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AHaJu3 MojeJield IMHAMIUYECKUX MPOEeCcCOB ABUALIMOHHBIX
AKKYMYJIITOPHBIX OaTapei

1
C.I. I'aBpujieHKOB
1 . . . .
Mockosckuil 20cy0apcmeenHblll meXHUYeCKull YHUgepcumem epadcoanckol asuayuil,
2. Mockesa, Poccus

AnHoTammsi: B paboTe mpoBezieH aHaIM3 CYIIECTBYIOLIMX IOAXOAOB K MOJIEIMPOBAHMIO, BKIIOYAs SMITHPHUYECKHe, (pU3HKO-
XUMHUYECKHE U CTATHCTUYECKUE METO/IBI, a TAKXKE METO/IbI MAIIMHHOTO 00y4YeHHsI. PaccMOTpeHB! IperMyIecTBa U OTpaHHICHUS
mopeneit lledepna, barnepa — doxbmepa, Mozesneii Ha OCHOBE perpeccHoHHOro aHainn3a 1 LSTM-HelpoHHbIX ceteil. OtnensHoe
BHUMAHHE YJIEIICHO TEPCHEKTUBHOMY METOIy MaTeMaTHYecKOro HMPOTOTHUIMPOBAHMS 3Heprerndeckux mnporeccoB (MMIIOII),
TIO3BOJISTIOILIEMY CTPOHTH (PH3NUECKH KOPPEKTHBIE MOJEINH, COIVIACOBAHHbIE C (yH/IaMEHTaIbHBIMY 3aKOHAMH TEPMOANHAMUKH H
snextpoauHaMuki. Ha ocHoBe MMIIOJII pa3pabotana HOBast MOJETb JUHAMUKA HANPSDKCHUS B TUTUHHOHHON aKKyMYJISITOPHOM
batapee (JIMAB), yuursiBaromias poLecchl MOJSIPU3ALIMI, K3MEHEHHS TEMIIEpaTypbl U HelnHelHbIe 3 dexts. [IpennoxenHas B
paboTe MOZENb MOMydYaeTcss ITyTeEM YHCIEHHO-aHAJIMTUYECKOTO IPeoOpa3OBAHMS YPAaBHEHHMH [OUHAMUKH IIPOLIECCOB B
aKKyMYJIITOPaX, IIOJYYEHHBIX METOJOM MAaTE€MaTH4ECKOrO IPOTOTHIIMPOBAHMS DHEPreTMYEeCKHX mpoueccoB. IIpoenen
CPaBHHUTENBHBIN aHATINW3 CYILECTBYIONIMX MOAXOJIOB K MOJCIMPOBAHMIO M TOKa3aHbl MPEMMYILECTBAa MpeIaraéMoro Merona
MMIIOIL. [puBeneH npumep MOJIEIMPOBAHKS AMHAMUKN (DH3UUECKHX M XUMUYECKHX ITPOLIECCOB B JIMTUHMOHHOM aKKyMYJISITOpE
C HEKOTOPHIMHM OIPaHMYEHMSIMU. Pe3yibrarel McciemoBaHMs AEMOHCTPHUPYIOT, 4yTo Mozenn Ha ocHoBe MMIIDII oGnanator
BBICOKOM TOUHOCTBIO U YHHBEPCAIBHOCTBIO, 4YTO JAENA€T MX NPUMEHHMBIMHM JUII TPOTHO3MPOBAHMS COCTOSIHUSI 3apsia,
JIMAarHOCTHKN OTKa30B M pa3pabOTKH HU(POBBIX NBOWHMKOB. [IprBeieHHOE B CTaThbe aHAMTHYECKOE BBHIPAKEHHE PacIIUpseT
Kimaccraeckyto Mozenb ledepaa, obecrieunBas onycaHne CIOXKHBIX THHAMHYECKHX MPOLECCOB. METO0NOrMYeCKni TOTEHIH A
MMIIDII moaxpernisieTcss BO3MOYKHOCTBIO HHTETPAIMH C METOIaMH MAIITMHHOTO O0YYSHNS Tl YTOYHEHHUS TTapaMeTPOB MOICIICH.
[NepcrieKTHBEI TABHENUIIINX UCCIICNOBAHMA BKIIFOUAIOT PACIIMPEHHE MOJEIH U ydeTa JeTpaJalliid akKKyMyJIITOPHBIX OaTapet,
pa3paboTKy YMPOIIEHHBIX MOJEEH ISl CUCTEM JUarHOCTHPOBAHHUSA B PEKMME PEaIbHOIO BPEMEHH M BHEIPEHHE TMOPUIHBIX
MOZAXOJI0B MOJEIUPOBAHUS.

KnioueBble cj10Ba: JMTUHHOHHBIE AKKYMYJATOPBL, MOJCIMPOBAaHHE, METO MAaTeMaTHYECKOr0 HPOTOTHIMPOBAHMS,
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Analysis of dynamic process models for aviation battery systems

S.I. Gavrilenkov'
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Abstract: The paper analyzes existing modeling approaches, including empirical, physicochemical and statistical methods, as well
as machine learning methods. The advantages and limitations of models such as the Shepherd’s model, Butler-Volmer equation-
based models, regression analysis-based models, and Long Short-Term Memory (LSTM) neural networks are discussed. Special
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attention is paid to a promising Method of Mathematical Prototyping of Energy Processes (MMPEP), this approach enables the
construction of physically accurate models that conform with the fundamental laws of thermodynamics and electrodynamics.
Based on MMPEP, a new voltage dynamics model has been developed specifically for lithium-ion aircraft batteries (LIABs),
which take into account polarization processes, temperature changes and nonlinear effects. The model proposed in the paper is
derived through numerical-analytical transformation of dynamic processes equations obtained by the method of mathematical
prototyping of energy processes. A comparative analysis of existing modeling approaches is carried out and the advantages of the
proposed MMPEP method are shown. An example of modeling the dynamics of physical and chemical processes in a lithium-ion
battery with some limitations is presented. The research results demonstrate that the MMPEP-based models have high accuracy and
versatility, which makes them applicable for charge state prediction, failure diagnostics, and digital twin development. The
analytical expression presented in the paper expands the classical Shepherd’s model, providing a description of complex dynamic
processes. The methodological potential of MMPEP is supported by the possibility of integration with machine learning methods to
refine model parameters. Prospects for further research include extending the model to account for battery degradation, developing

simplified models for real-time diagnostics systems, and introducing hybrid modeling approaches.

Key words: lithium-ion batteries, modeling, mathematical prototyping method, electrochemical processes.
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BBenenue

CoBpeMeHHasi aBUALlMOHHAS 3JIEKTPO3HEpre-
THKA XapaKTEpU3yeTCs AaKTHBHBIM BHEJIPEHHEM
JIMTUHAMOHHBIX aKKyMYyJISITOpHBIX Oatapeit (JIMADB),
0071a/1a10IIUX BBICOKUMH YJEIbHBIMU SHEPTETH-
yecKkUMH mokazarensimu [1, 2]. OgHako skcruy-
atauust JIMADB comnpsikeHa ¢ PUCKOM BO3HUKHO-
BEHUS aBapUIHBIX PEKUMOB paboThl OaTapeil, B
YaCTHOCTH TEIIOBOTO pasroHa [3, 4]. [lns obec-
MeYeHUs UX OE30MaCHOM IKCILTyaTaliu HeoOXo-
JIUMO MMETh aJICKBaTHbIE MaTeMaTHYECKUE MOJIe-
7Y, OMKCHIBAIONINE JUHAMUKY HAIPSDKEHUS aKKy-
MYJIITOPOB B Oatapee MpH pa3iUyHBIX peKuMax
ee paboThl. B HacTosIIee BpeMs CyIIECTBYET He-
CKOJIBKO TOAXOJIOB K MOJIEIMPOBAHUIO MPOLEC-
COB B JIMTUHHOHHBIX akkyMmyJssaTopax (JIMA).
[[Inpokoe pacnpocTpaHEHUE MOTYUNIIA IMIUPH-
yeckas mozaens ledepna [5], kotopas cBs3bIBa-
et HanpspkeHue JIMA ¢ ero coctosiHueMm 3apsna
U TOKOM paszpsga. bonee cioxHOU sABIsETCA MO-
nenb barnepa — ®onbmepa [6], yuuThIBaromas
KHHETHKY JJICKTPOXUMHUYECKUX pPEaKUuid Ha
aNeKTpojax. B mocnenHue roapl akTUBHO pas-
BHUBAIOTCA TIOJIXOJbl HAa OCHOBE MAIIMHHOIO
o0yuenust [7, 8], MO3BOJISIIONIME MPOTHO3ZUPO-
Bath noseneHue JIMA Ha ocHOBe cTaTHUCTH4e-
CKOM 00pabOTKHM SKCMEPUMEHTATBHBIX JAaHHBIX.
OnHako Takhe MOJIETU MMEIOT OrPaHUYEHHYIO
0o0nacTh MPUMEHEHUs U HEe BCErjJa MOTYT KOp-
PEKTHO OIHUCHIBaTh (HU3HKO-XUMHUECKHUE TIPO-
ueccol B JIMA [7, 9]. [lepcieKTUBHBIM BUIUATCS
MIPUMEHEHUE METOJAa MAaTeMaTH4EeCKOro MNpOTo-

TUMHAPOBAHUS  SHEPreTUYECKUX  IPOILIECCOB
(MMIIDII) [2, 9], xoTopblii ObecneunBaeT Mo-
CTPOCHHE MOJENEH, COINIACOBAHHBIX C OCHOB-
HbIMH (DU3UYCCKHUMH 3aKOHAMH, W YYUTHIBACT
ocobeHHocTH mpoTtekamux B JIMA mporeccos.
B nannol pabote mMpoOBOAWTCS CPaBHUTEIHHBIN
aHaJIU3 CyIIECTBYIOMIMX MOAXOAO0B K MOJAEIHUPO-
BaHMIO nuHamuku HanpsikeHust JIMAB u npen-
JIaraeTcst HoBas MoAellb Ha ocHoBe MMIIOII.

3Mnnpnqec1me MOAECIH

OMIMpUYECKUE MOJIEIH NTPEIHA3HAYEHBI AJIs
ONMCAaHUS MTHOBEHHBIX 3aBUCHUMOCTEH, TaKHX
KaK HalpspDKeHHE, KOTOPOE U3MEHSETCS B 3aBU-
cuMocTH OT cocTostHUS 3apsaa (SOC) u Beauun-
Hbl TOKa Harpysku. IIpumepom Takoin Mozenu
apnsercs monensb llledepna, kotopas Beipaxaet
HaIpPsDKEHUE aKKyMyJIsiITOpa 4epe3 €ro COoCTos-
HUE 3apsla U TOK paspsia. JTa MOJAENb CUUTa-
eTcsl OJHOW M3 MEepBbIX U Haubojee M3BECTHBIX
SMIIUPUYECKUX MOJEJNeH, OMUCHIBAIOIIUX IPO-
LIECC pa3psaa akKyMyJsITopoB. OCHOBOW Mozaenu
CIIy)HUT MaTeMaTHYeCKOe ypaBHEHHE, KOTOpOe
CBA3BIBAET HAINPSIKEHHE AKKyMYyJATOpa C €ro
COCTOSTHUEM 3apsijia U MapaMeTpaMu pa3psaHOro
toka. Kak ormedeHo B wuccrenoBanusix [10],
Cpelu TpeX OCHOBHBIX MOJENeH aKKyMyJsTo-
poB — mopeneit llledepna, Rint u TeBenuna —
moznenb lledepna coueraer mpocToTy mapamer-
pHU3aluU ¢ TOYHOCTBIO IPOTHO3a MPU TOKax pas-
psana no 6,67C. Ilapametpsl moaeneit [lledepna
u Rint jerko ompenenstoTcsi, TOraa Kak MOJelNb
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TeBeHnHa oOecrieunBaeT OOJBINYI) TOYHOCTD,
HO TpeOyeT Oosiee CIIOKHOW MapaMeTpPU3AIHH.
OTa MOJenb YYUTHIBAET BO3JCHCTBHUE TeMIEpa-
Typbl, TOKa pa3psga u crapeHus. OCHOBHOE
ypaBHeHue mojaenu llledepna moxHO 3amucaTh
CJICAYIOIIHUM 00pa3oM:

- 9 _
U(t) = Eo — K 52— RI,

rae U(t) — HanpspkeHHe B MOMEHT BPEMEHH 1
E, — HavanmpHOe HampspkeHue; K— KOHCTaHTa,
3aBUCSAIIAs OT THINA aKKymyJiaTtopa; @ — oOmas
3apsiioBasi EMKOCTh aKKyMYJISTOpa; | — TOK pas-
psna; t — Bpems paspsna; R — BHyTpeHHee co-
IIPOTUBJICHHUE.

BaxnapiM npeumytmiectBom moxenu Illedep-
Jla SIBJIIETCS €€ MpaKTHYecKasi MPUMEHUMOCTD B
MH)XEHEPHBIX 3aadax. COorjlacHO UCCIlIeOBaHU-
aM [3] MozAenp yCHEIHO NPUMEHSETCS B CUCTE-
Max 3JIEKTPOMAarHUTHOIO 3aIlycKa, IJie TOKU pa3-
psana nocturator 60C. B Takux ycnoBusix Mo-
JIelIb TOYHO OIHMCBIBAET IMPOLECC pa3psaa, uTo
KPUTUYECKH BaYKHO JJIS1 YIIPABICHHUS CUCTEMOU 1
orneHku ee 3 dexTuBHOCTH. MOJenb Takxke Je-
MOHCTPUPYET AOCTATOUYHYIO TMOKOCTh Ui OIH-
CaHMs pPa3IMUHBIX JIEKTPOXUMHUYECKUX CHUCTEM.
Hanpumep, oHa Obuta yCHEIIHO aJanTHPOBAaHA
JUI ONUCAHMS XapaKTEPUCTUK MarHueBBIX XH-
MHUYECKUX HCTOYHMKOB TOKA, aKTHUBHPYEMBbIX
Mopckoil Bomou [11]. Ilpm >TOM OCHOBHas
CTPYKTYpa MOJEIM COXpaHseTcs, TpeOys JHUIb
KOPPEKTUPOBKH MapaMeTPOB II0J] KOHKPETHBIN
TUI aKKyMyJisiTopa. TeM He MeHee MOJEIb UMe-
€T Cepbe3Hble OTPAaHUYECHUS IPU ONUCAHUM De-
JKUMOB pa3psja ¢ BBICOKMMM TokamH [3]. B Ta-
KHX CIy4asX HEOOXOJUMO YUYHMTHIBaTh HEJIHUHEH-
Hble 3PEKTHI, H00aBIsAsA AONOTHUTEIBHBIE CO-
CTABJIAIOLINE B aHATUTHUYECKOE BBIPAXKEHHUE MO-
Jend. YCTaHOBJIEHO, YTO CTaHAAapTHas MOJENb
HE CHocoOHa IMOJHOLEHHO ONMCHIBaTh HOBEJE-
HUE aKKyMYJSTOpa B YCIOBHUSX HMITYJIBCHOTO
LUKJIMYECKOTO pa3psaa.

JInnaMmuyeckue Moae u

JlnHaMuueckre MOJEIHA YYUTBIBAIOT Bpe-
MEHHBIC H3MCHECHMs I1apaMEeTpOB, OIMCHIBAs
npoueccsl, npoucxonsmue BHyTpu JIMA mnpu
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pa3IinYHbIX pexumax pabotel. [Ipumepom u-
HaMHYECKOHU MOZACIIN MOXKET CIYXUTb MOJCIIb
barnepa — d®onbMepa, KOTOpasi ONMUCHIBACT KH-
HCTHUKY JSJICKTPOXHUMHNYCCKUX peaKHI/II\/JI Ha rpa-
HUIIC JIEKTPOJIOB U SBJISIETCS O0JIee CIIOKHOU IO
cpaBHeHuto ¢ mojenbio llledepna. Ona mpen-
CTaBJICHA B CJICYIOIIEM BH/IE:

i =
oo (25) -

rae [ — IUIOTHOCTh TOKA; [y — IJOTHOCTh TOKA
oOMeHa; @, W @, — KOIPPUIUCHTHI MepeHoca
JUISL @aHOJHOTO M KAaTOJHOIO TMPOIECCOB; N —
YHUCIIO 3JIEKTPOHOB, YYAaCTBYIOIIUX B 3JIEKTPOA-
HOM peakuuu; F — mocrositnHas ®apanpes; E —
MOTCHIMAJ BIEKTPoaa; Epq — PABHOBECHBIN 110~
TeHUual; R — yHUBepcaiabHasi ra3oBas MOCTOSH-
Hasi; T — abcomroTHas TeMIieparypa.

PazBuTtne 3TOi Moaenu OBLIO BBITOIHEHO
bapnom n ®onkuepom B 2001 roay. YpaBHeHue
batnepa — ®onbMepa paccMaTpUBaeTCs B KOH-
TEKCTE IEKTPOXUMUYECKON KUHETUKH, TJ€ ONU-
CBIBAETCSl 3aBUCUMOCTH IJIOTHOCTH TOKa OT Iie-
PEHAIIpSDKEHUST U €€ U3MEHEHHE IPH MEPEXOAe
OT PaBHOBECHOT'O COCTOSIHUS K pabouemy. Takxke
YUYUTBIBAETCS BJIMSHUE TEMIEpaTypbl Ha KHUHeE-
TUKY peakuuid [6]. Jlnsd JTUTUHMOHHBIX aKKyMy-
JSTOPOB MOJIENb MOXET ObITh aJalTHPOBaHA C
YU4E€TOM  OCOOCHHOCTEH  3IEKTPOXUMHUECKUX
IIPOLIECCOB, MPOUCXOAAIINX KaK B TBEPIOH, Tak
u B xugkoi (azax [4]. B sTtom ciydae miot-
HOCTb OOMEHHOTO TOKa i, OMpelesieTcss Kak
(GYHKIUS KOHIEHTPAIMU MOHOB JIUTHUS B DJICK-
tposnute (C,) U CTEXHOMETPUU MaTepuaa dJIeK-

Tpo110B (C,):

aonF(E—Eeq))]’

RT

lp = kO(Ce)a(Cs,max - Cs)a(cs)l_aa

rie ko — KOHCTaHTa CKOPOCTU peakuuy; Cs mayx —
MaKCUMaJIbHas KOHL[GHTpaI_II/HI HNOHOB JIUTHUA B
TBepoi daze; @ — kodhGHUIHEHT mepeHoca.
OCHOBHBIM HpeI/IMYIJ_[eCTBOM MOACIN EaTJ'Ie-
pa — DoibMmepa SBIAETCS €€ TeopeTHdYecKas
O6OCHOBaHHOCTB JJIA OIIKMCaHUus BHGKTpOXI/IMI/I-
yeckux mnporeccoB. OObeIMHEHUE 3TOH MOICIH
C DJEKTPUYECKOH MOJENBI0 TMO3BOJISIET yYUTHI-
BaThb KHHETHUKY ODJICKTPOXUMUUYECKHX PEaKIIUN
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U yJIydllaTb TPOTHO3bl COCTOSIHUS SHEPIruu
(SOE) mox nuHamMu4ecKMMH Harpys3kamu [4].
Oco6eHHO Y(PPEeKTUBHO MOJIENb MPOSBISAET ceOs
NIPY IPOTHO3UPOBAHKH JIOJITOBEYHOCTH OaTapei,
TaK KakK /JaeT BO3MOXKHOCTb YUMThIBaTh (yHIa-
MEHTaJbHBIE MEXaHW3MBbl JeTpajallid dJeK-
TPOAHBIX MaTepuanoB. OJHAKO MOJENb HMeEeT
pS  CyIIECTBEHHBIX oOrpaHndeHuil. OcHOBHaA
CIIO)KHOCTh 3aKJIIOYaeTcs B TMapamMeTpHu3aluu
MOJIENIN — ISl KOPPEKTHOTO MTPUMEHEHHSI TpeOy-
eTcs JeTajbHas KaJuOpoBKa Ha OCHOBE JKCIIe-
PUMEHTAJIBHBIX JAHHBIX, YTO CYIIECTBEHHO
YCIIOKHSIET €€ BHEAPEHHE B MPAKTUYECKUX CH-
cremax. Kpome TOro, mMozmens IeMOHCTPHPYET
MOBBIIIIEHHYIO YyBCTBHUTEIBHOCTh K JHMHAMHYe-
CKMM H3MEHEHHSIM Harpy3KH, 4acTo TpeOys BBe-
JICHUS  JIOMOJHUTENIBHBIX  KOPPEKTHPYIOIUX
AIIEMEHTOB JUIsI TOYHOTO ONHUCAHHUS TOBEACHUS
OaTapeu Mpu pe3KUX U3MEHEHUSIX TOKa [4].

CraTucTnuecKue MoaejIu

CratuctTuueckre MOJEIN UCIONb3YIOT METO-
Jbl CTaTUCTMYECKOIO aHaJIM3a M MAaIIUHHOIO
o0ydeHus Uil TPOrHO3UPOBAHMS TOBEIEHUS
aKKyMyJISITOpa Ha OCHOBE OO0JIbIIMX O0BEMOB
JaHHbIX. K HUIM MOYHO OTHECTH PErpECCHOHHBIE
MOJIEJIM U MOJEIH Ha OCHOBE MAIIMHHOIO 00Yy-
yeHusl. PerpeccnoHHble MOJENN yCTaHABIUBAIOT
3aBHCHUMOCTH MEXJy IapamMeTpaMu aKKyMyJls-
TOpa, TAKUMHU KakK HaIlpsDKEHHE, TeMIeparypa U
SOC, ¢ noMmompr pErpecCMOHHOTO aHajIu3a.
OcHOBHOE ypaBHEHHE MOJEIH HMEET CIlEAyIo-
AN BUL:

Ut) = EOC(SOC) - I(t)Rint - Uhyst(t)a

rae U(t) — HanpsbkeHHe Ha BBIBOJAx Oarapew
B MOMEHT Bpemenu t, E,.(SOC) — oTkpbITOC
HAIMPSDKEHHUE IICTH, 3aBHUCAIIEC OT COCTOSHUS
3apsina; [(t) — TOK Harpy3kd B MOMEHT BpeMme-
HU t; R;,; — BHYTpEHHEE CONpOTHBIICHHE Oara-
peu; Upyse — HampsikeHue, oOyCIOBIEHHOE (-
¢dexToM rucrepesuca.

Ota MoJeNb TMO3BOJSET Oojiee TOYHO Mpe-
cka3biBaTh noBeneHue JIMAD B pasnuunbiX pe-
KMMaxX pabOThl, YIUTHIBAsS TUHAMHUYECKHE MPO-
1eCChl U HeJMHEWHBIC 3()(EKThI, TAKHE KaK T'H-
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crepe3uc. CTaTUCTUUECKUE PErPEeCCUOHHBIE MO-
JeNU IHUPOKO HPUMEHSIOTCS Ul MPOrHO3HPO-
BaHUs mnoBeneHus JIMA, Bkitoyas OLIEHKY co-
crosgausa 3apsaa (SOC), cocTosiHUSI 30pOBBS
(SOH) u ocraBmerocs cpoka ciayx6b1 (RUL).
Perpeccuonnble Moaenu OCHOBBIBAIOTCA Ha
YCTAHOBJICHUH 3aBUCUMOCTEN MEXy BXOAHBIMU
U BBIXOJHBIMU MapaMeTpaMH, YTO AENAeT UX OT-
HOCHUTENILHO MPOCTHIMU B pealin3aliii U UHTEp-
nperauuu. OHU He TpeOyloT riIyOOKOro HOHHU-
MaHMs BHYTPEHHHMX (PU3MKO-XUMHUYECKUX IMPO-
LIECCOB B aKKyMYJISITOpE, YTO YIPOIIAET UX HC-
nosp3oBanue [12]. OqHako perpeccruoHHbIE MO-
JeNIM 4acTO MpEeANnoyiaralmT JMHEHHbIE 3aBUCH-
MOCTH MEX]y NEpEMEHHbIMH, YTO MOXKET ObITH
HEJ0CTAaTOYHBIM JUIsl OTIMCAHUS CJIOYKHBIX HEJH-
HEWHBIX IMpoleccoB, npoucxogimux B JIMA.
OTO NPUBOAUT K CHM)KEHHUIO TOYHOCTHU IPOTHO-
30B B pEaJIbHBIX YCIOBHAX JKCIUTyaTanuu. Tak-
K€ CTATUCTHUYECKHE MOJEIM MOTYT HE YYWTHI-
BaTh IPOLECCHl JErpajlalludl U CTapeHHs aKKy-
MYJIAITOPOB, YTO OrPAaHUYUBAET HX IPUMEHU-
MOCTb JUIsl JIOJATOCPOYHOIO IPOTHO3MPOBAHUS
coctostaus JIMA.

Moaeau Ha OCHOBE MAILIMHHOTO
00y4eHuUs

IIpuMEHAIOT AIrOPUTMBI, TAKUE KaK HEUPOH-
HbI€ CETH, AJIi NPOTHO3UPOBAHHUS TOBEIEHUS
AKKYMYJISITOpPa, YYHUTHIBash CJIOXKHBIC HETHUHEH-
Hble 3aBUCUMOCTH. C pa3BUTHEM METOJIOB Ma-
muHHOTO Oo0yueHuss (ML) momyuwnu pacrpo-
CTpaHEHUE MOJENH, UCTIONb3YIOIINEe HEHPOHHBIE
CeTH JUIsl TIpeICKa3aHUsl COCTOSIHUS aKKyMYJIs-
TopoB. Kak mokasanu uccienoBaHusi, 0COOEHHO
3¢ (heKTUBHBIMU OKa3alMCh MOJETU HAa OCHOBE
LSTM-cnoeB (Long Short-Term Memory), xo-
TOpbIE CIMOCOOHBI YYHUTHIBATH JIOJITOBPEMEHHBIC
3aBUCHUMOCTHU B JJAaHHBIX IPU OLIEHKE COCTOSHUS
pabotocnocobHocTu (State of Health, SOH) ak-
KyMyJsiTopoB [8]. OCHOBHBIM MPEUMYILIECTBOM
LSTM-mopeneii sBiIsIeTCsl UX CIIOCOOHOCTH 3a-
XBaThIBaTh BPEMEHHBIC 3aBUCUMOCTH B JAHHBIX
Onmaromapsi CreUAbHOW apXUTEKType, BKIOYa-
IOIIEN TPU THUIIA «BOPOT» (gates): — BXOAHBIC BO-
pora (inputgate) — BopoTa 3a0biBaHus (forget-
gate) — BBIXOJHBIE BOpoTa (outputgate) [13].
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DTa apXUTEKTypa MO3BOJSET CETH «3allOMH-
HAaTh» BAXHYI0 HH(OpMAIMIO HAa JUIUTEIHLHOE
BpeMsi U «3a0bIBaTh» HECYIIECTBEHHYIO, YTO
OCOOCHHO Ba)XHO TIPU aHAIN3E ITUKIUICCKHIX
MIPOLIECCOB JIErpajaliy aKKyMYJISTOPOB.

[IpeBocxoHbIE pe3yabTaThl Ul MPOTHO3UPO-
BaHUs HanpspkeHust U coctosiHus 3apsaaa (SOC)
JEMOHCTPUPYIOT THOPUIHBIE MOJXO/bI, cOoYeTa-
omue VARMA- u LSTM-monenu [14].
VARMA (Vector Autoregressive Moving
Average) SBISETCS CTaTUCTUYECKUM METOJIOM,
KOTOpBIM NPHUMEHSIETCA AJI aHajli3a U MPOTHO-
3UpOBaHMs BpeMEeHHBIX psanoB. OH 3¢ dekTHBHO
MOJIETTUPYET JIMHEHHbIE 3aBUCUMOCTU B MHOTO-
MEPHBIX JaHHBIX, YTO JIEAaeT €0 MOJE3HBIM IS
3aja4 nporHo3upoBanus HanpspkeHus u SOC B
akkyMyJATopax. B coueranun ¢ LSTM stoT Me-
TOJl TO3BOJISICT YYHMTHIBATh KaK HEJIMHEHHbIE
BPEMEHHbBIE 3aBUCUMOCTH, TaK U JMHEHHbIC aB-
TOKOPPEJALIMY, YTO 3HAYUTENbHO YIydIlIaeT
TOYHOCTh TPOTHO30B. B wacTHOCTH, Tpu HC-
nosib30BaHuu A oneHku SOH nuTueBbIX ak-
KyMYJIAITOPOB Takh€ MOJENTU TO3BOJIAIOT [0-
CTHYb TOYHOCTH IPOTHO3UPOBAHMS C OIIMOKON
MeHee 2,22 % Ha TECTOBBIX HaHHBIX [ 14].

BaxxHbIM acriekToM NpUMEHEHHUs1 HelpoceTe-
BBIX MoOjeJiel siBIsieTcsl BIOOp BXOJHBIX Mapa-
meTpoB. bputo mokaszano, uto 3¢d¢deKkTHBHBIMU
BXOJHBIMHM TapamMeTpaMu JJisi JIMTUH-CEPHBIX
aKKyMYJISITOPOB, TJI€ pa3psaaHasi XapaKTepUCTHKA
o0namaeT cioXHOU (HOPMOM, SBISIOTCS: HAMPS-
KEHHE Ha aKKyMYJSTOpPE; CKOPOCTh M3MEHEHHS
HANPSDKEHUS; KOJMYECTBO MPOUIEAIINX [IUKIIOB;
temneparypa (mpu Heodxomumoctu) [15]. [pu
TOM HCIIOJIb30BAHHWE aJalTHBHBIX  HeEHpo-
HeueTkux cucteM BbiBoga (ANFIS) mosBossier
JOCTUYb TOYHOCTH OIICHKH COCTOSIHUSA 3apsiaa
Oomnee 95 % paxe Oe3 yueTa TeMIepaTypHBIX
s dexroB [15]. Takum oOpa3zom, HEHPOCETEBBIC
MOJICIM MOTYT OBITh AJANTHPOBAHBI K pa3iny-
HBIM TUIIAM aKKyMYJSTOPOB U MX XUMHYECKUM
CHCTEMaM, TaK Kak MMO3BOJISIOT I'MOKO MOJACTpau-
BaTh APXUTEKTYPY U METObl 00yueHus. OaHaKo
y Mojieliell MalllMHHOTO OOYy4eHUs eCTh U CyIIe-
CTBeHHbIe orpannueHus. Kak nokazano B pabore
Zhilong Yu [8], anst TOCTHKEHUST BBICOKOW TOY-
HOCTH TpeOyIoTcs 0oJblie HaOOphl KaueCTBEH-
HBIX JKCIEPUMEHTATBHBIX JTaHHBIX, BKJIOYAI0-
HIMX pa3IUYHbIE PEKUMBI PabOThl aKKyMYJISATO-
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pa. Ilpu ucnonb3oBanun LSTM-moneneit ¢ no-
CTaTOYHBIM KOJIMYECTBOM CJIOEB W HEUPOHOB
BpeMsi 00y4eHHUsI MOXKET JOCTUraTh HECKOJIbKHX
4acoB Jake Ha COBPEMEHHOM OOOpYIOBaHUH.
Kpome Toro, B otiinuue ot U3NYECKUX MOJe-
Jeil HeWpOHHBIE CETH PabOTAOT MO MPHHIUITY
YEPHOTO SIIMKA, YTO 3aTPyAHSIET aHAIN3 TPUUYHUH
MPUHSATHUS T€X WA UHBIX PEIICHUH.

DOu3nKo-XUMHYECKHE MO/IeTH

OnuceIBalOT BHYTPEHHUE MPOLECCHl B AKKY-
MYJISITOPE Ha OCHOBE (DyHIaMEHTAIbHBIX 3aKO-
HOB (pM3UKHU U XUMUHU. DU3HKO-XUMUYECKUE MO-
Jenu (HepelKo MX Ha3bIBAlOT MEXaHUCTHYECKH-
MU MOJIEISIMH) TO3BOJISIIOT ONMCATh MPOLIECCHI,
IIPOTEKAIOIUE BHYTPU aKKyMYJSTOPOB, ONUpa-
sacb Ha (yHIAMEHTAJIbHBIE 3aKOHBI JJIEKTpHYe-
CTBa, MacCONEPEHOCA U IEKTPOXUMHH. B ocHO-
BE MOJOOHBIX MOJENEH Jie)KaT ypaBHEHUS IU]-
¢by3un (Ouka wnn Hepuera — [1nanka), kuHeTu-
Ka peakuuil Ha anekTponaax (ypaBHeHue batie-
pa— ®onpMmepa), a TaKKe ypaBHEHMs, OIHUCHI-
BalOLIME TNOTEHUHUAIbl U TOJSA BHYTPU SUYEHKHU
(ypaBuenusi Ilyaccona). OmHoit m3 HambOomee
U3BECTHBIX (PU3UKO-XMMUYECKHX MOJENeH s
JUTUHMOHHBIX aKKyMYJIITOPOB SIBJISIETCSI MOJIEJIb
Hoitna — ®ynnepa — Heromana [16], koTopas
omuchIBaeT AUQPQPy3Ut0 JTUTHS B 00bEME JaCTHIL
aKTUBHOI'O MaTepuasa (3JIeKTpOJbl) M B 3JIEK-
TPOJMUTE, a TAKXKE KHUHETHUKY JJIEKTPOXHUMUYE-
CKHMX pEaKkIMi Ha TpaHMIE pa3fesa TBEpAOU U
*Kuakon (a3. Moaenb paccMaTpuBaeT 3JIEKTPO.
KaK COBOKYIHOCTb C(pepHUECKUX YacTUI] aKTHB-
HOTO MaTepuajia, B KOTOPBIX JINTUH CHOCOOEH
mupynauposate. [lapannensHo ydyuThIBaeTcs
NEPEHOC MOHOB JINTHUS U 3apSA0B B 3JIEKTPOJIUTE.
VYpaBuenus Ilyaccona u Hepucra — Ilnanka
OINMCHIBAIOT paclpesiesieHUue MOTeHIMala U KOH-
LEHTPallui MOHOB BHYTPU MOPHUCTOTO 3JIEKTPO-
na. [Ipu 3ToM CKOpOCTH Mepexona JIUTUS MEXTY
TBEPJON M KUAKON (a3amu ompesensercs ypas-
HeHueM batiiepa — @onbmepa.

[IpenMyIeCTBOM JaHHON MOJEIH SIBISAETCS
TO, YTO OHA YYHUTHIBAET Mporecchl Tupdy3un u
KUHETHKH B TBEpJOW M XUAKOH (azax, TaKuUM
00pa3oM, OHa MOXKET UCIIOJIb30BAaThCS ISl OLICH-
KW JUHAMHYECKOTO MOBEJCHMS, TEIUIOBBIX SIBJIC-
HUWM, a TaKKe MEXaHWYECKUX HaIpPsSKECHUN
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B 3JIEKTPOAAX (IpU JOMOJIHUTEIBHOM pacLIMpe-
HUU Mojzienu). Ee HegocTaTKOM Cily KUT BBICOKAst
BBIUUCIIUTENIbHAS CIIOXKHOCTb, TaK KaK peleHHe
CHUCTEMBl HEJIMHEWHBIX YPAaBHEHHMHM B YaCTHBIX
IPOM3BOJIHBIX TPeOYET 3HAUNUTENILHBIX PECYPCOB.

JpyruM HeZOCTaTKOM SBIISETCS CII0)KHOCTh
napameTpu3anuu. Tak, A7 TOYHOTO MOZAEITUPO-
BaHUs HEOOXOAMMO 3HATh pAJ MapaMeTpoB
(muddys3nonnsie K03 HUINEHTHI, KOHCTaHTHI
NepeHoca, napaMerpbl KUHETHKU U JIp.), KOTO-
pble MOTYT BapbUpPOBAThCA JUIsl Pa3HbIX XUMHYE-
CKHX COCTaBOB 3JIEKTPOJOB U IEKTPOJINTA.

Jns ynpouieHus (PU3MKO-XUMHUYECKUX pac-
YEeTOB YaCTO HCIOJB3YIOT MOJENb OJWHApPHOU
gactuubl (Single Particle Model, SPM) [17].
Hampumep, B 310N MoAenu Uil JIMTHMMOHHOTO
aKKyMyJISITOpa KaXIbld 3JEKTpox (aHOX M Ka-
TOJI) CBOAMUTCS K OJJHOM cpepruuecKoil yacTure, B
KoTtopor mpoucxomut auddysus autus. SPM
UTHOPUPYET T'PaJUEHThl KOHLEHTpaLUU B OCe-
BOM HallpaBJIEHUH 3JIEKTPoAa U (OKycHUpyeTcs
TONBKO Ha AU(py3un BHYTpU «CHEpUIECKOI»
yactulbl. Hecmotpsa Ha ynpomenusi, SPM nos-
BOJISIET OTHOCUTEIBHO TOYHO OIHCHIBATh IOBE-
JICHHE A4YEeMKH NpU YMEPEHHBIX TOKAaX U cTaja
OCHOBOM JUIsi MHOTMX DPACIIMPEHHBIX MOJCIIEH,
YUNTBIBAIOLIMX KUHETUKY peakiuuu no batie-
py — @onbmepy. Takass Mozenab XOpOILIO MOAXO-
JUT JJI yIpaBieHHMs Oarapeeil B pexume pe-
allbHOTO BpeMeHH (Hampumep, B BMS), ognako
MOJKET TEepATh TOYHOCTb IPH BBICOKHUX CKOPO-
CTSIX 3apsiaa/paspsisia U rpaJleHTaX KOHIEHTpa-
IIUM 110 TONIIMHE 1eKkTpoaa. [lomumo onucanus
NepeHoca JMTUS BaXXHBIM AacIeKTOM (U3UKO-
XUMHMYECKUX MOJEINIEH SIBJISETCS Y4eT TEIUIOBBIX
nporeccoB [18]. Ilpu OGompmmx Tokax 3apsi-
KHU/pa3psiKd, a TaKKe MPU BHEIMIHUX (haKTopax
(HampuMep, OKpY’KaloIel TeMIlepaType) akKy-
MYJISITOP MOXET HarpeBaThCsl, UTO B CBOIO OYe-
penb BIMSET Ha KUHETHKY PEaKLMU U CKOPOCThb
Jerpajganuy MarepuanoB. OObIYHO MCIIOIB3YIOT-
Csl ypaBHEHHUs TeII000MeHa (TIepBBIi 3aKOH Tep-
MOJMHAMUKH), CBSI3bIBAIOIINE BBIJEISIEMOE/TIO-
IJIOIAEMOE TEIUIO B IPOLECCE AIEKTPOXUMUYE-
CKOM peaklMu C H3MEHEHHEM TeMIIepaTyphbl
BHYTPH SIYCUKU:

5T
pCp5; = V(AVT) + Q,
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rIe p — IWIOTHOCTh Marepuala; C, — ylIclbHas

TEIJIOEMKOCTh; A — KO3(h(HUIMEHT TerIonpo-
BOJHOCTH; () — UCTOYHUK TeIuta (JKOYJIEBO, pe-
aKIIMOHHOE U TIPOY.).

JUyist OLICHKH PaBHOBECHBIX MOTCHIHANIOB Eyq,
TEIUIOBOTO A (eKTa peakiuii M 3aBUCUMOCTH
pa3IMYHBIX MapaMeTpoB OT TEMIIEpaTypbl HC-
MOJIB3YIOTCA TEPMOJIMHAMHYECKUE YPaBHEHUS U
9KCIIEPUMEHTANbHBIC JTAHHBIE 10 TETUIOBBIM 3(-
dekram [19].

Ha ocnoBe MeTona MaTeMaTuyecKkoro npoTo-
TUMUPOBAHUS B paMKaX MEXaHUKH, DJICKTPOIH-
HaMUKHU U COBPEMEHHON HEPaBHOBECHOU TE€pPMO-
TUHAMHUKHU pa3paOoTaH HOBBIM MOAXOJ K cO37a-
HUIO MOJeNe AMHAMHUKN (PU3UYECKHX M XUMH-
YECKMX TPOLIECCOB PA3JIUYHBIX THUIIOB AKKyMY-
astopos [20].

Cormacio  MMIIDII cocTositHue CHCTEMBI
OJIHO3HAYHO OIpEIENsIeTCs] KOOpAUHATAMU CO-
CTOSIHUSI, HE3aBUCUMO OT MPEIIECTBYIOLICH H-
Hamuku [21, 22]. I'my6uHa npoTekanus Gpusnde-
CKHX Y XMMHYECKHUX MPOIECCOB XapaKTEPU3YeT-
Cs KOOpJIMHATaMM IPOLIECCOB, a MX MPUYHHOU
BBICTYNAIOT JMHAMHYECKHE CHIIBI, KOTOpbIC
MPEJCTaBISIOT cOo00M dYacTHbIE TPOU3BOJHBIC
CBOOOJIHOM SHEPrUU MO KOOpPJMHATAM IPOIIeC-
coB [21, 22]. OgHako OTUHAMUYECKHE CUJIBI HE
MOJIHOCTBIO OMPENETSIOT AUHAMUKY TPOIECCOB
B cucreme. HezaBucumMo OT HHUX, JMHAMHKA
OTIPENIETISICTCSI TaK)Ke BHYTPCHHUMHU KHHETHYE-
CKUMH CBOWCTBAaMH, KOJUYECTBEHHOM MEPOU
KOTOPBIX SIBJISIETCS TOJIOKUTEIBHO OIpPECIICH-
Has AuccunatuBHas Marpuua [21, 22]. B cBoro
odepeqb NMHAMHKA MPOIECCOB B cucteMe (Gop-
MUPYET U3MEHEHHS €€ HAOMI0IaeMbIX U KOHTPO-
JUpPYEMBIX apameTpoB [21].

[TocTpoenue ypaBHEHUI AMHAMUKH (u3HUe-
CKHX M XUMHUYECKHUX MPOIECCOB PA3TUYHBIX TH-
OB C MCIOJIb30BAaHUEM METOJ]a MATEMATHYECKO-
ro MPOTOTUIIUPOBAHUS SHEPrEeTUUECKUX MPOIIEC-
COB BKJIIOYAET BBINOJHEHUE CIEAYIOIIMX 3Ta-
noB [7, 20, 21-26].

1. ®opmupoBanue crucka GU3NIECKUX U XH-
MHUYECKHX MPOLIECCOB B CHCTEME.

2. Beibop mapamMeTpoB COCTOSIHHS X.

3. IlonyuyeHue ypaBHEHHI CBSA3M IapaMeTPOB
COCTOSIHHSI C KOOpAMHaTaMu mporeccoBAx u ¢
dx(t)

BHCITHMMHU IIOTOKaMH (dt

) (ucrionb3ys
ext
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oTpezieNieHUs] KOHKPETHBIX MapaMeTpOB COCTOSI-
HUS, 3aKOHBI COXPAHEHHUS ):

dx(t)

—== B(x(t),U(t),p) P TERAT

SAX(t) (dx_(t))

ext’
rae B(x,U,p) — Tononornueckas marpuia; U —
napaMeTpbl CUCTEMBI, HE W3MEHSIONINECS B pe-
3yJIbTATE MPOLIECCOB B CUCTEME, @ H3MCHSIFOIIIUC-
Csl TOJBKO B pe3yJibTaTe BHEIIHUX TMOTOKOB (a
TaKXe TapamMeTphl, OIPEICIISIONINEC BHEIIHHEC
notoku (dx(t)/dt)ey:); P — WHAUBUAYaTbHbIC
napamMeTpbl CUCTEMBI.

4. 3ajgaHue aHATMTHUYECKUX BBIPAKECHUU C
TOYHOCTBIO JIO SKCIEPUMEHTAILHO HCCIIeaye-
MBIX MTOCTOSTHHBIX MapaMEeTPOB Cyx Ui (YHKIIHIA
COCTOSIHUSI JUIs TOTCHIIHAIOB B3aWMOJICHCTBHUS
X(x,U,p), COOTBETCTBYIOIIUX BHIOPAHHBIM I1a-
paMeTpaM COCTOSIHUS, YIOBJICTBOPSIONINX YCIIO-
BUIO TOJNHOTO AuddepeHirana mo BeIOpaHHBIM
napamMeTpaM COCTOSHHU#, ONpeAeaseMbIX dYepes
cBoboauyto suepruto W (x, U, p):

X(XI Ul p) = _VXW(X! UJ p)'

5. 3ajaHue aHANMTUYECKUX BBIPAXKEHUH C
TOYHOCTBIO A0 HKCIEPUMEHTAJIbHO HCCIENye-
MBIX TTOCTOSTHHBIX MApaMEeTPOB Cy I (QYHKIIHA
BHEITHKX MOTOKOB (dX(t)/dt) oxt-

Onpenenenue BHYTPEHHHUX
AX(x,U,p):

BO3MYUIECHU

AX(x,U,p) = BT(x,U,p) - X(x, U, p).

6. 3amaHue AaHAJIUTUYECKUX BBIPAKEHUN C
TOYHOCTBIO JIO SKCHEPHUMEHTAJIBHO HCCIeIye-
MBIX ITOCTOSTHHBIX TTAPaMETPOB Cp JIJIsL JUCCHUIIA-
TUBHOM Matpuisl A(X, U, p), YIOBIETBOPSIOIINX
YCIIOBHMIO  TOJIOKUTENLHOM  OMpeaeIeHHOCTH
(MM HEOTPHIATEIBHOM ONPEIETIEHHOCTH JIUC-
cunatuBHo# marpuibl A(x,U,p), eciau B cucte-
M€ UMEETCS HHEPIHOHHOCTB ).

