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AKYCTHUKA. IYM. BUBPAIIUU. MOAEJIMPOBAHUE ITPOHECCOB

ACOUSTICS. NOISE. VIBRATIONS. PROCESS MODELING

KoHuenmus akycTH4ecKOro NpoeKTHPOBAHUS BHHTOBBIX JIeTATEJIbHBIX aNlllapaToB
CaMOJIETHOI'0 THIIA
Momkos I1.A., ITorocsa M.A.
MAMU, Mocksa, Poccus

[Ipobnema CHIKEHHSI LIIYMOBOTO BO3JEHCTBHSI BUHTOBBIX JIETATEIbHBIX amIlapaToB
(JIA) camoneTHOro THIa ABJISIETCS aKTyalbHOH BBUAY HAJIMUUS MEXIYHAPOAHBIX CTaHIapTOB
HNKAO [1] u aBmanmonnbix mupasui (AIl-36, CS-36), pernameHTUPYIOIIHMX MpPEIeTbHO
JOIYCTUMBIE YPOBHH IIyMa Ha MECTHOCTU JIETKMX M TSDKEIIBIX BHHTOBBIX CAaMOJIETOB.
VYnoBierBopeHue TpeOOBAaHMEM [AaHHBIX JTOKYMEHTOB SIBIISICTCS O0S3aTENbHBIM YCIOBHEM
nojy4yeHus cepruukara Tuma Ha camoier. Ilepuonnmdecku TpeOoBaHMA MO IIyMy Ha
MECTHOCTH BUHTOBBIX CAMOJIETOB YXeCTouaroTcs [2].

Jlpyroii acmekT JaHHOM NpoOJeMbl CBSi3aH C HEOOXOAMMOCTBIO CHMKEHMS IlIyMa
BUHTOBBIX OeCHMJIOTHBIX BO3AYIIHbIX cynoB (BBC) camoneTHoro Tuma Kak rpaxxIaHCKOTo,
TaK U CHelUaJbHOro HasHaueHus. Huskue ypoBHu myma bBC rpaxkgaHckoro Ha3HaueHuUe B
HACTOSAIIEE BPEMs SIBJISIFOTCSI KOHKYPEHTHBIM IPEUMMYIIECTBOM allliapara, HO B IEPCIIEKTUBE
BO3MOXKHa pa3pab0OTKa M BHEAPEHHE MEXIYHApOJHBIX CTaHAAPTOB, PETJIaMEHTUPYIOLINX
MpeAebHO JIONYCTUMBIE YPOBHHM IIymMa Ha MECTHOCTHM Takux ammaparoB. Jmns BBC
CHELMATbHOTO HAa3HAYECHUs HHU3KME YPOBHHM ILIyMa HAa MECTHOCTHU OOECIEUYMBAIOT HU3KYIO
CTENEHb aKyCTUYECKON 3aMETHOCTH, U, KaK CJIE/ICTBUE, MIOBBIIIAIOT KUBYUYECTh anraparta.

B nmoknage mnpemiokeHa KOHLEMIMS aKyCTHUECKOIO IPOEKTUPOBAHUS BHHTOBBIX
JIeTaTeIbHBIX allllapaToB CaMOJIETHOTO THUIIA, T.€. C YYETOM TpeOyeMbIX aKyCTUYECKUX
xapakTepucTuk. [IpennoikeHa cxema BBINOJIHEHHS HAayYHO-HCCIENOBATEIbCKUX M ONBITHO-
KOHCTPYKTOPCKMX Pa0OT Ha pa3iiMyHBIX ATalax MPOEKTa, HEOOXOAMMBIX U pealn3aluu
JaHHOW KoHuenuuu. lIpeioxkeHa npuHLMIIKMAIBHAS CXEMa PACUETHBIX MCCIEAOBAHUN B
paMKax Ipoliecca aKyCTHMYECKOTO IPOEKTUPOBAHUS BUHTOBBIX JIETATEIbHBIX allllapaToB
caMmoJIeTHOTro Tuma. PaccMoTpeHa npuHIMNUaNbHas cXeMa BhIOOpa BAHTOMOTOPHOM CHIIOBOM
YCTaHOBKH [3] ¢ yueToM TpeOyeMbIX aKyCTUYECKUX XapaKTEPUCTHK.

Jlureparypa

1. Environmental Protection. Annex 16 to the Convention on International Civil
Aviation, Montreal. Canada. ICAO (2011) Vol. 1 Aircraft Noise. 227 p.

2. ITorocsiH M.A., MomkoB I1.A. CoBpeMeHHBIE TPOOIIEMBI a9POaKyCTUKA BUHTOBBIX
JeTaTeNIbHBIX aNiaparoB caMojeTHoro tuna // Jlunamuka u BuOpoakycruka. 2023. T.9. Ne 1.
C. 6-15. DOI: 10.18287/2409-4579-2023-9-1-6-15

3. Moshkov P., Samokhin V., Yakovlev A., Bolun C. The problems of selecting the
power plant for light propeller-driven aircraft and unmanned aerial vehicle taking into ac-
count the requirements for community noise // Akustika. 2021. Vol. 39. pp. 164-169. DOI:
10.36336/akustika202139162

The Concept of Acoustic Design of Propeller-Driven Fixed-Wing Aircrafts
Moshkov P.A.}, Pogosyan M.A.*
! MAI, Moscow, Russia

The problem of reducing the noise impact of aircraft-type propeller aircraft is relevant
due to the availability of international ICAO standards [1] and aviation regulations (AP-36,
CS-36) regulating the maximum permissible community noise levels of light and heavy
propeller-driven aircraft. Meeting the requirements of these documents is a prerequisite for



obtaining a type certificate for an aircraft. Periodically, the noise requirements on the terrain
of propeller aircraft are tightened [2].

Another aspect of this problem is related to the need to reduce the noise of propeller—
driven unmanned aerial vehicles (UAV) aircraft of both civil and special purpose. Low noise
levels of civil-purpose UAVs are currently a competitive advantage of the device, but in the
future, it is possible to develop and implement international standards regulating the
maximum permissible community noise levels of such devices. For special-purpose UAVS,
low community noise levels on provide a low degree of acoustic signature, and, as a result,
increase the survivability of the device.

The article proposes the concept of acoustic design of propeller-driven fixed wing
aircraft, i.e. taking into account the required acoustic characteristics. The scheme of research
and development work at various stage of the project necessary for the implementation of this
concept is proposed. A schematic diagram of computational studies in the framework of the
acoustic design process of propeller-driven fixed-wing aircraft is proposed. A schematic
diagram of the choice of a propeller-driven power plant [3] is considered, taking into account
the required acoustic characteristics.
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Jlokanu3anus MCTOYHMKOB LIYMa B CTPYAX, HCTEKAKIIMX U3 rOQpUPOBAHHBIX COMEJI
Xpam110B B Epmios BBl Kycrtos 010!
! IIHUILY, r. [Tepmb, Poccus

Iym peakTUBHOW CTpyH OCTAaeTCs 3HAYUTENIBHBIM HMCTOYHUKOM IIyMa IIPHU B3JIETE
camosieta [l], U ero CHIKEHHE TMpPEACTaBISIET CcO00il cepbe3Hyro mpobiemy. Haubonee
pacIpoCTpaHEHHbIM HalpaBlIeHUeM paboT Ui JaJbHEHIIero CHIKEHUS UIymMa CTpyd
ABJIIETCS M3MEHEHUE KOHCTPYKLIMU BBIXJIONHBIX YCTPOWCTB JABHUraTeliei, MpUBOIALIUX K
W3MEHEHHUIO YCJIOBMM MCTEUEHUH CTPYH M MX CMEIIEHUs C OKpyXkaromen cpenoi. K takum
METOJlaM CTOMUT OTHECTH MIENEeBUAHbIE (MPSAMOYIOJbHBIE), IIEBPOHHBIC, CKOIIEHHBIE WU
ro)prpoBaHHbIE
comia [2].

Ha peaibHBIX aBHAllMOHHBIX JBUTATEISAX Yalle BCErO HCIOJIB3YIOTCS IIEBPOHHbBIE
comna. Takue comyia UMEIOT TPEyrojibHble 3yOIlbl HA KPOMKE COIUIA, KOTOPbIE MPUBOIAT K
UHTEHCU(UKAIIMY BUXPEoOpa30BaHUs B CIBUIOBOM CJIO€ M YIYYIIAIOT CMEIIEHHE MOTOKOB.
[Tpu sTOM 1IEBpOHBI A3P(HEKTUBHO CHHIKAIOT IIYM B 00JIaCTM HU3KHUX YacCTOT, HO MPUBOJIAT K
YCUJICHHIO IITyMa B O0OJIACTH BBICOKMX 4acTOT. J[pyruM THUIIOM COIIa, KOTOPOE MOXKET OBbITh
MCIIOJIb30BaHO Ha aBUAIMOHHOM JBHUTaTene, sIBISeTCs roppupoBaHHOe cormio. Takue coria
UMEIOT C1a0yI0 CHHYCOUJANIbHYIO TOGPUPOBKY Ha KPOMKE COILIA.

B pabore paccMaTpuBaroTCs aKyCTHUECKHE XapaKTEPUCTUKU CTPYH, UCTEKAIOMIUX U3
KOHMYECKOro M rodpupoBaHHbIX comen. ['oppupoBanHble cormia uMeEOT OT 6 10 12
JenecTkoB BbIcOTOM OT 1,5 no 3 mm. IIpoBeneHHBIE HSKCIIEPUMEHTHI IO MU3MEPEHHUIO LIyMa
TypOyJIEHTHON CTpPyH TMOKa3ajid, 4YTO 3(PPEKTHMBHOCTH CO3/JaHHBIX TO(YPHUPOBAHHBIX COMEI
MOYET JOCTHTaTh 2-3 1b 6e3 ycuiieHus mryMa Ha BRICOKHAX YacTOTaX.



[TpoBenena nokanu3anys UCTOYHUKOB IIyMa B TYpOYyJIEHTHOM cTpye, 00pa30BaHHOH C
MOMOIIbI0 KOHUYECKOTO M TO(QPUPOBAHHBIX COIUIOBBIX HAcaakoB. Vcmonb3oBasachk miockas
O-nyueBas 54-xananpHas mMukpodonHas aHTteHHa Bruel & Kjaer m meronq Beamforming
Delay-and-Sum. B pe3ynbrate Mmojy4eHO MOJO0KEHHE HCTOYHHKOB IyMa B TypOyJIECHTHOU
CTpye B TPETHOKTABHBIX I0OJ0CaX 4acToT. Vcrnonp30Banue roypupOBaHHBIX COTEN MPUBOAUT
K OTKJIIOHCHHMIO TMOJIO)KEHHS HMCTOYHHMKOB IIyMa OTHOCUTENBHO CTPYH, OOpa3oBaHHOW C
MIOMOIIIBI0 KOHUYECKOTO coria. [1ookeHust HCTOYHUKOB IIyMa Ha 0oJiee BBICOKMX YacTOTax
OTHOCHUTEIIbHO MaKCUMyMa HM3Jy4YeHHs] CMEUIAlOTCS B 00JacTh OJIMkKe K cpe3y coIuia, a Ha
0oJiee HU3KHUX YacTOTaX HA00OPOT OTHANISAIOTCS OT Cpe3a. YBEIWYCHUE YHCIIA JICTIECTKOB U MX
pa3MepoB MPUBOJUT K 00JIee CUIbHBIM OTKJIOHEHUSM MOJI0KEHUI HCTOUHHUKOB [IyMa.

Hccnedosanue svinonneno 3a cuem epaunma Poccuiickoeo nayunozo gonoa Ne 22-12-
00063, https://rscf.ru/project/22-72-00063/.  Paboma  evinonnena na 6aze YVHY
«AKycmuueckas 3a2nyuenHas Kamepa ¢ aspoouHamuieckumu ucmodnuxkamu wymay ®r40y
BO IIHUI1Y, pecucmpayuonnsiii Homep 500617.

Jlureparypa:
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Localization of noise sources in jets flowing from lobed nozzles
Khramtsov I.*, Ershov V. !, Kustov O.*
'PNRPU, Perm, Russia

Jet noise remains a significant source of aircraft takeoff noise [1] and its reduction is a
major challenge. The most common direction of work for further reduction of jet noise is to
change the design of engine exhaust devices, leading to a change in the conditions of jet
outflows and their mixing with the environment. Such methods include slot-shaped
(rectangular), chevron, beveled and lobed nozzles [2].

On real aircraft engines, chevron nozzles are most often used. Such nozzles have
triangular teeth on the edge of the nozzle, which lead to the intensification of vortex formation
in the shear layer and improve the mixing of flows. At the same time, chevrons effectively
reduce noise in the low-frequency region, but lead to noise amplification in the high-
frequency region. Another type of nozzle that can be used on an aircraft engine is the lobed
nozzle. Such nozzles have a slight sinusoidal corrugation at the edge of the nozzle.

The paper considers the acoustic characteristics of jets flowing from conical and lobed
nozzles. Lobed nozzles have from 6 to 12 lobes with a height of 1.5 to 3 mm. The
experiments carried out to measure the turbulent jet noise showed that the efficiency of the
created lobed nozzles can reach 2-3 dB without amplifying the noise at high frequencies.

The localization of noise sources in a turbulent jet formed using conical and lobed
nozzles was carried out. A planar 9-beam 54-channel Bruel & Kjaer microphone array and
Delay-and-Sum Beamforming technique were used. As a result, the position of noise sources
in a turbulent jet in one-third octave frequency bands was obtained. The use of lobed nozzles
leads to a deviation of the position of the noise sources relative to the jet formed by the
conical nozzle. The positions of noise sources at higher frequencies relative to the emission
maximum are shifted to the area closer to the nozzle exit, and at lower frequencies, on the
contrary, they move away from the nozzle exit. An increase in the number of lobes and their
size leads to stronger deviations in the positions of noise sources.

This work was supported by the Russian Science Foundation (Project No. 22-72-
00063, https://rscf.ru/project/22-72-00063). Experiments were conducted with the use of the
unique scientific installation «Acoustic anechoic chamber with aerodynamic noise sourcesy,
registration No.500617.
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O KoOppeKTHOI reHepaluy OJNHOYHOI 3BYKOBO MO/IbI B KaHAaJIe ¢ TOTOKOM
B COMSOL Multiphysics
IMansunkosekuii B.B. 1, Beno6oponos @.C.*
! [THUITY, r. Ilepmb, Poccus

BeHTUATOp BHOCUT CYIIECTBEHHBIM BKJaJ B IIYM COBPEMEHHOIO aBUALMOHHOIO
JBYXKOHTYpHOIO JBUraTess. B CBSI3U C 3TUM BaXXHO YMEThb C XOpOIIEH TOYHOCTHIO
OIpesieNATh PACYETHBIM CIIOCOOOM IIyM BEHTWJIATOpA B AajbHeM noje. IIpornosupoBanue
IIyMa BEHTWISITOPA B JaJIbHEM I10JI€ MOYKET CTPOUTHCSI HA MOJEIMPOBAHUN PACIIPOCTPAHEHUS
OJIMHOYHBIX 3BYKOBBIX MOJ| C 33/JlaHHBIMU AMIUIMTYIHBIMU KO3()()ULMEHTaMU OT CEYEHUs
BEHTWJIATOPA B JAJIBHEE I10JIE, I'/I€ 3aTEM BBIIIOJIHACTCS CyMMUPOBaHUE MoJA. MoaenupoBanue
4acTO MpEeJCTaBlIseT COOOM YMCIEHHOE pelleHHEe MaTeMaTH4YeCKOH MOJeNd B 4acTOTHOU
o0jacTu ¢ 3aJaHHBIMM T'PAaHUYHBIMU YCJIOBUSMHU, KOTOpasl ONMCHIBAET PaclpOCTpaHEHUE
3BYKOBBIX BOJIH B JIBWKYILEHCS Cpeie O TPaHML], I'I€ CKOPOCTb CPEIbl YK€ JOBOJIBHO Malla.
AMIUIATYIHBIE KOA(P(GUIHEHTH TEeHEPHUPYEMBIX BEHTWJIATOPOM MOJI TPH STOM CUHUTAIOTCS
u3BecTHbIMU. Jlamee ¢ mnomouiplo MHTerpana [enbmronbua-Kupxrodpda axyctuueckoe
JIaBJICHUE TEPECUUTHIBACTCA B JajbHEe Ioje. Takas NMOCTaHOBKA CYIIECTBEHHO JKOHOMUT
BBIUNCIIUTEIBHBIE PECYPCHI U BPEMsI PaCU€TOB.

[Taker koHeuHo-3MeMeHTHOro aHaym3a COMSOL  Multiphysics  mo3BossieT
peanan30BaTh NepevrciIeHHble 3a1auu. [Ipy 3TOM BaXKHBIM aCIIEKTOM MU PELIEHUH MOA00HbIX
3a/1a4 B YaCTOTHOW 00JIacTH SIBJISIETCS MpaBUJIbHAs NIOCTAaHOBKA T'€HEPALMU OJIMHOYHBIX MO/,
3a1aTh FEHEPUPYEMYIO MOJY 4€pe3 aKyCTUYECKOE JIaBJICHUE WM aKyCTHUYECKUN MOTEHLIAAI
HEIb3sI, TOCKOJIBKY OHa OyAeT NpEeACTaBIsATh CO00M CyMMy MpsSMOW MOIBI U OTpPaKEHHOMN
MO/JIbl, aMIUTUTYAHBIM KO3(p(UIMEeHT KOTOpoil HensBecTeH. OJHAKO 3TO MOXHO CHEJaTh,
3a/1aBasi  COOTBETCTBYIOIMI TIE€HEPUPYEMOM MOJE ITOTOK MAaCChl, HAIIPaBJIECHHBIM 4Yepe3
IpaHUIly MCTOUYHUKA BHYTPb PacyeTHOM 00JacT, a TakKe pa3sHOCThb MOJIHOTO MOTEHIMala U
MOTEHIIMala, COOTBETCTBYIOIIEr0 reHepupyeMoil Mose. UToObl yOeauThCcsl B MPaBUIBLHOCTH
TaKOM IMOCTAaHOBKM HEOOXOAMMO pEIINTh TECTOBYIO 3aJady, A KOTOPOM H3BECTHO
AHAJIMTUYECKOE pELICHUE.

Takum oOpa3oM, B paboTe paccmaTpuBaercs peueHue TectoBoit 3agaun B COMSOL
Multiphysics mo renepauy OJUHOYHON MOl B KaHAJIE KOJIBIIEBOTO CEYEHUS C OJTHOPOTHBIM
notokoM. /Ing BepuuKanuy 4MCICHHOE PELICEHHE CPaBHUBAETCS C AHAIUTUYECKHUM. 3aTeM
pemiaeTcs 3aj1aya ¢ 0oJiee CI0KHOW TeOMETpUel U HEOJHOPOIHBIM MOTOKOM. DTOM 3amayeit
ABJIsIETCS pacrpocTpaHeHue myma asuratens JT15D B nepeanioro noiycdepy. PesynbraTs
MOJIEJTMPOBAHUS CPABHUBAIOTCS C SKCIIEPUMEHTAIILHBIMU pe3yJIbTaTaMU, PEACTaBIECHHBIMU B
[1].

IIpn pemieHMM TECTOBOM 3alaud  BBISIBICHO IIOJHOE COBHAJCHUE PE3YNIbTATOB
YHUCJIEHHOTO0 MOJEIMPOBAHUS C AHAIUTUYECKUM PEIIEHUEM, YTO TOBOPUT O KOPPEKTHOCTH
pPacCMOTPEHHON TOCTaHOBKM TeHepanuu oauHoyHod Moabl B COMSOL Multiphysics.
YucneHHoe MoJenupoBaHue IIyma TypOopeaktuBHoro asurarens JT15D B paneHem mosne
MOKAa3aJ0 XOpOIIEE COBMAJEHUE C JaHHBIM CTEHJOBBIX SKCIEPUMEHTOB IPHU HEBBICOKHUX
CKOPOCTSIX BpAIlleHUs BEHTUJIATOPA.

Paboma evinonnena npu gpunancosou noodepoicke Ilepmckoeo kpas u Poccutickozo
Hayuno2o ¢onoa, Homep npoexma 22-22-20087.

11



Jlureparypa
1. Lan J.H., Guo Yu., Breard C. Validation of acoustic propagation code with JT15D
static and flight test data. AIAA Paper, 2004, No. 2986.

On the correct generation of a single sound mode in a duct with flow
in COMSOL Multiphysics
Palchikovskiy V.V. !, Beloborodov Ph.S.*
perm National Research Polytechnic University, Perm, Russia

A fan makes a significant contribution to the noise of a modern bypass aircraft engine.
In this regard, it is important to be able to predict the fan noise in the far field with good
accuracy. Fan noise prediction in the far field can be based on simulation of a single-mode
propagation of sound waves with given amplitude coefficients from the fan cross section into
the far field, where the modes are then summed. The simulation is often a numerical solution
of a mathematical model in the frequency domain with given boundary conditions, which
describes the propagation of sound waves in a moving medium to the boundaries, where the
velocity of the medium is sufficiently low. The amplitude coefficients of the modes generated
by the fan are considered to be known. Further, using the Helmholtz-Kirchhoff integral, the
acoustic pressure is recalculated into the far field. This approach significantly saves
computational resources and time.

The COMSOL Multiphysics software allows you to implement these tasks. An
important aspect in solving such problems in the frequency domain is the correct statement of
the single-mode generation. Setting the generated mode in terms of acoustic pressure or
acoustic potential is uncorrected, since it is the sum of the incident mode and the reflected
mode, but the amplitude coefficient of the latter is unknown. However, this can be done by
setting the mass flow corresponding to the generated mode, directed through the source
boundary inward the computational domain, as well as the difference between the full-field
acoustic potential and the potential corresponding to the generated mode. To verify the
correctness of such a statement, it is necessary to solve a test problem with a known analytical
solution.

Thus, in this paper, we consider the solution of a test problem in COMSOL
Multiphysics for generating a single mode in an annular duct with a uniform flow. For
verification, the numerical solution is compared with the analytical one. Then a problem with
a more complex geometry and non-uniform flow is solved. It is the noise propagation of the
JT15D engine into the forward hemisphere. The simulation results are compared with the
experimental results presented in [1].

Solution of the test problem revealed a complete agreement of the results of numerical
simulation with the analytical solution, which indicates the correctness of the considered
statement of a single mode generation in COMSOL Multiphysics. Numerical simulation of
the noise of JT15D turbofan engine in a far field showed a good agreement with static data at
low fan speeds.

The work was funded by a grant from Perm Region and Russian Science Foundation,
grant number 22-22-20087.
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MeToanka BUOPANMOHHBIX UCTIBITAHUH 0€CIIMJIOTHBIX BO3AYIIHBIX CY10B
BEPTOJIETHOI0 THUIIA
Kosanesa E.A.%, ['opogunyenko B.1., Kpyros AAL
! HATY, r. Kykosckuit, Poccust

B HacTosmem [oxnane paccMOTpeHa 3ajada I0 CO3JIaHUI0 HMHTEJUIEKTYalbHOI'O
pPOOOTU3MPOBAHHOTO HUCHBITATEILHOIO CTEHJA MJid TMPOBEACHHUS] CepTUDUKAIIMOHHBIX
PECYPCHBIX MCIBITAaHUH OECMIOTHBIX BO3AYMIHBIX CcynoB BeprosietHoro Tuma (BBC BT).
Crenp Ha 6a3e IPOMBILUIEHHOTO POOOTa MO3BOJISIET BOCIIPOU3BOIUTH HA OOBEKTE UCTIBITAHUI
¢dakTHueckue BHOpanMOHHbIE Harpy3ku, neiictByromue Ha BBC BT B monere u mu3bexarsb
HEJOCTaTKOB, MPUCYIIUX COBPEMEHHBIM CTEHJaM PeCcypCHBIX ucmbiTaHuil. [Ipemioxenus mno
pa3paboTKe  MHTEIUIEKTYaJIbHOTO  POOOTH3MPOBAHHOTO  HCHBITATEIBHOTO  CTEHJA,
MpeHa3HAYEHHOTO JJIsl OTPaOOTKH CIOXKHBIX CAMOJIETHBIX U BEPTOJICTHBIX PEKHUMOB I10JIETA,
OCHOBaHbl Ha HCHOJb30BaHMM mpombiiuieHHoro pobora KUKA KR 1000 titan.
KOHCTpYKTHBHO MHTEIIEKTYaJIbHBI POOOTHU3UPOBAHHBIN UCIIBITATENIbHBIN CTeH [ 1] cocTouT
U3 TMPOMBIIUICHHOTO PO00Ta, OCHOBHBIMH JJIEMEHTAMH KOTOPOTO SIBIISIOTCS - TPEXOCHAS
[EHTpaIbHas PyKa C YCTAHOBOYHBIM (hJIaHIIeM, MPEeIHAa3HAUYCHHBIM IS 3aKpPEIUICHUS 00bEeKTa
UCTIBITAHUN, TPEXOCHBIH MaHUIYJIATOP C PACHOJOXKCHHBIMH Ha HEM JBHTAaTESIMH, a TaKkKe
yIOpaBisiomas KOHTPOJIbHO-U3MEpUTENbHAs cuctemMa u  miatdopma. KoHTpombHO-
MU3MEPUTENIbHAS CHUCTeMa BKJIIOYAET: aKCEJIePOMETpPHI, NpEABAapUTENbHBIC YCHIUTEIN W
MOJ1yJIb aHAIOTO-IIU(PPOBOTO/ 1M (PO-aHATOTOBOTO MpeodpazoBaTes.

Hayuno-meronnueckoe oOecnedeHHe MO 3aJaHUI0 OJIOKA TMOJIETHBIX HAarpy3oKk B
neperpy3kax, a TakKe METOAMKa OMPENCNICHUs HANpsHKEHUH B KPUTHUYECKHUX IO yCTalOCTH
KOHCTPYKTUBHBIX ~ DJIEMEHTaX OTpabOTaHbBl Ha TpUMEpe HCCIEeNOBaHHUA  pecypca
COCIMHUTENBHOTO (IaHlla y3/la KpeIUIeHUs Karcynbl (kaOuWHBI) TpeHaxkepa K QuaHiy
npombitiearoro pooora KUKA KR 1000 titan [2]. MHTeueKkTyaabHbIH pOOOTH3MPOBAHHbIH
UCIBITATENbHBIA CTEHJ| IO3BOJUT PEIIUTh 3a7ady IPOBEIEHUS PECYPCHBIX HCHBITAHUN
BBC BT no ¢akTu4eckuM 3KCITyaTalMOHHBIM MEPEMEHHBIM BHOPAIIMOHHBIM Harpy3kaM B
3HAYUTENILHO MEHBIIINE CPOKU U CO CHIKEHUEM TPYIOEMKOCTH UCTIBITAHUMA.
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np. mateHt, 2022. - Ne RU 2784677 CI1.

2. bromrenc A.I'., Toponanuenko B.U., Jlecatauk [1.A. u np. Onenka 0e30macHOTO
CpOKa CIyXObl TpeHa)kepa NPOCTPAHCTBEHHOW JE30pUEHTAllMM Ha OCHOBE aHaJIn3a
YCTAJIOCTHON TPOYHOCTH M O€30MacHOCTH TMOBPEXKICHHUS KOHCTPYKTHBHBIX JJIEMEHTOB.
M: Ilpo6nemsr 6e3omacuocTy nojetos, 2020. - Ne 12. — C. 3-11.

Methodology for vibration testing for unmanned aircraft of helicopter type
Kovaleva E.A.}, Gorodnichenko V.I.}, Krugov A.A.
L TSAGI, Zhukovsky, Russia

The paper discusses the task of creating an intelligent robotic test-bench intended for
rotor UAV certification endurance tests. The test-bench based on an industrial robot provides
simulation of in-flight vibration loads on a rotorcraft UAV and is devoid of inherent
imperfections of modern test-benches. The proposals for development of an intelligent robotic
test-bench for aircraft and helicopter complex flight mode testing are based on KUKA KR
1000 titan industrial robot. Structurally, an intelligent robotic test-bench [1] consists of an
industrial robot; its basic elements are a three-axis central arm with an installation flange to
hold the test object, a three-axis manipulator with motors on it, an instrumentation system and
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a platform. The instrumentation system includes accelerometers, preamplifiers and A/D/D/A
module converter.

Scientific and methodological support for setting a block of overloading flight loads
and methodology for determining stress in fatigue-critical structural elements were exercised
on the life study of a connecting flange of the simulator cabin attachment (joint) to the flange
of KUKA KR 1000 titan industrial robot [2]. Intelligent robotic test bench provides rotor
UAYV endurance tests for actual variable vibrational limit loads in much shorter time and with
less labour input.
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2. Byushgens A.G., Gorodnichenko V.., Desyatnik P.A. Evaluation of the safe service
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CumMeTpuU3alHs JAMHUHAPHOTO T€YeHH s BA3KOH HEC)KUMAEMOI KUKOCTH B
I10cKoM Au¢dy3ope Npu NEPHOAUIECCKOM BO3/1eHiCTBHM HA CKOPOCTH BXOJIHOI0 MOTOKA
demromkud A. I/I.l, ITyntyc A. Al
"Mex PAH, r. Mocksa, Poccus,
2 MAMW, r. Mocksa, Poccust

Pemenue 3amaun o TeUCHUU BSI3KOH HECKUMACMOU JKUIKOCTH B TUIOCKOM Au(dy30pe
npu Maibix ynciax PeliHonbaca Obuto nomyyeHo HezaBucumo Jxeddpu [1, 2] u Iamenewm |3,
4] 6onee cra yet Hazaa. M3BeCTHO, YTO TEUCHHE BSI3KON HEC)KMMAEMOU KUIKOCTH B TUIOCKOM
muddyzope mpu Manbix yuciaax PeliHoibaca CUMMETPUYHO, HO HpPU YBEJIUYEHUH YHUCEI
Pelinonbiaca Bblme  KpuTHueckoro Re*  TeueHume TepsieT CUMMETpPHUIO, OCTaBasiCh
CTallMOHAPHBIM, a TMpH MpeBbllleHHH Re** acuMMeTpuyHOEe TEYEeHUE CTaHOBHUTCA
KoJIeOaTeIbHBIM, IEPEXO/Is 3aTeM B TYPOYJICHTHBIN pexXuM. M3yueHne HelnmMHeHHBIX PEKUMOB
JAMUHApHBIX TEYEHMH OSKUIAKOCTH M Tra3a B auddysope, Hampumep, TakuX, Kak
ACUMMETPUYHOCTh M NEPEMEXAeMOCTh IO0TOKa, HMeeT O0oJblioe (QyHIaMEHTaIbHOE U
npakThyeckoe 3HadeHue. OJHAaKO TMepeMexXaeMocTb M aCUMMETpUsi JAMHHAPHBIX
CTallMOHAapHBIX TeyeHU B aud@y3ope H3yuyeHa HEIOCTATOYHO 110 CPaBHEHHUIO C
TypOyJleHTHBIMH pexxumamu TeueHus. O0630p pabor mo pemenuro 3agaun Jxepdpu —
["amens u 00001IEHNE HAa OCHOBE TPYIIIOBOrO aHajIM3a daHbl B paboTe [5], rie yKa3bIBaeTcs o
BO3MOHBIX HEEJMHCTBEHHOCTSIX B CTAllMOHAPHBIX pemeHusx 3anaun Jxepdpu — [amens,
TO €CThb Ha BO3MOXXHOCTb aCHMMETPUYHOCTH M IEPEMEKAEMOCTH IOTOKa B >KMJKOCTH B
muddyzope. ABTopamu pabot [6-7] Obutn HaiineHsl 00001IeHNs pemenus 3aaaun Jxeddpu-
['amens, npuBeneHbl OJHO-, JBYX- U TPEX-MOJAOBble OUPYpPKAIUMOHHBIE pELIEHUS,
yKa3bplBAIOLME Ha HaJUYMe HECMMMETPUYHBIX CTAl[MOHAPHBIX pELIeHUH (TeueHui) i
OTIpeNIeTICHHBIX AUana3oHoB uncen PeitHonbiaca u yriioB pactBopa auddysopa. B padore [8]
YHUCJICHHO IOKa3aHO BJIMSHUE YIjla pacTBOpa W Y/UIMHEHHs Juddy3opa Ha aCUMMETPHIO
TE€YEHUs B IUIOCKOM Ju((y30pe U CKa3aHO, YTO HAJOXKEHHE MEPUOJUYECKUX BHOpaiuil Ha
BXOJJHOH TOTOK MOTYT CHMMETPU30BaTh IOTOK, HO 3TO HYXKAAaeTcs B 0Oojee JeTaIbHOM
uccienoBanuu. B paborax [9-11] Ha ocHOBe uncneHHOro penieHns ypaBHeHuid HaBbe-Crokca
JUIs BS3KOM HEC)KMMaeMOW >KMIKOCTH OBbUTM H3Y4eHBl JIAMUHApHbIE CUMMETpPUYHBIE H
aCUMMETpPUYHbIE CTAIl[MOHAPHBIE U MEPEXOJHbIE PEKUMBI TeUEHUS B IJIOCKOM uddysope ¢
MaJIbIM YTJIOM PacTBOpa M YKa3aHbl JUAla30Hbl CYIIECTBOBAHMS JAHHBIX PEKUMOB TEUECHUS
KHUJIKOCTU B AU Py30pe B 3aBUCUMOCTHU OT 3HaUeHUH uncna Pelinonbca.

B nanHoii pabore moka3aHO BIMSHHME CIAOOTO MEPHOAMYECKOI0 BHOPAIIMOHHOTO

BO3/ICHCTBUM Ha CKOPOCTH BXOJHOIO IOTOKAa V,,, BA3KOM HEC)KMMaeMOM >KHMIKOCTH B

wiockuid 1ud@y3op HaA CUMMETPU3AINI0 ACHMMETPUYHOTO TEUEHHUs, KOTOpoe HabI01aeTcs
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pH OTCYTCTBUH BUOPAIMOHHOTO BO3AeicTBUsS. [IpuBOmATCS pe3yabTaThl MOJEITHPOBAHUS
TEUEHUs] BA3KOM HEC)KMMAEMOW KUIKOCTH Ha OCHOBE YHCJICHHOTO PEIIEHUs YpPaBHEHUM
HaBbe-Ctokca uig paznuuHbIX uucen PeiHonbaca B jauamaszoHe 10 10, pa3IMYHBIX
ammiutyq A ¥ dactot T npu BHOpAMOHHOM MEPUOAMYECKOM BO3ICHCTBHH Ha CKOPOCTh
notoka Ha Bxozge B muddysop V. B Bume: V=V, +A sin(2xft). Iokasano, uro

inlet inlet

BUOpAIIOHHBIE BO3JCHCTBUS Jake MPH aMILTUTyAax MeHee 1% ot ckopoctu V., . CIIOCOOHBI

inlet
cumMMeTpu3oBathk TedeHue B auddysope. [IpuBoasSTCS MTHOBEHHBIE M OCPEIHEHHBIC IO
BpPEMEHU XapaKTEPUCTUKH TEYCHUH B BUJIE NMPOPUICH U HM30JUHUN CKOpocTed. OTaenbHO
MOKa3aHbl KApTUHBI TEYEHWH, CO3JaBaeMble IEPUOAMYECKUM  BO3ACHCTBUEM MpHU
V. .. =0, A=0, u npu orcyrcrsuu Bubpanuit V, . =0, A=0.

inlet inlet

Pe3ynbrarhl  YHCIEHHOTO  MOJEIMPOBAHUS  MOKa3ald OAUMH U3  CIOco0O0B
CUMMETpPHU3AIMU ACUMMETPHUYHBIX JIAMUHAPHBIX TEYECHUN BA3KOM HECKUMAEMOU >KMJIKOCTH B
I0CKOM Au(dy30pe Mpu NepruoAUnYECKOM BO3/IEHCTBUU Ha CKOPOCTh BXOJIHOTO MOTOKA.
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Symmetrization of the laminar flow of a viscous incompressible fluid in a flat
diffuser under periodic influence on the inlet flow velocity
Fedyushkin A. 1.}, Puntus A. A.2
! IPMech RAS, Moscow, Russia
2 MAI, Moscow, Russia

The solution of the problem of the flow of a viscous incompressible fluid in a flat
diffuser at small Reynolds numbers was obtained independently by Jeffrey [1] and Hamel [2]
more than a hundred years ago. It is known that the flow of a viscous incompressible fluid in
a flat diffuser is symmetrical at low Reynolds numbers, but with an increase in the Reynolds
numbers above the critical Re*, the flow loses symmetry, remaining stationary, and with an
excess of Re**, the asymmetric flow becomes oscillatory, then passing into a turbulent
regime. The study of nonlinear regimes of laminar flows of liquid and gas in a diffuser, for
example, such as asymmetry and intermittency of the flow, is of great fundamental and
practical importance. However, the intermittency and asymmetry of laminar stationary flows
in the diffuser has not been sufficiently studied in comparison with turbulent flow regimes. A
review of the work on solving the Jeffrey-Hamel problem and a generalization based on
group analysis are given in [3], which indicates possible non—uniqueness in stationary
solutions of the Jeffrey-Hamel problem, that is, the possibility of asymmetry and
intermittency of the flow in the fluid in the diffuser. The authors of [4-5] 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. In [6], the effect of
the solution angle and the extension of the diffuser on the asymmetry of the flow in a flat
diffuser is numerically shown and it is said that the imposition of periodic vibrations on the
input flow can symmetrize the flow, but this needs a more detailed study. In [7-9], based on
the numerical solution of the Navier-Stokes equations for a viscous incompressible fluid,
laminar symmetric and asymmetric stationary and transient flow regimes in a flat diffuser
with a small solution angle were studied and the ranges of existence of these fluid flow
regimes in the diffuser depending on the values of the Reynolds number were indicated.

This paper shows the effect of a weak periodic vibration effect on the velocity V, . of

inlet
the input flow of a viscous incompressible fluid into a flat diffuser on the symmetrization of
an asymmetric flow, which is observed in the absence of vibration action. The results of
modeling the flow of a viscous incompressible fluid based on the numerical solution of the
Navier-Stokes equations for various Reynolds numbers in the range up to 10° various
amplitudes A and frequencies f with periodic vibration action on the flow velocity V, ., at the

entrance to the diffuser are presented in the form: Vv =V, +A sin(2=ft). It is shown that

inlet

vibration effects, even at amplitudes less than 1% of the velocity V,, can symmetrize the

flow in the diffuser. Instantaneous and time-averaged characteristics of flows in the form of
velocity profiles and isolines are given. Flow patterns created by periodic exposure to
vibrations V__ =0, A =0 and in their absence V__ #0, A=0 are shown separately.

inlet inlet

The results of numerical simulation have shown one of the ways of symmetrization of
asymmetric laminar flows of a viscous incompressible fluid in a flat diffuser under periodic
influence on the velocity of the input flow.
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MeToanka ONTHMH3ANMHA A)POAUHAMHYECKOH KOMIIOHOBKH CKOPOCTHOTO
MaccaskupPCcKoOro camMoséra mno KPHTEPHIO CHIKEHUs! YPOBHSI 3BYKOBOr0 y/iapa
Apudymiun P.X.", CepebpsHckuii CAl
! MAMW, r. Mocksa, Poccus

Coznanne ckopocTHOro naccaxkupckoro camodiera (CIIC) cBsi3aHO C 9KOJIOTHYECKUMU
U OKOHOMHYECKMMH OrPaHUYEHHUSIMH. OTH (AKTOpPBl ONPEAETSIOT BO3MOXKHOCTH €ro
OKCIUTyaTalldM W €ro  PBIHOYHYK  KOHKypeHTocmocoOHocth [1, 2].  Crenenb
a3pPOJMHAMHUYECKOIO0 COBEPIICHCTBA BO3AYLIHOTO CyAHA MPHUHATO XapaKTepU30BaAThH
3HAUEHUEM I[IOJIETHOTO a3pOJIMHAMUYECKOrO0 KayecTBa Ha KpEHCEpCKOM pexume IMoéTa.
Kputnueckoit npobiaemoil mnomnHounenHoro BHeApeHuss CIIC B mNpakTUKy perymispHbIX
ABUALMOHHBIX PEWCOB, ABJICTCSA CO3/1aBA€MBbIl UM 3BYKOBOW yJap Ha MECTHOCTU. TEXHOIOTMH
o0ecrieueH!s ero YMEHbIICHUs, B HACTOSIIEe BPeMs, aKTHUBHO UCCIEIYIOTCSl YUEHBIMH, KaK B
Poccum, Tak u 3a pyoexowm [3, 4].

PacnipocTpaHeHue 3BYKOBBIX BOJH B HEOJHOPOAHOH aTMmoc(epe OMUCBHIBAIOTCS
CUCTEMON OOBIKHOBEHHbIX Ju(depeHIManbHbIX ypaBHeHHH. YacTb 3TOH CHCTEMBI
UHTETpUpYyeTCs B cllyyae IojieTa B CIOMCTOM arMocdepe, B KOTOpPOH BepTUKaIbHas
COCTaBJISIOLIAs CKOPOCTHM BETpa paBHAa HYJIO, a CKOPOCTh 3ByKa, IUIOTHOCTh U
TOPU30HTAJIbHBIE COCTABIISIONINE CKOPOCTH BETPA SBJISIFOTCS HENPEPHIBHBIMU (DYHKIUSMH OT
BBICOTBI HaJl TOBEPXHOCTHIO 3€MIIH.

Jlnst BbIYUMCIIEHUS M30BITOYHOTO JaBJ€HHs B JI000M MOMEHT BpPEMEHU B TEOpUHU
3BYKOBOTO yAapa MCIOJb3yeTCS 3aKOH 3aTyXaHUs BO3MYLICHHM, W3BECTHBIA U3
TEOMETPUUYECKON aKyCTUKH. ODTOT 3aKOH IOJY4YeH W3 YpPaBHEHMH JBMKEHMS raza B IOJIE
MacCOBBIX CHJI, YIPOIIEHHBIX C y4ETOM C(OPMYINPOBAHHBIX MPEATIONI0KEHHUH.

B nanHO#it pabore mpenocTaBiieHa METOAMKA ONTHMU3ALMHU a’POJTUHAMUYECKOMN
komnoHoBkH CIIC mo kputepuio CHMKEHUS YpoBHA 3Y ¢ yyeToM TpeOOBaHUN MO YPOBHIO
a’pPOJIMHAMUYECKOT0 KaueCTBa U BIUSHUA Ha B3NETHBIN Bec JIA [5, 6]. Anroputm MeToauku
OCHOBBIBAE€TCSI Ha pacueTe XapaKTEepUCTHUK 3BYKOBOIO yjaapa C IOMOIIbIO OINpeaeseHUs
(opMBI KBUBAJIEHTHOTO Tella BpalleHus. Pacnpenenenue miomaay MOMNEPEeYHbIX CEUYEHUH
DKBUBAJIEHTHOTO TE€ja BPALLEHUS COCTOMT M3 JBYX KOMIIOHEHT, I'€OMETpPUUYECKON S, U
a’POIMHAMUYECKON Sy ¢ yu€ToM 00TeKaeMOCTH HOCOBOM YacTh (prozemsoka [7].
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VYcnoBust IpUMEHUMOCTH MaTEMATUYECKOTO arapaTa METOIUKH:

- KUHETHYecKass »JHeprusi BO3MYIIEHUN MPUHUMAETCS 3HAUUTEIbHO MEHBIIeH
KHUHETHUYECKON SHEPrUH MOTOKA;

- paauyc KpuBHU3HBI (DpOHTa HaMHOro OOJbIlIE XapaKTepHOro pa3Mepa IaKeTa
BO3MYIIECHUH (JUIMHBI TEla);

- XapakTepHbI MacmTad aTMOC(EpPHBIX HEOAHOPOJHOCTEH HAMHOTO OOJbILE JITHHBI
Tena.

Hcnonb3oBaHue JaHHOW METOAMKH, IMPU YCIOBUU MapaMeTpU3aldd MeETOJIOB
cHmkeHuss 3Y TOCPENCTBOM 0a30BBIX TEOMETPUYECKHX XaPAKTEPHUCTUK, TMPOCKTHBIX
MapaMeTpoB, IMPOEKTHBIX KPUTEPUEB JaeT BO3MOXKHOCTb YK€ Ha PpaHHUX CTaaAUAX
MIPOCKTUPOBAHUS BBIMOJIHUTH MEPBUUHYIO ONTUMHU3ALUI0 KOMIOHOBOYHBIX mapameTpoB CIIC
npu cobmoaeHun crenupuyeckux orpaHuueHui. OnpeaenuTh palnuoHaJbHbIE MeEpbI
CHIKEHUS 3Y U CTEeNeHb UX BHEAPEHUS, C yu€TOM BiIMsAHUS Ha B3nETHBIN Bec CIIC [1].
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A technique for optimizing the aerodynamic layout of a supersonic passenger aircraft
according to the criterion for reducing the level of sonic boom
Arifullin R.Kh.}, Serebryansky S.A.*
1 MAI, Moscow, Russia

The creation of a supersonic passenger aircraft (SPA) is associated with environmental
and economic constraints. These factors determine the possibility of its operation and its
market competitiveness [1, 2]. The degree of aerodynamic perfection of an aircraft is usually
characterized by the value of the flight aerodynamic quality in the cruising flight mode. The
critical problem of the full implementation of a supersonic passenger aircraft in the practice of
regular aviation flights is the sonic boom it creates on the ground. Technologies to ensure its
reduction are currently being actively studied by scientists, both in Russia and abroad [3, 4].

The propagation of sound waves in an inhomogeneous atmosphere is described by a
system of ordinary differential equations. Part of this system is integrated in the case of flight
in a stratified atmosphere, in which the vertical component of the wind speed is zero, and the
speed of sound, density and horizontal components of the wind speed are continuous
functions of the height above the earth's surface.

To calculate the excess pressure at any moment of time, the sonic boom theory uses
the perturbation damping law known from geometric acoustics. This law is obtained from the
equations of gas motion in the field of body forces, simplified taking into account the
formulated assumptions.

In this paper, a method for optimizing the aerodynamic layout of a supersonic
passenger aircraft according to the criterion of reducing the level of the booster, taking into
account the requirements for the level of aerodynamic quality and the effect on the takeoff
weight of the aircraft [5, 6], is presented. The algorithm of the technique is based on the
calculation of the characteristics of a sonic boom by determining the shape of an equivalent
body of revolution. The distribution of the cross-sectional area of an equivalent body of
revolution consists of two components, geometric Sa and aerodynamic Sy, taking into account
the streamlining of the forward fuselage [7].

Conditions for the applicability of the mathematical apparatus of the technique:

- the kinetic energy of perturbations is taken to be much less than the kinetic energy of
the flow;

- the radius of curvature of the front is much larger than the characteristic size of the
perturbation packet (length of the body);

- the characteristic scale of atmospheric inhomogeneities is much larger than the
length of the body.

The use of this technique, subject to the parametrization of sonic boom reduction
methods by means of basic geometric characteristics, design parameters, design criteria,
makes it possible to perform primary optimization of the layout parameters of a supersonic
passenger aircraft at the early stages of design, subject to specific restrictions. Determine
rational measures to reduce the memory and the degree of their implementation, taking into
account the impact on the takeoff weight of the SPA [1].
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MartemaTu4eckoe MoJeTMPOBaHME TelJIOOOMeHa B TPy0ax ¢ TypOy/ju3aTopamMu B
JIAMHHAPHOM 00/1aCTH U B 00JI1aCTH Nepexoa K TypOyJeHTHOMY Te4eHH 0
Jlo6aros W.E.", Msikounn A.C., Hesepos A.C."

! MAMU, r. Mocksa, Poccus

B mHacTodmem [oknaze MpeAcTaBieH aHalu3 MaTeMaTUYeCKOTO MOJEIMPOBAHUS
Teryioo0MeHa B TpyOax ¢ TypOynu3aTopamMu MpU HU3KUX YKclax PeitHonblca, XapaKTepHBIX
st mamuHapHoro (Re=100...1500) u mepexoanoro (Re=1600...10000) pexuMoB TeueHUs
TETJIOHOCUTENIEH, KOTOPhIE paHee UCCIEIOBAINCH TPEUMYIIIECTBEHHO YKCIIEPUMEHTAIBHO.

PaccmoTpeHo pemienue 3agadyd O TEIIOOOMEHEe Uis TypOylu3aTopoB TOTOKa
MOJIYKPYTJIOTO TIOTIEPEYHOTO CEYEHUSI Ha OCHOBE MHOTOOJIOYHBIX BBIYMCIUTEIBHBIX
TEXHOJIOTHI, OCHOBAaHHBIX Ha peHIeHHH (HaKTOPU30BAHHBIM KOHEUHO-OOBEMHBIM METOAOM
(ODKOM) ypaBuenuii PeitHounbica, 3aMbIKa€MbIX C TTOMOIIBIO MOJIENIA TIEPEHOCA CIBUTOBBIX
HanpspkeHud MeHTepa, U ypaBHEHHS HSHEpruu (Ha pa3HOMACHITAOHBIX MepPeceKaIoNUXCs
CTPYKTYPUPOBAHHBIX CeTKax). JlaHHBII MeTojq paHee OBUT YCHENIHO TPUMEHEH U
BepUPUIIMPOBaH dKcriepuMeHToM [ 1] s 6onee Bricokux uucen PeliHonbaca [2].

[IpuBeneHbI TEOPETUUECKUE PE3YIBTATHI, HILTIOCTPUPYIOIINE HIDKECTEAYIOIIee:

* TMOJYYEeHbl KakKk JIOKaJIbHBIE, TaK U OCPEIHEHHBIE XapaKTEPUCTUKU IMOTOKA U
TEIJIOOTIa4M TPyOe ¢ CUCTEMOU TypOyIH3aTOPOB JJIs JIAMHUHAPHBIX U TIEPEXOJIHBIX PEKUMOB
TEUCHHUI TEIUIOHOCHUTEIEH, YTO TIO3BOJIWJIO JCTEPMUHUPOBATH IS JTUX PEKUMHBIX
JTMATia30HOB YPOBHHM MHTCHCHU(UKAITNHU TETUIOOOMEHa,

* BBIABIICHBI HApYXXHbIC MPOSBICHUS B3aMMOACHCTBHUS B IMOTOKE HMCKYCCTBEHHBIX
MMOBEPXHOCTHBIX BBICTYIIOB B MPOCTPAHCTBAX C TPAH3UTUBHBIMU IMOTOKAMH: yYMEHBIIICHUE
BEJIMYMH CPETHET0 BPEMEHHOTO Kod(duIMeHTa TemmooTAaud Ha ydacTKaX KaHaja MpHu
JTAMHUHAPHOM pEXUMe TeUeHHS; TeHepanus dPdexkra HHTeHCUPUITUPOBAHKS TETUIOOTAaud Ha
OTpe3kax Cco cIabopa3BUTOM CTPYKTYpHOW TypOymiu3anueil IMOTOKOB; yMEHBIICHHE
KpuTHYeCKHNX ymncen PeitHonbca;
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* MPEUMYIIECTBO MPUMEHEHHOTO B paboTe METOJa Ha OCHOBE METOJa KOHTPOJBHBIX
00BEMOB HaJ| CYIIECTBYIOIIMMHU COCTOUT B TOM, YTO IMOCJEAHNE [3] OCHOBBIBAIUCH HA IEJIOM
psne npuOmbKeHui, Hampumep: npubmmkeHus [anépkuna, THMHEapU3alUU YpaBHEHUH,
NPUMEHEHUS METOJOB NEPEMEHHbIX HAMpaBICHUI C MOCIENYIOIIed peanu3aneil MeToo0B
MIPOTOHKHU, MPUMEHEHHSI METO/Ia TIEPEMEHHBIX YpPaBHEHUN C MOCHEAYIOIIeH peain3anuei Ha
OCHOBE METO/IOB MPOTOHKU;
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The influence of the process’ technological modes of manufacturing on the parameters
of the macrostructure and correction of parts from layered PCM
Lobanov I.E.}, Myakochin A.S.*, Neverov A.S.
! Moscow Aviation Institute (National Research University), Moscow, Russia

In the present study, mathematical modeling of heat transfer in pipes with turbulators at
low Reynolds numbers is carried out, characteristic of laminar (Re=100...1500) and transient
(Re=1600...10000) modes of heat carriers, which were previously studied mainly
experimentally.

The solution of the heat exchange problem for semicircular cross-section flow
turbulators based on multiblock computing technologies based on the solution of Reynolds
equations, closed using the Menter shear stress transfer model, and energy equations (on
multi-scale intersecting structured grids) by the factorized finite volume method (FFVM) is
considered. This method has previously been successfully applied and verified by experiment
for higher Reynolds numbers [2].

Theoretical results illustrating the following are presented:

o both local and averaged characteristics of the flow and heat transfer to a pipe with a
system of turbulators for laminar and transient modes of coolant flows were obtained, which
made it possible to determine the levels of heat exchange intensification for these regime
ranges;

o external manifestations of interaction in the flow of artificial surface protrusions in
spaces with transitive flows are revealed: a decrease in the values of the average time
coefficient of heat transfer in the channel sections under the laminar flow regime; generation
of the effect of heat transfer intensification in segments with underdeveloped structural
turbulence of flows; a decrease in the critical Reynolds numbers;

o the advantage of the method used in the work based on the control volume method
over the existing ones is that the latter [3] were based on a number of approximations, for
example: Galerkin approximations, linearization of equations, application of methods of
variable directions with subsequent implementation of run-through methods, application of
the method of variable equations with subsequent implementation based on run-through
methods.

References

1. Kalinin E.K., Dreitzer G.A., Yarkho S.A. Intensification of heat transfer in
channels. Moscow: Mashinostroenie, 1990. 208 p.

2. Lobanov I.E. Mathematical modeling of heat transfer in pipes with turbulators, as
well as in rough pipes, in air at large Reynolds numbers // Branch aspects of technical
sciences. 2013. No. 9. pp. 8-18.

21



3. Nazmeev Yu.G. Heat exchange during laminar fluid flow in discretely rough
channels. M. : Energoatomizdat, 1998. 372 p.

MoaenupoBaHue NMepexoaHbIX 3JIEMEHTOB ¢ YYETOM JIOKAJIbHBIX OJATIMBOCTEN,
HAXOJSIIIUXCA HA OCHOBHBIX MYTAX NMepeaayu BUOpanuii
[TepmsikoB A.H.l‘z, I'yceBa E.E.l, ITocTHUKOB B.IO.l, Bombmmx A.A.
1 MAMW, r. Mocksa, Poccus
2 Shanghai Jiao Tong University, r. Illauxaii, Kuraii

Ha B0O3MOXHOCTHh BO3HHMKHOBEHHSI B JMAMa30HE »SKCIUTyaTallMOHHBIX CKOpOCTEH
noJsiéTa SBJICHUM AMHAMUYECKOW a’3pOyHpyrocTH, TakuX Kak (iarrep u 6aQTHHI, B MEPBYIO
ouepellb BIUSAIOT JUHAMUYCCKUE XapaKTePUCTHKU KOHCTPYKIuHU. [IpumumHamu koneOaHuit
MOTYT MOCIY>KUTh HEOAHOPOJHOCTh aTMOC(hephl U B3aUMOJCHCTBUS KpblUIa ¢ TYpOYJIEHTHBIM
T€YCHHEeM BOJM3M TIOBEPXHOCTH B 30HE OTPHIBA ITIOTOKA, KOTOpas MPH OMPEIEICHHBIX
YCIIOBUSX MOXET MPEIIecTBOBaTh ¢uarrepy. BeposSTHOCTh BOSHMKHOBEHHS TaKUX SBJICHUI
[JIaBHBIM 00pa3oM 3aBUCHUT OT KECTKOCTU KOHCTPYKIIMHU, KPUTEPUEM OLICHKU YPOBHS KOTOPO
CIyXaT 3HA4YeHUs KPUTHYECKUX CKOPOCTEH BO3HUKHOBEHMS JTUX sBIEHUU. Tak, mnpu
JIOCTAaTOYHOM KECTKOCTH ATHU KPUTUYECKHE CKOPOCTH JIOJDKHBI MPEBBINIATH MAKCUMAIbHYIO
ckopocTh mojéra [1,2].

[lepexomHbie 37€MEHTHI, HaXOISAIIMECS HA MYyTAX Mepeaaud BHOpaiui, Hampumep,
TaKHue, Kak y3JIbl HABECKH 3JIEPOHOB U 3aKPbUIKOB, BHOCST 3HAUYUTENbHBIN BKJIaJ B KapTUHY
KoneOanuii tuianepa. Te WX HHUX, KOTOpPBHIC BIUSIOT Ha BHOPAIMOHHYIO KapTUHY OOJbIIIE
JIPYTHUX, MOTYT OBITHOIIPEIETICHBI C TOMOIIBIO aHANIN3a MyTel nepeaaun Bubpanwii [3,4]. Ilpu
aHAJIM3€ KOHCTPYKUHMH IJIaHEpa METOJOM KOHEUHBIX 3JIEMEHTOB JETajJbHOE MOJEIUPOBAHUE
MEPEXO/IHBIX 3JIEMEHTOB 3HAUYMTEIHHO YBEIMYMBAET KakKk o00Ilee KOJIUYECTBO KOHEUYHBIX
AJIEMEHTOB pPacu€THOM MOJEeNu (CIeNOBaTEeNbHO, U BpeMsl pacy€ToB), TaK M BpeMs €&
pa3paboTku. MojenupoBaHue TaKuX MEPEXOAHBIX JIEMEHTOB B YINPOIIEHHOM BHJIE C LIETBIO
3aMEHBI TBEPAOTEIbHBIX KOHEYHBIX 3JIEMEHTOB Ha 000JIOYEHHBIC U OAIOYHBIE M YMEHBIIICHUS
00IIero KOJIMYecTBa SJIEMEHTOB SIBIISIETCS IOCTATOYHO aKTyaJbHOM 3a/1a4yeil.

B npoknane mnpencraBieHa METOIMKA MOJEIUMPOBAHMS IEPEXOAHBIX 3JIEMEHTOB,
HAXOJSIIMXCS HAa OCHOBHBIX MYTSX TMepeAayd BuOpanuii, ¢ y4éToM HX JIOKaJbHBIX
MOJATIMBOCTEN. J[0CTOBEpHOCTh METOJAMKH MOJATBEPK/ICHA HA OCHOBE PE3yJIbTaTOB KOHEUHO-
AIIEMEHTHOTO MOJICTMPOBAHMS y3JI0B HABECKH JIEPOHA: MPUBEICHBI CPABHEHHSI COOCTBEHHBIX
YacTOT MOJAPOOHBIX TBEPAOTEIBHBIX MOJIENIEH Y3JI0B U YIPOIIEHHBIX MOJIEIICH, COCTOSIIINX U3
JBYXMEPHBIX M  OJHOMEPHBIX KOHEYHBIX 3JIEMEHTOB. IlOCKONBKY  CTaHmapTHBIE
MaTeMaTUYECKHE amnmapaThl HE B COCTOSTHUU PacCUYUTATh COOCTBEHHBIE YAaCTOTHI HETMHEHHBIX
CUCTeM, pacu€Tbl TOAPOOHBIX TBEPAOTENbHBIX MOJENEH MPOBOAMIUCH B HESBHOU
JTUHAMHUYECKOU MTOCTAHOBKE C YUETOM HETMHEHHOCTH MOJICIH.

OnucanHasi METOJMKA MO3BOJISIET CO3/1aBaTh OMONMOTEKY (0a3y JaHHBIX ) MEPEXOTHBIX
AJIEMEHTOB, KOTOpasi OyJeT BKJIIOuUaTh B ce0S BCE THUIBI TMEPEXOIHBIX AJIEMEHTOB B HX
ynpouméHHoM Buje. [Ipu co3gaHMM KOHEYHO-3JIEMEHTHOM MOJENM BCEro arperata Wiu
MJIaHepa TaKhe YIPOIIEHHBIE MOJEIN TEPEXOIHBIX JIEMEHTOB MOTYT OBITh BKJIIOYEHBI B
100aNBEHYIO MOJIENb MTOCPECTBOM WX UMIIOPTA U TTO3UIIHOHUPOBAHUS.
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engines using bond graph theory // Aerosp Sci Technol. Elsevier Masson SAS, 2019. T. 95.

Modeling of transitional elements taking into account local compliances located on the
main vibration transmission paths
Permiakov A.P.*? Guseva E.E.", Postnikov V.Y.%, Bolshikh A.A.
! MALI, Moscow, Russia
2 Shanghai Jiao Tong University, Shanghai, China

The possibility of occurrence of dynamic aeroelasticity phenomena, such as flutter and
buffeting, in the range of operational flight speeds, is primarily affected by the dynamic
characteristics of the structure. The oscillations can be caused by the inhomogeneity of the
atmosphere and the interaction of the wing with the turbulent flow near the surface in the flow
separation zone, which under certain conditions can precede the flutter. The probability
ofoccurrence of such phenomena mainly depends on the stiffness of the structure, the criterion
for assessing the level of which are the values of the critical rates of occurrence of these
phenomena. So, with sufficient stiffness, these critical speeds should exceed the maximum
flight speed [1, 2].

Transitional elements located in the vibration transmission paths, such as aileron and
flap attachments, make a significant contribution to the oscillation pattern of the airframe.
Those of them that affect the vibration pattern more than others can be determined by transfer
path analysis[3,4]. When analyzing the airframe design by the finite element method, detailed
modeling of transitional elements significantly increases both the total number of finite
elements of the calculation model (hence, the calculation time) and the time of its
development. Modeling such transition elements in a simplified form in order to replace solid
finite elements with shell and beam elements and reduce the total number of elements is a
rather urgent task.

The report presents a technique for modeling transitional elements located on the main
vibration transmission paths, taking into account their local compliance. The reliability of the
technique is confirmed on the basis of the results of finite element modeling of aileron
attachment units: comparisons of natural frequencies of detailed solid models of units and
simplified models consisting of two-dimensional and one-dimensional finite elements are
given. Since standard mathematical tools are not able to calculate the natural frequencies of
nonlinear systems, the calculations of detailed solid models were carried out in an implicit
dynamic setting, taking into account the nonlinearity of the model.

The described technique allows you to create a database of transition elements, which
willinclude all types of transition elements in their simplified form. When creating a finite
element model of the entire unit or airframe, such simplified models of transitional elements
can be included in the global model by importing and positioning them.
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HNHuTepdepeHuns BO3IYUIHBIX BHHTOB € 3JIEMEHTAMH IJIaHepa 0eCHUJIOTHOIO
BO3YLIHOI'O CYJHA HA Pe:KMMAX B3J1eTa U MOCATKH
Konosanos @./1.", Cepebpsanckuit CAl
! MAMU, r. Mocksa, Poccus

MHuoroo0pa3ue CreKkTpa 3aaad, BBIOJHSEMBIX OCCIIMIOTHON aBHAIMECH OKa3bIBaeT
CYIIIECTBEHHOE BJIMSHUE HA IEpeueHb MoKa3aTeliel JJis OLIGHKH UX TEXHHUYECKOI'O YpPOBHSI.
[lepeuens nmokaszareneil, BHIOPAHHBIX JIJISl OLIEHKU TEXHUYECKOT0 YPOBHS BO3JYIIHOTO CY/HA,
BIMSET Ha KadecTBO M JIOCTOBEPHOCTh SKCIEPTHOM OLIEHKM Hawiydiiero oOpasiua.
Texuuueckue IIoKasarciii, B TOM YHCIIC M MACCOBBIC, SBJIISHOTCSA O6H.[I/IMI/I JJIs1 OOCHKU
O6ecriunotHoro Bo3aymHoro cynHa (BBC) BHe 3aBUCHMMOCTH OT KOH(UIypallUH, LIEJIEBOTO
MpeIHa3HAYeHUSI U CPeIbl UX MPUMEHEHUS C y4ETOM OCOOCHHOCTEH 3TaroB >KU3HEHHOTO
uukia uzaenus [1, 2, 3].

LlenecooOpa3HO  paccMOTpPETb  BO3MOXKHOCTH — IMPOBEACHUS  UCCICNOBAaHUNA U
pa3paboTKU PacYETHO-IKCIEPUMEHTAIBHBIX U UMHUTAIIMOHHO-MOACIUPYIOLIUX CPENICTB, AJs
OLCHKHN 3(1)(1)6KTI/IBHOCTI/I BBITIOJTHEHUS aBUAIIMOHHBIX pa60T B Ppas3IM4HbIX YCIIOBUAX
npuMeHenus [4, 5].

B nanHoli paboTe mpeacTaBiIeH aHANIM3 PE3YJIbTATOB PAaCUYETHO-IKCIEPUMEHTAIBHBIX
paboT, KOTOpbIE TO3BOJAT pa3padoTaTh MEPOMPUSITUS [0 COBEPLICHCTBOBAHUIO
a>pOMHAMUYECKIX KOMIIOHOBOK M OOECTeYeHHI0 O€30MacHOCTH II0JeTa OEeCIHIOTHOTO
BO3/YITHOTO CyJHA C BO3AYIIHBIMH BHHTAaMU C YYETOM BIIMSIHHSI 3aKpyYEHHBIX CTpYH Ha
9JICMCHTLI ILIaHECpa € IMPUMCHCHUCM COBPEMCHHBIX OKCICPUMCHTAJIBHBIX W PACUCTHBIX
METO/I0B BBICOKOI'O YPOBHS [6, 7].

[IpuBeneHbl pe3ynbTaThl SKCIEPUMEHTANIBHBIX Pa0O0T, MILTIOCTPUPYIOLIUE YTO:

- BBIABIICHBI NMPUYHMHBI CYIIECTBEHHOIO CHUXEHHS dPQPEKTUBHON TITW KOMIOHOBKH
(1)}036.]19[)1(21 C TOJKAalmyM BO3AYIIHBIM BHUHTOM IIpU C€ro IIOJHOM IIOIPpYyXCHUU B
3aTOPMOXKEHHBIN CIIe[] U TPEAJIOKEHBl CIOCOOBl €€ CYIIECTBEHHOTO MOBBIIICHHS 32 CUET
Mo uuKaH (GOpMbI KOPMOBOM YacTH (Pro3eliska U yCTAHOBKY BUHTA B KOJIBLIEBOM KaHAJIE;

- BBIBICHbl NPUYMHBI YMEHBIIECHUS KPUTHUECKOTO YIJla aTaku KpbUia MpU
HUCITIOJIB30BAHUU aJaIlITUBHOI'O J3JICMCHTA MCEXaHU3allMu B BUJC OTKJIOHSIEMO IIOBCPXHOCTHU
XBOCTOBOI YacCTH KpbUIa U MPEIOKEHBI MEPOIPUATHS 10 YIYUIIEHUIO ero 00TeKaHus;

- BBIMIOJIHEHA BalMjalus MeTona koHeyHoro snemeHta (MKD) Beicokoro mopsiaka
anmpoKCUMallid U MeToJa KoHeyHoro oobema (MKO) 2-ro mopsigka anmpoKcHMaiiu Ha
TCCTOBBIX 3aaadax adpOAMHAMHMKHU W IIOKAa3aHO, 4YTO IPHU COOTBETCTBUM 4YHUCIIA cTereHen
cB00OOABI U uncia sueek, MKD maeT BBIUTPHIII IO TOYHOCTH pacuera.

OKCnepuMeHTAIbHBIE  pabOThl  MPOM3BOAWINCH B jabopatopun MAU ¢
UCIIONIb30BAaHMEM KaK COBPEMEHHBIX pacu€THBIX KOMIUIEKCOB MO Tumy ANSYS, Tak U
AHAJIIUTHNYCCKUX pvaéTHBIX METOHAOB.
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Interference of propellers with the glider elements of an unmanned aerial vehicle during
takeoff and landing modes
Konovalov F.D.*, Serebryansky S.A.*
'MAI, Moscow, Russia

The diversity of tasks performed by unmanned aviation significantly influences the
range of indicators used to assess their technical level. The set of indicators selected for
assessing the technical level of an aircraft affects the quality and reliability of the expert
evaluation of the best sample. Technical indicators, including mass-related ones, are common
for evaluating unmanned aerial vehicles (UAVSs) regardless of their configuration, intended
use, and application environment, taking into account the peculiarities of the product's life
cycle stages [1, 2, 3].

It is advisable to consider the possibility of conducting research and development of
calculation-experimental and simulation-modeling tools to assess the effectiveness of aviation
operations in various application conditions [4, 5].

This paper presents an analysis of the results of calculation-experimental studies that
will allow developing measures to improve the aerodynamic configurations and ensure the
flight safety of unmanned aerial vehicles with propellers, taking into account the influence of
swirl jets on glider elements using modern high-level experimental and computational
methods [6, 7].

The results of experimental studies are presented, illustrating that:

- The reasons for a significant reduction in the effective thrust of the fuselage
arrangement with a pusher propeller when it is fully immersed in the disturbed wake are
identified, and methods for significantly increasing it through the modification of the aft
fuselage shape and installation of the propeller in a ring channel are proposed.

- The reasons for a decrease in the critical angle of attack of the wing when using an
adaptive element of mechanization in the form of a deflectable surface of the wing's tail
section are identified, and measures to improve its flow are proposed.

- Validation of the high-order finite element method (FEM) and second-order finite
volume method (FVM) on test problems of aerodynamics is performed, showing that with the
same number of degrees of freedom and cells, FEM provides higher calculation accuracy.

The experimental work was conducted at the laboratory of the Moscow Aviation
Institute using modern computational complexes such as Ansys, as well as analytical
computational methods.
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PacueTHO-3KCIIepUMEHTAIbHbIE HCCIEI0BAHUS AKYCTHYECKUX MPOLeccOB B MOAEIbHBIX
KaHaJIax s pa3padoTku HII/IPOKOHOJIOCHLIX ogHocaoiiabIx 3IIK
IIncapes I1.B.”, AXyH3sHOBa KAl
1HHI/IHY, r. Ilepmb, Poccus

AKTyaJqbHOCTh MCCIIEOBAHUS OOYCIIOBJIEHA YXXECTOUEHHEM HOPM MEXIYHApOIHOMN
opranuszanuu rpaxjaaHckoil aumanmu MKAO mo mymy camoneroB Ha MectHoctu. C 2018
rojia sl CpeJHEMarucTpajabHBIX CAMOJIETOB BECOM A0 55 T TpeOOBaHHUS MO YPOBHIO IIyMa
cranoBsTcs xectue Ha 7EPN dB. B HacTosmuii MOMEHT JaHHBIM HOPMaM HE COOTBETCTBYET
OOJBIIMHCTBO 3apyOEKHBIX M HU OJIMH DJKCIUTyaTHUPYEeMbIl HBIHE CaMOJIET POCCHICKOTO
IpOU3BOJACTBA. B cBsI3M ¢ 3TUM 1oA Yrpo3y CTaBUTCS KOHKYPEHTOCIOCOOHOCTb
OTEYECTBEHHOM TIpakJaHCKOW aBHAIMM HAa MHPOBOM pbIHKe. J[ns pemieHus mnpoOieMsl
TpeOyeTcs cepbe3Has MHTeHCU(UKaLKs YCUIIMHA B pa3pabOTKe MOAX00B U CUCTEM CHUKEHUS
aBUAIMOHHOTO 1myma [1-3].

OpuuM 13 >PPEKTUBHBIX CIMOCOOOB CHIKEHHS IIyMa aBUAIIMOHHBIX IBUTATEIbHBIX
YCTQHOBOK SBJISIETCS MCIIOJIb30BaHME B HHUX 3ByKomorjomaromux koHcTpykiuii (3I1K).
HoBbIM HampaBieHMeM B CHHKEHHMM IllyMa aBUAIlMOHHBIX JIBUraTesiel sBIISETCS CO3JaHHe
311K ¢ HeperyisipHbIM 3all0JTHUTEIIEM.

B pamkax  Hacrosmied — paOOThl  NpUBENEHBI  pPE3yNbTaThl  pacyeTHoO-
AKCIEPUMEHTAIbHBIX UCCIJIEJOBaHUM aKyCTHUYECKOHN 3 PEKTUBHOCTH TPYIIbI
MPU3MATHUYECKUX PE30HATOPOB Pa3IMYHOTO o0beMa MpPU YPOBHE aKyCTHUECKOTO JaBJICHMUS
130 nb. Pa3paboTan mpoTOTHUIl U M3TOTOBJIEHBI MpEACTaBUTEIbHBIE 00pa3lbl (hparMeHTOB
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pasHoBbicoTHO# 3I1K MeTonom 3D-neuaru. JlaboparopHble UCTIBITaHUS 00PA3IIOB IPOBEIECHBI
Ha uUHTep(depoMeTpe C HOPMAIbHBIM MaJE€HHUEM 3BYKOBOM BOJHBL. OKCIEPUMEHTAIBHO
NOATBEpXKIeHa akyctuyeckas d¢¢exktuBHOCTh paspadoranHoit 3IIK. BrisiBaeno, 4to
pasnoBbicoTHast 3I1K mo3BossieT yBenmu4uTh MIUPOKOMOJIOCHOCTh TPYIIBI MPU3MATHUYECKUX
PE30HATOPOB.

HUccneoosanue evinonneno 6 Ilepmckom HAyUOHANbHOM — UCCIE008AMENbCKOM
NONUMEXHUYECKOM YHUgepcumeme npu n000epicke 20cy0apcmeeHno2o 3a0anus (npoekm No.
FSNM-2023-0006).
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MOJIMTEXHUYECKOT0 YHUBepcuTera. Mexanuka. 2015, Ne 1, c. 5-20.

Numerical and experimental studies of acoustic processes in model channels for the
development of wideband single-layer SAS
Pisarev P.V.*, Akhunzianova K.A."
Perm National Research Polytechnic University, Perm, Russia

Tightening of the ICAO standards on aircraft noise on the ground causes the relevance
of the study. Since 2018, for medium-haul aircraft weighing up to 55 tons, the noise limit
requirements have been reduced by 7EPN dB, and the majority of foreign and none of the
currently operated Russian-made aircraft do not meet these standards. Consequently, the
competitiveness of Russian civil aviation in the world market is endangered. To solve the
problem, serious extra efforts in the development of approaches and systems to reduce
aviation noise is required [1-3].

One of the effective ways to reduce the noise generated by aircraft is implementing of
sound-absorbing of sound-absorbing structures (SAS). The new direction in reducing the
noise of aircraft engines is SAS with an irregular filler.

In this paper the results of numerical and experimental studies of the acoustic
efficiency of a group of prismatic resonators of different volume at an acoustic pressure level
of 130 dB were presented. The prototype was developed and representative samples of
fragments of different-height SAS were manufactured by 3D-printing. Laboratory tests of the
samples were carried out on the interferometer with normal incidence of sound wave. The
acoustic efficiency of the developed SAS was experimentally confirmed. The different-height
SAS allows to extend the broadband of the prismatic resonator group.

The research was carried out at the Perm National Research Polytechnic University
with the support of the state task (Project No. FSNM-2023-0006).
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OueHnka rpaHMi CJABIIIIAMOCTH MYJIbTHPOTOPHBIX CHCTEM Pa3jIMYHBIX KOH(pUTypauui
Momkos IT.A.% Tumyien c.ot!
! MAM, r. Mocksa, Poccus

CyliecTBeHHOE pa3BUTHE OCCHIIOTHBIX aBUAIIMOHHBIX CHCTEM HEM30EKHO MPUBEICT
K HOpPMHpOBaHHMe IIyma OecnuioTHBIX Bo3aymHbIX cynoB (BBC) nHa MectHOCTH Ist
MUHHUMH3ALMKA [IYMOBOTO BO3JEHCTBMSI TaKMX amnmapaToB Ha OKpyxaromiyto cpeny [1]. B
EBpocoroze B 2020 romy Obutn pa3paboTaHbl TpeOOBaHUS K MPEACIbHO JOMYCTHMBIM
ypoBHAM IiyMa Ha mecTHocTH BBC Tuma mynpTuUkonTep i JBYX AMAIAa30HOB B3JIETHBIX
Macc — 110 900 r u ot 900 no 4000 r. [Ipu >TOM mpeanosiaraeTcs yKecroueHue yepes3 2 roaa
1I0CJI€ BCTYIUIEHHUSI B CHUJIy HACTOSIIEr0 HOPMAaTUBHOIO JOKyMeHTa Ha 2 n1bA, a uepes 4 rona
Ha 4 1BA. Equnuiieil onieHKu 1ryma Ha MECTHOCTH B JJaHHOM CIlydae SIBJISIETCS CyMMapHBIN
B3BEILIECHHBI 110 1IKajle A CTaHJapTHOTO IIyMOMepa YpOBEHb 3BYKOBOM MOIIHOCTH [2].

B pamkax mpenctaBieHHONM pabOThl BBHIMOJIHEHBI PACUETHBIE OLIGHKH T'PaHUIL
CJIBIIIMMOCTH U1l MYJIbTUPOTOPHBIX CUCTEM THUIIA KBAaJPOIONTEP U T'€KCAKONTEP C YETHIPbMS
M IIECTbIO JBYXJONACTHBIMM BO3AYUIHBIMM BHHTaMH, COOTBETCTBEHHO. PacueTHoe
UCCJIEJOBAHUE BBINOJIHEHO COTJIACHO MPEJIOKEHHON aBTOpaMU METOJMKE OLIEHKH I'paHUI]
capimmmocTy BUHTOBBIX BBC [3].

HcxonHpiMU  TaHHBIMM IS PAacyETHOM OLEHKU TpaHMIl CIBIIMMOCTH SIBISIOTCA
JaHHbIe 0 JOHOBOM IIIyME OKPY>KaloIel Cpe/Ibl B 30HE ToJieTa anmnapara [4], 1aHHbIe O IIyMe
MYJBTUPOTOPHOM CUCTEMBI U KPUTEPHI CIBIIIMMOCTH BUHTOBBIX anmnaparoB [5]. s pacuera
CIIEKTpa IIyMa MYJbTHPOTOPHOM CHCTEMBI HCIIOJIb30BAH AKYCTUKO-BUXpPEBOM MmeTon [6],
IPUMEHSIEMbIH U1 pacueTa TOHAJIbHBIX COCTABJIAIOIIMX IIyMa Ha 4acTOTaX KPaTHBIX YacTOTE
cienoBaHus Jomacteil BuHTa. g pacdyera BUXpEBOro (IIMPOKOIOJIOCHOTO) —IIyma
IPUMEHSIETCS MOJIENb 1IyMa 3a/iHel KPOMKH [7].
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Evaluation of the audibility boundaries of multirotor systems of different
configurations
Moshkov P.A.Y, Timushev S.F.
! Moscow Aviation Institute (National Research University), Moscow, Russia

The significant development of unmanned aircraft systems will inevitably lead to the
normalization of the community noise of unmanned aerial vehicle (UAV) to minimize the
noise impact of such devices on the environment [1]. In the European Union, in 2020,
requirements were developed for maximum permissible community noise levels of a
multicopter for two ranges of take-off weights - up to 900 g and from 900 to 4000 g. At the
same time, it is assumed to tighten by 2 dBA in 2 years after the entry into force of this
regulatory document, and by 4 dBA in 4 years. The unit of assessment of community noise in
this case is the overall A-weighted sound power level [2].

Within the framework of the presented work, calculated estimates of the audibility
boundaries for multirotor systems such as quadropopter and hexacopter with four and six two-
bladed propellers, respectively, were performed. The computational study was carried out
according to the methodology proposed by the authors for assessing the audibility boundaries
of propeller-driven UAVs [3].

The initial data for the assessment of the audibility boundaries are data on the ambient
noise in the flight zone of the device [4], data on the noise of the multirotor system and the
audibility criterion of propeller-driven UAV [5]. To calculate the noise spectrum of a
multirotor system, an acoustic-vortex method [6] was used, which is used to calculate the
tonal components of noise at frequencies multiple of the blade passing frequency. To
calculate the vortex (broadband) noise, the trailing edge noise model is used [7].
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HccaenoBanue mapamMeTpoB MoJIeTa JIETATEJIbHOI0 aNNapaTa MeToAaMu MAIIMHHOTO
o0yueHust
Caranosuu C.A.L, CepeOpstHCKHIA CAl
! MAM, r. Mocksa, Poccus
[IpoekTHpoBaHKEe COBPEMEHHBIX CAaMOJICTOB TPeOyeT BHEIPEHHS BHICOKOMOIIHBIX
BBIUMCIUTENBHBIX MAIIMH Ha BCEX JTalax >KM3HEHHOTO IMKJIA JIeTaTelhbHOro ammapara.
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HenpepsiBHOE pa3BuTHE HMHPOPMALMOHHBIX TEXHOJOTUH CIIOCOOCTBYET YMEHBLICHUIO
BPEMEHHM MPOBEACHUS IMOJYHATYPHBIX, HATYPHBIX U JICTHBIX MCIBITAHUMA, MOBBILICHUIO
0€30IIaCHOCTH ~ TIOJIETOB, a TAaKK€ CIHOCOOCTBYET CHIDKEHHIO CTOMMOCTH  OIBITHO
KOHCTpYKTOpcKux padot [1]. Takum oOpa3om, cozlaHue KOHKYPEHTOCIOCOOHOTO MPOIyKTa
ABUAIIMOHHON TEXHUKH HEBO3MOXXHO 0€3 MPUMEHEHHUS PA3BUTHIX HHTEIUICKTYaIbHbBIX CHCTEM.

B nanHbIii MOMEHT NEepeIOBBIMU SBISIOTCSA TEXHOJIOTMH MATMHHOTO 00yUeHUsI.

MammHaHOe 00y4YeHHEe MPeICTaBIsieT co00i 001acTh KOMIETCHIINN, HAXOIAIIUXCS Ha
NepeceyeHn MaTEeMaTHUYeCKONM CTATUCTHKH, YUCJIEHHBIX METOJOB ONTHUMM3AIMH, TEOPHH
BEPOATHOCTEW, a TaKkKe JIUCKpeTHoro aHaim3a. C NOMOUIbI0 €€ METOJIOB IPOUCXOIUT
pellleHne 3aJauyd HW3BJICYCHMs] 3HAHUM M3 JaHHBIX, KOTOPOW 3aHMMAeTCs elle TOJbKO
dbopmupyromasics 06macTh «MHTeIeKTyalbHBIN aHanmu3 JaHHbX» (DataMining). CnoxHOCTh
pabotrel B obOmactu DataMining oOycnaBiuBaeTcss HETOYHOCTBIO, MPOTHBOPEYHBOCTHIO,
Pa3HOPOJHOCTBIO, HENOJHOTOM [aHHBIX, KOTOpbIE IPU STOM MOIYT HMMETh TMIaHTCKUE
00BEMBL.

Hcnonp3ys alropuTMUYECKHM ammnapar, HosBIISIETCS BO3MOKHOCTb IIPOTHO3UPOBAHUS
MOBE/ICHU Ja)Ke CaMbIX CIIOKHBIX Pa3BETBIEHHBIX CUCTEM Ha OCHOBE 00pabOTKH OOJBIIOTO
KOJIMYECTBA CTATUCTUYECKHUX JaHHbIX.

B mpencraBienHoit paboTe paccMOTpeHa BO3MOXKHOCTh MPUMEHEHHS alrOpUTMOB
MAaIIMHHOTO O0y4YEeHUS K OIMCAHUIO JMHAMUKU JBUKEHUS JIETATEIBHOIO amlmapara ¢ yuéTom
€ro MaccOBO-MHEPIMOHHBIX CBOMCTB [2]. [Ipon3BeneHo cpaBHEHHE HATYPHBIX [apamMeTpoB,
MOJIyYEHHBIX B JUHAMHYECKOM HATYpPHOM 3KCIIEPUMEHTE, CO 3HAUEHUSMM, PACCUUTAHHBIMU
KJIACCUYECKUMH TEOPETUYECKUMHU METOJaMH, M pe3ylbTraraMu paboThl MPOrpaMMBbI
MalImHHOTO 00yueHus [3, 4].

Ha ocHoBe skcrnepuMeHTAlbHBIX JAHHBIX MPOBEICH aHajau3 Hauboyiee CI0XKHBIX C
TOYKH 3pEHUS a’poJMHAMUYECKMX OS(PQPEKTOB ydyacTKOB Tpaekropuu [5]. Mertonamu
MCKYCCTBEHHOT'O MHTEJJIEKTa MPOBEPEHa BO3MOXKHOCTH MOJTy4YeHHs] (U3UYECKOTO CXOACTBA
[IapaMeTPOB TPACKTOPUU C HATYPHBIM SKCIIEPUMEHTOM.

OneHeHbl MPEUMYILNECTBA HCIHOJB30BAHUS AJITOPUTMOB MAIIMHHOTO OOYYEeHHS B
IIPOEKTUPOBAHUH JIETATEILHOTO alnapara — COKpalleHne BpEMEHHBIX U (PMHAHCOBBIX 3aTpar,
HEOOXOMUMBIX JJIi TPOBEICHHUS OIBITHO-KOHCTPYKTOPCKUX pPAa0OT, 3a CYET BHEAPEHUS
MCKYCCTBEHHOI'O MHTEIIJIEKTa B 00pabOTKY MOJIETHBIX JaHHBIX.
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Research of the flight parameters of the aircraft by machine learning methods
Sagalovich S.A. %, Serebryansky S.A.*
'MAI, Moscow, Russia

The design of modern aircraft requires the integration of high-power computers at all
stages of the life cycle of the aircraft. Continuous development of information technologies
contributes to reducing the time of semi-natural, full-scale and flight tests, improving flight
safety, and also contributes to reducing the cost of development work [1]. Thus, the creation
of a competitive product of aviation technology is impossible without the use of advanced
intelligent systems.

At the moment, machine learning technologies are the most advanced.

Machine learning is a field of competence located at the intersection of mathematical
statistics, numerical optimization methods, probability theory, and discrete analysis. With the
help of its methods, the problem of extracting knowledge from data is solved, which is still
being dealt with by the emerging field of "Data Mining". The complexity of work in the field
of Data Mining is due to inaccuracy, inconsistency, heterogeneity, incompleteness of data,
which at the same time can have huge volumes.

Using the algorithmic apparatus, it becomes possible to predict the behavior of even
the most complex branched systems based on the processing of a large amount of statistical
data.

In the presented paper, the possibility of applying machine learning algorithms to the
description of the dynamics of the movement of an aircraft is considered [2]. The full-scale
parameters obtained in a dynamic full-scale experiment are compared with the values
calculated by classical theoretical methods and the results of the machine learning program [3,
4].

Based on experimental data, the analysis of the most difficult sections of the trajectory
from the point of view of aerodynamic effects is carried out [5]. The possibility of obtaining
physical similarity of trajectory parameters with a full-scale experiment has been tested using
artificial intelligence methods.

The advantages of using machine learning algorithms in the design of an aircraft are
evaluated — reducing the time and financial costs necessary for carrying out development
work due to the introduction of artificial intelligence into flight data processing.
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CIOBASA YCTAHOBKA, CUCTEMbBI 1 OBOPYJOBAHHUE

PROPULSION SYSTEM AND EQUIPMENT

Bausinue npuMeHeHUsI JIOKAJIbHBIX THAPABIMYECKHUX CHCTEM HA MACCy CHCTEMBI
yIpaBJieHHUs THKeJI0r0 TPAHCIOPTHOIO caMoJieTa
YynkoB M.B.
MAM, r. Mocksa, Poccus

OmnbIT pa3pabOTKH HEKOTOPHIX 3apyOEKHBIX TPAHCIIOPTHBIX CAMOJIETOB MOKAa3all, 4To
UCIIOJIb30BaHUE JIOKAJIBHBIX THAPOCUCTEM Ha 0a3e 3JIEKTPOIPHUBOAHBIX HACOCHBIX CTaHLMN
Ui pabOThl TPUBOJOB PYJIEBBIX IIOBEPXHOCTEH, pPACHOJOXKEHHBIX B XBOCTOBOM YacTd
caMoJI€Ta, MOXKET JaTh MOJIOKHUTEIbHBIN d(PQEKT B Buae cHmKeHus Macchl camouera [1]. ITo
OLIGHKaM pa3pabOTYHKOB, 3TO JOCTHTaeTCs 3aMEHOH TPyOONpPOBOJOB OT IEHTPOIUIAHA IO
XBOCTOBOM 4YacTH (ro3enska Ha JIETKME JIEKTPUUYECKUE KaOeau M CHU)KEHHUEM MOIIHOCTHU
LEHTPAJIN30BaHHBIX TUAPOCUCTEM.

Panee Ha kadenpe «Cuctembl 000pyAOBaHUS JleTaTeabHbIX anmnapatoB» MAU Oblna
npoBeJeHa paboTa IO aHaJW3y Macchl JIByX BAapUAHTOB CUCTEM YIPABIICHUS TSHKEIOrO
MarucTpajJlbHOro caMoJIeTa - C ILCHTPAJIM30BAaHHBIM IIMTAaHUEM THAPONPUBOAOB H C
ABTOHOMHBIMM DPYJIEBBIMU NpuBOAaMU. OJHAKO B ATOW METOAMKE pacuera HE YUUThIBajlach
Macca IEKTPONPOBOJKH K ABTOHOMHBIM IIPUBOJAM, KaK M yBEJIMYEHHE MOILIHOCTH MPOYUX
arperaToB AJICKTPOCUCTEMBI BCIICICTBHE JOMOJIHUTEIBHON HArpy3Ku Ha Hee [2, 3].

Takum o0pazom, BO3HHMKIJIA NOTPEOHOCTh B YTOUHEHHOM MaTeMaTHYeCKOH Mojenw,
KOTOpast Obl y4HTHIBaJa OOJbIIEE KOJUYECTBO (PAKTOPOB, BIMAIONIMX HA W3MEHEHHE MAaCChI
CUCTEMBI YIPABIEHUS caMoJieTa IPU IEPEXOle K CTPYKTYpe, COAEpKalled JIOKaJIbHbIE
ruapocucTemsi [4, 5].

Ha ocHOBe aHaNIUTHMYECKMX M CTATUCTHUYECKHUX 3aBHUCHUMOCTEH KOHCTPYKTHBHBIX
[1apaMeTPOB TMAPABIMYECKON U DJIEKTPUYECKON YaCTEH JIOKAIBHOW THAPOCUCTEMBI HA OCHOBE
HAaCOCHOM CTaHIMM OblIa MOCTPOEHA MOJIENb, MO3BOJISIONIAS CPaBHUTh MEXIY COOOH IO
Macce JIB€ CTPYKTYpPbl 00€CIIeUeHNsl SHEPTONMUTAHUEM PYJIEBBIX IPUBOJOB, PACIIOIOKEHHBIX B
XBOCTOBOM d4acTu camonera. [lepBas cTpykTypa nozapa3ymeBaeT Iofady MNHTaHUA K
TUAPONPUBOIAM OT YETHIPEX IEHTPAIM30BAHHBIX TMAPOCUCTEM, MCTOYHHKAMH IUTAaHUS B
KOTOPBIX SIBJISIIOTCS HACOCHI IEPEMEHHOM NTo1auu. Bo BTOpOil CTpYKType r’uApONpUBOABL PYJIs
BBICOTBI M pyJsl HaNpaBlIEHUS [OJIy4alOT I[HUTAHUE OT JIOKAJIbHBIX T'HJIPOCUCTEM,
pacrojOKEHHBIX B XBOCTOBOM 4YacTH CaMoOJIETa, IPU COXPAHEHHWU LEHTPAIU30BAHHBIX
TUAPOCUCTEM JUIsl pabOThl OCTalbHBIX MoTpeOuTeneid. B momenu yureHsl Takue (hakTopsl,
KaK: TOTepu JaBJIEHUs N0 JUIMHE TPYOONPOBOJHBIX MarucTpaieil, MmoTepd MOILIHOCTH B
TUAPOHACOCE, JIEKTPOABUTATENIC U CHIIOBOM DJIEKTPOCETH; U3MEHEHHE MAacChl IOJCUCTEMBI
TeHEepUPOBAHUSl NIEPEMEHHOTO TOKa B CHUCTEME AJIEKTPOCHAOXKEHUs caMmoJieTa U U3MEHEHHeE
Macchl OCHOBHBIX HACOCOB IIEHTPAIM30BAHHBIX THAPOCHCTEM IPH MEPEXo]e K JOKAIbHBIM
ruapocucreMaM.  IIpUMeHANUCh  CTAaTUCTUYECKHE  3aBUCHMOCTH  YAEIBHOM  MaccChl
TUAPOHACOCOB, AJIEKTPOJBHUraTesIeH, MPUBOA-TEHEPATOPOB MEPEMEHHOTO TOKA IOJYyYEHHBIE
U3 XapaKTEPUCTHK CEPUIHO TPOU3BOIUMBIX arperaros.

C nomoupl0 JaHHOM MoJenu Obljla MOCTPOEHA 3aBUCHMOCTh HM3MEHEHMSI MacChl
CUCTEM JIETATENBHOIO aliapara Ipy MEePEBOIE NPUBOAOB PYJIs BBICOTHI U PYJI HAPaBICHUS
HAa MHUTaHWE OT JIOKAJIbHBIX TUIAPOCUCTEM JMJI PA3JIUYHBIX TOTPEOHBIX MOIIHOCTEHN
THJIPONPUBOIOB. BbITO ompeneneHo, npu Kakoi moTpeOHONW MOIIHOCTH MPHUBOJIOB CTPYKTYpa
HHEpProNUTaHUsl C JIOKAIBHBIMH THUJpOcHCTEMaMH Oyzaer Oosiee BBITOJHA B MacCOBOM
OTHOLIEHUH, YEM LIEHTPaJIN30BaHHasl.

Jlureparypa

1. lludpoBble TEXHOJIOTUU B KU3HEHHOM LIMKJIE Poccuiickoit KOHKYPEHTOCIOCOOHOM
aBuanronHon texuuku / A. I'. bparyxun, C. A. Cepebpsuckuii, [. FO. Ctpenen [u ap.]. —

33
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Influence of the use of electropump independent hydraulic systems on the mass of
transport aircraft control system
Chulkov M.V.
MAI, Moscow, Russia

The experience of developing some foreign transport aircraft has shown that the use of
local hydraulic systems based on electropump for power supply of control surface actuators
located in the aircraft tail section may lead to a reduction in aircraft weight [1]. According to
the developers, this is achieved by: replacing the pipelines from the center fuselage to the aft
airframe with light-weight electrical cables, and reducing the power of main hydraulic
systems.

Previously, at the Department of "Aircraft Equipment Systems" of the MAI, work was
carried out to analyze the mass of two variants for control systems of a heavy mainline
aircraft: the first one - with a centralized power supply for hydraulic actuators and second one
- with power-by-wire hydraulic actuators. However, this calculation method did not take into
account the mass of electrical wiring to power-by-wire hydraulic actuators, as well as the
increase in the power of other units of the electrical system due to the additional load on it [2,
3].

Thus, there was a need for a refined mathematical model that would take into account
a greater number of factors that affect the change in the mass of the aircraft power control
system of a during the transition to a structure containing local hydraulic systems [4, 5].

At this work a mathematical model based on the analytical and statistical dependencies
of the design parameters of the hydraulic and electrical parts of the independent hydraulic
system with an electropump, was built. That model allows to compare the mass of two
structures for providing power to the actuators located in the aircraft tail section. The first
structure involves the supply of power to the hydraulic drives from four main hydraulic
systems, the power sources of which are variable flow pumps. In the second structure, the
elevator and rudder actuators are powered by independent hydraulic systems located in the
aircraft tail section, while maintaining main hydraulic systems for the operation of other
actuators. The model takes into account the next factors: pressure losses along the length of
pipelines, power losses in the hydraulic pump, losses in electric motor and power supply
network; change in the mass of the alternating current generation subsystem in the aircraft
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electrical power supply system and change in the mass of the main hydraulic systems pumps.
Statistical dependencies of the specific gravity of hydraulic pumps, electric motors,
alternating current generators, obtained from the characteristics of mass-produced units, were
used.

