Tom 26, Ne 06, 2023 ISSN 2079-0619
e-ISSN 2542-0119

HayuyHbin BeCcTHUK
MI'TY I'A

Civil Aviation High
TECHNOLOGIES

Vol. 26, No. 06, 2023

HNznaetcs ¢ 1998 r.

MockBa
2023



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 06, 2023

Civil Aviation High Technologies

Vol. 26, No. 06, 2023

Hayunoii Becmuux MI'TY T'A pewenuem Ilpesuouyma BAK Munucmepcmea obpazosanus
u Hayku P® exntouen 8 nepeuerb 8e0VUUX peyeH3upyemolx HayuyHblX HCYPHAI08 U U30AHULL, 8 KOMOPbIX
00JHCHBL ObIMb ONYONUKOBAHBL OCHOBHBLE HAYYUHBIE PE3YIbMambl OUCCEPMAYUL HA COUCKAHUE YYeHOU

cmeneru 00OKmMopa u Kanouoama Hayx.

I'naBHas pegakuus

I'naBHbIii penakTop:

Enucees b.I1., 3aciyxennsiii opuct PO, mpod.,

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

3aM. rj1aBHOIO peaaxkTopa:

Bopooves B.B., npod., 1. 1. H., 3aB. kad. MI'TY I'A, Mocksa, Poccus.

OtBercTBeHHbIe cekperapu Haymosa T.B., nouent, 1. puioc. H., npodeccop kadenpst MI'TY T'A,

IJIABHOM pPeJaKIHUu: Mocksa, Poccus;

Ilonewkuna U.0., 1OLEHT, K. 3. H., CTapILIUN HAYYHBIN COTPYIHUK
oTaena HayuHbIx uccienopanuii MI'TY I'A, Mocksa, Poccus.

Yi1eHbI IVIABHOM peNaKIUM:

Ko3noe A.HU., 3acnyXeHHBI AEATENb HAYKU
u Texauku P®, npod., a. ¢.-Mm. H., mpodeccop
MI'TY I'A, Mocksa, Poccus;

TI'apanuna 0./]., noueTHbI pabOTHUK HAYKU
u TexHuku P®, mpod., 1. punoc. H., mpodeccop
MI'TY I'A, Mocksa, Poccus;

Typxun U.K., npod., a. 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;

Jykun /1.C., 3aciny>XxeHHbIN aesTens Hayku PO,
npod., a. ¢.-m. H., ipod. MOTU, Mocksa, Poccus;

Hlankun B.C., 3acimyXeHHbII pPaOOTHHUK
Tpancnopta P®, npod., 1. T. H., mepBBIN 3aMecTu-
Telb IreHepajgbHOro aupekrtopa HanmonanbHOrO
HCCIIEA0BATENbCKOro HeHTpa «MHCTUTYT UMEHH
H.E. XXykoBckoro», Mocksa, Poccus;

boes C.®@., pod., A. T. H., 1. 3. H., TCHEPAJIb-
HBI JUpPEKTOp MeXrocy1apCTBEHHON AaKIMO-
HepHOU Kopriopauuu «Bsimnen», Mocksa, Poc-
cus;

Caiir: http://avia.mstuca.ru

E-mail: vestnik@mstuca.aero

Yepnovuumes CJI., axanemuxk PAH, mpodec-
cop, I. ¢.-M. H., Bune-tipe3usieHT PAH, HayuHbIit
pykoBoautens L[AT'M um. H.E. XKykosckoro,
Mocksa, Poccus;

Kenmoe C.JO., 3aCiTy’KEHHBII €STENb HAYKU
P®, akanemux PAH, mpodeccop, a.T. H., TIep-
BbI 3aMECTHUTENIb TE€HEPaJIbHOrO0 JHUPEKTOpa
I'ocHUMAC, Mocksa, Poccus.

Hamuan Pueac Pueac, nipod., PhD, mpodo.
YuuBepcurera CeBuibu, CeBunbs, Mcnanus;

Croni Xayosions, PhD, YHUBEpCUTET BOCHHO-
BO3AYIIHBIX cWJl, XHuaH, Kuraii;

@panuecka de Kpecuenyuo, npodeccop, ka-
dbenpa MpOMBIIUIICHHOW WHXeHEepUH, boloHCKui
yHuBepcurer, bosonbs, Mranus;

Bnaoumup Hemey, PhD, TpaHCnOpTHBIHA
dakynerer SHa [lepuepa, kadenpa Bo3AyITHOTO
Tpancnoprta, Yuusepcurer [lapayOune, [lapmy-
ouite, Yenickas PecyOnuka;

Cmanucnae C3abo, PhD, ®akynpTeT a’po-
HaBTUKHU, TexHndyeckuit ynuepcutet B Kommiie,
Kommwe, CnoBarnkast PecrryOnmka.

Ten.: (+7499) 459-07-16

IInama 3a nyoauxayuro 6 Hayunom Becmuuxe MI'TY I'A ¢ acnupanmos ne 63umaemcs



Tom 26, Ne 06, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 06, 2023

Civil Aviation High Technologies

Editorial Board

Editor-in-Chief:

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

Technical University of Civil Aviation, Moscow, Russia;

Deputy Editor-in-Chief:

Vadim V. Vorobyev, Professor, Doctor of Sciences, Head of Chair, Mos-

cow State Technical University of Civil Aviation, Moscow, Russia;

Executive Secretaries:

Tatiana V. Naumova, Associate Professor, Doctor of Sciences, Moscow

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

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;

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

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

Sergey L. Chernishov, Academician, Rus-
sian Academy of Sciences, Professor, Doctor of
Sciences, Vice-President, Russian Academy of
Sciences, Academic Adviser, National Research
Center "Zhukovsky Institute", Moscow, Russia;

Sergey Y. Zheltov, Honored Worker of Sci-
ence of the Russian Federation, Academician,
Russian Academy of Sciences, Professor, Doctor
of Sciences, First Deputy General Director, State
Research Institute of Aviation Systems, Mos-
cow, 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



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 06, 2023

Civil Aviation High Technologies

Vol. 26, No. 06, 2023

PenakumoHHbld coBeT

Aobpamos O.B., 3acily’)KCHHBII JIeATeNb
Hayku P®, npod., . T. H., UHCTUTYT aBTOMATH-
KM 1 IIPOLECCOB ynpaBiieHus J[anbHEBOCTOYHOTO
otneneaus PAH, Bmagusocrtok, Poccus;

Axunwun P.H., npod., 1. T. H., B. H. C., CEK-
1y 000poHHBIX TpodiaeM MO P® mpu npesu-
nuyme PAH, Mocksa, Poccus;

baukano b.HU., 1upod., 51.T.H., B.H.C.
HHWM BBC MO PO, Illenkoso, Poccus;

bpycoe B.C., npod., n.T.H., npodp. MAU
(HAIIMOHAJIBHOTO HKCCIEA0BATEIbCKOTO YHHUBEP-
curera), Mocksa, Poccusi;

Bovuwunckun B.B., npod., n.T.H., mnpod.
M®TH, r. n.c. HATU um. H.E. XKykoBckoro,
Kykosckuit, Poccus;

Topenux A.I., tpod.,
MHU®U, Mocksa, Poccus;

I'ysuii A.I., 1. T1.H., 3aM. gupektopa [TAO
«ABuakommnanus «tOT»ip», Mocksa, Poccusi;

Masuooe A.O., nonent, 1. T.H., Hanyonanb-
HBII a3pokocmuueckuil yausepeuret um. H.E. XKy-
KOBCKOTO «XapbKOBCKHM aBHALIMOHHBI HHCTH-
TyT», XapbKOB, YKpanHa;

Kpacunvwux H.C., npod., 1. -m. H., ipod.
MHY, Mocksa, Poccus;

Ky3neuoe B.JI., tipod., nA.T.H., 3aB. Kad.
MI'TY I'A, Mocksa, Poccus;

Ky3neuoe C.B., tipod., na.T.H., 3aB. Kad.
MI'TY I'A, Mocksa, Poccus;

Jlozeun A.H., 3acnyXeHHBIN nOesITenb Hay-
ku PO, mpod., a. 1. H., mpodeccop MITY T'A,
Mocksa, Poccus;

Ilanmeneee¢ A.B., npod., n.d-Mm. H.,, 3aB.
kad. MAU (HalmoHAIBLHOTO MCCIICOBATEIHCKO-
ro yHusepcurera), Mocksa, Poccusi;

. ¢-m. H., 1pod.

Ilonmaeckuit A.B., 1. 1. H., C. H. C., BeAyILUH
Hay4YHBIA CcOTpyIHUK MHcTHUTyTa TIpoOiem
ynpasinenuss uM. B.A. TpanesnuxkoBa PAH,
Mocksa, Poccus;

Pyxaunckuu B.M., 1.T1.H., Hpeacenareis
komuccun MAK no cBsa3sim ¢ MexyHapoaHoi
OpraHu3alMen TpaKJIaHCKOW aBuauuu, MOCKBa,
Poccus;

Camoxun A.B., n.T1.H., B.H.c. HUHCcTUTyTa
npobnem ympasieHus uM. B.A. Tpame3snukoBa
PAH, Mocksa, Poccus;

Capviuee B.A., npod., nA.T.H., T.H.C.
AO «Pagap-MMC», Cankr-IlerepOypr, Poccus;

Tamapunoe B.H., neWiCTBUTENbHBIA 4YJIEH
Axkanemun snektpomaraerusma CIHIA, mpod.,
I. T. H., ipo. TYCVYP, Tomck, Poccus;

Yeaiicoe C.Y., npod., n.t1.H., 3aB. Kad.
MTY, Mocksa, Poccus;

Xanwomun C.IL., nipod., 1. T. H., T€H. TUPEK-
top OOO «OKkcnepuMeHTabHAsA MacTepcKas
HayxaCod1», Mocksa, Poccusi;

Xapumonoe C.A., nipod., 1. T. H., 3aB. Kad.
HI'TY, HoBocubupck, Poccus;

Xooakoeckuit B.A., 3aCiy’X€HHBIN JEATEIb
nayku JICCP, npod., 1. 1. H., Pura, JlaTBus;

Yuntouun IO.M., ipod., 1. 1. H., mpodeccop
MI'TY I''A, Mocksa, Poccus;

Hlaxmapun b.HU., axanemuk PAEH, 3acny-
JKCHHBIM J1esATeNlb HayKu U TexHuku PD, mpod.,
I. T. H., ipod. MI'TY um. H.D. baymana (nanu-
OHAJILHOTO MCCIEA0BATEIbCKOTO YHUBEPCUTETA),
Mocksa, Poccus;

HOpkoeé H.K., 3aciyXeHHBIN J1eATeNb HAyKU
P®, nmoveTHbIN pabOTHHUK BBICHIETO MPOdeccro-
HaIBHOTO oOpaszoBanus P®, mpod., 1.t H.,
npod. I[1I'Y, Tlensa, Poccus.



Tom 26, Ne 06, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 06, 2023

Civil Aviation High Technologies

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, Leading Researcher, Section of Applied
Problems under the Presidium of the Russian
Academy of Sciences, Moscow, Russia;

Boris 1. 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;

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

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

Alexandr V. Poltavsky, Doctor of Technical
Sciences, Senior Scientific Researcher, Leading
Researcher, V.A. Trapeznikov Institute of Control
Sciences of the Russian Academy of Science,
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, Doctor of Sciences,
Leading Researcher, V.A. Trapeznikov Institute of
Control Sciences of the Russian Academy of Sci-
ence, 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.



HayuyHbiit BectHuk MITY TA Tom 26, Ne 06,

2023

Civil Aviation High Technologies Vol. 26, No. 06,

COJIEP)KAHUE

TPAHCIIOPTHBIE CUCTEMbI

Vasiliev O.V., Boyarenko E.S., Galaeva K.I.

Substantiation of source data on the parametric algorithms for the classification of weather
RAZATAS ...ttt ettt e b et e bt e ate et e e sabeebeesabeenbeennes
I'panynos K.HU.

ObecnieueHne KOHIUITMOHHOCTH aBHAIIMOHHBIX TOIUIMB MPHU UCTIOIH30BAaHUHI
POTHBOBOIOKPUCTAIUTH3AMMOHHBIX KHAIIKOCTEH ....veuvieutiiieiieiiesiieteeiiesieetesieesteeteeneesteeeesneesaeenees
Kiselev M.A., Kalyuzhny Y.S., Karpov A.V., Borodkin S.F.

Methodology for plotting the flight planned route change of the aircraft in flight

IHeuenemxcknii B.K., UyBukosckas E.K.

Oco0eHHOCTH OpraHu3aliy TUIAHUPOBAHHS UCTIONB30BAaHUS BO3IyIITHOTO IpOCTpaHcTBa B PO
Ha IPUMEPE MOCKOBCKON BO3AYIITHOM BOHB «....vveeeeuirieeeniireeeeairreeeenineeeesasreeeessusneeessnsneeeesasmsseeesnnn
Ky3nenos C.B.

XapakTepUCTUKH JOCTOBEPHOCTH IKCILTyaTalIMOHHOTO KOHTPOJIS (PYHKIIMOHATBHBIX CUCTEM U
KOMILJIEKCOB OOPTOBOTO 000PYXOBAHUS BO3IYIITHBIX CYOB «..c.uveuvrenreaneeteensenneenseensesseesseesesneenseenses

MAIHIHHOCTPOEHHUE

Huxoaaes U.B., Jleontnes M.K., Ilonos B.B.
AHanu3 UCTOIb3yEMBIX MOAXO0A0B PacueTa BOJIbBEHTHBIX IUTHIIEBBIX COETUHEHUN U METOIbI
yuc€Ta uX BIMAHWA HA JUHAMHUYCCKOC MOBCACHHUEC CHCTCM .. ..iuiiniiitiiiiiiiiiiiiiieieeiieeiee e e enea e eaaas

2023



Tom 26, Ne 06, 2023 HayuyHbiit BectHuk MITY TA
Vol. 26, No. 06, 2023 Civil Aviation High Technologies

CONTENTS

TRANSPORTATION SYSTEMS

Vasiliev O.V., Boyarenko E.S., Galaeva K.I.
Substantiation of source data on the parametric algorithms for the classification of weather

RAZATAS ... b ettt b ettt ettt ae et 8
Gryadunov K.I.

Ensuring the aviation fuel quality when using anti-water crystallization fluids..............ccccceuee.. 22
Kiselev M.A., Kalyuzhny Y.S., Karpov A.V., Borodkin S.F.

Methodology for plotting the flight planned route change of the aircraft in flight....................... 33

Pechenezhsky V.K., Chuvikovskaya E.K.
Features of the organizational concept of airspace management planning in the Russian

Federation on the example of the MOSCOW QIISPACE .......cevvierrieriiieriieeiieiieeie et eveeree e eeee e, 47
Kuznetsov S.V.

Characteristics of operational control reliability of aircraft functional systems and avionics

SUTEES ...ttt eutteeetteeeteeeeteeeeteeessaeeeaaseeesseeessseeassseeeaseeeessee e sseeesseeansseeaasaeeensaeeensaeeansaeeansaeessaeenseeennees 58

MECHANICAL ENGINEERING

Nikolaev I.V., Leontiev M.K., Popov V.V.
Analysis of the approaches used for calculating involute splined couplings and the methods
of considering their influence on the dynamic behavior of systems..........cccccoeceevieniiiinienennen. 75



HayuyHbiit BectHuk MITY TA Tom 26, Ne 06, 2023
Civil Aviation High Technologies Vol. 26, No. 06, 2023

TPAHCIIOPTHBIE CUCTEMbI
2.9.1 — Tpancnopmusle u MpaHCHOPMHO-MEXHON0UYECKUE CUCHIEMbL CHPAHDL,
ee pecuoHO08 U 20P0008, OP2AHU3AUUA NPOU3BOOCINEA HA MPAHCHOpMeE;
2.9.4. — Ynpaenenue npoyeccamu nepeeo3ox;
2.9.6 — Aaponasuzayusn u IKcnayamayus A6UAUUOHHOU MEXHUKU;
2.9.8 — HumennexmyanvHble mpancnopmuble CUCHEMbl

YK 551.501.81
DOI: 10.26467/2079-0619-2023-26-6-8-21

Substantiation of source data on the parametric algorithms
for the classification of weather hazards

0.V. Vasiliev', E.S. Boyarenko', K.I. Galaeva'

I Moscow State Technical University of Civil Aviation, Moscow, Russia

The study was conducted with the financial support of the Russian Scientific Fund
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Abstract: The meteorological situation is one of the decisive factors determining the safety and frequency of civil aviation flights.
Weather hazards (WH), associated with cumulonimbus clouds, such as a heavy shower, thunderstorm, hail, combined with high
atmosphere turbulence, quite often lead to aviation events and even accidents. Currently, a domestic weather radar system of the
near airfield zone (WR) “Monocle” has been developed and successfully operated. The criteria for the classification of
meteorological phenomena (MP), used in the WR, have been developed individually for each phenomenon and have some heuristic
character. These criteria are cumbersome and complicate the process of automating the WH classification. In this case, there is a
natural desire to generalize the criteria and optimize them in accordance with the theory of distinguishing statistical hypotheses.
This article discusses the application of the Bayesian approach to the WH classification. The statistical Bayesian decision theory
assumes decision-making in terms of the probability theory when all significant probabilistic values, so-called sufficient statistics,
are known. In order to obtain statistical descriptions of the probability distributions of reflectivity and the eddy dissipation rate
(EDR), an analysis of radar signals, reflected from such MP as a rain shower, thunderstorm, hail was carried out. The article
provides brief descriptions of the methods of conducting experiments to form statistical database and its analysis. Based on the
above methods, the statistical parameter H(EDRmax) analysis for a rain shower, the amplitude distribution of reflectivity
parameters and the EDR (Zmax, EDRmax) for thunderstorms and hail was carried out, which showed the low distinguishing ability
of each individual parameter when solving the problem to classify MP within the assigned alphabet. The obvious solution is
dictated by the theory of recognition. To increase the classification confidence, it is essential to share information parameters, for
example, in the form of multidimensional distribution densities of the probabilities of random parameters. The article presents a
parametric description of the MP “rain shower-thunderstorm-hail” classification features. An analysis to evaluate the probabilistic
characteristics of the WH classification for the adopted empirical classification criteria in the WR shows that the adopted criteria are
far from optimal in terms of the probabilities of the correct classification, especially in the rain shower case. It is obvious that a
problem solution of the assigned classification confidence is associated with the optimization of the feature space and classification
criteria. Based on the data obtained, it is necessary to build an algorithm to classify the WH “rain shower-thunderstorm-hail”.

Key words: weather radar, near-airfield zone, weather hazards, weather phenomena classification, statistical data analysis.
For citation: Vasiliev, O.V., Boyarenko, E.S., Galaeva, K.I. (2023). Substantiation of source data on the parametric algorithms

for the classification of weather hazards. Civil Aviation High Technologies, vol. 26, no. 6, pp. 8-21. DOI: 10.26467/2079-0619-
2023-26-6-8-21
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O0ocHOBaHME MCXOIHBIX JAHHBIX MAPAMETPUYECKUX AJITOPUTMOB
KJIacCH(PUKANNY ONACHBIX METEOSIBJICHU I

1 1 1
O.B. Bacuasbes , J.C. bosipenko , K.U. I'anaeBa
"Mockosckuii 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUBEPCUmem padcOancKoll asuayu,
2. Mockea, Poccus

CraTbs NOArOTOBJIEHA B paMKax MOJAJEpKaHHOro rpanToM Poccuiickoro HayyHoro onaa
npoekra Ne 23-29-00450

AHHOTanmsi: Meteopornorudeckasi 0OCTaHOBKa SIBIACTCS OJHWUM M3 PELIAloNMX ()aKTOpOB, OHMPEAESSIOIINX O€30MacHOCTb U
PEryISPHOCTH TOJIETOB IPaXkKITaHCKOM aBuarmi. OmnacHsle Mereopoormdeckue sieieHns (OMS]), cBsi3aHHBIE C Ky4eBO-I0XKICBON
00J1a4HOCTBIO, TaKKME KaK JINBEHb, IPO3a, IPaJl, B COUECTAHUH C CONPOBOKIAOIIEH MX BBICOKON TypOyJIEHTHOCTBIO aTMOc(epbl
HEPEIKO MPUBOMAT K aBHAIIMOHHBIM COOBITHSIM M Jake aBHakaracTpodam Bo3ayinHbx cyznoB (BC). B Hacrosimee Bpemst
pa3paboTaH M YCHEIIHO 3KCIUTyaTHPYETCsS OTCUCCTBCHHBIM METCOPOJIOTHUCCKUM PATHOJIOKAIIMOHHBIA KOMIUICKC OJMDKHEH
aspoapomuoii 3081 (MPJIK BA3) «MoHoknby. Kpurepun knaccudukanyy mereosiBieHui, ucronsdyemble B MPJIK BA3,
pazpaboTaHbl I KOKAOTO SIBICHUS OTACNIBHO U HOCSAT HEKOTODBIN 3BPHCTUYECKUH XapakTep. [laHHbIe KPUTEPHH TPOMO3JIKH U
3aTpyAHSIOT Tpolecc aBroMarn3aumy kinaccupukanun OMSL. B stom ciydae BO3HHMKAaeT €CTECTBEHHOE KellaHHe 0O0OOIIHTH
KpPUTEPUH U ONTUMM3UPOBATH HUX B COOTBETCTBUM C TEOpUEH pa3sIMYeHUs] CTaTUCTUUYECKHX IMNoTe3. B naHHON craThe
paccmarpuBaetcs IipuMeHeHne baliecoBeckoro moaxona x kinaccudukamym OMSI. Cratuctiudeckast Teopust IPUHATHS PELLICHUH,
pazpaboranHas baliecom, 0CHOBaHa Ha BEIOOPE PEIICHHS B paMKaX TEOPHH BEPOSITHOCTEH, KOTIA N3BECTHBI BCE TPE/ICTABIISIOINE
MHTEPEC BEPOSITHOCTHBIE BEJIMYMHBI, TaK HA3bIBAEMbIE JIOCTATOUYHBIEC CTATUCTHKH. C IENBIO MOTyYEHNs] CTATUCTHIECKUX ONACAaHNH
BEPOSITHOCTHBIX PACIIPEIENICHII OTPaKaeMOCTH M YIENIBHOH CKOPOCTH JUCCHIAIMU TypOyJIeHTHOM SHEpruy ObUI HMPOBENCH
aHaIN3 PaJUOJIOKALMOHHBIX CHTHAJIOB, OTPAKEHHBIX OT TAKUX METEOSBIECHUH, KaK JIMBEHb, IP03a, Ipaj. B crarbe mpuBeneHbI
KpaTKHE OIMCAHWS METOMMKH IIPOBEHEHHS SKCIEPUMEHTATIBHBIX HCCIENOBaHMH 111 (OpMUpOBaHMS 0a3bl CTATUCTUYECKHX
JIaHHBIX U ee aHaim3a. Ha OCHOBaHMHM NMPHBENCHHBIX METOAWK OBbLI MPOBEIEH CTaTUCTHUYeCKuid aHaim3 napamerpa H(EDRmax)
JUIL JIMBHS, a TaKXe AaMIUIUTYAHOIO paclpesiefieHHs MapaMeTpoB OTPaKaeMOCTH M YAENbHOM CKOPOCTH JTUCCHUIAILIUU
TypOyseHTHO# sHepruu (Zmax, EDRmax) mist rpo3 u rpana, KOTOPBI MOKa3al HEBHICOKYIO Pa3iMYMTEIBHYIO CHOCOOHOCTh
KaKJIOr0 OTZENIBHOTO TapameTpa IpH pelIeHMH 331aud KIacCU(UKAIlMM METCOsIBICHHH B IIpenesiax 3a/aHHoro aidasuTa.
OueBuAHBII BBIXOA U3 CO3JABIICHCS CUTyallMd JIUKTYeT TEOpHs paclo3HaBaHUs. /[l MOBBIIIEHHS JOCTOBEPHOCTU
Kiaccu(HKayn HeoOX0MMO COBMECTHOE HCIOJIb30BaHUE MH(OPMALMOHHBIX MapamMeTpoB, HalpuMep, B BUJIE MHOTOMEPHBIX
IUIOTHOCTEH pAacHpelesieHns] BEpOSTHOCTEH CllydalHBIX MapaMeTpoB. B cTarbe NpUBENEHO NAPaMETPUUECKOE ONKCAHUE
NPU3HAKOB KJIACCH(MKAIIMK METEOPOJIOTUUECKUX SIBJICHUH <UIMBEHb — Ipo3a— Tpam». AHAIN3 OLEHKH BEPOSTHOCTHBIX
XapakTepucTHK Kaccudukarwm OMS st mpHHATHIX SMIHpHUYecKux Kputepues kiaccudukarmi B MPJIK BA3 nokaseBaert, 4to
HPUHATBIE KPUTEPUHN JATIEKH OT ONTHMAIBHOCTH C TOUKH 3PEHHUS BEPOSATHOCTEH MPAaBIIIBHON KilacCU(UKALK, 0COOSHHO B Cly4ae
¢ muBHeM. O4eBUIIHO, YTO pELICHHE 3aJa4K 3aJaHHON JOCTOBEPHOCTH KJIACCH(UKAIIN CBSI3aHO C ONTUMH3ALMEH PH3HAKOBOTO
MPOCTPAHCTBA M KpUTepueB Kinaccudukanyu. Jlanee, HA OCHOBAaHHHU TOTy4YEHHBIX JAHHBIX, HEOOXOAUMO MOCTPOMUTH AITOPHTM
Ki1accH(HKaLMN ONTACHBIX METEOSIBJICHUH «JIMBEHb — IP03a — rpajy».

KiroueBble ciioBa: MCTEOPOJIOT MUYECKUHN paanosiokatop, OJIVMDKHSASL 30HA aspoapoma, OIaCHbIE MCTCOPOJIOTMYCCKUE SABJICHUS,
KJ'IaCCI/I(bI/IKaIII/IH METCOPOJIOTUICCKUX ﬂBHeHHﬁ, CTaTUCTHYCCKUI aHAIN3 TaHHBIX.

s nutupoBanus: Bacmieee O.B., Bospenko D.C., T'amaesa K.M. OOocHOBaHWE WCXOMHBIX TAHHBIX IApaMETPUYECKUX
AITOPUTMOB  KJTacCH()MKAIMK OMacHbIX MereosieieHnit // Hayumenii Becramk MITY TA. 2023. T. 26, Ne 6. C. 8-21.
DOLI: 10.26467/2079-0619-2023-26-6-8-21

Introduction

A meteorological situation is one of the deci-
sive factors determining safety and flight regu-
larity of civil aviation. Weather hazards
(WH) [1], more specific for the European part of
Russia and associated with cumulonimbus such
as a rain shower, thunderstorm, hail coupled

with high atmospheric turbulence, quite often
cause aviation events and even accidents of air-
craft (A/C) [2]. The phenomena are the most
hazardous during takeoff-landing procedures [3].

Currently, a revolutionary domestic X-range
weather radar complex of the near-airfield zone
“Monocle” [4, 5] of low mass-dimension per-
formance, which complies fully with the modern
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international and domestic requirements, has

been designed, tested and in-service.

The criteria of the classification of meteoro-
logical phenomena, used in the WR [6], were
formulated in conformity with the regulatory
documents' [7], in which, universally applicable
parameters to define a weather event class in
weather radars with various performance. Signif-
icantly, that all the legislatively adopted criteria
of the weather event classification ranging from
clouds to waterspout based on long-term obser-
vations, which has commanded respect, have
been individually developed for each phenome-
non and bear some heuristic character.

In this case, it is a natural desire to generalize
the criteria and optimize them in accordance
with the theory of differentiation of statistic hy-
potheses [8—11]. It is practical when probability
distributions of information atmospheric parame-
ters [12] are parametrically described.

In the WR “Monocle”, the WH classification
is based on knowledge about the altitudinal dis-
tribution of radar reflectivity [1], atmosphere
temperature (freezing level, freezing level —22°)
as well as values of low and high radar echo
boundary [6]. The data is cumbersome and hin-
ders the process of automation for the WH clas-
sification.

The authors initiated to set an end to heuris-
tics with respect to the depicted problem, and
transfer to parametric methods, expand an al-
phabet of classes to enhance the WH classifica-
tion confidence. The basic ways of criteria opti-
mization of the CB-related WH classification
have been found:

o the use of information about altitude distribu-
tion not merely of reflectivity but also of at-
mosphere turbulence in the WH classification
criteria;

e the formation of parametric descriptions of
maximum reflectivity distribution densities
and turbulence by values and altitude;

e the development of WH classification algo-
rithms (of decision-making threshold for-

' The Guide to make observations and apply information-
from not automated weather radars WR-1, WR-2,
WR-5. RD 52.04.320-91. (1993). St. Petersburg:
Gidrometeoizdat, 342 p. (in Russian)
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mation) in compliance with the single chosen
criterion to differentiate statistic hypotheses.
This paper is a logic continuation.

Bayesian approach to the classification
of meteorological phenomena

The Bayesian decision theory constitutes the
foundation of a statistic approach to the problem
of natural phenomena, image, signal classifica-
tion [8]. The problem statement of identifying
MP in the case under consideration assumes the
solution of the following integrated tasks:

e forming the class alphabet, i.e., a combination
of classified phenomena, in our case, a rain
shower-thunderstorm-hail-another phenome-
non (the term “another phenomenon” is used
in a rigorous problem statement, as the alpha-
bet should form a complete group of events);

e selecting feature space, i.e., information pa-
rameters which are emitted from a reflected
radar signal and allow the phenomena classifi-
cation with the assigned reliability;

e defining the sufficient statistics, i.e., the prob-
abilistic description of features and phenome-
na, which will be used while identifying (the
substantiation of the loss matrix, availability
of a priori information, density of distribution
of information parameter probabilities, extent
of feature correlation, etc.);

e selecting the identification criterion (Bayesian,
maximum of likelihood function, Neyman-
Pearson, etc.) and the confidence require-
ments, which determine a value of decision-
making threshold.

In the general case, the given sequence of
problems is iterative and assumes the correction
of alphabet, features, and criteria to achieve the
required validity to identify under limitations on
various type-resources.

Thus, the classification problem essentially
poses the partition problem of the feature space
into domains for each class. The partition in
terms of forming decision-making thresholds
should cause the maximization of right decisions
and/or the minimization of erroneous ones.

Let us denote a weather event by a symbol o,
whereby @ = SHRA for the rain shower, ® =TS
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for the thunderstorm, @ = GR for the hail. The
value o is regarded as a random value in the
sense that nature state is unknown. In our case,
let us assume that a priori probabilities of events
are not known as well. In order to simplify a
problem without losing the quality of its solu-
tion, let us assign an obvious assumption: condi-
tional distribution density of a factor x while ob-
serving a weather event ®; p(X/®;), where
i € {SHRA,TS,GR} is the sufficient statistics in
the case under consideration. The statistics al-
lows us to solve based on the method of the
maximum likelihood: the solution @ =1 is cho-
sen for which

p(x/w;) > p(x/wy) forall k#i. (1)

Sufficient statistics, formed without using da-
ta, which are contained in a priori distribution
and the loss function, determine the structure of
an optimal decision and an optimal method of
data processing [13]. It is indicative of their ver-
satility and adequacy while solving a diversity of
applied information system synthesis problems
within the conditions of expected uncertain-
ty [10].

The conducted experimental analysis of radar
signals showed that for the assigned class alpha-
bet, it is feasible to search for probabilistic de-
scriptions of the maximum reflexibility distribu-
tion density Zmax and EDR which reflects tur-
bulence by values and altitude in the form of
p(Zmax/w;), p(EDRmax/m;), p(H(Zmax)/w;),
p(H(EDRmax)/w;), where i € {SHRA, TS, GR}.

The degree of the expected uncertainty can
be different. At the first stage, the authors con-
sidered the problem with the complete expected
uncertainty, when neither types nor parameters
of laws of information parameters probability
distribution are known. It should seem that under
the complete expected uncertainty, the statistic
synthesis is not practical because we cannot ei-
ther formulate or compute the optimality criteri-
on. However, instead of unknown distributions,
empiric data, which are referred to as learning
samples, can be used.

The [10] demonstrates the problem of over-
coming the complete expected uncertainty can
be solved by means of three stages:
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e at the first stage, the class of possible proba-
bility distributions, limited by some aggregate
with arbitrary parameter values (in our case, a
distribution aggregate close to Gauss one), is
determined stemming from the physical exist-
ence of the problem solved;

e based on the distribution-free test of fit
(of Kolmogorov, Smirnov, x> Pearson, etc.),
adopted in the statistic theory, hypotheses
about the compliance of observation data with
one of the aggregate-assigned theoretical in-
formation parameter probability distributions
are being checked [14];

e at the third stage, already parametric uncer-
tainty is eliminated using, as true values, the
parameters of their optimal evaluations (in our
case, sampling mathematical expectations
(ME) and mean square deviations (MSD).

The materials, describing as the methodology
itself to conduct a full-scale experimental inves-
tigation for the purpose of obtaining learning
samples as the results of their statistical analysis
to form probabilistic descriptions of information
parameters in order to solve the CB-related WH
classification problem, are presented below.

Statistical analysis of experimental
weather hazards data “rain shower-
thunderstorm-hail”

With the aim of obtaining statistic descrip-
tion of the probabilistic reflectivity distributions
and EDR, an analysis of radar signals, reflected
from such weather events as the rain shower,
thunderstorm, hail, was carried out. The studies
were carried out in the Upper Volga Region over
a warm period of 2021, 2022. As a tool of ob-
taining source data, radar data, derived at the
output of WR “Monocle”, using signals of the
horizontal polarization within X-wave-length
range, was used.

