Tom 23, Ne 05, 2020 ISSN 2079-0619
e-ISSN 2542-0119

HayuHbin BecTHHK
MI'TY T'A

Civil Aviation High
TECHNOLOGIES

Vol. 23, No. 05, 2020

Nzmaercs ¢ 1998 r.

MockBa
2020



Hayunoii Becmuux MI'TY TI'A pewenuem Ilpesuouyma BAK Munucmepcmea obpazosanus
u Hayku P® exntouen 6 nepeuerb 6e0VuUx peyeH3upyemolx HaAyuYHbLX HCYPHAL08 U U30AHULL, 8 KOMOPbIX
00HCHBL ObIMb ONYONUKOBAHBL OCHOBHBLE HAVYUHBIE PE3YabMambl OUCCEPMAaYULl HA COUCKAHUE YYeHOU

cmenenu 00KmMopa u KaHouoama Hayx.

I'naBHasi pegakuus

I'1aBHbIM pegakTop:

Enuceeg b.I1., 3acnyxennbiii topuct PO, mpod.,

1. 10. H., pektop MI'TY I'A, Mocksa, Poccus.

3aM. rJ1aBHOIO peaaxkTopa:

Bopoovee B.B., nipod., 1. 1. H., 3aB. kad. MI'TY I'A, Mocksa, Poccus.

OtBeTcTBeHHbIe cekperapu Haymosa T.B., noueHr, k. ¢puioc. H., go1ieHT kadeapst MI'TY T'A,

IJIABHOM peJaKIHUu: Mocksa, Poccus;

IHonewkuna H.0., noueHT, K. 3. H., foueHT kadheapsr MI'TY T'A,

Mocksa, Poccus.

YsieHbl 1JIaBHOM peJaKIUM:

Ko3noe A.HU., 3acnyXeHHbI AEATENb HAYKU
u texHuku P®, mpod., A. .-M. H., COBETHUK
pexropata MI'TY I'A, Mocksa, Poccus;

T'apanuna 0./]., noueTHbI pabOTHUK HAYKU
u TexHuku P®, mpod., 1. punoc. H., mpodeccop
MI'TY I'A, Mocksa, Poccus;

Typxun U.K., ipod., 1. T. H., 3aB. Kap. MAU
(HaLIMOHAJIBHOTO HCCIEA0BATEIBCKOTO YHUBEP-
cureta), MockBa, Poccus;

Kanyeun B.T., npod., 1. T. H., nekad MI'TY
uM. H.D. baymana, Mocksa, Poccus;

Jlykun /I.C., 3aCiTy’K€HHBIN JiesTeNb HayKu PO,
npod., 1. ¢.-m. H., mpoh. MOTH, Mocksa, Poccus;

Hlankun B.C., 3acimyxeHHbIH pabOTHHUK
TpaHcnopta P®, npod., 1. T. H., IEpBBII 3aMeCTH-
Telb IreHepajgbHOro aupekTopa HanmoHnanbHOTO
UCCIIeA0BaTeNbCKOro 1eHTpa « MHCTUTYT UMEeHU
H.E. XKykoBckoro», Mocksa, Poccus;

boes C.@., ipod., a.T. H., 1. 3. H., TEHEPAITb-
HBII TUpekTop MeXrocyaapCTBEHHOM aKIMOHEP-
HOM Kopnopauuu «Beivrien», Mocksa, Poccust;

Caiirt: http://avia.mstuca.ru

E-mail: vestnik@mstuca.aero

Jamuan Pusac Pueac, npod., PhD, npoo.
VYuusepcutera Cepwibn, CeBunbs, Mcnanus;

Crwii Xayo3ztons, PhD, YHuBepcuTeT BOCHHO-
BO3AYIIHBIX CUJl, XHUaH, Kuraii;

®panuecka de Kpecuenyuo, npodeccop, ka-
dbenpa MPOMBINIIICHHOW WHXEHEpUH, booHCKMiA
yHuBepcutet, bosonss, Uranus;

Bnaoumup Hemey, PhD, TpancnoptHbIit
daxynsTer Sna IlepHepa, kadeapa Bo3LymIHOTO
Tpancnoprta, YHusepcurer I[lapayOune, [lapmy-
oune, Yenickas PecryOnuka;

Cmanucnae C3abo, PhD, ®@akynerer a’po-
HaBTUKHU, TexHnuyeckuil ynusepcuret B Kommuie,
Komute, CnoBarikast Pecrry6iika.

Ten.: +7 (499) 459-07-16

IInama 3a nybaukayuio 6 Hayunom Becmuuxe MI'TY I'A ¢ acnupanmog ne 83umaemcsi



Chief Editorial Board

Editor-in-chief:

Boris Eliseev, Professor, Doctor of Sciences, Rector, Moscow State

Technical University of Civil Aviation, Moscow, Russia;

Deputy Editor-in-chief:

Vadim Vorobyev, Professor, Doctor of Sciences, Head of Chair, Moscow

State Technical University of Civil Aviation, Moscow, Russia;

Executive Secretaries:

Tatiana Naumova, Associate Professor, Candidate of Sciences, Moscow

State Technical University of Civil Aviation, Moscow, Russia;
Irina Poleshkina, Associate Professor, Candidate of Sciences, Moscow
State Technical University of Civil Aviation, Moscow, Russia.

Members of the Chief Editorial Board:

Anatoly 1. Kozlov, Honored Worker of Sci-
ence and Technology of the Russian Federation,
Professor, Doctor of Sciences, Moscow State
Technical University of Civil Aviation, Moscow,
Russia;

Olga D. Garanina, Honorary Worker of Sci-
ence and Technology of the Russian Federation,
Professor, Doctor of Sciences, Moscow State
Technical University of Civil Aviation, Moscow,
Russia;

Igor K. Turkin, Professor, Doctor of Scienc-
es, Head of Chair, Moscow Aviation Institute,
Moscow, Russia;

Vladimir T. Kalugin, Professor, Doctor of
Sciences, Dean, Bauman Moscow State Technical
University, Moscow, Russia;

Dmitry S. Lukin, Honored Worker of Sci-
ence of the Russian Federation, Professor, Doc-
tor of Sciences, Moscow Institute of Physics and
Technology, Moscow, Russia;

Vacily S. Shapkin, Honored Worker of
Transport of the Russian Federation, Professor,
Doctor of Sciences, First Deputy General Direc-
tor, The National Research Center "Zhukovsky
Institute" Moscow, Russia;

Web-site: http://avia.mstuca.ru

Sergey F. Boev, Professor, Doctor of Scien-
ces, General Director, Interstate Joint Stock Cor-
poration "Vympel", Moscow, Russia;

Damian Rivas Rivas, Professor, PhD, Uni-
versity of Seville, Seville, Spain;

Xu Haojun, PhD, Air Force Engineering
University, Xi'an, China;

Francesca De Crescenzio, Professor, Depart-
ment of Industrial Engineering DIN, University
of Bologna, Bologna, Italy;

Vladimir Némec, PhD, Faculty of Transpor-
tation Sciences, Jan Perner Transport Facul-
ty, University of Pardubice, Pardubice, Chech
Republic;

Stanislav Szabo, Associate Professor, PhD,
Dean, Faculty of Aeronautics, Technical Univer-
sity of Kosice, Kosice, Slovak Republic.

E-mail: vestnik@mstuca.aero



PenakumoHHbId cCOBET

Aopamog O.B., 3aCiTy’)K€HHBIN JIeATENb HAYKU
P®, npod., n.t1.H., WHCTUTYT aBTOMATUKH U
MpoLECcCOB ynpaBieHus J[ambHEBOCTOYHOIO OT-
nenenns PAH, BinaguBocTok, Poccus;

Axunwun P.H., nipod., A.T. H., B. H. C., CEK-
st 000poHHBIX npodieM MO P® npu npesunu-
yme PAH, Mocksa, Poccus;

bauxano b.U., nipod., 1. T. H., B. H. c. [HUU
BBC MO P®, lllenkoBo, Poccus;

bpycos B.C., npod., na.T1.H., mpodp. MAU
(HaIMOHANBHOTO HUCCIIEOBATENILCKOTO  YHUBEP-
cuteta), Mocksa, Poccus;

Bouuunckuin B.B., tpod., A.T.H., 1pod.
M®THU, r.H.c. HATX um. H.E. XKykosckoro,
Kykosckuii, Poccus;

Topenux A.I., 1upod.,
MHND®U, Mocksa, Poccus;

Iy3uui A.I., n.t1.H., 3aMm. gupektopa [TAO
«Asuakomnanus «kOTsiip», Mocksa, Poccust;

Jlasuoos A.Q., nounent, n.T.H., Hammonans-
HBIA aspokocmuuecknii yausepeuter uM. H.E. XKy-
KOBCKOIO «XapbKOBCKHWM AaBHALIMOHHBIA WHCTH-
TyT», XapbKOB, YKpauHa,

Kpacunovuwuxk H.C., ipod., 1. ¢-m. H., mpod.
MHY, Mocksa, Poccus;

Kyéonanoe M.C., ipod., 1. T. H., ipodeccop
MI'TY I'A, Mocksa, Poccus;

Kysuneyoe B.JI., npod., nm.T1.H., 3aB. Kad.
MI'TY I'A, MockBa, Poccus;

Kysneyoe C.B., npod., na.T1.H., 3aB. Kad.
MI'TY I'A, Mocksa, Poccus;

Jlozeun A.H., 3aciy’)XCHHBIN JesTeNlb Hay-
ku P®, npod., a.T1.H.,, npopeccop MI'TY TA,
Mocksa, Poccus;

Heuaee¢ E.E., tpod., nA.T.H., 3aB. Kad.
MI'TY I'A, Mocksa, Poccus;

1. ¢-m. H., 1pod.

Ilanmeneee A.B., ipod., aA. d-M. H., 3aB. Kad.
MAW  (HagMOHAJIBHOTO  HCCIIEAOBATENILCKOTO
yHHBepcuTera), Mocksa, Poccus;

Pyxaunckun B.M., 1.T.H.,, UpeAcenareib
komuccun MAK mno cBszsim ¢ MexayHapoaHoi
OpraHu3aluen TpaXJaHCKOW aBHav, MOCKBa,
Poccus;

Camoxun A.B., n.T1.H., npodp. MI'TY I'A,
Mocksa, Poccus;

Capviuee B.A., mtupod., n.T.H., T.H.C.
AO «Panap-MMC», Cankt-IlerepOypr, Poccus;

Tamapunoe B.H., neiCTBUTENbHBIN YJIEH
Axagemun snekrpomarHetuzma CHIA, mpod.,
a. 1. H., ipod. TYCVYP, Tomck, Poccus;

Yeaiicos C.Y., npod., a. T. H., 3aB. Kap. MTYV,
Mocksa, Poccusi;

Xantomun CII., npod., 1. T. H., T€H. AUPEK-
Top OOO «OKcrepuMeHTaIbHAS ~MacTepcKas
HayxaCodt», Mocksa, Poccus;

Xapumonoe C.A., npod., a.T.H., 3aB. Kad.
HI'TY, HoBocubupck, Poccus;

Xooakoeckuii B.A., 3acnyXeHHBIH JesTENIb
nayku JICCP, npod., 1. 1. 1., Pura, JlatBus;

Yuntouun FO.M., tipod., 1. 1. H., ipodeccop
MI'TY I'A, Mocksa, Poccus;

Hlaxmapun b.HU., axanemuxk PAEH, 3acny-
JKEHHBIN NiesiTens Hayku U TexHuku PO, mpod.,
1. T. H., mpo¢. MI'TY um. H.O. baymana (Hammo-
HAJILHOTO HCCJIEIOBATEILCKOTO YHUBEPCUTETA),
Mocksa, Poccus;

KOpxoeé H.K., 3aciayXeHHBbI AEITENb HAYKU
P®, modeTHBIii pabOTHUK BBICIIETO MPO(ECcCHO-
HasbHOTO 00pazoBanus PO, npod., A. T. H., ipodd.
IIT'Y, Ilen3a, Poccus.



Editorial Council

Oleg V. Abramov, Honored Worker of Science
of the Russian Federation, Professor, Doctor of
Sciences, Institute of Automation and Control Pro-
cesses, Far Eastern Branch of the Russian Acade-
my of Sciences, Vladivostok, Russia;

Ruslan N. Akinshin, Professor, Doctor of Sci-
ences, Section of Applied Problems under the Pre-
sidium of the Russian Academy of Sciences, Mos-
cow, Russia;

Boris I. Bachkalo, Professor, Doctor of Sci-
ences, Leading Research Fellow, Russian Air
Force Central Scientific Research Institute of Min-
istry of Defence, Shchelkovo, Russia;

Viadimir S. Brusov, Professor, Doctor of Sci-
ences, Moscow Aviation Institute (National Re-
search University), Moscow, Russia;

Viktor V. Vyshinsky, Professor, Doctor of Sci-
ences, Head of Chair, Moscow Institute of Physics
and Technology, Chief Research Fellow, Central
Aerohydrodynamic Institute, Zhukovskiy, Russia;

Andrey G. Gorelik, Professor, Doctor of Sci-
ences, Moscow Institute of Physics and Technolo-
gy, Moscow, Russia;

Anatoliy G. Guziy, Doctor of Sciences, UTair
Airlines, Moscow, Russia;

Albert O. Davidov, Assistant Professor, Doctor
of Sciences, National Aerospace University
Kharkiv Aviation Institute, Kharkiv, Ukraine;

losif S. Krasilschik, Professor, Doctor of Sci-
ences, Moscow Independent University, Moscow,
Russia;

Michael S. Kublanov, Professor, Doctor of Sci-
ences, Moscow State Technical University of Civil
Aviation, Moscow, Russia;

Valeriy L. Kuznetsov, Professor, Doctor of Sci-
ences, Head of Chair, Moscow State Technical
University of Civil Aviation, Moscow, Russia;

Sergey V. Kuznetsov, Professor, Doctor of Sci-
ences, Head of Chair, Moscow State Technical
University of Civil Aviation, Moscow, Russia;

Aleksandr 1. Logvin, Honored Worker of Sci-
ence of the Russian Federation, Professor, Doctor
of Sciences, Moscow State Technical University of
Civil Aviation Moscow, Russia;

Evgeniy E. Nechaev, Professor, Doctor of Sci-
ences, Head of Chair, Moscow State Technical
University of Civil Aviation, Moscow, Russia;

Andrey V. Panteleev, Professor, Doctor of
Sciences, Head of Chair, Moscow Aviation In-
stitute (National Research University), Moscow,
Russia;

Victor M. Rukhlinskiy, Doctor of Sciences,
Chairman of the Commission for Relations with
ICAO Board, International and Interstate Organi-
zations of the Interstate Aviation Committee,
Moscow, Russia;

Aleksey V. Samokhin, Professor, Doctor of
Sciences, Moscow State Technical University of
Civil Aviation, Moscow, Russia.

Valentin A. Sarychev, Professor, Doctor of
Sciences, "Radar-MMS" Joint-Stock Company,
St.Petersburg, Russia;

Viktor N. Tatarinov, Actual Member of the
US Electrical Magnetism Academy, Professor,
Doctor of Sciences, Tomsk State Radio Electronic
and Control Systems University, Tomsk, Russia;

Saygid U. Uvaysov, Professor, Doctor of Sci-
ences, Head of Chair, Moscow Technological
University, Moscow, Russia;

Sergey P. Khalyutin, Professor, Doctor of Sci-
ences, Director General, CEO LLC "Experimental
laboratory NaukaSoft", Moscow, Russia;

Sergey A. Kharitonov, Professor, Doctor of
Sciences, Head of Chair, Novosibirsk State Tech-
nical University, Novosibirsk, Russia;

Vladimir A. Hodakovsky, Honored Worker of
Science of Latvian Soviet Socialist Republic, Pro-
fessor, Doctor of Sciences, Riga, Latvia;

Yuriy M. Chinyuchin, Professor, Doctor of
Sciences, Moscow State Technical University of
Civil Aviation, Moscow, Russia;

Boris 1. Shakhtarin, Academician of the Rus-
sian Academy of Natural Sciences, Honored
Worker of Science and Technology of the Russian
Federation, Professor, Doctor of Sciences, Bau-
man Moscow State Technical University, Mos-
cow, Russia;

Nikolay K. Urkov, Honored Worker of Science
of the Russian Federation, Honorary Worker of
Higher Professional Education of the Russian Fed-
eration, Professor, Doctor of Sciences, Penza State
University, Penza, Russia.



COJEP)KAHUE

TPAHCIIOPT

Bbaukano b.U., 3oa0TbIX B.H.

OO0 >KBHBAJICHTHOM YPOBHE 00ECIICUEHUST OC30TTACHOCTH TIOJIETOB ..cvvvvreenvreeenrreenereenvneesnneeesneeenneess 8
I'a6puwrabsan .., Kocrenko I1.U., Cadapbsan O.A.

[ToBbIienne cTabubHOCTH YacToThl BU-cUrHAIOB B IEpeIaroIieM YyCTPOMCTBE KypPCOBOTO
paanoMasika Ha OCHOBE CTATUCTUYECKOTO OIICHUBAHMS (A3 .....eeveeeuiieiieriiieiieeiieeieesteeieesneeenseesneeens 19
Kponusenuesa C.A.

YnpaBrneHue cpokaMu MOCTAaBKH 3aMacHBIX YacTe U KOMIUIEKTYIOIIUX BO3IYIIHBIX CY/I0B

B LICHTP TEXHUUYECKOTO OOCTYIKUBAHUS U PEMOHTA ...eeuvveeerreenureeenereeenereeessseeensseessssesssssesssseesssseesssseess 29
IMoranoB B.A., Canbko A.A.

MoenupoBaHue XapaKTEPUCTUK MHOTOCTYIIEHYATOTO OCEBOT0 KOMIIpeccopa TypOOBaITLHOTO
ra3oTypOMHHOTO JBUTATENS C YYETOM HETMHEHHOCTH SPO3MOHHOTO U3HOCA €T0 JIOMATOK ................ 39

Toacteix C.A.
MeToauka oNITUMU3AIMY IPUHITHS PEIISHUN TIPU yIPaBIeHUU 0€30MaCHOCTHIO MOJIETOB

B IEATEIIBHOCTU ONIEPATOPOB AIPOIPOMOB ....eervieniinririenreeutenteeteestesueeteenresseenseesesseesseessesunesseensessnens 54
Suimypanos 1.9., damypanos T./1.
[TocTpoeHne MaTeMaTHUECKUX MOJIENIEH a9POHABUTALIUOHHON OOCTAHOBKH ......veruveeereenreenieerieenieenns 67

ABUHAITUOHHAA U PAKETHO-KOCMHYECKAA TEXHUKA

Peabkun A.B., S1no3a FO.A., Koanes U.E.
OrneHKa HaIG)KHOCTH KOHBEPTUPYEMOTO JIETATEIILHOTO arapaTa ¢ THOPUIHON CUIIOBOM
YCTaHOBKOW U MHOTOBHHTOBOM HECYIIEH CHCTEMOM .....vveeiiuiiiieeeniiieeeeniitteeseiireeessiteeeesnasaeeessnnsneeesnnns 76



CONTENTS

TRANSPORT

Bachkalo B.I., Zolotykh V.I.

About the equivalent level of flight SAfety ........cooouiiiiiiiii e,
Gabrielyan D.D., Kostenko P.I., Safaryan O.A.

Increasing frequency stability of HF signals in the transmitting device of the localiser based on
statistical estimation Of PRASES .......c.cccuiiiiiiiieiiieiiecie ettt et b e e reeseaeesaeenseensee e
Kropivenceva S.A.

Management of delivery dates of aircraft spare parts and components to maintenance and repair
COMECT .ottt ettt ettt ettt ettt s bt s bt eb e e st e st et et s bt e bt eb e e bt eh e e st et et e bt e bt e bt e bt eb e ea b en b et et e e bt ebeebeebeebeen e et enes
Potapov V.A., Sanko A.A.

Performance simulation of multi-stage axial-flow compressor of turbo-shaft engine with account
for erosive wear nonlinearity of its blades .........ccccoeciieiiiiiiieiiiiie e
Tolstykh S.A.

Method of optimization of decision-making during management of safety of flights in the
activities of operators 0f ABTOATOMES ........c.ceeiiiiiiiiieiiie e e ee e e e eesaeeenaens
Eshmuradov D.E., ElImuradov T.D.

Mathematical modelling of acronautical eNVIrONMENt ............cceeevieriieriieriieiieeie et

AVIATION, ROCKET AND SPACE TECHNOLOGY

Redkin A.V., Yaloza Yu. A, Kovalev 1. E.
Reliability assessment of convertible aircraft with hybrid propulsion system and multirotor
JIFEINE SYSEEIML ..eiiiiieiiieciiieiee ettt ettt et et esbeestaeesbeessaeessaessseenseessseensaessseesseasssennseennsens



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 05, 2020
Civil Aviation High Technologies Vol. 23, No. 05, 2020

TPAHCIIOPT
05.22.01 — Tpaucnopmuule u MpancnoOPpmMHO-MEXHOI02UYECKUE CUCEMbl CIMPAHDbL,
ee PecuoH08 U 20P0008, OP2AHU3AUUA NPOU3BOOCINEA HA MPAHCHOpME;
05.22.08 — Ynpaenenue npoyeccamu nepego3ok;
05.22.13 — Hasuzayusa u ynpaenenue 6030YUtHbIM OGUICEHUEM;
05.22.14 — Dxcnayamayus 6030yuinozo mpancnopma

YIK 351.814.2
DOI: 10.26467/2079-0619-2020-23-5-8-18

Ob DKBUBAJIEHTHOM YPOBHE
OBECIIEYEHMSA BE3OITACHOCTH ITOJIETOB

B.A. BAYUKAJIO', B.W. 30JIOTBIX"
' Boennwiii yuebno-nayunwiii yenmp BBC «Boenno-6030yuinas akademus um. npogeccopa
H.E. ’Kykoecxoeo u FO.A. I'acapunay, 2. Bopownesic, Poccus

B crarbse MPOBOAUTCA aHaJIM3 CMBICJIOBOI'O0 HAIIOJHECHHSA TCpMUHA ((BKBHBaJIQHTHbIﬁ YPOBEHb 6630HaCHOCTl/I IIOJICTOB)).
Heo0x0auMOoCTh BBIMOJHEHHS TAKOTO aHajiu3a OOYCJOBJIEHA TEM OOCTOSTEIBLCTBOM, YTO B PYKOBOIAIIUX JOKYMEHTAxX IO
WHXEHEPHO-a9POJPOMHOMY 00ECIIEUEHHMIO MOJIETOB OTCYTCTBYET ONpe/eeHHe JAaHHOTO TEPMUHA. DTO CO3/aeT NPEIIIOChIIKH
JUISL JBOSIKOTO TOJIKOBAHUS CMBICIIA, BBIPAKAEMOTO STHM TEPMHHOM, H BO3MOXKHOCTH HECOONIOJICHUS HEOOXOIUMBIX Mep
obecrieueHHs1 O€30IIACHOCTH MOJIETOB Ha a’pozpome. B pesynbraTe nmpoBeneHHOTo aHanu3a 00OCHOBaHA IIe1eCO00pPa3HOCTh
MPUMCHEHHS TP OIIPEACICHUH TOTHOCTH a’pOoIpoMa K IKCIUTyaTallid TepMUHA «DKBHBAICHTHBIA YPOBEHb OOCCIICUCHHS
0€30MacHOCTH TIOJIETOBY. PacCMOTPEHO yIpaBieHWE COCTOSIHUEM AaBHAIMOHHOW CHUCTEMbI C TOYKH 3PCHUS TEOPHU
undopmarmu. B pe3ynbraTe yCTaHOBICHO, YTO BO3MOXKHOCTD OLICHKH BIIMSIHUSI KQKIOTO 3JIEMEHTA aBUAIIMOHHON CUCTEMBbI Ha
€¢ 3alIUIIEHHOCTh OT BO3/ICHCTBHS OMACHBIX (hAKTOPOB MO3BOJISIET MOBBICUTH 3()(EKTUBHOCTD YIIPABICHUS COCTOSHUEM ITOU
3alIMIIeHHOCTH. [loKa3aHa 3aBUCHMOCTh YPOBHS OOECIEUeHHs] a’dpOJPOMOM OE30MacHOCTH MOJIETOB OT 3aKOHHOCTH
IKCIUTyaTarid  asporpoma. OOOCHOBaHA MENECOOOPA3HOCTh INPH JOCTIDKCHWH SKBUBAJCHTHOTO YPOBHS OOecCTedeHHs
0e30I1aCHOCTH TOJIETOB MPUMEHEHHs1 HOBOTO IOKazarensi — Kod(duimeHTa SKBUBAICHTHOCTH. BbiBenena ¢opmyna,
MO3BOJISIONIAS BBIYKMCIIUTH ATOT MOKa3aresib. YUCICHHOE 3HaueHHe Ko3(duUIleHTa SKBUBAICHTHOCTH 3aBUCHT OT BEIIUYHH
KO3((QUIMEHTOB COOTBETCTBMS HOpPMaM TOJHOCTH K OKCIUTyaTalud a’poApoMoB. Iloka3aH MHHUMabHBIA Habop
OLICHUBACMBIX DJJIEMECHTOB, ONPECACIIAIONUX BCIWMYUHY KaXI0TO KOB(i)(l)I/IL[I/IeHTa COOTBETCTBUA HOpPMaM TI'OJHOCTU K
SKCIUTyaTal  adpopoMoB. [locTpoeHa MaremaTHyecKas MOJEIb, OTPaKArOIIas 3aBHCHMOCTH pa3mepa koddduirmeHTta
COOTBETCTBUS HOPMaM TOJHOCTH K JKCIUTyaTalldd a’pOJPOMOB OT OICHMBAEMBIX IMOKa3zaTeleld. PacCMOTpEeHHBIE B CTaThe
K03 (DUIMEHTHI U MOKa3aTeM B CBOCH COBOKYITHOCTH IIPECTABIITIOT COOOH HOBBIN IOJXOM K OIICHKE YPOBHS 00ECIICUCHHUS
a’poIpOMOM 0E30MMaCHOCTH MOJIETOB. JJaHHBIN MOXOA MOXKET OBbITh YCIEIIHO MPUMEHEH MPU OLIEHKE YPOBHS 00eCHeUYeHHs
0€30MacHOCTH IOJIETOB JIFO0BIM 3JIEMEHTOM aBUAIIMOHHON CUCTEMBI.

KunroueBbie ciioBa: 0O€30MacHOCTh TOJIETOB, OMACHbBIH (DaKTOp, a’dpoapoM, KOIPQHUIMEHT SKBUBAICHTHOCTH, 3aKOHHOCTB,
3aIHIIEHHOCTh, HOPMa FOTHOCTH, aBUALIIOHHASI CUCTEMA.

BBEJEHUE

[Ipu ompeneneHUH TOTHOCTH a’3pOAPOMOB K IKCIUIyaTallud aBUALMOHHBIMM CIIELIHAIMCTAMHU
NPUMEHSETCS TePMUH «DKBHUBAJICHTHBIM ypOBEHb O€30MAaCHOCTH TOJIETOB». B HOPMAaTHUBHBIX JTOKY-
MEHTax, PErJaMEHTUPYIOIMX MMPOU3BOJCTBO MOJIETOB aBuanuu BoopyskeHHbix cun Poccuiickon ®e-
nepanuu (BC P®) u ux BcectopoHHee obecrieueHue, OTCYyTCTBYET OIpe/iesIeHUE, TO3BOJIAIONIEE OHO-
3HAYHO TPAKTOBATh COJEP)KAaHUE TMOHATHS, BBIPAKCHHOTO JTaHHBIM TepMUHOM. [/laHHOE 00CTOATEND-
CTBO CO3/Ja€T MNPEANOCBUIKA JJIsi MPOU3BOJBHOM HMHTEPIPETALMU aBUALIMOHHBIMU CIIELUATMCTaMHU
CMBICJIa, OTPAKAEMOI'0 TEPMUHOM «DKBUBAJICHTHBIN yPOBEHb 0€30MacHOCTH 1osieToBy. Ilpu atom ya-
CTO IIPOUCXOJUT CMELIEHUE MOHATUH, BKJIAIbIBAEMBIX B CMBICII 3TOTO TEPMHHA.
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Takoe MonoXeHue Bellel OMmacHo TeM, YTO MPH OIMPEIeICHIH TOTHOCTH adpoApoMa K IKCIUTya-
TallUM CYIIECTBYET BO3MOXKHOCTh HECOOIIOJICHUSI BCEX HEOOXOIMMBIX Mep obecrieueHuss 6e30macHo-
CTH I10JIETOB HA JAHHOM a3pOApPOME.

Bo uzbexxanue TEpMHHOIOTMYECKON MyTaHMIIBI MPH MCIOJIB30BaHUU TepMHUHA « DKBUBAJICHT-
HBIN YPOBCHBb 6630HaCHOCTI/I IIOJICTOB» HGO6XO,Z[I/IMO MMPOBECTU aHAJIM3 CMBICJIOBOI'0 HAIIOJIHCHUS I10-
HATUH, COCTABJISIONIMX AaHHBIA TepMHUH. Llenbio HAcTOSIEH CTAaThHU SBJISIETCA MPOBEICHUE TAKOTO
aHallM3a M JOBEJEHHUE J0 CICUATNCTOB B 001acTH 0€30MacHOCTH IMOJIETOB HOBOTO TIOJX0/Ia K OIEHKE
YPOBHS 00ecIieueHus adpoipOMOM 0€30MTaCHOCTH TIOJIETOB.

AHAJIN3 CMBICJIOBOI'O HAITOJIHEHUA TEPMHUHA
«3KBUBAJIEHTHBIA YPOBEHb BE30ITACHOCTH MOJIETOB»

Bonpocam obecnieuenust 0€30MacHOCTH TOJETOB M YIpPaBICHHUS O€30MacHOCTHIO MOJeTa Mo-
CBSIIIIEHBI Pab0Thl MHOTHX aBTOpOB [1—12]. [Ipu 3TOM B HacTosIee BpeMsi OTCYTCTBYET OOIIETIPHHSI-
Toe ompeseseHne Ge30MaCHOCTH MOJETOB U B PA3NMUHBIX croBapsx [13], Konuemuu', 1oxymeHTax
ICAO?, TOCT’ patotcs MIPOTUBOPEYUBBIE TOJIKOBAHUS 3TOTO MoHATHs. Hambomnee yaauHoi B 3ToM ac-
MeKTe, M0 MHEHUIO aBTOPOB, IMpejacTaBisieTcs padota [14], B KoTOopoii 000CHOBaHA KAaTeropus «Hes-
ONACHOCMb NONEemMo8» KaK 3aUjUL{eHHOCMb A8UAYUOHHOU CUCMeMbl OM 8030eliCEUsi ONACHbIX (DaK-
mopos, no3eonsowas obecneyums @GYHKYUOHUPOBAHUE ABUAYUOHHOU cucmembvl 6e3 asUAyUOHHbIX
npoucuiecmeuil. 3alUIIEHHOCTb, B JAHHOM ClIy4ae, — 3TO CIIOCOOHOCTh aBHAIIMOHHOW CHUCTEMBI MPO-
TUBOCTOATH OMACHBIM (haKTOpaM C COXPAHEHHEM BO3MOXXHOCTH BBITMIONHSITH IOJICTHBIC 3aJaHUS B
IITATHBIX U HEIITATHBIX CUTYyAaIHsIX.

[IpuBeneHHoe BbIlIE OMpeAENiEHHE HAaeT BO3MOXXHOCTb YCTAHOBUTH NPSIMYIO 3aBHUCHUMOCTH
MEXIy COCTOSHHEM aBHaMOHHOW cucTtembl (AC) B mporecce GyHKIIMOHUPOBAHUS M BO3JICHCTBHEM
Ha Hee onacHbIX (akTopoB. [log onmacHeiM pakropom (OPD) B 1aHHOM Cilyyae MOHUMAETCS JH000€E Co-
ObITHE, SIBJICHHE, 0OCTOSATEIHCTBO UM YCIOBUE, KOTOPOE CO3/1aeT UM MOKET cOo3JaTh yrpo3y Oe3aBa-
puitHoMy QyHKIIMOHUpOBaHUIO AC U MPUBECTH K aBHAIIMOHHOMY TIPOUCIIECTBHUIO.

OnHOM W3 OCHOBHBIX XapaKTEPUCTHUK, OTpaxarommx 3amuimeHHocth AC ot Bo3aeictBus O,
apisieTcst coctossaure b3lloB, koTopoe ciietyeT olleHMBaTh BO BpeMs OpPraHU3alUU MOJIETOB U BO BpeMs
BBITIOJTHEHUSI 110JIETOB. B mepuoa opranuzanuu nojietoB coctosinue b3lloB Moxer ObITH onpeneneHo
yepes ypoBeHb obecnieuenus b3llos.

OdeBuAHO Ui TOrO, YTOOBI OLIEHMBATh ypoBeHb obOecrneueHusi b3lloB, HeoOxoaumMo UMETH
BO3MOXXHOCTh OIIEHKH YpOBHsI obecriedeHusi OezomacHocTu nosera (b3lla) kaxmoit mepsuunoit AC.
Takyro BO3MOXHOCTh JacT MPUMEHEHHUE MPEACTaBICHHON B padboTe [15] MeTOauKH OLIEHKH COCTOSTHUS
0€30MMacHOCTH TOJIeTa BO3AYIITHOTO CY/IHA C YYETOM BIMSHUS JTHYHOCTHOTO (PaKTOpa JIeTIHKA.

[IprMeHeHHbIE B JAHHOW METOAMKE WHTETPaJIbHBIA IMOKa3aTelb yIPO3 CHUCTEME «IKHIIAXK—
BO3AyIIHOE CyIHO» (cuctema DBC) co CTOPOHBI JIMYHOCTHOTO (haKTOpa JIETYMKA, HA3BaHHBINA TEPMHU-
HOM «CyMMapHBIH MOKa3aTellb OMAaCHOCTH JIETYHMKA», ONPENENseT BEJIUYUHY YPOBHSI oOecredeHUs
oe3onacHocTH nojeta cuctemoit IBC (Uspc).

OtmetuM, uto Uspe oTpakaeT ypoBeHb 3amuiieHHocTd nepBudHoi AC ot OD co cTOpoHBI
cuctembl OBC, HO He yuuThiBaeT npu 37oM OD co CTOPOHBI OJICUCTEM 00ECIICUCHHS U YIIPABICHUS
nosieramu [16] aspoapomMoB B3ieTa U nocaaku. OTCyTCTBHE JOCTOBEPHON U CUCTEMHO YYTECHHOW HMH-

! KoHuenuust 6e30MacHOCTH MOIETOB aBHALHH Boopyxennbix cun Poccuiickoit @eneparuun. YT8. MO PO 27.07.2012 1.
M.: CBIT A BC P®, 2012. 24 c.

? MexIyHapoaHble CTAHIAPTHl M PEKOMEHIyeMas MNpaKTHKA. YIpapjieHHe Ge30MacHOCThIO monetos. IIpumoxenne 19
kx KonBenuun o mexxayHapoHoi rpaxkaanckoil aBuanuu. Monpeans: ICAO, 2013. 40 c.

> TOCT P 55585-2013 Cucrema ynpapieHus 6e30aCHOCTBIO TMONETOB BO3AYIIHBIX Cy10B. TepMHHBI M OnpeeneHns. M.:
Crangaptundopm, 2014. 25 c.
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dopmanuu 06 OD, yrpoxaronmx 6e3aBapuitHoMy ¢yHkunoHupoBanuio AC, mpensTcTByeT 3¢ dek-
TUBHOMY yIIPaBJIECHUIO COCTOSIHUEM 3amuineHHocTu AC.

PaccmotpumMm ympasnenue coctosiuueM AC ¢ Touku 3peHus teopun undopmanuu [17-19]. ns
ATOr0 HEOOXOJMMO TMPEACTaBUTh BeCh 00beM HMH(OpPMAIUU, OMUCHIBAIONIEH TPUPOY (PYHKITMOHUPO-
BaHus AC cienyromum oopa3om:

Stl :It1+Ht17 (1)

rjae S;; — nmosHoe nH(popMaImoHHOE cojiep)kaHue nporeccoB (coctossHuil) AC Ha MOMEHT BPEMEHH 1
I;; — KOJINYeCTBO JOCTOBEPHO HU3BECTHON HWHQoOpMauuu, HeoOxomumon s ynpasieHus AC
B MOMEHT BPEMEHU [,
H,; — XxOnM4YecTBO HEW3BECTHOU (HEIOCTOBEPHOW) MHPOPMAIUHN, HEOOXOIUMOM AJIsl YIIPaBICHUS
AC B MOMEHT BPEMEHH ;.
Ot cootHomienuss I,; 1 H; Oyner 3aBUCETh Ka4eCTBO W pe3ynbTar ynpasieHus AC, Tak Kak
S;; — BenumunHA mocTosiHHAsg. Yem Oombiie mipu ynpasiennn AC yd4TeHO TOCTOBEpHOW MH(OpMaIuu,
TEM MEHBIIIE HEOTPEACIEHHOCTD 1, CIIE0BATEIHHO, BhIIIE KAYECTBO YIPABICHUS BCEH CUCTEMOI.
CHmKeHne HeolpeIeJIeHHOCTH (IOCTHKEHUE MaKCUMaIbHOTO 3HaUeHus /) sl TAKOW CII0KHOM
cuctembl kKak AC OyJeT BO3MOXKHO TPU Y4eTe O4€Hb OOJIBIIOT0, MAKCHMAILHO BO3MOKHOTO KOJIMYe-
CTBa BIUAIONINX (PaKTOpOB (BO3MOXKHBIX COOBITHI c). B 3TOM ciydae yder KakJIoro HOBOTO HE3aBHU-
CUMOT0 CcOOBITHS, BIUstoniero Ha b3lloB, cHUkaeT BEpOSATHOCTh JPYTHX, TO €CTh, YeM TIy0xkKe KOH-
TPOJIb, TEM MEHBIIIE BEPOSITHOCTH BIUSIHUS KOHTPOIUPYEMOTO COOBITHS Ha O€30MaCHOCTh MOJIETOB:

Piittos =Py +Py .4+ P..+ P, =>P =1, )
x=1

rne Pgsn0s — CyMMa BEPOSATHOCTEHM BCEX HE3aBUCHMBIX cOObITHI, Brustonux Ha b3lloB u cocrapisio-
IIUX MOJHYIO TPYTITY COOBITHIA;

P; — BEeposSTHOCTS i-T0 HE3aBUCUMOTO COOBITHS, Biustomero Ha ballos;

1 — KOJMIECTBO KOHTPOJIHUPYEMBIX COOBITHIA.

TakuMm 00pazom, OTCYTCTBHE JAOCTOBEPHON MH(POPMAIMU O COCTOSIHUU MOACHCTEM obecreye-
HUS U yrnpaieHus nojgeramu AC IpensTCTBYET MOBHIICHU0 () (GEKTUBHOCTH yIPABICHUS COCTOSHH-
eMm 3amumieHHocTH AC ot Bo3nerictBust OD.

CocTosiHEE TIOJICUCTEMBI 00ECIICUCHHUS TOJICTOB aBHAIIMOHHOW CHUCTEMBI [16] B HamOombIIei
CTETEHH OMpeEeNsaeTCss COCTOSTHUEM a’poapoma. OHUM U3 MOKas3aTenel, XapaKTepU3yIOIIX COCTOsI-
HUE a3poJIpoMa, SBISETCS (PAaKT TOMyCcKa adpopomMa K IKCIUTyaTallHH.

