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OneHka Bo3aeiicTBHS MOMEXOBBIX CUTHAJIOB
Ha peniapiiee yCTPOUCTBO MPUEMO-aHAJTHU3NPYHOIIEr0 TPAKTA
HU(PPOBBIX PATHOTEXHUYECKUX CHCTEM

1 1
B.E. EmeabsinoB , C.II. MaTbIlOK
"Mockoscruii 20CY0apCmeeHHblll MeXHUYeCKUL YHUBEPCUMem 2paicOanHCcKol asuayul,
2. Mockea, Poccus

AHHoTanms: B HacTosiee BpeMs B CBS3M C BO3PACTAIOIIEH CIIOYKHOCTBIO HABUTAIIMOHHOTO OOECTICUeHUs BO3AYIIHBIX CYZOB, C
pocToM TpeOoBaHMH, MPEABIBISEMBIX K HIUM, Bce Oojiee HEOOXOAMMOH SIBISIETCS pa3paboTKa CHCTEM KOMITIEKCHOH 00OpaboTKu
HaBHUTAITMOHHOW wmH(popMarmy. CpeacTBa pauoTeXHUIECKOro obecriedenus mojetoB u 3MekTpocBszu (PTOIMuOC) sipnsroTcst
OCHOBHBIM HUCTOYHHKOM cOOpa, 00pabOTKK U MPE/ICTaBICHNS HHPOPMAIMH O BO3AYIIHOW 00CTAHOBKE JTUCIETUYCPCKOMY COCTaBY
CITyKObI JIBWOKCHUSI, & TAKXKE CIIyXKaT JJIs PEIICHHs Psifia HABUTAIMOHHBIX 331ad. IIpy 3TOM ypoBeHb 0E30IMaCHOCTH IMOJIETOB
Hapsily C MPOITyCKHOM CIIOCOOHOCTBIO 30H YIPABJIEHUS BO3AYLIHBIM JIBMXKEHUEM, 3aBUCSIIME OT PELICHHs COOTBETCTBYIOIETO
JIACIIETYCPa, B 3HAYUTEIBHOM CTENECHH OIPEEISCTCS IOCTOBEPHOCTHIO TIPEICTABISIEMON pa3HOOOPa3HOM BXOMHOM HH(DOPMAIIUHL.
B cBoto ouepenib, OONBIIMHCTBO COBPEMEHHBIX LIH(POBBIX CPEACTB PAJTUOTEXHIMIECKOTO0 00ECIIEUEeHHs! TOJIETOB M 3JIEKTPOCBS3H
Ha BBIXOJIC NPHEMO-aHAMBUPYIOIIErO0 TPAaKTa MMEIOT PEHIAloIiee WM TOPOroBO€ YCTPOWCTBO, CpadaThIBaHWE KOTOPOTO B
pe3yabTaTe BO3IEUCTBHA CMECH IIYMOBBIX M IIOMEXOBBIX CHIHAJIOB CHIDKAET IOCTOBEPHOCTh MH(OpPMAIMH 32 CYET BEIOPOCOB
CHTHAJIFHOTO PACTIPENIeNICHNs, TIPH YCIIOBUH YTO WMITYJIbCHBIC TTOMEXH, BO3/ICHCTBYIOIIME Ha 0OOPYIOBaHHE, U COOCTBEHHBIE
ITyMBI IPHEMHIKOB HE KOPPEIMPOBAHEL B paboTe MpHBOIUTCS OIEHKA CPETHETO KOIMYECTBA BEIOPOCOB Ha BRIXOJIE PEIIAFOIIETO
YCTPOHMCTBA C Y4YeTOM aHAIN3a BEPOSTHOCTHBIX XapaKTEPHCTHUK pPAacCMaTPHUBAEMBIX CHTHAJOB. J[1f IIyMOB, IOJYMHEHHBIX
pactipeneneHuo Pasnest, 1 y3KONOJIOCHOM MMITYJIBCHOM IOMEXM C HyJIEBBIM CPEJHUM 3HAYEHUEM HaMJEHbl MaTeMaTUYECKUE
OXHIAaHWUSA CPEJHEr0 BPEeMEHH NpeOBIBAHMS M CPEIOHETO YHCIa TMONOXKWUTEIBHBIX BBHIOPOCOB OIEHMBAEMOIO IIPOLIECCa.
Amnamizupyercst citydail B3anMOJEHCTBUS JBYX OO030PHBIX TPAcCOBBIX panuosiokaropoB «Ckana-M» m ATCR-22, umeromux
MPAaKTUYCCKU HACHTUYHBIC TAKTHKO-TEXHUYCCKHUC XapaKTCPUCTHUKU. Paccunrana 3aBHCHMOCTH JUINTCIIbHOCTHU Bl)l6pOCOB JJIA
CUTyallMy, KOorJa paJruoJIOKaTop «CKana—M» ABJIACTCA HWCTOYHUKOM HEMNPCAHAMCPECHHBIX JJICKTPOMArHUTHBIX TIOMEX A
pamuonokaropa ATCR-22.

KitioueBble cy10Ba: BEIOPOC CllydaifHOro mporecca, pactpenernenuie Pases, InTenbHOCTh BEIOPOCa, BEPOSTHOCTh POXOXKICHHS,
TIOpOT CpabaTHIBaHMUS, CPEIHEE YHCIIO BEIOPOCOB.

s nurupoBanus: EmenssaoB B.E., Materok C.II1. OreHka BO3IEHCTBHS MOMEXOBBIX CHTHAJIOB Ha PEIIAIOIIEE YCTPOHCTBO
MPHEMO-aHAIT3UPYIOLIEro TpakTa IM(pPOBbIX paauoTexHuueckux cucreM // Hayunbiit Bectouk MI'TY T'A. 2022. T. 25, Ne 3.
C. 8-15. DOLI: 10.26467/2079-0619-2022-25-3-8-15
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Assessment of the impact of interference signals
on the decision circuit of the receiving-analyzing route of
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Abstract: Currently, due to the increasing complexity of navigation support for aircraft (A/C), with the growth of requirements for
them, it is increasingly necessary to develop systems for integrated processing of navigation information. The facilities for radio
engineering flights support and aeronautical telecommunications are the main source of collecting processing and presenting
information about the air situation to the traffic control staff. They are also used to solve the number of navigation problems. At the
same time, the level of flight safety, along with the capacity of air traffic control zones depending on the decision of the ATC unit,
is largely specified by the reliability of the various input information provided. At another point, most sophisticated digital tools for
radio engineering flights support and aeronautical telecommunications at the output of the receiving-analyzing route have a
decision or threshold circuit, the actuation of which, as a result of exposure to a mixture of noise and interference signals, reduces
the reliability of information due to bursts of signal distribution, provided that impulse interference affecting the equipment and
mush of receivers are not correlated. The work provides an estimate of the average amount of signal bursts at the output of the
decision circuit taking into consideration the analysis of the probabilistic characteristics of the signals under consideration. For
noises subject to the Rayleigh distribution and narrow-band impulse interference with a zero-mean value, the mathematical
expectations of the average response time and the average number of positive bursts of the estimated process are found. The case of
interfacing two airway surveillance radars “Skala-M” and “ATCR-22”, which have virtually identical operating characteristics, is
analyzed. The dependence of the burst duration is calculated for the situation when the “Skala-M” radar is a source of unintended
EMI for the “ATCR-22"” radar.

Key words: burst of a random probability, Rayleigh distribution, burst duration, probability of passing, response threshold,
average number of bursts.
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COOHOCTB 30H YTIPaBJICHUS BO3AYIIHBIM JIBHIKE-
nuem (YBJ) [3, 4]. B nannHoii paGoTe aBTOpPHI
IBITAIOTCST  TIPOM3BECTH OIICHKY BO3JCHCTBUS
MOMEXOBBIX CUTHAJIOB Ha KOPPEKTHOE (YHKITHO-
HUpPOBaHUE MH(OPMALMOHHBIX KaHAJIOB LUdpo-
BBIX PAIMOTEXHUYECKUX CUCTEM.

BBenenune

CoBpeMeHHBIE CpeJICTBA paJuOTEeXHUYE-
CKOTO 00ecredeHus] TOJIETOB U DIIEKTPOCBSI3U
SBIISIIOTCSI OCHOBHBIM MCTOYHHMKOM cOopa, obpa-
OOTKM W TIpelacTaBlieHUs WHOOpPMAIMU O BO3-
IYIIHOW OOCTaHOBKE IJISl AMCIIETYEPCKOTO CO-

craBa ciayxObl nwkenus [1, 2]. OgHako npwu
ATOM aKTyallM3upyercs mpobiieMa oOecrieueHus
JIOCTOBEPHOCTH HMH(OpMAIMK, OmpesenseMas
KOHCTPYKTUBHBIMH XapaKTEPUCTUKAMH YKa3aH-
HOro o0opynoBanus. Hapsiny ¢ 3TUM BO3HHKAIOT
3aJla4¥ OI[EHKU TOTOBHOCTH O00OpYJAOBaHUs, BbI-
Tekarone u3 kecTkux TpeboBanmii MKAO «x
JIOCTOBEPHOCTH M KOH(UIEHIIMAILHOCTH Tepe-
naBaemonr mH(popmaruu. Jlroboe HapylieHHne B
pabote cpeacts PTOIIuDC cka3biBaeTcst Ha J10-
MUHAHTHBIX OTpPAclIeBbIX IIOKa3aTeNsiX, TaKUX
KaKk 0€30MacHOCTh IMOJICTOB M MPOMYCKHAs CITO-

MeTtoabl M1 MEeTO0JI0T U
HCCJICA0BaAaHNSA

B cootBerctBUM C [5] cpeaHee KOJIMYECTBO
cpabarpiBanmii pematomero ycrpoiictsa (PY) na
WHTEpBaje BpeMeHU T, B NPEAIONOKECHUN He-
KOPpPEIUPOBAaHHOCTH HMITYJIbCHBIX IOMEX U
IIYMOB TPUEMHHUKA, OIMPEACNSETCS COOTHOIIIE-
HUEM

M[N (ug, T)] = M[Ny(up, T)] + m(vy)R, (1)
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rae M[N(ugy, T)] — cpenree komuuecTBo cpaba- [Moncrasnsist (3) B (2) m 0003HaYasi OTHOIIIE-
ThiBaHUU PY oT Bo3aeicTBUs momex 3a Bpems T HHUE CUTHAI/IIyM uepe3 Z = Uy/d,, MoiaydaeM

pH opore cpabatsiBaHus Ugy; M|V, ] — cpenree [11,12]
KOJIMYECTBO MMITYJIbCHBIX ITIOMEX Ha BXOJAE MpH-
€MHUKa 3a BpeMs T; R — BEepOsATHOCTb IPOXOXK- N,(Z) =
JICHUs IOMEXH Ha BBIXOJ JAemudparopa.
OtmeTHM, 4TO cpefHee KOJIMYECTBO BHIOpO-
COB IIyMa HajJ noporom PY Oyner onpenensitbes
TOJIBKO TEMHU BBIOPOCAMM, JIMTEIBHOCTH KOTO-
pPBIX IPEBOCXOOUT 33JaHHYI0 BEIWYUHY T,
[6, 7]. IIpu atoM tne Dy, u Dy, SABISIOTCS OUC-
NEPCUSIMH BHYTPEHHUX M BHEUIHUX IIyMOB IpU-
€MHHMKa COOTBETCTBEHHO.
C yuerowm [8] 3anumiem

1
2+om

AwZ exp(— Z2/2). (4)

[IpuHumass BO BHHMMaHHE HEOOXOIUMOCTh
yueTa 4YyBCTBUTEIBHOCTH cpabarbiBaHus PY
M0 IJTUTEIBLHOCTH ITyMa, nmpeodpazyem (4) K BH-
ny [13, 14]

No(Z) = ;7= AwZ exp(= 23/ ¥(D), (5)

rae (T) — BEpOSITHOCTH TOTO, YTO JJIUTEIb-
N,(uy) = ﬁ §* AwW; (ug). ) HOCTb BBIOpOCA IPEBBILIAET Ty.
Bripaxkenne nis QyHKIUM pacripeeneHus
BEPOATHOCTEN JIMTENBHOCTEW BBIOPOCOB OTHO-
CUTEJIbHBIM IIOPOrOM, HEOOXOauMoe Jisi oIpe-
nenenns (1), sanumeM B Buje [15, 16]

Tak Kak mym OpH NPOXOXKACHUM 4Yepe3 y3-
KOTIOJIOCHBIE (PUIIBTPBI MPUEMHOTO TpakTa HOp-
Majau3yercs, TO OJHOMEpPHAs IIOTHOCTh pac-
IIPEIEICHMS IIIyMa OIMCBIBAETCS PaCIpeneIeHH-

1 1
em Parest [9, 10] Wy (0, Z) = o= 0?Z%7g exp (— o= Aw?Z213). (6)
Wi (ug) = (uy/D*) exp(—u3/2D"). 3) C yuetom (6) noiaydaem
A ZZZ foe) 1 1
Y(r) = (:—Sfo Ty eXp (—gszZZTEL) dt, = exp (—%szero). (7)

Hanee, moactasmsist (7) B (5), OKOHYATEIHHO MOTYYUM

1 1
Ny(Z) = ——= AwZ exp | ——27Z%(48 + Aw?1}) ). 8
0(Z) o P{75% ( 5) (8)
Jns onpenenenust R, omyckas B 3allUCH €€ S=u/Dy;Z =1/6,,
3aBHCHUMOCTh OT COOTBETCTBYIOIIMX IE€pPEMEH- 1l — IOpOroBOE 3HAYCHHUE AMILTUTYIHI BXOJ-
HBIX, BOCIIOJIB3YEMCSl aCHMIITOTUYECKUM TMpe.- HOT'O CHUTHAlA.
CTaBJICHHEM HWHTerpalia Ajisi BEPOSTHOCTU MPO- Bynem nmetsb
XOXJICHUSI HMMITYyJIbca TIOMEXH dYepe3 IMPHEMO-
aHATM3UPYIOIIHiA TpakT [17]: R=1-®[u—n(1/a)]. (10)
R=_ [ e exp(—x%/2)dx 9) O0603HauuM cpeiHee KOJIMYECTBO UMITYJIbCOB
Verm Ju-n(1/a) ’

MOMEXH, BBI3BaBIIUX cpabarbiBaHue PY uepes

rneu =Z7Z—a;a=Ay/8, Ag — aMIuIuTy 12 NM- Vo. Torna Vo = Vo{1 — &fu — n(1/a)1}.

My TBCHORM MIOMEXEL [MoacraBnsis (8), (9) B (1), momyuum st
—(2S) ' —u (2’5)_2 +4/3(U% + 1)(25)3: CpeIHero KoaudecTna cpadbareiBanuii PY ot uM-

n ’ MYJIbCHBIX TIOMEX U IIIyMOB

10
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T = — AwZ exp (—%22(48 + szrg)) + Vo{1 — ®[u — n(1/a)]}.

V2m
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(11)

Ipu ycroBuH 49TO HA BXOJ MPHEMO-aHATM3HUPYIOMIETO TPaKTa BO3ICHCTBYET TOJIBKO aIUTHBHAS
CMeCh MmoMexa + IIyM, JUITEeIBHOCTh BbIOpoca ciydaitnoro mpouecca £(t) = g(t) + n(t), roe g(t) u
n(t) — ciaydaiiHble MPOILECCHI, COOTBETCTBYIOIINE HEMPEPHIBHBIM SIICMEHTAPHBIM IOMEXaM U [IyMaM,

MOYKHO OIIEHUTH MO cooTHOIIeHuo [18, 19, 20]

Mz, (uo, T)] = M[Tn(uo, T)1/MIN (uo, T)],

rae M[Ty(uy, T)] v M[N(uy, T)] — cpennee
BpeMsi MpeObIBaHHUS U CPEHEE YUCIO TOJIOKH-
TEJNBHBIX BBIOPOCOB mpotecca £(t) BbIIIE ypOB-
HS U Ha OTpe3Ke [ty, to + T, mpuuem

to+T

M[Tn(uo, T = [,°7 dt [ W(y,O)dy, (13)

rae W(y,t) — ogHOMEpHas IJIOTHOCTh BEPOST-
HOCTH Tiporiecca £(t).

NmiynbcHass moMexa MpejcTaBiseT CcoOoi
Y3KOIIOJIOCHBINA CTallMOHAPHBINA MPOLIECC C HyJIe-
BBIM CpeIHUM 3HadeHueM u auddepeHnupye-
Mo ¢pyHKIMen koppessituu [21, 22]:

re (1) = 6£7(7) cos weT, (14)
rae 67 — macnepeus; 7(T) — QyHKIHUS, MEIECHHO
MEHSIOMAACS 1O CPABHEHHIO € W (T).

g ciiydas HEKOppEIMpPOBAHHON MMIYJIbC-
HOI MOMEXH U IIyMa HECJI0KHO Moxy4yuTs [10]

M[e(uy, T)] x 103

N

(12)
(U, = — % |,
M[Tl(uO T)] we erfc é‘gm ( 5)
rae
erfcx = (2/Vn) [, exp(—t?)dt, a

b? = /D,/D,,.
Pe3y.]'leaT]>I HCCJIICA0OBAHUA

3ayacTyio pe3epBUPOBAHUE PAINOJIOKALMOH-
HOI nH(pOpMau 00ecreYrBaEeTCsI UCIIOIb30Ba-
HUEM DPAcCMaTPUBAEMbBIX DPaJIMOJIOKATOPOB, MpHU
3TOM MHUHUMAJIBHO JIOMyCTUMOE pPaCCTOSHUE
MEK]ly HUMU COOTBETCTBYET 1,5 KM, 4TO B CBOIO
ouepelb 00ECTeUUT HEOOXOIUMYIO0 CHHXPOHH-
3aruto rpynmsl PJIC B paiione aspornopra v He-
00XOIMMYI0 yTpPaBIsEeMOCTh cpenacTBamu. Jlis
CUTYyallMH, Koraa paauosnokatop «Ckama-M» sB-

N =1 naasa
T =2n/w,
re(7) = et

—— y3konosiocHsie nomexu (Bbixon YITY)
-=== [OMEXH, MPOLIE/IUIHE HA BHIXO/L
JeTeKTopa

5 Uy/Uy

Puc. 1. 3aBHCHMOCTD UTHTEIBHOCTH BEIOPOCA OT OTHOLICHHMSI CHTHAJ/TIOMEeXa
Fig. 1. Dependence of the burst duration on the signal-to-noise ratio
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jasgercss uctounukoM momex mis ATCR-22, na
puc. | mpencraBiieHa 3aBUCHMOCTb CpEIHEH 3a
BpeMs T 3aBUCHUMOCTH TOJIOKUTENIBHBIX BBIOPO-
COB ciIyyaiiHOro mporecca €(t) Bbllle 3aJJaHHOTO
YPOBHSI.

W3 puc. 1 cnenyer, 4yTo npu yclIOBUU OTHO-
IIEHUS] CHUTHAJ/TIOMeXa, MPEBBILIAIOMIETO TpPH,
JUINTENIbHOCTH BBIOPOCOB CHTHAJIBHBIX pacrpe-
JIeNIEHUH NMpaKTUYeCKHu He OyAyT BIMATH Ha Xa-
PAKTEpUCTUKHU OOHAPYKEHUS C YYETOM CTIIaXKu-
BAIOIIMX CBOMCTB JACMU(PPUPYIONTUX YCTPONCTB,
YTO COBMAJACT C pe3yJIbTaTaMH, IPUBEICHHBIMU
B pabore [10].

Oo0cy:kaeHue moy4eHHbIX
pe3yJIbTaTOB

[Ipennaraemass MeTOAMKAa MOXET OBITH WC-
MOJIb30BaHA TIPH alPUOPHOM OIIEHKE JTOCTOBEP-
HOCTHU MH(OPMAIIMK KaK HA CTaJUU MPOCKTHPO-
BaHMs, TaK M HA CTAaIUU TEXAKCIUTyaTallMH C
YYETOM XapakKTepUCTUK (DYHKIIMOHAIBHOTO HC-
MOJI30BaHUS UCCIEAYEMBIX CUCTEM [23, 24].

3akjaoueHue

[lomyuyeHHbIE OLIEHKM TO3BOJSIOT OIpeae-
JUTh XapaKTEPUCTUKU TOTOBHOCTH O0OpYyI0Ba-
HUS U, C TOYKU 3PEHUSI aBTOPOB, SIBISIIOTCA I1O-
JIE3HBIMU TPHU TOCTPOCHUU MOJIEIECH OLIEHKHU
MMOMEXO3aIIMIIEHHOCTH U JOCTOBEPHOCTH WH-
dbopmariim, Mo3BOJISIONIUX B CBOIO OYEpEh pac-
CMaTpuBaTh IoKasarenu cucremsl Y B/l sBisto-
IIMMHCSI KAaYE€CTBEHHBIMH OTPACIEBBIMH Xapak-
TEPUCTUKAMMU.
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Cnoco0 onpenesieHusi MOCATOYHBIX XAPAKTEPUCTUK CAMOJIETA IyTeM
UMUTAIHOHHOTO MO/IeJIUPOBAHMS

I1.C. Koctun', C.B. I[eszl, J1.B. I'oues', B.B. Boimmucknii’

'Boennwiii yuebno-nayunwiii yenmp BBC «Boenno-6030yuinasn akademus
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? Henmpanwnuiii aspoeudpoounamuyeckuti uncmumym um. npop. H.E. JKykosckozo,
e. Kykoeckuii, Poccus

AunHoTammsi: B cratbe paccMmarpuBaeTcsi criocod onpeiesieHusl MOCcaIouHbIX XapaKTePUCTUK CaMoJIeTa, OCHOBHOW M3 KOTOPBIX
SABJIACTCA JUJIMHA np06er d, B 3aBUCUMOCTH OT TUIIAa U JABJICHUA 3apsAKHd aBUAIIMOHHBIX KOJICC, COCTOSIHHA MMOBCPXHOCTU B3JICTHO-
MOCAJIOYHON TOJIOCHI, MACChl CaMoJieTa, HAIMYMS TOPMO3HBIX MapauntotoB. [IpencraBieHHblE pe3ysbTaThl MOMYYEHbl ITyTEM
MMUTALIMOHHOTO MOJENMPOBAaHHUS TPOCTPAHCTBEHHOIO [IBIDKEHHUSI CaMoJieTa Ha PEeXHUME «Iocakay. Mojenb JAWHAMUKU
JIBIDKEHHUST CaMOJIETa BKIIFOUAET MOIYJIM pacyeTa KHHEMATHUECKUX MapaMeTpOB JABMKEHHS CaMOJIETa, TSTH ABUTATENs, OTIOPHBIX
peakimii IaccW, TOPMO3HBIX YCHIIMA B TOpPMO3aX KOJEC M TOPMO3HBIX IApANIIOTaX. AJEKBATHOCTh W JOCTOBEPHOCTH
pa3paboTaHHON MOZENM IBIDKCHHS camoJieTa IOATBEPXKICHA ITyTeM CpaBHEHHS 3HAYCHHN KHHEMATHYECKUX IapamMeTpoOB
JIBIDKCHMS, TIONYYEHHBIX B PE3yJbTaTe WMUTAIIMOHHOTO MOJCIHPOBAHMS, M TMApaMETPOB, MONYYEHHBIX U3 PEATbHOTO IOJIeTa
MaHEBPEHHOTO caMmolnera. Pa3zpaboTaHHas MMUTAIMOHHAs MOJETb ITO3BOJSET AHAIM3HUPOBATH M3MEHEHHE KHHEMAaTHYECKHX
MapaMeTpOB JIBIDKEHHS CaMOJIETa, ONMPEACIONINX PEXHM ero moiera. Ilo pesynprataM MPOBEAEHHOTO HCCIEHOBAHHS OBLIO
OTIpeNIeNICHO, YTO YMEHBIICHHE MOYTH B J[Ba pa3a HOPMAIBHOTO SKCIUTYyaTAaIlMOHHOTO IABJICHMS B OCHOBHBIX KOJIECAX IIAcCH
YMEHBIIIACT JUIMHY IpoOera camoliera OOJIbIIIE YeM Ha COPOK MporeHTOB. YcraHoBka kojec KT-163]] Bmecro KT-251A
COKpallaeT JIMHYy Tpodera MpUMEpHO B IOJITOpa pasa, HCIOJIB30BAHWE TOPMO3HBIX IapallllOTOB COKpAIaeT JUIMHY Hpodera
camoJieTa TMOYTH B JiBA pa3a NpH IOCaAKe Ha OOJICAEHEBLIYIO B3JIETHO-TIOCAJO4YHYI0 moinocy. IlpeacraBieHHbI crnocod
PEKOMEHAYETCsSl MCIONb30BaTh NMPU HMCCICHOBAHUM TOCAIOYHBIX XApaKTEPUCTUK CaMoJIeTa IMPU €ro MPOEKTUPOBAHWUU WIIU
MOJIepHH3AIMK. TakkKe TpeaiaracTcss HHTETPUPOBATh Pa3pabOTaHHBIA CHOCOO OIpENENCHHs IMMOCAJOYHBIX XapaKTEPUCTHK B
cocTaB MH()OPMAIIMOHHO-YTIPABIIIONICH CHCTEMBI CaMOJIETA B LEISIX ONEPATHBHOTO OMPEICICHHS TOCAIOYHBIX XapaKTEPUCTUK
caMoJIeTa B peXUME PeabHOTO BPEMEHH B TIOJIETE B KOHKPETHBIX YCIIOBHUSIX TIOJIETA.

KiioueBble ci10Ba: MMHTAIIOHHOE MOZICIIMPOBAHUE, TIOCAJKa, TMHA Hpo6era, AJITOPUTM  YIIPABJICHHSA, IIacCHU CaMoJIeTa,
TIOCAJIOYHBIC XaPaKTCPUCTUKHU CaMOJICTA.

Jna murupoBanus: Koctur I1.C. Cmocob ompeneneHHs MOCATOYHBIX XapaKTEPUCTHK CaMojeTa IyTeM HMHTAIIMOHHOTO
mozemuposanus / I1.C. Koctun, C.B. [enos, J1.B. I'ones, B.B. Bemmnckuii / Hayunsnii Bectauk MI'TY T'A. 2022. T. 25, Ne 3.
C. 16-25. DOLI: 10.26467/2079-0619-2022-25-3-16-25

Method for determining of aircraft landing performance
by the simulation modeling

P.S. Kostin', S.V. Dedov', D.V. Gotsev', V.V. Vishinsky’
!dir Force Education and Research Center "The Zhukovsky and Gagarin

Air Force Academy", Voronezh, Russia
?Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Russia

Abstract: The paper considers the method for determining of aircraft landing performance, the basic of which is landing roll
depending on the type and tire inflation pressure, runway surface condition, aircraft weight, availability of brake parachutes. The
given results are received by the simulation modeling of aircraft spatial movement on a landing mode. The model of aircraft
dynamics includes modules of aircraft movement kinematic parameters calculation, engine thrust, landing gear ground reaction,
retarding force in wheel brakes and brake parachutes. Adequacy and reliability of the designed model of aircraft movement is
confirmed by comparison of values of movement kinematic parameters obtained as a result of simulation modeling, and the
parameters received from a real flight of the maneuverable aircraft. The designed simulation model allows us to analyze change of
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aircraft movement kinematic parameters, defining its flight mode. By the results of the conducted study, it has been defined that
halving of normal operational pressure in MLG wheels decreases aircraft landing roll by over forty per cent. Installation of
KT-163D wheels instead of KT-251A reduces landing roll by approximately a factor of one and a half times, use of brake
parachutes reduces aircraft landing roll almost twice at landing on an icy runway. The introduced method is recommended to be
used while studying aircraft landing performance during its design or modernization. It is also suggested to integrate the designed
method for determining landing performance as a part of on-board information and control system with the view of immediate
aircraft landing performance determination in real-time operation in specific flight conditions.

Key words: simulation modeling, landing, landing roll, control algorithm, aircraft landing gear, aircraft landing performance.

For citation: Kostin, P.S., Dedov, S.V., Gotsev, D.V. & Vishinsky, V.V. (2022). Method for determining of aircraft landing
performance by the simulation modeling. Civil Aviation High Technologies, vol. 25, no. 3, pp. 16-25. DOI: 10.26467/2079-0619-

2022-25-3-16-25
BBenenue

[TpoBeneHne HATYPHBIX JIETHBIX SKCIEPUMEH-
TOB JUISl ONPE/EIECHUs] XapaKTEPUCTHK camoJieTa
SBISIETCS. CIIOXKHBIM, JOPOTUM U HEOE30MaCHBIM.
Ha coBpemeHHOM »Tarie pa3BUTHS HAYKU U TEXHU-
KU, B CBS3U C MHTEHCUBHBIM pa3BUTHEM LHUPO-
BbIX BBIYUCIIUTENEH, AJIsi ONpPEICIICHUs] XapakKTe-
PHUCTUK camoJieTa HeOOXOAUMO PUMEHEHHE UMU-
TAIMOHHOTO MoJienupoBanus [1, 2].

C yderom TOro, 4ro OJMH U3 Hauboiee
ONAaCHBIX PEKHMMOB JABUKEHUS camoJieTa — 3TO
MOCaJIKa, OTIMYUTEIbHBIMH OCOOEHHOCTSIMH KO-
TOPOH SBIIAIOTCS IBUKCHHE camolieTa ¢ 0O0Jb-
IIIOM CKOPOCTHIO BOJIM3HM 36MHOM TTOBEPXHOCTH U
CYIIIECTBEHHOE BIMSIHHE PA3IUYHBIX (HaKTOPOB
(TakMX Kak macca camoJjieTa, adpoJAMHaMUYEeCcKas
KOH(UTrypamus, TypOYyJIEHTHOCTb aTMOCQEpHI,
YCIIOBUSL BUAMMOCTH, COCTOSIHUE IOBEPXHOCTH
B3JIETHO-TI0caiouHOM nonockl (BIIII) u np.) Ha
TPACKTOPHIO ABMKEHUS CaMOJIeTa, ObUIO PELIEHO
pa3paboTaTh UMUTAIIMOHHYIO MOJENb ABMKCHUS
camoJieTa Ha TOCAaJKe, YUUTHIBAIOLIYI0 H3MEHe-
HUE PA3NIUYHBIX BHEIIHUX M IKCIUTYaTaIlMOHHBIX
(bakTOpOB, BIUAIOMINX HA MOCAIOYHbIE XapaKTe-
PUCTHUKH.

Onucanue Mmoaean npoaoJILHOTO
ABHMKCHHUHA CaMoOJieTa

U HMUTAIIHOHHOI'0O MOJACJITUPOBAHUSA
Mnocaaku

Jnst uccnemoBaHust TIOCaIKM CaMoJIeTa B TIPO-
rpaMMHOM Komruiekce Matlab Simulink Obina
pa3zpaboTaHa MareMaThyeckass MoJeib (cucre-

Ma 1) mpomonbHOrO ABMKEHUS camoreTa [3, 4],
HUMEIOIIETO CXOXKHUE a’pPOJAUHAMUYECKUE, TEOMET-
pHUECKUE, MAcCOBbIE M HHEPIIMOHHBIC XapaKTe-
puctuku ¢ camonerom fAk-130 [5].

dv, 1
L=V +—|R —mg sin3|,
o=+ [Ro-mg sin g
dv. 1
yo__ ~[Rr -
= a)ZVerm[Ry mg cosSJ,
do, 1
a1, *
d3
w
(1)
dH

Esz sind+V, cosd,

ar _ V, cos 3=V, sind,
dt

=2+,

Vx
a=-—arctg —,
y

rae V.

%> V, — cocTaBIsIomme BO3AYIIHOW CKOPO-
CTH V' 1O ocsIM CBSI3aHHOM CHCTEMBI KOOPIH-
HAT, @ — CKOPOCTh TaHraxa, ¢ — yroi TaHra-
’ka, H — BeIcoTa, L — MAIbHOCTh, m — Macca

CaMoJICTa, Ig,, Ig} — IPOAO0JIbHAA WU HOpMaJIbHast

CUIIbl, M, — MOMEHT TaHraxa, g — YCKOPEHHE
z

CBOOOJHOIO MAJACHUSI, @ — yTOJI aTaKu.

MopnenupoBanue OBW)KEHHUS caMojeTa Ha
peXHUME «I10CaIKa» BBIIOJIHAJIOCH B CIEAYIOLIECH
MOCJIEI0BATEIbHOCTH [6].
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1. Hawanom wmopaenupoBaHusl TOJETa SBIISI-
JIOCh OKOHYaHHME 4-TO pa3BopoTa HaJ a’poApo-
MoM Ha yaaineHuu oT topua BIIIT 16 000 m ¢

3aIlaHHO# cKopocThio mosera V, = 95 m/c. Tak

KaK JIETYUK B IMPOLIECCE BBIMOJHEHUS 4-r0 pas-
BOPOTa MOKET JOMYCTUTh OLIUOKY B BBLICPIKH-
BaHUU 33/IaHHOI BBICOTHI MOJIETa, B pa3paboTaH-
HOM QJITOPUTME HMHUTAIIMOHHOTO MOJIEIUPOBA-
HUSl HavajbHas BBICOTA IOJIETa 3a/laBajach CIIy-
YaifHBIM 00pa30M ¢ MaTEeMAaTHYECKUM OKUaHU-
€M, paBHBIM 3a/IaHHOI BBICOTE IOJIETa, U CO
CpPEIHUM KBaJIpaTUYECKUM OTKIIOHEHUEM 30 M.
2. YcTpaHeHHE paccoriiacoOBaHMs MO BBICOTE
C JaJdbHEWIIUM TIOJETOM IO 33JaHHOMY YTy
HAKJIOHAa TPAaeKTOPHUH 10 AAJIbHEro MPUBOIAHOIO
pamuomasika (IIIPM). Ckopocts mnosera Ha
sroM yuactke V =83..97 m/c. Tlponer Hanx

JIIPM ocymectBasiercs Ha BbicoTe 200m U C
yaanenuem ot Topua BIIIT 4 000 .

Pom =k (H = H )+ ke AH +k,, @, + ;[ (H - H,)-dt,

rie ¢, — Yrol OTKIIOHEHHUs CTa0MiIn3aTopa,
k,, k k

ais Ko s kj — KOOOGOUIMEHTHI yCHICHHS,
z

H, H3 — JIEUCTBUTENIBLHOE U 3aJJaHHOE 3HAYCHUS

BBICOTBL. [, ompenensiach, B 3aBUCHMOCTH OT

ynanenus ot Topua BIIII, kak BbicoTa, Jiexkamas
Ha HAKJIOHHOM NPSAMOW, COCOUHSIOIIEH TOYKHU
BO3JYIIHOTO THpocTpaHcTBa: BbicoTy 800 .M

Vol. 25, No. 03, 2022

3. Iloner ot AIIPM no GmuHEro mpUBOIHO-
ro paauomasika (BITPM) xapakrepusyercs naib-
HEMIIUM CHMKEHHEM BBICOTBI M CKOPOCTH IOJIE-
Ta, pu 3ToM mpoiuet Hag BIIPM npoucxonut Ha
yaanenuu 1 000 m ot topua BIIII u BeicoTe 50 M.

4. Ha 3aBepinaroiieM 3Tare Mmocajaku JIETIYUK
CHI)KAET BEPTUKAIBHYIO CKOPOCTh, a TaKXKe pe-
XKUM paObOThI JABUTATENeH, YTO NMPUBOIUT K PO-
cTy yrna arakd. Ha Beicorax 7...5 m nag BIIII
JIETYUK COBEPILAET «BBIPABHUBAHUE)», MOMEHT
KacaHUs OCHOBHBIX CTOEK OIpPEAEsAeTCs II0
CKauyK0OOpa3HOMY M3MEHEHHI0 HOPMAJIbHOM Iie-
pPETpY3KH.