7. ®opMHpOBaHUE MOTEHIMAIBHO-IIOTOKO-
BBIX COOTHOIIECHHH MEXKIY CKOPOCTSIMH IIpOTE-
KaHMS TPOIECCOB U BHYTPEHHUMH BO3MYIIICHH-
AMH:

SAx(t)

at

A(x(8), U(t), p) - AX(x(2), U(¢), p).
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8. ®OPMHPOBaHUE BHIPAXKEHUHN Ui U3MEPS-
embix y(t) m KoHTpoiHMpyeMmbix Z(t) mapamer-
POB, HUCXOMs U3 ONpEACIECHHUs YIOMSIHYTBIX IIa-
pameTpoB:

y(©) = Y(x(¢),U(t), p, cx, Cy, Ca),
Z(t) = Z(X(t)! U(t), P, Cx, Cy, CA)'

[Tonyyennas Ha ocHoBe MMIIDIT monenb
CHCTEMBI MPeoOpa30BHIBACTCA K aHAIUTHYECKO-
My BUJIY, IPUTOJHOMY JUIsl PELICHUS MPaKTH4e-
CKUX 3ama4 [7], ¢ UCTHOJIb30BAHUEM CIICIHATb-
HBIX METOJI0B YACIEHHOTO UHTEIPUPOBAHUS CHC-
TE€M OOBIKHOBEHHBIX IU((PEepeHIINaTbHBIX YpaB-
HEHUH. AHQJIUTUYECKOE BBIPAKEHUE ITHHAMHUKU
CHCTEMBI, TaKke BOMparomee B cels (PHU3HKY
IIPOTEKAIOIUX B CHCTEME IPOLIECCOB, YTO Ta-
paHTHpYeT KOPPEKTHOCTh MpeoOpa3oBaHHOM
MoJenu [7], CTpOUTCA Ha OCHOBE aHaju3a mepe-
KPECTHBIX CBSI3€M B paCCMaTpUBAaEMOM CUCTEME,
JUISL 4ETO HCIIONB3YETCSl €€ MOJIENb, ITOTyYEHHas
MMIIDIL.

MoneanpoBanue TMHAMUKH
JMTHIHOHHBIX AKKYMYJISTOPOB

Mogenb AMHAMUKU (U3UYECKUX U XUMHUYe-
CKHUX IPOLECCOB B JIUTUHHMOHHBIX AKKYyMYJISATO-
pax (JIMA) pa3pabaTeiBaeTcs ¢ y4eTOM CIEIy-
FOIMX MPEINOT0KEHUN:

o JIMA byHKIIMOHHUPYET B IITATHOM PEXKH-
Me. ABapuiiHbIE SIBJICHHS, TaKME KakK pa3pyle-
HUE TIOJIOKUTENBHBIX JIEKTPOJOB IIPU Iepepas-
pAlle U BBIIEIECHUE METAJUIMYECKOTrO JIUTHS C I0-
CJIEYIOIIMM TEIUIOBBIM pPa3rOHOM IIpHU Iepe3a-
psne, BO3HUKAIOT TOJIBKO IIPU MPEBBILLICHUN
OIPEAEIIEHHOI0 MOPOra Pa3HOCTU MOTEHIUAJIOB
JIBOMHBIX cioeB [27, 28];

e TIPOLIECCHI JeTpajalvy (CTapeHHs) aKKy-
MYJISITOpAa HE YUYWTBIBAIOTCS M3-3a UX HU3KOU
CKOPOCTH;

e TEMIIEpaTypa BHYTPU aKKyMYJISITOpA CUH-
TAeTCsl PABHOMEPHOM, ITOCKOJIBKY 3HAUUTEIbHBIC
TEMIIEpaTypHBIE Pa3Inyus MEXIY JJIEKTPOJaMHU
U MeMOpaHOI HaOJIIOJAIOTCSI TOJIBKO B YCIIOBHSIX
TEIJIOBOTO PA3rOHA, BBI3BAHHOTO YE€PEIOBAHUEM
MOJIOKUTENBHBIX U OTPULIATENIBHBIX AIEKTPOIOB;
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Tao6auua 1
Table 1

BriOpaHHbIe poliecchl B TUTHHHOHHOM aKKyMYJISITOPE U HX B3aUMOCBSI3b
Selected processes in a lithium-ion battery and their interrelation

Koopaunatel cocTossHust

Koopaunatsl nponeccos

Kos¢ppunuents! | Buemnne KodpdunmeHnTsl

MeMOpaHy

MaTpulbl 0aj1aHca NMOTOKHU BHEUIIHHUX
(cBs13M) TMOTOKOB
3apsi MOIOKUTEIBHOTO WuTepkansaius wim qeuHTepKa-
JIBOMHOTO CJIOA q;{B TS MOHOB Li* B OJI0XKH- Tok BO
TEJBHBIN JIEKTPOA 1 BHELIHEN -1
3apsx MeMOpaHsl q,, Juddysus nonos Li" uepes ueny [

3apsi OTpUIATENIEHOTO
JBOWHOTO CIIOS (15
TETHHOTO AJIEKTPOJIa

WuTepkansius wiv 1enHTepKa-
asiiast moHoB Li™ 3 oTpHIa-

OToa"HbIA BO BHEIIHIOID | —
LEMb JIEKTPUICCKUN
3apsia g

o BiusgHUe Temneparypel Ha JJ[C ainek-
TPOJOB HE MPUHUMAETCSI BO BHUMAHHUE, TaK Kak
xapaktepuctuku JIMA ompeneistorcss B OCHOB-
HOM TEMIIEpaTypHON 3aBHCHUMOCTBIO CONPOTHB-
JICHUH JBOMHBIX CIIO€B U MEMOpaHBI;

e TOJOXWTENIbHBIE U OTPULIATENIbHBIE AJIEK-
TPOJIbl PACCMATPUBAIOTCS KaK UAECHTUYHBIE [Taphl;

o MeMOpaHa, pasfensiouas 3IeKTPOJbl,
YCIIOBHO pa3/ielieHa Ha JABe 00sacTu (BO3Je Io-
JIOKUTEIBHOTO M OTPULIATEIIBHOTO 3JIEKTPOIOB),
B TIIpeenax KOTopblx noHbl mutus (Li*) pacmpe-
JIEJIEHbl PABHOMEPHO.

[TapameTpsl mpoIECCOB, ONUCBHIBAEMBIE Ma-
TEMaTU4YECKOH MOJENBI0O Ha OCHOBE METOJa Ma-
TEMaTUYECKOI0 TMPOTOTUIHPOBAHUS SHEPreTH-

_ dqﬂB+dq

dvz;; d 3_

rIe vilﬁ, le — qpcaa Mojei noHoB autus Lit

TEJIBHBIN 3JIEKTPOAbI COOTBETCTBEHHO; VLL"‘" Vit

quB+dq d + dQM_dq;—B d

YECKUX IPOLIECCOB, MPEACTABIEHBl B BHUJE CTeE-
IIEHHOTO psAJla TPETHETO MOPSAKA C IMOCTOSHHBI-
MU KO3 UITEHTaMH.

BriOpaHHble KOOpIMHATBI COCTOSHUS, KOOp-
JUHATBHI TPOIIECCOB, BHEIIHUE MTOTOKU U UX B3a-
UMOCBsI3b TIpuBeaeHbl B Ta0n. 1. Ilpu Temnoo6-
Mene JIMA ¢ okpyskaromen cpenon 3a MojaoKH-
TEJIbHOE HAIIpaBJIEHHE Ipoliecca TernaooOMeHa
B35ATO HampasieHue ot JIMA k okpyxaromen
cpene. HexomneHcupoBaHHas TEIUlOTa IPOTE-
karoux B JIMA mporeccoB MOJHOCTBIO CO00-
maercsa Ha JIMA.

[Ipupaiienus ducen MoJed IPOYUX BEILECTB
JIMA onpenenstoTcst B COOTBETCTBUH € 3aKOHOM
®dapanest [25]:

dqms—dq
F > Ll+ = ABF M’ (1)

, HIHTEPKAJIMPOBAHHBIX B ITOJIOXKUTEIbHBIA U OTpHULIA-
— 9ucia MoJieit HOHOB JuTHs Lit B IpUaIeKTpOaHBIX

00J1acTsSIX MOJOKUTENBHOIO U OTPHUIIATEIBLHOTO AJIEKTPOJAOB COOTBETCTBEHHO; F — mocTtosinHas Papa-
nest [28]. Orcroma moTeHIMaNbl B3aUMOACUCTBUSA MO BBHIOPAHHBIM KOOpJMHATAM COCTOSHUS (TIpUBeE-
JIEeHHBIM B Tabm. 1) onpenenstorcs u3 ycnosus [21, 28]

8A = - +dv)i — [+ dvLis—

Aidv]s

— fndv+ + (of —y)dq =

= Qrsdqus + A qrs + Aydqy + fsudq,

A+ A —
TAC Upg, Ups —

3MIEKTPOXMMHYECKUN MOTEHIHAT 3apsiia TOJNOKUTEIBHOTO (4, U OTPHUIATEIBHOTO (yy
JBOWHBIX CJIOEB; [I,, — SJCKTPOXUMHUECKUI MOTECHIMAI 3apsaa MEMOPaHbI q,,; [y

— DJICKTPOXUMHUYC-

CKHUH MOTCHIIMAN IEPEHECEHHOTO Yepe3 BHEIIHIOKO TIEeTIb 3apsija q.
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B cuny HezaBucuMocTH mpuparnieHuii (Tabda. 1) koopAuHAT cocTOSHUS, yuuThiBas (1), 451 moTeH-
[IMAJIOB B3aMMOJICUCTBHS C YUYETOM DJICKTPOXUMHUHU UMeeM [28]

+ —_
At o+ Ao, ~ du, r— _ .— s, - — ot -
Pas = Eqs — s v = — Has = Exp — o> Hen = Eap + Epps @)
CILB Cy C,CLB

TIe &4, Exp — DJC MOMOXKHUTEIBHOrO U OTPUIATENBHOrO ABOMHEIX cinoe JIMA; CF, Cr, — eMKkocTH

TTOJIOKUTEHHOTO M OTPHUIIATEIHbHOTO NBOWHBIX cioeB JIMA; C,, — eMmkocTh MeMOpansl JIMA.

Jl1s BbIUKCIIEHMSI CBOMCTB, BELLIECTB M MPOLECCOB, Tpoucxoasamux B JIMA, npumeHuM npuBeeH-
HbIE 3apSI0BBIE YKMCIA MOJIEH MOHOB Lit, MHTEpPKaIMPOBAHHOTO B MOJOKUTENBHBIH \72;5, U OTpULa-
TeIBHBII V) ;+ JEKTPOIBL:

~9+ 3+ . 59— 93—
VLi"' = FVLL'"" VLi"' = FVLL'"" (3)

Cormnactxo (1) u (3) umeem
~3+ L o ged— _
av)j+ = dqy, +dq; dV);+ = dqg, +dq.
DJIC MONOKHUTEIBHOTO €, M OTPULIATEIBHOTO &5, IBOHHBIX crioeB JIMA:

o+

+ _ JoF _(.(o+ _ @+ a9t e+ (oot )2 e+ (oa+ 3\ oo+ Vit
€np = Enp (SAB & ) X \Vpi+ + Brit 2 (O+)" + Bri+s (V+)7) Vi = = ‘)
Ll+ nom
© ©- _ @ 2 3 VLt
- _ (- _ - _ - a9— &=  (¢o— &= (¢o— 89— _ Li
€np = Enp (E/IB €ne ) X (VLL"" + B2 (V04) " + B s (014) )’VLi"' T Cnom’ )
l

c)+ C)— o
rie SL((B) , SI(LB) — OJ1C noynoXuTENpHOI0 U OTPULATENBHOTO ABOMHBIX cioeB JIA B 3apssKeHHOM Co-

D+ _(d)- .
CTOSTHUY; e,_.(m) , sﬁB) — OJ1C NOJ0KUTENBHOTO U OTPULIATENBHOTO ABOHHBIX cioeB JIMA B paspsikeH-

HOM cocTossHuH; Cppy, — HOMHHANIBHASA eMKOCTh JIMA.
EMKOCTH MOJI0OKUTETBHBIX IBOWHBIX CIOEB OMPEACISIOTCA:

Gl = % (G + B53(CH)" +B55(CH)°), Cl=1+ : (©)

C+ [ o+ s
ayg (8/113 - Co+)
1B

C— - QEB )
ab” e, — =22
v ( AR
rne Cr ¢

15> Cis — KOD(QUIMEHTBI €MKOCTH JBOMHBIX CJIOEB; a5t, af” — xo>bduUUEHTH MageHus
HaINpsOKCHUS IBOMHBIX CIIOEB.
INasieHue HANPSDKEHUS Ha TION0XKHUTeIbHOM U, 1 oTpHuaTensHoM Uy, TBOMHBIX CIOSX:

Cow = CY% (C}; +B57(Ca)" + 355(5;;3)3), Cw=1+ : (7)

U,C-L'-B = S,IB - q;B/C,E-L;; U,EL_B = S,EL_B - qEB/C}:E%' (8)

Ko>()HIHEHTBI CONPOTHBIEHHS JBOMHBIX CIIOEB MOIOKHUTENLHOTO Tixt U OTPHUIATENHLHOTO T~

AJIEKTPOJIOB TIO 3apsiAy Ha COOTBETCTBYIONIUX IBOWHBIX CIIOSX:

R+ +
R+ _ &R R+ (=R+\2 R+ (#R+\3 =R+ _ 2ay'u .
T'U * - rU + + BU,“Z- (rU +) + BU,-; (rU +) ) 7NU + - exp(a5+uIB)—eng(—a5+uIB P} (9)
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R— _ R— R—(#R—\2 R—(#R—\3 =R— _
rg =Ty~ +Buz(Fg )+ Bus(Fy)’, Ty ~ exp(alug)—exp(—ak )’

(10)

rae akt, ak~ — xosdpuurenTs conpoTHBIEHNMI 0 HANPSKEHUAM JIBOMHBIX CIIOEB.
MIIEHTHI COMPOTUBIIEHHS TIONI0KHTETHHOT ¥ OTPUIATENLHOTO (k™ IBOMHBIX CIIOEB I
Ko EHTBI COPOTUBIIE ONIOKUTEIBHOTO 1T 1 OTpULIATENBHOTO 71X~ BO CJI0EB M0
TepeHeCeHHOMY Yepe3 BHEITHION 1IeMb 3apsly ¢ 3a/auM B BUJIE

5ot

( _ Vit + _ Vi 9~
| 1 (ag+cnom)’uﬂ8 > 0 1 ((ZS_'—Cfnom)'uﬂB > O
O S N (an
5 : . ) Vi =<
i (ag+énom)'uAB <0 (ag_cnom) uﬂB
L o L =0
et = 8t BES(E) H BES(RE)s b =+ 5 (RE) +BE(RE) (12)

riue a§+ U ag_ — KO3 PHUIHMEHTH! CONPOTUBIICHHUS 10 NMEPEHOCY Yepe3 BHEIIHIOK 1IeTb 3apsily ABOM-
HBIX CJIOEB.

Ko>(()HMIMEHTBI CONPOTHBIEHHS JBOMHBIX CIIOEB MONOKHUTENEHOrO TR+ 1 oTpuuarensHoro ri+
AJIEKTPOJIOB IO TEMIEPATYPE AKKYMYJIATOPA:

Rt = FR 4 BRYGR)2 + BRIGED% 7R = exp (—af* (T —TFD) + 1; (13)
PR = R BRS GO + BRSO A = exp(—af (T TE)) 41 (14)
rae aft u ak~ — kospduuments conporupienus no Temneparype ABoiHbIX crnoes; TRY, TR~ — rpa-

HUYHBIE TEMIIEPaTyPhl, HIXKE KOTOPBHIX COMPOTUBIICHUS HAUMHAIOT PE3KO BO3PACTaTh.
CoNpOTHBIICHUE MONOKUTEIBHOTO R, 1 oTpULaTebHOrO Ry, nBoiiHbIX cioes JIMA:

R+ R-
+ _ pO+.,.R+..R+ R+\"Q . - _ p0—,.R—.R— R—\"Q
RL[B - R,ELB rU rT /(rQ ) s RL[B - R,ELB rU rT /(rQ ) 5 (15)
0+ 0— s o . nR+ R—
rac RHB )51 RHB — IIOCTOSAAHHBIC COIIPOTUBJICHHU JABOUHBIX CJIOCB, TlQ , nQ — CTCIICHU 3aIlIOJIHCHUS

ANIEKTPOJIOB.
ComnportuBieHne MeMOpaHsl R ,:

R, = RS(n, + ﬁf“(rM)z + Bg”(rM)3); T, = exp (a?”(T - T;M)) +1, (16)

rie RY — Kod()PUIMEHT CONPOTHBIEHUS MEM- KEHUS B CTENIEHHOH S MO COOTBETCTBYIOLIMM
OpaHbI; a?“ — TeMIepaTypHblii ko3 uiment lapaMerpam.

IlepekpectHbie KO3((UIMEHTH AUCCHUINA-
THUBHOM MAaTpHIBI PaBHBI HYJIIO, a TJIaBHBIC KO-
3ppunreHTsl — oOpaTHblE CONPOTUBIICHHUS
JIBOMHBIX CIIOEB M MEMOpPaHBbI, 3a/laHHbIE MOCTO-
SHHBIM Ko3(duiment Ttemionepenaun JIMA.
Temmoemkocts JIMA 3amaeM MOOCTOSHHOH, a

COIIPOTHUBIIEHUS] MEMOpPAaHBI, Tlf " — rpaHMYHas
TeMIeparypa MeMOpaHsbI.

Bxonsamme B (4)—(7), (9), (10), (12)~(14),
(16) ko3¢ ¢unmMeHTsr B ¢ COOTBETCTBYIOUIMMU
MHJIEKCaMU SBJSIOTCS Ko3(dduumenramu pasino-
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TeTIoBbIe 3PQPEKTh B CHITy HE3aBUCUMOCTH I10-
TEHITUAJIOB B3aUMOJICUCTBUS OT TEMIICPATYPHI
(BumHO M3 (2), (4)—(7)) paBHBI COOTBETCTBYIO-
MM TTOTCHIIMAJIaM B3aUMOJCUCTBUS (BBITEKACT
u3 cootHomeHuit I['mb6ca — T['enmbmronnb-
ma) [21, 29].

PesyabTaThl Hccae10BaHUA

BrruucauTenbHbli OKCIIEPUMEHT Ha OCHOBE
npuBeaeHHor monenu MMIIDIT pgaer cnenyro-
e Ka4eCTBEHHbIE OCOOCHHOCTH JTUHAMUKU
HaANpPsDKEHUS Ha KIeMMax:

e BpEMEHHBbIE TApaMeTpbl MOJISPU3ALUU
AIIEKTPOJINTA (BKIIIOUYAsl YCTAHOBJICHHUE HATpsIKe-
HUS JBOMHBIX CJIOEB, HAMPSIXKEHUS] HA KIIeMMax
1 MeMOpaHe) MPaKTHYEeCKU HE 3aBUCST OT KOJIH-
YyecTBa IMEpEelaHHOTO 4Yepe3 BHEIIHIOW IIeTb
AIIEKTPUYECKOT0 3apsAla g U CTENeHH H3HOca
AIIEKTPOJIOB;

e TIOCTOSIHHAS BPEMEHHU, XapaKTepPHU3yIoIIast
YCTaHOBJICHUE TeMIEPaTyphl, 3HAUUTEIIBHO Tpe-
BBIIIAET TIOCTOSHHYIO BpPEMEHHU IMOJIIpU3aLUU
AJIEKTPOJIUTA IIPU PA3JIMYHBIX CTEMECHAX pa3psa;

e YCTaHOBUBILIEECS HANpsSHKEHHE Ha KIEeM-
Max TOCJe 3aBEPILCHUs MOJSIPU3ALINN IICKTPOIIHU-
Ta YMEHBIIIAeTCs C yBEJIMUYCHUEM TOKa pa3psiia;

uP ) =uPum | 1

UD® = 1+ AT I o) (D[ATS)

U = 1+ ATS)0) £V a) o (D[ATS)

—AUL(D) -

* —_ NU(
U@ 1- A - KT - 2.2

o AR =

Vol. 28, No. 03, 2025

e YCTAaHOBHUBILIAACS TeMIEpaTypa, HaIpo-
TUB, YBEJIMYUBAETCA C POCTOM TOKa paspsja Io-
CJIe 3aBEpUICHUS MOJISIPU3ALUU JIEKTPOJIUTA;

e JMHAMHMKA W3MEHEHHs MOTEHIHUAIOB Ha
KJIEMMAaX U ABOMHBIX CIOSX AJIEKTPOJIOB MOKA3bI-
BaeT KaueCTBEHHOE CXOJCTBO IpPHU pa3IMYHBIX
3HAUYECHMIX TOKA pa3psaa;

e TAapaMeTpbl KPUBBIX, OMHMCHIBAIOLIUX AU-
HaMUKY HalpsDKEHUs Ha KJIE€MMax M TeMIleparTy-
PBl, U3MEHSAIOTCSI HE3aBUCUMO JpPYI OT Jpyra c
Bapuanuei napamerpo monenu JIMA. Ognako
OpU YMEHBIIEHUH AaKTUBHOM IUIOIIAJU DJIEK-
TPOJIOB H3-3a mpoueccoB crapeHus [27, 30]
HaAOJI0JaeTCsl CBSI3b MEXJy IapaMeTpaMu Ha-
YaJlbHBIX U MOCIEAYIOMIMNX YUYACTKOB Pa3psIHbIX
KPHUBBIX;

e TIPHU BBICOKMX TOKax paspsaa (mopsaka
2,6-3C) HavalbHBIE Y4YaCTKU KpPHMBBIX Hamps-
JKEHUSI CTAHOBSTCS OoJiee TMOJOTMMHM, YTO CBS-
3aHO C YMEHBIIEHUEM CONPOTHUBIICHUS ABOWHBIX
cnoeB JIMA mo mepe pocta TemiepaTrypsl akKy-
MyJsaTOpa (Kak moKa3aHo B ypaBHeHUsX (13)
u (14)).

W3 npuBeneHHOro KayeCTBEHHOI'O aHaJIN3a
AQHAJIUTUYECKOE BBIPAXKEHUE IWHAMHUKHU HAMps-
’eHus B mporecce pazpsiaa JIMA nmocTosHHBIM
TOKOM IIPUMET BUJ

Ny AV
kP -2, ——— (17)
(ot

(pasp)U+
_) AU(_)(I)
2k % | (18)
1-w(l)——""
( @ )Q(pasp)U )

k—
O . AT = AT exp(-2E0): (19)

AT pexp(—Aoxt): (20)

AT, (t) = Al g exp (- —) q=qo+It; 1)

Ut = U @) + UL () + (AT (t) + DIRy — IR, (22)
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Puc. 1. Mozenb 1 sKcliepUMEHTaIbHbIE JAHHBIE Pa3psIHOro HanpsbkeHus Ha kiaemmax JIMA st toka paspsiaa ot 1,5
mo6 A
Fig. 1. Model and experimental data of discharge voltage at the terminals of a lithium-ion battery for discharge current from 1.5to 6 A

rae Ry,, R,, — CONpPOTUBIICHUSI KJIEMM U MEM-
G2 =)
Opanbl; A, > 0, A,,; > 0 — oOparHble mocTo-
SIHHBbIE BPEMEHH MOJISIPU3ALINYU TTOJIOKUTEIBHOTO
U OTPHUUATEJIBHOTO 3JIEKTPOAOB; t,, > 0 — mo-
CTOSIHHAsI BPEMEHHM TOJSIPU3AIMH MEMOpaHBI;
* *
Qpaspyu+> Q(paspyy= — MOCTOSHHBIC 3aTOTHCHHS
MOJIOKHUTEIBHOIO U OTPULATENBHOIO 3JIEKTPO-
+ -
JI0OB IIpU paspsie; Ké ), Ké ) _ nocTostHHbBIe
OJIC MBOMHBIX CJIOEB MOJOXKUTEIBLHOTO U OTPHU-
narenbHoro  anekrpomoB  JIMA;  AUL(I),
AUZ(I) — moCTOSIHHBIE COCTaBJISIIOIME HAMPs-
KEHHS JBOMHBIX CJIOEB IOJIOKUTEIBHOTO U OT-
PHLIATEJIBHOTO JIEKTPOAOB MOCIIE MOSIPU3aALH;
U*("‘) U*(_)
ne » Upp ' — CTQHIAPTHBIE DJIEKTPOIHBIE MO-
TEHIMAJIBI TIOJOXUTEIBHOTO W OTPHIATEIEHOTO

AIIEKTPO/IOB; AU(+)(I) AU( )(I) — Kod(puImeH-
THl 3aIOJIHCHHS TIOJIOKUTEIBHOTO W OTpHIa-

TEJILHOT'O 3JI€KTpO,Z[0B JIMA 1o HanpspKeHUIo;

r([:)rj)l (D), ano 1L k(I ) — K03 UIMEHTH MONAPH-

3alliy 11O HAIIPAXKCHHUIO IMOJIOKHUTCIBHOI'O U OT-
g AgO

PHULATENBHOTO SMIEKTPOAOB; o, AU o) o, AU 1 o,

Aﬁm'o — HayaJlbHBbIC 3HAYEHHS TEPEHECEHHOTO
Yyepe3 BHEIIHIOW 1ENb 3apsaa U MOJSpU3alioH-
HBIX OTKJIOHCHMI HaNpsKEHUH TMOJIOKUTEIIHHOTO
)41 OTpI/II_[aTeJIBHOFO HBOﬁHBIX CJIOEB U MGM6paHBI.
N3 (17)~«(22) BUIHO, YTO 3aBUCUMOCTH IIa-

PAMETPOB AU+(I) AU (D), AU(+)(I) k=1,

Q ’ nonk
nonk(I) k=1, 3a1a10TCA C

+
k=1, N( ) N( )
UCIIOJIb30BAHUEM CIITIAHHOBOM UHTEPIIOIALUU.

1moJ > moJ1

19

N3 puc. 1 BUAHO, 4YTO aHAIUTUYECKUE BBIpA-
xeHus (17)—(22) Xxopolio omMChIBAIOT IKCIEPH-
MEHTaJbHbIC JaHHBIC JIMHAMHKU HaIPSIKEHUS
IpHU TOKax, He npesbimaromux 2,8-3C. «Bnaau-
Ha» Ha rpauke 3KCIEPUMEHTAJIbHON KpUBOM
HanpspkeHus: Ha kiemMmax JIMA oTHocuTenbHO
pacdeTHO# 00ycioBlieHa 00JIee CIOKHOW 3aBU-
CUMOCTBIO COIPOTHUBIICHUS ABOMHBIX CJIOEB OT
guciia MoJie Li, MOHBI KOTOPBIX HHTEPKAIHPO-
BaHbl B COOTBETCTBYIOUIME 3JEKTponbl. Yucina
MOJIEH B CBOIO O4YEpPEIb OMPEACISAIOTCS OTIAH-
HOH 3apsanoBoil emkocThio JIMA. OTkiioHeHus
pacCUETHBIX 3HAYCHHUI HAMNPSHKEHUS OT SKCIEpHU-
MEHTAJIbHBIX MPHU OONBIINX TOKax paspsnaa oly-
cnoBiauBaroTcs HarpeBoM JIMA 1 3aBUCHMOCTBIO
CONPOTHUBIICHUS ABOMHBIX CIIOEB OT TEMIIEpaTy-
pbl, KOTOpasi B aHAJUTUYECKON MOJIENIM HE OT-
paxeHna. /i ycTpaHeHUs NPUBEACHHBIX IIO-
rpeurHocTeil HeoOXOAUMO NaNbHEHIee COBEp-
HIEHCTBOBAHHUE TMPEJI0KECHHON aHATUTUYECKON
MOJENIU: YYET 3aBUCUMOCTH CONPOTHUBIIEHUSA
JIBOMHBIX CJIOEB OT TEMIIEPATYPhl U 00JIee CIIOXK-
HOM 3aBHCUMOCTH CONPOTHUBJIEHUS JBOMHBIX
CJIOEB OT YHMCJa MOHOB Li, MHTepKaIUPOBAHHBIX
B COOTBETCTBYIOIIUE MIEKTPOBI.

N3 puc. 2 BuAHO, 4YTO, WMIACHTU(UIIMPOBAB
MapaMeTpbl MOJEIN HAIPSKEHUS, MOXKHO MOJe-
JUPOBaTh JWHAMUKY HANpPSKEHHUS JBOMHBIX
cinoeB JIMA, npruyeM KauecTBEHHOE IOBEJICHUE
HaNpsHKEHUsT COOTBETCTBYET pe3ysibTaTaM JKC-
MEPUMEHTAIBHBIX UCCIEA0BAHUMN.
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Puc. 2. Mozenb pa3psAHOro HaIpsKEHUS OJI0KUTENBHOTO ABOKWHOTO ciost JIMA
Fig. 2. Discharge voltage model of positive double layer lithium-ion accumulator

3ak/oueHue

Mopenu, NOCTpPOEHHbIE C HCHOJIB30BAaHHEM
METO/la MAaTEMATUYECKOrO MPOTOTUIHMPOBAHMS
HHEPreTMYECKUX MPOLECCOB, O00Jala0T 3HAuu-
TENBHBIMU TIPEUMYIIECTBAMH, OCOOEHHO TPH OIH-
CaHUM CJIOKHBIX CUCTEM, TAKUX KaK JIMTUMHOHHbIE
AKKyMYJIATOPbI, B CPaBHEHUM C MHBIMU IIOJXO0J1a-
MH K MOJICJIMPOBAHUIO. DTH MOJIEIH CTPOrO OCHO-
BaHbl Ha (PyHIAMEHTAJIbHBIX (DU3MUYECKUX TPUH-
LUIaX, BKJIIOYAs 3aKOHbI COXPAHEHUS SHEPIUH,
Macchl, 3apsja, a TaKkKe IEpBOE M BTOPOE Hadaja
TEPMOJAMHAMUKH, YTO 0OECIIEUYNBAET UX BBICOKYIO
TOYHOCTh ¥ (DU3UUECKYI0 KOPPEKTHOCTh. ITO
obecnieunBaeT (PU3MUECKYI0 KOPPEKTHOCTh MOJIe-
Je M WCKIIOYAeT NPOTUBOPEYMS B OINMCAHUU
npoueccoB. MeTosl MPUMEHUM K MEXaHUYECKHM,
TEIUIOBBIM, XMMUYECKUM U DJIEKTPUUECKUM IIpO-
1eccaM, 4TO MO3BOJSIET OOBEAMHATH pas3iIMyHbIE
(U3UKO-XUMHYECKUE SIBJICHUSI B paMKax €JUHON
MOJIEIA, YTO OCOOEHHO BAXKHO Ul TaKUX KOM-
TUICKCHBIX CHCTEM, KaK aKKyMYJISITOpHBIE OaTapeu.

MeToa y4UTBHIBa€T CTPYKTYpPY CHUCTEMBI 4Ye-
pe3 Tomojoruueckyro marpuny B(x,U,p), ato
MO3BOJIIET OINHKCHIBATh B3aUMOCBSI3U MEXKIY CO-
CTOSIHUSIMM U IIpoleccaMu. B oTnmune ot ynpo-
HmeHHbIX Mojenel, Hanpumep Rint, [ledepna
wi Tesennna, MMIIOII yuuthiBaeT Takue He-
JUHENHOCTH, KaK MOJSIpU3aLUs DJIEKTPOJIOB,
Pa3sHOCTh MOTEHLMAIOB JBOWHBIX CIIOEB, TEIUIO-
Bble U TU(y3rnoHHBIE Y3PPeKTs. OTHAKO METO
JAET TOCTATOYHO OOJIBIINE U CIOKHBIE MOJEIH.

20

[{enecooOpa3Ho W3 MOMYYEHHBIX MOJENEH C MpH-
meHenueM MMIIOII, ucnonb3ys BBIYUCINUTEb-
HBbI SKCHEPUMEHT, IOJy4YaThb YCOBEPIIEHCTBO-
BaHHbIC AHAIMTUYECKHE MOJEIM ONHCAHHBIX B
CTaThe MOJXOM0B. DTO HOBas 3a/1aya, TpeOyromas
TaTbHEUIIUX uccienoBanuid. TakuM obpa3om, Ha
OCHOBE BBIYMCIIUTEIBHOIO IKCIEPUMEHTA MOYKHO
MOJTyYUTh KAYECTBEHHBIM aHAIU3 JWHAMHUK W Iie-
pekpecTHbIX cBs3edl. OOnamas KaueCTBEHHBIM
AHAJIM30M JMHAMHK M TEPEKPECTHBIX CBSI3€H, MBI
MoJTyyaeM aHaJMTU4eckoe BoIpakeHue (17)—(22).
[IpuBeneHHast B craThbe MOJEND SBISETCS PACIIU-
pernem monenu [lledepma.

Monenu Ha ocHOBe MMIIDII nmoaxomdar mist
MPOTHO3UPOBAHMS COCTOSIHUSL CHCTEMBI (HAIpH-
Mep, OCTATOYHOW €MKOCTU aKKyMyJIsITOpa) U JU-
arHOCTHKHU OTKa30B (HAaIpuMep, HaYalbHbBIX CTa-
Ui erpajaly Win TeIoBoro pasrona). Kpo-
me Toro, MMIIDII mo3BonsieT co3maBath mud-
POBBIE IBOHUKHU CUCTEM, KOTOPbIE IPUMEHSIOT-
Cs JUIsl MOHUTOPUHTA, YIIPABJICHUS U ONTHUMU3A-
IIUU paboTHI OaTapei.

OnHUM U3 CYIIECTBEHHBIX MPEUMYIIECTB Me-
TOJA SIBJIAETCSI BO3MOXKHOCTH €r0 ONTHMH3ALINY,
HampuMep IMyTeM YIPOIICHUS MOJEIM 4Yepe3 3a-
MeHy 0a3uca (yHKIMOHAIBHBIX Pa3I0KEHHUH, 4TO
o0ecreunBaeT  BO3MOXHOCTb — AQHAJMTUYECKOIO
npubmKkeHus pemieHuii [7]. B cpaBHenun c me-
TOAaMH MAIIMHHOTO OOYy4YeHHs, OMHUCAHHBIMHU B
paborax [14, 15], MMIIDII He TpeOyeT OombIIIX
HAaOOPOB AKCIEPUMEHTATBHBIX JTaHHBIX I 00Y-
YeHUs, TaK KaKk U oOecreuynBaeT 0ojee BBHICOKYIO
(U3HMUECKYI0 HHTEPIPETUPYEMOCTD PE3yJIbTAaTOB.
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CoBpeMeHHbIE TEHJEHIMU YKa3blBalOT Ha
NEPCIEKTUBHOCTh THOPUAHBIX TOAXOAOB, IJE
(bUBUKO-XMMHYECKOE SAPO JOMOIHSAETCS METO-
JamMu MammHHOTO 00y4enust (ML) mns yroune-
HUS W OHJIAHHOBOTO OOHOBJICHHS TapaMeTPOB
Moaenu. Jlis pganbHEWIIEero pa3BUTHS METOA
MIPEJICTaBISIETCS IePCIEKTUBHBIM:

1) pacmmpenue moxenu s ydera 3¢ dek-
TOB CTapEHUS aKKYyMYIIATOPOB;

2) uHTErpauus METOJO0B MAIIMHHOTO 00y-
YEeHUsI ISl TOBBIMIEHUSI TOYHOCTU MPOTHO3HPO-
BaHMS;

3) pa3paboTka yIpOLICHHBIX BEpCHil MOJe-
JU Ui TIPUMEHEHHMsI B CHUCTEMaX peajbHOro
BpPEMEHH.

Takum o00pa3oM, METOJ MaTeMaTU4YEeCKOTro
MPOTOTUIIMPOBAHUS SIBISIETCS MOIIHBIM HHCTPY-
MEHTOM JUIsl MOJIETUPOBAHUS JTUTUHHUOHHBIX aK-
KyMYJIATOPOB, codeTas (PU3UYECKYI0 KOPpPEKT-
HOCTb, YHUBEPCAIBHOCTb U BBICOKYIO TOYHOCTb.
Ero nansHeimee pa3BuTHE MOXKET 3HAYUTEIHHO
VIYYIIUTh ~ BO3MOXHOCTH  MPOEKTUPOBAHUSA
U YTIPaBJICHUSI aKKyMYJISITOPHBIMU CUCTEMaMH.
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Abstract: In the last few years, the topic of extended (i.e. virtual or augmented) reality in education has become so popular among
researchers that it creates problems when preparing reviews of papers on the topic: a search of Scopus and Web of Science
databases alone yields to several thousand results, which obviously indicates the relevance and very high demand for this tool.
However, the majority of publications are dedicated to pilot studies exploring the integration of extended reality technologies in
educational settings. They either do not address or only peripherally touch upon conventional educational practices, with the
exception of IT-related courses. Additionally, there is a dearth of studies utilizing established methodologies for the quantitative
evaluation of research outcomes. This paper aims to fill these gaps. It describes the use of a specially developed augmented reality
application in practical classes for four years (2021-2024) in the training of aviation university students majoring in air traffic
control. The NASA-TLX test, which has become the de facto acrospace industry standard for evaluating the usage of new
technologies and is widely adopted in other industries, was employed to objectively quantify this work. The long-term application
and the validated assessment tool suggest that the findings and recommendations based on them can serve as a sound basis for
planning further research and practical implementation of these technologies in higher education.
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TexH0JI0ruu pﬂCHIHpeHHOﬁ PC€AIBHOCTHA B BICIIIEM 06pasoBaHm1

1
AJL T'opOyHoB
1 . . v .
Mockosckuil 20cy0apcmeenHblll mexHUYeCKull YHUugepcumem epaxcoancKol asuayuil,
2. Mockea, Poccus

AHHOTanmsi: B mocienHre HECKONBKO JIET TEMATHKA PACIIMPEHHON (TO €CTh BHPTYaJbHOH MM JOIMONHEHHOW) PEalbHOCTH B
00pa3zoBaHUN IPHOOpPENTa TaKyIo MOMYSIPHOCTE CPEIH HUCCIIeoBaTeNeH, YTO CO3/1aeT MPOOIEMBI TIPH TTOTOTOBKE 0030pOB paboT
M0 HAIpaBICHHIO: TTOUCK TOJILKO 1o 6azam Scopus u Web of Science naet HECKOJBKO ThICSY Pe3yJIbTATOB, M 3TO OYEBHIHO
CBHIETENBCTBYET 00 aKTYaTbHOCTH M OYCHb BBICOKOW BOCTPEOOBAHHOCTH JAHHOTO MHCTpyMeHTapus. OqHako OOJIBIIMHCTBO
IMyOJIMKAIMi MOCBSAIIEHO MIJIOTHBIM AKCIIEPHIMEHTaM 110 MPUMEHEHHIO TEXHOJOTHI PAaCIIMPEHHON PEalbHOCTH B 00pa30BaHUY,
OHU HE 3aTPAarvBalOT PErY/SIPHYIO Y4YEOHYIO TPAKTHKY (MCKIIFOUCHHE — KypChl Ul CTyAeHTOB IT-crenuanbHOCTel) U He
HCIIOJIB3YIOT IMPOBCPEHHLIC MCTOAbI JIA KOJIMYECTBEHHOM OLCHKHN pPE3YyJILTAaTOB HCCHeﬂOBaHMﬁ. HaCTOHIJ_laﬂ CTaTbs IpHU3BaHa
3allOJIHUTh  yKa3aHHble TMpoOenbl. OMNHUCHIBAETCS UCIOIB30BAaHHE B TedeHHe uerhipex JeT (2021-2024) chnenuanbHO
Ppa3paboTaHHOTO MPHIIOKEHUS JIOTIOJHEHHON PEalbHOCTH Ha MPAKTHYECKUX 3aHATHSX MPU O0y4YEeHHH CTYJICHTOB aBHALIOHHOTO
YHHUBEpCHUTETA CO CTICIMAIM3alNeil Ha YIIPpaBJIeHNH BO3LYIIHBIM JBH)KEHHEM. JTO HEPBbIH T0J00HBII onbIT B By3ax Poccuu. [lns
OOBEKTHBHOM KOJIMYECTBEHHOM OIEHKH 3ToM paborel mpumensuicss TtecT NASA-TLX, craBmmii ne-pakro craHmapToM
ABHAKOCMUYECKOW MH/LyCTPHH NP OLEHHMBaHNN MCTIONB30BAHMSI HOBBIX TEXHOJIOTHH M TOTYUHBILIHI IIMPOKOE PACIPOCTPAHEHUE
B MHBIX OTpaciisix. MHOToeTHee IPUMEHEHHE U IIPOBEPEHHBIN HHCTPYMEHT OLIEHKH TTO3BOJIIIOT MPEIONararh, YTo MOTyYeHHbBIC
pe3ynbTaThl 1 OCHOBAaHHBIE HA HMX PEKOMEHIAIMM MOTYT CIyXWTh HaJEe)KHOW OCHOBOW UL IUIAHWPOBAHMS IAIBHEHIIHX
HCCIIEZIOBAHUN U TIPAKTUUECKOTO BHEAPEHHS HACTOSIMX TEXHOJIOTUH B BBICIIIEM OOPa30BaHUH.

KuroueBble ciioBa: paciimpeHHast peajbHOCTb, BBICIIIEE 00pa3oBaHHe.

Jist murupoBanusi: ['opOyHoB A.JI. TexHomorum pacumpeHHON pealbHOCTH B BbiclieM oOpasoBanuyu // HaydHbI BecTHHK
MI'TY T'A. 2025. T. 28, Ne 3. C. 25-35. DOL: 10.26467/2079-0619-2025-28-3-25-35
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Introduction

In the last few years, the topic of extended
reality (extended reality, XR), i.e. virtual reality
(VR) and augmented reality (AR) technologies
in education has become so popular among re-
searchers that it creates serious problems when
preparing reviews of papers on the topic: a
search of Scopus and Web of Science databases
alone yields thousands of results, which obvious-
ly indicates the acute relevance and very high
demand for this toolkit. However, the majority
of publications are devoted to pilot experiments
on the application of augmented reality technol-
ogies in education, they do not affect at all or
very weakly, familiarize regular educational prac-
tice (exception — VR/AR courses for students of
IT-specialties) and do not use proven methods for
quantitative assessment of research results.

In addition, the sophistication of the technol-
ogies and, thus, the unestablished terminology
may often lead to conceptual contamination
which, in turn, brings about ambiguities in re-
search descriptions. Indeed, while there is a
more or less broad consensus on the definition of
VR, in the context of AR one encounters the
terms “mixed reality”, “altered reality”, “en-
riched reality”, “combined reality”, “augmented
reality”, etc., each with its own, often highly
subjective definition. We will adhere to the fol-
lowing taxonomy, which has recently begun to
prevail: XR is an umbrella term that includes the
taxa VR, AR plus various combinations of the
former and the latter. VR is a technology that
implies complete audio and visual isolation of
the user from the real world; the user becomes
an element of a completely artificial, computer-
generated environment. AR means equal coex-
istence of the real world objects and virtual,
computer-generated objects in the same space.

The present article is intended to fill these
gaps. It describes the regular use of a specially
developed AR-application during four years
(2021-2024) in practical training of aviation stu-
dents majoring in air traffic control. There were
no requirements for students to have any sort of
special knowledge or skills in IT. This is the first
experience of this kind and scale in the universi-
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ties of Russia. The NASA-TLX test, which has
become a de facto standard in the aerospace in-
dustry for evaluating the use of new technologies
and has been widely used in other industries,
was used for objective quantitative evaluation of
this work, which ensures the comparability of
the results with other studies.

The need to change the current model of uni-
versity students’ use of XR applications is
demonstrated. The current widespread practice
implies either mastering the toolkit for creating
XR-products when training IT-specialists, or
general familiarization with such products for
other students. In the foreseeable future, when
AR smart goggles will replace smartphones (as
all IT-industry leaders are talking about), the use
of AR and VR will become a ubiquitous back-
ground, so it is reasonable to switch to special
applications that simulate the prospective use of
XR in work after higher education.

The main results of this paper are:

o a state-of-the-art methodology for utiliz-
ing XR technologies in higher technical educa-
tion outside of IT;

o reliable quantitative assessments of the
results of such use;

o recommendations based on these assess-
ments for the use of XR in higher education.

Literature review

The difficulties in preparing a review of pa-
pers on XR in education are due to the explosive
growth of their number in recent years, and the
strictest filtering criteria do not improve the situ-
ation much. Therefore, we will turn to review
articles on this topic (the number of which is al-
so large and already counts in dozens), limiting
ourselves to publications that a) concern univer-
sity education and b) are published in journals
indexed by the most representative scientmetric
databases. The purpose of the review is to verify
the assertion that regular application of XR
products outside the IT-education sector has not
yet come to the attention of researchers.

[1] — the experience of 10 years of teaching a
course on VR/AR technologies for postgraduate
students is presented, and a comparison to simi-
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lar courses in four other universities is given.
The specifics of the course imply the students’
knowledge of programming skills and working
with 3D-graphics packages, which greatly nar-
rows the possibilities of dissemination of this
experience.

[2] — review of the reviews (65 sources since
2020) on XR in the STEM (science, technology,
engineering, and mathematics) cluster. Benefits:
it was performed according to the well-known
PRISMA recommendations; after filtering,
17 articles from 6 representative databases of sci-
entific publications IEEE Xplore, ACM Digital
Library, Compendex, ERIC, Education Source,
and Web of Science were selected for biased
analysis. Criticisms: the terminological oddities
with definitions of AR and VR, hence ambiguous
recommendations; exclusion of non-English arti-
cles. Overall conclusion: XR has the potential to
transform STEM education by providing students
with interactive and engaging learning experienc-
es at different educational levels.

[3] — 105 sources, since 1999. 52 articles
from 6 databases Web of Science, Scopus, IEEE
Xplore, ERIC, ScienceDirect, and ACM Digital
Library on the topic of using XR in teacher edu-
cation were thoroughly analyzed. The results of
a SWOT analysis of XR-based teacher-training
education are presented, among which are: bene-
fits — bridges the gap between theory and prac-
tice; criticisms — unclear process of knowledge
perception; opportunities — maximizes the effect
of presence and engagement; threats — high cost.

[4] — 150 sources since 2015. A review of
publications on the impact of using XR and re-
lated learning analytics on different categories of
learners and teachers in different educational
systems, including higher education. Selection of
articles from Google Scholar, Scopus and IEEE
Xplore databases with filtering according to
PRISMA guidelines. The results of the study
show that increasing motivation and attention,
improving students’ understanding and perfor-
mance are the most significant factors affecting
all types of learners. Regarding teachers, it is
found that XR technologies noticeably help in
teaching and professional training and reduce the
workload. It is found out that higher education
and augmented reality were the dominant educa-

27

Civil Aviation High Technologies

tional system and type of technology in the ana-
lyzed works. Most of the researchers prefer to
use inquiry forms and online surveys for data
collection.

