHO MPOCTO M 3(PPEKTUBHO MPOBECTH KOMIUIEKC HCIBITAHUNW U HKCIEPUMEHTOB C
LIEJIbI0 ITPOBEPKU TEXHOJIOTHHU €r0 CO3/IaHUS U NPUMEHEHMS, a TAK)KE HCIOJIBb30BAHUE €T0 IS
JIEMOHCTpAIlMi B KauyecTBE BBICOKOA((EKTUBHOIO CPEACTBA, 00ECIEUNBAIOIIETO BO3MOXKHOCTD
BBITMIOJIHEHUSI TPAHCIOPTHBIX OINEpalMid B OKOJIO3€EMHOM KOCMHUYECKOM IIPOCTPAHCTBE U B
atMocdepe 3emnu [4,5].
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Small spacecraft with an aerodynamic braking device for the operatively removal of space
objects from orbit

Firsyuk S.0.%, Birykova M.V. ! Kulkov V.M.?
! MALI Moscow, Russia
? Research Institute of Applied Mechanics and Electrodynamics MAI, Moscow, Russia

This report examines the possibilities of using deployable aeroelastic braking devices
(ABD) as part of small spacecraft (SSC). Such designs can be used to control the braking of
small spacecraft when removing space debris objects from orbit or delivering payload to a given
area of the earth's surface, which makes it possible to deorbit space objects (SO) with no
expenditure of working fluid [1,2]. The use of ABD during braking of spacecraft in space
conditions and during descent in the Earth's atmosphere allows not only to remove them from
orbit, but also to control them while moving in the atmosphere [3]. Therefore, the creation,
development and operation of promising technologies for the use of ABD during braking of
spacecraft in space and during descent in the Earth’s atmosphere is an urgent task.

A concept has been formed for an innovative small spacecraft with an ABD, which
makes it possible to carry out a set of tests and experiments as simply and effectively as possible
in order to test the technology of it creation and application, as well as to use it for demonstration
as a highly effective means of providing the ability to perform transport operations in near-Earth
space and in the Earth’s atmosphere [4, 5].
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CucreMa ynpapJ/ieHHs] pacXoJ0BaHUEM TOILIMBA
MHOT0()YHKIMOHAJIBHOI0 KOCMHY€CKOI'0 IBUTaTeJIsl
Crensiea JI.A., banakun C.B.

I[TAO «PKK «3neprus», r. Kopones, Poccust

B Hacrosmiem noknaze INMPEACTABIEH aHAIU3 CUCTEMBI YIPABICHHS PAcXOJOBaHUEM
toruBa (CYPT) [1] HanrpaBieHHbIM Ha H3y4eHNE COCTABHBIX YaCTEH CUCTEMBI, @ B OCOOCHHOCTH
€€ JaT4YMKOB pacxofa TOIUIMBA, W3Y4YEHHE IIEPCIEKTUB II0 YMEHBIIEHUIO KOJIMYECTBA
«TapaHTHPOBAHHOIO 3araca» TOIUIMBA, MAaTeMAaTUYECKOE€ MOJCIUPOBAHUE CUCTEMBI JUIS
MOCJIEYIOLIErO CUHTE3A.

Pe3ynbrarhl NpOBEIEHHBIX UCCIIEIOBAHUN:

e [lpoBeneH cpaBHUTENBHBII aHAJIN3 PACXOJOMEPOB, KOTOPBIE HCIIOJIB3YIOTCS B
KAauecTBE YYBCTBUTEJBHBIX DJJIEMEHTOB IIPU ONPEICIIEHUN PacXOIyeMOro
KOJIMYECTBA TOILINBA;

e BbrluncieHa NorpemHoCTs B U3MEPEHUHN KOJINYECTBA TOIUINBA B 3aBUCUMOCTH OT
U3MEHEHHs TEMIIEpaTypbl, a TaKXKe NpOaHaJIN3UPOBaH COCTaB YYBCTBUTEIBHBIX
2JIEMEHTOB JIJIs1 YMEHBIIEHUS JTaHHOW MOTPEIIHOCTH;

e [lpoBeneHbl uccleNOBaHUS PErYIMPOBaHUS COOTHOLIEHHS UM CYMMapHOIO
pacxojia KOMIIOHEHTOB TOTUIMBA [2];

e B mnporpammuoii cpene MatlLab mnpoBeneH cuHTe3 UHU(PPOBON CHCTEMBI
YIIPaBIECHUS pEryJIaTOpOM COOTHOILIEHUS KOMIIOHEHTOB TOIJINBA
MHOTO()YHKIIHOHAJILHOTO JIBUTATENs, BCJIEJICTBHE KOTOPOro Oblja BBIBEJCHA
MaTpuia KodpUIHEeHTOB 00paTHON CBA3H;

e [locne BBeneHUsS B cUCTEMY MaTpHilbl KO3(h(ULIHMEHTOB OOpaTHOM CBs3M ObLIU
MIOJIYYEHBI CIEAYIOLINE PE3YIIbTATHI:
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— BpeMs NEepPEXOAHOI0 Mpolecca B YIPABIECHUE PETYIATOPOM COKPaTHIOCH B 2
pasa;
— MAaKCHMaJIbHOE OTKJIOHEHUE PEeryisiTopa pacxoja TOIuIMBa cocTaBuio 1,5°.

UccnenoBarenbckue padbotel npoBoawiuck B [TAO «PKK «DHeprus» Ha OCHOBE
matepuaioB o CYPT MHOropyHKIHOHAIBHOIO ABHUraTeNs MpelHa3HaYeHHOTO AJiI MOPCKOTO
crapra [3].
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Fuel consumption management system of a multifunctional space engine

Stenyaeva D.A., Balakin S.V.
RSC Energia, Korolev, Russia

This report presents an analysis of the Fuel Consumption Management System (FCMS)
[1] aimed at studying the components of the system, and in particular its fuel consumption
sensors; studying the prospects for reducing the amount of "guaranteed reserve" of fuel;
mathematical modeling of the system for subsequent synthesis.

Results of the conducted studies:

e A comparative analysis of flowmeters, which are used as sensitive elements in
determining the amount of fuel consumed, has been carried out;

e The error in measuring the amount of fuel depending on temperature changes is
calculated, and the composition of the sensitive elements is analyzed to reduce
this error;

e Studies have been conducted on the regulation of the ratio and total consumption
of fuel components [2];

e In the MatLab software environment, a synthesis of a digital control system for
the regulator of the ratio of fuel components of a multifunctional engine was
carried out, as a result of which a matrix of feedback coefficients was derived;

e After the introduction of the feedback coefficient matrix into the system, the
following results were obtained:

— the transition time to the control of the regulator has been reduced by 2 times;
— the maximum deviation of the fuel consumption regulator was 1.5°.
Research work was carried out at RSC Energia on the basis of materials on the design of
a multifunctional engine designed for sea launch [3].
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KonuenryaabHblii 10AX01 K 00eclie4eHHI0 HAeKHOCTH CPeICTB pa3ae/ieHUus
NepCcrneKTUBHBIX PaKeT-HOCUTeJIel 0e3 HCI0JIb30BaHNS IMPOCPEACTB
®dupcrok C.0O., Epmakos B.1O., Tydan A., Kypry3os A.B.

MAMU, r. Mocksa, Poccus

K oOecneuennto HagexxHoctu  cpeactB  pasgeneHus (CP)  mepcneKTHBHBIX
paket-Hocuteneit (PH) npenwsBnsitorcss ocoObie TpeboBanus, Tak kak CP mpeaHazHayeHbl AJis
IIPOYHOI'O COEJUHEHMS CTYNEHEH B IOJIET€ M UX HAJEKHOIO pasJielieHHs IOocie BbIPAOOTKHU
torunBa [1]. Micronb3oBanne NMEepCIEeKTUBHBIX CIIOCOOOB, B YACTHOCTH, XOJIOAHOTO PA3CICHUS
CTyIIEHEH BEJeT K KOHLENTyaIbHOMY I0JIX01y B o0ecnieueHnu HajexxHocty PH. Ilpu xononnom
pa3e’eHun MPOMCXOJUT TOPMOXKEHHE HIDKHEH CTyNeHH I0ociie OCBOOOXKICHMS Y3JIOB
COEJMHEHUs, a IocJe JOCTHKEHHUS TpeOyeMOro pacCTOSHUS MEXKIY CTYNEHSIMU MPOUCXOAUT
3allyCK JBUTarensl BepxHed cTyneHu [2]. M3 aHanm3a KOHCTPYKTMBHOM CXEMBI M IIpolecca
paszzeneHus 6e3 MCIOJb30BaHMS MUPOCPEACTB CIEAYET, YTO HAJEKHOE pa3/ieleHue CTyNeHel
TpeOyeT BBIMOJIHEHUSI CIEAYIOIIMX COOBITHI: HaIeXKHOrO0 PACKpBITUS CThIKa M Oe3yJapHOro
PaCXOXKIEHHUS CTYTICHEN.

HopmupoBanne HafeKHOCTH IO3BOJIAET PACHpPEACIIUTh HANECKHOCTb CHCTEMBI MEXIY
AJIEMEHTaMH IIPH PACKPBITUU CTHIKA.

KoHnTponbHO-IpoduIakTHUeCKe MEPONPUSITUS MHpPU TEXHUYECKOM OOCIYKHBAaHUU
NO3BOJISIOT BBISIBUTh M YCTPAHUTh OTKa3, YTO OOECHEUMBAET BBICOKYIO HAJEKHOCTb IpHU
HKCIUTyaTallMi, HO YaCTUYHO PACXOJyeT Pecypc, MO3TOMY MpeasaraeTcs MpoBEeCTH 3TH paboThI
JUls  Hambosee TMEepCIeKTUBHBIX pa3pabaThiBaeMbIX TexHHYeckux pemeHuit CP  Oe3
MCII0JIb30BaHus nupocpeacTs: Thna «Knembanny, mapukoBOro u JIENECTKOBOrO THUIIOB [3].

B nHacrosmeil paboTre mpoBeAeH aHAJIW3 OCHOBHBIX BapUaHTOB IPOEKTHO-
KOHCTPYKTOPCKHMX pEIIeHHH, Takux Kak pasaeneHne PH tunma «Knembanny»; paznenenmne PH
miapukoBoro tuma; pasnaenenue PH nenectkoBoro tmma. IlpoBeneHo mnapamerpuueckoe
pEe3epBUPOBAHUE COCTABHBIX 3JIEMEHTOB NPU JOCTHXKEHHUU TpeOyeMOro ypoOBHs HaJEeKHOCTH,
o0ecrieunBaroiee HeoOX0MMBbIH KOAPPHUIIMEHT MapaMeTpuyeckoro 3anaca. [IpoanannsupoBana
U paccMOTpeHa OLEeHKa KpUTHYHOCTH »syeMeHToB CP mo wmeroay OajulbHOM —OLIEHKH.
[IpencraBiaensl TpeOGOBaHUS HAJIEKHOCTH, KOTOpPbIE JOJKHBI OBITh TOATBEP)KICHBI MpU
NPOBEICHUN HKCIEPUMEHTAIBHOW OTpaOOTKM, BKJIIOYAIOLIEH aBTOHOMHBIE W KOMIUIEKCHBIE
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ucneitanus CP. IlpemiokeHbl pekoMeHAAaUUMK MO OOECHEYEHUI0 HAAEKHOCTH MpeiaraeMbIxX
npoekTHbIX pemenuii CP PH.
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A conceptual approach to ensure the reliability of separation devices for promising launch
vehicles without using pyrotechnics
Firsyuk S.O., Ermakov V.Yu., Tufan A., Kurguzov A.V.
MALI, Moscow, Russia

Special requirements are placed on ensuring the reliability of separation devices (SD) of
the promising launch vehicles (LV), since SD are designed to firmly connect the stages in flight
and reliably separate them after fuel depletion [1]. The use of promising separation methods, in
particular, cold separation of stages, leads to a conceptual approach in ensuring the reliability of
the LV. In cold separation, the lower stage decelerates after the connection nodes are released,
and after reaching the required distance between the stages, the upper stage engine starts [2].
From the analysis of the design scheme and the separation process without using pyrotechnics, it
follows that reliable separation of stages requires the following events: reliable opening of the
joint and shockless divergence of stages.

Reliability specification allows to distribute the reliability of the system between the
elements when opening the joint.

Control and preventive measures during maintenance make it possible to identify and
eliminate a failure, which ensures high reliability during operation, but partially consumes a
resource, therefore it is proposed to carry out these works for the most promising developed
technical solutions of the SD without using pyrotechnics: the "ClemBand" type, ball and petal
types [3].

In this paper, the analysis of the main variants of design solutions, such as SD separation
of the "ClemBand" type; LV separation of the ball type; LV separation of the petal type, is
carried out. Parametric redundancy of composite elements was performed when the required
level of reliability was achieved, providing the necessary coefficient of parametric margin. The
assessment of the criticality of the SD elements by the point estimation method is analysed and
considered. Reliability requirements are presented, which must be confirmed during
experimental testing, including autonomous and complex SD tests. Recommendations are
proposed to ensure the reliability of the proposed design solutions of the SD of the LV.
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YucaenHana ABYMEpHasi 0OCECUMMETPpUYIHAA MaTeMaTUICCKad MO1€J/Ib paspsijia B
pa3pﬂ11H017'1 KaMepe BBICOKOYACTOTHOIO HOHHOI'O IBUTATE/IsA

Topaees C.B.'?, Kanes C.B.?, Xapros C.A."?
"HUU IMD MAM, r. Mocksa, Poccus
2 MAMU, r. MockBa, Poccust

B pabore mpencraBieHa MaremMaTHyecKas MOZETb pas3psia B pa3psaHON Kamepe
BBICOKOYACTOTHOTO HMOHHOI'O JIBUTaTels, II03BOJIIOIIAS PACCUUTATh KAK HHTETpaJIbHbIC
napaMeTpbl, Tak M MOJYYUTh PACHpEleCHHUE JIOKaJIbHBIX MapaMeTpoB IUIa3Mbl MO O0bEMY
paspsaHoit  kamepbl. OcOOEHHOCTBIO TMPEACTABICHHOW MOJENHU SIBISIOTCA CPaBHUTEIBHO
HEBBICOKHME TPeOOBaHUS K BBIUMCIUTEIBHBIM pecypcaM IMpH pacyere. MaTemaTtuyeckass MOJIeib
COCTOMT M3 YEeThIpEX B3aUMOCBSI3aHHBIX IOAMOJENEH: OJIoKka pacyera KOHLEHTpaluu
HEUTpaJbHBIX aTOMOB, OJIOKAa pacuera KOHLIEHTPAallUM HOHOB, OJIOKa pacyeTa pacrpeneiacHus
JIEUCTBYIOIIUX 3HAYEHHU HECTAIIMOHAPHOW COCTAaBJSAIOUIEH AJIEKTPOMArHUTHOIO TMOJA U
BUXPEBBIX JJIEKTPOHHBIX TOKOB B paspsie M OJloka pacuera CTalMOHAPHOW KOMIIOHEHTHI
AIIEKTPUUYECKOTO TOJIs B 00beMe KaMephbl.

Pacuer KOHLEHTpaluu HEUTPaJIbHBIX aTOMOB IIPOU3BOJUTCS Ui
CBOOOTHOMOJIEKYJISIPHOTO TEUEHHs B KaMEpEe C MCIIOJIb30BAaHUEM METO0J1a IPAaHUYHBIX HJIEMEHTOB
[1]. ITpu aTOM aBTOPHI pazpaboTany NPUOIMKEHHYI0 METOUKY OLEHKH BIMSHUE MOHU3ALUU Ha
KOHIEHTPALUIO HEUTPAIBHBIX YaCTHLI.

Pacyer KOHLIEHTpallMM HOHOB OCHOBAaH HAa MOJICIMPOBAaHUM JIBUJKEHUS HOHOB B
CTAllMOHAPHOM KOMIIOHEHTE 3JIEKTpPOCTaTHYecKoro mnoiyigs B Iuia3me [2]. CHauvana 3ajgaercs
HavaJIbHOE paclpeiesieHne JIEKTPOCTaTUYECKOTO MOl U pacipeIesieHne KOHIEHTPallud HOHOB.
3aTeM pacCUMTHIBAIOTCS TPACKTOPUM MOHOB, HAa OCHOBAHWU YEro IE€PECUUTHIBACTCA HUX
KOHIEHTpalus. 3aTeM IO pacHpelesIEHUI0 KOHLEHTPALUU NEPECUUTHIBACTCS PACIPENEICHHUE
NIEKTPUYECKOTO  TOTEHIMana. PacueT Npou3BOAMTCS WUTEPALlMOHHO 10  JTOCTHKEHUS
CXOJUMOCTH.

Pacuer HecTalMOHAPHOTO JIEKTPUUECKOTO MOJIS IPOU3BOIUTCS C YUYETOM PACIIOIOKEHUS
MHAYKTOpA, BEMYMHBI U YAaCTOThl TOKa B HEM, M TOKOB B IazMe. IIpu 3TOM yuuThIBaercs
BJIMSTHUE KOHILIEHTPALIMU 3apSKEHHBIX U HEUTpaIbHBIX YACTHUI] HA YaCTOTY COYAapEeHUi B I1a3me
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JUis TpOBEpKH aJleKBaTHOCTHM MaTeMaTHYeCKOW MOJENIM NPOMU3BOJMIOCH CpPaBHEHUE
pacyeTHBIX HMHTETPAIBHBIX IAapaMETPOB C  AKCHEPUMEHTAIbHBIMUA  3HAUYCHUSMH  JUIS
BBICOKOYAaCTOTHOTO HMOHHOTO jBurarens c¢ amamerpoMm mydka 10 cm. Ilokazana xopormas
CXOMMOCTH pacyeTa ¢ IKCIEPUMEHTOM.
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Numerical 2D Axisymmetric Mathematical Model of Discharge in the Discharge Chamber
of Radio-Frequency Ion Thruster

Gordeev S.V.l’z, Kanev S.V.z, Khartov S.A.'*?
! Research Institute of Applied Mechanics and Electrodynamics of Moscow Aviation Institute
(National Research University), Moscow, Russia
2 MALI Moscow, Russia

A mathematical model of the discharge in the discharge chamber of a radio-frequency ion
thruster is presented, which allows one both to calculate the integral parameters and to obtain the
distribution of local plasma parameters over the discharge chamber volume. The mathematical
model consists of four interconnected submodels providing calculation for the following: density
of neutral atoms, density of ions, distribution of the root-mean-square values for the time-
dependent component of the electromagnetic field and for eddy electron currents in the
discharge, and the stationary component of the electric field in the chamber volume.

The density of neutral atoms is calculated for a free-molecule flow in the chamber with
use of the boundary elements method [1]. Besides, authors developed the method of the
approximate evaluation of the ionization effect on the neutral particle density.

The calculation of the ion density is based on modeling the ion motion in the stationary
component of the electrostatic field in plasma [2]. First, the initial distribution of electrostatic
field and the distribution of ion density are set. Then the ion trajectories are calculated, on the
basis of which the ion density is recalculated. It is subsequently used to recalculate the electric
potential distribution. The calculation is performed iteratively until the convergence is reached.

The non-stationary electric field is calculated taking into account the coil location, its
current amplitude and frequency, and the eddy currents in plasma. Besides, the effect of the
charged and neutral particle density on the collision frequency in the plasma is taken into
account.

To verify the model, the calculated integral parameters are compared with the
experimental values for the thruster with an ion beam diameter of 10 cm. Good agreement
between the calculation and experiment is shown.
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IIporpaMMHoO-annapaTHbIi KOMILIEKC IO MCCJIeJ0BAHUI0 0OPTOBBIX CHCTEM MAJIOr0
KOCMHY€eCKOr0 anmnapara

XomsiukoBa A.H.
Tyal'V, r.Tyna, Poccus

B Hacrosimee BpeMss MIMPOKO UCHOJB3YIOTCS COBPEMEHHBbIE HH(DOpPMAIOHHBIE
TeXHOJIOTHH B cdepe oOpasoBanus. s moctmxkeHus 3¢pEHEKTUBHOCTH y4eOHOTro Impoliecca
UCIIOJIb3YIOTCSI HOBBIE MOXO/IbI K BOCIPUATHIO YU€OHBIX MaTepHAIIOB.

AKTYyalnbHOCTh WCCIEAOBAaHUS OOPTOBBIX CHCTEM MaJblX KOCMHYECKHX aIllapaToB
(MKA) o0ycnoBieHa HEOOXOJUMOCTBIO TOATOTOBKH MOJIOJBIX CIEIUAIUCTOB B 00JIACTH
KOCMHUYECKHX TEXHOJOTHI B CBS3M C YBEIUYCHHEM IMOTPEOHOCTH B KBATH(PHUIIMPOBAHHBIX
WHXCHEPHBIX KaJlpaX, yUYEHBIX B MPOHM3BOJACTBEHHOU cdepe. KocMuueckas oTpacib-CIIOKHAS,
HayKoeMKass U OBICTpO pa3BUBAIOLIASCS OTpacib, CBSA3aHHAg C TEXHOJIOTMYECKUMU
JOCTHKEHUSIMH, HOBBIMH MaTepuallaMd U HHXEHEpHbIMH perieHussMu. CoBpeMeHHBIN
CHEIHUAIMCT B 00JIACTU MPOEKTUPOBAHMSI KOCMHUYECKHUX CHUCTEM JOJDKEH BIIAJIETh OCHOBAMU
METOJIOB TPOCKTUPOBAHHUS IIOJIE3HBIX HArpy30K U CHUCTEM OOCITYXHBaHUS KOCMHYECKHX
anmaparoB, JUHAMHUKOH KOCMHYECKMX IIOJICTOB, TCOPHCH HAJICKHOCTH, NPUHIUTIAMU
UCTIIBITAHWH, MOHUMATh OCHOBBI JJIGKTPOHHMKH, MATEPHAJIOBEICHUS W JaXKe JKOHOMUKUA U
opranuzaiuu Tpyaa [1].

B pabGore mpencraBien oOpazoBarenbHBIA HAO00p «MHXEHEpHUS MabIX KOCMHUYECKUX
anmaparoB» A u3ydeHus OoptoBbix cuctem MKA. HabGop BKIIOYaeT cienyromiue y3ibl U
MOJTYJIU:

- netanu i coopku kopimyca MKA B ¢popme BOCbMHYTOIBHON TPU3MBIL;

- MoIynb OOpTOBOM IMGPOBOI BBHUUCIUTENHbHOM MamuHbl Ha 0aze Arduino Nano, ¢
JIpaiiBepOM JBUTATENS TOCTOSTHHOTO TOKA;

- 0JIOK MUKPOMEXaHUYIECKUX TUPOCKOTIOB U aKCEICPOMETPOB;

- MOAYJb IBUTATEIISI-MaXOBHKA ISl YIIPABIICHHUS YIIIOBBIM mojioxkeHneM MKA;

- MOJZlyJIb COJTHEYHBIX TaHEJIECH.

OTnuuuTenbHble 0COOEHHOCTH:

- pemiath 3a7auy yrpaBJiIeHUs JBUTATEIEM-MaXOBUKOM;

- 0TpabaThIBaTh PEKUM CTAOUIU3AIMU MAJIOTO KOCMUYECKOTO amnmapara;

- YOpaBJSTh YTJIOBBIM TIOJIOKEHHUEM MAJIOT0 KOCMHUYECKOrO ammapara C MOMOIIbIO
HA3eMHOM anmapaTypsl;

- 0TpabaThIBaTh PEIKUM OPUEHTHUPOBAHUS HA HEOSCHOE CBETHIIO;

- M3y4aTh AJITOPUTMBI OPUCHTAIIMH C BEKTOPOM KOHEUHOTO MTOBOPOTA, C HAMTPABJISIFOIIIMMH
KOCHHYCaMH, ¢ mapamerpamu Poxpura-I'amuinbroHa, ¢ yrimamu Ditnepa-Kprsiiosa.;

- (opmupoBaTh 6230BBIE KOMITETEHITUH S3BIKOB MIPOTPAMMHPOBAHHUS;

- (opmupoBaHUS HABBIKOB PAOOTHI C MUKPOKOHTPOJLIEPOM;

- (dopmupoBath ymeHHe UU(POBOKW OOpPaOOTKM CUTHAJIIOB JAaTYMKOB TEPBUYHON
UHpOpMaLIUH.

B conepxxanue y4eOHO-TEMAaTHYECKOTO IIJIaHA BXOMAT IIECTh Pa3eNoB: AIIEMEHTHI
HEeOCCHON MEXaHWKH, TaTYMKU MaJIOT0O KOCMHUYECKOTO arapara, UCIIOJHUTEIbHBIC YCTPOHCTRA,
CUCTEMBI OPHMEHTAIlMU MaJIOT0 KOCMHUYECKOTrO arrapara, ammapaTHO- IMPOTPaMMHBIE CPEJICTBA
Arduino [2].

Paboma evinonnena npu ¢unancosoti noooepoicke Munucmepcmea HAyKu U 8blCULE2O
oopaszosanusi P® ¢ pamkax cocyoapcmeennozo sadanus no meme FEWG-2022-0002.
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Hardware-software complex for research of on-board systems of small spacecraft

Khomyachkova A.N.
Tula State University, Tula, Russia

Nowadays, modern information technologies are widely used in the sphere of education.
New approaches to the perception of learning materials are used to achieve the effectiveness of
the educational process.

The relevance of the study of on-board systems of small spacecraft is due to the need to
train young specialists in the field of space technology in correlation with the increasing demand
for qualified engineering personnel and scientists in the industrial sphere. The space industry is a
complex, knowledge-intensive and rapidly developing industry associated with technological
advances, new materials and engineering solutions. A modern specialist in the field of space
systems design should know the basics of payload design methods and spacecraft servicing
systems, space flight dynamics, reliability theory, test principles, understand the basics of
electronics, materials science and even economics and labor organization [1].

The paper presents an educational kit "Small Spacecraft Engineering" for studying on-
board systems of spacecraft. The kit comprises the following assemblies and modules:

- details for the assembly of the small spacecraft body in the form of an octagonal prism;

- onboard digital computer module based on Arduino Nano, with a DC motor driver;

- block of micromechanical gyroscopes and accelerometers;

- flywheel motor module for controlling the angular position of the small spacecraft;

- solar panel module.

Distinctive features:

- solve the problem of flywheel motor control;

- work out the stabilization mode of a small spacecraft;

- control the angular position of a small spacecraft with the help of ground equipment;

- practice the mode of orientation to the celestial luminary;

- study orientation algorithms with a finite rotation vector, with directional cosines, with
Rodrigue-Hamilton parameters, with Euler-Krylov angles;

- form basic competences of programming languages;

- form the skills of working with microcontroller;

- form the skills of digital processing of primary information sensors signals.

The content of the curriculum includes six sections: elements of celestial mechanics,
small spacecraft sensors, actuators, small spacecraft orientation systems, Arduino hardware and
software [2].

This work was financially supported by the Ministry of Science and Higher Education of
the Russian Federation within the framework of the state assignment on the topic FEWG-2022-
0002.
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Pa3paborka cpencrBa pasjejieHusi B COCTaBe NMEPCNEeKTUBHON paKkeTbI-HOCHTEJIsS1 0e3
HCI0JIb30BAHUS MUPOCPEICTB

®dupciok C.0., Epmakos B.1O., Tydan A., Bacukos J[.B.
MAMU, r. Mocksa, Poccust

IIpopaboTka mnepcrekTuBHBIX paker-HocuTeneil (PH) ompenensier HOBble KoHUENIMU
pasBUTHS K CUCTEMaM M IoJicucTeMaM, 0coO0eHHO K cpencTBaM paszaenenus (CP) yckopureneit
nepBoii u Bropoi crymeneii PH, a Ttakxke xk CP momesnoit narpysku (ITH) m PH Ge3
UCIIOJIb30BAaHUsl THPOCPEACTB, IMOATOMY K KOHCTpykKuuu CP mnpenbsBisitoTcs OCHOBHbBIE
TpeOOBaHUS, Takue KaK HCKIOYEHHME BBINAJACHUS JeTaled M 00pa30BaHUS OCKOJIKOB IIpU
paszeneHuy; cpabOaThlBaHME 110 KOMaHJE cHUCTeMbl ympaBieHus PH; wuckimroueHune wux
CaMOIIPOU3BOJIBHOTO cpabaThIBaHUs MPHU JOMYCTHUMBIX YCJIOBHUSAX 3KCILTyatanuu B coctaBe PH
[1]. ITpu 3Trom CP noymKHBI OBITH YCTOWYMBBI M HE U3MEHITh CBOM TEXHUYECKUE XapaKTEPUCTUKU
1ociae BO3JACHCTBHUA BHUOPALMOHHBIX, YAApHBIX, CTaTUYECKMX U TEIUIOBBIX Harpys3ok,
BO3HUKAIOIIKUX B IIPOLECCE TPAHCIOPTUPOBAHMS, MOATOTOBKM HAa TEXHMYECKOM U CTAPTOBOM
KoMmIuiekcax, npu crapre PH u B nmonere [2,3].

[IpoBenenue oOLEHOUHBIX pacyeToB Ipu paszpadbotke CP ocHoBbIBaeTCS Ha aHaiIu3e
OTHOCHUTEJIBHOTO JBMKEHUS Pa3JCISIOIUXCSA Tell, Ui 4Yero HCIHONb3YIOTCS aHAJIUTUYECKHE
3aBUCHMOCTH I ONPENENICHUs WX OCHOBHBIX IapaMeTPOB: YIVIOBBIX CKOPOCTEH; JIMHEHHOU
OTHOCHUTEIIBHOM CKOpPOCTH; OTHOCUTEIBHOTO IIEPEMEIICHMS PA3ACIIONUXCS CTBIKOB B
MIOTIEPEYHOM HalpaBICHUH; PEAKLIUU Ha IIIWIbKaX B Pa3feIOINXCS CThIKaX.

OOBEeKTOM HCCEIOBaHMS SBISETCS HCIOIb30BAHUE CPEACTB Pa3JIENIEHUs] YCKOpHUTeENei
neppoil u BrOopoi cryneHed PH, a taxkke cpencrsa pasmenenus IIH um PH, xoropsle
npeHa3HaYeHbI Ul 00eCTIeUeHNs] MEXaHUUYECKON CBSI3U MEX]y pa3/ielsseMbIMU YacTsIMH 10 UX
pazzeneHus U Juist 00ecTiedeH sl IBUKEHUS pa3AesieMbIX YacTel ¢ TpeOyeMbIMH ITapaMeTpaMu B
KOHIIE Pa3JIEICHHUS.

enbto pabotsl siBnsieTcs paspadorka CP yckoputeneil nepBoil u BTopoil cryneHeit PH
0e3 MCIoJIb30BaHus MUPOCPENICTB, B TOM YHCIe: TPopaboTKa BO3MOXKHBIX BapuanToB CP; BeIOOp
panoHanbHbIX pemeHnid 1o CP npuMmeHnTtensHO k nepcnektuBHoi PH; MaremaTtnueckoe
moaenupoBanre CP; KoHCTpyKTHBHas popaboTKa BeIOpaHHOro Bapuanrta CP.

B nacrosmeit pabote OblIM nmpoBeneHbl paboTsl Mo pazpaborke CP 6e3 ncnosiab3oBaHus
NUPOCPEICTB, TPOAHATIM3UPOBAHbI pa3inuHble BapuanTsl CP, ynoBneTBopstomue TpeOGOBaHUSAM;
CIPOCKTHPOBAaH W KOHCTPYKTHBHO mpopaboran BapuanT CP; mnpeacTaBieHbl pe3ylbTaThl
MaTeMaTH4eCcKoro MOJEIMPOBaHUs IpeuiaraeMoro Bapuanta CP ¢  moxareepxkaeHueM
AHAJIMTUYECKUX NapaMeTpoB, npeabsasisieMbix k CP PH.
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Development of a separation device as part of a promising launch vehicle without using
pyrotechnics

Firsyuk S.O., Ermakov V.Yu., Tufan A., Vasikov D.V.
MALI, Moscow, Russia

The development of promising launch vehicles (LV) defines new development concepts
for systems and subsystems, and especially for separation devices (SD) of the first and second
stage boosters of the LV, as well as for SD of the payload (PL) and the LV without using
pyrotechnics, therefore, basic requirements are imposed on the SD design, such as the exclusion
of precipitation parts and the formation of fragments during separation; triggering at the
command of the LV control system; exclusion of their spontaneous operation under permissible
operating conditions as part of the LV [1]. At the same time, SD must be stable and not change
their technical characteristics after exposure to vibration, shock, static and thermal loads that
occur during transportation, preparation at the technical and launch complexes, at launch and in
flight [2, 3].

The evaluation calculations in the development of SD are based on the analysis of the
relative motion of separating bodies, for which analytical dependencies are used to determine
their main parameters: angular velocities; linear relative velocity; relative displacement of
separating joints in the transverse direction; reactions on studs in separating joints.

The object of the study is the use of SD of the first and second stage boosters of the LV,
as well as SD of the PL and the LV, which are designed to provide mechanical coupling between
the separated parts before their separation and separation to ensure the motion of the separated
parts with the required parameters at the end of separation.

The goal of the study is to develop the SD of the first and second stage boosters of the LV
without using pyrotechnics, including: elaboration of possible SD options; selection of rational
solutions for SD in relation to a promising LV; mathematical modelling of SD; constructive
study of the selected SD option.

In this paper, work was carried out on the development of SD without using pyrotechnics,
various SD variants that meet the requirements were analysed; the SD variant was designed and
constructively worked out; the results of mathematical modelling of the proposed SD variant
with confirmation of the analytical parameters required for the SD of the LV were presented.
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Iesqimii panuoHaabHas cpeia AJisl CBEPX3BYKOBBIX TPEKOBBIX HCIBITAHNH W3/1eJ TN
ABHAIMOHHOI U PAKETHON TeXHUKU

AcraxosB C.A.1’3, buprokon B.I/I.l’z, Kucenes NLA.!
' ®KII TkHUTIAC um. JLK. Cadponosa, benoosepckuii, Poccus
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3 PAPAH, Poccus

Co3narenu COBPEMEHHBIX BBICOKOCKOPOCTHBIX JICTATEIbHBIX AallapaToB CTPEMATCS
YBEJIMYUTh BEPXHUU TPEIeN CKOPOCTHOTO jauanazoHa. D(H(EKTHBHOCTh MPUMEHEHHUS HOBBIX
00pa3IoB JICTAlOIICH TEXHUKH PA3JIMYHOIO0 HA3HAYCHUsS TOJATBEPXKAACTCS IPH HA3EMHBIX
TPEKOBBIX UCHbITaHUAX. CpelIcTBAa PA3rOHA UCHBITYEMbIX M3EIHUM - TPEKOBBIE KAPETKU 10 CYTH
SIBJISIFOTCSI DKCIIEPUMEHTAJILHBIMU JIeTaTeIbHbIMU armapaTtaMu (3Y) B 3aBUCUMOCTH OT MAacChl U
CKOPOCTH TIPUMEHEHHS HOBBIX pa3paboTOK. [IpOCKTHPOBIIMKK HCHBITATEILHOTO ITOJBHKHOTO
000pyI0BaHUS UCIIONB3YIOT TEXHOJOTUIO M OMBIT, HApaOOTAaHHBIA 32 MHOTOJIETHIOIO HUCTOPHIO
TAKUX UCHbITaHUI. J[JI1 yBEIMUEHHUSI CKOPOCTU HCIIBITAHUN MPUMEHEHUE PAKETHBIX JBUTATENICH
OoJIbIIIEH TATH MTPUBOAUT K 3HAYUTEIILHOMY YBEIMYCHHUIO MAaCcChl TPEKOBOTO cHapsukeHus. Kpome
YBEJIMUYEHUS TATU TBEPAOTOIUIMBHBIX JBUTATENEH, MIPU YBEIIMYCHUU CKOPOCTH Pa3rOHA M3AEIUI
pacTyT BHUOpalMU »JJIIEMEHTOB HCHBITATENILHOTO o0OpynoBaHus. McTouHukamu BuOpanuu
ABJISIFOTCA  BBIHY)KJICHHBIE TEPUOJMYECKHME BO3MYIIEHUS M YyAapbl MpPHU KOHTAaKTE OMNOpP
CKOJIbXKEHUsI (OalIMakoB) TPEKOBBIX KapeTOK C pEIbCOBBIMH HalpapistomuMmu. Hamuuaue
OOKOBBIX M BEPTUKAIBHBIX 3230POB MKy KOHTAKTHBIMU MMOBEPXHOCTSIMH OAIlIMaKOB M PEIHCOB
B 3aBHCUMOCTH OT MEPEMEHHBIX B MPOILIECCE HMCIBITAHUS MAacChl M JKECTKOCTH KOHCTPYKIUHU
TPEKOBBIX KapeTOK, a TakK€ M COBOKYIMHOCTH CHJIOBBIX PAa3JIMYHBIX HArpyXE€HHH MOKET
MPUBECTH K AaBTOKOJICOAHUSM DJJIEMEHTOB WM CaMOW KapeTKu. BHENIHUMU CHJIOBBIMU
dakTopaMu, BIMSIONIMMUA Ha JUHAMHUKY JBIKECHHS TaKUX DSKCIIEPUMEHTAIBHBIX YCTaHOBOK,
SBJISIETCSI HECTAIlMOHAPHOE OOTEKaHWE BO3AYIIHBIM MOTOKOM. Kpome 71000BOTO MepeMeHHOTO
a9POIMHAMHUYECKOTO CONPOTUBIICHUS, BO3HUKAET TAKXKE I[IEpEMEHHas IOJbEeMHas Cuia,
3aBHUCHIIAsg OT TE€OMETPUH U MAacChl TPEKOBOM KapeTKU ¢ OOBEKTOM HCHBITaHHSA. B HEKOTOpBIX
Cyyasix MpU 3HAUUTEITBbHON BEIMYMHE MOJABEMHOW CHWIIBI, IpPEBBIIAKONIECH Bec DY, BO3MOKEH
nepexo/i KOHTaKTa 0alMaKkoB ¢ BEpXHEH MOBEPXHOCTH TOJIOBKH penibca K HibKHeH. OTMedeHHoe,
ABJIIETCS TPUYMHOM TMOTEPU TPAEKTOPHOM YCTOMYMBOCTH JABIKEHUS OY U NPUBOIUT K
MOTIEPEMEHHBIM yJIapHBIM BO3JICUCTBUSAM MEPETHUX U 3aHUX OAIIMaKOB, a TaKXe K BUOpAIUsIM
AJIEMEHTOB KapeTKH. PebcoBbIe MyTH TPEKOBBIX CTEHIIOB B PA3JUYHBIX CTpPaHAX pPa3IMYarOTCs
WCITOJTHEHUEM, HAllpUMEp IIUPUHON KOJIEU, BEPTUKATHHBIM TPO(HIEM pa3IMUHBIX y4aCTKOB U
JUIMHOM TPEKOBOW JAOPOXKKH. Halmnurem repMeTudHbIX TOHHEINIEH, Uil CO3AaHusl Cpelbl B HUX C
MEHBIIIECH TUIOTHOCTHIO, U3MEPHUTEIHHBIM O0OPYIOBAHUEM, TEXHOJIOTHUYECKUMH yYacCTKaMH [T
COXpaHEHUsI HCIBITaTeIbHOTO 00OpydoBaHus u Ap.. OOmelt mpobiemMoil MPH HMCIBITAHUSIX
pa3IMYHBIX OOBEKTOB Ha JIOOBIX TpeKax SBISIOTCS BUOpAIlMU, BO3HUKAIOIIME W3-3a
HECTaIlMOHAPHOTO adPOIMHAMHYECKOTO B3aUMOJEHCTBUSI MPU OOTEKAHUH BO3AYITHBIM ITOTOKOM
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JJIEMEHTOB TPEKOBBIX KAapeTOK C OOBEKTOM HCHBITAHMUSA, a TaKXKe U3-32 KOHTAKTHOIO
B3aMMOJICHCTBHS OIOp CKOJBXKEHUS C penbcaMH. B3ammogeiicTBue OalMakoB M pPEIbCOB
3aBHCUT OT MHOTHX (PAaKTOPOB IOJIETa, U CYIIECTBEHHBIM 00pa3oM ompenensercs O0KOBBIMH, a
TaKXe BEPTUKAJIBHBIMH 3a30paMU MEXAY KOHTAKTHBIMHU MMOBEPXHOCTSIMHU OAIIIMAKOB U PEIIbCOB.
JlononHUTENBHO, B MIPOLIECCE IKCIIEPUMEHTA 33 CUET BBHITOPAHMSI TOIIMBA PAKETHOTO JBUTATENs
W3MEHSIOTCS TOJIOKECHHUS LIEHTPOB MAacC M JKECTKOCTH BCErO IOABM)KHOTO CHAPSDKCHMS, T.€.
u3MeHseTcs ucxoaHas 6anancupoBka Y. COBOKYITHOCTb BO3JE€HCTBUI MPUBOJUT B HEKOTOPBIX
cilydasX K JUHAMHUYECKOM HECTaOWIbHOCTH JABMKEHHMSI TPEKOBOM KapeTku ¢ OOBEKTOM
UCIBITaHUs, CONPOBOXKIAIOIIECEC IEPUOANYECKUMU U CIIy4allHBIMH yJapHBIMHU BO3JIEHCTBUSAMU,
BEJIMYMHA KOTOPBIX MOXET MPEBBIIIATH JOIYCTUMBbIE 3HAUEHUS IEPETPY30K.

CHuxeHne a’poJMHAMUYECKOTO COINPOTHUBIIEHUS BO3MOXHO, €CIM TPEKOBBIH IIyTh
pa3MeCTUTb B TIE€pPMETUYHOM TOHHEJE W 3allOJHUTh €ro reiaveM. ['enuii MHEPTHBIH U HE
TOKCHYHBIA Tra3, OONaaroIMii MaJlod MOJICKYJSIPHOM MAaccoil, HH3KOH IIJIOTHOCTBIO U
HE3HAYUTENIbHOM BA3KOCTBIO. Ero razoBas MOCTOSIHHAS NP HOPMAJIBHBIX YCJIOBHAX paBHa R =
2077,2 mx/(xr K). IImotHOCTH ppe = 0,1785 xr/mM3, T.. B 7,264 pa3 MeHbIIas IJIOTHOCTH
BO3Ayxa. /[nHamuyeckas BA3KOCTb [l.He = 2,018-10'05 ITa-c mpu t =25°C. Temnoemkocts Cp =
(5,2-5,27) xIx/(kr °C). O6bem kmonbp He pnV = 22,42 m3/kmonb, mokaszarenb aguadbatsl k=
Cp/Cy=1,67.

B nmaHHON mnocraHoBke 1 TpekoB B Poccum, pe3ynbTaThl TEOPETHYECKUX U
AKCIEPUMEHTAIbHBIX HCCIEIOBAaHUM 3aMEHBI CPEIbl U3 OKPYXKAIOLIEro BO3JyXa Ha Teluil Mpu
pa3HOM €ro KOHUEHTPALMU B COCTABE CMECH HA TPEKOBOM PENIBLCOBOM JTIOPOKKE SBIISIETCS HOBOM,
aKTYyaJIbHOM M MPAKTUYECKHU MOJIE3HOU 3a/1aueil.

OCHOBHOH LENBIO SIBJISIETCS MOJIyYEHUE AAHHBIX O BEJIMYMHE MPUPOCTA CKOPOCTHU IIPU
HEKOTOPOH (PUKCHPOBAHHOM TAre IBUTATEINs B 3aBUCUMOCTH OT ITPOLIEHTHOT'O COJIEPyKaHUsI FeTus
B COCTaBE CMECH C BO3JyXOM M IJIMHOW ydacTKa TOHHEI, Ha KOTOPOM peaM3yeTcsl pa3roH
UCTIBITYEMOro 00beKTa. JJIMHa TOHHENs oNpeieisieT 3aTpaThl Ha pealu3aliio 3TOro npoekra. B
HacToALIeH padoTe BHIMOIHEHO YUCICHHOE MOJIETIMPOBAHUE 3a/1a4H CBEPX3BYKOBOT'O OOTEKaHUS
MIOTOKOM CMECH TeJIis C BO3IyXOM IpPU Pa3InYHON MX KOHLEHTpauuu. OnpeneneHsl MI0THOCTU
cMmeceil. YUuCIeHHBIM HHTErpupoBaHHEM cucTeMbl ypaBHeHuil Hasbe-CTokca ¢ ydeTom
3¢ (PEeKTOB BSI3KOCTH, TEIUIONMPOBOJAHOCTH U TYpOYJIEHTHOCTH 10 Monenu k- mist ckopoctu 830
M/C ompeneneHsl adpoauHamuueckue koappunmentel: Cx, Cy, Cz nus 3D Mojeneit peanbHbIX
00BEKTOB: TPEKOBOW MOHOPEIbCOBOH KapeTKH C OOBEKTOM HCHBITAHUS M PEbCOBOTO MYTH C
Y4ETOM T'e€OMETPUHU OKpPY’KAIOLIero TOpu3oHTa. B ocHOBE pacdeToB 3al0KeHbl pa3paboTaHHBIE
OpUTMHAJIbHBIE QJITOPUTMBI M IPOTPAMMBI C HCIOJB30BAaHUEM M3BECTHOIO IPOIPaMMHOIO
komiuiekca Flow Vision (Poccuiickoit komnanun OOOQO Tecuc). [lpuBeneHsl pe3ynbTaTbl
YHUCIIEHHBIX pacyeToB JAWHAMUKH JBWXKEHUS 30D MoJenu MOHOPEIbCOBOTO TPEKOBOIO
CHapsDKEHUsl C MCIOJIb30BaHHEM pa3pabOTaHHOIO OPUTHHAIBHOTO MPOTPaAaMMHOIO MPOJIYKTa B
cpene AmecuMm (komnanuu CHMEHC), KOTOpble OyayT MCHOJB30BaHbI JIJISl HATYPHBIX OTHEBBIX
JKCHepuMeHToB. OnpeneneHo, 4To 3(@eKT mpupocTa CKOpOCTH 3ameTeH Yyxke mnpu 25%
KOHLIEHTPALlMU Tellisg B CMECU C BO3JYXOM B COCTaBe cpefbl TOHHENs. llomyueHsl uncieHHble
3HaUEHUs MMHHUMaJabHOW IiuuHbl TOHHENss 1000 M ¢ jerkora3oBoil cpenoil g OKUIAAEMOTO
yBenuueHus: ckopoctu ¢ 830 m/c mo 960 m/c mpu 50% KOHIEHTpalUMU TeIust B CMECH C
BO3IyXOM. JlaHHBIE pacyeToB TO3BOJIAIOT MPOTHO3UPOBATh  PE3YIbTATHl  HATYypHOTO
sKcniepruMeHTa Ha creHje «PakerHerii penbcoBeid Tpek 3500» B @DKII «l'ocymapcTBeHHBIN
Ka3eHHBI HAyYHBIN UCTIBITATENIbHBIN MOJIUTOH aBualMoHHbIX cucteM umeHu JI.K. CadponoBay.
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Helium is a rational medium for supersonic track testing of aviation and rocketry
products

Astakhov S.A.1’3, Biryukov V.I.l’z, Kiselev LA.!
'NIPAS named after L.K.Safronov, Beloozersky, Russia
2 MALI Moscow, Russia
3 RARAN, Moscow, Russia

The creators of modern high-speed aircraft are striving to increase the upper limit of the
speed range. The effectiveness of using new types of flying equipment for various purposes is
confirmed during ground track tests. Means for accelerating the tested products - track carriages
are essentially experimental aircraft (EA), depending on the mass and speed of application of
new developments. Designers of mobile test equipment use technology and experience gained
over the long history of such tests. To increase the test speed, the use of higher thrust rocket
engines leads to a significant increase in the mass of track equipment. In addition to increasing
the thrust of solid fuel engines, as the acceleration speed of products increases, vibrations of the
elements of testing equipment increase. The sources of vibration are forced periodic disturbances
and impacts upon contact of the sliding supports (shoes) of the track sled with the rail guides.
The presence of lateral and vertical gaps between the contact surfaces of the shoes and rails,
depending on the variables during testing of the mass and rigidity of the track sled structure, as
well as the combination of various force loads, can lead to self-oscillations of the elements or the
carriage itself. External force factors influencing the dynamics of the movement of such
experimental installations are unsteady air flow. In addition to frontal variable aerodynamic drag,
a variable lift force also arises, depending on the geometry and mass of the track sled (carriage)
with the test object. In some cases, with a significant amount of lifting force exceeding the
weight of the power plant, it is possible for the contact of the shoes to transition from the upper
surface of the rail head to the lower one. This causes the loss of trajectory stability of the
propulsion unit and leads to alternating impact impacts of the front and rear shoes, as well as
vibrations of the sled elements. Rail tracks of track stands in different countries differ in design,
for example, gauge width, vertical profile of various sections and track length. The presence of
sealed tunnels to create an environment in them with a lower density, measuring equipment,
technological areas for preserving test equipment, etc. A common problem when testing various
objects on any tracks is vibrations that arise due to non-stationary aerodynamic interaction when
air flows around the flow of track sled elements with the test object, as well as due to the contact
interaction of the sliding supports with the rails. The interaction of shoes and rails depends on
many flight factors, and is significantly determined by the lateral as well as vertical gaps
between the contact surfaces of the shoes and rails. Additionally, during the experiment, due to
the burnout of the rocket engine fuel, the positions of the centers of mass and rigidity of all
moving equipment change, i.e. the initial balancing of the power plant changes. The combination
of impacts leads in some cases to dynamic instability of the movement of the track carriage with
the test object, accompanied by periodic and random shock impacts, the magnitude of which
may exceed the permissible overload values.

Reducing aerodynamic drag is possible if the track track is placed in a sealed tunnel and
filled with helium. Helium is an inert and non-toxic gas with low molecular weight, low density
and low viscosity. Its gas constant under normal conditions is R = 2077.2 J/(kg K). Density pHe
= 0.1785 kg/m3, i.e. 7.264 times less than air density. Dynamic viscosity p.He = 2.018¢10-05
Paes at t =25°C. Heat capacity Cp = (5.2-5.27) kJ/(kg °C). Volume kmol He pV = 22.42
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m3/kmol, adiabatic index k= Cp/CV = 1.67. In this setting for tracks in Russia, the results of
theoretical and experimental studies of replacing the medium from ambient air with helium at
different concentrations in the mixture on a track rail track is a new, relevant and practically
useful task.

The main goal is to obtain data on the magnitude of the speed increase at a certain fixed
engine thrust, depending on the percentage of helium in the mixture with air and the length of the
tunnel section on which the test object is accelerated. The length of the tunnel determines the
costs of this project. In this work, a numerical simulation of the problem of supersonic flow
around a mixture of helium and air at different concentrations was performed. The densities of
the mixtures were determined. By numerical integration of the system of Navier-Stokes
equations taking into account the effects of viscosity, thermal conductivity and turbulence using
the k-€ model for a speed of 830 m/s, the aerodynamic coefficients were determined: Cx, Cy, Cz
for 3D models of real objects: a track monorail carriage (sled) with an object testing and the rail
track, taking into account the geometry of the surrounding horizon. The calculations are based on
developed original algorithms and programs using the well-known Flow Vision software
package (Russian company Tesis LLC). The results of numerical calculations of the motion
dynamics of a 3D model of monorail track equipment using the developed original software
product in the Amesim environment (Siemens company), which will be used for full-scale
experiments, are presented. It was determined that the effect of the increase in speed is
noticeable already at 25% concentration of helium mixed with air in the tunnel environment.
Numerical values were obtained for the minimum tunnel length of 1000 m with a light gas
medium for the expected increase in speed from 830 m/s to 960 m/s at 50% helium concentration
in a mixture with air. The calculation data allows us to predict the results of a full-scale
experiment at the “Rocket Rail Track 3500 stand at the Federal State Enterprise «Scientific Test
Range of Aviation Systems» named after L.K.Safronov» (NIPAS named after L.K.Safronov).

33



KOHCTPYKIUA. TIPOYHOCTD. IEPCIIEKTUBHBIE MATEPUAJIBI

STRUCTURE. STRENGTH. NEW MATERIALS

AHaJM3 BJMAHHUA HAYAJbHBIX HecOBepUIeHCTB GOpMbI KPYNIHOTa0apUTHOM
BadeJIbHOH HWJIMHAPUYECKOH 000/I0YKH HA YCTOHYHUBOCTH IIPH 0CEBOM CKATHH

Anuncumon C.A.
AO «PKI1] «IIporpeccy, r. Camapa, Poccus

Badenpubie numuHAPUYECKHE O00OJOYKH IIUPOKO MPUMEHSIOTCS B H3ACTHUSX PAKETHO-
KOCMHUYECKOW TEXHHUKH B KAY€CTBE CHIIOBBIX 3JIEMEHTOB KOHCTPYKIIUH, paOOTAIOIINX B YCIOBHSIX
OOJBIIMX 3HAYEHUI OCEBBIX COKMMAIOIIMX HArpy3oK. BennunHa KpUTHYECKOW HArpy3ku, MpU
KOTOPOM  MPOUCXOTUT TMOTeps yCTOMYMBOCTH CXKMMaeMOl B OCEBOM  HaIlpaBJICHUU
HUIMHIPUYECKON O0O0O0JIOUKH, MOXKET CYIIECTBEHHBIM 00pa3oM 3aBUCETh OT HMMEIOIIUXCS Y
000JIOUKM HAYaIbHBIX HECOBEPIICHCTB, CBSA3aHHBIX C TEeXHOJIOTHEeH e€ wu3roToBineHus. B
HACTOSIIEM JOKJIa/Ie MPUBEICHBI PE3YJIbTaThl TUHEHHOTO pacyéTa Ha YCTOMYMBOCTH IIPU OCEBOM
C)KaTHH KPYIMHOTabapuTHON BahebHOW UIMHAPUICCKONH 000JI0UKH, OCYIIECTBISIEMOTO B CpeJie
IIPOrPaMMHOr0 KOHEYHO-3JeMeHTHOro komiiekca MSC.Patran/Marc, ¢ y4éroM umeronmxcs y
000JI0YKM HaYaJIbHBIX HECOBEpHICHCTB. [IpoBeneHO cpaBHEHHE C pe3yibTaTaMH pPacdEToB,
MOJIyYEHHBIX C HCIOJb30BAHHUEM KOHEYHO-3JIEMEHTHOM MOJENUW U MOJENM, OCHOBAHHON Ha
METOJIC YUCJIIEHHOTO WHTErpupoBaHus [1], KOTOpbIe MOCTPOEHBI B paMKax IMPEANoNoKeHHus 00
UCANbHOCTH [IJIMHAPUYECKOU (GOpMBI UCCIeayeMOoi 000JI04KH. BEITOTHEHO Takke cpaBHEHUE
C pac4€ToM Ha OCHOBE SMITUPHUKO-CTATUCTHUECKOT0 MeToa [2].

BriBo1BI 110 pe3ynbTaTaM MpoBeAEHHBIX UCCIEAOBAHUN CBOISTCS K CIEAYIOIIEMY:

* [Ipu 3HAYCHUAX aMIUMTYAbl HavaJdbHBIX HECOBEPIICHCTB B mpezaenax 20% OT BBICOTHI
MOAKPEIUISIIONUX péOep (OTCYMTHIBAEMOM OT BHEIIHEW MOBEPXHOCTH BadeabHON 000TI0UYKH)
BEITMYMHA KPUTHYECKOW HAarpy3Ku CHIDKaeTcs B npenenax 1,5% 1mo cpaBHEHHIO C T€M, 4TO JIaéT
KOHEYHO-DJIEMEHTHasl ~ MOJeNib, OCHOBaHHAas Ha  TNPEANONIOKEHWH 00  UAeaTbHOCTU
HUIMHIPUYECKON (OPMBI UCCIelyeMOl 000JI0UKY;

* [lo cpaBHEHMIO C KOHEYHO-RIIEMEHTHOW MOJENbI0, YYHUTHIBAIOIIEH OTMEUYEHHBIE
HECOBEPILIECHCTBA, SMIIMPUKO-CTATUCTUYECKUM MeToJA pacuéra [2] NpPUBOAUT K BEIMYMHE
KPUTHYECKON HArpy3ku 3aHrmkeHHou Ha 16,3% (mipu k=0,34) u na 31% (mipu k=0,28);

* BpuncnurenbHas MOJENb, OCHOBAaHHAas Ha CXE€ME€ KOHCTPYKTHBHO-OPTOTPOITHOM
000JIOYKM ¥ METOJI€ YHCICHHOTO HMHTETPUPOBAHMS, MPUBOJUT K BEIMYUHE KPUTHUECKOU
Harpy3Kku, 3aHMKeHHOM Ha 1,9% mno cpaBHEHMIO C KOHEYHO-3JIEMEHTHOM MOJIENbl0, KOTOpas
YYUTHIBAET OTMEUEHHBIE HaUYaJIbHbIE HECOBEPIIIEHCTBA.
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Analysis of the effect of initial imperfections in the shape of a large-sized orthogrid-
stiffened cylindrical shell on buckling under axial compression

Anisimov S.A.
JSC «SRC «Progress», Samara, Russia

Orthogrid-stiffened cylindrical shells are widely used in products of rocket and space
technology as strength elements of structures operating under conditions of high values of axial
compressive loads. The magnitude of the critical load at which the buckling under axial
compression occurs may significantly depend on the initial imperfections of the shell associated
with its manufacturing technology. This report presents the results of a linear buckling analysis
under axial compression of a large-sized orthogrid-stiffened cylindrical shell, carried out in the
environment of the MSC.Patran/Marc finite element software complex, considering the initial
imperfections of the shell. A comparison is made with the results of calculations obtained using a
finite element model and a model based on the numerical integration method [1], which are
constructed under the assumption of the ideality of the cylindrical shape of the shell under study.
A comparison with the calculation based on the empirical-statistical method was also
performed [2].

The conclusions based on the results of the conducted research are as follows:

* When the amplitude of the initial imperfections is within 20% of the height of the
reinforcing ribs (measured from the outer surface of the orthogrid-stiffened shell), the critical
load is reduced by 1.5% compared to the ideal finite element model;

» Compared with the finite element model, which considers the noted imperfections, the
empirical-statistical calculation method [2] leads to an underestimated critical load by 16.3% (at
k=0.34) and by 31% (at k=0.28);

» The computational model based on the constructive-orthotropic shell scheme and the
numerical integration method leads to a critical load value underestimated by 1.9% compared to
the finite element model, which considers the noted initial imperfections.
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MopennpoBaHnue HANPSZKEHHO-1e(OPMUPOBAHHOIO0 COCTOSIHUSA MAHEJU U3 NMOJTUMEPHBIX
KOMIIO3UIIMOHHBIX MATEPHAJIOB IIPH MHOITOKPATHOM YIAPHOH HAIrPY3KHU H OLICHKA 00J1acTel
NosiBJIeHUs Ae(eKToB

Baii SIa YV, Muxaiinosckuii K.B.
MI'TY um. H.D. baymana, r. Mocksa, Poccus

B nanHoM jgokiaze paccMaTpUBAIOTCS  BOMPOCHI  MOJEIHMPOBAHMS  HAIPSHKEHHO-
ne(OpPMHUPOBAHHOTO COCTOSIHUSI TAHENM 3JeMEHTa Kpbljla MpU MHOTOKPaTHOM JEWCTBUM
yZIapHOW Harpy3ku. B kauecTBe ygapHOI Harpy3ku U3y4aeTcs BEpPOSATHOCTD MOMNAJaHMs JIETKOTO

CIIOPTUBHOI'0 CaMOJICTa B CTAKO IITHLI. I/I3yT-ICH0 HaHp}I)KCHHO—IIC(I)OPMI/IPOBaHHOG COCTOsIHHUC U
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IPOAHAIM3UPOBAHBI BO3MOXKHBIE BUIbI U (POPMBI MOSABICHUS 1€(PEKTOB U pa3pyIICHUs IEMEHTA
KpbUIa B BUJE IUIACTUHBI U3 IOJIMMEPHBIX KOMIIO3UIMOHHBIX MarepuanoB. PaccmarpuBaercs
BIMSHHUE PA3IMYHBIX YKJIAJOK CJIIOEB HAa CTOMKOCTb K JIAaHHOMY  BO3JIEHUCTBHIO.
IIpoananu3upoBaHO BIMSHUE MATEPUATIOB HA CTOMKOCTb K JAHHOMY BO3IEHCTBHIO.

B nHacrosmee BpeMst HOJIMMEpHbIE KOMIIO3ULIMOHHBIE MATEPHUAIIbI IIUPOKO UCIIOJIb3YHOTCS
JUI TIOBBILIEHUS BECOBOW 3()()EKTUBHOCTU KOHCTPYKLUH B aBHACTPOCHHH. J[0Jsl MOIUMEpHBIX
KOMITIO3ULIMOHHBIX MAaTepHaJIOB B JCTANAX U KOHCTPYKLIHAX aBUALIMOHHOW TEXHUKU JOCTUTAEeT B
OTHENbHBIX M3femusaAx A0 65 %. W3 nNoauMMEpHBIX KOMIIO3ULMOHHBIX MAaTepHalloB
W3rOTABIIMBAIOTCA TAKUE DJIEMEHTBHI, KAK: KOHCTPYKTUBHO-CUJIOBBIE CXEMBI KPBUIbEB, ONIEPEHHUS,
CTBOPKH, KOpIlyca JIETKMX CaMOJIETOB Jp. JlaHHbIE JeTanud W DJIEMEHTbl KOHCTPYKLHH W3
MIOJIMMEPHBIX KOMIIO3ULMOHHBIX MAaTE€pUajOB IIOABEPralOTCs BO3JICHUCTBHIO IUKINYECKHUX
CHJIOBBIX, TETIOBBIX M BHOPALIMOHHBIX HArpy30K, BO3MOKHOMY OOJIEIEHEHHIO U JCHCTBHUIO Kak
aTMOC(epHBIX (PaKTOPOB, TAK U CIyYAHHBIX B ClIydae COYAApEHHS C ITULIAMH.

B nmaHHOM [nOKnaze paccMaTpHUBAKOTCS BOIPOCHI  MOJEIMPOBAaHUSA HANPSIKCHHO-
1e(OPMHUPOBAHHOTO COCTOSIHUS IAHEJIW 3JIEMEHTa KpblUla IPU MHOTOKPATHOM BO3JEHCTBUU
ynapHoil Harpy3ku [1]. B pabore wncnonab3oBaguch 4YMCICHHbIE METOAbI JUId aHajau3a Hu
IPOTHO3UPOBaHUA JAedopMalMM NaHeIM HpU JIEHCTBUM yAapHBIX Harpy3ok. I[losyueHHble
pe3ysibTaThl MOTYT OBbITh MCIIOJNB30BAaHbl JJISl IOBBILIEHUS HAJEKHOCTH U JIOJITOBEYHOCTH
KOHCTPYKIMI KpbUIa CaMOJIETa.

B kadectBe ynapHOM Harpy3KM U3y4aeTCcsi BEPOATHOCTb IIOMAJAHMS  JIETKOTO
CIIOPTHBHOTO CaMoJ€Ta B CTal0 NTHI. V3ydeHO HanpsKeHHO-Ie(hOPMUPOBAHHOE COCTOSIHUE U
IPOaHAIM3UPOBAHbI BO3MOXKHbIE BUIbI U (POPMBI MOSIBICHHS 1€(DEKTOB U pa3pyIICHUs HJIEMEHTa
KpbLIa B BUJE IIJIACTUHBI U3 TIOJIMMEPHBIX KOMIIO3UIIMOHHBIX MaTepuanos [2-3].

HccnenoBaHue HampaBleHO Ha ONpEAENICHHE ONTHMAalIbHOM KOH(UIypaluu cJIoeB U
BbIOOpa MarepuasoB, CHOCOOHBIX OOECHEYNTh HAMJIYYIIYIO 3allUTy OT paccMaTpUBaeMOro
BO3JCHCTBUA. 3aMbICEJI 3aKJIIOYACTCSl B U3YUYEHUU M IPOTHO3MPOBAHMM HEIUTATHBIX YCIOBUHI
JKCIUTyaTallud C AaHAJIM30M, a TakK€ OLEHKOW CTOMKOCTM IIaHENed U3 IMOJUMEPHBIX
KOMITO3MIIMOHHBIX MaTEPHAJIOB C Pa3HBIMU CXEMaMH apMHUPOBAHUSA K MHOI'OKPATHBIM YAAPHBIM
BO3JICUCTBUSM.
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Modeling of the stress-strain state of a panel made of polymer composite materials under
repeated impact loading and assessment of areas of occurrence of defects

Wai Yan Oo, Mikhaylovskiy K.V.
"Bauman Moscow State Technical University, Moscow, Russia

This report article the issues of modeling the stress-strain state of a wing panel element
under repeated impact loading. The impact loading studied involves the likelihood of a light
sports aircraft colliding with a flock of birds. The stress-strain state has been investigated, and
possible types and forms of defects and damage to the wing element, made of polymer
composite materials, have been analyzed. The influence of various layer arrangements on
resistance to this impact has been considered. The effect of different materials on resistance to
this impact has been analyzed.

Currently, polymer composite materials are widely used to enhance the weight efficiency
of structures in aviation. The share of polymer composite materials in parts and structures of
aviation equipment reaches up to 65% in certain items. Elements such as structural and load-
bearing wing schemes, empennages, flaps, and fuselages of light aircraft are made from polymer
composite materials. These parts and elements of structures made from polymer composite
materials are subjected to cyclic mechanical, thermal, and vibrational loads, possible icing, and
the effects of atmospheric factors, as well as random impacts, such as bird strikes.