Using this model, the dependence of the aircraft systems mass changing was built
when the elevator and rudder actuators are switched to electropump independent hydraulic
systems for various required hydraulic actuators power capacities. It was determined at what
actuator’s power consumption the power supply structure with independent hydraulic systems
would be more advantageous in terms of mass than the centralized one.
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Omnpenesienne rpaHull HeMAarHMTHOM ¢a3bl 1BYX(a3HOro MArHUTHOIO MaTepuaJia
PoOTOpa 3JIEKTPUYECKOr0 CTapTep-reHeparopa
Basuios B.E.!, Mcmarmnos @.P.}, Oukosa O.A 2, [Tponun EAL Kepebiion AAlL
! VY umckuii yHuBepcUTeT HayKH U TEXHOJIOTHH, I. ¥Yda, Poccus

B Hacrosmee Bpems DOIEKTpUYECKHE MAIIMHBI AKTUBHO HCIOIB3YKOTCSI B
aBTOMOOWJIBHOM W aBHALIMOHHOW oOTpacisx. B yKa3aHHBIX OTpacifx K 3JIEKTPUYECKUM
MallliHaM BBIJIBUTAIOTCS Cepbe3Hble TpeOoBaHMA MO 3(PPEeKTHUBHOCTH, MaccorabapUTHBIM
MOKa3aTeNIsIM M HaJCKHOCTH, KOTOpPBIE Y)KECTOYAroTCsA ¢ KaxapiM rogom [1, 2]. Curtyanus
ycyryOmsieTcs TeM, 4TO B CKOPOM BPEMEHH JOCTHKEHHE HOBBIX NMPOPBIBHBIX PE3yJIbTaTOB B
YACIBHBIX XAPAaKTEPUCTUKAX SJIEKTPUYECKMX MAIIWH MOXET CTaTh HEBO3MOXKHBIM, MOTOMY
YTO COBPEMEHHBI YpPOBEHb TPAAULUOHHBIX IIOJXOJOB B JJIEKTPOTEXHUKE IIOCTEIIEHHO
npuOIIKaeTcs K YPOBHIO TEXHMUYECKOro HachlmeHus. HeoOxomuma pa3paboTka HOBBIX
MOJIXOJI0B K MPOEKTHUPOBAHMIO, @ TAKXKE CO3/IaHNE HOBBIX MEPCIIEKTUBHBIX MaTepuanos [3, 4].
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OxHUM M3 TaKMX MaTepuajoB SBISETCA ABYX(a3HbI MAarHUTHBIM MaTepuall, JOKaJbHbIC
YY9aCTKH KOTOPOTO TIOCIIe OMpPEACICHHONH 00paOOTKU MPUOOPETAI0T HEMAarHUTHBIE CBOMCTRBA,
YTO II03BOJISIET YIIPABJIATH HAIIPaBJIEHUEM MarHUTHOTO MOTOKa [4].

B ,HaHHOﬁ pa60Te OpeaACTaBJICHO YHCICHHOC HCCICAOBAHHUEC IMPOYHOCTHBIX
XAPAKTCPUCTHUK pPOTOPA IJICKTPUUCCKOro CTApTCp-réeHeparopa ¢ NOCTOSAHHBIMU MAarHuTamMu C
,I[BYX(baSHBIM MAaroMTHbIM MaTCpHaIoOM. OHpC,Z[eJ'IHIOTCH OIITUMAJIBHBIC T'paHUIIbl CTOCK JIA
00paboTKK B HEMAarHUTHYIO (hazy.

B pabote npeacrasieHa cienyromnias nHGopMaus:

* Bueapenrie HeMarHuTHOM 00JIACTH B POTOP JIEKTPUUYECKOTO CTapTepa-reHeparTopa,;

* YuciieHHbIE pacyeThl KOHCTPYKIIMU POTOPAa HA OCHOBE TPAIUIIMOHHON KPEMHUCTOH
ctanmu 2421, koropas oOecrieqnBaeT 3anac MPOYHOCTH JJIsl UMEIOLIEHCS Harpy3Ku M0 HUKHEH
T'paHUIIC;

* UncneHHble pacyeThl KOHCTPYKLMH POTOpAa HA OCHOBE JBYX()a3HOTO MarHHUTHOTO
MaTt€pualia, 1mocji€ BHCAPCHHUA KOTOPOro IMMPOYHOCTHLIC XapaKTCPUCTHKU pOTOpA 3HAYHUTCIBHO
YIY4IIAINCS;

° Onpe/:[eJIeHa OIlITUMAJIbHasA Ir'paHuna 06pa6OTKI/I IOBEPXHOCTHU JIUCTOB
MarauToIipoBoga poTopa JJId MOJYUCHNA B HUX HCMAIrHUTHBIX oOmacreii.
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Determination of the boundaries of the non-magnetic phase of the dual-phase
magnetic material of the starter-generator rotor
Vavilov V.E.}, Ismagilov F.R.}, Yushkova O.A.}, Pronin E.A.}, Zherebtsov A.A.
Ufa University of Science and Technology, Ufa, Russia

Currently, electric cars are actively used in the automotive and aviation industries. In
these industries, electric machines are subject to serious requirements for efficiency, weight
and size indicators and reliability, which are becoming more stringent every year [1, 2]. The
situation is aggravated by the fact that in the near future the achievement of new breakthrough
results in the specific characteristics of electrical machines may become impossible, because
the current level of traditional approaches in electrical engineering is gradually approaching
the level of technical saturation. It is necessary to develop new approaches to design, as well
as to create new promising materials [3, 4]. One of these materials is a dual-phase magnetic
material, the local areas of which, after a certain treatment, acquire non-magnetic properties,
which makes it possible to control the direction of the magnetic flux [4].

36



This paper presents a numerical study of the strength characteristics of the rotor of an
electric starter-generator with permanent magnets with a dual-phase magnetic material. The
optimal boundaries of racks for processing in the non-magnetic phase are determined.

The paper presents the following information:

» Introduction of a non-magnetic area into the rotor of an electric starter-generator;

* Numerical calculations of the rotor design based on traditional silicon steel 2421,
which provides a margin of safety for the existing load on the lower boundary;

» Numerical calculations of the rotor design based on a dual-phase magnetic material,
after the introduction of which the strength characteristics of the rotor have improved
significantly;

» The optimal boundary of the surface treatment of the sheets of the rotor magnetic
core was determined to obtain non-magnetic areas in them.

References

1. Ramesh P., Lenin N. C. High power density electrical machines for electric vehicles
- Comprehensive review based on material technology //IEEE Transactions on Magnetics. —
2019. —vol. 55. — No. 11. — pp. 1-21.

2. Sayed E. et al. Review of electric machines in more-/hybrid-/turbo-electric aircraft
/NEEE Transactions on Transportation Electrification. — 2021. — vol. 7. — No. 4. — pp. 2976-
3005.

3. Wu F., El-Refaie A. M. Towards fully additively-manufactured permanent magnet
synchronous machines: Opportunities and challenges //2019 IEEE International Electric
Machines & Drives Conference (IEMDC). — IEEE, 2019. — pp. 2225-2232.

4. El-Refaie A. Role of advanced materials in electrical machines //CES Transactions
on Electrical Machines and Systems. — 2019. — vol. 3. — No. 2. — pp. 124-132.

Hcnonb3oBanne ruOPUIHON CHJIOBOI YCTAHOBKH B COCTaBe 0€CNMJIOTHOIO
JIeTaTeJIbHOI0 annapara
CepebpsiHckuii CAL Kapa I’ 10.%, Poxxos U.B.2, JbsikoB I[.A.2
lMAI/I, r. Mocksa, Poccust
’BI'AA, r. MHHCK, Pecny0nuka benapychb

Pazputue OecnuIOTHOM aBHAIMM CTPEMUTENIBHO YCKOPWJIOCH B CBSI3U C Pa3BUTHEM
MH(OPMALIMOHHBIX TEXHOJIOTUH, YBEJIMYEHHUEM MOIIHOCTEH 00paboTku uHpOpManuuy,
TE€XHOJIOTMYECKUM Pa3BUTUEM MPOU3BOACTB. Pacmpenue nepedHs MperocTaBlIsIEMbIX yCIyT
MOJTBEPXKJIAET BO3PACTAIONIYI0 BOCTPEOOBAHHOCTh OECHUJIOTHOM aBHAlMM C Y4ETOM
HaKOIIJICHHOTO ONbITa. DKOHOMHYECKask Y(PPEeKTUBHOCTh TaKUX JIETAaTeJbHBIX allapaToB, B
OonblIel cTeNeHH, omperensercs THUIOM cuiloBod yctaHoBku (CY) um mpuHUOMNamMu eé
¢bynkunonuposanus [1].

ANbTEepHATUBHBIM HANpaBICHUEM PA3BUTHUSI MOXKET CTaTh MEPEeXo] K HOBBIM CXeMaM
CHJIOBBIX YCTaHOBOK, B TOM 4HcJe THUOPUAHBIM cuioBbIM YycTaHoBkaM (I'CY). HUx
OTJIMYUTEIILHOM OCOOEHHOCTBIO SIBJIETCS HCIOJIB30BaHUE JIIEKTPUUYECKOW HHEPruM s
IpUBOJA BO3yLTHOTO BHHTA. CoBepieHCTBOBaHHE JJIEKTPOABUTaTENEH,
AJIEKTPOTEHEPATOPOB M aKKymyJsaTOpHbIX Oartapeit (AKDB) mo3Bomsier peann3oBaTh HX
COBMECTHOE HCIIOJIb30BAHUE C TPAJAMLMOHHBIM [BUTATENEM, A CO3JaHUS JBIKYHIIEH M
NOABEMHOM CHITBI [2].

B nannoit pabote paccMaTpuBaeTcst MOAXOA K ONPEAETICHUIO 00JIaCTH paliMoOHaILHOTO
npumenenus ['CY, BIMSHUS UX TNpPUMEHEHUS Ha UHTErpaJibHble M JAMHAMUYECKHE
XapakTepUCTHKH OecnuioTHOro JerarenbHoro ammapara (BJIA), a Takke ompexaeneHue
ONTUMAJIBHBIX apaMeTpoB KoMoHeHToB ['CY u ontumansHoro cnocoba ynpasnenus I'CY B
HOJIETE.

[IpeumymiecTBa NpUMEHEHHs] TUOPUIHBIX TEXHOJOTMH OOyciIoBiIEeHb Ooiee
HKOHOMHYHBIM PEXUMOM pabOThI ABUraTeNeil BHYTPEHHETO CTOPaHuUsl, ONTUMU3UPOBAHHBIM C
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YYETOM TPACKTOPUUA U PEXKUMOB IOJETA COOTHOLICHHUEM HOMHUHAJIBHBIX MOLIHOCTEU
MEePBUYHBIX TpeoOpa3oBareseii sHepruu. B pesynbpTaTe pemarorcs mpoOJeMbl HEBBICOKOU
DHEPro€MKOCTH aKKyMYJSTOPHBIX Oarapeil, u oOecmiedunBaeTcs TpeOyemasi JUIMTEIbHOCTh U
JAILHOCTH TOJIETA PH ONTHMAJIBHOM B3JIETHOM Macce [3, 4].

I'uGpuaHble CUIOBBIE YCTaHOBKH TPEOYIOT Oojiee HIMPOKOW MPOPadOTKH U MOTYT
paccMaTpuBaTeCsa C YUETOM  Pas3JIMYHBIX AaCII€KTOB, MIpCAnojararomux JOCTUKCHHUC
OMMPCACIICHHBIX I.[CJICﬁ. K TakoBbIM MOI'YT OTHOCHUTBCA CHMXKXCHHC JICTHOIO 4Yaca WU
YBEJIUYCHHUE JAJILHOCTH TIOJIETAa 3a CUET ompeaesieHHoNW KoHpurypamuu BJIA [5], cumoBoi
YCTAaHOBKHU U COOTBCTCTBYIOHIICTI'O ABTOMATHU3UPOBAHHOI'O YIIPABJICHUA CIO. B OMpCaACIICHHBIX
ClIy4dasix Ba>XHbIM CHGI_II/I(i)I/I‘leCKI/IM YCIOBUEM MOXET OLITH YJIYUYIICHHBIC B3JICTHO-
[IOCaJI0YHBIE XAPAKTEPUCTUKU, YTO JOCTUIAECTCS PACHPENEICHHOM M0 pa3sMaxy Kpblla
3JIEKTPUYECKON CUJIOBOM YCTAHOBKOM.

Peanusanus paccmaTpuBaeMOM KOHLENIMM JAaeT BO3MOKHOCTb PEKYIIEpallUd 4acTu
SHEPTHH B TOJIETE P MU30BITKE TPEOYyeMO MOIITHOCTH.
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The use of a hybrid power plant as part of an unmanned aerial vehicle
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The development of unmanned aircraft has accelerated rapidly due to the development
of information technology, an increase in information processing capacity, and technological
development of production facilities. The expansion of the list of services provided confirms
the increasing demand for unmanned aircraft, considering the accumulated experience. The
economic efficiency of such aircraft, to a greater extent, is determined by the type of power
plant (PP) and the principles of its functioning [1].

An alternative direction of development may be the transition to new power plant
schemes, including hybrid power plants (HPP). Their distinctive feature is the use of electrical
energy to drive the propeller. The improvement of electric motors, electric generators and
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rechargeable batteries (RAB) allows the joint use with a traditional engine to create motive
and lifting power [2].

This paper considers an approach to determining the scope of rational application of
HPP, the impact of their application on the integral and dynamic characteristics of an
unmanned aerial vehicle (UAV), as well as determining the optimal parameters of HPP
components and the optimal way to control HPP in flight.

The advantages of using hybrid technologies are due to a more economical mode of
operation of internal combustion engines, optimized for trajectories and flight modes by the
ratio of nominal capacities of primary energy converters. As a result, the problems of low
energy intensity of rechargeable batteries are solved, and the required duration and range of
flight with optimal take-off mass is provided [3, 4].

Hybrid power plants require a broader study and can be considered from various
aspects involving the achievement of certain goals. These may include a reduction in flight
hours or an increase in flight range due to a certain configuration of the UAV [5], the power
plant and the corresponding automated control of it. In certain cases, an important specific
conditions may be improved take-off and landing characteristics, which is achieved by an
electric power plant distributed over the wing span.

The implementation of the concept under consideration makes it possible to recover
part of the energy in flight with an excess of the required power.
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IIpoexkTHpOBaHNE HAPYKHOTO IEHTPOOEKHOT0 BEHTUJIATOPA CUCTEMBI OXJIAKIEHUS
3JICKTPHUYECKOM MAILIUHbI
Basunos B.E.l, HUcmaruios d).P.l, l"apunos I/I.P.l, [Tponun E.A.l, AprakoB A.C.1, CagxoB
N.®.}, FOmxkosa O.A.*
1Y(1)I/IMCKHI71 YHHUBEpPCUTET HayKu U TexHoorul, Y da, Poccus

OxJnaxaeHre 3JeKTPUUECKUX MAallMH — OJIHA U3 BaXXHEHIINMX MPOEKTUPOBOYHBIX U
HKCIUTyaTallMOHHBIX 3a/1a4, KoTopas obecreunBaeT 3(p(eKTUBHOCTh, PabOTOCIIOCOOHOCTh U
HAJIeKHOCTb 3JIEKTpHUUecKoi MamuHbl [1]. Bo3ayiiHbeie cucteMbl OXITaXKISHUsS 10 CUX TOp HE
TEPAIOT CBOIO AaKTYaJlbHOCTh. IIpenmylnecTBO B BHAE€ MUHHMAJIbHBIX MaccOrabapuTHBIX
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TpeOOBaHUN IO CPaBHEHHIO C JPYTMMH CHUCTEMaMHU OXJXKICHHUS SIBIISICTCS OIHUM U3
pelaloIiuX MpH  MCIOJAB30BaHMM B TakuX o00JacTax, TrAe K MaccorabapuTHBIM
XapaKTEPUCTHKAM IMPHKOBAHO 0CO00€ BHUMaHHUE. SIPKUM HPUMEPOM CIY)KUT aBUAI[MOHHAs
oTpacisb [2,3].

OCHOBHBIM 3JIEMEHTOM KOHCTPYKLMH SBJIIETCS BEHTWISTOP, PAaCIOJIOXKEHHBIA Ha
OJTHOM Bally C POTOPOM 3JIeKTpudyeckod MamuHbl. C TOYKM 3pEHUS HAPYKHOH CHUCTEMbI
OXJIQKJEHUS BpalllEHUE JIONAcTed BEHTUJIATOpA CO3/aeT JABM)KEHHE BO3IYLIHBIX Macc,
KOTOpPbIE OXJAXIAIOT KOPIyC 3JIeKTpUyeckoi MamuHbl. KilloueByro poJib UTparoT JOnacTu
BEHTHJISITOPA, TOCKOJIBKY OT MX (OpPMBI 3aBHCHT Kak IMOTpedisieMas MOILIHOCTb, TaK M
IPOM3BOUTENBHOCTh BEHTWIATOpa. BbIOOp (opmbl jomacteid — oTHenbHas 3ajada Ipu
IPOEKTUPOBAHUHU EKTPUUECKON MAIIMHBI C BO3AYIIHON CUCTEMOM OXJIaKIAEHUS [3].

B nanHoil palore mnpezacraBieHa HccienoBaTenbckas padoTa, IMOCBSAIIEHHAs
npopMIMPOBAHUIO JIONACTEH HAPY>KHOTO LEHTPOOEKHOTO BEHTHIISATOPA IS AIIEKTPUUYECKON
MalluHbl. PacyeTsl mpoBOAATCS MPH MOMOILM MPOrPaMMHOIO KOMILJIEKCA BBIYUCIUTEIbHON
THJIPOAMHAMHUKHY.

B xone paborTsr:

1) [IlpousBeneH pacyeT 3aBUCUMOCTH MPOM3BOAMTEIBHOCTU LIEHTPOOEKHOTO
BEHTHJIATOPA C MPSAMBIMH JIONIACTSIMH B 3aBUCUMOCTH OT YHUCJIA JIONATOK;

2) Jns nauOosnee NpoU3BOAMTENBHOIO PEIIEHUs paccMarpuBaeTcss 16 pa3iauuHbIX
BapUaHTOB YIJIOB BXOJla M BBIXOJA IOTOKAa M3 pabouero Kojeca C 3arHYTBIMH BIIEpe]
JIOTIaTKAMHU C OLIEHKON IPOU3BOJUTEIBLHOCTH U 3aTPAYMBAEMOM MOIIIHOCTH.

B pesyaprare mnonoOpaHa KOHCTPYKLMsS JIOacTei, KoTopas obOecrneunuBaeT
IPOU3BOJUTENIBHOCTh AHAJIOTMYHYIO MPSIMBbIM JIONACTSIM, HO HpHU 3TOM MOTpedisiemast
MOIIHOCTbh BEHTHJIATOpA CHUXKEHa Ooiiee ueM Ha 25%.

Pabora BrimonHena npu noaaepxke Poccuiickoro Hayunoro ¢onna, mpoekt Ne 21-19-
00454.
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Design of an external centrifugal fan for the cooling system of an electrical machine
Vavilov V.E.}, Ismagilov F.R.}, Garipov I.R.}, Pronin E.A.*, Argakov A.S.}, Sayakhov I.F.%,
Yushkova O.A*

! Ufa University of Science and Technology, Ufa, Russia

Cooling of electrical machines is one of the most important design and operational
tasks that ensures the efficiency, performance and reliability of an electrical machine [1]. Air
cooling systems still do not lose their relevance. The advantage in the form of minimum
weight and size requirements compared to other cooling systems is one of the decisive ones
when used in areas where special attention is riveted to weight and size characteristics. A
striking example is the aviation industry [2,3].

The main structural element is a fan located on the same shaft as the rotor of the
electrical machine. From the point of view of the external cooling system, the rotation of the
fan blades creates the movement of air masses that cool the body of the electrical machine.
Fan blades play a key role as their shape determines both the power consumption and the fan
performance. The choice of the shape of the blades is a separate task when designing an
electrical machine with an air cooling system [3].
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This paper presents a research work devoted to profiling the blades of an external
centrifugal fan for an electric machine. Calculations are carried out using the software
package of computational fluid dynamics.

During work:

1) The performance of a centrifugal fan with straight blades was calculated depending
on the number of blades;

2) For the most productive solution, 16 different options for the angles of entry and
exit of the flow from the impeller with forward curved blades are considered with an
assessment of performance and power input.

As a result, the design of the blades was chosen, which provides a performance similar
to straight blades, but at the same time the fan power consumption is reduced by more than
25%.

This work was supported by Russian Science Foundation, project Ne 21-19-00454.
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AHaJIU3 KOHCTPYKIHI CBEPXBbICOKOBAKYYMHOI'0 000PY/10BAHMS € LEJIbIO
NOBbIIEHUS TOYHOCTH NMPENU3HOHHBIX MAHUITYJISITOPOB
detncos M.A.l, AwmocoB A.T. 1, Jlateimes C.M. 2
! MAMW, r. Mocksa, Poccus
2MAI[I/I, r. MockBa, Poccus

B macrosimiem nokiane mpeacTaBieH aHAIM3 Pe3yabTaTOB HCCIETOBAHHS COCTOSHUS
BOTIPOCa 00ECTIeYEeHUsI MPELM3NOHHBIX NIEPEMEIICHHI B CBEPXBBICOKOM BaKyyMe, (akTOpOB,
OTIPEACIAIONIMX BUA M KOJWYECTBO CTENEHEH MOJIBMKHOCTH, TOYHOCTb, TUCKPETHOCTh U
JIAana30Hbl IEPEMEIICHHIA.

[IpuBenensl  pe3yibTaThl  aHajdM3a  KOHCTPYKLUMH  CBEPXBBICOKOBAKYYMHOI'O
000pyI0BaHUS, HIUTIOCTPUPYIOIIHE YTO:

* AHau3 TEXHOJOTMUYECKUX BaKyyMHBIX YCTAaHOBOK IOKa3ajl, YTO CYLIECTBYIOT THIIBI
000pynoBaHUsl (MOJIEKYJISIPHO-JIYUYEBOM AMHUTAKCHUH, DJIEKTPOHHO-TYYEBOH JUTOrpadu,
IPOMEXYTOUYHOTO,  TEXHOJOIMYECKOr0  KOHTPOJSI), MCIOJB3YIOIME  IEpPCIEeKTUBHBIE
TEXHOJIOTUYECKHE TPOIECCHl M MHCTPYMEHTHI KOHTPOJIS, pealm3yeMble B 0Oe3MacissHOM
BaKyyMe, HMMEIOIINE CIIOKHbIE MEXaHHMYECKHE CHCTEMBI, MO3BOJIAIOLINE MOJy4YaTh TOHKHE
IJIEHKH C BBICOKMM COBEPILIEHCTBOM CTPYKTYpHI [1].

* AHanmM3 TPOTPEeCcCHUBHBIX TEXHOJOTMYECKMX UM  KOHTPOJIBHBIX  OIEpalui,
OCYIIECTBIISIEMBIX Ha KOHTPOJIbHO-TEXHOJOTHYECKOM BBICOKO M CBEPXBBICOKOBAKYYMHOM
000OpyJOBaHUH, TMOKa3aJl, 4YTO MEPCIEKTUBHBIM SIBJISETCS HCIOJb30BAHUE JBYX THIIOB
MPEIU3NOHHBIX MAHUTYJISITOPOB!

a) MEXaHU3MBI C JIByMs CTEMEHSMHU MOIBM)KHOCTHU JIJIsl TEXIPOLIECCOB JIEKTPOHHOM
auTorpaduu, oneparuii KOHTPOJIS METOAaMH PACTBOPOM IEKTPOHHOW MUKPOCKOIIHH;

0) MexaHu3Mbl C OOJBIIMM YHCIOM CTeNeHed monaBmwkHOCTH (4-6) mns
TEXHOJIOTUIECKUX MPOIIECCOB MOJICKYJISIPHO-TTy4eBOU STIUTAKCHUH, orepanuit
MPOMEKYTOUHOT'O KOHTPOJIS ¢ moMotibio Merogos D0C, BUMC, /13, IMD u 1.0. [2].

* [TokazaHo, 4To 00OpyAOBaHUE U CieNU(UKA Pa3THIHBIX METOJIOB MTPOMEKYTOUHOTO
TEXHOJIOTHYECKOTO KOHTpPOJIA, Kak IpaBWJIO, HE JIONMYCKAlOT TPOBEACHHUS KOHTPOJIS
Pa3IMYHBIME METO/JaMHU Ha OJHOHM MO3HMIMHU U TPeOYIOT MOOUYEPEIHOTO MO3UIIMOHHPOBAHUS
00BEKTa OTHOCUTENIBHO Pa3IMYHBIX CPEJCTB KOHTPOJIS.
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* AHanu3 KOHTPOJLHO-TEXHOJOTHYECKOTO CBEPXBBICOKOBAKYYMHOTO OOOPYIOBAHHUS
MOKAa3bIBAa€T, 4YTO €ro  MPOU3BOJUTEIBHOCTh  OMpEeNeNsercs Kak  HaJeKHOCTHIO
(GYHKIIMOHUPOBAHHUSI MEXaHU3MOB B CBEPXBBICOKOM BaKyyMme, TaK W HX IapamMeTPUIECKOU
HaJeKHOCThIO. [l onmTtummsanuu 00OpyAOBaHHA MO KPUTEPUIO MPOU3BOIUTEILHOCTD
HEOOXOAMMO 3HAHUE IMOKa3aTeIe HaJeKHOCTH MEXaHU3MOB U UX 3JIEMEHTOB, B YaCTHOCTH,
JUTSI IPEIIU3MOHHBIX MAaHUTTYJISITOPOB - CUIIH(GOHOB, OJIIMITHUKOB, HAIIpaBisonux [3].

o Jlnsa obecrnieueHuss MaKCUMAIBHOTO KOd(HIMEHTa BBIXOJA TOMHOW MPOIYKIIMH
000py/s0BaHUsl HEOOXOAMMO MMETh METOJUKY OIICHKH U PEryIHUpOBaHUS MMapaMeTpUdecKon
HAJICKHOCTH MPEHU3UOHHBIX MAHUMYJISTOPOB, B YACTHOCTH, 10 MapaMeTpaM ra30BbIICIICHHUE
Y MOTPEIIHOCTh MO3UIIMOHUPOBAHUS [4].
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Analysis of designs of ultra-high vacuum equipment of electronic equipment
Fetisov M.A.", Amosov A.G.}, Latyshev S.M.?
L MAI, Moscow, Russia
2MADI, Moscow, Russia

This report presents an analysis of the results of a study of the state of the issue of
ensuring precision movements in ultrahigh vacuum, factors determining the type and number
of degrees of mobility, accuracy, discreteness and ranges of movements.

The results of the analysis of the designs of ultrahigh vacuum equipment are
presented, illustrating that:

* The analysis of technological vacuum installations has shown that there are types of
equipment (molecular beam epitaxy, electron beam lithography, intermediate, technological
control) using promising technological processes and control tools implemented in an oil-free
vacuum, having complex mechanical systems that allow to obtain thin films with high
perfection of structure [1].

* The analysis of advanced technological and control operations carried out on control
and technological high and ultra-high vacuum equipment has shown that the use of two types
of precision manipulators is promising:

a) mechanisms with two degrees of mobility for technical processes of electronic
lithography, control operations by methods of solution electron microscopy;

b) mechanisms with a large number of degrees of mobility (4-6) for
technological processes of molecular beam epitaxy, intermediate control operations using
EAS, SIMSA, FED, DOSE, etc [2].

* It is shown that the equipment and the specifics of various methods of
intermediate technological control, as a rule, do not allow control by various methods at the
same position and require alternate positioning of the object relative to various means of
control.

 The analysis of the control and technological ultra-high vacuum equipment shows
that its performance is determined both by the reliability of the functioning of mechanisms in
ultra-high vacuum and their parametric reliability. To optimize equipment according to the
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performance criterion, it is necessary to know the reliability indicators of mechanisms and
their elements, in particular, for precision manipulators - bellows, bearings, guides [3].

* In order to ensure the maximum yield coefficient of suitable equipment products, it is
necessary to have a methodology for evaluating and regulating the parametric reliability of
precision manipulators, in particular, according to the parameters of gas emission and
positioning error [4].
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Cnennduka 3a1a4 TONOJOTNYECKOH ONTUMHU3ANNH CHIOBBIX JIEMEHTOB KOHCTPYKIMHU
Psi6uesa E. 0.}, Maiicak M.B.}, Cepe6pstrcknii C.A.*
lMAI/I, r. Mocksa, Poccus

[IpoekTupoBaHWe CHUIOBBIX KOHCTPYKIHU B IUQPPOBON cCpeie SBISCTCS CIOXHOU
MHOTOCOCTaBHOM 3amadeii. Ilpu mogydeHMM ONTHUMaIbHONW KOHCTPYKIIMM HEOOXOIUMO
YYHUTHIBATH BECOBBIC, a9POJIMHAMUYECKHE, IPOYHOCTHHIE XapaKTePUCTUKH camodieTa [1].

CujioBBI€ 3JIEMEHTHI KOHCTPYKIIMM BHOCST 3HAUUTENIbHBIA BKJIaJ B YBEJIUYCHUE
WTOrOBOM Macchl IuiaHepa. I[IpuMeHeHue MeTOJ0B TOMOJIOTMYECKOW ONTHUMHU3ALUUUA €
MIPOPa0OTKON TEXHOJOTHYECKHX BO3MOYKHOCTEH MPOM3BOJICTBA MOXKET 00ECIICUUTD JIYUIIHA
pe3ynbTaT MO CPABHEHUIO C TPAAUIIMOHHBIMUA METOJAMHU MTPOCKTUPOBAHUS: YMEHBIITUTh MACCy
u3Jlenusi 3a CUET HUCKIIOYCHHs] HEHarpy)KeHHOTO MaTepuana M COXPaHUTh TpedyeMmbie
XapaKTEpUCTUKHU IMPOYHOCTH U KECTKOCTH [2, 3].

B nmanHOl pabore paccMmarpuBaercs —cnenuduka 3amad  TOMOJOTHYECKOM
ONTUMU3AINK, KOTOpasi MPEAnojaraeT BapbUPOBaHUE HEKOTOPBHIX MapamMeTPOB B 3aJaHHBIX
npeJenax, mpy yCJIOBUH COOMIOCHUS MPEAbSIBISIEMbIX K KOHCTPYKIIUUA TPEOOBAHHIA.

Tononornueckas ontumuzauus (TO) nenukoM aBTOMAaTHU3MpPOBaHa, MOITOMY JAET
HECTAaHJApTHBIA  pe3ynbTar. llpuMeHeHue MeTOJ0B  TOMOJOTHYECKOW  ONTHUMU3ALMU
MO3BOJISIET MOTYYUTh KApTUHY paclpeIeICHUs] CBOMCTB MaTepraia ¢ yU€TOM CYIIECTBYIOIINX
OTpAaHMYEHUN Uil MCCIEAYEMbIX JJIEMEHTOB KOHCTPYKIUHU. TakuMu OrpaHHUYE€HUSIMHU
SIBJISIFOTCSI TEOMETPUUYECKHE pPa3Mephl, TPeOOBaHUS MPOUYHOCTH U KECTKOCTH.

Tomonornueckass onTUMU3ANUS MPEACTABISIET COOON METOA aBTOMATH3UPOBAHHOTO
MIPOCKTUPOBAHUS, TO3BOJISIONINN TOJYYUTh ONTUMAJIBHYIO (OpMYy H3ACIUS B 3aJaHHBIX
YCIOBUSX DKCIUTyaTalli. BHeApeHue 3TOro MHCTpYMEHTa B MPOIECC pa3pabOTKH, TO3BOJISET
COKpaTUTh BpPEMSs, OTBOJMMOE Ha JIAaHHBIW ATaN JKU3HEHHOTO ITMKJIA U3JeNus, 00Jiee IIUPOKO
UCIIONIb30BaTh BO3MOXKHOCTH, KaK TPAIAWIIMOHHBIX CIMOCOOOB M3TOTOBJICHUSA, TaK |
aJZIMTUBHBIX TEXHOJIOTHIA [4, 5].

Hekotopsie aBuacTpouTeNbHbIE KOMIAHUU AKTUBHO MPUMEHSAIOT TEXHOJOTUU
aJJIMTUBHOTO Tpou3BojacTBa. Hampumep, Boeing ucmons3yror 3D-meuaTs ais 3amacHBIX
gactell camonéra. OpraHuszamus, MPoBOJIIas TeX0OCTyKMBaHUe, UMeroIas 10cTyn K 3D-
MIPUHTEPY, MOXKET Hare4yaTaTh HEKOTOPHIE JIeTalH, MOTPATUB HECKOJIBKO YacOB, BMECTO TOTO,
9TOOBl OXKHUAaTh MX TOCTaBKY B TE€UYEHHE HECKOJNBKHX JTHEH UM OoJiee MPOJOIKUTEIHEHOTO
nepuoja. OTO TO3BOJISIET COKpPAaTUTh BpPEMsA MPOCTOS  BO3AYIIHONO CyJHAa Ha
TEXOOCIY)KUBAaHHHM B OKUJAHUM TOJYYCHUS HEOOXOIUMBIX JeTaled W TaK ke YIpOIIaeT
JIOTUCTHUKY [6, 7].
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Tomonornueckass ONTUMHU3ALKS MOXKET OBITh NPUMEHEHA i KOHCTPYKTHBHBIX
3JIEMEHTOB, arperatoB WK Y3JIOB B 3apaHee 3aJlaHHOM KOMIIOHOBKE, TaKUX KakK: HEPBIOPHI,
KopmycHble jaeranu, sonatku Typobun I'TJl [8]. Kpome Toro, ¢ ee momomipi0 BO3MOKHO,
MEPECMOTPETh paHee CHPOEKTUPOBAHHBIE TPAIUIMOHHBIMU METOJIaMHU JIeTaId U JOOUTHCS
0OJIBIIIETO BHIMIPHILIA IO MACCE.

Tomonornueckass oNTUMH3AIMS MOXKET OBITh NpPUMEHEHAa Ha pPAHHUX CTaJIusiX
MPOSKTUPOBAHHUS, YTO TIO3BOJIUT COKPATUTH (DMHAHCOBBIC U BPEMEHHBIC 3aTPATHl HA MIPOSKT H
JIOTYCTUTh MEHBIIIEE KOJTUYECTBO OLIHOOK.

JI71st aBUallMOHHBIX KOHCTPYKLIUM, UTOTOBasi Macca, MOJIydeHHasi B pe3yjbTaTe pacuéra
BBIIICYKA3aHHBIX XapaKTEPUCTUK, JIOJDKHA OBITh MHUHHUMAJIbHO BO3MOXKHOM, MOCKOJIBKY
BIMSET HA [EJCBYI HArpy3Ky, a 3Ha4uT, U Ha DKOHOMUYECKYI0 J(PQPEKTUBHOCTH
pa3pabaThIBA€MOI0 U3JICIHSL.
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characteristics of a supersonic passenger aircraft engine through minimal modifications to the
high-pressure compressor / D. Yu. Strelets, S. A. Serebryansky, M. V. Shkurin // Journal of
Physics: Conference Series, Krasnoyarsk, Russia, 24 centsops — 03 2021 roxa / Krasnoyarsk
Science and Technology City Hall of the Russian Union of Scientific and Engineering
Associations. Vol. Volume 2094. — Krasnoyarsk, Russia: IOP Publishing Ltd, 2021. — P.
42055. — DOI 10.1088/1742-6596/2094/4/042055. — EDN PSCEXV.

The specifics of the tasks of topological optimization of structural strength elements
Ryabtseva E. 0.}, Maysak M.V.}, Serebryansky S.A.
'MALI, Moscow, Russia

The digital design of load-carrying structure is complicated task. It is necessary to
consider with weight, aerodynamic and strength performances to get the optimal structure of
aircraft [1].

Load-carrying details make a significant contribution to the weight enhancement. The
use of topological optimization methods with the study of technological capabilities of
production can provide a better result compared to traditional design methods: reduce the
mass of the product by eliminating unloaded material and maintain the required strength and
stiffness characteristics [2, 3].

In this paper, we consider the specifics of topological optimization problems, which
involves varying some parameters within specified limits, subject to compliance with the
requirements for the design.

Topological optimization (TO) is fully automated, therefore it gives a non-standard
result. The use of topological optimization methods makes it possible to obtain a picture of
the distribution of material properties, taking into account the existing restrictions for the
studied structural elements. Such restrictions are geometric dimensions, strength and stiffness
requirements.

Topological optimization is a computer-aided design method that allows obtaining the
optimal shape of a product under given operating conditions. The introduction of this tool in
the development process makes it possible to reduce the time allotted for this stage of the
product life cycle, to use more widely the possibilities of both traditional manufacturing
methods and additive technologies [4, 5].

Several aircraft companies use additive technologies for manufacturing. For example,
Boeing uses 3D printing to make aircraft spare parts. A maintainance organization with access
to a 3D printer can print some parts in a matter of hours instead of waiting days or longer for
delivery. This reduces the downtime of the aircraft for maintenance while waiting for the
necessary parts to be received and also simplifies logistics [6, 7].

Topological optimization can be applied to structural elements, assemblies or joints
such as: ribs, body parts, turbine blades of gas turbine engines [8]. In addition, using
topological optimization makes possible to revise parts previously designed by traditional
methods and achieve a greater gain in mass.

Topological optimization can be applied in the early stages of design, which will
reduce the financial and time costs of the project and allow fewer errors.

For aircraft structures, the final mass obtained as a result of calculating the above
characteristics should be as low as possible, since it affects the target load, and hence the
economic efficiency of the product being developed.
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B nacTosmem noxnane peanu3yercs METOJ|, OCHOBAHHBIM Ha aHalu3e HampsyKEHHO-
nedopmupoBannoro coctosiuus (HAC) nucka cBo6onnoit Typounsl (CT) u ero usMeHeHuu B
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Mpolecce MIUTEIBHON AKCIITyaTallid B COOTBETCTBHU C OCOOCHHOCTSIMH pa0OTHI HA3eMHOM
razotypounnoi ycranoBku (I'TY) HK-16CT s razomepekaumBatomiero arperara (I'TIA).
Kpome »3TOro, B paboTe HCCIEAYIOTCS CTATUCTUYECKHUE JIaHHbIE O MEXAHMYECKUX
XapaKTepUCTUKAX W JOJIrOBEYHOCTH Marepuana gucka CT — >KXaponmpoyHOro crjiaBa Ha
HukeneBoil ocHoBe OM698-BJl. YuutbiBaeTcs W3MEHEHHE XapakTEPUCTUK MaTepualia B
npouecce JauTenbHOM dKcrryaranuu HazemHol ['TY nmna T'TIA. IlpornosupoBanue
noaroseyHocty Aucka CT ocylecTBiIsETCsl HA OCHOBE M3MEHEHMS CTATUCTUYECKHUX 3a11acoB
MIPOYHOCTH U JI0OJATOBEYHOCTH B IIPOLIECCE IKCILTyaTal[U K.

Pacuer H/IC nucka CT BbIIIOJIHEH € MOMOIIBI0 METOJIa MHTETPAIIbHBIX YpaBHEHUN
(MIY) u ¢ nomomsto MKD B miporpamme Ansys B npymepHoit (Ansys APDL) u TpexmepHoii
(Ansys Workbench) mocranoBkax. 3agaud peuiajuch B YIPyro-riacTUYeCKOM MOCTaHOBKE.
Hns nuckperuzanuu obnactu gucka CT wucnonb3oBanuch u3onapaMeTpuyecKue KOHEUHbIE
aneMenTol (KD). Anmpokcumanusi CBOWCTB JUIMTEIBHOW IPOYHOCTH MaTepuaia IucKa
MIPOBEJICHA C UCTIOIb30BaHueM (popmyibl Jlapcona-Muinepa. Pacuer nqucka CT npoBeneH Ha
pecypc 200000 gacoB co 100% ero umcmonb3oBanmeMm 3a pecypc. s pacu€roB BeIOpaH
PEXUM C MUHUMAJIbHBIMU 3aI1aCaMH IPOYHOCTH.

JIst ITUTENBHOTO CTaTHYECKOTO HATPY>KEHMsI, XapaKTepHOTo Jis JUCKOB TypOWH, OBLI
UCIIONb30BaH mpemiokeHHbld  WM.A.buprepom JByMEpHBI BEpOATHOCTHBIM KpUTEpUd
paspymienus [1], B koropeii Bxomar Ky, W K] - CTaTUCTUYECKUE 3amachl NPOYHOCTU M
JIOJITOBEYHOCTH, BHIYMCIICHHBIE TT0 CTATUCTUYECKHU IKCTPEMATBHBIM 3HAYCHUSM MTapaMeTPOB.

Jns qucka CT BbIpakeHHs U1l CTATUCTUYECKHUX 3allacoB IMPOYHOCTH U JIOJATOBEYHOCTH
NPEJICTABISAIOT CO00M (QYHKIMH OT TOJepaHTHbIX KodpduuuentoB Ksi,....Ksa [2],
BbIOpPAHHBIX YpPOBHEH 3HAUMMOCTH @ U JIOBEPUTEIbHOM BeposTHOCTH Pp, a Takke oObema
BBIOOPOK Ny,...,N4 U UCKOMOIO 3Ha4EHUs JOJITOBEYHOCTH T,. 1Orja U3 yclOBUH pa3pyLIeHUs
OTHOCHUTENBHO T, NomydaeMm aus qucka CT mo 1nBa 3Ha4eHUs JOJATOBEYHOCTH B 4acax, M3
KOTOPBIX O€peM MUHUMAIbHBIC 3HAYCHUSI.

[IpemioskeHHBIH METOI IPOTHO3UPOBAHHUS JOITOBEYHOCTH JeTajei TypOrH 10 TapamMmeTpy
JUIMTEIIbBHOW MIPOYHOCTH HA OCHOBE BEPOSITHOCTHOIO IOAXOAA IO3BOJISIET OIPEACNTh
JIOJITOBEYHOCTh JIUCKOB, KaK aBUALIMOHHBIX ABUTraTesneH, Tak U HazeMHbIX ['TY s I'TTA npu
J1000M  YpPOBHE OKCIUTyaTallUOHHOW HapaOoTku. MeToA TOpUMEHUM [ OLEHKHU
MHAMBUAYaAJILHOTO pecypca IpU SKCIUTyaTaluH 10 TEXHUYECKOMY COCTOSTHUIO.
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Forecasting the durability of the free turbine disk of a ground-based gas turbine engines
for gas pumping a%regate on a probabilistic approach
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This report implements a method based on the analysis of the stress-strain state of the
free (power) turbine (FT) disk and its change during long-term operation in accordance with
the peculiarities of the operation of a ground-based gas turbine engines (GTE) of the NK-
16ST for a gas pumping agregate (GPA). In addition, the paper examines statistical data on
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the mechanical characteristics and durability of the FT disk material — a heat-resistant nickel-
based alloy EI698-VD. It takes into account the change in the characteristics of the material
during the long-term operation of the ground-based GTE for GPA. The durability of the FT
disk is predicted based on changes in the statistical reserves of strength and durability during
operation.

The calculation of the stress-strain state of FT disk was performed using the integral
equations method (IEM) and using the FEM in the Ansys program in two-dimensional (Ansys
APDL) and three-dimensional (Ansys Workbench) formulations. The tasks were solved in an
elastic-plastic formulation. Isoparametric finite elements (FE) were used to discretize the FT
disk region. The approximation of the properties of the long-term strength of the disk material
was carried out using the Larson-Miller formula. The calculation of the FT disk was carried
out for a resource of 200,000 hours with 100% of its use per resource. For calculations, a
mode with minimal safety margins is selected.

For long-term static loading characteristic of turbine disks, a two-dimensional
probabilistic failure criterion proposed by I.A.Birger [1] was used, which includes Ky, and K;
- statistical reserves of strength and durability calculated from statistically extreme values of
parameters.

For the FT disk, the expressions for statistical strength and durability reserves are
functions of the tolerance coefficients Ksy,...,Kss [2], the selected significance levels o and the
confidence probability Pc, as well as the volume of samples n,...,ns and the desired durability
value t,. Then, from the conditions of destruction with respect to t,, we obtain for the FT
disk two values of durability in hours, from which we take the minimum values.

The proposed method for predicting the durability of turbine parts by the long-term
strength parameter based on a probabilistic approach allows determining the durability of
disks, both aircraft engines and ground-based GTE for GPA at any level of operational
operating time. The method is applicable to the assessment of an individual resource during
operation according to the technical condition.
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Be3onacHOCTh U KUBYYeCTh 3JIEKTPHYECKOI0 ABUALIMOHHOI0 TPAHCIIOPTA
CagenweB C.A., Ap6y3os I.B.
MAMU, Mocksa

B mnacrosmee BpemMss BO MHOTMX CTpaHaX BeAYTCS HCCIENAOBaHUA B 00IacTH
pa3paboTku 0Oojee AIEKTPUYECKOTO WM TOJHOCTBIO 3JIEKTPUYECKOIO aBUAI[MOHHOIO
TpaHcnopTta. Takue nerarenbHble annapatsl (JIA) 060pya0BaHbI HCTOYHUKOM 3JIEKTPHUECKOMN
SHEpPruM, B OCHOBHOM Ha 0a3e JIEKTPOXUMHUYECKUX aKKYMYJISTOPOB.

Onexrpudeckue JIA 061aia0T psIoM NPEUMYIIECTB: SKOJIOTUYHOCTD U 0oJiee HU3Kast
CTOMMOCTb IKCIUTyaTaruu, 6onee Beicokuii KIIJI anexTonpurareneit u apyrux noTpeduTeneit
AIIEKTPUUYECKON SHEPTUH, a TaKkKe OoJiee UPOKUE BOZMOKHOCTH YIPABJICHUS YHEPTUEH.

C ToukM 3peHHs TOTPEOUTENHCKMX CBOMCTB M 3HEPrOEMKOCTH Haubojee
NOAXOMSAIIMMU  aKKYMYJIATOPAMHM  JUISL  UCIIOJB30BaHUSI MX B KayeCTBE HMCTOYHUKA
NMEKTpUIECKOr »Heprun JIA — 3TO JIUTHH-MOHHBIE akKKyMmynsaTopel [1]. OmgHako, JTUTHII-
MOHHBIE aKKYMYJISITOPBI YYBCTBUTEIIbHBI K YCIIOBUSAM JKCIUTyaTalllH.

Buemnee Bo3zaeiicTBHE W/MIIM BBIXOJA M3 JONYCTHMOIO TEMIEpaTypHOTO Juaria3oHa
IPU IKCIUIyaTaluMy JIMTUM-UOHHBIX aKKyMYJIITOPOB MOET NPUBECTH K HU3MEHEHUIO HX

BHYTPEHHEHN CTPYKTYPBI.
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JINTUN-UOHHBIA  AKKYMYJIATOP KOHCTPYKTUBHO COCTOMT U3  IIOJIOKHUTEIBHOIO
9JIEKTpOJa — KaToJ1a, OTPULATENILHOIO IEKTPOA — aHOJA M Pa3eIIAIOLIero UX MEXIy coO0H
MOH-TIPOBOJISIIIETO CJIOSl — CENapaTopa, yIaKOBaHHbIE B TEPMETUYHOM KOHTEHHEpPE, KOTOPbII
3aII0JIHEH JIEKTPOJIUTOM.

[ToBpexxaeHue cenaparopa JIMTUEBBIX aKKyMYJSATOPOB, BCIEACTBHE MEXaHHUYECKOIO
BO3ACHUCTBUS W/MIM BO3JeicTBUA Temmeparypel (Marepuan cemapatopa pasziaraercs Ipu
temneparype 70-90 °C.) mpuBOIUT K KOpPOTKOMY 3aMBIKAaHHIO BHYTPU aKKyMYyJsTOpa.
OcraTto4Hast SHeprus NOBPEKACHHBIX aKKyMYJISITOPOB PACXOAYETCS HA UX HATPEB.

Copepxaiuiics B aHOJE JIMTUN BCTYNAET B PEAKLIHIO C IEKTPOJIUTOM, IIPU KOTOPOIl
BBIJICJIAIOTCS YIIIEBOJOPO/bI (3TaH, METaH, 3TWIIEH U T.1.). Ecin obosiouka akkymyisitopa He
pa3repMeTU3UpPOBaHa, W HET JOCTYyIa KHCIOpPOJa, MPOLECC IOBBIIIEHUS TEMIIEpaTypbl, U
COOTBETCTBEHHO, POCT JAaBJICHHUs BHYTPU aKKyMYJIATOpa IPOAOJDKAETCS 0 TeX IOp, IOKa U3
KaTtoga He OyIeT BBIACTATCA KHUCIOPOA. JTOT mporecc HasbiBaeTcs «Tepmuueckum
pasroHom». IIpyu HanuuuM KUCI0pOJa MPOUCXOANUT BOCILLIAMEHEHHUE.

[IpoBeeHHBIE 3KCIEPUMEHTAIBHBIE HCCIIEJOBaHUS IOKAa3ajih, YTO Ha CKOPOCTh U
MIOCJICACTBYSI OTUX PEAKLUI BIMSICT:

— TUI IUTUH-UOHHBIX aKKYMYJISITOPOB,

— YPOBEHb HX 3aps/a,

— TeMIiepaTypa Inpu X KCIUTyaTaluH,

— CTEIIEHb UX JerpaJalllu.

Bce 3T0 BiauseT Ha SKCIUTyaTallMOHHBIE CBOMCTBA JIETATEIbHBIX alnaparoB, B
YaCTHOCTH, Ha UX 0€30MaCHOCTh U KUBYYECTb.

Kpome Toro, m3-3a moBpeXJIE€HHBIX AKKyMYJIATOPOB CHUXAeTCs O0Ilee KOJUYECTBO
sHeprun JIA, 4YTO TaxkKe CTaBUT BOIPOC O BO3MOXHOCTU NPOAODKEHHs IIoJIeTa B
COOTBETCTBUHU C IOJIETHBIM 3a/IaHUEM WJIM O BO3MOXKHOCTH JIOJIETETH 10 a3poApoma.

Takum o0pa3oM, HpHU HENPAaBUWIIBHOM SKCIUTyaTallMd HCTOYHUKOB SJIEKTPUYECKOMH
SHEPTHUH, dIeKTpudeckre JIA MoryT ObITh HE OE30TaCHBIMH.

be3onacHOCTb U )KUBYUYECTb NEKTPUUECKOr0 TPAHCIOPTA MOYKHO OOECIIEUHTh:

— 32 CUET YMEHBILICHUS BEPOSTHOCTU NOBPEXKACHUS aKKyMYJISITOPOB;

— 3a CYET CHYIKEHUS ITOCIIE/ICTBUH, €CIIU aKKYMYJISTOPbI BCe-TaK! OBbLIN OBPEXKICHBI.

Otcrofga mosiBisieTcs: HEOOXOAMMOCTh, BO-TIEPBBIX, B pa3pabOTKEe METOIUK OLEHKU
(YHKLIMOHATIBHOTO COCTOSIHUS JINTHUH-NOHHBIX aKKYMYJISTOPOB MPH PA3JIMYHBIX YCIOBHUIX MX
sKcIuTyaTanuu [2, 3], BO-BTOPHIX, B paszpaboTke mporpamm st DBM, mno3BOISIOMNX
MOJENUpPOBaTh MpOIEecChl MpU HUX OSKciuyatauuu [4, 5], B-TpeTbHX, B pa3paboTke
MEPONPUITUNA U TEXHUYECKUX PEIIEHUHN IS UX 3aLUTHI.

Crenenp 3neKTpU(UKALUN aBUAIIMOHHOTO TPAHCIIOPTa € KaXJbIM T00M OyJeT Bce
0oJbIIE U CBOEBPEMEHHOE IMPOTHO3MPOBAHHWE HEOOXOJUMBIX HANpaBICHUM HCCIIEI0BAaHUIN
[6], 1 co3naHMe HAay4YHO-TEXHHYECKOTO 3ajella CIOCOOCTBYET, B OyaylleM, pa3paboTke U
CO31aHUI0 3(PPEKTUBHBIX, KOHKYPEHTOCIIOCOOHBIX JIETATEIbHBIX allapaToB.
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Safety and survivability of electric aircraft transport
Savelyev S.A., Arbuzov I.V.
MAI, Moscow, Russia

Research is currently underway in many countries to develop more electric or all-
electric aviation transport. Such aircraft are equipped with a source of electrical energy,
mainly based on electrochemical batteries.

Electric aircraft have a number of advantages: environmental friendliness and lower
operating costs, higher efficiency of electric motors and other consumers of electrical energy,
as well as greater energy management capabilities.

From the point of view of consumer properties and energy intensity, the most suitable
batteries for use as an aircraft energy source are lithium-ion batteries [1]. However, lithium-
ion batteries are sensitive to operating conditions.

External impact and/or going beyond the permissible temperature range during the
operation of lithium-ion batteries may cause changes in their internal structure.

A lithium-ion battery structurally consists of a positive electrode - a cathode, a
negative electrode - an anode and an ion-conducting layer separating them from each other - a
separator, packed in a sealed container filled with electrolyte.

Damage to the lithium battery separator due to mechanical impact and / or temperature
(The separator material decomposes at a temperature of 70-90 ° C.) may cause a short circuit
inside the battery. The residual energy of damaged batteries is used to heat them.

The lithium contained in the anode reacts with the electrolyte, in which hydrocarbons
(ethane, methane, ethylene, etc.) are released. If the battery shell is not depressurized, and
there is no oxygen access, the process of temperature increase, and accordingly, the pressure
increase inside the battery continues until oxygen begins to be released from the cathode. This
process is called "Thermal Runaway". In the presence of oxygen, ignition occurs.

Conducted experimental research have shown that the rate and consequences of these
reactions are affected by:

— type of lithium-ion batteries,
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- their state of charge,

- operating temperature,

- their state of degradation.

All this affects the operational properties of aircraft, in particular, their safety and
survivability.

In addition, due to damaged batteries, the total amount of aircraft energy is reduced,
which also raises the question of the possibility of continuing the flight in accordance with the
flight task or the possibility of reaching the airfield.

Thus, if the sources of electrical energy are not used correctly, electric aircraft may not
be safe.

The safety and survivability of electric transport can be ensured by:

- by reducing the chance of battery damage;

- by reducing the consequences if the batteries were nevertheless damaged.

Hence, there is a need, firstly, to develop methods for assessing the functional state of
lithium-ion batteries under various operating conditions [2, 3], and secondly, to develop
computer programs that allow modeling processes during their operation [4, 5] and thirdly, in
the development of measures and technical solutions for their protection.

The degree of electrification of air transport will increase every year, and timely
forecasting of the necessary areas of research and the creation of a scientific [6] and technical
reserve will contribute, in the future, to the development and creation of efficient, competitive
aircraft.
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KonuenrtyanbHoe NpoeKTHPOBaHME U ONTUMHU3ALMS YIIPABJEHUSI THOPUIHON CHJIOBOM
YCTAHOBKOW NMapajuleJibHOM CXeMbl JJIs1 PeTMOHAJIBHOT0 TYPOOBHHTOBOIO CaMOJIeTa
tuna De Havilland Dash-8
Muxaiinos A.E. 1, Bacunnesa E.JI. 1, Muxaiinosa A.b. 1,

Epemenko B.B. 1 [Noproxun M.O. 1 Kpacnonepos I.I'. !

! YVYHuT, r. Ya, Poccus

B Hacrosmee BpeMs SKOJOTMYECKHE XapaKTEPUCTUKH ABUALMOHHOW TEXHUKHU
ABJIAIOTCS OAHUM W3 TJIABHBIX JPaliBEpOB pPa3BUTHs, CPEAM 3EJIEHBIX TEXHOJIOIMH 0co0oro
BHUMAaHUS 3aCTYKUBACT dJCKTPUPUKAIUS.

I'uOpuaHble CHUIOBBIE YCTAaHOBKM HanOojee MPUMEHHUMBI B PBIHOYHBIX HHIIAX C
YMEPEHHOM JalbHOCTBIO IOJI€Ta M3-3a OTPAHWYEHHOM HAa TEKYIIM MOMEHT YJEIbHON
E€MKOCTH aKKyMYJIATOpHBIX Oarapeii. IloaTomy B Hacrosimee BpeMs OCHOBHOE BHUMAaHHE
MpUBIIEKaeTCs pa3paboTka TYpOOBHUHTOBBIX PErMOHAIBHBIX CAMOJIETOB C THOPUAHON CHUIIOBOI
YCTaHOBKOM.

ABTOpaMH TMpOBEIEHO 00OCHOBaHHE BbIOOpa OOJHMKAa W MPOrpaMMBbl YIpaBICHUS
ruOpUIHOW  CHJIOBOM  yCTAHOBKOW  MapajuleIbHOW  CXeMbl  JUIs  TypOOBHHTOBOTO
naccaxxupckoro camoiyiera Ttmna De Havilland Dash 8. IlpoBemen  koMruiekc
apaMeTPUUECKUX UCCIEIOBAaHUM M JBYXBaJIbHOIO TYpOOBHHTOBOI'O JBUTATENsl B COCTABE
I'CY mnapamiensHOM CXeMbl MpH PA3IUYHOW CTENEeHW TUOpUIU3alMU U TMpOrpamme
yIOpaBieHUs] MO TUNOBOW TpaekTopuu mnosera [6]. CpaBHUBAeTCs MCXOIHBIM JBUTATEIb
Pratt&Whitney PWI121, pedepercras momens ['TJ[ u ruOpuiaHas CHIOBOH YyCTaHOBKa
MapajuieIbHON CXEMBI.

Ecnu paccMmarpuBaTh CTOMMOCTh TOHHO-KMJIOMETPA U CYMMapHYI0 Maccy THOpuIHON
CHUJIOBOM YCTAHOBKM M TOIUIMBA, MOTPEOHOr0 HA THUIIOBOM TMOJIETHBIM LMK, TO MOXHO
YBUAETh, UYTO MpOrpaMMa YIpaBICHUS C THOpuAHN3anUeil TMOPUAHON CHUIIOBOH YCTaHOBKHU
50% Ha B3neTe W JUHEHHBIM yMEHbLIEHUEM THOpHUIM3allUKd BO BpeMsi HaOopa BBICOTHI HE
SBJISIETCS] ONITUMAJIBHOM.

Hawussicmias TormuBHast 3pPEeKTHBHOCTD TOCTUTACTCS PU HU3KOH ruOpuam3anuu 10-
20% Ha kpelicepckoMm osrTane. Haubosiee mnepcrneKTUBHBIMUA MPOrpaMMaMH  YIIPaBICHUS
sapisrorest  30-30-20-15-15%, 30-30-20-10-10% u 50-40-30-20-10%. Kaxk u oxumanocs,
nporpaMma yrpasieHHsl, IpU KOTOPOil MpuMeHseTcst THOpUIn3alis Ha KpelcepeckoM ydacTke
M0JIETa, OKa3bIBaeT OOJIBIIOE BIUSHUE HA MAacCy aKKyMYJISITOpPHOU OaTapeu U, Kak CJIEJICTBUE,
Ha MaKCUMAaJIbHYIO JaJIbHOCTh MOJIETA CaMOJIeTa.

Eciu paccmatpuBaTh TOJBKO pE3YNbTHUPYIOLIYI0 Maccy THOPHUAHOM CHUIIOBOM
YCTaHOBKH, TO ONTHUMAIIbHOM cxemoii rudpuansanueii ssusercs 30-30-20-10-0%.

MaxkcumanbHBIH TPUPOCT TOTUTMBHOM 3¢ dexTuBHOCTH cocTaisier 36,1% mma PW121
u 31,59% nna pedepeHcHoro nBurarens ¢ HyJIeBOM ImOpuaM3anuei, Npu HMCIOJb30BaHUN
MPOTrpaMMBbI YIIPaBIICHUS THOPHIHOM crioBoil ycraHoBKo# 30-30-20-20-20%.
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Conceptual design and control schedule optimization for par-allel hybrid propulsion
system of regional turboprop aircraft
Mikhailov A.E. *, Vasilyeva E.D. *, Mikhailova A.B. %,
Eremenko V.V. !, Goryukhin M.O. !, Krasnoperov D.G. !
! Federal State Budgetary Educational Institution of Higher Education «Ufa University of
Science and Technology», Ufa, Russia

Environmental impact is an increasingly important factor in designing next-generation
transportation systems. The aerospace industry has begun transition-ing to zero-emission
technologies, focusing primarily on electrification.

Hybrid propulsion system is deemed most suited for market segments with short
operational ranges, such as regional air transportation [1,2,3,4]. Following the successful
flight of early CS-23 prototypes, regional turboprop application is a likely first step to a global
electrification of commercial aviation [5].

In the present work, the conceptual design and control schedule optimisation of a
parallel hybrid propulsion system for the De Havilland Dash 8 regional turboprop aircraft is
carried out. A parametric study of the turboprop engine with different degrees of hybridisation
at design point and off-design performance analysis of the parallel hybrid propulsion system
with different control schedules for an aircraft typical mission has been carried out [6].
Overall aircraft performance parameters are used to evaluate hybrid propulsion systems with
different degrees of hybridisation and control schedules.

If we consider aircraft fuel efficiency and total weight of hybrid propulsion system and
mission blocked fuel one can see that the hybrid propulsion system control schedule with 50%
at take off and linear decrease of hybridization is not optimal.

The best fuel efficiency is obtained when low 10-20% hybridisation at cruise phase is
considered, fig. 5 and 6. The most promising control schedules are 30-30-20-15-15%, 30-30-
20-10-10% u 50-40-30-20-10%. As expected, control schedule with cruise hybridisation has a
great effect on battery weight and as result on maximum aircraft range.

If we consider the hybrid propulsion system weight, the most promising control
schedule is 30-30-20-10-0%.

The maximum fuel efficiency gain is 36.1% for PW121 and 31.59% for refer-ence 0%
hybridisation engine when we use 30-30-20-20-20% control schedule.
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HccnenoBanne 3pGeKTHBHOCTH CTPYHHBIX CHCTEM 3aLUTHI 1JIsl TA30TYPOHHHBIX
ABHUrarTeJieil caMmoJjieTa oT NOoNnaJaHus MOCTOPOHHMX NPeAMETOB
Vimakos N.0.", Cepebpstacknii C.A.
1MAI/I, r. MockBa, Poccus

CoBpeMeHHbIE  MarucTpajbHble  MAcCCaXUPCKHUE  CaMoOJeThl, Kak IpaBuio,
IPEeCTaBISIOT cob0il manep «HopmalibHOI» adpOJMHAMUYECKOH CXeMBbI C IBYMsI MU OoJiee
ra3oTypOMHHBIMHM JBUTATEISIMU, PACHOJOKEHHBIMU Ha MHJIOHAX MOJ KpbuloM. OJIHUM U3
HEJ0CTAaTKOB TaKOI'0 Pa3MEILEHUs IBUraTelIel SBISIETCS UX HE3ALUIIEHHOCTh OT IOMaJaHus
B Ia30BO3/1YIIHBII TPAKT HOCTOPOHHHUX MPEIMETOB C MOBEPXHOCTU a3poApoMoB [M].
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OCHOBHBIMU NIPUYMHAMH TOTAJAHUS TOCTOPOHHUX NPEIMETOB B BO3yX03a00pHUKH
HU3KopacnonoxeHHubix [T/ saBistores [2]:

- 3a0poc ¢ TOBEPXHOCTH a’dpOAPOMa BUXPEBBIM JKI'YTOM, BO3HHUKAIOIIUM MEXKIY
MOBEPXHOCTHIO a3POAPOMa U BO3TyX03a00PHUKOM;

- 3a0poc KoJiecaMu TepeTHEH OMopHhI MAcCH NpH pyieHuu, pasdere u npodere BC mo
MOBEPXHOCTHU a3POIPOMa;

- 3a0poc MOTOKOM BO3/yXa MpHU MPHUMEHEHHH peBepca TATH TYPOOBEHTHIIATOPHBIX
JBUTATeNeil Bo BpeMs mpooera.

CoynapeHue TBEpIbIX IOCTOPOHHUX IMPEIMETOB C JIOMATKaMH HAINpPaBIISIOLIMX
anmaparoB, pa0ouux Kojec, a Takke oOTekaTelleM BO3/1yX03a0OpHUKa MPUBOAUT K
3HAYUTEIBHBIM TIOBPESKACHUSAM, YTO B CBOIO OdYepelb MPHUBOAUT K JIOTOJIHUTEIBHBIM
3aTparaM Ha BoccTaHoBJIeHHE jieTHOM roaHoctd BC [3]. [lomuMo Toro, He3amuIlEHHOCTh
HU3KOPACHOJIOKEeHHBIX JBurateneii BC oT momajgaHus MOCTOPOHHHMX MPEIMETOB SIBISETCS
OpUYMHOM  (QOPMHUpPOBAHUS OrPAHUYEHUN TpPU  ONPEAETCHUH OXHUAAeMbIX YCIOBUI
SKCIUTyaTalu camosiera [4].

Opnoit n3 HauOoyiee YaCTBIX MNPUYMH TMOBPEXKICHUS [BUTATENE MOCTOPOHHUMH
npeIMeTaMi C TOBEPXHOCTH a’pojpoMa SIBISIETCS 3a0poc BHXpPEBbIM TedueHueM. [lis
BO3MOXXHOCTH 3a0poca MOCTOPOHHUX MpPEIMETOB B JBUTATElIb BHUXPh JOJDKEH 00JanaTh
onpeneaEHHON MHTEHCUBHOCTBIO [5]. s 3amuThl [BUraTeseil otT nomnagaHus TOCTOPOHHUX
IpEeIMETOB MPEIaraeTcs UCIoab30BaTh CUCTEMY CTPYHHOM 3aIuThl [6].

B nmanHoii paboTe BBINOJIHEHO MAaTeMaTHYE€CKOE€ MOJEIMPOBAHKME Mpolecca
o0pa3oBaHus BUXPs MOJ BO3Ayx03a0opHUKOM ¢ nmpumeHenneM CAE-TexHonoruu Ha ocHOBE
nporpammuoro komiuiekca Ansys CFX [7]. Ha ocHOBaHWM TMOJyd4E€HHBIX JaHHBIX
YCTaHOBJECHBI (DaKTOPBI, BIMSIIONINE HA UHTEHCUBHOCTh BUXPEBOTO TeUEHUs, ChOpMUPOBaHA
30Ha CYIIECTBOBAHUSI BUXPS, ONPEACICHB ONTHMAJbHBIC MapaMeTpbl CTPYHHOW CHCTEMBI
3aIIUTHI, BBIMOJHEHA OIIeHKa €€ 3 (HEeKTUBHOCTH.
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Determination of the effectiveness of the ground vortex control jet system
for the gas turbine engines
Ushakov 1.0., Serebryansky S.A.*
MAI, Moscow, Russia

On modern mainline passenger aircraft, gas turbine engines are usually mounted on
pylons under the wing. One of the disadvantages of such placement of engines is their
vulnerability to ingress of foreign objects. [1].

The main reasons for the ingress of foreign objects into the air intakes of low-lying gas
turbine engines are [2]:

- grabbing from the surface of the airfield with a vortex harness that occurs between
the surface of the airfield and the air intake;

- throwing foreign objects by the wheels of the front landing gear during taxiing,
takeoff and landing of the aircraft on the surface of the airfield,;

- throwing foreign objects with a stream of air when using reverse thrust of gas turbine
engines during the landing run.

The collision of solid foreign objects with the inlet guide vanes, impellers and the
fairings of the air intake leads to significant damage. Restoring for airworthiness of the
aircraft leads to extra costs [3]. The vulnerability of low-lying aircraft engines from ingress of
foreign objects is the reason for the formation of restrictions in determining the expected
operating aircraft conditions [4].

One of the most frequent reason of damage to aircraft engines by foreign objects is
their grabbing from the surface of the airfield by the vortex. To be able to throw foreign
objects into the engine, the vortex must have a certain intensity [5]. To protect the engines
from foreign objects, it is proposed to use vortex dissipators [6].

This article performs results of mathematical modeling of the process of vortex
formation under the air intake using CAE technology based on the Ansys CFX software
package [7]. The article also considers the factors affecting the intensity of the vortex,
determines the zone of existence of the vortex. Defined the optimal parameters of the vortex
dissipators for vortex alleviation.
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Oco0eHHOCTH TPOEKTUPOBAHMS THXOXOHOI'0 reHepaTopa AJs
HAKOIJICHUS] TPABUTALMOHHON YHEPrumn
Kapumos P bepnos M.A2, ['opOyHoB A.C., Cenromkun H.C.},
XaKUMBbSTHOB M.I/I.Z, Tepemkun BM.!
'V pumcknii yauBepenTer Hayky M TexHONOTHIA, T. Va, Poccust
2 Y dbumMckuii rocynapcTBeHHbINH HEPTIHOM TEXHUYECKUN YHUBEPCUTET, T. Y da, Poccus

B HacrosdmeM foknane MpeACTaBiI€H aHAIW3 pPE3yJbTaTOB HCCIEAOBAHUS IO
MOBBIICHUIO 3(PPEKTUBHOCTH TUXOXOJHBIX CHHXPOHHBIX TE€HEPATOPOB C IOCTOSTHHBIMHU
MarHuTaMu JijIsl IPUMEHEHHUs B COCTaBE CUCTEMbI C TPaBUTALMOHHBIM HAKOIIUTEJIEM SHEPIHH.
W3y4eHbl 0COOCHHOCTH pPAa0OTHI T'PABHTALMOHHBIX HAKOMHTEICH 3HEpruu. PaccMOTpeHBI
HEJOCTATKU TUJPOAKKYMYIHUPYIOUIUX 3JIEKTPOCTAHIMI [0 CPAaBHEHUIO C TBEPIOTEIbHBIMU
AKKyMYJUPYIOIIMMH AJIEKTpocTaHUsIMU. MccnenoBanbl METOIbI TOBBIMICHUS  YIEIBHOMN
MOIIHOCTH CHHXPOHHBIX T'€HEpaTOpOB M 000OIIEHBI MOAXOABI MPH UX MPOCKTUPOBAHUHU.
[IpoBeneH 0030p OTEYECTBEHHBIX M 3apYOCKHBIX TEXHHUYECKUX PpEHICHUN TEeHEepaToOpoOB
MPUMEHUMBIX ISl TPABUTALIMOHHOTO HAKOMMTEINS SHEPTHH, HA OCHOBE aHaJU3a OINpPeIesICHbI
TpeOOBaHUSI K BBIXOAHBIM IMapaMeTpaM »dJEKTPOTEHEpaTopa MU €ro KOHCTPYKTUBHOMY
VCIIOJIHEHMIO.

[IpuBeneHbl pe3yabTaThl IPOBEIEHHOTO aHAIN3a M UCCIIEOBAHUS, WIUTIOCTPUPYIOLIUE
4TO:

* KOHCTpYKTUBHBIM OOJHMK TeHEpaTropa s TPaBUTAIMOHHOTO HAKOMHUTENS SHEPTHH
JOJKEH TPEACTaBIATh M3 ce0sl AIEKTPUYECKYI0 MAIUHY C BHEUIHHUM pPOTOPOM, TaK Kak
KOH(Urypauusi ¢ BHEIIHMM pOTOPOM KMeeT MeHbIMi Tok K3, MeHbmuil o0beM U Kak
CJIEICTBUE MEHBUIYI0 CTOMMOCTh. Takke K MPEerMYIIEeCTBAM JaHHOW KOHCTPYKLIMU MOXHO
OTHECTH XOpOIIM TerjaooOMeH ¢ BHEIIHEW cpenoi, Omaromapst dYemy OTHaaaeT
HEOOXOAMMOCTh B CHCTeMe OXJakaeHus [ 1-2]

* YacToThl BpallleHWs TeHepaTopa il MPUMEHEHHS B CUCTEME T'PaBUTAIMOHHOTO
HAKOMUTEIsl SHEPTUM OTPaHUYEHBI CKopocTsiMu He Oosiee 1500 06/MUH, MPU ITOM YaCTOTHI
meHee 300 06/MHH MOTYT OBITh peaan30BaHbl 0€3 IPUMEHEHHUS PELYKTOpa U UMETh MEHBIIYIO
cebecToMMOCTh TPOU3BOJICTBA [3].

* [IpoBeneHbI pacdeThl TEHEPATOPOB Ha Pa3HbIE YaCTOTHI BPAIICHUS B 3aBUCUMOCTH OT
UCTIONTHEHUS — TUXOXOAHBIN (€3 pelyKTopa) U CpeIHe0O0POTHBIN, ISl KOTOPBIX HEOOXO0IUM
PEAYKTOP

* B pesynpTare cpaBHEHHUS TONYyYEHHBIX BapHAHTOB BbIOpaHa ONTHMATbHAS
KOHCTPYKITUSI MOITHOCTBIO 2 MBT u yaenpHOM MomHOCTh 0,39 KBT/KT ¢ yacToTO# BpaiieHus
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100 o6/muH, kak HambOonee >¢¢eKTUBHAs M JeIIeBas C TOYKHA 3pEHHs pealn3aluu
KOHCTPYKIIUS.

* [IpoBe1éH MOBEPOUHBIN TEIIOBOU U 3JIEKTPOMArHUTHBINA pacdeT METOJOM KOHEYHBIX
OJIEMCHTOB B IIPOrpaMMHOM KOMILICKCE Ansys. HOJ’Iy‘leHH 3aBUCHUMOCTH DHEPICTHYCCKUX
[1apaMeTpOB.

HpaKTI/I‘leCKa}I 3HAYUMOCTL: PE3YJIbTAThI I/ICCJ'IGILOBaHI/Iﬁ MOT'YT HCIIOJIB30BAaHbI IIPHU
pa3pa60TKe TUXOXOJHBIX TI'CHEPATOPOB C IIOCTOAHHBIMU MAarHvuTaMu [JisI NPUMCHCHUSA B
CUCTEME C I'paBUTAIMOHHBIM HAKOIIMTCJIICEM SHCPTHHU. OHH O3BOJISTIOT CYIIECTBECHHO CHU3UTH
MaCCOFaGapI/ITHBIe IIoKasaTejin CUCTEMBI B IICJIOM.
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Features of designing a low-speed generator for the accumulation
of gravitational energy
Karimov R.D.}, Berlov M.A.2, Gorbunov A.S.%,
Senyushkin N.S.!, Khakimyanov M.I.%, Tereshkin V.M.1*
'Ufa University of Science and Technology, Ufa, Russia
2 Ufa State Oil Technical University, Ufa, Russia

This report presents an analysis of the results of a study on improving the efficiency of
low-speed permanent magnet synchronous generators for use as part of a system with a
gravitational energy storage. The features of the operation of gravitational energy storage
devices are studied. The shortcomings of pumped-storage power plants in comparison with
solid-state storage power plants are considered. Methods for increasing the specific power of
synchronous generators are investigated and approaches for their design are generalized. A
review of domestic and foreign technical solutions of generators applicable for gravitational
energy storage is carried out, based on the analysis, the requirements for the output
parameters of the electric generator and its design are determined.

The results of the analysis and research carried out are presented, illustrating that:

 The design of the generator for the gravitational energy storage should be an electric
machine with an external rotor, since the configuration with an external rotor has a lower
short-circuit current, a smaller volume and, as a result, a lower cost. Also, the advantages of
this design include good heat exchange with the external environment, which eliminates the
need for a cooling system [1, 2]

* Generator speeds for use in the gravitational energy storage system are limited to
speeds of no more than 1500 rpm, while frequencies of less than 300 rpm can be realized
without the use of a gearbox and have a lower production cost [3].

* Generators were calculated for different speeds depending on the version - low-speed
(without gearbox) and medium-speed, which require a gearbox
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* As a result of comparison of the obtained options, the optimal design with a capacity
of 2 MW and a specific power of 0.39 kW/kg with a rotation speed of 100 rpm was chosen as
the most efficient and cheapest design in terms of implementation.

* A verification thermal and electromagnetic calculation by the finite element method
was carried out in the Ansys software package. Dependences of energy parameters are
obtained.

Practical significance: the research results can be used in the development of low-
speed generators with permanent magnets for use in a system with a gravitational energy
storage. They can significantly reduce the weight and size of the system as a whole.
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IIpeumyniecTBa NCNOIb30BAHUSL CMEHHOTO (YHKIIMOHAIBHOIO 0JI0KA
B KOHCT]lJyKIII/IH camoJIéTa
[y6un B.A.", CepebpsHckuit CA!
lMAI/I, r. Mocksa, Poccus

[Torpe6HOCT, B TOBBIIICHHH S()(PEKTUBHOCTH HKCIUTyaTallMM BO3AYIIHBIX CYJIOB
3acTaBisieT IMEPEBO3YMKOB BBINNOJHATH aHANM3 peHTabeIbHOCTH B BbIOOpe: MpHOOpETaTh
TPAHCIIOPTHBIN CaMOJIET WJIM HCIOJIb30BAaTh MACCAKUPCKHUUN JJIS BBINOJHEHUS TPEOYEeMbIX
3amad. HecmoTpss Ha Kakymiuecs JOCTOMHCTBA, Ha JTame JKCIUTyaTallud, BcE OoIblie
MACCAXUPCKUX CaMOJIETOB J0pabaThiBalOT ToJ Tpy3oBoe mpumeHeHue [1, 2]. Pemenue
npo0JieMbl HYXKHO HMCKaTh B BO3MOXKHOCTH OOECIEYUTh CYJHO BCEM HEOOXOIUMBIM, B
3aBUCMMOCTH OT €ro TOJETHOTO 3aJlaHus, YTO 3HAYUTEIBHO TIOBBIIIAET  €r0
KOHKYPEHTOCTIOCOOHOCTb.

B Hacrosimiem gokmaze OyneT MpPEUIOKEHO pelIeHHe KOMILIeKca MpobiieM
COBpPEMEHHOro caMosérocTpoenus. llpenmonaraercs, 4yTo NPOEKTHPOBAHHUE CAMOJETA CO
CMEHHBIM (DYHKITMOHAJIILHBIM OJOKOM TIO3BOJIMT HE TOJBKO TOBBICUTH 3(PPEKTUBHOCTH
WCIIONB30BAaHUSA  BO3JYLIHOIO CyAHa, HO M JAacT BO3MOXXHOCTb  aJalTHUPOBATHCA
AKCIUTyaTaHTaM K U3MEHSIOIUMCS TpeOoBaHUAM pbiHKa [3, 4]. YHUpUIMpPOBATh U YIPOCTUTH
mporecc pa3paboTKU CaMOJIETOB Pa3NTUYHOIO HA3HAYEHHUS, COKPATUTh MPOCTOU BO3AYIIHBIX
CyIOB B adpoOmoOpTy U U30aBUTHCSA OT COBPEMEHHOW TEH/ICHIIMM HCIIOJIh30BAHUS
MPOCTAUBAIOLIUX CAMOJIETOB B KAUe€CTBE HUCTOYHUKA 3allaCHBIX YacTei.

Pa3pabotka camon€roB mpuBeAET K TOMY, 4YTO Ha3eMHbIEe CIYXObl CMOTYT
obecreunBaTh CyIHO BCEM HEOOXOTUMBIM, B 3aBUCUMOCTH OT €ro MOJIETHOTO 3aJaHus U
ahdexTrBHEE TpaTUTh BpEeMs, 3aTpaylMBaeMO€ Ha BBIMOJHEHHWE CaMOJIETOM 3aJlaHWsl, Ha
MOJITOTOBKY COOTBETCTBYIOMIETO (PYHKIIMOHATHHOTO OJI0Ka Ha 3eMJie K CIEAYIOUIEMY BBIIETY.
Jaxe ecnu CyaHO TMPOCTaWBaeT, (PYHKIIMOHAIBHBIA OJIOK MOXET OBITh HCIIOIH30BaH Ha
JIpYroM CaMmoJETe.

Taxoke ucmonbp30BaHWe CMEHHOTO (DYHKIIMOHAIBHOTO OJIOKA MOBBICUT BEDKHUBAEMOCTH
KOMIIaHUI TMEPEeBO3UYMKOB, HE 00JagaronInxX OONBIIUM OIOKETOM, TaK Kak UM HE HYKHO
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npuolperaTh yCIyru 1o mnepeo0opyloBaHUIO camoniéra [S5, 6] u 3akynatbh OOJbIION mapk
camonéroB. OnauH camMoi€r W OJOKM PA3IMYHOTO HA3HAYEHMs] TO3BOJIAT JIydllle
HOJICTPANBAThCS O] IIOTPEOUTEIIS.

Jlannast paboTa MO3BOJUT MPOAHAIM3UPOBATh, KaK JAHHOE pelIeHHe yHUUIUpYeT
JUHEHKY CaMOJIETOB pa3IMYHOIO HAa3HA4YeHUs IYTEM 3aMEHbl COOTBETCTBYIOILLETO
(GYHKIIMOHAJIBLHOTO MOJYJISL 71l TUIIOBOM KOHCTPYKIUHU, YTO TMOJOXKUTEIbHO CKAaXKETCS Ha
TE€XHOJOTMYHOCTH IPOU3BOJCTBA U PEMOHTOIPUTOJHOCTH CyI0B. DYHKIMOHAIBHBIA OJIOK
pa3palaThiBaeTcs Uil CaMbIX Pa3HOOOpa3HbIX 3a1ay [7]: maccakupcKuid BapHaHT, TPY30BOH,
CIEIMAJIbHOTO HA3HAYEHHUS U T.J.
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Replaceable functional module airplane construction application advantages
Shubin V.A.}, Serebryansky S.A.
'MAI, Moscow, Russia

This report aims to suggest the modern aircraft engineering set of problems. Aircraft
design including replaceable functional module application is considered to not only increase
airplane running efficiency but let companies to adapt to changeable business demands [1, 2]
as well. Also it allows them as well to unify and to simplify the different purpose aircraft
design process as to reduce airport aircraft downtime and to get rid of the terrible modern
tendency to use downtime airplanes as a source of repair parts, which significantly increases
its competitiveness.
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The development of aircraft will lead to the situation that ground services will be able
to provide the ship with everything necessary, depending on its flight task. It will more
efficient to spend the time spent of the ship's task on preparing the appropriate functional unit
on the ground for the next flight or task. Even if it is the plane’s downtime, its functional unit
can be used with another aircraft.

Moreover, the use of a replaceable functional unit will increase the survival of carrier
companies [3] especially those one do not have a large budget, since they do not need to
purchase aircraft conversion services [4] and purchase a large fleet of aircraft. One aircraft
and a couple of functional blocks for various purposes allows you to better adapt to the
consumer’s demands.

This paper will let us analyze how good this solution unifies the design and utilization
of range of aircraft for various purposes by replacing the corresponding functional module
with a standard body, which will have a positive impact on the manufacturing and
maintaining of airplanes. The functional unit is designed for a wide variety of tasks [5]:
passenger version, cargo, with specialized equipment, etc.
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HccaenoBanue BLICOKOBOJIBLTHOTO MPeodpa3oBaTeisi HANPSIZKeHUs A MUTAHUSA
3JIEKTPOPUILTPOB
Porunckas J1.D., Snanosa 3.11.%, I'opOyHoB ACH Kapumos 1391 Tepemkun B.M.},
Cenromkua H.C.!
LYVHuT, r. Yoa, Poccns
2 Y bumckuii TpanchopmatopHslii 3aBox, . Y da, Poccus

JlokJa i TOCBSAIIEH MCCIETOBAHNUIO UCTOYHMKA MHUTAHUS CUCTEM OYHCTKH BO3yXa C
ucrnonb3oBanueM 3ekTpodmibTpoB (OD) [1, 2]. B Hacrosmem nokiIange MpeiacTaBICHBI
pe3yibTaThl MOJEIMPOBAHUS M aHaiu3a paboTel arperata nutanus «AIITI-1000» s
nutaaust D@. PaccMOTpeHBI AIIEKTPOMArHUTHBIE TPOIIECCH], CXEMHBIE PEIICHHs] HCTOYHHKOB
nuTaHuss D@, COCTOSIIUX U3 BBICOKOBOJIBTHOTO TpaHChHOpMATOpa, BBIIPAMHUTENS U Jp.
anemeHToB [3]. PaccmoTpeHbl 0cOOEHHOCTH PAOOTHI THUPHUCTOPOB BXOJHOTO PETYJsSTOpA
UCTOYHUKA MUTAHUS, IPEAHA3HAYCHHOTO /ISl K3MEHEHUS BBIXOIHBIX apaMeTPOB HCTOYHHKA.
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[IpuBeneHbl HOMUHAIbHBIE SJEKTPOMArHUTHBIE U KOHCTPYKTHBHBIE MapaMeTphbl 3JIEMEHTOB
ucrouyHuka nutanus D@ Ha npumepe arperata nutanus «AIIT(-1000». IIpeacrtaBieHsl
MaTEMaTUYECKHUE BBIPAKEHUS, OIIMCHIBAIOLINE AIEKTPOMArHUTHBIE IPOLIECCH] B UCCIIENYEMOM
D®. BrInonHeHO KOMIBIOTEPHOE MoaenupoBanue (B cpeae Matlab) cucremsl, BKiIrogaromiei
UCTOYHUK NUTaHUs ¢ DD, ¢ yueToM MapamMeTpoB 3JIEMEHTOB 3TOI'0 UCTOYHHUKA, B TOM YHUCIIE
IpU YOpPaBIEHUU TMOKazaTelsiMu paboThl D@ mpHu MOMOLIM TUPUCTOPHOTO PEryJsTOpa.
[Tonmy4yeHbl XapakTEPUCTUKUA BBIXOJHBIX MapamMeTPOB MCTOUYHMKA MUTAHUS I PA3TUUYHBIX
VIJIOB  YIpPaBJICHUS THUPUCTOPHOTO pEryisiTopa M TMpU Pa3IMdyHOM YHCIE BUTKOB
BBICOKOBOJIBTHOTO TpaHc(hopMaropa.

[To uroram mpoBeEHHOTO MOAECTUPOBAHNUS OBLIH MOJYUYEHBI CIEAYIOLIUE PE3yIbTaThI:

e [lyreM MmopenupoBaHus HUCTOYHMKA nuTaHus O@ c yueToM mnapaMeTpoB €ro
a1emMeHTOB, BAX 1 eMKOCTH pa3psiHOTO poMexyTka DD, ObUTH MOTy4eHbl XapaKTePUCTUKH
paboTel D@ npu pazaUUHBIX YIJax YIpaBIeHHUs BXOJHOTO THUPUCTOpPHOro perymsropa (90°,
45°), obecrieunBarONIMX W3MEHEHHE MOTpelaseMoro Toka u3 cetd oT 241 mo 366 A u
BBIXOJIHOTO HamnpsikeHus ot 47,4 no 64,7 xB.

e OmnpeneneHsl 3HaYeHUs yrioB ynpasieHus (Hampumep, 40° nmpu wi = 100%, 58°
pu w1 = 70%), IpU KOTOPBIX BO3HUKAET «I10JIYBOJIHOBOM 3PeKT» ¢ yueToM KoapduiueHTa
TpaHchopMauy BEICOKOBOJIBTHOTO TpaHChopMaropa.

[TonydeHHble pe3yabTaThl MOJCTUPOBAHUS B BUEC 3HAYCHHUH BBIXOJHOTO HANPSKEHUS
arperara COOTBETCTBYIOT HOMUHAJIbHBIM napamerpam arperatoB «AIIT/[-1000» nns nutaHus
0.
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Investigation of the high-voltage converter for powering electrostatic precipitators
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The report is devoted to the study of the power source of air purification systems using
electrostatic precipitators (ESP) [1, 2]. This report presents the results of modeling and
analysis of the operation of the «APTD-1000» power unit for powering the ESP. The
electromagnetic processes, circuit solutions of power supplies of the ESP, consisting of a
high-voltage transformer, a rectifier, and other elements are considered [3]. The features of
the operation of thyristors of the input regulator of the power source, designed to change the
output parameters of the source, are considered. The nominal electromagnetic and design
parameters of the elements of the ESP power source are given on the example of the power
unit «APTD-1000». Mathematical expressions are presented that describe electromagnetic
processes in the investigated ESP. A computer simulation (in the Matlab software) of a
system including a power supply with an ESP was performed, taking into account the
parameters of the elements of this source, including when controlling the performance of the
ESP using a thyristor controller. The characteristics of the output parameters of the power
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supply for different firing angles of the thyristor regulator and for a different number of turns
of the high-voltage transformer are obtained.

According to the results of the simulation, the following results were obtained:

* By modeling the power supply of the ESP, taking into account the parameters of its
elements, the volt-ampere characteristics and the capacitance of the discharge gap of the ESP,
the characteristics of the ESP operation were obtained at various firing angles of the input
thyristor regulator (90°, 45°), providing a change in the current consumed from the network
from 241 to 366 A and output voltage from 47.4 to 64.7 kV.

* Values of firing angles are determined (for example, 40° at w; = 100%, 58° at wy =
70%), at which a «half-wave effect» occurs, taking into account the transformation ratio of a
high-voltage transformer.

The obtained simulation results in the form of unit output voltage values correspond to
the nominal parameters of the «<APTD-1000» units for powering the ESP.
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Binsinne KOMIIOHOBKH TONJIMBHOI CHCTEMbI HA IKCIUIYATALIMOHHYIO TEXHOJIOTHYHOCTH
BO3/YLIHOTIO CyJHA
Crpenert I[.IO.l, XyaH q.l, Tuxteit IO.H.l, Kpemenuytkuii B.B.!
lMAI/I, r. Mocksa, Poccus

OKcIUTyaTallMOHHAsl TEXHOJOTMYHOCTh OMNpeensercs psaoM (akTopoB, KOTOpbIE
YUUTBIBAIOTCSI TPU  CO3JAHUM  KOHKYPEHTOCIIOCOOHOTO  JIeTaTeJIbHOTO — ammapara B
3aBUCHUMOCTH OT €ro Ha3HauyeHUs U YCIOBMM sKkciuryaTanuu [1]. OHu 00benuHsAITCS BO
B3aMMOCBS3aHHbIE  TPYNIBL:  IPOEKTHBIE,  KOHCTPYKTHMBHO-IIPOM3BOJICTBEHHBIE U
AKCIUTyaTallMOHHbIE (PAKTOPBHI.

IIpobnema obecrieyeHnss TEXHOJIOTMYHOCTH SIBJISIETCS COCTaBHOM dYacThio 0OIIei
npoOnemMbl  oOecrieueHuss HAASKHOCTA  aBUAIMOHHOW TexHuku [2, 3]. VYpoBeHb
TexHosoruyHoctn  TormBHOM  cucrtemsl (TC) onpenensercs  coBepLIEHCTBOM €€
KOHCTPYKIUH, a TaKXe pAIOM JpYrux (PakTopoB, K KOTOPHIM OTHOCATCS KOMIIOHOBOYHBIE
peLIeHusl.

Macca tomnuBa, arperatoB u y3510B TC coctasistor ot 30 10 40% oT B31ETHOTO Beca
JIA, n oOKa3pIBacT 3HAUUTENIBHOE BIHMSIHME HAa MAaCCOBO-MHEPLUOHHBIE XapaKTEPUCTUKU
pasnmuuHbiX ~ KoH(purypammit  camonéra [4, 5]. Ilpm  3TOM,  JOCTYIHOCTb,
KOHTPOJIETIPUTOAHOCTD, JIETKOCBEMHOCTD, B3aMMO3aMEHSAEMOCTb, ITPEEMCTBEHHOCTh CPEZCTB
HA3eMHOT0 OOCHYXHBaHUS U KOHTPOJIbHO-U3MEPUTEIbHOM ammaparypbl, yHUDUKAIMSL
arperaroB TC, Ha 3Tamne sKCIUTyaTallMH, ONPEIEISIOT BpeMs 3aTpauuMBacMoe Ha IPOBEACHUE
TEXHUUYECKOT0 OocMoTpa U BbimojgHeHue peMoHTa (TO u P), BIuAIOT Ha MHTEHCUBHOCTh
(3¢ (hexkTHBHOCTB) UCIIOIB30BAHUS BO3AYIIHOTO CY/IHA U TIOJ/IEPKaHUE €ro JIETHON TOTHOCTH.

CoeBpemenHoe BbinoigHeHHe padoT mo TO u P HampaBieHHO Ha BOCCTaHOBJIEHHE
UCTpaBHOro Ui paborocnocobHoro cocrostaus TC, uro obecrnieunBaeT TpeOyeMblil ypOBEHb
HaAEKHOCTH €€ QYHKIIMOHUPOBAHMUS.

OKcCIUTyaTalluOHHAsl ~ TEXHOJOTMYHOCTh  SIBJIETCS  KOMIUIEKCHBIM  CBOWCTBOM
KOHCTpyKIuU. OHO (hopMupyercs npu cozganuu JIA npu BIMSIHUM psijia SKCILTyaTalllOHHbBIX
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(akTOpOB, KOTOpBIE OMPEACISIIOT KOMIIOHOBOYHBIE U KOHCTPYKTHBHO-TIPOU3BOJCTBEHHBIC
pELICHHs U UMEIOT IEPBOCTENICHHOE 3HAUCHHE.

HoctynHocth arperatoB TC sBisercss OAHUM M3 BAKHEHIINX KOMIIOHOBOYHBIX
CBOWCTB, KOTOpOE CIIOCOOCTBYET COKpAalLIeHHI0 BpeMeHM Juisl mposenenus TO u P, npu
OTpEeNIeICHNH MeCTa OTKa3a WM TOBPeXAeHUs. Bompoc IOCTymHOCTH 3aKiIodaeTcs B
y1o0cTBe pabOThl HMCIOJHUTENS IPU BBITOJHEHUH IUIAHOBBIX PabOT ¢ MMHHUMAJIbHBIMU
3aTpaTamMy pecypcoB (IOMOJHUTEIbHBIC PA0OTHI) [6, 7].

Pacmmpenne GyHKIMOHAIBHBIX CBOWCTB JIA MPUBOIUT K YCIIOKHEHHIO KOHCTPYKLIUU
TC, yBenuYeHUIO KoluyecTBa (DYHKIMOHANBHBIX YCTPOHCTB. OTO 0OOCTOSTEIHCTBO
CBUJIETEJILCTBYET O BaKHOCTU M aKTYaJIbHOCTH KOMIIOHOBKM arperatoB M y3ioB TC ans
o0ecrnieyeHns Xopolel T0CTYITHOCTH.

Komnonoska snementoB TC obecnieunBaeT uX KOHTPOJENPUTOAHOCTb. DTO BAXKHOE
CBOWCTBO COCTaBHBIX YCTPOMCTB HCCIIEAYEMOH CHUCTEMBI Uil OOBEKTHMBHOTO KOHTPOJS €€
[apaMeTpoB Pa3IMYHBIMU CpEICTBAaMM M MeToaamu. IIpoOieMbl KOHTPOJIENPUTOAHOCTH
arperatoB TC onpenensitorcs TpeOOBaHUAMU 0OeCTIeYeHUsI UX Ha&XHOM padoTsI [8].

JIOCTYIIHOCTh ¥ KOHTPOJIENPUrofHocTh arperatoB TC oka3bplBalOT BECOMOE BIMSHUE
Ha BHEJIPEHUE B MPAKTUKY Oosiee 3P PeKTHBHBIX MeTO10B BhiNoaHEeHUs: TO u P, onuH U3 HuX,
METOJl TEXHUYECKOro OOCIIyKMBaHUS M 3aMeHbl cocTaBHbIX 4acTeil TC mo ¢aktuueckomy
TEXHUYECKOMY COCTOSIHUIO.

B nannoit pabote aHanu3upyroTCsa 001IMe TEXHUYECKHe TPeOOBaHUs 110 00eCIIeUEHUI0
texHosnoruyHoctd TC mpu BhIMOMHEHWH TUMOBBIX pador mo TO u P. OHm mo3BossitoT
IPOBECTH KAayE€CTBEHHbI aHANIM3 HKCIUIyaTalMOHHOW TEXHOJOIMYHOCTH HCCIIEAYeMOM
CHCTEMBl M HAMETUTh NyTH €€ COBEPIICHCTBOBAHUSA. AHAIN3 TPOBOAMUTCSA IIyTEM
COIIOCTaBJICHUsI TPEOOBaHUN K TEXHOJIOTMYHOCTH, uccieayemoro uzaenuii AT, ¢ peanbHbIMU
CBOICTBaMM OOBEKTA.
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Influence of fuel system layout on aircraft maintenance performance
Strelets D.Y.!, Huang Z.!, Tikhtey Y.N.!, Kremenchutsky V.V.!
'MAU, Moscow, Russian Federation

Aircraft maintenance performance is determined by a number of factors that are
considered when creating a competitive aircraft depending on its purpose and operating
conditions [1]. They are combined into interrelated groups: design, design and production,
and operational factors.

The problem of maintenance performance is an integral part of the general problem of
ensuring the reliability of aviation equipment [2, 3]. The level of manufacturability of the fuel
system (FS) is determined by the perfection of its design, as well as by a number of other
factors, including layout solutions.

The weight of fuel, units and assemblies of the transportation system (TS) is from 30
to 40% of the takeoff weight of the aircraft, and has a significant impact on the mass-inertia
characteristics of various aircraft configurations [4, 5]. At the same time, accessibility,
testability, removability, interchangeability, continuity of ground support and instrumentation,
unification of TS units, at the stage of operation, determine the time spent on technical
maintenance repair and overhaul (MRO), affect the intensity (efficiency) of aircraft use and
maintenance of its airworthiness.