[5] — 191 sources since 2015. Selection of ar-
ticles from Scopus and Web of Science data-
bases filtered according to PRISMA recommen-
dations on the use of XR-technologies in meta-
universes for educational purposes. The potential
of AR-technologies for educational platforms in
the aviation and space industries is especially
noted.

[6] — 73 sources since 2020. Selection of arti-
cles from Scopus and Web of Science databases
filtered according to PRISMA-S recommenda-
tions on the use of XR-technologies for educa-
tional purposes in higher education (mainly
STEM cluster) in metauniverses. In addition to
fairly standard conclusions regarding the im-
provement of the effectiveness of university ed-
ucation through XR-technologies, the opportuni-
ties that XR opens up for distance tuition are
pointed out.

[7] — 77 sources since 2017, the result of fil-
tering a primary array of 1536 articles obtained
from the Scopus database. The results show that
the adoption of XR technologies in education
has grown exponentially in recent years, with
portable devices having made a significant con-
tribution to this development. A lack of appro-
priate criteria for evaluating research on aug-
mented and virtual reality in education has been
revealed.

[8] — 52 sources from 2017 to 2021. Selected
publications on XR topics in higher education
from a number of databases including IEEE
Xplore, ProQuest, and Scopus. After filtering
according to PRISMA guidelines, 12 studies
have been detailed, mostly using Microsoft Ho-
lolens AR smartphones. The studies show that
augmented reality has the potential to improve
learning in universities, especially in medical
and STEM clusters.

[9] — 36 sources since 1997. PRISMA rec-
ommendations were used to select publications
on XR + Al in higher education. It is concluded
that augmented reality in higher education has a
promising potential to improve teaching and
learning, but its successful implementation re-
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quires careful consideration of the aspects of the
theory of education, availability and overcoming
technological barriers.

[10] — 92 sources (PRISMA selection) from
12 educational technology journals from 2009 to
2020 on the topic of AR in education were ana-
lyzed. Emphasis is placed on comparative stud-
ies and it is shown that 80% have problematic
methodological issues. Taking as axiomatic the
thesis about the general effectiveness of AR in
education, the authors discuss the questions of
where and how to effectively use educational
AR tools.

[11] — 73 papers on AR in education (mainly
university) were selected from Science Direct,
Scopus, Google Scholar, Web of Science, MDPI,
PubMED, IEEExplore, and ACM Digital Li-
brary databases using the PRISMA protocol. It is
shown that almost two-thirds (61.90%) of the
articles utilized specially designed question-
naires as evaluation tools. SUS was the most
widely used of the known tools (n =7, 11.11%),
followed by IMMS (n = 4, 6.35%) and QUIZ
(n= 3, 4.76%). Tues, AM, So ASSES, QLIS,
PEURA-E, NASA-TLX, OARM, IMI, HARUS
and CLS were used in one study each (an exam-
ple of NASA-TLX use is [12]). Thus, most re-
searchers evaluated the effectiveness of educa-
tional AR applications subjectively using spe-
cially designed unreliable instruments, this fact
makes the results incommensurable. In addition,
the limited number of participants and the short
duration of pilot testing prevent generalization of
the results obtained.

Let us consider two typical works on pilot
experiments for XR in higher education. The au-
thors of the article [13] describe a study of the
influence of university students’ use of AR tools
on their assessment of their own ability to master
academic material. AR has been proved to in-
crease this assessment. At the same time, neither
the learning environment nor the specifics of the
tasks to be solved affect the desire to use AR.
The article [14] investigates the way the role-
playing games in XR influence students’ inde-
pendent work in higher education institutions. A
qualitative evaluation approach was used. The
results obtained suggest that incorporating XR
into higher education practices has a positive
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impact on self-study by promoting active student
engagement and meaningful learning experienc-
es. In addition, students perceive these immer-
sive learning methods as a means of bridging the
gap between virtual and real learning environ-
ments, which ultimately leads to improved learn-
ing performance.

In conclusion, let us introduce a few recent
papers that match the search term “XR + univer-
sity” and date back to 2025. An article [15] on
higher aviation education presents the results of
the experiment on upgrading the curriculum to
reflect the latest XR practices in aircraft mainte-
nance. The article [16] focuses on the use of XR
technologies in university (mostly) libraries. It is
noted that XR tools dramatically facilitate such
procedures as checking the availability of books
on the shelves, inventory and search for lost
items, contribute to the expansion of search ca-
pabilities of readers, but the lack of experience
of library staff and financial resources causes the
current “laboratory” condition of the issue. A
review [17] provides insight into the use of XR
in university foreign language learning. As a re-
sult of the authors’ analysis of experimental ac-
tivities in this sector, they identified six types of
activities that are situational for the use of XR
technologies and formulated recommendations,
the most significant of which is the transition
from outdated VR tools to AR.

The absence of papers on the regular use of
XR in the practice of higher education outside
the IT sphere in the reviewed array of publica-
tions is quite understandable due to the novelty
of this toolkit. The more interesting is the real
experience of such use, described below, which
was carried out taking into account the infor-
mation of publications on the implementation of
pilot experiments.

Method

From 2021 to 2024, the practical classes on
the subject “Innovative Technologies in Air
Traffic Control (ATC)” at the Moscow State
Technical University of Civil Aviation were car-
ried out by students using a special AR applica-
tion OKO Labs for mobile devices (i0S and An-
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Fig. 1. A practical lesson in augmented reality mode

droid) developed by “Aviareal” LLC. The pur-
pose of the sessions was to familiarize students
with modern methods of air surveillance, which
are adequate to the situation of mass appearance
of unmanned aerial vehicles in the airspace. At
the end of each class, the students evaluated their
academic work by means of the NASA-TLX test
presented by an automated computerized ver-
sion. The one and a half hour sessions were con-
ducted weekly during the spring semester from
February to May, with 6 different exercises, each
involving between 56 and 65 students.

The AR-application of OKO Labs (which
students install on their smartphones or tablet
computers) displays virtual air traffic simulating
the movement of aircraft in the combined sectors
West-1 and West-2 of the Moscow ATC zone
against the background of a picture of a mobile
device camera observing special markers for po-
sitioning virtual objects. Some of virtual aircraft
are in a situation of a near miss (the most fre-
quent abnormal situation in aeronautical prac-
tice) both when moving at the same flight level
with converging, opposite and same direction
overtaking courses, and when changing one
flight level for the other. The aircraft proximity a
distance of less than 10 km or less horizontally
and less than 300 meters vertically is considered
dangerous. OKO Labs positions virtual objects
using special graphic markers with SLAM sup-
port (autonomous positioning technology), if the
model of the mobile device allows it.

Air traffic monitoring is performed in AR
mode within the wireless local network with
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simultaneous display of the virtual air situation
on the screens of mobile devices of all system
users. The user’s task is to timely detect and sig-
nal threats of dangerous aircraft approach. The
work is performed by all students simultaneously
in a single AR space (fig. 1) and in a competitive
mode: students try to determine the occurrence
of the threat of dangerous aircraft proximity as
early as possible, whenever any student registers
a threat (fig. 2), information about it appears on
the screens of other students’ devices. Timely
signals about threats of dangerous approach are
rewarded with prize points (depending on the
time from signaling to the moment of approach
and on the order in which the threat is recorded),
unnoticed threats and false alarms are penalized.
The session is controlled by the instructor on
the computer with the server part of the applica-
tion. At the beginning of the lesson, the instruc-
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Fig. 2. Registration of the potential near miss
(Top to bottom, left to right: aircraft in the area; 2
selected, flights AFL 2406 and AFL 2405: Is there
a near miss; Confirm; Cancel; Callsign AFL 2405,

ICAO code 24420E)
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tor downloads the next exercise from the server
via wireless network to the client parts of the
application. The exercises differ in the types of
near misses of aircraft. Upon completion of the
exercise, the instructor displays information
about the points scored by the students on the
projector screen in the classroom. The scores
were counted after the student had sent his/her
NASA-TLX test results [18].

The main advantage of air traffic monitoring
in AR space is the ability to view what is hap-
pening from any point in space and at any scale
by moving the mobile device, which significant-
ly increases the probability of early detection of
near miss. Using the application, the student can:

o observe aircraft from any angle and their
information banners (flight number and altitude
in FLs), navigation waypoint markings;

o select an aircraft to receive a form with
additional information and display its flight plan
(air corridor (airway) from red frames in Fi-
gure 2) — click on the aircraft banner;

o select several aircraft and reset the selec-
tion (click any point on the screen outside the
banners);

« use the service menu buttons at the bot-
tom of the screen (fig. 2): blue on the left — call
the control panel, red in the middle — message
about dangerous approach, gray on the right —
mode of underlying surface transparency for the
virtual scene.

The students had to undergo each exercise
2 times at an interval of 1 week: the first time in
the familiarization and training mode, the second
time — with fixation of the scored points. The
stimulating factor was a simplified procedure of
passing the credit test for those whose result was
higher than the threshold of 90% of the differ-
ence between the maximum and minimum val-
ues of the scored points of the students of the

group.
The results

The results of statistical processing of data
(student scores and NASA-TLX factor scores)
for 2022 and 2023 are presented. The 2021 data
are omitted because in the first year, the meth-
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odology for conducting classes using the AR ap-
plication was being refined. The 2024 data are
omitted because there was a change in the condi-
tions for using the AR application in that year.
Nevertheless, the recommendations below are
based on the practice of all four years of
XR-enabled lessons.

Before processing, the data were filtered to
reject anomalous values by the criterion of the
ratio of the centered random variable to the
standard deviation, and then tested for independ-
ence by the Abbe-Helmert criterion and normali-
ty by the Kolmogorov-Smirnov criterion. Statis-
tical significance of the processing results was
checked by means of one-factor analysis of vari-
ance for the significance level of 0.05.

Figure 3 shows the change in mean values of
the NASA-TLX factors over the 12 weeks of the
spring semester. The NASA-TLX test is a multi-
variate rating procedure, a weighted average
based on 6 rating factors:

1) mental workload;

2) physical workload;

3) pace-related workload;

4) productivity;

5) effort expended,

6) dissatisfaction.

Factors 1-3 are related to the stresses on the
subject, factors 4—6 are related to the interaction
between the subject and the task at hand.

NASA-TLX includes the stages of evaluating
weights and factors. In the first step, test takers
assign weights to factors according to their ideas
on their contribution to the final load. This in-
formation is used to identify differences in ex-
pert approaches and differences in the im-
portance of criteria for the tasks. In the second
stage, subjects evaluate the factors themselves
using a scale divided into 20 sections, each sec-
tion having a weight of 5, with a minimum score
value of 0 and a maximum score value of 100.
The scales are provided with oppositional de-
scriptors. Students practiced evaluating the fac-
tors while trying out the test tasks.

The indicator of factor 4 (“Performance”) is
close to the indicator “Score”, but if the former
i1s a subjective self-assessment, the latter is an
objective “external” assessment. This circum-
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Fig. 3. The dynamics of changing of the NASA-TLX factors during the academic semester. Polynomial smoothing of
degree 3
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Fig. 4. The change in the average values of the NASA-TLX Performance factor and the Score during the academic
semester
(Top to bottom, left to right: performance factor; score; number of the week)

stance allows the use of scored points to verify
NASA-TLX data, as demonstrated in Figure 4.

Discussion and conclusion

The graphs in Figure 4 confirm the effective-
ness of NASA-TLX factors as assessments of
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the results of XR-technologies application in the
learning process, as they show high correlation
starting from the fourth week. The starting di-
vergence in the second week for the “Score” is
obviously explained by the insufficient readiness
of the users at the beginning of the period to use
the new toolkit despite the fact that by this time
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the users have already used it twice in practice —
at the first familiarization and the first training
sessions.

The period of starting instability is also indi-
cated by the behavior of all other factors in Fig-
ure 3, except for “Dissatisfaction” and “Physical
activity” — these have predictably low and al-
most unchanging values. The factor “Effort ex-
pended” also changes little during 12 weeks, its
fluctuations can be associated with the specifics
of the exercises performed.

A strong rise by week 8 and then a decrease
in the values of the “Pace-Related Workload”
factor is most likely due to the peak of competi-
tiveness in the lessons followed by adaptation to
the game environment of interaction between
users. The “Mental Load” factor expectedly de-
creased after an initial relatively high value as
the user mastered the skills of solving the pro-
posed tasks using the AR application. Finally,
the behavior of the “Productivity” factor may be
explained by the disappearance of the initial eu-
phoria from using a new unusual tool.

A huge array of publications on the “topic of
XR in education” makes it unnecessary to dis-
cuss the usefulness of these technologies in edu-
cational practice, so as a conclusion we will give
a number of recommendations based on the ex-
perience of using XR-technologies in the univer-
sity educational process, taking into account the
analysis of graphs in Figure 3.

1) Currently, all (sic!) key players in the IT
market consider XR as the next (after the spread
of smartphones) “big wave” of revolutionary
changes in mass digital technology, expecting
the arrival of this wave within a few years.
Therefore, it is fair enough to expect that the ap-
plication of AR (or to a lesser extent, VR) will
touch upon almost any professional activity, and
this fact determines the dominant model of XR
implementation in higher education in the form
of preparation for the use of these technologies
in the work of professionals after graduation. /e.
the management of higher education should
think about the prospects of profile applications
of XR and ensure the introduction of relevant
fragments in the curriculum. An example is the
experience described above: modern methods of
air traffic control system observation on flat
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screens with the emergence of thousands of
online shopping delivery drones (the near future
of mass retail) become useless, the solution to
the problem is to work in a three-dimensional
XR environment with first person view control.
This is exactly the kind of experience that OKO
Labs’ AR-enabled classes provide for the stu-
dents.

2) The most appropriate type of XR-tech-
nologies for use in educational practice is the
AR, which is free from negative effects on the
vestibular apparatus of students (unlike VR), al-
lows to involve real world objects in the educa-
tional procedure and to increase the didactic ef-
ficiency due to the advantages of AR compared
to VR. These advantages are related to the paral-
lel coexistence of virtual and real objects in AR,
among which the following can be emphasized:

a. The real extends the virtual — in VR the
user’s sensory experience is predominantly lim-
ited to video and audio effects, whereas in AR
the whole range of real-world sensations is pre-
sent.

b. The virtual expands the real — in AR it is
possible to simulate situations that are impossi-
ble or unsafe to create in the real world, while
remaining within its framework.

c. Natural interface — in AR the control of
virtual objects by pupil movement, voice and
gestures makes user-computer interaction ex-
tremely easy.

d. Communication between virtual and real
objects, effectively maintained in learning sys-
tems.

3) When using AR in a regular learning pro-
cess with dozens of students, the high cost of
wearable devices like Hololens or Vision Pro
leaves only one opportunity for visual imple-
mentation of AR environment — through applica-
tions using smartphone cameras.

4) The diversity of mobile device models
among students leads to positioning of virtual
objects in AR by means of graphical markers
with the connection of autonomous SLAM posi-
tioning if the mobile device model supports it.

5) “On-the-job” sessions should be preceded
by at least 3—4 familiarization and training ses-
sions.
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6) The transitional processes associated with
mastering a new training procedure using XR
last at least 10 sessions, which should be taken
into account when planning the training process.

7) Introducing an edutaining, competitive
element into the training procedure is an effec-
tive means of motivating students to complete
tasks thoroughly.

8) It is very useful to motivate students to
take the NASA-TLX test after each session,
which, when implemented using a computer
(e.g., as an Excel spreadsheet with built-in mac-
ros, as was the case here), makes testing unen-
cumbered and provides reliable, comparable per-
formance assessments.
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NHHOBAMOHHBIA METO AKTUBHOI'0 TEPMOAKYCTUHYECKOT0
00cJ1eI0BaHNSI KOMIIO3UTHBIX KOHCTPYKIMH BO3AYIIHBIX CYJ10B
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AunHoTammsi: B craThe paccMmaTprBacTCSs WHHOBAIIMOHHBIA METOJ aKTHBHOTO TepMoOaKycThdeckoro obOcienoBanus (ATAO)
KOMITO3UTHBIX KOHCTPYKIMI BO3OYLIHBIX CY/IOB, HATIPABJICHHBIA HA MOBBILCHAE HAJASKHOCTH M JONTOBEYHOCTH MATEPUAIIOB.
CoBpeMeHHbIE aBHALIOHHBIE KOHCTPYKIIMH BCE Yallle HCTIONB3YIOT KOMIIO3HTHI, TaKUe KaK yITIeIUIACTHKH, 001aJatolIie BEICOKOH
HPOYHOCTHIO TIpU MasioM Bece. OIHAKO SKCIUTyaTalds 3THX MAaTepualoB COIPSHKEHA C PUCKOM BO3HMKHOBEHHS BHYTPEHHHX
Je(eKTOB — MHUKPOTPELIMH, PACCIOSHHI M ITyCTOT, KOTOpPBIE CIIOKHO BBIIBUTH TPAJULIMOHHBIMH METOZaMH. Pa3paboTaHHBIH
meront ATAO BrIrO4aeT B ce0sl KOMIUIEKCHYIO CHCTEMY MOHUTOPHHIA COCTOSIHHSI KOHCTPYKIIMI Ha OCHOBE TEPMOAKYyCTHUECKOTO
BozzeicTBys. [IprHIMIT paboThI 3aKIM0YaeTCsl B JIOKAJILHOM HarpeBe U aKyCTUYECKOM BO30YXIEHWH Marepuaia, YTo MO3BOJISIeT
JIMArHOCTUPOBATh HAJIMYWE U pa3BUTHE JIEHEKTOB B PEKMME PEabHOr0 BpeMeHH. MeToI0JI0rHsl TOCTPOeHa Ha MaTeMaTHYECKHX
MOJIETIIX TEIUIOOOMEHa, aKyCTHYECKHMX BOJH W MEXaHWYECKMX KOJICOaHWH, OITMCHIBAIONIMX PpACIpPOCTPAaHEHHE SHEPTrHU B
CTpyKType Marepuaia. [IpencraBieHHass METOAMKA BKIIOYAET JIEBATH KIIFOYEBBIX ITAllOB, HAYWHAas C ITOJFOTOBKH CHCTEMBI
KOHTpOJISI, cOOpa JaHHBIX 1 aHamM3a Je(eKTOB M 3aKaH4MBasl yCTPAHEHHEM MOBPEXKACHUH M IMPOTHOUPOBAHUEM OCTaTOYHOTO
pecypca koHcTpyKupu. [IpumeneHne ATAO mo3BOJNSET 3HAYMTEIBHO COKPATUThH 3aTPaThl Ha TEXHHYECKOE OOCITY:KHBAaHHUE,
CHHBUTH BEPOSTHOCTb aBapHITHBIX CHTYaLH, IPOITUTH CPOK CITY>KOBI SJIEMEHTOB BO3IYIIHOTO CyHa. [loydeHHbIe pe3ybTaThl
JEMOHCTPUPYIOT BBICOKYIO 3((EKTUBHOCT METOa B aBHALMOHHOW OTPAcid M €ro MOTCHLMAT Ul BHEIPEHUS B CEPHIHOE
HPOU3BOACTBO.

¢ KOMIIO3MIIUOHHBIC MaTCpHayibl, aBHaAIUs, IUArHOCT! BAaHHUC [T KTOB, OKCIL Tallusl B HOT"
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TpaHcnopTa, METOA AKTUBHOI'O TEPMOAKYCTUICCKOI'O 06CHe}10BaHI/lﬂ, MaTreéMaTH4dCCKas MOIECIIb.

Joist murupoBanusi: [laBbiioB V.A. IHHOBaIMOHHBI METOJ| aKTHBHOTO TEPMOAKyCTUUYECKOTO OOCIIEIOBAHUS KOMITO3UTHBIX
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Innovative method of active thermoacoustic testing for aircraft
composite structures

I.A. Davydov'
ISt. Petersburg State University of Civil Aviation named after Chief Marshal of Aviation
A.A. Novikov, St. Petersburg, Russia

Abstract: The article presents an innovative method of Active Thermoacoustic Testing (ATAT) for aircraft composite structures,
aimed at enhancing material reliability and durability. Modern aviation increasingly employs composites, such as carbon fiber-
reinforced polymers, which offer high strength-to-weight ratios. However, the use of these materials carries the risk of internal
defects - microcracks, cases of delamination, and voids - that are difficult to detect with conventional methods. The developed
ATAT method integrates a comprehensive structural health monitoring system based on thermoacoustic excitation. The principle
involves localized heating and acoustic stimulation of the material, enabling real-time diagnostics of defect formation and
progression. The methodology is grounded in mathematical models of heat transfer, acoustic wave propagation, and mechanical
vibrations, which describe energy distribution within the material structure. The proposed technique comprises nine key stages,
from control system preparation and data collection to defect analysis, damage mitigation, and residual lifespan prediction. ATAT
implementation significantly reduces maintenance costs, minimizes the risk of failures, and extends the service life of aircraft
components. The results demonstrate the method’s high efficiency in aviation and its potential for integration into serial production.
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BBenenue

CoBpeMEHHOE aBHACTPOEHUE AKTUBHO MC-
MI0JIb3Y€T KOMIIO3UTHBIE MaTepHalibl, TAKUE Kak
YTIEPOAHBIE U CTEKJIOIIACTUKOBBIE KOMIIO3HTHI,
KOTOpbIe 0071a/1al0T BBICOKOM yAENIbHOM Mpod-
HOCTBIO ¥ MaJIbIM BECOM, YTO JEJIAET UX He3aMe-
HUMBIMH JUIsl CHUJKEHUSI MacChl BO3AYIIHBIX CY-
JIOB ¥ TIOBBIMICHUS TOIUIMBHON 3¢ (HEeKTUBHO-
ctd [1]. OgHako, HECMOTPST HA UX YHUKaJbHbIE
CBOMCTBA, DKCILTyaTallusd KOMIIO3UTOB COIIPSIKE-
Ha C PAIOM CIJIOKHOCTEH, IVIABHOW M3 KOTOPBIX
ABIISICTC HEBO3MOXHOCTh BHU3yaJIbHOIO OOHa-
pyXeHus BHYTpeHHUX nedekroB. B mporuecce
AKCIUTyaTalluy KOHCTPYKLUHU MOJIBEPIralOTCs Me-
XaHUYECKUM Harpyskam, TeMIIepaTypHbIM KoOJe-
O0aHMAM U BO3JIECHCTBUIO OKpY’KalOUIeHl cpenpl,
YTO MPUBOJUT K TMOSBIECHUIO MHUKDPOTPELIVH,
pacclioOeHU U YCTaJOCTHBIX MOBPEXKIEHUH, Cy-
IIECTBEHHO BIMAIONIMX Ha JOJrOBEYHOCTh U
0€30MacHOCTh BO3YIIHOTO CyHA.

B TpagumuMoHHBIX MeETONAax TEXHUYECKOTO
00CIy’KMBaHUSI HUCIOJB3YIOTCS NEPUOANYECKUE
MHCIEKLIUU C TPUMEHEHUEM YJIBTPa3ByKOBOI,
PEHTTCHOBCKOW M TepMOrpapuuecKor JuarHo-
cTukd. OIHAKO 3TH METOAbl TpeOyIOT 3HAYU-
TEJNbHBIX 3aTpaT BPEMEHH U PECYpCOB, a TAKKE
HE BCerjia CIOCOOHBI BBIIBUTH CKPBIThIE Je(ek-
Thl Ha PaHHMUX CTaJIUAX MX pa3BUTUS. B cBs3u ¢
ATUM aKTyaJIbHOM 3aiaueil sBisiercs pa3paboTka
HOBBIX METO/IOB aKTUBHOTO MOHMTOPHHTIA, CIIO-
COOHBIX B PEKMME pEalbHOTO BPEMEHHU JIUArHo-
CTUpPOBaTh Je(EKThl U MPEJOTBpAIIATh UX KpH-
TUYECKOE pa3BuTHe [2—4].

B nmanHO#l cTaThe MpEACTaBIEH METOH aK-
TUBHOTO TEPMOAKyCTHYECKOTO 00CiIeI0BaHUS
(ATAO), KOTOpBIi COYETaeT TEepPMOAKyCTHYE-
CKOE€ CKaHUPOBAaHUE, aKTUBHOE BO3JCHUCTBHE U
MIACCUBHBI MOHUTOPUHI JJIi CBOEBPEMEHHOIO
BBISIBIICHUS, aHAU3a M YCTPaHEHUs Je(EKTOB.
Pa3zpabGoTanHblil TOIX0/1 OCHOBAH HAa MaTeMaTH-
YEeCKOM MOJEIMPOBAHUU TEII000MEHa U Mexa-
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HUYECKUX KOJIEOAaHMH B CTPYKType Marepuaina,
YTO TO3BOJISIET HE TOJBKO OOHApYXUBaTh IMO-
BpPEXKACHUSA, HO M IIPOTHO3UPOBATh UX JAJIBHEH-
mee pasuthe [5—7]. JlaHHBIA METOI MOXKET
OBITH KCIIOJI30BAH ISl MOBBILICHUS AP (EKTUB-
HOCTHM 3KCIUTyaTallud aBHAIIMOHHBIX KOHCTPYK-
U, YBETUYEHUS UX CPOKA CITYKOBI M CHHKCHHUS
3KCIUTyaTallMOHHBIX 3aTparT.

MeToabl HCCJIe10BaAHUSA

B nocnennue roasl NIMpoKoe pacnpocTpaHe-
HUE TOJYYWIH CaMOAUArHOCTUPYIOIINE KOMIIO-
3ULIMOHHBIE KOHCTPYKIMH, COJEpKallfe HHTe-
TPUPOBAHHBIE NATYMKU I MOHUTOPUHTA CO-
CTOSIHUS MaTepuajoB B peajbHOM BpemeHu. K
TaKUM CHCTEMaM OTHOCATCS HH(OPMKOMIIO3H-
Thl — KOMIIO3UTHBIE MaTepuabl, B KOTOPbIE MPH
U3TOTOBJIICHUH BHEJPEHBI CEHCOPBI, pearupyro-
e Ha AedopMaInio, BUOpaIIMOHHBIE HArpy3KH
U TIOSIBJICHHE TMPEAPACIIONIOKEHHOCTH K Jeek-
TaM. B 3aBHCHUMOCTM OT 0OBEKTa KOHTPOJS U
pelraeMbpIx 3a7a4 B KOMITO3UTHBIC CTPYKTYphI
MOTYT OBITh MHTETPUPOBAHBI PA3IUYHbIE THUIIBI
CEHCOpPOB: BOJIOKOHHO-ONTHYECKUE JaTYUKU —
U3MEPSIOT MEXaHUYECKUE HaNpsHKEHUS U TeM-
nepaTypHble U3MEHEHHs, MbE303JEKTPUUYECKUE
CEHCOpBhl — (PUKCHPYIOT AMHAMUYECKHE Koyeba-
HUSL ¥ MUKpoaedopmanmu, MarHUTHBIE U aKy-
CTHUYECKHE JAaTYUKU MO3BOJIIIOT BBISBIISATH
CKPBITBIE TIOBPEKICHUS B CTPYKType MaTepuana.

[IpuMeHeHne camMOAMarHOCTUPYIOIIMX KOM-
MO3UTOB 3HAYUTEIHHO MOBHIIIAET TOYHOCTH MO-
HUTOPUHTa ¥ TPOTHO3UPOBAHMS COCTOSTHUS
ABMALMOHHBIX KOHCTPYKLUMU. B 3TOM CBSA3U Me-
tot ATAO MOXeT ObITh HHTETPHPOBAH C CAMO-
TUArHOCTHPYIOMIMMH CHCTEMaMHU JUIsl TIOBBIIIIE-
s 3¢dexruBHOCTH KOHTpONs. ATAO momo:n-
HSIET CYILIECTBYIOIINE TEXHOJOTHH, TTO3BOJISAS HE
TOJIBKO BBISBIISITH A€(EKTHI, HO U aHAJIU3UPOBATH
UX JUHAMUKY TOJ] BHEUTHHUMH Harpy3kaMu, 4TO
obecrieunBaeT 00Jiee HAIEKHBIM U KOMILIEKC-
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MeToa akTHBHOTO TCPMOAKYCTHYICCKOIO 00cacI0BaHHA

Tepmoakycruueckoe
CKaHHPOBAHHE

AKTHUBHOE BO3I€H-
CTBHUC

[laccuBHBIN MOHU-
TOPHHT

Puc. 1. Dtansl MeTo1a aKTHBHOTO TEPMOAKYCTHUECKOTO 00CIIeIOBAHH
Fig. 1. Stages of the active thermoacoustic testing method

HBIA TIOAXOJ K TEXHHYECKOMY OOCITYXKHBAHUIO
aBUAIIMOHHBIX KOHCTPYKIIUH.

MeToa aKTUBHOTO T€PMOAKyCTUYECKOTO 00-
CJIeIOBaHUs TpeCTaBisgeT co00il MHHOBAIMOH-
HBI TOAXO0M, OOBEAUHSIOMUNA JUATHOCTUKY WU
BOCCTAHOBJICHHE KOMITO3UIIMOHHBIX MaTepUaIOB
(KM) B enuHOM TeXHOJOTMYECKOM Ipolecce. B
OTIIMYME OT TPAJUIIMOHHBIX METOJIOB KOHTPOJIA,
OCHOBAHHBIX Ha MACCHBHOM HAOJIOJCHUU 32 H3-
MEHEHUEM XapaKTepucTuk marepuanioB, ATAO
UCTIONB3YET MPHUHLUI AaKTUBHOTO BO3JEHCTBHA,
MO3BOJIASL HE TOJIBKO (PUKCUPOBATH MOSIBICHUE
neeKTOB, HO M YCTPAHSITh UX HAa pAaHHUX CTaIH-
ax. [loxg yctpanenuem nedekToB moapa3symeBa-
eTcsl cTadmIu3anus CTPYKTYypbl MaTepuana, 4To
MOJTBEPHKJICHO 3KCIEPUMEHTATbHBIMU HCCIIE0-
BaHUSAMH. OOBEKTOM HCCIEIOBaHUS SBISUIUCH
KOMITO3UTHBIC 00pa3Iipl (YIJICIJIACTUK) pa3Me-
pom 150 Ha 150 MM u TommmHOM 3 MM, mOA-
BEPTIIHUECS TEPMOAKYCTHUECKOMY BO3JIEHUCTBHUIO.
Ha oOpa3max ObUIM MCKYCCTBEHHO CO3/IaHHBIC
ne(eKThl: MUKPOTPEIUHbI (IiuHa 1-2 MM), fe-
namuHauus (auamerp 5—-10 mm). Metoasl BO3-
NEHCTBUS: YacToTa aKyCTHYECKOTO BO30YKie-
Husa (100 I'm — 5 k['1), TeMnepatypHoe Bo3jaeii-
ctBue (100—400 °C), mpoAaomKUTEIHHOCTh BO3-
neiictBuss  (10-30 mun). Ilocne o0pabGoTku
HaOII0AIOCh CHIDKEHHE Kod(duIlMeHTa oTpa-
JKEHUS YIbTPa3BYKOBBIX BOJH Ha TpaHUIE pa3-
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nena nedextoB (B cpenneM Ha 40 %), 4TO yKa-
3bIBaC€T Ha YIy4YIIEHHWE CTPYKTYphl MaTepuaia.
JlonoTHUTENbHBIE W3MEPEHUST MEXaHHMYECKUX
XapaKTePUCTHK IOKa3alu YBEIHMUYEHHUE MKECTKO-
ctu Ha 15-20 % B 30HE TEPMOAKYCTHUECKOTO
BoznenctBus. Meton ATAO He ycrpaHnser
KpYIHBIE Je(EeKThl, HO CIIOCOOCTBYET Iepepac-
MPEIEICHUI0O OCTATOYHBIX HAMpPSOKEHHH, JO-
KaJbHOMY YIUIOTHEHHIO CTPYKTYPBI MaTepuasia u
CHIDKCHHIO BEpPOSITHOCTH JalibHEHIIEero pocrta
MUKPOTPEIIHH.

I'maBHEII MexaHHU3M MeETOJa OCHOBaH Ha
KOMOWHAIMKA TEPMOAKyCTHUYECKOI0 MOHUTOPHUH-
ra ¥ KOHTPOJHMPYEMOI'O BO3JIEHUCTBUS aKyCcTHUYe-
CKUX BOJIH U TEIJIOBOTO HArpeBa, 4To MPHUBOAUT
K U3MEHEHHUIO CTPYKTYpbl MaTepHala B 30HE Je-
(eKTOoB, crIOCOOCTBYS UX CTAOWIM3ALUKN WIN Ca-
Mo3aneuuBanuio. [IpuMeHeHrne qaHHOTO MeToa
0COOEHHO aKTyaJbHO Ul aBHAIIMOHHBIX KOMIIO-
3UTOB, MOJIBEPKEHHBIX JAMHAMUYECKUM Harpys-
KaM, TEeMIIEpaTypHBIM TepenagaM M yCTaJocCT-
HBIM TOBPEXIACHUSIM, TaK Kak IO3BOJIET IMpO-
JUIUTh CPOK CIIy>KOBI KOHCTPYKIMHA 0e3 HeoOXo-
JUMOCTHU UX JIEMOHTaXa.

ATAO BKJIIOYAaET TpPU OCHOBHBIX JTama
(puc. 1), obecnieunBaronUX KOMIUICKCHBIN TOJI-
X0Jl K TexHu4yeckomy obOcmyxkuBanuio KM. Ha
MIEPBOM 3Talle OCYIIECTBISETCS TEPMOAKYyCTHYE-
CKasi MarHOCTUKa, B XOJ€ KOTOPOH MpUMEHs-
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I0TCS yJIbTPa3BYKOBblE M HH(]paKpacHble METO-
IIbI JI7IS1 BBISIBJICHUS NTe()EKTOB, TAKMX KaK MHK-
POTpPEIINHBI, PACCIOEHUS U MyCTOTHI. 3aTeM, Ha
BTOPOM JTare, IpOBOIUTCS aHAIHU3 H MOJEIHPO-
BaHHWE MEXAHWYECKUX M TEIUIOBBIX XapaKTepH-
CTHK OOHapyXCHHBIX NE(PEKTOB C LENBIO OIpe-
NENCHNs ONTHUMAIIbHBIX [apamMeTpoB BO3Cii-
CTBHSI. DTOT O3Tall SIBISETCS KPUTUYECKHA BaX-
HBIM, TaK KaK TOYHBIM pacueT 4acTOThl U UHTCH-
CHUBHOCTH aKyCTHYECKOTO BO3JICHCTBHUS, a TaKKe
TEMIIEpPaTypbl HarpeBa MO3BOJISET MUHUMU3ZHPO-
BaTh PHCKH NOBPEXICHHUS MaTepuaia. Hakonerr,
Ha TPEThEM JTale peaau3yeTcs aKTUBHOE Tep-
MOAKyCTHYECKOE BO3JICHCTBHE, TPH KOTOPOM
JIOKAJIbHBIN HarpeB W BHOpAIlMOHHBIE HATPy3KH
BBI3BIBAIOT W3MEHEHHE BHYTPEHHHUX HaIpsKe-
HUH, COCOOCTBYS yINIOTHEHUIO CTPYKTYphI Ma-
Tepuaia u yCTPAaHEHHUIO MEJIKHX J1e(hEeKTOB.
Bnusnue BHOpallMOHHBIX HAarpy3ok Ha
CTPYKTYPY KOMIIO3UTHBIX MaTEpUAJIOB SBISECTCS
CJIOXHBIM TPOIECCOM, 3aBUCALIMM OT YacCTOTHI,
aMIUTUTYABl WM TPOAOIDKUTEIBLHOCTH BO3ZCH-
cTBUs. B MeToe aKTUBHOTO TEPMOAKyCTUYECKO-
ro oocnegoBanus (ATAO) BuOpanuoHHBIC
Harpy3KH HCIOIb3YIOTCS B COYETAHUU C JIOKAJb-
HBIM TEPMHUYECKUM BO3JCHCTBHEM, YTO I03BO-
JSeT MepepachpeseNaTh OCTaTOYHbIE HarpsKe-
HUS U CTaOMIIM3UPOBATH MUKPOAE(EKTHI.
DKCrepuMEHTAIbHbIE HCCIIEJOBaHMUS TIOKa-
3aJM, 4TO IMPH KOHTPOJIUPYEMOM BO3JEHCTBUU
aKyCTMUECKHX BOJH M TEIUIOBOIO Harpesa
HAOII01aeTCsl YMEHbIIIeHUEe KO3 PUIeHTa pac-
CJIOEHUSl B 30HaX MUKpOTpEIMH. B yacTHOCTH,
CHIDKEHHE KO3((UIMEHTa OTpaKeHUs YJbTpa-
3BYKOBBIX BOJIH B 30He nedekra Ha 40 %, uto
CBUJIETEJICTBYET O YACTUYHOM BOCCTAHOBJICHUU
CTPYKTYPBI, a TAK)KE POCT JKECTKOCTH MaTepuaa
B oOpaboraHHBIX ydacTkax Ha 15-20 %, uto
MOJATBEPXKJIAET MepepaclpeielieHue Hampsixke-
Huil. Meron ATAO He ycTpaHSE€T yCTalOCTHBIE
MOBPEXACHUS, BbI3BAaHHBIE MHOTOKpPAaTHBIMU
UKIMYECKUMH Harpy3kamMu, U He MpeaoTBpa-
[IaeT MOSBJIECHUE YCTAIOCTHBIX TpewuH. OaHaKo
ero MpUMEHEHHE TO3BOJISIET Ha PAaHHUX CTaIHIX
CTaOMIM3UPOBATh MEJIKUE Ne(PEKThI, CHIKAs Be-
POSITHOCTh MX JAJbHEHIIEro pocTa M IMOBBIIIAS
HAJIe)KHOCTh KOMITO3UTHBIX KOHCTPYKITUH.
OnHUM U3 KIIIOYEBBIX MPEUMYIIECTB METOJa
SBIISIETCSl €0 HEMHBA3UBHOCTh, UTO JI€JaeT BO3-

39

Civil Aviation High Technologies

MO’KHBIM €0 IPUMEHEHHUE B PeabHbIX IKCILTya-
TAI[MOHHBIX YCJIOBUSIX 0€3 HEOOXOAUMOCTH pa3-
6opku KoHCTpykuuu. B pesynbrate ATAO He
TOJILKO TOBBIIIAET 0E€30MaCHOCTh W HaJIe)KHOCTD
aBUALIMOHHBIX KOHCTPYKIMH, HO M CYLIECTBEHHO
CHIDKAET 3aTpaThl HA TEXHUYECKOE OOCITYKHBa-
HHUe, obecnednBas npoasieHue pecypca KM Ha
30-50 %. Kpome Toro, MeToiuka 1€MOHCTPUPY-
eT 3((eKTUBHOCTh B JUHAMHYECKOM MOHMTO-
PUHIE COCTOSIHHS MaTepHalioB, MO3BOJISs CBOE-
BPEMEHHO IPOrHO3UPOBATh MOSBICHHE KpPUTH-
YEeCKHX TOBPEXKACHUH W TPEAOTBpaIlaTh aBa-
puiiHble cutyauuu. Takum oOpazom, coueTaHHue
TEPMOAKYCTHYECKOTO MOHUTOPHHTA U aKTHBHO-
IO BO3JEHCTBHS OTKPBIBAET HOBBIE BO3MOXKHO-
CTH B O0JIACTH TUAarHOCTUKU M BOCCTAaHOBJICHHUS
KOMIIO3UTHBIX MaTepuanos, nenas ATAO nep-
CHEKTHBHBIM HAlpaBJIEHUEM B Pa3BUTHH aBHa-
IUOHHOU U a3POKOCMUYECKOM TEXHUKH.

TepmoakycTuyeckoe CKaHUPOBaHHE — 3TO
UCIIOJIb30BAaHUE TEPMOAKYCTHYECKMX BOJIH IS
BBISIBIICHHS] BHYTPEHHUX J1€(DEKTOB U U3MEHEHHUS
B cTpyktype KM (puc. 2). AKTUBHOE BO3IEii-
CTBHE — 3TO IPUMEHEHHUE JIOKAJHHOIO HarpeBa B
COYETaHUHU C aKyCTUYECKMMHU BOJHAMHM JAJIS W3-
MeHeHus: cTpykrypel KM B obGmactu aedek-
TOB [8—11]. [laccuBHBIA MOHMTOPUHT — 3TO OT-
ClIe’)KMBaHUE U3MeHeHul B cTpyktype KM nocine
BO3JICUCTBUS, YTOOBI YOEIUTHCS B YCTPAaHCHHUU
neeKToB U A KOHTpOss KaudecTBa. Pazpabo-
TaHHYI0 MaTeMaTHYeCKylH MOJEIb MEeToJa aK-
TUBHOTO TEPMOAKYCTUYECKOTO OOCTY>KUBaHHS
MOXXHO pa3OuTh Ha 1Be (as3bl: 3TO MOJACIb Tep-
MOAKyCTHYeCKOro ckanupoBanus (popmymna (1))
U MOJCIb AaKTUBHOTO BO3ACHCTBUSA ((Dopmy-
na (2)) [12-14].

Mogens ycTpoiicTBa, NpeACTaBICHHAas Ha
puc. 2, pazpaboraHa Kak JJaDOpaTOpHBIA MPOTO-
TUN 751 SKCIEPUMEHTAIBHOIO MOATBEPKICHUS
s dexkruBaocTr MeToga ATAO. Ona BrirO4aeT
B ce0s CHUCTEMY JIOKAJIbHOIO TEPMOAKyCTHUE-
CKOT0 BO3JICHCTBHUS, COCTOSIIYIO M3 MCTOYHHKA
aKyCTUYeCKHX  KosieOaHmii, WHGPaAKpaCHOTO
HarpeBareist ¥ Habopa JaTYMKOB, PETUCTPHUPY-
IOIIMX M3MEHEHUs] MEXAHWYECKMX M TEIJIOBBIX
XapaKTepUCTHK MaTepuana. i BHEOpEHUS B
NPaKTUKY SKCIUTyaTalluy aBUALIMOHHON TEXHUKU
metox ATAO tpeOyer agantanuu ycTpoicTBa K
peanpHBIM yciIoBUsAM. B uacTHOCTH, pazpaboTka
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AKYCTHYECKHH H3ITydareilb

Jarauk AKYCTHYCCKHX OTKJIHKOB — '

,[[21'[“{ HK H3IMCHCHHSA TCMIICpaTypPhbl

TenutoBoii reneparop \

Puc. 2. Monens ycrpoiictBa s metoga ATAO
Fig. 2. Model of the ATAT (Active Thermoacoustic Testing) device

MPOMBIIIJICHHOW BEPCUU MPEArNoyiaracT MUHHA-
TIOPH3AIMI0O U MHTETPAIMIO CUCTEMbI JaTYHKOB
B CTPYKTYPY KOMIIO3UTHBIX KOHCTPYKIIHH, aB-
TOMAaTHU3AIMIO MPOIECCOB JUATHOCTUKH, BKIFO-
yag cOop U 00pabOTKy JdaHHBIX B peaJbHOM
BPEMEHHU, pa3pabOTKy MOOWIBHBIX THArHOCTH-
YECKUX MOJYJEH, KOTOpPbIE MOTYT MPUMEHSTHCS
B TEXHUYECKOM OOCITY)KUBAaHHH BO3IYIIHBIX CY-
OB 03 UX IEMOHTaXa.

Jliss omucaHUS MEXaHHWKH TEPMOaKyCTHYe-
CKOTO BJIMSIHUASI Ha KOMITO3UTHBIC JIOMATKH WC-
MOJIb30BAJIUCH YPABHEHUS TETUIONPOBOJAHOCTH U
aKyCTUYECKOM BOJTHOBOW JMHAMUKH.

T —ar’T+Q, (1)
rae T — tremmneparypa, t — Bpemsi, & — K03 puriu-
eHT TEIUIONPOBOJHOCTH, () — MUCTOYHHUK TeIUIa.
OTO ypaBHEHHE IO3BOJISIET MOAEIUPOBATH pac-
MpOCTpaHEHHE TEIUIOBBIX BOJIH B KM u ouenu-
BaThb TeMIEpaTypHbIE I'PAJAMEHThI, CIIOCOOCTBY-
IOIIHE BBISBICHHUIO IE(PEKTOB.

Jlnist o1leHKH BUOPALlMOHHBIX XapaKTEPUCTHK
MCTIOJIF30BAJIOCH BBIPAKEHHE

fn=§\/?, )

rae f, — Jactora, kK — jKecTKocTh, m — Macca.
W3mepenuss mpoBOAWINCH C MPUMEHEHHEM Ja-
3epHO MHTEPPEPOMETPUH, TO3BOJISIONIEH TOY-
HO ONPEENATh CHEKTP KoJeOaHWN U BBIABIATH
W3MEHEHUS KECTKOCTH KOHCTPYKITUU MOCIIE BO3-
nevictBusg ATAO. [IpoBeneHbl UCTIBITAHUS KOM-
MO3UTHBIX JIOTIATOK C 3apaHee CO3aHHBIMH Je-
dbexkTamu (IeramMuHaIMsA, MUKpOTpemuHb). O0-
paslibl  TOJBEPrajuCh TEPMOAKYCTHUYECKOMY
BO3/ICIICTBUIO C M3MEHEHHUEM: YacTOTa aKyCTH-
geckoro Bo30yxkaenus ot 100 I'm mo 5 xIm,

temneparypHoe Boszaenictaue ot 100 no 400 °C.
Hcnonp3oBanack MOAENIb YCTAJIOCTHOIO pa3-
pylIeHHs 110 3aKOHY MuHepa

ni

D= X5, (3)
l
rac Tll' — YHCJIO HUKJIOB HArpy3KW Ha JaHHOM
ypoBHe, N; — npeeinbHOe YUCIIO IUKIOB 10 pa3-
pymenus. I1o qaHHBIM SKCIIEPUMEHTOB OIpee-
JeHbl KodpdummenTsl nerpagaiun KM B 3aBu-
CUMOCTH OT yCJIOBUH IKCIUTyaTaIHH.