Jlia MozieMpoBaHus 3a/1aHHOTO MPOJI0JIbHO-
ro JIBWKEHMs camoJleTa MpH Mocajke ObLIM pas-
paboTaHBl aNrOPUTMEI ympasiaeHus [7]. Asro-
PUTM yTpaBiIeHUs, 00ECIIeUNBAIOIUI ABHKEHHE
camouiera no riuccanae 1o npoiera bIIPM [8, 9],
OTKJIOHAET CTAOMIIM3aTOp IO CIEAYIOLIEMY 3a-
KOHY:

2

(ymanenue 16 xm) u Bbicoty 200 m (ynaneHue
4 xm) Bosib ocu BIIII.

[Ipu nanpHelIeEM CHUKEHUH TOCIIE IPOJIETa
Hag BITPM BepTukanpHYI0 CKOpPOCTh HEOOXOIH-
MO YMEHBIIATh JJIs MUCKIIOYEHUSI MPEBBILICHUS
3aJaHHbIX orpaHudenuit [10, 11]. Anroputm
yOpaBlIeHUs] CTA0MIIM3aTOPOM CaMoOJIeTa IOCIe
nposieta BIIPM cnenyrommii:

=ky, (Vo =V, |thy V, vk, 0.4k [V, -V, |-dt 3
Pem Vyg Vg e, Vyg Vg 0, Pz | Vg Vg, > ( )
rne v, , ¥V, — JCHCTBUTENBHOC M 3aJaHHOC v, =4mlc-— npu H>Tm,
g &3 83
3HAYEHMUs BEPTUKAJIBHOM 3EMHOM  CKOpPOCTH, V, =0,59-H —upn H<7xm.
ky . ky 5k, , ki — xoapuumenTsr ycuneHus. & . .
Yg© Ty %z ANTOpUTM yHpaBJIEHUS! CUJIOBOM YCTaHOBKOM

o =y (V, =V )4 kpV +k,, @+ [(V, =V )dt,

18

OTKJIOHSIET phIYar ympaBlieHus aBurarenem [12]
0 3aKOHY

“4)

' Camoner SIk-130. PykoBoaCTBO 10O JIETHO# IKCIUTyaTa-
in. MabopManms amst sxunaxa. [lonroroska u Bbl-
nonHenue nonera. M.: OAO «Kopmopamms «pkyT»,
2012.474 c.
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rae @,, — Yrojl YCTaHOBKH JuMm0a pblyara
yHIpaBJieHus ABUraTeneM, ki, k, ka)z, kj — KO-

V.,V

apduuuents! ycunenus, V,,

— 3aJlaHHas U TC-

KyIllasi CKOPOCTH TI0JIETA.

BaxxHol JIeTHO-TEXHUYECKOW XapaKTepUCTH-
KO camolieTa sIBJISIeTCS JUIMHA ero mpobera, s
ee OMpeesieHUs] B MOJIeNb TMHAMUKHU JIBUKEHUS
camoJieTa MHTETPUPOBAHBI MOJIETH IIACCH, TOP-
Mo03a KoJieca, TOPMO3HBIX MapalitoToB.

Jns peanuzamuu pabotsl maccu B Matlab
Simulink Obuta pa3paboTana Mojenb, ompene-
JSIoUIas peakiuu OMop U MOMEHTHI, BO3HUKAIO-
IMe OT HUX B Tpoliecce mpodera camojera 1o
BIIII [13]. B monenu peakuuu Onop Imaccu ca-
MOJIETa TMPEJCTABICHO B BUJE JIBYX COCTaBIISIO-
mux: JaeMnupymromeid u ynpyroil, KOTOpbIe
dbopmanu3yroTcs B BUIE

R, =kjh+k,,Ah, (5)

rane R, — peakuwmst omopsl, ky, — xoaddumment

nemiupoBaHus aMOpPTH3aTOpa, /4 — CKOPOCTh
obxarust amoprusaropa, k,, — KodhdULUHEHT

yIpyroctu amoptusaropa, Ah — obxkaTre amop-
TH3aTOopA.

KoaddurmenTsr ycunenus, BXoaIIue B BbI-
paxenus (2), (3), (4), (5), onpenensauch OIbIT-
HBIM IyTeM U3 pacyueTa JOCTIDKEHUS 3aJaHHBIX
MapaMeTpoB IMOJEeTa CO BPEMEHEM pPeryJHpoBa-
HUS 1 BEIMYMHOW TIepeperyIMpOBaHus, OIN3KH-
MU K pealbHOMY JABM)KCHHUIO CaMOJIETA.

Bo Bpems mocamku Bec camolieTra 4aCTHIHO
KOMIIEHCUPYET MOobeMHas cuia. B MOMEHT Ka-
canus konecamu nosepxHoctu BIIII Bec camo-
JeTa B JIOMOJIHEHNE K TIOJEMHON CHIIe YPaBHO-
BEIIMBAETCS peakiusamu omop. [lpu momenupo-
BaHUM MpoOera camoJieTa TOPMO3HBIE YCTpPOWi-
CTBa IMPEJICTaBIECHBI TOPMO3aMH KOJIEC OCHOB-
HBIX OIOpP U TOPMO3HBIMH Tapaioramu. Pabora
TOPMO30B OCHOBHBIX OIOpP IIACCH 3aKIIOYACTCS
B YBEIMYCHUM CWJIBI TPCHHUS KoJieca O MOBEPX-
Hocte BIIII. Cwmna, co3gaBaeMasi KoJecaMu,
OIHCHIBACTCS CIICIYIOIINM BBIPAKCHHEM:

_ /ucu:uTSTpTrcp.()

mop ’
T

R

(6)
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THe 4, — K03 (OULKUEHT CUETUIeHUs IIUHBI C TO0-

BEPXHOCTBIO B3JIETHO-TIOCA/I0YHOM TMOJIOCHI; L4 —

KOd(PGUIUEHT TpeHHs] PPUKIIMOHHON Maphbl TOp-

Mo03a; S, — mIomans TpeHus (QPUKIHOHHON Ta-
2

pBI TOPMO3a, M~ ; pr — NaBICHHE B TOPMO3€ KO-

neca, Ila; Yo

, — cpeaHuil paanyc GppUKIMOHHON
napsl TOpMO3a, M; 7, — paJuyC KaueHHs KoJle-
ca, M.

Kosdduument cuernsienus WUHbL £, 3aBH-

CUT OT CKOPOCTH ABMKEHHs CaMoJIeTa U JIaBie-
HUS 3apsKU THEBMaTHKa Kojeca (puc. 1).

— =P = 0 AN
Mon P mm
—:-.:-_ T T P[lnun = 8 ‘4"”'“
0.5 4=, %E‘:‘\} =D en = 10 Amam
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Puc. 1. 3aBucumocts K03 (HUIIEHTA CHETUICHHS
nHeBMaTuka ¢ nosepxHoctsio BIIIT ot ckopocTu
JBIDKEHUS
Fig. 1. Dependence of tire/runway braking action
on the ground speed

PaGora uccnegyeMoil TopMO3HOM MapariroT-
HOM CHCTEMBI 3aKJIIOYAETCSI B CO3JaHUU COIPO-
TUBJICHUS, MAaKCHUMaJbHOE€ 3HAa4€HHE KOTOPOTO
JOCTUTAETCS IMyTeM No00pa (OpMBI U TUIOIIAAN
kynona. CokpalleHue JJIUHbI Ipodera camosera
OIpEEINAETCS TOBBIIIEHHBIM CHU)KEHHEM CKO-
POCTH TpPU BBITYCKE TOPMO3HBIX MAPAIlIOTOB.
YpaBHEHHE CUJIbI, CO3/1aBAEMOW OMUCAHHOW CH-
CTEMOI1, UMeeT BUJ

R _=2c

nap X qvSnap > (7)

nap

rae cxnap — k03¢ HUIMEHT T000BOTO COMPOTHB-

JEHUsl Kynojla TOPMO3HOIO MapalloTa; ¢, —
. 2,
CKOPOCTHO# Harop, H/m"; S, — IIomas Kymo-

2
Jia TOPMO3HOTI'O IapalrTa, M .
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Pe3y.]'leaTBI HMHUTAIIHOHHOI'O
MOACITUPOBAHUS

[Ipodunp monera Ha dTame MOCATKU MPE.-
cTaBieH Ha puc. 1. MoaenupoBanue nocajaku ca-
MOJIETa HAUMHAETCS Ha yAalneHuu 16 kv ot Topua
BIIIT npu ckopoctn monera 95 m/c, HavanmbHas
BBICOTA MOJIETA B KAXJOM peaau3aluu MOCAJIKU
obuta 800 m co cpenHEKBaApAaTHUHBIM OTKIIOHE-
aueM ©=30m [14]. AHanu3upys mpeacTaBicH-

HYI0 3aBUCUMOCTb Ha PUC. 2, MOXKHO C/I€JaTh BbI-
BOJ, YTO MOJIEb, COBEpILIAsl 3aX0Jl Ha MOCAAKY,
BBIJICP)KUBACT TpPeOOBAaHUS MWJIOTHPOBAHUS U
rposieraet JIIPM u BIIPM Ha BbICOTax cOOTBET-
ctBeHHO 200 u 50 m, yTo oTBevaer PermameHty
JIETHOM 3KCIuTyaTanuu camosnera Sk-130.

Ha puc. 3 mpencraBneHa 3amuch OOpPTOBBIX
CpelcTB 00BEKTUBHOIO KOHTPOJISI COBPEMEHHOTO
MaHEBPEHHOI'O CaMOJIETa, HMEIOUIET0 CXOXKHE
MacCOBBIE W HMHEPLUHUOHHBIE XApAKTEPUCTHKU C
camonieToM fk-130, BBIMOJHSIONIETO MOCAJKY.
Ha puc. 3 MOXHO BUIETh XapaKTep NU3MEHEHUS
KMHEMaTUYECKUX MapaMeTpOB JIBHIKEHHS CaMo-
JieTa MpH MOCAAKE M ONPENEIUTh BEIMYHUHY OC-
HOBHBIX I1apaMETpPOB TIOJIETa B XapaKTEPHBIX
Toukax: Ha ynanenuu 12 kM ot Topua BIIII, Hazg
JIIPM, nag BIIPM, B MOMEHT KacaHHS KOJIEC
OCHOBHBIX onop maccu nosepxHoctu BIIIT.

Vol. 25, No. 03, 2022
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Puc. 2. [Ipoduis nojera camMoieTa Ha 3Tare MoCaaKu
Fig. 2. Profile of aircraft flight at a landing phase

Ha puc. 3 npencrasneHs! rpadudeckne 3aBH-
CHMOCTH TIapaMeTpOB, XapaKTEPH3YIOIIUX pe-
KM JIBMDKCHHUS camoJjieTa Ha mocanke [15]: ¢ —
BpeMsi MOJeUpoBanus; F, = — CHja, co3/1aBae-

TOpM
FHaP

BacMasi TOPMO3HBIM MapalllOTOM; ¢, — YIOI]

Mast TOPMO3HBIMU KOJICCAMU, — Cuia, co3ga-

OTKJIOHCHHSI KOHCOJIeH cTabwimzaTopa; o

yroJ aTaku; ¢ — YroJl TaHTaxa, Vyg — BEpTHU-

KaJbHass CKOPOCTh B 3EMHOM CHCTEME KOOP.IH-
HaT; J — CKOpPOCTh B HOPMAJILHON CHCTEME KO-
OpJMHAT.
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Puc. 4. I3MeHeHNEe OCHOBHBIX IAPAMETPOB ABM)KEHHUS CaMOJIETa TIPH ITOCaIKe
Fig. 4. Change of basic aircraft motion parameters at landing

Ha ocHoBaHuM 3aBUCHMOCTEH, MPECTaBICH-
HBIX Ha pUC.4, W CpaBHEHUS UX C 3ANMHCIMU
OOPTOBBIX CPEACTB PETrUCTpaluu (B 000OUX CIy-
qasx: MAaKCUMAJIbHBIM YroJ ataku =~11°, makcu-
MaJbHBIA Yrojl TaHTaxka ~8° | Jp.), MOXHO
c/ienaTh BBIBOJ 00 aJIeKBaTHOCTH M JIOCTOBEPHO-
CTH pa3paboTaHHON MOJETH MPOJOIBHOTO JIBH-
JKEHHMs camoJjeTa M COOTBETCTBUU IapaMeTpoOB
JBIDKCHUS CaMoJIeTa NMPH UMHUTAIIMOHHOM MOjie-
JUPOBAHUU 3a/laHHBIM IapaMeTpaM, YCTaHOB-
JICHHBIM B PYKOBOJISAIINX TOKyMeHTax [16].

OKcIuTyartalys camosieTa MHXEHEPHO-TEXHHU-
YECKUM U JIETHBIM COCTaBOM IIPOMCXOJHUT IPH
Pa3IUUHBIX BHEIIHUX BO3JEHCTBUSAX U OIMIMOKAX.

21

Jns onpeneneHus BIMSHUS SKCIUTyaTallMOHHBIX
(daxkTopoB Ha JUMHY MpoOera camojera Mpu Io-
caJike ObUIM HCCIIeIOBAHBl U3MEHEHUS TaBJICHUS
B TTHEBMAaTHKaX TOPMO3HBIX KOJIEC, a TaKXKe CO-
crosiHus nosepxHoctu BIIII u BICOTHI pacniosno-
KEHHUS adponpomMa. AHAIN3 MPOBOAMICS TIPH Ue-
TBIPEX YPOBHSX 3apsaku mHeBMmatuka (6, 8, 10,
14 Amm), Tpex cocrosiHusAx mnoepxHoctu BIIII
(cyxasi, MOKpasi, 00Je/IeHeBIIas) U JBYX BBICOTaX
pAacIONOKEHUsT a’pOJpOMa HaJ YPOBHEM MOpS
(0,2000 m). Hnsa anHanu3a BIUSHUS KOHCTPYK-
THUBHBIX M3MEHEHHUH B CaMOJIETe Ha KMHEMaTHue-
CKHE MapaMeTpbl Obljla BbIOpaHa yCTaHOBKA TOP-
MO3HOTO MapaloTa, COCTOSAIIETO U3 BHITSHKHOTO
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KyIoJia IUIOHIA/IbI0 S = 1 »* ¥ OcHOBHOTO TIO- JICJICHHbIE OTPaHUYEHUS Ha SKCIUTyaTalMI0 KOJIEC
maaeo S =20 Mz, a TaKKe 3aMEeHa TOPMO3HBIX KT-163 ua camonere Sx-130.
konec KT-251A wa KT-163]], umeronmx 00JIb- Pe3ynbrarel MonenupoBaHUs TpeICTaBIICHA
muii Ha 25 % nuaMeTp, 4TO HaKJIaIbIBaeT OIpe- Ha puc. 5.
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Puc. 5. Pe3ynbpTarsl MMUTallUOHHOI'O MOJEIUPOBAHUS:

a — 3aBUCHMOCTB JJIMHBI Tpo0era OT 3apsAAKH aBUAIIOHHOTO KoJieca IpU mocajake Ha cyxyto BIIII; 6 — 3aBucuMocTts
JUTHHBI Ipobera OT 3apsAKK aBUALOHHOTO KoJieca NpH nocajke Ha Mokpyto BIIIL; ¢ — 3aBuCHMOCTB UTHHBI Ipodera oT
cocrostaust BIIII npu 3apsiake koneca p = 6 Amm; 2 — 3aBUCUMOCTb JUTMHBI Ipo0era ot coctossHus noBepxuoctu BITIT
U 3apsiKe Kosieca p = 8 Amm; 0 — 3aBUCUMOCTb CKOPOCTH JIBIDKCHHS CAMOJIETa OT BPEMEHH M HATNYUs [APAIIIOTa IpU
nocajike Ha cyxyto BIIII; e — 3aBUCMMOCTh CKOPOCTH ABHKEHHSI CAMOJIETa OT BPEMEHH M HAITMYUSI APAIIIOTA TP [OCAIKE
Ha Mokpyto BIIII; orc — 3aBUCHMOCTB TOCaI0YHON CKOPOCTH OT YIJIa aTaKu U MAacChl CAMOJIETA; 3 — 3aBUCUMOCTD JJIMHBI
mpobera camoJeTa OT BpeMEHH U MacChl caMoJIeTa IpH mmocajke Ha cyxyto BIIIT
Fig. 5. The results of the simulation modeling
a) dependance of the landing roll on the tire inflation pressure at landing on the dry RW, 6) dependance of the landing roll on the
tire inflation pressure at landing on the wet RW, B) dependance of the landing roll on the RW condition with tire inflation pressure
p = 6 Atm, 1) dependance of the landing roll on the RW condition with tire inflation pressure p = 8 Atm, 1) dependance of the
aircraft ground speed on the time and parachute availability at landing on the dry RW, e) dependance of the aircraft ground speed
on time and parachute availability at landing on the wet RW, ) dependance of the landing speed on the angle of attack
and aircraft weight, 3) dependance of the landing roll on the time and aircraft weight at landing on the dry RW
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3akjaoueHue

AHanu3 pe3yibTaToOB HUCCIIEJOBAHMS IO3BO-
JISIeT YTBEPKJIATh CIEAYIOIIEE:

e 3ameHa kojec KT-251A na KT-163/] npu na-
BJICHUU 3apsiikd MHeBMaTuka 10 Amm npuBo-
IUT K YMEHBIIICHUIO JUTHHBI TIpoOera camolie-
Ta: mpu nocaake Ha cyxyro BIIII — va 207 wm;
pu nocajake Ha BiaxHyro BIIIT — na 314 w;
nmpu mocaake Ha obneneHeBmyio BIIII — nHa
370 m;

® YMEHBIIICHUE JAaBJICHUS B IMHEBMATHKE aBUa-
muoHnHoro kojieca KT-251A ¢ 14 no 6 Amwm
MPUBOJIUT K CHUKCHHUIO JIIUHBI Mpodera o
cyxoit BIIII na 370 m, mo mokpou BIIII Ha
490 m, mo obnenenenmeit BIIIT na 620 u, npu
3TOM HEOOXOJUMO OTMETUTh, YTO HKCILTya-
Talusl KOJIEC C 3apsIKOM HUXKE HOPMAJIbHOTO
JKCIUTyaTallMOHHOTO JIABJICHUS NPHUBOJHUT K
MOBBIIICHHOMY HM3HOCY aBHAIIMOHHOMW IIWHBI,
BO3MOKHO €€ pa3pyILICHHIO, a CJIEI0BATEIbHO
CHIDKEHHUIO YPOBHS O€30MaCHOCTH TOJIETOB;

® MPUMEHEHHE TOPMO3HOTO MMapalloTa Ha CaMo-
nere Sk-130 NpUBOAMT K CHUKECHHIO JIJTMHBI
npobera mpu mocagke Ha cyxyio BIIII Ha
230 m, mpu mocanke Ha Mokpyr BIIII nHa
490 m, npu nocanke Ha obneaenenuryto BIIIT
Ha 880 u;

® YBEJIMYEHUE BBICOTHI PACIOIOKEHHS a3POJIPO-
Ma OasupoBanus ¢ 0 go 2000 » mpuUBOAUT K
pocTy nnuHbI ipobdera Ha 59 u;

® [I0CaJKa C MPENEIbHOW IMOCAaJT0YHOM Maccou
[0 CPaBHEHUIO C PacCUETHOM MPUBOAMT K yBe-
JUYEHUIO UTHUHBI ipobdera Ha 320 .

TakuMm 00pazoM, pazpaboTaHHBIN MPOTPaAMM-
HbII KOMILIEKC, BKJIFOUAIOIINN MaTEMaTUYECKHUE
MOJCJIM TPOJOJBHOTO JBUKEHUS CaMOJIeTa,
IaCCH, AJITOPUTMbI YIPABJICHUS CaMOJIETOM Ha
Mocajike, MO3BOJISIET OMPEACIUTh BIMSHUE JKC-
TUTYyaTallMOHHBIX M KOHCTPYKTHUBHBIX (DaKTOPOB
Ha JJTMHY TpoOera camojieTa U MOXKeT OBITh HC-
MOJIb30BaH MpHU pa3paboTKe, MOJEPHU3AINU Ca-
MOJIETa, a TaKXKe IS OIEHKU Pa3IMYHBIX YCIIO-
BHI €r0 3KCIUTyaTaluH.

[IpencraBneHHbIi cIOCOO OMpeneneHus: mo-
CaJIOYHBIX XapaKkTEPUCTUK caMojeTa WU pe-
3yJBTATHI €r0 UCTIOIB30BAHUS MOTYT OBITh UHTE-
TPUPOBAaHBI B COCTaB HH(OPMAIIMOHHO-YIIPAB-
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J'ISII-OH.ICIZ CHUCTCMbI CaMOJICTa OJIA I/IH(bOpMI/IpOBa—
HUA SKHUIIAKa O IMOCAAOYHBIX XAPAKTCPHUCTUKAX
CaMoOJICTa B KOHKPETHLIX YCIIOBUAX IMOCAAKU.
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OnpeneneHne XapaKTePUCTHK KOHEYHBIX YYACTKOB CTAHAAPTHBIX
MapUIIPYTOB NPUOBITHSA ¢ OMOLIbIO aNNAPATa CHCTEMbl MACCOBOIO
00CJIy:KMBAHUA

B.b. MaJjbirun’

1 o« o« o o«
Mockosckuii 20cy0apcmeer blil meXHU4eCKULl YHU8epCumem epajicOaHCcKoll asuayull,
2. Mockea, Poccus

AunHoTammsi: B cratbe pelaercs 3aqaua OnpeselieHUss BEPOSTHOCTHBIX XapaKTEPHCTHK YYacTKOB CTaHAApPTHBIX MaplIpyTOB
TIPUOBITHS, ONPEAEISIIOIIIX MOPSIIOK TOCTPOSHHUS OYEpEaN Ha MOCAJIKy THIA «BEEP» U TPOMOOH», C y4ETOM MHTEHCHBHOCTH
MIOTOKA JIBI)KEHHS BO3JIYIIHBIX CYJ0B M pa3Mepa BO3HHMKaromieil ouepemu. JlaHHas 3ajaya TecHO cBsizaHa ¢ 3()(EKTHBHOCTBIO
WCIIONIb30BaHMs BO3IYIIHOTO NPOCTPAHCTBA, & TAKOKE C NPEACNbHBIMU 3HAUCHHMSIMM XapaKTEPHCTHK OE30MACHOCTH IIOJIETOB.
[TprmeHeHne armapara CUCTEMBI MAacCOBOTO OOCITY)KMBAHMS IMO3BOJISIET ONTHMHM3HPOBATH AJIEMEHTBI CTPYKTYPBI BO3.YIIHOTO
NPOCTPaHCTBAa Ha OOBEKTUBHOW OCHOBE, a B Cllydae PacCMOTPEHHMs OOpaTHOM 3a1aud YCTAQHOBWUTBH NPECIbHBIC 3HAYCHUS
XapaKTEePHUCTHK IMOTOKA BO3IYIUHOIO IBWKEHWA. OcoOyro 3HAYMMOCTh XapaKTEPHCTHKH CXEM THUIIA «BEep» U «TPOMOOH»
NPHOOPETAIOT B a3pOoy3Jie, TI€ B OTHOCHTEIBHO HEOONBIIOM 00BbEMe BO3MYIIHOTO MPOCTPAHCTBA, HE3aBUCHUMO APYT OT Ipyra
(YHKLIMOHHUPYIOT HECKOJBKO a3pOIPOMOB. Tak IPOMCXOIUT B MOCKOBCKOM a3poy3iie, II03TOMY MMEHHO STOT y3ell IPUHSAT B
Ka4yecTBe MPAKTHYEcKoro npumepa. Kak 6a3oBas Mozenb B JaHHOW 3aj1ade paccMaTpPHUBAETCsl CHCTEMA MacCOBOTO OOCITYKHBAHUS
C O4epeIIMHI OTPaHUYEHHOTO pa3Mepa, I7ie BEPOATHOCTHBIM CIIOCOOOM IPOM3BOAUTCS IIOUCK ONTHMAIBHOTO KOJIMYECTBA KAHAJIOB
00CITy)kKMBaHUsI B CTAIlIMOHAPHOM OTOKE BO3IYLIHOIO JBHKEHHMS. Takas MOJIENb ONpe/eNsieT CyTh CXEMBbI THIIA «TPOMOOH» WIH
«Beepy», IIe KOIMYECTBO KAHAIOB OOCIY)KMBAHUS COOTBETCTBYET KOJIMYECTBY OILIEJIOHOB HA Jyre Beepa WIM HAa Y4acTKe
TOPU30OHTAIBHOTO MojyieTa TpoMOoHa. Ha HacTosImuMi MOMEHT KOJIMYECTBO TaKUX OSHICJIOHOB, KaK IIPaBHJIO, COOTBEICTBYET
KOJIMYECTBY CTaHIAPTHBIX MapLIPyTOB IMPHOBITHS, YYacTBYIOIMX B (DOPMHpPOBaHMM TPOMOOHa (Beepa), YTO C MPAaKTUYECKOH
TOYKH 3PEHMS SIBIISETCS N30BITOYHBIM. 3a/]a4a MCIIOI30BaHMsI MATEMaTHIECKOTO allapara CHCTEMbl MacCCOBOTO 00CITY )KUBaHUS
COCTOHT B OIIPE/IENICHIHN ONTUMAJIFHOTO KOJIMYECTBA IIEJIOHOB — KaHAJIOB 00CITY)KMBAHHS MOJIEIN NP YCTAHOBJICHUH TPeOyeMOit
BEPOSATHOCTH €¢ OTKa3a. B kadecTBe MaTeMaTHYeCKOW MOJIEIH CHUCTEMBI MAacCOBOIO OOCITY)KMBaHHs NPHMEHEHAa CXeMa THIa
«TpoMOOH», a B NPHBEACHHOM IIpUMepe NpelCTaBlIeHa CTPYKTypa BO3AYIIHOTO MPOCTPAHCTBA C NMPHMEHEHHEM CXEMBI THIIA
«Beep» B KayecTBE PETyJSTOpa OdYepelu BO3LYLIHBIX CyIOB Ha IMOCaaKy. Bce pacueTsl MpoM3BeAeHBI I ONpPEeNeNeHHOH
MHTEHCHUBHOCTH IIOTOKA BO3YIIHOIO IBIDKEHHS HAa KOHKPETHBIH a’pOJpOM C y4eTOM IIOJHOLEHHOTO IPUMEHEHUS PEXHMOB
nocrosiHHOTO cHIvkeHus 1 Habopa (CDO, CCO). B pesynprare pemieHus 3a1a4d MOTy4YeHO 3HAUYCHHE ONTUMAIBHOTO KOJIMYEeCTBA
SIICNIOHOB HA CXEMe THIIAa «TPOMOOH» HIIM «BEep», a TAaKKe IOKa3aHa 3aBUCHMOCTh KOJIMYECTBA KAaHAJIOB OOCIY>KHBAHUS
(oUIENIOHOB Ha TPOMOOHE WM Beepe) OT 3HAYCHHS 3aJaHHON BEPOATHOCTU OTKa3a CHUCTEMBI MacCOBOIO OOCITyKHBaHHS.
IIpeanaraemslil HOAXOA K OpraHU3alMU CTPYKTYPBI BO3YILHOIO IIPOCTPAHCTBA UMEET IIEPCIIEKTUBBI BHEIPEHMUS.

KunroueBble ci10Ba: crcreMa MaccoBOro 0OCITY>KHBaHUsI, CTaHAAPTHBIE MapIIPYThl IPUOBITHS (BbUIETA), XapaKTEPUCTUKU ITOTOKA
NPHOBITHS, CXEMBbI OpPraHU3ALK OUePEIH ITPUOBIBAIONINX BO3IYIIHBIX CY/IOB.

Jns uurupoBanusi: Mansirua B.B. OnpenernieHie XapakTepUCTHK KOHEYHBIX YYAaCTKOB CTaHIAPTHBIX MapIIPYTOB IPHOBITHS
C TIOMOIIBIO arIapaTa CHCTEMBI MaccoBoro obcmyxuBanus / Hayunsni Bectamk MITY T'A. 2022. T. 25, Ne 3. C. 26-35.
DOLI: 10.26467/2079-0619-2022-25-3-26-35

Characterization of the terminal area of standard arrival routes
using the queueing system
V.B. Malygin'
"Moscow State Technical University of Civil Aviation, Moscow, Russia
Abstract: The article solves the problem of determining the probabilistic characteristics of the STARs legs which specify

a sequencing technique of “point merge” and “trombone”-type considering the intensity of the air traffic flow and the formation of
aqueue. This task is closely related to the airspace efficiency, as well as to the limit values of flight safety performance.
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An application of the queueing system makes it possible to optimize the elements of the airspace structure on an objective basis,
and in the event of considering the inverse problem to establish limit values for the air traffic flow characteristics. The
characteristics of the “point merge” and “trombone”-type schemes become of prime importance in the air hub, where several
airfields function of each other in a relatively small volume of airspace — as it happens in the Moscow air hub, so it is the given hub
that is taken as a practical example. In this problem the basic model is the queueing system with limited-size queues where the
optimal number of service channels in a stationary air traffic flow is determined in a probabilistic way. The stated model
encapsulates the essence of the “trombone” or “point merge”-type scheme, where the number of service channels corresponds to
the number of flight levels on the arc of the “point merge” or on the horizontal flight segment of the “trombone”. Now, the number
of such flight levels, as a rule, corresponds to the number of standard arrival routes involved in the formation of a “trombone”
(“point merge”), which, from a practical point of view, is excessive. The task of using the mathematical apparatus of the queueing
system is to determine the optimal number of flight levels — service channels of the model while establishing the required
probability of its failure. As a mathematical model of the queueing system, the “trombone”-type scheme is used, and in the
mentioned above example, the structure of the airspace is presented using the “point merge”-type scheme as a regulator of the
aircraft sequence for landing. All the computations are performed for the certain intensity of air traffic flow for a specified airfield,
considering the full-scale application of continuous descent operations and continuous climb operations (CDO, CCO). As a result
of solving the problem, the value for the optimal number of flight levels on the “trombone” or “point merge”-type scheme was
obtained, and the dependence of the number of service channels (flight levels on the “trombone” or “point merge”) on the value of
the given probability of the queueing system failure was shown. The proposed approach to the airspace structure formation has
prospects for implementation.

Key words: queueing system, standard routes of arrival (departure), characteristics of the arrival flow, schemes for arriving aircraft
queue discipline.

For citation: Malygin, V.B. (2022). Characterization of the terminal area of standard arrival routes using the queueing system.
Civil Aviation High Technologies, vol. 25, no. 3, pp. 26-35. DOI: 10.26467/2079-0619-2022-25-3-26-35

BBenenune paspenieHrss KOH(MJIUKTHBIX CUTyalud, BO3HU-
KaOIIUX B MPOIECCe 0OCITyKUBAHUS BO3TYIIIHO-
ro nwkenus (OBJ]) Ha ctaHmapTHBIX Mapuipy-
Tax MPUOBITHS, BKIIOYAs YYacTKU, (HOPMHPYIO-
nue cxembl Tumna 7' u B. Lensio manHON paboThI
SIBIISIETCS.  ONPEICICHHE JOCTATOYHOTO KOJIHMYe-
CTBa JIIEJIOHOB (BBICOT) Ha ydacTKaX TOPU30H-
TaJIBHOTO TIOJIETA CXEM PETYJIMPOBAHHS OYepPEaH
Ha mocajky Tuna 7' u B B 3aBUCUMOCTH OT Xa-
PaKTEePUCTUK TOTOKAa NPUOBIBAIOIIMX BO3IYII-
HBIX CYJIOB JIJIsl KOHKPETHOTO a3poJipoMa.

B nmanHoit paGoTe nmpeaMeToM HCClIeI0OBaHUS
SBJISIETCSL ONPE/IeJIEHNE ONTUMAJIBLHOTO U JI0CTa-
TOYHOTO KOJMYECTBA SIIEJIOHOB (BBICOT) y4acT-
Ka TOPU30HTAIBHOTO IOJIETa CXEMBl PETYIHPO-
BaHMs OYEpEeIU 3aX0Ja Ha MOCAJKy MpUOBIBaIO-
IIMX BO3JIYIIHBIX cyAoB THma «TpoMOon» (T)
i «seep» (B). B Hacrosimiee Bpemsi konmde-
CTBO TaKUX OIICIOHOB OIpPEAesSeTCs] YUCIOM
CTaHJAPTHBIX MapUIPYTOB MPHUOBITHS, TPUXOIS-
[IMXCS HA 9TU CXEMBI, OJJHAKO TaKOW MOJXOJ He
AMeeT OOBEKTUBHOIO OOOCHOBAaHHUS, a TakKkKe IlocTanoBka 3agadan
CIOCOOCTBYET  COKpAlICHWIO  CTaHJapTHBIX
MapHIpyTOB MPHUOBITHS, T. K. CXEMbI PEryJHUpo- 1
BaHUs ouepend 7' U B MOTyT 3aHMMAaTh 3HAYH-
TENIBHBII 00BEM BO3AYIIHOTO MPOCTPAHCTBA
paiiona aspoapoma [1].

B cBorw ouepeap orpaHMYECHHE KOJIUMYECTBA
CTaHJApPTHBIX MapUIPYTOB MPHUOBITHA JIHOO HX
CIUSTHUE B IEJSX COKpAIEHUS MPOCTPaHCTBA
Ui cxeMm tyna 7' U B oTpuuaTenbHO BIMSAET Ha BaHUA ( n) U KOJIMYCCTBO MECT JUJIA OKUIAHUA B
xapaktepuctuku OezonacHoctu noneroB (bII), a ouepenu (M) SBIAIOTCA HCKOMBIMH TIEPEMEH-

B cootBeTcTBHEM ¢ cuMBonnkod Kennmai-
Ja BXOASIIMM MOTOK XapakTEPHU3YeTCsl IMyacco-
HOBCKHUM pAacIpeeICHUEeM CITy4ailHON BEIUYH-
Hbl TIOCTYIUICHHA 3as4BOK Ha chnyxanaHHe
(M), ob6cnyxuBanue 3asBOK OCYIIECTBISETCS

dynxuueii (G). KonnuecTBo KaHaoB 00CITykKu-

TaKXe Ha XapaKTEepUCTHKH 3(P(PEKTUBHOCTH HC- HBIMU COOTBETCTBEHHO N U Q.