This article examines the issues of modeling the stress-strain state of a wing panel
element under repeated impact loading [1]. Numerical methods were used in the study to analyze
and predict the deformation of the panel under impact loads. The obtained results can be used to
improve the reliability and durability of aircraft wing structures.

The impact loading studied involves the likelihood of a light sports aircraft colliding with
a flock of birds. The stress-strain state has been investigated, and possible types and forms of
defects and damage to the wing element, made of polymer composite materials, have been
analyzed [2-3].

The research is aimed at determining the optimal layer configuration and selecting
materials that can provide the best protection against the considered impact. The goal is to study
and predict abnormal operating conditions with analysis and assessment of the resistance of
polymer composite material panels with different reinforcement schemes to repeated impact
loads.
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YTOo4YHEeHHBbIE MOJEIH U METOAbI NMPOrHO3MPOBaAHUA ONMPECACTAIOIINX XAPAKTCPUCTHK
KOMIIO3UTOB B OKCTPEMAJIbHBIX YCJIOBUAX

I'yces EJL'?, baxynun B.H.
! HNuctutyT npobiaem HedTH 1 raza OeaepaibHOro UccienoBaresbekoro Lentpa «Skyrckuit
nayunsiid Llentp Cubupckoro Otnenenust PAH», 1. fIkyrck, Poccus
? MHcTuTyT MateMaTiky i nHpopMarukn CeBepo-BocTodHoro deiepatbHOro yHHBEPCHTETA,
L. Akyrck, Poccus
* UTIPUM PAH, r. Mocksa, Poccus

B Hacrosdmee Bpems KoMmo3uiuonusle  Marepuaisl  (KM), mnomumepHsbie
Kommo3uimonnele Marepuaisl (IIKM) u KOHCTpYKIMHM M3 HHMX HaXOAAT Bce 0ojee IMIMPOKO
NPUMEHEHHE B COBPEMEHHBIX OOJAcTSIX HAyKH U TEXHUKH, OIPENeISIONMX Hay4dHO-
texuuueckuil nporpecc. [IKM sBIAIOTCA HEOTHEMIIEMOM 4YAaCThbIO COBPEMEHHOW TEXHHKU B
TaKMX COBPEMEHHBIX 001acTAX Kak aBUa- U KOCMHYECKas TeXHHKA, CyIOCTpoeHHe, HeTaHas U
razoBasi IPOMBIIIJICHHOCTh U Ap . Bce Bo3pacratomee npumenenne I[IM, IIKM B aBua-, u
KOCMHUYECKON TEXHUKE MPUBOJIUT K 3HAUUTEIHLHOMY IOBBIIIEHNIO aKTYaJIbHOCTH HCCIIEA0BaHUN
CTOMKOCTH IOJUMEPHBIX MaTepu-aJIoB K UW3JIydeHHIo. lIpu BO3JEHCTBUM  W3Iy4eHUs
npeobiagaromuM  (aKTOPOM-aKTHBATOPOM CTApEHHsI SBISETCS MPOHUKAIOMmas paguanus. B
OTJIMYME OT CBETOBOIl  IpOHMKAIOIIAsl paguanus crnocoOHa WHULMUPOBATH IpPEBpAallEHUs
OJIHOBPEMEHHO BO BceM 00beme marepuana [1-3].

[IpoGnema KOHCTpYyHpPOBaHHS ONTHUMAJIBLHOTO MaTepuana Il KOHKPETHOTO
UCIIONIb30BAaHUsl CBSI3aHA C HAMPaBICHHBIM IMOUCKOM M3 OOJBIIOr0 KOJUYECTBA BO3MOXKHBIX
BapHAHTOB TaKOTO COCTaBa, KOTOPBIM obecreynBai Obl ONTUMAIbHOE COYETaHHE HEOOXOIUMBIX
nokasaresneil. B cOBpeMEeHHON TEXHUKE BAKHEWIIMM IPEUMYIIECTBOM MaTepualla CTaHOBUTCSA
€ro CcmocoOHOCTh Kak MOXKHO JIOJIbIIIE COXPAaHATH CBOI PabOTOCHOCOOHOCTh, a TaKkKe
IPOTHBOCTOSTh CTAPEHUIO — COBOKYIMHOCTH (PH3MKO-XMMUYECKHX OOPAaTUMBIX U HEOOPATHMBIX
IpEBpaLeHU 0] BO3JEI-CTBUEM 3KCTpEeMalbHbIX (PaKTOPOB BHEIIHEH Cpelibl (TeMIleparypsl,
BJIQXKHOCTH, COJIHEYHOM pajualvM, MEXaHMYEeCKUX HampsbkeHud u ap.). B Hacrosimee Bpems
OCHOBOM Il TPUHATHS pelieHus 00 MCIOJIb30BAaHMM MaTepualia SIBISETCS COBOKYITHOCTh
TpeOyeMBbIX MOKa3aTeslel ¢ yUeTOM €ro NpuemMiIeMOi CTOUMOCTH U CLIOCOOHOCTH MPOTUBOCTOSATh
craperuto. Kak mpaBuiio, TOMUHUPYIOIIMMH B YCJIOBHSAX ONTHUMAJIBHOIO BbIOOpa SBISIOTCA
MaTepHalibl, KOTOpble CIOCOOHbI 0e3 3ameHbl (yHKkIMoHMpoBaTh 20-30, a B HEOOXOAMMBIX
cinydasix u 6onee 50 ner.

HccnenoBanbl  MEpCHEeKTHBHBIE IMYyTH  MOBBIIIEHMS TOYHOCTH IPOTHOZMPOBAHMUS
ONpEACNSAIONINX  XapaKTePUCTUK KOMIIO3UTOB B  OKCTPEMAJBHBIX  YCIOBUAX. 3ajauu
IIPOrHO3UPOBAHUS CPOPMYIUPOBAHBI B paMKaX YTOUHEHHBIX BapUAllMOHHBIX IOCTaHOBOK [4, 5].
Ha ocHOBe ycTaHOBJIEHHBIX (yHIAMEHTAIBHBIX 3aKOHOMEPHOCTEH pa3paboTaHbl YTOYHEHHBIE
MHOTrOIapaMeT-puIeCcKue MOJIEIM IPOTHO3MPOBAHMUS OMNPEAEIAIOINX XapaKTEPUCTHK
KOMIIO3UTOB. /[l pemeHus 3aJad  MOBBIIIEHHS TOYHOCTH IIPOTHO3a  ONPEIEISIFOIINX
XapaKTEPUCTHK KOMITO3UTOB pa3paboTaHbl 3¢ ¢exkTuBHbIe MeToabl. [lomydeHHble pe3yabTaThl
NO3BOJISIOT ~ pa3paboraTb  3((EKTUBHYIO  METOAOJOTHI0  IUIAHUPOBAaHHUS  (DU3MUYECKHUX
HKCIEPUMEHTOB, YTO OTKPBIBAECT MEPCIEKTHUBHBIE BO3MOKHOCTU AJI OCTPOEHUS 3(PPEKTUBHBIX
YCTOMYMBBIX MOJI€Jel JO0JIrOBEYHOCTH KOMITO3UTOB Ha JOJNTOCPOYHBIA MEpPHOJ IpH
BO3/ICHICTBUH 3KCTPEMAIbHBIX (DAKTOPOB.
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Refined models and methods for predicting the defining characteristics
of composites under extreme conditions

Gusev E.L.!'*? , Bakulin V.N.?
nstitute of Oil and Gas Problems of the Federal Research Center "Yakutsk Scientific

Center of the Siberian Branch of the Russian Academy of Sciences", Yakutsk, Russia
*Institute of Mathematics and Computer Science of the Northeastern Federal University,
Y akutsk, Russia
*Institute of Applied Mechanics of the Russian Academy of Sciences, Moscow, Russia

Currently, composite materials (CM), polymer composite materials (PCM) and structures
made of them are increasingly being used in modern fields of science and technology, which
determine scientific and technological progress. PCM are an integral part of modern technology
in such modern fields as aviation and space technology, shipbuilding, oil and gas industry, etc.
The increasing use of PM and PCM in aviation and space technology leads to a significant
increase in the relevance of research on the resistance of polymer materials to radiation. When
exposed to radiation, the predominant factor- activator of aging is penetrating radiation. Unlike
light, penetrating radiation is able to initiate transformations simultaneously in the entire volume
of the material [1-3].

The problem of designing the optimal material for a specific use is associated with a
directed search from a large number of possible options for such a composition that would
provide the optimal combination of the necessary indicators. In modern technology, the most
important advantage of a material is its ability to maintain its operability for as long as possible,
as well as to resist aging — a combination of physical and chemical reversible and irreversible
transformations under the influence of extreme environmental factors (temperature, humidity,
solar radiation, mechanical stresses, etc.). Currently, the basis for making a decision on the use
of the material is a set of required indicators, taking into account its acceptable cost and ability to
resist aging. As a rule, materials that are capable of functioning for 20-30 years without
replacement, and in necessary cases for more than 50 years, are dominant in the conditions of
optimal choice.
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Promising ways to improve the accuracy of forecasting the defining characteristics of
composites under extreme conditions are investigated. The forecasting tasks are formulated
within the framework of refined variational statements [4-5]. On the basis of the established
fundamental patterns, refined multiparametric models for predicting the defining characteristics
of composites have been developed. Effective methods have been developed to solve the
problems of increasing the accuracy of forecasting the determining characteristics of composites.
The results obtained make it possible to develop an effective methodology for planning physical
experiments, which opens up promising opportunities for building effective stable models of the
durability of composites for a long-term period under the influence of extreme factors.
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MozaeupoBaHe NpoueccoB pa3BUTHS YAAPHOI0 MOBPEKAEHUS B CJIOMCTOM YyIJIeIIacTHKe
Mo/ 1eliCTBMEM HUKINYECKOT0 C:KATHS
Typoun H.B., MonskoB O.P., Centorun C.B.
MAM, r. Mocksa, Poccus

PacueTHast o1ieHKa )KMBYYECTH HECYIIMX KOHCTPYKIMH MEPCIEKTUBHOTO CBEPX3BYKOBOIO
naccaxkupckoro camonera (CIIC) u3 komnosunmonHoro marepuana (KM) siBisiercs akTyanbHOU
3anadyeil. Hambonee uHTEpecHBIM C TOYKM 3peHUs oOecnedyeHus UIMTEIbHOW IMPOYHOCTU
KoHCTpykumn 3 KM B ycrnoBusX dKCILTyaTalluy sIBJIIETCS CIy4all HU3KOCKOPOCTHOIO yJIapHOTO
MOBPCIKACHUA. I[J'IS[ BBIITOJIHCHU A paCLIeTHOI\/’I OLCHKHU JKUBYYCCTH MIOJId MJAHHOI'O CcCiydasd
HEOOXO/IMM aHaIM3 aKTUBHBIX MEXAaHHW3MOB pa3BUTHs MOBPEXKJICHHH Ha pa3HBIX MacIITaOHBIX
ypoBHsiX B KM B mpHCyTCTBUU 30HBI C HU3KOCKOPOCTHBIM YJIaPHBIM MOBPEKIECHUEM.

B noknaze mpencTaBieHO pacIipelesieHHe MOBPEXIECHUH B MakeTe U3 yIerulacTHUKa
1oCjI€ BO3JEHCTBHS HEMPOHUKAIOUIETO HHU3KOCKOPOCTHOTO yJapa, MOJYYEHHOE pacueTHBIM
MyTeM; IMPUBCACHBI OCHOBHBIC 3aKOHOMEPHOCTH PA3BUTHUA YAAPHOT'O MOBPEKACHHUA U CHUXKCHUSA
OCTaTOYHOM IMPOYHOCTH 3JIEMEHTAa KOHCTpYKuuM 3 KM ¢ mocneynapHbIM NOBpPEXIACHUEM B
YCIIOBUAX OUKIMYECKOTO CXKaTUsA C MOCTOSTHHOM aMHHHTYHOﬁ.
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Jns mpenckazaHus SKUBYYECTH JJIEMEHTa KOHCTpyKumu u3 KM ¢ mocneynapHbIM
MOBPEXACHUEM NPEIUIOKEH MOJCIBHBIM IOAXOX HAa OCHOBE HHEPreTUYECKOro KpHUTEpus
pactpeckuBanus Marpulibl KM u cratuctuyeckoro kpurepus npoynoctu KM Ha cxxatue BIOIb
BOJIOKHA. B paMkax JeMOHCTpaluu MPEeAoKEHHOT0 MOJEIBHOIO MOAX0Aa MOKa3aHo, YTO JJIs
Pac4eTHON OLIEHKH JKMBYUYECTH IEMEHTAa KOHCTPYKIMHU U3 KM ¢ nocieynapHeIM MOBPEKICHUEM
HE00XO0/IMMO YYUTBIBATh B3aUMOJIEHCTBHE PACcCIOEHUH, pacCTPECKUBaHUS U Pa3pbIBOB BOJIOKOH B
OKPECTHOCTH IOBPEXJICHHOH Y1apOM 30HBI.
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Modelling of the impact damage growth in laminated carbon-fiber reinforced plastic under
cyclic compression

Turbin N.V., Molkov O.R., Selyugin S.V.
MALI Moscow, Russia

The analysis estimation of the damage tolerance of the load-bearing structures of the
prospective supersonic aircraft (PSA) made of the polymer composite materials (PCM) is a
relevant task. The most challenging case for the substantiation of the long-term PCM structural
strength in the service conditions is a low-velocity impact. For the damage tolerance estimate in
this case one needs to investigate all active damage growth mechanisms on different scales of
PCM in vicinity of impact-damaged zone.
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In this lecture the authors show the distribution of the damage modes in the laminated
carbon-fiber reinforced plastic (CFRP) after low-velocity non-penetrating impact, obtained
computationally; the main dependencies of the damage growth and residual strength reduction
for considered case are presented.

For the estimation of the damage tolerance of the composite structural element with
impact damage we propose the approach based on the fracture mechanics criteria to account for
matrix cracking and statistical strength criteria to account for fiber compression failure.
Demonstration of the modeling approach reveals, that for the accurate estimation of the damage
tolerance for the considered case it is obligatory to include the interaction between delamination,
matrix cracking and fiber failure on the boundary of impact damaged zone.
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AHaJM3 B3aUMOJEHCTBUSI TATAHOBOIO CILJIABA ¢ MYJIbTHIPA(PEHOM: HCCIIeJ0BAaHUE
MeXaHU4YeCKHX CBOHCTB KOMIIO3MLIIMOHHOI0 MaTeprajia i ONTUMHU3ALHS ero CTPYKTYPbI

[Tpununko E.A."?, Amnkna B.H.2, Epémun C.A?
1MAI/I, r. MockBa, Poccus
*OI'BY «Bcepoccuiickuil Hay4HO-UCCIIEI0BATEIbCKUN U IIPOEKTHBIA HHCTUTYT TYTOIIJIaBKUX
MaTepHasoB U TBEPABIX CIIIIaBOBY», I MockBa, Poccus

B nannHoit pa60Te NPpEACTaBJICH aHAJIM3 PE3YyJIbTAaTOB PACUYCTHBIX HCCHCHOB&HHﬁ,
Kacaroluiics BIMSIHUSI MyJ'ILTI/IFpa(I)CHa Ha MEXaHMYECKHE CBOHCTBa THUTAHOBOI'O CILIaBa.
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[TonydeHHble JaHHbBIE MO3BOJAIOT Oojiee MOAPOOHO MOHATH IPOLECCHl B3aUMOJEHCTBUSA
KOMIIOHEHTOB KOMIIO3UIIMOHHOTO MaTepHalla M ONTUMH3UPOBATh €ro CTPYKTYpY C ILEJbI0
MOBBIIICHUS] MEXaHUYECKUX XapaKTEPUCTUK MaTepHaa.

B paGore pemrarorcst 3a1a4u onpeeneHusi ONTUMAIBHBIX KOHLIEHTPAIMi MyabTHrpadeHa
B CIIaBE, pa3padOTKKU METOAMKH BBEJICHHS MyIbTHrpadeHa, npoueayp GopMOBaHUS U CTICKAHUS
KOMITO3ULIMOHHBIX MaTepuayioB. [IpoBoauTcs aHamu3 BIMSHUS KOHLEHTPALUU MyJIbTHrpadeHa
Ha (PU3MKO-MEXaHMYECKUE CBOIICTBa THUTAHOBOro Marepuana. [losyueHHble pe3ylabTaThl
HO3BOJAT pa3paboTaTh METOAMKY, KOTOpas MOXKET OBbIThb IPUMEHEHa JJs CO3JaHus
KOMITO3UIIMOHHOTO TUTAHOBOI'O0 MaTepHaja C MOCIEIYIOLMM HCIIOJIb30BaHUEM B I'PakKIaHCKHX
aBHalaliHEepax.

[TpuBeneHs! pe3ynbTaThl paboT, WILTIOCTPUPYIOIINE UTO:

* MoauguuupoBaHue TUTaHA MYJIBTUTPAQEHOM MPUBOAUT K 0Opa30BaHUIO MEXK(Pa3HOTO
CJ105 C BBICOKOM TBEPAOCTHIO.

* OnTumusanys TEeMIEepaTypHOTrO peXHMa MO3BOJSET CHU3UTh YPOBEHb OCTATOYHBIX
HanpsDKEHUH B KOMITO3UIIMOHHOM MaTepuajie, 4TO OOECIEeYMBAET JKEIaeMyl TOJIIIUHY
Mex(}a3HOTo c105 U HEOOXOJUMOE COOTHOLIEHHE MPOYHOCTH U IUIACTUYHOCTH MaTepuaa.

* Pa3paboTka TUTAaHOMATPUUHBIX MaTE€pPHAJIOB, MOAU(MUIMPOBAHHBIX MYJIbTHIpadeHOM
MOYKET MPHUBECTH K YIYUIICHUIO MEXaHUYECKUX CBOMCTB.

PesynbTaThl pacyeToB IMO3BOJIMJIM OINPEACIUTh ONTUMAIbHBIC 3HAYCHHS TOJIIUHBI
MeK(a3HOTO  C0s, TPU  KOTOPHIX  TNPOYHOCTHBIE  CBOIMCTBA  THUTaHOMATPUYHOTO
KOMITO3UIIMOHHOTO MaTepHaia JOCTHraloT MaKCUMAaJbHBIX 3HadeHWH. Tarxke YCTaHOBIICHA
3aBUCUMOCTb ~ MEXJY TOJLIMHOM  Mex(pazHOro cjios M JAPYIMMH  CTPYKTYpHBIMHU
xapaktepuctukamu [1 - 5].

Paboma evinonnena 6 pamxax npoepammsl RNF-2023-004 «Hccredosanue ¢haso- u
cmpykmypoobpazoganus 6  cucmeme  Ti-6Al-4V-C  (mynemuecpaghen) 6  paziuunvix
MEPMOOUHAMUYECKUX YCTIOBUAXY.
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Analysis of the interaction of a titanium alloy with a multigraphene: investigation of the
mechanical properties of a composite material and optimization of its structure

Prilipko E.A."?, Anikin V.N.2, Eremin S.A.”
! MALI, Moscow, Russia
? Russian Research and Design Institute of Refractory Materials and Hard Alloys, Moscow,
Russia

This paper presents an analysis of the results of experimental and computational studies
concerning the effect of a titanium alloy with a certain concentration of multigraphene on the
mechanical properties of a composite material. The data obtained make it possible to understand
in more detail the processes of interaction of the components of a composite material and
optimize its structure in order to increase the mechanical characteristics of the material.

The paper solves the problems of determining the optimal concentrations of
multigraphene in an alloy, developing a method for introducing multigraphene, forming and
sintering procedures for composite materials. The effect of the concentration of multigraphene
on the physical and mechanical properties of titanium material is analyzed. The results obtained
will allow us to develop a technique that can be applied to create a composite titanium material
with subsequent use in products of the aviation industry.

The results of the work illustrating that:

* Modification of titanium with multigraphene leads to the formation of refractory
carbides with high hardness.

* Optimization of the temperature regime reduces the level of residual stresses in the
composite material, which ensures the desired thickness of the Ti C layer and the necessary ratio
of strength and ductility of the material.

* The development of materials with an optimal content of graphene or carbides can lead
to a significant improvement in their mechanical properties.

The calculation results allowed us to determine the optimal values of the thickness of the
interfacial layer, at which the strength properties of the titanium matrix composite material reach
maximum values. The dependence between the thickness of the interfacial layer and other
structural and operational characteristics has also been established [1 - 5].

The work was carried out within the framework of the RNF-2023-004 program
"Investigation of phase and structure formation in the Ti-6Al-4V-C (multigraphene) system
under various thermodynamic conditions".
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Posib HeCHMMETPHUYHOI0 TEH30Pa HANIPSKEHUI B MeXaHNKe CIUIOIIHOM cpeabl

ITpo3oposa O.B.
CIIBI'Y, r. Cankr-IletepOypr, Poccust

B paborax [1-4] moka3ana HeOOXOAMMOCTb YydeTa JJsi OTKPBITBIX HEPaBHOBECHBIX
HECTAIMOHAPHBIX CHCTEM COBMECTHO C YCJOBHUSMH pPAaBHOBECHS CHJI CHUCTEMY CHIIL,
BO3HHMKAIOIIMX OT MOMEHTOB IIPU pacIpelesieHHbIX Harpyskax. B HacTosiiee BpeMs ycioBue
pPaBHOBECHsI CHJI 1 MOMEHTA CHJI pacCMaTpUBAIOTCA OTAENIbHO. JloKa3aHO, UTO CYIIECTBYET JIBa
pelIeHusl B MEXaHHMKE CIUIOIIHOM cpenbl. Kiaccuueckuil BapuaHT COOTBETCTBYET YCJIOBHUIO
CUMMETpPUHU TEH30pa HapsHKeHUH, BTopoe Ooiiee obuiee pemeHue. Ilepoe nosyuyaercs B ciryuae
NPUHATHS JTOTIOJIHUTEIBHONM THUIOTE3bl CHMMETPHH TEH30pa HAIPsDKEHHH, BTOPOE — IIPH
COBMECTHOM pEIICHUH YpaBHEHUH PaBHOBECHs UIA CHJI 1 MOMEHTOB cwil. (OcoOeHHO BakHa
pOJIb MOMEHTa B YCJIOBUSAX OOJNBIIMX TPAJAMEHTOB, KOTOPBIE BO3HHUKAIOT, HAIPUMEp, IPH
COMMKEHUU CaMOJIETOB B JUHAMHUYECKHX 3agadax. Jlias OIMHOYHOrO caMojeTa MOMEHT BCeraa
IPUCYTCTBYET B CHJIy OTCYTCTBHUS CUMMETPHUU B KOHCTPYKIMM camoisieTa. MaTteMaTHueckui
aHaJIM3 MOKa3bIBAaeT, YTO OTBETCTBEHHBIM 32 aBapUU MOJXKET ObITh HEY4YeT yKa3aHHBIX CHUJI OT
MOMEHTOB.

AKTyaqbHOCTb TEMbI JIUKTYETCSl OTCYTCTBUEM aJCKBAaTHBIX IPAKTHKE MOJeNei,
OTMCHIBAIOIINX TAKUE SBJICHUS KaK TYpOYJIEHTHOCTh, HAHOCTPYKTYpPHI, (IIyKTyaruu u T.1. Hamu
IpeUIo’KeHa MOJEIb, YYUTHIBAIONIAsi COBMECTHOE BBHINIOJHEHHE 3aKOHOB M COOTBETCTBYIOIIEE
YpaBHEHHE COCTOSHHSI, BKIIFOUAIOIIAsl BKJIA]] BpaaTeIbHOH KOMIOHEHTHI CKOpOCTH. Mcnonb3ys
3akoH [lackans i paBHOBECHsI BBHIOMPAIOT NaBJICHHWE DPAaBHBIM OJHOM TPETH JaBIICHUI Ha
KOOPJAWHATHBIX TUTomaakax. OJHAKO TEOpHs OCTAeTCs MPEeKHEH NPH OMpPEeNeNeHUH pPa3zHOTO
JIABJICHUS HA KOKION U3 IUIOMIA/IOK, T.€. Py, Dy, ;. VICIONB30BaHKHE OHOTO NABJIEHHUS BO3MOKHO
IpU paBHOBECHBIX YCIOBUAX (3akoH [lackans), HO JuIsi HEpaBHOBECHBIX YCIOBUH (akT He
oueBuzieH. J[1si pa3peeHHOTO raza yCTaHOBJIEHA NPUYMHA BO3HHUKHOBEHUS CKOJILKEHHUS Ta3a
OKOJIO MOBEPXHOCTH KPUCTAUTMUECKOTO METAJUIMYECKOro Telna M (JOPMHPOBAHHE ANCIOKALU
BOJIM3U MOBEPXHOCTH.
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4. Evelina Prozorova. Analysis of the Influence of Boundary Conditions in Kinetic
Problems.15th Chaotic Modeling and Simulation International Conference. eBook ISBN 978-3-
031-27082

The role of the asymmetric stress tensor in continuum mechanics

Prozorova E.V.
St. Petersburg State University, St. Petersburg, Russia

Works [1-4] show the need to take into account for open non-equilibrium non-stationary
systems, along with the conditions of equilibrium of forces, the system of forces arising from
moments under distributed loads. Currently, the condition of equilibrium of forces and the
moment of forces are considered separately. It has been proven that in continuum mechanics
there are two solutions. The classical version corresponds to the condition of symmetry of the
stress tensor, the second is a more general solution. The first is obtained in the case of accepting
the additional hypothesis of symmetry of the stress tensor, the second - when solving the
equilibrium equations for forces and moments of forces together. The role of the moment is
especially important under conditions of large gradients, which arise, for example, when aircraft
approach each other in dynamic problems. For a single aircraft, the moment is always present
due to the asymmetry of the aircraft structure. Mathematical analysis shows that failure to take
into account the indicated forces from moments can be the cause of accidents.

The relevance of the topic is dictated by the lack of models adequate to practice that
describe phenomena such as turbulence, nanostructures, fluctuations, etc. We have proposed a
model that takes into account the joint implementation of the laws and the corresponding
equation of state: including the contribution of the rotational component of velocity. Using
Pascal's law of equilibrium, we choose a pressure equal to one third of the pressure at the
coordinate nodes. However, the theory remains the same when determining different pressures in
each section, i.e. py,py,p,. The use of one pressure is possible under equilibrium conditions
(Pascal's law), but for non-equilibrium conditions this fact is not obvious. For a rarefied gas, the
reason for the occurrence of gas sliding near the surface of a crystalline metal body and the
formation of dislocations near the surface has been established.
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Onpeuenelme aerpagai NPOYHOCTHBIX M dKECTKOCTHBIX XapPAKTCPUCTUK TOHKHX
KOMIIO3UTHBIX NMaHeJ el arperaTos MexaHm3anuu CamMoJI€TOB MAaJIO aBHaAllMH

Mutpodanos O.B., Kononos H.O.
MAM, Mocksa, Poccus

[TpuBenen 0630p METOIUK aHATIN3a YCTAIOCTHON JOITOBEYHOCTH KOHCTPYKIHK 3 [TKM.
['moGanpHO BCE METOOUKM MOMKHO pasfenuTb Ha 2 Oonpmue Tpynmnsl: KoHTHHYyanbHas
Mexanuka Paspymenus (ot anrin. CDM — Continuum Damage Mechanics) u JluckpeTHas
Mexanuka Paspymenus (ot anrin. DDM - Discrete Damage Mechanics). O6a maHHBIX Kiiacca
M0-pa3HOMY pacCMaTpPUBAIOT TAKOE SIBICHUE KaK IOBPEXICHUE U OIUPAIOTCS Ha pa3Hble
pacyeTHbIC YPABHEHUS.

OCHOBHBIMU MOJEIISIMHM, HCIIOJIb3YEMBIMU JII OLEHKH YCTaJOCTHOW JOJITOBEYHOCTHU
m3nenuid u3 IIKM BeIcTynaroT: MOJIEIM OCTATOYHOM IIPOYHOCTH, MCIOJB3YIOIIUX KPUTEPUU
HaIpPsSHKEHUH, MOJIECIIM OCTaTOYHOM KECTKOCTH, MOJIEIN, OCHOBAaHHBIE HA JIUCKPETHOW MEXAHUKE
pa3pylIeHUs ¥ IPOIPECCUBHOE YCTAIOCTHOE IOBPEXKICHHUE.

K ocHoBHBIM mpoOsieMamM MojeNel 0CTaTOYHOM JKECTKOCTH MOYHO OTHECTH OTCYTCTBHE
CTaH/apTOB JJI U3MEPEHHs KECTKOCTU 00pa3IoB BO BpeMs ucnbiTaHuil. [List aToro tpedyrorces
METOJIMKH U3MEPEHUsI CTATHUECKOTO MOJIYJIS Ha Pa3HbIX [UKIAaX 0e3 HeOOXOIMMOCTH OCTAaHOBKH
[UKINYECKON HArPy3KHU U MepeMelIeHns 00pasiia Ha CTATUYECKYIO UCTIBITATeNIbHYIO MAIlIuHY.

Mopnenu, OCHOBaHHBIE Ha JAMCKPETHOM MEXaHHKE pa3pylieHUs, TPeOYIOT BBICOKOM
BBIUMCIUTEIbHON MOIIHOCTH, €CJIM HEOOXOJUMO NpPEICTaBUTh TPEIIMHY B SBHOM BHUJE
HenocpeacTBeHHo B KOM.

Mopenu mporpecCuBHOTO YCTaJIOCTHOTO MOBPEXKICHHS SIBIISIIOTCS. HanboJiee YCIeITHIMU
Ha CErOAHSAIIHHUN JIEHb C BO3MO)KHOCTBIO MOIM(UKAIINH K Pa3HBIM 33/1a4aM.

B Tekymeii paGote paszpabarbiBaeTcsi METOAMKA pacdeTa yCTaJOCTHOM IMPOYHOCTH
KOHCTPYKIUH W3 MOJMMEPHBIX KOMIO3UIIMOHHBIX MatepuanoB ([IKM) Ha ocHOBe pacueTHOi
MOJIEJIN OCTaTOYHOM >kecTKocTU V. Paepegem u KpuTepueB npenenbHbIX aedopmanuii. lannas
METOJMKA BaJUJAUPYETCS Ha OCHOBE pE3yJbTaTOB  MCIBITAHUI  OJHOHAIPABJIEHHBIX
aneMeHTapHbIX 00pa3noB u3 [IKM u3 HayuHOI TuTepaTyphl.

OTMeudeHo, YTO MPEJCTABICHHBIE BBIIIE PE3YyJbTaThl MOTYT OBITh HCIIOJIB30BAHBI IS
OLICHKH JIE€Tpajalii MPOYHOCTHBIX M >KECTKOCTHBIX XapaKTEPUCTUK TOHKUX KOMIIO3UTHBIX
IIaHEJIEN arperaroB MEXaHW3alUHd CaMOJIETOB MAJIOM aBUALMH, NPU NPOEKTHUPOBAHUU KOTOPBIX
YUNTBHIBAIOTCS OrPAHUYEHUS IO YCTOMYMBOCTM UM IO MPOYHOCTH TPU  BO3MOKHOM
FEOMETPUUYECKH HETMHEWHOM IOBEJCHHUM.

Determination of the degradation of strength and stiffness characteristics of thin composite
panels of small aircraft mechanization units

Mitrofanov O.V., Kononov N.O.
MALI, Moscow, Russia

A review of methods for analyzing the fatigue life of a PCM structure is provided.
Globally, all methods can be divided into 2 large groups: Continuum Damage Mechanics (CDM)
and Discrete Damage Mechanics (DDM). Both of these classes view the phenomenon of damage
differently and rely on different design equations.
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The main models used to assess the fatigue life of PCM products are: residual strength
models using stress criteria, residual stiffness models, models based on Discrete Damage
Mechanics and Progressive Fatigue Damage.

The main problems with residual stiffness models include the lack of standards for
measuring the stiffness of specimens during testing. This requires techniques to measure the
static modulus over different cycles without the need to stop the cyclic load and transfer the
sample to the static testing machine.

Models based on Discrete Damage Mechanics require high computational power if the
crack needs to be represented explicitly directly in FEM.

Progressive Fatigue Damage models are the most successful to date, with the ability to be
modified to suit different applications.

In the current work, a methodology is being developed for calculating the fatigue strength
of structures made of polymer composite materials (PCM) based on the V. Paepegem calculation
model of residual stiffness and limiting deformation criteria. This technique is validated based on
test results of unidirectional elementary PCM samples from the scientific literature.

It 1s noted that the results presented above can be used to assess the degradation of the
strength and stiffness characteristics of thin composite panels of small aircraft mechanization
units, the design of which takes into account stability and strength limitations with possible
geometrically nonlinear behavior.

HccaenoBanue MexaHHYeCKHX CBOMCTB COTOBOI MaHeJIn IPpH UCHIBITAHHUHU
Ha TOPpUHEBOE CKATHE C YYETOM KIIMMATHYICCKUX (l)aKTOpOB

lNonosan B.U., I'pumun B.A., Kum FO.JI., [TaBios M.B., CBupumios A.A.
DAY «IAI'N», 1. Kykosckuii, Poccus

TpexcrnoitHple COTOBbIE TMaHENM IIUPOKO TMPHUMEHSIOTCS B adPOKOCMHUYECKOMN
MPOMBINIJICHHOCTH, WX WCIOJIb30BaHUE TIO3BOJISIET YBEIWYMBATh IPOYHOCTh M IKECTKOCTH
KOHCTPYKIIMHU, HE3HAUUTETBHO yTspKeIsia ee [1]. OOmuBKY NpUHUMAIOT JEHCTBYIONINE HArPY3KU
B IJTOCKOCTH, a 3aIllOJIHUTEINb — 00€CIIE€UYNBAET HETPEPBHIBHYIO OMOPY JJIsl OOIIMBOK M TOBBIIIIEHUE
JKECTKOCTH Ha W3rH0, 3a CUYET YBEIWYCHHS MOMCHTA WHEPIIMU JJIEMEHTa KOHCTPYKIWH. Jlis
Haubosee >(PQPEKTUBHOTO HUCIOIB30BAaHUS COTOBBIX MaHeNell HeoOXOAMMO pa3zpabarhiBaTh U
MO (UIIUPOBATH METOIUKH OMPEIEICHUS CBONCTB TPEXCIOMHBIX KOHCTPYKIIUH.

B nanHOlf paboTe  BBIIOJIHEHO  PACUETHO-IKCIIEPUMEHTAILHOE  HCCIEIOBaHHE
OTIpe/ieNIeHUs] MEXaHHMUECKUX CBOMCTB TPEXCIOMHON COTOBOI MaHENu MPHU TOPIIEBOM CXKATHH C
y4eToM KiIuMaTtuueckux ¢aktopoB. OOmuBKY naHeneit BoimonaHeHsl u3 [IKM, apmupoBaHHOTO
YITICBOJIOKHAMH, ¢ KBasum3oTporHoii yxmamkoit (0°/-45°/90"/+45°), B kauectBe 3amonHmTENS
HCITOJTb30BAJICS COTOBBIN 3aIIOTHUTEh U3 allFoMUHNEBOTO crutaBa J[16T.

B nporpammaOoM KomIuiekce «Abaqusy MpoBeeH KOHEUHO-3JIEMEHTHBIN aHaIn3 00pasia
0e3 YKpeIUICHHs] TOPIIOB M C YKPEIUICHHEM pa3IudHOM TIYyOWHBI C IETBI0 OMpeaeiIeHUs
palroHaIbHOW TIYOWHBI YKperuieHus TopuoB. Jlns aHamm3a paspylieHud B JaHHOM
WCCJICTOBAaHUH BBHIOpaHbI KpuTeprnu XamuHa [2]. B pe3ynpTaTe ykpemienue no riryoune odpasia
5 MM moka3biBaeT Hauboyiee CXOXKHE Pe3yJabTaThl C JKCIIEPUMEHTOM, COOTBETCTBYET paboTe
MaHEJN B CUCTEME KpbLIa U OTEPEHUS CaMOJIeTa.

OOpasnpl IS WCIBITAaHWK OBUIM TOJENIEHB HAa TPU TPYHIBl B 3aBUCHMOCTH OT

TEeMIIepaTypbl IpoBeaeHUs ucnbeiTanus W BiaaroHaceinieHus: RTD, RTW, ETW. Harpyxenue
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npoBoauiock cornacHo ctangapty ASTM C 364 [3] ¢ npuMeHeHreM crenuaibHOW OCHACTKH.
Haubonee wacTo BCTpewaromiyecss MOJBI pa3pylICHUs: TOTEpsS YCTOWYUBOCTH OOUIUBKH,
paspyleHne OOMMBKU OT CkaTus. Vcmonb3yemasi MeTOIMKA MCIBITAHUHN TO3BOJISET MOIYYUTh
koddp¢unment Bapuaruu He Oonee 10%. BnaronaceimeHue o0pas3oB TPH MOBBIIICHHON
temneparype (ETW) crHmkaer paspymaronryro Harpy3ky Ha 30%, OTHOCHTEIHHO 00paslioB B
COCTOSIHMH TIOCTaBKH MCIBITAHHBIX ITPH KOMHATHOM Temmneparype (RTD).
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Study of the mechanical properties of a honeycomb panel during
end compression test taking into account climatic factors

Golovan V.1, Grishin V.I., Kim I.L. Pavlov M.V., Sviridov A.A.
Central Aerohydrodynamic Institute, Zhukovsky, Russia

Honeycomb panels are widely used in the aerospace industry; their use makes it possible
to increase the strength of the structure without making it heavier [1]. The facings take loads in
plane and the core provides continuous support for the facings and increases bending stiffness.
For effective use of honeycomb panels, it is necessary to develop and modify methods for
determining their properties.

In this paper, a computational and experimental study of the definition of mechanical
properties of honeycomb panels during an end compression taking into account climatic factors.
Facings are made of carbon fiber reinforced composite with quasi-isotropic laying (0°/-
450/900/+450), honeycomb core is made of aluminum alloy D16T.

A finite element analysis of the specimen was carried in the «Abaqus» software. Analysis
was carried for samples without strengthening the ends and with strengthening of various depths
in order to determine the reasonable depth of strengthening the ends. Hashin criteria were used
for the analysis of the damage it this study [2]. As the result, strengthening of the sample depth
of 5 mm shows results similar with the experimental, imitate the operation of the panels in the
wing and tail of an aircraft.

Test samples were divided into three groups depending on the temperature of the test and
moisture saturation: RTD, RTW, ETW. The loading was carried according to the ASTM C 364
[3] with the use of the special fittings. The most common modes of failure are core buckling and
facing compression. Used test procedure allows to obtain a coefficient of variation of no more
than 10%. Moisture saturation of samples at elevated temperature (ETW) reduces the failure load
by 30% relative to samples at RTD.
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I[apameTrpuyeckoe ucciaeI0BaHNe BJAUSHUSA AeMII(UPOBAHNS HA JUHAMHYECKYIO
YCTOWYHUBOCTH KPbLJIA 00JILIIOT0 yIJIUHEHUSA

Xoanna A.C., PertmanoBa A.H.
MAM, r. Mocksa, Poccus

OnHOM M3 KIIOYEBBIX 3ajjay IMPH HPOEKTHPOBAHUS JieTaTeldbHbIX anmaparoB (JIA)
ABJIAETCS OOECIeUeHUEe CTaTUYECKOW M TUHAMHYECKOM ycToWuuBocTU. DiaTTep mpeacTaBiseT
co00il TUHAMHYECKYI0 HEYCTOMYMBOCTb KOHCTPYKLHUU B BO3AYILIHOM IIOTOKE, BBbI3BaHHYIO
aBTOKOJICOAHUSIMM B pe3ysbTaTe€  B3aUMOACWCTBUS  WHEPLUOHHBIX,  YOPYIMX U
a’poauHaMuyeckux cuil. [IpeBbllIeHne KPUTHYECKOW CKOpOCTH (haTrTepa MOXKET MPUBECTH K
pa3pylLIeHHIO  3JIEMEHTa KOHCTPYKIIMM, IIO/BEPKEHHOI'O 3TOMY  SBIEHHIO. Meroabl
uccieioBaHys (arTepa BO3AYLIHBIX CYJ0B Pa3HbIX THUIIOB XOPOIIO U3y4€Hbl U OCHOBBIBAIOTCS
Ha MHOTOYMCIIEHHBIX (yHJaMeHTalbHbIX padotax [1]. Kpome Toro, HakoIuieH 3HauMTENbHBINA
ONBIT B pElIEHUH MpPOOJIEM, CBA3AHHBIX C MCCIEJOBAHUEM SIBJICHUH a’pOYyNpYyrocTH IpHU
MPOEKTUPOBAHUHU OTACIbHBIX YacTeil JIA, Hanpumep, Kpbuia [2].

[IpumeHeHne nNOJMMEPHBIX KOMIO3UMIMOHHBIX MarepuanoB (IIKM) B koHcTpyKkuuu
TTaHepa 000CTpsieT MPOOIEMBI a3pOyIPyTrocTH. OTCYTCTBHE TOYHBIX TAHHBIX 0 KO3 PHUITEHTAX
nemripupoBaHus IPUBOAUT K HEOOXOAMMOCTH BBeJeHHS Kod(puIeHToB 3anaca. OnpeneneHue
koo unmentoB nemrduposanus B [IKM mo3BonuT cHU3UTH TpeOyeMblid KO PHUIMEHT 3amnaca,
4T0 obecnednT 00Jiee BHICOKMI YPOBEHb TOYHOCTH IPOSKTHUPOBAHUS M O€3011aCHOCTH I10JIETA.

UccnepoBanue  a’poynpyrol  ycTOMYMBOCTM — KOHCTpykuwii JIA ¢ yuetom
IeMI(UPYIOIIMX CBOMCTB KOMIIO3ULIMOHHBIX MaTE€pHAJIOB SIBJISETCS aKTyaJbHOM mpobieMoit
JUHAMHUKU ¥ IPOYHOCTH JIETATEIbHBIX annaparos. [Ipu aTom [uis pemienns 3a1a4 JMHaAMUYECKON
YCTOMYMBOCTU HCIOJIB3YIOTCS YIPOIIEHHBIE PACUETHBIE MOJIEIH, IO3BOJSIOLIUE JOCTATOYHO
TOYHO OIPENENUTh HECKOJBKO HHM3IIUX COOCTBEHHBIX (POPM M 4YACTOT KOJIe€OaHMid, KOTOpHIC
BHOCST OCHOBHOW BKJIaJ] B @3pOYINPYTrOCTh KOHCTPYKIUH [3].

B pabGote mnpexacraBineHbl pe3yabTaThl MapaMETPUUYECKOrO HCCIEIOBAHUS BIHSHUA
neMn@upoBaHUs Ha KPUTHYECKYIO CKOpPOCTh (uarTepa Kpbula OOJBIIOTO YAJUHEHHS,
BoinosiHeHHoro u3 [IKM. [lnsg storo paspaboraHa yrpolieHHass KOHEYHO-3JeMEHTHasi MOJIEIb
KOHCTPYKLIMU KpbUIa M MPOBEAEHBI PACUYEThl C PA3IMYHBIMU 3HAUYEHUAMH KO3()PHUIHEHTOB
nemngupoBanus. IlpuBeneHHBIE  pe3ynbTaT pabOTBl  JEMOHCTPUPYET  HEOOXOAMMOCTb
npoBeneHust  uccnenoBanuii  [IKM ¢ menmplo  momydeHHMs  TOUHBIX KO3 duumeHTOB
neMnpupoBaHus.
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Parametric investigation on the effect of damping on the dynamic stability of a high aspect
ratio wing

Khodina A.S., Rymanova A.N.
MALI, Moscow, Russia

One of the key tasks in the design of aircraft is to ensure static and dynamic stability.
Flutter is a dynamic instability of the structure in the air flow caused by self-oscillations as a
result of the interaction of inertial, elastic and aerodynamic loads. Exceeding the critical flutter
velocity can lead to the destruction of a structural element subject to this phenomenon. The
methods of studying the flutter of aircraft of different types are well-developed and are based on
numerous fundamental works [1]. In addition, considerable experience has been accumulated in
solving problems related to the study of aeroelasticity phenomenon in the design of individual
aircraft parts, for example, wings [2].

The use of polymer composite materials (PCM) in the aircraft glider exacerbates the
problems of aeroelasticity. The lack of accurate data on damping coefficients leads to the need to
introduce safety factors. The determination of damping coefficients in the PCM will reduce the
required margin factor, which will ensure a higher level of design accuracy and flight safety.

The investigation of aeroelastic stability of aircraft structures, taking into account
damping properties of PCM, is a current problem of dynamics and strength of aircraft. When
solving problems of dynamic stability, simplified computational models are used, which make it
possible to accurately determine several lower eigenforms and oscillation frequencies, which
make the main contribution to the aeroelasticity of the structure [3].

The paper presents the results of a parametric study of the effect of damping on the
critical velocity of the flutter of a high aspect ratio wing made of PCM. For this purpose, a
simplified finite element model has been developed and calculations with different values of
damping coefficients have been performed. The above result of the research work demonstrates
the need for studies of PCM in order to obtain accurate damping coefficients.
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MeToauKa YUCJIEHHOI0 pacyera KO3QGUIHEHTOB NeMIIPUPOBAHUS KOMIIO3UTHBIX
naneJsieit JIA ¢ yuerom ykiaaaku

PeimanoBa A.H., Xonuna A.C., Ilepmsakos A.Il.
MAM, r. Mockga, Poccust

B mHacrosmee BpeMs 3HAYMTENBHO BBIpOCHA JOJS INPUMEHEHMSI TOJUMEPHBIX
KOMIO3UIMOHHBIX MaTepuanoB (IIKM) B KoHCTpykuusx jeraTenbHbIX anmapatoB (JIA). Yuer
neMnupoBaHrs B KOMIO3UIMOHHBIX MaHESIX SIBISIETCS BaXKHBIM aCIEKTOM Ui oOecrieueHus
6e3omacHocty U HanexHocTd JIA. [Insg [IKM metonuku ydera aemndupoBaHus B MaTepuaie
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[1], m KaK cneacTBUE B KOHCTPYKIMH, COCTOAIIECH U3 HETO, CUIILHO OTJIMYAIOTCS] OT aHAJOTUYHBIX
METOAMK JJISi METAJUIOB U METAJUIMYEeCKUX KOHCTpykuui. Ilpu pacderax Ha ¢arrep MeTo oM
KOHEUYHBIX 3JIEMEHTOB YacTO IMPEHEOpEerarT 3HAYeHUSMH KOI()(UIIMEHTOB NeMI(pHUPOBAHUS U
00 He 3aKiagbplBalOT JeMIi(upoBaHWE B MOJENb, OO0 OEpyT CpeaHecTaTHCTUYECKHE
3HAYEHUS.

HemMnpupoBaHre B KOMIIO3UTaX WUIPAET KIIOYEBYIO POJIb B IOJIABIEHUU PE30HAHCHBIX
ABICHUHA [2], 4TO MOXET ObITh KPUTHYECKH BAXXHO BO MHOTHUX MHXKEHEPHBIX 3ajJaydax.
Koadduuunentsr nemndupoBanus no mozaenu Penes BIUAIOT Ha CIOCOOHOCTh KOMITO3UTHBIX
naHejae K IOMIOIIEHHIO KojeOaTeIbHOM SHEpruM, 4YTO IOMOraeT IpeJoTBPATUTh
BO3HUKHOBEHUE DPE30HAHCHBIX KoJIeOaHUII M a’poynpyroil HeyctoiuumBocTu. Mcmosp3oBaHue
kodpduureHToB nemndupoBaHus B PACYETHOM MOAETH TNPUBOIUT K HU3MEHEHHIO €&
JUHAMHUYECKOI0 MOBEAECHUSA U YCTOMYMBOCTH, UTO, B CBOIO OYEpElb, IO3BOJIAET 0OJEE TOUHO
OTpeeNATh CKOpOCTh HacTyruieHus (uarrepa [3,4]. OCOOCHHO aKTyaJlbHO WCCIEI0BATh
nemn@upoBaHue aBHAMOHHBIX KOHCTpykuui u3 IIKM ¢ wucnonp3oBaHMeM pacd€THO-
9KCHEPUMEHTAIBHOI'O MOIX0/1A.

B nanHoit paGote mpeiokeHa METOAMKA IpPeABapUTENbHOIO pacueTa Ko3(h(UIUEHTOB
nemn@upoBaHuss B MaTepuale IS KaXA0M NpeACTaBICHHOW B  MOJENU  YKIAJKH
KOMIIO3UIIMOHHOTO Marepuana. Vcronb3oBaHnue 0osiee TOYHBIX 3HAUEHUH MO3BOJMUT MOBBICUTH
Ka4eCTBO MPOBOAMMBIX PACYETOB M YTOYHHTH 3HAYCHHWE KPUTHYECKOH CKOpPOCTH duarrepa s
JIA. Pa3BuTHE METOJOB OIICHKH M y4yeTra Kod()(OUIMEHTOB AeMr(pupoBaHUS B KOMITO3UTHBIX
NaHEJAX SBJSETCS OJAHMM U3 KIIIOUEBBIX HAampaBiIeHUl B obOecrieyeHUM O€30IaCHOCTH U
onTuMu3anuu KoHCTpyKuuu JIA n3 IIKM.
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Methodology for numerical calculation of damping coefficients of composite aircraft panels
taking into account lay-up of composite

Rymanova A.N., Khodina A.S., Permiakov A.P.
MALI, Moscow, Russia

Currently, the share of the use of polymer composite materials (PCMs) in air craft
structures has increased significantly. Consideration of damping in composite panels is an
important aspect to ensure the safety and reliability of the aircraft. For PCM, the methods for
taking into account damping in the material [1], and as a consequence in the structure consisting
of it, are very different from similar methods for metals and metal structures. When calculating
flutter using the finite element method, the values of the damping coefficients are often neglected
and either the damping is not included in the model or the average values are taken.
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Damping in composites plays a key role in suppressing resonance phenomena [2], which
can be critical in many engineering problems. Rayleigh damping coefficients affect the ability of
composite panels to absorb vibrational energy, which helps prevent the occurrence of resonant
vibrations and aeroelastic instability. The use of damping coefficients in the numerical model
leads to a change in its dynamic behavior and stability, which, in turn, makes it possible to more
accurately determine the flutter onset speed [3,4]. It is especially important to study the damping
of aircraft structures made of PCM using a computational and experimental approach.

This paper proposes a method for preliminary calculation of damping coefficients in the
material for each composite material layout presented in the model. The use of more accurate
values will improve the quality of calculations and clarify the value of the critical flutter speed
for an aircraft. The development of methods for assessing and taking into account damping
coefficients in composite panels is one of the key areas in ensuring the safety and optimization of
aircraft design made from PCM.
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YucjieHHOE HCC/IeI0BAHNE KOMIIO3UTHOM NAaHEJM ¢ CAMMETPHYHOMN YKJIAAKOH,
MOBPEKAEHHON 0T HU3KOCKOPOCTHOT0 BO3/1eMCTBUS (PparMeHTAMHU ABUALIMOHHOI0
NMHEeBMATHKA
3annna J.A.", Maprupocos M.I.'?, Xomuenko A.B.'?

TAO «SIxoBaeBy», r. MockBa, Poccus
2 MAMU, r. Mocksa, Poccust

KoHcTpykuiun w3 mNOJUMMEPHBIX KOMIO3UMIMOHHBIX MaTepuaioB (IIKM), mmpoko
UCIIOJIb3YEMblE B ABHALIMOHHOW TEXHHKE Oraronapsi MX BBICOKOW yJEIbHOM NPOYHOCTH U
KECTKOCTH, KOPPO3UNHONW CTOMKOCTU M Jp., UMEIOT BBICOKYIO UYBCTBUTEIBHOCTh K yJapHBIM
BO3CUCTBUAM. Takoe BO3JEHCTBHE MOXET OBbITh CIPOBOIMPOBAHO, HAIpPUMEpP, B3PHIBOM
ITHEBMAaTHKa IIACCH, W3rOTABIMBAEMOI0 W3 apMHpPOBAaHHOW pe3uHbI. BbICOKa BEpPOSTHOCTH
nomnajaHus (pparMeHTOB MHEBMATHKA B JIEMEHTHI CHIIOBON KOHCTpykiMHu u3 [IKM, uto Moxet
BbI3BaTh MX TOBPEXICHHE U, TEM CaMbIM, CHHXXEHHE NpOYHOCTH. B 1memsax ceprudukanuum
koHCTpyKuui u3 [IKM B yacTi nNpo4yHOCTH U KECTKOCTU HEOOXOIMMbI paCU€THO-TEOPETHUECKHE
paboOTHI M UCTIBITAHUSI B 00OCHOBAHUE OCTATOYHOM MPOYHOCTH TIOCIIE yaAapa.

B nannoit pabore MIPOBEACHO YHCIEHHOE HCCIENOBAHNE  YTIJIEIUIACTUKOBOMN
HWIMHJPUYECKON TMaHeIu, MOBPEeXKICHHOW OT HHU3KOCKOPOCTHOTO YAApHOrO BO3IAEHCTBUS
(¢parMeHTamMM aBHAIMOHHOTO MHeBMaTuka. JnuHa nanenu 540 mm, mmpuna - 480 mm, crpena
noabéMa - 7,5 mm. VYKIaaka naHend CHUMMETpUYHas, cOalaHCHPOBaHHAs W CMEIIaHHas C
TUNIOBBIMHU yriamu +45°, 0° n 90° — Bcero 45 MoHOCIIOEB ¢ TosuHou 0,1 ym.

IIpouecc MoaenupoBaHysi YaCTUYHO ABTOMATU3UPOBAH:
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* NS aBTOMATHU3alMM TMpollecca CO3/IaHUs KOHEYHO-AJIIEMEHTHOM CEeTKH pa3paboTaHa
METOJMKA IOCJIONHOr0 MOJAEIMPOBAaHUS NAHENIW B MPOrpaMMHOM KoMmiulekce Simcenter 3D ¢
YU4E€TOM KOT€3HOHHBIX JJIEMEHTOB C JaJbHEHIIMM HUMIIOPTOM IIOJIy4YEHHOH MOJEIN B
nporpammublil komruieke LS-DYNA;

* pazpaborana mporpamma (Makpoc) Ha si3pike VBA, mo3Bonsitomnias B aBTOMaTHYECKOM
pEeXHUMeE CO3/1aBaTh KOHEYHO-3JIEMEHTHBIE MOJIeN ()parMeHTOB [THEBMATHKA.

Pacuér mpoBenén B LS-DYNA MeTOIOM KOHEYHBIX 3JIEMEHTOB C HCIOJIb30BAHUEM
LEHTPaJIbHO-PA3HOCTHOM  CXEMbl HUHTETPUPOBAHUS IO BPEMEHH C  aBTOMaTHYECKUM
ompezeneHueM Imara coriacHo Kputeputo Kypanta-®Opuapuxca-Jlesu. Vcnonb3oBaHbl
CJIEYIOIINE MOJIETN MAaTEPHAJIOB!

« wmarepuan MoHocloéB: «221 MAT ORTHOTROPIC SIMPLIFIED DAMAGE -
uMeeT JeOPMAMOHHBIN KPUTEPH pa3pylICHUs, IUAroHaJIbHBIC KOMIIOHEHTHI MAaTpHIIbI
XKECTKOCTH 3aBUCAT OT JieopMannii B COOTBETCTBYIOUINX HANPaBICHUIX;

» mozesib coenuHenus MoHoclo€éB: «138 MAT COHESIVE MIXED MODE» — umeer
OWJIMHEHHYI0O 3aBHCHUMOCTh yCUITUSl pa3fieieHus OT TMepeMelleHus BAOJb (poHTa
pacripocTpaHEHUs TPEIIUHBI;

» matepuan nHeBmatuka: «77_ MAT OGDEN RUBBER» — runepynpyruii marepuail.

PaccmaTpuBaroTCst MOBpEXKIEHHSI MaTepraia MOHOCIOEB U KOI€3MOHHBIX 3JIEMEHTOB JJIst
pa3MYHBIX CIlydyaeB COyAapeHHus (parMeHTOB C TMaHenblo. [IpoBomsTcs H3MepeHHs
KMHETUYECKOW 3HEPrMM (PparMEHTOB MHEBMAaTHKa, NEPEMENIEHUM M KOHTAKTHBIX YCHJIUN B
TOUYKaX COyAapeHHUsl.

Numerical research of a composite panel with symmetrical laying damaged from low-
velocity impact by fragments of aircraft tire

Zanina E.A.l, Martirosov M.I.l’z, Chomshenko A.V.!?
'pJsc «Yakovlev», Moscow, Russia

2 MALI Moscow, Russia

Structures made of polymer composite materials (PCM), widely used in aviation
technology due to their high specific strength and rigidity, corrosion resistance, etc., are highly
sensitive to impact. For example, the impact may be provoked by explosion of aircraft tire. There
is a high probability of getting of fragments of tire into the elements of the load-bearing structure
made of PCM, which can cause their damage and, thereby, a decrease in strength. Theoretical
calculations and tests are required to justify the residual strength after impact in order to certify
structures made of PCM in terms of strength and rigidity.

The numerical research of a carbon-fiber cylindrical panel damaged from low-speed
impact by fragments of an aircraft tire was carried out in this work. Panel length 540 mm, width -
480 mm, lifting boom - 7.5 mm. The panel laying is symmetrical, balanced and mixed with
typical angles of £45°, 0° and 90°. Panel has 45 monolayers with a thickness of 0.1 mm.

The modeling process is partially automated:

* to automate the process of creating a finite element mesh, a technique for layer-by-layer
panel modeling was developed in the Simcenter 3D software package, taking into account
cohesive elements with further import of the resulting model into the LS-DYNA software
package;
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* a program (macro) in the VBA language has been developed that allows you to
automatically create finite element models of pneumatic fragments.

The calculation was carried out in LS-DYNA by the finite element method using a
central-difference time integration scheme with automatic step determination according to the
Courant-Friedrichs-Levy criterion. The following material models were used:

* monolayer material: “221 MAT ORTHOTROPIC SIMPLIFIED DAMAGE - has a
deformation failure criterion, the diagonal components of the stiffness matrix depend on the
deformations in the corresponding directions;

* monolayer connection model: “138 MAT COHESIVE MIXED MODE” — has a
bilinear dependence of the separation force on the displacement along the crack propagation
front;

* pneumatic material: “77_MAT OGDEN RUBBER” — hyperelastic material.

Damage of the monolayers and cohesive elements is considered for various cases of impact of
fragments with the panel. Measurements are made of the kinetic energy of tire fragments,
displacements and contact forces at the points of impact.

HapaMeTpnquRue HCCICA0BaHUA 3(1)(1)6KTI/IBHOCTI/I HECylIuX naHeJiei ¢ yuerom
orpa}mqe}mﬁ mo yCTOﬁqHBOCTH U IIPOYHOCTH IIPHA 3AKPUTHYECCKOM COCTOSTHUMA

Mutpodanos O.B., Toponsunna E.1O.
MAMU, r. Mocksa, Poccus

B pabore mnpencraBieH 0030p METOIUK IOBEPOYHOTO U IPOEKTHPOBOYHOIO pacyera
HECYIIMX IaHEJIeW aBUAlMOHHBIX KOHCTPYKIMH C YYETOM OTPaHWYEHUH 10 YCTOMYHMBOCTH M
IPOYHOCTH TPH 3aKpUTHYECKOM ToBeneHuH [1]. OOBEKTOM HCCIIe0BaHUM SBISIOTCS TIaIKHE
IIPSAMOYTOJIBHBIE KOMIIO3UTHBIE IIAHEIW CPEIHEUW TOJIIMHBI OPTOTPONHOM CTPYKTYphL. Llenbro
paboThl SIBJIJIOCH NMPOBEACHUE MapaMETPUUYECKUX YHMCIEHHBIX HCCIENOoBaHUM 3(pexTuBHOCTH
HECYIIUX MaHeJeH, TONIIMHBI KOTOPhIX ONpeeNeHbl U3 YCIOBUN 0OecreyeHusl yCTOMUMBOCTH U
IIPOYHOCTH TPU 3aKpPUTHUYECKOM NoBeneHnU. OnpeseneHne TONINUH KOMIO3UTHBIX MTaHEelIeH 1o
YCIIOBHUSIM YCTOWYMBOCTU IIPOBEACHO MCXOAA W3 JOCTHXKEHUsS MHMHHMMAJIBHOIO 3amaca I10
KPUTUYECKUM HarpspDkeHusM. [Ipu paccMoTpeHuu 3agauu OnpeneiacHus TOJIUHBI U3 YCIOBUN
oOecrieyeHrs MPOYHOCTU MPHU 3aKPUTUYECKOM IOBEACHUM B COOTBETCTBUU C METOJOJIOTHEN
MPOEKTUPOBAHUS MO 3aKPUTHUYECKOMY COCTOSIHUIO [l], KOTOpas OCHOBaHAa Ha AHAJIUTHYECKUX
pelIeHUSIX TEeOMETPUYECKH HEJIMHEHHBIX 3afady MeTojoM byOHoBa-l'anepkuHa u ycioBuM
JOCTH)KEHMS! JIEUCTBYIOIIMX B 3aKPUTHYECKOM COCTOSHMM HAIPSIKEHUW MIPENENIBbHBIM 110
IPOYHOCTU 3HAYEHHUSM B NoTeHIMaidbHO-Kputhmueckux Toukax (IIKT). B paborte mpuBeneHs!
AQHAJTUTMYECKUE BBIP@KEHUS JUIsI MEMOpaHHbIX M UW3TMOHBIX HANpsOHKEHHUH, KOTOpbIe
YUUTBIBAINUCH TPU OIPEIEIEHUH ONTHUMAJIbHBIX MapaMeTpoB JUIs MeMOpaH M MaHeneill cperHux
tomuuH. [lpuBeneHsl TaKke B Tpa@UUECKOM BHJE IOBEPXHOCTH, IOCTPOEHHBIE IO
AQHAINTUYECKUM COOTHOLIEHMSIM [UIsl HalpsDKeHMM, W mnokasaHo, uro IIKT nns nanenen
Pa3IMYHBIX TOJIIIUH UMEIOT Pa3InyHble KOOPAUHATBHI.

C 1enpro SKCNEpUMEHTATBHOIO UCCIIEI0BAHNS 3aKPUTUYECKOTO TTOBEACHUS KOMIIO3UTHBIX
naHesieid B paboTe MpeicTaBiIeHbl HEKOTOPBIE PE3YNIbTaThl 3KCIEPUMEHTANBHBIX HCCIIEI0BaHUMN
YIJICIJIACTUKOBBIX — IMAHENEH, HAarpyKEHHbIX MPOJOJIBHBIMH  COKUMAKOLIUMU  YCUJIUSMH.
PaccmoTtpens! rinankue naHenu 0e3 MoBpexaeHui U ¢ 1edeKTaMu B BHJI€ CKBO3HBIX OTBEPCTHI.
IIpencraBieHsl pacYeTHO-IKCIEPUMEHTANIBHBIE HCCIEAOBAHUSA YCTOWYMBOCTU KOMIIO3UTHBIX
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naHesned C yKa3aHHBIMU JedeKTaMH U TO0Ka3aHO, YTO pacrojoxeHue nedekra BIHsIeT Ha
KPUTHYECKHE HAIIPSDKEHUS IOTEPU YCTOWYMBOCTH.
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MIPOCKTUPOBAHUHU U pacuyeTax KOMITO3UTHBIX aBHAIIMOHHBIX KOHCTpYyKIui. — M.: MAU (HAY),
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Parametric studies of the effectiveness of load-bearing panels, considering the limitations
on stability and strength in the post-buckling condition

Mitrofanov O.V., Toropylina E.Y.
MALI, Moscow, Russia

The paper presents an overview of the methodologies for the verification and design
calculation of load-bearing panels of aircraft structures, considering the limitations on stability
and strength under post-buckling behavior [1]. The object of research is smooth rectangular
composite panels of medium thickness of an orthotropic structure. The purpose of the work was
to conduct parametric numerical studies of the effectiveness of load-bearing panels, the
thicknesses of which are determined from the conditions for providing stability and strength
under post-buckling behavior. The determination of the thickness of composite panels according
to the stability conditions was carried out based on the achievement of a minimum margin for
critical stresses. When considering the problem of determining the thickness from the conditions
for ensuring strength under post-buckling behavior in accordance with the design methodology
for the post-buckling state [1], which is based on analytical solutions of geometrically nonlinear
problems by the Bubnov-Galerkin method and the condition for achieving stresses operating in a
post-buckling state with strength limits at potentially critical points (PCP). The paper presents
analytical expressions for membrane and bending stresses, which were considered when
determining the optimal parameters for membranes and panels of medium thickness. The
surfaces constructed according to analytical ratios for stresses are also graphically shown, and it
is shown that the PCP for panels of different thicknesses have different coordinates.