Jlommyck aspopoMOB TOCYIapCTBEHHON aBUAIIMU K DKCIUTyaTalluH OCYIIECTBISETCS Ha OCHOBA-
HUU OILICHKH COOTBETCTBHS a’3pojpoMa TPEeOOBAHUSM HOPM TOJHOCTH K SKCIUIyaTalldd a’poipOMOB.
OTU HOPMBI OTIpeIeNICHBI HpaBI/IJ'IaMI/I4. OrneHka COOTBETCTBUSA a3poJipoMa TpeOOBaHUSIM HOPM TOJHO-
CTH K DKCIUTyaTalluu a’poAPOMOB MPOU3BOJAUTCS KOMHUCCHEH, 00pa30BaHHOM peleHueM PyKOBOIUTE-
7 opraHa ympaslieHus (TJITaBHOKOMAHIYIOMMX (KOMaHIYIONIMX) BUAAMH (pOJaMHu BOMCK, 0ObeInHe-
Husimu) BC PO).

Jlns ompeneneHusl TOTOBHOCTH adpoApoMa K JKCIUTyaTallid BO3AYIIHBIX CYJIOB BBITIOJTHSETCS
ero ooer.

[To pesynbrataMm pabOThl KOMUCCHHM COCTAaBIISIETCS aKT OOCIIEIOBaHMS adpoapoMa Ha MpeaMeT
COOTBETCTBUSI TPEOOBAHMUSIM HOPM TOJHOCTH K DKCIUTyaTallMd a’3pOJIPOMOB. AKT YTBEPKIACTCS TIPE.I-

* denepanbHble aBHALMOHHEIE MpaBuia «HOPMBI FOAHOCTH K 9KCILTyaTallMd a’poIpOMOB TOCYIApPCTBEHHON ABHALIMM
(ITpunoxenwue x [Ip. MO P® ot 02.11.2006. Ne 455).
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cenarenieM Komuccuu. [lpu Hanu4IuKM HEJOCTATKOB, MPEMATCTBYIOLUIMX OTKPBITHUIO a3pOApOMa I IKC-
IUTyaTaluy BO3AYIIHBIX CY/I0B, aKT YTBEPXKIAETCs MOCJe YCTPAHEHUS ITUX HEIOCTaTKOB.

B oTaenpHBIX cioydasx a’spoIpoM JOMyCcKaeTcsl K SKCIUTyaTalliy MPH HEe3HAYUTEITbHOM OTCTYTI-
JICHUH OT TpeOOBaHUM HOPM FOJHOCTH K AKCIUTyaTal[MH a3pOJIPOMOB, €CIIM OHH KOMIIEHCUPYIOTCSI BBE-
JICHUEM Mep, 00eCIIeUnBaIONINX SKBUBAJICHTHBIM yPOBEHb 0€30M1aCHOCTH IOJIETOB.

CormacHo cioBapio [20], S5KBUBaJICHTHBIH (J1aT.) — paBHO3HAYHBIN, pABHOCUIILHBIH.

Jnist pa3paboTKu MpeayoxKeHU o 00eCeYeHHI0 SKBUBAJICHTHOTO YPOBHs 0€30MacHOCTH TO-
JIETOB Ha a’poApOME MOTYT MPHUBJIEKATHCSI KOMIIETEHTHBIE B JAHHOW 00JIaCTH HAay4HbIE OpraHU3alny.
[To uToram ux paboThI COCTABISIETCS 3aKIIOUCHHE.

ABpOapOM CUMUTAETCS TOJHBIM K SKCIUTyaTalllH [IPH YCIOBUHU:

a) COOTBETCTBUS a3poJpoMa TpeOOBAHUSAM HOPM T'OJHOCTH K IKCIUTyaTaIlH a3pOIPOMOB;

0) Hamuuus (IpU HEOOXOAMMOCTH) 3aKIIOUEHUs 00 O0OCCIEYCHHH SKBHUBAJICHTHOTO YPOBHSI
0€30IacHOCTH TOJIETOB MPHU HMMEIOIIMXCS HECOOTBETCTBUAX M OTCTYIUICHHSX OT TpeOOBaHHUN HOPM
TOJTHOCTH K AKCIUTyaTalluy a3poIpOMOB;

B) BBINIOJIHEHUS 00JIeTa a3pOApOMa;

T') MOJIOXKUTETILHOTO 3aKII0UEHUS KOMUCCUH, BBITIOJHUBIICH 00JIET a3poipoMa.

Ha ocHOBaHMM H3JI0)KEHHOTO BBIIIE MOXKHO CJIENaTh BBIBOJ, YTO COOTBETCTBUE a’poJpoMa
TpeOOBaHUSM HOPM T'OJHOCTH K KCILTyaTalliy CBUAETENBCTBYET O JOCTUKEHUU 0ONYCMUMO20 YPOBHSL
obecneuenus 6e30nacHOCmMu NOJemog TPU SKCIUTyaTallid JaHHOTO a’poapoma. Eciau mo oObeKTHB-
HBIM MPUYMHAM HETPEOJIOIMMOM TPYAHOCTH a3pOJIpOM HE MOXKET OBbITh B TMOJHOW Mepe NMpPUBEIEH B
COOTBETCTBUE TPEOOBAHUSAM HOPM TOAHOCTH K SKCIUTyaTallld, MPEANPUHUMAIOTCS JTOTIOJHUTEIbHBIE
Mepbl KOMIIEHCAIIHOHHOTO XapaKTepa, KOTOPbIe B CBOEH COBOKYMHOCTH 00€CIIeUMBAIOT PABHO3HAYHBIH
donycmumomy ypoBeHb obecriedeHusi 0€30MacHOCTH MOJETOB. B 3TOM ciydyae mpUMEHSETCS TEPMHH
«OKBUBaJICHTHBIN YPOBEHb 0€30MacHOCTH MoyIeTOBY. [Ipu obecreyeHnn 3KBUBAJICHTHOTO YPOBHSA 0€3-
OIAaCHOCTH TIOJIETOB KOMHUCCHS COCTaBJISIET COOTBETCTBYIOIIUI JTOKYMEHT, KOTOPBI Ha3bIBaeTcs «3a-
KIIFoueHne 06 oOecreyeHnH YKBUBAJIEHTHOTO YPOBHS 0€30MacHOCTH MOJIETOB Ha a’3poJapoMe» U a3po-
JPOM JIOITyCKAaeTCsl K AKCIUTyaTalliy MPU HAJIMYUU TOJ0XKHUTEIBHOTO 3aKIIOUYCHHST KOMUCCHH, BBITION-
HUBIIEH 00yeT a’poapoma. Takoe IOJOKEHHE BEIIeH OINPeAeIeHO TPEOOBAHUSAMHU IEHCTBYIOIIUX
HOPMATHBHBIX JIOKYMEHTOB.

Ho npaBoMepHO 71 B JaHHOM Cily4yae NPHUMEHEHHE TePMHHA «IKBUBAJICHTHBIM YpOBEHb Oe€3-
oracHocTH nosieToB»? B pabote [14] obocHoBaHO, uyTO ypoBeHb b3lloB — mokasarensb, oTpaskaromui
cocrosinue b3lloB B aBuanimoHHOM (OPMUPOBAHUU BO BpeMs BBIMOJIHEHUS IMOJIETOB. A OIIEHKA COOT-
BETCTBHS a3poJpoMa TpeOOBaHUSIM HOPM TOAHOCTHU K SKCIUTyaTallud a’3pOJPOMOB BBITIOJIHSAETCS B I1€-
PHOJI, KOTJa MOJIETHI Ha a9POAPOME HE BBITOIHSAIOTCS.

Taxum 00pa3omM, ¢ y4eTOM TOrO 0OCTOATENBCTBA, YTO a3POAPOM SIBISETCS OCHOBHBIM 3JIE€MEH-
TOM TIOJICUCTEMBI OOecleyeHHs] MOJIETOB, JIOTUYHee OyAeT NMPUMEHEHHE TePMHUHA «IKBUBAJICHTHBIN
YPOBEHb obOecneuenus 0E30MACHOCTH MOJETOBY». DTOT YPOBEHb JOCTUraeTCs B pe3yibTare MpHUMEHe-
HUSl MEp KOMIIEHCAIIMOHHOTO XapaKTepa, KOTOpble B CBOEH COBOKYITHOCTH 0OECIIeYMBaAIOT paBHO3HAY-
HBIN JIOIYCTUMOMY YPOBEHB OOecredeHns: 0e30MacHOCTH MOJIETOB.

HOBBI ITOIXO/ K OIIEHKE YPOBHSI OBECIIEYEHUS
BE3OITACHOCTH ITIOJIETOB HA ASPOJIPOME

Jlg Toro, 4ToObl KOJIMYECTBEHHO OLIEHUTH YpoBeHb obecnieueHust billa ¢ yuerom cocrostHUs
a’poJpoma, 1eIecoo0pa3Ho MPUMEHUTH MTOKa3aTelb, OTPAXKAKIINI 3TO cocTosiHue. Ha3zoBeM 3TOT mo-
Ka3aTesab YpOBHEM oOecrieueHus 6€30macHOCTH 1mosieToB Ha aspoapome (Uysp).

Benuunna Uysp HalIpsIMyIO 3aBUCUT OT 3aKOHHOCTH JKCIUTyaTaluu a’spojpoma (34op). 3aKoH-
HOCTb ONPEIEIAETCA MOJHOTON BBIIOJIHEHUS BCEX MEPOIPHUATUH U MPOUEAYP, ONPENEICHHBIX TOKY-
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MEHTaMH, PETJIAMEHTHPYIOLINX HHXEHEPHO-a3pOJAPOMHOE OOecCIeueHHe IOJIETOB, 005S3aTeIbHBIMU
IIPY TIOJTOTOBKE U BBIIIOJIHEHUU MOJIETOB.

Ecnu paccMoTpeTs JaHHBIHM MOAX0]] C TOYKH 3PEHUsT TEOPHH MH(OPMAINH, KaK0€ MEpOIpusi-
TUE WIM HPOLETYpY, BBIIOJHEHHE KOTOPBIX PYKOBOASIIMMH JAOKYMEHTAMH ONpPEAETICHO 00s3aTeib-
HbIMU 117151 obecnieuenus b3lla u umeer o0bem mHpopmanuu 1 6ut, OynemM Ha3bIBaTh IEMEHTApHBIM
COOBITHEM c. DJIEMEHTApHOE COOBITHE MOKET HMPUHUMATh J1Ba BO3MOXKHBIX 3HAYEHUS — «J1a» WU
«HeT, «1» mm «0». B aTom ciydae 345p MOXKET OBITh IIPE/ICTaBICHA B BUIE BhIpakeHus (3):

n

345p = Canp1 " Canpa -+ Canpi- Cqopn = | ICAapx, 3)

x=1

rae 345p — 3aKOHHOCTb SKCILTyaTallly a3poIpoMa;
C45pi — 1-51 TIpOLIEypa, 00s3aTeNIbHAS IPH UHKEHEPHO-a3POAPOMHOM 00eCIIeUeHHH;
n — KOJWYECTBO MEPOINPHUITHA W TpOLEeaAyp, 00s3aTeNbHBIX K BBIMOJHEHHUIO NMPU WH)KEHEPHO-
a’pOJIPOMHOM OOECTICUCHHUHU.
Bripakenue (3) mo3BoIsSET YCTaHOBUTH, 4TO 34DP MOXET UMETh JIBa BOBMOXKHBIX 3HAUCHUS —
«1» unm «O».
[Tpu cooTBeTCTBUU a’poapoMa TpeOOBaHUSM HOPM TOJAHOCTH K SKCIUTyaTallMid ypOBeHb olec-
neuenus b3llos Ha aspoapome Uysp paBeH 3HAYCHUIO 3aKOHHOCTH HKCILTyaTallul a3poipoMa:

U op = 340p - )

B ToM cnyuae, ecnu a3poapoM He MOKET ObITh B MOJHON Mepe MPUBEJEH B COOTBETCTBHUE Tpe-
OOBaHUSAM HOPM T'OJHOCTH K SKCIUTyaTalldd, HO B PE3yJIbTaTe MPUMEHEHUS MEP KOMIIEHCAIIMOHHOTO
XapakTepa JOCTUTHYT SKBUBAJIEHTHBIA ypoBeHb obecnieueHus: b3llos, HeoOXoanuMo onpenensaTs Ko3d-
¢unuenT >KBUBANCHTHOCTH (Kks). Koxe MOXKET OBITH OTPaXXEH B BHUJEC MYJIbTHIUIMKATUBHOW MOJIETH
psaaa ko3 PUIMEHTOB COOTBETCTBUSI HOPMaM TOJHOCTH K SKCILTyaTallud a’dpoApOMOB, MPEACTaBIICH-
HOU dopmyroii (5):

K, = Koxa  Karr - Kepro  Kiemo - Ko *Knco Q)

rne Koxs — KOOQQHUIUEHT COOTBETCTBUS (PU3NIECKUX XAPAKTEPUCTHK a’popoMa HOpMaM TOJHOCTH K
AKCIUTyaTaluu a3poIpOMOB;

Kyam — KodQPUIHEHT COOTBETCTBUS MAPKUPOBKH a’POJIPOMHBIX MOKPHITUH M MPEISATCTBHIA HOP-
MaM TOAHOCTH K 3KCIUTyaTallud a3poApOMOB;

Kecpro— xo3huiimerT cooTBeTCTBUSI 000PYIOBAHUS a3POPOMa CPEICTBAMH PAJINO U CBETOTEXHU-
YeCKOro o0ecrevyeHus MoIeToB, CBA3U U YIIPABICHHU HOpMaM MOJJHOCTH K SKCIUTyaTalluu a3pOApOMOB;

Kytemo— ¥03(pPUIIHEHT COOTBETCTBUS METEOPOIIOTHYECKOTO O0OPYAOBaHUS a’dpoApoMa HOpMaM
TOJHOCTH K DKCIUTyaTaluy a3pOJpOMOB;

K514~ KODXPPUIHMEHT COOTBETCTBHUS IIEKTPOCHAOKEHUS adpOApOMa HOPMaM TOIHOCTH K JKCILTya-
TalUy a3pOJIPOMOB;

Knco — x03(hUIMeHT coOTBETCTBUSI TOUCKOBO-CIIACATENBHBIX CPEACTB a’dpopoMa HOPMaM TOJI-
HOCTH K 9KCIITyaTaluy a3poIpOMOB.

BenmunHbl KOAQPHUIMEHTOB COOTBETCTBHS HOPMaM TOAHOCTH K JKCIUTyaTalldd a’dpoApOMOB

(manee k03¢ (HUIMEHT COOTBETCTBH) MOTYT BapbupoBaTh B AuanazoHe oT 0 10 1 u 3aBUCAT OT COOT-
BETCTBHS OIICHHBACMbIX SIEMEHTOB TPEOOBAHHSIM M HOPMAM, Onpe/aeseHHbIM [IpaBmiamu’. ITo COOT-

° MenepanbHble aBHALMOHHBIE HpaBuia «HOPMBI TOTHOCTH K SKCILTyaTallUH adpOAPOMOB IOCYIAPCTBEHHON aBHALIMI
(ITpunoxenwue x [Ip. MO P® ot 02.11.2006. Ne 455).
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BETCTBHE YHCIICHHO OLICHUBAETCS IyTeM NMPUMEHEHUs NoKa3arenel cooTBeTcTBus. [Ipu cooTBeTCTBUM
OIIEHHBAEMOTO JIEMEHTa TPeGOBAHMAM H HOPMaM, OnpeseneHHbM [IpaBuiamu’, mokasaTenb ero co-
orBeTcTBHUs paBeH 1. [Ipy HECOOTBETCTBUM — MMOKA3aTENb COOTBETCTBUSI CTAHOBUTCS MEHbIIE 1, HO He
mensbuie 0.

MyJIbTUIIMKATUBHAS CBEPTKA [1OKA3aTEJIEN COOTBETCTBHS OLICHMBAEMBIX 3JIEMEHTOB (6) 1Mo3-
BOJIMT PAacCYUTATh 3HaYeHHE K03()(PUIIMEHTA COOTBETCTBUSL:

n

Koxs = Coxat “Coxar -+ Coxai - Coxan = I |eq>XAx, (6)
x=1

Il epxs; — MOKA3aTellb COOTBETCTBUS 1-TO OLIEHMBAEMOIO 3JIeMEHTa (U3MYECKUX XapaKTePUCTUK
a’poapoMa;
1 — KOJIMYECTBO OLIEHUBAEMBbIX 3JIEMEHTOB (PU3MUECKUX XAPAKTEPUCTHK a3pOApOMa.

g onpenenenust BennuuHbl Kgys HEOOXOAMMO ONpPENEINTh 3HaUCHHE MTOKa3aTele COOTBET-
CTBUS TaKUX OLICHUBAEMBIX 2JIEMEHTOB, KaK:

e JUIMHA U IIWPUHA UCKYCCTBEHHOMN B3JIETHO-TIOCa1049HOM mosock (MBIIIT);

e mmMpuHa KoHIEeBbIX yuacTkoB VBIIII (ymupenus);

o yxkioH MBIIII;

e IIMPUHA MOKPBITH PYJIEKHBIX Topoxkek (P/I);

e IIUpPYHA YKPEIUICHHON 000YNHBI;

e panuycsel 3akpyrienus P/;

e pacCTOSIHUS MEXIY OCeBOM JMHUENW P/] 1 HEMOABM>KHBIMU MPEHSATCTBUSAMH, a TAKKE MEKITY

OCEBBIMU JIMHUSAMH NapajienbHbix PJI;

e IapaMeTpsl NPUAdPOAPOMHON TEPPUTOPHH;

e TapaMeTpsl moJoc BO3AymHbIX oaxoa08 (I1BIT);

e IPOYHOCTH AXPOAPOMHBIX MOKPBITUI;

e COCTOSTHHE a3pPOJPOMHBIX IOKPBITH;

e COCTOSIHME TPYHTOBOM YaCTH JIETHOM MOJIOCHI;

e 3HA4YCHMsI HEPOBHOCTEH U .

g onpenenenust BenuuuHbl Kjz7 HEOOXOAMMO OINPENEINTh 3HaUCHHE MTOKa3aTele COOTBeT-
CTBUS TaKUX OLIEHUBAEMBIX 2JIEMEHTOB, KaK:

e COCTOSIHME THEBHOW MAapKHPOBKHM MCKYCCTBEHHBIX IOKPBITHM M BBICOTHBIX NPEINSATCTBUM Ha

IIPUAIPOIPOMHON TEPPUTOPUH;

e HaJM4ME U COCTOSTHUE CBETOOTPAXKACHUS NPEISITCTBUM U JIP.

Jns onpenenenus BenuuuHbl Kcpro HEOOXOIMMO OIpEIeNINTh 3HaUeHUE I0Ka3zaTesiell COOTBET-
CTBHSI TAKMX OLICHUBAEMBIX JIEMEHTOB, KaK:

e TPUBOJHBIC PAJTUOMAPKEPHBIC ITyHKTHI;

e ABTOMAaTHYECKHM paguONEIICHIaTop;

e PaIUOJIOKALMOHHAs CUCTEMA MTOCAKHY;

e pPagMOTEXHUYECKAs cUcTeMa OJIMKHEH HaBUraluuu (a3uMyTaIbHO-IaJIbHOMEPHBIN paoMasiK);

e paauOMasiyHas CUCTEMA MHCTPYMEHTAJIBHOTO 3aX0/a Ha MTOCAKY;

e KYypCOBOW paguomasik;

e TJIMCCAJHBIN PaJUOMAsIK;

e PETPAHCIATOP NAJBHOMEDA;

e CpEICTBA CBS3H;

e CpEeICTBAa OOBEKTUBHOTO KOHTPOJIS;

 Tam xe

13



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 05, 2020
Civil Aviation High Technologies Vol. 23, No. 05, 2020

e CBETOTEXHHUYECKOE 000PYIOBAHUE a3POAPOMA;
e CHCTEMa AMCTAHLMOHHOIO YNPAaBJICHUSI U KOHTPOJIS COCTOSIHUS CPEJICTB CBS3H U PagHOTEX-
Huueckoro obecriedenus (PTO) moneros;
e IIYHKTBHI YIIpaBJICHUS MOJIETaMU B paliloHE a’spoJpoma U JIp.
Jns onpeneneHust BeUUUHbl Kiemo HEOOXOIMMO ONpEIEeTUTh 3HAaYCHHE TOKa3aTesneld cooT-
BETCTBUS TaKUX OLEHUBAEMBIX 3JIEMEHTOB, KaK:
e COCTaB METE0000PYIOBAHHUS;
e Dpa3MellleHrne MeTe0000pyI0BaHNUS;
e KA4yeCTBO METCOMH(OPMALINY;
e JIMAamNa3OHbl U MOTPEIIHOCTH U3MEPSEMbIX METCOBEINYHH;
e COCTOSIHHE JIMHUI CBSI3U U JIp.
Jns onpenenenus Benu4uHbl K5,y HEOOXOIUMO OIpENeIUTh 3HaUeHUE TMoKa3aTesleld COOTBET-
CTBUS TAKUX OICHUBAEMBIX 3JIEMEHTOB, KaK:
e COCTOSIHHE 3JIEKTPOCHAOKEHUS ITYHKTOB yIPaBJIECHUS MOJIETaAMU;
e COCTOSIHHE AJIeKTpocHaOxkeHus 00beKToB cBsi3u 1 PTO moneros aspoapoma;
e COCTOSIHHE 3JIEKTPOCHAOKEHUSI METE0000PYAOBAHUS a3POApOMa U Jp.
s onpeneneHust BeIWIUHbI Kjjco HEOOXO0IUMO OIPEeNITh 3HaUCHUE MOKa3aTeNeil COOTBeT-
CTBUS TAKUX OLEHUBAEMBIX 3JIEMEHTOB, KaK:
e 00€CreYeHHOCTh a3pOpOMa MOUCKOBO-CIIACATEIbHBIMU CaMOJIeTaMH (BEPTOJICTAMH);
e 00ecne4eHHOCTh a3pOpOMa Ha3eMHBIM TPAHCIOPTHBIM CPEJICTBOM BBICOKOM MPOXOIUMOC-
TH JIJIs1 IPOBEJICHISI IIOMCKOBO-CIIACaTeNIbHBIX PadoT;

e 00eCne4YeHHOCTh a’poJpoMa YJIbTPAKOPOTKOBOJIHOBBIM PaJUOMNEIIEHIaTOPOM Jii IpHUeMa
CHUTHAJIOB OCJICTBUS;

e HAJIWYME IJIaBYYEro TpaHCHOPTa [UIs adpPOAPOMOB, TJIe B3JET U 3aX0/] Ha MOCaJKy camoJie-
TaMu (BEpTOJIETAMH) MMPOU3BOIUTCS HA/I MOPEM WITH KPYITHBIM BOJIOEMOM U IP.

BaxxHo mog4epKkHyTh, YTO HECOOTBETCTBUE JIFOOOTO OIIEHMBAEMOIO 3JIeMEHTa (HEe3aBUCHUMOTO
coObiTus [19]) TpeboBaHMsIM U HOpMaM, OIpEEIEHHBIM HOPMAaTUBHBIMHU JJOKYMEHTAMH 10 WHXKEHEP-
HO-a3pOJIPOMHOMY OOECIICUCHUIO, SIBIIACTCS OMACHBIM (DaKTOPOM, YTPOXKAIOIIMM Oe3aBapHiHHOMY
¢dbynkimonupoannio AC. [l ycTpaHeHus:, €Clii 3TO BO3MOKHO, WIH YKJIOHECHUS, CHU)KCHHUS BIIASHUS
nanHoro O® Ha 3amuieHHOCTh AC U MPUMEHSIOTCS MEpbl KOMIIEHCAIIMOHHOTO XapakTepa, Halpas-
JICHHBIE Ha IOCTHKEHUE KBUBAJIICHTHOTO YpOBHs obecrieuenus balloa.

®opmyitsl (5) 1 (6) MO3BOSAIOT ONMPEACTUTh, YTO Kis MOXKET OBITH BBIYMCIICH B auamna3zoHe ot ()
1o 1. Ero 3Hauenue, NpMMEHUTENBHO K KOHKPETHOMY a3poJpoMy, JOJKHA ONPENENATh KOMUCCHS, ITPO-
M3BOJIAIIAs OIIEHKY COOTBETCTBHSI a’poJipoMa TpeOOBAHUSAM HOPM TOJAHOCTH K 3KCILTyaTalluyd a3popo-
MoB. B aToM ciyuae ypoBenb obecnieueHust b3l1oB Ha aspoapome omnpenensercs BoipaxkeHreM (7):

U op =349p Ko (7)

IIpy TakoM MOAXOJ€ K OLICHKE 3alIMIIEHHOCTH mepBUYHOM AC mepen MoJIeTOM MOSBIAETCS
BO3MOXXHOCTh YHCIICHHOW OIleHKU YpOBHs oOecrieueHus: b3lla ¢ yaeTom cocTosiHUS a3poApOMOB B3JIe-
Ta 1 nocagku BC.

3AK/IFOYEHUE

B pe3ynpTaTe npoBEIEHHOIO aHAIN3a MOYKHO C/IENIaTh CIEAYIOIIHNE BBIBOBI:

1. [Tpr HEBO3MOXHOCTHU MPUBEACHUS adPOJIPOMa B COOTBETCTBHE TPEOOBAHUSM HOPM T'OJIHO-
CTH K SKCIUTyaTalliu U MPUHITUU JOTIOTHUTEIbHBIX MEP KOMIIEHCAIIMOHHOTO XapaKTepa A0KEH ObITh
JOCTUTHYT SKBUBAJICHTHBIN YPOBEHb 0Oecneuens 6e30MacHOCTH MOJICTOB.
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2. B 3TOM citydae KoMHCCUEH, TPOU3BOASIICH OLEHKY COOTBETCTBUS a3pOApoMa TpeOOBaHUSIM
HOPM T'OJTHOCTHU K AKCIUTyaTalliy a3poIpOMOB, JTOJKHO ONPENENIThcs 3HaueHne Kod(uirmenTa 3KkBu-
BaJICHTHOCTH.

Yro nmact npumeHeHHe Kod(uiueHTa SKBUBAJICHTHOCTU? Bo-mepBbIX, MOSBISETCS BO3MOXK-
HOCTh AU(PEPEHIUPOBAHHON (MO MOKA3aTeIsIM COOTBETCTBUS HOPMaM TOJHOCTH K JKCIUTyaTalluu
a’pOJIPOMOB) OLIEHKU COCTOSHUS a3pOJIpOMa.

Bo-BTOpBIX, Takoil MOAXOJ MO3BOJSAET YBEJIUYHUTh KOJUYECTBO JTOCTOBEPHOW M CHCTEMHO
y4uTeHHOU nH(popManuu o coctossHun 3amuieHHocTd AC ot OD.

B-tpethux, 060cHOBaHHOE MTpUMEHEHUE K,y IPH OTIPEACTICHUN KOMUCCUEH JTOCTHKECHUS dKBU-
BaJICHTHOTO YPOBHS 0OecrieueHus1 0€30MaCHOCTH TMOJIETOB OY/IET CIIOCOOCTBOBaTh OOBEKTUBHOM OIEH-
K€ TPUYHH, TI0 KOTOPBIM a3pOApOM HE MOXKET OBITh B IMOJTHON Mepe MPHUBEICH B COOTBETCTBUE TPeOO-
BAHMSIM HOPM I'OJTHOCTH K JKCILTyaTallUu.

B-uetBepThiX, QopmanuzoBaHHas WHPOpPMAIHS O COCTOSHHHM Ka)JIOTrO a’poJpoma rocyaap-
CTBEHHOW aBwanuu P® wMokeT OBITh CHCTEMHO WUCIOJNb30BaHA B EnuHOil uHGOpMAIIMOHHO-
ananutudeckoir cucteme (EMAC) B3llos aBuanuun BC P®. 3T0 MO3BOINUT CHEUATHCTaM CITYXKOBI
0€30macHOCTH T0JIETOB Ha BceX ypoBHAX AC BECTH yHalleHHBIH KOHTPOJb COCTOSHUS a3pOJAPOMHOM
CETH rOCYJapCTBEHHOM aBHAIIMK B MacIITade peaJbHOr0 BpEMEHH.

Bce nepeuncieHHOe BBIIIE MTO3BOJIMT MOBBICUTH 3aUIIEHHOCTE AC 0T O®D cO CTOPOHBI MHKE-
HEPHO-a3pPOJIPOMHOTO 00ECTIeYeHHS MOJIETOB U CHU3UTh YPOBEHb aBUAIMOHHON aBapUHHOCTU B aBHa-
uun BC PO.

B 3axnmrodeHrne HEOOXOAMMO OTMETHUTh, YTO MPEATIOKEHHBIN B CTaThe MOIX0] K OMPEICICHHIO
SKBHUBAJIEHTHOTO ypoBHA obecrieueHust b3lloB MoxkeT ObITh yCHEIHO MPUMEHEH MPHU OLIEHKE YPOBHSA
obecrnieuenus b3lloB moObM 3nemerTom AC.
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ABOUT THE EQUIVALENT LEVEL OF FLIGHT SAFETY

Boris I. Bachkalo', Valeri I. Zolotykh'
'Air Force Education and Research Center "The Zhukovsky and Gagarin Air Force
Academy" Voronezh, Russia

ABSTRACT

The article analyzes the meaning of the term "equivalent flight safety". The need for such an analysis is due to the fact that there is
no definition of this term in the guidance documents on engineering and aerodrome flight support. This creates the ambiguous
interpretation of the meaning embedded in this term and the possibility of non-compliance with the necessary flight safety measures
at the aerodrome. As a result of the analysis, the expediency of the use of the term "equivalent level of flight safety" when
determining the aerodrome operational suitability is substantiated. Management of the state of the aviation system from the point of
view of information theory is considered. As a result, it was established that the ability to assess the impact of each element of the
aviation system on its security against the effects of hazardous factors makes it possible to increase the efficiency of managing the
state of this security. Dependence of the acrodrome flight safety level on the legality of the aecrodrome operation is shown. The
feasibility of achieving the equivalent level of flight safety using a new indicator, the equivalence coefficient, is substantiated. The
formula that allows to calculate this indicator is derived. The numerical value of the equivalence coefficient depends on the values
of the coefficients of compliance with the aecrodromes operational suitability standards. The minimal set of evaluated elements is
shown which determines the value of each coefficient of compliance with the aerodromes operational suitability standards.
A mathematical model that reflects the dependence of the coefficient of compliance value with the operational suitability standards
on the estimated indicators is constructed. The coefficients and indicators considered in the article in aggregate represent a new
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approach to assessing the level of aerodrome flight safety. This approach can be successfully applied in assessing the level of flight
safety by any element of the aviation system.

Key words: flight safety, hazard, aerodrome, equivalence coefficient, legality, security, operational suitability standards, aviation
system.
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IOBBIINEHUE CTABUJIBHOCTH YACTOTbI BU-CUI'HAJIOB
B NIEPEJAIOINEM YCTPOUCTBE KYPCOBOI'O PAIMOMASKA
HA OCHOBE CTATUCTHUYECKOI'O OHEHUBAHUSA ®A3

.. TABPUDJIbSIH', I.M. KOCTEHKO?, O.A. CA®APBSH?
]PocmOGCKub?-Ha—ﬂOHy HAYYHO-UCCIe008aAMENbCKULL UHCIMUMY M PAOUOCBA3U,
2. Pocmog-na-/{ony, Poccus
’Pocmosckuii Gunuan MI'TY I'A, 2. Pocmos-na-/Jony, Poccus
3 Toncxkoi 20Cy0apcmeenHulll mexHudeckuti ynugepcumem, 2. Pocmoe-na-/Jony, Poccus

PaboTa BeimonHeHa mpu MaTepuanbHoi noaaepkke POOU, rpant Ne 19-01-00151/20

B cratee Ha OCHOBE WCIOJB30BaHHS METOA CTATUCTUUECKOW CTAOMIM3AaIMM YacTOTHl PacCMOTPEHBI BOIPOCHI MOBBILICHUS
CTaOMJIBHOCTH 4acTOThl M CHHXpOHM3aIMH (opmupyembix BU-curnanoB B nepenpatomieid yactu KPM npu wmcrionb3oBaHun
MHOTOKAHAJILHOTO BapuaHTa IoCTpoeHus. [lokasaHo, 4To HamMume LU(POBOTO YCTPOMCTBA KOPPEKIMH YacTOTHl M (ha3bl
TIO3BOJISIET JIETKO PEaIM30BaTh MpeyiaraeMblii MeTos. OTMedeHbI /1Ba OCHOBHBIX (DakTopa, BIMSIOIIMX Ha CTaOWIBHOCTh YacTOTHI
n cunxponmzaimio (a3 BY-curnanoB npu skcryararmu KPM. TlepBolii (aktop omnpernensieTcsi OTKIOHEHHEM TeKyIeH
(Ha uHTEpBaNe M3MepeHuit) yacToTsl i -ro BU-curnama ot cpennero suadenus Af” 4acToTwl B 71-M KaHane. Bropoii daxrop
CBS3aH C M3MeHeHWeM B mpouecce skcrutyarauun KPM cpeaneil wacTothl Kaxaoro w3 ¢opmupyembix BU-curnanoB u
OTKJIOHEHHEM €€ Ha BeuuuHy O /. oT HoMMHaIbHOrO 3HaueHus. Ha ocHoBe onmcanus BU-cHrHAIOB B KaHanax repeiatoleil
yactu KPM TOJIY4Y€HbI COOTHOIICHUS, ONPEACIIAIOIIUE ONTUMAJIBHBIC B CMBICIIC METOJda HAMMCHBIINX KBaApaTOB OLICHKH KaK
orkonernii Af ) TeKylmmx 3HaYeHMi YACTOTBI OT CPEJHETO 3HAYEHHS, TAK U W3MEHEHUs CPEIHETO 3HAYEHHS YACTOTHI
npu 3kcrutyatann KPM. Paccmorpen Hanbosee BaKHBIN ¢ MPAKTHIECKOW TOUKH 3PEHMS CIydaid OIEHKH TOJIBKO OTKJIOHEHHUI
TEeKYLMX 3HaueHUH 4acToTel BU-curnana or cpeHero 3HaueHys Ha MHTepBaie n3MepeHuil. IlokasaHo, 4To npuMeHeHue MeToza
CTaTHUCTUYECKOH CTaOMIM3aLMK 4acTOThI MO3BOJIIEeT /il nepenatomield yactn KPM, Bkimouaromed N kaHaioB ()OPMHPOBAHUS

BY-curHaoB, MOBBICUTh CTAOMJIBHOCTh YaCTOTHI M CHHXpOHM3aLuio (aszsl BU-curnaia B JN pa3. 3To MO3BOJISIET MOBBICUTH
TOYHOCTH ()OPMUPOBAHHSI CyMMAapHOW M Pa3HOCTHOH JiarpaMM HallpaBJICHHOCTH M COOTBETCTBEHHO YCTaHOBKH JIMHHM Kypca
B HaIpaBJICHUH B3JIETHO-TIOCA0YHOM nonockl. Kpome Toro, Ha OCHOBE MOIy4YEHHBIX 3HAYEHHMI OLEHOK MapaMeTpoB YacTOThI
1 OTHOCHTEJIbHOM HeCTaOMIBHOCTH (hopMUpYyeMbIX BU-CHrHAIIOB MOXKET NPHHUMATHCS PEIICHHE O COCTOSTHUN KOHTPOJIMPYEMOTO
napametpa 1o kpurepuro HOPMA — VXY IIIEHUE — ABAPHA.

KunroueBble ciioBa: KypcoBoil paiioMasiK, aHTeHHasi pereTka, BU-curnan, crabuiibHOCTh YaCTOThI, CHHXpOHM3aLHs (a3, OLeHKH
OTKJIOHCHHS YaCTOTHI M (pa3bl OT HOMHHAIBHBIX 3HAYCHHI.

BBEJEHUE

[ToBbIlIEeHNE MHTEHCUBHOCTH B3JIETOB/MIOCA/IOK CAMOJIETOB B a’pONOpTax pa3IMYHOro Kiacca
HapsIy C OJHOBPEMEHHBIM yCHJICHHEM TpeOoBaHMN 0€30IacHOCTH MOJIETOB 00YCIaBIMBaIOT HEOOXO-
JTUMOCTD JAJIbHEHIIEr0 COBEPILIEHCTBOBAHUS a’poJIpOMHOTO o0opynoBanusi. Hanbonee xectkue tpe-
OOBaHUs NPEIBABISIIOTCS K a3POJPOMHBIM PAIUOTEXHUYECKIM CHCTEMaM OOECTIeUeHUs 3aX0a caMo-
JIETOB Ha IMOCAJIKY, SIBJISIONIYIOCS HanboJiee CI0KHBIM 3TanoM noseta. [Ipu pemeHun 3Tux BOIpOCOB
MOJKHO BBIJICTIUTHh HAMPABJICHHUS, CBSI3aHHBIC C MCIIOJIIb30BAHUEM CUTHAJIOB TTI00ATHHBIX HABUTAIIMOH-
HbIX cmyTHUKOBBIX cucteM (ITHCC), a Taxke nHpopManuu, moxydyaeMoil Ha OCHOBE CHUTHAJIOB Telle-
KOMMYHHKAIIMOHHBIX cucteM [1-9]. OmgHako B HacTosiiee BpeMs W B ONKalIeil MepcreKTHBe
Haubosee BOCTPEOOBAHHBIM OCTAETCSl MCIOJB30BAaHUE B COCTaBE CHUCTEMBI MOCAAKU a’POAPOMHOIO
obopynoBanus KypcoBbix pamuomaskoB (KPM). OcHoBras 3anaga KPM 3akmrogaercs B (hopMupoa-
HUU TPeOyeMOro pacnpeesieHus HaPsKEHHOCTH 3JIEKTPOMArHUTHOTO T0JIsl, TIO3BOJISIOLIETO Onpee-
JIATh TIOJIOKEHHUE caMoJIeTa OTHOCUTEIBLHO OCH B3JIETHO-TIOCAaI0uHOM Tosock [10, 11].
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B cospemennbix KPM, B wactHoctu KPM Loc 2700, npumeHeH BapuaHT MOCTPOEHUSI, OCHO-
BAHHBIN HAa:

- ICTIOJIb30BAHUU ISl K&KAOTO M3JIydaTeliss aHTEHHON PEeIIeTKH YeThIpeX Mepeiaroninx MOIy-
aeii (A, B,C,D), ¢opmupyomux MOIyJIUPOBAaHHBIE II0 AaMILIMTyAe dacToTamu f, =90 I'n
u f, =150 I'ny BU-curnamst;

- 00beIMHEHNN CYMMapHOT'O U Pa3HOCTHOTO CHUTHAJIOB JJISl KaXJA0r0 U3 JBYX YTIJIOBBIX CEKTO-

poB, hopmupyembrx KPM, B 0MH BEICOKOYACTOTHBIN TPAKT.
CrpykrypHas cxeMa KPM g nanHOro BapuanTa nocTpoeHus IpyuBeAeHa Ha puc. 1.

