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UHTEJIJIEKTYAJIbHOE YMNPABJIEHUE U NMPOBJIEMbI
BE3OMACHOCTU NONETOB

INTELLIGENT CONTROL AND FLIGHT SAFETY

HNHaTe/uiekTyaan3anus ynpasjeHUsl aBUAMOHHBIMU CHCTEMaMH.
IIpoGJieMbl M HaNIpaBJIeHUs MCCJIe0BAHUM
Kyraxos B.ILY, Turos A.E.
O MY «HUL «Muctutyt umenn H.E. XXykosckoro» r. Mocksa, Poccust

B Hacrosmiee Bpems B aBHAllMM M B BOCHHOW aBHAIlMHM M TJIABHBIM 00pa3oM B HeE
MOKHO BBIJICIUTh JIB€ MPOOJIEMbI, CBSI3aHHbIE C (OPMHUPOBAHUEM OYIYIIEro pa3BUTHS,
Oyaymiero o0iiMka aBHAMOHHBIX cucTeM. OOMmKa croco0oB M myTed e€ NpUMEHEHHS B
BOCHHBIX CTOJKHOBEHHSIX. OTO BbIOOp KIIOUEBBIX HAIpaBICHUW JUIS  CO3JaHUS
KOHKYPEHTOCIIOCOOHBIX aBHALMOHHBIX CHUCTEM M ONpeJeNieHHe IyTed | MPUHIUIIOB
yIpasJieHus B HUX [ 1, 2].

ABUAIIMOHHBIE CHCTEMBI OyAyIIero — 93TO HE JeTaTelbHbIe ammaparbl MU
MOJApa3/ie/ieHus. OTACJbHBIX JIETATEIbHBIX AanmaparoB, 3TO CUCTEMA, COBOKYIHOCTb
anmapaTtoB, COBMECTHO pEIIAIONIMX OOIIy0 3aaady. Omnoxa MPUMEHEHHS OTACIbHBIX
CaMOJIETOB IpollIa, MEPCHEKTHBA — 3TO T'PYNIIOBOE NPUMEHEHUE. B CBSA3M ¢ 3TUM, MOXKHO
yTBEpXAaTh, YTO CIEAYIOLIUN JTal pa3BUTUS — OTO CIOXKHBIE KPYINHOMAacIITaOHbIE
aBUALIMOHHBbIE cUcTeMBbl. KoMIuieke 6-ro MOKOJIEHUs - 3TO HE caMmoJeT 6-ro MOKOoJeHUs. JTO
rpynna riay0oko HH(GOPMALMOHHO CBSI3aHHBIX Pa3HOPOJHBIX MUIOTUPYEMBIX U OE€CIUIOTHBIX
JIeTaTeIbHBIX aMMapaToB, BHIMOIHSIIONIMX pa3inuHble (QYHKIMU B paMKaxX B3aMMOJCHCTBUS
JUUIS COBMECTHOTO PEIICHUS CII0KHOW MHOTOKOMIIOHEHTHOM 3a/1auu [3].

ABTOHOMHOE TpUMEHEHUEe TpedyeT TIyOOoKOW MacmTaOHON HHTEIUIeKTyalu3aluu,
HaJIMYusl Pa3BUTOTO HUHTEIJIEKTa Ha OOpTYy, CIIOCOOHOCTH CaMOCTOSITENbHO OLEHUBATh
00CTaHOBKY ¥ TpPHUHUMATh pEUICHHs, YHOpaBisATh KoHurypauuei rpymmbl [4].
WHTemekTyanu3anust — 93TO pe3Koe IMOBBINIEHHE HWH()OPMAIIMOHHONW HACHIIIEHHOCTH,
OCBEJOMJICHHOCTH O BHYTPEHHEM M BHEIIHEM COCTOSHUM alapaTa W TPYIIIbI, CO3/1aHHE
rHOKON BBICOKOCKOPOCTHOM CHCTEMBI OOMEHAa JaHHBIMH, TIIyOOKOE pa3BUTHE IMPHHIIUIIOB
yIOpaBiI€HUs, B TOM 4YHCIE TPYNIOH, W MNPUHATUA pelleHud. B uHTemekTyanusanuu
OTIpEe/IeNIEHHOE 3HAYUTEIbHOE MECTO OTBOJUTCS TEXHOJIOTHSM HCKYCCTBEHHOI'O MHTEJUIEKTa
[5].

WuTennexTyanu3anns MOXET paccMaTpUBaThCAd KaK CAMOCTOATEIbHOE, HO KIIIOUEBOE
HAIpPAaBJICHUE Pa3BUTHs aBUALMU CPENM APYTUX HANpaBICHUN. B MHTEIUIEKTyanus3aluu Mbl
BbIIETISIEM TpPU TIJIaBHBIX HANpPAaBJIEHUS — UWHTEIUIEKTyadu3aluus JeHCTBUH TpPYMIIbI
JeTaTeNIbHBIX amMapaToB, BKIOYas M OECHHJIOTHBIE CO CBOEH pOJbI0 U MECTOM. OTO
MHTEJJIEKTyaIu3alus JeTaTeabHoro anmnapara u ero cucreM — CAY, aBurarens, KoMIuiekca
60TOBOTO 00OPYIOBaHUS, OPYXKHs, cUcTeM MHTepdeiica ¢ sxunaxeMm. M caMocTOsATEILHOTO
HAIpaBJIEHUS! — MHTEJUIEKTYalIU3alisl IPOMBIIIEHHO-TIPOU3BOICTBEHHOTO MOTEeHIIMaa, 0e3
KOTOPOT'0 HE PELIUTh APYrux npodiuem [6, 7].

BaxxHO OTMETHTH MOCTOSSHHO BO3pPACTAIOLIYIO0 POJb UCKycCTBEHHOro mHTemiekra (UN)
B MHTEUIEKTyaJM3alliM aBUAMOHHBIX cucrteM. MHccnenoBanus no WU passuBaroTcs
B3PBIBHBIM XapaKTepoM H 00emarT 3HauuTenbHbIi 3(dexr. Ho Benp u texnomormm UU
ONEpUPYIOT NpuUHATHEM pemeHuil. [lpaBga Ha OCHOBE HETPAAUIIMOHHBIX METOJOB
ONEPUPOBAHHUS C CUTHAJIAaMU. Ba)kHO OTMETUTH OLleHKY MecTa TexHosnorui 1 B ynpasiennn
BOCHHBIMU cucTeMamu. OOInas 3ajaya ympaBieHHs TpyINoW, oOmias 3ajaya ynpaBiIeHUs
CHUCTEMOM JOJDKHA OBIThb CTPYKTYpHpOBaHa M HMHTEpPIpETHpyeMa MPUMEHHUTEIbHO K
BO3MOXKHOCTH peleHus e€ pparMeHTOB METOAaMU U TexHonorusmu 1MH.
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Intellectualization of aviation systems management.
Problems and research directions
Kutakhov V.P. !, Titov AE. *
! National Research Center "Zhukovsky Institute”, Moscow, Russia

At present time, in aviation and in military aviation, and mainly in it, two problems can
be distinguished related to the formation of the future development, the future shape of
aviation systems, the shape of the methods and ways of its application in warfare. This is the
choice of key areas for creating competitive aviation systems and the definition of ways and
principles of their management [1, 2].

The future aviation systems are not simply aircrafts or units of individual aircraft, but a
system, a set of vehicles that collectively solve a common problem. The era of the use of
individual aircraft has passed; the main perspective is a group application. In this regard, it
can be argued that the next stage of development is complex large-scale aircraft systems. The
6" generation complex is not a 6™ generation aircraft. This is a group of deeply information-
related heterogeneous manned and unmanned aerial vehicles that perform various functions
within the framework of interaction for the collective solution of a complex multicomponent
task [3].

Autonomous application requires deep large-scale intellectualization, the presence of
developed intelligence on board, the ability to independently assess the situation and make
decisions, and manage the configuration of the group [4]. Intellectualization is a great increase
in information saturation, awareness of the internal and external state of the aircraft and the
group itself, the creation of a flexible high-speed data exchange system, the deep development
of the principles of management, including the group, and decision-making. In
intellectualization, a certain significant place is given to artificial intelligence technologies

[5].



Intellectualization can be considered as an independent, but a key direction in the
development of aviation among other areas. In intellectualization, we distinguish three main
areas - the intellectualization of the actions of a group of aircraft, including unmanned aerial
vehicles with their own role and place. This is the intellectualization of the aircraft and its
systems — automatic control systems, engines, onboard equipment, weapons, and interface
systems with the crew. And an independent direction - the intellectualization of industrial and
production potential, without which it is impossible to solve other problems [6, 7].

It is important to note the constantly increasing role of artificial intelligence in the
intellectualization of aircraft systems. Artificial intelligence research is disruptive and
promises significant impact. But artificial intelligence technologies also operate with
decision-making, but it can be based on non-traditional methods of operating with signals. It
is important to note the assessment of the place of artificial intelligence technologies in the
management of military systems. The general task of managing a group, the general task of
managing a system should be structured and interpreted in relation to the possibility of
solving its fragments using artificial intelligence methods and technologies.
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HNHTe/ekTyaIu3upoBaHHbIi HHTEP(delic, yNpoIaKIKui NPouece NUI0THPOBAHUA HA
JTamne mocaaKu
Boposnka T.B.}, Tsarmuk M.C.!
1MAI/I, r. MockBa, Poccus
WHTemiekTyanu3upoBaHHble MHTEepQeichl Mpu3BaHbl B3SATh Ha ce0s yacTh (YHKUMN
JIETYMKA, CAEJIaB MIPOLECC YIPaBIEHUSA JUIsI HErO MAaKCUMaJbHO MPOCTBIM M HHTYUTHBHO
MIOHATHBIM.
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AHanM3 CTaTUCTUKHM aBUALMOHHBIX MPOMCIIECTBUM, BBIMOJHEHHBIA 3a mocieanue 30
JIeT, TIOKa3bIBaeT, YTO Ha 3Talle MOCAAKU MPOUCXOAUT mopsiaka 54% karactpod, mpu 3TomM
JI0JIs1 OLTMOOK MHJIOTOB COCTaBJIsIET 66% OT BCeX aBUAIIMOHHBIX MPOMCIIECTBHH [1].

B oroil cBsizu sBisercs LenecooOpa3HbIM CO3HAHME WHTEIUIEKTYalIn3UPOBAHHOTO
uHTepdeiica, MO3BOJSAIONIETO YINPOCTHTh JIETYMKY IMPOIECC NHJIOTHPOBAHHMS Ha JTare
MOCAJKU JJAXKE B YCIOBUSAX CUIIbHOU aTMOCc(hepHOii TypOyIeHTHOCTH.

B xadectBe Takoro wuHTepdelica MOXKET BBICTYNATh NEPCHEKTHBHAs CHUCTEMa
oToOpaxeHus: WH(OPMALUK, MPOTHO3UPYIOUIAs NBUKEHHE caMoJieTa U BU3yalM3HPYIOLIas
3a/laHHYI0 TPAeKTOpUIO ABMXKEHHUA. lIpu 3TOM B cpeaHeM auama3oHe 4acToT, B KOTOPBIX
paboTaer JeTYHK, JAOHKEH O0ecleuyuBaThCS HAWUIPOCTEHIIMM XapakTep ero ACUCTBUN Npu
MUHUMU3ALUU PACcCOrIacOBaHUs TEKYILUX apaMETPOB ABMKEHUS OT 3a/1aHHBIX.

B paGore Takas cucrema otoOpaxeHus HHDOpPMALMKU TpPEACTaBIsieT U3 cedd
TPEXMEPHBI KOPUIOp, OXBATHIBAIOLIUI IJIMCCAaqy U IMOCTPOEHHBIM BIUIOTH J0 MOMEHTA
MOCaJKU, B KOTOPOM Ha ONPEIEICHHOM pAcCTOSHUU OT caMoJjieTa II0Ka3aHO CEeueHUe
KOpuZopa ¢ 0003HAUYEHHBIM IEHTPOM, B KOTOPBI NpU NHJIOTHPOBAHUH JIETUYMK JIOJKEH
LEIUTHCS MTPOTHO3HBIM BEKTOPOM CKOPOCTH, CIIPOCLIMPOBAHHBIM Ha ceueHue kopuaopa. [Ipu
3TOM JAJIBHOCTh /10 CEUYEHUs KOPUAOpA U 3aKOH JABH)KEHHUS IPOTHO3HOTO BEKTOpA CKOPOCTH
BBIOUpAIOTCS HUCXOAS M3 00eCledYeHHs] MaKCUMAalbHOM TOYHOCTH TPU OTCIICKUBAHUU
TJIUCCA/Ibl U 00CCIICUCHNU ST HANTIPOCTEHINMX SHCTBHI JIETYMKA P MHJIOTHpoBaHuH [2,3].

Onenka > eKTUBHOCTH TaKO# CUCTEMBI 0TOOpakeHHsI HH()OPMALIUK OCYIIECTBIISIIACH
IyTEM NPOBEIAECHHUSI SKCIEPUMEHTAIBHBIX MCCIEAOBAHMM Ha NUIOTaxHOM creHae MAU, B
TOM 4YHCI€ M B YCJIOBHUSX CHJIbHOH aTMmochepHO TypOyneHTHOCTH (cIBHUra BeTpa,
BBI3BAHHOT'O MUKPOB3PBIBOM, a TAK)KE BUXPEBBIM CJIEJIOM OT paHee MPOJIETEBLIET0 CAMOJIETA).

Ilyonuxayus noocomoeénena 6 pamkax peanuzayuu Ilpoepammul co30anus u pazsumus
Hayuno2o yenmpa muposoco yposhs «Ceepxssyk» na 2020-2025 200vl npu ¢unancosol
noooepoicke Munobpnayku Poccuu (coenawenue om 8 dexabps 2020 2. Ne 075-11-2020-023).
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Intellectualise interface that simplifies the piloting process at the landing stage
Voronka T.V.}, Tyaglik M.S.!
'MAI, Moscow, Russia

The intellectualized interfaces are designed to take over part of the functions of the
pilot, which make the control process simple and intuitive by understandable for him.

An analysis of accident statistics over the past thirty years shows that about 54% of
accidents occur at the landing phase of flight, while the share of pilot errors is 66% of all
accidents.[1]

In this context, it is appropriate to create an intellectualized interface that allows the
pilot to simplify the piloting process at the landing, even in the case when the aircraft getting
into intensive atmospheric turbulence.

Such an interface can be a promising information display system that predicts the
aircraft motion and visualizes a predetermined trajectory. At the same time, in the medium
frequency range in which the pilot works, the simplest nature of his actions should be ensured
while minimizing the mismatch between the current motion parameters and the specified
ones.
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In this paper, such an information display system is a 3-dimensional tunnel, covering
the glide slope and built up to the touchdown. At a certain distance from the aircraft, a cross-
section of the tunnel with a designated center is shown, at which the pilot should aim with a
predictive velocity vector projected on the cross-section of the tunnel. At the same time, the
distance between a pilot and cross-section and the metric of predictive law are selected by
ensuring maximum precision when tracking the glide slope and ensuring the simplest type of
the pilot behavior [2, 3].

The effectiveness of such information display was assessed by performing the
experiments at the MAI flight simulator, including in conditions of intensive atmospheric
turbulence (wind shear caused by a microburst, and a vortex wake from a formerly flown
aircraft as well).
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O0ecneyeHne 0TKA30yCTOMYUBOCTH CBEPX3BYKOBOI0 ACCAKMPCKOro caMoJjieTa 3a c4yer
rHOPUAHOIO MOAX0/1a K peKOH(pUrypanun 60pTOBOro 000py/10BaAHUS U CHCTEM
I'macos B.B.l, 3p10MH E.IO.l, KochbsHuyk B.B.!
oAy «"'ocHUHUAC», r. Mocksa, Poccus

Jns moBblIeHUS YpPOBHSI 0€30IaCHOCTH IOJIETOB IPU BO3HUKHOBEHUHU OTKA30B
O6opToBOro 000OpyIOBaHMS M CHUCTEM CBEPX3BYKOBOI'O I1aCCa)KUPCKOIO  camoJiera
npeyiaraeTcsi — MCHOJb30BaTh  NApaMETPUUECKUE U HENapaMeTpUuecKUe  METOJIbI
peKOoH(pUTypalui, OCHOBaHHbIE HA alnapaTHOW WK (GyHKIIMOHAIBHON U30BITOYHOCTH.

Llenpto mapamMeTpUyYECKOW pPEKOH(PHUTYpaluu SBISETCS —OIpPENeIeHUE MAaTPHUIIBI
pekoH(purypanuy, o0ecleuuBaolel IMOJIHOE COBMNAJCHHE [ApaMeTpoOB MOJEIU ¢
paboTOCTIOCOOHBIMM 3JIEMEHTAMU M MOJIENIU ¢ peKoHurypauuei. [lapamerpuueckre MeTobI
3 PEeKTUBHBI, KOIrJla TOYHO H3BECTHBI MapaMeTpbl MOJEIM. B 3aBUCHMMOCTH OT TOYHOCTH
MOJIEH MPUMEHSIOTCSI ONTUMANbHbBIE, pOOacTHbIE U OrpaHuueHHble pemeHus [1-3]. OnHako
OpU  BBICOKOM  YpPOBHE  MapaMeTpUUYECKMX  HEONpeNelNEHHOCTeH,  BBI3BAaHHBIX
HEHJIEHTH(DUIINPYEMOCTBIO MO/IeIeH M BHEITHUMH BO3MYIICHUSIMH, TIapaMEeTPHUECKasi TEOpHs
CHCTEM CTaHOBMTCS HEIPUMEHUMOM.

[lenbto HemapaMeTpUYECKON peKOH(UTypalluM SBISETCS HaXOXKJIECHUE YIpaBJICHMUS,
o0ecreynBaroIero 3aJaHHbIi  BEKTOp COCTOSHUS MOJEIM B YCJIOBUSX  IOJIHOU
napaMeTpHyuecKoi HeolpeaeaeHHOCTH 0e3 Hanuuus MHpopMaluu o mapaMerpax monaenu. B
3TOM Cily4ae peKOH(Urypalus OCyIECTBISAETCS C UCIOIb30BAaHUEM YCIIOBHS Pa3pelIuMOCTH
yYpaBHEHHUS UICHTU(PUKALIUU TapaMETPOB MOJIEIH TOJIBKO Ha OCHOBE HH(POPMAIUH O TEKYILIUX
U TpeAbLIYIIUX 3HAYEHUSAX BEKTOPOB HU3MepeHuil u ympasineHuil [4]. JlaHHbI mOAXO0X
TpeOyeT nepecuéra 3aK0Ha YIPABICHUS B PETYATOPE HA KAXKIOM 11are JUCKPETU3AIUH.

Haubonpuryto 3¢ ¢hexkTuBHOCTh 00€CTIeunBaOT THOPUAHBIE PETYISTOPbI, B KOTOPBIX
napaMeTpbl M CTPYKTypa 3aKOHOB PEKOH(QUIypallid CHHTE3UPYIOTCS MapaMeTpHUueCKUMHU
METOJaMH, a UX KOpPPeKIMs B YCIOBUSAX NapaMETPHUUECKOl HeompeaeaEHHOCTH
OCYIIIECTBIISIETCSl HEeMapaMeTpuYecKuMHu MeTonamu. s peanusanuu ruOpuHOrO MOJIX0/a,
coyeraroniero B ce0e BCe IUIIOCHI 00OMX METOJOB PEKOH(HUIypaluu, MOXHO Pear30BaTh
CUCTEMY PEKOH(UTrypaluu ¢ mapaMeTpUIeCKUM PEryasiTOpOM U, pacCMaTpPUBasl €€ Kak HOBBIN
O0BEKT yIpaBleHHs, OOECIeYnBaTh 3aJaHHYI0 TOYHOCTh YIPABJICHUS MpPH HAIUYUU
napaMeTpUUecKUX HEOIPeIeIeHHOCTEHN ¢ MOMOIIBI0 HEMapaMeTPUUECKOT0 PETysTopa.
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Ensuring the fault tolerance of a supersonic passenger aircraft through a hybrid
approach to the reconfiguration of onboard equipment and systems
Glasov V.V.", Zybin E.Yu.! Kosyanchuk V.V.!

1 GosNIIAS, Moscow, Russia

To increase the level of flight safety in the cases of failures of on-board equipment and
systems of a supersonic passenger aircraft, it is proposed to use parametric and non-
parametric reconfiguration methods, based on hardware or functional redundancy.

The purpose of parametric reconfiguration is to determine the reconfiguration matrix,
that ensures complete matching of the model parameters with operable elements and the
model with reconfiguration. Parametric methods are effective when the model parameters are
known exactly. Depending on the accuracy of the model, optimal, robust or limited solutions
are used [1-3]. However, at a high level of parametric uncertainties caused by unidentifiable
models and external perturbations, parametric theory of systems becomes unapplicable.

The goal of nonparametric reconfiguration is to find a control that provides a given
model state vector under conditions of complete parametric uncertainty without information
about the model parameters. In this case, the reconfiguration is carried out using the condition
of solvability of the model parameter identification equation only on the basis of information
about the current and previous values of the measurement and control vectors [4]. This
approach requires recalculation of the control law in the controller at each discretization step.

The highest efficiency is provided by hybrid controllers, in which the parameters and
structure of the reconfiguration laws are synthesized by parametric methods, and their
correction under conditions of parametric uncertainty is carried out by non-parametric
methods. To implement a hybrid approach that combines all the advantages of both methods
of reconfiguration, it is possible to implement a reconfiguration system with a parametric
controller and, considering it as a new control object, provide a given control accuracy in the
iconditions of parametric uncertainties using a nonparametric controller.

The study was financially supported by the Ministry of Science and Higher Education of
the Russian Federation under agreement No. 075-11-2020-024.
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CpaBHUTEIbHBII aHATU3 CIVIAH-ANNPOKCUMAIIUM U KAJIMAHOBCKON (puibTpanuu B
3a/1aue CrjaKUBAHHUS TOJIETHBIX JaAHHBIX
Kopcyn O.H.'? I'opo CeKy1
1MAI/I, I".'Mocksa, Poccus
DAY «"ocHUHUAC», r. Mocksa, Poccus

CBepx3ByKOBasi TEXHOJIOTHS - OJIHA U3 KIIOYEBBIX TEXHOJOTUI OYyAylIero B aBUAIUU.
DTa TEXHOJOTHS PACCMATPHUBACT JICTATEILHBIC amapaThl, CIOCOOHBIC MPEBBIIATH CKOPOCTH
3Byka. OJIHaKO TMpPEBBINIEHHE 3TOH CKOPOCTH MPUBOAUT K H3MEHEHHUIO TEMIEpaTyphl
KOHCTPYKIIMU camoiieTa. J|elCTBUTENbHO, YCTAaHOBJICHHBIE HA CaMOJIETE JATYMKH, KOTOPHIC
MO3BOJIAIOT COOMpaTh MH(OPMALIMIO O MapaMmeTpax JKCIUIyaTallud CaMoJIeTa, MOJBEP KEHbI
BIIUSTHUIO CBEPX3BYKOBBIX (DAKTOPOB, UTO CHIIKAET WX TOYHOCTh. [l0 T€X MOp CBEPX3BYKOBBIC
TEXHOJIOTUH MHTEPECOBAIIN TOJIBKO BOCHHBIX, HO B HACTOSAIIEE BPeMsl MU 3aMHTEPECOBAIaCh
U TpaXKIAHCKas aBHAIMOHHAS MPOMBINIJICHHOCTh. BOpPTOBBIC M3MEpeHHs] HEOOXOIUMBI IS
cTabunu3anuu, yrpaBieHHs, O€30MacHOCTH W JaXe I YIYUYIIeHUS XapaKTePHUCTHUK
CBEPX3BYKOBBIX caMoJyieTOB. [loaToMy BaXKHO KOMOMHUPOBATH METOABI W CPEACTBA IS
KOPPEKLHNU apaMeTPOB, MPEIOCTABIAEMbIX JAaTUNKAMHU.

Ha camom neme HeoOXoauMOCTh HCHONB30BaHUS (GuiIbTpoB Kanmmana kak s
CHW)KEHHUSI IITYMOB, TaK W JJIsl OLIEHKHU CHTHAaJa OYeHb BENIMKA, MOCKOJIbKY OHH TO3BOJISIOT HE
TOJIbKO TIPOTHO3UPOBATH MapaMETPhl, HO U UCIIPABJIATH OMIMOKHU B JAaTUUKAX, a TAKKE B CAMOM
monenu. OIHUM U3 caMbIX MPOCTHIX W TOYHBIX BapuaHTOB (uubTpa Kanmana sBusercs
¢unbTp B3BeweHHbIH Kanmana [1].

Metoa annmpoKCMMallMy CIUIAMHOB MCIOJIB3YET METOJ alnlpOKCUMAallUd CETMEHTAMU;
CEerMEHTBhI COEIUHSIOTCS JAPYT C JIPYroM Tak, YTOObl MX COEAMHEHHUS OBLIU TJIATKHUMHU.
Kareropus cmnaitHoB, Hanbosee 4acTo MCIMOJIb3yeMbIX MpH 00paboTke CUTHANOB, - 3TO B-
crutaiiH [2]. OgHAako BO MHOTHX CTaThsX MOKa3aHO MPEUMYILECTBO KyOMUYECKUX CILIAifHOB
nepe]] CrilalHaMu CTETIeHU OOJIbIle TPEX, KOTOPhIe MPUBOAAT K OMMUOKaM OIEHKH [2, 3].

B nokmame TmpoBOIUTCS  OKCIEPUMEHTAIBHOE CPAaBHEHHE MEXIY TOJIXOI0M
CTOXACTHUYECKON (UIbTpaIiel U METOJOM CIUIAHOBOM ammpoKCUMAINH ISl 00beTUHEHHS
nH(OpMAIUH C TETBI0 TTOBBIIMICHHUS] TOYHOCTH OLIEHOK rmapaMeTpoB JIA.
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A comparison between stochastic filtering approach and spline approximation in flight
data smoothing
Korsun O.N.?, Goro Sekou'
'MAI, Moscow, Russia
2 GosNIIAS, Moscow, Russia

Supersonic technology is one of the key technologies of the future in aeronautics. It
considers aircraft capable of exceeding the speed of sound. However, exceeding this speed
causes changes in temperature on the aircraft structure and induces other effects. Indeed, the
sensors mounted on the aircraft, which make it possible to collect information on aircraft
exploitation parameters, are affected by the supersonic aspects, thus reducing their accuracies.
Until then, supersonic technology was of interest only in the military, but nowadays, the civil
aviation industry is also interested in it. The onboard measurements are necessary for the
stabilization, the control, the safety and even for performance improvement of an aircraft. It is
therefore important to combine methods, means and data (data fusion) in order to correct the
parameters provided by the sensors.

In reality, the need to use Kalman filters in noise reduction as well as in signal
estimation is very great, because it has the ability 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 filter variant is the Unscented Kalman filter [1].

The spline approximation method uses the segment approximation technique; the
segments are joined against each other, so that their junctions are smooth. The category of
splines most used in signal processing is the B-spline [2]. However, many articles have shown
the advantage of cubic splines over splines of degree greater than three, which lead to
estimation errors [2, 3].

In this report, an experimental comparison is conducted between Kalman filter approach
and spline approximation method to combine information in order to increase the accuracy of
aircraft parameter estimations.
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Pa3paborka 3axkoHa ynpaBJieHUs] peryJisiTopa ¢ MCIO0Jb30BaHHEM AJIbTePHATHBHBIX
CPeACTB aBTOMATH3ALMHU HA JTAIe MOCAAKH JJIsl CBEPX3BYKOBOI'0
NacCaXKUPCKOro camoJsiera
I'purmmma A.JO.!, E¢pemos A.B.
lMAI/I, r. Mocksa, Poccus

B HacTosmiei pabote mpeuioskeH allfOPUTM CHUCTEMBI YIpaBJICHUS, MPEANOaratoniuii
UCIIOJIb30BaHWE HAa CBEPX3BYKOBOM IACCAKUPCKOM  CaMOJIET€ BTOPOTO  IOKOJIEHUS
JIOTIOJTHUTEIIBHOTO OpraHa HEMOCPEACTBEHHOIO ymnpasieHus noabemHon cuiioit (OHVYIIC)
[2]. OTO MO3BONIUT OOECTICUHUTH «PaA3BSA3KY» JIWHEWHOTO M YIJIOBOTO JBIDKECHUS C IICNIBIO
yJIy4lIEHUS MUJIOTAXKHBIX XapaKTEpUCTHUK [3], a Tak)Ke CHU3UThH BO3ACHCTBHUE NEPETPY30K HA
HKUIMAX M MAcCaKUPOB MPHU MOMAJAHUN B MHTEHCUBHYIO aTMOC(HEpHYIO TypOyJleHTHOCTh. B
pabote Takke uccienyercs unenecoodbpaznocth uHTerpanuu OHYIIC u mepcnekTuBHON
CHCTEMbI 0TOOpaXKeHUsT MH(POPMAITUH C TPOTHO3HOM MHIMKame# [ 1-2].

OKCHEpUMEHTAJIbHBIE ~ UCCIEeJOBaHMs IpoBoawince B  MAWM Ha noaBHKHOM
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MUIOTAKHOM CTEH/IE, TJIe BBIMIOJHSIACH 3a/1a4a MOCAJAKU CaMOJIeTa.

Hcxons U3 MONyd4eHHBIX B 3KCIEPUMEHTAIBHBIX HCCIEAOBAHUIX PE3YIbTATOB MOYKHO
caenarhb cnenyromnire BeiBobl. MaTerpuposanue HYIIC ¢ nporHo3HbiM JucIijieem:

¢ B 35 pa3 ymenbmaer CKO 1o yriy ataku;

¢ B 11 pa3 ymensimaer CKO no HopmanbHOM neperpyske.

¢ B 20 pa3 ymenbmaer CKO 1o 60xoBoii koopauHare Z;

e [loutu B 9 pa3 ymenbmaer CKO 1o yriy kpeHa.

Yumenbmenane CKO kpera u 60KOBOI KOOPIMHATHI CBSA3aHO C YMEHBIICHUEM 3arpy3KH
JeTYMKA B MPOJOJILHOM KaHajle W POCTOM JOJU BHUMAHUS, YAENsieMoil UM OOKOBOMY
JIBUKCHHUIO.

¢ B 29 pa3 ymensimaer CKO no BeicoTe H;

¢ B 6 pa3 ymenbiaetr CKO no yrity Tanraxa;

e [Toutu B 6 pa3 ymenbinaercss CKO pacxoja ppluara ynpapieHHs IO TAaHTaXY Xg ;

¢ B 9 pa3 ymenpmaercs CKO pacxoja ppluara ynpaBiieHUs: IO KPEHY Xe ;

e Taxoke Ha 20 MpoOLEHTOB CHUXKAIOTCA pacxo sl PY /1.

Ilybnuxayus noocomoeénena 6 pamkax peanuzayuu Ilpoepammvl co30anus u pazeumus
Hayuno2o yeHmpa muposoco yposHs «Ceepxssyky na 2020-2025 200vl npu ¢unarcosot
noooepoicke Munobpuayku Poccuu (coenawenue om «16» nosops 2020 2. Ne 075-15-2020-
924).
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1. EbpemoB A.B., Tarnuk M.C., «Pa3paboTtka cpeacTB oToOpaxkeHust HHPOpMAIIH AJIs
ABUAIIMOHHOW TEXHUKH, 00ECIICUNBAIONIUX BBHICOKOTOYHOE MUJIOTHPOBaHUEY, KypHai [loner
Nell, nexa6ps 2010.