In order to experimentally study the post-buckling behavior of composite panels, the paper
presents some results of experimental studies of carbon fiber panels loaded with longitudinal
compressive forces. Smooth panels without damage and with defects in the form of through
holes are considered. Analytical-experimental study of the stability of composite panels with
these defects are presented and it is shown that the location of the defect affects the critical
stresses of loss of stability.
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Oco0eHHOCTH aHATHU3a MPOYHOCTH HECYIIMX NaHeJeil TOHKOCTEeHHbIX aBUALIMOHHBIX
KOHCTPYKUMI € y4eTOM reoMeTPpUYeCKH HeJTUHEHHOr0 MOBeIeHUs

Murpodanon 0.B.", EBpennona L2 bynrakosa M.H.?
! MAMU, 2 MDBU, STIAO SIxomies, . MockBa, Poccus

PaccMoTpeHbl 0COOCHHOCTH TMPOBEACHUS aHAIM3a MPOYHOCTH IMaHENeld TOHKOCTEHHBIX
ABUAIMOHHBIX  KOHCTPYKIMH C  y4eTOM TE€OMETPUYECKHM HEIWHEHHOro  MOBEICHUS.
[IpencraBieHbl pe3yabTaThl YUCIECHHOIO PEUICHUS JIMHEMHONM M TNeOMETPUYECKH HEIMHEUHOU
3aJaud  OMpeAeeHUs] HaNpPsHKeHHO-Ie(OPMUPOBAHHOTO  COCTOSIHUS — PEryJSIpHOM — YacTu
¢ro3enska permoHanbHOro camosera. [lokazaHo, 4To BO3HUKAIOIIME B OOIIMBKE HAMPSKCHHUS
MOTYT pa3juyatbcsi Oojiee yeM B JBa pasa, IpuyeM OOJbIIME BEJIUYUHBI COOTBETCTBYIOT
JuHENHOMYy pacueTy. Kpome Toro, HampspkeHHs B ILIIAHIOYTaxX M CTPUHIEpax TaKKe MOTYT
paznuuatbess Ha 10...15%, HO mnpu HSTOM MaKCUMalbHbIE 3HAYEHUSI COOTBETCTBYIOT
FEOMETPUUECKH HETMHEWHOMY pacueTy.

B pabore paccMOTpeHbl KOMIO3UTHbBIE OOIIMBKM KECCOHA KpbUIA JIETKOIO CaMoJIeTa C
OPTOTPOIHOM M HECUMMETPUYHOM CTPYKTYpOH, HArpyKeHHbIE MPOAOIbHBIMU COKMUMAIOIIUMU
YCUJIMSMU U TONEpeYHbIM naBieHueM. [IpencraBineHbl aHaIUTHUECKHUE PEIICHUsS CIEAYIOIINX
F€OMETPUUYECKHU HEeMHEHHBIX 3a/lady: OJIHOBPEMEHHOE HArpy>KEHUE CHKUMAIONIMMH MOTOKaMHU U
JaBJICHHUEM, a TaKKe IMOCIe0BaTeIbHOE HArpy)KeHHE CHauana JaBjeHueM (Ipu oO0pa30BaHUU
HavyaJbHOM moruOu npu m=n=1) U 3aT€M CXKATUEM C YUYETOM 3aKPUTUYECKOTO MOBEACHUS U
oOpa3zoBaHMEM OOJBIIOrO 4YKCIa I[IOJYBOJH B MPOJOJIBHOM HampasieHuu (m>1, n=I).
AHaJIUTHYECKUE PEIIECHUs I'€OMETPUUYECKH HEIMHEMHBIX 3a/7ad B JaHHOW padoTe MOIy4deHbI
metogoM byOHoBa-I'anepkuHa, mpu 3TOM Nporud OOIIMBKHU 3a/aBajcsi B BHUJIE CYMMBI ABYX
YJIEHOB TPUTOHOMETPHYECKOTO psga, MPHYEM TMEpBbIi YieH COOTBETCTBOBANI MPOTUOY OT
NEHCTBUS JIaBJICHHs, a BTOPOW OMKCHIBAI BOJIHOOOPA30BaHHME MpPHU MOTEPE YCTOMYMBOCTH OT
ckartuga. B pesynbTare aHAIUTUYECKOE pEIIEHHE TeOMETPUYECKM HEIMHEWHOHM 3aladyu Mpu
OJIHOBPEMEHHOM HArpyK€HHM [JaBICHMEM M CXKAaTHEM CBEJEHO K YHCIEHHOMY PpELICHHUIO
CUCTEMBl JIByX HEJIMHEHHBIX YpaBHEHMM OTHOCHUTEIBHO JBYX aMmIUIUTyJ Iporuoa.
AHaJIUTHYECKOE pEIlIeHWe TIeOMETPUYECKH HEeNMHEWHON 3ajadd MpHU IO0CJIEeI0BaTEIbHOM
Harpy’>kK€HUH, C y4E€TOM OIpe/AeJeHUs] HauaJbHOW MOrMOU Mpu NEHCTBUM JaBJIE€HUS, CBEIEHO K
MOCJIEI0BATEIbHOMY YHUCICHHOMY PEIIEHUIO0 HEIMHEMHBIX YpPaBHEHMHM Ha KakJIOM JTare MNpu
OTpe/IeNIEHUU COOTBETCTBYIOIIMX aMIUIUTY ]l poruda. Ha ocHOBe mpecTaBlIeHHbBIX pe3ylbTaToB
AHAJTUTUYECKUX PEICHUH reOMeTpUYeCKH HEIMHEHHBIX 33/1a4 B paboTe MPeI0KeHbl METOJUKU
[1] BBIYMCIIEHHMS MHHUMAIbHBIX TOJILMH, OMNPEAEHAEMBIX W3 YCJIOBHS JIOCTHIKEHUS
JEUCTBYIOIMX B IOTCHIMAIBbHO-KPUTUYECKUX TOYKAaX HANPSOHKEHUHM, COOTBETCTBYIOLIUM
IIPEJIEIbHBIM 110 TPOYHOCTH 3HAYCHUSIM.
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Features of the analysis of the strength of load-bearing panels of thin-walled aircraft
structures taking into account geometrically nonlinear behavior

Mitrofanov O.V.1’3, Evreinova G.D.Z, Bulgakova M.N.?
' MAI, * National Research University Moscow Power Engineering Institute, * JSC
Yakovlev Corporation, Moscow, Russia

The features of the analysis of the strength of panels of thin-walled aircraft structures
taking into account geometrically nonlinear behavior are considered. The results of a numerical
solution of the linear and geometrically nonlinear problem of determining the stress-strain state
of the regular part of the fuselage of a regional aircraft are presented. It is shown that the stresses
arising in the skin can differ by more than a factor of two, with larger values corresponding to
linear calculations. In addition, stresses in frames and stringers can also differ by 10...15%, but
the maximum values correspond to a geometrically nonlinear calculation.

The work examines composite skins of a light aircraft wing caisson with an orthotropic
and asymmetrical structure, loaded with longitudinal compressive forces and lateral pressure.
Analytical solutions to the following geometrically nonlinear problems are presented:
simultaneous loading with compressive flows and pressure, as well as sequential loading first
with pressure (with the formation of initial loss at m=n=1) and then with compression, taking
into account postcritical behavior and the formation of a large number of half-waves in the
longitudinal direction (m >1, n=1). Analytical solutions to geometrically nonlinear problems in
this work were obtained by the Bubnov-Galerkin method, while the skin deflection was specified
as the sum of two terms of a trigonometric series, with the first term corresponding to the
deflection due to pressure, and the second describing wave formation during loss of stability due
to compression. As a result, the analytical solution of a geometrically nonlinear problem under
simultaneous loading by pressure and compression is reduced to a numerical solution of a system
of two nonlinear equations for two deflection amplitudes. The analytical solution of a
geometrically nonlinear problem under sequential loading, taking into account the determination
of the initial deflection under pressure, is reduced to a sequential numerical solution of nonlinear
equations at each stage when determining the corresponding deflection amplitudes. Based on the
presented results of analytical solutions of geometrically nonlinear problems, the paper proposes
methods [1] for calculating minimum thicknesses determined from the condition that the stresses
acting at potentially critical points stresses corresponding to the ultimate strength values.

References
1. Mitrofanov O. V. Applied geometrically nonlinear problems in the design and

calculations of composite aircraft structures. — M.: MAI (NIU), 2022. — 164 p. — ISBN 978-5-
4316-0984-8.

58



IMNUpHYECcKoe UccieJ0BAHHE M0 ONMpeAeeHUI0 TONMOJHUTEIbHOr0 K03 puineHTa 3anaca
10 MoTepe YCTOMYUBOCTH KOMIIO3UTHBIX NMaHe el 00JIbIIMX TOJIIIUH NPH CABUTOBBIX U
C)KMMAIOIIMX HATPYy3Kax ¢ yueToM JaedexkToB 1-0ii kareropuu

bonpmux A.A., MonbkoB O.P., I'pu6mos JI. /.
MAMU, r. Mocksa, Poccust

B xome Tekyuiero wuccienoBaHUs HAa OCHOBE METOJIUMKHM IO OIPENEICHHUIO YPOBHS
Jierpajallid yIpyrux CBOHCTB KOMITO3UTHBIX IaHeNeil OOJIbLIIMX TOJIIMH II0J] BO3AEHCTBHEM
HU3KOCKOPOCTHBIX yJAapHBIX BO3JEHCTBUH ONpeAEIeHbl KPUTHUYECKHE CHJIBI IO IOTepe
YCTOMUMBOCTH KOMIIO3UTHBIX IaHeJIeH OOJbIIMX TOJIIMH MPU CHKUMAIOIIUX U CABUIOBBIX
Harpyskax ¢ yuetom nedextoB 1oi kareropuw [1].

BrisiBIeH ASMOUpUYECKUN  JIOTMIONHHUTENBHBIA Kod(HIMEHT 3amaca 1O MmoTepe
YCTOMYMBOCTH KOMIIO3UTHBIX MaHeJeH OOJBIIMX TOJIIWH TPU CIBUTOBBIX M CKHUMAIOIIUX
Harpy3kax ¢ y4eToM HHU3KOCKOPOCTHBIX YAAapHBIX BO3ACHCTBHMA, IPUBOIAMINX K Aedekram 1-o0if
Kareropuu. Tak, ¢ y4eToM BcCeX HEOOXOIMMBIX MJAHHBIX IIOJIyYEHO YAOBJIETBOPUTEIILHOE
CXOXKJEHHE pe3yJbTaTOB UYMCIEHHOI'O aHajlInW3a IMOTEPH YCTONYMBOCTH OT CIBUIA U CHXKATUS
KOMIIO3UTHBIX TaHedel ¢ ydeToM Je(deKkToB 1-0if KaTeropuu C BBIBEICHHOH aHAIMTUYECKON
3aBUCUMOCTBIO C JIOTIOJIHUTENbHBIM KO3 duuumentom 3amaca. JlaHHbBI pe3ynbTaTbl MMEIOT
pacxoxaeHus: He Oosbie 1% Ha BceM paccMaTpUBAaeMOM B JJAHHOM MCCJIEIOBAHUU JMAIIa30HE
TOJIIMUH [2-6].

B pamkax uccnenoBaHus MOJIy4€Hbl 3aBUCUMOCTH IO OIPEJIETICHUIO KPUTUYECKUX CUJI T10
[OoTepe yCTOMYMBOCTH KOMIIO3UTHBIX IaHesiel OOJbLIMX TONIIMH MPU CKUMAOIUX U
C/IBUTOBBIX Harpy3kax C yderoMm naedekToB 1-0ifl KaTeropuu KOTOpas IaeT BO3MOKHOCTh
NOJYYUTh 3HAYCHHS KPUTUYECKOH CHIIBI TIOTEPH YCTOMYMBOCTH C Yy4eTOM Jedopmanuit
HOTIEPEYHOr 0 CJIBUTAa HA PAaHHUX 3Talax MPOEKTUPOBAHMSL.
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An empirical study to determine an additional margin factor for the loss of stability of
composite panels of large thicknesses under shear and compressive loads, taking into
account BVID

Bolshikh A.A., Molkov O.R., Gribtsov D.D.
MALI, Moscow, Russia

In this paper of the current study, based on the methodology for determining the level of
degradation of the elastic properties of composite panels of large thicknesses under the influence
of low-speed shock effects, critical forces for the loss of stability of composite panels of large
thicknesses under compressive and shear loads, taking into account BVID were determined [1].

An empirical additional margin factor for the loss of stability of composite panels of large
thicknesses under shear and compressive loads has been revealed, taking into account low-speed
shock effects leading to BVID. Thus, taking into account all the necessary data, a satisfactory
convergence of the results of the numerical analysis of the loss of stability from shear and
compression of composite panels was obtained, taking into account BVID with the derived
analytical dependence with an additional margin factor. These results have discrepancies of no
more than 1% over the entire thickness range considered in this study [2-6].

As part of the study, dependences were obtained for determining the critical forces for
loss of stability of composite panels of large thicknesses under compressive and shear loads,
taking into account BVID, which makes it possible to obtain values of the critical force of loss of
stability, taking into account transverse shear deformations at early design stages.
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YmncsieHHBbIE UCCIEOBAHUSA YCTOMYMBOCTH KOMIIO3UTHBIX NMaHe el PH CXKATUM U CABHUTE C
Y4€TOM CKBO3HBIX Je()eKTOB U AedopMAaLiil MONepeyHoro cABUra

Mutpodanos O.B., MonskoB O.P., Toponsunna E.1O.
MAM, r. Mocksa, Poccus

[IpencraBnensl pe3ysibTaThl YUCIECHHBIX MCCIEIOBAHUN YCTOMUMBOCTU MPSIMOYTOJBHBIX
KOMITO3UTHBIX MaHeNel Npu ASCTBUM CKUMAIONINX U KacaTENbHBIX YCHIIUN C y4ETOM CKBO3HBIX
nedextoB u Aedopmanuii nonepeyHoro capura. OObEKTaMu HCCIEAOBAaHUN JaHHON pabOThI
ABIISJIUCH TJIaJIKUE KOMIIO3UTHBIE IaHEIH OPTOTPONHOW CTPYKTYphl CpelHed u OoJbIIon
tommuubl [1]. Llenp paboTel cocTosia B IPOBENCHUHM YHMCICHHBIX HCCIIECIOBAHUM METOJIOM
KOHEYHBIX DJJIEMEHTOB TNpU pEHIeHUHM JIMHEHHBIX 3a/ad yCTOMYMBOCTH Ui TOJy4YeHUs
aNMpPOKCUMAIIUK aHATUTHYCCKUX (OPMYJ I ONMPEACTCHUS] KPUTHUECKUX IMOTOKOB TIIATKHUX
KOMITIO3UTHBIX IMaHEJIeH MPHU CXKATUU U cABUTE. B paboTe moiydeHbl YKa3aHHBIE MPUKIIATHBIE
dbopMyITBI JIs TIAAKUX TMaHeNIeH P MIapHUPHOM U JKECTKOM BCECTOpPOHHEM omupaHuu. Kpome
TOTO, MPU MPOBEJACHUH MMAPAMETPUUYECKUX MCCICIOBAHUN YCTOMYMBOCTH YUUTHIBAIOCH HAJIIMUKE
CKBO3HOTO JeheKTa ¥ NPEICTABICHbI PE3yabTaThl MCCICIOBAHUN BIUSHUS PACIOIOKEHUS
nedexra Ha BEJTMYHUHBI KPUTHYECKUX TMOTOKOB. OTMEUEHO, YyTo Hannyue aedekra T0KHO OBbITh
UCCJIEIOBAHO TPU OIEHKE OCTATOYHOW MPOYHOCTH U MPH OIEHKE CHUKECHHS KPUTHUYECKHX
HANPSDKEHUN TMOTEpU YCTOMYMBOCTH. AHAJIOTHYHBIE MCCIEIOBAHUS ISl TOHKUX KOMITO3UTHBIX
naHesIel BhIMOJIHEHBI B padoTe [2].

OTMeueHO, YTO MOJydeHHbIE (POPMYIIBI I KPUTUUECKUX MOTOKOB MOTYT OBITh B SIBHOM
BUJIC WCIIOJNIb30BAaHBI JUIsi MOJU(DHUKAIMKM  AHATATHYCCKUX  METOIUK  ONTHMAIBHOTO
MPOCKTUPOBAHUST KOMITO3UTHBIX MOJKPEIJICHHBIX MaHeel [2], OCHOBaHHBIX HA YCIIOBUM PABHO
YCTOMYMBOCTH (PaBEHCTBE KPUTUYECKUX HANPSKEHUM 1O MECTHOW U oOmed morepe
ycroiunBocTH). B pabore mpencTaBiieHbl aHATUTHYECKHE COOTHOIICHHUS Ui OMpeelieHus
MapaMeTpoB MOJAKPEIJICHHBIX MaHeNel Mpu CKaTUU U CIIBUTE. 3ajiaya ONTHMHU3ALUU CBEICHA K
MUHUMU3AIUN QYHKIIMH OJHON TepeMeHHOW [2], sBIsomelics OTHOIIEHHEM BBICOTHI K IIary
MOAKPEIUICHHS, HO B TMPEACTABICHHOM paboTe IOMOJHUTEIBRHO YYTeHBI Jaedopmanuu
MOTIEPEUHOT0 CABUTA TIPH OTNPEACIICHUH KPUTHUECKUX HAMPSKEHUMN.
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Numerical studies of the stability of composite panels under compression and shear, taking
into account through defects and transverse shear deformations

Mitrofanov O.V., Molkov O.R., Toropylina E.Y.
MALI, Moscow, Russia

The results of numerical studies of the stability of rectangular composite panels under the
action of compressive and tangential forces, taking into account through defects and transverse
shear deformations, are presented. The objects of research in this work were smooth composite
panels of orthotropic structure of medium and large thickness [1]. The purpose of the work was
to conduct numerical studies using the finite element method in solving linear stability problems
to obtain an approximation of analytical formulas for determining the critical flows of smooth
composite panels during compression and shear. The specified applied formulas for smooth
panels with hinged and rigid all-round support are obtained in the work. In addition, when
conducting parametric stability studies, the presence of a through defect was taken into account
and the results of studies of the effect of the location of the defect on the values of critical flows
are presented. It is noted that the presence of a defect should be studied when assessing the
residual strength and when assessing the reduction of critical stresses of loss of stability. Similar
studies for thin composite panels have been carried out in the work [2].

It is noted that the obtained formulas for critical flows can be explicitly used to modify
analytical methodologies for optimal design of composite reinforced panels based on the
condition of equal stability (equality of critical stresses in local and total loss of stability) [2].
The article presents analytical relations for determining the parameters of reinforced panels
during compression and shear. The optimization problem is reduced to minimizing the function
of one variable [2], which is the ratio of height to reinforcement step, but in the presented work,
transverse shear deformations are additionally taken into account when determining critical
stresses.
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MaremaTuyeckas MOJeJIb JAJIs1 ONTUMAJILHOIO IPOEKTHPOBAHUA KOMIIO3UTHBIX IaHeJ el
cpeIHHUX U 00JbIIMX TOJIINH HeCylIMX MOBEPXHOCTEl JleTaTe/IbHbIX alllapaTos ¢
YTOYHEHHBIMHM OTPAHMYCHHUSIMH 110 CTATHYECKOM MPOYHOCTH ¢ y4éToM AedopManuii
MOIEPEYHOro CABUIa

Xan Txy Aynr, I'aBea JI.M.
MAM, r. Mocksa, Poccus

[ToBbIieHne BecoBOil A(GEKTUBHOCTH IUIaHEpa JeTaTeNbHbIX anmapaTtoB (JIA) 3a cuér
peanu3alMM  CTPYKTYPHBIX PE3€pBOB B  KOMIIO3UTHBIX AaBHALMOHHBIX  KOHCTPYKIMSX

CIOCOOCTBYET CHIKEHHMIO 3aTpaT Ha pa3pabOTKy COBPEMEHHBIX OOpa3loB aBUAIMOHHOMN
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TeXHUKU. HOBble yTOUHEHHbBIE MAaTEMAaTUYECKUE MOJIENIN COCTABISIOT 0a3UC MPOEKTUPOBAHUS U
ONTUMM3ALMM KOPHEBOM YAacCTH KpbUIa M3 KOMIIO3MIIMOHHBIX MAaTE€pUAOB B 30HE CThIKA C
Gbrozensprem.

Jins peanM3anuy  ONTHUMAIBHOIO Pa3MEPHO-BECOBOIO IIPOEKTAa B 30HE KOPHEBOH
HEpPBIOPBI  pa3pabaThIBae€TCSI  METOJ  ONTHUMAJIBHOTO  IPOEKTUPOBAHUS  KOHCTPYKTHUBHO
AHU30TPONHBIX IaHENEeH Hecylux MoBepxHocTed JIA M3 KOMIO3MIIMOHHBIX MaTEpUalIOB C
OTrPaHMYEHUSIMH Ha LEJIeBYI0 (YHKIMIO Beca B COOTBETCTBHMM C YTOYHEHHBIM aHAJIN30M
CTaTUYECKOM NpOYHOCTH € Yyué€ToM Jedopmauuii nomnepeyHoro ciasura. Korga TtosmuHa
OOIIMBKM cpelHsst U Oonbluasi, OrpaHUYEHUs Ha LENeBYI0 (DYHKIHUIO Beca IPU ONTHMAIBHOM
NPOCKTHUPOBAHUYU TIaHENel BOJM3M KOPHEBOH HEPBIOPHI CIEAYeT BBOJHMTH MO MPOYHOCTH HA
CXKaTUe, TaK KAaK CPEJHUE IO IIAKETy KPUTHUYECKUE HANPSIKEHHS COOTBETCTBYIOT BBICOKUM
3HA4YECHUAM 3aI1aCOB 110 YCTOMYUBOCTH.

Lenp paboTbl - T1OCTAaHOBKA 3aJad CTaTHKU, MOJEIMPOBAHUE HANPSHKEHHO-
nepopmupoBanHoro coctosHus (HJAC) KOHCTpYKTMBHO aHHM3OTPOIHBIX IaHeNed u3
HOJMMEPHBIX KOMITO3UIIMOHHBIX MaTepuajoB ¢ Yy4€ToMm aedopmanuil mornepeyHoro CIBHra;
IOCTPOCHHE  AHAJIMTUYECKOIO pEelIeHHs HOBOro paspewmaromero JaudgdepeHuanbHoro
YPaBHEHHUS JECITOrO MOPSAJKA B YACTHBIX IPOU3BOIHBIX.

K HOBBIM HayuHBIM pe3yjbTaTaM OTHOCSTCS: (POPMHpPOBAHHE HOBOW MaTeMaTH4ECKON
MOJENIA JUIsl HCCIENOBaHUS CTAaTUYECKOM IPOYHOCTH, IOCTPOCHUE HOBBIX AHAIUTUYECKHX
OTpaHUYCHUN Ha IIeNeBYI0 (YHKIHMIO MPH ONTUMAILHOM HPOSKTHPOBAHWU KOHCTPYKTHBHO
AQHM30TPOIHBIX KOMMO3UTHBIX TaHenei JIA ¢ oOmmBKOW cpenHeid W OONBIIONW TOJIIWHBI C
yuétoM nedopmanuii nomepeyHoro ciasura. HayuHas HOBH3Ha paboOThl 3aKIHOYaeTcsl B
JalbHEeHIeM pa3BUTHH TEOPUH Ae(opMaliuii IONepeyHoro CABUra nepBoro nNopsakKa.

IIpy onTUManbHOM TNPOEKTUPOBAHUM, KOrja LeneBas (QyHKIUMM Beca MaHEIu
UCCIIEYETCsl Ha YCIOBHBIM SKCTPEMYM B CTPOTOM MAaT€MaTH4ECKON MOCTAHOBKE, NOCTPOCHHbIE
[0 YTOYHEHHON TEOpHUU AHAIUTHUYECKHE DELIEHUS 3aJad NPOYHOCTH BBOAATCS B KadeCTBE
CTPOTHUX OTPAHUYEHUH JUIsl Tepexoa K 0e3yclioBHOMY 3KCTpeMyMy (yHkuuu Jlarpanxka.

PaccmarpuBarorcss cratudeckue 3agadd JUisl IUIOCKOM NPSIMOYTOJIBHOM MHOTOCIIOMHOM
NaHeJd cpeaHedl U OOoNbIION TOJNIIMHBI M3 MOJIMMEPHBIX KOMIIO3MIIMOHHBIX MAaTepHalloB,
oOnanaroniell aHU30TPONHUEN BCIIEACTBUE HECUMMETPUYHOM YyKJIaaku ciao€B makera. [lanens
HaXOJUTCS IOJA  JEHCTBUEM  PACHpPEIEICHHON TOCTOSIHHOM  COKMMAIOLIEHd  Harpyskw,
NPUIOKEHHOM K KPOMKaMm B IUIOCKOCTH OOIIMBKM B TpPOJOJIBHOM HampaBieHuu. Kpaesble
YCIIOBUS 10 TIPOAOIBHBIM KPOMKaM COOTBETCTBYIOT YaCTHOMY CIIy4ar0 I'PAaHMUYHBIX YCIOBUM AJIs
IUIOCKOW 3afaud M 3ajaud u3ruba. Ha Topuax rpaHuyHbIe YCJIOBUS NPOU3BOJIBHBI, B PaMKax
IJIOCKOM 3a7a4M YAOBJIETBOPSAETCS YCIOBHE PABEHCTBA BHYTPEHHUX M BHEIIHMX IPOJOJIBHBIX
YCUITUH. Heo6xomumo ctporoe wmopenmupoBanne HJIC u mnpodHOCTH KOHCTPYKIIUH,
HaxOJAIINXCS B PEAIbHBIX YCIOBHUAX HArpyXEHUs U 3aKpEIUICHUS, IPUMEHUTEIBHO K KOPHEBOM
YaCTHU KpbUIA U3 KOMIO3UIIMOHHBIX MaTEPHAIIOB.

IIpencraBieHbl COOTHOIIEHMS HOBOM MaTeMaTW4eCKOW MOJENN [UIsl HCCIEN0BaHUs
CTaTUYECKOM MpOYHOCTU. B 3anmaue msATh HEM3BECTHHIX (YHKLUMH: TPU KOMIIOHEHTa BEKTOpPa
nepeMeleHH M yIiibl MOBOPOTa OTHOCUTENIBHO OCe y M X, COOTBETCTBEHHO. Jledopmanmu
[IONIEPEYHOI0 CABUIAa IMPEANOJIAraloTCs IOCTOSHHBIMA II0 OTHOLIEHHUIO K IIONEPEYHOH
KOOpJMHaTe z, 00’kaTHe HOPMAaJIH MO TOJIIIMHE aHeNId HE YYUTHIBAeTCsl.

[IpoGnema cBOIUTCS K pELIEHUIO KpaeBbIX 3a1a4 Uit AU PepeHInanbHOro ypaBHeHUs B
YaCTHBIX TMPOU3BOAHBIX JECATOr0 MOpsiiKa B MPSIMOYToJIbHOM o0nacTu, M3rud M IJIOCKOE
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HaIPsDKEHHOE COCTOSIHUE CBsA3aHbl. Paspemaromiee ypaBHEHHE AECATOrO MOPSAKa IOCTPOEHO
METOZIOM CHUMBOJMYECKOTO HWHTETPHUPOBAHUS CHUCTEMBI MATH TU(PPEpEeHINATbHBIX ypaBHEHUN
pPaBHOBECHSI MTaHEJIM B paMKaxX YTOYHEHHOW MOJIENIN ¢ YIETOM JeOpMaLnii TONEPEYHOTO CABUTA
B TUIOCKOCTSX xX07 U y0Z, KOTOPBIMH MPEHEOPETaloT Mpu pacuéTe TOHKUX OOIMBOK. JIMHEHHBIN
mudepeHIMaIbHbI ONepaTop pa3pelIaonero ypaBHEHUs COACPKUT MPOM3BOJIHBIE YETHOTO
NOPsIZIKA IO Ka)KJOW U3 KOOPJAUHAT, €CIIM CTPYKTYPa KOMIIO3UTHOW ITAHEJIX OPTOTPOIIHA.

Pemenne nudgepeHnnanbHOrO ypaBHEHUS pPaBHOBECUS JAECATOrO IOpsiKa BIIEPBbIE
IIOCTPOEHO B OJJUHAPHBIX TPUTOHOMETPUUYECKUX PAAAX B 3aMKHYTOM BHJIE.

JUis OLIEHKM IIOCJIOMHBIX OKBUBAJICHTHBIX HANPSHKEHUM W 3alacoB  NPOYHOCTH
KOHCTPYKTUBHO-aHH30TPOIHBIX MMaHENeH cpeHei 1 OONBIION TOMIIUHBI ¢ yU4€ToM Aedopmanuit
MOTIEPEYHOT0 CIIBUTA MCIOJNIb3YyeTcs Kputepuii ['onbaenonata-KonHoBa B TpEX KOOPAMHATHBIX
IUIOCKOCTSIX, CBA3aHHBIX CO CIIOEM.

B kadecTBe mepcrneKkTUB JanbHEHIIEH MPOopabOTKA TEMbl pacCMaTPUBAIOTCS MIOCTAHOBKA
3agau ctatuku, MmoaenupoBanue HJIC miockux npsMoyroibHbIX B IUIaHE MaHeNel ¢ OOUIMBKOI
cpeaHe W OOJIBLION TONIIMHBI, SKCUEHTPUYHO IOAKPEIUIEHHBIX IPOAOIbHO-TIONEPEYHBIM
Ha0OpOM, U3 MOJIMMEPHBIX KOMIO3ULIMOHHBIX MaTepuanoB. MeTosbl pacuéra pa3padaThIBalOTCs
Ha OCHOBE YTOUHEHHOH Mojenu ¢ yuéroM aedopMaiiii NonepeyHoro CABMra B IIOCKOCTIX X0z
u Y0z, a Taxke nedopManny CABUra B INIOCKOCTH X0y B paMKaxX TEOPHH TOHKOCTEHHBIX YIIPYTHX
crepxkaert B.3. BiiacoBa u KOHTakTHOM 3a7a4u Jj1s1 OOIITUBKH U pedpa KECTKOCTH.

OnTumalibHOE MPOEKTUPOBAHUE 3JIEMEHTOB IUIAHEpa CaMoJjeTa C OTPaHUYEHUSMU,
MIOCTPOCHHBIMH B paMKaX YTOYHEHHOW TEOpHH, SBISAETCS 0a3MCOM JUIsl CHUKECHHS MAaCCOBBIX
XapaKTEpUCTUK aBUALMOHHOM TEXHMKM HAa OCHOBE DE3YJIbTaTOB ONTHUMH3ALUMU pPa3MEpPHO-
BECOBBIX IIPOEKTOB.
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Mathematical model for optimal design of composite panels of medium and large
thicknesses of aircraft load bearing surfaces with specified constraints on static strength
taking into account transverse shear deformations

T.A. Han, Gavva L.M.
MALI, Moscow, Russia

Increasing the weight efficiency of the airframe of aircraft due to the implementation of
structural reserves in composite aircraft structures helps to reduce the cost of developing modern
aircraft models. New refined mathematical models provide the basis for the design and
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optimization of the wing root part made of composite materials in the joint area with the
fuselage.

A method for optimum design of structurally anisotropic panels of aircraft load-bearing
surfaces made from composite materials with constraints on the target weight function in
accordance with the refined analysis of static strength taking into account transverse shear
deformations is developed for the realization of the optimal size-weight design in the root rib
area. When the thickness of the skin is medium and large, constraints on the objective weight
function for the optimal design of panels near the root rib should be introduced in terms of
compressive strength, since the critical stresses averaged over the package correspond to high
values of stability margins.

The aim of the study is the formulation of static problems, modeling of the stress-strain
state (SSS) of structurally anisotropic panels made of polymer composite materials taking into
account transverse shear deformations; development of analytical solution of a new solving
partial differential equation of the tenth order.

The new scientific results include: the formation of a new mathematical model for the
study of static strength, the construction of new analytical constraints on the objective function in
the optimal design of structurally anisotropic composite panels of aircraft with medium and large
thickness skins, taking into account transverse shear deformations. The scientific novelty of the
study consists in further development of the first-order shear deformation theory.

In optimal design, when the objective function of panel weight is considered as a
conditional extremum in a strict mathematical formulation, the analytical solutions of strength
problems based on the specified theory are introduced as strict constraints for the transition to the
unconditional extremum of the Lagrange function.

Static problems for a flat rectangular multilayer panel of medium and large thickness
made of polymer composite materials possessing anisotropy due to asymmetric stacking of the
plies are considered. The panel is under the action of a distributed constant compressive load
applied to the edges in the plane of the skin in the longitudinal direction. The boundary
conditions at the longitudinal edges correspond to a special case of the boundary conditions for
the plane problem and the bending problem. At the ends, the boundary conditions are arbitrary;
within the framework of a plane problem, the condition of equality of internal and external
longitudinal forces is satisfied. It is necessary to strictly simulate the stress-strain state and
strength of structures under real loading and fastening conditions in relation to the root part of a
wing made of composite materials.

The relationships of a new mathematical model for studying static strength are presented.
There are five unknown functions in the problem: three components of the displacement vector
and rotation angles relative to the y and x axes, respectively. Transverse shear deformations are
assumed to be constant with respect to the transverse coordinate z; the normal compression along
the panel thickness is not taken into account.

The problem is solved by solving boundary value problems for a partial differential
equation of the tenth order in a rectangular domain, bending and plane stress state are related.
The tenth order governing equation is generated by symbolic integration method of five
differential equations for panel equilibrium within the framework of a specified model taking
into account transverse shear deformations in the x0z and y0Oz planes, which are neglected when
calculating thin skins. The linear differential operator of the governing equation contains
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derivatives of even order with respect to each of the coordinates if the structure of the composite
panel is orthotropic.

The solution of the tenth-order equilibrium differential equation is generated for the first
time in single trigonometric series as closed form.

The Goldenblat-Kopnov criterion in three coordinate planes associated with the layer is
used to evaluate the layer-by-layer equivalent stresses and safety margins of medium and large
thickness structurally anisotropic panels considering transverse shear deformations.

As prospects for further development of the topic, the formulation of statics problems and
modeling of the stress-strain state of flat rectangular panels with medium and large thickness
skin, eccentrically reinforced by a longitudinal-transverse set, made of polymer composite
materials are considered. Calculation methods are developed on the basis of a specified model
taking into account transverse shear deformations in the x0z and y0z planes, as well as shear
deformations in the xOy plane within the framework of the theory of thin-walled elastic rods by
V.Z. Vlasov and the contact problem for panel skin and stiffeners.

Optimal design of aircraft airframe elements with the constraints designed within the
framework of the specified theory is the basis for reducing the mass characteristics of aircraft
based on the results of size-weight optimization designs.

References

1. Gavva L.M., Firsanov V.V.. Method of analyzing static strength of structural-
anisotropic composite panels of aircraft taking into account transverse shear deformation on the
basis of specified theory // In Proceedings of the XXIII International Conference on
Computational Mechanics and Modern Applied Software Systems (CMMASS2023), September
4-10, 2023, Divnomorskoye, Krasnodar Territory. - Moscow: Izd-vo MAI, 2023. - C. 194 - 195

2. Korolskii V.V., Turbin N.V., Gavva L.M. Manipulation of optimal size-weight project
parameters of composite structurally anisotropic aircraft panels with restrictions according to the
refined buckling theory |/ Aerospace Systems. - 2024. — Vol. 7 (1). -
https://doi.org/10.1007/s42401-024-00277-2.

66



ANHAMMUKA. YIIPABJIEHUE. UHTEJUIEKTYAJIN3ALIUA CUCTEM

DYNAMICS. CONTROL. INTELLECTUALIZATION OF SYSTEMS

ABTOHOMHOCTb 0€CIIUJIOTHBIX BO3YIIHBIX CY/J10B.
Ipennoxenusi o GopMUPOBAHUIO TEPMUHOJIOTHHU

Hacrac I'.H., ITonos A.Il., TutoB A.E., Cmommu A JI.
OI'bY «HULL «MuctutyT nmenn H.E. XykoBckoro» r. Mocksa

[Ipumenenue 6ecnuaOTHBIX BO3MYIIHBIX cyn0B (BBC) Bo MHOTHX OTpaciiix 3KOHOMUKHU
CTpaHbl JOKa3bIBaeT CBOK 3()PEKTUBHOCTH B CPaBHEHUH C MHJIOTHPYEMBIMH BO3YIIHBIMU
cynamu. KoneuHno, oTcyTcTBHe HazeMHOH MHGPACTPYKTYpbI, 00ecreunBaroel dKCIUTyaTaluio
BBC c¢ Tt1pebyeMbiM ypoBHEM O€30MacHOCTH 3a4acTyl0 HHUBEJIHUPYET MPEUMYIIECTBO B
YMEHBIIEHUNM  CTOMMOCTH  IpenocraBiusieMod  ycnyru. Ho  pasBurHe  TexHOIOrui
COBEpIICHCTBOBaHUS OecmiioTHBIX aBUamoHHbIX (BAC) cucreM o0OecnednT CyImEeCTBEHHYIO
pasHUIly B KadecTBE M CTOMMOCTH aBHAIIMOHHBIX pabOT B TOJb3y OECHUIOTHONW TEXHUKH.
OueBuaHO, UTO s pelIeHUs OOJee CIOXKHBIX 3aJad, /€ ONeparopy (BHEIIHEMY IMHJIOTY)
CIIO)KHO KOHTPOJIMPOBATh IOJIET K HpUMEpY, IMOJIET 3a NpelenaMyd MNpsSMOM BUIAMMOCTH
(BVLOS), nepcnextuBubie bBBC Heob6xoauMo HaJensTh HEKOTOPOH CTENEHBIO aBTOHOMHOCTH.
ABTtoHOMHOCT, BBC HaxoxaeHusi B BO3IYIIHOM HPOCTPAHCTBE MOXET OBITh oOecreueHa
TPaIMLIMOHHBIMU TIOJXOJAaMH, HalpUMep, aBTOMAaTH3alueld (aBTOMATUYECKUH TONET IO
MapIIpyTy, aBTOMaTH4ecKasi ocajka u Jp.), HO MEePCIEeKTUBHBIMU TEXHOJOTUSIMU aBTOHOMHOTO
MOJIETA, IO MHEHHUIO HKCIIEPTHOTO COOOIECTBa, OYIYT SBIATHCS TEXHOJIOTHH, CITIOCOOCTBYIOIINE
MHTEJIeKTyanu3auun kak camux bBC (MX cocTaBHBIX 4acTeil), TaK M MHTEIUIEKTyallu3allui UX
CUCTEM YIPABJICHUS.

JUig mpoBeleHusi UCCIEJOBaHUM B 00JIaCTM aBUALMOHHBIX CHUCTEM M COBPEMEHHOMU
TEOpPUM  YIpPaBICHUS  CJIOKHBIMA  aBTOMATHMUYECKUMHU  CUCTEMaMU  ONpPEAENIUMCS, 4YTO
WHTENJICKTyalbHasl aBHAIMOHHAs CHCTeMa — JTO KpylnHoMaciiTabHas HH()OpPMAIMOHHO-
WCIIOJIHUTEIIbHASL CUCTEMA, OCHOBAHHAsI HA MPUMEHEHUH T'PYII B3aMMOCBSI3aHHBIX JIETATEIbHBIX
anmaparoB, Ha3eMHBIX (BHEIIHMX) CHUCTEM YIPABJICHHS U COOTBETCTBYIOUIEH MHPPACTPYKTYPHI
JUTSL peIlIeHus COBOKYITHOCTH 3ajad [1, 2, 3].

B nerarenbHpix anmapatax, B ToMm umcie BbBC B cocraBe WHTEUIEKTyaIbHBIX
ABHUAIIMOHHBIX CHCTEM JIOJDKHBI OBITh peain30BaHkl [4, 5, 6]:

® [IOBBIIICHHAs PECYpPCHAasi aBTOHOMHOCTb;

" MOJYJIBHOCTH MOCTPOCHUS U PEKOHPUTYPUPYEMOCTH;

" [IOMEXO3allMIICHHbIE MHOTOKaHAIbHBIE CPEICTBA W CHUCTeMbl HH(GOPMAIMOHHO-
YIPABJISIIOLIETO B3aUMOACHCTBUSA U ONIO3HABAHMS;

® WJHTEUIEKTYaJbHbIE  MPOrPaMMHO-AITOPUTMHYECKHE  CPEACTBA,  IO3BOJISIOLINE
o0ecneynTh pacro3HaBaHue 0ObEKTOB M BHENIHEN ((POHO-11eN1eBoil) 00CTaHOBKH, pedIieKCUBHOE
MIPOTHO3MPOBAHUE PA3BUTHUSI COOBITUH, IUIAHUPOBAHHWE PALMOHAIBHOTO (ONTHMAIBHOIO)
MOBEIEHUA M, KakK CJEACTBHUE, aJaNTHUBHOE KOHTpoJIHpyeMoe (PYHKIMOHUPOBAaHUE B
HEONPEIeTEHHBIX, TUHAMUYCCKU NU3MEHSIOIINUXCS PA3HOPOIHBIX YCIOBUSIX MPUMEHEHUS,

" HJHTEJUIEKTyalbHbIE  IPOrPaMMHO-aJTOPUTMUYECKHE  CPEJCTBA,  MO3BOJISAIOLINE
o0ecreYnTh MHTErpaIuio Pa3HOTUIHBIX JIA B eAMHYIO TPYMIy ¢ MOCIEAYIONUM yIpPaBICHHEM
UX COBMECTHBIMH JIEUCTBUSIMU;
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" HJHTEJUIEKTYalbHbIE CHUCTEMBl 4YEJIOBEKO-MAIIMHHOTO HHTepdeiica M MOIAEePKKU
NPUHITHS PEIICHUN OmeparopaMu YIpaBJICHHS MPH PEIIeHUHd OOEBBIX (YyAapHBIX, OTHEBBIX),
o0OecreunBaroIIMX U ClIeHHaIbHbIX 33/1a4.

[Tpu 5TOM, KOHCTPYKTHBHAS ¥ TEXHOJIOTHYECKAs! YHU(DHUKAIHS JIETATEIbHBIX alllapaToB U
UX KJIIOYEBBIX (DYHKIIMOHAIBHBIX KOMIIOHEHTOB KPYITHOMACIITAOHBIX ABHUAIIMOHHBIX CHCTEM
00ecnevynT CHUKEHHE UX CTOMMOCTHBIX XapaKTEePUCTUK [7].

Jlis  ompeneneHus TEpPMHHA «aBTOHOMHOCTB» TIPOBEIAEM aHAIU3 HOPMAaTHUBHBIX
JOKYMEHTOB (CTaHIApTOB), OMPEICNIAIOIMIUX COJAEpP)KaHWE M 3HAYEHHE 3TOT0 HEOJHO3HAYHOIO
MOHSTHSL.

B oreuecTBeHHOW HOpMAaTHBHOW 0a3e TEpPMUH «aBTOHOMHOCTB» [UISi aBHAIIMOHHOM
TEXHUKHU HE OIpEEIICH, OJJHAKO ONpPEE/IEHbl TEPMUHBI «aBTOHOMHBIN IOJIET» U «aBTOHOMHOE
BO3JIYIIIHOE CYJHO» B COOTBETCTBUHU C HAILMOHAJIBHBIM cTaHmaptoMm Pocculickon denepanum —
['OCT P 56122-2014. Bo3aymnslii TpancnopT. becniunoTHele aBuanimoHHble cucteMbl. O0mue
TpeboBanus» (BBeAcH B aeiicTBue ¢ 01.06.2015):

" aBTOHOMHOE BO3AYIIHOE CYAHO: OECHUJIOTHOE BO3AYLIHOE CYTHO, KOTOpOE He
pelycMaTpUBAET BMEIIATEIHCTBO MUJIOTA B YIIPABICHUE TIOJIETOM;

" aBTOHOMHBIA IIOJIET: TMOJIET, KOTOPBIM IHUCTAHIIMOHHO MHJIOTHPYEMOE BO3IYIIHOE
CYJIHO BBINOJHSET 0€3 BMELIATEeNIbCTBA MWJIOTa B yIpasiieHue mnosieroMm. Ilpu paccmorpenun
TUX TEPMHHOB BHJIHO, YTO OHHU IMPOTUBOpEYAT APYr Apyry. Beap «aBTOHOMHOE BO3IyILIHOE
CYJIHO» JIOJDKHO BBIIIOJIHATH «aBTOHOMHBIN IIOJIET», OJJHAKO B ONPEJEICHUU TAHHOTO TEpMHUHA
YKa3bIBAETCS, YTO €0 BHIIOJIHAET IUCTAHIIMOHHO MUJIOTUPYEMOE BO3AYIIHOE CY/HO.

Hanmonanensiii ctangapr PO I'OCT P 60.0.0.4-2023 (uaeHTHYEH MEXKIyHAPOIHOMY
craugaptry MCO 8373:2021) «PoGoTel u poOOTOTEXHHUYECKHE YyCTpoiicTBa. TepMUHBI U
OTIpeieNIeHUs» OIMpeiesieT «aBTOHOMHOCTh (autonomy)» Kak «CrocoOHOCTh BBIMOJIHATH 3a7aun
[0 HA3HAYCHMIO HA OCHOBE TEKYILEro COCTOSIHUS W BOCIHPHSTHS BHEIIHEW cpenbl 0e3
BMeEIIATEeNbCTBA YeNOoBeKa». B craHmapre oTMedaeTcss 4TO, «UIi KOHKPETHOTO IpPUMEHEHUSs
YPOBEHb ABTOHOMHOCTH MOXKET OBITh OLIEHEH B COOTBETCTBUH C KAU€CTBOM MPUHATHS pPEIICHUN
Y HE3aBUCHUMOCTH OT YEJIOBEKAY.

[IpoBeneHHBIN aHAN3 OTEYECTBEHHBIX CTaHAApPTOB B 00JIACTH aBTOHOMHOCTH I1O3BOJISIET
ONpeAeNuTh TEPMHH  «ABTOHOMHOCTB)»  aBHAIlMOHHOM  CHCTEMbl KaK  CIOCOOHOCTh
(GYHKIIMOHUPOBATh B PEAIbHBIX YCIOBUSAX MPUMEHEHUs 0€3 BHEIIHETO yNpaBICHUs B 3HAUUMBIHA
(TpeOyeMslii) HHTEpBaJ BpeMEHH (BPEMEHH aBTOHOMHOT'O ()yHKIIMOHUPOBAHUS).
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The autonomy of unmanned aircraft.
Suggestions for the formation of terminology

Nastas G.N., Popov A.P., Titov A.E., Smolin A.L.
'National Research Center «Institute named after N.E.Zhukovsky», Moscow, Russia

The use of unmanned aerial vehicles (UAVs) in many sectors of the country's economy
proves its effectiveness in comparison with manned aircraft. Of course, the lack of ground
infrastructure that ensures the operation of UAVs with the required level of security often
negates the advantage in reducing the cost of the service provided. But the development of
technologies to improve unmanned aviation (UAS) systems will provide a significant difference
in the quality and cost of aviation work in favor of unmanned vehicles. Obviously, in order to
solve more complex tasks, where it is difficult for the operator (external pilot) to control, for
example, flight beyond the line of sight (BVLOS), promising UAVs must be endowed with some
degree of autonomy. The autonomy of UAVs in airspace can be ensured by traditional
approaches, for example, automation (automatic flight along the route, automatic landing, etc.),
but promising technologies of autonomous flight, according to the expert community, will be
technologies that contribute to the intellectualization of both UAVs themselves (their
components) and intellectualization their control systems.

To conduct research in the field of aviation systems and modern management theory of
complex automatic systems, we determine that an intelligent aviation system is a large-scale
information and executive system based on the use of groups of interconnected aircraft, ground-
based (external) control systems and appropriate infrastructure to solve a set of tasks [1,2,3].

In aircraft, including aircraft as part of intelligent navigation systems should be
implemented [4,5,6]:

Increased resource autonomy;

= Modularity of construction and reconfigurability;
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= noise-proof multichannel means and systems of information and control interaction
and identification;

= intelligent software and algorithmic tools that allow for the recognition of objects and
the external (background-target) environment, reflexive forecasting of the development of
events, planning of rational (optimal) behavior and, as a result, adaptive controlled functioning in
uncertain, dynamically changing heterogeneous application conditions;

= intelligent software and algorithmic tools to ensure the integration of different types of
aircraft into a single group with subsequent management of their joint actions;

= Intelligent systems of human-machine interface and support for decision-making by
control operators in solving combat (shock, fire), security and special tasks.

At the same time, the constructive and technological unification of aircraft and their key
functional components of large-scale aviation systems will ensure a reduction in their cost
characteristics [7].

To define the term "autonomy", we will analyze the normative documents (standards)
defining the content and meaning of this ambiguous concept.

In the domestic regulatory framework, the term "autonomy" for aviation technology is
not defined, but the terms "autonomous flight" and "autonomous aircraft" are defined in
accordance with the national standard of the Russian Federation - GOST R 56122-2014. Air
transport. Unmanned aircraft systems. General requirements" (effective from 06/01/2015):

= Autonomous aircraft: an unmanned aircraft that does not anticipate pilot intervention
in flight control;

= Autonomous flight: a flight that a remotely piloted aircraft performs without the pilot
interfering with flight control. When considering these terms, it is clear that they contradict each
other. After all, an "autonomous aircraft" must perform an "autonomous flight", however, the
definition of this term indicates that it is performed by a remotely piloted aircraft.

The national standard of the Russian Federation GOST R 60.0.0.4-2023 (identical to the
international standard ISO 8373:2021) "Robots and robotic devices. Terms and definitions"
defines "autonomy" as "The ability to perform tasks as intended based on the current state and
perception of the external environment without human intervention.". The standard notes that,
"for a specific application, the level of autonomy can be assessed in accordance with the quality
of decision-making and human independence."

The analysis of domestic standards in the field of autonomy allows us to define the term
"autonomy" of an aviation system as the ability to function in real conditions of use without
external control in a significant (required) time interval (time of autonomous operation).
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ypOBHI/I ABTOHOMHOCTH 0€eCIHUI0THBIX BO3AYIIHBLIX CY10B

Hacrac I'.H.', TTonos A.IL.', Turos A.E.!, Cmomun A J1.", JbsikoB j:[.A.2
'OI'BY «HUIL] «HUuctutyt umenu H.E. XKykoBckoro» r. Mocksa
*BI'AA, r. Munck, Pecriy6inka Benapycs

Bo MHoOrumx crartbsix, rae OOCYXIAIOTCS aBTOMAaTU3UPOBAHHBIE W/WIM ABTOHOMHbBIE
CHUCTEMBl U PAacCMaTPUBAIOTCS YPOBHM aBTOMAaTH3allMM M ABTOHOMHOCTH JA€TCsl CChUIKAa Ha
pekomenganuu SAE J3016 Surface Vehicle Recommended Practice («TakcoHomus wu
ONpe/ieIeHUs] TEPMHHOB, OTHOCSIIMXCS K aBTOMAaTU3MPOBAaHHBIM CHCTEMaM BOXKICHHUS
aBTOTPAHCIOPTHBIX CPEACTB Ha Joporax») [1]. B HuX omnuceiBaeTcs TaKCOHOMHUS IJiI CUCTEM
ABTOMATH3AINH JIBYKCHHS HA3EMHBIX TPAHCTIOPTHBIX cpeacTB (motor vehicle driving automation
systems), KOTOpbl€ Ha MOCTOSSHHOM OCHOBE PEaJU3YIOT YacTh WJIM BCIO 33Jady «YIpPaBJICHUS B
peansHOM pexkume BpemeHn» (dynamic driving task (DDT)). YpoBHHM Takoil aBTOMaTH3aIlu
BapbUPYIOTCS, COTJIACHO 3TOMY JOKYMEHTY, OT «no driving automation (level 0)» mo «full
driving automation (level 5)» — oT mOJHOrO OTCYTCTBHS aBTOHOMHOCTH OOBEKTa J10 IMOJHOIO
OTCYTCTBUS JIeATEIbHOCTH YE€JIOBEKA B YIIPABJICHUU.

Hanpumep, B cpene pa3paborunkoB BAC mpuHsTa cieayromas Iikaja aBTOHOMHOCTH
[2]:

® YpOBEHb l: aBTOMAaTU3MPOBAHbl HEKOTOPHIE CHCTEMBI, TAKHME KAK KOHTPOJb BBICOTHI,
HO YeJIOBEK yrpasisieT OecnuioTHbIM Bo3aymHbIM cyaHoM (BBC) u3 coctaBa BAC.

" YpPOBEHb 2: aBTOMATU3HPOBAHO HECKOJIBKO OJHOBPEMEHHO Pa0OTaOUIMX CUCTEM, HO
yesioBek Bce emle ynpasiser bBC.

= ypoBeHb 3: BBC paGoTaeT aBTOHOMHO NpH OINpPENENEeHHBIX YCIOBUSAX, HO YEIOBEK
CJIEZIUT 32 €T0 IBUKEHUEM.

* ypoBeHb 4: bBC aBTOHOMHO B OOJBIIMHCTBE CHTyallUid; YEJIOBEK MOXKET MEPEeHSTh
yIpaBJIeHUE, HO ITO HE 0053aTeNbHO.

= ypoBeHb 5: BBC MoaHOCTHIO aBTOHOMHO.

B nactosimee Bpems pasutue texHosioruii BAC Haxogutes mexny 3 u 4 ypoBHEM, Tlie
bBC MoxeT mnpuHMMarh HEKOTOPBIE PENIEHUS aBTOHOMHO, HO 4YEJIOBEK BCE €IIe JOJDKEH
HaOIIOaTh 3a MPOIIECCOM paboThl ycTpoiicTBa. OCHOBHAs TTpo0semMa B JOCTHXKEHUH 5 YPOBHS —
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3TO pElIeHHE TEXHUYECKHUX 3a7ady M MPEOAOJECHUE 3aKOHOB, MPABWJI U JIaXK€ COLHMAIBHOIO
NPU3HAHUS B pa3IMYHBIX 007aCTAX.

Haunbonee cucreMHo u (yHAAMEHTAIBHO K HCCIEAOBAHUSAM U KOHCTPYKTUBHOMY
MCIIOJIb30BAaHUIO MOHATUS ABTOHOMHOCTH mojouuid cneuranuctsl rpynnsl ALFUS. Vennusamu
ATON TIPyNIbl IPEUIOKEHA MOHATHAS CXEMa U3 YEro CKJa/bIBAETCSl aBTOHOMHOCTh U IO KaKuUM
MOKAa3aTeJIsIM MOYKHO OIICHMBATh aBTOHOMHOCTh KOHKPETHOM cuCcTeMsblI [3, 4, 5].

[Tokazarenu aBTOHOMHOCTH (HaOOpBI METPUK) Ul A€TaIbHOW MOJEINH, OMpeesiomen
YPOBEHb ABTOHOMHOCTH CBEJIEHBI B «IIPOCTPAHCTBO» aBTOHOMHOCTH.

Co>)XHOCTh MUCCHUHM MOXXHO H3MEPHUTHh C NOMOILIBIO TAKUX IOKA3aTelei, Kak ypOBHU
BBITOJIHEHUS TIO/3a/1a4, IPUHATUS PEUICHUH U COBMECTHOM paboOThI, TpeOOBAaHUS K 3HAHUSAM U
BOCTIPHUATHIO, 3PPEKTUBHOCTD TUTAHUPOBAHMS U UCTIOJIIHEHUS U T.1I.

VYpoBEHb HE3aBUCHUMOCTU 4YEJIOBEKA MOXET OBbITh H3MEpPEHA C IOMOILBI0 TaKUX
IoKa3aTresel, Kak BpeMsl M 4acToTa B3aUMOJAEWUCTBMs, pabodas Harpyska oleparopa, ypOBHHU
KBaJIM(DUKALMU, CBSA3b ONEPATOPA U THUIIBI CBS3H U T.JI.

CnoxXHOCTh OKpYXKarolleil cpeapl MOKET ObITh H3MepeHa C TOMOINBI0 pa3Mmepa
NPEnsATCTBUMA, IUIOTHOCTH M JBUYKEHHUS, THUIOB MECTHOCTH, XapaKTEPUCTUK TOPOICKOIO
JBUKEHHS, CIIOCOOHOCTH Paclo3HABaTh APY3€il / BparoB / CIIy4aiHbIX MPOXOKUX U T.J.

C uenpio GpopMUpOBaHUs (COBEPIICHCTBOBAHUS) TEPMUHOJIOTHICCKONW 0a3bl B 00JIaCTH
CHCTEeM HCKyccTBeHHOro mHTeiuiekra i BBC HeoOxomummo pa3paboTarh psii HOPMaTHBHBIX
JNOKYMEHTOB (CTaHIApTOB) Ui BKIOYeHHs B DenepanbHblii  WHGOPMAMOHHBIN  (QOH/
Poccuiickoit deneparuu. [Ipennararorcs k pa3paboTKe ClaeayOIUe HOPMATUBHBIE TOKYMEHTHI:

= (CucremMbl HMCKYCCTBEHHOIO MHTEJUIEKTa B OECHWJIOTHBIX BO3AyIIHbIX cymax (CUU
BBC). O6mue nmoaoxxeHus.

= VYposuu aBToHOMHOCTH C1U BBC paznnunbix kiaaccoB. TepMUHBI U ONpeeieHusl.

= VYposuu aBToHOMHOCTH C1U BBC pa3nnunbIx KIaccoB. YNpaBlIeHHE PUCKAMMU.

» Tunax CUU mns BBC paznuunbix kinaccoB. O0mue TpeOoBaHMS.

= Apxurextypa u coctaB CUU BBC paznuunbix knaccoB. OOuire TpeboBaHusl.

= ba3bl nanHbix CUU BBC pasnuunbix kinaccoB. OO1me TpedoBaHus.

= Cucremsbl nHpoxkoMMyHuKannonHoro oomena bBC ¢ M. O6mue TpeGoBaHusl.

= Cucremsl rpynnosoro ynpasienus bBC ¢ IW. O0uue TpeboBanusl.

= Cucremsl rpynnoBoit aToHoMHoi Hapurauu bBC ¢ MW. OGmmue TpeboBaHmMs.

* Cucrembl npunsatus pemenudt B CUM nns BBC pasnnusbix kmaccos. OOmiue
MIOJIO’KEHUSI.

= Oo6yuenue CUUM BBC paznnunbix kinacco. O6mue TpedoBaHuUs.

= Jloaroroska onepatopoB bBC ¢ CHUU paznuuHoro ypoBHsi aBTOHOMHOCTH. OO1iue
TpeOoBaHUS.

becninnoTHble aBHAllMOHHBIE CUCTEMBI «3BOJIIOLIMOHUPYIOT» OT 3allpOrpaMMUPOBAHHOIO
aBTOMaTHU3Ma K MOJIyaBTOHOMHBIM U 0oJjiee aBTOHOMHBIM CIIOKHBIM cucTeMaM. [lomHoCThiO
ABTOHOMHBIE CHUCTEMBI CMOTYT CaMOCTOATEIbHO IPHUHMMATh «PELIEHHS» B CPEIE CBOETO
Ha3HAYEHUS U BBIMOJIHATH 33]auu 0e3 MOMOIIHY YeloBeka. B 11e10mM, MOXKHO cKa3aTb, YTO OJHOU
U3 TEHACHUUN pa3BUTHs aBUALMOHHOM TEXHUKU CTAHOBUTCS IOBBIIIEHUE €€ aBTOHOMHOCTH
BO3MOXHOCTH pelIaTh pa3HOOOpa3Hble 3aJadd 3a CYET HCIOJb30BaHUS HCKYCCTBEHHOTO
uHTesekTa. [Ipu 3ToM, HEOOXO0IMMO OTMETUTH YTO, YeM OOJIBIIYI0 CTETIEHb aBTOHOMHOCTH B
Pa3IMYHBbIX YCIOBHUSX (DYHKUHOHHUPOBAHUS JOJKHA JEMOHCTPUPOBATh aBHAIIMOHHAS CHCTEMA,
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TeM Oojiee pa3HOOOpa3HbIe 3HAHUS U CIIOCOOBI MX OOpPaOOTKH JOJKHBI OBITH MPEICTABICHBI U
pean30BaHbl B €¢ OOPTOBOM CHCTEME yIPaBJICHHSI.
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The levels of autonomy of unmanned aircraft

Nastas G.N.], Popov A.P.l, Titov A.E.], Smolin A.L.], Dyakov D.A?
! National Research Center «Institute named after N.E.Zhukovsky», Moscow, Russia
BGAA, Minsk, Republic of Belarus

In many articles discussing automated and/or autonomous systems and considering levels
of automation and autonomy, reference is made to the recommendations of SAE J3016 Surface
Vehicle Recommended Practice ("Taxonomy and definitions of terms related to automated
systems for driving vehicles on the roads") [1]. They describe a taxonomy for ground vehicle
automation systems (motor vehicle driving automation systems), which on an ongoing basis
implement part or all of the task of "real-time control" (dynamic driving task (DDT)). The levels
of such automation vary, according to this document, from "no driving automation (level 0)" to
"full driving automation (level 5)" — from the complete lack of autonomy of the facility to the
complete absence of human activity in management.

For example, the following scale of autonomy has been adopted among UAS developers
[2]:

= Level 1: Some systems are automated, such as altitude control, but a person controls
an unmanned aerial vehicle (UAV) from the UAS.

= Level 2: Several simultaneous operating systems are automated, but a person still
controls the UAV.
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= Level 3: The UAV works autonomously under certain conditions, but the person
monitors its movement.

= Level 4: The UAV is autonomous in most situations; a person can take over control,
but this is not necessary.

= Level 5: The UAYV is completely autonomous.

Currently, the development of database technologies is between level 3 and 4, where the
UAV can make some decisions autonomously, but a person still has to observe the operation of
the device. The main problem in reaching level 5 is solving technical problems and overcoming
laws, regulations and even social recognition in various fields.

ALFUS group specialists have approached the research and constructive use of the
concept of autonomy in the most systematic and fundamental way. Through the efforts of this
group, an understandable scheme has been proposed of what autonomy consists and by what
indicators the autonomy of a particular system can be assessed [3,4,5].

Indicators of autonomy (sets of metrics) for a detailed model that determines the level of
autonomy are summarized in the "space" of autonomy.

The complexity of a mission can be measured using indicators such as levels of sub-task
completion, decision-making and collaboration, knowledge and perception requirements,
planning and execution efficiency, etc. The

level of human independence can be measured using indicators such as time and
frequency of interaction, operator workload, skill levels, operator communication and types
connections, etc.

The complexity of the environment can be measured by the size of obstacles, density and
movement, terrain types, characteristics of urban traffic, the ability to recognize
friends/enemies/bystanders, etc.

In order to form (improve) the terminological base in the field of artificial intelligence
systems for MENA, it is necessary to develop a number of regulatory documents (standards) for
inclusion in the Federal Information Fund of the Russian Federation. The following regulatory
documents are proposed for development:

Artificial intelligence systems in unmanned aircraft (SII UAVs). General provisions.
The levels of autonomy of these UAVs of various classes. Terms and definitions.

The levels of autonomy of these UAVs of various classes. Risk management.

= The type of CII for UAVs of various classes. General requirements.

= The architecture and composition of these UAVs of various classes. General
requirements.

= Databases of these UAVs of various classes. General requirements.

= Information and communication exchange systems of the MENA with Al General
requirements.
UAYV group management systems with Al. General requirements.

UAV group autonomous navigation systems with Al. General requirements.

= Decision-making systems in SRI for MEN of various classes. General provisions.

= Training of these UAVs of various classes. General requirements.

= Training of UAV operators with various levels of autonomy. General requirements.

Unmanned aircraft systems are "evolving" from programmed automatism to semi-
autonomous and more autonomous complex systems. Fully autonomous systems will be able to
independently make "decisions" in the environment of their destination and perform tasks
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without human help. In general, we can say that one of the trends in the development of aviation
technology is increasing its autonomy and the ability to solve various tasks through the use of
artificial intelligence. At the same time, it should be noted that the greater the degree of
autonomy in various operating conditions an aviation system should demonstrate, the more
diverse knowledge and ways of processing them should be presented and implemented in its on-
board control system.
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OnpeaesieHue 3anacoB a3poOyNnpyroil yCroMuMBOCTH KOHTYPA «JIeTaTeJbHbIN anmapar —
nn¢poBas cucremMa ynpaBJeHUsD> HA OCHOBE Pe3yJIbTATOB JIETHBIX HCIIBITAHUM JJIfl CJIy4Yast
3aMKHYTOI'0 KOHTYPA YNIPABJICHUS

Jluceiixun I'.B., IIponnn M.A.
DAY «IAI'N», r. XKykosckuii, Poccus

[Tynxr 25.629 (a*) HopMm neTHOW TOAHOCTH CaMmoOJE€TOB TPAHCHOPTHOW KaTeropuu
periaMeHTHpyeT HEOOXOJWMOCTh OOECleueHusi a’poylnpyrol yCTOMYMBOCTU JIETATEIbHOIO
anmapata (JIA) mnpu B3aUMOJEHCTBUM KOHCTPYKIIMM IUIaHEpA C MEXAHUYECKOWM U
aBTOMaTHueckoi cuctemamu ynpasieHus (CY). YcToiunBocTh cuuTaercsi 00ecreueHHOH, eciu
aMIUTUTYAHO-(pa3oBasi yacToTHas xapaktepuctuka (ADYX) pa3oMKHYTOro KOHTypa «yHpyrui
JIA-CY» ynoBJIETBOpSET CIEAYIOUIEMY YCIOBUIO: IPH HM3MEHEHHUH aprymeHnra (¢assl) B
npeaenax ot -60 go 60 rpagycoB moayins ADUYX He nomken npessimath 0,5. [Ipu aToMm ecnu B
pe3ysbTaTe MPOBEIACHHBIX PACUETHBIX M HA3€MHBIX HCCIEIOBAaHHM YCTAaHOBJIEHO, YTO MpHU
HaxoxJaeHnn A®UX B mpaBod MONYIUIOCKOCTH €€ Monayib Ipesbimaer 0,3, BBINOJIHEHUE
YKa3aHHOTO BBIIIE YCIOBHS JOKHO OBITH 00s13aTENbHO MOATBEPAKACHO PE3yJIbTaTaMH JETHBIX
ucneITanni [1].
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B Hacrosiee Bpemss B XOA€ JIETHBIX HMCIBITAHWN 3amachl YCTOMYMBOCTH 3aMKHYTOU
cucrembl «ympyruii JIA — CVY» onpenensiorcss 1O aMIUIMTYJHO-(A30BBIM YaCTOTHBIM
xapaktepuctukaMm (ADYX) pazoMkHyTOM cucTeMbl. CUrHaN reHepaTopa IpU TAKUX UCIBITAHUSIX
nojaercss B omnpezaeneHHbld kaHan CVY, mpu 3TOM KOHTYpP YIPAaBJIEHHS Pa3MBIKaeTCsl B 3TOHN
touke. CoBpemenHbie JIA, B TOM uuciie OECHMIOTHBIE J€TaTeNbHbIC allaparhl, 3a4acTyi0 He
JOIYCKalOT BO3MOXKHOCTH  0O€30MacHOrO  pa3MbIKaHHs KOHTYpa CHUCTEMbl YIIYYILIEHUS
YCTOMYMBOCTH M ympaBisieMocTd Ha Bpemsi uaMepenuss ADUX. OTaenbHO CTOUT OTMETHUTh
CIIy4ail mepcrneKTUBHBIX JIA ¢ aKTUBHBIMU CUCTEMaMHU YIPaBICHUS (B YACTHOCTH C CUCTEMaMH
MOJIAaBJICHUSl YNPYrux KosneOaHui W QuarTepa), AJS KOTOPOTrO CYIIECTBYIOIIME MOIXOIbI K
IIPOBEJCHUIO JIETHBIX HCIBITAHUH HA a’pOYyNpPYryl0 YCTOHMYMBOCTh TPEOYIOT CYIIECTBEHHOM
TOPaOOTKH.