Mepepaiouiee YyCTpoRcTBo JluHeHHan aHTEHHAA pelleTKa

=! Hanyuarens 1

=! HM3nyyaTens 2

I
—t—.l Wanyuarens 7
I

Mepepatumnk 1 lNepepaTunik 4

HUsnyuarens 8

1
I
] P——
1
I ]
D I Wznyuarens 10

T

Yerpoicteo crabunet octi dase BY
CUrHAN0B NepefaTtiMKoB

== Hanyuarens 15

'—'—-I Hznyyatens 16

B v

vy

Puc. 1. Crpykrypnas cxema KPM Loc 2700
Fig. 1. Block diagram of the CRM Loc 2700

OpnnHako, HECMOTPS Ha MPOCTOTY MOCTPOECHMSI, B IIPOLECCE TEXHUYECKONW pealn3alii U ajb-
Helmrel sxcruryaTanun KPM BO3HUKAIOT CIIOKHOCTH, CBSI3aHHBIC C 00ECIICYCHHEM UICHTUIHOCTH Ka-
HAJIOB 110 aMILJIUTYAHBIM, YACTOTHBIM U (ha30BbIM XapaKTEPUCTUKAM, HapyIIEHUEe KOTOPOH MPUBOAUT K
CHIDKEHUIO €0 TAKTUKO-TEXHUYECKUX XapaKTEPUCTUK WIH JaKe HEBO3MOKHOCTH €0 IPUMEHEHMUS.

[Ipu Takoit cxeme mepexnaromero ycrpoictBa KPM Tpelyercs mpeaycMOTpeTs Mephbl, MMO3BO-
JISIFOIIME COTIIAacOoBAaTh paboTy BCeX KaHAJOB ()OPMHUPOBAHUS U MPOXOXKICHHSI CHTHAJIOB: TIEPEIAOITHIA
Monyib — BY TpakT - uznydarenb. DT Mepbl CBOJIATCS K 0OECIIEUEHUIO B MEPEJaroIleM yCTPOUCTBE
CTaOMIIBHOCTH:

-gactotel f, =90 I'm u f, =150 I'u, Hecymeil st popMuUpOBaHUS CyMMapHOTO M Pa3HOCT-

HOT'O CUTHAJIOB B 00OMX YTJIOBBIX CEKTOPAX;
- ¢a3el BU-curnanoB, n3nydaeMblx BCEMHU M3JIydaTeNISIMU aHTCHHOM pPEIIeTKU B Mpejenax Io-
JIOCHI YaCTOT 000MX KaHAJIOB;

- U3JIy4aeMON MOIIHOCTH U TIIyOMHBI MoayJisiiiuu BYU-curnamoB kak B kaHaie (GpopmMupoBaHUs
30HbI AeictBus KPM, 3anannoii TpeboBanusimu UKAQO, Tak 1 B kaHane, 00eCreunBaronieM BICOKYIO
TOYHOCTbD MOJTYYECHUS YIIIOBBIX HAIPABICHUN;

- 3aKOHA U3MEHEHUSI MOAYJIMPYIOIIET0 CUTHATIA.
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Hapymenune ctaOuibHOCTH XOTs ObI OJTHOTO M3 TIEPEYNCIIEHHBIX TapaMeTpoB BU-curnana mpu-
BOJMUT K pa3pyLICHUIO WIH CYIIECTBEHHOMY YXYALICHUIO TpeOyeMOro pacrpeneieHus 3JIeKTpoMar-
HUTHOTO T0JIs1 30HKI AeiicTBuss KPM [10, 11].

B pab6orax [10—12] paccmaTpuBaroTcs BONPOCH BhIpaBHUBAHUS (Ha30BOTO (poOHTAa aHTECHHOM
cucreMbl KPM. Onnako Hanbosiee o0IMM MOIX0/10M K PEIICHHUIO 3a7ay CTA0MIN3aIH B yCTPOUCTBAX
KPM, OTMEYEHHBIX BBIIIE, SBIAETCS MOJYYEHUE TEKYIIMX OLIEHOK YacTOThl, OTHOCUTEIBHOW HECcTa-
OUIBHOCTH YacTOThI (popMHUpYyEMBIX B niepearonieM yctpoiictee KPM curnasios.

C y4eToM BBIIIECKA3aHHOTO 11€JIb Pa0OTHI COCTOUT B pa3padOTKe alropuTMa CTaOMIM3aIuy Ya-
CTOTHI M CHHXPOHH3AI[UU T€HEPATOPOB Tiepenaroiiero ooopynosanus KPM.

CTATUCTHYECKHI METOJI OHEHUBAHUS ITAPAMETPOB BU-CUT'HAJIOB
MHOTI'OKAHAJIbHOT'O MEPEJAIOIIEIO YCTPOMCTBA
KYPCOBOI'O PAIMOMAS KA

[IpencraBum popmupyemblii B KQKI0M KaHAJIE MEPEIAOIIEro yCTPOMCTBA CUTHAIT CIIeIYIONTIM
COOTHOUIECHUEM:

u(t) = U,Ei)(t)cos(27z-‘1’5,i)(f)) (n=1..,N), W)

B KoTopom U”

0]
u W¥)"”(¢) - cOOTBETCTBEHHO aMILUIUTYa U (haza (opMHUPYEMOIo CUrHala B 71 -M KaHa-
Je Ha yactote f;; N - oOmiee 4ucino kaHauoB renepanuu BU-curnanos, 3aBucsiiee OT 4ucia u3iyda-

TeJIed B IIEpeNaroLIc aHTCHHE.

Jns pemienust 3amaun o0ecrieueHruss CTaOUIILHOCTH YacTOTHI M CHH(a3HOCTH (HOPMUPYEMBIX
CUTHAJIOB OyJIeM TIPOBOIUTH U3MEPEHUs WX (a3bl B TCUCHHE HECKOJIBKUX MOCIEI0BATEIHHBIX N3MEPH-
TEJIbHBIX MHTEPBAJIOB HOMUHAIBHON JUIMTEILHOCTU f, Ka)Iblid. DTO MOXKET OBITh BBIIOIHEHO ITyTEM
BBEJICHUS B KaKIbli KaHan (opMupoBanusi BU-curuaaoB HarpaBI€HHOTO OTBETBHUTENSI MOIIHOCTH C
MaibiM Kod(hdunmenTom cBsizu. C BBIXOAAa OTBETBUTENSI MOIIHOCTH CHTHAIBI MOJNAIOTCS HA MU3MEPH-
Tenb a3, uMeroii N UHPOPMAIIMOHHBIX BXOJIOB U OJIMH BXOJI JUIS 33/IaHUS UTUTEILHOCTH U3MEPH-
TEJIBHOTO MHTEpBaja, HEOOXOJUMbIE TS MMOYYSHHSI OLICHOK (ha3bl, TEKyIIed YaCTOTHl U OTHOCHTEIb-
HOW HEeCTaOMIILHOCTH YacTOTHI.

VuuTeiBasg (U3MUYECKYI0 HE3aBHCUMOCTbh KaHAJIOB INEPENAIOIIMX YCTPONCTB HAa 4acToTax f
(i=1,2) u HaMUKe B KaXJIOM KaHaje COOCTBEHHBIX NECTAOMIM3UPYIONHNX (DAaKTOPOB, BIMSIOMNX Ha
ycuiBaeMbiii BU-curnan, onpenenum 3HadeHus (a3bl CUTHAJIOB, U3MEPSAEMbIX B TEYCHHE HEKOTOPOTO
U3MEPHUTENBHOTO MHTEPBala HOMHHAIIBHOM JUINTEIBHOCTBIO £, , B BUJE!

WO =W 0 A (DO + D)ty (=1, N, @

rae ¥ - nsmepennoe snauenne dasel i-ro BU-curnana B 1 -m xanane; W) (1) u f)) - coorser-

CTBCHHO HOMUWHAJIBHOC 3HAUYCHUC (1)2131)1 ¥ 4JacToThl i -ro BU-curnama Bn -m KaHaJIC, IPUBCACHHLIC B
pykoBojcTBe mo 3kcrutyaraiuu PMK; Af - oTKJIOHEHHE UIMTENBHOCTH ¢ WHTEpBajla U3MEPEHUN

OT HOMHHAJIBHOTO 3HaueHus f,; Af\” - OTKIOHeHHWE TeKymlel (Ha MHTEpBale U3MEPEHHIT) YaCTOTHI
i -ro BU-cHrHaa ot CpeHero 3HaUEeHUs YacTOTHI B 71 -M KaHaie; O f. - OTKIOHEHHE CPEIHETO 3Ha-

yeHUs 49acToThl i-ro BU-curmana ot COOTBCTCTBYIOIICTO HOMHHAJIBHOI'O 3HAUCHUA, OIIPEACIIAICMOro
TCXHUYCCKUMHU XapPAKTCPUCTUKAMU U3TOTOBJICHHOTO YCTpOﬁCTBa.
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3HaueHus ‘I’(” '(t) n f () 11151 06EeUX 4acTOT BCeX MOAYJIEH XPaHATCS B HaMSATH 3alIOMUHAOIINX

yctpoicTB (3Y), BXOIAIIMX B COCTAaB yCTPOMCTBA cTabMiIbHOCTH (ha3bl BU-curnanoB nepeaaTyukoB.
C yderom (2) OTKJIOHEHHE YaCTOTHI 71 -T'0 TeHepaTOpa OT HOMHHAIBHOTO 3HAYEeHUs B HanboJee
o0mieit popme MoxeT OBITH MpeacTaBiaeHo B Bue [13—-16]:

AP — O A
tO

A = -28f", 3)

rie AVY =90 -wi .

[TnoTHOCTH pacmpeneneHus: OTKIOHEHHW YacTOThl # -T'O TeHepaTopa MPUHUMAETCS MOAYNHEH-
HOM HOpMaJIbHOMY 3aKOHY pacripeeneHus [ 14] u onpenensieTcs: BoIpaKEHUEM:

() _ £ 2870 .
ol P Gl i o) : 4
no 2((55[1)) -tg

p(A1")=

re 6 - HeCTaOUIBLHOCTD YaCTOTHI, OTIMYAIOIIASCS OT MPUBEIEHHOTO B PYKOBOJCTBE MO SKCILTyaTa-

(i)
0,n *

uun PMK 3nauenusi o

CootHotieHue (4) CBSA3BIBAET MEXAy COOOH CpelHMEe 3HAUYCHHUS YAaCTOThl U OTHOCUTENIBHOM He-
CTaOMITLHOCTH (POPMUPYEMBIX CUTHAIIOB, OTKJIOHCHWUSI JJIUTEIIFHOCTH BPEMEHHOT'O MHTEpBaIa U3Mepe-
HUM ¢ pe3ynbrataMu u3MepeHuil (aszpl curHano. OOIIee YUCIo OLIEHWBAEMbIX MapaMeTpPOB B 3TOM
ciay4dae paBHO 4N +1, a YMCIIO BBINOJHEHHBIX U3MEPEHUI COCTaBIAET 2N .

[Toydyenne TpeOyeMBbIX OIIEHOK MapaMeTPOB IeHEPATOPOB, KOTOPhIE MUHUMHU3UPYIOT KBaJIpa-
ThI HEBSI30K B (2), MOXET OBbITh MPOBEJICHO C MCIOIb30BAaHUEM METOJ/la HAMMEHbIINX KBaapaToB [17],
IIPU 3TOM YKCJIO YPAaBHEHUM JOJIKHO MPEBBIIIATH YHUCIO HEU3BECTHBIX. JTO JIOCTUTACTCS MPOBEICHU-
€M HM3MEpEeHUi He Ha OJIHOM M3MEpPUTEIHHOM MHTEPBAJe, a HECKOJIBKUX, YUCIO KOTOPbIX M ynoBie-
TBOPSIET YCJIOBHIO:

2M -N >4N+M . %)

[Tpu 3anucu cooTtHoeHus (5) ObUIO YYTEHO, YTO MPH MPOBEACHUN M3MepeHHid (ha3bl BO BCEX
KaHaJIaX BEIUYUHBI O f,f” u fo) (n=1,..,N, i=1,2) ocTaloTcs MOCTOSIHHBIMH, & U3MEHSETCS TOJIHKO
JUIUTEIbHOCTh U3MEPUTENBHOTO uHTepBana t, (m=1,..,M ).

C yderom 3akoHa pacnpeneneHus (4) u ycinosus (5) norapupmudeckas GyHKIMS PaBIONOI0-
Ousl, 3aBUCSIIAs OT BCEX OllEHMBaeMbIX mapametpoB At , §f” u Sc!

n 0,n°

MOJKET OBITh MPE/CTABIICHA B

Buje [18]:

(A®, - 1 Ar,, 28, -t0)2

L(At,of, 66 =In exp| —
( H \/_GOn p 263,;1 'tg

(6)
(0) 2
®, - £ A, =28, 1))

-3 (e ) 20, 4) |

2
n=1 260,}1 ° to
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rae At = {Atl,...,AtM} ; of = {Sfl,...,SfN} ; 06 = {801,...,86N} - OLIEHKHU OTKJIOHEHUW COOTBETCTBYIOLIUX

MapaMeTpoB OT 3asBICHHBIX TEXHUYECKUX XapaKTEPUCTHUK.
Yka3zaHHbBIE OIEHKH MOTYT OBITh TIOJYYE€HBI U3 YCIOBUS MakcuMyMa (GyHKIHH (6), 9TO MPUBO-
JIAT K pemeHuto cucteMsl 4N + M ypaBHEHUM:

6L(At,8f,60')
=0,m=1,..M,
OAt,
6L(At,8f,60')
=0,n=1,..,.Nm=1,...M, (7)
3%,
8L(At,8f,80‘)
=0,n=1,...Nym=1,... M.
006G,

YacTHble MPOU3BOAHBIE JOTapUPMHUUECKONW (PYHKIUHU TMPABIONOA00US M3 CHUCTEMbI ypaBHe-
HUit (7) JIerKo BBIYUCIISAIOTCS, HO U3-32 TPOMO3/IKOCTH B CTAaThe HE MPUBOJATCS.
ITosrydyeHHbIE 3HaYeHMs NONPaBOK of = {Sfl,...,SfN} u 66 = {801,...,60]\,} B Iporecce paboThl

KaHala nepefaTyika B Cllydyae HEOOXOJUMOCTH MOTYT MCIOJB30BaThCs KAaK KOPPEKTUPYIOIIME MO-
IIPaBKH, OO0ECIEYMBAIOIINE KOPPEKLIHUIO [apaMeTpOB MOAYJHPYIOLUIMX CUTHAJIOB, HAIIPABICHHYIO
Ha KOMIICHCALMIO HECTaOMIbHOCTH 3HaYeHU ¢a3pl u yacToThl BU-curnana. [Ipaktuueckas peanusa-
IIUs] TAKMX YCTPOMCTB MOXET OBITh BBHINOJIHEHA HA OCHOBE CHHTE3aTOPOB YAaCTOT PA3JIMYHBIX THUIIOB,
B YaCTHOCTH CUHTE3aTOPOB YaCTOT C ApOOHO-TIEpeMeHHbIM K03 duienTom aenenus [19-22].

AHAJIN3 JOCTUT'AEMOI'O TIOBBIINEHUSA CTABUWIBHOCTH YACTOTbI
BUY-CUT'HAJIOB B IEPEJIAIOIIEM YCTPOMCTBE KYPCOBOI'O PAITMUOMASIKA

AHaJIM3 NOBBIIIEHHUS] CTA0OMIBHOCTH YaCTOT PAaCCMOTPUM JUIsl HanboJiee BaXKHOIO ¢ MpaKTHye-
CKOM TOYKU 3pEHHUsl Ciyd4as, Mpu KOTOPOM pazIU4YMEeM OTHOCUTEIbHBIX HECTaOMJIBHOCTEH YacToT
B YCTPOMCTBAaX Te€HEPAIMH MOXHO MpeHedpedb. B aTom cimydae, kak mokaszano B [13—16], Ha kaxaom
W3MEPUTEIILHOM HHTEpBaJIe TOCTATOYHO OIEHUTHh TOJIBKO HECTAOMIBHOCTh BPEMEHHOT'O HHTEpBaia
M3MEPEHHM, a OTKJIOHEHHE dacToThl BU-curHama ompenensercs ¢ MCMOJIb30BAaHUEM BBIpakeHHs (2)
wi (3). [lomydyaemas olieHKa OTKJIOHEHHSI 4YacTOThI B 71 -KaHaJle, C MCIOJIb30BaHUEM KOTOPOW MPOBO-
JIUTCSL KOPPEKIIUS YACTOThI, OMPEIEISAETCS COOTHOIIICHUEM:

N

(v am g Y (4w 2w £ ) o) (4))
2(0) _ p=1
Afn 21t t i(cg) )—2 . (8)

p=l1

[Ipy onMHAKOBBIX HOMHMHAJBHBIX MapaMeTpax YCTPOWCTB I'€HEpALMH OTHOCUTENIbHAs HecTa-
OUJIBHOCTH YaCTOTHI B COOTBETCTBHH C (8) M pe3yibTaTamu, MpuBeAeHHBIMU B [13—16], ymeHbImaercs
B VN . D10 nossomser a1 KPM Loc 2700 ¢ 16 U3Iy4aTeasiMi 00ECIIeYUTh MOBBIIIEHUE CTaOUIBHO-
CTH 4acTOThI U CUHXPOHM3AlMU (a3 CUTHAJIOB B YETHIPE pa3a, B YaCTHOCTH:

- OTKJIOHEHHE HEeCYIIeH YacTOThI OT 3aaHHOM, He Oonee +0,0005 %;

- TOYHOCTh HACTPOUKH Pa3HOCTH 4acToT, He 6omnee 0,025 kI'ir;
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- OTKJIOHEHHE MoAynupyromux 4actoT f, =90 I'mu f, =150 'l oT HOMUHANIBHBIX 3HAYCHHUH,

He 6oistee +0,125 %;
- CHHXPOHU3AIMs 1eMOAYJIMPOBaHHbIX CUTHANOB f, =90 I'm u f, =150 I'n oTHOCHTENBHO (a-

3pl curHana f, =150 I'n, He Gonee 10,250;
- CHHXpoHu3amu 1o ¢ase curHanoB f, =90 ['m u f, =150 I'm pa3snuuHBIX HECYIIHX,

e Gonee +£0,25°;
- JONITOBPEMEHHAsT HECTAOMIBHOCTb YacTOThI Hecylled U curHanoB f, =90 I'mu f, =150 I'n,

He 6onee +0,0005% u +0,125% COOTBETCTBEHHO.
3TO MO3BOJISIET TIOBBICUTH TOYHOCTh (POPMHUPOBAHUST CYMMAPHOM M Pa3HOCTHOM JFiarpaMM Haripas-
JICHHOCTH Y COOTBETCTBEHHO YCTAaHOBKH JIMHUU KypCa B HAIIPABJIEHUH B3JIETHO-II0CAI0YHOM MOJIOCHI.

3AK/IFOYEHUE

[TosrydeHHBIE B X0/1€ UCCIIEJOBAHUN PE3YJIBTAThI TOKA3bIBAIOT:

1. ITpu MHOTOKaHaIBHON CXE€ME€ MOCTPOEHUS NEPENAIOLIEr0 YCTPOICTBA paAoMasika BO3ZMOX-
HO MCIIOJIb30BAaHME CTATUCTMYECKOTO METOJa CTAOMIM3alMM YacTOThl M CUHXPOHHM3AlMU (a3
BY-curnanoB, OCHOBaHHOTO Ha OJIHOBPEMEHHOM U3MEPEHUH (a3 CUTHAIOB, (POPMHUPYEMBIX B KaXKIOM
kaHaje nepenatouieit vactu KPM n nocnenyromeM OLEeHUBaHUU OTKJIIOHEHUS YaCTOThI CUTHANA OT 3a-
JTAaHHOM Ha OCHOBE COOTHOUIEHU (8).

2. JInst KOHTpoJst pabOTOCIIOCOOHOCTH M KOMIIEHCAIIMM BO3HMKAIOIIUX HECTAOUIBHOCTEH BbI-
XxoaHbIX BU-cUTHAIOB Nepearoiero yCTpoicTBa B €ro cocTaB HeOOXOAMMO BBECTH YCTpOMcTBa (CHC-
TEMbl) KOHTPOJI U YIpaBieHUs, (YyHKIIMOHUPYIOIIUE HA OCHOBE IMPEIOKEHHOIO alIrOPUTMa OLIEHU-
BaHUs napaMeTpoB hopmupyembix BU-curnanos. I1ogydaeMblil BEIUTPHINT B TIOBBIIIEHUH CTA0MIBHO-
CTH YacTOThl U TOYHOCTH CHUHXPOHH3AIMK (a3 CHUTHAJIOB OmperesnseTcs 4yucioM kaHaioB KPM N

U paBeH JN .

3. IloBblieHHe CTAOMIIBHOCTH YaCTOThl M TOUHOCTU CUHXpOHM3auuu BY-curHanos mo3BossieT
MOBBICHTh TOYHOCTH (DOPMUPOBAHHS CYMMapHOW W Pa3HOCTHOHM AMarpaMM HalpaBIEHHOCTH M COOT-
BETCTBEHHO YCTaHOBKH JINHUM Kypca B HAIIPABJICHHUU B3JIETHO-IIOCANOYHOM monockl. Kpome toro, Ha
OCHOBE IOJIyYEHHBIX 3HAUEHHUI OLIEHOK IapaMeTpPOB YacCTOTbl M OTHOCUTEIBbHOW HECTAOMJIBHOCTU

dbopmupyeMbix BU-curaanoB MoXeT MPUHUMATHCS PEUICHHE O COCTOSHUU KOHTPOJIUPYEMOTro mMapa-
Mmetpa no kpureputo HOPMA — VXY IIITEHUE — ABAPU L.
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ABSTRACT

The article based on the method of statistical frequency stabilization deals with the issues of increasing frequency stability and
synchronization of the forming HF signals in a transmitting device of a localizer using a multichannel variant of construction. It was
demonstrated that the available digital unit of frequency and phase correction allows easy application of the proposed method. Two
main features of the localizer operation affecting frequency stability and phase synchronization of HF signals are noted. The first

factor is determined by deviation of the present -HF signal frequency (on the measurement interval) from the average Af"

frequency value in 72-channel. The second one is related to average frequency variation of each of the forming HF signals and its
deviation within the &/ value from the nominal value during localizer operation. On the basis of HF signals description in
channels of the transmitting device of a localizer ratios are obtained determining optimal values in terms of the method of least
square method as 5f” deviations of the present frequency values from the average value as well as variations of average

frequency values during localizer operation. The article considers the most significant, from an applicatory point of view, case of
assessment covering only deviations of the present HF signals frequency values from the average value on the measurement
interval. It is shown that application of the method of statistical frequency stabilization allows the transmitting device of a localizer

including N channels of HF signals formation to increase frequency stability and HF signals phase synchronization N times.
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That enables to improve accuracy of forming integrated and difference directivity diagrams and setting heading in the runway
direction as well. Apart from that, on the basis of the received values of frequency parameters estimation and relative instability of
the forming HF signals a decision can be made about the condition of the controlled parameter by the criterion
STANDARD-DETERIORATION-ACCIDENT.

Key words: localizer, antenna array, HF signal, frequency stability, phase synchronization, estimates of frequency and phase
deviation from nominal values.
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YIIPABJIEHUE CPOKAMH NOCTABKH
3AITACHBIX YACTEN 1 KOMIVIEKTYIOLIUX BO3AYIIHBIX CYAOB
B IEHTP TEXHUYECKOT'O OBCJIYKUBAHUA U PEMOHTA

C.A. KPOIIUBEHIIEBA'
! Camapexuii nayuonanvnuiii uccredosamenscruii ynusepcumem um. axademuxa C.I1. Kopornesa,
2. Camapa, Poccus

B cBsI3u C IMPOKUM pPacHpOCTPAHEHUEM MEKAYHAPOIHOW KOOIEpAaLMU IPU CO3JaHUM HOBBIX THUIIOB BO3JYIIHBIX CYJOB
AKTYaJIM3UpPYETCd  3aJa4da OpraHusaliun I/IMHOpTHOﬁ IIOCTaBKH KOMIUICKTYIOINX HWHOCTPAaHHOI'O IMPpOU3BO/ICTBA.
MarepuabHO-TEXHUYECKOE CHa0KeHHE OOECIeUMBAETCsl HE TOJIKO 3aKYNKOH HOBBIX KOMIIOHEHTOB, HO M IIyTeM
3aMCTBOBAHMS, ApEH]IBI WIIH JIM3HMHTA, @ TAKXKE C MOMOIIBI0 OOMEHHOI oneparmu. /s ocymecTBieHust pyHKIMHA KOHTPOIIS
Heo0XouMO (OpMaIM30BaTh HPOLECC HWMITIOPTHOM ITOCTAaBKH, TaK Kak 3((EKTHBHAas WHTETPUPOBAHHAs JIOTHCTHYECKast
MOAJIEpPXKKa O0ECeunBaeT IMOCTAaBKY 3allaCHBIX YacTe M KOMIUIEKTYIOIIMX B MHHHMAaJIbHBIE CPOKM C MHHHUMAIbHBIMU
3aTparaMi. 3agada 3(QQEKTHBHOTO YMPaBICHHS MPOLECCOM IIOCTABKM PEIIACTCS C IOMOIIBI0 METOMOB YIPABICHHS
npoekTamMu. OOBEKTOM HCCIEAOBAHMS SIBISCTCS MMIIOPTHAsl MTOCTAaBKA 3alacHBIX YacTell M KOMIUICKTYIOUIMX B LEHTP
TEXHUYECKOTO OOCITy>KMBAaHHS M PEMOHTA aBHAllMOHHOW TEXHWKH. JIJIs OCYIIECTBICHUS TOCTaBKK B MUHUMAJIBHBIE CPOKHU C
MHUHUMAJIBHBIMH 3aTpaTaMd HEOOXOAMMO ONHUCaTh CTPYKTYypy paOOT IO IOCTaBKE M ONPEACIUTh HX B3aUMOCBS3H,
OIIpEe/IeNINTh JJIUTEIBHOCTD BBINOJIHEHUS] PabOT M HOPMHPOBATh 3aTpaThl Ha MX OCyIIecTBiIeHHE. B pabote ommcaHo
cozepkaHue padOT MO MMIIOPTHOM IOCTABKE 3allaCHBIX YacTeil M KOMIUISKTYIOLIMX, ITOKa3aHa cXeMa B3aMMOACHCTBHs
YYaCTHUKOB IIpOLiEcca MOCTABKH, 3a/laHa I0CIIE0BATENbHOCTb PaboT, 3alaHa MPUONIN3UTENbHAS JIUTEIBHOCTD BBIIOJIHEHUS
Kaxkaoi padotsl. CocTaBieH ceTeBoil rpadvk UMIIOPTHOH MocTaBky. Peanmzaliiys MojgyueHHOH CTPYKTYpBl B IIPOrPAMMHOM
oOecriedeHHH yNpaBJICHUS] NPOEKTaMH II03BOJIUT KOHTPOJMPOBATH CPOKM BBINOJHEHUs pPabOT Ipolecca HMIOPTHOU
MIOCTaBKH, PACCYUTATH 3aTPaThl HA €€ OCYIIECTBIEHHE, COCTABUTD YIOOHBIC OTYETHI 110 MCHOJIB30BAaHMIO pecypcoB. [lacmopt
MPOEKTa UIMIOPTHOM NOCTaBKH MO3BOJIUT KOHTPOJIMPOBATh 3aTPAThl HA PECYPCHI, IPUBIEKAEMBIE K OCYILIECTBIECHUIO IOCTABKU
3allaCHBIX 4acTel U KOMIUIEKTYIOIINX, a TAKXKE ONTUMU3UPOBATH ITPOEKT.

KunroueBble cj10Ba: UMIIOPTHAS TTOCTABKA, YYACTHUKU MMIIOPTHOM MOCTABKH, CETEBOM rpaduK, KPUTUUECKUH MyTh, CTPYKTYpa
paboT Mo UMITOPTHOH TIOCTaBKeE.

3arpaThl Ha IKCIUTyaTalUIo0 BO3AYILIHBIX CYJOB 3aBHCST B TOM YMCJIE U OT OpraHM3allli MaTe-
pPHAIBHOTO U MHGOPMAITMOHHOTO B3aUMOJICUCTBUSI MKy YUaCTHUKAMU CHCTEMBI MOAEPKAHUS JIET-
HOU rogHOCTH Bo3aymHOTO cyaHa (BC). OqHuM 13 3J1eMEHTOB CUCTEMBI TTOJICPKaHUS JICTHOU TOTHO-
CTH SIBIISICTCSI OpTraHU3aIUs TBIKEHUS MaTEPUATbHBIX U HH(POPMAIIMOHHBIX MOTOKOB B MOCJICTIPOIAXK-
HOM o0cnykuBaHud. D(ddexTrBHAs cucTeMa UHTETPUPOBAHHOW JIOTMCTUYECKOM MOAJEPKKH COBpe-
MEHHOTO TPa)XTaHCKOT'O camojeTa 00ecrevynBaeT MOCTaBKy TPeOyeMbIX KOMIIOHEHTOB B MUHUMAJlb-
HbIE€ CPOKH C MUHUMAJIbHBIMU 3aTpaTamMu Ipolnecca B 1eiaom [1].

Opranuzanus obecredeHusl 3amacHBIMU YacTsIMU ¥ KOMIUIEKTYIONIMMI OCHOBAaHA Ha peaju3a-
MU OAHOM M3 Tpex crpareruil. [Ipeanpusitue MoKeT yJOBIETBOPATH MOTPEOHOCTH B KOMIIOHEHTaX
aBUALIMOHHOM TEXHHUKH 3a CUET MOKYIKH HOBBIX 3alacHBIX YacTed M PeMOHTa KOMIUIEKTYOmuUX. Mo-
XKeT OBITh BRIOpaHa CTpATErus NCIIOIH30BaHUS OOMEHHOTO (hOHa CTOPOHHUX mpeanpustuii. Hakownerr,
MOXKET OBITh pealin30BaHa CMEIIaHHAs CTpATeTHs — YacTh W3JCTHH 3aKymaeTcs U PEeMOHTHPYETCS,
YacTh M3JETHUI 3KCIUTyaTUpPYyeTCsl Ha yCIOBUSAX OOMEHa WM apeHnabl. TakuM 00pa3oM, MaTepuaibHO-
TEXHHYECKOEe CHaOKEHUE MpernoaraeT He TOJbKO MPSIMYIO MPOJIAXy 3aMacHBIX YacTei, HO U 3auM-
CTBOBaHME, OOMEHHBIE OTepaIliy, a TAKXKE IKCIUTyaTaIlMI0 Ha YCIOBHAX apeHIbl uiu Ju3uHra [2]. bo-
nee clokHbie (pOpMBI TOTyUeHUS HEOOXOAMMBIX KOMIIOHEHTOB aBUAIIMOHHOW TEXHUKH YCIIOXKHSIOT
MpoLeAYpbl KOHTPOJIMPOBAHUS CPOKOB MOCTABKU U ISl MTOJyYE€HUSI MAaKCUMAIbHOIO 3KOHOMHYECKOI0
s dexTa Tpedyercs popmanr3anus IporeccoB UMIIOPTHOM MOCTaBKH [3].
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3ajmavya yrnpaBJeHHUsS MPOIECCOM CHAOKEHHSI KOMIUIEKTYIOIIMMU MHOCTPAHHOTO NMPOU3BOI-
CTBa COCTOUT B YHUKAJIbHOM COYETAaHHUU BCEX B3aMMOCBSI3aHHBIX JEHCTBUI MO MOCTAaBKE, KOTOPHIE
pacnpeiesieHbl B IPOCTPAHCTBE U BPEMEHH, C OJJHOW CTOPOHBI, M BOBJICYCHHOCTH B MPOIECC OOJIb-
[IOT0 YHCJia YYaCTHUKOB, C APYyroi. MeTonbl ympaBieHUsS MPOEKTaMU OOECMeyMBalOT MOCTaBKY
aBUALMOHHBIX KOMIIOHEHTOB B 3aIlJJAaHUPOBAHHBIN CPOK C 3aJaHHOW cToMMOCThI0. braronaps mpo-
E€KTHOMY yIpaBjieHUI0 Oosee dP(HEKTUBHO pemIaroTcs 3aJadd OMpEeACICHUs] CPOKOB peaanu3aluu
MPOCKTAa U IIUTEIbHOCTH BBIMOJHEHUS OTICIBHBIX PabOT, ONTUMH3ALHUHA TPYIOBBIX PECYpCOB U
MaTepHaIbHbIX 3aTpat [4—6].

[IpenmeTom uccrienoBaHUs SBISETCS COBOKYIHOCTh MEPONPUSATHH MO OpraHU3allid U OCY-
[IECTBJICHUIO UMIIOPTHOM MOCTAaBKM KOMIUIEKTYIOIMX MHOCTPAHHOIO MPOU3BOJICTBA B IIEHTP TEXHH-
yeckoro oocimykuBanus U pemonta (TOuP). B pabote onucan mporecc GopMUpOBaHUS COJCPKAHUS
MPOEKTa UMIIOPTHOM MOCTaBKM KOMIUIEKTytomux U 3amdacteit BC B nuentp TOuP, onpenenen cocras
paloT M 3amaHbl X MPOJODKUTENILHOCTH, PACCUMTAH CPOK peaiu3anuu mnpoekrta. [lomydeHHbIH pe-
3yJbTAaT MO3BOJIIET COCTAaBUThH KaJCHIAPHBIN IJIaH MPOEKTa U HOPMHUPOBATh BBIIIOJIHEHHE padoOT MO
MOCTaBKE 3aIaCHBIX YaCTeH U KOMITJICKTYIOLIHX.

ONPEJEJEHUE COCTABA PABOT IO OCYIIECTBJIEHHAIO UMIIOPTHOM
MOCTABKH KOMILUIEKTYIOININUX U 3AITYACTEM BC B IEHTP TOuP

OcyuiecTBiaeHNnEe COCIKH MHULUMUPYETCS 3aKIF0UYEHUEM J0roBOpa Ha MOCTABKY KOMIUIEKTYIO-
IIUX, Jajee, B COOTBETCTBUU C JIOCTUTHYTBHIMH JOTOBOPEHHOCTSMU CTOPOHBI PEANM3YIOT 00s3aTelNb-
CTBa B paMKax JIOTOBOPA, BBITIOIHSIS CISAYIOIMNE PaOOTHI (KOMIUIEKCHI padoT) [7]:

1) mnocTaBIIMK FOTOBUT IPy3 K OTIPAaBKE B COOTBETCTBUU C HOMEHKIATYPOM, KOTOpast sIBJISAET-
Csl IPUJIOKEHUEM K JIOTOBODY;

2) 3aKJII04yaeTcs JOTOBOP C TPAHCIOPTHO-IKCIEIUTOPCKON KOMITAaHUEH, KOTOpas opopMIIsieT
JIOKYMEHTHI Ha TPY3, pa3padaThIBaeT TPAHCIIOPTHYIO ONEPALMIO U HAXOJUT KOMIIAHUIO-IIEPEBO3UHKA;

3) 3akirodaercs JOTOBOP Ha MEXAYHApOIHYIO IEPEBO3KY IPY3a;

4) 3axmouaeTcs OrOBOP HA CTPAXOBAaHUE I'py3a MPHU NEPEeBO3KE, IIPU ITOM HEOOXOAUMO YKa-
3aTh CPOK Hayasa JIeHCTBUS JOrOBOpA CTPaXOBAHUS;

5) TOTOBHTCS MAaKeT pa3pelIUTEIbHBIX JOKYMEHTOB Ha BbIBO3 I'Py3a U3 CTPaHbl H3MOTOBICHHUS
U TIAKET I0OKyMEHTOB, pa3pelIaloliX BBO3 I'Py30B B CTpaHy Ha3HAUEHUS;

6) K MOMEHTY TOTOBHOCTH pa3pelIMTENbHbBIX JOKYMEHTOB Ha BBIBO3 U BBO3 IPYy30B CTOPOHBI
M3BELIAIOT APYT Apyra 0 TOTOBHOCTH K IIEPEBO3KE IPy3a;

7) aBUANpEANpPHITHE MEPEUUCIIAET ABAHCOBBIM IJIATEX IMOCTABLIMKY, TOKYMEHT, IOITBEp-
KIAIOUINHA (DaKT IepEUnCIIeHUs IEHEXKHBIX CPE/ICTB, OTIPABIISIETCS] COITIACOBAHHBIM CIIOCOO0M;

8) Tpy3 OTIpaBIsAeTCA B IyHKT TAMOXKEHHOI'0 0(OPMIIEHUS, IOCTABILUK UH(POpMUpPYET aBUa-
npeanpusTie o0 OTHpaBKe IPy3a;

9) TamoxeHHOEe O(OpMIICHHE B CTpPaHE BBIBO3a, pabOTHl OCYIIECTBISIET TPY300TIPABUTENb
WM TaMOKEHHBIN OpoKep;

10) mepeBo3ka rpy3a B COTJIACOBAHHBIN JIOTOBOPOM TaMOKCHHBIM MYHKT I OpOPMIICHUS B
CTpaHe BBO3a M TaMOXXEHHOE O(QOpMIICHHE B CTpaHE BBO3a (PabOThI MO JAEKIAPUPOBAHHUIO BHITIOIHSIET
aBUANPEINPUITHE WIH TAMOXKEHHBIN Opokep);

11) mepeBo3ka O TEPPUTOPUH CTPaHBI MOKymaTesns B eHTp TOuP;

12) moctynnenue rpysa Ha ckiaja ueHtpa TOuP, npuemka rpy3a, usBerieHue nocraBuivka [8]
(3aBOJ-U3rOTOBUTENb) O MOJIYUYEHHUH TPY3a;

13) mepeuncieHue ocTaBlIeCsS CTOMMOCTH Ipy3a MOCTaBIIMKY.

Cxema UMIIOPTHOM MOCTaBKM KOMILIEKTyomux U 3armyacted BC B nentp TOuP npencrasnena
Ha puc.l.
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Puc.1. Cxema HMITIOPTHOH MOCTaBKH KOMILIEKTyronwx u 3amdacteit BC B mentp TOuP
Fig. 1. Scheme of aircraft components and spare parts import delivery to the MRO

OIIPEJEJIEHUE MMPOJOJIKUTEJIBHOCTHA U CPOKOB UMIIOPTHOM ITOCTABKW,
HOPMHUPOBAHUE PABOT

[TpoekT UMITOPTHOM MOCTABKH OIMUCKHIBAETCSI COBOKYITHOCTHIO paboT [1-13], onpenennm nocneno-
BaTEJILHOCTh UX BBITIOJIHEHUS. [10ATOTOBKY Tpy3a K OTIpaBKe ¥ 0hOPMIICHUE Pa3peIIUTENIbHBIX TOKYMEH-
TOB Ha BBIBO3 BBINOJHSIOT MOCIIE 3aKITIOYECHUSI JIOTOBOPA KYTUTU-TIPOIAXKH; TOTOBOP CTPAXOBAHUS 3aKITIO-
YalOT MMOCJIe TOro, KaK rpy3 FOTOB K OTIPABKE; IMOKYIATEb MEPEUUCISICT MPOIABIYY aBaHCOBBIM TUIATEX
TIOCJIE TIONYYEHHS W3BEIICHUSI O TOTOBHOCTH Tpy3a K OTHPABKE; IPy3 OTHPABISETCS MOKYIATEIIO ITOCe
OKOHYAHUSI TAMOXKEHHOTO O(OPMJICHUSI U TIOyUCHHUS] aBaHCOBOTO IIIATEXa; NIEPSUHCIICHHsT OCTABIICHCS
CYMMBI 32 MTOCTABJICHHBIA TOBAp MPOMCXOAUT TIOCTIE TIOCTYIUICHUS Tpy3a Ha ckian neHrpa TOuP. 3aman-
Hasl TIOCJIe/IOBATEIIbHOCTh ATAIIOB Pean3alliy MOCTaBKU OpopMIiIecHa B Bujie TaOII. 1.