MI0JIb30BAaHUs BO3JYIIHOTO IMPOCTPAHCTBA, TOI- 2. B cuiy TOro 4tro moTok BO3QYILIHBIX CY-
auBHOHM sddexTuBHOCTH [2]. B mobom cioyuae JIOB C Ppa3IMYHBIX HalpaBICHUH Ha MPAKTHUKE
TpeOyeTcsl BMEIIATEIbCTBO aBUaIUCIIETUYepa IS CHJIBHO 3aBUCHUT OT BPEMEHHU CYTOK, CE30HHOCTHU
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U TM0JO0OHOT0, HENb3s C OIpPENENIEHHOCThIO 3a-
SBUTh O HAJIMYUU HEKOH 3aBUCHMOCTH XapaKTe-
PHUCTUK 3arpy>K€HHOCTH CTaHIApTHBIX Maplipy-
TOB NPUOBITHS OT HarpaBieHus nosera. [lo sToii
NpUYMHE B JAaHHOW 3ajjaue MOTOK IMPHOBIBAIO-
mux Bo3ayuHbIX cynoB (BC) paccmarpuBaercs
KaK COBOKYMHOCTb MOSIBICHUH BEPOSTHOCTHBIX
COOBITHII BXOJla Ha cXeMy (3asBKH Ha OOCITY>KH-
BaHue) Tuna 7 M B BO3IyLIHBIX CYAOB, 3aXOMs-

mux Ha nocanaky M, He3aBHCUMO OT HalpaBlie-
HUs. J{7s TOro 94TO0BI MOKHO OBLIO paccMaTpH-
BaTh MOTOK IOCTYIUIEHHS 3asgBOK KaK ITyacco-
HOBCKHH, [3] 3amaguM sJIeMEHTapHBIM TpOMe-
J)KYTOK BPEMEHH Af, B KOTOPBIN MOSBIEHUE OJHO-
BPEMEHHO HECKOJIbKUX 3asBOK CUMTAEM HEBO3-
MO>KHBIM COOBITHEM.

3. OnHOH M3 XapakTepUCTUK cxeM Tuma I
w B [1, 4] aBnsercs TpeOyemblii MUHUMAb-
HBII uHTEpBaN (Lyi, ) B OUEpEaH TIPH BHITIOJTHE-
HUU 3ax0/1a Ha nocajky. /[aHHas xapakTepHucTH-
Ka 3aBUCHUT OT MHOXecTBa ¢akTopoB. Tak, eciu
C OJHOW B3JeTHO-ocamouHoi monockl (BIIIT)
BBITIOJIHSIFOTCSL ¥ B3JIETHI U TIOCAJIKU, MHTEPBAJ B
Oouepeu YBEJIMYEH MO CPABHEHUIO C OpraHu3a-
nueil Bpuleta M npwiera ¢ pasHeix BIII (me
cuMTas He3aBUCHUMBIEC 3ax0jbl). Kpome Toro, Ha
Lnin CyIIECTBEHHO BIMSIOT MOTOAHBIE YCIOBHUS.

4. JInuHa y4acTKa TOPU30HTAIBHOTO IMOJIETa
cxeMbl Tuna 1 WK JJIMHA IYTHU CXEMbl TUMa B —
(D) ompenenstoT XapaKTepUCTUKY JIUHBI JOIY-
ctuMoi odepenu (£2), 4TO B COBOKYITHOCTH C
Limin oOmIpenensieT cnocoOHOCTh CXEMBl TaCHTh
BO3MYIIEHHUE NMOTOKA [5, 6] nBuxkenus BC.

5. KommyectBo 3mienoHOB  (BBICOT) Ha
y4acTKe TOPU30HTAJIBHOTO N0JIETa CXEMBI TUIA 1’
WM Ha Ayre cxeMmbl Tuna B — (N) mo cyTu orpe-
JIesieT KOJUYECTBO KaHAJoOB OOCTY)KMBaHUS B
MHTEPIpPETAIMU yKa3aHHBIX cxeM B Bujie CMO u
HE MOXXET ObITh MEHBIIIE OJTHOTO [7-9].

6. CBsA3aThb B €IMHBIA KOMIUIEKC YKa3aHHbIE
XapaKTEPUCTUKU CTAHOBUTCS BO3MOXKHBIM TIPH
MIOMOILIA YCTAHOBJICHUSI BEPOATHOCTHOTO JIOMY-
ctumoro npenena (P,,,"), KOTOPHIi ompezenser
YCTOMYMBOCTh CUCTEMBI K BO3JICUCTBUSM CPEIIbI.
JlaHHast 3aBHCHMOCTH TPEACTaBIseT cOOOM Xa-
PaKTepUCTUKY yJAEpXKaHUS, PACCUUTHIBAEMYIO
UCXOJ U3 CTAaTUCTUYECKUX JAHHBIX MO MHTEH-
CHUBHOCTHU BO3JyIIHOTO JBWKeHUA. Ha mpakTuke
TakoM a’pojpom, kak lllepemerseBo, B CpelHEM
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MMeEEeT 5 4acoB B CYTKM MHTEHCHUBHOW 3arpy3Ku

() [10, 11]. C y4yeToM Hamuumsi omepaTopa B
CHCTEME YIpaBJICHUS — aBHAIUCIeTYepa, BO3-
HUKHOBEHHUE CHUTYallMU HEJOCTaTKa KaHAJIOB 00-
CIIy>)KMBaHUsl (SIICIOHOB Ha cxemax Tuma [
WK B) MOXET HUBEIUPOBATHCS 32 CUET JAPYTHX
YTIPABJISIONUX BO3MOKHOCTEH OpraHU3aluy I10-
TOKa TPUOBITHS, OJHAKO «PYYHOE» YIIPABICHHE
CYIIECTBEHHO YXY/IIaeT xapaktepuctuku bII.
UToObl HCKIIOUUTH CUTYalUIO AedUIUTa dIle-
JIOHOB HAa CXeMax MPHOBITHS B TEYECHHE Trojia C
YYETOM TOTO OOCTOSITENILCTBA, YTO TaKas CHUTYya-
Ul paCCMaTPHUBAETCS KaK CllydyaifHOe COOBITHE B
TEYEHHWE Yaca WHTCHCHUBHOTO IBIKEHUS, BOC-
noJib3yemcst opmystoi

1

Py = —————;
don 365 X T X Py’

(1)

I/l€ 1 — KOJIMYECTBO JILIEJIOHOB (BBICOT) Ha BXO-
JI€ CXEMBI.

3ajaya CBOAMTCA K YCTAHOBJICHHIO OITH-
MaJbHBIX pa3MepOB XapakTepucTuk D, N B 3aBU-
CUMOCTH OT MEHSIOUIMXCA  XapaKTePUCTHK

M, L, ¢ yd4eToM XapakTepuctuku Po,,", a
Takke xapakrepuctuk BII [12, 13].

IpennaraemMplii IOAX0/ K peLICHUIO
3aa4u

Ha puc. 1 mpencraBieHa cxemMa CUCTEMBI
MacCcOBOTO OOCTY>KHUBaHUS C OYEpEIsIMHU U C Ka-

Hanamu obciysxkusanus tuna M/G/N/Q N > 1
[14, 15]. Kaxnaeni npeaplaymuid KaHaia o0ciy-
KUBaHUs (HauMHass C 1-ro) MMeeT HPHUOPHUTET
Tepe MOCHEAyIOIMM, T. €. IIPH HAIM49UHM CBO-
OOMHON SYEHKH COOTBETCTBYIOLIETO CTOJIOLA
MaTpuibl A NpebIIyINero KaHaaa obCTyKHBa-
HHUE MepeMelaeTcs ¢ TEKYIEro Ha IpeIbLLy Iyl
KaHaJL

[Ipn
fi=0; fI (2)
rJie 71 — HOMep KaHaJsia 00CITyKHBaHuUS,
L .
t = /= — Bpems obOcnyxkuBauus. [lpu

At
At—> 0 t:Lmin'
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Lmin

<+

-

f 2 Kanauel
f 00CTyKUBAHMSA

+—

e e, —————————

BIi

Puc. 1. Cxema CMO c ouepensiMu ¥ IPHOPUTETHBIM UCIIOIH30BAHUEM KAHAIOB 00CITyKUBaHHS
Fig. 1. Queueing system scheme with queues and priority use of service channels

Taoaunua 1
Table 1

3Ha4yeHus1 BEPOSTHOCTEH NOCTYIIeHUs 3as8BOK Ha Bxog CMO npu A = 1,6
Probability values of received applications for the input of the queueing system at A = 1.6

k 0 1 2 3 4 5 6 7 8 9 (10 | 11 | 12 | 13 | 14 | 15 | 16
N S R S R S R F A e R B Bl R
DL N = o | S 2|2 | |~ || |> |l |99
S [N |u |w |& =2 1313 |2 |8 |= |9 |5 |2 |3 |x |x
— W oo ~ W 3 = —_ S W ~ o o S o0 S S
Ple g || |2 |2 |82 |o |2 S| |=|23 |33
g ﬁ l:]) o[\é W & S d s ) 0 —_ &= \O 0 & B
p— p—
SIEla & ||l ||| |2 |8 |y |2 |0 |0 T
= N |2 | R[S | | DIRQ|&X ol |9 |3 ||l |=|=
o | $ | ® |w |8 | - | & |3 | & |2 % |© |o |~

Tak, u3 puc. | BUIHO, 4TO NPU OTCYTCTBHUH
3asBk Ha Bxoje CMO B mepBoM KaHayie 00-
CIY’KUBaHUS B COOTBETCTBUU C (2) 3asBKa Ha
BTOPOM KaHajie MPUHHUMAETCS MEPBbIM KaHAJIOM
00CITy )KMBaHUs, TP 3TOM BTOPOW KaHAII 00CITy-
JKUBaHUsl ocBoOoXaaercs. Kak ormevanocs, mo-
tok M mocrymienns Ha Bxox CMO 3asBOK Ha
obcmyxuBanue Ilyacconosckuii [16, 14]. [1apa-
meTp 3akoHa Ilyaccona (A) xapakrepusyer HH-
TEHCUBHOCTb MOCTYIUIEHHUS 3aBOK Ha OOCIYXH-
BaHUE, KOTOpOE HM3MEpSeTCs B KOJIUYECTBE 3a-
SBOK, [TOCTYIAIOLINX B TEUEHUE Yaca.

BeposiTHOCTE mOsiBIEHMSI k& 3aBOK Ha BXOJE
CMO o0603HaunM Pk . B Tabn. 1 npexncraBneHsl
3HAYEHHUs] BEPOSTHOCTEH MOCTYIUIEHHS Ha BXOJ
CMO cootBerctBeHHO OT 0 10 16 3asBOK mpu
A= 1,6, 4TO C yueTOM cpeHel CKOPOCTH MOTOKA
BO3JYLIHBIX CYJOB Ha BXojae cxeM Tuna I u B
Wep. = 450 km/u cootBerctByeT 60 BC/u.

Jlinry nomyctumon ouepenu 2 CMO mox-

HO TpPEACTaBUTh Kak oTHowmenue D K Lpyip

29

Takxke () MOXET ObITh BBIpaXKEHA Yepe3 BpeMms
00CITy’)KUBaHUs 3asIBKH [

D

Q=t

. 3
Lmin ( )
Ha puc. 1 mimmHa pomyctumoi ouepenu
npezacraBieHa Kak Q =08 X L , rae 8 = 5.
BeposiTHOCTB CitydaifHOrO COOBITHS, KOTOPOE
JOTyCKaeT HCIOIb30BaHUE [BYX KaHAJOB 00-

cinyxuBanus (P,) mpu mocrymienun IByx 3a-
SIBOK, paBHA

P2=P2X§,

Trac BTOpOI>'I MHOXKHUTCIIb ABJISICTCS BEPOATHOCTHIO

3aHSTOCTH MEPBOTO UHTEpBaia /; kaHana 1.
JleicTBUTENBHO, TOJIBKO B TOM CiIy4ae, €ciiv
o0e 3asBkH nocTynsaT Ha Bxoa CMO B npexpenax

t;, morpe0Oyercss JABa KaHaia OOCTyXHBaHHUS.
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Taoauma 2
Table 2

Xapakrepuctuku yaepxanust — orkaza CMO B teuenue rona (365 cyrt.)
Annual characteristics of “retention” — queueing system failure over a year (365 days)

k-u 2 3 4 5 6
KaHdai
Nk 471,630266 251,5361419 100,6144568 32,19662616 | 0,00470453
Poort | 0,002120305 0,003975572 0,00993893 0,031059155 -
Tao6auna 3
Table 3
BeposiTHOCTHast mOTpeOHOCTh B KaHanax o0cmyxuBanusi CMO
Probabilistic need for service channels of the queueing system
k-1t kanan 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
= L L = L Sl Sl o L L L L L
[\ S S S S () () S () S () () S S [«
3 S o = S 1818 |88 S S S S S S
W (o)) < — N () (e () () (e} (e (e S (e S
P, ¥ 3 3 S E & |2 |88 S S 3 S S S
0 = ) = X l= | R |28 S S S S S S
o0 (e O S [\ 3 co W N} —_ S S S S S
3 i V3 3 S |81 18| & 'S 2 S S S S

[IpuHnMnUanbHO HAaC WHTEpECyeT, Tae Oyner
HAXOJWThCS 3asiBKa Ha MEpPBOM KaHale o0ciy-
JKMBaHMS, KOTJla BTOpas 3asBKa IOCTYMHT Ha
Bxox CMO.

B o6mem ciyuae BEpOATHOCTh BO3HHUKHOBE-

HUS TIOTPEOHOCTH B /1-M KaHaje 0OCTyKHBaHUS
C y4eToM (2) MOXKHO BBIPa3UTh (HOpMyJIon
N

N
n=2 sn-1) J°

Heo0xoauMo OTMETHTB, YTO OIMH KaHAJ 00-
CIIy>KMBaHUS JIOJDKEH OBITh B JIFOOOM Cilydae IO
YCIIOBHIO 33Ja4U.

B Tab1. 2 mpejCTaBICHBI 3HAYCHHS Py, 11
aKTyaJlbHOTo KojudecTBa kaHanoB CMO.

N3 Tabn. 2 BUAHO, YTO BCETO JOIMYCTUMBIX
Clly4aeB B TOJly C BO3HMKHOBEHHEM CHUTYyallH{
3aHATOCTH JIByX KaHAJIOB OOCIY>KHBaHMS OIIpe-
nensercst ¢ yaeroM P’ = 0,258427543 (tabum. 1)
u 12 = 472 (Tabn. 2), COOTBETCTBEHHO, BEPOSIT-
HOCTh BO3HHKHOBEHHUSI TaKOW CUTyallMll €IIMH-
CTBEHHBIH pa3 B TOJ P(MZ =0,002120305.
OnpesenaTh BepOSTHOCTD Py,,’ HEe MMeeT CMbIC-
Ja, T. K. KOJMYECTBO JOMYCTHUMBIX CIIy4aeB B IOJ
C 3aHATOCTBIO IIECTH KAHAIOB OOCITYXKUBAHUSA 75
CTpEeMUTCS K HYJIIO.

Py

(P x 4)

30

B Tabn. 3 mpuBeneHsl 3HaYeHHS MOTPEOHO-
CTH B KaHajaX OOCTYy>KHMBaHUs, BbIpaKCHHBIC B
BUJIC BEPOSITHOCTEH B 3aBHCUMOCTH OT HMHTEH-
CUBHOCTH TOTOKa npudbiBatonux BC Ha ocHOBe
Tabu. 1.

Hannyto mogaens CMO MoxHO 0TOOpa3uTh B
Buge cxembl Tuna 1T (puc. 1) npnouHOMU
D=25x Ly, [16,17]. C yueToM 1myaccoHOB-
CKOT'O TPWJIETHOTO MOTOKA IS ONMUCAHHBIX BbI-
uie napameTpoB W, U Ly,;, TpuMepHas UHTEH-
CHUBHOCTh BO3IYUIHOTO JIBM)KEHUS COCTABUT
60 BC/u npu D = 30 xm. Tlpu 5TOM Ha cxeme
tina I J0CTaTOYHO IISATH DIIEJIOHOB BXoaa. Jle-
CTBUTEJBHO, BEPOSTHOCTb HACTYIUJICHUS IIO-
TpeOHOCTH B MATHU 3LIEIOHAX HA BXOJE CXEM TH-
ma 7' u B B TeueHue roaa P()(,nj = (0,031059155
IPUMEPHO Ha MOPSAJOK TMPEBBIIIAET PACYETHOE
3HaueHue BeposTHOCTH Ps 0,00316314079
BO3HUKHOBEHUS TaKOI CUTyalluH, UCXOJs U3 3a-
SBJICHHBIX XapaKTEPUCTHUK TOTOKA U CXEMBI.
B 10 ke Bpems yBenuuenue mmunbl D 10 38 ku
CHIDKAET JOCTATOYHOE KOJMYECTBO KaHAJIOB 00-
cinyxuBanusi CMO (o11e10HOB (BBICOT) Ha BXOJIE
cxeM tuna 7' u B) 10 4eThipex.

P()O,,4 =0,00993893; P, = 0,00968853784,
P4 < Pdon4-
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Fig. 2. Dependence of the need for flight levels on the hour intensity of air traffic, considering P,q/"
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Puc. 3. [lorpebHocTh B kKaHanax oocmysxuanust npu UB/1 = 40pc/y, D =12 kM, Lyin =7 KM.

Fig. 3. The need for service channels at the intensity of air traffic = 40,cnour, D = 12km, Lyin =

Ha puc. 2 npencraBneHs! rpaguku 3aBUCH-
MOCTH TOTpeOHOCTEH B JIIENIOHaX Ha CXeMe
«TpoMOOH» OT MHTEHCHBHOCTH TOTOKA MPHOBI-
THS C YYETOM XapaKTEPUCTHK YJEpkKaHUs NpH
D =38 km.

Ha npakrtuke cpeansii ”HTEHCUBHOCTDH MpH-
JIETHOTO TOTOKA, KaK IpPaBWUJIO, HE IMPEBBIIIAET
40 BC/u. B cimyuae yBenuyeHHs JUIMHBI yKa3aH-
HOM CXeMbl 0 55 KM MNpH aHAJIOTWYHBIX Mapa-
METpax MHTEHCUBHOCTH IPUJIIETHOI'O MOTOKA J10-
CTaTOYHO TPEX JIIEJIOHOB HA BXOJAE CXEMBI TH-
na 7. B kadecTBe MPaKTHUYECKOIO IPUMEHEHUs
nanHo mozenn CMO paccMOTpuM a’poapom
[IlepemeTrbeBO 1 BHYKOBO Ha OCHOBE CTAaTUCTH-
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7 km.

YECKMX JIaHHBIX MO MPWIETHOMY IIOTOKY 3a
2019 ron. C yyeroM Haluyud HECKOJIbKUX
B3JIETHO-TIOCQIOYHBIX ToJoc Ha a/n lllepemeTs-
€BO BeNW4YMHA Ly, MOXKET ObITh YMEHBIIICHA.
Takast BO3MOXKHOCTb TOSIBIIIETCSI B CBSI3U C
pa3lenbHBIM Ha3HAUYEHUEM peXUMa padoThl pas-
HbIX BIIII — oxHa ncnons3yercs Ha B3JET, IpY-
ras Ha MOCaJKy. 3a CUeT 3TOr0 HET HeoOXOIu-
MocTH *AaTh ocBoOoxmenust BIIIT mocne mo-
CaJIKi, COOTBETCTBEHHO, YMEHbBIIACTCS Lynin
[18, 19]. Ha puc. 3 mpexacraBiieHa rpadudeckas
3aBUCUMOCTD TIpH Ly, = 7 kM; UBJ] =40 BC/4;
D = 12 xw. Tlpu stom P,,," = 0,030066;

P, =0,02524257; Py < Py,,".
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Puc. 4. Cxema npudsrtuss DIMGI 3B (ucrounuk JEPPESEN, 2022 1.)
Fig. 4. DIMGI 3B STAR (source — JEPPESEN 2022)
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Puc. 5. [TorpebHoCTh B KaHanax odcmyskuanus npu B/l =40 BC/yac, D = 23,5 kM, Lyi, = 12 kxm
Fig. 5. The need for service channels at the intensity of air traffic = 40 A/C/hour, D = 23.5 km, L, = 12 km

AHAJIOTUYHBIE XapAaKTEPUCTUKU CIIPABEIJIH-
BBl JUIs1 cXeMbl Thna B. B kaudectBe mnpumepa
MOKHO BBIOpaTh [EHCTBYIOIIME CTaHAAPTHHIC
cxembl mpubbiTHsi BILRU 3B, BEKIP 3B,
DIMGI 3B, ROMTA 3B, LEKDO 3B, OLOPI
3B Ha a/n BHYKOBO a’pOHaBHUTAIIMIOHHOW 0a3bl
JEPPESEN (puc. 5). Bce mectb crangapTHBIX
CXeM TMpHOBITHS WMEIOT OO0IUe KOHEYHBIC
Y4acTKH, KOTOpbIe U 00pa3yloT B COBOKYITHOCTH
cxemy «Beep» ¢ Toukoi cxoxaenus FIDOT.

Jyra Beepa onpenensercs Toukamu TADUT,
TOLKE, RONEZ, TEPTA, TEBDI. Inuna nyru
paBHa 23,5 km (5,8 + 5,8 + 5,7 + 6,2). Ha Bxoze

32

Beepa 3aJeicTBOBaHbl ueThipe BbICOTHI (7000;
8000; 9000; 10000 ¢pyToB) Ha TIECTH CTaHIAPT-
HBIX MapLIpyTOB.

VYyactok camkenus (11,5 kM) mo3BossieT uc-
II0JIb30BaTh TP BBICOTHI HA JyTe Beepa ¢ pacye-
TOM Ha TPaAUEHT CHUKEHUS 3,3° [20]. Unren-
CHUBHOCTb IIPWJIETHOTO IIOTOKA BBILIE CPEIHErO
B a/m BaykoBo npumem paHoit 40 BC/4, cpen-
HEee KOJIMYECTBO 4acoB B CyTkH mojoOHas NBJ]
IPOUCXOANT IATH Pas.

Ha puc. 5 rpaduuecku mpeacrtaBieHsl pe-
3yJbTaThl  pPacyeTOB  XapakTEpUCTUK  Beepa
¢ ucnonb3zoBanueMm anmnapata CMO. B pesynbra-
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T€ pacyeToB MOXHO 3aKJIIOYUTh, YTO AJIS 3asiB-
JICHHBIX YCJOBMM Ha Jyre Beepa HEOOXOIMMO
OpraHu30BaTh YETHIPE SIIETIO0HA (BBICOTHI), KaK U
IIPEAYCMOTPEHO CXEMOM.

BuiBoaBI

B pesynbrare mponenaHHOW pabOThl MOIY-
YeHbl 0OBbEKTHBHBIE XapaKTEPUCTUKU OpraHH3a-
UM npuobITUA Ha a’ponapomsl ['A. Mcnomb3o-
BaHUE MOJOOHBIX XapaKTEPUCTUK IMpPHU OpraHu-
3allMy BO3JYLIHOTO JIBM)KEHHUS IO3BOJIAET cOa-
JaHcHpoBaTh MOTOK ABMkeHuss BC B cTpykType
BO3AYIIHOTO NMPOCTPAHCTBA 30HBI «IOAXONA» U
pailoHa a’poapoMa, HCKIIOYUTh MEpPErpy3ku
aBHAJIMCIIETYEPOB B IPOLECCE YIPABICHUS BO3-
JyIIHBIM JBHKEHHUEM, ITOBBICUTH YPOBEHb BII.

Hcnonb3oBanue ammapata CMO ans opra-
HU3aLUU CTPYKTYPBl BO3AYILIHOTO MIPOCTPAHCTBA
MO3BOJISIET YETKO MPECTABIATh MacITaObl Ipo-
€KTOB 10 OpPraHu3alliy BO3AYLIHOIO MPOCTPaH-
cTBa. Tak, A7 YMEHBIIEHUS KOJUYECTBA BBICOT
Ha JIyre yHOMSIHYTOTO Beepa 0 TpeX, HeoOXo-
MO YCTaHOBUTH ee JuHy D = 60 kM, B npo-
TUBHOM cCllydae HEOOXOIMMO YBEJIWYUTH Yyda-
CTOK CHIDKEeHMS 10 21 kM.

HecomHeHHO, BHEHIHSISI Cpela HCIBITHIBAET
OpraHu3allMi0 BO3AYIIHOTO IPOCTPAHCTBA pPa3-
JMYHBIMU BBOJHBIMH, CBSI3aHHBIMHU C TIOTOZHBI-
MU, TEXHOT€HHBIMHM U IPYT'MMHU NPUYUHAMM, OJ-
HAaKO HAJEeKHOCTb, a TaKK€ YCTOWYMBOCTH K
BO3JECHCTBUSIM BHELIHEHW Cpelbl CTPYKTYPhI BO3-
JQYLTHOTO MPOCTPAHCTBA MOXET OBITh paccuuTa-
Ha Ha OCHOBE YINOMSHYTBIX XapaKT€PUCTHK.
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HNuHoBanuu B 00J1aCTH FOPOACKOT0 00IIECTBEHHOT0 TPAHCTIOPTA
U MepCcrneKTUBbI BHeAPEeHHs MPUHIMIIOB HOBOIi MOOHJILHOCTH

1
M.HU. MaablieB
'Mockosckuii asmomo6unbHO-00pONCHbIIL 20CYOAPCMBEHHbII MEXHUYECKUT] YHUBEDCUMEm
(MAJIH), Mocksa, Poccus

Annorammst: [Tocne aHanm3a roOaabHBIX MPUYMH KapAWHAIBHBIX M3MEHEHUH TPaHCHIOPTHOW MOOMJIBHOCTH, MPOHM3OLISIIHX
paHee, II0CTaBJIeHA LeJb BBISBUTH COBPEMEHHBIE TEHIACHIMH, KOTOPBIE MOTYT MOBJIMATH HA U3MEHEHHE MPHHIUIIOB MOOMIIBHOCTH
naccakupoB. Bo Bpems mccienoBaHus ObLIO BBISBICHO, YTO TEOPETHYECKH TPAHCIIOPTHBIN MPOIIECC MOXKET OBITh pa3ziesieH Ha
IIACCUBHYIO M aKTWBHYIO (a3bl, W JaHBI OIMCAHMS COCTABJLIOIIMX OSTHX THpoueccoB. OmnpeneneHo, 4To B COBPEMEHHOM
TIOHMMaHHH TPAHCIIOPTHYIO MOOMIIBHOCTB XapaKTEPU3YIOT TAKHE SJIEMEHTBI, Kak 0€301acHOCTh, KOM(OPT, BpeMst, HHPOpMALHS 1
CTOMMOCTb. [laHO oOmnMCaHWE 3J1EMEHTOB, BKIIIOYAs SKCIUIyaTallMOHHYIO, TPAHCHOPTHYIO M JKOJOTMUYECKYIO O€30I1acHOCTS,
JIOCTYITHOCTH M Ka4ecTBa TPAHCHOPTHOTO Iporiecca. BBIIBICHBI OCHOBHBIE HAIPABIICHHS OOECTICYEHNs] HOBOW MOOWJIBHOCTH,
BKJIFOYAIOIIHE IEKTPUPUKAIIIO TPAHCIIOPTA, B TOM YHCIIE PACHPOCTpaHEHHE JEKTPoOyCOB, BHEAPSHHE IO CPEACTBAM CHUCTEM
TEJIEMAaTUKA HHCTPYMEHTOB HCKYCCTBEHHOTO WHTEIUICKTA M HMHTEPHETA BEIIEH B IPOLECC YIPABICHHUS MACCAKUPCKUM
TPAHCIIOPTOM, PpACIpPOCTPAaHEHHE OECMIOTHBIX aBromoOmied. OrmmcaHa TEHACHIMSI MEpEepacpefeNicHss Harpy3o0K Ha
OOLIIECTBEHHBIH TPAHCIIOPT B YCJIOBUSIX HOBOWH MOOMIBHOCTH ITyTEM HCIIONIb30BaHMsI KOHIEIILIMI OTKa3a OT JITYHOTO TPAHCIIOPTa B
TNOJIb3y OOILECTBEHHOTO, CO3IaHWsI €IMHOM CHCTEMbl IUIAHMPOBAaHMS MaplIpyTOB M TIOKyNKkH OwieroB. Takas cucrema
MOAPa3yMeBaeT 3a/ICHCTBOBAHME HE TOJNBKO MACCOBBIX M MAarMCTPajbHBIX BHJOB TPAHCIOPTa, HO U BCEX BO3MOXKHBIX
TPaHCHOPTHBIX CPEACTB I MEPEeBO3KH IACCRKUPOB B MpOLECCE MyIbTHMOAAIBHBIX IepeBo3ok. OmnmcaHa uzaes OTKasa
MIaCCAKMPOB OT JIMYHOTO TPAHCIIOPTa B IOJIB3Y OOIIECTBEHHOTO M YKa3aHbl OCHOBHBIE MHCTPYMEHTHI CTUMYJIMPOBAHUS TAKOTO
BbIOOpa. O003HAYEHBI NPH3HAKY TVIaAKON M OECIIOBHOW NepeBO3KH. J{JIsl TOCTHIKEHHSI TOCTABIICHHOMN 1IESM OBLIN MCTIONIB30BaHBI
MeTozbI cOopa, aHaIM3a M CHHTe3a MH(pOpMaImi. Pe3yiasratoM paboThHI CTajlo MOHUMAHKE W OIMCAaHKe TOTO, B KakoM (opmare
MOTYT TPOWCXOIWTh HM3MEHEHHS B paMKaXx HOBOH MOOWJIBHOCTH, YTO MOXKET CIIOCOOCTBOBATh BBICTPAaHBAHHMIO KapTHUHBI
MOOWITEHOCTH TTACCAKAPOB B 0003PHMOM Oy TYIIIEM.

KitioueBble ¢J10Ba: TOpoicKasi TPAHCIIOPTHAS CUCTEMa, MHHOBALIMK B 00JIACTH TOPOICKOIO NMACCAKUPCKOTO TPAHCIIOPTA, HOBAsI
MOOWIIBHOCTb, TPAHCIIOPTHAsT MOOWMIILHOCTb, TJIaIKasi IepeBO3Ka, OECIIOBHAs MEPEeBO3Ka, OOIIECTBEHHBIN TPAHCIIOPT, aBTO IIO
noarmicke, MaaS, Mobility-as-a-Service.

Jns murupoBanusi: Manpiies M.M. MHHOBammu B 00JacTH TOPOACKOTO OOIIECTBEHHOTO TPAHCIOPTAa W TEPCHEKTUBHI
BHEJIPEHUs IPUHIMIIOB HOBOM MoOmIbHOCTH // Hayunbiit Bectauk MI'TY T'A. 2022. T. 25, Ne 3. C. 36-50. DOI: 10.26467/2079-
0619-2022-25-3-36-50

Innovations in the field of urban public transport and prospects of
implementing new mobility principles

M.IL Malyshev1
! Moscow Automobile and Road Construction State Technical University (MADI),
Moscow, Russia

Abstract: After analyzing the global causes of the radical changes in transport mobility that occurred earlier, the goal was set up to
extract current trends that may affect the change in passenger mobility principles. The study revealed that theoretically the transport
process can be divided into passive and active phases, and descriptions of the components of these processes were given. It was
noted that the modern concept of the transport Mobility-as-a-Service (MaaS) is characterized by such elements as safety, comfort,
time, information and cost. The description of the elements, including operational, transport and environmental safety, accessibility
and quality of the transport process, was given. The guidelines to ensure new mobility were established, such as the electrification
of transport, including the distribution of electric buses, the implementation of artificial intelligence and the Internet of Things tools
into the process of managing passenger transport by means of telematics systems, the advancement of unmanned vehicles. In terms
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of new mobility by using the concepts of abandoning to use personal transport in favor of public transport, developing a unified
system for planning routes and purchase of tickets, the trend of redistributing loads on public transport in the context of new MaaS
was described. This system implies the use of not only mass and main modes of transport, but also all the available vehicles for
transporting passengers in the process of multimodal transportation. The idea of abandoning to use personal transport in favor of
public transport was described, and the main tools for stimulating such a choice were stated. The signs of “smooth” and “seamless”
transportation were described. In order to achieve this goal, the methods of collecting, analyzing and synthesizing information were
employed. The outcome of work was understanding and characterizing of the format in which changes can occur within the
framework of the new MaaS, which can contribute to illustrating a concept of passenger mobility in the foreseeable future.

Key words: urban transport system, innovations in the field of urban passenger transport, new mobility, transport mobility, smooth
transportation, seamless transportation, public transport, auto by subscription, MaaS, Mobility-as-a-Service.
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CTOJINIIBI CDpaHIII/II/I, KOTOPOC HU3BCCTHO Kak

BBenenune ocmanmzanus. bapon Ocman Obll Ha3Ha4YeH
Hanoneonowm Il mpedexrom nenapramenrta Ce-
C TeueHneM BpEMEHH U Pa3BUTHEM TEXHOJIO- Ha WU TOJIY4YWI OT MOHAapXa IpPaKTHYECKH He-
I'Mi X031MCTBEHHAs 1€ATEIbHOCTh YEIOBEKa BbI- OTpaHUWYEHHBIE MpaBa M BO3MOXXHOCTH. biaro-
XOJUT Ha HOBBII ypoBeHb. Pa3BuBarorcs menu- Jlapsi 5TOMy Ha3HaueHHIO OapoH cMor Impeodpa-
Ha, oOpa3oBanue, cdepa pa3BIeUEeHUN H T. JI. 30BaTh [lapwx m cnemate M3 HEro NnemexoIHo-
3a mocienHue rojbl KapAWHAJIbHO M3MEHWIACH KapeTHO-TpaMBalHbIN ropoa. OTo Oblia mepBas
U cpepa nmepeMenieHus IaccaxupoB. CTOJIUIAa, B KOTOPOW CTOJIbKO BHMMAHHUS OBLIO
[Tapagurmbl MOOUIBHOCTH MEHSJIUCH C Teue- YZIEJIeHO YJHIaM, KapeTaM U TeM OoJjiee TpamBa-
HUEM BPEMEHU IPHU ONpPEAEIEHHBIX 00CTOATEb- sM. bmarogapsi 3Tomy OOJBIIMHCTBO M3 €BPO-
CTBax. NENCKUX CTOJIML TOKE Ha4ajal MEHATHCS B yTOAY
Hcrtopus yenoBeuecTBa BKIIIOYAET B ceOs He- HOBBIM BESIHUSIM [2].
CKOJIBKO TJI00aNbHBIX CMEH MapajurM TropoJ- Bropas cmeHa MOOMJIBHOCTH Hayanach B
ckoii mobmnbHOCTH. [lepBas mpou3sornuia B cepe- XX Beke Omaromaps I'. ®@opay. Hdo storo B
nuHe XVII Beka u m3BecTHa Kak snoxa Ilacka- Heio-Mopke Ha | ThICAYy YeIOBEK NPHXOMIH-
11 — Ocmana. Torna moHATHS «OOIIECTBEHHBIH Jochk 60 KOHHBIX 3KUINaxel, nputom uto 50 u3
TPAHCIOPT» MPOCTO HE CyLIECTBOBAJIO, HO yde- HUX OBUIM MpeJHa3HauYeHbl JJIs IEePEeBO3KU
Heii b. Ilackanp Hamucan NOHCBMO TepLOTY rpy30B, a ocTajbHble 10 11 MCHONB30BAHUS
JI’PoaHHe, KOTOpOE MOJHOCTBIO M3MEHMIIO BOC- moapMu. MHBIMM cloBamMu, S3KUNaXH ObLIN
OpUSATHE KOHUENIMHM TEPEMEILEHUs JIIOACH. OYEHb PEAKHUM, JTOPOTUM M HUCKIIOYUTEIbHBIM
B aTOM IOKyMEHTE yNOMHHAETCSl ABU)KEHHE Pe- ToBapoM Ha pbiHKe. Ho ¢ peannsanueil KoH-
TYJISIPHBIX MACCAKUPCKUX KapeT MO OIpPEACIICH- nenuui I'. ®opra Havanu NOSABIATHECS TOPOAA,
HOMY MapLIpyTy M 3a OINPEICIICHHYIO IUIaTy. Kak, Hanpumep, OnbaHu, rie KOJIM4ecTBO JI0-
[Tackanb IpenIoKuiI UCIOIB30BATh AJIs IIEPEBO- el ObUIO MEHbIIE, YEM KOJIUYECTBO aBTOMO-
30K TapuXaH HECKOJIBKO KapeT, MpuHaaJIexka- ouneit. [lomyvaeTcs, 4To cpencTBa mepemMerie-
IIMX Ka3He (Mo3/1Hee ObUIO OPraHMW30BaHO AKIIH- HUS U3 Kjacca 3JIUTHBIX TOBApoOB, KOTOPHIMU
OHEpHOE OOIIECTBO BIAJAENbIEB). MapuipyT OT- MOT' BOCIIOJIB30BaTbCsl HE KaXKIbI YENIOBEK,

KPBIICA, HO NMPOCYLICCTBOBAJ HEC TaK JOJIIO, KaK Nnepeujin B KJjacc O6HI€I[OCTYHHBIX. 9T0 nona-
9TO INIAHUPOBAJIOCH. 3aKprTI/Ie 9TOro Mapuaipyra TBEPKAACT MU CTATHCTHKa Ha CETOHSIIHUN

HE CTaJl0 KPUTUYHBIM, IOTOMY YTO MEPBBIN HIar neHb: konudyectBo MamuH B CHIA nHa 1 Tblcd-
B CTOPOHY YIPOILIEHHS KU3HU JItoJiei Onaronaps yy yenosek npesbimaer 800, B Utanuu, Kana-
00IIeCTBEHHOMY TpaHCHOPTY ObLT cenaH [1]. ne, Apctpanmuu u SAnonum npessimaer 500.