Takum 00pazoMm, akTyalbHOH SBISETCS 3ajada pa3padOTKH METOJOB TPOBEACHHS H
00pabOTKMU pPE3yNbTAaTOB JETHBIX HCHBITaHUH JIA ¢ 3aMKHYTHIM KOHTYPOM YIpAaBJICHUS U
npoueaypbl orieHku ADPUYX pazoMKHYTOro KOHTypa MO 3THM pe3yibTaTaM [2]. Jlina pemeHus
JAHHOW 3a/1ayyl ObUT MPOBEIEH KOMIUJIEKC PACUETHBIX M IKCIEPUMEHTANbHBIX HCCIEIOBAaHUM, B
TOM 4YHCJIE€ BKIOUYAOMMA B ceOd TMONyHAaTypHOE  MOJCIUPOBAaHHE Ha  CTEHJE
3JIEKTPOMEXAHUYECKOT0 MOJIEIMPOBAHMS TIOTOKA [3, 4].

B nannoit paboTte mpuBeaeHBI CIEAYIOIINE PE3yIbTaThI:

o anroput™ nepepacuera AOYX pazoMKHYTOrO KOHTypa U3 SKCIEPUMEHTaIbHOU
A®UYX 3aMKHYTOrO KOHTYpA;
o pe3yabpTaThl YACIEHHOTO U IOJIYHATYPHOTO MOJEIUPOBAHUS JIETHBIX MCIIBITAHUN

BO BPEMEHHOW 00JIaCTM Ha OCHOBE YIpPOLIEHHOH Moxenu ympyroro JIA c¢ HenuHelHOM
U(pPOBON CUCTEMOMN YIIPABICHHS C BO3MOXKHOCTbBIO 3aMbIKaHHsI/pa3MbIKaHNs KOHTYpa;

o aHaM3 TIOJTYYCHHBIX Pe3yJIbTaTOB W MPEMIOKEHHS MO JOPabOTKE METOIHMKH
JIETHBIX MCIIBITAHUI Ha a3pOyNpPYryl0 YCTOMYMBOCTD C 3aMKHYTBIM KOHTYPOM YITPABIICHHUS.
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Determination of Aeroelastic Stability Margins of the “Aircraft — Digital Control System”
Loop Based on Flight Test Results for the Case of a Closed Control Loop

Liseykin G.V., Pronin M.A.
Central Aerodynamic Institute, Zhukovsky, Russia

Paragraph 25.629 (a*) of the airworthiness standards for transport category aircraft
regulates the need to ensure aeroelastic stability of the aircraft when the airframe structure
interacts with mechanical and automatic control systems (ACS). Stability is considered ensured
if the frequency response (FR) of the open-loop “elastic aircraft — ACS” satisfies the following
condition: when the argument (phase) changes within the range from -60 to 60 degrees, the FR
modulus should not exceed 0.5. Moreover, if, as a result of computational and ground-based
studies, it is established that when the FR is in the right half-plane, its modulus exceeds 0.3, the
fulfillment of the above condition must necessarily be confirmed by the results of flight tests [1].

Currently, during flight tests, the stability margins of the closed-loop system “elastic
aircraft - control system” are determined by the frequency responses of the open-loop system.
During such tests, the generator signal is fed into a certain channel of the control system, and the
control loop is opened at this point. Modern aircraft, including unmanned aerial vehicles, often
do not allow the possibility of safely opening the control loop for improving stability and
controllability while measuring the frequency response. Separately, it is worth noting the case of
promising aircraft with active control systems (in particular, with systems for suppressing elastic
vibrations and flutter), for which existing approaches to flight testing for aeroelastic stability
require significant modification.

Thus, the urgent task is to develop methods for conducting and processing the results of
flight tests of an aircraft with a closed control loop and a procedure for assessing the open-loop
frequency response from these results [2]. To solve this problem, a complex of computational
and experimental studies was carried out, including hardware-in-the-loop modeling on an
electromechanical flow simulation stand [3, 4].

This work presents the following results:

o algorithm for recalculating the open-loop FR from the experimental closed-loop
FR;

. results of numerical and hardware-in-the-loop simulation of flight tests in the time
domain based on a simplified model of an elastic aircraft with a nonlinear digital control system
with the ability to close/open the loop;

. analysis of the results obtained and proposals for improving the methods of flight
tests for aeroelastic stability with a closed control loop.
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MHorokpuTepuajbHasi OleHKa 3(P(PeKTUBHOCTH 0eCITUIOTHOM ABHAIMOHHOMI
TPAHCHOPTHOM CHCTEMbI HA OCHOBE JIATEHTHO-CTPYKTYPHOI'0 aHAJIN3a

Hacrac F.H.l, CMonnH A.H.l, JpsikoB I[.A.2
'OI'BY «HUILL «Muctutyr nmenn H.E. XKykosckoro» r. Mocksa
2BI'AA, . Munck, Pecniy6nuka Bemapycs

B nHacrosmeMm pokiaze NpencTaBIeH OPUTHMHAIBHBIA MOAXOA K MHOTOKPUTEPHAIbHOU
otieHKe 3((HEeKTUBHOCTH OECITMIOTHON aBUAITMOHHON TpaHcnopTHOM cuctembl (BATC) ¢ yuetom
IpeanouTeHui 1una, npuaumatouiero pemenus (JIIIP), ocHoBaHHBINM Ha JTaTEHTHO-CTPYKTYPHOM
aHaJn3e.

[IpuBeneHbl pe3ynbTaThl UCCIEA0BATENBCKOW PaOOTHI IO CIENYIOIIMM HallPaBJICHUAM:

o Pa3paborana mMeToauka NpUMEHEHHS MOJEIN OLEHKU JIATEHTHBIX MOKa3aTelel K
PELICHHIO 33]a4ul BbIOOpa BECOB KPUTEPHUEB B COOTBETCTBUU C MO3MUIMEN JIMLA, TPUHUMAIOILETO
pemenus [1, 2].

. [Tpumenen BFGS meron ontumusanuu 1 pazpaboTaH alfOPUTM €ro MPUMEHEHUS
JUISL pEIIEHHUs 3a]1a4M ONPEECIICHUS JaTEeHTHBIX IEPEMEHHBIX |3, 4].

o Hanucana pacueTHas porpamma Ha BBICOKOYPOBHEBOM A3BIKE
IPOrPaMMHUPOBAHUS C YYETOM paHEE PACCUMTAHHBIX BECOB KPUTEPUEB (B COOTBETCTBUU C
npeanoutenusimu JIIP).

o [IpencraBieHa MeToAMKa pelIeHUs 3aJadd BbHIOOpPA BapUaHTOB IOCTPOEHUS
Pa3HOPOAHOM TPAHCIOPTHOM CHCTEMBI IO pe3ysbTaTaM HMMHUTALMOHHOIO MOJIEIMPOBAHUS C
ITOMOIIBIO OLICHKY JIATEHTHBIX IIOKa3aTeleH.

o JlanHast MeTogMKa Ha OCHOBE aHajuu3a pe3yJbTaTOB  MMHUTALIMOHHOTO
MO/JICIMPOBAHUS I03BOJIIET ONEPATUBHO C(HOPMHUPOBATH HECKOJIBKO aJIbTEPHATUBHBIX BapUAHTOB
YHUCJIEHHOTO ¥ Ka4Y€CTBEHHOI'O COCTaBa OECIMIOTHON aBUAllMOHHON TPAHCIIOPTHOM CHUCTEMBI ISt
OpraHM3aIH UX CO3/IaHUs U IPUMEHEHUS.

HccnenoBanuss NpOBOAMIUCH HA JIAHHBIX, MOJYYEHHBIX MPU MOJEIUPOBAHUM Ha
MYJIbTUATEHTHOM ~ MMHTAalMOHHOM  MOJENW  PAa3HOPOJHOM  TPAaHCIOPTHOM  CHCTEMBI,
paspaboranHoii B ®I'BY «HUL[ «Mucturyr umenn H.E.XKykockoro». IlpennoxenHas
METOAMKa M pa3paboTaHHbIE aBTOpaMM pacyeTHblE MpPOrpaMMbl TO3BOJSIET B  XOJ€
MOJICIUPOBAHMs MPOBOJIUTH OLEHKY 3¢ ¢exkTuBHOCTH (yHKIMOoHUpoBaHus BATC u anamu3
3 PEKTUBHOCTH BapHAHTOB MOCTPOCHHUS Takux cucteM [5]. Ha ocHOBaHMU MOJTyYEHHBIX OLIEHOK
MO’KHO OIIEHUBaTh 3((HEKTUBHOCTh IPUMEHEHMSI TPAHCIIOPTHBIX CHUCTEM Pa3HOPOJHOIO COCTaBa
B PA3JIMYHBIX YCIOBUAX 0OCTAaHOBKM Ha OCHOBAHMHM JIaHHBIX MMHUTALlMOHHOTO MOJEIUPOBAHNUE, a
Takke crernenu BausHus pemenuit JITNP va onenky sadpdextunoctu BATC [6, 7].
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Multi-criteria assessment of the effectiveness of an unmanned aviation transport system
based on latent structural analysis

Nastas G.N.l, Smolin A.L.l, Dyakov D.A2
! National Research Center «Institute named after N.E.Zhukovsky», Moscow, Russia
2 BGAA, Minsk, Republic of Belarus

This report presents an original approach to a multi-criteria assessment of the
effectiveness of an unmanned aviation transport system (UTS), taking into account the
preferences of a decision maker (LPR), based on a latent structural analysis.

The results of research work in the following areas are presented:

* A methodology has been developed for applying the latent indicators assessment model
to solving the problem of choosing weights of criteria in accordance with the position of the
decision maker [1, 2].

* Using the BFGS optimization method and developing an algorithm for its application to
estimate the costs of implementing latent technologies [3, 4].
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* A calculation program has been written in a high-level programming language, taking
into account previously calculated weights of criteria (in accordance with the preferences of the
LPR).

* A method for solving the problem of choosing options for building a heterogeneous
transport system based on the results of simulation modeling using the assessment of latent
indicators is presented.

* This technique, based on the analysis of simulation results, allows you to quickly form
several alternative options for the numerical and qualitative composition of an unmanned
aviation transport system for the organization of their creation and application.

The research was carried out on the data obtained during modeling on a multi-agent
simulation model of a heterogeneous transport system developed at the Federal State Budgetary
Institution "SIC "Zhukovsky Institute". The proposed methodology and the calculation programs
developed by the authors make it possible to evaluate the effectiveness of the functioning of
BATS and analyze the effectiveness of options for building such systems during modeling [5].
Based on the estimates obtained, it is possible to evaluate the effectiveness of the use of transport
systems of heterogeneous composition in various environmental conditions based on simulation
data, as well as the degree of influence of LPR decisions on the assessment of the effectiveness
of BATS [6, 7].
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OnTuMuzanms J10CTUKUMOM TMHAMMKH M0J1€Ta BO3AYIIHOIO CYJAHA C IOMOIIbIO
HelapaMeTpUYecKoro MeTo/ia peKoHGuUrypamnum ynpapJjieHusi IpU 0TKa3aX NPUBOJI0B

Jlamu A.B."?, 3p16un E.1O.!
YN «'ocHUMUAC», . Mocksa, Poccus
2MITY um. H.D. baymana, r. Mocksa, Poccust

IIpeuiaraercss HemapamMeTpUUYECKHIl METOJ ONTUMHU3ALUM JIOCTHXUMOH JAMHAMHUKHU
nojéra BO3AYIIHOIO Cy/AHA IIOCIE OTKa3a OAHOro u3 npuBonoB [1]. Merox ocHoBaH Ha
pEeKOH(pUTYpalluy YIIpaBIeHUs MyTEM pelieHus] oOpaTHON 3a/1a4i TMHAMUKH C MCIIOJIb30BaHUEM
TOJIBKO BXOJHBIX M BBIXOJHBIX JaHHBIX [2]. HoBU3HA MeTO/a COCTOUT B JOCTHXKEHUU TUHAMUKU
1oJI€Ta, ONTUMAJIBHO MPUOIMKEHHON K IUTaTHOM JMHAMHUKE, Ha KaXJOM JMCKPETHOM IIare ¢
MOMEHTa WJICHTHU(PHUKAIIMK 0TKAa3a, HE3aBUCUMO OT MHJEKCA YIPABISIEMOCTH JIMHEHHON MOJIEINH.
[TpuBeneH mpuMep YUCIEHHOTO MOJECIUPOBAHUS MPOJOIBHOIO JBUKEHHS CaMOJIETa C OTKA30M
OJIHOTO U3 pyJiel U epeHacTPOUKOH YIpaBIeHUs COITIAaCHO MPEeAIaraéMoMy METOY.

3asBICHHBIN paHee HemapaMeTpUUeCKUl METOJ BO3BpallleHHsl K INTAaTHOM JWHAMMKe
nojéra 3a HECKOJbKO JMCKPETHBIX IIaroB IOCi€ OTKa3a (B COOTBETCTBUM C HMHICKCOM
ylnpaBisgeMocTd) [2] mnpu HaIM4uu BO3MYUIEHUH MOPUBOAUT K TPYAHO peaTu3yeMbIM
CKayKOOOpa3HbIM YIPABJSAIOLUIMM CUTHAJIaM M HEBO3MO>KHOCTH HEIPEPHIBHOIO MOJIEPKAHUS
LITaTHOM TMHAMHUKU. B mpeayiaraeMom MeToze JKenaeMblil BEKTOP COCTOSIHUSL JUIsl CIEIYIOIIETO
JVICKPETHOTO Iara 3a7aéTcs TakuM o0pa3oM, YTOOBI HOBBIM CTOJOEI MAaTPUIBI C JaHHBIMU
OKa3ajcsi TapaHTUPOBAHHO JIMHEMHO 3aBUCUMBIM OT OCTalbHBIX cTONOHOB. Ilpu s3TOM
MUHUMU3HUPYETCS CPEIHEKBAAPATUUHOE OTKIOHEHUE MEX/1Y KEJIaeMbIM U IUTATHBIM BEKTOPaMH
coctosHus. CamMoO ONTHUMajabHOE MNPHUOIMKEHUE HE paccuuThiBaeTcs. PopMmupyeTcs JHIlb
ONTUMAJIbHBIA BEKTOp KO03(puIMeHTOB HMHEHHONW 3aBucuMocTH. Ha Hero ymHOXaercs
COOTBETCTBYIOLIMI HAaOOp HAKOIUIEHHBIX BXOJHBIX JaHHBIX (YIpPaBlIEHHI), U U3 JTOCTaTOYHOTO
YCIIOBHS Pa3peIMMOCTH OIPEIeIAeTCs TeKyIlee peKOH(PUTyPHUPOBAHHOE YIIPaBJICHHUE.

[Ipemyaraemerit MeToa, Kak ¥ paHee BBeAEHHass Moaudukanus [3], He TpebyeT mocie
0TKa3a 3aHOBO HAaKaIUIMBATh MAaTPUILy C JAHHBIMU JJIs MOAKIIOUEHHUS K U3MEHUBIIEHCS CUCTEME.
[Tocne uaeHTHUUKALMU OTKa3a BBHIMOIHIETCS OJHOMOMEHTHBIM NEpecdyET yKe HMMEIOIIUXCS
CTOJIOILIOB, U Cpa3y k€ HAUMHAETCS peKOH(Uryparus.

Hccneoosanue evinoaneno npu unancosoii noooepoicke Munucmepcmea Hayku u
svicuie2o obpazosanus Poccuiickou @edepayuu 6 pamxax coenawenua Ne 075-15-2022-1024.
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MOHMTOPHHTAa M PEKOHQUTYpALlUU HCHOJHUTEIBHON MOJCUCTEMbI BO3AYIIHOIO CyqHA IMOCHEe

81


https://doi.org/10.1109/RusAutoCon58002.2023.10272873
http://doi.org/10.1051/e3sconf/202344605003

UECHTU(QHUIMPOBAHHBIX 0TKa30B // [lepcriekTUBHBIE CUCTEMBI M 3a/1a4M yIpaBieHus: Marepuabl
XIX Beepoccuiickoit HayaHo-mipakTuueckoi KoH}. Taranpor: {upexrCaiinc, 2024. C. 15-22

Optimization of achievable aircraft flight dynamics by data-based control reconfiguration
in case of actuator failures

Lapin A.V."?, Zybin E.Yu."
I State Research Institute of Aviation Systems, Moscow, Russian Federation
2 Bauman Moscow State Technical University, Moscow, Russian Federation

A data-based method is proposed to optimize the achievable aircraft flight dynamics after
one of the actuators failed [1]. The method is based on control reconfiguration by solving the
inverse dynamics problem using only input and output data [2]. The novelty of this method lies
in achieving flight dynamics optimally close to the nominal dynamics at each discrete step from
the moment of failure identification, regardless of the controllability index of the linear model.
An example of numerical simulation of the aircraft longitudinal motion with a failure of one of
the control surfaces and reconfiguration of control according to the proposed method is given.

The previously stated data-based method of returning to the nominal flight dynamics in
several discrete steps after failure (according to the controllability index) [2] in the presence of
disturbances leads to difficult-to-implement abrupt control signals and to inability of continuous
maintaining the nominal dynamics. In the proposed method, a desirable state vector for the next
discrete step is set in such a way that the new column of the data matrix is guaranteed to be
linearly dependent on the remaining columns. At the same time, the least squares deviation
between the desirable state vector and the nominal one is minimized. The optimal approximation
itself is not calculated. Only the optimal vector of linear dependence coefficients is formed. The
corresponding set of accumulated input data (controls) is multiplied by it, and the current
reconfigured control is defined from the sufficient condition of solvability.

The proposed method, as well as the previously introduced modification [3], does not
require after failure re-accumulating the data matrix to connect to the system having changed.
When the failure is identified, a one-time recalculation of the existing columns is performed, and
reconfiguration starts immediately.

The study was funded by Ministry of Science and Higher Education of Russian
Federation No. 075-15-2022-1024.
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TecTupoBanue aJiropuT™Ma padoThl HHTE/LUIEKTYAJIbHOI CHCTEMbI 00ecnedeHus
Kn0ep0e30nacHoCTH 0OPTOBOr0 000PYI0BAHMS CBEPX3BYKOBOI0 MACCAKUPCKOIr0 camoJieTa

[Tnarommn I'.A., Mumenko U.b., Kocesauyk B.B., 3p16un E.1O., Konymaes A.M.
DOAY «I"'ocHUUAC», r. Mocksa, Poccus

B macrosimem nokiage oOcCyxmaeTcss pa3padOTKa M TECTUPOBAHUE MPOrPaAMMHOTO
obecnieuenus (I10), HarpaBneHHOTO Ha 3aIUTY OOPTOBOIl CETH CBEPX3BYKOBOTO MMACCAXKUPCKOTO
camorneta (CIIC) oT HecCaHKIIMOHHPOBAHHOTO JIOCTYMa BHEIIHUX aboHeHTOB [1]. Peann3zoBanHbIe
MEXaHHU3MBbI 3alIUTHl CETHU OCHOBaHbI Ha 0a30BOM (PYHKIIMOHAIBHOCTU TEXHOJOTUH OJOKYElH,
o0ecreunBarOIUX OPTraHU3allUI0 PaclpelesieHHOr0 peecTpa JaHHBIX cpeau aboHEeHTOB [2].
Peectp mpencramisier co0oil MOCIEeNOBAaTENbHYIO LEMOYKY OJIOKOB, CPOPMHUPOBAHHYIO IO
OTpeieNIeHHBIM MpaBUiiaM, TJe KKIbIA OJOK CBSA3aH C MPEIBIIYIIUM YEpe3 €ro CoIep KUMOe.
Kpunrorpadguueckve NPUHIMMIBI OCYIIECTBISAIOT 3alUTy LENOYKU OJIOKOB, COXpaHsi HX
LIEJIOCTHOCTD U MOCJE10BATENBHOCTD.

IO pa3paboTtano Ha 0a3e 0OBEKTHO-OPHEHTHPOBAHHOTO si3bika Python m Bkirowaer B
ce0si MeTolbl M aTpuOyThl JJI1 WHULUATU3AIMU OJIOKOB M IIEMOYKH OJOKOB U BBINOJHEHUS
omnepanuil Hajg HUMU. [{ns coriacoBaHusi COCTOSIHMSI PAclpeiesIeHHOTO pEecTpa MEXIy
Y4aCTHUKAMU CETH, UCIIONIb3YyeTcsl alroputMm koHceHcyca Proof-of-Work. JlomonnutensHo, B
LEJSIX TECTUPOBaHUs, ObLT pa3paboTaH (QyHKIMOHAN AJII UCKYCCTBEHHOI'O BBEIEHHUS OIIMOOK B
peecTp JaHHBIX. DTO MO3BOIMIIO MPOBEPUTH CIIOCOOHOCTH CUCTEMbI OOHAPYKUBATh OITHMOKH MpU
B3aMMO/ICHCTBUH C aBUAIIMOHHBIMU cucTemamu, Takumu kak TCAS, CPDLC, ADS-B u ADS-R.
Pesynbrarer TectupoBanust [1O mpoaeMOHCTpUPOBAIN YCIEIIHOE CO3/IaHUE LIETIOYKH OJIOKOB U
BBICOKYIO 3()()EKTHBHOCTh B BBISBICHHHM OIIMOOK IMPHU TMPUEME JAHHBIX OT HEpa3peIIeHHBIX
a0OHEHTOB, HEJOITYCTUMOM COJICP)KaHHH ITAKETOB U OOHAPYKEHUU TIOBPEKICHUN B OJOKYCHH-
LIETIOYKE.

B kauectBe pexomeHanuii no nanpHeinemy passututo 110 mpennaraercss paccMOTpeTh
BHEJ[pEHHE AJIbTEPHATHBHOIO AITOPUTMA KOHCEHCYCa C IENbI0 MOBBIIICHUS 3()PeKTHBHOCTH
WCIIONIb30BAaHUSl BBIYUCIUTENBHBIX MOIMHOCTEH ceTu. Takke cleAyeT HHTEeTpUpOBaTh B
QITOPUTM DJIEKTPOHHYIO LU(POBYIO TOMMUCH M ayTeHTH(PHUKAIMU YYaCTHUKOB CETH,
VUUTHIBAsT KPUTITOTpAPUIECKHE METObI TeHEPAINH KIIYECH M MPOIEeCC WX Iepenadu Ha OopT
CIIC. [lns onTUMHU3AIMM PECYpCOB TMaMATH TMpeAJiaracTcsi pa3padoTarh CXEeMy 3alucu
HECKOJIbKUX TpaH3aKUUi B OAMH OJIOK M TNPUMEHUTH JepeBo Mepkia s Oe3omacHOW U
3¢ (eKTUBHON IPOBEPKHU OONBIINX CTPYKTYP JaHHBIX.

JanHasi pabota criocOOCTBYET HE TOJBKO MOBBIIICHUIO YPOBHSI 0€30MAaCHOCTH TOJIETOB,
HO U YKpeIUIseT IoBepue K HU(POBHIM aBUAIMOHHBIM CHCTEMaM B YCIOBHSX, PACTYIIUX
kuOepyrpo3. Pa3Butue u coBepIiIeHCTBOBAaHUE JTAHHOTO HANIPABIICHUS SBJISIETCS BaXKHOM 3a7aueit
TSt obecriedeHus 0e30MacHOCTH U Ha/IeKHOCTH aBUAePEeBO30K OyTyIIEro.

HUccneoosanue evinonneno npu ¢unancosol noodepicke Munucmepcmea HayKu u
svicuieco oopasosanusi Poccutickoii @edepayuu 6 pamxax coenawtenuss Ne 075-15-2022-1024.
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Testing the algorithm of the cybersecurity intelligent system for onboard equipment of a
supersonic passenger aircraft

Platoshin G.A., Mishchenko I.B., Kosyanchuk V.V., Zybin E.Y., Kolupaev A.M.
State Research Institute of Aviation Systems, Moscow, Russia

This report discusses the development and testing of software aimed at the onboard
network protection of a supersonic passenger aircraft (SPA) from unauthorized access by
external subscribers [1]. The implemented network protection mechanisms are based on the basic
functionality of blockchain technologies that provide the organization of a distributed ledger
among subscribers [2]. The ledger is a sequential chain of blocks formed according to certain
rules, where each block is linked to the previous one through its content. Cryptographic
principles protect the chain of blocks, maintaining their integrity and sequence.

The software is developed using the object-oriented language Python, includes methods
and attributes for initializing blocks and blockchains and operations on them. To synchronize the
state of the distributed ledger among network participants, the Proof-of-Work consensus
algorithm is used. This enabled to test the system's ability to detect errors in coordination with
aircraft systems such as TCAS, CPDLC, ADS-B and ADS-R. Software test results showed the
impactful derivation of a blockchain and high efficiency error detection during data receiving
from unauthorized subscribers, invalid packet content, and detecting chain damage.

As recommendations for further software development, suggested to consider the
implementation of an alternative consensus algorithm to increase the efficiency of using the
network’s computing power. An electronic digital signature also should be integrated into the
algorithm to authenticate network participants, with cryptographic key generation methods and
the process of transmitting them to the SPA. To optimize memory resources, it is proposed to
develop a scheme for recording multiple transactions in one block and apply a Merkle tree for
safe and efficient verification of large data structures.

This report helps improve aviation safety and strengthens confidence in digital aviation
systems in the face of growing cyber threats also. The development and improvement of this
field of concern is an important task to ensure the safety and reliability of future air
transportation.

The study was funded by Ministry of Science and Higher Education of Russian
Federation No. 075-15-2022-1024.
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CoBmMmecTHOE OLCHUBAHUE COCTOAHUA U YIIPABJCHHE 0eCIIUJIOTHBIM JIeTaTeJAbHBIM
anmapaTrom ¢ HCNoJIb30BaHUEM HHepHHaﬂbHO-CﬂyTHHKOBOﬁ HABUTaIIHOHHOI CHCTEMBI.

benonoros B./l., Yepnonapos A.B.
MAMU, r. Mocksa, Poccust

[lpu peanu3anuu KOHTYPOB YIpaBieHUsS OCCHWIOTHBIMH JIETAaTEIbHBIMH anmnapaTaMu
(BILJTA) ucmonb3yercsi, Kak MpaBUIIO, MWIOTAKHO-HABUTAIMOHHAS WH(POPMAITHUS, TOCTYIAIOIIasT
JMICKPETHO OT YCTPOWCTB, paboTa KOTOPHIX OCHOBAaHA HAa PA3MUYHBIX (PU3NYECKUX MPUHIIUIIAX.
TunoBoil sABIAETCS MHEPLUHUAIBHO-CIIyTHUKOBAs HABUTAallMOHHAs CHUCTEMa, B KOTOPOH
riobanpHble HaBuranuoHHble ciyTHUKOBBIE cucteMbl (THCC) obecrnieunBaioT BBICOKOTOYHOE
no3unroHupoBanue, a nHepuuainsueie (MHC) - onpenenenue yrimoBoit opueHTaruu. OgHAKO
npumenenue 'HCC s quckpeTHo# Koppekiuu HenpepblBHO GyHkimorupyromux MHC umeer
PA OTpaHUYEHMI, CBA3AHHBIX C BO3JACHCTBUEM SHEPIeTUYECKUX U UMUTALMOHHBIX ITomex [1].

ITpu uudpoBom ympasinenun mnonerom BIIJIA dopmupyroTcss KOMaHABI YIpaBICHUS
u(kTy),2e0e k- 1enoducieHHas MepeMeHHas, T,- IIar JUCKPETHOCTU MO BpeMeHU B Qopme
0o0paTHOM CBSI3U IO BEKTOPY COCTOSIHMSI cucTembl . OJHAaKo, BpEMEHHbIE HHTEpBalbl T
NOCTYIUIEHUSI CUTHAJIOB JUUISl YIIPABJIEHUS B IIPOLIECCE MOJIETa MOTYT CYIIECTBEHHO M3MEHSTHCS.
H3menenue wuHTEpBaioB T, MOXET OBbITh OOYCIOBICHO KaK HW3MEHEHHUEM CHUTHAJIOB IIO
paavoKaHaly, TaK U YCIOBUsMU mosydeHus u nepenayn uHbopmanuu ¢ UCHC. Ilpu monere
BIIJIA Ha Manoil BbICOTE KPOME TOTO BPEMEHHAasl «3aTEMHEHHOCTB)» JUIsl aHTEHHbI PUEMHHKA
'HCC, moxeT npuBOIUTH K MOTEepe CUTHANOB. Vcmonb30BaHUE MEepecTpanBaeMbIX HHU(PPOBBIX
¢bunbTpoB U3 [2] B ciiyyae HEMpeICcKa3yeMoro H3MEHEHHI BPEMEHHbBIX MHTEPBAJIOB MOJHOCTHIO
HE YCTpaHsSET ONHCAaHHYIO Tpo0ieMy, a TMpH HAJIUYAW 3ala3/blBaHus, JUHAMHUYECKHE
XapaKTEePUCTHKN LIU(PPOBOTO KOHTYypa YIPAaBICHHS, KaK MPABWIO, YXY/IIAIOTCS, MPHUBOIS, B
HEKOTOPBIX CIydasX K IOTepe yCTOMYMBOCTh. B CBA3M 3TUM 3a/aya ynpaBieHUs B 3TOM Clly4yae
IpUOOpETaeT XapakTepHYIO crelunpuKy u Tpedyer CeualbHOr0 UCCIE0BaHUS.

B paGote, mna onucaHHbIX Bblmie yciaoBui  ympasieHuss BIIJIA craButrcs 3amaua
CHHTE3a IIM(PPOBBIX AITOPUTMOB YIIPABIEHHS C UCIOIb30BaHUEM IIM(PPOBOro HabIOgaTeNs s
YTOUHEHUsS] 1O BHEIIHUM CHUTHajlaM KOOPAMHAT COCTOSIHUS W TMOCTPOEHHsS OOpaTHOM CBSI3H.
Pa3zpaGoTaHHble alrOpUTMBbl OLIEHUBAHMS ONMPAIOTCS HAa MaTeMaTH4YecKHil ammapaT QuibTpa
Kanvana B komOunanmu ¢ BHemHUMH TOYHbIMH M3MeHeHusMu ['HCC. Tlpu stom, mmdpoBoe
ylnpaBiieHue (pOpMHUPYETCs 10 OLEHKaM X IMapaMeTpOB COCTOSHUS, MPUBEIEHHBIM K TaKTOBBIM
MOMEHTaM tk Tak, 4TO 00eCIeunBaeTCs COBNAIEHUE XapaKTePUCTUUYECKOTO YpaBHEHUS CUCTEMbI
C HEKOTOPBIM 3TAJOHHBIM, 00ECIIEUMBAIOIUM TpeOyeMble TMHAMUYECKHE XapaKTePUCTUKN U UX
IIOCTOSTHCTBO.

C wucnonb30BaHUEM IPEACTABIEHHOIO alroputMa chopMHUpoBaHa cxema LU(POBOro
ynpasineHusi BbicoTo BIIJIA camonérHoil koH@Urypanuu 1O HHEPHHAIbHO-CIYTHUKOBOM
MH(OpPMaLIUU U MOJyYEHBl PE3YJIbTAThl, XapaKTEPU3YIOLINE TOYHOCTh U BBICOKHE TUHAMUYECKHE
XapaKTepUCTUKU CUCTEMBbI, B TOM YHUCIIE, B YCIOBUAX TYpPOYJIECHTHBIX BETPOBBIX BO3MYIIECHHI.
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Joint assessment of the condition and control of an unmanned aerial vehicle using an
inertial satellite navigation system

Belonogov V.D., Chernodarov A.V.
MALI, Moscow, Russia

When implementing control circuits for unmanned aerial vehicles (UAVs), as a rule,
flight and navigation information is used, coming discretely from devices whose operation is
based on various physical principles. A typical one is an inertial satellite navigation system, in
which global navigation satellite systems (GNSS) provide high-precision positioning, and
inertial (INS) systems provide angular orientation determination. However, the use of GNSS for
discrete correction of continuously functioning INS has a number of limitations related to the
effects of energy and simulation interference [1].

With digital flight control of the UAV, control commands u(k * Tj) are generated, where
k is an integer variable, Ty is a step of discreteness in time in the form of feedback along the
vector of the system state. However, the time intervals T, for receiving control signals during
flight may vary significantly. The change in the T, intervals can be caused by both a change in
signals over the radio channel and the conditions for receiving and transmitting information from
the ICNS. When flying a UAV at low altitude, in addition, temporary "blackout" for the antenna
of the GNSS receiver can lead to loss of signals.

The use of tunable digital filters from [2] in the case of unpredictable changes in time
intervals does not completely eliminate the described problem, and in the presence of a delay, the
dynamic characteristics of the digital control circuit tend to deteriorate, leading, in some cases, to
loss of stability. In this regard, the task of management in this case acquires a characteristic
specificity and requires special research.

In the work, for the UAV control conditions described above, the task is to synthesize
digital control algorithms using a digital observer to clarify the coordinates of the state from
external signals and build feedback. The developed estimation algorithms rely on the
mathematical apparatus of the Kalman filter in combination with external precise changes in
GNSS. At the same time, digital control is formed according to estimates of x state parameters
reduced to clock moments tk so that the characteristic equation of the system coincides with
some reference one, providing the required dynamic characteristics and their constancy.

Using the presented algorithm, a digital height control scheme for an aircraft
configuration UAV was formed based on inertial satellite information and results were obtained
characterizing the accuracy and high dynamic characteristics of the system, including in
conditions of turbulent wind disturbances.
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Onpenesienne HEOOXOAMMOT0 00beMa IKCIIEPUMEHTA MPH UMUTAIUOHHOM MO/IeJIMPOBAHUM
0eCnNMJIOTHOW ABMALIMOHHON TPAHCIIOPTHOM CHCTEMBI

Hacrac F.H.l, CMonnH A.H.l, Cadun P.M.
'OI'BY «HULL «MuctutyT nmenn H.E. )Kykosckoro» r. Mocksa, Poccus
’T1AO «IxoBaeBy», r. MockBa, Poccus

CerosHd NPOM3BOJCTBO IIO-HACTOSILIEMY BOCTPEOOBAHHOIO KOHKYPEHTOCIIOCOOHOIO
IPOJYKTa HEMBICIMMO 0e3 MacmTaOHOW MPOEKTHO-KOHCTPYKTOPCKOM, MPOU3BOJCTBEHHOW W
MOCJICTIPOAAKHON KOONEpAIMK MocpeACTBOM HHTerpupoBaHHbix IT-cuctem [1].

B nokmnane paccMOTpeHbl BOIIPOCHI CTaTUCTHMUECKOIO MMHUTALIMOHHOTO MOJAEIUPOBAHUS
OecnMIOTHON aBHALIMOHHOM TPAaHCIIOPTHOM CHUCTEMBI, OIpejeieHa HEOOXOAWMOCTh pacuera
o0beMa »JKCIEpUMEHTa, IpPHUBEACHbI Haulojiee M3BECTHbIE METOJbl OLEHKH KOJIMYEeCTBA
9KCHEPUMEHTOB JJIsl CTATUCTUYECKOI 00pabOTKH pe3ysIbTaToOB OIBITA.

C Uempl0 DKOHOMUM BpPEMEHM, PECYpCOB Ha IPOBEACHHE DJKCIIEpUMEHTa Ha
paspaboranHoii B ®I'BY «HUL[ «Muctutyr nmenun H.E.KykoBckoro» MmynbTHareHTHOH
MMHTALlAOHHON MOJENIN Pa3HOPOJHOM TPAHCIOPTHOM CHUCTEMBI NPOBEIEH aHajIu3 METOJO0B
OLICHKHM KOJIMYECTBA SKCIIEPUMEHTOB 110 LIEHTPAJIIbHOM MpefesibHoi TeopeMe [2] u pa3paboraHa
METOAMKAa M pacueTHas MporpaMma sl OINpeleieHUss HeoOXOAUMOro o0beMa IKCIEPUMEHTa
IpU HMMUTALMOHHOM MOJEIMPOBAHUU OECIUIOTHON aBHALIMOHHOW TPAaHCHOPTHOW CHUCTEMBI,
BKJIIOUAsl HTAIIbL:

J BblnosiHeHWE OYMCTKM NEPBOHAYAJIBHO IOJIYYEHHOM BBIOOPKHM OT PE3KO
OTJIMYAIOIIUXCS JAHHBIX MOJIeNIMpOBaHus (IpoBepka mo kpureputo Pomanosckoro) [3].

o Onpenenenue 00beM 3KCIIEPUMEHTA 110 HEOOJIBIION MPOOHON CEPUIO OIBITOB MPH
3a/laHHOM JTOBEpUTENBbHON BEPOSTHOCTU M TpeOyeMON TOYHOCTH SKCHEpHUMEHTa (OmpefesieHne
pacuérHoro 3HaueHus kputepus CtbrofieHTa) [4].

o BrimonHenue pacuera [Uisi MacCHBa JAHHBIX BPEMEHM PEaKLUU TPAaHCIOPTHOU
CUCTEMBbl Ha 3aiBKM IO JOCTaBKe Ipy3a OeCHUIOTHOM aBHAIMOHHOW TPAHCIIOPTHON CHCTEMBbI
(MOy4YeHHBI B XOJl€ MMHUTAIIMOHHOTO MOJIEIMPOBAaHMs) C BBIBOJAOM pe3ylbTaTa pacuera U
rpajpuka (GYHKIOUM IUIOTHOCTM  BEPOSATHOCTH JUII HOPMAIbHOIO  paclpeiesieHuss u
pactipenenenusi CTbIOICHTA.
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Determination of the required amount of experiment in the simulation of an unmanned
aircraft transport system

Nastas G.N.', Smolin A. L.", Safin R.M.?
! National Research Center «Institute named after N.E.Zhukovsky», Moscow, Russia
2PJSC «Yakovlev», Moscow, Russia

Today, the production of a truly in-demand competitive product is unthinkable without
large-scale design, production and after-sales cooperation through integrated IT-systems [1].

The report examines the issues of statistical simulation of an unmanned aircraft transport
system, determines the need to calculate the volume of the experiment, and provides the most
well-known methods for estimating the number of experiments for statistical processing of the
results of the experiment.

In order to save time and resources for conducting an experiment on a multi-agent
simulation model of a heterogeneous transport system developed at the Federal State Budgetary
Institution "SIC "Institute named after N.E.Zhukovsky, an analysis of methods for estimating the
number of experiments according to the central limit theorem [2] was carried out and a
methodology and calculation program were developed to determine the required amount of
experiment in the simulation of unmanned aerial transport systems, including stages:

* Performing purification of the initially obtained sample from sharply different modeling
data (checking by the Romanovsky criterion) [3].

* Determination of the volume of the experiment for a small trial series of experiments
with a given confidence probability and the required accuracy of the experiment (determination
of the calculated value of the Student's criterion) [4].

* Performing calculations for an array of data on the response time of the transport system
to requests for cargo delivery of an unmanned aircraft transport system (obtained during
simulation) with the output of the calculation result and the graph of the probability density
function for the normal distribution and Student distribution.
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MATEMATHUYECKOE MOJAEJIMPOBAHHUE

MATHEMATICAL MODELING

Pa3nesbHasi uIeHTH(QUKAIUSA CWIBI TATH U CWIbI CONPOTUBJIEHHUS € y4eTOM (aKkTopoB
JIETHOT'0 IKCIIEPUMMEHTA

Kopcyn O.H., Ctynosckuit A.B.
DAY «I"'ocHUHUAC», r. Mocksa, Poccus

XOTsl OLEHKa CUJIbl TATM JBUTATENs SBISETCA OJHHUM M3 KIIFOUEBBIX IAPaMETPOB JIS
MIOCTPOEHUs MAaTeMaTHYEeCKOM MOJIENM JIETATEeJIbHOIO ammapara, €€ He YAAaeTcs HalpsIMyro
MOJIYYUTh IPU MPOBEACHUU JETHBIX MCHBITAHMI. DTO CBSI3aHO C NapaJIEIbHOCTbIO BEKTOPOB
TATH U CONPOTHUBIIEHUS, UMEIOIEH MECTO NPHU BBIIOJHEHUU I0JIETA C MAJbIMU YIJIAMU aTakKH,
HanpuMep, NPSIMOJIMHEMHOrO TOpU3OHTAIBHOTO IoJsieTa. B TO ke BpeMs pasjenbHas OLEHKa
o0eux cuia HeoOXoauMa JUIsl TMOCTPOEHMS aJeKBATHOM MOJENM HE TOJBKO JIETATEIIbHOTO
arnmapara, Ho u apurarens [1].

OavH M3 JMOCTYMHBIX CHOCOOOB pEIICHHS JaHHON MPOOJIEMbl COCTOMT B COUYETAHUU
METOJIOB JUHAMHUKU TIOJeTa W Teopuu wuAeHTudukanuu cucteM. Ero mnpeumymiecTBamu
ABJISIFOTCS OTHOCUTEJbHAS BBIYMCIMTENIbHAS MPOCTOTA, ONOpa HAa IOJIETHBIE [aHHBIE U
OTCYTCTBHE HEOOXOJAMMOCTH HCIIOJNIb30BaTh TI'POMO3AKYIO Ta30JUHAMHYECKYI0 MOJETb
nBurarensi. OCHOBHBIM  HEJOCTAaTKOM  SIBJSIETCSl TpeOOBaHWE HAWTH pelIeHHe IUI0XO
00yCIIOBJIIEHHOH 3a/auu. B pe3ynbraTe MOJyueHHOE OLIEHKH MOTYT OKa3aTbCsl CMEIEHHBIMU U
[10/IBEPKEHHBIMH BIMSIHUIO PA3JIMYHbIX (DAKTOPOB, AEUCTBYIOUIUX B JETHOM 3KCIIEPUMEHTE.

[IpeononeTs mi0Xyr 00yCIOBIECHHOCTh 33Jjaul IOMOTaeT UCIIOJIb30BAHUE CIEI[UAIBHOTO
TeCTOBOro  MaHeBpa [2], copMHpOBAaHHOTO  UCXOAS W3  BBHINOJHCHHUS  YCIOBUS
uaeHtTuuuupyemMoct. B mgaHHON paboTe mpu TUIAaHUPOBAHUM MaHEBpa OBUIM MPUMEHEHBI
METO/Ibl ONTUMAIILHOTO yIpaBieHus [3] s MOBBILIEHHUS YCTOWYMBOCTU PEUIECHUsS K IIymMam U
YBEJIMUYEHUSI TOUHOCTH OIEHOK. J[J1s1 3TOro ympaBieHus ObLTH alpOKCHUMUPOBAHBI TPHU MTOMOIIN
KyOMUYeCKUX CIIAitHOB, KO3(PQUIIMEHTHl KOTOPHIX MOJOMPATIUCh C IENb0 MUHUMHU3AIUU
qucrnepcuil orneHok. MccienoBanock TakKe BHECEHHE B YHPABISAIOMIMNA CHUTHAJ HMITYJIbCa
¢bukcupoBaHHOW (OPMBI, pa3MENICHHE KOTOPOro OMPENesijioch W3 TeX K€ YCIOBUH
ontuMainbHOCTU. [IpoBeneHHOE MaTeMaTHUYecKOe MOJAEIUPOBAaHUE IOATBEPAMIIO IOBBIIIEHUE
KayecTBa OLEHOK CHJIbI TATH U apaMETPOB CHJIbI COIIPOTUBIICHHUS.

Kpome Toro, ObIIO paccMOTpEHO BIUSHME Ha TOYHOCTh OLIEHUBAHMS CHJIbI
COTIPOTHBIICHUS TaKHX MMApaMETPOB KaK BapuallMy yucia Maxa U 4acTOThl 0OOPOTOB JBUTATENS
Ha y4acTke oOpaOoTkH. XOTs OHM, KaK MPaBHJIO, MaJibl 1O aOCOJIOTHOMY 3HAYEHHIO, HO MX
KOPpPEIMPOBAaHHOCTh C JPYITMMM CHUTHaJlaMHM MOJKET HPHUBOJUTH K BHECEHHIO CEPbE3HBIX
CUCTEMATUYECKUX IMOTPENIHOCTEH. ABTOpHI MpeAsiaraloT METOJ UX HCKIIOYEHUS, OCHOBAHHbIN
Ha TPYIIOBOM METO/i€ TOKOOPAUHATHOTO CITYCKa.
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Separate identification of thrust and drag forces taking into account the factors of the
flight tests

Korsun O.N., Stulovskii A.V.
State Research Institute of Aviation Systems, Moscow, Russia

Although estimation of engine thrust is one of the key problems in the aircraft
mathematical model design, it cannot be directly obtained during flight tests. This is due to the
parallelism of the thrust and drag vectors that occurs during flight with low angles of attack, for
example, straight horizontal flight. At the same time, a separate estimation of both forces is
necessary to build an adequate model not only of the aircraft, but also of the engine [1].

One of the available ways to overcome this challenge is to combine methods of flight
dynamics and system identification theory. Its advantages are relative computational simplicity,
reliance on flight data, and the absence of the need to use a cumbersome gas-dynamic engine
model. The main disadvantage consists in the requirement to solve an ill-conditioned problem.
As a result, the estimates may be biased and influenced by various factors of the flight test.

The use of a special test maneuver [2], formed specially to augment the identifiability
condition, helps to overcome the poor conditionality of the problem. In this paper, optimal
control methods [3] were used for design of the maneuver to improve the stability of the solution
and increase the estimation accuracy. For this purpose, the controls were approximated with
cubic splines, the coefficients of which were selected to minimize the variances of the estimates.
The introduction of a fixed-shaped pulse into control signal was also studied, the placement of
which was determined from the same optimality conditions. The mathematical modeling
confirmed the improvement in the quality of estimates of the thrust and the parameters of the
drag.

In addition, the paper considers the influence the volatility in the Mach number and
rotation frequency during the processing interval on the accuracy of the drag estimates. Although
they have small absolute values, their correlation with other signals can induce significant
systematic errors. The authors propose a method for their elimination, based on the group
method of coordinate descent.
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I/IHepIIHaJIbeIﬁ I/I3MepI/ITeJIbHLIﬁ MOAYJb Ha 0ase MUKPOIJICKTPOMEXAHNIECKUX CUCTEM
AJIsA HABUTAIIUOHHBIX KOMILJICKCOB

Konecuukosa A.T'.
Tyl'Y, r. Tyna, Poccus

B HacTosmem noknajne npencTaBiieH MHEPLUUAJIbHBIN n3MepuTenbHblil Monyns (MMM),
BBIIIOJTHEHHBIH 110 TEXHOJOIMM  MHKpodsIeKTpoMmexaHuueckux cucreM (MOMC). Own
OpeACTaBIsieT co00M TEXHOJOTMYECKOe pelIeHHe Ui 3a7ady OpHEHTAMH M HaBHTalHH.
biarogaps akTuBHOMY pa3BUTHIO B mocieanee Aecatmierne MOMC-TexHOJI0rui, MOyJIb Ha UX
OCHOBE 00Ja/laeT BBICOKOW HAJEXKHOCTBIO, a TAaKKE€ HHU3KUM DHHEPromnoTpedieHHueM U
KOMIaKTHBIMU pazMmepamu [1].

WHepuuaibHblii U3MEpUTENbHBINA MOYIb BKIIOYAET B ce0s:

* bi1ok MUKpOMEXaHNYECKMX TMPOCKOIIOB U aKCEIEPOMETPOB;

» KoHTpomiep, OCyIIEeCTBISIONIMNA CYUTHIBAHUE TTOKA3aHUI C TATYUKOB;

* biok nuTanus.

[Ipn mnpoBeneHUH S3KCHEPUMEHTAIBHBIX HCCIEJOBAaHUM, OBLIM OLEHEHBI CllydaliHble
MOTPEIIHOCTH aKCEJIEPOMETPUUECKUX U TUPOCKOMMYECKUX JaTUYUKOB [2]. Pe3ynbraThl nokasaniu,
4YTO CpeJHEKBaJpaTHyeckoe 3HaueHue Iyma akcenepomerpa coctasiser 0,06°, a ommuobka,
BbI3BaHHasA Jpeidom rupockona, paBHa 2°/MuH. Ha OCHOBE NOJY4YEHHBIX Pe3ylbTaTOB, OBLI
pa3paboTaH aJrOpUTM KOMIUIEKCUPOBAHMs JAaTYMKOB, KOTOpPBIH HE HMeeT TEHACHLUUHU K
HAKOIUICHNIO TIIOTPEHIHOCTEM M MMeeT IIyM, KOTOpbli B 5 pa3 MEHbIIE, YeM Yy
aKCeJIepOMETPUYECKUX JaTUNKOB.

K otnnuusm pa3pabaTbiBaeMOro MHEPIUAIBHOTO MOJYJIS CIIEIYEeT OTHECTHU:

* OpUrHHaJbHBIA AITOPUTM KOMIUIEKCUPOBAHUS 1aTYMKOB Ha OCHOBE (uibTpa Kanmana;

* OTcyTCcTBHE KapAaHOBa y3i1a JUIsl CTA0MIN3alM1 aKCEIePOMETPUIECKUX JTaTUNKOB;

* OpUruHajgbHbIE ATOPUTMBI OOPAOOTKHU JTaHHBIX.

IInanupyercsa ycosepueHcTBoBath MMM Ha MUKpOMEXaHMYECKMX JAaTUYMKAX IyTEM €ro
MHTErpallMM C JPYTMMHU HaBUTallMOHHbIMU cuctemamu, TakuMu kak GPS u I'NIOHACC, uyto
MO3BOJIMT OOECNeYnTh OOoJiee TOYHOE OINpE/IEICHUE MECTOIOJIOKEHUS! U TOBBICUT YPOBEHb
0€30MacHOCTH TPAHCIIOPTHBIX CPEJICTB U APYTUX YCTPOMICTB.

Pabora BbImonHeHa mpu (UHAHCOBOW MoOAJEep)KKe MUHHCTEpPCTBA HAayKH U BBICILETO
obpazoBanusi PO B pamkax rocyaapcrsernHoro 3ananus (FEWG-2022-0002).
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Inertial measurement module based on microelectromechanical systems for navigation
systems

Kolesnikova A.G.
Tula State University, Tula, Russia

This paper presents an inertial measurement unit (IMU) based on microelectromechanical
systems (MEMS) technology. It represents a technological solution for orientation and
navigation tasks. Due to the active development of MEMS technologies in the last decade, the
module based on them has high reliability, as well as low power consumption and compact size
[1].

Inertial measurement module includes:

* Block of micromechanical gyroscopes and accelerometers;

* A controller that reads the readings from the sensors;

* Power supply unit

During experimental studies, the random errors of accelerometer and gyroscopic sensors
were evaluated [2]. The results showed that the RMS value of accelerometer noise is 0.06°, and
the error caused by gyroscope drift is 2°/min. Based on the results obtained, a sensor
complementation algorithm that does not tend to accumulate errors and has a noise that is 5
times less than that of accelerometer sensors was developed.

The differences of the developed inertial module include:

* Original algorithm of sensor complexing based on the Kalman filter;

» Absence of gimbal assembly for stabilization of accelerometer sensors;

* Original algorithms of data processing.

It is planned to improve the IMU on micromechanical sensors by integrating it with other
navigation systems, such as GPS and GLONASS, which will provide more accurate positioning
and improve the safety of vehicles and other devices.

This work was financially supported by the Ministry of Science and Higher Education of
the Russian Federation under the state assignment (FEWG-2022-0002).
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Pa3paboTka anropurmMa BOCCTAHOBJICHUS JUCKPETU3HPOBAHHBIX CHCTEMATHYECKHX
OIINOOK

I'opo CeKyl, Kopcyn O.H."?
: MAM, r. Mockga, Poccus
> DAY «ocHUMACy, r. Mocksa, Poccust

TexHoMOrMUYECKHE JOCTHKEHUs BCersia ObLTH MPHOPUTETOM JIJIsl aBUAIMOHHON OTpPAaCIIH,
U nu@poBU3aLUs SABISETCS OJHON M3 HOBEHIIMX TEHIEHIIMM, KOTOpble OHa oxBaThiBaeT [1,2].
WuTerpamus nudpoBbIX TEXHOJOTUH B aBUAIMIO, B YaCTHOCTH B MarucTpalibHbIE CaMOJIETHI,
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OXBAaTbIBaeT pa3jMyYHble O00JIACTH, TaKHe KaK BBINOJIHEHWE TIOJETOB U OOCTyXHUBaHUE
naccaxupos [2,3].

B cBepx3BykoBbIX camoisierax, Takux kak XB-70, YF-12, F-111 u F-15, mMoxHO
HaOJI0aTh CUJIBHOE B3aMMOJICHCTBHE MEXAY JBUTATEIEM M BO31YyX03a0OPHUKOM WM MEXKIY
CUJIOBOI YCTaHOBKOM WMJIM CUCTEMOM yNpaBIEHHS U KOPIycOM camosiera. M3-3a Takoro TeCHOro
B3aMMOJICHCTBUSI OpraHbl yNpaBieHUs B KaOWHE MUJIOTOB M MPUOOpHAs MaHelb CTaHOBSITCS
BeChMa CJIOXKHBIMU. [10 3TUM npuyrHAM COBPEMEHHBINH KOMIUIEKC aBUOHUKH OCHAIIEH OOJIBIIUM
KOJIMYECTBOM LHU(PPOBBIX KOMIBIOTEPOB AJIs MOBBILICHUS HA/IEKHOCTH, CHIKEHUS HArpy3Kd Ha
NUIOTa U MOBBILIEHUS Oe30macHOCTH moJjeToB. OO0paboTka HUGPOBBIX CHUTHATIOB CTAaHOBUTCS
aKTyalIbHOU mpobaemMolt ipu 00paboTKe MOCIETONETHBIX TaHHBIX.

Cospemennbie AlIIl (ananoro-nudpossie mpeodpazoBarenr) 0OBIMHO UMEIOT 8, 14 wnn
16 pa3ps10B, HO KOJTUYECTBO Pa3psAIOB YaCTO OTPaHUYEHO CTOUMOCTHIO [11,12].

Jlist pemieHust 3TOH TPOOJIEMbI OOBIYHO HCTOIB3YEeTCS METOJI, Ha3bIBACMbIN JAM3EPHHT,
KOTOpBIH moBbIIaeT 3hdexTuBHOCTh npouecca onudppoBku. OH 3akiioyaeTcss B 100aBIEHUU
nrymMa K aHaJlOrOBOMY CHUTHAIly, KOTOPBIM 3aTeéM BBIYMTAETCS MOCIE 3aBeplIeHHs] OoLU(pOBKU
[13]. Tlony4yaercs MCKa)KEHHBIM CUTHAJI, @ HE peabHBIN HU(PPOBOM CUTHAI, KOT/la HapyIlIaeTcs
OCHOBHOE IMpPaBWJIO METOAa TU3EPHHI, KOTOPOE 3aKII0YaeTcs B BBIUMTAHUU IIYMOB IOCTE
3aBepuIeHUs] oU(pPOBKU. B 3TOM uyacTHOM citydyae TpeOyeTcs alropuT™ sl BOCCTAHOBJICHUS
HMCKOKEHHOTO0 CHUTHAaja, MOSTOMY B OJTOH CTaThe aBTOPHI MCCIENYIOT BIHSHHE IIymMa Ha
BO3HUKAIOIINE HCKakeHUs. bbUIM uccienoBaHbl paziuuHble ypoBHH Inyma (ot 0° o 1°).
ABTOpPBI TPEIJIOKUIM alTOPUTM MJIE BOCCTAHOBJIEHUS MCKQKEHHOTO CHTHAja W PElIeHUs
BBIIICYTIOMSHYTBIX MPOOIEM.

B or10i1 pabote, rnaBHbBIM 00pa3oM, HCCIEAYETCs HOBBIA aIrOPUTM BOCCTAHOBJICHHS
T000T0 CHrHaNIa, UCKAXKEHHOTO M3-32 HEXBATKH MJIM BBICOKOW CTOMMOCTH KOJIMYECTBA Pa3psI0B
B YCIOBUAX IIyMa. YTOJ TaHTaXa, IOJYYCHHBI HAa OCHOBE JIAHHBIX CTEHJIIOBOTO
MOJICJIMPOBAHUS, MCHOJIb3YyEeTCAd JUIsl  JeMOHCTpauuu 3(PQPEKTUBHOCTH  MPEJI0KEHHOTO
aIropuTMa.

[Ipennaraemplii alrOpuT™M OCHOBAaH Ha METOJIE, HA3bIBAEMOM U3EPUHIOM, KOTOPBIH
OOBIYHO HCIIOJIB3YETCS ISl TOBBIMICHUS AMIUTUTYJHOTO pa3pelieHus mpoiiecca OnudpOBKU
myTeM Jo0aBJIeHH IIyMa K UCXOIHOMY CUTHany. BMecTo ycTpaHeHus mryma mocie 3aBepiieHus
mporecca OouM(pPOBKU, TpeajaraeMblii  alrOpUTM  OJHOBPEMEHHO yJauseT I[yM |
BOCCTAHABIIMBAET UCKAKCHHBIN CUTHAI.

UToObI yay4dIIUTh U CTIAQJAUTH PE3YyJIbTAThl, MOJYYCHHBIE C MOMOIIBIO MPEII0KEHHOTO
aJITrOpUTMa, B HEM UCIOJIB3YETCSI METOJT KyOM4eCcKuX CrutaitHoB [5]. OkoHYaTeNnbHbIE PE3YIbTAThI
MOATBEPIUIIN, YTO HOBBIH aJITOPUTM OOECIIEUYUBAET XOPOIIYI0 TOYHOCTH MPU BOCCTAHOBJICHUHU
yria HakJIOHa.
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Development of an algorithm for the restoration of signal with discretized systematic
errors

Goro Sekoul, Korsun O.N.!?
lMAI, Moscow, Russia
2 State Research Institute of Aviation Systems, Moscow, Russia

Technological developments have always been a priority for the aviation industry, and
digitization is one of the newest trends they are embracing [1,2]. The integration of digital
technologies into aviation, specifically in aircraft, encompasses various areas such as flight
operations and passenger services [2,3].

In supersonic airplanes, like in the XB-70, YF-12, F-111, and F-15 airplanes, strong
interactions can be seen between the engine and the inlet or between the propulsion system or the
flight control system and the airframe. Due to these strong interactions, the cockpit controls and
instrument panel are then considered to be large and complex. For these reasons, a modern
avionics suite has a large number of digital computers to improve reliability, decrease pilot
workload, and increase safety. The processing of digital signals becomes a relevant problem
during post flight data processing.

Modern ADCs (Analog to Digital converters) typically have 8, 14, or 16 bits, but the
number of digits is often limited by cost [11,12].

To address this issue, a technique called dithering is used to improve the efficiency of the
digitization process. This involves adding noise to the analog signal, which is then subtracted
after the digitization is complete [13]. The distorted signal is obtained rather than an actual
digital signal when the dithering technique's fundamental rule is violated, which is to subtract
noises after digitization is complete. In this special case an algorithm is needed to restore the
distorted signal, so in this paper the authors investigate the influence of the distortion that occurs.
Different levels of noise were investigated (from 0° to 1°). The authors proposed an algorithm to
recover the distorted signal and address the above-mentioned issues.

This work mainly researches a novel algorithm to recover any signal that is distorted due
to the lack or the cost issue of the number of digits under the noise condition. The pitch angle
provided by the bench modeling data is used to demonstrate the effectiveness of the proposed
algorithm.

The proposed algorithm is based on a technique called dithering, which is commonly
used to enhance the amplitude resolution of the digitization process by adding noise to the initial
signal. Rather than eliminating the noise after the digitization process is complete, the suggested
algorithm simultaneously removes the noise and recovers the distorted signal.
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To improve and smooth the results obtained using the proposed algorithm, in it is used
cubic spline [5]. The final results verified that the novel algorithm provides a good accuracy in
restoring the pitch angle.
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IToBbIlIEHHE TOYHOCTH NMO3UIITMOHHUPOBAHUSA TPAHCIIOPTHOI'O CPEACTBA B YCJIOBUAX
HeCTA0OUJILHOCTH CIIYTHHKOBOI'0 CUT'HAJIA

UYepkacosa I1.B., Marsees B.B.
Tynl'VY, r. Tyna, Poccus

CeroaHs o1 HABUTALMEH TOHUMAIOT YIPABIEHUE 0OHEKTOM 10 33JJaHHOMY MapIIpyTy.
B 0Oonee y3xkoM cMbIciie MMOJ HABUTAIIMOHHOW 3a7adeil MOHWMAIOT OIPEICICHHE TEKYIIUX
KOOpJMHAT 00BEKTA.

3anaya 6€30MacHOTO MPHUBEACHUS MOIABUKHOTO 00BEKTa B TOUKY HA3HAUEHUS SIBIISETCS
aKTyaJbHOM M CEroAHs. 3a4yacTyl0, pELIEHHWE 3a/Jaud HaBUTallUM TPAHCHOPTHBIX CPEICTB
OCYIIECTBIISICTCS MPU TOMOIIM CHYTHUKOBBIX HABUTALMOHHBIX cucTeM. Pa3ButHe nudpoBBIX
TEXHOJIOTHI MO3BOJMIIO TOOUTHCS BHICOKMX TOUHOCTEW OMpeeNieHHs KOOPAMHAT 00beKTa 0 2
M. OHaKo, JaHHBIM BUJl CUCTEM TOJBEPKEH BIUSHUIO MOMEX, OOYCJIOBJICHHBIX MapaMeTpaMu
atMocdepsl U pelibe)OM MECTHOCTHU, B CBSI3M C YEM, aKTyaJieH BOIPOC MO3UIIMOHWPOBAHUS
00beKTa MPU IBUYKEHUU B YCIOBHSIX HECTAOUIIBHOCTH CITyTHUKOBOTO CUTHAJIA.

Ha naHHBIi MOMEHT peIICHHE BBIIICONMCAHHOM 3a/1a4d OCYIIECTBISAETCS MPH IMOMOIIU
GSM-curHana  OTHOCHUTEIBHO  BBIINIEK  COTOBOM  cBsi3u. (OmoHako, Takoii  croco0
MO3UIIMOHUPOBAHUS 00JIaJaeT HU3KUMH TOYHOCTSIMU — TIOTPEIIHOCTh OMpPEIeTIeHHUs] KOOPAUHAT
10 1 kM. OauH 13 BO3MOXKHBIX BApUAHTOB PEIICHUS 33/1aUd — pean3alisi KOMILUIEKCUPOBAHHOM
MHEPLHAIBHO-CIYTHUKOBOM HABUTALMOHHOW CHUCTEMBl C MHUKPOMEXAHUYECKMMH JTATYMKAMH
nepBUYHON wuH(OpMarmu, oOJanarmell JOCTATOYHBIMU JJIs TPaKIAHCKOTO TMPUMEHEHUs
TOYHOCTSIMH OTIPEIECICHUSI KOOPJAMHAT, HU3KUMH YHEPronoTpeOIeHHEM W MaccorabapuTHBIMU
xapaktepuctukami [1,2].
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s AKCIIEPUMEHTAILHOTO MOJITBEPKICHUS BO3MOYXHOCTHU BHEJPEHUS
KOMILJIEKCUPOBAaHHON HaBUTallMOHHOM CHCTEMBI pa3paboTaH MakeTHbI oOpasern. B mpormecce
UCCJIEIOBAHNUM IPOBECHBI:

* OLEHKa CTaOWIBHOCTH PabOTHl CHUCTEMBbI Ha pPEaTbHOM OOBEKTE, B XOAE KOTOPOM
3a(pUKCUPOBAHO CPEIHEKBAPATHUECKOE OTKIOHEHHE IMOTPEIIHOCTH OINpENeNIeHUs] KOOpAMHAT,
He npessbimaroniee 0,6 M;

* OlIeHKa pabOThl CUCTEMBI B YCIOBHSIX HECTAOMJIBHOCTH CITYTHUKOBOI'O CUTHAJIA, B XOJI€
KOTOPOM OMpEeJIeNIeHo, YTO CUCTeMa CIIOCOOHA 00eCTeyuTh OINpeesieHue KOOPAUHAT 00bEeKTa C
MOTrPeIHOCThIO 9,4 M Ha uHTEepBasie Bpemenu 110 30 c.

