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METOJ ®OPMAJIM3AIINUA TUIHOCTHOI'O ®AKTOPA
B OPTATUYECKOM CUCTEME

B.A. BAYUKAJIO', B.W. 30JIOTBIX"
'Boennwiii yueno-nayunviii yenmp BBC «Boento-6030yuinas akademus
um. npogheccopa H.E. JKykoeckozo u FO.A. I'acapunay, 2. Boponeoic, Poccus

ITprauHB! OONBIIMHCTBA aBUAIMOHHBIX MPOKCIIECTBUM, MPOM3OIIEIINX C TOCYIapCTBEHHBIMH BO3IYIIHBIMU CyJamu B Poccuiickoit
Deneparmn, 00YCIIOBIICHBI MPOSBICHUSMH <JTMYHOCTHOTO (PAKTOPa» JIETHOTO COCTaBa BO BPEMsl BBINOJIHEHUS TIOJNIETHOTO 33/aH¥sI.
O[HAKO Y4eT U OLIEHKA BIMSHHUS «JIMYHOCTHOTO (DaKkTOpay Ha 3allMIIEHHOCTh aBHALIOHHOW CUCTEMBI B HACTOSIILIEE BPEMSI [IPOBOIUTCSE
(hparMeHTapHO M CHCTEMHOT'0 XapakTepa He UMeeT. JTO ABIseTcsl (pakTopoM, IPETSTCTBYIOIMM IIPUMEHEHHIO CHCTEMHOT'O NO/IX0/1a K
npo0JieMe BIMSIHUS YeNIoBEYecKoro (hakTopa Ha Ge30MacHOCTb TI0NeToB. B CBS3M ¢ 3TMM BO3HMKAET HEOOXOIMMOCTD KOJIMYECTBEHHO
OLICHMBATD BJIMSHUE (JIMYHOCTHOTO (haKTOpa» Ha OE30MACHOCTD MPE/ICTOSIIETO TOJETa C 1IENbI0 CHIDKEHHS 3TOro BiMsHMSL. Pertienne
9TOH 3a1aur TIOTpedyeT ONpeeNTh Habop HauOOIee CYIIeCTBEHHBIX TOKa3aTeNieli Oe30MacHOCTH MPEICTOSIIETO TOJIeTa CO CTOPOHBI
(TMYHOCTHOTO (DaKTOpa» JIETYMKAa W OOOCHOBAHHO ONPEEINTh BEIMUMHY KaKIOIO ONPEIETICHHOTO MoKasaressl. BBUIy oTcyTCTBHS
W3BECTHBIX aBTOpaM MEXaHM3MOB OILICHKH, ITO3BOJIIOIIMX PEIINTh CTOSIIYIO 3aJady, B CTaTke OOOCHOBaHAa HEOOXOIMMOCTb
pa3pabOTKM MHCTPYMEHTA KOJNMYECTBEHHOM OLEHKM BIMSHUA TOTCHIMAIBHBIX YIPO3, CBS3AHHBIX C COLMAIBHBIMH U
MCHXO(M3UONIOTMYECKIMI OIPAHUYCHUSMHU YeJIOBEKa-0Ieparopa Ha 0e30IacHOCTh YIPABISIEMON MM 3praTtuyeckoil cucremoil. B
pesyibTaTe JMYHOCTHO-OPUEHTUPOBAHHOIO IIOAXOA K OLEHKE COCTOSIHMS 3AINMINEHHOCTH CHCTEMBI, PEAIM30BaHHOIO IyTEM
MPUMEHEHUs MHTETPAIbHOTO TOKa3aTes, ONpPEIENIONero CyMMAapHYI0 BEIMUYUHY YIPO3 COCTOSHHIO 3PraTH4ecKOH CHCTEMBI CO
CTOPOHBI JINYHOCTHOTO (haKTOpa KOHKPETHOTO 4eJIOBEeKa-oIeparopa — CyMMAapHOIO TTOKa3aTelis ONAcHOCTH YeJOBEKa-Oreparopa, 1
BBIPaOOTKH KPUTEPHEB OLICHKU CTEEHH BJIMSHUS J@HHOIO II0Ka3aTeisi Ha OE30MacHOCTh SPraTH4ecKOW CHCTEMBI, IOJIydYeH
YHHMBEpCAIBHBIA MHCTPYMEHT OLEHKH BIMSHHS JIMYHOCTHOTO (haktopa Ha OE30MACHOCTh 3PrarHyeckod CHCTeMbL. JlaHHBI
MHCTpYyMeHT Ha3BaH «Meroy (hopMamizalyl JIMIHOCTHOTO (hakTopa B 3prarhyueckoil cucreMey. IloiydeHHbI METos MOo3BOIISeT
pa3paboTaTh METOJMKY OLICHKH BIIMSIHUSI JIMYHOCTHOTO (haKTOpa Oreparopa MpUMEHUTENBHO K JTI000H 3praTnieckoi cucreMe, B ToM
YHcIie K CHCTEME «IKUIIaX — BO3LYILIHOE CyHO».