The methods of conducting experimental
studies to form statistic database were formulat-
ed as follows (fig. 1). The validation of derived
data about the classified weather events in the
WR was carried out by correlating with the reli-
able meteorological sources: ground meteorolog-
ical stations, located in the towns of Staritsa,
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Fig. 1. Methods of conducting experiments
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Fig. 2. Example of experimental data on the distribution of the maximum reflectivity by height for a heavy shower

Volokolamsk, Mozhaisk and Gagarin, and the
certified DMRL-C type radars of the Rosgidromet
network. In the event of observing a phenome-
non on the WR and the MRLS maps over the
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given span of time, the phenomenon is consid-
ered confirmed in accordance with the WR map
if it coincides in space with the phenomenon on
the MRLS map, to the contrary, the phenomenon
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Fig. 4. Histogram of relative frequencies of the maximum reflectivity height

is considered not confirmed. On the whole,
50 confirmed experiments were conducted for
each WH.

In order to derive the atmospheric parameters
of distribution at each altitude with the discrete
of 1 km, the following values: the maximum re-
flectivity in the cloud of Zmax as well as the
maximum EDR value in the cloud of (EDRmax),
were evaluated. An example of the maximum
reflectivity distribution for the series of experi-
ments for a rain shower is presented in Figure 2.

The methods of statistical processing exper-
imental data are presented in Figure 3 [15].

A histogram of relative H(Zmax) value fre-
quencies is presented in Figure 4, as an example.

The check of various hypotheses concerning
the type of distributions by the Pearson criterion
of ¥ for the level of significance 0.01 showed
the maximum compliance of experimental rela-

13

tive frequencies with the generalized Rayleigh-
Rice distribution

x _x2+u? XU
falwo)=Ze =t (), ()
where Io(z) — the modified zero-order Bessel
function of the first kind,

u=2—ME and o = 2.5 — MSD. The histo-
gram approximation result by the theoretical law
is presented in Figure 5. The parameters 1 and ¢
in the strict sense are not ME and MSD, howev-
er, they appropriately reflect the shape of distri-
bution” [16, 17].

2 Approximation based on the type distribution. Approxi-
mation of experimental data law. Available at:
https://poznayka.org/s97706t1.html (accessed:
12.05.2023). (in Russian)
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Fig. 5. Approximations of the histogram by the theoretical Rice law

To be based on the developed methods, the
statistical parameter H(EDRmax) analysis for a
rain shower was conducted as well as of the am-
plitude distribution of reflectivity parameters and
EDR (Zmax, EDRmax) for thunderstorms and
hail. Rice distributions for the parameters
H(Zmax), H(EDRmax), Zmax and EDRmax of
meteorological phenomena under consideration
are shown in Figures 6 and 7.

The practical identity of distribution densities
of p(H(Zmax)), p(H(EDRmax)) is observed in
Figure 6. It points out to the high height correla-
tion of reflectivity and turbulence in CB [18]. In
the event of the maximum values distribution,
the difference is obvious. However, in all the
cases, distributions are quite severely over-
lapped. It points out to the insignificant distinc-
tive ability of each individual parameter while
solving the problem of the meteorological phe-
nomena classification within the assigned alpha-
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bet. The theory of recognition prompts an obvi-
ous alternative. A combined use of information
parameters, for example, in the form of multidi-
mensional probabilities distribution densities of
random parameters [17] is essential to enhance
confidence of the classification, as Figures 8 and
9 show.

The derived Rice distributions parameters p,
ox, based on the computational results of height
distribution of the reflectivity parameters and
EDR for a rain shower, thunderstorms and hail,
are indicated in Table 1. In fact, the table pre-
sents a parametric description of the classifica-
tion factors for the MP “rain shower-
thunderstorm-hail”.

Thus, the statistical analysis of full-scale ex-
periment data showed that the distribution densi-
ties of the maximum reflectivity and turbulence
by values and altitude possess the unique charac-
ter described by a generalized Rice law.
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Table 1

Rice distribution parameters for a rain shower, thunderstorm and hail

Parameter Rain shower | Thunderstorm | Hail
H(Zmax)
ME u=2 p=3.5 u=4
MSD 6x=2.5 ox=3 ox=4
H(EDRmax)
ME p=2 p=3 n=4
MSD oy =2.5 o,=4 o,=4.5
Zmax
ME u=22 u=29 u=42
MSD o,=7 o,=8 o, =10
EDRmax
ME p=0.2 u=0.5 u=0.61
MSD 0, =0.2 ox=0.12 ox = 0.08

Evaluation of the probabilistic
characteristics of the weather hazard
classification for the specified empirical
criteria of the classification in the WR

Let us define decision-making confidence for
specified criteria considering newly obtained
statistical data to determine some reference
point.

As we mentioned before, the criteria for the
MP classification: a rain shower-thunderstorm-hail
are adopted by the entire arrays of the range of re-
flectivity distribution by height. Subsequently, in
order to specify in conformity with cumulative sta-
tistics over a span of time which determines deci-
sion-making confidence at the level of 0.9, the
classification criteria were determined in the soft-
ware WR “Monocle” as follows’:

1) the threshold value of radar reflectivity at
the height of 0—2 km for the (MP) — Rain Show-
er Znop =27 dBZ;

2) the threshold value of radar reflectivity at
the level of H; = Hy + 2500 m = 5.2 km for the
MP — Thunderstorm Znop =26 dBZ;

3) the threshold value of maximum radar re-
flectivity over the entire cloud volume for the
MP — Hail Znop =45 dBZ.

? Maintenance Manual. Weather radar system of nearair-
field WR. (2016). Moscow: Standartinform, 19 p.
(in Russian)

17

In case of a rain shower, in accordance with
the adopted criterion, a value of height does not
influence decision-making. Therefore, let us re-
strict ourselves by considering the reflectivity
value Znop = 27 dBZ (fig. 10), as a threshold.

The expression for the probability calculation
of the correct rain shower classification [19]
takes the form

o x PR
20 Iy (25) dx. )
For the values p = 22 and o = 7, the probabil-
ity amounts to the value of 0.29, but the probabil-
ity of a rain shower missing — 0.71. The similar
approach is applicable for the case with hail, set-
ting a threshold at the level of Znop =45 dBZ. As
a result, for the values of p=42 and o =10, we
will obtain a value of probability of the correct
classification of hail — 0.42, of missing — 0.58.
In the case of thunderstorm, a threshold value of
Znop = 26 dBZ reflectivity is additionally de-
termined by the value of a minimum height of its
availability — 2.5 km above a freezing level. Let
us calculate the correct classification probability
of thunderstorm, similar to the first two cases, as
an additional condition will result in its decreas-
ing in the case under consideration. For the val-
ues of u =29 and o =8, we will obtain a proba-
bility value of the correct classification of thun-
derstorm — 0.70, of missing — 0.30.
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Fig. 10. Example of setting decision-making thresholds for the existing classification criteria

Even such a simple analysis shows that the
adopted criteria are far from optimality in terms
of the probabilities of the correct classification,
specifically in the case of a rain shower. Accord-
ing to the authors, thresholds must ensure the
correct classification probabilities not worse
than 0.8. It is quite obtainable for the parametric
criteria. MP data probabilities of the correct clas-
sification of 0.81, 0.82, 0.82 appropriately en-
sure the correction of Zmop thresholds for the
level of 17, 23, 34 dBZ for a rain shower, thun-
derstorm and hail.

It is obvious that the problem solution of the
assigned classification confidence is associated
with the optimization of the feature space and
classification criteria.

Conclusion

In the WR “Monocle”, the WH classification
is based on knowledge about the height distribu-
tion of radar reflectivity, atmosphere temperature
(height of zero-degree isotherm, isotherm —22°),
as well as about values of lower and upper
boundaries of radio echo. The criteria are far
from optimal, cumbersome and make the process
of the WH classification automation difficult.

The basic ways of the WH classification cri-
teria optimization associated with CB: the use of
information about the height distribution of not
only reflectivity but also of the atmosphere tur-
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bulence, forming parametric descriptions of clas-
sification features in the WH classification crite-
ria.

The WH classification must be based on
Bayesian approach under which a problem of
choosing a decision is formulated in terms of the
probability theory and all the significant proba-
bilistic values, so-called sufficient statistics, are
known. Whereby, for the assigned alphabet of
classes, it is necessary to seek probabilistic dis-
tribution density descriptions of maximum re-
flectivity and EDR by values and height.

The basic ways of overcoming the complete
expected uncertainty of probabilistic classifica-
tion features description, based on the use of the
learning sample, are shown.

For the purpose of obtaining statistical de-
scriptions of probabilistic reflectivity distribu-
tions and specific velocity of turbulent energy
dissipation, the analysis of radar signals reflected
from such MP as a rain shower, thunderstorm,
hail was conducted. As a tool of deriving learn-
ing samples, radar data, obtained at the output of
the WR “Monocle”, was utilized. The methods
of conducting experiments and the statistical
analysis of their results were developed.

The statistical data analysis of a full-scale
experiment showed that distribution densities of
maximum reflectivity and turbulence by values
and height have the unique parametric character
described by a generalized Rice law. The para-
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metric feature descriptions of the MP classifica-
tion “rain shower-thunderstorm-hail” have been
obtained.

The following step is the substantiation of a
single probabilistic criterion of the CB-related
WH classification and the development of deci-
sion functions, decision-making thresholds de-
termined by the assigned classification confi-
dence.
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OobecnevyeHue KOHAMIUOHHOCTH ABHAIIMOHHBIX TOIJIUB MPH
HCI0JIb30BAHUHU MPOTHBOBOJIOKPUCTAIN3ANMUOHHBIX KUAKOCTEM

1
K.N. I'psiiyHOB
1 . . . .
Mockosckuil 20cy0apcmeenHblll mexHUYeCKull YHUugepcumem epaircoancKkol asuayuil,
2. Mockea, Poccus

Annoramusi: J{o6aBieHne npoTHBOBONOKprcTa3amoHHbX kuakocterd ([IBKXK) B aBmarmonnsie Tormmsa (AT) sBrsercs
paIMKaTBHBIM U CPAaBHUTEIIBHO TPOCTBIM CIIOCO0OM OOPBOBI ¢ 00pa30BaHMEM JIbIA B TOIUIMBHBIX CHCTEMaX BO3MYIIHBIX CYIOB
(BC) n aBnammonnsix gpurarenein (Al). Vcmome3zoBanme [IBKOK kpaiiHe akTyanbHO Mt Hamied crpaHel. OJHAKO OTKas3bl
3NIEMEHTOB TOIUTMBHBIX CHCTEM IO MpHYHHE o0siesieHeHus cinyvatorces u pu qodasnenny B AT [IBKXK. B crarse mokazano, uto
OIHOW M3 HamOoiee 3HAYMMBIX NMPUYMH YKa3aHHOTO SIBISIETCA CHIDKeHHe HopMatuBHOW KoHreHTpammu [IBKOK B AT mocrne
3aIpaBKy W3-32 CMELICHHS 3aIPaBIsIeMOro TOIUIMBA ¢ HOpMATUBHBIM coeprkanueM [IBKOK ¢ ocratkom TommBa B 6akax BC, kak
¢ HaymuneM [IBKOK, Tak u 6e3 nee. Ilpu stom konTponb conepkanus [IBKOK B AT mnocne 3ampasku BC He mpoBomutes.
[TokazaHo, 4TO pelIeHueM JaHHOW MpoOsIeMbl MOXKET ObITh Hepexo Ha BapuaruHoe nosupoBanue [IBKOK B AT ¢ yuerom
ocrarka TommBa B Oakax BC ¥ TommBa, Haxozsuierocsi B TEXHOJOTHMYECKOM OOOPYIOBAHMH aBHATOILIMBOOOECIICUEHHSI.
Coznanue no3atopos ¢ n3mensiemoit mogaued [IBKXK B AT Ha naHHBIM MOMEHT He BbI3bIBaeT TpyaHocTeil. [Ipentoxena dpopmyia
U ToKaszaH pacyeT Tpedyemoii nozuposku [IBKOK st rapantipoBanHoro obecriedenust ee HopMaTtuBHOTO 3HadyeHust B AT mocrne
3ampaBku. Tarke MoKa3aHo, YTo TpeOyemasl TO3MPOBKa M3MEHSIeTCS B BechbMa IMpokux npeznenax: ot 0,18 mo 1,31 % 00., u Bo
BCEX CIIydasX IPEBBIIAET OCYIIECTBISIEMYIO IO HOPMATHBY I IPXHAHCKOW aBuaimy 103upoBky 0,125 + 0,025 % o6.
CoseprrercTBoBanre nporeaypsl nosuposanns [IBKOK B AT HeoOxomumo 1 obecTiedeHrsT HaIe)KHOCTH paOOThI TOIDIUBHBIX
cucreM BC u AJl u obecnieucHust 6€30MaCHOCTH TI0JIETOB.

KioueBble cjioBa: aBHAIIOHHBIE TOTLUIMBA, MPOTUBOBOIOKPHCTAILIM3AIMOHHBIE XUAKOCTH, «I», «U-M», «TTD», «TT'D-My,
nosuposanue [IBKK.

st murupoBanus: [psayHoB K. OOecrnieueHne KOHAMLMOHHOCTH —aBHALMIOHHBIX TOIUIMB TIPU  MCIIOJB30BaHUH
MPOTUBOBOJIOKPUCTANIN3ALMOHHBIX xkunkoctedd // Hayuneni Becrmmk MITY TA. 2023. T. 26, Ne 6. C. 22-32.
DOLI: 10.26467/2079-0619-2023-26-6-22-32

Ensuring the aviation fuel quality when using anti-water crystallization
fluids

K.I. Gryadunov'
! Moscow State Technical University of Civil Aviation,
Moscow, Russia

Abstract: The addition of anti-water crystallization fluids (AWCEF) in aviation fuels (AF) is a radical and relatively simple method
to prevent ice formation in the aircraft fuel systems and aviation engines (AE). The anti-water crystallization fluids use is extremely
important for our country. However, failures of fuel systems components due to icing also occur when the anti-water crystallization
fluids are added to aviation fuel. The article shows that one of the most significant causes is a decrease in standard concentration of
the anti-water crystallization fluids in aviation fuels after refueling due to mixing loaded fuel with the standard-anti-water
crystallization fluids content with the remaining fuel in aircraft tanks, both with and without the anti-water crystallization fluids. At
the same time, the anti-water crystallization fluids content control in aviation fuels after refueling is not carried out. It is shown that
the solution to this problem can be a transition to variable anti-water crystallization fluids metering in aviation fuels, taking into
account the remaining fuel in the aircraft tanks and the fuel in the aviation fuel supply technological equipment. Developing
metering units with the variable anti-water crystallization fluids supply to aviation fuels is not currently associated with issues. The
formula is proposed, and the calculation of the required anti-water crystallization fluids metering is shown to ensure its standard
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value in aviation fuels after refueling. It is also shown that the required metering varies long-range: from 0.18 to 1.31% vol., and in
all the cases, exceeds standard metering of 0,125 + 0,025% vol. for civil aviation. The improvement of the anti-water crystallization
fluids metering procedure in aviation fuel is feasible to ensure the reliability of aircraft fuel systems and aviation engines operation
as well as flight safety.

Key words: aviation fuels, anti-water crystallization fluids, “I”, “I-M”, “THF”, “THF-M”, anti-water crystallization fluids
metering.

For citation: Gryadunov, K.I. (2023). Ensuring the aviation fuel quality when using anti-water crystallization fluids. Civil Aviation
High Technologies, vol. 26, no. 6, pp. 22-32. DOI: 10.26467/2079-0619-2023-26-6-22-32

BBenenue paspaborana nox pykoBoactsoM K.C. UepHoBoit
no3xe (1970-e rr.) U MUPOKO HCIOIH30BaTIACH
(ucnonmp3yercsi) B 'A. HapaBHe ¢ >XKUAKOCTBIO

HeIX xkuakocter (IIBKOXK) B aBuarmonssie Tomm- «M» ucnomp3osamn Mapky «TT'D» (Terparna-
Ba (AT) ABIACTCA PATMKATBHBIM H cpapmuTenmsio  POPYpdypuwiosbit cmpr —  C4H;0CH,OH),
HPOCTBIM CTIocoGoM  GophGBI ¢ opasopammen @ TAKKE €& CMECh C METAHOJOM B COOTHOLICHHH
KPHMCTAJLIOB JIb[a B TOIUIMBAX, a TAKKE OTYACTH 30 : 50 — «TT'®-My, ozHako, BBy TOTO HTO
JbJa U MHEs B TOIUIMBHBIX CHCTEMaX BO3IyHIHBIX TI'® obnanaer CKIOHHOCTHIO K OKHCIECHHIO W
cynos (BC) H aBMAIMOHHBIX mpmraTencii (AID. NOJUMEPU3aluK, HAOMIONANNCh CIydal HEKOp-
10 IEPBHIC MPHCATKH, KOTOPHIC GEUIM BHCApeHsr  PEKTHOM pa6OTBIUI/I OTKa30B AJIEMEHTOB TOILIHU-
B Hallleil CTpaHe /Ul peakTHBHBIX TOIUMMB (paspa-  BOPETYJHpyloulei armaparypst AJl u3-3a nona-

GOTAHBI TION PyKOBOACTBOM B.A.DHrmmma) mpu- ~ AQHWA TPOAYKTOB okucienus TI'®, mnostomy
MEpHO B cepeimHe mpomrioro Beka [1-6]. Tlpu npuMeHenue mnpucaiok «ITT'd» u «TIT'd-M» B

AT TIPOUMX CTIOCOBOB GOPEOHI ¢ OGPa3oBa- Havaie 1990-x rr. 6110 oTMeHeHO. Ha Texymmii
HHEM JEA2 B TOIUMMBHEIX CHCTEMAX ¥ 3aGHBEOM MOMEHT HCIIOJIb30BaHue x)uakoctu «M-M» Bce
BIOM (HIBTPOB TOHKOH ounctkE (DTO) AJl— Oosiee cokpalaeTcs, Tak Kak MHOTHE JKCIUTya-
pasHamBe Bumbl oborpesa OTO, MOAOrPEB TOM- tanTel BC B ['A He cuMTarOT 1enecoo0pa3HbIM
mBa Tiepet ero moctymiennem B ®OTO, puppick  A00aBrenne IIBKOK.

cnupra Ha @TO npu HAIMUMKU HA HEM YBEIIUYECH- Konnuuonnas IIBKIK, Gyayum xucropox-
HOTO TIepeNajia JABICHHS, 0GOPY/IOBAHHE CHCTE- COJIEpKAIUM OPTaHUYECKUM COCTUHEHUEM, XO-
MbI HaJTyBa TOIUTUBHOM cucteMbl BC HHEpTHBIME POIIO  CMCIIMBACTCHA © TOIUIMBOM, paBHO Kak,
ra3ami (a30TOM) — HTOT METOJ[ IPH BCEX €0 HEJO0- Onarosapsi HATMYUIO TOJIIPHON THAPOKCHIIEHON
CTaTKax SBIISICTCS aKTyaJbHBIM, OCOOEHHO IS (—OH) rpynmel, X0pOIIO CMELIMBACTCs H ¢ BO-

poccHiicKiX yCroBHii skcrutyaTammm. [Ipenmyie- noi. Ilpu 3TOM M3-3a HANMMUYUSA TUIPOKCUIBLHOU

ctBa u HepoctaTku BBeaeHus [IBKOK B AT noka- rpynnsl Monekyiet IIBKOK sBIdioTcss NOMAPHBI-

3aHBI HA PUC 1 [1_4 7] MH, IMOOTOMY C BOJOM OHH 06pa3y10T YCTOfIqH-
. , 7]

Ha ceromusmuuii 1eHb B Fpa)KﬂaHCKOﬁ BbIC XMMHNUYCCKHEC CBA3U (BO,I[OpOI[HaSI CB5{3B) u,

apuaryn (IUA) IPHMEHSIOT JIBE MAPKH MPOTHBO- COOTBETCTBEHHO, CTOMKHE PaCTBOPHI B JTFOOBIX
BOJOKPUCTATM3AIMOHHBIX  KUAKOocTel:  «I» KOHLCHTPAIAX, @ XMMHYECKHX CBA3CH (KOBa-
(FOCT 8313-88), «M-M» (OCT 54-3-175-73-99), ~ JICHTHbIC CBS3M) C YIJICBOIOPOAAMH TOIITHE
Kunkocts «» npeacrasnser codboit 100%-Hbrit NMPaKTHYECKH He obpasyrot, mostomy ITBKIK
STUIILEIIO306B (3THIIOBBIH >(Hp »TiaeHram- ~ So¢bMa JICTKO  BBIICIHCTCS W3 TOIUMBA IIpH
xonst — C;HsOCH,CH,OH), smmocts «M-My — OTPENEJICHHBIX ~ YCIOBHAX  (pacmpeaensercs

50 % stmmemno3onsBa n 50 % meraHona (me- — MEKAY TOIUIMBOM M BOIHBIM OTCTOCM B Gaxax
TuoBoro cmupra — CH;OH). MsHauamsho B BC B cOOTBeTCTBHH ¢ KO3(D(MUIMEHTOM pacrpe-

kauectse TIBKIK HMCIIONB30BANACH TONBKO Ky~  ACTCHHA). YIUIMHEHHE yIIeBOTOPOIHON UeH B
KocTh «M», OHA e 6e3aNbTepHATUBHO HCHONh-  C1MPTaX HPUBOIHUT K TOMY, 9TO OHH IHEPECTAIOT
30BaNACh 1 [0 CEro JHS HCHOMb3yeTcs B rocy-  PACTBOPATBCA B BOJE, TIOGTOMY no06aBJIeHre Me-

IIapCTBeHHOI\/JI ABUALINH, JKHIKOCTh «-M» 6bL1a TaHOJIa K 3THIILCIIIO30JIbBY IIOBBIIIACT pacCTBO-

JloGaBneHrne TPOTUBOBOIOKPUCTAILTU3AIMOH-
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[ MNpeumywectsa n HepgocTatkn BeeaeHnn NMBKX B aBnaunoHHble Tonnmea ]

,_,//\

MpenmywecTtsa

)

PapukaneHbi MmeToz, 6opkbel ¢ 0bnepeHeHvem B
TonnmeHbIx cuctemax BC u Al

BuouwnaHoe pevicteue MBKXK

Hepocratku

[ ]

1. WameHenwe cBoicTs AT: CHIkeHWe
TemMnepaTtypbl BCMbIWKK; YBENMYeHNe
3NEKTPONPOBOAHOCTH; CHIKEHWE CTAOUNBHOCTY;
MOBbILLEHNE KOPPO3MOHHOA AarpeECCUBHOCTM W
TUrPOCKONWYHOCTH

YcTaHoBneHue AONONHUTENBHBIX CUCTEM
XpaHeHus u fosuposaHusa MNBICK B opraHnsauusx
asuatonnueoobecneyenus ¢ 0cobbimu
TpeGoBaHuAMM K HAM

OcyuiectBnenue gon. kKoHTpons kavectsa MMBIOK
u AT ¢ MNBKX

Bbicokas cToumocTs camoit MBKX (no coct. Ha
2022 r. 350—450 Teic. pyb. 3a TOHHY)

Puc. 1. [Ipeumymecta u Hegoctatku BBeaeHus [IBKIK B aBuanimoHHble TOIIMBA
Fig. 1. Advantages and disadvantages of the AWCF addition to aviation fuels

pumocts [IBK-npucagku B Tomiause (moBbIIIa-
ercst koadduurent ee pacnpenenerns B AT, a
TaK)K€ IIOBBIIIAET U PAaCTBOPUMOCTb BOJbl B
npucaake [7]. Orcroona cienyer, 4To BechMa
s dexruroi [IBK-niprcankoit ObI1 OB YUCTHIN
METaHOJI, OJHAKO, KaK M3BECTHO, OH SBJISAETCA
cuibHOAeHcTByIOIUM a10M (1 kimacc omacHo-
CTH), U K €ro NMPUMEHEHHIO MPEIbIBIAIOT OCO-
Oble TpeOOBaHMsI, YCIOKHSIOLIUE IKCILUTYaTaL[UI0
BC B uactu obecrieyeHusi ero aBMallMOHHBIMU
roproye-cMa304YHbIMU MaTepHajlaMu, KpoOMe To-
ro, OH KpailHe arpeccMBeH IO OTHOILEHHUIO K
KOHCTPYKLIMOHHBIM Marepuanam. Takum oOpa-
3oM, BBeneHHas B AT TIBKIXK oGpasyer ycroii-
YUBBIE PACTBOPBI C PACTBOPEHHOM B HEM BOJIOMN
(oMynbCHM), HE 3aMep3arolliue 10 TEeMIeparyp
nopsinka mMunyc 60 °C. Tlpu u3MeHeHUn BHEII-

' pu temneparype 20 °C ko3hGHUIHMEHT pacTpe/eeH s
Ut MetaHoma paseH 200, A STHIIIEII03016Ba — 84;
nipu temneparype munyc 20 °C 3nadenus koaddurireH-
ToB cocTaistoT 310 u 150 coorBeTcTBEHHO [§].

2 PacTBOPEHHO (THTPOCKOIIYECKOiT) BOIOH HA3BIBAIOT
BOJly, HaXOJAILYIOCS B MEXMOJIEKYJISIPHOM IIPOCTPaH-
crBe AT, nonazaroiyio B Hero u3 arMocepsl BMecTe
¢ Bo3ayxoM. PactBopumMocTs Bojibl B AT 3aBUCHT
ot wioTHOCcTH AT, BIIaXXHOCTH BO3/AyXa, TABJICHUS
B HA/ITOTLTUBHOM IPOCTPAHCTBE, TEMIIEPATyPhI TOIUIHBA
n xapakTepusyercs popmynoii ['enpu [4].
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Puc. 2. BnusiHue KoHIEHTpayu npucaaku «y»
Ha TEeMIIEpaTypy KPUCTAJUIM3alMU BOJHOIO pacTBOPa
Fig. 2. Influence of the agent “I” concentration
on the aqueous solution crystallization temperature

HUX YCIIOBUM (CHIDKEHHUH TEMIIepaTypbl U JIaB-
JICHVsI) TaHHASI YMYJIbCHSI MOXKET BBIICISTHCS U3
TOIIMBA, CMEIINBAsICh C BOJOH, HAXOMAIICHCS B
tormuBHBEIX cucteMax BC u A/l B npyrux dazax
(map, KOHJEHCAT, MHEH, CBOOOIHAS U OTCTOHHAs
BOJIA, JIeq), M 00pasys yxKe ¢ Hell HHU3Ko3amep-
3arorue pactBopsl. [Ipu 3TOM Temmeparypa 3a-
Mep3aHUs PAacTBOPOB OyNeT 3aBHCETh OT KOH-
nentparuu B Hux [IBKX (puc. 2) [3, 4].
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Puc. 3. Haceimenue Bogoii IIBKOK «M» B 3aBUCHMOCTH OT

BJIAXKHOCTH BO3yXa IpU KOMHATHOI TeMIICpaType

Fig. 3. AWCF “I” water saturation depending on air humidity at

the room temperature

OOBOTHEHHOCTH W 3arps3HEHHOCTh
I[IBKOX mpuBOIuT K TOMy, 4TO IpHUCaJIKa MpaK-
TUYECKU TEPSET CIOCOOHOCTh CMEIICHHUS C TOTI-
JMBOM, OrPAHMYEHHO CMEIIMBAETCS C PacTBO-
PEHHOHN B TOIUIMBE BOAOW M OBICTPO BBINAJACT B
0TCTOM, mo3ToMy ucnoab3oBanue [IBKXK ¢ um-
CTOTOM, HE COOTBETCTBYIOIICH TpeOOBaHUSIM
HOPMATHBHBIX TOKYMEHTOB, 3ampelaercs. Xpa-
Henue torumBa ¢ [IBKXK B monnocthio 3amon-
HEHHOM 3aKpbITOM €MKOCTH SBJISETCS BECHMA
CTaOMWIbHBIM (TapaHTUWHBIA CPOK XpaHEHUs
coctapnsieT 2 roxa). Ecnu ycrnoBust XxpaHeHUs
nHapymensl, [IBKXX nocraTtouno OeicTpo Hamwm-
THIBaeTCS aTMOC(HEpPHOU BJIArOM W TPHU JTO3HPO-
Bauuu B AT cpa3dy BbIagaeT B OTCTOU
(puc. 3, 4), orcroa e ClIeAyeT, YTo XpaHEHUe
toruBa ¢ [IBKOK kpaitne HexenarenbHo [7-9].
Bce ykazaHHOe€ NOOYEPKUBAET AaKTyaJbHOCTb
Beeaenus [IBKOK nemocpencTtBeHHo mpu 3a-
npaBke BC MakcumanbHO paBHOMEPHBIMH IOP-
IUAMHM B IMOTOK TOIUIMBA, YTO B ILIEJIOM U OCY-
miectBisieTcss B I'A, xoTs uayT paboThl HaJ CO-
3n1aHueM 0oJiee COBEPIICHHBIX 03aTOPOB, MaK-
cuManbHO paBHOMepHO mnonxaromux [IBKIXK B
3anpasnsgemoe AT.

Cnexyer OTMETHTh OWOIMIHOE JCHCTBHE
[IBK-mipucagox [10]. [loGaBneHue >KumkocTeu
«M» n «M1-M» B TOIUIMBO B KOHLIEHTPALUAX I10-
psaaka 0,1 % 00. mpakTUYeCKH HE CKa3bIBaCTCA
Ha TOJABJICHUU POCTa TMOIMYJISIUNA MHKpPOOpTa-
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Puc. 4. Boansiii pactsop IIBKX «1-My, Beinasmuii B
OTCTOH
Fig. 4. The aqueous AWCF “I-M” solution which fell
into the sediment

HU3MOB, OJIHAKO TUTPOCKOMUYHOCTh MPUCATO0K U
UX CIIOCOOHOCTH BBIJCIATLCS B BHAC CBOOOIHOM
¢da3bl MPUBOJNUT K TOMY, YTO B BOJHBIX OTCTOSIX
KOHIIEHTpalys MPUCAJO0K CYIIECTBEHHO TOBBI-
maetcs. [Ipu konuentpauusx [IBKXK B BogHbIX
pacTtBopax okojo 2 % 00. CIIoCOOHOCTh MHUKPO-
OPraHu3MOB K Pa3MHOXKEHUIO yTpauuBaeTcsa. Ha
JTAHHBIII MOMEHT paccMaTpUBAETCSl BOIPOC BO3-
Bpara nobasnenus [IBKOK-npucamox mist Bcex
akcrmryarupyromuxcst B 'A BC, uner mopabortka
Mmapok [IBKXK ¢ nenpio ycunenus: GpyHKIMH aH-
tubakTepuagbHoro pearenta [4, 11, 12]. Orcro-
Ja CJIEIYeT, 9YTO HEe TOJBKO MPU HAIWUUU 00JIe-
JICHCHUS B TOTUTMBHBIX OakaX MIIM TEXHUYSCKUX
CpEeIICTBAaX aBHATOIUIMBOOOECIICUCHHSI, HO U TPHU
MOPAKCHUH UX MUKPOQIOPOI MPOMBIBKA ITHX
o6bekToB TormmBoM ¢ [IBKOK sBnsiercs pere-
HUEM JJaHHBIX MPOOJIEM HapaBHE C aHAIOTUYHON
MPOMBIBKOH WMIOPTHBIMH OHOIUJIHBIMU TIPH-
caJIKaMU.