B Tabn. 1 mpuBeneH»l IaHHBIC, COOTBET-
CTBYIOIIMEC THUIIMYHBIM ITapaMETpaM aBHAIIMOH-
HBIX KOMIIO3UTHBIX MaTepUAIIOB, TAKUX KaK YT-
neractuk [ 15-18].

AT (x,y,2,8) = 222 (1 - e=%) - sin(wt + ¢), )
14
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Taoauma 1
Table 1

[TapameTphl aBUAITMOHHBIX YTIICTIIACTUKOBBIX KOMIIO3HTHBIX KOHCTPYKITHHA
Parameters of aircraft carbon-fiber composite structures

dopmyJia

Onucanue

JlaHHBI€ YIJIeNJACTHKOBBIX
KOMIO3MTHBIX AaBHAIMOHHBIX
KOHCTPYKUMH

T=Q (Il —a):sin(wt+ ¢)

TeMneparypHOe H3MEHEHHE B TOUKE

Q=500 /™, a =0,1, w =50 '

e =Py sin(wt)

Jedopmarus B obnactu aedexra

Py=2 Mma, w =50 I'rg

P:kT'p'Cp

PacnpeneneHne TCILIOBOI'O IIOJIA

kr=0,5Br/™M- K, p=1600 kr/m’,
C, =900 Ix/kr - K

2
U~V " Uy =0

AKyCTHYECKOE BO3JICHCTBUE

v =3 000 m/c

o=K/Vr Hanpsoxenne BOIH3HM TPEUTHHEL K;=3Mma - M, r=0,01 m
p= N1 VcranocTHoe paspyliueHue N;=10%n;=5-10
N;
Xy = X1 + K(Zy — HXy 1) Orenka cocrosinust o GpuabTpy Kan- K=08 H=1
MaHa
rne AT(x,y,z,t) — WU3MEHEHHE TeMIlepaTyphl 3-ii oran. IlnanupoBaHuMe M INOATOTOBKA K

BTOUYKE (X, Y, Z) B MOMEHT BpEMEHHU t,
Q(x,y, z)— TernnoBas HEPrus, BbACNsIEMast Ha
eauHUIly o0bemMa, p — IUIOTHOCTE KM,
Cp — yZAenbHas TermoeMkocTs KM, a — ko3 du-
IIUEHT TEIUIOTO 3aTyXaHMsl, W — 9acTOTa aKyCTH-
YecKor BOJIHBI, ¢ — (haza KonebaHuit.

_ (tPyee Bt .
Ae = [, oo sin(wt)dt,

)
rie Ae — um3meHeHue nedopmanuu B 00JIacTH
nedexra, Py — HayaJbHOE JaBJICHHE aKyCTHYe-
CKOH BOJHBI, [ — KO3 (ULIMEHT 3aTyXaHHs BOJ-
uhel, E(x,y,z) — Mogyns ynpyroctu KM.

JUis mpakTUYecKOro NpPHUMEHEHHsS WHHOBa-
IIMOHHOTO METOJa AaKTUBHOI'O TEPMOAKYCTUYE-
CKOTo 00CIyXHBaHMS pa3pabOTaH aIroOpuTM C
MareMaTHueckuMm obocHoBanueM [19, 20].

1-i1 sran. Havamo — wmHUOMALNAS CUCTEMBI
KOHTPOJISI ¥ TOJATOTOBKA K aHAJIM3Y.

2-it sran. BBoxa reomerpuM KOHCTPYKIIMH,
xapakrtepuctuk KM m Hanmuus M3BECTHBIX Je-
¢dexToB. ['eomMeTpHst KOHCTPYKIMM OMMCHIBACTCS
¢ynkuueint G(x, y, z), xapakrepuctuku KM mo-
ryT OBITh HpPEJCTABICHbI KaK TEH30PbI YIPYTo-
¢t C;jk;, KOTOPBIE ONMPENETAIOT MEXAHUYECKHE
CBOWCTBA B 3aBUCUMOCTH OT HalpaBJICHUS..

41

00cIIeI0BaHUI0 — BEIOOP KPUTHUECKUX YYaCTKOB
KOHCTPYKIIMU U HACTpOIKa MapaMeTpoB TEPMO-
aKyCTHYECKOro Bo3aencTBus. IIpornosupoBanue
30H KOHTPOJISl BBIPA)KAeTCsl KaK 3a/laya ONTUMHU-
3ammu, Tae QyHkus uenu f(X, y, z) MUHUMH3H-
PYET PUCK BO3HUKHOBEHUS J1€(EKTOB:
minyy , f(x,y,2) =Xty Ri - Di(x.y.2),  (6)
rae R; — BecoBble KO3((UIMEHTHl pHUCKa IS
kaxmaoro nedexra i, D;(X,y,z) — BEpOSTHOCTDH
BO3HUKHOBEHUS AedeKTa B TOUKE (X,Y,Z).

4-ii sramn. 3amycKk TEpMOAKyCTHYECKOIO BO3-
JecTBUSL — reHepalys TEIUIOBOrO0 MMITYJIbca ¢
aKyCTHYECKMM Bo3JelcTBUeM. Pacnpenenenue
terioBoro noist B KM onuceiBaeTcst ypaBHEHU-
€M TEIJIONPOBOIHOCTH

oT
P =KP2T +Q(x, Y, 2, 1), (7
rae p — miotHocth KM, ¢ — yzaenbHas remnnoem-
KOCTb, kK — TEIIonpoBogHOCTb, T — Temrepary-
pa, Q(x, y, z, t) — ICTOYHHK TeIa.

AKYCTI/I‘ICCKOC BO3,I[CI>'ICTBI/IG OIMIHUCBIBACTCA
BOJIHOBBIM YPaBHCHUCM
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(8)

]I U — CMEIIEHHUE, V — CKOPOCTh 3ByKa B KM.

5-i atan. C60op m 00paboTKa JAHHBIX — IO-
Jy4yeHUE CHUTHAJIOB OT JaTuyukoB. OOpaboTka
JMAHHBIX Oa3WpyeTcs Ha YpPaBHCHHH IS MPEOO-
pasoBanusi dypbe, MPUMEHIEMOT0 K aKyCTHYE-
CKHUM CUT'HAJIaM:

Uw) = [ u(t) ei@tdt, 9)
riae U(w) — creKkTpalbHOE TPE/ICTABIICHUE CHUT-
Hala, @ — yrioBas 4actorta. [lyis aHanmmsa tep-
MoOrpapuUecKiX JaHHBIX TPUMEHSETCS pelIeHre
YpaBHEHHS TEIUIOMPOBOJIHOCTH C YYETOM Je-
(heKToB.

6-11 sTan. AHanu3 pe3yJbTaTOB — CPaBHEHUE
MOJIyYEHHBIX JaHHBIX C JOMYyCTUMBIMU HOpMa-
MU. AHanu3 1e(heKTOB MPOBOIAUTCS C MTOMOIIBIO
MOJEJIM MEXaHWYECKOW HampsKeHHOCTH. [l
TPEIIUH:

1
I'\omr

oc=K (10)
rae ¢ — Hanpspbkenue, K; — xoaddunuent uH-
TEHCUBHOCTH HAIIPSDKEHHM, 7 — paccTOSIHUE OT
KOHYHMKA TPEIIHHBI.

7-#1 sTan. AKTUBHOE yCTpaHEeHHUE 1e(hEeKTOB —
JIOKaJIbHOE HarpeBaHHUE U aKyCTHUYECKOE BO3JIeH-
CTBHE [uId YycTpaHeHus nedexroB. Mopenb
HarpeBa M BO3JEHUCTBUS ONMCHIBACTCA ypaBHE-
HUEeM JU(Qy3un A7 TEIIONPOBOIHOCTH C HUC-
TOYHUKOM

aT x,y,Z,t
a: aVZT+M’

pc

(11)

e o K03()(QUIMEHT TEeIIONPOBOIHOCTH,
q(x,y,z,t) — WIOTHOCTh NCTOYHUKA TEILJIA.

8-i1 osram. [IporHo3mMpoBaHNE OCTATOYHOTO
pecypca KOHCTPYKIIMH, BbINMOJHEHHOW u3 KM,
TpeOyeT NMpOBEJCHUSI pacyeTa Ha OCHOBE Mare-
MaTHYECKUX MOJIENICH, YUUTHIBAIOIINX JHHAMU-
Ky HaKOIUIEHHS YCTaJIOCTHBIX ITOBPEXICHUH.
Mozens yCcTaloCTHOTO pa3pyIISHHsI OMUCHIBACT-
csi ypaBHeHHeM MuHepa, KOTOpOE I03BOJISET
KOJIMYECTBEHHO OIICHUTH MPOIECC ACTpaaluu

42
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MaTepuasa moJ AeHCTBUEM IUKINYECKUX Harpy-
30k. Mcnons3oBanue 3Toil Moaeln obecrieunBa-
€T BO3MOXHOCTh TOYHOTO OIpeAesIeHUs OCTa-
TOYHOT'O pecypca KOHCTPYKIIMU U MPOTHOZHUPO-
BaHUS €€ JIOJITOBEYHOCTH TMPHU PEATbHBIX JKC-
HJ'IyaTaHI/IOHHLIX YCJ'IOBI/UIXI

Dzzn ni

1y (12)
rae D — cymmapHoe moBpexieHue, n; — 4MCiIo
LUKIJIOB Harpy3ku, N; — 4UCJIO LUKIOB 10 pa3-
PYIICHHS TIPU JAHHOM YPOBHE HArpy3KH.
9-i1 3Tant. MOHUTOPUHT COCTOSIHUSI KOMIIO-
3UIIMOHHON aBUAIMOHHOW KOHCTPYKIHH B pe-
aJbHOM BpPEMEHU — MPOJOJHKEHHUE aBTOMATH-
YeCKOro MOHUTOpuHra. Mcnonp3oBanue ajar-
TUBHBIX (PUIBTPOB, TAKUX KaK KaJIMaHOBCKHUU
bunbtp [3, 4, 10], A OLEHKU COCTOSIHUS CHU-
CTEMBI:
Xk = Xrjk—1 T K (2 — HXpe=1),

(13)

TJI€ Xy — OUEHKA COCTOSHUS B MOMEHT BpEME-

Hu k, K, — marpuna ycunenus Kanmana, z, —
usmepenue, H — matpuna nabmaronenus. s pe-
QIN3alUU  TOJHOCTBIO aBTOMATHU3MPOBAHHOTO
npoluecca JUarHoCTUKM U MOHUTOPHHIA COCTOSI-
HUSI KOMIIO3UTHBIX KOHCTPYKIMH B pamMKax Me-
TOJIa aKTUBHOTO TEPMOAKYCTHYECKOTo 00Cie1o-
BaHMsI pa3palbOTaH CICAYIONIUN alropuT™M pado-
Thl CUCTEMBI, IPEJICTABICHHBIN Ha pucC. 3.

Takum 0OpazoM, aaropuT™M METOAa aKTUBHO-
ro TEPMOAKyCTUYECKOTO OOCIIeIOBaHUS TIO3BO-
JISIET HE TOJBKO ,Z[I/IaI‘HOCTI/IpOBaTB 158 yCTpaHSITB
ne(eKThl KOMITO3UTHBIX KOHCTPYKIIMH, HO U WH-
TErPUPOBATH HTOT IPOLIECC B HENPEPBIBHBIN
nuka TO, 4TO CyIIECTBEHHO MOBBIIIAET HAHEK-
HOCTh W 0€30IMaCHOCTh JIKCIUTyaTalliu aBHAIlH-
OHHBIX KOHCTpYKIMH. Meton ATAO npemnaraet
3HAYUTCIIBHBIC ynqueHmI B CKOpOCTI/I, TOYHO-
CTH M, COOTBETCTBEHHO, cTouMocTh TOUP xom-
ITO3UIINOHHBIX ABHUAIITMOHHBIX KOHCprKL{I/Iﬁ

(Tabm. 2).
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(
2. CkanHpoBaHHE KOHCTPYKIHH
(TepMOAKYCTHUECKOE BO3AEHCTRHE,
HH()paKpacHas TepMorpadus)

|. Annnna u3anus cueteMsl (3amyck
CEHCOpPOB, COOp HCXOMHEIX JaHHEX)  |— |

3.06pa6oTka JanHbIX (aHAMH3
JQHHBIX  CPABHEHHE C ITATOHAMH)

N,

(ompenenenHe THIA AeeKTa H
OLEHKA PHCKA)

4, BoisiBnenne gedexTon ]

\

5. Kontpous fedexra (MorHTOpHHT Oe3 5. Yerpanenne fedekTa (TepMoaKycTHIECKOE
nosneﬁcmnn) BO3IEHCTBHE)

e e /

6. IlocTKOHTPOIB (MOBTOPHOE CKAHMPOBAHHE 7. Tiporsoa pecypea (pacser nonmnetjnocm Ry
H CPABHEHHE H3MCHEHHH) YCTATOCTHLIX paspymeui)

\_ /

S oo kS \ 9. O0HoBIenHe Ga3bl JAHHBIX (HHTETPALHA B

cictemy TO)

8 J

Puc. 3. brok-cxema aBTomaruzupoBaHHoro mporecca ATAO
Fig. 3. Flowchart of the Automated ATAO Process

Tabauna 2
Table 2
Omnenka 3¢ dexruBHOCTH MeTona ATAO
Efficiency assessment of the ATAO method
TpaguuoHHbIe METOBI THA-
rHoctupoBanust KM
IMapamerp (V3-10HTP OB, BHOpOAHAIHS, Meton ATAO Yiyumenne
TepMorpadus)
YyBCTBUTENBHOCTH (pa3mep 1-2 MM (ynpTpa3ByK), BUOpO- 0.1-0.5 B 5-10 pas Tounce

BBIABJIIIEMOT'O I[e(i)eKTa) aHaJIu3 — JId KPYIIHBIX Ile(i)CKTOB

B peansrOM Bpemern, 63

Bpewms quarHOCTHKH 30-60 MUH Ha OAWH IIEMEHT B 2-3 pasza OsicTpee
peM A A pa3bopku P ™
Pannee oOHapyxeHHe Toubko cyliecTByOIINE BolsiBiIEHME CKPBITBIX Ha 30-50 %
JIe(eKTOB TTOBPEKICHHS MHUKpPOAEe()EKTOB 10 pocTa a¢dexTHBHEES
ABTOMAaTU3UPOBAHHBII
Ot 45 000 mo 500 000 py6mneit
CTOMMOCTE TUAarHOCTHKH . Py MOHUTOPHUHT Ha 40-60 % nemesne

000pyoBaHue, BpeEMs IIPOCTOS
(oBopy. - BP p ) B 9KCIUTyaTaluu

B ocHOBHOM py4yHOI KOHTPOJIB, ITonHocThIO Hckmrouaer

ABTOMaTH3aLMA . .
aHaJIM3 JIaHHBIX OMEePaTOPOM aBTOMATHYCCKHUI MPOIecC | YeaoBeYeCcKuil hakTop
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3akiouenue

HccnegoBanue mnokaszano, 4TO METOJ aKTUB-
HOTO TEPMOAKYCTUYECKOTO OOCIIeIOBAHHUS SIBJISI-
eTcs MEepCIEKTUBHBIM HalpaBlIeHUEM B 00JacTu
JIMarHOCTHUKA ¥ PEMOHTAa KOMIIO3UTHBIX KOH-
CTPYKLUMH BO3AyWIHBIX CynoB. IlpumeHeHue
TEPMOAKYCTHYECKOI'O BO3JECUCTBUS M aJFOPUT-
MOB MaT€MaTUYECKOTr0 MOJAEIUPOBAHUS IO3BO-
JS€T ONEPATUBHO BBIABIIATH JaK€ MeJbYaillline
nedeKThbl, 4YTO 3HAUMTENbHO MOBBIIAET Oe3omac-
HOCTb Y Ha/IE)KHOCTh aBUALIMOHHON TEXHUKHU.

JlaHHbIE pe3ynbTaThl MOATBEPKAAIOT, UTO Me-
TOJIMKA MOKET OBITh UCIOJIb30BaHA JAJISI pAaHHETO
KOHTpOJISL M CTaOWJIM3allUM MaTepualia, HO He 3a-
MEHSET TPaJULMOHHBIE METOABI PEMOHTA. BHen-
pEHME ITOTO METO/Aa B NPAKTUKY TEXHUUYECKOTO
00CITy’>KMBaHUSI MOXKET NPHUBECTU K CYIIECTBEH-
HOMY COKpAIIEHHIO 3KCIUTyaTallMOHHBIX pacxo-
JIOB aBUAKOMITAaHUI 3a CYET YMEHBILIEHUS 4acTo-
Thl BHEIIJIAHOBBIX PEMOHTOB U MPOJJIEHUS PeECYp-
ca koHcTpykuuii. Kpome Toro, ATAO oTkpbiBaeT
HOBBIE BO3MOXHOCTH JJIi aBTOMAaTH3alMH IpO-
LIECCOB MOHUTOPUHIA COCTOSIHUSI MAaTepUasoB,
YTO OCOOCHHO aKTyaJbHO B COBPEMEHHBIX YCIIO-
BUSX IU(MPOBU3AIUHN ABUAITMOHHOW OTPACIIH.

Bynymme wuccnenoBanust B JaHHOW oOnactu
HalpaBJICHbI Ha JJAJIbHEWIIIEe COBEPILICHCTBOBAHUE
METOJIMKU TUarHOCTUKHU, PACHIMPEHUE BO3MOXKHO-
CTe MaTeMaTHMYECKOro MOJAEIUPOBAHMS M HHTE-
rpauuto cuctembl ATAO ¢ aBTOMaTu3upoBaHHbBI-
MU CHCTEMaMH YIpaBJICHHUS] TEXHUYECKHUM 00CITy-
JKUBaHMEM. B mepcnekTvBe JaHHBIM MOAXO0J MO-
JKET OBbITh MCIIONIB30BaH HE TOJIBKO B aBUAIIMHU, HO
U B JPYTUX OTPACIAX, 1€ MPUMEHSIOTCS KOMIIO-
3UTHBIE MaTepUajbl, TAKMX KaK aBTOMOOMIIECTPO-
€HHE, CyJJOCTPOECHHUE U SHEPIETHKA.
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Abstract: On a daily basis, thousands of aircraft move through the airspace, with their management entrusted to specialized teams
of specialists from Air Navigation Service Providers (ANSPs). To ensure effective and efficient air traffic management (ATM),
ANSPs continually develop innovative methods to modernize and automate the processes involved in ATM. One of the key areas
of focus in this effort is the optimization of air traffic service route networks, which contributes to increasing airspace capacity,
reducing congestion, and enhancing the efficiency of air traffic services. This paper proposes a model for ATS route network
optimization using the A-star algorithm to minimize route distances. The study analyzes three key scenarios, considering the
presence and absence of angle constraints at route intersection points. Optimizing the ATS route network provides substantial
benefits in enhancing the quality of ATM services and reducing operational costs for airlines. The model has been successfully
implemented within the Ho Chi Minh Area Control Center (ACC HCM) airspace. The results of the model's application
demonstrate its high efficiency and practical value, particularly in airspaces with high traffic density.

Key words: air traffic management (ATM), optimization model, ATS route network, minimization of length, intersection angle,
A-star algorithm, Ho Chi Minh Area Control Center (ACC HCM) airspace.
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OnrumMu3anms ceTu MapIIPyTOB 00CIYKMBAHNS BO3AYIIHOIO IBHKCHUS
C OrPAHMYEHUEM YIJIOB NepecevdeHust

Hryen Hrox Xoanr Kyan', B.H. Heuaes’, P.A. Cy660Tun’
' Boemnamcrasn asuayuonnas axademus, 2. Xowumun, Boemuam
’Mocrosckuii 20CY0apCmeeHHblll MeXHUYeCKUL YHUBEPCUMem 2paicOanHCcKol asuayul,
2. Mocxkea, Poccus

AnHoTtanusi: ExxeTHEBHO B BO3/IyIITHOM IIPOCTPAHCTBE MIEPEMEIIAOTCS THICSYM BO3MYIIHBIX cynoB (BC), yrpaBneHie KOTOphIMA
OCYIIIECTBIISIETCS. TTPOPECCHOHAIFHOW KOMAHION CIEHHAINCTOB — TIOCTABIIMKOB a’pPOHABHTAIIOHHOTO OO0CTyXuBaHUA. [t
olecrieueHrs1 KauecTBEHHON 1 d(P(eKTHBHON opraHm3aimy Bo3aymHoro aemwkeHns (OpBJl) mocTaBImKy a3pOHABUTAIOHHOTO
00CITy’>KMBaHHMS HETIPEPHIBHO Pa3pabaThIBAaIOT HOBBIE TIOIXOIbI K MOACPHHU3AINH U aBTOMATH3AIIMH BCEX IPOLIECCOB, CBSI3aHHBIX C
OTHUM. O}IHI/IM N3 KIIFOYCBBIX Hal'[paB.HeHl/Iﬁ SBJIACTCA ONTUMU3ALUA CETU MapuIpyTOB O6Cﬂy)KI/IBaHl/DI BO3QYIIHOT'O ABHMXKCHHA
(OBJI), uro cnocobcerByer yBenuueHuto mporyckHoi crocooHoctr (IIC) Bosmymmoro mnpocrpanctBa (BII), cHmkeHuto
3arpy»KeHHOCTH U MOBbIIIeHHIO 3 dekTiBHOCTH npenocTarieHus OBJl. B nanHo# crathe paccMaTpuBacTCst pa3paboTKa MOICITH
onruMmzanmy cetn MapupyroB OB/l ¢ mcnosb3oBaHueM anroputMa A-star ¢ IeJIbI0 MUHUMU3AIMN PACCTOSHUIT MapLIpyTOB.
HccnenoBanye BKIIIOYAeT aHAINM3 C YYeTOM M O3 ydera yITIOBBIX OrpaHMYEHHH B TOUKaX IEpecedeHHsi MapIIpyTOB B TpeX
OCHOBHBIX cleHapusax. OnTuMisanus cetit MapmpyroB OB/l IprHOCHT 3HAaUMTEBHBIE TPEMMYILIECTBA B TIOBBILIEHUN KadecTBa
npenocrapneHnst yeiayr OpB/l U CHIDKEHHH SKCILTyaTAIllMOHHBIX PAcXO/IOB I aBUAKOMITAHMN. JTa MoJenb OblIa YCIICITHO
npumereHa B BII paiiorrHoro micnerdepckoro nentpa (PALl) XommmuHa. Pe3ynbTaThl mpuMeHEeHHsT MOJETH AEMOHCTPUPYIOT
BBICOKYIO (P (PEKTUBHOCTD 1 MPAKTUIECKYIO IIEHHOCTH TPH €€ UCTIoIb30BaHnH B BII ¢ BBICOKOI HHTEHCHBHOCTHIO.
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KnroueBble cosa: OpB/l, monens ontuMusaimy, cets MapiipyTtoB OB/, MUHUMU3aIMs MPOTSHKEHHOCTH, YTOJI TIEpeCeUeHMs,

anroput™ A-star, BIT PIL XommmuHa.

Jns nutupoanmsi: Xoanr Kyan H.H., Hewaes B.H., Cy66otur P.A. OnrumMmsammsi ceT MapHIpyToOB OOCITY>KUBaHHS
BO3/IYIIHOTO JBMXKEHHS C OrpaHidYeHreM yriioB nepeceyeHus // Hay4nbiii Bectauk MI'TY T'A. 2025. T. 28, Ne 3. C. 47-62. DOI:

10.26467/2079-0619-2025-28-3-47-62
Introduction

The development of air navigation is moving
towards improving the technical base, including
automation, communication, navigation and sur-
veillance. Regularity, safety and efficiency of air
transportation largely depend on the introduction
of innovative technologies, especially in the field
of automation and optimization of air traffic
management processes. In the context of increas-
ing air traffic, optimization of the ATS route
network using modern solutions is of critical im-
portance. This helps achieve a balance between
capacity, safety and economic efficiency. This
helps to achieve a balance between capacity,
safety and economic efficiency. The study of this
topic highlights key approaches for creating a
more flexible and sustainable ATM system.

This paper considers the problem of develop-
ing an ATS route network optimization model tak-
ing into account the angle constraints at route in-
tersection points, in accordance with DOC 4444’
in order to ensure lateral separation when using
navigation aids. To achieve this goal, the authors
investigated a number of optimization algorithms,
such as Dijkstra’s algorithm [1], genetic algo-
rithms [2], the GNN algorithm [3], and the A-star
algorithm [4]. Each of the investigated algorithms
has its own limitations, which makes the selection
of the most suitable one extremely important.
Dijkstra’s algorithm, although simple to implement
and provides accurate determination of the shortest
routes, becomes extremely resource-intensive
when analyzing large and complex route networks,
which reduces its practical applicability in heavily
loaded airspace conditions [5]. Genetic algorithms
demonstrate flexibility in finding solutions, but
require significant time and computing power for
convergence, which limits their use in real-time

' Doc 4444. (2016). Procedures for Air Navigation Ser-
vices: Air Traffic Management, Section 5.4.1. 16th ed.
ICAO, 530 p.
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conditions, while not guaranteeing the optimal so-
lution in a given time, and in some cases can even
turn into an infinite loop [2]. The GNN algorithm,
based on the use of graph neural networks, is
promising for the problem of finding the shortest
route, but the lack of a guarantee of an optimal so-
lution, as well as a strong dependence on large
volumes of training data, difficulty in scaling, lim-
ited interpretability and sensitivity to changes in
the graph structure make its practical application
difficult [6]. Unlike other methods, the A-star algo-
rithm combines key advantages, allowing you to
take into account many factors and constraints to
find optimal solutions even in complex and chang-
ing conditions. One of its main advantages is the
use of a heuristic approach, which significantly
speeds up the search process, directing it to the
most promising areas of the solution space. This
makes the algorithm especially effective when
working with large networks and under limited
time. In addition, A-star has high accuracy and
predictability, since it aims to minimize the total
route cost at each step, which helps to find a truly
optimal route. Its ability to take into account dy-
namic changes in the network, such as sudden load
increases or changing conditions, allows maintain-
ing high performance in real time. Due to these
features, A-star has proven itself as a reliable tool
for solving route optimization problems in com-
plex ATM systems. Over the past few years, many
notable studies have been presented [7-13] devot-
ed to the application of the A-star algorithm and its
various modifications to finding optimal routes for
vehicles and robots, taking into account the given
constraints and operating conditions. However,
most of these studies focus on the optimization of
only one route and do not yet consider the interre-
lationships between routes when multiple routes
need to be optimized simultaneously, as, for ex-
ample, in ATS route network optimization prob-
lems. This aspect opens a new direction of re-
search with great prospects for further develop-
ment of methods based on the A-star algorithm.
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Based on the analysis of various route opti-
mization algorithms, the A-star algorithm was
selected as the basis for developing the ATS
route optimization model. Ho Chi Minh Area
Control Center will be selected as the object for
applying the developed model, which will allow
adapting the algorithm to real conditions and
testing it on a specific route network, taking into
account the specifics of the region. This ap-
proach ensures the practical applicability of the
solution and its compliance with current ATM
requirements.

There are 22 airfields of various departments lo-
cated on the territory of the Ho Chi Minh Area Con-
trol Center, 14 of which are civil aviation, including
5 international airports: Tan Son Nhat (Ho Chi
Minh City), Cam Ranh (Khanh Hoa), Da Nang, Phu
Quoc (Kien Giang), Can Tho. A number of airfields
are classified as joint basing or use. Every day, Ho
Chi Minh City ACC specialists service about 1,500
aircraft (including aircraft flying to/from airports in
the region, as well as transit flights), of which more
than 50% are foreign airlines. The Ho Chi Minh
City ACC area of responsibility is crossed by air-
craft flows connecting the countries of Southeast
Asia and Australia with Europe and back, flights
from Northeast Asia to Australia and New Zealand,
as well as routes connecting Indonesia, Malaysia,
Thailand and Vietnam with other countries of the
Asia-Pacific region. Given the high air traffic densi-
ty and limited geographical ground width in some
areas (due to the shape of Vietnam), the ACC HCM
airspace is often overloaded, especially during peak
hours or adverse weather conditions. In addition, the
ACC HCM airspace structure is characterized by a
large number of ATS routes intersecting in the
south-north and east-west directions, resulting in the
formation of numerous hot spots with high ATS
density. This feature complicates the design of the
ATS route network and requires more optimal solu-
tions.

Research methods and methodology

Optimization model of ATS route network
based on A-star algorithm

The A-star algorithm is one of the most effi-
cient and widely used informed search methods
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in graph theory, designed to find a route with a
minimum cost between two nodes. Its main idea
is to combine a heuristic approach with an exact
calculation of the route cost, which significantly
speeds up the search process compared to non-
optimized methods. The algorithm starts by con-
sidering all adjacent nodes to the initial one,
choosing the node with the minimum value of
the cost function f{n), which is calculated as the
sum of two components: g(n) — the cost of the
route from the initial node to the current one and
h(n) — a heuristic estimate of the remaining dis-
tance to the end point. Thus, the route cost func-
tion is defined as:

f(n)=g(n) + h(n). (1)

The objective of developing an ATS route
network optimization model is to find the opti-
mal route between  airports/navigational
aids/waypoints (hereinafter collectively referred
to as waypoints (WPs)) with the minimum travel
distance while observing the given constraints.
In other words, it is necessary to select the opti-
mal route from the set of all possible routes in
the graph representing optimal routes that satis-
fies all the requirements.

Since the A-star algorithm is a graph theory-
based route optimization search, the most im-
portant input data are the coordinates of the WPs
and the weighted values of the distances between
them.

Figure 14 illustrates the process of searching
for the optimal route, starting from the initial
WP (red square) and ending with the final WP
(green square), passing through intermediate
WPs (white squares). The search is performed
based on the parent-child relationships between
WPs (details are given in the next section of the
article) and predetermined distance values. The
WP network contains blocked WPs (black
squares) that cannot be used to construct a route.
This may be due to their location in a restricted
area, a flight restriction zone, or a dangerous ar-
ea, or because their operation in real conditions
is impossible due to weather conditions, tech-
nical malfunctions, or other factors. Figure 1B
shows the optimal route found after analyzing all
possible routes between WPs (where WPs are
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Fig. 1. Illustration of input data and their relationships in the A-star algorithm

defined by latitude and longitude) connecting the
initial WP N1 and the final WP NO.

Stages in the development of a route network
optimization model ATS

The first and most important stage is to de-
fine the purpose and objectives of the model.
This stage is the basis for further research, since
the correct definition of goals allows not only to
direct efforts in the right direction, but also to
minimize possible errors in the selection of
methods and modeling tools. It is important to
understand that each additional parameter or
constraint can significantly change the nature of
the problem, and therefore their careful consid-
eration at the initial stage guarantees more accu-
rate and effective results. In this article, the pur-
pose of the model is to find the optimal configu-
ration of the ATS route network with the mini-
mum length of each route, while taking into ac-
count the angular values in the WP at the inter-
sections of the routes. Three scenarios were con-
sidered within the model:

scenario 1: no restrictions are imposed on the
intersection points of routes in the WP that form
the routes. All WPs can connect routes at an ar-
bitrary angle without any additional conditions;

scenario 2: a restriction is imposed on the in-
tersection angle of routes in the WP network if
the WP is intermediate on the ATS route
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(i.e. this restriction does not apply to the initial
and final WP of the ATS routes);

scenario 3: a restriction on the intersection
angles of routes is imposed for all WPs except
for the TSH WP. The TSH WP is excluded from
the constraint conditions, since it plays a key
role in the network, being a connecting element
for many routes. In particular, the TSH WP is
the initial WP for 8 out of 20 ATS routes select-
ed for optimization. Introducing a restriction on
the intersection angles in this WP may lead to
the impossibility of constructing a complete set
of optimal routes that satisfy all the conditions.

The next stage is the formation and refine-
ment of a mathematical model with well-defined
target functions and a system of constraints. In
this paper, the authors used a mathematical mod-
el and optimization method based on the A-star
algorithm with the Euclidean heuristic func-
tion [14]. Each ATS route is represented by a
graph G" = (N",F"), where the set of nodes
N = {N§*, NJ", ...,N/J;} represents the route
WP and the set of arcs F = {FJ", F{", ..., F[lk:}
represents direct connections between two adja-
cent WPs on the ATS route m, including such
characteristics as an angle (0) and a distance (d).

The construction of the target function plays
a key role in the correct formulation of the opti-
mization problem. In this study, the target func-
tion represented in the equation (2) is used for all
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(c)

Fig 2. Illustration of the connections between the waypoint of the route (waypoint A is the parent)

three scenarios. In scenarios 2 and 3, in addition
to fulfilling the target function, the model must
consider the construction of optimal routes that
satisfy the angle constraints at route intersections
in the three scenarios. However, the conditions
for applying equation (3) vary from scenario to
scenario. Specifically, in scenario 2, equation (3)
is valid for all RTPs except N{* and N7 .
In scenario 3, equation (3) does not apply if
(N* =TSH) Vv (N;J; = TSH).

Nl,gst_l
D,= > dyy,— min, )
N=NZ'
m 2 2
where dN,N+l =\/(xN+l _xN) +(yN+l _yN) )
Aeq, :‘QZP_Q;,F‘ZQMHJ (3)

where A@"" — is the angle between the ATS

routes in WP ¢, p and p' — are the WPs following
g on routes “m” and “n” respectively.

The value of 8,,,;,, depends on the navigation
aids used during the WP g overflight:

- if WP ¢ is a geographic location (the WP
name is denoted by five characters): 6, . =30°;

- if the WP ¢ is an NDB station (the WP

name is denoted by two characters): 6 . =307;
- if the WP ¢ is a VOR station (the name of the
WP is indicated by three characters): 6, , =15°.
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The next step is to determine the coordinates
of the input points. This model uses the coordi-
nate data (longitude and latitude) of 130 way-
points taken from the Aeronautical Information
Publication of Vietnam.? Of these, 114 WPs are
located within the Ho Chi Minh City ACC area
of responsibility, and the remaining 16 WPs are
located in the airspace border areas adjacent to
the Ho Chi Minh City ACC area and may affect
air traffic within the Ho Chi Minh City ACC ar-
ea. Since the Ho Chi Minh City ACC airspace
covers both land and sea areas, we divide these
130 WPs into three areas: Land, Coast, and Sea.
In particular:

- Coast: WPs located up to 30 km on either
side of the coastline in the Ho Chi Minh City
ACC airspace;

- Land: WPs located on land in the Ho Chi
Minh City ACC airspace, with the exception of
WPs classified as coasts;

- Sea: WPs located in the sea territory in the
Ho Chi Minh City ACC airspace, with the ex-
ception of WPs classified as coasts.

After determining the coordinates of all the
WPs, a “parent WP — child WP” relationship
will be established between the WPs. To form a
relationship, a circle with a fixed radius is built
around each parent WP, within which the child
WPs are determined. At each scanning iteration
with an angular step of one degree, only one

% Aecronautical Information Publication: A publication
issued or authorized by a State that contains long-term
aeronautical information of importance to air navigation.
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child WP is selected from the scanning area.
This WP is determined as being at a minimum
distance from the parent. The principle of select-
ing child WPs is visualized in Figure 2; the se-
lected WPs are highlighted in green.

For parent waypoints located in different
zones (Coast, Land, Sea), the values of the circle
radius for defining child waypoints differ. These
values are determined based on the applicable
separation minima, the density of waypoints, and
the actual distance between pairs of waypoints.
If the parent waypoint is in the land zone, its
child waypoint can be either in the Land zone or
in the Coast zone, and the circle radius is
175 km. If the parent waypoint is in the Sea
zone, its child waypoint can be either in the Sea
zone or in the Coast zone, and the radius is
330 km. Finally, if the parent waypoint is located
in the Coast zone, the radius for the child way-
point is 175 km if it is in the Land or Coast zone,
and 330 km if the child waypoint is in the Sea
zone.

After completing the construction of connec-
tions between waypoints, i.e. creating a complete
directed graph, the next step is to form a list of
optimal ATS routes. To accomplish this task, an
analysis of statistical data on the state of air traf-
fic in the Ho Chi Minh City ACC airspace for
three months — June, July and August 2024 —
was conducted, including data on the number of
flights performed on each route, traffic distribu-
tion by time intervals and airspace load trends.
Based on the data obtained and taking into ac-
count expert assessments, an assessment was
made of the significance of real connections be-
tween waypoints in aviation operations. In this
case, such factors as air traffic density, route
connectivity with key regions and the operation-
al efficiency of their use were taken into ac-
count.

After the analysis, 20 ATS routes, including
both domestic and international routes in the Ho
Chi Minh City ACC, were selected for optimiza-
tion. The optimal routes should have clearly de-
fined start and end waypoints, which can be air-
ports or transfer points. A detailed list of the 20
optimal routes is presented in Table 1.

In order to ensure that the model meets the
functional requirements at the strategic design
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stage and to reduce the complexity of the prob-
lem while maintaining the possibility of applica-
tion in most real situations, it is necessary to in-
troduce a number of assumptions along with the
objective function and constraints defined in the
mathematical model [14]. The use of assump-
tions allowed not only to adapt the mathematical
model to real operating conditions, but also to
ensure its compliance with the specific features
of the system, including the technical infrastruc-
ture, organizational aspects of ATS and traffic
stability. The following assumptions were used
in the model:

o navigation infrastructure: all systems and
devices supporting navigation (e.g. VOR, DME,
GPS) are assumed to operate in normal mode
and provide stable coverage;

o airspace characteristics and ATS unit or-
ganization: the airspace structure and bounda-
ries, as well as the capabilities of the ATS unit,
are considered fixed and unchanged throughout
the entire period of operation;

o traffic intensity and density are consid-
ered constant, without the influence of emergen-
cy situations or a sharp increase in demand.

Based on the improved mathematical model,
the data on the waypoint and optimal ATS
routes, and the adopted assumptions, a software
model for optimizing the ATS route network
was developed in Python [15].

Figure 3 shows a flow chart of a simple algo-
rithm for finding the optimal route using the
A-star algorithm taking into account angle con-
straints. Angle constraints are implemented at
the stage of assessing possible directions of
movement to ensure sufficient lateral separation
on the routes. The algorithm sequentially checks
all feasible nodes, assessing their cost based on a
combined criterion that includes the route length
and the intersection angle of the routes. For sce-
nario 1, a similar algorithm scheme is used, but
the angle checking stages are skipped. This op-
tion is an alternative approach that can be used
depending on the conditions of the problem.
Both approaches are acceptable and are used in
different situations depending on the route re-
quirements.
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Fig. 3. Block diagram of the algorithm for finding the optimal route taking into account the constraints on the angle
between intersecting routes

Results of the ATS route network
optimization model

A detailed comparison of each route (includ-
ing route length and route of waypoint) for all
three scenarios is presented in Table 1.

The analysis of the data from Table 1 allows
to highlight a number of key conclusions about
the influence of constraints on the results of con-
structing ATS routes. It is noteworthy that 6
ATS routes: TSH — DAN, CRA — PQU, TSH —
IGARI, TSH — DUDIS, TSH — POPET and TSH
— AKMON, which demonstrate completely iden-
tical results in all three scenarios. This fact indi-
cates their stability to changes in the algorithm
operating conditions and the preservation of op-
timal parameters when varying constraints. At
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the same time, the routes DAN — PQU, CRA —
DAN, PANDI — IGARI, ANINA — ARESI and
PCA — TRN showed completely different results
in all scenarios. This indicates a high sensitivity
of these routes to changes in conditions, espe-
cially those associated with angular restrictions
on route intersection.

A comparative analysis of all three scenarios
shows that scenario 1 with the minimum number
of restrictions provides the smallest values of
route length. In this case, the algorithm operates
in the most “free” conditions, providing mini-
mum distances. On the contrary, in scenario 3,
where the maximum number of angular re-
strictions is set, an increase in length is observed,
which is associated with more stringent condi-
tions imposed on route construction.
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Table 1
Comparison of the results of three scenarios for optimizing the ATS route network
ATS Scenario 1 Scenario 2 Scenario 3
route
TSH — 612.2 km 612.2 km 612.2 km
DAN TSH — DONXO — MULAD — TSH - DONXO — MULAD — TSH — DONXO — MULAD —
DADEN — TATIM — DAN DADEN — TATIM — DAN DADEN — TATIM — DAN
CRA 602.2 km CRA goozs%}fn LKH CRA goozé%fn LKH
pu | CRA ;ﬁSESIE‘f _KILSI;%__%BUM ~ | KADUM — SAPEN - KISAN — | KADUM — SAPEN — KISAN —
PQU PQU
TSH — 930.2 km 931.7 km 931.7 km
ARESI TSH — ENRIN — SOSPA — ATVIT — TSH — VETOM - IBUNU — TSH — VETOM - IBUNU —
NITOM — MESOX — ARESI NITOM — MESOX — ARESI NITOM — MESOX — ARESI
TSH — 548.1 km 548.1 km 548.1 km
IGARI TSH — BITIS — ANHOA — BIBAN — TSH — BITIS — ANHOA — TSH — BITIS — ANHOA —
IGARI BIBAN — IGARI BIBAN — IGARI
732.0 km 741.6 km 741.6 km
TSH - ISH — DONXO — MULAD — TSH - KADUM - PATMA — | TSH-KADUM — PATMA —
BUNTA MUMGA — CQ - BUNTA MEVON - MUMGA - CQ -~ | MEVON - MUMGA - CQ -
BUNTA BUNTA
8857 km DAN V?Iféi kI?(AQUA DAN P:%Z)mXAQUA
D]%I\llji DAN - T?)gIEIAXBID—AI%IEIJI\]I]; E/IULAD | ENGIM - BMT - DOVIN — ENGIM - BMT - DOVIN —
KISAN — PQU DONXO — POPET — DADEM — DONXO — POPET —
PQU DADEM — OSOTA — PQU
539.1 km 553.6 km
CRA - 539.1 km
CRA — KARAN - ASUKU — CRA - KARAN - VIMUT —
BUNTA | CRA - KARAN - ASUKU - BUNTA BUNTA ITBAM — BUNTA
424.8 km 424.8 km
TSH — 424.8 km
TSH — XOBAV - LITAM — TSH — XOBAV - LITAM —
DUDIS TSH - XOBAV - LITAM - DUDIS DUDIS DUDIS
TSH - 82.6 km 82.6 km 82.6 km
POPET TSH — POPET TSH — POPET TSH — POPET
EXOTO — 1105.2 km 1105.2 km 1108.8 km
ESPOB EXOTO — VEPAM - KARAN -  |[EXOTO — VEPAM — KARAN —| EXOTO — VEPAM — NHATA —
ELSAS — CN - ESPOB ELSAS — CN - ESPOB ELSAS — CN - ESPOB
1027.5 km
1042.6 km 1042.6 km
D | o Aty | DUDIS - DAGAG — ATVIT - | DUDIS ~ DAGAG ~ ATVIT -
DAMEL - DONDA DAMEL - DONDA
DONDA
1110.3 km 1162.4 km 1162.4 km
MIGUG - MIGUG — MESOX — MUGAN - MIGUG — MESOX — AGSAM —|MIGUG — MESOX — AGSAM —
MELAS MIMUX — MAPNO - OSIXA — ALDAS — OSIXA - MOXON — | ALDAS — OSIXA - MOXON —
MOXON — MELAS MELAS MELAS
AKMON — 788.8 km 852.3 km 852.3 km
ARESI AKMON — UDOSI — ALDAS — AKMON - MAPNO - MIMUX AKMON - MAPNO —
AGSAM — ANOKI — ARESI — ANOKI — ARESI MIMUX — ANOKI — ARESI
CRA — 471.2 km 475.7 km 501.4 km
DAN CRA — KARAN - KAMGO - PCA — CRA — NOBID — BANSU — CRA — NOBID - PCA —
KUMUN - DAN SADIN — DAN KUMUN — DAN
806.3 km
851.8 km 851.8 km
sy | o M ATOL SOSIS 7| TSH - VEPMA ~AGSIS— | TSH - VEPMA - AGSIS -
PANDI DAMVO — MUGAN — PANDI | DAMVO — MUGAN — PANDI
486.4 km 486.4 km
TSH - 486.4 km
TSH - LOSON — MOXON — TSH — LOSON — MOXON —
AKMON | TSH — LOSON - MOXON — AKMON AKMON AKMON
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Continuation of Table 1

ATS Scenario 1 Scenario 2 Scenario 3
route
1258.2 km 1356.8 km 1364.0 km
PANDI — PANDI - ALDAS — MAPNO — PANDI - ALDAS - DAMVO - PANDI - ALDAS —
IGARI SAMAP - CN - VIGEN - BITOD — SAMAP - LITAM - VIGEN - | DAMVO - SAMAP — LITAM —
IGARI BITOD - IGARI VIGEN - IPRIX — IGARI
417.4 km
PQU — 367.3 km 367.3 km
IGARI PQU — ADBOP — IGARI PQU — ADBOP — IGARI PQU-AD 113((});{_[ SAMOG -
ANINA — 758.5 km 782.2 km 882.5 km
ARESI ANINA - MUMGA - VIMUT - ANINA - MUMGA - VIMUT —| ANINA - MUMGA - VIMUT -
VEPAM - DAMEL — MESOX — ARESI DONDA — ARESI DONDA — MIGUG — ARESI
PCA _ 563.7 km 593.9 km 654.3 km
TRN PCA —NOBID - PATMA — DONXO — PCA — NOBID — ONEBI — PCA —SADAS —- BMT —
RUNOP - MOXEB — TRN ENRIN — ENPAS — TRN VETOM - LOSON — TRN

Table 2

Partial results of angle calculation in scenarios 2

WP_in
routel

WP_out
routel

WP_in
route2

WP_out

Angle
route2 ¥

Node routel route2

Table 3

Partial results of angle calculation in scenarios 3

WP_in
routel

WP_out
routel

WP_in
route2

WP_out
route2

Node routel route2 Angle

ALDAS route_17 |PANDI ALDAS route_12 |ALDAS OSIXA 169.8021

AKMON |route_13 |AKMON |MAPNO [route_16 |MOXON |AKMON | 58.08929

ALDAS route_12 |AGSAM |ALDAS route_17 |PANDI ALDAS 32.84379

AKMON |route_16 |MOXON |AKMON [route_13 |AKMON |MAPNO | 58.08929

ALDAS route_17 |ALDAS DAMVO [route_12 |[AGSAM |ALDAS 122.7799

ALDAS route_17 |PANDI ALDAS route_12 |ALDAS OSIXA 169.8021

ALDAS ALDAS OSIXA ALDAS DAMVO | 34.57419

route_12 route_17

ALDAS route_12 |ALDAS OSIXA route_17 |ALDAS DAMVO | 34.57419

DAMVO [route 15 IDAMVO |MUGAN Iroute 17 |ALDAS DAMVO 31.84812
When comparing scenarios 1 and 2, it can be
noted that, in addition to the previously men-
tioned 6 routes, identical results were obtained
for the following routes: CRA — BUNTA, EXO-
TO — ESPOB and PQU — IGARI. This indicates
the absence of a significant impact of the re-
strictions introduced in scenario 2 on these
routes and the preservation of their optimality. A
comparative analysis of scenarios 2 and 3 allows
to highlight the following routes: TSH — ARESI,
TSH — BUNTA, DUDIS — DONDA, MIGUG —
MELAS, AKMON — ARESI and TSH — PANDI.
These routes demonstrate identical results and
are longer than the corresponding routes in sce-
nario 1. This indicates a noticeable impact of the
angular restrictions introduced when construct-
ing the ATS route network optimization model.
To check the accuracy and correctness of the
algorithm, an Excel file was created with data on
the intersection angles of the optimization lines
for scenarios 2 and 3. Table 2 presents a part of
the intersection angle results for scenario 2, and
Table 3 — for scenario 3. For example, in the

second row of Table 2 (highlighted in yellow),

ALDAS route_17 |ALDAS DAMVO |route_12 |AGSAM |ALDAS 122.7799

the ALDAS waypoint is the intersection of two
segments: PANDI — ALDAS of route 17 (PANDI -
IGARI) and ADLAS — OSIXA of route 12
(MIUG - MELAS), forming an angle of
169.802°. In scenario 2, 38 angles were calculat-
ed, and in scenario 3 — 75 angles. All calculated
values correspond to the established constraints.