2. A. B. Edpemos, A. B. Komenenko, M. C. Tarmuk «Pa3zpaboTka CTpyKTypsl U
QITOPUTMOB CHCTEMBI YIPABICHUS, MPEAYyCMaTPUBAIOIINX HCIIOIb30BAHUE JOMOTHUTEIbHBIX
opraHos ymnpasieHus», Becthuk MAU, 2009.

3. EdpemoB A.B., Ornobmun A.B. Meroaudyeckoe oOecrieUeHHE HCCASAOBaHUI
MUJOTAXKHBIX CBOWCTB CaMOJIETOB Ha TWIOTAKHBIX CTEHAAX U TpeHaxepax. M:
Mamunoctpoenue, [Tosner Ne 5 2001.

Development of a controller control law using alternative means of automation at the
landing stage for a supersonic passenger aircraft
Grishina A.Y.!, Efremov A.V.!
'MAI, Moscow, Russia

Flight control system law, supposing the use a direct lift control device (DLC) [2] is
proposed in this paper. It provides a decoupling the linear and angular motion, allows to
improve flying qualities [3] and to decrease the effect of load factory acting on to the pilots
and passenger due to the flight in intense atmospheric turbulence of the supersonic passenger
aircraft (SPA). The expediently of integration DLC and perspective information indication
system with predictive indication [1,2] is studied too.

Experiments were carried out at MAI moving base simulator where the landing task was
performed by operators. The experiments on integration of DLC with predictive display
demonstrated the improvement of all characteristics in comparison with the version of
conventional type of motion mode and primary flight display. In particular:

¢ The root mean square (RMS) of angle of attack decreased by a factor of 35;

e The RMS of a load factor decreased by a factor of 11;

¢ The RMS lateral coordinate decreased by a factor of 20;

e The RMS of roll angle decreased by a factor of 9;

The decrease in the RMS of the roll and lateral coordinates can be explain by the
decrease of pilots work load in the longitudinal channel. It allowed to track more precisely in
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the lateral channel and causing an increase of share of attention which pilots paid to the lateral
channel.

e The RMS of altitude decreased by a factor of 29;

¢ The RMS of pitch angle decreased by a factor of 6;

All characteristic defining of pilots control outputs improved significantly as well.

The paper is prepared in the framework of the Program for the development of a world-
class research center “Supersonic” in 2020-2025 founded by Russian Ministry of Science and
Higher Education (Agreement 16 Nov 2020 Ne 075-15-2020-924).
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HMuTerpanus HeJTMHEHOr0 NpeUILTPA ¢ phIYaraMM YNpaBJeHUs] CBePX3BYKOBOI0
MAaCCAKHPCKOT0 CaMoJIeTa BTOPOIo MOKOJIeHHs
Edpemos E.B.Y, Eppemos A.B.
lMAI/I, r. Mocksa, Poccus

B Hacrosiuelt paboTe Obl1 BHIIOIHEH KOMIUIEKC 3KCIIEPUMEHTAIbHBIX UCCIIEI0BaHUN Ha
NWIOTAXHOM cTeHne. B kadecTBe 0OBEeKTa yIpaBiieHHs] ObUIa HCIIOJIB30BaHA HEIMHEWHAs
MOJIEJIb CBEPX3BYKOBOI'O IMACCAXKUPCKOI'O CaMmojieTa BTOPOrO IIOKOJIEHUS, BKIJIIOYArOIIas
NPUBOJ U CHCTEMY YIIpaBJICHUS. BTN MCCIe0BaHbBI Pa3IMYHbIE TUIIBI phlYara yIpaBiICHUs
[1]: ueHTpanbHBIN U OOKOBOI; a TaKXe pazaHuHble CIOcOObI (POPMUPOBAHMSI YIIPABISAIOIIETO
CHUTHAQJIa: CHUTHAJ MPONOPHHOHATBHBIN TepeMemeHnio peraara (peiyar tuma DSC
(Displacement Sensing Control)) u curHas, NpomOpHHOHATBHBIN MPHKIAJABIBAEMBIM K HEMY
yewmusm (peruar tuna FSC  (Force Sensing Control)). B Tpakt ympaBieHus: BBelcHa
YIpOLIEHHAass MOJieNb MPUBOJIa C BO3MOYKHOCTHIO BapbHpPOBAHUS 3HAYEHUNH MaKCHMaJIbHOU
cKopocTH OTKJIOHEeHHs. st obOecrmeueHust Oe3omacHO pabOTHI MPUBOAA TMPEIIOKEHO
YCTAHOBUTH HETMHEHHBIN PpeUIbTp, KOTOPBIN COCTOUT U3 OTPAHUYUTENSI CKOPOCTH, CUCTEM,
KOMITICHCUPYIOIINX (a30BOe 3ara3/IbIBAHUE ATOTO OTPAaHUYUTEINS, ¥ CHCTEMBI, KOTOpas B
cllyuae BBIXOJIa pPYJIEBOM IOBEPXHOCTH Ha OrpaHUYEHHE 110 CKOPOCTH OTKJIOHEHHUs
YMEHBIIAET CUTHAJI, I0/IaBaeMbIii Ha UCIIOJTHUTEIBHOE YCTPOUCTBO.

B Xxome kaxIoro sKCHepuMEHTa OINEpaTOPOM pellajach 3ajadya KOMIIEHCATOPHOTO
CJIeKEHMS yria TaHraxa [2,3].

PesynbraTel MccnenoBaHmii B YCIOBHSIX, KOTJa Y IPUBO/Ia HET OTPAaHMYCHHN, TIOKA3aJIH,
4TO:

1) mpu ympaBieHWM KaK HEHTPAIbHBIM, Tak M OOKOBBIM pbruarom tuma FSC mo
cpaBHeHuto ¢ DSC aucnepcus curnana ommoOku B 1.5 pa3a MeHbIle

2) npu ympaBieHUH Kak 00KOBbIM pbraarom tuna DSC, tak u 60koBbIM perayarom FSC
10 CPaBHEHHIO C [IEHTPAJIbHBIM TOYHOCTb BBIMOJIHEHUS 3a/1auu B 1.5 pa3za myuie

B ycnoBusix orpaHmueHMi Ha CKOpPOCTh OTKJIOHEHMsI MpuBojga 15 rpan/c mnpu
ylpaBieHUN ULeHTpaibHbIM pblyarom THnma DSC u FSC TOYHOCTH NHIOTHPOBAHUS
yxyaumaercs B 4.5 pa3 u B 2.7 pa3a COOTBETCTBEHHO 10 CPAaBHEHMIO CO CIydaeM, KOrJaa Ha
npuBOJie orpaHnueHui HeT. [Ipu ncnonap30BaHUU OGOKOBOTO phlYara TOYHOCTh YXYAIIAeTCs B
1.3 pasa B cimygae DSC u B 1.5 pa3za B ciryuae FSC.

VYcraHoBka HenuHeiHOro npeduiabTpa [4-6] MO3BOJISET YMEHBUIMTH BpeMs, KOTOPOE
NPUBOJI HAXOIUTCS HAa OTPAaHUYCHUH, a TaKXKe, MPU YIPABICHWU [EHTPAITGHBIM pPHIYaroM
yAYYIIATh TOYHOCTh MUJIOTHpOBaHus B 3 paza B ciyuae DSC u B 1.3 pasa B cinyyae DSC o
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CPaBHEHHMIO CO Ciy4daeMm, Koraa mnpeduiabTp OTCyTcTByeT. llpu ympaBieHUHM OOKOBBIM
pBIYaroM TOYHOCTh MMJIOTHPOBAHUS MPAKTUYECKU HE U3MEHSIETCS.

Ilybnuxayus noocomoénena 6 pamkax peanuzayuu Ilpoepammvl cozoanus u pazeumus
HayuHoeo yenmpa muposozo yposhs «Ceepxseyky na 2020-2025 20061 npu ¢urancosoti
noooepacke Munobpuayku Poccuu (coenawenue om 17.05.2020 2. Ne 075-15-2022-1023).
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Integration of nonlinear pre-filter with control arms of a second-generation supersonic
passenger aircraft
Efremov E.V.}, Efremov A.V.!
'MAI, Moscow, Russia

In the present work, a set of experimental investigations was performed on a fixed-base
simulator. A nonlinear model of a second-generation supersonic passenger aircraft including
actuator and flight control system was used. Different types of inceptor (central stick and side
stick) and two types of pilot’s control outputs [1]: a signal proportional to the inceptor
movement (DSC (Displacement Sensing Control)) and a signal proportional to the forces
applied to it (FSC (Force Sensing Control)) were studied. A simplified model of the actuator
with the possibility of varying rate limiter is introduced in the control path. To provide flight
safety it was suggested to install a nonlinear prefilter that consists of a rate limiter,
compensator for the phase lag of this limiter, and additional prefilter reducing the signal to the
actuator in case when the steering surface reaches the rate limiter.

During each experiment, the operator performed the pitch tracking task [2,3].

The results of the studies under conditions when the actuator has no limitation

(8, — o) demonstrated:

1) the error signal variance is 1.5 times smaller in case when operator was used both the
central and side stick type FSC compared to DSC;

2) in case when both DSC side stick and FSC side stick were used the accuracy of the
task is 1.5 times better compared to the central stick.

Under conditions of 15 deg/s rate limiter, the piloting accuracy is 4.5 times and 2.7
times worse with DSC type and FSC type of central stick control, respectively. When using a
side stick, it is 1.3 times less with DSC and 1.5 times less accurate with FSC in comparison of

case 0, > .

Installation of a non-linear pre-filter [4-6] reduces the time that the actuator is on the
limitation and, when controlled by the central stick, improves piloting accuracy by a factor of
3 in the case of DSC and 1.3 in the case of FSC compared to the case when the no pre-filter is
absent. The piloting accuracy is virtually unchanged when the side stick is controlled.
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CunTe3 peryjsiTopa, HOCTPOEHHOI0 HA MPUHIKUIIE 00PATHON IMHAMHUKH, H
HIeHTH(PUKALMS HeJIMHEHHON MO/Ie/IM MPOI0JIbHOI0 ABHKeHUsI B pesxxkume odduiaiin
Kopayn ®.A.", Bukuneesa AT, Eppemos A.B.
1MAI/I, r. Mocksa, Poccus

B nacrosimem noknazne vcciaeayeTcsl IPUHLMII OCTPOEHUS! PEryJsiTopa, OCHOBAHHOTO
Ha NpUHLIUIIE OOpaTHOM AMHAMHUKH, U UACHTU(PHUKAIMS MOJEIHM IMPOAOJBHOTO JBUKEHUS
cBepx3BykoBoro maccaxupckoro camonera (CIIC) mo pesynpTaTaM U3MEpEeHHH peaxiuii
HeJMHEeHHON Mozenn B pexume odduaiiH. B pabore paccmarpuBanach 3ajada MOCAIKU
camoJieTa B YCIIOBHSIX BO3/ICHCTBHI aTMOC(HEPHBIX BO3MYILICHHIH.

bbutn mpoBesieHbl AKCHEPUMEHTANbHbBIE HCCIIEAOBAHUS C ITOMOIIBIO IOJYHATYpHOTO
MOJICIMPOBAaHUS Ha Ha3eMHOW paboueit ctanHiuu. [lyrem HCMOIb30BaHMS YHUBEPCAIBHOTO
merona KkodpduuuentoB Dypbe [1,2] ObulM NOIY4YEHBl SKBHUBAJCHTHBIE YaCTOTHBIE
xapaktepuctuku CIIC u ompeneneHbl ee mMapaMmeTphl, HCIOJIb3yeMble AJI TOCTPOCHUS
peryJsaropa.

beula copmupoBana MmaTemaruueckas Mojelb cucreMbl «JIA + perymsatop» u
IIPOBEJEHBl JKCIEPUMEHTAIbHBIE MCCIENOBAaHUS HAa NWIOTAKHOM CTEHIE C CHCTEMOMU
noBUKHOCTU [TosyueHHbIe pe3yabTaThl UCCIIEOBAHUM MTOKa3allu, 4To:

*HCIIOJIb30BaHME HETMHEHHOro mpeduibTpa YMEHbLIAeT MOTPEOHbIE CKOPOCTH
OTKJIOHEHHS IPUBOJOB cO 3HaueHui 6omnee +150 rpan/cex no £30 rpan/cex. IIpu 3Tom Takxke
YMEHbIIAETCSl BpeMsl BbIxojga Ha orpaHudeHus ¢ 20% no 1% OT mpomoKHTENbHOCTH
HKCIEPUMEHTA, YTO YMEHBIIAET TEHACHIINIO K paCKayKe caMOoJjIeTa JETUUKOM;

* IICTIOJIb30BaHME peryisiTopa 0OpaTHONW TUHAMUKU YMEHBIIAET CPEeJHEKBaApaTUIECKOe
otksoHeHne (CKO) ommbku B 1.3 pasza u ymensiaer CKO pacxonoB peluara ynpasieHHs B
2.6 pa3a. [Ipu 5TOM YacTOTHas XapaKTEPUCTHKA caMoJIeTa MPUOJINKAETCS K MHTETPUPYIOILETro
3BeHa WorKaljw;

*nipu BBegeHuu B CY CIIC perynstopa oopatHoit nuHamuku CKO npu oTcnexuBaHun
TIIMccazbl B YCIOBUSIX aTMOC(EpHOI TypOyIeHTHOCTH yMeHblImIoch Ha 34% 1o BbIcOTeE, a
no 60koBoii koopauHare — Ha 10%, o cpaBHeHuto ¢ CY 6e3 peryasaTopa;

sripu 3ToM yMmeHbImaroTcss CKO yriaoBeix KoopawHAT (Yroyi aTakd, Yyrojl KpeHa, yroi
TaHraxka u Jp.) Oojee yeM B 2 pa3a, a TaKKe CYIIECTBEHHO CHUXKAETCS 3arpy3ka JIeTUMKa
BCJIE/ICTBHE YMEHBIIIEHUS PaCX0/JI0B PhIUaroB yrpaBJeHUS;

*IIpH JIOTIOJIHUTENILHOM HCIOJIb30BaHUU TPOTHO3HOTO JUCIIEs] BMECTe C (DUIBTPOM
0o0paTHON TUHAMHMKHU TOYHOCTH OTCJIEKMBaHUs yiydmmiack B 11.2 pa3 u 13 pa3 no BeicoTe U
OOKOBOI KOOPAMHATE COOTBETCTBEHHO.
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Synthesis of a controller built on the principle of inverse dynamics and identification of
a nonlinear model of longitudinal motion in offline mode
Korzun F.A.L, Bikineeva A.P.}, Efremov A.V.}
'MAI, Moscow, Russia

This report is dedicated to the design of a controller, based on the principle of inverse
dynamics and offline identification of coefficients of supersonic passenger aircraft (SPA)
linear longitudinal dynamic model based on the results of measurements of the nonlinear
mathematical model responses. The landing task under the influence of atmospheric
disturbances are considered in the research.

Experiments were performed using MAI ground based simulator. By using the unified
method of Fourier coefficients [1,2], equivalent frequency characteristics of the SPA were
obtained and their parameters were used for the controller design. Except it the prefilter for
suppression of pilot induced oscillation (P1O) event was proposed as well.

A mathematical model of the "Aircraft + controller + prefilter” system was developed
and experiments were performed on the moving base simulator. The obtained results showed
that:

ethe use of a non-linear prefilter reduces the required actuator deflection rates from
more than £150 deg/sec up to £30 deg/sec. At the same time the duration during which the
required rates are exceeded rate limiter reduced from 20% up to 1% dependency of the
duration of trial. It reduces the tendency of P10O;

e the use of inverse dynamics controller reduces the root mean square (RMS) of error by
a factor of 1.3 and reduced the pilot control output by a factor of 2.6, the aircraft frequency
response characteristics approach to the integral W~Ky/jw;

ewith the introduction of controller into the control system of SPA, the root mean
square (RMS) when tracking the glide path in atmospheric turbulence conditions decreased by
34% in altitude, and by 10% in lateral coordinate, compared with the control system without
the controller;

e at the same time, the angular coordinates (angle of attack, roll angle, pitch angle, etc.)
were reduced by a factor of 2, and the pilot's workload is significantly reduced due to a
reduction in the pilot control outputs;

e with the additional use of the prediction display combined with the inverse dynamics
controller, the tracking accuracy improved by a factor of 11.2 and 13 in altitude and lateral
coordinates, respectively.

The paper is prepared in the framework of the Program for the development of a world-
class research center “Supersonic” in 2020-2025 founded by Russian Ministry of Science and
Higher Education (Agreement 16 Nov 2020 Ne 075-15-2020-924).
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CucTreMHBIE METO0JI0THH MPOEKTHPOBAHUS YeJI0BEKO-MANIMHHBIX HHTeP(deiicoB
NepcneKTHBHBIX CAMOJIETOB
Kopcyn O.H. !, ITpocroxsammu I'.A. *, Timyxosa 2.J1. 1
oAy «"ocHUHUAC», . MockBa, Poccus

Pa3paboTka cBepX3BYKOBOM aBHAITMOHHOW TEXHUKH SIBJISIETCSA BAXKHBIM MEPCIEKTUBHBIM
HAIPaBJICHUEM PAa3BUTHUS ABUAIMOHHON COCTAaBISIOLIEH TPAHCIOPTHON HH(PPACTPYKTYpPhI
OTEYECTBEHHON SKOHOMHUKH, OOYCIOBJICHHOE TreorpaMuecKuM IOJIOKEHHEM M pa3MepaMu
Poccutickoit ®eneparuu. [Ipu 3ToM J0MKHBI OBITH MPUMEHEHBI BCE CaMbI€ COBPEMEHHBIC
NOAXOAbl M TpeOOBaHUS, TpPENbSABIIEMbIE K CaMOJETOCTPOEHHI0. B wactHOCTH, 3TH
TpeOOBaHUSI 3aTPAarMBalOT BOIMPOCH YEIOBEKO-MAIIMHHOTO B3aWMOJAEWUCTBUS HKUIMAXKEH U
OOpPTOBBIX CUCTEM.

B nacrosimiee Bpemsi pa3paboTKa 4eIOBEKO-MAIIMHHBIX MHTEPPEHCOB OTEUECTBEHHBIX
CaMOJIETOB MPOU3BOJUTCS MPEUMYLIECTBEHHO METOJIOM aHAJIIOTUH Ha OCHOBE PACCMOTPEHUS
MHOTOJIETHETO OIbITa MOJIETOB Ha CaMoJIeTax COOTBETCTBYIoLIEro Tumna. Hemocratok Takoro
MOJX0/a COCTOMT B TOM, YTO HOBBIE pPa3padOTKM BO MHOTOM «HACIEIYIOT» OOJHK
uHTep(eicoB MNpeAbIAYIINX TMOKOJICHHUS AaBUAIlMOHHON TeXxHUkH. I[losToMy BO3HHMKaeT
H€06XOI[I/IMOCTI) HCIIOJIB30BaHUA CUCTCMHBIX MCTOIIOJIOFI/Iﬁ IMPOCKTUPOBAHMS, IMMO3BOJIAIOIMIUX
pa3pabaTeiBaTh HOBbIE HHTEP(EHCHI B COOTBETCTBUU C aKTyallbHBIMU (DYHKIIMSIMH caMoJieTa 1
3aauaMy SKHIIaXKa.

[IpuMeHeHrne CUCTEMHBIX METOJOB MPOEKTUPOBAHUS HAa PAaHHHMX dTamax MpeJroiaraet
TaK)K€ aHaJN3 3PrOHOMMUYECKUX TPeOOBaHUI K YeIOBEKO-MalllMHHBIM uHTepdelicam [1]. Otu
TpeOOBaHUS JAENATCS Ha JIBE€ OCHOBHBIE TPYIIIbI: O0IIEIPrOHOMUYECKUE U (PYHKIIMOHAIbHbBIE
[2].

K olmespronomuueckuM TpeOOBaHUSM OTHOCATCSA: AHTPOMOMETPHsI, JOCSATaeMOCTb,
0030pHOCTh, (QU3HONIOTHS, OWOMEXaHWKa, CpelIoBble (aKTOphI, yI0OCTBO Kpecedn,
KOAMpOBaHUE MH(POPMAIH, OPTaHbl YIPABJICHUS U CPEACTBa OTOOpakeHUs] MHGOpMaUU U
T.JI.

K ¢yHk1moHanpHbIM TpeOOBAaHUSM OTHOCATCS: pacmpeesneHne QyHKIMA yrnpaBleHUs
MCKAY OKHUIIAKEM U aBTOMaTI/IKOf/'I, dHAJIN3 U OIIMCAaHUuC Q)YHKHI/If/'I n 3aaad DJKHIIaXxKa,
HanoJIHEHUe HHTepdeiica, BKIOYas KaJIpbl WHIANKAIUH, CUTHAIM3AINIO, MYJIbThl U MaHEeIH
yhpaBieHus, pacrpeaeneHue (QyHKIUN yIpaBiIeHUS MEXAYy WICHaMU SKHIaXka, a TakkKe
QITOPUTMBI U IPOLIEAYPHI YIIPABICHHUS.

BoinonHenue o0mesproHoMuyeckux TpeOoBaHMI o00ecreynBaeTcsi € IOMOIIbIO
METOJIOB TPAJWLIMOHHONW SPrOHOMHKH, a Takke pa3paboTkoil andaBuTa KOIUPOBAHUS
uHdopmarmu [2], [3].

Jns obecniedenus (GyHKIIMOHATIBHBIX TPEeOOBaHHI HMCIHOIB3YIOTCS MaTeMaTHYeCKHe
METOABI, a TAKXKE€ METOABI CHCTEMHOI'O aHaJIn3a. K YUCITYy MAaTEMAaTHYCCKUX MCTOJOB MOXKHO
oTHecTu cetu I[leTpu — st MoeTupoBaHusl pabOTHI SKkHUMNaxka [4], a K METoJaM CHCTEMHOTO
aHajgn3a — TOCTPOCHHUE JIEPeBbEB 3a1ad [5], MO3BOJSIONIMM 0000mAaTh JETHBIM OIBIT
HKCIEPTOB.

B noxmame paccMOTpeHO TpPUMEHEHHWE CHUCTEMHBIX METOIOB [6] nJisi TMOBBIIICHUS
b (heKTUBHOCTH  pa3pabOTKM  YETOBEKO-MAITMHHBIX ~ MHTEP(EiicOB  MEPCIEeKTUBHBIX
CBEPX3BYKOBBIX CAMOJIETOB.
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System methodologies for designing human-machine interfaces for advanced aircraft
Korsun O.N. *, Prostokvashin G.A.*, Glukhova E.D.*
1 GosNIIAS, Moscow, Russia

The development of supersonic aviation technology is an important part of the aviation
component of the transport infrastructure of the Russian economy, due to the geographical
location and size of the Russian Federation. It is necessary to apply all the most modern
approaches and requirements. In particular, these requirements affect the issues of human-
machine interaction between crews and on-board systems.

At present, the development of aircraft human-machine cockpit interfaces usually is
carried out by the analogy method: which is based on the analysis of many years of flying
experience. As the result the new interfaces are very close to the previous one. Therefore,
there is a need to use system design methodologies that enables developing new interfaces in
accordance with the actual functions of the aircraft and the tasks of the crew.

The application of system design methods in the early stages involves an analysis of the
requirements for human-machine interfaces, that is, the requirements of ergonomics [1].
These requirements are divided into two main groups: general ergonomic and functional
requirements [2].

General ergonomic requirements include: anthropometry, reach, visibility, physiology,
biomechanics, environmental factors, seat comfort, information coding, controls and
information display tools, etc.

Functional requirements include: distribution of control functions between the crew and
automation, analysis and description of the functions and tasks of the crew, and the content of
the interface, including display frames, alarms, consoles and control panels. Besides the
distribution of control functions between crew members must be considered, as well as
control algorithms and procedures.

The fulfillment of general ergonomic requirements is ensured using the methods of
traditional ergonomics, as well as the development of an information coding and interaction
vocabulary [2], [3].

To ensure functional requirements, mathematical methods are used, as well as methods
of system analysis. Mathematical methods include Petri nets for modeling the work of the
crew [4], and systems analysis methods include the hierarchical task analysis [5], which
makes it possible to generalize the flight experience of experts.

The report considers the application of system methods [6] to improve the efficiency of
the development of human-machine interfaces for advanced supersonic aircraft.
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IIpuMeHeHMe 10MOJTHEHHOH PeaJIbHOCTH /IVISl IOBBIIEHUSI KA4eCTBa U CKOPOCTH
Pa3padoTKHU IKCIIePUMEHTAJBHBIX H31eJIHil
Hecmenor I[.A.l, CyxaHoB [[.]5.1
lMAI/I, r. Mocksa, Poccus

Ha cerognsmHuii neHp 3ajada MO CO3JaHMI0 HOBBIX MPOTOTUIIOB  CJIOKHBIX
TEXHUYECKUX WU3JCIUNA OCTaeTCs aKTyallbHOW H KpaiHe BocTtpeboBanHOi. Ho oHa
HEMOCPEACTBEHHO CBs3aHA C BBICOKMMH 3aTpaTaMu Ha Ipolecc pa3paboTKH W ONTHMM3ALUU
MOJIyUEHHOT0 pELIEHUs, U, KaK CIEeACTBHE, C IMOBBIIIEHUEM pacxoja MaTepHalioB IS
U3TOTOBJICHUST M CO3JaHHMs HOBOM M OOHOBJISIEMOM TEXHOJOIMUYECKOW HH(PAacTPyKTypoOH,
0OJBIIMMHM CPOKaMHU NPOEKTUPOBAHMS M CO3/JaHMA MpoTroTuna. B nanHOW pabote
npeJcTaBieHa OLEeHKa M (OpMUpOBaHHE NOTEHIMAda JOMOJHEHHOM peaJbHOCTH IJis
CO37aHUSI TPOTOTUIIOB KOHCTPYKTOPCKUX U3JCIUA M OSKCHEPUMEHTAIbHBIX MOJeNel B
ABUALIMOHHOW MPOMBILIIEHHOCTH.

Buenpenue 10nonHEHHON peanbHOCTH:

® YBEJIIMUMBAET CKOPOCTH IPOU3BOICTBEHHOTO MPOLIECCA;

eympouiaer o00y4eHHE COTPYAHUKOB B3aMMOJEHCTBOBAaTH C  JOPOTrOCTOSIIMM
o0opy/soBaHHWEM, MHHHUMH3UPYS PUCK TOJIOMOK WJIM TpaBM, TE€M CaMbIM COXpPaHSs
MIPEANPUSITHIO BPEMS U JICHBTH,

epacupsieT (QYHKIMOHAT COOpPOK M MoOjeJel, yduT pa30uparbCsi B CYIIHOCTH
MIPEJICTaBICHHBIX MaTEPHUAJIOB, TO3BOJISIET OYKBAJIIBHO “TIOTPY3UTHCS” B HUX C TOJIOBOIA.

TexHONIOrMM JONOJHEHHOW pealbHOCTH HecyT B cebe OOJbIIoN MoTeHIManm JUis
UCIIOJIb30BAaHUsI B O0JIACTH JAMArHOCTUKM M OOCIY)KHBAaHMSI Ppa3IMYHBIX arperaTos
nerarenbHoro ammapata [l], B cdepe, CBsA3aHHOH C TpPEHUPOBKAMH Ha JIETHBIX
WCIIBITAaTENIFHBIX TPeHAKEpax [2], B o0macTu oOyueHus pabodero nepcoHana [3].
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[TpennoxeHHbIl MOAXOA 110 BHEAPEHNIO AR-TEXHOJIOTUH HAa POU3BOICTBE OCHOBAH Ha
npumeHennn takoro I10 kak mmrargopma Unity 3D, CAD mporpamMmbl U IPOrpaMMbI I10
mojenupoBanuio u anumaiuu — Blender 3D, NX Siemens, SolidWorks u apyrue.

Ha npumepe crenma Cuctembl Kontpons Ilepekoca (CKII) mexanuzanmu Kpblia
PETHOHANBHOTO CaMoJIeTa MILTIOCTPUPYETCST paboTOCHOCOOHOCTh MPEATIOKEHHOTO MOAX0A.
[TommyueHHble pe3ynbTaThl, CBSA3aHHBIE C CO3JaHHEM LU(POBOM MoOAEIH 3aKpbUIKa U
npeakpbuika, uarerpupyemoit Ha creny CKII, nanpHeieit fjeMoHCTpaluel TMHAMUYECKUX
mpoueccoB pabOThl  JaHHBIX —arperatoB, MoKa3zadu dS()(PEeKTUBHOCTH HMCMHOIb30BAHUS
JOTIOJTHEHHON pealbHOCTH. bbUIO0 cokpamieHo Bpems Oonee dyem Ha 20%, Omaromaps
YCKOPEHUIO ONTHUMM3AIMH H3TOTaBIMBAEMON KOHCTPYKIIMM IMOCPEICTBOM HAJIOKEHUs Ha
peanbHblil nporotun 3D mMozaenu, yxe oNTUMHU3MPOBAHHOW TUIIOBOM KOHCTPYKLMU 3aKpbLIKa
U TpPEeAKpbUIKa, YTO IOMOIJI0O OOHAPYXUTh OTKJIOHEHHE CO3JIaHHOTO OOOpYyIOBaHUS OT
«3TAJIOHHOM» KOHCTPYKIIUU HAKJIA/IbIBAEMbIX MO/JIEIICH.

HccnenoBanus OyayT NpoAOKEHBI B HAPABICHUH COBEPILICHCTBOBAHUS (PYyHKIIMOHATA
pa3pabateiBaeMbix AR pemeHuil. J[aHHas TEXHOJOTHsS OTIIMYHO 3apEKOMEHIIOBaa ceOs B
POEKTe MO CO3/JaHui0 onbITHOW KOHCTpykimu creHaa CKII, ee mpumeHeHHe MO3BOIMUIIO
IIOBBICUTH BCI)(i)CKTI/IBHOCTI) HC TOJIBKO MPOCKTUPOBAHWA KOHCTPYKIIMH, HO U €€ ITPONU3BOACTBA
U KOHTPOJIA KauecTBa KOHEYHOH cOOpKU. B pamMkax COBpeMEHHBIX BBHI30BOB K aBUAIMOHHON
MMPOMBIINIJICHHOCTH, T'IC HGO6XOILI/IMO COKpalaTb BpEMs IOCTAaBKHM HOBBIX TEXHOJIOTUH OT
UJCH 10 CEPUITHOTO MPOU3BOJICTBA, TEXHOJIOTHUS JOMOJHEHHONW pearbHOCTU OYJIET 0COOEHHO
aKTyaJlbHa.
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Application of augmented reality to ensure the quality and speed of development
of experimental products
Nesmelov D.A.}, Suchanov D.B.!
'MAI, Moscow, Russia

Nowadays, the contemporary solution for creating prototypes of engineering products
remains relevant and traditional. However, it is directly related to the high costs of
consumables and infrastructure, and, as a result, with an increase in the consumption of
materials for the manufacture and creation of a new and updated technological infrastructure,
huge design time and prototyping time. Current report presents the assessment and formation
of the potential of augmented reality (AR) for the creation of prototypes of engineering
products and experimental models in the aviation industry.

The introduction of augmented reality:

e increases the speed of production process;

esimplifies the training of employees to work with expensive equipment, minimizing
the risk of breakdowns or injuries, thereby saving the company time and money;

eexpands the functionality of assemblies and models, teaches you to understand the
essence of the materials presented, allows you to literally “dive” into them with your head.

Augmented reality technologies carry a great potential for use in the field of diagnostics
and maintenance of various aircraft assemblies [1], in the field related to training on flight test
simulators [2], in the field of training of working personnel [3] and more.
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The proposed approach for introducing AR-technology in production is based on the
use of such software as the Unity 3D platform, CAD programs, modeling and animation
programs — Blender 3D, Creo Illustrator, NX Siemens, SolidWorks and others.