Tabaunna 1
Table 1
Crnucok paboT 1Mo UMIOPTHOM MOCTaBKE 3aM4acTei U KOMIUIEKTYIOIINX
List of works on spare parts and components import delivery
;{:61(251 Pa6ora Pe6po Hpe;:ug:g;zi;}omne
1 2 3 4
3aKiTI0YeHNEe KOHTPAKTa € 3aBOJIOM H3TOTOBHTEJIEM Ha NIOCTABKY (1.2) 3
KOMITJICKTYIOIINX U3AEITHH
B [ToaroToBka rpy3a K OTIpaBKe 2,4) A
C 3akioueHre JOroBOpa TPaHCIIOPTHO-3KCIIEAUIIUOHHOTO 00CTy- 2.3) A
KUBaHHS
D 3akIoueHne 10roBopa MEXIyHapOHOU MIEPEBO3KH 3.5) C
E CrpaxoBaHue rpysa 4.5 B
F IToaroroBka paspelUTENbHBIX JOKYMEHTOB (2,5) A
G W3Bemenre 0 TOTOBHOCTH K ITEPEBO3KE 5,7 E,F,D
H [lepeuncnenue aBaHCOBOTO IIATEXKA (7,8) G

31




Hayunsbiii Bectrnuk MI'TY T'A

Tom 23, Ne 05, 2020

Civil Aviation High Technologies

Vol. 23, No. 05, 2020

IIpoxoskenne Tadu. 1
Continuance of Table 1

1 2 3 4
I E}l)alaBg:)opmposKa B ITyHKT TaMOKE€HHOTO opopmieHus (CTpaHa (5.6) E.F.D
J TamosxkenHoe odopmiieHHEe (CTpaHa BHIBO3A) (6,8) I

K nl'[:}f;:(gg:;gg(;};llz?ne rpy3a B MyHKT TaMOKEHHOTO 0opM- (8,9) .1
L TamosxkeHHOE 0opmMIIeHHE (CTpaHa BBO3a) (9,10) K
M ITepeBo3Kka Mo TEPPUTOPUHN CTPAHBI OKyTaress B ieHTp TOuP (10,11) L

N ITocTynnenue rpy3a Ha CKJIaj MoixyyaTens rpy3a (11,12) M

O M3BenieHue o NOCTYIIEHUH IPy3a (11,13) o

P Ilepeuncrienue ocTaBIIecs CyMMBI CIETKU (12,14) N

CereBoif Tpaduk MpoeKkTa MMIIOPTHOM IOCTaBKM 3allyacTel M KOMIUIEKTYIOIIMX ITOKa3aH
Ha puc. 2.

Puc. 2. CereBoii rpadyiKk IMIIOPTHOH ITOCTaBKH 3aITYACTEH U KOMIDIEKTYIOIIAX
Fig. 2. Schedule model of spare parts and components import delivery

[oce onpeneneHus Mociae0BATEILHOCTH BBIMOJIHEHHST paO0OT MO MMIIOPTHOW TTOCTaBKE KOM-
TIeKTytomux B eHTp TOUP 1 mocTpoeHus ceTeBoro rpada onpeaesnstoTesl CPOKH BBITOTHEHUS padoT
Y TIPOJOJDKUTEILHOCTD MPOeKTa. B paboTe 3amanbl mpuOIM3UTENbHBIE CPOKH UCTIONTHEHUS padoT, JJIH-
TEIbHOCTh KaX10M pabOThl MOXKHO OCMOTPETH B Ta0II. 2.

Tabauna 2
Table 2
JuTenbHOCTh paboT MO UMIIOPTHOM MOCTaBKE 3amyacTeil U KOMIUIEKTYIOIIUX
Works duration on spare parts and components import delivery
5161/2251 PabGora Pe6po HHI;T;&?;?CTL
1 2 3 4
A 3akiroYeHne KOHTPaKTa € 3aBOJIOM M3TOTOBHTEIIEM Ha NOCTABKY (1.2) )
KOMITJIEKTYIOIINX WU3IEITHHA
B [ToaroToBka rpy3a K OTIpaBKe (2,4) 5
C 3akioueHre JOroBOpa TPaHCIIOPTHO-3KCIIEAUIUOHHOTO 00- 2.3) )
CITYKUBaHUS
D 3aKkIroueHue 10roBopa MEKIyHaApOIHOU MEPEBO3KH 3,5)
E CrpaxoBaHue rpy3a 4,5 2
F IToaroroBka paspelmUTENbHBIX JOKYMEHTOB (2,5) 10
G W3Bemenne 0 TOTOBHOCTH K ITEPEBO3KE (5,7) 1
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IIpoxoskenune TadJI. 2
Continuance of Table 2

1 2 3 4

H [lepeuncnenne aBaHCOBOTO TJIATEXKa (7,8) 5

I TparcmopTHPOBKA B ITYHKT TAMOXKEHHOTO 0opMITeHHUS (CTpa- (5.6) )
Ha BHIBO32) ’

J TamoxenHoe ohopMieHne (CTpaHa BEIBO3a) (6,8) 3
[epeBo3Ka, NOCTYIUICHHUE TPY3a B IYHKT TAMOXXCHHOTO

K (8,9) 14
odopmiteHus (CTpaHa BBO3a)

L TamoxenHoe odopMiieHHE (CTpaHa BBO3a) (9,10) 3

M [lepeBo3Ka 1Mo TEPPUTOPUH CTpaHbl HOKynartens B ueHTp TOuP (10,11) 1

N ITocTymnenue rpy3a Ha CKJaj ojty4aTels rpysa (11,12) 1

o W3Bemenne o MoCTyIUICHUU TPy3a (11,13) 1

P Ilepeuncienue ocTaBIIEHCsS CyMMBI CIEIKU (12,14) 5

B cooTrBercTBUMM C¢ METOAOM KPUTHYECKOTO IyTH ONpEAENseTcs JIMTEIbHOCTh pealu3aluu
npoliecca UMIOPTHOM MOCTaBKH, Ul pacCMaTpUBAEMOro MpUMepa OHa cOCTaBiisieT 42 NHsS, U BBISAB-
JSA0TCS pabOThI, BKIIOYEHHbIE B KPUTUUECKUN MYTh:

e A «3aki04eHHe KOHTpaKTa C 3aBOJOM M3TOTOBHUTEIEM Ha MOCTaBKY KOMIUIEKTYIOIIMX H3-

JeTTHiy;

e F «IloaroroBka pa3pemunTenbHbIX JOKYMEHTOBY;

e G «llepeuncienrie aBaHCOBOTO IJIATEXKAN;

e H «TpancropTupoBKa B yHKT TAMOXKEHHOTO 0()OpMIIEHUS (CTpaHa BbIBO3a)»;

o K «TamosxenHoe oopmieHue (CTpaHa BBO3a)»;

e L «Iloctynnenue rpy3a Ha CKJIaJl OIy4daTelis rpy3ay;

o M «/3Belenre 0 NOCTYIIICHUU TPy3a»;

e N «Ilepeuncnenue oCTaBIICHCA CYMMBI CIIEIIKN»;

o P «IlepeunciieHne OCTaBIIEHCS CYMMBI CIEIIKI.

JUis Hamsydliero ympasJC€HHs MPOLIECCOM IOCTaBKM PACCTABIAIOT BEXHM IPOEKTA, KOTOPbIE
IIOMOTal0T OTCJIEKHUBATh BBIIIOJHEHHE IIPOEKTa B COOTBETCTBUU C 3alJJAHUPOBAHHBIMU CPOKaMHU H
KOHTPOJMPOBATH OKOHYAHUE BaKHEHIIINX ATANOB IPOEKTA.

Baxxnenmmmu 3TanamMu UMIOPTHOM IIOCTABKHU SIBJISIFOTCS:

e MOMEHT IOJyYEHHs Pa3peLIUTENbHbIX JOKYMEHTOB Ha BbIBO3 I'Py3a U3 CTPaHbl OTIIPABICHMUS

(oxonuanue padotsl F),

e TIOCTYIUICHHE aBaHCOBOTO IIaTeXa Ha OAHKOBCKHI cUeT mpoaasiia (okoHuanue padbotsr H),

e TIOCTYIUICHHE Ipy3a B IIYHKT TaMOKEHHOTO 0()OpMIICHUS B CTpaHe BBO3a (Havasio paboTsl J),

e MOMEHT MOCTYIUICHHUS IPy3a Ha CKJIaJ MOKymnaTess (Hadaao paboTsl N).

st 6onee THOKOTO KOHTPOJISI CPOKOB peaM3alldy MPOEKTa BBITOIHSAEMBbIE pabOThl pa3duBa-
IOTCS Ha MO/3a/1a4H, AETAIU3UPOBATh Pa0OThl PEKOMEHYETCsl 10 TeX MOp, MMOKa Ha M0/3a1a4y MOXKHO
Ha3HAa4YUTh TPYAOBbIE WJINM MaTepuaibHble pecypcsl [9]. [lanee onpenensroTcs: XapaKTEPUCTUKH Kax-
JI0i pabOTHI U 337a€TCs CIIOCOO HOPMUPOBAHMSI, HA3HAYAIOTCS MaTEPUAIIbHBIE PECYPChI, HEOOXOAUMBIE
JUIsl €€ BBIIIOJIHEHUS, U OTBETCTBEHHBIE UCIONMHUTENM. I10 Kaxa0My pecypcy ONpenemnseTcst ero CTou-
MOCTb U JOCTYIIHOCTb B BUJE KajeHJapHoOro rpaduka. Jins kaxaoi paboThl 3a1aeTcsl TUI OTpaHuye-
HUSl Ha CPOK BBINOJIHEHUS: «OKOHYaHHE HE IMO3IHEE», «KAK MOYKHO paHbILE», «HA4aJO HE paHEeey,
«HA4aTh HE MO3]IHEE», KOTOPhIE NO3BOJIAT ONTUMHU3UPOBATh KaJICHIAPHbIE CPOKH Hadajla 1 OKOHYAHUS
BBITOJIHEHHST pabOT TakuM 00pa3oM, 4TOOBI UMIOPTHAS MOCTaBKa ObUIA BBIMOJIHEHA MM KaK MOXHO
paHblIe, WIN K 33JJaHHOMY CPOKY.
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CoBpeMeHHbIE MPOrpaMMHBIE MPOIYKTHI, 00ECIeUNBAIOIINE YIIPABIEHHE MPOSKTaMHM, MO3BO-
JSIOT ONTUMHU3UPOBATh BPEMEHHBIE M CTOMMOCTHBIE MTOKa3aTenu MpoekTa. OnTUMHU3aIUs MOXKET ObITh
BBITIOJIHCHA MO JJIMTCIBHOCTU BBIIIOJIHCHUA IMPOCKTA, IO CTOMMOCTU HNPOCKTA; MO CTOUMOCTU 3anep”1-
CTBOBaHHBIX pecypcoB [10—12]. B mporpaMMHbIii KOMIUIEKC YIPaBIECHUS TPOEKTOM 3aHOCUTCS CTPYK-
Typa MpOEKTa, OMPEENIAETCs MOCIeI0BATEIbHOCTh BBIIOJHEHHS PabOT, OMMUCHIBAIOTCS BCE NMPUBJICKa-
€MBbIC K MPOEKTY PECYPCHI, 3a7acTCsl KaJIeHIapHbId rpaduk peanusanuu mpoekta [13]. B pesynbraTe
MOJIy4aeM IIOJHOE OINHMCAHHME MpPOoliecca UMIOPTHOM IMOCTAaBKU C OIpPEACIICHHEM 3aTpaT Ha €€ OCy-
[IECTBJIEHUE U MHOKECTBO OTYETOB, MO3BOJIIOMUX AP(PEKTUBHO YNPABIATh MPOIECCOM U Ja)Xe Me-
HATH COCTaB paboOT Mpu HeoOXoauMocTH. IIpoeKT oTmpaBisieTcss BCeM yYaCTHHKaM IMOCTAaBKU Ha CO-
rJlacoBaHue, Mpu He0OXOJUMOCTH B 0a30BbIil TJIaH BHOCSATCS U3BMEHEHHUS. Y TBEP)KICHHBINA TPOEKT HM-
MOPTHOM MOCTABKY MO3BOJISET KOHTPOJIMPOBATH CPOKU HAYaIa U OKOHYAHHS PabOT MPOEKTa, a TaKKe
BHOCHUTb KOPPEKTHBBI YK€ B IIPOLIECCE OCYIIECTBICHHS MTOCTaBKH.

OBCYXKXIEHUE PE3YJBbTATOB U BBIBO/1bI

Ha puc.1 nepeuunciensl Bce y4acTHUKHU Mpoliecca MaTepUaIbHOr0 U HHPOPMAIIMOHHOTO B3au-
MOJIEHCTBUS, PE3YJIBTATOM KOTOPOIO SIBJIAETCS MMIIOPTHAs MOCTaBKa 3al4acTedl U KOMIUIEKTYIOIIUX.
st paccMOTpEeHHOT0 TIpUMepa JJIMTENbHOCTh cocTaBuia 42 aHs. B paccMoTpeHHOM mpuMepe AJiH-
TEJBHOCTh UMIIOPTHOM MOCTaBKU OIPENENAIOT padoThl: A «3aKiIoueHHe KOHTPAKTa C 3aBOJAOM H3rO-
TOBUTEJIEM HA MOCTABKY KOMIUIEKTYIOIIMX u3nenui»; F «lloaroTtoBka paspemnTenbHbIX JOKYMEH-
ToB»; G «llepeuncnenne aBaHcoBoro miarexa»; H «TpaHcnopTHpoBKa B IyHKT TaMOYKEHHOTO
obopmiieHus (ctpaHa BbiBo3a)»; K «Tamoxennoe odopmienue (crpana BBosza)»; L «Ilocrymnenue
rpy3a Ha CKiaj nomydarens rpysa»;, M «M3semenune o nocryrmienuun rpysa»; N «llepeuncnenue
ocTaBmieiics cymmbl crenkmn»; P «llepeuncnenue ocraBmielics cymMMmbl crenkn». Hawmbonee oTBet-
CTBEHHBIMH PabOTaMH SBISIOTCS ONEpalMy M0 TAMOKEHHOMY O(GOPMIICHHIO B CTpaHE BHIBO3a U BBO-
3a [14], a Taxke TpaHCHOpPTHAs OMEpaIys, M03TOMY BBIOOP ONTUMAJILHOTO MapIIpyTa U crocoda Te-
PEBO3KU HENOCPEACTBEHHO BIMSIOT HA JUIMTEIbHOCTh IOCTABKHU.

B ciaydae MMNOpPTHOM MOCTaBKM KOMIIOHEHTOB aBHAIMOHHOW TEXHHKM B paMKax JOTOBOpPA
3aiiMa, apeH/Ibl WU JIM3MHIa CTPYKTypa paboT MO OCYIIECTBICHUIO MOCTAaBKUA HE OyJeT OTIMYaThCs
OT PACCMOTPEHHOM BBIIIE, U3MEHSTCS JJIUTEILHOCTH BBIMIOJHEHUS! OTIENbHBIX paboT, MepedyeHb 3a-
JEMCTBOBAHHBIX B IPOEKTE PECYpPCOB M, COOTBETCTBEHHO, [UTUTEIBHOCTD M 00Ias CTOMMOCTb ITOCTaB-
ku. Ecian moctaBka KOMIOHEHTOB OCYLIECTBIIIETCS B paMKax OOMeHa, MPOEKT MOCTaBKU OyIeT conep-
JKaTh JIBa MaTEpUAJIbHBIX ITOTOKA, OTIPaBKa M OIJIaTa KOTOPHIX COIJIACOBBIBAETCS MEXAY €ro ydacT-
Hukamu [15-17].

B cooTBeTCTBUM CO cTaHAapTaMHU IPOEKTHOTO MEHEKMEHTA J1ajiee CIEeAyeT IOATOTOBUTSH I1ac-
MIOPT UMIIOPTHOM MOCTABKM KOMIUIEKTYIOIIUX, B KOTOPOM OMMUCHIBAETCS 1I€JIb IPOEKTa — OpraHnu3aus
MOCTaBKHU 3aIaCHBIX YacTe M KOMIUIEKTYIOIINX, CPOKHU, CTPYKTypa paboT, OI0/KeT, YHaCTHUKHU IPO-
1ecca nocTaBky. B 3aBUCHUMOCTH OT BBIOpaHHOM CTpaTeruu 00ecreueHus 3aacHbIMU YacTAMU U KOM-
IUIEKTYIOIMMHU, HOMEHKJIATYPbl KOMIUIEKTYIOLIUX U COAECpPkKaHHs JOrOBOpA MEKIY aBUAIIPEANPHUITH-
€M U IOCTaBIIKMKOM MAacCIOpPT MOCTaBKU MOXET BUIOU3MEHSTHCS, a CTPYKTypa MpoekTa OyAeT mpea-
CTaBIIATH COOOM MMITOPTHYIO IMOCTABKY MJIM TOBapooOMeHHYIo oneparmio [18]. braronaps mogpoOHo-
My OIHCAHHIO 33JICHCTBOBAHHBIX TPYIOBBIX, MAaTEPHAIBHBIX U (PMHAHCOBBIX PECYpCOB NMPUMEHEHHE
nacropTa Mpoliecca MOCTaBKU MOBBICUT 3()(PEKTUBHOCTh U KOHTPOJIUPYEMOCTh BCETO KOMILIEKCA pa-
00T 1o 00ecnevYeHNIO 3aaCHBIMU YaCTAMU U KOMIUIEKTYOIIUMH.

OTBETCTBEHHBIM ATAllOM PeAM3alUU UMIOPTHOM MOCTaBKH 3aMyacTeid M KOMILUIEKTYIOIIHUX B
neHtp TOuP sBnsiercs: omeHka SKOHOMHYECKOH () (eKTUBHOCTH. B yCloBUSX COKpamieHHus BpeMEHU
npoctost BC B okuiaHny Hayana peMOHTHBIX padOT UMEHHO AJIUTEILHOCTh MpOollecca MOCTaBKU CTa-
HOBHTCSI BaKHEHINM TniokazareneM 3¢ dexruBroctu [19]. C npyroit ctopoHsl, kpurepreM 3pQexTus-
HOCTH BHEIIHEAIKOHOMHUYECKOM Olepaluu SBJISETCS YaCTHOE OT JEJICHHs MOJYyYEHHOW BBIPYUYKH K 3a-
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TpaTaMm, MOATOMY 3aJadya ONTUMU3ALMK CTOUMOCTH MPOEKTa UMIIOPTHOU MOCTaBKH 3amyacTeil 1 KOM-
IJICKTYIONIUX C OTPAHWYEHUSMH Ha TIPHUBJICKAEMBIE PECYPCHI SBISIOTCS aKTyaJIbHBIMUA U TPEOYIOT J10-
MOJTHUTENbHBIX uccienoBanuii [20].
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MANAGEMENT OF DELIVERY DATES OF AIRCRAFT SPARE PARTS
AND COMPONENTS TO MAINTENANCE AND REPAIR CENTER

. 1
Svetlana A. Kropivenceva
!Samara National Research University, Samara, Russia

ABSTRACT

The problem of foreign-made spare parts and components import delivery is relevant because international cooperation in aviation
industry has become widespread. Logistics provides not only new components procurement but also borrowing, renting, leasing or
exchange operations. To control the process effectively, it is necessary to decompose the import delivery process, as effective
integrated logistics provides spare parts and components delivery within the shortest time and the lowest costs. Project management
methods are used for this purpose. The object of the research is import delivery of foreign-made spare parts and components to
maintenance and repair center. For the shortest delivery time and the lowest delivery costs it is necessary to describe the import
delivery structure, to determine the import delivery works interrelations and their duration and to standardize implementation costs.
The research describes the foreign-made spare parts and components import delivery structure, explains the operations sequence,
sets the approximate work duration. The import delivery network schedule was also made. Implementation of the resulting
structure in project management software will allow to control import delivery time and costs, to make out reports on resource
usage. The import delivery project passport will help to manage the resources costs, used for spare parts and components delivery
as well as to optimize the project.

Key words: import delivery, participants of import delivery, network schedule, critical path, the list of import delivery works.
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MOJAEJIUPOBAHUE XAPAKTEPUCTHUK
MHOTI'OCTYHEHYATOI'O OCEBOTI'O KOMITPECCOPA
TYPBOBAJIBHOI'O I'A3OTYPBUHHOI'O IBUT'ATEJIA

C YYETOM HEJJMHEHHOCTH 3PO3MOHHOI'O U3HOCA
EI'O JIOITATOK

B.A. IOTANOB', A.A. CAHBKO'
'vo «benopyccras cocyoapcmeennas akaoemus asuayuuy, e. Munck, Pecnybnuxa benapyce

Pa3paboTka u ycrienmHoe NpHMEHEHHE CHUCTEM JIMarHOCTUKM Ta3oTypOuHHbIX asurarenedd (I'T/I) Bo mHOrom omnpenmensercs
HaJM4MEM B UX COCTaBE MAaTeMaTUYECKUX MOJENeN ABUraTels U €ro OTAEHBHBIX Y3/I0B. lICHonb30BaHHME XapaKTEpPUCTHK
MHOTOCTYIIEHYAaTOTO OCEBOTO KOMIIPECCOpPa C YUYETOM SPO3MOHHOTO H3HOCA €ro 3JIEMEHTOB B IIPOLECCE IKCIUTyaTaluH
CYILECTBEHHO ITOBBIIIACT BO3MOXKHOCTH TAaKMX CHUCTEM, TaK KaK SPO3MOHHBIM M3HOC MPOTOYHOW YaCTH, JIONATOYHBIX BEHIIOB
pabounx KoN€c W HAPaBIHIOMIMX aIllapaToB MHOTOCTYIIEHYATOr0 KOMIIPECCOpA SIBISIETCS YaCTOH MPHYHMHOI TOCPOYHOTO ChéMa
ra30TypOMHHOIO JABHMIaTelsl C JIETATENBHOTO ammapara. Kak MoKasbIBalOT pasiMdHbIC MyONMKaliy, MPEICTABICHHbIE B CTAThE,
ocoboe BHUMAaHKE B OLICHKE BIMSHKS a0pa3uBHOTO M3HOCA HA XapaKTEPUCTHKY OCEBOTO KOMIIPECCOpa YAENSIETCsl BEPTOIETHBIM
Typ6oBanbHbM [T/l 13-3a 0cOOBIX yciioBHI MX paOdoThl. OfHOW U3 OCHOBHBIX MPOOJIEM MPU MaTeMaTHYECKOM MOJIEIMPOBAHUH
JIOIIATOYHOTO BEHIIA OCEBOTO KOMIIpeccopa SIBIISIETCS y4YeT €ro BHJa M3HOCA, KOTOPBIHA, B CBOIO O4Yepe/lb, MMeeT HeluHeiiHoe
pacnopeaciCHre 1o BbICOTE JIOIIATKU. KpOMe OTOr0 BEJIMYMHBI U3HOCA HA BXOJHBIX U BBIXOAHBIX KPOMKaAX JIOMATKKW 4aCTO UMCIOT
pa3IMYHbIE 3aKOHBL. BhIABIEHNE TAHHBIX 3aKOHOB U y4eT MX IPU NOCTPOSHUH MaTeMaTU4eCKONH MOJEIN KOMIIpECCopa SIBIISIETCS
BaKHOH 3aaueil B 00J1aCTH JMAarHOCTHKH M KOHTPOJIS TEXHUYECKOro cocTostHus BepronérHoro ['T/l B mporiecce aKCIuryararym.
B cratbe mpencraBiaeH MOAXOA K OLEHKE BIMSHUS HENUHEHHOIro 3pO3MOHHOIO M3HOCA JIOMATOK OCEBOrO KOMIIPECCOPA Ha €ro
XapaKTepUCTHKH, OCHOBAHHBI Ha METOAMKE MOJEIMPOBAHMS TPEXMEPHOTO TEYEHMs IOTOKa B Ta30BO3IYLIHOM TpaKTe
KOMIIpeccopa C ONMCAHMEM JIOMATOYHBIX BEHLOB. JIaHHBIH MOAXOX MO3BOJSAET YYECTh HEIMHEWHOCTh M3HOCA JIOTATOK
KOMIIpeccopa B IIpoliecce MX 3KcIulyarauuu. Ha mpumepe BXoAHoW cryneHu komrpeccopa I'TJ] Beprosiera mpencTaBiIeHbI
PE3yNbTaThl PACYETOB HAMIOPHBIX XapaKTEPUCTHK C PA3IMIHBIM BUIOM M3HOCA JIOMIATKH paboyero Koseca.

KunroueBble ciioBa: 3pO3MOHHBIA W3HOC, Ta30TYpOMHHBIA [[BUTATelIb, KOMIIPECCOpP, JIOMATKa, MareMaTH4ecKas MOJEIb,
JIPOCCETTbHAS XapaKTEPUCTHKA.

BBEJIEHUE

KOHTpOb TEXHUYECKOTO COCTOSIHHS BEPTONETHBIX Tra3oTypOuHHBIX asurareneit (I'T/)
B YCIIOBUSX 3albLICHHOM aTMoc(hepsl SBISETCS BaXKHBIM HAIPaBJIEHHEM TEXHUYECKOM 3KcIuTyara-
LY, OPTAHU3ALUH, IKCIUTYaTUPYIOIIUX aBUALlMOHHYIO TEXHUKY B JJAHHBIX YCJIOBMAX. [l BepTOné-
TOB XapaKTEepHBI MOJETHl Ha HEOONBIION BBICOTE, CPABHUTEIBHO AJMUTENbHAs paboTa BOIU3U 3EMIIH,
B3JIET U NOCAJKA C €CTECTBEHHBIX IUIOMANOK. B 3Tux ycmoBusax B I'T/] moxkeT mocTynaTte BO3ayX C
YacTULAMU TBUIM, KaK B pe3yJIbTaTe €CTECTBEHHOW 3albUIEHHOCTH BO3JyXa BOJIU3M 3€MJIM, TaK U
BCJIEJICTBHE TOT'0, YTO MOTOKH OT HECYIIETO BUHTA NOAHUMAIOT C IOBEPXHOCTH 3€MJIM TBEPABIC Ya-
CTHIIBI, CO3/Ial0IIHE BOKPYT BEPTOJIETA MbUIEBOE O0JIAKO C PE3KO YBEIMUEHHOM KOHLEHTpauuel da-
CTHII TTBLIK B Bo3ayxe [1].

Kak nmoka3zaiu crienuanbHble UCIIBITAHUS U OIBIT SKCIUTyaTallik B TAKUX YCJIOBUSX, IPU paboTe
Ha 3aIlbUICHHOM BO3JlyX€ IIPOUCXOJWT MHTEHCHUBHBIM M3HOC OTIENBHBIX JETaJed IBUrareis, IPUBO-
TSN K JI0BOJBHO OBICTPOMY YXYALIEHHIO €r0 JaHHBIX — YMEHBIICHHIO MOIIHOCTH, YBEJIWYECHHUIO
YAEIBHOIO pacxoja TOIJIMBA, a B HEKOTOPBIX CIIydasiX U K BBIXOJy ABUrareis u3 crpos. Haubomnee us-
HaIIMBACMbBIMU DJIEMEHTAMH KOHCTPYKLMHU BEPTOJIETHOTO JABUraTeNs sBIsSETCA KoMmipeccop [2—4].
OcTasbHbIE IEMEHTHI JBUTATENS UM UMEIOT clie[bl HEOOJIBIIOro U3HOCa (TypOUHBI), UJIM COBCEM HE
W3HALINBAIOTCS.
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Takum obpazom, mis BepronérHoro ['T/I, pecypcHble BO3MOKHOCTH KOTOPOTO B OCHOBHOM
ONPENENAIOTCS COBEPLIIEHCTBOM M TEXHMUYECKHUM COCTOSIHHEM KOMIIPECCOpa, aKTyaJbHBIM BOIPOCOM
SBIIICTCS Pa3BUTUE MaTeMaTtudeckoil moaenu (MM) kommpeccopa OT Havaja IPOSKTUPOBAHUS U3JIe-
JYsg 0 €ro CJayu B CEpUilHOE MPOM3BOJACTBO U Jajee B AKCIulyaTauuu [S]. B mpoiecce 1oBoaku u
skcrutyataiu [T/l HeoOXoaMMO cOriacoBBIBaTH MOJAETH Pa3HOI'O YPOBHS MEXIY COOOW, B3aUMHO
UACHTU(PUIUPOBATH MOJIETH, B TOM YHKCJE MO Pe3yJibTaTaM UCIBITAHUNH U KOHTPOJst. D) PeKTUBHOCTD
IIPOCKTUPOBAHUSA, JOBOJAKH, OoTiHaaku ['T/l, KOHTPOISA €ro TEXHUYECKOrO0 COCTOSIHUS B DKCILTyaTaluu
ONpEENAETCS CTENEHBIO aICKBATHOCTU U MPOAYKTUBHOCTH UCIIOJIB3YEMBIX HA ATUX dTaIlax MOJEJEH.

INHOCTAHOBKA 3AJIAYH

MM nis monmydeHus: XapaKTEPUCTHK KOMITPECCOpa PacdyeTHBIM IyTeM MHOXecTBO (puc.l).
WNHuxeHepHble METOOUKU OAHO- M JBYMEPHOTO pacuera [6, 7] 3aKitoyaroTcs B IOCIEIOBATEIBHOM
OTpe/ieNIeHnU apaMeTpOB Ha CpPeIHEM JAUaMeTpe AJisi KaXKIOoro JOMaTOYHOTO BeHIA (T.€. OTHOMEPHBIi
pacuér ¢ MOCIEaYIOIINUM JIMHEHHBIM pacy€TOM IO BBICOTE). DTOT METOJ IIHUPOKO HUCIIOJIB3YETCS IS
pelieHus oOpaTHON 3aauyu, pe3ysbTaT MOJO0OHBIX Pacu€ToB — FreOMETpHs MPOTOYHOM YacTH U JIoma-
TOYHBIX BEHLIOB.

MaTtemaTu4yeckoe mogenmposaHue [T

——

MHKeHepHble METOAMKM
1, 2-x MepHoro pacyeTta

CFD-nakeTbl

- v (FlowER, FlowVision,
ncrembl MMHUTaUMOHHOIO
omenvposamA ANSYS CFX, Fluent,

StarCD, Phoenics

(MporpammHblie KoMNAeKcbl)

: UMAM, TPAL, DWIGwp,
1 GasTurb, GSP, NPSS u ap.

[——

b A

Y g :r-.:‘ o
; L =
- «- ST Y¥YPETYSN
i EH =8 R o E s
o ]

Puc. 1. Buznbl MareMaTu4ecKoro MoA€IMpPOBaHUS
Fig. 1. Types of mathematic simulation

Cucrema umutanonHoro moaenuposanus (CUM) — 3To nanbHeliliee pa3BUTHE OJHOM, NBYX
METOJIUK, T.€. «IEepeKaKay METOAUK Ha KoMmmbloTep. B HacTosmiee Bpemsi pa3paboTaHbl Takue W3-
BECTHBIE IMporpaMMHubie koMmiuiekcsl, kak: [IMAM [8], T'PAJ [9], DWIGwp [10], GasTurb', GSP,
NPSS? i z1p., TTO3BOISIONIHE MOJETHPOBATH MPOLECCHI B FA30TyPOUHHBIX IBHTATENSX PA3IAIHBIX TH-
OB, ONPEENSITh UX TEPMOTa30AMHAMUYECKHE TapaMEeTPhI.

C pa3BHUTHEM KOMIBIOTEPHBIX TEXHOJIOTHH, a TAK)KE YCOBEPUICHCTBOBAHUEM TEXHOJIOTUH TIPO-
M3BOJICTBA, MIMPOKOe pacnpocTpanenue nonydmin CFD-nmakeTsl, mo3Bonsomye MoIeIupoBaTh Tede-

' GasTurb 13 Website [Dnexrponnsiii pecype] / GasTurb. URL: https://www.gasturb.de/ (zata obparmenns 5.05.2020).
2 NPSS Consortium Website [Dnexrponnsiii pecype] // Soutnwest Research Institute. URL: http:/npssconsortium.org/
(mara obpamenus 10.05.2020).
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HUe pabodero Tena B MPOTOYHOM YacTH JIOMATOYHOro amnmapata (puc.l). MeToa BEIYHCIUTENBHON Tra-
3oaquHaMuku (CFD), mmpoko mpuMeHsieMbIii B KOMIIPECCOPOCTPOSHUH, OCHOBAH Ha YHCJIICHHOM pellie-
HUM cucTeMbl ypaBHeHUl HaBbe-CTokca, peann3oBaH B TaKHX MPOrpaMMHBIX makeTax, kak: FIowER,
FlowVision, ANSYS CFX, Fluent, StarCD, Phoenics u T.4. [11]. Metroasr CFD onmceiBaroT TeueHue
ra3a Wi KUAKOCTH Ha OCHOBE ()YHIAMEHTAJIBHBIX 3aKOHOB COXPAHEHHUs, T.€. C MUHUMAJIbHBIMU JI0-
nymeHusMud. Kak Mokas3plBaloT MHOTOYHMCIIEHHbIE MyOJMKAlMU, ATH pPELIEHUs NAloT pe3ysbTaThl,
OnM3KKe K SKCIepuMeHTaIbHbIM [11-13], mpuuyeM CpoKku U CTOUMOCTh pacdyeTa HECOOCTaBUMO HIIKE,
YyeM B cllydae IpoBeeHHs dkcrnepuMeHTa. Kpome Toro, pacuer 4ucieHHbIMU METOJIaMU JaeT ucdep-
IBIBAIOLIYI0 HH(pOpMaIHIo 000 BCeX MapaMeTpax BO BCEX TOUKAX pacCMaTpPUBAEMOM 001aCcTH MOTOKA.

OcHoBHoOM Tipo6nemoit unentudukanuu MM I'T/] Ha sTane >KCITyaTanyu sIBISETCS W3MEHE-
HHUE TeOMETPUYECKHUX Pa3MEpPOB MPOTOYHOM YaCTH KOMIPECCopa BCIEACTBUE IKCILTyaTallMOHHBIX (hak-
topoB [3]. [lomamanue necka (YacTHI] MBLUIN) HAHOCUT Cephe3HbIi yimepo kommpeccopy I'T/I, BbI3bIBas
SPO3UOHHBIA U3HOC pabOYMX JIONATOK (B MEPBYIO OYEPE.b), JIOMATOK HANPABIAIONINX amnmaparoB [4].
Takue npob6seMbl B OCHOBHOM MPUBOASAT K 3HAUUTEIBHOMY YXYIIICHUIO XapaKTEPUCTHK KOMIIPECCO-
pa, CHIDKEHHIO €ro MPOU3BOJUTENBHOCTH U HAJIEAKHOCTH, YTO SIBJISICTCS MPUUYMHON yXYIIICHUS Hapa-
METpPOB JIBUTATENS B LIEJIOM U MOTYT IIPUBECTH K €ro MoJHOMY O0TKazy. [losTomy BaxkHOM 3amaueit mpu
KOHTPOJIE TEXHUUYECKOTO COCTOSTHUE KOMIIPECCOpa UMETh aJIEKBaTHYI0 MaTeMaTHYECKYI0 MOJEINb JIs
MOJTyYEHHUsI XapaKTEPUCTUK KOMIIPECCOpa, YUUTHIBAIOLIYIO BIMSHUE aOpa3uMBHOIO M3HOCA B Mpoliecce
AKCIUTyaTaly IBUTaTEs.

Onenka BiIMsIHUS aOpa3UBHOTO M3HOCA HA XapaKTEPUCTHKY OCEBOr0 KOMITpeccopa TypOOoBalib-
Horo I'T/] Ha ocHOBE MaTeMaTWYeCKOr0 MOJAEITUPOBaHUs paccMoTpeHa B pabotax [14-20]. [Ipume-
HEHHBIN MOX0/ B pabotax [14—16] onmupaercsi Ha TOBEHIIOBBIM pacyeT TePMOTa30IMHAMHYECKUX T1a-
paMETPOB MHOIOCTYIIEHYAaTOTO OCEBOI'0 KOMIIpECCOpA C MCIOJIb30BAaHUEM OJHO- U JBYMEPHOIO MOJ-
Xo0Jla K pacuery TedeHus. OAHaKO JaHHAsE MOJIETb YUUTHIBAET F€OMETPHUUECKHUE apaMeTpbl KOMIIpec-
copa TOJIbKO Ha CpeJHEM pajuyce (T.e. HoApa3yMeBaeTcs IMHEHHBIH N3HOC JOMATOK).

B pa6orax [17, 18] npuBeneHa MeToaMKa YUCICHHOTO MOJICIUPOBAHKS MapaMeTPOB MOTOKA B
IIPOTOYHOM YaCTH MHOTOCTYIIEHYATOr0 OCEBOI0 KOMIIpECCOpa IPHU pa3IMYHbIX BapHaHTAaX M3HOCA IIe-
pa JIONATOK pOTOpa U CTaTopa C MCMOJIb30BaHUEM mporpaMMHoro moayis Ansys CFX. Ouenka Biaus-
HUSl TIBUIEBOM 3pO3UHU HA W3MEHEHHE ra30JMHAMUYECKUX XapaKTEPUCTUK KOMIIpeccopa OblLia BBIMOJ-
HEHa C YYETOM BEJIMYMHBI U3HOCA XopAbl (Ab, MM) B nepudepuitHOI YacTH JIONATOK M BEJIMYUHBI pa-
TUabHOTO 3a30pa (Ah, mm) (puc 2, a).

>0 MM Abmax Abmax
o et —12 2 —~—
| e B D Y
e 17

A RS
= Abcp
x 2,
o
A

a 6

Puc. 2. Monenu n3Hoca sionatku (a) [20], (6) [21]
Fig. 2. Blade wear models (a) [20], (6) [21]
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B pabote [19] npencraBieH moaxoa K OIEHKE BIUSHUS SPO3UOHHOTO M3HOCA HA XapaKTepH-
CTHKH MHOTOCTYIIEHYaTOr0 OCEBOI'0 KOMIIPECCOPa, OCHOBAHHBIA Ha METOJIe pacuyéra ero CyMMapHbIX
XapaKTEPUCTHK 10 CPEAHEMACCOBBIM IapaMeTpaM C MOBEHIIOBBIM OIMCAHUEM JIOTIATOYHBIX BEHIIOB,
MO3BOJISIOIINHI YUeCTh BIMSHUE UX U3HOCA B Ipoliecce IKCIUTyaTtauuu. [y MoaeapoBaHus 3pO3uOH-
HOT'O U3HOCA MPUHATHI CIeAyIOIINe AomyieHus (puc 2, 6):

— JIMHEWHOE paclpeleIeHue U3HOCa M0 BBICOTE JIONATKY;

— BEJIMYMHBI N3HOCA HA BXOJIHOM U BBIXOJHON KPOMKaX OJMHAKOBBI;

— HM3MEHEHMs] MaKCUMAaJIbHOM TOJIIMHBI MPpoduis u e€ moysokeHus, GopMbl CpeIHENH JIMHUH,
yria YCTaHOBKU NMPOGWIS M paauaIbHOTO 3a30pa MPH OINMpPEACICHUH CyMMAapHBIX XapaKTEPUCTUK HE
YUUTBIBAIOTCS.