Figures 4, 5 and 6 sequentially illustrate the
optimization results of 20 ATS routes corre-
sponding to scenarios 1, 2 and 3.

When analyzing Figures 5 and 6, which illus-
trate the ATS routes in scenarios 2 and 3, it can
be seen that in order to meet the requirements for
angular constraints at route intersections, the op-
timal trajectories become jagged, frequently
changing direction. These direction changes re-
sult in complex routes with multiple waypoints,
which is especially noticeable on the following
routes: DUDIS — DONDA, MIGUG — MELAS,
AKMON — ARESI and PANDI — IGARI. Such
route configurations can create significant diffi-
culties for piloting and ATS. Excessive jagged-
ness of routes requires increased attention from
the crew and more frequent course corrections,
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Fig. 5. Optimal results for 20 ATS routes in scenario 2
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Fig. 6. Optimal results for 20 ATS routes in scenario 3

which increases the cognitive load on pilots and
controllers. In addition, such routes can increase
the overall flight time and fuel burn. Constant
direction changes cause additional loads on the
onboard navigation systems and the autopilot,
and can also affect the comfort of passengers and
crew due to frequent bank and course changes,
especially in turbulent conditions.

In contrast, scenario 1 generates predomi-
nantly straight routes, which not only provide a
simpler and more understandable flight profile
for the crew, but also help reduce operating
costs. Such routes reduce the number of maneu-
vers, minimizing the need for frequent correc-
tions, which reduces the overall flight time and
reduces fuel consumption. This contributes to
increased cost-effectiveness and environmental
friendliness. From a safety perspective, reducing
the number of maneuvers reduces the risk of
crew and air traffic controller errors, and reduces
the likelihood of conflicts with other aircraft in a
busy airspace.

In addition, in scenarios 2 and 3, the route in-
tersection angles in the waypoints exceed the
minimum value established by equation 3,

57

which, theoretically, facilitates the maintenance
of lateral separation by controllers using NDB,
VOR or GNSS on intersecting ATS routes.
However, in real conditions, in addition to using
lateral separation, when it is impossible or insuf-
ficient to provide it, the controller can also apply
vertical and longitudinal separation to ensure
safe and efficient air traffic control. Therefore,
the advantages that scenarios 2 and 3 can poten-
tially provide are not so significant as to out-
weigh their disadvantages when applied, espe-
cially in the airspace of Vietnam. The peculiari-
ties of the location of the national border of Vi-
etnam, which determine the restrictions on the
use of airspace in the border strip, create addi-
tional difficulties in ensuring safe separation.
Thus, despite the apparent advantages of sce-
narios 2 and 3, their implementation may be less
effective than expected, especially in complex
and congested air traffic conditions. Although
these scenarios offer theoretically optimal routes
taking into account angular restrictions at their
intersections, scenario 1 remains the most pref-
erable for practical application. It provides an
optimal balance between operational efficiency,



HayuyHbiit BectHuk MITY TA

Tom 28, Ne 03, 2025

Civil Aviation High Technologies

economic feasibility and safety level, which
makes it optimal for ATS route planning. Never-
theless, scenarios 2 and 3 can be effectively used
in conditions when a large spatial volume allows
for the formation of a relatively conflict-free air-
space structure, and in the event of a change in
the air, air navigation or meteorological situation
along the route according to the plan, the use of
scenarios 2 and 3, with relatively large distances
between waypoints, provides flexibility and high
efficiency of alternative routes.

To evaluate the efficiency of the optimization
model, the results of the routes from scenario 1
(the selected scenario) are compared with the
current routes used in real conditions. Table 4
shows that in 20 ATS routes, the distance was

Vol. 28, No. 03, 2025

reduced on 15 routes compared to the existing
ones. Among them, some optimized routes sig-
nificantly reduced their length, for example, the
DAN — PQU route decreased by 83.6 km (8.6%).
The new routes are more direct, which simplifies
aircraft piloting, reduces fuel consumption and
shortens the flight time. This helps to reduce the
number of hot spots, reduce the likelihood of
conflict situations, reduce the amount of airspace
traffic coordination for controllers and reduce
the frequency of radio exchange between aircraft
crews. Thus, the workload of both controllers
and aircraft crews is reduced, which in turn in-
creases the airspace PS and improves its effi-
ciency.

Table 4
Comparison of the results of the optimized routes in scenario 1 with the actual routes
ATS route Scenario 1 The actual route
612.2 km 648.9 km
TSH — DAN |TSH — DONXO — MULAD — DADEN — TATIM —| TSH — KADUM — PATMA — SADAS - DADEN —
DAN LATOM - PATNO — DAN
602.2 km 615.7 km
CRA-PQU | CRA —SOSPA - LKH -KADUM - SAPEN — CRA — SOSRA — LKH - VETOM - AC - ES-
KISAN - PQU DOB — TSH — ATGAS — TUNPO — PQU
930.2 km 934.8 km
TSH — ARESI| TSH — ENRIN — SOSPA — ATVIT — NITOM - |TSH - ESDOB — AC - VETOM — LKH — SOSRA —
MESOX — ARESI CRA — ATVIT — NITOM — MESOX — ARESI
548.1 km 532.3 km
TSH-IGARI| 1ot BITIS - ANHOA - BIBAN - IGARI TSH - BITIS ~ ANIgC(})AAR—I BIBAN - BITOD —
TSH — 732.0 km 757 km
BUNTA TSH — DONXO — MULAD — MUMGA - CQ — TSH - KADUM - PATMA — BMT — NOBID —
BUNTA PCA — ASUKU — BUNTA
885.7 km 969.4 km
DAN - PQU DAN - TATIM — DADEN — MULAD — DAN - SADIN — BANSU - MUMGA — BMT —
DONXO — POPET — KISAN — PQU DOVIN — AC - TSH — ATGAS — TUNPO - PQU
540.8 km
CRA - 539.1 km
CRA — NHATA - KARAN - KAMGO - PCA —
BUNTA CRA — KARAN - ASUKU - BUNTA ASUKU — BUNTA
424.8 km 425.4 km
TSH-DUDIS TSH — XOBAV - LITAM — DUDIS TSH — XOBAV — NIXIV — CN — DUDIS
82.6 km 82.6 km
TSH —POPET TSH — POPET TSH — SAEN — POPET
EXOTO 1105.2 km 11053 km
ESPOB EXOTO - VEPAM — KARAN - ELSAS - CN - | EXOTO — VEPAM - KARAN — SOSPA — PTH —
ESPOB ELSAS — CN - ESPOB
DUDIS — 1027.5 km 1027.5 km
DONDA DUDIS — DAGAG - SUDUN - DAMVO - DUDIS — DAGAG - SUDUN - DAMVO -
NITOM — DAMEL — DONDA NITOM — DAMEL — DONDA
MIGUG — 1110.3 km 1110.3 km
MELAS MIGUG - MESOX — MUGAN - MIMUX — MIGUG — MESOX — MUGAN — MIMUX —
MAPNO — OSIXA - MOXON — MELAS MAPNO — OSIXA - MOXON — MELAS
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Continuation of Table 4

ATS route Scenario 1 The actual route
AKMON — 788.8 km 788.8 km
ARES] AKMON - UDOSI — ALDAS — AGSAM — AKMON - UDOSI — ALDAS — AGSAM —
ANOKI — ARESI ANOKI — ARESI
471.2 km 474.1 km
CRA - DAN | CRA — KARAN - KAMGO - PCA - KUMUN - | CRA —KARAN - KAMGO - PCA - KUMUN —
DAN CQ - DAN
806.3 km 806.4 km
TSH — PANDI| TSH — BUKMA — MATGI — AGSIS - DAMVO — TSH — BUKMA — MATGI - PTH - AGSIS —
MIMUX — AGSAM — PANDI DAMVO — MIMUX — AGSAM - PANDI
TSH — 486.4 km 486.4 km
AKMON TSH — LOSON — MOXON — AKMON TSH — LOSON — MOXON — AKMON
PANDI — 1258.2 km 1258.2 km
IGARI PANDI - ALDAS — MAPNO - SAMAP - CN — PANDI — ALDAS — MAPNO - SAMAP - CN —
VIGEN - BITOD - IGARI VIGEN - BITOD - IGARI
367.3 km 392.1 km
PQU —~IGARI PQU — ADBOP — IGARI PQU — ADBOP — BITOD — IGARI
ANINA — 758.5 km 758.6 km
ARESI ANINA - MUMGA - VIMUT - VEPAM — ANINA - DADEN - PLK - MUMGA - PCA —
DAMEL - MESOX — ARESI VIMUT - VEPAM - DAMEL — MESOX — ARESI
563.7 km 564.1 km
PCA —TRN |[PCA —NOBID - PATMA — DONXO —RUNOP —-| PCA —NOBID - BMT - PATMA — DONXO —
MOXEB — TRN RUNOP - MOXEB — TRN
Conclusion The article presents the methodology and re-

In the modern world, one of the areas of im-
provement of air navigation services is the intro-
duction of efficient flight paths, which implies:
transition from ATS routes to zonal navigation
routes, creation of airspace zones with free rout-
ing; creation or modification of departure and
landing approach patterns at airports based on
the balance of the economy of airspace users and
the ANSPs; increasing the availability of air-
space for all users by reducing the number and
duration of flight restriction zones.

At the same time, in real conditions, when
the formation of the airspace structure is influ-
enced by conflicts of interests of many airspace
users, for example, in the Moscow zone of the
Unified ATM System, as well as in conditions of
reduced airspace capacity due to changes in the
meteorological situation, the introduction of bans
and restrictions on the usage of the airspace, cre-
ating an opportunity for promptly changing
flight trajectories along optimal ATS routes is
one of the ways to maintain flight safety at an
acceptable level.
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sults of modeling the optimization of ATS routes
in three cases: with and without angular re-
strictions, as applied to the airspace of
the Ho Chi Minh City ACC. The obtained results
demonstrate the efficiency and performance of
the model, as well as its ability to provide solu-
tions for improving the ATS route network. The
model is universal and can be easily implement-
ed in the airspace of various regions by changing
the input data (coordinates).

In the future, the authors plan to improve the
model so that it can offer alternative routes in
cases where the main routes become unavailable
(due to adverse weather conditions or other re-
strictions). Such alternative routes will become
an effective backup tool in cases of reduced air-
space capacity due to restrictions on its use relat-
ed to the implementation of state priorities in the
use of airspace, as well as changes in meteoro-
logical conditions or other factors affecting flight
safety.
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YTuiausanus TPAHCHOPTHBIX CPEACTB: POCCUICKHUE Peauu
U 3apy0eKHbIH ONbIT

1 1
M.E. CemepuxoBa , T.B. HaymoBa
"Mockoscruii 20CY0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicOanHcKoll asuayul,
2. Mocxkea, Poccus

AnHoTammsi: OOpallieHre ¢ BO3AYIIHBIMU CyJaMH, BBIBEICHHBIMU W3 OKCIUTyaTalliH, — MpOOJIeMa OTHOCHTENIBHO HOBAs IS
OTEYECTBEHHOH TPa’kIaHCKOM aBHali. MHOTHE AECATUIIETHS B OOIIEMHPOBOM OITBITE JOMHUHHPOBAJIA IPAKTUKA MX Pa3MEIICHHUS
Ha OTKPBITBIX IUIOIIAJKAaX, TAaK HAa3bIBAEMbIX KIAAOWIAX caMoyeTOoB. BmecTe ¢ Tem BO3pacraroiiye TpeOOBaHUA K OXpaHe
OKpYXKarolIeil Cpezibl BEIHYKIAIOT BHEAPSITh SKOJIOTHYECKH PaLlIOHATIbHbIE (DOPMBI AESITENBHOCTH Ha BCEX 3Talax >KM3HEHHOTO
IMKJIA TEXHUYECKOTO YCTPOMCTBA, B TOM YHCIIE HA 3aKIIOYUTEILHOM 3Tale — Pa3yKOMIUIEKTOBAHMS U yTHIM3alWH. BeisiBieHo,
410 B Poccuu OTCYTCTBYET yropsiioueHHas cucTeMa OOpallieHusl ¢ aBUALIOHHON TEXHHUKOM B IOCTIKCILTYaTallMOHHBIH TIEPHO/] €€
KW3HEHHOTO 1HKia. OHAKO MOTPEOHOCTh B TAKOM CHCTEME CYIIECTBYET, M OHa OyZeT BO3pacTarh, MOCKOIBKY «KoMILIeKCHOM
MPOrpaMMOMl Pa3BUTHSl aBUATpPaHCIIOPTHOM oTpaciu Poccuiickoit @enepanu a0 2030 roga» MpearnonaraeTcsi B YCIOBHAX
3araiHBIX CAaHKLHH ITOCTETIEHHOE BBIBEJICHHUE M3 TIapKa aBHAaKOMITAHMH BO3/IYIIHBIX CY/I0B HHOCTPaHHOTO MPOM3BOAICTBA. B xone
WCCIIEZIOBAHUSI  BBINIOJIHEH 0030p HOPMATHMBHO-TIPABOBOTO OOECITIEYEHMsI TIPOLECCOB  YTIIM3AIMM Ha aBTOMOOMIIBHOM,
JKEJIE3HOIOPOXKHOM M MOPCKOM TpaHcropTe Poccny; mpoaHamM3upoBaHa AesITeIbHOCTh POCCHHCKUX KOMITAHHH, 3aHIMAIOIUXCS
YTHIM3aled aBUAIMOHHOM TEXHWKM M BBIBICHBI NPOTHBOPEUMS HA PHIHKE YTWIM3AIMOHHBIX YCIYT; UL BIIAJCIIBIICB
TPAHCIIOPTHBIX CPEICTB MPEIOKEHbI HHCTPYMEHTBI CTUMYJIMPOBAHMS YTUIIM3ALNN; U3y49eH M 0000IIEeH 3apyOeKHBIH OIBIT, B
yactHoctH nipoektbl PAMELA u Airbus Lifecycle Services kopniopaimu Airbus, aesitensaocts accormanmin AFRA kopriopatmu
Boeing, npoekrt Falcon Aircraft Recycling komnanuu Emirates, mexayHnapossiii mpoext Airbus China.

KiioueBnle ci10Ba: JKU3HESHHBIHA IWKIT BO3AYHIHOI'O CyJIHA, YTUJIN3all, S9KOJOTUYCCKH PAlIMOHAIIBHOEC YIIPABJICHUE OTXOaMH.

st uutupoBanusi: Cemeprikosa MLE., Haymosa T.B. YTunmzanus TpaHCTIOPTHBIX CPECTB: POCCUIICKUE PEaNTX U 3apyOeyKHBIN
onbIT // Hayunbnii Bectiuk MI'TY T'A. 2025. T. 28, Ne 3. C. 63—-80. DOI: 10.26467/2079-0619-2025-28-3-63-80

Recycling of vehicles: Russian realities and foreign experience

M.E. Semerikoval, T.V. Naumova'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: The handling of decommissioned aircraft is a relatively new problem for national civil aviation. For many decades, the
global experience has been dominated by the practice of placing them in open areas, the so-called cemeteries of aircraft. At the
same time, the increasing requirements for environmental protection force the introduction of environmentally sound forms of
activity at all stages of the life cycle of a technical device, including at the final stage — disassembly and disposal. It has been
revealed that in Russia there is no orderly system for handling the aviation equipment in the post-operational period of its life cycle.
However, there is a need for such a system, and it will increase, since the “Comprehensive Program for the Development of the Air
Transport Industry of the Russian Federation until 2030 assumes the gradual withdrawal of foreign-made aircraft from the airline
fleet under Western sanctions. In the course of the study, an overview of the regulatory and legal support for recycling processes in
Russian automobile, railway and marine transport has been carried out; the activities of Russian companies engaged in the disposal
of aviation equipment have been analyzed and contradictions in the market of recycling services have been revealed; tools for
stimulating recycling are proposed for vehicle owners; foreign experience is studied and summarized, in particular, the PAMELA
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and Airbus Lifecycle Services projects of Airbus Corporation, the activities of the AFRA association of Boeing Corporation, the
Falcon Aircraft Recycling project of Emirates, the international project Airbus China.

Key words: aircraft life cycle, recycling, environmentally sound waste management.
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BBenenue

JIroboe TpaHCIIOPTHOE CPEICTBO UMEET Orpa-
HUYEHHBIN CPOK AKCIUTyaTallH, IOCIE 3aBeplie-
HUSI KOTOPOTO OHO BBIBOJUTCS W3 MCIIOJB30Ba-
HUS U TIOJUIEKUT JEMOHTaXy, epepadoTKe WiIn
YTUIAM3AlMU. ABUAIMOHHBIA TPAaHCIOPT HMEET
cBoro criennuKky. Ha cMeHy BO3AyIIHBIM CyaaM
(BC), drozensx KOTOPBIX M3rOTaBIMBAJICS IIpe-
MMYILECTBEHHO U3 aJTIOMHUHUS, IPUXOAST HOBBIE
MOKOJICHHUS] CAaMOJIETOB, B KOHCTPYKIIUU KOTOPBIX
MPUMEHSIFOTCS] COBPEMEHHBIE KOMIUIEKTYIOLIUE —
yriaepoHble KOMIO3ULMOHHBIE MaTepUaibl, TH-
TAQHOBBIEC U CTAJIbHBIE CIIJIaBbl, UHBIE MHOTOKOM-
MOHEHTHbIE COCIMHEHMSI C YHUKAJIbHBIMU (PHU3H-
KO-XMMHUYECKUMHU XapaKTEPUCTUKAMH, YCIIOXK-
HSIOIIME TPOLECCHl PAa3yKOMIUIEKTOBAHUS U
YTWIN3ALUK JIeTaTeNbHBIX anmnapaToB. B coBo-
KyIHOCTH C KOHCTPYKTUBHOH ci0kHOCTbIO BC,
cnenu(UKO yCIOBUI MX AKCIUTyaTalludl yTHITHU-
3alUs BO3YILIHBIX CYZ0B CTAHOBUTCS CIIEIHAIIH-
3UpPOBaHHON c(epoil TEeXHOTCHHOH AeATeIbHO-
ctu [1]. He cnmyyaen uHTEpec Hay4yHOTo CO000-
IIECTBA K MMOMCKY MHHOBALIMOHHBIX MOJIXOJOB K
nepepaboTke caMolieTa, KOTOpble ObLTH OBl KO-
JIOTUYECKH OC30TacHBIMU, JKOHOMHYECKH -
(EKTUBHBIMH ¥ JIOTUCTHUYECKU OINpaBAAHHBI-
MU [2].

B «KommiekcHolt mnporpamMme pa3BUTHUS
aBuarpaHcnoptHon orpaciu Poccuiickont dene-
paruu 10 2030 roma» (manee — [Iporpamma) oT-
MEUYEHO, YTO MO COCTOsIHUIO Ha ampelib 2022 ro-
Jla J10JIs1 BO3YIIHBIX CYA0B MHOCTPAHHOI'O IPO-
M3BOJICTBA B JCHCTBYIOIIEM MapKe IacCaKup-
CKUX CaMOJIETOB JUIsl OCYIECTBIICHUS] KOMMeEp-
YEeCKHUX BO3JIYIIHBIX MIEPEBO30K COCTaBMIIA Oojee
67 %. Ilockonbky B (peBpane — mapre 2022 roga
aBuaTpaHcroptHas orpacib Poccuiickon dene-
paluu CTOJIKHYJIACh C F€ONOJUTHYECKUMHU BBI30-
BaMU U BBEJICHUEM CAHKIMOHHBIX MEp CO CTO-
POHBI 3alaJHbIX MApTHEPOB, AJISI HEE BO3HUKIH
cepbe3Hble pucku [3]. B cBsasu ¢ atum B Ilpo-
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rpaMMme TOCTaBJIeHa IeJIb YCKOPEHHOTO0 OOHOB-
nenuss napka BC mpeumyniecTBeHHO oTeye-
CTBEHHON TeXHUKOW. [Iporpammoi mpemycmor-
peubl B mepuon 10 2030 roma MOCTaBKH
1036 camoneToB A HYXJ T'PaKJaHCKOW aBHa-
muu. [Iporecc OyneT compoBOXKIATHCS IMOCTE-
MIEHHBIM BBIBOJIOM U3 TMapKa aBUAIIMOHHBIX KOM-
NaHUK BO3AYIUHBIX CYJOB, MPOMU3BEICHHBIX 3a
pybexxom'. BesyciioBHO, 3HAYHTENBHAS UACTH
3TUX CaMOJETOB Oy/eT MOJHOCTHIO BhIBEJCHA U3
SKCIUTyaTallid, 4YTO TMOTPeOyeT JAOMOJIHHUTEIb-
HbIX YCWIMH JJs1 HX Pa3yKOMIUIEKTOBaHUSA
U yTHIIA3AIUH.

B nanHOM mccnenoBaHMM akLIEHT CIENaH Ha
3aKJIIOYUTEILHOM JTale >KU3HEHHOTO LHKIJIA
BC — ero nepepabotke u yrunmmsanuu. Uccnemno-
BaTEIbCKOE BHUMAHHE MMEHHO K ATOMY JTaImy
00yCIJIOBJICHO CIIEYIOIIMMHU aClIeKTaMHu:

e DKCIUTyaTalusi MOPaTbHO U (HHU3MUECKH
ycrapesiiero BC cTaHOBUTCS TEXHHYECKH OTac-
HOM M SKOHOMMYECKH HEBBITOJHOM, YTO CTHMY-
JUPYET POCT OOBEMOB TEXHHUKH, MOIJIekKalIen
CIIMCAHUIO;

e B POCCHUHCKHX peaIUsIX Nepexoa Ha UM-
MOpPTO3aMEIICHNE U TIEPCIICKTHB B Oyvkaiiime
roJibl MHTEHCHBHOTO OOHOBJEHMSI BO3AYLIHOIO
¢ota HoBeIMH THNaMH BC poccuiickoro mpo-
U3BOJICTBA MpoOjemMa pa3yKOMIUIEKTOBAHUS U
YTHWIM3ALUU CHITBIX C HKCILTyaTalliu CaMOJIETOB
OyZIeT TOJIbKO 000CTPATHCS,

e B 3apyOeXHbIX aBHAKOMIAHMUAX HAOIIO-
JlaeTCsl TEHACHIUS SKOHOMHUYECKON IpHBIIEKa-
TEJIBbHOCTH MOBTOPHOTO KCIOIBb30BAHUS OTIENb-
HBbIX KOMIIOHEHTOB, BBIBEJICHHBIX M3 JKCILIyaTa-
uuu BC. [1o HEKOTOPBIM OLIEHKAM, YK€ CEroHs
MHPOBOW BTOPUYHBIN PHIHOK 3aIT4acTe U MPOUUX

! Pacnopsxenne Ipasurenscrea PO Ne 1693-p ot
25.06.2022 «KommiekcHas mporpamMma pa3BUTHS aBUa-
TpaHCcOpPTHOU oTpaciu Poccuiickoit @enepanuu 10
2030 roma» [DnexTpoHHsbIi pecype] // Tapant. 2022.
URL: https://www.garant.ru/products/ipo/prime/
doc/404798711/ (nara obpamenus: 17.11.2024).
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KOMITJICKTYIOIIMX OILEHUBAETCSA B 2 MIIPI JI07-
napoB [4], TakuM 00pa3oM, UHAYCTPHUS TTOCTIKC-
TuTyaTauoHHoro obpamienus ¢ BC cranoButcs
BOCTPEOOBAHHOIA;

e  YCYTryONSIOTCSI 3KOJOTHYECKHE H3AEPK-
KH: Te(UINT HEKOTOPHIX MPUPOIHBIX PECYPCOB
JUTSL IPOU3BOCTBA HOBOW TEXHHUKHU C OJHOMN CTO-
POHBI M HEOOXOAMMOCTh BBIICIATH MPUPOTHBIC
TEPPUTOPUU MOA XpaHWnuia crnucaHHeix BC u
COJIEpXKaTh WX B MPHUEMJIEMBIX C TOYKH 3pPEHUS
MPUPOIOOXPAHHBIX TpPeOOBAaHUN YCIOBHUSX C
JIPYTO#l 3aCTaBISAIOT UCKATh CIIOCOOBI CHUYKEHUS
HKOJIOTMYECKUX 3aTpaT B pa3pabOTKe HOBBIX aj-
TOPUTMOB OOpAaIIeHHUs] CO CIHCAHHOW aBHAIIM-
oHHOM TexHukoi (AT).

AKTyalTbHOCTh HCCIIEIOBaHUSI OO0YCIIOBJICHA
HEOOXOUMOCTBIO Pa3pabOTKH TEOPETHKO-METO-
JMYECKOro 00eCIeYeHUsl, KOTOPOE MO3BOJIUT CO-
3/1aTh OTPACIIEBYIO cucTemMy yTrin3anuu AT.

MeToabl 1 METO10JIOTUS
HccJIe10BaHusA

Merononorndyeckass OCHOBa pabOTHI Tpe-
CTaBJICHA KOHHCHHHeﬁ JKHU3HCHHOI'O IUKJIa TEX-
HUYECKOTO W3JENUs MPUMEHUTEIHHO K aBHAIH-
OHHOH TCXHHKC, O6I:CKTHO OPHUCHTHPOBAHHBIM
MOAX0A0M K cOopy MH(pOpManuu; CpaBHUTEIIb-
HBIM aHAJIU30M 3apyO0eKHOTO OmbITa M OTEue-
CTBCHHOU MPAKTUKU yTUIH3AINN TPAHCIIOPTHBIX
CpeacCTB; 000OOIICHHUEM M KOHKpETH3aIlueh Tpe-
OOBaHMIT HOPMATHBHBIX JTOKYMEHTOB Pa3JIMYHBIX
YPOBHEHN — OT MEXKIYHAPOIHBIX 10 OTPACIIEBBIX.

3akoHonaTeIbHbIe HHUIHATHBLI EBpocoro3a
B c(hepe IKOJIOTHYECKH PALHOHAIBHOTO
ynpaBJieHUsI 0TX0aMH TPAHCNOPTA

CrpeMUTENbHOE CTAaHOBJICHUE aBUALIUU UMeE-
€T CEepbE3HBIE YTPO3bl ISl OKPYKAIOIIEH Cpebl.
[TosTOMY aBHanMOHHBIE KOMIIAHUU AKTHUBHO pa-
0OTalOT HaJ CHUXEHUEM HETaTUBHBIX IOCIE/-
CTBHUM Ha BCEX ATalax >KU3HEHHOrO LIMKJIA aBHa-
IIMOHHON TEXHUKH, OCHOBHBIMH U3 KOTOPBIX SIB-
JSIOTCSL 3Tambl MPOU3BOJICTBA, SKCIUIyaTallUd U
yruinzauuy. CerosHs aBMalus BXOAMUT B TPOMi-
Ky OCHOBHBIX 3arps3HHUTeNel atMochepsl, yCTy-
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nasi JIMIIb aBTOMOOUJIBHOMY TPAaHCIOPTY U Tsi-
esol npomblnuieHHocTH. CoKpalieHle BbhIOpo-
COB B aTMmocdepy CHOCOOCTBYET COXpPaHEHUIO
O6uocepbl U 370pPOBbSI HACENICHHS, OJHAKO CO-
OJII0ZIEeHHE SKOJIOTMYECKUX TpeOOBaHUM MO Te-
pexony K HHU3KOYTJIEPOJHOW IKOHOMHKE CIEp-
KUBaeT paszButhe aBuaorpaciu [5]. C yuetom
NEePCIEeKTUBBI pa3BUTHUs oTpaciu (puc. 1) [6—8]
3HAYUTENbHBI POCT aBHAIMOHHOIO CEKTOpa
MOJKET MPUBECTU K CEPHE3HBIM IKOJIOTUYECKUM
HOCJEJICTBUSM.

Growth {120+ Seat Segment)

14 Growth (30-120 Seat Segment)
7040 -
3835

. Replacement {120+ Seat Segment)
. Replacement (30-120 Seat Segment)
. Retained (1204 Seat Segment)

. Renainad (30-120 Seat Segment)

2010

RIR]

Puc. 1. lunamuka MUpPOBOIO MapKa NacCaKUPCKUX
BO3IYIIHBIX cy#oB 10 2030 roga B cerMeHTax
Ha 30-120 mocamo4HBIX MECT U OOJIee YEM
120 mocago9YHbBIX MecT
Fig. 1. Dynamics of the global fleet of passenger aircraft
until 2030 in segments with 30—120 seat and more than
120 seats

Eme HeckonbKo JIeT Ha3al camoJIeThl C HC-
TEKIIMM CPOKOM 3KCIUTyaTallud OTIPaBIISINCH
Ha CBaJIKH 1O BceMy mupy. CeromHs BOmpoc
YTUIM3AlMKA TEXHUKU aKTUBHO MOJHUMAETCS BO
BCEX OTpacisIX TpaHcnopra. B pamkax EBporneii-
ckoro coto3a (EC) naunnas ¢ 2000-x rogos EB-
porieiickasi KOMHCCHS aKTHBHO pa0oTana Haj
BHE/IPEHUEM MPUHIUIIOB PACHIMPEHHON OTBET-
CTBEHHOCTH TPOM3BOJIUTENSI B 3aKOHOJATEIb-
CTBO. DTO 3HAYUT, YTO MPOU3BOJUTEIb HECET
OTBETCTBEHHOCTh HE TOJBKO 32 MPOH3BOJICTBO
HOBOTO 00OpYJIOBaHHMS, HO U 3a IPOLECCHl YTH-
JAU3aluu U 1epepaboTKu 00OpylIOBaHUS C HC-
TekMM cpokoMm ciyx0bl (MCC). Tak, Hanpu-
Mep, MexayHapoaHash MOpCKas OpraHH3aius
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NPUHSIA MEXIyHAPOJHYI0 KOHBeHIMI0 «O 6e3-
OMACHOCTH U KOJOTMYE€CKH 00OCHOBAHHOMN yTH-
JU3alMU CyJI0B». Mopckue cyia, OTIpaBiseMble
Ha YTWIM3ALUIO, JIOJKHBI COMPOBOXKIATHCS J10-
KyMEHTale 0 cofep)KaHUM ONACHBIX MaTepH-
anoB. Permament EC Ne 1257/20132 — npaBoBoit
aKT, KOTOpBIH pEryJaupyeT yTUIM3aLMI0 MOp-
ckux cyaoB B EC. llenp persiamMeHta — IMoBbI-
IIEHUE YPOBHS 0€30MaCHOCTH, OXPaHbl 30POBbS
YesloBEeKa U MOPCKOM Cpellbl Ha BCEW TeppuTo-
pun EC Ha NOpOTSKEHHMM BCEro KM3HEHHOTO
IIUKJIa cy0B. B wacTHOCTH, oOecrieyeHne Toro,
4TOOBI OMACHBIE OTXOABI OT YTUJIM3AIMU CYJOB
MOJJIEKATN  BKOJOTHYECKH  palMOHAJIbHOMY
ynpasinenuto. [lpaBuia periiameHTa HpUMEHs-
10TCsl KO BceM cyaam moa ¢uiarom EC, a Takke
K CyJaM, IUIaBaloOUIMM MoJ uaroM TpeTben
CTpaHbl, 3aXOJALIUM B IOPT WU Ha SIKOPHYIO
CTOSIHKY TocynapctBa — uieHa EC.

B EC peiicTByeT psii JUPEKTHUB, PEryJupy-
IOIINX YTHJIN3AIUI0 aBTOMOOMIIEH [9]:

« Jlupextusa 2000/53/EC’ — ompenmenser
TpeOOBaHUS TIO YMEHBIICHUIO O00pa30BaHUs OT-
XOJIOB IIPH BBIBEJICHUN aBTOMOOMJIS U3 IKCILTya-
TalliM U YCTaHaBIMBAE€T OTBETCTBEHHOCTb IIPO-
U3BOJUTEIIEH aBTOTPAHCIIOPTHOM TEXHUKH 3a €€
YTUIN3ALHIO;

« JlupextuBa 2005/64/EC*— tpebyer ot
aBTOIIPOM3BOJUTENCH NPEAOCTABIATh JOKYMEH-
ThI, TIOATBEPKAAIOINE IPUTOIHOCTh TPAHCIIOPT-
HBIX CPEJICTB K YTHIIN3ALUH.

Pernmament EBpornetickoro Ilapnamenta u CoBera EBpo-
neiickoro Coro3a 1257/2013 or 20.11.2013 «O6 ytunu-
3anuu cyoB 1 00 uzmenennn Pernamenta (EC)
1013/2006 u dupextuBst 2009/16/ECy» [IneKkTpoHHBIN
pecypc] // Tapant. 2013. URL: https://base.garant.ru/
70723166/ (nata oopamenus:17.08.2024).

Hupexrusa Esponeiickoro [Tapnamenra u Cosera EB-
poreiickoro Coroza 2000/53/EC ot 18.09.2000

«O TpaHCHOPTHBIX CPEICTBAX C BEIPAOOTaHHBIM CPOKOM
SKCIUTyaTanumy [DIeKTpoHHEIH pecypce] // ["apanT.
2000. URL: https://base.garant.ru/2564448/ (nata 00-
pamenns: 17.08.2024).

HupextuBa Epomneiickoro [Tapmamenta u Coeta EB-
poreiickoro Coroza 2005/64/EC ot 26.10.2005

«O0 0100peHNH TUIAa TPAHCHOPTHBIX CPEJICTB OTHOCH-
TCJIbHO BO3MOKHOCTHU UX MMOBTOPHOI'O UCTIOJIb30BAHUs,
BTOPUYHOI NIepepadOTKU U BOCCTAHOBIIEHHS U 00 H3Me-
Hennu [upexrussl 70/156/EDC Cosera ECy» [Dnek-
TpoHHBbIN pecypc] // apant. 2005. URL: https://base.
garant.ru/70256884/ (nara oopamenus: 13.05.2024).
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Baxxno ormetutsh, uto B EC HeT equHoro 3a-
KOHOJATeNIbCTBA 00 YTHJIM3AIlUd aBTOMOOWIICH.
Kaxxnoe rocynapctBo 3aHUMaeTcsi 3Toil mpo0Jie-
MOH B CHIIYy CBOUX BO3MOXHOCTEM.

Ilo mpumepy EBpocorosza Kwuraii, FOxnas
Kopes, CIIA, Anonus u TaiiBanb B CBOEM 3a-
KOHOJIATEJIbCTBE TAKXKE YUIH MPUHIUIIBI PACIIH-
PEHHOM OTBETCTBEHHOCTH TIPOU3BOJAUTEIIA.

PersameHnTanusi yrujim3anuy TPAHCIOPTHBIX
cpencts B Poccun

YTunuzanus TpaHCHOPTHBIX CPEACTB — 3TO
CJIOKHBIN TOA3TAIHBIN Mpolece, TpeOyIouui co-
ONto/IeHUsT MHOXKECTBA HOPMATHBHBIX aKTOB U
CTaHJApTOB. [TIaBHBIM 3aKOH, PETYIUPYIOLIAN
YTUIIM3ALUI0 TPAaHCHOPTHBIX cpencts B Poc-
cun, — Genepanpubiii 3akoH Ne 89 «O06 oTxomax
POM3BOJCTBA W MOTPEOICHMs . DTOT 3aKOH
orpenenser oOye NPUHLIUIBI U MOAXObI K 00-
paIleHHUI0 C OTXOJaMH, BKJIIOYas YTHIM3ALUIO
TPAHCNOPTHBIX cpelacTB. [lomumo 3Toro, yrunu-
3alldsg TPAHCIOPTHBIX CPENCTB pPEryJupyercs
npukaszamu MB/] Poccuu®’.

B Poccuiickoit @enepaunu npoiecc yTHIH-
3allMd 0OBEKTOB MOPCKOTO TpPaHCIOpTa peria-
MEHTHpYyeTcsi mocraHoBieHueM [IpaBuTenbcTBa
Poccuiickoit ®enepanuu  Ne 620°. Cornacuo
CTaHAapTaM IMpolLeaypa YTWIM3ALHUU JOJKHA

5 ®Oenepanpublil 3ak0H Ne89-D3 ot 24.06.1998 «O6 ot-
X0JIaX MPOU3BOJICTBA U MIOTPEOICHUsD [ DIEKTPOHHBIN
pecypc] // KoncynbrantlImtoc. 2008. URL: https:/www.
consultant.ru/document/cons_doc LAW 19109/ (nara
obpamenus: 13.07.2024).

S TIpuxasz MBJI Poccuu Ne 1001 ot 24.11.2008 «O 110-
psLIKE PErUCTPALMH TPAHCIIOPTHBIX CPEACTBY [DINeK-
TpoHHBIH pecypc] // T'apant. 2013. URL:
https://base.garant.ru/57503958/ (nata obpameHus:
30.04.2024).

7 TIpukas MBJI Poccun Ne 605 ot 07.08.2013

«O06 yTBepxkKIeHUN AIMUHHCTPATHBHOTO PETrIIAMEHTAY

[Onexrponnsiii pecypce] // T'apant. 2013. URL: https://

www.garant.ru/products/ipo/prime/doc/70365286/ (nara

obpamenus: 17.10.2024).

ITocranoenenue IlpaButenscrea PO Ne 620 ot

12.12.2010 «O0 yTBep>KJEHUH TEXHUYECKOTO peria-

MEHTa 0 0e30MacCHOCTH 00BEKTOB MOPCKOT'O TPAHCIIOP-

Tay [Dnexrponnsli pecypce] // Tapant. 2019. URL:

https://base.garant.ru/199085/ (nata obpaenus:

23.07.2024).
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OTBEUYaTh TPEOOBAHUSIM TI0 COXPAHHOCTH OKpPYIKa-
IOMIEH Cpefbl, TO €CTh MPOLECC YTHIM3AINH JO0JI-
JKCH TIPOXOIUTh B CTPOTO OTBEICHHBIX MECTaXx,
OTBEYAIOUIUX TPeOOBAHUAM, C IIEJIbI0 MUHUMU3A-
MM DKOJIOTUYECKOro 3arpsisHeHus. J{ins obecrie-
YyeHus 0€30MacCHOCTH MPOBEIACHUS Tpoliecca ObLIH
TaKke paspaboTtanbl PoccranmapTom  mpukas
Ne 655° u TOCT P MICO 30000-2013 «Cyxa u
Mopckue TexHoJoruu. CHCTEMbl MEHEIKMEHTA
YTHIIM3AIMHA CyJI0B. TEXHOJIOTHYECKHE TpeboBa-
HUS K CHCTEME MEHEIDKMEHTA MPEINPUATHI 1O
0e30macHOil W HKOJIOTHYECKH palMOHAIBLHON
yTaamsanud  cynoB» . COrIacHO HAIHOHANb-
HBIM ¥ MEXAYHApOJIHBIM CTaHIapTaM IIpeAIpu-
ATUSI, TIPOM3BOJININE YTUIH3AIUIO, OOS3aHBI
BBITNIOJHATH YKa3aHHbIE TpeOoBaHMs )i obecre-
YeHHUs1 0€30MaCHOCTH U SKOJIOTMYHOCTH PaboT 1o
yTunau3anuu. BHenpenue u crporoe coluofe-
HUE ITHX TPeOOBaHMI CIIOCOOCTBYIOT YCTONYH-
BOMY Da3BUTHIO U COXPAHEHHIO OKpY’Karomien
CpeIpl.

Pa3paboTaHHbIli MEXTOCYIaPCTBEHHBIH CTaH-
napt TOCT 31538-2012"" pernamentupyer sxus-
HEHHBIN HUKJT KCIIC3HOJOPOKHOI'0 IMOABUKHOI'O
cocraBa.  YTWIM3aIUs  JKEIIE3HOIOPOKHOTO
TpPaHCHOPTa peryiaupyercs ¢enepaabHbIM 3aKO0-
HOM, OTpPAaCJIEBBIM CTaHAAapPTOM, HAI[MOHAILHBIM

? TIpuxas Poccranaapra Ne 655-ct ot 18.09.2020
«O0 yTBepXIeHNH HAIIMOHATFHOTO cTaHAapTa Poccuii-
ckoit @eneparum» [ DnexTpoHHEIH pecypce] // Korcymnb-
tanTllmoc. 2020. URL: https://www.consultant.ru/ doc-
ument/cons_doc LAW 369196/ (nata obpaiieHus:
13.09.2024).
" TOCT P KCO 30000-2013. HarioHaIbHEIH CTAHAAPT
P® «Cyna u mopckue texnonorud. CucTeMbl MEHE K-
MEHTa YTHIN3AIUH CyI0B. TexHudeckue TpeOOBaHUs
K CHCTeMaM MEHEPKMEHTa MPEANPpUATHH 110 Oe3omac-
HOM ¥ 9KOJIOTMYECKH PAOHAIBHON YTHIM3ALNH CYy-
J0B» (yTB. IpuKa3oM PenepabHOTO areHTCTBa M0 TeX-
HUYECKOMY PETryJIHPOBaHUIO U MeTpojorun Ne 655-cT
ot 28.08.2013) [OnexrponusIit pecypc] // TapanT. 2014.
URL: https://base.garant.ru/71424858/ (zata obpare-
Hust: 21.10.2024).
MesxrocynaperBernsiit craagapt I'OCT 31538-2012
«LIuKI1 )KN3HEHHBIHN KEIE3HOAOPOKHOTO TTOABUKHOTO
cocraBa. O0ume TpedoBaHus (BBEICH B ISHCTBIE TPH-
kazoM denepanbHOrO areHTCTBa 10 TEXHUYECKOMY pe-
rynupoBanuto u merposoruu Ne 1172-ct ot 26 HOs0pst
2012) [Dnexrponnslii pecypc] // T'apant. 2014. URL:
https://base.garant.ru/71442858/ (nara oOpareHus:
21.10.2024).
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CTaHIapTOM, a  TaKxke
OAO «PXKIn' 131415,

B coorBerctBru ¢ OCT 32.181-2001 xene3-
HOJIOPO’KHBIN TPAHCIIOPT TOJICKUT yTHIIU3AINN
UCKITIOYUTENFHO TMOCie OQUIMAIBHOTO CIHCa-
HUS MOJBMKHOTO cocTaBa. [Ipouecc yrunuzanuu
BKJIIOUYAET CIEAYIOIINE ITAIbI.

1. Crucanue >Xene3HOJOPOKHONW TEXHUKH.
Cnucanue NpPOM3BOAMTCS TOCIE 3aBEPILCHUS
IKCIUTyaTaIluy, ¥ TEXHUKA JTOJKHA OBITh O(UIIH-
aIbHO UCKJIIOYEHA U3 y4YeTa.

2. Ilepemauy noxymentamuu. [lpm cnuca-
HUH U TIOCIEYIONEeN OTIpaBKe Ha yTUIU3ALIUIO,
COCTABJISIETCS MAKET IOKYMEHTOB, BKITIOUYAIOIINANA
TEXHUYECKUE XapaKTePUCTUKH, HWHHOPMAIIUIO
0 CTOMMOCTH W HAJMYWU JIPAroOIlCHHBIX MeTal-
JIOB.

3. Pa3bopky m yrunuzanuio. Ha ocHoBe mo-
JYYeHHOW JOKYMEHTAIIMH OCYIIECTBIISICTCS pa3-
OoOpka W yTUIM3alUsi TEXHUKU. DTH TPOIECCHI
BBITIOJTHSIOTCS MCKJITIOYUTENBHO CTCIIHATH3UPO-
BAaHHBIMU KOMIIAHUSMM, HMEIOIIMMH COOTBET-
CTBYIOIIINE JTUIICH3HH.

Takum oOpa3oMm, yTWIM3AUS >KEIE3HOJO-
POKHOTO TPAHCTIOPTa PETYIUPYETCS CTPOTHMH
HOPMATUBHBIMH TPEOOBAHUSMHU, HAMPABIICHHBI-
MM Ha oOecreyeHue PKOJIOTHYECKOM Oe30MacHo-
CTH H PaIlOHATBHOTO UCTIOIB30BaHUS PECYPCOB.

pacCnops’KCHUEM

12 DenepanbHbII 3aKOH « Y CTaB KeJIE€3HOA0OPOKHOTO
tpancmopTa Poccuiickoit @eneparm»y Nel8-D3
ot 10.01.2003 [DnexTponHsIii pecypce] // I'apant. 2003.
URL.: https://base.garant.ru/12129475/ (nara ooparie-
nust: 13.04.2024).