Timely performance of MRO works is aimed at restoration of serviceable or operable
condition of the TS, which ensures the required level of reliability of its operation.

Maintenance performance is a complex design property. It is formed in the course of
aircraft development under the influence of a number of operational factors that determine
layout and design and production solutions and are of paramount importance.

The accessibility of TS units is one of the most important layout properties, which
contributes to reducing the time for MRO, when determining the location of failure or
damage. The issue of accessibility is the convenience of the performer's work when executing
scheduled works with minimum resource consumption (additional works) [6, 7].

Expansion of functional properties of aircraft leads to the complication of TC design,
increasing the number of functional devices. This fact testifies to the importance and
relevance of TC units and assembly’s layout to ensure good accessibility.

The arrangement of TS elements provides their controllability. This is an important
property of the constituent devices of the system under study for objective control of its
parameters by various means and methods. The problems of testability of TC units are
determined by the requirements for ensuring their reliable operation [8].
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Availability and testability of TS units have a significant impact on the introduction of
more effective methods of MRO, one of them is the method of maintenance and overhaul
replacement of TS components according to actual technical condition.

This paper analyzes the general technical requirements for ensuring the maintenance
performance of TS when performing typical works on MRO. They allow us to conduct a
qualitative analysis of the operational manufacturability of the system under study and outline
ways to improve it. The analysis is carried out by comparing the requirements for
maintenance performance of the investigated AT products with the real properties of the
object.
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K Bomnpocy nesecoo6pa3HoCTH NPUMEHEHHUSI TPEXKOHTYPHOI0 IBUTraTe sl K3MEHseMOTr 0
M KJIA J1JI51 IEPCNEKTUBHOTO CBEPX3BYKOBOI0 /1€JI0BOI0 CaMOJIETA
Yepnerkuii C. B. '
1MAI/I, r. Mocksa, Poccus

B Hacrosimiem Joknazne MpeACTaBiIeH  pe3ylbTaT  aHAJUTHYECKO-PACYETHOIO
UCCJIEIOBAHMS, MOJIYYEHHOTO Ha OCHOBE H3YYCHMS] METOJMKH ONTUMHU3AIMU TapaMeTpOB
cuioBoit yctaHoBkH (CVY) cBepx3BykoBoro naccaxupckoro camonéra (CIIC).

AHau3 pbIHKa CBEPX3BYKOBBIX IMACCAXKUPONEPEBO30K IMOKa3aj, 4YTO CIPOC Ha
cBepx3ByKoBoi aenoBoit camoi€T (CJC) a1 mon€éToB 4acTHBIX JIUIL B 0003pHUMOM OyTyIeM
MOXET OBITh BBIIIE, YEM CIIPOC Ha PEryJsipHBbIE MOJEThl CO CBEPX3BYKOBBIMU CKOPOCTSAMH,
KOTOPBIE CITMILIKOM JOPOTrHe JIsl OOBIYHBIX Maccaxxupos [1].

B pamkax naHHOro ucclieloBaHUsS IPOBEIECH aHAIM3 MPUMEHSEMBIX TEXHOJIOTHH U
TpeboBanuil k coBpeMeHHbIM [ T/l Ha OCHOBE 4ero ObUIH BBISABIICHBI CIEAYIONINE TPEOOBAHUS
Kk CZIC BTOpOro MmoKOJEHUs:

— BBICOKas TOITMBHAsA 3 (EKTUBHOCTH;

— HA3KUHI YPOBEHb BO3JICHCTBUS 3BYKOBOIO y1apa;

— HU3KHA YpOBEHb 3BYKOBOI'O BO3JEHCTBUS OT JBHUraTellieil Ha JTame B3n€ra U
MOCAJIKH.

bbuin mpoBeleHbl UYWCIEHHBIE KCCIEAOBAaHUSA Ta30JMHAMUYECKUX IapaMeTpOB
moxaenu asuratenss CIC. PaccmaTpuBaiuch pa3ivyuHbIe CXEMbI JBUTATENs U, B YaCTHOCTH,
u3mensemoro nukia (JAWI]) u ero pa3HOBUAHOCTU - TPEXKOHTYPHOTO JBUTATENS
u3mensiemoro nukia (THNLL).

B kawectBe mporoTuma ObUT  UCHONB30BaH CaMOJET CO  CIEAYIOLUMHU
XapaKTEePUCTUKAMHU:

. uesneBas Harpy3ka 8-10 maccaxxupos;

Macca B3€THas 45 ToH (MuHUMaNbHO Bo3MoxkHast it CIIC);
a’pouHaMuyecKkoe kadecTBo CONCorde Ha pas3aHuHBIX TAmax MoyéTa;
a’POJIMHAMUYECKAS CXeMa «OE3XBOCTKAY;

JIBYXJIBUTATEIbHAsE KOMIIOHOBKA;

CKOpPOCTh Kpeiicepckas n1o3Bykosas 0,95, ceepx3BykoBas 1,6 Maxa;

BBICOTa Kpelicepckas mo3BykoBas H-11 m kpeiicepckas cBepx3BykoBas H=16

KM;
° naiabHOCTh MakcuMaibHas S000 kM.
K mnporotuny mnpenwsBisitoTca crieayrouiye TpedoBaHHA (C COOMIOAEHHEM BCEX
HKOJIOTUYECKUX HOPM):

o B3JIET, YXO/I Ha BTOPOM KPYT WIIU 3aMacHOI adpoJpoM Ha OJTHOM JIBUTaTEIE;

o KpehcepCcKuii JT03BYKOBOHM IMOJIET HA OJHOM jaBuratene, cormacHo ETOPS B
T€4eHUH MUHUMYM 60 MUHYT [2];

J 1ocaJika Ha OJTHOM JIBUTaTele ¢ OTPaHMYCHUEM CKOPOCTH PEAKTHBHOM CTPYH B
250 m/c.

Cxema THUIL] nomyckaroT mepexoa ¢ pexkuMoB padoTsl o cxeme TP/l Ha pexxumbl
pabotel TPJI. OnHako mpu OCBOEHHOM YPOBHE TEXHOJIOTHH CIIOXHO OOECHEeYnTh 3amachl
ra3oMHaMUYECKOM YCTOMYMBOCTH, YTO HENPHEMIIEMO I MACCaXUPCKOTO CAMOJETA, TAe
0€30I1aCHOCTh U COXpPAHEHHE JKU3HU 3aBUCHUT OT HAJAEKHOCTU BCEM COBOKYIHOCTU CHCTEM, a
HE TOJBKO OT CHCTEMBI CIIaceHUs IKUMaxa, mojooHo 6oeBbiM JIA. M3HauambHO TEXHOIOTHS
TAWI npenna3zHavanace Ijs JUisi 00€BOrO caMoJ€ra, CIEeKTp PEKUMOB M MONETHBIX 3a/1a4
KoToporo ropasao mmupe, yem y CJIC [3].

CambIM 3¢ (eKTUBHBIA METOJJOM CHUXKeHUs myma TP/l siBisieTcst ak TUBHBIN criocol —
YMEHBIIIEHNE CKOPOCTH PEAKTUBHOM cTpyH [4]. B TakoM citydae i COXpaHEHHs YPOBHS TATH
HEOOXO/IMMO YBEJIMYUTh MAacCOBBIH pacxoj] pabodero Tena, OAHAKO NPU COXPAHEHHUHU
IO COIUIAa 3TO BENET K YBEIMYEHHID CKOPOCTH CTpyH. JlaHHOE TEeXHHYECKOoe
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MPOTUBOPEYHE BO3MOKHO PEIIMTH MYTEM YBEIMUEHHMS TIJIOMIAU COIIa U MacCOBOTO pacxo/ia
Bo3nyxa. B To Bpems, kak T/IUI] cnocoOeH yBeIHMUUTh TOBKO MAaCCOBBIA PacXo]l BO3IyXa.

OcHoOBBIBasicb Ha JPYTHX HCCICIOBAaHUSAX, OBUI CACNAaH BBIBOA, 4TO IPHU
CBEPX3BYKOBOM MOJIETE TPETUI KOHTYp IMO3BOJIAET 3KOHOMUTH A0 3 % Tormnusa [5], 4to Ha
JTAHHOM 3Tare OCBOEHUS CBEPX3BYKOBBIX MAaCCAXXUPOIEPEBO3KAX HE CTOJIb aKTyallbHO, a MPHU
n03ByKoBOM pekume ot npumenenus TN monesnsiit addext mus CJIC MuHUMATBHBII.

B pesynbrare cpaBHUTEIbHO-PACUETHOIO aHAIM3a TApaMETPOB PA3JIMYHBIX BAPUAHTOB
CY 0bUI0 YCTaHOBJIEHO, YTO MPEANOYTUTEIHHON SIBISIETCA CXE€Ma, B KOTOpPOM coueTaeTcs
HauOO0JIbIIAs TOTUIMBHAS 3()(PEKTUBHOCTD MPU CBEPX3BYKOBOM KPEHCEPCKOM MONIETE U HU3KAS
CKOPOCTh PEAaKTHBHOW CTpyM Ha pexumax B3n€rta u mnocaaku. lLlemecoobpasHocTh
npumenenus THAUL na CIC orpunarenbHas. ns peanuszanuu 3tux BbiBoAoB, At C/C
nenecoodbpazno npumenenue TP Jcm co cpenneti (1,5...2) cTeneHb0 IBYXKOHTYPHOCTH.
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On the feasibility of using a three-circuit variable-cycle engine for a promising
supersonic business jet
Chernetskij S.V. *
'MALI, Moscow, Russia

This report presents the result of an analytical and computational research obtained on
the basis of studying the methodology for optimizing the parameters of the power plant of a
supersonic passenger aircraft (SPA).

An analysis of the supersonic passenger transportation market has shown that the
demand for a supersonic business jet (SSBJ) for private flights in the foreseeable future may
be higher than the demand for regular flights at supersonic speeds, which are too expensive
for ordinary passengers [1].

As part of this research, an analysis of the technologies used and the requirements for
modern gas turbine engines was carried out, on the basis of which the following requirements
for the second-generation SPA were identified:

* high fuel efficiency;

* low level of sonic boom impact;

* low level of sound impact from engines during takeoff and landing.

Numerical studies of the gas-dynamic parameters of the SSBJ’s engine model were
carried out. Various engine schemes were considered and, in particular, a variable cycle
engine (VCE) and its variety - a three-circuit variable cycle engine (TCVCE).

An aircraft with the following characteristics was used as a prototype:
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* payload of 8-10 passengers;

« take-off weight 45 tons (minimum possible for SSBJ);

« acrodynamic quality of Concorde at various stages of flight;

* tailless aerodynamic design;

* twin-engine layout;

» cruising speed subsonic 0.95 and supersonic Mach 1.6;

* subsonic cruising altitude H-11 and supersonic cruising altitude H=16 km;

* maximum range 5000 km.

The following requirements are imposed on the prototype (in compliance with all
environmental standards):

» takeoff, go-around or alternate airfield with single engine;

* cruising subsonic flight with single engine, according to ETOPS for at least 60
minutes [2];

* landing with single engine in a jet stream speed limit of 250 m/s.

The scheme TCVCE allows the transition from the operation modes according to the
turbofan engine scheme to the operation modes of the turbofan engine. However, with the
mastered level of technology, it is difficult to provide reserves of gas-dynamic stability, which
is unacceptable for a passenger aircraft, where safety and life preservation depend on the
reliability of the entire set of systems, and not only on the crew rescue system, like combat
aircraft. Initially, the TCVCE technology was intended for a combat aircraft, the range of
modes and flight tasks of which is much wider than that of the SSBJ [3].

The most effective method of reducing the noise of a turbojet engine is an active
method - reducing the speed of the jet stream [4]. In this case, in order to maintain the thrust
level, it is necessary to increase the mass flow rate of the working fluid, however, while
maintaining the nozzle area, this leads to an increase in the jet stream speed. This technical
contradiction can be solved by increasing the area of the nozzle and the mass air flow. While
TCVCE is able to increase only the mass air flow.

Based on other researches, it was concluded that during supersonic flight, the third
circuit allows saving up to 3% of fuel [5], which is not so important at this stage of the
development of supersonic passenger transportation, and in subsonic mode from the use of
TCVCE, the beneficial effect for SSBJ is minimal.

As a result of a comparative computational analysis of the parameters of various
propulsions options, it was found that the preferred scheme is the one that combines the
highest fuel efficiency during supersonic cruising flight and low jet stream during takeoff and
landing. The feasibility of using TCVCE on SSBJ is negative. To implement these
conclusions, it is expedient for SSBJ to use turbofan engines with mixing chamber and
average (1.5 ... 2) degree of bypass.
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Pe3yabTaThl npuMeHeHUs CyneprupogooHbIX NOKPBITHI 1 mOKpbITHHA SLIPS
HA aBHANMOHHBIX KOHCTPYKIHUSAX B HCKYCCTBEHHBIX YCJIOBHUSAX 00.1e/IeHEeHUsI
Kurynuu W.E.!, Emenbsinenko K.A.2
1 MAM, r. Mocksa, Poccus
NDXD PAH, r. Mocksa, Poccus

B nmoxnane npencrasieH 0030p yciaoBUi 00J€ICHEHUS C TIENIBIO 3alIUTHI OT KOTOPBIX
pa3pa6aTHBa10Tc;1 HOBBIC (bYHKI_H/IOHaJIbeIG IMMOKPLITHUA, MMPECAIIoJIaracMblC K IMPUMCHCHUIO B
COCTaB€ UJIU B3aMCH HpOTI/IBOO6JIe,I[eHI/ITeJIBHBIX CUCTEM BO3AYHIHOI'O CyJHa IJId YIy4YIICHHSA
9KCILTYyaTallUOHHBIX CBOWCTB U 00€CII€UECHUS 3alllUThI CaMOJIETa OT BOZHUKHOBCHUA OIIACHBIX
CUTYyaIlM# B MOJIETE, CBA3AHHBIX ¢ oOyieneHeHneM. B pabote Takke OyaeT mpencTaBiieH 0030p
AKTUBHO TPHUMEHSIOUIMXCS CIIOCOOOB IMPOTUBOOOJIEIEHUTEIBHONM 3aIlllUTHl  CaMOJIETOB,
MMPEMMYIIECTB U HEAOCTATKOB UX IMPUMCHCHHUA 1 UMCIOIIUXCS OFpaHquHHﬁ.

Jist SKCiepuMenTa ObUT BRIOpAaHbI KOHTPOJIBHBINA QIFOMUHUEBBIA 00pa3el u 00pasibl
¢ cynepruapodoOHbIM TokpeITHEM U TTOKpbITHEM SLIPS, pa3zpabatsiBacmbie B UDXD PAH u
IUTAHUPYEeMbIe K MPHUMEHEHHIO Ha MOBEPXHOCTH Kpbuia. BwiOpaHHBIE cymepruapodoOHbIe
IMMOKPBITHUA HAHOCHUMBIC Ha aJIFOMUHUCBBIC TINIACTHUHBI MCTOAOM JIA3€PHOI'0 TCKCTYPHUPOBAHUSA C
MOCIIEAYIOMIEH XeMocopOIuel TuapodoOHOT0 areHTa PropokcucuiIaHa 00JIaIal0T BEICOKUMHU
Cyr[GpFHI[pO(bO6HbIMI/I CBOﬁCTB&MI/I, 3aKJII0YaromMMHCI B COXpPaHCHUU OO0JIBIINX YriosB
CMadYuBaHUA U MAJIbIX YIJIOB CKATbIBAHUWSA IIPU KOHTAKTC C BO[[OfI, a TAKIKC IIPOSBIIAIONIHNEC
HpOTI/IBOO6HeI[eHI/ITeJ'IBHBIe CBOP’ICTBa, BbIPpAXAIOIIUCCA B CIIOCOOHOCTH npeaoTBpaliaTb
oOJelcHeHNEe WM YAAIATh JIbIOOOPa30BaHUS TIOJ JEHCTBHEM HAOETaroliero IMoToKa Ha
Hecynux mnoBepxHocTax camonéra [1]. Ckonb3kue mopuctblie mnokpeiTus SLIPS,
oOpa3oBaHHbIE IIyTéM HaHECeHHUs BakyymMHoro Mmacia Krytox Ha ynomsiHyTOE
cynepruapoobHoe TOKpbITHE [2] XapaKTepU3yIOTCS  BBICOKUMHU  TUIPO(HOOHBIMHU,
051e0pOOHBIMH U JTBIOGOOHBIMH CBOHCTBAMH, KAl KHIKOCTH CKOJIB3UT HA TIOBEPXHOCTH
TaKOr0 MOKPBITHS, 8 HE CKAaThIBAETCS B OTIUYHE OT CyNnepruaApoPoOHbIX MOKPHITHIA [3].

B npesenTanuu Oyner npoAeMOHCTPUPOBAHO IIOBEIEHUE TAKUX MMOKPBITUI B YCIOBUAX
HCKYCCTBCHHOI'O 06J'IC,Z[CH6HI/I}I, BBLACJICHBI IMPEUMYyLIECTBA HW  TCEKYWHUC HCEAOCTATKU
IIPUMEHEHHUS JIBYX BUJOB IIOKPBITUH.
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Superhydrophobic coating and SLIPS implementation results on the airframe
surfaces in artifitial ice conditions
Zhigulin I.E.Y, Emelyanenko K.A.?
1 MAI, Moscow, Russia
2 IPCE RAS, Moscow, Russia

The report provides an overview of the icing conditions against which new functional
coatings are being developed that are intended to be used as part of instead of aircraft anti-
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icing systems to improve performance and protect the aircraft from hazardous situations in
flight associated with icing. The paper will also provide a review of the actively used methods
of anti-icing protection of the aircrafts, the advantages and disadvantages of their use, and
their limitations.

For the experiment, we selected a reference aluminum sample and samples with a
superhydrophobic coating and a SLIPS coating, developed at the Institute of Physical
Chemistry of the Russian Academy of Sciences and planned for use on the wing surface.
Selected superhydrophobic coatings are applied to aluminum plates by laser texturing
followed by  chemisorption of the hydrophobic agent fluoro silane has excellent
superhydrophobic properties, which consist in maintaining high contact angles and low
rolling angles when in contact with water droplets, as well as exhibiting anti-icing properties,
expressed in the ability to prevent icing or removing ice formation under the action of the
oncoming flow on the aerodynamic surfaces of the aircraft [1]. Slippery porous SLIPS
coatings are formed by applying Krytox vacuum oil to the above-mentioned
superhydrophobic coating [2] is characterized by high hydrophobic, oleophobic and ice-
phobic properties, a drop of liquid slides on the surface of such a coating, and does not roll,
unlike superhydrophobic coatings [3].

The behavior of such coatings under conditions of artificial icing will be demonstrated
in the presentation, and the advantages and current disadvantages of using two types of
coatings will be highlighted.
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KOHCTPYKIUA. IPOYHOCTD. IIEPCIHEKTUBHBIE MATEPHUAJIBI

STRUCTURAL STRENGTH. NEW MATERIALS

Ynpasienue napaMerpamMu pa3MepHO-BeCOBOI0 MPOECKTA IIPH ONTHMAJIbHOM
NPOCKTHPOBAHUM KOHCTPYKTHBHO-aHU30TPOIHBIX NaHe el JieTaTeJIbHbIX allllapaToB
13 KOMIIO3HIMOHHBIX MATEPHAJIOB C OTPAHUYCHUAMH
110 YTOYHEHHOM TEOPHH YCTOMYUBOCTH
Iasea JI. M.}, Koponbsckuit B.B., Typoun H.B.
lMAI/I, Mocksa

[lenpr0o wuccnenoBaHusl SBIACTCS YIPABICHHE TIE€OMETPUYECKUMHU IapaMeTpaMu
pa3MEepHO-BECOBOIO0 MpPOEKTa B paMKax pa3padOTaHHOTO TMOAXO0Aa K ONTUMAajJIbHOMY
IPOEKTUPOBAHUIO  KOHCTPYKTMBHO-AaHM3OTPOIIHBIX IaHENEHd HEeCyllUX IOBEPXHOCTEH
netatenabHbIX amnmapartoB (JIA) U3 KOMIO3UIIMOHHBIX MAaTepHalioB C OrPAaHUYCHUSIMH B
COOTBETCTBUU C YTOUHEHHOU TEOPUEHN MOTEPU YCTOMYUBOCTH.

B nybmukanumsax [1, 2] chopMmynupoBaHO aHAIMTUYECKOE pEIICHUE 3aJayu
ONTUMAJIBHOIO NPOEKTHpOBaHUA. PaccmarpuBaeTcs 3agada ONpPEAEIICHHsS NeOMETPUYECKUX
[apaMeTpPOB SKCUEHTPUYHO MOAKPEIUVIEHHBIX IUIOCKMX MPSAMOYTOJIBHBIX KOMITO3UTHBIX
nanesneit JIA MmuHuManbsHON Macchl. TONMIIMHBI CIIOEB U TEOMETPUUECKUE Pa3MeEPhl JIEMEHTOB
MAHEJIU SIBJISFOTCS HEU3BECTHBIMU IIEPEMEHHBIMU. Y CJIOBUE PABHOYCTOMYMBOCTH COCTABIISET
0azuc onTuManbHOrO mpoekra. OOmas M3ruOHash ¥ MHOTOBOJHOBAask KPYTHIIbHAs (OPMBI
MOTEPU YCTOMUYUBOCTH JIOJKHBI UMETh OJMHAKOBYIO BEPOSITHOCTH IPOSIBICHUS, B TO BpeMs
KaK 3armac IO YCTOMYMBOCTH IIOJIaraeTcsl OJM3KUM K €AMHUIE. 3ajada ONTHUMAJIbHOTO
MPOEKTUPOBAHUS CBOAMUTCA K MCCIEAOBAHMUIO LIEJ€BOW BecOBOW (YHKIUU KaK (YHKIHH
HECKOJIBKMX IIEPEMEHHBIX Ha YCIOBHBIN 3KCTPEMYM B CTPOTOM MaT€MAaTHYECKON ITOCTAaHOBKE
C UCIOJIb30BAHUEM AHAJTUTUYECKUX METOJIOB B COUETAHUM C YUCICHHBIMU METOIAMHU.

IIpencraBneHsl COOTHOLIEHHWs HOBOW MAaTeMAaTHMYECKOW MOJEIU I HMCCIEIOBaHUS
MOTEPU YCTOMYMBOCTH KOHCTPYKTMBHO-aHU3OTPOIHBIX KOMIIO3UTHBIX NaHenei. HayuHoii
HOBHU3HOM  SBJISIETCSl JaJIbHEWIIEe pPa3BUTHE TEOPHUM TOHKOCTEHHBIX YIPYTUX CTEpPXKHEH,
CBSI3aHHOE C MPOOJIEeMOIl KOHTaKTa OOLIMBKU M CTPUHIrepa ¢ y4€ToMm JedopMaluy CABHUra
CTpUHIEepa IPU 3aKPYUUBAHHH.

PaccmaTtpuBaroTcst  3ajaud  MOTEPH  YCTOMYMBOCTH  IUIOCKOM  NPSAMOYTOJBHOMU
MHOTOCJIOHON MaHENW W3 KOMIO3UIIMOHHBIX MAaTE€pHaJIOB C JKCIEHTPUYHBIM HAOOpOM
IPOJIOJIBHBIX U MOINEPEeUYHbIX pedep skecTKocTH. Takxke oOCyxknaeTcs moTepss yCTOMUYMBOCTH
IUIOCKOM MPSMOYTOJbHOM OOIIMBKH, SBISIOLIEHCS aHM30TPOINHON M3-32 HECUMMETPUYHOMN
CTPYKTYpbl MHOTOCIIOMHOrO Iakera no ToiuuHe. IlaHenn HaxomsaTcs mnox AeicTBHEM
pacIpenesieHHON IIOCTOSIHHOM COKMMArOLIEd Harpy3kd, NIPWIOKEHHOM K KpOMKaMm B
IUIOCKOCTH OOIIMBKU B MPOAOJIBHOM HampasieHud. [Ipeamonaraercs, 4To KpaeBble yCIOBUS
Ha KOHTYpE COOTBETCTBYIOT YacCTHOMY CIIy4arO0 I'DAHUYHBIX YCJIOBHMM JUIS TUIOCKOW 33J1a4 U
3a/1a4u u3ruoa.

[Ipo6nema norepu ycTONYMBOCTH MAaHEIEH CBOAUTCS K PELICHUIO KPAaeBbIX 3ajay Js
I depeHMaIbHOr0  ypaBHEHUs B YaCTHBIX IPOU3BOJHBIX BOCBMOIO IOpsIKa B
NpsIMOYTOJIBHOM 00JIacTH, TaKk Kak M3TUO HE OTAENseTcs OT IUIOCKOrO HaIpsKEHHOTO
cocTosiHUs. B KkadecTBe pacueTHOM MOJENM NPEUIaracTcs CXeMmMaTh3alus MaHelu Kak
KOHCTPYKTUBHO-aHU30TPOITHOM, KOTJa OMPENeNIIOTCs] KpUTHUECKUE CHUIIbI 0oO1Ie M3ruOoHoi
dopmbl TOTEpU ycTOMYMBOCTH. [Ing wWccriegoBaHUST MHOTOBOJHOBOTO  KPYTHUJIBHOTO
BBITTYYHUBAHUS MMAHEIW HEOOXOIMMO HMCIIOIB30BaTh anmapar 0000IMEeHHBIX (QYHKIIHH C 1EITbI0
JMCKPETHOTO BBOJA JKECTKOCTeH cTpuHrepoB. Pemenue audQepeHInaibHOro ypaBHEHUs
ne(OpMUPOBAHHON IMOBEPXHOCTH BOCHMOIO TOpsSAKAa B 3aMKHYTOM BHJIE TOCTPOEHO B
TPUTOHOMETPUUECKUX PALaX.
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Pazpaboran mnaker npuknaaabix MATLAB-nporpaMM u peanu3oBaH HpoIecc
ONTHUMAJILHOTO IIPOEKTUPOBAHHUS KOHCTPYKTUBHO-aHU30TPOIHBIX HaHeNen u3
KOMIIO3UIIMOHHBIX MAaTE€pHaIOB, HaXOSIIMXCS B YCIOBUSAX MEXaHMUYECKOI'O BO3JEHCTBUS,
IPUBOJALIETO K IOTEPE yCTOMYMBOCTHU. lIpencraBieHsl pe3ynbTaThl YACICHHON pealn3aluu
ONTUMAJIBHOTO PAa3MEPHO-BECOBOIO MPOEKTA JJIs IUIOCKMX IPSIMOYTOJIbHBIX IaHEIed U3
YIJIEIUIACTUKA C HECMMMETPUYHBIMM CTPYKTYypaMH MHOTOCJIOMHBIX IAKETOB IO TOJIILUHE
METOJIOM HEJIMHENHOI0 IPOrpaMMHUPOBaHUs — METO0OM I'PAJAMEHTHOTO CITYCKa.

Hemonctpupyercs MATLAB-niporpamma, KOTopast BRICTYIAeT B KAYECTBE COCTaBHOM
YaCcTH KOMIUIEKCAa MPOTPAaMMHBIX CEPBHCOB JJIsl pa3pabOTKH, anmpoOaluy M HUCHOJIb30BAHUS
HOBBIX METOJIOB B 00JACTH ONTUMAJIBHOI'O BECOBOI'O MPOEKTHPOBAHUS M KOHTPOJSI MAacChl
JeTaTeabHbIX anmnaparoB. [Iporpamma npenHasHaueHa JUIsl ONTUMAIbHOTO MPOEKTUPOBAHUS
KOHCTPYKTUBHO-aHH30TPOIIHBIX OOIIMBOK HECYHIMX IOBEPXHOCTEN JIETAaTENIbHBIX allapaToB
U3 KOMIIO3MIIMOHHBIX MaTepHalioB C OrPAaHUYEHUSIMM 110 YCTOMYMBOCTHM HA OCHOBE
YTOYHEHHOM Teopuu. [IporpamMma BBINOIHSAET KOHTPOJIb PACCUUTAHHBIX ONTHUMAJIbHBIX
FEOMETPUUECKUX [apaMEeTPOB Ha 3aJaHHbBIE OIPAaHUYECHMUSL.

BXOIHBIMM JNAaHHBIMM SBJISIFOTCS: BHEHIHSS IIOTOHHAs C)KMMAKoIash Harpyska,
IPUJIOKEHHAs! K TOPLEBBIM KPOMKaM IMaHEIU B MPOJIOJIbHOM HAIPaBIEHUU, T€OMETPUUECKUE
pa3Mepsl [TaHEN! B IJIaHE, YUCIIO CIOEB B IIAKETE, YIVIbl YKJIAJAKHU CIOEB B IIAKETE, Ha4YalbHbIE
npUOMMKEHHBIE 3HAUEHHUS TOJILIMH CJIOEB IaKeTa, MEXAHWYECKHE XapaKTEPUCTUKU CIIOEB
(MOynM yYHpPYrocTd B HPOJAOJIBHOM HAINpaBJICHUM, MOAYJIU YIPYrOCTH B IONEPEYHOM
HaINpaBJICHUH, MOy cBUTa, K03 durments! [lyaccona), mIOTHOCTE MaTepraina maHesH.

IIporpamma no3BOJISIET C BBICOKMM OBICTPOJIEHCTBHEM DPACCUUTHIBATH ONTHUMAJIbHBIC
TOJILIMHBI CJIOEB B MAKETE, ONTHMAJIbHOE 3HAYEHME LIEIEBOM BECOBON (YHKIMH, BEIUUYHUHY
KPUTUYECKOTO YCHJIUS 00w1e u3ruOHoN (opMbl MOTEPH YCTOWYMBOCTH MAHEIU HAa OCHOBE
YTOYHEHHON TEOPUH KaK OrpaHUYEHUs IIPU IPOEKTUPOBAHUHU, ITAPAMETPhI BOJIHOOOpa30BaHUs
oOmielt u3ruGHoM GOpMbI NOTEPU YCTOMYUBOCTH ITAHETIH Ha OCHOBE YTOUHEHHON TEOpHUH.

Pe3ynbTarhl ONTUMAIBHOIO MPOEKTUPOBAHUSA C OTPAHUYEHUSIMH, IOCTPOCHHBIMU B
pamMKax YTOYHEHHOW TEOPHM, OTKPBIBAIOT BO3MOKHOCTH ISl CHM)KEHHS M ONTHUMHU3aLUU
BECOBBIX XapaKTEPUCTUK 3JIEMEHTOB IUIaHEpa CaMOoJIeTa.
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Control of a size-weight project parameters for optimal design of structurally
anisotropic panels of aircraft made of composite materials with restrictions according to
the refined buckling theory
Gavva L.M.%, Korolskii V.V.%, Turbin N.V.!

'MAI, Moscow

The aim of the study is to control the geometric parameters of a size-weight project
within the framework of the developed approach to the optimal design of structurally
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anisotropic panels of aircraft lift surfaces made of composite materials with limitations in
accordance with the refined buckling theory.

In works [1, 2], an analytical solution to the optimal design problem is formulated.
The problem of determining the geometric parameters of eccentrically reinforced flat
rectangular composite panels of minimal mass is considered. Layer thicknesses and geometric
dimensions of panel elements are the unknown variables. The condition of equal buckling
resistance is the basis of the optimal project. The general bending and multi-wave torsional
forms of buckling should occur with the same probability, while the buckling margin of safety
is assumed to be close to one. The optimal design problem reduces itself to the study of the
objective function of weight as a function of several variables for a conditional extremum in a
strict mathematical formulation using analytical methods in combination with numerical ones.

The relations of a new mathematical model for studying buckling of structurally
anisotropic composite panels are presented. The scientific novelty is the further development
of the thin-walled elastic rod theory associated with the problem of contact between the skin
and the stringer, taking into account the shear deformation of the stringer during twist.

The problems of buckling of a flat rectangular multilayer panel made of composite
materials with an eccentric set of longitudinal and transverse stiffeners are considered. The
buckling of a flat rectangular skin, which is anisotropic due to the asymmetric structure of the
multilayer package through thickness, is also discussed. The panels are under the action of a
distributed constant compressive load applied to the edges in the plane of the skin in the
longitudinal direction. It is assumed that the boundary conditions on the contour correspond to
a special case of boundary conditions for the plane problem and the bending problem.

The problem of panel buckling reduces itself to solving boundary value problems for
an eighth-order partial differential equation in a rectangular region, since the bending is not
separated from the plane stress state. As a computational model, the schematization of the
panel as structurally anisotropic is proposed, when the critical forces of the buckling general
bending shape are determined. To study the multi-wave torsional buckling of the panel, it is
necessary to use the apparatus of generalized functions in order to input the stringers stiffness
discretely. The solution of the differential equation of the deformed surface of the eighth order
in a closed form is made in trigonometric series.

A package of applicable MATLAB programs has been developed and the process of
optimal design of structurally anisotropic panels made of composite materials under
conditions of mechanical stress leading to buckling has been implemented. The results of
numerical implementation of the optimal size-weight project for flat rectangular carbon fiber
panels with asymmetric structures of multilayer packages in thickness by the method of
nonlinear programming i.e. the gradient descent method are presented.

The MATLAB program is demonstrated, which acts as an integral part of a software
services complex for the development, testing and use of new methods in the field of aircraft
optimal weight design and mass control. The program is made for optimal design of
structurally anisotropic skins of aircraft lift surfaces made of composite materials with
buckling limitations based on a refined theory. The program performs control of the
calculated optimal geometric parameters for the specified constraints

The input data are the following ones: external linear compressive load applied to the
end edges of the panel in the longitudinal direction, geometric dimensions of the panel in
plane, number of layers in the package, angles of the layers in the package, initial
approximate values of the layers thicknesses, mechanical characteristics of the layers (elastic
moduli in the longitudinal direction, elastic moduli in the transverse direction, shear moduli,
Poisson ratios), density of the panel material.

The program allows you to calculate with high speed the optimal thickness of the
layers in the package, the optimal value of the objective function of weight, the magnitude of
the critical force of the general bending shape of the panel buckling based on the refined
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theory as design constraints, as well as the parameters of wave formation of the general
bending shape of the panel buckling based on the refined theory.

The results of optimal design with constraints made within the framework of the
refined theory open up opportunities for reducing and optimizing the weight characteristics of
the airframe elements.
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IIpyMeHeHNe BApHAIIMOHHBIX METOA0B /Il Pa3padO0TKH ONTUMAJIbHBIX
MHOTronapamMeTpuYecKuX Mojesiei 10JroBe4YHOCTH KOMIIO3UIIHOHHBIX MAaTEpPHAJIOB U
KOHCTPYKUMI MPHU BO31eHCTBHH IKCTPEMAJIBHBIX (AKTOPOB BHELIHEH Cpebl
I'yces EJL'*, bakymun B.H. 3
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Bce Bo3pacraroniee npuMeHEeHHE KOMIIO3UTOB B TAKMX COBPEMEHHBIX OOJACTSIX Kak
aBUa- U KOCMHYECKasi TEXHUKa, CyI0CTPOeHUE, He(hTsHAs U Ta30Basi IPOMBIIIJICHHOCTh U JIp.,
00yC/laBIMBaeT BAXHOCTh U aKTyaJlbHOCTb pa3pabOTKu 3(PQPEKTUBHBIX BbICOKOTOYHBIX
METO/IOB JOJITOCPOYHOTO MPOTHO3UPOBAHHUS OTIPEETISIOIIIX XapaKTePUCTUK
KOMIIO3UIIMOHHBIX MaTe-pruaioB M KOHCTPYKIHMU W3 HUX (OCTaTOYHOTO pecypca, MPOYHOCTH,
Ha/Ie’KHOCTH, JOJITOBEY-HOCTH) .

[IpoBeneHo  mWccienOBaHWE — TEPCHEKTHBHBIX — BO3MOXHOCTEH  TPUMEHEHUS
COBPEMEHHBIX MOJOKEHUH KMHETUYECKOW TEOPHH MPOYHOCTH ISl Pa3paOOTKH ONMTUMATbHBIX
MOZIETICH JOJITO-BEYHOCTH KOMIIO3HIIMOHHBIX MaTepPHaioB M KOHCTPYKUWH W3 HHUX TpHU
BO3/IEHCTBUM 3KCTpeMajb-HbIX (PAKTOpOB BHeIIHEeH cpeasl. Ha ocHOBe mnpuMeHeHus u
pa3BUTHS METOJIOB MAaTeMarW4ecKOT0 M KOMIBIOTEPHOTO MOJCIHPOBAHUS Pa3pabOTaHbI
3 QeKTUBHbIE METO/bl MPOrHO3UPOBAHUS OIPEIEIAIONIMX XapaKTEPUCTHK (OCTATOYHOTO
pecypca, TPOYHOCTH, HAACKHOCTH, JIOJTOBEY-HOCTH) KOMIIO3HTOB B IKCTPEMAIbHBIX
yCJIOBUSX BHEMIHEH cpesl [ 1-6].

B03MOXHOCTB OIIEHKH HAa OCHOBE (DU3MUYECKUX IKCIIEPUMEHTOB OTIPEEIISIONINX Mapa-
METPOB (PU3UKO-XUMHUYECKUX TPOLIECCOB,  MPOMUCXOIAIINX HAa MHUKPOYPOBHE,  MOXKET
MO3BOJIUTh B €IMHOOOpa3HOW (hopMe HCCIIEOBAaTh CYIIECTBEHHbIE OCOOEHHOCTU BIIMSIHUS
pasIMYHBIX BHMJOB  BHEIIHMX BO3JEHCTBHIM Ha CKOpPOCTh  Ipeodialaroniero Imporecca
CTapeHHs, a TakXke pa3padoTaTh (QYHKIMOHAIBHBIE COOTHOIICHUS, XapaKTEpU3YIOIINE
COOTBETCTBYIOIIIME KOJWYECTBEHHBIE CBS3M, OINMCHIBAIOILINE BIMSHUE Pa3IMYHBIX BUIOB
BHEIITHUX BO3JIEUCTBHI Ha CKOPOCTh MPeoOIIagaroero mpoecca CTapeHus.
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Application of variational methods for the development of optimal multiparametric
models of durability of composite materials and structures under the influence of
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Center of the Siberian Branch of the Russian Academy of Sciences», Yakutsk, Russia
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* Moscow Aviation Institute (National Research University), Moscow, Russia
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The increasing use of composites in such modern fields as aviation and space
technology, shipbuilding, oil and gas industry, etc., determines the importance and relevance
of developing effective high-precision methods for long-term forecasting of the defining
characteristics of composite materials and structures made of them (residual life, strength,
reliability, durability).

A study of the promising possibilities of applying the modern provisions of the kinetic
theory of strength to develop optimal models of the longevity of composite materials and
structures made of them under the influence of extreme environmental factors has been
conducted. Based on the application and development of mathematical and computer
modeling methods, effective methods for predicting the defining characteristics (residual life,
strength, reliability, durability) of composites in extreme environmental conditions have been
developed
[1-6].

The possibility of evaluating on the basis of physical experiments the determining
parameters of physics-chemical processes occurring at the micro level can allow us to study in
a uniform form the essential features of the influence of various types of external influences
on the speed of the prevailing aging process, as well as to develop functional relationships
characterizing the corresponding quantitative relationships describing the influence of various
types of external influences on the speed of the prevailing aging process.
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Oco0eHHOCTH onpe/ie/ieHHsl TePpMUUEeCKNX K03 (PUIINEHTOB JUHEHOro pacupenus Al-
Cu-Li ciutaBoB M MOKpPBITHIA
Topneesa MW", Ipokonenko JI.A.%, Beikagopos A.H.*, Camoiinenko B.M.?
! MAMU, r. MockBa, Poccus
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Tepmudeckuit kodpdunment nuHeHOro pacmmpenus, nanee - (TKJIP) sBisercs
BO)XHOHM XapaKTEpUCTUKONH KOHCTPYKLIMOHHBIX M (DYHKLIMOHAIbHBIX MaTEpUANIOB, TAKUX Kak
MOKPBITHUS, CIIONCThIE © MHOTO(a3HbIe MOHOJIIUTHBIE MAaTEPHAIIBI, TIOCKOJIBKY HECOOTBETCTBUE
TKJIP (a3 mim KOMIOHEHTOB IPUBOJIUT K Pa3pyLICHUIO U3JENUs NPH TEPMOLUKINPOBAHUH.
Kpome Toro, mjis matepuanoB ¢ HEKYOMYECKOM PEIIETKOM BaXHOUW MpPOOJIEeMON CTaHOBUTCSA
anuzorponuss TKJIP, xoTtopas MOXeT NpPUBECTHM K HECOBMECTHOCTH JehopMalMu 3epeH
Pa3HbIX OpHMEHTalUUi Jake B OAHO(DA3HBIX CIUIaBaX. OKCIEPUMEHTAJIbHOE OIpEICIICHUE
TKJIP MeTonoM BBICOKOTEMIIEpATYPHOU PEHTTEHOBCKOM CBEMKM B OTIMYHE OT
JUIIaTOMETPUH, M03BoJseT npoBoauTh u3MepeHue TKJIP pasnuunbix (a3 B MHOroasHbIxX
CHCTEMaXx, a TAKXKE B TOHKHX MOBEPXHOCTHBIX CJIOSIX U MOKPbITUsX. CrutaBbl cuctembl Al-Li
HaxXOJAT IIMPOKOE NPUMEHEHHWE B a’pPOKOCMHUYECKONW TEXHHMKE Ojarojaps yHHKaJIbHOMY
COYETAaHUIO0 HU3KOW IUIOTHOCTH, TpeOyeMOH MPOYHOCTH M HCKJIIOYUTENBHO BBICOKHX I10
CPaBHEHMIO C JPYT'MMHU aJIOMUHUEBBIMM CILJIaBaMH 3HA4€HUU ynpyrux moxaynei [1, 2, 3]. B
HACTOALLEE BpPEMS Pa3BUBACTCA HAIPABICHUE HCCIENOBaHUM C LIEIBI0 CO3JIaHUS HOBOTO
IIOKOJIEHUSI MAaTEpHAIOB JUISI CAMOJIETOCTPOEHUS — CIIOMCTBIX aAJIFOMOCTEKIIOIUIACTHKOB
(CUAJIoB) Ha 6a3ze cuctembl Al-Cu-Li. Dto mo3Bomur Ha 8-10% MOBBICHTH MOJIYJIb
ynpyroctd u Ha 5-7% cHuszuTh miotHocth CUAJIoB [4, 5]. Tem He MeHee, onTUMU3AIUS
COCTaBOB CIUIABOB B IUIAHE MOJYYEHUS MAKCUMAJIBHBIX IPOYHOCTHBIX WM YIPYI'MX CBOWMCTB
OCJIO)KHSAETCS METOAMYECKMMHM  MpoOjieMaMH OLEHKHM YIPYruX CBOMCTB Ha JTamax
KU3HEHHOTO IMKJIa mpoaykTa (uznenus) [6, 7]. B »ToM mnjaHe mnepcrnieKTUBHBIM
MIPEACTABIIETCS MTOMCK KOPPEIALMNA MEXIy YINPYTMMH MoAyiasMH M BenuuuHamu TKIIP
criaBoB cuctembl Al-Cu—Li.

B macrosimeit paboTe pacCMOTPEHBI HEKOTOPbIE METOIWYECKHE TMPOOIEMBI
onpenenenuss 3HaueHnid TKJIP nns MHOrodasHbIX CIJIaBOB M HOKPBITUH  METOJIOM
BBICOKOTEMIIEPATYPHOM PEHTTEHOBCKOM CBEMKHM, a TaKK€ pacCMOTpPEHa KOPpPEsLHUH
xapakrepuctuk TKJIP co cBoiictBamu crutaBoB Al-Cu—Li, kotopsie MoryT cnoco0cTBOBaTh
pacIIMpPEeHNI0 BO3MOXKHOCTENH MeTona u3MepeHns TKJIP mpumeHuTenbHO K MCCIIETOBaHUSIM
CTPYKTYpHO-()a30BOro coctossHusl MarepuanoB. lloka3aHO MPEeMMYIIECTBO HCIHOIb30BAHUS
st onpexaenenuss TKJIP  BbicokoTeMmepaTypHOM pEHTT€HOBCKOM cbheMku. B pabote
onpenenensl 3HadeHuss TKJIP nns Bcex Tpex (a3 Tpexda3zHOro MOKPBHITHUS YAAIOCh, YTO
HEBO3MOKHO pPEajn30BaThb HE TOJIBKO JUIsl MOKPBITUH, HO U Ui OOBbEMHBIX OOBEKTOB NPHU
UCTONb30BaHUM JuinaroMmerpa. Ilpu stom mns nByx a3 ¢ terparoHanbHou (t-Zr0z) u
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rekcaroHaibHoi  (0-Al,03) pemerkamu  BbICOKOTEMIEpaTypHas ChEMKa I1O3BOJISET
onpeaenuts BenuuuHbl TKJIP  Boomb oceld «c» W «a», T.6. ONPEAEIUTh Ha
NOJUKPUCTAIUTMYECKOM ~ OOBEKTE  MOHOKPUCTAJIbHBIE KOHCTAHTBI, YTO HEBO3MOXKHO
peann30BaTh HUKAKUM JIPYTUM METOJO0M.
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Peculiarities of determination of thermal coefficients of linear expansion of Al-Cu-L.i
alloys and coatings
Gordeeva M.I.1, Prokopenko D.A.%, Bykadorov A.N.%, Samoilenko V.M.?
'MAI, Moscow, Russia
2MSTU CA, Moscow, Russia

The thermal coefficient of linear expansion - (LTEC) is an important characteristic of
structural and functional materials, such as coatings, layered and multiphase monolithic
materials, since the mismatch of the LTEC of phases or components leads to the destruction
of the product during thermal cycling. In addition, for materials with a noncubic lattice, an
important problem is the anisotropy of the linear expansion coefficient, which can lead to
inconsistency in the deformation of grains of different orientations even in single-phase
alloys. Experimental determination of LTEC by high-temperature X-ray imaging, in contrast
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to dilatometry, makes it possible to measure the LTEC of various phases in multiphase
systems, as well as in thin surface layers and coatings. Alloys of the Al-Li system are widely
used in aerospace technology due to the unique combination of low density, required strength,
and exceptionally high values of elastic moduli compared to other aluminum alloys [1, 2].
Currently, a direction of research is being developed with the aim of creating a new
generation of materials for aircraft construction - layered aluminum-glass plastics (GLARE)
based on the Al-Cu—Li system. This will increase the elastic modulus by 8-10% and reduce
the density of GLARE by 5-7% [3]. However, the optimization of alloy compositions in
terms of obtaining maximum strength or elastic properties is complicated by methodological
problems in assessing elastic properties [4, 5, 6].

In this regard, the search for correlations between the elastic moduli and the values of
the thermal expansion coefficient of alloys of the Al-Cu—Li system seems promising. Al-Cu—
Li, which can contribute to the expansion of the possibilities of the method for measuring the
thermal expansion coefficient in relation to the study of the structural-phase state of materials.
The advantage of using high-temperature X-ray photography to determine the LTEC is
shown. In the work, the values of LTEC for all three phases of a three-phase coating were
determined, which is impossible to realize not only for coatings, but also for bulk objects
using a dilatometer. At the same time, for two phases with tetragonal (t-ZrO,) and hexagonal
(a-Al03) lattices, high-temperature photography allows one to determine the values of LTEC
along the axes "c" and "a", i.e. to determine single-crystal constants on a polycrystalline
object, which cannot be realized by any other method.
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MeToauka onpeeseHnst yNpoUHAKOIHUX (a3 CBAPKHU ¢ TPeHHEM U NepeMellInBAHNEM B
COeIMHEHUAX U3 AJTIOMHMHHEBOrO ciiiapa AA2519
l'opneesa M., 3yiiko N.CA [Ipoxonenko AL
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2Beﬂropoz[cm/lﬁ roCyJ1apCTBEHHBIN HALIMOHAIBHBIN UCCIEN0BATEIbCKAN YHUBEPCUTET,
benropon, Poccus

W3rotoBneHne KpymHOTra0apUTHBIX CBapHBIX KOHCTPYKIUH U3 BBICOKONPOUYHBIX
QIIOMUHUEBBIX CIUIABOB CBS3aHO C MpOOJeMaMH HMX pa3ylmpoOvYHEHUsS IOJ BO3JICHCTBHEM
TEPMHUYECKOTO I[MKIa cBapku raBiaeHueMm [1].  IloBblcuTh  SKCIUTyaTallMOHHbBIE
XapaKTePUCTUKU CBApHBIX coeAuHeHU [2, 3, 4] BO3MOXXHO 3a CYET NMPUMEHEHHS] HOBBIX
3¢ (PeKTUBHBIX  TEXHOJOTMYECKUX  TMPOIECCOB, TaKUX KaK CcBapka TpEHUEM C
nepememnBanueM, gaiee - (CTII).

[Ipouecc CTII obecrieurBaeT MHOTOYHCIEHHBIE IPEUMYIIECTBA, O0YCIOBIICHHBIE TEM,
4TO CBapKa MPOMCXOAWT Oe3 IepeBoAa cIlaBa B paciaB. lIpexxae Bcero, 3To HU3KHE
OCTaTOYHbIE HAIpPsDKEHUs, Malible JedopMalui U UCKaKEeHUs (GOpPMBI 3arOTOBKH, XOpOIIas
CTaOMIIBHOCTh Pa3MEpOB M BOCIIPOM3BOAUMOCTD MPOLIECCA, OTCYTCTBHE MOTEPH JIETHPYIOIIUX
9JIEMEHTOB, TOHKasi MUKPOCTPYKTYypa, oTrcyrcTBue TpemuH. [Iponecc CTII xapakrepusyercs
COYETaHHUEM IMPOLECCOB Ae(HOPMAIMOHHOTO W TEPMHUYECKOTO BO3ICHCTBUS, KOTOPHIC
GOpMUPYIOT CIIOKHOE CTPYKTYypHO-()a30BO€ COCTOSIHHE, WCCIEIOBAaHUS KOTOPOTO Kak
NpaBWIO BKIIOYAIOT H3YYEHHUE MEXAaHHMYECKUX CBOMCTB, MHUKPOCTPYKTYPBI, TEKCTYpHI,
dazoBoro cocraBa M OCTaTOUHBIX HampspkeHuil [5]. TlosTomy nake nns TakuxX XOPOIIO
U3y4YCHHBIX MaTepuaiioB, Kak ciiaBbl Al-Cu—M(, BO3HHKAIOT TPOOJIEMBbI ONTUMH3ALUH HX
CIIy’)keOHBIX CBOMCTB mpuMmeHutenbHo K mpoueccam CTII. Dtu mpobieMbl B OCHOBHOM
CBSI3aHBI  C  HEJOCTAaTKOM  CBEACHMH O  KOJMYECTBEHHBIX  XapaKTEPUCTHKAX
BBIJICIISIFOIIUX CS1\PACTBOPSIOIINXCSA MHTEpPMETALIMIHBIX (a3, Takux kak 0" (AlzCu), 0’
(Al,Cu) u 0 (AlCu) B pesynbrare Bo3zaeiictBusi CTII. B pabGore mpexacraBieH aHaiu3
dazoBoro cocraBa, TEKCTypbl U AePOpMaAlUU KPUCTAIMYECKOW PEIIeTKH AITIOMHHHEBOIO
crutaba AA2519 (Al-5.64Cu—0.33Mn-0.23Mg-0.15Zr), moaseprayroro CTII. IIpormecc
ocymiecTBIsUM B yenoBusax Hu3koro (HT) u Beicokoro temnosnoxenuit (BT).

s HT Bapuanta CTII HabmroaeTcs ocinalbiaeHre KOMIIOHEHTa TEKCTYPhI IPOKATKU U
yCUJIEHHE KOMIIOHEHTOB TEKCTYphl C/ABMra IO Mepe IMepexoja OT OCHOBHOIO MaTepuaia K
KOpHIO IIIBA, CEpelMHE W BEpXHEMY cedeHuio. [IpemmokeH crmocod OIEHKH KOJIMYeCTBa
MeTacTaOmiIbHBIX (0’ 1 0”) (a3 uccnenoBaHHOTO cIijlaBa Kak Pa3sHOCTH MEXIY CYMMapHOM
JoJiell  BceX MeIbcojepKalmx (a3 M KOJIMYECTBOM paBHOBECHOM 0-(asbl, KOTOphIE
OTIPENIeNISITUCH C MMOMOIIIBIO U3MEPEHUs MepPHUo/ia PEIIeTKH TBEPIOTr0 PAcTBOPa U € TOMOIIbIO
CTEPEOJIOTUYECKON  MPOIEAYPhl, COOTBETCTBEHHO. (C TIOMOIIBI0O HOBOW  METOJIUKU
KOJINYECTBEHHOTO (Da30BOT0 aHalu3a ONpeAeNieHbl COOTHOLIEHHS MEXAYy cTaOuiabHOM 0-
¢azoit u HepaBHOBecHbIMH 0’ 1 0"~ (azamu, Mpu FTOM MOKA3aHO, YTO YHIPOUHSIOMHUN dDPeKT
OT MOCJETHUX 3HAUNUTENILHO BBIIIE, YEM OT PABHOBECHOIA.

Paboma evinonnena npu gunancosoii noodepowcke Poccuitickoco Hayunozo ¢honoa
(epanm Ne 23-49-00098).
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Method for determination of strengthening phases friction stir welding in compound
from AA2519 aluminum alloy
Gordeeva M.1.1, Zuiko 1.S.%, Prokopenko D.A.*
! MAI, Moscow, Russia
?Belgorod State National Research University, Belgorod, Russia

The manufacture of large-sized welded structures from high-strength aluminum alloys
is associated with the problems of their softening under the influence of the thermal cycle of
fusion welding [1]. It is possible to improve the performance of welded joints [2, 3, 4]
through the use of new efficient technological processes, such as friction stir welding -
(FSW).

The FSW process provides numerous advantages due to the fact that welding takes
place without the transfer of the alloy into a melt. First of all, these are low residual stresses,
small deformations and distortions of the workpiece shape, good dimensional stability and
reproducibility of the process, no loss of alloying elements, fine microstructure, no cracks.
The FSW process is characterized by a combination of deformation and thermal impact
processes, which form a complex structural-phase state, the studies of which, as a rule,
include the study of mechanical properties, microstructure, texture, phase composition, and
residual stresses [5]. Therefore, even for such well-studied materials as Al-Cu—Mg alloys,
there are problems of optimizing their service properties in relation to FSW processes. These
problems are mainly related to the lack of information about the quantitative characteristics of
the precipitated / dissolved intermetallic phases, such as 6” (Al3Cu), 6’ (Al,Cu) and 6 (Al,Cu)
as a result of the impact of the FSW. This paper presents an analysis of the phase
composition, texture, and deformation of the crystal lattice of an aluminum alloy AA2519
(Al-5.64Cu—-0.33Mn-0.23Mg-0.15Zr) subjected to FSW. The process was carried out under
conditions of low (LT) and high heat input (HT).

For the LT variant of the FSW, a weakening of the rolling texture component and an
increase in the shear texture components are observed as the transition from the base material
to the weld root, middle and upper section is observed. A method is proposed for estimating
the number of metastable (0" and 8”) phases of the alloy under study as the difference between
the total fraction of all copper-containing phases and the amount of the equilibrium 6-phase,
which were determined by measuring the lattice period of the solid solution and using the
stereological procedure, respectively. Using a new method of quantitative phase analysis, the
ratios between the stable 6-phase and non-equilibrium 6’ and 0”-phases were determined, and
it was shown that the strengthening effect of the latter is much higher than that of the
equilibrium one.
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B3pbIBHBIC TEXHOJIOTMH HCIIBITAHNH KOHCTPYKIMM JIeTaTeIbHBIX ANNAPATOB
K KOMILIEKCHOMY MEXaHHYECKOMY U TEIIOBOMY JAEHCTBHIO M3JIyYeHHUH U YaCTHIL
Octpuk A.B. !
1d)I/H_[ npobsIeM XUMHYECKON GU3NKK 1 MeauuHCKoi xumun PAH, r. YepHorooBka,
Poccus

PazpaboTka TeXHOJIOTUI MOAETUPOBAHUS COBMECTHOI'O TEIJIOBOI'O M MEXAaHUYECKOI'O
JEHCTBUS TOTOKOB SHEPTUU PA3IMUHON PU3NYECKON MPUPOIbI HA KOHCTPYKIIMH JIETATEIbHBIX
anmaparoB sIBJSIETCS MPAKTHYSCKH BaKHOM 3amaueil mpukiagHoit ¢usuku [1, 2]. Habopsr
YCTPOMCTB JUIsl MOJEIMPOBAHUS TEIJIOBOTO U MEXAHUYECKOTO JAECUCTBUS IIOTOKOB MU3JIY4CHUI
u vactun (ITNMY) BepudunmpoBansl U mmupoko ucnonb3yrores [1]. Ho mis ux coBmecTHOro
npUMeHeHUs TpeOyeTcs pa3paboTKa ClelUaIbHbIX CTEH/I0B.

B pabote paccmaTpuBaeTcsi HOBBI YHMBEPCAJIbHBIM HCHBITaTENbHBIM cTeHa [3],
MIO3BOJISIIOIIMNA MCCIIEI0BATh COBMECTHOE TEILUIOBOE M MexaHudeckoe nercreue [IMY Ha
KOHCTpYKIUHU JIA ¢ OTHOBpEMEHHBIM MOJEIMPOBAHUEM TOJETHBIX YCI0BUI. B 3TOM cTreHne
UCIIOJIb3YIOTCS COBPEMEHHBIE CpEJICTBAa OBICTPOrO HarpeBa KOHCTPYKUUH (C MOMOUIbIO
KOHTaKTHOM TOKOMNPOBOJAIIEH IUIACTUHBI, JMCTOBBIX MUPOTEXHHUYECKUX 3apsanoB u CBY-
u3nyyatenei  Oonbpmiod  MomHOCTH  (MarHeTpoHoB)). [locpeacTBoM — HCHOIB30BaHUS
pa3IMYHBIX COYETAHMM CpPEJCTB HarpeBa BHEUIHEW M BHYTPEHHEW CTOPOH KOHCTPYKLUU
yZaeTcs MOJIyYUTh peaIu3yIolIuecsl Ha MPaKTHKe TeMiepaTypHble npopuin. OTMETUM, 4To
MarHeTpoHbI IPU HCHBITAHUSAX Ha MPOYHOCTh KOHCTPYKIMH K COBMECTHOMY TEIUIOBOMY U
MexaHnndeckoMy aerctuto [ITNMY ucnonb3yroTcst BOEPBEIE.

OCOOEHHOCTBIO METOJla HCHBITAaHWH, KOTOpas peaJn3oBaHa B IpeagaraeMom
WCIIBITATEIIBHOM CTEHJIE, SBJISIETCSI KOHTPOJIb BCEX BOCHPOU3BOJIMMBIX OCHOBHBIX ITapaMETPOB
neiictBuit [IMY. Takolt KOHTPOJIb HEOOXOAMUM, ITOCKOJIBKY B3pBIBHBIE YCTPOWCTBA 00J1a1al0T
HU3KON BOCIIPOM3BOJAUMOCTBIO TAPAMETPOB HAIPY3KHU OT ONBITA K OIBITY.

Paboma nposooumcsa npu ¢unancosoii noodepicke PHD (coenawenue Ne 21-72-
20023).
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Explosive technologies of tests of constructions of aircraft
to complex mechanical and thermal action of radiations and particles
Ostrik A.V.*
Federal Research Center of Problems of Chemical Physics and Medical Chemistry of the
Russian Academy of Sciences, Chernogolovka, Russia

The development of technologies for modeling the combined thermal and mechanical
action of energy fluxes of different physical nature on flight vehicles is practical and
important task of applied physics [1, 2]. Sets of devices for modeling thermal and mechanical
action of radiation and particle fluxes (RPF) are verified and widely used [1]. But their joint
use requires the development of special unified stands.

A new universal stand [3] allowing to investigate the joint thermal and mechanical
action of RPF on the aircraft constructions with simultaneous simulation of flight conditions
is proposed. Modern means of rapid heating of structures (with the help of contact current-
conducting plate, sheet pyrotechnic charges and microwave emitters of high power
(magnetrons)) are used. Temperature profiles realized in practice can be obtained by means of
various combinations of heating means of external and internal sides of the construction. Note
that magnetrons have not previously been used in strength tests for combined thermal and
mechanical effects of RPF.

A feature of the test method which is implemented in the proposed stand is control of
all reproduced main parameters of RPF actions. Such control is necessary because the
explosive devices have low reproducibility of the loading parameters from experiment to
experiment.

The work is carried out with the financial support of the Russian National Fund
(Agreement No. 21-72-20023).
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BeiBoa M nccienoBaHue PyHKIMU NPOHMIAEMOCTH KOHTAKTA KJINHOBUIHOH KPOMKH
METANINYEeCKOro YIUIOTHEHHs ¢ (MJIaHIeM ¢ Y4€TOM BHEIIHeH HATPY3KH.
BboiixoB A.A.l, Pon O.A}
1MAI/I, r. MockBa, Poccus

Pemaercst 3amavya BeIBOZIa PYHKITMY MPOHUIIAEMOCTH KOHTAKTa KIMHOBUIHOU KPOMKHU
ymiotHenuss ¢ ¢uanueM. JlanHas < QyHKOMS ~ TIOKa3bIBaeT  3aBUCHMOCTh  YTEUKH
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TEPMETU3UPYEMOU Cpelbl 4Yepe3 YIUIOTHAEMBIM CTBIK OT yrja KIMHOBUIHOM KPOMKH
YVIUIOTHEHHs. B kadecTBe Mozenn MacconepeHoca, Ha OCHOBAaHMU KOTOpPOH BBIBOJIMIIACH
nanHas GyHkuus, cyxuT teopus Kozenn-Kapmana [1-9]. Panee aBropamu Oblia BbIBeleHa
naHHas GYHKIHMS B MPEINOJIOKEHUHU, YTO MpUpalleHue KOHTAKTHOW Harpy3kd, BBI3BAHHOE
BO3JICHCTBUSIMU BHEUIHUX CHJIOBBIX (DAKTOPOB, MPEHEOPEKUMO MaJ0 IO CPABHCHHIO C
KOHTaKTHOM Harpy3KoM, BO3HHUKAIOIIEH MpH 3aTsHKKe coequHeHus [10]. DTo cuiibHO CHUKAIIO
001acTh IPUMEHEHHUS MOMYYCHHOH (YHKUIMU. B COBpEeMEHHOI repMETONOrHH YCTaHOBIICHO,
YTO C TOYHOCTBIO, JOCTATOYHOM /I pElICHUs TEXHUYECKHX 3a]ad, MOXHO pacCUUTHIBATh
YTEUKY 10 CPETHEMY YPOBHIO KOHTAKTHOT'O JaBjieHUs B CThIKE [7]. [lonb3ysce 3TUM, MOKHO
npeoOpa3oBaTh BHIpAXKEHUS, NoidydeHHble B pabote [10], Takum oOpazom, 4TO OHU OyayT
MPUMEHUMBI I Ciy4as, KOrjJa MpUpalleHue KOHTAKTHOM Harpy3kd, BO3HHUKIIEE MO/
JEHCTBHEM BHEIIHUX CHIJIOBBIX (PakTOpOB, Oy/leT COMOCTaBUMO IO 3HAUYEHHUIO C KOHTAKTHOMN
HArpy3KO#, BO3HUKIIEH mpu 3aTshkke coenauHeHus. Kak u B pabote [10] dynkuus Obuia
[OJIydeHa B HEABHOM BHJI€, I[O3TOMY UCCJIENOBATh €€ KIACCUYECKUMU METOJAMHU
MaTEeMAaTHYECKOTO aHalIW3a HE MPEJICTAaBMIOCh BO3MOXKHBIM. [loaTomMy cHOBa ObLIH
OCTpOeHbI Tpaduku QYHKIMHA JUIs pa3HBIX ciiydyaeB. B pe3ynbrare ObUI MOJIyYeH Hay4dHBIH
METO/, KOTOpPBIi MOXKET OBITh MCIOJIb30BAaH IIPU MPOCKTUPOBAHUM YIUIOTHEHUH C
KJIMHOBUIHBIMH KPOMKAMHM M TO3BOJISIONIMIM BBIOpPATh Yrosl KPOMKH, OOECIIeUMBAIOLIUI
MUHHUMAJIBHYIO YTEUKY T€PMETU3UPYEMOU CPEIbI.
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Derivation and exploration of permeability function for contact of wedge-shaped edge of
metal seal with flange, taking into consideration external loads
Boikov AA.", Rod 0.A.*
'MAI, Moscow, Russia

The problem of deriving the permeability function of the contact of the wedge-shaped
edge of the seal with the flange is solved. This function shows the dependence of the leakage
of the sealed substance through the sealed joint on the angle of the wedge-shaped edge of the
seal. Kozeni-Karman theory was chosen as leak model [1-9]. Earlier, the authors derived this
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function under the assumption that the increment of the contact load, occurred by action of
external loads, is negligible compared to the contact load that occurred by tightening of
connection [10]. This fact greatly reduced the scope of the resulting function. In modern
germetology, it has been determined that with an accuracy sufficient to solve technical
problems, it is possible to calculate leakage by the average level of contact pressure at the
joint [7]. Using this, it is possible to transform the equations obtained in [10] in such a way
that they will be applicable for the case when the increment of the contact load caused by
external loads will be comparable in value to the contact load that occurred when the
connection was tightened. As in [10], the function was obtained implicitly, so it was not
possible to explore it by classical methods of mathematical analysis. Therefore, function
graphs were constructed again for different cases. As a result, a scientific method was
obtained that can be used in the design of seals with wedge-shaped edges and allows to
choose an edge angle that ensures minimal leakage of the sealed substance.
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OcobenHocTH 0011l METOAMKH MPOEKTHUPOBAHUSA IJIOCKUX KOMIIO3UTHBIX MaHeJ el
CPeHUX TOJIIIMH NPH JONMYCTHMOCTH reOMEeTPHYECKH HeJIMHCHHOI 0 NOBEeICHHS €
y4eToM odecrie4eHUs1 CTATHYEeCKOH MPOYHOCTH NPH CKATUH
Mutpodanon O.B.1, Toponsunaa E.1O.

! MAMU, r. Mocksa, Poccus

W3BecTHO, UTO MpPU PACCMOTPEHUHU 3aJa4 I€OMETPUYECKH HEIMHEHHOro IMOBEACHUS
TOHKHMX IUIOCKUX KOMITO3UTHBIX TIaHeJel YUYUTBIBAIOTCS JOMOJHHUTEIbHbIE MeMOpaHHBIE
HaIpPSDKEHUS, BO3HUKAIOILIUE MPU OTepe YCTOWYUBOCTU. METOUKN TPOEKTUPOBAHUS TOHKUX
NaHEJIel C Y4eTOM OIPaHHYEHMM CTaTUYECKOW NPOYHOCTH NPHU 3aKPUTHUYECKOM COCTOSIHUM
npeacraBieHa B MoHorpadum [1]. [lpeameramu uccienoBanuii JaHHOW pabOTHI SIBISIIOTCS
CKAaTble KOMIIO3UTHBIE NAHEJIN CPEIHEH TOJIUHBI, NIPU JOMYCTUMOCTH HA4YaJIbHOTO JTana
3aKpPUTHUYECKOTO TMOBEJCHUS KOTOPBIX HEOOXOAUMO YYUTHIBATH U MEMOpaHHBIE, U U3THOHbBIE
HanpsbkeHus. OTMEYeHO, YTO IepecTpoeHHe (GopM MOTepH YCTOWYMBOCTH KOMITO3UTHBIX
naHesned He Jomyckaercs. B maHHoOi paboTre Ha mpuMepax MaHeJded ¢ pa3IuYHbIMHU
BapHMaHTAMU TPaHUYHBIX YCIIOBUH PacCMOTPEHBl AHAJIUTHUECKHUE PEIICHHS T'€OMETPUYECKH
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HEJIMHEHHBIX 3a]a4, oJydeHHble MeToioM byOHoBa-I"anepkuna. Ilpu 3TOM Takke 3anucaHbl
AQHAIUTUYECKUE BBIPAXKEHHUS AJI1 MEMOpaHHbIX M M3THOHBIX HampsbkeHui. Jlamee crenys
npoueaypam Meromonoruu [1] mpemcraBieHa oOmas  METOAMKA —POCKTHPOBAHUS
KOMIIO3UTHBIX [aHEJIEW CpEeIHEW TOJILMHBI IpU JAOIMYCTUMOCTH HAa4daJlbHOIO 3Tara
3aKpUTUYECKOTO TOBeACHUs. B paccmaTpuBaeMbIX Ciydyasix THUIOBBIX BapUaHTaX TPaAHUYHBIX
YCIIOBUM U BBIPQKCHUM, OMUCHIBAIOIIUX MPOTHO, IS ONpPEeIeHUs MUHUMAIbHBIX TOJIIUH
IPEJIOKEHB! AITOPUTMbI YMCIEHHOW METOAMKH, B KOTOPBIX HCIIOJIb30BAHBI AHAIUTUYECKUE
COOTHOUIEHUSI PELICHUS] TEeOMETPUYECKH HEJIMHEWHOMW 3aayd M BBIPAXKEHUS CYMMBI
MEMOpaHHBIX W W3THOHBIX HampspkeHW. OTrpaHUYeHHs TIO0 CTAaTUYECKOW MPOYHOCTH
YUHUTBIBAKOTCS B BUJE PABEHCTBA JIECUCTBYIOIIMX CYMMAapHBIX HANpPSKEHUN NPENEIbHBIM IO
CTaTMYECKOM TPOYHOCTH 3HAUYECHUSAM. YKa3aHHOE YCJIOBHME II03BOJISIET  ONPENENSThH
MUHHUMAJIBHBIE TOJIIIMHBI KOMIIO3UTHBIX MaHeJIed ¢ MHHUMAaJIbHBIMM PaBHBIMU E€JIMHHUILIC
3amacaMyd MO CTaTUYECKOW NPOYHOCTH IPHU 3aKPUTUYECKOM IMoBeaeHUH. OTMEUEHO, 4TO
npeyIoKeHHas 00I1ast METOIUKA SIBJISIETCS JOTIOJTHEHUEM JUISl METOI0JIOTHH TPOSKTUPOBAHUS
M0 3aKPUTUYECKOMY COCTOSIHMIO [ 1] A1 ciyyasi pacCMOTpeHUsI MaHeNIe cpeaHel TOMIIUHBL.
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Features of the general methodology for designing flat composite panels of medium
thickness with the permissibility of geometrically nonlinear behavior, taking into
account the provision of static compressive strength
Mitrofanov O.V.%, Toropylina E.Y.*

! MAI, Moscow, Russia

It is known that when considering problems of geometrically nonlinear behavior of thin
flat composite panels, additional membrane stresses arising from loss of stability are taken
into account. Methods of designing thin panels taking into account the limitations of static
strength in the supercritical state are presented in the monograph [1]. The subjects of research
in this work are compressed composite panels of medium thickness, with the admissibility of
the initial stage of the supercritical behavior of which it is necessary to take into account both
membrane and bending stresses. It is noted that the restructuring of the forms of loss of
stability of composite panels is not allowed. In this paper, analytical solutions of
geometrically nonlinear problems obtained by the Bubnov-Galerkin method are considered
using examples of panels with different variants of boundary conditions. Analytical
expressions for membrane and flexural stresses are also recorded. Further, following the
procedures of the methodology [1], a general methodology for designing composite panels of
medium thickness is presented with the admissibility of the initial stage of supercritical
behavior. In the cases under consideration, typical variants of boundary conditions and
expressions describing deflection, numerical algorithms are proposed to determine the
minimum thicknesses, in which analytical relations for solving a geometrically nonlinear
problem and expressions of the sum of membrane and bending stresses are used. Limitations
on static strength are taken into account in the form of equality of the effective total stresses
to the maximum values for static strength. This condition makes it possible to determine the
minimum thicknesses of composite panels with minimum reserves equal to one for static
strength under supercritical behavior. It is noted that the proposed general methodology is an
addition to the design methodology for the supercritical state [1] for the case of considering
panels of medium thickness.
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HccienoBanue BiausiHuA 1eopMallui PacTsizKeHHEeM Ha TeKCTYPY, ¢pa30Bblii cOCTaB U
ocTtaTouHble Hanpsxenust craau BHCY9-1II ¢ ninacTiyHOCTHI0, BHI3BAHHOM
TpaHchopMmanuei
l'opneesa M.I/I.l, [Ipoxonenko I[.A.l, AJnekcanipoB A.A.Z, Camoiinenko B.M.2
1MAI/I, r. Mocksa, Poccus
2I/IHCTHTyT MeTaJIypruu u MatepuanoseneHus uM. A.A. baiikosa PAH, Mocksa, Poccus
SMITY I'A, r. Mocksa, Poccus

BaxHyro poinp B XapaKTepUCTHKaxX CTajledl ¢ IUIACTUYHOCTBIO, BBI3BAHHOU
tparcopmarnueir, ngamee — (TPUII) wurparor ocTaTodyHble CKHUMAIOIIME HAMPSHKCHUS,
dbopmupylolMecs B HUX B PE3YNbTaTe MOJOXKHUTEIBHOIO 00beMHOro 3ddexkra y—ao
npespamieHus. VccienoBaHuio TporeccoB  (GOPMUPOBAHUS OCTATOYHBIX  HANPSHKCHUN
MPEMSTCTBYIOT METOJUYECKHE MPOOIEeMbl UX U3MEPEHHMs], CBSI3aHHBIE C T'€TEPOTr€HHOCTHIO
dazoBoro cocraBa u HampspkeHHOro coctosiHus B TPUIL cramsax. Pemenuro 3tux mpoOiem
CIOCOOCTBYET METOJMKA HW3MEPEHUS OCTATOYHBIX HANpsXKEHUN Ui  TeTepOreHHBIX
MaTepHaoB, OCHOBAHHAs HAa MCIOJIb30BAHUN aHU30TPOIIHH YIIPYTHX MOAYJEH Y- 1 a- ¢a3 [1],
MO3BOJIMBIIYI0  OLUEHUTh pPEAJbHOE  paclpelelieHHe  OCTAaTOYHBIX  HAaNpsDKEHWM B
toukoauctoBoir TPUII cranmu [2, 3]. MeTonuka HCHONB3yeT CHUMMETPUYHYIO T€OMETPHUIO
PEHTTEHOBCKOM CBEMKH, YTO OTIMYAaeT €€ OT CTaHAApTHOTO MeToAa IudpakirOHHON
TEH30METpUHU <<sin2\|f”. OTOT METOJ HCHOJB3YeT HECHMMETPUUHYIO ChEMKY, IJsi KOTOPOU
CBOICTBEHHO H3MEHEHHE C YIJIOM [OBOPOTAa «IICU» TJIyOMHBI TMPOHUKHOBEHHS
PEHTIEHOBCKOI'O Iy4Ka, YTO JI€JaeT HEBO3MOXHBIM €r0 MPUMEHEHHUE ISl TAKUX BBICOKO
rPauEHTHBIX MarepuasioB, Takux Kak TPUII craim. BaxHyro poiap B YHHKaJIbHBIX
ceoiictBax TPUII craneii urpaer kpucramiorpaduueckas Tekcrypa [4, 5].

B Hacrosmield paboTe pEeHTTeHOCTPYKTYPHBIMH METOJIAMU HCCIEIOBAIM BIIUSHUE
cTenieHr JedopMaluu MPU HMCTBITAHUH pacTsbkeHHeM Ha (a3oBBIM COCTaB, TEKCTYpy H
HanpsDKeHHOEe cocTosHue o- U y-(a3 cmmaBa BHCO-III. [lokasano, uro B mporecce
UCTIBITAHUS JI0 Pa3pYIICHHUS] KOJUYECTBO O - (Da3hl yBEIIMYMBACTCS HA MMOBEPXHOCTH U OT 75
10 91% wu ot 45-50% no ~70% B MOJANOBEPXHOCTHBIX CJIOAX. JlJI OLEHKH CKJIOHHOCTH
IByX(a3HbIX cTayiel K TpUM-3(P(PEKTy NpeasoKeH napameTp METacTabUIbHOCTH ayCTEHUTA B
BUJIC OTHOIICHHS JOJM pAacMaBIIerocs ayCTeHUWTa Ha pa3IUYHBIX JTanax aedopManuu
pactsokenueM [6, 7]. YcrtaHoBieHo, uto B ucxoaHOW 0,3 MM JIGHTE CTald B PE3yJIbTaTe
MOJIOKUTEIBHOTO 00beMHOTO 3¢ (dekTa y—o MpeBpalleHUus B aycTeHHTe (HOpMHUPYIOTCS
C)KMMAIOIIME HANpsDKEHUs, JAOCTUTalolIMe Ha mMoBepXHOcTH BenuuuHbl -1000 MIla, B TO
BpeMsl Kak B MapTeHCHUTE (DOPMHPYIOTCS paCTATHBAIOIINE HAMPSIKSHHsS], HATHUUE KOTOPBIX
CBSI3BIBAIOT C HArpeBaMu MeTalljla, OXJIAXACHHE KOTOPOrOo MPHUBOJIHUT K PACTATHBAIOIIIM
HANPSDKEHUSIM B MapTEHCUTE H3-3a €ro 3HAUYMTEIbHO OoJiee HU3KOW MO CpPaBHEHHIO C
aycteHuToM BenuuuHbl TKIIP.

Paboma evinonnena npu ¢hunancosoti noooepoicke Poccuiickozo Hayuno2o ¢honoa
(epanm Ne 22-19-00330).
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Study of the Effect of Tensile Deformation on the Texture, Phase Composition, and
Residual Stresses of Steel VNS9-Sh transformation-induced ductility
Gordeeva M.1.1, Prokopenko D.A.%, Aleksandrov A.A.?, Samoilenko V.M.?

! MAI, Moscow, Russia
*Baikov Institute of Metallurgy and Materials Science, Moscow, Russia
SMSTU CA, Moscow, Russia

An important role in the characteristics of steels transformation-induced ductility
(TRIP) is played by residual compressive stresses that form in them as a result of the positive
volume effect of the y—a transformation. The study of the processes of formation of residual
stresses is hampered by the methodological problems of their measurement, associated with
the heterogeneity of the phase composition and stress state in TRIP steels. The solution of
these problems is facilitated by the method of measuring residual stresses for heterogeneous
materials, based on the use of the anisotropy of the elastic moduli of the y- and a-phases [1],
which made it possible to estimate the actual distribution of residual stresses in thin-sheet
TRIP steel [2, 3]. The technique uses a symmetrical X-ray geometry, which distinguishes it
from the standard sin®y diffraction strain gauge method. This method uses an asymmetric
survey, which tends to change with the angle of rotation "psi" of the penetration depth of the
X-ray beam, which makes it impossible to use it for such high-gradient materials, such as
TRIP steel. An important role in the unique properties of TRIP steels is played by the
crystallographic texture [4, 5].

In this work, X-ray diffraction methods were used to study the effect of the degree of
deformation during tensile testing on the phase composition, texture, and stress state of the a-
and y-phases of the VNS9-Sh alloy. It is shown that during testing to failure, the amount of a
- phase increases on the surface and from 75 to 91% and from 45-50% to ~70% in the
subsurface layers. To assess the tendency of two-phase steels to the trip effect, a parameter of
austenite metastability is proposed as the ratio of the fraction of decomposed austenite at
different stages of tensile deformation. It has been established that in the initial 0.3 mm steel
strip, as a result of the positive volumetric effect of y — a transformation, compressive
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stresses are formed in austenite, reaching a value of -1000 MPa on the surface, while tensile
stresses are formed in martensite, the presence of which is associated with heating of the
metal , the cooling of which leads to tensile stresses in martensite due to its significantly
lower CTE compared to austenite.

This work was supported by the Russian Science Foundation (grant no. 22-19-00330)
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Mouieky/JIsIpHO-IMHAMUYECKOE U MUKPOMEXaHNYeCKOoe CCIeJ0BAHHE TPOYHOCTHBIX
XapPaKTePUCTHK TUTAHOMATPUYHOI0 KOMIIO3UIIMOHHOI0 MaTepuaJa,
MOAM(PUUIHMPOBAHHOIO MYJIbTUIPAdeHOM
[Tpununko E.A.l'z, Anuxun B.H. 2, Epémun C.A.z, Pepsaxuna H.A. 2, Berukos B.A. 2
1MAI/I, r. Mocksa, Poccus
2@I'BY «Bcepoccniickuil HAy9HO-UCCIEN0BATENBCKUN U IPOSKTHBIA NHCTUTYT TYT'OINIABKUX
MaTepualoB U TBEP/bIX CILJIaBOBY», I. MockBa, Poccus

B HacrosmeM pgokiazne NpeACTaBiI€H aHAIU3 pe3yJIbTaTOB pacueTHbIX padoT Ha
OCHOBE JKCHEPUMEHTAIBHBIX JaHHBIX [0 BJIMSHUIO KOHIIEHTpPAIlMK MYyJbTUTpadeHa Ha
MEXaHUYECKHUEe CBOMCTBA TUTAHOMATPUYHOro Kommo3uuumoHHoro marepuana (TMKM), a
TaKXKe TEMIIEPaTypHO-BPEMEHHOTO pEeXHMMa CIIEKaHUS TOPOMIKOBOTO MaTepuaia Ha
dopmupoBanne MmexdaszHoro cnos Ti-C, crmocoOcTByrommero (GpopMHPOBAHUIO MPOYHOTO
unrepdeiica mexny dactunamu Ti-6Al-4V u myiabTurpadenom.

[TpuBeneHs! pe3yabTaThl pacu€THBIX PadOT, MIUTIOCTPUPYIOIIHE UTO:

* Konnenrpanus comepxanus MynabTHrpadeHa TPUBOIUT K  yBEITHMUCHHUIO
npoyHocTHeIX  cBoiictB  TMKM. Temneparypa u  naBieHWe TpU  HU3TOTOBIECHUU
TUTAHOMATPUYHOTO KOMITO3UIIMOHHOTO MaTepuaia TakKe BIHUSIOT Ha 00pa30BaBIIYIOCS
CTPYKTYPY, TEM CaMbIM MEHsIsl MEXaHUYECKHE CBOMCTBA.

* PaccrosiHne BakaHCHMOHHBIX JIE(PEKTOB OT TPAHUIBI MEXK(PA3HOTO CIIOS BIMAET Ha
MEXaHUYECKUEe CBOWCTBA KOMIIO3UTA, TO €CTh B OOJBIIEH CTENEHM CHUXKAIOT NMPOYHOCTH IO
Mepe MpUOIIKEHHS K TPaHuIle pasaena das.

* Ontumuzaiys TEeMIepaTypHOTO peXHMa MO3BOJSET MHUHHUMHU3UPOBATh YPOBEHb
OCTaTOYHBIX HAIPSDKEHHH B KOMITO3UITHOHHOM MaTepUalie W TOJIYYUTh TPEOYyEeMYO TOIIIUHY
MexdaszHoro cnost Ti-C, garonryro HeoOX0AMMOe COOTHOLIEHUE MEXTy MPEAEIOM MPOYHOCTH
¥ IJTACTHYHOCTBIO MaTepraa.

PacuetHble  paboOThl  MPOBOJMJIMCH Ha  oOpa3nax U3  THUTaHOMAaTPUYHOTO
KOMITO3UITMOHHOTO Marepruana. [lomoOpaHbl TEXHOJIOTHYECKHE TMapaMeTpbl TOTYYCHUS
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TUTAHOMATPUYIHOI'O KOMIIO3UIIMOHHOT'O MAaTCpUaia U paCCUUTAHbI NPOYHOCTHBIC CBOIICTBA C
Hanbosee 3¢ (HeKTUBHOM TOMIUHON MexkbazHoro ciros [1 - 3].
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Molecular dynamics and micromechanical study of the strength characteristics of the
titanium matrix composite material modified with multigraphene
Prilipko E. A. *?, Anikin V. N. ?, Eremin S. A. %, Revyakina N. A. %, Bychkov V. A. ?
! MAI, Moscow, Russia
2 Russian Research and Design Institute of Refractory Materials and Hard Alloys,
Moscow,Russia

This paper presents an analysis of the results of computational work based on
experimental data on the effect of multigraphene concentration on the mechanical properties
of a titanium matrix composite material (TMCM), as well as the temperature-time parameters
of powder material sintering on the formation of a Ti-C interfacial layer, which contributes to
the formation of a strong interface between Ti-6Al-4V particles and multigraphene.

The results of the analysis work presented, illustrate that:

* The concentration of the content of multigraphene leads to an increase in the strength
properties of TMCM. The temperature and pressure during the manufacture of the titanium
matrix composite material also affect the resulting structure by changing the mechanical
properties.

* The distance of vacancy defects from the boundary of the interfacial layer affects the
mechanical properties of the composite, that is, the strength decreases to a greater extent as it
approaches the interface.

» Optimization of the temperature parameters allows minimization the level of residual
stresses in the composite material and obtaining the required thickness of the Ti-C interfacial
layer, which gives the required ratio between the ultimate strength and ductility of the
material.

Computational work was carried out on the basis of the Moscow Aviation Institute,
experimental work was carried out in the laboratory of the FGBU «VNIITS» on samples of
titanium matrix composite materials. Technological parameters for obtaining titanium matrix
composite material have been selected and strength properties have been calculated with the
most effective thickness of the interfacial layer [1 - 3].
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Pa3pa0oTka MeTOAUKHU UCCIeTOBAHNS MOBPEKIEHHOCTH KOHCTPYKIMI U3 MaTepHUaJioB
a3POKOCMHUYECKOr0 HA3HAYEHHUSI METOI0M Ieporpaduu
Nnnapronos K], [Ipununko EAL Hy6unen A.O. 2
! MAMU, r. MockBa, Poccust
2IUTY, r. lauxaii, KHP

B HacTosimeM Joknaze paccMaTpUBaeTCs BO3MOKHOCTh MPUMEHEHHUs mieporpaduu B
Ka4deCTBC IEPCIICKTUBHOI'O OIITUYCCKOTI'O I/IHTep(bepOMeTpI/I‘{eCKOFO METOJa HEpa3pyHIaroLICcro
KOHTPOJIA JIsI OLUCHKU COCTOSHHA arperaros, KOHCprKTI/IBHO-HOIIOGHBIX " DJICMCHTAPHBIX
00pa3oB #3 KOMITO3UIIMOHHBIX MarepuaioB. llleporpaduss — 5TO SKOHOMHYHBIA U
JEHCTBEHHBI METOJl Hepa3pyIlaloUIero KOHTPOJS, KOTOPBIA BBIABISAECT Ae(ekTol 0e3
MOBPCIKACHUA KOMIIOHCHTA. HCJ'IBI-O pa6OTbI SABJIAJIOCH ITOJIYYCHHE OSKCIICPUMCHTAJIBHBIX
JaHHBIX O Tporeccax JAeOPMHPOBAHUS W pa3pyIIEHUS arperaroB, KOHCTPYKTHUBHO-
HO,I[O6HBIX H SJICMCHTApPHBIX 06pa3u03 U3 MATCPUAJIOB A93POKOCMHUUYCCKOIO HA3HAYCHHUA, C
NEPCIEKTHUBON CO37aHusl 0a3bl TaHHBIX, KIACCU(PHUKAIMU Ie(EKTOB C PA3IUUYHON CTEIEHBIO
MMOBPEKACHHOCTHU U3ACTINUA.

[IpuBeneHbl pe3ynbTaThl SKCIEPUMEHTANIBHBIX PA0O0T, WILTIOCTPUPYIOIINE YTO:

* Metox meporpadguu mo3BosiseT 3QPEKTUBHO BBIABIATH CTPYKTYPY KOHCTPYKIIHH
arperaros, KOHCprKTI/IBHO-HOIIO6HI)IX U 3JICMCHTAPHBIX 06pa3u03, THUIIOBBIC BHYTPCHHUC
HCOOJHOPOAHOCTH.

® MGTOII MNpUroJ€H mid OHCHKH COCTOSHUA KOHCprKIIPIfI, HU3roTOBJICHHBIX U3
KOMITIO3MIIMOHHBIX MATCPHUAJIOB A9POKOCMHUUYCCKOIO Ha3HAYCHUS; IMO3BOJISACT O6Hapy>KI/IBaTB
CKPBITHIC AE(PEKTHI M MOKET OBITH MCIIOIB30BaH I KiIacCHu(PUKAU JEPEKTOB C Pa3IMIHON
CTCIICHBIO MOBPCIKACHHOCTHU U3 ACIINA.

* AHaiu3 pe3yabTaTOB HEPA3PYILIAIOLIET0 KOHTPOJIS HAa OCHOBE Je(OpMallMOHHOTO
OTKJIMKa KOHCTpYKI_II/Iﬁ C )Ie(beKTaMI/I U JOIIOJHUTCIBbHBIC PE3YJIbTAThI MOJACIUPOBAHUA,
IMMOKAa3bIBA0T, YTO MCTOJAOM KOHCYHBLIX 3JICMCHTOB BO3MOXHO ACMOHCTPUPOBATH ITPOLIECC
meporpaduu, kornaa AeheKThl PacooKeHbI BOJIU3H H300pakaeMOM MMOBEPXHOCTH.

® HpI/IBeI[eHI)I PEKOMEHAAIWKN 110 HCIIOJIb30BAHUIO meporpaq)pm B COYE€TaHUU C
APYruMHru METOJAaMH HEPA3PYIIAIOIICTO KOHTPOJIA, TAKUMH KaK YHpraBBYKOBOﬁ U TENJIOBOH
KOHTPOJIb, qyTOo0Bl  00ECIEYNTH BCCCTOPOHHIOKO  OLCHKY HCJIOCTHOCTH  KOMIIOHCHTA
KoHCTpyKIwH [1 - 3].
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Damage characterization methodology for composite structures using optical
interferometry apparatus
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! Moscow Aviation Institute (National Research University), Moscow, Russia
2 Shanghai Jiao Tong University (SJTU), Shanghai, China

This report considers the possibility of using shearography as a promising optical

interferometric method of non-destructive testing for assessing the state of aggregates,
structurally similar samples and coupons of composite materials. Shearography is an

90



economical and efficient non-destructive testing method that reveals defects without
damaging the component. The aim of the work is to obtain experimental data on the processes
of deformation and destruction of aggregates, structurally similar and coupon samples made
of aerospace materials, with the prospect of creating a database, classifying defects with
varying degrees of damage to the product.

The results of experimental work are presented, illustrating that:

* The shearography method makes it possible to effectively reveal the structural state
of aggregates, structurally similar samples and coupons to detect, typical internal
inhomogeneities.

* The method is suitable for assessing the state of structures made of composite
materials for aerospace purposes; allows detecting hidden defects and can be used to classify
defects with various degrees of damage to the structure.

* Analysis of the non-destructive testing results based on the deformation response of
structures with defects and additional simulation results show that it is possible to
demonstrate the shearography process by the finite element method when the defects are
located close to the surface of interest.

* Recommendations are given for the use of shearography in combination with other
non-destructive testing methods, such as ultrasonic and thermal testing, to provide a
comprehensive assessment of the integrity of a structural component [1 - 3].
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YucaeHHBbIC HCCJICJOBAHNA KPUTHYECKHUX HANIPSIKEHNH TOHKHX KOMIIO3UTHBIX 00IIMBOK
¢ yueToM J1e)eKTOB H YTOUHEHHAS AHAJIMTHYECKAs1 METOMKA IPOEeKTHPOBAHUS
NOAKPEIVICHHBIX NaHe el NpH o0ecneYeHnH YCTOHYMBOCTH € y4eTOM
KOMOUHHPOBAHHOIO /1efiCTBUS CXKUMAKIIUX H KACaTeJIbHbIX IOTOKOB
Mutpodanon O.B.1, TopomnslinHa E10.!

! MAMU, r. Mocksa, Poccust

[Ipy coBpeMEHHOM NPOEKTUPOBAHMM HECYLIUX MAaHEJIEW aBUAMOHHBIX KOHCTPYKLMN
y’K€ Ha paHHUX JTamax pa3padOTOK HEOOXOJMMO YUHUTBHIBATH BO3MOYKHBIE NEPEKTHl U
noBpexkaeHus. JlJisi maHeneld TOHKOCTEHHBIX KOHCTPYKIIMH CaMOJIETOB MAaJIOW aBUAIUU
OCHOBHBIE  OrpaHMuYEHHMs] CBA3aHbl ¢ oOecneueHueM ycroiuuBoctu. OOBEKTaMU
UCCIIEIOBAaHUM  JaHHOW palOOThl  SBJISIOTCS MOJKPEIUICHHbIE TMaHeIM C TOHKUMH
OPTOTPOMHBIMH OOLIMBKaMH, HArPY>KEHHBIE CKUMAIOIIMMU M KacaTeIbHbIMU YCHITUSMHU.

B nmnepBoii wactu paboThl NPOBEACHBI pPE3yJabTaThl UHUCICHHBIX HCCIEA0BaHUN
KPUTUYECKHX CKHMAIOUIMX HANpsHKEHUH KOMIIO3UTHBIX OOLIMBOK C Yy4eToM Je(eKToB,
KOTOpBIE MOTYT OBITh CIEACTBHEM PA3IMYHBIX MPUYHNH, B TOM YKCJE yIapHBIX BO3/IEHCTBUI.
B pabore npuBeneHbl YMCICHHBIE HCCIEIOBAHUS C ILIEbI0 ydeTa Haluuus JedeKTa THIa
CKBO3HOT'O OTBEPCTHS, KOTOPOE PACHOJIOKEHO B Hambojee KPUTUYECKOM MECTE€ C TOYKHU
3pEHMs] KPUTHYECKMX HANPsLDKCHUM II0TEPU  yCTOWYUBOCTU. /[l IMIApHUPHO ONEPTOM
OPTOTPONHON OOIIMBKM IPOBEIEHBl pPACYETHl YCTOMYMBOCTH C YYETOM HM3MEHEHHS
pacrioniokeHust fedexta (0TBEpCTHs), MO3BOJSIONIME OLEHHBATh HauOojiee KPUTHUECKOE
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nojoxenue naedexra. Pe3ympTaThl mpeacTaBieHbl B BHIE Tpa@UKOB M IMOBEPXHOCTEH
Oe3pa3MepHOl  (QyHKIMM, TIOKa3bIBAIOUIEH HW3MEHEHHWE KPUTHYECKHUX  CHKHMAIOLIMX
HaNpsDKCHUH TaHene ¢ JedekTaMu K KPUTHUYECKUM HANpsDKEHUSM  HETOBPEXKISHHOU
HIAHEJIH.

Bo Bropoii uactu paboThl mpemIokeHa MOIU(UIIMPOBAHHAS —AHAIUTHYECKAsS
METOJMKA IPOCKTUPOBAHUSA IOAKPCIUICHHBIX IIAHEJIECH, OCHOBAHHAasg HAa  YCIOBHHU
PaBHOYCTOWYHMBOCTH [1] M yUMTHIBarOmIasi CHUKEHUE KPUTUUECKUX HAIMPSDKEHUH OOIIMBKH C
negextamMu. 3ajgada OINpENENCHUs ONTHMANIBHBIX IApaMEeTPOB MOAKPEIUICHHBIX NaHeseH
CBeIeHA K MHUHUMH3AIMK (YHKIUU OIHON MEepEeMEHHOH, KOTOpasi SIBISETCS OTHOLICHHEM
BBICOTHI K IAry nojakperuieHus. Kpome toro, npenioxeHHas Moau(pUIUpPOBaHHAsS METOIUKA
YYUTBIBAET BO3MOXKHOE KOMOWHUPOBAaHHOE HArpy)KEHHE COKUMAIOIMIMMU U KacaTeIbHBIMH
IOTOKAMH.
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Numerical studies of critical stresses of thin composite sheaths taking into account
defects and a refined analytical technique for designing reinforced panels while ensuring
stability taking into account the combined action of compressive and tangential flows
Mitrofanov O.V.%, Toropylina E.Y.*

L MAI, Moscow, Russia

In the modern design of load-bearing panels of aircraft structures, it is necessary to
take into account possible defects and damages already at the early stages of development.
For panels of thin-walled structures of small aircraft, the main limitations are related to
ensuring stability. The objects of research in this work are reinforced panels with thin
orthotropic sheaths loaded with compressive and tangential forces.