Ha moment BBOma IIBKOK B skcruryaranuro
HOpPMATHB €€ JI03UPOBKH B TOIUIMBO OBLT Ompese-
nen B kommdectse 0,3 + 0,03 % 06. CrycTst Heko-
TOpOE BpeMsl TOCIE MPOBEICHUS ASKCILUTyaTaluu
0] HAOJIFOICHUEM ISl BCEX PEHCOB, KpoMe JTH-
TEpHBIX, B 3aBUCHUMOCTH OT THna BC Obun ycra-
HOBNeHBI  HopMmatuBel:  0,125+0,025% 00.;
0,2+0,02 % 06. u 0,3 = 0,03 % 06. [Ipenemnst
JIO3UPOBKU OBUTH 3aJjaHbl C y4€TOM TOYHOCTH
KOHTPOJIbHO-U3MEPUTEIBHOM anmnaparypsl U IO-
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Taoauna 1
Table 1
ITokazaTtenu kauectBa aBHannoHHBIX [IBKOK
Quality indicators of aviation AWCF
Mapka [IBK/K
IMoka3zaresp KauecTBa » =
«-M» (BbIcLIMIi COPT) «W» (BpIcIIMii copT)

IInotHOCTH mpH Temmepatype 20 °C, r/cm’ 0,858-0,864 0,928-0,930
[Tokazatens npenomnenus npu 20 °C 1,3660-1,36720 1,407-1,409
Maccosas gons Boabl, %, He Ooiee:
— Ha MECTE MPOU3BOJICTBA 0,1 0,1
— Ha MECTE MOTPeOICHUS 0,4 0,1
Hannuue pacTBOPUMBIX 3arpsi3HCHUN BBIJICP)KHBACT UCIIBITAHNS | BBIICP)KUBACT UCTIHITAHHS
ConepxaHre MEXaHUIECKUX TIpUMecei OTCYTCTBHE -
CopaepxaHre pacCTBOPUMBIX COSTMHCHUA METaJIOB OTCYTCTBHUE OTCYTCTBUE
LIBeT 10 MIaTHHOBO-KOOAILTOBOM MIKAJIE, €IUHULIBI 3
Xazena, He OoJjiee
UYwucno omputenust, vr KOH Ha 1 T nmpoaykTa, He Oonee - 0,5
MaccoBast 101 KHCIIOT B TIepecueTe Ha yKCYCHYIO 0.005
KUCIIOTY, %, HE Goee ’
CMenmBaeMoCThb C BOAOH - BBIJICPIKUBACT UCIIBITAHUS
PacTBOpuMOCTE B TOTUIHBE - BBIJICP)KUBACT UCIIBITAHUS
Temmeparypusie peaens! meperonku (mpu 101,3 xI1a):
HayaJio eperouku, °C, He HIDKe — 134
KOHeEL neperoHku, °C, He BhILIE - 138
Bueunuit Bua mpo3payHasi, 6eciBeTHAS Mpo3pavHasi

TPEITHOCTH J103aTOPOB, HMCIOJb30BABIINXCS Ha
TOT MOMEHT. [lociie aBHAIlMOHHOIO COOBITHS B
2002 rony B bumkexke HopmatuB BBOoga [IBKIK
0,125 + 0,025 % 06. (To ecTh Ha 1 M> AT BBOIAT
1-1,5 n TIBKK) 6b11 ycranosien st Bcex BC
'A (ana BepTONETOB, AIKCIUTYaTUPYIOUIUXCS B
OTIPEICTICHHBIX YCIOBUSIX, HOPMATUB COCTABIISET
0,2 + 0,02 % 00.). B rocynapcTBeHHO# aBUaniuu
JICHCTBYET M3HAYAJIbHO YCTAHOBJICHHBI HOpMa-
TuB. Hay4yHO 00OCHOBAaHHOTO BBEICHUS H3HA-
gaipHOTO HOpMatuBa (0,3 = 0,03 % 00.) oTbIc-
KaTb MOKa HE MPEJCTAaBISIETCS BO3MOXKHBIM, Be-
pPOSITHO, OH OBbUT MO3aMMCTBOBAH M3 MHOCTpaH-
Hoit mpaktuku (B CIIA B xauectse [IBKXK non
Mapkoii PFA-55MB wucnonp3oBaii MeTHIILEIN-
JI03071bB — MOHOMETHJIOBBIN dQUP ITUIICHTIHKO-
7. ¢ yKa3aHHOM JO3MPOBKOM) M TMOCJE BCECTO-
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POHHHX HCCIIEJOBAHUIA COOTBETCTBYIOLIUM O00-
pa3zoM aganTupoBad [4, 6, 7].

CpaBHHUTENBHBIX JaHHBIE IO TOKAa3aTeIsM
kauectBa [IBKXK «M» u «M-M» mnoka3ansl B
Tabu. 1.

OTaenbHO CTOMT OTMETUTh NPEUMYILECTBA U
HEJOCTaTKU 100aBJIE€HUS METaHOJa K ATHIILEN-
70307bBY (puc. 5) [4, 7].

Tem He MeHee BcTpedaroTcsl CIyyau OTKa30B
toruBHBIX cucteM BC u AJl pu nobaBneHuu B
AT TIBKX (puc. 6, 7)° [4], IPHUYHHBI KOTOPBIX
OTYACTHU PACCMOTPEHBI B TAHHOW CTAaThE, TAKKE
MPEIIOKEH METOJT UX YCTPaHEHHUSI.

* 3a nepuox ¢ 1990 1o 2018 . B Poccun npousomuio 303
3aperHCTPUPOBAHHBIX COOBITHS, OTHECEHHBIX K KOy
028 —TomnuBHas cucrema [4].
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MpeumywecTsa u HegocTaTkn Ao6asBneHus metaHona B NBKX «W»

//\

MpenmywecrBa

)

Jlyywasn cmelmBaeMocTb ¢ pacTBOpEHHON B AT
BOJOW W, COOTBETCTBEHHO, pacTBOpPUMOCTb B AT

MeHbluas NNOTHOCTL M TEMMEPATYPA BCMbILLIKK
Bonee cunbHoe BroLmaHoe aeicTBMe
MeHblUas CTOMMOCTb

[

Hegocratku

J

lMoBbileHKe SQOBUTOCTHM NpUCAZKK (nonagaHue
HeaHauuTenbHbIx konuyects MNBIOK «A-M» B
ey AOUHO-KULLEYHBIA TpaKT YenoBeKa
BbI3bIBAET CNEMNoTy Unu cmepTk, «V» — ocTtpoe
oTpaBnexue)

MoBbILLEHME arPECCUBHOCTH K KOHCTPYKLMOHHBIM
matepuanam

Puc. 5. Tlpeumyiectsa u HegocTaTku qodasieHust MeraHona B [IBKXK «»
Fig. 5. Advantages and disadvantages of adding methanol to AWCF “1”
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Puc. 6. [TprurHbl 0TKAa30B TOTUTUBHBIX CUCTEM
BCu AJl
Fig. 6. Causes of aircraft fuel systems and aviation
engines failures

OCHOBHbBIE MOJIOKEHUA

Jns onpeneneHuss IpUYUH HEHOPMATUBHOM
kouneHTparuu [IBKXX B AT Obur mpoBeneH
SKCTIepUMEHT 1o otoopy mpob6 AT mocne 3a-

27

Puc. 7. [IpyurHbl HEKOHIUITMOHHOCTH
ABHALMOHHOTO TOILIMBA
Fig. 7. Causes of aviation fuel
quality discrepancy

npaBku BC AT ¢ IIBKX B BepTosieTHOM napke
(tum  BC BK-117). Pe3ynbpTaThl mMmOKa3aHbI
B Tabn. 2 u Ha puc. 8, 9. Onpenenenue coaep-
xkanuss [IBKX ocymecTtBasimocs pedpakro-
METPUYECKUM METOJOM IO CTaHJAapTHOU Me-
TOAMKE.
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Conepxanue [IBKXK B AT o u nocie 3anpasku BC
The AWCEF content in aviation fuels before and after aircraft refueling
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Taoauua 2
Table 2

Home Oo0beMm TonsiuBa B | O0beMm 3anpaBasie- | IIpouentHoe coaep- IIpouenTHoe coaep-
aKax 110 3a- MOT0 B 0aku JKaHHE 0 JKaHHe nocJjie
oD | Gakax BC ATBG NBKK MBKXK
NMPaBKH, JI BC, a 3anpaBku BC, % 3anpasku BC, %
1 143 857 0,01 0,09
2 375 625 0,05 0,08
3 420 580 0,10 0,10
4 259 741 0,07 0,09
5 432 568 0,02 0,07
6 680 320 0,10 0,10
7 698 302 0,03 0,05
8 725 275 0,02 0,04
9 852 148 0,05 0,06
10 398 602 0,04 0,08
11 413 587 0,01 0,06
12 526 474 0,06 0,08
13 852 148 0,10 0,10
14 369 631 0,07 0,09
15 542 458 0,03 0,06
16 789 211 0,03 0,04
17 880 120 0,09 0,09
18 662 338 0,08 0,09
19 333 667 0,01 0,07
20 190 810 0,05 0,09
21 810 190 0,02 0,04
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Puc. 8. Cogepxanue [IBKK B AT mocne 3ampasku BC
Fig. 8. The AWCEF content in aviation fuels after
the aircraft refueling
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Puc. 9. [Iponent ananu3os AT, B KOTOPBIX
conepxanue [IBKXK cooTBeTcTByeT HOpMaTuBy
Fig. 9. Percentage of aviation fuels analyses
in which the AWCF content meets
the established standard




Tom 26, Ne 06, 2023

HayuyHbiit BectHuk MITY TA

Vol. 26, No. 06, 2023

U3 mpencraBneHHbIX JAHHBIX BUIHO, YTO TIOCIIE
sanpaku BC AT c I[IBKX c¢ posupoBanuem
0,125+ 0,025 % conepxanue ee B 6akax BC coort-
BETCTBYET HIDKHEH TIpaHMIIe S5TOro HOpMaTuBa
b B 14 %, B Ipo4Mx Cydasix MOXET COCTaB-
JSITH OoJee 4eM B 3 pa3a MEHbILIEE CO/Iep KaHeE.

[TpoGnema, kazanocek Obl, oueBuaHas. OqHa-
KO B JKCIUTyaTalMd MpPU CTPOTOM BBINOJIHEHUU
no3upoBanus [IBKXK B 3anpasnsemoe AT ormpe-
nenenne conepxkanus [IBKOK B AT mocne 3a-
MIPaBKU HE MPOBOIUTCS.

B coorBerctBMM ¢ n. 2.5.9 npukasa
No [[B—1264 n n. 4.3.10 Meroguyeckux peko-
menpauuii TocHUM TA HII-28°, ecu 6aku BC
MOJTHOCTBIO WJIM YacTH4HO 3ampaBieHsl AT Ge3
I[IBK)X, a mnpencroutr BbINOJHEHUE 3aJaHHUS,
TpeOYIOLIETO MO YCIOBUAM I0JIETa MCIIOIb30Ba-
nue AT ¢ TIBKX, To B aTOM citydae o tpebo-
BaHUIO SKHIIaXKa WM SKCITyaTaHTa HE00X0UMO
ciuth U3 OakoB Bce TommuBo Oe3 [IBKIK u
BHOBbB 3allpaBUTh aBUAKEPOCUHOM, COAEPKAILUM
nosnoxeHHoe konudectBo [IBKOK. To ects mo-
4yTu B 86 % ciydaeB ObLIO0 HEOOXOAUMO MpHUOeET-
HYyTb K yKasaHHON mpouexnype. IlonsaTHO, 4TO
3TO MpOLEaypa MPOCTO HE MOXKET OBITH MpHUMeE-
HeHa, Tak kak coxepxkanue [IBKXK B AT mocne
3anpaBKH HE KOHTPOJIUPYETCS.

Takum 00pazoMm, HOCKOJIBKY HOpPMAaTHUBHOE
conepxkanue [IBKJK npuHmmaercs 3a MCTHHHO
HE00X0UMOE, CYIIECTBEHHBIM MPOOEIOM B J0-
supoBanuu [IBKOXK sBnsercss 1o, 4TO HE y4MTHI-
Baercs HU octatok AT B 6akax BC, Hu xomamde-
ctBo AT, Haxondieecs B 3alpaBOYHBIX pyKa-
Bax. B ciyuasix ¢ MarucTpajJbHbIMU CaMOJIETaMU
I'A ocratrkamu B pykaBax (d = 5...7,5 cm,
1=2,5...20 m; V = 5...70 1) MOXHO mpeHe-
Opeub, MPU CPABHUTEITHLHO HEOOIBIINX 3ampaB-
Kax BEPTOJIETOB M JIETKOMOTOPHBIX CaMOJIETOB
3TH OCTATKH YK€ UMEIOT OO0JIbIIIOE 3HAUYCHUE.

PykoBozCTBO 110 TIpHieMy, XpaHEHHUIO, TIOATOTOBKE

K BBIjIade Ha 3alpaBKy ¥ KOHTPOIIO KaYyecTBa aBHAaIll-
OHHBIX TOPIOYE-CMA30YHBIX MATEPUAIOB U CIICIIHATb-
HBIX JKUAKOCTEH B MPEANPHUATHAX BO3IYITHOTO TPAHC-
nopta P®. M., 1993. 114 c.

ITopsinok MPOM3BOJICTBA, TOCTABKHU B TPaXkKIaHCKYIO
aBUAIIMIO, TIPYUEMA, XPAHEHUS, BEIIAYM U KOHTPOJIS Kave-
CTBa MMPOTHUBOBOIOKPUCTAIIM3ALIMOHHON HKUIAKOCTH: Me-
TOJIMYECKHE PEKOMEH AN 110 NpuMeHeHuto apua-I'CM.
2-em3g. M.: ®I'YII T'ocHUM T'A, 2021. 22 c.
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Ha tekymumii MOMEHT OTpeOHOE KOIMYECTBO
[IBKXX npu 3anpaBke BC MoxxHO ompenenutsb
no popmyze [3, 13]

Vr
100’

Vipk = K - (1)
rae V. — o0beM 3amnpaBiisieMoro TOIINBa, M3;

K — tpebyemast konnentpauus [IBKXK, %.

Ha ocHOBaHMM M3TI0KEHHOTO B CTaThe KO-
¢umment K nomxeH ObITh BapuUAaTUBHBIM, U C
YUC€TOM OCTaTKa TOIJIMBA U COACPIKaHUSA B 3TOM
octatke [IBKXX oH MOXeT ObITh paccumTaH cie-
TYIOIIUM 00pa3oMm:

_ VToGLu ) KHOTpeG = Vocr * Kocr
K - )
Vr

2

rae Viggy — 00mmil notpeGHbI 00BbEM TOIIUBA
B Oakax BC mocine 3anpaBku, M
Kiorpes — TOTpeOHas (HOpMATHBHAs) KOH-
uentpanus [IBKK, %;
V.. — 00beM octaTtka TomnuBa B O6akax BC,
M
Koer — octaTounas konuentpanus [IBKXK B
6axax BC, %;

3
V. — 00beM 3ampaBiisieMoro TOIUIMBA, M.

[Ipunumas Bo BHMManue, yto [IBKOK, 3a-
npasiicHHass ¢ AT, mociie B3auMOAEHCTBUS C
pa3IuuHbIMH (pa3aMu BOJBI TepsSET CBOU CBOWi-
CTBa W TPAKTHUYCCKH YTpadyuBaeT 3PPEKTHUB-
HOCTb JeictBus [4, 5, 7, 14], a Takke yuuThIBas
HEBO3MOKHOCTb OLIEHKM KoHIeHTpanuu [IBKOK
M0 BCEMY 00BEMY TOILIMBA, JUIS TapaHTUPOBAH-
HOTO OOecrnedeHHus] MOTPeOHON KOHIIEHTpPALUU
[IBKX okonuarensHas ¢opmyna mpuoOperaer
YIIPOIIECHHBIN BU/]T

Vi + Vocr + prKaB
Ve

K= KHOTpe6' > (3)
e Kporpes — MOTpeOHas (HOpMAaTHBHAS) KOH-
uentpanus [I1BKXK, %;
V. — 06BbeM 3aIpaBIIsieMOr0 TOILINBA, M’
Voer 0o0beM ocTaTka TOIIMBa B 0Oakax
BC, M3;
Voykas — OOBEM TOILIMBA B 3alIPABOYHOM py-
KaBe, M.
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Taoauua 3
Table 3

Pacuet TpeOyemoit konnenTpamuu [IBKXX ams rapantupoBanHoro odecnieueHus
koHauronHocTH AT B 6akax BC mo jaHHOMY MOKa3aTemnio
Calculation of the required AWCF concentration to ensure aviation fuel quality
in the aircraft tanks according to this indicator

Homep O6bem TonInBa B 0a- Oo0bem 3anpaBisiemo- | Tpedyemasi konuentpanus IIBKK,
ucnbiTanus | kax BC no 3anpaBku, Ja ro AT B 6aku BC, a paccunTanHas no gopmyJe (3), %
1 143 857 0,18
2 375 625 0,25
3 420 580 0,27
4 259 741 0,21
5 432 568 0,28
6 680 320 0,49
7 698 302 0,52
8 725 275 0,57
9 852 148 1,06
10 398 602 0,26
11 413 587 0,27
12 526 474 0,33
13 852 148 1,06
14 369 631 0,25
15 542 458 0,34
16 789 211 0,75
17 880 120 1,31
18 662 338 0,47
19 333 667 0,24
20 190 810 0,19
21 810 190 0,83

O6parumcst k Taba. 2 ¥ paccUUTaeM MoTpeod-
HYIO JUIsl TapaHTHPOBAHHOTO OOECIeUeHUs HOp-
matuBHOU (0,15 % 006.) konuentpamuio [TBKXK
IUTsl To3upoBaHus mipu 3anpaBke BC mo dopmy-
ne (3), mpuHUMas OCTAaTOK TOIUIMBAa B PYyKaBe
paBHbIM 50 1 (Tabm. 3).

be3ycrioBHO, €cii OCTaTOK TOIUIMBA B Oakax
BC conpepxur Hekotopoe koamdectso [IBKIK,
IpA HOBOM CIIOCOOE JTO3UPOBAHHUS BO3MOKHO
MPEBBILICHHE HOPMATHUBHBIX 3HAYEHUH, HO He-
3HAYHTENbHAS TIEPETO3UPOBKA CO BCEMH €€ yKa-
3aHHBIMH B CTaTh€ HETATUBHBIMU MOMEHTaMU
BCE K€ OKa3bIBACTCS MPEAINOYTUTEIbHEE, HEXKe-
JIM HEJIOCTAaTOK, KOTOPBIiA, B CYIIIHOCTH, HUBEIIH-
PYET CMBICIT T0OaBICHHUS ATOM MPHCAIKH.

Takxe cieqyer OTMETUTh, YTO OOecIeYeHHe
OpraHu3aliiii aBHATOITMBOOOECTICUEHHS J103a-
topamu [IBKXK ¢ ynpaBisiemMbiM U BBICOKOTOY-
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HBIM pacx0210M, B TOM 4YHCJI€ MAaCCOBbBIMH, Ha
CETOAHSIIHUN JIeHb SBJSETCS JIETKO pelraeMoin
3aa4uei.

3akiroueHue

B ycnoBusix skcrmyaranuu BC B Poccun kak
B CaMOM XOJIOJIHOM CTpaHE MHUpa UCIOJIb30BaHUE
[NBKXX siBisieTcst akTyaabHBIM METOAOM OOPHOBI
¢ oOseneHeHreM B TOILUTMBHBIX cucreMax BC u
AJl. TIBKX no6asnstor B AT mo TpeGoBaHuUIO
3aka3uuka. g oOecrieueHnuss KOHAMIIMOHHOCTU
AT B Oakax BC mo xonmenrpamuu [IBKXK
HEOOXOJUMO HCIIOJIb30BaTh €€ BapUaTHUBHOE
no3upoBanue. Crnocod pacdera moTpeOHON KOH-
nentparuu [IBKXK (mns obGecneduenus: Hopma-
TUBHOHM KOHIIEHTpaIuu B TorummBe B Oakax BC)
BeCbMa IPOCT U TMPEAJIOKEH B JIaHHOM CTaThbe.
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[IpencraBnsieTcsi, 4TO HCHOJIB30BaHUE TAaKOTO
BBOJIa C TMPUMEHEHHUEM MOJECPHU3UPOBAHHBIX
J03aTOPOB  TIO3BOJIUT TOBBICUTH HAJIEKHOCTD
paboTBI 3JEMEHTOB TOIUIMBHBIX cucteM BC m
A]l, uyBcTBUTENBbHBIX K oOneneHenuto (OTO
AJl, TOTUIMBOMACISIHBIE paJAHATOPBI, HACOCHI,
KJIanlaHbl, TOTUIMBOMEPHI, TPYOOIIPOBOIBI U TIp.),
W, COOTBETCTBCHHO, OE30IaCHOCTH IIOJICTOB.
Eme Oonee akTyalbHBIM MOXET OBITH CIOCOO
JIO3UPOBAHUSI C YUYE€TOM KOHCTPYKTHUBHBIX OCO-
OCHHOCTEW TOMIMBHBIX CHCTEM KOHKPETHBIX
tunoB BC u tumoB AJl, ogHako »T0 Tpedyer
HAMHOTO 0oJiee CKPYITyJIe3HBIX UCCIIeIOBAHUM.
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Methodology for plotting the flight planned route change
of the aircraft in flight

M.A. Kiselev'?, Y.S. Kalyuzhny’, A.V. Karpov?, S.F. Borodkin'
"Moscow State Technical University of Civil Aviation, Moscow, Russia
? FAO "State Research Institute of Aviation Systems", Moscow, Russia

Abstract: A significant number of aviation incidents is related to loss of control in flight and controlled flight into terrain (LOC-I,
CFIT, LALT categories). Investigation of these aviation incidents has revealed that these incidents often occur due to the need for
rapid changes in flight routes as a result of detecting obstacles, such as thunderstorms, along the aircraft's path. During the
determination of alternative routes to circumvent the encountered obstacle, as well as during the implementation process of the
chosen rerouted route, the flight crew makes errors due to increased psycho-physiological workload and time constraints. This
article presents an approach to the automatic rerouting of the aircraft's flight route to avoid obstacles detected during flight. The
algorithm proposed by the authors allows for evaluating the safety of the original route, calculating alternative route options to
bypass the obstacles encountered during flight, verifying their feasibility considering the aircraft's flight technical characteristics and
control parameter limitations, and selecting the optimal rerouted route based on specific criteria, such as minimizing the increase in
the flight route length, reducing additional fuel consumption, time required for implementing the new flight route, etc. Examples of
rerouting the flight route of a hypothetical aircraft with detected obstacles along the flight path are provided in the article to
demonstrate the algorithm's functionality. It is shown, in particular, that in the considered example, the shortest route for obstacle
avoidance is not optimal in terms of time. It is also demonstrated that the safety of flying along the identified alternative rerouted
routes depends, among other factors, on the selected flight speed. Therefore, for each calculated rerouted route, the algorithm
determines a range of speeds within which the implementation of the obtained rerouted route is possible. This highlights the
complexity and non-triviality of the pilot's task of autonomously finding a safe obstacle avoidance route on board the aircraft.

Key words: flight plan, obstacle avoidance, flight safety, control synthesis, restriction on control action, fuel efficiency.

For citation: Kiselev, M.A., Kalyuzhny, Y.S., Karpov, A.V., Borodkin, S.F. (2023). Methodology for plotting the flight planned
route change of the aircraft in flight. Civil Aviation High Technologies, vol. 26, no. 6, pp. 33-46. DOI: 10.26467/2079-0619-2023-
26-6-33-46

MeToanka nepecTpoeHUs MapuIPyTa MoJjeTa BO3AYIIHOI0 Cy/HA
B Ipollecce ero BbIMOJHEHUS

M.A. Kuceaes'?, ¥0.C. Kanoxusbrii’, A.B. KapHOBZ,
C.®. Boponkun'
"Mockosckuii 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUmenm 2paicoOancKol asuayul,
2. Mockea, Poccus
’@edepanvroe asmonommoe yupexcdenue «I'ocydapcmeentbiii HayuHO-
uccnedo8amenbCKull UHCMumym aeuayuorHHulx cucmemy, 2. Mockea, Poccus

AHHOTamMs: bonblioe KOIMYECTBO aBHAIMOHHBIX IPOMCIIECTBUI CBA3aHO C IOTEpeH YNpaBJIeHUs B MOJIETE, a TaKKe CO
CTOJIKHOBEHHEM ¢ 3emuiel B ympasisgemoM mnojere (kareropun LOC-I, CFIT, LALT). B pe3ynbrate paccienoBaHus TaHHBIX
aBHUAlIMOHHBIX HpOl/ICIJ_[eCTBI/lﬁ BBIABJICHO, YTO YaCTO YKa3aHHbBIC aBUAIIMOHHBIC IMPOUCHICCTBUA OGyCﬂOBﬂeHbI HGOGXOILI/IMOCTI)IO
OBICTPOro M3MEHEHHWs MaplupyTa II0jeTa BCIIEJCTBHE BBIABJICHHS Ha ITyTH CJIEAOBAHMS BO3IYIIHOTO CyAHA NPEISTCTBHH,
Hanpumep rpo3oBoro ¢ponra. Ilpu onpeneneHny anbTepHATHBHBIX MapLIPyTOB OOJ€Ta BO3HHKILIETO IIPEISITCTBHS, a TAKKE B
TpOIIECcCce peain3alii BBIOpaHHOT0 MapIIpyTa 00JIeTa SKHUIIaX COBEPIIAET OIIMOKN BBHTY TIOBBIIIEHHON MCUXO(U3HOIOTHUECKOH
Harpy3ku ¥ Jeuimra BpeMeH!. B naHHOM cTaThe mpencTaBieH MOAX0/ K aBTOMAaTHYECKOMY TIEPECTPOCHHIO MapIpyTa HoJeTa
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BO3IYIIHOTO Cy/IHA 1151 00JieTa 0OHAPYKEHHBIX B IIpOLIEcCe 1ojleTa NpensTcTBuid. [IpeiaraeMplii aBToOpamMu ajlrOpUTM MO3BOJISIET
OLICHUTH 0E30IaCHOCTh MCXOJHOTO MaplIpyTa, PAcCUMTaTh BapUaHThl AbTEPHATHBHBIX MApIIPyTOB 0OneTa OOHApYKEHHBIX B
Ipolecce MoseTa MPErsITCTBUM, IPOBEPUTh UX HA PEATM3yeMOCTh C YYETOM JIETHO-TEXHUUECKUX XApaKTEPUCTUK BO3MYLIHOTO
Cy[lHa, OrpaHMYEHHII Ha YIPaBISIOIINE MapaMeTpPbl, a TaKKe BBIOPATh CPEAr HAaWJICHHBIX MapIIpyTOB OOJeTa ONTUMAJIBHBIN C
TOYKHM 3PEHHs] KAaKOTo-MMOO KpUTEpHs, HANpHMEP HCXOMAS M3 MUHMMH3ALMK YBEIMUYEHMS MPOTSDKEHHOCTH MapIipyTa IOJeTa,
COKpAIIICHHS IOTIOJIHUTEIBHBIX 3aTpaT TOIUIMBA, BPEMEHH, HE0OXOAMMOro Ha pealM3alliio HOBOTO MapIIpyTa 1mojiera, u T. A. [
JIEMOHCTpallii  pabOTOCHOCOOHOCTH AITOPUTMA B CTaTh€ IPEJICTABICHBI MPHMEPHI IIEPECTPOSHUS MapIupyTa IoJIeTa
TUIIOTETUYECKOTO BO3AYIIHOTO Cy[HA C BBIIBICHHBIMH HA ITyTH CIIEOBaHUS NpersTcTBUsIMU. [lokazaHO, B 4acTHOCTH, YTO B
PacCMOTPEHHOM TIPUMEPE CaMblii KOPOTKMH MapIpyT o0JeTa NpPEelsSTCTBHI HE SBISIETCS ONTUMAIBHBIM C TOYKH 3PEHUS
BPEMEHHBIX 3aTpar. Takke TEMOHCTPUPYETCs, 9TO OE30I1aCHOCTh MPOJIETA MO HAWICHHBIM AIBTEPHATHUBHBIM MapIIpyTaMm 00JeTa
NPETSITCTBUI 3aBUCHUT B TOM YHCIIE OT BRIOPAHHOM CKOpOCTH mosieta. [109ToMy /iist KaXKI0ro pacCUMTaHHOTO MapiipyTa odJiera
NPETSITCTBUM aJITOPUTM OIPEIeNsieT IMara3oH CKOpOoCTel, B KOTOPOM BO3MOYKHA peajIn3alysi MOJTYy4YeHHOro Mapipyra odJera
npensaTcTBuil. [locnenHee ykasplBaeT Ha CIOXKHOCTh WM HETPUBHAIBHOCTH CAMOCTOSITENIBHOIO PEIICHHS 33Jaull IOMCKa
0e30macHOro MapIIpyTa o0JieTa NPeTsITCTBUM MIJIOTOM Ha OOPTY BO3/IYIIHOTO CYIHA.

KnioueBble ciioBa: MapmpyT mojiera, OOJNeT IIpersTCTBHM, Oe30MacHOCTh TMOJIETa, CHHTE3 YIPABICHHS, OrpaHHYCHUE
Ha YIpaBJIeHHe, TOIUTHBHAS d(PPEKTHBHOCT.

Jna nurupoBanus: Kucene MLA. Mertoauka mepecTpoeHMs] MapllpyTa IIOJIETa BO3LYIIHOIO CyAHa B IIPOLECCE €ro
BoinonHenus / M.A. Kucenes, 10.C. Kamtoxusiit, A.B. Kapnos, C.®. Boponkun / Hayunsiit Becrauk MI'TY T'A. 2023. T. 26,
Ne 6. C. 33-46. DOI: 10.26467/2079-0619-2023-26-6-33-46

Introduction airfields, and also directory data, for instance,
coupling and navigation frequencies [7]. Respec-
tively, the crew plans its flight™* essentially plot-

2011-2020', a significant number of such acci-  ting through the given waypoints together:
dents for civil aircraft is related to such groups ~ choosing the departure airfield, runway and
of events as loss of control in flight (LOC-I) and takeoff heading given by the air traffic control-
controlled flight into terrain (CFIT), and LOC-1, 1t standard departure and airway for the follow-
CFIT and LALT for helicopters (fig. 1-4). Anal- ing ﬂ1ght‘. After that the arr}val airfield, runway
ysis of the following accidents has shown that and landing heading are given and the proce-
the lack of full crew situational awareness, along ~ dures for the following heading and runway are
with errors due to increased psycho-physio-  chosen [8]:

logical workload [1, 2] and time constraints for Arrival Route;

decision-making [3]. In these terms the prior po- Initial Approach Segment;

tentially dangerous flight situation identification Intermediate Approach Segment;

According to flight accident statistics for

along with calculating alternative route options Final Approach Segment;

in order to choose a route for its performance Missed Approach.

seems to be relevant. Particularly, automatic re- It is clear from above mentioned, that the
routing of the aircraft's flight route to avoid ob- crew plans the route by the given scenario, pro-
stacles detected during flight, threating the air- vided that there are no unknown obstacles and

craft safety, such as terrestrial natural or artificial restricted flight zones. Nevertheless, the aircraft
object [4], thunderstorm, showers [5], etc. is of =~ may deviate from the initial plan during the
undoubtful practical interest. flight due to wide range of reasons. Besides that,

The crew currently plans flights by means of  the dangerous weather conditions may occur on
a flight management computer (FMC). FMC is
an airborne computer with relevant air naviga- 2 L
tion database [6], including air routes, standard Dpc 81§S/OfPS/61 1 :.Procedures for air navigation ser-

. vices-aircraft operations. (2006). 3rd ed. ICAO, vol. 1,

departure procedures, arrival and final approach, Flight Procedures, 386 p.

Doc 8168/OPS/611: Procedures for air navigation ser-

vices-aircraft operations. (2006). 3rd ed. ICAO, vol. 2,

' The analyses of the civil aviation flight safety in 2020. Construction of Visual and Instrument Flight Proce-
(2021). FAVT Rosaviatsia, 35 p. (in Russian) dures, 880 p.
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CamoJrernl
O Karacrpodsr [ Asapun

CTo/IKHOBeHHE ¢
3eMJIeH B Hoﬂaﬂaﬂﬂe B 30HY

ynpagasiemom CHIBbHOII rpo3oBoii Honananne B
noaere (CFIT) AeATeIbHOCTH npubopHble Ioteps

(WSTRW)  MeTeoycioBHsl, K YUPABJICHHS B

koropbiM skunazx  Hoaere (LOC-I)

He JoNnyINeH
(UIMC)

Fig. 1. Types of events that determined aviation accidents with commercial aircraft in 2011-2020

BeproJerst

CTOJIKHOBEHHH C

npensitcrsasivu IlloTepst ynpasinenust
npH noJjere B noaere (LOC-I) Cronknosenne ¢

Ha MaJIoii BBICOTe 3eMJIel B
(LALT) YHPpaBJIsIeMOoM
noxere (CFIT)

OKaracTtpodnr [ Apapun

Fig. 2. Types of events that determined aviation accidents with commercial aviation helicopters in 2011-2020

the route. For instance, deviations from the heli- into the FMC basic part, be one of its modes and
copter and general aviation aircraft flight plan provide:
may lead to natural or artificial obstacle occur- 1) determination of alternative routes majori-

rence along the route. Despite the existence of  ty, providing obstacles avoidance at safe dis-
on-board systems [9, 10] providing the data on tance in automatical or direct modes considering
obstacles and restrictions along the route and the aircraft characteristics and limitations;

dangerous weather conditions to the crew, the 2) determination of the best routes among the
crew has no instrument of automatical rerouting alternative ones by the given criteria, for in-
for the obstacle safe avoidance, considering the stance, from a point of view of minimizing the
aircraft limitations and characteristics, which can extra time and fuel consumption, lateral devia-
lead (and leads) to fatal consequences in above tions, etc. on the initial route.

mentioned time constraints circumstances. Such
an instrument should obviously be integrated
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CaMoJeTsl

CTOoJIKHOBEHHE ¢

3eMJIeii B CTOIKRHOBEHHS ¢
yopasasiemom  NPeNsiTCTBHAMMI Iloreps
noJjiere (CFIT) npH noJjiere YUpaBJ€HHS B
Ha MaJjoii BeicoTe Hnogaere (LOC-I)
(LALT) O Karacrpodpn D Apapun

Fig. 3. Types of events that determined aviation accidents with general aviation aircraft in 2011-2020

Beproaersl

CTOJIKHOBEHHH C
NPensiTCTBHSIMH IHoTeps

IpH MojieTe yIpaBJieHus B CToJKHOBEHHE ©
Ha MaJoii Bpicote Hojere (LOC-I) 3emJleii B o ABapun
(LALT) YIPABJIAEMOM nK
noiaere (CFIT) aracrpogut

Fig. 4. Types of events that determined aviation accidents with general aviation helicopters in 2011-2020

Setting the problem cav _
a g(Myq — sind),
Let: B9 (n COSYq — cos@)
1) flight route be given by the initial route ar = v \Itya€0%a '
point {Xp}; pass (turning) route points & ___9 Ny SINYg,
{Xi1},{Xa}, ....{Xn-1}; final route points {X,}, dil:g veos®
where Xi = (Xgi, Ygi» Zgi) are the route points co- \ o = Vcosbcos¥,
ordinates in normal terrestrial coordinate sys- dyg Vsi
—= = Vsinf
tem [11]; dt ’
2) obstacles be given by the multitude of azg _ —VcosOsin¥,
points: {an‘l}, oo {an m}s ' ;Tfl
3) the aircraft flight be described by the sys- \ 2z = S

tem of differential equations [11]
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MpenarcTeue

e,
SRS

Fig. 5. Safety zone

where V is aircraft speed; 0, ¥, y, are path, route
and bank angles; Xg) Vg, Zg ar€ aircraft coordi-
nates in a normal terrestrial coordinate system,;

2
_ Pcos(oc+<pAB)—cxa%S

nxa mg
o —angle of attack; ¢,, — engine angle of attack;
P = f(V, H, ocpyﬂ) — powerplant thrust ; o, —
throttle control lever position, determining the
engine mode; ¢y, = f(x) — lift coefficient;
Cxa = Cxa (Cya) — drag coefficient; ¢yq(Cyq) —
aircraft polar curve; p — air density; m — aircraft
mass; S — wing area; ¢y — fuel flow rate. Values
Nya» Yar Xpyy- are used as control functions;

4) limits for flight height and speed, normal
speed acceleration and speed bank angle value
and rate of change are given:

(VMI/IH S V(t) S VMaKC’
H(t) 2 HMI/lH'
nya MHWH < nya (t) < nya MaKc’
|fl ya(t)l <n ya Makc’
1Y a (O] =¥ ¢ maxe
\ |y a(t)l S )./ a Makc

)
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g is downward acceleration; ny,q, Ny, are normal
speed and flight path acceleration, calculated as

pV2 ,
_ cyaTS+Psm(a+(pAB) )

ya mg 4

5) provided the altitude and speed character-
istics of engine unit P = f (V, Vg » ocpyﬂ).