13 Cranmapr otpaciu OCT 32.181-2001 «Cucrema paspa-
OOTKH M NTOCTaHOBKH IPOJYKIMH Ha IPon3BoCTBO. [1o-
PsIOK 3aKa3a, pa3paboTKH, IOCTAHOBKH Ha MPOU3BOI-
CTBO, IIPOBEJCHUS UCTIBITAHUN M YTHIIU3ALNH KEJIE3HO-
nopoxnoi Texuuku». MIIC Poccun, 2002. 72 c.

" HanmonansHerii cragaapt PO I'OCT P 52326-2005
«YcrpoiicTBa IIIOMOHUPOBOYHEIE. YUET, KOHTPOIb H
yrmmuzans» ot 01.01.2006 [OnekrpoHHSIiH pecypc] //
Tapant. 2006. URL: https://base.garant.ru/5922584/
(mara obpamenus: 13.04.2024).

' Pacnopsxenne OAO «PXJI» Ne 96/p «O6 yTBepxe-
nuu [opsiaka yTHimM3aiuu 3anopHo-mioMOMpOBOYHBIX
YCTPOWCTB, JOIMYIICHHBIX K IPUMEHEHUIO JUIsI IIIOMOU-
pOBaHMs BAaroOHOB, KOHTEHHEPOB IPH NEPEBO3KaX Ke-
JIE3HO/IOPOXKHBIM TPAHCIIOPTOM Ha MH(PPACTPYKTYpe
OAO «PX[I» ot 22.01.2018 [DmexTpoHHEI pecypc] /
Iapant. 2018. URL: https://base.garant.ru/71898064/
(mara obpamenusi:13.04.2024).
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B aBTOMOOMIBHOI OTpaciau mporecc pery-
JUPYETCS] HECKOJBKHUMH KIIFOUEBBIMH JOKYMEH-
TaMH, KOTOPBIE OMPEAEIISIOT MOPSIIOK U YCIOBUSA
YTUIM3ALUUA CTapbIX aBTOMOOMIJICH, MOTOIIMKIIOB
U JIpyTUX TPAHCHOPTHBIX cpeAcTB. OIHUM U3
OCHOBHBIX JOKYMEHTOB, PETYJUPYIOMINX yTHIH-
3anmio, spisercsa 'OCT 3 1969—201316, KOTOPBII
COJICP)KUT TEXHUUECKYIO JOKYMEHTAIUIO TIO YTH-
JU3alMM  ABTOTPAHCIOPTHBIX CPEACTB. ITOT
CTaHJapT yCTaHaBJIMBAET TPeOOBaHUS K MPOIIEC-
caM yTWIM3alM{, BKJIIOYas HKOJIOTHYECKUE
W TEXHUYCCKHE aCIICKThL.

Takum o6pazom, B Poccun neficTBYeT memnblii
KOMIUIEKC HOPMATHBHBIX aKTOB Pa3JIMYHOTO
YPOBHSI, YCTaHABJIMBAIOIIUX MPOLEIYpsl 00pa-
IICHUSI C TPAHCIOPTHBIMU CPEJICTBAMH, BBIBE-
JIEHHBIMU W3 DJKCIUTyaTalluk. OTU JOKYMEHTBI
ONPENIETSIOT MOPSAIOK PETUCTPALIUU TPAHCIIOPT-
HBIX CpPEICTB, aAMUHUCTPATUBHBIE PETIIAMEHTHI,
HAJIOTOBBIE 00s3aTeNbLCTBA U JIPYTHUE Ba)KHBIC
aCIeKThI, CBsA3aHHbIC ¢ yTuiauzamueil. Cobmroe-
HUE PTUX TPeOOBAHUU TMPEIyCMATPUBACT IKOJIO-
TUYECKH 0e30macHOe M SKOHOMHYECKH 3(Pdek-
TUBHOE OOpaIlleHUE C OTXOJaMH.

HopmaTnBHBbIe TPeOOBaHMS M MPAKTHYECKUE
MOAXO0AbI K YTHIM3AMU ABUATPAHCIIOPTA
B Poccuu

B Poccun orcyTCcTBYET €AMHBIN CTaHAAPT IO
peanu3anuy  BO3MYIIHBIX CYyJOB, IOJUICKAIINX
CIMCAaHMIO. Y TWIM3aLMUs aBUATEXHUKH HAXOAUTCA
B cepe AEATENbHOCTH JBYX BeAOMCTB: MUHU-
crepcTBa 000pOHBI U MUHHCTEPCTBA TPOMBIII-
JEHHOCTH U Toprosim. CTpyKTypa B3aMMOOTHO-
LIIEHUI CTOPOH B XOJI€ peaIM3allui U yTUIN3aLIH
CIMCAaHHBIX CPEICTB ONpPENENAETCS MOCTaHOBIIE-
Huem lIpasurensctBa Poccuiickoit denepanyu
No 995'7, [Iporecc 3kcrutyatanv | yTHIM3ALUA

16 MesxrocynaperBernsiit craagapt I'OCT 31969-2013
Ne 1221-cT « ABTOMOOMIIbHBIE TPAHCTIOPTHBIE CPEICTRA.
TexHmueckas TOKyMEHTauus Mo yrwimzanun. Oomrme
TpeboBanusm» ot 28.10.2013 [DnekTpoHHsIi pecypc] //
Iapanr. 2014. URL: https://base.garant.ru/71317368/
(mata obpamenus: 21.11.2024).

' IMocranosnenue [pasurenscTsa PO Ne 995 «O nopsiz-
K€ YTWIH3AIUU U PeaTi3aluy aBUallMOHHON TEXHUKH,
cHsTOM ¢ 3KcrutyaTauuu» ot 21.12.2000 [DnekTpoHHbIN
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KOMIIOHEHTOB aBHAIMOHHOM TEXHUKHU JIOJKEH CO-

OTBECTCTBOBATh Tpe6OBaHI/IHM psAaa HOpMAaTHUBHBIX
18,19,20,21,22,23,24,25,26,27
JOKYMCHTOB =~ =7 77w,

pecypc] // TapanT. 2014. URL: https://base.garant.ru/
182784/ (nara obpamenus: 16.12.2024).

'8 denepanbrbIii 3aK0H Ne 89-03 «O6 0TX01aX IPOH3-
BOJICTBa 1 NOTpebaeHus» oT 24.06.1998 [DnekTpoHHbIN
pecypce] // KoncyaprantlLiroc. 2008. URL:
https://www.consultant.ru/document/cons_doc LAW 1
9109/ (nara obpammenus: 13.07.2024).

1 ®enepanbblil 3ak0H Ne 10-D3 «O rocygapcTBeHHOM
peryiaupoBaHuu pa3Butus aBuauum» ot 08.01.1998
[DnexTponnsii pecypce] // Tapant. 1998. URL:
https://base.garant.ru/175962/ (nata obpamienus:
13.08.2024).

 ITocranoBnenue [IpaButenscTBa PO Ne 505
«O06 ytBepxnennu [lopsiika MHBEHTApU3aIUU MECT
1 00BEKTOB JIOOBIUM, TPAHCIIOPTUPOBKH, TIEPEPAOOTKH,
UCII0JIb30BaHMs, cOOpa, XpaHEHUs U 3aXOPOHEHUs pa-
JIMOAKTHBHBIX BEIIECTB U HCTOYHUKOB HOHU3UPYIOIIETO
n3IydeHus Ha Teppuropun Poccuiickoit @enepanumy»
ot 22.07.1992 [DnexrponHuslii pecypce] // I'apant. 1992.
URL: https://base.garant.ru/2108170/ (naTa oOpameHus:
13.07.2024).

*! ITpuka3 MUHHCTEpPCTBA IPUPOIHBIX Pecypcos PD
Ne 786 «O06 ytBepxaennu deaepanbHOro Kiaccupuka-
IMOHHOTO KaTajora oTxoaoB» oT 02.12.2002 [Dek-
TpoHHbIN pecypc] // Tapant. 2003. URL: https://base.
garant.ru/12129508/ (nara obparmienus: 07.07.2024).

2 TOCT CCCP 25866-83 Ne 3105 «KCIUTyaTaIHs TexX-
Huku. TepMuHs! U onpeaenerus» ot 13.07.1983 [Onek-
TpoHHBIN pecypc] // Tapant. 1985. URL: https://base.
garant.ru/5916630/ (nata obpamenus: 13.07.2024).

P TOCT 27692-2012 Ne 1196-cT «JlokyMeHTALHs IKC-
[UTyaTallMOHHAs HA aBUALIMOHHYO0 TeXHHKY. [TocTpoe-
HUE, N3JI0XKEeHNE, 0(OpMIIEHHE U coaepkaHue hopMy-
nsipoB» oT 26.11.2012 [DnextponHsIi pecype] // 'a-
panrt. 2013. URL: https://base.garant.ru/70696972/ (nara
obpamenus: 17.04.2024).

#TOCT 15.309-98 Ne 189 «CrcTema pazpabOTKH 1 T10-
CTaHOBKH MPOAYKIIUHN Ha ITPOU3BOACTBO. HcnpiTanus
U TIpUEMKa BbITycKaeMoi npoaykimu. OCHOBHBIE MO-
noxenusi» ot 11.06.1999 [Dnekrponnsrii pecypc] // T'a-
panr. 2000. URL: https://base.garant.ru/12141420/ (nata
obpamenwns: 03.10.2024).

P TOCT 30772-2001 Ne 607-cT «PecypcocOepeskenue.
OO0pamienue ¢ oTxogaMu. TepMUHBI M OTIPEICICHUS
ot 28.12.2001 [DmexTponHsIit pecypce] // ["'apant. 2002.
URL.: https://base.garant.ru/12131573/ (nara o0parie-
nust: 11.03.2024).

X TOCT P® P 58849-2020 Ne 176-cT «ABHaImMOHHAs
TEXHHUKa IpakIaHCKOro HazHavyeHus. [lopsaok co3na-
Hus. OcHoBHbIE MOJ0XKeHUs» OT 24.04.2020 [Dnek-
TpoHHbIN pecypc] // Tapant. 2020. URL: https://base.
garant.ru/ 74345098/ (nata oopamenwus: 28.08.2024).

. Cranpapt otpaciu OCT 1 02786-2009 «ABHallMOHHBIIH
cTanaapT. TUIIOBBIE yCIOBUS NOCTABKU M MOCIIEIPO-
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Taoauma 1
Table 1

HopmaTtuBHO-TipaBoBOE 0OEcTIeUeHHE MpoIecca yTHIN3AIuU B TpaHCTIOPTHOU cdepe Poccun
Regulatory and legal support of the recycling process in the Russian transport sector

IMpakTnueckas
peanuzanus
Bun HopmaTnBHO-IpaBOBbIE aKThI B Poccriickoii
TpPaHC- Denepauuu
nopra
. . . MesknpaBuTe/1bCTBEH-
Poccuiickasn ®Penepanus | EBponeiickuii corxws
Hble OpraHu3anuu
— IITP® ot Ne 620 — Pernmament EC Konsenmus «O 0e3-
- Ne7-03 Ne 1257/2013 OMACHOCTHU U 3KOJIO-
Mopckoii | —  TIpuxa3z Ne 655 —  JlupekTupa T'UYECKH 00OCHOBAH- na
- TOCT 2000/59/EC HOW yTUIIM3ALUH Cy-
P MCO 30000-2013 AOB»
—  Pacnopspxenue Cranmapt 'OCT
OAO «PXXI» Ne 96p 31538-2012
K/n —  TOCT P 52326-2005 o na
-  ©3 Neo 18-03
—  Crangapr
OCT 32.181-2001
— T'OCT 31969-2013 — JlupekTuna —
- Ne 89-03 2000/53/EC
ABTO na
—  Ne393-@3 —  JlupexTuBa
2005/64/EC
Apua [T P® Ne 995 o PyxoBoacteo AFRA Her
BMP 5.0

AHanu3 HOPMaTHUBHO-IIPABOBOI'O KOHTEHTA
MO3BOJIJI YCTaHOBUTH, 4TO B Poccuiickoii De-
J€pallid MPOLECC YTWIM3ALMU TPAHCIOPTHBIX
CPEICTB BKJIFOYaeT HOPMATHUBHO-IIPABOBYIO 0a3y,
OXBaTBIBAIOLIYK) MOPCKOH, KEIE3HOAOPOXKHBIMU,
aBTOMOOWJIBHBIA M OTYACTH ABUAL[IOHHBIN BU]IbI
Tpancnopta (tabn. 1). OcCHOBHBIE 3aKOHOJA-
TEJIbHBIC AKThl YCTaHABJIMBAIOT KOJOTHYECKHE,
TEXHUYECKHE M aJIMHUHUCTPATUBHO-IPABOBBIC
TpeOOBaHUS K yTHIM3alMU. DTU MEphl HAINpaB-
JIeHbI Ha O00eCIeYeHHEe HKOJOTHUECKON Oe3ormac-
HOCTH, 5KOHOMHUYECKOH 11e1ec000pa3HOCTU U pa-
LIMOHAJILHOTO MCIOJIb30BaHUS IPUPOJHBIX pe-
CypCOB.

JTAXKHOTO 00ECTICUCHHS IKCILTyaTal[i aBUAIIMOHHOMN
TEXHUKHU TPAKIAHCKOTO Ha3HaveHus. O0mue TpedoBa-
Husy. M.: ®T'VII «HUUCVY», 2010. 35 c.

69

OnHako B OTHOIICHWHU YTHJIM3ALUHU BO3YII-
HBIX CyZ0B B Poccum oTCyTCTBYeT YHUQHUIMPO-
BaHHBIH moaxoa. HopmaTuBHO-mpaBoBas 0aza
periaaMeHTHpYeT JUIb TpeOOBaHUSA K MeTasllu-
YECKUM COEIMHEHUSIM U HE NPEIbSIBISIET BBICO-
KX TpeOOBaHMH K KauecTBY IMPOAYKLUH, MOJIY-
YEHHOM B pesyibTaTe yrunusauuu. Ha texymmii
MOMEHT B c(pepe aBHAIMIOHHOI'O TPaHCIOpPTa OT-
CYTCTBYET 3 (PEKTHUBHAS CUCTEMA MPAKTHYECKON
YTUIM3ALMU. YTUIU3aLMs OCYIECTBIAETCS Ha
JOOpOBOJIBHON OCHOBE, 4TO OOYCIOBIEHO Cla-
0011 HOpMaTUBHO-TEXHUUECKOU 0a30M.

s obecniedueHus] HKOJOTHUECKO Oe3omac-
HOCTH U PallMOHAJIIBHOTO MCIOJIb30BAaHUS pECyp-
COB HEOOXOAMMO pa3paboTaTh CHUCTEMY YTHIIH-
3alliM, COOTBETCTBYIOIIYI0 COBPEMEHHBIM Tpe-
O6oBanmsM. Takasg cucrema JOJKHA BKIIIOYATh
MEpBI 110 O€30IaCHOMY OOPAIICHHUIO C OTXO0IaMH,
a TaKk)Ke BO3MOKHOCTU NMPUMEHEHUS] BTOPUYHBIX
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MaTepuaioB B MPOU3BOJICTBE HOBOW aBHAI[MOH-
HOM TexHWKH. KioueBBIM acIieKToOM B JIaHHOM
CUTyallud SIBISAIOTCA pa3paboTka U BHEIPEHUE
3aKOHOJATEIbHBIX aKTOB M PErJaMEHTOB, OXBa-
THIBAIOIIMX HE TOJBKO aBUALMOHHBIN, HO U ApY-
THe BUABI TpaHCHIOPTa. JTO TpeOyeT Co3maHus
€IMHON HOPMATHBHO-TIPABOBOM 0a3bl, peryiu-
PYIOILEN COOTBETCTBYIOIIUE MTPOLIECCHI.

B Poccum paboTaer HECKONBKO KpPYIMHBIX
KOMIIAHUM, 3aHUMAIOLIMXCS yTUIU3AlMEld aBHa-

IIUOHHOMU TEXHUKU: «ABHaBTOppPECYPC,
«IIETPOMAKC», «lOxHo-Ypanbckuii —crie-
[UATU3UPOBAHHBIN  IICHTP  YTWIM3alUU» U

«IIBIM-ABUA»***2%3! TTonpo6Herii 0630p 1x
NESTEIbHOCTH U OlEHKAa PEeHTAa0eNbHOCTH BBI-
MOJTHEHbI aBTOpaMU paHee. BbUIM  BBISBICHBI
HEKOTOpBIE TPOTHUBOPEUHs, KOTOPBIE CHEPHKH-
BAIOT Pa3BUTHUE MPOLEAYD yTUIH3ALNN:

1) TexHOIOTHM PEIUKIWHTA B cepe yTHIH-
3anuu AT HEJOCTaTOYHO aKTHBHO MCIOIB3YIOT-
Csl, HECMOTPSI Ha UX DKOJIOTUYECKYIO MpPHUBIIEKa-
TEJBHOCTB;

2) HeCMOTps Ha HaJIWYUE TOTPEOHOCTH B
YTUIM3AIMA BO3JIYIIHBIX CYJIOB, B PEaJbHOCTH
3TH TOTPEOHOCTH HE 00ECIICYMBAIOTCS;

3) TONBKO NOJOBHHA M3 KPYIHEHIIUX yTH-
JU3UPYIOIIUX — MPEANpPHUITHH  JEeMOHCTPUPYET
BBICOKYIO pEHTa0EIbHOCTb.

[TockonbKy CpOK CIy>KOBl MPOAYKIHH BO
MHOTHX CEKTOpax MPOMBIIUICHHOCTH COKpalia-
eTCsl, a TAKXKE C YUYETOM O0COOEHHOCTEN MaTepua-
JIOB, U3 KOTOPBIX M3rorasiuBaiotrcs BC, u ycino-
BUU UX JKCIUTyaTallud HEOOXOIMMO CO3AaTh OT-
pacneByto cucremy yrwinmzauuu AT, B cBsA3M
C 4eM IMOBBIIACTCS MOTPEOHOCTh B CEPHE3HBIX
HAYYHBIX MCCICMIOBAHUSAX I PEUICHHs ITOU
POOJIEMBI.

2 OduumansHbii caiit «O00 «ABHaBTOppecype» [Iek-
TpoHHBIH pecypc]. URL: http://aviavtorresurs.ru/ (mara
obpamenwns: 30.03.2024).

¥ O¢uupanshsiii caiit AO «[IETPOMAKC) [Dnekrpos-
Hbiit pecypc]. URL: https://petromaxi.com/?ysclid=
m5r7an7lyy277759609 (nara obpamenus: 30.03.2024).

30 Opurmansrpiii caiit AO «FOYpCLLY» [DnexTpoHHbIit
pecypc]. URL: https://www.centrutil.ru/ (mata obparie-
Hus: 30.03.2024).

3 Odurmansrenii caiit OO0 «I[131IM-ABUA» [Jnek-
tpouHbIi pecype]. URL: https://podmet.ru/ (naTa oopa-
mennst: 30.03.2024).
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[Ipouiecc 3aBeprieHHs] CpOKa CIyk ObI TpO-
JyKTa MOXET MMETh MHOI'O NOCJIEACTBUN IJIS
BCEX CTOPOH, TAK KaK KaxJas W3 HUX HMEET
CBOM COOCTBEHHBIE LIeTU U MpuopuTeThl. O/HA-
KO U3-32 MHO>KeCTBa ()aKTOPOB U MPOTHUBOPEUH-
BBIX KPUTEPHUEB MJI MPUHATUS PEIICHUN MOUCK
KOMIIPOMHUCCOB  SIBJIIETCSI CIIOKHOM 3a7adeil.
Hanpumep, 11 npuHATHS ONTUMAJIbHBIX pelie-
HUN B SKOJIOTUYECKUX U IKOHOMHYECKUX BOIPO-
Cax pPEKOMEHIYETCS HCMOJIb30BATh 3BPHUCTHYE-
CKMIl METOJ «NHpaMHa YTUIU3ALMN», HO OH
HE UMECT KOJHWYCCTBCHHBIX OCHOB M HE BCerja
NPUMEHUM JJisi BCeX IleNied, MOATOMYy HeoOXo-
JAM TPOCTOW, CHCTEMATHYECKUW, JIOTMYHBIN
Y KOJIMYECTBEHHBIM METOJ JUIsl IPUHATHUS pellie-
HUs 00 OKOHYAHUU CPOKa CIIyKObI caMoJIeTa.

3apy0OexHblid ONBIT O0OpaNIeHUs
€ BO3AYUIHBIMH CYJAaMH, BbIBeIeHHBIMU
U3 IKCIIyaTalluu

Ha I'moGasbHOl KOH(EpEeHIMH MO YCTOWYH-
BOMY TPOM3BOJCTBY OBLI MpPEIJIOKEH METON
YTUIM3AUNA BO3AYIIHBIX CYAOB C HCTEKIIUM
cpokoM ciyx6bl (puc. 2)°% [10, 11]. Uxest sToii
MOJICTIH 3aKJII0YAaeTCS B CTPYKTYPHUPOBAHHOM,
MOIIAaTOBOM TPUHSATUU PpEUIeHUH B Ipolecce
YTUIM3AlUA BO3AYIIHOTO CyAHA. B BepimHe
QIropuT™Ma HAXOAMWTCS BO3AYIIHOE CYIHO CO
CPOKOM CIIy>KObI, KOTOPBIM MOAXOIUT K KOHILY.
DTO mpolecc PeBEPCUBHON JOTUCTUKH — MEpe-
menienne BC 13 myHKTa HazHa4YeHUs 00OpaTHO K
MECTY TMPOUCXOXKACHHUS WM B TpPEThE Me-
cto [12]. Tlocne peamusanuu OOpaTHOW JIOTH-
CTHUKU CYJHO BBIBOJUTCS U3 JKCIUTyaTalluu:
OTTACHBIE BEIIECTBA CIUBAIOTCS M yTHIU3UPYIOT-
csl, CyOHO pa30upaercs, a CHITbIE MaTepuaibl
OOBEAMHSIIOTCS B JIBE TPYIIIHI: KOMIICKTYOIIHE
¢ BC u marepuansl, moanexainime nepepadoTke
WA TTIOBTOPHOMY HCTIOIH30BaHHUIO.

Martepuanbl, mHONyuyeHHBIE IpH pa3dopke
BO3/YIITHOTO CYJHA, MOTYT OBITH OTIPABJICHBI HA
nepepaboTKy, YTHIN3ALUI0 WIK Ha CXKHUTaHue ¢
pexynepanueil sHeprun. OTXObl, KOTOpPBIE He-
BO3MO)XHO BOCCTAHOBUTb, OTIPABISAIOTCA Ha

32 Aircraft Technology Engineering and Maintenance,
2009. Iss. 102. 305 p.
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Fig. 2. Proposed structure for the aircraft decommissioning process

yrunuzauuio [13, 14]. DkoHOMUKa BO3IyIIHOTO
CyJlHa, YKOHOMHKA KOMIIaHUU U II100aIbHAsl 9KO-
HOMHUKa 4YacTO OTPAHWYMBAIOT pEIICHUS IS
BO3AYIIHBIX CYJOB C HMHTEIPUPOBAHHBIMHU CH-
cTeMaMu camosieta. Bbulo mpoBeneHO CcpaBHU-
TEIHLHO MaJI0O HCCIEAOBAHUM B 3TOH 00IacTH,
MO3TOMY OTpacilb 1O JEMOHTAXy M yTUIH3AHUU
CaMOJIETOB HY)KJAeTcsd B IPOBEIECHUM KOJIHYE-
CTBEHHBIX aHAJIU30B.

C 2000-x romoB xommanuu Airbus u Boeing
HayaliM pas3pabaTbiBaTh albTEpPHATUBHBIE IOJ-
XOJIbl K YIIPaBJIEHUIO CaMOJIETaMU B KOHIIE CpO-
Ka ciyO0bl. Airbus 3amyctun npoekt PAMELA,
a Boeing ocHoBanm AFRA — Acconmanuio 1o
yTUIM3alMM Tapka BO3MYIIHBIX CynoB. Brmo-
CJIeJICTBUU 00€ KOMITaHUU 3aIlyCTHJIN MTPOEKTHI B
OAD u B Kurtae no co3gaHuio eIMHOIO LIEHTpa
1Mo OOCIY)KHMBAaHHMIO M YTWJIM3AaLUU BO3AYIIHBIX
CY/JIOB.

Acconpanus o yTWINM3alMK NapKa BO3AYyII-
HbIX cyn0B (Aircraft Fleet Recycling Association —
AFRA) — 310 MexayHapoHasi HEKOMMepUecKast
opranu3zanysi, o0beIMHSAIONAs IPOU3BOIUTENCH,
KOMIIaHUM IO NepepadoTKe OTXOJ0B U aBHAIlU-
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OHHBIE TEXHOJIOTMUECKHE KOMIIAHUU B aBHAllM-
OHHOM HpOMBIIIICHHOCTH. OCHOBHAs  ILIENb
AFRA — mponBuxeHue NEepenoBOl NPaKTUKU
OXpaHbl OKpYXKAlOIIEH Cpenbl, COBEPLIECHCTBO-
BaHHE HOPMATUBHBIX TPEOOBAaHUI U yCTOMUUBOE
pa3BuTHE IpHU Pa300pKe BO3AYIIHBIX CYIOB, a
TaKKe MpU yTWIN3ALMM M BTOPUYHOU IHepepa-
00TKE aBHAIMOHHBIX JeTalleil M MaTepHuasoB.
AFRA Obina ocHoBana B 2005 romy ¢ Henbio
pa3pabOTKU OTPACIEBOTO KOJEKCA MOBEACHUS U
HepesioBOM MPaKTUKM B 00JacTH JIEMOHTaxa
BO3/YIIHBIX CYJIOB U TIepepabOTKN MaTepHasoB.
CocraB opranmszauum Bo3poc ¢ 11 uneHOB-
OCHOBaTeJIeH 0 73 4JIECHOB B HACTOSIIEE BPEMS.
Muccuss AFRA — opranuzanms yCTOMYHMBOIO
yIOpaBieHUs! OTPaOOTaHHBIMU IJIAHEPAMHU U JIBU-
rareisiMu. OHa mpomaraHaupyeT U IyOJIMKyeT
KOJUIEKTUBHBIN OIBIT CBOMX WIEHOB I YiIyd-
LICHUS NPAKTUKHU 10 YIIPABICHHUIO CAMOJIETAMH C
UCTEKIIMM CPOKOM 3KCIUTyaTallud M MOOLIPEHUs
B3aMMOJCHCTBUS MEXIy Ppa3InYHbIMU OpraHH-
3alusAMU U co3/1aHusl () (HEKTUBHBIX TEXHOJIO-
TMil BO3BpaTa aBUALlMOHHBIX MAaTEPHAJIOB B DKO-
HOMMKY JUIsl TepepalOTKH M CHIKEHUS Bpena
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* YTunusanus niasepa

* Pexomenanmu no oOpaieHuio ¢ AeTalsIMU ABUraTe s IPH pa3dopke
* BB€ICHHO MOHATHE JIETHOW TOAHOCTH

. Honpe}meﬂnme JCTAIH, IPUIMAPKOBAHHBIC CAMOJICTEI

* DNEeKTPOHUKA U OOPTOBOE 00OPYIOBAHHE

* Haunyymas npakTtuka oOpameHuss ¢ JeTasiMU BO BPEMs pa300pKu

camonera
*Mmeer xaBe BepcuH: Ppa300pka CaMOJIETOB W ABHALMOHHBIX
JIBUraTENeH U yNPABICHUE YTHIN3ALMECH UMYILIECTBA

Puc. 3. HoBoBBenenus B Bepcusix BMP

Fig. 3. Innovations in the BMP versions

okpyxartomieit cpene. AFRA paGoraer Han pea-
au3anuedl CBOMX LieNied MyTeM HoJAepkKaHUs U
MOOUIPEHUsI OTPacIeBOr0 NpPHU3HAHMS CBOEHU
nporpaMMmbl akkpeautauuu (BMP) u yuactus B
HEl; BOBJICYECHHS CBOMX YJICHOB B KJIKOYEBBIE
NPOCKTHl M WHHUIMATHBBI; YCTAHOBJICHUS pabo-
YUX MAapTHEPCKUX OTHOLIEHUH C acCOLMMPOBAH-
HbIMU opranm3anusiMu. AFRA BkirodaeT B ce0s
IIPOU3BOJUTENIEH BO3AYIIHBIX CYJOB, IPOM3BO-
JIATEJICH JABUTATENEH, KOMIAHUH IO JEMOHTaXy
U JTUCTPUOBIOTOPHI 3amyacTeil, a Takke KoMma-
HUH 110 TIepepaboTKe TOIUIMBA U MaTtepuaios. 13
400—450 caMo1€eTOB, KOTOPBIE €XKETOAHO CIAIOT-
Cs Ha CJIOM M pa30OopKy MO BCEMY MHUPY, MPH-
MEpPHO OJiHa TPeTh pa30MpaeTcsi KOMIAHUSAMHU —
yneHamMu AFRA.

PykoBonctBo AFRA mo mnepenoBelM MeTo-
nam ynpasienusi (Best Management Practice —
BMP) — 3T0 MexayHapoAHBIM CTaHIapT, Ompe-
JENSIOMNNA HAaWIydlllie METOJbl JEMOHTaxa U
YTWIN3ALKANA BO3IYIIHBIX CYyJOB C Y4€TOM 3KO-
JIOTUYECKUX acnekToB. OH COAEPKUT PEKOMEH-
JallMY 10 OOpallleHuIo ¢ JeTaJsIMM U MaTepua-
JaMH, CHSATBIMH TIpU Pa300pKe M YTHIU3AINH
BO3AYIIHOTO CyAHa A OOecledeHus MaKcH-
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MaJIbHOW 3Kosornyeckoir OezomacHoctu. AFRA
pa3paborana «PyKOBOACTBO maJisi aBHUAIIMOHHOM
HPOMBIIIJIEHHOCTH 110 YCTOMYMBOMY JAEMOHTAXKY
u niepepabdotke» u «IIpakTHueckoe pyKOBOJICTBO
O J€MOHTaXY BO3JYLIHOIO CYJHa», KOTOpBIE
colepKaT pPEKOMEHJAIMH 10 OOpameHuio ¢
OBIBIIMMU B yHOTpEOJICHUH AETalsIMU U MaTe-
puamamu. OJHUM W3 TJIAaBHBIX JOCTH)KCHUI
AFRA 65110 nepBoe «PykoBOACTBO MO HauWIyd-
1reif MpaKTHKe ynpaBieHus» . [TocIeaHss Bep-
cust 5.0 mpencrasuser codoit COOPHUK PEKOMEH-
Januid 10 HAWIyYIIeH TpakTHKe oOpamieHus ¢
JeTaasiIMM BO BpeMsi pa300pKH camolera, Koria
CPOK CITy>KObI TUIaHEpa WU ABUTaTeNsl TOAXOANUT
K KOHIy. OHO COJEP)KHUT Jy4YIlUe yIpaBieHYE-
CKHE TPAKTHKH, KOTOPHIE TMOMJIECKAT ayauTy.
JIOKyMEeHT OpeJCTaBiIeH B JBYX BEpCUSX: VI
HaWIydIIAX METOJIOB pPa300pKH CaMOJICTOB H
aBUAIIMOHHBIX JABMraTeled W s HaWIydlInx
METOJIOB YIIPABJICHHs yTHIM3AIHUEH MMYIIECTBA

(puc. 3).

33 Acconmanys Mo yTHIN3AIHH MapKa BO3AYIIHBIX CYI0B
[DnexTponnsnii pecypc]. URL: https://
afraassociation.org/ (nata oopamenus: 29.03.2024).
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Cnenyer OTMETUTh, YTO MPEJICTABICEHHOE pY-
KOBOJICTBO 3aKpBITO UIsl OOIIECTBEHHOIO O3Ha-
KOMJICHHSI, SIBJISISICH MHTEJUIEKTyalbHOM COO0-
cTBeHHOCThIO. Bepcum pykoBoactBa AFRA
BMP noctynHbl 4iieHaMm, akKKpeOUTOBAHHBIM U
IPETEHAYIOMNUM Ha aKKpPEAUTALMIO HpeIrpHs-
tusM. PykoBoncrBo BMP pekomenayer komna-
HUSM, 3aHUMAIOUMCS pa300pKoil caMOJIeTOB, a
TaK)Ke BIIAJIENIblIaM aKTUBOB BBISICHSTH, OBLIH JIH
BO3/JYILIHOE CYJHO WM €r0 YacTU BOBJICUYEHHI B
HapyIIEHUE JIETHOW TOAHOCTH, CBSA3aHHOE C He-
0OBIYHOH Xapoil, CTpeccoM WM HEHOPMAaJIbHbI-
MU YCJIOBUSIMU OKpyxatoumed cpeasl. AFRA
TpeOyeT MpOoBEJIEHUs ayAuTa J0 MEepBOHAYAIb-
HOM aKKpeauTaluu, Ha KOTOPOM IPOBEPSIOTCA
IIPOLIECCHl, HEOOXOAMMBIE NJIsi YCTpPAHEHHUS Je-
dekroB. [locrne 3Toro MpoBOAMTCS MO JBa €XKe-
TOAHBIX ayauTa, 4YTOOBl YOEeIUThCS, 4YTO BCE
npobsiembl ObuH periensl. [Ipumepno 70 % ca-
MOJIETOB CETOAHS MOXHO IMOJHOCTBIO nepepado-
tath. AFRA momaraer, 4ro »3TOT mOKa3aTelb
MOXET Bo3pactu 10 95 % 3a cueT pa3paboTKu
HOBBIX TE€XHOJIOTMI U IIMPOKOTO BHEAPEHHUS Iie-
PENOBBIX JKOJOTMYECKUX HPAKTUK B OTPACIH.
AKkpeauTaius JOCTyIIHA KaK ISl YJIE€HOB acco-
[UalKU, TaK U JJIs1 KOMIIAHUM, HE SBIISIOMIMXCS
ee wieHamu. Ha ceromusmuuii nedb AFRA ak-
KPEIUTYEeT KOMIIAHHHM IO HECKOJbKUM HaIpaB-
JEHUSIM: JEMOHTaX, IepepadoTka OTXOJOB,
JIBOMHAsl aKKpEIUTALIUSL.

IIpoekt AFRA He orpaHu4yuBaeTCsi TOJBKO
EBpomnoii, a Takxke pa3BUBAcTCS B JAPYTHX PETU-
oHax. Hampumep, xommanusi Falcon Aircraft
Recycling, ocnoBannas B 2013 rony, sBisercs
MEepBOM KOMITAHUEN IO YTWJIM3AIMU CAMOJIETOB B
OGbemHeHHBIX  Apabekux  Omupatax’'. Oma
COTPYJHUYAET C PYKOBOJICTBOM a’3pONOPTOB H
JlenapTaMeHTaMy  TPaXJaHCKOM aBUALMK JJiA
perieHust mpoOaeMbl OPOIIEHHBIX caMoIeTOB. Ee
14 npoekToB HampaBiI€HBI Ha MOJAEPKKY BaK-
HBIX COIMAIBHBIX MPOOJIEM M MOMOTAlOT JIETAM
U3 pa3HBIX CTPaH YJIY4YLIMTh CBOIO kH3Hb. KoMm-
MaHUA MPEeAJIaraeT pa3InuHbIe YCIYTH, BKIIOUYas
TEXHHUYECKOEe 0O0CIyXHBaHUE, pa30oOpKy, XpaHe-
HUE M YTWIM3ALUIO CaMOJIETOB, YIIPABIICHUE

3 Falcon Aircraft Recycling [DnekTponusiii pecypc].
URL.: https://falconaircraftrecycling.com/index (nara
obpamenwns: 30.03.2024).
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ABUAIMOHHBIMU KOMIIOHEHTAaMH U MOOUJIbHBIC
cepBHUCH 10 BceMy mupy. Emirates Airlines 3a-
kmoumnu ¢ Falcon Aircraft Recycling kontpakr
Ha YTHJIM3AIHMIO W TepepaboTKy MEepBOTO CIH-
canHoro camosnera A380. DTOT NMPOEKT HaIpaB-
JeH Ha MUHHMH3AIUI0 HETaTHBHOTO BO3JCH-
CTBUSL Ha OKpyKarollyro cpemy. OObIYHO crH-
CaHHBIC CAMOJICTHI OTIIPABIIIOTCSI B OT/IAJICHHBIC
MECTa, YTO HETaTHUBHO CKa3bIBAETCS Ha JKOIO-
rud. [IpoexTsl o pa30opKe ¥ yTHIU3AINHA TaKuX
CaMOJIETOB YacTO HE PEAU3YIOT MHOTHE KOMIIO-
HEHTBI, @ MaTepHallbl, TAKHE KaK OTHECTOWKHE
TKAHU U KOMIIO3UTHI, CJIOXHO YTUIU3UPOBATH
U3-32 HEBO3MOXKHOCTH WX mepepaborku. Falcon
Aircraft Recycling 3axmrounna mapTHepckoe co-
rnamenne ¢ Wings Craft ans nepepabotku ne-
Tajei camolieTa B YHUKAJIbHbBIE KOJUIEKIIMOHHBIC
¥ PO3HUYHBIE TOBapbl. KoMmaHus coTpyaHnvaer
C Ppa3IMYHBIMU  OpTaHM3ALMSIMH, BKIIOYas
Emirates Airline Foundation, 4ToObI 00ecieunTh
3¢ dexTUBHBIE M HSKOHOMUYHBIC PEIICHUS TI0
OKOHYAaHUU CPOKa CITyKObI CAMOJIETOB.

B 2005 romy eBpomnelckuii aBUACTPOUTEIIb-
HBI KoHIepH Airbus Hayan npoekt PAMELA,
KoTopbiid mmwics mo 2007 roma um ObUT MOIIEP-
*aH EBpomnelckoli KoMHCCHEH. DTOT MpPOEKT
o1 mHUIIMUpoBaH Airbus, EADS, Suez-Sita u
LIFE. Ero ocHOBHas ujes 3akjiryanach B CO-
3TaHUU CTaHJapTa 0€30MacHOT0 U HKOJIOTUYECKU
YHCTOTO YNpPaBJICHUS BO3AYIIHBIMH CyJaMHU C
HCTEKIIUM CPOKOM CITy>KOBI, a TaKXe B CIIOCO0-
HOCTH TepepadoTaTh WM PEKyNepupoBaTh 10
85 % Beca camonieroB A300 (macca 106 ToHH).

Kpome Toro, 1emnpio npoekra OblJI0 cO3AaHne
MOJIHOCTBIO MHTETPUPOBAHHOIO MMOAX0/a K MPO-
EKTUPOBAHUIO M TPOU3BOJCTBY CaMOJIETOB Ha
NPOTSKEHUH BCEr0 UX JKU3HEHHOTOo Iukia. B
paMKax npoekrta Obul pa3paboTaH TPeX3TaIHbII
TEXHOJOTMYECKHH MOAXO0J K mepepaboTke Hu
YTUIM3AMA BO3AYIIHBIX CYJOB, KOTOPBIH CO-
CTOSJT U3 CJEAYIOUIMX OCHOBHBIX 3TaIoB: BBIBO-
Ja W3 OSKCIUTyaTaluH, pa30opKu camolera H
«yMHOTO» fieMoHTaxa (puc. 4) [7].

Ha nepBom »stane (D1) Bo3aymHoe CyaHO
BBIBOAUTCS W3 JKcIuryaramuu (puc. 5). OHO
OCMAaTpPUBACTCSI, U COCTABIISICTCS CIMCOK JIeTa-
Jeil, KOTopele MOTYT OBITh HCIOJB30BaHBI MO-
BTOPHO. DTO MO3BOJHUT KOHTPOJIHUPOBATH COCTO-
SHUE JIeTaNel Ha MPOTSKEHUH BCETO KU3HEHHO-
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Puc. 4. TpexaTamHblil TEXHOIOTHYECKHH MTOIXO0 K rtepepaboTke u yrmwm3sanun BC - PAMELA
Fig. 4. A three-stage technological approach to the recycling and disposal of aircraft - PAMELA

VYruiuzaums ;KUIKOCTENH U
BpEIHBIX BEIIECTB

Puc. 5. Texnonornueckuii npornecc BoiBoga BC u3 sxcmyaranuu (D1)
Fig. 5. The technological process of aircraft decommissioning (D1)

ro nukia. Jlanee creayer ouuctka u obess3apa-
JKUBAHUE C TOCIEAYIOIUM CIHBOM >KUIKOCTEH
u3 cucreM W TpyOompoBomoB. [loBTOpHO WHC-
MOJIE3YIOTCS TOJIBKO pabodme >KUIKOCTH, KOTO-
pBIe MOKHO TPOJATh U UCIIOJIb30BaTh B KAUECTBE
toruBa. Ecnm  paboume skuakoctu Oosblie
HEJIb3sl UCIIOJIb30BaTh, UX HEOOXOIMMO YTHIIH-
3UpOBaTh B COOTBETCTBHUHU C MpaBuiamu. Taxxke
MOJyIeXKAT YTHIN3AIMK OTNacHbie BemlecTBa. Ko-
I/1a CPOK CIY>KOBbI BO3AYIIHOTO CyAHA MCTEKAeT
A OHO HE MOYET OBITH UCIIOIL30BAHO IMOBTOPHO,
HACTYIIaeT BTOPOH 3Taml MoJaxoja K nepepadoTke
W YTWIN3AIMU BO3JAYIIHOTO CyIHA — pa3dop-
ka (D2). Ecnu Bo3aymiHoe CyIHO HE MOXET
OBITh HWCIOJB30BAHO IOBTOPHO, OHO JIOJKHO
OBITh yTHIU3UPOBAHO.

JIeMOHTaX peanm3yercsi B TPU dTama: IUIaHH-
poBanue, pasbopka, coptupoBka. Ilpu mmanupo-
BaHWU BaXXHO HE TOJBKO CIUIAHMPOBATH IMOPSIIOK
JEUCTBUI, HO M U3yYHUTh COCTAaB U CTPYKTYpY KOH-
CTPYKIIMIA, MaTepUaoB U JIETaJel, MPEACTABIICH-
HBIX Ha KOHKPETHOM THIIE BO3AYLIHOTO CY[I-
Ha [15]. Jeranu u 060pyaoBaHuE, IPUTOTHBIC JUIS
HOBTOPHOT'O HCIOJIb30BAaHMSI, BEIOMPAIOTCS HA OC-
HOBE CIpOCa Ha PBIHKE 3allaCHBIX YacTeit [16].

ITpu c6ope Bceit HeoOxoaMMON MHPOPMaLIUU
COCTaBIISICTCS TIOJPOOHBIN TUIaH Pa30OpKU U 00-
pabOTKM TOJIYYEHHBIX MAaTEpPHaOB C Y4YETOM
IBYX (aKTOPOB:

1) maTepuan He MOANEKUT MOBTOPHOMY HC-
MOJIb30BaHUI0 — O0OpadaThIBaeTCsl s JTara
YTUIIN3ALINY;
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2) martepuan MOANEXKHUT MepepadoTke — 00-
pabaTbeIBaeTCs IS TIOJTOTOBKH K PEIMKIIMHTY C
JaJIbHEUIIEN OTIPAaBKOM Ha COOTBETCTBYIOLIUE
PBIHKH COBITA.

JlonTOCpOYHBIM ~ aCMEeKTOM  IUIaHHUPOBAHUS
npoiiecca pa300pKU SBISETCA aHAJIU3 IMPOITYCK-
HOM CIIOCOOHOCTH.

3aKTIOYUTENBHBIM ~ 3TAlOM  TPEXATAITHOTO
noaxoaa PAMELA sBnsieTcsi yMHBIN JEMOHTAX.
B kauecTBe cnemyromero mara camoJieT ObLI
JEMOHTHUPOBaH. MaTepuanbl MOATr0TaBINBAIOTCS
JUISL U3MENTBYCHHSI U COPTUPOBKHU U OTTIPABIISAIOT-
ca B KaHanel yTtwimzauuu. [Ipoekr PAMELA
JIokasan, 4To 10 85 % KOMIIOHEHTOB Ka)KIOro
camoJleTa MOXHO 0e30macHO U 3()(PEeKTUBHO MO-
BTOPHO HCITI0JIb30BaTh MO cpaBHEHUIO ¢ 60 % 10
Havaja peanu3aluu mnpoekta. I[lpu mommepikke
EBporeiickoii KOMUCCHH B UCCIICIOBAaHUH OBbLIN
HCITOJIb30BaHbI METO/IbI MepepadOTKH, MPUMEHSI-
€MbI€ B JPYTUX OTPACISAX MPOMBIIIJIEHHOCTH, U
KOJIMYECTBO OTXOJI0OB HAa CBAJIKaX COKPATHUIIOCH
mo meHee yeM 15 % Bmecto 40-50 %. Ycmex
PAMELA npuBen k cozmanuto Tarmac Aero-
save, KOTOpBIA Tenepb BOCCTAHABIMBAET Mare-
puaiel, coctasisronme 90 % Beca camorera.

B xonne suBaps 2024 roma B Kurtae navan
paboTy CEpBUCHBINA IEHTP MOJHOTO KU3HECHHOTO
nukia Airbus, KOTOpbI 3aHUMAET IIomAAbL 00-
nee 60 TeKTapoB M CIIOCOOEH O0CTYKUBaTh pa3-
JUYHBIE TUIBI BO3TYIIHBIX cy):LOB35. On Oyger
MIPEAOCTABIATh MIUPOKUN CIEKTP YCIYT, BKIIIO-
qasi CTOSIHKY, TEXHUYECKOE OOCITyXKHBaHHUE, MO-
JIEpHU3AINI0, TIEepeoOOpyI0OBaHNE H yTHIIM3a-
nuio camonetoB. llenb LieHTpa — MOBBILIEHUE
YPOBHSI yTHJIM3AIIMU ABHAIIMOHHBIX KOMITOHEH-
TOB ¥ MarepuaioB 10 90 %. O6muii 06bemM UH-
BECTUIIMIA B MPOEKT — 6 MIIp]I F0AHEH, a ero Ie-
TBI0  SIBISIETCS  YIUIyOJIEHHWE COTPYIHUYECTBA
Mexnay Kuraem m Epomoii. Airbus China mpo-
riozupyer, uyro k 2042 romy Kwuraii craner
KpYITHEHIITUM B MHPE PBHIHKOM aBHUAIMOHHBIX
ycayr ¢ oobsemoM B 54,1 mipa gomnapos. B Ku-
Tae OXHUIAETCS TEMIT pocTa B cdepe yCIyr o
VTUIIM3AIMA  CaMOJIETOB, BKIIOYash Pa30OpKy
U TIPOJIaXXy  HWCIIOJIb30BAaHHBIX  MaTEpHaJIOB.