Taxoke BaXKHbIM COOBITUEM 3TOH 3MOXU MO- OnHako, MO HEKOTOPBIM IPOTHO3aM, BO3MOXK-
OWJIPHOCTH MOXKHO CYHTaTh IpeoOpa3oBaHHE HO CHIDKEHHE 3TuX mudp [3].
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«B mocneanee BpeMs B o0mieM o0beMe Tex-
HOJIOTHYECKUX HOBIIECTB NPEBAIHPYIOIIEE pa3-
BUTHE TONYYUIN HHPOPMAIMOHHBIE TEXHOIO-
T'Hid, YTO 00ECIEUNIIO MPOPHIBHBIC PE3YJILTATHI B
obnmactu cOopa, XpaHeHus, 0OpabOTKM H HC-
MOJIb30BaHUs MHpopMaIuu. bynyun omgHuM u3
OCHOBHBIX CEPBUCHBIX pPeCypcoB, HMH(pOpMaIus
ctayia HamOosee 3(PPEKTUBHO HCIIOITB30BATHCS,
YTO TMOCIYXHJIO 3HAYUTEIFHOMY TOBBIIICHUIO
YPOBHSI pa3BUTHs TEX IIPOLIECCOB XO3SHCTBEH-
HOUM JEATEeThbHOCTH, B KOTOPBIX HAILIU MpHUME-
HEHHE UHPOPMALMOHHBIE TEXHOJIOTHI [4].

Memsitomasicss KOHBIOHKTYpa TPaHCIIOPTHOM
OTpaciy ¥ NPUMEHEHHE Pe3yIbTaTOB COBEPIICH-
CTBOBaHUS WHGOPMAIMOHHBIX TEXHOJOTUH B
MaCCAXUPCKUX  TIEPEBO3KaX  CIIOCOOCTBOBAIN
pPa3BUTHIO KOHIEMIIUM HOBOH MOOMJIBHOCTH,
npuaaBiiei OuszHec-mpoueccaM B oOIIEM U TO-
POJICKUM TEpPeBO3KaM B YAaCTHOCTH CETEBYIO ap-
XUTEKTYpY, 4TO B CBOIO OY€pelb CTajJ0 MpEeAro-
CBUIKOW (POopMHUpOBaHUS MOAXOAOB, OOECIIEUH-
BAIOIIMX YJOBJIETBOpPEHUE TpeOOBaHUI K COBpe-
MEHHOMY YPOBHIO AaCCAKUPCKUX MEPEBO30K.

[Ipobnema mporpecca B cdepe mnepemerte-
HUS, CTAHOBJICHUS HOBOW MOOMJIBHOCTH 3aKIIO-
qJaeTcss HE TOJBKO B HEOOXOJUMOCTH Pa3BUTHS
COOTBETCTBYIOIIMX TEXHOJOTUH, HO U B HEOOXO-
TUMOCTA W3MEHEHUS BOCIIPUSITUS TPUBBIYHBIX
KOHIEMNIMI nepeMenieHus] MaccakupoB U MpH-
HSTHUS TIPUHIIUIIOB HOBOM MOOWJIBHOCTH 3aUHTE-
pecoBaHHbIMH JHLlaMud. HoBasi MOOUIIBHOCTH HE
MPEIoiaracT BIAJCHUE JTUYHBIM TPAHCIIOPTOM,
XOTA celyac 3TO HUAET Bpa3pe3 C MHEHHEM
OonpimmHcTBAa. HOBass MOOMIIBHOCTH TpeArosia-
raeT HaJlM4yhe MaIllH CKopee KakK OJHOro U3 BH-
JIOB OOIIECTBEHHOTO TPAHCIIOPTA, HEXKEIH Yero-
TO JIMYHOTO.

Lenpto manHOW pabOTHI SBISETCS HCCIENO-
BaHUE DJIEMEHTOB BEPOSITHOM KOHIEMIIUA MO-
OMIILHOCTH OYTyTIIETO.

Jlns moCcTHIKEeHHS TTOCTAaBIICHHOM IIEIN HE0O-
XOAMMO PAacCMOTPETh KIIHOUEBHIE YEPThl KOMIIO-
HEHTOB, COCTAaBJISIONIMX OCHOBHBIE HOBIIECTBA,
(dopmupyroIIe HOBYIO MOOMIBHOCTh. BBISBHUTS,
KaKie WHHOBAIIMM OKaXyT 3HAUUTEIbHOE BIIMSI-
HHUE Ha mpoliecc GOpMHUPOBAHUS HOBOH MOOUIIb-
HOCTH.
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MeTtoabl M1 MEeTO0JI0T U
HCCJIeaJ0BaHuA

B Hacrosiem ucciieJoBaHUH ISl BBISIBICHUS
MPEINOChUIOK MOOHWIBHOCTH Omkaiiiero Oy-
IYIIEro OCYIISCTBJICH aHAJIN3 HAyYHBIX CTaTeH,
OTOOpaHHBIX MO MCCIEAYEMOMY HAMpaBICHHUIO U
ONHUCHIBAIONINX  TEHACHIHMHM  DKOJIOTHYCCKOM,
TEXHOJIOTHYECKON U COIMAbHOU cdep KU3HU, U
JIPYTHX OTKPBITBIX HCTOYHUKOB HH(pOpMAIHH
(caliToB KOMMEpPYECKHUX KOMIIaHWH, OpraHoB
TOCYapCTBEHHOW BJIACTH, TEMATHYCCKUX H37a-
HUH ¥ T. 1.). ICTOYHUKH, HEMOCPEACTBEHHO HC-
MOJIb30BAHHEIC B HACTOSIIEM HCCJICIOBAHUH,
MIEPEYUCIICHBI B COOTBETCTBYIOIIEM pa3Jieie.

W3 Bcero maccuBa MHGOpPMAIUU BHIYIECHEHBI
OCHOBHBIE TIPHUHIIUIBI U TEHACHIIUU, KOTOPHIC B
CBOIO O4Yepe/]b NMPOAHAIM3HPOBAHBI M PACCMOT-
PEHBI C TOYKU 3pEHUS BIMSHHS HAa TPAHCIOPT U
nepemenieHue aoaei B Oyaymem. [Ipoussenen
CUHTE3 MOJyYeHHOU nHpOpMAIUH.

C TmoMOIIbI0 METOAOB ACHYKIUUA W WHIYK-
I KOMIIOHEHTHI TPAHCHIOPTHOH MOOUIIBHOCTH
pa3oKeHbI HAa OCHOBHBIC AJIEMEHTHI, @ UX 0CO-
OEHHOCTH 00BEeNMHEHEBI B BHIBOIAX, YTO CIIOCOO-
CTBOBAJIO YUETY CYIICCTBCHHBIX I UCCIICIOBA-
HUST MOMEHTOB. OCYIIIECTBIEHO OMHUCAaHUE 3Jie-
MEHTOB, COCTABJISIFOIIMX W OMPEICISIFOIINX HO-
BYI0 MOOMJIBHOCTD.

O030p JuTepaTypbl

[Ipu mepemereHun 4YeiaOBEKa WM TPYIHIIbI
JIOAeN U3 OJHOW TOYKHU B APYTYIO C MCHOJIb30-
BaHUEM TpaHCIOpPTa BUJ TPAHCIIOPTa MOXKET Me-
HATBCS HECKOJBKO Pa3 Ha MPOTSKEHUU BCErO
IYTH, a IEPEBO3KAa CTAHOBUTHCS MYJIbTUMOAAIb-
HOM MJIU JK€ OCTaBaThCsl YHUMOAJIbHOMU, €CIIM Ha
BCEM PacCTOSIHUU BUJ TPAHCIOPTA HE MEHSETCS.

[lo pesynpTaTam Qopmanuzalyu TEPMUHOB
«MYJIbTUMOJIAJIBHBIC) U «UHTEPMOAATIBHBIE» TIe-
PEBO3KH C YYETOM POCCHMCKOrO 3aKOHOAATENb-
CTBa MpEUIaraercsi CYUTaTh, YTO «MYJIBTHMO-
JabHas MaccakXMpcKas MepeBo3Ka — 3TO Iepe-
BO3Ka MACCaXUPOB, Oaraxka U pyyHOH Kiaau OT
NyHKTa OTMpPAaBJIEHMsI OO IyHKTa Ha3HA4Y€HUs
HECKOJIBKUMH BUJaMHU TPAHCIOPTA MO €IUHOMY
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IIEPEBO30YHOMY JIOKYMEHTY; II€PEBO3YMKU He-
CYT OTBETCTBEHHOCTbH TOJBKO 33 y4aCTOK/ydacT-
KA MapIpyTa, 3KCIUTyaTHPyEeMbIi/3KCIITyaTH-
pYEMBbIE UMU», MIPH 3TOM «II€JIECO00pa3HO MpH-
MEHUTh TEPMHUH '"MHTEPMOJAJIbHBIE NEPEBO3KU"
IpU OpraHu3alliy MEepPeBO30K MAacCaKUPOB Ha
JAJIbHAE PAcCTOSHUSA C yYacTUEM aBUALIMOHHO-
ro, JKEJIE3HOJOPOKHOTO, aBTOMOOWIIBHOTO U
BOJHOI'O BUJOB TpaHCcHopTa. MyJIbTUMOAAIbHBIE
NEPEBO3KU — IMPU TOPOJACKUX U IPUTOPOJHBIX
IIEPEBO3Kax MaccakXMpoB, K MPUMEPY B paMKax
TPAHCIIOPTHOM cHCTEMBI MOCKOBCKOM arjiome-
pauum» [5].

B ornnune oT rpy30BBIX MYJBTUMOJATBHBIX
NEpeBO30K 00ecreynTh EeAMHYI TapU(pHYIO
CTaBKy B NACCa)XKUPCKOM AaHAJIOre MPaKTUYECKU
HEBO3MOXXHO. OTO CBSI3aHO C OCOOCHHOCTSMHU
[IACCaXKUPCKUX TEPEBO30K, KOTOPHIE 3aKiIOYa-
I0TCS B CIIOHTAHHOCTH IIOE€3[KH, KaK CIIECACTBHE,
OTCYTCTBUE 3a0JIarOBPEMEHHOTO TUIAHMPOBAHUS
MapIIpyTa, €ro HeIpeacKasyeMOoCTh A0 Hayalla
MIOE3KU U BEPOSITHOCTh KOPPEKTUPOBKHU B IIPO-
1ecce (Hampumep, B Cllydae U3MEHEHHUs JOPOXK-
HBIX YCIIOBHH).

[IpakTuka enquHoro tapuda Juist BceX BHJIOB
TOPOJCKOT0 NacCa)kKUPCKOro TpaHCIOpTa Cylie-
CTBOBAJIa, HalpUMEp, B BUAEC MECAYHOIO IPO-
e3aHoro aAokymenra. IlpuoOperas Takoil Ouier,
[IaCCakKUp, 3aIUIaTUB YCTAaHOBJIEHHYIO CTOM-
MOCTb, MOI' B TEUYEHHE MECSIla COBEpIIATh He-
OTpaHMYEHHOE KOJIMYECTBO MOE3/I0K Ha BCEX BU-
JlaX FOpPOJICKOT0 TPaHCIOPTa.

[TpumeHeHue enuHoro tapuda cTajno mpax-
TUYECKU HEBO3MOXHO B CBSI3U C IOSBICHUEM
HOBBIX CIOCOOOB TepeMerieHus, HHPPaCTPYyK-
TYPHBIX U3MEHEHUN, MAacCOBOM CHUCTEMaTHYe-
CKOH TOTPEeOHOCTHIO MCIOJB30BAHUS B OIHOMU
MOE3/IKE TpaHCIOpTa pa3HbIX paloHOB (Kap-
LICPUHT, NEPEXBATHIBAIOINE NApPKOBKH, 3aro-
pOIHBIE MOE3AKU WU T.JA.) U NPEIOCTaBICHUSA
TUX CEPBUCOB HE CBSI3aHHBIMU MEXKIY COOOMH
OpraHM3alMsIMH, a TaKXe BO3MOXKHOCTHIO
IIOJIB30BATHCSA KAXKIBIM BHUIOM CEpBHCa B OT-
JNEIbHOCTH, BHE MYJbTUMOJAJIBHBIX Iacca-
KUPCKHUX NEPEBO30OK.

ObecnieueHne MHTETPALlUM BCEX IACCAXKUP-
CKHX CEPBHMCOB, OT IIPOKaTa CaMOKaTOB O IIO-
€3[KM Ha KaHATHOW JOpOre WIM INPUTOPOJHOU
JJIEKTPUYKE, B OJHY CHUCTEMY IIO3BOJISIET MC-
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MOJIb30BaTh YHUBEPCAIBHBIM MPOE3THON TOKY-
MEHT U (POPMHUPOBATH CTOMMOCThH MPOE3/a B 3a-
BHCHUMOCTH OT MapIIpyTa, HAPUMEP HUCKIIOUYUTh
OIJIaTy TMpH TEepecagke ¢ OAHOTO BHIA TpPaHC-
ropTa Ha Jpyromu.

Takast wHTErpamusi ¥ WCIOJb30BaHUE YHU-
BEPCAILHOTO MPOE3IHOTO OMiIeTa, MO3BOJISIONIe-
T'0 OCYIIECTBIIATh MUHUMYM TPaH3aKIHUH, MOXKET
OBITH JOCTUTHYTa B pe3ynbrare 3¢G(HEeKTUBHOTO
COTPYAHHYECTBA MEXTYy BCEMH IMOCTaBIIMKAMU
YCIIyT MAacCaKUPCKOTO TPAHCIIOPTA, B TOM YHUCIIE
MYHUITUTIATEHBIMU ¥ 9aCTHBIMH, HCIIOJIB30BAHUS
€IMHOT0 MHCTPYMEHTA MMOCTPOCHUS MapIIpyTa u
OIJIaTHI Mpoe3Ja M0 MapHIpyTy, KOMOWHUPOBa-
HUSl BUJIOB MACCaXUPCKOTO TPAHCIIOPTa B 3aBH-
CUMOCTH OT JIOPOKHOM 0OCTaHOBKH (IIPOOOK,
3arpy>K€HHOCTH TPAHCIOPTA, HATUYHS TapKOBOK
UT. 1I.).

JlocTaTo4yHO TJIOTHOE, YCTOMYMBOE W HEMpe-
PBIBHOE B3aMMOJCUCTBUE BCEX YYACTHUKOB H
KOMIIOHEHTOB TAaCCaXXUPCKOW MYJIbTUMOJIANb-
HOU TEepPEeBO3KH 00ECTeunBaeT «OECIIOBHOCTHY
TPAHCIIOPTHOTO OOCIy)XKMBaHHsI, T.€. BCE He-
yoOCTBa MaccakxupoB, KOTOPbIE MOTYT BO3HHK-
HYTh NpPU CMEHE BHUJA TPAHCIIOPTa MUHUMU3U-
POBaHBI.

[TepeBo3Ky MOXKHO CUMTATh OECIIIOBHOM, €c-
JU BCE OIEPALUH, BBIMOJHAEMBIC PAa3INYHBIMU
BUJAMHU TpPAHCIIOpTa U OOBEKTaMHU 3aJIeHCTBO-
BaHHON MH(PACTPYKTYpbl, OOBEAUHEHBI B €IH-
HYIO YCIIYTY, YPOBEHb KauecTBa KOTOPOH COOT-
BETCTBYeT TpeOOBaHUSAM maccaxxupoB. Eciau B
TE€YeHHE BCEro mpolecca oO0CIyKUBaHHs macca-
XKHUpaM TPEeJIaraloTcsi ONepanuyd  OJWHAKOBO
BBICOKOT'O KayecTBa, TaKyl0 OECIIOBHYIO Mepe-
BO3KY MOKHO Ha3BaTh IJIAJKOMU.

[Tomumo 3TOrO MEpemMereHne YenaoBeKa Uiu
TPYNIBI JIOAEH U3 OJHOW TOUYKU B APYTYIO C UC-
MOJIb30BAaHUEM TPAHCIIOPTa JOHKHO OBITH 0e3-
OTIaCHBIM, KOM(OPTHBIM, OBICTPBIM, JOCTYITHBIM
U DKOHOMUYECKHU BBITOAHBIM JUIsS yeioBeka. bes
OJTHOTO M3 3TUX OJIIEMEHTOB CIOXHO Oyjaer
Ha3BaTh 3TOT IPOLIECC TPAHCHOPTHOW MOOMIIb-
HOCTBIO [6].

Taxxke oTHUM U3 ONPEAETSIOUINX 3JIEMEHTOB
JAHHOTO TIpoIiecca SIBJISETCS €r0 TEOPEeTHUECKOe
paszmeneHnue Ha HecKkoJbko (a3 [7, 8].

1. TlaccuBHas ¢aza. Jlannas ¢aza ompene-
JSIET YCIOBUSA JUISl TOTO, YTOOBI BOCIIOJIB30BATHCA
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Puc. 1. KoMnoHeH Tl MOOUIIBHOCTH
Fig. 1. Mobility components

TPaHCIOPTOM (KyHHUTh OUJIET, JOUTH O CTOSTHKU
UT. I.).

2. AxrtuBHas ¢aza. B oty a3y Bxogut
HETOCPEJCTBEHHO CaM MPOLECC MOOUIBHOCTH.

B cBoro ouepenp Bce 31€MEHTHI, oOecredu-
BalOIllM€ TPAHCIIOPTHYI0 MOOWIIBHOCTbH, BKIIIO-
4aloT B ce0sl elle HeCKOJIIbKO KOMIIOHEHTOB, Ja-
IOIIUX BO3MOYKHOCTb BBINIOJIHEHUSI JJAaHHOTO
nporecca (puc. 1).

JIro6oi1 U3 31EMEHTOB, TOKa3aHHBIX Ha pUC. 1,
MOXHO Pa30uTh Ha cocTapistomue. Hanpumep,
0€3011aCHOCTh MOKHO IPEJCTaBUTh B BUJE COBO-
KyIHOCTH  3KCIUTyaTallMOHHOM, TpaHCIOPTHON
Y DKOJIOTHYECKOH COCTABIISAIOIINUX.

OKcIUTyaTallMOHHY0 0€30MacHOCTh NMPHUHSTO
MOHMMATh KaK Pa3JIM4YHbIE HOPMbI U MEPOIpPHUsI-
THUS 110 €€ TOJIeP/KaHUI0, KOTOPbIE 3aKPEIICHBI
3aKOHO/ATEIbHO M HAIpaBJIEHbl HA COXPAHEHHUE
3I0POBbS U KM3HM YYaCTHHUKOB Ipoliecca mepe-
BOo3kH. CaMble MPOCThIE IPUMEPHI IKCILTyaTalH-
OHHOM 0€30MacHOCTH — PEKUM pabOThl BOAUTE-
7151, IpaBUJIa JOPOKHOTO JBUKEHMSI, TpeOOBAHUS
K TEXHUYECKOMY COCTOSIHUIO TPAHCIIOPTHOTO
cpenactna [9].

TpancnoptHas 0e30mMacHOCTb, B COOTBET-
CTBUU C TpeOOBaHUSAMHU TEKYLIEro 3aKOHOJa-
TEJIbCTBA, — COCTOSTHHE 3allUIIEHHOCTH O0BEK-
TOB TPAHCIIOPTHON MHPPACTPYKTYpPHI U CPEACTB
OT HE3aKOHHOI'0 BMeLIaTelabCcTBa. AKTOM He3a-
KOHHOTO  BMEIATENbCTBA MOXHO  CUHUTATh,
HalpuMep, TEPPOPUCTUYECKUN aKT. [laHHBINA THUIT
0€30IIaCHOCTH NpeAronaracT BO3MOXKHOE HaJH-
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yyue TMpeACTaBUTENCH OXpaHHBIX U CHJIOBBIX
CTPYKTYp Ha OOBEKTaxX TPaHCHOPTHOW uH(pa-
CTPYKTYPBI, @ TAaKXKE€ CPEICTB, KOTOPHIE MTOMOTYT
HUBEJIMPOBATh YTPO3Y CO CTOPOHBI (KaMephbl, Me-
TaJNIOIETEKTOPHI, CKAaHEPhl, paMKH Oe30MacHo-
ctuu T. 1.) [10].

[TonsiTe  SKOJOTMYECKOW  OE30MaCHOCTH
chopmynupoBaHo B ctatbe 1 denepanbHOTO 3a-
koHa «OO0 oxpaHe OKpy’Kalollell cpenbD», Tae
TOBOPUTCS, YTO 3TO COCTOSIHHME, KOTJa MPUpPOA-
Has cpefla U YeJOBEK 3alllMIIeHbl OT HETaTUBHO-
rOo BO3ACHCTBHS OT TpaHCHOpTa WM WHOpa-
CTPYKTYpHI [11].

Komdopr B mpomecce TpaHCIIOPTHPOBKH
OTIPEICIISAIOT CIeAYIOINE MOKa3aTeIu.

1. JIoCTYyNHOCTbH — HAaCKOJIBKO JOJTO MPUXO-
TUTCS JKOaTh TOT WIM MHON BUJ TpPAHCIOPTA,
HACKOJIBKO JaJIeKO0 HEOOXOAUMO MJITU J10 TpaHC-
MopTa, a TAaKXKe 00yCTPONWCTBO MECT OKUIAHUSI.

2. KauecTBO — BCe, UTO Kacaercsi OKpyKe-
HUS YeJOBeKa BO BPEMsl HEMOCPEICTBEHHOIO
nepeMenieHus W3 MNyHKTa A B IyHKT b:
HACKOJIbKO yI00€H CcajoH, HACKOIBKO OH YHCT,
eCTh U MH(pOpMAIMOHHOE TAOJIO WM BO3MOXK-
HOCTb 3apsAIuTh TeneoH — CIOBOM, BCE, YTO
Y/IOBJIETBOPSIET COBPEMEHHBIM IOTPEOHOCTAM
YeJIOBeKa B YACTH MEepPEeMEIICHUSI.

Bpems — equHCTBEHHBIM MOKa3aTeab, KOTO-
pBIN HENB3s pa30UTh HA COCTABJISIONINE.

Bpewms sBisercs mokasaTelieM TOro, Ha-
CKOJIBKO OBICTpO J0OMpaeTcs 4eloBeK B HEOO-
XOJUMOE €My MECTO C ITOMOIIBIO TPAHCIIOPTA.
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Jlo cux mop BeAyTCs IUCKYCCHH O TOM, Kyaa
HEO0OXOJJMMO OTHECTH BPEMs, 32 KOTOPOE Yello-
BeK Jo0upaeTcs 10 TpaHcmopTa. B Hactosimem
UCCJIEA0BAHUM 3TOT 3JIEMEHT OTHECEH B KOM-
dbopT, HO MOXeT OBITh OTHECEH U BO Bpe-
Mms [12].

DOnemeHT uH(OpPMALHS CETOIHS CTAaHOBUTCS
KaKk HUKOraa BaKHbIM. OOIIECTBEHHBIA TpaHC-
MOPT MOXET TEepSATh MaCCaXUPOB H3-3a UX He-
WH(OPMHUPOBAHHOCTH, HANPUMEp, €CJIH Tacca-
JKUPBI HE 3HAIIM TOYHOE paclMCaHue, He 3HaH,
CJeAyeT JIU TPAHCIOPT B HYXXHOE UM MECTO U
T. 1. JIaHHBII 5JEMEHT OYEeHb BaXKEH, TaK Kak
Oonmarogaps eMy KOHTpOJIUpPYOTCA HH(pOpMalu-
OHHbIE TIOTOKM KaK BOBHE TpPAHCIOpPTa, TaK W
HETMOCPEACTBEHHO B HeM [13].

DNEeMEHT CTOMMOCTH CO3/1a€T HKOHOMHUYE-
CKHe ycloBUST MOOWIBHOCTH. OH COCTOUT U3
MacCaXUPCKUX 3aTpaT Ha OPraHU3aIlUI0 U camy
IIEPEBO3KY € MOMOMUIBIO TpaHcnopTa [14].

Oco0EHHOCTBIO TPAHCTIOPTHONH MOOMIIBHOCTH
KaK CHCTEMBI COCTABJISIOIIUX €€ KOMIIOHEHTOB
SBIIIETCS B3aMMHOE BIIMSHHE KOMIIOHEHTOB Ha
CHUCTEMY, a CHUCTEMbI, KaK COBOKYIMHOCTH KOM-
ITIOHEHTOB, HA KAXKJIbIil KOMIIOHEHT. BrIsABIEHHOE
B3aUMHOE BJIMSIHUE SIBJIIETCS] OTJIUYHEM B MpeEj-
CTaBJICHHOM Ha puc. | cxeme OT CHpOeKTHUpPO-
BaHHBIX paHee, HampuMep B [6], IpUHLIUIINAIb-
HBIX CXE€M TPAHCIIOPTHON MOOMIIBHOCTH.

Pe3y.]'II)TaTI>I HccjaeaoBanud

[IpaBunbHOE TIpenCTaBICHUE O TOM, KaK W3-
MEHUTCS MOOHMJIBHOCTh OyyIIero, CKjIaablBacT-
Cs B pe3yJibTaTe aHalli3a MUPOBBIX TEHICHIIHIA.
Cy1iecTBeHHbIE MPOPHIBBI B TEXHOJOTUSIX U Me-
HSIOIUECS OOIIECTBEHHBIC B3TISABI TaK WU
MHAYe BIUSIOT HA KOHIIETILHNIO MOOUIIBHOCTH.

B mocnenHue HECKONBKO JIET OCTPO BCTAIU
BOIIPOCHI IKOJIOTUH, B TOM 4YHUCIE OEpex HOro
UCIIONIb30BaHUsl TMPUPOIHBIX PECYPCOB U H3MeE-
HEHHUS KJIMMaTa. ITO CIIOCOOCTBYET 3JeKTprdH-
Kallu{ Pa3IMYHBIX BUAOB TpaHcnopra [15].

Unest snexktpudukanum B 00MacTH TpaHC-
MopTa WHTCHCHBHO PAaCHpPOCTpPaHSIETCs yxke 0o-
jee 5 JeT, B TOM uucie B cdepe 001mecTBeHHOTo
Tparcmnoprta. [Ipumepom 3TOro SBISETCS MOBCE-
MECTHOE TIOSIBJICHHUE JIEKTpoOycoB [16].
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[IpeumymiecTBoO AnekTpodyca Mo CPaBHEHUIO
C OOBIYHBIM aBTOOYCOM — 3KOJOTHYHOCTH. [lpm
9TOM BHEpPEHHUE 3JEKTPOOYCOB HE CTaHET MaHa-
1eei uid 3KoJoruu. JTO 1iar B CTOPOHY YIyd-
IICHUS YKOJIOTHYECKON o0cTaHoBKH [17].

[Tpu 5TOM MepepaboTKa BHIMIEANINX U3 CTPOS
AMEeKTpoOyCcoB MOTpedyeT OONBIIUX U BPEMEH-
HBIX, W (UHAHCOBBIX pecypcoB. K wmwuHycam
BHEJIPEHUS 3JIEKTPOOYCOB B CUCTEMY TOPOICKO-
T'O 3JEKTPUIECKOTO TPAHCIIOPTA OTHOCUTCS M UX
CTOUMOCTb.

Ha 2017 ron mpumepHas CTOMMOCTb OJJHOTO
anektpobdyca cocranisiia 2030 mMiH pyo., Toraa Kak
OOBIUHEBII aBTOOYC cToHT He Ooee 15 mutH [18].

CHUXEHHUIO CTOUMOCTH 3JIEKTPOOYCOB MOXKET
CIOCOOCTBOBATh yBEJMUYCHUE KOHKYPEHIIMH Cpe-
I TIPOM3BOJUTENEH, yBEeIMUeHHEe 00bEMOB TPO-
W3BOJICTBA, ONTHMHU3ALUS YIPABICHUYCCKUX U
TEXHOJIOTUYECKUX MTPOLIECCOB U JpyTHe PaKTOPHI.

[Tokazarens Oe€30MacHOCTH 4YelOBEKAa IPHU
NepeMEeIIeHIH, ONpeeNseMblil T1aBHBIM 00pa-
30M OCOOCHHOCTSIMU BOXKJICHHS M KOJINYECTBOM
aBapHii, CIy4yMBIIUXCA 10 BUHE BOAMUTENS, MO-
KET OBITh TOBBIIICH IyTeM HCKJIIOYCHUS Hera-
THBHOW COCTABJISIFOIIECH YeI0BEUYECKOTO (pakTopa
C MOMOIIBI0 BHEJPEHUS WHCTPYMEHTOB HCKYC-
CTBEHHOTO MHTEJUIEKTa W TMPU HCIOJIb30BaHUU
KOHIIETIINH UHTEPHETA BEUICH.

B »TOM citydae MCTONB3YIOTCS CUCTEMBI Te-
nematuku. C TIOMOIIBIO CIYTHUKOBBIX YHIIOB
GPS/TJIOHACC wu akcenepomMeTpoB coOHUparoT-
Csl CTATUCTHUYECKUE AHHBIC 00 YIPaBICHUU aB-
TOMOOMIIEM U €T0 COCTOSIHUU U OJHOBPEMEHHO C
THM TPOMCXOAUT HAONIOJIEHUE 33 BOJUTEIIEM
MOCPEACTBOM BHJI€OKaMep. OJTO TMOMOTaeT He
TOJILKO CIIEJUTh 32 Ka4eCTBOM OOCITY>KHBAHHS
MacCakKUpoB M UX 0€30MacHOCThIO, HO U CIIOCO0-
CTBYET SKOHOMHUH Ha TEXHUYECKOM OOCITy>KHBa-
HUU TPAHCHOPTHBIX CPEACTB IyTEM CO3JaHUs
U(GPOBBIX «JIBOMHUKOBY aBTOOYCOB, TPAaMBaeB,
BaroHOB METPO U JPYroro IMaccaxupcKoro
Tparcnopta. CoOupaeTcs U UCHOIB3YEeTCs HH-
dbopmarisi 060 Bcex MEXaHM3Max, UX TEXHHUYE-
CKOM COCTOSIHUU M CPOKaX PEMOHTa U OOCITYXKH-
BaHUS.

B HEKOTOpBIX cTpaHax OOIIECTBEHHBIN TpaH-
CHOPT sBISIETCST OECHWIOTHBIM, HampuMmep, B
Cunramnype (yHKIHOHHPYIOT OSCIUJIOTHBIC aB-
ToOyChI, a B HopBeruu — mapomsl.



HayuyHbiit BectHuk MITY TA

Tom 25, Ne 03, 2022

Civil Aviation High Technologies

[Toka Hemp3s cKa3zaTh C YBEPEHHOCTHIO,
HACKOJIbKO Oe30macHa CHUCTEeMa, MCKJIIOYaroIas
YeloBeKa U3 Mpollecca BOXKICHUS, TaK KakK aBa-
pUH C ydacTHeM OCCHIIOTHOTO OOMIECTBEHHOTO
TPaHCIIOPTa BO3MOXKHBI [19].

Cucrema BHEIpSIETCS U TECTUPYETCS. ODTH
mporeccsl OyAyT MPOTEeKaTh B TEYEHHE HEKOTO-
pOTO BpEMEHH, a acCaXXupam TakxKe Hajao OyAeT
aIafTUPOBATHCA K OECIMIOTHOMY TPAHCIIOPTY U
WHTEJUICKTYaJIbHBIM TPAHCTIOPTHBIM CUCTEMAaM.

B Hacrosiiee Bpemsi coxpansieTcsi He00X01u-
MOCTh TepepacIipeieicHUs] Harpy3o0K Ha oOie-
CTBEHHBII TPAHCIOPT B Yachl MUK. B ycnoBusix
HOBOW MOOWJIBHOCTH 3Ty TpoOJieMy CrocoOHa
PELIUTh KOHIIETIIUSI OTKa3a OT JMYHOTO TpPaHC-
ropTa B TOJb3y MOCTAaBIIMKA YCIYT TEPEBO30K
MaaS (Mobility-as-a-Service — MOOUIBHOCTD,
KaK CEPBHC WM MOOMILHOCTh KaK YCIIyTa).

3amaya KOHTPOJISL COTJIACOBAHMSI PaCHHCAHUS
pPa3IMYHBIX BHUAOB TPAHCIIOPTA MOXET OBITh
BO3JI0’KE€HA Ha MYHHULUIAIbHBIE OPTraHbl BIACTH.
Ecnu  Kene3HOOOpOKHBIA, BO3AYLIHBIA WA
BOJIHBIN TPAHCIOPT COCTaBISiET paclUCaHUE HC-
XOJIl U3 CBOMX MPHOPHUTETOB, TO aBTOMOOWIIb-
HBI TPAaHCIIOPT MMEET BO3MOXKHOCTH oObecre-
YUTh TOJa4y MMOJABMKHOTO COCTaBa K MPUOBITHIO
noesza, caMoJieTa WId CyJIHa. DTH BO3MOXXHOCTHU
MOBCEMECTHO PEAIU3YIOTCSI.

B mpouecce coriacoBaHusi pacriucaHus y4u-
THIBa€TCSI OCHOBHOE TPEOOBaHUE TMACCAKUPOB —
MUHUMAJbHBIE 3aTPaThl BPEMEHU Ha MOE3/KY .

Jns 5TUX uenei opraHaMu BJIACTH CO3JAOT-
csi eauHble WHGOPMAlMOHHBIE MPOCTPAHCTBA,
OOBEANHSIONINE TTEPEBO3YUKOB, U OCYIIECTBIISI-
€TCsl KOOpAUHAIMS JIBYKEHUS TpaHCIOpTa ¢ Mo-
MOIIbI0  WH(POPMAIMOHHO-aHATUTUIECKUX CH-
CTEM peryJIupoBaHUs Ha TPAHCIIOPTE.

Benenue peectpa MapmpyToB obecriednBacT
dbopMHUpOBaHWE €AMHOW MapIIPYTHOW CETH 00-
HIECTBEHHOI0 TpaHcmopTa. PeecTp comepxur
uH(GOpPMaLIMIO O MYTH CIIEJOBAHUS TPAHCIIOPTA C
YKa3aHUEM OCTaHOBOYHBIX ITyHKTOB.