The efficiency of the proposed approach is illustrated by the example of the stand wing
mechanization Skew Control System (SCS) of a regional aircraft. The results obtained related
to the creation of a digital model of the flap and slat integrated into the SCS stand, further
demonstration of the dynamic processes of operation of these units, showed the effectiveness
of using augmented reality. reducing the time by more than 20%, thanks to the acceleration of
the optimization of the manufactured structure by superimposing on the real prototype of the
3D model of the already optimized standard design of the flap and slat, which helped to detect
the deviation of the created equipment from the "reference" design of the superimposed
models.

Researches will be continued in the direction of improving the functionality of the AR
solutions being developed. This technology has proven itself well in the project to create a
pilot design of the SCS stand, its application has made it possible to increase the efficiency of
not only the design of the structure, but also its production and quality control of the final
assembly. In the context of modern challenges to the aviation industry, where it is necessary
to reduce the delivery time of new technologies from idea to mass production, augmented
reality technology will be especially useful.
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CuHTe3 peryJiiTopa, HOCTPOCHHOI0 HA IPUHIUIIE 00PATHON IMHAMMKH, U
uaenTuurkanusa moaeau 6okoporo Apu:keHuss CIIC HoBoro nokosieHusi B pesxkume
OHJIANH
[Iponanuxk B.AL Edpemon AB!
1MAI/I, r. Mocksa, Poccus

B HacrosimieM gokiiazme HMCCienyeTcsl IeJIecCo00pa3HOCTh HCIOIb30BAHUS TPUHIUIIA
o0paTHON AMHAMUKH MIPHU MOCTPOCHUU PETYISATOpPA CUCTEMBI YIpaBlIeHUS B OOKOBOM KaHale
JUIsi  o0OecIieueHUs] HE3aBUCHMOCTH JBWKEHUW KpeHa U PBICKAHUS CBEPX3BYKOBOTO
naccaxxupckoro camosera (CIIC) BToporo mokosieHus ¢ uaeHTHU(UKAIMEH MaTeMaTUYECKOM
Mozaend OOKOBOTO [BIDKEHHUS B pEeXKHME OHJaWH. PaccmarpuBaercst JIOMONTHEHHE
MPEAJIOKEHHOTO PETYIATOPa UHTETPAIbHBIM 3aKOHOM.

[IpuBeneHb! pe3yabTaThl SKCIEPUMEHTATBHBIX UCCIIEI0BAHUM, UIUTFOCTPUPYIOIINE YTO:

e llcnionb30BaHUE B CHUCTEME YIPABICHHS MPEIOKEHHOTO PEryJIsaTOpa COBMECTHO C
WHTETPAIIbHBIM 3aKOHOM IO3BOJISIET O0ECMEYHTh MPAKTUYECKH TOJHYI0 HE3aBHCHUMOCTh
JIBIDKCHUI KPEHA U PHICKAHUA.

e lcrionb30BaHme peEryisiTopa, OCHOBAHHOTO Ha MPHHIIMIE OOpaTHOW JAMHAMUKH,
COBMECTHO C MHTETPajIbHBIM 3aKOHOM OOECIIEYMBAET MOBBIINIEHNE TOYHOCTH MHJIOTHPOBAHUS
Ha 65% U 3HAYUTENbHOE YJYYIIEHHE OCHOBHBIX XapaKTEPUCTHK CHUCTEMBI CaMOJIET-JIETUUK
[1].

e BBeneHrne MpeUIOKEHHOTO pPETYsITopa O00ECTeurBaeT COOTBETCTBHE OOBEKTa
YIPaBJICHUS IEPBOMY YPOBHIO MUIOTAXKHBIX XapaKTEPUCTHK.
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e lcrionb30BaHKe TPUHIUINA OOpaTHOW JWHAMUKH COBMECTHO C HHTErPATbHBIM
3aKOHOM 00€eCIeYrBaeT MEHbBIIYI0 YYBCTBUTEIBHOCTbh DPETYISATOpa K HETOYHOMY 3HAHHUIO
JUHAMHUKU O0BEKTa YIPABIICHUS.

e AIropUTM OHJIaH HACHTHGUKAUK [2] CcHocoOeH amanTUpPOBAaThC K PE3KOMY
M3MEHEHHUIO XapaKTepPUCTUK 00BEKTa YIpaBlIeHUs, B TOM YHUCIIe K BOSHUKHOBEHHIO OTKa3a, U
CBOCBPEMEHHO M3MEHSThH MapaMeTPhI PeryisiTopa.

DKCrepUMEHTAIbHBIE UCCIIEIOBAaHUS MPOBOIMINCH C HCIOIb30BAaHUEM MOJIYHATYPHOIO
MOJICJIMPOBAHUSA Ha MUJIOTaAXKHOM cTeHe 1aboparopuu MAWU HUJI TICCJL.

Ilybnuxayus noocomoeénena 6 pamkax peanuzayuu Ilpoepammvl co30anus u pazsumus
Hayuno2o yeHmpa muposoco yposhs «Ceepxssyky na 2020-2025 200vl npu ¢unancosol
noooepoicke Munoopuayku Poccuu (coenawenue om «16» nosopa 2020 2. Ne 075-15-2020-
924).
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Synthesis of a controller based on the principle of inverse dynamics and online
identification of the new generation supersonic passenger aircraft lateral motion model
Prodanik V.A.}, Efremov A.V.*

'MAI, Moscow, Russia

This research is dedicated to the expediency of using the inverse dynamics principle for
constructing a lateral channel control system controller design to ensure the independence of
roll and yaw movements of a second-generation supersonic passenger aircraft (SPA) with
online identification of a lateral movement mathematical model. The addition of the proposed
controller with a P1 controller is considered.

The results of experimental studies are presented, illustrating that:

eThe use of the proposed controller in the control system combined with the PI
controller provides:

- almost complete independence of roll and yawing movements;

- an increase in piloting accuracy by 65% and a significant improvement in the
main characteristics of the pilot-vehicle system [1];

- the first level of flying qualities;

- decreasing of sensitivity of the controller to inaccurate knowledge of the
dynamics of the control element dynamics.

eThe online identification algorithm [2] is able to adopt the controlled element
dynamics to a sharp change in the characteristics, including the occurrence of a failure, and
change the controller parameters in a timely manner.

Experimental studies were performed by ground-based MAI simulator.

The paper is prepared in the framework of the Program for the development of a world-
class research center “Supersonic” in 2020-2025 founded by Russian Ministry of Science and
Higher Education (Agreement 16 Nov 2020 Ne 075-15-2020-924).
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CriaxnBaHue 00PTOBBIX M3MePEHMI JIeTATEJBHOI0 ANINIAPATa HA OCHOBE
HCIO0JIb30BAHNS YPABHEHUH IMHAMHUKH I10JIeTAa 1 METO0B HEJTMHEHHOI0
NPOrpaMMHUPOBAHHUSA
Kopcyn O.H.}, CTys0BCKHI AB!
loAy «"ocHUMAC», r. Mocksa, Poccus

B Hacrosmem J0Kiage  pacCMOTPEHO IPUMEHEHHWE METOJIOB  HEIMHEHHOro
IIPOrpaMMUPOBAaHUA I PELICHUS 331a4M CTJIaKUBAaHUs CUTHAJIOB.

Haubonee pacnpocTpaHeHHBIMH MOJIXOAAMH K €€ PELICHUIO SBIIAIOTCS CriIaKWBaHUE
IpYd TMOMOIIM CTOXAaCTUYECKOM (MIBTpalu, NPEeXIEe BCETO, Pa3IHMYHBIX MOJUPHUKAINN
¢unbrpa Kammana wiM nNOJAMHOMUANBbHOE CIUIQXUBAHUE HA CKOJB3AILIEM HWHTEpBAJeE.
[Ipenynaraemplii METOI B OTIMYME OT KAJIMAaHOBCKON (pUIBTpAIMK HE MPEAIOaraeT mpsMoro
UCIIOJIb30BAHUSI CTOXACTHMYECKUX CBOWCTB CHUCTEMbI, YTO TpeOyeT pelIeHHus MaTpUYHOTrO
ypaBHeHHsT PUKaTTM M pPacyeToB B3BEIICHHOIO MAaTPUYHOTO KOI(PQUIMEHTA YCHUJICHHUS.
OHaKo OH YYMTHIBAET MAaTEMaTHYECKYH) MOJENb CUCTEMBI, CBS3BIBAIOLIYIO €€ BXObl U
BBIXOJIBI. 32 CYET 3TOTO yIAeTCsl YIPOCTUThH BBIUMCIICHUS, 00ECIICUHB MPH 3TOM CIJIA)KMBAHUE
KAaK BXOJIHBIX, TaK Y BBIXOJIHBIX CUTHAJIOB.

[TprMeHsieMbIil TOAXO0/ OCHOBAaH HAa HPSIMBIX MeToJax (POPMUPOBAHMSI ONTUMAIBHOTO
yrpaneHus [1], 0COOEHHOCTh KOTOPBIX 3aKII0YaeTCs B MPEICTABICHHH NCKOMOI'O CUTHANA B
[IapaMeTpUYECKOM KOHEYHOMEPHOM IIpocTpaHCcTBe. Torma uccnenyemas 3ajada CBOJIUTCA K
MHOTOMEPHOI MapaMeTpU4ecKor ONTUMHU3ALNU, KOTOPas MOKET ObITh pellleHa YHCICHHBIMU
METO/IaMH, B IAHHOM CJy4dae MpHu MOMOIIHU aIropuT™Ma post yactuil [2].

B kauectBe mnpumepa paccMaTpuBaeTCs 3aJaya CIVIAKUBAHUS CUTHAJIOB YIJIOB
OPHMEHTALMM U YIJIOBBIX CKOPOCTEH JIETATEIbHOrO anmnapara. MartemaTtudeckas MOJEIb TaKOU
CUCTEMBI SIBIISIETCS BEChbMa TOYHOH, MOCKOJIbKY MOJTYy4eHa M3 0a30BBIX 3aKOHOB MEXaHHKHU
I0JIETA.

[IpuBoaMTCS CpaBHEHHE MOJYYEHHBIX pE3yJbTaTOB C pe3yjbTaTaMU IPUMEHEHUS
¢unbrpa KasiMana M TpagUIIMOHHBIM IOJMHOMUAJIBHBIM CIJIaKHBAHUEM Ha CKOJIB3SIIEM
MHTEpBAaJe.
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Smoothing of an aircraft on-board measurements based on the use of flight dynamics
equations and nonlinear programmin? methods
Korsun O.N.%, Stulovskii A.V.
1 GosNIIAS, Moscow, Russia

This report considers an application of nonlinear programming methods for solving the
problem of signal smoothing.

The most common approaches to its solution are optimal or suboptimal stochastic
filtering, primarily, various modifications of the Kalman filter, or polynomial smoothing with
a sliding window. The proposed method, unlike Kalman filtering, does not involve the direct
use of stochastic properties of the system, which requires solving the matrix Ricatti equation
and calculating the weighted matrix gain. However, it takes into account the mathematical
model of the system that links its inputs and outputs. Due to this, it is possible to simplify
calculations, while ensuring smoothing of both input and output signals.

The proposed approach is based on direct methods of optimal control [1], the principal
feature of which is the parametric representation of the desired signal in the finite space. Thus
the problem under study is reduced to a parametric optimization problem in a finite-
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dimensional space, which can be solved numerically, in this case, using the particle swarm
algorithm [2].

As an example, the problem of smoothing signals of orientation angles (pitch, roll, yaw)
and angular velocities of an aircraft is considered. The mathematical model of such a system,
as a rule, is derived from basic laws of flight dynamics and, therefore, is known with good
accuracy.

The obtained results are compared with the results of applying the Kalman filter and
traditional polynomial smoothing with a sliding window.
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ITocTpoeHue aJaITUBHOIO PEryJasiTOPa HA NPUHIIMIIE KOOPATHOM TMHAMMKN €
uaeHTHGUKaAnMed MoAe U MPOA0JIbHOI0 IBHKEHHS CaMOoJIeTa B pe;KuMe OHJIaiH
Edpemos A.B., Il[ep6akos A.1.", M6uxau 3.2
! MAMU, r. Mocksa, Poccus,

2 MioHxeHcknil TeXHHUeCKHit yHUBepcUTeT, MroHxeH, I 'epmanus

B noxname paccmarpuBaeTcsi IMOCTPOCHHUE QJAaNTHBHOM (CaMOHACTpauBarOIIEHCs)
CHUCTEMBbl YIMPAaBICHUS] MIPOJOJIbHBIM JIBH)KEHHEM CaMoJIeTa, MOCTPOCHHOW Ha MpPUHIIMIE
00paTHOW JMHAMUKY, C WACHTU(HUKAIMEH JINHEHHON MO TUHAMUKHA 00BEKTa YIIpaBICHUS
B pEeKHMeE pealbHOro BpeMeHu [ 1, 2]. OnuceiBaeTcss alnroput™ UACHTU(DUKAIINKI, OCHOBAHHBIH
Ha NMPUHINNAX JUHEHHOHN anreOphl U perpecCCHOHHOTO aHaIM3a.

[IpuBeneHbl pe3yabTaThl SKCHEPUMEHTAIBHBIX HUCCIEIOBAHMUM, NPOBEIECHHBIX Ha
MUAJIOTAXKHOM CTEHJE, WILTIOCTPUPYIOIINE YTO:

* [IpennoxkeHHbI  anrOpUTM  OHJIAWH-UACHTU(UKAIMK  TO3BOJSET  IMOIYy4aTh
JIOCTOBEPHYIO MOJEJIb IIPOJOJIBHOIO JIBHKEHHS CaMOJIETa B PEKUME PEATLHOIO BPEMEHM C
3aJJaHHOM YacTOTOM OOHOBJICHHUS,

* PaccMaTpuBaemblii  caMOHACTpauBAIOLIUIICS PETYNATOp 0OecreynBaeT JAUHAMUKY
camoJieTa 1o yrJIoBO CKOPOCTH TaHTaXa, OJMM3KYIO K alleproIuieckoMy 3BeHy [3];

* [logctpoiika KkoO3((PUIMEHTOB peryniaropa B PpeXUME pPEATbHOTO BpPEMEHU
o0ecreunBaeT BBICOKUI YpOBEHb pOOACTHOCTH B YCIIOBHUSIX HEOIPEEIEHHOCTH;

DKCIepUMEHTaIbHBIE UCCIIEIOBAHUS MPOU3BOAWINCH HA MUJIOTaAXXHOM creHne MAU,
00BEKTOM YIpaBIICHUs SIBISJIaCh HETUHEHass MOJENb MEPCIEeKTHBHOTO CBEPX3BYKOBOTO
MIacCaXUpPCKOro camodiera. [IokazaHo, 4TO NMpEUIOKEHHBIN AallTUBHBIA 3aKOH YIPABIICHUS
o0OecrieunBaeT BBICOKYIO TOYHOCTHh BBITIONHEHHS 3a/ad MUIOTUPOBaHUS. J[OMOTHUTENBHO
IpOBEJEHa Cepusi HKCIEPUMEHTOB II0 OLIEHKE po0acTHOCTH, BKIIOUaromas B ceds
BBINIOJIHEHWE 33J1ay MUJIOTHPOBAaHUS B YCIOBHMSIX BO3HMKHOBEHHUs OTKa30B. [loacTpoiika
KOA((UIIMEHTOB CUCTEMBI YIPABIEHUS B PEKUME PEANbHOIO BPEMEHHU JI€JIaeT BO3MOKHBIM
MPOJIOHKATh BHITIOMHEHHE 33a/1a4H B CITydae U3MEHEHUS TMHAMUKH 00bEKTa yIpaBICHHUS.

Ilybnuxayusa noocomoenena 6 pamkax peanuzayuu llpoepammuvl co30anus u pazeumus
Hayuno2o yeHmpa muposoco yposHs «Ceepxsgyk»y Hna 2020-2025 200vl npu ¢unarcosol
noooepoicke Munobpuayxu Poccuu (coenawenue om «16» nosops 2020 2. Ne (075-15-2020-
924).
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3. Edpemor A.B. Cucrema camoneT—IeT4yuK. 3aKOHOMEPHOCTH M MaTEeMaTHYECKUE
MoJIeNny noBenennd nerduka. — M.: U3n-so MAU, 2017

Designing an adaptive controller based on the principle of "“inverse dynamics' with the
online-identification of the longitudinal dynamics of the aircraft
Efremov A.V.}, Scherbakov A.1.}, Mbikayi Z.?
L MAI, Moscow, Russia, 2 Technical University of Munich, Munich, Germany

The report discusses the designing of an adaptive (self-adjusting) controller for aircraft
longitudinal motion It is based on the principle of “inverse dynamics”, with the identification
of a linear model of the controlled element dynamics in the real time and an algorithm for
identification using the principles of linear algebra and regression analysis [1,2].

The results of experiments carried out on a ground-based simulator demonstrated that:

* The proposed algorithm for online identification makes it possible to obtain a reliable
linear longitudinal dynamics of the aircraft in the real time with a given update rate;

* The self-adjusting controller ensures the dynamics of the aircraft in terms of the pitch
rate, which is close to the aperiodic motion [3];

* Real-time adjustment of the controller coefficients provides a high level of robustness
under conditions of uncertainty.

Experimental studies were performed on the MAI ground-based simulator, with the
controlled element dynamics presented by nonlinear model of a prospective second-
generation supersonic passenger aircraft, the proposed controller and aircraft dynamics. It was
shown that the proposed adaptive control law provides high accuracy of piloting tasks. In
addition, a series of experiments was carried out to assess the robustness, including the
performance of piloting tasks in the conditions of failures. Adjustment of the coefficients of
the control system in the real time makes it possible to continue the task in case of a sharp
change in the controlled element dynamics.

The paper is prepared in the framework of the Program for the development of a world-
class research center “Supersonic” in 2020-2025 founded by Russian Ministry of Science and
Higher Education (Agreement 16 Nov 2020 Ne 075-15-2020-924).
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Pa3paboTka ucciienoBaTeIbCKOro CTeH/1a OLleHKAa Ka4ecTBa IPOeKTHPYeMbIX
TexHu4eckux pemenuit UYII n kayecTBa NOAroTOBKH JKUIIAXKA
Bosipckmii I'.I".!

! MAM, r. Mocksa, Poccus

B noxnane mpezacraBiieHbl pe3yabTaThl IPOEKTUPOBAHUS HCCIIEOBATEILCKOTO CTEHA
OTIpeNieIeHUs] YPrOHOMUYECKHUX XapaKTEPUCTUK KaOMHBI MEPCIEKTUBHOTO CBEPX3BYKOBOTO
naccaxupckoro camonera (CIIC). Pazpaboran u anpoOupoBaH SKCIIEPUMEHTAIBHBIN CTEH]I,
MO3BOJISIOMINNA  OOBEKTUBHO OINPENENIUTh KOMIUIEKC JPrOHOMHYECKHX XapaKTepUCTUK
pa3pabateiBaemoro MVYII u ouenku kauecTBa MoAroToBkH skumnaxa. CpopmMupoBaH IaH
pacupenust pyHKIIMOHAIA C LENbIO MEePEKPHITUS O0JIbIIeH 001aCTH HUCCIIEeJOBAHUS.

B Hactosiiee Bpemsi, B TpaKJaHCKOM aBMAllUM aKTUBHO MPOMCXOAST HM3MEHEHHS B
YacTH cocTaBa OOPTOBOro 0OOPYIOBaHMS, YPOBHS aBTOMAaTH3allMU IpOLecca YIPABICHUS U
COKpallleHHE CTENEeHM Yy4YacTHs MWIoTa B mpouecce ympasineHus JIA, npum mraTHOU
SKCIUTyaTali. BMecTe ¢ 3THM, CYIIECTBYET 3alpoc Ha CHMKCHHE YMCIEHHOCTH SKUIaKa
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JIA (CIIC), uto opmupyet Oonee xecTkue TpeOoBaHUs K KadecTBY opranuzamuu UYIIL u
Ka4yeCTBY MOATOTOBKHU MWJIOTOB [ 1].

Jlist  BBITIOJIHEHUS 3a/ladll COKpAIICHHS] YHCICHHOCTH OJKumaxa [2], HeoOxoaumo
YIIOBJIETBOPHUTH CYLIECTBYIOIINE TPeOOBaHUS OE30MACHOCTH — JOKa3aTh, YTO pa3paboTaHHBIN
NVYII obecnieunBaet 6e3omacHyro 3kcruryaranuio JIA [3,4,5,6], naxe npu 0JHOM MUJIOTE.

Jns pemenuss 3Toi 3adauu pa3pabaThIBaeTCsl HCCIENOBATENBCKUI CTEHJ KaOWHBI
skunaxka CIIC. Llenpto UCTonb30BaHus pa3padaThIBAEMOro CTeHa sBIsETCA (OPMHUPOBAHNE
u obocHoBanue TpedboBanuii kK UYII JIA ¢ oqHuM MUIOTOM.

HccnenoBaTenbCKuil CTEHJ COCTOUT M3 CIEAYIOIIMX COCTaBHBIX YacTel: HUMHTATOP
(GyHKIIMOHAJIBHBIX ~KOMIIOHEHTOB HMHTEphEepa, HMHUTATOpP [AaHOPAMHOTO HHIMKATOpA,
yCTpOHCTBa BBOAAa HH(pOpMAIMM, cHcCTeMa cOopa OOBEKTUBHBIX IapaMeTpOB pabOTHI
ornepaTtopa, Mozens JIA 1 cucteMa UMUTAIIUU 3aKaOMHHON 00CTaHOBKHU.

[TporpaMMHo-arnapaTHbIMU CpeacTBaMH CTEHJ1a peannsyrorcs rpynmna
aJIbTEPHATHBHBIX BapuaHTOB wucnoiaHeHus WVYII JIA (B yactu KOHUTYypalud OpraHoB
yIpaBJIeHUs,, MHIUKAIUKM, JIOTUKKH padoTel M T.A.). Ha crenae BBINOIHSETCS Mporpamma
MIOJIETOB ISl KaXKIOT0 U3 albTEPHATUBHBIX BapuaHTOB ucnonHeHnus UYIIL.

B Meronuke skcriepuMeHTa y4yTEH Npoliecc OOyueHHUs U TMOBBIILIEHUS YPOBHSI 3HAHMS
nuinorom MVIL. [lporpamma mojeToB BKJIOYaeT B ceOs JBe 4YacTH. B mepBoil 4vacTw
IpOTpaMMbl  3aJIOKEHBI TIOJIETHI 0€3 BBOJA HEMITATHBIX CUTYAIMi, KOTOpPBIE CIIy)KaT
OTHPABHOM TOYHOHN B OLICHKE COCTOSIHUA 3KHUIaka. Bo BTOpO# yacTu mporpaMmsl IMOJETOB,
CIIy4aiiHbIM OOpa30M BBOJSATCS HEIITATHBIE CUTYallUH, PELIEHUE KOTOPHIX B MOJHOW Mepe
OINMUCAHO B MHCTPYKIUAX, KOTOPBbIE paHee NepelatoTcs MUIIOTY Ha n3yyeHue. OCHOBHAs 4acTh
nosiesHo wuHpopmau o KkadecTBe wucnbityemoro WMVYID wu3Bnekaercs W3 JAaHHBIX,
MOJIyYEHHBIX ITPU BBOAAX HEIUTATHBIX CUTYyaLUil.

B tom cnyuae, ecnu y HECKOJIBKUX MUJIOTOB U3 TPYIIIbI BOSHUKAIOT TUIIOBbIE OMIMOKU
OpU  BHINOJHEHUHM  OMepanuii, wWixn  OOHapyXHUBAIOTCA  MPU3HAKK  UYPE3MEPHOI
MCUXO(PU3NOJIOTUYECKON  Harpy3ku, paspadoruuku WMVII, Onaromaps coOpaHHBIM
OOBEKTUBHBIM JIJaHHBIM HUMEIOT BO3MOXKHOCTH JIOKAJU30BaTh MPUYHHY BO3HUKHOBEHUS
omunOku u ckoppektupoBats UYII (B m000# U3 ero yacreld — WHAMKAIUK, JIOTUKA PAOOTHI,
untepdeiicoB uyenoek-mamuHa). [lo wutory koppektupoBok WMVYII (anbrepHaTUBHBIX
BapUaHTOB HCIOJHEHUS), IO OOBEKTUBHBIM KpPUTEPHUSIM BBIOMpAaETCs TOT BapUaHT
UCTIOJIHEHUS, KOTOpBI o0ecreyrBaeT HaMMEHBIIYI0 BEPOSITHOCTh BO3HUKHOBEHHS OIIHMOOK
M0 BUHE YeJIOBEUECKOTo (pakTopa.

bnaronaps  Oonbiiell, 1O  CpaBHEHHIO C  CYIIECTBYIOIIUMH  CHCTEMaMH,
MH(OPMATUBHOCTbIO M TMPOCTOTOM O0OpaObOTKM W UHTEPIPETALNU JaHHBIX, CHUKAIOTCS
BpeMeHHbIe U (DMHAHCOBBIE 3aTpaThl Ha mpoektupoBanue WMVYII, cHUXKAIOTCS PHUCKU
HecooTBeTcTBUS MYII yCcnoBusM 3KCIUTyaTaliii ¥ BO3MOXKHOCTSIM SKHUITaXKa.

TexHonoruu, 3anokeHHbIC B pa3padaThIBa€MbIil CTEH]T IPUMEHUMBI HE TOJIBKO BO BHOBb
paszpabarbiBaembix JIA, HO W mpu ux MmoaepHuzauumu (B vactu MVYII), aBHanMOHHBIX
TpeHaXkepax, C LEeNbI0 TOBBIIIEHUS OOBEKTHBHOCTH OLIGHKHM IOATOTOBKH SKUIAXEH U B
JaJIbHEW NEPCIIeKTUBE, B COCTaBE OOPTOBOI0 000PYI0BaHUS.
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Development of a research stand, assessment of the quality of the designed technical
solutions of the HMI and the quality of crew training
Boyarsky G.G.!
'MAI, Moscow, Russia

The report presents the results of designing a research stand for determining the
ergonomic characteristics of the cockpit of a promising supersonic passenger aircraft . An
experimental bench has been developed and tested, which makes it possible to objectively
determine the set of ergonomic characteristics of the developed HMI and assess the quality of
crew training. A plan has been formed to expand the functionality in order to cover a larger
area of research.

Currently, in civil aviation, changes are actively taking place in terms of the
composition of on-board equipment, the level of automation of the control process and the
reduction in the degree of participation of the pilot in the process of controlling the aircraft
during normal operation. At the same time, there is a request to reduce the number of aircraft
crew, which creates more stringent requirements for the quality of the organization of the
HMI and the quality of pilot training [1].

To accomplish the task of reducing the number of crew [2], it is necessary to satisfy the
existing safety requirements - to prove that the developed HMI ensures the safe operation of
the aircraft [3,4,5,6], even with one pilot.

The research stand consists of the following components: a simulator of functional
interior components, a panoramic indicator simulator, information input devices, a system for
collecting objective parameters of the operator’s work, an aircraft model, and a system for
simulating the outside environment.

The software and hardware of the stand implements a group of alternative versions of
the aircraft HMI (in terms of the configuration of controls, indication, operation logic, etc.).
The flight program for each of the alternative versions of the HMI is being carried out at the
stand.

The experimental methodology takes into account the process of training and increasing
the level of knowledge by the HMI pilot. The flight program includes two parts. The first part
of the program includes flights without the introduction of emergency situations, which serve
as a starting point in assessing the condition of the crew. In the second part of the flight
program, abnormal situations are randomly introduced, the solution of which is fully
described in the instructions that are previously transmitted to the pilot for study. The main
part of useful information about the quality of the tested HMI is extracted from the data
obtained during the input of emergency situations.

If several pilots from the group experience typical errors when performing operations,
or signs of excessive psychophysiological stress are detected, HMI developers, thanks to the
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collected objective data, have the opportunity to localize the cause of the error and correct the
HMI (in any of its parts - indication, logical control, or other parts). Based on the results of
HMI adjustments (alternative versions), according to objective criteria, a version version is
selected that provides the least probability of errors due to the human factor.

Due to the greater, compared to existing systems, information content and ease of
processing and interpretation of data, the time and financial costs of designing the HMI are
reduced, and the risks of the results mismatch with the operating conditions and crew
capabilities are reduced.

The technologies embedded in the developed stand are applicable not only in newly
developed aircraft, but also during their modernization (in terms of HMI), flight simulators, in
order to increase the objectivity of assessing crew training and, in the long term, as part of on-
board equipment.
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IIpobieMa onTUMHU3ALMHT MUJIOTAKHBIX XaPAKTEPUCTHK CAMOJIETOB U NYTH UX pelleHust
Edpemos A.B.}, Eppemos E.B.!, Upranees N.X.!
1MAI/I, r.Mocksa, Poccus

OpHO3HAYHAas CBSA3b MUJIOTAXKHBIX XapaKTEPUCTUK C O€30MaCHOCTHIO MUJIOTUPOBAHMS, a
TaKkke ¢ 3(pPEKTUBHOCTHIO BHIMOIHEHMSI LIEJIEBBIX 3ajau MOTPeOOBaIN MEPECMOTPETH OIXO0]
K BBIOOPY 3THUX XapaKTepHCTUK. B HacTosiiee Bpems oH popMmynupyercs Kak oOecrieyeHue
ONTUMATBHBIX MUJIOTAKHBIX CBOWCTB B KaXKJIOW 1I€NIEBOM 3ajaue MUIOTHpOoBaHMs. B pabote
ofpeielieHa ONTUMalIbHAs IMHAMHUKA O0bEKTa yIpaBlIeHUs, I0Ka3aHa CTENEeHb ee OJIM30CTH K
IPUHIATOMY 3TaJOHY IpH pa3padOTKe aJrOPUTMOB CHCTEMbI ympaBieHus. [lpubmmxenue
JUHAMUKMA caMoJieTa K 3TUM 3TaJoHaM TpeOyeT BBEIEHUS 3HAUUTEIbHBIX KOA(PPHUIMEHTOB
00paTHBIX CBsi3el (OCOOEHHO B cllydae CTaTMYECKH HEYCTOMYMBOTO CamoJieTa), a TaKkKe
WCIIOJIb30BAaHUE HOBBIX MPUHLIMIIOB IIOCTPOEHUS CHUCTEM YIPABIEHUS, B YacTHOCTH,
npuHIMna oopatHoi nquHamuku [1]. CiaencTBueM TakMX pelleHUil SBISIOTCS 3HAUYUTEIbHBIE
noTpeOHbIe MaKCUMaJIbHBIE CKOPOCTH OTKJIOHEHUS PYJIEBBIX MOBEPXHOCTEH, KOTOPhIE B CUILY
OTpaHUYEHHBIX BO3MOXHOCTEH NMPHUBOJIOB, MOTYT OBITh MPUYMHON BO3SHUKHOBEHHMSI SIBJICHUS
pacKadyky caMoJIeTa JETUNKOM.
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B ciydae BO3HMKHOBEHHs OTKa30B, COIPOBOXKAAIOLIMXCS PE3KOM Jerpajanueu
MUIOTAXHBIX CBOMCTB, NMPU KOTOPOW JIETUYMK HE YCIEBA€T W3MEHUTHb CTEPEOTHI CBOUX
JIEHCTBUM, IPOUCXOAUT Pa3BUTHUE HEYCTOMYUBBIX IIPOLECCOB B CUCTEME CaMOJIET-JICTYUK.