It is necessary to:

1) estimate the route safety by reference to
minimum shortest distance between the route
and obstacle allowed (fig. 5);

2) determine the alternative safe routes from
the initial to final point whether the initial route
is dangerous;

3) determine the probable speed of flight via
alternative routes;

4) to choose the best possible route by the
given criterion.

Research methodology

There is the algorithm for searching a safe
obstacle avoidance route in Figure 6.
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Mapupyt {X,} HpensarerBust {Xm upi}se-+s {Xm npk}

|
'
< Hauauo >

A 4

Onenka 6e30MacHOCTH MapuIpyTa

MapupyT 6e3onacex

HacTtpoiiku
aJropurMa

HET

A A

» Pacuer aJbTepHATHBHBIX MapLIPYTOB

JIbTePHATHBHBIE MAPHIPYT
Hali1eHbI?

AJbTepHATHBHbIE
MapLIpPyThI

y

JITX BO3XyIIHOIO CyAHA

A

»  OueHka peajan3yeMOCTH MAPLIIPYTOB

HET

MapumpyThl peajinzyembl

aa

A

Bb100p onTHMATBLHOrO MapLIPYTa Kpurepuu odJera

v
XapakTepuMCTHKHM MapLIpyTa
JJ1sl KOHTYpa ylpaBJeHust

y

(e )

Fig. 6. Scheme of the main part of the algorithm

The algorithm incoming data are the route in- {Xmupt}s--o» {Xm npk}, along with aircraft per-
itial points {X,} and obstacle profile points formance.
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Fig. 7. Route search beam rotation

Let us specify the algorithm key peculiarities.

Route safety estimation is an estimation of
an obstacle penetrating cylinder-shaped figure
with a given radius. The radius determines the
safe distance from the obstacle, which depends,
for instance, on the probable aircraft deviation
from the route.

Route performability estimation is a multi-
ple aircraft displacement equations integration
procedure considering the restrictions mentioned
above provided the different aircraft flight
speeds. The synthesis control algorithm [12] is
used for it, which then allows to estimate the
safe avoidance probability with a given speed,
deviating from the initial route line not exceed-
ing the given value, considering the aircraft per-
formance and control parameters restrictions.
The control parameters, necessary for route per-
formance, exactly acceleration, banking and

py, are the algorithm outcoming data.

Alternative routes determination is a pro-
cedure, based on a subsequent search of a new
route point by rotating the beam from the current
route point from the initial flight destination to
its collision with an obstacle and then shifting
the contact point to the given distance from an
obstacle considering the minimum shortest dis-
tance between the route and obstacle allowed

(fig. 7).
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The best possible route choice is made after
determining the multitude of alternative route
basing on flight operator criteria [13].

After route choice its parameters are coordi-
nated with air traffic control [14] and are pro-
ceeded to trajectory autopilot loop for automatic
or direct mode implementation.

Results of the research

The present paper introduces the results of a
model problem of obstacle avoidance by the hy-
pothetical aircraft in horizontal plane below for
two cases:

1) assumption concerning the constant speed
along the route;

2) the maximum possible flight speed in eve-
ry path point by reference to aircraft perfor-
mance, control parameters restrictions and main-
taining safe distance from the obstacle.

The following restrictions are settled while
research:

1) g-rating allowed is —1...42.5;

2) maximum acceleration speed change al-
lowed is lun/s;

3) bank range allowed is —30°...30°;

4) maximum bank angle rate change allowed
is 100%s.
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Fig. 9. Obstacle avoidance options at constant speed

The initial flight route in Figure 8 are given The determined safe obstacle avoidance
by points 1 and 2. routes at constant speed along the route are
shown in Figure 9.
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Discussion of the results

Safe obstacle avoidance route at a constant
speed possess the following characteristics:
1) route 1 (marked yellow):
e route length is 9936 m;
e maximum safe speed of flight en-route is
285 km/h;
e g-rating within 0.8...1.4;
e bank angle within 30°...15°%
e cstimated time en-route is 126 s;

2) 2 (marked red):
e route length is 9430 m;
e maximum safe speed of flight en-route
70 km/h;
e g-rating within 0.66...1.4;
e bank angle within —26°...3.5%
e cstimated time en-route is is 486 s;

3) 3 (marked green):
e route length 8593 m;
e maximum safe speed of flight en-route is
220 km/h;
¢ bank angle within 0.6...1.5;
¢ bank angle within —30°...30%
e cstimated time en-route is 126 s;

4) 4 (marked blue):
e route length is 11327 m;
e maximum safe speed of flight en-route is
295 km/h;
e g-rating within 0.6...1.45;
e bank angle within of —15°...30%
e estimated time en-route is 139 s;

By reference to above mentioned characteris-
tics, we can make a conclusion that route 3 is the
best possible from the minimum length point of
view, although route 1 is the one from flight time
minimization point of view, as it allows to per-
form the more flight constant speed due to its
more flowing path, which finally gives time ad-
vantage.
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Safe obstacle avoidance routes with speed’
changing along the flight path and restricted
minimum flight speed of 250 km/h possess the
following characteristics:

1) 1 (marked yellow):
e route length is 9936 m;
* maximum/minimum

505/284 km/h;
e g-rating within 0.75...1.4;
e estimated time en-route is is 105 s;

speed en route is

2) 2 (marked red):
e route length is 9430 m;

e route performance at a minimum speed re-
stricted to 250 km/h is impossible;
3) 3 (marked green):
e route length is 8593 m;
e route performance at a minimum speed re-
stricted to 250 km/h is impossible;
4) 4 (marked blue):
e route length is 11327 m;
e maximum/minimum speed en route is

485/294 km/h;
e g-rating within 0.4...1.29;

e estimated time en-route at a maximum speed
1s 123 s.

There is route 3 path at allowed speed at a
path of 250 km/h in Figure 10. It is clear that
performance impossibility of the route is related
to bank limit (fig. 11). In this case aircraft has to
quit the given route, which leads to prohibitive
obstacle proximity. There are flight results on
route 3 at 200 km/h speed in Figure 12. It is clear
that reduction of speed provides the given route
performance opportunity. There are control pa-
rameters for such a case in Figure 13.

* The maximum speed allowed is performed in every path
point by reference to aircraft performance data, control
parameters restrictions and keeping safe distance from
the obstacle.
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Fig. 10. Checking the route for feasibility at a speed of 250 km/h
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Fig. 11. Graph of change in normal overload when moving along the route at a speed of
250 km/h to the vanishing point
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Fig. 12. Checking the route for feasibility at a speed of 200 km/h

14 ° Dy,
30 1.16 _
1.14 W
20 1.12
o / ¥ |
0 1.08
00 t,c 1.06
-10 1.04
20 1.02 L) L\
0.98
-40 0 50 100 t,c
Fig. 13. Graph of changes in normal overload when moving along the route at a speed of 200 km/h
Conclusion tion along with calculating alternative route op-

Flight accidents statistics analysis in LOC-I,
CFIT, LALT shows their high level of occur-
rence for civil aircraft. In these terms the prior
potentially dangerous flight situation identifica-

43

tions in order to choose a route for its perfor-
mance seems to be relevant. Automatic rerouting
of the aircraft's flight route to safely avoid obsta-
cles detected during flight according to the cho-
sen criteria seems to be relevant in order to de-
crease the number of such accidents.
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There is the algorithm, providing the multi-
tude of alternative safe routes performed by the
given aircraft with marking the best possible ones
by the chosen obstacle avoidance criteria and
route safety estimation basing on current route
data and obstacle coordinates, in this article.

The given aircraft flight dynamics modelling
numerical numbers confirm the algorithm per-
formance capability, particularly, for obstacle
avoidance in horizontal plane or at changing
(maximum allowed) speed at flight path.

It is supposed to continue the research in or-
der to estimate the following approach perfor-
mance capability in terms of making obstacle
clearance in vertical plane and in the airspace.
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Oco0eHHOCTH OpraHu3aluy VIAHUPOBAHUS MCI0JIb30BAHUS
BO3AYIIHOIO npocrpancrea B Poccuiickoit @eaepauuu Ha npumepe
MoCKOBCKOM BO3IYLIHOW 30HbI

o1 1
B.K. Ileuenexckuii , E.K. UyBukoBckas
"Mockosckui 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUmenm 2paicoOancKoll asuayul,
2. Mockea, Poccus

AnHoTaumst: sl perieHust 3a1ad 1o YBEIUUESHHIO TIPOITYCKHOH CIIOCOOHOCTH CEKTOPOB OOCITYKUBAaHNSI BO3AYIIIHOTO IBIKEHUS
(OBJ1), npenmonaraercs 3alelCTBOBATh PsiJi MEP PETYJIMPOBAHMS TOTOKOB BO3IYIIIHOTO JBIDKEHHS Ha 3Tarax CTpaTerHyecKoro u
NPEATaKTHYECKOro IUIaHUpOBaHKs. Ha mpakTvke NpUMEHeHHe TakuX Mep OKasbiBaeTcss Manod(D(EKTUBHBIM B CBS3U C
OTKJIOHEHHEM T1apaMeTpoB (haKTHUECKHX TI0JIETOB OT 3asBJICHHBIX MPH 110/Iaue TJIaHOB 10s1eToB. Llenh HacTosIIIero nece0BaHus
COCTOHT B BBISIBIICHUH OCHOBHBIX IIPOOJIEM B CHCTEME IUIAHUPOBAHMS BO3AYILIHOTO JABMKEHUS! IS TIOCIIEIYIOLIEr0 PEIIOKEHHUS
Mep 10 COBEPUICHCTBOBAHMIO DETYJIMPOBAHUS IIOTOKOB BO3AymHOro pmkenus (B/l) m HemomymieHHWio KOH(IIMKTHBIX
curyarmii (KC) Ha 3Tamax cTpaTermyeckoro M NpeATakTUYeCKOro IUIaHMPOBaHMs. It JOCTHKEHHS MTOCTAaBJICHHOW Liely ObUTH
MPOaHAM3UPOBAHBl OCHOBHBIE JOKYMEHTHI IUIaHMpoBaHWs BJl, mpoBeneH aHanmm3 MapamMerpoB IIOJ€Ta Ha Pa3HBIX 3Tamax
TUTAHUPOBAHUS Ha prMepe MOCKOBCKOTO 30HANIBHOTO IeHTpa EanHoii crcteMsr opranmsanin Bo3aynmHoro aemwkernst (M3L EC
OpB/l). AHamM3 OCHOBHBIX JOKYMEHTOB, PEIrJIaMEHTHPYIOIIMX IUIaHWpoBaHHWe Bo3aymHoro merkeHus ([IB) B PO u
pexomernarmii IKAO moka3pIBaeT CIIOXKHOCTH B COIVIACOBAaHMM W OOMeHe WH(OpMaImed MeXIy 3anHTepeCOBaHHBIMU
CTOpOHaMH B HCIIOJIb30BAHWM BO3IYLIHOrO mpocTpaHcTBa PO. PaccuntaHbl OTKIOHEHHS OT PacIMCAHMs NPH IPHIIETe/BBIIETE
BO3/YIIHBIX CyIOB Ha IpumMepe asporopta Jlomonenoso. IIpoaHan3upoBaHO KOMMYIECTBO MOAAHHBIX M OTMEHEHHBIX 3asBOK Ha
HCIIONB30BaHUE BO3AYIIHOTO MpocTpaHcTra npu mwiaHuposanuu B/ B M3I EC OpB/l. ITpoBeneHHbIe HcCIeA0BaHNS TO3BOISIOT
cliesath BBIBOJ O COCTOSIHMM CHUCTEMbI OpraHM3auuu IulaHupoBaHust B/l u 00ocHOBaTh HelenecooOpa3sHOCTh BBISBJICHUS W
npenotBpatiennss KC Ha 9Tane npeaTakTHuecKoro miaHupoBanust. B Xoze uccienoBanuii ObUIN BBISBIICHBI OCHOBHBIE HEIOCTATKH
oprann3aiuy mianuposanust B/l B P®, koTopble MOTyT OKa3bIBaTh CYIIECTBEHHOE HEraTHBHOE BO3/ICHCTBHE HA OE30I1aCHOCTh U
HKOHOMHYECKYIO 3()()EKTUBHOCTD ITOJIETOB BO3/IYIIHBIX CYJIOB.

KiioueBnble cjioBa: Oopranm3anys II0TOKOB BO3AYIIHOTO ABWOKCHMA, IUIAH IIOJIETOB, HEHTPHI IUIAHUPOBAHWA BO3QYIIHOTO
JBH)KCHHA, KOH(l)J'II/IKTHBIe CUTyallH, CTPAaTETMIECKOE INIAaHUPOBAHUE, TPEATAKTUICCKOEC TUITAHUPOBAHUE.

Jns uurupoBanmsi: Ilewenexckuit B.K., UyBmkosckas E.K. OcoGeHHOCTH OpraHm3aliiii IUTAHMPOBAHUS HCIIOJIB30BAaHUS
BO3/yIIHOrO mpoctpaHcTBa B Poccmiickoit @enepaimu Ha npumepe MockoBckoil Bo3myirHod 3oHbI // Hayunbiii BecTHuk
MITY I'A. 2023. T. 26, Ne 6. C. 47-57. DOI: 10.26467/2079-0619-2023-26-6-47-57

Features of the organizational concept of airspace management planning
in the Russian Federation on the example of the Moscow airspace

V.K. Pechenezhsky', E.K. Chuvikovskaya'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: In order to solve the tasks of increasing capacity of the air traffic service sectors (ATS), it is planned to use a number of
measures to regulate air traffic flows at the stages of strategic and pre-tactical planning. In practice, the application of such measures
is ineffective due to the deviation of the parameters of actual flights from those stated when submitting flight plans. The purpose of
this study is to identify the main problems in the air traffic planning organization for the subsequent proposal of measures to
improve the regulation of air traffic flows and prevent conflict situations at the stages of strategic and pre-tactical planning. To
achieve this goal, the key documents of air traffic planning were analyzed, the analysis of flight parameters at different stages of
planning was conducted on the example of the Moscow Area Center of the Unified Air Traffic Management System (UATMS).
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The review of the key documents regulating air traffic planning in the Russian Federation and the ICAO recommendations shows
difficulties in coordinating and exchanging information between the parties concerned in the Russian Federation airspace
management. Deviations from the schedule during the aircraft arrival/departure are calculated using the example of Domodedovo
Airport. The number of submitted and canceled applications for the airspace management (ASM) during the air traffic planning in
the Moscow Area Center of the UATMS is analyzed. The conducted studies allow us to draw up a conclusion about the state of the
air traffic planning system and justify the inexpediency of detecting and preventing conflict situations at the stage of pre-tactical
planning. The research revealed the obvious shortcomings of air traffic management in the Russian Federation, which can have a
significant negative impact on the safety and economic efficiency of aircraft flights.

Key words: Air traffic flow management, flight plan, air traffic planning centers, conflict situations, strategic planning, pre-tactical
planning.

For citation: Pechenezhskij, V.K., Chuvikovskaya, E.K. (2023). Features of the organizational concept of airspace management
planning in the Russian Federation on the example of the Moscow airspace. Civil Aviation High Technologies, vol. 26, no. 6,
pp. 47-57. DOL: 10.26467/2079-0619-2023-26-6-47-57

BBenenue HOro ueHTpa EIWHOW cHCTEMBI OpraHu3aluu
Bo3nymHoro aBwxkenus (M3L[ EC OpBJl) u
asponopra JloMoe10B0.

Bonbmoit o6beM uHpOpManUU, HEOOXOAM-
MBI JUIS TJIAHUPOBAHUS HCIIONB30BAHMS BO3-
nymHoro npocrpanctsa (ITMBII), noctynaer ot
pa3HbIX 3auHTEepecOBaHHbIX CTOPOH [1]. Tak kak
BCE OHM UCHOJIB3YIOT pa3HOE MPOrpaMMHOE
oOecrieyeHue AJsl IJIAHUPOBAHUS IOJETOB, BO3-
HUKaeT MpodiieMa COrJIaCOBAaHHOCTU MOJaHHON
uHbOpMaluu 175 ee JaJIbHEHIIero UCIoyib30Ba-
Hus B nensax OB/JI [2, 3].

[IpuBeneHHbIE B CTaTbhe MCCIEIOBAaHUS MO3-
BOJISIIOT BBISIBUTH OCHOBHBIE HEJOCTATKU B CH-
cTeMe TIaHUPOBaHHS T0JIeTOB B PD, n3baBuB-
IIKCh OT KOTOPBIX B JalbHEHIIEM MOXKHO Oyner
MOBBICUTH 0€30MacHOCTh U SKOHOMUYECKYIO d(h-
(EeKTUBHOCTB IOJICTOB.

[TocTosiHHBIA pOCT cmpoca Ha BO3AYILIHOE
IIPOCTPAHCTBO B MOCKOBCKOM 30HE 10 Hadaja
2022 roma BeIIBHUTAN Ha MEPBBIA MIIaH mpoOdIe-
MBI B O0JIACTH TUTAHUPOBAHHS BO3AYIIHOTO JIBH-
JKeHUs. ['paMOTHBINM MOAXOA K TUIAHUPOBAHUIO
BO3AYIIHOTO JBM)KEHUS MO3BOJISIET PeIaTh Ipo-
ONeMBbl TPEBBINICHUS TMPOMYCKHON CIOCOOHO-
ctu (I1C) cexTopoB 0O0CITYKUBAHUS BO3MAYITHOTO
newkennus (OBJ]) 1 BO3MOXKHBIX KOH(IMKTHBIX
cutyaiuit (KC) Mexnay BO3AYLIHBIMH CyJaMu
y>K€ Ha dTare CTPaTeruiyeckoro U MmpearakTuye-
CKOT'O TUIAHUPOBAHHUS, YTO HEBO3MOXHO TMPH OT-
KJIOHEHUU MapaMeTpoB padOyuX IJIAHOB IOJIETa
U PaKTHYECKUX.

[{enbto HACTOSAIIETO KUCCIIEIOBAHUS SIBISIETCS
BBISIBJICHHE OCHOBHBIX MPOOJIEM B CHCTEME IIa-
HUpoBaHus Bo3aymHoro aswxkeHus (I1BJ]), pas-
paboTka 1 000CHOBAHUE MEp 110 COBEPLIEHCTBO- AHa/IM3 3a8BOK NPH IVIAHUPOBAHUHU

BaHHIO DPEryJIMpOBaHMs IIOTOKOB BO3IYIIHOTO BO3YIIHOI'0 IBUKEHUSA B MocCKOBCKOM
nerxkeHust (BJl) u HegomymeHnio KOH(IUKTHBIX 30HAJILHOM LEHTpe EauHoii cucreMsl

CUTYaIlUi HA JdTamax CTPATErH4ecKOro U Mmpe.-
yan p pea OPraHU3alUM BO3AYIIHOI0 ABUKEHUSI
TAKTHYCCKOI'O HHaHHpOBaHHH.

Jnst nocTiKeHns yKa3aHHOM LIeJId MTPOBECH
aHaJIU3 OCHOBHBIX JOKYMEHTOB, PErIaMEHTUPY-
IOIUX TOAX0J]] K TJIAHUPOBAHHUIO BO3YIIHOTO

nBwxkeHus B PD, Ha mpeaMer ux COOTBETCTBHS 200 5
pexomernamusim MKAO, a HMEHHO MpHIOIKe- 020 rox. Ilpu 06paboTKE CTATUCTUKHU IO TOJIe-

nuro ICAO 6, mpunoxenmio ICAO 11, noky- TaM B BO3aymHOM mpoctpanctse (BIT) Mockos-

mentam ICAO 4444, 8168, 9971. Bmonnen ~ CXOH 30mbL EC OpBJL Opnu momyuiensr creny-
HOMUC pe3yJibTaThbl.

B M3I1 EC OpB/] B 2020 roay 05110 MogaHoO
295 206 3asBok Ha WMBII, nmpu 3TOM aHHyIHpO-
BaHO 88 924 w3 Hux, uro cocrasiasgeT 30 % or

I[JISI KOJIMYCCTBCHHOI'O aHaJIn3a IOAJaHHbIX U
obpaborannbix 3asBoKk B M31[ EC OpB/] 6sutn
UCITIOJIB30BaHbl  CTATUCTHYECKUE JAHHBIC 32

cOop 1 00paboTKa CTATUCTUYECKUX TAHHBIX Ta-
pamMeTpoB (aKTUUYECKU BBIIIOJIHEHHBIX TOJETOB
U UX CpPaBHEHHE C 3asBJICHHOM IUIAHOBOM MWH-
dbopmarueit Ha mpuMepe MOCKOBCKOTO 30HAJTb-
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Obuiee KonnyecTso 3aaBokK Ha MBI B M3L, EC
OpB/ 3a 2020
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Puc. 1. O6mee xommuectBo 3asBok Ha IBII 8 M3L[ EC OpB/] 3a 2020 rox
Fig. 1. Total number of applications for the ASM in the Moscow Area Center of the Unified ATM system for 2020
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Puc. 2. MapmpyTtHO-TpaccoBble miansl mosnetos B M311 3a 2020 rog
Fig. 2. Route and local air routes flight plans in the Moscow Area Center of the Unified ATM system for 2020

0011Iero KoM4ecTBa. 3assBKU aHHYJIUPYIOTCS TI0
CIIeTyIOIINM MIPUYUHAM:

HeTpaBUIIbHOE 0POpPMIICHHE;

HapyIICHHE CPOKa MOIaYH;

OTCYTCTBHE CBOEBPEMEHHOTO MOATBEPKACHUS
Ha UBII;

METEOYCIIOBUS.

W3 rpaduxka 1 (puc. 1) BugHO, 9TO OT 25 10
50 % 3asgBOK aHHYJIHPYIOTCS Ha 3Tare MpeaTak-
TUYECKOTO TUTAHHPOBaHUS (MeHee 4eM 3a 2 Cy-
Tok jo Hadana MBII, Ho He mo3mHee ero Hada-
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7a), ¥, CJIeI0BaTEIbHO, MOJA00HBIC PEMCHI HE BbI-
TTOJTHSIOTCS.

JlaHHBIE TI0 MAapIIPYTHBIM W MapIIPyTHO-
TPAcCOBBIM TOJIETAM TPEJICTaBICHBI Ha rpadu-
kax 2 u 3 (puc. 2, 3).

AHanmM3 NaHHBIX, MPEJCTaBICHHBIX Ha Tpa-
¢ukax 2 u 3, MOKa3bpIBACT, YTO YyTh MEHEE MO-
JIOBUHBI TOJIETOB OT 3aIUIAHUPOBAHHBIX HE BHI-
nonHsiercs. B cpennem 3a 2020 ron ObUTO BBI-
nomHeHo 61 % OT TMOCTYNHMBIIMX 3asBOK IS



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 06, 2023

Civil Aviation High Technologies

Vol. 26, No. 06, 2023

MapuwpyTHble naaHbl nonetos B M3L, EC OpB/] 3a

2020.
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Puc. 3. Mapmpytasie mnans! noeroB 8 M3L[ EC OpB/] 3a 2020 rox
Fig. 3. Route flight plans in the Moscow Area Center of the Unified ATM system for 2020
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Puc. 4. [Ipumep mapmpyTHOit qacTr mana nosnera B8 AC OpB/l
Fig. 4. Example of the route part of the flight plan in the Automated System of the ATM system

MapHIpyTHO-TPACCOBBIX U 63 % OT MapHIPyTHBIX
TUTAHOB TIOJIETOB.

CTaHOBUTCS OYEBUIHBIM, YTO HA JTaIe Mpe/-
TaKTUYECKOTO TIAHUPOBAHUS B HACTOSIIEE Bpe-
MsI HEIEeJIeCOOOpa3HO TPOBOJUTH MEPOTIPUSATHS
o BeIsiBNIeHUIO U HeponymeHuto KC mexny BC,
TaK KakK OKOJIO ITOJIOBUHBI TIOJAHHBIX 3asSBOK
BIIOCJICJICTBUU OTMEHSIOTCS.

AHaau3 GaKkTH4ecKoro
BbIJIeP:KUBAHNS BPeMEHHbIX
napaMeTpoB IUIAHOB MOJeTa

[Toctrynaromue u3 rimaBHoro nentpa EnnHon
CHUCTEMbl OpPTraHM3alUU BO3AYIIHOIO JBUKEHUS
(I'LL EC OpB/l) cyrouHble miaHbl MOJETOB 00-
pabaThIBalOTCS B aBTOMAaTU3UPOBAHHON CHCTEME
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ynpasiieHus Bo3aylHbIM JBikeHneM (AC YBJ)
U CTAQHOBATCS JIOCTYNHBI IMOJIb30BATENIO (B TOM
yucie aucnerdepy OBJl) B Buzme oxna OII
[4, 5].

OO0paboTaHHBI TUIAH COJCPKHUT OIHCAHUE
MapUIpyTHOM YacTH mosieta ¢ pa3OUBKOM MO
TOYKaM MYyTH, SUIEJIOHY U BpPEMEHH IMpojeTa
naHHoU Touku (puc. 4) [6].

MapmpyTHasi 4acTh TUIaHOBOH MH(OpMALIUU
JIOCTyIIHA B TpeX BUAax [7]:

e TeKyllas;
e IIJIaHOBAs;
® NPONACHHAS.

AHanu3 CTaTUCTUYECKHUX AHHBIX BBIICPKU-
BaHUsl BPEMEHM MpOJIeTa TOYEK MYTH 3a MEPUOJT
¢ 03.11.2021 mo 10.11.2021 gns BC, cnenyto-
mux B a’ponopT JloMOAENOBO € IOKHOTO Ha-
IIPABJICHUS, IOKa3bIBAET HECOOTBETCTBUE IIJIaHU-
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lMpunet B lomoaenoso

m Pelcei, NnpubbiBLIME PaHbLLLE NAAHUPYEMOTO BPEMEHHM, YKA3aHHOTO B PACNMCAHNK

= Peﬁcu, NpubbBIBLIME NO3XKE NNAHHUPYEMOro BpEMEHH, YKa3aHHOIoO B pacnmucaHnm

u Pelcel, NpubLIBLUME COTNACHO BPEMEHM, YKA3aHHOMY B PaCnMCaHWUKM

Puc. 5. [Tpuner BC B asponopt loMonenoo
Fig. 5. Domodedovo arrival

PYEMOIO BpEMEHHU MPOXOXKACHHUA TOYEK IyTH

1 (haKTHIECKOTO.

B cpennem BC npoxoauT Touky myTu ¢ pas-
HU1lel 3—4 MUHYTBI OTHOCUTEIBHO TJIaHA.

MakcuManbHOE BpeMsI OTKJIIOHEHUS! COCTaB-
JSET:

e IIPOJIET TOYKH IyTH HAa 7 MUHYT paHblle IuIa-
HUPYEMOT'O BPEMEHU;

e IIPOJIET TOYKHM IyTH HAa 6 MUHYT IO3XKE IUIa-
HUPYEMOT'0 BPEMEHHU.

OnHUM M3 TJVIaBHBIX (DAKTOPOB M3MEHEHUS
BpemeHH npoiieta Touek nmytu B M3L[ EC OB/]
ABIIAETCS cHpsAMIeHHe MapumpyTa [8]. Mapmi-
pyTHas vacth 73 % IJIaHOB TOJETOB ObLIa M3-
MEHEHa B pe3yjibTaTe pEIIEHUs AucleTdYepa
OB/I, xoTOpBIii HE YUYUTHIBAET IUIAHOBOTO BpE-
MEHHU MPOJIETA TOYEK MYTH.

JlanHast cutyanusi IpuBOJUT K TOMY, UTO:

e OIEPAaTUBHOE M3MEHEHHME TPACKTOPHHM I10JIETa
BC moxer mpuBecTd K HEOOXOIUMOCTH H3-
MEHEHUS TUIAHOB MOJIETOB APYTUX YYaCTHUKOB
BJ;

e spdexTuBHOCTh mnporrozupoBanuss KC Ha
JTane MpeITakTUYeCKOro IIaHUPOBAaHMS CTa-
HOBUTCS HEI((EKTUBHON M3-3a HEBBIICPKHU-
BaHus BC BpeMeHHU nposera Touek MMy TH.
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AHaJu3 BbIAEPKUBAHUS
3aMJIAHUPOBAHHOT0 BPeMEeHHU
npuiera/sbliera BC na npumepe
asponopra lomoaenoso

B nenax mianupoBaHUsS TPOU3BOJICTBEHHOU
JIeATEIbHOCTH a3pONOPThl MpEJUIaraloT aBHa-
KOMIIaHUSIM BBIOpaTh BPEMEHHBIC HWHTEPBAIIBI
Ha 10JIb30BaHNE HMH(PPACTPYKTYpOH a’pornopra
U pa3pelleHle Ha BBUIET WM MPWIET B ITOT
a’poropT B OMNpeaereHHoe Bpems U aaty [9].
Hannas porenypa GopMUpyeTCs 3a CUET BBIJE-
nenust ciaotoB (Slot-time), KOTOpbIE HCMONB3Y-
101csi B P® B COOTBETCTBMM CO CTaHAAPTAMH
HUATA.

AHanu3 CTaTUCTUYECKUX JAHHBIX IO BpeMme-
HU [IPWIETOB U BBUIETOB 113 pelicoB B a3ponop-
Tty Jdomonenoso 3a 9 anpens 2022 roga mokasain
HU3KYIO0 JUCUHUIUIMHY BBIAEPKUBAHUS BPEMEHU
npuneta. [lpu aHanuze cpaBHHBAIOCH OTKIJIOHE-
HUE BPEMEHHBIX MapaMeTpOB MPUOBITUS/BbLIETA
corjlacHO pacnucanuio (£1 MuHyTa).

[Ipu cpaBHeHUM (PAKTHUECKOTO M 3alllaHU-
POBaHHOI'O BpPEMEHHU MpPUIIETOB MO 62 peiicam
HOJY4EHBbI cielyrolue JaHHble (puc. 5):
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Bbiner n3 Jlomoaenoso

8 PeiChl, BHINETEBLME C OTKNOHEHMEM OT BPEMEHM, YKA3aHHOI0 B PACNKUCaHKK, B BONbLIYIO CTOPOHY

] pEI:IEbI, BblNETEBWMHE C OTKIOHEHHMEM OT BPEMEHM, YKA3aHHOMO B pacnmMcaHvi, B MEHBWYIO CTOPOHY

Puc. 6. Bouter BC u3 asponopra JlomonenoBo
Fig. 6. Domodedovo departure

y 40 % peiicoB muaHupyemMoe BpeMms MpHiieTa

IyOIHMpoBanoCh ¢ APYyruM peiicom;

e 25 % peiicoB mpuObUIM paHbIlle PACIUCAHUS,
IpU 3TOM MaKCHUMaJbHOE OTKIOHEHHE COCTa-
BWIO 38 MUHYT;

e 67 % peiicoB mpUOBLIO TO3IKE pPACIHCAHUSA,
MaKCUMaJbHOE€  OTKJIOHEHHE  COCTaBHIIO
230 MuHYT;

e 5% peiicoB BblAEpKAIM 3alUIAHUPOBAHHOE
BpEMSI TIpUJICTA.

[Ipu cpaBHeHUM (PaKTHUECKOTO M 3arllaHu-
POBaHHOT'O BpEeMEHH BBLIETOB 1o 51 peiicy mo-
Jy4YeHBI CJIeTyIoNune JaHHbIe (puc. 6):

e yv 41 % peiicoB TuIaHupyemMoe BpeMs BbLIETa
COBITAJIAJIO C APYTHUM PEUCOM;

e 96 % peilicoB BBUIETENIM C OTKJIOHEHUEM OT
3aMJIaHUPOBAHHOTO BPEMEHH, MaKCHUMallbHOE
OTKJIOHEHHE BbUIETa COCTABUWIO 37 MUHYT;

e 4 % pelicoB BBUIETENIO paHbIIIE PACIICAHMUS;

e HU OJUH U3 PEiCOB HE BbIAEPKall 3aIIaHUPO-
BaHHOT'O BPEMEHH BBLIETA.