[Ipumensiemble Ha OCTaHOBKAax M B oOmie-
CTBEHHOM TPAHCIIOPTE CPEICTBA TEIEMATUKH,
a Takke MOOWJIbHBIE MPUIIOKEHHUS oOecrednBa-
10T MacCaXKMPOB ONEPATHUBHOMN TEKYIECH HMHDOP-
Malueil 0 MapuipyTax, pacluCaHWU JBHKEHUS
1 0 BO3MOXXHOCTU TMEPECaKd Ha APYrol BH]
TpaHCIOpTA.

42

Vol. 25, No. 03, 2022

3agaya KOMIUIEKCHOM ONTUMHU3AIMK Tacca-
YKUPCKHUX TIEPEBO30K PEIIACTCS] C MOMOIIBIO €1~
HOT'O JIMCIIETYEPCKOTO IIEHTPa YIPaBICHHUs Ha OC-
HOBE HMH(OpMAIIMHU, TOTYYCHHON OT CHUCTEM MO-
HUTOPUHTa pPabOThl TPAHCIOPTA, BKIIOYAIOIINX
CIIYTHUKOBBIC HABUTALIMOHHBIC W JAPYTUEe aBTOMa-
TUYECKH OTPEEISIONINE MMON0KEHUE TPAHCIOPT-
HOTO CPEJICTBAa CHCTEMBI (PacIoIOKEHHBIE BIOJb
MapIipyTa MasKH, JaT4YUKH, YCTaHOBJICHHBIC
B TPAHCTIOPTHOM CPEJICTBE, U T. II.).

B pesynbrare CTaHOBUTCS BO3MOXKHBIM CO-
CTaBIISITb M ONEPATUBHO KOPPEKTHUPOBATH pac-
MUCaHMUs ABWXKEHUA U HH(DOpMHpOBaATH macca-
XKUPOB O TrpaduKe IBWKCHHUS TPAHCIIOPTHBIX
CPEIICTB B PEIKUME OHJIAMH.

Huterpamus nHQOpMAIMOHHBIX CUCTEM pa3-
JUYHBIX BHUAOB TpaHCHOpPTa HeoOXoAuma MAJis
dbopmupoBanus yHUPHUIMPOBAHHOW Oasbl JaH-
HBIX O CTHIKOBKax M IEPEroHax MEXIy CMexk-
HBIMH OCTAQHOBKaMH, a Takke IS peau3aluu
MHTEIJICKTYallbHOTO MOAYJISI TIOCTPOSHUSI ONTH-
MaJIbHBIX TPACKTOPUI MaCCAXKUPOB.

Pacriucanue nBHXKEHHUS C YYETOM CTHIKOBOK
pa3IMYHBIX BUJOB TPAHCIOPTA COCTABISIETCS
nporpaMMHbBIM criocoboM. IlpuoputerHo B me-
CTaX CMEHBI BUJA TPAHCIOPTA U TPAHCIIOPTHHIX
xabax, BTOPOCTENIEHHO Ha OTAENIbHBIX OCTaHOB-
kax. JlaHHBII crIocOO MOXKET OBITh peaNn30BaH,
HampuMep, MyTEeM HWHTEPAaKTHUBHOIO aHajau3a
nanHbix (OLAP).

HoBas MOOMIBHOCTH MOJIpa3yMeBaeT, YTO
MOJIb30BaTeNh OyNeT MOdy4aTh YCIyTy B BHJE
TFOTOBOTO PEIIeHUs, KaK 100paThCs U3 TOUKU A B
Touky b. Mapmpytr Oyaer BbICTpamBaThCS C
y4eTOM BCEX JOCTYMHBIX BHIOB TPaHCIOpPTa U
npobok Ha npoporax. OH Oyaer oTBe4aTh He
TOJIBKO 3a Camo IepeMeIleHHe MacCaXUpoB U3
OJIHOM TOYKH B JPYTYyI0, HO U 3a CO3JaHHUE €/IH-
HOM WMHQPACTPYKTYPHl M MPUIIOKECHHUMA, B KOTO-
pPBIX OCYUIECTBIIICTCS IJIAHHUPOBAHUE MapIIpy-
TOB U MOKYIIKa YHUBEPCAIbHBIX OUIIETOB.

[IpudeMm paboraTh 3Ta cHcTeMa JIOJDKHA CO
BCEMH THUIIaMHU TPAHCIOPTa, OT aBTOMOOMIIEH 10
aBTOOYCOB WJIM, HAaIpuUMep, Bermocunenos. MaaS —
3TO YCJIOKHEHHBIE MYJIbTHUMOJAJIbHbBIE MEPEBO3-
KM TACCaXXUPOB BHYTPU ropoAa C TMOMOUIbIO
eMHON (P POBON TIIOMIAIKH.

®opmupoBanre MaaS Hauanoch B mpoiiecce
MIPOSIBJICHUST TTOTPEOHOCTH B 0oJiee TMEepPCOHAb-
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HBIX yCIyrax JJis MacCaKUpoB, HAPUMEP UHTEII-
JIEKTYyaJIbHOTO HMH(OPMALMOHHOTO TIOMOIIHUKA.
B 2012 romy B CHIA mnpouua kxoHdepeHIus
«ONeKTpoHHAass MOOWIBHOCTh Kak yciayra». B
2015 rony MaaS yxe crana NomyJasipHOH TEMOU
Ha «BceMHpHOM KOHrpecce Mo HHTEIIEKTYallb-
HBIM TPAHCTIOPTHBIM cUcTeMam» Bo DpaHiuu.

MaaS nomyuuna npu3HaHUE B CBS3U C TEM,
YTO COJICPXKUT PEIICHNE aKTyallbHBIX 3a7ad B 00-
JacTU TOPOJICKOTO MAaCCaKUPCKOTro TPaHCIOPTa,
B TOM 4YHCII€ OTKa3 OT JMYHOTO TPAHCIOpTa B
M0JIb3y OOIIECTBEHHOI'0, MPEATNOJIAaraeT HCHOb-
30BaHHE TMPOTPECCUBHBIX  MH(POPMAIIMOHHBIX
TEXHOJIOTUH, OObEIUHSIET MHHOBAIMOHHBIE CEp-
BHCHI M CIOCOOCTBYET MHTETPALIMU COBPEMEHHBIX
CPEICTB WHAWBUAYaIbHOH MOOWIBHOCTH B CH-
CTeMY T'OpPOJICKOTO OOIIIECTBEHHOTO TPAHCIIOPTA.

MaaS MoxeT OBITh OHOW M3 CaMbIX Iep-
CHEKTUBHBIX KOHIENIMA B 00JacTU MEPEBO3OK.
Ha emunoii nudpoBoii mmomanke OymyT o0b-
€IMHEHbI BCE CHUCTEMBbI OOIECTBEHHOTO TpaHC-
noprta. [Ipu 3TOM mpocmaTpuBaercst umaes 00 oT-
Ka3e 4acTH T'OpPOJICKOrO HaceJleHUs! OT JIMYHOIO
TPAHCIOPTa, TaK Kak MaaS cMOXeT peioKUTh
MOE3/KYy, HCIONb3ysl BECh OOCTYIHBIA TpaHC-
IIOPTHBIM apceHall. B aToMm ciydae maccaxupy
MIPEJICTAaBUTCS BHIOOP: MPU MPUEMIIEMOM YPOBHE
koM(popTa n0o0UpaThcs 0 MecTa Ha3HAYCHUS
OpIcTpee WM JTOOUPATHhCS MEIJICHHEEe W WHOTIA
nopoxe. Ecimm maccaxupsl OyayT BbIOMpaTh
CKOPOCTb, TO U IPOHU30IAET OTKa3 OT JIMYHOIO
TPAHCIOpPTa KaK OCHOBHOT'O CPEJCTBA NEpE/IBU-
KEHHUS.

O0cy:kneHne moy4eHHbIX
pe3yJIbTaTOB

C noBpIlICHHEM YpPOBHS JKU3HU HACEICHUS U
pa3BUTHEM TOPOJICKOTO TPAHCHOpPTa IyTeM obec-
NEYCHHUs1 JOCTYIMHOCTH JIMYHBIX aBTOMOOWIIEH,
YBEJIMYEHUEM KOJMUYECTBA MAarucTpaieid copas-
MEpHO TpeOOBAHMSIM K MX MPOIMYCKHOW CIOCOO-
HOCTH U ONTUMU3ALMEN JOPOKHOM CUTyaLUH ITy-
TEM MAaTEMATU4YECKOTO MOJIEIMPOBAHUS TpPaHC-
MNOPTHBIX TOTOKOB BO3HUKJIM MpPOOJIEMBI 4Ype3-
MEpHOM aBTOMOOWMJIM3ALUY, YIPOXKAIOLIETO 3710-
POBBIO YeNOBEKa BIHSIHUS ABTOMOOHMJIBHOTO
TPaHCIOPTa Ha aTMOC(EPHOE U IIyMOBOE 3arpsi3-
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HEHME, MPUBOZMIIIEE K HETaTUBHOMY BO3JEH-
CTBHIO Ha OKPYKAIOUIYIO CPEAY U aKyCTHYECKOMY
nruckoM@opTy skutenei ropona. Yacts 3aTpaT Ha
ABTOMOOMJIBHBIC TOE3JIKM OKa3ajach BO3JIOKEHA
B TOM YHCJIE Ha TIPa)XJaH, HE HCIIOJIBb3YIOLINX
JUYHBIA aBTOMOOWIBHBIA TpaHcnopT. JlaHHBIM
HOAXO0J K TOPOACKOM TpaHCIIOPTHOM MOOMIIBHO-
CTH HcuYepnan ce0s B MOMEHT MPEBBILICHNUS TEM-
OB pOCTa aBTOMOOWJIM3AaLMM HaJX TEMIAaMu HU
BO3MOKHOCTSIMH DPa3BUTHUS JIOPOKHOW HH(pa-
CTPYKTYpPBl M JOCTH)KEHUS IPENETIOB ONTUMM3aA-
LIUY JIBVKEHUS TPAHCIIOPTHBIX TOTOKOB.

C Touku 3peHHs Pa3BUTHUSA FOPOACKON TpaHC-
IIOPTHOM CHCTEMBI B HACTOSIIEE BpeMs OCY-
IIECTBIISIETCS. TIOMCK KOMIPOMHUCCA MEXIY yJ100-
CTBOM TepeIBMKEHUSI U KOM(OPTHOI TOPOJICKON
cpenoi. OnTUManbHON TPAaHCIOPTHOM CHCTEMOM
CUMTAETCs CUCTEMa, OCHOBaHHAsl Ha OajaHce WH-
TEpEeCcOB BCEX XKUTENIEH roposia, 00ecreurBaroast
BBICOKMI ypOBEHb HHIMBHUIYAIbHOH MOOHIIBHO-
CTH IIPY CHW)KCHUU 3aBUCHMOCTH OT TPaHCIIOPTa
U CIIOCOOCTBYIOIIAsi OTKa3zy OT aBTOMOOMJICIICH-
TPUYHOTO IOAXOJA B IOJb3y KOHLEHUUH YpaB-
HOBCILICHHON TPAHCIIOPTHOM cucTeMsbl. Teneps B
Pa3BUTUH TPAHCIIOPTA IIPUHATO OPUEHTUPOBATHCS
He Ha o0ecrieueHne Crpoca, a Ha yIpaBlIeHUE HM.
VY no0ctBO HepeMeILEHus, JKOJIOTHYECKAs
HEUTPaIbHOCTh, OE30MaCHOCTh UM 370POBbHE
YYaCTHHKOB [IOPOYKHOTO [BW)KCHUS U IKUTEJICH
TOpPOJIOB CTAJIM OPUEHTHUPAMHU HOBOI'O ITOAXO0JA K
TOpPOJICKOM MOOMJIBHOCTH, MPU3BAHHOTO obecre-
YUTh JOCTH)KEHHE OajlaHca MHTEPECOB pPa3IMy-
HBIX COLIMAJIBHBIX I'PYIMIl B TPAHCIOPTHOM CHCTE-
M€ T'OpOZIOB U YCTONYHMBOE PAa3BUTHE IOPOJICKOIO
tpancmnopra [20].

B pesynbrate CMEHBI NPEACTABICHUS O CO-
BPEMEHHOHN TPAHCIIOPTHOW CUCTEME U3MEHUIIUCH
Y L€ yNPaBIEHUS TPAHCIIOPTHBIMU OTOKAMHU.
OTO OTPa3HIIOCh HA METOJIaX OLICHKH MHHOBALM-
OHHBIX TPAHCIIOPTHBIX MPOEKTOB. Llenecoobpas-
HOCTh MX pEaJIn3alM OLIEHUBAETCS C YYETOM HE
TOJIBKO aHAJIM3a 3aTpaT U JOXOAOB, HO U JKOJIO-
TMYECKUX TOCIEICTBUHA, 0€30IMacHOCTH U KOM-
¢dopTa maccaxkupoB, BpeMEHH B IyTH U B OXKH-
JaHUM TIOE3JKH, a TAK)Ke APYTHX BBITOJl PACLIU-
peHHoro crnekrtpa. B pesynbrare cdopmupona-
Jach COLMOJIOTHS TPAHCIOPTHOTO IOBEACHUS U
IIPOU30IIET CABUI IIAPAJAUIM TPAHCIOPTHOIO
o0ecrieueHuss B CTOPOHY I'paJOCTPOMUTENbCTBA U
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Emmoe nuopMaLOHHOE POCTPAHCTEO

Ilentp ynpagienisa
Control center

CHCTeMEI TeIeMAaTIKIT
Telematics systems

becnmnoTHelii TpaHcmopT
Unmanned vehicles

Single information space

//”

WHTe/IeKTyaTbHEIe TPAHCTIOPTHEIE CHCTEMEI
Intelligent Transport Systems

OfmecTBeHHEIT TpaHCIOPT

VHusepeansHbli npoeaHoi
Universal travel card

MyibTIMOIATBHEIE [IEPEBO3KI
Multimodal transport

BecimoBHble NepeBo3Kil
Seamless Transportation

l":-m:u(ue NEpPEBO3KIN
Smooth Transportation

Horas
MOOILIBHOCTD
New mobility

Public transport

H}-L-'IIIBIL'I_\'H!IE\HI:IE CpelicTea
MOBILTBHOCTIE
Personal mobility aids

MoBIIBHOCTE, KaK cepBiic
Mohility as a Service

K Konuemum pasieIsHOTO
HCMOAB3I0BAHIIA

BoaneiicTBie Ha OKpYAKAIONIYIO cpety
Environmental impact

Sharing

/

T

DNeKTpHGIKAIIL TPAHCTIOpTa
Transport electrification

CHInKeHNe ﬂT.\IﬂCfI]CpHOrU I IIYMOBOTO 3aTPASHEHIA
Reducing atmospheric and noise pollution

Puc. 2. ApXUTEKTOHHKA HHHOBAIIMI B HOBOH MOOMIBHOCTH
Fig. 2. Architectonics of innovations in new mobility

MPOEKTUPOBAHMS YJIHUI] C TPUOPUTETOM MPO-
CTPaHCTB [JJIsl MEIIEXO0J0B, MOJYYUIIU PaCIpo-
CTpaHEHHE HJIeM OrPAaHUYECHMS KOJIMYECTBA aB-
TOMOOWJICH B 3arpy’KEHHBIX pailoHaX, HapUMeEp
B LIEHTPE ropojia, U MOBBILICHUS MOMYJISIPHOCTH
00IIeCTBEHHOTO TpaHcnopra. BHenpsiorcs uH-
HOBAIIIOHHBIE TPAHCIOPTHBIE CEPBUCHI, HAIPH-
Mep, MO3BOJIIOIINE NOCTPOUTH MAapUIPYT C MC-
MOJIb30BAHUEM HECKOJIbKMX BHUJOB OOIIECTBEH-
HOTO TpaHCHOpTa W CPEACTB WHIUBUIYATbHOU
MOOUIbHOCTU. DOPMUPYIOTCS HHTEIJUIEKTYallb-
Hbl€ TPAHCIOPTHHIE CHUCTEMBbI, B TOM YHCIIE
obecnieunBarone cOop U 00pabOTKy OOJBITHX
00beMOB MH(OpPMALIMHU, B3aUMHYIO KOOpJIWHA-
[UIO0 Pa3IUYHbIX TPAHCIOPTHBIX CEPBUCOB U
MO3BOJIAIOIME  OCYILECTBIATh  IPOAKTHBHOE
yOpaBlieHUE TPAHCHOPTHBIMU CUCTEMaMH C IIO-
MOIIbIO MPEIUKTUBHON aHAJTUTUKU, B CBOIO OUe-
penar crmocoOcTBys (opmupoBaHuio KoMpopT-
HOU TOpOJCKOM cpeabl. [IpuHIUIIBI cCONUATBHOM
CIPaBEIJIMBOCTH TPAHCIIOPTHBIX CHUCTEM U IENU
JOJITOCPOYHON MOOMIJIBHOCTH TPEBATUPYIOT HaJ
JUYHOM MOOWJIBHOCTBIO M CTpeMATCS oOecte-
YUTh KOHKYPEHLHUIO OOIECTBEHHOTO TPAaHCIOP-
Ta C JIMYHBIM TI0 YPOBHIO KoMdopTa [20].
OCHOBHBIEC HAaNpaBJICHUs, CIIOCOOCTBYIOIINE
CTaHOBJIEHUIO HOBOM MOOMWJIBHOCTH, COBIAJAOT
C HaIpaBJEHUSMU PA3BUTHUSL TPAHCIOPTHOM OT-
pacyiy B 00IIeM U BKJIIOYAIOT ONTUMH3AIUIO CH-
CTEMbI B3aUMOJCHCTBHUSI HCIOJb3YEMbIX BHJIOB
TpPaHCIOPTa, MCIOJIB30BaHUE CIYTHUKOBOI Ha-
BUTAllMM, CHUXXEHHUE 3KOJIOTMUYECKOW HarpysKu,
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UCIIOJIb30BaHUE HWHCTPYMEHTOB OIEPaTUBHOIO
yhopasieHus U T. 4. [21].

Temaruka HOBOM MOOMIBHOCTH BKJIIOYAeT B
ceOst mpoOJIeMBbl JKOJOTHH, TEXHOJOTHH W WX
MHTErpalyy, a Takke 0TKa3z OT TOro, uro Qop-
MHUPOBAJIOCh JNECATUICTHSIMH M SIBISETCS MPH-
BBIYHBIM MTOPSAKOM Beliel (puc. 2).

Ha mnpumepe »mexkTpoOycoB He0OX0auMo
penuTh MpoOIeMbl TPOU3BOICTBA, MTEPEPAOOTKH
U YTWIH3AIMH aKKyMYJSITOPOB 0€3 CyIIeCTBEH-
HOro Bpeaa skosoruu. CienoBaTenbHO, HEOOXO-
JTUMBI TIPOU3BOJICTBEHHBIC KOMILUIEKCH M TEXHO-
JIOTHYECKHE LIEMOYKH BCEX MPOLIECCOB OT CO3/a-
HUS 10 YTUIN3ALUU aKKyMYJIATOpoB [22].

B cBs3U ¢ npuBep:KEHHOCTHIO OPraHOB BJa-
CTH MHOTHX CTpaH K JJIEKTpU(UKAIMH TpaHC-
MopTa, BO3POCUIMM HMHTEPECOM K 3JIEKTPOMOOU-
JSM CO CTOPOHBI TPOM3BOAMTENCH TPaHCIOPT-
HBIX CPEJICTB U 3aMHTEPECOBAHHOCTHIO B AJIEK-
TPOTPAHCIIOPTE CO CTOPOHBI TOTpeOUTENeiH
B rociequue 20 jer HaOIr0gaeTCsa IKCIIOHEHIN-
aJbHBIM POCT PBIHKA JIMTUMMOHHBIX aKKyMYJIs-
TopoB (yxke B 2017 romgy ObLIO MPOJAHO OKOJIO
670 000 TOHH TakKMX HMCTOYHUKOB TOKa). IJTa
TEHJCHILIUS COXpaHuTcs U B Oyayuiem. [Iporec-
Chl U METOJBl YTHJIM3AINH aKKyMYJISITOPOB, pa3-
paboTaHHBIE M MCIHOJB30BAaHHBIE 1O KOMMEpPIIHU-
anu3aIi  AJIEKTPOTPAHCIIOPTa, HEaJCKBATHBI
IpU yCTOWYMBOM Pa3BUTHUU U PaCIpPOCTPAHEHUU
MPOIECCOB  JNEKTPUPUKALUK  TPAHCIOPTA.
B nanpHeiimeM BUAWTCS pa3BUTHE MEHEE BpE-
HOTO THAPOMETAJUTYPrHYECKOro IOAX0/a, Ha-
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IpUMep C HUCIOJIB30BAaHHEM HOBBIX MPOIIECCOB
Ha OCHOBE CyJb(aTHOIO BBIIIEIAYUBAHUA U
npsaMoil yrunuzauuu [23].

Eme oauH axkTyalbHBIA BONIPOC Pa3BUTHSA
AIEKTPUYECKOTO TPAHCIOPTa — 3TO PaclpocTpa-
HEHUE 3JIEKTPO3aNpaBoK.

Pactymee komuuecTBO 3ieKTpoMoOuieH u
COITyTCTBYIOILIEE PACIpPOCTPAHEHHE 3apsIHBIX
CTaHIMI yBEIMYMBAET CIPOC Ha DIIEKTPOIHEP-
TMI0 M Harpy3Ky Ha 3JI€KTPOCETh. JTO MOXET
MOBJIUATH HA pacIpe/ie]ICHHE IEKTPOIHEPTHH U
HAJEKHOCTh paboOThl 3JeKTpoceTH. B  memsx
obecrneyeHus 0e30macHON U CTaOUIBLHON PabOTHI
SHEProCHUCTEMBl B IOCIETHUE HECKOJIBKO JIET
MPOBOASTCST OOIIMPHBIE MCCIEAOBAHUS BIUSHUS
Ipolecca paclpoCTpaHEHUsI 3apsiAHbIX CTaHLUN
JUTSL DIIEKTPOMOOMIIEH Ha CeTh pachpeeieHUs
AIIEKTPO3HEPIUH [24].

B pesynbrare NnpoBENEHHBIX HCCIIECTOBAHUN
CJ/IeJIaHbl BBIBOJBI O BO3MOXHBIX HETaTUBHBIX T10-
CIIEJICTBUAX BO3JCHCTBUA Ha SHEPrOCUCTEMY,
0COOCHHO pacHpe/ieNuTeNbHbIE CEeTH, TPH pac-
MpPOCTpaHeHus dyekTpomMoOmien. ClI0XHOCTh
aanTalyi YHEProCUCTEMBbI IO TEHJICHIIUU pac-
MIPOCTPAHEHHUsI AJIEKTPUUECKOro TpaHCIopTa 3a-
KJIIOYaeTcsi B TOM, YTO B TEKYIIEM COCTOSHHHU
pacrpesieNuTeNbHble CeTH HE MpeIHa3HAYEHBI
JUist paOOThl B yCIIOBUSIX NMPEBATHPOBAHHS HIICK-
TPUYECKOTO TpPAHCHOPTa. DHEPrOCUCTEMBI HE
CHOCOOHBI 00ECHEYHTh JIOCTATOUYHBIM KOJIHYe-
CTBOM DJHEpPrHH KOJHUYECTBO DJIEKTPOMOOUIIEH,
pPaBHOE CETOAHAIIHEMY KOJIMYECTBY aBTOMOOU-
ne. HeornpeeneHHOCTh TakuX MOKa3aTeNeu, Kak
IUIAaHUPYEMbIE Harpy3Kd Ha 3JEKTPOCETH MU Tie-
pexoze Ha OBICTpBIC 3apsAKH, XapakTep rpaduka
AIIEKTPUUECKON HArpy3Kd, Mapamerpbl akKyMy-
JSITOPOB U JIPyTHe, OCIOXKHSET MpOLecC ajarTa-
UM SHEpProcucreMbl. CMITYUTH BO3JCHCTBHE
ANIEKTpU(UKALIMK TPAHCTIOPTA HAa YHEPTOCUCTEMY
MOXHO IIyT€M HCIOJIB30BaHUS  OTJIOKEHHOM,
KOHTPOJMPYEMOI 3apsiIKi U IPYTHX MEPEOBbIX
METOJIOB  YIPABJICHUS 3apsAIKOH, Harpumep
Vehicle-to-Grid, Vehicle-to-Building, Vehicle-to-
Home (V2G, V2B, V2H), xoropsie nogpazyme-
BalOT BO3MOKHOCTh MO3aPAIKU AIIEKTPOMOOHIIS
OT CEeTHU U BBLAAYY DJICKTPOIHEPTUH OT aBTOMOOH-
75 B OOUIYIO BJIEKTPHUUECKYIO CETb, HCHOJb3YS
aKKyMYJISITOPBI 3JIEKTPOMOOMIICH B KayecTBE HC-
TOYHUKOB DHEPTUM Uil «YMHBIX» 3/IaHUii,

45

Civil Aviation High Technologies

HampuMep B TMEPHUOJ| MHUKOBBIX IIEH Ha JJIEKTPO-
SHEPTHI0 WK ACPUIUTA FIEKTPOIHEpTrun [25].

B ciydae HemocTtaTka MOIIHOCTEH HEHTPalb-
HOW DHEProCHUCTEMBl WJIM HETOTOBHOCTH pacrpe-
JETUTENbHBIX CETe BO3MOXKHO HCIIOJIb30BAaHHE HA
CTAHIMSIX DJICKTPUICCKOW TIOA3APSIKA aBTOHOM-
HBIX BO300OHOBISIEMBIX HCTOYHHUKOB OSHEPIUH,
HaIpUMEpP COJIHEYHBIX OaTapel, BETporeHeparo-
POB M HU3KOTEMIIEPATYPHBIX AJIEKTPOXUMHUYECKUX
CHCTEM C BOJOPOTHBIMU HAKOITUTEIISIMH.

B mporecce pa3BuTHS OSCIUIOTHOTO TpaHC-
1OpTa, YIPaBIISIEMOTO C ITOMOIIBIO MCKYCCTBEH-
HOTO MHTEIIEKTa, HEOOXOAUMO PEIIUTh TmpobIe-
MBI HEOPJMHAPHBIX CHUTYaIllMi BO BPEMS JIBHXKE-
HUS1, KAU€CTBA JOPOKHOTO MOKPBITUS U Ap. [26].

[Ipy CHWKEHMM WHTEHCHUBHOCTH WCIIOJb30-
BaHUs JIMYHOTO TPAHCIOPTa HE YMEHBIIUTCS
CTOUMOCTh 00s3aTENBLHBIX PACXOAOB (MMAPKOBKA,
HAJIOTOBbIE OTYHMCIIEHUS U T. 1I.), a 3HAYUT, CHU-
3UTCSL HKOHOMHYECKasi 3((PEKTUBHOCTh €r0 HC-
MOJIb30BaHUS.

Jis  cTUMYyJUpPOBaHUS OTKa3a OT JIMYHOTO
TpaHCIIOPTa B TMOJIb3Y OOIECTBEHHOTO MOTYT
OBITh IPUHATHI CTUMYJIUPYIOIINE MEPHI.

Hampumep, Road Pricing — BBesieHue miaThl
3a MoJib30BaHMEe Aoporamu. [lanHast uaes Obuia
BBeJieHA B JIOH/IOHE B BUJE MJIATHOTO BhE3a B
[EHTP TOPOJIa, a 3aTeM 30HA PACIIUPUIACh BTPOE
Y yBEJIMYUJIACH MIIaTa 3a Bbe3[ [27].

[Toxoxast cucrema cymiectByer B CuHramype
n HaspBaercs Electronic Road Pricing. Cytb
TAHHOW CHCTEMBI 3aKJII0YAeTCS B TOM, YTO BOJIH-
Teb JIMYHOTO aBTOMOOWIIS TIATHT 3a KaKIbli
KUJIOMETp, a IIEHA 3aBUCHUT U OT APYTUX (akKTo-
pOB, MOMHMO KuioMeTpaxka. Hampumep, ot To-
ro, HACKOJIbKO Jopora cBoOoHa [28].

B Cunranype npuMeEHSIIOTCS JOMOJHUTEIb-
HBIC MEPHI, YCIOKHSIONIUE MPHOOpETEHNUE HOBO-
ro aBTOMOOWIS W CTHUMYJIHPYIOIIME OTKa3 OT
MOKYNKH. ABTOMOOWJIM ONPEIEICHHOTO CpOKa
9KCIUTyaTalluu JOJKHBI OBITh YTHUIM3UPOBAHBI.
[To xonmuyecTBY YTHIM3UPOBAHHBIX MAIIWH Ha
TOpPOJICKOM ayKIMoHe OyayT mpojaBaThCsl Bay-
Yepbl Ha TOKYINKY HOBOTO aBToMoOmIs. JKemna-
IOIUNA TTPHOOPECTH aBTOMOOUIIH JOJIKEH CHava-
Ja KynouTh Baydep Ha TOKYIIKY aBTOMOOWIIS,
CTOUMOCTh KOTOPOTO MOXET OBbITh BBIIIE PhI-
HOYHOW IIEHBI 3TOTO aBTOMOOWIIS, U TOJIBKO TO-
TOM KYNHTh CaM aBTOMOOWJb. TakoW cHCTeMO
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BO3BPAIICH CPEICTBY TPAHCIOPTA AJIMTHBIN
kimacc. B Cunramype Bce 3TH HOBOBBEICHUS
(GYHKIIMOHUPYIOT UCIIPABHO.

Emre omHa pacnpocTpaHeHHas ujaes u3 obma-
CTH HOBOM MOOHWJIBHOCTH — HJI€si COBMECTHOTO
noTpebIeHus], UK )K€ KapiiepuHr [29].

B 3Ty cucTemy XOpoIio BIHCHIBACTCS HOBOB-
BEJICHUE «aBTO MO TMOJIHUCKE». DTO TOT XKE ca-
MBI KapIIepUHT, HO Ha 00Jee MPOI0IDKUTEIh-
HBI CPOK, HAIIpUMEpP BBIXOJHBIC, IIeast HeAels
win Mecsiil. JlaHHas ycityra Takke MOXET CTaTh
JaCThIO KOHIICTIITUA HOBOM MoOmibHOCTH [30].

OO011y10 KapTHHY HOBOM MOOMJIBHOCTH MOX-
HO TPEJICTaBUTh YK€ ceilyac. ITa MOOMIBHOCTD
He Oyner mojpa3ymMeBaTh HAJTUYUE MAaIIHHBI,
MIPOCMATPHUBACTCS TEHACHIUS CTUMYJIUPOBAHUS
0TKa3a OT JIMYHOTO aBTOMOOWIISI B TIOJIB3Y 00IIIe-
CTBEHHOTO TPAHCIIOPTa, KOTOPBI MOXET OKa-
3aThCs JICHICBIIC, YeM COJEpKaHWE COOCTBEHHO-
ro TPaHCIOPTHOTO cpeacTBa. JIM4HOrO TpaHc-
MOpPTa CTAHET MEHBIIIE.

3akjroueHue

[lepexon Ha HOBYIO MOOMIIBHOCTH OYyJeT Mo-
CTENEHHBIM, HO 3aMETHBIM: PACIIUPEHUE METPO-
MOJIUTEHa, O0ecTeueHne BO3MOXKHOCTH JIOOH-
paTbCsl JIOISM, KUBYIIUM B MaJleHBKUX TOpO-
ax, IO MEramoJjIMcoB 0e3 JIMYHOI'0 aBTOMOOHMIIA
3a KOPOTKUU MPOMEKYTOK BpeMeHH H T. 1. Ile-
PEABIKEHUE TI0 METAIOJUCY Ha OOIECTBEHHOM
TPAHCIIOPTE YCKOPUTCS, KOJINYECTBO HA3EMHOIO
OOIIECTBEHHOTO TPAHCTIOPTA YBEIUYUTCS, OYIyT
pa3BUBATbCS KapIEPUHT, BEIOCHUIIEbI, aBTOMO-
OWJTU TI0 TIOJIMTUCKE U MHOTO€ JPYyTOe.

NMeHHO OOIeCTBEHHBIN TPAaHCHIOPT B BHIIC
Pa3IMYHBIX TPAHCHOPTHBIX CPEACTB 0OECIeUHT
TpeOyeMyro MOOWIBHOCTh HaceneHus. OOrmie-
CTBEHHBIN TPAHCIIOPT CTAHET €JUHON CUCTEMOW,
/1€ KKl U3 BUJOB TPaHCIIOpTa OyIeT 3a/1ei-
CTBOBaH HACTOJBKO 3(h(HEKTHUBHO, HACKOJIBKO ITO
BO3MOXKHO. OOIIECTBEHHBIN TpaHCIOPT OyneT
COOTBETCTBOBATh TPEOOBAHUSAM, CIIOCOOCTBYIO-
OIMM CMEHE JIMYHOrO TpaHCIopTa Ha oOIuie-
cTBeHHbIM. KonmuecTBo aBapuii B yCIOBUSX HO-
BOM MOOMJIBHOCTH OyJIE€T CHM)KAThCS 3a CUET CH-
CTEM TEJIEeMAaTUKH U BHEIPECHHS WHCTPYMEHTOB
HCKYCCTBEHHOT'O MHTEJJIEKTA.
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Ha nanHBIif MOMEHT OCTaIOTCS HEpEIICHHBI-
MU IIPaBOBBIC, ICTETHUECKHUE W ApPyTHE MpoodIie-
MBI HOBOM MoOMIBbHOCTH [20].

B pesynbpTaTe paGoThl BBISIBICHBI OCHOBHBIC
3JI€MEHThl HOBOH MOOWMIIBHOCTH C KIFOUEBBIMU
KOMITOHEHTaMH, MPEIOKEHO UX 00IIee cTpoe-
HUE B TMpolecce B3auMojaeicTBus (puc. 2).
OmpeesieHo, 9TO pa3BUTHE CUCTEM TEJIEMAaTH-
K1 00eCleyuT BO3MOXKHOCTH (POPMUPOBAHUS
eIUHOr0 HWH(POPMAMOHHOTO  TPOCTPAHCTBA
MACCAXUPCKUX MEPEBO30K, OCYLIECTBISIEMBIX B
TOM 4YHCIiE W OCCHUJIOTHBIM TPAHCIIOPTOM.
VYmpaBineHue mnepeBO3KaMU MOKET OCYIIECTB-
JSATHCS U3 €IMHOTO IEHTPA, HHTETPUPOBAHHOTO
B MHTEIJICKTYaIbHYI0 TPAHCTIOPTHYIO CHCTEMY.
HeoTsemiiemoli cocTaBisitOlIEd HOBOW  MO-
OWJIBHOCTU CTaHyT TNajgkue OecIIOBHBIE Tepe-
BO3KHU Pa3IMYHBIMU BUJAMU TPAHCIIOPTA, OTLIA-
Ta KOTOPBIX JOJIKHA OCYIIECTBIISITHCS YHHUBEP-
CalbHBIM criocoOoM. HTerpupoBaHue B TpaHC-
MNOPTHBIM MpollecC HapsAay ¢ OOIIEeCTBEHHBIM
TPAaHCIIOPTOM HHJIUBHUAYAJIbHBIX CPEICTB MO-
OMJIBHOCTU M TPAHCHOPTHBIX CPENICTB, MUCIOJIb-
3YEeMBIX COBMECTHO, JOMOJTHUT HOBYIO MOOWIIb-
HOCTH KoHIenmuerdn MaaS. MunnMuszanusa BO3-
NEHUCTBUSI BIHMSTHUS YEJIOBEKA HA OKPYIKAIOIIYIO
cpeay MpHU MepeBO3Ke MAcCCaXKUPOB B YCIOBUSIX
TOPOJICKON Cpeapl MPOU30MIET B pE3yJibTare
nepexojia Ha JJIEKTPUUECKUN u Apyrue Ooiee
OKOJIOTUYHBIC JJII TOPOJAA BHJBI TPAHCIIOPTA,
a Tak)Ke CHIDKEHHSI aTMOC(HEpPHOT0 U IIyMOBOTO
3arps3HEHUS.