B cBoto ouepenp, MOBpEXICHHE M M3HOC PA0OYMX JIOTATOK U JIOMIATOYHBIX BEHIIOB, KaK IMOKa-
3bIBAIOT MHOTOYHUCJIEHHBbIE HcchenoBanus [3, 4, 20], uMeeT HEIUMHEWHOE paclpeliesieHHe U3HOca I0
BbICOTE JIoNATKU. [IoMMMO 3TOro BETMYMHBI U3HOCA HA BXOJHBIX U BBIXOJHBIX KPOMKaX JIOIATKH 3a4a-
CTYI0 HE OJIMHAKOBHI (pHC. 3).

Takum 00pa3oM, aHaNM3 MPUBEICHHBIX paOOT MO3BOJISET CAeNaTh BBIBOJ O TOM, YTO CyIle-
CTBYET peajibHasi HEOOXOIUMOCTh B pa3pab0OTKe METOAMKH pacyera apaMeTpoB MOTOKAa B MPOTOYHON
4acTU MHOTOCTYIIEHYaTOI0 OCEBOT0 KOMIIPECCOpa IPHU pa3IMUHbIX BapHaHTaX U3HOCA pOTOpa U CTaTo-
pa, yUYUTHIBAIOILYIO HETMHEHHOCTh U3HOCA 110 BBICOTE JIOMATKH.

\ A AR

Puc. 3. Xapakrep npezenabHOro u3Hoca pabouux JIONATOK 10 CTYIEHsIM co 2-i 1o 8-1o (HapaboTka 128 1) [22]
Fig. 3. Wear limit pattern of moving blades at stages 2 to 8 (life 128 h) [22]

PEHIEHHUE 3ATAYA

Jlna pemeHus 3aJauM MCIONb30BaJIach pa3padbOTaHHAas METOJMKA MOCTPOEHUS! HANlOPHBIX Xa-
PaKTEPUCTHUK IIPU Pa3IMYHOM CTENIEHH N3HOCA I1epa JIONATOK B MporpaMMHOM Moxyiie Ansys CFX.

B kauecTBe 00BeKTa MCCIeIOBaHMs ObLIT BBIOpAH JABEHAIIATUCTYIIEHUATHIA OCEBOI KOMITpec-
cop TypOoBanbHOoro nsurarens TB3-117 (puc.4, a). Ha mpumepe BXOZHOU CTymeHH KOMIIpeccopa
(puc. 4, 6, ) BBINIOJIHEH pacyeT HAOPHBIX XapaKTEPUCTUK C Pa3IMYHbIM BUJOM M3HOCA XOpAbI JIOMNa-
TOK pabouero koneca (PK).

OCHOBHBIM 0000IIAIONTUM TEOMETPUICCKUM TMapaMeTpoM Mpoduiel JIomaTok KoMIIpeccopa,
KOHTPOJINPYEMOM B IIPOLIECCE IKCIUTyaTallUd M IIPU PEMOHTE JBUTATeNs, sBiserca xopna. [Ipu no-
CTH)KEHHUH BEJIMYMHBI M3HOCA XOpAbl B nepudepuitnoit yactu PK mepBoil cTyneHu, NpeBbIIaonero
JIOMyCTUMYIO B PEMOHTHOW JOKYMEHTAllMM BEJIMYMHY (>2 mm), nomaTtka OpakyeTcs M CHUMAETCS ¢
nanpHenmei sxcruryatauu [21]. C yuyeTtoM 3TOro ObUIM MOCTPOEHBI YETHIPE BapHAaHTA TPEXMEPHBIX
mopenelt nonatok PK, ¢ pazmuunbeiM Busom u3Hoca (puc 5).
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Puc. 4. O6mwmii BU MPOTOYHON YacTH KoMIipeccopa (a),
BXOJHAsI CTYIIEHb KoMIpeccopa (0), MoIeTb BXOIHOH CTyTIeH!
B Ansys CFX (B)
Fig. 4. Main view of compressor bundle (a), inlet compressor stage (0),
inlet compressor stage model in Ansys CFX (B)
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s

Puc. 5. Jlonatka PK 6e3 u3Hoca (a), muHeiHbIi n3Hoc (0), HEMUHEHHBIH CHMMETPHYHBIH U3HOC (B),
HEeJMHEWHBI HECUMMETPHYHBIA U3HOC (T)
Fig. 5. Rotor blade without wear (a), linear wear (6), curved symmetrical wear (B), curved dissymmetrical
wear (T)

43



Hayunblii Becruuk MI'TY 'A Tom 23, Ne 05, 2020
Civil Aviation High Technologies Vol. 23, No. 05, 2020

Maremaruueckue 3aBucuMoctu u3Hoca jonatku PK npencrasnens Ha puc. 6.

1,6
15 | NuneiiHbiit nsHoc y=0,125x-0,125
1’ 2 HenuHeiiHbIii y =0,0214x2- 0,0922x + 0,0967 /‘
1'3 CHUMMETPUYHDI
ol b1 =0,003x%- 0,0153x2+ 0,0665x - 0,049
12 HenunHenHbin Y //

11 HECUMMETPUYHBINA
’1 (BX04QHaa KpomKa)

09 1— HenuHeliHbii y =0,0091x2- 0,0343x + 0,0462
0’8 HECUMMETPUHHbIK

(BBIXOAHAA KPOMKa)

0,7
0,6
0,5
0,4
0,3
0,2
01 -

W3HoC NpoduAA AonaTKKU (M)

Homep npoduna nonaTku

Puc. 6. 3aBucumocty n3HOCca OT HOMepa pacueTHoro npodws monatku PK
Fig. 6. Wearing process graph of the rotor blade theoric profile number

W3 cymectByromux moaxonos nocrpoerus gonatku B CFD-nakerax [22] mis opmMupoBaHus Jio-
MATOYHOTO BEHIIa ObLI BEIOpaH METOJ, OCHOBAaHHBIN Ha MOCTPOSHHUH MPOQHIIEH JTOMaTOK 10 CPeICTBAaM AyT
OKPY’KHOCTEW M OTPE3KOB MPSIMBIX. 32 OCHOBY B3AThI MIAPaMETPhI JEBIATH MEPUIMOHAIBHBIX ceueHul. Jlo-
MATOYHBIC YTIIBI 3aJaf0TCSI YTIIAMHA MEXITY (PPOHTOM PEUIETKH U HENOCPEICTBEHHO JIMHUSAMH KOPBITIIA HITH
CIIMHKM € Y4€TOM 3aocTpeHus npoduis (puc. 7, a). JlaHHbIM NOAXOA MO3BOJISIET MepecTpauBaTh MOAETb
aBTOMaTUYECKH, [TOCKOJIbKY Bce pa3MmepHble orpaHuueHus B Ansys CFX nMeroT BO3MOKHOCTh Iapamer-
pudecku u3MeHsAThes. [lpencraBneHne pasMepHbIX HMapaMeTpoB B SIBHOM Buje (YIUIbl, XOpZa, TUaMETp
ropJia) MO3BOJISIET CAENATh 00JIee HATIISTHBIM MPOIIECC MapaMEeTPUUECKON MOTU(UKAIIMN MOJIENEH: «I10/1-
ruOKa» KPOMOK, paclIMpeHHe ropJia Uik W3MEHEHHE IIUPHHBI BEHIIA, BCE ONEpali BBIIOIHIIOTCS IMTyTEM
M3MEHEHUS] KOHKPETHBIX 3HAYEHWH pa3MepoB HemocpenctBeHHo Ha 3D monenw (puc. 7, 6), 4TO BaXXHO
B IIPOLIECCE MCCIIEAOBAHHUS JIOTIATKH IIPU Pa3IMIHOM CTENIEHH U3HOCA.

1719

0,000 10,000

a 6

Puc. 7. [loctpoenue pacuérHoii Moaenu nepa jionatku PK
Fig. 7. Prediction model scheme of a rotor blade airfoil
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[TocTpoeHre ceTkr KOHEYHBIX 3JIEMEHTOB BO3IYIIHOTO TOTOKA KOMITpeccopa ObLIO BBITOJIHEHO
C UCIOJIB30BaHUEM ceTOoYHOTro TeHeparopa TurboGrid, 9To MO3BOIMIIO MTOYYUTh CTPYKTYPHUPOBAHHYIO
Ka4eCTBEHHYIO CETKY sl mpoduiieil mepa sonatok. /[y sonaTku BXOAHOTO HAMPABIIAIOLIETO anmapa-
ta (BHA), PK u nanpasnstomniero anmapara (HA) cTynenn moctpoeHa OTAENbHAsI CETOYHAsT MOJIEIb
notoka (gomeH). [Ipu mocTpoeHuu pacueTHON ceTku mpumeHeHa Tomonorus — ATM Optimized, uTto
00eCTeunio IMoJlyYeHHE BBHICOKOKAYECTBEHHONW CETKM C KOHEUHBIMH DJIEMEHTAaMHU T'eKCadapalbHON
dopmet [23]. [lomeH pabodeii TOMaTKX MOCTPOEH ¢ BO3MOXKHOCTHIO MIEPETEKAHUS BO3yXa B Palyaiib-
HOM 3a30pe, YTO PeaJM30BaHO 3a CYET IOCTPOCHUS JIOTIOIHUTEILHOTO HHTEepdeiica B nepudepuitHon
gactu niepa. Ha puc. 8 mpeacraBineH BHEIIHUN BU PaCUETHBIX CETOK JUIS TPEX JIOMATOYHBIX armapa-
TOB, 00pa3yIOIMNUX PACUECTHYIO 00JIaCTh.

BHA PK HA

Puc. 8. BHelHuii BUjI pacueTHBIX CETOK VISl TPEX JIONATOYHBIX BeHIOB B TurboGrid
Fig. 8. Physical configuration of computational mesh for three blade rings in TurboGrid

3ajanne TPaHUYHBIX YCIOBHMA TPOU3BOAMIOCH B mpemnporeccope Ansys CFX — Pre. [lns 3ana-
HUS TPAaHUYHBIX ycIoBUi Obuta mpunsTa cxema P — Total Inlet P-Static Outlet, T.e. 3ananue noiaHoro
JaBjieHus (C yueToM HampaBieHHs MOTOKA) U MOJHOW TeMIIepaTypbl Ha BXOJE U CTaTHYECKOIo J1aBiie-
HUs pabodero Tena Ha BbIXoAe. Ha compsirarommxcsi rpaHunax o0JacTel, NpUHAAISKAIINX Pa3Iuy-
HBIM CTYIEHSIM, ObLT ompejaesieH uHTepdenc Mexay CTallMOHAPHBIMU M BPALIAIOUIMMHUCS 00JIacTIMU
(Stage (Mizing-Plane)), mo3BoSIOIIMI TPOBOJAUTE HHTEPIOISAIUI0 MEXKIY COMPSATACMBIMU CETKAMH,
YUMUTHIBAS 3aKOHBI COXPAHEHHs SHEPTHH. Y IOBIETBOPUTEIbLHBIM KPUTEPUEM CXOJIUMOCTU OIpeess-
nachk BEJMUMHA cpeHEeKBaApaTuuHoi Hesa3ku (RMS) Ha yposre 10>, Bribop Moenu TypOyIeHTHO-
CTH OTIPENIeIISIETCSl XapaKTepoM TypOYJIEHTHOIO TIOTOKa, TpeOyeMOl TOUHOCTH, JOCTYIHBIX BBIYHCIIH-
TETBHBIX PECYpPCOB M BPEMEHHBIX 3aTpar. B kauecTtBe momenu TypOysiaeHTHOCTH Oblia BeiOpaHa SST
«k — w» — mogens MeHnTepa, Kak OoJiee TOYHAs U HAZEKHAS YIS KJIAcca IIOTOKOB C TIOJIOKUTEIILHBIM Tpa-
JIMEHTOM JIaBJICHUS PpU 00TekaHuu mpoduieit [23].

B kagectBe pabouero Tena UCIONb30BAICS UACANBHBIN Ta3, oTHOocuTenbHOoe naBieHue — 0 [la,
MOJTHOE JIaBJIeHUE Ha BXoje B kommpeccop — 101,325 klla, monnas remneparypa — 288 K. Ha Boixoze
U3 KOMIIpeccopa 3a/1aBajiil CTaTUYEeCKOe JaBJeHUs B equHuIax n3Mepenus klla, B oOmem nuanasone
ot 92 no 108 klla, ¢ 1enpr0 NOCTPOCHUE HAMIOPHBIX XapAaKTEPUCTUK KoMIIpeccopa. Takxke B mpoliecce
pemenus, yxxe Ha 150 urepanuu ObLTO MOIyYEHO NMPHUEMIIEMOE CXOXKICHHE M0 MAacCOBOMY pacxony,
MOCKOJIbKY MMEHHO 3Ta BEJIMYMHA OKAa3bIBAaCT 3HAUMTEIbHYIO pOJIb NMPHU AAJbHEHIIMX pacueTax
(puc. 9, a)
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Puc. 9. VcTopus cxonumMocTu pacxooB pabodero Tena Ha BXOJIE U BBIXOJIE CTYIECHH (a) ¥ JUCcOaIaHCOB OCHOBHBIX
ypaBHeHwuii (0)
Fig. 9. History of flow capacity precision of the actuation fluid at entry and exit stage (a) and out-of-balance conditions of
fundamental equations (0)

Pacuet npoBoauics Ha yacToTe BpauieHus: potopa kommpeccopa — 100 %, uyTo cooTBeTCTBY-
er — 19537 06/mun u yeranoske yrnos BHA, HA kommpeccopa — 0° [22].
Jist Ka)X10T0 3HAUEHHS CTATHYECKOTO JTABJICHUS Ha BBIXO/E CTyIeHH (P;) ompenessicst pacxo.

BO3/yXa uepe3 KoMmipeccop G, CTETCHb MOBBIMIEHUs MOMHOTO naBieHus 1y (1) u ko3 dumnment mo-
nesnoro nevicteus (KIT) nx (2):

me =Py /P1 (1)
Nk = Ls /L (2)
k-1
L. =% pr (P_Z)" 1 (3)
SK k-1 0 P‘f >

rae P{ — mojHOe cperHeMaccoBOe JaBlCHHWE Ha BXOJe; P, — IOJHOE CpPeIHEMAacCOBOE JIaBJICHHE Ha
BbIXOJe; L, — M303HTponuueckas (3aTpadeHHas) padorta; L, — yaenpHas paboTa Ha Baldy KOMIIpec-
copa (mone3Hast pabora); k = 1,4 — mokazarenp aguabatel; T, — TeMIepaTrypa ra3a Ha BXOIE B KOM-
npeccop; R =287 Jlx/kr; K — yHuBepcaibHas ra3oBasi HOCTOsSIHHAS.

[IpoBeneHo MoOpsiIKa MATHUASCATH PAaCUETOB C PAa3IMYHBIMH 3HaueHUsMH Py. Bpems BbITONHE-
HUSI OJJHOTO pacyera COCTaBIIATIO OKOJ0 90 MUHYT. JIOCTUTHYTHI 3HaU€HHs MapaMeTPOB CXOAUMOCTH
110 BCeM ypaBHEHMsIM mopsiika 107, muc6amane oCHOBHBIX ypaBHeHuil He mpesbicii 0,1% (puc. 9, 6).
B Tabn. 1 nmpuBeneHb! NOTYYEHHbIE 3HAYCHUS Ty, N U G, ¢ Pa3IMYHBIM BHUIOM H3HOCA (pHC. 5), MO

KOTOPBIM TIOCTPOCHBI HAIOPHBIC XapaKTepuCTHKU Buua 1Ny = f(G,, n) u my= f(G,, n). Ha puc. 10
oTtoOpakeHbl pe3ynbTaThl pacueToB B Ansys CFX.
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Tadauua 1
Table 1
Pesynbrarsl pacuera BXOAHOU CTYIIEHU KOMIIpECCOpa
Inlet compressor stage calculation data
bes u3zHoca JIunelHsbIil U3HOC

P, (xITa) | G, (xr/c) Ty N P, (x[Ta) | G, (xr/c) Ty Nx
92000 1,17133 92000 0,706458 92000 9,43981 1,16829 0,702474
94000 1,19882 94000 0,752235 94000 9,37046 1,19561 0,749707
96000 1,22678 96000 0,791229 96000 9,27484 1,22316 0,788075
98000 1,25382 98000 0,822867 98000 9,13607 1,24873 0,816778
99000 1,2658 99000 0,835468 99000 9,05518 1,25998 0,827848
100000 1,2772 100000 0,84542 100000 8,95525 1,27067 0,836933
101000 1,28646 101000 0,850789 101000 8,84576 1,28048 0,84437
102000 1,29611 102000 0,857807 102000 8,71272 1,28947 0,848349
103000 1,30504 103000 0,861673 103000 8,56592 1,29705 0,85099
104000 1,31261 104000 0,863921 104000 8,38517 1,30463 0,85054
105000 1,31824 105000 0,86218 104500 8,04034 1,2941 0,836477
105500 1,29093 105500 0,80528 105000 7,25942 1,28372 0,802467

Henunelinblil cCHMMETPUYHBIA U3HOC Henunelinblil HECUMMETPUYHBIA U3HOC

P, (xTa) | G, (xr/c) Ty Nx P, (xTa) | G, (xr/c) Ty e
92000 9,43793 1,16884 0,702371 92000 9,42466 1,17274 0,701828
94000 9,37732 1,19701 0,750171 94000 9,37261 1,19968 0,747338
96000 9,28331 1,22419 0,789708 96000 9,29776 1,22536 0,787773
98000 9,15615 1,25007 0,819952 98000 9,18801 1,25072 0,818615
99000 9,08176 1,26152 0,830191 99000 9,111675 1,261555 0,830954
100000 8,98832 1,2724 0,839327 10000 9,03534 1,27239 0,839193
101000 8,88349 1,28221 0,847368 101000 8,93462 1,28222 0,846606
102000 8,76533 1,29075 0,850454 102000 8,8339 1,29105 0,851919
103000 8,6162 1,29921 0,853962 104000 8,68739 1,301065 0,856514
103500 8,5325 1,30283 0,85484 104500 8,54088 1,30808 0,858108
104000 8,45512 1,30721 0,854825 105000 8,20158 1,30924 0,85283
104100 8,39518 1,30578 0,854109 106000 6,90686 1,28662 0,791325

W3 npencraBneHHBIX pe3yabTaTOB pacuera BUaHO (Tad.1, puc. 10):

¢ u3HocoM Jiomatku PK, cTeneHph MOBBIICHHS TIOJTHOTO JABICHUS TT; W KOd()HIMEHT mmo-
JIE3HOTO JIEHCTBUS 1), YMEHBIIIAET CBOE 3HAUCHHUE;

HaIOpHAs XapaKTEPUCTHKA CTYIIEHU MPU PA3IMYHOM BHJI€ H3HOCA OTJIMYAETCS APYT OT JIPY-
ra. JInHeHbIN U3HOC JIOMATKU, B OTIUYHME OT €CTECTBEHHOTO (HEIMHEWHBIM HECUMMETpUY-
HBII U3HOC), MPUBOJIUT K OOJIBIIIMM IOTEPSIM Ty, Ny (IPH MAaKCHUMAJIbHBIX 3HAYCHUSIX 1)) CO-
crasisier 0,85% u 0,83%, COOTBETCTBEHHO), UTO MOXET OKa3bIBaTh CYIIECTBEHHOE BIUSHUE
Ha 3HAUYCHUS [TapaMETPOB HAMIOPHBIX XapaKTEPUCTHK Bcero kommnpeccopa (okoio 3-5%);
MaTeMaTUYeCKHue 3aBUCHUMOCTH H3HOca Jonatku PK, omuchiBaroTCs ¢ JI0CTaTOYHOW CTe-
MEHBIO JIOCTOBEPHOCTH, TTOJIMHOMAaMH BTOPOTO WJIM TPETHETO MOPSIKA, YTO OO0JIerdaeT UX
UCIOJIb30BaHue Mpu nocrpoeHuu MM komrmpeccopa (puc. 6);

IIPU IPOCCETHPOBAHUM CTYIEHHU (YBEIMYCHUH 3HAYCHUS CTaTUYECKOTO JaBleHus P) HacTy-
naer MomeHT, korga KIIJ| mpuHuMaeTr MakcuMandbHOE 3HAUYCHHE, JaJbHEIIee yBeaude-
Hue P; mpuBonut k ymensinenuto KIIJI, onnako m, mpogomxaer pactu. [Ipu 6onpmmx 3Ha-
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Puc. 10. Pe3ynbTaThl pacyeTOB HATIOPHBIX XapPAKTEPUCTUK BXOMHOH CTYIICHH KOMIIpeccopa
C pa3IMYHBIM BHIOM U3HOCA
Fig. 10. Pump properties predictions of inlet compressor stage with different kind of wear

YeHUsIX P; HacTymaeT MOMEHT, KOTJa 7T, Ha4yMHAeT CTPEMHTENFHO MajaTh. DTOT MOMEHT
MOKHO CUMTaTh TpaHULEH yCTOMUMBOW paboThl cTyneHu (rpaHula nomnaxka). bmaronaps
MIUPOKUM BO3MOKHOCTSIM Ansys CFX 3T0 MOXHO Ha0JIr01aTh TpaduIeCKu.
Ha puc. 11 mpuBeneHo BEKTOpHOE IOJIE CKOPOCTEH Ha CPEINHEM pPaJuyce CEUYEHHUs CTYIICHH,
IIPU KOTOPBIX IPOUCXOJUT CPbIB MOTOKA co cnuHkH PK, T.e. pa3Burne nommnaxa.

Puc. 11. BexTopHOe 1moie CKopocTei BXOJHOH cTyreHu koMipeccopa B Ansys CFX
Fig. 11. Speed vectorial field of compressor inlet stage in Ansys CFX
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SAK/IIOYEHUE

[IpencraBneHHbIi aHanu3 pabOT Ha TEMY BIMSHUS MMBUICBON SPO3HH HA Ta30JUHAMHYECKHE Xa-
PaKTEpUCTUKH OCeBOTO TypOoBasibHOTO [T/l 1M0O3BOMNI yCTAaHOBUTH, YTO BOMIPOC UACHTHU(UKAIIUN Ma-
TEMAaTUYECKUX MOJIeJIe B YCIOBUHU JKCIUTyaTallMM JBUTATENs B LIEJSAX KOHTPOJIS €r0 TEXHUYECKOIo
COCTOSIHHS SIBJIICTCS aKTyaJIbHBIM M JI0 KOHIIA HE pEIIeHHBIM. TakKe Ba)KHBIM HAIllpaBJICHUEM OCTAIOT-
Csl UCCTIEOBaHMS 3aKOHOB U3MEHEHHUS T€OMETPUUECKUX Pa3MEPOB MPOTOYHOM YacTU KOMIIpeccopa JJIst
MOCTPOEHUE aJiekBaTHOM MM.

[ToydyeHnble pe3ynbTaThl MOKA3ald, YTO MPHU UCHOIB30BaHUM MM HE0O0XOIUMO yUHUTHIBATH
HEJIMHEMHOCTh n3Hoca 1o BeicoTe jonaTku PK n HA. Mcnonb3ys npensioxeHHbId B CTaThe MOIXO/I,
MOHO TOJIYYUTh XapaKTEPUCTUKU U JAPYTHUX CTYNEHEW KOMIIPECcopa ¢ YYETOM PazIMyHOrO BUAA He-
JUHEHHOTO YPO3MOHHOTO M3HOCA €T0 JIOMATOK. DTO MO3BOJISAET JIETATU3UPOBATh TEUEHHUS B KOMIIPEC-
cope ¥ NoBbICUTHh TOUHOCTH MM komnpeccopa I'T/] npumepno Ha 5 — 10 %.
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PERFORMANCE SIMULATION OF MULTI-STAGE AXIAL-FLOW
COMPRESSOR OF TURBO-SHAFT ENGINE WITH ACCOUNT FOR
EROSIVE WEAR NONLINEARITY OF ITS BLADES

Vyacheslav A. Potapov', Andrey A. Sanko',
'EI “Belarusian State Academy of Aviation”, Minsk, Republic of Belarus

ABSTRACT

The construction and useful practice of gas-turbine engine diagnosis systems depend largely on the availability of the engine
mathematical models and its certain components in their structure. Utilization of multi-stage axial flow compressor performance
with account for erosive wear of its parts during the operation fundamentally raises possibilities of such systems as erosive wear of
flow channel, blade rings of impellers and vane rings of multi-stage compressor is a common cause of preschedule gas-turbine
engine detaching from an aircraft. As evidenced by various contributions presented in the article, special emphasis on abrasive wear
impact assessment on axial flow compressor performance is placed upon rotor-wing turbo-shaft engine due to their particular
operating conditions. One of the main tasks in the process of mathematic simulation of an axial flow compressor blade ring is
consideration of its wear type that again has a nonlinear distribution along the level of the blade. In addition, wear rate at entry and
exit blade edges often have different principles. Detecting of these principles and their consideration when constructing the
compressor mathematical model is a crucial task in diagnostic assessment and integrity monitoring of rotor-wing turbo-shaft engine
in operation. The article represents a concept to an estimate nonlinear erosive wear effect of axial flow compressor blades on its
performance based on the three-dimensional flow approach in the gas-air flow duct of compressor with a formulation of the blade
rings. This approach renders possible to take into account the nonlinearity of the compressor blades wear during their operation.
Through the example of the inlet compressor stage of a rotor-wing aircraft gas-turbine engine, the engine pump properties
predictions with different kind of rotor blade wear have been presented.

Key words: erosive wear, gas-turbine engine, compressor, blade, mathematical model, throttle performance.
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In modern conditions of limited budget for enterprises of aerodrome operators, the task of optimizing decision making in flight safety
management is becoming extremely urgent. Management decisions, which are a safety management tool, must be not only effective in
terms of expected improvements in safety, but also cost-effective and appropriate for the enterprise. Optimization in this article should be
understood in terms of the mentioned criteria. The article presents a method for supporting management decision-making as part of a
safety management strategy for the activities of aerodrome operators. In the presented methodology, an important place is given to
indicators of the level of safety of flights and their use in making managerial decisions. Along with the safety indicator, an indicator of
financial damage from recorded events is used, which is calculated in value terms taking into account direct and indirect damage to the
aerodrome operator. Regression modeling is used in conjunction with the decision-making technique of “human-machine procedures”.
Regression analysis is performed using STATISTICA software, and allows you to identify the dependence of indicators on the degree of
influence of hazard factors. The resulting model, based on data from last year, makes it possible to forecast the values of indicators for the
next. Using the decision-making methodology of “human-machine procedures”, an assessment is made of the priority of implementing
managerial decisions based on an integrated criterion. The methodology ensures compliance with the requirements of Russian and
international air legislation for operators of certified acrodromes. The scope of its application can be expanded to SMS of all aviation
service providers, taking into account the relevant specifics of the services provided and the existing hazard factors.

Key words: safety risk, indicator, acrodrome operator, optimization, regression analysis, forecast, management decisions.
INTRODUCTION

In 2020 the civil aviation encountered serious challenges concerning its regular activity. Ac-
cording to the Russian Federation Government Regulation Ne 434' the air transportation and airport
activity suffered significant impact from the COVID 19 pandemic. It is of utmost importance to con-
sider the balance performing the flight safety management tasks” in such conditions, and when the sit-
uation becomes stabilized as well.

Aerodrome operators in crisis face the acute budget deficit as a consequence to the decreased
passenger flow”. The term “airport operator” implies “a person owing an airfield or a helipad under the
right of ownership, by lease or any other legal ground and using this airfield or helipad to provide air-
craft take off, landing, taxiing and parking™. Nevertheless, flight safety level should be constantly
improved or, at least, maintained, as the present situation in the world should not affect it. Flight safety
should not be compromised due to budget issues. Figure 1 (borrowed from SMM ICAO Doc 9859)
shows the abstract line of the boundaries of the safety space. The safety space decreases with the insuf-
ficient funding, which results in the flight safety deterioration.

! Regulation No. 434 of the Government of the Russian Federation On Adopting the List of Industries in the Russian Econo-
my Most Severely Affected by Deteriorating Conditions Resulting from Proliferation of the New Coronavirus Infection.
(2020). 5 p.

2 Safety Management Manual (SMM) ICAO Doc 9859, 4™ Edition. (2018). 218 p.

3 According to international airport association data. MMA. Available at: http://interairports.ru/ (accessed 19.07.2020).
(in Russian)

* Federal Law Ne 60 -FZ 19 March 1997 “The Air Code of the Russian Federation” (1997). 60 p.
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Fig. 1. ICAO Safety Flight Management Balance
(borrowed from the ICAO SMM. Doc.9859, 4™ ed. 2018.)

At the same time, Figure 1 shows that flight safety overfunding may seriously affect the pro-
duction profitability thus resulting in the enterprise bankruptcy. It is obvious, that the flight safety
funding should be balanced (the management dilemma), ICAO SMM does not state the methods for
balancing the funding.

Managerial decisions have always been the main tool for flight safety management. Such solu-
tions made by the airdrome authorities are the grounds for the measures aimed at diminishing the dan-
ger factors in the aerodrome activity.

The mathematical methods for the managerial decisions effectiveness assessment are shown in [1].
However, the solution to our problem is not possible if only one criterion, the effectiveness, is taken
into consideration. The managerial decision priority ranking and feasibility have to be evaluated eco-
nomically. According to the decision theory [2, 3], this is a two-criteria task.

TERMS OF REFERENCE

At present there are different methods for two-criteria task optimum solutions, shown, for ex-
ample in [3, 4, 5]. The most frequent way is to limit the number of criteria to one. The result is
achieved applying the convolution method, global criterion method, threshold criterion method, dis-
tance method. As it was fairly stated in [6], the mentioned methods are not strictly justified, thus the
application of them is determined by the conditions of the problem and the preferences of the deci-
sion maker.

Alongside with the abovementioned methods, Edgeworth-Pareto principle, Nash principle and
man-machine decision making tools are being applied. The latter three are of most interest, as they do
not imply a predetermined optimal decision scheme, and allow to keep all the obtained data [6].

The first criterion. In order to determine the decision-making effectiveness, it is appropriate to
apply the flight safety record based on the previous events. Any record, typically evaluated by the en-
terprises can serve as an example for that, for instance the ones described in papers [7—12], or others.
The present paper will be using the criterion conditionally called Fp; (flight safety performance indica-
tor). As it has been established within the industry, this indicator actually shows the hazard level dur-
ing the flight, so the task for the first criterion is to minimize the first indicator.

The second criterion. The method implies the financial indicator as the second criterion. It shows
the numeric value of the cost equivalent in provisional monetary units (used to eliminate any national
currency as a reference) required to implement the managerial decision. The paper suggests calling the
criterion “the financial loss indicator” (Fy;). Likewise, the second criterion must also be minimized.
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In order to evaluate the factors for both criteria separately, it is appropriate to use statistical
analyses and modelling. The model allows to forecast the criteria values in case the featuring opera-
tional conditions change.

REGRESSION MODEL FORMATION

Regression modelling is one of the statistical analyses and forecast methods. The variety of its
application is presented in the summarizing paper [13].

The main idea of the regression analyses is in composing the regression equation. Such an equa-
tion demonstrates the dependence of one variable (dependent) from several other dependent variables.

Let us take Fp and Fy; as the feedback (dependent variable) (further -Indicators). Every indica-
tor would require its own regression equation. It is also necessary to determine independent variables.
In practice, there can be numerous factors influencing the indicators, and it is impossible to take all of
them into consideration. For the sake of simplicity, it is suggested using Generalized Hazard Rate or
Generalized Hazard. Hazard assumes “the result of the action or absence of action, circumstance, con-
dition or their combinations, which affect civil aircraft flight safety” as it was defined in the Order No.
1215 of the Government of the Russian Federation”.

Generalized Hazard degree of impact onto the previous events may be evaluated in conditional
units(points).

The regression equation general arrangement:

II=p8,+p,P +..+ D +..+ B,D, (1)

where: /7 — indicator, dependent variable of the regression model;
@i — Generalized Hazard (GH), independent variables;
Bi — regression coefficients.
There are six GH areas suggested, the GH areas are structured depending on the activity types.
The activity types were determined during the ISAGO®’ Ground Operation Safety Audit and by aero-
drome activity types listed in GOST (National Standard of the Russian Federation)®.
The research suggests the following GH areas:
e AS - Aerodrome support
o SET - Special equipment and transport
e ATC - Air traffic control
e OP - Ornithological provision
e BCH - Baggage cargo handling
o SEC -Security
The listed hazard areas are generalized according to the aerodrome operator activity types. Oth-
er types of activity are cases, which can this way or another be related to one of the listed above. Fire-
fighting, SAR and emergency services are not listed deliberately, as their activities are intended to di-
minish the consequences of the hazards.

About procedure for development and application of safety management systems of flights of air vehicles, and also collec-
tion and data analysis about the factors of danger and risk creating safety hazard of flights of civil air vehicles, storages of
these data and exchange of them. Order of the Government of Russian Federation November 18, no. 1215. (2014). 3 p.

5 TATA Safety Audit for Ground Operation (ISAGO). Standards Manual. 7th Edition, Effective February 2018. 350 p.
IATA Safety Audit for Ground Operation (ISAGO) Guidelines on auditing a Safety Management System. Based on
GOSM 5th Edition, Effective July 2016. 370 p.

¥ GOST R 57239-2016 (National Standard of the Russian Federation) Aviation Activity Safety Management System. Da-
tabase. Aviation infrastructural risks caused by aerodrome activity, Moscow, Standartinform. (2016). 43 p.
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Consequently, the application of the method is explained using real-world analogous fictional
data of one of the Russian airports. The initial data used are the indicators (Fs,; and Fy;) for the previous
year, and each GH degree of impact onto the events of the month, which took place last year. The de-
gree of GH impact is determined by the experts, conversant with the circumstances the reasons of the
events subject to expertise.

Every event, which happened the previous year is to be rated using a 10-point scale (with
1 point which stands for minimum or indirect GH impact on the event and 10 points that stand for the
event completely resultant from this very GH). The results are to be grouped by months. The fragment
of the possible evaluation is shown in Figure 2.

Previous year | Generated Hazards and their impact expert
N | Date ire E;:;z?:nces indicators evaluation
red Fei | Fi | AS | SET | ATC | OP | BCH | SEC
Airport security
vehicle is inopera-
Lol tive, substituted by 1500 ! 3 3
a follow me car
Standardized light-
ing markers on the
2 |17.01 TWY partially 600 6 1
covered with snow
Incursion of the
3 | 29,01 | 2tive TWY by a 2000 2 8
luggage trolley
(flight delay)
January total 0,754 | 4100 7 3 3 0 8 3
SAR portable radio
4 | 12.02 | stations transmis- 0 1
sion inoperable
5 | 20.02 | Dog on the apron 0 1 1 1 1
A small bird in
6| 25.02 NLG bay at takeoff 6000 ! 6
February total 0,515 | 6000 1 0 3 7 0 1

Fig. 2. A fragment of the source data (example)

Figure 2 also shows the actual values of the indicators, calculated using the methods accepted
by the certain aecrodrome operator.

Considering the data obtained, the initial data for the regression model are formulated (fig. 3).
In order to perform further regression modelling operations STATISTICA 13.5.0.17 (English version )
software package is used and instruction cited in [14] are applied.
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|| Data: Month-Fspi-Fli-GHF* (8v by 12¢) (o] 8 |-
Month-Fspi-Fli-GHF =
1 R G 7 3
Fspi | Fli | AS | SET | ATC | OP | BCH | SEC

January 0.754 4100 7, 3 3 0 8 3
February 0515 6000 1 0 3 7 0 1
March 0368 1200 0 1 4 4 0 0
Apiil 0,294 0 1 0 1 0 2 0
May 0405 5300 2 | ] 7 2 0|
June 0129 2000 0 1 5 0 0 0
July 0147 50 0 0 3 0 2 1)
August 0,129 800 0 0 4 2 0 0
September 0423 6110 2 1. 9 0 0 0
October 0257 0 0 0 0 1 0 0
November 0386 0 0 3 0 0 0 0l

. Decomber | 0349 5590 1| 4] 6 0 0 0

i

Fig. 3. Initial data of regression models in the STATISTICA software package

Two basic linear regression models are constructed based on the data obtained. These regres-
sion models illustrate the dependence of every indicator on the GH.

The factor correlation analysis is no sense as the forecast will be based on monthly mean per
year, without indicator values for a certain month. Therefore, multicollinear factors may occur in a
model (linear dependence between the explanatory variables) [15].

The results of the regression model construction for the indicators Fgy; and Fj; are shown in Figure 4.

Wrorn perpeccuoHHoin mogenu gnAa nokazarena Mon:

R=.95044945 R’= 0.90335415

CroppexTuposaHHblii Adjusted E§= 0.78737913

b* Std.Err. b Std.Err. t(5) p-value

N=12 of b* of b
Intercept 0.2819911 0,064340 4,38279| 0,007136
AS 1.44574 0,461960 0,129607| 0.041413 3,12959| 0,025970
SET 0,18609 0,174195 0,023684 0,022169 1,06831  0,334220
ATC -0,30767  0,184020 -0,021643  0,012945 -1,67196  0,155395
oP 0,20519 0,163767 0,013403  0,010697 1,25292  0,265637
BCH -1,00523  0,492032 -0,077092 0,037734 -2,04302  0,096497
SEC 0,31380 0,293056 0,062253 0,058138 1,07077 0,333214

Wrorn perpeccuoHHon mogenu gnA nokasarena May:

R= 093457158 R’ = 0.87342403

CroppexTuposaHHbiii Adjusted R>= 0.72153287

b* Std.Err. b Std.Err. t(5) p-value

N=12 of b* of b
Intercept L_-520.9471 1059,050 -0,49190 0,643623
AS 0,908097 0528675 1170,890 681,668 1,71768  0,146499
SET 0,174757  0,199352 319,888 364,907 0,87663 0,420804
ATC 0431384 0,210595 436,465 213,075 204841 0,095837
OoP 0428934 0,187418 402,978 176,077 2,28865 0,070769
BCH -0,760775 0,563090 -839,169 621,113 -1,35107  0,234588
SEC 0,166206 0,335378 474,248 956,958 0,49558 0,641202

Fig. 4. The results of the construction of regression models

Here, column “b” shows the regression coefficients, i.e. the constant and the coefficients for
every indicator (for every independent variable).

Column “b*” shows the values for standardized coefficient ().

The GH influence importance values are shown in “p-value” columns.

R~ the coefficient of linear determination, which is the regression model adequacy value

Std. Err of b (b*) — the standard mean error of b (b*).
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FEASIBILITY ASSESMENT OF THE MODEL

The adequacy and the application spectrum of the model should be evaluated to be able to ap-
ply the results obtained.

The determination coefficient for every model is shown in the head of the table (fig. 4) as
“R* . This coefficient may take the values from 0 to 1 and shows the number of factors considered
within a model out of those that influence the dependent variable. For this case, the determination co-
efficients are quite fine (according to [16] if more than 0,8), which proves that the model will be more
precise than a simple mean value forecast [17].

Also, STATISTICA software package allows to convey a technical analysis of residual. The
theory of regression analyses defines residual as the actual data deviation values from the regression
line. Let us analyze the residual for Fgp; (likewise for Fy;). Figure 5 shows the frequency histogram of
residuals, and Figure 6 shows the probability plots — normal for the residuals.