KuroueBbie ci10Ba: spratideckas CUCTEMa, YelIOBEK-0IIepaTop, JIMYHOCTHBINA (PAKTOp, aBUALMOHHASI CUCTEMa, KOJIMYeCTBEHHAS
OIIEHKA, OTIACHBIN (PaKTOp.

BBEJEHUE

CornacHo o(UIMATBHOW CTATUCTUKE NPUYUHBI OOJBUIMHCTBA ABUAIMOHHBIX MPOMCILIECT-
Buii (All), mpousomeAmnx ¢ rocyJapCcTBEHHbBIMU BO3AYIIHbIMU cygaMu B Poccuiickoit denepanuu,
00yCIIOBJICHBI MPOSBICHUAMH JTUYHOCTHOTO (pakTopa (JID) yneTHoro cocraBa BO BpPEeMs BBITOTHEHUS
MOJIETHOTO 3aJaHus. B CBSI3H ¢ 3TUM BO3HHKAET HEOOXOAMMOCTE B yrpaBieHuu JID kaxmoro geTdynka
B ACIIEKTE €ro HEraTUBHBIX MposiBiIeHU. Ho, B COOTBETCTBUU C OCHOBHBIM MTOCTYJIATOM MEHEIKMEHTA,
VOPaBISATh BO3MOKHO TOJBKO TE€M, YTO M3MEPHMO, MMOATOMY HEOOXOAMMO OlleHWBATh BiusHHE JID
JIETYMKA Ha 3alUIIEHHOCTh aBuannoHHo# cuctembl (AC) oT BozaercTBusl pakTopoB onacHocTu (DO).

Taxum 006pazom, onpezieneHa 3a1a4a YuCIeHHON OlleHKH BiusHUs JI® Ha 6e30macHOCTh 1oJie-
TOB. Jly1s1 pemeHus 3Toi 3a1auu HEOOXOJUMO UMETh METOUYCCKUN armapaT KOJUIECTBEHHON OIICHKA
cocrosHus 3amuiieHHocTd AC ot @O, 00ycinoBineHHbIX nposiBaeHusaMy JID neTHOro cocrana.
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BBumy oTcyTCTBHS M3BECTHBIX aBTOpaM MHCTPYMEHTOB KOJMUYECTBEHHOM OLICHKH BIMSIHUS Ha 3a-
numeHHocTh AC yrpo3, cBs3aHHBIX ¢ JID aBHAIMOHHBIX CHEIMAIMCTOB, BOSHUKAET HEOOXOIUMOCTh B
pa3paboTke MeTOAa, TIO3BOJISIOIIETO YUECTh COIMATbHBIC U MCUXO(U3NOIOTMIECKUE OTPAaHUYCHUS, CBSI-
3aHHBIE C YYACTHUEM YEJIOBEKA B YIPABJICHUU PraTHUECKON CUCTEMOM. [[ebro0 HACTOSIIEH CTaThU SIBIISIET-
Csl IOBEJICHHE JI0 HAyYHOU OOIIECTBEHHOCTH U CIICIIHATIMCTOB B 00JIACTH OE30IIACHOCTH TOJIETOB pa3pado-
TaHHOI'O METO/A, MO3BOJISIOLIET0 KOJUYECTBEHHO YUYECTh BIUSHHUE IMOTEHUUAIBHBIX YIPO3, CBS3aHHBIX C
nposiBieHussMu JID yenoBeka-oneparopa Ha 6€30MaCHOCTh YIPABIsIEMONH UM TEXHUYECKON CUCTEMOMH, KO-
TOpBIA Ha3BaH «Metoa (hopManu3amy JMIHOCTHOTO (PAaKTOpa B 3PraTHIECKON CUCTEME).