3 Ocpunmansrbiii caiit Airbus [nexTponHsiii pecype].
URL: https://www.airbus.com/en (ata obpamieHus:
30.03.2024).
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Airbus BeiOpan KuTtaii B kauecTBe maptHepa AJs
CO3JIaHUsI TIEPBOTO LIEHTPA MOJTHOTO >KH3HEHHOTO
[IUKJIAa aBUAIIMOHHON TEXHUKU. DTOT LEHTP CTa-
HET IIaroM Ha MyTH K SKOHOMUYECKOMY pa3BH-
TUI0O aBHMAllMOHHOW OTpaciu ¢ BHEIPEHHUEM
MPUHIIUIIOB 3aMKHYTOTO ITUKJIA M AKOJOTHYHO-
ctu. Airbus o0ecnieunBaeT NOJACPKKY MECTHBIX
MIPOEKTOB C IEJIbIO PAa3BUTHUS aBUALIMOHHBIX CEp-
BHCOB U BHEAPEHUS CTPATETUU 3EJICHON SKOHO-
muku B Kurtae. Ceroguss MHorue crpanbl EBpo-
nbl U A3uW yIenstoT OONIbIIOE BHUMAaHHE BO-
nmpocaMm yTWiIM3anuu. B Xoze wucciemoBaHus
MPOBEJICH aHAIH3 PsAa MEXAYHAPOIHBIX MPOEK-
TOB TIO CJICAYIOIIUM TapamMeTpaMm: YUCICHHOCTh
YYaCTHUKOB U CTPYKTypa COTPYIHHUYECTBA, OC-
HOBHAs KOHIEMIMA M CTPATErHUYECKUE HaIpaB-
JICHUs peajn3alii IPOEKTOB B 0ONACTH YTHIIH-
3allMi TEXHHUKH, a TAaKXKE OI[CHKA MPEI0KEHHBIX
pexkoMeHmanuii (Taodi. 2).

[Ipoext AFRA — oauH U3 BeayuMxX y4acT-
HHMKOB B 00yiacTh, 00beauHsIonui 6ojee 70 BbI-
COKOKBATH(HUIIMPOBAHHBIX CIELUATTUCTOB.
Boeing akTuBHO pasBuBaet 3Ty cdepy, pazpada-
ThIBass PEKOMEHJALMU W CTaHAApPThl, KOTOPHIE
GbopMUPYIOT OCHOBY JJisl JAajNbHEHIINX HHHOBA-
i 1 ynyumeHuid. Kommanus crtpemutcs He
TOJIBKO K CO3JJaHHIO MEPEIOBBIX TEXHOJIOTHi, HO
U K UX LIKUPOKOMY BHEJIPEHUIO, YTO JEJIaeT
Boeing ki1t04eBbIM UTPOKOM Ha PBIHKE.

Ha ceromusmnuuii nens Boeing 3aBeprimin
OJIMH U3 CBOMX CAMbIX MAacCIITaOHBIX MMPOEKTOB —
PAMELA. OT1oT npoekT cran OTIpaBHOW TO4-
KOW Il JaJbHEWILEr0 pPa3BUTHS M BHEIPEHUS
MEPEIOBBIX PEIICHUI B 00JacTH a’dpoOKOCMUYE-
ckux TexHojoruii. PAMELA 3amoxun oCHOBY
st co3ganus Tarmac Aerosave, COBMECTHOTO
MPOEKTa C JoYepHed kommaHuend Airbus —
Safran. Tarmac Aerosave He TOIBKO MPOTOKUAI
Tpaauumu, 3anoxxkeHuele PAMELA, HO u mipu-
BHEC HOBBIE HJEH U TEXHOJIOTMH, CHEJIaB €ro
BaYXHBIM ATAIlOM B 3BOJIIOLIUU OTPACIIH.

VYcenex Tarmac Aerosave cTtam OCHOBOW IS
peanuzanuu npoekta Airbus Lifecycle Services
B Kurae. 910 mapTHepcTBO MO3BOIMIO 00BEIH-
HUTh YCWINS BEAYIIMX MUPOBBIX IMPOU3BOJIUTE-
JIeH aBHAMOHHON TEXHHUKU H CO3JaThb KOM-
TUIEKCHBIN MOAXO0A K OOCIIYKHUBAaHUIO U PEMOHTY
camoneroB. Airbus Lifecycle Services ctan Bax-
HBIM IIarOM B Pa3BUTHH MEXIYHAPOJHOTO CO-
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Tao6auua 2
Table2

Oco0eHHOCTH peanr3annui MeXJyHapOJHBIX MPOSKTOB 10 yTriau3anuu BC
Features of the implementation of the international projects of aircraft recycling

AFRA Falcon PAMELA ALSC
(yuactouk AFRA)
OcHoBaH 2005 2013 2005 2024
OkoHUYaHHE JIEUCTBYET JIEUCTBYET 2007 JEUCTBYET
UneHctBo 73+ 43am - 5 -
u 14 HUC
CoTpyIHUYECTBO ISTAT, ATAG, MyHuUIMnanuTeThl EBponeiickas Satair
HNKAO, IATA, Oymxkeiipet u [yodas, KOMHCCHS
ASA, AOOC, EPDD / EPDA, DCA,
EASA, FAA GCAA, FANR
Wnes Oxomornyecku 6e3- | Cozmanue enunoro | Cosmanue eauHO- | Co3MaHUE €UHOTO
OIacHasl yTUJIH3a- nieHTpa BHe EBpors ro cTaHjgapra CEpPBUCHOTO IIEHTpa
I[US] MaTepPUAIIOB H JUTSL XpaHeHHs, 00- 0e30MacHOTO U | MOJIHOTO KU3HEHHO-
Oe3omacHoe 1o- CIIY)KUBaHUIO U yTU- | DKOJOTHYECKOTO ro MUK
BTOPHOE UCIOJIB30- nuzauuu BC ynpasnenust BC
BAaHHE YTUIU3UPO- c UCC
BaHHBIX METAJIOB H
KOMITOHEHTOB
Hampasnenune PazpaboTka xoMm- TO, pazbopka, mo- | BC He MmoxeT uic- | KpaTkocpounas u
IJIEKCHOTO TIONIX0/1a | OMIBHBIC CEPBUCHI, MIOJIB30BATHCS JOJITOCPOYHAS CTO-
K ICMOHTQXYy M YTH- | YTHIW3alUs, yOpaB- | MOBTOPHO, HOJDK- | ssHKa, TO, MonepHH-
JU3AIUH, TTPOIIECC JIeHWe KOMIIOHEHTa- HO TTO/ITIEKATh 3anus, nepeodopy-
aynuTa M akKpeOu- | MH, KpaTKOCPOYHOE U YTHIN3AIIU JOBaHUE, IEMOHTAX
Taluuu CpeIHeCpOUHOE Xpa- Y yTUIH3AIHS
HEHHE
PazpaboTka pe- AFRA BMP 5.0 - TpexsTanHsbrii -
KOMEHIALUN TEXHOJOTUYECKUI
MOJIXOJI K TIepepa-
0OTKE W yTHIIH3a-
muu BC

TpyAHHYECTBAa U OOMEHa 3HAHWSAMH, YTO CIIO-
coOcTByeT NoBbIICHHUIO 3 (HEeKTUBHOCTH U 0e3-
OIIAaCHOCTH aBHAIEPEBO30K MO BCEMY MUDY.

3akJoueHue

ABHallMOHHAsI TEXHHUKA COCTOMT W3 3HAYM-
TEJIbHOI'O KOJIMYECTBA 3JIEMEHTOB, KOTOPbIE HE
TaK IPOCTO YTHJIU3UPOBATh U3-32 Pa3HOOOPA3Us
MaTEpUaJIOB U CIOKHOCTH KOHCTPYKIMH. C Kax-
JpIM TOJOM Ha MHOTOYHCJICHHBIX IIIOLIaJKaXxX
HaKaIlJMBaeTCsl Bce OOJblLle TBEPIBIX TEXHUYE-
CKHX OTXOJIOB, KOTOPBIE 3aHHMAIOT 3HAYUTEb-
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HBIC TIJIOIIaau. YTI/IJ'II/I3aIII/I$I KOMITIOHCHTOB JICTAa-
TENbHBIX alMapaToB CTAHOBUTCS aKTyaJbHOU
MexoTpacneBoi mpobiemoit. [Iporecc yrunuza-
[IUU JIOJDKEH OBITh CTPOTO PErJIaMEHTHUPOBAH U
KOHTPOJIMPOBATHCSI.

Ha ocHoBe aHanmu3a ombiTa Apyrux oTpacieit
TPAHCIIOPTA U MCKAYHAPOAHBIX ITPAKTUK MOKHO
TOBOPUTh O CYIIECTBOBAHWU YHHUBEPCAIbHBIX
moAXO040B K OpraHu3aliiy CUCTCMbI YTUIIM3allun
aBUaTEeXHUKH. B pamkax wuccrnenoBaHus ObLIH
BBIJACJICHBI OCHOBHBIC JTallbl TAKOW CHCTEMBI:
cOOp TEXHHUKH, IEMOHTaX KOMIIOHEHTOB, HU3BJIE-
YeHHe JeTajiedl JUIsl MOCJEAYIOIIEro HCIOib30-
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BaHMS B Ka4YeCTBE 3allacHBIX 4acTel, U3Melbue-
HHUE, COPTHPOBKA MO0 MaTepHajiaM, BOCCTaHOBJIE-
HHE WIN YTHIH3aLHs.

Cnenyer OTMETUTh, YTO yIPaBIEHHUE 3aBEp-
MIAIOMIMM 3TalioM J>KU3HEHHOTO IIMKJIAa TPaHC-
MOPTHOTO CPEJCTBA TO3BOJISIET YIPABISATH KH3-
HEHHBIM LUKJIOM oTpacid. C ydeToM poccuii-
CKHX pealuii B cdepe oOpamieHus ¢ OTXO0JaMHu
MPOU3BOJCTBA A obecnieueHus: 3(HEeKTUBHOTO
(YHKIMOHUPOBAHUS ~ CHUCTEMBI  yTHJIM3AIINY,
BO3MOJKHO, MOTPEOYETCS CO3JaHNe CIEeINAIN3H-
POBaHHOTO TMOJPA3/eIeHus (lenapTaMeHTa yTH-
JM3alU aBHALMOHHON TEXHHWKH), KOTOPBIHA OY-
JIeT SIBJIATHCS KOOPAMHUPYIOUIMM OPTaHOM B CH-
CTeMe M B3aUMO/ICHCTBOBAThH C BOBJICUCHHBIMHU B
MPOIIECC TOCYUPEKICHUSIMHU.

Eme ogHUM HeMaoBaKHBIM aCTIEKTOM SIBJISI-
eTcs CTHUMYJIMPOBAaHUE BIAJEIbIIEB BO3IYIIHBIX
cynoB. ['ocymapcTBO MOXKET TPenOCTaBIAThH
npsMble CyOCUAMM JUIS TTOKPBITUSA YacTH 3aTpar
Ha YTWIM3AaLUI0 M KOMIIGHCAlMM CTOWMOCTH
BTOPUYHBIX PECYPCOB, a TaKXKe KOCBEHHBIE CyO-
CHJIMM B BHJIE BO3BpATa WJIM CHIKCHUS HAJIOTOB.
Hampumep, cTuMynupoBaHHE TaKOM IEATEIbHO-
CTH MOJKET BKJIIOYATh CHIKEHHUE pa3Mepa IUIaThl
32 HEraTMBHOE BO3JCHCTBHE HAa OKPY>KAIOLIYIO
cpefy TpH pa3MEIIEHHH OTXOJIOB IPU HCIIOIb-
30BaHMM TEXHOJIOTH, KOTOPhIE YMEHBIIIAIOT KO-
JMYECTBO OTXOJ/IOB; YCKOPEHHYIO aMOPTH3AIUIO
OCHOBHBIX IPOU3BOCTBEHHBIX (POH/IOB, CBsI3aH-
HBIX C OOpalleHHeM C OTXOJaMH; HAJIOTOBBIC
JBTOTHI; JIBIOTHI 10 IUIATe 3a HEraTMBHOE BO3-
JeWCTBHE HA OKPYIKAIOUIYIO CPEy U IKOJIOTHYe-
CKOMY cOOpy; BBLIEJICHHE CpelICcTB U3 (ene-
panpHOTO OrO/KEeTa U OFOKETOB CyObekTOB PD
JUI KOMITEHCAIlUW 3aTpaT Ha MpOoIenyphl mepe-
naun BC Ha yTrim3zanmio.

BuIBOABI

C yuyeToM mNepCHeKTUB pa3BUTHUS OTeYe-
cTBeHHOro napka BC rpakmaHCKOW aBHAny M
y)KECTOUCHHsI TPeOOBaHUII K OXpaHe OKPYKaro-
el cpespl B MOCIEAyOIIUe roabl 0yaeT 000cT-
pATBhCA TpobiemMa oOpalieHHus C JIeTaTeIbHBIMH
anmapataMyd B MOCTIKCIUTyaTallMOHHbIA TEPUO/
HUX )XU3HCHHOI'O UKIJIA.
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B Hacrosimiee Bpemst B Poccumn oTcyTcTBYeT
oTpacneBas cucrema yrtunuzanuu BC, Beipado-
TaBUINX CBOW pECypCc, OJHAKO MOTPEOHOCTH B
TaKOH CHCTeME B TMOCIEAYIOIIHUE TOABl OyIeT
BO3pacTarh.

0O0630p HOPMATHBHO-TPABOBOTO 00ECIICUCHHUS
MPOIIECCOB YTUIU3AIMU B PA3IUYHBIX OTPACIIX
TpaHcnopTHoi cdepsl Poccum mokazan, 4To
€IMHOT0 TOJX0J]a K UX PETIaMeHTUPOBAHUIO HE
cymiectByer. [Ipu 3ToM B oTiiMuMe OT aBUAIIM-
OHHOTO MOPCKOM, JXEJIEe3HOJOPOKHBII U aBTO-
MOOWJIBHBIA TPAHCIIOPT HA MPAKTUKE Pean3yeT
MOJIXO/bI, 3a(DUKCHPOBAHHBIE B COOTBETCTBYIO-
IIMX HAIIMOHAIBHBIX aKTaX, MOKyMeHTax EBpo-
MEHCKOT0 COo03a U MEXIPABUTEIHCTBEHHBIX Op-
TraHHU3aLH.

AHanu3 AesITeNbHOCTH POCCUHMCKHX KOMIIa-
HUM, 3aHUMAIOLIUXCS YTWIM3aLUENd aBUALIMOH-
HOM TEXHUKH, BBISIBUI IMPOTHUBOPEUHS, KOTOPHIE
SIBIISTFOTCS PE3YJIbTATOM OPTaHW3aI[MOHHBIX, TEX-
HUYECKHUX, YNPaBICHUECKUX U HHBIX AaCIEKTOB
BO BCEH IEMOYKe YTWIM3ALUMOHHBIX MPOLETYp,
npujaBas UM XapakTep OHHU30JUYHOCTH U
HEYHOPAI0YCHHOCTH.

B dopmMupoBanun 0TE€UECTBEHHONW CHCTEMBI
yrunuzaimu BC nonezen 3apyOeXHBIH OIBIT, B
gactHOCTH mpoekT PAMELA kopmoparuu Air-
bus c mocnexyromel peanuzanueld MPOEKTa
Airbus Lifecycle Services B Kurae, nestens-
HocTh accormanuu AFRA kopmopanun Boeing,
npoekt Falcon Aircraft Recycling xommnanuu
Emirates, 3amymennsiii B 2024 rogy MexIyHa-
ponnbiii mpoekt Airbus China. HccienoBanue
MEXIYHAPOJHBIX TMPAKTUK JEMOHCTPUPYET Ha-
JINYMEe WACHTUYHOM IOCIECHOBATEIILHOCTH JEN-
CTBUH NpHU YTUIU3AIUU aBUATCXHUKH.

[Ipu popmupoBaHuu OTEUECTBEHHOW CHUCTE-
MBI YTHJIH3AI[UN aBUATEXHUKH CIEAYET yYUThI-
BaTh TEXHUYECKUE AaCHeKThl, CHeupuKy HH-
(GOpMAIMOHHBIX W MaTePUANBHBIX IOTOKOB.
DOYHKIMOHATBLHOCTHh U 3P(HEKTUBHOCTH CHCTEMBI
YTUIIM3AIUNA aBUATEXHUKH OOYCIIOBJICHBI PSIOM
(bakTOpoB, HAPUMEDP HATHYUEM CIELHATU3UPO-
BaHHOTO TOJpa3eieHus (IenapTaMeHTa yTUIH-
3allMd  aBUAIIMOHHOM TEXHUKH); MPOTPaMMBbL,
CTUMYJIMPYIOLIEH BJIaJENbLIEB BO3AYILIHBIX CY-
JIOB CTAaHOBUTHCS] YHACTHUKAMH CUCTEMBI.
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CTCHI[OBBIC HCCJIICA0OBAHUA YIIPABJASACMOI0 BbIX0Aa HEMAHCBPECHHOT'O
caMoJieTa Ha 00JIbIIIHE YIJIbI aTaKH!

1
II.JI. CBepkanosB
! Henmpansnviii aspoeudpoounamuyeckuii uncmumym umenu npogeccopa
H.E. ’Kykoeckoeo, e. Kykosckuti, Poccus

AnHoTammsi: Jlns pemieHust 3ajady  TIOCTPOSHMS W WACHTH(UKAIMM MaTeMaTHYeCKHMX MOAENEH a’pOoJuHaAMHUYECKHX
XapaKTEPUCTUK C YYETOM JMHAMHKH ()OPMUPOBAHMS CHJI M MOMEHTOB Ha OOMNBIIMX yIVIaX aTaK{d MPUMEHUTENBHO K HATypPHBIM
YCIIOBHSIM  TIPEJCTABILIIOTCS  11EJIECOO0pasHBIMU  JIETHBIE HCCICIOBAHMS  adpPOJMHAMUUYECKHX —XapaKTEpUCTHK CaMOJIETOB
YKa3aHHOTO KJIacca BO BCEM JHMAIIa30HE YITIOB aTakH, BIUIOTh 10 MX HAaHOOJBIINX 3HaYeHUH. L{e/bi0 HACTOSIIEro NCCIIE0BaHMS
SBJISIETCSL CTEH/I0Bas OTpabOTKa METOJMKH YIPAaBISIEMOrO BBIXO/Ia HEMaHEBPEHHOIO caMojieTa Ha OOJIbIIME YITIBI aTak C
BO3MOKHOCTBIO PACILIMPEHHS UX Juarna3oHa. Jist perenust 3Toi 3axa4un Obi1a copMHpoBaHa MaTeMaTHYECKasi MOJENb CaMOJIeTa,
Ha KOTOPOM IIPOJIOJIGHBIA KaHAJl CHCTEMBI YIPAaBIECHHS MO3BOJIET M30€XKaTh BIMSHUS aBTOMATH3allMM Ha XapaKTepPUCTHKH
YCTOWYMBOCTH M YIIPABIIEMOCTH C LIENBIO MOCIIEAYIOMIETO ONPENETICHUS a9POANHAMUYIECKHX XapaKTepUCTHK. [l ycTpaHeHus
YKa3aHHOTO BJIMSIHUS aBTOMATH3alMM CKOPOCTb MEPeKIafKH CTadWiM3aropa IPUHUMAETCS TPSMO  IIPOINOPLMOHAIBHOM
OTKJIOHEHHIO pbIdara yIpasJeHHUs 110 TAHTaXy OT HEUTPAIbHOIO MOJOXKEHHS, a B CIIydae YIPABICHHS TOJIBKO C TIOMOILBIO Py
BBICOTBI TaKas MEPEKIafKa OTKII0YAETCA JIETYMKOM BpyuHyto. B mponecce uccnenosanuii Ha munotakHoM crenzae I1CITK-102
0TpabOTaHO yMEHBIIEHNE TeMIIa TOPMOXKEHHS TIEPE CBAIMBAHKMEM JI0 HyJIEBOTO Ha 33/JAHHOM 3HAYEHUH NPUOOPHON CKOPOCTH, a
B YCIOBHSIX IPHHATOIO OTCYTCTBHSI OTpaHMYEHHMH HA CKOPOCTh IEpEKNIaKd CTaOMIn3aTopa OIpeeieHbl ee IOTPEOHbIC
BEJIMYMHBL. Y CTaHOBJIEHO, YTO COBMECTHOE YIPABJICHHE PYyJEM BBICOTHI M CTaOMIM3aTOPOM IO3BOJIET PACHIMPHUTH JHANa30H
JIOCTIDKMMBIX YIJIOB aTakd ITyTeM JUHAMHYECKOTO BBIXOA HA HMX 3a CYET IOJHOTO MHCMOJBb30BAaHUS AMANa3’oHa YIJIOB
OTKJIOHEHHs PyJisl BBICOTBI Ha KaOpupoBaHue. [TokazaHa BO3MOXHOCTb YCTPaHEHHS TEHICHLMN K CBAJIMBAHHIO C MHTCHCHUBHBIM
OOKOBBIM JIBIDKEHHEM 32 CUET aBTOMAara ITyTE€BOW YCTOMYHMBOCTH C CHTHAJIOM I10 YIJTy CKOJIBKEHHS M TIEPEKPECTHOM CBSI3U OT
3JIEPOHOB K PYJTIO HAIIPABIICHHS.

KiroueBnble ciioBa: HeMaHCBpeHHLIfI CaMOJICT, IO TAXKHBIN CTE€H/I, TOPMOXKECHHUE NIEPE CBAIIMBAHUEM, OosblIIHe YIJIbI aTaky.

Jas muruposanus: Ceepkanos [1.J1. CTeHnoBble uccIe0BaHNs YIPABIIAEMOrO BEIXOA HEMAHEBPEHHOTO CaMOJIETa Ha OOJIbIINE
yrib! ataky // Hayunsiit BectHuk MI'TY T'A. 2025. T. 28, Ne 3. C. 81-96. DOI: 10.26467/2079-0619-2025-28-3-81-96

Simulator investigations of non-maneuverable aircraft reaching high
angles of attack in a controlled way

P.L. Sverkanov'
! Central Aerohydrodynamical Institute named after Professor N.E. Zhukovsky (TsAGI),
Zhukovsky, Russia

Abstract: In-flight experiments are considered the most appropriate means to simplify the development of mathematical models of
transport-type aircraft aerodynamic characteristics, which take into account the dynamics of forces and moments arising over a
wide range of angles of attack up to the highest ones. This paper is to examine the flight technique to control transport aircraft
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reaching the angles of attack far beyond their permissible values using on-ground simulation. A mathematical model of transport
aircraft which eliminates distortion in aerodynamic characteristics determination arising due to automation in longitudinal axis
affecting stability and controllability characteristics is developed for this. To do this, the stabilizer displacement velocity is assumed
proportional to manipulator deviation from its neutral position in pitch; in case the control is performed with elevator only, the pilot
manually disables this stabilizer displacement. Experiments conducted with PSPK-102 simulator allowed decreasing the rate of
deceleration to zero until stall, as well as determination of required values of the deceleration rate assuming there are no restrictions
imposed on stabilizer displacement velocity. It is determined that the combined control with elevator and stabilizer increases the
range of achievable angles of attack with the use of full elevator pitching up which provides the dynamical reaching the highest
angles of attack. It is shown as well that the tendency to stall accompanied by intense lateral motion can be diminished by using
yaw stability automation with side-slip angle signal and cross-coupling between ailerons and rudder.

Key words: non-maneuverable aircraft, simulator, deceleration until stall, high angles of attack.
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BBenenue JeTa Ha OOJIBIIUX YTJIaX aTaKW SIBJISICTCS OIpe-
JIEJICHUE HECTAI[MOHAPHBIX COCTABIAIOIINX B KO-
Omnpeyenenye a’spoIUHAMIYECKIX Xapakrepi- — dQOUIMEHTaX TOABEMHOM CHJIBI U MOMEHTa
CTHK CaMOJIETa BO3MOXKHO I10 Pe3yJIbTaraM UCCie- TaHraxa. B ciydae JIETHBIX MCCIIENOBAaHMIA 3Ta
JIOBaHUM Kak B aspoauHamuyeckor Tpyde (AT), 3aJa4a CBOJMTCSA K BBIIOJHEHUIO COOTBETCTBY-
Tak ¥ B 1onere. B npoliecce JICTHBIX HUCIIBITAHUMN IOIMMX HMCHBITATCIIPHBIX MAaHCBPOB BO BCEM J0-
HEMaHEBPEHHBIX CaMOJIETOB AUAIla30H YIJIOB ara- CTHKUMOM JlMamla30He yIJIoB aTaku Oe3 momajia-
KM HE MPEBBIIACT KPUTUUECKUX 3HAYCHUM, a UX HUs Ha pexuM wronopa. Ilpu ee pemenun mpo-
HCIIBITAaHUS HA IITONOP HE IMPEITyCMOTPCHBI HOP- MOJIBHOC YIHPABJIICHUC NOJDKHO OCYHICCTBIATHCAH
MaTHBHBIMU JIOKyMeHTaMH. (OJHAKO W3BECTHBI C MHUHHMMAaJIbHO BO3MOXKHBIM OOBEMOM aBTOMa-
Clly4ad TIOTIaJaHus HEMAaHEBPEHHBIX (TIacCaxup- TU3allMK BO M30€KaHUE BIMSHUS HA XapaKTepH-
CKUX U TPAHCHOPTHBIX) CAMOJIETOB Ha PEKHUMBI CTUKU YCTOWYUBOCTH M yNPABISAEMOCTH, & OOKO-
CBAJIMBAHUA M IITOIIOpPA B IIPOLIECCE DKCILTyaTa- BOE YIIPaBJIEHUE — C aBTOMAaTH3alMeN B KaHAJIaxX
uuu. [loaToMy MoOzenu TakuxX CamoOJIETOB HCIIbI- BJICPOHOB U PYJsl HAIpaBJICHUA I HECAOIIyILIC-
TeiBatoTcsl B A/IT Ha mTonop, B KOTOPOM YTJIbI HUS CBaJWBaHMUs C WHTCHCUBHBIM OOKOBBIM
aTaky CyIIECTBEHHO OOJIbIIE KPUTUYECKUX 3HAUE- ABIKeHUEM. [109TOMY IIpH CTEHIOBBIX HCCIIEN0-
HI/II71, a CJICOOBATCIIbHO, M J3KCIUIyaTallMOHHOI'O BaHUAX YIPaABIAEMOI'O BEIXOAa HEMAHEBPEHHOI'O
nuarnasona. O0ecleynTs MONMHOE MOJ00HE 10 Xa- camosieTa Ha OOJIbIIHE YTJIbl aTaKu ObUIO MPUHS-
pakTepHbIM KputepusMm (uuciam Re, M u T. 11.) TO, YTO MaTeMaTH4YeCKass MOJCIb €ro CHCTEMBI
MEXJly CaMOJIETOM M €r0 MOJENIbIO HEBO3MOXKHO. YIPaBJICHUSA MOXET U3MEHATHCS 110 CPABHEHUIO
B cBs3u ¢ 3TUM mpeAcTaBISIIOTCS Iiesiecooopas- C TaKOBOW JUI CEPUKMHOrO JICTHOTO 0o0pasua, a
HBIMH JIETHBIE UCCIIEAOBAHUS a3pOAMHAMUYECKUX BCE IMIPOYME XAPAKTEPUCTUKU (B TOM UHCIIE
XapaKTCPUCTUK HEMAaHCBPCHHBLIX CaMOJICTOB BO adPOIMHAMUYECKUE) OCTAIOTCS HEM3MEHHBIMH.
BCEM JHMala3oHE YITIOB arTakW, BIUIOTH [0 HX ITockonbky B mojere Ha OONBIIMX YIJIax
HarOOJIBIIMX 3HAYEHHH, TOCTUTAEMBIX TIPU UCIIbI- aTaky HEOOXOJMMO YUYUTHIBaTh B3aUMOJIEHCTBHE
TaHUsX Mojernel Ha mrronop B AJ(T. OPOJOIBHOTO M OOKOBOTO JBMXKEHHH (CM.,
HacTosimas craThsl HOCBSIIEHA CTEHIOBBIM Hanpumep, [1]), To ykazanHas 3agava pemanach
UCCIIC/IOBAHMSIM YIIPABJSIEMOTO BBIXOJa HEMa- C HCIOJIB30BAaHUEM MUIIOTakHOro cTtenaa LIAI'U
HEBPEHHOro camouera Ha Oosbiume yrisl araku  LICIIK-102 B jBa oTana:
C pacIIMpEHUEM UX AUana3oHa. 1) onpeneneHue Auamna3oHa yrioB aTaku, J0-
CTHO)KUMOT'O B UCIHBITATENBHBIX MaHEBpax IpU
ITocTaHoBKa 3a1a4un 3aJaHHBIX IIPOJOJBHBIX a3pOJUHAMUYECKUX Xa-
paxKTepUCTUKax; g 3TOr0 MCIOIb30BalIach CH-
OnHOIl M3 OCHOBHBIX 3a7a4 NP HCCIEA0BaA- CcTeMa YPaBHEHUU TOJBKO MOJIHOTO IIPOIOJIBHOIO
HUSIX a’3pPOJAMHAMHYECKHX XapaKTEPUCTHK Camo- JBHKEHHSA [2];
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2) onpesienieHNe 3HAYCHUH TepeqaTOYHBIX
K03 PHUIMEHTOB, MOTPEOHBIX IJS YCTpaHECHHUS
TCHJICHIIMN CaMoJieTa K CBAJMBAHUIO C HMHTCH-
CUBHBIM OOKOBBIM JBH)KEHHEM, B KaHajlaX dJie-
POHOB ¥ PYJIs HalpaBlICHHS NPUMEHUTEIBHO K
JMara3oHy yTJIOB aTaku, MOJy4eHHOMY Ha Iep-
BOM JTare.

PaccmotpuM 00a yka3aHHBIX 3Tana HoApoo-
Hee.

MaTteMaTH4ecKasi MOJeJIb CAMOJIETA
IJIS CTEHJI0BBIX HCCJIeI0BaHUI
B NPO/J0JIHLHOM IBUKEHUHU

Ha mepBom »3Tame wuccrenosancs crocod
yOpaBlieHUsT HEMaHEBPEHHBIM CaMOJIETOM MPH
BbIXOJIC HAa OOJIbIIME YTJIBI aTakKu, MPEIOkKeH-
HbII W 3anmaTeHTOBaHHBIM aBTOpoM [3]. s pe-
HIEHUsI 3TOM 3aJayd MCIOJIb30BANIACh MOJIEINb
HEMaHEBPEHHOT'O CaMOJIeTa TUIA MaruCTPalbHO-
ro ¢ JIByMsl TypOOpEeaKTHBHBIMHU JBHUTaTEISIMHU.
B cootBercTBUM ¢ pabotoit [4] mpomonbHOE
yIOpaBieHHE OCYIIECTBISIIOCH C TIOMOIIBIO PYJIs
BBICOTHI M CTaOMIM3aTopa. 3aBUCUMOCTH OaslaH-
CHPOBOYHBIX 3HAYCHHUHN KO3(PPHUIIMEHTA TTOTbEM-
HOW CHIIBI, @ TAKXKE yTJIOB OTKIIOHCHHSI PYJIsl BbI-
COTHI M cTabuIM3aropa (B JA0JIAX JUANIA30HOB MX
OTKJIOHEHUS Ha KaOpHpPOBAaHKE) OT yIJia aTakH (B
JOJIIX MCXOJHOTO JHara3oHa) MpHUBEIEHbI Ha
puc. 1. BugHo, 4to 71 pacCMOTPEHHOTO CaMo-
JeTa PacyeTHas 3aBUCHUMOCTb C, ., (a) uMeeT

JIBE€ BOCXOJSIIHE BETBH (TO €CThb 00JacTH

tacw > 0) M, COOTBETCTBEHHO, /[Ba MAKCHMyMa.

[Tpu 3TOM OnpeienieHbl 3HAUEHUS YTII0B aTaKH:
1) MakCUMaJIBHOTO IO YCIOBUIO OalaHCH-
POBKH cTabunuzaTopom mpu J, = 0;

c

2) MakCUMaJbHO JOCTH)KMMOIO 3a cyeT Oa-
JAHCHPOBKH C IMOMOIIBI0 OOOMX OPraHOB IIPO-
JIOJTBHOTO YIIPABJICHUS.

Bce mepeuncieHHble pe3ynbTaThl COOTBET-
CTBYIOT NpEJEIbHO 33/HEH LIEHTPOBKE, HEOOXO-
JTMMOM JUIsl yBEITMUYCHUS JOCTUTAEMbIX 3HAYCHUH
yTria aTaku (1o peKOMeHausIM padboTsl [5]).

[Ipu cTEHIOBBIX MCCIIEAOBAHUAX BBIXOAA Ca-
MoJjieTa Ha OOJIbIIME YTJIBI aTakd HMCHOJIb30Ba-
JHCh CIICAYIOIINE TMPHHIMIE (HOpMUPOBaHUS
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Puc. 1. 3aBucumocty GaaHCUPOBOYHBIX 3HAUCHUH
ko3¢ uIMeHTa MoABEMHOM CHITBL, YTII0OB OTKJIOHEHHS
Py BBICOTHI M CTA0MIIM3aTOPA OT yIila aTaku
Fig. 1. Balancing values of the lift coefficient, angles
of elevator and stabilizer deflections as functions of
angle of attack

CHTHAJIOB ISl OPTaHOB MPOJOJBHOTO yTpaBiie-
HUSL.

1. B xaname pyns BBICOTHI TPUMEHSETCS
TPaJWIIMOHHBI  3aKOH  ympaBieHus (cMm.,
Harmpumep, [2]) 6e3 GyHKIHM OrpaHUYECHUS yT-
Ja aTaKu:

8, =Ky X, +K, 0.,

TO €CTb OH UMEET CTPYKTYpPY PE3EPBHOIO KOHTY-
pa CUCTEMBI YIIPaBJIEHHsS B COOTBETCTBHUHU C pa-
6otoii [4]. B yka3aHHOM BbIpaxeHuu: X, — OT-

KJIOHCHUE pblYara YNpPaBICHUS I10 TaHTaXY;
K., K, —nepenarounbie K03)OUITUCHTEI.

1 B? w,
2. B kanane crabunmszaTopa BO3MOKHBI J1Ba
MOIX0Ja K YNPaBICHHUIO €ro MepeKIagKoiu,
ompenensieMble TurnoM npuBona [4]. Paccmort-
pUM YCJIOBHS UX MPUMEHUMOCTU K 3ajade, pe-
Ia€MOW HHKE.
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IlepBblii TOAXOM, peaIu30BaHHbIA Ha CaMo-
netax Ty-204 u Ty-334, no3BonisieT peryiaupo-
BaTb CKOPOCTb MEPEKIaAKH cTabuiausaropa @,

KaK 110 3HaKy, TaK U MO a0COMIOTHOW BETUYMHE.
Hanee B coorBeTcTBUM C paboToil [3] mpu wuc-
MOJIb30BAaHUU YKa3aHHOTO MOJXO0Ja Takas CKO-
pPOCTh NMPUHUMAETCS MPSMO IPONOPLUUOHATIBLHOM
OTKJIOHEHHUIO pbluara YMpaBJIEHUsS MO TaHTaXy
OT HEUTPAJILHOTO NOJIOKECHUS:

¢CT :K¢XB >

rae K , — TIepeNaTOYHbIi K03 puImeHT.

VYka3aHHOE BBIPAKEHUE NPUHATO B KaYECTBE
ONMCAaHUS TUHAMHUKHU MPHUBOJA CTaOUIU3aTOpa B
npefenax KOHCTPYKTUBHBIX OIpaHWYEHHUH Ha
YIJIBl €r0 OTKJIOHEHHUS (CM. BBIILIE) U IIPU OTCYT-
CTBHM OIpDAaHMYEHHUH Ha CKOPOCTh MEPEKIIaJIKH.
OTO MO3BOJIAET ONPEAEIATh MAKCHUMAIBHO J0-

CTHXKXHMMBIC 3HAUYCHUA (1) oJIyd4aCMbIC B IICPC-

cT?
XOJHBIX Tpolieccax MpU MOAEIUPOBAHUU, U TEM
caMbIM (hopmMupoBaTh TpeOOBaHUSI K TMPHUBOIY.
Janee yka3zaHHBII NOJXOM K yIPABICHUIO OyJeT
Ha3bIBaThCSl CKOPOCTHOM MEPEKIIaIKOW CTAOMITH-
3aropa. B ciydae ynpaBieHHsI TOJIBKO C IOMO-
HIbIO PYJIA BBICOTHI Takas Mepekiiajka OTKIYa-
eTcs JIETYMKOM BPYUHYIO (32 CUeT OOHYJCHHUs
K 45 M. [3)).

BTtopoii noaxon, peain30BaHHBIN Ha caMoJie-
te SSJ-100, mo3BoaseT ynpaBiATh NEPEKIATKOM
Oy
HUEM TOJILKO 3HaKa ee CKopocTu. B cimydae pyd-
HOTO YIPaBJICHHUS 3TO OCYIIECTBISIETCSI C ITOMO-
IIbI0 TPEXTO3UIIMOHHOTO TIepekitouarens. Jlanee
NpY YKa3aHHOM IIOJIXOZI€ YTOJI OTKJIOHEHHS CTa-
OUNM3aToOpa CUUTAETCS MOCTOSHHBIM, YTO COOT-
BETCTBYET OTKIIFOYCHUIO €T0 IMEePEKIIaIKH.

D dexTuBHOCTh 000UMX yKa3aHHBIX IMOAXO-
JIOB TIPUMEHUTEIIFHO K pelIaeMoil 3aaade ore-
HUBAETCS B CIIEYIOIIEM pa3iele.

CTa6I/IJ'II/IBaTOpa C = const, TO €ECTb C U3MEHE-

TOpMO)KeHI/Ie nmepea CBajuBaHUuEM
" «3aBUCAHHUE) 110 CKOPOCTH

W3BecTHO, 4TO MpPH JIETHBIX HCTBITAHHUIX HA
OOJBIIKX yIJIaX aTakyd BBIXOJ camoJjieTa Ha pe-
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JKUM CBaJMBaHUS JOJDKEH OCYILIECTBISTHCS B
MpoIIeCCe TOPMOKEHUS, YCIOBHS KOTOPOTO pe-
TJIAMEHTUPYIOTCS COOTBETCTBYIOIIMMH HOpMa-
TUBHBIMH JIOKyMeHTamMu. CaMoJieT THIa Maru-
cTpasibHOrO, corinacHo HJII'-25, nepen Beixogom
Ha PEKHUM CBAIMBAHUS JOJIKEH OBITH COANIaHCH-
pPOBaH B TOPU3OHTAIBHOM TIOJIETE Ha 3aJaHHOM
ckopoctd, Ha 20+40 % mnpeBplIalONIEN CKO-
POCTh CBaJIUBaHMS, U OCYIIECTBIISITH TOPMOXKE-
HHE€ C 3aJaHHBIM TEMIOM He  Ooliee
1,85 (km/9)/c; mpu 3TOM JBHTATEIN JOJDKHBI pa-
0oTaTh Ha PEKUME MaJoro raza'. Paccmotpum
00CTOSTENTLCTBA BBITIOJIHEHHUSI TOPMOXKCHHSI TIe-
pea CBaJIMBAHHEM TMPUMEHUTEILHO K IOCTaB-
JIEHHOH 3aJ1aue.

TopMmoskenune mepen cpajuBaHuem. B pa-
6ote [6] aBTOpOM OBLIO MPEIOKEHO KOHTPOJIH-
pOBaTh MOJACPKAHUE TEMITA TOPMOKCHHSI TIEpe]]
CBAJIMBAHHEM TP TOMOIIM TOPU3OHTATHHOU
JTUPEKTOPHOW IUTAHKH, CBSI3aHHOW CO IIKAaJIOH
TaHra)ka Ha KOMAaHJHO-TTUJIOTaKHOM MpuOope.
VYmpaBieHne Takod IUTAHKOW OCYIIECTBIISIETCS
Mo CUTHATY A, U3MEHSIIIEMYCS B Mpesenax
A=-1,0+1,0; mpu 3ToM A =1,0 cOOTBETCTBYyET
€€ MaKCMMaJbHOMY OTKJIOHEHHIO BBEPX I10 IIKa-
Je TaHraxa. BenuumHa yKa3aHHOTO CHTrHaia
onpenensiercs no popmye

A=K, (Vg =Vipsan) /3.6,

Vnp 3a1

rae V,ou — TCKyIIEC M 3aJ]aHHOC 3HaYe-

HUS TPOW3BOJHOW NPUOOPHONW CKOPOCTH IO
BpEMEHH B (KM/4)/c;

K, — TONOXWUTEIbHBIM MEPEeNaTOYHBbIM KO-
sddumment (B M '¢?), onpesensemMslii Py CTEH-
JIOBOM MOJIETUPOBaHuH [6].

N3 dopmyiiel BUAHO, 9TO MPpU (HAKTHIECKOM
TEMIIE TOPMO>KEHHSI MEHbIIE 33JaHHOTO BEJH-
yyHa A SBIISETCS MOJ0KUTEIbHOM, TO €CTh JET-
YUKY BBIJA€TCA CUTHAJ HA YBEJIMYEHUE YIJa
TaHra)xa W, KaK CJIeJICTBUE, HA TMOBBIIICHUE TEM-
na TOPMOXEHUS A0 YCTPAHEHHsS] OTKJIOHEHUS
TFOPU30HTAIIBHOM ~ JUPEKTOPHOM  IIAHKW  OT
HelTpanpHOro monoxeHus. [lpu daxTruueckom

' HopMbl 1€THO# FOIHOCTH CAMOJIETOB TPAHCIIOPTHOM
kareropuu. HJIT'-25. denepanbHoe areHTCTBO BO3Ty1I-
Horo TpaHcnopta (Pocasmanms), 2022. 380 c.
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Puc. 2. [Ipumep pexxuma TOPMOKEHUS C 3aaHHBIM
TEMIIOM, TOJIIEPIKUBAEMbBIM C ITOMOIIBIO
TOPU30HTAITBHON AUPEKTOPHON TUIAHKH, TIPH padboTe
CKOPOCTHOM TepeKIa ki ctabunusaropa
Fig. 2. An example of deceleration mode with a given
rate performed with the use of the horizontal
directional bar; the case when stabilizer displacement
velocity is switched on

TEMIIe TOPMOKEHHsI OOJIbIIe 3alaHHOTO HalJro-
JaeTcs oopaTHas kapTuHa [6].

B nacroseit pabore mpoBOIMINCH CTEHIO-
BbI€ HCCIIEIOBAaHUS PEKUMOB TOPMOXEHHS (IO
METOJIMKE, U3JI0KEHHON B padore [6]) mis ciry-
4yaeB MCIOJIb30BaHUSI CKOPOCTHOM MEepeKiIaKu
crabunusaropa U ee OTKIOYeHus. [Ipu sTom
ObUIO TPUHATO, YTO CKOPOCTb, SIBIISIOLIASCS
(YHKIIMOHATIBHBIM aHAJIOTOM CKOPOCTH CBaJIH-
BaHUs, COOTBETCTBYET NIEPBOMY MAKCUMYMy KO-
sbdunmenTa moabeMHONW cuibl (CM. puc. 1),
a oNTUMalbHOE 3Ha4YeHHe Kodhduimenra K,

nogo0paHo myTeM MojenupoBaHus. [Ipumepst
PEKUMOB TOPMOKEHHSI C 3aJaHHBIM TEMIIOM
NPUBEJEHBI: IPU HCIOJb30BAHUU CKOPOCTHOM
nepekyanku crabunuzaropa (puc. 2), mpu ee oT-
kmoueHnn (puc. 3). BuaHo, 4TO OTKJIOHEHHE
(aKTHUECKOro TeMIa TOPMOXKEHHUSI OT 3a/JaHHO-
ro B KaXJIOM M3 YKa3aHHBIX CIy4yacB HEBEJHKO.
3nech M jganee Ha BceX Tpadukax MPUBOASITCS
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Puc. 3. [Ipumep pexxuma TOPMOKEHHS C 33IaHHBIM
TEMIIOM, TOJIICPIKUBAEMbBIM C ITOMOIIBIO
TOPU30HTAIBHON AUPEKTOPHOM IIIAHKH, IPU
OTKJTFOYEHHUU CKOPOCTHOMW MEPeKIaKu cTabuiu3aropa
Fig. 3. An example of deceleration mode with a given
rate performed with the use of the horizontal
directional bar; the case when stabilizer displacement
velocity is switched off

OTHOLICHHUS TeKylled npubOpHO CKOpoCTH
U TEMIIa €€ U3MEHEHHUs K 3HAUYEHHUIO0 MPUOOPHOMI
CKOPOCTH, KOTOpPOE COOTBETCTBYET MEPBOMY
MakCUMyMy KO3(P(UIIMEHTa TOIBEMHON CHIIBI
(cM. BbIIIIE).