Distribution of Standard residuals Normal Probability Plot of Residuals
Expected Normal 20 —

15 o~
1.0 i
0,5 P

0.0 »

Mo of obs

-0.5 ,9/

-1,0 -

Expected Normal Value
0
AY
hY

-1.5 ,1)/

o -2,0
Y . 0. i T 15 012 -010 -008 -006 -004 -002 000 002 004 006 008 010 012

Residuals

Fig. 5. The frequency histogram of the distribution Fig. 6. Normal Probability Plot of Residuals

of residues

The given graphs show the normal residual plotting and also the absence of the actual data de-
viation from the theoretical normal line

Let us enter the monthly mean values of GH for the previous year (M; mean) from the input da-
ta (fig. 3). The model shows the result of the mean indicator values, and the values for their confi-
dence intervals £+ 95 % (fig. 7).

Predicting Values for (Mecauy-16n-MNMpy-O00) Predicting Values for (Mecay-16n-MNMpy-O00O)
variable: 16n variable: Mgy
b-Weight Value b-Weight b-Weight | Value b-Weight
Variable * Value Variable * Value
AS 0,129607  1,166700 0,151212 AS 1170,890 1,166700  1366,078
SET 0,023684 1,166700 0,027632 SET 319,888 1,166700 373,213
|ATC -0.021643  3.416700  -0,073949 ATC 436,465 3416700  1491,269
OP 0,013403  1,750000 0,023455 | OP 402,978 1,750000 705,211
BCH -0,077092  1,166700  -0,089944 BCH -839,169  1,166700 -979,058
SEC 0,062253  0.416700 0,025941 SEC 474,243 0416700 197,619
Intercept 0.281991 Intercept -520.947
Predicted 0,346337 Predicted 2633.385
-95,0%CL 0.285221 -95,0%CL 1627.403
+95,0%CL +95,0%CL
a b

Fig. 7. Average values and their confidence intervals
a) Fi; b) Fy
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The analyses of the model shown confirms its applicability within the methods of factor anal-
yses, [18, 19] i.e. the maintenance factors for the aecrodrome operators and determining the dependence
of the variables. STATISTICA software package allows to construct regressions applicable for the
method based on almost any initial data, which exist in practice.

THE APPLICAZTION OF THE MODEL FOR OPTIMIZATION ANY PRIORITY RANKING
OF MANAGERIAL DECISIONS

The flight safety management supposes annual planning. The experts are tasked to evaluate the
percental decrease in the impact of every GH after the implementation of every managerial decision.
The evaluation criteria are shown in Table 1.

Table 1
Criteria for expert evaluation of the impact of managerial decisions
on generalized hazards

Percentile impact onto GH Comment
100 % Maximgrp impact onto GH. Eliminates the possibility of GHs after the manage-
rial decision implementation
50 % iAfter the managerial decision implementation, the possibility of GH is twice as
oW
59, The managerial decision will contribute to the improvement of the only factor
out of the total GH
39 The managerial decision will moderately contribute to the improvement of the
only factor out of the total GH
1% The managerial decision will slightly contribute to the improvement of the only
factor out of the total GH
0.5 % The minimum influence onto GH. The managerial decision will slightly con-
’ tribute to the improvement of the only factor out of the total GH

For example, Table 2 presents the data about the possible managerial decisions showing their
implementation costs (in provisional monetary units) and the percentile impact onto the GHs (the man-
agerial decision efficiency coefficients — Kij). These coefficients must be assessed by the experts based
on the criteria shown in Table 1.

Table 2
Expert assessments of the impact of management decisions on generalized hazards
Cost Efficiency coefficients (Kj;)
The managerial decision Provisional
monetary units AS SET | ATC oP BCH | SEC

1 2 3 4 5 6 7 8
1.To renovate the RWY and TWY 400 0,015 | 0,035 | 0,015 | 0,01 | 0,005 | 0,005
ground marking
2.To develop a data exchange soft- 160 0 0 0.005 | 001 | 0,005 0
ware package
3.To improve the ATC and ornitho-
logical service interaction technolo- 260 0 0 0,02 0,02 0 0
gy
4.To purchase the radio stations 500 0 0,035 0,01 0,005 0,01 0,005
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Continuance of Table 2

1 2 3 4 5 6 7 8
>.To carry out refresher training for 300 0 | 0,035 | 0,005 | 0,005 | 0,005 | 0,005
the interacting departments
6.To repair the RWY and TWY 3000 0,015 | 0,015 | 0,005 | 0,05 | 0,005 | 0
pavement
7.To set the fence from the water 250 0 0.005 | 0,02 0.01 0 0
body
gt.;l";) purchase the equipment (parts 1500 0 0.01 0,05 0.01 0 0
9.The airdrome trolley repair/reno- 400 0.005 | 0,005 0 0.01 0 0
vation

Considering the data makes it possible to correct the monthly mean (for the previous year) co-
efficients for each GH contribution to the indicator after the implementation of each managerial deci-
sion, using the Formula 2.

Mij:Micp._Micp.*Kij (2)
Where: Mi ¢p — the monthly mean GH for the previous year;

Kij — managerial decisions efficiency coefficients.
The new coefficients (M;j;) are shown in Table 3.

Table 3
Contribution coefficients of generalized hazard factors considering the predicted effect of
the implementation of each managerial decision

Coefficients Mj;

MD AS SET ATC oP BCH SEC
1 1,1492 1,1258 3,3654 1,7325 1,1608 0,4146
2 1,1667 1,1667 3,3996 1,7325 1,1608 0,4167
3 1,1667 1,1667 3,3483 1,7150 1,1667 0,4167
4 1,1667 1,1258 3,3825 1,7413 1,1550 0,4146
5 1,1667 1,1258 3,3996 1,7413 1,1608 0,4146
6 1,1492 1,1492 3,3996 1,6625 1,1608 0,4167
7 1,1667 1,1608 3,3483 1,7325 1,1667 0,4167
8 1,1667 1,1550 3,2458 1,7325 1,1667 0,4167
9 1,1608 1,1608 3,4167 1,7325 1,1667 0,4167

Using the models (fig. 4) made on the basis of the initial data for the previous year (fig. 3) ena-
bles to forecast the indexes for the following year considering each managerial decision implementa-
tion. The changes of the indexes AF,; and AFj; may be calculated using the Formula (3):

Alps; = Tpso = Mps;  Allpy; = Mgy — Mgy (3)

where Ilg o / Iy o - upper fiducial limit (+95%CL) for the indexes not taking the implementation of
managerial decisions into account (see fig. 7);
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g5 / ay - upper fiducial limit (+95%CL) for the indexes considering each managerial deci-
sion implementation.

As this is a two-criteria problem, let us introduce two criteria for the managerial decision effi-
ciency:

. AIT , i
C/ = féj; CéZAfIJ (4)
Q; Q;

where Q; is the cost of the j — number managerial decision.

The values of the efficiency criteria are estimated for every managerial decision.
Further, it is necessary to calculate the specific values, as it is recommended in [3]. For the cri-
terion C; the specific value C, is calculated as (5):

J _mi J
= C{ —min C;
/=

()

max C{ —min C{

where maxC lj are minC lj the maximum and minimal values of the criterion.

The calculations for C5'" criterion are likewise, as both criteria (indexes) are supposed to be di-
minished.

As the theory of man-machine procedures cites, the solutions of a multi-criteria problem of the
decision-making theory require to determine weighted coefficients of the criteria importance wl and
w2, that should sum to a one. For example, let us suppose that the airdrome operator sets the criteria
priority as w1=0,6; w2=0,4. Then we can estimate the complex criteria C’ for every managerial deci-
sion using the formula (6):

C/=C/'w +C,7"w, (6)

The results obtained from the calculations (formulae 3-6) are the grounds for the complex crite-
ria evaluation. It is reasonable to rank the managerial decisions in descending order (tab. 4).

Table 4
Ranking managerial decisions by degree of optimization

Ne Managerial decision Cost Complc:;; critert-
1 | 1. Torenovate the RWY and TWY ground marking 400 0,945
2 | 9. The airdrome trolley repair/renovation 400 0,519
3 | 5. To carry out refresher training for the interacting departments 300 0,474
4 3. To improve the ATC and ornithological service interaction tech- 260 0,432

nology

5 | 7. To setthe fence from the water body 250 0,362
6 | 6. To repair the RWY and TWY pavement 380 0,352
7 | 4. To purchase the radio stations 500 0,282
8 | 8. To purchase the equipment (parts etc.) 180 0,236
9 | 2. To develop a data exchange software package 160 0,158
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Managerial decision ranking emphasizes their priority according to the complex criterion cho-
sen. The result obtained may be applied by the person who makes decisions about the feasibility and
priority of managerial decisions implementation.

CONCLUSION

The paper suggests the methods for the flight safety management decisions in aerodrome op-
erators’ activity. The research introduces the method of the managerial decision efficiency evaluation
based on the two-criteria task of “man-machine procedures” using statistical analyses and the method
of regression modelling.

The regression analyses allow to forecast the flight safety records based on the previous year
data, considering the implementation of the new managerial decisions. The method considers the im-
pact of the managerial decisions onto the flight safety, taking their feasibility into account.

Thus, the suggested method allows to rank the managerial decisions and may be applied as the
grounds for the flight safety resources allocation.

STATISTICA software package is suggested as the problem solution tool. The method applica-
tion does not require mathematical skill as the results may be computed using a personal computer.

The method described may be applied for inspections and flight safety departments of the aero-
drome operators. The application area may be extended to Flight Safety Management Systems of all
aviation enterprises regarding the services specifics and typical hazards.

The method upgrade to the level of practical application will require further research and trial
based on the actual data.
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METOJIUKA ONTUMHU3ALIMU MPUHATHUS PEHIEHUN ITPU
YIIPABJIEHHUHU BE3OITACHOCTBIO ITOJIETOB B AEATEJIBHOCTHU
OIIEPATOPOB A2POJPOMOB

1
C.A. TouactbIx

1 o o« « o«
Mockoeckuii 2ocyoapcmeenHblll meXHU4eCKull YHU8epcumem epaxcoanckol asuayuu,
2. Mockea, Poccus

Pab6ota BemonHeHa npu GpuHaHCOBOI noanepxke PODU B pamkax HAyqHOTO MPOEKTa
Ne 19-38-90215

B coBpeMeHHBIX YCIIOBHSX OTPaHHMYCHHOCTH OIOKETa OIEpaTopoB a3poApOMOB 3ajiada ONTUMH3AINK NPUHITHS PEIICHUH PH
yIpaBieHusT O€30MacHOCTBIO IIOJIETOB CTAHOBUTCS UPE3BBIYAMHO AKTYaJbHOW. YIIPaBICHYECKHE PEIICHHS, SBISIOLIINECS
MHCTPYMEHTOM YIIPaBJICHHS! O€30MacCHOCTHIO IOJIETOB, JOJDKHBI OBITh HE TOJBKO 3((EKTHUBHBI C TOYKU 3PEHMS OXKHIAEMBIX
yIIy4IIeHHH B 0€30MaCHOCTH, HO ¥ SKOHOMHYECKH BBITOHBI U LIeJI€CO00pa3Hbl At JaHHOTO npeanpusitus. [lon ontuMusanueii B
JIAHHOH CTaThe ClefyeT MOHMMAaTh MHUHMMM3ALMIO MO 3THM KPHUTEpHsM. B cTaThe MpencTaBieH METOJ HMOMIEPKKU TPUHATHUS
YIPaBJICHYECKUX PEILeHUH B paMKax CTpaTerny YIpaBlIeHHUs Oe30IaCHOCTHIO TOJIETOB B JIEATENBHOCTH OIIEPATOPOB adpOAPOMOB.
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B npezncraBneHHO METOANKE BaXXHOE MECTO OTBOAUTCS MIOKA3aTeNsIM YPOBHs O€30IIaCHOCTH TIOJIETOB M MX MCIOJIb30BAHUS MPH
MPUHSITHN YHPABJICHYECKUX petreHnid. Hapsiy ¢ mokasaTenem 6€301acHOCTH MOJIETOB HCIIONB3YETCsl TOKa3aTeNb (PHHAHCOBOTO
yirep6a OoT 3a()MKCUPOBAHHBIX COOBITHH, KOTOPBIA PACCUMTBHIBACTCS B CTOMMOCTHOM BBIPQKEHHMH C YYETOM MPSAMOIO H
KOCBEHHOro yiepba uisi oreparopa aspoipoma. Vcrmonb3yercss perpecCHOHHOE MOJIEIMPOBAHHE COBMECTHO C METOIMKOM
IIPUHSTUS PELICHUN «4EJI0BEKO-MAILMHHBIX NIPOLENYP». PerpecCuoHHbIN aHaIu3 BBIIOJIHSETCS C IPUMEHEHUEM IPOrPaMMHOIO
ooecriedernst STATISTICA u mo3BousieT BBISABHTH 3aBUCHMOCTh ITOKa3aTelied OT CTENeHH BIMSHUS (PAKTOPOB ONACHOCTH.
[TomydenHast Mozienb Ha OCHOBE JTAHHBIX 3a HPOLUIBINA IOl JaeT BO3MOXHOCTH BBINOJHSTH IPOTHO3 3HAUECHHH IMOKa3aresneil Ha
cnenyrommid. Vcrnone3yst METOOMKY TIPUHSTHS PEICHHH «YeJOBEKO-MAallMHHBIX MPOLEIYp» BBIIOJHSETCS —OlEHKa
NIPHOPUTETHOCTY BHEJPEHMS YNPABIEHYECKNX pEIIeHn Ha OCHOBE KOMIUIEKCHOrO Kpurepus. Meronuka oOecrieunBaer
BBITIOJIHEHWE ~ TPEOOBAaHWH  POCCHICKOTO M MEXKIYyHApPOJHOTO  BO3LYIIHOTO  3aKOHOJATENIbCTBA UL ONEpaTopoB
CepTU(QUIMPOBAHHBIX a’poApoMoB. OOmacTe ee NpuMeHeHwWss MoxeT ObiTh pacimpeHa 10 CYBII Bcex MOCTaBIIMKOB
ABHALIOHHBIX YCIYT TPH Y4YETe COOTBETCTBYIOLIEH CHEM(HKH MPEAOCTaBISIEMBIX YCIYT U UMEIONMXCs (PaKTOPOB OMAcHOCTH.
HccnenoBanue BoinoHeHO npu (puHaHCcoBO# noyepxke PODU B pamkax Hayunoro mpoekra Ne 19-38-90215.

KunroueBblie ciioBa: puck 0€30MaCHOCTH TIOJIETOB, IOKA3aTelb, OIEPaTop a’dpojapoMa, ONTHMH3ALMsS, PErPECCHOHHBIN aHau3,
TPOTHO3, YIPABICHICCKHE PEIICHNSL.
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On the basis of the study of air flight control, as well as the need to take into account the regional parameters of the airspace,
the expediency and the need for mathematical modeling of the air navigation environment were identified. The article deals
with the features of the model of air navigation environment, in which the base of the study adopted the basic information used
to describe the plan for the execution of air flight. In the study, it was found that in navigation main feature is the geodesic of
abstraction, however, such information was found, is not complete for the plan for air flight. The study emphasized the role of
taking into account all the restrictions by which certain prohibitions on the use of specific volumes of airspace are imposed.
Based on the results obtained, a graph of the geometric representation of the airspace with constraints was constructed. The
results of the study allow us to conclude that the construction of a mathematical model of the air navigation environment
allows us to achieve the following results: optimization of the distribution of the EAP loads by sectors, visualization of the air
navigation situation in the region, the establishment of critical load directions, the collection of data on the load, the study of
the factor effects on the regularity and safety of the aircraft movement. The mathematical model of the aeronautical situation
was built with the help of a composition of hierarchical type. As a result of such construction of mathematical model its
transformation with addition of new models is possible. Using the proposed mathematical model in the framework of discrete
event systems can be used to simulate complex air navigation environment with a large number of aircraft. The use of the
formalism presented in this study allows a clear distinction between the mechanism of information processing and the
information itself in the process of modeling.

Key words: modeling, airspace, optimization, mathematical modeling, air navigation, air navigation environment, modeling of air
navigation environment.

INTRODUCTION

Nowadays there is the current point of efficient use of aeronautical environment elements in
the conditions of upgrading the performance of the aircraft due to the impact of crisis situations.
The air traffic control is becoming more difficult due to the annually increase of the airway conges-
tion. Through the latter there is the increase of the air path workload. The air traffic proceeds over
the land environment which is not equipped with the navigational aids. The current research of this
point is intended to the real-time system modelling and the preliminary planning of the actual air-
craft movement. Nevertheless, the requirements are becoming stricter for the aerospace capacity as
a result of convention elements introduction (area navigation RNAV, conditional routes, etc.). Due
to that the valence of the airspace area is being increased; its structure is becoming more complicat-
ed [1].

The preliminary planning is marked by some points connected with the preliminary flight plans
preparation. The proper planning of flights and the consideration of aeronautical environment influ-
ence the flight safety. The computer-integrated air navigation environment database is considered to be
the source of input data while planning the usage of the airspace. This database ranges all the regional
parameters of the air area.

After processing the flight plan of the aircraft by the aviation traffic control system, they esti-
mate the disruption impacts. Before that, it requires the construction of the mathematical model of the
aeronautical environment of the aircraft via the use of the formalism of the event-related discrete sys-
tem with regard to the further changes [2].

In the present research the principles of the event-related discrete modelling and the system dy-
namics are taken as a basis of the air navigation environment model.
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PROBLEM DESCRIPTION

Nowadays the national carrier “Uzbekiston Havo Yullari” has the great flight geography. The
aircraft are equipped with all the necessary navigational aids and operate flights to Europe and Ameri-
ca using RNAYV system while completing approach.

Table 1
Air Traffic Intensity in the airspace of the Republic of Uzbekistan
. . Airfield Area Deviation

Ne Period Transit (departurc/arrival) Total (%)
1. 2011 44080 41826 85906
2. 2012 49110 42950 92060 +7

3. 2013 51248 41899 93147 +1
4, 2014 54084 40088 94172 +1

5. 2015 53965 36891 90856 -4

6. 2016 54038 34287 88325 -2,8

7. 2017 55334 34029 89363 +1,18
8. 2018 62637 36618 99255 +11

9. 2019 58047 44011 102058 +2

It can be seen that the air traffic intensity in the airspace of the Republic of Uzbekistan has
highly increased. Such rapid growth will demand the air traffic control system infrastructure upgrade,
upgraded ATM procedures based on PBN implementation.

It is customary to apply the differential equation system for aecronautical situation mathematical
modelling. As for their quantity, it depends on the number of problems which are being solved in the
system. The description pattern of aircraft movement is normalized by ICAO and is applied for the de-
scription of the flight pln. It contains the following data:

 the expected time of reaching the element

o the flight levels and the flight speed for all the traffic

o the point of flight level change

« the point of airway change

 the sequence of airways used for the aircraft travel

o off and landing time, terminals and alternates and the base airfield

e aircraft type [3]

There are the data of the element features, which compose the plan of the flight, in the air navi-
gation database. Although the airfields are characterized by several parameters, only a few parameters
are enough for mathematical modelling and the flight plan interpreting:

» geodesic coordinates of the airport way-point;

o four-letter identification code [4].

At the same time, the airways are presented as the list of the work regulations, vertical limits,
navigational aids and points. The waypoints are presented as the distinct five-letter identification
codes or the geodesic coordinates. Besides the distinct identification codes and the geodesic coordi-
nates, their physical characteristics which are proceeded by the aircraft aeronautical system [5], are
also the features of the aeronautical means. The geodesic abstractions are the only key features of the
navigational aids. The aircraft are known to operate flights only within the airways, which are ex-
pressed as the certain broken lines. The points of break of such lines are denoted by the navigational
aids or points. The availability of all the steer points is not always prescribed by the flight plan. As a
result, the interrogation to the aeronautical database is carried out in order to get the exact and relia-
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ble data. Due to such an interrogation one can set the geodesic coordinates of the aeronautical means
and points which are necessary for modelling the aircraft. Nevertheless, data on the course line of
the aircraft are not enough for the planning of the flight to the fullest extent. It is important to take
all the restrictions into account while planning. The interdicts on using the certain capacity of the
airspace are rolled out by these restrictions. Contingently these restrictions are divided into the fol-
lowing classes:

1) the occasional limits, which are of stochastic nature;

2) pre-determined limits; data on which is contained in aeronavigation database.

It is needed to refer forbidden areas, hazardous areas, training areas and restricted areas to the
pre-determined limits. The enumerated elements of the airspace are defined by the schedule of works
and three-dimensional geometrical description (fig. 1) [6]

Fig. 1. Geometric representation of restricted airspace

The occasional limits display themselves in a complex of factors: from the impossibility of us-
ing some of the airway elements to the closure of some areas in the airspace. As a result, there is a
need of separation of the data from the mathematical model. The common data repository can be used
for all the problems related to the traffic control with the help of such separation. In particular, one can
take the local basis into account [7].

Analyzing the traffic above the territory of the Republic of Uzbekistan, one can notice that
there are around 200 aircraft per shift travelling along the more congested airway. Therefore, the night
time is especially harsh to the air traffic control officer. For instance, at 3 a.m. there are around 20 air-
craft per unit of time over the point of TMD (Tamdibulak) [8].

Construction of mathematical modes of aeronautical environment in the objective point by tak-
ing the problem description into account can be used for obtaining the following results:

« the optimization of airspace load distribution between the areas;

e the survey (visualization) of aeronautical environment in the region for its descriptive re-

search;

o the opportunity of setting the stalling directions in terms of the workload;
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« the analysis and statistical data collection on the highest workload on the areas of the air-
ways and in the separate areas;

 the opportunity of researching the impact of the different occasional factors on safety and
regularity of the air traffic.

THE RESULTS OF THE RESEARCH

Although the process of the aeronautical environment change is considered to be constantly
ongoing and ram through time, it is needed to use the following variants:

1) no need of modelling the aeronautical environment change in real-time mode;

2) the airspace structure change may affect the modelling object;

3) the change of states of the airspace structure of the stochastic nature;

4) the aerodynamic factors reflect the state of the aircraft model at any moment of time. Taking
them into account is not necessary in terms of solving the following problems;

5) the description of the traffic of every single aircraft using the system of differentiated equa-
tions is difficult as a result of a big number of objects being modelled.

The structure of a system depends on the character and typology of correlation of its elements.
Consequently, the performance of a system needs to be matched with its current states. Each of these
states can be expressed in terms of many variables; the multitude of these variables depends on the
system. For instance, temperature, volume and pressure are the variables for the definition of the ther-
modynamic system; that means that ephemerides of the celestial bodies are needed to define the state
of the astronomic system. The elements of the system may be of the complex or atomic nature. In their
turn, the terms “complexity” and “atomicity” are considered to be conventional imposed by the prob-
lems of modelling. For instance, directional beacon is modelled as an atomic system object while
modelling the procedures of landing of the aircraft. At the same time, it is needed to analyze the com-
pound element in order to research the work of the wave guides of this radio homing beacon. The
compound element includes functional “atomic” clusters which are differentiated to separate elements
of the schemes, etc.

Discrete systems in general cases are divided into discrete time systems and systems of a con-
stant time interval [9]. The change of a system state of a constant time interval is provided in terms of
a constant time interval Az. The amounts of the variables, which reflect the system state, do not change
in the intervals between the Af observation. If Af tends to zero, such a mathematical model can be used
for duplication of a process of a constant nature. The process of changing the states of the discrete time
systems is implemented by means of different time intervals. Their duration may be related to the envi-
ronment. The change of the system states is expressed in the mishaps.

The description of the systems of the object hierarchical synergy is provided by the mathematic
modelling of the mishap schemes. [10]. It was offered in 1976 by B. Zigler. The input data, unlike the
continuous systems, do not change due to time in the mishap discrete system by the law of step func-
tion. Such a formalism has some benefits, which are conditioned by inheritance of the mathematical
theory of the systems of the dynamical nature [11]. The following formalism of the mathematical
modelling allows to combine the elements of the discrete and continuous paradigms in terms of the
object being modelled. One more significant benefit is the opportunity of synthesis of the mathemati-
cal model by combining the atomic objects to the more complicated ones. It is worth empathizing that
the derived objects may be used in modelling the objects of a more sophisticated nature. The hierarchic
structure made this way is considered to be the composition “tree”. The offered formalism of the
mathematical modelling by the following feature is different from any other current methods used
while modelling the processes of air traffic management because the structure of the object being
modelled is changing dynamically. The effect of each different conventional is taken into account
while solving the following problem. That means that the restrictions on using the airspace are activat-
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ed; the effect of the crisis factors also take place. The structure is being modified while proceeding
such conventional factors and modelling.

There is a few of enumerations of models in the classification of the objects. These models are
presented in Figure 2.
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Fig. 2. Model hierarchy

Thus, there are the following models in this hierarchy:

1. The model of the aircraft: the inner physical interpretation is being changed depending on
the type of the aircraft (helicopter, jet aircraft, piston aircraft, etc.), but the input and output data do not
vary for the models of any aircraft (fig. 2a).

2. The model of the flight restriction; includes all the enumerated types of models (fig. 26).

3. The model of the navigational aids or of the waypoint (fig. 2B).

4. The model of the section of the airway (fig. 2r).

5. The model of the airway (fig. 2x).

The models presented in Figures 2a—2B are considered to be atomic in the following system. At
the same time, there are the complex models in Figures 2r-2s.

The system model can be described in a general case this way:

M = (X,S,Y.din.,bext., A, ta), (1)

where fa:S — Real is the function which defines the ultimate time of the system being in the current
state;

A: 8 — Y is the function of the enteral mishaps generating;

dext.:Qx X = S is the enteral function of the transition. It defines the transition of states which is
conditioned by the effect of the enteral mishaps, where:

0= {(S,€)|S €§,0<e< ta(s)} is the vector of time of the system being in this state;

o6n.:S — S is the inner function of the transition. It defines the transition of states conditioned by
the inner mishaps;

Y is the multitude of the outgoing mishaps;

S is the multitude of states which change in sequence;

X is the multitude of the entering mishaps.
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THE DISCUSSION OF THE RESULTS

Using of the formalism of the mishap discrete systems for solving the basic problems of the
flight planning can be illustrated by the simple examples. The following formalism can be used for the
mathematical modelling of the complicated aeronautical environment equipped with a plenty of navi-
gational aids. The opportunity of multipartition of the mathematical model and the basic data on the
elements of the modelling system is the most ultimate factor while modelling the complicated aeronau-
tical environment. Using the formulae presented in this work allows to divide exactly the mechanisms
of the data proceeding and the data itself while modelling.

Besides that, the opportunity of adding the new models to the simulator of the developed math-
ematical model is its significant benefit. In spite of the following benefit, the formulas presented in this
work can also be used for the mathematical modelling of the systems which are of the constant time
interval. It is worth empathizing that the time interval is chosen while taking the peculiarities of the
modelling process problem into account. For instance, one can use the discrete «1 step — 1 minute» in
order to solve the problem of planning because all the time intervals are set with such a time accuracy
for description of the procedures of the restriction zones and the flight plan. At the same time, the dis-
crete step — «1 second» will be the one for the problems of modelling the near collisions, because the
aircraft travels the distance in 1 second 250 meters having the average rate of 900 km per hour, which
yields the standards of the horizontal separation.

The virtual model is easily discretized for the direct motion:

S, =S, + w.m )
I/;1+1 = V;a + an+1At :

The development of the following formalism is used hereinafter to the paralleling formalism of
the mishap discrete systems [12], which allows it to be used in the distributional computation resources.

CONCLUSION

As a result of the mathematical modelling by the hierarchical compositions, one can implement
the current methods of the object-based programming using the modelling of the aeronautical envi-
ronment. Hereinafter the results of modelling can be embedded in the agencies of the flight planning.
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INOCTPOEHUE MATEMATHUYECKHUX MOJIEJIENA
A3POHABUTAIMOHHOU OBCTAHOBKH

1 1
A.9. dmmypanos , T./. damypanos
1 . . .
Tawxenmckuil 2ocyoapcmeenHulil mexnudeckuti ynueepcumem um. Mciama Kapumosa,
2. Tawkenm, Y3bexucman

Ha ocHoBe MPOBCACHHOI'O MCCJICAOBAHUA YIIPABJICHUSA BO3AYIIHBIMH IMOJICTAMU, a TAKIKC HeO6XOZlI/lMOCTI/l y4de€ra pEruoHaIbHbBIX
napamMeTpoB BO3AYIIHOI'O MPOCTPAHCTBA OblIa BBIABIEHA He.]'[eCOO6paSHOCTL u HCO6XOI[I/IMOCTI) MPOBCACHUA MAaTCMATHYCCKOI'0o
MOACIIMPOBAHUA aBpOHaBI/IFaIIPIOHHoﬁ 00CTaHOBKHU. PaCCManI/IBaIOTCFI BOIIPOCHI 0coOeHHOCTEH MOCTPOCHUA  MOJCIIU
aBpOHaBHFaHHOHHOﬁ O6CTaHOBKI/I, B paMKaxX KOTOPbIX B 633y HCCJICAOBaHM MPUHATEI OCHOBHBIC CBEJICHM S, UCTTOJIB3YIOIIUECA NI
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OIMMCAHMs TIaHa 10 WCTIOMHEHHIO BO3AYIIHOTO IojieTa. B pamkax mcciemoBaHus ObUIO YCTAHOBIICHO, YTO y HABHTAIIMOHHBIX
CpEIICTB OCHOBHOM OCOOCHHOCTBIO CUHTAIOTCS Te0/Ie3nIeCcKre a0CTPAKIIHI, OTHAKO TaKHWe CBEACHNS, KaK ObUIO YCTAaHOBJIEHO, HE
SIBJISTFOTCS TIOJTHBIMH TSI OCYIIECTBIICHHS IDTAHWPOBAHKMS BO3IYIITHOTO MoJieTa. B mccnenoBanmy ObUTa MOJYEPKHYTA POJIb yUeTa
BCEX OIPaHUYEHHMI, C TOMOIIBI0 KOTOPBIX BBOASTCSI HEKOTOPBIE 3aIIPEThl Ha MCIIOIb30BAHHE KOHKPETHBIX 0OEMOB BO3/YILIHOTO
npoctpaHcTBa. Ha OCHOBE IOJy4YEeHHBIX pE3y/bTaToB ObUI MOCTPOSH TpaMK reOMETpUYECcKOro IMpeNCTaBIIEHHsT BO3LYIIHOTO
MPOCTPAaHCTBA C OTrpPaHWYEHUSIMU. Pe3ynbTaThl IMPOBEIEHHOTO WCCIEAOBAaHMS IO3BOJIIOT NPUHATH K BBIBOAY O TOM, YTO
MIOCTPOCHHE MAaTEMaTHYEeCKOH MOJENN a3pOHABHIAIIMOHHOW OOCTAaHOBKM II03BOJIIET JOCTHYb CIIEAYIOIIMX pPE3YJbTAaTOB:
ONTUMM3ALMS  PACIPENENICHUs] 3arpy30K BO3AYLIHOIO MPOCTPAHCTBA IO CEKTOpaM, BU3yalM3alUs adpOHABUTALIUMOHHOMN
00CTaHOBKH PETHOHA, YCTAHOBJIEHNE KPUTHYECKHUX HAIPABJICHUI 3arpyKEHHOCTH, COOp IaHHBIX O 3arpy>KeHHOCTH, HCCIIeJOBaHNE
(baKTOPHBIX BO3/ICHCTBHII HA PETYIIPHOCTh W OE€30MacHOCTh [BIDKCHHS BO3IYIIHOTO CyqHA. MaremaThdeckas MOJeINb
a3POHABHUTAIIMOHHONW OOCTAaHOBKH OBUIA TOCTPOEHA C MOMOIIBIO KOMIIO3HIIMM HEPapXUUecKoro THIa. B pesynprare Takoro
MOCTPOCHHST MAaTeMaTHYeCKOW MOIEeNHM BO3MOXKHA €€ TpaHcopMamus ¢ J00aBICHHEM HOBBIX Mojenei. Vcmonp3oBaHne
MPEIUIOKEHHON MaTeMaTHIeCKOH MOJENH B paMKaxX COOBITHHHBIX AWMCKPETHBIX CHUCTEM MOXKET SIBIATHCS TSI MOICIMPOBAHMS
CIIOXKHOM a’pPOHABHTAIMOHHOW OOCTaHOBKH C OOJNBIIMM KOJIMYECTBOM BO3AYIIHBIX CyIOB. Vcromp3oBaHue (opMann3Ma,
MPENICTAaBIIEHHOTO B HACTOSILEM HCCIIEAOBAHMH, MO3BOJAET YETKO PA3TPaHMYUTh MEXaHM3M 00paOOTKHM MHGpOpMAIMN U caMmy
nH(POPMAIIUIO B TIPOLIECCE OCYILECTBICHHS MOJIEITUPOBAHUS.

KiioueBnie ciioBa: MOACIIMPOBAHUEC, BO3AYLIHOC IIPOCTPAHCTBO, OINTUMHU3ALUA, MATCMATHUYCCKOSC MOJACIMPOBAHUC,
adpOHaBUranus, a3poHaBUTrallMOHHAA O6CTaHOBKa, MOACIIMPOBAHUE aBpOHaBI/IFaIIHOHHOﬁ 00CTaHOBKHU.
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OIIEHKA HAJIEXKHOCTH
KOHBEPTHPYEMOT O JIETATEJIBHOI'O AIIITAPATA
C TUBPUJHOM CUJIOBOM YCTAHOBKOM
U MHOI'OBUHTOBOM HECYIIENA CUCTEMOH

A.B. PEIBKHUH', YO.A. SITIO3A*, I.E. KOBAJIEB',
L @IVIT «Llenmpanvhbiii azpoudpodunamuueckuii uHcmumym
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SDunuan «Cmpena» MAHU, 2. XKyroeckuil, Mockoeckas 06:1., Poccus

ITpoekTbl M 3KCIEpUMEHTAIbHBIE 00pa3llbl MHHOBALMOHHBIX JIETATENBHBIX allapaToB BEPTHKAIBHOTO B3jI€Ta M MOCAJIKH C
THOPUTHON CHIIOBOM yCTAHOBKOM BO BCEM MHpPE BBI3BIBAIOT OOJIBILIOI MHTEpPEC W MPUTOK WHBECTULMH. B cBs3u C 3TMM npH
pa3paboTKe HOBBIX KOHLENIMH BaXHO IMOHMMATh JOCTIDKHMBIM YPOBEHb HMX TEXHHUYECKOTO COBEPIICHCTBA OTHOCHTENBHO
9KCILUTyaTUPYEMbIX CeM4ac BUHTOKPBUIBIX M KOHBEPTHPYEMBIX JICTATENIBHBIX AaMlapaToB IO MOKa3aTelsiM HAJIEXHOCTH U
6€301acHOCTH MOJIETa, YTOOBI B Oy/IyIIEM MOIyYUTh BO3MOKHOCTD MX NMPUMEHEHHMS I NMACCAKUPCKHUX NEPEBO30K. Takxke mpu
pa3zpaboTke KOHCTPYKIMH, BBIOOpPE OINTMMAJIbHOW KOMIIOHOBKM HEOOXOAMMO 3HATh BKIIAJ KaXKIOTO 3JIEMEHTa W arperara B
obecriedeHne HAAEKHOCTH JIETATENILHOTO amapara B LEJIOM Ul COOTBETCTBHA TpeOoBaHMsAM. st pacuera mokazarener
HaJIeKHOCTH OBbLI BBIOPaH METOJ| CTPYKTYPHBIX CXeM, pazpaboTaHa MeTojuKa pacuera. PaccMorpeHa oOmiast KiacchbHKamus
COBPEMEHHBIX WHHOBAIIMOHHBIX KOHLENLIMHA KOHBEPTOIUIAHOB, OINpEJENCHA MNPHHIMIUAIbHAS CXEMa THOPUAHOW CHIIOBOM
YCTaHOBKH U €€ OCHOBHBIE IapaMeTpbl. B cTaThe pacCMOTPEHO BIUSHUE KOJIMUYECTBA MOABEMHBIX BUHTOMOTOPHBIX IPYMIT M UX
pAacronoXeHne Ha BO3MOXKHOCTb MPOJIOJDKEHHS T10JI€Ta Ha PEXXMME BUCEHUS B CIIydae OTKa3a OJHOW BUHTOMOTOPHOH IPyIIIE,
oIpezieNieH HeOOXOAMMBIH 3aI1ac MOIIHOCTH IIOABEMHBIX JIEKTPOABHUIaTeNel 711 00ecieueHnst JaHHOTO YCIIOBUS O€30I1aCHOCTH.
B cooTBeTcTBHM C IPUHATON MPUHIMITHAIEHOW CXEMOU OTpe/ielIeHb OCHOBHBIE (DYHKITMOHATBHBIE TPYTIITBI THOPUIHON CHIIOBOI
YCTaHOBKM KOHBEPTOIUIAHA, pa0OTAIOIHME HA Pa3HBIX PEeKMMaXx I10jeTa. PaccMOTpeHb! OCHOBHBIE PEXHMBI THIIOBOI'O NPOQUIILS
T0JIeTa KOHBEPTUPYEMOTO JICTAaTeIIbHOTO alfapara, 3a1aHbl XapaKTepHbIe Ml KaKI0ro pPeKMMa BPEeMEHHbIE MHTepBaIbl. [l
Ka)KJIOr0 peXXrMa I0JIeTa IIOCTPOeHa CTPYKTYPHAsI CXeMa HaJIeKHOCTH (DyHKIMOHATIBHBIX TPYIIT THOPHAHOM CHUIIOBOM YCTaHOBKH,
MMEIOIINX MOCIIeIOBATEILHOE MM MapaJUIeTIbHOE COSMHEHNE IEMEHTOB B 3aBUCHMOCTH OT MX BIIMSIHHS Ha ITOCIIEICTBHUA OTKa3a,
COCTABIICHO YpaBHEHHE pacueTa BEpPOATHOCTH 0e30TKa3HOM paOoThl. I MOIBEMHBIX BUHTOMOTOPHBIX TPYIII PaccCMOTpEHa
KOMOHMHAIWS KPUTHYECKUX OTKA30B OoJiee OTHON TPYMITBI, HOCTPOEHO YPaBHEHHE JUIS pacyeTa BEPOSTHOCTH KaTaCTPO(PHIECKOTO
cilydyas Ha pexuMe BHceHMsA. Ha OCHOBaHMM NOJydEHHBIX YpaBHEHHH BBITIONHEH PE3yJIbTHPYIOUIMI pacdeT BepOSTHOCTH
6€30TKa3HOI paboTHI, BEPOSITHOCTH OTKa3a Ha OAWH Yac MOoJeTa IS KOKIOT0 PeXXMUMA TI0JIeTa OTACIBHO U CyMMapHO JUTSI BCETO
nosneta. IIpy 3ToM U1 BCeX PEeKMMOB PACCMOTPEHBI BEPOSTHOCTH KaTacTPO(HIECKOro U aBapUHHOIO CITydas, a TAKKE CIIOMXKHOH
CHUTYyarmu B 1orere. KOMITIEKCHBIH aHaIM3 TOMy4YEeHHBIX PE3yJIbTATOB pacdeTa MoKaszarelell Hal&XHOCTH TSI KOHBEPTOIUIaHa C
IIECTBIO MOABEMHBIMH BHHTAMH W JBYMSI TYpOOBHHTOBBHIMH JBHIATEIISIMH TO3BOJIMII CHENATh BBIBOJ O €0 COOTBETCTBUH
TpeOoBaHMSIM 25-ff 4YaCTH aBHAIMIOHHBIX TPaBWJI [UI CaMOJICTOB TPAHCIIOPTHOM Kareropmu. OrmpeneneH XOPOIIHi
TOTeHIMABHbIH 3ammac 10 107 110 BepOSTHOCTH KaTacTPO(pHUIECKOro 0TKA3a HA PEKMMAX B3/IETa, TIOCAIKH 1 [IEPEXOIHOM PEKHME.
BrIsBIIEHBI KPUTHYECKHE IO BEPOSITHOCTH 0€30TKa3HON pabOThI 3IEMEHTHI M TTOACHCTEMBI, TIPEIUIOKEHBI CIIOCOOBI MOBBILICHHUS X
HaJIeKHOCTH U JIETATENBHOTO aIIIapaTa B [EIOM.