[Tony4yennsle pe3yabTaThl MOTYT CBUACTEIb-
CTBOBaTh O MpoOieMax B CHCTEME IUIaHHUpPOBa-
HUS elle Ha JTane BbaeneHus ciotoB. CrtaTu-
CTUYCCKHE JTaHHBIC TOBOPAT O HAIMYUU OJMHA-
KOBBIX CIIOTOB JJisi HECKOJBKHUX PEHCOB, YTO
MOJKET TIOBJIEYh 3a COOOW CMEIICHHWE BPEMEHU
npuiieTa W BbUJIETa. B TO ke BpeMs 3ajepiKka
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BbUIETA PEHCOB MPUBOANT K JAJTbHEHIICH 3aepK-
K€ 110 MapuipyTy U, CIe0BaTeIbHO, HEBO3MOXKHO-
CTM Ha JTamax CTPaTerMYecKoro W IpeITaK-
TUYECKOT0 TUIAHUPOBAHMSI peliaTh BONPOCHI, CBS-
3anHbIe ¢ npepoTBparieareM KC [10].

Konuenuus OIIBJA (ATFM)

Konuenmust opranuzanuu MoTOKOB BO3AYIII-
HOTO JIBUJKEHHUS — 3TO MEXAaHU3M, MTO3BOJISIOIINN
HOBBICHTH A(PPEKTUBHOCTh OpPTaHHU3ALNU BO3-
IyIIHOTO ABWXEHUs. BBeneHue koHUENnuuu op-
TaHU3alMK TIOTOKOB BO3AYIIHOTO JBHXKEHUS
(OIIBM) mo3BONUT CO3AATh TII0OATBHYIO CKOOP-
nuHupoBaHHy1o cucteMy OIIB/I Bo BceM Mupe u
CTaHJApPTU3UPOBATh BCE MPOLIECCHI.

Ota koHuenuus MKAO mnpeaHazHaueHa ajis
pEerylIupoBaHusl  MOTPeOHOCTEH  BO3AYIIHOTO
IBYKCHUSI W JIOJDKHA OBITh WCIOJh30BaHA Ha
BCEX JTamax IJIAaHUPOBAHUS (CTPATETUYECKOM,
MPEATAKTUYECKOM U TakThuueckom) [11].

Hoctmwxkenne neneit OIIBJ] HeBo3MOxHO 6e3
YETKOT'0 B3aMMOJICHCTBUSA BCEX 3aMHTEPECOBAH-
HbIX B VIBII cTropon [12].

B Oynymiem, n3-3a B3auMOCBSI3U BO3YIITHOTO
IBUKEHHUSI BO BCEM MHpE, JaHHAas CHCTeMa
JIOJKHA BBIXOJIMTH 32 MPEEeibl TPaHUll rocyap-
ctBa. OIHaKO Ha HAYaJIBLHOM 3Tale CIEQYeT OT-
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pabotats Bce Mepbl OIIB/ Ha oTnenbHBIX paiio-
Hax MOJIETHON UHPOpPMAITIH.

UcnonwszoBanne OIIB]] mo3BoyisieT MOBHI-
CUTh YpPOBEHb 0€30MaCHOCTU MOJIETOB, CBECTU K
MUHUMYMY CKauK{ MHTEHCUBHOCTH BO31YIIHOIO
JBYDKEHUS, PELINTh NpoOJeMbl, CBS3aHHBIE C
OTpaHUYEHUEM IIOJIETOB U HENpPEIBUICHHBIMU
CUTYallUsIMH, BIUSIOIMMY Ha MPOITYCKHYIO CIIO-
cobHoCTh [13], CKOOPAMHHUPOBATH TMOJIH30OBATE-
neit BII u cBoeBpeMeHHO OOecHeunuTh UX BCei
HE0OXOoAMMON MH(OpPMAIIMEH, COTIIACOBATH BCE
cucremsl OpB/] [14].

[Tomumo Bcero mpouyero, xonmerniust OIIBJ]
NIPEATIONIAracT BBEACHUE Psilia MEp, HAIIPaBJICHHbBIX
Ha CHW)KEHHE HEraTMBHOIO BIMSHHUS B Cllydae
BO3HUKHOBEHUS HENPEIBUICHHBIX OOCTOSTENBCTB
WIM HapyIIeHnH (QYHKIMOHUPOBAHUS KaKOTO-
6o pecypca u3 cuctemsl [14]. [TomoOHbIE MepbI
MOTYT MPEJCTABIATH COOOM 3apaHee OrOBOPEHHBIE
BCEMH TII0JIb30BATEIISIMU BO3YLIHOTO IPOCTPaH-
CTBAa IUIAHBI TPHU TMOSIBICHUM HENPEIBUAECHHbBIX
daxTopoB, ocnoxusromux WBIIL. JlanHbie mMepbl
JIOJDKHBI OBITH COTJIACOBAaHbI BCEMH 3aUHTEPECO-
BaHHbIMU B MBII croponamu u npemyararbes Ha
CTpaTerM4eckoM U NPEATaKTUYECKOM H3Tamax.
K Ttakum mepam MoryT oTHOCUThCH [2]:

e mporpamma 3ajaepkek Ha 3emuie (Ground De-
lay Program GDP);

* M3MEHEHHE MapIIpyTa;

e 0)XMJIaHUE Ha 3EMIIE;

e HHTEpBaJ DILIEJIOHWPOBAHUSA C YUYETOM CIYT-
Horo cneaa B MunyTax/mMumsx (MIT/MINIT);

e MUHHMaJbHbIE HHTEPBaJbI BbuieTa (MDI);

® COIJIaCOBAHME KOHTPOJIbHBIX TOYEK;

e OrpaHUYEHUE JIIETOHA.

YacTh NOJ00HBIX MEp, HAIPUMEP U3MEHEHUE
MaplIpyTa ¥ OrpaHHYEHHUE DIIEIO0HA, B HACTOS-
niee BpeMs ucnosnb3yercs npu OB/l B Mockos-
ckoii 30He OpBJI, HO Bce 3TO MPOUCXOIUT Ha
JTane TEeKyLEero IUIaHUpOBaHUSA U Oe3 mpesBa-
PUTEIBHOTO COIJIACOBAaHUS C IIOJb30BATEIIAMU
BO3YIIHOI'O IIPOCTPAHCTBA.

Opranusanuss UBII B P®

B P® 0CHOBHBIM JOKYMEHTOM, PErIAMEHTH-
PYIOIIMM IUIAHUPOBAHHUE HCIOJIb30BaHUS BO3-
nymHoro npocrpadcrBa (ITMBII), sBnsiercs
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OAII «Oprannzanys NIaHUPOBAHUS HCIIONb30-

BaHMsI BO3YIIHOTO ITPOCTPAHCTBA B PDy.

B cootBerctBUn ¢ @AIl «Opranuzanus mnia-
HUPOBAHUSI HCIIOJIb30BAHUS BO3AYIIHOIO IPO-
crpanctBa B POy k I[IUBII otHOCATCS:

e cOop u 00paboTKa MH(POPMALIMH O IDIAHAX II0-
aeroB BC, a Taxke uH(pOpMaluM 1o pasperiu-
TEJILHOMY M yBeIOMUTeNbHOMY nopsaaxy MBII;

e xoopaunupoBanue MBIl mns ero pacnpene-
JEHUST MEXJIy BCEMU 3aUHTEPECOBAHHBIMU
II0JIb30BATEISIMU HA dTalax CTPaTeruueckKoro,
MPEITaKTUYECKOTr0 M TaKTUYECKOrO IIAaHUPO-
BaHUS;

e B3aMMOJICHMCTBHE BCEX 3aMHTEPECOBAHHBIX
B IBII cropon, Bxmtouas opransl [1BO.

CornacHo @AIl «Opranuzanus IIaHUPOBa-
HUS UCIOJB30BaHUS BO3LYIIHOTO INPOCTPAHCTBA
B P®» BpIIEIAIOTCS TpU 3Tamna IUIAHUPOBAHUS
UBII — crparernyeckuid, NPEeATAKTUYECKUUA U
TakTH4eCKui (Tekyuuil) stanbl. Kaxnapii u3
JTHX JTAllOB UMEET CBOM LIEJIN, BPEMECHHBIE PaM-
KU W BBIIOJHAETCS OINPEACIECHHBIM LEHTPOM
EnuHoli cucTteMbl oOpraHuzanyd BO3IYILIHOTO
newxenus (EC OpBJl) P® [7]. Oagnako k oc-
HOBHOM 3aJadye BCEX OJTalOB IUIAHUPOBAHUSA
MOKHO OTHECTH HEIOMyLIEHUE IPEBBIILICHUS
MPOITYCKHOM  crocoOHOCcTH  cekTopoB  YBJI.
Bcem nenrpam EC OpBJl maHo mpaBo NpUHH-
MaThb PETYJUPYIOIIAE MEpPhl OTHOCHTEIBHO
I10JIb30BaTENIEW BO3LYIIHOTO POCTPAHCTBA.

Perynmupyromue Mepbl MOTYT NPUHMMATHCA
nentpamu EC OpB/l B Takux ciayvasx, Kak po-
THO3MPYEMOE IIPEBBILICHUE IPOIYCKHOW CIIO-
cobHoctn opranoB OBJl, u3MeHeHue wmereo-
YCJIIOBHM W a’pOHABUTAIIMOHHOW HWH(POPMAIIUH.
Ho na npaktuke nentpsl EC OpB/] He B nonHoM
MepE UCIOJIB3YIOT 9TY BO3MOXKHOCTD.

Paccmorpum npumep, npousoweammi B Moc-
koBckoi 3oHe OB/l 02.11.2020. B cBs3u ¢ yxyn-
nieHueM Meteoyciosuii BC He Morim npousBecTu
NOCaZIKy Ha a’poApoMax MOCKOBCKOrO a’poysia,
Y MPUHUMAJIOCh PELIEHUE KAaTh B 30HAX OXHJa-
HUH ynydieHus: MereoycinoBuid. [Ipu 3tom te BC,
YTO €IIE HE BBUIETENIM WIM HE BOUUIM B MOCKOB-
CKYIO 30HY, HO CJICIYIOILME Ha TE K€ adPOJPOMBI,
He nonyuuB oT ueHrpa EC OpBJl 3ampera Ha
NBII unm u3mMeHeHuit B paHee BbIJAHHBIE pa3pe-
LIEHUs], IPUHUMAIOT PEIICHUE HA BBUIET WIM Ha
NPOJIOJDKEHHUE CIIEIOBAHUs HA adPOAPOM HazHaye-



HayuyHbiit BectHuk MITY TA

Tom 26, Ne 06, 2023

Civil Aviation High Technologies

HUSI, HECMOTPsI Ha TO, YTO TOCAJKY 110 METE0YCIIO-
BHSIM OHU IIPOU3BECTU HE CMOTYT.

OTO NPOUCXOIUT NTOTOMY, YTO Y aBUAKOMIIa-
HUU €CTh IOPUANYECKAss OTBETCTBEHHOCTh U OT-
MeHa BbuleTa 0€3 OCHOBaHMM, B JaHHOM Cilydae
3anpeta Ha BbUIeT oT EC OpB/l, Oyner sBasThCS
HapyIllleHHeM 0053aTelbCcTB Iepe] Maccaxupa-
Mmu. B takoit cutyanuun konumuectso BC B Bo3y-
X€ YBEIMYMBAETCS, BBI3BIBAS MIEPETPY3KY CEKTO-
poB OB/I, a Takxe nepepacxoj] TOTUIMBA BCEMHU
BC, xoropsie Moriu Obl 0Xxu1aTh Ha 3emie. Bee
ATO MaryOHO OTpakaeTcsi Ha O€30MacCHOCTH IIO0-
JIETOB M UX SKOHOMHUYECKOH 3P HEKTUBHOCTH.

EBponeiickuii  ONBIT IOACKA3bIBAET, 4YTO
CBOCBPEMEHHOE BBEJEHUE OIPAHUYUTEIIBHBIX
Mep, HalpuMep BPEMEHHBIH 3alpeT Ha BbUIET Ha
onpezeneHHsli a3poapom i BC ¢ kateropueit
HIDKE HEOOXOIMMOM ISl OCAAKH MITH 3ampeT Ha
BXOJl B IIEPErPYKCHHBIE B HACTOAIIUN MOMEHT
30HBI/CEKTOpa,  MOMOXET  MHUHHUMHM3HPOBATH
HeraTuBHBIN 2 dekT [9, 11].

CpaBHeHue HeJieil 4 321a4 HA Pa3HbIX
ranax mianuposanus B/ B PO
¢ pekomenaauusavmu IKAO

OCHOBHBIE JOKYMEHTBI, PETYIUPYIOIIUE Op-
ranuzanuio rianupoBanus B/l B PO, B menom
BO MHOTOM COOTBETCTBYIOT PEKOMEHIAIUAM
HNKAO. B P® ocyiiecTBisitoTcst T€ e TPHU dTara
IJIAHUPOBAHUS — CTPATETHYECKUM, MPENTaKTH-
YecKui M TakTudyeckuil. Kpome Toro, meHTpbl
EC OpB/l HanensroTcsi BO3SMOKHOCTBIO PETyJIH-
poBaHus noTokoB B/l Temu xe Meromamu, 4TO
npeasioxkeHsl B koHueniuu OITB/I.

PeanpHOE cocTOsSIHME CHCTEMBI IIaHUPOBA-
HUS MOKA3bIBAET, YTO HA IPAKTUKE MHOTUE MEPHI
OIIB/l HEe NOpUMEHSAIOTCS WM HPUMEHSIOTCS
TOJIbKO Ha 3Tare TEeKyIlero IuianupoBanus. Vc-
M0JIb30BaHUE PETYIHUPYIOMIUX Mep HEe 00CyKaa-
ercsa ¢ nonb3oBatensiMu BII, He BbIOuparorcs u
HE COIIACOBBIBAIOTCS HA 3TAIax CTPATErM4ecKo-
ro M MPEATAKTUYECKOro IUIAaHUPOBAHMS, YTO
uaer B pazpes ¢ pekomenganusimu MKAO [12].
OTO MPUBOJUT K YBEIUYEHHUIO KOJIMYECTBA CO-
[VIACOBAHMM Ha dTale TEKYIIEro IUIAHWPOBAHUS
Mexay BC u opranom OBJl u yBenuuuBaer
BpeMs BEACHUS PaJMOCBI3U, YTO B HECTAHIAPT-
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HBIX CUTYyalUsiX MOYET MNPUBECTH K CHUXEHHIO

YpOBHsI 0€30MaCHOCTH TOJIETOB.

MOXHO BBIICTUTH OCHOBHBIE MPOOJIEMBI B

OIIB/] B PD:

e OTCYTCTBUE IIPOLIECCOB COBMECTHOIO NPUHS-
TUs peuieHui mMexay opranamu OB/l u mosib-
3oBarenrssmMu BII B PO;

e mpoOiema ¢ oOMeHOM HHOpMaIUEH MEeXIy
nosb3oBatesiMu BIT u opranamu OB/, koraa
MOJI30BATEIM HE IOJY4YaroT IOJHYH akTy-
anbHYI0 WHGOpPMAIMI0O O BO3AYILIHOW oOcCTa-
HOBKe 0T opranos OB/J;

e OpPraHU3alMOHHO-TEXHUYECKUE  CIOXKHOCTHU
COTJIACOBAaHMI Ha BCEX ATanax IJAaHUPOBAHUS;

e HEJOCTATOYHOE HCIOJIb30BAHUE BO3MOXKHO-
creit nearpoB EC OpBJl mo mianupoBaHutio
notokoB BJl Ha »3Tamax cTpaTeruyeckoro
Y IPEATAKTUYECKOTO TIIaHUPOBAHMSL.

3akJroueHue

Tekyliee COCTOSIHUE CHUCTEMBI OpraHU3alUU
B/l B P® B 1enoM, corjiacHO OCHOBOITOJAraro-
MM JOKYMEHTaM, MaKCUMAJIbHO MPHUOIIKEHO K
pekomenmanmsam MKAO. HenocraTku, BBISIBIIECH-
Hbl€ B MPOIIECCE HMCCIEAOBAHUN, HE TO3BOJISIOT
B [TOJIHOW MEpe UCIOJIb30BaTh BCE MEPbI OpraHu-
3al[M¥ TOTOKOB BO3AYILIHOIO JBUKEHHUS B PD.

Brimonnennas pabora mo3BojuiIa MOJYyYHUTh
CIEYIOLINE PE3YJIbTATHI.

1. Perynsapusie otkiionenuss BC ot 3amia-
HUPOBAHHOTO BPEMEHH MPOXOKACHUS TOUEK ITy-
TH YCJIOXKHSET OTNEPATHBHOE MPOTHO3HUPOBAHHE
B/l B opranax OB/I.

2. OOocHOBaHa HEIEIECO00Pa3HOCTh MPO-
BEJICHUSA MEpP MO BBISBICHUIO M HEAOMYLICHUIO
KC na sTane npeaTakTHYECKOTro TIAaHUPOBAHUS
n3-3a OOJIBIIIOTO KOJUYECTBA OTMEHSCMBIX TLIa-
HOB I0JIETOB.

3. Ha npumepe asponopra JlomoaeaoBo no-
Ka3aHa HH3Kas JTUCHUIUIMHA BBIICPKUBAHUSA
BPEMEHHBIX CJIOTOB, BBIACIISIEMBIX ABHAKOMIIA-
HUSM B COOTBETCTBUHU cO cTtaHmaptamu UATA,
onyonukoBaHHeiMH B Worldwide Slot Guide-
lines (WSQ).

[IpoBeneHHBIE HCCIIEIOBAHUS IOKA3bIBAIOT
HEOOXOAMMOCTh COBEPIICHCTBOBAHUSI CHCTEMBI
[1B P®. OcHOBHBIMU NpoGiieMaMH B OpraHu-
3auuu ianuposanus BII sBisieTcss HU3Kas KO-
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OpAMHAIMS B3aUMOJICHCTBUS MEXIY 3BEHbSIMHU
EC, ny6mupoBanue (yHKIHMIA Ha pa3HBIX 3Tamax
IUTAHUPOBAHMS, CI0XKHOCTH B MH()OPMAITMOHHOM
oOMeHe MEXIy BCEeMH 33J€HCTBOBAHHBIMU CTO-
ponamu MBII.
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XapaKTepUCTUKH JO0CTOBEPHOCTH IKCILTYaTALMOHHOT0 KOHTPOJIS
(PYHKIMOHAJIBHBIX CHCTEM M KOMILJIEKCOB OOPTOBOI0 000py/10BaAHMS
BO3IYIIHBIX CY/10B

1
C.B. Ky3Henos
1 . . . .
Mockosckuil 20cy0apcmeenHvlll meXHUYeCKull YHUgepcumem paircoancKkoll aguayull,
2. Mockea, Poccus

Annorammsi: Cucrema skcroryataiionHoro koutpoisi (COK) 6GoproBoro obopynoBanust (BO) Bosmymmsix cymoB (BC)
rpaxmgaHckoi aBuarmu  (I'A) sBisieTcss BaXHOH COCTAaBIIIOIIEH €ro CHCTeMBI TexHW4ecko skcmryatammu (CTD).
OKCIUTyaTallIOHHBIH KOHTPOJIb — COCTaBHAS 9aCTh TPOIIEcca TEXHUIECKOH dKCIuTyaTari. OH TO3BOJISIET OLIEHUTh TEXHUYECKUE
cocrostiust (TC) obObektoB koHTposst (OK) B pasnmuunbix cocrosiHusx (yHkumonuposanus bO, nogroroBkn BC k mnonery,
pa3NMYHBIX BUax TexHuueckoro oociyxuanus (TO) u BoccranoBieHrH. OCHOBHBIM CBOWCTBOM JKCILTYaTallMOHHOTO KOHTPOJIS
SIBJISIETCS IOCTOBEPHOCTH KOHTpouisi. KittoueBast 3a/1aua SKCILTyaTalMOHHOTO KOHTPOJIS — He TOJIbKO onperenenue Buaa TC, HO u
KOJIMYECTBEHHAsI OLICHKA IMPABHUJIBHOCTH WIIM OIIMOOYHOCTH NPHHSTHS pEIleHUH. XapaKTepHCTUKN JIOCTOBEPHOCTH KOHTPOJIA
(XAK) sBISIOTCS KONMMYECTBEHHBIMI TIOKA3aTEIISIMU CTEIIEHH OOBEKTHBHOCTH NPUHSTHS peleHni. B 3aBucumocTn oT ypoBHS
JICTATM3alMK 3a1a9d clieayeT pasiandarh X /1K 0:10ko0B, (hyHKIMOHAIBHBIX CUCTEM M KOMIUIEKCoB BO Ui pasMyHbIX cpeacTB
AKCILTYaTAIIMOHHOTO KOHTPOILS: BCTPOSHHBIX, OOPTOBBIX aBTOHOMHBIX, HA3eMHO-0OPTOBBIX U Ha3eMHBIX. Bb10op XJIK ocHOBaH Ha
CICTEMHOM aHAIM3¢ M MAaTeMaTHYeCKOM armapare JIOTHKH, TEOPUH BEPOSTHOCTH W MAaTeMaTHIeCKOW CTAaTHCTHKH.
CchopMupoBaHBI paiOHAIBHBIE MHOYKECTBA TEXHIIECKUX COCTOSTHUM M PEIICHUH O TEXHUUECKUX COCTOSHILIX (DYHKIMOHABHBIX
cucteM u komiuiekcoB BO. Ha ocHOBaHMM MpHHAIIEKHOCTH K 9THM MHOXKECTBAM OMPEAENIEHBI TPU TPYIITBI XapaKTEPHUCTHK
JIOCTOBEPHOCTH KOHTpOJA. llepByro Tpymimy COCTaBIISIFOT YCJIOBHBIE BEPOSITHOCTH IIEPEXONIOB TIPOLIECCa SKCILNTyaTaI[HOHHOTO
KOHTpOJISl TIPY Pa3IMYHBIX BHIaX KOHTPOJIS.. BTOpyIO rpymiy cCOCTaBisitOT Oe3ycIIOBHBIE BEPOSITHOCTH IEPEXOZOB Mpolecca
9KCIULyaTallAOHHOI'O KOHTPOJIS IIPU PasiIMuHbIX BUJAX KOHTPOJA. TpeThro IpyIIly COCTAaBIIOT allOCTEPUOPHBIE BEPOSTHOCTH
MPUHATHS PELIeHHH B MPOLIECCe SKCIUTyaTal[MOHHOTO KOHTPOJIS IPH pa3iMYHBIX BUaX KOHTpoJs. OnpeseneHbl aHaTUTHIECKHE
3aBucUMOCTH U1t Beraucienust XK Tpex rpynm mist GyHKIMOHAIBHBIX CUCTEM U KoMIuiekcoB BO 1 B3aMMOOTHOILIEHHST MEKITY
HUMH. Ha nprmepe cructeMbl KOHANIMOHUPOBAHKSI BO3/IyXa IIPOBEZICHBI PACUETHI 110 JIOCTOBEPHOCTH KOHTPOJISI.

KirioueBble cj10Ba: cucreMa 3KCIUTYaTAalIOHHOTO KOHTPOJIS, MPOLIECC TEXHHYECKOW SKCIUTYaTalliH, TEXHHYECKOE COCTOSHIE,
JIOCTOBEPHOCTH KOHTPOJISL, 00PTOBOE 000pYyIOBaHHE.

Jasa nurupoBanust: Kysuenos C.B. XapakTeprcTHKI JOCTOBEPHOCTH IKCINTYaTAIMOHHOTO KOHTPOIIS (DYHKIMOHAIBHBIX CHCTEM
M KOMIUIEKCOB OOpTOBOro 000pynoBaHMs BO3aylHbIX cynoB // Hayunbnii Bectuk MI'TY T'A. 2023. T. 26, Ne 6. C. 58-74.
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Characteristics of operational control reliability of aircraft functional
systems and avionics suites

S.V. Kuznetsov'
"Moscow State Technical University of Civil Aviation,
Moscow, Russia

Abstract: The operational control system (OCS) of civil aircraft (A/C) airborne equipment is an important component of its
technical operation system (TOS). Operational control is an integral part of the technical operation process. It makes it possible to
assess the technical conditions (TC) of the objects to be monitored in various states of airborne equipment operation, aircraft
preparation for flight, various types of maintenance and recovery. The main property of operational control is the reliability of
control. The key task of operational control is not only to determine the type of technical condition, but also to quantify the
correctness or erroneousness of decision-making. Control reliability characteristics (CRC) are quantitative indicators of the degree
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of objectivity in decision-making. Depending on the level of task details, it is necessary to distinguish the control reliability
characteristics of units, functional systems (FS) and avionics suites for various means of operational control: built-in test equipment
(BITE), on-board self-contained, ground-onboard and ground systems. The choice of the control reliability characteristics is based
on the system analysis and the mathematical apparatus of logic, probability theory and mathematical statistics. Rational sets of
technical states and decision-making about the technical conditions of functional systems and avionics suites are formed. Based on
these sets, three groups of control reliability characteristics were identified. The first group consists of conditional probabilities of
transitions in the operational control process under various types of control. The second group consists of unconditional
probabilities of transitions in the operational control process under various types of control. The third group consists of a posteriori
decision-making probability in the operational control process under various types of control. Analytical dependences for
calculating the control reliability characteristics of three groups for functional systems and avionics suites and relationships between
them are determined. The air-conditioning system was used to calculate the reliability of the control.

Key words: operational control system, technical operation process, technical condition, reliability of the control, onboard
equipment.

For citation: Kuznetsov, S.V. (2023). Characteristics of operational control reliability of aircraft functional systems and avionics
suites. Civil Aviation High Technologies, vol. 26, no. 6, pp. 58—74. DOI: 10.26467/2079-0619-2023-26-6-58-74

Beenenue ckoit aBuaruu (I'A), B [18] ocymiecTBiaeH BoIOOD
U MPOBEICHO 00OCHOBAaHKE MAapPaMeTPOB U TOKa-
3areneid A((PEKTUBHOCTH CHUCTEMBI JKCILTyaTa-
[IMOHHOTO KOHTPOJIS HA HIKHEM ypOBHE Hepap-
XUu s OJIOKOB OopTOBOTO 0OOpyIoBaHus. B
HACTOSAIIEH CTaTbe MPOBOISTCS BBIOOp M 000C-
HOBaHHWE MApaMeTPOB M TMoKazaTenei rhpexTrs-
HOCTHU JKCIUTyaTaIll[HOHHOTO KOHTPOJISI BTOPOTO U
TPEThETO YpPOBHEW HepapXuu Ui (YHKIHO-
HAJIBHBIX CUCTEM M OOPTOBBIX KOMILIEKCOB.

DG hEeKTUBHOCT, TEXHUYECKOW DJKCILTyaTa-
U 00pTOBOTrO 0OOPYIOBAHMS BO3MYIIHBIX CY-
JIOB TPa’KJAHCKOM aBHALUK MPOSBISETCS B MPO-
1[ecce €ro TeXHUUYECKoW skcruryaTanuu. OCHOB-
HOM COCTaBJISIIONIEH 3TOro Mpolecca SBISETCS
MpoLIeCC 3KCIUTYyaTallMOHHOTO KOHTpousid. OH
BKJIIOUAET MPOLECChl KOHTPOJS B MOJIETEe, MO-
CIICTIOJIETHBIM M TPEANOJIETHBI KOHTPOJb, a
TaKk)kKe€ KOHTPOJIb JIEMOHTUPOBAHHOTO C OoOpTa
000pyI0BaHHS B HA3eMHBIX YCIOBUAX. OCHOB- MeToabI M METOA0JI0T U
HBIM CBOMCTBOM OKCILTYaTalMOHHOT'O KOHTPOJIA HCCJIed0BaHUA
SBJISIETCSL IOCTOBEPHOCTb KOHTPOJIA, OMpees-
I0Iasi CTENEeHb OOBEKTHMBHOCTH OTOOpaKEHUS
pe3yJibTaTaMu KOHTPOJSL PEaTbHOr0 TEeXHUYE-
CKOro coctosiHusi oobekTa. boproBoe obGopymo-
BaHHE KaK OOBEKT TEXHUYECKOW IKCILTyaTaluu
MIPEACTABISIET COOOM COBOKYITHOCTH OJIOKOB, CH-
CTEM U KOMIUIEKCOB. B 3aBHCHMOCTH OT IiryOH-
HBbI JeTaNIM3aIlliy 3a7a49d OIECHKU 3(PPeKTHUBHO-
CTH DKCIUTYyaTal[MOHHOTO KOHTPOJS CJIEIyeT HC-
M0JIb30BaTh COOTBETCTBYIOLINE MaTeMaTHYECKUE
MOJIEIIH.

XapakTepucTuKa COBPEMEHHOI0 OOpPTOBOTO
000pyIOBaHUs KaK WHTETPUPOBAHHON MOIYIb-
HOM aBHOHMKHU JaHa B [l]. AKTyanbHbIE HCCIIeE-
JIOBaHMsI B OOJIACTH JOCTOBEPHOCTH KOHTPOJIS
MpPUBEIEHbl B pa0OTaXx OTEYECTBEHHBIX YUEHBIX
[2—10] u 3apy0OexHbIx aBTopoB [11-16].

B [17] aBTOpoMm chopmynupoBana HaydHas
3amaya (hOPMHUPOBAHMSI CUCTEMBI IKCILTyaTallH-
onHoro koHTpossi (COK) GoproBoro obopymo-
Banus (BO) Bozaymnbix cynoB (BC) rpaxnan- S(D = {S*(D; S~(D}, (1)

B ocHoBe wuccnemoBaHHs Jexar JIOTHKO-
BEPOATHOCTHBIE METO/bI, Haubojee aJeKBaTHO
OTHCHIBAIOIIUE peaTbHbIE MPOIECCHl IKCILTyaTa-
IIMOHHOTO KOHTPOJISl KaK CyTh CiIy4ailHble Mpo-
[[ECCHI, MOJYUHEHHBIE CTPOTHM U JAETEPMHUHHPO-
BaHHBIM ITpaBWJIaM, CJIEAYIOIIUM U3 MPOTrpaMMBbl
TEXHUYECKOro o0cmykuBaHus u pemoHTa BC.
OTH METOBI €CTECTBEHHBIM 00pa3oM BIHCHIBA-
I0TCS B OOIIYI0 METOJOJIOTHIO HCCIEI0BaHUS
cUCTEeM TexHHYeckoi skcruryatauuu BC B 1e-
JIOM U OOPTOBOTO 00OPYIOBAHUS B YACTHOCTH.

Dopmuposanue MHONCECME MEXHUUECKUX
COCMOSIHULL U peueHUll 0 MEeXHUYeCKUXx COCMmosi-
HUAX (DYHKYUOHANbHBIX CUCTEM U KoMniekcos. B
obmiem ciydae Texuuueckoe coctostaue (TC) I-i
¢yskunonansHOi cuctembl (PC) MoxeT OBITh
omcano MHOxkecTBoM S (I), cocTosimuM u3 IByx
AJIEMEHTOB:
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rae ST(I) — ucrpasuoe TC ®C; S™(I) — MHOKe-
ctBO HeucnpaBHbIX TC OC.

[Mycts ®C cocrour u3 M OmokoB. Torma
Kbl 35eMeHT MHOkecTBa S(I) xapakTepusy-
€TCsl COBOKYITHOCTBIO JIEMEHTOB MHOXKECTB S(j);
j = LM u maoxectBa TC MexOI0YHBIX CBs3Ei

s(i, j):

SG,j) = {S*G,j); STGD} (2)
rae S*(i,j) — ucnpasnoe TC Mex0I09HOM CBA3U
60k0B i 1 j; S™(i,j) — MHOXECTBO HEHCIPABHBIX
TC mex0m0uHOM CBs3U 0710K0B 1 1 . Torma

ST ={s7(); S*(i,j) = LM},
STM={57(); S7G,)) = LM}

3)

Pewenne o TC I-ii ®C npuHaIJIEKUT MHO-
xkecTBy pemenuit Z(I), Taxxe cocrosuemMy u3
JIBYX AJIEMEHTOB:

Z(D) = {Z*(1); 2~ (D}, @)
rae Z*(I) — pewenue 06 ucnpasuoctu I-it ®C;
Z~(I) — MHOXeCTBO pEIIeHUI O HATUYUU HEHC-
npaHoctel [ OC.

Pemrenne o TC mex06m10unbix cBsseit I-it OC
MPUHAJICKUT MHOXKECTBY pELICHUMN

2G,j) ={Z*(,); 273, )3, (5)
rne Z(i,j) — pemeHue 00 HCIPaBHOCTH MEXK-
6104HOI cBsi3u Oy10koB i u j; Z~(i,j) — pemeHue

0 HEUCTIPABHOCTH MEXOJIOYHOW CBSI3M OJIOKOB 1
uj. Torma

(D) ={Z*(); Z*(i,j) = LM},
22D ={Z2"(» 27G,)) = LM}

(6)

CoObITHs, CBSI3aHHBIE C MPUHAICKHOCTHIO
tekymero TC ®C s(I) omHoMy HW3 3JI€MEHTOB
MHOxkecTBa S (I), a Takke NPUHAMIECKHOCTHIO
tekymero pemenus o TC ®C z(I) omnomy u3
aneMeHTOB MHOXecTBa Z (1), SBIAIOTCS OnapHo
COBMECTHBIMH, U UX MOXXHO OOBETUHUTH B TPU
TpyTIIEL.