B pabote paccMOTpeHbI Clieyomne TyTH PEeIeHUs IPOoOIeMbI:

— Mepexo]] OT KOMIIEHCATOPHBIX JUCIUICEB K JUCIUICSM PEaTU3YIOIIUM YIPABJICHUE C
MpeJIBUJICHUEM POTPAMMHON TPAEKTOPHH;

— BBEJICHUE HEJIIMHEWHBIX IPpeMIbTpoB [2 - 4];

— pekoHpuUrypamus CTpykTypbl U HapaMeTpPOB CUCTEMBI yIIPABICHHUS.

O} PeKTUBHOCT CITOCOOOB JOCTHKCHHSI HAMTYYIINX MUAJIOTAXHBIX CBOHCTB OIEHEHO B
paboTe myTeM MNPOBENCHUS SKCHEPUMEHTANbHBIX HCCIEAOBAHUNA Ha MUIOTAXXHOM CTEHJIE
MAMU [5 - 6].

Ilybnuxayus noocomoeénena 6 pamkax peanuzayuu Ilpoepammvl co30anus u pazsumus
Hayuno2o yeHmpa muposoeo yposhs «Ceepxssyk» na 2020-2025 200vl npu ¢unancosol
noooepaicke Munobpuayku Poccuu (coenawenue om 17.05.2020 2. Ne 075-15-2022-1023).
Jlutreparypa

1. A.V. Efremov, Z. Mbikayi, and E.V. Efremov, “Comparative study of different
algorithms for a flight control system design and the potentiality of their integration with a
sidestick.” Aerospace, Vol. 8, Issue 11, Ne290, 2021

2. AV. Efremov, A.l. Shcherbakov, F.A. Korzun, and V.A. Prodanik, “Advanced
means of suppressing pilot-induced oscillations.” Aerospace MAI Journal, 2022, Vol. 29,
No.1

3. M.J. Chapa, “A nonlinear pre-filter to prevent departure and/or pilot induced
oscillations (P10) due to actuator rate-limiting.” America: Air Force Institute of Technology,
1999.

4. L. Rundqwist and R. Hillgren, “Phase compensation of rate limiters in JAS 39
Gripen.” AIAA paper 96-3368, 1996.

5. EdpemoB A. B. u gp. «Jletunk kak [auHaMuueckas cuctema», MOCKBa,
Mammnoctpoenue, 343 ctp., 1992

6. EbpemoB A. B. «Cucrema camomieT-IeT4uK. 3aKOHOMEPHOCTH W MaTEeMaTHUECKUE
MOJIEIU TTOBeIeHUs JeTunkay, MockBa, MAU, 194 ctp., 2017 r.

The problem of flying qualities optimization and its solution
Efremov A.V.}, Efremov E.V.} Irgaleev I.Kh.!
'MAI, Moscow, Russia

The unambiguous relation between flying qualities and flight safety, as well as the
effectiveness of piloting task performance, has demanded to revise the existing approach to
flying qualities requirements. Currently, it implies the provision of the optimal qualities for
each piloting task. The optimal controlled element dynamics are defined in the paper, and
their closeness to the accepted standards used in the development of flight control system
laws is demonstrated. The approximation of aircraft dynamics to these standards requires a
considerable gain coefficient of the feedback system (especially in case of a statically unstable
aircraft) and the use of new flight control system design principles, in particular, inverse
dynamics [1]. Implementing these solutions results in considerable rates of control surface
deflection required, which, due to the actuator rate limits, can be the cause of pilot-induced
oscillations.

In case of a flight control system failure accompanied by deterioration of the flying
qualities, the pilot is not able to promptly change the pattern of his actions, and an unstable
process in the pilot-aircraft system occurs.

The following ways for the solution of the problem are considered in the paper:

- Transition from a compensatory display to a display with a preview of the planned
trajectory;

- Use of non-linear prefilters [2 - 4];
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- Reconfiguration of the flight control system structure and parameters.

The effectiveness of the approaches to achieving the best flying qualities was evaluated
through experiments performed using one of MAI’s ground-based simulators [5 - 6].

The paper was prepared as part of the Program for the Development of the World-
Class Research Center “Supersonic” in 2020-2025, funded by the Ministry of Science and
Higher Education of the Russian Federation (Agreement dated 17 May 2020 Ne 075-15-2022-
1023).
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HNudopmanuonHo-ynpasJsioniee 1moJjie CBepX3ByKOBOI0 NACCaKMPCKOro caMmoJiera.
IIpo6seMbl U YTH pelIeHus
Kenonkun B.I/I.l, Kemonkunu M.B.l, KamuinsaHKOBA E.H.!
loAy «IAT'N», HUMY «Cgepx3Byk», I. XKykoBckuii, Poccus

B pabore paccmarpuBaroTcs —Tpobiembl  (popMupoBaHUS — MH(GOPMAIIMOHHO-
YIPaBJIAIOLIETO MOJIs CBEPX3BYKOBOIO Haccaxxupckoro camosera. IlogpasymeBaercs, 4To y
TaKoro camojera OyJIeT OTCYyTCTBOBATh JIOOOBOE OCTEKJIEHUE, a N300paKeHUE OKpY KaIoLIei
O0OCTaHOBKM OTOOpa’kaeTcs Ha [AaHOPAMHOM JHCIIeeé C TOMOIIbI0 KOMOWHAIMU
CHUHTE3MPOBAHHON CHUCTEMbl BM3yalW3allMd U H300paKEHUS, IOJYy4aeMOIo C IOMOIIbIO
cucreMbl kamep [1]. Takoil Tun kaOWHBI SIBIIsS€TCS pa3BUTHEM HJEH CTEKISTHHON KaOWHHBI.
Hcnonp30BaHWE CHCTEMBbl BHU3YyalIM3alldd BMECTO OCTEKJIEHMSI IMO3BOJISIET YIYYIIUTh
CUTYallMOHHYIO OCBEJOMJIEHHOCTb IIWJIOTA, TAK KAK OHA HE 3aBUCUT OT IOTOJHBIX YCIOBUU U
BPEMEHU CYTOK, a TaKKe TO3BOJISIET YMEHBIIUTH Bec HOcOoBOi uactu CIIC [2].

OpnHa u3 npo6iem popmupoBanus MVYII kaOuHbl caMosIeTOB, HE HMEIOIINX OCTEKJICHUS,
cBi3aHa ¢  (opmoi  mpencrtaBieHus — uHpopmauuu.  DPopMUPOBAHUE ~ E€IUHOTO
UH(POPMALIMOHHOTO MPOCTPAHCTBA C UCIOIb30BAHUEM BCEX BBIIIECTIEPEUHCICHHBIX YCTPOUCTB
IpeJroiaraeT MCMOJIb30BaHUE TEXHUYECKOTO 3pEHUsT M JOIMOJIHEHHOW peajdbHOCTU. B
nporecce (HOPMUPOBAHHS TAKOTO WH(POPMALIMOHHOTO MPOCTPAHCTBA HEOOXOAMMO MPOBECTU
CpPaBHMTEIbHBIM aHanu3 koHuenuuil noctpoeHuss MVYII kaOuHbl camonera, ONpeneauTh
coctaB, ocobenHoctu noctpoerus UVYII kaOunbl 6€3 1000BOT0 CTEKIIA, ONPEAEIUTh (QYHKIUN
OTIENbHBIX 3JeMeHTOB. Heobxoaumo cdopmynupoBaTh TpeOOBaHHMS K CHCTEMam
otoOpakeHust nH(popMaIK U 0hOpMIIEHHE UX B (POpME TEXHUUECKOTO 3aJaHHUS.

Takxe HE0OXOAMMO MPOBECTH Pa3zpabOTKy TEOPETUUYECKOro IMOAXO0J]a M OMpeleIeHHe
(yHKIIMOHATa MCIONb30BAaHUS TEXHOJOTHH «MCKYCCTBEHHOI'O HMHTEIJIEKTa», TEXHUYECKOTO
3peHusT M JIONOJHEHHOM pealbHOCTH Npu (HOPMUPOBAHUM HH(POPMALMOHHBIX KaJpOB
UH(POPMALIMOHHO-YIIPABISIIOIIET0 MOJs, a Takke pa3padoTaTh JIOTUKY, aJTOPUTMBI
dbopMupoBaHUS U cocTaB HUH(GOPMALMOHHBIX KaJpOB [UISl PA3IUYHBIX AJIEKTPOHHBIX
HocuTeneil uadopmanu npudopnoii nocku CIIC.
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Hoknao noocomoenen 6 pamxax peanuzayuu IIpoepammvl co30aHus U pa3eumusl
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Supersonic passenger aircraft’s displays and controls: problems and solutions.
Zhelonkin V.1.:, Zhelonkin M.V.}, Kadilnikova E.N.*
! TsAGI, WCRC “Supersonic”, Zhukovsky, Russia

This report presents an analysis of the issues that may occur in the process of
development of cockpit displays and controls of the supersonic passenger aircraft (SPA). This
type of an aircraft imply the absence of the windshield while environment image will be
displayed on panoramic cockpit display using synthetic vision system and camera system [1].

Windowless cockpit is a further development of the glass cockpit. Usage of
visualization system instead of the windshield will improve pilot’s situational awareness since
it does not depend on weather conditions and time of day. It also allows to reduce an aircraft’s
weight [2].

One of the issues of the windowless cockpit displays and controls development is
related to the format of the displayed information. The formation of the united information
space requires the use of technical vision and augmented reality technologies. In the process
of development of the SPA’s cockpit it is necessary to carry out a comparative analysis of the
aircraft’s cockpit displays and controls design concepts, to determine the composition and
special aspects, and to determine elements features. Requirements for the display system
should be defined as well as their documentation as a technical requirements specification.

It is also necessary to develop a theoretical approach and determine features of the
artificial intelligence, technical vision and augmented reality when designing information
displays as well as to develop logic, formation algorithms and information displays’
composition for various electronics of a supersonic passenger aircraft’s cockpit dashboard.

The article is prepared in the implementation of the program for the creation and
development of the World-Class Research Center “Supersonic” for 2020-2050 funded by the
Ministry of Science and Higher Education of the Russian Federation (Grant agreement of
December, 8, 2020 Ne 075-11-2020-023).
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Henapamerpuuyeckuii MeTox 00HAPYKEHHS 0TKA30B JaTYUKOB [1aPaMeTPOB M0JIeTa
BO3/YLIHOI'0 CYJAHA NPH AeHCTBUH BO3MYIICHHI U HAJIMYHUH OIIMOOK M3MepeHHuit
3pi6un E.10., [nacos B.B.%, Jlanmu A.B.}, Kapnenxo C.C.
loAy «"ocHUMAC», r. Mocksa, Poccus

OTKa3bl TaTYNKOB TTapaMETPOB TojieTa cUcTeMbl yrpasienus (CY) BO3AYITHOTO CyaHA
(BC) moryr BbI3BaTh yXY/IIIEHHE €r0 XapaKTePUCTHK YCTOWYMBOCTH M YIIPaBIISIEMOCTH.
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BricTpoe u 1ocToBepHOE 0OHAPY)KEHUE TAKUX OTKA30B B MOJIETE MTO3BOJISICT MUHUMH3UPOBATh
UX TIOCIEACTBUS M TMPENOTBPATUTh aBHALIMOHHOE mpowuciiecTBUue. HemocpencrBenHoe
NPUMEHEHHE TPAJAUIIMOHHBIX MAPAMETPUIECKUX METOJI0B OOHAPYKEHHsI OTKA30B JATYHKOB C
UCIIOJIb30BaHUEM MaTeMaTUYECKUX MOJeNield HEBO3MOXKHO BBUIY OTCYTCTBUS MHGOpManuu
00 MCTUHHBIX BXOJHBIX CUTHAJaX, OCTYHAOIIMX HA UX YyBCTBUTEJIbHbBIE DJIIEMEHTBI, 8 TAKKE
u3-3a MpoOJeMbl HEMAECHTU(UIUPYEMOCTH MapaMeTpoB Mozenu nuHamuku BC B pexume
HOpMAaJIbHOM 3Kciutyarauuu [1]. OTo NpUBOAUT K NPUMEHEHHUIO M30BITOYHOIO annapaTHOro
pe3epBUpOBaHUSl  JATYUKOB i OOeCredYeHHus  JOCTOBEPHOIO  KOHTPOJIS — UX
paboTOCIIOCOOHOCTH.

B pabore pacmmpsiercss npuMeHEHHEe HemapaMeTpUYecKOro MeTojla OOHapy>KeHUus
OTKa30B JaTYMKOB, OCHOBAHHOTO TOJIbKO Ha aHAJHM3€ JIMHEHHON 3aBUCHMOCTH CTOJOLIOB
Matpuilbl ['aHkenss BXOA0-BbIXOJAHBIX JaHHbIX CY, Ha ciydau JE€UCTBUS BO3MYIICHUUA H
HATMYUsS OMMUOOK m3MepeHuid [2—6]. ONMHUCHIBAIOTCS AITOPUTMBI aBTOMATHYECKOTO BBIOOpA
napaMeTpoB OKHA HACHTU(UKALMA M TOPOrOBBIX 3HAYEHUN KpUTEPUEB OOHAPYKEHUS
oTrka3zoB natunkoB CVY BC, obecrneunmBaromux UX aJalTUBHOCTh K IMapaMETPUUYECKUM M
CTPYKTYpPHBIM U3MEHEHHSIM, BOSMYIICHHUSIM U OIIMOKaM n3mMepeHuid. [IpuBoasTcs pe3ynbTaThl
YHCJICHHBIX HCCIEeNOBaHUN OLEeHKH d(ddekTnBHOCTH pa3paboTaHHBIX aITOPUTMOB Ha
HEIMHEWHON  HECTAllMOHApHOM  MaTeMaTH4ecKol  MOJAENU  CPEeIHEMarucTpalbHOTO
KOMMEPUYECKOI0 caMoJieTa C HCIIOJIb30BAHUEM MOJEIUPYIOLIEro KOMILJIEKCA € Y4ETOM
peanbHbIX (haKTOPOB MoJieTa: aTMOchepHON TYpOYIEHTHOCTH U OIIMOOK U3MEPEHUH.

Otmeuaercsi ObIcTpass HACTpOWKa, BBICOKHE OBICTPOACHCTBHE W H30MpaTenbHas
YyBCTBUTEIBHOCTh pPa3pabOTaHHBIX anroputMmoB. [loka3zaHo, 4yTO mpeanaraeMblii MeTox
cnoco0eH 3¢ dekTnBHO paboTaTh B YCIOBHSIX MOJHON MapaMETPHUUECKOW W CTPYKTYpHOU
HEOTpeAeNEHHOCTH, TaK KaKk OH He TpeOyeT anpuopHoil uHdopmaruu o moaenu CVY unu BC,
(YHKIIMOHAJIBHOTO WJIM allllapaTHOIO PE3EpPBUPOBAHUS, PELIEHUS 3a/lad HIACHTUPHUKAIUH,
HAOJIO/ICHUS WIIH TPOTHO3UPOBAHUS.

Hccneoosanue svinonneno npu ¢unancogoti noooepiicke PODU 6 pamkax Hayunozo
npoexma Ne 20-08-01215.
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Nonparametric method for aircraft flight parameter sensor failures detection under the
action of disturbances and the presence of measurement errors
Zybin E.Yu.!, Glasov V.V.}, Lapin A.V.}, Karpenko S.S.*
1 GosNIIAS, Moscow, Russia

Failures of the flight parameter sensors of the aircraft (AC) control system (CS) can
cause deterioration of its stability and controllability. Rapid and reliable detection of such
failures in flight allows minimizing their consequences and preventing an AC accident. The
direct application of traditional parametric methods for detecting sensor failures using
mathematical models is impossible due to the lack of information about the true input signals
of their sensitive elements, as well as the problem of unidentifiability of AC dynamics model
parameters in normal flight [1]. This leads to the use of oversized hardware redundancy of
sensors for reliable monitoring of their performance.

The paper extends the application of a nonparametric method for detecting sensor
failures, based only on the analysis of the linear dependence of the columns of the Hankel
matrix of the CS input-output data, to cases of acting disturbances and the presence of
measurement errors [2-6]. Algorithms for automatic selection of parameters of the
identification window and threshold values of the criteria for detecting failures of AC CS
sensors, which ensure their adaptability to parametric and structural changes, disturbances and
measurement errors, are described. The results of numerical studies for evaluating the
effectiveness of the developed algorithms using a simulation facility with a nonlinear non-
stationary mathematical model of a medium-haul commercial AC, taking into account real
flight factors, such as atmospheric turbulence and measurement errors, are presented.

Fast tuning, high performance and selective sensitivity of the developed algorithms are
noted. It is shown that the proposed method is able to work effectively under complete
parametric and structural uncertainty, since it does not require a priori information about the
AC or CS models, functional or hardware redundancy, solving problems of identification,
observation or prediction.

This work was supported by Russian Foundation for Basic Research (RFBR), project
20-08-01215a.
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Cnoco0 00beKTHBHOI OLICHKHM Ka4eCTBA MMHUTAIMM M0J1ETa
CyxoueB I1.10.}, JTatonos B.B.
MUY umenn M.B.JlomonocoBa, HIIMY "Cgepx3Byk", Mocksa, Poccus;

VYMeHbLIEHHE CPOKOB U CTOMMOCTH IpOLiecca MOArOTOBKU IUJIOTOB JOCTUTAETCS 3a
C4€T YBEJIMYEHUS JOJM TPEHUPOBOK HAa aBUAI[MOHHBIX TPEHAKEPAX OTHOCUTEIIBHO YUEOHBIX
noj€roB Ha camosiétaXx. HeBO3MOXHOCTH IOJIHOTO BOCHPOM3BEACHUS MOJETA CHUCTEMaMHU
MOJIBUJKHOCTH COBPEMEHHBIX TPEHAXEPHBIX YCTPOWCTB HMUTALMM IOJETa NPUBOIUT K
HEOOXOJMMOCTH  OTPAaHMYEHHOW MMHUTAllMM, 4YTO B HTOre (OopMUpPYET  JIOKHBIE
CEHCOMOTOPHBIE HaBBIKM, OCOOEHHO 3aMETHBIE IIPU BBIBOJE JIETATEJIBHOIO ammapara H3
CJIO)KHOTO TPOCTPAHCTBEHHOI'O IOJIOKEHMs, O 4€M CBUJIETEIbCTBYET cratuctuka [1]. s
OLICHKM KOPPEKTHOCTM MMMTALMU MOJETA B HACTOALIEE BpeMs NPUMEHSIOTCS OOBEKTHBHOE
ucnbeiTanue cucreMbl mnoaBmKHOCTH (Objective Motion Cueing Tests, OMCT) [2] u
cyobekTuBHas orenka mo mkaie Kynepa-Xapnepa (Cooper-Harper Handling Qualities
Rating Scale, HQRS) [3]. CoBpemeHHBII ypOBEHb Pa3BUTHS TEXHHUKH M TEXHOJIOTHI JI€IaeT
peau3yeMbiMH  (PU3UOJIOTUYECKH  OOOCHOBAHHBIE  OOBEKTHUBHBIC  CIIOCOOBI  OIEHKHU
UJIEHTUYHOCTU BOCIIPHHHMMAEMbIX B MOJETE M HAa TPEHaKE€pPe MEXaHWYECKUX CTUMYJIOB. B
xone pabor, nmpoBoauMeix MI'Y mmenn M.B.JlomonocoBa B pamkax HIIMY "Csepx3Byk",
HOPOU3BOIUTCS cOOp M aHAINW3 JaHHBIX OOBEKTMBHOTO KOHTPOJIS BOCHPHUATHS YEIOBEKOM
IIOJIETA CaMOJIETA U €r0 UMMUTALIMM CUCTEMOM IOJBHKHOCTU TPEHAXKEPHOro ycTporcTaa. i
UMHTALUU [TPOU3BOAUTCS I0/1a4a Ha BXOJ MPOrPaMMHO-aNNapaTHOIO KOMIUIEKCA CHCTEMbI
MNOJIBUKHOCTU [4] NaHHBIX, 3allMCAHHBIX B IOJIETE HOCUMBIM DPETUCTPATOPOM YCKOPEHHI
(HPY) [5]. OOBEeKTHBHOCTD OLIEHKH KayecTBAa UMUTALIUU JOCTUTAETCS COBOKYITHOCTBIO MPeJ-
U TIOCIETONETHBIX (DU3MOIIOTUYECKUX OOCIIEOBAaHUI HCIBITYEMBIX M TPUMEHEHHEM B
npoliecce MnoyiéTa ¥ €ro MMUTAlMM HOCUMOI'O BHJICOOKyJorpada [6] u ycTpoiicTBa OLIEHKU
OILYIIAEMOr0 HAIpPaBJICHUsI PE3YJbTUPYIOLIETO TPaBUTOMHEPLHAIBLHOTO BekTopa [7].
YCTpOHCTBO OLEHKM IpeAcTaBiIsieT co0oi 00OpYyAOBaHHYIO BCTPOEHHBIM HHEPLHUAIBHBIM
nataukoM [8] pyuky [7], yaepKuBaeMyr HCIBITYEMbIM B IIOJIO)KEHUH, MaKCUMAalIbHO
61u3koM K BepTukanbHOMY [9]. Ilo pe3ynbraTtam monéToB Ha camol€Te M MMHUTALUHU STHX
NOJIETOB IPOU3BOJUTCS aHAJIM3 MOJIYYEHHBIX JaHHBIX M JIeJaeTCi 3aKJIIOYEHUE O
KOPPEKTHOCTH UMHUTALIUH TTOJIETA.

Paboma evinonnena npu unancogou noooepoicke Munucmepcmea HAyKu U 8blCULe20
obpaszosanus PO ¢ pamkax npoepammer HLIIMY «Ceepx3sgyk» (coenawenue 075-15-2022-331
om 26 anpens 2022 2.)
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The way of the Objective Flight Simulation Evaluation
Sukhochev P.Yu.}, Latonov V.V.!
Lomonosov Moscow State University, "Supersonic* World-class Scientific Center, Moscow,
Russia

The civil aviation pilots training process time and cost decreasing is achieved by
increasing the flight simulators trainings regarding the training flights on aircraft. The full in-
flight accelerations reproductoin is impossible for modern simulations within limits of
mechanical and geometrical ranges. That can form the wrong sensorimotor skills. Statistically
[1] the sensomotor skills are still required within upset recovery. To evaluate the flight
simulation device motion fidelity the Objective Motion Cueing Tests (OMCT) [2] and a
subjective Cooper-Harper Handling Qualities Rating Scale (HQRS) [3] are currently used.
But the modern technical and technologal level makes possible the physiological-based
objective flight simulation evaluation methods. The work carried out by the Lomonosov
Moscow State University in the within the "Supersonic” World-class Scientific Center is to
collect, compare and analyze the in-flight and simulated accelerations collected by objective
evaluation equipment. The objective evaluation equipment is the software and hardware
complex of the motion cueing system [4] used for playback the flight data recorded by the
Wearable Recorder of the Accelerations (WRA) [5] and the objectivie phisiological-based
evaluation devices used for the the prior and after flight physiological examinations and the
wearable eye movement recording device (video oculography goggles) [6] with the built-in
inertial measurement units (IMU) and the IMU [8] used for the detection of the resulting
gravitinertial vector direction [9] perception [7]. The quality evaluation conclusion is based
on the real and imitated flights data comparation and analisis.

The work was carried out with financial support from the Ministry of Science and
Higher Education of the Russian Federation as part of the "Supersonic” world-class scientific
center program (Agreement 075-15-2022-331 of April 26, 2022)
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KOHCTPYKUUA, MPOYHOCTb, HOBbIE MATEPUAIJIbI

STRUCTURAL DESIGN, STRENGTH, NEW MATERIALS

Hamamu U.U. Jlunamoea u B.B. Penunckozo
Tpexcaoiinbie 3¢ PpekTUBHBIE 3J1€eMEHTHI KOHCTPYKIUH IS JIeTATeJbHbIX aNlllapaToB U
CKOPOCTHOr0 TpaHcnopTa. Moae/u NPOYHOCTHOrO AHATH3A
bakymun B.H. L
nrrum PAH, r. Mocksa, Poccus;
ZMAI/I, r. Mocksa, Poccus

[upokoe BHeIpeHHE KOMIO3MIIMOHHBIX MaTEpPHAJIOB W HOBBIX TEXHOJOTHUIl
U3TOTOBIICHUS CHOCOOCTBYeT 3()(hEeKTHBHOMY NPUMEHEHHUIO TPEXCIOHHBIX KOHCTPYKLIUH B
aBMa- U PaKETOCTPOCHUHU, KOCMUYECKOM TeXHUKE [1-5 u Ap.], CKOPOCTHOM TpaHCIOPTE U JIp.
orpacisax. DPPEeKTUBHOE TPHUMEHEHHE OOYCIOBICHO BBICOKMMH IIOKA3aTEIsIMU BECOBOM
s¢dexTuBHOCTH,  M3TUOHOW  JKECTKOCTH,  TEIUIOBOM  3alllUThl,  3BYKOHM3OJIALIUU,
BUOPOTIOTIIONICHNUS, & TAK)KE M3-32 BO3SMOKHOCTH PETYJIMPOBAHUS ITUX M MHOTHUX JIP. BaXKHBIX
XapaKTepUCTHUK, YIPABICHUS TIOTPAaHUYHBIM CIOEM 3a CuéT TpaH3uTa BO3JyXa uepe3
3aMOJIHUTENb. Y TPEXCIOWHBIX KOHCTPYKIMHA MOKHO JTOOWTHCS OoJiee BBICOKOTO KayecTBa
BHEIIHEH TOBEPXHOCTH, YTO AaKTyallbHO JMJii CKOPOCTHOTO TpPaHCIOpPTa U OCOOEHHO
JIeTaTeIbHBIX alNaparoB, T.K. IVIAJKOCTh BHEIIHUX IOBEPXHOCTEW U JKECTKOCTh YMEHbBILIAET
OTNaCHOCTh BO3HUKHOBEHHMS (iaTTepa u 6adTHHTA.

B mnpencraBnenHoil paboTe paccMaTpuBaeTCsl MOCTPOEHUE MOJENed YTOYHEHHOTO
MOCIOMHOTO  aHalu3a  HaNpsHKEHHO-Ie(OPMUPOBAHHOTO  COCTOSIHUS — TPEXCIOHHBIX
HeperyJsipHbix obomnouek [2, 3 u np.]. Takke paccCMOTpEHBI MOMACIU ISl UCCIIECIOBAHUS
6adtunra [3,4,6,7,11,12] u Bo3HukHOBeHus ratrepa [8-10] s11eMEHTOB KOHCTPYKITUH.
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In Memory of I.1. Lipatov and V.V. Repinskii

Three-layer effective structural elements for aircraft and high-speed transport. Strength
analysis models
Bakulin V.N. "2

YInstitute of Applied Mechanics of Russian Academy of Sciences, Moscow, Russia;

2MAI, Moscow, Russia

The widespread introduction of composite materials and new production technologies
contributes to the effective use of three-layer structures in aircraft and rocket engineering,
space technology [1-5, etc.], high-speed transport and other industries. Effective use is due to
the high values of weight efficiency, bending stiffness, thermal protection, sound insulation,
vibration absorption, as well as due to the possibility of regulating these and many other
important characteristics, control of the boundary layer due to the transit of air through the
aggregate. With three-layer structures, a higher quality of the outer surface can be achieved,
which is relevant for high-speed vehicles and especially aircraft, because the smoothness of
the outer surfaces and rigidity reduces the risk of flutter and buffeting.

The presented work considers the construction of models for the refined layer-by-layer
analysis of the stress-strain state of three-layer irregular shells [2, 3, etc.]. Models are also
considered to investigate the baffling [3,4,6,7,11,12] and the occurrence of flutter [8-10] of
structural elements.
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BoiBoa u nccieoBaHue PYHKUMU MPOHNULIAEMOCTH KOHTAKTA KJINHOBUAHOH KPOMKH
METANINYEeCKOro YIUIOTHEHHS ¢ (pi1aHeM
Bboiikos A.A.l, Pon 0.Al
lMAI/I, r. Mocksa, Poccus

PaccmatpuBaercs ycrnoBHOE (praHIIEBOE COSAMHEHUE C METAUTMUECKUM YIUIOTHEHHEM,
B KOHCTPYKIIMM KOTOPOTO MPHUCYTCTBYET OJIHA WM HECKOJbKO KIWHOBUIHBIX KPOMOK,
0E30THOCUTENIbHO KOHCTPYKIIMM CaMOro (PIIaHIIEBOTO COSAMHEHMsI U JeTajeil, BXOAAIIUX B
HETO.

CraButcs BOMpPOC O TOJNYyYEHUU METOJa BBHIOOpAa ONTUMAIBHOTO Yria KIMHA TIO0
KPUTEPUI0O MUHHMAJIBHOW YTEUKH TE€PMETHU3UPYEMOM Cpelbl uepe3 KOHTAKT KIMHOBHUIHOM
KPOMKH yIIOTHeHUs ¢ (hianieMm. Hayunas 3amava pemraercs myTéM BbIBOJA U UCCIIEIOBAHUS
(GYHKIMM TPOHUIIAEMOCTH KOHTakTa [1] KIMHOBUIHOW KPOMKH YIJIOTHEHHUS ¢ (praHiem —
(GYHKIIMH, TOKa3bIBAIOIIEH 3aBUCUMOCTh YTEUKH TE€PMETH3UPYEMOW CpEeAbl B YCIOBHBIX
eIMHUIIAX PacXo/a OT yrja KJIMHA KPOMKH.

OcHOBHasi IEHHOCTh HAy4YyHOW pa3pabOTKM 3aKkiI0YaeTcs B TOM, YTO B HTOre
MOJIY4YSHHBIE 3aBUCUMOCTH TIOMOTAIOT TMOBBICUTHh TEPMETHUYHOCTD (hJIAHIEBBIX COCAMHEHUH, B
KOHCTPYKIMU KOTOPBIX MPUCYTCTBYIOT METANIMYECKHUE YIUIOTHEHUS [2] ¢ KIMHOBUIAHBIMU
KpOMKaMH, €I1I€ Ha dTare X MPOSKTUPOBAHMUS, HE MprOerast Mpy STOM K MOBBIIICHUIO YCHITHS
3aTSKKU U, KaK CJIEJCTBUE, MOBBIIIEHUIO KECTKOCTHU JE€TaleH 3a CUET YBEIUUYECHHUS pa3MEPOB
X TomnepeyHbix cedyeHuil. Kak creiacTBue, 3TO MOMOTaeT TMOBBICUTh TE€PMETUYHOCTD
coeMHEHUI 0e3 yBeIMUEHUS UX MAaCChl, YTO OCOOCHHO aKTyallbHO JJsi aBUAI[MOHHOW U
KOCMHYECKOMN TEXHUKH.

OnHako cineayer OTMETHTh, YTO HCIOJIb30BAOCH JOMYLIEHUE, 3aMETHO CHUXKAIOLIEe
BO3MOKHOCTh MPUMEHEHHSI TTOTYYEHHON (DYHKIIMHU MPOHUIIAEMOCTH KOHTAKTa — MpUpAICHUE
KOHTaKTHOTO JaBIICHUS Ha KOHTaKTe YIUIOTHEHHS W (raHIa TpeHeOpe:KuMOo Malio o
CpPaBHEHHUIO C KOHTAKTHBIM JaBJICHUEM, BOSHHUKIIIEM TMPH 3aTSKKE coeuHeHus. J(ameko He BO
BceX ()IIaHIIEBBIX COSAMHEHUSIX TPYOOIIPOBOIOB JIETATEIBHBIX allapaToB JAHHOE JOMYIIEHUE
MOkeT ObITh TipaBoMepHBIM [3]. Ho mpoxmenannas paGota maér OCHOBY IJisi OymyImx
UCCIICIOBAaHW B JAaHHOM 00IacTH, B TOM YHCIE U S TOCIEIYIOIIETO HWCKIIOYCHHS
OTOBOPEHHOTO JIOMYIIICHHS.
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Derivation and exploration of permeability function for contact of wedge-shaped edge of
metal seal with flange
Boikov A.A.', Rod O.A.*
1 MAI, Moscow, Russia

Arbitrary flange connection with metal seal, which has one or more wedge-shaped
edges in it’s construction, is estimated irrespectively of construction of flange connection and
parts it consists of.