[TosydyeHHbIE 3KCHEPUMEHTAIbHBIE JAaHHBIE MOATBEP)KIAIOT BO3MOXHOCTH peallv3alvu
MaJIOTabapUTHON CUCTEMBI, CIOCOOHOW C BBICOKOH TOYHOCTBIO OOECIEYHTHh MOTPEOUTENS
uHpopManreil 0 KOOpAMHATAX MECTONOJOXKEHHS B MOMEHTHI KPaTKOBPEMEHHOI'O OTCYTCTBUS
CIyTHUKOBOI'O CUTHAaJA.

Paboma evinonnena npu gunancosoii nodoepocke Munucmepcmea HaAyKu u 8vicuie2o
obpazosanus P® 6 pamkax eocyoapcmeennozo 3adanus (FEWG-2022-0002).
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Improving the accuracy of vehicle positioning in conditions of satellite signal instability

Cherkasova P.V., Matveev V.V.
Tula State University, Tula, Russia

Today navigation is understood as controlling an object along a given route. In a
narrower sense, the navigation task is understood as determination of the current coordinates of
an object.

The task of safely bringing a mobile object to the destination point is still relevant
today. Often, the solution to the task of navigation of vehicles is carried out with the help of
satellite navigation systems. The development of digital technologies has made it possible to
achieve high accuracy in determining the coordinates of the object up to 2 meters. However, this
type of systems is subject to the influence of interference caused by the parameters of the
atmosphere and terrain, and therefore the issue of positioning during movement the object while
moving in conditions of instability of the satellite signal is relevant.

At the moment, the solution to the above problem is carried out with the help of GSM-
signal relative to cell towers. However, this method of positioning has low accuracy - the error of
coordinates determination is up to 1 km. One of the possible options for solving the problem is
the realization of a complex inertial-satellite navigation system with micromechanical sensors of
primary information, that has accuracy of coordinate determination sufficient for civil
applications, low power consumption and mass-size characteristics [1, 2].
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For experimental confirmation of the possibility of implementation of the complex
navigation system a mock-up sample was developed. In the process of research the following
were carried out:

« evaluation of the stability of the system operation on the real object, during which the
RMS of the coordinate determination error not exceeding 0.6 meters was recorded;

* evaluation of the system operation in conditions of satellite signal instability, during
which it was determined that the system is able to provide the determination of object
coordinates with an error of 9.4 meters at a time interval of up to 30 seconds.

The obtained experimental data confirm the possibility of realization of a small-size
system capable of providing the consumer with information about the location coordinates with
high accuracy in the moments of short-term absence of the satellite signal.

The work was financially supported by the Ministry of Science and Higher Education of
the Russian Federation under the state assignment (FEWG-2022-0002).
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MOI[EJIHpOBaHI/Ie cCHCTEeMBbI caMoJIeT-JIeTUNK Ha 0a3e TCOPUH ONITUMAJBHBIX CHCTEM
IJIA HCCJIEA0OBAHUA 3a1a9 MHOI'OMOAAJIBHOI'O YIIPABJICHHUA

Edpemos A.B., Edppemon E.B., I'pummna A.1O.
MAM, r. Mocksa, Poccus

B Hacrosmeit pabore paccmarpuBaercs MOAM(UKAIMA ONTUMAIbLHON MOAETH JETYMKA
(MOMUJI) [1-2], ¢ pacuIMpeHHBIMH BO3MOXHOCTSAMU AJIs1 PELLIEHUS] MHOTOMOJAJIBHBIX 3a/1au.

B onTumanbHyro MoJenb XapakTEpUCTUK YIPABISIOUMX JEHCTBUI JieTuMka Obula
BBeJIeHa oOpaTHasi CBSA3b MO KWHECTETUYECKONW MH(OpMAalMM, YTO MO3BOJSET ONTUMHU3UPOBATH
napaMeTpsl ppluara yrpaBieHHUs, a TAK)Ke 00paTHas CBSI3b 110 BECTUOYIISIPHON MHGOpMALIUU JUIs
U3ydeHHsl BIMAHUA (akTopa TOABWKHOCTH Ha BBIOJHEHHME 3a/jady CTa0WIM3aluu |
KOMIIEHCATOPHOT'O CJICKEHUSI KOMaHHOTO CUTHAJIa B OOKOBOM KaHaJe yIpaBlIeHUs.

B xone paboThl ObUIM MPOBEAEHBI SKCIIEPUMEHTANIbHBIE UCCIEI0BaHUs HAa MUJIOTAXKHOM
CTEHJE, OCHAILEHHOM CHCTEMOW MOABWXKHOCTU. IlomyHaTypHOe MOJEIMpOBaHHWE Ha
NUJOTAXKHOM  CTEHAE OCYIIECTBISJIOCh JUIS JIBYX PAa3jIMYHBIX 33/4ad M[WIOTUPOBAHUS
(crabmin3anusi ¥ KOMIIEHCAaTOPHOE CJIEKEHHE KOMaHAHOIO CUTHAJa), a TakKe JJIs ABYX THUIIOB
pBIYAroB YIpPaBJIEHUS, NEPENAONIMX CHTHAIBl IPOMOPLIUOHAIBHO NEPEMEIICHHUI0 pblyara M
MIPUKJIAJBIBAEMBIM K HEMY YCHIIUSIM.

Hcxons U3 mosydyeHHBIX B X0/€ paboThl pe3ynbTaToB, BBeneHrne B MOMII oOparHoit
CBSI3U IO BeCTUOYNIApHON MH(pOpMALMK yMEHBIIaeT OMOKY B 3a1aue ctabunuszauuu B 1,5 pasa,
a B 3ajJaye KOMIICHCATOPHOTO CIIEXKEHHs OIIMOKAa OCTAeTCsl MPAKTUUYECKH HEH3MEHHOM, 4TO

MOATBCPKAACTCA PE3yJIbTaTaMU SKCIICPUMCHTAJIbHBIX ncciaenoBanuii. Taxoke OBLIO TOJIYUYCHO,
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YTO MPH UCIIOJIIb30BAHUU phlyara, GOpMUPYIOLIETO YIPABISIIONIMA CUTHANI B TPAKT YIpPaBICHUS
MPOMOPIUOHAILHO MPUKIAIBIBAEM K HEMY YCHIIUSM, yIydlIaeT TOYHOCTH ympaBieHus Ha 10
MPOIIEHTOB, KaK B 3a7aue CTaOWIM3aIuH, TaK U B 33Ja4€ CICKEHHUS, YTO TAKKE MOATBEPIKICHO
pe3yJbTaTaMH SKCIIEPUMEHTOB.

Ilybnukayusa noocomoenena 6 pamkax peanusayuu IIpoepammuvl co30aHusi u pazeumus
HayuHoeo yeumpa muposozo ypoeus «Ceepxzeyky Ha 2020-2025 200vl npu ¢unancosou
noooepoicke Munooprnayku Poccuu (coenawenue om «20» anpensn 2022 2. Ne 075-15-2022-309).
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Simulation of the aircraft-pilot system based on the theory of optimal systems for
the study of multimodal control task

Efremov A.V., Efremov E.V., Grishina A.Yu.
MALI, Moscow, Russia

This paper considers a modification of the optimal pilot model (MOCM) [1-2], with
expanded capabilities for solving multimodal problems.

Feedback on kinesthetic information was introduced into the optimal model of the
characteristics of the pilot’s control actions, which allows optimizing the parameters of the
inceptor, as well as feedback on vestibular information to study the influence of the motion
factor on the performance of stabilization tasks and compensatory tracking of the command
signal in the lateral control channel.

During the work, experimental studies were carried out on a ground simulator equipped
with a motion system. Simulation on a ground-based station was carried out for two different
piloting tasks (stabilization and compensatory tracking of the command signal), as well as for
two types of stick that transmit signals in proportion to the movement of the stick and the forces
applied to it.

Based on the results obtained during the work, the introduction of vestibular information
feedback into the MOCM reduces the error in the stabilization task by 1.5 times, and in the
compensatory tracking task the error remains practically unchanged, which is confirmed by the
results of experimental studies. It was also found that when using an inceptor that generates a
control signal into the control path and proportionally applies efforts to it, it improves control
accuracy by 10 percent, both in the stabilization task and in the tracking task, which is also
confirmed by the experimental results.

The paper is prepared in the framework of the Program for the development of a world-
class research center “Supersonic” in 2020-2025 founded by Russian Ministry of Science and
Higher Education (Agreement 20 Apr 2022 Ne 075-15-2022-309).
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Pa3paborka 1aT4uKa yrjioBoi CKOpPOCTH BbLICOKOMAHEBPEHHOI0 MOJABUKHOTO 00bEKTa

CokonoB M.B., JIuxomepct B.B.
Tynl'VY, r. Tyna, Poccus

B npanHoM [noknane mpuBeNeH MOAXOJ K pa3paboTKe [aTdyMka YrioBOH CKOPOCTH
BBICOKOMAHEBPEHHOI'O MOJABIKHOTO oO0bekTa. K paruumky mnpeabsiBieHbl TpeOOBaHUS IO
MIMPOKOMY JIMaNa3oHy U3MEPSEMBIX CKOPOCTEH, U JITUTEILHOMY BPEMEHHU pabOTHI.

BbicokoMaHEBpPEHHBIM MOJBMKHBIM OOBEKTaM MPHCYILE W3MEHEHHE YITIOBOM CKOPOCTH
JIBIDKEHUS B IIUPOKOM nuanasoHe. I[lpu stom TpeOyercss coXpaHEHHE UYyBCTBHTEIBHOCTU
JlaTYMKa BO BCEM JIMAaNa30HE YIJIOBBIX CKOPOCTEN BO3JeWCTBUA. ISl peanus3auuu 3TUX
TpeOOBaHUIl 11e1ecO00pa3HbIM SBJSIETCS MCIOJNB30BAHUE TPYMNbl JATYUKOB C Pa3IMYHBIMU
JIUara3oHaMM M3MEpPEHHUs, B 1€JIOM IEpPEKPhIBAIOIIUX JUANa30H YIJIOBBIX CKOPOCTEH
MOJIBIKHOTO 00BbEKTa. AHAIN3 PhIHKA THPOCKOMMYECKUX JTATYMKOB YTIIOBOW CKOPOCTH MOKAa3al
OTCYTCTBHE JIMHEHKH JAaTYMKOB, OOECIEUMBAIONIMX BO3MOXHOCTh PEIYKIUU JHalia3oHa
u3Mmepenus. [lpeanokeHa KOHCTPYKIMS JaT4yMKa, cocTosliass W3 JIBYX HACHTUYHBIX
LEHTPOOEKHBIX MAasTHUKOB, PEAJTM30BAaHHBIX B BUJIE IJIOCKOM MPYKUHBI C 3aKPEIJICHHON Ha Hell
WHEPLUMOHHOW Maccoil. MasTHHKM pacnoJiararoTcs Ha paBHBIX PACCTOSHUAX OT OCH BpaLCHUS
BJoJb He€. Takoe pacmnonoxeHue MO3BOJSET NPU CYMMHMPOBAaHUM CHUTHAJIOB HCKIIOYUTH M3
MOKA3aHUW COCTAaBISIIOIINME, OOYCIOBIEHHBIE JIMHEWHBIMH YCKOPEHHUSIMH LIEHTpa Macc
MOJBIKHOTO 00bekTa. [Ipeobpa3oBanne nHpOpMaIIUK OCYIIECTBISETCS TEH30JaTYUKAMH.

[Mpunnun pa®oThl 3aKitOYaeTcsl B TOM, YTO MpPH BPAIICHUM MOJBHXKHOTO OOBEKTa,
OpPYXHUHBl  1eHOPMUPYIOTCS, H3MEHSETCS CUTHA TEHO30/IaTYMKOB, JAHHBI  CUTHAM
MPONOPLUOHANIEH LIEHTPOCTPEMUTEIHLHOMY YCKOpPEHHUIO. VICronb3ysl M3BECTHYIO CBSI3b MEXIY
LHEHTPOCTPEMUTENBHBIM YCKOPEHHEM U YIJIOBOM CKOPOCTBIO, OCYILIECTBIISIETCS TapUpOBKa
naturka. Pa3paboraHa MeToauka pacdyeTra KOHCTPYKTHUBHBIX pPa3MEpOB JaTUMKa HMCXOHs U3
YCJIOBHS JMANa30Ha U3MEPSIEMOM YTII0BOW CKOPOCTH U YyBCTBUTEIHHOCTH AaTunka. CocTaBiieHa
MaTemMaTuyeckas MoJielb W TPOBEACHO €€ HCCIeA0BaHNE, BBIIBUBIIEE HEOOXOAUMOCTh
nemnupoBaHus KoJeOaHW HHEPIIMOHHONW MacChl M TIO3BOJUBIIIEE OMPEICIUTh OCHOBHBIE BUIBI
norpemHoctei [1], BO3HUKHOBEHHE KOTOPBIX OOYCIOBIEHO HETOYHOCTBIO M3TOTOBJICHUS
AJIEMEHTOB JIaTYUKA U aJITOPUTMUYECKUE MOAXO/bI K X YCTPAHEHHUIO.

Pa3paborana cxema mpeoOpa3oBaHUS CHUTHAlla W MaKeT JaT4hKa, MPOBEICHBI
uccienoBanus. B pe3ynbrare KOTOpBIX: OMpenesieHa cxXxeMa TEH30METpUYecKoro mocta [2],
CKOpDpEKTHpPOBaHAa  CXeéMa I[peo0pa3oBaHMsS  CHUTHala, TMOATBEPXKAECHA  aJleKBaTHOCTh
IpeJI0KEHHOW METOIMKY pacyeTa apamMeTpoB.

Paboma evinonnena npu ¢unancosoti noooepoicke Munucmepcmea Hayku u 8vicuLe2o
obpazosanuss P® 6 pamkax eocyoapcmeennozo 3adanus FEWG-2022-0002.
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Development of angular velocity sensor for highly maneuverable mobile object

Sokolov M. V., Likhosherst V.V.
Tula State University, Tula, Russia

This paper presents an approach to the development of an angular velocity sensor for a
highly maneuverable moving object. The sensor has requirements for a wide range of measured
velocities and long operating time.

Highly maneuverable mobile objects are inherent in the change in angular velocity of
motion in a wide range. At the same time it is required to maintain the sensitivity of the sensor in
the whole range of angular velocities. To realize these requirements it is reasonable to use a
group of sensors with different measuring ranges, generally overlapping the range of angular
velocities of the moving object. The analysis of the market of angular velocity gyroscopic
sensors showed the absence of a line of sensors providing the possibility reduction of the
measurement range. The sensor design consisting of two identical centrifugal pendulums
realized in the form of a flat spring with an inertial mass fixed on it is proposed. The pendulums
are positioned at equal distances from the axis of rotation along it. This arrangement allows to
exclude the components caused by linear accelerations of the moving object accelerations from
the readings when summing up the signals. Information conversion is carried out by load cells.

The principle of operation is that when the moving object rotates, the springs are
deformed, the signal of the load cells changes, this signal is proportional to the centripetal
acceleration. Using the known relationship between centripetal acceleration and angular velocity,
the sensor is calibrated. The methodology of calculation of the sensor design dimensions based
on the condition of the range of measured angular velocity and sensitivity of the sensor is
developed. The mathematical model is compiled and its research is carried out, which revealed
the necessity of damping the oscillations of inertial mass and allowed to determine the main
types of errors [1], the occurrence of which is caused by the inaccuracy of the sensor elements
manufacturing and algorithmic approaches to their elimination.

The signal conversion scheme and the sensor layout were developed, and studies were
carried out, as a result of which: the strain gauge bridge [2] scheme was determined, the scheme
of signal conversion was corrected, the adequacy of the proposed method of parameter
calculation was confirmed.

The work was carried out with the financial support of the Ministry of Science and
Higher Education of the Russian Federation under the state task FEWG-2022-0002.
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Bb100p cKOJIB35I11Ier0 OKHA ¢ HCNI0Jb30BAHHEM CBEePTOYHON HelipOHHOM ceTH JIA
TOYHOM OLCHKH TATW ABUIATE/s

I'opo CeKyl, Kopcyn O.H.'?
! MAMU, r. Mocksa, Poccust
DAY «"'ocHUMAC», . Mocka, Poccus

OneHka TArM JABUrarenst SBSIETCA  BaKHEHIIMM  KOMIIOHEHTOM  ONpEAEICHUS
9KCIULyaTallMOHHBIX XapaKTEPUCTUK Ha 3Tane pa3pabOTKHM COBPEMEHHBIX CaMOJIETOB, B TOM
YHCIIe CBEPX3BYKOBBIX.

B npaxTuke oxunaercs, 4To cyMMa TATH U CUla JJOOOBOIO CONPOTUBIICHUS MOKET ObITh
U3MEpeHa B XOJ€ JIETHOTO 3KCIepUMEHTa, HO B [1] mpennaraercs crnoco0 OTAEIbHON OLIEHKH
3TUX ABYX MapaMETPOB C UCIOIb30BAaHUEM YHUKAIBLHOIO TECTOBOIO MaHEBPA.

OneHka TATH JBUTATEIs] OCHOBaHA HA TEOpUU HUACHTH(PHKAIMHU TapamMeTpoB [2,3],
[I03TOMY JUJIsl MIOBBIIIEHNS TOYHOCTU M HAJIEKHOCTH OLIEHKH OIPEJEISIEMOr0 IapaMeTpa MOKHO
UCIIOJIb30BaTh METOJ CKOJIB3SIIIET0 OKHA M TayCCOBCKHE IIYMbl M3MEPEHHS COOTBETCTBEHHO.
[Tpu co3nanuM auamna3oHa BXOJIHBIX J@HHBIX U HOCJIEIYIOLIEM IEPEeMELICHUH 3TOr0 OKHA 10
JAHHBIM Ul BBINOJHEHUS JEeHCTBUA BHYTPH OKHA, METOJ CKOJB3SILIEro OKHA SBISETCA
3¢ pexTUBHBIM cIOCOOOM pellieHus TaHHOU mpobieMsl [4, 5]. MHOTHEe anrOpUTMBI UCIIOJIB3YIOT
3TOT METO[, Hampumep, Te, KOTOpble pelIaroT 3ajaud, Korga s 3¢dexkTuBHOM 00paboTKU
JAHHBIX TpeOyeTcss OKHO (UKCHUPOBAHHOTO pazmepa. OqHAKO HAWTH JIMHY CKOJIB3SIIETO OKHA,
KOTOpasi 00eCcrieunBaeT TOUYHYIO OLEHKY TATH, I0BOJIBHO CJIOKHO.

B 9T0#1 cTaThe OCHOBHOE BHUMAHHE YIEIAETCS HCIOIb30BAHUIO HEUPOHHBIX CETEW,
OCHOBaHHBIX Ha T[OAXO0/€, OCHOBAaHHOM Ha JIaHHBIX, JUId HPOTHO3UPOBAHUSA pazMepa
CKOJIB3SIIET0 OKHAa M 00ecreueHHs] JOCTOBEPHOM OLEHKH TATW. ODTOT METOJ| HUCHOJb3yeT
Oonbime HeoOpabOoTaHHbIE JaHHbIE M3 OLUEHKUM TATH, KOTOpPbIE IPEABAPUTEIBHO
00pabaTbIBalOTCS C MOMOLIbI0 CETMEHTHOM HUCXOASIIECH BBIOOPKM M CKOJB3ALIETO0 OKHA JJIS
MOJIyYEHUS XapaKTEPUCTUK U MOBBIIIEHUS TOYHOCTH IPOTHO3UPOBAHUS.

DTOT MOAXOJ OCHOBaH Ha KJIACCU(DUKAIMOHHOW ceTH [6]; mms oOydeHuss MOJENH s
KJIaCCU(UKALMU JAHHBIX aBTOPHI MCMOJIb3YIOT JaHHbIE, ITOJYYEHHbIE ITyTEM U3MEHEHUS IJIUHBI
MHTEpPBaJa CKOJIB3SIIEro OKHA.

UtoObl W3BIA€YP M M3YUYUTh CJOXKHBIE XapaKTEPUCTUKU U3  IPEABAPUTEIHBHO
00paboTaHHBIX JAHHBIX OLEHKHU TATHU (Tsra, 1000BOE€ COMPOTHUBIIEHNE M CPEAHEKBAAPATUUECKOE
OTKJIOHEHHUE), MHCIOJIb30BaAJaCh ApXUTEKTypa TIyOOKOM HEMpOHHOW CeTH, OCHOBaHHYIO Ha
JIBYMEPHBIX TPAJAULMOHHBIX HEHPOHHBIX ceTsx. [y cOopa JaHHBIX ObUIM MCIIOJB30BaHbl TPU
pa3IMYHBIX HHTEpBasla BpeMeHu oopabdotku (51 ¢, 58 ¢, 63 ¢). s kak0ro HHTEpBaia BpeMEHH
00paboTKM OBIIO BBHIOPAHO M3 OJHOTO peXUMa paboThl JBUTATENsA, JECATh pa3IMYHBIX
CKOJIB3AINMX OKOH B auamnasone ot 300 xo 1200.

Bo Bpems moaroTtoBku AaHHBIX NPOObI OTOMPAIOTCS C HCMIOJIb30BAaHUEM KPHUTEpUS,
paszpaboTaHHOTrO | 3amareHToBaHHOrO npodeccopom O.H.KopcyH. DTOT kpuTepuii I1acur, 4To
OKOHUATENIbHAs OIIEHKa TATH TMOJIydaeTcs CleayloluM o0pa3oM: HEO0OXOAUMO HaWTh
MUHUMAaJIbHOE 3HAYEHHUE CPEIHEKBAIPaTHUECKOE OTKJIOHEHME U B3STh COOTBETCTBYIOILEE
3HAUEHUE BPEMEHU; ITO 3HAUYEHUE BPEMEHU 3aTEM MCIIONB3YETCs U1 OLICHKH TsrH [1].

OOGOCHOBAaHHOCTh U TPEBOCXOACTBO MPEUIOKEHHOIO METO/a OBLUIM MOATBEPKACHBI
OOJIBIIMM KOJIMYECTBOM HKCHEPUMEHTOB, MPOBEACHHBIX HA JKCIIEPUMEHTAIbHBIX JaHHBIX I10
oneHke TAru. ToyHocTh Moaenu nocturia npumepHo 80-90%, M oHa cMoria OTIMYUTH
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HENPABWIBHYIO JJIMHY CKOJIB3SILEro OKHA OT NMPAaBWJIBHOM JJIMHBI CKOJIB3AIIEr0 OKHA; TaKUM
00pa3oM, 3TOT KPUTEPU, YHOMSHYTBIH BbIIIE, SBISETCS HAJACKHBIM Ha IPAKTHKE.
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Estimation of the sliding window interval using convolutional neural network for an
accurate estimation of the engine thrust

Goro Sekoul, Korsun O.N.'?
! MALI, Moscow, Russia
2 State Research Institute of Aviation Systems, Moscow, Russia

Engine thrust estimation is a crucial component of performance determination in the
development phase of modern aircraft, including supersonic aircraft.

Although it is expected that the sum of thrust and drag can be measured in a flight
experiment, [1] proposes a way to separately estimate the two parameters using a unique test
maneuver.

Engine thrust estimation is based on parameter identification theory [2,3]; therefore, to
increase the accuracy reliability of the parameter to be identified, the sliding window technique
and Gaussian measurement noises can be used respectively. When creating a range in the input
data and then sliding that window across the data to carry out an action inside the window, the
Sliding Window Technique is an effective way to address the problem [4,5]. Many algorithms
use this technique, such as those that solve problems where processing data efficiently requires a
fixed-size window. However, Finding the sliding window length that provides a reliable estimate
of the thrust is difficult.

In order to address this difficult issue, the primary focus of this paper is on using neural
networks based on data driven approach to forecast the sliding window size, which provides a
trustworthy thrust estimate. The approach makes use of large-scale raw data (big data) from
thrust estimate, preprocesses it using sliding window sample preparation and segment-wise down
sampling to extract characteristics and improve prediction accuracy.
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The approach is based on a classification network [6]; to train the model for data
classification, the authors use data that are acquired by varying the sliding window interval's
length.

To extract and learn sophisticated features from the preprocessed thrust estimation data
(thrust, drag, and standard deviation), a deep neural network architecture based on 2D
convolutional neural networks was used. Three distinct processing time intervals were used to
gather the data (51 s, 58 s, 63 s). Ten distinct sliding windows were selected from a given
operation of the engine, for each processing time interval, ranging from 300 to 1200.

During the data preparation, the samples are taken using a criterion developed and
patented by Professor Oleg N. Korsun. This criterion states that the final estimate of the thrust is
obtained as follows: One should find the minimum value of the standard deviation and take the
corresponding time value; this time value is then used to estimate the thrust [1].

The validity and superiority of the suggested method have been proved by a large number
of experiments carried out on experimental data from thrust estimation. The accuracy of the
model reached about 80-90% and it was able to classify wrong sliding window lengths from
correct sliding window lengths; therefore, this criterion mentioned above is reliable in practice.
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Peasm3anms naTunka rpaBUTAUMM U JIMHEHHOI0 YCKOPEHHS HA OCHOBeE
MHMKPOMEXaHHU4eCKOI0 MOYJisl THPOCKOIIOB U aKceJepoMeTpPOB

Crpensuos J1.C., Marsees B.B.
Tynl'VY, r. Tyna, Poccus

B HacrosiieM gokiaje npeAcTaBieH aHallu3 pean3aluy JaTuuKa JJMHEHHOTO YCKOpeHus
U TpaBUTAlMM HA OCHOBE MHMKPOMEXAHMYECKOTO HHEPIHAIbHOTO W3MEPUTEIBHOIO MOIYJIS.
Crnioco0 peanuzanuy 3aKiIIO4aeTcsi B HAXOXKJICHUH KOOPAWHAT BEKTOpa YCKOPEHMsI CBOOOIHOTO
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NaJIcHUs] B CBSI3aHHON C yCTPOMCTBOM CHUCTEME€ KOOPJMHAT M BBIYUTAHMM 3TOrO BEKTOpa M3
U3MEPEHHOTr0 OJIOKOM aKCeNepPOMETPOB BEKTOpPA YCKOPEHHSL.

JUisi HaxOoXIEHHs KOOPIMHAT BEKTOpa YCKOPEHUS CBOOOIHOTO TMaaeHHs HYKHO
YMHOXHUTh MaTpully MOBOpoTa Ha BeKTOp ¢ KoopauHatamu (0, 1, 0) — BekTop yckopeHus
CBOOOJTHOTO MaJeHUsi B reorpaduueckol cucreMe KoopauHaT. Pe3ynbraT Takke SBISETCS
IIOKa3aHUEM BHMPTYAJIIbHOTO JaTyvka IpaBuTanuy. DakTUUECKH JUIsl BBIYUCIEHHS BEKTOpa
IpaBUTALIUM HY)KHbI HE aKCEJIEpOMETPhl, a anpuopHas UH(popMalus 00 YCKOpEeHHH CBOOOHOTO
naJieHUs] U OpUCHTALUH.

T.k. BbIUMCIIEHUE MaTpHULbl TOBOPOTA U3 YrioB Dinepa-KpbuioBa TpeOyeT BbIUMCIECHUS
TPUTOHOMETPHUYECKUX (PYHKIHH, 1Ieecoo0pa3Ho coOpaTh TOIBKO MAaTPUILy TTOBOPOTa B MOMEHT
BKJIIOUEHUS JlaTyMKa (110 MOKA3aHUSM aKCEJIEPOMETPOB, T.K. KypC Ha BBIYMCIEHUS HE BIMSET) U
3aT€M BBIYMCICHUE OPHEHTALUU NPOBOAMUTH [0 AITOPUTMY OpPHEHTALMM C MAaTpULel
HaNpaBJIAIONUX KOCHHYCOB, T.K. OH JaéT MaTpuIily NOBOpoTa 0O€3 TPUTrOHOMETPHUYECKHX
byakuumii [1].

OKCIIEpUMEHTAJIBbHO YCTAHOBJIEHO, YTO Takas peaju3alus I[03BOJIAET HCKIIOYUTh
BIMSIHUE JIMHEHHOIO YCKOPEHHs Ha TOYHOCTb pe3yjbTaTa BbIYUCIEHHH. DTO JOCTUTraeTcs
UCIOJIb30BAHUEM YHUCTO THUPOCKOMHUYECKOro anroputma. OIHAKO T.K. KOPPEKLIMIO MaTpHIIbl
MIOBOPOTA IO aKCEJIePOMETpPaM MPOU3BECTH HEBO3MOXKHO (3TO OyaeT BHOCHTH IMOTPEIIHOCTH),
BBIUMCJICHUS] JINHEHHOTO YCKOPEHHS U TPaBUTALMM KOPPEKTHBI JIMIIbL HA HEKOTOPOM OTpE3Ke
BpeMeHu. TeopeTnuecku nmpodiieMa perraercsi 100aBjIeHuEM MarHUTOMETPOB.

[IpoBepka peanu3al NOpPOBOAMIACH HA MPUMEPE MHUKPOMEXAHHYECKOTO MOy
MPUG6050, BCTpOGHHOro B MacIUTaOHyIO MoJienb camojieTa. Takke paboToCIOCOOHOCTh
HOATBEpXK/I€HA HAa JaTyukax TenedoHa. DKCIEpUMEHTAIbHO YCTAHOBJIEHO, YTO 4YeM TOYHEe
THPOCKOIIBI, TEM TOYHEE MOKA3aHUs aTUHKA.

Paboma evinonnena npu ¢unancosoii noodepixcke Munucmepcmea HAYKU U 8blCULE2O
obpazosanus P® 6 pamkax eocyoapcmeennozo sadoanus FEWG-2022-002
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Implementation of a gravity and linear acceleration sensor based on a micromechanical
module of gyroscopes and accelerometers

Streltsov D.S., Matveev V.V.
'Tula State University, Tula, Russia

This report presents an analysis of the implementation of a linear acceleration and gravity
sensor based on a micromechanical inertial measurement module. The implementation method
consists in finding the coordinates of the free-fall acceleration vector in the coordinate system
associated with the device and subtracting this vector from the acceleration vector measured by
the accelerometer unit.
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To find the coordinates of free-fall acceleration vector, multiply the rotation matrix by a
vector with coordinates (0, 1, 0) — the free-fall acceleration vector in the geographical coordinate
system. The result is also an indication of a virtual gravity sensor. In fact, to calculate the gravity
vector, we do not need accelerometers, we need a priori information about the acceleration of
free- fall and orientation.

Since calculating the rotation matrix from Euler-Krylov angles requires calculating
trigonometric functions, it is expedient to assemble only the rotation matrix at the moment when
sensor is switched on (according to the accelerometers, since the course does not affect the
calculations) and then calculate the orientation using an orientation algorithm with a matrix of
guiding cosines, because it gives a rotation matrix without trigonometric functions [1].

It has been experimentally established that such an implementation allows to exclude the
influence of linear acceleration on the calculation of this acceleration. This is achieved by using
a purely gyroscopic algorithm. However, since it is impossible to correct the rotation matrix by
accelerometers (this will introduce an error), calculations of linear acceleration and gravity are
correct only for a certain period of time. Theoretically, the problem is solved by adding
magnetometers.

The verification of the implementation was carried out using the example of the
MPU6050 micromechanical module integrated into the scale model of the aircraft. Also, the
functionality is confirmed on the sensors of the phone. It has been experimentally established
that the more accurate the gyroscopes, the more accurate the sensor readings.

The work was carried out with the financial support of the Ministry of Science and
Higher Education of the Russian Federation within the framework of the state task FEWG-2022-
002.
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Moandukanus CTPYKTYPHOIl MOIe/IH YIIPABJIAIOIIMX AeiCTBUH JeTUYMKA 1JIA 321241
MHOI'OKOHTYPHOI'O YIIPABJICHHUS

Edpemos A.B., Kop3yn @.A.
MAM, r. Mocksa, Poccus

B HacTosiiee Bpemsi OONBIIMHCTBO 3a/lad PYYHOTO YIPABIEHHUS PACCMaTPHUBAIOTCS B
MPEANOI0KEHUH, YTO JIETYMK OCYIIECTBISECT OJHOKOHTYPHYIO 3aJady ympasieHus. Takon
MOJXOJT HE TIIO3BOJSET JOCTOBEPHO OINKCATh PsI 3aJad MHJIOTHPOBAHHS, B KOTOPBIX
OTCIIS)KHBACTCS HECKOJIBKO (Pa3oBBIX KoopawHAT. K TakuM 3amadaM, B 9aCTHOCTH, OTHOCHTCS
nocaaka camoneta [1]. B cBs3u ¢ 3TuM OBLIO MPEIIOKEHO MPOBECTH HCCIICAOBAHMS 3a/1auud
OTCIC)KMBAHMS TJIMCCAABl HA OJTame TOCagKh., B KOTOPOM JIETUYMK TaKKe 3aMbIKaeT
JOTIOTHUTEIBHBIA KOHTYP TIO BEPTUKAIBHON CKOPOCTH WM MO Yriy TaHraxa. lIpom3BeneHa
MonuduKanys CTPYKTYpHOW MOJAENH JCUCTBUN JIETYUKA W TPOBEICHO MaTeMaTHUECKOe
MOJICTTUPOBAHUE MHOTOKOHTYPHOW CHUCTEMBI YIIPABJICHHS, C YYETOM IIIYMOBOW COCTaBISIOIEH
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JNEHCTBUI JIeTUMKa B KaXKJIOM KOHTYpE yIpaBJeHHs, ¢ ONTUMU3AIMed Kod(h(OULIMEHTOB MOAEIN
JNEUCTBUI JIeTYMKA, IMyTeM MUHUMHU3ALHUMA JUCIEPCHHM CHUTHAJda OIIMOKK OTCIICKUBAHUS
rimccanpl [2]. [IpoBeneHo cpaBHEHMS JABYX BapHaHTOB MAaTEMAaTHUYECKUX MOJENEH Ui BBIOOpa
3aMBIKa€MbIX KOHTYPOB, BBIOOp KOTOPBIX OCYIIECTBISICTCS U3 YCIOBUS MHUHUMHU3AINN
JTUCTICPCUU CUTHANIA OIMMOKM OTCIICKUBAHUS TiMccaabl. Takxke B pabore OblIa Ipou3BeleHa
MouduKaIys cylecTByomero Mmeroaa kodhduuuento Oypbe i 3aJa4d MHOTOKOHTYPHOTO
yIpaBieHUS U MPOBEACHO MOJYyHATYpPHOE MOJEINPOBAHNE Ha MUJIOTAXHOM CTeH ie JabopaTtopuu
MAW HWJI TICCIJI. Ilo pe3ynbraraM MOJYHATYpPHOTO MOJCIMPOBAaHUS OblIa TOATBEpPIKICHA
aJIeKBaTHOCTb PE3YyJbTaTOB, IIOJYYEHHBIX B XOJI€ MaTeMaTUYECKOr0 MOJAEITUPOBAHUSA C
MOJIYHATYPHBIM MOJICIIMPOBAHUEM U MTOKA3aHO, YTO BApUAHT 00pa30BaHMs BHYTPEHHETO KOHTYypa
0 YTy TaHTaKa 00ECIeYNBACT HAUBBICIIYIO TOYHOCTh CIICKEHUSI.

Ilybnukayusa noocomoenena 6 pamkax peanusayuu IIpoepammvl co30aHusi u pazeumus
Hayuno2o yewmpa mupogoco ypoeus «Ceepxsgyky Ha 2020-2025 20061 npu @urancosol
noooepoicke Munooprnayxku Poccuu (coenawenue om «20» anpens 2022 2. Ne 075-15-2022-309).
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Modification of the structural model of the pilot's control behavior in the multi-loop
control task

Efremov A.V., Korzun F.A.
MALI, Moscow, Russia

Today most manual control tasks are considered under the assumption that the pilot

performs a single-loop control task. This approach does not allow us to reliably describe a
number of piloting tasks in which several phase coordinates are monitored. Such tasks, in
particular, include aircraft landing [1]. In this regard, it was proposed to conduct research on
the glide path tracking task during the landing stage, in which the pilot also closes an

additional loop in vertical speed or pitch angle. A modification of the pilot's control behavior

structural model was made and mathematical modeling of a multi-loop control system was

carried out, taking into account the noise component of the pilot's actions in each control loop,

with optimization of the coefficients of the pilot's behavior model, by minimizing the

dispersion of the glide path tracking error signal [2]. A comparison has been made of two
versions of mathematical models for selecting closed loops, the choice of which is carried out
based on the condition of minimizing the dispersion of the glide path tracking error signal.
The work also included a modification of the existing method of Fourier coefficients for the

multi-loop control task and a semi-natural simulation was carried out on the ground based
workstation of the laboratory of the MAI NIL PSSL. Based on the results of semi-natural
simulation, the adequacy of the results obtained during mathematical modeling with semi-

natural simulation was confirmed and it was shown that the way of forming an inner loop
along the pitch angle provides the highest tracking accuracy.
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MeToabl OLIEHKH AJTOPUTMA BU3YaJIbHOI0 MO3MLIIMOHUPOBAHUS MOABUKHOTO
00beKTa HA YCTOMYHUBOCTD K Pa3JIMYHbIM HCKAKEHUAM

bexnep U.A.
Tyal'V, r. Tyna, Poccus

C pa3BUTHEM aNTOPUTMOB BH3YyaJbHOTO MO3HIIMOHUPOBAHUS IMOJABHKHBIX OOBEKTOB
[1] BO3HUKAIOT MOTPEOHOCTH B OILEHKE TAKMX AJITOPUTMOB Ha YCTOMYMBOCTH K MCKAKEHUSIM.
[log wHCKaXEHUSMH [OHUMAIOTCS  pa3IMuusl MEXAY CHHUMAaeMOW MOACTHIIAIOIIEH
MOBEPXHOCTHIO (C TMOJBMKHOTO OOBEKTa) M ITAJIOHHOTO HM300pa’keHUs OAHOW cleHbl. B
paboTe paccMaTpUBaETCsl AITOPUTM, OCHOBAHHBIN Ha KIIFOUEBBIX TOUKaX [2].

[IpuBonsaTcs pe3ynbTaThl MOJEIMPOBAHMUS BIUSHUS HCKAKEHUH Ha KadyecTBO
orpeneneHusi reorpaduueckux KOOpAWHAT TOJBIXKHOTO 00BEeKTa. B kadecTBe KpuTepus
OLICHKM HCIOJb3YIOTCSI CPEJHEKBAPATUYECKAsI MOTPEIIHOCTh MO3UIIMOHUPOBAHUS U BpEMs
UTEpalliy alIroputMa. MOAEIUPOBAIUCH CIEAYIOLME HCKAXEHHUs: CMa3, OTHOILLIEHUE
MacIiTabOB  M300paKEHUH  MOJCTHIIAIONIEH  MOBEPXHOCTH U KapThl  MECTHOCTH,
MEPCIEKTUBHOE HCKa)XEHHE IMOJCTHIAIOIIEH IMOBEPXHOCTH, KOTOPbIE HCCIEI0BAIUCH IIO
OTJIENIBHOCTH.

ITokazaHo, yTo HauOoJbllIee BIMSHUE HA TOYHOCTh MO3UIIMOHMPOBAHUS OKA3bIBAIOT
CcMa3bl, BO3HUKAIOIINE TpU OBICTPOM IEpPEMEIEHNN U BpallleHuu o0bekTa. BbisBieHo, uTo
JUISL pacCMaTPUBAEMOro ajJropUTMa CYLIECTBYET MOPOroBas BEIMUYMHA CMa3a, MPEBBIIICHUE
KOTOpOM MPUBOJUT K HEKOPPEKTHOM paboTe anropurma.

MopenupoBanueM TMOKa3aHO, YTO OTHOIIEHHE MAacHTaboB JIMHEWMHO BIHMSIET Ha
TOYHOCTh TO3MLIMOHUPOBAHMS: YeM OJMKe H300pakeHUs IO Pa3pelIeHuI0, TeM MEHbIIe
NOTPEIIHOCTh NO3UIMOHUPOBAaHUA. B ommMuMe OT JApyrux HCKaKEHWH OTHOILEHUE
MacIITaboB BHOCUT HE3HAYUTEIbHYIO MOTPEUIHOCTh MO3MIMOHUPOBAHUS, HO TPU STOM
aCUMIITOTUYECKH BIIMSET Ha Bpems uTepauuu. B ciydae, korja u3oOpaxeHus ONM3KH 1O
pa3pelIeHnI0, 0’KUIAETCSl HanOOJIbIIIee BpeMs UTepaLiu.

Uccnenyemblit  anropuT™M — IpeAnosiaraeT, dYTo HU300paKeHHe MOJICTUIIAIoIEeN
MOBEPXHOCTU MpHOIMKEHO K oprodoToruiany. HecoBmageHue mnepcrnekTHB MNPUBOAUT K
MOTPEIIHOCTH TO3UIIMOHUPOBAHUSA, KOTOPOE JIMHEHHO BO3pacTaeT MpH YBEJIUYEHUH YTJIOB
KpeHa M TaHTa)ka OTHOCUTEIIbHO HOPMAJIU K MOJCTHIIAIONIEH TOBEPXHOCTH.

PaccMoTpeHHBIE METOABI MO3BOJSIOT CIPOTHO3UPOBATH pPA0OTy anroputMa MpU
Pa3INYHBIX MCKAKEHMSX, a TaKKe OLEHUTh TpeOyeMble XapaKTepPUCTUKU IJIEMEHTHOH 0a3bl
JUISl IPOEKTUPOBAHUS CUCTEMBI BU3YaJIbHOTO MMO3ULIMOHUPOBAHUS.
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Methods of evaluating the algorithm of visual
positioning of a moving object for resistance to various distortions

Baechler L.A.
Tula State University, Tula, Russia

With the development of algorithms for visual positioning of moving objects [1], there
is a need to evaluate such algorithms for robustness to distortions. Distortions are understood
as differences between the captured underlying surface (from a moving object) and the
reference image of the same scene. In this paper we consider an algorithm based on key points
[2].

The results of modeling the influence of distortions on the quality of geographical
coordinates determination of a mobile object are presented. RMS positioning error and
algorithm iteration time are used as evaluation criteria. The following distortions were
modeled: motion blur, the ratio of the scale of the underlying surface images and the terrain
map (reference information), perspective distortion of the underlying surface. The influence
of distortions was investigated for each type separately.

It is shown that the greatest impact on positioning accuracy is caused by motion blur,
which occurs when the object is rapidly moving and rotating. It is revealed that for the
considered algorithm there is a threshold value of motion blur, exceeding which leads to
incorrect operation of the algorithm.

Modeling shows that the scale ratio linearly affects the positioning accuracy: the closer
the images are in resolution, the smaller the positioning error. Unlike other distortions, the
scale ratio introduces negligible positioning error but asymptotically affects the iteration time.
When images are close in resolution, the longest iteration time is expected.

The algorithm under study assumes that the image of the underlying surface is
approximated to an orthophotoplane. The mismatch of perspectives leads to positioning error,
which increases linearly with increasing roll and pitch angles relative to the normal to the
underlying surface.

The considered methods allow us to predict the algorithm performance under different
distortions, as well as to estimate the required characteristics of the element base for the
design of the visual positioning system.

This work was financially supported by the Ministry of Science and Higher Education
of the Russian Federation under the state assignment FEWG-2022-0002.
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NaenTndukanus XxapakTepuCTHK YIPABIAIOLIUX AeiicTBHIA JeTYHKA B 3aj1a4e
MHOT'OKAHAJBLHOIO YIIPaBJICHUS ¢ IePEKPECTHLIMHU CBA3SIMU

[Iponanuk B.A., Eppemor A.B.
MAMU, r. Mocksa, Poccus

B macrosmeit pabore paspaboTaH MeTon HIECHTU(DUKALUU  XapaKTEPUCTHK
VOPaBISIOMUX  JOCHCTBUIM  JeTYMKa B  3aJaye MHOTOKAHAJIBHOTO  YIPaBJICHUS C
NEPEKPECTHBIMU CBSI3SIMU U MIPUBEACHBI PE3YJIbTAThl UCCIAEAOBAHUS YIIPABISIIOIINX JEHCTBUI
JeTYMKAa B TaKHUX 3aJayax C LEJNbl0 pa3pabOTKU CPEICTB aBTOMATHU3alMM, MOBBIIIAIOIINX
0€30MacHOCTh MUJIOTUPOBAHMUSI.

JUia  npoBeAeHMsI  DKCHEPUMEHTAIbHBIX  HCCIEJOBAHMM C  HCIOJB30BAHHUEM
MOJIYHATYPHOTO MOJEIUPOBAHUS HA MHUJIOTAXHOM CTEHJIE HAayYHO-UCCIIE0BATEIbCKOM
naboparopun  «llujgoraxxHple CTEHOBI U CHCTEMa  «camoleT-IeTdnk»» MAU ¢
UCIIOJIb30BaHUEM pa3paboTaHHOIO MeTOoAa MACHTU(UKAIMU XapaKTEPUCTUK YIPABISIOMINUX
NEHCTBUI  JleTYMKa B 3aJadye MHOTOKAHAIBHOTO YIpaBieHHA Oblla IPOU3BElEHA
Moau(UKAIMs ~ CYIIECTBYIOIIETO  MPOrPaMMHOIO  OOecreueHus, OCHOBAaHHOIO  Ha
ucrnonb3oBanuu Merona kodpdummentos dypre [1]. i yuera BIUSHHUS TEPEKPECTHBIX
CBA3€M Mexay KaHalaMd ObulM BbIOpaHbl MapaMeTpbl MMOJIUTAPMOHUYECKHX BXOJTHBIX
curHaioB [2] u pa3paboTaH aNrOpUTM HUHTEPHONALMU TMOIYYaeMbIX YaCTOTHBIX
XapakTEepUCTUK Ha oOmuil aumana3zoH yactoT. [lomydeHO ycinoBHE «pa3BsS3KW» KaHAJIOB
YIOpaBJICHUS AJIA 3314l JBYXKAHAIBHOTO YIIPABICHHUS.

PaccmoTpeno BiMsiHHME pacnpeneneHus BHUMAHHUA JIETYMKA MEXIy KaHallaMu
VOpaBJI€HUS, a TaKXe BIMSIHUE HaJIW4YUsl [EPEeKPeCTHbIX  cBs3el. [IpoBeneHbl
HKCIIEPUMEHTAJIbHbIE MCCIE0BaHUs Ha MUIOTAXHOM CTEHJE JUIs 3a/lad OJHOKAaHAJIbHOIO U
JIBYXKAHAJILHOTO YIIPAaBJICHHUS, a TAaK)Ke /Ul 33/1a4 ABYXKaHAIbHOIO YIPABJIEHUS B YCIOBUSAX
INPUCYTCTBHUSl Pa3IMYHBIX TEPEKPECTHBIX CBA3CH MeEXIy KaHajgamu. BbioiHeHO ueThipe
CEepUU SKCIIEPUMEHTOB, B pPE3yJIbTaTe KOTOPHIX IMOJIYYEHbl YACTOTHBIE U HWHTETpalibHbIE
XapaKTEpUCTHUKU CUCTEMBI CaMoOJEeT-IeTYuK. [IpoBeneHO CpaBHEHME IUCHEPCHUU CUTHAA
OMOKK B cilydae, KOrja JIETYUK OTCIEKHUBAET OJHOBPEMEHHO [BE KOOPAMHATHI, C
JMcIiepcuell curHajga OMMOKM TNpU YOpaBiIeHWH B OJHOM KaHane. [IpoBereH aHamu3
YACTOTHBIX XapPAKTEPUCTUK MEPEKPECTHBIX CBSA3EH, BBOAMMBIX JIETYUKOM, U CHEJaH BBIBOJ O
TOM, HAaCKOJIbKO OHH YAOBJIETBOPSIOT YCIOBUIO «Pa3BI3KH».

Ilybnuxayus noocomosénena 6 pamxax pearusayuu Ilpoepammul cozoanus u pazeumusl
HayuHoeo yeHmpa muposozo yposHs «Ceepxseyky na 2020-2025 20061 npu ¢urancosoti

109



noooepoicke Munoobpuayku Poccuu (coenawmenue om «20» anpens 2022 e. Ne 075-15-2022-
309).
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Identification of the pilot control actions characteristics in the multichannel control task
with crosscouplings

Prodanik V.A., Efremov A.V.
MALI, Moscow, Russia

In this paper, a method for identification of the pilot control actions characteristics in
the multichannel control task with crosscouplings is developed and the results of a study of
pilot control actions in such tasks are presented in order to develop automation means that
increase piloting safety.

To conduct experimental studies using the MAI ground simulator a method for
identification of the pilot control actions characteristics in the multichannel control task was
developed and the existing software based on the Fourier coefficients method was modified
[1]. To take into account the influence of crosscouplings between control channels, the
parameters of polyharmonic input signals were selected [2] and an algorithm for interpolating
the obtained frequency characteristics to the general frequency range was developed. The
condition for the control channels decoupling for the two-channel control task is obtained.

The influence of the pilot's attention distribution between the control channels, as well
as the influence of the presence of crosscouplings, is considered. Experimental studies have
been carried out on the ground simulator for single-channel and two-channel control tasks, as
well as for the task of two-channel control in the presence of various crosscouplings between
control channels. Four series of experiments were performed, as a result of which the
frequency and integral characteristics of the pilot-aircraft system were obtained. The
dispersion of the error signal in the case when the pilot tracks two coordinates simultaneously
is compared with the dispersion of the error signal during control in one channel. The analysis
of the frequency characteristics of the crosscouplings introduced by the pilot was carried out,
and a conclusion was made about how they satisfy the decoupling condition.

The paper is prepared in the framework of the Program for the development of a
world-class research center “Supersonic” in 2020-2025 founded by Russian Ministry of
Science and Higher Education (Agreement 16 Nov 2020 Ne 075-15-2020-924).
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Buusinue 3ana3abIBaHus B TPaKTE yIIpaBJC€HHUA HA TOYHOCTDb BBINIOJTHCHUSA 3a/1aYU
MOCAAKHU AJIA PA3HBIX KJIACCOB JCMOHCTPATOPOB JIETATC/IbHBIX allliapaToB

Boponka T.B., Tarnuk M.C.
MAMU, r. Mocksa, Poccust

B mnponecce npoekTUpOBaHUS COBPEMEHHBIX JIETATENIBHBIX allapaToB BCE dalle
npuOeraroT K CO3JaHHIO IEMOHCTPATOPOB TexHoJoruid. [IpennonoxurensHo, GopMupoBaHue
MacIITaOMPOBAaHHOI'O JIETHOI'O JIEMOHCTPAaTOpa MOJKET 3HAYMTEIbHO CHU3UTH PAcXojbl Ha
IPOBE/ICHUE DSKCIIEPUMEHTOB, COXpaHsAs IIPU 3TOM BBICOKOE KadyecTBO IOJy4aeMbIX
pe3yinbraroB. IlockonbKy aeMOHCTparop OyIeT SBIATbCA OCCHMUIOTHBIM, TO OCHOBHBIM
PEKUMOM IS psAia ATAIOB 1oJieTa OyJeT ABIATHCS TEIEONEePaTOPHBIA PEXUM yIIPaBJICHUS.

CrouT OTMETUTh, YTO NP UCIOJIB30BAHUM TEJICONEPATOPHOIO PEXUMA yNpaBICHUS
HAOJII0JIaeTCsl CYUIECTBEHHOE 3alla3/IbIBaHUE B OOMEHE YIPaBJISIIOIIMX CUTHAJIOB MEXIY
HA3€MHOM CTaHIMEW YNpaBieHUs W OCCHHMIOTHBIM JIETATEIbHBIM ammapaToM. JTO MOXXET
IPUBECTH K YXYAIIEHUIO Ipolecca MUIOTUPOBAHUSA, YTO B CBOI OYEpPEIb IMPUBEIET K
aBapUIHBIM CUTYyalUsIM, OCOOEHHO IpH OTPaOOTKE CIIOKHBIX 3TAllOB IOJETa TAaKUX, KaK
nocaaka. Tak Kak JEeMOHCTPATOp MOKET ObITh KaK MOJHOPa3MEpPHBbIM, TaK U YMEHbIIEHHON
KONMEH, TO HE0OXOAMMO IPOU3BECTH HMCCIEIOBAHME BIMSHUS 3alla3[bIBaHUS Ha TOUYHOCTh
BBINOJIHEHUS 3a7jauil IOCAAKH AJIS Pa3JINYHBIX KJIACCOB JIETATEIbHBIX allapaToB: OT MEPBOr0O
JI0 4YETBEPHOT0 KJ1acca.

B nacrosmieit paGore ObUIM HPOBENEHBI SKCIEPUMEHTAIbHBIE HCCIEIOBaHHUS Ha
NWIOTAaKHOM CTEHTE Hay4HO-UCCIIe0BaTeNbCcKOM naboparopun «llmnoTaxxkHble CTEHABI U
CUCTEMA «CaMOJET-IETYUK» MOCKOBCKOIO aBHALlMOHHOTO HWHCTUTYTAa. bBbIIM MOIydeHb
CIIEIYIOIINE PE3YIbTAThI:

e Jlns camoneToB nepBoro kiacca Maccoil 70 TOHH IpHU HAJIMYUM 3aria3/IbIBaHUS
BEPOATHOCTb NPUHATHS PEIICHUs Ha BBINOJIHEHUE Hocaaku cocraiser 80%
MIpU BEeJTUYHHE 3ana3abiBanus 10 0,4 cexyHn;

e Jlns caMOJETOB YETBEPTOro Kjacca Maccoi 7 TOHH TMpH HAIWYUU
3ama3/bIBaHUsl BEPOSATHOCTh MPUHATUS PELICHUs Ha BBINOJHEHHE MOCAJIKU
cocrasisier 100% npu BennunHe 3ana3asiBanus 10 0,8 ceKyH/I.

Takum o00Opa3oM, C TOYKHM 3pEHHS 3aMEHbl PYYHOIO pEXHMa yIpaBJICHUS
TEJIEONEPTOPHBIM MpPHU HCIOJIb30BAaHUM JAEMOHCTPATOPOB TEXHOJOTHUH, I1e1ecO00pa3HbIM
ABJIIETCS CO3JaHUE JEMOHCTPATOPOB, IMPEACTABISAIONMX COOOM YMEHBIIEHHYIO KOMHIO
JIeTaTeIbHOTO arapara.

Ilybnukayus noozomoenena 6 pamkax peanuzayuu IIpoepammel coz0anus u pazeumus
HAYYHo20 yeHmpa mupogoz2o yposHs «Ceepxsgyk» na 2020-2025 200vi npu gunancosoi
noooepacke Munobpnayku Poccuu (coenawenue om «20» anpena 2022 2. Ne 075-15-2022-
309).
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OuenuBaHye NPoeKIii CKOPOCTH BeTPa B PesKUMe PeaibHOT0 BpeMeHHU HA OCHOBe
JAHHBIX CIIYyTHUKOBOW HABUTAIIMU M DapOMeTPUYECKNX U3MepeHM i

Kopcyn 0.H."?, Moynr XTtaHr Om'
'MAN, . Mocksa, Poccus
2TocHUU AC, r. Mocksa, Poccus

[Tpu poBeEHUM JIETHBIX UCIBITAHUN, B JUHAMUKE I10JIETA U NPU IIPOESKTUPOBAHUU
TUpIKaOiiell BaKHEHIIeH 3amadeil sBIsIeTCS HW3MEPEHHE aTMOC(EpHBIX IapamMeTpoB U
napamMeTpoB JBMKEHHUS JIETaTEeNbHBIX ammapaToB [1]. Berep Taxxke sBISETCS Ba)KHEUIIUM
dakTopoM NI pelIeHUs PA3IMYHBIX CIeUU(PUUECKUX 3a/1a4 B aBUALIMOHHOW TEXHUKE, TAKUX
KaK a’poJIMHAMUKa ¢ OOJBIIUM YIJIOM aTakH, OKOJIO3BYKOBAsl a’dpOJAMHAMUKA M OLCHUBAHUE
TATW JIBUraTessl Ha OCHOBE IMOJETHBIX JaHHBIX [2]. OueHuBaHHe MPOEKIUIl CKOPOCTH BETpa
CIOCOOCTBYET TMOBBINIEHHE O€30MacHOCTH MOJETOB, MPEAOCTABISI MUJIOTAM aKTyalbHYIO
uH(pOpMalLlMI0 JJI1 CBOEBPEMEHHOI'O BHECEHUSI KOPPEKTHBOB, OCOOEHHO Ha TaKHUX
KPUTHYECKHUX JTanax, Kak B3J€T U Mocaaka. IJTO Takke oOecrneuyuBaeT yJIydlleHHe
3 PEKTUBHOCTH TOJETOB MIHOBEHHO aJaNTHPYACh K HM3MEHSIOIIUMCS YCIOBHSM BETpa U
ABUAKOMIIAHUM MOTYT ONTHUMHU3UPOBATH TPACKTOPUHU IIOJETOB, COKPATUTH 3aIEpPKKH U
MOBBICUTH d(PPEKTUBHOCTH MMOJIETOB. Kpome TOro, B 4pe3BhIYANHBIX CHUTYalMsIX WIH TMPH
HEOIArONMPHUATHBIX TOTOJHBIX YCIOBHUSAX OIICHMBAHHE CKOPOCTH BETpPA B PEXKUME PEATbLHOTO
BPEMEHH MOXET 00eCHedHTh MUJI0oTaM Oe30MacHO OPUEHTHUPOBATHCA U OBICTPO MPUHUMATH
pelieHus st o0ecreyeHus 0JIaronony4us maccaxupoB U skumnaxa. [lostomy npoBenéHnas B
JTAHHOW CTaThe HAy4YHO-UCCIIEI0BAaTeNIbCKas paboTa Mo pa3paboTKe alropuTMa OLEHUBAHUS
MPOEKINH CKOPOCTH BETpa Ha KOPOTKOM MHTEpBaJIE MOJIETA ABISETCS aKTyalbHOM.

Cnengyer yuuThIBaThb CKOPOCTh BeTpa B 3aJadyax BbISABJICHUS JIMHAMUYECKUX
MOTPEIIHOCTE B TOJETHBIX J@HHBIX BO3AYLUIHOTO CYAHA, NMPU MOJEIMPOBAHUHU IIOJETa
BO3AYIIHOTO Cy/AHAa W MpPHU NMPOEKTUPOBAHHM YEJIIOBEKO-MAIIMHHOTO HHTep(eiica B KabuHe
nwiora [3]. [ng oneHWBaHMS NPOEKIUN CKOPOCTH BETpa B HACTOSIIEM HCCIEIOBaHUU
UCTIOJIb3YIOTCSI METO/Ib TapaMEeTPUUECcKOi uaeHTuuKaum cucteMm [4, 5].

[TpenyioskeHHBIE B JaHHOM paboTe METOA MO3BOJSET TMOIYYHUTh OLEHKH Tpex
IIPOEKIUH CKOPOCTU BETpa B HOPMAJIBHOM 3€MHOM CHCTEME KOOPAMHAT, MUCIOJb3Yys JAHHBIE
CIYTHUKOBBIX HaBurauumoHHbix cucreM (CHC), a Ttaxke OapoMeTpHuecKHe BO3AYILIHBIE
M3MEpPEHUs] BO3JYIIHOM CKOPOCTH, YIJIOB aTaku W yria ckoibxkeHwus. Ilpennonaraercs, uto
JUIst 00pabaThIBa€MOro IMOJIETHOTO MHTEpBalla CKOPOCTh M HAIIpaBJICHUE BETPa MOCTOSHHBI.
[IpenoxeH anropuT™M OLIEHMBAHHS MPOEKIUH CKOPOCTH BETpa C MPUMEHEHUEM MOJIEIH
U3MEpEeHUsl CKonb3smero okHa. Kpome Toro, obcykaaercss BIMSHUE CHCTEMaTHYECKHX
NOTPEIIHOCTEH M3MEPEHUN BO3IYIIHOM CKOPOCTHM Ha IIPOLECC OLEHUBAHUSA TNPOEKIUI
CKOPOCTH BETpa.

B nanHOI uccnenoBaTenbckoil paboTe oco0oe BHUMaHUE OBLIO YIENEHO aHaIU3y
BJIMSHUS THUIIOB MaHeBpa M JUIMTEIbHOCTH HWHTEpBaja CKOJB3SILEro OKHA Ha OLEHKY
npoekuuid ckopoctu BeTpa. PaccmarpuBanuch Takue MaHeBpbl, kKak '"mada", "Oouka',
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"smeiika" ©u ""3MelKa C YBEJIMYEHHOM BEpPTUKAJIbHOW COCTAaBISIIOLIEH", TO €CThb C
JOTIOTHUTEIIFHBIM TIEpEMEIICHIEM B KaHAJIe TAHTaXka.

Pesynbrarhl, monyuyeHHble B TaHHOW paboOTe, JEMOHCTPUPYIOT, YTO MPEATIOKECHHBIN
anroput™ 3PGEKTUBEH AJIs OICHUBAHUS TPEX MPOCKIUN CKOPOCTH BETpa ¢ YMEHBIICHUEM
MHTEpPBaJIa CKOJIb3s11Eero okHa 10 0,5 cekyHabl.
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Real Time Estimation of the Wind Speed Components Based on Measurement Data
from Satellite Navigation and Barometric Measurements

Korsun O.N.'?, Moung Htang Om'
: MALI, Moscow, Russia
2 State Research Institute of Aviation Systems, Moscow, Russia

The measurement of atmospheric parameters and aircraft motion parameters is of the
paramount important task during flight tests, in dynamics of flight , and in airships design [1].
The wind is also important for numerous specific problems in aerospace, such as high angle
of attack aerodynamics, transonic aerodynamics, and engine thrust estimation out of flight
data [2]. The estimation of wind speed components can enhance flight safety by providing
pilots with up-to-date information to make timely adjustments, enhancing overall flight
safety, especially during critical phases like takeoff and landing. It can also improve the
operational efficiency by quickly adapting to changing wind conditions, airlines can optimize
flight paths, reduce delays, and improve operational efficiency. Moreover, in emergencies or
adverse weather conditions, real-time wind speed estimation can help pilots navigate safely
and make swift decisions to ensure the well-being of passengers and crew. Therefore, the
present scientific research work in this paper about the development of the algorithm for the
estimation of wind speed components in a short period of flight interval is relevant.

The wind speed shall be taken into account in the problems of detection of dynamic
errors in aircraft flight data, in aircraft flight simulation, and in cockpit man-machine
interface design [3]. In order to estimate the wind speed components in the present research,
parametric system identification methods [4, 5] are used.

The proposed method in this paper allows obtaining the estimates of three components

of wind speed in a normal earth-fixed axis system using data from a satellite navigation
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system, as well as on-board barometric measurements of airspeed, angle of attack and sideslip
angle. It is assumed that the wind has a constant speed and direction for the flight interval
being processed. The algorithm for estimating wind speed components is proposed by using
sliding window measurement model. Moreover, the effect of the airspeed systematic
measurement errors on the process of estimating wind speed components is also discussed.

In this research work, the main attention was paid to the analysis of the influence of
the types of maneuver and the duration of the sliding interval on the estimation of wind speed
components. Maneuvers such as "pitch step-wise", "barrel roll", "snake" and "snake with an
increased vertical component”, that is, with additional movement in the pitch channel were
considered.

The results obtained in this paper demonstrate that the proposed algorithm is efficient
for the estimation of three components of wind speed with a decrease in the sliding window
interval to 0.5 seconds.
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Ontumu3anus l/lH(l)OpMaHHOHHO-yﬂpaBJ'IHIOIlIEFO M0JIsl KAOUHBI COBPEMCECHHBIX
CaMOJIETOB MYTEM BHECAPEHUA MHOTI'OMOJAJILHOTO HHTep(])ei/ica C YIIpaBJCHUEM B3IJIsI/1a

baitzururosa P.H., Jleun JI.H.
MAMU, r. Mocksa, Poccust

Pactymas cnoxsHocts nHpopmannoHHo-ynpasistomero noiast (UYII) coBpemeHHBbIX
camMoJIeTOB TpeOyeT YJIydllleHHs BHYTPUKAaOWHHBIX HHTeppelcoB ans obecredyeHus
0e30MacHOCTH TMOJEeTOB.  BHeapeHne MHOTOMOJANbHBIX HHTEPHEHCOB € YIpaBlIE€HUEM
B3IJISAa SBJIETCS NEPCNEeKTHBHBIM pemeHueM ais ontumuzauuu UVYIL. CymectByromniue
HCCJIEIOBaHMSI COCPENOTOYEHBbl HA HCIOJb30BAaHUM TEXHOJIOTMHM OTCIIEKUBAHUS TJa3 B
KayecTBe croco0a BbIBOJA MH(OpPMALIUU Ul OLEHKHM KOTHUTHUBHBIX CIIOCOOHOCTEW MUIIOTOB
[1]. IIpumeHeHne MeTona A BBOAA B CBOIO OYEPEAb MOXKET YIPOCTHUTH B3aUMOJEHCTBHE
WJIOTa C CaMOJIETOM, YBEJIMWYMBAas CKOpPOCTb B3aUMOJCHCTBUS M CHWXXasi KOTHUTHBHYIO
Harpy3ky [2]. Ocoboe BHMMaHUe yJeNsAeTCs OTHOCHUTEIBHO HOBOM  TEXHOJOTHHU
OoTCIeXUBaHMUA B3rAga [3] ¢ UCmonb30BaHMEM BeO-KaMepbl M METOJOB MAIIWHHOTO
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00yJeHwUsI.