In the first part of the work, the results of numerical studies of the critical compressive
stresses of composite sheaths are carried out, taking into account defects that may be the
result of various causes, including shock effects. The paper presents numerical studies in
order to take into account the presence of a defect such as a through hole, which is located in
the most critical place in terms of critical stresses of loss of stability. Stability calculations
have been carried out for the hinged orthotropic skin, taking into account the change in the
location of the defect (hole), allowing to assess the most critical position of the defect. The
results are presented in the form of graphs and surfaces of a dimensionless function showing
the change in the critical compressive stresses of panels with defects to the critical stresses of
an intact panel.

In the second part of the work, a modified analytical method for designing reinforced
panels is proposed, based on the condition of equidistance [1] and taking into account the
reduction of critical stresses of the cladding with defects. The task of determining the optimal
parameters of reinforced panels is reduced to minimizing the function of one variable, which
is the ratio of height to reinforcement step. In addition, the proposed modified technique takes
into account the possible combined loading by compressive and tangential flows.
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MoneaupoBaHue KJ1eeBOro coeINHeHNsI ONTOBOJIOKOHHOIO P3/1€eBCKOI0 1aTYMKa ¢
KOMIIO3UIIHOHHBIM MAaTepPHAJIOM B PAMKAX IPOCKTHPOBAHMUSA CHCTEeMbl MOHMTOPHHIA
IIpamxo K.K.*, Konoros H.O.', U6pumes K.K.", Tumaypuma J[.P.*

! MAMU, r. Mocksa, Poccus

Hcnonbs30BaHre ONTOBOJOKOHHBIX JAaTYMKOB B ABUALMOHHOM IPOMBILUIEHHOCTH
SABJSICTCS AKTYaJbHOW M NEPCHEKTUBHOW TEXHOJOTHEH, KOTOpass MOXKET 3HAYUTEIbHO
yIaydimuTh Oe3onacHocTh U 3¢ (GEKTUBHOCTh BO3AYIIHBIX IEpeBO30K. ONTOBOJOKOHHbBIE
JATYMKU IIO3BOJIAIOT IPENYNPEKAATh O BO3MOXKHBIX ITOJIOMKAaX, CBOCBPEMEHHO BBISBIIATH
nedekTbl B KOHCTPYKIIMH, JOCTOBEPHO pearupoBaTh Ha HUX HalMYMEe U CBOEBPEMEHHO
BBIJIaBaTh OOPATHYIO CBSA3b B IMpPOIECCE HKCIUTyaTalldH, YTO BEIET K YTOUHEHHUIO COCTOSIHHUS
JIeTaTeIbHOrO anmnapara B peKUMe pealbHOro BPEMEHH U HEOOXOAUMOCTH MPOXOKACHUS UM
CBOCBPEMEHHOTO O0CTyXuBaHus [1].

Celiuyac B aBHAllMOHHOM TEXHUKE HAOIIOAAETCS 3HAUUTEIBHBIA POCT HCIOIb30BAHUS
MOJIMMEPHBIX KOMIMO3UIMOHHBIX MaTtepuanoB (IIKM), B KOTOpbIE JE€rKO HMHTETPUPYIOTCS
ONTOBOJIOKOHHbIE matuvku [2, 3]. BaxHyio posb B [I0JICOBEYHOCTH JAaTYHKA,
MPUKPEIUICHHOTO K KOHCTPYKIHMH BBIMOJHEHHBIM 13 [IKM wunu uHTErpupoBaHHBIM B HETO,
BBITIOJIHSIET KJIEEBOE COEIMHEHHE. MoienupoBaHue KJIEEBOro COEAMHEHUSI ONITOBOJIOKOHHOTO
JaTYMKa C KOMIIO3UIIMOHHBIM MAaTEPUAIIOM II03BOJIAET OIPEICIUTh ONTHMAJIbHBIE (PU3UKO-
MEXaHUYECKUE XapPaKTEPUCTUKU KIS NJIsl YBEJIMYEHHS JIOJITOBEYHOCTH OITOBOJIOKOHHOIO
JlaT4YMKa U TEM CaMbIM CIIOCOOCTBYET YIIYUILEHHIO KayecTBa IPOEKTUPOBAHUS aBUAILIMOHHBIX
KOHCTpyKIu# [4].

B nanHOif paboTe MpUBENEHO BIMSHHUE PA3IHYHBIX (PU3MKO-MEXaHHUECKUX CBOWCTB
KJIed Ha YCTAJOCTHYIO JOJTOBEYHOCTh C LIEJIbIO OINPEACIICHHUS] ONTUMAJIbHBIX IapaMeTpOB
COECIMHEHUS ONITOBOJIOKHA C KOMIIO3UTHOM IIAHEINBIO.

[IpuBeneHbl  pe3yabTaThl  KOMIIBIOTEPHOTO  MOJEIMPOBaHMS Ha  muatdopme
nporpaMMHOro odecrieueHus: «Abaqus» u «Fe-Safey, B KoTopoM paccyuTaHbl HAPSDKCHUS U
KOJIMYECTBO IIUKJIOB JI0 pa3pylLlIEHUs, BOZHUKAIOLIUE B KJIEEBOM COCIUHEHUHU MPU Pa3IMUHbIX
Harpy3kax 1 (pM3MKo-MeXaHU4YECKUX CBOMCTBAaX KJiesl.
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Simulation of adhesive bonding of a fiber-optic Rayleigh sensor with a composite
material as part of the design of a monitoring system
Shramko K.K.*, Kononov N.O.%, Ibrishev K.K., Tinchurina D.R.
! Moscow Aviation Institute (National Research University), Moscow, Russia

The use of fiber optic sensors in the aviation industry is a current and promising
technology that can significantly improve the safety and efficiency of air travel. Fiber-optic
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sensors make it possible to warn of possible breakdowns, detect defects in the structure
promptly on time, reliably respond to their presence and give timely feedback during
operation, which leads to real-time clarification of the state of the aircraft and the need for it
to undergo timely maintenance [1].

In aviation technology, polymer composite materials (PCM) are significantly
increasing, and fiber optic sensors are easily integrated [2, 3]. An essential role in the
durability of a sensor attached to a structure made of PCM or integrated into it is played by
adhesive bonding. Modeling the adhesive bond between a fiber optic sensor and a composite
material makes it possible to determine the optimal physical and mechanical characteristics of
the adhesive to increase the durability of the fiber optic sensor and thereby improve the
quality of designing aircraft structures [4].

This paper presents the influence of the adhesives' various physical and mechanical
properties on fatigue life to determine the optimal parameters for connecting an optical fiber
to a composite panel.

The results of computer simulation on the Abaqus and Fe-Safe software platforms are
presented, in which the stresses and the number of cycles to failure that occur in the adhesive
joint under various loads and the physical and mechanical properties of the adhesive are
calculated.
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BorunciauTenbHbIH MeTO MOAETHPOBAHHUS MOJMMEPHOI MATPHUILbI,
moaupuuuposanHoiit OYHT
Kostynos C.C.", KnbikoB ILILY, JyOuner A.0!
1MAI/I, r. Mocksa, Poccus

YnpyroMmexaHuueckue XapaKTEPUCTUKHU AIOKCHUIHBIX HaHOKOMIIO3UTOB,
MOJIM(UIIMPOBAHHBIX OJHOCTEHHBIMU yriepofgHbiMu HaHoTpyOkamu (OYHT), mmpoxo
00CYX/1al0TCs B JINTEpaType. ITO UCCIIEJOBAaHUE OCHOBAHO HAa METOJIE KOHEUHBIX JIEMEHTOB
(MK3) u mertone penpe3eHTaTUBHBIX 0O0beMHBIX 3i1emMeHTOB (IID0). B mannoit pabote
OLICHMBAETCS BIMSHUE PA3IMUHBIX cTeneHel kpuu3Hel OYHT Ha oceBoil MOylb yIpYyroCTH
MIpHU CKaTUU cucteMbl dnokcuanas matpura — OYHT. M3orayras HanoTpyOKa mpeacTaBieHa
B BHJIE€ CUHYCOUJBI C Pa3IMYHBIM YIJIOM KPUBU3HBI. B craThe aHaIM3UPYIOTCS 2 MOJENH: B
nepBoi HAHOTPYOKa JOCTUTaeT T'PaHUIbl AJIEMEHTAapHOM suelku (JUIMHHAs), a BO BTOPOil
OVYHT Bnucan B Hee (kopoTkasi). [laHHas pa®oTa mosie3Ha Ui BCECTOPOHHETO MOHUMAaHUs
BiusHUS KpuBH3Hbl OYHT Ha oceBoM MOAynp ympyroctu Inpu cxatuu. [Ipum moaroroske
pacyeTHbIX MoOJeNleil M UuX aHajJu3a UCMOJIb30BaHa MH(pOpMAIMsI CO  CIETYIOLINX
JIMTEPATYPHBIX UCTOYHHUKOB [1-15].
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B cBsa3u ¢ teMm, uro B momenu Ne 1 ucnomnm3yercst 6eckoHeyHo MuHHBIH CNT, B
OTJIMYHME OT KOPOTKOTO M HE BBIXOJAMIETO 3a rpaHuiibl Moaenu Ne 2, 3ppexkTuBHbIN MOAYIb
YIOPYTOCTH IIPU CKATUU CUCTEMBI OyZIET BBILIE U3-3a TOIO, YTO BMECTO XPYIKON 3MOKCUAHON
MaTpullbl OOJbIIAas YacTh HAIpPSHDKEHUN TOTJIONMIAeTCS HAHOTPYOKOM 0e3 pacTpecKUBaHHS
camMoro IoJMMepa A0 KPUTHYECKUX HAIIPSDKEHUM, 4TO, YBBI, HEXApPAKTEPHO AJIS MOJEIH C
kopotkuM OYHT monHOCTBIO BMCaH B 00bEM MOJIMMEPA M HE BBIXOAUT 3a rpanuilbl [190,
rae, npexae yem YHT HauHeT BOCIpUHMMATH OCHOBHBIE HAIIPSKEHUS I0J BO3JCHCTBHEM
CHJI CXKaTusl, XpyIKas SMOKCHUIHAs MaTpulla OyAeT BOCIPUHUMATh HAMNpsDHKEHHS, 4TO, KaK
IIPABWJIO, YKA3bIBAET HAa 3HAYUTENIPHOE YXYALIEHUE KaK YINPYTUX XapaKTEPUCTUK CUCTEMBI,
TaKk ¥ MpelelbHON MPOYHOCTU. UTO TakKe CTAaBUT IOJ COMHEHHUE HCIIOJIb30BaHUE MOJelei
0ECKOHEUHO JJIMHHBIX HAHOTPYOOK U MPOTHO3MPOBaHUS 3((HEKTUBHBIX YIPYTUX CBOWCTB
CUCTEMBL.

B pabote Takke onieHHBaeTCS KpUBH3HA YTIIEPOIHBIX HAHOTPYOOK.

Paznuumne Moaysst ynpyrocTy npH CKaTHH MEKIY UICTU3UPOBAHHON HAHOTPYOKOH U
usorayroir (10°) cocrasiser 5,94%. A B mMomenu Ne 2 pasHHIlA MEXKIY MPSMOJIUHEHHON
HAHOTPYOKOH U ydeToM KpuBHU3HBI B 10 rpaaycoB okaszaiachk euie Ooiblie, a UMeHHO 13,7%.
CornacHo rpadukaM 3aBUCHMOCTH HANpsDKEHUS OT nedopMaluyd M JuarpaMmaM MOJIYJIs
C)KaThsg, MOKHO BHUAETb, YTO MeEpernaj MOy MEXIy IBYMsS ONMKHUMH YIJIaMU TaKxke
Oonbiie s Mojenu Ne. 2, 4TO yKa3bIBaeT Ha HEOOXOAMMOCTh YUYUTHIBATh BOJIHOOOPA3HOCTD
OVHT kak B TEOpeTHYECKHX pacyeTax, TaKk W IPU MOCTPOCHUU MOJENEH ISl KOHEYHO-
AJIEMEHTHOTO aHaJIMU3a.
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Computational method of modeling the polymer matrix modified SWCNT
Kovtunov S.S.}, Klykov P.P.}, Dubinets A.O.
'MAI, Moscow, Russia

Elastic mechanical characteristics of epoxine nanocomposites modified with single-
walled carbon nanotubes (SWCNT) are widely discussed in the literature. This study is based
on the finite element method (FEM) and the Representative Volume Elements (RVE) method.
In this article, the influence of different degrees of curvature of SWCNT on the axial modulus
of elasticity under compression of the epoxy matrix — SWCNT system is estimated. A curved
nanotube is represented as a sinusoid with a different angle of curvature. The paper analyzes 2
models: in the first, the nanotube reaches the boundary of the unit cell (long), and in the
second, the SWCNT s inscribed into it (short). This article is useful for a comprehensive
understanding of the effect of the curvature of SWCNT on the axial modulus of elasticity in
compression. In the preparation of computational models and their analysis, information from
the following literary sources was used [1-15].

Due to the fact that in model 1 an infinitely long CNT is used, in contrast to the short
and not exceeding the boundaries of model No. 2, the effective modulus of elasticity during
compression of the system will be higher due to the fact that instead of a brittle epoxy matrix,
a large some of the stresses are absorbed by the nanotube without cracking the polymer itself
to critical stresses, which, alas, is uncharacteristic for a model with a short SWCNT
completely inscribed in the volume of the polymer and does not go beyond the boundaries of
the RVE, where, before the CNT begins to perceive the main stresses under the influence of
compression forces, a brittle epoxy matrix will perceive stresses, which generally indicates a
significant deterioration in both the elastic characteristics of the system and the ultimate
strength properties. Which also casts doubt on the use of infinitely long nanotube models to
predict the effective elastic properties of the system.

The curvature of carbon nanotubes of different curvature of the sinusoid is also
estimated in the work.

As you can see the results of calculations of model No. 1, the difference between an
idealized nanotube and a curved (10°) is 5.94%. And in model No. 2, the difference between a
rectilinear nanotube and taking into account the curvature of 10 degrees turned out to be even
greater, namely 13.7%. According to the stress-strain dependence graphs and compression
modulus diagrams, it can be seen that the modulus drop between the two near angles is also
greater for model No. 2, which indicates the need to take into account SWCNT undulations,
both in theoretical calculations and in the construction of models for finite element analysis.
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MeTtoa BbIOOpa MaTepuaJia AJsl NPOEKTUPOBAHMS JIONIATOK JIBUraTe e
BO3/1YILIHBIX CyJ10B
Xomuna A.C.
! MAMU, r. Mocksa, Poccus

CoBepilIeHCTBOBaHHE BO3AYIIHBIX CY/I0B, YBEIMYEHHE CKOPOCTU U BBICOTHI IOJIETA,
IPY30IIOABEMHOCTY U 3KOHOMHUYHOCTM BO MHOIOM 3aBUT OT OCHOBHBIX IIOKa3aTesei
neurateneit [1]. TexHuueckoe pa3BUTHE aBUANMOHHBIX JBUTATENECH MpeaompenesseT
3aBOEBaHME aBMAIlMEl HOBBIX IMOKa3aTeneil u obmacteil mpumenenus [2]. IlpounoctHble
XapaKTepUCTUKU pabOyMX JIONATOK MMEIOT NMPUHLUIHUAIBHOE 3HAUY€HUE, UX TOBPEXKICHUE
MOYKET MPUBECTH K pa3pyIICHUIO ABUraTens u karactpode [3].

B Hacrosmem noknane npeAcTaBlIeH aHAIU3 pe3yJibTaTa pacyeTa METOJO0M KOHEUHBIX
AJIEMEHTOB YIPOIIEHHOW MOJeNu paboyel JOMaTKH JABUTATeNs IMOJA JCHCTBUEM YAAapHON
Harpy3ku. MccnenoBarenbckas padoTa nmpousBoauiIach B MPOrpaMMHOM KoMmiuiekce Abaqus.
BepxHuii cioil B3IeTHO-IIOCAJOYHOM IMOJIOCHI YacTO BBIMOIHsAETCS U3 OetoHa mMapku MS500.
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Bo Bpems mocasiky MOKET BOZHUKHYThH CUTYaIlUs MONaAaHus 00JIOMKA MOKPBITUS B pab0Uuyro
YacTh JBUTATENSI 1 COOTBETCTBEHHOTO MOBPEXKICHHS pabodei yonaTku. JlonaTku sSBISIOTCS
OJIHMH U3 CaMBbIX TSKEJIO HArpy>KeHHbBIX 3JIEMEHTOB JBUTATENIsl, BCIIECTBUE YETO pacyeT Ha
BO3JICUCTBUE yJIAPHBIX HArpy30K SBISAETCS KPUTHYECKH BakHBIM. [lodTOMy B KadecTBe
MOJICJIA YAQPHOTO 3JIEMEHTA MCIOJIb30BAJICA TBEPJAOTENIbHBIA 3JIEMEHT, BBINOJHEHHBIN W3
OcTOHAa JAaHHOW MapKH, a CKOPOCTh YAApHOTO 3JIEMEHTA BbIOpaHa PaBHOW IMpPEAIoyiaraeMoit
CKOPOCTH MOCAJIKH.

[IpuBeneHHbIN pe3yabTaT UCCIAEA0BATEIBCKON padOThl HILUTFOCTPUPYET CIIEAYIOIICe:

* JaHHAs YMOPOINECHHAs KOHEYHO-3JIEMEHTHAss MOJEIh pabodeil JOMaTKU JABUTATEINS
MO3BOJISIET CMOJICIIMPOBATh IPOLIECC TMOMAJaHUs YACTHI[ TOKPBITHS B3JIETHO-ITOCAT0YHOMN
MOJIOCHI B pa004yI0 YaCTh JBUTATEIS;

* peayM3alys pacuera JUis IPOBEPKH YAAPHOH MPOYHOCTH HA YIPOIIEHHON MOJEIH
paboueii JIonaTKy JBUTATEIs O0JIETYaeT M YCKOPSET BBIOOp Marepuana Oiarogaps TOMy, 4TO
MOSIBJIAICTCS. ~ BO3MOXXHOCTh ~ Cpa3y  HMCKJIIOYUTh  Marepuagbl C  HEMOJAXOMSIIUMHU
XapaKTEePUCTUKAMH;

* MPOCTOTa BBINMOJHEHUS PACUYCTOB IO3BOJSET MHHUMH3HPOBATH BPEMEHHBIE U
JICHEXKHBIC U3EP>KKHU MPU MPOCKTUPOBAHUU HOBBIX JBUTATEIICH.
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Method of material selection for the design of aircraft engine blades
Khodina A.S.!
! MAI, Moscow, Russia

The improvement of aircraft, the increase in flight speed and altitude, load capacity
and efficiency largely depends on the main characteristics of engines [1]. The technical
development of aircraft engines determines the conquest by aviation of new characteristics
and application areas [2]. The strength characteristics of the working blades are fundamentally
important, their breakage can lead to the destruction of the engine and air crash [3].

This report presents an analysis of the calculation result by the finite element method
of a simplified model of the working blade of the engine under the impact load. The research
work was carried out in the Abaqus software package. The upper layer of the runway (a
certain rectangular section of a land airfield prepared for the landing and take-off of aircraft)
is often made of M500 (B40) grade concrete. During landing, a situation of a coating
fragment falling into the working part of the engine and corresponding damage to the working
blade could appear. The blades are the most heavily loaded elements, as a result of which the
calculation of the impact of shock loads is critically important. Therefore, a solid-state
element made of concrete of this brand was used as a model of the impactor, and the velocity
of the element was chosen equal to the estimated landing speed.

The given result of the research work illustrates the following:

« this simplified finite element model of the working blade of the engine allows you to
simulate the process of ingress of runway coating particles into the working part of the
engine;

* the implementation of the calculation for testing the impact strength on a simplified
model of the working blade of the engine facilitates and reduces time needed for the choice of
material due to the fact that it becomes possible to quickly exclude materials with unsuitable
characteristics;

98



* the speed of calculations allows you to minimize time and money costs when
designing new engines.
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MopaeanpoBaHue TMHAMIUYECKHUX BO3eHCTBUIA HA 3JIEMEHTHI KOHCTPYKIMHU U3
MOJIUMEPHBIX KOMIIO3UTOB NMPH HAJTMYMH ne(!)eKTOB NMPOU3BOJIbHOM KOH(pUTYpaAIIUU
Memsenckuii A.JL, Maprupocos M.HN.>°, Xomuenko A.B.>*, Jlenosa JI.B.

! HATI'Y, r. Kykosckuii, Poccust
2 MAM, r. Mocksa, Poccus
3 Kopnopanus «Upkyt», r. Mocksa, Poccust

B Hacrosmiem Jokiage paccMaTpUBAIOTCA CIEAYIOIIME 3JIEMEHTHl KOHCTPYKLHH,
U3TOTOBJICHHbIE U3 TOJMMEPHBIX KOMIO3MIMOHHBIX MarepuanoB (IIKM): muactuna,
LWIMHAPUYECKas MaHeb, IMIMHApHUecKas o0onouka. [Tanens 1 060104Ka UCCIEIYIOTCS KaK
C MOJKPEIUICHUSIMH, TaK M 0e3 HuX. B KauecTBe MOAKPEIUISIOMNX 3JIEMEHTOB UCTIOIB3YIOTCS
cTpuHrepbl T-00pa3HOro ceueHusl, LIMAHrOyThl C MONEPEYHBbIM CEUEHHEM THUIla ILIBEJIep
takke BblmogHeHbl u3 [IKM. Cxema ykiaaku MOHOCIOEB 3JIEMEHTOB KOHCTPYKLUH —
cMelllaHHasi, cOalaHCUpOBaHHAs U CUMMETpPUYHAs ¢ UCHOJIb30BaHUEM yKianok 0°, +45°, 90°,
yuciio MOHOCIOEB B komno3uTHoM makete (KII) Bapbupyerca. DneMeHThl KOHCTPYKLUHU
U3rOTOBJIEHBl M3 YIJICIUIACTUKOB HAa OCHOBE IpenperoB u3 yriueneHtsl HexPly
M21/34%/UD194/IMA n yrnerkaau HexPly M21/40%/285T2/AS4C u npyrux.

HedeKTbl — MexXcI0eBble MHOKECTBEHHBIE PACCIOEHUS KPYTOBOM, IIMNTUYECKON U
NPOM3BOJILHONW KOH(UTypanuu (TpaHuIa MOJUTOHATBHON ()OPMBI), MOTYT UMETh MECTO U
OTCJIOCHMSI MOJKPEIUIAIONINX 3JIEMEHTOB OT OOLIMBKU. B kauecTBe BHEIIHUX JTUHAMHYECKUX
BO3JICUCTBUM pacCMAaTPUBAKOTC:

a) MOl JaBJICHHUI PA3IMYHOTO THIIA PACTIPEICTICHUS 10 TOBEPXHOCTH;

b) neiictBue B3pBIBHOM chepudeckoii BomHbI (Mozaeb Kingery-Bulmash);

C) yHmapHble BO3JICHCTBHs aOCONIOTHO JKECTKOrO yAapHHKa MOIychepruuecKoi
¢dopMbl; ynapHuka B (opMe NpPSMOYroJbHOIO Mapajiesenuiea U3 THUIEepYIpyroro
MaTepHuaia, UMHUTHUPYIOUIEro (parMeHT AaBMAllMOHHOW IIMHBI, YAAapHHKA MIapooOpa3HOn
(OpMBbI, UMUTUPYIOLIETO MOMaJaHue rpaja.

Jns  pemieHus 3ajad  NPUMEHSETCS METOJl KOHeuHbIX »sinemeHToB (MKD) ¢
UCIIOJIb30BaHUEM SIBHOIO METOJa MHTETPUPOBAHUS YPAaBHEHUU IBHUKEHHSI B MPOrPaMMHOM
komiuiekce LS-DYNA. B pesynbrare 4HMCIEHHOTO pEIICHHUS ONPEIENAIOTCS IO
nepeMenIeHU, Hanps>keHu U neopmanii B CI0SX 3J€MEHTOB KOHCTPYKIUM TPU HAITUYUHN
U OTCYTCTBHMHU A€(EKTOB JIsl pa3IMYHBIX MOMEHTOB BpeMeHH. Brruucnsercss pacnpeaeneHue
1OJIsL JJaBJICHMs, NEHCTBYIOIIErO HAa BHEIIHIOIO MOBEPXHOCTH NMPHU B3PHIBHOM BO3JIEHCTBUH,
CTpOSITCS TpapUKHU 3aBUCUMOCTH JIaBJICHUS OT BPEMEHH B XapaKTepHbIX Toukax. OleHuBaercs
BIUSHUE N1€(DeKTOB Ha MPOYHOCTH Mo KputepusMm paspymenus ans [IKM: Hashin, Chang-
Chang, Puck, LaRC (Langley Research Center). Omnpenensiercs W3MEHEHHE IUIOMIAIA
paccioeHusi MeXIy MOHOCIOSAMH OOMIMBKA M MEXIY HOIKPEIUISIOIMIMMU 3JIeMEHTaMH U
OOIINBKOH.

Pa3paboranHass MeTonuKa TO3BOJSET YYUTHIBATh BIUSHUE HA IPOYHOCTH
MHOXECTBEHHBIX  JIeEeKTOB (THUIA pACCIOCHHH) TNPOU3BOJBHON KOHUTypaluu B
TOHKOCTEHHBIX 3JIEMEHTaX KOHCTPYKIMH, BbModHeHHbIX u3 [IKM, mnpm nelictBumn
JUHAMHYECKUX HArpy30K pas3jIM4HOro Xapakrepa. B pamkax NMpoBEIEHHBIX HCCIIEI0BaHUI
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pa3zpaboTana mporpamMma sl aBTOMATH3UPOBAHHOTO CO3/JaHUS KOHEYHO-3JIE€MEHTHBIX
Mojiesieit 000JI0UeK U MaHeNel ¢ MOAKPEIICHUSIMH U 0e3 HUX, a TaKKe IJIACTUH MPU HAIUYUH
nedeKTOB pa3InIHON (POPMBI, Pa3MEPOB U PACIIONIOKEHUS B MHOTOCIONHOM KIT.

Modeling of dynamic effects on structural elements made of polymer composites in the
presence of defects of arbitrary configuration
Medvedsky A.L.', Martirosov M.1.2%, Khomchenko A.V.?*, Dedova D.V.?
L TSAGI, Zhukovsky, Russia
2 MAI, Moscow, Russia
% Irkut Corporation, Moscow, Russia

The following structural elements made of polymer composite materials (PCM) are
considered in this report: a plate, a cylindrical panel, and a cylindrical shell. The panel and
shell are investigated both with and without reinforcements. T-section stringers are used as
reinforcing elements; channel-type cross-section members are also made of PCM. The
stacking pattern of the structural elements monolayers is mixed, balanced and symmetrical,
using 0°, £45°, 90° stacks, the number of monolayers in the composite package (CP) varies.
Structural elements are made of carbon plastics on the basis of prepregs from HexPly
M21/34%/UD194/IMA carbon fiber and HexPly M21/40%/285T2/AS4C carbon fiber and
others.

Defects are interlayer multiple delaminations of circular, elliptical and arbitrary
configuration (polygonal border), there can also be detachments of reinforcing elements from
the cladding. External dynamic influences are considered as:

a) Pressure fields of various types of surface distribution;

b) The action of a spherical blast wave (Kingery-Bulmash model)

c) the effects of an absolutely rigid hemispherical shock absorber; a rectangular
parallelepiped-shaped shock absorber made of hyperelastic material simulating an aircraft tire
fragment; a ball-shaped shock absorber simulating a hail impact.

The finite element method (FEM) using the explicit method of integration of equations
of motion in the LS-DYNA software package is used for solving the problems. As a result of
a numerical solution, the fields of displacements, stresses and strains in the layers of structural
elements in the presence and absence of defects are determined for various moments of time.
The distribution of the pressure field acting on the external surface under explosive action is
calculated, and the pressure-time diagrams at characteristic points are plotted. The influence
of defects on the strength is evaluated according to the fracture criteria for PCM: Hashin,
Chang-Chang, Puck, LaRC (Langley Research Center). Changes in the area of delamination
between the monolayers of the cladding and between the reinforcing elements and the
cladding are determined.

The developed technique allows taking into account the effect of multiple defects
(type of delamination) of arbitrary configuration in thin-walled structural elements made of
PCM under the action of dynamic loads of different nature on the strength. Within the
framework of the conducted researches, a program was developed for automated creation of
finite-element models of shells and panels with and without reinforcements, as well as plates
in the presence of defects of various shapes, sizes and location in a multilayer PC.

MopenupoBaHue Ha4YAJIbLHOIO0 3a30pa VI aHAJM3A Npolecca cOOPKHU KpbLIa
Baiinesa H.W., Jlynynsik CB1, [Iuuaep 10K}
! Cankr-IlerepOyprekuit monurexunyeckuit yausepceutet Ilerpa Benukoro,
r.Cankr-IletepOypr, Poccus

Kppiio camonera mpezacraBiseT cOOOH CIIOXKHYHO KOHCTPYKIHIO, COCTOSINYIO W3
MHOKECTBA COCTBIKOBaHHBIX JeTayned. /[l TmosydeHHns KayecTBEHHOIO COEIUHEHUS
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TpeOyeTcss HeCKONBKO CIENUaTbHBIX MIAroB KperuieHus. M3-3a Hen30eHOW M3MEHYHMBOCTH
dbopm meranell B MpOIECCE COCNUHEHHS MOTYT BO3HHMKATh Pa3IMYHBIC OTKJIOHEHHUS, B TOM
YUCJIC HCCBCACHHLIC 3a30Pbl MCXKAY ACTAIISIMU, YTO MOXKCT OTPULATCIIBHO CKa3aTbCA Ha
KauecTBe JnanpHedmed cOopku. Ilpm pa3paboTke mporecca COOPKH BIHSHHE OTHX
OTKJIOHEHUI MOXKHO Y4Y€CTb, 3ajlaBas HayaJbHBIM 3a30p MEXAYy JeTajsiMU. OTOT 3a30p
OonpeaAcisIETCA KaK pPacCTOAHUEC MEXKAY dYacTdMHU OO0 YCTaHOBKHU ernemeﬁ H OTpaxacT
BIIUSTHUE CITyYailHBIX OTKIIOHCHHH Ha TpoIiecce COOPKHU.

CYH_IGCTByeT MCTOJHMKA aHallu3a IIporecca C60pKI/I JICTATCIIBHBIX  aIlllapaTos,
OCHOBAaHHAasA Ha PpCUHICHUHA GOHBH_IOI‘ O KOJMYCCTBA KOHTAKTHBIX 3ada4, MOACIHMPYIOIIUX
mporecc COOpKM C pa3IWYHbIMH HadadbHbBIMU 3a3opamu [1]. CrartucTthyeckuwii aHamu3
MOJIYYCHHBIX PE3YyIbTAaTOB IIO3BOJISICT MMPOrHo3npoOBaTh Ka4ueCTBO KOHTaKTa JJISL
aHaJM3upyeMoro Imporecca cOopku. OmHAaKO IS ATOM METOAMKHA TpeOyeTcs: MOJCIb
HAYaIbHOTO 3a30pPa, MOCKOJIBKY JJIsl aHaM3a HeoOX0quM OO0JIBIION HAOOp CreHepUPOBAHHBIX
Ha4daJIbHBIX 3a30pPOB.

O,Z[I/IH U3 MCTOJAOB MOJCIMPOBAHHA HAYAJIBHOI'O 3a30pa OCHOBAH Ha Pa3JIOKCHUHU I10
dbopmMaM COOCTBEHHBIX KoJIeOAHWW JeTalield, KOrja 3a30p MpeACTaBIsSeT CO00H CyMMmy
OpPTOHOPMHUPOBAHHBIX (OPM CO CITydailHBIMH KOA(Q(UIIEHTaMH. DTOT METOJ] TI0Ka3aj CBOIO
3¢ dexTUBHOCTh naxe B ciiydae HEOONbLIOro Habopa M3MEpeHHil HavyanbHOro 3azopa [2].
HpeIlCTaBJICHHaSI CTaThbd MMPOAO0JIKACT UCCIICAOBAHUC ITPUMCHUMOCTHU 3TOI0 METOJJa B ClIy4ac
OTCYTCTBUS H3MepeHHﬁ Ha4aJIbHOI0 3a3opa. I[J'IH TaKoro ciy4as pa3pa6aTLIBaeTc;1
MMOCTPOCHUC MOJCIIN Ha OCHOBC I/I3M€p€HI/II7I KOHCUYHOTI'0 3a30pa MCXKIAY ACTAIISAMU YKC IOCIIC
3aKpPCIUICHUA Ha C60p0‘lHOM CTaliejic U YCTAaHOBKH HEKOTOPOI'O KOJIMYCCTBA ernex(eﬁ.
MonenupoBanue BKJIIOYaeT B ceOs mocTpoeHue Habopa OPTOHOPMHUPOBAHHBIX Oa3MCHBIX
q)YHKI_II/Iﬁ " OLCHKY ITapaMe€TpOB MOJCIIM Ha OCHOBE I/ISMepeHI/Iﬁ KOHCYHOT'O 3a30pa.

COopka KpbUIa HCIONB3YETCS B JIaHHOM CTaTbe Kak MpPUMEpP aHaIU3UPYeMOro
mpounecca C60pKI/I, AJIsL KOTOPOro JOCTYIHBI TOJIbKO U3MEPCHUA KOHCUHOI'O 3a30pa. Ha stom
npuMepe uccueayercs 3pQPEeKTUBHOCTH pa3paboTaHHOTO METOAA MOJICIIMPOBAHUS HAYAILHOTO
3a30pa. HCCJ’ICI{OB&HI/IG IIOKAa3bIBACT, YTO AOCTATOYHO CJIOKHO OLICHHUTL IIapaMETPbl MOJACIU
13-3a HEJIMHEWHOW CBSI3UM MEXKIY HAYaJIbHBIM U KOHEYHBIM 3a30pamu. OJIHAKO MOCTPOCHHYIO
MOJCJIb MOKHO HCIIOJB30BATh IIPH aHAJIIM3C W OITHUMHU3AIHNH IIPOHCCCa C60pKI/I B Ka4€CTBC
HNCTOYHHKA IJIA TCHEPALUH HAaYaJIbHBIX 3a30POB.
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Initial Gap Modeling for Wing Assembly Analysis
Zaitseva N. !, Lupuleac S.?, Shinder J.*
! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

The aircraft wing is a complex structure consisting of many joined components. It is
required several special fastening steps to obtain high-quality joining. Because of the
inevitable variability of the component shapes, different deviations may occur in the joining
process including unreduced gaps between parts which can negatively affect the quality of
further assembly. When developing the assembly process, the influence of these deviations
can be taken into account by considering the initial gap between the parts. This gap is defined
as the distance between parts before the installation of fasteners and represents the influence
of random deviations on the assembly process.
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There is a methodology of variation analysis for aircraft assembly based on solving a
large number of contact problems that simulate the assembly process with different initial
gaps [1]. Statistical analysis of the obtained results allows one to predict the quality of contact
for the analyzed assembly process. However, for this methodology, a model of the initial gap
Is required as it is necessary to generate the large set of artificial initial gaps.

One of the initial gap modeling methods is based on the mode shapes decomposition
when the gap represents a sum of orthonormal mode shapes of the parts with random
coefficients. This method showed its effectiveness even in the case of a small set of initial gap
measurements [2]. Presented article continues explores the applicability of this method in the
case when there are no available measurements of the initial gap. For such a case, a
methodology for initial gap modelling is modified. This methodology includes constructing a
set of orthonormal basis functions and estimating the model parameters based of the residual
gap measurements.

The wing assembly process is used in this paper as an application example. For this
case the effectiveness of the initial gap modeling based on residual gap measurements is
studied. The study shows that it is hard to estimate the model parameters due to the
complexity and non-linearity of the relationship between initial and residual gaps. However, it
is possible to build a model that can be used in variation analysis and optimization of the
assembly process as a source of artificial initial gaps.
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YucjieHHoe Uccie0BaHNe KOMIIO3UTHBIX MaHeJell KpbLjia 006X TOJIIIUH MPH
noTepe yCTOHYMBOCTH NIPH CKATHH H C/ABHIE
Mutpodanos O.B.}, borsumix A.A.Y Ilenkos K.A.Y, Pox O.A. *, Boposkos JI.K.!
! MAM, r. Mocksa, Poccus

3a mocjeIHNEe HECKOJIBKO NECATUIETHH aBHALlMOHHAs IPOMBINIIEHHOCTh pacIlupHila
WCIIOJIb30BAaHNE KOMIIO3UTHBIX MAaTEpPHAIOB B KOHCTPYKLMU TPaXJTAHCKUX TPaHCIOPTHBIX
CaMOJIETOB, B HACTOSALIEE BPEMs BKJIIOYAIOIIECH MCIIOJIB30BAHME IEPEAOBBIX ITOJIMMEPHBIX
KOMIIO3UIIMOHHBIX MaT€pHaJIOB B OOJBIIMHCTBE arperaToB JIETATEIbHOIO anmapaTa, BKI0Yas
CHUJIOBBIE 2JIEMEHTHI, TAKUE KaK KECCOH KpblIa U onepenus [1]. B coBpeMeHHBIX TpakIaHCKHUX
mMpoKko(rO3esDKHBIX caMoJieTax, Takux kak Boeing 787, Boeing 777, Airbus A350 u
poccuiicko-kuTaiickuii  CR929 mpoleHT HCHONb30BaHUS KOMIIO3UTHBIX —MaTepHUajoB
mocturaer 55%.

B mmpokodro3emspkHBIX  caMojieTax TOJIIMHBI OOIIMBKM KECCOHa KpbUIa MOTYT
nocturatb 20-24 mm. CraHjapTHble NOAXOJbl K pacyeTaM Ha IOTEPI0 yCTONYMBOCTH
KOMITO3UTHBIX TaHeJIell OCHOBBIBAIOTCS Ha JHHEWHOW Teopuun Kupxroda-Jlssa, B kKoTopoi
YYHUTHIBAIOTCSl TOJIBKO KOMIIOHEHTHI T€H30pa HAIpPSKEHUW B IIOCKOCTH ciiosi [2]. JlaHHBII
MOJIX0/1 XOPOUIO ce0sl peann30Bal MPH pacyeTax TOHKUX KOMIO3UTHBIX MaHeNel, OJHAKO Ipu
pacueTax Ha IOTEPI0 YCTOMYMBOCTH IUIACTUH OOJIBLIONW TOJIIMHBI JaHHAas Teopus He
OpUMEHNMa, T.K. Yy TMaHened OOJbIIMX TOJIIMH HMEIT MeCTO ObITh Jedopmaluu B
HaIlpaBJIE€HUU W3 IIOJIKOCTH CJIOS, YTO CYHIECTBEHHO BIIMSET Ha XapakTep M 3HAYEHUs
KPUTHYECKUX ITOTOKOB IIPU IOTEPE YCTOMUUBOCTH.

B nmanHOll paboTe TNpPOBENEHO YHCICHHOE HCCIEIOBAaHWE KOMIIO3UTHBIX ITaHEIeH
KpbUIa OOJNBIIMX TOJIIUH MpH MOTEpPEe YCTOMYMBOCTH MpH cCxXatuu u casure. s
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Onpe/ieNICHUs KPUTUUECKUX YCHIIMM, MPU KOTOPBIX IMAHENb TEPSIeT YCTOMUYMBOCTh aBTOPAMHU
paboThI UCTIONB30BAJICS MTOAXO0/ YUCICHHOTO MOJIEIMPOBAHUE C TOMOUIBIO METO/1a KOHEUHBIX
anemenToB (MKD). Jlnst 3TOro ObUIH MOCTPOCHBI MOJIENN TIaHeNIel OOIIMBOK C OPTOTPOITHON
YKJIAAKOM C TMPUMEHEHHEM I0JX0Jla IOCIOMHOIrO MOJEIMPOBAHMS, HAYYHOU HOBHU3HOM
MPEAJIOKEHHOM MaTeMaTH4eCKOM MOJeIu TMOJMMEPHOTO KOMITO3UIIMOHHOTO Marepuaia
(ITIKM) sBnsercs noOaBieHHE MOJIb30BATENBCKOIO KPUTEPHUsI MPOUYHOCTH MOHOCIHOS IS
00BbEMHBIX KOHEUHBIX 3JIeMeHTOB (KD), yuuThIBaronux HanpaBlieHUE U3 TNIOCKOCTH ¢i1o4 [3].

[locne BanmumauMy pacyeTHBIX MOJENEH aBTOPHI IPOBEIHM CEPUI0 BUPTYAJIbHBIX
UCIIBITAHUN C TPAaHUYHBIMU YCIIOBUSMHU TAHEIH, COOTBETCTBYIOIIMMH TaKOBBIM OOIIMBKAM
KEeCCOHa Kpbuia [4], 1us MaHeNe ¢ 1uana3oHoM TOJIIMH OoT 3MM 10 24 MM ¢ maroMm 2mm. Ha
OCHOBE TMOJYYCHHBIX JAHHBIX OJMIHPUYCCKHUM TyTeM OBbUIO TMOJNYYCHO aHAIMTUYECKOE
COOTHOILEHHUE ISl OLEHKU MOTEePH YCTOMYMBOCTH KOMIIO3UTHBIX MaHesiel OONbIINX TOJILINH
MIPU CHKATHH U CIIBUTE.

[IpakTHueckass 3HAUMMOCTh PACCMOTPEHHOM 3a/Jaud 3aKJIIOYAETCS B BO3MOXKHOCTH
WCIIOJIb30BAaHUS AaHAIUTUYECKUX COOTHOIICHUN JIJISl OLEHKHU MOTEPU YCTOMUYMBOCTH B TTAHEJSIX
OOJBIINX TOJIIMH U3 KOMIIO3UTHBIX MaTepUaoB MPHU CKATUU U CABUIE IPU MPOCKTHPOBAHUH
KECCOHOB IMIUPOKO(DIO3EIHKHBIX CaMOJICTOB.

CnemyronmM  3TarioM  Hay4HOM  pabOThl  aBTOpPHI  IUIAHUPYIOT  IIPOBECTH
napaMeTPUYECKUd aHAJIM3 W HMCCIEA0BATh 3aBUCHMOCTH MOJYYEHHBIX KOd()(PHUIIMEHTOBR B
3aBUCUMOCTH OT YKJIa/IKU U CBOMCTB KOMIIO3UIIMOHHOT'O MaTepuara.
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Numerical investigation of the composite wing panels of large thickness in buckling
under compression and shear
Mitrofanov O.V.!, Bolshikh A.A.}, Shelkov K.A.}, Rod O.A., Borovkov D.K.*
'MAI, Moscow, Russia

Over the past few decades, the aviation industry has expanded the use of composite
materials in the construction of civil transport aircraft, now including the use of advanced
polymer composite materials in most aircraft components, including load-bearing elements
such as the wing box and empennage [1]. In modern civil wide-body aircraft, such as the
Boeing 787, Boeing 777, Airbus A350 and the Chinese-Russian CR929, the percentage of
composite materials used reaches 55%.

In wide-body aircraft, the thickness of the wing box skin can reach 20-24 mm.
Standard approaches to buckling calculations for composite panels are based on the linear
Kirchhoff-Love theory, which takes into account only the components of the stress tensor in
the plane of the layer [2]. This approach has been well implemented in the calculations of thin
composite panels, however, this theory is not applicable when calculating the buckling of
thick plates, because for panels of large thicknesses, there are deformations in the thickness
direction, which significantly affects the nature and magnitudes of critical flows during
buckling.
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In this work, a numerical study of composite wing panels of large thicknesses with
buckling in compression and shear is carried out. To determine the critical forces at which the
panel buckles, the authors of the work used the numerical modeling approach using the finite
element method (FEM). For this purpose, models of skin panels with orthotropic lay-up were
made using the layer-by-layer modeling approach, the scientific novelty of the proposed
mathematical model of a polymer composite material (PCM) is the addition of a custom
monolayer strength criterion for volumetric finite elements (FE), taking into account the out
of the layer plane direction [3].

After validating the calculation models, the authors conducted a series of virtual tests
with panel boundary conditions corresponding to those of the wing box skins [4] Tests of
panels with a thickness in a range from 3 mm to 24 mm with a step of 2 mm were made.
Based on the data obtained, an analytical relationship was obtained empirically to assess the
buckling of composite panels of large thicknesses under compression and shear.

The practical significance of the considered problem lies in the possibility of using
analytical relationships to assess the buckling in large-thickness panels made of composite
materials under compression and shear when designing wide-body aircraft wing box.

The next step is conduction of a parametric analysis and investigation of the the
obtained coefficients dependence on the lay-up and composite material properties.
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KBaHTOBOXMMHYECKOE MOEJTUPOBAHNE IJISA1 TEXHOJIOTHIT MPON3BOACTBA
BBICOKONPOYHBIX BOJIOKOH 3WJIOHA
bakynun B.H.l, Janunun A.H.l, Kapner IO.H.l, Huxkntun C.M.l’z, ®enpmmreiin B.A2
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[lepcrieKTHBBI  CO3MaHUS COBPEMEHHBIX TPAHCHOPTHBIX CHCTEM CBSI3aHBI C
pa3paboTKaMl ¥ HCIIOJIb30BAHHEM BBICOKOIIPOYHBIX TEPMOCTOMKUX KOMITO3UIIMOHHBIX
marepuanos (KM) [1-3].

B pa6ortax [4, 5] npenioxeH MeTO MPOTHO3UPOBAHUS JOJITOBEUHOCTH KOMITIO3UTA Ha
OCHOBE KHHETHYEeCKOoi Teopuu. B Hactosmieii pabore wuCcIeayercs TeoMeTpus U
KOH(OPMAIIMOHHBIE TEPEXOJbl TMOJMMEPHOH IIeMM 3WIOHA — CBEPXBBICOKOTIPOYHOTO
MaTepuana JUisi TeXHOJOTHi mpou3BoacTBa HOBBIX KM. 3uiioH (B BHIIE BOJOKOH U HHUTEH)
UMeeT TPOYHOCTh Ha pa3peiB B 1,6 paza Ooiblle, 4eM y KeBiapa, OOJaTacT BBICOKOM
TEPMOCTOUKOCTHIO. [0 compoTHBIIEHNIO HA Pa3pblB HUTU M3 3WJIOHA TIOYTH BJIBOE MPOYHEH
CTaM U B 5 pas jerue [6].

B Hacrosimee BpemMss OJHMM U3 TMEPCHEKTUBHBIX METOJIOB TEOPETHUECKOTO
MIpeJICKa3aHus MPOYHOCTH MATEPHAIIOB SBJISCTCS KBAHTOBOXMMHYECKOE MOJCIUpoBaHue [7].
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Quantum-chemical simulation for production technologies of high-strength Zylon fibers
Bakulin V.N.}, Danilin A.N.}, Karnet Y.N.*, Nikitin S.M.“, Feldstein V.A.2
! Institute of Applied Mechanics, Russian Academy of Sciences, Moscow, Russia
2 Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia
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Prospects for the creation of modern transport systems are associated with the
development and use of high-strength heat-resistant composite materials (CM) [1-3].

In [4, 5], @ method for predicting the durability of a composite based on the kinetic
theory was proposed. In this work, we study the geometry and conformational transitions of
the polymer chain of Zylon, an ultrahigh-strength material for technologies for the production
of new composite materials. Zylon (in the form of fibers and threads) has a tensile strength
1,6 times greater than that of Kevlar, and has high heat resistance. In terms of tensile strength,
Zylon thread is almost twice as strong as steel and five times lighter than steel [6].

At present, one of the promising methods for theoretical prediction of the strength of
materials is quantum chemical modeling [7]. Based on this method, the process of stretching a
polymer model by virtual deformation with energy optimization of the stretched structure was
studied.

This work was supported by the Russian Science Foundation grant No. 22-19-00678.
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[IpoexTHpPOBaHHE HECYIINX MAHEJIell AHU30TPONMHON CTPYKTYPBI KECCOHA KPbLIA ¢
y4eToM odecriedeHunsi MPOYHOCTH MPHU FreOMeTPHYECKH HeJHHETHOM TOBeIeHUH H
YCJIOBHH KEeCTKOI0 ONMUPAHUS
Murpodanos O.B.%, Mkypun M.B.!

! MAMW, r. Mocksa, Poccus

[Ipu co3maHuM HeCymMX KOMIIO3UTHBIX MaHeNeH Kpblia 0OpaTHOW CTPEIIOBHIHOCTH
camoJieTa Majod aBHALlMU NPH Harpy3kax OJU3KMX K pPacueTHOMY YPOBHIO JOIIyCKAeTCs
HAYaJBHBIA ATl TCOMETPUUYECKH HEIMHEHHOro ToBeIeHus. B pabore paccMorpeHa 3amada
OIpe/ieIeHNs] MUHUMAJIbHOW TOJIIMHBI HECYIMX MaHeJIed aHM30TPOMHON CTPYKTYpbl IpU
YCIIOBUU Harpy»eHHs C)KMMalOIMMHU TOTOKaMH, BO3HUKAIOLIUX B CIydae JeHCTBUS Ha KPbUIO
MaKCUMaJIbHOrO M3rubaromero MomeHTa. OOBbEKTaMM HCCIEIOBaHUS B JaHHOM pabore
ABIIIOTCS AHU3OTPONHbBIE IaHEIM IpPH YCIOBHUM BCECTOPOHHETO JKECTKOTO ONUpPAHUS,
IIPUBEICHO AHAJIUTUYECKOE PELICHHE T€OMETPUYECKM HEJIMHEWHOM 3a7aud, IOJIyYEHHOE
MetonoMm byOHoBa - [anmepkuHa, W mpeasiokeHa METOAMKA OIpeNeiIeHHs] MUHUMAIbHON
TOJILIMHBI TAHEJIM C YYETOM HCIOJIB30BAHHUS METOJNOJIOTMH IPOEKTHUPOBAHMS HECYIIHUX
MaHesel Mo 3aKpUTHYECKOMY COCTOSIHUIO [1]. OTME4eHO, 4TO MOJYYeHHOE aHAIMTHYECKOE
pellIeHHe TaK)Ke MOXKET OBITh MCIOJB30BAaHO [UI OLEHKHM Te€OMETPUYECKH HETMHEHHOTro
MOBE/ICHNS IOBEPXHOCTHBIX Je(EKTOB THUMA paccioeHui. Jlas TOHKMX aHU30TPOIHBIX
naHeJel 3anucaHbl aHATUTHYECKUE BBIPAXKEHUS JUIS BHIYMCIEHUS MEMOPAaHHBIX HaNpsHKEHUH,
BO3HUKAIOIIUX IPU IOTEpe YCTOWYMBOCTHU. Takke OTMEUYEHO, YTO JUIsl AaHU3O0TPOIHBIX
NaHeJleld JONMYyCTHUMBIM SIBJISIETCS HAyaJbHBIM 3Tall 3aKpUTUYECKOTO IOBEACHUSA IPHU
Harpy3kax MpeBBIIIAIOMINX 3KCIUTyaTallMOHHBIA ypoBeHb. JlJis BBIYUCIIEHHS MHUHHMAaJbHOMN
TOJILIMHBl TIAHEJM HCIOJIb30BAaHO YCIOBUE JIOCTMD)KEHHS HANpPSDKEHUH B MOHOCIOE
KOMITO3UTHOT'O MaTepuaa Mpe/esIbHbIM 3HAUEHUSM T10 YCIIOBUSM CTaTUYECKOW MPOYHOCTH B
noreHuuanbHo — kpurnyeckux Toukax (IIKT). Ormeueno, uro koopaunHatsl IIKT
ONpEAeNAOTCS YMCICHHBIM O00pa3oM TMpHU pPacCMOTPEHUH aHAJIUTUYECKOW (yHKIUH,
YKa3aHHOHN B BBIPDAKEHUU JUIsl HanpsbkeHui. Jlanee 3ajaya ONTUMAJIBHOTO NMPOEKTHPOBAHUS
CBEJIEHa K pEUICHUIO YpPaBHEHUS OTHOCUTENBHO TOJIIUHBI aHW30TPOIHOM TMaHelu B
ykazaHHbIX [IKT. OtrmedeHo, 4TO B ciydae MIAPHUPHOIO ONMPAHUS pEIICHHUE 3a7a4d
ONTUMAJILHOTO MMPOEKTUPOBAHMSI IPUBEEHO B padore [2].
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Design of the bearing panels of the anisotropic structure of the wing caisson, taking into
account the provision of strength with geometrically nonlinear behavior and the
condition of rigid support
Mitrofanov O.V.%, Shkurin M.V
! MAI, Moscow, Russia

When creating load-bearing composite panels of the reverse sweep wing of a small
aircraft with loads close to the calculated level, the initial stage of geometrically nonlinear
behavior is allowed. The paper considers the problem of determining the minimum thickness
of the bearing panels of an anisotropic structure under the condition of loading by
compressive flows arising in the case of the action of the maximum bending moment on the
wing. The objects of research in this work are anisotropic panels under the condition of a
comprehensive rigid support, an analytical solution of a geometrically nonlinear problem
obtained by the Bubnov-Galerkin method is given, and a method for determining the
minimum thickness of the panel is proposed, taking into account the use of the methodology
for designing load-bearing panels according to the supercritical state [1]. It is noted that the
obtained analytical solution can also be used to evaluate the geometrically nonlinear behavior
of surface defects of the bundle type. For thin anisotropic panels, analytical expressions are
written for calculating membrane stresses arising from loss of stability. It is also noted that for
anisotropic panels, the initial stage of supercritical behavior at loads exceeding the operational
level is acceptable. To calculate the minimum thickness of the panel, the condition for
achieving stresses in a monolayer of composite material to the limit values under the
conditions of static strength at potentially critical points (PKT) was used. It is noted that the
coordinates of the PKT are determined numerically when considering the analytical function
specified in the expression for stresses. Further, the optimal design problem is reduced to
solving the equation with respect to the thickness of the anisotropic panel in the specified
PKT. It is noted that in the case of a hinged support, the solution of the optimal design
problem is given in [2].
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TpexcJioiinbie 000/104KH - NEPCIEKTHBHbIE 3JIEMEHTbI KOHCTPYKIM .
Moaesim ocJI0HHOr0 pacyera HANPSAKEHHO-1e(DOPMHUPOBAHHOI0 COCTOSTHHS
baxynun B.H.!?

! ITTPUM PAH, . Mocksa, Poccust
2MAI/I, r. Mocksa, Poccus

HepCHeKTI/IBHOCTB TpeXCJIOI‘;IHBIX 000JI0YEK Kak dJIEMEHTOB KOHCprKI.[Hf/'I B

pasiM4yHbIX 00NacTAX, B T.4. CKOPOCTHOM TpAHCIOpPTE, OOYCIOBJIEHA BBICOKMMHU
MOKa3aTeasIMM  BECOBOM A((PEKTUBHOCTH, H3TMOHOM IKECTKOCTH, TEIUIOBOM 3aIlMTHI,
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3BYKOU3O0JISALIUU, BI/I6pOHOFHOH_[eHI/IH, a TAK¥XKXC BO3MOXHOCTBIO PCryjiMpOBaHUA 3THX U [P.
BOKHBIX XapakTepuctuk [1-5]. TlpumeHeHHE TPEXCIOMHBIX KOHCTPYKIIMH MOXKET OBITh
MOJIC3HBIM B YCJIOBHSIX BO3HHUKHOBeHUs OadTuHra u duarrepa [6-8].

B pa60Te NpCAJIOKCHBI IMOAXOAbI ITOCTPOCHUS MOI[GJ'IGﬁ IIOCJIOMHOTO pacdera
HaNpsHKEHHO-Ie(POPMHUPOBAHHOTO COCTOSIHUS TPEXCIOWHBIX HEPETYISPHBIX 000J0YEK, B T.U.
C MPSAMOYTOJILHBIMU B IIaHE BhIpe3amu [9-11].

PaccMoTpeHBl OCOOEHHOCTH MOCTPOCHHSI OOOJOYEYHBIX KOHEYHO - 3JIEMEHTHBIX
mozenerr (KOM) Ha ocHOBe 3((EKTUBHBIX aNMPOKCUMHUPYIONUX (PYHKIIUHA | pean3aliun
MPCAJIOKCHHBIX TOAXO0A0B B IBYMCPHBIX U TpéXMCpHHX 060HO‘-I€‘-IHBIX KOHCYHBIX 2JIEMCHTaxX
(KD) ecrectBenHoii kpuBH3HBI. [loka3zaHa 3()()EKTHBHOCTH MPEIOKEHHBIX IOIXOI0B U
JIBYMEPHBIX U TpEXMepHBIX 000s10ueuHbIX KOM u KO ecTecTBEHHON KpUBU3HBI.

Paccmorpensr monmenmu u KD 1 mOCHOMHOrO MCCIENOBAaHMS — HAIPSIKEHHO-
ne(OpPMHUPOBAHHOTO COCTOSHHSI TPEXCIOHHBIX HEpEryJspHbIX O000JI0YeK, B T.4. C
MMPSAMOYT'OJIbHBIMU B IIJIAHE BBIPE3aMH, IIO3BOJAIOMIUME aACKBATHO YUYE€CTh HCOAHOPOIHOCTH
CTPYKTYPbI, MOMCHTHOC COCTOAHHNEC HECCYHIUX CJIOCB, TPCXMCEPHOC HAIIPAKCHHOC COCTOSAHUC B
CJIOC 3aIIOJIHHUTEIIA, a TaKXKE PCAJIbHBIC YCIIOBUA IIPUIIOKCHHA HAIrPYy30K K OTACIIBHBIM CII0AM U
PAa3HBIC YCJIOBUA 3aKPCIIJICHUA CIIOCB.
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Three-layer shells are perspective structural elements. Models of layer-by-layer
calculation of stress-strain state.
Bakulin V.N.'?
YInstitute of Applied Mechanics of Russian Academy of Sciences, Moscow, Russia
2MALI, Moscow, Russia

The perspectivity of three-layer shells as structural elements in various fields,
including high-speed transportation, is due to their high indicators of weight efficiency,
bending stiffness, thermal protection, sound insulation, vibration absorption, and the
possibility of adjusting these and other important characteristics [1-5]. The use of three-layer
structures can be useful in conditions of bafting and flutter [6-8].

The paper proposes approaches for building models for layer-by-layer calculation of
the stress-strain state of three-layer irregular shells, including those with rectangular cutouts
[9-11].

The features of construction of shell finite element models (FEM) on the basis of
effective approximating functions and realization of the proposed approaches in two-
dimensional and three-dimensional shell finite elements (FE) of natural curvature are
considered. The effectiveness of the proposed approaches and two-dimensional and three-
dimensional shell finite element models (FEMs) and natural curvature FEMs is shown.

Models and FE for layer-by-layer investigation of the stress-strain state of three-layer
irregular shells, including those with rectangular cutouts, are considered, which allow to
adequately take into account the inhomogeneity of the structure, the moment state of the
bearing layers, the three-dimensional stress state in the filler layer, as well as the real
conditions of load application to individual layers and different conditions of fixing the layers.
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TPAHCHOPTHBIE CUCTEMBI. ’KU3HEHHBIN ITAKJI

TRANSPORT SYSTEMS. LIFE CYCLE

IIpo6JieMbl MOOWJIBHOCTH B TOPOAAax Oyayuiero
Maxkaposa U.B.}, Myxamermunos .M.", Byitson I1.A.%, Boiiko A.JI.*
'Kazancxkuit dbenepanbublii yaHuBepcuTeT, Habepexnnie Yennsl, Poccust

Ilo Mepe pocta COBpEMEHHBIX T'OPOAOB YCYIyOJIAIOTCS MpOOJIEMBI, CO3/1aBacMble
TPAHCHOPTHOM CHUCTEMOH: MPOOKH W 3aTOPBI, TPYAHOCTH C MOOMJIBHOCTBIO HACENCHHS U
JIOTUCTUKOM TOBapoB, 3arpsi3sHeHUEe OKpyskaromed cpeasl. K aTomy noGamisiercss HexBaTka
NapKOBOYHBIX MECT, MPOOJIEMBl HSKOHOMHYECKOTO M HH(QPACTPYKTYPHOTO Pa3BHUTHUSA
OTHAJICHHBIX DPAlOHOB, 4YTO SBJISAETCA IOCIEACTBUSAMH HEPALMOHAIBHOIO  PA3BUTHS
TPAHCHOPTHOM CHUCTEMBI. Pa3BuUTHE aBTOMOOMIILHOTO TPAHCIIOPTA YCUIIMBAET 3TH MPOOIIEMBI.
[lo MHEHUIO aHAJIUTUKOB, PEIIUTh MHOTME U3 O3THUX Mpo0JieM MOryT aBTOHOMHbIE
TPaHCIIOPTHBIE CPELCTBA.

ABTOHOMHBIE TpPAHCIOPTHBIE CPEACTBA CTAlIM JIOTUYECKUM MTOIOM peallu3aluu
HanpasyieHus: «/HTemIeKTyaabHble TPAHCIOPTHBIE CUCTEMBI» KaK CUCTEMHOW cTparteruu. B
CTaTb€ AHAIU3UPYIOTCA HAINPABICHUS WHTEIUIEKTYaIU3alMi JIOPOXKHBIX TPAHCIOPTHBIX
CpeACTB. DTO CBSA3aHO C pealn3anneil HOBBIX MapagurM B (PYHKIIMOHHPOBAHUU TPAHCIIOPTHON
CHUCTEMBbl YMHOIO ropoja Jjs pelieHuss npodjeM MOOUIBHOCTH M JIOTHCTUKH, a TaKXKe
CepBUCE TPAHCIOPTHBIX CPEACTB. /IMHAMUYHBIE MHTEIIEKTyaJlbHbIE ITOE3[KH IO 3aIpocy,
Ha3bIBa€MbIe MOOMIIBHOCTBIO KaK YCIIyIOH, IIPEIOCTABIISAIOT KJIMEHTaM
UHAUBUAYAIM3UPOBAaHHBIE YCIYIM MOOWJIBHOCTH € Y4Y€TOM HX HOTpeOHOCTEH U
IIPEIIIOYTEHUH € MCIOIb30BAaHUEM JOCTYNHBIX BUJOB TpaHcHopra. B craThe mpencraBicHa
KOHLENIMS MHTEJUIEKTYaJIbHOM CIIy>)KObl MMAacCaXUPCKUX IEPEBO30K I0J Ha3BaHUEM
«ConuanpHas MOOWIBHOCTH IO 3alpocy», KOTOpas MO3BOJSET Maccakupam BbIOpaTh
IpUEMJIEMBI BapUaHT, MHCIOJb3yd HAOOp ONUMH, a TakXke orepaTopaM ONTHUMAJIbHO
pacrpenessaTh aBTOMOOMIM JAJIs pa3sHbIX BHUJIOB IYTEIIECTBHM, YTO CHU3UT HArpy3Ky Ha
JOPOXKHYIO CETh, @ TAaK)Ke HETaTHBHOE BO3ACHCTBHE Ha OKpYKaromryto cpeny. O003HaueHBI
npoOIeMbl U MYTH MOBBIIEHUs 0€30MaCHOCTH, Ha/Ie)KHOCTH U YCTOHYHMBOCTU TPAaHCIIOPTHOU
cucrteMbl YMHOro ropoja. Ilokasano, 4to Juisi ynpaBlIeHHsI HAJIEKHOCTBIO IOIKIIOUYEHHBIX
TPAHCHOPTHBIX ~ CPEJICTB  HEOOXOAMMO  COBEPLICHCTBOBaTb  (PUPMEHHBIE  CHCTEMBI
TEXHUUYECKOTo OOCIyKuBaHUsS MU peMoHTa. OmnucaHa KOHLEMIUS CHUCTEMBI (PUPMEHHOIO
cepBHCa IPHU IMEPEXOJe K NPUHLUUNUAIBHO HOBBIM BHJAM TPAHCIOPTAa, 4YTO IO3BOJUT
NOJJIEPKUBATh UX pabOTOCIIOCOOHOE COCTOSIHHE M MOBBICUTH OE€30MaCHOCTh U YCTOMYMBOCTD
TPAHCIIOPTHON CHCTEMBI.

Mobility Challenges in the Cities of the Future
Makarova 1.V.*, Muchametdinov E.M.*, Buyvol P.A.}, Boyko A.D.!
'Kazan Federal University, Naberezhnye Chelny, Russia

As modern cities grow, the problems created by the transport system are exacerbated:
traffic jams and congestion, difficulties with the mobility of the population and the logistics of
goods, environmental pollution. Added to this is the lack of parking spaces, the problems of
economic and infrastructural development of remote areas, which are the consequences of the
irrational development of the transport system. The development of road transport exacerbates
these problems. Analysts say, that autonomous vehicles (AVs) can solve many of these
problems.

Autonomous vehicles have become a logical outcome of the "Intelligent Transport
Systems" direction implementation as a system strategy. The article analyzes the directions of
road vehicles intellectualization. This is due to the implementation of new paradigms in the
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functioning of the Smart City transport system to solve the problems of mobility and logistics,
as well as vehicle service. Dynamic and on-demand smart travel, referred to as Mobility as a
Service, provides customers with personalized mobility services tailored to their needs and
preferences using available transport modes. The article presents the concept of an intelligent
passenger transportation service called “Social Mobility on Demand”, which allows
passengers to choose an acceptable option using a set of options, as well as operators to
optimally distribute cars for different travel types, which will reduce the load on the road
network, as well as the negative impact on the environment. The problems and ways to
improve the safety, reliability and sustainability of the Smart City transport system are
outlined. It is shown that in order to manage the reliability of connected vehicles, it is
necessary to improve proprietary maintenance and repair systems. The concept of a branded
service system in the transition to fundamentally new modes of transport is described, which
will allow maintaining their working condition and increasing the safety and stability of the
transport system.

JIluHAMHKA PbIHKA MPeMUYM-TIEPEBO30K U CIIPOC HA CBEPX3BYKOBbIE
rpaIaHCKHe CaMoJIeThl
HcaeBa C.IO.l, [Tagpuna JL.B.!
! MAMU, r. Mocksa, Poccus

B nHacrosiem nokaze npencTaBieH aHalu3 MPeMHAIbHBIX (MIEPBBIA U OM3HEC KI1acChl
00CTyXKMBaHUS) MEPEBO30OK B PA3JIMYHBIX PETMOHAX MHPA, OICHEHO BIUSHUE IMaHIECMHUU
COVID-19 na nmpeMuanbHbIe MEPEBO3KK U MPEACTABICH JOJTOCPOYHBIN MPOrHO3 CIpoca Ha
CBEPX3BYKOBBIE CAMOJIETHI B MUPE.

Hecmotpst Ha TO, 4TO 3KCILTyaTalusi CBEPX3BYKOBBIX CaMOJIETOB Oblja IMOJIHOCTHIO
MpeKpalleHa, CTpaHbl- MUPOBBIC JHAEPHl B 00JACTH aBHACTPOCHHUS MPOJOHKAIOT paboTaTh
HaJ TEXHOJOTUSIMHU, KOTOpbIE IIO3BOJIIIOT CO3JaTh CBEPX3BYKOBOM CaMOJIET HOBOIO
MOKOJIEHUS B OyAylieM. DTO JienaeT akKTyalbHbIM BOIPOC OLIEHKH JOJITOCPOYHOrO CIpoca Ha
NIEPCIEKTUBHBIN ITACCAKUPCKUI CBEPX3BYKOBOM CaMOJIET.

Jl11s 00BEKTUBHOM OIEHKHU Ccrpoca ObLT BbIAENEH MepeBo3ok, B koTopoM CIIC moxer
ObITh BOCTpeOOBaH — IIpeMHalbHBIE IEepeBO3KH. B pabore paccMoTpeHa AMHaAMUKa
IIPEMHUAIBHBIX aBHALIMOHHBIX NEpeBO30K. [loATBEpXkAeHAa 53IaCTUYHOCTh IPEMHUATIBHBIX
MEPCBO30OK IIO0 MCHE. HCCJ’I@I{OB&HH OCHOBHBIC HaIlpaBJICHUSA, HA KOTOPBIX BBIIIOJIHAIOTCA
IIPEMUAIIBHBIE TIEPEBO3KHU.

OtnenpHOM Ba)XHOM 3ajadyeil CTajo OIpeneieHHe ONTUMalIbHOro Kod(dduumeHnrta
3arpy3ku M ero nuHamuku. Ha mnpumepe Heckonpkux kimroueBblx st CIIC pelicoB
MNpOACMOHCTPHUPOBAHA HUKIIMYHOCTE U JUAIIa30H U3MCHCHUA 3TOT'O IMOKa3aTeJs.

Taxxe ObUIO TPOBENIEHO HCCIIEAOBAaHHE TUHAMHUKHM M3MEHEHUS JI0JIM MpPEeMHUATbHBIX
aBUAIEPEBO30K 10 pErMoHaM MHpa.

B nepuon ¢ 2020-2022 rox Bce peruoHbl MUpa CTOJKHYJINCH € MAaHAEMHEH, KOTopas
oKazaja OecnpeleZieHTHOEe BIMSHUE HAa aBUAI[MOHHBbIE MepeBo3Ku. B mpennaraemoii padote
paccMaTpUBAETCs BIMSHHUE MAaHIEMUU Ha CETMEHT NPEMHUAIIBHBIX MEPEBO30K M OLIEHUBAETCS
JIOJITOCPOYHOE BIUSIHUE 3TOr0 (pakTopa.

Ha ocHoBaHMM paccMaTpuBaeMbIX JOMYIIEHUH ObLT MPEICTaBICH MPOTHO3 CIIpoca Ha
CBEPX3BYKOBbIE MMACCAKUPCKUE CAMOJIETHI B pErHOHAX MHpA.
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Dynamics of the premium transportation market and demand for supersonic
passenger aircraft
Issaeva S.Y. !, Shadrina L.V.*
! Moscow Aviation Institute (National Research University), Moscow, Russia

This report provides an analysis of premium (first and business class) traffic, assesses
the impact of the Covid-19 pandemic on premium travel in various regions of the world, and
provides a long-term forecast for demand for supersonic aircraft worldwide.

Despite of the operation of supersonic aircraft having been completely discontinued,
the world's leading countries in the field of aircraft manufacturing are continuing their work
on the technologies that will allow for the development of a new generation of supersonic
aircraft in the future. This makes the issue of assessing the long-term demand for a next-
generation passenger supersonic aircraft relevant.

For an objective assessment of demand for supersonic passenger aircraft,
transportation premium traffic was singled out. The paper considers the dynamics of premium
air traffic. The price elasticity of premium traffic has been confirmed. The main routes on
which premium traffic is carried out are investigated.

A separate important task was to determine the optimal load factor and its dynamics.
On the example of several routes that are key for the supersonic passenger aircraft, the
cyclicity and range of change of the optimal load factor is demonstrated.

Furthermore, a study was made on the dynamics of changes in the share of premium
air traffic by regions of the world.

Between 2020-2022, all regions of the world were facing a pandemic that has had an
unprecedented impact on air traffic. This paper examines the impact of the pandemic on the
premium transportation segment and assesses the long-term impact of this factor.

Based on the assumptions discussed, the forecast of demand for supersonic passenger
aircraft in the regions of the world is presented.
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AHAaJIU3 OCHOBHBIX ACMEKTOB ONEPALIMOHHOM 1eSITeJIbHOCTH CBEPX3BYKOBOI0
NacCaKUPCKOro camoJieTa Ha mpuMepe apuakomnanun Emirates
Hcaesa C.IO.l, [MTagpuna J.B.!

! MAM, r. Mocksa, Poccus

B HacTosimieM dokjaze paccMaTpUBAarOTCS OCHOBHBIE ACMEKTHI JKCILTyaTallMOHHOMN
NeSITETHHOCTH CBEPX3BYKOBOTO MACCAKUPCKOTO camojieTa Ha NMPUMEpPE MapIIpyTHOW CeTH
aBuakommanuu Emirates. B pesynbrare npoBeqeHHOro aHaimM3a ObUIM MOJTYYE€HBI OCHOBHBIC
JOMyIeHusT sl (DOPMUpPOBAHHS TIPOTHO3a CIPOCa Ha CBEPX3BYKOBBIC ITACCAKUPCKHE
CaMOJIETHI.
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AHanu3upyemasi MapIIpyTHasi CEThb OMPEENIIeTCs CICIYIOIMUMHU MTapaMeTpamMu:
MYHKT BBLIETA;

MYHKT TOCA/IKH;

JlaTa U BpeMs BBUIETA,

JlaTa ¥ BpeMsi OCaIKu,

CaMOJIET Ha pelce;

CpenHsis 1ieHa Ouera;

1 popMUpyeTCsi Ha OCHOBAaHWM THUIIOBOM MapIIPYTHOH ceTH aBHakommaHuu Emirates B
2023rr.

B pamkax naHHOro OKNIaaa 3ajada KOHBEPTALUHU MPEMUAIBHOTO MAacCaXUPOIIOTOKA
(Ou3Hec u mepBbIi KiIacChl 0OCTYKHUBAHUS) PEIIAETCS C YUETOM CJIEIYIOIIEro MOMYIICHUS: B
CIIC KOHBEpPTHPYIOTCS BCE PEMCHI JT03BYKOBBIX CaMOJETOB C JaJbHOCTHIO OT 3000 kM
aBrakommanuu Emirates.

JleranpHOE MCCIeIOBaHUE pacnucaHus Emirates mokasano, 4To CyIIecTByeT pa3HUIla
MEX/1y MOJIETHBIM BPEMEHEM, OMPEENIIeMbIM CKOPOCTHIO U OPTOJPOMUYECUKM PACCTOSTHUEM
(Block Time) u BpemeHeM BBITIOJIHEHHS peiica, oTMedaeMbiM B pactiucanuu (Flight Time). B
JAHHOM HCCIIEIOBAaHWU O5Ta pa3HUIla Oblla y4YTeHa MpU OIEHKE CPEJIHEroJI0BOro HaleTa
CBEPX3BYKOBOTO CAMOJIETA U SBJISECTCS 0A30BBIM JIOIYIIICHUEM.

Kpaiine BakHOW 3amadeil WccienoBaHUs SBISETCS ONpEAENeHUE CPEIHEroJ0BOro U
CPEIHETHEBHOTO HaJleTa CBEPX3BYKOBOTO camodsera. s pemeHus 3Toi 3amadyn Obuia
CMOJIeIMpOBaHa MapUIPyTHasi CETh JUIS CBEPX3BYKOBOTO camMmoJieTa, Oasupylomieecss Ha
TEeKyIlleM pacriucanuu Emirates.

Takoke ObUTH MPOAHATM3MPOBAHBI IEHOBBIC TPEIIOKEHHs aBUakomanuu Emirates u
BBISIBIICHBI KITFOUEBbIE 3aKOHOMEPHOCTH [IEHOOOPa30BaHMS.
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Analysis of the main aspects of the operation of a supersonic passenger aircraft using the
example of Emirates
Issaeva S.Y.*, Shadrina L.V.!
! Moscow Aviation Institute (National Research University), Moscow, Russia

This report examines the main aspects of the operational activities of a supersonic
passenger aircraft using the example of the route network of Emirates airline. As a result of
the analysis carried out, the main assumptions for the formation of a demand forecast for
supersonic passenger aircraft were obtained.

The analyzed route network is determined by the following parameters:

o departure point ;
landing point ;
date and time of departure ;
date and time of landing ;
aircraft on the flight ;
average ticket price ;
and is formed based on a typical route network of the Emirates airline in 2023.
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Within the framework of this report, the problem of converting premium passenger
traffic (business and first-class service) is solved by taking into account the following
assumption: all flights of subsonic aircraft with a range of 3000 km or more of Emirates
airlines are converted into supersonic passenger aircraft.

A detailed study of the Emirates schedule has shown that there is a difference between
flight time determined by speed and circle distance ( Block Time ) and the flight time
indicated in the schedule ( Flight time ). In this study, this difference was accounted for when
estimating the average annual flying time of a supersonic aircraft and is a base assumption.

Another important task of the study is to determine the average annual and average
daily utilization of a supersonic aircraft. To solve this problem, the route network of a
supersonic aircraft was modeled, based on the current Emirates schedule .

Emirates ' pricing proposals were also analyzed and key pricing patterns were
identified.
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u¢poBbie TEXHOJIOTNH B YIIPABJICHUH MYJIbTUMOJAJBHBIMH NEPEBO3KAMU I'PY30B
Hosinesa E.H.l, dunumnmnosa H.A.l, Edpemon A.E.l’z, Baiines C.B. , AGakapoB A.A. 4
1CeBepo-BOCTquHfI denepanbublii yHuBepcuteT uMeHu M. K. AMMocoBa, 1. SIKyTck,
Poccus
2pyT (MUUT), r. Mocksa, Poccust
3 MAJIY, r. MockBa, Poccus
4 MaxaukanuHckuii ¢bumman MAJIU, r. Maxaukana, Poccus

MynbTUMOIaIbHBIE TIEPEBO3KH MOCTOSIHHO Pa3BUBAIOTCA M yaydinarorcs. OcoOeHHO
BaXHbl OHM JUIsI CEBEPHOrO 3aB03a, TaK KaK IO3BOJISIOT JOCTABIATH IPY3bl HAa YyJal€HHBIE
TEPPUTOPUN C MaKCUMaJIbHOM 3¢ ¢dexkTuBHOCTHIO. Ponb ceBepHoro mopckoro nyru (CMII) B
TaKHUX MEepeBO3KaxX TPYAHO MEPEOLICHUTb.

CMII, npoxonsamuii uepe3 BOABI ApKTHUKM, SBIseTcss HauOojiee OBICTPHIM H
HKOHOMUYECKHU (P (HEKTUBHBIM MapILIPYTOM JUIsl TOCTaBKU IPYy30B Ha ceBepo-BocToke Poccum.
OH 1o3BOJISIET COKOHOMMTH BPEMs M PECYpPCHl IO CPAaBHEHHUIO C TPAJAWLMOHHBIMU IYTSIMH
TPaHCIIOPTUPOBKU TI'PY30B, TaKUX KaK aBTOMOOWJIbHBIE U Xkelle3Hble Joporu. Kpome Ttoro,
MOPCKOW MyTh HJEIBHO MOJXOAUT Ui TPAHCHOPTHPOBKH TIPY30B, KOTOpBIE TPEOYIOT
CHEIHAJIbHBIX YCIOBUHN XpaHEHUS, CIEIMAILHOTO0 000PYJOBaHMSI M YACThIX 3aMOPO30K, TAKUX
Kak pbI0a, MOpCKUE IPOAYKThI, HeTh U ra3 [1-3].

B unensx peanmuzamuu «TpancmoptHoit ctparerun Poccum mo 2030» u mpuHSTOU
«Crtparerun pa3Butusi ApkTuueckoi 30Hbl PO 1 obecrieueHuss HallMOHAIBHOW 0€30MacHOCTH
Ha niepuon 10 2020 roma» co3maeTcs B ceBepHbIX pernoHax P®d, taroreronmx k Tpacce CMII,
TPAHCHOPTHO-JIOTUCTUYECKHE Y3JIbI M MOPTHI-XaObl, KOTOpbIE JIOJKHBI IPUBJICKATh
TpPaH3UTHBIE T'PY30MOTOKU U COMPOBOKIATHCS POCTOM KOHTEHHEpHBIX nepeBo3ok [5]. U ¢
MIOMOUIBIO UPPOBBIX TEXHOJIOTMH IIPOUCXOIUT OllepaTUBHOE yIIpaBJI€HHE
MYJIBTUMO/IaIbHBIMU NIEPEBO3KAMH B MOPTaX-Xa0ax.

B nmanHOH craThe MBI IpoOBedeM aHainu3 apkrudyeckux nopros CMII, paccmorpum
CTyNeHb LU(POBU3ALMU U PA3BUTOCTU HHPPACTPYKTYphl MOTEHIHUAIBHBIX MOPTOB-XabOoB,
TOTOBBIX IPUHATH I'PY30IOTOKH M PACIPEAENIATh TPAH3UTHBIE TPY30IIOTOKH.
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ApkTHueckuil 6acceilH — paiioH OBICTPOro poCcTa MOPCKHUX IMEPEBO30K, TJE BAXKHYIO
poisib urpaer CMIIL. B ctpykType skcnopra nmpeodiaatoT yroiib, Jiec, HehTEIPOIYKThI, PYIbI
[[BETHBIX METAJUIOB, 000PYI0BaHKE, B CTPYKTYpPE UMIOPTA — MPOJOBOJILCTBHE.

W3 noptoB ApkTHueckoro 6acceiiHa He3aMep3aroluM CUUTaeTCsl MOpT MypMaHck, a K
nopraM ApKTHYECKOH 30HBI, OOCIY)KMBAIOIIMM CEBEPHBbIM 3aB03, OoTHOcsATcsA 1. [leBek,
Hukcon, lynunka, Cabetta, Tukcu, Xartanra, [IpoBuaeHusl.

JUia nanpHedniero wuccienoBaHUs Bo3bMeM 9 mopTtoB: MypMaHCK, ApXaHIebCK,
ITeBek, Jukcon, Jynunka, Caberra, Tukcu, Xartanra, [IpoBumeHuss ApKTHUYECKONH 30HBI U
paiionoB Kpaiinero CeBepa u mnpoaHAIM3UPYeM CTENeHb LU(PPOBU3ALUK TIOPTOB U
FOTOBHOCTb MPHUHATHS Ha ceOs  PoOJM IMOPTOB-XaboB MJisi ONEpPaTHUBHOTO YIpPaBICHUS
TPaH3UTHBIMU I'PY30IIOTOKAMH.

Hamu Obuin BbIOpaHbl KpPUTEpUU, MO KOTOPHIM OyJIeM OLIEHMBAaTh TOTOBHOCTH K
U(POBU3AIMH U BO3MOXKHOCTH MYJIBTUMOJIAIBHOM MEPEBO3KU TPY30B:

1. NudopmarnmonHas J0CTYITHOCTb.
2. Y 100cTBa MYIBTUMOJATBHBIX TEPEBO30K.
3. bazoBsie anemMenThI UG POBOM HHPPACTPYKTYPHI.

OnenuBath KpuTepuil MHPOPMALMOHHOW JOCTYMHOCTH OyneM uepe3 OopHUIMaIbHBIHN
caiiT, Ha KOTOpPOM JIOJDKHBI OBbITh M3JIOKE€HBl OCHOBHAass M OQUIMaTIbHAA HH(pOpMAIMS,
yCIIyTU, KOHKYPChI, TEHAEPHI U T.1.

Kputepuii ynoOGctBa MyJIbTUMOAAIBHON IMEPEBO3KH OLICHUBACTCA KOJIMYECTBOM U
Ka4eCTBOM TOABE3THBIX IyTeH UIsi OTIPY3KH Tpy3a, YAAJICHHOCTBIO OT /I CTaHIMH,
denepabHON (PEerHOHATBHOM ) TPACCHI.

bazoBeie anemMeHThl U(GPOBO HHPPACTPYKTYPHl BKIIOYAIOT CPEACTBA CITyTHHUKOBOMH
HaBUTallMi, MOOWJIBHOM, CITyTHUKOBOM CBSI3M, TEJICKOMMYHMKALlUU, T€OMH()OPMATHUKU U
BBIUMCIUTEIbHON TEXHUKH.

Jlisi onepaTUBHOTO YIIpaBJIEHUs Tpy3aMu, IPUOBIBAIOLIMMHU K [TOpTaM, U AajdbHEHIIeH
OTIPY3KH JUIS aBTO, X/ WJIM aBUANIEPEBO30K J0 KOHEYHOTO MOTPEeOUTENs co3/1aHa nuppoBas
npocTpaHcTBeHHass Mojenb. LludpoBas npocTpaHcTBEHHass MOZENb JOJKHBI OTpa)arb
MIOJIOKEHHE U XapaKTep OCHOBHBIX 00BEKTOB TPAHCIIOPTHOW HHPPACTPYKTYPHI.
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Digital technologies in managing multimodal cargo transportation
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Multimodal transportation is constantly evolving and improving. They are especially
important for the northern delivery, as they allow delivering goods to remote areas with
maximum efficiency. The role of the Northern Sea Route (NSR) in such transportation can
hardly be overestimated.

The NSR, passing through the waters of the Arctic, is the fastest and most cost-
effective route for the delivery of goods in the north-east of Russia. It saves time and
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resources compared to traditional ways of transporting goods, such as roads and railways. In
addition, the sea route is ideal for transporting goods that require special storage conditions,
special equipment and frequent freezing, such as fish, marine products, oil and gas [1-3].

In order to implement the "Transport Strategy of Russia until 2030" and the adopted
"Strategy for the Development of the Arctic Zone of the Russian Federation and Ensuring
National Security for the Period until 2020", transport and logistics hubs and hub ports are
being created in the northern regions of the Russian Federation, gravitating towards the NSR
route, which should attract transit cargo flows and be accompanied by an increase in container
traffic. And with the help of digital technologies, there is an operational management of
multimodal transportation in hub ports.

In this article, we will analyze the Arctic ports of the NSR, consider the stage of
digitalization and infrastructure development of potential hub ports ready to receive cargo
flows and distribute transit cargo flows.

The Arctic Basin is an area of rapid growth in maritime traffic, where the NSR plays
an important role. The structure of exports is dominated by coal, timber, oil products, non-
ferrous metal ores, equipment, while the structure of imports is dominated by foodstuffs.

From the ports of the Arctic basin, the port of Murmansk is considered to be ice-free,
and the ports of the Arctic zone serving the northern delivery include the settlement of Pevek,
Dikson, Dudinka, Sabetta, Tiksi, Khatanga, and Provideniya.

For further research, we will take 9 ports: Murmansk, Arkhangelsk, Pevek, Dikson,
Dudinka, Sabetta, Tiksi, Khatanga, Providence of the Arctic zone and regions of the Far
North and analyze the degree of digitalization of ports and the readiness to assume the role of
hub ports for the operational management of transit cargo flows.

We have chosen the criteria by which we will evaluate the readiness for digitalization
and the possibility of multimodal transportation of goods:

1. Information accessibility.

2. Convenience of multimodal transportation.

3. Basic elements of digital infrastructure.

We will evaluate the information accessibility criterion through the official website,
which should contain basic and official information, services, competitions, tenders, etc.

The criterion of convenience of multimodal transportation is estimated by the number
and quality of access roads for cargo shipment, remoteness from railway stations, federal
(regional) route.

The basic elements of the digital infrastructure include satellite navigation, mobile,
satellite communications, telecommunications, geoinformatics and computer technology.

A digital spatial model has been created for the operational management of cargo
arriving at ports and further shipment for road, rail or air transportation to the end user. The
digital spatial model should reflect the position and nature of the main transport infrastructure
facilities.
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IToaxon Kk oneHKe KU3HEHHOT0 MKJIA BBITYCKaeMOH NPOAYKINH
NpeAnpPUATHH ABUANMOHHOH 0TPACJIU B €IMHOM MH(OPMAIMOHHOM NPOCTPAHCTBE
Kynnena ALY 3acTpoBcKas AAL CepebpsiHCKHi CA!
1MAI/I, r. Mocksa, Poccus

TpeboBanust Kk KauecTBy KOHKYPEHTOCIIOCOOHOM MPOAYKIMU aBHALMOHHOW OTpaciu
Ha JTanax *H3HEHHOrO IIMKJIA 3aKJa/bIBalOTCA Ha CTAAMM MPOEKTUPOBAHUS Pa3pabOTUUKOM,
B TPOM3BOJICTBEHHBIX YCJIOBUSX O0O0ECHEUMBAIOTCS TEXHOJOTHYECKHMMHU INIPOIeCcCaMH, a
SKCIULyaTUPYIOLIME OpraHu3alMu o0s3aHbl 3TH TpeOOBaHUS K KadyecTBY MNPOLYKLIHU
NOJ/ICP’)KUBATh HMCIIOJIB30BAHUEM HOBEHIEro 00OpYAOBaHUS, KOHTPOJIHHO-IIPOBEPOUHON
anmnaparypbl U HHCTPYMEHTOB, CPEJCTBAMU METPOJIOTMH U BBICOKUM YPOBHEM KBalnu(UKaLuu
crienuanucTos [1, 2].

Hannuue uHQOpManMOHHOIO MPOCTPAaHCTBA IO3BOJISET OOBEAMHUTH BCE OOBEKTHI
HPEIIPUATHSL, BCE IPOU3BOICTBEHHBIE ITPOLIECCHI U MPOIYKIUIO, BCE KOMIIOHEHTHI KOHTPOJIS
3TaroB MIPOU3BO/CTBA, KOHTPOJIb Ka4eCTBA CONMPOBOXKIAIOIINX J1F000€ MPOU3BOJCTBO YCIYT B
eIMHYI0 UH()OPMAIIMOHHYIO CUCTEMY. DTO MOJOXKHUT HA4ajo Ui WHTETPALlUN BBITYCKaeMOU
MIPOIYKIIMK B HH(OPMAIIMOHHOE T0JIe )Ku3HeHHoro nukia (JKI) u3genus [3]. ®opmupoBanme
0a3 nmaHHBIX, CTaHmApTU3almus ©uX ¢GopM, OOECHeYuT BHEAPEHHWE H IPHMEHEHHE Ha
COBPEMEHHOM YPOBHE TEXHOJIOTUIl aBTOMaTH3allMd B HH()OPMALMOHHOM IPOCTPAHCTBE,
MOBBICUT €€ JIOCTYITHOCTh U MHTYUTHUBHYIO aallTUBHOCTH JJIsl BCEX NMPEANPUATUI IS OLIEHKU
K11 Beimyckaemoii npoaykuuu [4].

B nannoii pabote paccmarpuBaetcs mojzienb oueHku XKL, Mogaenb crpoutcs MeToioM
JIEKOMITO3UIIMU: OT YKPYNHEHHBIX COCTaBHBIX CTPYKTYp K Oojee mpoctbiM. Ha ocHoBe
(YHKIIMOHAJIBHOW MOJEIN ONpENeNsIeTcs MaTpulla OTBETCTBEHHOCTH BCEX YYAaCTHUKOB
nporecca, 00ECleYMBAIONIMX  IOBBIIIEHWE  KauyecTBAa M KOHKYPEHTOCIIOCOOHOCTH
IIPOU3BOAMMON npoayKuuu Ha kaxzaoM srtamne JKILI. I'maBHasg 3amaga co3gaBaeMod MOJCIH -
OTpakeHHe B HMH(OPMAIMIOHHOM MPOCTPAHCTBE JESITEIbHOCTH BCEX YYAaCTHHKOB, Ha BCEX
ATanax >KM3HEHHOI'O IIUKJIa BBITYCKAeMOW MPOIYKIUH [5].

[Ipumenenue paccmaTpuBaeMoil Mojenu Mo3BoJsieT 3((EKTUBHO pelarh 3aJaud
COBEpPILICHCTBOBAHMS B3auMoJeicTBus Mexny ydactHukamu JKILI, oOecredeHus kadectBa
BBIIIYCKAEMON IPOAYKLMM HAa OCHOBE MOJEJIEH IPOLECCOB >KMU3HEHHOIO LUKJA H3AEIHUS
ABHAIIMOHHOW TEXHUKHU.

Pemenne yka3zaHHBIX 3a4ay, IO3BOJIMT CO3/1aThb B OTEUYECTBEHHOW aBHUALMOHHOMN
MPOMBIIIIEHHOCTH  yCcloBHSL i 3((EKTUBHOrO peIIeHUs aKTyaJdbHOW MpoOIeMbl
MOBBIIIEHUS] KayecTBa M KOHKYPEHTOCIIOCOOHOCTH TEXHHYECKH CIIOKHOW M HayKOeMKOH
MPOAYKIIMHM aBUACTPOEHUSI.
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An approach to the assessment of the life cycle of manufactured products
of aviation industry enterprises in a single information sPace
Zhuleva A.D.}, Zastrovskaya A.A.", Serebryansky S.A.

'MAI, Moscow, Russia

The requirements for the quality of competitive products of the aviation industry at the
stages of the life cycle are laid down at the design stage by the developer, technological
processes are provided in production conditions, and operating organizations are obliged to
maintain these requirements for product quality using the latest equipment, control and
verification equipment and tools, means of metrology and a high level of qualification of
specialists [1, 2].

The presence of an information space allows you to combine all the objects of the
enterprise, all production processes and products, all components of the control of production
stages, quality control of services accompanying any production into a single information
system. This will be the beginning for the integration of manufactured products into the
information field of the product life cycle [3]. The formation of databases, standardization of
their forms, will ensure the introduction and application of automation technologies at the
modern level in the information space, will increase its accessibility and intuitive adaptability
for all enterprises to evaluate the housing and communal services of products [4].

In this paper, a life cycle assessment model is considered. The model is being
constructed by decomposition method: from enlarged composite structures to simpler ones.
On the basis of the functional model, the matrix of responsibility of all participants who
ensure the improvement of the quality and competitiveness of manufactured products at each
stage of the life cycle in the process is determined. The main task of the created model is to
reflect in the information space the activities of all participants at all stages of the life cycle of
the products [5].

The application of the considered model makes it possible to effectively solve the
problems of improving the interaction between the participants life cycle, ensuring the quality
of products based on models of the life cycle processes of an aircraft product.

The solution of the above-mentioned tasks will enable to create conditions in the
domestic aviation industry for the effective solution of the urgent problem of improving the
quality and competitiveness of technically complex and knowledge-intensive aircraft
products.
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BupryanbHas nTuna — MoJeJibHO-OPMEeHTHPOBAHHBII MpoLecc pa3padoTKH U
UHTErpanuu CUCTEM CaMOJIETOB TPAHCIIOPTHOM KAaTeropuu
Aunexcees C. A. Y, Cemenos M. H. %, Kuxapesa U. B.

MAO UPKVYT ®umman «Pervnonasubie caMoJieThl», . MockBa, Poccus

B nokmaze paccmMoTpeH moaxoJ K pa3paboTke OOpPTOBOTO PpaaMO3JeKTPOHHOIO
o0opynoBanuss u cucteM BC Ha OCHOBE NpPHUMEHEHHUS MOJEIbHO-OPUEHTUPOBAHHOTO
IPOEKTUPOBAHUS.

OCHOBHOW IIENBIO TIpEAaraeMoro IMojaxoja sBIseTcs (GopMHpoBaHUE IH(PPOBOTO
oOnuka pa3pabaTbIBaGMbIX CHCTEM M arperaroB co CTOpOHbl pa3paborunka BC s
¢dbopmupoBaHus, BaTUAAUUN U Bepurukannu TpeOoBaHni K yHKIMOHUPOBAHUIO CHCTEM.

[IporpamMMmHO-MaTeMaTuueckuii KomIiuieke «BuprtyansHas Iltuna» mnpencraBiser
coOOM 4YeThlpe WCIOJTHEHUSI MAaTeMAaTHUYeCKUX MOJENeH, CBS3aHHBIX MEXIy COO0Ooi
TpeOOBaHUSAMH K cHUCTeMaM M (YHKIMSIMHU DPa3HOTO YPOBHs, COOTBETCTBYIOIIUMHM 3Taram
paszpadotku BC.

IepBblif ypoBeHb IpeACTaBIsIET COOOM apXUTEKTYpHbIE U (PYHKIIMOHAIbHBIE MOJEIH,
TpaccupyeMble MexXJy co0oil W mpeaHa3HAaYeHHblEe U1 BaJIWJAlUM (YHKIIMOHAIbHBIX
TpeOOBaHUI B COOTBETCTBUU C PeKOMEHAaLUsAMH pykoBoacTBa P4754A[1]. DTo 3akiaabiBaer
OCHOBY JUIsl TpeOOBaHUM MO OTKa300€30IaCHOCTH U olecredyrBaeT BEepUPHUIUPYEMOCTh U
CepTUPHUIMPYEMOCTh pa3pabaThIBa€MbIX PEILICHHH B OyayIIeM.

Bropoii ypoBeHns npezcTaBiser co00i MaTeMaTH4ecKue MOJENINU CUCTEM U OTpakaeT
(YHKLIIMOHUPOBAHUE CHUCTEM, a TaK)Xe IMO3BOJSET NMPOBOAMTH CUMYIALHIO HUX PabOTHI, U
MCCJIEIOBaHMSI B3AUMHOTO BIIMSHUSA UX (DYHKIHOHUPOBAHUS.

Tpetuii ypoBeHb NpeHa3HAYEH, B IEPBYIO OUEPe/b, A (hopMaIn3aluu TpeOOBaHUI
K [1O GoptoBbix cuctem B coorBeTcTBUU ¢ KT-178C[2][3], Ha 5TOM ypOBHE MOJIETTH CUCTEM
paccMaTpUBAIOTCSI € TOYKM 3pEHHUS  QJITOPUTMOB, OO0ECIEUMBAIOLUIMX  BBINOJHEHHE
pa3paboTaHHBIX 3aKOHOB yIPaBJIEHUs Ha pealbHBIX apXuTeKTypax cuctem BC.