METOAOJIOTUA HCCIIENJOBAHUA

Cucremsl, CBSI3aHHBIE C ACSITEIHLHOCTHIO YEIOBEKa, HAa3bIBAIOTCA UCKYCCTBEHHBIMU. B maHHOM
Cllydae Hac HHTEPECYET CUCTEMA, KOTOPYIO YEJIOBEK CO3/1a€T B CaMOM IIPOLECCE TPYIa AJIsl TOJIyUEHHUS
00OLIECTBEHHO-HEOOXOAMMOI0 TMPOAYKTa. Takas CHCTeMa Ha3bIBaCTCS 3pP2amuyeckou Ccucmemou
(ot rpeu. "spron" — pabora) [1-4]. B 3aBucuMOcTH OT XapakTepa MpoAyKTa TPyJla OHU MOTYT OBITh
MIPOU3BOJCTBEHHBIMU, HTHPOPMAITMOHHBIMH, TPAHCTIOPTHBIMU U T.II.

Oprarudeckas cuctema (nanee IC) — 310 qr00ast cucrema, paboTaromiasi ¢ y4aCTHEM YeIoBeKa.
OnauM n3 BUI0B TexHHnUYeckor DC ABIAETCS CUCTEMA «YEJIOBEK-MAIIINHAY).

CymiecTByeT HECKOIbKO ocHOBaHUH kiaccudukaruii IC. Tak, B 3aBUCUMOCTH OT 4ucia JIei-
CTBYIOIIMX B HUX JIIOZIEH, pa3nyaloT MOHO3praTudeckue (0JIMH ONepaTop) U MojudpraTuieckue (He-
CKOJIBKO 4€JIOBEK) cucTeMsl. [IpeacraBieHne o COBpeMEHHONM MOHOIPIraTUYeCKOM CUCTEME CXeMaTh4-
HO MOKa3aHo Ha puc. 1.

[To Tuny B3aMMOJEHCTBUS YEJIOBEKA M MAIIMHBI PA3IMYAIOT CUCTEMbI HEMPEPHIBHOTO B3aUMO-
NEeNCTBUS (HApUMEp, CUCTEMA «IKUMAX — BO3AYIIHOE CYIHO») U CUCTEMbI 3MHU30MUYECKOr0 B3aUMO-
JeNCTBUS (HAalpUMeEp, CUCTEMA «UEJIOBEK — KOMIIBIOTEPY).

IToncucrema «YemoBex» IToncucrema «MammmHa

1 ] 1
1 ] 1
1 ) 1
1 1 1
1 I 1
1 | 1
! IlepepaboTka ! Cpencrsa !
| uHbOpMAIHH < : OTOOpaKEHUSI |
1 ) 1
! ! uHDOpMAITIH !
1 | 1
| | ) |
1 ] 1
| v | |
1 1 1
i Yemnoek- | i
| | Mammmna |
! orepaTop ! !
| | A |
1 1 1
1 I 1
1 | 1
1 ) 1
| v | |
1 ] 1
1 ) 1
1 1 1
| Vipasnsomue E Opranbl i
! »