Raised question is about obtaining of a method for choosing the optimal wedge angle
according to the criterion of minimal leak of the sealed substance through the contact of the
wedge-shaped edge of the seal with the flange. The scientific problem is solved by means of
derivation and exploration of the permeability function of the contact [1] of the wedge-shaped
edge of the seal with the flange — a function, showing the dependence of the leak of the sealed
substance in conditional flow units on the angle of the wedge-shaped edge.

The main value of the scientific development lies in the fact that, as a result, the
obtained equations help to increase the tightness of flange connections, in the design of which
there are metal seals [2] with wedge-shaped edges, even at the stage of their design, without
resorting to increasing the tightening force and, as a consequence, increasing the rigidity of
parts by increasing the size of their cross-sections. As a result, this helps to increase the
tightness of the joints without increasing their mass, which is especially important for aviation
and space technology.

However, it should be noted that an assumption was used that significantly reduces the
possibility of using the obtained contact permeability function — the increment of contact
pressure at the seal and flange contact is negligible compared to the contact pressure that
arose when tightening the joint. This assumption may not be valid in all flange connections of
aircraft pipelines [3]. But the work done provides a basis for future research in this area,
including for the subsequent exclusion of the stipulated assumption.
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[lenbto JaHHOTO HCCIIENOBaHUS SBISETCA pa3padoTKa MOAX0/a K ONTUMAIbHOMY
IIPOCKTUPOBAHUID  KOHCTPYKTHMBHO-AaHU3OTPOIIHBIX  IIaHENEH HECYIIUX IOBEPXHOCTEU
netatenbHbIX amnmnapatoB (JIA) U3 KOMIO3MIIMOHHBIX MaTEpUajoB C OTPaHUYECHHUSIMH B
COOTBETCTBUU C YTOYHEHHON TEOPHUEU MOTEPU YCTOWUUBOCTHU ISl PEAIU3ALUU ONITUMAJIBHOTO
Pa3MEpPHO-BECOBOTO ITPOEKTA.
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ChopMynupoBaHO aHAIUTUYECKOE pEIIEHHE 33Jaud ONTHMAJIbHOTO NMPOSKTUPOBAHMS.
PaccmaTtpuBaercs 3amad4a  ONpPENENCHHS TE€OMETPUYECKHX IAapaMeTpPOB  JKCLHEHTPUYHO
HNOJKPEIUVIEHHBIX IUIOCKUX HPSIMOYTOJIbHBIX KOMIIO3MTHBIX maHenedl JIA MuHuUManbHOR
Maccel. TommuHel CIOEB M TIEOMETPUYECKHE DPA3MEPHl JJIEMEHTOB IIAHENU SBISIOTCS
HEH3BECTHBIMM  TEPEMEHHBIMH.  YCIIOBHE€  PAaBHOYCTOWYMBOCTH  COCTaBiIseT  Oasmc
ontuMalbHOro npoekra. OOmas U3rubHas U MHOTOBOJIHOBAas KpYTHJbHas (OpMBblI MOTEpU
YCTOMYMBOCTHU JOJKHBI UMETh OJIMHAKOBYIO BEPOSITHOCTD IIPOSIBIIEHUS, B TO BPEMsI KaK 3arac
[0 YCTOMYMBOCTH IOJIaraercsi OIM3KUM K €JUHMLE. 3a/la4a ONTUMAJIBHOTO MPOSKTUPOBAHUS
CBOJUTCS K MCCJIEIOBAHUIO 1IEJIEBOI BECOBON (DYHKIMH — (YHKIIMU HECKOJIBKUX MEPEMEHHBIX
- Ha YCJOBHBIA JKCTPEMYM B CTPOIOM MaTEMAaTHUYECKOH ITOCTAHOBKE C HCIIOJIB30BAHUEM
AQHAJIMTUYECKUX METOJIOB B COYETAHUM C YUCICHHBIMU METOJIAMH.

IIpencraBieHbl COOTHOIIEHUS HOBOW MaTEMaTHMYECKOM MOJIEIM IJIsl UCCIEIOBAHHUSA
IIOTEPU YCTOMYMBOCTH KOHCTPYKTHBHO-aHHM3OTPOIIHBIX KOMIIO3UTHBIX naHenei. HaydHoit
HOBU3HOM  SBJIAETCS JAJIBHEHIIEE DPAa3BUTHE TCOPHMM TOHKOCTEHHBIX YIPYTUX CTEPXKHEH,
CBSI3aHHOE C MPOOJIEMOI KOHTaKTa OOIIMBKM M CTPHHIrepa ¢ y4€ToMm JedopMamnuu CABHra
CTPHUHIEPA IIPU 3aKPYYHBAHHH.

PaccmarpuBarorcs  3amauM IIOTEPH  YCTOMYMBOCTH  IJIOCKOM — IIPSIMOYIOJIBHOM
MHOI'OCJIOHOM MaHeId U3 KOMIIO3MIIMOHHBIX MAaTEpUaloB € SKCLUEHTPUYHBIM HAaOOpOM
IPOJIOJIBHBIX M TIONIEPEYHBIX pedep jKeCcTKOoCTH. Takke 00CyXIaeTcs MmoTepsi yCTOMYUBOCTH
IUIOCKOW TPSMOYTOJIbHOM OOIIMBKH, SIBJISIOILEHCS aHU30TPOIHONW M3-32 HECUMMETPHUYHOU
CTPYKTYpPbl MHOTIOCJIIOMHOIO IIakera Io TojamuHe. llanenu HaxomsaTcs nox JeHCTBHEM
paclpeneieHHOM IIOCTOSHHOM CKMMAIOLIEH Harpy3k, IPWIOKEHHOM K KpOMKaMm B
IUIOCKOCTH OOIIMBKHU B IPOJOJIbHOM HampasieHuu. [Ipeanonaraercs, 4To KpaeBble yCIOBHS
Ha KOHTYpPE COOTBETCTBYIOT YaCTHOMY CIIy4arO0 I'DaHUYHBIX YCIOBHH Ul IJIOCKOW 3ajadd U
3a/1a4u u3ruoa.

[Tpobnema norepu yCTOWYMBOCTH MaHeNel CBOIUTCS K PELICHUIO KPaeBbIX 3ajau Jis
T epeHnaIbHOr0  ypaBHEHHS B YaCTHBIX IPOM3BOJHBIX BOCBMOTO TIOpsIKa B
OpSMOYTOJIbHOM 00JIacTH, Tak Kak M3rM0 He OTHEeNseTcs OT IUIOCKOTO HampsKEHHOro
COCTOAHMA. B KadecTBe pacyeTHOM MOJENM IIPEAJIaracTcsl CXeMaTH3alMs I[aHEeNIH Kak
KOHCTPYKTUBHO-aHU30TPOITHON, KOTJa ONpPENeNA0TCs KPUTHUECKUE CHIIbl 00Iel n3ruOHon
dbopMbl moTepu ycTOMuMBOCTH. J[ns1 uccienoBaHHWs MHOTOBOJHOBOTO — KPYTHUJIBHOTO
BBIITYYMBaHUs MaHEI HEOOXOJUMO MCHOJIb30BATh anmnapaTr 0000IEHHbIX (PYHKIHUH C eTbIo
JUCKPETHOTO BBOJIA KECTKOCTEW CTpUHrepoB. Pemienue auddepeHnnasbHOro ypaBHEHHS
ne(OpMHUPOBAHHONW TOBEPXHOCTH BOCBMOTO TOpPSJIKA B 3aMKHYTOM BHJE IOCTPOEHO C
IIOMOIIBIO TPUTOHOMETPUYECKHUX PAIOB.

ChopmynupoBaHa NOCTAaHOBKA 3ajjad ONTHUMAJIbHOIO IPOEKTUPOBAHUS MaHenei,
IIPE/ICTABJICHBl YHUCICHHO-aHAJUTUYECKAE METOJbl PELICHUSA: METOJ 30JI0OTOTO CEYEHMH,
MeToa mapaboii, MeTOoJ] KOOPAMHATHOTO CIYyCKa, MeTOoA INTpadHbIX (YHKIMHA, METOJbl
JIMHENHOTO U HEJIMHENHOTO IPOrpaMMHUPOBAHMSL.

HccnenoBanue  mpobieM  MOTepH  YCTOHYMBOCTH — IUIOCKHUX — HPSMOYTOJIBHBIX
KOHCTPYKTUBHO-AaHU30TPOIHBIX KOMITO3UTHBIX MaHeNel aKTyaJlbHO Ji1 TNPOEKTHUPOBAHUS
Hecymux  nosepxHocted  JIA.  PesynpTaTsl  ONTUManbHOIO  NPOEKTUPOBAHUA  C
OTpaHUYEHUSIMHU, TOCTPOCHHBIMU B paMKax YTOUHEHHON TEOpPUH, OTKPHIBAIOT BO3ZMOKHOCTHU
JUISL CHUKEHUS U ONTUMM3AI[MH BECOBBIX XapaKTEPUCTHUK 3JIEMEHTOB IIAHEpPA CAMOJIETA.
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Optimal design method of structurally-anisotropic aircraft panels made of composite
materials with refined buckling restrictions
Gavva L.M., Mitrofanov O.V.*
'MAI, Moscow, Russia

The aim of this study is the approach to the optimal design of structurally-anisotropic
panels of the bearing aircraft surfaces with the restrictions according to the refined buckling
theory for the optimal geometry-weight project development.

The analytical solution of the optimal design problem is formulated. One considers the
problem of the geometry parameter definition for the minimum mass stiffened aircraft panels.
The layer thickness and geometric sizes of the panel elements are the unknown variable
values. The condition of equally buckling is the optimal design basis. The general bending
mode of buckling and multi-wave torsion mode of buckling must have the same occurrence
probability while the buckling margin tends to one. The optimal design problem is reduced to
the restrictive  extremum investigation of the goal weight function with multiple variables
using the analytical methods with numerical methods.

New mathematical model relations for the buckling investigation of structurally-
anisotropic composite panels are presented. The primary scientific novelty of this research is
the further development of the theory of thin-walled elastic ribs related to the contact problem
for the skin and stringer with an improved model taking into account the stringer shear
deformation.

The buckling problems of a flat rectangular multilayer panel made of composite
materials with the eccentric longitudinal and lateral stiffening set are considered. The
buckling problems of a flat rectangular aircraft skin being anisotropic due to non-symmetric
package structure over the thickness are also discussed. The panels are subjected to the
distributed constant compressive loading applied to the edges in the casing plane in the
longitudinal direction. The boundary conditions at the contour are assumed to be the
particular case with conformable boundary restrictions for the plane problem and problem of
bending.

The buckling problem results in the boundary value problem when solving for the
eighth order partial derivative equation in the rectangular field while the bending is coupled
with the plane stress state. The critical force definition of the general bending mode of the
thin-walled system buckling and critical force definition of the multi-wave torsion buckling
are of the most interest in accordance with traditional design practices. The schematization of
the panel as structurally-anisotropic has been proposed as a design model when and the
critical forces of total bending mode of buckling are determined. For a multi-wave torsion
buckling study, one should use the generalized function set. The buckling problem solution in
a closed form is designed by a trigonometric series.

The optimal design problem statement for the panels is formulated. The numerical-
analytic  solution methods are represented, namely: the gold cross section method, parable
method, method of the coordinate descent, method of the penalty functions, linear and non-
linear programming methods.

The buckling problem investigation of flat rectangular structurally-anisotropic aircraft
composite panels is relevant for the design of the bearing surfaces of FA. The results of the
optimal design with the refined buckling restrictions based on buckling analysis calculations
offer opportunities for reducing and optimizing the weight characteristics of aircraft frame
elements.
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Pa3patorka 00001IeHHBIX Mo/1eJIeH 10JIT0BEYHOCTH KOMIIO3UIIMOHHBIX MATEPHAJIOB U
KOHCTPYKUMI B IKCTPEMAJIbHBIX YCJIOBUAX HA OCHOBE COBPEMEHHBIX MOJI0KEeHNH
KHHETHYeCKOM TeOPUH NMPOYHOCTH
I'yces E.JIL. 123, bakynun B.H.*®
"UITHT OUIL «AHI CO PAH», . SAxytck, Poccus;

MU CBOY, 1. Sxyrek, Pocens;
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5MAI/I, I. Mocksa, Poccus

B nmnocnennue necaTuneTus MoJMMEpHbIE KOMIIO3UMLMOHHbIE Marepuansl ([TKM),
MOKPBITHS M KOHCTPYKLMHU U3 HUX SIBISIFOTCS HEOTHEMIIEMON YaCThIO COBPEMEHHOW TEXHUKHU B
TaKuX OOJIACTSX , OMPENCISAIONINX HAYYHO-TEXHHYECKHH MpPOrpecc, Kak BBHICOKOCKOPOCTHOU
TPAHCIOPT, aBHa- W KOCMHYECKas TEXHHKa, CYIOCTpoeHHe, He(TsHas U ra3oBas
MIPOMBITIINIEHHOCTb H JIP .

{151 BBICOKOTOUHOTO MPOTHO3UPOBAHMS OMPENEISIONINX XapPAKTEPUCTUK KOMIIO3UTOB
Heo0XouMO pa3padboTraTh 3G(HEKTUBHBIC U HAJC)KHBIC COOTHOMICHUS MEXTy KHHETHICCKIUMHU
napamerpamMu Qu3nKo-xuMmuueckux mporeccoB (DOXII), mpoucxoasmmx Ha MOJEKYISIPHOM
YpPOBHE U MAaKpOCBOMCTBAMH MAaTEpUaAOB, ONPEICISIIOIIMMHM HMX AKCIUIyaTallMOHHYIO
MPUTOJHOCTb. DTH BOMPOCHI COCTABIISIOT BAXKHYIO M aKTyalbHYIO HaydHYIO MpoOiiemMy,
CTOSAIIYI0 Ha MYTH CO3/aHHS OOOCHOBAHHBIX IMOAXOJOB K IPOrHO3UPOBAHHMIO M3MEHEHUS
cpoiictB IIKM  mpu ux xpaneHuu u skciuryarauuu [1-5]. ChopmynupoBaHHbIE TPOOIEMBI
UCCIIEAYIOTCS B paMKaX YTOYHEHHBIX BapHAIlMOHHBIX ITOCTAHOBOK OOpaTHBIX 3ajady
MIPOTHO3UPOBAHUS HA OCHOBE COBPEMEHHBIX MOJIOKEHUM KWHETUYECKOW TEOPUH MPOYHOCTH.
Pa3paborana MeTOHOJOTHS COIJIaCOBAaHMS MApaMETPOB MATEMAaTHUECKUX M (PU3MUECKUX
MoJelied Ha MHKpPO- M MaKpOYpPOBHSAX, MO3BOJIMBIIAS PEHIUTh 3a7adyy BOCCTAHOBIICHUS
napamerpoB OXII , npoucxomdmux Ha MOJEKYISIPHOM YpPOBHE, M NPHUBOIAIIMX K
JIECTPYKTUBHBIM HM3MEHEHUSAM B KOMIO3UTaX U YXYIIIEHUIO MX XapaKTEPUCTUK C TEUYECHUEM
BpPEMEHH.

OObeKkTHBHAs OIEHKa TapaMeTpPOB JECTPYKTHUBHBIX DJIEMEHTAPHBIX XUMUYECKUX
peakuuii B KOMIIO3UTaX Ha OCHOBE IMPOBEIEHHBIX (PU3MYECKUX SKCIEPUMEHTOB I03BOJIMIIA
noCTPOUTh 3¢ (eKTUBHBIE 0000IIEHHBIE MOJIENTU JI0JITOBEYHOCTH Ha JOJITOCPOUHBIN MEepHO;
MIPOBECTH KOHCTPYKTHUBHBIA aHAJIU3 BIMSHHS OTACIBHBIX SKCTPEMaJbHbIX ()aKTOPOB U JaTh
CPaBHHUTEIBHYIO OIIEHKY CTENEHU BIUSHUS TOTO WM MHOTO (pakTopa Ha JIOJITOBEYHOCTH
KOMITO3WTa. 3HAHWE TapaMeTPOB JACCTPYKTHBHBIX AJIEMEHTAPHBIX XUMHUYECKHX PEaKIWid B
KOMIIO3UTE, MHUIIMMPOBAHHBIX JIEHCTBUEM HDKCTPEMAaTbHBIX (DAKTOPOB BHEIIHEH CPEIbl, UX
CPaBHUTEIbHBIM KOHCTPYKTUBHBIN aHAIN3 MO3BOJIUT pa3paboTaTh METOIUKY CHHTE3a HOBBIX
MaTepHaJIOB C MOBBIIIEHHOW TOJITOBEYHOCTHIO.
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Development of generalized models of durability of composite materials and
structures under extreme conditions based on the current provisions
of the kinetic theory of strength
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Yakutsk, Russia
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In recent decades, polymer composite materials (PCM), coatings and structures made
of them have been an integral part of modern technology in such areas that determine
scientific and technological progress as high-speed transport, aviation and space technology,
shipbuilding, oil and gas industry, etc.

For high-precision prediction of the defining characteristics of composites, it is
necessary to develop effective and reliable relationships between the kinetic parameters of
physics-chemical processes (PCP) occurring at the molecular level and the macro properties
of materials that determine their operational suitability. These issues constitute an important
and urgent scientific problem that stands in the way of creating sound approaches to
predicting changes in the properties of PCM during their storage and operation [1-5]. The
formulated problems are investigated within the framework of refined variational
formulations of inverse forecasting problems based on modern provisions of the Kinetic
theory of strength. A methodology has been developed for matching the parameters of
mathematical and physical models at the micro and macro levels, which made it possible to
solve the problem of restoring the parameters of PCP occurring at the molecular level, and
leading to destructive changes in composites and deterioration of their characteristics over
time.

An objective assessment of the parameters of destructive elementary chemical reactions
in composites based on the conducted physical experiments made it possible to construct
effective generalized models of durability for a long-term period; to conduct a structural
analysis of the influence of individual extreme factors and to give a comparative assessment
of the degree of influence of one or another factor on the durability of the composite.
Knowledge of the parameters of destructive elementary chemical reactions in the composite
initiated by the action of extreme environmental factors, their comparative constructive
analysis will allow us to develop a methodology for the synthesis of new materials with
increased durability.
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Cynepruapo¢o0Hbie NOKPBHITHS B KAYeCTBE CPEACTB 3aIMUThl KOHCTPYKIIMH CaMoJIeTa
OT BO3JCHCTBHS BPEIHBIX Cped U aTMOC(Zl)epHOFO o0J/1eieHeHU
Kurynun I/I.E.l, Emenpsanenko K.A.“, boliHoBuY JLB.2
! MAMU, r. Mocksa, Poccus
UDXD PAH, r. Mocksa, Poccus

B noknazne npezncraBieH 0030p HOBBIX (DYHKIIMOHAJIBHBIX MOKPBITHH, HCIOIB3YEMbIX
WIM DPEIIoJaraéMbIX K IMPHUMEHEHUI0 B TPAXIAAHCKOW aBUALUM U1 YJIy4YUICHHS
HKCIUTYaTal[MOHHBIX CBOMCTB BO3JYLIHBIX CYJOB W 3alllUThl OT BO3HUKHOBEHHS OIACHBIX
CUTyallUi B MOJIETE, CBA3AHHBIX C HEOJIArONPUATHBIMU MTOTOJHBIMU YCIOBUSAMHU, TAKUMH KakK,
JIOX/1b, MOKPBII CHET B aTMOCc(epHOe 00JIeICHEHNUE.

[IpeanonaraeMoe NpuMEHEHNE MEPCIIEKTUBHBIX TOKPBHITUI Ha TOBEPXHOCTH (DrO3eisiKa
U OOLIMBKE Kpblia, BOJW3M JBUraTels, 3apsIHbIX KJIAllaHOB I'MIPABIMUYECKUX U TOIUIMBHOMN
CHUCTEM caMoJIéTa, MpPEeabsBIAET JIOCTaTOYHO JKECTKHE TpeOOBaHMS K CO3/1aBaEMbIM
MaTepuaiam, 4To, B CBOIO OYepeb, TPEOYET AIUTENbHBIX U JA€TaIbHBIX IKCIIEPUMEHTAIbHBIX
UCCIIEIOBAaHUI HOBBIX MaT€pPHAaJIOB B YCIOBUAX JJaOOPATOPHH U HCIIBITATEIbHBIX LIEHTPOB.

Jliig skcriepumeHTa OblUTH BHIOpaHBI CynepruapopoOHbIe MOKPBITHS, pa3padaThiBacMble
B U®XD PAH u miaHupyemple K NIPUMEHEHUIO Ha IIOBEPXHOCTH Kpblua. JlaHHbBIE
cyneprupodoOHble TMOKPBITHSA TOKa3bIBalOT BBICOKHE aHTHOOJEIEHUTENIbHbIE CBOMCTBA,
3aKJIOYaloIuecsT B CHOCOOHOCTH — NpeAoTBpaliath  OOJEeJeHEHHWe WM  yAAIiTh
IbA000pa30BaHUsl MOJ JEHCTBHEM HaOEralomero MOTOKa Ha HECYHIMX MOBEPXHOCTAX
camonéra [l]. Byaer npoaeMOHCTPUPOBAHO IOBEACHHME TAKUX IIOKPBITMM B YCIOBHUAX
HCKYCCTBEHHOI0 0bnefeHeHus. Kpome toro, s co3gaHHbIX cynepruapoPoOHbIX MOKPHITH,
paHee ObUIa HM3y4ye€Ha CTOMKOCTh K BPEIHBIM BO3JEHCTBUSAM 3arps3HSIONIMX aBUAI[MOHHBIX
JKUJKOCTEH, BO3ZHHUKAIOIIMM IPU JKCILIyaTallMM BO3JYIIHOTO CYyJHA. Hnsa  Takmx
UcclieIoBaHUi OblIa pa3paboTaHa METOJUKA UCHBITAHUN, peKOMEHyeMas sl JaibHenen
aTTectauuu MOKpeITUM. [lomydyeHHble HaMM C TpPUMEHEHHEM pa3pabOoTaHHOW METOAMKHU
pe3ysbTaThl MOKa3ajdh, YTO CYNepruapopoOHbIE MOKPHITHS A AITIOMUHUEBBIX CIUIABOB,
co3naBaembie B UDXD PAH nHa ocHOBe s1azepHOi 00paboTku [2], CTOCOOHBI BBIIEPKUBATH
BPEIHBIE BO3ACUCTBUS psijia 3arpsi3HAIOIINX JKMJIKOCTEHM, MCIIONb3YyEMbIX MPU JKCILTyaTaluu
camoJieTa, COXpaHss UCXOAHbIE cyneprupodoOHbie CBONCTBA. YUUTHIBAS MOJYYEHHbIE paHee
pe3yiabTaThl HCIBITAHMUA Ha MEXaHMYECKYK0 CTOMKOCTb, BO3JAEHCTBHE LMKIMYECKUX
NepernagoB TEMIEpATyp U BO3ACHCTBHUE yabTpa(HuoIeTOBOro u3nydeHus [3], MOXKHO cenaTh
BBIBOJ O TIEPCIEKTUBHOCTH TPUMEHEHHUS HOBBIX CYNEpruapo(OoOHBIX TOKPBITHH IS
YIIYUIIEHUS YKCILTyaTallMOHHBIX CBOMCTB BO3YIIHBIX CY/OB.
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Superhydrophobic coating as the means of protection of aircraft from adverse
environmental effects and atmospheric icing
Zhigulin 1.E.}, Emelyanenko K.A.?, Boinovich L.B.?
1 MAI, Moscow, Russia
2IPCE RAS, Moscow, Russia

The report provided new materials and functional coating used or planned to use in civil
aeronautical production for enhancing operational characteristics and protection from adverse
weather effects such as rain, slush, wet snow, and contaminating fluids with the ability to
counter icing on aircraft.

The superhydrophobic coating is planned to be regularly exposed on the fuselage and
wing skin, near engine and charging valves of aircraft hydraulic and fuel systems, thus the
most severe requirements are expected applicable to new material. A large amount of research
is requested for the novel superhydrophobic coating in laboratories and test centers.

For the experiment, superhydrophobic coatings developed at the IPCE RAS and
planned for use on the wing skin were selected. This coating shows the high anti-icing
properties with ice accumulation reduction on the lift surfaces while contacting with the
hitting atmospheric water droplets or the ability to completely suppress ice formation [1]. The
behavior of this coating will be shown in artificial ice conditions. Besides this, the resistance
to contaminating aviation fluids will be proved for this type of coating. The new method for
hydrophobic and superhydrophobic coating test conducting and its characteristic estimation
for aircraft implementation was developed.

The results obtained by us using the developed method showed that superhydrophobic
coatings for aluminum alloys created at the IPCE RAS with laser-assisted processing [2] may
withstand the adverse effects of several contaminating fluids used in the operation of the
aircraft, preserving the original superhydrophobic properties. Taking into account the
previously obtained test results for the increased abrasive resistance and UV radiation
resistance, and resistance to cyclic freezing/melting [3], it can be concluded that the use of
new superhydrophobic coatings is promising to improve the operational characteristics of
aircraft.
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JL0JITOBEYHOCTH M HAIEKHOCTH 00JITOBBIX COCIMHEHNH KOMITIO3UTHBIX KOHCTPYKIUH
NP HUKJIHYECKOM HArpy:KeHUH
3uHUH A.B.l, bonoTHUKOB E.I/I.l, KaiikoB K.B.l, Cunnosa E.B.
1MAI/I, r. Mocksa, Poccus

OcHOBHBIE TIPOOJEMBI  OOECIEYeHHsT MPOYHOCTH U JIOJITOBEYHOCTH OOJITOBBIX
COCIMHEHUI SJEMEHTOB KOHCTPYKIMI K3 KOMITO3UIIMOHHBIX MaTepUalioB CBS3aHBI C HUX
HEBBICOKUM COMPOTUBIICHUEM Cpe3y U cMAThIo [1].

CymiecTByrone MeTOAbl OLIEHKH MPEAebHOTO COCTOSIHHUSI OOJITOBBIX COEIUHEHUI
KOMIIO3UTHBIX 3JIEMEHTOB OCHOBAHBI Ha aHAJIN3€ PACIIpeIeICHHs] HAIPSKEHUN B OKPECTHOCTH
OTBEPCTHS MO Kperex U MPOrHO3UPOBAHMS BUJA Pa3pyLICHUS] COSAUHEHUS B COOTBETCTBUHU
C THUNOTe30i paspyueHus. B  pabore paccMOTpeHBI BO3MOXKHOCTH HCIHOJIB30BAHUS
JIBYXITapaMETPUUYECKOM MOJEIN «XapaKTEPUCTUUYECKOM KpUBOW» [2], cOrjacHO KOTOpOM
NpeIebHOE COCTOSTHHE HACTYNaeT B HEKOTOPOM BHEIIHEW oOiacTu BOJHM3M OTBEPCTHS, IIE
dbopMupyeTcsi MOBpEXJEHUE, IOCTATOYHOE MJs HWHHUIMAIU3alUU TOJHOTO pa3pyIICHHUS.
Hecymyio cnocoOHOCTE OOJTOBOrO COSNMHEHHs TpEAjaractcs OICHWBAaTh B TOYKaX
XapaKTepUCTUUECKON KPUBOM, OrpaHMYMBAIOIIECH 00JACTh Mpeapa3pylieHus, M0 KPUTEPHUIO
XamnHa, BKJIIOYAOMIEro 4 YyCIOBMSI, Ka)X/J10€ U3 KOTOPBIX aCCOLMUPYETCS C XapaKTEpHOMN
dbopMoil pazpyieHus CIOsi KOMIIO3UTA.

[IporHo3upoBanue 1nokaszaTelled pecypca M HaJEKHOCTH COCAUHEHUM BBINOJHEHO C
UCIIOJIb30BAaHUEM MOJIENN Jerpajlallid MPOYHOCTH MPHU YCTAJIOCTHOM HarpyxkeHuu [3],
CBSA3BIBAIOLIEH  JIOJTOBEYHOCTh C YPOBHEM  OCTaTOYHOM  IPOYHOCTH  KOMIIO3UTA,
CHI)KAIOIIMMCS BCIIEACTBHE HAKOIJICHUS YCTAJIOCTHBIX MOBPEXKACHUNH B KPUTHUECKOH
obmactu. DTa MoAelb TpeOyeT MPeABAPUTEIBHOTO HKCIEPUMEHTAIBLHOTO OIPEACIICHUS
KPUBOI YCTAJIOCTH U paclpeiesieHus: mpejiena NPOYHOCTH JUIsi KOMIIO3UTa JaHHOM YKIIAJKH.
BblnosHeHHBIE HUCHBITAaHUS Ha MPOYHOCTh U MAJOLMKIOBYIO YCTAJIOCTh OOJTOBBIX
COEIMHEHUI CTEKJIOIUIACTUKOBBIX 00pa3l0B YCTAHOBHWIIM KOPPEISIHIO Mpeesia MTPOYHOCTH
COCIMHEHUN MpH CTaTMYECKUX HArpy3kax U MpeAesioB YCTAJOCTH IMPU MAaJOLUKIOBOM
HArpy>K€HUH, YTO TO3BOJIMJIO CTATUCTUYECKHM OOOCHOBAHO MPEUIOKHTHh ypaBHEHHE €IMHOM
KpPUBOH YCTaJIOCTH B BUJIE, COOTBETCTBYIOLIEM MOJEIH JErPaJalluy IPOYHOCTH:

Omax /s =1— 719N
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Durability and Reliability of Bolted Joints Composite Structures Under Cyclic Loading
Zinin A.V.}, Bolotnikov B.I.}, Kaikov K.V.%, Sintsova E.V.*
'MAI, Moscow, Russia
The major problems of ensuring the strength and durability of bolted joints of structural
elements made of composite materials are related to their low resistance to shear and bearing

[1].
The available methods for assessing the limit state of bolted joints of composite
elements are based on the analysis of stress distribution in the proximity of the fastener hole
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and predicting the type of joint failure under the fracture hypothesis. The paper considers the
possibility of using the two-parameter "characteristic length " model [2], according to which
the limit state occurs in an external region near the hole, where sufficient damage is formed to
initiate a complete failure. The bearing capacity of a bolted joint is proposed to be evaluated
at the points of the characteristic curve limiting the prefracture zone by the Hashin criterion,
including 4 conditions, each associated with a characteristic form of composite layer fracture.