KnroueBble ciioBa: THOpWIHAS CHIOBasi YCTAHOBKA, KOHBEPTHPYEMBIH JI€TAaTENbHBIA ammapar, BUHTOMOTOpHAs TpYIIIa,
MOEMHBIC BUHTHI, OCCKOJICKTOPHBIN JICKTPUYCCKUIA JIBUTATENb, aKKyMYJIATOpHAs OaTapesi, CTPYKTypHAsi CXeMa HaJISKHOCTH,
BEPOSITHOCTh OTKA3a.
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BBEJIEHUE

B Hacrosimiee Bpems pa3paOOTYNKHU MEPCIIEKTUBHBIX KOHIENIINH JIeTaTeNbHbIX anmnapaToB (JIA)
BEPTUKAIBHOTO B3JIeTa U MOCAJKU OMHUPAIOTCS HAa HOBBIE MPOPHIBHBIE TEXHOJOTUU B 00JACTH MPOU3-
BOJICTBA 3JIEKTPUUECKUX KOMIIOHEHTOB JJII CHUJIOBBIX YCTAHOBOK: 3JIEKTPOJBHUTIATENIel, T€HEPaTOPOB,
KOHTPOJUIEPOB-IIpeoOpazoBaresiei, akKkyMyIsTOpHbIX Oatapeil u T.n. Hanbosbime BO3MOKHOCTH OT-
KPBIBAIOTCS ¢ IPUMEHEHHEM OeCKOJUIEKTOPHBIX aekTpoapuratenerd (D/1), oTIngarommxcs cleayro-
IIMMH IPEUMYIIECTBAMHU 110 CPABHEHUIO C ABUTaTelsiMU BHyTpeHHero cropanus ([IBC), paboratomiu-
MU Ha XUMHUYECKOM TOILUIUBE: HU3KUM yAeTbHBIM BecoM, BeicokuM KIIJ[ (90-95%), neGonpimmu ra-
OapuTamMH, OTCYTCTBHUEM BPEIHBIX BHIOPOCOB, HU3KHUM YPOBHEM IIIyMa, BHICOKOW MPUEMHUCTOCTHIO U
YOPaBIsEMOCThIO, HU3KOH CTOMMOCTBIO, OOJIBIITUM PECYPCOM H MPOCTOTON TEXHUYECKOTO OOCTYKH-
BaHUs, & TAK)KE CPABHUTEIBHO BHICOKOW HAJIEKHOCTHIO [ 1, 2].

Yka3aHHbBIC BBIIIE HOBBIC TEXHOJIOTHH MPUMEHEHHUS dJIEKTPUUCCKUX HIIM TUOPUIHBIX CHIIOBBIX
YCTaHOBOK TMO3BOJISIIOT i (hOpMUPOBaHUS 00JIMKa KOHBEpTUPYEeMOro JIA mpUMeHUTh MHOW MOJIXO,
YeM CJIOKUBIIMICS MPU CO3JaHUU KOHBEPTOILJIAHOB C MOBOPOTHBIMU BMHTaMu. Hampumep, cepuiiHo
BBITTyCKaeMblld KoHBepTorian Osprey V22 3apekoMeHmoBan cedst 3(pGEeKTUBHBIM IS BOCHHO-
TPaHCIOPTHBIX onepanuil JIA, HO UMEIOLUM BBICOKYIO aBApUMHOCTB [3], YTO HE MO3BOJISET HANTH eMy
MPUMEHEHHUE TSl TPAXKIAHCKUX MepeBo30oK. [IpuunHamMu OosbIIMHCTBA aBapuil U katacTpod V22 sB-
JISTUCH OTKA3 CUJIOBOM YCTaHOBKM WJIM CUCTEMBbI YIIPABIICHHUS.

OcHOBHBIE OTJIMYMSI HOBOT'O KOHIIETITYaJIbHOTO MOJIX0/a K CO3JaHUI0 KOHBEpTHpyeMbIx JIA 3a-
KITIOYAIOTCSl B paslieleHn (yHKIMOHAIBHOCTH TMOIBEMHBIX M MapIIeBBIX BUHTOMOTOPHBIX TPYIII
(BMI'), a Takxe B YBEJIMUYECHUU HUX KOJIMYECTBA. DTO MPUBOJIUT K POCTY CYMMapHOM MacChl CHIJIOBOM
YCTAHOBKH U TEXHUYECKOM CI0KHOCTH, HO MO3BOJSIET ONTUMH3UPOBATh XapaKTEPUCTUKU BUHTOB, a
TaKke 00ecreynTh 00JIee MATKHE U O€30TIaCHBIC TIEPEXO0IHBIE PEKUMBI.

Kpome BiusiHHST Ha JETHO-TEXHUYECKHE XapPaKTEPUCTUKH, TMOAOOHOEC KOHCTPYKTHUBHO-
KOMIIOHOBOYHOE pelIeHHe ¢ pa3zesieHueM (QyHKIuoHanbHocTd BMI 1 yBennyeHneM Ux KOJIW4ecTBa
MOXET OKa3aTh BIUSHHUE U HA 3KCIUTyaTallMOHHbIE XapakTepucTuku BC, B 4aCTHOCTH, HA HAJIEKHOCTh
U 0TKa300e30macHoOCTh. VceneqoBannio MIMEHHO 3TOT0 BIHUSHUSA MOCBSIICHA JaHHAas paboTa.

OB30P COBPEMEHHBIX KOHIIQEHIII/II‘/'I BEPTUKAJIbBHO-B3JIETAIOINUX JIA
CI'ubPUJHOU CHJIOBOHU YCTAHOBKOU

OcHOBHBIEC HampaBJICHUS PA3BUTHSA, NpeasaraeMas KIacCU(PHUKAIMsI U MPUMEPHl peann3aluu
COBPEMEHHBIX KOHIETIIMI BEpPTUKAIBbHO B3jeTaomux JIA nokaszansl Ha puc. 1 [1, 2, 4].

[ToxazanHble Ha puc. | mepBoe U BTOpPOE HANPABJICHUS B pa3paboTKe KOHLEMINI KOHBEPTHPY-
eMbIX JIA OTHOCATCS K KJIIACCHYECKOMY BapHaHTy MHOTO()YHKIIMOHAIBHBIX MOBOPOTHRIX BMI, mnc-
NOJIb3yeMbIX Ha B3neTe U nocanke [4]. B mpoekte Uber-Pipistrel «Air Taxi» UCIIONb3yIOTCS KaK IOBO-
poTHBIE orbeMHO-MapiieBbie BMI', Tak 1 ocraHaBmuBaeMble IOJbEMHbBIE BUHTHI, yOUpaemble B CIie-
IMANBHBIE 00TEKaTeNn' . DTOT MPOEKT MOXKHO TAKXKE OTHECTH H K TPETheMy HAIPABICHUIO KOHBEPTH-
pyembix JIA.

B Tperbem HampaBieHHH peajiM30BaHa HOBask KOHIIEHIMS B pa3pabOTKe KOHBepTHpyeMbix JIA.
B uneansHoM cityyae KoHBepTHpYeMbId JIA B KOHQUrypaluu KpehHcepcKoro pexxruma He JOKEH OTJIU-
YaTbCsl OT CaMoJIeTa, ONTUMU3UPOBAHHOIO VIS 33JaHHOM TOJIE3HOM Harpy3Kd M JajdbHOCTH IOJIETA, IO0-
ATOMY IOJbEMHBIE BUHTBI, HE HUCIOJIb3YEMbIE B MOJETE, TODKHBI CKIIAIBIBATHCS WM YOUpaThCs TaKUM
00pazom, 4ToObI HE CO3/1aBaTh JOMOIHUTENHFHOTO a3pOAMHAMUYECKOro conpoTuBieHus. Ha puc. 2 cxema-
TUYHO TIOKa3aHbl BOBMOKHBIE PELLICHUS TAHHOM 3a71a4M C pa3HOI CTENEHbIO TEXHUUECKOMN CI0KHOCTH.

" Tpecc-penns xommnanuu Uber Elevate [Dnextponnsiii pecype] / Uber Elevate. URL: https://www.uber.com (1ata oGpa-
menust 22.08.2020).
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KonBepTtupyemsbie J1A MHOroBMHTOBGLIE
BepTOﬂeTbl

1. JIA c noBoOpoOT- 2. 1A c noBOpOT- 3.1Ac
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Puc.1. Knaccudukanus xonueniuii JIA BepTHKaILHOTO B3JI€Ta U MOCAKH
C DJIEKTPUIECKOI WM THOPUIHON CHIOBOM yCTaHOBKOM
Fig. 1. Classification of VTOL aircraft concepts with electric or hybrid power plant

| YBenuueHue TeXHUYECKOM CIIOXHOCTH C

Pukcupyemboile, S
®ukcupyembie cknagbiBaemble, Pukcnpyembie,
(HecknagbiBaeMmble, (Ho Hey6upae- g R cKnagbliBaemble U
Heybupaemble) Mbie) 5 Lotus @ yﬁupiemme
P Take off mode “~~ Cruiser mode ~ P ; Take off
Y /[ dukcupyembie
> ’ mode
"M%\/‘ y6upaemble
7 (Ho Hecknadkl- Cruiser J
e | | 83OMEIE) mode )k . 4
‘ Airbus concept

YMeHbLIeHe OMbIBAaeMON NOBEPXHOCTU U a3pOANUHAMUYECKOTO
conpotuBneHus J1A, yBenuyeHue KpeMcepckon CKOPOCTU U 3KOHOMUYHOCTHU

Puc. 2. KoncTpykTuBHBIE pemieHus st noabeMHbIx BMI™ konBepTupyemsix JIA
Fig. 2. Functional solutions for lifting rotor groups of convertible aircraft

B mpouiecce popmupoBanus 00I1MKa KOHBEPTUPYEMOTO MHOTOBUHTOBOTO JIA BO3MOKHBI Bapu-
AHTBhl KOMIIOHOBKH, OTJIMYAIOIINECS KOJIMUYECTBOM U PACIIOIOKEHUEM MOJIBEMHBIX BUHTOB. OCHOBHas
L[€JIb IOMCKA ONTUMAJIbHBIX KOMIIOHOBOYHBIX PELIEHUH B 3TOM ClIydae:
e IIOJyYEHHUE BBICOKOTO a3pOJIMHAMUYECKOTO KaueCTBa Ha KPEUCEPCKOM PEXHME;
e oOecrneueHue 0€30MaCHOCTU MPHU OTKA3€ OJJHOTO MOJBEMHOIO JBUraTelNsl Ha PeKUMeE B3JeTa
U TIOCA/IKH, a TAaKXKe B Cllyyae OTKaza JPyruX KOMIOHEHTOB FMOPHIHON CHIIOBOW yCTaHOBKH
I'cy);
e o0ecrevyeHue 3alaHHON Harpy3Ku Ha oMeTaeMyto noabeMHbIMU BUHTamu (I1B) miommasns;
e BBIOOp palMOHATBFHONW KOMIIOHOBKH C «3amonHeHuem» [1B mpocTpaHcTBa MeXIy arpera-
TaMH IU1aHepa (KpbUIOM, ONEepeHHeM, (Pro3esKeM) AJISi YMEHBIIEHUs! CONPOTUBIICHUS NpU
00/1yBK€ 1 MMHUMM3ALUH JUIMHBI 3JIEMEHTOB Kperuienus BMT'.

78



Tom 23, Ne 05, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 05, 2020 Civil Aviation High Technologies

Ha puc. 3 moka3aHoO HECKOJIBKO MMPpUMCPOB BO3MOKHBIX KOMIIOHOBOYHBIX CXCM C KOJIMYCCTBOM
MNOABEMHBIX BUHTOB OT YCETBIPEX 1O BOCHMHU.

BiaéTHEII pexxum Kpelicepckuii pexxum

a)

Puc. 3. BapuaHTbl KOMIIOHOBOUHBIX CXEM MHOTOBUHTOBBIX KOHBEpTUpPYEMBIX JIA:

a) KOMIIOHOBKa C OIHMM KPBUIOM U BOCEMbBIO BUHTAMH, U3 HUX YETBIPE — MOABEMHBIC H (PUKCHPYEMBIE B KpeiicepCKOM
pexHMe, a YeThIpe — IIOBOPOTHBIE MOABEMHO-MapIIEBhIE, PACIIOIOKEHHBIE HE COOCHO; 6) KOMIIOHOBKA C YETBIPEMSI
ocrtaHapiHBacMbIMHK [1B 1 1ByMs 105eMHO-MapILEBEIME, PACIIONIOKESHHBIMH B IIOBOPOTHON MOTOTOHZIOJIE; B) KOMIIOHOBKA
C YeTHIPbMS TOJbEMHBIMH YOupaeMmbiMu 1B 1 aiByMs MapIeBbIMU
Fig. 3. Layout diagrams of multirotor convertible aircraft:

a) layout with one wing and eight rotors: four are lifting and fixed in cruise mode, and four are rotary lifting and cruising,
located misaligned; 0) layout with four stoppable lifting rotors and two lifting and cruising rotors, located in the rotary
engine nacelle; B) layout with four lifting retractable rotors and two cruising rotors

OTH KOMIIOHOBKH OTJIMYAIOTCS KOJIMYECTBOM BHMHTOB, a TaKXK€ HAJIMYMEM IOBOPOTHBIX MO/Ib-
eMHO-MapiieBbix BMI', nMeronux 1BoiHy0 (yHKIMOHAIBHOCTD.

METOJIUKA OIPEJEJIEHNS HEOBXOUMOM MOIIIHOCTH TP OTKA3E IIOJBEMHOI'O
JABUT'ATEJIA
HA PEXXMME BUCEHHWA KOHBEPTUPYEMOTI O JIA

OCHOBHBIM KPUTHYECKUM PACUETHBIM CITy4aeM JJIsl OLEHKU MOTPEOHOH CyMMapHO MOIITHOCTH
MOIBEMHBIX JABUTATENEH SIBIsSIETCA OTKa3 MO KpallHel Mepe OJHOro BUTATENs B peXKUME BUCCHUS, KaK
3TO yKazaHO B TpeOoBaHUsAX 1. 29.53 AIl-29°. B cilyyae OTKasza OJHOTO JABUTaTelis U ocTaHOBKH [1B
JUISL COXpAHEHUS] YCTOMUMBOIO MOJIOKEHHUS U YIPaBISIEMOCTH B PEKHMME BUCEHUS MOTpeOyeTcst OT-
KJIIOYUTh CUMMETPUYHYIO OTHOCUTEIBHO IIEHTpa NpHIIoKeHUs noabeMHoi cuiibl BMI (puc. 4). Pa6o-
TAIOMINE JBUTATENN JOJDKHBI UMETh BO3MOXKHOCTh KOMIICHCHPOBATh MOTEPIO TATH IBYX OTKA3aBIIUX
JIBUTaTeNIed MyTeM YBEIMUYEHHs MOIIHOCTH (000OPOTOB M TATH), 4TOOBI KOHBepTHUpYeMblit JIA Mor Bep-
HYThCSI ¥ (WJIM) COBEPIIUTH O€30TacHY0 Mmocaaky (TpeboBanue 1. 29.53 (a)), Wi MPOIOJKUTH B3JIET U
HaOOp BBICOTHI (TpeboBanue 1. 29.53 (b))’.

2 Asuanuonnsle npaswia. Yacts 29. HopMmbl 1€THON TOJHOCTH BHUHTOKPBUIBIX allllapaToB TPAaHCIOPTHOM KaTEropuHu.
MAK, 2018. 175 c.
3 Tam xe
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OTknNoYeHue

a)

OTkas

Puc. 4. [TocnencTBust 0TKa3a OJHOTO ABUTATENS JUIsl BEPTHKAIBbHO-B3JIETAIOLIETO
MHOTOBHHTOBOTO JIA B pexume BUCCHUS:
a) JuIs 9eTeIpex noabeMHbx BMI; 6) anst mectr nogbeMubix BMI; B) mist BochMu morpeMHBIX BMIT
Fig. 4. Failure consequences of one engine for a vertical takeoff aircraft in hover mode with:
a) four; 0) six; B) eight lifting rotor groups

Jlns olleHKH HEOOXOIMMOT0 3araca MOITHOCTH M KOMIIeHcauu oTkaza BMIT MHOrOBHHTOBOTO
JIA ucnons3yem ypaBHeHue BenpHepa-)XXykoBckoro [5], koTopoe mpeacTaBisieT co00i 3aBHCHMOCTh
cratrueckoit Tsru [1B Ty (B KTC) OT MOIIHOCTH, 3aTpavyuBaeMoil Ha ero BpaieHue Ny, (B J.c.), qua-
MeTpa BUHTA Dy, M K03()PUIMEHTA TTOJIE3HOTO JNCUCTBUS BUHTA #yp JUTSI HOPMAIBHBIX YCIIOBHHA aTMO-
cdepsl Ha BeicoTe /1 = 0 O3 moTeph Ha 00TEKaHKE HIEMEHTOB IJIaHEPa:

T = (33;25 Dy - nnBNHB)2/3-

W3 manHOTO ypaBHEHUS ONpEeAeTUM MOTPEOHYIO ISl BUCCHHUSI MOIIHOCThH M, TIPUBEIS pacuerT-
HBII K03 dunmeHT (paBHbIi 33,25) kK MeXIyHapoAHOU MeTpruyeckor cucteme (1,37), momydum:
3
2

TH B

Ny = ——/" (1)

1!37'DHB-77HB'

[Ipu ycnoBun BuceHus 6e3 yckopeHus B3neTHbIA Bec JIA Gy HOMKEH paBHATHCS CyMMapHOM
TATE KOMUYECTBA My [IB Y Ti. VI3 ypaBHeHus (1) B ciaydae paBHOMEPHOTO pactpeieieHUs MOIITHOCTH
¥ OIMHAKOBOTO JuaMerpa [IB momydnM moTpeOHYI0 MOIIHOCTh HAa BUCEHHUH JJISi OJTHOTO JIBHTATEIIS
Ny moabemHor BMI:

3
()
Nng

Nipp = —ome/__
e 1,37'DgMgp

2

B ciydae otkaza ognoit BMI u otkmouenus cummerpuyHoid BMIT konnuectBo padoTtaroniux
BMI" ymenbmuTcst 10 1BYX (#g; = 2). COOTBETCTBEHHO, OCTaBIuecs nmoabemasie BMIT mst mpoon-
JKEHMS TI0JIETa B PEKUME BHCEHHUS JOJDKHBI MMOBBICUTH CyMMapHyIo TAry, o6opotsl I1B u nosiesHyro
MOITHOCTBH Kaxxaoro DJ1 Ny 10 3HAUCHUS:

3
()’
Nygp—B

1,37'Dy Mgy

3)

Ninsork =
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HeoOxoauMplii OTHOCUTENBHBIN 3amac MOIIHOCTH Ka)JIOro mnoxbeMHoro /] momydaercs u3
COOTHOINIEHUS TOTPEOHOI MOIIHOCTH B HOMUHAIBLHOM pexxuMe (2) 1 B ciydae oTkaza (3):

3

Ningors _ ( Mg )5 (4)

Ning Npg—B

3HaueHusi COOTHOULIEHHS (4) 71 YeTHOTO KoilndecTBa moabeMHbIX BMIT ot yeThipex 10 aBe-
HAJILIATH TIOKa3aHbl HA puUC. 5.

r
N ineoTk

N

‘Yne

3,00
2,75
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1,50 g,

= HCO6XOHHMBIfI 3dllaC¢ MOITHOCTH
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h
e 1,31
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Puc. 5. OtHocHTENBbHBINH HEOOXOAMMBIH 3anac MOIHOCTH NPH O0TKa3e oaHoro [1B MHOroBMHTOBOTO
(xomuuecTBo 1B oT ueTsIpex 10 JBeHaaIaT) KOHBepTUpYyeMoro JIA
Fig. 5. Relative required power reserve in case of failure of one engine of a multirotor convertible aircraft

Kak cnenyer u3 puc. 5, 171 BBITOJIHEHMS YCIOBHS MPOJOJKEHUS IOJIETA B PEKUME BUCEHHS
npu otkaze oaHo BMI' (M OTKIIOYEHHS] CUMMETPUYHON) TSl cxembl ¢ 4eTbipbMs 1B (kBagpoxo-
nTep) TpedyeTcst MOYTH TPEXKPATHBIN 3a1mac 1Mo MOIIHOCTH ISl KaXXI0To mogbeMHoro D/1, a Takxke 1mo
gactoTte BpaueHus [IB. OTo nmpuBea€T k 3HAUNTENBHOMY YBEJIMYEHUIO MAcChl CUJIOBOM YCTAaHOBKHU B
LIEJIOM, a TaK)Ke NoTpedyeT OoJbIIoro quanazoHa u3MeHeHus Taru [1B, uTo Toke MOKEeT CyIeCTBEHHO
YCIIOKHHUTH KOHCTPYKIIHIO.

[ToaTomy 1o KpuTepHIo 0TKa300€301acCHOCTU U ISl CHIKeHus: Maccel ['CY panmoHanbHO npu-
MEHEHHE KOMIIOHOBOYHOM CXEMbI BEPTUKAJIBHO B3jeTaromero JIA ¢ konnuectsom [IB npp > 4.

N3BecTHO, uTO OOJIBIIMHCTBO COBPEMEHHBIX OECKOJIIEKTOPHBIX D/l momyckaroT KpaTKOBpe-
MeHHOe yBenuueHue momHoctu 10 100% B TedeHune OBYX-TpeX MUHYT. 3a 9TO BpeMsl KOHBEPTHUpYeE-
MbIi JIA MOXET COBEpIINTh aBapHIHYIO MOCAAKY HIIM TPOJOJDKHUTH MOJIET B CAMOJIETHOW KOH(pUTYpa-
IIUH, YTO SIBJIICTCSI JOMIOJHUTEIBHBIM PE3EPBOM JUIsl 0OecreueHus ero 6e30MacHOCTH MOJIeTa.

METOAUKA PACYHETA OTKA3OBE30ITACHOCTU MHOT'OBUHTOBOI'O
KOHBEPTUPYEMOI'O JIA CT'CY

be3onacHocTh mosnera paccmarpuBaeMoro JIA MoxkeT XapakTepHU30BaTbCs TaKOW BEIMYMHOM,
KaK BEpOSTHOCTHIO COBEpLICHUs TojeTa 0e3 OTKa30B CHCTEM MJIM arperaTtoB, KOTOpPbIE HMPUBOJAAT
K aBapUHHON MK KaTacTPOUIECKOH CUTYaIUH.
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JIJist O1leHKH BEPOSITHOCTH OCOOBIX CHUTYyalMii MHOTOBUHTOBOTO KoHBepTupyemoro JIA ¢ ['CY
OBLIT UCTIOJIB30BaH METOJT CTPYKTYPHBIX cxeM [6]. OH oTHOCUTCS K (popMaIbHO-MAaTEMaTHIECKUM Me-
TOAAM aHaJIh3a CXEMHOW HAJEKHOCTU U YNPOIIEHHO paccMaTpuBaeT JIA Kak TEXHUYECKYIO CTPYKTY-
PY, COCTOSAIIYIO U3 3JEMEHTOB, 00JaJaolnX COOCTBEHHBIMH XapaKTEPUCTUKAMH HAJIeKHOCTU U CO-
€AMHEHHBIX MapajUIeIbHO U MOCIEA0BATENbHO [6].

CtpykTypHas cxeMa HaJeKHOCTH (OpMUpPYETCs A KaKIOro pexkuma Iojiera u KoHpurypa-
uuu JIA. Hammpumep, B ciyyae ¢ KOMIOHOBKOM KBaJIpOKOITEPA OTKa3 OJHOU noabeMHoit BMI' npuso-
muT K katactpode. [loaTomy B mpuHIHUNHUAIEHON cxeMe ero nmoabeMabsle BMI™ BKiTroUeHBI mapaienb-
HO, a B CTPYKTypHOU cxeMe Bce BMI' ToJKHBI paccMaTpUBaThCs KaK IOCIEA0BATEIBHO COCIUHEHHBIE
AJIEMEHTBI.

BepostHOCTE 6€30TKa3HON pabOThl TPYNIBI MOCIEAOBATENHHO COCTUHEHHBIX EMEHTOB Procy
BBITIOJHSETCS] KaK MPOU3BEACHUE BEpOSTHOCTEH 0€30TKa3HOM paboThl BXOISIIMX B ATy rpymmy (cH-
cremy) anementoB P (A4;[7, 8] ):

Procn = ?:1 P(Al) (5)

Jlis mapansienbHO COEUHEHHBIX 3JIEMEHTOB, KOTJa OTKa3 OJIHOTO U3 # 3JIEMEHTOB HE NPHUBO-
IUT K OTKa3y BCEH COBOKYIHOCTH 3JIEMEHTOB, BEPOSTHOCTh OE30TKA3HOM PabOTHI OIMpenesseTcs: Mo

dbopmyne [7, 8]:
Pup = 1-[T7L1(1 — P(4)). (6)

B ciaydae nyOnmupoBaHUsI CHCTEMBI TIPH HAJHYUH JIBYX OJUHAKOBBIX 3JEMEHTOB C BEPOSTHO-
CThIO 0€30TKa3HOW paboThl P), BEpOSTHOCTH OE30TKAa3HOH pabOTHI COCNWHEHHS OIPENENSIeTCs TI0

dbopmye:
PCMCTZ =1- (I'Pl)z- (7)

BaxxHelmmm nokasarenem Haie)KHOCTH JIA 1 ero COCTaBHBIX YacTe SBISETCS HMHTEHCUBHOCTD
OTKa30B A(?), KOTOpasi MOXKET ONPEIENATHCS M0 CTATUCTUYECKUM (IKCHEPUMEHTAIbHBIM) JAHHBIM IO

dbopmyne [7]:

_ AMn(D)
A(t) = Atn(t)’ ®

rae An(?) - 4uCIIO OTKA3aBIIMX M3JEIMNA Ha y4acTKe BpeMeHH Af; n(t) - 4ucio u3aenuil, He OTKa3aB-
[IMX K MOMEHTY BPEMEHH .

[Ipu npoexkTupoBaHNH OOJBIIMHCTBA TEXHUUECKUX CUCTEM MPUHUMAETCS TUIIOTE3a SKCIIOHEH-
[UAIBHOTO pacHpeeieHNs BEPOSATHOCTU 0e30TKa3HON paboThl, KOTJJa MHTEHCUBHOCTh OTKA30B HE W3-
MEHSIETCS B T€UEHHE HapaboTKu u3nenus, 1.e. A(t) = const.

JIJ1s SKCIIOHEHIIMAJILHOTO paclpeieNieHusl CBSA3b MEXAY BEPOSTHOCTHIO 0€30TKa3HON paboThI
P(t) u yacTOTOI OTKA30B A(?) OTpeeNsIeTCs BEIPAKECHUEM:

P(t) = e JoAdt _ y-ane, 9)

Takum 00pa3om, IJIsl OLIEHKH BEPOSITHOCTH 0€30TKa3HOUM paboTsl rpynmsl [IB B cooTBeTCTBHM
CO CTPYKTYpHOU CXeMoM ucrnonb3dyeM ypaBHeHus (4), (5), (6) B 3aBUCUMOCTH OT BHJA COCAMHEHUS
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AJIEMEHTOB B Hel (MapaienbHOS WK MOCHIeI0BaTeNIbHOE). BeposiTHOCTh 6€30TKa3HOM pabOoThI KaX10-
r'0 3JIEMEHTA B CTPYKTYPHOM CXeMe MOXET ObITh ONpeiesieHa 1o BeIpaxeHuto (7).

B pamkax mocTaBiIeHHOH 3a/1a4yl MPEICTAaBUM YKPYITHEHHYIO CTPYKTYPHYIO CXeMY C OCHOBHBI-
Mu komroHeHTamu JIA (pwuc. 6): maHep, CUIOBas YCTaHOBKA, CHCTEMBl M PACCMOTPUM IOCJIEIOBA-
TEJIbHO YPOBHU KOMIIOHEHTOB B CXE€ME€ C YYETOM MX BIUSHHUS HAa HaJAESKHOCTH JIA B nemom’ [9]. Xa-
PaKTEepPUCTUKH HA/IEKHOCTHU IJIaHEpa U CHCTEM JIJIsi CAaMOJIETOB M BEPTOJIETOB B HACTOSIILIUNA MOMEHT
JIOCTaTOYHO M3Y4YECHBI M MMEIOT HapaOOTaHHYIO CTATUCTUKY, KOTOpas MOXKET ObITh HCIOJIb30BaHA U
JUUISL OLICHKHU HAJIe)KHOCTH KOHBEpTHpYyeMbIX JIA.

CrpykTypHas cxema KoHBepTHpyemoro JIA MokeT OBITh MpelIcTaBiIeHa B BUAC MOCIEIOBA-
TEITBLHOTO coenuHenus (puc. 6), T.e. 0TKa3 mianepa, obopyaoanus wm ['CY (kak 1emoro 3JeMeHTa)
O3HayaeT KaTacTpo(puieckyro cutyanuio. OCHOBHBIM OOBEKTOM HCCIICAOBAHMMA, 001a1al0IM HOBH3-
oM, saBiserca ['CVY.

KoHBepTupyembiii JIA

$YHKUMOHUpYeT
|
l )
Mnawep = M'bpuaHan cunosan O6opyaosaHue
yCTaHOBKa M CUCTEMDI

Puc. 6. CtpyKTypHas cxema BEpXHET0 YpOBHS i1 KOHBepTHpYyeMoro JIA
Fig. 6. Structural top-level diagram for a convertible aircraft

Ha puc. 7 noka3aHnbl IpuHIUIIMATIBHBIE CXEMbI CUJIOBOM YCTAaHOBKHM OJTHOBUHTOBOI'O BEPTOJIETA
U MepcreKTUBHOTO KoHBepToruiana ¢ ['CY, KoTopbie He SIBISIOTCS CTPYKTYPHBIMH CXEMaMH HaACKHO-
CTH, HO HArJISJHO MOKa3bIBAlOT OCHOBHBIE KPUTUYECKUE 3JIEMEHTHI. B KauecTBe OCHOBHBIX JIBUraTenei
B 000ux cirydasx — TypooBuHTOBBIC (TB/l), HO MOTYT IPUMEHSATHLCS U JIBUTATEITN BHYTPEHHETO Cropa-
nus (JIBC), paboTaromre Ha XUMHUYECKOM TOIUIMBE UM MPUPOTHOM Tase.

CoBpeMeHHBIE TPaXTaHCKHE  OOCBBIC BEPTOJICTHI KIIACCHICCKOW OJJHOBHHTOBOM CXEMBI 3a Tie-
pUOJ MX TEXHUYECKOW 3BOJIIOLMH JOCTUTIIM AOCTAaTOYHO BBICOKHMX MOKa3aTejaed HaaexHOCTH. EnuH-
CTBEHHBIM MX HEIOCTATKOM SIBJISICTCS JIMHHAS LIETIOYKA HEPE3EPBUPYEMBIX JJIEMEHTOB CHUJIOBOM yCTa-
HOBKH, OTKa3 KOTOPBIX, KaK MPaBUJIO, IPUBOIUT K KaTaCTPOPHUECKOMY CIyUarlo.

CxeMbl Ha puc. 7 WUTIOCTPUPYIOT MOTCHIIMAIBHBIE BO3MOXHOCTU Pa3BUTHSA KOHIEMIUNA KOH-
Beptupyembix JIA ¢ I'CY 3a cuet pezepBupoBaHus Bcex €€ aIeMeHTOB. sl TaKOro pe3epBUpPOBaHUS,
KaK y)ke OBUIO ONHCaHO BBINIC, HEOOXOAUMO OOCCIICUUTH 3allac IO TATe W MOIIHOCTH IObEMHBIX
BMI', a Takxe 3amac 1Mo 3JEKTPUYECKOM MOIIHOCTH IpPU OTKAa3e HCTOYHHUKA BJIEKTPONUTAHUS
(AKB nnm reneparopa). PesepBupoBaHue KOHTPOJLICpOB-TipeoOpa3oBaTesieli (MHBEPTOPOB), MO0 Ja-
CTH MX BO3MOXKHBIX 3JIEMEHTOB TaKXKe MPeyCMOTPEHO sl OOJIBIIMHCTBA COBpeMeHHbIX J/] u renepa-
TOPOB, MPUMEHSEMBIX B aBUAIINH.

Kpome ykazaHHbIX Ha puc. 7 OCHOBHBIX 3JIeMeHTOB ['CY 1j1si KOHBEPTOIUIAaHOB ¢ (pUKCHpYe-
MBIMH, CKJIaJbIBaeMbIMH 1 (Wn) youpaembivu [1B HE0OX0AMMO OIIEHUTh HAJAEKHOCTh TUX CUCTEM Ha
MEPEXOJHBIX PEKUMAX MOJeTa. AHAIOTMYHAS 3a/1ada CTOUT JJIsl KOHUEMUWN, UCHOJIb3YIOMMX MOBO-
poTHBIe MoabEMHO-MapIeBbie BMI', rie BaykHa OlleHKa 0TKa300€30MMaCHOCTH CUCTEMBI TTIOBOPOTA.

* HanexHOCTb M3/eNuil aBUALMOHHOM TeXHHKH. MeTo/Ibl KOTHYECTBEHHOrO aHaIM3a 0e30TKA3HOCTH ()YHKIMOHANBHBIX
CUCTEM IpH MpoekTHpoBaHuu camoneros U BeproneroB. OCT 1 00132-97. JIMU um. M.M. I'pomoBa u HUNCY. M.:
ABHalLMOHHBIN cTannapt, 1998. 69 c.
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a) CunoBan ycTtaHoBKa BepTonera OAHOBUHTOBOW CXeMbl

TBA 1
TBA 2

6) TMGpuaHan cunosas ycTaHOBKa MHOFOBUHTOBOIO KOHBepTupyemoro JIA
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fpynna mapwesbix BMTI lpynna aneKTponuTaHua lpynna nogbemHbix BMTI

I - Orkas oaeMenTa Mo/KeT IPUBECTH K KaracTpode
[ - Orkas anementa Tpefyet BuIYAIENHYIO TOCAAKY

[ - Orkas moker NPHBECTH K HEBLINMOJIHEHHIO I0JIETHOIO0 3a1aHns

Puc. 7. [IpuHIMTHaIbHAS CX€Ma CHIIOBOM YCTAaHOBKH: @) [UISI OMHOBUHTOBOTO BEPTOJIETA;
0) 7151 MHOTOBHHTOBOTO KOHBepTHpYyemoro JIA ¢ 'CY
Fig. 7. Schematic diagram of the power plant: a) a single-rotor helicopter;
0) a multi-rotor convertible aircraft with a hybrid power plant

JInst 3TOr0 pacCMOTPUM CTaHIAPTHBIA MPOQIIL TOJIETa ¢ PacyeTOM BEPOSITHOCTH OTKa3a
q1, 42 ... gn IS KOKJIOTO peXHMMa (dTama IoJieTa) oTaenbHo. Torga cyMMapHash BEpOsSTHOCTh OTKa-
3a (BO) 3a momneT ) gnox OMpeaenuTcs mo hopmyiie:

YGnon = Q1+ gat ... tqn. (10)

B tabi. 1 mokazaHbl XapaKTEpPUCTUKH OCHOBHBIX PEKHUMOB TI0JIeTa KoHBepTHpyemoro JIA [10].
VYka3aHbl clefyomue napaMeTpel: TOPU30HTAIbHAA CKOPOCTh Vyep — CKOPOCTD, IIPH JOCTHKEHHH KO-
TOpOil Ha 0e30macHOi BBICOTE /g, MOABEMHAs CHla Kpblia Y, KOHBepTHpyeMoro JIA moiaHOCTBIO
ypaBHOBeIIUBaeT ero Bec Gy Ha B31€Te win Ha nocanke Guoc; Vip, fxp, O Nip — PACUETHBIE CKOPOCTb,
BBICOTA U MOTpeOHAs MOIIHOCTh MapIICBBIX IBUTATEIICH HA KpEeHCEpCKOM pexume; Y Ty — cyMMapHas
Tsara [I1B; ) Ty, Y Nys — TATA ¥ TOTpeOHAS MOUTHOCTH MapIleBbIX BUHTOB.

PaccmoTpuMm KpuTHUECKHE OTKa3bl Ha PEXKUMaX BUCEHUS MPU B3JIETE U CHUKEHUU (PEKUMBI
1 unu 9 B Tabn. 1). [ns 3TuX pexxuMoB OyIyT KPUTUYHBI OTKA3bl U3 TPYMIBI SJIEKTPONUTAHUSI U
rpynmsl mogbeMHbIX BMIT, Tak kak OTka3 Kaxkaoi u3 HuX — kKatactpodudeckas curyarus (KC).
CooTtBeTcTByIOLIEE cOoeAUMHEHUE (ITOCIE0BAaTEIbHOE) B CTPYKTYpPHOW CXeMe I[I0Ka3aHO Ha
puc. 8 [6], rae Py, — BeposSTHOCTh Oe30TKazHou paboTel ['CY Ha pexume B3jeTa M MOCAAKHU; P, -
BEPOSITHOCTh O€30TKAa3HOW pabOTHI IPYMNIbI 3JIEKTPOCHAOKEHUS; Ppgyr — BEPOATHOCTh 0€30TKa3HOM
pabotsl mogbemMHbIX BMI'.
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Tabumna 1
Table 1
OCHOBHBIE PEXHMBI 10JIeTa KOHBepTUpYyeMoro JIA u napaMeTpsl PyHKIIMOHUPOBAHHUS MapLIEBBIX
" noabeMHEBIX BMI
Basic flight modes of convertible aircraft and parameters of cruising and lifting rotor groups

operation
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HOCTb, f, MUH
Topusont. cko-| 0...10 | 0=V | Ve | Ver—Vio | Vio | Voe—Vaer| =Vaep | Var—0 | 0

pocTH, V,% (35-50) (80-130)

Bricora monera,| 0— /gy, hen hen hon —hy hp hp—hen hon hen hen—0

h, M (10-300) ((10-300) 3000- (10-300) | (10-300) |(10-300)
7000

[MoaneMHubIe STww> | XTw—0 | Y. Ts=0 - - - ST=0 | YTu— | XTs=

BMI Gy Y, K Gy YKp: Gy Y, Kp Groc Groc Groc

MapmeBLIe ZTMBZO z MB: Z MB: z MB: z MB: ZNMB< ZNMB< ZTMB_)O ZTMBZO

BMI' Z]vmax ZN HOM ZN HOM ZNKp ZN HOM ZN HOM

NA dyHKUMoHupyert Pa6oraer rpynna Paboraet rpynna
Ha B3néTe uam nocagke P, aneKTpocHabxeHua P, nogbemMHbix BMI Py,

Puc. 8. CtpykrypHas cxema [1j1s1 KOHBepTUpyeMoro JIA Ha B3jeTe u mocajake
Fig. 8. Reliability calculation scheme for convertible aircraft during takeoff and landing

Ha puc. 9 nokaszana cTpykTypHasi cxeMa HaJIe)KHOCTH, IIOCTPOCHHAS JIJIsi CUCTEMBI 3JIEKTPOIHU-
TaHUS B COOTBETCTBUU ¢ MeToauKou [6]. B Helt Heckonbko JIBC BKIIIOUArOT B ceOsi CUCTEMY yTIpaBJie-
HUSl U TOTUTMBOIIUTAHUS, TEHEPATOpP — BBIIPSIMHUTENh U KoHTposutep. [Ipu kommuectBe [IBC Gombiie
OJIHOTO CHCTEMa SIBJISIETCS Pe3epBUPOBaHHOM 1 0TKa3 oaHoro JIBC He BeneT k katacTpopudecKoi cu-
tTyauuu. Cxema Ha puc. 9 npeanonaraetr Hanuuue Jirodoro koiuuecta JABC. Kaxnasiit IBC nepenaer
B CBOIO OYEPE/Ib MEXAaHUYECKYO MOILIHOCTh Ha 71 TEHEPATOPOB, TAKXKE C LIEJIBIO PE3EPBUPOBAHMSL.