B xoxe manHo# pa0OoThI OBUTM TTPOAHAIIN3H-
pOBaHBl HEKOTOPBIC TEHICHIIMH B Pa3IAIHBIX
cdepax pa3BUTHS TPAHCIIOPTA, KOTOPbIE TaK WU
WHA4Ye MOTYT MOBIHATH Ha chepy MepeBO3KU
naccaxkupos. M3 nmonydeHHoro matepuaia Oblia
chopMupoBaHa MpearnoyiiaraemMas KapTuHa TOTO,
YTO OXKHJAET MacCAKUPOB B ONmxkauiiem Oymy-
niem. Kakas-To 4acTe U3 MpECTaBICHHBIX TCH-
JEHINI peanu3yercs B CyHIECTBYIOLIEM BHUJE, a
KaKasi-TO M3MEHUTCS B MPOIIECCE Pealln3allHu.

Pe3ynbTaThl HAacTOSIIErO UCCIIEOBAHUS MO-
TYT OBITh WMCMOJB30BaHbI MIPHU OMHUCAHUU TPaHC-
MOPTHBIX CUCTEM, (OPMYJIMPOBAHUN KOHIIECTILIUU
TPAHCIIOPTHOM JOCTYMHOCTH M MPOSKTUPOBAHUH
TPAHCIIOPTHBIX MOJIEJeH, TEXHOJOTMYECKUX H
OM3HEC-IPOIIECCOB HAa OOLIECTBEHHOM TOPOJ-
CKOM TpPaHCIOpTE.
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Abstract: The phenomenon of a single-rotor helicopter entering an unintended left rotation with the further development of an
uncontrolled turn periodically arises while operating this type of helicopter, both in Russia and abroad. This phenomenon can lead
to serious aviation incidents and even disasters. Currently, there is no unambiguous justification for the phenomenon of
“uncontrolled” U-turn and the causes of occurrence, since the operating conditions of the tail rotor (TR), especially at low-speed
modes, depend on many factors. These factors include, firstly, wind direction and speed, T/R “vortex ring”, as well as the impact of
the main rotor vortex trace. One of the explanations for this phenomenon lies in the special specifics of the yaw trim of a single-
rotor helicopter, which is provided by the tail rotor. These papers emphasize that the change in wind speed and direction which
affects the helicopter, and the TR is the main cause of the unintentional left turn. Currently, there are no tools and methods for
determining the wind effect on the TR in order to develop a warning signal for a pilot about a change in the nature of the TR flow
and an alert about the occurrence of uncontrolled rotation. This paper proposes the system for measuring the TR air flow using a
special sensor that allows us to measure the inductive air flow velocity of a small value in an aerodynamic way without additional
various electronic transformations that are inherent in conventional Pitot tube probes. The use of such a measurement system makes
it possible to identify the probability of a dangerous situation, to inform the pilot and help him take the proper actions.
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Pa3paboTka TeXHMYECKOro pelieHus Mo MpeaynpexIeHUI0 MonaaaHus
OHOBHHTOBOI'0 BEPTOJIeTA B HEyIIPaBJsieMOe BpalleHue

B.A. UBunn', K.JO. Camconos', A.M. Kacumos’, A.!. Ionos>
40 «Hayuonansnviii yenmp sepmonemocmpoenus «Muns u Kamoey, e. Mockea, Poccus
’Tocyoapemeennoe Grodacemmoe yupexcoenue « Ancmumym npobiem ynpagienus
um. B.A. Tpaneznuxoea PAH», o. Mockea, Poccus

AHHOTaIII/IH: SIBneHue romnaganvss OAHOBUHTOBOI'O BEPTOJICTA B HerCI[HaMCpeHHLIﬁ Pa3BoOpOT BJICBO C ﬂaﬂbHeﬁHIPIM PpasBUTHEM

HEYTIPABJIAEMOI'0 pa3BOpOTa INEPHOANICCKU BOSHHUKACT B MPOLIECCE DKCINTyaTallii TAKOT'O THUIIA BEPTOJIETOB KaK B POCCI/II/I, TaK " 3a
py6€)KOM. 7O SIBJICHHE MOXKET NpUBOAUTH K CEPHE3HBIM daBUAITMOHHBIM MHIIUJACHTAM U JaXKC K KaTaCTpO(l)aM. B HACTOSIICC BpEMS
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HET OJJTHO3HAYHOTO OOOCHOBAHMSI SIBJICHUS «HEYIIPABIIIEMBII Pa3BOPOT» U NMPUUYMH €ro BO3HUKHOBEHMS, TaK KaK YCJIOBHUs pabOThI
PYJEBOr0 BHHTA, OCOOEHHO Ha PEXMMaxX MAJIbIX CKOPOCTEH, 3aBHUCAT OT MHOruMX (haktopoB. K 3tumM ¢akropam otHOCATCS B
MIEPBYIO O4Yepe/lb HAalPaBJIEHHE U CKOPOCTh BETPa, «BUXPEBOE KOJIBLIO» Ha PYJICBOM BHHTE, a TaKXKe BIMSHUE BUXPEBOTO CIIEAA OT
Hecymiero BuHTA. OmHO W3 OOBSICHEHWH 3TOTO SIBJIEHHS — OCOOCHHOCTH ITyTEBOH OalaHCHPOBKHM OJHOBHHTOBOTO BEPTOJIETA,
KOTOpasi 00ecreynBaeTcsi pyJieBbIM BHHTOM. [JIaBHOW INpHYMHONW BO3HMKHOBEHHS HENPEJHAMEPEHHOI'O pa3BOpOTa BJIEBO B
HCCIIEZIOBAHUAX YKa3bIBAIOT M3MEHEHHE CKOPOCTH W HAIpPaBICHWS BETpa, JCHCTBYIOIIEr0 Ha BEPTOJIET M PYyJEBOM BHHT B
4acTHOCTH. B Hacrosiiiee BpeMst OTCYTCTBYIOT MHCTPYMEHTAIBHBIE CPE/ICTBA U METOJIMKA ONpE/IeIeHNs] BETPOBOTO BO3JCHCTBHUS
Ha pYJEBOM BHHT I BBIPAOOTKM MPEMyNPEXICHUS JIETYMKY 00 M3MEHEHMH XapakTepa OOTEKaHHs PyJIEBOIO BHHTa M O
BO3ZHMKHOBEHHM HEYINPABJIAEMOro BpaimieHus. B naHHOW pabore mpesyiaraercsi cMcTeMa M3MEPEHHUs BO3YIIHOTO ITOTOKAa Ha
PYJIEBOM BHHTE C IOMOIIIBIO CIIELUAIBHOIO JaTYHKA, TO3BOJIIIOILET0 U3MEPUTD a3pOJUHAMUYECKUM CTIOCOOOM HETIOCPEACTBEHHO
WHIYKTHBHYIO CKOPOCTH BO3IYIIHOIO TIIOTOKa MAaJOH BEIMYMHBI 0€3 JIOTMOJHHUTENBHBIX PAa3JIMYHBIX —AJIEKTPOHHBIX
npeoOpa3oBaHmi, KOTOPBIE IPUCYIIHA TPAAUIMOHHBIM faTtdankaM Tuna [1B/]. [Ipuvenenne Takoi cuCTeMBl I3MEPEHHUI TI03BOJISIET
OIIPE/ICIUTD MPUOJIMIKEHUE OTIACHOW CHTYAIMH, 1aTh HH(POPMALIHIO JIETYUKY U TIOMOYb €MY NPEIIPUHATH IPAaBUIIbHBIE ISHCTBUSL.

KnrodeBsble c10Ba: HeynpasisieMoe JIEBOE BpalllCHUE, JaTUUK BO3AYIIHOIO MOTOKA, MHIYKTUBHASI CKOPOCTb, BUXPEBOE KOJBLIO
PYJIEBOrO BUHTA, IPUEMHUK BO3AYIIHOH CKOPOCTH.

[t uurupoBanusi: Meunn B.A. Pa3paboTka TEXHHMYECKOro pEILEeHHs 10 TPEAyNpPEKIACHUIO MONaJaHus OIXHOBHHTOBOTO
BepToJieta B HeympapisiemMoe BpamieHne / B.A. MpunmH, K1O. Camcono, A.M. Kacumos, A.W. TlomoB // Hayunsrii BectHuk
MITY I'A. 2022. T. 25, Ne 3. C. 51-60. DOI: 10.26467/2079-0619-2022-25-3-51-60

Introduction Problem statement, research
methods
According to [1], 235 aviation accidents oc-
curred in helicopter units and subdivisions of The relevance of the tail rotor vortex ring
state aviation, as well as in airlines and enter- (TRVR) mode recognition is confirmed by many

prises of civil aviation over 10 years from 1996 studies, computational and experimental speed
to 2006, 42 (18%) of them due to helicopters en- characteristics of the TRVR are obtained accord-

tering spontaneous left rotation [2]. 10 air acci- ing to various theories — the theorem on the
dents occurred at take-off (4 of them are crashes, amount of movement, based on a nonlinear vor-
6 are incidents), 27 — at landing (12 crashes, tex model, etc.' [8—12].

15 incidents), 5 aviation accidents — at hovering The general cause of the TRVR occurrence
and near-terrain movements (1 crash, 4 inci-  for all flight modes is the lack of information
dents). Various publications have shown that  about wind direction and strength as well as the
trained flight personnel can cope with uncon-  delayed response to the helicopter’s unintended
trolled rotation. For example, the Syzran Air  left turn with the excess of the circumferential
Force Engineering Academy named after Gaga-  velocity of TR rotation to the left at the wind ve-
rin and some other schools have the similar locity more than 3 m/s [11, 13, 14]. Moreover,
course. The procedure for helicopter-aircraft pi- the lack of the wind speed and direction indica-
loting varies significantly due to different acro-  tor additionally complicates the rotation situa-
dynamic and physical properties of the aircraft  tion [10]. The modes of hovering, take-off and
motion principle. There are two characteristic landing are the most crucial, they are distin-

features of helicopter motions in space. The first  guished by the dynamic and static instability of
one is a probability of the lifting rotor (LR) .“rlng the helicopter. The number of engineering pro-
vortex™ occurrence [3] and the second one is the posals to detect the prerequisites for entering the

occurrence of uncontrolled left rotation during TRVR mode or its mitigating is not many [12].
the single-rotor helicopter flight [4, 5]. The stat-

ed specifics of a single-rotor helicopter may be

the causes which lead to aviation acci- "' Loss of tail rotor effectiveness in helicopters (2017).
dents [6, 7]. Let us study the last special feature National Transportation Safety Board. 2017. SA-062
in order to develop the counteractions after ana- March. Avaﬂable. at: https.://1hsf.aer0/Rep0s1tory/

- NTSB%20Bulletin%?20tail%20rotor.pdf (accessed:
lyzing the problem. 21.11.2021).
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In the measuring technology, the velocity
field in aviation requires a flow rate sensor
which immediately determines the velocity, au-
tomatically deducting the static pressure. Such a
sensor does not require density, height and load
corrections, it measures data that are currently in
the velocity field, the velocity vector projection
on the axis of the instrument. Therefore, it
should be installed at the proper location, the
aerodynamic field of velocities, which must be
determined by means of the analysis, computa-
tion and experiment, for example, for a helicop-
ter, in critical situations which are close to the
aviation accidents.

Research results

According to [7, 11], the main cause which
contributes to the helicopter entering “spontane-
ous” left rotation mode is the special feature of
the TR operation, primarily, related to the impact
of the flow induced by the LR at a certain direc-
tion of air speed. At the same time, an unsteady
flight mode occurs. In the range of sliding angles
equal to 30° < 3 <90°, there is a complex inter-
action between the vortex system of the lifting
and tail rotors, while the TR itself is in the zone
of strong effect on the LR [6-11, 15].

25 ‘,

-}\ \‘3%.

4/‘{ f -.
S e
ﬁm (8 z‘ R
ARAX =
/./(7 \ L wAP4 \ \ \\
{ | 1 ) \ \

Fig. 1. Effect of the LR vortex trace on the TR at a low
speed with sliding — computation and modeling of the
flight velocity field [8]

What are the other signs of the occurrence
pattern? They are given in papers [8—16].

Unfavorable factors which contribute to the
helicopter’s spontaneous left rotation are the
gusty tail wind from the right of 5-7 m/s or the
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direction-variable wind, high ambient tempera-
ture and the altitude, lack of the wind direction
and speed indicator, take-off or landing with
sliding, requiring additional deflection of the
pedals to maintain the direction of take-off or
landing, etc.

These factors affect the velocity field in the
TR vicinity, in case these parameters in their
own form of velocity can be measured by the
proposed probe — Pitot tube. These measured
parameters inform about the current situation in
the inductive velocity field and are recorded to
correct the situation in case of hazard occur-
rence.

After detecting the signs of the TRVR occur-
rence according to the publications and their
analysis, let us consider which inductive veloci-
ties in the TR disk precede.

The dependencies obtained during the flight
tests imply a significant increase in the balancing
angle of the TR blades installation at the magni-
tude of longitudinal air flight speed within the
range of 5 m/s < Vx < 12 m/s and lateral velocity
of 3 m/s <V, <12 m/s and static yaw instability
occurrence in this mode [8].

It was found from [8, 15] that the LR vortex
trace most significantly affects the operation of
the TR with the crosswind from the right corre-
sponding to the sliding angle BN = +90°
(V.= 0-15 m/s). Inductive impact of the LR vor-
tex trace leads to the TRVR occurrence at lower
speeds (V, = 5 m/s) than in the case of isolated
TR operation (V.= 12.5 m/s).

The calculated dependence according to the
data of work [9] (designated by points in Fig-
ure 2) and experimental data are given in the
form of curved lines from various authors
[9, 11]. The largest extremum of the relative in-
ductive velocity value o = 2...2.5 takes place in
the range of V,~—1,13 value.

The data analysis in Figure 2 shows, that the
TRVR mode can occur when the relative induc-
tive velocity increases its value up to d > L.5.
A significant transformation of the rotor vortex
system occurs at approach flow relative veloci-
ties of V, on the TR, which corresponds to the
—2 <V, <0 ratio. The similar ratio is true for the
X-shape TR.
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Fig. 2. Experimental and computational dependences of inductive velocities © = f (V z), operating mode (I), “vortex
ring” mode (II), diagram together with [9]

One of the solutions of mitigating the proba-
bility of entering the TRVR proposed the change
of TR rotation direction [12]. Previously, with
the preceding direction of TR rotation (propel-
ling rotor type), TR-generated air flows, coincid-
ed in the direction with the direction of LR vor-
tices circulation with the wind from the right-tail
wind which deteriorated the efficiency of TR
operation (fig. 1).

When varying the direction of the TR rota-
tion (propulsion rotor type), the range of load on
the blade has expanded by ~1.5 times from
T/S <500 kg f/m* up to > 750...900 kg f/m’,
where T/S is the ratio of T-thrust of the TR to
the area S of the TR blades. The load reduction
on the TR made it possible to improve the direc-
tional control of the single-rotor helicopter de-
sign at low speeds when flying to the left and
hovering with the wind from the right-tail wind
(57 m/s) with the capability to use an extended
range of heading control.

The authors believe that in the TRVR mode,
it is significant to determine values and the area
of inductive velocities in the area of the TR disk,
characterizing the origin of the TRVR mode it-
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self, i.e., to measure real velocities in addition to
theoretical calculations or obtained indirectly
from aerodynamic experiments. For this pur-
pose, it is necessary to solve the following is-
sues: determine the area of inductive velocities,
based on well-known theoretical works and ex-
perimental data, develop a probe to measure the
true velocity of a Pitot tube, select the location to
install a Pitot tube in the required areas of the
velocity field to measure the parameters of the
TRVR formation (initiation), employ available
techniques of warning the pilot and propose an
automation system of recovery from the VR.

The qualitative physical picture differs from
the known ones [8, 9, 16] and represents itself as
follows.

Two separate masses of medium are involved
with the formation of the TRVR: the first vortex
mass is inherent to the TR in the hovering mode
(fig. 3), the second one, which has come in the
form of ram air V,, does not have VR circula-
tion. These separate masses are composed under
the effect of the outer atmosphere force, since in
the space between the external boundary of the
vortex mass flow and the layers of ram air, areas
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Fig. 3. The layout of the TR in the flow (modified fig. [9])

of reduced pressure with the Coanda effect
(fig. 3) emerge, resulting in additional implo-
sion, VR occurrence and intense turbulence,
which leads to the increased vibration of the tail
beam and deterioration of directional control due
to the loss of TR thrust. Subsequently, we can
observe the expansion of the vortex system spec-
ified by the attached new medium volumes con-
tributing to the total TRVR, in which, the value
of inductive velocities increases significantly
(by 2.5 times) (fig. 2). Slight decrease or intensi-
ty of wind leads to the TRVR shifting relatively
to the TR disk and vice-versa, which causes un-
stable helicopter behavior. This phenomenon
forms an uncontrolled flight mode with left rota-
tion due to lack of compensation. One of the
techniques for recovery from the TRVR mode is
the purposeful actions of the pilot, which allow
him to recover from wake vortex-type free
masses.

It follows from [16], that currently, our na-
tional experts are unable to propose a scientifi-
cally and experimentally justified solution to the
complex aerodynamic problem of the single-
rotor helicopter with the TR uncontrolled left
rotation. Therefore, in order to reduce the proba-
bility of aviation accidents, it is advisable to in-
crease the requirements for flight training of pi-
lots on mass-produced helicopters and to explore
the feasibility of introducing safety factors into
computations during the process of designing
new helicopters.
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Discussion of study results
proposals for enhancing helicopter
flight safety

The analysis of the TRRV mode, using nu-
merical modeling and mathematical models in
works [6, 10—18], showed that:

— the structure of the LR vortex trace at low
speeds affects the TR and leads to the TRVR at
speed V, = 5 mys, the sliding angle Bu = 90°, to
its thrust rollback by 11% [15];

— inductive velocity fields, which are charac-
teristic to the TRVR mode, have been deter-
mined (fig. 2, & =f(V,) = 1+2), but current lines
are built without taking into consideration the
pressure field between them;

— the following methodological operating
conditions of the modes can be adopted in order
to prevent the uncontrolled rotation of the single-
rotor helicopter: 1) in the “flight” mode with
crosswind (=5 m/s) and the impact of the LR
vortex trace on the TR, introduce restrictions for
parameters — not more than V,=-1; 6=1.5,
that corresponds to the arrangement of t. 1 in
Figure 2 with the velocities ratio equal to
V' ,/6=0.75; 2) in the mode of “hovering” with
crosswind (= 12 m/s), introduce restrictions for
parameters — not more than V,=-1.5;95=2.0,
that corresponds to the arrangement of t. 2
in Figure 2 with the velocities ratio equal to
V., /5 =0.75;
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Fig. 4. Schematic diagram of a jet auto generator [18, 19]

— it is necessary to have the velocity field
measured by a developed Pitot tube directly in
the area of the TR disk in the process of the
TRVR generation, since then it moves under the
effect of ram air outside the TR disk and returns,
causing instability of the TR flow;

— the authors’ proposal is to install Pitot tube
probes in order to inform the pilot about the
probability of TRVR occurrence and to prevent
the mode of uncontrolled rotation (fig. 5).

The solution to the specific problems of heli-
copter safety is to equip it with the cutting-edge
autopiloting means, which will adjust critical
flight modes depending on a situation. These
signals are transmitted to the pilot with the help
of audio or light warning devices, which allows
the pilot to adjust control, preventing the output
of current parameters into a dangerous area.
If the pilot does not respond, an aircraft power
plant reacts autonomously on an emergency ba-
sis with a minimum loss of flight altitude.

The authors have proposed the radical meth-
od for predicting, warning and preventing the
helicopter mode of “uncontrolled rotation” by
integrating a set of Pitot tube probes, that meas-
ure the magnitude of the crosswind in conjunc-
tion with inductive speeds of the TR disk, into
the safety system.

A jet automatic generator, which is placed into
a streamlined case with the inlet and outlet, is a
sensor — the flowing Pitot tube of true air velocity.
Ram air enters inlet 1 and exits outlet 12 (fig. 4).
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During the jet automatic generator operation,
the alternating dynamic pressure, generated by
jet amplifiers 3, 4 and 5 with feedback 6 enters
the piezoelectric transducer 13 (fig. 4), which
generates an alternating frequency electrical sig-
nal transmitted via wires or by Wi-Fi to the
cockpit.

The location of the Pitot tube is shown on the
TR beam (fig. 5), below or above the beam and
on the tailpiece of the beam in the space of the
TR disk:

1 — the Pitot tube probe of the wind velocity
and the circumferential speed of the beam turn
S Vz

2 — the Pitot tube probe of the inductive ve-
locity of the TR f5 Vil rotor With reference to
[9, fig. 5].

The onset and unauthorized critical increase
in uncontrolled rotation of the aircraft flight
speed with crosswind V, can be identified by an
audio warning device or annunciator at frequen-
cy not more than f;V,/f>Vnarr < 0.75.

Simultaneous measurement of speeds by Pi-
tot tube probes 1 and 2 can assist the pilot (or the
power plant) to avoid the TRVR mode with the
increase in left rotation speed under the condi-
tion of V', < —1+1.5 (fig. 2) at low flight speeds
(at V,~5 m/s) at the frequency equal to fV,
(“flight” mode) and  while  hovering
(at V;~12m/s) at the frequency equal to
f2Vanarr (“hovering” mode). The frequency sig-
nal is determined during a flight experiment or
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Fig. 5. Mi-171 helicopter with a Pitot tube probe — 1 and a Pitot tube probe — 2,
Rtail rotor — TR radius

~

atestbench (approximately f 90 and
f>= 120Hz, data from [18]).

Let us list the properties of the method under
consideration implemented in the mock-up mod-
el of the Pitot tube: / — being measured automat-
ically, static pressure is subtracted from the total
pressure; 2 — speed readouts do not depend on
medium density p, i.e., do not depend on flight
altitude; 3 — the property of the output frequency
f from the velocity V close to the linear; 4 — the
true velocity of ambient air flow, including
wind, is measured; 5 — capacity to operate with-
out electric power supply; 6 — no corrections for
the value of the dangerous frequency in terms of
speed at different altitudes — near terrain or in
the mountains, i.e., dangerous frequency read-
ings are the same for different helicopter flight
parameters and ambient temperature; 7 — the Pi-
tot tube probe is an application that measures
rather than calculates true airspeed directly aero-
dynamically avoiding complex transformations.

Conclusion

In order to measure, a Pitot tube probe of
wind speed and the helicopter beam V, are in-
stalled in the complex, the former, only during
beam turn with the TR at a circumferential speed
more than > 5 m/s, is an indicator of the TRVR
mode occurrence, and it sends an alert notifying
that exceeding the frequency value of inductive
speed sensors readings is more than 1.5 times —
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Vil rotor/f1Vz > 1.3+1.55 in the “flight” and
“hover” modes.

Installation of Pitot tube probes on board a
helicopter makes piloting more confident. The
installation of Pitot tube probes as a part of on-
board equipment will provide radical elimination
of the TRRV mode in-flight as well as of uncon-
trolled rotation.
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Hcnosb30Banue NporpaMMbl MMUTALMU PA0OTHI HEHTPAJILHOMN
HHGPOPMALMOHHO cucTeMbl camoJiera {A-42T
B Y4eOHOM mpouecce By3a

A.C. Kusizes', A.C. AHTOHeHKOZ, M.A. .JIonTeBl, E.M. Knanos'

1
Kpacnooapckoe svicuiee soennoe asuayuontnoe yuunuue 1emuuKos,
2. Kpacnooap, Poccus
2
00O «3B Cepsucy, . Mockea, Poccus

Annotammsi: [lpy mnpoBeseHMHM Y4YeOHBIX 3aHATHH B aBHALIOHHOM BYy3€ IIEJIECOOOPA3sHO JEMOHCTPHUPOBATH 0Opa3LbI
ABHALIOHHON TEXHHKH, OTAEIIBHBIE 3JIEMEHTBI CHCTEM U arperaToB WK HCIIONB30BaTh CHEMAIM3UPOBAHHbIC CTEHBI U TIaKaThL.
OJHaKo NpH NPOBENICHUH 3aHATHH MCTAHIIMOHHO HE BCE 3TH MaTepuajbl MOTYT OBITh MCIOJIB30BaHbI, TaK Kak HE BCEIa ecTh
BO3MOXKHOCTH TTOKa3aTh MX B JMHAMEKE W OOCCIICUUTh TEM CAMbIM ()OPMHUPOBAHUE TIOIHOTO TPEACTABICHUS O0yJaloMuXcs 00
n3y4qaeMoM 0OBeKTe. B cratee paccmaTprBaeTcsi BOMPOC MOBHIMICHUS HATIITHOCTH M 3()(PEKTHBHOCTH OOYYEHHSI KypCaHTOB-
JICTYMKOB ITyTEM HCIIONB30BAHISA B YU4EOHOM IPOIECCE By3a KOMITBIOTEPHOM IPOTpaMMBI, IMHUTHPYIOIIEH padoTy IeHTpaTbHON
HMH()OPMAITMOHHOHN CHCTEMBI, HH(POPMAIHs KOTOPOH BEIBOAUTCS B PEAJTHBHOM CaMoJjIeTe B BH/E KaJpOB HA MHOTO(YHKIIMOHAIHHBIE
MHIUKATOpPEl B KaOmHe. Pabora c¢ pa3paboTaHHOM mHporpamMMoii IO3BOJSET OOYYAIOMIMMCS BBIPaOAThIBaTh HEOOXOIVMBIE
MPaKTHYECKHE HABBIKH 0 paboTe ¢ KOMITIEKCOM OOpTOBOro obopynoBaHus. /st BHEApPEHHS B y4eOHBIN MPOLEcC MPOrpaMMbl
WUMUTALMK pabOThl LEHTPAIBHOH MH(OPMAIMOHHOW CHCTEMBI BOCIIPOU3BENICHBI HH(QOPMALMOHHBIE KaJpbl, OTOOpakaeMble Ha
MHOTO(YHKIIMOHATBHBIX HMHIUKaTopax B camoiere JIA-42T. CopepkaHue pa3paOOTaHHBIX KaJpOB MOJHOCTBHIO IOBTOPSET
nHauKauio B camonere JJA-42T, crocoOCTBys MOBBINICHUIO KayecTBa OOy4YeHWsI M BHIPAOOTKE MPAKTHYECKUX HABBIKOB IO
pabore B peambHOM camorere. OrmucaHbl CTPYKTypa W HOPSIOK pa3pabOTKH MpOrpamMMbl MMHUTALMM PaOOThI LEHTPAJIEHOM
nH(POpPMaMOHHOH cucteMbl. OOOCHOBaH BBIOOP NPOrPaMMHOrO OOecTiedeHust Uil pa3pabOTKH HpOrpaMMbl  MMHTALAH
LEHTpaJbHOW  MH(OpMarMoOHHOM  cuctembl. OmmMcaHa BO3MOXKHOCTh — MOAKIIIOUEHHs — pa3padOTaHHOW — HpOrpaMMbl
K aBHaCHMYJIATOPY. YKa3aHa BO3MOXKHOCTb WCIIONB30BaHUS Pa3pabdOTaHHOW IPOrpaMMBl TP JHUCTAHIMOHHOM OOyYeHHH
ABHAIMOHHBIX CIICIUAMCTOB, & TAKKe BHEAPEHHUS MOTyYEHHBIX PE3yIbTAaTOB B YIEOHBIH IMPOIIECC ABUAIIMOHHBIX BY30B.

KunroueBbie ciioBa: neHTpaibHas WHGOPMAIIMOHHAS CUCTEMa, MHOTO(DYHKIMOHAIBHBIA MHIUKATOp, aBuacuMyisitop, JJA-42T,
X-Plane, SimInTech.

Juis murupoBanusi: KuszeB A.C. HMcnonb3oBaHue nporpaMMbl UMHTAMH PabOThI LIEHTPaIbHONW MH(OPMAIMOHHOH CHCTEMBI
camoreta JIA-42T B yuebnom mporecce By3a / A.C. Kuszes, A.C. Anronenko, M.A. Jlomrres, E.M. XKnanos // Hayunsrii BecTHuk
MITY I'A. 2022. T. 25, Ne 3. C. 61-72. DOI: 10.26467/2079-0619-2022-25-3-61-72

Using the simulation program of the DA-42T aircraft central data
system operation in the educational process of the university

A.S. Knyazevl, A.S. Antonenkoz, M.A. Loptevl, E.M. Zhdanov'
"Krasnodar Air Force Institute for Pilots, Krasnodar, Russia
2LLC "3V-services", Moscow, Russia

Abstract: During training sessions in an aviation university, it is advisable to demonstrate samples of aeronautical equipment,
individual elements of systems and units or to use some specialized stands and posters. However, when conducting classes online,
not all these materials can be used, since it is not always accomplishable to demonstrate them in dynamics and thereby to ensure the
students’ complete understanding of the object being studied. The article deals with the issue of enhancing visibility and efficiency
of training pilot trainees by using software applications during the educational process, which simulate the operation of the Central
Data System, information from which is displayed in the real aircraft in the form of frames on multipurpose displays in the cockpit.
Working with the developed program allows student pilots to gain the required practical skills while interacting with the avionics
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suite. In order to implement the simulation program of the Central Data System operation into the educational process, I-frames,
shown on the DA-42T aircraft multipurpose displays, were reproduced. The content of the developed frames completely repeats the
DA-42T aircraft indication, which contributes to improving the quality of training and honing practical skills for aircraft operation.
The structure and the procedure of designing the program to simulate the Central Data System operation are described. The
selection of software for the development of the Central Data System simulation program is substantiated. The feasibility of
integrating the developed program into the flight simulator is described. The applicability of using the software program for
distance training of aviation specialists, as well as of the implementation of the results obtained into the educational process of
aviation universities is provided.

Key words: Central Data System, multipurpose display, flight simulator, DA-42T, X-Plane, SimInTech.

For citation: Knyazev, A.S., Antonenko, A.S., Loptev, M.A. & Zhdanov, E.M. (2022). Using the simulation program of the
DA-42T aircraft central data system operation in the educational process of the university. Civil Aviation High Technologies,
vol. 25, no. 3, pp. 61-72. DOL: 10.26467/2079-0619-2022-25-3-61-72

00yueHMsI KypCAHTOB-JIETYMKOB IyTEM HCIOJIb-

Beenenue 30BaHMs B Y4eOHOM IpOLIECCe By3a KOMITBIOTEP-

HOW TPOTpPaMMBbI, UMUTHPYIOIIEH paboTy IeH-

Kak moka3bIBaeT OMBIT OCBOCHHS y4eOHOI TpajabHOM uHpopMannoHHoil cucremsl (LIUC),

IIPOrpaMMbl 00YYaIOUIMMUCS aBHALIUOHHBIX BY- UHPOpPMALUS OT KOTOPOW BBIBOJTUTCS B peaib-
30B, /Ul MOHUMAaHUS NPUHLUIIOB paboThl arpe- HOM caMoJIeTe B Bue KaapoB Ha MOU.

raToB U cucteMm BosaymHoro cynHa (BC) neoo-

XOOUM TIOCTOSIHHBI KOHTaKT € aBHALlMOHHOMN

. . . MeToabI 1 METOA0JIOTUS
TEXHUKOW — (M3NYECKUH WIM BHU3yaJbHBIH. B

HEKOTOPBIX CiIy4asgx oOOyueHHe CTaHOBHUTCSA necjaenosaHus
KpaifHe 3aTpyTHHUTEIbHBIM WIH HEIPPEKTHB-
HBIM, TOKa OIMCBIBAEMbIE arperarbl U CHUCTEMbI B Hacrosmee Bpemsi M3y4yeHHE COAEPIKaHUS
He OyIyT MoKa3aHbl B paboTe, B ICHCTBHH. MH(POPMALMOHHBIX KaJpoB HH(pOpMamum u pa-
Kabunbl coBpemennbix BC ocHaleHsl MHO- 060Ta ¢ HUMH Ha y4eOHBIX 3aHATHUAX MPOU3BO-
roQyHKIIMOHATLHBIMU WHANKaTopamu (MOU), JUTCS C HUCIIOJIB30BAaHMEM IUIAKATOB, CJIANIOB,
yepe3 KOTOpbIE OCYILIECTBISETCS B3auMOJIEH- y4eOHbIX MOCOOMH M PYKOBOJACTBA IO JIETHOU
CTBHUE PKUMNAXa ¢ 00pTOBBIM KoMIiekcom. MOU skcrutyatanuu (PJID) na wmsywaemsiii tun BC.
UCTIOJB3YIOTCSl HE TOJBKO B Ka4eCTBE MHAMKATO- OpHako 3TO He MO3BOJIsAET C(HOPMHUPOBATH Y
poB misa otoOpaxenus nadopmaruu [1], HO u B 00yJarImuXxcsi HEOOXOUMbIC 3HAHUS U HABBIKH,
KayecTBE IMyJIbTOB YIpAaBJICHUS Js BBOAA HC- a TaKKe YCBOUTb UM HOPSJAOK U OCOOEHHOCTH
XOJIHBIX JTAHHBIX BO BpeMs MPEIOJIETHON MOA- BBOJIa TaHHBIX Mepe] nojieTom [5, 6].
TOTOBKM, a TakXe JJs HNPOBEPKU HCIPABHOCTU B cBsI3M ¢ 3TUM A7 NOBBILIEHUS KadyecTBa
OOpTOBBIX cUCTEM M KomIuiekcoB [2]. Hawmyu- y4eOHOTO TpoIiecca M, KaK CIEICTBHUE, TTOBBIIIe-
UM criocoboM oOyuenust pabore ¢ MOU sBis- HUsSl YPOBHSI 3HAHUM M NPAKTHYECKUX HABBIKOB
eTcsi 00y4ueHHe Ha pealbHOM TEXHUKE, JJIS Yero, oOydaromuxcsi  1eaecoo0pa3Ho  HCIOJIb30BATh
KaK IpaBUJIO, MCIONB3yIOTCS cnucanHele BC. TpEeHaXephl, Kak (U3NYECKHUe, TaK U MPOrpamMm-
AJbTepHATUBHBIM BapUAHTOM SIBJISIETCSI UCTIOJb- Heie [3, 4, 7]. DTo AaeT BO3MOXKHOCTh MOBBICUTD
30BaHME aBUAIIMOHHBIX TPEHaXepoB [3], HO OHHU HaIJIIHOCTh M3J1araeMoro marepuaiga U Kaye-
JIOpOTU MO0 CTOMMOCTH U TpeOYyIOT KBaIU(PUIIM- CTBO YCBOCHHS y4eOHOH mporpammsl [8], a Tak-
POBAaHHOIO OOCIY>KMBaHMs, a A UX pa3Melle- e MO3BOJIUT:
HUsA TpeOyeTcs: oTHaeNbHas IUIONIAJb B CIICIH- 1) mo3HakKOMHTH OOyYarOIIUXCS ¢ HHPOpMa-
aJlbHO O00OPYZOBaHHBIX IMOMEILEHUSIX C ycCTa- oHHbIMU KaJpamu [{TUC u otpaboTars nops-
HOBKaMU 3JIEKTPONUTAHUS U (MJIM) TUIPONUTA- JIOK BBOJAa MH(popManuu B OOPTOBON KOMILIEKC
Hus [4]. yepe3 MOU npu noaroToBKe K MOJIETY;
B nmaHHOU cTarhe paccMaTpUBAECTCS BONPOC 2) orpaboTaTh CYUTHIBAaHUE TOJIETHOM WH-
HOBBILIEHUS] HAIMIAAHOCTH U 3(QeKTUBHOCTH dopmanuu, nHGOpPMALIUK O COCTOSHUM pPa3iIny-
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Puc. 1. ndopmanuonHsie Kapbl HEHTPAILHON HHPOPMAIIMOHHON CUCTEMBI HA MHOTO(YHKIIMOHAIBHBIX HHINKATOpax
B camouiere JJA-42T
Fig. 1. I-frames of the Central Data System on the multipurpose displays in the DA-42T aircraft

HeIX cucteM BC, a Takke oToOpaxkenue uHpop-
Manuu 00 0TKa3ax;

3) yBeNIMYHUTh U PACIIMPUTH YCBAWBAEMYIO
00yJaromuMucs HHPOPMAIIHIO;

4) otpabarbiBaTh OOyYaIOMIUMCS TOPSIOK
pabotel ¢ IUC He TONbKO Ha y4eOHBIX 3aHSATH-
X, HO M CaMOCTOSITEIbHO, B TOM YHUCII€ U BO
BpPEMsI CaMOIIOITOTOBKH;

5) ycuIuTh poOJib CaMOCTOSITEIbHON PabOTHI
npyu TpUOOpPETEeHUH, YCBOCHHUH W TPUMEHEHHU
HOBBIX 3HaHWH, YMEHMH M HaBBIKOB 00yd4aro-
IAXCS;

6) IMOBBICUTH MOTHBAIMIO OOYYAIOLIMXCS 3a
CYeT HOBM3HBHI JICATEIBHOCTH, MHTEpPECa K B3au-
MOJICHCTBHIO ¢ MYJIbTUMEANWHBIMU CPEACTBAMU;

7) chopmupoBaTh y oOygarommxcs Oosee
rny0okue mnpodeccHoHalIbHble KOMIETEHIUH,
YeM IPH TPAIUIUOHHBIX METOIaX 00ydeHHUsI.