Prediction of service life and reliability of joints is performed using the strength
degradation model under fatigue loading [3], linking durability with the level of residual
strength of the composite, decreasing due to accumulation of fatigue damage in the critical
area. This model requires a preliminary experimental determination of the fatigue curve and
ultimate strength distribution for a given layout composite. The strength and low-cycle fatigue
tests performed on bolted joints of fiber-glass samples have established a correlation between
the joint strength under static loads and the fatigue limits under low-cycle loading, which
allowed a statistically justified proposal of a unified fatigue curve equation in a form
corresponding to the strength degradation model:

Omax/ 0y =1— 710N
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KoHCTPYKTHBHO-CHJIOBBIE CXEMBbI ABHAIIMOHHBIX KOHCTPYKIHII HA OCHOBE
KOMIIO3UTHBIX AHU3OTPHIAHBIX 3JIEMEHTOB
3UHUH A.B.l, Asukos H.C.?2
1MAI/I, r. Mocksa, Poccus, IMALLI PAH, r. Mocksa, Poccus

OnHOMl W3 KIIIOYEBBIX TEXHOJOIMH CO3/aHMsl HOBBIX O0OpasloB CKOPOCTHOIO
BO3JYIIHOTO TPAHCIOpPTa  SBJISETCS NPUMEHEHHE MOJUMEPHBIX  KOMIIO3MIIMOHHBIX
MaTepuajioB B  KOHCTPYKIHMSX  JIeTaTeNbHbIX  ammaparoB  (JIA),  obmamarommx
NpEeUMYIIECTBAMU Tepe]] TPaJWLHUOHHBIMU METANIMYECKUMHU MaTepuajliaMy BCIIEJCTBUE
BBICOKMX  YJEJIBHBIX  XAPAaKTEPUCTHK  JKECTKOCTH, TPOYHOCTM U  BBIHOCIHUBOCTH.
[lepcriekTBHOW KOHLENMIMEN MNOBBILIEHUS BecoBod 3ddextuBHOCcTH JIA mpencramisiercs
UCIOJIb30BaHUE B KAYECTBE CHJIOBBIX AJIEMEHTOB KOMIIO3MTHBIX CETYATBHIX (QHM3OTPUIHBIX)
KoHCTpyKIiui. CeTuartas TOMoJOrust GOpMUPYET TaKyI0 CXEMY HarpyXeHus, B KOTOpoil pedpa
CeTKH 00eCreynBaroT OJJHOBPEMEHHO MEMOPaHHYIO M U3rHOHYIO )KECTKOCTh KOHCTPYKIIUH, B
OTJIMYME OT TPAAUIMOHHBIX MOJKPEIUICHHBIX MaHesel, rie OOUIMBKA SBISETCS CHIIOBBIM
3BEHOM, a MOJKPEIJICHUE CIYKUT JUIsI 00eCleYeHusl JIOKAIbHOM M3TMOHOM >KECTKOCTH U
ycroiunBoctu [1]. C momompio KO-MozpenupoBanus mnpoBeieH aHanu3 3()QPexTUBHOCTH
IPUMEHEHHS CETYAaThIX KOMIIO3UTHBIX JJIEMEHTOB B OCHOBHBIX arperarax aBHAllMOHHOMN
TEXHHUKHU — KpbLJIa CAaMOJIETa U JIONACTH HECYIEro BUHTA BEPTOJIETA.

Paccmotpena  koHcTpykTuBHO-cmiioBass cxema (KCC) kpeuia ¢ ceTyaTbIMH
KOMIO3UTHBIMU 3D-371eMeHTaMU MOMEePEeYHOro Habopa, KOTOpbIEe MO3BOJISIOT OCYLIECTBHUTH
NepepacnpeelieHne IMOTOKOB MEXIy CHJIOBBIMH 3JIEMEHTaMU Kpblla IIO CPaBHEHHIO C
«KJTacCHUYeCcKOn» cxemoil. KOHCTpYKTHBHO aHU30TPUAHBIE CUIIOBBIE SJIEMEHTHI BBHIITOJHEHBI B
BUJIE CETYATHIX HEPBIOP C 3AMKHYTHIM KOHTYPOM, BEPXHSS U HUXKHSS MOBEPXHOCTH KOTOPBIX
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COOTBETCTBYIOT a’pOJAMHAMUYECKOMY KOHTYPY KpbLIA, a TOPIEBBIC MOBEPXHOCTH 00pa3yroT
CTEHKU JIOHXEpPOHOB [2]. Mcmonb30BaHHE TPEXMEPHBIX CETYAThIX HEPBIOP B KaueCTBE
HECYIIUX JJIEMEHTOB O00ECrevYrBacT HEOOXOJUMYIO0 W3THOHYI0 U KPYTHUIBHYIO KECTKOCTH
Kpplla ¥ TouTH 25% CHUXKEHHMSIT MacChl KOHCTPYKIIMM 32 CYET MPUMEHEHHsS] TOHKUX
HECHUJIOBBIX OOIIIUBOK.

B03MOXXHOCTH TpPUMEHEHHUS aHU3OTPUIHBIX JJIEMEHTOB B KOHCTPYKIMU BepTOJETa
UCCJIEIOBAIMCh HA TMpUMEpE JIOHXKEPOHA JIOMACTH HECYIIEro BUHTAa B BHJIE CETYATOU
CTPYKTYpPhI, 0Opa30BaHHON CEMEWCTBAMHU OCEBBIX W cMpaibHbIX pedep [3]. s Bepronera
CpelHEeM KaTeropuu pacyeToM IIOKa3aHO, YTO CHI)KEHHE MAacChl JIOMACTH C CETYaThIM
JIOH)KEPOHOM BO3MOXHO IPH HM3MEHEHMHM KOHCTPYKTHBHOM CXEMbI IIyTE€M YCTaHOBKHU
TOPU3OHTAIILHOTO IIApHUPA, CHIDKAIONIEro Harpy3ku Ha Jsomnacte. Takas KCC pgaer
BO3MOXXHOCTh CHU3WUTH HANpsKEHUS U AeQOopMalllK CEeTYAaTOro JOHXKEPOHA, YTO MO3BOJISET
YMEHBIIIUTH Pa3MepPhl pedep CETKU U, COOTBETCTBEHHO, MacCy Bcel ionactu Ha 22%.
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Structural design aircraft units of composite anisogrid elements
Zinin A.V.%, Azikov N.S.*
' MAI, Moscow, Russia, > IMASH RAN, Moscow, Russia,

One of the key technologies for creating new models of high-speed air transport is the
use of polymeric composite materials in aircraft structures, which have advantages over
traditional metal materials due to high specific characteristics of stiffness, strength, and
durability. Using composite mesh (anisogrid) structures as power elements seems to be a
promising concept for increasing the weight efficiency of an aircraft. The mesh topology
forms a loading scheme in which the mesh ribs provide both membrane and bending stiffness
of the structure, in contrast to traditional reinforced panels, where the shell is the force link
and the reinforcement serves to provide local bending stiffness and stability [1]. With the help
of FE-modeling, the application efficiency analysis of mesh composite elements in the
primary units of aviation equipment — aircraft wing and helicopter main rotor blade — was
carried out.

The structural-power scheme (SPS) of the wing with mesh composite 3D elements of
the transverse set, which allows to carry out redistribution of flows between the power
elements of the wing compared to the “classic” scheme, is considered. Structurally, the
anisogrid power elements are made in the form of mesh ribs with a closed contour, the upper
and lower surfaces of which correspond to the aerodynamic contour of the wing, and the end
surfaces form the spar walls [2]. The use of 3D mesh ribs as load-bearing elements provides
the necessary bending and torsional stiffness of the wing and an almost 25% reduction in the
weight of the structure due to the use of thin secondary shells.

The possibility of using anisogrid elements in helicopter design was investigated on the
example of the main rotor blade spar in the form of a mesh structure formed by families of
axial and spiral ribs [3]. For a medium category helicopter, the calculation shows that
reducing the weight of the blade with a mesh spar is possible by changing the design scheme
by installing a horizontal flapping hinge, which reduces the blade loads. This SPS allows to
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lessen the stresses and deformations of the mesh spar, thus reducing the size of the mesh ribs
and, accordingly, the weight of the entire blade by 22%.
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N HHOBAIMOHHBIN NPOrpaMMHBbIN KOMILJIEKC /151 peLlIeHNs 32/1a4 IPOYHOCTH
JIeTaTeJbHBIX alllapaToB
Kamyukuit H.C.*
1MAI/I, r. Mocksa, Poccus

B pabote mpemiaraercss mepCHEKTUBHBIA MPOTPAMMHBIN KOMIUIEKC JJIsi YMCJIEHHOTO
pelIeHus 3a1a4 NPOYHOCTU aBUAIIMOHHBIX KOHCTPYKLIUM.

B nacrosiiiee BpeMs cTaHIapTOM MHKEHEPHOTO aHAIM3a KOHCTPYKIMH SIBISIETCS METOJ
koHeuHbIX 3nemeHToB (MKD) [2]. Ha 6a3ze MKD pa3paboTanbl U HMIMPOKO MPUMEHSFOTCS
kommepueckue naketsl [10 (Ansys, Abaqus, Nastran u 1.1). IIpu Bcex CBOMX JTOCTOMHCTBAX,
MKD obnagaeT psioM HEAOCTATKOB:

® HEOOXOAMMOCTD CO3JIaHHSI CETKH;

©3aBUCHUMOCTh TOYHOCTH PEIIEHHUS OT I'€OMETPUUYECKHUX XapaKTEPUCTUK KOHEUHBIX
3JIEMEHTOB;

e Jlerpagalys FeOMETPHH KOHEUHBIX 3JIEMEHTOB MTPU OONBIINX Je(hOopMaIHsX;

® TUCKPETHOCTD I0JIy4a€MbIX PE€3yJIbTaTOB, HAIIPUMED MO HAIPSLKEHUN (HE0OXO0aUMO
OCpEHEHHE, YTO CHUKAET TOYHOCTB).

OcHoBHBIM HepocTaTkoM mpumeHeHuss MKD sBnsercs HeoOXOIUMOCTb CO3AaHUS
ceTku. Pemaromuii Bkiaa B ctouMocTs pabotsl ¢ MKD okasbiBaeT Tpyq0o€MKOCTh “pydyHOro”
CO3aHMSI CETKH NHKEHEPOM.

VYka3aHHbIE HEAOCTATKN BO3MOXKHO YCTPAHUTh €CIIM OTKAa3aThCsl OT CETKU. DTO BBI3BAJIO
K TOSIBJICHHIO CEMEHCTBAa «0ECCETOYHBIX» YHCICHHBIX MeTonoB [1]. Ha pucynke Hmxke
MOKa3aHO CpaBHEHHUE ABYX Mojaxoa0B. Ha 6a3e 6eccerounoro meroga bBMI' (6e331emMeHTHBIIM
meron ['anépkuHa) pa3paboTaH mporpaMMHbIM Komruieke «JlyoHa-2000», peanusyromui
NEePCIEeKTUBHBINA OECCETOUHBIN METOI.

[Tporpammublii koMmiuieke «J{yOHa-2000» mo3Boisier ucnonb3oBath rorosyro CAD-
TEOMETPUIO JAETaI JJIsi IPOYHOCTHOTO pacuyé€ra ¢ MUHUMAJIbHBIMHU J0pPa0OTKaMH M TaKUM
0o0pa3oM 3HAYUTEIBHO YCKOPSTh NPOBEIEHUE IPOYHOCTHOIO aHaIM3a MEepPCHEeKTHBHBIX
ABUAIMOHHBIX KOHCTPYKILIHH.
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Innovative Software for Airframe Strength Analysis
Kalutskiy N.S.*
'MAI, Moscow, Russia

An innovative software package for numerical simulation of airframe structures is
proposed.

Nowadays, a standard ‘“de-facto” for developing mechanical stress analysis CAE
applications is finite-element method (FEM) [2]. Wide range of commercial FEM software
packages is available (Ansys, Abaqus, Nastran, etc.). However, along with advanced features,
FEM has some intrinsic disadvantages:

e the need of mesh generation;

e the loose coupling of analysis quality and geometric properties of finite elements;

e mesh distortion under large deformation;

ediscretization in results recovery (i.e. stress field). Different averaging techniques are
required, which lead to precision loss.

Among all listed features the crucial is a mesh generation requirement. Typically, this is
the most time and labor consuming task in any FEM project. Unfortunately, this stage cannot
be overcome by means of automation as it requires expert skills.

All mentioned disadvantages might be neglected in case of getting rid of the mesh.
There exist for quite a while a group of so-called “mesh free” numerical methods [1]. Refer to
the picture below for schematic comparison of two methods. An Element Free Galerkin
method was chosen to develop a mesh free software package “Dubna-2000".

“Dubna-2000” features the opportunity to run CAE simulation directly on CAD model
with very few extra activities. In this way the airframe stress analysis cost might be reduced
dramatically.
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Finite elements

¥

(b) Meshfree method
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Pa3paborka marepuana IIKM co cBepxmasioi koHuenTpanueit OYHT ¢ nesabro
NOBBIIIEHHUSA YCTAJOCTHBIX XaPAKTEPHUCTHK IS IPUMEHEHHsI B CBEePX3BYKOBOM
NACCaKMPCKOM CaMOJIeTe HOBOI'0 MOKOJICHHU S
Kosrynos C.C.!, Hacornos ®.A.!

! MAMU, r. Mocksa, Poccus

B nmannoii paboTte pa3zpaboTaH HOBBIM HaHO-MaTEepHall, MATPHUILICH CITY)KUT SITOKCHIHAS
cMmoila  HU3KOM  Bsskoctu  ACM-12P, Bomoknoii  saBasercst  UMT-49S-12K-EP,
HAaHOMOJU(HUKATOPOM SIBISAIOTCS OJHOCTEHHBIE yriiepoanble HaHOTpyOkn (OYHT) Tuball
Matrix 201. IIpenmerom wuccieqoBaHUS SIBJISETCS YCTAHOBJIEHHME 3aKOHOMEPHOCTEH
CTPYKTYpBI cuCTeMBbI paccmaTpuBaembix [IKM: cTpykTypa, COCTaB M KayeCTBO HMCXOJHBIX
komnoHeHToB / aucneprupoBanue OYHT B matpune I1IKM / texnonorus nomydenus [IKM
apmupoBaHHbIXx OYHT / ucnbiTaHNE MOTYYEHHBIX AIE€MEHTAapPHBIX 00pa31oB.

Llenpto paboThl sBIsETCS pa3padOTKa MU HCCIEAOBAHHME HOBOTO KOHCTPYKIMOHHOI'O
MOJIMMEPHOIO  KOMIO3UI[MOHHOTO MaTepuana ¢ yIy4YUIeHHbIMH MEXaHMYECKUMHU U
(GU3NUEeCKUMHU  XapaKTepUCTHKaMH, 3a c4éT MoauduuupoBanus MaTtpuusl [1IKM
YIIAEPOAHBIMU HAHOTPYOKaMH, [UIsi NPUMEHEHHs] B MEPCIEKTHUBHBIX aBHAKOCMHUYECKUX
KOHCTPYKLHUSAX TIOBBIIIEHHONH HAJEXKHOCTH, O€30MacHOCTH, 3HeprodpdeKTuBHOCTH U
(yHKIIMOHAJIBLHOCTH.

B cootBeTcTBUM € 11€71BIO B pa0OTE BBHIOIHEHBI CIEIYIONINE 3a/1auu:

* OnpeseneHue BI3KOCTU MaTPUIbI ITPHU MTOMOIIY POTOPHOTO BUCKO3UMETPA.

* MccnenoBanne KMHETHKHM NPOTEKAaHUS DPEAKIUM OTBEP)KIEHUS MU PEIaKCAllMOHHBIX
nepexonioB B marputie IIKM npu nomonu JICK.

* Onpenenenue TeMueparypsl creknoBanus matpunisl [IKM npu nomomum IMA. [1]

* Onpenenenne  1IOoTHOCTH  MaTpuuibl  PCM  MeronoM  I'MIpOCTacTHYECKOIO
B3BEIIMBAHMSL.

* BeisiBienue ontumanbHbIX napameTpoB aucteprupoBanns OYHT B mommMepHoit
MaTpHULE yIbTPA3BYKOBBIM METOIOM.

¢ Usrorosnenne nanene ITIKM metomom VaRTM.

* OnpeeneHue  CTaTMYECKUX  INPOYHOCTHBIX M JKECTKOCTHBIX  XapaKTEPUCTHK
3JIEMEHTapHBIX 00pa30B MOCPEACTBOM HCIIBITAHUNM Ha PACTSKEHHE M MEXKCIOEBOH CIBUT
[2,3].

* UccnenoBanue ycTaJoOCTHOM MPOYHOCTH 3JIEMEHTAapHBIX 00pa3loB MOCPEACTBOM
VCIIBITAHUI Ha LIUKJINYECKOE pacTsKeHue [4].
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° AHaJII/IS Acrpaganv  KCECTKOCTHU MOJIYYCHHBIX MaTCcpHraJioB CTaTHUYECKUM H
JUHAMHUYCCKUM METOJaMU OIIPEACTICHUA.

* OnpeneneHrue OObEMHOW IO BOJIOKHA M OOBEMHOTO COACP)KAaHUS MOp IyTEeM
tpaiieausi PCM B cepHOil KUCIIOTE.

* KonTpons kadectBa IIKM nocpencTtsoM Hepas3pylIaroUiero KOHTPOJISI U ONTHYECKON
MHUKPOCKOIIHUH.
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Development of a PCM material with an ultra-low concentration of SWCNT in order to
increase fatigue characteristics for use in a new generation supersonic passenger aircraft
Kovtunov S.S., Nasonov F.A*

! MAI, Moscow, Russia

In this work, a new nanomaterial has been developed, the matrix is a low-viscosity
epoxy resin ACM-12P, the fiber is UMT-49S-12K-EP, the nano-modifier is single-walled
carbon nanotubes (SWNT) Tuball Matrix 201. The object of the study is the mechanical
properties of PCM modified with single-walled carbon nanotubes (SWCNT).

The subject of the study is to establish the regularities of the structure of the system of
the considered PCM: structure, composition and quality of the initial components / dispersion
of SWCNT in the PCM matrix / technology for obtaining PCM reinforced SWCNT / testing
of the obtained elementary samples.

The purpose of the work is to develop and study a new structural polymer composite
material with improved mechanical and physical characteristics, by modifying the PCM
matrix with carbon nanotubes, for use in advanced aerospace structures of increased
reliability, safety, energy efficiency and functionality.

In accordance with the purpose of the work, the following tasks have been completed:

* Determination of matrix viscosity using a rotary viscometer.

« Investigation of the kinetics of the course of curing reactions and relaxation transitions
in the PCM matrix using DSC.

* Determination of the glass transition temperature of the PCM matrix using DMA [1].

* Determination of the density of the PCM matrix by hydrostatic weighing.

* Identification of optimal parameters of SWCNT dispersion in a polymer matrix by
ultrasound method.

* Manufacturing of PCM panels by VaRTM method.

* Determination of static strength and stiffness characteristics of elementary samples by
means of tensile and interlayer shear tests [2,3].

« Investigation of the fatigue strength of elementary samples by means of cyclic tensile
tests [4].

* Analysis of the degradation of the stiffness of the obtained materials by static and
dynamic methods of determination.

* Determination of fiber volume fraction and pore volume content by etching PCM in
sulfuric acid.
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* Quality control of PCM through non-destructive testing and optical microscopy.
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Cucrema MHOTOAUCHUIIJIMHAPHOI0 aHAJIN3a IIPOYHOCTHU U BECa KOHCprKHHﬁ
IPaKIAHCKUX CAMOJIETOB HA NPEABAPUTEIbHBIX ITANAX IPOCKTUPOBAHUSA
Iausrus A.H.Y, Kongakos 1.0.%, Jy6oBuUKOB EAL Benepnukon }Z[.B.l, YepHoB ABH
domMmuH [[.IO.1
'OAY (AT W», . Kykosckuii, Poccus

OI[HOfI M3 KIIIOYCBLIX 3a/lda4 IPCABAPUTCIIbHBIX 3TAIIOB IMIPOCKTUPOBAHUSA I'PAKIAHCKHUX
CaMOJIETOB SIBJIIETCSl OIpeseseHre 0a30BbIX IapaMeTpPOB TI'€OMETPUM KOHCTPYKLHUHU. OTa
3ajJgavda Tpe6yeT SHAYUTCIIbHBIX TPYyA03aTpaT, IIOCKOJIbKY IIPOBOAUTCS IIOUCK o0Oiacrei
ONTUMAJIBHBIX IMApPaMCTPOB KOHCTPYKIHH. Yr1o0OBl CHHU3UTH TPpyAo3aTparbl, HCIIOJIb3YIOTCSA
l'IpI/I6J'II/I)KeHHbIe METOJbI U YHPOIICHHBIC MOJCIN, YTO NPUBOAUT K 3HAYUTCIbHBIM olIoKam
B pe3yiibTaTrax BBI‘IPICJICHPIfl, KOTOPBIC ITPUXOAUTCA IMMPOBEPATH HA MMOCICAYIOIINUX dTAallax.

Hpe,I[CTaBJ'IeHHaSI CUCTEMA YUCIICHHOT'O aHaJIn3a IIPpOYHOCTH KOHCTpYKI_[I/Iﬁ
TpaXXJaHCKHUX CaMOJICTOB SABJIACTCA IMOJIHOCTBIO aBTOMaTHSHPOBaHHOfI A croco0Ha HCKaTh
mapamMeTphbIl ONTHMAJIILHOHN BHEIIHEN reoMeTpruu CaMoOJICTa U IMapaMETpbl €0 KOHCTPYKIUH.
Cucrtema ocHOBaHa Ha MHOTOYPOBHEBOM TOJIX0/I€ K MOJCIMPOBAHUIO aBUAKOHCTPYKIUH [1],
KOTOpLIfI MpeAIojaaracTcsa HCIOJIb30BAHUC YCTBIPCX MAPaMCTPUYCCKHUX BJIOKCHHBIX KO-
Moneneﬁ, MMOCTPOCHHBIX Ha YCTBIPEX OCHOBHBIX YPOBHAX JAC€TAIM3alMU: INIAHEP, OTCCK,
na”"nejiab, 3JICMCHT. Kancz{aﬂ MOZCIIb CIIYKUT JIA PEHICHHUA Pa3JIMYHBIX 3aJiayq MECTHON Hu
o011el MPOYHOCTH, & CBSI3b MEXIY MOJEISIMH OOECIeYMBAETCS aBTOMATUYECKH OJarojaps
IMPUHIHUITY BJIOXCHHOCTHU. Z[J'ISI CII€uaJIbHbBIX HEJIMHENHBIX 3aJad, TaKHMX KakK YCTOP'I‘IHBOCTB
naHeneﬁ, HCIIOJIB3YETCA psdaa  CHCOHUAIBHBIX AHAJIUTHYCCKUX MCETOAOB, BCTPOCHHBIX B
npoueaypy pemenus [2].

OCHOBHBIE npeuMynicCTBa MMPUMCHCHUSA CHUCTEMBI JJIS MpeaABapUTCIIBHOTO
MMPOCKTUPOBAHUA CAMOJICTA CIICAYIOIIHC:

* BBICOKAsl TOYHOCThH OIPEICIICHHS TTapaMeTPOB HaNpsKEHU I/ nedopmariiii 1 Beca;

¢ CHUXKCHHAA TPYAOCMKOCTb U IJIUTCIIBHOCTD ITPOUCAYPEI IIPOCKTUPOBAHN,

® BOBMOXHOCTE HPOBOJUTHL MAPAMCTPHUYCCKUEC HCCICAOBAHHA 3aBUCHUMOCTHU BECa
KOHCTPYKIIUH OT Pa3IMYHBIX MapaMETPOB KOHCTPYKIIHH.

Omnucadsl HECKOIBKO MMPUMCPOB MPUMCHCHHUSA CUCTCMbI IJId MPCABAPHUTCIBHBIX 3TAIlOB
MMPOCKTUPOBAHUA CAMOJICTOB PA3JIMYHBIX KOMIIOHOBOK H JlaHa OIICHKa B(I)(beKTI/IBHOCTI/I
CHUCTCMBEI.
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System for Multidisciplinary Numerical Strength and Weight Analysis of Civil Aircraft
Structures at Preliminary Stages of Design
Shanygin A.N.}, Kondakov 1.0.}, Dubovikov E.A.}, Vedernikov D.V.}, Chernov A.V.},
Fomin D. Yu.!
1 TsAGI, Zhukovsky, Russia

One of the key tasks of preliminary stages of civil aircraft design is to define basic
parameters of aircraft structure geometry. This task requires significant labor input, as the
search of optimal zones of structure parameters is performed. In order to decrease the labor,
approximate methods and simplified models are used, that lead to considerable errors in
calculations, which have to be refined at later stages.

The presented system of numerical strength analysis of civil aircraft structures is a fully
automated algorithm of aircraft design, capable of searching optimal external geometry of
aircraft as well as its structure parameters. The system is based on multilevel approach to
modeling of airframes [1], which presumes application of four parametrical nested FEM-
models built on four basic levels of detailing: airframe, section, panel, element. Each model
serves for different tasks of local and global strength and connection between the models is
provided automatically, due to the nesting principle. For special non-linear tasks, such as
panels’ buckling a set of specifies analytical methods are also implemented into the solution
procedure [2].

The main advantages of application of the system for preliminary aircraft design are:

« high accuracy of stress/strain parameters and weight predictions;

* reduced labor input and duration of design procedure;

* possibility to carry out parametric investigations of airframe weight dependence on
different structure parameters.

Several examples of application of the system for the preliminary design of aircraft with
various configurations are described and estimation of effectiveness of the system is given.
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Iosryuenne croiikux cynepruapogo0HbIX NOKPHITHII HA MOBEPXHOCTH KPACKHU
¢ NIpMMEHEeHHeM J1a3epHoii 00padoTKN U HaHeceHus ruApododu3aTopa
Kysuna E.A. ! Emenbsaenko KA. HomantoBckuii A.T'. '
Emenpsaaenko A.M. 1, Boitaosny JI.B.!

'M®XD PAH, r. Mocksa, Poccus

B nanHOlf pabGoTe mnpencTaBieH HOBBIH METOJ MOJy4YeHHsS CynepruapopoOHOro
COCTOSIHUSI Ha OKpAIllEHHBIX MOBEPXHOCTSX. [IpoBEpeHbI CTOMKOCTH MOJy4€HHBIX 00pa3IoB
IpU KOHTaKTe C BOJIOI 1 aOpa3uBHast CTOUKOCTb.

Cozmana cepusi cynepruapo(oOHBIX MOKPHITHI C UCIOJIB30BAHUEM METO/A Ja3epHOM
00paboOTKM TOBEPXHOCTH KPAacKH ¢ TOCHeAyroleil xemocopOuueit ruapodoOHOro areHTta.
BappupoBanue pexumMoB Ja3zepHOd OOpaOOTKM MO3BOJWIO TMOJIYYUTh IOBEPXHOCTU C
pasnuyHoit Mopgonorueir. Kpome »3TOoro, ucciemoBaHa XHUMHYECKass W MeXaHHYeCKas
CTOWKOCTh TOKpbITHS. IlpeacraBieH MeToJ mpugaHus CyneprufpodoOHBIX CBOMCTB,
MO3BOJIAIOIINN B 3HAUUTENIBHOM CTENEHH IMOBBICUTH XUMHUYECKYIHO CTOMKOCTH M JOCTUYb
YIIOBJIETBOPUTENbHON MEXaHUYECKON CTOMKOCTH CyneprupodoOHOTO MOKPHITHSL.

[Tonmy4yeHHble pe3ynbTaThl MOKA3bIBAIOT, YTO Ja3epHas 00paboTKa KpacKu B COUYETaHUU
¢ runpodobuzarueri (HTOPOKCHCHIIAHAMH TIO3BOJIICT TOJIYy4aTh IOKPBITHS C BBICOKOU
CTOMKOCTBIO K THITMYHBIM JKCILTyaTalMOHHBIM HAarpy3KaM.
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B xayecTBe TOMJIOXKEK JANS  MPUTOTOBIEHUS  CymepruapoGOOHBIX  MOKPBITUI
UCIONB30BAIM IUIACTUHY W3 VIJIeIJIacTUKa, Ha KOTOpylo Oblja HaHEceHa Kpacka -
dTopnionuypeTanoBas sManb Mapku BD2-69 (mpousBogutens — OI'VII «k BUAM»).
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Obtaining resistant superhydrophobic coatings on the paint surface using laser
treatment and applying a hydrophobizer
Kuzina E. A.*, Emelyanenko K.A.*, Domantovsky A. G.%,
Emelyanenko A. M.}, Boinovich L.B.*
YIPCE RAS, Moscow, Russia

This paper presents a new method of obtaining a superhydrophobic state on painted
surfaces. The durability of the samples in contact with water and abrasive wear resistance
were tested.

There were obtained a series of superhydrophobic coatings, using method of laser
treatment with following chemisorption of hydrophobic agent. Varying the laser treatment
mode let to obtain surfaces with various morphology. Moreover, there were examined
chemical and mechanical stability of received coatings. A new method for imparting
superhydrofobic properties, which let significantly increase chemical stability and achieve
satisfactory mechanical stability of the superhydrophobic coating, was presented.

The results show, that synergy of laser treatment and following hydrophobisation with
fluoroxysilanes allows obtaining coatings with high stability to typical explorative loads.

As substrates for the preparation of superhydrophobic coatings, we used a carbon fiber
plate, which was coated with fluoro-polyurethane enamel of the VE-69 brand (manufactured
by FSUE VIAM).
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Heperyasipuas ceryarass KCC 0060/104KkH 0Tceka (pro3essizka ¢ nepeMeHHbIM B
NonepeYyHOM Ce4YeHHMH YIJIOM HAKJI0HA CIIUPAJIbHBIX pedep
JleBuenkos M.JL.%, Jly6oBHUKOB EAL MapeckuH nB. Muproponackuit 10.C.}, Benmkos
c.D.!
oAy «IAT'W», r. XKykoBckuii, Poccust

[TosiBneHne MOMUMEPHBIX KOMMO3UIMOHHBIX MarepuanoB (IIKM) B aBuactpoeHuu
OTKPBIJIO HOBBIE BO3MOXXKHOCTH I10 TIOBBIIIEHHIO BECOBOH A(PPEKTUBHOCTH aBHAIIMOHHBIX
KOHCTPYKLMH M TIOCTaBWJIO IMepe]] KOHCTPYKTOpaMH 3ajady IO IOMCKY ONTHUMAaJIbHOMN
KOHCTpyKTUBHO-cujoBoi cxeMbl (KCC) nns pmanHoro Tuma Matepuana. Kak mokasana
NPaKTHUKa, IPUMEHEHHE KOMIIO3UTHBIX MaTepHalioB B paMKax TPAJAULMOHHBIX (OOIIMBOYHBIX)
KCC conpsbkeHo ¢ MosBIEHHEM Mpo0JieM, CBS3aHHBIX C HU3KOH yIapONpOYHOCTBIO M
HaJIMYMEM  KOHIIEHTPAaTOpPOB  HANpsHKEHWH Ha  MHKPOYPOBHE H3-32  CTPYKTYpHOMU
HEOJIHOPOJHOCTH, YTO HECBOMCTBEHHO ISl METAJUIOB, HO XapaKTEepPHO ISl KOMIIO3UTOB.

Jlnis mpeoioneHnst yKa3aHHBIX MPoOJeM palMoHaIbHO Hcnojb3oBanue pedeproit KCC,
BBITOJTHO HCITOJIB3YIOIINN CHIIBHBIE CTOPOHBI KOMIIO3UTHBIX MaTEpHAIOB U HUBEIHUPYIOIIHX
cnabple. Janupi Tun KCC mpumien B aBHAIMIO U3 PAKETOCTPOCHMS, TAE JOJITOE BpeMs
YCIICIIHO TPHUMEHSETCS B PAaKETaX-HOCHTENISIX, M K HACTOSIIEMY MOMEHTY HMMEETCS Pl
UCCcleIoBaHMi 1o ucnoib3oBanHuio ceryatbix KCC B peanbHbIX aBUAIIMOHHBIX TPOEKTAaX.
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Opnoii u3 3agmau npu co3maHun ceryatod KCC  sBasercss mNpoeKTHpOBaHME
ONTUMAJIBHON TE€OMETPUHU CETYATOM CTPYKTYphl. IlyTeM H3MEHEHUs TE€OMETPHH CETKHU IO
MOBEPXHOCTH (Pro3eyishka CTAaHOBHUTCS BO3MOXKHBIM JIOOUTHCS HAaMMEHBLIETO Beca IpHU
cOOUIIO/IeHMH HEOOXOAMMBIX TpeOOBaHMM NpouHOCTH. B paHHONM paboTe mnpencTaBieHb!
UCCIIEIOBAHMSI IO IIOMCKY OITHUMAJIbHONM TI'€OMETPUM pEeOEPHOM CETKH HEpEerysipHOi
CTPYKTYPBI JUIsl KOHCTPYKIMHA peOepHBIX OTCEKOB (ro3ershKa.