HcnonHenue 4eTBEpTOrO YpOBHS, B JOIOJHEHUE K IEPBBIM TPEM HCIIOJIHEHUSM,
YYHUTBIBAET XapakTtepuctuku 0azoBoro [1O, Bmusromiero Ha padoty (ynkmuonambHoro 10
CHUCTEM M JpYyrHe BaKHbIE AacleKThl peanu3anud paboTsl OOpTOBOro 000pYyIOBaHUA,
OKa3bIBaIOLIME BIMsAHKE Ha paboTy cucteM B coctaBe BC.

PaccmarpuBaeMblii 1MoixoJ] anpoOMpOBaH, W pealM30BaH B paMKax CO3/IaHUS
camoiera SSJ-NEW u, moMHUMO JOCTHKEHHMSI OCHOBHOM I1€JIH, ITO3BOJIMT MCITOIL30BaTh 3371
pa3paboTaHHBIX MaTeMaTHueckux Mojened Ha Bcex odrtamax JKI[ BC. Ilpomeccer u
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METOOJIOTHS, NPUMEHseMble TpU pa3paboTke Komiuiekca «Buptyanbhas Iltuma» moryt
OBITh YCIICIITHO MPUMEHEHBI TIPU pa3pabOTKe, CepTUPHUKAIUN U IKCIUTyaTalldH CKOPOCTHOT'O
TpaHCIOPTa OYIYIIETO.
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Virtual Bird is a model-oriented process of development and integration of transport
category aircraft systems
Alekseev S. A. !, Sementsov M. N. !, Zhikhareva I. V.*
Regional Aircraft branch of IRKUT Corporation, Moscow, Russia

The report considered the development approach of avionics and aircraft systems
based on the use of model-oriented approach.

The main purpose of the proposed approach is the formation of a digital prototype of
the systems and aggregates being developed by the airframer for the formation, validation and
verification of requirements for the systems operating.

The software and mathematical complex "Virtual Bird" consists of four levels of
mathematical models interrelated by requirements for systems and functions of different
levels corresponding by the stages of aircraft development.

The first level consists of architectural and functional models traceable to each other
and designed to validate functional requirements in accordance with the recommendations of
the manual P4754A[1]. This lays the foundation for the requirements for fault safety and
ensures the verifiability and certifiability of the solutions being developed in the future.

The second level represents mathematical models of systems and reflects the
functioning of systems, as well as allows for simulation of their work, and studies of the
mutual influence of their functioning.

The third level is intended, first of all, to formalize the software requirements of on-
board systems in accordance with CT-178C[2][3], at this level, system models are considered
from the point of view of algorithms that ensure the implementation of the developed control
laws on the real architecture of the aircraft system.

The execution of the fourth level, in addition to the first three levels, takes into
account the characteristics of the basic software that affects the operation of the functional
software of the systems and other important aspects of the implementation of the on-board
equipment that affect the operation of the systems as part of the aircraft.

The considered approach has been tested and implemented as part of the creation of
the SSJ-NEW aircraft and, in addition to achieving the main goal, it will allow using the
reserve of the developed mathematical models at all stages of the aircraft life cycle. The
processes and methodology used in the development of the "Virtual Bird" complex can be
successfully applied in the development, certification and operation of high-speed transport of
the future.
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IIpumeHeHne METO0JIOTUM CUCTEMHON MHKEHEPHUH NIPH Pa3padoTKe apXUTEKTYPbI
CBEPX3BYKOBOIro naccaxupckoro BC
JonoroBckuii A.B. 1, Botitummna M.C. 1, babymun A.A. 1, Cneskun /1.B. !
A0 «Hpkyr» Ounmain «PernoHansHble caMoJIeTh», I'. MockBa, Poccus

BbI30BBI  HACTOAIIErO  BPEMEHM  IOPOAWIM  3alpoC HAa  MHHOBALMOHHO-
TEXHOJIOTMYECKHUM CKa4OK BO BCEX OTPACIAX HAYKU U TEXHUKHU, B TOM YMCIIE B aBUALMOHHON
orpacian. HIUMYVY «CBepXx3Byk» B OTBET Ha 3TOT 3ampoc pa3padarbiBaeT OOMIMPHBIN IIepedeHb
HOBBIX TEXHOJIOTMH, pellalomMx OpodiaemMbl co3laHus 3(PQEeKTUBHbIX U Oe30IacHbBIX
CBEpX3BYKOBbIX maccaxupckux BC. ®@unanom nporecca pa3pabOTKU TEXHOJIOTHH JIOJIKHO
CcTaTb MX IHpuUMeHeHue B coctaBe BC, 4T0 mnpeanosaraeT NpOEKTUPOBAHUE CaMOJETa
IPUHLMUIIAAIBHO HOBOH apXUTEKTYpPHI.

TpaguMOHHBIN MOAXOX K MPOCKTUPOBAHUIO CIIOKHBIX CUCTEM LIMPOKO HCIIOJIB3YET
aHann3 BC-aHanoroB u cratuctuky no cymiectsyromuM BC kak MCTOYHHMK IPOBEPEHHBIX
KOHCTPYKTOPCKHX pelIeHud. /g CBEpX3BYKOBBIX MACCAKUPCKUX CAMOJIETOB HEJOCTATOYHO
JaHHBIX 10 IPOBEPEHHBIM pPEATBHOM SKCIUTyaTalued apXUTEKTypHBIM  PpEIICHUSIM.
IIpennaraercss MCHOJIB30BaTh ONMCAaHHBIA B JAaHHOM JOKJIAJE METOJ IMPOECKTHUPOBAHUS
KOHCTPYKIIMM Ha OCHOBAaHUU TpeOOBaHUI ¢ MOCIE0BATENbHON pa3pabOTKON YeThIpeX BUOB
JAHHBIX: TpeOOBaHUM, GYHKLNH, IOTUK U apXUTEKTYP.

Meronomorus 061a1aeT Cae yonMy IPEeUMYIIECTBAMU:

- pa3paboTka Oasupyerca Ha TpeboBaHusx K BC, a He Ha aHaJOTMYHBIX
KOHCTPYKLUSX;

- ¢uHaTBHASE KOHCTPYKIHSA 000CHOBaHA TPEOOBAHUSIMH B TTOJTHOM 00BEME;

- nporecc pa3paboTku cooTBeTcTBYyeT Kak TpeOoBanusM ECKJI[, Tak u
TpeboBanusM P4754;

- B Ipouecc pa3pabOTKHM €CTECTBEHHBIM 00Opa3oM BIIMCHIBAETCS MOJAEIBHO-
OpPUEHTHPOBAHHBIHN IMOXO0]] U UCTIOIB30BAHNE IU(POBBIX MPOTOTHUIIOB U JBOWHUKOB.

System engineering methodology application in the development architecture of
supersonic passenger aircraft
Dolotovsky A.V.*, Voytishina M.S.*, Babulin A.A.*, Slyozkin D.V.*
'Regional Aircraft branch of IRKUT Corporation, Moscow, Russia

The challenges of the modern time have generated a request for an innovative
technological leap in all areas of science and technology, including the aviation industry. In
response to this request, «Supersonic» center develop a wide range of new technologies
solving the problems of creating efficient and safe supersonic passenger aircraft. The result of
the technology development process should be their application in the aircraft, which involves
the design of an aircraft of a fundamentally new architecture.

The traditional approach to design complex systems makes extensive use of aircraft
analog analysis and statistics on existing aircraft as a source of proven design solutions. There
is insufficient data on field-proven architectural solutions for supersonic passenger aircraft. In
this report it is described the structure proposed to use the method of designing based on
requirements with the sequential development of four types of data: requirements, functions,
logics and architectures.

The benefits of the methodology:

- development is based on the requirements for the aircraft, not on similar
design;

— the final design is justified by the requirements in full,
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- development process complies with both unified system of design
documentation requirements and R4754 requirements;

- the use of a model-based approach and digital prototypes and twins in the
development process.

AcnekTsl nn(ppoBoii TpaHchopManui B CEPUIiHOM NPOU3BOACTBE
BbICOKOCKOPOCTHOM a3POKOCMHYECKOH TEXHUKH
Ionomapesa B.C.}, Xsan A.B.!
1MAI/I, r. Mocksa, Poccus

AdpokocMuuecKkasi ~ MPOMBIIUIEHHOCTh ~ —  BBICOKOTEXHOJOTHMYHAs  OTpacib,
COCPEIOTOUMBAIOIIAS B c€0€ KOHCTPYHPOBAHUE, IIPOM3BOJICTBO, UCTIBITAHUS U HKCILTYaTaIUIO
CaMOJIETOB, pakeT, kocmMuueckux anmapaToB (KA) u xopaOeil u Tpedyromas HepepbIBHOTO
BHE/IPEHUS TIEPEIOBBIX TEXHOJOTHI M OOMEHA OMBITOM MEXAY HPEANPUATHSIMH OTPACIH,
3aJIeiCTBOBAHHBIMU B HAYYHO-UCCIIEJOBATEIbCKOM 1€ATEIbHOCTH.

B ocnoBe 1udpoBoii TpaHchopMalMM TMPOMBIIUIEHHOCTH JIKHT [BE UJICHU:
0e30yMakHOE TMPOEKTUPOBaHME U OE3/II0JHOE MPOU3BOJACTBO. Takas TpaHcopmarus
npeanonaraeT UUGPOBU3AIMIO BCETO JKU3HEHHOTO IMKJIA HW3JISIUH — OT HICH [0
yrunuzanuu [1, 2]. KitoueBbIM 371€MEHTOM SIBISIETCS TEXHOJOTHS HU(POBBIX ITBOWHUKOB
(MIpOIyKTOB, IPOLIECCOB, CUCTEM, MPEANPUATHS), KOTOpasi peaiu3yeTcsl 3a CUeT IPUMEHEHMUS,
BO-TIEPBBIX, CIELUUATU3UPOBAHHBIX MPOTPAMMHBIX MPOAYKTOB (IJIs1 MPOEKTUPOBAHHS U
KOMIIBIOTEPHOI'O ~ HMHXUHMpPUHIA Ha OCHOBE MAaTEeMaTHYEeCKOIO0 W  UMUTAIlMOHHOTO
monenupoBanusi — CAD/CAE/CAM, st ynpaBiieHUs: aBTOMaTU3UPOBAHHBIM ITPOU3BOJICTBOM
— MES-cucremsr, ERP-cucremb, PLM-cuctembl), BO-BTOPBIX, TEXHHYECKHX PCIICHHIA
(mpoMmbIliuieHHBIE pOOOTHI, aBTOMATH3MpOBaHHbIe JuHHH, AR/VR), B-TpeThux, aHaiu3a
00JbIIMX JaHHBIX (MHTEepHET Belel, U, neiipoceTn).

Kpome Ttoro, BaxHO mMOHUMaTh HEOOXOAMMOCTH aBTOMATHU3AIMH CIIOCOOOB
yhpasieHus: B3auMooTHoweHusMH: ¢ kineHTamu (CRM), ¢ nmocraBukamu (SRM), mexnay
cOTpyaHUKaMu, co3aarmuMu npoaykt (ERM), a Taxke mpeanpuarvs ¢ BHEIIHEWH cpenoit
(PRM), — 5TO MO3BOJMT CO3[aTh CAWHYIO HH(POPMAIMOHHYIO CpEdy, KOTOpas, Kpome
OUYEBUJIHBIX NMPEUMYILECTB, HapuMep, odecneyuT 3pGeKTUBHOE UCIOIb30BAHNE YAATEHHBIX
pabouux MecT.

[Mudposas Tpanchopmalysi IPOMBIIIIEHHOCTH HE TOJIBKO BEIET K CHUKEHHUIO 3aTpaT
Y TIOBBIIICHUIO IPOU3BOJIUTENBHOCTH TpyJa, KauecTBa MPOAYKLIHH, HO U TO3BOJISET
COKpaTHTh CPOKM BBIBOJA MPOJYKTOB Ha PHIHOK (time to market), oGecrneunTbh MaccoBYIO
KaCTOMM3aIMI0 U TMOKOE MPOU3BOJICTBO, OBICTPO aJalNTUPYEMOE K BHEIIHHUM H3MEHEHUSIM
[3].

3HaHue TrN00aNbHBIX HANpaBiIeHUH LU(POBU3ALMM  MO3BOJSIET  00ECHEUUTh
CUCTEMHBIHN MOAXO0JI NP BbIpaOOTKe 3PPEKTUBHOI cTpaTernu HuPpoBoil Tpanchpopmanuu. B
cTaTtbe [4] mMpHUBENEHO MATh HamNpaBieHUH HHU(POBU3ALUU MPOMBIIUIEHHOCTH, KaXIOMY U3
KOTOPBIX /IaHa XapaKTePUCTUKA U 0003HAYEHBI BHINOIHSIEMbIE (QYHKIUH.
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Aspects of digital transformation in mass production of high-speed aerospace
equipment
Ponomareva V.S.}, Khvan A.V.!
'MALI, Moscow, Russia

The aerospace industry is a high-tech industry that focuses on the design, manufacture,
testing and operation of airplanes, missiles, spacecraft (spacecraft) and ships, and requires the
continuous introduction of advanced technologies and the exchange of experience between
industry enterprises involved in research and development activities.

The digital transformation of industry is based on two ideas: paperless design and
humanless manufacturing. This transformation involves digitalization of the entire life cycle
of products - from idea to utilization [1]. The key element is the technology of digital twins
(products, processes, systems, enterprises), which is implemented through the use of, firstly,
specialized software products (for design and computer engineering based on mathematical
and simulation modeling - CAD/CAE/CAM, for automated production management - MES-
systems, ERP-systems, PLM-systems), secondly, technical solutions (industrial robots,
automated lines, AR/VR), thirdly, big data analysis (Internet of Things, Al, neural networks).

In addition, it is important to understand the need to automate the ways of managing
relationships: with customers (CRM), with suppliers (SRM), between employees creating the
product (ERM), as well as the enterprise with the external environment (PRM) - this will
create a unified information environment, which, in addition to the obvious advantages, for
example, will ensure the effective use of remote workplaces.

Digital transformation of industry not only leads to lower costs and higher labor
productivity and product quality, but also allows to reduce the time to market (time to
market), provide mass customization and flexible production, quickly adapting to external
changes [3].

Knowledge of global digitalization trends allows to provide a systematic approach to
the development of an effective digital transformation strategy. The article [2] presents five
directions of digitalization of industry, each of which is characterized and its functions are
identified.
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HAJEXHOCTbDB. OTKA3OBE3OITACHOCTB. TEXHUYECKOE
OBCJNY’KUBAHUE U PEMOHT

RELIABILITY. FAILURE SAFETY. MAINTENANCE AND REPAIR

K Bompocy 00 o0ecrieueHUH TEXHOJIOTHYECKOT0 CYBEPEHUTETA B YACTH KOMILIEKTYHOIIUX
U3/1eJIdii BO3AYIIHBIX Cy/10B
Boaposa M.E.!, Tocter A.B.!, S6moucknit C.H.!
MrTy I'A, r. Mocksa, Poccus

PernonanpHo-Maructpasibiplii  camosier RRJ-95  sBisercs OCHOBHBIM U TOKa
€MHCTBCHHBIN CEPUUHBIM BBICOKOTEXHOJIOTHYHBIM M KOHKYPEHTOCIIOCOOHBIM IPOJTYKTOM
COBPEMEHHOT0 POCCUHCKOTO TIPa)KAAHCKOTO CaMOJETOCTPOEHUS, CO3JAaHHBIM C TOMOIIBIO
nporpaMMHO-amnmnapaTHeiX miardopm [1, 2].

B cootBercTtBUM ¢ pacnopspkeHueM [IpaButensctBa Poccuiickoit @enepauuun ot 25
utoHs 2022r. N 1693-p B Hacrosiiee BpeMs BelaeTcs paboTa I0 MaKCHUMalbHOMY
MMIIOPTO3aMEIICHUI0 cuCcTeM U arperatoB camonera RRJ-95 poccuiickumu aHamoramu.
CpenHuii BO3pacT JaHHOTO BO3AYIIHOTO CYJAHA COCTaBISAET MpUMEPHO 5 seT. OOBIYHO CPOK
CITY»OBI TPaKIaHCKUX BO3IYIIHBIX CynOB cocTaisieT 40-60 Thic. eTHBIX YyacoB win 25-30
JeT JKcrutyaranud. TakuMm oOpa3zom mojaepxkaHue JieTHoi romHoctu mapka BC RRJ-95
SABJISACTCS AKTYaJbHOU 3a7a4ei.

AHanuzupyercss AuHaMmuka Bbeixona RRJ-95 w3 nerHoil skcrulyatauuu 1o npUyuuHe
OTCYTCTBHUS 3apYOEKHBIX KOMIUIEKTYIOLIUX.

[TpuBoauTCS METOIMKA TMPUHATUS PEIIEHUs O LelNecoo0pa3HOCTH IPOBEACHUS
mpolecca UMIOPTO3aMEIlIeHUs B YacTU KOMIUIEKTYIOIIMX W3JAETUi NPUMEHUTEIbHO K
neiicrByromemy mapky BC RRJ-95.

B o0miem ciydae mpu 3ToM He0OXOIUMO YUUTHIBATh CIEAYIOLIEE:

- koauaectBo BC, TpeOyromux 3aMeHsl KOMITIEKTyomux [3];

- TeKYyIIee TEXHUUECKOE COCTOSIHUE U TIPOTHO3 CPOKA HKCILTyaTaliH;

- mOTpeOHBIE CPOKHU 3aMEHbI KOMIUIEKTYIOIIUX C Ie/Ibi0 HepomyieHus mpoctos BC [4] ;

- CPEIHIOI CTOUMOCTB TipocTos napka BC;

- HAJIMYKE OTEYECTBEHHBIX aHAIIOTOB KOMIUJIEKTYIOIIUX C COOTBETCTBYIOIIMMHU TEXHUYECKUMU
XapaKTEepUCTUKAMU;

- mnotpedHocTh B jJopaborke BC ¢ ydeToM  yCTaHOBKM OTEUECTBEHHBIX aHAJIOTOB
KOMILIEKTYIOIIHUX;

- CPOKH, CTOMMOCTb pa3pabOTKH U CEPUITHOIO MPOM3BOJCTBA HOBBIX KOMILIEKTYIOIIUX INPH
OTCYTCTBHH OTE€YECTBEHHBIX aHAJIOTOB;

- kinaccuukanuio Mmoaudukanuu BC ¢ Touku 3peHus mocieayromiei ceprudukaiuu [5] ;

- CPOKH U CTOMMOCTH CepTU(UKAIUY U3MEeHEeHUH KoHCTpyKkiuu BC.

OnenuBarorcss mokaszatenu 3¢G(EKTUBHOCTH mporecca skcrayaranun RRJ-95 mo
KPUTEPHUIO UCIOJIb30BAHUSI CAMOJIETOB C YYETOM PA3JIMYHBIX BAPUAHTOB JUHAMHUKH 3aMEHBI
KOMILIEKTYIOIIIHX.
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On the issue of ensuring technological sovereignty in terms of aircraft components
Bodrova I.E.}, Gostev A.V.}, Yablonsky S.N.!
! Moscow State University of Civil Aviation, Moscow, Russia

The RRJ-95 regional mainline aircraft is the main and so far the only serial high-tech
and competitive product of modern Russian civil aircraft construction, created with the help
of software and hardware platforms [1, 2].

In accordance with the decree of the Government of the Russian Federation dated June
25, 2022, No. 1693-r, work is currently underway to maximize import substitution of RRJ-95
aircraft systems and assemblies with Russian analogues. The average age of this aircraft is
approximately 5 years. Typically, the service life of civil aircraft is 40-60 thousand flight
hours or 25-30 years of operation. Thus, maintaining the airworthiness of the RRJ-95 aircraft
fleet is an urgent task.

The dynamics of the RRJ-95's exit from flight operation due to the lack of foreign
components is analyzed.

The methodology of making a decision on the expediency of carrying out the import
substitution process in terms of components in relation to the existing fleet of aircraft RRJ-95
is given.

In general, it is necessary to take into account the following:

- the number of aircraft requiring replacement of components [3];

- current technical condition and service life forecast;

- required terms of replacement of components in order to prevent aircraft downtime [4]

- the average cost of downtime of the aircraft fleet;

- availability of domestic analogues of components with appropriate technical
characteristics;

- the need to refine the aircraft taking into account the installation of domestic
analogues of components;

- terms, cost of development and serial production of new components in the absence of
domestic analogues;

- classification of aircraft modifications in terms of subsequent certification [5] ;

- terms and cost of certification of aircraft design changes.
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The performance indicators of the RRJ-95 operation process are evaluated according to
the criterion of aircraft use, taking into account various options for the dynamics of
component replacement.
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JIBYX3TANHBIi AJTOPUTM 00yYeHHS CHEeHHAJMCTOB M0 TEXHHYECKOMY 00C/TyKHBAHUIO
NIPH Nepexo/ie HA HOBBIM THII BO3AYIIHOIO CyHA
Ansivo B.H.Y, ApTeMoB AL Kopobxos I0.H.!
A0 «Kopnopauus «1pkyr», r. Mocksa, Poccust

B mHacTosmem [okiane TMPENCTaBICH alrOPUTM OOYYeHHs CIEUUATNCTOB TIO
TEXHUYECKOMY OOCITY>)KUBAaHHIO TPH MEPEX0/ie Ha HOBBIA THIT BO3AYIIHOTO CyJHA HA OCHOBE
nporpaMmmsl Tunosoro yue6Horo kypca (ITTYK) [1, 2, 3, 4].

OcHoBHast 1enp anroput™Ma chopMupoBaTh 3()(PEKTUBHBI KOHTEHT OOy4YeHus,
KOTOPBI TIO3BOJIIET MAaKCHUMH3UPOBATh KOJWYECTBO TEOPETHUECKHUX BOIPOCOB Kypca
00y4YeHHsI, TIOJKPETJICHHBIX BBIIIOJHEHWEM MPAaKTHYECKUX ynpaxHeHui. [Ipm peanmzanmmn
QIrOpUTMa BA)XXHO COBMECTUTH MO BpPEMEHH M3y4EHHE TEOPETUYECKUX U MPAKTHUECKUX
acniekToB yuyeOHoro Bompoca. Ilocnennee TpeGoBaHME TOJHOCTBIO COIJIACYeTCsl €
noxkymentamu ICAO [5].

Teopernueckue acnektsl BompocoB [ITYK paccmarpuBanmuchk Ha OCHOBE y4eOHOTO
kommbroTepHoro kiacca (YKK). YKK mpencrasnsier coboii ananor CBT (Computer Based
Training) ¢ 2D mMoespio BO3IYIIHOTO CY/IHA.

[Ipaktuueckue acnektsl BompocoB [ITYK paccMmarpuBanuch Ha OCHOBE TpeHakepa
npouenyp Texaudeckoro oociyxuBanus (TIITO). TIITO npencraBnser coboit anaior MTD
(Maintenance Training Device) ¢ 3D mMozenbro BO3IyIIIHOTO CY/IHA.

[TpuBeneHs! 1Ba 3Tana anropuTMa OOyJeHUs:

e [lepBsIii 3Tanm anropuTMa MOKHO paccMaTpuBaTh, Kak oauH u3 BapuaHToB LCMS
(Learning Content Management System) [6]. B pe3ynbpTaTe Ha mepBom dTane GopMupyercs
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KOHTEHT C BOMPOCAMH, KOTOpPBIE O0O0S3aTeNbHO COJAEpKAT KaK TEOPETHUUECKHd, TaK U
MPAKTUYECKUI aCIIEeKTHI.

* Bropoii 3Tam anropuTMa MpeACTaBiIsSIeT cCOOON HEMOCPEICTBEHHO KypC OOYYCHHS
KOHTEHTA, KOTOPBIi ObLII cPOPMHUPOBAH Ha IIEPBOM ITaIle.

[IpumeHneHue npenaraeéMoro ajaropuTMa Imo3BOJISET:

* CHM3HMTh CTOUMOCTH pa3pabOTKK TEXHHUECKUX cpeacTB obyuenus (CBT, MTD);

* YMEHBIIUTh MOCIEACTBUS OIIMOOYHBIX JIEUCTBUM MPHU BBITOJIHEHUH TEXHUYECKOTO
00CTyXKMBaHUS BO3IYIIHBIX CYIOB, IIOCKOJbKY OTpabOTKa BEIETCS Ha BUPTYaIbHBIX
MOJICIISAX;

* CHU3UTH CTOUMOCTb 00OyUEHUSI.
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Two-stage training algorithm for maintenance specialists during the transition to a new
type of aircraft
Alymov V.N.}, Artemov A.D.%, Korobkov Y.N.!
L IRKUT corporation, Moscow, Russia

This report presents an algorithm for training maintenance specialists during the
transition to a new type of aircraft based on the program of a typical training course (PTTC)
[1, 2,3, 4]

The main goal of the algorithm is to form an effective learning content that allows you
to maximize the number of theoretical questions of the course of study, supported by the
implementation of practical exercises. When implementing the algorithm, it is important to
combine the study of theoretical and practical aspects of the educational issue. The last
requirement is fully consistent with ICAO documents [5].

Theoretical aspects of PTTC issues were considered on the basis of an educational
computer class [ECC]. ECC is an analogue of CBT (Computer Based Training) with a 2D
model of the aircraft.
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The practical aspects of PTTC issues were considered on the basis of the Maintenance
Procedures Simulator (MPS). MPS is an analogue of MTD (Maintenance Training Device)
with a 3D model of the aircraft.

Two stages of the learning algorithm are given:

* The first stage of the algorithm can be considered as one of the versions LCMS
(Learning Content Management System) [6]. As a result, at the first stage, content is formed
with questions that necessarily contain both theoretical and practical aspects.

* The second stage of the algorithm is directly a content training course that was
formed at the first stage.

The application of the proposed algorithm allows:

* Reduce the cost of developing teaching aids (CBT, MTD).

* Reduce the consequences of erroneous actions when performing aircraft
maintenance, as testing is carried out on virtual models.

* Reduce the cost of education.
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Moae/ib TeXHUYECKOT0 00CTYKUBAHUSA
U PEMOHTA BO3IYUIHBIX CYA0B C UCN0JIb30BaHUEeM «MOOMIBHOr0 KOMILJIEKCA
YHU(PUIUPOBAHHBIX CPEICTB PEMOHTA BO3AYLIHBIX CY10B».
T'anun C.B.l, Uctparos ﬂ.B.Z, CadoxoB B.B.2
MmAo «MJI», r. Mocksa, Poccns
[IGTAOY BO «tODY» T. Pocros-na-/lony, Poccus
3MAI/I, r. Mocksa, Poccus

B paGote mpencraBieHa CripoeKTHpOBaHHAS MOJEIb TEXHUYECKOTO OOCITYy>)KUBaHUS U
pemonta (TOuP) Bozmymuoro cyana (BC) c ucnonb3oBanueMm «MOOUITBEHOTO KOMILJIEKCA
YHU(PHUIIMPOBAHHBIX CPEACTB peMOHTa BO3AylIHbIX cyaoB» (MKCP).

TexHuyeckoe oOCTyKMBaHHUE U PEMOHT C ucnonb3oBanneM MKCP sBisiercs yacTpio
crpareruii «Jlo obHapyxenus: HeucnpaBHocT» U «[lo coctostHMION [1]. TIpoekt TOuUP ¢
MKCP 1no3BOJsieT BBICTPOUTH KOHLIEMIIMIO KOHTPOJISI 3Tama >Ku3HeHHoro nukia BC —
skcryaraiust [2, 3] B yclIOBUSIX OBICTPOrO OTKJIMKA HA TEKYIIHWE PEMOHTHBIC MOTPEOHOCTH
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BC, mpu HanMuum orpaHMueHU B HEOOXOAUMBIX CPEACTBAX TEXHUYECKOTO OOCITYKUBAHUS U
TEKYIIEro PEMOHTa U BO3MOXKHOCTSX UX OBICTPOM TOCTaBKH.

[Iposeaen ananmu3 ctpykrypsl TOuP BC B cranumoHapHBIX CEPBUCHBIX LIEHTpax,
aBHApEMOHTHBIX Mpeanpuatuii u cymectByromux pemennit TOuP BC Ha wmecrtax
0a3zupoBaHUs.

OmnpeneneHa pojb U MECTO MPUMEHEHHUS B CXEME OCHOBHBIX COCTOSHUI OOBEKTa
skcrutyaranuu cucteMbl TOuP [3] «MoOuiIbHOro KOMIUIeKCa YHH(DHUIHMPOBAHHBIX CPENICTB
peMoHTa BO3AymIHBIX cyaoB». MKCP B Hamem ciyyae siBiseTcss mHCTpymMeHTOM TOwuP
BBICOKOMOOMITEHBIX aBUAITMOHHBIX (DOPMHUPOBAHHIA.

Kak pesynprar ucciaegoBanuii crnpoektupoBano TOuP ¢ MKCP u npencraBieHo
nocturaemoe yiyuainenue 3¢dexruBaoctu [4, 5] BciemcTBue 0osiee BBICOKOW CKOPOCTH H
HU3KOW CTOMMOCTH KOHTPOJIbHO-PEMOHTHBIX pa0OT M0 CPaBHEHHUIO C KIACCUYECKOM MOJIENIbIO
[6, 7], mo dopmyne (1) BepOSTHOCTH ONEPATHBHON MPOMAOIDKUTEILHOCTH TEXHHUYECKOTO
00CITy)KHBaHUS:

p(tT.Oy) = fOtT'Oy @ (tro)dtro 1)

@(tT. o) — IUIOTHOCTH BEPOSITHOCTH PACIIPE/ICIICHHSI
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Maintenance model
and aircraft repair using the “Mobile complex of unified aircraft repair tools”
Ganin S.V.1, Istratov D.V.? Safoklov B.B.?
Yllyushin Aviation Complex, Moscow, Russia
2 Southern Federal University, Rostov-on-Don, Russia
*Moscow Aviation Institute, Russia

The paper presents a designed model of maintenance and repair (MR) of an aircraft
using the "Mobile Complex of Unified Aircraft Repair Facilities” (MCUARF).

Maintenance and repair using MCUAREF is part of the "Before Fault Detection" and
"As-is" strategies [1]. The MR project with the MCUARF allows us to build a concept for
monitoring the stage of the aircraft life cycle— operation [2] in conditions of rapid response to
the current repair needs of the aircraft, with limitations in the necessary maintenance and
repair facilities and the possibilities of their rapid delivery.

The analysis of the structure of the MR of the aircraft in stationary service centers,
aircraft repair enterprises and existing solutions for MR of the aircraft at the locations is
carried out.

The role and place of application in the scheme of the main conditions of the object of
operation of the MR system [3] of the "Mobile complex of unified aircraft repair facilities" is
determined: the MCUAREF in our case is a tool for MR of highly mobile aviation formations.

As a result of the research, MR with MCUARF was designed and the achieved
efficiency improvement was presented [4, 5] as a result of higher speed and lower cost of
control and repair work compared to the classical model [6, 7], according to the formula (1)
probability of operational maintenance duration:

p(troy) = fotT'oy ¢ (tro)dtro )
o(tr o) — probability density of the distribution
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Ioaxoa k oLeHKe 3aTPAT HA TEXHUYECKOe 00CTyKUBAHNE U PEMOHT
Cunoposa 10.10.!
lMAI/I, Mocksa

UYroObl moaIepKUBaTh 000PYIOBaHUE B UCIIPABHOM TEXHHUYECKOM COCTOSIHUM, HYKHBI
cepbe3Hble (uHAHCOBBIE TpaThl. ONTUMH3ALUS 3aTPaT HAa TEXHUYECKOE OOCITYyKHBAaHUE U
pemoHT (TOuP) mnomoraer cokpaTuTh pacxoAbl NPEAUPUATHN, TOBBICUTH BEIUYHUHY
00OpOTHBIX CPEACTB KOMIIAHUHU, CIIOCOOCTBYEeT 0Oojiee KaueCTBEHHOMY MPOBEICHHUIO
perJaMeHTHBIX paboT, MPOJICHUIO CPOKa CITy>KObI 00opynoBanus [1, 2].

B nannoii pabote u3zydangach METOAOJIOTHUS MO MPUHATHIO aBUAKOMIIAHUH pelIeHH 110
BHIOOpPY MOCTAaBIIMKA YCIAYT JUIS MPOBEACHUS TEXHUUYECKOrO OOCIY)KMBAaHUS M PEMOHTA
BO3JYIIHBIX CyI0B. B Hacrosiee Bpemsi CyIIECTBYeT MOTPEOHOCTh AaBHAKOMIIAHMM K
IrpaMOTHOMY TOAXOJY OIEHKH M 3aTpaT Ha TO M peMOHT, OTOMY B JIaHHOW CTaTbe ObUIH
pa3o0paHbl pa3invHbIe METOJBI IO BBHIOOPY MmocTaBinuka [3, 4]. ABUAaKOMIIAaHHU BBIOHPAIOT
noctaBiukoB TOUP ¢ HU3KOM CTOMMOCTBIO YCIYr MO TEXHUYECKOMY OOCIIY)KMBAaHHUIO U
PEMOHTY IPH 33JaHHOM Ka4eCTBE U IPUEMIIEMOM BPEMEHH MPOCTOS BO3AYIITHOTO CyIHA.

CHmKeHue pacxol0B Ha OKCIUIyaTallHOHHbIE PEMOHTHI JIOCTUTaeTcsl IyTeM
YBEJIMUYEHUSI MEXPEMOHTHBIX PECypCOB IIPU CBOEBPEMEHHOM U BBICOKOKAYECTBEHHOM
NPOBEICHUH BCEX BHUJIOB TEXHHYECKOTO OOCITY)KMBaHUS, COONIOJCHHS TPABUII TEXHHUECKOU
SKCITyaTalliyd Tapka AaBUAIMOHHONM TEXHUKH M BBIIOJIHEHUS TEXHUUYECKUX padoT B
HEO0OXOIUMBIE CPOKH, B TPeOyeMOM 00BEME U C BHICOKUM KaueCTBOM.
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Approach to the assessment of maintenance and repair costs
Sidorova Y.Y.!
'MAI, Moscow

In order to maintain the equipment in good technical condition, serious financial
expenses are needed. Optimization of maintenance and repair costs helps to reduce the costs
of enterprises, increase the value of the company's working capital, contributes to better
routine maintenance, prolonging the service life of equipment [1, 2].

In this article, the methodology of airline decision-making on the choice of a service
provider for aircraft maintenance and repair was studied. Currently, there is a need for airlines
to take a competent approach to assessing both maintenance and repair costs, therefore,
various methods for choosing a supplier have been analyzed in this article [3, 4].

Airlines choose MRO suppliers with a low cost of maintenance and repair services at a
given quality and acceptable downtime of the aircraft, and reducing the cost of maintenance
repairs is achieved by increasing the inter-repair runs with timely and high-quality.
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K Bonpocy ¢popMupoBaHNs ONTHMAIBHONM NPOrpaMMbl TEXHUYECKOI0 00CTYKUBAHUS
BO3IYUIHBIX CY/I0B B YCJIOBHUSIX IKCILUTYaTAIIMOHHOI0 aBUANPeNPHUATHS
Yunrouns FO.M." I'pysn ALl
YMI'TY I'A, r. Mockga, Poccwus,

Pemenne 3amaum wuccieqoBaHMsT W pa3pabOTKM  ONTUMAIbHOM  MPOTPaMMBbI
TEXHUYECKOTO OOCITY>KUBAHHS CONPSIKEHO C OINMpPEeIEHHBIMH TPYTHOCTIMH OOBEKTHBHOTO
xapakrepa. OHH, Ipexae BCEro, CBs3aHbl C TEM, YTO pEUIEHHE 3aJa4d HEeoO0XOAUMO
OCYILIECTBJIATh YK€ HAa PAHHUX CTaJMAX CO3/IaHMSI MaruCTPAJIbHBIX CAMOJIETOB OJIHOBPEMEHHO
C MpOpabOTKOW HOBBIX KOHCTPYKIIMOHHO-TEXHOJOTHYECKHX PELIEHUH, Mperonpeaesomux
3 PEeKTUBHOE MPUMEHEHHE MPOTPECCHUBHBIX METOJOB TE€XHUYECKOro oocmyxkuBanus [1]. B
CBOIO oOdYepelb, pa3padoTKa ONTHUMAJbHOM CTpAaTeruy TEXHUYECKOTo OOCITyKHBaHUS
COIpsDKEHa C HEOOXOJMMOCTBIO ydYeTa IIeJIOro psjia pa3iuyHbIX (PAKTOpOB, OCOOEHHOCTH
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BJIMSIHUSL KOTOPBIX HEM3BECTHBI B CUILY OTCYTCTBHS OIIbITAa SKCILTyaTallii BHOBb CO3/1aBAEMBbIX
MarucTpajlbHbIX ~ CaMOJIETOB,  CTAaTUCTUYECKOW  HH(OpManuu, HeoOXOomuMoH IS
1eJICHAPaBICHHOTO UCCIIEI0BAHUS SKCILTyaTallui BO3YIIHbIX CYJ0B [2, 3]. B cBsi3u ¢ 3TuM,
B psje ciy4yaeB, KOrja Ha CTaAuM pa3pabOTKM HOBBIX TUIIOB CaMOJIETOB HEOOXOIUMO
(opMHpOBaHHE OCHOBHBIX MOJOXEHHN OyIylIedl CUCTEMBbI TEXHHYECKOTO OOCITYKUBaHHUS U
COOTBETCTBYIOIIEH €W NPUHIUIOB O0O0ECNeUYeHHs] HKCIUTYyaTallHOHHOM TEeXHOJIOTMYHOCTH,
Han0oJiee MPUEMIIEMBIM CITIOCOOOM HCCIEI0BAHUS U pa3pabOTKH HOBBIX MOJIOKEHHN SBISETCS
CHUCTEMHOE UCCIIEIOBAHNE, U B YACTHOCTH, METOJ] CTATUCTUYECKOT0 MOoieupoBanus (4, 5].

B HacTosieM nokiiaze paccMOTpEHa METOJMKA, CHOCOOCTBYIOUIAass (OPMHPOBAHUIO
ONTUMAJIBHOW  MPOTpaMMbl  TEXHUYECKOTO  OOCIYXMBaHHS  BO3IYIIHBIX CYAOB C
BO3MOXKHOCTBIO IE€pecMOTpa 00beMa M MEPUOJUYHOCTH BBIIOJHEHUS paboT Ais M3Ienui
(GYHKIIMOHAJIBHBIX CHCTEM AaBHAIIMOHHOM TEXHUKM B KOHKPETHOM OSKCIUTyaTallMOHHOM
aBUAIIPEIIPUATHH C LIEJIBIO COKPALEHUS 3aTpaT BPEMEHH, TPYJa U CPEJICTB Ha TEXHUUECKOE
0o0CIyXMBaHUE, YTO B KOHEYHOM WTOT€ CIHOCOOCTBYET MOBBIIICHUIO 3KOHOMUYHOCTH
IKCIUTyaTallMM I1apKa BO3AYLIHBIX CYAOB.
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To the question of the formation of an optimal program for the maintenance of aircraft
in the conditions of an operational aviation enterprise
Chinyuchin Y.M., Gruzd A.D.
1 MSTU CA, Moscow, Russia;

Solving the problem of research and development of an optimal maintenance program
is associated with certain difficulties of an objective nature. First of all, they are related to the
fact that the solution of the problem must be carried out already at the early stages of the
creation of long-haul aircraft simultaneously with the development of new design and
technological solutions that predetermine the effective use of advanced maintenance methods
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[1]. In turn, the development of an optimal maintenance strategy is associated with the need to
take into account a number of different factors, the features of the influence of which are
unknown due to the lack of operating experience of newly created mainline aircraft, statistical
information necessary for a targeted study of aircraft operation [2, 3]. In this regard, in a
number of cases, when at the stage of development of new types of aircraft it is necessary to
form the main provisions of the future maintenance system and the corresponding principles
for ensuring operational manufacturability, the most appropriate way to research and develop
new provisions is a systematic study, and in particular, the method of statistical modeling [4,
5].

This report discusses a methodology that contributes to the formation of an optimal
aircraft maintenance program with the possibility of revising the scope and frequency of work
for products of functional systems of aviation equipment in a particular operating airline in
order to reduce the time, labor and cost of maintenance, which ultimately contributes to
increasing the efficiency of aircraft fleet operation.
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Bausinne npuMeHeHUs] MATEPUATOB KOMIO3UTHBIX CTPYKTYP HA PEMOHTONPUTOTHOCTH
U BeCOBbIE XapaKTePUCTHKH MAHEBPEHHOI'0 CBEPX3BYKOBOIr0 camMoJIéTa
Manasxo I'.E.}, Tuxreit IO.H.l,Cepe6p$1HCKI/H71 CA!
1MAI/I, r. Mocksa, Poccus

KomMno3nnnonHsIit Marepual (KM), [IPUMEHSAEMBII B KOHCTPYKLIUH
KOHKYPEHTOCIIOCOOHOTO CBEPX3BYKOBOTO MAaHEBPEHHOIO caMoyIéTa — IMpeIHa3HauyeH s
oOecriedyeHuss TpeOyeMBbIX YCIOBUH MPOYHOCTH U IKECTKOCTH, aAdPOJMHAMUYECKHX
XapaKTePUCTUK a TaK)Ke YCJIOBUHM TEMIIEpaTypHOrO HarpeBa KOHCTPYKLHH, Ha 3BYKOBBIX
CKOpPOCTSIX TOJIETA, U PAJAMOJIOKAIIMOHHON 3aMeTHOCTH [1, 2, 3]. [TonmuMepHble KOMIIO3UTHI —
MHOTOKOMIIOHEHTHBIE MaTepHalibl HA OCHOBE MaKpOMOJIEKYJISIPHOTO COEAMHEHUs (IIacTHKA),
KOTOPOE apMHUPYETCs Pa3IMYHbIMU HAIOJHUTEISIMHU.

Bricokast ynenbHasi MPOYHOCTH;, BBICOKAsl JKECTKOCTh; BBICOKAas HM3HOCOCTOWKOCTH;
BBICOKasl YCTAJIOCTHasE MPOYHOCTb; CTOMKOCTh K BHOPO- M aKyCTMYECKUM Harpyskaw;
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BO3MO)KHOCTh YNPABJICHUS B I[IMPOKUX MpeAesax aHU30TPONHUEH CBOMCTB OTpaKkaroT
npenmyiiectsa KM.

[maBHBIM JOCTOMHCTBOM KOMIIO3MTOB T€pell METAJUIMYECKUMH KOHCTPYKLIHSIMHU
SIBJISIETCS. MEHBILIUM BEC MPU TOM ke 3aITaHHON MPOYHOCTH U KECTKOCTH [4, 5, 6].

B nannoii pabote paccmMarpuBaeTcsi PEMOHTONPUTOJHOCTh KOMITIO3UTHBIX CTPYKTYD,
OTJIMYUTENBHON OCOOEHHOCTHIO KOTOPBIX SABISIETCS JIErKOCTh B MEXaHMYECKOW o0OpaboTke.
[Ipu »TOM Marepwan He KpOLIUTCS, HE JIOMAeTCs, HE TMOKPBIBACTCS TpeumuHaMu. EcThb
BO3MOXKHOCTb OKPAIIMBAHUS, TOKPBITHS 3aIIUTHON MIEHKOM.

Buecenue 11000# 4acTUIBI B TIOJIMMEP C MOAYJIEM YNPYTOCTH, OTIIMYHBIM OT MO
MaTpuIlbl, TPUBOAUT K BO3SHUKHOBEHHIO MEpEHANpsIKEHU Ha TpaHUIle YacTHIa-MaTpula.
Marepuanbl, U3 KOTOPBIX COCTOSAT MaTpulla W YacTULA, UMEIOT Pa3JIM4HbIe KOA(PPHUIIHMESHTHI
JIMHEMHOTO TeMIlepaTypHOro paciupenus [7, 8]. BegeHue MeHee MPOYHOIO HAMOJHUTENA
(HampuMep, 371acTOMEpPa) B TBEPAYIO IUIACTMACCY OCIA0ISAET CeUueHHE, B KOTOPOM ACHUCTBYIOT
HaNPSOKEHUS, U CHIXKAET COMPOTUBIICHHUE Pa3pyllieHut0. bolbias cToMMOCTh B CPaBHEHUU C
METAJUIMYECKUMH KOHCTPYKIUSAMH (OKYNaeMOCTh MCIIONB30BaHMS JIOCTUTACTCS JHUIIb TpPU
JUTUTETILHON AKCIUTyaTaluu).

B xome wmccnenoBaHMil BBISIBIEHO, YTO CYHIECTBEHHBIM HEIOCTATKOM ITOJIMMEPHBIX
KOMITO3UTOB SIBIIIETCS yAapHas MPOYHOCTh. B cTpyKType MOTyT 00pa3oBHIBaThCs LIaparuHBbI,
BMSTHHBI, OTPBIBBI  TOBEPXHOCTHOTO  CJOS  MOHOJNMTHOH  JeTajil, MOBPEKICHUS
MOJIHUE3AIIUTHOTO CJOS, PAKOBUHBI, pACCIOCHUs, 3a00MHBI, TpemuHbl. Takke Mpu
HEOpeXXHOW  MeXaHMYecKoll  o0paOOTKe  MOSBISAIOTCA  MPOKOJIBI W HEMpPaBUIBHO
MPOCBEpIIEHHBbIE OTBEPCTHS. Bee 3T AedeKThl HeraTUBHO CKa3bIBAIOTCS HA MEPBOHAYATBHBIX
xapakrepuctukax KM.

[Ipumenenne KM u3 yrieniactuka yMEHbIIAeT MAacCy M3TOTAaBIMBAEMOTO H3/IETUS B
1,7-5 pa3 (B 3aBUCUMOCTH OT MapKh METAJUIMYECKOH J1eTaiu). DTO CIeAyeT U3 OTHOIICHUU
IUIOTHOCTEN CPaBHUBAEMbBIX MapOK MaTEpUAJIOB

[IpuMeHeHre KOMMIO3UIIMOHHBIX MaT€pHAJIOB BJEYET CHIDKEHHE BeCa KOHCTPYKIIMU
IpU TOM K€ 3aJJaHHONM MPOYHOCTU M KECTKOCTH, Ipu 3ToM npumenenue [IKM mpuBomut k
YBEITUYCHUIO TPYTOEMKOCTH PEMOHTA U3ICIIHIA.

Jlureparypa

1. A. Shiryaev and S. Serebryansky, "Methods for Reducing Temperature Heating in
Supersonic Aircraft Structures,” 2022 15th International Conference Management of large-
scale system development (MLSD), Moscow, Russian Federation, 2022, pp. 1-5, doi:
10.1109/MLSD55143.2022.9934688.

2. Serebryansky, S. A. To the question of optimizing product life cycle STAGES / S.
A. Serebryansky, A. V. Barabanov // Proceedings of 2019 12th International Conference
"Management of Large-Scale System Development", MLSD 2019, Moscow, 01-03 oxTsi6ps
2019 roma. — Moscow: Institute of Electrical and Electronics Engineers Inc., 2019. — P.
8911045. —DOI 10.1109/MLSD.2019.8911045. — EDN GADDQI.

3. Barabanov, A. Modeling of Product Life Cycle Stages Optimization Taking into
Consideration Uncertainty of the Main Parametrical Variables / A. Barabanov, S.
Serebryansky // Proceedings of 2020 13th International Conference Management of Large-
Scale System Development, MLSD 2020 : 13, Moscow, 28-30 centsa0ps 2020 roma. —
Moscow, 2020. — P. 9247777. — DOI 10.1109/MLSD49919.2020.9247777. — EDN MZMRG].

4. llupoBbie TEXHOJIOTUU B KU3HEHHOM IHMKJIE POoCCHIICKON KOHKYpPEHTOCIIOCOOHOM
aBuarmonHo texuuku / A. I. Bparyxun, C. A. Cepebpsiackuit, 1. FO. Crpenen [u np.]. —
MockBa : MOCKOBCKMI aBHAIlMOHHBI HMHCTUTYT (HAIlMOHAJIbHBIA HCCIIEIOBATEIbCKUI
yauBepcuteT), 2020. — 448 c. — ISBN 978-5-4316-0694-6. — EDN ZGQVGN.

5. G. Resulkulyeva and S. Serebryansky, "Aircraft Fuselage, Wing, and Empennage
Design Weight Model Based on Regression Analysis," 2022 15th International Conference
Management of large-scale system development (MLSD), Moscow, Russian Federation,
2022, pp. 1-5, doi: 10.1109/MLSD55143.2022.9934439.

137



6. Kantimirov, S. On the Issue of Weight Design of Aircraft on a Digital Platform in a
Single Information Space of the Product Life Cycle / S. Kantimirov, S. Serebryansky //
Proceedings of 2021 14th International Conference Management of Large-Scale System
Development, MLSD 2021 : 14, Moscow, 27-29 cents6ps 2021 roga. — Moscow, 2021. —
DOI 10.1109/MLSD52249.2021.9600237. — EDN YQZQVE.

7. Gavva, L. M. Kinematic model of refined theory and exact analytical solutions of
static and buckling problems of structurally-anisotropic composite panels of aircraft / L. M.
Gavva // 32nd Congress of the International Council of the Aeronautical Sciences, ICAS 2021
: 32, Shanghai, 06—10 centss6pst 2021 roma. — Shanghai, 2021. — EDN RHFNAF.

8. Gavva, L. M. New Model and Analytical Review of Approaches to Buckling
Problem Investigation of Structurally Anisotropic Aircraft Panels Made from Composite
Materials / L. M. Gavva // Lecture Notes in Electrical Engineering. — 2020. — Vol. 622. — P.
163-175. —DOI 10.1007/978-981-15-1773-0_12. — EDN GEHUIL.

The effect of the use of composite structure materials on the maintainability and weight
characteristics of a maneuverable supersonic aircraft
Malanko G.E.", Tikhtey Y.N." Serebryansky S.A.*
'MALI, Moscow, Russia

Composite material (KM) used in the design of a competitive supersonic
maneuverable aircraft is designed to provide the required conditions of strength and rigidity,
aerodynamic characteristics, as well as conditions of thermal heating of the structure, at sound
flight speeds, and radar visibility [1, 2, 3]. Polymer composites are multicomponent materials
based on macromolecular compound (plastic), which is reinforced with various fillers.

High specific strength; high rigidity; high wear resistance; high fatigue strength;
resistance to vibration and acoustic loads; the ability to control the anisotropy of properties
over a wide range reflect the advantages of KM.

The main advantage of composites over metal structures is lower weight with the same
specified strength and rigidity [4, 5, 6].

In this paper, the maintainability of composite structures is considered, the distinctive
feature of which is ease of machining. At the same time, the material does not crumble, does
not break, is not covered with cracks. There is a possibility of staining, coating with a
protective film.

The introduction of any particle into a polymer with an elastic modulus other than the
matrix modulus leads to overvoltages at the particle-matrix interface. The materials that make
up the matrix and the particle have different coefficients of linear thermal expansion [7, 8].
The introduction of a less durable filler (for example, elastomer) into a hard plastic weakens
the cross section in which stresses act and reduces the resistance to destruction. High cost in
comparison with metal structures (payback of use is achieved only with long-term operation).

In the course of research, it was revealed that a significant disadvantage of polymer
composites is impact strength. Scratches, dents, detachments of the surface layer of a
monolithic part, damage to the lightning protection layer, shells, delaminations, nicks, cracks
may form in the structure. Also, punctures and incorrectly drilled holes appear during careless
machining. All these defects negatively affect the initial characteristics of the KM.

The use of CM made of carbon fiber reduces the mass of the manufactured product by
1.7-5 times (depending on the brand of the metal part). This follows from the ratio of densities
of the compared grades of materials

The use of composite materials entails a reduction in the weight of the structure with
the same specified strength and rigidity, while the use of PCM leads to an increase in the
complexity of repairing products.
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Pacimdposka nosiéTHoi uHopmManum /sl IVIAHMPOBAHUSA PadOT N0 TEXHUYECKOMY
oocayxuBanuio I'T/[ npu 3KkcmiIyaTanum no cOCTOSTHUIO
Tpudonon M.IO.!, Kypasnés B.I1.7
MrTy I'A, r. Mocksa, Poccus
2000 «CkattJlaiiTy, r. MockBa, Poccus

B coBpeMeHHBIX ycnoBUsAX B Tpoliecce dkcrutyataruu BC ogHON M3 BakKHEHIIHMX
HeNneil aBUAaKOMITAaHUHM SBISETCS CBOEBPEMEHHOE OIpeNleNIeHHuE MpPeaesIbHO 0e30MacHOro
cocrosgaus I'T/] ¢ menpro NpeaoTBpalieHUs AaBHALMOHHBIX NPOWCHIECTBUN 110 IPUYHHE
OTKa3a JBurareneil. B HacTrosmmii MOMEHT BCe aBHaKOMIaHWM, 3Kciulyarupyomue BC c
JIBUTATESIMU 3aIIaIHOTO MMPOU3BOJCTBA MOJHOCTHIO JIMIIEHBI BO3MOKHOCTH CONPOBOXKACHUS
OT ITPOU3BOJUTEIS IO CBOUM IIPOrpaMMaM MOHUTOPHHIA COCTOSIHUA ABUrarenei [1].

[TporpaMMbl TEXHHUECKOTO OOCITY>KMBaHHsI COBPEMEHHBIX JBUTATENeH MOCTPOEHBI Ha
OCHOBE IIOJIyYEHHs JTaHHBIX 110 JUArHOCTUKE COCTOSIHUS JBUraTEICH.

Ha nannblit MOMEHT, 6€3 BHEIPEHHON POCCUICKOM crcTeMbl aHaln3a napameTpoB CY
U JUarHOCTHKHU JIBUTaTeNeil, HeBO3MOXKHA Oe3omacHas skcrryaTanus OonbimmHcTBa CY
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3apy0exHoro mpous3BojacTBa [2, 3]. OmeIT mpUMEHEHUs MpOorpaMMaM MPOU3BOIUTENS TI0
MOHHMTOPUHTY  COCTOSIHUSI ~ JIBUTaTeNiell  IOKa3bIBAaeT, 4YTO METOJUKA, MpUMEHsIeMas
noapasnenenuemM paspaborunka asurateneii GE CF6-80C2B  «ADEM» (Advanced
diagnostics & Engine Management) He T™O3BOJIsAJIa CBOSBPEMEHHO CIIPOTHO3UPOBATH
pa3pylIeHHE JBUTaTENS.

SIpkuM pUMEPOM MOKET CIyKUTh MHIUACHT OT 23.07.2019 B aBuakommnanuu OOO
«A3YP »iip» ¢ BC B-767-300ER VP-BUV (Ilocne B3nera B adponopTy AHTambs, Ha dTamne
Habopa BBICOTHI, MPOU3OLUIO pa3pylIeHHE JIOMATOK MpaBoro jasurarens). [lo maHHoro
COOBITUSI HHMKaKUX MpeaynpexacHuid o KputudHoM coctosHun CVY ot «ADEM» He
MOCTYNaJlo, ~ MOHUTOPUHI  OCYIIECTBIsUICA MO  JaHHBIM  pacmudpoBok I,
NepeaBaeMbIX KAy AeKany B nojapaszaenenue «KADEM».

TakuM 00pa3oMm, NPUXOJUTCS KOHCTATUPOBATh TO OOCTOSITEIBCTBO, YTO METOJ
KOHTpPOJIS, HCIOJIb3yeMbl  mopapasnenenueM «ADEM», kak mnpumep OporpaMMbl
JTUArHOCTUKU COCTOSIHUSL JBUTATeNsl OT paspaborunka CVY, sBisieTcs I0CTaTOYHO IpyObIM U
HE MOXXET NMPEAYNPETUTh KPUTUYHOE COCTOSTHUE JABUTATEIIA.

HaunbGonee »>ddekTuBHBIM METOIOM OIEHKH XapakKTepa BHOpaluu, OKa3ajcs
CHEKTpaJIbHBIN aHaJIN3, KOTOPHIN MMO3BOJISIET ONPENEIUTh (PAKTUYECKOE COCTOSTHUE JABUTATENS
U JIETPAJIAIUIo €r0 XapaKTEPUCTHUK, a TAKXKe CIIPOTHO3UPOBATh OTKAa3HOE cOocTOsiHUE [4].

[Tocne 3amens! aBurarens Obuia nposeaeHa pacmmdposka [IM u mpoBeaeH aHamus ¢
MPUMEHEHHEM METO/Ia CIIEKTPAIbHOTO aHAJIM3a U MOJIyUYeHbI Pe3yabTaThl, KOTOPbIE TTOKa3alH
MOJIOKHUTEIBHBIE PE3yIIbTATHI, AEMOHCTPHUPYIOIHE 3 (HEKTUBHOCTH METOIA.

Pe3ynbrathl MpPOBENECHHBIX  HWCCIENOBAaHWI  MO3BOJSIOT  CAENaTh  BBIBOJ O
3PPEKTUBHOCTH METOJa W BO3MOXXHOCTH €r0 NPHUMEHEHHS UIsi CBOCBPEMEHHOTO BBIBOJIA
JIBUTATENs W3 OKCIUIyaTalldd C LEJIbl0 MpOBEAeHUS NpodUIaKkTHUYECKMX paboT B
crenuain3upoBaHHol opranuzanuu no TO mo BOCCTaHOBIEHUIO ra30AMHAMUYECKOTO TPaKTa
C MUHUMAaJIbHBIMH U3J€P>KKaMH U 0€3 yrpo3bl 1715l 6€301MacHOCTH MOJIETOB.
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Decoding of flight information for planning maintenance work of the gas turbine engine
during operation according to the condition
Trifonov M.Y.}, Zhuravlev V.P.?
1 MGTU CA, Moscow, Russia
2 Skyllght LLC, Moscow, Russia

At the moment, without the implemented Russian system of SU parameters analysis

and engine diagnostics, safe operation of most foreign-made SU is impossible. [2, 3]. The
experience of using the manufacturer's programs for monitoring the condition of engines
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shows that the methodology used by the GE CF6-80C2B engine developer division "ADEM"
(Advanced diagnostics & Engine Management) did not allow timely prediction of engine
failure.

A striking example is the incident of 23.07.2019 at AZUR Air LLC with the B-767-
300ER VP-BUV aircraft (After takeoff at Antalya airport, at the stage of climb, the right
engine blades were destroyed). Prior to this event, there were no warnings about the critical
condition of the SU from ADEM, monitoring was carried out according to the data of the PI
transcripts transmitted every decade to the ADEM division.

Thus, we have to state the fact that the control method used by the ADEM division, as
an example of an engine condition diagnostic program from the SU developer, is quite crude
and cannot prevent the critical condition of the engine.

The most effective method of assessing the nature of vibration was spectral analysis,
which allows you to determine the actual condition of the engine and the degradation of its
characteristics, as well as predict the failure state. [4].

After replacing the engine, the Pl was decoded and analyzed using the spectral
analysis method and the results were obtained, which showed positive results demonstrating
the effectiveness of the method.

The results of the conducted studies allow us to conclude about the effectiveness of the
method and the possibility of its application for the timely decommissioning of the engine in
order to carry out preventive maintenance in a specialized organization for the restoration of
the gas dynamic tract with minimal costs and without a threat to flight safety.
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Baunsinne ajpoaMHAMH4YeCKOro HArpeBa KOHCTPYKIUH IJIAHEPA HA IKCIIyaTAMOHHYIO
JKHBY4YeCTh CKOPOCTHOI'0 CaMOJIETa
I'punun ABY ITpuxomko CM2 Ca¢un AMS3, bonapes B.M.*
lMAI/I, r. Mocksa, Poccus
TIAO «», r. Mocksa, Poccus
SBYHII BBC, r. Boposex, Poccust
TIAO «Tynones», r. Mocksa, Poccus

KoHKYpeHTOCTIOCOOHOCTh TMEPCIEKTUBHBIX CKOPOCTHBIX CaMOJIETOB IPEICTABISET
co00il COBOKYIHOCTb WX 3KOHOMHYECKHMX, TEXHHUYECKMX M SKCITyaTallMOHHBIX CBOICTB,
KOTOpasi O3BOJISIET BbIIEP)KAaTh KOHKYPEHLIMIO HA MUPOBOM PBIHKE C IPYTUMHU JIETATENbHBIMU
anmnaparamu (JIA) [1, 2].

DKcIuTyaTallmoOHHas kuByuYecTh JIA mpencrasisieT cob6oit CBOMCTBO, oOecieunBaroiiee
0€30MacHOCTh AKCIUTyaTallMM IO YCJIOBUSM IPOYHOCTH MPU YaCTUYHOM WIIM TOJIHOM
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pa3pylIeHHMH CHJIOBBIX JJIEMEHTOB KOHCTPYKIMHM Ha JTale »JKCIUyaTalud WU IpU
BBITIOJIHEHUH peMOHTa [3, 4].

I[Ipu nmoctmxenun JIA  OONBIIMX  CBEPX3BYKOBBIX  CKOPOCTEH  IOSIBIISIETCS
HEOOXOUMOCTh OOECIeUeHHUsl IKCIUTyaTallUOHHOW >KUBYYECTH M MPOYHOCTU KOHCTPYKIIHH
IIaHepa camoj€ra B yclnoBUsX HarpeBa. [Ipu mosére ¢ TakMMU CKOPOCTSMHU IPOUCXOIUT
MOBBILICHHE TeMIepaTyphl BO3AyXa, KOTOPbI 00TekaeT MoBepXHOCTh JIA, 4TO MPUBOAUT K
HarpeBy AJIEMEHTOB KOHCTPYKLMH (TaK Ha3bIBAEMbIM «a’poJuHAMUYECKU HarpeB»). Harpes
BO3/lyXa MPOUCXOJUT B CKAYKax YIUIOTHEHHUS, 0Opa3yOUIMXcs BOKPYT camojETa, a TakxkKe B
HOTPAaHUYHOM CJIO€ 32 CYET TPEHUSI IOBEPXHOCTEN KOHCTPYKIIUU O BO3YX.

B nanHoii paboTe paccmaTpuBaeTcs BIMSHUE HarpeBa KOHCTPYKIMM Ha €€
AKCIUTyaTaIlMOHHYIO KUBYYECTh [5, 6]. OLeHUBaIOTCA CIEAYIOIINE ACTICKTHI:

- CHW)XCHUE MEXAaHUYECKUX XAPAaKTEPUCTHUK KOHCTPYKTUBHBIX MAaTEpPHANIOB IIpU
BBICOKOU TEMIIEpATypE;

- HarpeB MOJXET IPUBOJIUTHh K BO3HHUKHOBEHUIO TEMIIEPATYpPHBIX HANPSKEHUU B
3JIEMEHTaX KOHCTPYKILIMHU IUIaHEpa U JIEMEHTaX CaMOJIETHBIX CUCTEM,;

- BO3HMKHOBEHHE SBJECHUS [OJ3Y4ECTH MaTepuana, TO €CThb HENpepbIBHAS
TUTACTHYECKas 1eopManust IIEMEHTOB KOHCTPYKIIMH ITPH HEU3MEHHOH HarpysKe.

MHOTOKpaTHOCTh TOBTOPSIEMBIX CKOPOCTHBIX M TEIUJIOBBIX HArpy3oK, crenuduxa
PeXUMOB MMOJIETA C YYETOM BCENOTOJHBIX U PA3NMYHBIX KIMMATHUYECKUX YCIOBUH, PE3KUMN
nepemnaj TeMneparyp TpedyroT HOBOTO MOIX0/1a K IPOSKTUPOBAHUIO KOHCTPYKIIMH arperatoB
IUIaHepa U BbIOOPY KOHCTPYKIMOHHBIX MAaTepUaoB C YYETOM HKCIUTyaTallMOHHOM
JKUBYYECTH.

[Ipobnema koMIpomucca mIpu pacCMOTPEHUH JAHHOU MPOOJIEMBbI COCTOUT B TOM, YTO
OJIHOBPEMEHHOE JOCTI)KEHHE ONTHMAJBHBIX IOKa3aTeleld MO BCEM YacTHBIM U OOLIUM
IIPOEKTHBIM [apaMeTpaM IpaKTUYECKH HeocyllecTBUMO. Jljis uMX CpaBHEHHUsS HEOOXOIUM
nepe0op TaKoro MPUHIMIA PAlMOHAIBHOCTH BAapUAHTOB, KOTOPBIM JENIaeT ONTHMHU3AIIMIO
YCJIIOBHOM, YTO B CBOIO OYepeIb BIMSET Ha MAacCy COCTaBHBIX yacTeil camonéra [7, 8, 9] B
3aBUCUMOCTH OT TJyOMHBI peanu3alii MEpPONPUATUNA 1O CHIDKCHUIO  BIIHMSHHS
TEMIIEPATYpPHOT'O Harpesa.

Oco0eHHO Ba)XHO YYHUTHIBATH ITH ACHEKThl MPH MPOCKTUPOBAHUU MACCAKUPCKOTO
CKOPOCTHOTO caMoJj€Ta, KOrja MEepBOCTENIEHHOE 3Hau€HUE HMMEIOT yBEIWYEHHE pecypca U
ce0ecTOMMOCTh, 0€30MacHOCTh TMOJETOB U KOM(OPTHOCTb, MPOCTOTA OOCITYKUBaHHUS U
CHI)KEHHE BO3JICHCTBUS Ha OKPYXKAIOIIYIO CPENy.
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The competitiveness of a state-of-the-art high-speed aircraft is a combination of their
economic, technical and operational properties, which allows them to sustain competition in
the word market with other aircraft [1, 2].

The damage tolerance of an aircraft is a property that ensures the operational safety
under strength terms in case of partial or complete destruction of the load-bearing structures
during operation or repair [3, 4].

It becomes necessary to ensure the damage tolerance and structural toughness of the
airframe under heating conditions when the aircraft reaches high supersonic speeds. The
temperature of the air that flows around the surface of the aircraft increases during the
operation at such speeds, which leads to heating of the structural elements (the so-called
"aerodynamic heating™). Air heating occurs in the compression shock waves formed around
the aircraft, as well as in the boundary layer due to the air friction of the structure surfaces.

In this paper, the influence of structure heating on its damage tolerance is considered
[5, 6]. The following aspects are evaluated:

- reduction of structural materials mechanical characteristics at high temperature;

- heating can lead to the occurrence of temperature stresses in the structural elements
of the airframe and aircraft systems elements;

- the occurrence of the material creep phenomenon, i.e. continuous plastic deformation
of structural elements under constant load.

The multiplicity of repeated high-speed and thermal loads, the specifics of flight
modes taking into account all-weather and various climatic conditions, a sudden temperature
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drop require a new approach to the airframe design and the choice of structural materials
considering damage tolerance.

The problem of compromise, when considering this problem, is that it is practically
impossible to achieve optimal indicators for all particular and general design parameters
simultaneously. To compare them, it is necessary to sort through such a principle of
rationality of options, that makes optimization conditional, which in turn affects the mass of
the aircraft components [7, 8, 9] depending on the depth of measures implementation to
reduce the influence of temperature heating.

It is especially important to take these aspects into account when designing a
passenger high-speed aircraft, when increasing the resource and cost, flight safety and
comfort, ease of maintenance and reducing environmental impact are of paramount
importance.
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dopMupoBaHHE M COBEPLHICHCTBOBAHNE MPOLEAYP MOAAEPKAHUSA JIETHON FOJHOCTH
0ecnuJI0THBIX BO3IYLIHBIX CY/0B € HCIOJb30BAHHEM METO0B MMHTAIIHOHHOTO
MO/1eJTMPOBAHUSA
CaMyJieHKOB 10.11.}, dunarosa SI.A."
MrTy I'A, r. Mocksa, Poccus

Pa3BuTHe OecnmIOTHOM aBWAMM B HACTOAIIEE BpeMs NPUOOpPETaeT O0COOYIo
akTyanbHOCTh [1, 2]. OmHUM M3 KITIOUYEBBIX (PAaKTOPOB, BIMSIONIMX HA MOJACP)KAHUE JIETHOU
TOJHOCTH, SBISIOTCS PEXHUMbl TEXHHUYECKOTO OOCITY)KMBaHUS OECHMIOTHBIX BO3IYIIHBIX
cynoB (BBC) ¢ yu€rom ux TexHmueckoro obiuka u kKoHpurypamumu [3, 4]. Onpexnenenue
0o0beMa W MEPUOTUYHOCTH TEXHUYECKOTO OOCIYKMBAaHHS AaBUAIMOHHOW TEXHUKU TPEOYIOT
HAyYHOTO TOAXOJAa W PAa3IUYHBIX MeTofoB. K TakuMm MeromaM OTHOCSTCS MapKOBCKHE
CIIy4aiHbI€ IIPOLECCHl C AUCKPETHBIMU COCTOSIHUSIMU U HENPEPHIBHBIM BPEMEHEM U JIpyrue
METO/Ibl UMUTAITMOHHOT'O MOJIETIMpOBanus.|[ S, 6, 7].

B Hacrosiiem fokiiajie pacCMOTPEHBI aclleKThl MoaaepKkaHus JeTHol rogHoct bBC.
B npouiecce uccrnenoanus pazpadoraHa mporpaMmma MOJEIHPOBAHUS CUCTEMbI O ACPKAHUS
JIETHOM TOJHOCTH BO3JAYIIHBIX CyAOB. B paboTe HCHoJIb30BaHbI MAapKOBCKHE CIIy4dalHbIE
MPOLIECCHI C IUCKPETHBIMU COCTOSIHUSIMU U HETIPEPHIBHBIM BPEMEHEM.

B npouecce uccnenoBanus:

- BBIIOJHEH aHalu3 HOPMAaTHUBHOM W HAy4YHOM JIUTEpaTypbl IO BOMpPOCAM
nojaaepxanus A€THou ronnoctu bBC;

- paspaboTaHa KOHIENTyalbHas cxeMma wuccienyemoit cuctemsl TO mapka BBC,
MO3BOJIAOIAs TOCTPOUTH MOJIETUPYIOIIUNA AT OPUTM;

- pa3zpaboTaH rpad cocTOsHMIA Ipolecca TexHu4Ieckoi skcruryatannu bBC;

- MpPENJIOKEHbl PAacueTHbIE 3aBHCUMOCTH BEpOSITHOCTEH M WHTEHCUBHOCTEH JUIs
MOCTPOCHUS MaTEeMAaTHMYECKOM Moaenu (PYHKIMOHUPOBAHUS CHCTEMBl TEXHUYECKOU
IKCILTyaTal1H;

- paspaboTaH anropuT™M U MporpamMma MOJCIHUPOBAHUS CHUCTEMBI MOIICPKAHUSI
JIETHOM TOJHOCTH OecMIoTHBIX BO3AymHbBIX cynoB «SISTEMA PLG BAS» B cpene Visual
Studio Code Ha s3b1Ke CH++;

- nostydeHbl nokaszarenu 3¢ggexrtuBHoctu cuctemsl IIJII' BBC ¢ yuetom oTxoma Ha
NEePUOINYECKOe TEXHNUECKOEe 00CTyKMBAaHHUE.

- TMOJYy4YeHbl 3aBHCHUMOCTH HchpaBHOCTH mapka BC ¢ y4eroM BbINOJHEHUS
nepuoaunydeckoro TO.

Pe3ynbrarel uccieoBaHMS PEKOMEHIYETCS MHCIONb30BaTh Ha  aBUAIIMOHHBIX
npeanpusTusx, B opranmzamusax no TO BBC, pa3paboTunkaM M U3rOTOBUTENSAM
AaBUAIMOHHOM TEXHUKHU Ha 3Tarax MpOoeKTUPOBAHUS, IPOU3BOICTBA U IKCIUTyaTallUH.
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Formation and improvement of procedures for maintaining the airworthiness of
unmanned aircraft using simulation methods
Samulenkov Yu.l.}, Filatova Y.A.!
! Moscow State University of Civil Aviation, Moscow, Russia

The development of unmanned aircraft is currently becoming particularly relevant [1,
2]. One of the key factors affecting the maintenance of airworthiness are maintenance modes
of unmanned aircraft (UAVs), taking into account their technical appearance and
configuration [3, 4]. Determining the volume and frequency of maintenance of aviation
equipment requires a scientific approach and various methods. Such methods include Markov
random processes with discrete states and continuous time and other simulation methods.[5,
6, 7].

This report discusses aspects of maintaining the airworthiness of the UAV. In the
course of the research, a simulation program for the aircraft airworthiness maintenance system
was developed. The paper uses Markov random processes with discrete states and continuous
time.

In the process of research:

- the analysis of normative and scientific literature on the issues of maintaining the
airworthiness of the UAV was carried out;

- a conceptual scheme of the studied UAV park maintenance system has been
developed, which makes it possible to build a modeling algorithm;

- a graph of the states of the process of technical operation of the UAV has been
developed,;

- the calculated dependences of probabilities and intensities for the construction of a
mathematical model of the functioning of the technical operation system are proposed;

- developed an algorithm and a program for modeling the airworthiness maintenance
system of unmanned aircraft "SISTEMA PLG BAS" in Visual Studio Code environment in
C++;

- the efficiency indicators of the BWS PLC system were obtained, taking into account
the waste for periodic maintenance.
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- dependences of the serviceability of the aircraft fleet are obtained, taking into
account the implementation of periodic maintenance.

The results of the study are recommended for use at aviation enterprises, in
organizations for maintenance of aircraft, developers and manufacturers of aviation
equipment at the stages of design, production and operation.
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OnpenesieHne BePOATHOCTH BOSHMKHOBEHHA (DAKTOPOB PUCKA M UX BJMsSIHHE HA
0e301aCHOCTD 110JIETOB
JlaHuieBCKHit AAL CepebpstHCKHIA C.A% [Tpuxoniko CM2, I'onuap AH?
1MAI/I, r. Mocksa, Poccus
TIAO «n», . MockBa, Poccust
SOAY «UAM um. LU, bapanosa»? r. Mocksa, Poccus

Ha mHavanpHbpIX »dTamax pa3pabOTKM CIIOKHOW HAyKOEMKOW MPOAYKUIUH B
aBUACTPOEHHUH CO3AI0TCS OINpeIeIeHHble a0CTpaKTHbIE cUCTeMBI. Jlagee oHM IpeoOpa3yroTcs
B FOTOBBIE U3/IEJIMS B BUJIE€ ONPEJEIICHHBIX TEXHNYECKUX CUCTEM U MOJCUCTEM (aBUAL[MOHHBII
KOMIUIEKC, JIeTaTeNbHBIM armapar, CUjoBas YCTaHOBKa, M T.J.), U CHCTEM C Yy4acTHUEM
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YeJIOBEYECKOM  JIeATENbHOCTH  (CHCTeMa TEXHHUYECKOro OOCITYXHBaHMS UM  PEMOHTA)
MpeHa3HAYEHHBIX JUIsl OOeCTiedeHHs BRIOJHEHNS PyHKIUH pazpadbareiBaemMoro uaaemus [1].

JlerarenbHblll anmapar — 3TO CJIOXKHAs TEXHMYECKas CHCTEMa, OT IPaBUIIBHOIO
(GyHKIIMOHUPOBAaHUSI KOTOPO, B COCTaBE aBUAIMOHHOTO KOMILIEKCA, 3aBUCUT JKU3Hb JIFOJICH.
[TosToMy B paboTe CHEIHMATUCTOB ABHAIIMOHHON oOTpaciu omuOKd HemponmycTumbl. K
CO’KaJICHUIO, OHH HMMEIOT MECTO, YTO IMPHUBOJUT K aBapUIlHBIM CHUTYalUsIM M K JOCTATOYHO
0oJBIIOMY MaTepHaTbHOMY yIIepOy [2].

MHorue aBHAKOMIIAHUM MHpa HCHOJIb3YIOTCS CaMOJIEThl, KOTOpbIE IO CpPOKY
AKCIUTyaTally, TPeOYIOT 0oJiee TIIATEIBHOTO KOHTPOJIS MPH 00CTY)KMBAaHUU. ABHUAITMOHHBIN
MEPCOHA 3a4acTyI0 COBEPIIACT OLIMOKHU, KOTOPbIE BEAYT K IMOJIOMKE U 33/IePKKE BBHUICTOB.
Bo3pactaer KOJIMYECTBO aBMANEPEBO30K, CJIEAOBATENbHO, BO3PACTAET BEPOSITHOCTh
MOBPSXKJICHHUST caMoJieTa OOCIy)XHBaloImuUM TepcoHaom [3, 4]. M3meHeHuss B cucTeMe
o0pa3oBaHMs, B pE3yJbTaTe€ YEro TEOPETHYECKas IOArOTOBKA MOJIOJABIX CHELUAINCTOB
oTnansiercs Bce OOJbllIe OT MPAKTUKA U OTCYTCTBHE MOTHBALMU Yy COTPYIHUKOB BENIET K
CHIDKEHHIO KOHIIGHTPALMU IpPU BBHINOJHEHUH paboT. HempaBuibHas opraHuzamus padoOThI
nepcoHasa, Ype3MepHasi 3arpyKeHHOCTb, a TaK ke JApyrue (akTopbl BIUAIOT HA KauecCTBO
00CITy>)KMBaHUsI aBUANIEPEBO30K U 0€30MacHOCTh MOJIETOB [5, 6].

B nmanHoit paboTe paccmaTpuBarOTCS OCHOBHBIC, TeHepupyrolue (akToOpbl pHCKa
BO3HUKHOBEHUSI COOBITHH (ONpPENeNUBIINE pealbHbIE KaTacTpOo(bl, XapaKTepU3yeMble Kak
«HEJIOMYCTUMBIA ypOBEHb PHUCKa» WM «CYIIECTBEHHBIN»), BIMSIOMIUX Ha OE30MaCHOCTD
nojetoB camoieroB [7]. IlpuBenena cucremaTtw3amusi paccMaTpUBaeMBIX (DaKTOPOB IO
CTEMEHH OTBETCTBEHHOCTH 3a MpPOIECcChl MPO(ecCHOHANBHON TMOATOTOBKH  JIETHBIX
CHEIMAJICTOB, IO3BOJISIONIAs OCYILECTBISATh COBEPIICHCTBOBAHUE CHUCTEMBI IOBBILICHUS
KBaJTM(DUKAIIMY C yYETOM MPOSBICHUHN HCCIEAYEMbIX aBUAIIMOHHBIX COOBITHIA.

[IpoBeneH 0030p CyLIECTBYIOIIMX MOAXOJOB I OLEHKH YPOBHS O€301acHOCTU
MOJIETOB C MOMOIIBIO METOJOB MaTEeMaTHYEeCKOr0 MOJETUPOBAHUS, Pa3ACIsIeMbIX Ha JIBE
TPYIIIBL:

- TpyIIa aHaJTUTHYECKUX METOJIOB;

- rpyIma METO/I0B ¢ IPUMEHEHUEM UMHUTALIMOHHOTO MO/IEIUPOBAHUS.

B kauecTBe aHAMTUTUYECKUX MOJIETIEH pacCMaTpUBAIOTCA:

- Mojienb Paiixa;

- mogens MKAOQ;

- METO/IMKa KOMIIJIEKCHOTO MOJEIMPOBAHUS PUCKA CTOIKHOBEHMS;

- 0000u1ieHHas mojens Paiixa.

JIisi  MMUTAIMOHHBIX MOJENIed TpPEeACTaBICHO O0030pHOE omucaHue obacrei
IPUMEHEHHS, ONMHCAaHBbl METOABl NpEeACKa3blBaHUS TPACKTOPUU PA3BUTUSA KOH(PHUTypanuu
BO3JIYIIIHOTO CyJHA W METOAbl pa3zpemieHus KoHGaukToB. Ommcan npoekt MAREA
IPOBOJUBIIMICS B paMKaX €BpOIEHCKON HayyHO-UCCIIEI0BaTEIbCKON MPOrpaMMbl B 00J1aCTH
opranmzanuu  Bo3nymHoro  aBwkeHuss SESAR.  Omnmcan  OT€UECTBEHHBIH  OMBIT
MMUTALMIOHHOTO MOJIEJIMPOBAHUS MIPOLECCOB BBINOJIHEHUS YIIPABIISEMBIX MOJETOB C OLEHKON
nokasaresnei 0e30MacHOCTH.

[IpuBOASATCS AOCTOMHCTBA M HEJOCTATKU aHAIMTUYECKUX M MMHUTALMOHHBIX METO/I0B
OLICHKHM 0€3011aCHOCTH TOJIETOB, BBISIBICHHBIX B X0JI€ UCCIEAOBAHNUN U UX aHAJIN3A.
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Determination of the probability of occurrence of risk factors and their impact on flight
safety
Danilevsky A.A.}, Serebryansky S.A.%, Prikhoshko S.M.% Gonchar A.N.?
Y MALI, Moscow, Russia
2PJSC "1I", Moscow, Russia
SFAI «CIAM named after P.I. Baranov»

At the initial stages of the development of complex science-intensive products in the
aircraft industry, certain abstract systems are created. Further, they are transformed into
finished products in the form of certain technical systems and subsystems (aviation complex,
aircraft, power plant, etc.), and systems involving human activity (maintenance and repair
system) designed to ensure the performance of the functions of the product being developed

[1].

An aircraft is a complex technical system, on the proper functioning of which, as part
of the aviation complex, people's lives depend. Therefore, mistakes are unacceptable in the
work of aviation industry specialists. Unfortunately, they take place, which leads to
emergency situations and to quite a lot of material damage [2].

Many airlines of the world use aircraft that, in terms of service life, require more
careful control during maintenance. Aviation personnel often make mistakes that lead to
breakdowns and delayed departures. The number of air transportation increases, therefore, the
probability of damage to the aircraft by maintenance personnel increases [3, 4]. Changes in
the education system, as a result of which the theoretical training of young specialists is
moving away more and more from practice and the lack of motivation among employees
leads to a decrease in concentration when performing work. Improper organization of staff
work, excessive workload, as well as other factors affect the quality of air transportation
service and flight safety [5, 6].
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In this paper, the main risk factors generating events (which determined real disasters,
characterized as "unacceptable risk level™ or "significant™) affecting the safety of aircraft
flights are considered [7]. The systematization of the factors under consideration according to
the degree of responsibility for the processes of professional training of flight specialists is
given, which makes it possible to improve the system of advanced training taking into
account the manifestations of the aviation events under study.

The review of existing approaches for assessing the level of flight safety using
mathematical modeling methods, divided into two groups, is carried out:

- group of analytical methods;

- a group of methods using simulation modeling.

As analytical models , the following are considered:

- Reich's model;

- the ICAO model;

- methodology of complex modeling of collision risk;

- generalized Reich model.

For simulation models, an overview description of the application areas is presented,
methods for predicting the trajectory of the development of the configuration of an airship and
methods of conflict resolution are described. The MAREA project carried out within the
framework of the European research program in the field of air traffic management SESAR is
described. The domestic experience of simulation modeling of the processes of controlled
flights with the assessment of safety indicators is described.

The advantages and disadvantages of analytical and simulation methods of flight
safety assessment identified in the course of research and their analysis are given.
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DJIeKTPOHHASA IKCILTYATAIMOHHAS JOKYMEHTAIUA KAaK 3JIeMeHT o0ecrneyeHust
0€30MaCHOCTH MOJIETOB BO3AYIIHBIX CYJ10B 1peeCTpa P®
Kupnuues I/I.F.l, dumarosa J.A.",
MrTy I'A, r. Mocksa, Poccus

OkcruryatannonHas gokymeHtanus (D]1) sBiIseTcss HEOThEMIIEMOM YacThIO THUITOBOM
KOHCTPYKIIMM  KOHKypeHTocmocoOHoro Bo3aymHoro cymHa (BC), paspabareiBactces
Paspaborunkom AT u yTBepxkmaercs aBUAMOHHOW BJIACTbIO, COACPKHUT, B TOM YHCIE
UCXO/IHBIE TPeOOBaHUS IO IUIAHOBOMY TexXHUYeckoMmy oOciyxkuBanuio (TO) (mporpammy
TO), 6romnerenu u T [ 1, 2].

CormacHo MeXIyHapoOJHbIM TpeboBaHmsM, )| HyXImaercs B HEPUOIUIECKOM
nepecMoTpe M OOHOBJICHHM, /JIsi COXPAaHEHUS €€ JCWCTBUTEIBHOCTH C Y4YETOM OIIbITa
AKCILTyaTal1H.

Tak, B pamkax YHuepcaibHoil porpamMmmbl MKAO [3] mo npoBeneHuto NpoBEpoOK U
OpraHM3alMl KOHTPOJIS, MCIIONb3YIOTCSI MEXAHHU3Mbl HENPEPHIBHOIO MOHMTOPHMHIA 3a
obecrnieueHreM 0€30MacCHOCTH MOJIETOB B TOCYIapCTBE.

B nacrosimiee Bpems nudpoBbie MeTo 161 nHGopManmoHHo# nognepxkku I/ TO cramm
0COOCHHO aKTyallbHBI, B MEpPBYI0 ouepens st BC mHOCTpaHHOTO Mpou3BoACTBa peectpa PO.
[Ipexne Bcero, 3TO CBsI3aHO C HEKOTOPBIMH (PaKTOpamMu, Cper KOTOPHIX:

1) HeBbIIOJIHEHHWE JEUCTBYIOIIMX corameHuii u  pekomenmammii  MKAO
rocynapctBamu paspadorunka (FAA, EASA u t11.) u nepxarens ceprudukara tumna (Boeing,
Airbus ¥ Ta.) ¢ aBHAMOHHOW BJIACTBIO W OKcIUTyaraHTamMu P® 00 obecnieueHUn
conpoBoxAeHUsT AKciutyatauuu BC B rocymapcrtBe 3KCIUlyaTaHTa M T'OCYJIApCTBE
perucTpanuu, IpUOCTaHOBKA JTOCcTyNa K o01ieid 6a3e ganubix D/ [4];

2) HeolpeAeaeHHOCTh U HeoiHO3HaYHOCTh TpeboBanuit GAII 21, ®AII-285 u OAII-
10 [4, 5, 6] B yacTu, Kacaronieiics HHGOPMALIMOHHBIX [UPPOBLIX METOJOB MOAAECPKKH D/1;

3) Bbixon IlocranoBnenust IlpaBurensctBa Ne353 or 12 mapra 2022 r. "O6
OCOOCHHOCTSX pa3pelInTeNIbHON nesaTeabHocTH B Poccuiickoit ®denepanmu B 2022 u 2023
rogax" u uzmeHeHuss kK HUM Ne837 ot 09.05.2022 r. u Ne 2435 ot 26.12.2022 r., KOTOpHBIE
onpeaenuin HoBble ycnoBus ceprudukammu AT, Pazpabotunka AT, Opranuzauuit mo TO, a
TaK)ke BO3MOXXHOCTh HW3MEHEHHs! TUTIOBOM KOHCTpykimu BC 0e3 yBemomieHus nepkarene
ceprudukaTa THOA MPU OJHOBPEMEHHOM OTCYTCTBHMU HMH(OPMAIMOHHOTO COMPOBOKIACHHUS
JTAHHBIX MPOIIECCOB [7].

B pabore ocymiecTBieH MOAPOOHBIM aHANINW3 OTEYECTBEHHBIX U MEXKIYHApOJHBIX
JIOKYMEHTOB B 4acCTH, Kacarollencs UPPOBbIX METOAOB CONMPOBOXACHUS ]| U mpeyioKeHb
CJIEIYIOIIAE MEPOIIPUATHSL:

1) chopmupoBats 6a3y manubix D] mo turmam BC Ha OCHOBE MpeapiIylIuX JEeT
JKCIUTyaTanuu [8];

2) co3math WH(OOPMAIMOHHYIO CHCTEMY MOHUTOpUHra JieTHOW TromgHoctn BC
3apy0eKHOT0 MPOU3BOJICTBA.

3) chopmupoBaTh TpeOOBaHHUS IO DJJIEKTPOHHOW CHCTEME TMOJICPKKU JIETHOU
ronnoctu BC.
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3. VuuBepcanbHas mporpamma ayaura HMKAO mno Ham3opy 3a 0€30MacHOCTBHIO
MoJjeToB. BONMpOoCHUK O rocyaapCTBEHHOW aBHAlMOHHOW aAestenbHocTH — 2020 1. 1o
JIOTOBAPHUBAIOIIETOCS TOCYAapCTBa.

4. Doc 9760 AN/967 PykoBoacTBO 110 JieTHOU rogHoctu. U3manne yerBeproe. MKAO,
2020.

5. Ilpukaz MunmucrepcTtBa Tpancrnopra P® ot 25 cenrsops 2015 r. N 285 "O6
yrBepxacHnn DefepanbHbBIX aBHAIIMOHHBIX MpaBui "TpeOoBaHMs K IOPUINYSCKUM JTUIAM,
WHUBUYAIBHBIM IpEANpUHUMATENSAM, ocyiiecTBIsrommuM TO rpaxnanckux BC".

6. Ilpuka3 MunucrepcrBa tpaHcnopta P® ot 12 sguBaps 2022 r. Ne 10 "O6
yrBepxkaeHun DefepanbHbIX aBHALIMOHHBIX mpaBui "TpeboBaHus K IOPUINYECKUM JIUIAM,
WHJIUBUIYAJIbHBIM  MIPEANPUHUMATENSIM, OCYIIECTBIISIIOIIUM KOMMEPYECKUE BO3AYIIHBIC
MIEPEBO3KHU.

7. Ilocranosnenue IpaButensctBa PO ot 12 mapra 2022 r. N 353 "O6 ocoGeHHOCTSX
paspemuTeNnbHoN  AestenbHocTH B Poccuiickoit ®enepanmu B 2022 u 2023 romax",
nononHeHus N 837 ot 9 mast 2022 ., Ne 2435 ot 26 nexabpst 2022 .

8. Model of Information Support of the Quality Management System / S.
Serebryansky, B. Safoklov, 1. V. Potsebneva, A. |I. Kolosov // Conference
“INTERAGROMASH 2021”. Precision Agriculture and Agricultural Machinery Industry,
Volume 2 : Conference proceedings, Pocros-na-/lony, 24-26 ¢espans 2021 rona. — Pocros-
Ha-Jlony: Springer, 2022. — P. 993-1003. — DOI 10.1007/978-3-030-80946-1_90. — EDN
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Electronic operational documentation as an element of ensuring the safety of
aircraft flights of the Register of the Russian Federation
Kirpichev I.G.}, Filatova Y.A. %,
! Moscow State University of Civil Aviation, Moscow, Russia

The operational documentation (ED) is an integral part of the standard design of a
competitive aircraft (VS), is developed by the AT Developer and approved by the aviation
authority, contains, among other things, the initial requirements for scheduled maintenance
(maintenance program), bulletins, etc. [1, 2].

According to international requirements, the ED needs periodic revision and updating
to preserve its validity, taking into account operational experience.

Thus, within the framework of the Universal ICAO Program [3] for conducting
inspections and organizing control, mechanisms for continuous monitoring of flight safety in
the state are used.

At present, digital methods of information support for ED have become especially
relevant, primarily for foreign-made aircraft of the registry of the Russian Federation. First of
all, this is due to some factors, including:

1) non-compliance with the existing agreements and recommendations of ICAQO by the
states of the developer (FAA, EASA, etc.) and the holder of the type certificate (Boeing,
Airbus, etc.) with the aviation authorities and operators of the Russian Federation on
providing support for the operation of aircraft in the state of the operator and the state of
registration, suspension of access to the common ED database [4];

2) uncertainty and ambiguity of the requirements of FAP 21, FAP-285 and FAP-10 [4,
5, 6] in terms of information digital methods of ED support;

3) the release of Government Decree No. 353 of March 12, 2022 "On the specifics of
Permitting activities in the Russian Federation in 2022 and 2023" and amendments to them
No. 837 of 05/09/2022 and No. 2435 of 12/26/2022, which defined new conditions for
certification of AT, AT Developer, Maintenance Organizations, as well as the possibility of
changing the standard design of the aircraft without notifying the holders of the type
certificate, while there is no information support for these processes [7].
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The paper provides a detailed analysis of domestic and international documents in
terms of digital methods of ED support and suggests the following measures:

1) to form a database of ED by aircraft types based on previous years of operation [8];

2) create an information system for monitoring the airworthiness of foreign-made
aircraft.

3) to form requirements for the electronic airworthiness support system of the aircraft
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Hay4yHo-meToanueckue moAXoAbl 1JIsl CO3IaHUSI KOMILUIEKCHBIX CHCTEM JHATHOCTUKH U
MPOrHOCTHUKH TEXHUYECKOT0 COCTOSIHUSI arPeraToB, GyHKIHMOHAIbHBIX CHCTEM H
CIJIOBBIX KOHCTPYKIIHIi BEPTO0J1eTOB
benbckmit A.B.l’z, [Hepraues A.H.z, Ecunosny O.A. 2
! MAM, r. Mocksa, Poccus
2 AO «HIIB Muis Kamosy, p.ni. Tomunuuo, Poccus

B Hacrosiiem nokiiajae npoaHaan3upoBaHbl U CPOPMUPOBAHBI HAYYHO-METOANYECKUE
NOAXOJbl K CO3JAHMI0 KOMIUIEKCHBIX CHUCTEM JHMAarHOCTUKH M IPOTHOCTHKM TEXHUYECKOTO
COCTOSIHUSI arperaToB, (PYHKIIMOHAJIBHBIX CHUCTEM U CHJIOBBIX KOHCTpYKUMH. [Tpumensiemble
HayYHO-METOJNYECKUE IOAXOMbI MPENYCMAaTPUBAIOT aHAIU3 PETUCTPUPYEMBIX NapaMeTPOB
paboThl arperaroB, JIETHBIX JaHHBIX M Pa30BbIX KOMaHJ M HMX H3MEHEHHE B Ipoliecce
JKCIUTyaTallMM, 4YTO TIO3BOJIIET B OIPEIEICHHONM CTENEHU OIpPENEIUTh TEXHUUECKOE
COCTOSTHUE arperaToB, CIPOrHO3UPOBATh MPOSIBICHNUE U pa3BUTHE 1€(DEKTOB.

CoBOKynHOCTh 00paOaThIBa€MbIX [aHHBIX, a TaK)Xe BHEIPsIEMbIe METOJUYECKUE
MOJIXO/IbI OMpPEIETICHNsI OCTATOYHOIO pecypca CIOXKHBIX CHCTEM U arperaTtoB MO3BOJISIOT HE
TOJIBKO COBEPLIEHCTBOBATH JKCIUIyaTallMI0 BEPTOJIETHON TEXHUKU IO COCTOSHUIO, HO U
NOBBICUTh 3((HEKTUBHOCTh AKCIUTyaTallMM BEPTOJIETOB 3a CYET ONTUMHU3ALUU OOBEMOB U
NEPUOJIMYHOCTH TEXHUYECKOTO OOCIYy)XHMBaHHUS, a TaKXke MaTepUalbHO-TEXHHUYECKOTO
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obecreuenus. I/IHTeraHI/IH CUCTCM JUArHOCTHUKU W MPOTrHOCTUKU TCXHHUYCCKOI'O COCTOAHUSA
arperaToB U (DYHKIIMOHAJIBHBIX CUCTEM B €IMHYIO HH(OPMAIIMOHHO-aHATUTHYECKYIO CUCTEMY
[IO3BOJINT OOECIIEUNTH 3aNMHTCPCCOBAHHBIC OpPraHU3aluu Ooiee AOCTOBCPHBIMU JaHHBIMH O
pPE3yiabTaTax 3KCILIyaTallih BEPTOJICTOB B PA3JIMYHBIX YCIOBHUAX W IIOKA3aTCIIAX HAACKHOCTU
arperaTtoB, KOTOPbLIC CHOCO6CTByIOT COBCPHICHCTBOBAHUIO UX KOHCTPYKIHHU U XapPAKTCPUCTHUK.