[TepBas rpyrma coOBITHIA:

{zD e Z*(D/s(D) € STD};
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{zD eZ"(D/s(D) € ST(D} (7
{z(D e Z*(M/s(D) € ST(D}
{z(DeZ (M)/s(D) € ST(D}.
Bropas rpynmna coOpITHii:
{z(D e Z*(1); s() € ST(D}
{zD) eZ7(M); s() € ST(D}; ®)
{zD eZ*(M); s() € ST(D}
{z) eZ=(); s() € ST(D}.
TpeTbs rpynmna coObITHIL:
{s(D e S*(D)/z(1) € Z*(D};
{s(D es~(D/z) € Z*(D}; )
{s() es*(M/z(D) e (D}
{s(D eS™(M/z(D) € Z"(D}

Torma moctoBepHocTh KOHTpOsss PC konm-
YECTBEHHO MOXKHO OIPEAETUTh BEPOSTHOCTIMHU
HOSIBIICHUS KaXKJOTO COOBITUS U3 COOTBETCTBY-
fomerd rpynmbl coObrtuit (7)—(9). Takue BeposT-
HOCTU OyJIeM Ha3bIBaTh XapaKTEPUCTHKAMH J0-
croBepHocTH KoHTpOIts (X/IK) ®C.

B 3aBucuMocTH OT BUAA SKCILUTyaTallMOHHOTO
KOHTpOJIs1 Oynem paznmyath XK DC:

e B nosiere (korga TC I-it ®C Ha MOMEHT OKOH-
yanus nojeta s, (I), a pemenne cucTeMbl KOH-
tposst o TC atoit ®C z,(1));

e Mpu mocienojaeTHoM koHTpose (korma TC I-i
@®C Ha MOMEHT OKOHYAHHS IOCJICHOJIETHOTO
KOHTpPONSI Sp.(I), @ pemieHue cucteMbl KOH-
tpoiis o0 TC stoit ®C z,.,(1));

e 1pu mpeanosieTHoM koHtpose (korpa TC I-i
@®C Ha MOMEHT OKOHYaHMs MPENIOJIETHOTO
KOHTPOIISL Spp,(l), @ pelueHue CUCTEMbl KOH-
tpoist 0 TC a10it @C zp,(1)).

Tak xak BHe OopTa camonera @C kak euHOE
11eJI0€ HE CYIIECTBYET (OHA MPEACTABISIET COOOM
HE CBSI3aHHBIE MEXIy cO00M NEeMOHTHPOBAHHBIC
6soku), BBomUTh XJIK memontupoBannoit ®C
HEIeJIeco00pas3Ho.

PaccmoTpuMm panee mpouenypy ¢popmupona-
st MHOXecTB TC u pemenunit o TC GopToBBIX
komruiekcoB (BK). B o6mem cmywae TC BK
ONMCHIBAETCS MHOXKECTBOM S, COCTOSLIUM U3
JIBYX AJIEMEHTOB:

S ={s*; S}, (10)
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rie ST — wucnpasroe TC oGopymosanus BK;
S™ — mHo)ecTBO HenucnpaBHbIX TC BK.

ITycte BK coctout uz L ®C. Torna xaxaslii
AIIEMEHT MHOXECTBa S XapaKTepu3yercsi COBO-
KyITHOCTBIO 371eMeHToB MHoxkecTBa S(I), I = I, L
u mHOkecTBa TC mexxcuctemusix cszert S(I, J):

SN ={57WN; STALNI, (11)
rne S*(I,]) — ucnpaBnoe TC MeXCHUCTEMHOM
ceu ®C I u J; S™(I,]) — mMHOXKecTBO Hemc-

npaBHblx TC MmexcucremHont ceszu ©C I u J.
Torma

St ={S* S*(L]); L]
S™={S7ST(LN; L]

(12)

L,
IL}.

Pemienne o TC BK npuHannexuT MHOXe-
CTBY peIlEHUl Z, COCTOSIIEMY U3 JABYX JIEMEH-
TOB:

Z={z% 17}, (13)
rne Zt — pemrenne 06 ucnpasHoctu BK; Z7 —
pelIeHre 0 HATMYUK HeucnpaBHocTeil B BK.

Pemenne o TC mexcucremubix cBsizel bK
HNPUHAAJICKUT MHOKECTBY PELICHUN

Z(L) ={Z L)) 2 (LD}, (14)
rae Z*(1,]) — peuienne 06 MUCIIPABHOCTH MEKCH-
cremHoit ces3u I u J; Z7(I,]) — pemenue o Ha-

JIMYMU HEUCHPABHOCTEW B MEKCUCTEMHOU CBSI3HU
Iul. Torma

AR RVASIVAI(B)IR S|
Z-={2772"(L]» L]

(15)

L},
I,L}.

CoObITHs, CBSI3aHHBIE C MPHHAIEHKHOCTHIO
tekymero TC BK s oqHOMYy U3 371€MEHTOB MHO-
KECTBA S, a TAKKE NMPUHAMIEKHOCTBIO TEKyLIe-
ro pemenusa o TC BK z ogHOoMy u3 31€MEHTOB
MHOKECTBA Z, SIBJIAIOTCS MOMAPHO COBMECTHBI-

MU, U UX MOXXHO OOBEAMHUTD B TPU I'PYIIIHL.
[TepBas rpyrima coOBITHIA:

{zeZ%/s e ST} {zel /s € ST} (16)
{zeZt/s e S}, {zeZl /s e S}
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Bropas rpymnmna coObITHi:

{zeZ* s e St} {zeZ™,s e S} (17)
{zeZ*, s €S}, {zeZ,s €S}

Tpetbs rpynma cOOBITHIA:

(seS*/z et} (seS*()/z € 2~} (18)
{seS™/zeZ*}, {seS™/ze Z™}.

Torna mocroBepHOCTh KOHTPOJsA BK konmye-
CTBEHHO MOJKHO OTPEACIUTh BEPOSTHOCTIMU
HOSIBIICHHUST KQKJOTO COOBITHSI U3 COOTBETCTBY-
fomeil rpynmnsl coosituit (16)—(18). Takue Bepo-
arHocTH OynieM Ha3biBaTh X/IK BK.

B 3aBucuMocCTH OT BUAA SKCILUTyaTallHOHHOTO
KOHTpOJs Oynem paznmyath XK BK:

e B noniete (korga TC BK Ha mMoMeHT okoHua-
HUS TIOJIETA Sy, @ PEIIEHNUE CUCTEMBbI KOHTPOJIS
o TC BK z,);

e mpu nocienoneTHoM koHtpoie (korma TC BK
Ha MOMEHT OKOHYaHHUS MOCJIETIOIETHOIO KOHT-
ponst Spc;, @ PpEUIeHHEe CUCTeMBbl KOHTPOIS
o TC BK z,¢p);

e 1pu mpeanonetHoM koutpoie (korma TC BK
Ha MOMEHT OKOHYAHHS MPEAINOJIETHOTO KOHT-
pONst Sppy, @ PEIIEHHUE CHCTEMBI KOHTPOJIS
0 TC BK zy).

Ot XJIK sBnstorcs mokazarensMu dddek-
tuBHOCcTH COK BK.

XapakTepHCTHKH JO0CTOBEPHOCTH
IKCIIYATAIMOHHOT0 KOHTPOJIS
(GYHKIMOHAJILHBIX CHCTEM

U KOMILIEKCOB 00OPTOBOI0 000py10BaHMSA

IlepBasi rpynna xapakrtepuctuk. [lepByio
rpynny XJIK I-it @C cocTaBisOT yCI0BHBIE Be-
POSITHOCTH TIEPEXO0JI0B Tpoliecca IKCILTyaTalu-
orHoro koHTposst OC. Ilpu kKoHTpose B monere
3TO CIEAYIONINE BEPOATHOCTH:

a, (I) = P{3z, (i) €e Z~())V3z, (i,)) €
ZZ () /Vsa D EST (D), Vs, (i,)) €
S*(i,j); i,j =1,M} — BepoATHOCTb TPHUHSATHSA
petenust mpu KoHtposie B nosiere @C 0 HaXOxK-
nennu xoTsd 0l oqHoro 01oxa OC uam XoTst Obl
OJTHOM MEXOJIOYHOW CBSI3M B HEPabOTOCTIOCO0-
HOM COCTOSIHMH TIPU YCIIOBUH, UYTO JICHCTBUTENb-
Heie TC Bcex OJIOKOB U MEXKOJIOYHBIX CBSI3EH
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ABIAIOTCS  PabOTOCTIOCOOHBIMU  (BEPOSATHOCTD CIIOCOOHOCTH BceX OJIOKOB M BCEX MEXKOIOUHBIX
omnoOku koHTpoist ®C B mosere 1-ro pona); cBsa3eilt @C npu yclIOBUH, YTO CYLIECTBYET XOTS

By (1) = P{vz, (i) € Z*(i),Vz, (i,)) € ObI oMH OJIOK WM XOTsI ObI OJTHA MeXOIOouHas
ZT(4,)) /3sy (D) € ST (), V3s, (i,)) € cBs3b, JeiictBuTenibHOe TC KOTOpBIX SIBISIETCS
S=(i,)); i,j =1,M} — BEpOATHOCTH IPHHATHS HEPaOOTOCIIOCOOHBIM  (BEPOSTHOCTh  OIIMOKHU
pemenus npu KoHtpoJe B nonere ®C o paboro-  Kourposas ®C B nmonere 2-ro poxa).

AmnanornyasiM o6pazom noiayuuM XK nepBoit rpynns! npu nocienojaeTHoM KouTpoie OC:

Anen () = P{3zycn () € Z7(OV3AZyen(i,)) € 27 (1,))/
/VSnen (D) € ST (D), Yspen (L)) €S (L)L) =1, M} (19)

Bren (1) = P{Vzyeq (1) € Z¥(D)V2nen(i,)) € S* (L))/
/38nen (D) € S7 (D), V3syen (L)) €57 (1)) 4] = 1, M},

[Tpu npennoneraom korTposie ®C XJIK 1-i rpymibl onpeaessitoTes CASAYIOIIM 00pa3oMm:

Onpn () = P{Elznpn () € Z_(i)vaznpn(i'j) €Z”(i,j)/
/YSupn (D) € S* (1), Vsupn (1,)) €S* (0,)); i,j =T, M}; (20)

Brpn (1) = P{Vzupy (1) € Z¥(D)Vzupn(i,)) € Z7 (i,))/
/3Supn (D) € S™ (D), VAsypy (i,)) €S™ (0,)); 1,j =1, M}

[Tepyto rpynmy XJIK KOMIUIEKCa COCTABIISIIOT YCIOBHBIE BEPOSTHOCTH MEPEXOI0B IIPoLEcca IKC-
IUTYyaTalMOHHOTO KOHTPOJIS KoMIuIeKca. [Ipy KOHTpoe B osIeTe 3TO ClIeIyONIe BEPOSITHOCTH:

Ay = PEz, (D € Zy(DV3Iz, (1)) €Zy (1)) /Vsa (D) €Sg (D), Vsu (1)) €S{ (L)) 1] =
1,L} — BEpOATHOCTh NPUHATHUS PEIIEHHs IPU KOHTPOJIE B TOJNETE KOMIUIEKCA O HAXOXKIEHHU XOTs Obl
onHoit ®C KOMIUIEKca MM XOTA Obl OHON MEXCHCTEMHOH CBS3M B HEPAOOTOCIIOCOOHOM COCTOSIHUU
npu ycioBud, 4to aectButenbHble TC Bcex @C M MEKCUCTEMHBIX CBSI3EH SBISIOTCS pabOTOCIIOCO0-
HBIMU (BEPOATHOCTH OMIMOKU KOHTPOJISI KOMIUIEKCa B osere 1-ro poaa);

B, = P(3z, () € Z; (DV3z, (1)) € Z; (1)) / Vs, (D) € Sit (D), Vs, (1)) € S (L)) 1] =
1,L} — BepOSATHOCTh MPUHATHS PEIICHUs MPU KOHTPOJE B MOJIETE KOMILIEKCa O pabOTOCIIOCOOHOCTH
Bcex @C u BceX MEKCHCTEMHBIX CBSI3CH MPHU YCIOBUH, YTO CYIIECTBYeT XOTs Obl oqHa DPC uimm XOTs
ObI OIHa MEKCUCTEMHAs CBs3b, JeiicTBuTenbHOE TC KOTOPBIX SBIsIETCS HEPAOOTOCIIOCOOHBIM (BEpO-
STHOCTh OIIMOKH KOHTPOJISI KOMILJIEKCA B TMOJIETE 2-T0 POJIa).

AmnanornyasiM o6pazom noiayunM XK 1-i rpyniiel mpu nocaenoseTHOM KOHTPOJIe KOMILIEKCa:

Anen = P{3zpen () € Z7(DV3Azoen(1,)) € Z7 (1,])/
/¥Snen (1) € ST (D), Yspen (L)) €T (L)); 1] = 1,L}

21)
Boen = P{Vzuen (I) € Z7(D)V2pen (1)) € 27 (1])/
/3 Suen (1) € ST (1), V3ASyen (1)) €S* (1,)); 1] =1L}

ITpu npeanoneTHoM KoHTpose komiuiekca X/IK 1-i rpynmsl onpeaensores ciaeayouM o0pa3om:

Anpn = P{Azypn (1) € Z7(DV3zepu(1,)) € 27 (L))/
/¥Supn (D) € ST (1), Vsgpn (1)) € ST (1,)); 1,] = 1,L};
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(22)

Bopn = P{VZupn (1) € Z¥(D)VZypa (1)) € Z* (1.])/
/3 Supn () € S™ (1), V3Asypy (1,]) €S~ (1)) 1] =1, L}.

Bropasi rpynnma xapakTepucTHkK. Bropyto
rpyniy XK I-it ®C cocraBisitor 6e3yciIoBHbIE
BEPOSTHOCTH HAXOXJCHHUS IMpollecca dKCILTya-
TalMOHHOTO KOHTpOJIsI PC B COCTOSTHUAX KOH-
Tpoas. Ilpu konTpone ®C B nonere 310 cieny-
IOIIUE BEPOSTHOCTH:

Pio (1) = P{Vs, (i) € ST(),Vs, (i,)) €
S*(0,)); 3z, YEZ™ (D V3Iz (i,)) €
Z=(i,j); i,j =1,M} — BepoATHOCTh HaXOXKJC-
HHS Beex 010koB @C u Bcex MeKOJIOUHBIX CBS-
3eil B pabotocnocobnom TC coBMecTHO ¢ mpH-
HSATUEM PEIICHHSI BO BPEMs KOHTPOJIS B TOJIETE O
HaXO0XIeHUU XOTd Obl omgHoro Onoka OC wmim
XOTsI OBbI OJTHOM MEXOJI0YHOM CBSI3U B HEPabOTO-
CIIOCOOHOM COCTOSTHUHM (BEPOSITHOCTB JIOXKHOTO
otkaza ®C B mosere);

pio () = P{3s,(i) € ST(DV3Is,(i,)) €
S™ (L)) Yz, (i) € ZT (), Vz, (i,)) €
Z* (i,)); i,j = 1, M}; — BepOATHOCTH HAXOXKIe-
HUS X0Td Obl omHoro Omoka ®C wiu XoTs OBl
OJIHOM MeXOJOYHOM CBSI3U B HEPAOOTOCIOCOO-
HOM COCTOSIHUHM COBMECTHO C NMPUHSATHEM pelie-
HUSL BO BpEMs KOHTpPOJSI B IOJIETE O HaXOXKIe-
HHH BceX OJIOKOB U MeKOJOYHBIX cBs3elt DC B
paboTOCIIOCOOHOM COCTOSIHUU (BEPOSITHOCTH He-
obHapyxeHHoro oTkaza O@C B nojete);

Ppa (1) = P{Vs, (i) € S*(i),Vs, (i,)) €
ST, )); vz, (D) €ZT (D), V7, (i,)) €
Z% (i,j); i,j = 1,M} — BeposTHOCTh HAXOKIE-
HHSI BCceX OJIOKOB M BCEX MEKOJIOUHBIX CBS3€EH
®C B paboTOCTIOCOOHOM COCTOSIHUM COBMECTHO
C TPUHATHEM PEIUICHUS BO BpeMs KOHTPOIS B
MoJIeTE O HAXOXKIEHUU BCEX OJIOKOB U MEX-
omounbix cBsizeit @C B pabOTOCIOCOOHOM CO-
CTOSTHUU (BEPOSITHOCTh KOHTPOJUPYEMOM pabo-
tocriocoonoctu ®C B nonere);

Pro (1) = P{3s,()) € ST(DV3s,(0,)) €
ST(@J)); 3z, ) EZ (D) V3IAz, (i) €
Z7(i,j); i,j =1,M} — BeposATHOCTh HaXOX[Ie-
HHS XOTSI OBI OTHOTO OJIOKA MJIM XOTSA OBl OHOI
MexomouHoi cBsizu OC B HEpaOOTOCIIOCOOHOM
COCTOSSHUM COBMECTHO C TPHUHATHEM pEIIeHUs
BO BpeMs KOHTPOJIA B TOJETe O HAXOXJICHUU
9TOr0 K€ CaMOro OJ0Ka WIH 3TOH e MeXO0I04-
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HOM CBS3U B HEPaOOTOCIOCOOHOM COCTOSTHUU
(BeposiTHOCTH KOHTposupyemoro otkaza ®C B
moJjieTe).

AHnamornuHbIM  oOpaszom moayunMm XK
2-ii rpynnsl OpU MOCHe- U MPEANOIETHOM KOH-
tposie OC.

Bropyto rpynmy XJIK koMIuiekca cocTaBiisitoT
0e3yCIIOBHBIC BEPOSITHOCTH HAXOXKICHHS TIpoIIecca
AKCIUTYaTallMOHHOTO KOHTPOJISI KOMITJIEKCA B CO-
CTOSTHUSIX KOHTpOJIs. [Ipu KOHTpoJe KOMILIeKca B
TMOJIETE ATO CIICIYIOIINE BEPOSITHOCTH:

P = P{vs, (I) e ST(I),Vs, (1,]) €
ST 3z, (1) €Z (DV3IAzZ (L)) €
Z=(1,]); I,] =1,L}— BeposATHOCTb HaXOX[e-
Husa BceX PC M MEKCHCTEMHBIX CBS3EH KOM-
wiekca B paborocniocooHom TC coBmecTHO ¢
MPUHSATHEM PEIICHUSI BO BpeMsi KOHTPOJIS B TIO-
JIeTe 0 HaxoKAeHMH XOTs Obl omHoii PC wmiun
OJIHOM MEXOJIOUHOW CBSI3M B HEPaOOTOCIOCO0-
HOM COCTOSIHUH (BEpPOSTHOCTH JIO)KHOTO OTKa3a
KOMILJIEKCa B TIOJIETE);

PL = P{3s,(I) e S"(DHV3s,(1,]) €
STWsVz (D EZT (D), Yz, (1)) €
Z* (1,]); I,] =1,L} — BepoATHOCTb HaXOXKe-
Hus X0Ta Obl omHOW DPC KOMIUIEKCA MM XOTA
OBl OMHOM MEXCHCTEMHOU CBSI3M B HEpPabOTO-
CITOCOOHOM COCTOSIHUM COBMECTHO C MPUHSATHEM
pelieHuss BO BpeMs KOHTPOJII B TMOJIETE O
HaxoxaeHnn BceX PC M Bcex MEKCHCTEMHBIX
cBsizell B pabOTOCIIOCOOHOM COCTOSHHH (BEpo-
ATHOCTh HEOOHAPY>KEHHOTO OTKa3a KOMILIEKCa B
roJjeTe);

Py = P{vs, (DN est),vs, (1,)) €
STV (D EZT (D Vz, (L)) €
Z*(,]); I,] =1,L}— BeposATHOCTb HaxOXkIe-
Husa Bcex ®C M BceX MEKCHCTEMHBIX CBSI3EH
KOMIUIEKCA B pabOTOCIIOCOOHOM COCTOSIHUU
COBMECTHO C TPHUHSATHEM pEIICHUS BO BpeMs
KOHTpOJISI B ToJieTe 0 HaxoxaeHuu Bcex OC u
BCEX MEKCHCTEMHBIX CBSI3€H KOMILIEKca B pabo-
TOCTIOCOOHOM COCTOSIHUU (BEPOSITHOCTH KOHTPO-
aupyeMor paboTOCIIOCOOHOCTH KOMILIEKCAa B
MOJIETE);
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PL = P{3s,(I) e S—()V3s,(1,]) € BUU, YTO MPHUHSITO PEIICHUE PU KOHTPOJIE B IO-
S,)); 3z, (Hh eZ~ (HV3Az, (I,)) € Jere, 4To Bce OJIoKM M MexOnounbie cBsizu OC
Z=(I,); 1,] =1,L} — BepoATHOCTh HAXOXKJE- HaXOAATCsl B pabOTOCIIOCOOHOM COCTOSIHHH (Be-
Hust XoTst 061 omHoW PC mim xoTd OBl OMHOIM POATHOCTH AOCTOBEPHOIO pE3yabTaTa KOHTPOJIS
MEXCHCTEMHOM CBSI3W KOMILIEKCa B HEpaboTo- ®C B moseTe «roJen»);
CIIOCOOHOM COCTOSIHUH COBMECTHO C TIPHUHSTHEM e (1) = P{3s,(0) € S7V3s,(i,)) €
peueHuss BO BpeMs KOHTPOJIS B IIOJIETE O S~ (i,j) /3z, () €eZ™ () V3Iz, (i,)) €
HaxoXx/aeHuu ToM ke camort ®C nnm ToM ke ca- Z7(i,j); i,j =1,M}— BepoATHOCTH TOTO, UYTO
MOM MEXCHCTEMHOU CBSI3M B HEPaOOTOCIIOCO0- XOTSL OBl OJMH OIOK WIM XOTS OBbI OJHA MEX-
HOM COCTOSIHUM (BEPOATHOCTB KOHTPOIMPYEMO- 6souHast cBsi3p OC HaxoAUTCSA B HEPaOOTOCIIO-
T0 OTKa3a KOMIUICKCA B IIONIETE). COOHOM COCTOSIHMM TIPH YCJIOBHUH, YTO HMPUHSATO
AmnanornysbiM 00pasom nomyunM X/JIK 2-i  pemenue npu KOHTpoJIE B MOJIETE, YTO 3TOT OJIOK
I'PYHIIBI TIPH TI0CJIE- U IIPEATIOIETHOM KOHTPOJIC WIH 3Ta MEKOJIOYHASI CBS3b HAXOAWTCS B HEpa-
KOMILICKCA. 060TOCTIOCOOHOM COCTOSTHUM (BEpOSITHOCTH  J10-
Tperesi rpynna xapakrtepucTuk. Tpersro CTOBEpHOro pe3yJibrara Koutposis ®C B mosere
rpynmy XK I-it ®C cocraBnsior anocrepuop- «HE TOJIEH»).
HBIE BEPOSITHOCTH HAaXOXKJEHUS MpoIecca JKC- AnanornunsiM 06pasom moayanm XJIK Tpe-
IIyaTallMOHHOI'0 KOHTPOJIA dC B CcOCTOAHUAX Tbel TPYIIBI TIPU TOCIENOJIETHOM W MPEAIo-
koHTpoust. [Ipu kouTposne @C B momuete 310 cie- netHOM KoHTpoIe PC.
AYIOIIHE BEPOATHOCTH. Tperero rpynmy XJIK xomruiekca cocras-
e (D) = Plvs, (D) €S (@), Vs, (i,)) € JSI0T aroCTEPUOPHBIE BEPOSITHOCTH HAXOXKIe-
S*(,))/ Vz, (D) € Z* (i),Vz, (i,)) € HHSL TpOIlecca AKCIUTYaTAlMOHHOTO KOHTPOJIS
Z* (i,j); i,j =1,M} — BepoATHOCTh HaXOX-  KOMIUIEKCA B COCTOSHHAX KOHTpois. IIpn KoH-
JIEHUS BceX OJIOKOB U BCEX MEKOIOUYHBIX CBS3EH TPOJIC KOMILJIEKCa B IIOJICTE 3TO CIEAYIOLIHE
@®C B paboTOCIOCOOHOM COCTOSIHUU TPU YCJO- BEPOSTHOCTH:

e = P{Vs, (D € ST(D,vs, (L)) €ST(1,])/
[z (D) €Z* (), Vz, (L)) €Z* (1)); 1] =1L},

(23)
wrjee = P{3sy(1) € ST(DV3As, (L)) €57 (1)) /
/3z, () €Z~ (DV3Az, (I,)) € Z~(1,)); 1,] =1,L}

AnanornyaeiM o6paszom moydaem XJIK 3-it q.(J) = P{s,(J)eS~(J)} — BeposTHOCTH OT-
IPYIIBI [IPU TOCTCHONIETHOM U TpenmnoieTHoM  ka3a ®C J-ii HOMEHKIATYPHI B TIOJIETE 38 BpEMs
KOHTPOJIE KOMIUIEKCA. MEXy OKOHYaHHEM TPENOJICTHOTO KOHTPOIIS 1

XapakTepucTUKH 0e30TKa3HOCTH (YHK-  OKOHYAHHEM IOJIETA;

HHOHAIBHBIX CHCTEM M KOMILIEKCOB B IPO- Pucn() = P{spcn(DeST(J)} — BeposiTHOCTE
necce IKCIVIYAaTAUOHHOI0 KOHTPOJIA. Xapak- 6e3oTkazHoil paborer ®C J-ii HOMEHKIATYPHI
tepuctuku 6e3otkazHoctu (Xb) dyHKIMOHATH- MIPU TIOCJIENIOJIETHOM KOHTPOJIE 33 BPEMSI MEXKITY
HBIX CUCTEM M KOMIUIEKCOB B IIPOIIECCE DKCIUTY-  OKOHYAHHMEM II0JieTa M OKOHYAHHUEM IOCIIEIO-
aTalMOHHOTO KOHTPOJISL TPEACTABISIOT COOOW  JIETHOrO KOHTPOJIS;

arpUOpHBIC BEPOSTHOCTH OE30TKA3HOCTH U OT- Guen () = P{syen(JDeS™(J)} — BeposiTHOCTH
Ka30B (DyHKIMOHAIILHBIX CHUCTEM M KOMILIEKCOB orkaza @C J-I HOMEHKIJIATypbl NPU IOCIEHO-
B IIPOMEXKYTKAX MEXIY ONPENCIEHHBIMU BHIA-  JICTHOM KOHTPOJIE 33 BPEMsI MEXIY OKOHUAHHUEM
MU KOHTPOJIS: HoJieTa ¥ OKOHYaHHEM IIOCIIEIOJIETHOTO KOH-

pa() = P{s,(JDeS*(J)} — BeposaTHOCTHL OE3- TPOJISL;

otka3Hoi paboTel ®C J-if HOMEHKIATYPHI B I10- Papn () = P{Snpn (])gS"'(])} — BEpOATHOCTb
JIETC 32 BPCMS MEXKAY OKOHTaHMEM HPCIMOICT-  gesorkazHoil pabotel ®C J-ii HOMEHKIATYpHI
HOT'0 KOHTPOJIA ¥ OKOHYaHHCM II0JICTa, IpU TPEANOICTHOM KOHTPOJIE 32 BPEMs MEXIy
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OKOHYAaHHUEM I0JIeTa WM IMOCJIENOJETHOrO KOH-
TPOJIA U OKOHYAHUEM IIPEAIIOIETHOTO KOHTPOJIS;
Gupn () = P{Snpn(])eS _(])} — BEpPOSITHOCTH
otkaza @C J-ii HOMEHKJIATyphl NIPU NPEAIOIET-
HOM KOHTpOJIE 3a BpPEMS MEXIy OKOHYAaHHEM
[10JIETA WJIN IOCJIENOJIETHOIO KOHTPOJISI U OKOH-
YaHUEM MPEANOIETHOTO KOHTPOJIS.
AHaIUTHYECKHE 3aBHCHMOCTH MEXKIY Xa-
PAKTEPUCTHKAMH JAOCTOBEPHOCTH KOHTPOJISI
(QYHKIHMOHAJIBHBIX CHCTEM M KOMILIEKCOB.
Ecnu ompenenenst XK ®C 1-it rpynmer @C

Civil Aviation High Technologies

omoka, To XJIK Omoka 2-ii Tpymmbl MOXHO
OIIPEIETUTH CIIETYIONIM 00pa3oM:

Ppa = p(/)[l —a(D];

Py =p() a());
(24)
P =q(D[1 - B
P =00 BUD.

Ecmu onpenenenst XK ®C 2-ii rpynmsi, TO
MokHO onpenenuts X/IK @C 3-ii rpynmnst:

Dr/r(]) = Ppa(])/[ Ppa(]) + PHO(])];
DHI‘/HI‘(]) = PKO(])/[PKO(]) + PJIO(])];

DHI‘/I‘(]) = PJIOU)/[ PKO(]) + PJIOU)];
DI‘/HI‘(]) = PHo(])/[Ppa(]) + PHO(])]'

(25)

Ecmn onpenenenst X/IK ®C 1-it rpynnsl 1 Xb @C, o XK ®C 3-ii rpymnmsl onpeaenstorcs cie-

JYFOIIIM 00pa3oMm:

D.yr() = p(D[1 = aD]/p() [1 = aD] +q() BUD};
Dursur() = qD[1 = BWDI/Aq() [1 = BWD] +pU) a(D};

Diw/e() = p(D) a(D/{a() [1 =B +pU) a(D}:
Drjuc() = q(D) BD/Ap(D [1 = a(D] +q() BUD}-

(26)

Ha ocHoBe ananuTHueckux 3aBucuMocTteil (24)—(26) onpenensirorcsi cooTHomeHUsIMHU Mexay XK

®C BO pazmuunsix rpymm ais COK.

PesyabTaTsl nccaegoanus. Tpu rpynns X/IK @C npeacrasnens! B Tabda. 1, 2 u 3.