TouHoCTh mMoOANEp)KAaHUS 3alaHHOTO TeMIla
TOPMOKEHUSI B TIPOLIECCE KaXKIOIO pPEeKUMa
omnpeaensiach Mo CpeaHeld KBaIpaTUYHOW BEJIH-
YUHE PacCOrIaCOBaHMsI YKa3aHHOTO TeMIa M0
MOMEHTa JOCTWKEHHUS 3aJaHHOro yrija arta-
Ku [6]:

1 KOH . .
GV: J (V;lp_l/npzaz()zdt7
t](OH - tHa'-I tyau
rac tnal{ nu txou — MOMCHTHBI Ha4daJia TOpMO)KCHI/Iﬂ

M BBIXOJIA HA 3aJaHHBIA yroJl aTaKu, COOTBET-
CTBYIOIIMI MEPBOMY MaKCUMyMy KO3(QHIIHeH-
Ta MMOAHLEMHOU CUJIBL.
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Puc. 4. Bimsnue kodpurmenta K, Ha TOYHOCTb MOJIEPIKAHNS 33 1aHHOTO TEMIIa TOPMOYKEHHS MIePe/l CBAIMBAHAEM IIPH

Pa3INYHBIX PEeKUMaxX pabOThI MPOJOIBHOTO KaHajla YIpPaBICHHs

Fig. 4. The effect of coefficient K, on the precision of maintaining the given rate of deceleration before stall for various

modes of longitudinal control channel operation

Jlnis kaxzoro couetaHus 3HadeHus Ko3ddu-
nueHra K, M MOAXOAa K YIPABICHHUIO IIepe-

KIAJAKOW cTa0mimu3atopa (CM. BBIIIE) BBIMOTHS-
JUCh TPHU 3a4ETHBIX PEXHMa C OIpeaeIIeHUEM
BenmuunHbl G,. Cpennee apupmeTnyeckoe Be-

JINYNH O-V 10 pe3yJjibTaTaM BCEX TPEX PCIKUMOB

MIPUHUMAJIOCh B KA4E€CTBE MMOKA3aTelsi TOYHOCTH
MOJAJCP)KAaHUS 33JaHHOTO TEMIIa TOPMOKEHUS
IIPU PACCMATPHUBAEMBIX YCJIOBUAX. Pe3yibpTaTsl
TaKUX WCCIEAOBaHUN TpUBEJACHBI Ha pHC. 4.
BI/II[HO, 4YTO TOYHOCTH NMOAACPIKAaHUA 3aJaHHOI'O
TeMIa TOPMOXKEHUS (TaKkKe OTHECEHHas K 3Ha-
YEHUIO TPUOOPHON CKOPOCTH, KOTOPOE COOTBET-
CTBYEeT TMEpPBOMY MaKCUMyMy Ko3(duirenrta
MOJABEMHON CHJIBI; CM. BBIIIE) MPU MCTOIB30Ba-
HUU CKOPOCTHOW TMepeKNaJKu CTabuinu3aropa
B 1,5 pa3za Beime, yeM 0e€3 €€ HUCIOJIb30BaHUA,
a ONTUMaNIbHAs BEJIMYMHA MEPEAaTOYHOTO KO-
spdummenta K, cmabo 3aBUCHT OT BapHaHTa

paboThl cTrabunuzaropa. B To e BpeMs ucnoib-
30BaHHME CTaOWIM3aTOpa MpU €ro padbore B pe-
KM€ CKOPOCTHOH MepeKyIakiu COBMECTHO C pPy-
JIeM BBICOTHI MOXKET MPHUBOAMTH K TOBBIIICHUIO
YyBCTBUTEIBHOCTH YINpPaBICHUS W, KaK CIlel-
CTBHE, K packayke camoJjera JieTuukoMm. [lpum
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MUIOTUPOBAHUU HEOOXOJUMO YYHTHIBATH ATO
00CTOSATENTLCTBO M HE COBEPIIATH PE3KUX [IBU-
YKEHUI ppIYaroM ympaBJieHHs 110 TAHTAXKY.
«3aBucanme» mo ckopoctu. B mpoiecce
TOPMOXKEHUS €ro 3aJaHHbIl TEeMII MOXET
YMCHbIIATLCA OO HYJICBOI'o IpHu 3aJaHHOM 3HaA-
YCHUHU NMPUOOPHOI ckopocTH V.5 Janee yKa-

3aHHOC YMCHBIICHUC 6y,ueT Ha3bIBAThCA «3aBH-
CaHHEeM» IO CKOpocTH. Takoi cirydaid BO3MOXKEH
KaK 3Tall CTyneH4YaToro YyMCHLUICHUA SaZ[aHHOﬁ
CKOPOCTH B JIETHBIX HCIIBITAHUAX WM UCCIENO-
BaHUsX Ha GOHBIHI/IX yrjiax aTaku. «3aBucanuey
MO’KET MCIIOJIb30BAThC MJIs OIpENeIeHUs Xa-
PaKTEPUCTUK YCTONYMBOCTH W YIPABISIEMOCTH
(KaK IpoAOIbHOM, TaK U OOKOBOM) ¢ MOCIENYIO-
OIMM TPUHATHEM pPEIICHHS O BO3MOXHOCTHU

JAJILHEUIIETO CHIKEHUsS V|

p3an’
HenocpencTBeHHO 3a MepBbIM MaKCUMYMOM
3aBHCHMOCTH C,q,, (a) HaOMo1aeTCsl TUana3oH

a
ya 6an

M, CJCIOBaTeIbHO, CHIKACTCS YCTOWYHMBOCTH
KOPOTKOIIEPUOINYECKOTO BHKCHUS. B pesyiib-
TaTe ATOr0, KaK MOKa3ajdl CTEHIOBBIC HCCIIEO-
BaHUs OAJIAHCHPOBKH MPH «3aBUCAHUW IO CKO-
poctu (Ha puc. S Mapkepamu IMOKa3aHbl COYeTa-

YIJIOB aTaku, B KOTOPOM ¢ <0 (c™m. puc. 1)
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ya Gan

Ob6uacTh «ipeiday» yria araku

0,5
ITepBas Bropas
BOCXOZSIIAS BOCXOZSIIAS
BETBb BETBb
0 | | @
0 0,2 0,4 0,6 0,8 1

Puc. 5. YcioBust «3aBHCaHUS» HA 33JaHHBIX 3HAYCHHUSX IPHUOOPHOI CKOPOCTH
Fig. 5. Conditions for “holding” at the given values of the indicated speed

HUA YyIJla aTakhu U ¢ COOTBCTCTBYIOIHE

Vip s )s

mp 3aj
ya Gan

ya 6an?

pa3jIMYHbIM OTHOCHUTCIBbHBIM 3HAUYCHUSAM
IMPpU MOMBITKC «3aBUCHYTbH» HA 3HAUCHUH C

MPEBBIIIAIONIEM TEpPBbIi MaKCUMyM, CaMOJIET
HEYMpaBIsIEMO  TPOXOAWT  4epe3  0o0yacTh

“ .
Cragan <0 710 GATAHCHPOBKU HA BTOPOH BOCXO-

JAIIeH BETBH 3aBUCHMOCTH cyaGaH(a), B TOM

YUCJIC IIPpHU 3HAUCHUHU C MCHBIIEM IICPBOI'0

ya 6an°
Makcumyma. Jlanee ykazaHHOE HEYNpaBIISIEeMOE
MPOXOXKJICHHE OyJEeT Ha3bIBAThCA «Iperpom»
yria araku. Bo uz0exxaHue aHaIOTUIHOTO SBJIC-
HUS [IPU IPEBBIIIEHUH BTOPOTO0 MaKCUMyMa (CM.
puc. 1) MUHMMaJIbHO BO3MOYKHOE 3aJjaHHOE OT-
HOCHUTEJIbHOE 3HayeHHe MNpHOOpPHOIl CcKopocTU
YCTaHOBJIEHO PaBHBIM 174 =0,79.

Ip 3a1q
I'paduku nepexogHBIX MPOLECCOB MPHU «3a-
BUCAaHUM» Ha PA3JIMYHBIX 3aJaHHBIX 3HAYEHUSX
puOOPHOI CKOPOCTH, IMOJIyYEHHBIE B CTEHJIO-
BBIX HCCIIEIOBaHMSIX, PUBEAEHBI Ha puc. 6. [lpu
9TOM TEMII TOPMOKCHHUA CHHMIKACTCA OT MAKCH-
MaJbHOIO 10 HyJIEBOTO 3HaueHus 3a 3,5 % 1o

Vipwn (BEpXHHH rpaduk). Bumxo, 4ro mpu

Vipsan = 0,99 caMoler ronagaer B AManasoH yr-
A a

JIOB  aTakW, COOTBCTCTBYIOUMH ¢4, <0

(cM. BBIIIE), © MEJUICHHO MPOXOAUT €ro a0 Oa-
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JTAHCHPOBOYHOTO 3HaueHUs (cpeaHuii rpaduk).
Takum o0pazoM, B yKa3aHHOM cirydae «apend»
yria aTakyd MpOoTeKaeT Hauboliee OTYETIHBO, a
OalaHCUPOBKA MPOUCXOJUT TMpPH 3HAUYECHUU

€4 Gan» MCHBILEM IEPBOTO Makcumyma. Jlpyrue

3HaueHus V...

COOTBETCTBYIOT «3aBHCAHHIO)
M0 CKOPOCTH BHE 00JIACTH BO3HUKHOBEHUS
«apetida» yrima ataku. B aTMx ciyuyasx yrou
aTakl JOCTAaTOYHO OBICTPO JOCTUTaeT OalaHCH-
POBOYHOTO 3HAYCHUS, a TIPU MEPECEUYCHUU 00JIa-

ctu c¢o . <0 ero «apeid» mNpaKTUYECKU

ya 6an
He3aMeTeH M3-3a CBOEM  OBICTPOTEYHOCTHU
(cM. puc. 6 — TpauKK TMEPEXOIHBIX IMPOIIECCOB
npu I7np an = 0,97 1 0,96).

Kpome Toro, xapakrep u3MeHEHHs yria OT-
KJIOHEHHsI CTaOWiIM3aTopa MpU «3aBUCAHUM» Ha
BTOpOl  BOCXOZsIIEW BETBH  3aBUCHUMOCTHU

C\a 6an (a) CYIIIECTBEHHO OTJINYAeTCS OT HAOIFO-
JIaeMOro Ha IEepBOM BOCXOJAIIECH BETBH. ITO
HpOSIBJISICTCH Hpe)K,Z[G BCE€TrO B YBGHI/I‘ICHI/II/I Mak-
CHMAJIbHOM CKOPOCTH HEPEKNAAKH (@,

Vipaan (puc. 6, HWKHUHN TpaduK).
V

mp 3a1
MapKepaMH Ha pHC. 5 BBIIOIHAINCH TPU 3a4eT-
HBIX PEXUMA C ONPEACICHUEM BEIUYUHBL (@)

HUTOTOBOC 3HAYCHUC KOTOpOﬁ SABJIICTCA CPCAHUM

max

YMCHBIICHHUEM

I[J'IH KaXXJ0ro 3Ha4CHUA U3 OTMCUYCHHBIX

max ?
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Puc. 6. [lepexoanble MpoIiecChl MPU «3aBUCAHUI HA
Pa3IMuHBIX 33/IaHHBIX 3HAYEHHSX TPUOOPHON
CKOPOCTH
Fig. 6. Transition processes during “holding” at
various given values of the indicated speed

apu(MEeTHUECKUM MO pe3yJbTaTaM 3THX PEXKH-
MOB. COOTBETCTBYIOIIAs] 3aBUCUMOCTb IPUBEIE-
Ha Ha puUC.7; 3[eChb IOJy4YEHHbIE 3HAYECHUS

Per
COBPCMCHHBIX MAaruCTpajJbHbIX CaMOJICTOB (TI/IHa
SSJ-100; cm. [4]). BugHo, 4To MakcuMyM yKa-
3aHHOW  3aBUCHMOCTH  pealiu3yeTrcs  Mpu

174 =0,85, a BCe€ TMONy4CHHBbIC 3HAYCHUS

mp 3ax

OTHECCHBI K BEJINYNHE, XapaKTepHoﬁ JIA

max

(7JCT =2. U3 puc. 7 caenyer

HC MPCBLIIIAIOT

max

TaKkKe, 4TO 3HadeHWs || <1 peammsyrorcs
max
npu V... 21, TO ecTb 6e3 MPOXOKACHUS Yepe3
o
obnacte ¢, ., <0 (¢ yderom puc. 6), a st Bo3-

MO>KHOCTH «3aBUCAHUS» HA BTOPOWM BOCXOISALIECH
BETBH 3aBUCUMOCTU C ., (a) TpeOyeTcsi yBemu-

YyeHue (B JAHHOM CIlyyae — YJIBOCHHE) MaKCH-
MaJIbHOM CKOPOCTH MEPEKIa KU CTaOMIIN3aTopa.
HUrak, myTem CTEHIOBOrO MOJECIMPOBAHUSA
noaTBepkIeHa 3P(HEKTUBHOCTh UCIIOIB30BaAHUS
TOPU30HTAJIBHON TUPEKTOPHON MJIAHKU Kak JJis
NOAAEPKaHUs MOCTOSHHOTO TEMITA TOPMOKEHHUS
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Puc. 7. Brusaue 3aganHoM IpUOOPHOH CKOPOCTH
«3aBUCAHUSD» HA MAKCUMAIBHOE 3HAYCHHE CKOPOCTH
TepEKIIAKH CTabmIn3aTopa
Fig. 7. The effect of the given indicated speed of
“holding” on the maximum value of the stabilizer
displacement velocity

nepes CBaJMBaHUEM, TAaK U JJISl €T0 YMEHBIICHUS
JI0 HYJIEBOTO TIPW 33JaHHOM 3HAYECHUU MPHUOOp-
HOH CKOpOCTH («3aBHUCaHME» 10 CKOPOCTH).
Kpome Toro, ncnonp3oBaHue CKOpOCTHOU mepe-
KJIaJIKU CTabMiIn3aTopa MpUBOAMT K CYIIECTBEH-
HOMY TOBBIIICHUIO TOYHOCTH TMOJCPKAHUS 3a-
JAHHOTO TeMIIa TOPMOKEHHsI Mepe]l CBaJIMBAaHU-
€M TI0 CPAaBHEHHMIO CO CIy4yaeM OTCYTCTBHS Ta-
Koil mepexnanku. Ilpu stom Moxer morpebo-
BaThCSl yBEIIMYCHHWE MAaKCHUMAJIBHOW CKOPOCTH
nepekyajkyu cTabuin3aropa.

JAnHaMu4ecKkuid BHIXO/ camMoJieTa
HA MOBBIIECHHBbIE YIJIbI aTAKH

CornacHo ¢ [3] ZuHaMUYECKHU BBIXOJT camMo-
JeTa Ha TOBBIIIEHHBIE (110  CPaBHEHHIO
C COOTBETCTBYIOLIMM II€PBOMY MaKCUMyMy 3a-
BHCHMOCTH C,, 6an(a); CM. puc. 6) yriabl aTaku

OCYILIECTBIIAETCS B TAKOM MOCIIE10BATEIbHOCTH:
1) TopMOXKEHHE C TOCTOSIHHBIM TEMIIOM [0

Vip saxs TIPU 9TOM HCIIOJIB3YETCSl CKOPOCTHAs T1e-
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pekiaaka ctabunuzaropa, odecrneunBaromas 0o-
Jiee BBICOKYIO TOYHOCTH MOJICPXKAHUS TeMIia
TOPMO>KEHHUS (CM. BBIIIE);

2) «3aucanue» mpu V..

ATaKu Ha YCTAHOBHBUICCCA 3HAYCHHUC (?IBJ'DIIOHIC-
€Cia UCXOOHBIM «& ), IMOCJIC Y€TO PYJIb BBICOTHI

C BBIXOAOM YyTJia

Hex
OKa3bIBAETCS B HEUTPAJIbHOM IMOJIOKEHHUH, a
CTa0MIM3aTOp OCTAHABIMBAETCS HAa JOCTHTHY-
TOM yrJie (He 00s3aTebHO Ha YIIOpE; CM. TaKxkKe
puc. 6, HWKHUM rpaduk) U NPOU3BOAUTCA Pyd-
HOE€ OTKJIIOYEHUE €r0 CKOPOCTHOW NepeKyaliKu;
3TO MO3BOJIET MOJHOCTBIO HCIONb30BATh JUa-
[a30H YIJIOB OTKJIOHEHUs pyJis BBICOTHI Ha Kao-
PUpPOBaHUE;

3) sHEepruuHOE MABMXKEHHE pbIUYaroM yIpas-
JeHUsT MO TaHraxy Ha KaOpupoBaHue (IIpu
HE00XO0IMMOCTH — JI0 YIIOpa) U yAep:KaHUE €ro B
TaKOM IIOJIO)KEHUHU J0 BbIXOJa yrIja aTakd Ha
HOBOE YCTAQHOBHUBILCECS 3HAYECHUE @ ; TIPH 00-

cT?
pa60TKe IMMOJIYYCHHOI'O TIICpCXOAHOr0 IIporecca

OMpEJIeISIETCSl TAKKE 3HAYCHHUE .5 — MAaKCH-

MaJIEHO JJOCTUTHYTOE B «3a0pocey;

4) oTmaya pelYara yrnpaBJICHHS IO TaHTaXy
Ha MUKUPOBAHUE, a IMOCJE pa3roHa CO CHUYKCHU-
€M — BBIBEJICHHE CaMoOJIeTa W3 TMHKHPOBAHUS
C KOHTPOJIEM yTjla aTakh, HOPMAJbHOW Tepe-
IPY3KH | 3araca BbICOTHI.

[TockonbKy CTpyKTypa KaHajia pyJisi BEICOTHI
COOTBETCTBYET PE3ECPBHOMY KOHTYPY CHCTEMBI
ynpasieHusi (6e3 (YHKIHH 3alIuThl PEKUMOB
MOJIETa; CM. BBIIIIE), TO JCHCTBUS O MYHKTaM 3
1 4 B OCHOBHOM COOTBETCTBYIOT BBITIOJHEHHUIO
¢durypsl nmwiotaxa «kobpa IlyradeBa» Ha Mma-
HeBpeHHOM camosieTe Tuna Cy-27 mpu OTKIIIO-
YCHUU OTPaHUYUTEIIS MPEICIIbHBIX PEXUMOB IO
yriy araku [5]. OpHako crnenuduka MpoBOIU-
MBIX HCCIICJIOBAaHMI TakoBa (CM. HIDKE), YTO
yroJl aTakd yMEHBIIAETCS HEe Cpa3y Iocje JIo-

CTHXCHHS (5, @ C HEKOTOPOH 3a[CPXKKOH

B 00J1aCTH «IITONOPHBIX» 3HAYEHUH UJIU B HEIO-
CPEICTBEHHON OJIM30CTU K HUM.

I'paduku mepexoHOro npouecca npu JruHa-
MHUYECKOM BBIXOZE CaMOJIeTa Ha IOBBIIICHHBIE
YIJIbl aTaKy IOCJIE «3aBUCAHMS» MPUBEICHBI HA
puc. 8. Ilpm »TOM OTHOCHTENbHAS 3aJaHHAL
npuOopHass  CKOPOCTb I «3aBUCAHUS»
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Puc. 8. [lepexonHoii nmpoiiecc Npu JUHAMHYECKOM
BbIXOA€ CaMOJIETa Ha MMOBLIMICHHBIC YTJIbI aTaKu IOCJIC

«3aBUCaHUs» HA V. = 0,88 ¢ onpeneneanem

Tp 3aj
BEIMYMHBL Oy
Fig. 8. Time history for aircraft dynamical reaching
the increased angles of attack after “holding” at

171. «v = 0,88 with the determination of the value of

a steady

Vnp 3a]
Csl IOCTOSTHHOM ¢ MOMEHTA BBIXOJa Ha «3aBHUCa-
HUE» 3a CUET PYYHOIO OTKIIFOUEHHSI CKOPOCTHOU
NEepeKIaki cTadmim3aropa (CM. BBIIIE), a Xa-
paKkTep MU3MEHEHMS YyIVIa aTakd aHaJOTM4yeH
Habmronaemomy ripu ucnbitanusix B AT, xorna
MOJieJIb caMoJieTa COBepUIaeT KoJieOaHHsl IO
tanraxy (cm., Hampumep, [7]). B mpouecce
CTCH/IOBBIX MCCIICAOBAHUN ISl MOMYYCHUS O,

=0,88. BuaHo, 4TO BEIMYMHA @, OCTAET-

TpeOOBANIOCH YIEPKUBATH PhIYAr yIpaBIeHUS O
TAHTaXKy HA YIOPE O MOYTH MOJIHOTO 3aTyXaHHUS
Kosie0aHul yriia aTakd, 4YTO MPUBOJWIO K 4Ype3-
MEPHOM MOTEPE BBICOTHI.

[Ipy panpHEWIIMX WCCIECIOBAHUAX I CO-
KpalleHusi TOTePU BBICOTHI OBLIO MPHUHATO JO-
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Fig. 9. Time history for aircraft dynamical reaching
the increased angles of attack after “holding” at

V.. =0.88

igiv

«3aBHCAHUSI» HA VHp sa

OyIICHHE, YTO MPOMEKYTOK BPEMEHH MEKIY
NEPBBIMU JIByMsI MakCHMyMaMH yIja aTakd B
mporecce KoiebaHuii (TO eCTh UX MEepPHOJ) 0-
CTaTOYECH IS BO3MOXHOCTH OIPEICIICHUS adpo-
JTMHAMHYCCKUX XapaKTEPUCTHK IO HMTOraM JIu-
HaMHYeCKoro Bbixoga. Jlamee yrom araku
YMCHBIIACTCA OO0 3HAUCHUA HUIKC IICPBOIr0 Mak-

CUMyMa C,, s, (CM. BBIIIE) U CAMOJIET BHIBOJIMUT-

¢ u3 cHwxkeHus. [Ipum 3TomM ckopocTHast mepe-
KIaJKa cTaOuiau3aTopa BKIIOYAETCSI B MOMEHT
MEPBOM MOCTAHOBKH (C HEKOTOPOU 3aJCPHKKOIN)
ppluara yrpasJ€HUs 10 TAHTaXy B HEUTpaIbHOE
noJio’keHue. ['papuku Takoro mepexogHOro
mpoiiecca NpuUBEACHbl Ha pHC. 9 (HayalbHBIC
YCJIOBHS — T€ XK€, UTO U JIJIsl pHC. §).

JInd KaxJ0ro 3HaueHus V.

p 3az
ot 0,79 no 0,97 ¢ marom 0,018 (mpu cootBeT-
Q,..; CM. pucC. 5) BBINOJ-

UCX 2

B JuaIlla3oHC

CTBYIOIINX BCIMYHMHAX
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Puc. 10. Yrisl aTaku, 10CTUTaeMble B IPOIIECCE
JMHAMHYECKOTO BbIX0/1a, U TIOTEPS BBICOTHI 32 BPEMs
pexxuMa
Fig. 10. The angles of attack achieved during
dynamical approach, and the decrease in altitude during
the mode

HAJIMCh TPU 3a4YCTHBIX PCKHUMA. KOHerTHLIG
BEJIMYMHBI BCEX 3HAYCHUH yrja aTaku, Xapak-
TCPHBIX IS JUHAMUYCCKOT'O BbIXOJAa (a a

HCX ycT

n o ), a TaKK€ HAUMCHBIICIO 3HAYCHUSA BbI-

3a0p
COThl (TO €CTh B HW)KHEH TOYKE TPAaEKTOPHUH)
NPECTaBISIOT COOOH CpeqHIe apuPMEeTHIECKHE
o ux pesyiapTaraM. Ha oCHOBaHMM CTEHIOBBIX
UCCIICIOBAaHUN yAaJI0Ch TOKa3aTh, YTO IS pac-
CMOTPEHHOI'O CaMoJieTa BCE€ JOCTHTHYThIE 3Ha-
YEHUS &, DPACIOJIOKEHbI BHYTPU «IUTONOPHO-

ro» Juana3oHa YIJIOB aTakd (OHpelensieMoro
IpH HUCHBITAHUSAX Mojenu camonera B AT
T-105), a Bce «,; — 32 BEPXHUM IPEICIOM

yKazaHHOTO nuarna3ona (puc. 10, BepxHuii rpa-
¢uK). DTO MO3BOJISAET ONpeneisATh B TOJETEe
a’pOAMHAMHYECKHAE XapaKTEPHCTHKH BO BCEM
JMana3oHe YIJoB arakd, B TOM YHCIE IpH
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«ITOMOPHBIX» BEJIMYMHAX C BO3MOKHOCTBIO MX
npesbilieHus. Kpome Toro, cymmapHas norepst
BBICOTHI C1a00 3aBHCHUT OT & a yKa3aHHbBIU

HUCX 2
3amac BBICOTBI B HIXKHEHW TOUYKE TPAeKTOPUU
(B cpeaHeM NpUMEpPHO 2 KM) JAOCTaTOYEH MJIst
Oe3omacHOro BbIXoJa M3 cHikeHus (puc. 10,
HIDKHUH rpaduk).

PaccmoTpenHsblil crioco0 ymnpaBieHus obec-
NeYMBaeT pacllMpeHHe Auana3oHa YIJoB aTaku
B IIPOLIECCE JIETHBIX HCCIEIOBaHUN 3a CUET JU-
HAaMUYECKOT0 BBIXOJIa Ha MaKCHUMAaJIbHO JIOCTH-
YKUMBII YroJ aTaky IpU MOCTAaHOBKE PYJIsi BBICO-
Thl B HEUTPAJIbHOE MOJIOKEHHUE MEPE] TAKUM BbI-
XOZOM UM IOJHOM HCHOJb30BaHUHU JAMaNa3oHa
YIJIOB €r0 OTKJIOHEHUS Ha KaOpHUpOBaHUE.

YCcTOoHYMBOCTD M YIIPABJISIEMOCTH
caMoJIeTa B 00KOBOM JIBHKeHUH

Ilpu peanbHBIX JIETHBIX HCCIEAOBAHHAX IE-
PCYMCIICHHBIE BBIIIE JCHCTBUS JIETYMKA B IIPO-
JIONIBHOM  JIBHKEHUH JIOITYCTHMBI, €CIH OJIHO-
BPEMEHHO BBINOJIHAIOTCA JBA YCJIOBHSI NpPUMeE-
HHUTEIBHO K OOKOBOMY JIBUKEHUIO:

1) HeCMMMETPHYHBIE COCTaBIIAIOIIME MO-
MEHTOB KpeHa M , W pbICKaHus M, OT KOTO-

pPBIX 3aBUCUT MHTEHCUBHOCTb CBajuBaHus [§],
HE TPEBBIMIAIOT pacronaraeMbix 3(ppeKTuBHO-
CTEl COOTBETCTBYIOIIUX OPTaHOB yIpPAaBICHUS B
6okxoBoM kaHaje. OHM 3aBHCAT OT MHOTHX (hak-
TOPOB (B TOM 4YHCII€ CIy4YaWHBIX) M, IO OLECHKE
aBTOpa, MOTYT ONPENENATHCS B MOJIETE MPHU «3a-
BHUCAHUUY 110 CKOPOCTHU (CM. BBIIIIE);

2) TeHIeHUUs caMolieTa K CBAJMBAaHUIO C
WHTCHCUBHBIM OOKOBBIM JIBIDKEHHEM BO BCEM
JIOCTUTaeMOM JIMana3oHe YIJIOB aTaku yCTpaHs-
€TCsl TIPU TOMOIIU CPEJICTB KaK adpOJUHAMUKH,
TaKk U aBTOMATHKH B COOTBETCTBHH C KPUTEPHSI-
MU, PUBEJCHHBIMU B padote [9]:

— yciioBue OOKOBOM JIMHAMHYECKOW YCTOM-
YHBOCTH:

B B Iy ;
G =m, -coso+m, -—-sina<0;
y X I
X

— YCJIOBHE TIPSIMOM PEaKIiy MO KPeHy Ha OT-
KIIOHCHHE AJIEPOHOB (CM. Takxke [2]):
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m 3

' mg —my, —5

) m.”
—— = >0 (1)

AM (8, o o
— YCIIOBHE  COXpaHEHHUsS  JeMII(pHUPOBAHUS
KpeHa:
mf’ <0;

— YCJIOBUE IMYTE€BOM YCTOMYHUBOCTH B MOJY-
CBsA3aHHBIX OCAX:

p

y-cosoc<0.

mEe =mP -sin o+ m
OOpatieHre B HyJb WIM H3MEHEHHE 3HAKa
XOTsI OBl OJTHOTO W3 DTHX HEPABEHCTB (TIEPBBIC
TPpU U3 HUX — FJIaBHLIe) OnpeacIsICT NOABJICHUC
TEHJCHIIUY CaMoJIeTa K CBAJIMBAHHUIO.
3ajauell BTOPOro 3Tama HCCIeOBaHUM SB-
JSieTCsl OTpe/ieNieHUe XapaKTEepUCTUK OOKOBOM
YCTOP'IHHBOCTPI U yHOpaBIICMOCTH CaMOJICTA
(c yueroM aBTOMAaTHM3allMM CHUCTEMbI YIIpaBlie-
HUS) B JMara30He YIJIOB aTaku, MOJyYeHHOM Ha
nepBoM dtare. [1lo pekomennanusm pador [2, 4]
B KaHalax pyJs HampaBlE€HUS U SJIEPOHOB HC-
MOJIB3YIOTCA O6I)I‘-IHI)I€ MO3UIUMOHHBIC aJIrOPUT-
MBI aBTOMAaTH3aI[UU

Aaaam :K(x)xa)x +K;/(}/_}/3aﬂ);

AS

H aBT

=K, 0,+K,-K,,35,.

K

o,

B yka3aHHBIX BBIPaKEHUSIX Kw" , K., Ky,

KH/3

3agaHHbIi yron kpeHa. Ilpu stom ko3 durment
NEPEKPECTHON CBA3M OT DJJIEPOHOB K PYIIO
HalpaBJICHUs ONpeAeNseTcs M3 YCIOBHS KOOp-
JUHUPOBAHHOTO YIIPABJIEHUS O KpeHy [2]

— MepelaTovHble KO3(QGUUMEHTRL, 7, —

—-tgoc-mi?

2

—-tgoc-mf“
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Puc. 11. 3aBucumoctu k03 uitnenTa mepeKpecTHON CBSI3H OT AIEPOHOB K PYIIIO HAIPABICHHUS OT yIjla aTaKd
Fig. 11. The coefficient of cross-coupling between the ailerons and rudder as a function of angle of attack

a B INPOLECCE UCHBITATEIbHBIX MAHEBPOB, OIM-
CaHHBIX BBIILE, JOJDKHO ObITH 7, =0.

Jlis  paccMaTpUBaeMoOro caMmoJieTa IMpOom3-
BOJIHbIC KO3()(PUIIMEHTOB MOMEHTOB KpeHa H
PBICKaHHS TI0 YTy OTKJIOHSHHS PYJIsi HampaBJe-
HUS OTPUIIATEIBHBI BO BCEM JIMAMa30HE YIJIOB
ataku. [loaToMy poct mepemaTouyHoro Kodpdu-
uuenta K, OyfeT NPUBOIUTH K NOBBILICHHUIO

KaK IIOIIEPEYHOM, TaK U IIyTEBOM YCTOMYUBOCTH.
Kpome ToOro, mnporpamMmuas 3aBUCHUMOCTH
K, () momxsa mnpenctaBnsTh CcOGOM ympo-

LICHHBIM BAPUAHT PACUETHOM, OIIPEAEIAEMON 110
dbopmyne (2), U TmpH 3TOM pacmoJiaraThCs He-
CKOJIBKO HMXke ee. PacueTHas M mporpaMmHas
3aBHCHUMOCTH KH/S(a) npuBefieHbl Ha puc. 11.

OnpenenviM yClIOBHS YCTPAaHEHUsS TEHIACHIIUN
camoriera (mist Kotoporo I, /[x =3,5) K cBaiu-

BAaHUIO C HMHTEHCHBHBIM OOKOBBIM JBHKCHHEM
0 KPUTEPUsIM, TPeOYIOWMM U3MEeHeHus K, TO

€CThb MCIIOJb30BAHUS aBTOMATa IIyTE€BOM YCTOM-
YUBOCTH.

bokoBasi auHaMHYecKasi YCTOWYHBOCTD.
IIpoBeneHHbIE pacyeThl MOKa3alu, YTO JUAINAa30H
YIJIOB aTakd, B KOTOPOM peanusyercs o, >0,

YMEHBIIACTCSL ¢ POCTOM K ; W NPU HEKOTOPOM

3HAYCHUH yKa3aHHOTO IMepeaTOYHOro Kodhdu-
LIMEHTA MOJHOCTBIO ncye3aeT (puc. 12, BepXxHuit
rpaduk). [Ipu TakoMm moaxoae nmorpeOHast 3aBH-
cumoctb K (a) JI0JDKHA OBITH pacrioyio’keHa 3a

npeaenaMu 00JacTh oy >0. DTo xe o0cros-

TCJIIbCTBO OTHOCHUTCA K HCIIOJIB30BAHUIO APYTIUX
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KPUTEPUEB U3 BBINIEYKA3aHHBIX; PACCMOTPUM HX
nanee. [lpu 3TOM COOTBETCTBYIOIIME KOOPIH-
HaTHBIE OCH Ha BceX Trpadukax B COCTaBe
puc. 12 uMeroT OAMHAKOBBIE AUATIa30HbI.

Peakuusi camoJjieTa mo KpeHy Ha OTKJO-
HeHue 3JjepoHoB. [lepenumem dopmyny (1)
B BUJC

o, ) _ ¢
= 5
AM (8,) o OB
rie
83 83
Cr :m)ﬁzmx‘ _mE v

[ockonbky obecneuenne ycnosus o, <0

BO3MOXHO IpU IOMOIIM OOBIYHOTO aBTOMAaTa
IIyTEBOM YCTOMYMBOCTH, @ BO BCEM JUalla30HE

YIJIOB aTaky peanusyercs m’ <0 (To u apyroe
CM. BBIIIE), TO MPsIMasi PEaKIUs MO KPEeHy Ha OT-
KJIOHCHHE JJICPOHOB BO3MOXKHA IPHU BBIMIOJTHE-
HUK ycnoBus ¢, >0 (cMm. Takke [2]). Obnactu
0o0paTHOW peakIuy 1O KpeHy Ha OTKIOHCHHE
3JIEPOHOB B KoopauHatax (K, @) npu oTcyT-

CTBUU IIEPEKPECTHOM CBSA3U OT DJIEPOHOB K PYJIIIO
HanpaBJICHUs U TP HAJIMYMK TaKOM CBS3U C
IIPOrPaMMHOM 3aBUCUMOCTBIO K (a) IIpuBEJIEe-

HBI Ha puc. 12 (cpeanuii rpaduk). BugHo, uto

— ACTIONIb30BaHNE TIEPEKPECTHON CBSI3H OT
BJIEPOHOB K PYJIIO HANpaBICHUS MPUBOAUT
K YMCHBIICHUIO KaK JHMana3oHa YIJIOB aTakH,
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Puc. 12. O6nacTy BOZHUKHOBEHUS TEHAEHIIMU K
CBaJIMBAHUIO C MHTCHCUBHBIM 60KOB])IM JABUXKCHUEM
IO Pa3IMYHBIM KPUTEPHSM ITPU HCIIOIb30BaHUU
aBTOMAaTa ITyTE€BOH yCTOMUUBOCTU
Fig. 12. Areas of tendency to stall accompanied by
intense lateral motion for different criteria in case of
yaw stability control automatic feature being applied

B KOTOPOM peanu3yercsi oOpaTHas peakiuu Mo
KpPEHy Ha OTKJIOHEHHE DJICPOHOB, TaK M 3Haue-
HUS TlepefaToyHoro koaddunuenta K,, npu

MIPEBBIIICHUH KOTOPOTO TaKas PeaKIusl MOJHO-
CTBIO UCYE3AET;
— notpebHoe 3HavyeHue K, obecrneunBaer

OOKOBYIO IMHAMHYECKYIO yCTOHIMBOCTD 04 <0

(cpaBHUTH € BEpPXHUM TpaduKOM B COCTaBe
puc. 12).

IIyreBast yCTOMYHUBOCTH B IOJIYyCBA3AHHBIX
0CHX. PaC‘-IeTBI, MMPOBCACHHBIC C HUCIIOJIB30BAHU-
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Puc. 13. 3aBucumoctu nepeaaTodHbix kKoddduireHTos
B TIOIIEPEYHOM U ITyTEBOM KaHallaX YIPaBJICHHS 1
JIEACTBUTENBHBIX YaCTEH JOMUHUPYIOIIUX KOPHEH

YpaBHEHHUI OOKOBOT'O ABMXXEHUS OT yIila aTaku
Fig. 13. Gear coefficients in the lateral and directional
control channels and the real parts of the dominant
roots of the lateral motion equations as functions of
angles of attack

€M JTOI0 KpUTCpUs, I10Ka3ajliu, 4YTO 0051acTh

myﬂe >(0 wWMeeT BHUJ, AHAJIOTUYHBIA JIBYyM

npeaplayIuM  KpuTepusiMm  (puc. 12, HIWKHUAN

rpaduk).

CyMMapHbIii aHAIM3 TIOJYyYEHHBIX 00JIacTei,
COOTBCTCTBYIOIIIUX TOABJICHUIO TCHACHUIWU Ca-
MOJIETa K CBAJIMBAHUIO MO KaXJIOMYy M3 IEepeyuc-
JICHHBIX KPUTEPUEB, TIOKA3BIBAET, YTO MOTPEOHOE
3Ha4YCHHE K , NOJKHO OBbITh HE HIDKE HAHOOIIb-

LIETO II0 BCEM TPEM KPUTEPHsM, a €r0 IMOCTOSH-
CTBO HAa4YMHATBCA C yIJla aTaku HE BBIIIE
HaMMEHBIIETO MO HAapYyLIEHUIO XOTA Obl OJHOTO
U3 BBIIICYKAa3aHHBIX HEpaBeHCTB npu K, =0

(Bce mepevrcaeHHOe — NpY HAJIMYUU MEPEeKpecT-
HOH CBSI3U OT 3JIEPOHOB K PYJIIO HApaBICHHUS).
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Puc. 14. IlepexonHoii mpouecc B G0KOBOM JBM)KEHUH ITPH JHHAMHUYECKOM BBIXOJI€ CAMOJIETa Ha IMOBBIIICHHBIC YTIIbI aTaKU
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Fig. 14. Time histories for lateral motion during aircraft dynamical reaching the increased angles of attack after “holding”

at

C y4eToM 3TOro oOCTOSATENHCTBA BCE 3HAYE-
HUS TePeaTOYHBIX KOA(P(UIIMEHTOB MOa0upa-
JINCh U3 YCJIOBUA O6€CH€‘ICHI/ISI BPCMCHHU 3aTyXa-
HUsA OOKOBBIX KoseOanwii (1o 5 % HavanbHOU
ammmTyasl; cM. [2]) £, <20 c, To ecTb nei-

CTBUTEJIbHBIN JTOMMHHUPYIOIIMNA KOpEHb (Tpu
anepuoaINnIecKoM OOKOBOM JIBMDKCHHH) WITH JICH-
CTBUTEJIbHAS YaCTh JOMHHUPYIOMIUX KOMIUIEKC-
HO CONPSDKEHHBIX KOPHEH (Ipu KoJeOaTeIbHOM
O00KOBOM JBYOKEHUH ) JTOTKHBI OBITh
&E<-0,15 ¢ '. YkasaHHas 3ajmada peuanach s
HAyYaJIbHOM BBICOTHI TEpEe TOPMOXKECHUEM IS
BBIXO/Ia HA OOJIBIITNE YTJIbI ATAKK (CM. BBIIIIE).
Ha pwuc. 13 mpuBenens! rpadukd 1momo0-
paHHBIX 3aBucHMOCTeld K, K, , K, K, .,
ot yrna ataku. Ilpu sTom B oOnactu OGONBIIMX
YIJIOB aTakd NOTpeOHOe 3HaueHue K, yBenu-
YUBAETCS, YTO B COYETAaHHWU C peanusalue

YCJIOBUA mf’ <0 mo3BoiseT COXpPAaHATb ACMII-

¢upoBanue kpeHa. Kpome Ttoro, crabunmsanus

igiv
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0.88

yraa kpena y,,. =0 (CM. BBIIE) BKIOYAETCS

JETYUKOM BpYUYHYK HEIIOCPEACTBEHHO IEPE
BBINOJIHEHHMEM MaHeBpa JUIsl BbIXOJa Ha 0OJb-
e yribl atakd, a K ABIISICTCSI HAUMEHb-

7 min
uiel BenMuMHON K, u3 ycinoBus obecrieyeHus

3a/IaHHBIX WM MAKCHUMaJIbHO JTOCTH)KHUMBIX Xa-
pPaKTEpUCTUK OOKOBOWM YCTOMYMBOCTH U YIPAB-
JSIEMOCTH. YKa3aHHBIE XapaKTEPUCTUKH OIpe-
JIENSI0TCS IEMCTBUTENBHBIMU YaCTSIMU JOMHUHU-
pYIOIIUX KOpPHEH ypaBHEHHIl OOKOBOTO IBHXKE-
HusA. COOTBETCTBYIOIIAsl 3aBHCHUMOCTh OT yIJia
aTaky MpHUBEJICHA Ha HIDKHEM TpaduKe B cOCTa-
Be puc. 13. 13 Hee BUIHO, UTO:

—IIpU MaJbIX yrjaxX aTakd JTOMUHUPYIOIIHNE
KOPHU SIBJISIFOTCA  JACHCTBUTEIBHBIMH, a MpHU
OOJIBIINX — KOMIUIEKCHO COMPSIKEHHBIMH;

— BEJIMYMHA JICWCTBUTENIbHBIX KOPHEW Bceraa
&E<-0,15 ¢!, a Yy KOMILJIEKCHO COTPSKEHHBIX
KOpHE JefCTBUTENbHAS YacTh (MAKCUMAIBHO J10-
CTHKUMBIC 3HAYEHUsI) YMEHBIIAETCS C POCTOM
yIJia aTakv B 00JIaCTH ero OONBIINX BETHYHH.
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Takum 00pa3oMm, CyLIECTBEHHOE CHU)KEHUE
3aTyxaHus OOKOBBIX KoyieOaHWi B 00iacTu yr-
JIOB aTaKW, COOTBETCTBYIOIIUX TUHAMHYECKOMY
BBIXO/Y, JIOIOJHUTENIBHO YKa3bIBa€T Ha KPaTKO-
BPEMEHHOCTh NMpeObIBaHUs camMosieTa B 3TOH 00-
nacti (IOMUMO (pakTopa MOTEPU BBICOTHI; CM.
Bbilie). CTEHIOBOE MOAETUPOBAHUE IOJIHOTO
JBUKEHUS TPU JAMHAMHUYECKOM BBIXOJAE Ha
OoJbLIME YITIbl ATaKU MOKA3all0, YTO TEHACHIMS
K CBQJIMBAHUIO C MHTEHCHBHBIM OOKOBBIM JIBU-
KEHHEM OTCYTCTBYET W HpU HyJEeBOH OOKOBOM
HECUMMETPUYHOCTU CaMOJeTa BO3MYIIEHHUS IO
KpeHy JIeTKo ycTpanstorcs (puc. 14 — mapamer-
pbl OOKOBOTO JIBUJKEHHUSI B TOM K€ MEPEXOJHOM
npoliecce, YTo ¥ Ha puc. 9).

3akJoueHue

1. I[IpoBeieHbl  CTEHIOBBIE  HCCIEIOBAHUS
YIPAaBIIEMOr0 BBIXOAA HEMAaHEBPEHHOIO CaMo-
jera Ha OONbIINE YTJIbI aTaKH, YTO oOecredynBa-
€T BO3MOXHOCTb JIETHBIX HCCIIEJOBaHMM IpO-
JOJIbHBIX HECTAllMOHAPHBIX a’pOJMHAMUYECKUX
XAapaKTEPUCTHK BO BCEM JUAla3OHE ITHX YTJIOB,
B TOM YHCJIE€ C MPEBBIIIEHUEM UX 3HAYEHHH, co-
OTBETCTBYIOIMX PEKUMAM LITOIOPA.

2. Ucnonb30BaHrE CKOPOCTHOW MEPEKIaKU
ctabunuzaropa (C MPUBOJOM, PACCUMTAHHBIM Ha
pEryMpoBaHUE CKOPOCTU MEPEKIaJKH) B 3aBU-
CUMOCTH OT OTKJIOHEHMsI pblYara ylnpaBJeHHs 110
TAQHTa)Xy MO3BOJIAET IMOBBICUTH TOYHOCTH IOJA-
JI€pKaHus 3aJaHHOrO TEMIIAa TOPMOYKEHUS Mepes
CBaJIMBaHUEM, a IIPU TUHAMUYECKOM BBIXOJE Ha
MOBBILICHHBIE YIJIBI aTaKu — IIOJHOCTBIO MC-
[10JIb30BaTh JUANa30H YIJIOB OTKJIOHEHUS PYJs
BBICOTHI Ha KabOpupoBanue. [Ipu 3Tom Takas ne-
peKsagKa J0JKHA BKIHOYAThCS WU OTKIHOYaTh-
s JIETYMKOM BpyuHY0. Kpome TOro, MoXxeT mo-
TpeOOBaThCS YBEIUYEHHE MaKCUMAaJbHOM CKO-
POCTH NEPEKIATKU IO CPABHEHHIO C IPHUBOJOM
Ha CEPUITHOM CaMOJIETe.

3. Jlnst obecrieyeHus: MpUEMIIEMBIX XapakTe-
PUCTUK OOKOBOW YCTOMYMBOCTH U YIPaBIIsEMO-
CTH B KaHajax pyJii HaIPaBJICHUS U DJIEPOHOB
MOTYT HCHOJIB30BATHCS OOBIYHBIC TIO3UIIMOHHBIC
alropuTMbl aBromarusanuu. IIpu srtom yctpa-
HEHUE TEHJCHLIMU CaMoJIeTa K CBaJMBAaHUIO C
MHTEHCUBHBIM OOKOBBIM JIBUJKEHHEM OCYILECTB-
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JSIETCs ¢ TOMOIIBI0 aBTOMAaTa IyTEBOW YCTOM-
YUBOCTH, B KOTOPOM CHHIKCHUC HOTpe6HOFO
3HAYCHUS TEPEeIaTOYHOTO KO3(QHIIMEHTa BO3-
MOHO 32 CYET MEPEKPECTHOH CBSI3H OT AJIEPO-
HOB K PYJIFO HAIlPABJICHHUSI.
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