Non-regular lattice structural layout for fuselage barrel with variable in cross-section
tilt angle of spiral ribs
Levchenkov M. D.}, Dubovikov E.A.}, Mareskin I.V.}, Mirgorodsky Yu.S., Belikov S.E.!
1 TsAGI, Zhukovsky, Russia

The emergence of composite materials (CM) in aircraft construction has opened up new
possibilities for increasing the weight efficiency of aircraft structures and has set the designers
the task of finding optimal structural layout (SL) for them. The time has shown that the use of
composite materials in frames of traditional (skin) structural layout is associated with the
appearance of problems connected with low impact strength and the presence of stress
concentrators at the microlevel due to structural heterogeneity, which is unusual for metals,
but typical for composites.

To overcome these problems, it is rational to use a lattice structural layout, which
advantageously uses pros of composite materials and levels out the cons. This type of SL
came to aviation from space industry, where it has been successfully used in launch vehicles
for a long time, and by now there is a number of studies on the use of lattice structural layouts
in real aircraft projects.

One of the tasks in creating a lattice SL is to design the optimal geometry of the grid
structure. By changing the shape of the lattice along the surface of the fuselage, it becomes
possible to achieve the lowest weight while meeting the necessary strength requirements. This
study presents the investigation of the optimal shape of the irregular lattice structure for grid
fuselage barrels.

IIpoexkTHpOBaHHUE CKATHIX TOHKHX AHM30TPOIHBIX MaHeJeH KeCCOHA KPbLIa NPH
3aKPUTHYECKOM COCTOSTHUU
MI/ITIl)O(i)aHOB 0.B., llIkypua M.B.!
MAM, r. Mocksa, Poccus

Hcnonb30BaHME KOMIIO3UTHBIX MAaTE€pUANIOB Ul HECYLIMX IVIAJAKHUX ITaHEJIeW KEeCCOHa
KpbUIA CaMOJIETOB MAJIOM TPY30HOJBEMHOCTH MOKET IPUBOAUTH K IOBBIIIEHUIO BECOBOU
s dexktuBrocT [1]. OOBEKTaMu UCCIEOBaHU JaHHOW pabOTHI SBISAIOTCS TOHKUE TTAIKUE
HECylIUe IaHEI AaHU30TPONHON CTPYKTYphl, KOTOpPBIE MOTYT OBITH HCIIOJI30BAHBI JUIS
KOHCTPYKIIMU KE€CCOHA KpbLIa OOpaTHOM CTpenoBUAHOCTH. PaccMoTpeH citydaii neiicTBus Ha
KpPBUJIO MaKCHUMaJIbHOTO M3THOAroniero MOMEHTa, KOI/Ia OCHOBHBIM CHUJIOBBIM (DaKTOpPOM,
BO3JECHCTBYIOIIUM HA MAaHEIU KECCOHA, SABJISIETCS CKATUE IIPU HE 3HAUYUTENIBHBIX KAaCaTEIbHBIX
YCUJIMSAX OT KpyTsuero MmoMeHta. Llenbio naHHoi paGoThl siBisieTcsl pa3paboTKa METOAMKHU
ONpeAeNeHUs] TOJIIMH TOHKUX aHU30TPOIIHBIX MaHEIEH MPU JONMYCTUMOCTH 3aKPUTHYECKOTO
MOBE/ICHUS NPU CKUMAIOLIUX Harpy3kax OJIM3KUX K pacdeTHOMY ypoBHIO. B cooTBeTcTBHM C
METOJ0JIOTUEN NPOEKTUPOBAHUS HECYIIMX MaHENEH IO 3aKPUTHYECKOMY COCTOSHHUIO [2]
pacCMOTPEHO AHAIMTHUYECKOE PEIICHHE TEOMETPUYECKH HEIMHEWHOW 3aJadd IS
AQHU30TPONHBIX IMPSMOYIOJIbBHBIX IIAHEJIEW IpU MAPHUPHOM ONUPAHUU U IPEJIOKEHA
METO/MKA IPOECKTUPOBAHUSA CXKATBIX IIAHEJIEW, OCHOBAaHHAs HA YCJIOBUM JOCTHIKECHHS
MPEAEIBHBIX [0 MPOYHOCTU HANIPSKEHUM ITPU 3aKPUTHYECKOM NOBeeHUU. [IpoBenieH aHanus
MOJIyUEHHOT0 aHAJMTUYECKOTO BBIPAKEHHUS JUISl ONpeAeNIeHUS HOPMalIbHBIX MEMOpPaHHBIX
HalpsDKEHUM W MPEACTABIEHO BBIPAXEHUE I OINPENEICHUS MHUHUMAJIbHOW TOJLIMHBI
naHenu. Ocoboe BHUMAaHKE Y/ENEHO 3ajjaue OnpeleleHHs] NOTEHIUAIbHO-KPUTHUYECKUX MECT
AQHU30TPOIHOM IMMAHENHU IPU 3AKPUTUYECKOM IIOBEICHUU, B KOTOPBIX HANPSIKEHUS MOTYT
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JOCTUTaTh MAKCUMAJIBHBIX 1O MOAYNIO 3HadeHWil. [IpeasiokeHHas MeTOJHMKa MOXKET ObITh
MCIIOJIB30BaHa JJI SKCIEPTHOM OLICHKM TOJIIMH TOHKMX HECYIIHMX NaHENIel aHU30TPONHOU
CTPYKTYPBI IPH IEVCTBUH CKUMAIOIINX YCUIIUM.
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Design of Compressed Thin Anisotropic Wing Caisson Panels in a Postbuckling
Behaviour
Mitrofanov O.V.%, Shkurin M.V
MAI, Moscow, Russia

The use of composite materials for the load-bearing smooth panels of the wing caisson
of low-capacity aircraft can lead to an increase in weight efficiency [1]. The objects of the
research in this paper are thin smooth load-bearing panels of anisotropic structure, which can
be used for the construction of a reverse sweep wing caisson. Consider the case of the
maximum bending moment acting on the wing, when the main force factor acting on the
caisson panels is compression with insignificant tangential forces from the torque. The
purpose of this work is to develop a methodology for determining the thicknesses of thin
anisotropic panels when permitting postbuckling behavior under compressive loads close to
the design level. In accordance with the methodology of designing load-bearing panels
according to the postbuckling behavior [2] analytical solution of geometrically nonlinear
problem for anisotropic rectangular panels with hinged support is considered and the
methodology of designing compressed panels, based on the condition of reaching the ultimate
strength stresses at postbuckling behavior is proposed. The obtained analytical expression for
determining the normal membrane stresses is analyzed and an expression for determining the
minimum thickness of the panel is presented. Particular attention is paid to the problem of
determining the potential-critical places of anisotropic panel under the postbuckling behavior,
in which the stresses can reach the maximum modulo values. The proposed method can be
used for expert estimation of thicknesses of thin load-bearing panels of anisotropic structure
under the action of compressive forces.
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OTpabdoTKa HOBOI0 KOHCTPYKTHBHOIO peleHus (ro3eisxka B 30He BbIpe3a Mo/ JIIOK
[TaBenpuyk M.B.l, bonapipes AB!
! Camapckuit yausepcurert, r. Camapa, Poccust

Baxnoil 3amadeit Ha paHHUX CTagusX NpoekTupoBaHus JIA sBisercs oTpaboOTKa
KOHCTPYKTHUBHBIX PEIICHWA TPHU MOJEIUPOBAHUH aBUAIMOHHBIX KOHCTPYKIIUHA, YTO
MO3BOJISIET HUCCJIEAOBATh M OTHICKATh HOBBIE TEXHUYECKHUE PEIICHUS C HUCIOJIb30BaHUEM
CPENICTB TOIMOJIOTHYECKON ONTUMH3AIUH.

[lenp pabGoThl — TPOBECTH pa3pabOTKy HOBOTO KOHCTPYKTOPCKO-TEXHOJIOTUYECKOTO
pemerust mo cuiioBoi cxeme kKoHcTpykiuu (CCK) drozenska B 30He OOJBIINX BBIPE30B C
MPUMEHEHHEM pa3paboTaHHOW MeTOAuKHU npoekTupoBanus [1] B cpene cucrembl NASTRAN
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JUIS TIOBBIIIEHUS BecOBOM ¢ dexkTuBHOCTH. Ha mpuMepe MoaenbHOM 3a1a4i TPOSKTHPOBAHUS
oTceka (ro3emspka B 30HE BbIpe3a MO JIIOK Ha Y4Y€T CIy4yaeB HarpyXeHus «BHYTpEHHee
n30BITOYHOE JaBJIEHHE» M «KpydeHue otceka» paccmarpuBarorca CCK: TpagunumoHHoe
TEXHUYECKOE PEIICHHE, TEXHHUYECKOE PELICHUE C LEJIbHOW BHYTPEHHEW MaHENbI, HOBOE
TEXHUUYECKOE PELICHUE C BHYTPEHHUMHU MTaHEISIMU, PACIIOJI0KEHHBIMU B yriax Bbipesa [1].

Pe3ynpTaThl NpOBEAEHHOTO BEIYMCIUTEIBHOIO SKCIIEPUMEHTA COACPIKAT:

* OLIEHKY JOCTOBEPHOCTH MaTeMaTUUYECKUX MOJIEIIEH;

* Pe3ynbTarhl CTPYKTYPHOH M MapaMETPUUYECKON ONTUMHU3ALMUA MOJEIEH KOHCTPYKIUN
¢ onpezencHrueM K03 puimeHTa KOHIIEHTPAUN HAIPSHKEHUI Ha KOHTYPE BBIPE3a;

* Ouenky Maccel JJIsi KOMIEHCAMM BbIpe3a i kKaxiaoro Bapuanta CCK ¢

OTpesicieHueM KpUTEpHsl BeCOBOM A(PPEKTUBHOCTH BBIpe3a B 0O0OJOYKE — OTHOIICHUS
JIOTIOJTHUTEIIPHOH MacChl MaTepualia JUisi KOMIICHCAIlMM BbIpe3a K Macce BBIPE3aHHOTO
Marepuaa;

* Pesynbratel pacuéra ¢rozenska ¢ y4€TOM OrpaHHyYeHUil Ha 0000IEHHBIE
MepeMENIeHUsT U JICTIaHAIMI0 CEYEHUH HAa OCHOBE KOMOMHHMPOBAHHOM ONTUMH3ALMOHHOM
MOJIEJIU TeJla IEPEMEHHOM TIOTHOCTH [2];

* ParmonanbHyto (opMy OKaHTOBKU OOIIMBKM B 30HE BbIpe3a M BHYTPEHHEH MaHEIH C
Y4€TOM TOJIIUH MOJAKPEIUISIONIMX KX HAKIQJ0K, HAWJEHHYI0 B XOJIe¢ TOIOJOTMYECKOMN
ONTUMU3ALINH;

* OneHKy pecypca KOHCTPYKTHUBHBIX PEIIEHUI OKaHTOBOK BbIPE3a;

* OneHKy yuéra HeMTMHEHHBIX 3 PEKTOB MPU MPOSKTUPOBAHUH (DIO3EIISIKA,;

* O1eHKY MTEPCIEKTUB IPUMEHEHUST HOBOT'O KOHCTPYKTHBHOTO perenus [3].

B pesynbrare ucciienoBaHuii HaiJIEHO HOBOE€ KOHCTPYKTUBHOE PEIICHUE, JI1 KOTOPOTO
TEOPETUUECKH HE0OX0AUMasi Macca MaTepualia JJis KOMIIEHCAIlMH BhIpe3a cHibkeHa Ha 17,7 %
OTHOCHUTEIIBHO TPAIUIIUOHHOTO PEIICHUSI IPYU COXPAHEHUHU PECYpPCa UCXOTHON KOHCTPYKIIHH.

Jlureparypa

1. bonmeipe A.B., IlaBenmbuyk M.B., CunensuuxkoBa P.H. Pa3Butue wmetomuku
TOMOJOTHYECKONH ONTUMHU3ALMK KOHCTPYKIMH (ro3ensika B 30HE OONBIIOTO BbIpe3a //
Bectauk MockoBckoro aBuaninoHHoro uactutyta. 2019. T. 26. Ne 3. C. 62-71.

2. IMaBenbuyk M. B., BonasipeB A. B. IlpoextupoBanue Qro3ensixa B 30HE BbIpE3a C
y4€TOM OrpaHMYEHUN Ha O0O0OOIIEHHBIE TepeMelleHus | JeIUIaHAlMlo CcedeHuil //
AKTyanbHbIE MTPOOJIEMBI aBUAIIMM M KOCMOHAaBTUKM: cO. Te3. noki. VIII Mexnaynap. Hayu.-
npakTud. KoH®., mocssml. J{Hio kocMoHaBTUKH, 11 — 15 anpens 2022 r. KpacHosipck: Cuol'Y,
2022.

3. IlaBempuyk M.B. OreHka MNepCreKTHB MNPUMEHEHHS HOBOTO KOHCTPYKTHBHOTO
pelleHns OKaHTOBOK (hro3elska B 30HE BbIpesa noj ok // I'paxxknanckas apuanus: XXI Bek.:
c0. Teszuc. poka. XIV MexnyHap. MOJIOAEXKH. Hayd. KOH(}., mocssm. BcemupHOMy nHIO
aBUAIMU M KOCMOHABTHKH, 14 — 15 anpens 2022 r. — Ynesnosck: YUT'A, 2022. — C. 28-29.

A development the fuselage new engineering structural solution in the hatch cutout zone
Pavelchuk M.V.", Boldyrev A.V.!
! Samara University, Samara, Russia

A development an engineering structural solutions at the simulation an aviation
constructions, that makes it possible to explore and find new technical solutions using
topological optimization tools is an important task at the early design stages an aircraft
structures.

Aim of the work is to develop a new engineering and technological solution of the
fuselage structural layout in the large cutouts zone using the developed technique designing
[1] to increase weight efficiency in the NASTRAN system environment. By the example of
model problem a designing an fuselage compartment in the hatch cutout zone, taking into
account two loading cases — «internal overpressure» and «compartment torsion» are
considering the structural layouts construction: a traditional engineering solution with
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longitudinal beams, the engineering solution with a whole internal panel, a new engineering
solution with inner panels located in the cutout corners [1].

Results of the performed computational experiment are contained:

* Validity estimation the mathematical models;

* Results of structural and parametric optimization an structures models with the
determination a stress concentration factor on a cutout contour;

* Estimation of the mass for compensating cutout for each variant the structural layout
with a determination the criterion weight efficiency cutout in shell — the ratio of additional
mass material to compensate the cutout to the mass deleted material;

* Results of a calculation fuselage to take into account the restrictions on generalized
displacements and cross-sections warp based on a combined optimization model a variable
density body [2];

 Rational form a frame around cutout of skin in the cutout zone and internal panel,
taking into account the thicknesses overlays reinforcing them, found during the topological
optimization;

« Service life estimation the frame around cutout of structural solutions;

+ Evaluation taking into account the nonlinear effects at fuselage designing;

* Evaluation of application prospects new engineering structural solution [3].

As a results of research a new constructive engineering solution was found, for which
the theoretically required mass of material for compensating cutout was reduced by 17.7 %
relative to the traditional engineering solution while preserving a service life the original
structure.
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Oco0eHHOCTH NPUMEHEHHUSI HOBBIX MEPCNEKTUBHBIX KOHCTPYKIMOHHBIX BCIIEHEHHbBIX
MaTepHaJIOB B KOMIIO3UTHBIX KOHCTPYKIHAX JIA pa3jiM4HOro Ha3HaAYeHHUs,
M3rOTOBJICHHBIX METO0M BaKy%’MHOI‘/JI UHPY3UH
Konromok B.B.l’z, Haconos ®.A.", Peoxona E.C. 1.2
! MAMU, r. Mocksa, Poccust
21UTY, r. llanxait, KHP

Hacrosimuit ~ nokman — mocBsimieH — pa3paboTKe  METOJOB — TEXHOJIOTMYECKOTO
ycoBepuieHcTBoBanuss VARTM  mpomecca mis  mocnenymoomieid  peanu3allid — HOBBIX
KOHCTPYKTUBHBIX PEIICHWW NpPHU HM3TOTOBICHUM AeTaned JIA pa3nuyHOro Ha3HA4YeHUs W3
I[IKM [1].

['maBHas uzjes - nmepexoj OT TEXHOJIOTMYECKONH OCHACTKU K BCIEHEHHBIM MaTepuaiam,
CHOCOOHBIM 3aKJIa/bIBaTh T€OMETPHUIO H3TrOTABIMBAEMOW JeTald, TI/€ B TOCIEICTBUE
MEeHOIUTIaCcT 00peTaeT (PYHKIIMU HEOTHEMHOTO 3aTIOTHUTETIS.

B paborte wucnonp3oBanuch 00pasibl IMEHOIIAcTa Mapku «Acrimid» - HoBelimei
oteuecTBeHHOHU pa3paborku HUU [Tonumepos numenu akagemuka Kapruna.
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[TpoBeneH ydeT COBMECTUMOCTH TpPEOOBaHH, MPEIBSIBISIEMbIM K KOMIOHEHTAM JUIS
nocJeyrone nepepaboTKu METOAOM BaKyyMHOW HH(Y3HUH.

Jannas pabora SBISETCS KOMIUIEKCHOW, TMOATOMY TaKXe HalpaBleHa Ha pPELICHHE
KOHCTPYKTUBHBIX BOIPOCOB MPOEKTUPOBAHUS U UCIIOIb30BAHNS KOMIIO3UTHBIX KOHCTPYKLUH.

IlepBbIil BakKHBIM KPUTEPUM — HU3Kasg BIArOCTOMKOCTb TPEXCIOWHBIX IAHENIEH C
cotobsokoM. Hannuue >kecTKOM sYeHCTOM CTPYKTYpBI MEHOIUIacTa CIOCOOHA 3HAYMTENBHO
YBEJIMYUTH BIArOCTOMKOCTh CEHBUY ITaHEEH.

BtopplM npeuMyIleCTBOM  ABIISIETCSI  YBEJIMYEHUE NPOYHOCTH KOHCTPYKLUUHU C
3alOJIHUTENIEM, Ha OCHOBE OJKCIEPUMEHTa II0 HAarpyXeHHIO KOHCTPYKTHBHO-IIOOOHBIX
00pa3IoB MO TUITY TPEXTOUCYHOTO U3rnda 6anku [2].

g ero peanuzauuy ObLI NMPOBENEH AHAIWTUYECKUI pacdeT MaHENIM KecCOHa KpbLia
camouteta, oopasisl KoTopoii 011 ucnsiTad B CAE cpeme «Abaqusy.

B pesymbraTe Obu1 TpoBeneH cpaBHHUTENbHBIM aHanu3 1aByx KIIO: oOpasma 6e3
3aMoJIHATENS U 00pasla, ¢ MEeHOMIACTOBOM CEep/IIEBUHON HAa OCHOBE UYETHIpEX MapaMmeTpoB
KpUTEpHUs 0TKa3a [0 Teopuu XauHa [3].

Hcxons U3 3TOro OTMETUM: HUCIIOJIb30BAHHUE MEHOIUIACTA MIPU M3TOTOBJICHUU JI€Taled U
y310B u3 [IKM aBuannoHHOro Ha3Hau€HUs BO3MOXHO B MOJHOW Mepe. 3a CUeT cpa3y Tpex
apamMeTpOB:

* ONTUMHU3UPOBAHHAS TEXHOJIOIMUECKasl COCTABIISAIONIAS;

* 3aME€Ha COT M3-3a IJIOXOH BIAaroCTOMKOCTH;

* YBEJIMYEHUE TPOYHOCTHBIX N1apaMETPOB KOHCTPYKIMU IO CPAaBHEHUIO C KJIACCUYECKON
JIBYXCJIOMHOM ITaHEIIN.
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Features of the use of new promising structural foam materials in composite aircraft
structures for various purposes, manufactured by vacuum infusion
Koniushok V.V.** Nasonov F.A.}, Ryzhova E.S. !

! MAI, Moscow, Russia
2SJTU, Shanghai, China

This report is devoted to the development of methods for technological improvement of
the VARTM process for the subsequent implementation of new design solutions in the
manufacture of aircraft parts for various purposes from PCM [1].

The main idea is the transition from technological equipment to foamed materials
capable of laying the geometry of the manufactured part, where, as a result, the foam plastic
acquires the functions of an integral filler.

In the work, samples of foam plastic of the brand "Acrimid" were used - the latest
domestic development of the Research Institute of Polymers named after Academician
Kargin.

The compatibility of requirements for components for subsequent processing by
vacuum infusion has been taken into account.

This work is complex, therefore it is also aimed at solving structural issues of design
and use of composite structures.
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The first important criterion is the low liquid resistance of three-layer panels with a
honeycomb block. The presence of a rigid cellular foam structure can significantly increase
the moisture resistance of sandwich panels.

The second advantage is an increase in the strength of the structure with filler, based on
an experiment on loading structurally similar samples according to the type of three-point
beam bending [2].

For full implementation, an analytical calculation of the aircraft wing box panel was
carried out, samples of which were tested in the CAE environment "Abaqus".

As a result, a comparative analysis of two CPOs was carried out: a sample without filler
and a sample with a foam core based on four parameters of the failure criterion according to
Hashin's theory [3].

Based on this, we note: the use of foam plastics in the manufacture of parts and
assemblies from PCM for aviation purposes is possible to the full extent. Which is due to
three parameters at once:

* optimized technological component;

* replacement of honeycombs due to poor moisture resistance;

* increase in structural strength parameters in comparison with classic two-layer panels.
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HccnenoBanue 3aBUCMMOCTH pPe:KMMA KOJe0aHN KOHCOJIM KpbLIa oT yKucaa Maxa
I'yHuun B.K., Peivanosa A.H.%, I'yceBa EE.!
! MAMU, r. MockBa, Poccus

@opMBI ¥ YacTOTHI KOJICOAHWH KOHCOJNM KpbUa TPU IMOJIETE SBISIOTCS OJHUM U3
KJIIOYEBBIX (DAKTOPOB, XapaKTEPU3YIOLIMX HAJAEKHOCTh KOHKYPEHTOCIIOCOOHOIO CKOPOCTHOTO
camonera [1]. Pexxum kosebaHuil ompenenseT BO3MOXXHOCTh BO3HMKHOBEHUS PE30HAHCA U
¢narTepa. Pexxum kosnebGaHMii, B CBOIO OYepellb, 3aBUCUT OT MHOTUX IapamMeTpoB, B TOM
qHcie 0T CKopocTH mojieta [2]. B manHO# paboTe MpeacTaBieHo UCCIeI0BaHUE 3aBUCHMOCTH
4acTOThl U (hOpMBI KOJeOaHUH KOHCOJIM Kphlia OT yucia Maxa Ha mpuMepe KJIacCHYecKOro
skcriepumenta Agard 445.6 [3]. HccnemoBanue MpoOBOIWIOCH C HCIOJIB30BAaHUEM METOJA
KOHEUYHBIX 3JI€MEHTOB [4] M JBYXCBS3HOTO YMCIEHHOTO MojeiaupoBaHus. Ha HavambHOM
sTame ObLI BBIMOJHEH MOJAIbHBIN aHaiu3 [S], Mo pe3ynbraraM KOTOporo Obuta chenaHa
BAIMJAlMsg KOHEUHO-JIEMEHTHOM Mozenu. Jlamee OBUIO peann30BaHO JBYXCBSI3HOE
YHCIICHHOE MOJICIMPOBAHNE U TIOCTPOCHBI Ipa)MKy 3aBUCUMOCTH M3MEHEHUS TepeMEIICHHUS
CEHCOPOB OT BPEMEHH, T. €. aMIUIUTYJHO-4aCTOTHBIE XapaKTEPUCTUKH, AT 6 pasInYHbIX
yucen Maxa. [lo momydeHHBIM TpadukaM € TOMOIIBIO 0a30BBIX COOTHOIICHHM MEXIY
NEpUOJIOM U YacTOTOM KojeOaHWH ObUIM pacCUMTaHbl YACTOTHI BBIHYXIEHHBIX KOJeOaHHM.
Hanee mnonerHele (Gopmbl KoneOaHUWN KOHCOMM Kpblla ObUIM ONpEeNeleHbl Ha OCHOBE
COIIOCTABJICHUSI YaCTOT BBIHY)KICHHBIX KoOJeOaHMH ¢ COOCTBEHHBIMH  YacTOTaMH,
MOJYYCHHBIMA B pe3yJbTaTe MOJAIBHOTO aHaim3a. [ WHTeprperanuu pe3yabTaToB
JIBYXCBSI3HOTO YHUCIIEHHOTO MOJENMpPOBaHMs Oblla HamucaHa NporpaMma, OCHOBaHHas Ha
TUCcKpeTHOM TipeoOpa3zoBannn Dypre. B pesynbrare paboThl OBLIN OMpeeeHbI 3aBUCUMOCTH
pexuma KojeOaHMi KOHCONM Kpblda OT yHcia Maxa U OLEHEHO PAcXOXKICHHE YacCTOTHI
BBIHYX/ICHHBIX KOJeOaHul ¢ 4aCTOTOM COOCTBEHHBIX KOJeOaHuUM.
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Pesynbratel pa®oThl MO3BOJISAIOT (POPMHUPOBATH TPEOOBAHUS K OSKCIUTyaTallMOHHOM
TEXHOJIOTUYHOCTH [6,7] ¥ TOJIITOBEUHOCTH arperaTtoB IiaHepa CKOPOCTHOTO CaMOJIETA.
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Research of dependence of the oscillation mode of the wing console on the Mach number
Gunchin V.K.}, Rymanova A.N.}, Guseva E.E.!
! MAI, Moscow, Russia

Forms and frequencies of oscillation of a wing console during flight are one of the key
factors characterizing reliability of an aircraft [1]. Oscillation mode determines a possibility of
resonance and flutter. The oscillation mode, in turn, depends on many parameters, including a
flight speed. This paper presents a research of dependence of frequency and form of
oscillation of a wing console on the Mach number on the example of the classical experiment
Agard 445.6 [2]. The research was carried out using the finite element method [3] and the
numerical simulation in a double connected formulation. At an early stage, a modal analysis
was performed [4], according to the results of which a validation of the finite element model
was made. Next, the numerical simulation in a double connected formulation was
implemented and graphs of a dependence of a change in sensor movement on time, i.e.
amplitude-frequency characteristics, for 6 different Mach numbers were constructed.
According to the obtained graphs, frequencies of forced oscillation were calculated using
basic equations between a period and a frequency of oscillation. Further, flight waveforms of
the wing console were determined based on a comparison of the frequencies of forced
oscillation with the natural frequencies obtained as a result of the modal analysis. To interpret
the results of numerical simulation in a double connected formulation, a program based on the
discrete Fourier transform was written. As a result of the work, the dependence of the wing
console oscillation mode on the Mach number were determined and a discrepancy between
the frequency of forced oscillation [6,7] and the natural frequency was estimated.
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AHaJIM3 U IPOTHO3MPOBAHUeE NOBPEkKICHUI KOMIIO3MIMOHHBIX MATEPHAJIOB IS
MEePCNEeKTHBHBIX CBEPX3BYKOBBIX I'PAKIAHCKUX ABHAJAWHEPOB B YCI0BUSAX
BBICOKOCKOPOCTHO¥ /107K/1€BOil Kanjiey1apHoi 3po3un
[Ta MI/IHFyHl, Cynsb Un?, Cadoxkmos B.b.2
1CeBepH0-3aHaz[HLII71 MOJIMTEXHUYECKU yHUBEpcuTeT, I. Cuanb, Kurtai
2 MAMU, r. MockBa, Poccus

B HacrosiieM aokiaze npeacTaBieH aHAIU3 Pe3yJIbTaTOB UCIBITAHUS MEPCIIEKTUBHBIX
KOMITO3UIIMOHHBIX MaTEpHAJIOB [UJIl CBEPX3BYKOBBIX TIPAXKJAHCKUX AaBUATAMHEPOB Ha
KaruieyiapHoe JTokaeBoe BozzaeicTaue [1,2] ¢ ucmonbp30BaHueM OJHOCTPYHHOHN ILIaT(hOPMBI
Y ra30BOM MYILKHU.

Jlist ucribITaHWiA Ha OMHOCTPYHWHBINA ynap [3], ucmosb3oBasiach Tuiatopma MPUHITAT
paboThl KOTOpOH OCHOBAaH Ha METOJMKE TeHEepaluu OJMHOYHOW KamenbHoil ctpyu. [lpum
OJIHOCTPYMHOM yJIapHOM HCIBITAHUM HU3MEHSJINCh JHaMeTp U CKOPOCTh CTPYH BOJbI B
MpOILIECCEe €€ pachpOCTpaHEHUsl B BO3[yxe Mocie BeiOpoca B mpenenax: d= 4-7 mm, v= 200-
600 m/c.

Jns Buzyanuzanuu (GopMbl BOASHONW CTPYH MPOBOAUIIACH BHICOKOCKOPOCTHAS ChEMKA C
paspemienueM nzodpaxenus 128 x 128, uareppaiiom 4,75 MKC.

B kadectBe nccienyembix 00pasnoB [4, 5] MCMONb30BaJICs KOMIIO3UTHBIM MaTepHal ¢
MaTpulled M3 DIOKCHJIHOM CMOJBl, apMHUpPOBAaHHBIM OJHOHAIPABIECHHBIM TKaHEBbIM
npenperom T700[0,90] .

ITo pe3ynabTaTaMm OTIENBHBIX KaIUICYAAPHBIX UCIBITAHUNA C Pa3lIMYHBIM CKOPOCTSIMH U
WCIIBITAaHUH TIPU PA3IMYHBIX JUAMETPAX CTPYHU:

e XapakTepHble IOBPEKIEHUS KOMIIO3UTHBIX OOpa3OB HCCIEIYIOTCS HECKOJIbKUMU
METOJaMH, TaKMMU KaK ONTHYeCKas MMKPOCKONUS, CKaHUPYIOLIAs AJIEKTpOHHAas
MUKPOCKOIHUS U yCTporcTBa C-CKaHUPOBAHUS.

e[IpoBeneH aHaM3 MEXaHU3MOB pa3pyLIEHUS M TPOTHO3ZUPOBAHUE TOBPEXKICHUS
KOMITIO3UIIMOHHBIX MaTEpUaoOB MIPH yAapaxX BHICOKOCKOPOCTHBIX Karleb.

e [TonyyeHO MOIUPHUIIMPOBAHHOE YPAaBHEHHE pacyeTa MOBPEXKIECHHOCTH, YUUTHIBAIOIIEE
BJIMSIHUE IOPOTOBOIl CKOPOCTH, MPH KOTOPOM MPOUCXOAUT MOBPEKICHHE, MO3BOJIAIOIIEE
ONPEAEINTDh AUAMETP HEPA3pPYLIAIOIIETO Y4acTKa B LIEHTPE MOBEPXHOCTH.

e[IpoBeneHO CpaBHEHHME pACUYETHBIX M OKCIEPUMEHTAJIbHBIX 3HAYEHUH pasmepa
HENOBPEXICHHOM 30HBI Ha MOBEPXHOCTH 00pa3ua.