Taoauna 1
Table 1

[lepBas rpymma XapakKTepUCTUK JOCTOBEPHOCTH IKCIUTyaTallMOHHOTO KOHTpoJst PC
The first group of operational control reliability characteristics of functional systems

XJIK ®C

Oo6o3HaueHne U onpeaesieHne

IIpumeyanue

KoHuTtpoas B mosere

BeposiTHOCTE OIIMOKH
KOHTpous 1-ro poga

ay () = P{3z, (1) € Z~(D);
Vaz, (i,j) € Z7 (L)) / Vsa (D) € ST (0);
Vsy (i,)) € S*(,)); i,j =1, M}

IToce okOHYAHUS MTOJETA:
Sp(i) — TC i-e0 Onoxka; s, (i, j) —
TC MexXOII0UHOI CBS3U i-20 U
j-20 O610KOB

BeposTHOCTD OMIHOKH
KOHTpOJIA 2-TO pofa

Bn (I) = P{Vz, (i) € Z*(),Vz, (i,]) €
€ Z* (i,j) /3s, (i) € S~ (i),
Vas, (i,j)) € S7(i,)); i,j =1,M}

zy (1), zy (i,j) — pemmenne o TC
i-eo 6710Ka U MEKOTIOUHOM CBSI3H
i-20 U j-20 OJIOKOB
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Oxonuyanue Ta0aunbI 1
Continuation of Table 1

MocnenoseTHbI KOHTPOJIb

BeposTHOCTH OIIMOKH
KOHTpous 1-ro poga

Upen (1) = P{Elzncn (i) e Z=();
V3zZuen(6,)) € Z7 (6,))/¥Snea () € ST (0);
VSuen (i:j) est (i,j); i,j= 1, M}

[Mocne okOHYaHMST KOHTPOJIS:
Sten (l): Snen (lr]) — TC i-e0 6no-
Ka ¥ MEXOJIOUHON CBS3H

i-20 ¥ j-20 GIOKOB

BepostHOCTE OmImOKH
KOHTPOJIS 2-T0 poja

Buen (1) = P{VZey ()€ Z+(i);
VZuea(6,7) € ST (,))/3Snen (0) € S™ ()
V3Syen (i) € S~ (0,03 ,) = T, M}

Zyen (D), Zpen (6, ) — penenue
0 TC i-20 O10Ka u Mex0I09HON
CBSI3U [-20 U j-20 OJIOKOB

IIpeanosieTHBINH KOHTPOJIb

BeposTHOCTE OmIHOKH
KOHTpouia 1-ro poga

Qnpn (0 = P{Elznpn (D) € Z7();
Vaann(i:j) €Z™ (L,))/YSuen (V) € S* s
/¥Supn (1)) € S* (1,));1,j =1, M};

ITocne oxoHuaHUA MpeEaTOeT-
HOTO KOHTPOJIS:

Snpn (0, Sapn (4, ) — TC i-e0
0JI0Ka 1 MEXKOJIOUHOM CBS3H
i-20 ¥ j-20 OIOKOB

BeposTHOCTH OIIMOKH
KOHTPOJIA 2-T0 poja

ﬁnpn ) = P{vznpn ()€ Z+(i);
VSupn (7)) € Z* (i,))/3Supn (D) € S (@)
V3Supn () € S~ (0,)); ) = T, 1}

Zypn (), Zppn (i, ) —petuenue
0 TC i-2o 6m0ka 1 MEKOJIOYHOM
CBSI3H i-20 U j-20 OJIOKOB

Taoauua 2
Table 2

Bropas rpynmna xapakTepucTHK JOCTOBEPHOCTH IKCILTyaTallMOHHOTo KOHTpoust OC
The second group of operational control reliability characteristics of functional systems

XJIK®C

O0o3HaueHne U onpeaesieHHe

[Ipumeuyanne

KonTpoJb B noJiere

BeposTHOCTE JI05KHOTO
OTKa3a

Pl (1) = P(¥s, (i) € S*(0);
Vsy (i) € S* (i, )); 32, (D) € 27 (0);
Vaz, (i) € Z7(i.)); i,j =1,M}

ITocie okoHUAHMS ITOJIETA:
sp(i) — TC i-e0 6moxa; s, (i, ) —
TC Mex0JI04HOM CBI3H

i-20 ¥ j-20 OJIOKOB

BepostHOCTE HEOOHa-
PY’KEHHOTO OTKa3a

Pio (1) = P{3s,(1);
V3as,(i,)) € Z~ (i,)); Vz,(i) € Z* (0);
vz, (i,)) € Z* (i,)); i,j = 1, M}

BeposiTHOCTH KOHTpO-
nupyeMoi paboTocrio-
COOHOCTH

Ppa () = P{Vs, (i) € S7(i),
Vs, (i,7) € ST (i,)); Vz,(D) € Z* (0);
vz, (i,j) € Z* (i,j); i,j =1,M}

zy (1), zy (i,j) — pemmenne o TC
i-e0 OJIOKa U MEKOJIOUHOM CBS3H
i-20 U j-20 OJIOKOB

BCpOHTHOCTL KOHTPO-
JINPpyCEMOT' O OTKa3a

Pl (D) = P{3s,(i) € S~())
Vasy(i, ) € S (0,)); 32, () € Z* (D)
Vaz, (i) € Z*(i,)); i,j = 1, M)

MocnenoneTHbIH KOHTPOJIb

BCpOﬂTHOCTL JIOKHOI'O
OTKa3sa

prc' (1) = P{Vsyc, () € ST(0);
VSI'ICI'[ (l']) E S+ (ll])' 3Zl'[Cl'I (l)_EZ_ (l)!
Vazyen (L)) €Z7(0LJ); L) =1, M}

TToce OKOHYAHUST KOHTPOJIS:
Suen (1), Suen (i, ) — TC i-e0 6110-
Ka U MEKOJIOUHOM CBI3H

i-20 1 j-20 OJIOKOB
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OxoHyaHue TA0JHIbI 2
Continuation of Table 2

BepositHocTs HeoOHA- | pis" (I) = P{3s,en(0);
PY’KEHHOT0 OTKa3a Vasyen (i, j) € S™ (i,)); Vz, (i) € Zt (i);

VZuen (L)) € A @) ij=1,M}
BepostHocTh KOHTPO- | pps™ (1) = P{Vsyc, (i) € S7(0), Zen (D), Zuen (6, ) — penienne
JUpyeMoi paboTocto- VSuen (i, )) € ST (1, )); Vzuen (D) € ZT (0); 0 TC i-20 610Ka 1 MEKOTOUHOM
coOHOCTH VSuen (i,) € Z* (i,)); i,j = 1, M} CBSI3U i-20 U j-20 OJIOKOB

BeposarHocTs KoHTpO- | pRs™ (1) = P{3s,, (i) € S(i)
JMPYEMOTO OTKa3a 3ASuen(i,)) € ST (4, )); Fzyen () € Z7 (i)
V3azyen (1)) €Z7(1L)); L,j =1, M}

IpennosieTHbIii KOHTPOJIb

BepostHocTs noskHOrO | put™ (1) = P{Vsyp, (i) € S*(D); ITocne okoHYaHHUS KOHTPOJIS:
0TKa3a VSupn (i,)) € S* (i,)); Azypn () € Z7 (0); Supn (0, Supn (i,)) — TC i-e0
V3Zupn G,)€Z () i,j =1,M} §J10Ka u MEXOJIOYHOM CBS3U
i-20 U j-20 OJIOKOB
BeposTHocT HeoOHa- | ™ (1) = P{3s;p,(0) € S™ (0); V
PY?KEHHOT'0 OTKa3a VASypn (6, )) € S™ (4, V2 (D) € Z* (0);
Vzupa(L,7) € Z*(0,)); 1, =1, M}
BeposTHOCTH KOHTPO- p;‘;’“ (1) = PVsppn () € S7(D), Zypn (), Znpn (£, ) — pemenue o
nupyeMoi paboTocrio- VSupn i, ) €St (,)); VZpn () ezt ); TC i-2o0 6moka 1 MEKOIIOUHOI
cobHOCTH Vzupn (L)) € Z% (L,)); 1) = 1,M) CBSI3U i-20 U j-20 OJIOKOB

BepostHoCTb KOHTPO- | peb™ (I) = P{3syp, (i) € S™()
JIUPYEMOT0 OTKa3a VASuyn(i,)) € S™ (0,)); Zupn (i,)) € Z7 (i)
Vazyy (L) € 27(0J); 1j = 1,1}

Tadiauuna 3
Table 3
TpeThbs Tpynmna XxapakTepUCTHK JOCTOBEPHOCTH IKCILTYyaTallMOHHOTO KOHTpoIist OC
The third group of operational control reliability characteristics of functional systems

XK ®C O6o3HaueHue u onpeieIeHne pumeuyanue

KonTtpoun B noJiere

BepostHocTh nocToBep- [locne okoHUaHUs moNeTA!
HOCTH Pe3yJbTaTOB KOH-
TPOJISI B MOJIETE:

TComen dr (I) = P{Vs, (i) € S*(i); Sy (1) — TC i-e0 6noka; s, (i, ) —

PP .. . . TC mex0109HOI CBS3N
Vsn (1)) € S* (L)) V2, (1) € 27 (D); i-eo0 W j-eo GII0KOB
vz, (i,j)) €Z* (i,)); i,j =1, M}

He rozmen dir (I) = P{3s,(i) € S7(0); z, (1), z, (i,)) — pemenue

o e . — 0 TC i-eo Gnoka u MexOIO0YHON
V3s,(i,j) € S~ (0,j)/3z €2 (0); CBSI3H i-20 U j-20 OJIOKOB
Vaz, (i,)) € Z*(i,j); i,j =1,M}
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OxoHuyanue Ta0JUIbI 3
Continuation of Table 3

MocnenoseTHbI KOHTPOJIb

Tomen 1 (D) = P{Vsyen (1) € ST(); [Tocie OKOHYAHHST KOHTPOJIS:

/ , J i, J 1 ] Suen (), Spen (6, J) — TC i-20 6110-
VSHC“ (l']) €St (l;])/ vzncn(l)_e z* (l); ¢ ( ) ¢ ( ])

2 AT Ka ¥ MEKOJIOYHOH CBSI3H I-20
VZuen (L)) €Z* (i,)); i,j =1, M} U j-20 GIIOKOB

He rozmen dar’ (I) = P{3spen(@) € S™(0); Znen (D), Zyen (6, J) — petenne o TC

=) ;o — (i . .. i-20 0110Ka 1 MEXOIJIOYHOM CBSI3U
V3Snen(l)) €57 (0)/3znen (1) € 27 (0105 | o ¥ j-20 GII0KOB
VEIZHCH (i:j) € Z+(i:j); i,j =1, M}

IpennosieTHbIii KOHTPOJIb
Topen (1) = P{Vsupn (i) € S (D) Supn () Spn (i) — TC i-20

r .. .. . . 0JIOKa ¥ MEKOJIOYHON CBSI3H
vsnpn (l:]) eSSt (l;])/ vznpn(l) ezt (l); i-20 U j-20 GI0KOB
VZupn (L)) €Z% (i,)); 1,j =1, M}

npn

He rogen wr () = P{3sqpn(0) € S7(0); Zapn (), Znpn (1, ) — pemenne
ar . s . 0 TC i-eo G10ka U MEXOIOIHON
V3Supn(L,)) € $7 (1,))/3zapn (1) € CBSI3H i-20 U j-20 OJIOKOB
€Z~ (i,))V3IAzypy (i,)) €
€Z*(i,)); i,j =1,M}

I'padp-moenp HAIE)KHOCTH U JOCTOBEPHOCTH KOHTPOJIS OJI0KA yIpaBiIeHUS! KOMIJIEKCHONW CHCTEMBI
koHauuuonuposanus Boznyxa bY KCKBI1 npencrasnena Ha puc. 1.

PesynbTaTsl pacueTa 1OCTOBEPHOCTH KOHTPOJIS IPUBEIEHBI HA pUc. 2—4.

68



HayuHbii BectHuk MITY TA
Civil Aviation High Technologies

Tom 26, Ne 06, 2023

Vol. 26, No. 06, 2023

un [onuod 1SOVI AUl JO ANIRI[oI pue AJU)SISU0d [01U09 JO [dpow-ydeln) T “Siq
1DID uHorgeduL exorg KrodiHON H100HAOE0L100Y M HLOOHXOeH drrofon-(ed T ° oud

/:Bo_.:toa_on Jndondawouy

T 83%D¥ vuHavaedud exoug
BUodiHOH

uwoHdasowLoY avavol

€2H10

4

>
A\

N
\

HLOHLIB0d38 rlaHdomnduy

€2H10

€BHI0

€2H10

JLAOH

T 8404 A9
JLAOM

TEHME My = 7 0| wrodiHon

‘deHgosH auatonw

‘wodiHOY

‘wodiHoY

‘deHgoaH

WIQHWOLS

TEHOHAIGT EHOHAST E

Hoa

‘udologed ‘vodiHoy

e

‘udologed ‘vodiHoOy

WISHRWOLS

JL

T 8}0H suHaveeduA exoug Bul )1 AOU ¥ HOE BrodiHON MOHd8010Y M oHKITeH urafow

T 9401 A9
8 = 14 |yHg vwodiron
Dax= g avarop
geno  -deH
s =
zd-T N
-T €eMLO rodiHOoy P

iz

0 €EBHLO WISHRO |y

I

o-T

Zo-T "udoioged "rodiHoy
—
—
IDTAIHAITE A9

Ho8

S—

69



HayuHbin BectHuk MITY TA

Tom 26, Ne 06, 2023

Civil Aviation High Technologies

0,0120

OsoHoBLIA HoHBepTep 1
0,0100

0,0080

0,0060 qtt]/ /

0,0040

—Pagl

0,0020

0,0000 T T T T T T T T T

BepoATHOCTE OTHa3a BNoKa ynpaseneHua KCKB 1

Vol. 26, No. 06, 2023

0,99

0

0,988

0,986

0,584

s

0,982

0,98

0,978

0,976

0,974 T T T T T T T T T 1

——Panl

BepoATHOCTE KOHTROAWPYEMOH paBoTocnocoBHoCTH BRoka ynpaeneHKa KCHE 1

Puc. 2. I'paduku 3aBHCUMOCTH BEPOSITHOCTH OTKa3a U BEPOSTHOCTH
KOHTPOJIUPyeMOit paborocmocobnocTr 00ka yrpasieHus KCKB1
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3akioueHue

1. KauectBo COK ormpenensercss OCHOBHbIM
CBOMCTBOM — JIOCTOBEPHOCTBIO KOHTPOJS WU
CTENICHBI0 OOBEKTUBHOCTH OTOOPAXKEHUS PE3yIlb-
TaTaMH KOHTPOJII PEaIbHOTO TEXHUYECKOTO CO-
CTOSTHUS (DYHKIIMOHAIBHBIX CHCTEM M KOMILICK-
coB OOpTOBOrO 00OPYIIOBAaHHUS B MPOLIECCE DKC-
IUTyaTallMOHHOTO KOHTPOJIL — B TOJIETE, MPH I10-
CJIETIONIETHOM U MPEATNOJIETHOM KoHTpouie. OueH-
Ka JIOCTOBEPHOCTH KOHTPOJIA TpeOyeT MpUMeHe-
HUSl CHCTEMHOIO MOJXOJa Ha OCHOBE COOTBET-
CTBYIOIIIET0 MaTEeMaTHYECKOTO amrapara.

2. OmnpeneneHsl MapaMmeTpbl W TOKa3aTelu
spdextruBHOCTH COK QyHKIMOHANBHBIX CUCTEM
1 KOMILJIEKCOB OOpTOBOTO OOOpymoBaHus. s
3TOro c(OpMHUPOBaHBI pPALMOHATBHBIE MHOXKE-
CTBa TEXHUYECKHX COCTOSHHN M PEIICHUH O
TEXHUYECKUX COCTOSIHUAX OOBEKTOB KOHTPOJI,
OTpefieNieHbl XapaKTEPUCTUKU JIOCTOBEPHOCTHU
HKCIUTyaTallMOHHOTO KOHTPOJIS (YHKIHOHAIb-
HBIX CHUCTEM M KOMILJIEKCOB OOPTOBOTO 000pPYy-
JIOBaHUSI, OCYIIECTBICHO UX TPYNIIHPOBAHUE TIO
BUJIaM KOHTPOJISL U THIIAM BEPOSITHOCTEH.

3. Ha ocHoBe pa3paboTaHHBIX MaTeMaTHye-
CKHUX MOJIeJIell pOBEeeH aHallu3 1I0CTOBEPHOCTH
KOHTPOJISI B TOJIETE C IOMOIIBI0 BCTPOSHHBIX
CPEIICTB KOHTPOJIS U MOCJENOJIETHOIO KOHTPOJIS
C IMOMOIIBI0O MHTErPAIbHOM CHCTEMBI YIpaBiie-
HUSl TEXHUYECKUM COCTOSIHHEM C IOCIIEqyoIen
BBIPAOOTKOW PEKOMEHJAIMK IO TOBBILICHUIO
JIOCTOBEPHOCTH HKCIUTYaTal[MOHHOTO KOHTPOJIS
(YHKIIMOHATBHBIX CHCTEM M KOMILJIEKCOB OOp-
TOBOTO 000PY/IOBaHUS.
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AHajau3 HCIOJIB3YEMBIX ITIOAX0A0B pacueTa 3BOJbBCHTHBLIX HIJIMIICBbLIX
COCZH/IHCHI/Iﬁ U METOAbI YUY€TA UX BJIUAHUA HA TUHAMHYECCKOC IOBEACHUEC
CUCTEM

N.B. HlmonaeBl, M.K. JICOHTI)CBI, B.B. ITonos’

1 « o « «
Mockoeckuii asuayuonHblil UHCMUmMym (HAYUOHAIbHBIN UCCIe008AMENbCKULL
yHugepcumem), e. Mockea, Poccus

2
MI'TY um. HO. Baymana, 2. Mockea, Poccus

AnnoTtanms: InveBsle coequHEHNS BBUY CBOMX BBICOKMX MTAPaMETPOB HAAEKHOCTH W MPOYHOCTH IIMPOKO PACTIPOCTPAHECHBI
HE TONBKO B MAIIMHOCTPOEHHH. BO3MOXKHOCTH obecnednBarh Ieperady OOJNBIIOro KPyTSIIET0 MOMEHTa IPH JOCTaTOYHO
OombIIOM pecypce pabOTHI MpHBENAa K aKTUBHOMY HCIOJIB30BAHHMIO JAHHBIX COCAMHEHWH B aBHAcTpoeHWH. IlocKoimbKy B
ABHALOHHBIX Ta30TYPOMHHBIX ABUIATENSIX NAHHBIA Y3€J WCHBITHIBAET OOJIbLIME HArpy3kd, 0co0Oe BHHMaHHE YIENseTcsl He
TOJIBKO MPOYHOCTHBIM XapaKTEPUCTHKAM, HO M BIMSHUIO Ha JWHAMHYECKHE TTapaMeTpbl pOTOPHOH cHCTeMBI. 1 MUHUMU3ALIN
PHCKOB pa3pylIeHUs 1 BOSHUKHOBEHUS JIE(hEKTOB TPOBOJUTCS OOJIBIIOE KOJMYECTBO MCCIIEIOBAHMIA, TIO3BOJISIIOLIMX MPOBOIHTh
OLICHKY pa0OThl POTOPHOM CHCTEMBI CO IIUIMIAMHU U IIPOTHO3MPOBATh €€ MOBEICHHE TP BO3HUKHOBEHUH Pa3INyYHBIX (pakTopoB,
NPUBOMAIIMX K W3MEHEHHIO paboThl LUIMLEB. B MaHHOH craThe mpoBeseH 0030p pasjIMYHBbIX METONOB, METOAMK M MOJEIEH
9BOJIbBEHTHBIX LUTMLIEBBIX COEAUHEHUH, HCTONB3YIOMIMXCS MPU aHAM3€e JIUHAMHYECKOrO MOBEIEHUS POTOPHBIX CHCTEM.
PaccMmotpens! aHaMMTHYECKHE MOJIENH, TTO3BOJISIIOIINE YIUTHIBATh COSIMHEHNE B PA3TIMIHBIX CHCTEMAaX, M KOHEYHO-3JIEMEHTHBIE
MOJICIH, IEMOHCTPHPYIOIHE OIMMCAHNE PA3NIMYHBIX IPOIECCOB B IUMMIAX. MccrmenoBaHel paboOTHI, MTOCBSIICHHBIE CPABHEHUIO
KOHEUHO-DJIEMEHTHBIX MOJeNell C aHAIWTHYECKUMH, TIOATBEP)KNAIONINE pe3yJbTaThl, CBSA3aHHBIE C JIUHAMHYECKAMHA
XapaKTEepUCTUKAMU CHCTEM C POCTOM PaJHabHOTO M YIJIOBOTO IIEPEKOCOB. TakkKe TMPEeACTaBICHBI Pe3yJbTaThl CPaBHEHUS
BBIILICTICPEUMCIICHHBIX MOJENe M HMX PEe3yJIbTATOB C OKCIEPUMEHTAIBHBIMU HCCIICJOBAaHMSIMH JUIsl  BepHU(HUKALUKA |
TIOATBEPIKICHUS pasIHBIX 3(ekToB. [IprBeIeHHbIEe HCCIIeT0BAHNS POTOPHBIX CHCTEM C IIEPEKOCOM MO3BOJIIIOT CIETaTh BBHIBOJ
O CYIIECTBEHHOM BIMSHUM IIUIMIEB, IOCKOJBKY OHHM MOTYT TPUBOAUTH K M3MEHEHHIO JKECTKOCTH COEJUHEHHUS,
TiepepacIpe/ieieHUI0 KOHTAKTa, YBEJIMYEHHIO HArpy30K B 3allCIUICHHH, POCTY aMIUIMTYX BHOpAlWil, M3MEHEHHIO CIIEKTpa
B030YX/JaeMbIX YacTOT U aBTOKOJIEOATEIILHBIM ITPOLIECCaM BCIIEACTBHE PA3IMYHbIX (PaKTOPOB.

KunioueBble cii0Ba: nUHIEBBIE COSMHEHNS, BEpU(UKALMS, aBTOKOIE0aH s, TEPEKOC, MOJIETTMPOBAHHE.
s uurupoBanus: Hukonaes U.B., Jleontees ML.K., IlonoB B.B. AHanu3 ucnonb3yeMbIX HMOAXOA0B pacuyeTa 3BOJIBBEHTHBIX

IIIAIEBBIX COSMHEHUH M METONBI yUeTa WX BIIFSTHHS Ha JUHaMITdecKoe moBeneHue cucteM // Hayunsrii Becrauk MI'TY TA.
2023.T. 26, Ne 6. C. 75-87. DOI: 10.26467/2079-0619-2023-26-6-75-87
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Analysis of the approaches used for calculating involute splined
couplings and the methods of considering their influence on the dynamic
behavior of systems
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Abstract: Spline couplings, due to their high reliability and strength parameters, are widespread not only in mechanical
engineering. The ability to transmit high torque with a sufficiently long service life has led to the extensive use of these couplings in
the aircraft industry. Since this unit is under heavy loads in aircraft gas turbine engines, much attention is paid not only to strength
characteristics, but also to the influence on the dynamic parameters of the rotor system. To mitigate the risks of destruction and the
occurrence of defects, a large number of studies are carried out allowing us to evaluate the rotor system operation with splines and
make a forecast of its behavior in the event of various factors leading to a change in the operation of splines. This paper provides a
review of various methods, techniques and models of involute spline couplings used in the analysis of the dynamic behavior of
rotor systems. The analytical models that allow us to take into account the coupling in various systems as well as finite element
models that demonstrate the description of various processes in splines. The publications, devoted to the comparison of finite
element models with analytical ones confirming the results associated with the dynamic characteristics of systems with an increase
in radial and angular swashes, have been considered. The results of comparing the above models and their results with experimental
research to verify and confirm various effects are also presented. The given research of rotor systems with swash allows for a
conclusion about a significant spline influence, since they can cause a change in the coupling rigidity, redistribution of contact,
increased loads in meshing, increased vibration amplitudes, change in the spectrum of excited frequencies and self-oscillatory
processes due to various factors.

Key words: spline couplings, verification, self-oscillations, swash, simulation.
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BBegenie BIUTIOYACT PacteT LUTHUEBLIX BAlOB Ha KPY1eHHE
IIPA JEUCTBUU CTaTUYECKUX U NEPEMEHHBIX Kpy-
TALIIX MOMEHTOB U pacueT 3yObeB [1].

OBOJILBEHTHBIE NUIMIIEBBIE COCIUHEHMSI IO- Ilpn aHanM3e JMHAMHYECKOTO IIOBEICHHMS
Jy4uid OGOINBIIOE PACTIPOCTPAHCHUE B aBHALH- POTOPHBIX CHCTEM CO HUIMIIAMH 00Jiee BaKHBIM
OHHOM TEXHHKE Oylaroapst BICOKON MPOYHOCTH, SIBJISICTCSI OLICHKA BEJIMYHHBI KECTKOCTH COEIU-
XOpOLIEH TOYHOCTU COEIMHSAEMBIX JeTalled U HEHHSI, JaBJICHHE HA KOHTAKTHPYIOIINX TTOBEPX-
BO3MOKHOCTHU TIEPEaBaTh OONBIION KpYTSIIMMA HOCTSX, CHJBl 3alleIJICHHS B IUIMIAX, aHAIu3
MOMEHT. [IoBbIlIEHHAs MPOYHOCTH AOCTUIAETCS KOHTAKTa B 3yObAX M BIMSHHE NIIUIEB HA aM-
Onarozapsi OONBIIOMY KOIMYECTBY 3yObeB M IUIUTY THO-4aCTOTHYIO XapaKTEPUCTUKY CHUCTE-
YTOJIIICHUIO 3yObEB K OCHOBAHMUIO, a KOO HIIH- Mbl. PaccmarpuBasg »BOJBBEHTHOE MIJIULIEBOE
CHTBI KOHICHTPALMM HANPSDKCHUH NPU Kpyde- COCAMHEHUE B COCTaBE POTOPHOM CHUCTEMBI,
HAM B 1,5 pasa HWKE, 9eM y TIPAMOOOIHOTO CO- HEOOXOJUMO OTMETHUTH CYIIECTBOBAHHE TaKHX
CANHCHMA. (bakTOpoB, KaK paguaNbHbIN U YIIOBOM MEpeKoc,
JIns MTMIEBBIX COCIMHEHNH XapaKTEpHO He- KOTOpbIE MOTYT TPHUBOJIWTH K YBEIUYECHHOU
PaBHOMEPHOE  paCHPEACIICHUE  HATrpy3KH 110 HArpy>K€HHOCTH COCIMHEHMS U SBIATHCS IIPU-
JUIMHE, a TIOCKOJIbKY JAHHOE COEIMHEHME SIBIISET- YMHAMM POCTa aMILTUTYJ BHOpAIMii W HM3MeHe-
Csl BEICOKOHArPYXKCHHBIM, TO OCHOBHOM HpPH4H- HUSI COOCTBEHHBIX YacTOT. B cBsI3u ¢ 3TUM NLIH-
HOIl MOTEpH PabOTOCIIOCOOHOCTH IUTHIEB SBIIS- LIEBBIC COCAVHEHUS B IMHAMMYECKUX CHCTEMax
eTCsl MOBPEKACHHE PAbOYMX MOBEPXHOCTCH, a HEBO3MOXXHO paccMaTpuBaTh Kak aOCOJIIOTHO
TAKKE yCTATOCTHOE paspyuieHue 3y0obes. [losro- )kectkue. llemecooOpa3HbIM METOAOM aHalW3a

My pacHeT Ha NPOYHOCTD MIIMLEBLIX COCAMHCHUN BIUSHUS NUIMLEB SIBISETCA pa3paboTka Moje-
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Puc. 1. Cxema nummia, IpeAcTaBIsIeMOro B BUAE OaIKu
Fig. 1. The spline scheme represented as a beam

Jei, MO3BOJIAIOIIMX YYHUTHIBATh BBILIENEPEUUC-
JIeHHbIE (DaKTOPBHI.

[Togo6HbIE MaTeMaTHUYECKHE PEILICHUS TT03BO-
JSI0T MOJAEIMPOBATh IOBEJEHHE POTOPHBIX CHU-
CTEM U OLICHMBAaTh BIMSHUE LUIMLEBOIO COEIU-
HEHMsI Ha JAMHAMUYECKHUE IapaMeTpsl IpU pas-
JUYHBIX YCIIOBHUSX — YydeTe OOKOBBIX 3a30pOB,
BO3HUKHOBEHUU PaJMAIBbHOIO U YIJIOBOIO Tepe-
KOCOB, BapUaTUBHBIX 3aKOHAX TPEHUsI, OCAIKaX.

[enbto HACTOSAIIErO MCCIEIOBAHUS SIBIISETCS
aHAIM3 CYILIECTBYIOUIMX MOJAEIECH, M03BOJISIO-
IIUX YYUTHIBATh NUIMLEBbIE COCAMHEHUS U HX
BJIMSIHUE HA POTOPHBIE CUCTEMBI JJISl PEIIECHUs
NPAaKTUYECKUX 3ajlad MPOEKTHUPOBAHUS aBUAIM-
OHHBIX ra3oTypOuHHbIX asurareneit (I'T1).

Moaean HIJTHIEBOT0 COeIMHEHUS

BazoBelii MeTon pacdera HUTUIEBBIX My(T
OCHOBBIBaeTCsl Ha (hopmynax m3ruda Oanku [2].
[IpencraBnenue 3yb6a B BHIE 0allOUHOTO 3Je-
MEHTa TO03BOJISIET ONPEIENIUTh HAMpSKEHUS J0-
CTaTOYHO MPOCTHIM MeToZoM. Kpome Toro, KoH-
TaKT MKy 3yObsSIMH HanOOJIee 4acTO OMHUCHIBA-
erca no Teopuu ['epra, 4yTO MO3BOJISET AOCTA-
TOYHO MPOCTO OINHUCHIBATh KacaTelbHbIE HaIps-
KEHMS U HANpPSHKEHUS CKaTus B numnax. Mone-
JM, UCTOJB3YIONINE TaKUe AOMYIIEHUs, MOTYT
He o001azaTh BBICOKOW TOYHOCTBIO, HO JaroOT
BO3MOXXHOCTh IPEIBAPUTEIHLHON OLEHKU Harpy-
30K M HamnpsHKeHUH B COCAMHEHUM 0€3 HCIOJb-
30BaHUsl 3HAYUTENbHBIX BBIUMCIUTEIBHBIX pe-
CypCOB.

77

OnmHoil U3 TepBBIX pabOT, MOCBSIIICHHBIX BO-
IIpocaM IUIMIIEBOIO COEIUHEHUS C IEPEKOCOM U
JICHCTBYIOIIMM B HEM CHJIaM, MOXXHO HAa3BaTh
paboty [3]. ABTOpOM TpEICTaBICH MEXaHU3M
JICHCTBYIOIIUX B MEPEKOIIEHHOM COEINHEHHUH
CHWJI, TIOKA3aHO UX PACIpEAETICHUE U IPEIoxKe-
HBl TpOCTble (OPMYJBI ISl OLIEHKH DPOXKAAI0-
muxces ycunui. Mcnosb3dyemsele NpoCTbIE COOT-
HOILIEHUS MOTYT OBITH TOJE€3Hbl NPU OLEHKE
MpEeACNIbHBIX Harpy30K, JEHCTBYIOLIMX B LUIM-
1eBoil my¢re. Takxe aBTOPOM Ipe/ICTaBJIEH aj-
TOPUTM OIpPEIENICHUs] 3a30pOB B COEIWHEHHUU
Ut Kakaoro 3yoa. [lo pesynbpraraM JaHHOM pa-
O0TBI MOXHO 3aKJIIOUUTH, YTO BO3HUKAIOIIWE B
HUTUIIEBON My(]Te Harpys3Kd 3aBHUCAT HE TOJBKO
OT T€OMETPUYECKUX MapaMeTpOB, HO U OT BEJH-
YHHBI TIepekoca u ko3 duimenta Tpenus. Tak-
K€ JMaHHas paboTa MPOJEMOHCTPUpPOBANIA BaXK-
HOCTb y4€Ta NOJaTJINBOCTH 3yObeB, TOCKOJIBKY B
cily4ae omucaHus 3y0a Kak abCOJIOTHO YKECTKO-
ro Tejla Harpys3ka B COEIMHEHUHU OyJeT mepesa-
BaThCsl JIMIIb OJJHOM Mapoy LIJIULEB, B TO BpEMs
Kak yder aedopMaruii numna mpuBOIUT K pac-
MPEACIICHUIO TIEPEeaBaeMbIX HArpy3oK. OTO
dbopMupyeT ONpeeIIEHHbIE YCIOBUS K CO3/1aBa-
€MbIM MaTE€MaTUYECKHUM MOJENAM JUHAMHUYE-
CKHX CHCTEM CO LUIMILIEBBIMU COCTUHEHHUSIMH.

HaubGonee pacnpocTpaHeHHBIM  METOJIOM
onucaHus AepopManuil LUIMLA SBISETCS Mpea-
CTaBJICHHE €ro B BHUJAE Oanku, ympyras aedop-
Malusi KOTOpOW ompefensercs Kak cyMMma Je-
dbopmaruii u3ruba, cIBUra U ynpyroro OCHoBa-
Hus (puc. 1) [4, 5].
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B coennHeHnn XeCTKOCTh M CUJIBI, ICHCTBY-
IOIUE Ha 3y0, pacCMaTpUBAIOTCS OTAEJIBHO AJIs
KOKIOr0 HUIALA, a Pe3yibTHPYIOIIUE YCHIUS
BBIUUCIIIIOTCS KaK CyMMapHbIE. ABTOpaMH HC-
cleyeTcsl BIMSHHE BEIHMYMHBI HECOOCHOCTH Ha
CWJIBI B 3alICIUIEHUU U JKECTKOCTh COEAMHEHUS.
B pesynbrarax uccienoBaHUs OTMEUYaeTcsl He-
JUHENHOE MOBEJEHUE CUJI 3alleIUICHUS U KeCT-
KOCTH B 3aBUCHMOCTH OT BEJTMYHHBI IIEPEKOCa.

OpHMM U3 BaXKHBIX NApaMETPOB B COEIUHE-
HUU SBIISIETCS pachpelielieHue Harpy3kKd IIo
HUIMLIAM. AHQJIUTUYECKUE MOJEIH, HCIONb3Y-
IOIUECS TPU MOJOOHBIX pacyeTax, YYUTHIBAIOT
3a30p 10 OOKOBBIM MOBEPXHOCTSIM B LUIMIIEBOM
COEIMHEHUH, YTO IMO3BOJIIET KOHTPOIUPOBATH
CTETIeHb B3aMMHOTO NMPOHHKHOBEHUS TPH TIepe-
KOcaxX U OICHUBATh BIUSHUE aHHOTO 3a30pa Ha
KOHTaKT. B uccnenoBanusx [6—8] aBropamu mno-
Ka3aHO BIJIMSHUE BEJIMYMHBI IEpeKoca Ha pac-
MpelejcHHe KOHTaKTa MEXAy 3yObsiMU, Ha
KECTKOCTh COEJMHEHHUS W BIUSHUE 3a30pa IO
OOKOBBIM TOBEPXHOCTSIM Ha Harpy3ky Ha 3yO.
N3MeHeHne KOHTaKTUPYIOIIUX TOBEPXHOCTEHN
MPOMCXOIUT TIaBHBIM 00pa3oM IpHU POCTe Tepe-
Koca. BennunHa 3a3opa Mexay OOKOBBIMHU ITO-
BEPXHOCTSIMHU 3yOBEB MOXKET MepepacipeaeanThb
KOHTAKT TOJIBKO B IBYX KpalHUX CIIy4asx — y4eT
3a30pa U ero orcyTrcTBue. IIpu cpaBHEHUHU BYX
pa3HbIX BEJIMYMH 33a30pa MOKHO OTMETUTH JIUIIIb
pPOCT Harpy3kd B KOHTAKTHUPYIOUIUX MOBEPXHO-
CTSIX, HO HE UX Iepepaciipe/iejIeHHeE.

BiusHue xe mnepekoca Ha pacnpeneieHue
KOHTaKTa B UUIMLAX MPUBOIUT K YBEIHUYEHUIO
naBieHUsT Ha 3yObsix. KoHTakTHpyrolmue 30HBI
CMEIIaloTCsl, cTaHOBATCS Oojee y3kumu. IloBe-
JICHUE JKECTKOCTHBIX XapaKTepUCTHK UMeeT 0o-
Jiee HEJIIMHEHHBIM XapakTep — BEJIWYMHA palu-
QJIIbHOM KECTKOCTHU MAaJIaeT, B TO BPEMs KaK yT-
noBeie  Kod(hdummenTsr Bo3pacTatoT. OmHAKO
naHHbI 3¢ dekr Habmogaercs ML HpPU He-
OOJBIINX BETUYMHAX KPYTSIIETO MOMEHTA B CO-
CIMHCHUHW — TpH JajbHEHIIeM YBETUYCHUU
HArpy3kHd XapaKTEpHUCTUKA YTJIOBOM KECTKOCTU
CTaHOBHTCS MMOX0XKEH HA PaTUATBHYIO.

OTU HCCNeAOBaHUS TIO3BOJSIOT BBIIEIHUTD
OCHOBHBIC TApaMeTpbl, KOTOpPbIE HEOOXOIUMO
YUHUTHIBATh MPHU CO3JaHUHM AHAIUTUYECKUX MO-
Jeneil. Ux cpaBHeHHE ¢ OKCIEPUMEHTAIbHBIMU
UCCJIEIOBAaHUSIMHU HWJIM Pe3yJibTaTaMH KOHEYHO-
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AJIEMEHTHOTO0 MOJIEJIMPOBAHUS IO3BOJSIET T'OBO-
PUTH O BEpUPUKAIUN U MTOATBEPKIACHUU IPOTE-
KaIOILIUX MPOLIECCOB.