Pe3ynbTaThl Hccie10BaHUs TOKA3bIBAIOT:

* MHOTOMOJIaJIbHBIE HHTEpdEichl o0ecrieunBaroT 0ojiee ECTECTBEHHOE M MHTYHTUBHOE
B3alMOJICHCTBUE YEIOBEKA C TEXHUYECKUMHU CUCTEMAMHM, HCIIOJIb3YsS HECKOJIbKO KaHaJOB
BBOJIa ¥ BBIBOJIa MH(OpMAINK (TaKTUIIBHBIE, TOJIOCOBBIE U JIP.);

* COUeTaHue yIPaBJICHUS B3IJISOM C JOMOJHUTEIbHBIM KOHTAKTHBIM CIIOCOOOM BBO/IA
ABIISIETCS IEPCIIEKTUBHBIM METOJIOM YCTpaHEHHS HeTpeAHAMEPEHHBIX aKTHUBAIUI;

* TEXHOJIOTHSl OTCJICKMBAaHUS B3IJISa C HCIOJIb30BaHHMEM BeO-KaMephl U METOJOB
MalIMHHOTO O00y4YeHus sBseTCAd dS(PPEKTHBHBIM CHOCOOOM TIPEOJIOJICHHS IpoOJeMm,
CBSI3aHHBIX C JABIKEHHEM TOJIOBBI, XapaKTEPHBIX JJIS IPYTUX TEXHOJIOTHUH;

* pasHooOpa3Has oOyd4aromias BBIOOPKa TIO3BOJIIET pa3padaThiBaTh MOJEIH
HEHPOHHOI ceTH, crocoOHbIe 3(H(PEKTUBHO paco3HaBaTh HAMPABJICHHE B3I B PA3IMIHBIX
YCIIOBHUSAX OCBEIIEHHOCTH, YTO SIBIISETCS NPEHMYIIECTBOM IIPU HCIIOJIb30BAaHUHM B KaOHHE
MUJIOTOB;

* MHOIOMOJANBHBIM HHTEepdeic C yhOpaBiIeHHEM B3[VIAJa W KOHTaKTHOTO
B3aMMOJICHCTBUS SIBISIETCA MEpCHeKTUBHBIM pa3ButueM WVYII kabunbl camonera uist
yIpaBIEHUS C MOMOIIBI0 MHOTOGYHKITMOHATIBHBIX HHIUKAaTOpoB (MFD).

MHoroMojalIbHbIA UHTEpQEic Ha OCHOBE YIPABJICHUS B3TJIAIOM IpU 00ECIICYCHUHU
TOYHOTO OTCICKMBAHMSI HANpaBICHUS B3IVISIa B YCIOBMSX OKCIUIyaTallud caMoJieTa
NO3BOJIUT YJIYYIIUTh B3aUMOJCIHCTBHE MHJIOTa C CHUCTEMaMU camojieTa U IOBBICUT
0€30MacHOCTb MOJIETOB.
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Optimization of the Data-Control Field of modern aircraft by introducing a promising
multimodal interface with gaze control

Baizigitova R.N., Levin D.N.
MALI, Moscow, Russia

The growing complexity of the Data-Control Field (DCF) of modern aircraft requires
improvement of in-cabin interfaces to ensure flight safety. The introduction of multimodal
interfaces with Gaze control is a promising solution for optimizing DCF. Existing research
focuses on the use of eye tracking technologies as a way to output information to assess the
cognitive abilities of pilots [1]. Applying the method for input, in turn, can simplify the pilot's
interaction with the aircraft, increasing interaction speed and reducing cognitive load [2].
Special attention is paid to the relatively new technology of gaze tracking using a webcam
and machine learning methods [3].

The results of the research show:
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* multimodal human-machine interfaces provide a more natural and intuitive
interaction with technical systems using multiple input and output channels (tactile, voice,
etc.);

* the combination of gaze control with an additional contact input method is a reliable
method of eliminating unintended activations;

* the technology of gaze tracking using a webcam and machine learning methods is an
effective way to overcome the problems associated with head movement typical of other
technologies;

* a diverse training sample allows the development of neural network models capable
of effectively recognizing the direction of gaze in various light conditions, which is an
advantage when used in the cockpit;

* a multimodal interface with gaze and contact interaction control is a promising
development of the aircraft cockpit DCF for controlling multifunctional displays (MFD).

A multimodal interface based on gaze control, while ensuring accurate tracking of the
direction of gaze under aircraft operating conditions, will improve pilot interaction with
aircraft systems and increase flight safety.
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ITPOEKTUPOBAHHUE. KOHCTPYUPOBAHHUE. TIPOU3BOACTBO

DESIGN. CONSTRUCTION. PRODUCTION

Knaccupukanus u 0030p padoT mo NnpoeKTUPOBAHUIO
KOMIIO3UTHBIX HeCYIIHX MOBEPXHOCTEH JeTaTeIbHbIX alNapaToB
NPHU OTPAHMYEHUSIX N0 (PIaTTEPy € yUeTOM 0c0OeHHOCTel Jeh)opMHUpPOBaAHUSA

PrimanoBa A.H., I'aBBa JI.M.
MAMU, r. Mocksa, Poccust

AKTYyallbHOCTh peIIeHUs! MPOOIEeMbl a3pOYIPYTOCTH ONMPEAESIeTCS HEOOX0IMMOCTHIO
pa3pabOTKH METOAa NMOMCKA ONTHUMAJbHBIX KOHCTPYKTOPCKUX PELIEHUI NMPU OrpaHUYEHUSAX
1o ¢uaTTepy Ha OCHOBE YTOYHEHHOW TEOPUHU I KOHCTPYKTHBHO aHHU3OTPOIHBIX IaHeNeH
JIETaTEIbHBIX allapaToB U3 KOMIIO3ULIMOHHBIX MAaTEPUAJIOB.

Lenbto nuTepatypHOro 0030pa sABIsETCA UCCIEI0BaHUE OOLIMX MOAXO0/I0B K PEIICHUIO
npoOjaemMbl  TUHAMHUYECKONW — a’3poynpyroil HEyCTOMYMBOCTHM  KOMIO3MTHBIX  HECYLIMX
IIOBEPXHOCTEH JIETAIbHBIX ANIIapaTOB Ha 3Talle IPOEKTUPOBAHHUS.

B 0030pe npezacraBieHsl pa3inyHble MOAXOAb! K PEIICHUIO 3a/1a4 IPOSKTUPOBAHUS C
OorpaHHueHusIMU 10 (QuaTTepy I Hecymux moBepxHocTed [1,2] M KOHCTPYKTHBHO
AQHU30TPONHBIX MaHeseH [3] JeTaTenbHbIX annapaToB U3 KOMIIO3ULMOHHBIX MaTEpHAJIOB.

B paccMOTpeHHBIX MCTOYHHMKAaX aBTOpPaMM HCIOJb30BAIKMCh Pa3IMYHbIE METOMbI IS
pelieHus 3ajad MPOEKTUPOBAHUS NpPU OrpaHUYEHUsIX 1o Quarrepy. s CTpyKTypHOTO
MOJICIIMPOBAHMS  JAMHAMHYECKOW TPOYHOCTH B  OOJNBIIMHCTBE paboOT NpUMEHSETCs
KJJacCU4ecKas Teopus IUIACTHMH B COYETAaHMM C Teopuel HeluHeHHbIX nedopmanuii ¢GoH-
Kapmana ¢ nocineayroomuM IMOCTPOEHHUEM KOHEYHO-IJIEMEHTHBIX MOJENeH, a Ui
a’pOJMHAMUYECKOTO MOJEIMPOBAaHUSA - JIMHEWHAs TEOpHsl IOPIIHEBOIO [JBIKEHUS U
ypaBHeHue Hasbe-Crokca [4]. Pemarorcst cioxHble 3aayd Ha COOCTBEHHbIE 3HAYEHUS,
chopmynupoBaHHBIE HA OCHOBE YpaBHEHUN JBIKeHUs Jlarpanka-I'aMuIbTOHA COBMECTHO C
UCIIOJIb30BAaHUEM  KJIACCMYECKOTO0  METOJa  HAaxOXKIEHMs  COOCTBEHHBIX  3HAUEHUH.
COBOKYIHOCTh MPEACTABIEHHBIX METOJOB HE B IOJIHOM Mepe IMO3BOJSET PEelIUTh 3aJady
IPOEKTUPOBAHUS HECYLIUX MOBEPXHOCTEH, BHIIIOJHEHHBIX U3 KOMITO3UIIMOHHBIX MaTEpUaJIOB
IpU OTPaHUYEHUSX MO (aTTepy.

IIpn wucnonbp3oBaHME KOMIIO3MLIIMOHHBIX MAaTEpUaJIOB HA JTale INPOEKTUPOBAHUS
HECYIUX ITOBEPXHOCTEH, JeMI(PHUPOBAHUE MOXKET YIYYLIUTh CHOCOOHOCTh 3aTyXaHHUs
KoJsiebaTenbHOM SHepruy, NpeaoTBparas GiarTep KOHCTPYKIUH [5].

B ucciaenoBaHHBIX  pa0oTax  NpPEJICTaBIEHBl  METOAbI, IPUMEHSEMblE IpHU
POEKTUPOBAHUU KOHCTPYKTUBHO M30TPONHBIX MaHenel [6], 0lHaKo B KOHCTPYKLUU IJIaHepa
CaMOJIETOB HIMPOKO pPEAJM30BaHbl KOHCTPYKTMBHO AaHHU3OTPONHBIE JETAIM W y3ibl [7].
OCoOCHHOCTH TIPEJICTABJICHHBIX B OMYOJWKOBAaHHBIX pabOTaXx METOJOB IMO3BOJSIOT
chopmynupoBaTh 3amady O pa3paboTke MeToAa MPOCKTUPOBAHUS  KOMITO3UTHBIX
KOHCTPYKTMBHO aHU30TPOIHBIX HECYIIUX MOBEPXHOCTEN MPU OIPAHUYEHUSX 10 MAHEIBHOMY
¢narrepy.

O0630p TOMOKET OLIEHUTH TEKYIIee COCTOSTHIE MPOOIeMbl U OMPEAETUTh 00JacTh s
JAIBbHEUIINX HUCCIICOBAHUM. YBEIMUEHUE HCIIOJIb30BAHNUSA KOHCTPYKTHUBHO aHU30TPOIHBIX
naHesed U3 TMOJUMEPHBIX KOMIO3UIIMOHHBIX MaTepUalioB B CaMOJIETOCTPOEHUH TpedyeT
pa3BUTHSA O0OJIee TOUHBIX METOJIOB OLIEHKH XapaKTePUCTHK ¢uiaTTepa.
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Aircraft composite lift panels design with restrictions on flutter and deformation
peculiarities: a classification review

Rymanova A.N., Gavva L.M.
MALI, Moscow, Russia

The relevance of solving the problem of aeroelasticity is determined by the need to
develop a method for finding optimal design solutions with flutter restrictions based on a
refined theory for structurally anisotropic aircraft panels made of composite materials.

The purpose of the literature review is to study general approaches to solving the
problem of dynamic aeroelastic instability of composite lifting surfaces of aircraft at the
design stage.

The review presents various approaches to solving flutter-constrained design problems
for load-bearing surfaces [1,2] and structurally anisotropic panels [3] of aircraft made of
composite materials.

In the reviewed sources, the authors used various methods to solve design problems
with flutter constraints. For structural modeling of dynamic strength, most works use the
classical theory of plates in combination with the von Karman theory of nonlinear
deformations with subsequent construction of finite element models, and for aerodynamic
modeling - the linear theory of piston motion and the Navier-Stokes equation [4]. Complex
eigenvalue problems are solved, formulated on the basis of the Lagrange-Hamilton equations
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of motion together with the use of the classical method of finding eigenvalues. The set of
presented methods does not fully allow solving the problem of designing load-bearing
surfaces made of composite materials with flutter restrictions.

When using composite materials at the design stage of load-bearing surfaces, damping
can improve the ability to attenuate vibrational energy, preventing structural flutter [5].

The studied works present methods used in the design of structurally isotropic panels
[6], however, structurally anisotropic parts and assemblies are widely implemented in the
design of aircraft airframes [7]. The features of the methods presented in published works
allow us to formulate the problem of developing a method for designing composite
structurally anisotropic load-bearing surfaces under panel flutter restrictions.

The review will help assess the current state of the problem and identify areas for
further research. The increasing use of structurally anisotropic panels made of polymer
composite materials in aircraft construction requires the development of more accurate
methods for assessing flutter characteristics.
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PacueTHO-3KCIIEPUMEHTAJILHOE NCCIIeI0BAaHHE IPUMEHHMOCTH MATEPUAJIOB
aJIIUTHBHOTO MPOM3BO/ICTBA B CBSI3H € 32]a4aMH MOBBILIEHUSI CKOPOCTH COBPEeMEHHOT0
TPaHCIoOpPTA

Hagporkuii P.A.
MMAII PAH, r. Mocksa, Poccus

ITpobnema MOBBIIIEHUS CKOpPOCTH BO3/YILHOIO, KEJIe3HOIOPOIKHOT O,
aBTOMOOMJIBHOTO M HHOTIO TPAHCIOPTAa MPEACTABISIET aKTyaJbHYIO HAy4YHO-TEXHHUYECKYIO
3azaqy. OfHMM W3 HalpaBICHUW pEIIEHUs ATOM 3ajaud SBJSETCS MCIOJIb30BAaHUE IS
IIPOM3BOJICTBA Y3JIOB TPAHCIOPTHBIX CHCTEM COBPEMEHHBIX MAaTE€pUaIOB, HaIpHUMEp,
MaTepuaioB  aJJAUTUBHOIO IPOM3BOJCTBA, OOJAAAIOIIMX TMOHUKEHHBIMH  BECOBBIMU
napamerpamMu. OueBUIHO, MOJIHBIA WM YaCTUYHBIN NEPEXO0J HAa TaKUE MaTepuaibl TpeOyeT
IPOBE/ICHUS OTAEIbHBIX AKCIEPUMEHTAIbHbBIX, YUCIEHHBIX W aAHAJUTUYECKMX HAyYHBIX
HUCCIIENOBAHUN.

B noknane npencrasiens! pe3ynstarhl uccnenoanus H/JC psna pacnpocTpaHeHHbBIX
B COBPEMEHHOM MAIIMHOCTPOCHUM W3JAEIMH, W3rOTOBJIEHHBIX M3 Pa3JIMYHbIX IJACTUKOB C
npumenenueM  3D-npunrtepoB. s onmenku HJIC  ucnonb3oBaiiuck  HEKOTOpbIE
AQHAINTUYECKUE U YMCICHHBIH METOJbl, OCHOBaHHbIE HAa HCIOJb30BAHUU JIMLEH3UOHHBIX
KomIuiekcoB nporpammupoBanus 1 MK3: PyCharm Community Edition u Ansys Workbench
Student Version.

B Hacrosiielt paboTe UCronb30BaHbl PE3YAbTaThl AKCIIEPUMEHTAIIBHBIX UCCIEA0BAHUN
[0 OIpPEJIeICHUI0 MEXaHWYECKUX CBOMCTB pa3IUYHBIX IJJACTUYECKUX MAaTepualioB Ha
oOpa3uax, noiaydeHHbIX Ha 3D-mpunTepax [1]. PesynbpTarhl 3THX HCClENOBaHUN HMeNH
CaMOCTOSITENIbHOE HayYHOE 3HAYEHHE, a TAK)XKE UCII0JIb30BaHbl B KAUECTBE COOTBETCTBYIOLIMX
UCXOJIHBIX JJAaHHBIX ISl YUCJIEHHBIX UCCIIEOBAHUI.

UYucneHHble HCCIEN0BAaHUS IPOBEIEHBl MPUMEHUTEIBHO K Pa3JIMYHBIM 3JIEMEHTaM
KOHCTPYKIUH MAaIIMHOCTPOUTEIBLHOTO HCIOJIb30BaHUA. (OCHOBHOE€ BHUMAaHHUE YAEJIEHO
Haubosee paclpoCTpaHEHHBIM B TPAHCIOPTHOM MAIIMHOCTPOEHUHU 3JEMEHTAaM, a WUMEHHO
3y6uatsiM kojecaM (3K) pexykropos. Ilposenennsie uccnenosanus HJIC 3K, naxonsmuxcs
1oJ JIeHiCTBMEM KpPYTSIEro MOMEHTa M 3aKpEIUICHHBIX Ha BHYTPEHHUX CTEHKax CTYIHIL,
NoKa3ajly, YTO HauOOJbIINE HANpsSHKEHUSMH HaONIOJAl0TCsl B 30HaX KOHTAKTa U B
OCHOBAaHMAX HOXEK 3yObeB. B kaxmom umccnenyemom Bapuante 3K ompenensiuch Takxke
BECOBBIE ITapaMeTpsl [2].

Ha 0a3e BBINOJHEHHBIX YWCIEHHBIX HCCIIEJOBAHMM ObUIM OIpeAeseHbl OCHOBHbBIE
3aKOHOMEPHOCTH BJIMSIHHUSI MEXaHUYECKHX CBONCTB METAJUIMUECKUX M HEMETaJUIMYECKUX
MaTepuaioB U KOHCTpYKTHBHbIX mapamerpoB 3K na mapamerpel H/IC, ompenpenstouiue
paboTocrnocoOHOCTh 3yOhEB, a TAaK)KE UCCIIEIOBAHBI JOTOTHUTENbHBIE XapakTepucTuku HJIC.

Kommiiekc  MONy4yeHHBIX  pe3yabTaToOB  MO3BOJMWJI  IOCTPOUTh  OCHOBHBIE
3akoHoMmepHocT HJIC 3K B paccmaTpuBaeMbIX YCIOBHSAX SKCIUTyaTallUd M OBITH OCHOBOM
JUIs  00OCHOBAaHHOTO BbIOOpa s 0€30MacHOM  AKCIUTyaTallid — pa3jMYHbIX  Y3JI0B
COBPEMEHHOTI'0 BBICOKOCKOPOCHOI'O TPAHCIIOPTA.
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Computational and experimental research of the applicability of additive
manufacturing materials in connection with the problems of increasing the speed of
modern transport

Navrotsky R.A.
MERI of the RAS (IMASH RAN), Moscow, Russia

The problem of increasing the speed of air, railway, automobile and other transport is
an current scientific and technical problem. One of the directions for solving this problem is
the use of modern materials for the production of components of transport systems, for
example, additive manufacturing materials with reduced weight parameters. Obviously, a
complete or partial transition to such materials requires special experimental, numerical and
analytical scientific researches.

The report presents the results of a research of the SSS of a number of products
common in modern mechanical engineering, made from various plastics using 3D printers. To
estimate the SSS, some analytical and numerical methods were used, based on the use of
licensed programming complexes and FEM: PyCharm Community Edition and Ansys
Workbench Student Version.

This work uses the results of experimental studies to determine the mechanical
properties of various plastic materials on samples produced on 3D printers [1]. The results of
these studies had independent scientific significance, and were also used as appropriate initial
data for numerical researches.

Numerical researches were carried out in relation to various structural elements for
mechanical engineering. The main attention is paid to the most common elements in transport
engineering, namely the gear wheels of gearboxes. Completed researches of the stress-strain
state of gears under the influence of torque and fixed to the inner walls of the hubs have
shown that the highest stresses are observed at the contact areas and at the bases of the teeth
legs. In each gear variant under research, the weight parameters were also determined [2].

On the basis of the performed numerical studies, the main patterns of the influence of
the mechanical properties of metallic and non-metallic materials and the design parameters of
the gears on the SSS parameters that determine the efficiency of the teeth were determined,
and additional characteristics of the SSS were investigated.

The set of results made it possible to derive the basic patterns of the stress-strain state
of the gears in the operating conditions under consideration and to be the basis for an
reasonable choice for the safe operation of various components of modern high-speed
transport.
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Oco0eHHOCTH Pa3padoTKH KOHCTPYKIUM KPbLJIA CBEPXJIETKOro IJiaHepa ¢ IMUPOKUM
NpPUMEHEeHHEeM KOMIIO3UTHBIX MATEPUAJIOB

Vioums Y., Cepebpsinckuii C.A.'
1MAI/I, r. Mocksa, Poccus
LIIVIT, r. Llanxait, Kuraii

[IpuMeHneHne moOAUMEpPHBIX KOMMO3UTHBIX MarepuaioB (IIKM) cmocobcTByer
CO3/JaHUI0 KOHCTPYKIIMU arperaTroB IUIAHEepa, B YACTHOCTH, U JieTaTelabHOoro ammapara (JIA) B
LIEJIOM, C 3apaHee 3a/laHHbIMHM MPOYHOCTHBIMU U BECOBBIMU XapaKTEPUCTHKAMHU. JTO JAET
BO3MOXXHOCTh, PAa3JIMYHBIMU CIIOCOOAMH, 3HAUYUTEIBHO MOBBICUTH BECOBYIO 3()()EeKTHBHOCTH
npoektupyemoro JIA [1, 2, 3].

B xome mpoektupoBanuu JIA m000ro HasHaueHUs, Ha HayalbHOM JTarle,
AHAJIN3UPYIOTCS HECKOJIbKO BO3MOKHBIX a’3pPOJMHAMUYECKHUX KOMIIOHOBOK
(bamaHcUpOBOYHBIX cXeM). B uTore mpuMmeHsercs Ta, KOTopas JaeT MUHUMAIbHYIO B3JIETHYIO
Maccy mpHu OOecledeHHH 3a/laHHBIX JIETHO-TexHHueckux xapakrtepuctuk (JITX), a Takxe
TpeOOBaHUI K YCTOWYMBOCTH M YIpaBisieMOCTH. OCOOEHHOCTHM KOHCTPYKLHH HECYIIUX
MOBEPXHOCTEN TaK K€ CBSI3aHbl C YYETOM BO3HHMKHOBEHHUS SIBJIEHUS a’pOYIpPYroCTH KpbuIia
Oosbioro yanuHeHus [4, 5, 6] 1 ux BecoBoM O1leHKH [7].

B Hacrosmem oknaze mpeicTaBieH aHauu3 0coOeHHOCTEN pa3paboTKu KOHCTPYKIUU
Kpblla OOJIBIIOTO  YIJMHEHHUS] CBEPXJErKOro IUIaHepa C MIMPOKUM MPUMEHEHUEM
KOMITO3UTHBIX MaTEPHAJIOB.

BoinonHeHbl NpPOEKTUPOBOYHBIE PAcCUYEThl BAapUAHTOB KOHCTPYKIIMM B IEPBOM
npuOIMKEHUH, TPOU3BENEH TOBEPOUYHBIA pacuéT BapHaHTa KOHCTPYKIIMU METOJIOM
KOHEUYHBIX 3JIEMEHTOB, [TOKa3aHbl OCOOCHHOCTH HANPSKEHHO-/1€()OPMUPOBAHHOTO COCTOSIHUS
HCCJIETyEMOT'0 arperara IiaHepa.

[IpencraBiensl pe3yabTaThl UCCIEAOBAHUS, WILTIOCTPUPYIOT, YTO:

— I pacdy€ra MPOYHOCTH KOHCTPYKIMOHHO-CHIOBBIX (KC) snemeHTOB Kpblia
00JBIIOrO YJIMHEHUS B MEPBOM NPUOIMKEHUU TMPUEMIIEMO MPUHUMATh pacIpeieieHue
a’POJIMHAMUYECKON HAarpy3KHu MO KPbUTY SJUIMITHYECKUM;

— YIpoII€HHAs MeTojAMKa, pazpaboTaHHas ans pacuéra npouyHoctH KC snemeHTOB
KpbUIa JIETKUX CaMOJIETOB, BBIMOJIHEHHBIX NMPEUMYIIECTBEHHO M3 METAUIMYECKUX CIUIABOB,
pyu HEOONBIINX JOMOJHEHUSX MPUMEHUMA B MIEPBOM MPUOTMKEHUU TSI JIETKUX CaMOJIETOB,
BeITOJTHEHHEIX 13 [1IKM;

— no0aBjieHHe B KOHCTPYKIHUIO KpbUIAa JIBYX JIOMOJHUTENIBHBIX CTEHOK, MEpelarolnx
Nepepe3bIBAIOIIYI0 HArpy3Ky Ha IIApHUPHBIE Y3JIbl KpEIUJICHHUsS Kpblia He JaéT 3HaYUMOTO
IIPEUMYIIECTBA B BECE II0 CPAaBHEHHIO C KIIACCHYECKOW OJIHOJIOHKEPOHHOW CXEMOH, I/
nepepesbIBaroIas Harpyska nepenaérest uepe3 OOpTOBYIO HEPBIODY.
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Features of the ultralight glider wing design with extensive use of composite materials

Uliushin LL'?, Serebrianskii S.A."
1MAI, Moscow, Russia
? Shanghai Jiao Tong University, Shanghai, China

The use of polymer composite materials (PCM) contributes to the design of airframe
assemblies, in particular, and the aircraft as a whole, with predetermined strength and weight
characteristics. This makes it possible to significantly increase the weight efficiency of the
designed aircraft [1, 2, 3].

During the design of aircraft for any purpose, at the initial stage, several possible
aerodynamic layouts (balancing schemes) are analyzed. As a result, the one that gives the
minimum take-off weight is used while ensuring the specified flight performance
characteristics, as well as stability and controllability requirements. The design features of the
bearing surfaces are also related to the occurrence of the phenomenon of aeroelasticity of the
wing of large elongation [4, 5, 6] and their weight assessment [7].

This report presents an analysis of the features of the design of the wing of an
ultralight glider with an extensive use of composite materials. Engineering calculations of the
design variants were performed in the first approximation; a verification calculation of the
design variant by the finite element method was performed.

The results of the study are showing that:

* To calculate the strength of the structural elements of a wing of large aspect ratio, in
the first approximation, it is acceptable to assume the distribution of aerodynamic load along
the wing as elliptical.

* The simplified methodology developed for calculating the strength of the structural
elements of light aircraft wing made mainly of metal alloys, with small additions, is
applicable in the first approximation for light aircraft made of polymer composite materials
(PCM).

* Applying of two additional webs to the wing structure, which transfer the shearing
load to the hinge attachment nodes of the wing, does not give a significant weight advantage
compared to the classic single-spar scheme, where the shearing load is transferred through the
side rib.
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Hcnonb3oBaHue Npoao0JbLHOI0 CEeKIIMOHNPOBAHNS /IJIS MOBBIIEHUSI YCTOIYMBOCTH
MOABEMHOI0 KOMILIeKCA CY/IHA HA BO3AYIIHON MOAYIIKe ¢ THOKMMH CKeraMu

Ilenanu &.C.
HammonansHbIN HcCieI0BATENIbCKUN YHUBEPCUTET «BhICIIast MIKoIa SJKOHOMUKW,
r. Huwxnauit Hosropon, Poccus

OpHON M3 aKTyaJbHBIX MPOOJIEM MPOEKTUPOBAHUS CYIOB Ha BO3AYIIHON MOMYILIKE
(CBII) am¢uObuitnHoro u OammoHeTHOro (C THOKMMH CKErami) THUIIOB SIBIIIETCS 3ajada
CHIDKEHHSI BBIPQ)KEHHOCTH BEPTUKAJBHBIX ABTOKOJEOAHUN CUCTEMBI «UEHTP TAKECTH —
ruOKoe OrpakJleH1e — 30Ha MOBBIIIEHHOTO AaBJICHU». AHAJIOT JaHHOTO SBJICHUS BO3HUKAET
U TpU JIBUKEHUH CYAOB C JKECTKUMHU CKETaMH M HAa3bIBACTCS «IBIKEHHUEM MO OyIBDKHOM
MOCTOBOI» (cobblestone effect).

B pabGorax [1] m [2]moka3zano, uto mpu mpoektupoBanun CBIl ¢ rubkum
Oorpa’kJeHHueM OaJJIOHETHOTO THUIA MO MPOTOTHILY, IyTEM MOJAEIUpoBaHus 1o yuciy Ppyna,
JNEKPEMEHThl BEpPTHUKaJIbHBIX KoJeOaHUM HaTypel OyAyT Bbllle, 4eM Mojenu. Jlus
obecnieueHus ycronunoctu 6onpinx CBII TpeGyercs yBenuuenue pacxona Bo3ayxa B BII B
OoJbIIel Mepe, HeXelll 3TO TUKTYeTCs 3aKOHaMU MaciiTadupoBanus. [laHHas Mepa siBisieTcs
KpaliHe HEXKEeIaTeIIbHOMU.

B nanHOM poKiane mpoJeMOHCTPUPOBAH M OOOCHOBAH MHOW crocod obecreueHus
ycroitunBoctd CBII ¢ rubkumu ckeramu, KOTOPbI COCTOUT B CO3/IaHUM JOMOJHHUTEIbHBIX
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MPOJOJBHBIX CEKIUH BO3AYIIHOW MOAYIIKH C LIETbI0 CHUXKEHHS 3(PPEKTUBHOIrO IaBIICHUS,
JEMCTBYIOIIET0 Ha THOKOE OTpaXKaACHHUE.

AHanu3 yCTOMYMBOCTM OCHOBAaH Ha MWCIIOJIB30BAHMM MaTEeMaTHUYECKOM MOJIENH,
BKIIOYaemed B ceOs ypaBHeHHs OajaHca BO3QyXa B CEKUUSAX  BO3JIYLIHON
MOTYIIKH, YIPOIIEHHOE TPEACTaBICHUE OOOJOYKH B BHJE JKECTKOTO CTEP)KHS, IIAPHUPHO
IIPUKPEIUVIEHHOTO K KOPIYCY Cy/AHA, a TakKK€ YPaBHEHHUE IJIsi BEPTUKAIbHOTO JBHUKEHUS
LEHTpa TSHKECTH CyIHa.

Ha ocHOBanum aHamm3a yCTOMYMBOCTH IIOCTPOCHHOM MAaTEMAaTHYECKOM MOJENIH
MO>XHO CJIeJIaTh BBIBOJ O TOM, YTO BBEJCHHME JONOJIHUTENBbHBIX IMPOJIOJBHBIX CEKUUN U
0aJUIOHETOB TO3BOJISIET CYHIECTBEHHO (B JBa pa3a M 0ojee) CHHU3UTH JIEKPEMEHT, YTO
MPUBOIUT K O0ECTICUCHUIO YCTOWYMBOCTH BEPTUKAIBHBIX KOJICOAHUN CYyIOB MPU YBEIUUCHUH
BOJIOM3MELLEHUS.

Paboma evinonnena npu noooepocxe PH® (npoexm Ne 23-79-01099).
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2. [Iab6apor B. B., Ilemmua @®. C. YcaoBUS YCTOHYMBOCTH HECYIIETO KOMILICKCA
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Using longitudinal sectioning to improve the stability of a lifting system ofan air cushion
vehicle fitted with inflated side seals

Peplin F.S.
HSE University, Nizhny Novgorod, Russia

One of the urgent problems in the design of air cushion vehicles (both classical and the
ones fitted with inflated side seals) is the task of reducing the severity of vertical oscillations
of the “center of gravity - skirt - high pressure zone” system. An analogue of this
phenomenon also occurs during the motion of surface effect ships and is called “cobblestone
effect”.

In papers [1] and [2] it is shown that when designing a hovercraft with a flexible
inflated seals from a prototype, by modeling according to the Froude number, the decrements
of vertical oscillations of ship will be higher than of the model. To ensure the stability of large
hovercrafts, it is necessary to increase the air flow rate into the air cushion to a greater extent
than is dictated by the scaling laws. This measure is extremely undesirable.

This report demonstrates and justifies another way to ensure the stability of a
hovercraft with inflated side seals, which consists of creating additional longitudinal sections
of the air cushion in order to reduce the effective pressure acting on the side seals.

Stability analysis is based on the use of a mathematical model that includes air balance
equations in air cushion sections, a simplified representation of the shell in the form of a rigid
rod hinged to the ship's hull, and an equation for the vertical movement of the ship's center of
gravity.

Based on the analysis of the stability of the constructed mathematical model, we can
conclude that the introduction of additional longitudinal sections and ballonets makes it
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possible to significantly (by a factor of two or more) reduce the decrement, which leads to
ensuring the stability of vertical oscillations of ships with increased displacement.

This work was supported by the Russian Science Foundation (project Ne 23-79-
01099).
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BapHaTI/IBHbIe HCIIOJTHCHUSA (l)J'[aHIIeBLIX coeIUHEHUH B repMETUYHLIX KOHCTPYKUUAX
aBHAIIMOHHOM TeXHUKH

Konecnuk O.A., bocak /I.b., Muponosa JI.H.
MAMU, r. Mocksa, Poccus

@JiaHLEBbIE COCAVHEHUSI C IUIOCKUMHU YIUIOTHUTEIBHBIMU IPOKJIAJKAMU LIMPOKO
UCIIOJIB3YIOTCS B ABUALIMOHHOM TEXHMKE, I'IE UX TIE€pPMETUYHOCTh 3a4acTyH OIpPENEiseT
HOpMAaJIbHBIE YCJIOBUA TOJeTa u3lenus. VX npuBiIeKaTenbHOCTh 3aKIOYAETCS B BBICOKUX
9KCILTyaTallMOHHBIX XapaKTEPUCTUKAX U IIMPOKOM CIIEKTPE TEXHUYECKHMX BO3MOYKHOCTEH, a
TaK)K€ B HHU3KOM CTOMMOCTHM M IPOCTOTE MOHTaXa. B OCHOBY KOHCTPYKLHH COEIUHEHHS
MOJIO)KEH NPUHUMI MHMHMMH3ALMM Macchl NpU OOECHEUYEHUH MPOYHOCTH HIIEMEHTOB
KOHCTPYKLUU ¥ T€PMETUYHOCTHU YIJIOTHEHUS B IPOLIECCE IKCILTyaTalllu.

[IpouHocTs U pecypc ¢aHLEBBIX COECIUHEHHM MPEUMYIIECTBEHHO O00ecreuynBaeTcs
HA/IeKHOCTBIO HM30JIALMM paboyeil cpefapl M CTENEHbI0 TI'ePMETHYHOCTH 3JIEMEHTOB
KOHCTPYKLMH B 1enoM. M3omsamus paboueil  cpeabl JOCTUTaeTcsi MpUMEHEHHEM
YIUIOTHUTEIBHBIX JJEMEHTOB, BBIIIOJIHEHHBIX B BMJI€ YIJIOTHEHUS WM YIUIOTHUTEIBHBIX
YCTPOMCTB.

[Ipumenenue (aaHLEBBIX COEJUHEHUH B MEPBYIO oyepeab OOOCHOBAHO pSAOM
MPUYUH, K KOTOPBIM OTHOCSITCS:

-HEBO3MOXKHOCTh pa3MEUICHHUs] Ha M3JENIMU TEXHOJIOIMYECKOro 00OpyAOBaHUS JUIs
CBApKU WJIU MANKU;

-HE0OXOAMMOCTh COEIUHEHUSI TPYO U3 Pa3HOPOIHBIX MaTEpUAJIOB:

-obecrieueHue PeMOHTOIPUTOJHOCTH MHEBMOTHJIPOCUCTEM IpHU TepedopKax Yy3IoB,
IIOCKOJIBKY OHU SIBIISIFOTCSL PAa3bEMHBIMHU.

Tpebyemas TIOTHOCTH (hIaHLIEBBIX COEAMHEHHMH OOecreynBaeTcs, NMPExXIe BCEro,
YIPYroIUIACTUYECKUM ~ KOHTAaKTOM  KOHTAaKTUPYIOIIMX  IOBEPXHOCTEW  (uaHIEeB ¢
MOBEPXHOCTAMHU YINIOTHUTEIBHBIX 3JIEMEHTOB. 3/1€Ch BeCbMa BaKHBIMU BOIIPOCAMHU SIBIISIFOTCS
BbIOOpP reoMeTpuuecKkoi (opMbl YINIOTHEHUS U ero Matepuana [1, 2].

s onpeneneHus KOHCTPYKTHUBHBIX CBOWCTB MPO(UIMPOBAHHBIX MeETAITMUYECKHX
VIUIOTHEHUH, K YUCITYy KOTOPBIX OTHOCSTCS dKECTKOCTh, YCTOMUMBOCTh U PAOOTOCIIOCOOHOCTh
KOHCTPYKLIMH, B TEOPETUYECKOM acIeKTe HE Majblii HMHTEpeC MNpEACTaBIAIOT 3ajada o
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pacnpenesieHuy HaNpsDKCHUM Ha KOHTYpPE OTBEPCTHSI, PACIIONIOKECHHOIO B HEOIPAaHUYECHHOU
IUIOCKOCTH [5] M 3amada o AEMCTBMM HOPMAaJbHOM COCpPEAOTOYEHHOW CHJIbl HAa T'PAHUILY
yOpyro moaymiockocTu [6, 7]. JlaHHbIi Kilacc 3a/1a4y MO3BOJSET HAWTH PEIICHUS] B PaMKax
IIJIOCKOM TEOPUU YIIPYTOCTH.
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Variable designs of flange connections in hermetically sealed aircraft structures

Kolesnik O.A., Bosak D.B., Mironova L.I.
MALI, Moscow, Russia

Flange connections with flat gaskets are widely used in aeronautical applications,
where their tightness often determines the normal flight conditions of the product. Their
appeal lies in their high performance characteristics and a wide range of technical
possibilities, as well as in their low cost and ease of installation. The connection design is
based on the principle of minimising weight while ensuring the strength of the structural
elements and the tightness of the seal during operation.

The durability and service life of flanged connections are mainly ensured by the
reliability of the isolation of the working fluid and the tightness of the components as a whole.
Isolation of the working fluid is achieved by the use of sealing elements in the form of gaskets
or sealing devices.

The use of flanged connections is primarily justified for a number of reasons,
including:

-Inability to place welding or brazing equipment on the product;
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-The need to join tubing of dissimilar materials:

-reparability of pneumohydraulic systems during reassembly of assemblies, as they are
removable.

The required tightness of flange connections is ensured, first of all, by the elastic-
plastic contact of the flange contact surfaces with the surfaces of the sealing elements. The
selection of the geometric shape of the seal and its material are very important issues here [1,
2].

To determine the structural properties of profiled metal seals, which include stiffness,
stability, and serviceability of the structure, the problems of theoretical interest are the
problem of stress distribution on the contour of a hole located in a non-faceted plane [5] and
the problem of the action of a normal concentrated force on the boundary of an elastic half-
plane [6,7]. This class of problems allows us to find solutions in the framework of the plane
theory of elasticity.
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JlnckpeTHasi MO/IeJIb PAcYeTHBIX MCCJIeI0OBAHUI IS 32124 ONpeaesIeHHsI MapaMeTpPoB
3BYKOBOI0 yaapa

Jle6ener A.O., Cepebpsinckuii C.A.
MAMW, r. Mocksa, Poccus

B noxnane npezacraBieH NOAXOJ K CO3JAHUIO TUCKPETHOW MOAETH BBIYMCIUTEILHOIO
WCCIIEIOBAHMS JIUTA 3a/1a4 ONPEIETIeHUs TapaMeTpOB 3ByKOBOTO yaapa [1, 2].

Pemennem  gaHHOW 3amauM  MOTYT CTaTh  CHELUAJBHO  IOATOTOBJIEHHBIE
CTPYKTYPUPOBAaHHBIE CETKH, OTOOpaXkKAIONINE CTPYKTYPY CBEpX3BYKOBOrO TeueHUs. B naHHOM
paboTe MBI MPUMEHSEM IMOAXOJ M MPUBOAUM PEe3yJAbTaThl Ul Cilydas YHpPOIIEHHBIX (opm
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dbro3emnsika v Kpbuia [3, 4]. Jlanee npuBOAUTCS MPUIIOKEHHUE IS CITydasi peaIbHOW T€OMETPUN
AKCIIEPUMEHTAIBLHOTO CBEPX3BYKOBOI'O CaMOJIETa.

Llenpto maHHOW pabOTHI SBISETCS CO3JAaHUE TUCKPETHOW MOJENH, IMO3BOJISIOIICH
NOJIy4aTh paclpenesieHus] aBjieHus B OJIMKHEHW M CpelHed 30Hax 3BYKOBOro ynapa. llpu
3TOM CPEJHSS 30HA COCTABIISIET PACCTOSHUE B HECKOJIBKO JECATKOB JUIMH CaMOJIETa.

3amaun - oOecreyeHHe MHOYKECTBEHHBIX pPAacyeTOB C MajbIMHU BBIYUCIUTEIHHBIMU
3aTpaTaMyd M BO3MOYKHOCTb HCIIOJIb30BAHMS JUCKPETHOM MOJENIH C APYTMMH MOJEISIMU U
METO/IaMH, TIEPEHOC Pe3yJIbTATOB JJIs pacueTa JaJIbHEH 30HBI 3BYKOBOTO ynapa [5, 6, 7].

OOBEKTOM HCCIEIOBaHMS SBISICTCA Kopiyc (ro3ensika [8] ¢ KpbIJIOM YIpOIICHHON
(GopMBI, MpeIMEeToOM — TMOJOBHMHA MOJAEIH C YCIOBUEM CHMMETPUU B BEPTUKAIHHOMN
IUIOCKOCTH, T€OMETpUYEcKas MOJAEIb apaMeTpU30BaHa U MPEAYCMOTPEHO aBTOMATUUYECKOE
IIOCTPOECHUE IIPU U3MEHEHNUN T€OMETPUUYECKUX I1apaMETPOB.

[TocTpoena pacueTHas ceTka OJOYHO-CTPYKTYPHUPOBAHHOTO THUIIA, /i€ MOBEPXHOCTH
CEeTKM HamlpaBJIeHbl BIOJb KOHyca Maxa. [lanee B aBTOMarHyeCcKOM TIE€HEpaToOpe CETOK
MOCTPOCHA HECTPYKTYPHUPOBAHHAS pacueTHash CceTKa TakuM o0pa3oM, 4TOObI KOJUYECTBO
SAYEEK CETKU ObUIO MPUMEPHO TAaKUM XK€, KaK B TIEPBOM Cllydae.

B cayyae moaroTtoBiIiEHHOM CETKHM CO CBOMCTBaMH, COOTBETCTBYIOIIMMH CTPYKTYpe
TEUYEHMUs], U [P TEX K€ 3aTpaTax BPEMEHU U BbIUMCIUTEILHOW MOIIHOCTH MOXHO paccunuTaTh
TE€YeHHE B OJMIKHEN 30HE U MOIYYUTh TUIIMYHOE PaCIpe/ieIeHUE JaBICHHs B 3BYKOBOM yaape
Ha PacCTOSIHUU JIECSITKOB JIJIMH CAMOJIETA.

JlaHHbIN c10c00 MOCTPOEHUS PaCUE€THOM CETKU ObLI MCIIONIb30BaH HAMHU Ul pacuera
SKCHEPUMEHTAIIBHOM MOJIEJIM CBEPX3BYKOBOTO camoJjieTa. Pe3ynbTarbl MOJy4eHBl Ha
pacueTHOM ceTKe U3 HeOOJIBIIOr0 KOJIMYECTBA sTUeeK I JaHHOTO TUIA 3a/1ay.
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Discrete model of computational research for the problems of determining the
parameters of the sonic boom

Lebedev A.O., Serebryanskiy S.A.
MALI, Moscow, Russia

Report presents approach for creating discrete model of computational research for the
problems of determining the parameters of the sonic boom [1, 2].

Solution to this problem could be specially prepared structured meshes that display the
structure of supersonic flow [3, 4]. In this work, we apply approach and present results for the
case of simplified fuselage and wing shapes. Further, we present application for the case of
the real geometry of an experimental supersonic aircraft.

The purpose of this work is to create a discrete model that allows obtaining
distributions of pressure in the near and middle regions of a sonic boom. Here the middle
region is a distance of several tens of aircraft lengths.

Tasks are providing multiple calculations with low computational costs and the
possibility of using a discrete model with other models and methods, transferring results to
calculate the far field of a sonic boom [5, 6, 7].

The body of the fuselage with a wing of a simplified shape is object of research, the
subject is a half of the model with the condition of symmetry in the vertical plane, the
geometric model is parameterized and automatic construction is provided when the geometric
parameters change [8].

We constructed a computational grid of a block-structured type where the grid
surfaces are directed along the Mach cone. Further, we constructed an unstructured
computational grid in automatic grid generator so that the number of grid cells was
approximately the same as in the first case.

In the case of a prepared mesh with properties corresponding to the flow structure and
with the same expenditure of time and computing power, it is possible to calculate the flow in
the near field and obtain a typical pressure distribution in a sonic boom at a distance of tens of
aircraft lengths.

131



We used this method of constructing a computational grid to calculate an experimental
model of a supersonic aircraft. The results were obtained on a computational grid of a small
number of cells for this type of problem.
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BecoBasi onTuMH3anus AAMHUHHUCTPATHBHOI0 CaMo0JI€Ta

Menkonsie P.B.!, CepeGpsirckuii C.A.%, Apyrionos A.I'.?
'000 «AYPYC-ADPO», r. Mocksa, Poccus
2 MAMU, r. Mocksa, Poccust
3000 «["a3mpom TEX», 1. Cankt-IlerepOypr, Poccus

B snoxy Hay4yHO-TEXHHUYECKOTO Iporpecca, COKpalieHlue CPOKOB MPOSKTUPOBAHUS Oe3
MOTEPU KayecTBa CTAHOBHUTCS KIIIOYEBBIM TpeOOBaHHMEM 3aKa3uuKoB. JlnurenbHbIe CPOKHU
MPOEKTUPOBAHUSI MOTYT MPHUBECTH K TOMY, UYTO MPOEKT YCTAapeeT elle N0 €ro peaju3aluu.
g ycremHoro co3jaHMsi HOBOTO CaMoJieTa B YCIOBHUSIX OIPaHUYEHHBIX PECYpCOB U
BpeMeHH, HeoOxoauma Oojiee BBICOKAas CTENEHb TOYHOCTH MPOTHO3UPOBAHHUS €O
XapaKTEepUCTHUK IIPU IIpoeKTHpoBanuu [ 1, 2].

Haunbonee OTBETCTBEHHBIM JTAallOM CO3JAHUS CcaMmoJ€Ta SBISAETCS  IPOIECC
KOHIENTYaIbHOI'O MPOEKTUPOBAHUS, KOTOPBIN BKIIOYAET B c€0sl TEXHUUECKOE MPEJIOKEHUE,
ABaHMPOEKT M ACKU3HBIIM mpoekr. Ha »ToM srtanme mnpunumaerca a0 80 % OCHOBHBIX
MPOEKTHBIX PEUICHUH (TEXHUYECKUX U OPraHU3allMOHHBIX), XOTS OH 3aHMMAeT BCETO JHUIIb
20-25 % Bpemenu oT Bcell paboTsl U TpeOyeT He Oonee 5—10 % cpeact. Cynpba mpoekra
YacTO 3aBUCUT OT MPABUIBHOCTU PELICHUH, MPUHATHIX HA PaHHUX 3Tarax MPOCKTHUPOBAHUSI.
HepanmonanbHble pemieHus, JOMYIICHHbIE HAa 3TOW CTaJWH, MOTYT MPHUBECTH K OOJBIIMM
3aTpaTaM CpeJCTB U BPEMEHHU Ha J0pabOTKy MPOEKTa B Mpolecce padoyero NpoeKTUPOBAHUS
Y U3rOTOBJICHUS.

3a/iauu BECOBBIX PacuéToB, BECOBOTO aHAJIN3a, BECOBOI'O KOHTPOJIS IPUHSATO BBIIEIATh
B OT/JEJIbHOE HAMpaBICHHE WH)XCHEPHOU MAESITETbHOCTH - BECOBOE IMpOEKTHpoBaHue [3].
BecoBble XapaKTepUCTHKH caMoJieTa SBISIOTCS BaXHEUIIMM pPa3MEpHBIM IapamMeTpoM
camoJeTa. DTo 00yCIOBIEHO TEM, YTO OMpeesIeHne MacChl caMoJIeTa BlIeUeT 3a cO00M BBHIOOD
MHBIX MPOEKTHBIX XapaKTEPUCTUK camolieTa. Macca TakKe BBICTYINAeT B Ka4yeCTBE KPUTEPHS
OIIeHKH d(PPEKTUBHOCTU CIIPOSKTUPOBAHHOTO camoiiera [4, 5]. OTinune pacueTHON Macchl OT
MPOEKTHON BEAET K YXYIIICHHUIO XapaKTEpUCTHK camojeTa W HEBBIIIOJHEHUIO TpeOOBaHMIM
TEXHUUYECKOTO 3aJaHMsl.

Pa3paborannass Ha ©0a3ze MOCKOBCKOro aBHallMOHHOrO uHcTUTyTa Lludposas
[Tnarpopma BecoBoro IlpoexktupoBanusi JIA (LI BIT JIA) mno3Bojawia ¢ HOMOIIBIO
pa3IMYHBIX  pAacueTHBIX MOJYyJEH  pelmarb  B3aWMOYBS3aHHBIE  3aJadyd  BECOBOTO
IIPOEKTUPOBAHHUA [6].

B mHacrosmem AOKIane NPENCTaBIEHBl  PE3YJIbTaThl  HMCCIEAOBAHHSA  PBIHKA,
JEMOHCTPHUPYIOIIME  aKTYaIbHOCTh  pa3pabOTKM  aJMUHUCTPATUBHOIO  caMojieTa B
COBPEMEHHBIX YCIIOBUSAX pbIHKA. [IpoBeneH aHanmu3 mpearnojaraeMoil MaTeMaTHYecKOn
MOJIEJIA pacdeTa MacChl CaMOJIETa C BBICOKOM CXOJIMMOCTRIO pe3yibTaTa [7, 8].
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Weight optimization of a business jet
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Moscow Aviation Institute, Moscow, Russia
*Limited Liability Company «Gazprom TECH»

In the era of scientific and technological progress, shortening the design time without
loss of quality is becoming a key requirement of customers. Long design periods can lead to
the fact that the project will become outdated even before its implementation. For the
successful creation of a new aircraft in conditions of limited resources and time, a higher
degree of accuracy in predicting its characteristics during design is necessary [1, 2].

The most important stage in the creation of an aircraft is the conceptual design
process, which includes a technical proposal, an advance design and a draft design. At this
stage, up to 80% of the main design decisions (technical and organizational) are made,
although it takes only 20-25% of the time of the entire work and requires no more than 5-10%
of the funds. The fate of a project often depends on the correctness of decisions made at the
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early stages of design. Irrational decisions made at this stage can lead to high costs and time
spent on finalizing the project during the process of working design and manufacture.

The tasks of weight calculations, weight analysis, and weight control are usually
allocated to a separate area of engineering activity - weight design [3]. The weight
characteristics of the aircraft are the most important dimensional parameter of the aircraft.
This is due to the fact that the determination of the mass of the aircraft entails the choice of
other design characteristics of the aircraft [4, 5]. Weight also acts as a criterion for evaluating
the effectiveness of the designed aircraft. The difference between the calculated mass and the
design mass leads to a deterioration in the characteristics of the aircraft and non-compliance
with the requirements of the technical specification.

The Digital Aircraft Weight Design Platform developed on the basis of the Moscow
Aviation Institute made it possible to solve interrelated weight design tasks using various
calculation modules [6].

This report presents the results of market research demonstrating the relevance of the
development of an administrative aircraft in modern market conditions. An analysis of the
proposed mathematical model for calculating the mass of an aircraft with high convergence of
the result is carried out [7, 8].
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CpaBHI/ITeJILHLIﬁ AHAJIU3 METOAUK NMPEABAPUTEIBHOI0 NPOCKTUPOBAHUA JIOHKEPOHA
KpbliIa U3 KOMIIO3UIIMOHHBIX MaTE€pHUaJioB

Konenunuenko I'., [Tonos 1O.1.
MAMU, r. Mocksa, Poccust

Pabota mocBslleHa OIGHKE U aHAIU3Y pE3YJIbTAaTOB PA3IMUYHBIX METOAMK
IIPOEKTUPOBOYHBIX PAacUu€TOB KOHCTPYKIIMI CHUJIOBBIX JIEMEHTOB IUIaHepa camouera [1, 2, 3]
(B 4YacTHOCTM — JIOHXKEpOHA KpbUIa) W3 KOMIIO3UTHBIX MAaTEpUaJOB IO pa3IMYHbIM
MCTOJHUKAaM, OLCHKC PpE3yJbTaTOB IO KPUTCPpHUAM IIPOYHOCTU W MPUMCHUMOCTH JId
Pa3IUYHBIX KOHCTPYKTUBHO-CHIIOBBIX CXEM CHJIOBBIX JIEMEHTOB [4, 5].

OcHOBHbIE 331a4H:

. [Touck u aHaNK3 CYMIECTBYIOIUX METOIUK MMPOSKTHPOBAHHMS;

. [IpoBeneHne NPOSKTHPOBOYHOTO pacyeTa CHUJIOBBIX JJIEMEHTOB Ha OCHOBE
BI)I6paHHI)IX METOOHK,

. CpaBHUTENbHBIN aHAIU3 OJYYEHHBIX PE3Y/IbTATOB IO BECOBBIM KPUTEPUSIM;

. Pa3pabotka u nposenenue pacuera KOM cuinoBoro ajieMeHTa;

. Bamupanuss Mozmenn W pe3yibTaTOB PAacuyeTOB Ha OCHOBE PE3YJIBTaTOB

PacCMOTPEHHBIX METOJIUK;

MuHuManbHass Macca KOHCTPYKLUM CHJIOBBIX JJIEMEHTOB IIIaHEpa caMojeTa ¢
OJTHOBPEMEHHBIM O0ECIIEYEeHHEM JIOCTaTOYHON NPOYHOCTH SIBISETCS OJHUM U3 OCHOBHBIX
KPUTEPHEB, ONPENENSIONNX COBEPIIEHCTBO BHIOPAHHOI'O KOHCTPYKTUBHO-TEXHOJIOTHUECKOTO
pemienus. Peanmuzanusi 3TOro Kputepusi BO MHOTOM 3aBHCHT OT MpPaBUIBLHOTO BbIOOpa
pacyeTHON METOJMKH IMPH MPEBAPUTEIILHOM MPOSKTUPOBAHUM CUIIOBOTO 3eMeHTa. OneHka
pe3yabTaTOB aHAIKM3a PA3IMYHBIX METOJIOB IMTPOCKTUpOBaHus [6, 7, §].

Baxneiimum  kputrepueM  3(QQPEKTUBHOCTH  CIPOCKTHMPOBAHHOW  aBUALMOHHOMN
KOHCTPYKIIMHU SIBJIsIETCS BecoBas oTAada. B 3aBucumoctu oT BbiOpaHHOW metomuku u KTP
IPOEKTHUPYEMOTO 3JIEMEHTa, BO3MOXHO HCIOJIb30BAHWE METOJMK Pa3IMYHON TIyOMHBI U
TOYHOCTH, HO NIPH 3TOM HEOOXOAUMO MOHUMATh, KaK BBIOOP METOJUKHU OTPA3UTCS HA BECOBOU
3P PEKTUBHOCTH U TOYHOCTHU pacyerTa.

B pabote mpemnaraioTcs aHAJIUTUYECKHE BBIBOJABI HAa OCHOBE MPAKTUYECKU
IIPOBEICHHBIX TPOCKTUPOBOYHBIX PACUETOB IO PA3IMYHBIM METOAMKAM, & TAK)KE BaJIMJIALIHAS
MOJYYCHHOM KOMIUIEKCHOM pPacyeTHOM METOJIUKHA MPH TOMOIIM KOHEYHO-3JIEMEHTHOU
Moxenu [9].

OOBEKTOM UCCIIEIOBaHUS SIBJISIIOTCS CHJIOBBIE JJIEMEHTHI IUJIaHEpa caMoJieTa
Pa3IMYHBIX KOHCTPYKTUBHO-CHJIOBBIX CXEM, B YaCTHOCTH — JIOHXKEPOH KpbLIa, MaTepUaIOM
JUISL KOTOPBIX CIIY’aT KOMIO3UIIMOHHBIE MaTEpUAJIbI.
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IIpenmerom uccnenoBaHus SBISETCA MPOLECC MPEIBAPUTEIBHOTO MPOEKTUPOBAHMS
JIOH)KEPOHA Kpblla M3 KOMIIO3MIMOHHBIX MaTEpPHUAJIOB C LEIbI0 ONTUMHU3ALUU €r0
FEOMETPUUECKUX [1apaMETPOB, KOHCTPYKLMHM M XapaKTEpUCTHK, a TaKke BblOOpa
paloHaIbHON METOIUKHU IpoekTupoBanus [10].

B pabore mnpuBOmATCS pe3yabTaThl pacuyeTOB IO  PA3IUYHBIM  METOJUKAM
IPOEKTHUPOBAHUS ISl BBIOPAHHBIX KOHCTPYKTHBHO CHJIOBBIX CXEM, HX CPAaBHUTENIbHBIN
aHaJIU3 110 KPUTEPUSIM NIPOYHOCTH U BBIBOJBI IO IPUMEHUMOCTH TE€X WJIM UHBIX METOAMK AJIS
OIpEeIeIEHHBIX KOHCTPYKTUBHO-CUIIOBBIX CXEM.

PabGora mpenmosaraer aHaJuM3 W CONOCTaBJIEHUE pPa3IMYHBIX MOJAXOAOB K
IPOCKTHUPOBAHUIO CHJIOBBIX 3JIEMEHTOB C IENIbIO BBIsABICHHUA Hanbosee 3(p(eKTHBHBIX U
ONTUMAJILHBIX METOAMK. Pe3ynbrarhl 3TOW paboTHl MOTYT OBITH LIEHHBI Ui NPAKTHKOB B
o0ylacTH aBHALMM M a’POKOCMUYECKOM IMPOMBIIUIEHHOCTH, IO3BOJSAS pa3paboTarh Oosee
IPOYHBIE, JIETKHE U SKOHOMHUYECKU 3(PPEeKTUBHbIE KOHCTPYKLIUH JICTATEIbHBIX allapaToB U3
KOMIIO3UTHBIX MaTepuaioB Ipu ompeneneHHblx npuHATeix KTP. JlanHoe wuccienoBanue
yIIIyOUT MOHMMaHUE MPUHIMIIOB IPOEKTUPOBAHUS CHIIOBBIX 3JIEMEHTOB KOHCTPYKIMH JIA u3
KM, BHeceT BKJaJx B pa3BUTHE ABMALMOHHOW OTpacid, CIIOCOOCTBYET Pa3BUTHIO HOBBIX
TEXHOJIOTUH 1 MOBBIILIEHHIO 0€3011aCHOCTH MOJIETOB.
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Comparative analysis of the methods of preliminary design of a wing spar made of
composite materials

Kolenichenko G., Popov Yu.l
MALI, Moscow, Russia

The work is devoted to the analysis of the results of various methods of design
calculations of the structures of the power elements of the airframe [1, 2, 3] (in particular, the
wing spar) made of composite materials according to various methods, evaluating the results
according to the criteria of strength and applicability for various structural and power schemes
of power elements [4, 5].

Main tasks:

J Search and analysis of existing design techniques;

. Carrying out the design calculation of power elements based on selected
techniques;

. Comparative analysis of the results obtained by weight criteria;

. Development and calculation of the CAM of the power element;

J Validation of the model and calculation results based on the results of the

considered techniques;

The minimum weight of the structure of the power elements of the airframe, while
ensuring sufficient strength, is one of the main criteria determining the perfection of the
chosen design and technological solution. The implementation of this criterion largely
depends on the correct choice of the calculation method during the preliminary design of the
power element. Evaluation of the results of the analysis of various design methods [6, 7, 8].

The most important criterion for the effectiveness of the designed aircraft structure is
the weight return. Depending on the chosen methodology and the CT of the designed element,
it is possible to use techniques of varying depth and accuracy, but it is necessary to
understand how the choice of methodology will affect the weight efficiency and accuracy of
the calculation.

The paper offers analytical conclusions based on practically carried out design
calculations using various methods, as well as validation of the obtained complex calculation
methodology using a finite element model [9].

The object of the study is the power elements of the airframe of various structural and
power schemes, in particular, the wing spar, the material for which is composite materials.

The subject of the study is the process of preliminary design of a wing spar made of
composite materials in order to optimize its geometric parameters, design and characteristics,
as well as the choice of a rational design methodology [10].

The paper presents the results of calculations using various design methods for
selected structurally power circuits, their comparative analysis by strength criteria and
conclusions on the applicability of certain techniques for certain structurally power circuits.

The work involves the analysis and comparison of various approaches to the design of
power elements in order to identify the most effective and optimal techniques. The results of
this work can be valuable for practitioners in the field of aviation and aerospace industry,
allowing the development of more durable, lightweight and cost-effective aircraft structures
made of composite materials under certain accepted technical specifications. This study will
deepen the understanding of the principles of designing the power elements of the aircraft
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structure from KM, contribute to the development of the aviation industry, contribute to the
development of new technologies and improve flight safety.
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CUJIOBASAA YCTAHOBKA, CUCTEMBI 1 OBOPYJIOBAHHUE

POWER PLANT, SYSTEMS AND EQUIPMENT

Pacuer Mmaccbl THOPUIHOM CHJIOBOI YCTAHOBKH HA OCHOBE
3JIeKTPUYECKUX U NMOPLIHEBBIX JIBUraTesiei A/ Jerkux caMmojeToB

ApOy3oB U.B., bopucos /I.A., PaBukoBuu FO.A., Cerués A.B.
MAMU, r. Mocksa, Poccust

B noxnane mpencraBieH METOJA pacyeTa MacChl THOPUIIHON CHIIOBOM yCTaHOBKOM
('CY) gnerkoro camosieTa Ha 0a3e TMOPIIHEBOTO W JJEKTPUUYECKOTO JIBUTATEIICH.
[IpuBOaATCS CTaTUCTUYECKUE TaHHBIE CAMOJIETOB C Pa3HBIMHU TUIIAMH CUJIOBBIX YCTaHOBOK
Ha OCHOBE KOTOPBIX B IIEPBOM MPHUOIMIKEHUU ONpeAesieTcss oTHocuTenbHas macca ['CY, a
TaKXKe MpeACTaBieHa MaTeMaTudeckas wmojaenb pacuera maccel ['CY Bo BTOpOM U
MOCIeAYIOMNX UTEpalusix npu GopMHUpOBaHUs OOJIUKA JETKOro camosera. [IpuBeneHb
pe3yJIbTaThl TEOPETHYCCKUX W IKCIEPUMEHTAIBHBIX padoT 1mo paspabotke crenga ['CY
napajieJIbHOM cXeMbl Ha 0a3e mopiiHeBoro asurateias PM3-500 momHocThio 36 KBT 1
CaMOJIEJIbHOTO CUHXPOHHOTO 0ECKOJIIEKTOPHOTO 3JIEKTPOABUTaTENsI MOIIHOCThIO 12 KBT.

Pe3ynbTaThl HcciegoBaHUMN MOKa3alu, YTO:

— BO3MOXKHOCTh cymiecTBoBaHusi ['CY orpaHu4mBaeTcs HSHEPreTUYECKUMU
BO3MOKHOCTSIMU COBPEMEHHBIX aKKYMYJISTOPHBIX OaTapei [1];

- CYIIECTBEHHOE BIIMSIHUE HAa MAacCy CHJIOBOM YCTaHOBKHM OKa3bIBA€T CTEIECHBb
ee rudpuan3aimu;

— pe3yibTaThl TEOPETUUECKUX U IKCIEPUMEHTAIBHBIX HCCIEIOBAHUN UMEIOT
JIOCTaTOYHO XOPOUIYI0 CXOJIUMOCTh [2];

— MateMmaThudeckas Mojenb pacuera Maccel ['CY oiKHA yUUTHIBATH PEKUMBI
paboThl (3TAMBI MOJIETA CAMOJIETa) KaXJA0TO TUIIA JBUTATENS, BXOISIIETO B €€ COCTaB;

— BHIOOp ONTHMAIBHOTO 3HAYEHHS CTENEeHH THUOpUIU3AIMU  TO3BOJISIET
MOJIYYUTh HAWITYYIINE XapaKTePUCTHKU CHJIOBOW YCTAHOBKHU M JIETATENBHOTO ammapara B
LEJIOM;

— npu paszpaborke aBuanuoHHBIX ['CY mapamienbHOi cXemMbl HEOOXOIUMO
YYUTBIBATh CHHXPOHU3AIMIO pa0OThI MOPIIHEBOTO U AIEKTPUUYECKOTO nBuUratens [3-5].

Pazpabotka crenga I'CY u skcrepuMeHTalbHBIE HCCIEIOBAHHS TMPOBOJUIUCH B
naboparopuu MAU.

Takum ob6pa3zoMm, B 3amavax QopmupoBaHusi obiuka yerkoro camoisiera ¢ I'CY mo
MIPEIOKEHHOM METOIMKE MOKHO OIPEIEINTh MAacCy €ro CHJIOBOW YCTAaHOBKH B TIEPBOM U
MOCJICTYIONTUX MPUOTIHKCHHSIX.
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Calculation of the mass of a hybrid power plant based
on electric and piston engines for light aircraft

Arbuzov 1.V, Borisov D.A., Ravikovich Yu.A., Sychev A.V.
MALI, Moscow, Russia

The report presents a method for calculating the mass of a hybrid powerplant (HSU) of
a light aircraft based on reciprocating and electric engines. Statistical data of aircraft with
different types of power plants are presented, on the basis of which the relative mass of the
HSU is determined in the first approximation, and a mathematical model for calculating the
mass of the HSU in the second and subsequent iterations is presented when forming the
appearance of a light aircraft. The results of theoretical and experimental work on the
development of a parallel circuit control system stand based on a 36 kW PM3-500 piston
engine and a self-made synchronous brushless electric motor with a power of 12 kW are
presented.