[IporpammHbIe TpeHa)KEpHbIE CPEICTBA UMHU-
Tali PadOTHI OTICIBHBIX arperaToB M CHCTEM
CHOCOOCTBYIOT INPUMEHEHUIO MapaurmMbl «00y-
YeHHE Ha MPAKTHKE» B KJIACCE, TEM CaMbIM IIO-
Morasi 00y4aroIyuMcsl yCBauBaTh TEOPETUYECKHE
3HaHUS W NpUOOpeTaTh 3apaHee OIpeIeIeHHBIC
KOMIIETEHIIMH OoJiee AUJAKTUUYECKUM CIIOCOO0OM,
MOTYT HampaBJIsTh MX B IPOLECCE MPHOOpeTe-
HUsl HA0opa KOHKPETHbIX HaBbIKOB [9, 10]. IIpo-
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rpaMMa HMMHUTAIMU PabOTHl LEHTPATBLHOW WH-

(GOpPMAITMOHHON CHCTEMBI MOXET TPHUBUBATH

HABBIKU B3aUMOJAEHUCTBUS ¢ MH()OPMALMOHHBIMU

KaJ[paMH ¥ MOXKET OBbITh MCIOJh30BaHA B yueO-

HOM TIpoliecce By3a MO Pa3TUYHBIM JUCHHUTLIH-

HaM, MporpaMma KOTOPBIX IpeaycMaTpUBaET

U3y4YeHHE MHJMKAIUYA U BBOJA JaHHBIX B OOpPTO-

BOM KoMIuiekc uepe3 MOU (puc. 1).

AKTyanbHOCTh JaHHON paboThl 00ycioOBIe-

Ha!

® HaNpaBJICHHOCTBHIO TeMbl pabOTHl Ha pa3BH-
THE CpeAcCTB 00yueHUs U WH(OPMAIMOHHO-
KOMMYHHUKAIIHOHHBIX TEXHOJIOTUH B 00pa3o-
BaHWM, yKa3aHHBIX B DenepaibHOM 3aKOHE
No 273-03 «O06 obpa3oBanuu B Poccuiickoit
®enepaunu» ot 29.12.2012, rnasa 1, cra-
TBU 2, 29;

e pa3paboTKOIl COBPEMEHHBIX CPEICTB BU3YaJH-
3allid, TO3BOJISIONINX CO3[aBaTh MYJbTUME-
auamaTtepuan s 3JEKTPOHHBIX 00pa3oBa-
TEIBHBIX PECYPCOB ISl aBUAIIMOHHBIX BY30B;

® IIOBBIMICHUEM HATJISTHOCTH W3JIOKCHHS yUIeO-
HOTO Marepuaja U KayecTBa YCBOCHHMs ydeO-
HOW TIporpaMMbl 00YYaIOIIUMUCS aBUAIHMOH-
HBIX BY30B.
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Pe3yJILTaTbI HCCJIeaA0BaHUA

Hcnonb3oBaHue TpeHaXepoB, Kak (u3uye-
CKUX, TaK ¥ TPOTPAMMHBIX, NPH MEPBOHAYAIIb-
HOW IOJATOTOBKE JIETHBIX KaJpOB SIBIISETCS 00-
ieMHpoBOH npakTukoil [8—11], B paccMarpuBa-
€MOM Clly4ae UCIOJIb30BAHUE MPOTrpaMMbl UMH-
taru padbotsl LIMC B yueOHOM mpoliecce aBua-
IIMOHHOTO By3a IO3BOJIUT CeNaTh 3aHATUSA 00-
Jiee HarJSAHBIMA U MHTEPECHBIMU, aKTUBU3UPO-
BaTh BHHUMaHHE OOYyYaroIIMXCs U BOBJIEYb UX B
nporecc u3ydeHus: yyeOHoro marepuana. Ilpo-
rpaMMHOE OOecreueHHe I03BOJISIET MMUTHPO-
BaTh BbIgauy uHpopmanuun Ha MOU npu pas-
JUYHBIX CUTyalUsX B IIOJIETE, B TOM YHCIE B
0COOBIX ClTydasix, P OTKa3ax, ¥ MOAPOOHO U3Y-
9uTh OTOOpaxkaemyto uHAMKanuoo [10]. MoxHO
BBIJICJIUTH CJIEIYIOINE OCOOCHHOCTH HCIOJIb30-
BaHUS NPOrpaMMbl HMMHTAlMM pabOThl LEH-
TpaJbHOH WH(POPMAIMOHHON CHUCTEMBI B y4eO-
HOM IIpOLIECCE€ ABMAIMOHHOIO By3a: HarJsi-
HOCTb, JOCTYIHOCTb, 0€30IacHOCTb, BOBJICUCH-
HOCTh O0yYaroIIrXcs.

B kauectBe cpeactBa oO0ydeHHs MporpaMma
umutanuu padotel [IMC moxker moMoup Hay-
YUTHCS OBICTPO pearupoBaTh HAa BO3HUKAIOIIHME
CUTYAIlH M BBITIOJIHITH HEKOTOPBIE MPOIETYPHI.
OpHako ans obecredeHus: 3Toro (pyHKIUOHANA
TpeOyeTrcsi KayecTBEHHas! MPopadoOTKa Mporpam-
Mbl UMHUTALlUU U BOCIIPOU3BEJCHHE BCErO HEOO-
XOJIUMOT0 (PYHKIIMOHAIA.

Jns co3maHust MPOrpaMMbl, MMHUTHUPYIOIIEH
paboty LIMC, Bo3HUKIIa HEOOXOIUMOCTH BBIOOpA
COOTBETCTBYIOILETO MPOrPaMMHOTO 00eCHeUeHUs
(TTO). Cpenn uzBectHOTO I10, KOTOPOE MOTIIO OBI
OBITh MCIIOJIB30BAHO /IS PELIEHUS TOCTaBJICHHBIX
3a7a4, MOYKHO BBIACIHTH TaKWe MPOTPaMMBI, KaK
Microsoft Visual Studio, Builder C++, Delphi,
Matlab Simulink, LabView [12, 13] u ap. OnxHa-
KO OHU HE IO3BOJISIIOT UCIIOJIb30BaTh BECh CBOMU
¢dyHKIMOHAN 0€3 JIMIIEH3WH, OTPaHUYMBAs TIOJIE
JeSITEIbHOCTH Ul CTYAEHTOB, IperojaBarenei,
WHKeHepoB. be3 nuIeH3un HEeBO3MOXKHO TIOITY-
YaTh U OTKPHITO MyOJIMKOBATh NOTy4YEHHBIE C 1O-
MOUIIBIO 3THX TPOTpaMM pe3yJbTaThl, YTO 3a-
TPYZAHSIET MX HCIOJB30BaHUE B HCCIEI0BATEINb-
CKMX W 00pa3oBaTeNbHBIX Iensx. Kpome Toro,
nepeuncineHHoe [10 sBisieTcss UMIOPTHBIM, a B
CBSI3U C rocyJIapcTBEHHOM mnporpammoii Ne 328
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«Pa3BuTHE MPOMBIIUIEHHOCTH M TIOBBIIICHHE €€
KOHKypeHTocrocooHoctu» ot 15.04.2014, mpu-
kKa3oM MuHuctepcTBa cBsizu «OO0 yTBep)KICHUU
IUIaHa 10 WMIIOPTO3aMEIICHUI0 MPOTPaAaMMHOTO
obecrieuenus» ot 01.02.2015, mocTaHOBIECHHEM
npasutenbeTBa PO ot 16.11.2015 Ne 1236 «O0
YCTaHOBIICHUH 3arpeTa Ha JOMYCK MPOTrpaMMHO-
ro o0ecrnieueHusl, TPOUCXO/AIIEr0 U3 UHOCTPaH-
HBIX TOCYJAapCTB, JUISl IeTIel OCYIIECTBICHHS 3a-
KyHoK Juis OOeCTeueHHs] TOCYIapCTBEHHBIX U
MYHUIIUTATBHBIX HYKI» WX HUCIOJb30BaHUE Ha
OTEYECTBEHHBIX NPEANPUATHIX U B By3aX HEKe-
JaTebHO.

B cBsi3u ¢ BBINICTIEPEYNCIICHHBIM B KaueCTBE
[IO nmns pa3pabOTKHM W BOCHPOM3BEACHUS WH-
dopmarmonsabix kaapos [IMC Oputo BEIOpaHO
nporpammuoe  obecriedenne SimInTech', mpen-
Ha3HAUYEHHOE JJIi MOJEIMPOBAHUS TEXHHUYECKUX
cucreM. [1O SimInTech sBnsiercs oredecTBeH-
HBIM TIPOJYKTOM U TPEIHA3HAYCHO IS JETalTh-
HOTO MCCIIEZIOBAaHMS U aHAJIM3a HECTAllMOHAPHBIX
MPOIIECCOB B Pa3NUYHBIX OOBEKTaX YIPABICHHUS,
MaTeMaTUYeCKUX MOJIETeH U aJrOpuTMOB YIIpaB-
nenus. JlanHas mnporpamMMa uMeeT OOJBIION
(GYHKIMOHAJ 10 COCTABJICHHUIO PAa3IUYHBIX CXEM
TEXHUYECKUX YCTPOWCTB M HHUYEM HE YCTymHaeT
uMropTHeIM a”asoraM. B SimInTech paGora
MIPOUCXOUT B BUJIE CTPYKTYPHOTO MTPOEKTHUPOBA-
HUS JIOTUKO-TUHAMUYECKUX CHCTEM, OMNKCHIBae-
MBIX B BHJIE CUCTEM OOBIKHOBEHHBIX HH(QepeH-
[IUATBHBIX ypaBHeHUH U (Win) nuddepeHimanb-
Ho-ayreOpandecknx ypaBHeHW. Kpome storo,
SimInTech Moxer OBITH HMCHONB30BaHA I CO-
3/IaHUsI CHCTEM YIIPABIICHUSI U OTOOpaKCHUsI WH-
dopManuu i GU3MYECKHX W TPOTPAMMHBIX
TPEHAXXEPOB M TPECHAKEPHBIX HMUTATOPOB pPa3-
JUYHBIX TpuOopoB U cucteM [6, 14]. SimInTech
o0mamaer psioM MPEUMYIIECTB OTHOCHUTEIHHO
CBOMX UMIIOPTHBIX aHAJIOTOB, a IO KauecTBY pac-
YETOB U JIOCTYIHBIX MHCTPYMEHTOB pa3pabOTKH
HU4YEeM UM He ycTynaer. Kpome Toro, mporpamma
SimInTech moxeT ObITh mpenocTaBiIeHA OTEYe-
CTBEHHBIM By3aM O€CIUIaTHO.

Cpenu MOJIb30BaTeNeH MIPOrPaMMBbI
SimInTech ecTh W3BEeCTHBIE OTEYECTBEHHBIE Op-
raHu3aly ¢ aBUAIMOHHOM CHeIUaInu3aIlueH,

' SimInTech [dnexTporusiii pecypc] // SimInTech. URL:
https://simintech.ru/ (nara oopamenus: 31.01.2022).
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Puc. 2. Cxema npruema CUTHANOB OT aBUACUMYJIATOpa
Fig. 2. Scheme of receiving signals from the flight simulator

takue kak MB3 um. Must, OKb Cyxoro, 'oc-

HUWAC, uro moarBepkaaeT HAIUYUE OOJBITNX

BO3MOKHOCTEH  MOJEIHUPOBAHUSA  PA3IMUYHBIX

aBUAIMOHHBIX CUCTEM.

[Iporpamma, peanusyromias paboTy Iporpam-
MHOM 4acTu TpeHakepa JUIsl UMUTALUH paOOThI
LIUC, npexacraisier co0oif pazpaboTaHHBIN Ha-
KeT MpoekToB. [lakeT BKkIIOYaeT NBa MPOEKTa,
KaXJIbII U3 KOTOPBIX MpeIHAa3HA4YEH ISl BBITIOJ-
HeHus cBoux GyHknui. [lepsoiit mpoekT «O06pa-
00TKa TAaHHBIX» COAEPIKUT TPH CyOMOIEIH:

e MpuUeMa CUTHAJIOB OT aBHACUMYJIsITOpa (KpeH,
TaHTaX, Kypc, CKOPOCTb, BBHICOTA U JIP.);

e mpuema curHaiioB oT miatbl Arduino Nano
(0 Ha)KaTUX KHOMOK Ha OOpaMJIEHUH MOHHUTO-
pa B ciiydae ucroiab3oBaHus umuraropa MOU
COBMECTHO C TIPOTpaMMOi, HO 3TO He 00s3a-
TEJILHO);

® YTEHUS KOOPAMHAT TOYEK MapiipyTa u3 (paiina.

Cyomonenp «[IpuemM CUTHAIOB OT aBUACH-
MynaTopa» (puc. 2) mpenHa3HauyeH Juis pueMa
JAHHBIX, OTOOpakaeMbIX Ha WH(POPMAITMOHHBIX
Kaapax, oT aBuacumynaropa X-Plane [3, 5, 6,
12, 13, 15-18], umeromero BO3MOXHOCTb OT-
MPaBKU PA3IMYHBIX JTAHHBIX Y€pe3 CEeTh IO Mpo-
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TOKOJITY UDP”. IlepenaBaemble JaHHBIE CUUTHI-
BalOTCS U3 CETH C MOMOIIBIO CHEIUAIBHBIX 0J10-
KOB, uMerommxcst B mporpamme SimInTech.
dopmar mnepeaaBaeMbIX JAHHBIX, a TAKXKE MX
IEpEeYeHb OMMCaHbl B PYKOBOJACTBE I0JIb30BaTE-
a1 aBuacumysiatopa X-Plane um B crpaBo4HOM
uHpopmanuu nporpammel SimInTech. IMopsmox
00pabOTKH MaHHBIX, TOJYyYaeMbIX W3 CETH IO
nporokony UDP, onucan B cnpaBOYHOM HH-
dopmarmu mporpammer SimInTech?’.

Ha puc. 2 npencraBieHsl cieayonme 0JI0KH.

1. CepBep UDP — mno3BossieT mnepenaBaTh
JaHHble 110 npotokosry UDP Ha JIoKanbHBIN WK
ceTeBoM KommbloTep. JlaHHBIA OJIOK TOJDKEH
ObITh HacTpoeH Ha TOT ke IP-aapec m HOMep
UDP-nopra, Ha KOTOpBIM HAcTpoeHa mepenada
JAHHBIX B aBHacumyJsitope X-Plane.

2 CosmectHas pabota SimInTech u aBHACHMYJIIATOpa

X-Plane [Dnexrponnsiii pecypc] // Youtube. URL:
https://www.youtube.com/watch?v=XvA04Wvzuol (na-
Ta obpamenus: 31.01.2022).

Kak HacTpouth coBMecTHyt0 padoty SimInTech u
X-Plane? [Onexrponnsii pecypc] // SimInTech. URL:
https://help.simintech.ru/index.html?q=/12_priemy raboty/
5 Integraciya/nastroika sovmestnoi raboty SimInTech
i X-Plane.html (nara obpamenus: 31.01.2022).
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2. JleMynbTUIUIEKCOpP — TMpEeAHA3HAYCH IS
pa3elieHus aHHBIX Ha IMaKeThl JaHHBIX, Kaxk-
IBIA U3 KOTOPBIX COJAEPXKUT CBOW HAOOp MPUHU-
MaeMbIX MMapaMeTpoB (HOMep makera u 8 mapa-
METpOB).

3. bioxu ByteUnPack (3.1, 3.2,33 uT. 1) —
MpeIHa3HaYeHbI JJIsl U3BJICUCHUS 3HAUCHUN BCEX
napamMeTpoB U3 MOCTYMAIOIIEro Ha BXOJ MakKeTa
nanHbIXx. Bee 61oku ByteUnPack onnHakoBEI.

4. broku 3amEcM B CIUCOK CHUTHAJIOB
(4.1-4.5 v T. 1.) mpeAHAa3HAYCHBI IS MPHCBOE-
HUS COOTBETCTBYIOIIMM IEPEMEHHBIM M3 CIHCKa
CUTHAJIOB, MPHUHATHIX OT aBHACHUMYJSTOpa, 3Ha-
4eHu — npubopHoi ckopocTtH (Sim_Vpr), Bep-
TUKaIbHOM meperpy3ku (Sim Ny) U moJoOHBIX,
UCIIOJIb3YEMBIX B TIPOCKTE B BHUJEC MOKa3aHUM
npuOOpoB Ha MHIWKAMOHHBIX Kaapax [{UC.

Ha cxeme B nuHUM mepenadydl CUTHANA MPU-
OOpHON CKOPOCTH HCHOIb3YEeTCSI MHOXKHUTENb
1,61 B cBsA3M C T€M, UTO B CUMYJISITOPE €AUHULIEH
U3MEpEeHUs MPUOOPHON CKOPOCTH SBISIOTCS MH-
JIM B Yac, a Ha yKazaresie CKOPOCTH — KIJIOMETPBI
B Yac.

Cybmonens «UreHue KOOpPIMHAT TOYEK
Mapuipyta u3 (Qaiina» mpenHaHaueHa ISl CO-
CTaBJICHUS MapIIpyTa MO TOYKAM, KOOPIUHATHI
KOTOPBIX 3alUCaHbl B OTACIBbHBIN (aitn (goarora
U IUPOTa). DTU JAaHHBIE UCIOIb3YKOTCS ISl MO-
CTPOEHHS MaplIpyTa, 0TOOpa)kaeMoro Ha Kajape
HBI' B mnporpamme, uMHTHpYIOLICH paboTy
HMC. KoopauHaTthl TOYEK COOTBETCTBYIOT I'€O-
rpadMuecKuM KOOpIMHATaM U MOTYT OBITh HC-
MOJIb30BaHbI JJI BUPTYaJIbHOTO MOJIETa B aBHa-
CUMYJIISITOpE TIO0 PEAbHBIM KOOpAMHATAM C HH-
JTUKAIMEeH TeKyIeld HaBUTAIIMOHHONW OOCTaHOB-
KM O HAlpaBJIEHUH TOJIETa M Kypce Ha CIIeIyIo-
mmit [I[IM, a Takke oTOOpakeHHMEM BCETO
MapIIpyTa rmojera Ha 3JIeKTPOHHOI KapTe B pas-
paborannoM kaape HBT'.

Kanpsr LIUC 6butn pa3paboTaHbl B COOTBET-
CTBHUHM C peanbHOM nHankamued Ha MO B kabune
camodera JIA-42T. B xauecTBe HCXOOHBIX JAaHHBIX
ObuUTM B3ATHI TIpencTaBieHHble B PJID camonera
JA-42T unpopMaIioHHbIE KaJpbl, KOTOpbIE ObI-
JI BOCIPOU3BEICHBI C UCTIONB30BaHUEM rpaduye-
ckoro penakropa u I10 SimInTech.

I'padpuaeckuii pemakTop HMCHOJIB30BAH IS
OTPUCOBKM TOJJIOKKH KaApoB: (oHa, ImIKal
npuOOpoOB, PaMOK, TO €CTh TOW HMHIMKAIUHU, KO-
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TOpasi He MEHSETCS MPU OTOOPAKEHUU TapaMeT-
POB pabOThl OOPTOBBIX CHCTEM.

Bce noaBukHbBIE U U3MEHSIOLIMECS AJIEMEH-
Thl MHIMKAIUU BOCCO3JaHbl C HCIIOJIb30BAHUEM
BCTPOEHHBIX MHCTPYMEHTOB MIPOrpaMMbl
SimInTech. OgHako mpu co3maHuWU CTPENOK Ha
npubopax ¢ HEMWHEHHBIMU IIKAJIAMU B Pa3HBIX
JUana3oHax yBeJIMYEHUE CKOPOCTH Ha OJHY U Ty
K€ BEJIMYMHY COOTBETCTBYET PAa3HbIM yIJIaM IO-
BOpOTa CTpENIKU. B CBA3M C 3TUM B CKpUITE
CTpaHMI[bl HAIIMCAH IPOrPAMMHBIN KOJ, Onpee-
JSAIONMNA HEJIMHENHOE U3MEHEHUE YTia IMOBOPO-
Ta CTPEJNKU MPUOOPHOW CKOPOCTH TMpPH JHHEH-
HOM HM3MEHEHMH 3HAUEHUS 3TOM CKOPOCTH, MpHU-
HUMAaeMOro OT aBHACUMYJIATOpA. AHajJoruyHas
pabota mpojenaHa Jyisi BceX MpUOOpPOB, UMEIO-
[IMX HEJIMHEWHbIE MIKaNbl (BapHUOMETp, yKasa-
TENb NEPETPY3KU U JIp.).

Hcnonp3oBaHWe BBINIENIEPEUUCIICHHBIX — WH-
CTPYMEHTOB IO3BOJIWJIO BOCIIPOM3BECTH WHJIUKA-
IIUIO KaXKJ0ro mpubopa M ykaszarens Ha KaXIoM
pa3paboranHoMm kaape [IVC c meranmpHOI TOYHO-
CTBIO B COOTBETCTBUU C IMPEIICTABICHHOW B PD*
uapopmareii. C UCIOIB30BaHUEM I1OI0OOHOTO
nojxoaa ObIIO BocmpousBenieHo Ooee 30 kaapoB
HEHTPabHOW HMH(POPMAIIMOHHON CHCTEMBI, OJMH
13 KOTOPBIX NPEICTABJIECH Ha puC. 3.

JInst mepexIoueHuss MeXIy KaJpaMHu U BXO-
Jla B pa3iIUyYHble MEHIO OBLJIO CO3AaHO KHOMOY-
HOE 00paMJIeHHE, COOTBETCTBYIOIIEE KHOIKAM B
peaibHoM M®U. JlaHHbIE KHOMKA MOTYT HaXH-
MaTbCs KOMIBIOTEPHOH MbIIIbi0 Ha mo0om [1K,
a Ha IUIAHIIETE C CEHCOPHBIM 3KPaHOM — MaJlb-
nuem uinu cruinycom. Ilpu ucnonszoBanuu paspa-
00TaHHOW MpOrpaMMbl COBMECTHO C HMMHTATO-
pom MOU, coxepxamuM (U3NIECKUE KHOIKH,
PaBHO3HAa4YHO MOTYT IPUMEHATHCS Kak Mpo-
rpaMMHBIE, TaK U (U3HUECKHUE KHOIKH.

Ha puc. 4-5 npencraBineHo B3auMOJICHCTBUE
aBuacumyisitopa X-Plane ¢ paspaGoranHoi
IpOrpaMMoOil 111 PELICHMs] 3a7a4 HAaBUTaLUH.
[IpencraBneHHble PUCYHKH JI€MOHCTPUPYIOT
OoTOOpakeHHe MapIipyTa, aBTOMATHYECKH IIO-
CTPOEHHOI'O TI0 TOYKaM C 3apaHee BBEICHHBIMU
KOOpPJIMHATAMHM, U TPACKTOPHIO IOJIETA IO ITOMY
MapuipyTy. [Ipu BeIMOJHEHUHU TI0JIETa B aBUACH-

* PyKoBOJICTBO 110 JIETHOM IKCILTyaTalliH CaMOJIeTa
JA-42T, 2019. 634 c.
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Puc. 3. Kagp ITJIT (mutoTax), paspadoranusiii B mporpamme SimInTech
Fig. 3. PLT (piloting) frame developed in the SimInTech program

MYJISITOpE KapTa IEepEeMEIIaeTCss OTHOCUTEIBHO
BC, Bpamaercs npu cMeHe Kypca U IIpH MOoJyIeTe
K OUYEpEIHOW TOYKE MEPEKIIYacTCs Ha CIleay-
IOLIYI0 TOUKY MapIuipyTa (Bblaensiercs Guosero-
BBIM I[BETOM).

Jnis popMHpOBaHUS MPAKTHUECKUX HABBIKOB
10 BBOJY JIaHHBIX B OOPTOBOW KOMIUIEKC B pa3-
paGoTaHHON mHporpamMMe Ha HH(OPMAIMOHHBIX
KaJpax CO3JaHbl MEHIO BBOJA JTaHHBIX B COOT-
BETCTBHU C peajbHbIM 00BeKTOM. Takum obpa-
30M, peann3oBanbl pyHKIu M®OU mo orobdpa-
KEHHUI0 MH(pOpMaluY, BBOLY JaHHBIX B OOpTO-
BOIl KOMIUIEKC U MpPHEMY JaHHBIX OT OOPTOBBIX
CUCTEM, MOJEIUPYEMBIX B aBHACHUMYJIATODE.
Pa3zpaboranHas mporpaMma UMUTHPYET paldoTy
[MNC B pa3nnyHBIX pEKUMax W IMO3BOJISAET MC-
IIOJIB30BaTh €€ B KAa4eCTBE TEXHUYECKOIO Cpea-
cTBa 00yueHus B yueOHOM npouecce. CTOUT OT-
METHUTb, YTO ABHACUMYJIATOP B IIPEACTABICHHOU
paloTe UCHOIB3YETCsl UCKIIOUUTENBHO I Gop-
MHpPOBAHUsI COCTaBa WMHJIMWKAIUU, COOTBETCTBY-
IOLIEH AMHAMUKE U YCIOBHSIM PEajIbHOIO I0JIETa
[4-6]. IIpu >TOM (QYHKUIUHU yHpaBlIEHUS BUPTY-
anbHeiM BC oOyuatomemycs HEIOCTYIHBI (MX
BBITIOJIHSAET MHCTPYKTOP-IIPENOAaBaTesib) BO U3-
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OckaHue (OPMUPOBAHUS JIOKHBIX HABBIKOB,
MHaue Uil MUCIOJb30BaHMUS B KAayecTBE IOJIHO-
[ICHHOTO aBUAIIOHHOTO TPEHAaXXKepa OH JOJDKEH
ObITh cepTuduIpoBad. OIHAKO ¢ TEXHUYECKON
TOYKHU 3peHUs pa3pabOTaHHAs MporpamMma UMH-
taruu padbotsl {IUC MoxeT ObITh HCIIOIb30BaHa
Py CO3JAHWU TOJHOLIEHHOTO aBHUAIMOHHOTO
TpeHaxkepa, HPUTOAHOTO Uil (HOPMHUPOBAHMS
NEPBUYHBIX HABBIKOB MMHJIOTUPOBAHHUS.
B pesynbrare pazpaborana nmporpaMma, UMH-
TUpyomas Bce ocHoBHble (yHkmmu LUC —
otoOpakeHne nH(oOpMaIum, BBOJ JaHHBIX B OOp-
TOBOM KOMITIEKC, IMUTAITHS TPU3HAKOB OTKA30B.
Jns ucnonp30BaHMsl B y4yeOHOM mpoliecce
HanOOJBIINN NPAKTUIECKUN MHTEPEC MPENICTaB-
JsIeT MCIONIb30BaHUE pa3pabOTaHHOM Mporpam-
MBI JIJIS:
® U3y4YeHHUs COCTaBa MHIMKALMM KaKAOr0 HH-
(GopMaLMOHHOrO Kajpa Ha TPYMNIOBBIX 3aHS-
THUSIX TIO0 PA3JIMYHBIM YYE€OHBIM TUCIUIUTHHAM;

® U3ydyeHHUE TOpsKAa MEPEKIIOUCHHU MEXAy
MH(POPMALMOHHBIMU KaJipaMH MPH HOJATrOTOB-
K€ K IOJIETY, a TAKXKE B MOJIETE JJISI KOHTPOJIS
BEJIMYMHBI [TapaMETPOB MOJIETa M HCIPABHO-
CTH OOPTOBBIX CHCTEM;
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Puc. 4. Kagp HBT', paGoTtatomuii coBmMecTHO ¢ aBuacumyssitopom X-Plane
Fig. 4. NVG frame interacting with the X-Plane flight simulator

Puc. 5. Mapupyt Ha kaape HBI' ipu nonere Ha a3poJpoM IIOCAAKU U TPAEKTOPHS 110JI€Ta 110 3TOMY MapILIpyTy
Ha Kapte B aBuacumyisitope X-Plane
Fig. 5. Route on the NVG frame when proceeding to the arrival aerodrome and the flight path along this route
on the map in the X-Plane flight simulator

® OTpabOTKH ACWCTBUI B OCOOBIX CIydasx, AJs
4ero OBLTM BOCHPOU3BEIEHBI MPU3HAKU OTKa-
30B B COOTBETCTBUHU € pazaenom PJID «Jlen-
CTBUSI B OCOOBIX CITydasix B TOJIETE, BKIFOUeE-
HUE KOTOPBIX MPOU3ZBOJUTCS HHCTPYKTOPOM-
MpenoiaBaTesieM MpU HAXKATUU COOTBETCTBY-
IOIUX KHOMOK Ha OTIENbHOM Kajpe HMHTa-
LUK OTKa30B».

Pa3paborannas mporpamMmma HMeeT JOCTa-
TOYHO OOJNBIION (YHKIMOHAN TPH HU3yYEHHUH
pa3IMYHBIX y4eOHBIX AMCUHUIUIMH, TaK KaKk MpH
€€ CO3/laHMU CTaBWJIACh LI€JIb BOCCO3/1AaHUS HE-
obxonumbIx ¢GyHKIuA no padore ¢ [IUC uepes
M®U B coorBercTtBuu ¢ PJID 6e3 mpuBs3ku K
KOHKPETHOW y4eOHOM AUCIUIUIMHE.

O0cy:kneHne moy4eHHbIX
pe3yJIbTaTOB

Pazpaborannbie kaaper [HUC mo3Bommnu ¢
HeTaHLHOﬁ TOYHOCTBIO BOCIPOU3BCCTU HMHAWUKA-

nuo B camoiiere JIA-42T, 9To majno BO3MOXK-
HOCTb HCIIOJb30BaTh €ro B y4eOHOM Ipoliecce
KpacHonmapckoro BBICIIETO BOEHHOTO aBHAIIH-
oHHoro yuwuiumia JjerunkoB (KBBAVJI), B
YaCTHOCTH Ha Kadelpe aBHAIIMOHHOTO U Pauo-
JMEKTPOHHOTO  00OpyAOBaHUs.  YIIpaBiIeHUE
O0TOOpaXeHHEM MapaMeTpoB Ha WH(GOPMAILMOH-
HBIX Kajpax uepe3 mporpammy SimInTech Bo3-
MOJKHO OCYIIECTBIISITh KaK BPYYHYIO (IO >Kena-
HUIO M3MEHSsSI 3HAuY€HUE KaXJOoro Mapamerpa),
TaK U aBTOMATHUYECKH MPHU MOIKIIOYCHHUH IPO-
rpaMMBbI K aBUacuMyJsiaTopy. B aTom ciydae Bce
3HAUEHUSI OTOOpaKaeMBIX MapaMeTpoB OepyTces
U3 aBHACUMYJISITOPA B COOTBETCTBUU C PEKUMOM
BUPTYaJIbHOIO TIOJETa M AJITOPUTMaMHU PabOTHI
COOTBETCTBYIOIIUX MOJEIUPYEMbIX B HEM CH-
creMm. [Ipy HEoOXOMUMOCTH TPUHUMAEMBIE OT
aBUaCUMYJIITOpa HapaMeTpbl MOTYT OBITH OT-
KOPPEKTUPOBAHBI, 3aMEHEHBbI JIOKHBIMH WU
OJIOKMpOBaHBl (V11 HMMHTAIIMH OTKA30B), 4YTO
MO3BOJIIET UMUTHPOBATh MUHIUKAIIUIO HE TOJIBKO
IpU HOPMAJIbHOM 3KCIUTyaTallud, HO U MHJMKa-
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IIUI0 B OCOOBIX ciy4asx B moiere. HarmsgHoe
OTOOpaXCHUE TAKOW WHIWKAIIUU JaeT o0ydaro-
IIMMCSI HaMHOTO Ooiee TiayOOKOoe MOHMMAaHHE
paboter [IIC, yeM nipu UCTIOIB30BAaHUU CTATHY-
HBIX HW300pakeHHil HMH()OPMAIIMOHHBIX KaJIpoB
u3 PJID.

Pa3paboTka mpencTaBiIeHHBIX CXEM MpHeMa
uHpOpMAlMK OT aBUACHUMYJISITOpA CTajia BO3-
MOKHOHM Onarojmapsi HaJHM4YHI0 TOTOBBIX IMPOEK-
TOB, peayin3yromux B3anmoeiicteue SimInTech
1 X-Plane’, KoTOpBIE MOAPOOHO OMUCAHBI H Pa3-
MENICHBl B  Mamke ¢ JeMONpPUMEpaMu
«C:\SimInTech64\Demo\WuTerpamust co cro-
ponnuM [TO\X-Plane» u gocTymHbI monb30BaTe-
JSIM cpasy MOCle YCTaHOBKU CPEIbl MOJIEIHPO-
BaHus SimInTech.