3HaYUTENbHOE KOJIMYECTBO PabOT ITOCBSIIIE-
HO CpaBHEHUIO AHAINTUYECKUX M KOHEYHO-
aneMeHTHBIX (KD) Mopeneill nummneBbIx coenu-
Henuil. Hanpumep, B pabotax [9—12] comocras-
JSIOTCS LUTHIIBI IO/ AEMCTBUEM HECKOJIBKHMX Be-
anauH nepekoca (ot 20 qo 100 MkM) ¢ paznuy-
HOM BenmnuuHOU KpyTsmero momenta (ot 100 no
5000 H-m). B xaxmoit U3 mojesneii orMevyaeTcs
nepepacnpeeieHne KOHTaKTUPYIOMIMX [IUIHIIEB,
POCT HaIPsDKEHHH B KOHTAKTE€ C POCTOM BEJH-
yuHbl nepekoca (174,8, 215,6 u 276 Mlla nns
0,02, 0,04 u 0,08 MM coorBercTBeHHO, [11]),
yBEeIIMYCHUE cHJ 3anervieHus. [Ipu Bepuduka-
UM aHATUTHYECKUX Mojeneil B paborax oTMme-
YeHbl KOJIMYECTBEHHBIC pa3inuuusi. ABTopsl [10]
CBSI3bIBAIOT HECOBIA/ICHUE C JOMYLICHUSMHU aHa-
JUTUYECKONM MOJEIM O TOM, 4YTO 3alLEIJICHHE
3yObEB OCYILECTBIIAETCS OJHOBPEMEHHO U YIJIO-
BbI€ CMEIICHUS, co3JaBaemble aedopmareit
3yObeB, paBHbl. [Ipemmaraercs cienyromee co-
OTHOLIECHHE, TO3BOJISIOLIEE OLEHUTh BEINYUHY
3a30pa pHU BO3HUKHOBEHUU PAAMAIBHOIO Iepe-
Koca:

b2
;=1 =€ cos(p; ==+ ).

3nech g — 3a30p €O CTOPOHBI 3y0a Ipu HOp-
MaJIbHOM COCTOSIHUM, (j — YTOJl MEKIY 3yOoM j
U TIOJIOKUTEJIBHBIM HampaBlieHUeM ocu X, S —
YTOJI TaBJICHHUS.

[IpencraBneHHsle  pabOTHl  TOKA3bIBAIOT
HEOOXOAMMOCTh BEpU(PHUKAIMN aHATUTHUYCCKUX
MOJeJIe C SKCIEPUMEHTAMU U MOATBEPKICHUS
MOJIYYEHHBIX PE3YJIbTATOB C HCIOJIH30BAHUEM
KOHCTPYKLUUH WU YCIIOBUH, IIPUMEHSEMBIX B pe-
AJIHBIX cucTeMax. Takke momoOHas HEOOXOMu-
MOCTh CBSI3aHa C TPYAHOCTAMH MOJEIUPOBAHUS
OTIPEJICTICHHBIX TPOIECCOB M UX YYETOM B YHC-
JICHHBIX MOJCIISX.

Hanpumep, aBropsr pabotsr [13] mpoBomum
COIOCTAaBJICHUE  PE3yJbTAaTOB, IMOMYYCHHBIX B
KD-mopenmu, »skcriepuMeHTE M AHATUTUYECKU.
B anamize ucnonb30Bauch pazavyHbIE BUIBI TO-
CaJloK B coeauHeHMH — HaTsaru BemmuuHoi 0,05
n 0,03 MM, 3a3zopsl BemuuuHoM 0,03, 0,05 mm
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u 0 MM, a TaKke HUCCIEeOBANIOCH BIUSHUE YCHIIUMA
NPEeIBAPUTENLHOM 3aTSHKKA Ha YKECTKOCTh COENIU-
Henus. [lo pe3ynbratam BepuuKaluy aHATUTHYC-
CKasl MOJIENb TOKa3bIBajla 3HAYUTEJIbHBIE PACXOXK-
JICHUS ¢ pe3yJbTaTaMi KOHEYHO-3JIEMEHTHOTO MO-
JIETMPOBAHUS U SKCIIEPUMEHTA. ABTOpBI CBS3bIBA-
10T JAaHHBIA 3(EKT ¢ moTepeid JKECTKOCTH HUTHIIE-
BOTO COCJMHEHHS, OOYCJIOBJICHHOW CKOJIBKEHHEM
KOHTAKTHBIX TOBEPXHOCTEH, W TpeaiaraloT Hc-
NOJIB30BaTh MapameTpuueckyro KO-mozpens mnpu
MOJIETTMPOBAHUY IUHAMUKH POTOPA.

Takxe oTMeuaroTcsi MCCIEI0BaHUs, CBSA3aH-
HBIE CO CPaBHEHHEM >KECTKOCTHBIX XapaKTepH-
CTHUK MOJIENeH U SKCIEPUMEHTAIbHBIX YCTaHO-
BOK. ABTOopamu [l4] mpennoxkeHo cpaBHEHHE
PE3yJIbTaTOB MO CTATHUECKOMN KECTKOCTU POTOP-
HOM CHCTEMBI, MOJYYEeHHOU SKCIIEPUMEHTAIBHO,
Y KOHEYHO-3JIeMeHTHOU Mozenu. Cinenayer oTMe-
TUTh, YTO MPU MOJECIUPOBAHUM UCTIOIH30BAIHCH
TP Pa3IUYHBIX BUAA KOHTAKTa MEXIY ICHTPU-
PYIOIIMMHU TMOSICKaMU HUTUIEB — 3a()UKCUPOBaH-
HbIE€ OTHOCHUTEJIBHO JIPYr ApPYyTra, KOHTAKT C Tpe-
HueM (ko3 duimeHT TpeHus ckoybxenus 0,22)
U IIapaMeTPUUECKUN (OMMCHIBAETCS C MCIOIb30-
BaHUWEM MOJYJEH YNPYrocTu IBYX KOHTAKTHPY-
romux geranei). Ilo pesynpratam aHanusa
HaWIy4lllee COBIAJCHHUE C SKCIIEPUMEHTAIIbHBI-
MU JJAaHHBIMU TTOKa3bIBA€T KOHTAKTHAS MOJIEb.

B uccnenoBanusx [15] Takke aHaIU3UPYIOT-
Csl pe3yJIbTAaThl TPEX BUJIOB MOJIENICH — aHAIUTH-
YECKOM, KOHEYHO-3JIEMEHTHOM W 3KCIEpHUMEH-
TanpHOU. PacmpeneneHue KOHTaKTHOIO JaBie-
HUSl B COEIUMHEHHUM TOIY4YeHO IJI ABYX 3Haye-
HUN KpyTsauiero momeHta — 16,4 u 26,2 H-m.
MoHO 3aMeTuTh, YTO B O0OMX Cllydasx MpH-
CYTCTBYIOT JB€ XapaKTEpHbIE 30HBI — 30HA IIO-
BBIIIEHHOTO JIaBJICHUS, PACIIOIOKEHHAs OIMKe K
KOHIy IUIMLEBOTO COEAMHEHHUS, U 30HAa IOHU-
KEHHOTO JaBJICHMS, HAXONALIAsCs Ha JUIMHE
0,4-0,5 ot nnuHBI coeqUHEHUs. ABTOPBI OTMeE-
YaloT CYIIECTBOBAHHE OTEJIbHBIX 30H C MPOTH-
BOPEUMBBIMHM pPE3yJIbTaTaMH, HECMOTpPSI Ha XO-
poiee coBnaaenue. [Ipubnmxenus pe3yabTaToB
aBTOPHI JOOMBAIUCH IMYTEM KOPPEKTUPYIOLINX
KO3(PUITMEHTOB, BEIOMPAEMBIX ITyTEM MUHHUMH-
3allMM KaK CTaHAAPTHOTO OTKJIOHEHUS, TaK H
cpenHel abCoMOTHOM OMNOKH.

W3yuenune BiMsHHA YITIOBOIO IEepeKkoca Ha
BEMYUHY nedopManuii M KECTKOCTh 3yObeB
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[UTAIEBOTO COEAMHEHHUs MPEJCTaBICHO B pado-
Te [16]. PaccmarpuBasi coenMHEHHE TPU TPEX
3HaueHusx yraooro mepekoca (0, 5' u 10",
CPaBHHMBAIOT PE3YyJIbTaThl MEXIYy KOHEUHO-
AJIEMEHTHOM MOJENbI0, 3KCIEPUMEHTOM U YHC-
JICHHOW MOJENbIO, MPENJIOKEHHOW aBTOpaMH
JUTSL OLICHKH BeJnuuH nedopmanuit. OTMedaercs
XOpolllee COBIAJACHHUE pe3yJbTaTOB — pa3HHUIlA
MEXIy pesyibTaTaMu 3KcrnepuMenta u K3-mo-
nenu coctasisier 7,6 %, a MEXIy aHaTuTHYe-
CKOW MOJIENIBIO U 3KCIIepUMEHTOM — 8,5 %. Tak-
’)K€ MOKHO 3aMETUTbh, YTO YBEIMYCHHE BEIUYU-
HbI YIJIOBOM HECOOCHOCTH MPUBOAUT K yBEIUYE-
HUIO JedopMaluii 3yObeB M MAJIEHUIO KECTKO-
cTH 3y0a.

B HekoTOpbIX uccienoBaHUsIX IUIMLEBBIX CO-
€MHEHUN MO/ JIEUCTBUEM IEPEKOca paccMaTpU-
Baercs 3(dexT camoueHTpupoBaHMA. JlaHHBIN
MIPOLECC MPOUCXOANUT IPHU AEHCTBUM KPYTSIIETO
MOMEHTA, MPUBOASIIETO K BOZHUKHOBEHHUIO 1ICH-
TPUPYIOLIETO0 MOMEHTa MEXKIY IOBEPXHOCTIMHU
IUIALEB, HAXOAIIMXCs B KOHTakTe. Hanpumep, B
pabore [17] aBTOpamMu TPOBOAMTCS CPABHEHHE
pEe3yJIbTaTOB AHAIMUTHYECKOW, YMCICHHOW U JKC-
MEPUMEHTAJILHON MOJIeJiel Ha MpeaMET BEIUYu-
HbI [EHTPUPYIOIIETO MOMEHTa B MEPEKOLICHHOM
LUTMIEBOM coeAuHeHun. PaszpaGoranHas uyuc-
JIEHHasi MOJIENb OTJIMYAETCS OT AHATUTUYECKUX
dbopMys, AOCTYIHBIX B JIUTEpAType, UTEPAIIMOH-
HBIM BBIYHCIICHHEM KOHTaKTHOH ILIOIIAIKU 3y0a,
a TaK)K€ YYETOM €ro JKECTKOCTH U YIJIa CMellle-
Hus. [lo pe3ynbraraM IMpOBEIEHHOTO CPABHEHUS
aBTOpPBl OTMEYAIOT 3HAYMTEIBHOE PACXO0XKIECHUE
MEX1y aHATUTUYECKUMU U SKCIIEPUMEHTAIbHBI-
MU HCCIEAOBAaHUAMHU. JlaHHBIE XK€ YHCIECHHOU
Mozenu Ooinee ONM3KM K 3KCIEPUMEHTAIBHOM,
OJIHAKO TaK)X€ MMEIT HECOBNAJCHHE — aBTOPBI
CBA3BIBAIOT 3TO C YYETOM JIMIIb OJIHOM Maphl
3yObeB B 3allCIUICHUU. YIIyYIlEHHE PEe3yJIbTaTOB
MOXeET OBbITb JOCTUTHYTO IyTeM yudeTa (hakTuue-
CKOT'0 KOJIMYECTBAa KOHTAKTUPYIOUIUX 3yObEB.

Biausinue IJIMIEBOI0 COeAMHEHHSI HA
AUHAMHYECCKOC MOBCACHHUE CUCTECMbI

Bansane HECOOCHOCTH B OIIMOEBOM COCaH-
HCHUH HC OI'paHUYUBACTCS KCCTKOCTHBIMU HJIN
MMPOYHOCTHBIMU XapaKTCPUCTUKAMMU. 3Haun-
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Puc. 2. OpOuTsI ABIKESHUS POTOPHOW CHCTEMBI
Fig. 2. Orbits of the rotor system motions

TEIbHOE BIMSHHE OKA3bIBACTCS U HA TaKHE IH-
HAMUYECKHE MapaMeTphl, KaK IMOJIOKECHHE KpH-
TUYECKUX CKOPOCTEH, aMIUIMTYIbl BUOpaIuii,
CHEKTp BO30YX/IaeMbIX 4aCTOT U YCTOHYMBOCTH
CUCTEMBI.

Oco0blit MHTEpEC MPEACTABISIOT UCCIIEI0Ba-
HUSl, CBSI3aHHBIE C BIMSHHUEM LUIMIIEBONH MY(QTHI
C MEPEKOCOM Ha CIIEKTP BO30YXKITaeMBIX YacCTOT.
Pabota [18] mocBsiieHa aHanu3y IBYXBaJIbHOM
CHUCTEMBI Ha MIAPUKOBBIX MOJIIUITHAKAX, COSIH-
HEHHOW muIuIeBod wmyQToil. Bo3HUKHOBEHHE
pasnaIbHOrO IepeKoca MO3BOJSET YBHUIETh B
CHEKTpe BO30YKJaeMbIX 4acTOT FapMOHUKHU X1,
X2 B TOPU30HTAJILHOM HalpaBieHuu U x1 u x2,5,
a taxxke gactoty 70 I'm, OIM3Kyr0 K 4eTBEpPTOM
KPUTHYECKON CKOpOCTH cucTeMbl (69 ') B Bep-
TUKaJIbHOM HampasiieHuu. [Ipu BOSHHUKHOBEHHH
YIJIOBOTO MEPEKOCA Ha CIIEKTPE 4acTOT IPUCYT-
CTBYIOT JIMIIIb TApMOHUKHU X1 (B 00oMX Hampas-
JIeHUsAX) U X2 (B BEPTUKAJIbLHOM HaIpaBJiICHUN), a
IpU JEWCTBUM OAHOBPEMEHHO [IByX BHUJOB He-
COOCHOCTH B BEPTHUKAILHOM HAMPABICHUH TaK-
xKe Bo30yxmaercs yactora 34 [

Hampumep, aBropsl uccinenosanus [19] ana-
JU3UPYIOT MOJENb JABYX BajOB, COEAMHEHHBIX
LUIMLEBBIM COEIMHEHUEM c mnepekocoM. llpu
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MOCTOSSHHOM 3HAYE€HUU CKOPOCTH BpallleHUs U
mepekoca B BEPTUKAIBHOW  IUIOCKOCTHU
(4000 06/MuH 1 110 "M COOTBETCTBEHHO) H OJ-
HOBPEMEHHOM YBEIUYCHHUU TMEpPEeKoca B TOPH-
30HTaJIBHON TuIOCKOCTH (0T 273 nmo 283 MKM)
HAOII0TaeTCs Mepexo K KBa3UIEePUOAUIECKOMY
COCTOSIHMIO cHCTeMBI. [lanbHeiniee yBennueHue
HECOOCHOCTH 110 305 MKM MPUBOJIUT K NEPEXOAY
B MYJIbTUIIEPHOJUYECKOE U XaOTHUECKOE COCTO-
SIHUS, 9TO JENaeT CHCTEMYy BeChMa HEYCTOWYH-
BOM M TMOJBEPKEHHON BBICOKMM Harpy3kam
(puc. 2). JlaHHbIe pe3yabTaThl NOATBEP)KIAIOTCS
CHEKTPOM BO30YXKIA€MbIX YacTOT U AHarpam-
Mamu [lyankape.

Bepudukanus aHanTuTHYECKUX MOJACICH MO-
JKET TMPOBOAMUTHCS TAKXKE C MO3UIUU CPABHCHUS
TaKUX MapaMeTpPOB CUCTEMbl, KaK COOCTBEHHBIE
YacTOTHI U CIEKTp BO30yxaeHus. Kak mpaBmio,
AKCIIEPUMEHTAJIbHbIE MOJIETN TaKuX paboT co-
CTOSIT U3 JIBYX POTOPOB, COCIUHEHHBIX MEXKIY
cobol nuIMIeBOd My(QTOW, UMEIOIIHUX JIBE OIIO-
pBl (VIS KaXKIOTO Baja) M MPUBOMASIIUXCS BO
BpallleHHe 3JIEKTPOMOTOpoM. B HekoTophix pa-
00Tax yCTaHOBKa COCTOWT U3 3JIEKTPOMOTOpa U
Bajla, COCJAMHEHHBIX MEXAy co0ol NLIUIaMH,
KOTOPBIE SBIISIOTCS 0OBEKTOM HCCIIEIOBAHUS.
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ABtOpel ctaThu [20] NMpPUBOIAT pe3yIbTaThl
CpPaBHEHHUS TEPBBIX YETHIPEX COOCTBEHHBIX 4Ya-
CTOT, MOJYYEHHBIX Ha 3KCHEPUMEHTAIbHOU CH-
CTEME U C HUCIOJIh30BAHUEM AHATIUTUYECKONU MO-
JIeIM, UCTIONB3YIOIIEH METOJ MaTpull Iepexoaa
Pukkatu. PazHuma mexay NOJy4YEeHHBIMH J1aH-
HBIMU He npeBbimaet 3 %.

Bepudukanus ananuruyeckoil Moaenu B pa-
6ote [21] mpoBeneHa ¢ MO3UIMU aHAIHU3A BIIHSI-
HUS NEPEKOoca Ha CIEKTP BO30YKIAEMbIX YACTOT.
Kak mnoka3bpBalOT pe3ynbTaThl, pPOCT IEpeKoca
MPUBOANUT HE TOJBKO K BO3OYXKICHHUIO TPEX JO-
MOJIHATENBbHBIX YacToT (32, 49 u 66 '), HO U K
POCTY aMIUIMTY]I 10 IEPBOM U BTOPOM 4aCTOTaM.
[Ipu cpaBHEHHU C pe3yNbTaTaMH SKCIIEPUMEHTA
aBTOpaMHU OTMEUYAETCs] HEKOTOPOE PACXOXKACHUE,
CBSI3aHHOE C YIPOILUEHHWEM MOJENU, a TakKxKe
YYETOM IMPOLIECCOB TPEHHUS.

[Tpu BepuduUKaImym aHATUTHIECKUX MOJCIICH
U TMOJYYEHHBIX B MPOIIECCE UX pacyeTa JaHHBIX
TaK)K€ 4YacTO MPOBOJAT AHAIN3 POTOPHBIX CH-
CTEM C HCCIEJOBAaHMEM THUIIA MOCATKH IILIUIEB
Ha JUHAMUKY cucteMbl. Kak npasuio, paccmar-
PUBAIOTCSl TPU KAUECTBEHHBIX THIA MOCAJIKH — C
3a30pOM, C HaTArom U nepexonHas. OCHOBHbIMU
3aBUCALIMMU TapaMEeTPaMH SBIISIIOTCS KpUTHUYE-
CKHE€ CKOPOCTH M aMIUIUTY bl BUOpALIUii.

UccnenoBanusi, mpoBeneHHbIE B padoTax
[22, 23], mOKa3bIBAIOT, YTO KPUTUYECKAsT CKOPOCTh
JTUHAMUYECKONW CHCTEMBI CO IUIMIEBON MyQTOi
YBEJIMYMBAETCS MIPU MOCAJIKE C HATATOM WIH MPU
cBOOOAHOM mocaake. [IoMUMO BIHSHUS MTOCAIKH
OTMEYaeTCs BIIMSHUE YCIIOBUM CMa3bIBaHUS CaAMO-
ro coenuHenus. Ilo pesynbratam uccienoBaHUN
aBTOPBI 3AKJIIOYAIOT, 4YTO IPHU HCIOJIB30BAaHUH
JKECTKOM TOCAJIKU OTMEUYAETCs YMEHBIICHUE aM-
IUTMTY]T BUOpAIMii OTHOCUTEIILHO TIEPEXOTHOM
nocagku. OIHAKO JAaHHBIE BBIBOJBI CIPABEIIUBBI
JUIIb TSI COEOUHEHMs] Oe3 CMa3Ku; B Cilydae
HAJIMYMSI CMa3bIBAIOIIETO MaTepuaa aMIUIUTY/IbI
BUOpaITUil pacrpeneNsoTcs poBHO Ha000poT. [lo-
caJika ¢ 3a30pOM TOKa3bIBACT MEHBIINE BHOPAITIH
OTHOCHTENBHO MEPEXOJHON MOCAIKH, YTO YKa3bl-
BaeT Ha ee I1eJIeCO00pa3HOe WCIOIB30BAHUE TIPH
OONBIIUX BEIMYMHAX BHEIIHETO JIEeMII(UPOBAHHSL.
[Ipu HanmuuMK cMa3bIBaIOIIETO MaTepuasia B IUTH-
[[aX KPUTHYECKAsi CKOPOCTh CUCTEMBI ITPH MOCAJIKE
¢ HaTsiroM — 3273 006/MUH, a AJisi CUCTEMBI C Tiepe-
XOIHOM rtocagkoi — 3207 06/MuH.
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PaccmarpuBas aMHaAMUYECKHE CHUCTEMBI CO
NUTAIICBBIMU  COSIMHEHUSIMH, HEIb3sI HE OTMe-
TUTh BXHOCTb Yy4eTa M aHalIu3a BO3JICHCTBUSA
CWJIbI TPEHHS HAa TUHAMHKY [UTAIICBOTO COCTUHE-
Hus. M3ydeHue TaHHOTO BOMpOCa BKITIOYAET pac-
CMOTpPEHHUE PA3IMIHBIX MOJICICH TPEHUs, UX BITU-
SIHUE Ha TIOJIOKEHHE KPUTHUECKUX YacTOT U aM-
TUTATYTy BUOpAIWid, a TaKkKe BO3MOXXHOCTh BO3-
HUKHOBEHUS aBTOKOJICOATENbHBIX MPOIIECCOB.

Kak mpaBuno, aBTokonebatenbHbIE MPOIEC-
Chl CBS3BIBAIOT C XapaKTEPUCTHKOW TpeHus. B
pabotax [24—29] npuBeACHBI TPUMEPHI TPOCTEH-
IINX MEXaHMYECKHX CHCTEM, MOKa3bIBAIOLINX
BO3MOXXHOCTh JICHCTBHUS CHJIBI TPEHUS HE Kak
JTUCCUMATUBHOIO Ipoliecca, a Kak BO30yxaaro-
e cunbl. OJHUM U3 YCIIOBUH MOSIBJIEHMS IO-
TOOHOTO SIBICHHS yKa3bIBaeTCsl HAJIMYHE y4yacT-
Ka MajieHus Ha XapakTepuctuke TpeHus. OmHako
B HEKOTOPBIX MCCIEAOBAHUAX aBTOpPaMH OTMe-
YeHO W3MEHEHHE aMIUTMTYIHO-9aCTOTHBIX Xa-
PaKTEpPUCTUK CUCTEMBbI MPU MEPEXoJe OT BIaXK-
HOTO TPEHHSI K CYXOMY.

Hampumep, B padote [30] uccriemyercst CBsI3b
MEXIy BEIMYUHOW TPEHUS U aBTOKOJeOaTeb-
HBIMH TIporieccamu. PaccMarpuBaeTcst 4ucieH-
Hasi MOJIeJIb POTOPHON CUCTEMBI U3 JIBYX BajiOB,
COCTMHECHHBIX NUINIEBOH My(DTOH, U UMEIOIIEH
TpU OmOphl B Bujae mnoamunHukoB. Lllmumesoe
COEJIMHEHHUE OMMCHIBAETCS KaK MaTpHUILa HKECTKO-
CTH ¢ KO PHUIIMEHTAMH PaUaIbHBIX M YTIIOBBIX
3HayeHud. Mcnonb3ysi KacKagHble AHArpamMbl,
aBTOpPBI TIOKA3bIBAIOT, YTO B CIydae BSI3KOTO
tpenust (kodddurment tperus 0,05) mpucyr-
CTBYET JIMIIh YacTOTa BpamieHusi. OqHaKo C yBe-
nudeHueM Tpenus (poct kodddurmenta ot 0,1
1o 0,3) mosBiIsieTcs erie oaHa coOCTBEHHAs Ya-
crota KojeOanuii. [Ipu sTOM aMIUTyABl BUO-
palMii Mo JaHHOM YacTOTE U €€ IOJIOKEHHUE Ha
KacKaJHOHM nuarpaMMe HamnpsMylo 3aBHCENU OT
BEJIMYUHBI TPCHHSI. ABTOPBI CBSI3BIBAIOT JAHHBIN
3¢ dexT aBTOKOIEOATEIBHOTO TMpOIlecca B CH-
CTEME C BpAlICHHEM MOJICIH BBIINIE KPUTHYE-
CKOM YacCTOTHI U JOCTATOYHON BEJIMYNHON CUJIBI
Tperust. OTHAKO IpH padOTe HIKE KPUTUIECKOM
CKOpPOCTH CHCTEMa OCTaeTCsl YCTOMYHMBOM U Tpe-
HUE MaJI0 BIMSACT HAa AMIUTUTYHO-4aCTOTHBIC
XapakTepucTuku. OTmedaercsi, 4TO, HECMOTPS
Ha peau3alnio T1aHHOTO dPeKTa, ero uccieno-
BaHUE HE ObUIO JIOCTATOYHBIM BBHUJY MPOCTOTHI
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Puc. 3. Cxema uccneayemMoii CHCTeMBI
Fig. 3. The scheme of the system under study

MOJIETTM W HYKJIaeTCS B JKCIEPUMEHTATbHOM
MOJITBEPKJICHUU.

B uccnenoBanun [31] aBTOpamMu mpexacras-
JIEHBbl PE3yJbTaThl JUHAMUYECKOIO IOBEACHUS
POTOPHOHN CHUCTEMBI C TpeMsi TUIAMU MyPT —
JKeCTKOM, IIUTUIIEBOM U MOAATIUBOMU (pHC. 3).

CornacHo MOMy4YeHHBIM pe3ylibTaTaM MOpo-
roBas 4acToTa CUCTEMbl HAXOAUTCS B OKPECTHO-
ctu 3450 o6/mun. [loTeps ycToiHuMBOCTH MpU
BpAIllEHUH BBIIIE TAHHOW YacTOTHI MOXKET OBITh
BbI3BaHa 3(PPEKTOM «MACISHOTO BHUXDSD TMO-
IIMITHUKA CKOJIBXKECHUsI 2 WM aBTOKOJIeOaTelb-
HBIM TIpoLIeCCOM OT uuiuieBod mydrtel. B pe-
3yJbTaTax IMPOBEJAECHHOTO 3KCIEpUMEHTa OTMe-
YaeTcs, YTO MPU yBEIMUYEHUU YacTOTHI Bpalle-
aHus ot 3050 no 3300 o6/MuH TIOTEpsT yCTOWYH-
BOCTH POTOpa CBsi3aHa C BOSHHMKHOBEHHEM Mac-
JsHOTO BUXpSA B mommunHuke 2. [Ipu nanpHe-
[IeM yBEJIMYCHUH YacTOTHI BpallleHHs] BUOpaluu
potopa 1 ocraroTcsi MPEKHUMH, B TO BpeMs Kak
IUIsl poTopa 2 HaOIroAaeTcs pocT BHOpamuii 1o
rapMoHuke, paBHoi 0,6875 oT wyacToTsl Bpare-
Husl. [lpu yMeHbIIEHUH YacTOTHI BpAICHHUS aM-
TUTATYJIa TaHHOW (OPMBI KOJIeOaHUI MOXKET J10-
CTUTaTh OOJBIINX 3HAYCHUH.

Hcxons u3 mosydeHHBIX Pe3yJbTaTOB aBTO-
pBI OTMEYAIOT, YTO MepBasi KPUTHUECKAsI 4acTo-
Ta, CBSI3aHHASI C OOJBIIMMH BHOpAIMSIMH POTO-
pa 1, paBaa 1650 o6/mMuH, a BTOpasi, CBSI3aHHAs C
BuOpamnusimu poropa 2, — 2280 o6/mun. Cneno-
BaTeJIbHO, OTEPS] YCTOMYMBOCTH POTOpa Ha 4Ya-
crore 3302 o6/MuH 00ycloOBIEHAa MOSBICHHEM
aBTOKOJICOAHMH IITUIIEBON MY THI.

PaGora [32] mocBsilieHa aHanU3y BO3HUKHO-
BEHHUS aBTOKOJEeO0aTeNbHOIO Ipoliecca Bcelea-
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CTBHE TIEpEKOCa W3-3a Pa3IMYHBIX TOCAJ0K Ha
HCHTPUPYIOIIUX MOBEPXHOCTsAX. Pa3zpaboTaHHast
ABTOpaMM YHCJICHHAs MOJICJb, YYHUTHIBAIOIIAS
CUIIy TPEHMsSI MEXIy IOBEPXHOCTSIMH 3yObeB,
MO3BOJISIET ONpeACaTh KOIDUIIMEHT TpeHUs U
€ro BJIMUAHUEC HA 4YaCTOTbI CHUCTCMBI. HCHOJ’IB?:}’SI
i pemenus B-meron Hpromapka, aBTOphI pea-
JIM3YIOT TPCHUEC MCXKAY HIJIMIAMHU M KaK KOMIIO-
HEHTY MaTpUIIbI IeMI(UPOBAHHS, U KaK KOMIIO-
HCHTY MaTpulbl XKCCTKOCTHU, UYTO IO3BOJIACT
CMOJICITUPOBATh MPSIMOE BIUSHUE HA CIICKTpP Ya-
CTOT.

[To pesynbraTam HMCCIEIOBAaHHN CHUCTEMBI C
TPEMA pa3IMYHBIMU TUIIAMH ITOCAIO0K (HaTi[l" Ha
JIBYX TIOBEPXHOCTSIX; HATST Ha MOBEPXHOCTH 1,
3a30p Ha TIOBEPXHOCTH 2 M 3a30p Ha JBYX IIO-
BEPXHOCTSIX) aBTOPHl OTMEYAIOT, YTO TPHU MOSIB-
JICHUM TIOCAJKU C 3a30POM TPH YBEIMYCHUH
yuciaa 00OpPOTOB pOTOpa B CIIEKTpPe BO30YXKIe-
HUS MOXHO HaOJIOJaTh TOSIBJICHUS CyOrapmo-
HUYECKOW YaCTOThI, a TAaKXKE POCT BUOpAIHiA.
COpoc CKOpOCTH BpalICHHS MPUBOIUT K PE3KO-
My MaJCHUI0 aMILUTATY/l, ¥ CUCTEMa BO3BpaIllacT-
Cs B yCTOMYMBOE ITOJIOKEHHUE.

3akiouenue

B paccMoTpeHHBIX paboTax MPOAEMOHCTPH-
pPOBaHbI pa3IUYHbIE MOAXO0/bI K pacyeTy, aHaJu-
3y U OLIEHKE BJIMSHUS LUTUIEBBIX COCAMHEHUH B
POTOPHBIX CHUCTEMAax Ha JAMHAMHUYECKHE Xapak-
TEPUCTHKHU ITHX CUCTEM. MOXXHO OTMETHUTb, YTO
B IOCJEHEE NECATHIIETUE KOJIMYECTBO paloT,
MOCBALIEHHBIX MaTEeMaTU4eCKOMY MOJeNUpOBa-



Tom 26, Ne 06, 2023

HayuHblit BectHuk MITY TA

Vol. 26, No. 06, 2023

HUIO IIUTHLEBBIX COCTUHEHUH C IEPEeKOCOM, 3Ha-
yuTenbHO Bo3pocio. Ilpu paccmorpenun pas-
JUYHBIX METOJOB ydYeTa BCEX BO3MOXKHBIX 3(-
(GeKTOB aBTOpaMH TPOBOAUTCS BepHupUKanus
CO3[1aBa€MBIX MOJIENIEH C pe3yJbTaTaMu JKCIIe-
PUMEHTAJILHBIX HCCIIEIOBAaHUM, YTO TOBOPHUT O
JOCTOBEPHOCTH IOJYy4aeMBbIX pe3yibTaToB. Mc-
MOJIb30BAHNE AHAJMTUYECKUX METOJIOB aHAIIN3a
3alleTJICHUs] TI03BOJISICT TPOEKTUPOBATH JIMHA-
MHUYECKHE CHCTEMBI CO HMUIMIEBBIMU My(dTamu ¢
YUETOM TIIepepacnpeseeHus] KOHTAaKTa, YBEJH-
YEeHUS JaBJICHHUSI M HArPy30K, BIUSHHS TTOCAIKA
U TIepeKoca Ha aMIUIUTYAHO-4aCTOTHBIE Xapak-
TEPUCTHKH.

Nzygaembiii 3¢ ¢deKkT BO3ZHUKHOBEHUS CYO-
rapMOHUYECKHX YaCTOT B CIIEKTPE TAKXKE HaXo-
JUT SKCIEPHUMEHTAJIBHOE IMOATBEpKICHNE. BrI-
NOJTHEHHBIE B JAaHHOM HANpaBJICHUU PabOTHI
YKa3bIBAIOT HA HEOOXOIUMOCTD y4eTa B MOJIEIISAX
3aKOHOB TPEHHUS, KOTOPOE, COTJIACHO MHOTUM
HCTOYHHMKAM, SIBIAETCS OIHOM W3 OCHOBHBIX
NPUYHH BO30YKJIEHHS TaKUX 4acTOT.
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