The results of the research showed that:

- the possibility of the existence of a HSU is limited by the energy capabilities
of modern batteries [1];

— the degree of its hybridization has a significant effect on the weight of the
power plant;

— The results of theoretical and experimental studies have a fairly good
convergence [2];

— the mathematical model for calculating the mass of the HSU should take
into account the operating modes (flight stages of the aircraft) of each type of engine
included in its composition;

— choosing the optimal value of the degree of hybridization allows you to
obtain the best characteristics of the power plant and the aircraft as a whole;

- when developing aviation HSU of a parallel circuit, it is necessary to take
into account the synchronization of the operation of the piston and electric motors [3-5].

The development of the HSU stand and experimental research were carried out in the
MALI laboratory.
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Thus, in the tasks of shaping the appearance of a light aircraft with a HSU, according
to the proposed methodology, it is possible to determine the mass of its power plant in the
first and subsequent approximations.
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AHAJIU3 BIAUSHUS JeBHAHTHDBIX TPAHCHOPTHLIX CPEACTB HA OCHOBHBIC XaPaKTCPUCTUKH
TPAHCHMOPTHBIX MOTOKOB METOAOM KOMIILIOTEPHOIo MOACITUPOBAHUA

brikoB H.B., KynsmeTrseBa B.A.
Poccuiickuit yausepcurer tpancnopra (PYT-MUUT), r. Mocksa, Poccus

BHenpeHne B TpaHCHIOPTHBIC MOTOKU OSCHMIOTHBIX aBTOMOOWIIBHBIX TPAHCIIOPTHBIX
CPEICTB MOXET COMPOBOXIATHCSA POCTOM YHCIA CHUTYalluid, B KOTOPBIX TaKHU€ CPEJICTBa
OTKJIOHSIFOTCS OT TPeOyeMBbIX TPAeKTOPUM WIM alrOpUTMOB yIpaBieHHUS. TpaHCIOPTHOE
CPEICTBO, TMOBEACHHE KOTOPOTO OTJIMYAETCS OT TOBEIEHUS TPAHCIOPTHBIX CPEICTB
OCHOBHOTO TMOTOKAa HA30BEM JIEBUAHTHHIM. B JoKiIage paccMOTPEHO BIUSHUE HAIUYHUS
JNEBUAHTHBIX TPAHCIOPTHBIX CPEJICTB HA OCHOBHBIE XapaKTEPUCTUKH aBTOMOOMIBHOTO
TPaHCIIOPTHOI'O IOTOKA — MIPOIMYCKHYIO CIIOCOOHOCTh U CPEJIHIOI0 CKOPOCTh MOTOKA.

MertoaoM uccienoBaHUs SBISIETCS KOMITBIOTEPHOE MojenupoBaHue. ['eTeporeHHsbIi
TPAHCIIOPTHBI TIOTOK, COCTOSIIUNA W3 OECHUJIOTHBIX aBTOMOOWJIEH U aBTOMOOHIIEH,
VIIPaBIISIEMBIX YEJIIOBEKOM, MOJICIHPYETCS B pPaMKaxX IMOJIXOAa KJICTOYHBIX aBTOMATOB C
ucrnonb3oBanueM MoaubunupoBanHon moaenu S-NFS [1]. [lepecTtpoeHne Mexay moiaocamu
omuchiBaeTcss wmojaenbto  Kykuael  [2].  PaccmarpuBaercs OeckoHeuHas jJopora C
NEePUOANYECKUMH TPAHUYHBIMH YCIOBUSIMU. MakpomapaMeTphbl CUCTEMBI (TNIOTHOCTh MOTOKA
TPAHCIIOPTHBIX CPEACTB M CPEAHSSI CKOPOCTh) BBIYHCISIOTCS M YCPETHSIOTCS TOCE BBIXOJ1a
CUCTEMBI Ha YCTAHOBUBIIIUUCS PEIKUM.

PaccMoTpeHo TpW BO3MOXKHBIX TIpaBHJa TIOBEJICHHUS JEBUAHTHBIX AarcHTOB: JBa
mpaBuja CMEHBI TOJIOCHI W OJHO TPABWJIO TOPMOXEHHs [3]. AHAIM3UPOBAIOCH TaKXKe
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KOJIMYECTBO TaKUX JEBUAHTHBIX TPAHCIIOPTHBIX CPEACTB B MOTOKE (0JI OT OOIIEero 4ucia
TPAHCIIOPTHBIX CPENICTB)

B pesynbrate MomenupoBaHHs IOKAa3aHO, YTO JEBUAHTHBIC TPAHCIOPTHBIE CPEICTBA
MOTYT BJIMATH HA TPAHCIOPTHBIA IIOTOK NPEUMYIIECTBEHHO B 00JacTH MaKCUMyMa
dynaamMeHTanbHOW auarpaMMmel (rpadMK 3aBHCHMOCTH IUIOTHOCTH IOTOKA OT IJIOTHOCTH
TPAHCIIOPTHBIX CPEACTB), TO €CTh NPU CPEAHMX 3HAYEHUSAX IJIOTHOCTH TPAHCIOPTHBIX
cpeacts. B cBoOOmHOM JBMXKEHHMHM WM B MNpOOKe BIUSHUE MPOTUBOACHCTBYIOIIETO
TPAHCIIOPTHOT'O CPEJCTBA HE3HAUUTEIHHO, HE3aBUCUMO OT MPABUJ €T0 MOBEACHHUS.

Paboma svinonnena npu gpunancosoii noooepaicke PH®, npoexm Ne 24-21-00306.
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Analysis of the influence of deviant vehicles on the main characteristics of traffic flows
using computer simulation

Bykov N.V., Kulmeteva V.A.
Russian University of Transport (RUT-MIIT), Moscow, Russia

The introduction of unmanned vehicles into traffic may lead to an increase in
situations where these vehicles deviate from required trajectories or control algorithms. A
vehicle whose behavior differs from the main flow will be referred to as deviant. This report
analyzes the impact of deviant vehicles on key road traffic flow characteristics - flux and
average flow speed.

The research employs computer modeling to simulate a mixed traffic flow of
automated and human-driven vehicles using a modified S-NFS model within the cellular
automata approach [1]. The changeover between lanes is described by the Kukida model [2],
considering an infinite road with periodic boundary conditions. Macro parameters such as
traffic density and average speed are calculated and averaged after the system reaches a
steady state.

Three possible rules for the behavior of deviant vehicles are considered: two for lane-
changing and one for braking [3]. The fraction of deviant vehicles in the total number of
vehicles in the flow is also analyzed.

The simulation results demonstrate that deviant vehicles mainly influence traffic flow
in the region of the fundamental diagram's maximum, i.e., at average vehicle density. In free-
flowing traffic or congestion, the impact of deviant vehicles is negligible, regardless of their
behavior rules.

This study was supported by the Russian Science Foundation, project No. 24-21-
00306.
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IHoaxox k pa3padoTke KOHCTPYKUMH NMOAATIUBOI0 MeXaHU3Ma YOOPKH U BBINLYCKA
accH Ui 0ecUI0THOIO JIETATeJLHOI0 annapara

Munosunos A.B., Cepebpsuckuii C.A., Maiicak M.B.
MAMU, Mocksa, Poccust

3HAauUTENIbHAs 4YacThb TEPPUTOPUM HALIEH CTpaHbl OTHOCUTCS K TAaK HAa3bIBAEMBIM
TPYIHOAOCTYIIHBIM paiioHaM. JTo ApkTtuueckas 30Ha Poccuiickoit ®denepauuu, pailOHbI
Cubupu n JlansHero Bocroka. IlpupoaHo-kinmMaTuyeckie yciaoBUs 3TUX PalOHOB JIENalOT
HA3eMHO€ COOOIIEHUE C HUMU BO3MOXKHBIM TOJIBKO B OTPaHMUYEHHBIA NEPUOJ ToJia, a MEXKIY
TEM B HUX COCPENOTOYEHA 3HAYUTENIbHAs YacTh MPHUPOAHBIX PECYPCOB CTpaHbl, pazpaboTka
KOTOPBIX SIBJIAETCA CTPATErMYEeCKOM 3ajadedl SKOHOMHUKHM. Peanusanus IUIAaHOB COLMAIIBHO-
HYKOHOMHYECKOTO Pa3BUTHS STHUX TEPPUTOPUI HEBO3MOXKHA 0e3 oOecrieueHus peryisipHbIX U
HaJIC)KHBIX I'PY30IIEPEBO30K.

BHeapeHnue 0eciMIIOTHBIX TEXHOJIOTHI B cepy rpa’kAaHCKOM aBUAllUK MO3BOJIIET HE
TOJIBKO CHM3UTh CTOMMOCTb JIETHOIO 4aca, IPU CONOCTAaBUMBIX JIETHO-TEXHUYECKUX
XapaKTepUCTUKaX OecnuiIoTHRIX JjerarenbHbIx ammapatoB (BIIJIA) na 30-40%, HO U
YMEHBILINUTh 3aBUCUMOCTh OT MOTOJHBIX (PAKTOPOB, a Takke 00ecneyuTbh OTCYTCTBHE pUCKA
JUISL dKU3HU YJICHOB SKHMIIAXa, IpU BbinodHeHuH padoT. Kpome Toro, BIIJIA noaxonsT u ans
SKCTPEHHOH JIOCTAaBKH LIEJIEBONM HATPY3KHU.

Pacmmpenne aBHalMOHHBIX NEPEBO30K CHAEPKHUBACTCS MX BBICOKOM CTOMMOCTBIO H
HEJ0CTaTKOM CIIEHUAIN3UPOBAaHHBIX, 10 HA3HAYEHHIO, TPAHCIIOPTHBIX BO3AYLIHBIX CYZOB.

PazButue coBpeMeHHOW aBHAIIMOHHOW TEXHUKH, KOHKypeHTocrnocoOoHocTs BIIJIA B
YCIIOBUSX PBIHKA U CIIOKHBIE YCIOBHS MX JKCIUTyaTallMy B 3aBUCUMOCTH OT Ha3HadeHus [1, 2,
3] oOycnaBiMBalOT HEOOXOIUMOCTh COBEPIIEHCTBOBAHUS KOHCTPYKIHMM JAeTaleH, y3JI0B U
arperaTosB JieTaTenpHOoTo amnmnapata (JIA).

B nanHo#l paboTe paccMaTpuBaeTCs BOZMOXKHOCTh YJIYUIIEHUs KOHCTPYKIMH IIaccu
BIUTA (mpumeHMMOM M Ui JAMCTAHIMOHHO MHJIOTHPYEMBIX JIETAaTENIbHBIX amnapaToB
(AITJIA)) cmocoOoM 3aMeHbl COCTaBHBIX THIIOBBIX 3JIEMEHTOB MEXAaHHU3MOB KHHEMAaTHUKU
IIaCCH Ha MOJIaTIINBhIC MEXaHU3MEI [4, 5].

IlogaTiuBele MEXaHHU3MBI — OTO MEXAHU3MBI, IEpPEAAIOLIUe IABUKEHUE 3a CUeT
negopmanuu  cOOCTBEHHBIX dacTeil. Takas 3aMeHa MOXKET OOECIEeUYUTh YMEHbIICHHE
KOJINYECTBA JIeTalleil B COOpPKE U MX MacChl COCTABIISIOIINX.

Jns pa3paboTKH TaKMX KOHCTPYKTOPCKHX pELIEHUH MNPUMEHSeTCS MHOXKECTBO
MOXO0/0B, YIPOIIAIOIMINUX T€ WM WHBIE dTanbl MpoekTupoBanus [6, 7]. B manHoil pabote
paccMaTpuBaeTcs METOJ MCEBIOKECTKOro Tena. B kadecTBe mpenMera mcciaeaoBaHUs B3SIT
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MeXaHU3M yOOpKH U BbIITycKa maccu. MeToa 3akirodaercs B 3aMeHe OObIUHBIX IIAPHUPOB Ha
KOHCTPYKLIMOHHBIE 3JIEMEHTBHI C MAJION KECTKOCTHIO [§].

B xauectBe 00BEKTa MCCIEAOBAaHHMI BHIOpaH OCCHMIOTHBIA JIETKHNA TPAHCIIOPTHBIN
CaMOJET.

B nanHOM ciydae Ha 1acCuM BO3ACHCTBYIOT OTHOCUTEIBHO MAJIbIE HArpy3KH,
BO3HMKAeT HEOOXOJUMOCTb BHEJPEHUS MEXaHHW3Ma YOOpKHM M BBIIYCKA IIACCH C LEJbI0
YMEHBUIEHUsI B3JIETHOrO Beca M 00ECHEeYeHMs] MPOCTOThl KOHCTPYKLHMM OTAEIbHBIX
JJIEMEHTOB. JTO IO3BOJIIET IPOBEPUTH COCTOSITEIIBHOCTb M BO3MOXKHOCTH peaIn3aluu
KOHLENIMY UCIIOJI30BAHUS MTOAATIMBBIX MEXaHU3MOB.

Ha HavanpHOM 3Tane BpIOpaHa KMHEMAaTHUYECKas CXEMa HCCIIEIyeMOI0 MEXaHU3Ma,
3aTeM MIApHUPHI ObLTM 3aMEHEHBI HAa TMOKHWE (IMOJATIUBBIC) 3JIEMEHTHI, TONIIUHA U JJIUHA
KOTOPBIX ObLIa OIpeneNieHa YCIOBHSMH YCTOMUYMBOCTH M HEOOXOAMMBIX IEPEMELICHUN.
Takum o00pa3oM, MONyueH MEpPBBIA BapuaHT, KOTOPBIH HEOOXOIMMO NPOBEPUTH, CO3/1aB
KOHEYHO-3JIEMEHTHYIO MOJIEIb.

BbIsiBIIEHBI OCHOBHBIE CII0KHOCTH, BO3HUKAIOLIUE IIPU MPOEKTUPOBAHUU U BIIHSAIOIINE
Ha KOHEYHYI0 paboTocnocoOHOocTh. Hampumep, U3MeHEHHE ECTKOCTH I'MOKHX 3JIEMEHTOB,
nobouHble  AedopManuy, B3aUMHOE BIMSHHE OJJIEMEHTOB Jpyr Ha Jpyra, HX
SKCIUTyaTallMoOHHBIEe cBOMCTBA [9, 10].

C yueroM BO3HHMKIIMX MpoOiieM, HIET paboTa HaJ HOBOW BepcHed KOHCTPYKLIUHU
NOJAaTIMBOTO MEXaHU3Ma JUIsi yOOpKM M BBINYCKa MIACCH OECIMJIOTHOIO JIETaTEJIbHOTO
anmapara [11, 12].
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An approach to the design of a compliant mechanism for cleaning and releasing the
landing gear for an unmanned aerial vehicle

Milovidov A.V., Serebryansky S.A., Maysak M.V.
MALI, Moscow, Russia

A significant part of the territory of our country belongs to the so-called hard-to-reach
areas. These are the Arctic zone of the Russian Federation, the regions of Siberia and the Far
East. The natural and climatic conditions of these areas make terrestrial communication with
them possible only in a limited period of the year, and yet they contain a significant part of
the country's natural resources, the development of which is a strategic task of the economy.
The implementation of plans for the socio-economic development of these territories is
impossible without regular and reliable cargo transportation.

The introduction of unmanned technologies in the field of civil aviation allows not
only to reduce the cost of flight hours, with comparable flight and technical characteristics of
unmanned aerial vehicles (UAVs) by 30-40%, but also to reduce dependence on weather
factors, as well as to ensure that there is no risk to the lives of crew members when
performing work. In addition, UAVs are also suitable for emergency delivery of the target
load.

The expansion of air transportation is constrained by their high cost and the lack of
specialized transport aircraft for their intended purpose.

The development of modern aviation technology, the competitiveness of UAVs in
market conditions and the difficult conditions of their operation, depending on the purpose [1,
2, 3], necessitate the improvement of the design of parts, assemblies and aggregates of the
aircraft.

In this paper, the possibility of improving the design of the UAV chassis (applicable
also for remotely piloted aircraft (UAVs)) is considered by replacing the composite typical
elements of the chassis kinematics mechanisms with flexible mechanisms [4, 5].

Compliant mechanisms are mechanisms that transmit motion due to the deformation
of their own parts. Such a replacement can provide a reduction in the number of parts in the
assembly and their mass of components.

To develop such design solutions, many approaches are used that simplify certain
design stages [6, 7]. In this paper, the pseudo-rigid body method is considered. The
mechanism of cleaning and releasing the chassis is taken as the subject of the study. The
method consists in replacing conventional hinges with structural elements with low rigidity
[8].

An unmanned light transport aircraft was chosen as the object of research. In this case,
the chassis is affected by relatively low loads, it becomes necessary to introduce a mechanism
for cleaning and releasing the chassis in order to reduce take-off weight and ensure the
simplicity of the design of individual elements. This allows us to check the viability and
feasibility of the concept of using flexible mechanisms.

At the initial stage, the kinematic scheme of the mechanism under study was selected,
so that the hinges were replaced with flexible (malleable) elements, the thickness and length
of which were determined by the conditions of stability and necessary movements. Thus, the
first variant has been obtained, which must be verified by creating a finite element model.
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The main difficulties arising in the design and affecting the final performance are
identified. For example, changes in the stiffness of flexible elements, lateral deformations, the
mutual influence of elements on each other, their operational properties [9, 10].

Taking into account the problems that have arisen, work is underway on a new version
of the design of the feeding mechanism for cleaning and releasing the chassis of an unmanned
aerial vehicle [11, 12].
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AHAJIU3 30H OTJIOKEHHS JIbJA HA CyNnepruapoGodHOM NMOKPBITHH JUIA
aspoauHaMuyeckoro mpopuiasi AI'N-831

Kurynun N.E., Ckunanos C.H.
MAMU, r. Mocksa, Poccus

B noknane mnpezncraBieH aHanu3 30H obOneaeHeHus Uit npopwinst LHATM-831 ¢
OpPUMEHEHHEM CyneprupooOHBIX TMOKPBITHH W I TJAJKOr0 a’poJUHAMUYECKOIro
npopwiss. B pabore mpuBeneHBbl pe3yabTaTbl UCHBITAHMA B HMCKYCCTBEHHBIX YCIIOBMSAX
oOyeleHeHus, TMOATBEP)KIAIOIIMEe, 4YTO 30HAa OTJIOXKEHMs JbJa Ha mpopuie ¢
cyneprufipoGoOHBIM  TOKPHITUEM OTpaHWYEHA JBYMsI KacaTelIbHBIMH K  Tpoduio
TPAeKTOPUSIMU JABH)KEHUS Kallelb, T.€. 30HOM coyaapeHusi 0e3 MOCieIyIoIIero pacTeKaHus
Karejab TOTAA, Kak JUIsl TJaJKOro Mmpoguiis 30HA OTJIOKEHMS JIbJla ONpEeAeseTcss 30HOU
COyIapeHMs Kaneib, 30HOM paCTeKaHMs U 3aMep3aHus kanens [1].

CynepruapodoOHble  MOKPBITHS -  HOBbIE  (PYHKUMOHAJIbHBIE  IMOKPBITHA,
paspabarbiBaeMble B IHCTUTYTE pu3Hueckoil XUMHUHU U 3nieKTpoxuMud uM. A H. @pymkuHa u
npejrnonaraéMble K MPUMEHEHHIO B COCTaBE WJIM B3aMEH NMPOTUBOOOJIEIEHUTEIbHBIX CUCTEM
BO3AYIIHOTO CyJIHA JJs YIYYIIEHHs SKCIUTyaTallHOHHBIX CBOMCTB M OOECIEUEHUS 3aIlUThI
camMoJIeTa OT BOZHUKHOBEHHS OMACHBIX CUTYAIlMi B TIOJIETE, CBSA3aHHBIX C 00JIe/ieHeHeM [2].

B pamkax aHanM3a MoOKa3aHO, YTO Ha MOBEPXHOCTH CYyNepruapopoOHOro MOKPHITUS
peau3yeTcsi PEeKHUM HEMOJIHOIO0 CMauuBaHUs, IPH KOTOPOM CHJIBI BSI3KOTO TPEHUS
MOMAJIAIONIMX Karejlb HEe3HAYUTeNbHbl, Ha KAaIll0 Ha TakKOi MOBEPXHOCTH JEHUCTBYIOT
MPEUMYIIECTBEHHO TOBEPXHOCTHBIE W a’POJAMHAMUYECKHE CHJIBI, 3a CYET Yero Karuisl
BBIJIyBa€TCs C MOBEpXHOCTH. Ha riajgxoM aBHanmoHHOM Mpoduiie TpeOyeTcs TOMOIHUTENEHO
ONpEACNATh BEIWYMHY Bs3KOW cuiibl CTOKca, KOTOpas COBMECTHO C ITOBEPXHOCTHBIMHU
CHJIaMH U a3POJIUHAMUYECKOTO COIPOTHUBIIEHHSI OYAET ONpeNeNnaTh 30Hy pacTekanus [1].
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[loBenenue  a’ponMHaMUYecKux  mpoduiell  ucciaenoBaloch B YCIOBHSX
HCKYCCTBEHHOT'O 00OJIC/ICHEHHUS B BCECE30HHOM adpoanHammuueckoit Tpyoe LIATU DY -1.
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Analysis of ice deposition zones on a superhydrophobic coating for an airfoil TsAGI-831

Zhigulin LE., Skidanov S.A.
MALI, Moscow, Russia

The report presents an analysis of icing zones for the TsAGI-831 airfoil using
superhydrophobic coatings and for a smooth airfoil. The paper presents the results of tests
under artificial icing conditions, confirming that the ice deposition zone on an airfoil with a
superhydrophobic coating is limited by two droplet trajectories tangent to the profile, i.e. a
collision zone without subsequent spreading of droplets. In contrast, for a smooth airfoil the
zone of ice deposition is determined by the zone of collision of droplets, the zone of spreading
and freezing of water droplets [1].

Superhydrophobic coatings are new functional coatings being developed at the
Institute of Physics and Chemistry of the Russian Academy of Sciences and intended for use
as part of or as a replacement for aircraft anti-icing systems to improve operational properties
and ensure aircraft protection from hazardous in-flight situations associated with icing [2].

As part of the analysis, it is shown that on the surface of the superhydrophobic
coating, a mode of incomplete wetting is realized, in which the viscous friction forces of the
falling drops are insignificant; the drop on such a surface is predominantly affected by surface
and aerodynamic forces, due to which the water drop is blown from the surface.

On a smooth aircraft airfoil, it is necessary to determine the value of the viscous
Stokes force, which, together with surface forces and aerodynamic drag, will evaluate the
spreading zone [1].

The behavior of airfoils was studied under artificial icing conditions in the TsAGI EU-
1 all-season wind tunnel.
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K Bonpocy ¢popmMupoBaHusi METOAMKH MaTeMATHYECKOI0 MOAeTHPOBAHUS I'PYOBIX
NMOCAJ0K CaMOJIETa M pa3pylIeHUs] KOHCTPYKIMH IACCH

Turos E.U., [lepeneuaes C.A., Cepebpsiackuii C.A.
MAU (HNY), r. Mocksa, Poccus

KoHCTpyKIMsS COBPEMEHHBIX MAcCa)XKUPCKUX CaMOJIETOB JOJDKHA COOTBETCTBOBATH
TpeOOBaHUSIM HE TOJNBKO SKOHOMHUYECKOW A(P(PEKTUBHOCTH W TEXHOJOTHYHOCTH, HO U
TpeboBaHusIM Oe3omacHocTH ToyéToB [1]. B dacTtHOcTH, cymiecTByeT TpeOOBaHHE O
HEJOMYIIEHUU Pa3repMeTH3ai TOIUTMBHONW CHUCTEMbl IIPU aBapUHHON Mmocaake camoniéra ¢
pa3pylieHHeM MIacCH.

[ToaTBepkmaTh COOTBETCTBHE JaHHOMY TpeOoBanuto HIJIII25 paspemieno mau6o
UCTIBITAHUSAMU C Pa3pyLICHHEM CTOEK IACCH, YTO SBJSIETCS HELEIecO00pa3HO JOPOTUM
METOAOM, JIMOO MaTeMaTW4ecKuM MojaenaupoBanueM. OnHaKo, Aaxe peIlIeHue 3aJauu
MaTEMaTUYECKOI0  MOJEIMPOBAHMS  PA3pYLIEHMs] CTOEK IIacCH  SIBISETCS  KpaiiHe
TPYAO3aTpaTHbIM KaK C TOYKHU 3PEHUS BPEMEHM CO3/IaHHS MAaTEMaTH4YEeCKOW MOJENN OIop
1acCH, TaK ¥ ¢ TOUKH 3PEHUs BBIUUCIUTENHHOTO pecypea [3].

Ha panHblii MOMEHT Uisi MaTeMaTUYeCKOTO MOJESIUPOBAHMS KOHCTPYKIIMH ILACCU
UCIIONB3YyeTCsl  MeTod  KoHeuHblx osneMeHToB (KD). MopgenupoBanue paspyuieHUs
KOHCTPYKIIMU IacCu TpedyeT BbIcOKoi TouHOoCcTH KD Moaenu u co3gaHus CIOXKHOW MOJIEIH
MaTepuana, yYUTHIBAIOIIUNA YIPYTYI0 U IJIACTUYECKYIO 30HBI, NTOBEJICHUE MaTepHalia Mmocie
MPEBBIINICHUS] 3HAYEHUS HANPSOKCHUM BBINIE TMPEACNbHOTO (0p) M Pa3IMYHBIX CBOMCTB
MaTepraia B 3aBUCUMOCTH OT KoddduimenTa TpéxocHoctu [4, 5]. Takas monuens sBIsSETCS
CJIOKHOM HE TOJBKO C TOYKU 3PEHUS CO3/IaHNs, HO U C TOUKH 3pEHUs pacuéra.

B nanHnoil pabore paccmarpuBarorcs noaxoasl k KO monenupoBaHuio KOHCTPYKIUU
niaccu yHpOUIEHHBIMM METOAAaMH, KOTOpPbIE€ IO3BOJIAIOT COKpaTuTh Bpemss KD anamuza
KoHcTpykuuu. CnenoBarenpbHo, KO aHanmu3 ¢ KCNONB30BaHUEM NPENJIOKEHHBIX METOIUK
MOKET OBITh MPOBEAEH Ha OoJiee paHHHUX dTanax MPOSKTHPOBAHUS KOHCTPYKIIMU CaMOIETa,
HO TIO3BOJIUT COKPATHTh PACXOJIbI HA UCIIPABJICHUE MOMYIICHHBIX HA PAHHUX JTarax OIMHUOO0K
Y TIOBBICUT 0€30I1aCHOCTh MOJIETOB.
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5. Tlomos, 1O. M. K Bompocy oOecreueHus OSKCIUTyaTallMOHHOW >KHBYYECTH
KOHCTpyKuuu miaanepa camodnera / FO. U. Tlomos, C. A. Cepebpsnckuii, M. B. Maiicak //
CnpaBounuk. UnxenepHslil xkypHai. — 2019. — Ne 12(273). — C. 32-39.

To the subject of methodology of mathematical modelling of hard landings of aircraft
and landing gear structure failure.

Titov E.L, Perepechaev S.A., Serebryansky S.A.
MALI, Moscow, Russia

The design of modern passenger aircraft must not only meet the requirements of
economy and manufacturability, but also the requirements of flight safety [1]. In particular,
there is a requirement to prevent depressurisation of the fuel system in the event of an
emergency landing with landing gear failure.

Compliance with this requirement of NLG25 may be confirmed either by tests
involving destruction of the landing gear struts, which is an inappropriately expensive
method, or by mathematical modelling. However, even solving the problem of mathematical
modelling of strut failure is extremely time-consuming, both in terms of the time required to
create a mathematical model of the struts and in terms of computational resources [3].

Currently, the finite element method (FE) is used for the mathematical modelling of
the chassis structure. Fracture modelling of the chassis structure requires high accuracy of the
FE model and the creation of a complex material model that takes into account elastic and
plastic zones, material behaviour after exceeding the limit stress (ov) and different material
properties depending on the triaxiality coefficient [4, 5]. Such a model is complex not only in
terms of construction but also in terms of computation.

This paper discusses approaches to FE modelling of the chassis structure using
simplified methods that reduce the time of FE analysis of the structure. Consequently, FE
analysis using the proposed techniques can be performed at earlier stages of aircraft design,
but will reduce the cost of correcting errors made at earlier stages and increase flight safety.
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Bausinue 1eJIbHOMOBOPOTHBIX MOA(IO3e/IKHbIX IPeOHell YBeJIMYeHHON MJIOIAAN HA
YCTOWYHUBOCTD M YIIPABJISIEMOCTh CaAMOJIETA

Aobpamos f.C., I'octe A.B., Cepedpsackuii C.A.
MAMU, r. Mocksa, Poccust

[udpoBble TEXHOJOTUU B aBUACTPOCHHM MO3BOJIAIOT CO3/1aBaTh MACCAKUPCKUE U
TPAHCHOPTHBIE BO3JYIIHbIE CyAa JUII KOMMEpPYECKOI0 BHYTPEHHErO0 M MHPOBOIO PBIHKA, a
TaKXe COBPEMEHHBbIE OOEBBIC CaMOJIEThl HOBBIX IOKOJICHUH, B KOTOPBIX MCIOJIB3YIOTCS BCE
JOCTHIKEHUS B 00JIACTH BBICOKUX TexXHOJOTHH [1].

B nmanHOil paboTe TpPEACTaBICHBI pPE3YylIbTaThl HCCICAOBAHUS 10 BIHSHUIO
[EJIEHOMIOBOPOTHBIX  MOA(IO3EISDKHBIX TpeOHEeW YBEIMYCHHOH IUIOMIAAM Ha IYTEBYIO
YCTOMUYMBOCTh M YIIPABIAEMOCTh CAaMOJETa. ASPOJAMHAMUYECKHE IPOAYBKH PACUETHBIX
MOJIeJIel CBEPX3BYKOBOIO JIETATEJIBHOIO annapara ¢ IByMs KWISIMU; C OJHUM KWJIEM U JIByMs
no1(pro3esKHBIMU TpeOHAMU (TUIOMIA/lb BEPTHKAIBHBIX MOBEPXHOCTEU I IBYX MOJEeH
OJIMHAKOBa) MPOU3BOAWIUCH B iporpammHoM obecriedenn ANSY'S B moayne CFX.

[TyreBasi ycTOMUMBOCTH — CHOCOOHOCTH JIETATEIILHOTO arapara CaMOCTOSTENIbHO, 0e3
BMeEUIATEIbCTBA JIETYMKA, IPOTUBOJACHCTBOBATh N3MEHEHHUIO YIila CKOJIbXKEHHUS f3.

[TyreBasi ycTOWYMBOCTH B OOJIBIIEH CTETIEHU OINPEEISETCS Pa3HOCTHIO ABYX BEJIHUMH:
CTAOWIM3UPYIOIIETO MOMEHTAa U JeCTAaOWIM3UPYIOIIET0 MOMEHTa OT (Qro3esbka Hu
TOPH30HTAIIBHBIX a3pPOJMHAMUYECKUX moBepxHocTei [2]. [Tpu Beixone camonéra Ha OosbIime
VIJIbl aTaKd Kb 3aTeHseTCs (PI03eNshKEM, BO3pacTaeT ero (pakTuueckas CTPEelOBUAHOCTD.
OTO MPUBOAMUT K MAaJeHUI0 OOKOBOHM CHIIBI, 0Opasyrolleiics Ha 3aTeHEHHOM BEPTUKAIBHOM
OMEpEeHUH U CHWXKEHHIO J(PGEeKTUBHOCTH U  cTabunusupyromero sddexra Kuid,
COOTBETCTBEHHO.

C yBennMyeHHEM yria aTtakd yMEHbLIeHHE S((EKTUBHOW IJIOMIATN KW JOCTHUTIIO
6omnee 50%. IIpu 3TOM Kuiab momajan B 30HY OOpaTHBIX OOKOBBIX CKOCOB IOTOKa BO3AYXa,
MPEBBIIIAIOIINX MECTHBIE YIJIbl CKOJIBKEHHUS, MOJ KOTOPBIMH IPOUCXOJUT OOTEKaHHE —
HOSIBJISIETCS J€CTa0MIN3UPYIOIINI MOMEHT.

B ornnuum ot kwis, noadro3ensykHble TpeOHM HE 3aTEHEHBl Ha IOJIOXKUTENBHBIX
yriaax arakd. IIpu 3ToM myTeBOol MOMEHT B pacdy€THON MOJENIN C OJHUM KUJIEM U JABYMS
noI03eDKHBIMUA TpeOHsAMM OoJiblile, YeM B MOJAEIM C ABYMs KuwisMu B 1,5 pasa (s
MaJbIX YTJI0B ataku) U B 1,9 paza (amns 60JbIINX YTIIOB aTaky).

Pe3ynbraTtel ucclieoBaHMsS TMOKa3blBalOT, YTO MPUMEHEHHUE IIeIbHOIMOBOPOTHBIX
no/1(pro3esKHBIX TpeOHEl yBEIMUEHHOW IUIOIIA N MOBBIIIAET KPUTHUYECKOE 3HAUEHUE yria
aTaku camoj€Ta, OTTATHMBAET CBAJIMBAHHUE, MPH 3TOM YBEJIUYMBAIOTCS HArpy3Kd CHIIOBBIE
AJIEMEHTHI KOHCTPYKIIUU U Y3JIbI KperuieHus [3, 4] . YMeHbleHue I0maau KU MPUBOIUT K
CHI)KCHHIO BECa KOHCTPYKIIMH, U YIYYIIEHUIO TEXHOJIOTMUYECKHX, OSKCILTyaTallMOHHBIX U
npyrux coictB JIA [5, 6, 7]. IlpumeHenue rpeOHel YBEIMYEHHOH IUIOIIAAM MOBBIIIAET
KPUTHYECKOE 3HAUEHHE YIJla aTaKyd caMoJéTa W OTTATMBAECT CBAJMBAaHUE, YTO MPUBOAMT K
YIY4LIEHUIO JIETHO-TEXHUUECKUX XapaKTEPUCTUK JIETATEIBHOTO aIlapara.
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What is the Effect of all-moving extended ventral fins on the aircraft stability and
controllability

Abramov J.S., Gostev A.V., Serebryansky S.A.
MALI, Moscow, Russia

Digital technologies in the aircraft construction enable us to design airliners and
transport aircraft for the domestic and global commercial market, as well as next-generation
combat aircraft, using all the achievements in the high technology field. [1].

This study presents the results of a research on the effect of all-moving extended
ventral fins on the aircraft stability and controllability. Wind-tunnel testing for designed
supersonic aircraft models with two vertical stabilizers; with one vertical stabilizer and two
ventral fins (the vertical aerodynamic surface area is equal for both models) were carried out

in a CFX module of ANSYS software.
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Directional stability is the ability of an aircraft to counteract changes in the sideslip
angle 3 on its own, without pilot intervention.

The aircraft directional stability is largely determined by the difference of two values:
the stabilizing moment originating at the vertical tail, and the destabilizing moment from the
fuselage and horizontal aerodynamic surfaces. [2] When the aircraft reaches high angles of
attack, its tail fin becomes shaded by the fuselage, and the actual fin sweep increases. This
causes the side force originating on the shaded vertical tail to drop and, respectively, it
reduces the efficiency and stabilizing effect of the tail fin.

As the angle of attack went up, the effective vertical stabilizer area shrank by more
than 50 per cent. At the very moment, the tail fin fell into the zone of air flow reverse side
bevels, exceeding the local sideslip angles under which the tail fin flows, and a destabilizing
moment appeared.

Unlike the vertical stabilizer, the ventral fins are not shaded at positive angles of
attack. At the same time, the yawing moment in the designed model with one tail fin and two
ventral fins i1s about 1.5 times (for small angles of attack) and 1.9 times (for large angles of
attack) higher than for the model with two tail fins.

The study concludes that the use of all-moving extended ventral fins gives an
opportunity to increase the critical value of the angle of attack and delay stall and this
simultaneously increases the loads on the primary structural members and attachment points
[3, 4]. Smaller tail fin area leads to lighter weight of the aircraft configuration and better
handling and performance properties [5, 6, 7]. Using all-moving extended ventral fins, we can
increase the critical value of the angle of attack and delay stall, and thus improve aircraft
performance characteristics.
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OmnpenesieHne ONTUMAJIBLHBIX IAPAMETPOB CTPYHHON CHCTEMbI 321U THI FA30TYPOMHHBIX
HHU3KOPACIOJIOKEHHBIX IBUTaTeIeil caMoJieTa MonaiaHusi NOCTOPOHHUX MPeIMeTOB

Ymrakos U.0., Cepebpsiackuit C.A.
MAMU, r. MockBa, Poccust

[Tepen HU3KOPACTIOJI0KEHHBIMH TypOOBEHTUIIATOPHBIMU JIBUTATEIISIMU
MarucTpalibHbIX CaMOJIETOB MOKET OOpa30OBHIBATHCS MHTEHCHUBHOE BHXpeBoe TeueHue. OHO
CHOCOOHO TOIOpachIBaTh MOCTOPOHHUE MPEAMETHI, KOTOPhIE B CBOIO OYEpeh MOTYT OBITh
3aXBavy€HBbl Ta30BO3JYLIHBIM IOTOKOM JBHTarens. llocnmemyromiee momagaHue TBEPAbIX
MOCTOPOHHUX TMPEAMETOB B TMPOTOYHYI) YacTh CHJIOBOM YCTAaHOBKH TIPUBOIHWT K
3HAYUTEBHBIM TIOBPEXKICHUSM JJIEMEHTOB ¢ KOHCTpyKIuH [1]. OmuH w3 3P PeKTHBHBIX
KOHCTPYKTUBHBIX METOJOB 3aIllMTHl JBUTATENs OT MOMaJaHus MOCTOPOHHHUX MPEIMETOB —
CTpyiiHas cucrema.

B mHacrosmiem Jokiame TpencTaBiIeH aHAIM3 PEe3yAbTaTOB  MaTeMaTHYeCKOTO
MOJIETTUPOBAHUS PAOOTHI CTPYHHON CHCTEMBI 3alIUThI JBUTATENS OT MOMAaJaHHs TOCTOPOHHUX
MPEIMETOB TMPH PANIMIHBIX YCJIOBUAX OOTEKaHUsS U peKUMax pabOTBI JIBUTATEIS.
[TpuMeHEeHHe COBPEMEHHBIX MPOTPAMMHBIX KOMIUIEKCOB MaTEMATHYECKOTO MOJICITHPOBAHMS
MIO3BOJISIET OMPEACTUTH MPOSKTHBIC MAapaMeTPhI MpeIIaraeMoil CHCTEMBI Ha MTepBOHAYAIBHBIX
stanmax nmnpoektupoBanus [2, 3]. OOBEeKT wuccinegoBaHUs HACTosIIed padboThl —
TypOOBEHTUIISITOPHBINA JBUTATENh CO CTPYHHOM crcTeMoil 3amuThl. [Ipeamer uccnenoBanus —
paboTa cTpyHHOI CHCTEMBI 3alIUTHI JBUTATENS OT MOMAJaHUsI TOCTOPOHHUX MPEIMETOB.

[IpuBeneHbI pe3ynbTaThl MATEMAaTHYECKOTO MOAETUPOBAHUS, UILTIOCTPUPYIOIINE:

* 30HY BO3ACHCTBUS IMOTOKOB CTPYHHOW CHUCTEMBI TMPH HATUYUHU BCTPEUHOTO (B
nporiecce pyJIeHUs camoJieTa) U OOKOBOTO Ta30BO3IYIIHBIX MIOTOKOB (TIPH HAJTHYUH OOKOBOTO
BETpa).

* BO3MOXXHOCTh Pa3pyIICHHS WHTCHCHBHOTO BHXPEBOIO TEUCHHUS TPH Pa3IHIHBIX
YCIIOBUSAX O0TeKaHUsI 00bEKTa UCCIIeI0BAHUS.

* DBrnusHme BHEMHUX  BO3JEHUCTBYIOMUX CcHUJ (OOKOBOTO W BCTPEYHOTO
ra3oBO3AYIIHOTO MTOTOKA) Ha MPOCKTHBIE MapaMeTPhl pa3padaTbIBAEMO CUCTEMBI.

» lI3MeHeHNe KapTUHBI OOTEKaHWs B 30HE IEpel BO3IYyX03a0OPHUKOM MapIIeBOM
CUJIOBOH YCTaHOBKH TOCJIE aKTHBAIIMH CTPYHHOUN CUCTEMBI.
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MareMaTHueckoe MOJEIMPOBAHUE BBIIOJHEHO C MCIOJIB30BAaHHUEM COBPEMEHHOIO
nporpamMmHoro komruiekca ANSYS [4, 5]. CdopmynupoBaHa MeTOAMKA ONPEAEICHUS
IIPOEKTHBIX MapaMEeTpOB paccMaTpuBaeMoil cuctembl. IIperncraBieHHass METOJUKA MOKET
OBITH UCIIONIB30BAaHA JJIS pa3pabOTKH MOIM(PUKAIIMH CYIIECTBYIOIINX BO3AYIIHBIX CY/IOB.
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Determination of the optimal parameters for the jet engine sprinkler protection system

Ushakov 1.O., Serebryanskii S.A.
MALI, Moscow, Russia

An intense vortex flow can form in front of low-lying turbofan engines of mainline
aircraft. It is capable of throwing up foreign objects, which in turn can be picked up by the

gas-air flow of the engine. The subsequent ingress of solid foreign objects into the flowing
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part of the power plant leads to damage to its structural elements [1]. One of the most
effective constructive methods of protecting the engine from foreign objects is the jet system.

This article presents an analysis of the results of mathematical modeling of the
operation of the jet engine protection system against foreign objects under various flow
conditions and engine operating modes. The use of modern software complexes for
mathematical modeling makes it possible to determine the main parameters of the proposed
system at the initial stages of design [2, 3]. The object of research is a turbofan engine with a
jet protection system.

The results of mathematical modeling are presented, illustrating:

* The zone of impact of the jet system flows in the presence of oncoming (during
taxiing of the aircraft) and lateral gas-air flows.

* The possibility of destruction of an intense vortex flow under various conditions of
flow around the object of study.

* The impact of external factors (lateral and incoming gas-air flow) on the design
specifications of the system being developed.

* Changing the flow pattern in the area in front of the air intake of the main propulsion
system after activation of the jet system.

Mathematical modeling was performed using the modern ANSYS software package
[4, 5]. A methodology for determining the design parameters of the system under
consideration is formulated. The presented methodology can be used to develop modifications
of the mainline aircraft to extend the expected operating conditions.
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HAJE)KHOCTbD. OTKA3OBE30IACHOCTD. TEXHUUYECKOE
OBCJY’ KUBAHUE U PEMOHT

RELIABILITY. FAIL SAFETY. MAINTENANCE AND REPAIR

Ipumenenne matpunbl UKAO 111 0OleHKH PUCKOB, CBSI3AHHBIX ¢ KOHCTPYKIHEH
IUIaHepa camoJieTa

I'pumun A.B., I'octeB A.B., Cepebpsiackuii C.A.
MAM, r. Mocksa, Poccus

OnHOl W3 OCHOBHBIX B COBPEMEHHOW aBHAIlMM SBISETCA mpobiema pecypca
KOHCTPYKUIMH camonieTa. (OCOOCHHO aKTyalbHOW sIBIseTCs npoOieMa  JAIUTEIHHO
JKCIULyaTUpyeMbIX camoieToB. K HacrosdmieMy BpeMEHM MHOTHME THUIBI CaMOJIETOB
BbIpabOTadM IMPOEKTHBIE pecypc U Cpok ciuyxObl. Ho Takue craperomue caMoJeThl
MPaKTUYECKH 3aTPYAHUTENIIbHO 3aMEHHTh HOBBIMH THUIIAMU  CAMOJIETOB, I0O3TOMY
ABUAIMOHHBIC BJIACTU BBIHY)KIEHBI MPOJJIEBATh PECYPChl M CPOKHU CIY>KOBI CTaperomimx
CaMOJIETOB CBEpX MPOEKTHBIX 3HaueHud [1, 2, 3].

Cyl1ecTBYIOT TpU OCHOBHBIX NPUHIMIA [IPEAOTBPALLEHUS YCTAJIOCTHBIX pa3pyLIeHUM
KOHCTPYKLIMM CaMoOJIeTa: NPHUHIUI Oe30MacHOro pecypca, 0e30MacHOro paspymieHHs |
0€30MacHOro MOBPEXKIEHUS, KOTOPhIE COOTBETCTBYIOT TPEM BHJIaM IPEIEIbHBIX COCTOSHUI
BC — omnpenenseMoMy pecypcoM, COOTBETCTBYIOLIEMY MPEAOTKA3HOMY COCTOSIHUIO H
COOTBETCTBYIOIIEMY OTKazy. B panHux pepakuumsax Hopm neTHON TOJHOCTH TIpasKIaHCKHX
CaMOJIETOB MMEHHO METOJ COOJIIOJIEHUs] MPUHIMIOB 0€30MacHOr0 pecypca MPUHUMAICS B
KauyecTBE OCHOBHOTO Il oOecriedeHus 6e30MmacHOCTH moeTos [4, 5].

B nacrosmeil paboTre NpeACTaBl€H  aHAIU3  PE3YyNbTATOB  HCCIIENOBAaHUS
CYIIECTBYIOIIMX METOJOB OLIGHKM PHCKOB B aBHALMU il oOecriedeHusi 0e30MacHOCTH
IIOJIETOB.

[IpoBenen awanu3 npumeneHuss wartunbl WKAO ngns kadecTBEHHOW W
KOJIMYECTBEHHOW OILIEHKH PHCKOB, O0O3HAa4YeHbl MPEUMYIIECTBA W HEAOCTATKH JIAHHOTO
METO/1a, PACCMOTPEHBI CYLIECTBYIOINE OrpaHuueHus B npuMeHeHnn matpuiel MKAO.

K npeumyniecrBam TaHHOTO METO/a MOKHO OTHECTH:

— TPOCTOTY HPUMEHEHMsS] M HAIrMJHOCTh U1 KAyeCTBEHHOW OLICHKHM pHCKa H
MUPUTH3ALMNA MEPOIIPUITHI

— IIEJIOCTHOCTh OILIEHKM C BO3MOXXHOCTBIO JOKYMEHTaluu audQepeHnupoBaHHbIX
pHUCKOB

HenocraTtkn janHOTO METOAA:

— 3aBUCUMOCTb METOJ]a OT COBMECTHOTO paclpeaesieH!s] BEPOSITHOCTU U CEPbE3HOCTU
IIOCJIEICTBUM

— 3HAUMTENbHBIE OTPAaHUYEHUS BO3MOXXHOCTM IPUMEHEHUs MeToAa  AJis
KOJIMYECTBEHHOW OLICHKU PUCKOB

B noknane mpeanoxen crnoco® nmpuMeHeHus cyuiectByromeil Matpunsl UKAO st
OILICHKH PUCKOB, CBSI3aHHBIX C HAJeKHOCTHIO KOHCTPYKIIMH IJIaHepa camoderta. [Ipennoxena
WHas ~ CTPYKTypa  MaTpulbl,  IOJpa3yMeBalollas  MCIOJIb30BaHWE  IOKa3aTenei
KOHTPOJIETIPUTOAHOCTH HapaBHE C MOKAa3aTeIsIMU BEPOSTHOCTU U CEPbE3HOCTU IMOCIEACTBUI
[6, 7].
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OTnenbHO pPacCMOTPEHbl OCOOEHHOCTH TMPUMEHEHHUs IpeJUlaraéMoil CTPYKTYpBI
MaTpULbl I OLEHKU PUCKOB IIPU IKCILIyaTallMM KOHCTPYKLMH IUIAHEPA, BBITOJIHECHHBIX U3
IIOJIMMEPHBIX ~ KOMIIO3ULMOHHBIX MAaTEpUAIOB, M IPHU OKCIUIyaTallud KOHCTPYKILM,
BBIIIOJIHCHHBIX U3 METAJUIOB.
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Application of the ICAO matrix risks assessment associated with aircraft structures

Gridin A.V., Gostev A.V., Serebryanskiy S.A.
MALI, Moscow, Russia

One of the main problems in modern aviation is the problem of aircraft structural life.
The safe operation of aging aircraft problem is especially urgent. At present, many types of
aircraft have exhausted their resource and service life. It is difficult to completely replace
obsolete aircraft types in the near future, so it becomes relevant to significantly extend the
resource [1, 2, 3].

There are three basic principles of preventing an aircraft structure fatigue failure: safe-
life, fail-safe and damage tolerance, which correspond to three types of limit states of an
aircraft - determined by the life, corresponding to the pre-failure state and corresponding
failure. In the early editions of the Civil Airworthiness Standards, it was the method of
compliance with the safe-life principles that was accepted as the main one for ensuring flight
safety [4, 5].

This paper analyses the results of the study of existing risk assessment methods in
aviation to ensure flight safety.

The application of ICAO matrix for qualitative and quantitative risk assessment has
been analysed, advantages and disadvantages of this method have been outlined, existing
limitations in the application of ICAO matrix have been considered.

The advantages of this method include:

J simplicity of application and visibility for qualitative risk assessment and
pyritisation of measures

J integrity of the assessment with the documentation possibility of differentiated
risks

The disadvantages of this method are:

. dependence of the method on the joint distribution of probability and severity
of consequences

. significant limitations on the ability to apply the method to quantitative risk
assessment

The report proposes a method of applying the existing ICAO matrix to assess the risks
associated with the reliability of aircraft structures. A different matrix structure is proposed,
which implies the use of inspectability along with probability and severity of consequences
indicators [6, 7].

The peculiarities of application of the proposed matrix structure for risk assessment in
the operation of aircraft structures made of polymer composite materials and in the operation
of structures made of metals are considered separately.
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IKCNEPUMEHTAJIBbHO-METOAMYCCKHI MOAX0/ K IPOTHO3UPOBAHUIO TEXHUYECKOI0
COCTOSIHMSI KOHCTPYKIHIl M arperaToB BUHTOKPBLIBIX JIETaTeJIbHBIX ANNIAPATOB €
npumeHenunem UHC

Cadoxios b.b., bensckuit A.b., Ecunopud O.A.
MAMU, r. Mocksa, Poccust

B noxmane mpencraBiieH MOAXOJ K INPOTHO3MPOBAHHUIO TEXHHYECKOTO COCTOSHUSA
KOHCTPYKIMH M  arperaroB BUHTOKPBUIBIX JIETATEJIbHBIX  aIlllapaTOB Ha  OCHOBE
OKCIIEPUMEHTAILHON  OTpabOTKM  JAHHBIX  JWMArHOCTUKH  CHCTEMBl  MOHHUTOPHHTA
IIOJIYHAaTypHOI'O CTE€H/JIa BUHTOKPBUIOTO JIETATEIBHOTO almapara Mpy MOMOIIHM HCKYCCTBEHHOMN
HelpoHHOW cetu.  [lomydyeHHBIE pe3ysbTaThl, IMPOTHO3MPOBAHMS BPEMEHHM OT Hadala
SKCIUTyaTallil O MOMEHTa JOCTH)KEHHS MpPENeTbHOr0 COCTOSHUS (pecypca) OOBEKTOB
KOHTPOJISI, TO3BOJSIOT C(HOPMHUPOBATH BEKTOpP JalbHEHIIUX WCCIEIOBAHUA MPUMEHEHUS
HUCKYCCTBEHHOTO WHTEJUIEKTa TPU MOACTUPOBAHUU MPEIUKTUBHON (TPOTHOCTHYECKON)
MOJIEJIN TEXHUUYECKOT0 0OCIyKMBaHHUsI BUHTOKPBUIBIX JIETATENIbHBIX allapaToB B YaCTHOCTH,
M KaK JUPEKTUBHOTO MHCTPYMEHTA ISl MEPCHEKTUBHOIO MPOEKTUPOBAHUS U MPOU3BOJCTBA
BUHTOKPBUIBIX JIETATEIBHBIX aIlllapaToB B 1eaoM [1].

OcHOBHOH 3aJ1aueli ucciIeJOBaHUsI SIBJIIETCS OlIeHKa 3(PPEKTUBHOCTU MPUMEHEHHUS KaK
MHCTpYMEHTa NOpeaukTuBHOro obcuyxuBanuss BKJIA Ha srtame skcrulyatanuu, Metoja
MCKYCCTBEHHBIX HEMPOHHBIX ceTelt [2, 3].

[IpencraBieHHplii B paboTe MOIXOJ Ha OCHOBE HCKYCCTBEHHOW HEHpPOHHOW ceTu
SABJSIOTCSA MPOJOJDKEHUEM 3aIUIAHUPOBAHHBIX HAYYHO-IKCIIEPUMEHTAIBHBIX HCCIEN0BaHUN
HNOATBEPXKJIEHUST  pabOTOCIIOCOOHOCTH ~ MHHOBALIMOHHOTO  METOJMYECKOro  MOAXO0Ja
MHTETpaIi UCKYCCTBEHHONW HEWPOHHOH CETH B KOMILUIEKCHI OOpTOBOTO OOOpYIOBAaHUS IS
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HOBBIIIEHUS] KAa4yeCTBa JMAarHOCTMKM M OOBEKTHMBHOCTH IPOTHO3UPOBAHUS TEXHUUYECKOIO
COCTOSIHUS arperaToB BUHTOKPBUIOTO JIETATENIBHOTO anmnapata [1].
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2. bensckuit A.b., EcunoBuu O.A., CadoxnoB b.b. VckyccTBeHHBI MHTENIEKT Kak
WHCTPYMEHT HOBOM MapagurMbl TMOCTPOCHHUS CHCTEMbl B3aMMOJICHCTBHMS Ha JTamnax
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3. lludpoBsie TEXHOJIOTUU B )KM3HEHHOM IIMKJIE POCCUHUCKON KOHKYPEHTOCIIOCOOHOM
aBuanronHon texuuku / A. I'. bparyxun, C. A. Cepebpsauckuii, [{. }O. Ctpenen [u ap.]. —
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An experimental and methodological approach to predicting the technical condition of
rotorcraft structures and assemblies using an artificial neural network

Safoklov B.B., Belskiy A.B., Esipovich O.A.
MALI, Moscow, Russia, Moscow, Russia

The report presents an approach to predicting the technical condition of rotorcraft
structures and assemblies based on experimental testing of diagnostic data from the
monitoring system of a semi-natural rotorcraft stand using an artificial neural network. The
results obtained, which predict the time from the start of an operation until the moment when
the object reaches its limit state, allow us to create a vector for future research on the use of
artificial intelligence in the creation of a predictive model for maintaining rotorcraft, in
particular, as well as a directive tool for prospective design and production of rotorcraft in
general [1].

The main goal of this study is to assess the effectiveness of using artificial neural
networks as a predictive maintenance tool for rotorcraft at the operational stage [2,3].

The artificial neural network approach presented in this paper is a continuation of the
planned scientific and experimental studies to confirm the operability of an innovative
methodological approach to integrating an artificial neural network into avionics suites to
improve the quality of diagnostics and the objectivity of forecasting the technical condition of
rotary-wing aircraft units.
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Hudposuzanusa npouecca paspadorku BC: npumeHenne nudpoBbIX Mojeeil pacyera
XapPaKTePUCTHK JJI o0ecnevyeHnsi pa3padoTKM U IKCIJIyaTallUU CaMOJIeTOB ceMelcTBa
RRJ-95

Boittumuna M.C., AnekceeB C.A., Boponuu 1.B.
®unnan «Pernonansabie camoaéTei» ITAO «SIkoBieBy», r. Mocksa, Poccus

MaremaTnueckoe MOAEIMPOBAHUE PA3IMYHBIX NapaMmerpos ABrkeHus BC ycnemno
IIPUMEHSIIOCHh HA NIPOTSHKEHUH BCE UCTOPUM aBHalnU. B HacTodAIee BpeMs 3a CUeT pa3BUTHS
IUQPPOBBIX  TEXHOJIOTMH  HCHOJB30BAHWME  MAaTEMAaTHYECKUX  MOJETeH  3HAUYUTEIbHO
paclIMpWiIOCh. B TaHHOM JOKJaJe OIMCHIBACTCS COBPEMEHHAs TEHACHLUSA Iepexoa
KOHCTPYKTOPCKUX OOpO K IPOU3BOJCTBY MATEMaTHYECKHMX MOJENeH KaK KOHEYHOIro
IPOAYKTa pa3pabOTKH.

Heorbemiuemoii yactpio THoBoi KoHcTpyKuuu BC sBisercs neTHas JOKyMEHTalLUs,
colepskaliasi B 4YHMCIIE IIPOYero JieTHwble Xxapakrepuctuku BC Bo Bceell mpenmnosaraeMoi
o01acTH 3KcIuTyaTauuu. JIeTHble XapaKTepUCTUKH BBIUMCIIAIOTCS Ha BCEX ITalax KU3HEHHOTO
mukia BC.  Ha sranax pa3paOoOTKu JIeTHbIE XapaKTEpUCTHKH SIBJISIOTCS LEJIEBBIMU U
OKOHYATEeIbHO MOATBEPXKJIAIOTCS Ha H3Tamax JETHBIX HUCHbITaHUNH U ceprtudukanuu. Ha
OCHOBAaHUHU TMOATBEPXKACHHBIX Ha OJTane cepTuUKalu MaTeMaTUYeCKUX Mojesei
pacCUUTBIBAIOTCA XApAKTEPUCTUKU JUIsL JIETHOM JOKYMEHTAlMH, KOTOPBIMHU IIOJIB3YIOTCS
sKkcruryaTanTsl BC npu pacuere MapuIpyTHBIX CETEH U MOJETHBIX IJIAHOB.

B Kb pacdersl JE€THBIX XapakTEPUCTUK  IPOU3BOAMIUCH IPH  ITOMOILH
MaTeMaTUYECKUX Mojened, HauuHasg ¢ 90-X, Korza craau JOCTYNHBI IEPCOHAJIBHBIE
KOMIIBIOTEPBI, HO XAapaKTEPUCTUKHU I DKCILUIyaTaHTOB IO-IIPEXHEMY IIE€PEIaBAIUCh B
rpa¢u4eckoM BHJE B CIEIMAbHOM pasjielie JIETHOW JOKyMeHTalMu. bymaxHblii croco0
Iepeadn XapakTepUCTUK UMEET CBOU TOCTOMHCTBA — HAJEKHOCTh U DQHEPIOHE3aBUCUMOCTD —
U HEIOCTaTKM — HEyJA00HOe HCMHOJb30BaHME M HU3Kas TOYHOCTh pacuera. JIBumxeHue
ABHALIMOHHOM OTpAaciad MO IIyTHM aBTOMATH3allMd W CHWXKEHUS 3arpy3KH JIETHOTO COCTaBa
NoTpedOBaJIO OT aBMACTPOUTENEH BBIMYCKATh JIETHBIE XapaKTEPUCTUKU B Oojiee ynOOHOM H
TMOKOM BHJE — B BHJE MaTEMaTHYECKHX Mojejieii B 000JIOUKE I10Jb30BaTEIbLCKOTO
uHTepdeiica, To ecTh B BUJe MporpammHoro obecneyenus (110).

B nensx obecrieueHust caMOJIeTOB B3JIETHO-NIOCAIOYHBIMH XapakTepucTukamu (BIIX)
B DJIGKTPOHHOM BHJE Ha BCEX JTamax >KM3HEHHOro uukia ¢unmuan «PervoHanbHble
camoneTsl»  paspaboran moayns E-AFM, BemmonHstommit  kak  pacuer  BIIX
cepruunupoBanHoro BC, tak u mnpeasapurenbHbli pacuer BIIX, HeoOXomuMbIX st
npoektupoBanuss u ceptuduxarmuu  BC. JlaHHBIA 1OAXOJ TMO3BOJSET METOIUYECKH
o0ecreunTh TMPOLECChl CO3/IaHUS HOBBIX MOAUGUKALUNA CaMOJIETOB M MPOIECCHI
cepruduKamu 3TUX Moaenei. HeooxoaumeiM cBOMCTBOM 1TU(PPOBOI MO KaK KOHEYHOTO
MPOAYKTa SBJISAETCS BO3MOXXHOCTh BKIJIFOUEHHUS HOBBIX MOJAM(UKAIMI CaMOJIETOB 3a CYET
UCIIOJIb30BaHUS TApaMETPHUECKOT0 KOMIIOHEHTA JTJAHHBIX (3aMeHseMOoil 06a3bl XapaKTepHCTHUK,
MOJTHOCTBIO OMHUCHIBAIOIINX MOAN(DHUKAIIUIO CAMOJIETa).
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UcnonszoBanne 1O RWAnalysis95 ¢ pacuerHeim Mmoxynem E-AFM mo3BomsieT
ABMAKOMIIAHUSIM OIIEPATUBHO BBINOJHATH pacdyeTsl BIIX juist ycnoBuil aspomoproB CBOEH
MapUIPyTHOW CETH U 00eCTeYrBaTh MIJIOTOB TAOIMLAMH XapaKTEPUCTHK B HATJISATHOM BHUJIE
(Runway Charts). Kpome Ttoro, paszpaborana manmerHass Bepcust IIO0 RWAnalysis95,
MO3BOJIAIOIIAs MCNONb30BaTh €€ B cocraBe komiuiekra 110 mnanmera nunora (Electronic
Flight Bag, EFB) [4, 5]. Kpome cokpaiieHusi JIMTEILHOCTH MPOILECCOB IJIAaHHUPOBAHUS
nosietoB, omnucanHoe IIO mo3Bosnser Oojiee TOYHO OMPENENATh 3arpy3Ky camolieTa H
MOBBICUTH KOMMepUecKyro dddexktuBHOCTh peiicoB. B 2023 r. [IO RW Analysis95 BHeceHo B
peecTp nmporpammHoro ooecredeHusi MuHIUQpsI.

JlanbHeiiee pa3BUTHE SKOCUCTEMBI HU(PPOBBIX MPOAYKTOB (unana «PernonaabHbie
CaMOJIETBI» pAcCIIUpPsiET MEpPCHEKTUBBI oNnTUMU3auMu dkciulyarauun BC. Brenpenue
CepTU(HUIIMPOBAHHBIX pacYeTHBIX Mojeiei B OoprtoBoe IO cucTeMbl caMOJIETOBOXKIACHUS
MIO3BOJIMT 00ECIICUNUTh aKTyaIbHBIMH JaHHBIMU IIMPOKHIA HA00P (QYHKIMN MOMOIIN SKUTIAXKY
B MPUHSATUU PEIICHUN Ha 0000 OTBETCTBEHHBIX ATAlax I0JIETa, TAKUX KaK B3JIET C OTKa30M,
Mocajka, yXOJ Ha BTOPOW Kpyr, MOJIET B YycioBusAx oOieneHenus. Kpome Ttoro, pacuer
AKTyaJIbHBIX JIETHBIX XapaKTEPUCTUK B PEATbHBIX MOJIETHBIX YCIOBUAX MPEIOCTaBISET
0oJbIIMEe BO3MOXKHOCTH JUIsl ONTHUMH3AI[MN MaplIpyTa MOJIEeTa, MO3BOJISIONINE BIIOCIEACTBHH
obecnieunBath 4D-HaBUranuio.
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Digitization of the aircraft development process: application of digital models for
calculating characteristics to ensure the development and operation of the RRJ-95
aircraft family

Voytishina M.S., Alekseev S.A., Voronich I.V.
Regional Aircraft branch of Yakovlev Corporation, Moscow, Russia

Mathematical modeling of various aircraft motion parameters has been successfully
used throughout the history of aviation. Currently, due to the development of digital
technologies, the use of mathematical models has expanded significantly. This report
describes the current trend of design bureaus moving towards the production of mathematical
models as the final product of development.

An important part of the typical aircraft design is the flight documentation, which
contains the flight characteristics of the aircraft in the entire intended area of operation. Flight
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performance is calculated at all stages of the aircraft's life cycle. During the development
stages, flight characteristics are targeted and finally confirmed during the flight testing and
certification stages. Based on mathematical models confirmed at the certification stage,
characteristics for flight documentation are calculated, which are used by aircraft operators
when calculating route networks and flight plans.

In the design bureau, calculations of flight characteristics were made using
mathematical models starting from the 90s, when personal computers became available, but
the characteristics for operators were still transmitted graphically in a special section of the
flight documentation. The paper method of transferring characteristics has its advantages -
reliability and energy independence - and disadvantages - inconvenient use and low
calculation accuracy. The movement of the aviation industry along the path of automation and
reduction of flight crew workload required aircraft manufacturers to release flight
characteristics in a more convenient and flexible form - in the form of mathematical models in
a user interface shell, that is, in the form of software.

In order to provide aircraft with digital takeoff and landing characteristics at all stages
of the life cycle, the Regional Aircraft branch has developed the E-AFM module, which
performs both the calculation of the operational takeoff and landing characteristics of a
certified aircraft, and the preliminary calculation of the operational technical characteristics
necessary for the design and certification of an aircraft. This approach allows us to provide
methodological processes for creating new modifications of aircraft and certification
processes for these models. A necessary property of a digital model as a final product is the
ability to include new aircraft modifications through the use of a parametric data component
(a replaceable base of characteristics that fully describe the aircraft modification).

The use of RWAnalysis95 software with E-AFM module allows airlines to quickly
perform calculations of operational characteristics for the conditions of airports on their route
network and provide pilots with tables of characteristics in a visual form (Runway Charts). In
addition, a tablet version of the RW Analysis95 software has been developed, allowing it to be
used as part of a pilot tablet software package (Electronic Flight Bag, EFB) [4, 5]. In addition
to reducing the duration of flight planning processes, the described software allows you to
more accurately determine the aircraft's load and increase the commercial efficiency of
flights. In 2023, RW Analysis95 software was included in the software register of the Ministry
of Digital Development.