[MpuanumuansHo B cxeme ['CY Bo3moxHO Hanmmuue kak ogHoro JIBC, Tak u OOJNBIIET0 KOJU-
yecTBa. MIcXOoaHBIE YCIIOBHUS IO MOIIIHOCTH cieayromue: Ha B3jieTe a8a JIBC ¢ remeparopamu obecre-
yuBatoT ~50% snexkrpuyeckoit MoutHocTH U ~50% — nBe AKDB. Ilpunuunuansuas cxema I'CY ¢ aByms
JBC noka3zana B pa6ote [2]. [Ipumem, uto KC MOXeT HacTynmuTh TOJIBKO B ciiydae oTkasza Bcex JIBC
m6o Bcex AKDB, a mpu oTkaze 0HOrO 3JeMEHTa CUCTeMa BCerja ocTaeTcs paborocrnocoOHoi. s
cxembl ¢ ogauM JIBC HeoOxonuMo o0ecnednTh BO3MOXKHOCTh KPATKOBPEMEHHOTO pPeXUMa BUCEHUS U
nocaaku Toiapko ¢ nomomibio AByX AKbB npu otkaze JIBC. B nannom ciyuae uenu AKB u reneparo-
POB B pacU€THOI cxeMe HaJIeKHOCTU OYyIyT pacloyioKeHbl apaslieabHO.
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Puc. 9. CtpykrypHas cxema Ha/le)KHOCTH JJISI TPYIIIBI 3JIEKTPOCHAOKEHHS
Fig. 9. Reliability calculation scheme for a power supply group

Hcnonb3yst BbIpaXXeHHs IJIsl pacyeTa BEpOSTHOCTU 0€30TKa3HOW pabOThl CUCTEMBI AJIs Moce-
JnoBatensHOro (8) 1 mapamienbHOro (9) coemuHeHn 2IEMEHTOB B COOTBETCTBUH CO CXEMOU Ha puc. 9,
COCTaBHM CJIEIYIOLINE PACUETHbIC YPABHEHHUS:

e st cuctembl reHepatop + ABC Pygciren

PHBc+reH =1- (1 — (1 — e_AFEHAt)nFEH)nreH’ (11)

e 1y cucteMsl AKDB:
Pa}(6 = (1 - e_AaK6At)naK6, (12)

TA€ Hren, Nupe, Maxg — KOJIMYecTBO reHepaTopos, IBC u AKDB, cooTBeTCTBEHHO;
Arens Amsc . Aaxg — WHTEHCHUBHOCTBH 0TKa30B reneparopos, J[BC u AKbB, cooTBeTcTBEHHO.
Tak kak orka3 Bcex AKbB mmm Bcex cucrem JIBCHreHeparop MoKET NMPUBECTH K HEXBATKE

anektposHeprun u KC Ha B3nere, onpenenuM P,. Kak IpOU3BEICHUE MOCIEI0BATEIBHO COEAMHEHHBIX
BIIEMEHTOB Prpciren U Paxs:

Pac = PI[BC‘H“CH x Pac. (13)

Jlaiee paccMOTpUM OTKa300€30MacHOCTh cUCTeMBI oabEMHBIX BMI'. B ciydae, ecnu 3amac
MOIIIHOCTHU MOABEMHBIX D/] HE yIOBIETBOPSIET ypaBHEHUIO (4), TO 0TKa3 oaHoro 1B win moapemMHOro
O]J1 moxer npuBectu k KC. B TakoMm cilydae BCIO HECYIIYI0 CUCTEMY MOKHO paccMaTpuBaTh Kak Iie-
MOYKY MOCJEA0BATEIIbHBIX 3JIeMEeHTOB (puc. 10).

::2:::::;2:“; >—$|3,qz 1>{B 1 I-Hang nB 2 Ha,a3|—>|n33|—">la,a4|->| nB4]~>. Ia,qn|—>|n3n|

Puc. 10. CtpykTypHas cxema HaJe>KHOCTH JUJIsl IOJbEMHON CHCTEMBbI
Fig. 10. Sequential scheme for calculating the reliability of the lifting system
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Jliist obecrieueHNs TIOJIETa B peXKUME BUCCHHSI IIECTUBUHTOBOTO KOHBEpTHPYeMoro JIA momkHO
(GbyHKIHMOHUPOBATh HEe MeHee yeThipex BMI' u3 mecTu (Toraa ypaBHeHHE (4) BBITIOIHSAETCS ), IPH TOM
CYMMAapHbI MOMEHT CHJIBI TATH ) Mypyr OTHOCHUTEIIBHO HEHTPA TSKECTU OCTABILUXCS PabOTOCIOCO0-
HbIX BMI' nomxen ObITh paBeH Hymo (puc. 11). C y4eToM TaHHOTO YCIIOBHS 3aIUIIEM BO3MOKHBIE
BapuaHThl 0TKa30B BMI', xorna JIA coxpansieT paboTocrocoOHOCTb:

e Bce BMI' pyHkimmonupytor;

e otTKa3 ogHoii BMI: a; b; c; d; e; f;

e otka3 mapsl BMI' (Ha puc. 11 mokaszansl pa3nudHbsIME 1IBETaMu): ae; bf; cd.

Puc. 11. IlpunnunuansHas cxema pacnojoxenuss BMI' yis miecTHBUHTOBOTO KOHBEpTHpYeMoro JIA
Fig. 11. Configuration scheme for six lifting rotor groups of convertible aircraft

B cootBetcTBUM ¢ u3BecTHBIMU MeTofaukamu [7, 11, 12] ams kaxmaoi BO3MOKHOW KOMOMHAIIMHI
coctosiHuil (otkazoB BMI') BeposiTHOCTh 6€30TKa3HON pabOThI ONPEeAEeTUTCS KaK MIPOU3BEICHHUE BEPO-
STHOCTEH COCTOSIHHSI Ka)I0T0 dJeMeHTa ((DYyHKIIMOHUPOBAHUS p WIH OTKAa3a ¢), a CyMMapHas BEpOsIT-
HOCTb 0€30TKa3HON PabOThl CUCTEMBI Py, OTIPEACTUTCS KaK CyMMa BEPOSTHOCTEH BCEX TAaKUX KOMOH-
HaIUi, BKJIOYast COCTOsTHUE, Korna Bce BMIT paborocniocoOHbI. I IIECTUBHHTOBOTO KOHBEPTHPYE-
moro JIA konmmuecTBO KOMOMHAMKA coctasuio 10:

Pour = paPoPepdPePr + qaPoPePdPePs T Pa'qoPePaPePt T PaPoqePaPePrt
TPaPo P qdPe Pt + PaDoPePd e Pt T PaPoPeDaPeqt T qaPoPeDagePr +
P Qo PePaPe s TPa Py e qaDe s - (14)
Ecnmu mbpl umeem moabemubie BMIT ¢ oauMHaKoBBIME XapaKTEpPUCTUKAMH HAJEKHOCTH, T.C.
P =Pa=Pb=Pc=pPd=Ppe=ps, a BO g = 1-p, To ypaBHenue (14) mpeoOpazyeTcsi K yIpoIeHHOMY BUIY:

> Py = 6:p° + 6:p°-(1- p) + 3:p*(1-p)* = 3p* - 2:p°. (15)

Amnanornyao ¢opmyie (15) MoryT OBITH COCTaBIICHBI YPaBHEHHSI pacdyeTa BEPOSTHOCTH 0€30T-
Ka3HOU paboThl U ISl APYTUX KOMIOHOBOK KOHBepTHpyemoro JIA ¢ konuuectBom BUI 6onee mectu.
CyMMapHasi BEpOSITHOCTh O€30TKa3HOM paboOThI ISl peKMMa BEPTUKAIBHOTO B3JIETA U MOCAAKU ) Pgy
ompeaenuTcs mo ¢popmye:

ZPBH = Pac : PBMI‘- (16)
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Ha nepexomgnom pexume 2 (tabma. 1) kouBepTHpyeMslil JIA yBenuuuBaeT mar MapiieBbIX BHH-
ToB m3MeHsemoro mara (BUI), yeemumuuBas ux 11y > Ty oT 0 10 MakCUMajabHOTO 3HAYEHUS, MMPHU
3TOM 3arpy3ka Mexanuueckoil MomHoctd JIBC oT reHepaTopoB MOCTENEHHO NEPEXOANUT HA BpalllCHHUE
mapmesbix BUIII. Jlo 3aBepmieHHs pasroHa Ha CKOPOCTH Vpep, Koraa Bec JIA monHOCTBIO ypaBHOBE-
IIMBAETCS MOABEMHOM CHUJION Kpblja, OCTAIOTCSI KPUTUYECKUMU OTKa3bl OJBEMHON (HECYIIEH CUCTe-
MBbI), KaK 3TO paccMOTpeHO Bbilie. OOpaTHBIM JNEHCTBUEM OYIET SBISATHCS PEKUM TOPMOKEHHS 8
(tabm. 1), mpu KOTOPOM CKOPOCTb Ve, OyZET CHUKAThCA 10 HYJIS, a Tsra noabeMHsix BMIT mocre-
MIEHHO BO3pacTaTh, ypaBHOBemuBas Bec JIA, uro TpeOyeT yuera BepostHocTu oTkaza BUIII ¢ cucre-
MOMH YIIPABJICHHUS LLIATOM.

Hns T'CY ¢ ngeyms ocHoBHbIME JIBC otka3 ognoro mapmieBoro BUII u3 nByx ne 6yner KC na
MEPEXOAHOM PEXKHUME, a TOJIBKO aBAPUIHON cuTyauuen, Tak kak taru ogHoro BUII nocratouno s
3aBEPIIEHHs PA3TOHA 10 CKOPOCTH FVyep MIIM K€ TOPMOKEHHS 10 V' = 0 U mocinenyromen BepTUKab-
HOW MOCAZKH ¢ ucnojib3oBanueM noabeMHblx BMI'. BO o6oux BUI ouenp mana. Takum oOpazom,
otka3 ogHoro BUIII MoxxHO paccMaTpuBaTh B CTPYKTYPHOW CXEME Ha MEPEXOJHOM PEXKMME KaK IO-
clieoBaTelIbHOE COSMHEHHE , a B Cllydae ¢ IByMs U Oomnee mapiieBsiMu BMI', Oynem cuurtarth ero
KaK pe3epBUPOBAHHBIN 3J€MEHT. B 3TOM cilydae CTpyKTypHas cXeMa Ha/Ie)KHOCTH Ha MEPEXOJTHOM pe-
)KuMe OyeT BBITISACTh KaK oKa3aHo Ha puc. 12.

NA dyHKUMOHUpYET Paboraer rpynna Paboraer MapLeBbiil
Ha NepexogHom noavemMHbix BMI —> rpynna anekrpo- —»r—> BULLU 1
pexume P, Poasr CHabxeHuAa P, |
MapLueBbli
: BALI 2 i
| |
v 5l Mapuesbiii | )\'r
BULL n

Puc. 12. CtpykTypHas cxemMa HaJeKHOCTH Ha IMIEPEXOTHBIX PEKUMAX IoJieTa KOHBepTupyemoro JIA
Fig. 12. Structural diagram of the reliability in transient flight modes of a convertible aircraft

s rpynmel MapueBsix BUIL BeposTHOCTE 6€30TKa3HOM pabOThI Ppyy IPU KOIUYECTBE Mgy
0oJiee 0JTHOTO OMpEeeTUTCS 10 GopMyIIe:

PBPII_LI = (1 — e_ABl/ILLIAt)nBMLLI ,

7€ Apym — MHTEHCUBHOCTH O0TKa30B it BUILI, BKirouast ero cucteMmy ynpaBlIeHHUs] U CUCTEMY YIIPaB-
nenus JIBC.
Jl1g nepexoHOTo pexuma Ha ocHoBaHUU (16) mosryunm:

Pnep = Psc "Povr *Poyu - (17)

Bennuunsl Py U Pyyr MOTYT OBITH pAaCCUMTAHBI B COOTBETCTBHHU C 3a/IaHHBIM { JUISI IEPEXOHOTO
pexuma (tabdm.l).

Ha pexume ocranoBku, Gukcauuu u yoopku I1B (pexum 3 B Tabn. 1) padorocnoco6Hocts 1B
HE OKa3blBAa€T CYIIECTBEHHOT'O BIHUSHUS Ha MPOJOJDKEHHUE I0JIETa U OCHOBHBIM SIBJISIETCSI YCIIEUITHOE
3aBepuieHre yoopku mnu ¢ukcanuu [1B, koTopble B KpeiicepckoM pekuMe MOTYT CO3/1aBaTh JIOMOJ-
HUTEJIHLHOE BPEIHOE COMPOTHBJICHUE W MPUBECTH K BBIHYXKIACHHOW mocanke. Ha pexume 7 (tadmn.l)
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MPOMCXOIUT O0OpaTHOE JEHCTBHE — BBIMYCK M pa3dinokupoBka 1B u Havano ux BpameHus. B oboux
CIydasx Ba)K€H OCHOBHOM MOKa3aTeslb — BEPOSITHOCTh 0€30TKa3HON PabOThl CUCTEMBI YOOPKH/BBITYCKa
noabeMHbIXx BMI', a B ciiyyae caMoro mpocToro BapuaHTa TaKOM CUCTEMBI — 3TO (pukcanus u pa3omno-
kupoBka [IB. ITocinenoBarenbHOCTH omnepanuii pu yoopke (BBITYCK B 0OpaTHOM IMOCIIEAOBATEIBHO-
cti) noabeMHbIx BMI', Brmouas ckinaapiBanue 1B, moka3ana B pabote [2], a cTpyKTypHas cxema
HaJIe’)KHOCTH MOKa3aHa Ha puc. 13.

Kak cnenyer u3 puc. 13, Bce onepanuu BbIIOJIHAIOTCA MIOCIIEN0BATEIBHO, CXEMa HE PE3EPBUPO-
BaHa, Ha JIOOOM 3Tale OTKa3 NPUBEAET K HEBBINOJHEHUIO (DYHKIUH, IOTOMY pacdyeT HaJeKHOCTU
BBITIONHSETCS 10 BhIpaxeHusM (5) u (7). OnHako pesynbpratoMm oTkasza He Oyaetr KC, T.k. B ciydae He
yoopku noabeMHoro BMI', BO3MOKHO BBIMOJHUTE OOPATHBIN BBITYCK C IEIBI0 COBEPIICHUS aBapHiA-
HOW MOCaJKU JMOO MPOJOKUTH TMOJET U, JOCTUTHYB ONMKAMIIEro a’poipoMa, COBEPIINUTh BBIHYX-
JICHHY0 TI0Ca/IKy KaK OOBIYHBIN CaMOJIeT.

B ciyuae He Bbimycka noabeMHbIX BMIT mwin ogHOro u3 HMX, KOHBEpTHpyeMbId JIA MoxeT
NPU3EMIIMTHCS Ha OuInKalIeM a’popoMe Kak OOBIYHBIN caMOJIeT.

T —— OTKpbITHE CknagpiBaHue ®Pukcaumna MNB
MNB KoHBepTUpyemoro| _ 3aMKOB nonacrei MB B 3amMKamu B
> B MO/IOKEHUN [ — —
NNA v6bpaH P paboyero NoNoKeHne CNIOKEHHOM
yop y6op «BA0Nb NOTOKa» 5
NONOKEHUA «K OZHOMN» NONOXEHUN
Y6opka
..p ®uKcauma 3aKpbiTHe Pukcauma
NOLABbEMHbIX
BMrs | ] YOPaHHBIX = cTBOpOK [—| 3aMKOB CTBOPOK
BMI obTtekatensa obTekatens
obTekaTenb

Puc. 13. CtpykrypHasi cxemMa HaJIeKHOCTH CUCTEMbI yOOPKH/BBIITyCcKa NOAbeMHbIX BMIT
KOHBepTupyeMoro JIA Ha nepexoqHOM pexumMe nojiéra
Fig. 13. Reliability calculation scheme for extension/retraction system of the lifting rotor group
of convertible aircraft in transient flight mode

OrneHKa BepOSTHOCTH 0€30TKa3HOM padOThI MpHU BRIy CKe/yOopke moabeMubix BMI™ pencras-
JSIE€T B HACTOALIUI MOMEHT ONPEJEIIEHHYIO CJIOKHOCTh BBUJly OTCYTCTBHUS JOCTAaTOYHBIX CTATUCTHYE-
CKUX JIAaHHBIX, TaK KakK MOJAOOHbIE CUCTEMBbl U KOHCTPYKIIMU paHee He MPUMEHSUIMCh B aBHanuu. Jlis
MIpPEABAPUTENIbHBIX OLIEHOK MOXHO KCIIOJNb30BaTh JAHHBIE 110 HAJAEKHOCTU CUCTEM, UMEIOIIUX aHaJo-
TMYHYI0 TIOCJIE0BAaTENbHOCTh ONEpalii U MPUMEPHO TAaKHE YK€ 3JIEMEHThl KOHCTPYKILHHU, HapUMED,
JUTSL CUCTeM YOOPKH/BBIITyCKa IIacCH (MPUHSATAs B pacyeTe MHTEHCUBHOCTH OTKA30B CHUCTEMBbI BBITYC-
ka/yoopku maccu cocrasiusier 0,0025 [9]).

[TocnencTBus oTka3za cucteMbl YOOpKU/BbITTycka mapbsl BMIT OynyT Takumu ke, Kak 3TO yxKe
paccMOTpeHO s OTKa3oB camux BMI' g pexxuMoB BepTUKadbHOro B3sera (pexxumbl 1 u 9
B Ta0i. 1). B ciyuae oguHakoBoi HafeKHOCTU cUCTEM YOOPKHU Pyys Bcex BMI mecTHBUHTOBOrO KOH-
BepTUpyeMoro JIA cymmapHas BEpOATHOCTb O€30TKa3HOW paboThl ) Py ompenenurcs 1mo Qopmy-
ne (15).

Ha pexxumax Habopa kpericepckoil BICOTHI, KPEHCEPCKOro MoJjieTa U CHIXKEHUS 10 BBICOTHI Ie-
PEXOAHOTO pekrMa Tepen nmocaakoi HaaexxHocTh ['CY kouBepTHpyemoro JIA MoxeT ObITh OlleHEHA C
Y4ETOM JAHHBIX 10 HAJIEKHOCTH JIJISl CaMOJIETOB aHajJornyHoro kiacca. Kpome toro, I'CY, umeromas
JOTIOTHUTEIIbHBIE MaplleBble Uin noabéMHo-Mapiiessie BMIT ¢ /1, mo3Bonsier yBennuuTh Oe3ormac-
HOCTb I10JIETA, TAaK KakK B cllyyae oTKa3a ojHoro wiu jnaxe asyx JABC Ha kpelicepckoM pexXxruMe MOXKET
ObITh Hcnonb3oBaHa sHeprus AKD nms coBepreHus mocaaku Ha ONKaNIIUNi adpoaAPOM.
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[IpuHsATHIC VIS pacYEeTOB CIPABOYHBIC JaHHBIE MO HaJeKHOCTU OeckosuiekTopHbIX D/, AKB n
TE€HEPATOPOB MOJYUYEHBI U3 CHpaBO‘lHI/IKOBS [13—14]. Xapakrepuctuku HaaexHoctu TB/I, I1B, BUIII,
crcTeM yOOPKHI/BBITYCKa MOTyYeHBI U3 HCTodHHKOB' [9]. TIpHHATHE pacueTHbIC 3HAUYCHHS TOKA3aTe-
neit HaaexxHoctu st ['CY konBepTupyemoro JIA npuBeaeHs! B Ta0. 2.

Taoanmna 2
Table 2
XapakTepUCTUKUA HAIE)KHOCTH OCHOBHBIX KOMIIOHEHTOB ['CY
Reliability characteristics of hybrid propulsion system main components
CocTtaBHas 9acTb HapaGotka Ha | Hapabotka Ha oT- WHTeHCHBHOCTD
rcy OTKa3 B IIOJIe- | KJIIOYCHHUE B MOJIe- OTKa30B A, TpuMedanne
T€, 4 TeE, 4 x10 "%, 1/a
TB/I (ocHOBHOI1) - 300 000 4,00 -
IToaBEéMHBIN BUHT 30 000 - 33,30 -
MapiieBsiid BUHT 75 000" - 13,30" B T.4. YIIPABJICHHE
BHUIII
I'eneparop - - 566,50 -
[Moawsémusrii D]] - - 0,98 -
AKBD (6arapes) - - 16,25 -
Cucrema yoopxu/ 400 - 25,00 MPUMEHHUTENBHO K 3
Boimycka [1B 3JIEMEHTAM aHaJIora

*YCIIOBHO IPUHATO He Xyke TpeboBanuii AIl-25 1. 4.7 (a)

[Ipu onenke otkazobe3onacHocTu ['CY ObLTH NPUHSTHI CIASAYIOMINE TOMYIICHUS:

e TIOCTIEACTBUSIMH OTKa3a CUCTEMBbI yOOPKH/BBIMMyCKa siBNsieTcs cioxkHas cutyanus (CC);

e B CJIy4ae OTKa3a CHCTEMBI YOOPKH/BBITTyCcKa Ha B3sere (mogbemHas BMI' ne yOpana) koH-
BepTupyeMblii JIA 1OMKEH UMETh BO3MOXHOCTh BEPHYTHCS K MCXOJHOM TOYKE U COBEp-
LIUTh MOCAJKY, & B Clly4ae HE BBINYCKAa KpUTHYECKOro konudectsa BMI' npu nocaake —
BO3MO>XHOCTb BBIHYXJAEHHON MOCAJKH M0-CAMOJIETHOMY;

e OIICHMBAETCS BIUSHUC Ha Oe30macHOCTH mojiera Tobko I'CY, a BausHue Ha 0€30IaCHOCTh
noJsieta (yHKIIMOHAIBHBIX OTKA30B JIPYTUX CHCTEM HE PAcCMaTPHUBACTCS M OHU CUUTAIOTCS
HE3aBUCHMBIMH.

C ucnons3zoBanueM ypasHenus (11), (12), (13), (15), (16), (17) Bemonuen pacuetr BBP, Bepo-
arHocTy oTka3a (BO) Q =1 - P, BO na uwac nonera g, B pe3yJibTare KOToporo Moxet npousontu KC.
JIOTIONMHUTENBHO BBHIMOJIHEH PAacueT BEPOSTHOCTU BO3HUKHOBEHHs (PyHKIHMOHAIBHOTO OTKaza (DO)
TOJIBKO OJTHOTO 3JIEMEHTA WJIM TPYIIBI 3JIEMEHTOB HU3IIEro ypoBus — mnoaseMuoit BMI', JIBC u re-
uHeparopa, AKb, BUIII, cucremsr yoopku/Boimycka BMI'.

AHAJIN3 PE3YJIBTATOB PACYETA ITOKA3ATEJIEM HAJTEXKHOCTH
B Tabn. 3 mpuBeneHbl pe3yabTaThl pacuera mokaszarenei HaaexHoctn ['CY KOHBEpTHPYEMOTo

JIA ¢ mecTuBUHTOBOH Hecymei cucremoil U neymst TBJl st crangapTHoro npoduis mojera, mapa-
METpbI KOTOPOT'O YKa3aHbl B Ta0. 1.

> Nonelectronic Parts Reliability Data (NPRD-2016). Quanterion solutions incorporated, 2016. 23 p.

90



Tom 23, Ne 05, 2020

Hayunsbrii Bectuuxk MI'TY 'A

Vol. 23, No. 05, 2020

Civil Aviation High Technologies

Taoauma 3

Table 3

PesynbraThl pacuera nokasateneil HaJe)xHOCTH (0TKazo0e3omacHocTH) padotel ['CY
KOHBEpPTUPYEMOTO JIA 1711 OCHOBHBIX PEKUMOB MOJIETA
Reliability calculation results for hybrid propulsion system of convertible aircraft in basic flight modes

Homep pexuma Ilepexoaubie pexumbl | Habop BICOTHI
nonera| Bsner/ Pasron/ V6opka/ | cHbkemnet | o cynve
CocTtaBHbIe rocajka TOPMOX. BBIITYCK KpercepeKuii 34 HOJET
qactu [ CY peXKAM
[TapameTpsl 1,9 2,8 3,7 45,6
. pexxuma ¢, MUH 4 2 0,25 200 212.5
['enepatopsl | Beposith. oTka3a, Orey 3,777x10° | 1,888x10° - -
Komn. na ogun IBC, ney 2
JABC BeposiTH. BBIKITIOUEHUS B R 7 5
2,667x10 1,333%x10 - 1,333%x10
nosete, Qe
Kon. ABC, n. 2
Mapuue- BeposiTH. oTka3a, Qg | 4,444x107 | - | 8,333x10”
B BUIILI Kon. BUIIL, 714 2
AKB BeposiTH. 0TKa38, Oug 1,083x10° | 5417x107 | - -
Koin. AKB, 74 2
[Mogpémurie | Beposth. otkaza 3/, O, 6,541x% 10° | 3,271x% 10° | - -
)l Koin. O] 8 BMI, ny 1
Iomsémubie | BeposTH. oTkaza, Oy, 2,222x10°° ‘ 1,111x10° ‘ - -
BUHTBI Kon. BMI gy, 6
Cucrema Beposrh. otkasa, Qiyes - - 2,51x 10° -
yOOpKNU/BbI-
nycka BMI' | Kou. cucrem y/B, nys, 6
I'pynmna renep.+/IBC, > Orensise 1,427<10™"" | 1,776x10"* - -
$ |pynna AKB, 3Oxs 1,174x10"% | 2,934x10" - -
5 I'pynma snekrpocHabxkeHus, Y O, 1,544x10™"" | 3,112x10™" - -
z Hoasémubie BMI, Y Opur 6,280x10™"" | 1,570x10™"" - -
§ [Monwémuas cucrema, Y Osc+pmr 7,824 % 10" 1,601x 1o - -
2 |Mapuressie BMT, ¥ Qupc-pum - - - 3,338x10”
S [Beposti. KC ma pexume, Y Opex 7,824x10"" | 1,621x10™" ; 3,338x10°
& [Beposth. KC, 5 Opex/dac monéra 2,214x10"" | 4,587x10™" - 9,447x107"" | 9,982x10™
[pyna ren.+JIBC, ¥ Qrenase 2,853x10™" | 1,776x10™ - -
8 ['pymma snextpocHabkenus,y Osc | 2,167x10° | 1 ,083x10° - -
§ Hogsémusie BMTI, Y Opur 1,373x10° | 6,863x10° - -
E Cucrema yOoopKu/BoITycKa, Y Oygp - - 7,494x107 -
% Mapiessie BMI', Y Onpe - - - 9,344x10”
g |Beposth. ®O Ha pexume, 3 Opex 1,589x10° | 9,613x10° | 7,494x10° | 1,933x10™
E Beposata. ®0, Y Oppy/dac monéra 4,498x10° | 2,721x10° | 2,121x10° | 3,270x10° |8,912x107

*Yuuteisaercst BO BUIL

B kaudecTBe OCHOBHOIO KpPUTEpHs IJIsl OLEHKH IOJyYEHHBIX PE3YJbTaTOB MPHUHATO COOTBET-
CTBHE TpeOOBAaHUSAM HOPM JIeTHOH rogHocTH All-25 mpu oTka3ax (yHKIMOHAIBHBIX CUCTEM, COTJIACHO
KOTOpPBIM E€AVHHMYHBIA OTKa3, NMPUBOAAIIMN K BO3HMKHOBeHHMIO KC, moipKeH paccMaTpuBaThCs Kak
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NPAKTHYECKH HEBEPOATHOE COOBITHE, UMEIOIIEe BEPOSTHOCTh MeHee, deM 10~ Ha yac mojieTa 1o THIIo-
BoMy Tpodutro’.

Kak cnemyer u3 tabi. 3, KpUTHUYECKUMHU PEKUMAMU sl BRIIOTHEHUS TPEOOBAHUS TI0 BEPOST-
HocTH KC st 'CY saBISAIOTCS T€ K€ PEXKHUMBI, YTO U JUIsl OOBIYHOTO CaMOJIeTa: KPEHCEPCKU TOJIET,
Ha0Op BBICOTHI U CHIDKEHHE.

Kputnueckum snemenTom uisi BeiostHeHHS TpeboBanuii AIl-25 mo KC pexumon 4, 5, 6
(tabn. 1) seasercst BUIII, KOTOpBIA TODKEH MMETh HHTEHCHBHOCTh OTKa30B He Oomee 13,3x107°,
obecrieueHre KOTOPOW Ha CETOAHSIIHUI JICHb SBISAECTCS JOCTATOYHO CIIOKHOW TEXHHUYECKOW 3a/auei,
T.K., Hanpumep, 60abpmuHCTBO coBpemeHHbx BUII mis camoneroB ¢ TBJ/] MMeroT MHTEHCHBHOCTH
oTkazoB 4x107.

3navenust BepostHoctH KC mpu otkaze Oonee omHoW coctraBHOW yactu ['CY Ha pexumax
B3JIeTa, TIOCAJKH 1 MepexoHoM pexkume merbire 107'°, uto moxrBepskaaeT cooTBeTcTBIE TpeGOBaHH-
siM HOpM JieTHOU rojHocTH AlIT-29 (1. 29.901 ().

B cnyuae equnnunoro ®O, T.e. otkaza ognord AKb wnm rpynmel Husmero yposHs (JIBC nam
BTOPOTO T'e€HEepaTopa) JJsl SHEPrOCHA0KEHUS WK OfHON moaseMHON BMI' Ha pexxumax B3jiera, mo-
caJiku, IepexoaHoM pexume, a Takxke [IBC u BHUII Ha kpeiicepckoM pekumMe, IJisi KOHBEPTUPYEMOTO
JIA ne BOo3HUKHeT aBapuiiHO# cutyanuu (AC), 4To JODKHO OBITH oOecreueHo KOHCTpykuuei JIA,
cxemoit ['CY u cucremoii ynpasnenus. B Takom ciydae kouBepTupyembiii JIA Oynet ynoBIETBOPSITh
Tpe6oBanmio 1. 3.3.2%.

OTka3 OHOTO AJEMEHTA WIX IPYIIBI HU3LIEro YPOBHS HA peXUMax B3J€Ta MOCAIKU KOHBEp-
tupyemoro JIA moxer npuBectu k CC. Ilo pesynbratam pacuera (tabu. 3) BepostHocts @O s JIA B
menoM Ha uac monera 8,912x107 He MPEBBIIIAECT 3HAYCHUS 10, uro COOTBETCTBYET BBINOJHEHHIO
n. 3.3.3” o CC.

HaunbGonee «BecoMbiM» 3HaUEHUEM B cyMMapHOU BeposiTHOCTH 0TKa3oB ['CY smusercs BO cu-
cTeMsl yOOpKH/BBIMycKa — 2,121x107 Ha yac moiera. J[OCTHKEHHE TPeGYeMOro YpOBHS GE30TKa3HO-
CTH JAHHOM CHCTEMbI JUIsl IecTHBHHTOBOrO JIA B 107 moTpeOyeT COBEPIICHCTBOBAHUS KOHCTPYKITH
u ynqu“eHm XapaKTePUCTHKU 0€30TKAa3HOCTH JJIsi OJHOM CHCTEMbI YOOPKH/BBIMYCKA O 3HAUCHUS
5,44x107.

3AK/IIOYEHUE

[TonyyeHHbIe pe3yJIbTaThl OLIEHOYHOTO pacyeTa rnokaszareneil HaaexHoctu ais ['CY mectu-
BUHTOBOT'O KOHBEPTOIJIaHA MO3BOJISAIOT ClIENaTh BBIBOJ O BO3MOXKHOCTH €0 COOTBETCTBHUS TpeOOBa-
HHUSIM HOPM JIETHOM rogHoctr’. 3HaUCHNe BeposiTHocTH KC Ha vac mosiera 111 pe>KMMOB B3JI€Ta, MO~
CaJIKH, MePEXOIHOr0 PeXUMa KOHBepTHpyeMoro JIA Haxoasrcs B auanasone 107 — 107°, uro sps-
€TCSl MPAKTHYECKU HEBEPOATHBIM COOBITHEM, KOTOPOE TAKXKE HE MOKET BO3HUKHYTH BCIIEJCTBUE
€AMHUYHOI0 OTKa3a 3jeMeHTa win cuctemsbl. Pacuetnsie onenku BO nByx TBJI ¢ BUIII Ha kpeii-
CEpPCKOM peXUME aHAJTOTUYHBI OOBIYHOMY JIBYXJABUTATEIILHOMY CaMOJETY U MOTYT COOTBETCTBOBAThH
YPOBHIO B 10” ma wac momera Tomeko ¢ BHIII, MMEIOIIEr0 MHTEHCHBHOCTH OTKA30B HE 00-
nee 13,3x10°.

Jns cucremsl nmoabeMHBIXx BMIT mpu ycnoBuu obecnedeHus 3amaca momnHoctu D] enu-
HUYHBIA OTKAa3 WM HEKOTOphle KOMOWHauuu ABoWHOro oTkaza BMI' ne mpuBeayT k KC u AC.
Kpurnueckum s1meMeHTOM SIBISIETCSL cUcTeMa YOOpKU/BBIMycKa noabeMHbix BMI, mpeaBapurtens-

S Amanmonnsie npasuna. Yacts 25. HopMbI JI€THO# FOIHOCTH CaMOJIETOB TPaHCIIOPTHOI Kateropuu. MAK, 2015. 290 c.
7 ABHAIMOHHBIE npaBwia. Yacte 29. Hopmbl JI€THON TOMHOCTH BHUHTOKPBUIBIX aIlllapaToB TPaHCIOPTHOM KaTErOpHH.
MAK, 2018. 175 c.
i Nonelectronic Parts Reliability Data (NPRD-2016). Quanterion solutions incorporated, 2016. 23 p.
Tam xe
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Hble 3HaueHns BO s rpymmsl moaséMubix BMIT — 2,121x10” Ha uac nosera. JJoCTHXEHHE Tpe-
6yeMOro ypoBHsI 0Ge30TKa3HOCTH HaHHOH cucreMbl B 107 moTpeGyer coBepLICHCTBOBAHHS KOH-
CTPYKIHUH M YJIYUYLICHUS XapaKTePUCTUKH OE30TKA3HOCTHU OJHON CHUCTEMbI YOOpKH/BBIyCKa J0
sHaueHns 5,4x10™. Tem He MeHee, MIPU YCIOBUHU 00ECIEUYCHUS BO3MOXHOCTH MOCATKH KOHBEPTHU-
pyemoro JIA «mo-camoneTHoMy» Ha 3anacHyio BIIII, oTka3 cuctembl yOOpKHU/BBIITyCKa HE TPUBO-
it k KC nimn AC.

BO onHOTrO0 311€MeHTa WK IPYIIIBl JIEMEHTOB HU3ILIETO YPOBHS Ha PEKHMMax B3JIE€Ta, MIOCAJAKU
U TIEPEXOAHOM PEXHUME YIOBJICTBOPSET TPEOOBAHHUSAM HOPM JIETHOW TOTHOCTH (1. 3.3.310). PacueTtnas
cymmapHas BO B nonére 1 koHBepTUpYyeMoro JIA B 11E10M COCTaBUT <10™ Ha gac monera.

[TorydyeHHble B 1aHHOM paboTe pe3yibTaThl aHANU3a HAJEKHOCTH U OTKAa300€30MacHOCTH TO0-
Ka3bIBaIOT, YTO pa3padaTbiBaeMble B HACTOSIIIEE BPEMsI HOBBIE IIPOEKTHl MHOTOBUHTOBBIX KOHBEPTHUPY-
embix JIA mpu uX peanu3aluy MOTEHLUUATbHO MOTYT OOECHEeUnUTh HEOOXOJUMBINA JUISl BBITOJHEHUS
MAaCCAXUPCKUX MEPEBO30K YPOBEHb 0€30MaCHOCTH TOJIETOB.
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RELIABILITY ASSESSMENT OF CONVERTIBLE AIRCRAFT WITH
HYBRID PROPULSION SYSTEM AND MULTIROTOR LIFTING SYSTEM
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'FSUE Central Aerohydrodynamic Institute, Zhukovsky, Moscow region, Russia
’Gromov Flight Research Institute Zhukovsky, Moscow region, Russia
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ABSTRACT

Projects and experimental models of innovative concepts of VTOL aircraft with a hybrid propulsion system are attracting great
interest and investment inflow all over the world. In this regard, when developing new concepts, it is important to understand how
much better they will be than the currently operated rotorcraft and convertible aircraft in terms of reliability and flight safety, to be
able to use them for passenger transportation in the future. In addition, when designing and choosing the optimal layout, it is
necessary to know the contribution of each element and unit to the reliability of the aircraft as a whole in order to meet the
requirements. To calculate the reliability indicators, the method of structural diagrams was chosen, and the calculation methodology
was developed. The general classification of modern innovative concepts of convertible aircraft is considered, schematic diagram of
hybrid propulsion system and its main parameters are determined. The article discusses the influence of the number of lifting rotor
groups and their location on the possibility to continue the flight in hover mode in case of failure of one rotor group, the necessary
power reserve of lifting electric motors is determined to ensure the given safety condition. In accordance with the adopted structural
diagram, the main functional groups of the hybrid propulsion system of convertible aircraft operating in different flight modes are
determined. The basic modes of a typical flight profile of a convertible aircraft are considered, time intervals characteristic for each
mode are set. For each flight mode, a structural scheme of reliability of functional groups of a hybrid propulsion system is
constructed, having a serial or parallel connection of elements, depending on their influence on the consequences of failure, the
equation for calculating the probability of fail-free operation is derived. For lifting rotor groups, a combination of critical failures of
more than one group is considered, and the equation is composed to calculate the probability of a catastrophic event in hover mode.
Based on the obtained equations, the resulting calculation of the probability of fail-free operation, the probability of failure per flight
hour for each flight mode was carried out separately and in total for the entire flight. Thus, for all flight modes, the probabilities of a
catastrophic and emergency event, as well as a difficult situation in flight, are considered. A comprehensive analysis of the obtained
results of reliability indicators calculation for convertible aircraft with six lifting rotors and two turboprop engines made it possible
to conclude that it meets the requirements of the 25th part of aviation regulations for transport aircraft. A good potential margin of
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up to 107 was determined for the probability of a catastrophic failure in take-off, landing and transitional modes. The elements and
subsystems that are critical for fail-free operation are identified, and ways to improve their reliability and the aircraft as a whole are
proposed.

Key words: hybrid power plant, convertible aircraft, rotor group, lifting rotors, brushless electric motor, battery, structural diagram
of reliability, failure probability.
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