AKTyaJ'IBHOCTB IMPOBOAUMBIX pa60T IMOATBEPKAACTCSA OTCYTCTBUEM PEATUM30BAHHBIX
60pTOBbIX U [POrpaMMHO-aHAIIMUTHYCCKUX CPCACTB IPOTrHO3UPOBAHUA TCXHUYCCKOTO
COCTOSAHHUA arpe€ratroB BEPTOJICTOB, a TAKXKEC HGO6XOI[I/IMOCTBIO pacuinpCeHrsA HOMCHKIIATYPbI
CUCTCM M arperaroB, KOHTPOJJIHUPYCEMbIX PCAJIM30BAHHBIMU CUCTCMAMU JUATHOCTHUKU (B T.4.
cucremamu HUMS).
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Scientific and methodological approaches for the creation of complex diagnostic and
prognostics systems of the technical condition of units, functional systems and power
structures of helicopters
Belskiy A.B.", Dergachev A.N.?, Esipovich O.A.?
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In this report, scientific and methodological approaches to the creation of complex
diagnostic and prognostics systems of the technical condition of aggregates, functional
systems and power structures are analyzed and formed. The applied scientific and
methodological approaches provide for the analysis of the recorded parameters of the units,
flight data and one-time commands and their changes during operation, which allows to
determine to a certain extent the technical condition of the units, predict the manifestation and
development of defects.

The totality of the processed data, as well as the implemented methodological
approaches for determining the residual life of complex systems and aggregates, allow not
only to improve the operation of helicopter equipment by condition, but also to increase the
efficiency of helicopter operation by optimizing the volume and frequency of maintenance, as
well as logistics. Integration of diagnostic and prognostic systems of the technical condition
of aggregates and functional systems into a single information and analytical system will
provide interested organizations with more reliable data on the results of helicopter operation
in various conditions and reliability indicators of aggregates that contribute to the
improvement of their design and characteristics.

The relevance of the work carried out is confirmed by the lack of implemented
onboard and software-analytical tools for predicting the technical condition of helicopter
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units, as well as the need to expand the range of systems and units controlled by implemented
diagnostic systems (including HUMS systems).
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Perucrpanusi pocra npou3BOJACTBEHHbIX J1e(eKTOB CHCTEMOIl MOHUTOPUHIA B poLecce
IKCIIYATAUMH KOHCTPYKIUH
TuHuypuHa I[.P.l, Kononon H.O.l, Ilepmsakos A.H.l, [IIpamko KK!
! MAMU, r. Mocksa, Poccus

B Hacrosiiiee BpeMsi, UCIIOJIB3YEMbIH CIIOCOO SKCIUTyaTallid aBUAIMOHHOW TEXHUKH,
KOTOpLIfI OCHOBBIBACTCA Ha HA3HAYCHHUHN MCKPEMOHTHBIX CpPOKOB CJ'IY)K6LI JICTATCIBHOI'O
arrmapara, HMMCET HCKOTOPBIC HCEAOCTATKH, TaKHUC KaK CJIOXHOCTH YUCTa I1apaMETpOB
OKCIUTyaTalluu U TO, YTO PpECYPC HA3HAYACTCA Ha BCC JICTATCIILHBIC allllapaTbl OAHOI'O TUIIA, HC
YUNTBIBasi WHIUBUAYaJIbHbIE YCIOBUS Ka)XJ0ro KOHKpeTHOro ooOpasua. HoBelii meTon
OKCIUTyaTaluu, OCHOBAaHHBIH Ha COCTOSHHH JIETAaTEIHLHOI'O amnrapara, npeajiaracT 3aMCHY
H3JCJIIHA TOJIBKO B CJIy4ac€ OTKa3a WM JOCTHIKCHHA IMPCAOTKA3HOI'O0 COCTOSAHMA. ,Z[JISI 9TOT'O0
Tpe6yeTC$I BBI6paTB mapaMeTpbl, OIPCACIIAIOIIUC pa60TOCHOCO6HOCTB JIETATCIBHOI'O
afrapara, a TaKiKE KOHTPOJIUPOBATHL OTHU IMAapaMCTPbl Ha MNPOTSKCHHUHM OKCILIyaTalluu C
MMOMOIIbIO CUCTEM BCTPOCHHOI'O MOHHUTOPHHIA.

OI[I/IH U3 BapHWaHTOB TAaKOM CHCTEMLI - DTO HCHOJL30BAHHE ONTOBOJIOKOHHBIX
AaTYUKOB, paCHpPCACIICHHBIX IO KOHCTPYKIHNU BC, IJIL KOHTPOJIA MapaMETpOB, TAKHX KakK
I[G(bOpMaIII/IfL Hcmonp30BaHue TakKUX CUCTEM CaMOIHUArHOCTUKNU MOXET CHHU3UTH 3aTpaThbl HAa
o0ciyKMBaHUE U MOBLICUTH HafZexkHOCTh BC [1].

B I[aHHOI\/'I pa60Te OIMMMCAaH ONBIT MPUMCHCHHUSA OIITOBOJIOKOHHBIX PaCHpCaACICHHBIX
JAaTYUKOB IJIsI KOHTPOJISI COCTOSAHUSA 06pa3u013 MaTCpUuaJIoB, UCIIOJIb3YEMbBIX B KOHCTPYKIHUU
BC. TIlokazana peructpanusi KOHTPOJUPYEMBIX MapaMeTpoB JJsi pELIeHus 3adad
CaMOJHUArHOCTUKHU, YTO MO3BOJIMUT HOBBICUTH HAACKHOCTH U CHU3UTL BPCMS O6CJ'IY)KI/IB8.HI/I$I
BC [2].

Mo3kHO BBIJICIIUTh HECKOJIBKO OCHOBHBIX ITOAXOAOB K IIPOTHO3UPOBAHHUIO pPECypcCa
KOMITO3UIIMOHHOTO MaTepuania [3].

1. Hasnauenne MUHHUMAaILHOTO CpoOKa CJ'IY)I(6LI MaTepHraia v IoCJICAYIOIICE
MMPpOAJICHUE €TI0 Ha OCHOBEC OIIbITA SKCILTyaTallun I/I3I[GJ'II/II>1.

2. YCTaHOBIEHHME CpoKa CIIy)KObl MaTepuaia IyTeM NpPOTHO3HpPOBAHUS Ha
OCHOBE pe3yJIbTaTOB KPATKOBPEMEHHBIX HCIIBITAHHUM.

3. YcTaHoBieHue CpPOKOB CJ'Iy)K6LI Marepuaia Ha OCHOBC PE3YIbTAaTOB
YCKOPEHHBIX HCHBITaHUI NPU (GPUKCHPOBAHHBIX PEKUMAX.

4, YcTaHoBieHue CpOKa CJ'Iy)K6LI MaTepHralia MyTeM YCKOPCHUS IIpoLecca CTapCHUs.
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MaTepuaibl. JHIUKIoNeanYeckuid cripaBodHuK. — 2010. — Ne 3. — C. 10-15.

3. Meronsl ucCCleOBaHHUS KOHCTPYKIIMOHHBIX KOMIIO3UIIMOHHBIX MAaTEpPHAIIOB C
WHTETPUPOBAHHOK 3iekTpoMexaHudeckoit cuctemoit / E.K. Kabmos, /[.B. Cusakos, N.H.
I'ynsieB, K.B. Copokun, M.IO. ®enotoB, B.A. T'oH4uapoB // ABUAIlMOHHBIE MaTepUalbl H
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Registration of the growth of manufacturing defects by the monitoring system
during the operation of the structure
Tinchurina D.R.}, Kononov N.O.}, Permyakov A.P.%, Shramko K.K.!
! MAI, Moscow, Russia

Currently, the method of operation of aviation equipment, which is based on
the appointment of overhaul periods of service of the aircraft, has some disadvantages, such as
the complexity of accounting for operating parameters and the fact that the resource is
assigned to all aircraft of the same type, not taking into account the individual conditions of
each specific sample. A new method of operation based on the state of the aircraft, offers to
replace the product only in the event of a failure or reaching a pre-failure state. To do this, it is
necessary to select the parameters that determine the operability of the aircraft, as well as to
control these parameters during operation using built-in monitoring systems.

One option for such a system is the use of fiber optic sensors distributed throughout
the aircraft structure to monitor parameters such as deformation. The use of such self-
diagnostic systems can reduce maintenance costs and increase aircraft reliability [1].

This paper describes the experience of using fiber-optic distributed sensors to monitor
the state of samples of materials used in aircraft construction. Recording of controlled
parameters for solving self-diagnostics problems is shown, which will improve reliability and
reduce aircraft maintenance time [2].

There are several main approaches to predicting the resource of a composite material [3].

1. Appointment of a minimum service life of the material and its subsequent
extension based on the operating experience of the products.

2.  Establishing the life of a material by predicting the results of short-term tests.

3. Establishment of the service life of the material based on the results of accelerated
tests under fixed conditions.

4.  Establishing the service life of the material by accelerating the aging process.
References:
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K Bonpocy o npumMeHennu GPUKIIMOHHOT0 TOPMOKEHUS IIPH BHICOKOCKOPOCTHBIX
TPEKOBBIX HCTIBITAHUSAX
AcraxoB C.A.l, buprokos Bt 2, Karaes A.B.}2
L OKII «'kHUIIAC nmenn JLK.CadponoBay, r. benoosepckuii, Poccus
2 MAM, r. Mocksa, Poccus

B mnacrosimem mokiane paccMarpuBaeTcsl (PPUKLIHMOHHOE TOPMOXKEHHE HA PAKETHOM
Tpeke. [IpencraBiena MeToauKa pacyera pexxuma JBUKEHHUS PAKeTHOW KapeTKH M0 PaKeTHO-
PEeNBCOBOMY TPEKY NpU (PPUKIIMOHHOM TOPMOXKEHHU B YCIOBHSIX TEIUIOBOTO HArpyXeHHS H
M3HOCAa (PPUKIIMOHHBIX 3JIeMEHTOB (Hanee — @) TOPMO3HBIX YCTPOICTB.

[Tpu GpUKIIMOHHOM TOPMOXKEHUH paboTa CUIIBI TPEHHS TPATUTCS HA TETJIOBBIICICHUE
B 30He KoHTakTa [l]. Jlyist pacdera pacmpeneneHusi TEIIOBBIX MOTOKOB Mexay DD u
PENbCOBOI HAIPABISIONICH MPHUMEHSIOTCS YCJIOBUS HEHJEATbHOIO TEIJIOBOTO KOHTAKTa,
KOTOPBIE€ YUUTHIBAIOT BIUSHHUE PA3HOCTU TEeMIIepaTyp KOHTAKTUPYIOMIUX Ten [2].

TemnoBoe cocrosiane @D onuckiBaeTCs ¢ MOMoUIbio AU depeHnnanbHOro ypaBHeHUs
TEIUIONPOBOAHOCTH NIl OJJHOMEPHOTO HECTAI[MOHAPHOIO IMepeHoca Terja 06e3 BHYTPEeHHHUX
WCTOYHUKOB SHEPrud. [paHWUYHBIC YCIOBHUS 3aJal0TCS B BHJE TEIJIOBOTO IOTOKA JUIs
KOHTaKTHOW MOBEPXHOCTU M TEIIOOOMEHAa C OKpY’Kalollel cpefo NJsi MPOTUBOMOIOKHOM
creHku. Pacnpenenenue temmnepatypsl Bo @O B mpoiecce TOPMOKEHUS PACCUUTHIBAETCS
YHCIEHHBIM METOJIOM - ITyTeM peleHus JuddhepeHInaTbHOr0 YpaBHEHUS TEIIONPOBOAHOCTH
B YaCTHBIX TPOU3BOAHBIX METOAOM KOHEYHBIX pPa3HOCTe Ha OCHOBE HESBHOU
4ETBIPEXTOYCUHOM cXeMbl [3].

Pacuer nznoca @3 npoU3BOIUTCS METOJIOM JIOBITH ()POHTA B Y3€J MPOCTPAHCTBEHHOM
cetku [4]. Ilpunumaercsi, yTo 3a BpeMsl OJHOIO Iara BpeMEHHOW ceTku rpanuna OO B
pe3ysibTare U3HOCA CABUHETCS HAa OJIMH LIar IPOCTPAHCTBEHHOU CETKHU.

[IpencraBieHHass METOAWKA IO3BOJISIET OMNPEICIUTH PEXKUM JBUKCHHS PAKETHOU
KapeTKH, TEIUIOBOE BO3JCHCTBHE HAa (DPUKIMOHHBIE 3JIEMEHTHI TOPMO3HBIX YCTPOWMCTB M MX
M3HOC B TMpolecce (PPUKIUOHHOTO TOpMOKeHUs. [Ipu BBICOKOCKOPOCTHBIX HCIHBITAHUSAX
(pPUKIMOHHOE TOPMOXKEHHE MOXKET MPHUMEHSATHCS B MPUEMIIEMOM JUII HETO CKOPOCTHOM
JUana3oHe B COCTaBe KOMOMHUPOBAHHOM CXEMBI.
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To the question of friction braking application in high-speed track tests
Astakhov S.A.%, Biryukov V.. 2, Kataev A.V.1'2
! Scientific Test Range of Aviation Systems named after L.K.Safronov, Beloozersky, Russia
2 Moscow Aviation Institute (National Research University), Moscow, Russia

This report discusses the friction braking on a rocket track. A method for calculating
the movement mode of rocket sleds under friction braking under conditions of thermal load
and wear of friction elements (hereinafter referred to as FE) of braking devices is presented.

During frictional braking, the work of the friction force is spent on heat generation in
the contact zone [1]. To calculate the distribution of heat flows between the FE and the rail
guide, the conditions of non-ideal thermal contact are applied, which take into account the
influence of the temperature difference of the contacting bodies [2].
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The thermal state of the FE is described using the differential equation of thermal
conductivity for one-dimensional unsteady heat transfer without internal energy sources. The
boundary conditions are set in the form of heat flow for the contact surface and heat exchange
with the environment for the opposite wall. The temperature distribution in the FE during
braking is calculated numerically - by solving the partial differential equation of thermal
conductivity by the finite difference method based on an implicit four-point scheme [3].

The calculation of the wear of the FE is carried out by catching the front into the node
of the spatial grid [4]. It is assumed that during one step of the time grid, the FE boundary will
shift by one step of the spatial grid as a result of wear.

The presented technique makes it possible to determine the rocket sled mode of
movement, the thermal effect on the friction elements of braking devices and their wear
during friction braking. In high-speed tests, friction braking can be applied in an acceptable
speed range as part of a combined circuit.
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AHaJIU3 NMOAX0/10B B OLIEHKe 0€30MaCHOCTH JIeTATeJIbHOI0 annapara u ero CHcTeM
Koncrantunos I/I.A.l, Banamos [0.B.}
1MAI/I, r. Mocksa, Poccus

Co3gaHne  COBPEMEHHOTO  KOHKYPEHTOCHOCOOHOrO  JIeTaTeNbHOIO  ammapara
COIIPAKEHO C OOJBIINM YHUCIOM CJ'IO)KHOCTGI\/'I, BBI3BAHHBIMH aKTHBHO paCTYHICfI CJIOKHOCTBIO
ABHAIIMOHHBIX CHUCTEM, BBICOKOIl CTENEHU WX MHTErpPalld M HEOTHOpOoAHOCThIO [1-4]. s
YIpaBJICHUA NMOTCHIHUAJIBHBIMHU PUCKAMH B XOJC CO3JaHHA JICTATCIIbHOTO armapara U JJid
NOBbIIIEHUS () (HEKTUBHOCTH €ro AajbHEHIIeH IKCIUTyaTalluy IUPOKO MPUMEHSIOTCSI METOIbI
MO/JIEIEHO-OPUEHTUPOBAHHON Pa3pabOTKH CHCTEM BO3IYIIHOTO CcyaHAa. B ocHOBe MonensHO-
OPUEHTHPOBAHHOT'O MOJIX0/1a JISKUT KOHLENIUS CO3JaHNs U JaJIbHEHIeH YBA3KU Pa3InYHbIX
ApXHUTEKTYp CHCTeM camolieta [5-7].

IIponiecc co3maHust CUCTEM BO3AYIIHOTO CyJHAa HAyMHAETCd C IOCTPOEHUs
(YHKIIMOHAJIBHOW apXUTEKTYpPbl, BAXKHBIM CBOMCTBOM KOTOPOH SIBJISIETCS MPOCIIEKNBAEMOCTh
(GyHKUIMI Mexay KommoHeHTamu cucteMbl [8, 9]. B manpHeiimiem, 3Ta (QyHKIHOHATIBHAS
APXUTCKTYpa HCHOJB3YCTCA [JIsI TIOCTPOCHUSA (1)H3I/I‘I€CKOI>'I APXUTCKTYPhI JICTATCIBHOI'O
anmnapara. Ha 3Tom srtane kpaiiHe BaXKHBIM SBIISI€TCS BOIPOC HAJOXKEHMS KaKIOW (YyHKIHMU
Ha CBOW YHMKAJIbHBIN OOBEKT PU3NYECKON apXUTEKTYPHI.

Ha ocHOBaHMM MOJYYEHHBIX apXUTEKTYp MOKHO BHEAPHUTH YIYUIIEHHBIH MOAXOJ K
OIlCHKE OE30MacHOCTH CHCTEM JIETAaTeNbHOIO armapara, B OCHOBE KOTOPOTO JICXKHT
KOHIICTIIUST MOJICIbHO-OPMEHTHPOBAHHOTO aHanu3a OezomacHOCTU. Vcmonb30BaHUE TakKoro
noaxoaa € BBICOKOI TOYHOCTBIO ITO3BOJISIET OIMPEACIINTD MOTCHIUAJTIBbHBIC KaCKaIHBIC OTKA3bI
B aBHAIlMOHHBIX CHCTEMaX, OIIEHKa KOTOPHIX HEBO3MOXHAa B TPAJUIMOHHOM IIOAXOJE.
AHamM3 KacKaaHBIX OTKA30B MPE/IoaraeT MOCTPOSHHS MOJIENIEH pacipOCTPAHEHHUS OTKA30B.
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Analysis of approaches in safety assessment of aircraft and its systems
Konstantinov I.A.}, Balashov Y.V.!
'MAI, Moscow, Russia

The creation of a modern aircraft is associated with a large number of difficulties
caused by the rapidly growing complexity of aviation systems, their high degree of integration
and heterogeneity [1-4]. To manage potential risks during the creation of an aircraft and to
improve the efficiency of its further operation, methods of model-based development of
aircraft systems are widely used. The model-based approach is based on the concept of
creating and further linking various aircraft system architectures [5-7].

The process of creating aircraft systems begins with the construction of a functional
architecture, an important property of which is the traceability of functions between system
components [8, 9]. Subsequently, this functional architecture is used to construct the physical
architecture of the aircraft. At this stage, the issue of imposing each function on its own
unique object of physical architecture is extremely important.

Based on the resulting architectures, it is possible to implement an improved approach
to assessing the safety of aircraft systems, which is based on the concept of model-based
safety analysis. Using this approach with high accuracy makes it possible to identify potential
cascading failures in aviation systems, the assessment of which is impossible in the traditional
approach. Analysis of cascading failures involves building models of failure propagation.
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JUHAMMUKA YIIPABJIEHUE. UHTEJUVIEKTYAJIN3ALIUA CUCTEM

DYNAMICS. CONTROL. INTELLECTUALIZATION OF SYSTEMS

O 3apgayax B 00,1aCTH HHTE/VIEKTYAJIH3ALHMHU IPYNIIOBOI0 NOBEACHUs 0eCIIHJIOTHBIX
JIeTaTe/JbHBIX allllapaToB
Kyraxos B.IL*
'OI'BY «HUIL «MuctutyT nMenn H.E. XXykoBckoro» r. Mocksa

B noknane oOpamaercss BHUMaHHe Ha (OPMHUPOBAaHUE IyTEH MOCTPOCHUS CHCTEM
WHTEJUIEKTYaJIbHOIO  YIPABJICHUSI KOJUIEKTUBHBIM  IIOBEJECHUEM TIpPYHI  JIETATEIbHBIX
anmapatoB (JIA) mis pemieHust CHOXKHBIX MHOTOKOMIIOHEHTHBIX 3ajad Uil yCIIOBUU
ABTOHOMHOTO UX IPUMEHEHUS ¢ YUETOM HEONPEACICHHOCTEN Pa3IMYHOro ypoBHs [1, 2].

[Ipeanonaraercs, uro rpynna JIA cocroutr u3 amnmapaToB  Pa3jIM4HOIO
(GYHKIIMOHAJIBLHOTO HAa3HAYECHUSI, UCTIOJIb3YEMbIX COBMECTHO JJISl pELICHHs] HEKOTOPOW oO01Iei
3amaun — Muccud [3]. Anmaparsl MOTYT OBITh OCHAIEHBI PA3JIMYHBIMA WH(POPMAIIMOHHBIMH
CpPEeICTBAMU M pPa3IMYHBIMH HCIIOJHUTENbHBIMU cpeacTBamu. OOmielt 3amgaueil TPyMIbI
ABJIIETCS. HEKOTOPOE€ BO3JEHCTBUE HA HEKOTOPYIO IPOCTPAaHCTBEHHO-PACIPENCIEHHYIO
cuctemy (I1PC). [Ipumepom Takoit 3a1auut MOXKET OBITH TPYIIIOBOE BO3ICHCTBUE HA OOBEKTHI
Ype3BhIYAHON CHTYalllu B CIIy4ae TEXHOTEHHON KaTacTPOQBI.

Hepocratounocts ampuopHoit uHGOpMalMu O KOJMYECTBE, PACHOJIOKEHUU U
cBoiicTBax 00bekToB [1PC omnpenenseT ¢pakTop HEONpeaeIeHHOCTH B 3a1a4e. FIMeroT MecTo u
npyrue QakTopbl HEOMPeIeIEHHOCTH, KOTOPbIE JOKHBI OBITh YUYTEHBI MPH PEUICHUH 3aay
(GbOopMHUPOBAHUS CUCTEM YIIPABIICHUS KOJUIEKTHBHBIM IIOBEJICHUEM.

[Ipenmonoxum, uytro rpynmoi, cocrosimeid u3 N JIA yxe mnpoBeneH 0030p
IIPOCTPAHCTBA U BbIsABIEHB M 00bekTOB, BXxoaaumx B [IPC, u onpeneneHsl MX KOOpAUHATHI
U CBOICTBA C OMNPENEICHHON TOYHOCTBIO M JOCTOBEPHOCTBIO, OINPENEISIEMON CBONMCTBAMMU
Pa3IUYHbIX MHOOPMALMOHHBIX cUCTeM Ipynmnbl JIA, XxapakTepuCTUKaMU Cpebl U METOJaMU
00beTMHEeHNUS] HTHPOPMAIIUH.

B  noxmane paccmoTrpeHa M (opmanu3oBaHa — MHTEJUIEKTyalbHas — 3ajaya
LeJIepacpeiesIeHus, TO €CThb Ha3HaueHus Kaxnaoro JIA rpynnel Ha B3aMMOAEHCTBHE C
oovexktoM [IPC (HabmioneHuss U Bo3AelcTBUA Ha OOHapyXeHHble OO0bEeKThl). PemieHue
IIPEJCTABIISIETCA IyTEM HAXO0XKIEHUS MaTpuibl pazmepoM NxM [4, 5] coctosameit u3 0 u 1
IPU JOCTUKEHUH HEKOTOPOTO 3KCTpeMyMa (PyHKIMH 3()(HEKTUBHOCTH BBIMOIHEHHUS MUCCHU.
Y4uTheIBaeTCS cHCTeMa T'€OMETPUUYECKHX COOTHOIIEHUH MEXIy anmapaTaMd U OObeKTaMH,
cucreMa WH(MOPMAIIMOHHBIX COOTHOIICHUM, CHUCTEMA BO3MOKHOCTEW BO3JICUCTBUS W
HEKOTOpble JApYyrHe CHUCTeMbl OTHOIIEHWH. B jmokmane mnpuBeneHs! ¢GOpMyNbHbIE U
rpaduyeckre WUTIOCTPALMK PEIIeHUs 0/13a/1a4H LIeJIepacpeieIeHHs.

Bropasg wu3 paccmaTpuBaeMbIX IMO/A3aJad CHCTEMbI YIPABIECHHS KOJUIEKTHUBHBIM
noseneHueM JIA — 370 3aaua opranu3anuu neneykaszanus JIA Ha 00beKThI BO3AEHCTBUS, KaK
OpuBs3Kd  KoopauHaT JIA M Ha3HaueHHOro €My OO0bEeKTa B  COOTBETCTBUH C
nenepacnpenenesueM. B oOmem  ciayyae  uMMeeT  MECTO — HEJOCTaToyHas  JUIs
HEMOCPEJCTBEHHOTO BO3AEUCTBUS TOUHOCTh KOOPAMHAT Ha3HAUE€HHOro 00beKTa, Tpedyercs
JIOTIOJTHUTEIbHOE YTOYHEHHE KOOpIMHAT B mporecce nomiéra JIA kK oOBbEKTy — MOAMOUCK
0o0bekTa HH(POPMAIMOHHBIM KaHaioM yxe camoro JIA. IIpu 3Tom, B mpouecce noiéra JIA
BO3HUKAIOT JIOMOJHUTENbHBIE (DAKTOPBl HEONPEAENEHHOCTU: CTapeHue uHpopMaluuy,
CBSI3aHHOE C HEOIPEJENIEHHOCThI0 H3MEHEHHMS COCTOSHHS OO0BEKTa, BIMSHHUE CpPEIbl,
MIOMEXO0Basi CUTYyallusl, CBSI3aHHAsl C CHUKEHHEM TOYHOCTH U MpepbhIBaHHEM HH(pOpMAIUH, U
npyrue ¢aktopsl, (opmanuzyeMmble B JOKJane. BecbMma BakHOE MECTO B YIpPaBICHUU
HeJIeyKa3aHUEeM 3aHUMAEeT y4eT pa3inuus HHOOPMalMOHHBIX MPU3HAKOB JIJIsl OOHAPYKEHUS U
pacrio3HaBaHMs MEPBUYHOIO MH(GOPMAIMOHHOTO KaHaja M kaHana JIA, koropomy BbIIaércs
HeJeyKa3aHue.
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B nokmame naéres Qopmanmszanus Tpouenyp U [ApaMeTpoOB MOJIMOUCKA TI0
[eJIEYKa3aHHUIO C YIETOM MEepEeYUCIeHHbIX (pakTopoB. B mocTtaHoBKe MpUHUMAaETCs CllydaiiHOe
MI0JIe PACTIONIOKEHUsI 00BEKTOB, BO3MOKHOCTD IOCIIEI0BATEILHOTO BhIJICIEHUSI 00BEKTOB U3
TpyNIbl, HOPMaAIbHOE paclpeiesieHNe OUIMOO0K Ha BCEX ATalax IeleyKa3aHus U MOANOUCKa, a
TaKXKe YYUTHIBACTCS OTIIMYMS W B3aUMOCBSI3U ISl PA3JINYHBIX MH(POPMAIIMOHHBIX MTPU3HAKOB
KaHaJIOB LieJIeyKa3aHusl.
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About the tasks in the field of intellectualization of group behavior
of unmanned aerial vehicles
Kutakhov V.P.*
"National research center «Institute named after N.E. Zhukovsky», Moscow

The report draws attention to the formation of ways to build intelligent control systems
for the collective behavior of groups of aircraft (aircraft) to solve complex multicomponent
tasks for conditions of their autonomous use, taking into account uncertainties of various
levels [1, 2].

It is assumed that the group of aircraft consists of devices of various functional
purposes used together to solve some common task — mission [3]. The devices can be
equipped with various information means and various executive means. The general task of
the group is to have some impact on some spatially distributed system (SDS). An example of
such a task can be a group impact on emergency facilities in the event of a man-made disaster.

The lack of a priori information about the number, location and properties of SDS
objects determines the uncertainty factor in the problem. There are also other uncertainty
factors that should be taken into account when solving the problems of forming collective
behavior management systems.

Suppose that a group consisting of N aircraft has already conducted a survey of the
space and identified M objects included in the SDS, and determined their coordinates and
properties with a certain accuracy and reliability determined by the properties of various
information systems of the aircraft group, the characteristics of the environment and methods
of combining information.
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The report considers and formalizes the intellectual task of target allocation, that is,
the assignment of each aircraft of the group to interact with the SDS object (observations and
impacts on detected objects). The solution is presented by finding a matrix of size NxM x4. 5]
consisting of 0 and 1 when a certain extremum of the mission performance function is
reached. The system of geometrical relations between apparatuses and objects, the system of
information relations, the system of influence possibilities and some other systems of
relations are taken into account. The report provides formulaic and graphic illustrations of the
solution of the task of goal allocation.

The second of the considered subtasks of the control system for the collective behavior
of the aircraft is the task of organizing the targeting of the aircraft on the objects of influence,
as a binding of the coordinates of the aircraft and the object assigned to it in accordance with
the target distribution. In general, there is insufficient accuracy of the coordinates of the
assigned object for direct impact, additional clarification of the coordinates is required during
the approach of the aircraft to the object — the search for the object by the information channel
of the aircraft itself. At the same time, additional uncertainty factors arise during the approach
of the aircraft: aging of information associated with the uncertainty of changes in the state of
the object, the influence of the environment, the interference situation associated with a
decrease in accuracy and interruption of information, and other factors formalized in the
report. A very important place in target designation management is taken into account the
differences in information features for detecting and recognizing the primary information
channel and the aircraft channel to which the target designation is issued.

The report formalizes the procedures and parameters of the target designation
subscription, taking into account the listed factors. The statement takes into account a random
field of the location of objects, the possibility of sequential selection of objects from the
group, the normal distribution of errors at all stages of target designation and sub-search, and
also takes into account differences and relationships for various information features of target
designation channels.
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OCo0eHHOCTH MOCTPOEHUS MHTE/IEKTYAJIbHOM CHCTEMbI MOJAEPKKH IKHIIAKA B
CJI0’KHBIX PesKHMAaX MoJjiera
Kenonxun M.B., KosTyHn C.A!
INYG «IAT'N», HIMY «CBepx3Byk», I. )KykoBckuii, Poccus

B pabore paccmarpuBaioTcs 0COOCHHOCTH MOCTPOEHUS! WHTEIUIEKTYalbHBIX CHCTEM
MOJJICPKKU dKUINAXKa B CIOXKHBIX pexkuMax mojiera [1], KOTopble UMEIOT CBOM OCOOCHHOCTH
peanuzauuu U TpeOOBaHUS K HMHPOPMAIMOHHOMY OOECIIEYEHUI0 B 3aBUCUMOCTU OT
pemaeMbIX 3a7ad. AJTOPUTMBI MAIIMHHOTO OOydYeHUs, HAIpuUMep, HCIOJIb3yeMble IS
U3BJICUCHUS TIOJIE3HBIX TMPU3HAKOB M3 BPEMEHHBIX PSJIOB IapaMeTpoB JBMKEHHS JIA,
TpeOYIOT CHeMU(PUIECKHX aIrOPUTMOB MPenoOpabOTKU JTaHHBIX, TMOCKOIBKY CHTHAJBI C
JAaTYUKOB MMEIOT Pa3sHyI0 MPUPOAY M, KaK MPaBWIO OTIIMYAIOTCS MO YacToTe. AJTOPUTMBI
00pabOTKM JaHHBIX YAacTO HCIOJIB3YIOT Pa3iMYHBbIE MPEoOpa3oBaHMS B CKOJB3AIIEM OKHE,
¢bunbTpel, U T.4. CaMH aaropuTMbl MAITMHHOTO OOYYEHHUS PENIKO BBIYUCISIOT BBIBOJ TOJIHKO
[0 TEKyIIeMy 3HAUYEHHUIO CUTHaJa, a 3HAuYUT TPeOYIOT 3ampoc MPEObICTOPHHM CHUTHajla C
nocleAyIoeil BekTopu3anueil. Yka3zaHHble 0COOEHHOCTH PadOThl aNTOPUTMOB MAIIMHHOTO
o0OydeHus TpeOyIOT HaTu4ust OOPTOBOM 0a3bl JAaHHBIX, KOTOPAs JOKHA 00ECTIeUnBaTh:

— BO3MOXXHOCTbH 3aITUCH JIAHHBIX B pealbHOM BPEMEHH;

— BO3MOXKHOCTh CUMTBHIBAHUS NPEA0OpaOOTaHHBIX TaHHBIX B PEAILHOM BPEeMEHHU
C 3aJIaHHOM JUTMHOW UCTOPUH.

Taxxe He0OXOAMMO OTMETHTb, YTO 00bEM 0a3bl TaHHBIX JOJDKEH OBITh JTOCTaTOYHBIM
JUIsl XpaHeHHUs B TaOIU4YHOM BuJe HWHGOpMaIUU, HEOOXOAMMON IS NEPUOAMYECKOTO
nepe3amnycka OOydeHHUs alrOpUTMOB JJis NPEAOTBpAIlleHHs HMX JAerpajalid B CBS3U C
M3MEHEHHUSMHU B pacrpelielieHHH JaHHbIX. VHTemekTyanpHas cucTreMa moaaepKKi dKUTaxKa
JI0JIKHA BKJIFOYATH B €€0sI CIEAYIOUINE CTPYKTYPHBIE DJIEMEHTHI:

— cuctemMa UHGOPMALMOHHOTO  OOECHEeYeHHUs, TMO3BOJSIONIAs  CUUTHIBATH
WH(OpPMAIHIO C UICTOYHUKOB JAaHHBIX (JIATUYMKOB) IO OMPEEICHHOMY TPOTOKOIY;

— 0asa JaHHBIX;

— BBIUMCJIUTENb C aJTOPUTMaMM IPEIBAPUTEIBLHON NpenoOpabOTKU JaHHBIX U
AITOPUTMAMHU CHCTEMBI MOAICPIKKH KUK,

- CHCTeMa BHU3yaIM3allMM PEKOMEHIAUWA  HWHTEIUIEKTYalbHOM  CHCTEMBI
MOJEPIKKH DKUIAXKaA.

[IpenBaputenbHas 00paboTKa SBISIETCS Ba)KHEWIEH IJIsi aJTOPUTMOB MAITMHHOTO
0o0y4yeHMsI, BO MHOTOM OIpeJelsonias CXOAUMOCTh U KayecTBO paboThl anropurma. Ilpu
peanu3alyi aJanTUBHOM CHUCTEMBbI, HEOOXOAMM MEXaHHW3M MapajuleIbHOTO pacueTa u
XpaHeHUs: MoJeNed: MOJeNb CYUTAeTCs MO HAKOIUIEHHBIM JAaHHBIM C  3aJJaHHOM
NEPUOANYHOCTbIO, AJITOPUTM BBIBOJIA BCET1a MCIOIb3YET Hanbosee akTyalbHyI MOJIEb.

Te3ucsl MoOAroTOBIEHBI B paMKax peanu3auuu [IporpaMMmbl co3qaHus U pa3BUTHUS
Hay4yHOro ILEeHTpa MHpoBoro ypoBHs «CBepx3Byk» Ha 2020-2050 roasl mpu ¢uHAHCOBOM
nojguepxke MuHoOpHayku Poccum (cornameHue o NpeAoCTaBICHMM TpaHTa B (opme
cyocunuii 3 QenepanbHOro OO/KETAa HA OCYIIECTBICHHE TOCYAAPCTBEHHOM MOIEPIKKHI
CO3JIaHUs M Pa3BUTHS HAYYHBIX LIEHTPOB MUPOBOIO YPOBHS, BBIMOJHSIOMINX HCCIEIOBAHUE U
pa3paboTKH MO MPUOPUTETAM HAYUHO-TEXHOJOTn4Yeckoro pa3sutus ot 17 mas 2022 r. Ne 075-
15-2022-1023).
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Features of building an intelligent crew support system in complex flight modes
Zhelonkin M.V.}, Kovtyn S.A.
! Central Aerohydrodynamic Institute, Zhukovsky, Russia

The paper discusses the features of building intelligent crew support systems in
complex flight modes [1], which have their own implementation features and requirements
for information support, depending on the tasks being solved. Machine learning algorithms,
for example, used to extract useful features from time series of aircraft motion parameters,
require specific data preprocessing algorithms, since signals from sensors are of different
nature and, as a rule, differ in frequency. Data processing algorithms often use various
transformations in a sliding window, filters, etc. Machine learning algorithms themselves
rarely calculate output only from the current value of the signal, which means they require a
query of the signal's background with subsequent vectorization. These features of the machine
learning algorithms require the presence of an on-board database, which should provide:

— ability to record data in real time;

— the ability to read preprocessed data in real time with a given history length.

It should also be noted that the volume of the database should be sufficient to store in
tabular form the information necessary to periodically restart the training of algorithms to
prevent their degradation due to changes in the distribution of data. An intelligent crew
support system should include the following structural elements:

— an information support system that allows reading information from data sources
(sensors) according to a specific protocol;

— database;

— a computer with algorithms of preliminary data preprocessing and algorithms of the
crew support system;

— the system of visualization of recommendations of the intelligent crew support
system.

Preprocessing is the most important for machine learning algorithms, largely
determining the convergence and quality of the algorithm. When implementing an adaptive
system, a mechanism for parallel calculation and storage of models is needed: the model is
calculated from the accumulated data with a given frequency, the output algorithm always
uses the most up-to-date model.

The abstracts were prepared as part of the implementation of the Program for the
creation and development of the world-class scientific center "Supersound” for 2020-2050
with the financial support of the Ministry of Education and Science of the Russian Federation
(agreement on the grant in the form of subsidies from the federal budget for the
implementation of state support for the creation and development of world-class scientific
centers performing research and development on the priorities of scientific and technological
development dated May 17 2022 No. 075-15-2022-1023).
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Kpurtepun oneHKH COOTBETCTBUS BO3ACHCTBUS HA MeXaHOPEUEeNTOPbl MMUTAIIUA
HAa TPEHAKEPHOM CTEH/Ie PeaJibHbIM YCJIOBHUSAM MO0JIETA
Cyxoues IL.10. 12 Jlatronos B.B.?
L MI'Y umernu M.B. JlomonocoBa, Mockga, Poccuiickas @enepanus;
2HIMY "Csepx3ByK'", Mocksa, Poccuiickas ®enepanus.

B rpaxxganckoil aBuanum HaONrOmaeTCs CHIDKEHHE 00bEMa TPEHHPOBOK Ha y4eOHO-
TPEHUPOBOYHBIX camoiérax [1] ¢ menpro onTHMH3aLUK PacXoloB Ha 00yYEHHE MIJIOTOB, TaK
Kak cuuTaercs [2, 3], 4To COBpeMEHHBIN aBUAIIMOHHBIN TpeHAXEP AT HEOOXOJUMBII 00BEM
HaBBIKOB Ul YIPABJICHUS CaMOJIETOM U OTPAOOTKH OCOOBIX CUTYalMil [4], a OIBIT peaabHbIX
MOJETOB MUJIOTHI TPAXKJAHCKON aBUAIMU MTOJIYYalOT B POJIM BTOPOrO MUJIOTA.

IIpu 3TOM M CTAaTUCTHKA, U PE3YJIBTAThI PACCICIOBAHUS ABUALIMOHHBIX IPOUCIIECTBUI
B I'PaX/IaHCKOM aBHAIlMM OJHO3HAYHO MOKA3bIBAIOT B IJIAHE YCHEIIHOCTH craceHus JIA npu
BO3HUKHOBEHUM HEIUTAaTHBIX CUTyalMd IPEUMMYLIECTBA IWJIOTOB C OIBITOM CJIOXHOTO H
BBICIIETO MHUJIOTAXXKa Ha MAHEBPEHHBIX CaMOJETaxX, a TaKXKe MUIOTOB-TIOOUTENEH C OIBITOM
BBIBOJIA U3 CJIOXKHOI'O ITPOCTPAHCTBEHHOTO MOJIO0XKEHHS U IIJIAHEPUCTOB.

CymiecTByeT TEXHOJOTUSI OOBEKTUBHOM OIEHKH cucTeM mnoaBmwkHocTH [5]. Ho
UCCIIEJOBAHME BOIPOCAa OLEHKM HMHTAalUU I0JE€Ta HA COBPEMEHHBIX TPEHAXKEPHBIX
YCTPOMCTBAX C TOYKU 3PEHUS COOTBETCTBHS PEaKLUU PEUENTOPHBIX CUCTEMAaM OpraHU3Ma Ha
JBYDKEHUS B MOJIETE U Ha CUMYJIATOpPE, 000OPYAOBAaHHOM CHUCTEMOW IMOJBUKHOCTH, IIOKA3aJI0
OTCYTCTBHE OOBEKTHUBHBIX KpUTepueB. Takxke, HE ObUIO OOHApY)KEHO KPUTEPUEB OLIEHKHU
KOPPEKTHOCTH (POPMUPOBAHUS CEHCOMOTOPHBIX HABBIKOB.

B naGopatopum MmareMaTH4ecKOro o0ecnedeHUs] MMHUTAIMOHHBIX TUHAMUYECKHX
cuctem (MOUJIC) MI'Y umenu M.B. JlomoHOcOBa, Bxojsiieil B cocTaB jgaboparopun No5
"HckyccTBEeHHBIH MHTEIIEKT U Oe3omacHocTh nosietoB" HIIMY «CBepx3Byk», IpOBEIECHBI
CEpUM TECTOB, IIOKA3bIBAIOIIMX DA3IMuusl IOJNE€Ta M €ro MMHUTAlUMUd Ha CTEHJIE
(«mpourpeiBaHie» MOJYyUYEHHBIX B MOJETE 3amuceld [6] yrioBBIX CKOpPOCTEH M JIMHEHHBIX
YCKOPEHUH Yepe3 CHUCTeMY YIpaBleHHs CTE€HJAa C CHCTeMOH IOJBM)KHOCTH) B IUIaHE
BOCIPUATUS 3TUX MEXaHMYECKHUX CTUMYJOB MeXaHopelentopamu uenoBeka. [lomyuensl
JaHHblEe 00 OTKJIOHEHHH OILIYIIaeMOro HAaIpaBJICHHUsS T'PABUTOMHEPLHUAIBHOTO BEKTOpa OT
¢dakTryeckoro (B peajlbHOM MOJETE) M MPH BOCHPOM3BEIECHUHU 3alHCH JaHHBIX 3TOT0 K€
NOJIETA CPEACTBAMM CUCTEMBI ITOIBUKHOCTH TPEHAKEPHOTO CTEHIA.

B xoze pabot o ¢popmMupoBaHui0 0OBEKTUBHON OIIEHKH COOTBETCTBUS MMUTAIUM JJIs
MEXAHOPELIENITOPOB YEJIOBEKA W PEAIbHOrO MOJETa NPEUIOKEHBI TECTBI, IO3BOJIMBIINE
MOJIYyYUTh YUCIEHHYIO OLIEHKY BOCHPUATHS MH(MOpPMALMM YEIOBEKOM B COCTOSIHUM IOKOS, B
YCIOBUSIX MaHEBPUPOBAHMS B PEAJBHOM MOJETE M INPU HUMUTALMM JTUX MaHEBPOB Ha
yCTpOMCTBaX UMUTALMH MTOJIETA.

OpvH M3 TECTOB IMOKa3all, YTO NPHU BBHINOJIHEHUN KOOPAMHMPOBAHHOIO Pa3BOpOTa B
peabHOM MOJIETE U MPU UMUTALMU ITOTO MOJETA HA CTEHAAX C CUCTEMOM MOJBUXHOCTHU C
MIOBOPOTOM OTHOCHUTEJIbHO BepTHKaIbHOW ocu Ha 180 um OGonee rpaaycoB Habiogaercs
CaKKaJIMYeCKOEe JIBM)KEHUE IJ1a3 B TOPU30HTAIBHOM IMJIOCKOCTH, Haubojee BhIPaXKEHHOE MPHU
3aMeJUIEHMHM U OCTAaHOBKE YIJIOBOIO ABMXKEHMs. [Ipu 3TOM moiydyeHbl 3HAUEHUS 3aMeJICHUs
YTEHMs] YUCIOBOM MHOpMalMM ¢ HOpexbsBICHHOro Tecta. Ilpu  BBIOJIHEHUU
KOOPJMHUPOBAaHHOTO pa3BOpOTa Ha CTeHJaX 0e3 MeXaHHW3Ma IOBOPOTa OTHOCUTEIBHO
BEPTUKAIBHON OCH TAKUX U3MEHEHHI HE BBISBIICHO.

IIpoBeneHbl TECThl IO OLIEHKE KayecTBa ONEPATOPCKOM JEATEIBHOCTH Ha OCHOBE
JAaHHBIX O CKOPOCTM M TOYHOCTH COBMEIIEHHS TOUYEYHOIOo U300pakeHusl (Mapkepa),
YIPaBJIIEMOr0 HCHBITYEMBIM, C ILIEJbI0 - TOUYEYHBIM H300pakKeHUEM, MpPEIbSBISEMBIM Ha
9KpaHe [7], U CpaBHEHHE 3TOTO IOKa3aTels B peaJbHOM IMOJIETE ¢ UMHUTalMed mnoiéra
METOJIOM BOCIIPOU3BEACHHUS 3aIIMCAHHBIX B MOJETE JaHHBIX, IOJYYEHHBIX C 3aKPEIJIEHHBIX HA
camoJ€Te HHEPIHATbHBIX JaTYUKOB.
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[TonyyenHble 3HaYEHUSI TTO3BOJISIOT MPEANOI0KUTh BO3MOKHOCTh UX UCIOJIb30BaHUS
B KaUeCTBE KPUTEPHUEB OLICHKU COOTBETCTBUS BO3JAEHCTBHS Ha MEXAHOPELENTOPb MMUTALIUN
Ha TPEHAXXEPHOM CTEHJIE PeAJIbHBIM YCIIOBHM ToJi€Ta. [lonydeHHble KpuTepun npejjaraercs
MPUMEHSTH JUIs pa3pabOoTKU HOBOT'O MOKOJIEHUS TPEHAXKEPHBIX YCTPOHCTB.
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oopaszosanusi P® 6 pamkax npocpammur HIIMY «Ceepxzeyxy» (coenawenue 075-15-2022-331
om 26 anpens 2022 2.)
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Criteria of Compliance Assessment of the Impact on the Mechanoreceptors of Flight
Simulation on the Training Device with Real Flight Conditions
Sukhochev P.Y. %2 Latonov V.V.?

! Lomonosov Moscow State University, Moscow, Russia
2Supersonic” World-Class Science Center (WCRC), Moscow, Russia

In civil aviation there is a decrease the volume of flight on the training aircraft [1] in
order to optimize the cost of pilot training, since it is believed [2, 3] that a modern aviation
simulator provides the necessary amount of skills for controlling an aircraft and working out
special situations [4], and civil aviation pilots get real flight experience in as a co-pilot.

However, both statistics and the results of the investigation of aviation accidents in
civil aviation clearly show the advantages of pilots with experience in performing complex
aerobatics on maneuverable airplanes in the aircraft rescue success in case of emergencies, as
well as amateur pilots with experience in emergency situations and upset recovery, and glider
pilots.

There is a technology for objective assessment of mobility systems [5]. But the study
of the issue of evaluating flight simulation on modern training devices from the point of view
of the correspondence of the body's receptor systems to movements in flight and on a
simulator equipped with a mobility system showed the absence of objective criteria. Also,
there were no criteria for assessing the correctness of the formation of sensorimotor skills.
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In the MOIDS Laboratory of Lomonosov Moscow State University, which is part of
the "Artificial Intelligence and Flight Safety" laboratory of WCSC "Supersound”, a series of
tests provided showing the differences between flight and its simulation on the stand
("playback™ using the control system of the simulator's motion system of the angular
velocities and linear accelerations recorded in the real flight [6]) in terms of the perception of
these mechanical stimuli by human mechanoreceptors. Data were obtained on the deviation of
the perceived direction of the gravitoinertial vector from the actual one (in real flight) and
when reproducing the data recording of the same flight by means of the mobility system of
the training stand.

Within the work on the formation of an objective assessment of the correspondence of
simulation for human mechanoreceptors and real flight, tests were proposed that allowed us to
obtain a numerical assessment of the perception of information by a person at rest, in
conditions of maneuvering in real flight and when simulating these maneuvers using flight
simulation devices.

One of the tests showed that when performing a coordinated turn in a real flight and
when simulating this flight on the flight simulator with motion cueing system with a rotation
of 180 degrees or more relative to the vertical axis, saccadic eye movement in the horizontal
plane is observed, most pronounced when the angular movement slows down and stops. At
the same time, the values of slowing down the reading of numerical information from the
presented test were obtained. When performing a coordinated turn on the stands without a
rotation mechanism relative to the vertical axis, no such changes were detected.

The tests were carried out to assess the quality of human operations based on data on
the speed and accuracy of combining a dot image (marker) controlled by the subject with a
target - a dot image appeating on the screen [7], and comparing this indicator in real flight
with flight simulation by reproducing data recorded in flight using the inertial measuring units
fixed on the aircraft.

Obtained values suggested the possibility to use it as criteria for assessing the
compliance of the impact on the mechanoreceptors of simulation on the flight simulation
training device with real flight conditions. The obtained criteria are proposed to be used for
the development of a new generation of the flight training devices.

The work was carried out with the financial support of the Ministry of Science and
Higher Education of the Russian Federation within the WCSC "Supersound” program
(Agreement 075-15-2022-331 of April 26, 2022).
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IMoaxoabl K CO3IAHUIO CHCTEMBI MOIAEPKKU MPUHATHS pellleHuid MAIIMHUCTA ISt
unGpoBOro aHAIN3A KeJIE3HOAOPOKHOH MHPPACTPYKTYPHI HA OCHOBE AJITOPUTMOB
MAIIMHHOTO 00y4YeHNsl U MAIIMHHOTO 3peHMusl
JlomaHoB K.I/I.l, HcTomun C.F.l, laroxun A.IL*
tomr VIIC, r. Omck, Poccus

B HaACTOAIICM JOKJIAJIC PACCMATPUBAIOTCA BOIIPOCHI CO3JaHUSA CUCTCMbI IMOAACPIKKHU
OPUHITHS ~ pPENICHWA  MallMHUCTa  JUIsl  I[UQPPOBOTO  aHAM3a  JKEJIE3HOJOPOKHON
HH(PpACTPYKTyphl Ha OCHOBE AJITOPUTMOB MAIIMHHOTO OOYYCHHS M MAIIMHHOTO 3pPEHHSI,
KOTOpasa 6y):[eT YUYUTBIBATh U AHAJIM3UPOBATH 3az[aHan?1 rpa(bmc JBUXXCHUSA, BO3MOXHOCTHU
HH(PPACTPYKTYphbl, KOMaHJIbI JUCHETYCPCKUX IIEHTPOB, CTATyChl OJMKAWUIIUX YYaCTHUKOB
ABUXXCHUSA I 6CCHI/IJIOTHOI‘0 0e30macHoro YHOpaBJICHUA JJICKTPOINOABHUIXHBIM COCTABOM.
Cnenan JeTanbHBI 0030p CYIIECTBYIOIIMX CHCTEM YIPABJICHHS Ha JKEJIE3HOIOPOKHOM
TPAHCIIOPTE B OCHOBC KOTOPLIX IMOJIOKCHO TCXHUYCCKOC 3pCHUC.

HpI/IBe,I[eHLI BapUaHTbl pcaiu3alluu (1)YHKI_II/II/I I/I,Z[CHTI/I(bI/IKaLII/II/I JJUMYHOCTH B LECJIAX
0€30MacHOCTH IPH MPOCIICIOBAHUH Ha PA3JIMYHBIC KEJIE3HOIOPOKHBIE OOBEKTHI, B TOM YHUCIIE
Ha HOI[BI/I)KHOI71 COCTaB C HCIIOJIB30BAHUCM IIPOrpaMMHOI'0 KOMIIJICKCA Matlab u HIHUPOKO
HCIIOJIb3YEMOT0 B KOMITBIOTEPHOM 3peHnu anroputMa Jlykaca-Kanane n Buomnsi-/Ixonca [1,
2].

Jlyis 3aaun ompeJieNieHus CUTHaiIa cBeTodopa, ero TUIa WM Kakoro JIMOO JAPYroro
00BeKTa >KEIEe3HONOPOKHON HH(MPACTPYyKTyphl TpeOyeT mpeaBapuTeibHas IOATOTOBKA
M300paXEHUsI  KEJIE3HOJAOPOKHBIX  OOBEKTOB, YTOOBI O0Y4YMTh HEHPOHHYIO  CETb,
HpOKJ’IaCCI/I(bI/II_II/IpOBaTB BCC 06’beKTLI, HaCTpOUTb pasMep B COOTBCTCTBUU C CCTbIO,
MIPOU3BECTU PAHIOMHU3UPOBAHHOE JIOMOJIHEHHUE (BpAILlEHUE, IIBET U T.1.) K YK€ UMEIOIIUMCS
daiinam.

OTMe4eHo 4TO AJIsi YCKOpPEHHs paboTHI MO BBIOOPY BCEX MHTEPECYIOIMX 0OBEKTOB Ha
KaJapeil U JanbHeuIero oO0y4eHHs HEMpOHHOW CeTH B MPOrpaMMHOM Komiuiekce Matlab
cymecteyer Automated Driving System Toolbox. HauGosee onTuMaabHBIM U HMEIOIIAM
OrPOMHBIE BO3MOKHOCTH 10 HaCTpOWKe HeHpoHHBIX ceTeil sBisercs Deep Network Designer
Toolbox.
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Approaches to creating a driver decision support system for digital analysis of railway
infrastructure based on machine learning and machine vision algorithms
Domanov K.I.%, Istomin S.G.%, Shatokhin A.P.}

'Omsk State Transport University, Omsk, Russia

This report discusses the issues of creating a driver’s decision support system for
digital analysis of the railway infrastructure based on machine learning and machine vision
algorithms, which will take into account and analyze the given traffic schedule, infrastructure
capabilities, dispatch center teams, statuses of the nearest traffic participants for unmanned
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safe control of electric vehicles. composition. A detailed review of existing control systems in
railway transport is made, which are based on technical vision.

Options for implementing the function of identifying a person for security purposes
when proceeding to various railway facilities, including rolling stock using the Matlab
software package and the Lucas-Kanade and Viola-Jones algorithm widely used in computer
vision [1, 2] are given.

For the task of determining the signal of a traffic light, its type or any other railway
infrastructure object, it is necessary to prepare the image of railway objects in advance in
order to train the neural network, classify all objects, adjust the size in accordance with the
network, perform randomized addition (rotation, color, etc.). ) to existing files.

It is noted that in order to speed up the work on the selection of all objects of interest
on frames and further training of the neural network in the Matlab software package, there is
an Automated Driving System Toolbox. The most optimal and having great opportunities for
setting up neural networks is the Deep Network Designer Toolbox.
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AJITOPUTMBI padoThl HHTEJIEKTYAJIbHOMH CHCTeMbl o0ecredeHnsi KuOep0e30macHOCTH
00pTOBOI0 000PY/A0BAHUS CBEPX3BYKOBOI'0 MACCAKUPCKOI0 CaM0JIeTa
MuieHko I/I.E.l, KocbsHuyk B.B.l, 3p10MH E.IO.l, JlenukoB M.A.l, [lnatomus LA
loAy «"ocHUHUAC», r. MockBa

ABUWAIMOHHAs MPOMBIIUICHHOCTh TPETEPIeBaeT 3Tan HUPPOBON TpaHCPOpPMALUU U
aBTOMATU3AIMH MPOIIECCOB B chepe TEXHUYECKOTO OOCIYKUBAHHS M CO3/IaHUSI KOMIUJIEKCOB
00pTOBOrO0 000PYAOBaHHSA BO3AYIIHBIX CYJOB C I€JIbI0 TOBBIIIEHUS SKOHOMHYECKOMN
3 pexTUBHOCTH. BHeapeHne mnepemoBbIX TEXHOJOIMH B OOPTOBBIE CHCTEMBI BO3IYLIHOTO
CyIHa U B HMH(]PACTPyKTypy a’3polopTOB BIIEYET K MpPeoOpa3oBaHHI0 HH(DOPMAILIMOHHOTO
IIPOCTPAHCTBA W TIOBBIIIEHMIO PHUCKA BO3HUKHOBEHHS IOTEHLHAJIBHBIX YA3BHUMOCTEM.
CymiecTBylonye NpakTUKU Ha TEKYIIUA MOMEHT HE PacloyiaratoT OolepaTUBHBIMU CIIOCO0aMU
OTpaHMYEHUSI HECAHKIMOHMPOBAHHOTO [JOCTyNAa TPETbUX JIMI K KPUTUYECKH BaKHBIM
CUCTEMaM CBEpX3BYKOBOro naccaxupckoro camosnera (CIIC), uro yBenuuuBaeT BEpOSITHOCTh
CJIy4yalfHOTO WJIM TpeIHAMEPEHHOT0 BO3AECUCTBUS Ha HMH(DOPMALMOHHYIO 0€30MacHOCTh C
LENbI0 OCYILECTBICHUS aBUAI[MOHHBIX WHUUACHTOB MPHUBOJAIIMX K SKOHOMHYECKOH U
COLMAJILHOM JiecTaOUIIN3aIHH.

B kauectBe mnepcnexktuBHOM 3amuThl CIIC OT BHEMIHMX M BHYTPEHHUX YIpo3
UCCIIElyeTCs BO3MOXKHOCTh IPUMEHEHHUsI aIrOPUTMOB Ha OCHOBE TEXHOJOIMM OJIOKYEHH U
OysouHoro mm¢poBaHud. JlaHHbIE MeEpbl CIOCOOCTBYIOT YBEJIMYEHHIO BEPOSITHOCTH
OoOHapy>KeHHs M IPEJOTBPALeHNUs KHOEPUHLIUACHTA, MOBBIIIAIOT CTENEHb 3alIUThl JAHHBIX U
OTPaHUYMBAIOT JOCTYIHOCTh K HMH(OPMAIIMOHHBIM BBIYMCIUTEIbHBIM CHCTEMAaM.

Hccneoosanue evinonrneno npu gunancogou noodepicke Munucmepcmea HayKu u
svicuieco oopazosanusi Poccuiickoii @edepayuu 6 pamrax coenawmenus Ne 075-15-2022-1024.
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Operational algorithms of the intelligent system for ensuring the cyber security of the
onboard equipment of the supersonic passenger aircraft
Mishchenko I. B.}, Kosyanchuk V. V.}, Zybin E.Y.}, Lelikov M.A.%,
Platoshin G. A.*
IState Research Institute of Aviation Systems, Moscow, Russia

The aviation industry is undergoing a stage of digital transformation and processes
automation in the field of maintenance and the design of aircraft complex on-board equipment
for the purpose of increasing economic efficiency. The introduction of advanced technologies
into aircraft on-board systems and airport infrastructure is transforming the information space
and increasing the risk of potential vulnerabilities. Existing practices currently do not have
operational methods to limit unauthorized third party access to critical aircraft on-board
systems, what raise a possibility of accidental or intentional exposure on the information
security of the aircraft in order to carry out aviation incidents leading to economic and social
destabilization. In the context of intensive digitalization and global information interaction, an
integrated approach is required to consider the issues of safe operation of a supersonic
passenger aircraft (SPA) on the ground and in the air.

As an innovative defence of the SPA from external and internal threats, the ability of
using blockchain based algorithms and block encryption is currently being investigated. These
measures help magnification the probability of detecting and preventing a cyber incident,
increase the degree of data protection and limit access to information computer systems.

This work is partially supported by Ministry of Science and Higher Education of the
Russian Federation under the agreement Ne (075-15-2022-1024.
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O 10CcTHKUMOCTY IITATHON IMHAMUKH MOJIETAa BO3AYLIHOI0 Cy/JHA METOI0M
pexkoHuUrypanum ynpapjieHusi, 0CHOBAHHBIM HA IaHHBIX, IPH 0TKAa3aX NPHBOI0B
Jlannu A.B.l, 3p10MH E.IO.l, Kochsaauyk B.B.!
oAy «"ocHUMUACy», Mocksa, Poccus

B nmoknmage mnpemtaraercss METOJN BO3BpALEHMS K IITAaTHOM JUHAMMKE IOJIETA
BO3JYIIHOTO CyAHA WM TOJJEpKaHMUs 3TOM AMHAMUKHM NpU OTKasze npuBojaoB [1]. Metoxg
OCHOBaH Ha MCIOJIb30BAaHUM TOJIBKO BXOJHBIX M BBIXOAHBIX JAHHBIX CHUCTEMY YIIPaBJICHHUS
NOJIETOB BO3AyHIHOTO cynaHa [1]. HoBu3Ha mpemyiaraeMoro MeTrona COCTOUT B JIOCTHKECHHUH
LITATHOM AMHAMUKHM HE 32 OJMH, a 32 HECKOJbKO IMCKPETHBHIX IIArOB ¢ MOMEHTAa Haydaia
peKOHpUTrypaluu NyTéM perieHus oOpaTHOM 3adaud auHaMuku [3]. OTo mo3BoJseT
00eCreynTh JTOCTUKUMOCTD JKEJIAeMbIX COCTOSHHH NpH JII0OOM HHIEKCE YIPaBIIeMOCTH
JUHENHOM  JUCKPETHOM  MOJENM, a  TakXke  yMEHbUIMTh  HOPMY  BEKTOpa
peKOH(UTYPUPOBAaHHBIX ympaBieHuil. [IpuBeneH mnpuMep YHCICHHOTO MOAEIHPOBAHUS
IIPOJOJIBHOTO JABMKECHHSA ITACCAKUPCKOIO CaMoOjeTa C OTKa3oM OJHOM W3 DpyJled H
NIEPEHAaCTPOMKON yrpaBieHus [4].

HccnenoBanue mnokasano, 4TO HeEMapaMeTpUUecKHil MeToJ peKoHpurypamuu mnpu
0TKa3aX HCHOJIHUTEIHOW IMOJACUCTEMBI BO3JYLIHOI'O CyJHA MOXET OBITh MOJIU(HUIMPOBAH
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Ul JOCTMKMMOCTH INTaTHOW JMHAMUKM TOJIETA B PEKUME HEIITATHOW CHUTYalUU.
Moaudukanuss COCTOMT B TOM, YTO MaTpulla JaHHBIX (OpPMUPYETCSs W3 Map 3HAYCHUU
BCKTOpa COCTOAHUSA HEC HA MOCJICAOBATCIBHBIX JUCKPCTHBIX Iarax, a 4c¢pe3 4YucCjIO MIIaros,
paBHOC MHACKCY YIIPABIACMOCTHU SaMKHyTOﬁ CHCTEMEI IOCJIE OTKA30B. DTO K€ YHCJIO IIaroB
IPOXOJUT C MOMEHTa Hayalla PeKOH(UTYypaluy J0 BHIXOJAa Ha INTAaTHYIO JUHAMUKY. [lanee
A [IOAACPIKaHUA IITAaTHOU JUHaAMHUKH peKOH(l)I/IpraI_[I/II/I MpoxXoaUuT I10 OJHOLIArOBOMY
AJIropuTMy, €CJIHU B PC3YJIbTATC OTKA30B HC CHU3UJICA paHTI MAaTPULbI YIIPABJICHUS.

[Ipemnoxennas MoaudUKaKMs METoJla PEKOH(MUTYypallud TakKe IO3BOJISCT,
OmnpeaciiuB 4aCTb JIMHEITHO HE3aBUCUMBIX IMMPaBbIX AHHYJIATOPOB MATPHUIIbI YIIPABJICHUA ITOCJIC
OTKa30B, 0e3 e¢ TOJHOMW HJICHTH(PHUKAINHA, YMEHBIIHUTh HOPMY PEKOH(PHUTYPHUPOBAHHOTO
yIpaBJIEHUSI U PEATM30BaTh €ro PadOTOCIIOCOOHBIMHM HMCHIOJHUTEIBHBIMUA OpraHaMHu MpU
3aaHHBIX OT'PaHUYCHUAX HAa UX OTKIOHCHUA.
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On reachability of nominal aircraft flight dynamics by data-based control
reconfiguration in case of actuator failures
Lapin A.*, Zybin E.Y.*, Kosyanchuk V.*
! State Research Institute of Aviation Systems, Moscow, Russia

The report proposes the data-based method for reaching and maintaining the nominal
aircraft flight dynamics in in case of actuator failures [1]. The method is based on aircraft
control reconfiguration and uses input and output data of flight control system only [2]. The
novelty of the proposed method lies in the reachability of nominal dynamics not in one, but in
several discrete steps from the moment the reconfiguration starts [3]. This makes it possible to
ensure the reachability of the desired states for any controllability index of the linear discrete
model, as well as to reduce the norms of reconfigured control vectors. An example of
numerical simulation of the longitudinal motion of a passenger aircraft with the failure of one
of the control surfaces and control reconfiguration is given [4].

The study shows that the data-based method of reconfiguration in case of failures of
the aircraft actuators can be modified to reach the nominal flight dynamics in the emergency
mode. The modification based on the fact that the data matrix is formed from pairs of state
vector values not at successive discrete steps, but after a number of steps equal to the closed-
loop system controllability index after failures. The same number of steps passes from the
moment the reconfiguration starts until the nominal dynamics is reached. Further, to maintain
the nominal dynamics, the reconfiguration proceeds according to a one-step algorithm, if the
rank of the control matrix has not decreased as a result of failures.

The proposed modification also allows, by determining a part of the linearly
independent right annihilators of the control matrix after failures, without its complete
identification, to reduce the norm of the reconfigured control vectors to meet the given
restrictions on their deviations.

172



References

1. Kosyanchuk VV, Zheltov SY, Zybin EY (2021) Aircraft flight control system fault
tolerance under structural and parametric uncertainties. J Phys: Conf Ser 1864: 1-12. doi:
10.1088/1742-6596/1864/1/012005.

2. Zybin E.Y., Glasov V.V., Kosyanchuk V.V. A Method for Constructing a Hybrid
Controller for Reconfiguration of On-Board Systems of a Supersonic Passenger Aircraft in
the Event of Failures // In: Strelets, D.Y., Korsun, O.N. (eds) Recent Developments in High-
Speed Transport. Springer Aerospace Technology. Springer, Singapore. 2023. Pp. 33-39.

3. Glasov V., Zybin E., Kosyanchuk V. Nonparametric method for aircraft flight
control // IOP Conference Series: Materials Science and Engineering. 2019, Vol. 476, p.
012011.

4. Edwards C, Lombaerts T, Smaili H (2010) Fault tolerant flight control. A
benchmark challenge. Berlin, Springer-Verlag. doi: 10.1007/978-3-642-11690-2.

KoHTpoJib GpyHKUIMOHATBHOTO COCTOSTHHUS NMUJIOTA B MOJIETe ¢ UCIOJIb30BaAHUEM
OuoMeTpHUYeCKOro dpacJjera
MurieHkKo I/I.B.l, KocesHuyk B.B.l, 3e10uH E.}O.", JlenukoB M.A.l, [narommn I'.A.L
loAy «"ocHUMAC», r. Mocksa, Poccus

B HactosmeMm Jokiaze MpeACTaBIEHO ONUCAaHHWE OHOMETpUYecKoro Opaciera,
NpeIHAa3HAYCHHOTO JIi MOHMTOpPWHTA (PU3MOIIOTMYECKUX MapaMeTpOB MHJIOTA B IIOJIETE C
LEJIBI0 KOHTPOJIS €ro (PyHKIIMOHAIBHOTO COCTOSIHUA B paMKax 3ajjay M0 pealu3alui CUCTEMbI
MHTEJUICKTYaJIbHONH TOMJIEPKKM THJIOTAa, B TOM YHCIE, OJHOWICHHOIO SKHIaxa JJis
oOecrieyeHus TpeOOBaHUN MO OE30MACHOCTU IMOJETOB MEPCHEKTUBHBIX BO3IYLIHBIX CYAOB.
Hcnonp3oBanue OuomeTpuueckoro Opaciera IMO3BOISIET B PEXHME PEaTbHOTO BPEMEHU
CIPOTHO3MPOBATh IOTEPIO JEECHOCOOHOCTH NMJIOTAa B IOJIETE U ONOBECTUTh OOPTOBYIO
UHPOPMALIMOHHYIO CHCTEMY ISl TPUHSATHS COOTBETCTBYIOIIMX MEp IO 00eCredeHUro
0€30I1aCHOr0 3aBEpUICHHUs 110JIeTa BO3AYIIHOIO Cy/IHA.

W3mepenne  (QU3MOJIOrMYECKMX  IApaMETpOB W MOHHUTOPHHT  paboThI
CepACYHOCOCY/IUCTOH  CUCTEMbl C  BBIBJICHHEM NPEIUKTOPOB OCTAHOBKHM  cepaua
OCYIIECTBJIICTCA ~ ONTHYECKUM MOJyJeM OHOMETpHYEcKOro OpaciieTa, OCHAIIEHHBIM
natunkamu (otoruteruzmorpaguu [1]. IlockonbKy TaHHBIN METOJ pErHCTPALUU ONTHYECKOTO
CHTHAJIa TIOJIBEPKEH apTedakTaM JBWKCHUS, B LENIX ONTHMH3ALNHU TPOIEcca U3MEPEHUH 1
MUHUMHU3ALUU ITYMOB OCYILECTBISAETCS olpeieneHue MO3ULIMOHUPOBAHUS
IIPOCTPAHCTBEHHOT'O TOJIOKEHHUSI PYKH TMHJIOTA C UCIOJIB30BAHNEM TPEXOCEBBIX THPOCKOMA U
aKceyepomerpa.

JIMarHOCTHKA TPOLIECCOB PETYISAINH (PU3UOTOTHYECKHX (DYHKIMI MHUI0Ta BO3MOXKHA
IyTEM HCHOJb30BAHUS PA3IMUYHBIX METOJOB MaTreMaTHyeckoro aHaiausza. Hampumep, myrem
BBIUUCIICHHSI WH/ICKCA HAMPSDKEHHSI PETYISTOPHBIX CHUCTEM MOXHO ONPEACTHTh YPOBEHBb
cTpecca nuiorta [2]. OueHka (yHKIMOHAJIBHOTO COCTOSIHHS IMUJIOTa OCYIIECTBISETCS Ha
OCHOBE aHAJIN3a JJAHHBIX ONITUYECKON M MHEPIUAIBHOW CUCTEM OMOMETpUIecKoro Opaciera ¢
BBISIBIIEHHEM JIO)KHBIX CUTHAJIOB U MOCIENyIoLIel kiaccudukanneil coObITUi.

[lo pesynpraTam OIEHKM (YHKIIMOHAIBHOIO COCTOSIHMSI MUJIOTa (OPMHUPYIOTCS
UH(POPMALIMOHHBIE YBEJIOMIIEHUS Jisi OOPTOBBIX CHCTEM W CUTHAJbl WHAMKALWU IS
WH(GOPMHUPOBAHUS MUJIOTA C BHIBOJOM BaXKHBIX COOOIICHWH Ha IUCIUIEE, B TOM YHCIE, C
TaKTHJILHOW 0OpaTHOM CBSI3BIO MOCPEICTBOM BUOPOMOTOpA M 3BYKOBBIM OIOBEIIEHHEM UYepe3
TTMTHAMUK.

[Tonyyenne WHHCTPYKUMI M UHPOPMALMOHHBIA OOMeH Opacieta ¢ OOpTOBOI
MH()OPMAIIMOHHON CHCTEMOH BO3AYIIHOTO CyAHA OCYyIIeCTBIsieTcst mocpeactsoM Bluetooth u
USB Type-C, BbIOOp KOTOPBIX 00YCIIOBIIEH KOHCTPYKTUBHOM peanu3anueid 1 yHudukanuei.
Hactpoiika u HaBuramuss mo uHTepdeiicy OMOMETpHUUEcKOro Opaciera OCYLIECTBISIETCS
anmapaTHbIMU NEPEKII0YaTENISIMU.
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Control of the pilot's functional status in flight using a biometric bracelet
Mishchenko 1.B.}, Kosyanchuk V.V.}, Zybin E.Y .}, Lelikov M.A.%, Platoshin G.A.!
'FAO «GosNIIAS», Moscow, Russia

This report presents a description of a biometric bracelet designed for monitoring the
physiological parameters of a pilot in flight aiming to control pilot functional status as part of
the tasks of implementing an intelligent pilot support system, including a single-member
crew, to ensure the flight safety requirements of advanced aircraft. The use of a biometric
bracelet makes possible to predict the pilot’s disablement in flight in real time and notify the
on-board information system in order to ensure the safe flight termination.

Measurement of physiological parameters and monitoring of the cardiovascular
system with the identification of predictors of asystolism is carried out by an optical module
of a biometric bracelet equipped with photoplethysmography sensors [1]. Since this method
of recording an optical signal is prone to motion artifacts, to optimize the measurement
process and minimize noise, the spatial position of the pilot's hand is determined using a
three-axis gyroscope and accelerometer.

Diagnostics of pilot’s physiological functions regulation processes is possible by using
various methods of mathematical analysis. For example, by calculating the stress index of
regulatory systems is possible to determine the level of pilot stress [2]. Evaluation of the
pilot's functional status is based on the analysis of data from the optical and inertial systems of
the biometric bracelet with the identification of false signals and subsequent event
classification.

According to the evaluation results of the pilot's functional status, information
notifications are generated for on-board systems and indications are generated to inform the
pilot with important message to display, including tactile feedback through a vibrating motor
and sound notification through the speaker.

Getting instructions and information exchange between bracelet and aircraft on-board
information system is carried out via Bluetooth and USB Type-C, the choice is conditioned
by the design implementation and unification. Configuration and compatibility with biometric
bracelet interface is performed by pushbutton.
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OnepaTuBHas agantanus NapamMeTpoB HU(PPOBLIX (PUJILTPOB MPU U3MEHEHUH
BPEMEHHOI0 IIara JUCKPeTHOCTH B 3aja4yax (popMUpPOBAHUSA YIIPaBJIEHUsI
0eCUIOTHBIMM TPAHCIIOPTHBIMHU CPEICTBAMM C MCNOJIb30BAHUEM CIIYTHHKOBBIX
U3MepeHM.
benonoros B./I. !
1MAI/I, r.Mocksa, Poccus

Jnsa  3agad ympaBieHHsT — OCCHMJIOTHBIMH — TPAHCIOPTHBIMH  CPEJICTBaMH,
UCTIONB3YIONIMMY BHEIIHWE HWH(POPMALMOHHBIE CUTHANBI, B pAAE CIy4aeB XapaKTEpPHO
M3MEHEHHE BpPEMEHHBIX MapamerpoB 10 MepHOAMYECKOro IMOCTYIUICHHS AAaHHBIX. B Takux
cucreMax oOpabOTKy MocTymarouiei MHpopManuu ¢ HeNbl0 (HOPMUPOBAHHUS LUPPOBOTO
yIpPaBICHUS peaan3yioT HubpoBbie (QUIBTPHI, HA OCHOBAHHU ITUCKPETHBIX BBIOOPOK X[K]
HEKOTOPOro HenpepbiBHOrO curHaia X(t) B mMomeHThl kBaHTOBaHus fk=k*T(. 3neck TO -
[cexyHn]- mepuon muckperHoctH 1o Bpemenu, k=0,1,2,.. menodncieHHas nepeMeHHas, o
CymecTBy c4éTuyuk BpemeHu. CBoiCTBa (QIbTpa OJHO3HAYHO 33JAFOTCS €r0 KOHKPETHOMN
MaTeMaTUYeCKOW MOJCIIBbIO - JTUCKPETHOM MMIYJIbLCHON nepexonaHou (ynkiuei [1] dumpTpa
(AUTIID), koTopas xapakrepusyer paboty GpuiabTpa npu KoHkperHom mare T0 = 1/f0, rae fO
(repir) — 4acToTa MEPHOANIECCKOr0 MOCTyIIeHUs BbiOOpok X[K] HempephiBHOTO curnaina X(t).

[Ipy m3MeHEeHUW BPEMEHHBIX MHTEPBAIOB 10 TMOCTYIUICHUS IAHHBIX, HAIPUMED,
BCJIC/ICTBUE M3MEHEHHUS YCIIOBUHU MEpelayd B paJuOTEeXHUUYECKOM KaHale, MO0 BCIEACTBHE
WU3MEHEHHS DPACIOJIOKEHHUS CIYTHUKOBOW TPYIIMPOBKH, CBOMCTBAa (MIBTpa B TpoIecce
GbyHKIIMOHUPOBaHUS OYAYT HU3MEHATHCA, a MpHU CyllecTBeHHOM wu3MeHeHuun 10 Takas
GmIbTpanuss MOKET NPUBECTH K HEYJOBIETBOPHTEIBHBIM pE3ylbTaTaM. JTO  OCOOCHHO
KPUTHYHBIM SIBISIETCA U UU(POBBIX aBTOMATHYECKHX CHUCTEM, Ine (uiIbTphl paboTaroT B
3aMKHYTOM KOHTYpE yNpaBJICHUS U IIPU U3MEHEHUHU UX CBOWCTB MOT'YT YMEHbBILATHCS 3amachl
YCTOHYMBOCTU. B Takux ciydasx, KayecTBO MPOLIECCOB YIPABICHUS MOXKET CTaHOBUTHCS
HEYJIOBJIIETBOPUTEIbHBIM U BO3MOYKHA JIaXKE IOTEPS yCTOMUMBOCTH LIU(PPOBON CUCTEMBI.

B nanHoil paboTe cTaBUTCS M pelIaeTcsl 3ajava aJanTaluy napaMmeTpoB HUPPOBOTO
¢mibTpa, obecrmeynBaroOmell MOCTOSHCTBO JWHAMHYECKHMX CBOWCTB -  HEHM3MEHHOCTb
xapakrepa JUII®. Jlng mnepecTpoKM YHCIOBBIX IMapaMeTpoB (UIbTpa, NpeaIaracTcs
QITOPUTM, HCHOJB3YIOIMIMA HMH(OpPMAIMIO O BpPEMEHHBIX HHTEpBajaX, IMOJYYEHHBIX MPHU
HEMnocpeACTBeHHOM u3MepeHuHd. Ha srtame paspaboTku ¢unbTpa JUISL  3a71aBa€MbIX
apaMeTpoB MPOU3BOJIUTCS (HOPMHUpPOBAHHE CIIEHUANIBHONM MaTpHIbl Iepecuéra, a MpH
pabote punpTpa B pearbHOM BPEMEHHU BBIMOIHIETCS OMEPAaTHUBHBIA MEpecdy€éT MmapameTpoB
nugposoro ¢uibTpa. [loaxonpl K aganTanuy aHAJIOTWYHBI IPUBEJIEHHBIM B [2], OlHAKoO, B
OTJIMYME OT YAaCTOTHBIX CBOWCTB, 3[€Ch nojuaepxusaercsa mnocrosHcrso JUIID.  Jlns
MOJIEJIBHOTO ~ TpUMepa MPHUBOJATCS pe3yabTaThl pacyéTa, IOKa3bIBAIOIIME XOPOUIYIO
TOYHOCTh TEPECTPONKM U CTAOMIIbHBIE XapaKTEePUCTUKH (UIbTpAa TPU CYIIECTBEHHOM
W3MEHEHUU BPEMEHHBIX HUHTEPBAJIOB.
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Operational adaptation of digital filter parameters when changing the time step of
discreteness in the problems of forming the control of unmanned vehicles using satellite
measurements
Belonogov V.D.!

'MAI, Moscow, Russia

For control tasks of unmanned vehicles using external information signals, in some
cases, a change in the time parameters TO of periodic data receipt is typical. In these systems,
the processing of incoming information in order to form a digital control is implemented by
digital filters, based on discrete samples x[K] of some continuous signal x(t) at the moments of
quantization tk=k*T0. Here TO (second) is the discreteness period in time, and k=0,1,2,.. is
the integer variable defining dimensionless discrete time. The properties of the filter are
uniquely specified by its specific mathematical model: the discrete pulse transfer function [1]
of the filter (DPTF), which characterizes the filter operation at a specific step T0O=1/f0, where
fO (Hz) is the frequency of periodic sample arrivals of x[k] of continuous signal x(t).

If the time intervals TO of data arrival change, for example, due to a change in the
transmission conditions in the radio channel or due to a change in the location of the satellite
constellation, the properties of the filter will change during operation, and if TO changes
significantly, such filtering can lead to unsatisfactory results. This is especially critical for
digital automatic systems, where filters operate in a closed control loop, and when their
properties change, stability margins can decrease. In such cases, the quality of control
processes may become unsatisfactory, so even loss of stability of the digital system is
possible.

In this work, the problem of adapting the parameters of a digital filter is raised and
solved, which ensures the constancy of the dynamic properties: the invariance of DPTF
nature. To rebuild the numerical parameters of the filter, an algorithm is proposed that uses
information about the time intervals obtained by direct measurement. At the stage of filter
development, a special recalculation matrix is formed for the set parameters, and when the
filter is running in real time, the digital filter parameters are recalculated in real time.
Approaches to adaptation are similar to those given in [2], however, in contrast to the
frequency properties, DPTF is maintained here. For a model example, the calculation results
are presented, showing a good tuning accuracy and stable filter characteristics with a
significant change in time intervals.
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Apxurexktypa CAY 0ecnMJI0THOIO JIETATEJLHOI0 ANNapaTa ¢ HCNoJb30BaHHEeM
AJITOPUTMOB 00y4eHHs C MOAKPeNnJeHueM.
Anonnonon I[.B.l, ApTaMOHOB M.A.l, Epmos B.C. °, IlerpoBa A.A.l, Yynua M.}
1L[AI“I/I, r. XykoBckuii, Poccus

B nanHOll paboTe wuccinenoBaHa BO3MOXKHOCTh aBTOMATHYECKOTO YIIPABIICHUS
YIJIOBBIM JIBWKEHUEM OecrioTHOro JjeratenbHoro ammapara (BJIA) ¢ ucnonbp3oBaHHeM
HCKYCCTBEHHONM HEMpPOHHOHN CETH, HACTPaWBaeMON METOJO0M OOY4YEHHS C MOJKPEIICHUEM.
VYnpaBneHue peanu3yeTcs C TOMOIIBIO areHTa, CTPaTerds KOTOPOro OINpeneNseTcs
QITOPUTMOM TJIyOOKOTO JETePMHHHUPOBAaHHOTrO TpamueHta mojutuku (Deep Deterministic
Policy Gradient, DDPG) [3] u ucniosib3yetcs AJisi BBIOOpa ONTUMAIBHOTO YIIPABJICHUS.
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Anroputm DDPG o0y4eHus ¢ HOJKpenIeHneM UMEeT CIASAYIOIYIO CTPYKTYpY: areHT,
B HAIlIEM CJIy4ae OH OYZAET CIIy’)KUTh PEryIsITOpPOM B KaHaJIe YIPABICHUS, OKa3bIBAET BIHUAHUE
Ha Cpeay, KOTOpasi COCTOUT U3 OECIMIOTHOTO JIETATEIbHOTO amiapara U BO3AYIIHON Cpelbl,
IOJIy4aeT B OTBET BO3HArpakaeHue, ChOPMUPOBAHHOE B 3aBUCUMOCTH OT peaKLUH Cpeibl Ha
BbIOpaHHOE areHToM ympasieHue. CTpaTerusi ynpaBi€HMsl CUMTAETCs HaWJEHHOW, Koraa
BO3HArpakJICHUE CTAaHOBUTCS MAKCUMAaJIbHBIM [1].

B3aumocBsi3p areHTa U cpezbl ONUCHIBAETCS B TEPMUHAX JEHCTBUS, BOZHAPAXKACHMUS,
cocTtosiHusA. [[si onucaHust 3TOM B3aMMOCBSI3U BBOIATCA MapKOBCKHE NMPOLIECCHl MPUHATHS
PELICHUH C KOHEYHBIM MHOXKECTBOM COCTOSHUM.

ANTrOpUTM  CTPEMMTCS HAWTU  CTPATErulo, KOTOpas IO3BOJIIET  IOJyYUTh
MaKCHUMajbHOE BO3Harpaxkjenue. OHa peann3oBaHa B BHJE IIYOOKOH HEHpPOHHOU ceTu ¢
W3MEHSIOIIMMUCS TapaMeTpaMH.

B nmannoii pabGore crparerus OyaeT HpUHATA JCTEPMUHUPOBAHHOH, YTO ITO3BOJIUT
COKpaTUTh 00beM 00yJaromux JaHHBIX [2].

BbiOpaHHBIi aNropuT™M MO3BOJNSET M30€XKaTh psga MpoOJieM, BO3HUKAIOUIMX MPHU
MCII0JIb30BaHUU KJIACCHYECKUX METOOB YIPABICHUS.

B wyactHOCTH, OCHOBHON NpO0JIEMOIl NpU BBIOOPE 3aKOHA YIIPABJICHUS SBISAETCS
HETOYHOCTb MaTeMaTHMYeCKOW MOJENU, B COOTBETCTBMM C KOTOPOH (OPMHPYIOTCS
koopduuuenter  [THUJ[-perynsatopoB, OOBIYHO  HWCHONB3YyeMBIX  JIs  (HOPMOBAHUS
YIPaBJIAIOLIET0 CUTHajla B IMPOJOJIBHOM U OOKOBOM KaHajaX YIpaBJICHUS JIETATEIbHOTO
anmapaTta. MeToJl, HUCIOJIb3yeMbld B JaHHOM paborte, SBISIETCS OE3MOICIBHBIM, YTO
HO3BOJISIET U30eKaTb HETOYHOCTH HACTPOMKH, HO JAJISl 3TOrO areHT He JOJDKEH OTJIMYaTh
B3aUMOJICVCTBUE C pEaJbHBIM MUPOM U CUMYJIMPOBAHHOM Cpeloi pH HacTpoike. s Toro
4yToObl 00OWTHM 3TO TpeOOBaHHE, MOYKHO BOCIOJb30BaTbCS BO3MOXKHOCTBIO YaCTHYHOTO
00y4€eHHUsl CUCTEMBI B TOJIETE.

PesynpraroM  BbINONHEHUS ~ OOydeHUs  sABISETCA  QIrOPUTM  YIpaBJICHUS,
oOecnieunBarOIIUi, HampuMep Hauiydiiee (MO BbIOPAaHHOMY KpPUTEPHIO) OTCIIEKHBAHUE
3aJIaHHOTO YIJI0BOTO nosioxkeHus: bJIA.
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Architecture of the unmanned aerial vehicle (UAV) automatic control system based on
reinforcement learning algorithms
Apollonov D.V.}, Artamonov M.A.%, Yershov V.S. !, Petrova A.A.L, Chulin M.1.1
TsAGI. Zhukovsky, Russia

In this paper, the possibility of an unmanned aerial vehicle (UAV) angular movement
automatic control with the use of artificial neural network adjusted by reinforcement learning
is investigated. Control is implemented by means of the agent whose strategy is determined
by an algorithm of deep deterministic policy gradient (DDPG) [3] and which is used to
choose the optimum control.

The DDPG reinforcement learning algorithm has the following structure: the agent - in
our case it serves as the regulator in a control loop - affects the environment which consists of
an unmanned aerial vehicle and the air environment; and receives back the reward created
depending on the response of the environment to the control chosen by the agent. The control
strategy is considered found when the reward becomes maximum [1].
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The agent - environment interrelation is described in terms of action, reward, and state.
To describe this interrelation, Markov decision processes with a finite set of states are used.

The algorithm seeks to find the strategy which provides the maximum reward. It is
implemented in the form of a deep neural network with adjusted parameters.

In this paper, the determined policy will be assumed that allows reduce the training
data volume [2].

The chosen algorithm allows avoid a number of problems arising from the use of
classical control methods.

For example, the main problem with the choice of control law is the inaccuracy of the
mathematical model used to calculate the coefficients of PID controllers usually used to form
the aircraft longitudinal and lateral control signals. The method used in this paper is model-
free that allows avoid adjustment inaccuracy; however, for this purpose the agent should not
distinguish between interaction with the real world and the simulated environment during
adjustment. To bypass this requirement, it is possible to use the opportunity of system partial
training in flight.

The result of completed learning is the control algorithm providing, for example, the
best (by the chosen criterion) tracking of the set UAV (angular) attitude.
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AJITOPUTMBI BbIOOPA M CONMPSIZKEHUST CKOJIb3SIIIMX HHTEPBAJIOB NMPHU HWIeHTH(PUKAIUH 10
00J1bIIUM 00bEMAaM IMOJIETHBIX JAHHBIX
Kopcyn O.H.'2, Crynosckuii AB!
L ®AY I'ocHUMAC, r. Mocksa, Poccust
2 MAMU, r. MockBa, Poccus

Jloknax TOCBSILEH 3ajjaue BOCCTAHOBJICHMs cUrHaioB. Ilpeamonaraercs, 4to ams
JIETaTEeIbHOTO ammapaTa W3BECTHbl 3HAUYEHUs MPOEKIMM CKOpPOCTHM B HOPMAJIbHOH U
Heperpy3ok B CBs3aHHOW cucrtemMax koopauHaT [1]. TpeOyercs momyyuTh OLEHKH YIJIOB
OPUEHTAIINH Ha OCHOBE COOTHOIICHUH, CBSA3BIBAIOIINX ITH BETUYUHBI [2].

IIpemyaraercss  copMmyiaMpoBaTh JaHHYIO 3aJadyy B BHJE 3aJayd  IIOUCKa
ONTUMAJILHOTO YIPaBJIEHUs, PELIEHNE KOTOPOil ocyiecTBiseTcs npsiMbiM MeToioM [3]. Ilpu
TOM HCKOMBIE CUTHAJbl MPEJCTABISAIOTCS B BUAE KYOMUYECKUX CIUTAHHOB, KOA(HUIMEHTHI
KOTOPBIX HaXoAATcs MpH nmomouy meroaa HeroTtoHa.

ITockonbky TpeOyercss oOpabaTeiBaTh OOJBIION OOBEM JaHHBIX, PacCMaTpPUBAIOTCS
crocoObl BbeIOOpa HauOosiee BaXHBIX YYacTKOB Ui HWACHTU(UKAIMK [apaMeTpoB,
OCHOBaHHbIE Ha aHaJIM3€ CTENEHM OOYCIOBICHHOCTH COOTBETCTBYOIIEH MH(OpPMAIMOHHON
MaTpULbl, a TaKXe MOAXOAbl K CONPSIKEHUIO Pe3YylbTAaTOB, MOJYUYEHHBIX IJIS pPa3HbIX
Y4YaCTKOB.

[IpuBeneHb! pe3ynbTaThl HCCIEI0BaHUS, IEMOHCTPUPYIOLIUE CIEAYIOIIEe:

* [Ipu 3amaHHBIX YCIOBUSAX 3HAYEHMS YIJIOB OPHEHTAIIMM MOTYT OBITh IOJIyYEHBI C
MpUEMJIEMOI TOYHOCTBIO, IO KpaifHel Mepe, mpu paboTe Mo JaHHBIM CTE€HJa MOJEIUPOBAHUS
B OTCYTCTBHE LIIyMOB.

* [lpennoxxeHHble KpuTepuu BbIOOpa y4yacTKa TO3BOJISIOT BBIIETUTH 00JIACTH,
COOTBETCTBYIOIIIE YBEIMUYEHHUIO TIOTPEIIHOCTEH HIeHTHU()UKALIUU U YMEHBIIUTh 3TH
MOTPEIIHOCTH 3a CYET U3MEHEHHUS IpaHull 00padaThIBa€MbIX Y4aCTKOB.
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* OmneHKH CUTHAJIOB I OTACNBHBIX YYacTKOB, Oyiarojapsi CBOWCTBAM CILIAHHOB,
MOTYT OBITh JIETKO PACIPOCTPAHEHBI U COTJIACOBAHBI.

* [IpenynoxeHHble KPUTEPUU AJIs BBIOOpA IPOJAOHKUTEILHOCTH YYaCTKOB U BEIIMUUHBI
CMEIIIEHHUS MTO3BOJISIIOT T0OUTHCS HEMPEPHIBHOCTH 00paOOTKH CUTHANIA.
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Algorithms for selection and combination of sliding intervals for identification based on
large volumes of flight data
Korsun O.N.*?, Stulovsky A.V.*
! State Research Institute of Aviation Systems, Moscow, Russia
2 Moscow Aviation Institute (National Research University), Moscow, Russia

This report is devoted to the problem of signal recovery. It is assumed that for the
aircraft the velocity projections in the normal Earth system and overloads in the body-fixed
coordinate system are known [1]. This allows obtaining estimates of orientation angles based
on the expressions connecting them [2].

It is proposed to formulate the problem as a problem of optimal control and find
solution by the direct method [3]. Then desired signals are represented in the form of cubic
splines, coefficients of which are determined using Newton’s method.

Since a large volume of data needs to be processed, the report considers methods for
selecting the most important areas for parameter estimation and approaches for combining the
results obtained for different areas.

The results of research demonstrate that:

» Under given conditions, the values of orientation angles can be obtained with
sufficient accuracy, at least for simulation bench data in the absence of noise.

 The proposed criteria for area selection provide only a qualitative estimation of the
resulting solution accuracy, while making it possible to identify in advance the areas where
significant discrepancies can occur.

« Signal estimations for individual areas due to the inherent properties of splines can
be easily combined and adjusted.

» The proposed criteria for choosing the duration of intervals and the offset allow us to
achieve continuity of signal processing.
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K Bomnpocy o coBepiieHCTBOBAHMU HOPMATHBHOIO o0ecreyeHust
CO3aHMSA M IKCILIYATAUMHU 0eCMIOTHBIX ABUALIMOHHBIX CHCTEM TPAHCIIOPTHOIO
Ha3HAYEHUs
Hacrac F.H.l, Turos A.E.}, JpsikoB I[.A.2
'OI'BY «HUIL «Muctutyr nmenn H.E. XykoBckoro» r. Mocksa

’BI’AA, r. MHHCK, Pecniy6sinka benapyce

Hcnonb3oBanue 6ecnmioTHBIX aBUAMOHHBIX cucTeM (BAC) B pa3nMuHBIX OTPACisIX
SKOHOMHUKH YK€ JIOKa3aJI0 CBOIO IIeJIeC000pa3HOCTh U 3()(PEKTHBHOCT, B MEPBYIO OYEpPEIb
JUIs MOHHUTOpPMHIAa MECTHOCTH M pEIleHHs] TPaHCHIOPTHBIX 3agad. HeoOXomumo oTMeTHThH
JOCTUKEHUE KadeCTBEHHBIX pPE3Yy/IbTATOB B CO3/laHUU U Hcnonb3oBaHuu BAC B pemeHun
TPaHCHOPTHBIX 33J1a4 y pa3BUTHIX cTpaH, Takux kak CIIA, crpansl EBpocoro3a u Kuraii.

PasBurtue texnonoruii B oomactu BAC mpeanosnaraet UCIoNIb30BaHUE TPAHCIOPTHBIX
O6ecnmoTHBIX BO3aymHbIX cya0B (TBBC) He Tonbko mist moctaBku rpy3a ogauM ThBC, HO n
OCYIIECTBJIATh TPAaHCHOPTHBIE omepauuu B rpynne. lcnons3oBanue TexXHOJIOTUI
HCKYCCTBEHHOI'O MHTEJUIEKTA OpPUEHTHUPOBAHO B HACTOSIIEE BpEMs IPEKIE BCEro Ha
npuMeHeHne B cucremax ympaBieHuss BAC. B Omwkaiimiell mnepcrnekTHBE HYKHO
paccMaTpuBaTh IPUMEHEHHE KPYIMHOMACIITAOHBIX  HMH(OPMALMOHHO-UCIIOIHUTEIbHBIX
aBuanmoHHbIX cucteM BAC, cocrosmux n3 MHPOPMAIIMOHHO CBA3aHHBIX pa3zHopoaHbix bBC.
[IpencraBisiercs OOOCHOBAHHBIM, YTO 3TH CUCTEMBI JOJKHBI COCTOSITH M3 COBOKYIHOCTHU
onHoyHKIMOHATEHEIX  BBC  pa3nnyHoro WH(GOPMAIMOHHOTO W HMCIIOJHUTEIHHOTO
Ha3HAYCHMSL.

B mpobnemax opranuzanuu neiictBuid 6onpmux Tpynn BBC, ynpasnenus rpynmnamu
BBC. caenyer oOpatuTh BHUMaHUE Ha HOBBIM PsJl 33124, CBSA3aHHBIX C TPYIIOBBIM IITyOOKUM
B3aMMOJICHCTBUEM alapaToB, OOpa3yIOUIMX Ppa3HOPOAHYIO TpPYNNy IMpPU BBIIOJHEHUU
CJIOXKHBIX, 3a4acTyl0 MaJOONPEIEIEHHBIX ACUCTBUM, HAa HAXOXKICHHE HOBBIX IOAXOAOB U
(dopMupOBaHKE HOBBIX IyTEH pelIeHus 3a/1a4 yupasiieHus rpynmnoi [1].