! BO3JICHCTBHS ; > YIpaBJICHUSI !
| | |
1 1 1
1 I 1
1 | 1
1 ) 1
1 ] 1
1 ] 1
1 ] 1
1 ) 1
1 1 1

Puc. 1. Cxema MOHORPraTU4ECKOM CUCTEMBI
Fig. 1. The monoergatic system scheme
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PesynpratoM (yHkuuonupoBanuss DC BBICTyMAeT »praTHueckas (QYHKIH. DpraTudeckas
GbyHKIUSA — cloKHasg (PYHKLMS YIPaBJICHUS, COCTABHON AJIEMEHT KOTOpOM — yenoBek-onepartop. Ox-
HOU W3 BakHeHmmx sprarudeckux ¢pynkimii B [5] E.A. KiiumoBsim Beigenena 3amura C oT momex u
paspymenuii. BBuay toro, uro coBpemerHas IC — 3TO 4eJIOBEKO-MAaIllIMHHAS CUCTEMa, TO MPU (yHK-
[IUOHUPOBAHHUH TAKUX CHUCTEM JUIS peaU3aliy dTONH (PYHKIIMH HEOOXOIUM Y4eT YelIOBEYeCKOoro (hak-
Topa (nanee Ud), To ecTh BbIJENIEHUS ACTIEKTOB, CBSI3aHHBIX C MPUCYTCTBUEM YEJIOBEKA.

B nanHoM ciywae HeoOxoaumo paccmarpuBaTh YD B acmekre JUUHOCTHOrO (pakropa (ma-
nee JID) genoseka-oneparopa. [lox «mmuHOCTHBIM (hakTOpOM» OyneM MOHUMAaTh HAOOP COIMATBHBIX,
(UBHONOTHYECKUX M TICHXOJIOTUYECKUX BO3MOXKHOCTEH W OTpaHMYEHUH, MPUCYIIUX KOHKPETHOMY
CHEIUAINCTY — UHAMBUAYYMY, NPEACTABIAIOIIMX COOOW MOTEHLMAIBHYIO Yrpo3y Oe3aBapuiiHOMY
¢ynkunonuposanuto JC.

B o6miem ciyuae Tparuueckue coObITUS, IPUYUHBI KOTOPBIX 00YCIOBIEHBI MposBieHusMu JID
yenoBeka-onepaTopa B OC, pa3BUBAIOTCSA, KaK MPaBWIIO, 0 OJHOMY U3 ABYX IyTEH pa3BUTHs CHUTya-
LUU:

e OmMOOYHOE pElICHUE, CTaBIlIee CIEJACTBUEM HEMOJHON MM MCKaKEHHON HMH(pOpMaIuu o
coctosiHun DC WM HU3KOM KBalM(UKAIMK, KOTOPOE MPUBOAUT K HEBEPHBIM IMOCTYIIKaM,
KOTOpBIC, B CBOIO OYE€pPE/b, CTAHOBSTCS MPUYMHON Pa3BUTHUS WIN YIIIyOJNCHUS aBapUHON
CUTYallUu;

e HECAHKIMOHHPOBAHHBIE JNEHCTBUS, KOTOPHIE PACIICHUBAIOTCS KaK MPECTYIHbBIC, BEAYIUE K
aBapuu WM KaTtacTpode.

MOKHO T CIIPOTHO3UPOBATH M MPEAOTBPATUTH HETATUBHEIC MPOSIBICHUS COIMATBHBIX U TICHU-
XO(pHU3UOTOTUYECKUX ACTIEKTOB, CBSI3aHHBIX C YYaCTHEM 4YeJIOBEKa B YNPABICHUH TEXHUYECKUMHU CH-
creMaMu? VIHBIMH CIIOBaMH, BO3MOKHO JIM «00y31aTb» JIO? Hax pemenreM 3Toit nmpoGiieMsl oka 6e3
0COOBIX TMOJIOKHUTENBHBIX PE3yJbTaTOB Pa0OTAIOT yUYEHble MHOTHX CTpaH Ha MPOTSKEHUH BEKOBOIO
OTpe3Ka UCTOPUU Pa3BUTHsI TEXHUUYECKOTO rporpecca. B mocneanee Bpemst npodiema Biusiaus JIO Ha
0e30MacHOCTh (PYHKIIMOHUPOBAHUSA TEXHHMYECKHX CHUCTEM pacCMaTpHBallach PSAOM HCCieroBaTesen
[6-16].