® YCTaHOBIIEHBI U KIACCU(PUIIUPOBAHBI XapaKTEPHBIC MOBPEKICHHSI KOMIIO3UIIMOHHOTO
MaTtepuaa npu OJHOCTPYWHOM yaape, OnpeIeIeHbl XapaKTePUCTUKU STUX TTOBPEKICHUN.
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DKcrepUMEeHTaAbHbIE H PacYETHBIE PA0OTHI TPOBOIMIINCE: | 'paXk1aHCKUI aBUAITMOHHBIN
uHctutyt, CeBepo-3amanHplii  monuTexHudeckuii  yHuBepcuteT (Kwuraiickas Hapomanas
pecmyOnvka) 1 MOCKOBCKHI aBUAITMOHHBIM MHCTUTYT (HalmoHaNbHBIN UCCIIe0BaTeIbCKUAN
YHUBEPCHUTET).
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Analysis and prediction of damage to composite materials for promising supersonic civil
airliners under conditions of high-speed raindrop impact erosion.
Sha Minggong®, Sun Ying?, Safoklov B.B.
'Northwestern Polytechnical University, Xi‘an Shaanxi, China
2 MAI, Moscow, Russia

This report presents an analysis of the raindrop [1,2] impact test results of promising
composite materials for supersonic civil airliners using a single-jet impact apparatus.

The principle of the test apparatus is to generate a curved-front waterjet [3] with the
equivalent diameter of a waterdrop. This facility can generate stable and repeatable waterjets
with the speed between 100 to 700m/s and the diameter between 4 to 7mm.

To visualize the shape of the water jet, high-speed photography was carried out with an
image resolution of 128 x 128 and intervals of 4.75 ps.

The test samples were a composite material [4, 5] with an epoxy resin matrix reinforced
with T700 unidirectional fibers with the stacking sequence of [0,90]s.

After the single waterjet impact tests,

¢ Characteristic damages of composite samples are examined by multiple methods such
as optical microscopy, scanning electron microscopy, and C-scan devices.

e An analysis of the failure mechanisms and prediction of damage to composite
materials under high-speed drop impacts were carried out.

¢ A modified damage calculation equation has been obtained, taking into account the
influence of the threshold speed at which damage occurs, which makes it possible to
determine the diameter of a non-destructive area in the center of the surface

e Comparison of the calculated and experimental values for the size of the undamaged
zone on the surface of the sample was carried out.

e Established and classified the typical damage to the composite material under single-
jet impact, defining these damage characteristics.

Experimental and computational work was carried out by the Civil Aviation Institute of
the Northwestern Polytechnic University (People's Republic of China) together with the
Moscow Aviation Institute (National Research University) (Russian Federation)
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IIpouHoCTHOE HCTIBLITAHNE PAMBI TOPHOT0 0aiiKka HA KPUTHYECKHE HATPY3KH METO10M
1D npoexkTupoBanmusi
Cupaen P.I/I.l, Xaoubymmua . <D.l, Xabubymnuna JI. @.1, Xanuynus P. p.t!
! KHUTY-KAM, r. Kazauns, Poccus

B ycnoBusix sKCTpeMallbHOTO TOPHOTO BEJOCIOpTa Haubosee 3HAYMMbIMU Cpeau
HArpy30K SBJISIOTCS PEaKIMU OMOp MpH yAapax U MpH Hae3gax Ha KOoukd, HepoBHocTH (1,2).
OTaenpHOr0 BHHUMAaHUS — 3acily’KMBAaeT B3aUMOJICHCTBUE TOHIIMKA C  BEJIOCUIIEIOM:
paccMaTpUBAIOTCA B3aMMOJICHCTBHS CHUJ TpPU TOJNOKEHUH CTos Ha mnenamsix (3) B
PaBHOBECHOM COCTOSIHUU U 1pu ynape (4). PaccMoTpeHo U BIusiHuE KPUTHUYECKON TOPMO3HOM
cuibl [1]. Huxe npuBeneH npumep cxemsl ipu yaape 1o nepeaneii ocu (Puc.1) [2].

Az
o\ F

| v 4
Z)/ A
X
Puc.1 Cxema pacdera 0lHOTO U3 CIIy4aeB pacuera
Pacuer mnpomsBommncs B CAD NX Siemens wmeronmom 1D mnpoextupoBaHus c¢
3alaHHBIMHM CEYEHHMSIMH, OIPaHMYEHHUSMHM M Harpy3kamu [3]. B cooTBeTcTBHM ¢ JaHHBIMH,
MOJIyYEHHBIMU B YUCJICHHOM U rpa@uecKkoM BUJE, TJI€ OCHOBHBIMH MOKA3aTENSIMU SIBIISIFOTCS
HanpsbkeHus 1o Bon Musecy, nepeMerienus u rpadudeckue u30 moJis.

Tabauua 1. Pe3yJbTaThl e IMHUYHBIX ONBITOB

Ne | Harpyska, KH o, Mlla OnacHbli y3en AX, MM K3

1 |25 160 Bepxuuii cThIk 4.95 1.94
2 |25 104 Bepxuuii cThIk 1.12 3

3 108 15 BepxHuii CThIK 0.216 20.66
4 164 120 Bepxuuii cThik 1.732 2.59
5 |3 94 JleBnlii qponayT - 3.29
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[To pe3ymbTaTamM ONBITOB, OMUCAaHHBIM B Tabnwie 1, OBLJIO yCTAaHOBIIEHO, YTO CaMbIM
Harpy)X€HHBIM Y3JIOM paMmbl SBJISETCS CTBHIK BEPXHUX NEPHEB U BEPTHKAILHON TPYOBI.
JlornuHo, 3TO sIBisSIETCS PE3YJIbTATOM KOHCTPYKTMBHOM OCOOEHHOCTHM AAHHOro y3na. s
CHMKCHUA HaHpH)KeHI/Iﬁ B JaHHOM Y3JIC PEKOMECHAYCTCA IPOBOAUTH HIJ'II/I(l)OBaHI/Ie CBAPHbIX
y3JI0B, KOHTPOJIb €ro KadectBa. [Ipw MpoeKTHpoOBaHWHM MOJAETU HEOOXOJAMMO MAaKCHUMAIIbHO
«CTJIIagUTh» IMOBEPXHOCTHBIC IIEPEXOJbI M BCC OCTPBIC YIJIBIL. HpI/I O9TOM, ,I[aHHBIfI CTBIK
IPUHUMAET Ha ceOs MOBBIILIEHHYIO HArpy3Ky OT yjAapa IO MepeJHel 4acTH BEJIOCHUIIeNa, YTO
CBA3aHO C TCM, 4YTO IIJICHO BO3HHKAOMICTO MOMCHTA 60J'II>I.H€, 4YeM IIpu Jr000M Apyrom yaape.

CJICI[YIOH.[I/IM Mo OTBCTCTBCHHOCTH Y3JIOM ABJIACTCA CTBIK HHWXXHHUX TICPBEB C
BEPTUKAIbHOW W  HWKHEH TpyOamu. JIjus  KOHTpOJS  KadecTBa  IPEJIararoTcs
BBIICYITIOMAHYTBIC MCTOIBI. BaxxupiM 3amMedanneM SBISIETCS TO, 4YTO IMCPbs, BCICACTBUC
CBOMX T'€COMCTPHUYCCKHUX XapaKTCPUCTHUK, 0co00 IIOABECPKCHEBI ,Z[e(l)OpMaHI/II/I — HeO6XOI[I/IMO
KOHTPOJIMPOBATh TMpEJeibHbIE MEepeMelIeHHs] BO H30€KaHUE KPUTUYECKHX CIY4aeB.
I/IHTepeCHBIM SABIICTCA TaKXE TOT (baKT, YTO BCPXHAA WM HHUIKHHC pr6I>I MMOABCPIrarOTCA
HAaMMCHBIINM HAITPAKCHUAM. OI[HaKO, CTOUT YUYHUTBIBATH PCAKIHU OIIOP, BOZHUKAIOIIUC B
OCHOBHBIX TOYKAaX paMBbl.
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Strength analysis of 1D mountain bike frame under critical loads
Siraev R.I.Y, Khabibullin F. F.!, Khabibullina L. F.!, Khaliullin R. R.
' KNRTU-KAI, Kazan, Russian Federation
The most significant and common loads in the extreme mountain bike sports are beam
reactions whilst going through bumps and obstacles (1,2). The rider’s dynamical interaction
with bike has been also measured: the frame forces as reactions of (3) Rider’s standing
position and (4) Landing impact in the current position. The influence of critical brake force
has been considered (5) [1]. The figure 1 below shows the task scheme for front impact case
of analysis [2].

V7
0\ _F

X

Fig.1 The task scheme for front impact case
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Once defined the material as 6061, determined the critical forces, a model of 1D frame
with applied tube profiles, constraints and forces, was implemented in CAD NX Siemens with
the use of NX Nastran Simulation. The results has been shown and processed as model graphs
of displacement (mm) and von-Mises equivalent stresses (Table 1) [3].

Table 1. Experiment results

Ne | Load, KN Owpy MPa Weak point Displacement, | Safety factor
mm

1 (25 160 Upper steam 4.95 1.94

2 |25 104 Upper steam 1.12 3

3 108 15 Upper steam 0.216 20.66

4 |64 120 Upper steam 1.732 2.59

5 |3 94 Dropouts - 3.29

The analysis show that the most loaded point of frame is upper steam of top, seat tubes
and seat stay. What’s logical is that current loads are the result of constructive trait of
mountain bike frame. Besides quality control, management and assurance, to decrease the
stresses it is recommended to maximally grind the steams after designing. While designing,
all the sharp corners, surface transitions must be smoothed out in order to prevent them from
stress concentrations.

The next loaded segment of a frame is a bottom steam of chainstay tube, seat and
bottom tube. To control its quality all the included methods are used. Of particular note is that
stain tubes due to their geometry are far vulnerable to such displacements as bending and
rolling. This should be the reason for their especial designing methods and control to prevent
all the critical cases of failure. The main top and bottom tubes are fewer loaded while critical
situations, what gives the possibility to engineers to connect and weld the seat stay tubes right
to the top tube, increasing the frame stiffness and reliability. However, as the consequence of
beam reactions, head tube steams are also endangered.
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Bb100p npoeKkTHBIX pelieHuii 11 CHCTEM HIACCH caMoJieTa Ha 6a3e NpeIMKTHBHOM
OLICHKH XaPAKTePHUCTHK U OTPAHUYCHUH NPHU ABUKEHHUH 110 3eMJIe
CMmarun A.A.l, Knsrum B.ALY
1MAI/I, r. Mocksa, Poccus

B paborte mpezncraBieH METOAMYECKUN IMOAXOJ, MO3BOJSIOUINI OCYIIECTBUTH BBIOOP
IIPOEKTHBIX PEIIEHUI B 4YaCTU CUCTEM YIPABIEHUS ABM)KEHHUEM IS IACCH C HOCOBOM OIOPOit
Ha OCHOBE NMPEIUKTUBHON OIEHKU XapaKTEPUCTUK M OTPAaHUYEHUHN MPHU BUKEHUH IO 3eMJIE.
[TpoexTHpoBIIUK, Oa3UpPysCh Ha UCXOAHBIX JAHHBIX B BHJI€ TEOMETPUUYECKHX XapaKTEPUCTHK,
apaMeTpoB aMOPTU3aTOPOB U IIIUH, SHEPTETUYECKUX OIPaHUYECHUN, TPeOOBaHUM K yCIOBHUIM
0a3upoBaHUs, CMOXET BHIOMPATh PAllMOHAIBHYIO COBOKYITHOCTh POEKTHO-KOHCTPYKTOPCKHX
pelIeHni CUCTEM YIpaBJICHUs JBUKEHHEM IO 3eMJi€ U MPOBOJAUTH MPEIUKTUBHYIO OLECHKY
XapaKTEPUCTHK YCTOMUMBOCTH, YIIPABISIEMOCTH U SKCIUTYaTallMOHHBIX OTPaHUYEHHH.

B otnuune ot cymiecTBYONIMX METOAUK BbIOOpa MPOEKTHBIX PELICHHI B 4acTH IIaccu
Ha paHHUX CTagusX MpoekTupoBaHus [l], yureH ¢akrop BiaMsHHUS OOJMKa B3JIETHO-
MOCAJOYHBIX YCTPOWCTB Ha XapaKTEPUCTHKU YCTOMUMBOCTH M YHPABISEMOCTH Ha 3eMIle,
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MO3BOJISTIOIINN BBISBISTH OCOOCHHOCTH YIIPABIICHUS CaMOJIETOM IMPHU ABMKCHHUH IO 3€MJIE H
MapyupOBaATh X HETATUBHOE BIUSIHUE HA B3JIETHO-TIOCAI0YHBIE XapaKTEPUCTHUKH [2, 3].

Pazpaborana 1eneBass marematudeckas wmojenb  [4,5], oTiauyaromascs  OT
CYILIECTBYIOIIUX YYETOM AITOPUTMUUYECKOTO B3aMMOJICHCTBUS CUCTEM IIACCH MEXKIY COOOM.
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Selection of design solutions for aircraft landing gear systems based on a
predictive assessment of characteristics and restrictions when moving on the
ground
Smagin A.A.%, Klyagin V.A*
'MALI, Moscow, Russia

The paper presents a methodical approach that allows the selection of design solutions
in terms of motion control systems for a chassis with a nose gear based on a predictive
assessment of characteristics and restrictions when moving on the ground. The designer,
based on the initial data in the form of geometric characteristics, parameters of shock
absorbers and tires, energy constraints, requirements for basing conditions, will be able to
choose a rational set of design solutions for ground motion control systems and conduct a
predictive assessment of stability characteristics, controllability and operational limitations.

In contrast to the existing methods for choosing design solutions in terms of landing
gear at the early stages of design [1], the factor of influence of the appearance of take-off and
landing devices on the characteristics of stability and controllability on the ground is taken
into account, which makes it possible to identify the features of aircraft control when moving
on the ground and counter their negative impact on takeoff and landing characteristics [2, 3].

A target mathematical model has been developed [4,5], which differs from the existing
ones by taking into account the algorithmic interaction of chassis systems with each other.
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Pac4yeTHbIe OLICHKHM XapaKTePHCTHK YCTAJIOCTHON MPOYHOCTH KOMIIO3UTHBIX MaHeJIeH
KPbL/1a NEePCIeKTHBHOI0 CBEPX3BYKOBOI0 NACCAKHUPCKOIr0 caMoJIeTa
CTPI/I)KI/IYC B.E!, Typbun H.B.

MAMW, r. Mocksa, Poccust

B HacTosieM 10KIa€ MpenCTaBiIeHbl Pe3yIbTaThl PACYETHBIX OLIEHOK XapaKTEPUCTHUK
YCTaJIOCTHOM MPOYHOCTU YIJIEIJIACTUKA, HEOOXOAMMBIX [UIs OOECledYeHUs IMPOEKTHOrO
pecypca BEpPXHHX UM HIKHMX [IaHEJIEH KOMIIO3UTHOIO KpbUIa IEPCHEKTUBHOIO
CBEpX3BYKOBOT0 maccaxxkupckoro camosera (CIIC) [1].

[Tpy BBINOJHEHUHM PACUETHBIX OLIEHOK MCIOJIb30BaHbl CIEAYIOLIUE HpeosapumenbHble
UCXO/IHbIE JJaHHBIE.

1. ITpoextnsrii pecypc camonera T: 20 000 moneros uinu 30 000 TeTHBIX YacoB.

2. YpOoBEHb HKBUBAJICHTHBIX HANPSIKEHUH THUIIOBOIO IOJETa A BEPXHHUX IMaHenen
KPBUIA: Opqy = 0,6 - ycs, THE Oycs — TMPEET NPOYHOCTH JIAMUHATA TIAHENIU Ha CKaTHe (110
JTAHHBIM paboTHI [2]).

3. YpoBeHb SKBHBAJICHTHBIX HANPSHKCHUH THIIOBOTO MOJETAa JUIA HWKHUX TTaHEIen
KPBUIA: Ogqy, = 0,5 * Oyrs, TAE Oyrs — MPENET NPOYHOCTH JTaMHUHATA MAHETH Ha PACTHKEHUE
(o maHHBIM paboTHI [2]).

4. 3nauenmne xodpdunmenta nHagexxHoctd 7=100 (mo maHHBIM paboTel [3]) mpm
ONpEAENICHUN  TPOEKTHONO  pecypca IaHelell ¢  HCIOJIb30BAHMEM  3aBHCHUMOCTH
T=N/n
rae N — ycramocTHas JOJIFOBEYHOCTb JIAMHMHATA IIaHEJEH IMpPU YpOBHE SKBUBAJIECHTHBIX

HaNpPsDKEHUH TUIIOBOTO MOJIETA.

5. Ilpennonaraercs HaTMYMe Ha TaHENAX yaapHbIX nopexaeHuii tuma BVID (Barely
Visible Impact Damage - Eosa suoumwie yoapmwie nospesicoenus) [3].

6. Ha ocHOBe maHHBIX paOOTHI [4] st TaMHUHATOB U3 COBPEMEHHOTO YIIIETIIaCTHKA THIIA
KMYV-4 npuHATH cineayroolue 3Ha4€HUs IPEENIOB MPOYHOCTH HA CHKATHUE U PACTSIKEHUE:
oycs = 400 MIla; ayrs =450 Mlla.

[TomyueHbl ypaBHEHHsI KPHUBBIX YCTAJIOCTHM KOMIO3UTHBIX maHened kpwiia CIIC, ¢

HCIIOJIb30BAHHUEM KOTOPBIX MOXKET OBITh OOCCIICUeH HpO@KTHHﬁ peCypcC CaMOJICTa — CM. TalJI.
1.

Tabaunna 1
Ilaneab KpbLIa YpaBHeHHE KPUBOM YCTAJIO0CTH JIAMMHATA
Bepxnsis |omax] = 400 — 25,39 X IgN
HwxHsis Omax = 450 — 35,71 X IgN
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Fatigue strength properties prediction for composite materials made wing panels
of prospective supersonic transport aircraft
Strizhius, V.E.}, Turbin N.V.
'MAI, Moscow, Russia

The results of fatigue strength properties estimates, required for ensuring durability
design goal of composite materials made upper and lower panels of the prospective
supersonic transport aircraft (PSTA) wing are presented [1].

Developed estimates of the fatigue properties are based on the following
approximations gained from published sources:

e Service design goal of the aircraft T equals 20,000 flights or 30,000 of flight hours

e Typical flight equivalent stress level is o4, = 0,6 - oycs for upper panel, oycs — is
ultimate compressive strength of the upper panel laminate (using [2])

e Typical flight equivalent stress level is 0,4, = 0,5 - oyrs for lower panel, oyrs — is
ultimate tensile strength of the lower panel laminate (using [2])

e Fatigue Reliability Factor n=100 (from [3]) is used for derivation of panel’s service
design goal 7=N/ n, where N — is a durability of the laminate of the panels when subjected to
equivalent stress of typical flight

e The presence of Barely Visible Impact Damage (BVID) is assumed in considered
panels [3]

eBased on [4] , for the state of art carbon fiber reinforced plastics KMU-4 ultimate
compressive strength and ultimate tensile strength are respectively o5 = 400 MPa and gyt
=450 Mna

S-N equations for composite panels of the PSTA wing are deduced, compliance to
service design goal can now be assessed (table 1).

Table 1
Wing panel S-N equation
Upper |Omax] = 400 — 25,39 X IgN
Lower Omax = 450 — 35,71 X IgN
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Pac4yeTHoe nccieioBaHNe 3aKOHOMEPHOCTEl HAKOIUIEHUS YCTAJOCTHOTO NOBPEKICHH S
naHegu KpbLia u3 [IKM nepcneKTHBHOIO ¢cBEPX3BYKOBOI0 MACCAKMPCKOr0 camMoJieTa
Typ6un H.B.", Illenkos K.A.*

MAMU, r. Mocksa, Poccust

Hcnonp30BaHne NOJIMMEPHBIX KOMIO3UIMOHHBIX MarepuanoB (IIKM) saBisercs onHum
u3 (HakTOpoB, OIPENEIAIOUIMX BECOBOE COBEPLICHCTBO COBPEMEHHBIX aBUAIIMOHHBIX
KOHCTpyKuui [1]. B 3TOl CBSI3M, MpEACTaBISETCS JIOTUYHBIM HCIOJIHEHHE OTBETCTBEHHBIX
arperaToB IEpCHEKTUBHOIO cBepXx3BykKoBoro naccaxupckoro camosnera (IICIIC) ¢ Gonpuieit
noneii ynorpedaenus [IKM. OaauM u3 BapuaHTOB KOHCTPYKTHBHOTO PEIICHUS ISl HECYLITHX
naHene Kpbula M (ro3esbka, Haubosee MOJIHO peanusyromuM npeumyinectsa [IKM nepen
TPaJUIIMOHHBIME MaTepHUalaMu, SBJSIETCS CETYaTOe IMOJAKperuieHne oOmuBok [2]. Bmecte ¢
TE€M, IPOBEPEHHbIM Ha MPAKTHUKE KOHCTPYKTUBHBIM peLIeHHeM OylIeT CTpUHIEpHOE
MOJKPEIJICHHUE MaHelNeH, UCI0JIb3yeMOe Ha COBPEMEHHBIX MacCaKUPCKuX camonerax MC-21,
Boeing-787, Airbus-350XWB.

ObecnieueHne 0€30MaCHOCTH MCIIOJNB30BAHMS IAaCCAXUPCKOIO camosera Tpelyer
pacuera pecypca BO3AYHWIHOro cyaHa. COBpEMEHHBbIE MOJEJIH HAKOIUIEHWS YCTaJOCTHOTO
nopexxaeans B [IKM Ha oOcHOBe aerpafganuy >XECTKOCTH [3] HE TOJBKO TTO3BOJISIOT
IIPOM3BECTH pacueT pecypca KOHCTPYKLMH, HO TaKXE BBIJSIUTH MOJBI YCTaJIOCTHOTO
paspyleHus.

B  HacrosimeM MCCIENOBAaHMM  CPaBHUBAIOTCA  3aKOHOMEPHOCTU  HAKOIUICHHS
YCTAJIOCTHOTO TOBPEXKJIEHUS B MAHENISIX CO CTPUHITEPHBIM M CETYATBIM IOJKPEIUICHUEM,
HaxXOJAIIMXCS B YCIOBUSAX LHUKINYECKOTO CXKATHS W BBIABIIIOTCA KPUTHYECKHE MECTa
KOHCTPYKIMI C TOYKH 3PEHUS yCTAJIOCTHOW MPOYHOCTH.

[Muknuyeckue HaIpsHKEHHUsS COOTBETCTBYIOT SKBUBAJICHTHBIM HAIIPSHKEHHUAM TUIIOBOTO
10JIETa, B3SATHIM U3 JIuTeparypsl [4]. B pacuerax npuHuMaeTcs, 4TO MaTEpPUAJIOM CTPUHIEPOB
U OOIIMBKM TPAJULMOHHOM KOHCTPYKIMH, pebep ceTd4arol KOHCTPYKLUMU SBJISETCA
OTEYECTBEHHBIN yrileruiacTukK Ha ocHoBe BojokHa UMT 49S, cBoiicTBa KOTOPOTO MPUBEIEHBI
B Tabnuie Hike [5]:

Monysb ynpyrocta BojokHa, [ 1la E; 260
[Ipenien npouHOCTH HA PACTSKEHUE B IPOTOITBHOM | o
s 4.9
Hanpasnenuu, [ 1la
[IpenensHas nepopmanus, % & 1.8
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Numerical study of fatigue damage accumulation in composite wing panels of
prospective supersonic transport aircraft
Turbin N.V.%, Shelkov K.A
! MAI, Moscow, Russia

Polymer composite materials (PCM) use has become one of the factors, that define the
weight performance of the contemporary aircraft structures [1]. This suggests PCM to be a
reasonable candidate for material of primary components of prospective supersonic transport
aircraft (PSTA). Among structural design solutions for reinforced panels of wing and
fuselage, lattice reinforcement is thought to be one of the most optimum in terms of
implementation anisotropicity benefits of PCM [2]. On the other hand, conventional solution
is stringer panel, which is confirmed by it’s application in all contemporary composite
dominate aircrafts: MC-21, Boeing-787, Airbus-350XWB.

Assuring safety of transport passengers aircraft requires analysis of it’s durability.
Nowadays fatigue accumulation models, based on stiffness degradation [3] allow to estimate
the durability of the structure as well as distinguish between certain modes of fatigue failure.

In the current research fatigue damage accumulation in composite wing panels is
quantified and compared for the two structural solutions: stringer panels and lattice panels.
Panels are subjected to cyclic compression and critical locations from durability point of view
in structures are recognized.

Cyclic stresses magnitude refers to equivalent stresses of the typical flight taken from
literature [4]. In the calculations it is assumed, that material of stringers as well as material for
ribs in lattice structure is carbon fiber reinforced plastic (CFRP) with UMT 49S fiber (table 1)
[5]:

Table 1. Mechanicals properties of carbon fiber

Fiber elastic modulus, GPa E, 260
Fiber tensile strength, GPa Fy 4.9
Fiber failure strain, % & 1.8
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K Bonpocy cHMkeHNsI TeMIIePATYPHOIr0 HATPeBa KOHCTPYKINH IJIAHePa
CBEPX3BYKOBOI'0 CaMOJIETA
IupsieB A.B., Cepe6psincknit C.A.%,
! MAMU, r. Mocksa, Poccus

KoHKYpeHTOCTIOCOOHOCTh TMEPCHEKTUBHBIX CBEPX3BYKOBBIX JIETATEIbHBIX allapaToB
MpEJCTaBIsIeT COOONW KOMILIEKC SKOHOMHYECKHUX, TEXHHYECKMX M OSKCIUTyaTallMOHHBIX
CBOICTB, KOTOpBIE€ MO3BOJISAIOT BBIAEPKATh KOHKYPEHLMIO C JIPYTUMHU CaMOJIETaMU JTAHHOTO
cerMeHTa pheiika [ 1, 2].

[Ipu monére Ha CBEPX3BYKOBBIX CKOPOCTSX BO3HHKAeT Mpobiema olecredyeHus
MPOYHOCTH KOHCTPYKIIMU B YCIOBHUSIX HarpeBa. [loBblllleHHe TeMmmepaTrypbl BO3AYyXa,
oOTekaroIero noBepxHocTh JIA, NPUBOAUT K HArpeBy 3JEMEHTOB KOHCTPYKUUH. [laHHas
TeMa Ba)kKHa I CKOPOCTHBIX JIETATENIbHBIX allapaToB IPakJaHCKOM aBHAIIMH.

Harpes nerarenpHOro anmaparta B IOJETE NPEUMYILECTBEHHO MPOUCXOAUT M3-3a ABYX
(hakTopoB:

- a9POAMHAMHUYECKOE TOPMOKEHHE ITOTOKA BO3/1yXa;

- TEIUIOBBIIETICHUE CUJIOBON YCTAaHOBKHU.

B pesymbraTe a’poAMHAMHMUECKOrO HArpeBa IPOUCXOJUT CTPEMUTEIbHBIA POCT
TEMIEpaTyp DSJIEMEHTOB KOHCTPYKIMH IUIaHepa, 4YTO TMPUBOAUT CHIKEHHUIO UX
OKCIUTYaTAI[HOHHBIX U TEXHOJOTHUECKUX CBOUCTB [3, 4, 5].

B nannoii pabore paccMaTpuUBarOTCsl KOHCTPYKTUBHBIE M KOMIIOHOBOYHBIE CIIOCOOBI
CHU)KEHUSI TEMIIEPATYPHOT0 HarpeBa KOHCTPYKIIMH.

TakuMm 00pa3om, BapuaHThl CHIXKEHUS BO3JCHCTBUS JAHHOTO SBICHUS Pa3HOOOpA3HBI.
Ot 3ameHbl KOHCTPYKIIMOHHBIX MaT€pUaoB MaHeJNell M OOLIMBKM HAa THUTAHOBBIE WM
CTaJIbHbIE CIUIABbI, [0 KOHCTPYKTHBHBIX PpEIICHUH [IsI HUCIHOJIb30BAaHUS TOILIMBHBIX
maructpaieid. IloaToMy, Ha 3Tame NPOEKTUPOBAHMS, NEPE] KOHCTPYKTOPAaMH BO3HHMKAET
3aJaya BbIOOpa TOrO MM UWHOTO BapuaHTa 3alluThl, Oojiee palHOHAIBHOIO IO
3G GEKTUBHOCTH U Macce JIs MPoeKTUpyemoro camouiéra [6, 7, 8].

Jlureparypa

1. IludpoBbie TEXHOIOTUU B JKU3HEHHOM IHMKIE Poccuiickoll KOHKYpPEHTOCIIOCOOHOM
aBuanmonHoi texuuku / A. I'. bparyxun, C. A. Cepebpsiackuii, J[. }0. Ctpenern [u ap.]. —
MockBa : MOCKOBCKHMI aBHAallMOHHBIA HMHCTUTYT (HAIlMOHAJIbHBIA HCCIEA0BATEIbCKUI
yHuepcurer), 2020. — 448 c. — ISBN 978-5-4316-0694-6. - EDN ZGQVGN.

2. TrommH, A. B. HccnenoBanue METOI0B CHIDKEHUS 3BYKOBOTO yiapa CBEPX3BYKOBOTO
nenooro camonéra / A. B. Tromun, M. A. Tiomuna, C. A. CepeOpsiHckuit // ABuanus u
KocMoHaBTHKa : Te3uchl 20-oif MexnayHapoaHoil koHpepeHuuu, MockBa, 22-26 Hos0ps
2021 roma. — Mocksa: U3gatensctBo "Ilepo”, 2021. — C. 71-72. — EDN PPJQUX.

3. TlomoB, HKO. M. K Bompocy obecriedeHnss OSKCIUTYaTalliOHHOW JKUBYYECTH
KOHCTpyKIuu tuianepa camoneta / FO. W. Tlomos, C. A. CepebpsHckuii, M. B. Maiicak //
CrpaBouynuk. MHxeHepHbIH xypHan ¢ npuinoxerneM. — 2019. — Ne 12(273). — C. 32-39. —
EDN PJOIAQ.

4. CoBpeMeHHbIE aBUAIIMOHHBIE KOHCTPYKIIMOHHBIE CIUIaBbl: yueb. mocobue / B.H.
Knumog, /.M. Ko3znos. — Camapa: U3a-Bo Camapckoro yauBepcuteta, 2017. — 40 c.

5. IllupseB, A. B. Meroabl CHUXEHHs TEMIEpPaTypHOro HarpeBa KOHCTPYKLUU
CKOPOCTHOTO camouéra npu anutenbHoM monére / A. B. IllupsieB // T'arapunckue dreHus -
2022 : COOpHHUK TE3WCOB pabOT MEXIYHAPOJTHOW MOJIOAEKHOM HaydHOW KOH(DepeHInun
XLVIIIL, Mocksa, 12—15 anpenst 2022 roga. — MockBa: U3gatenscto "[lepo", 2022. — C. 58-
59. — EDN RLRLKI.

6 Barabanov, A. V. Substantiation of choosing rational appearance of nose of aircraft
with the use of mathematical modeling / A. V. Barabanov, S. A. Serebryansky // Aerospace
Systems. — 2021. — Vol. 4. — No 2. — P. 171-177. — DOI 10.1007/s424