Hapsiny c pemienuem npo6iieM BHEIPEHUs TEXHOJIOIHI HCKYCCTBEHHOTO HHTEIUIEKTA B
sTam pa3padorku u co3nanus TBBC, kak obpasna aBuannonHoi TexHuku (AT), HeoOxomumo
TaKXe COBEPILIEHCTBOBATh CUCTEMY HOPMAaTHUBHOI'O OOECIEYEeHHUs 3TUX MPOLIECCOB Ha 3Tamax
JKU3HEHHOro LMKJIa wu3fenud. llenp coBeplIeHCTBOBAHHMS HOPMAaTHMBHOIO oOecreueHus
XKHU3HEHHOTO IuKiIa o0pa3ua AT cocTouT mpekie BCero, B CO3JaHUM YCIOBUH Ul pelIeHus
OCHOBHOI MpOOJIEMbl CTPOUTENHCTBA — MAKCHMAaJbHO BO3MOXKHOTO CpOKa H3TOTOBIIEHUS
obpasua AT [2, 3].

C menpio coBepieHCTBOBaHHUS HOopMmatuBHOTO oOecrieueHus TBBC c anemenTamu
UCKYCCTBEHHOI'O MHTEIJIEKTa Mpe/uiaraercss K pa3paboTKe psii CTaHIapTOB (HOPMAaTHUBHO-
TEXHUUYECKHUX JOKYMEHTOB) B YAaCTH UX CO3[IaHUS U WCIBITAHUH, IPEICTABIECHHBIX HUXE [4,
5].

[Ipennoxxenuss B mepedeHb M CoOJEp)KaHWE HOpPMAaTHBHOM 0a3bl Poccuiickoit
®enepanun B 061acT pa3pabOTKH (CO3AaHUA) M HKCIUTyaTallMi OECHMJIOTHBIX BO3/YIIHBIX
CYJIOB, HCIIOJIb3YIOIIMX TEXHOJOTUU UCKYCCTBEHHOTO MHTEIIEKTA:

— Cucrems! uckycctBeHHoro untemuiekra (CM) B OecniIOTHBIX BO3AYIIHBIX Cy/ax.
OO11e MoIoKeHUs.

— Yposuu aBToHOMHOCTH CUU BBC pa3nuunbix knaccoB. TepMUHBI U ONIPEEIICHHUS.

— YpoBuu aBToHOMHOCTH CUH BBC pa3nuuHbIX K1accoB. YIpaBiIeHUE PUCKAMH.

— Tunax CHUU nns bBC paznuunsix kinaccoB. O0mme TpeOoBaHusI.

— Apxurekrypa u coctaB CUM BBC paznnunbix kiaaccoB. O6mue TpeboBaHus.

— baser nanasix CUU BBC pasznuunsix kinaccoB. O0mue TpeOboBaHus.

— Cucremsl nHpokoMmyHHKaMoHHOT0 oomMena bBC ¢ M. Obuue TpeboBaHusl.

— Cucrems! rpynnosoro ynpasienus bBBC ¢ . O6uue TpeboBanusl.

— Cucrems! rpynnoBoii aBroHoMHO# HaBurauuu bBC ¢ U. Obuiue TpeboBaHusl.
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— Cucremsl npunstus pemenuit B8 CUM ans BBC paznuunbix kimaccoB. OOmue
MTOJIOKEHUSI.

— O6yuenue CUU BBC paznmuunbix knaccoB. Oomue TpedoBaHusl.

— Iloaroroska onepatopoB bBC ¢ CUU paznuuHOro ypoBHs aBTOHOMHOCTH. O01ue
TpeOOBaHUS.

[Ipemyoxenuss B TMepeyeHb H COJAEpXKaHWE HOpMaTUBHOM Oa3bl Poccuiickoit
@eneparu B 007aCTH HCTBITAHUN OECHHMIOTHBIX BO3AYIIHBIX CYJIOB, HCHOJb3YIOLIHX
TEXHOJIOTMM UCKYCCTBEHHOTO MHTEJIEKTA:

— MHckyccTBeHHBIM MHTEIEKT B cucTeMax TexHuueckoro 3penuss bBC ¢ HMN.
TpeboBaHMs K UCIIBITAHKUSIM, B TOM YHUCIIE B COCTAaBE TPYIIIL.

— Cucrembl uH(poxkoMmmyHukarmonHoro ob6mena bBC ¢ HU. TpeboBanus «
WCIIBITAaHUSIM, B TOM YHCJIE B COCTABE TPYIII.

— Cucremsl rpymmoBoro ynpasineHnuss bBBC ¢ M. TpeGoBaHus K NCTIBITAHHUSM.

— Cucremsbl rpymnmnoBoii aBToHOMHOW Hapuraimmun bBBC ¢ HMU. TpebGoanus
UCIIBITAaHUSIM.

— Cucrems! npusstus pemenuii B CUN st BBC pa3nuunbix kiaaccoB. TpeboBaHuUs
K UCIIBITAHUSIM.

— bopToBbIEe cUCTEMBI MCKYCCTBEHHOTO MHTeuiekTa Mg BBC pa3nuuHbIX Ki1accoB.
MeTo/p1 Bauaaluuy U BepuUKaIim.

— boptoBbie cucteMbl HcKyccTBeHHOro uHTeuiekra uis BBC pa3nuuHbIX Kiiaccos.
TpeOoBaHMs K HCITBITAHHSIM.

[IpencraBieHHbIe TPEIIOKEHUS SBISIOTCS MEPBBIM OJIOKOM HOPMATHBHOW 0a3bl AJis
IIPOLIECCOB pa3pabOTKH, co3/laHus, ucnbplTanuil u npumeHeHus: TbBC, koTopsle npeaoKeHsbl
Ju1s BKIIIoueHus B [IporpaMmy HanMoHanbHOM cranaaptuszauuu Ha 2024 rog.
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On the issue of improving the regulatory support for the creation and operation of
unmanned aircraft systems for transport purposes
Nastas G.N.}, Titov A.E.}, Dyakov D.A?
National research center «Institute named after N.E. Zhukovsky», Moscow
’BGAA, Minsk, Republic of Belarus

The use of unmanned aircraft systems (UAS) in various sectors of the economy has
already proved its feasibility and effectiveness, primarily for monitoring the terrain and
solving transport problems. It is necessary to note the achievement of high-quality results in
the creation and use of UAS in solving transport problems in developed countries, such as the
USA, EU countries and China.

The development of technologies in the field of UAS involves the use of transport
unmanned aerial vehicles (UAVSs) not only for the delivery of cargo by one UAVS, but also to
carry out transport operations in a group. The use of artificial intelligence technologies is
currently focused primarily on application in UAS control systems. In the near future, it is
necessary to consider the use of large-scale information-executive aviation systems of UAS,
consisting of information-related heterogeneous UAVSs. It seems reasonable that these
systems should consist of a set of single-functional UAS for various informational and
executive purposes.

In the problems of organizing the actions of large groups of transport UAVS,
managing groups of UAVSs. attention should be paid to a new set of tasks related to the deep
group interaction of devices forming a heterogeneous group when performing complex, often
poorly defined actions, finding new approaches and forming new ways to solve group
management problems [1].

Along with solving the problems of introducing artificial intelligence technologies into
the stage of development and creation of transport UAVs as a model of aviation equipment
(AE), it is also necessary to improve the system of regulatory support for these processes at
the stages of the product life cycle. The purpose of improving the regulatory support of the
life cycle of the AE sample is primarily to create conditions for solving the main problem of
construction — the maximum possible production time of the AE sample [2, 3].

In order to improve the regulatory support of transport UAVs with elements of
artificial intelligence, it is proposed to develop a number of standards (normative and
technical documents) in terms of their creation and testing, presented below [4, 5].

Proposals to the list and content of the regulatory framework of the Russian Federation
in the field of development (creation) and operation of unmanned aircraft using artificial
intelligence technologies:

— Atrtificial intelligence systems (AIS) in unmanned aircraft. General provisions.

— Levels of autonomy of these UAVs of various classes. Terms and definitions.

— Levels of autonomy of these UAVs of various classes. Risk management.

— The type of SlI for UAVs of various classes. General requirements.

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

— Databases of SII BVS of various classes. General requirements.

— Information and communication exchange systems of the UAVs with Al. General
requirements.

— UAV group control systems with Al. General requirements.

UAV group autonomous navigation systems with Al. General requirements.
Decision-making systems in Sl for UAVs of various classes. General provisions.
Training of AIS BVS of various classes. General requirements.

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

Proposals for the list and content of the regulatory framework of the Russian
Federation in the field of testing unmanned aircraft using artificial intelligence technologies:
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— Artificial intelligence in UAV vision systems with AIS. Requirements for tests,
including as part of groups.

— Information and communication exchange systems of the UAVs with AIS.
Requirements for tests, including as part of groups.

— UAV group control systems with Al. Test requirements.

— UAV group autonomous navigation systems with AlS. Test requirements.

— Decision-making systems in SlI for UAVs of various classes. Test requirements.

— On-board artificial intelligence systems for UAVs of various classes. Validation
and verification methods.

— On-board artificial intelligence systems for UAVs of various classes. Test
requirements.

The presented proposals are the first block of the regulatory framework for the
development, creation, testing and application of transport UAVSs, which are proposed for
inclusion in the National Standardization Program for 2024.
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Bonpocel nHTE/VIEKTYyaIN3alliM YIIPABJICHUS CUCTEMaMH
HA OCHOBE 0eCNIMJIOTHBIX JI€TATEJbHBIX AlllIAPATOB
Turos A.E.}, Tpopumayk M.B.% Cadun A.M.?
'OI'BY «HUIL «MucTtuTyT nmenn H.E. J)Kykosckoro», r. Mocksa
2BYHI_[ BBC «BBA umenn npodeccopa H.E. XKykosckoro u FO.A. ['arapuna» r. Boponex

Ha ceropnsmnuii 1eHb OTHUM U3 Hanbosiee MepCIeKTUBHBIX HANPaBICHUH pa3BUTHUS
TEXHOJIOTUI YNpaBieHUS W MPUMEHEHHsS KOMIUIEKCOB C OECHWJIOTHBIMU JIETAaTEIbHBIMU
annaparamu (BJIA) saBnsercs uckyccrBeHHblii untemiekr (M) ¢ ero pasHooOpazHbIMU
IPOU3BOJHBIMU U CMEXHBIMH OOJAacCTSIMH, M, COOTBETCTBEHHO, MHTEJUICKTyalIH3alMs BCeX
ACMEKTOB JKU3HEHHOTO IMKJIa aBUAIIMOHHBIX KOMIUIEKCOB, B MEPBYIO O4Yepeb OECIUIOTHBIX.
BJIA u cucteM Ha MX OCHOBE SBIIETCS HACAIBHBIM IOJEM IMPAKTUYECKOTO NPUMEHEHUS
texHojoruit UNU. Vimenno MW u wuHTemeKTyandu3aumusi IOJDKHBI 00ECHEYUTh HPOPHIB B
3 PEKTUBHOCTH HCIOIb30BAHUS aBHALMHU JUIS PELICHUs DPA3IUYHBIX 3a/1ady, B TOM YHCIE
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BOEHHOI0 xapaktepa [1, 2]. Hapsiny ¢ uHTemekTyan3anueil camoro JeTaTeapHoro anmnapara
(JTIA) u ero cucrem, riaBHOW M HanOoyiee BaAKHOW 3a7adyeil SBISICTCS MHTEIJICKTYaTH3aIns
yIOpaBiI€HUsl TIpyNIaMH JIETATENIbHBIX allaparoB, B I[EPCHEKTUBE —  YIPaBJICHUS
KpPYIHOMACIITaOHBIMU MHOTO(QYHKIIMOHATBHBIMU OECIUIOTHBIMH cUcTeMaMH [3].

JUia  co3gaHus aBUALMOHHBIX BBICOKOMHTEIUIEKTYAJIbHBIX CHUCTEM  CIIEIYIOIEro
MOKOJICHUSI HEOOXOJMMBbI HE pPa3pO3HEHHBIE HCCIEIOBAaHUS B OTIEIbHBIX HAY4YHO-
TEXHUYECKUX HampaBieHusx [4, 5], a COBOKYNHOCTb B3aUMOYBSI3aHHBIX IO CpOKaM H
pe3ysbTaTaM MO3TallHbIX pabOT, OXBATHIBAIOIIMX BCE ACMEKThl CO3/IaHUS U MPUMEHEHUS
aBuanuoHHbIX cucteMm Ha ocHOBe BJIA (AC BJIA). Heo6xonuma cuctemMHasi yBs3Ka HAYIHO-
UCCIIEIOBATEIbCKUX M ONBITHO-KOHCTPYKTOPCKUX  pabOT 1O  HampaBiICHUSIM U
unremwiektyanuzauu AC BJIA, Bkitouas MeponpuaTusi 0 CIEAYIOLUUM HalpaBJIeHUsIM [6,
7]:

— CO3[aHUE UHTEUIEKTYAJIbHBIX CUCTEM yIipaBieHus JIA;

— CO3/1aHME MHTEJUIEKTYalbHOro ABuraresns JIA;

— CO3[aHie UHTEUIEKTYaJIbHBIX CUCTEM O00pTOBOro 0bopynoBanus JIA;

— pa3paboTKa NPUHIUIOB, TEXHUYECKUX NyTEeHd M CO3JaHHE CUCTEM TIpPYMIIOBOIO
npuMeHeHus JIA;

— CO3[aHHE BHICOKOMHTEJUIEKTYAJIbHBIX CPEJICTB BO3CICTBUS;

— HHTEerpauus paJuo3JeKTPOHHBIX CPEJICTB BO3ACUCTBUS;

— cozaanue cuctem moaenupoBanusi AC BJIA u ux cocTaBHBIX 4acTeil.

['1aBHOM LENBIO CO3[1aHUSA U PA3BUTHS BBILICYKA3aHHBIX TEMATHUYECKUX HAIpaBICHUN
SBISETCS ~ pa3paboTKa  METOJOB W MPOrPaMMHO-ANIAPaTHBIX ~ PEHICHHH 10
WHTEJUICKTyallM3allid  BCE HMHTETPUPOBAHHOW  aBUAIMOHHOW CHCTEMBl —  TPYIIIbI
OEeCIMIIOTHBIX U MUJIOTUPYEMBIX JIETATENIbHBIX allllapaToB, U CPEACTB BO3ACUCTBUS Ha OCHOBE
MHTEIJICKTyaTu3aluu e€ 2JIEMEHTOB U COCTABHBIX YacTed, HauuHas OT padoT MO OTIEIbHBIM
TEXHOJIOTMYECKUM HaNpaBJICHUSIM, M B JajJbHEWIIEM MEepexois K HUX HHTErpauud |
pa3paboTKe TEXHOJIOTMI BHICOKOI'O YPOBHS MHTEIUIEKTYaIH3al1u.
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Issues of intellectualization of control systems based on unmanned aerial vehicles
Titov A.E.}, Trofimchuck M.B.2, Safin A.M.?
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Nowadays one of the most promising areas for the development of control
technologies and the use of complexes with unmanned aerial vehicles (UAVS) is artificial
intelligence (Al) with its diverse production and related fields, and, accordingly, the
intellectualization of all aspects of the life cycle of aviation complexes, primarily unmanned.
UAVs and systems based on them are an ideal field of practical application of Al
technologies. It is Al and intellectualization that should provide a breakthrough in the
efficiency of using aviation to solve various tasks, including military character [1, 2]. Along
with the intellectualization of the aircraft itself and its systems, the main and most important
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task is the intellectualization of the control of groups of aircraft, in the future — control of
large-scale multifunctional unmanned systems [3].

To create highly intelligent aviation systems of the next generation, it is not necessary
to conduct separate research in separate scientific and technical areas [4, 5], but a set of
mutually related in terms of time and results of experimental work covering all aspects of the
creation and application of aircraft systems based on UAVs (AS UAVS). It is necessary to
systematically link research and development work in areas for the intellectualization of AS
UAVs, including activities in the following areas [6, 7]:

— creation of intelligent aircraft control systems;

— creation of an intelligent aircraft engine;

— creation of intelligent systems of aircraft on-board equipment;

— development of principles, technical ways and creation of systems for the group
application of aircraft;

— creation of highly intelligent means of influence;

— integration of radio-electronic means of influence;

— creation of UAV AS modeling systems and their components.

The main goal of the creation and development of the above-mentioned thematic areas
is the development of methods and software and hardware solutions for the intellectualization
of the entire integrated aviation system - a group of unmanned and manned aircraft, and
means of influence based on the intellectualization of its elements and components, starting
from work on individual technological areas, and moving on to their integration and
development of technologies of a high level of intellectualization.
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OnruMasibHasi MOJeJb YIPABJSIOIMX AeCTBUH JeTYMKA KaK MOAX0] K
CHHTE3Y CHCTeMBbI YIIPaBJIeHHs CBEPX3BYKOBOI0 NMACCAKUPCKOr0 caMoJieTa
Edpemon A.B. L Hpranees 1.X. ! ['pumuna A.1O. 1 Edpemor EB.

! MAM, r. Mocksa, Poccus

MopenupoBaHue IEHUCTBUM JIETYMKA B 3aJadax pPYYHOIO YIIPABICHUS SBISAETCA
BA)KHOM COCTaBHOM YAacTbIO HCCIEJOBAaHUM W CHUHTE3a YEJIOBEKO-MAIIMHHBIX CHUCTEM.
Bo3MOXHOCTh OnucaHus XapakKTEpPUCTUK NCHCTBUU JIETYMKA CPEICTBAMU MAaTeMaTUYECKOTO
MozenrpoBaHus [ 1] mo3BosisieT pemars 3ajauu Ha 3Tare NpeaBapuTeIbHOIO NPOEKTUPOBAHNUS
camoJieTa, aHaJIu3a pPe3yJIbTaTOB JIETHBIX UCIBITAHUHN U ITOJTYHATYPHOTO MOJIEIUPOBAHUSI.

B mnacrosmieit pabore mpeasiokeHa  MOAM(HKAIUS  ONTHUMAIBbHOW  MOJENU
yopasisitonux AeictBuit gerunka (OMJI) [2], B OCHOBE KOTOPO JIEKUT MPEIINOJIOKEHUE O
TOM, YTO XOpOIIO TPEHHPOBAHHBIA M 3aMHTEPECOBAHHBIN ONEpPATOpP PELIAET MOCTABICHHYIO
nepea HUM 3aJady yIOpaBIECHUS CIOCOO0M, ONU3KMM K ONTHMAIbHOMY C Yy4YeTOM
CBOMCTBEHHBIX YEJIOBEKY ICUXO(PU3HOJOTHUECKHX orpaHudyeHuil. (OCHOBHOW wujaeel
Monupuxanu OMIJI sBnseTcs nepeMellleHue 3B€Ha 3amna3blBaHus U3 MOJENU JIETYMKA Ha
BBIXOJl CHUCTEMBI (K BXOJAHOMY CHUTHAlly) M OJHOBPEMEHHOE yJaleHHe MpeacKa3aTens-
KOHTpoJuiepa M3 CTpyKTypel Mmojenu. [lokasaHo, 4To B TakoM ciy4yae pe3yibTaTbl
MaTEeMaTUYECKOTO MOJICTUPOBAHUS MMEIOT Jy4lllee MO CPaBHEHHIO ¢ 0a30BBIM BapHUaHTOM
MOJICJIA COBIIAJICHUE C PE3YJIbTaTaMU IMOJYHATYPHOTO MoieupoBaHus [3].

C ucnonszoBanueM momudunupoanHoro noaxoaa OMIJI B xone Hacrosimiel ObLIn
IIPOBEJCHBI MCCIEI0BAHUS ISl HECKOJBKUX BAPUAHTOB pEATM3aLMU CUCTEMbI YIPABICHUS
CBEPX3BYKOBOT'O TMaccakupckoro camoisiera BToporo mokonenuss (CIIC). B pabote
paccMOTpeH Kiaccuyeckuit BapuaHT cuHTe3a CY, OCHOBaHHBIN Ha UCIOJIB30BAHUHM OOPATHBIX
CBsI3€H U BapHaHT C MCIOJb30BAHUEM PETYISITOPA, PEalu30BaHHOTO HA MPHUHIIUIIE 00paTHON
nuHaMuKd. Kpome Toro, ObUTM BBIIOJHEHBI KCCJIECIOBAHUS IO BIUSHHUIO IapaMETPOB
BXOJIHOT'O CUTHAaJja.

PesynbTarsl 9KCIIEPUMEHTAIIbHBIX UCCIIEIOBaHUM u MaTEeMaTHYECKOT 0
MOJICJIMPOBAHUs MOKa3ajiu, 4TO HCIoib30BaHHe B cucteMe ymnpasieHus CIIC perynstopa,
OCHOBAaHHOTO Ha TMpPUHIMNE «OOpPaTHON JAMHAMUKHY», TO3BOJSET YIYYIIUTh TOYHOCTb
nuioTupoBanus Ha 3tane nocaaku CIIC B Heckonbko pa3, B OTIMYKME OT TPAAULIMOHHOTO — C
UCIIONIb30BaHWEM  oOpaTHbIX  cBsizel.  Takke — MccinefnoBaHWsA — TOKa3ald,  4TO
mMogudunmposanHas OMJl 1o3BojsleT MNOMYYUTh JOCTAaTOYHO OJM3KUE pe3yiabTaThl C
pe3ysbTaTaMu 3KCIEPUMEHTOB.

Ilybnuxayus noocomosnena 6 pamxax pearuzayuu Ilpoepammol co30anus u pazeumus
HayuHo2o yenmpa muposozo yposHs «Ceepxseyky na 2020-2025 200v1 npu ¢urancosoti
noooepacke Munobpnayku Poccuu (coenawenue om «20» anpena 2022 2. Ne 075-15-2022-
309)
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The optimal control model as an approach to
synthesis of the control system of a supersonic passenger transport
Efremov A.V.}, Irgaleev I.K. !, Grishina A.Y. !, Efremov E.V.
'MAI, Moscow, Russia

Simulation of pilot actions in manual control tasks is an important part of research and
synthesis of man-machine systems. The possibility of describing the characteristics of the
pilot's actions by means of mathematical modeling [1] makes it possible to solve problems at
the stage of preliminary design of the aircraft, analysis of the results of flight tests and semi-
natural simulation.

In this paper, we propose a modification of the optimal model of pilot control actions
(OCM) [2], which is based on the assumption that a well-trained and interested operator
solves the control task assigned to him in a way that is close to optimal, taking into account
the psychophysiological limitations inherent in a person. The main idea of the OCM
modification is to move the delay link from the pilot model to the system output (to the input
signal) and simultaneously remove the predictor-controller from the model structure. It is
shown that in this case the results of mathematical modeling have a better agreement with the
results of semi-natural modeling compared to the basic version of the model [3].

Using a modified OCM approach, in the course of this study, studies were carried out
for several options for implementing the control system of a second-generation supersonic
passenger transport (SST). The paper considers the classical version of the synthesis of the
control system, based on the use of feedback and the version using the controller,
implemented on the principle of inverse dynamics. In addition, studies were performed on the
influence of input signal parameters.

The results of experimental studies and mathematical modeling have shown that the
use of a controller based on the principle of “reverse dynamics” in the OCM control system
allows improving the piloting accuracy at the SST landing stage by several times, in contrast
to the traditional one using feedback. Also, studies have shown that the modified OCM allows
you to get fairly close results with the results of experiments.

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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MATEMATHYECKOE MOJEJINPOBAHUE

MATHEMATICAL MODELING

MoaenupoBaHue XapaKTEePUCTHK 00TeKaHUS HeCylero BUHTA € 3JIIMITHYECKOM
KOPHEBO# 4acThI0 HA pe:KMMe BUCEHUS
Kyctomon C.A.%, Crenanos P.I1., Kycromon AHY MuprazoB P.M.2 Kpuikwii b.C. 2
'KHUTY-KAM um. A.H. Tymonesa, r. Kasaus, Poccus
2L[AI“I/I uM. ipod. H.E. XKykosckoro, r. )KykoBckuii, Poccus

Bnusiaue  BeIOOpa  a’poaMHAMHYECKOro  mpoduis  Ha  a’pOJMHAMUYECKHE
XapaKTepUCTUKU BUHTAa HMEET Ba)XKHOE 3HAYCHHE IpU pa3paboTKe BBICOKOCKOPOCTHBIX
BEPTOJIETOB, IIOCKOJIbKY B OIIPEIEICHHOM JAMAIAa30HE YIJIOB a3UMyTa KOPHEBAs 4acTh JIONACTH
BHHTA pab0OTaeT B YCIOBHUAX OOPAaTHOTO OOTEKAHMUS.

B nacrosmeit paboTte paccMaTprBaeTCs BIUSHHUE HIUTHIITHYECKOTO MPO(UIIsT KOPHEBOI
yacTH JIONACTHM BUHTa BEpTOJeTa Ha a’poAMHAMHUYECKHE U  a’pPOAKyCTUUYECKUE
XapaKTEepUCTUKU HECYIIEro BHMHTA, IIOJYyYEHHBIE C  MCIOJIb30BAHUEM  YHUCIEHHOI'O
monenupoBanusi (CFD). OmnpenensitoTcsi XapakTEpUCTUKH JBYX MOJENEe BUHTOB, TE€OMETPHS
KOTOPBIX MMEET OTJIWYUS B KOpHEBOW yacTu. OAMH M3 BHUHTOB MMEET KOPHEBYIO 4YacCTh,
NOCTpOeHHYI0 ¢ ucrnonb3oBanueM mpoduns NACAOO12. [Ins BTopodt Mojend BUHTA B
KOPHEBOU YacTu ucnoib3yercs npodmis DBLNS26 smmntraeckoit Gopmel.

MonenupoBaHue MPOBOAWIOCH JI OJHOM JIOMAacTH, B Mpefesiax H3MEHEHHs Yria
a3uMyTa OT 0° g0 90°. Ha BEpXHEH W HWXHEH TpaHUIax oO0JacTH MOJEIUPOBAHUS
MCIIOJIH30BAJIMCh TPAHUYHBIE YCIIOBUS TUIA «UCTOYHHUK-CTOK» [1]. M3ywatorcs ammintyaa u
BPEMEHHbIE XapaKTEPUCTUKU adPOAKYyCTUUYECKOTO U3IIyueHUs B OJMKHEM TIOJIE, MOJIyYeHHBIE
HEIOCPEJICTBEHHO U3 PE3yJbTaTOB YHMCIEHHOTO0 MojeiaupoBaHus. [lonmydyeHHbIE ¢ TOMOIIbBIO
YHCIEHHOTO MOJICIMPOBAHUS HMHTErpajbHbIe a’dpPOJUHAMHYECKHE XapaKTEPUCTUKH BHHTA
CPaBHMBAIOTCSl C JIaHHBIMM 3KCIiepuMeHTa B a3poauHamuyeckoi tpyoe KHUTVY-KAU [2],
[3].

WuTerpanbHble M pacmpelielieHHbIE XapaKTePUCTUKH BHUHTOB OMPEICIISIUCH s
yraoBeix ckopocteit Bpamienust Buata 900, 1400 u 2600 06/MuH. V3 maHHBIX IS pa3BepTKU
AKyCTHMUECKOrO CHTHala CIeAyeT, 4YTo Jig HaONmoJaTelNs, pacloIOKEHHOTO Ha MalioM
PacCTOSIHUU B MJIOCKOCTH BpallleHUsl BUHTA, aMIUIUTyJa curHaia (3HaueHue "peak to peak")
CYIIECTBEHHO 3aBHCHUT OT (POpMBI KOpPHEBOW dYacTu BUHTA. [l BUHTA C SITMOTHYECKOMN
KOPHEBOM YacCThIO TIPH BCEX 3HAYECHHSIX YAaCTOTHI BPAIICHHS BHHTA aMILUIUTYJla 3BYKOBOTO
CUTHaJa TMPOLEHTOB Ha 25 BbIIE, B CPABHEHHWU C BHUHTOM, KOpPHEBas YacTb KOTOPOIO
BbIMOJIHEHa ¢ ucnojb3oBaHueM mnpodunss NACAO012. Jlng Oonblinx 3HAYEHWH Ywucia
000pOTOB BUHTA MHTETPATIbHBIE XapaKTEPUCTUKU BUHTA (KOX(POUIIUEHTHI TATH U MOJE3HOTO
JIEUCTBUSI) MPAKTHYECKHU HE 3aBUCAT OT (hOPMBI KOHIIEBOW YaCTH JIOMIACTH.
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Modeling of flow characteristics of main rotor with elliptical root section in hover
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'KNRTU-KAI named after A.N. Tupolev, Kazan, Russia
>TsAGI named after prof. N.E. Zhukovsky, Zhukovsky, Russia

The design of high-speed helicopters impose specific requirements to the blade
geometry of the main rotor, since reverse flow region near the root section of the rotor blade
can occur at certain azimuth angles of the main rotor.

In this work, the influence of an elliptic airfoil in the root section of the blade on the
aerodynamic and aeroacoustic characteristics of a rotor in hover regime is considered using
Computational Fluid Dynamics (CFD). The characteristics of two rotor models with different
blade root geometries are compared. The first rotor has the shape of NACA0012 airfoil in the
root section of the blades. The second rotor model has the elliptic DBLN526 airfoil in the root
of the rotor blades.

The modeling was carried out for a single blade, for azimuth angles ranging from 0° to
90°. The "source-sink™ [1] type of boundary models was used at the upper and lower
boundaries of the computational domain.

The amplitude and temporal characteristics of aeroacoustic emission in near-field are
investigated using numerical modeling. The numerically obtained results of integral
aerodynamic characteristics of the rotor are compared to experimental data, obtained in T-1K
wind tunnel at KNRTU-KAI [2], [3].

The integral and distributed characteristics of the rotor were obtained for the angular
velocity of 900, 1400 and 2600 rpm. The obtained acoustic pressure distribution indicate that
the amplitude of the signal (the “peak to peak” value) depends considerably on the blade root
geometry when the observer is located in close proximity to the rotor and on the rotational
plane of the rotor. The elliptic root shape of the rotor blade leads to 25% increase of the
acoustic signal amplitude compared to the case when NACAOQ012 airfoil is used in the root of
the rotor blade. The root shape of the rotor blade has almost negligible impact on the integral
characteristics of the rotor (the thrust coefficient and the figure of merit) at high angular
speeds of the rotor.
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Metoposorus pa3aeJbHON HICHTH(PUKANMY CHJI TATH U 23POIMHAMHUYECKOr0
CONPOTHUBJICHUS 110 JAHHBIM JIETHBIX HCIIBITAHUH
Kopcyn O.H.", Tlormmasekuii B.K.!, OM M.X. *
! MAMU, r. Mocksa, Poccus
2OAY TI'ocHUUAC, r. MockBa, Poccus

PaccmarpuBaroTCs OCHOBHBIE ATAIlbl METOIOJIOTUH PA3/IENbHON MACHTU(UKALIUN CHII
TATM M CONPOTUBIEHHUS IO TIOJETHBIM JaHHBIM, HE TpeOylouel HCHoIb30BaHUS
ra3olIMHaMUYeCKOM MOJENM JABUIaTelsl M YCTAHOBKM JIONOJHUTENBHBIX JaTYUKOB.
WUnentudukanusi CUIbl TATH Ta30TypOMHHBIX JIBUTaTelIeld MO IMOJIETHBIM JTAHHBIM SIBJISETCS
aKTyaJIbHOM 3ajadell JieTHhIX ucnblTaHui [1]. TpaauunoHHO OHA pemiaercss Mpu MOMOLIU
ra3oIMHaMUYeCKOM MOJeNIM JIBUTATENs, OINpeAeNieHue mapaMeTpoB KOTOPOH SBISETCS
JIOCTaTOYHO CIIOKHBIM, U TpeOyeT MPUMEHEHHsI caMmojeToB-maboparopuii [1], Ha KOTOPBIX
YCTaHABIMBAIOTCA JBUTaTENU, OTMOJIHUTEILHO OOOpYIOBaHHBIC BHEIUTATHBIMU JaTYMKAMHU
JABJIECHUsSI U TEMIIEpaTypbl B OCHOBHBIX ceueHusX nasuratend. [loatomy mnpeanaraemblil
MOJXO0Jl, HE TpPeOYIUNA YCTAaHOBKU JIONOJHUTENIBHBIX JaTYUKOB, HE HCIHOJIB3YIOIIHMA
ra3o/IMHaMHUYECKYyI0 MOJIEb JBUTATENs, IPEICTaBISIETCA BeCbMa IpUBIIeKaTeabHbIM. OJIHAKO
0 HACTOSIIEr0 BPEMEHH OH Ha MPAKTHKE HE HCIOJIb3YeTCs, MOCKOJBKY MPUBOIUT K
UICHTU(PHUKAIIMOHHON 3aj1a4e, OTHOCAUICHCs K Kiaccy HeKoppekTHhIX 1mo A.H. Tuxonoy,
WK 110X0 00ycnoBieHHbIX [1]. 3HaueHHe W HOBU3HA MpEIJIaraéMoro MoJXoJa COCTOUT B
TOM, YTO B HEM IHPEUIOKEHbl IMyTH JJIs PELIeHHUs yKa3aHHOW HEKOPPEKTHOW 3ajauu.
CdopmupoBanbl JOMYIIEHUS, IO3BOJSIONIME PEUIUTh 3a/lady B YCIOBUAX CIy4YailHBIX
MOTPEIIHOCTeH HM3MEPEHMI, MPEIUIOKEHBI TOJETHBIE MAaHEBPHl M METOAbl 00pabOoTKH,
HCCJIEIOBAHO BIMSHUE OTKIOHEHUN OT 0a30BBbIX JOMYILEHUH, TOKa3aHa HMHBAPUAHTHOCTH IO
OTHOLIEHHIO K Macce, BBICOTE M CKOPOCTH IIOJIETa, a TakXe K  XapaKTepUCTUKaMm
MaHEBPEHHOCTH HCCIEIyeMOTo camoiieTa,. OpUrHMHAIBHOCTh NPEAJaraéMblX peLIeHUN
MOATBEPKJIEHA TATEHTOM Ha wu3o0OpereHue [2] u ampoOanueld Ha MEXKIYHAPOIHBIX
koH(pepenmsx [3].

PaboTocrmocoOHOCTh METOJ0JOTHH TMOITBEPKAACTCS NaHHBIMH MAaTeMaTHYECKOTO U
CTEH/IOBOTO MOJICIIMPOBAHHSI.
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Algorithms for selection and combination of sliding intervals for identification based on
large volumes of flight data
Korsun O.N.2, Poplavsky A.V.}, Om M.H.*
! MAI, Moscow, Russia
2 State Research Institute of Aviation Systems, Moscow, Russia

The main stages of the methodology for separate identification of thrust and drag
forces from flight data are considered, which does not require the use of a gas-dynamic model
of the engine and the installation of additional sensors. Identification of the thrust force of gas
turbine engines from flight data is an urgent task of flight testing [1]. Traditionally, it is
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solved using a gas-dynamic engine model, the determination of the parameters of which is
quite complex and requires the use of laboratory aircraft [1], on which the engines are
installed, which are equipped with additional pressure and temperature sensors in the main
sections of the engine. Therefore, the proposed approach, which does not require the
installation of additional sensors and does not use a sophisticated gas-dynamic engine model,
seems very attractive. However, up till now it is not used in practice, since it leads to an
identification problem that belongs to the class of incorrect ones according to A.N. Tikhonov,
or poorly conditioned [1]. The significance and novelty of the proposed approach lies in the
fact that it suggests way to solve this ill-posed problem. Assumptions have been formed that
allow solving the problem under conditions of random measurement errors, flight maneuvers
and processing methods have been proposed, the influence of deviations from the basic
assumptions has been studied, invariance has been shown with respect to the mass, altitude
and flight speed, as well as the maneuverability characteristics of the aircraft under study. The
originality of the proposed solutions is confirmed by a patent for an invention [2] and reports
at international conferences [3].

The efficiency of the methodology is confirmed by mathematical and bench modeling
data.
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HccnenoBanue npuMeHeHHs MeTO/Ia BUXPEBBIX PelIETOK U IMIOJIbHBIX PellIeTOK Ha
23POAMHAMMYECKOM aHAJIN3€e KPbLJa 0eCUIOTHOIO JIeTATEJLHOI0 aNnapara Ha
COJIHEYHOM IHEPrum
Usup JIoit!, Crpenen J10.!

! MAM, r. Mocksa, Poccus

B mocnenHue roapl CKauKoM pa3BUBAaIOTCS OECHMIIOTHBIE JIETAaTEeNIbHBIE amlmapaThbl
(BIIJTA) ¢ Oonbmiol BBICOTOM moyieTa u mpomosbkutenbHocThio (High-Altitude Long-
Endurance, HALE), u3 xotopsix BIIJIA ¢ aBuratenem, paboTaromemM Ha COTHEUHOW SHEPTHH,
MIPUBJIEKAIOT BCE OOJbIlIe BHUMaHWE B aBHakocMuueckou obiactu. BIIJIA Ha comnewHoi
sHeprun (BITJIACD) cuMTaeTcss NEpCHEeKTUBHOM albTepHATHBOM BO3MOXKHOW 3aMEHbI
uckycctBeHHoro cnytHuka 3emus (MC3) mis 3amad TpaHCHSIMA CUTHAJIOB T HAOMIOEHUS
3eMJIS.

Koncrpykuus BIIVIACD ornuuaeTcss OT TpPaAMLMOHHBIX JIETATEJIbHBIX annapaTroB
CBEPXJIETKOH Maccoil KOHCTPYKIMH, MaJOH >KECTKOCTBIO M OOJBIIMM YAJIUHEHHEM KpbLIa,
KOTOpbIE MOTYT TIPUBECTH K CEpbE3HBIM MpoljemMaM a’poynpyroctu (HeJuHeiHas
negopmanus Kpblia, (GpaarTep U peakiys Ha MOPHIB BETPa) M AWHAMUKH ToseTa (TepeKphITHe
4acToThl BuOparwus) [1].

Pacuer HecrannoHapHON a’pOAMHAMUKM SBISETCS OJHOM W3 Ba)KHEHWIIMX 3aaad
MOJIepHpOBaHUs adpoynpyrocti. HecMoTpst Ha TO, 4YTO Cero/iHs BBIYUCIUTEIbHAS MOIIHOCTh
KOMIIBIOTEPOB YK€ 3HAYUTEIBHO YIYYIIEHA, MOJIECPUPOBAHUAM IIOJHOM KOHCTPYKIIMM C
METOJIOM B3alMHOW BBIYUCIUTEIbHONU a’ponuHaMuku U cTpyktypbl (CFD-CSD) Bce emié
TpeOYyIOTCS OrPOMHBIE PECypchl IO XapABEpY M IO BPEMEHH, OCOOEHHO MJIs IMOTOKa ¢
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OTPBIBOM BO31yXa. B Ommkaiimem Takue mpoOiaeMbl OyayT perarbest cynepkomibiorepe [2].
[ToaTomMy Ha 3Tame 0OIIEro MPOEKTUPOBAHMSI METO/AbI MOTEHIUAIBHON TEOPHH, KaK METO
BuxpeBbIx pemeTok (Vortex Lattice Method, VLM) u metox numonbubix pemrerok (Doublet
Lattice Method, DLM) umetrot npeumMyIiecTBo Ha 3pPEKTUBHOCTH pacyeTa.

Meton mecrammonapaoro VLM (Unsteady Vortex Lattice Method, UVLM) paboraer
Ha OCHOBE pacueTa paclpeiesieHusi BUXPEBbIX KOJIEI[ Ha a’pOJAMHAMUYECKOW MOBEPXHOCTH,
MIPEUMYILIECTBOM KOTOPOTO SIBJIETCS BO3MOXXHOCTb MOJEPUPOBAHMS CIYTHOM CTPYH, UTO
MOJIE3HO pacyeTy MmoToka ¢ Oonbmioi nedopmanuerd kpbuta [3]. PacdyeT HecTtanmmoHapHOM
a’pouHaMUKU MeTo1oM DLM BBINONIHAETCS MPEANOI0ONKEHUEM TAPMOHUYECKOTO JBUKEHUS
KpBLIa, JIJIsl TOTO YTOOBI ONPEAETUTh MATPHUIIBI A3POAMHAMUYECKOTO BIUSIHUA [4].

Ha nanno# paboTe BBIOIHEHO aHATN3 aITOPUTMOB YKa3aHHBIX METOJIOB M CPAaBHEHUE
TOYHOCTH W I(P(HEKTUBHOCTH PACUETOB a’poarHaMHU4ecKux cwl juisi kpbuia BITJIACO nHa
CTAallMOHAPHOW U HECTALlMOHAPHOU PEXXUMaX.
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The influence of the process’ technological modes of manufacturing on the parameters
of the macrostructure and correction of parts from layered PCM
Chen Lei', Strelets D.Y.*
'MALI, Moscow, Russia

In recent years, high-altitude long-endurance (HALE) unmanned aerial vehicles
(UAVs) have been rapidly developing, of which solar-powered UAVs are attracting more and
more attention in the aerospace field. The solar-powered UAV is considered a promising
alternative to the possible replacement of the artificial Earth satellite (AES) for the tasks of
signal transmission and surface observation.

The design of the solar-powered UAVs differs from traditional aircraft in its ultralight
weight, low stiffness and high aspect ratio of the wing, which can lead to serious problems of
aeroelasticity (nonlinear deformation of the wing, flutter and response to wind gusts) and
flight dynamics (frequency overlap vibration) [1].

Calculation of unsteady aerodynamics is one of the most important tasks of
aeroelasticity simulation. Today, even though computing power of computers has already
improved significantly, full-size simulation by the method of coupled computational
aerodynamics and structure (CFD-CSD) still requires huge resources in terms of hardware
and time, especially for air separation flow. In the future these problems will be solved on the
supercomputer [2]. Therefore, in the stage of overall designing, potential theory methods such
as the vortex lattice method (Vortex Lattice Method, VLM) and the dipole lattice method
(Double Lattice Method, DLM) have an advantage in the calculation efficiency.

The Unsteady Vortex Lattice Method (UVLM) works on the basis of calculating the
distribution of vortex rings over the aerodynamic surface, the advantage of which is the
possibility of simulating the wake, which is useful for calculating the flow with a large wing
deformation [3]. The calculation of unsteady aerodynamics by the DLM method is performed
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by assuming the harmonic motion of the wing in order to determine the aerodynamic
influence matrices [4].

In this work analysis of the algorithms of these methods and comparison of the
accuracy and efficiency of aerodynamic forces calculations for the solar-powered UAV wing
in steady and unsteady modes have been finished.
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Peanu3zanus MeTOIUKH CBSI3AHHOT0 MO/IEJIMPOBAHUS A3POIMHAMHUKH M MIPOYHOCTH IS
onpeaeeHHs1 CKOPOCTH HACTYIJIEHUS M3TMOHO-KPYTHUJIBHOTO (JIATTEPa KOHCOJIM KPbLIa
PrivanoBa A. H.%, I'yceBa E. El, ['yHuun B.K.!

! MAMU, r. Mocksa, Poccus

@unarrep — 3TO  ABIEHUE  adpOYNPYroM  HEYCTOMYMBOCTH,  BBI3BAHHOE
OJIHOBPEMEHHBIM  BO3JCHCTBUEM  JMHAMUYECKOM  yOPYrocTM  KOHCTPYKIMU U
aspomuHamuyeckumu cuiamu [1]. CoOcTBeHHBIE YacTOTHI W (OPMBI KOJeOaHMH KOHCOJIU
KpbUJIa SBIISAIOTCA OINPEACTSIONMME  (haKTOpaMu, BIHAIOIIMMU Ha (QOpMYy H CKOPOCTb
HacTyrieHust ¢aarrepa. Kommepueckue aBuanaiiHeppl JODKHBI OBITh CHPOEKTHPOBAHBI
TakuM 00pa3oM, YTOOBI BO BCEM JKCIUIyaTallMOHHOM JUana3oHe BBICOT U CKOPOCTEH MoJieTa
obecrieunBaliach a3poyrpyras yCTOMUMBOCTh. B 1aHHON paboTe MpeAcTaBiIeHO UCCIEA0BaHIE
B3aMMOJICHCTBHUSl  Pa3JIMYHBIX TOHOB KoJeOaHUI, OJHOBPEMEHHO pealu3yeMbIX B
KOHCTPYKIUH, B CEPUHU PACUETOB HA pa3MYHbIX ynciaax Maxa. B kauecTBe Mozienu ObLI B3ST
KJaccuueckuii skcriepumentT Agard 445.6 [2]. PacdeTsl mpoBOIMIMCH C TIOMOIIBIO METOJA
KOHEUYHBIX JJIeMeHTOB [3] W MeToJa KOHTPOJbHBIX 00bemoB [4, 5]. Monens Oblna
BepUPUIIMPOBAHA C SKCIEPUMEHTOM MO COOCTBeHHBIM (popmam u yacToTam. Jlamee ObLIO
peaIN30BaHO JIBYXCBSI3HOE YHCIEHHOE MOJIEIMPOBAHUE U TIOCTPOEHBI IpapUKu 3aBUCUMOCTH
U3MEHEHUs1 TMEepPEeMEIIECHUs] CEHCOPOB OT BpPEMEHH, T. €. aMIUIUTYJIHO-4aCTOTHBIE
XapaKTepUCTHKH, U Pa3JIMYHBIX yucenl Maxa. JIByXCBS3HO€ YHUCIEHHOE MOJEIUpPOBaHUE
MO3BOJISIET AHAJIM3UPOBATH HEMOCPEICTBEHHOE B3aMMOJICHCTBHE TBEPAOro Tena W rasa. s
aHajau3a IMOJYYEHHBIX JaHHBIX  HCHONB30BaIUCh  U-kpurepuii  MaHHa-YuTHH U
KpaTKOBpeMeHHOe mpeoOpa3oBanne @Dypre. bbimum  ompeneneHbl  BBIHYXKIEHHBIE U
coOCTBeHHBIE KOJeOaHusi KOHCTPYKUMHU. CIOXKHBIE BBIHYXICHHBIE KOJeOaHusi ObuH
pazznenensl Ha ToHa. Cpeu BCceX BBIICNIEHHBIX TOHOB JAJIs aHANIKU3a ObLTHA BHIOPAHBI TOJIBKO TE,
KOTOpBIE BHOCSIT CYIIECTBEHHBIN BKJIAJ B PEXUM KoJieOaHUsI KOHCONIM Kpbuia. B pesynbrate
paboTel ObUIM OMpeneNeHbl B3aUMOJCUCTBUS MEXKIYy HECKOIBKHUMH OJIHOBPEMEHHO
PE3OHUPYIOMIMMH TOHAMH KOJI€OaHWM M M3MEHEHHE WX B3aUMOJCHCTBUIN Ha Pa3HBIX YMCIIaX
Maxa. bputo nony4yeHo 3HaueHHE KPUTUYECKOW CKOPOCTH HACTYIUICHUS (hraTTepa.
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Implementation of the methodology of coupled modeling of aerodynamics and strength
to determine the flexural-torsional flutter speed of the wing console
Rymanova A. N.}, Guseva E. E.}, Gunchin V.K.!

! MAI, Moscow, Russia

Flutter is a phenomenon of aeroelastic instability caused by the simultaneous impact of
the dynamic elasticity of the structure and aerodynamic forces [1]. Natural frequencies and
forms of the wing console oscillation are the determining factors that characterize the
reliability of the aircraft and affect the form and the flutter speed. Commercial airliners must
be designed to provide aeroelastic stability over the entire operational range of altitudes and
flight speeds. This paper presents a study of the interaction of different oscillation modes
simultaneously implemented in the design in a series of calculations on different Mach
numbers. The classical experiment Agard 445.6 was used as a model [2]. Calculations were
carried out using the finite element method [3] and the control volume method [4, 5]. The
model was verified with an experiment on its natural forms and frequencies. Then, using the
fluid structure interaction method, graphs of the movement of sensors on time were obtained,
the amplitude-frequency characteristics of the oscillations were determined at various Mach
numbers. Doubly connected numerical simulation allows to analyze the direct interaction of a
solid body and a gas. The Mann-Whitney U-test and the short- time Fourier transform were
used to analyze the data obtained. Forced and natural oscillations of the structure were
determined. Complex forced oscillations were divided into modes. Among all the selected
modes for analysis, only those that contribute a decisive value to the oscillation mode of the
wing console were selected. As a result of the work, the interactions between several
simultaneously resonating modes and the change in their interactions at different Mach
numbers were determined. The value of the critical flutter speed was obtained.
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TexHooruss TpexMepHOH MapaMeTpHU4YecKOW ONTHMH3AIMHM BHEIHHX 00BOI0OB
CBEPX3BYKOBOI0 NMACCAKHPCKOro camMoJieTa ¢ ucnoJib3oBanuem Flypoint Parametrica
Crpenen /1.1O. L JlaBpuena JI.C. 2 Craposepon H.H. 2 Hosocesnos B.H. 3
1MAI/I, r. Mocksa, Poccus
2000 «JIC-Texuonorumy, r. Caukr-IlerepGypr, Poccus
® Flypoint Software, r. Canxr-IlerepGypr, Poccns

B Hacrosimee Bpemsi TpexMepHas a’dpoJMHAMHUYECKas ONTHUMHU3alus MOJHOU
KOMIIOHOBKHM CaMoOJIETa SIBJISIETCSl KpailHEe aKTyaJbHOW, HO M BECbMa HENPOCTOW 3ajadyeil B
aBUAMOHHON oTpaciau. OIHUM U3 TJIABHBIX BOMPOCOB MpPH MOAXOJE K ONTUMH3AIUN
ABUALMOHHOM TEXHUKHU SIBIISIETCA IapaMeTpu3aliisl 3JIEMEHTOB IulaHepa. PacripocTpaHeHHbIE
Ha CETOJHSIIHWK J€Hb CHUCTEMBbl aBTOMaTtu3upoBaHHOro mpoektupoBanus (CAIIP) He
MO3BOJISIIOT CO3AaTh €IMHYI0 MOBEPXHOCTH CIIOKHBIX MOJENEH TakuM 00pa3oM, uToOBI B
peKHUME pPEealbHOTO BPEMEHH MOXKHO OBbUIO MEHSTh HUX (OpMy B UIMPOKOM JHMara3oHe
napameTpos [1].

OtcyTcTBUE BO3MOXHOCTEH 3(PGEKTUBHON MapaMeTpu3aluy 3JIEMEHTOB IIJIaHepa B
CAIIP, n MHOrosieTHUE HcCielOBaHUS B oOnacTh mpoOiieM HapaMeTpu3aluu MPUBEIH K
CO3JIaHUIO MTporpaMmHoro npoaykra Flypoint Parametrica, 6asupyroierocst Ha coOCTBEHHOM
FEOMETPUUECKOM fJIpe, KOTOpPO€ Ha (PyHIAMEHTAJIbHOM YpPOBHE OOECIIEUMBAECT IIOJHYIO
cBOOOAY TpHU BBIOOpE YIPABISEMbIX IMMApaMETPOB MOJEIH M JAeT HH)KEHEpaM IOJIHBIN
KOHTPOJIb HaJl popMoit uznenus [2].

B nannHoli pabGoTe paccMmaTpuBaeTCs METOAHMKA TPEXMEPHOH a’spoJuHaMHYeCcKOn
ONTUMM3AIMM DJIEMEHTOB IUIAaHEPAa CBEPX3BYKOBOIO IACCAXKUPCKOTO camojeTa Ha
KPEHCepCKOM pEeKUME TI0JIeTa C HCIOJb30BaHWEM MporpamMmHoro komiuiekca Flypoint
Parametrica. IlpexcraBieHHass METOJHMKAa HCKIIIOYACT IPOIECC IO0Pa0OTKH TECOMETPHH, a
MpOLECChl MOCTpoeHUs ceTku, HacTpoiiku CFD-pematens u o0paOOTKH pe3ynbTaToB
MOJIHOCTHIO ABTOMAaTU3UPOBAHBI BHYTPH LIMKJIA onTUMU3aIuH [3].

Ha nepBom sTame paboThl mpoBeneHa onTUMH3AUsS (OPMBI KpbUIa CBEPX3BYKOBOTO
naccaxupckoro camonera (CIIC) ¢ nenpio moBbimeHust KO3QQHUIUEHTa a3pOJTHAMAYECKOTO
kauecTBa K mpu ycloBHHM COXpaHEHHsI 3HAYEHUS MOABEMHOM CHJIBI KOMIIOHOBKHM HE MEHEe
UCXOAHOH. B kauecTBe  ympaBisieMbIX IapaMeTpOB  MCIOJb30BaHbl  I[OKa3aTelu,
YIIpaBJIAIOLIIE CTPEIOBUIHOCTBIO M YIUTMHEHUEM Kpbliia. B pesynbTare ontumuszanuu Gopmbl
kpputa CIIC ynmanmoch moBeicuTh 3HaueHue K Ha 4,55% mnpu coXpaHEHHMH 3aJJaHHBIX
OTpaHUYECHUM.
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3D parametric optimization technology of a supersonic passenger aircraft aerodynamic
design using Flypoint Parametrica
Strelets D.Y.}, Lavrishcheva L. 2, Staroverov N.? Novoselov V.?
'Moscow Aviation Institute (National Research University), Moscow, Russia
2 LS-Technologies, St. Petersburg, Russia
3Flypoint Software, St. Petersburg, Russia

Today, the three-dimensional aerodynamic optimization of the complete aircraft
configuration is very important, but also very challenging task in the aviation industry. One of
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the main issues in the optimization of aviation objects is the parameterization of airframe
elements. Computer-aided design systems (CAD) that are widespread today do not make it
possible to create a representation of unite surface of complex models in such a way that in
real time it is possible to change the shape of the aircraft in a wide range of parameters [1].

The lack of CAD capabilities for effective parametrization of aircraft components and
many Yyears of research in the field of geometry parameterization led to the creation of the
Flypoint Parametrica, specialized software, based on its own geometrical core, which
fundamentally gives engineers complete freedom in the control parameters choice and also
gives the complete control over the geometry shape [2].

The present article is devoted to the development of a technology for 3D aerodynamic
optimization of airframe elements of a supersonic passenger aircraft (SPA) in cruise flight
mode using the Flypoint Parametrica. The presented technology eliminates the process of
geometry refinement, and the processes of meshing, setting up the CFD solver and processing
the results are fully automated within the optimization cycle [3].

At the first stage of the work, an aerodynamic shape of the wing of the supersonic
passenger aircraft was optimized in order to increase lift-to-drag ratio (L/D) with the
constraint of the level-flight lift force of the aircraft above the provided value. The set of
parameters describing the leading-edge sweep angle and wing aspect ratio was identified for
this task. As a result of optimizing the shape of the SPS wing, it was possible to increase the
value of K by 4.55% with satisfaction of all imposed constraints.
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Pa3pa6orka nporoTuna nH(GpOPMaUMOHHON CHCTEMBI VISl AHAJIN3A Pe3yJbTATOB
MO/1eJIUPOBAHUS JUHAMHUKH MOJABHKHOIO COCTAaBAa KeJIe3HbIX 10pOr
Kynbko I/I.A.l, KutkoB IO.B.l, Axmerosa H.A.*
L®rA0yY BO «Cankrt-IlerepOyprckuii monutexuuueckuit ynusepcurer Ilerpa Benukoroy, r.
Cankr-IlerepOypr, Poccus

PaGora wuH)eHepa TeCHO CBsi3aHA C MPUMEHEHHEM pPa3UYHOTO MPOTrPAMMHOTO
obecneuenus (I1IO) mias MomenupoBaHUS U MPOEKTUPOBAHUS TEXHUUECKHUX CHUCTEM, TaKxkKe
uHXkeHep wumeer neno ¢ uHpopmanmoHHeiMu cuctemamu (MC), 3amaua KOTOPBIX
aBTOMATHU3UPOBATh 0OPAOOTKY JAHHBIX.

Lenpto paboThl: paszpabotka mnporotuna WC nmns  aHanmmza  pe3yiabTaToB
MOJIEJIMPOBAHUS TMHAMUKU TOJIBUYKHOTO COCTaBA KEJIE3HBIX JOPOT U aBTOMATHU3UPOBAHHOTO
oOMeHa wH(popManueldn MexIy QU3NIECKUMH OOBEKTAMHU M PACYETHBIMH KOMITHIOTEPHBIMH
MOJIETISIMHU.

I[Ipu mnoctpoennn mnporotuna WC HCNONB30BaIUCh M3BECTHBIE MOAXOIBI K
POEKTUPOBAHUIO apXUTEKTYyphl [1]. HoBiiecTBoM sBisieTCS TO, YTO CHCTEMa BKIJIIOYAET B
cebst OOKH, cpenu KOTOphIX Haxonsarcs 0a3wel maHHbIX (BJl), pacu€THble KOMIBIOTEpPHBIE
MoJeNu U (PU3NIECKU OOBEKT.

B B/l xpanutcs nndopmaius o GuandeckoM 00beKTe U pe3yabTaTaX MOJACTUPOBAHHUS.
PacyeTHble KOMIIBIOTEPHBIE MOJEIN — ATO MaTeMaTUYeCKHUEe MOJENU OOBEKTOB M SIBICHUH,
peanu3oBaHHble B HHXeHepHOM [1O. ®usndyeckum O0OBEKTOM SBISETCS YCTPOWCTBO,
reHepupyromiee HHHOPMAIUIO 0 KaKUX-THO0O0 SIBICHHUSIX WU Mporeccax B (U3MIECKOM MHUpE.
broku o0wpeanHsAIOTCS MHPOPMALMOHHBIMUA MOTOKAMH, peau3yeMble C MOMOIIbIO KaKoro-
100 S3bIKa TPOrpPaMMHUPOBAHUS.
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3nech Gpu3nUeCKUM OOBEKTOM BBICTYIAIOT KEJIE3HOAOPOKHBIA MyTh, YCTPOUCTBA IS
U3MEpEHUs] MapaMeTpoB NyTH (HEPOBHOCTH MYTH) U €ro MaKpOIr€OMETPHH, a TaKkKe
JKEJIC3HOJJOPOKHBIN BaroH. PacdeTHBIMU KOMIBIOTEPHBIMU MOJICIISIMH SIBIISIFOTCS  MOJICTh
JUHAMHUKMA BaroHa, peaju30BaHHass B MPOTPAMMHOM KOMIUIEKCE «YHHUBEpCAIbHbIN
MEXaHH3M», M MaTreMaTudeckas MOJellb O00pabOTKH pe3ydbTaTOB  KOMITBIOTEPHOTO
MOJIeTTMpPOBaHMs Ha si3bike Python.

B/ BxmrouaroT B cebs ABa XpaHwIuia uHGoOpManuu: persuuoHHyo PostgreSQL u
HepersiiuonHyto MongoDB  6a3bl maHHbIX. Bcsi HecTpykTypupoBaHHas WHQoOpManus o
napaMerpax NyTH, BaroHa, CPEICTB H3MEPEHHs, a TaKKe pe3yabTaTax MOJICITHPOBAHMUS,
HakaruBaeTcst B MongoDB. [lanee ¢ momolpio crienuagbHbIX JITOPUTMOB HH(pOpMAIUs
dbopMaTupyeTcsi B HEOOXOAUMYIO IS MHKEHEPOB CTPYKTYpy U nepeHocutcst B PostgreSQL,
UMeEIOIIYI0 OTKpPBITEIN APl mis obecrieuenust pacmmpenHoro gocrymna. Madgopmanus u3 bBJ]
MPUMEHSIETCS KaK UCXOJHBIE JaHHBIC IS MPOBEICHUS BBIYMCIUTENBHBIX JKCIEPUMEHTOB,
BepU(pUKALUH, BAIUJAINH PE3YJIbTaTOB U MOATOTOBKH PEKOMEHIATEIbHBIX CUCTEM.

[Mpennaraemerii mporotun MC MONHOCTBIO COOTBETCTBYET OOIIMM ITOJOXKEHUSIM
pa3paboTKu U MpUMEHEHHs HU(PPOBBIX ABOWHUKOB [2], Takke MPUMEHUMa K pealu3alud Ha
mwiatrpopme CML Bench [3].

Hakorienne wuHdopmanuy B €IUHOM XPaHWIIUIIE [O3BOJISIET MPOBOJUTH aHAIU3
JAHHBIX MEXIY pCAIbHBIMH OOBEKTaAMH H HX «TCOPETUYCCKUMEY» CICIKaMu» C
YMEHbIIIEHHBIM PUCKOM MOTEpH U cMemmurBanus faHHbIX. Takas UC OpicTpo Macmrabupyercs
B 3aBUCHMOCTH OT IICJIM M CIIO)KHOCTH 3aJlad, TOSIBJICHUS HOBBIX METOIUK pPacyeToOB H
UCXOHBIX TAaHHBIX.
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Development of a prototype information system to analyze the results of modeling the
dynamics of railroad rolling stock
Kunko I.A.%, Zhitkov Y.B.!, Akhmetova N.A.
! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

The engineer's work is closely related to the use of various software for modeling and
designing technical systems, as well as the engineer deals with information systems (IS),
whose task is to automate data processing.

Purpose of work: to develop a prototype IS to analyze the results of modeling
dynamics of railroad rolling stock and automated exchange of information between physical
objects and computational computer models.

When building the prototype of the IS, known approaches to architecture design were
used [1]. The novelty is that the system includes blocks, among which are databases (DB),
computational computer models and physical object.

The database stores information about the physical object and simulation results.
Computational computer models are mathematical models of objects and phenomena
implemented in engineering software. A physical object is a unit that generates information
about any phenomena or processes in the physical world. The blocks are combined by
information flows, implemented with the help of some programming language.

Here the physical object is a railroad track, devices for measuring track parameters
(track unevenness) and its macrogeometry, as well as a railway car. Computational computer
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models are the model of the car dynamics, implemented in the software package "Universal
Mechanism", and a mathematical model of the results of computer modeling in the Python
language.

The databases include two information stores: relational PostgreSQL database and
non-relational MongoDB database. All unstructured information about track parameters,
carriage, measuring instruments, and simulation results are accumulated in MongoDB. Then,
using special algorithms, the information is formatted into the necessary structure for
engineers and transferred to PostgreSQL, which has an open API to provide advanced access.
Information from the database is used as input data for computational experiments,
verification, validation of results and preparation of recommendation systems.

The proposed prototype is fully consistent with the general provisions of the
development and application of digital twins [2], is also applicable to the implementation on
the CML Bench platform [3].

Accumulation of the information in a uniform storage allows to carry out the analysis
of the data between real objects and their "theoretical™ casts™ with the reduced risk of data loss
and mixing. Such IS is quickly scalable depending on the purpose and complexity of the
tasks, the emergence of new calculation methods and input data.
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Hcnonb3oBanue MeT01a MOJYHATYPHOI0O MOJIeJIMPOBAHNS NIPH pa3padoTKe CUCTEMbI
KOHTPOJIA MepeKoca cCeKUnii MeXaHu3aluu KpbLia
ITomxapckas M.C.H, Tpodbumon AAL
! MAMU, r. Mocksa, Poccust

B Hacrosmiem Jokiiaje MpeACTaBICHbl pe3yNbTaThl Pa3pabOTKH  KOMILIEKca
MaTeMaTHYECKOro U MOJYHATYpHOI'O MOJIEIMPOBAHUS CUCTEMbI KOHTPOJIS MepeKoca (anee —
CKII). JlanHblif METOJ aKTUBHO HCIOJIb3YETCSl MPH IPOEKTUPOBAHWU HOBBIX U OTJaJKe
CTapbIX caMoJeTHBIX cucteM [1-3]. Pa3paGoTaHHBIf KOMIUIEKC COCTOMT U3 CTEHJA
nosyHatypHaoro moaenupoBanusi CKII u matemarnueckoit mogenu CKII. B matematnueckyto
MO/IEJIb 3aJI0KEH OJIUH U3 BO3MOKHBIX aJITOPUTMOB OOHAPYXKEHUS MEpeKoca.

Hcnons3yeMplil METOJ TO3BOJISET COKPATUTh BPEMEHHBIE U MAaTEPHAJIbHBIC 3aTpPaThl
KaK Ha JTame pa3pabOTKH, TaK M Ha 3Tale TeCTHMPOBAHUS 3a CUET BO3MOXKHOCTH OBbICTpOM
PeKOHUTYpallUK CUCTEMBI U U3MEHEHUS TapaMeTpOB MaTeMaTHuecKoi Mojenu. Bxonsimas B
KOMIUIEKC MaTeMaTH4ecKas MOJIEb MOXKET MHCIIONIb30BaTbCsl KaKk B COCTaBE CTEHAA
IIOJIYHATypPHOT'O MOJIEJIMPOBAHUA, TAK M B KAa4eCTBE CAMOCTOSTEIIBHOIO MHCTPYMEHTA IIPH
pa3paboTke u TectupoBanuu CKII.

[IpuBeneHbl pe3ynbTaThl padOThl KOMIUIEKCA IOJIYHATYPHOTO MOJEIMPOBAHUS Ha
IpUMEpPE PAcCMAaTPUBAEMOr0  aJrOpUTMa KOHTPOJISL  IEpeKoca. IJKCIEPUMEHTAIBHO
MOJTBEPKJIeHa OOJIbIIast CKOPOCTh M TOYHOCTh OMpEZeNIeHuUs TEpeKoca aJrOpUTMOM, a TaKkKe
BBICOKAsl CXOAMMOCTb MaremaTuueckod mozenun c peanbHor CKII, ycranoBineHHOW Ha
crenze. [Ipu npuMeHeHnn TaHHOTO aNrOpUTMa MEPEKOC ONpeEAeIAeTcs 10 3 rpalycoB.

Co3aHHBII KOMILJIEKC IIO3BOJISIET 3@ CYET BBICOKOM CTENEHHM aBTOMAaTU3ALUU
TECTUPOBATh AJITOPUTMBI OIPEICICHUS IEPEKOCca, MOJEINPOBATh IOBEJICHUE pEeaTbHON
CHUCTEMbI MpHU IITATHBIX W HEMITATHBIX CUTYalUsIX, MPOBOJUTH PECYpPCHBIE HCIIBITAHUSA
cymectByromeir CKII. PazpaboTraHHyl0 MareMaTH4ecKyr MOJIeIh MOXKHO TMOACTPOUTH MO
aHaJIOTUYHBIE CHUCTEMBI, pa3pabarbiBaeMble JUIsl Jpyrux camosietoB. Kpome Toro,
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MPUMCHCHUC MATCMATHYCCKOI'O MOJACIUPOBAHHA HA HAYAJIBHBIX CTAAUAX MPOCKTUPOBAHHA
MTO3BOJIUT 3HAYUTEIHHO COKPATUTh OyIyIIHe pacxobl U Bpems Ha nopadbotky CKII [4].

DKcIepuMeHTaIbHbIE PadOTHI MPOBOAWINCH B TabopaTopun MAM ¢ ncnonbp3oBaHueM
KOMIIOHECHTOB CHCTEMBI KOHTPOJIA ICPEKOCa MEXaHM3alluM KpbLia, I/ICHOJII)?)y}OII_Ieﬁ I
OIpeaeICHUs repekoca HHIYKTUBHBIE JaTYUKHA MPUOITMKECHUS. Pazpaborana
MareMaTH4deCKasa MOAC/Ib, OITMChIBaro1ias InoBCACHUC CKII. Pa3pa60TaH H IMMPOTCCTUPOBAH HaA
KOMIIJICKCC ITOJIYHATYPHOI'0O MOJACIMPOBAHUA BO3MOKHBIN AJITOPUTM OIIPCACIICHUSA ICPECKOCA.
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Using the method of Hardware-in-the-Loop Simulation in the development of the
System for Controlling the Skew of Sections of Mechanization of the Wing
Podzharskaya M.S. *, Trofimov A. A
! Moscow Aviation Institute (National Research University), Moscow, Russia

Using the method of semi-natural modeling in the development of a system for
controlling the distortion of wing mechanization

This report presents the results of the development of a complex of mathematical and
Hardware-in-the-Loop modeling of the skew control system (hereinafter referred to as SCS).
This method is actively used in the design of new and debugging of old aircraft systems [1-3].
The developed complex consists of a bench for HIL of the SCS and a mathematical model of
the SCS. One of the possible skew detection algorithms is embedded in the mathematical
model.

The method used makes it possible to reduce time and material costs both at the
development stage and at the testing stage due to the possibility of quick reconfiguration of
the system and changing the parameters of the mathematical model. The mathematical model
included in the complex can be used both as part of a HIL simulation bench, and as an
independent element in the development and testing SCS.

The results of the work of the complex of semi-natural modeling on the example of the
considered algorithm of skew control are presented. The high speed and accuracy of the skew
detection by the algorithm, as well as the high convergence of the mathematical model with
the real SCS installed on the stand, have been experimentally confirmed. When using this
algorithm, the skew is determined up to 3 degrees.
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The created complex makes it possible, due to a high degree of automation, tests the
operation algorithms of the SCS, to simulate the behavior of a real system in normal and
abnormal situations, to conduct resource tests of the existing SCS. The developed
mathematical model can be adjusted to similar systems developed for other aircraft. In
addition, the use of mathematical modeling at the initial stages of design will significantly
reduce future costs and time to finalize the SCS [4].

Experimental work was carried out in the MAI laboratory using components of wing
mechanization skew control system, which uses inductive proximity sensors to determine the
skew. A mathematical model describing the behavior of the SCS has been developed. A
possible algorithm for determining the skew has been developed and tested on a complex
Mathematical and Hardware-in-the-Loop Simulation.
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CpaBHenue 3¢ (PpeKTUBHOCTH PA3JINYHBIX METOI0B YIIPABJIeHHS CBEPX3BYKOBBIM
CaMoJIeTOM NMPHU HAJHYUH IIIyMa U HeompeaeIeHHOCTel
Jlxuman I, I'opo C. !
1MAI/I, I".'Mocksa, Poccus

CBepx3ByKOBBIE CAaMOJIETBI Ha 0o0jiee HU3KHX CKOPOCTSX JOEMOHCTPUPYIOT Oolee
HU3KHE JIETHbIE KauecTBa M3-3a OOJBIIOro yria aTaku M HU3KOTO 3amaca YCTOHYMBOCTH Ha
HIOCaIOYHBIX CKOPOCTSX [5].

YroObl KayecTBEHHO YIIyYLIMTh JIETHbIE KauecTBa CBEPX3BYKOBBIX CAMOJIETOB 0
YPOBHs 1, MBI CpaBHWIN pa3jInYHbIE METO/bI YIIPABICHUS.

JluHamu4eckass MHBEPCHUs KAueCTBEHHO yIydllaeT paboTy KOHTpoJulepa B 3a/adyax
CJIE)KEHMsI, IOBBIIIAs TOYHOCTh CIIEKEHUS W CHWXKas Harpy3sky Ha mwiora. Peanusanuys
JUHAMUYECKONH MHBEPCHM Ha OCHOBE (HUIBTPOB HE PacCMAaTPHUBAETCSs, IOCKOJBKY 3TO
ITPOMO3AKUI Tpolecc, TpeOyoomuid O4YeHb TOYHOIO 3HAHWS MOJIENH, TpeOyrouuil
IUIAHUPOBAHMS YCWJIEHWS M OCHOBaHHbBIM Ha JUHEHHON Moxenu. DTo Takke Tpelyer
JOTIOTHUTEIBHBIX (PUIBTPOB, MOCKOJIBbKY BO3YIIHOE CYJHO B IPOJOJILHOM KaHaje Mo CBOEi
IPUPOJIE HE SIBIIETCS 0OPATUMBIM.

UroObl peanu3oBaTh NPEUMYIIECTBA JAMHAMUYECKON WMHBEPCUU U TMPEOJI0JIETh
HEJOCTATKU, ABTOPBI HCIIOIL30BAIM HEIVHEMHYIO JNMHAMUYECKYI0 MHBEPCUIO C IIOMOIIBIO
JUHeapu3alud O0paTHOM CBA3M. DTO COXpaHSET NPEUMYIIECTBA WHBEPCHUH, YCTpaHsIsA
HEOO0XO/MMOCTh B IUTAHUPOBaHMM ycwieHus. Ho mis srtoro Tpebyercs monHas oOpaTHas
CBSI3b 110 COCTOSIHUIO M TOYHOE 3HAHUE MOJICIIN.
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B naHHON cratbe B OCHOBHOM MCCIEAYETCS IPUMEHEHHE 3aKOHA YIIPABIICHHUS,
pa3pabOTaHHOTO HAa OCHOBE HENHMHEHHOW muHamuueckod wHBepcuu (NDI) mocpeactBom
JMHeapu3anuu o0paTHOM CBSA3M B cOUETaHHH ¢ peryisitopom PID Bo BHemIHeM KOHTYpeE, Iis
YIIpaBJICHUSA CBEPX3BYKOBBIM CaMOJIETOM B €TI0 HauOoJiee CIIOKHOU IIOJIETHOM 3aga4ue -
nmocajke Mpru HAJIWUYHMKU HCONPCACICHHOCTH B 3HAHMU MOACIH, IIyMa I/ISMepeHI/If/'I.
Pa3zpaboTanbl, HCClIeIOBaHBI M COMTOCTABIICHBI TPU 3aKOHA YIPABIICHUS - TpaauIMOHHBIN PID-
nonxoxn, NDI, komOunarus NDI u PID.

I_HYM IIpyu U3MCPEHHUHU W HCTOYHBIC 3HAHHWA 3HAUYUTCIIBHO CHHXKAKOT 3(1)(1)CKTI/IBHOCTB
KOHTPOJIA.

YroO0nI CIIPAaBUTHECA C U3MCPUTCIIBHBIM LIYMOM, aBTOPbI IpEAiaratoT HCIIOJIB30BaTh
¢mpTpanuio Kanmana u crutaiHOBYIO alipOKCUMAIINIO ISl yCTPAHEHHS BBICOKOYACTOTHOTO
myma [1].

Ha camom pene HeEOOXOOMMOCTh HCMONB30BaHMS (QuiabTpoB Kammana ams
YMCHBIICHHUS IIyMa, a TaKXKC JJIs1 OLICHKU CUIHaJla SABJISICTCA B(b(beKTHBHOﬁ, ITOCKOJIBKY OHH
CHOCOOHBI HE TOJBKO MPOTHO3MPOBATH IMAapaMeTPbl, HO W HCHPABIATH OMIMOKKM KaK B
JaTyuKaXx, TaK 1 B caMoit MOACIIN. O,I[HI/IM N3 CaMbIX ITPOCTBIX U TOYHBIX (bHJ'IBTpOB Kanmana
SBIISIETCS CUTMATOYHbIN punsTp Kanmana

MeTO,I[ alllIpOKCUMaAIIN1 cIjIaiiHaMU HCIIOJIB3YCET MCTOA alllIpOKCUMAUU CEITMCHTaMU;
CETMEHTHI COCIUHSIOTCS JPYr C JPYroM TaKUM O0pa3oM, 4TOObI UX COCTUHEHHS OBLIN
wiaBHbIMU. Hambonee mMHMPOKO UCHONB3yeMOW KaTeropuen CrjiaifHoB mnpu 00padoTke
curHayoB siBisieTcs: B-crutaiin [3, 4]. OnHako BO MHOTHX CTaThAX MOKA3aHO MPEUMYIIECTBO
Ky6I/I‘leCKI/IX CIJIAaiHOB nepena CIUTafHAMU CTEIEHU OO0JbIIe TPEX, YTO IIPUBOJUT K olInOKaM
oLeHKH [5, 6].

ABtopbl npumeHwn QuibTp Kammana, CrutaiiHOBYIO anmpOKCHUMALMIO U (QHIBTPHI
MEPBOTO MOPSAJIKA K TEKYIIIEMY 3aKOHY YIIPaBJICHUs, YTOOBI MPEOJA0JETh IIIYM U3MEPECHHUS.

ABTOpBI mpuxomaT K BbIBOAY, 4To NDI B coueranum c PID sBnsercs nauGonee
HNOJAXOSAIIMM KOHTPOJJIEPOM € NMPAKTUYECKOW TOUKU 3PEHMS, IOCKOJIbKY OH COYETAET B cede
TOYHOCTb B 3a4ayc YIHIPaBJICHUSA U oOecrmeunBaer HaaACKHOCTb PID-KOHTpOJ'IJ'Iepa. I[J'I}I
MMPAKTUYCCKOro CHCHapus, IMO3BOJAIOMICIO CIHpPaBUTBCA C HU3SMCPUTCIBHBIM 1IIYMOM,
HeO6XO,I[I/IMO IIPpOBECTU HaHLHeﬁmee HCCIICOJOBAaHUEC MCETOda CIUIAHOB B CpaBHCHHUHU C
¢unbTpom Kanmana.
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Comparison of performance of different control methods for supersonic aircraft in
presence of noise and uncertainties
Dhiman G.*, Goro S.!
'MAI, Moscow, Russia

Supersonic aircraft at lower speeds exhibit lower flying qualities due to high angle of
attack and low stability margin at landing speeds [5].

To improve flying qualities qualitatively to level 1 for supersonic aircraft we
compared various control methods.

The dynamic inversion improves the controller performance qualitatively in tracking
tasks, increasing tracking accuracy and decreasing pilot workload. To realize dynamic
inversion based on filters is not considered, as it is a cumbersome process requires very
accurate knowledge of model, requires gain scheduling and is based on a linear model. It also
requires additional filters as the aircraft in longitudinal channel is not invertible by nature.

To realize the advantages of dynamic inversion and overcome the disadvantages the
authors used nonlinear dynamic inversion via feedback linearization. It keeps the advantages
of inversion, eliminating the need of gain scheduling. But it requires full state feedback and
accurate knowledge of the model.

This paper mainly researches the application of a control law designed based on
nonlinear dynamic inversion (NDI) via feedback linearization combined with PID control in
outer loop to control supersonic aircraft in its most challenging flight task- landing in
presence of uncertainty in knowledge of model, measurement noise. Three control laws are
designed, researched and compared- the traditional PID approach, NDI, combination of NDI
and PID.

Measurement noise and not accurate knowledge significantly hampers the control
performance.

To manage with measurement noise the authors suggest to use Kalman filtering
and spline approximation to remove high frequency noise [1]

In fact, the need to use Kalman filters to reduce noise as well as to evaluate the signal
is effective, since they are able not only to predict the parameters, but also to correct errors in
the sensors as well as in the model itself. One of the simplest and most accurate Kalman
filters is the unscented Kalman filter [2].

The splines approximation method uses the segment approximation method; the
segments are connected to each other so that their connections are smooth. The most widely
used category of splines in signal processing is B-spline [3]. However, many articles show the
advantage of cubic splines over splines of degree greater than three, which leads to evaluation
errors [3, 4].

The authors have applied Kalman filter, spline approximation, and first order filters to
the current control law, to overcome the measurement noise.

The authors conclude, NDI in combination with PID is the most feasible controller
from practical perspective, as it combines the accuracy in control task and provides the
robustness of PID controller. For practical scenario to manage with measurement noise, the
spline method needs to be researched further in comparison with Kalman filter
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INPOEKTUPOBAHHUE. KOHCTPYUPOBAHME. ITPOU3BOACTBO.
DESIGNING. CONSTRUCTION. PRODUCTION.

AKYCTHKO-BHUXPOBOIi MeXaHHU3M B0O30Y:KIeHHsI BUOPALUH 3JIeMEHTOB KOHCTPYKIIUH
KapeTKH NMPHU TPEKOBBIX HCNBITAHUAX U3/e/INil ABUAIIMOHHON TEXHUKHU
Acraxos C.A.%, buprokon B.1.*, Tumymes C.O. 1.2
'OKII «'kHUTIAC nm. JLK. Cagponosay, . benoozepckuii, Poccus

ZMAI/I, I".'Mocksa, Poccus

Tennenuueit nocnenHero BpeMeHu B Poccum u 3a pyOexoM sBiseTcs pa3paboTka
BBICOKOCKOPOCTHBIX JICTATEIbHBIX allapaToB OaJUIMCTHYECKOTO THIIA CO CKOPOCTHIO,
npesbimaronied 4 M. OnHUM U3 HaWMMEHee 3aTPaTHBIX METOJ0B, MOATBEPKIAAIOIINM
paboTocrnocoOHOCTh 1 3(PPEKTUBHOCTh MPUMEHEHHUSI HOBBIX U3/ICTIHI aBUAIMOHHON TEXHUKH,
ABJIAIOTCA TPEKOBBIE MCIBITaHUA. BBICOKOCKOPOCTHBIE IOJUIOHHBIE HCIBbITaHHA B Poccun
IPOBOASATCS Ha DSKCIIEPUMEHTAJIbHOW YyCTaHOBKE «PakeTHbI penbcoBbli Tpek 3500»,
pasmemiennoit  Ha  Tepputopun  OKIl  «'kHUITAC wumenn JLK. Cadpononay.
OKCHepUMEHTaJIbHAas yCTaHOBKAa COCTOMT U3 PEJIbCOBOrO IYyTH, pPa3MEIIEHHOIO Ha
CHeLHaTbHOM OCHOBAHUH, 00ECTIEUUBAIOLIEM HEOOXOIMMBIN BEPTUKAIBHBIN MPOQUIIL IYTH C
y4acTKaMH MOIb€Ma U CHUKEHUS, a TAK)KE JOCTaTOUHYIO JKECTKYIO CBSA3b peibca ¢ OETOHHBIM
ocHOoBaHueM. Ha penbcoBble HaNpaBisAIOUIME YCTaHABIMBACTCA MTOABM)KHAS TPEKOBAsi KapeTKa
CO CKOJB3SAUIMMHU IO peibcaM oropamMu (OamMakamMu) M JKeCTKO CBSI3aHHBIMH C HEH
pakeTHbIMH JBUrarensiMu TBepaoro TormmBa (PATT). Omnopel CKOJbXEHUS pPaKeTHOU
KapeTKH OXBaTbIBAIOT TOJOBKY penbcoB. K HocoBoil wactu PIATT npu MOHOpenbCOBBIX
UCTIBITAHUAX Yepe3 (praHLEeBbI KPOHIITEHH KOHCOIBHO MPUCOEANHACTCS 0OBEKT UCTIBITAHNUS,
UMEOIINI 00BIYHO HMIMHAPUIECKYIO (POPMY M KOHHYECKUI 00TeKaTelb.

PakerHast kapeTka MOXeT OBbITb BBINOJIHEHAa B JBYXCTYIIEHYaTOM BapHUaHTE C
YCKOPHUTEJIEM C MPOAOJIbHOM WIJIM MONEPEYHOW KOMIIOHOBKOW aBuratenei. Tsra crapTOBBIX
paKkeTHbIX JBUTaTesie oOecrieyuBaeT HEOOXOIUMOE YCKOpPEHHEe Uil JIOCTHIKEHHUs
MaKCHUMAaJbHBIX 3HAYCHHH TpeOyeMOH CKOpPOCTHM HCIBITaHUS. B  y3max KperuieHus
pa3MEIIaoTCsl 3JEMEHTHl aBTOMATHKH, NPEJHA3HAYEHHOM JUIS pa3lelIeHHus CTYIEHEH B
HY)KHBII MOMEHT. MeX1y KpPOHIUTEHWHAMM CTBIKOBKM CTYIIEHEHW YCKOpPHUTEIEH, a TakKke
y3JlaMH  KpEIUIEHUS KOHCOJBHO Ppa3MEIIEHHOro OOBEeKTa HCHbITaHUS  00pa3yroTcs
MOJIyOTKPBITBIE  TOJIOCTH, OOTEeKaeMmble CHayajla JI03BYKOBBIM, a B JajJbHeHIIeM,
CBEPX3BYKOBBIM BO3AYLIHBIM IOTOKOM.

TpekoBble BHICOKOCKOPOCTHBIE UCIIBITAHUSI OOBEKTOB CHEITEXHUKU COMPOBOKAAIOTCS
UHTEHCUBHON BUOpaLMel W ylapHBIMHM Harpy>KeHUSIMH KOHCTPYKLMHU. AHAJIN3 U BBISBICHUE
MEXaHHU3MOB, OKa3bIBAIOIIMX CYIIECTBEHHOE BIUSHUE HA BUOPALIMOHHBIN IIPOLIECC JIEMEHTOB
KOHCTPYKLIMM, HaXOASIIMXCA B YHOPYro-Ae(OPMHPOBAHHOM COCTOSIHUH, U TIOTEPIO
YCTOMUYMBOCTH YCKOPEHHOT'O JIBM)KEHMSI PAKETHOW KapeTKH SIBISAETCS HOBOM M aKTyaJbHOM,
IIPaKTUYECKH 3HAUMMOM 3a1auei.

B craThe BBINONHEH aHAIUTHYECKUN 0030p paboT mo mpoljemMe aKyCTUYECKUX U -
BUXPEBBIX B3aUMOJEMCTBUI B TOJY3aKpBITBIX MOJOCTSAX KOHCTPYKIHH, OOTEKaeMbIX
BO3/IyLIHBIM IIOTOKOM C JIO3BYKOBOM M CBEPX3BYKOBOW CKOPOCTBIO, U YCHUJICHUEM MyJbCallUi
JIaBJICHUS 1 BUOpALIUii 3IEMEHTOB KOHCTPYKIIUH BCIEACTBUE 3TOT0 (PU3NUIECKOTO MEXaHU3MA.
[IpuBeneHbl MaTeMaTHYECKHE MOJETN AaKyCTUKO-BUXPEBBIX B3aUMOJIEHCTBUN C LENbIO
OLIEHKH YacCTOT YCHJICHHs KoJeOaHHH B yCIOBUSX MPUMEHEHUS pealbHON KOHCTPYKLIMU TPU
TPEKOBBIX MCTBITAHUIX U3JEIUNA aBUAIMOHHON TEXHUKU.
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Acoustic-vortex mechanism of structural vibration excitation of carriage elements in
aircraft products track testing
Astakhov S.A. %, Biryukov V.I. *2, Timushev S.F. 2
Federal State Enterprise "State State Research and Testing Ground for Aviation Systems
named after L.K. Safronov" (FKP "GKNIPAS")
2 MAI, Moscow, Russia

The recent trend in Russia and abroad is the development of high-speed ballistic
aircraft with a velocity exceeding 4 M. Track tests are one of the least expensive methods
confirming the operability and effectiveness of the use of new aircraft products. High-speed
field tests in Russia are carried out at the Rocket Rail Track 3500 experimental facility,
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located on the territory of the “FKP GKNIPAS named after L.K. Safronov”. The
experimental setup consists of a rail track placed on a special base that provides the necessary
vertical track profile with sections of ascent and descent, as well as a sufficient rigid
connection of the rail with the concrete base. A movable track carriage is installed on the rail
guides with supports (shoes) sliding along the rails and solid propellant rocket engines
(SPRE) rigidly connected to it. The sliding bearings of the rocket carriage cover the head of
the rails. During monorail tests, the test object, which usually has a cylindrical shape and a
conical fairing, is cantilevered to the nose of the solid propellant rocket engine through a
flange bracket.

The rocket carriage can be made in a two-stage version with an accelerator with a
longitudinal or transverse engine layout. The thrust of the starting rocket engines provides the
necessary acceleration to achieve the maximum required test speed level. In the attachment
points there are elements of automation designed to separate the stages at the right time.
Between the brackets for docking the stages of the boosters, as well as the attachment points
of the cantilevered test object, semi-open cavities are formed, streamlined by subsonic, and
later by supersonic air flow.

Track high-speed tests of special equipment objects are accompanied by intense
vibration and shock loading of the structure. Analysis and identification of mechanisms that
have a significant impact on the vibration process of structural elements that are in an
elastically deformed state, and the loss of stability of the accelerated movement of a rocket
carriage is a new and relevant, practically significant task.

The article presents an analytical review of works on the problem of acoustic and -
vortex interactions in semi-closed cavities of the structure, flowed around by an air flow at
subsonic and supersonic speeds, and an increase in pressure pulsations and vibrations of
structural elements due to this physical phenomenon. Mathematical models of acoustic-vortex
interactions are presented with the aim of estimating the frequencies of vibration
amplification under the conditions of using a real structure in track testing of aircraft
products.

CeHcopHas cucTeMa onpejeseHUsi pUCKA BHIOPOca 1JieTed 0ecCTHIKOBOIo IMyTH
urna A.O.", Epemun H.B.Y, Boporuna C.FO.!, Cokomnos $1.A.}, Opemenxo T.I'.!
Lcuory,r. Kpacnospck, Poccus

B Hacrosmem — nokiage  MPEACTaBIEH — AHAIW3  pPe3ylbTaTOB  pacyeTHO-
HKCIIEPUMEHTAJIbHBIX PA0OT MO BIUSHUIO JaBICHUS (OPMOBAHMS M MHXKEKIIUU CBSI3YIOILETO
Ha ero OoObEMHOE COJIep)KaHHe B IOJIyYUEHHOM KOMIIO3UTE M TEMIIEpaTypHO-BPEMEHHOTO
peXrMa OTBEP)KJIEHHUS CIOUCTOr0 MOJIMMEPHOro KommnosuiroHHoro matepuana (IIKM) Ha
YPOBEHb OCTaTOYHBIX HAINPSDKEHUM, MPOSIBISIOUIMXCS B KOPOOJIEHWH M3TOTAaBIMBAEMBbIX
neranent n3 [TKM.

IIpuBeneHb! pe3ynbTaThl UCCIEI0BAHNUN, UIUTFOCTPUPYIOLIUE YTO:

 JIyis OLEHKHM pUCKa BbIOpOCA JKEIE3HOIOPOKHON IIIETH HEOOXOIUM KOMITJIEKCHBIH
MIOAXOJ, YYMTHIBAIOIIMK TEMIIEPATYpHOE HANpPsOHKECHUE, 3aBUCAILEE OT HM3MEHEHUsd
TEMIIEPAaTypPHBIX YCIOBHUM JKCILTyaTallUM OTHOCHUTEIBHO TAaKMX YCJIOBHHU IpPHU 3aKpEIUICHUHU
IUIETH, a Takke (aKTopbl, BIUAIOIIKME Ha (HOPMUPOBAHHE TONEPEYHOM  CHUIBL,
BBITAJIKUBAIOIIEH KEJIe3HOJAOPOKHYIO IJIETh B CTOPOHY OT IIEHTpa pajuyca KPUBU3HBI /I
IIyTH.

*TemmnieparypHoe HampsbkeHUE (GOpMUPYET MPOAOJIbHOE yCUJINE B IUIETH, BEMYMHA
KOTOPOI'0 3aBUCUT OT PA3HULbI TEMIIEPATypbl OTHOCUTEIBHO TEMIIEpATyphl 3aKpEIICHUs, a
TaK)Ke OT BA3KOCTH LIe0EHOUHOT0 0ajuiacTa B HalpaBjIeHUH BJIOJIb MTYTH.

« IIpogonbHoe ycmiue B miaetd (popMupyeT MonepeuHyro CHIy B MecCTax JIOKAIbHOM
KpuUBOJMHENHOCTH. [lomepednass cwiia 3aBUCUT BEIMYMHBI ITPOJOJIBHOTO YCWIMS, pa3Mepa
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CTpEeJbl JIOKAJbHOM KpPUBU3HBI, COOTHOIIEHUS pa3Mepa CTpenbl M JUIMHBI JIOKAJIBHON
KPUBOJIMHEHHOCTH, OOITCH KPUBU3HBI IICTH.

* JICUCTBUIO TIONEPEYHOM CHJIBI OKA3bIBA€T COIPOTUBICHHE CWJIA pPEaKLUU
mebeHoYHOro Oaulacta B HAlpaBlIEHUM, IONEpeK HampaBieHU0 IyTu. Peakuus
me0eHOYHOro Oayutacta 3aBUCUT OT MOAYJIS YIPYTOCTH MIEOEHOYHOTO Oaiiacta U CKOpOCTH
W3MEHEHHUS NIONEPEYHOMN CHUIIBI.

* Peanu3zanusi KOHTPOJS COCTOSIHUS JKEJIE3HOJOPOXKHOW IUIETH TPEOYyeT CO3AaHMs
aBTOMATU3UPOBAHHOW CUCTEMBI, KOTOpasi B IOCTOSSHHOM WJIM IIEPUOAUYECKOM PEKUME MOKET
ONpEAEATh IONEPEYHYI0 CHIIy U CHIIY peakuuu OajjacTa Ha OCHOBE IIOJIy4aeMbIX C
JaTYUKOB JAaHHBIX B peXHUMEe pealbHOro BpemeHu. Cucrema J0/DKHa oOecreyuBaTh
TpeOOBaHUS HA/JEKHOCTU, TOYHOCTM HM3MEPEHMs] U pacueTa, J0JDKHA ObITh 3allMIleHa OT
BHEIIHUX BO3IECHCTBUH.

B pamkax wuccienoBaHuil pa3paboTaH aJropuTM pabOThl CEHCOPHOW CHCTEMBI U
MaTeMaTH4eCKas MOJEIIb.

Sensor system for determining the risk of track distortion in the continuous welded rail
Shigin A.%, Eremin N.*, Voronina S.*, Sokolov Y.*, Oreshenko T.
'Reshetnev Siberian State University of Science and Technology, Krasnoyarsk, Russia

This report presents an analysis of the results of computational and experimental work
on the use of a strain-sensitive nanocomposite polymer material (PCM) as a sensor that allows
measuring rail deformations in order to determine the stress state. The measured voltage
serves as clarifying information for the mathematical model for determining the risk of the
pre-failure state of the rail line.

The results of studies illustrating that:

* To assess the risk of railway lash ejection, an integrated approach is needed, taking
into account the temperature stress depending on changes in operating temperature conditions
relative to such conditions when fixing the lash, as well as factors affecting the formation of a
transverse force pushing the railway lash away from the center of the radius of curvature of
the railway track.

*The temperature stress forms a longitudinal force in the whip, the magnitude of which
depends on the temperature difference relative to the fixing temperature, as well as on the
viscosity of the crushed stone ballast in the direction along the path.

».The longitudinal force in the whip forms a transverse force in places of local
curvature. The transverse force depends on the magnitude of the longitudinal force, the size of
the arrow of local curvature, the ratio of the size of the arrow and the length of the local
curvature, the total curvature of the whip.

* The action of the transverse force is resisted by the reaction force of the crushed
stone ballast in the direction, across the direction of the path. The reaction of the crushed
stone ballast depends on the elastic modulus of the crushed stone ballast and the rate of
change of the transverse force.

» The implementation of monitoring the condition of the railway whip requires the
creation of an automated system that, in a constant or periodic mode, can determine the
transverse force and the reaction force of the ballast based on data received from sensors in
real time. The system must meet the requirements of reliability, accuracy of measurement and
calculation, must be protected from external influences.

As part of the research, an algorithm for the operation of the sensor system and a
mathematical model have been developed.
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CoBepllieHCTBOBAaHUE METOAUKHU ONpe/iesieHHsI PACYEeTHOI0 pecypca
NOJAIIMITHUKA
Boakos A.B.l, Kutkos IO.B.l, Menexun U.C.1

! Cankr-IlerepOyprekuii nonurexuuueckuii yausepcuret llerpa Benukoro, Poccus

MeTtoauku OnpefeNneHus PacueTHOro pecypca MOAIIUIHMKA B TOCYAapCTBEHHBIX
ctanaaptax [1,2] y4UTBIBAIOT TEOMETPUUYECKHE U Macca-MHEPLUUOHHBIE XapaKTEPUCTHKHU
KOHEYHOT'O M3JENUs M BKIIOYAIOT B ce0s KOd(PPHUIMEHTHI, MOIy4YCHHBIE SMIUPUYECKUMU
METOJIJaMH, 3a CUET KOTOPbIX MpPU MOJCIUPOBAHMM YYUTHIBAETCS BO3JCWCTBHE BHEIIHUX
dakTopoB Ha wusnenue. B pabore mpenacraBieH MOAXOM, MO3BOJSIOMIMN YYUTHIBATH
BO3/ICIICTBIE BHEMIHUX (PAKTOPOB, MPUCYIIUX KOHKPETHOMY H3JIEIMIO B YCJIOBHSIX €ro
OKCIUTyaTallii, TakuM 00Opa3oM, TOYHEE ONpEACNATh PACUYETHBIA pecypc MOALIMITHUKA WU
TOYHEe MOAOUpPATh MOAIIUIHUKU, YTO B KOHEYHOM HTOTE€ IMOBBIIIACT KA4€CTBO H3JEIHS B
cOope U CHUXKAET €ro CTOUMOCTb.