[To MHEHHIO aBTOPOB CTaThU perieHue 0003HAUYCHHOH BHIIIEC MPOOJIEMBI TOTPeOyeT MpUMEHe-
HUS IMYHOCTHO-OPUEHTUPOBAHHOTO MOAX0/Ia K OI[EHKE COCTOSIHUS CUCTEMBI YeloBeK — MamuHa [17].
CyTb Of1HO# M3 3a7a4, TIOCTABJIICHHOMN JIJIsI PEIICHUS dTOW MPOOJIEMBI, 3aKITF0YAETCS B HEOOXOIUMOCTH
YHCIIEHHOW OICHKW Wi ydera BiusiHus JID yenoBeka, ydactByromero B ynpaieanu JC, Ha 6e3-
OTIaCHOCTh 3TOM cucTeMbl. B Takom acniekte nmpobsema JID mmpoko He paccMaTpuBaiach.

[Ipexae yeM MPHUCTYNUTHh K PEIICHUIO MOCTABIEHHOW 3a7aud, HEOOXOIUMO OIPENCIUTh, YTO
takoe Oe3omacHocTh DC, Beap MMeHHO Oe3omacHOoCcTh DC HEeoOXoauMo obecrieunBaTh MpHU €€ (HyHK-
[IUOHUPOBAHHH.

['maBHOM MENbI0 CUCTEMBI OE30MAaCHOCTH SIBIIIETCS COoXpaHeHue IeiaoctHoctu DC B mpoiiecce
(GYHKIIMOHUPOBAHUS B PE3yJbTaTe 3alIUTHl CUCTEMBI OT BO3JICHCTBUS BHYTPECHHHUX M BHEITHHUX YTPO3.
Jns yno6ctBa HazoBeM yrpo3y DC TepMuHOM «(haKkTop omacHOCTW». B HacTosimel crarbe mon 6e3-
ONACHOCMbIO NI000U dP2amMUUEcKol cucmemvbl NOHUMAEMCs 3AWUWEHHOCIb CUCeMbl Om 8030ell-
cmeus (hakmopos onacHocmu, KOmMopas no3eojsem obecneuums YeJloCMmHOCMb CUCeEMbl 8 Npoyecce
ee ynkyuonupoganus no npeonasHaveruro. 1o 3aMUIIEHHOCTHIO CIEAYeT MOHUMATh COCOOHOCTh
3C npotuBoctosith PO ¢ coXpaHEHHEM BO3MOKHOCTH (PYHKIMOHHPOBATH MO TPEAHA3HAYCHUIO B
IITATHBIX M HEIITATHBIX CUTyalusx. [laHHOe ompeneneHue AaeT BO3MOXHOCTh YCTAaHOBHUTH MPAMYIO
3aBUCUMOCTh MEXIY COCTOSHHEM CHCTEMBI B Tporecce (pyHKIMOHHUPOBAHHS W BO3ACHCTBHEM Ha
Hee ©O.

Heo6xoaumMo oTMeTUTh, 94TO 06€30MacHOCTh WK 3aluiIeHHOCTh DC TOCTUTaeTCs B pe3yabTaTe
(GYHKIIMOHUPOBAHUSI CUCTEMBI O€30MTACHOCTH B IByX KOHTYypax:

1. Cuctema obecnieuenus: 6ezonacuHoctu IC, rIaBHOM LETBI0 KOTOPOU SBISIETCS CO3/IaHUE HE-
00XOIMMBIX yCTIOBHM ist Oe3aBapuitHoro GpyHkuronupoBanusi JC Mo npeaHa3HAYCHUIO.
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2. Cuctema ympasieHust Oe30macHOCThIO (GyHKIMOHMpoBaHus OC, mpeaHa3HAdeHHAs s
KOMITeHcaruu BiusHus Bo3aecTBuss @O Ha coctosare DC B mporecce ee (PyHKIIMOHUPOBAHUS 110
peIHa3HAYCHHIO.