Further development of the ecosystem of digital products of the Regional Aircraft
branch expands the prospects for optimizing aircraft operation. The introduction of certified
calculation models into the on-board software of the aircraft navigation system will provide
up-to-date data with a wide range of functions to help the crew make decisions at particularly
critical stages of the flight, such as take-off with a failure, landing, missed approach, flight in
icing conditions. In addition, the calculation of current flight characteristics in real flight
conditions provides great opportunities for optimizing the flight route, which subsequently
allows for 4D navigation.
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Pacummpenne padoyero 1uana3oHa 4acToT CTEHIa MMUTALMH KOJIEOAHUN 1aTYUKOB
CHCTEMBbI YNIPaBJIeHNs /sl IPOBeIeHUs HA3eMHbIX YACTOTHBIX UCIIBITAHUN KOHTYpa
«yNpYruii JieTaTeJIbHbIH aNNapaTr — KOMILJIEKCHASI CHCTEMA YIIPABJIECHU»

[TerpoBa A.A., Jluceiikun I".B., Cadun K.3.
DAY «IAI'N», 1. Kykosckuii, Poccus

B noxsage mpencraBiieHbl pe3yibTaThl pa3pabOTKH CUCTEMbI YIPABIEHHUS CTEHIOM
UMHUTALUU KoJeOaHWH YyBCTBHUTEIbHBIX 3JIEMEHTOB KOMIUIEKCHOH CHCTEMBl YyIpaBiICHUs
(KCY) nmns mpoBeneHust HCHBITAaHUM KOHTypa «yHpyruil jertarenbHbld anmapar (JIA) —
KCV», npeqnaznaueHHON 1715 pacuIMpeHus paboyero Auana3oHa 4acToT CTEHa.

WcnpiTanns Ha CTEHJE SBISIIOTCS YacThl0 KOMIUIEKCA HA3€MHBIX YacCTOTHBIX
ucnbitannii (HYN) JIA 1 mo3BoISIOT SKCIIEPUMEHTAIBFHO ONPEACTUTh aMILTHTYIHO-(ha30BbIe
yacToTHble XapakTepucTukun (ADPUX) TpakToB «uyBcTBUTENbHBIE 3jeMeHThl KCY —
OTKJIOHEHUs1 opraHoB ympasieHus JIA» Ha HatypHom JIA. JlanHas wuHpopmauus B
JAIBHEHUINEM HCIOJIB3YETCS IIPpU IPOBEIEHUU pPacuyeToOB [0 ONPEICIICHUIO 3aIlacoB
a’poynpyroi ycronuusoctu JIA nepen nepBbIM MOJIETOM.

Crenn wumHTaIMM KoOJEOAHMH TpeAcTaBisieT Cco0OM MeXaTpOHHYIO CHCTEMY,
MO3BOJIAIONIYIO 33/1aBaTh KaK YIJIOBblE, TaK M JMHEWHbIE KOJeOaHUs YyBCTBUTEIIbHBIM
anementaM KCVY  (maTtuMkam  YIJIOBBIX — CKOpOCTEH, Meperpy3ok, HHEpUUAIbHBIM
HABUTAIIMOHHBIM CHCTEMaM) C MCIOJb30BAHUEM AIIEKTPOJAUHAMUYECKOTO BHOPOBO3OYAUTENS
U Habopa cMeHHBIX miatdopmM [1]. s npoBeneHUss U3MEpEeHN YyBCTBUTENBHBIE 3JIEMEHTHI
KCY ycranaBnuBaroTcs Ha niaaT(opMbl CTE€H/1a, COBEPIIAIOIINE TapMOHUYECKUE KOJIeOaHus C
MIOCTOSIHHOW aMIUIMTYA0M B auamna3oHe dactoT oT 0,2 'l 10 KOHIAa MOJIOCHl IPOIYCKaHMs
TpakToB ynpasieHus (~10-30 I'u B 3aBucumoctu ot JIA).

Pacmmpenue mosiocsl NpornyckaHusi KOMIIJIEKCHBIX CUCTEM YIIPaBJIEHHSI COBPEMEHHBIX
U MepCHeKTUBHBIX JIA NpHBENIO K MOBBILIEHUIO TPEOOBAHUI K CTEHAY UMHUTALIUK KOJeOaHui
B 4acTU pabodero auamna3oHa 4acTOT M HEOOXOAMMOCTH YCOBEPLIEHCTBOBAHMS CTEHIO0BOU
0a3bl U1l TPOBEIEHUS UCTIBITAHUI.

g  pacmmpeHuss palodero Jauama3oHa YacTOT CTeHJa Obula pa3paboTraHa
JBYXypOBHEBasi cuctema ympaBieHus. CucremMa HUXKHETO YpOBHS —oOecredyrBaer
nemrndupoBaHue KojneOaHUN YHOPYrol CHCTEMBI «IJIEKTPUUYECKUH BUOPOBO3OYIUTENb —
iatopma — MoJe3Has Harpy3ka», a CUCTeMa BEPXHEro YpOBHS — BBIJIEPKUBAHHUE 3a/1aHHON
UKJIOrpaMMbl  dKcniepuMmeHnTa. Cucrema ynpaBieHus pa3zpaboTaHa Ha 0as3e ammaparHo-
IPOrpaMMHOM MIaTGOPMBI peaibHOTO BpeMeHH [2].

B pabore npuBeneHs! CleqyONIe OCHOBHBIE PE3YJIbTaThI:
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J o0ocHOBaHHE TPeOOBaHUN K TOYHOCTH U OBICTPOJEHCTBUIO CTEHAA s
MPOBEJICHUS UCTIBITaHUI KOHTYpa «ynpyruit JIA — KCY»

. MaTeMaTh4yecKasi MOJIEJIb CTEH/Ia C YYETOM JUHAMUKH JIEKTPOMEXaHUYECKOTO
BUOPOBO30YIUTENS C YCHIIMTEIEM MOIIHOCTU U YINPYTUX CBOMCTB KPEMEKHBIX YCTPOUCTB U
maThopm;

° OIMCAHNE apXUTEKTYPHI U aJITOPUTMOB CUCTEMBI YIIPABJICHHUS,
J pe3yNbTaThl HATYPHBIX UCIIBITAHUM CTEHA C MOJIE3HON HArpy3KOM.
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Expansion of the Operating Frequency Range of the Stand for Simulating Oscillations of
Control System Sensors for Conducting Ground Vibration Tests of the “Elastic Aircraft
— Integrated Control System” Loop

Petrova A.A., Liseykin G.V., Safin K.Z.
Central Aerohydrodynamic Institute, Zhukovsky, Russia

The report presents the results of the development of a control system for a stand for
simulating vibrations of sensitive elements of an integrated control system (ICS) for testing
the “elastic aircraft - ICS” loop, designed to expand the operating frequency range of the
stand.

Tests on the stand are part of a complex of ground vibration tests (GVT) of an aircraft
and make it possible to experimentally determine the frequency responses of the loop
“sensitive elements of the control system - deflections of aircraft controls” on a full-scale
aircraft. This information is subsequently used when carrying out calculations to determine
the aeroelastic stability margins of the aircraft before the first flight.

The vibration simulation stand is a mechatronic system that allows you to set both
angular and linear vibrations to the sensitive elements of the control system (angular velocity
sensors, accelerometers, inertial navigation systems) using an electrodynamic vibration
exciter and a set of replaceable platforms [1]. To carry out measurements, the sensitive
elements of the control system are installed on the stand platforms, which perform harmonic
oscillations with a constant amplitude in the frequency range from 0.2 Hz to the end of the
control path bandwidth (~10-30 Hz depending on the aircraft).

The expansion of the bandwidth of integrated control systems of modern and future
aircraft has led to increased requirements for the vibration simulation stand in terms of the
operating frequency range and the need to improve the test bench base.

To expand the operating frequency range of the stand, a two-level control system was
developed. The lower-level system ensures damping of vibrations of the elastic system
“electric vibration exciter — platform — payload”, and the upper-level system ensures
maintaining the specified experimental cyclogram. The control system is developed on the
basis of a real-time hardware and software platform [2].

The report presents the following main results:
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J justification of the requirements for the accuracy and speed of the stand for
testing the “elastic aircraft - ICS” loop

J mathematical model of the stand taking into account the dynamics of an
electromechanical vibration exciter with a power amplifier and the elastic properties of
fastening devices and platforms;

. description of the architecture and algorithms of the control system;
. results of full-scale tests of the stand with payload.
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CorsacoBanue pe:xuMoB pad0Thl CHJI0BOI YCTAHOBKHU BHICOTHOI'O 0€CIIMJIOTHOTO
BO3/YLLIHOTO Cy/IHA

Camyienxos F0.11.", Tpysx A JI.", Toupos W.C.", Capun P.M.* | [Ipsikos JI.A.°

"MI'TVY T'A, r. Mocksa, Poccus
TIAO «Kopnopauus «MUpkyr», r. Mocksa, Poccus
SBI'AA, 1. Munck, Pecriy6iuka Bemapycs

B Hacrosmem  fokiage  MpEACTaBIEH — aHAIW3 — pe3YyJbTaTOB  pPacyETHO-
SKCIIEPUMEHTANBHBIX paboOT 1O BBIOOPY Aa’pOJMHAMUYECKOM CXEeMbl OECIHIOTHOTO
Bo3nymHOro cyaHa (bBC) camonérHoro Turma, coriacoBaHUIO PEXUMOB PaOOTHI BXOIHOTO
YCTPOMCTBA U TYypOOPEAKTUBHOTO JBYXKOHTypHOro asuratens [1]. B xome mpoBenenus
UCCIIeIOBaHMs pa3paboTaHbl TEXHUYECKHE yCIoBUs «BxoaHOE ycTpONWCTBO ISl TO3BYKOBOTO
BBC ¢ TP», xoTopble paclpoCTpaHSIOTCS Ha 3Tambl MPOEKTUPOBAHMS, W3TOTOBJIEHUS,
HKCIUTyaTal[M1 CUJIOBBIX YCTAaHOBOK JIO3BYKOBBIX OECIMIIOTHBIX BO3AYLIHBIX CYI0B [2, 3].

[IpuBeneHs! pe3ynbTaThl PacYETHO-IKCIEPUMEHTAIBHBIX paldoT, WILTIOCTPUPYIOIINE
4TO:

* JUIS pealu3alid yCTOWYMBOM pPabOThl TypOOPEAKTUBHOIO JIBYXKOHTYPHOTO
JIBUTaTelsl B COCTABE CHJIOBOM YCTAHOBKHM C BEpPXHUM pACIIOJIOKEHUEM JIBUTATeNls B
xBocToBoil  uyactu  BBC  HeoOXonuMbl  [TOMOJHUTENbHbIE  KOHCTPYKTUBHBIE U
AKCIUTyaTal[MOHHbIE pEelIeHUsl (CKOLUIEHHOCTh HOCKAa BXOJHOTO YCTPOMCTBA, OrPaHUYECHUS
KPUTHYECKUX YIJIOB aTaku U JIp.);

* JUIS IPEAOTBPALICHUS TIONAAaHus IOTPAHUYHOTO CJIOS ¢ BEpXHEW 4acTH (ro3esska
BO BXOJHO€ YCTPOWCTBO JBHMraTeiss Ha OONBIIMX YIJIaX aTaku pEeKOMEHAyeTcs Npu
[IPOCKTUPOBAHUMU U U3TOTOBJIICHUM BXOJHOI'O YCTPOMCTBA NMPEAYCMOTPETh KOHCTPYKTHBHBIN
3a30p MeXIy (prozenspkeM U 00e4aiikoil BXOJHOTO YCTPONCTBA;

* pa3paboTaHHblE TEXHHYECKHE YCJIOBUS  pPACHpPOCTPAHAIOTCS Ha  ITarlbl
IIPOCKTUPOBAHMUS, W3TOTOBJICHUS, OKCIUIyaTalldd CHJIOBBIX YCTAHOBOK  JO3BYKOBBIX
OECIMIIOTHBIX BO3AYIIHBIX Cy/OB [4, 5].
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Coordination of the operating modes of the power plant of a high-altitude unmanned
aircraft

Samulenkov Yu.I.l, Gruzd A.D.l, Toirov I.S.l, Safin R.M.z, Dyakov DA
'MGTU GA, Moscow, Russia
’pJISC «Yakovlev», Moscow, Russia
3BGAA, Minsk, Republic of Belarus

This report presents an analysis of the results of computational and experimental work
on the choice of an aerodynamic scheme for an unmanned aircraft (UAV) of an airplane type,
coordination of the operating modes of the input device and a turbojet two-circuit engine [1].
During the research, the technical conditions "Input device for subsonic UAV with turbofan
engine" were developed, which apply to the stages of design, manufacture, operation of power
plants of subsonic unmanned aircraft [2, 3]. The results of computational and experimental
work are presented, illustrating that: * in order to realize the stable operation of a turbojet
dual-circuit engine as part of a power plant with an upper engine arrangement in the tail of the
UAV, additional design and operational solutions are needed (beveling of the toe of the input
device, limitations of critical angles of attack, etc.); * to prevent the boundary layer from
entering the upper fuselage into the engine input device at high angles of attack, it is
recommended when design and manufacture of the input device to provide a constructive gap
between the fuselage and the shell of the input device; ¢ the developed technical conditions
apply to the stages of design, manufacture, and operation of subsonic unmanned aircraft
power plants [4, 5].
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3KCHepHMeHTaJILHaH OICHKAa BHﬁpO)’CTOﬁ‘IHBOCTH OIIOpP TPEKOBLIX KAPETOK IIPHU
BBICOKOCKOPOCTHBIX UCIIBITAHUAX

Acraxos C.A.', Buproxos B.1."?, Kucenes U.A.'
' OKIT «'kHUTIAC nmenn JL.K.CadponoBan,r. benoosepckuii, Poccust
2MAI/I, Mocksa, Poccust

B noxmane npencTaBiieHbl pe3yNnbTAaThl AHAIU3a HKCIEPUMEHTAIBHO H3MEPEHHBIX
3HA4eHUN BUOPOYCKOPEHUH JaTUMKAMH, pa3MEIlEHHbIMU Ha MEpeHEM, 3aJHeM OalIMakax
HKCIIEPUMEHTAJIbHOW MOHOPENbCOBOIM ycTaHOBKU (DY) U B UMHUTATOpE O0OBbEKTa UCIBITAHUI
IPpU BBICOKOCKOPOCTHBIX TEXHOJIOTHYECKUX TPEKOBBIX HcHbITaHusx [1]. Bmepswie Obuia
pa3zpaboTaHa TEXHOJIOTHS TPEKOBBIX MCIIBITAHUM CO CKOPOCTBIO pa3roHa OOBEKTOB CBBILIE
1000 M/c ¢ pmaTuMkamu BUOpaIuii, pa3MeIIEHHBIX B 3alIUTHBIX Ookcax. Co3maHa HOBas
TEXHOJIOTUSI BBICOKOCKOPOCTHOT'O YJIaBJIMBAaHUS (COXPaHEHHUs1) PErUCTPaTopoB MHPOPMALIUU.
Hcnonb3ys METOIUKY pacmu(poBKH CUTHAIOB BUOPOYCKOPEHHMH JaTYMKOB, (GUIbTpALUU U
JanpHemel uX CcTaTUCTHYeCKOoW o00paOoTKH, pa3paboTaHHYK paHee [2], MOIydeHb
AaBTOKOPPENIAILIMOHHBIE (YHKLIMU CUTHAJIOB B HAmpaBJIeHUHM TpeX OCeH, IIOTHOCTU
pacmnpenenenus ux BeposiTHocTel. Metogom ObicTporo nmpeodpazoBanuss @ypbe BBITOJIHEH
CHEKTpaJIbHbIM aHaJau3: MOJyYeHbl CIEKTPhl MOIIHOCTH, AMIUIUTYAbl U MEpeMelIeHU,
onpezeNeHbl  pe30HAaHCHble 4acTOThl. llocTpoeHbl  (pa3oBble MOPTPETHI  AIIEMEHTOB
HKCIIEPUMEHTAJIbHOW YCTaHOBKM B KOOpIMHATaX: BHUOPOCKOPOCTh — BUOpONEpeMEIleHNUE.
BeinonHeH BeWBJIETHBIM aHaiM3 CUTHAIOB BHOPOYCKOpeHHMH ¢ 0a30BOoM (yHkuen Tuma
Mopner [4]. IlocTtpoeHbl aMIUIMTYIHO-()a30Bbl€ YAaCTOTHBIE XAPAKTEPUCTHKH 3JIEMEHTOB
TPEKOBOTO  CHApsDKEHUS  DKCIEPUMEHTAJIbHONW  YCTAaHOBKU. AHaIN3  XapaKTEpUCTHK
BUOpPOY/AAapHBIX BO3JEHCTBMI Ha 3JEMEHThl TPEKOBOM KapeTKH IO3BOJIMI YCTAaHOBUTh
JUHAMHUYECKYI0 KApTUHY JBUKEHHMS DSKCIEPUMEHTAJIBHONM YCTAaHOBKUM II0 MOHOPEINBCY,
COJIEPIKalYI0 YYacTKH C YCTOWYMBBIM PEXKHMOM JBUKEHHS U KOJIEOATEIbHBIM COCTOSHUEM.
PesynbTarhl aHanmmza MO3BONMIIM OINpPEAETUTh 3amackl BUOPOYCTONYMBOCTH OalIMakoB
MOHOPEIbCOBBIX TPEKOBBIX KapeTOK M KO3 PUIIMEHTHI epeaaun BUOpOyCKOpeHU K 00BEKTY
UCIIBITAHUS.

[TpenyioskeHbl KOHCTPYKIMHM 3aLIUTHBIX OOKCOB JJIsi pa3MEIIEHHs PErUCTpaTopoB
BUOPOYCKOPEHMI U HAKOMHUTEIeH MHPOpMaLUU B d1eMeHTax DY, MO3BOJIIONINX COXPAaHUTh
UHPOpPMALIMIO TIPH YJIaBIMBAaHUM KapeTKH BO BpeMs TMPOBEJIEHHS BBICOKOCKOPOCTHBIX
MOHOPEJBCOBBIX HCIIBITaHUI. Hannumne npaBuiibHO MOJOOPAHHBIX 3230pOB MEXKAY ONOPHBIMU
MOBEPXHOCTAMHU OAIIMaKOB M TOJIOBKOHM pelibca MO3BOJIIET 00eCeYnTh BUOPOB3BEIIEHHOE UX

COCTOAHHUEC HE YYBCTBUTCIBHOC K OTKIOHCHHAM PEJILBCOBOTIO IIYTU OT HpﬂMOHHHeﬁHOCTH.
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KoHcTpykTnBHOE ncrmonHeHne OamMakoB W DY TO3BOJSET BBLAEPKATh 3HAYUTEIBHBIC
yIapHbIe HATPY3KH NMPH TUHAMUYECKON HEYCTOHUMBOCTHU ABIKEHH. ONTHMaIbHAs BETMYNHA
3a30pOB  MEXJY KOHTAKTHBIMH IOBEPXHOCTSMH OallMakoB ¥ TOJOBKH pEIIbCOBBIX
HANpaBJISIONINX, & TAKXKE BHICOKAS CTENCHb JeMI(UPOBAHUS SHEPIHX BUOpaIuii 6armmaxkamMu
MO3BOJISIET M30€KaTh BO3JCHCTBUS OMACHBIX BHOPOYCKOPEHHUH IUIsI UCHBITYEMBIX OOBEKTOB
IPU BBICOKOCKOPOCTHBIX TPEKOBBIX HCIBITAHUSIX.
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Experimental assessment of vibration resistance of track sled supports during high-
speed tests

Astakhov S.A.!, Biryukov V.I.'*, Kiselev LA.'
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Beloozersky, Russia
2 MALI, Moscow, Russia

The report presents the results of an analysis of experimentally measured vibration
acceleration values by sensors placed on the front and rear shoes of an experimental monorail
installation (EU) and in a test object simulator during high-speed technological track tests [1].
For the first time, a track testing technology was developed with object acceleration speeds of
over 1000 m/s with vibration sensors located in protective boxes. A new technology for high-
speed capture (storage) of information recorders has been created. Using the technique of
decoding vibration acceleration signals from sensors, filtering and their further statistical
processing, developed earlier [2], autocorrelation functions of signals in the direction of three
axes and their probability distribution densities were obtained. Spectral analysis was
performed using the fast Fourier transform method: power, amplitude and displacement
spectra were obtained, and resonant frequencies were determined. Phase portraits of the
elements of the experimental setup were constructed in the coordinates: vibration velocity —
vibration displacement. A wavelet analysis of vibration acceleration signals with a basic
function of the Morlet type was performed [4]. The amplitude-phase frequency characteristics
of the elements of the track equipment of the experimental installation were constructed.
Analysis of the characteristics of vibration-impact effects on the elements of the track carriage
made it possible to establish a dynamic picture of the movement of the experimental
installation along the monorail, containing sections with a stable mode of movement and an
oscillatory state. The results of the analysis made it possible to determine the vibration
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resistance reserves of the shoes of monorail track carriages and the coefficients of
transmission of vibration accelerations to the test object.

Designs of protective boxes have been proposed for placing vibration acceleration
recorders and information storage devices in the elements of the power plant, which allow
storing information when catching the carriage during high-speed monorail tests. The
presence of correctly selected gaps between the supporting surfaces of the shoes and the rail
head makes it possible to ensure their vibration-weighted state, which is not sensitive to
deviations of the rail track from straightness. The design of the shoes and the power steering
allows them to withstand significant shock loads during dynamic instability of movement.
The optimal size of the gaps between the contact surfaces of the shoes and the head of the rail
guides, as well as the high degree of damping of vibration energy by the shoes, makes it
possible to avoid exposure to dangerous vibration accelerations for the test objects during
high-speed track tests.
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TPAHCIIOPTHBIE CUCTEMBI. Y)KU3HEHHBIN IIUKJI

TRANSPORT SYSTEMS. LIFE CYCLE

I'eomeTpuyeckasi ONTUMHU3ALHUSA IJIOCKOT0 KPbLIa ¢ y4eToM (iaTTepa Ha OCHOBE
CYPpOraTHoii Moaesn

Unsns JIsi, Crpenern 1.1O.
MAMU, r. Mocksa, Poccust

@natTep — 3TO caMOBO30YKIaroasicsi BUOpausi KOHCTPYKIMH, aMIUITUTY/1a KOTOPO
HE 3aTyXaeT IoJ JACHCTBHEM CHJIbl a’pOAMHAMHUKH, WHepuuu u ynpyroctu [1]. Ilpu
BO3HUKHOBEHUU (1aTTepa OH BBI30BET MOBPEKACHHE KOHCTPYKILIUU 32 OU€Hb KOPOTKOE BpeMs
WIN JJa)Ke HECKOJIBKO CeKyHJI. JlJis eTaTeNnbHBIX anmnapaTroB OONBIION MPOJAOIDKUTEILHOCTH C
OOJNBIINM y/UIMHEHHEM, TaKUX KaK OCCHWJIOTHHKH, paboTarollue Ha COJHEYHOW SHEPrud,
CrenuanbHas KOHCTPYKIMS KpblJla MOXET BBI3BaTh 0Ooyiee Cepbe3Hble MPOOJIEeMBI ¢
¢marrepom. IloaTomy >(QekTHBHOE W TOYHOE MPOTHO3UPOBAHUE TpaHUIIB (uaTrepa U
ONTUMM3AIMS KPbUIA C ITOW LEJIbIO SBISIOTCS MEPCIEKTHBHBIM HAMPABICHUEM HAyYHBIX
HUCCIIEIOBAHUN.

CymiecTByeT /iBa TUIIAa TPAJAULIMOHHBIX METOJIOB UMCICHHOTO aHanu3a ¢arrepa: OJuH
OCHOBaH Ha BBICOKOTOYHOM B3aMMOJCHCTBUU BBIYUCIUTEIBHON adpOrHIPOJIUHAMUKU C
MexaHukoi koHcTpykuuu (CFD-CSM) Bo BpemeHHOW obnactu [2], a apyroil ocHOBaH Ha
METO/Ie aHajh3a B 4acTOTHOW oOsactu. llepBeiii MeTox 3adacTyio TpeOyeT 4pe3BhIYAitHO
BBICOKMX BBIYUCIUTEIbHBIX PECYPCOB M HE MOAXOAUT JUIsl HAYaJbHOIO JTana
IIPOEKTUPOBAHMS JIETATENIbHBIX ammnaparoB. JlJis BTOPOro MeToAa OOBIYHO MCIIONB3YIOTCS
Meton aunoibHoW pemetku (Doublet lattice method, DLM) u cTpykTypHas Mojemb
KOHEYHBIX 3JIEMEHTOB [3]. AJITOPUTM YaCTOTHOT'O METO/a Ha OCHOBE Ha MPEIIOJIOKEHUU O
OPOCTOM TapMOHHUYECKOM  JIBMJKEHHWHM KOHCTPYKIMHM JJs  JaJbHEWIIero pacuera
kodduimenTa neMnpupoBaHus, YTO SBISETCS 04€Hb () ()EKTUBHBIM MOIXOIOM.

Jns 3a1a4 GuaTTepHON ONTHUMU3ALMY MPEAbITYIIE METObl MPSMOTO I'PaJUEHTHOTO
pacdyera M DSBOJIOLMOHHBIE AITOPUTMbI (T€HETHYECKHE alrOpUTMbl) HeAI(P(EKTUBHBI U
TpeOyIOT OOJIBIIOrO KOJMYECTBA BBIUMCIUTEIBHBIX pecypcoB. CypporatHble MOJIENH, TaKUE
KaK TEXHOJIOTUs TOBEPXHOCTH OTKJIMKa, Monenb Kpurunra (Kriging model) u HelipoHHas
CEeThb, MOTYT 3(pPEKTUBHO CHU3UTH CIOKHOCTH ONTUMM3ALMH [4].

B 3710i1 pabore ncnonabp3yercss BHIOOPKA JIATUHCKOI'O THIEPKYOa, a 0007I04YHAs MOJIENb
KOHEUHBIX 3JeMeHTOB U DLM wucnonb3yroTcss A BBINOJHEHHsS pacueToB (iarrepa U
nojy4eHus oopasnoB. ['eomeTpus Kpblila ONTUMU3UPYETCS IyTeM HOCTPOEHUs CyppOTraTHON
MOJIENIN JUIsl YBEJTUYEHUS! KPUTHUECKOW CKOpocTH (naTtrepa M ynyurieHus 3(pQekTuBHOCTH
ONTUMU3ALNH.
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Geometric Optimization of Flat Wings Considering Flutter Based on Surrogate Model

Chen Lei, Strelets D.Yu.
MALI, Moscow, Russia

Flutter is a self-excited vibration of a structure, the amplitude of which does not decay
under the influence of aerodynamic forces, inertia and elasticity [1]. When flutter occurs, it
will cause structural damage in a very short time or even a few seconds. For long-endurance,
high-aspect ratio aircraft such as solar-powered drones, the special structure of wing can
cause more severe flutter problems. Therefore, efficient and accurate prediction of the flutter
boundary and optimization of the wing for this purpose is a promising direction of scientific
research.

There are two types of traditional flutter numerical analysis methods: one is based on
high fidelity coupling of computational aerohydrodynamics and structural mechanics (CFD-
CSM) in the time domain [2], and the other is based on the frequency domain analysis
method. The first method often requires extremely high computational resources and is not
suitable for the initial stage of aircraft design. For the second method, the doublet lattice
method (DLM) and a finite element structural model are usually used [3]. The frequency
method algorithm is based on the assumption of harmonic motion of the structure to further
calculate the damping coefficient, which is very effective.

For flutter optimization problems, previous methods of direct gradient calculation and
evolutionary algorithms (genetic algorithms) are ineffective and require a large amount of
computing resources. Surrogate models such as response surface technology, Kriging model
and neural network can effectively reduce the complexity of optimization [4].

In this work, Latin hypercube sampling is considered, and the shell finite element
model and DLM are used to perform flutter calculations and obtain samples. The wing
geometry is optimized by constructing a surrogate model to increase the critical flutter speed
and improve the optimization efficiency.
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MopennpoBaHue CTPYHHOI0 TOPMOKEHHS PeIbCOBOr0 CTeHAA AJI a9POAMHAMHYECKHX
HCNBITAaHNH KpynHoMacTadHbIx MakeToB CIIC-2

I'opsiitHoB B.A.
PYT (MUUT), r. Mocksa, Poccus

B nacrosimem nokiane NpeacTaBiIeH aHAIU3 B3aWMOJAEWUCTBUS C HKEJIE€3HOAOPOKHBIM
IIOJIOTHOM CBEPX3BYKOBOMW CTPYH, UCTEKAIOLIEH U3 CyNep-AIIMITHYECKOIO COMIa MapIleBOr0
JIBUTATENsl, YCTAHOBJIICHHOTO Ha TMOJABM)KHOW pakeTHol kapeTke ¢ Makerom CIIC-2.
YucneHHOe UCClIeJOBaHUE MTPOBEECHO HA 0a3e «MHOTOCKOPOCTHON» MOJENHU TeKy4yel cpeibl
[1].

Jlig a’poAMHAMHYECKUX U a3pOYNPYTHX HCIBITAHUNH KPYIMHOMACIITaOHBIX MOJenen
CIIC-2 npu OuMHAMMYECKOM HM3MEHEHUM YIJla aTakH, I0JIOKEHWsS OpraHoB YIPaBJICHUS,
aHIN3E€ 3BYKOBOIO YyJapa M Jp. MCIOJIb30BAaHUE PEJIbCOBBIX TPEKOB HMEET psf
TEXHOJOTMYECKUX M SKOHOMMUYECKHUX MPEUMYILIECTB M0 CPAaBHEHHIO C a3pOJAMHAMUYECKUMU
TpyObamu. W3-3a OrpaHWYEeHHOCTH HA3eMHOTO pAKETHOTO TpEKa OCTPO CTOWUT 3aaaya
COKpAIlIEHUS] TOPMO3HOTO MYTH BBICOKOCKOPOCTHOW TIUIAT(HOPMBI-KAPETKH, UYTO MOXKHO
JOCTUYb 33 CYET MPOTUBOTATH Pa3roHHOM Y miu oTAensHOro TOPMO3HOTO ABUTaTeNs Ooee
s¢dexTBHOrO, ueM mMmapamfoTHass cucTema. JlBuratenu ¢  SJUIMOTHYECKUMHU U
MPSIMOYTOJIBHBIMU COILJIAMU ISl 3TUX LIeJIed UMEIOT BBITOJIHBIE OTJIWYUS OT KPYIJIbIX COMEN
1o rabapuTHO-KOMIIOHOBOYHBIM MapaMeTpaM U PaBHOMEPHOCTH TEIJIOCHUIIOBOTO BO3JEHCTBUS
HAa KEJIE3HOOPOKHOE TIOJIOTHO.

[IpencraBiensl pe3ysbTaThl MOJAECINPOBAHUS T€UEHUH 0 IpodieMaTike «CBEPX3yK»,
BKITIOYast: |. mpoduimmpoBaHue comelsl ¢ MOYTH MPSIMOYTOJIbHBIMU TOTIEPEYHBIMH CEUCHUSIMH,
KOTOpOE 00ecreunBaio yMEepeHHOe )KI'yTOBaHNE KOH/ICHCHPOBAHHOM (ha3bl Ha cpe3e corua; 2.
B3aUMOJICHCTBUE CBEPX3BYKOBOM cTpyu TOpMo3Horo PJITT ¢ nBukyiueicss mpoaoiabHOR
CTEHKOW U BCTPEYHBIM BBICOKOCKOPOCTHBIM ITIOTOKOM C UCIOJIb30BAHUEM, B T.4., TOJTYYUBIIUX
mupokoe pacrnpocrpanenue, unuppoBeix CAE texHonoruil. [IpuBoasTcst mpocTpaHCTBEHHBIE
KOH(pUrypanuu U30JuHUNA yncia Maxa, TaBlIeHusl U TeMIeparypsl B CTpye, B I03BYKOBOM U
CBEPX3BYKOBOM YaCTAX COIUIA C BU3yanu3aluen neopMaiuy 3ByKOBOM MOBEPXHOCTH.

AHanusupyeTcs a’dpoJuHaMHKa PpPaKeTHOM KapeTKu Ipu HaleramoieM I0TOKE B
YCIIOBUSAX HEMOJBUKHOIO CTamelsl U MpHu €€ ABMKEHUU HaJ MPOJOJbHOM IIIOCKOM CTEHKOMN
pPEeNbCOBOTO  HMCHBITATENIBHOIO cTeHaa [2], uTo coorBercTByeT YycraHoBke JIY Ha
KeNe3HOI0OPOKHOU TIaTGopMe, He OTPAHUUEHHON B IPOI0JIEHOM NEPEMEILIEHHUH.

[Tonmy4yeHHble pe3ynbTaTbl MOTYT OBITH HCHOJB30BAHBI JJIS PELICHHS CIELUATbHBIX
3a/1a4 IPUMEHEHUS PAKETHBIX JBUTATENEH U B HAPOIHO-XO03HCTBEHHBIX LENSIX, B YaCTHOCTH,
JUIS pa3pabOTKU CTPYMHOro crocoba TOPMOXKEHHUsI BBICOKOCKOpOCTHBIX moe3noB (BCII) [3],
KOTOPBIM MOKET 00€CIEeUUTh CYIIECTBEHHOE COKpALIeHHE TOPMO3HOIO MYTH B 3KCTPEHHBIX
CUTYaIUsX 0 CPABHEHUIO CO BCEMHM CYIIECTBYIOLIUME cpeacTBaMu TopMoxeHust BCII.
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Modeling of jet braking of a rail stand for aerodynamic testing
of large-scale models of SPA-2

Goryainov V.A.
Russian University of Transport, Moscow, Russia

This report presents an analysis of the interaction with the railway track of a
supersonic jet flowing from a super-elliptical nozzle of a main engine mounted on a movable
rocket carriage with an SPA-2 layout. The numerical study was carried out on the basis of a
"multi-velocity" fluid model ([1]).

For aerodynamic and aeroelastic tests of large-scale SPA-2 models with dynamic
changes in the angle of attack, the positions of the aircraft controls, sound impact analysis,
etc., the use of rail tracks has a number of technological and economic advantages compared
with wind tunnels. Due to the limitations of the ground-based missile track, the task of
reducing the braking distance of a high-speed carriage platform is acute, which can be
achieved by using an acceleration booster or a separate braking engine more efficient than a
parachute system. Engines with elliptical and rectangular nozzles for these purposes have
advantageous differences from round nozzles in terms of overall layout parameters and
uniformity of thermal-force effect on the railway track.

The results of flow modeling on the problems of "Supersonics" are presented,
including:: 1. profiling of nozzles with almost rectangular cross sections, which provided
moderate bundling of the condensed phase on the nozzle exit section; 2. the interaction of a
supersonic jet with a moving longitudinal wall and an oncoming high-speed flow using,
among other things, widely used digital CAD-CAM-CAE technologies. Spatial configurations
of the isolines of the Mach number, pressure and temperature in the jet, in the subsonic and
supersonic parts of the nozzle with visualization of the deformation of the sound surface are
given.

The aerodynamics of a rocket carriage with an incoming flow under conditions of a
stationary slipway and when it moves over a longitudinal flat wall of a rail test stand ([2]) are
analyzed, which corresponds to the installation of a remote control on a railway platform that
is not limited in longitudinal movement.

The results obtained can be used to solve special problems of using rocket engines and
for national economic purposes, in particular, to develop a jet braking method for high-speed
trains (HST) [3], which can provide a significant reduction in braking distance in emergency
situations compared with all existing HST braking means.
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JKCIEePHUMEHTAJIbHOE HCCJIeJOBaHNe BIUSIHUSI pa3Mepa rpaHeil siueex
CTEKJIOMJIACTHKOBOI'0 COTOBOIO 3aNI0JTHUTEJISI H CTelleHN Nep(opanuu Ha AKyCTHYECKHe
XapPAKTEPUCTHKHU OJHOCIOHHBIX 3BYKONOIVIOIIAIOIUX KOHCTPYKIMI

Moumkos [T.A., OctpoymoB M.H.!, Kopneituyk AH?
! MAM, r. Mocksa, Poccus
2 AO «OHIIII «Texuomorus» um. A.T. Pomamunay, r. O6uuHCK, Poccus

JUig CHW)KEHHUs YpPOBHEW IllymMa B cajloHaX CaMoJIETOB [1] u BepToyeToB, a Takke
IymMa, CO3/1aBaéMOr0 Ha MECTHOCTH aBUAIMOHHBIMH JIBUTATENsIMU [2] B HACTOSIIEE BPEMsI
IIMPOKO TMPUMEHSIOTCS  pa3iM4YHble 3BYyKomoriomaromue koncerpykiuu (3I1K)  [3].
Uucnennoe  mogaenupoBanue  3IIK, 0COOEHHO HEJIOKAJIbHO-PEArupyroIero u
KOMOWHHUPOBAHHOTO THUIIOB, B HACTOSIIEE BPEMs SIBJISICTCS IOCTATOYHO CJIOKHOM 3amadei [4],
MO3TOMY HE TEpSAIT aKTYaIbHOCTH  OSKCIEpUMEHTAIbHbIE METOJAbl  OIpeAeTICHUS
aKyCTUYECKUX XapakTepucTHK 1 HacTpoiiku 311K Ha mpoOaeMHBIi YaCTOTHBIN AUAIIa30H.

B  mHacrosmieir paboTre  MpeACTaBICHBI  PE3YNbTAaThl  IKCHEPUMEHTAIBHOTO
WCCJICIOBAHMS BIIMSHUS pa3Mepa rpaHeil siMeeK CTEKIOIMIACTUKOBOTO COTOBOTO 3aMOIHUTENS
(CCII) m crenenm mnepdopalii Ha aKyCTHYCCKUE XapaKTepUCTHKU oxHociaonHbIX 3IIK.
VcnipiTaHus BBITOJIHEHBI HA YCTAHOBKE MHTEP(HEPOMETP C HOPMAIBHBIM ITaJICHUEM 3BYKOBBIX
BOJIH, co3manHon B MAU.

UccnenoBano mects o6paszuoB 3IIK ¢ mocTosHHBIMH MapamMeTpamu: TOJIIMHA
nepdopupoBanHoro jucta paBua 5 mm u Beicota CCII - 50 mM. PaccmoTpeno nBa BapuaHTa
crenenu nepdopauuu 4,8 u 12,2% c auamerpamu oTBepCcTHil B ieppopupoBaHHOM JiucTe 1 u
1,6 MM, COOTBETCTBEHHO, a Takxe cTekiocoToruiactel Tpex Mapok CCII-1-8T, CCII-111-4.2 u
CCII-111-2.5, oTnuuaromuecs: pazMepaMu rpaneit sueek 8, 4,2 u 2,5 MM, COOTBETCTBEHHO.
Uccnenoannsie CCII wm3roraBmuBatorcss B AO «OHIIIl «Texuomorusi» wum. A.l.
Pomammnay. IlepdopupoBanHbie JuCThl MosydeHbl meroaoM 3/[-medatu. B pesynbrarte
MCCJIEIOBAHMS TIOJIyY€Hbl JAHHBIE O JEUCTBUTEIBHOW M MHHMOM YacTSIX HMIIEaHCca U
kodd¢unment 3Bykomornomenus 3IIK B amamazone wactor 500-6400 I'm ¢ mupuHoit
rmonocs! 10 I'm.
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Experimental study of the effect of the size of the cell edges of a fiberglass honeycomb
core and the degree of perforation on the acoustic characteristics of single-layer sound-
absorbing structures

Moshkov P.A.l, Ostroumov M.N.l, Korneychuk AN.?
! MALI, Moscow, Russia
2 JSC «ORPE Technologiya named after A.G. Romashin», Obninsk, Russia

To reduce levels noise in the cabins of airplanes [1] and helicopters, as well as
community noise generated by aircraft engines [2] various sound-absorbing structures (SAS)
are currently widely used. [3]. Numerical modeling SAS, especially non-locally reactive and
combined types, is currently quite a difficult task [4], therefore, experimental methods for
determining acoustic characteristics and adjusting the SAS to a problematic frequency range
do not lose their relevance.

This paper presents the results of an experimental study of the effect of the size of the
cell edjes of a fiberglass honeycomb core (FHC) and the degree of perforation on the acoustic
characteristics single-layer SAS. Tests were performed on an interferometer installation with
normal incidence of sound waves, created at the MAI

Six samples of SAS with constant parameters (the height of the perforated sheet is 5
mm and the height of the FHC is 50 mm) were researched. Two variants of the perforation
degree of 4.8 and 12.2% with hole diameters in the perforated sheet of 1 and 1.6 mm,
respectively, as well as the fiberglass of three types SSP-1-8T, SSP-1P-4,2 u SSP-1P-2.5,
differing in the cell edge sizes of 8, 4.2 and 2.5 mm, respectively, were considered. The
researched FHC are produced by JSC «ORPE Technologiya named after A.G. Romashin».
Perforated sheets are produced by method by 3d printing. As a result of the research of the
obtained data about real and imagimary parts of impedance and sound absorption coefficient
SAS in frequency range of 500-6400 Hz with band width of 10 Hz.
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Bubpaunonnsbie cnoco0bl CHMMETPHU3ANNH CTAMOHAPHOT0 ACHMMETPUYHOI0 TeYeHH s
BSI3KOM KMIKOCTH B ILIOCKOM 1 dy3ope

®demromkua A U.
HIIMex PAH, r. Mocksa, Poccus

Teuenuss >XKUOKOCTM B KaHanax, uMewmux ¢opmy miockoro auddysopa, B
3aBHCUMOCTH OT yIJIa PAacTBOpa, OOBEIMHSIOT OONBIION KIacCc TEYECHHH U IIHPOKO
pacIpoCTpaHeHbl B NPHUPOJC U TEXHHKE. VCClieOBaHWIO TEYCHHH KHIKOCTH B TUIOCKHX
T dy3opax MOCBSIICHO MHOTO paldOT, OAHAKO HM3YYCHHIO CTAlIMOHAPHBIX JIAMUHAPHBIX
TEYEHUI TOCBAIICHO 3HAYUTEIHHO MEHbBINE pPAa0OT, YeM H3YYCHHIO HECTAIIMOHAPHBIX H
TypOYJICHTHBIX PEKHMOB TEUYCHHUs. PerieHue 3amauv O TEUCHHHM BS3KOM HEC)KHMAaEeMOU
XKHUJIKOCTH B IUIOCKOM au((dy30pe npu MajbIX dynciax PeiiHonbca 0T TOUEYHOTro UCTOYHUKA
B TPUOIMKEHUH CHUMMETPHUYHOCTH IIOTOKa ObUIO MoJydyeHo He3aBucuMo JDxebdbpu u
['amenem Oonee cTa JeT TOMy Ha3al M B MX 4YecTb Ha3BaHa 3amaueit Jxeddpu — amens.
OpnHaKko M3BECTHO, YTO CHMMETpHUsSl TEYEHUS BSA3KOW HEC)KMMAEMOH YKHIKOCTH B IIOCKOM
mudpdy3ope MOXKET HapylIaThCs Jaxe MNpud  HEOOJbIIMX  4Huciaax PeifHosblca,
COOTBETCTBYIOIIUX CTAI[HOHAPHBIM pEXUMaM. Pe:kuMbl TeueHUH kuakoctu B auddysope B
3aBUCUMOCTH OT 4mcia PeliHoiblica M yriia pacTBOpa HW300MIIYIOT CTallMOHAPHBIMHU,
NEPEXOHBIMH ¥ HECTAIIMOHAPHBIMH PEIICHUSMHU C HECAMHCTBEHHBIMH, CUMMETPUYHBIMU U
ACHMMETPUYHBIMH MOAaMHu. l3yueHHe HEIMHEHHBIX pPEKHMOB JIAMUHAPHBIX TCUCHHUN
KHUIKOCTH B 1uddy30ope, HapUMep, TAKHX, KaK AaCHMMETPUYHOCTh U IEPEMEeKaeMOCTh
NOTOKa, MMeeT (yHIaMeHTaTbHOEe W OOJBIIOE MPAKTUYECKOE 3HAYCHHE ISl MHOTHX
NPUKJIAJHBIX 32/1a4 OKEaHOJIOTUH, MAIIMHOCTPOCHHS, TEXHOJIOTHUHU TTOJy4YEHHs] MAaTepHAJIOB U
mMenuiuHbl. O HEeMHCTBEHHOCTH U OM(ypKaluy peuieHnid Mpu Manbix unciax PeiiHombaca
paHee TOBOPHIJIOCH BO MHOTUX paborax. [lompoOHbIii 0030p paboT MO pEHICHHIO 3alavd
Jxebdpu — Mamens u HapyIIEHUIO CAMMETPHH M €IMHCTBEHHOCTH ObLT naH B padote [1]. B
pabotre [l] Ha oOCHOBe TpYIIOBOIO aHalIM3a TaKXKe YKa3bIBAeTCd O BO3MOXKHBIX
HEEeJIMHCTBEHHOCTSAX B CTAllMOHAPHBIX pemeHusx 3anaun Jxepdpu — ['amens, To ectb Ha
BO3MOXXHOCTh aCHMMETPHYHOCTH U TIEPEMEKAEMOCTH TTOTOKA B )KUIKOCTHU B U Dy30pe.

ABTopamMu pabotThl [2] ObuM HaiieHbl 0000mieHus pemeHus 3anaun Jxepdpu-
['amens, npuBEICHBI OTHO-, JBYX- M TPEX-MOJOBBIE OW(YpPKAIMOHHBIE PEIICHHS,
yKa3bIBAIOIIME HAa HAJUYME HECHMMETPUYHBIX CTAI[MOHAPHBIX pPEHICHHH (TeUeHWid) IUIs
OTIpeNIeIeHHBIX JMana3oHoB uucen PeiiHonbaca u yrinoB pactBopa auddysopa. B [3]
npuBeZ€H 0030p paboT, KacaroIluxXcs HapyUIeHHI0O CUMMETpUM TedeHus B Juddy3opax
PEUMYIIECTBEHHO ISl JaMUHApHBIX peXuMoB. B pabotax [3-5] Ha OCHOBE UYMCIIEHHOTO
pemenus ypaBHeHuil Hasbe-CTokca Ui BS3KOM HEC)KUMAaeMOM SKHUIKOCTH  ObUIH
MCCIIEIOBaHbI JIAMUHAPHBIE CHMMETPUYHBIE 1 ACHMMETPUYHBIE CTAI[HIOHAPHBIC U TIEPEXOTHBIC
PEXUMBI TEYEHHUS B TUIOCKOM TU(QYy30pe ¢ MalIbIM YTIIOM PacTBOpa M yKa3aHbI JHANa30HbI
CYIIIECTBOBAHMS JAHHBIX PEKUMOB TEUCHHUS JKHIKOCTH B TU(PQPy30pe B 3aBHCUMOCTH OT
3HaueHnid umcna PeiHonmpaca. B pabote [5] Obuto moka3aHo, Kak MEPHOIUYECKHM
BO3/ICCTBHEM Ha CKOPOCTh BXOJHOTO TIOTOKA MOXHO CHMMETPH30BaTh OCPEIHEHHOE
Te4eHue BoAbl B 1uddy3ope.

B nanHoit pabote Ha OCHOBe YMCIEHHOTro pemieHus ypaBHeHuid HaBbe — CTokca ams
BS3KOH HEC)KMMAeMOHM JKMIKOCTH H3YYeHbl JIAMHHAPHBIE DPEXUMBI TEUEHHsS B IUIOCKOM
muddyzope ¢ MagbM  YIJIOM pacTBopa. Pe3ynbTaThl YHCICHHOTO MOJAEIMPOBAHUS
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HOJTBEPXKAAIOT CYIIECTBOBAHWE ACHMMMETPHYHBIX CTAllMOHAPHBIX PEKUMOB TEUCHHS B
3aBUCUMOCTH OT BCJINMYMHBI 4YHCJIA PCﬁHOHLI{Cﬁ. HpHBeZ[eHBI aBa CHOCOGa CUMMCTpPU3AlINUN
TEYEHUS B IUIOCKOM IU(Qy30pe MpU MEPUOIUIECKOM BO3ACUCTBHUS CO CTOPOHBI BXOJa B
muddy30p U CO CTOPOHBI CTEHOK Auddy3opa.

Pe3y.]'IBTaTbI YUCJICHHOTO MOJCIUPOBAHHUA IMOKA3aJIU, YTO ACUMMCTPHUYHOC TCUCHHC B
muddy3ope MOXKHO CHMMETPU30BaTh CIAOBIMH  MEPUOAMYECCKUMH  BO3JACHCTBHIMHU C
WHTCHCUBHOCTBIO MeHee 1% 0T MHTEeHCUBHOCTH OCHOBHOT'O TIOTOKA.

Paboma evinonnena npu noooepowcke epanma PH® Ne 24-29-00101.
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Vibrational methods for symmetrization of stationary asymmetric viscous fluid flow in a
flat diffuser

Fedyushkin A.L
IPMech RAS, Moscow, Russia

Fluid flows in channels shaped like a flat diffuser, depending on the angle of the
solution, combine a large class of flows and are widespread in nature and technology. A lot of
work has been devoted to the study of fluid flows in flat diffusers, however, much less work
has been devoted to the study of stationary laminar flows than to the study of nonstationary
and turbulent flow regimes. The solution of the problem of the flow of a viscous
incompressible liquid in a flat diffuser at low Reynolds numbers from a point source in the
approximation of flow symmetry was obtained independently by Jeffrey and Hamel more
than a hundred years ago. However, it is known that the symmetry of the flow of a viscous
incompressible liquid in a flat diffuser can be violated even at small Reynolds numbers
corresponding to stationary modes. The modes of fluid flows in the diffuser, depending on the
Reynolds number and the angle of the solution, abound in stationary, transient and non-
stationary solutions with non-unique, symmetric and asymmetric modes. The study of
nonlinear regimes of laminar fluid flows in a diffuser, for example, such as asymmetry and
intermittency of flow, is of fundamental and great practical importance for many applied
problems of oceanology, mechanical engineering, materials technology and medicine. The
non-uniqueness and bifurcation of solutions at small Reynolds numbers were previously
discussed in many papers. A detailed review of the work on solving the Jeffrey—Hamel
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problem and the violation of symmetry and uniqueness was given in [1]. In [1], based on
group analysis, it is also indicated about possible non—uniqueness in stationary solutions of
the Jeffrey-Hamel problem, that is, the possibility of asymmetry and intermittency of the flow
in the liquid in the diffuser.

The authors of [2] found generalizations of the solution of the Jeffrey-Hamel problem,
presented one-, two- and three-mode bifurcation solutions indicating the presence of
asymmetric stationary solutions (flows) for certain ranges of Reynolds numbers and angles of
the diffuser solution. An overview of the works related to the violation of flow symmetry in
diffusers mainly for laminar regimes make in paper [3] provides. In [3-5], based on the
numerical solution of the Navier-Stokes equations for a viscous incompressible liquid,
laminar symmetric and asymmetric stationary and transient flow regimes in a flat diffuser
with a small solution angle were investigated and the ranges of existence of these liquid flow
regimes in the diffuser depending on the values of the Reynolds number were indicated. In [5]
it was shown how the averaged flow of water in the diffuser can be symmetrized by periodic
action on the input flow rate.

In this paper, based on the numerical solution of the Navier equations — Laminar flow
regimes in a flat diffuser with a small solution angle have been studied for a viscous
incompressible liquid. The results of numerical modeling confirm the existence of asymmetric
stationary flow regimes depending on the value of the Reynolds number. Two methods of
symmetrization of the flow in a flat diffuser with periodic exposure from the entrance to the
diffuser and from the walls of the diffuser are presented. The results of numerical modeling
have shown that the asymmetric flow in the diffuser can be symmetrized by weak periodic
influences with an intensity of less than 1% of the intensity of the main flow.

The work was supported of the Russian Science Foundation by grant No. 24-29-
00101.
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HexoTopbie 0cO0€HHOCTH 00TEKAHUSA MOBEPXHOCTH 00JIbIIOH KPUBHU3HbI
BbICOKOCKOPOCTHBIM MOTOKOM

Kpacasun E.O.,Hukutuenko FO.A.
MAMU, r. MockBa, Poccust

KoHcTpykinn cOBpeMEHHBIX BBICOKOCKOPOCTHBIX JIETATENIbHBIX alllapaToB COAEPKAT
pa3nyHble MOBEPXHOCTH OOJBIION KPUBU3HBI (OCTpble KPOMKH). IIpu BBICOKOCKOPOCTHOM
00TEeKaHWH STUX TOBEPXHOCTEH BO3HUKAIOT OOJACTH BBICOKOH CTENEHW IWHAMHYECKOU
HepaBHOBECHOCTH. (DH3MUECKH aJeKBATHOE ONHCAHHE TEUCHWH B YKa3aHHBIX OO0JIACTSIX
TpeOyeT MCIOIb30BAaHUS MOJIEKYJISIPHO-KMHETUYECKONM TEOpUM Tra3oB M IuIa3Mbl. Beuny
OonbIION pa3MepHOCTH (Pa30BOTO MPOCTPAHCTBA MOJEKYJISPHO-KMHETHYECKON TeopHuu
MPAKTUYECKOE TPUMEHEHHE METOJI0OB TpeOyeT OTPOMHBIX BBIUHUCIUTEIBHBIX PECYpPCOB.
Mopaenu crutonrHou cpezpl B yacTHocTH Mozenu HaBbe-Ctokca-dypre (HCD) okasbiBaroTcst
BEChbMa OIPaHUYCHHBIMU B OTHOILIECHUH (PU3NUECKON aIeKBATHOCTH OMUCAHUS MPOTEKAIOIINX
MIPOLIECCOB.

B npennaraemoil pabore ImpoBeIEHBI PACUEThl CBEPX3BYKOBOIO OOTEKaHHS TOHKOM
IUIACTUHBI OECKOHEYHOI0 pa3Maxa YCTAaHOBJIEHHOM IOJA HyJEBbIM yriiom araku. HocoBas
4yacTh IUIACTUHBI CKPYTJIEHA C PaInyCcoOM ry,. PaccunTaHo pacnpeeneHue napaMmeTpoB rasa Ha
MOBEPXHOCTU U B OKPECTHOCTU IIacTUHbl. Oco0oe BHUMaHME YAEJIEHO HOCOBOM YacTH.
Pacuersr nmpoBoaunuck ¢ ucnonbs3zoBanuem mojaenun HCD u nByxtemmeparypHOW MOIETH.
O6e mozenu mpeacTaBisioT co00il MoJenu MepBOro NMpUOIMKeHUs npoueaypsl Uenmena-
OHckora. PaccmarpuBanoch TedeHHE JBYXaTOMHOro rasa. Pasnuuume B Temmeparypax
MOCTYINATEIbHOIO M BpalaTeIbHOTO JBMXKEHHUS MoJjieKyal B Mozaenun HCO yuuTeiBanoch
Kod(duimeHTOM 00BEMHON BA3KOCTH, a B ABYXTEMIIEpATypHOU MOJEIH — JOMOIHUTEIBHO
YpaBHEHUEM SHEPruu. Pe3ynbTaThl CEpUITHBIX PacUETOB MTOKA3aJIU IPAKTUUECKOE COBIIAICHUE
pacnpeneneHnii ra30AMHAMUYECKUX apaMeTpoB, MOJYYEHHBIX 0 00€UM MOJEISAM JI0 YHCEN
Knyncena Kn < 0,01. Yucno Kayzacena BBIYMCIAIOCH IO Ty,.

B psage pabor noxazano, yto Mozaenr HC® moxer naBaTh yJIOBIIETBOPUTEIbHBIE
pe3yiabTathl pacuyera npu Kn < 0,1. Pe3ynbraTsl npeanaraemMoil paboThl CBHIETENBCTBYIOT O
ToM, 4yto npu uucie Kuyacena Kn=0,1 o6e mozenun nepBoro mnpuOJMKEHUS [TarOT
CYLIECTBEHHO DA3JIMYHBIE DPACIPENEICHUS Ta30AMHAMHUUYECKUX MapameTpoB. [lomydeHHbIN
pe3ysabTaT MOXKHO pacCMaTPUBATh KaKk 0COOEHHOCTh OOTEKAHUS OCTPOI KPOMKH.

Taxxe Oblma paccMoTpeHa 3ajaya OOTEKaHHWsS IUIACTHUHBI C aOCOJIOTHO OCTpOit
KpoMKOU. [[ns pemienusi ucrmosib3oBasicsi mporpamMmHbiii koj [1]. CpaBHUBajach CTENeHb
HEPAaBHOBECHOCTH TEUEHHUS B OKPECTHOCTU OCTPOM KPOMKH U Ha Mpoduiie niockon yaapHoil
BOJIHBI B MHTepBae yncie Maxa M,=2 ... 10.

IlokazaHo, 4TO HEPAaBHOBECHOCTh B OKPECTHOCTH OCTPOM KPOMKHM IPUMEPHO BIIBOE
BBIIIIE, YeM B IUIOCKOW yJapHOM BOJIHE MpH TexX ke uuciax Maxa. DTOT (pakT BHIMMO
O00BsICHAET (U3UUECKYIO HEAJEKBAaTHOCTb MOJENIell CIUIOMIHOM cpeapl NpU  ONUCAHUU
00TeKaHH MOBEPXHOCTHU OOJIBIION KPUBU3HBI.
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Some peculiarities of streamline of a surface of large curvature by a high-speed
flow

Krasavin E.E., Nikitchenko Y.A.
MALI, Moscow, Russia

The designs of modern high-speed aircraft contain various surfaces of large curvature
(sharp edges). At high-speed streamline of these surfaces there appear regions of high degree
of dynamic disequilibrium. Physically adequate description of flows in these areas requires
the use of the molecular-kinetic theory of gases and plasma. Due to the large dimensionality
of the phase space of molecular kinetic theory, the practical application of the methods
requires huge computational resources. Models of continuous medium in particular Navier-
Stokes-Fourier (NSF) models appear to be very limited in terms of physical adequacy of the
description of the ongoing processes.

In the proposed work, supersonic flow of a thin plate of infinite span installed at zero
angle of attack has been calculated. The nose part of the plate is rounded with radius ry. The
distribution of gas parameters on the surface and in the vicinity of the plate is calculated.
Special attention is paid to the nose part. The calculations were carried out using the NSF
model and the two-temperature model. Both models are first approximation models of the
Chapman-Enskog procedure. The flow of a two-atom gas was considered. The difference in
the temperatures of translational and rotational motion of molecules in the NSF model was
accounted for by the bulk viscosity coefficient, and in the two-temperature model -
additionally by the energy equation. The results of serial calculations showed a practical
coincidence of distributions of gasdynamic parameters obtained by both models up to
Knudsen numbers Kn < 0,01. The Knudsen number was calculated by ry,.

In a number of works it is shown that the NSF model can give satisfactory calculation
results at Kn < 0,1. The results of the proposed work show that at Knudsen number Kn=0, 1
both models of the first approximation give significantly different distributions of gas
dynamic parameters. The obtained result can be considered as a peculiarity of the sharp edge
streamline.

The problem of plate flow with absolutely sharp edge was also considered. The
program code of the work [1] was used for the solution. The degree of flow disequilibrium in
the vicinity of a sharp edge and on the profile of a plane shock wave in the interval of Mach
number M,=2...10 was compared.

It is shown that disequilibrium in the vicinity of a sharp edge is approximately twice as
high as in a plane shock wave at the same Mach numbers. This fact apparently explains the
physical inadequacy of continuum models in describing large curvature surface flow.
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ConuanbHble IMJI1eMMbI B YCJI0BHSAX BbIOOPA MeKAY JUYHBIM TPAHCHOPTHBIM
CpPeICTBOM U aBTO0YCOM

Bsixos H.B.'”, Koctpos M.A.!
"MITY um. HD. baymana, r. Mocksa, Poccust
? Poccmiickuii yauBepcuteT TpaHcnopta (PYT-MUUT), r. Mocksa, Poccus

B nacrosimieMm nokiaze paccMaTpUBAIOTCS COLMAIbHBIE TUIEMMBlI B TPAaHCIOPTHOM
MIOTOKE, BO3HHUKAIOIIME TMPH BBHIOOpE NacCaXUpaMH MEXIY AaBTOOycaMH U JIMYHBIMU
TpancnopTHbiMU cpenctBamu (JITC). PaccmarpuBaercss nByXIoJiOCHasi 3aMKHYTast JOpOra.
JIBIOKEHUST TPAHCHOPTHBIX CPEACTB IO KaKJIOW I0JOCE OMNMCHIBAETCS HA OCHOBE MOJIENU
Revised S-NFS [1]. IlepectpoeHune MexIy MOJOCaMHU JBMXKCHHS OCYIIECTBISACTCS TNPH
BBIIIOJIHEHUM [JBYX KpPUTEpUEB: CTUMYJHUpYIOILEro M Oe3omacHocTH. B Mozpenu areHTsl,
IpeanoYnuTaonme aBTo0yc, OTHOCATCA K Koomepatopam, a mnpexnouurtatomme JITC — k
nedexropam. CormanbHas IUIeMMa BBISBISETCS M OLIGHUBACTCS HA OCHOBAaHMM 3HAYCHHS
Pa3HOCTH MEXIY MaKCUMaJIbHBIM 3HAYCHHEM COLMAIBHOW (DYHKIMH U €€ 3HAYCHHEM B TOUKE,
COOTBETCTBYMOIEH paBHOBecuio 1o Hamy [2]. PaccmarpuBaroTcsi cieayrouiye ciydau:
CBOOOAHBIA NOTOK, MOTOK HpPH KPUTUYECKOW IIOTHOCTh M YIUIOTHEHHBINM moTok. OOiiee
YHUCIO AareHTOB B KaXAOM Clyyae OCTAaeTCs IIOCTOSHHBIM, a JIoJs KOONEepaTOpOB
yBenuuuBaetcs oT 0 1o 1. B kauectBe connanbHO (GyHKLIMU BEIOpaH OOLIMIA TOTOK areHTOB,
B KauecTBE BO3HArpakJIEHMs AJIS KaXJO0ro THIIA areHTOB — CPEAHSAS CKOPOCTb BBIOPAHHOIO
nmu Buga TC.

[IpuBeneHb! pe3ynbTaThl MOJAEINPOBAHUS, TOKA3BIBAIOLINE YTO:

e Bo Bcex paccMOTpeHHBIX ciaydasx ckopocTh JITC mpeBblaeT ckopocTh aBTOOYCOB
npu J1r000# 10U KOONepaTopoB, a 3HAUYUT paBHOBecuto 1o Hamry coorBerctByer 0 nmosis
KOOIIEpaTOpOB.

e ConuanbHas AUJIeMMa OTCYTCTBYET B CIIy4asX cO CBOOOJHBIM IOTOKOM U IOTOKOM
IPU KPUTHYECKOH MIIOTHOCTH, T.K. MAKCUMYMY COLIMaIbHON (QyHKIIMM cooTBeTcTBYeT 0 1015
KOOIIEpaTOpOB.

e B ciyuae ¢ yIuIOTHEHHBIM [TOTOKOM BBISIBJIEHA AMJIEMMa 3aKJII04eHHOro («Prisoner's
dilemmay).

IIpemuioskeHsl clieAyIoMe COCO0b! PELIEHNs COLUAIBHON JUIEMMBbI:

e BrijeneHHass aBTOOyCHasi 1oJjoca: COLManbHas JWiieMMa He Hcue3ia, OIHAaKO,
nomensia Tin Ha «Chicken game» [2], u paBHOBecue no Homy nactymaer mpu 70-80 %
JIOJIM KOOTIEPAaTOPOB OT OOIIEro YKcia areHToB.

e C yBenMYEHHMEM KOJI-BA IOJIOC IIPOU30LUIO MOCTENEHHOE MCYE3HOBEHHE AMIIEMMBI
3aKJIFOYEHHOTO 3a CYET Mepexo/ia K CBOOOJHOMY MOTOKY.
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Social dilemmas in mode choice between buses and personal vehicles

Bykov N.V."% Kostrov M.A.'
! Bauman Moscow State Technical University, Moscow, Russia
2 Russian University of Transport (RUT-MIIT), Moscow, Russia

This paper presents an analysis of social dilemmas that arise when passengers are
faced with choosing between personal vehicles and buses in a mixed traffic flow. A two-lane
circle road is considered. The Revised S-NFS [1] model describes the dynamics of vehicles in
a single lane. The lane change procedure consists of two criteria: incentive and safety. Thus,
there are two types of agents in the model: bus passengers (cooperators) and drivers of
personal vehicles (defectors). A social dilemma is identified and evaluated by the difference
between the maximum value of the average social payoff (ASP) and its value at the point
corresponding to the Nash equilibrium (NE) [2]. The four scenarios is considered: free flow,
flow at critical density, congested flow. The total number of agents in the system remains
constant for each scenario, while the fraction of cooperators varies from 0 to 1. The overall
flux of agents (including both bus passengers and personal vehicle drivers) as an ASP is
chosen. The payoffs for each type of agent are their average velocities.

The simulation results provide that:

e In all considered scenarios, the velocity of personal vehicles exceeds the velocity of
buses for any fraction of cooperators. As a result, the NE corresponds to O fraction of
cooperators.

e There is no social dilemma in scenarios with free flow and flow at critical density
due to the maximum of the ASP corresponds to 0 fraction of cooperators.

e Scenarios with congested flow is associated with the Prisoner's dilemma (PD).

The following ways of solving the social dilemma are proposed:

e Dedicated bus lane: the social dilemma is changed the type from PD to Chicken
game. NE typically occurs when more than 70-80 % of all agents are bus passengers.

e With the increase in the number of lanes, the prisoner's dilemma gradually
disappeared due to the transition to free flow.
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