CormacHo [2] MoauUIIMPOBaHHBIA  pacUYETHBIH  pecypc  MOAIMMIHNKA  Ligo,
ompezaensercs mo Gopmyie:

10

3
Liso =88, 7 D(‘p 10° (%j !

)
rae Py - muHamuveckas SKBHBAJICHTHAs paaualibHas Harpy3ka, KOTOpas ONpeaessieTcs
coryacHo [1]:

P=(X-F-K,+Y-F)-K K,

B npencrasnennom nonaxonae panuanbHast (Fr) u oceBas (Fy) Harpy3ku Ha MOAIIMITHUK
OTPENIETISUTUCH C UCIOJIb30BAHUEM MMHTAIIMOHHON MOJENN JIOKOMOTHBA C YYETOM TSIKEJIOTO
pexxuMa paboThl, pacrpeneneHus 10jeil BpeMeHrn paboThl TEIJIOBO3a Ha MPSIMBIX U KPUBBIX
y4acTKax, a TakKe Ha CTPEJIOYHBIX NIEPEBOJIax, MPHU JIBIXKEHUH BIiepes U Ha3al. HepoBHocTH
NyTd 3aJaBaiuch B TabmuuyHou (opme [3]. i kaxmoil penbcoBOil HUTH TPUHUMAIHCH
OT/ENbHbIE HAa0OpHl HEPOBHOCTEH. JIBMXKEHHE JIOKOMOTHMBA pPAaCCMaTpPUBAIIOCH [JIsi €ro
HOMHMHANIBHOM 3arpy3ku 25 Tc/ock. PaccmarpuBanoch [ABa CMa304HBIX MaTepuana,
PEKOMEHI0BaHHBIN TTPOU3BOAUTENIEM MOIIMITHUKOB U CTAaHAAPTHHIN - OYKCOJI.

[IpoBeneno 6omnee 1500 pacdyeTHBIX cliydaeB M MOJYYEHBI paclpeielieHUus OCEBOU U
paluaIbHON HArpy30K Ha MOJIIIMITHUKH. J/laiee mpoBOIMIICS pacyeT 3KBUBAJECHTHBIX OCEBOMU
U paJualbHON HArpy3ok, mo gopmyse [1], aganTupoBaHHOM AJs yyeTa OOJBIIEr0 KOINYecTBa
(aKkTOpOB, YUYTEHHBIX B MOJICIH TUHAMUKU:

T3 b Qi L) Y P ,

2 m
F=l 2 |2 )

3

j 10 vV 10
a=1 b=1 =l 9KB

HoBu3Ha mpeioskeHHOTO MOAX0/1a 3aKJII0YaeTCsl B UCMOJIB30BAHUN IKBUBAJICHTHBIX
Harpy3oK, MHOJYYEHHBIX B pe3yjbTaTeé MPOBEAECHUS MHOTOBAPHAHTBHIX PACUYETOB MOJEIU
JUHAMHUK{, BMECTO pACUETHBIX Harpy3oK, COINIacHO [2], 4YTO MO3BOJUT Oojee TOYHO
ONpeNeNiATh PACUYETHBIH pecypc MNOAIMIHUKOB OYKCOBBIX M OIOPHO-OCEBBIX Y3JIOB

JJOKOMOTHBOB.
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Improving the methodology for determining the estimated bearing life
Volkov A.V.}, Zhitkov Y.B.}, Melehin 1.S.*
! peter the Great St. Petersburg Polytechnic University, Russia

Methods for determining the estimated bearing life in the state standards [1,2] take
into account the geometric and mass-inertial characteristics of the final product and include
factors obtained by empirical methods, due to which the simulation takes into account the
impact of external factors on the product. The work presents an approach that allows taking
into account the impact of external factors specific to a particular product in its operating
conditions, so that it is more accurate to determine the estimated bearing life and to select
bearings more accurately, which ultimately improves the quality of the product in the
assembly and reduces its cost. According to [2] the modified estimated life of a bearing Liso, IS

determined by the formula:
10
3
Liso = ai 'aiso T Dcp 103 [&] !
P

r

P is the dynamic equivalent radial load, which is determined according to [1]:

P =(X-F-K,+Y-F)K, Ky,

In the presented approach, the radial load (Fr) and axial load (Fa) on the bearing were
determined using a simulation model of the locomotive, taking into account the heavy mode
of operation, the distribution of shares of the locomotive operation time on straight and
curved sections, as well as on switches, when moving forward and backward. Track
irregularities were specified in tabular form [3]. Separate sets of irregularities were taken for
each line of railroad track. The motion of the locomotive was considered for its nominal load
of 25 tf/axis. Two lubricants were considered, the one recommended by the bearing
manufacturer and the standard one, Buxol.

More than 1500 calculation cases were performed and the distributions of axial and
radial loads on the bearings were obtained. Further, the calculation of equivalent axial and
radial loads was carried out according to the formula [1], adapted to take into account more
factors considered in the dynamics model:

2 m i 10 V(i by %
1 1>1 ol L RN VY P

a=1 b=1 =l OKB

The novelty of the proposed approach is the use of equivalent loads obtained as a result of
multivariant calculations of the dynamics model, instead of calculated loads, according to [2],
which will allow to determine more accurately the calculated service life of axlebox and axle-
bearing units of locomotives.
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YmncjieHHBI MeTOI MPOEKTUPOBAHNS TPEHAKEPHOI0 KOMILJIEKCA /1JIs1 00y4YeHUs
BOJUTeJIell ABTOTPAHCIIOPTHBIX CPEACTB
Pr10ax H.A.,l XypTaceHko A.B.,l CkuroBa B.M.,l Bonomkua A.A.}
! benropockuii rocynapcTBeHHbIM TeXHOJIOoTHUYeckuii ynupepcutet um. B.I'. IllyxoBa, T.
benropon, Poccus.

B cratne MNPUBCACHLI PE3YJIbTAThl YHUCJIICHHOI'O MOJACIIMPOBAHUA U IMPOCKTHPOBAHUS
TPEHAKEPHOTO KOMIUIEKCca sl OOy4deHHs BOAMUTENECH aBTOTPAHCHOPTHBIX CPEJCTB,
pa3paboTKa KOTOPOTro SIBIISIETCSA aKTyaJIbHOW 3ajadeil B Hacrosiiee Bpems [1,2,3]. B cocras
TPEHAKEPHOTO  KOMIUIEKCa  BXOAMT  IIECTUCTENEHHass  AMHAMHueckas  ruaTdopma
NOJIBUKHOCTH U UHTEIPUPOBAHHASA CHCTEMa BUPTYyalbHbIX 3D Mojenell peallbHON MECTHOCTH
C HCIOJb30BaHUEM MPOrpaMMHO-ammapaTHoro komiiekca «Mapmpyr». Ha ocHoBe
NOCTPOCHHON  MaTeMaTH4ecKO  MoJenu  JAMHAMHYECKOW  IuIaTopMbl  BBIOJHEHA
ONTUMM3AIMS TEOMETPHUYECKHX IapaMeTpPOB C Y4YETOM MHUHUMHU3ALUU DPa3MEpPOB U
orpaHu4yeHuii Ha TpeOyemoe pabodyee TMPOCTPAHCTBO M OCOObIE  TOJOXKECHHS,
MPOAHAIM3UPOBAHBl pa3iMuHble KOH(UTrypanuu miaaTdopmbel. ONTUMHU3AIUS BBINOJIHEHA C
UCTIONIb30BaHuEM d3BpucTHyeckoro anroputma PSO (Particle Swarm Optimization). B
COOTBETCTBUU C MOJTYYCHHBIMU T€OMETPUUYECKUMHU MapaMeTpaMU PACMOJIOKEHUS U JATUHAMHU
3BEHbEB pa3paboTaHa IWHAMHYECKas MOZENb IUIaThopMbl W ee IH(POBOH JBOWHHK B
nporpammaoM Komiiekce MSC Adams (Automated Dynamic Analysis of Mechanical
Systems). [TonyuenHbIit 1M(ppPOBOK ABOMHHUK 00JIa1a€T CBOMCTBAMU MOJHON MIEHTUYHOCTH C
peabHBIM MPOTOTUIOM. [[1s1 TeCTUpOBaHUS MOJENU UCIOIb30BaHBI HAOOPHI TPAECKTOPUIA C
napaMeTpaMu, OTPAKAIOIIUMHU IKCIUTyaTallHOHHBIC BO3MOXKHOCTH TuIaTGopmbl. BriOpaHHEBIE
TPACKTOPUHU OTPAXKAIOT KHUHEMAaTHYECKHE BO3MOXKHOCTH IUIaTGOPMBI ISl  peaau3aluu
PAa3JIMYHBIX BAPHUAHTOB HepeMemeHHﬁ YCTaHaBJIMBACMOI'O O6”I)€KTa. HpI/I OTOM YYUTBIBAIOTCA
clly4au HaumOoJiee HArpyKEHHOT'O COCTOSIHUSI UCCIIEIYyEeMBIX 3JEMEHTOB KOHCTpyKiuu. Ha
OCHOBE PE3YJIbTaTOB MMHTAIMOHHOTO MOJCITUPOBAHUSA W YCIOBHU YHU(DHKAINH, BBHIIOTHEH
1o100p MPUBOOB U KapJAaHHBIX IAPHUPOB.

Hzrorosien MNPOTOTUIT TPCHAXKCPHOI'0O KOMIIJICKCA MW MPOBCACHLI HCIbITAHWA.
Kommuiekc ocHamieH cucreMoil BUpTyanbHbIX 3D Mozeneil pealbHOl MECTHOCTH C
WCIIOJIb30BAaHUEM IPOrPaMMHO-AIIIAPAaTHOTO KoMIulekca <« Mapmpyr». i ucnbITaHUS
TpeHakepa ObLIIM BBIOpAHBI HECKOJBKO Tpac € PAa3IUYHBIM YKJIOHOM HOBEpXHOCTH. IlynbT
orepaTopa MO3BOJIIET MPOU3BOJIUTH 3aMYCK IMHAMHYECKOM IIaT@OpMbl, 3aJaBaTh KapTy
MECTHOCTH, YCTaHaBJIMBaTh BUPTYaJbHBbIH aBTOMOOWIb BOJIUTENS B 3a/laHHYI0 TOUYKY Ha
KapTe, a TaKXKe OTCIEKUBATH HAPYLICHUS IPU MPOXOXKIACHUM ydacTKa. B COOTBETCTBHHU C
HaKJIOHOM BUPTYaJIbHON MOJEIM ObUIM MPOBEAEHBI CPAaBHEHHS M3MEHEHHs KpeHa U TaHTraxka
I[I/IHaMI/I‘IGCKOI\/'I HJ'IaT(l)OpMI)I. SKCHGPHMGHTHJIBHLIG HCCIICOOBaHUA IIPOTOTUIIA ITO3BOJIMIIA
OLIEHUTH €r0 BO3MOXKHOCTH U XapaKTEPUCTUKU, CKOPPEKTHUPOBATH AIITOPUTMBI YIIPaBJIECHUS.
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Numerical Method of Designing an Automotive Driving Simulator for Training Drivers
of Motor Vehicles
Rybak L., Hurtasenko A.*, Skitova V. !, Voloshkin A. .
Belgorod State Technological University V.G. Shukhov, Belgorod, Russia

The paper presents the results of numerical simulation and design of an automotive
driving simulator for training drivers of motor vehicles, the development of which is an actual
task at the present time [1,2,3]. The training complex includes a 6-DOF dynamic mobility
platform and an integrated system of virtual 3D models of real terrain using the software and
hardware system "Route". On the basis of the constructed mathematical model of the dynamic
platform, the optimization of geometric parameters was performed, taking into account the
minimization of dimensions and restrictions on the required workspace and singularities,
various configurations of the platform were analyzed. Optimization was performed using the
PSO (Particle Swarm Optimization) heuristic algorithm. In accordance with the obtained
geometric parameters of the location and link lengths, a dynamic model of the platform and
its digital twin have been developed in the MSC Adams software package (Automated
Dynamic Analysis of Mechanical Systems). The resulting digital twin has the properties of
complete identity with the real prototype. To test the model, sets of trajectories with
parameters reflecting the operational capabilities of the platform were used. The selected
trajectories reflect the kinematic capabilities of the platform for implementing various options
for moving the installed object. At the same time, the cases of the most loaded state of the
studied structural elements are taken into account. Based on the results of simulation
modeling and unification conditions, the selection of drives and cardan joints was performed.

A prototype of the automotive driving simulator was made and tests were carried out.
The complex is equipped with a system of virtual 3D models of real terrain using the software
and hardware system "Route". Several tracks with different surface slopes were selected for
testing the simulator. The operator's console allows to launch a dynamic platform, set a terrain
map, install a virtual driver's car at a given point on the map, as well as track violations during
the passage of the site. In accordance with the tilt of the virtual model, the roll and pitch
changes of the dynamic platform were compared. Experimental investigations of the
prototype allowed to evaluate its capabilities and characteristics, adjust control algorithms.
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OnpenesieHne ONTUMAIBHON CHI0BOI cXeMbl KOHCTPYKIIUM KPbLIA CBEPX3BYKOBOTO
MACCAKUPCKOr0 CaM0J1eTa BTOPOro MOKOJICHUS
Iupokos M.B.}, Crpenen JI.FO.!
! MAM, r. Mocksa, Poccus

B nmocnenHee BpemMs aKTUBHO BEAYTCS MONBITKM CO3[JaHUSl  CBEPX3BYKOBBIX
naccaXupckux camonietroB Broporo mokojienuss (CIIC-2). Ha paHHHX CcTagusix
IIPOEKTUPOBAHUSI ABUALIMOHHOM TEXHUKHU B YCIOBMSIX HEOMPEJEIEHHOCTH, KOT1a OTCYTCTBYET
MOJTHAsI ¥ 3a4acTyr0 HeoOxoammasi nHpopmaius 00 00beKTe MPOSKTUPOBAHUS, HEOOXOIMMO
pelaTe MHOYKECTBO B3aMMOCBSA3aHHBIX 3a7ad. Tak, HA paHHUX CTaAUAX INPOEKTUPOBAHUS
HEOOXOIUMO pemiarh 3a7adyy CHHTE€3a KOHCTPYKTMBHO-CHJIOBOM CXEMbI arperaroB
ABUALMOHHON TEXHUKHU.
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CunoBas cxema koHCTpykIuH (CCK) yuyuThIBaeT KOJIMYECTBO, TUI, PACIIOIOKEHUE B
MIPOCTPAHCTBE M CIOCOO coemuHEHHS CUIIOBBIX 3J1eMeHTOB. CCK 3HaYMTENhbHO BIUSET HA
Maccy UM JKECTKOCTh KOHCTPYKLIMHM W JIOJDKHAa  YYHTBHIBaTh  (DYHKIMOHAIIbHBIE,
TEXHOJIOTUYECKHE, KOHCTPYKTUBHBIC U IIP. XapaKTepUCTUKU. Ha ceronHAmHui 1eHp, B3aMeH
IBPUCTHUECKUM  METO/AaM,  pa3paboTaHO  MHOXKECTBO  MaTeMaTHYeCKHMX  MOJIENEH,
NO3BOJIAIOIIMX IPHUMEHATH METOABl HEJIMHEHHOM ONTUMHU3AaLUU JUIsl  ONpEAEICHUS
palMoHaIbHOW CHJIOBOM cxeMbl KOHCTpykuuu. IIpomecc mnpoexktupoBanuss CCK ¢
IPUMEHEHHEM MOJEJIEH KOHEYHBIX DJJIEMEHTOB IOJIY4YWJ Ha3BaHUE CTPYKTYpHOU
(Tomonoruyeckoii) ontumusanmu [1, 2, 3].

B  nanHoil pabore mpennaraercs  METOJMKA  ONpPENENICHHS  ONTHUMAaJIbHOMN
KOHCTPYKTUBHO-CUJIOBOM cxeMbl Hecymed mnosepxHoctu CIIC-2. Pemenue 3amaum
TOINOJIOTUYECKON ONTHUMM3alUU 3aKJIIOYAaeTCsl B OIPEIEICHUM 3aKOHA pPaclpencicHus
IUIOTHOCTH B KOHTUHYQJIBHOM MOJIENIH, OTPAaHMYCHHON reoMeTpUYecKuMHu (popMamu oObeKTa
npoekTupoBaHus. Ilpu 3ToM Macca KOHCTPYKIMHM [JOJDKHA ObITh MMHHUMAJIBHOM U
YIIOBJIETBOPATh TPEOOBAHUSAM MPOYHOCTH. [TOTEHIMATBbHO KOHTHMHYAIbHAsh MOJAETh MOXKET
CoJIepKaTh BCE BO3MOXKHBIE KOHCTPYKTUBHO-CHIIOBBIE CXeMbl. MeTonnka ocHoBaHa Ha SIMP-
mozemu  (Solid Isotropic  Material with  Penalization), kortopas noapa3symeBaer
IIPONOPLMOHAJIBHBIM 3aKOH 3aBUCUMOCTU MOXYJIA YHPYTOoCTH OT IuloTHoctu [3, 4, 5]. B
paboTe TMpeACTaBI€H UWCICHHBI IpUMEp TOIMOJOIMYECKONM ONTUMHU3alUH  KpbuUla
npeanoaaraemoro CIIC-2.

[Ipenmnonaraercs, 4ro JaHHas METOAMKA TOMOJOIMYECKOM ONTUMHU3aUuu Oyner
OPUMEHATCA B QITOPUTME  MHOTOJMCUMIUIMHADHOW  ONTHUMHU3alUMU  KOMIIOHOBKH
CBEPX3BYKOBOI'O IACCA)KUPCKOI'0 CaMOJIETa BTOPOTO IOKOJIECHHUSI.
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Determination of the optimal the structural arrangement for the wing of a supersonic
passenger aircraft of the second generation
Shirokov M.V.%, Strelets D.Y.*
'MAI, Moscow, Russia

Recently, attempts have been actively made to create second-generation supersonic
passenger aircraft (SPA-2). In the early stages of designing aviation equipment in conditions
of uncertainty, when there is no complete and often necessary information about the design
object, it is necessary to solve many interrelated tasks. So, at the early stages of design, it is
necessary to solve the problem of designing a structural layout of aviation equipment units.

The structural layout takes into account the number, type, location in space and the
method of connecting the elements. Structural layout significantly affects the mass and
rigidity of the structure and must take into account functional, technological, design, and other
characteristics. To date, instead of heuristic methods, a lot of mathematical models have been
developed that make it possible to apply nonlinear optimization methods to determine a
rational structural layout. The process of designing structural arrangement using finite
element models is called structural (topological) optimization [1, 2,3].

This paper proposes a method for finding the optimal structural-power scheme of the
SPA-2 carrier surface. The solution of the problem of topological optimization is to determine
the law of density distribution in a continuum model, limited by the geometric shapes of the
design object. In this case, the mass of the structure must be minimal and meet the strength
requirements. A potentially continual model can contain all possible structural arrangements.
The methodology is based on the SIMP model (Solid Isotropic Material with Penalization),
which implies a proportional law of the dependence of the elastic modulus on density [4, 5,
6]. The paper presents a numerical example of topological optimization of the proposed SPA-
2 wing.

It is assumed that this topological optimization technique will be used in the algorithm
for multidisciplinary optimization of the layout of the second generation supersonic passenger
aircraft.
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Teopernueckasi MoJeJIb METOAMKH NMPOEKTUPOBAHUSA Y3J10B HABECKH IACCH C YYETOM
YTOYHEHHOI0 pacuéra npllzl NMPOEeKTUPOBAHUM C{)E?.HLIX 00J1TOB
Tutos E.W.7, CepeOpsinckuii C.A.
! MAMU, r. Mocksa, Poccus

B HacTosmeM Jokiaze IMpeicTaBlieHa  TEOpEeTHYecKass MOJENb  METOJUKHU
IPOEKTUPOBAHUSI KOHCTPYKIMHU LIacCH. B 4acTHOCTH, BaKHBIM OTIMYMEM HOBOM METOAMKH
OT COBPEMEHHBIX SIBJISIETCS YTOUHEHHAs METOAMKA IPOEKTUPOBAHMSI Y3JI0B HAaBECKH IIACCH Ha
IUIaHep.

KoHcTpykuuss  y3710B  HaBeCKM IACCM Ha IUIaHep B OoJblIed  CTENeHU
pernamentupyercss nynkrom HIJII'25.721, rae roBopuTcs O HEAONYIICHUH TMOBPEXKICHUS
TOIUTMBHOM CHUCTEMBI camoji€Ta ipu rpy0oit mocanke [ 1, 2]. TunmoBas KOHCTPYKIUS OCHOBHBIX
onop maccu (OOII) npeanonaraeT HaBECKy IIACCH HAa KECCOH KpbLia, B KOTOPOM HAXOJUTCA
ToruuBo [3, 4A0p].

JUia HepomyleHus Iepefadd OINAacCHOIO HarpyKeHHMsI Ha KECCOH Kpblla TUIIOBas
KOHCTPYKLUS IIaCCH MPEAINOJIAraeTcsi IPOEKTUPOBAHUS CPE3HBIX O0JITOB, KOTOPBIE HA3bIBAIOT
cnabeiMu 3BeHbsiMU OOILLl, B omnpenenéunbpix mectax. JlaHHble ciiaOble 3BEHBS JOJKHBI
OTBEYATh CJIEAYIOUIMM TPEOOBAHUAM:

* [lepenaua pacu€rapix Harpy3ok ¢ koHCTpykuuu OOIl Ha mmanep 0e3 pa3pylieHus.
Pacuérnbie Harpy3ku onucansl B HI1125.473;

* Jlepenauya UMKIMYECKUX SKCIUIyaTallMOHHBIX Harpy3ok 0e€3 paspylieHus 1o
OKOHYaHHUs MpearnoiaraeMoro Imukia pabotel. TpeboBanus k koHcTpykuuu OOUI npu
JEHCTBUM LIMKJINYECKUX Harpy3ok onucansl B HIII'25.571;

* Pa3pymenue cnalbix 3BeHbeB U Oe3omacHoe oraeneHue koHcTpykuuu OOILl 6e3
MOBPEXKJICHUS KECCOHA KpbUIa MpPH TPEBBIIICHUH pPACUYETHBIX HArpy3ok. TpeOoBanus K
koHcTpykuuu OOILLl nox aeiictBueM cBepXpacu€THbIX Harpy3ok onucanbl B HII125.721.

[Ipu npoexktupoBanuu KoHCTpykuuu OOILLl u cnaObix 3BEHbEB B HAaCTHOCTU BCE
BBILLIETIEPEUUCIIEHHbIE TPEOOBAHUS JOJDKHBI HE TOJIBKO BBIIOJIHATHCS, HO U OBbITh JI0Ka3aHbI B
XO0Jle JKCIIEPHMEHTa WJIM B XOJI€ NPOBENEHHUS pacuyéra C HCIOIb30BaHUEM (UZNIECKU
o00HOM MaTeMaTHYEeCKON Moienu [5, 6].
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Theoretical model of the methodology for designing landing gears brackets, taking into
account the refined calculation in the design of weak links.
Titov E.I.Y, Serebryansky S.A.
'MAI, Moscow, Russia

This report presents a theoretical model of the landing gears design methodology. In
particular, an important difference between the new methodology and modern ones is the
refined methodology for designing landing gear brackets on the airframe.

The design of the landing gear brackets to the airframe is largely regulated by
paragraph NLG25.721, which refers to the prevention of damage to the fuel system of the
aircraft during an emergency landing [1]. The typical design of the main landing gear (MLG)
involves hanging the landing gear on the wing box, which contains the fuel [2, 3].

To prevent the transfer of dangerous loading to the wing box, the typical MLG design
assumes the design of shear bolts, which are called the weak links of the MLG, in certain
places. These weak links must meet the following requirements:

* Transfer of design loads from the MLG structure to the airframe without destruction.
Design loads are described in NLG25.473,;

* Transfer of cyclic operating loads without destruction until the end of the intended
cycle of operation. Requirements for the design of the MLG under the action of cyclic loads
are described in NLG25.571;

* Destruction of weak links and safe separation of the MLG structure without damage
to the wing box when the calculated loads are exceeded. The requirements for the design of
the MLG under the action of over-design loads are described in NLG25.721.

While designing the design of the MLG and weak links in particular, all of the above
requirements must not only be met, but also be proven during the experiment or during the
calculation using a physically similar mathematical model [4].
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AJITOPUTM ONTUMM3AINHM KOHCTPYKTHUBHBIX IAPAMETPOB JIETKOT0 TPAHCIIOPTHOT O
caMoJieTa Ha Taie NpeIBapuTeIbHOI0 MPoeKTa
Xau T. A.*
1MAI/I, r. Mocksa, Poccus

B nanHoil paboTe npoBezeHa ONTUMHU3ALMS KOHCTPYKTHBHBIX IApaMETpPOB JIETKOI'O
TpaHCHOpTHOTO camoJjera. TpeboBaHus K caMoJIeTy BKJIIOYAIOT BO3MOXXHOCTH OBICTPOTO
HaOopa BBICOTBI M CHMXKEHHUS 10 KPYTBIM TIJIMCCAlaM, a TaKK€ COBEPLICHHS HECKOJIbKHX
IIPOMEXYTOUHBIX IMOCaJ0K Oe€3 Jo3ampaBku TomuBoM. lIpennonaraercs skcrulyarauus Ha
BIIII knacca /I — 1000 x 28 m u Ha BIIII knacc E — 500 x 21 m, 1 Ha rpyHTOBBIX a3poJipoMax
C TMpPOYHOCTBHIO TpyHTa Oonee 7 Krc/cM2. Pe3ynbTaThl NpeaBapUTENBHBIX PacyeToOB
IIOKa3bIBAIOT 110 MHOTOKPUTEPHAIBHOMY TE€HETHMYECKOMY aJIrOpUTMY, 4YTO Ui B3i€Ta
MIPOCKTUPYEMOT'0 caMmoJjieTa ¢ MakcuMaabHO# Harpy3kon 2300 kr (B3netHas macca < 8000 kr)
MOHAA00SATCS B3JIETHO-TIOCAI0OUHbBIE MOJochkl iuuHOM 1000 MerpoB. Ilpu 3TOM ¢ MeEHbIIEH
Harpy3Koi caMoJIeT MOXHO OyZeT 3KCIUTyaTHpOBaTh C TPYHTOBBIX a’pOJPOMOB C IMOJIOCAMHU
Menee 800 MeTpoB.

B nepBoMm mnpuOnmkeHMM BEIUMYMHA B3JIETHOW MAacchl camoJjieTa OIpeNeisieTcs ¢
UCIOJIb30BAaHUEM  CTAaTHCTUYECKHUX JIaHHBIX. Bo BTOpOM NpUOIMKEHUM BETUYMHBI
OTHOCHUTEJIBHOM MacChl KOHCTPYKIIMH, CHJIOBOM YCTAaHOBKH, OOOPYIOBaHUS M CHCTEM
YIPaBJICHHUS, & TAK)KE TOIUIMBA ONPEACIUINCH 10 popMmynam u3 kuuru [1, 2].

B »TOM WHccienoBaHMM HUCHOJIB30BAICS MHOTOKPUTEPUAIBHBIN IE€HETHUYECKUN
QITOPUTM, MO3BOJIAIOLINNA HAUTH KOMIIPOMHUCC MEXIY KOHKypUpyromuMu nensmu |3, 4]. Ha
KOKIOW WTEpaldyd HEIOMUHUPYEMBIE PEIIEHUS B COBOKYNHOCTH IUIAHOB HA3HAYAIOTCS U
dopmupyror MHOXecTBO Ilapero sToro mokonenus. MuoxectBo Ilapero, momydeHHoe U3
KOHEYHOU TMOITYJISALUH, TPEACTaBIIeT cO00i MHOKECTBO ONTHUMAJIBHBIX pelIeHui 3anauu. 13
IOKOJICHUS B ITOKOJICHUE F'€HETUUECKUI aJITOPUTM BEJIET HacelleHUE K JIYULIUM pelieHusm. B
KOHIIE KOHIOB, KAuyeCTBO IOMYJISALIMM IEpecTaeT YayyllaTbCcs, M PeE3yIbTHUPYIOLIEe
MHOecTBO [lapeTo cofepKuT onTuManbHbie perieHus [5].

B namHOM WuCCieOBaHMM JIETKMM MHOTOLEJIEBOM CaMoOJIET ONTUMU3UPYETCS
OJIHOBPEMEHHO U [0 MMHHUMAJIbHOW B3JI€THOM Macce, M1 0 MMUHUMAJIbHOMY KO3(ppHULHEHTY
TOIIMBHON 3¢ ¢dexkTuBHOCTH. C KakIpIM MOKOJIEHUEM NepeaHss yacTh [lapeTo npoasuraercs
B CTOPOHY MEHbIIEH B3JIE€THOH Macchl M 0Oojee HU3KOro Kod(pQHIMEHTa TOITUBHON
sp¢pexktuBHOCTH. B KoOHIE KOHLOB, ¢poHT IlapeTro Oomblne He mporpeccupyer Hu
YCTAQHaBJIMBACTCSI ONTUMAJIBHBIH KOMIIPOMHUCC MEXKAY B3JIETHOM Maccoil U Ko3(h(duIreHTom
TOIUINBHOM 3(pPEKTUBHOCTH.

OmnpeneneHbl OCHOBHBIE OCOOEHHOCTH MPOEKTHPOBAHUS JIETKUX TPAHCIIOPTHBIX
CaMOJIETOB HAa JTale NpPeIBapUTEIbHOTO MPOEKTUPOBaHMS JJig OJKCIUlyaTalluhd B
TPYAHOJOCTYIIHBIX PErMOHAX:

NPUHITHE BaXHEHUILEro pelieHus pu MPOEKTUPOBAHUM JIETKUX TPAHCIOPTHBIX CaMOJIETOB O
IPOJOHKEHUH paboT MO MPOEKTY MO3BOJIAET MOJIYYUTh PE3YJIbTaThl 3Tana MpeIBapuTEeIbHOTO
npubIIMKeHus pa3paboTaHHOTO METO/A ONpe/IeNIeHUs B3JIETHOM MacChl CaMoJIeTa;

B KaueCTBE KpUTEPHsI ONTUMAIbHOCTH MPUHUMAETCS MUHUMAJIbHBINA B3JIETHBIN BEC CaMoJIeTa.
Ee BenuuMHa AOCTUTaeTcs MyTeM W3Y4YEHHS BIUSHUS €r0 F€OMETPHUUYECKHX MapaMeTpoB Ha
a’pOIMHAMUYECKHUE, DJHEPTETUUECKHE U MACCOBBIE XapAaKTEPUCTUKH U TaPAMETPBI;
MOJIyY€HHBIE  PE3YyJIbTaThl  YAOBIETBOPAIOTCS K  OCHOBHBIM  TaKTUKO-TEXHUYECKUM
TpeOOBaHUSAM JIETKOTO TPAHCIOPTHOIO caMoJieTa IS SKCIUTyaTallkd B TPYAHOMOCTYIHBIX
pervoHax.
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Algorithm for optimizing the design parameters of a light transport aircraft at the stage
of preliminary design
Han T.A.1
'MAI, Moscow, Russia

In this paper, the optimization of design parameters of light transport aircraft has been
carried out. Requirements for the aircraft include the ability to quickly climb and descend
steep glide paths, as well as to make several intermediate landings without refueling. It is
supposed to operate on D-class runways - 1000 x 28 m and on E-class runways - 500 x 21 m,
and on unpaved airfields with soil strength of more than 7 kgf / cm?® The results of
preliminary calculations show, using a multicriteria genetic algorithm, that the designed
aircraft with a maximum load of 2300 kg (takeoff weight < 8000 kg), runways 1000 meters
long will be needed. At the same time, with a lower load, the aircraft can be operated from
unpaved airfields with runways of less than 800 meters.

As a first approximation, the aircraft takeoff mass is determined using statistical datas.
In the second approximation, the values of the relative mass of the structure, power plant,
equipment and control systems, as well as fuel were determined by the formulas from the
book [1, 2].

This study used a multicriteria genetic algorithm to find a compromise between
competing goals [3]. At each iteration, the non-dominated decisions in the set of plans are
assigned and form that generation's Pareto set. The Pareto set obtained from the finite
population is the set of optimal solutions to the problem. From generation to generation, the
genetic algorithm leads the population to better solutions. Eventually, the quality of the
population stops improving, and the resulting Pareto set contains optimal solutions [4].

In this study, a light multipurpose aircraft is simultaneously optimized for both the
minimum takeoff weight and the minimum fuel efficiency ratio. With each generation, the
front end of the Pareto is moving towards lower takeoff weight and lower fuel efficiency
coefficient. Eventually, the Pareto front no longer progresses and an optimal compromise
between takeoff weight and fuel efficiency coefficient is established.

The main design parameters of light transport aircraft at the stage of preliminary

design for operation in remote regions are determined:
The adoption of the most important decision in the design of light transport aircraft on the
continuation of work on the project allows to obtain the results at the preliminary
approximation stage of the developed method for determining the take-off weight of the
aircraft;
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The criterion for optimality is chosen as the minimum takeoff weight of the aircraft. Its value
is achieved by studying the influence of its geometric parameters on the aerodynamic,
energetic, mass characteristics;

The obtained results meet the basic tactical and technical requirements of a light transport
aircraft for operation in remote regions.
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CepBuc cCHHTE3a ¥ aHAJHM3A NPOTrPaMM 3aNPABKU U BHIPAOOTKH TOIJIMBA CKOPOCTHBIX
CaMOJIETOB
3eHKUH B.H.l, MensHUKOB C.B.Z, Maxcumenko M.C. 2,
Crpenen I[.IO.Z, CepebpsiHCKU C.A2
'0AO «OAK» OKB «Cyxoro», r. MockBa, Poccus
2MAI/I, r. Mocksa, Poccus

B cBsi3u ¢ HanMuMeM HECKOJIbKUX BHYTPEHHUX CTallUOHAPHBIX, BO3MOXHO U BPEMEHHO
pa3MemaemMbIX IOABECHBIX W/WIM BKJIAJHBIX TOIUIMBHBIX OakoOB, B XOJI€ BBITOJHEHHS
noNETHOrO 3aJaHus JerarenbHbIM ammapatoM (JIA) Bo3HuKaeT 3ajgada  ymnpaBICHHS
IpoleccaMl €ro 3amlpaBKH, IEpeKayky, BBHIPAOOTKM U aBapuUHHOrO CJIMBAa TOIUIMBA.
Pacnpenenenne obmiero oo6béMa TomnuBa 1o Oakam (W/wiu rpynmnaMm OakoB) B KaKIIbIi
MOMEHT BPEMEHM OIIPEIEIsIETCs IPOrpaMMOH, YIIPaBIIAIOIIEH ATUMHU npouieccamu [ 1, 2].

s mo6oit koHpurypanuu ToruHo# cucteMsl (TC), Kak Ui MUIOTUPYEMOTO0, TaK
u g OecniminoTHOro JIA, JAOMKHBI BBIUMCISATHCS MAacCOBO-MHEPLIMOHHBIE XapaKTEPUCTHKU
(MUX) u uentpoBounsie qanusie (LJ1) [3, 4]. [Ipu 3TOM, UTOrOBOE MOJIOKEHUE LIEHTPa Macc
(IM) nomxHO HaxoIuTCs B MpeAenax 3aJaHHbIX OrPAHUYEHUM KOOPAMHAT MpPEAeTbHO
nepeAHed W TpeAeTbHO 3aJHEeW  LEHTPOBOK, OOECNeUYMBAIOIIUX YCTOHYMBOCTD U
yrnpaBisieMocTh JIA ¢ yuéToMm TOJIOKEHHUs MAacCh (BBIMYIIEHO WU YOpaHO), CTOSHOYHOTO
yria, yrjoB TaHraka M KpeHa B IIpoliecce MOoJETa.

VYnpaBieHue peanu3yercs C MOMOIIBIO MPOTPaMMHOIO oOecredeHus: OOpTOBBIMU
CUCTEMAaMHM WJIM CHIEUAIbHBIMU 3JIEKTPOHHBIMU OJIOKaMU aBTOMaThyeckoro yrpasienus TC.
VYnpaieHne KoH(QUIypalueil OCYIIECTBISETCS MO CUTHAJIAM MPUXOIAINIMX OT JaTYMKOB
cuctembl. JlaTuuku (pa3IU4HOIO TUIIA JIEHCTBUS) MOKA3bIBAIOT OCTATOK TOIUIMBA B KaXJIOM
TOIJIMBHOM Oake, U 00eCHneunBalOT HaAEKHOCTh (PYHKLIMOHHPOBAHUS MarucTpalu IMOoJauyu
TOILJIMBA K JIBUTATEIISAM [5, 6].

B nanHoli paboTe omucaHbl pe3ynbTaThl NPUMEHEHUs cepBuca «CHHTE3a M aHaIu3a
MPOrpaMM 3arpaBKH, BBIPAOOTKHU, MEPEKAUKH U CIIMBA TOIUIMBAY, SBIISIOLIErOCs MPUKIaIHBIM
MoayiaeM B cocraBe Tmpoekta «lludpoBas mmaTdopma BeCOBOro MPOSKTHPOBAHHUS
nerarenbHbix ammapatoB» (LI BIT JIA), nns pemenus 3agad (opMUpOBaHUS MOpSAAKa
3arpaBKy WM BeIpaOoTkH [7, 8]. B paMkax Moy BHEAPEHBI MOJIEPHU3UPOBAHHBIE U HOBBIE
anropuTMel KOHTpois IIJ], 4TOo mMO3BONMIO NEPEUTH OT AUCKPETHOIO TPEICTABICHUS
LIEHTPOBKH B BUJIE€ HA0Opa W3JIOMJICHHBIX OTPE3KOB, K INIQJAKUM PEIICHHUSIM C yIJIaMU B TOUKaxX
MEPEKIIIOUEHUS YIPaBISIIOIIMX IporpamM. [IpuMeHeHne Takoro moaxo/1a mo3BoJiser:
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- n30eraTh HeBEepHOI'O MPECTABICHUS O TUHAMUKE N3MEHEHHSI LIEHTPOBKH B IPOLIECCe
MU3MEHEHHUs Macchl C BIXOAOM mnonoxeHus [IM JIA 3a ycTaHOBICHHBIE JKCIITyaTalluOHHBIE
OTrpaHUYEHUS;

- YMEHBIIUTh BBIYMCIUTENIBHBIE 3aTPAThI IPH PEIIEHUH 3a]1a4 COBMECTHON BBIPAOOTKHU
U3 TOIUTMBHBIX OAKOB, HE SBJISIFOIIMXCS COOOUIAIOIIMMUCS COCYIaMHU;

- YMEHBIIUTh BBIUUCIUTENbHBIC 3aTPaThl MPH PEUIEHUU 3aJaud  pa3MeLICHUs
TOIUIMBHBIX JAaTYMKOB U OINpEAENEHUS TOYEK IiepenuBa s OakoB, SIBIISIFOIIMXCS
COOOLIAIOIMMHUCS COCYIaMHU.

Pe3ynbrathl uccienoBanuii, nony4aeMble ¢ NOMoOLIbI0 cepBuca «CHUHTE3a U aHAIU3a
IporpaMM 3allpaBKH, BbIPAOOTKH, MEPEKAYKU M CIMBA TOIUIMBA» OyIyT SBIATbCS OCHOBOM
JUIsL aHaju3a MOBEAEHUS LIEHTPOBKHM JIA IpH paziuyHbIX BapuaHTaxX LIEIEBOW 3arpy3ku, B
IpoIiecce BBIMOJIHEHUS MOJIETHOrO 3a/JaHus U NPU MU3MEHEHUM Macchl MM nojoxeHus LM
LIEJIEBOM 3arpy3KH NEPEMEHHON MacChl B IIOJIETE.

LIT BIT JIA mno3Bosser B e€aIuHOM HWH(MOPMAIMOHHOM IPOCTPAHCTBE IepeaBaTh
JJaHHBIE B aBTOMAaTHYECKOM pPEXKHUME B NpuKiIanHou cepBuc «Anaimmsa MUX wu L] npu
pasIMYHbIX BapuaHTax 3arpy3ku JIA» 11 GopMHpPOBaHUS 3JIEKTPOHHOM HKCILTyaTallMOHHOM
JIOKYMEHTaI1H.
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Service of synthesis and analysis of refueling and fuel use programs for high-
speed aircrafts
Zenkin V.N.:, Melnikov S.V.?, Maksimenko M.S.?,
Strelets D.Y.?, Serebryansky S.A.2
10JSC "UAC" Sukhoi Design Bureau, Moscow, Russia
2MAI, Moscow, Russia

Due to the presence of several internal, possibly also temporarily placed drop fuel
tanks, during the flight mission of an aircraft (LA) the task of controlling the processes of its
refueling, transfer, use and emergency dumping of fuel arises. The distribution of the total
fuel volume among tanks (and/or tank groups) at each moment of time is determined by the
program controlling these processes [1, 2].

For any configuration of the fuel system (FS), both for manned and unmanned aircraft,
mass-inertial characteristics (MICS) and balanced data (BD) must be calculated [3, 4]. In this
case, the final center-of-gravity (CG) position should be within the specified limits of the
coordinates of extreme aft and extreme forward CG positions, providing stability and
controllability of the aircraft, taking into account the position of the landing gear (extended or
retracted), parking angle, pitch and roll angles during flight.

The control is realized with the help of software by on-board systems or special
electronic units of automatic control of FS. Configuration control is realized by signals
coming from sensors of the system. Sensors (of different types of action) show the remaining
fuel in each fuel tank, and ensure the reliability of the fuel supply line to the engines [5, 6].

This paper describes the results of application of the service "Synthesis and analysis of
fuel refueling, transfer, use and dumping programs”, which is an application module within
the project "Digital Platform for Aircraft Weight Design” (DP AWD), to solve the problems
of forming the fuel management schedule or filling program [7, 8]. Within the framework of
the module, modernized and new algorithms of BD control were introduced, which allowed to
move from discrete representation of CG position in the form of a set of polylines, to smooth
solutions with angles at the switching points of control programs. Using this approach allows
us to:

- avoid misconception about the dynamics of BD in the process of mass change with
the aircraft CG position exceeding the established operational limits;

- reduce computational costs when solving problems of joint fuel use from fuel tanks
that are not connected vessels;

- reduce computational costs when solving the problem of placement of fuel sensors
and determination of overflow points for tanks that are connected vessels.

The research results obtained with the help of the service "Synthesis and analysis of
fuel refueling, transfer, use and dumping programs™ will be the basis for the analysis of the
aircraft BD at different variants of the target load, in the process of flight task execution and
when changing the mass or CG position of the target load of variable mass in flight.

DP AWD allows to transfer data in a unified information space in automatic mode to
the application service "Analysis of MICS and DB at different variants of aircraft loading™ for
formation of electronic operational documentation.
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CepBuc pacyera TApUPOBKH TOIJIMBHBIX 0AKOB CKOPOCTHBIX CaM0JIETOB
Menbhukos C.B.}, Maxcumernko M.C. Kynemos AAL
1MAI/I, r. Mocksa, Poccus

ToruuBHas cuctema JnetarenbHbIX —anmapatoB  (JIA) npeaHasHayeHus s
pa3merieHuss U OecriepeOOMHON ToJauM TOTUIMBA B JIBUTATENW CWJIOBOWM ycTaHOBKU JIA BO
BCEM JMamna3oHe BBICOT M CKOpPOCTEW mosiera. Macca TOIUIMBA COCTAaBJISAET 3HAYUTEIIBHYIO
oo B obmieit macce JIA, mpu 3ToM SBISISICH MEPEMEHHOW XapaKTEpUCTHKOW B Ipoliecce
nonéra. B cBsA3u ¢ 3TUM, pacuy€éT MacCOBO-MHEPUMOHHBIX xapakrepuctuk (MUX) u
HEHTPOoBOUHbIX JaHHBIX (LIJ]) momkeH BecTHch Ui J1I000r0 BapHaHTa 3alpaBKU TOILIMBOM,
HaxOJAIIMMCS B TOINIMBHBIX €MKOCTSX.

B pamkax mpoekrta «l{udpoBas mmarhopma BECOBOTO MPOSKTUPOBAHHUS JIETATEIbHBIX
anmaparoB» (LIII BII JIA) pa3zpaboran ¥ BHEAPEH B NPOMBINUIEHHOCTh MPOTPAMMHBIN
Monyib «Pacuér MUX wu IIJ] TommumBa» KOTOpBIM MpeaHa3HAYeH JIg IOCIONHOTO
IIPEICTABIICHM], PAacU€Ta LICHTPOBOYHBIX JAHHBIX, TAPUPOBOUHBIX U MaCCOBO-UHEPLUOHHBIX
XapaKTepUCTHK TOILJIMBA, PACHOJIOKEHHOTO Ha OOPTY C yYETOM HBOJIIOLMM, BBHIMOIHAEMBIX
JIA B ipouiecce nonéra [1].

B nanHoil paboTe B OCHOBE aHa/IM3a MacCOBO-MHEPLIMOHHBIX XapaKTEPUCTUK TOILJIMBA
JeXKaT pacyeTHblE METOJAbI TE€OMETpUM Macc. l'eoMeTpust TOIUIMBA, HAXOIALIETOCS B
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TOTIJIMBHBIX 0aKax, OrpaHUYMBAETCS (POPMAMU TOTUTUBHBIX OAKOB U 3BOJIOLMUAMHU MOJOKCHUS
JIA B monere, TOYHEE yrilaMu TaHTa)ka M KpeHa. B CBSA3M ¢ 3THM, OCHOBHAs CJIOKHOCTh
pacueroB MHMX TomnmBa JIOKHTCA HAa IPOrPaMMBl  IIOCTPOCHUS  TapUPOBOYHBIX
XapaKTepUCTHK 0AKOB B 3aBUCUMOCTH OT YPOBHS TOILIMBA B Oake, yriia TaHraxa U yria KpeHa
[2].

B cepBuce pacuyera TapupOBOUHBIX XapaKTEPUCTUK TOIUIMBHBIX OaKOB pean3yercs
NOJIX0/A K CO3JaHMI0 B 0a3e JaHHBIX CEpBHCAa T€OMETPUU TOIUIUBHBIX 0OaKOB, TOTOBOTO
00BEMHOr0 MpejacTaBieHUs (OpMbI TOIUIMBHBIX OakoB B BuAe Habopa rpaHeil
IIPOCTPAHCTBEHHOI'O MHOI'OTpaHHMKA. Takas 3arpy3ka OCYIIECTBISETCS U3 BHEUIHUX CHUCTEM
r€OMETPUUYECKOT0 MOJICITUPOBAHMS Cpe/icTBaMK rpaduyeckoro nurepdeiica [3, 4].

3amada TapUPOBKH CBOJIUTCS K PACUETy TAPUPOBOUYHBIX XAPAKTEPUCTUK KaK (PYHKIIUH
TPEX NEPEeMEHHBIX, JBE U3 KOTOPBIX: YroJ TaHra)ka M Yrojl KpeHa - XapaKTepu3yloT
IPOCTPAHCTBEHHOE MOJI0KEHNE TOIUIMBHOTO 0aKa WM rpynIbl 0akoB. TpeThs ONMMCHIBAET THIT
JIrOpUTMA pacuéra.

Pacuer TapupoBOYHBIX XapaKTEPUCTUK BEIETCS IO TPUAHTYJIALMOHHOW MOJEIN
TOIJIMBHBIX OakoB. IIpm 3TOM Bech 00BEM TOIUIMBA pa30MBaeTCs Ha TOHKHE CIIOU
NapajuleJbHBIMU TOPU30HTAJIBHBIMU IIJIOCKOCTSMU, M PaCCUUTHIBAIOTCS XapaKTEPUCTUKHU
cioeB. TOYHOCTH pacyeToB OINpenensercs TOJNIIMHOM cioeB pa3Ouenus. TonmmHa cros
OIpEAEIATCS B MIJIUMETPax WM B KUjlorpaMmax [5].

JlaHHBIE, pacCUMTHIBAEMbIE C MOMOILBIO MOAYIS, B JaJibHEHIIEM MPUMEHSIOTCS IpU
MOCTPOCHUHU JUHAMHYECKHU MOJOOHBIX Mozelel B npukiaanoM moayne «Pacuér MUX u 111
IYCTOr0 CHapsHKEHHOT0» M (OPMHUPOBAHMM MPOrpamMM 3alpaBKd, BbBIPAOOTKH, CIMBA U
NepeKauyky TOIUIMBAa B MPUKIAAHOM Moayiae «CHHTE3 M aHajlu3 MporpaMM 3alpaBKH,
BBIPA0OTKH, TEepeKaykd M CIuBa TOIUIMBa», Bxomsmiem B coctaB LIIT BII JIA. Monynb
«Pacuér MUX u LJ] TorumBa» Takke MO3BOJIAET MPOU3BECTH YTOUHEHUE MACCHI IIYCTOTO U
Macchl MOCTOSHHOrO cHapsbkeHus JIA, myTéMm ompeneneHusl CIMBacMbIX M HECIMBAEMbIX
OCTaTKOB HEBHIPAOATHIBAEMOT'O TOTUIHBA.
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Service of calculation of fuel tank calibration for high-speed airplanes
Melnikov S.V.}, Maksimenko M.S.}, Kuleshov A.A*
'MAI, Moscow, Russia

The fuel system of aircrafts is designed for placement and uninterrupted supply of fuel
to the engines of the aircraft in the whole range of flight altitudes and speeds. Fuel weight is a
significant part of the total mass of the aircraft, while being a variable characteristic during
flight. In this connection, the calculation of mass-inertial characteristics (MICS) and balance
data (BD) should be carried out for any variant of fuel range.

Within the framework of the project "Digital platform of aircrafts weight design" (DP
AWD) the software module "Calculation of MICS and BD of fuel” has been developed and
implemented in the industry, which is designed for layer-by-layer representation, calculation
of balance data, calibration and mass-inertial characteristics of the fuel located on board,
taking into account the change of angles of aircraft orientation during flight [1].

In this work, the analysis of the mass-inertial characteristics of the propellant is based
on computational methods of mass geometry. The geometry of the fuel in the fuel tanks is
limited by the shapes of the fuel tanks and the change of angles of aircraft orientation in
flight, more precisely by the pitch and roll angles. In this connection, the main complexity of
fuel MICS calculations falls on the programs for building tank calibration characteristics
depending on the fuel level in the tank, pitch and roll angles [2].

In the service of calculation of fuel tank calibration characteristics, the approach to
creation in the database of the fuel tank geometry service, a ready volumetric representation
of the fuel tank shape in the form of a set of faces of a spatial polyhedron is realized. Such
loading is performed from external geometric modeling systems by means of a graphical
interface [3, 4].

The task of calibration is reduced to the calculation of calibration characteristics as a
function of three variables, two of which: pitch angle and roll angle characterize the spatial
position of a fuel tank or a group of tanks. The third describes the type of calculation
algorithm.

Calculation of calibration characteristics is performed using the triangulation model of
fuel tanks. In this case, the entire fuel volume is divided into thin layers by parallel horizontal
planes, and the characteristics of the layers are calculated. The accuracy of the calculations is
determined by the thickness of the partitioning layers. The layer thickness is defined in
millimeters or in kilograms [5].

The data calculated with the help of the module are further used in the construction of
dynamic scale models in the application module "Calculation of MICS and BD of operational
empty" and the formation of programs for fueling, generation, draining and transfer of fuel in
the application module "Synthesis and analysis of programs for fueling, generation, pumping
and draining of fuel”, which is part of the SWC. The module "Calculation of MICS and BD of
fuel™ also allows to specify the weight of empty and weight of permanent equipment of the
aircraft, by determining the drained and non-drained unusable fuel.
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IMoaxoa k BeCOBOMY pacueTy MYCTOr0 U CHAPSXKEHHOT0 CAMOJIETA MPH PA3JIUYHBIX
BApPUAHTAX 3arpy3KHu
MenbHUKOB C.B.l, MakcHUMEHKO M.C.l, CkoGesnes C.1.%
lMAI/I, r. Mocksa, Poccus

ObecnieueHne IEHTPOBKU JIETATEJIBHOTO amnmapara IpU 3aJaHHOW KOMMEpYECKOU
3arpy3ke HampsIMyl0 OTHOCHUTCS K 3agade oOecrmeueHus Oe3omacHocTH monéra. Jlns eé
YCIICIIHOTO PEHICHUs HEOOXOAUMO 00J1aaTh CBEIECHUSMH O IEHTPOBKE ITYCTOTO H3IEIIHS,
CHApSDKEHUU, YCTAaHOBIIEHHOM Ha W3JIEJHHM, 3arace U MOpsAKe BbIPAOOTKHU TOIUIMBA, Macce
1eeBoit 3arpys3ku [1].

B pamkax mpoekta «lludpoBas miaargopma BECOBOro MpOEKTUPOBAHUS JIETATEIbHBIX
armmaparo» (L{I[T BIT JIA) pa3pabotan u BHEOPEH B IMPOMBINUICHHOCTh IMPOTPAMMHBIN
mMonynb «AHanuz MUX u LJ] npu pasnuunbix BapuaHTax 3arpy3ku JIA», KOTOpBIN criocoOeH
pemaTth 3amady LEeHTpoBKHM JIA ¢ yd4€ToM yHHMKaTbHBIX OCOOCHHOCTEH KOHKPETHOTO
MIPOU3BEIEHHOTO U3/IEIHSI.

B npouecce BbimonHeHUs MONETHOrO 3agaHus JIA  NPOMCXOOUT  HBOJIFOLUSA
XapaKTEPUCTUK MEPEMEHHBIX MacC, YTO NPUBOAUT K HM3MEHEHUIO LIEHTPOBOYHBIX JAHHBIX
(IL1) u MmaccoBo-uHepUHOHHBIX XapakTepuctuk (MUX).

Moayas LIT BII JIA cmocobeH B aBTOHOMHOM pEXUME MOJy4aTb JaHHbIE OT
MPUKIAIHBIX CcepBHCOB IaTdopmbl, Takux Kak «Pacuér MUX wu I[J] mycroro wu
cHapspokéHHOro JIA» u «CHHTE3 M aHamu3 MPOrpaMM 3ampaBKH, BHIPAOOTKU, MEPEKAuKH H
ciuBa TOIUMBa» [2, 3]. DTO MO3BOJIIET HE TOJBKO pElIaTh 3aJaud 1Mo 00eCleueHHUo
LEHTPOBKH JJIs1 KOHKPETHOTO MOJIETHOTO 3aJlaHusl, HO U (hOPMUPOBATH PEECTPHI TOIMYCTUMBIX
3arpy30K MpH HIPOEKTUPOBaHUM JIA COBMECTHO € NOTCHIMAIBHBIMU JKCILTyaTaHTAMMU
uznenus [4].

B nanHoil pa®oTe omucaH cepBUC KaKk OCHOBHOE CPEJCTBO IMOCTPOECHMSI OTYETOB,
CIIPaBOK U APYTHUX IOKYMEHTOB, CBSI3AHHBIX C aHAJIM30M PA3JIMYHBIX BAPUAHTOB JOITYCTUMBIX
MOJIETHBIX 33/1aHUH, TIOCTPOCHUEM O0JIACTH JOMYCTHUMBIX LIEHTPOBOK MPU Pa3HBIX BapHaHTaxX
CHapsKEHUS U MOJIE3HOU Harpy3KH.

Jliisa mocTpoeHus 00JacTu JOMYCTUMOM IIEHTPOBKHU MpPU 3aJJaHHOM MOJIETHOM 3aJaHUM
no ocu abciucc Ha rpadukax OTKJIaabIBaeTCs LeHTpoBKa JIA, KoTopas ompenensiercss Kak
nojoxkeHue 1eHtpa macc JIA Ha cpemHell a’poAMHAMHYECKOW XOpJ€ B MPOILIEHTaX OT €€
quHbl. [lo ocu opauHaT oTkiIaabiBaeTcs Tekymas macca JIA ¢ yueToM Macchl CHapsKeHus,
Macchl LI€JIeBOM HArpy3KM W TEKyIIero 3amaca TorauBa. Touku wu3ioma Ha rpadukax
[IEHTPOBKH COOTBETCTBYIOT MOMEHTaM IEPEKIIOUEHHsI M0JIauM TOIJIMBAa C OJHOro Oaka Ha
JIPYroM, KOTOpbIE OINpPENEesIOTCsS IPOrpaMMoi BEIpA0OTKHU TOIUIMBA UM MOMEHTaMH cOpoca
1eJIeBOM Harpy3ku. J[BoiiHO# rpaduk M3MeHeHus IIeHTPOBKHU COOTBETCTBYET JIBYM IOJIETHBIM
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KOHpUrypanusM: ¢ YOpaHHBIMH U BBITYHICHHBIMH CTOWKamMu maccu [5, 6]. Taxoke
CYILIECTBYET BapuaHT TPOHHOTO rpaduka, 1eMOHCTPUPYIOIIETO pacyeT MOJETHOrO 3aaHHUs, B
3aBHCUMOCTH OT Pa3JIMYHBIX APTYMEHTOB MACChl: TEOPETUUECKOM, YEPTESIKHON U (PaKTHUECKOM
— YTO MO3BOJISIET ONPEIECINTh OTKJIOHEHHE OT T3 Ha KaXJAOM W3 3TaloOB MPOEKTUPOBAHUS.
OrpanudeHus, KOTOpble OOECIEUMBAIOT YCTOMYMBOCTh M ympasisemocTb JIA B moere,
3a/1at0TCs IPEIEIbHBIMU 3HAUEHUSAMU LEHTPOBKHU. [IpenenbHo nepeaHsis u npeaeabHo 3aHss
[EHTPOBKH Ha rpaduke HU300pakaloTCsi B BHAE BEPTUKAJIBHBIX MITPUXOBBIX JIMHHMA.
['Opu30HTaIBHBIMU JIMHUSMH 33Jal0TCA OIPAHWYEHUS HA B3JIETHYIO M IOCAJ0YHYHO MAacChl.
OrpaHudeHusi MaKCUMaJIbHOW B3JIETHOM U MOCAJA0YHON MAcChl IPU ONPEAEICHHBIX YCIOBUIX
MOTYT HapyllaTbCsi, HO 3TH HApyLIEHUs JOIMYCKAIOTCA B HUCKIIOUUTEIBHBIX YCIOBUAX H
CKa3bIBAIOTCs HA PECYPCHBIX XapakTrepuctukax JIA. HakIIOHHBIMU INTPUXOBBIMH JIMHUSMHU HA
rpaduke 3a1al0Tca OrpaHUYEHUS, CBSI3aHHBIE C MAKCUMaJIbHO JOMYCTUMBIMH Harpy3kaMu Ha
MIEPEHIO0 U 3a/IHIO0 ONOPHI 1maccu [7].

Monaynb  y4yuThIBa€T KOHCTPYKTHBHBIE, IMPOYHOCTHBIE, a3pOJAMHAMUYECKHE U
OKCIUTyaTallUOHHbIE ~ OTPAaHMYEHHUS, 4YTO  I[IO3BOJISIET  OLIEHMBAaTh  KOMMEPUYECKYIO
3¢ exTUBHOCTH U Lierecoo0pa3HOCTh MOJAEPHHU3AIMU OOpTa, TUIA BO3AYIIHOTO CyAHA, KaK
XapaKTEPUCTUKY PacIIMPEHHs] TPAHCIIOPTHBIX BO3MOXKHOCTEH.
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Approach to weight calculation of empty and loaded aircraft at different loading
variants
Melnikov S.V.}, Maksimenko M.S.%, Skobelev S.I.
'MAI, Moscow, Russia

Ensuring aircraft center-of-gravity (CG) position at a given commercial load directly
relates to the task of flight safety. For its successful solution it is necessary to have
information about the CG position of an empty product, the equipment installed on the
product, the stock and order of fuel use, payload weight [1].

Within the framework of the project "Digital platform of aircrafts weight design” (DP
AWD) a software module "Analysis of mass-inertial characteristics and balance data at
different variants of aircraft loading” has been developed and implemented in the industry,
which is able to solve the problem of aircraft balance taking into account the unique features
of a particular manufactured product.

In the process of flight task fulfillment, the characteristics of variable masses evolve,
which leads to changes in the balance data (BD) and mass-inertial characteristics (MICS).

The SWC module is able to receive data from application services of the platform,
such as "Calculation of MICS and BD of empty and loaded aircraft” and "Synthesis and
analysis of refueling, use, fuel transfer and draining programs™ [2, 3]. This allows not only to
solve the tasks of providing allowable CG position for a particular flight task, but also to form
registers of allowable loads when designing aircraft together with potential operators of the
product [4].

This paper describes the service as the main means of building reports, references and
other documents related to the analysis of different variants of acceptable flight tasks,
building acceptable CG envelope for different variants of equipment and payloads.

To plot acceptable CG envelope for a given flight task, the aircraft CG position is
plotted on the abscissa axis, which is defined as the as the percentage of the distance from the
leading edge of mean aerodynamic chord (MAC) to CG with respect to MAC itself. The
ordinate axis plots the current mass of the aircraft, taking into account the mass of the
equipment, the mass of the payload and the current fuel reserve. The break points on the
balance grid correspond to the moments of fuel supply switching from one tank to another,
which are determined by the fuel use program or the moments of payload airdrop. The double
balance grid change corresponds to two flight configurations: with retracted and released
landing gear struts [5, 6]. There is also a variant of the triple balance grid demonstrating the
flight task calculation, depending on different mass arguments: theoretical, CAD-calculating
and actual - which allows to determine the deviation from the requirement specification at
each of the design stages. The limits that ensure the stability and controllability of the aircraft
in flight are set by the balance limits. Extreme aft and forward CG position are depicted on
the balance grid as vertical dashed lines. The horizontal lines represent the takeoff and landing
weight limits. Maximum takeoff and landing mass limits can be violated under certain
conditions, but these violations are allowed in exceptional conditions and affect the life
characteristics of the aircraft. The slanted dashed lines on the graph define the limitations
associated with the maximum allowable loads on the front and rear undercarriage leg [7].

The module takes into account structural, strength, aerodynamic and operational
limitations, which allows to assess the commercial efficiency and feasibility of modernization
of the board, type of aircraft, as a characteristic of expanding transport capabilities.
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Bomnpocel HcnoJib30BaHUSI METOA0B AaBTOMATH3HPOBAHHON KOMIIOHOBKH € Y4€TOM
KOHCTPYKTHBHBIX U TEXHOJOTHYECKUX 0COOEHHOCTE NMPH U3roTOBJIEHUHM JieTajiell 1
y3a0B u3 [IKM
MenkonsH, P. B.l’z, Haconos <D.A.2,
1. MAMU, r. MockBa, Poccus
2. TV, r. llanxait, Kurai

ABHAaIMOHHAs IPOMBINUIEHHOCTh MCHOJB3YET IOJMMEPHBIE KOMIIO3ULMOHHBIE
matepuaisl (PCM) Grarogapst X BBICOKOW yJ€IbHOM MPOYHOCTH U JKECTKOCTH. B pesynbrare
CaMOJIETHI, CIIPOEKTHPOBAHHBIE C WIMPOKUM HcNoib3oBaHueM PCM, 1eMOHCTpUPYIOT
MOBBIIIEHHYIO TOIUIMBHYIO AKOHOMUYHOCTB, YTO IO3BOJISIET 3KOHOMUTH TOIIUBO A0 20%.
TpaaunuoHHbIe METOJIbI, TAKUE KaK pydyHOe ¢opMoBaHMe KoMmoHeHTOB PCM, mocreneHHo
BBITECHSIIOTCSI  aBTOMAaTH3MPOBAHHBIMU  TEXHOJIOTUSMH  Ipou3BojacTBa. OOImeMupoBoi
TEHJCHIMENW SBISETCS 3aMeHa pPYYHBIX MET0/J0B (OPMOBAaHUS aBTOMAaTU3UPOBAHHBIMU
METOAaMHU BBIKJIAJIKH, YTO OOYCIOBIEHO HEOOXOIMMOCTBIO COOTBETCTBOBATH BBICOKUM
CTaHaapTaM (PU3UKO-MEXaHUYECKUX U MPELU3HUOHHBIX XapaKTEPUCTHUK.
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B HacTosimee BpemMs TpHU  YKJIAAKe OJHOHAIPABICHHBIX IPENPETroB OOBIYHO
WCIIONB3YIOTCS JBa METOoJa: aBToOMaTuyeckas ykianaka jeHThl (ATL) m aBTOMarmueckoe
pa3memieHue BoOKOH (AFP). Opnako kpailiHe BaXXHO Y4YWTBIBaTh BIIMSHUE 3aJJaHHBIX
TEXHOJOTMYECKUX IapaMeTpOB Ha BBIKJIAJAKY, IIOCKOJIbKY OHM HANPAMYI BIMAIOT Ha
KAaueCTBO M3rOTaBIMBAEMbIX KOMIIOHEHTOB. JlaHHOE WHcClel0BaHME HAIpPaBJIEHO Ha
BBISIBJICHHE OCHOBHBIX METOJIOB aBTOMATH3MPOBAHHOW BBIKJIAIKU M OIpeAereHue Habopa
KOHTPOJIBHBIX I1apaMETPOB, KOTOpBIE OKAa3bIBAIOT HauOOJIEEe CYIIECTBEHHOE BIMSHHE Ha
MEXAHUYECKUE CBOICTBa 00pa3ios, U3TOTOBJICHHBIX c HCIIOJIb30BAHNUEM
ABTOMATHU3UPOBAHHBIX METOJOB BBIKJIAJAKHU IpeNperos. [IpuMedarenbHo, YTO JaBIE€HUE JIEHTHI
U TeMIlepaTypa HarpeBa, OObIYHO ONIpeZessieMble TeMIEpaTypol IUIABICHUS KOMIIOHEHTa
noiyhabpukaTa, OTBEYAIOLIETO 32 JOMOJHUTEIbHYIO aAre3ni0, UrPAI0T PEIIAIONIYI0 POJb B
OINPECIICHNN MEXaHNYECKUX XapaKTEPUCTUK U3rOTaBIMBACMBbIX JIETAJICH.

OpHMM U3 KJIIOYEBBIX IPEUMYILECTB aBTOMAaTU3UPOBAHHBIX METOJIOB IIE€PE] PYUYHBIMU
ABISIETCA MX BbBICOKas TOYHOCTh. bblula IpoBeseHa JKCHEpUMEHTaJdbHas paboTa IO
MCCIIC/IOBAaHHUIO BIIMSHUS TOYHOCTH OTNPEJCICHUs yIila YKJIAJIKU Ha CBOMCTBa oOpasma. Ha
obOpasmax OymyT mpoBeneHbl ucnbiTanus Ha pactsokeHue (ASTM D3039), cxarue (ASTM
D6641) u ycranoctHele ucnbiTanuss Ha pacTsbkeHue (ASTM D3479). Otu ucnblTaHUsS
IIO3BOJIAT BBIABUTH BIIMSHUE OTKJIOHEHMHM OT 3aJaHHBIX YIVIOB HAa KAayeCTBO NMPOAYKLMUH W,
CJIEIOBATENIbHO, BHIOOP MEK/Yy aBTOMATU3UPOBAHHBIM U PYYHBIM METOJAMU YKJIAJKH.
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Problems of using automated layout methods taking into account design and
technological features in the manufacturing of parts and assemblies made of polymer
Melkonyan R. V.1 Nasonov F. A2,
'MAI, Moscow, Russia
2SJTU, Shanghai, China

The aviation industry has embraced polymer composite materials (PCM) due to their
high specific strength and rigidity. As a result, aircraft designed with extensive use of PCM
exhibit improved fuel efficiency, allowing for fuel savings of up to 20%. Traditional methods,
such as manual forming of PCM components, are gradually being overshadowed by
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automated technologies in production. The global trend is to replace manual methods of
forming with automated methods of laying out, driven by the need to meet high standards of
physical-mechanical and precision characteristics.

Currently, two methods are commonly employed when laying out unidirectional
prepregs: Automated Tape Laying (ATL) and Automated Fiber Placement (AFP). However, it
is crucial to consider the influence of set technological parameters on the layout, as they
directly impact the quality of the manufactured components. This research aims to identify the
primary methods of automated layout and determine a set of control parameters that have the
most significant effect on the mechanical properties of samples produced using automated
prepreg layout methods. Notably, the pressure of the belt and the heating temperature,
typically determined by the melting point of the semi-finished product component responsible
for auxiliary adhesion, play a crucial role in determining the mechanical characteristics of the
manufactured parts.

One of the key advantages of automated methods over manual ones is their high
accuracy. Experimental work has been conducted to investigate the influence of laying angle
accuracy on sample properties. Tensile tests (ASTM D3039), compression tests (ASTM
D6641), and tension-tension fatigue tests (ASTM D3479) will be performed on the samples.
These tests will reveal the impact of deviations from the specified angles on product quality
and, consequently, the choice between automated and manual laying methods.
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OcobennocTH KOHCTPYKIIMHA KOJIJIEKTHUBHOM CHCTEMBI CIIACEHUS CKOPOCTHOI'O
JETaTeJbHOIr0 anmmaparta

3abpycKkoB AB Cadun P.M.2 [Tpuxomiko C.M.2, Tuxreit 10.H.*
lorpy «HUU HIIK umenu FO.A.I'arapunay, r. Mocksa, Poccus
’TTIAO «Kopnopamus «Mpkyr», . MockBa, Poccus
A0 «», r. Mocksa, Poccus
4MAI/I, r. Mocksa, Poccus

Ob6ecneuenne 6e3onacHocTy nosiétoB (BII) mpencrabiser co0oit 0OHY M3 OCHOBHBIX
3a/a4 dTana SKCIUTyaTallud MacCaKUPCKOro BO3AYLIHOTO TPAHCIIOPTA, SIBISIETCS IJIABHBIM
HoKas3arejgeM KadyecTBa (DYHKIMOHAIBHOCTH M KOHKYPEHTOCIIOCOOHOCTH TI'paKJaHCKOH
aBuanuu Ha peiake AT [1].

IIpakTryeckas peanu3anus KOHUENLUN CHACEHUs SKUIIAXa U M1aCCaKUPOB, UCXOAS U3
TpeboBaHUH 3aka3unka, popmupoBaHue obOnmka cucrembl KojulekTuBHOTO craceHus (CKC)
TpeOYIOT yueTa NpUHAUIEKHOCTH JeTaTenbHoro anmnapara (JIA) cooTBeTCTByIOLIEMY KilacCy
10 JIETHO-TEXHUYECKUM XapaKTEpPUCTHUKaM, BJIMSHHMS Ha MaKCHUMAJbHYIO B3JIETHYIO Maccy,
KOMIIOHOBKY ¥ KOHCTPYKTHBHO-CUJIOBBIE 0OcoOeHHOCTH [2, 3].

Ob6ecnieuenne BII ckOpOCTHBIX CaMOJETOB C MOMOILBIO TPAAULMOHHBIX CHUCTEM B
KPUTUYECKOM CUTYyallMM, BBI3bIBAET HEOOXOIUMOCTh IE€PEOCMBICICHUS MpoOJIeMbl U
(opMHpOBaHUSI OCHOBOIIOJIATAIONIETO TPEeOOBaHUS K aBHANEPEBO3KaM C YYETOM MacChl
LeJIeBOI Harpy3ku [4, 5].

besonacHocTh nosera ckopocTHOro camodera, odopynosanHoro CKC, mosblaercs
6s1aro1apsi HOHM)KEHUIO YPOBHS ONACHOCTHU JUISl HEKOTOPBIX KaTacTpOpUUECKUX CUTyalul 0
YPOBHSI aBapHiiHbIE. Y MEHBIIIAETCSI BEPOATHOCTD KaTaCTPOQBI.

B nannoii pabote paccmaTpuBaroTcs 0cOOEHHOCTH KOHCTpYyKIMK naparotHoil KCK.

HakoruieHHBIN ONBIT M CYHLIECTBYIOLAs TeOpeTHYecKas Oa3a IO3BOJISIOT BECTU
pa3paboTKy MapalllOTHBIX CUCTEM CIIaCeHMsI, KOHCTPYKLMA (Macca) KOTOPBIX BKIIIOYAET:

- KOHTEWHEP

- YCTPOMCTBA 3alUpaHus/OTIIHPaHUS

- IIyCKOBOW U BBITSTUBAKOIIUN 3JIEMEHTBI

- BBITSDKHOU KYIIOJI

- CTPOIIBI

- OCHOBHOM HapaloT/mapamroThl

3HauuTenbHyto yacTh Beca CKC cocTaBnsieT OCHOBHOM KyIOJI Mapaiiora. [ 1aBHbBIM
0o0pa3oM ero Macca 3aBUCHUT OT TUIOIIaaAu Kyrnona [6, 7].

CKOpOCTh CHMIJKEHHUSI caMoJieTa JI0JDKHA oOecrieuynBaTh KOM(OPT AJis MaccaxupoB U
HKHUIIaKa caMoJieTa, o0ecreunBaTh MUHUMAJIbHbBIE IEPETPY3KH.

[Ipu paccMOTpeHMM TakoOro IOKa3aTelasl KaK CKOPOCTb CHH)KEHHS HE0O0XOAMMO
YYUTBIBATh TO, YTO YEM MEHbILIE CKOPOCTh CHWKEHMS, TeM OoJjblle OyneT IIomaab Kyrnomia
NapalkoTa.

CoBpeMEHHOE COCTOSTHUE MapalllOTOCTPOEHUS MO3BOJISET HA BBICOKOM TEXHUYECKOM
ypOBHE peanu3oBaTh KOHCTpykTuBHble pemeHuss CKC kak HHTerpupoBaHHbIE B
KOHCTpyKLHIo JIA, Tak W B BHJE CIEUUAIBHBIX cllacaTelbHBIX oOMTaeMbIX Mojnyiei. Ilpu
aBapHUIHON CHUTYyallMM Ha 3Tanax B3JIeTa U MOCAIKU 3TU CUCTEMBI MOTYT HCHOIb30BaThCS IS
HKCTPEHHOT'O MOTAIIEHUsI CKOPOCTHU JIETATEIbHOTO amnmapara, Ju00 Mo NpsMOMY Ha3HAUEHUIO
IIPY BO3MOXHOCTH HabOpa BBICOTHI, JOCTATOYHOM ISl cpabaThIBAaHUS CHCTEM.
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Design features of collective rescue system of a high-speed aircraft
Zabruskov A.V.!, Safin R.M.?, Prikhoshko S.M.%, Tikhtey Y.N.*
'Gagarin Research&Test Cosmonaut Training Center, Moscow, Russia
2PJSC IRKUT Corporation, Moscow, Russia
3pJSC Ilyushin Aviation Complex, Moscow, Russia
*MAI, Moscow, Russia

One of the main tasks of operating passenger air transport is to ensure flight safety,
which is the main indicator of the quality of functionality and competitiveness of civil
aviation in the aviation market [1].

The practical implementation of the concept of rescuing crew and passengers, based
on customer requirements, shaping of the appearance of the collective rescue system (CRS)
requires to taking into account the corresponding aircraft to the appropriate class in terms of
flight performance, impact on the maximum take-off weight, layout and strength features [2,
3].

Ensuring the safety of high-speed aircraft by using traditional systems in a critical
situation requires of a revision of a problem and the formation of the main requirements for
air transport taking into account the mass of the target load. [4, 5].

The flight safety of a high-speed aircraft which is equipped with CRS is increased by
reducing the danger level for some catastrophic situations to the emergency level. This
reduces the risk of an accidents.
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This article defines the design features of the parachute collective rescue system.

Experience and the existing theoretical base allow to design of parachute rescue
systems. Their design includes:

- container;

- locking and unlocking device;

- launch and drag elements;

- pilot chute;

- suspension lines;

- canopy.

The main canopy of the parachute is the bulk of the weight of the CRS. Mainly its
mass depends on the area of the canopy [6, 7].

The rate of descent of an aircraft by parachute must ensure comfort for passengers and
crew of the aircraft and also ensure minimal overloads.

However, it must be taken into account that for a lower rate of descent a larger area of
the parachute canopy is required.

The actual state of parachute engineering makes it possible to realize CRS design
solutions at a high technical level, such as integrated into the aircraft design systems and in
the form of special rescue manned modules. In the event of an emergency during the takeoff
and landing stages, these systems can be used to urgently reduce the speed of the aircraft, or
for their intended purpose when it is possible to gain a sufficient height to activate the
systems.
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OcHOBaHMSA ISl YTOUHEHUS METOMKH MPOEKTHPOBAHUA KOHCTPYKIUH Y3J10B HABECKH
OCHOBHBIX OIOP IACCH
Maiicak M.B.l, TuroB E.I/I.l, Kpemenuyikuit B.B.l, Busecos A"
! MAM, r. Mocksa, Poccus

B HacTosiieM n0KJaae MpencTaBiIeHbl OCHOBAHUS, IMOKa3bIBAIOIINE HEOOXOAUMOCTh
YTOUHEHHUs CYIIECTBYIOUIEH METOJMKM NPOEKTHPOBAHUS KOHCTPYKLHH Y3J0B HAaBECKH
ocHoBHBIX omop maccu (OOIL). OcHoBaHus NPENOCTABICHbI Ha OCHOBE ABHUAIIMOHHBIX
MIPOUCIIECTBUI IPaXXTAHCKUX CAMOJIETOB, B KOHCTPYKIIMM KOTOPBIX HUCIIOIb30BAHBI TUIIOBBIE
KOHCTpYKLUH y3510B HaBecku OO

KoHcTpykiusg — rpaXaaHCKOro — HAcCaXUPCKOro  caMoi€ra, Kak W KaxIbld
3a/ICCTBOBAHHBIM B KOHCTPYKLMHU CaMOJIETA arperar, JOJDKHBI COOTBETCTBOBAaTbh HOPMAaM
nétaoi rogHoctr (HJII'25) nnsa monyuenus ceprudukara tuma. KoHCTpyKIus y3JI0B HABECKH
nlaccu Ha IUlaHep B OoJjblled cTeneHu periameHTupyercs nyHktom HIIN25.721, rne
TOBOPHUTCSI O HEAOMYIIEHWU MOBPEXKACHUS TOIUIMBHOM CHUCTEMbl camoléTa mpu rpy0oit
nocajke [1]. [logasmsroiee OOMBIIMHCTBO TPAKIAHCKUX MACCAKUPCKUX CaMOJIETOB MacCOM
Oonee 5,7 TOHH HMMEIOT OJIHY CXEMY pACIOJIOKEHHUs IIaccu: TPEXOMOPHYIO C HOCOBOI
croiikoi [2]. TumoBas koHcTpyKIus y3510B HaBecku OOI npenmonaraer HaBeCKy IIacCH Ha
KECCOH KpbLjla, B KOTOPOM HaxoAuTcs TOIIUBO [3]. OgHAKO, B TUIIOBBIX KOHCTPYKLMSX Y3JI0B
HaBeckn OO, B y3/ax HaBeCKM Ha OAK-KECCOH UCIIONB3YIOTCS CPE3HBIE MTH(TH U OOJTHI,
Ha3zbiBaeMble '"crmaObiMu 3BeHbSMH'. TOYHOCTH HX pacyéra W MPaBUIBHOCTH PAOOTHI
KOHCTPYKLUHU IpH S3KCIUlyaTauuu [4] U Npu OpPEeBHIIEHUH SKCIUTyaTallMOHHBIX Harpy3ok
HEMOCPEJICTBEHHO BIUAIOT Ha 0€30MacHOCTh MONETOB [5], a Takke Ha OTKAa300€30MacHOCTb
caMoJ€ra.

Ha naHHBII MOMEHT CyIIECTBYIOT WMHIMICHTHI, MOKA3bIBAIOIIME HEOOXOIUMOCTh
YTOYHEHHS] METOAMKH TpoeKkTupoBaHus y3ioB HaBecku OOILL. Kak mpumep, npodbutne 6aka-
KECCOHa IpH Hae3[e camojiérta Ha npendrcrBue u paspymenun OOUI [6] wnm noxap
TOIUTMBHBIX OAKOB MpPU MHOTOYHUCIEHHBIX O0TCcKokax oT BIIII ¢ mocneayrommm paspymieHrnemM
OOII [7]. B kaxkaoM U3 3TUX clIy4aeB €CTh OCHOBAaHUs IojaraTb, YTO CHUCTEMa CIaObIX
3BEHBbEB cpaloTajia Mo HeITaTHOMY cueHapuio. OJHAaKO clelyeT YYUTHIBATh, YTO CaMOJIET,
paccMaTpUBaeMblil B JIaHHBIX aBMALMOHHBIX MPOUCHIECTBUSAX, paHee MOIydni cepTudukar
THUIIA, & 3HAYUT TIPOXOAWII UCTIBITAHUS, JOKa3bIBatomue coorpeTcTBue HIII25.721.

Jlnst n36eranusi HIOBTOPEHMsI MOAOOHBIX MHIMJIEHTOB TPeOYyeTCsl yTOUHEHHE METOUKHI
NPOEKTUpPOBaHUS  KOHCTpyKuuu HaBeckn OOI. CymecTByloT NpemIokKeHUS 0
UCMOJIb30BaHUIO  OOJIBIIONO YMCJIAa KOMIBIOTEPHBIX TEXHOJOTHH Ui  yMEHbIICHUS
KOJIMYECTBA JOMYILIEHUH TMpH pacdérax U YBEJIWYEHUI0 TOYHOCTU MPOEKTHPOBAHUS
koHcTpykuuu OOII [8]. IToMuMo METOAMK MPOEKTUPOBAHMSA, YUUTHIBas (HaKT TOTrO, 4YTO
y4acTBOBABUIMI B MOKa3aHHBIX aBUAIIMOHHBIX MPOUCHIECTBUSIX CaMOJIET UMEET cepTU(UKAT
THUIIA, CYIIECTBYET HEOOXOUMOCTh YTOUHEHHUSI METOJIMK MOJEIMPOBAHMS IPyOBIX MMOCAJIOK C
LEJIbIO BBISIBJICHUS OIIMOOK IPOEKTUPOBAHUS KOHCTPYKIMH y3510B HaBecku OOILLl Ha paHHuX
CTaIusX IPOU3BOCTBA.
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Foundations for refinement of the construction design methodology of the main landing
gear support linkage nodes
Maisak M.V.}, Titov E.1.}, Kremenchutsky V.V.}, Vilesov A.G.
' MAI (NRU), Moscow, Russia

This report presents a rationale that demonstrates the necessity to refine the current
design methodology for main landing gear (MLG) linkage assemblies. The rationale is
provided based on civil aircraft accidents involving typical landing gear hanger assembly
designs.

The civilian passenger aircraft design, as well as each component involved in the
aircraft design, must comply with the airworthiness standards (NLG25) in order to obtain a
type certificate. The design of landing gear attachments to the airframe is largely governed by
NLG25.721, which states that the aircraft's fuel system must not be damaged during a rough
landing [1]. The vast majority of civilian passenger aircraft weighing more than 5.7 tonnes
have a single landing gear arrangement: a three-post landing gear arrangement with a nose
strut [2]. The typical design of the landing gear attachment units assumes that the landing gear
is attached to the wing fuel caisson [3]. However, in the typical designs of MLG linkage
assemblies, shear pins and bolts, called "weak links", are used in the attachment assemblies to
the tank caisson. The accuracy of their calculation and the correctness of the design during
operation [4] and when operating loads are exceeded directly affect flight safety [5] as well as
the failure safety of the aircraft.

At present, there are incidents that show the necessity to refine the design
methodology of the hinge assemblies. As an example, the puncture of a caisson tank when the
aircraft hit an obstacle and destroyed the MLG [6] or the fire of fuel tanks during multiple
bounces from the runway with subsequent destruction of the MLG [7]. In each of these cases,
there are reasons to believe that the weak link system worked according to an abnormal script.
However, it should be borne in mind that the aircraft considered in these accidents had
previously received a type certificate and therefore had undergone tests to prove compliance
with NLG25.721.

In order to avoid the recurrence of such incidents it is necessary to clarify the design
methodology for the design of the MLG linkage. There are proposals to use a large number of
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computer technologies to reduce the number of assumptions in the calculations and increase
the accuracy of the design of the MLG design [8]. In addition to design methods, given the
fact that the aircraft involved in these accidents has a type certificate, there is a need to refine
the methods for modelling rough landings in order to identify design errors in the design of
the MLG linkage components at early stages of production.
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CroxacTu4yecKHii MEXaHU3M yIapPHbIX BO3MYIICHUI ONOP PAKETHON KAPETKH MpPH
BbICOKOCKOPOCTHBIX TPEKOBBIX HCIIBITAHUAX ABMALIMOHHON TEXHUKHU
1 1,2
Acraxos C.A.", buprokos B.11.
'OKII «'kHUIIAC nwm. JLK. Cadponosay, r. benooszepckuii, Poccus,
2 MAMW, r. Mocksa, Poccus

VcnblTanus J1eTaTeabHbIX aNapaTtoB OAJUIMCTHYECKOrO THUIIA HA PENIbCOBBIX TPEKax B
YCII0BHUAX HpI/I6J'II/I)KeHHI)IM K pCaJIbHBIM  SBJAIOTCA OKOHOMHUYCCKU 000CHOBaHHOI
QIbTEPHATUBON JIETHBIM HCHBITAaHUAM. OOBEKT HCHBITAaHUS pa3MeIlacTcss Ha KapeTke C
BBIHECEHHOM BIICPECO HOCOBOM YaCTBIO JJI1 UCKITFOUCHUA BIIUAHUA OTPAKCHHBIX OT 3JICMCHTOB
TPEKOBOW JOPOKKM CKAuKOB YIUIOTHEHHA. KapeTku OXBaThIBAIOT ONOpPAaMHU CKOJIBXKEHHS
TOJIOBKM  pEbCOBBIX HAMNpaBisIONMX U UMeT OokoBble 3a30pel. Ha  kaperke
YCTAQHABJIMBAIOTCS JBUraTe TBEPAOro TOIUIMBA C CYMMAapHOM Tsroil, obecneunBaromei
yckopenue a0 70 g. [Ipu ucnbiTaHusX OBIJIO OTMEYEHO, YTO TPH OJHUX M TEX K€ peKUMax
YCKOPEHUH B OJIHUX CIIydasiX yJapHble BO3MYILEHHUS Ha ONMOpax CKOJbKeHUs (OarmmMakax)
peanu3yrorcs 0e3 OTKIMKA CO CTOPOHBI JIEMEHTOB PAKETHOM KapeTKH, a B JIPYTHX Cllydasx
HaOJII01at0TCSl PE30HAHCHI ¢ OONBIIMMH aAMIUIMTYJaMH, KaK Ha OMopax, TaK U B HEKOTOPBIX
Toukax kKapeTku. [logo0HbIE yiapHbIe BO3MYIIICHHS Ha OalliMaKax MPUBOIAT K JHHAMUYECKOMN
HEYCTOMYMBOCTH JIBUKEHHUSI PAKETHOM KapeTku,. B pe3ynbraTe peanu3yroTcst U3rHOHBIE U K
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KpYTHIbHBIE (OpMBI KOJIeOaHWH BBICTYMAIOLICH BIEepe] KOHCOJBHOM dYacTh OObeKTa
ucnbiTanust [1-2], a Takke K TMpeAcTbHBIM BHOPAIMOHHBIM HArpYy>KEHUSM SJIECKTPOHHOU
anmaparypbl UCTIBITYeMOro 00bekTa. CTOXaCTHYECKOE COCTOSIHHE JTUHAMHUYECKOW CHCTEMBI
onuchiBaeTcs nuddepeHnaibHbIMI YPaBHEHUAMU, UMEIOIIMMU MOPSAIOK BBILIE BTOPOro [3-
5]. TloporoBelii mnepexoj U3 HEOPTaHM30BAHHOTO CTOXACTHUYECKOTO COCTOSIHUS OTKPBITOU
CUCTEMbI B aBTOKOJIEOATEIbHBIN I PA3IMYHBIX MOJOBBIX KOH(PUTyparuil KOHCTPYKTUBHBIX
AJIEMEHTOB, MOYKHO OIMCATh JUCCHUMNATUBHOW JUHAMUYECKOW CHCTEMOM BTOPOrO IOpPSJIKa,
BO30Y)KIaeMOM CIy4aifHOM MIHPOKOITOJOCHOM BUOpAIMEii, HMEOIeii HopMallbHbIH Bu [6-9]
2u. du.
L+2ks, (H, yj)d—t‘+a)§j (=a5d (1),

dt?

110 OJTHOMY YPaBHEHHIO Ha KaXKIyI0 MOJly HOPMAJIbHBIX KOJIEOaHUI TBEPIOTO Tea.

@y
P ks, (1) = (kS,y —k&,,)>0.
J

3nech: t — Bpems, U j— BpeMeHHasl pealn3alysl y3K0IoJ0CHOI0O Cay4aifHoOro mporecca,

®oj — KPyroBas 4acToTa COOCTBEHHBIX KOJIEOAaHMH Ha KaXIyl0 MOAY HOPMAaJbHBIX
Kosiebanuit (0e3 3aryxaHus),

kdjq, kdjg — cOOTBETCTBEHHO KO3()(HUIIMEHTH! AUCCHIIANK U TCHEPALMH 3HEPTUU |-i
MOJIOBBIX KOJIeOaTeNbHBIX KOH(Urypauumii, spistomuecss ¢yHkuusmu napamerpos (I, ;)
peXHMa IBUKECHUS KapeTKH,

{ (t) — cranpoHapHOE HOPMAIBHOE CITy4allHOE HIMPOKOIOIOCHOE BO3/ICHCTBHE.

B paboTe npeasiokeH anropuTM ONEHKH KOd(pQHIMeHTa 3aTyXaHUsI TapMOHUYECKHUX
COCTABJIAIOLIMX KOHKPETHOM MOJBI CIIO)KHOTO BHOpallMOHHOIO Inpolecca. B kaudecTse
mokazareisl TOTepb JHEPIUH  KOJeDAaTeNbHBIX  COCTAaBISIIOIIMX TPH  PE30HAHCHOM
B3aUMOJICHICTBUM TNPUHUMAETCS BEJIWYMHA IUIOTHOCTH CIHEKTpa MOIIMHOCTHM OTHECEHHas K
IIMPUHE YaCTOTHOTO JIMara3oHa JIsl Kakaou Mozbl koseOanuii [3, 5]. Ha ocHOBe pemienus
ypaBHeHuss Doxkepa-Ilnanka Ui CTOXaCTHYECKOro Ipolecca IOJy4YeHbl OLIEHKU
K03 HUIMEHTOB «CHOCa» U «1uddy3un» [3,6-9]

%z—dm(yj)-yﬁaﬁj :;0 +A(t),
J

3aeck: Yj(t) — ornbaronias aMIMTy bl KoJIeOaHHH j-if MOJIBI,

Skj (Yj))— xodduIMeHT AucCHUNanuu-TeHepanuu KoleOaTenbHOH SHEpruy, sBISETCS
(GyHKIMEH aMIITUTY/IBI KOJIEOaHUH yj KOHKPETHOH J-I MOJIBI,

®oj — cOOCTBEHHas (pE30HAHCHAsT) KPyroBasi 4acToTa j-i MObI,

Sho— cHmekTpampHass WHTEHCHBHOCTh CIYYalHOTO NIYMOBOTO BO3JCHCTBUS B
OKPECTHOCTH PE30HAHCHOM YaCTOTHI Moj;

A(t) — HOpManbHas ciy4aiHas JelbTa - KOPpPEIUpOBaHHAS (QYHKIHMS C HYJIEBBIM
CPEIHUM.

B paGote paccmaTpuBaroTCs IMOTEHIUAIBLHO aBTOKOJIEOATEIbHBIE MEXaHUYECKUE
CHCTEMBl, MMEIOIIME IOPOrOBbIM MEXaHU3M Iepexoja U3 IIIyMOBOIO BHOPAIMOHHOTO
CTaOUJIBHOTO COCTOSIHUSI B aBTOKOJIeOATENbHBIM C mocienyrouell Oudypkanued wid B
3aBHCUMOCTH OT HapaMeTpoB peXHMa [epexoJoM B HEYCTOMUUBBIA  aTTPAaKTOp
runepOonmyeckoro Ttuma. llpeanmokeHa METOAMKA OIEHKH COCTOSHHUS IOTEHIIMAIBHO
aBTOKOJIE0ATEIbHBIX CUCTEM C JKECTKHUM IOPOTOBBIM BO30YKJIEHHEM B BHJIE COBOKYITHOCTH
BEPOSITHOCTHBIX ~CTOXaCTUYECKHX XapaKTepucTUK. [lo OSKcrepuMeHTaTbHBIM JTaHHBIM
BUOPOYCKOPEHMI JIJIsl SJIEMEHTOB KOHCTPYKLIMU PAKETHOH KapeTKU ¢ OOBbEKTOM HCIIBITAHUS
M0 TIPEJIOKEHHON METOJAMKE MOXHO BBITIOJHHUTH  BKJIAJ AaBTOKOJEOAHWH M yHapHBIX
BO3/ICUCTBUII Ha COCTaBHbIE YAaCTH KapeTKM M OOBEKTOB HCIBITAHUH, CAETaTh OLEHKH HX
BUOPOTIPOYHOCTH TP PE30HAHCAX, a TAK)KE BBHIOJHUTH IMOAOOp ONTUMAIBHBIX IMapaMeTpOB
BUOPO3AIUTHBIX MEPONIPUATHIA IPU CITyYaHbBIX BO3AEUCTBUIX.
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Stochastic mechanism of shock disturbances of rocket carriage supports during high-
speed track tests of aircraft
Astakhov S.A. %, Biryukov V.I. 2
! Federal State Enterprise "State State Research and Testing Ground for Aviation Systems
named after L.K. Safronov", Beloozersky, Russia,
2 MAI, Moscow, Russia

Testing ballistic aircraft on rail tracks under conditions close to real ones is an
economically viable alternative to flight testing. The test object is placed on a carriage with
the nose part moved forward to eliminate the influence of shock waves reflected from the
elements of the track. The carriages cover the heads of the rail guides with sliding supports
and have side clearances. Solid fuel engines with a total thrust providing acceleration of up to
70 g are installed on the carriage. During testing, it was noted that under the same acceleration
modes, in some cases, shock disturbances on the sliding supports (shoes) are realized without
response from the elements of the rocket carriage, and in other cases, resonances with large
amplitudes are observed, both on the supports and in some points of the carriage. Such shock
disturbances on the shoes lead to dynamic instability of the movement of the rocket carriage.
As a result, bending and torsional vibration modes of the forward-protruding cantilever part of
the test object are realized [1-2], as well as to the extreme vibration loads of the electronic
equipment of the test object. The stochastic state of a dynamic system is described by
differential equations of order higher than second [3-5]. The threshold transition from a
disorganized stochastic state of an open system to a self-oscillatory state for various mode
configurations of structural elements can be described by a second-order dissipative dynamic
system excited by random broadband vibration having a normal form [6-9]

d’u. du.
dtzj +2ks, (I, yj)d—t‘+a)§j i =g (1),
one equation for each mode of normal vibrations of a rigid body.
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E)—gjj>>1, k6, (IT) = (K, —k3,, ) > 0.

Here: t — time, u; — time implementation of a narrow-band random process,

woj — circular frequency of natural oscillations for each mode of normal oscillations
(without damping),

kdja, kdjq are, respectively, the coefficients of dissipation and energy generation of the
J-th mode oscillatory configurations, which are functions of the parameters (II, y;) of the
carriage motion mode,

C (t) — stationary normal random broadband effect.

The paper proposes an algorithm for estimating the attenuation coefficient of the
harmonic components of a specific mode of a complex vibration process. As an indicator of
energy losses of oscillatory components during resonant interaction, the value of the power
spectrum density related to the width of the frequency range for each oscillation mode is
taken [3, 5]. Based on the solution of the Fokker-Planck equation for a stochastic process,
estimates of the “drift” and “diffusion” coefficients were obtained [3, 6-9].

dy. S
d—tJ:—5kj(yJ')‘ y; + g 8;/0 +A(t),

J

here: yj(t) is the envelope of the jth mode oscillation amplitude,

ok; (y;) — the coefficient of dissipation-generation of vibrational energy, is a function of
the vibration amplitude y; of a particular j-th mode,

woj — Natural (resonant) circular frequency of the jth mode,

Sny — spectral intensity of random noise exposure in the vicinity of the resonant
frequency w;;

A(t) — normal random delta - correlated function with zero mean.

The work considers potentially self-oscillating mechanical systems that have a
threshold mechanism of transition from a noise vibrational stable state to a self-oscillatory
state with subsequent bifurcation or, depending on the mode parameters, transition to an
unstable attractor of the hyperbolic type. A technique is proposed for assessing the state of
potentially self-oscillating systems with hard threshold excitation in the form of a set of
probabilistic stochastic characteristics. Based on the experimental data of vibration
accelerations for structural elements of a rocket carriage with a test object, using the proposed
method, it is possible to determine the contribution of self-oscillations and impact impacts on
the components of the carriage and test objects, make estimates of their vibration strength
during resonances, and also select the optimal parameters of vibration protection measures
under random impacts.
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