3aKjIrouYeHue

Hcxonst u3 pe3ynbraToB NpoBEIEHHON pado-
Thbl, MOJKHO CZEJNIaTh BBIBOJ O TOM, YTO COBMECT-
HOE WCTOJIb30BaHue aBuacumyssatopa X-Plane n
cpelsl TUHAMUYECKOTO MOJEIMPOBAHUS TEXHU-
yeckux cucteM SimInTech maer Bo3MOXXHOCTBH
CO3/1aBaTh CXEMbI pa3IMYHBIX aBUALIMOHHBIX CH-
CTEM, B TOM YMCJIE CUCTEM MHIMKALUH, TI03BOJISS
JIEMOHCTPUPOBATh AITOPUTM HUX pabOThl TpH
NPOBEJICHNN YYEOHBIX 3aHSATHH B aBHAIMOHHBIX
By3ax. Takoii moxon onpasJbIBaeT cedsl MpH OT-
CYTCTBUM BO3MOXXHOCTH JEMOHCTpallUU peajb-
HBIX 00pa3lOB M3y4aeMbIX CHUCTEM U arperaToB
BO BpeMs MX paloOThl, a TakKe MPHU MPOBEICHUU
3aHATUHN B paMKax AUCTAHIMOHHOTO O0y4YeHHsI.

BriBoanl

1. Mcnonb3oBaHue pas3nyHbIX CPEICTB BH-
3yalu3alii MOXKET ObITh HE TOJIBKO HarJISAHBIM
U 3(¢(EeKTUBHBIM, HO U SKOHOMUYECKHU BBIIOJI-
HBIM CPE/ICTBOM IOBBIIIEHUS KauecTBa y4eOHOIO
IIpoLecca B aBUALIMOHHOM BY3€.

2. MHcnome3oBaHume pa3pabOTaHHON Mpo-
rpaMMbl TO3BOJISIET Oojiee JETallbHO M3Y4HTh
uHpopmannonnsie kanpel LIMC u Gonee riy6o-
KO YCBOHUTbH MOPAJOK B3aUMOJEHCTBUS ¢ OOPTO-
BBIM KoMIUIeKcoM uepe3 M®DU, Ttak kak npu

> CoBmectHas pabora SimInTech u aBuacumyasTOpa
X-Plane [Dnextponnsiii pecypc] // Youtube. URL:
https://www.youtube.com/watch?v=XvA04Wvzuol (na-
Ta oOpamenus: 31.01.2022).
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HQJIMYUU PEAIBHOTO TpEHaXkepa caMoJieTa Yy
00y4aromuxcsi HET BO3MOYKHOCTU YJEIUTh Bpe-
ms pabore ¢ LIMC B cuimy Oomblioil 3arpyskeH-
HOCTH TPE€Ha)kepa U HE0OXOAMMOCTH OTPaOOTKU
B OTBEJIEHHOE Ul pabOThl ¢ HUM BpEMS HaBbI-
KOB IWJIOTUPOBAHUS M HABUTALIUU.

3. @yHKUMOHAN pa3pabOTaHHON MPOTrpPaMMBI
umutaru padotrel [{UC oTkpeiBaeT OombIIme
HEPCHEKTHUBBI 110 €€ MCIOJIb30BaHUIO B Yd4eOHOM
IIpOLIECCE, OJIHAKO I TOJYyYEHHs OILyTHMOIO
s¢ppexTa pPEeKOMEHIyeTCs MaccOBO MCIIOJIb30-
BaTh ee¢ Ha au4HbIX [IK, Hampumep miaHmerax ¢
CEHCOPHBIM IKPaHOM.

4. HakomnjeHHbI ONBIT MOXHO HCIOJIb30-
BaTh JJI pa3pabOTKU MpOrpaMMbl MMHUTAIMU
paboTel HHPpopMaMoHHbIX cucteM Uit BC npy-
rux TUNnoB. PaboTy B JaHHOM HampaBJeHUU Iie-
J€co00pa3HO MPOAOIDKUTH U MPH HEOOXOAUMO-
CTH PACIpPOCTPAaHUTh HapaOOTaHHBIM MaTepual
Cpelli OTEYECTBEHHBIX aBUALIMOHHBIX BY30B.
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About revising the computational dynamic scheme of an unmanned
aerial vehicle based on the results of ground-based modal test operations
in the aeroelasticity problems

S.G. Parafes’!

"Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract: The problem of revising the computational dynamic scheme of an unmanned aerial vehicle (UAV), based on the results
of ground-based modal test operations, in order to study the UAV flutter and to assess the aeroelastic stability of an UAV with an
automatic control system (ACS), is considered. It is noted that at the design stage, when there is no UAV prototype or its units yet,
the determination of modal characteristics, specifically natural frequencies, modes and generalized masses, is carried out using the
computational dynamic scheme developed according to the design documentation. However, the similar computations, performed
even with the use of modern finite-element software systems, do not give sufficiently precise values of the parameters of the UAV
design elastic-mass schematization. In this regard, it is relevant and important to specify the parameters of the design
schematization in conformity with data of ground test operations for UAV prototypes. The provisions, allowing us to achieve
satisfactory results when revising the UAV computational dynamic scheme, are made. The criteria of revising are considered. The
features of revising the computational dynamic scheme, while studying the flutter and aeroelastic stability of the ACS-fitted UAYV,
are presented. It is noted that along with the provisions that are universal for dynamic aeroelasticity problems, specifically for
flutter, and related to compensating of natural frequencies, modes and coefficients of structural damping for the UAV model
according to the results of ground modal tests. In the problems of aeroelastic stability study of the UAV equipped with the ACS, it
is also crucial to correct the UAV body transfer function from the section, corresponding to the axis of controls rotation, to the
section where ACS sensors are installed. This is because the UAV hull is an integral part of the UAV stabilization loop and
significantly affects its stability margin. The example of revising the computational dynamic scheme of a maneuverable cruciform
UAV is given.

Key words: unmanned aerial vehicle, automatic control system, computational dynamic scheme, ground modal tests, revising,
flutter, aeroelastic stability.

For citation: Parafes’, S.G. (2022). About revising the computational dynamic scheme of an unmanned aerial vehicle based on the
results of ground-based modal test operations in the aeroelasticity problems. Civil Aviation High Technologies, vol. 25, no. 3,
pp. 73-85. DOL: 10.26467/2079-0619-2022-25-3-73-85

O KOppPeKTUPOBAHMHU PACYETHON TMHAMMYECKON CXeMbI
0eCNMJIOTHOIO JIeTATEJIBLHOI0 aNNapaTa no pe3yjibTaTaM Ha3eMHbIX
MOJAJbHBIX MCTILITAHUI B 3a1a4axX a3poynpyrocTu

C.I'. Mapadecs'

1 o « « o
Mocxkosckuii aguayuorHblil uHCMumym (HayuoOHATbHbIU UCCIe008aMENbCKUL
yHugepcumem), . Mockea, Poccus

AHnHoTamms: PaccMoTpeHa 3a1a4a KOPPEeKTUPOBAHUSI PACYETHON AMHAMHYECKOH CXeMbI OECIHIOTHOIO JICTATeNIFHOTO armapaTa
(BJIA) 1o pe3ynbTaTtaM Ha3eMHBIX MOIAJIBHBIX MCIBITAHUN B MHTepecax uccienoBaHus ¢uarrepa BJIA u orieHKH aspoynpyroi
ycroiunBocty BJIA ¢ cucremoii aBromarnueckoro ympasienust (CAY). OTmedeHo, 4To Ha 3Tarie IPOEKTUPOBAHMS, KOrna HeT
eme omnbITHOro obpasta BJIA mmm ero arperartos, onpeneneHne MOJAIBHBIX XapaKTepPUCTHK, a MIMEHHO COOCTBEHHBIX YacTOT,
(hopM 1 000OIIEHHBIX MacC, TIPOBOIUTCS C TIOMOIIBIO PACUYeTHON AMHAMHYIECKOW CXEMBI, pa3padOTaHHOH 10 KOHCTPYKTOPCKOM
JoKyMeHTarmu. OTHaKo MOI00HOTO PO/ PacyeThl, BBIOIHEHHBIE JaXKe C UCIIOIb30BAHIEM COBPEMEHHBIX KOHEUHO-3JIEMEHTHBIX
MPOTrPaMMHBIX KOMIIIEKCOB, HE JAOT IOCTATOYHO TOYHBIX 3HAYECHUH TapaMeTpOB YIPYro-MacCOBOH CXeMaTH3alluH KOHCTPYKINH
BJIA. B 5T10ii CBA3M aKkTyajabHbIM M BaKHBIM SIBJIIETCSI YTOUHEHHE IIAPAMETPOB CXEMaTH3alMU KOHCTPYKLMHU IO JAHHBIM
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Ha3eMHBIX  WCIBITaHWE  onbiTHBIX — oOpasuoB  BJIA.  ChopmynupoBaHbl — MOJNOXKEHWS, MO3BOJSIONME  JOCTUraTh
YJIOBJIETBOPUTENBHBIX PE3YJILTATOB MPH KOPPEKTHPOBAHMH pacueTHOM JuHammueckoil cxembl BJIA. PaccMoTpeHnsl kpurepuu
KoppekTtupoBanust. I[IpencraBineHbl OCOOEHHOCTH KOPPEKTHPOBAHHS PAacUETHOM JMHAMHYECKOW CXEMBl HPH HCCIEIOBAHUH
tmarrepa u aspoymnpyroi ycrorumBoctd BJIA ¢ CAY. OrmedyeHo, YTO Hapsify C MOJIOKEHHSMH, KOTOpBIE SIBISIOTCS
YHUBEPCABHBIMH I 337129 THHAMHYECKOH a3pOyNPYTOCTH, B YaCTHOCTH (haTTepa, M CBI3aHHBIMU C KOPPEKIMEH COOCTBEHHBIX
9acToT, popM U KOIP(PUIMEHTOB KOHCTPYKIIMOHHOTO nemridupoBanus monenn BJIA mo pesynbrataM Ha3eMHBIX MOIJAIBHBIX
WCIIBITAaHHH, B 337a49aX MCCIIeNOBaHMA a’poynpyroii yeroiamBoct BJIA ¢ CAY Taroke pemraroriee 3HaUCHHE HMEET KOPPEKITHSA
nepenaTouHoi GyHKuMM kopiyca BJIA oT cedeHHs, COOTBETCTBYIOILETO OCH BpAILCHUS PyJeH, 10 CEYeHHs, e YCTAHOBJICHBI
nmataukn CAY. Oto cBazaHo ¢ TeMm, uto kopryc BJIA sBisieTcss HermocpencTBEHHON 4acThio KOHTypa crabmmmsarmu BJIA u
CYLIECTBEHHO BIMSET HA €ro 3amnachl yCTOMYMBOCTU. lIpuBeneH npumep KOPPEKTHPOBKM PACUETHOM AMHAMUYECKOH CXEMBbI
MaHeBpeHHOT0 BJIA KpecTOKpBIIOi CXeMBI.

KrodeBble ci10Ba: eTaTeNbHbIN anmapar, CUCTeMa aBTOMaTHYECKOT0 YIIPABJIeHHs, pacueTHas TMHAMUYECKasi CXeMa, Ha3eMHBIE
MO/IaJIbHbIE UCTIBITaHNS, KOPPEKTUPOBaHHE, (IIaTTep, a3poynpyras yCTOHUHBOCTb.

Jos nurupoBanus: Ilapadece C.I. O KOppeKTMPOBaHWM pacueTHOM IAMHAMUYECKOW CXEMBl OECITHIIOTHOTO JIETATENBHOTO
ammapara o pe3yJibTaTaM Ha3eMHBIX MOJATBHBIX HCTIBITAHUN B 3aa4ax aspoynpyroctd / Hayunsni Becthuk MI'TY T'A. 2022.
T. 25, Ne 3. C. 73-85. DOI: 10.26467/2079-0619-2022-25-3-73-85

Introduction Fairly many papers are dedicated to the is-
sues of revising a computational dynamic

One of the most key tasks of dynamic aeroe-  scheme. Most notably, the approaches in respect
lasticity, the science about interaction of a flexi- ~ to updating infinite-element models are priori-

ble aircraft (A/C) with air flow, is preventing  tized. The model designs such as plates [3, 4],
hazardous self-oscillations in-flight. A solution frames [5] as well as physical structures of aero-

of the problem is conducted by means of compu- space vehicles are under consideration. For ex-
tational-experimental research at various stages ~ ample, the techniques to revise the computation-
of A/C development. In terms of UAVs, the de- al dynamic scheme, regarding aircraft manufac-
termination of the boundary of (Critical Velocity) tured from ConVentional materials, arc discussed

flutter and the boundary of the stability loop “the ~1n the papers [6], from composite materials — in
flexible A/C-automatic control system (ACS)” is [7, 8], UAVs — in [9]. The articles [10-12] deal
essential. with updating of infinite-element models de-
At the design stage, when an A/C prototype signed to describe the dynamic construction be-
or its units are not available, defining the modal ~ havior (including aerospace structures) with the
performance, especially natural frequencies, riveted [10] and bolted [11, 12] joints.

modes and generalized masses, is carried out by Let us consider in more detail the papers rep-
means of the computational dynamic scheme resenting the techniques aimed at revising the
developed in accordance with the design docu- ~ computational dynamic scheme based on the
mentation. The domestic and international prac-  method of infinite elements, taking into consid-
tice shows that the similar computations, based ~ eration ground modal tests results, which are
on the sophisticated finite-element software so- utilized to investigate the A/C flutter. The work

lutions, do not provide with sufficiently precise ~ [6] describes the potential approaches to study
values of modal parameters for the elastic-mass  the A/C flutter in order to incorporate the results

structure schematization. That is why, the neces- ~ of ground vibration tests, i.e., 1) direct use of
sity of specifying computations, based on A/C ~ ground vibration tests results and 2) updating of
ground tests, is required. Modal tests of the pro- ~ the computational finite-element model of the

totype are Compulsory prior to ﬂlght tests [1’ 2] A/C structure. A theoretical foundation for the
After revising the elastic-mass computational ~ methods to update the computational model,
Scheme’ a model to perform Computations of including the Bayesian estimate of the parame-
A/C oscillations in-flight in the problems to  ters and more general optimization employing

study the flutter and aeroelastic stability of ACS-  the powerful nonlinear gradient methods, is giv-
fitted A/C, is formed. en. The paper [7] considers the problem of up-
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dating the computational finite-element model in
order to investigate the A/C flutter with an elon-
gated composite wing. In conformity with the
results of ground modal tests, updating of the
computational finite-element model by means of
optimization procedures based on the methods of
sensitivity analysis, was carried out.

One should note that the sensitivity analysis
methods are widely utilized in the problems of
updating computational dynamic models based
on ground modal tests results ([3], [12—-14]).

An innovative technique to update the finite-
element A/C model using the results of ground
modal tests is proposed in [8]. This paper pro-
vides a fresh approach towards the global/local
optimization to update the finite-element A/C
model made of composite material according to
the scheme “flying wing” which used test data
based on subsystems. Three stages of mass and
rigidity distribution adjustment, while updating
the computational finite-element model of the
A/C, are considered. Stages I and II, i.e., local
optimization, correct mass distribution for the
A/C fuselage and wing to bring their mass char-
acteristics in line with test data. Wing rigidity
distribution is also adjusted on stage II using the
results of ground modal wing tests. The original
finite-element A/C model is updated subsequent-
ly using available experimental mass characteris-
tics and the results of ground modal tests of the
entire A/C. The iterations of global and local
optimization continue until the difference be-
tween the test results and numerical results con-
cerning finite-element models as of the entire
A/C as of its subsystems (fuselage and wings)
becomes less than the assigned value.

The article [15] considers the problem of up-
dating the computational dynamic model appli-
cable to aerospace structures, most of physical
properties and boundary conditions of which
depend on temperature. The approach to update
the computational dynamic model, taking into
consideration thermal effects and uncertainties,
using a hierarchical strategy, is proposed.

At the end of a brief review of the papers
dedicated to the problems of revising the compu-
tational dynamic scheme based on the results of
ground modal (vibrational) tests, let us highlight
the paper, in which the object of study is the
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UAV. Thus, the paper [9] provides the develop-
ment of the finite-element structure model for a
small-sized flexible UAV. It is dedicated to the
development of a simple design model based on
a two-stage procedure. The static and dynamic
wing tests are conducted on the initial phase.
These experiments give the first assessments of
the UAV material properties (e.g., rigidity), upon
which, the finite-element model consisting of
simple beam-type components, is developed. On
the second phase, the original finite-element
model is updated by means of modal data, de-
rived from ground vibrational tests of the UAV.
Afterwards, the optimization problem for pur-
pose of minimizing differences in modal UAV
properties (frequencies and modes), obtained
from the computational model and experimental
data.

The given review of studies, concerned with
revising the computational dynamic scheme
based on the results of ground modal tests, em-
phasizes the relevance of the stated research top-
ic. At the same time, there are papers which are
primarily oriented at the solution of problems
associated with the study of dynamic structure
behavior, including the flutter. The issues to re-
vise the computational dynamic scheme based
on the results of ground modal tests in order to
solve the problems of aeroelasticity, which are of
paramount importance for UAVs fitted with
ASCs, are not sufficiently covered.

The goal of research is the development of
approaches to revise the computational dynamic
scheme of maneuverable UAVs, in the first in-
stance, “air-air” and “air-ground” classes, using
the results of ground modal tests to solve the
problems of flutter and aeroelastic stability of
ACS-fitted UAVs.

Main provisions of revising the UAV
computational dynamic scheme

The following integral structure characteris-
tics like natural frequencies, generalized masses
of the undamped system or more local natural
modes and frequency characteristics can be the
subject or the parameter of proximity of the ex-
periment data and the revised computational
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scheme. While revising the computational dy-
namic scheme, an issue about a structural damp-
ing does not arise. The experiment can solely
serve as a proper scientific methodology.

Revising of the computational dynamic
scheme, elastic-mass, is traditionally conducted
by frequencies alone: as a rule, they are defined
in tests, sufficiently precisely, although indirect-
ly. Basically, it refers to basic frequencies which
can affect the flutter critical velocity. The correc-
tion problem, which can be considered as an
inverse problem not having a single-valued solu-
tion, is quite time-consuming, and does not have
developed algorithms.

However, one may note a series of utilized
techniques which allows us to achieve satisfacto-
ry results.

The first provision is that, in the number of
given data, specified by the design documenta-
tion, the inertial characteristics, as a rule, are
more reliable. In this case, it is allowable to up-
date rigidity data with the aim of improving con-
vergence of computational and experimental
frequencies.

The initial step for the first mode, for exam-
ple, of a hull bend, can be the variation of a ri-
gidity scale without changing rigidity distribu-
tion along the hull length. It is implemented
within one step, but it is merely allowable if
there are no apparent peculiar features with re-
spect to rigidity distribution around the hull, for
example, availability of degraded places.

Frequency divergence of the subsequent mode,
for example, of the second hull bend, thereby
changes, but not necessarily for the better. There-
fore, repeated adjusting of rigidities is required,
inevitably deteriorating the previous results. Thus,
the procedure becomes iterational, and the number
of steps is defined by the structural features and
designer’s experience. Both rigidities distribution
and their absolute values are adjusted. On several
occasions, there are obvious signs, establishing the
necessity to change rigidity at a specific location
and direction, for example, in the area of hull
joints. The stated variant significantly facilitates
the procedure of adjusting.

There is a general rule of obvious character.
It is preferable to vary rigidity for the specific
mode at the more stressed location, i.e., in the

Vol. 25, No. 03, 2022

area of the antinode point on the shape. In terms
of the UAV airframe structure sections that have
lumped rigidities, primarily, for flight controls,
the task becomes simplified to some degree as it
reduces itself to the rigidity change of two or
three springs with the known position. In any
case, the rigidity change should be limited by
reasonable margins, and zero divergence in fre-
quencies should not be the purpose of adjusting.

Comparison of natural modes is another tra-
ditional step, practically significant. It is com-
mon practice that they are compared qualitative-
ly, by the “external view”, by the number of
nodes or the position of node lines on the sur-
face. One can suppose that adjusting by natural
frequencies will approximate the computational
eigenforms to experimental ones, although for-
mal fundamentals are not available.

The criterion for the quantitative comparison
of eigenforms is the values of generalized struc-
ture masses which represent the same integral
parameter as natural frequencies. Let us explain
this assertion with special reference to the oscil-
lating system with one degree of freedom con-
taining cargo of mass m on the spring with rigid-
ity k. Figure 1 represents the dependence of nat-

ural frequency ®, on the parameters of the given

oscillating system in physical coordinates m, k.
The natural frequency magnitude only defines
the straight line inclination, all the dots of which
are referrred to various couples of masses and
rigidities that is to different oscillating systems.
The addition of the natural frequency by a
magnitude of mass (or rigidity) emphasises a
point on the straight, coordinates of which m.,k;

explicitly points out to a specific oscillating
system with one degree of freedom.

ki

®, = const

m; m

Fig. 1. Dependence of the natural frequency on the
parameters of the oscillating system with one degree of
freedom
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Data for identification become exhausted by
two integral quantitative criteria: natural fre-
quency and mass (or rigidity). However, these
criteria are generally nonsufficient. In particular,
the most essential is the ratio of shifting, defined
according to the eigenform of the first hull bend-
ing mode in the axis sections of the flight control
rotation, y,,, and installation of ACS gauges,

Ycay- The ratio is a multiplier of the amplitude-

frequency characteristic (AFC) and the phase-
frequency response (PFR) of the stabilization
loop (SL), which identifies in-flight stability of
the “flexible A/C-ACS” system. Increase in this
ratio, for example, twice reduces a doubled
margin of SL stability up to 0, i.e., to the
boundary of self-oscillations. This example
demonstrates the necessity of quantitative modes
comparison and the approprite computation
correction.

The locations of nodes of the bending mode on
the axis of hull, the ratio of amplitudes or the node
line inclination on the surface of flight control are
the local quantatative characteristics of
eigenmodes. An attempt to add frequency,
adjusting by a quantatative comparison of modes,
complicates the problem critically, so the
correction with the local comparison of modes can
be merely referred to the most important modes
which specify the self-oscillations boundary. In
this case, the procedure is iterational, considering
inaccuracy of measurement during tests. It is
impossible to obtain a single-valued algorythm as
with the case of frequencies.

The admissible criterion for proximity of the
computation results and experiment is a value

[(Amoj )2 + (A(oj )2} on the flat surface (mo,w) ,

— p 3 . _ p )
where Am,, =my;, —m;;; Ao, =’ -} [16].
The magnitudes my;,m,, represent generalized
masses and the magnitudes ©f,®’do natural

frequencies obtained by computational or
experimental methods (j — No of self-oscillations
mode).

It is more convenient to minimize the prox-
imity criterion of the computation and experi-
ment results in the form of dimensionless
value
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2 2
+ Ao,
o )’
representing the sum of squared difference of two

relative parameters. Since, the inaccuracy of natu-
ral frequency computation cm is less than the

R, = (hl A,

moj

(1

inaccuracy of generalized mass om, (oW < 6my)

computation, the weighting factor 4 <1 is in-

troduced into the criterion. If in the oscillating
system under consideration, there are two prox-
imate by frequency and strongly interacting
modes, revising of the computational scheme
should be conducted taking into consideration
the characteristics of both modes.

The characteristics of structural damping re-
action, which are also necessary for computa-
tion, are defined experimentally only by one
value for each mode, as a rule, using a logarith-
mic decrement of oscillations. Its application for
the computational scheme in the principal coor-
dinates is maximally easy, the appropriate exper-
imental value is used for each mode. The situa-
tion with the computational scheme in the meth-
od of finite elements is more complex, since a
large-scale array of given data is general for all
the modes, and the transition to principal coordi-
nates arises only during the process of computa-
tion. Account must be taken of relatively low
accuracy (and unstable state) to identify the
damping reaction characteristics, a simplified
view of their representation and, as a rule, de-
pendence on the amplitude. The latter is referred
to frequencies, due to the nonlinear condition of
structure properties, especially flight controls.
Therefore, a base scope of computations is es-
sentially associated with the selected specific
amplitudes.

Specifics of revising the
computational dynamic scheme
while investigating aeroelastic
stability of the UAV with ASC

While investigating SL stability on frequen-
cies of elastic UAV oscillations, frequency char-
acteristics are the most obvious parameter. The
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frequency stability criterion of the closed loop
by the frequency characteristics of the open loop
embeds the hull characteristics by a factor as one
of the elements (fig. 2). Subsequently, the stabil-
ity margin, for example, by the modulus, is de-
fined by AFC of each loop element, including
the A/C hull. While measuring with activated but
retarded control actuators (with zero signals at
inputs), AFC and PFR virtually do not differ
from the intensity of force on the controls or
from the intensity of force on the hull in the axes
section of control rotation. In any variant, while
correcting, the accepted differences coincide
explicitly with the permissible spread, e.g., of
the complete open loop AFC. Thereby, under
high stability the relatively considerable varia-
tion of the computational and experimental AFC
is allowed.

kopnyc BJIA _::7\)%‘

| BO30YANTETH

Fig. 2. Elements of the open loop of UAV stabilization

Vol. 25, No. 03, 2022

UAVs under consideration are, as a rule, axi-
ally symmetrical and, as mentioned above, have
wings of small (ultra-small) elongation or do not
have them at all (wingless design). Wings of
these UAVs have high natural frequencies (as a
general thing, several times larger than the fre-
quency of the first bending mode of UAV hull).
The dynamic properties of such high-speed ma-
neuverable UAVs, which should be taken into
consideration while developing the ACS stabili-
zation system, are featured with bending transfer
functions. So, when forming the stabilization
system loop and selecting its basic parameters, it
is sufficient to consider the dynamic properties
of the elastic UAV hull.

The oscillating system “flexible UAV” is re-
garded linear; a rule of superimposition is appli-
cable for this system, i.e., the UAV transfer
function by the input effect (an angle of the con-
trol deflection) at the point of measurement (sen-
sor installation) represents a sum of transfer
function of an inflexible UAV and the dynamic
response of a flexible UAV.

Transfer functions of the inflexible UAV as
an object of pitch control by an angular rate ®
and linear acceleration W (at locations of the rate
gyro sensor (RGS) and linear accelerometer
(LA) installation) are of the form of:

0] 1+T p
W, =—| =%k n ; 2
m(p) Tive 8 i P 1+2§p];p+7;2p2 ( )
aye
W, (p) Tk ! 3)
w X % -t 2,27
oy Xy ’ 1+28 T p+T, p
where
®, L2
=S g L Gta L g =TS
a,+aa, a, 2\a, +a,a, a, +aa, Vi,
c, ()_CM —)_cﬂ)qSL _ci ()_CM _fp)qSL ¢, q4S P
a, == s Gy =+ s Ay =TT
I I mV — mV

z

V, g are UAV air speed and ram-air flow;

o, : . . . a S
m_ is a rotary resistance derivative; ¢, ¢, are

derivatives of the UAV lift coefficient by angles
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z

of attack o and the control deflection 6; P is
engine thrust; X, X,,X, are the coordinates of

mass centre, pressure centre and an axis of
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control rotation refferred to the UAV length L; insignificant effect in comparison with UAV lift
m, I_, S is the mass, moment of inertia and UAV force) and without considering Coriolis accelera-
tion resulted from UAYV rotation affected by jet
blast. Taking into consideration the first, second
hull bending modes, the complete UAV transfer
functions are copied as follows [17]:

— the UAV transfer function by an angle rate
at the location of RGS installation

reference area. In the given expressions, a
“minus” mark conforms to the tailplane
configuration, a “plus” mark corresponds to “the
canard plan”.

The transfer functions, found by the
expressions (2), (3), are obtained on the lift force
negligibility conditions on controls (due to its

_ o)
Xpve S(p) .

_k 1+7, p 22: plk, +k,p*)
"1+2§Tp+T2 25 +2ng+T2p2’

W, (p)

— the UAV transfer function by linear ac-
celeration at the location of LA installation

» :W(p) Vk 1+2§WTWP+TV;p2 +i kinz
W 8(p) |, P28 Tp+T)p* F1+28Tp+T p’
In the given expressions: T =1w,;
W . .
ki ki are  non-dimentional  factors Y? is the derivative of the UAV lift force by
considering an effect on UAV flexural mode an angle of control deflection;
(according to the first, second modes) of a I, is the total momentum of controls inertia

normal force caused by controls deflection: (.., for «t» scheme momentum of a pair of

5 controls) in the general case considering the
k, = rf (xﬂyc)f (%, ) conrol actuator inertia;
mo; L
5 m;, = I m(x)f’ (x)dx are UAV given masses
K = Y f(xzmy)f(x ) 0
i m’ by the first-second bending modes;
m(x) is the distributed on UAV length mass;
k,, are the coefficients considering an effect on ®;, f(x), f;(x) are rotational frequencies,

UAV flexural mode (corresponding to the first, modes and derivatives of the first, second UAV

second modes) of the inertia moment resulting eigenmodes.

from controls deflection: Both in the problem for the study of ACS-
fitted UAV aeroelastic stability and in the prob-

lem of computation for the UAV flutter, the es-

k,= d f (ave ), 3 ) sential factor is proximity of the hull and control

mo; frequencies, as well as the hull bending shape

(represented in Figure 3 in the axes: amplitude A

&, are damping coefficients of flexural modes is a relative coordinate along the hull axis X ).

of the hull structure ( by the first, second modes) ~ However, unlike the flutter problem, the shape
associated with the appropriate logarithmic of hull bending is defined by a position not only
‘ of the node, proximate to the axis of controls

oscilations decrements v, formulae &, = o ; rotation (parameter f;(x,)), but of the node prox-
T
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Fig. 3. Eigenmode of the first mode for UAV hull bending:
1 —hull cross section with ACS sensors; 2 — hull section corresponding to the position of the control rotation axis

imate to the hull section with ACS sensors. For
this purpose, the basic parameters to revise the

computational dynamic scheme are: f(xy;y),

f (Xgyc) are the shape and the derivative of

UAYV hull bending shape at the location of ACS
Sensors.

Example of the computational
dynamic scheme revising

Let us consider an example of revising the
computational dynamic scheme of a maneuver-
able UAYV based on the results of ground modal
tests. An unmanned aeronautical vehicle has a
conventional aerodynamic configuration with the
cruciform location of aerodynamic control sur-
faces. The UAV is equipped with the stabiliza-
tion system with two feedbacks: by an angle rate
and linear acceleration. For this UAV type, as
noted above, loss of aeroelastic ACS-fitted UAV
stability is typical along with flutter. The ACS
sensors (RGS and LA) are in one unit (in one
UAYV hull section). For the reliable determina-
tion of stability boundaries, it is necessary to
specify the computational transfer function of
the flexible UAV obtained using the finite-
element model based on the results of ground
modal tests. As stated above, not only the close
agreement of the natural oscillatory frequencies
is important but also the proximity of

80

eigenmodes, especially in the UAV hull section
with ASC sensors.

In order to determine experimentally fre-
quencies and natural modes of self-oscillations, a
special simulator was used [18]. The simulator
incorporates a power driver (electrodynamic —
type exciters in the set with power amplifiers by
TMS, USA); measurement means of oscillation
parameters (accelerometers and impedance
heads by PCB Piezotronics); a supervisory soft-
ware-hardware system comprising a personal
computer, real-time system of measurement and
control CompactRIO (National Instruments,
USA) and software to control test operations;
portals for the UAV flexible suspension. By
means of the simulator, the UAV modal test op-
erations were conducted (more exactly, of the
mass-size model, rigidity and mass-inertial prop-
erties of which coincide with a full-sized UAV).
In particular, the first, second bending mode
characteristics of the UAV hull were defined. In
order to provide comparison of computational
and experimental data of eigenmode, found ex-
perimentally, were normalized in the same man-
ner as the computational ones.

Updating the finite-element UAV model was
carried out using the criterion (1). At every stage
of the process for revising the computational
scheme, the proximity criterion of the computa-

tion and experiment results (7 is suggested equal

to 1) was defined as for each of the analized
bending modes as for the general one for the
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Table 1
The results of revising the computational dynamic scheme
Iteration Generalizedzmasses, Natural frequencies,
Type of data number _ kg m _ . Hz _ Criterion (1)
1" mode | 2" mode 1" mode 2" mode

Experimental - 25.03548 | 4.15003 44.37 123.40 -
Estimated 0 25.41704 | 3.90324 45.22 125.68 0.000411793
Estimated 1 2496875 | 4.06949 44.59 124.14 0.000063079
Estimated 2 2474110 | 4.10589 44.62 123.52 0.000035234
Estimated 3 24.72235 | 4.11829 44.33 123.44 0.000029396
Estimated 4 2478914 | 4.11512 44.43 123.43 0.000003433
Estimated 5 24.86000 | 4.12423 4435 123.41 0.000001065

both. Simulteniously, at every stage, the lack of
deteriorating flexural mode values in the UAV
hull cross section, in which ASC sensors are
located, was monitored. The results of revising
are represented in Table 1. The Table provides
the UAV hull generalized masses and natural
frequencies of the first, second bending modes
obtained as a result of processing experimental
data (the first line with the title “Experimental”
in the column “Data type” and the same
parameters of the computational dynamic model
revised gradually for the purpose of minimizing
the criterion (1) (the subsequent table lines with
the title”Computational” in the same column).

A step process of adjusting rigidity
distribution along the UAV hull (with stating
iteria numbers) is shown in Figure 4. The
physical parameters variation had an effect,
although to a different degree, on the dynamic
characteristics of the considered modes, but
virtually did not affect the other modes. As
Figure 4 illustrates, the first step in the process
of correcting was efficient in terms of
compensating the UAV hull first bending mode
characteristics and inefficient from the point of
view of compensating the second mode
characteristics. It was concerned with selecting
to revise the computational dynamic rigidity
scheme in the area of antinode point of the UAV
hull first bending mode. The opposite result was
obtained at the second iteration of revising the
computational dynamic scheme which was
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specified by the rigidity selection in the area of
antinode point of the UAV hull second bending
mode. The subsequent approximations showed
rapid convergence of the process to revise the
UAYV computational dynamic scheme.

R?;li.(t)
0.0004
\ 3
0.0003 |3\~
0.0002 \
1%
0.0001 \\
2\
| <
0 R T
0 1 2 3 4 n

Fig. 4. Dependence of the criterion (1) on the iteration
number: 7 — 1*' mode, 2 — 2" mode, 3 — both modes

Thus, in conformity with the considered ap-
proach within a small number of iterations #, the
UAV computational dynamic scheme could be
revised, based on the results of ground modal
test operations, in order to solve the aeroelastici-
ty problems, specifically, to study ASC-fitted
UAV aeroelastic stability.
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Conclusion

The problem of revising the UAV computa-
tional dynamic scheme, based on the results of
ground modal test operations, in order to solve the
problems of dynamic aeroelasticity associated with
the assessment of “flexible A/C-ASC” loop stabil-
ity and safety from flutter, is considered.

At the stage of design, when an UAV proto-
type or its units are not available, the determina-
tion of modal characteristics, specifically, of
natural frequencies, modes and generalized
masses is executed by means of the computa-
tional dynamic scheme developed according to
the design documentation. Such a dynamic
scheme does not provide us with reliable modal
parameters of the elastic-mass structure model.
Therefore, it is necessary to revise computations
based on data of UAV ground test operations.
Variants of revising the computational dynamic
scheme are referred to natural frequencies,
modes, generalized masses and frequency-
response plots, specifically to quadratic criteria.
Irrespective of this fact, there is a necessity to
correlate the UAV hull experimental frequency-
response plots from the section, corresponding to
the position of controls rotation axis, to the sec-
tion corresponding to the installation of ASC
sensors. It is related to the fact, that a flexible
hull as an element, forms a part of the UAV sta-
bilization loop and significantly affects the value
of stability margin by a module and phase mar-
gin (under the frequency stability criterion).

The example of revising the dynamic scheme
of a maneuverable cruciform UAV, based on the
results of ground modal test operations, in order
to solve the problems of aeroelastic stability of
the ASC-fitted UAV, is considered.
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