B nactosmeli cratbe peub uaet o6 odecmedennun Oe3omacHoctr DC. OUeBHAHO, ISl TOTO,
yTOOBI TOCTHYE IJVIABHOM Iieii obecnedyenust Oe3omacHoctd DC, HeoOXomuMo BEIIBUTE Bce DO, mo-
TEHIIMAJIBHO yrpoxatonie OezaBapuitHoMmy (pyHkunoHupoBaHuio DC, U YCTpaHUTh UX, €CIIU 3TO pe-
aJIbHO BO3MOJKHO, MJIM MUHUMHU3HPOBATh MX BIUsSHUE Ha cocTossHUEe DC 10 Hadama mporecca (yHKIIH-
onupoBanus IC 1o npegHa3HAYEHUIO.

[Ipu pemenun 3anau 3amutel IC oT PO, cBa3aHHbIX ¢ JID yenoBeka-oneparopa, BOZHUKAECT
HeoOXxoauMocTh yuera BiusgHUA JID Kakqoro KOHKPETHOTO WHIMBUAYYMa, BBICTYIMAIOLIErO B POJIU
omepaTopa B KOHKpeTHOH DC, Oyb TO caMOJIeT, AIEKTPOCTAHIINSA, TI0e3/1, OypoBasi yCTAaHOBKA H T.J.

[IpeacraBum abcTpakTHyio DC B BHUIe MOJACIH, H300PKEHHON Ha PHC. 2,
rae OC — cucremMa «4eI0BEK-MallliHa;

YOi — i-ii 4eNnoBeK-0MepaTop, y4acTBYIONMi B ynpasieann JC;
N — KOJIMYECTBO ONEPATOPOB, NOMYIICHHBIX K YIIpaBieHuto qanHoi JC.

B kauectBe onepatopa B 9C MOTyT BBICTYNATh TOJIBKO IITaTHBIE COENUAIUCTHI. OTCIO/1a clie-
IyeT, 4YTO pa3MEPHOCTh N — KOHEYHA, ITO3TOMY 3a/1a4ya 1O BBISBICHHUIO YTPO3 CUCTEME, 00YCIOBICHHBIX
JI®, — pemraema.

oC

Puc. 2. Mojenb aOCTpaKTHON 3praTHUECKON CHCTEMBI
Fig. 2. Abstract ergatic system model

VYyer BnusHUSA Ha cocTosiHUE 3amuiieHHOCTH DC omacHbIX ()aKTOPOB, CBSI3aHHBIX C JIMYHO-
CTBI0O KOHKPETHOTO YeJIOBEKa-orleparopa, Kak riiaBHOro snemeHTa DC, ompenenser HeoOX0IuMOCTh
pa3paboTKu JOTMOJHUTENbHBIX KPUTEPUEB OLIEHKH YPOBHs oOecrneueHus: 6ezonacHocT JC, KOTOphIe
MO3BOJIAT OOBEKTUBHO y4ECTh BIUSHUE Ha 0€30MAaCHOCTh CUCTEMBI MOKa3aTelNel, CBA3aHHBIX ¢ TAKIMHU
SBJICHUSIMU, KaK:
e BO3HHMKHOBEHHE 0COOOW CHUTyaIluH 10 BUHE YeJIOBEKa-oreparopa (31ech 1moja ocodoi cutya-
[IMel TOHMUMAaeTCs JIt00asi HelTaTHas CUTYaIlus, epepacTaHie KOTOPO B aBapUHHYIO BO3-
MO>KHO MPEAOTBPATUTH TOJILKO CBOEBPEMEHHBIMHU, Yallle BCETO HEOPAUHAPHBIMU ACHCTBUS-
MH);
e OomuUOOYHBIC ACHCTBUS WK Oe3/eiicTBrE pu yrpaBieHnu JC;
e UHbIE IPOSBICHHUS HEIOCTATOUHOI O IpodeccuoHanu3Ma npu ynpasieHun I9C;
e TIPOSIBICHUS HEIUCIUIUIMHUPOBAHHOCTH MpH yripaBieHuu JC;
e HHbIC HECAHKIIMOHUPOBAHHBIC IEUCTBUS NpH yrpasieHuu IC;
e (axTsl OTCTpaHeHus ot ynpasiaeHus IC;
e HEYECTHOCTH (COKpHITHE ()aKTOB BOSHUKHOBEHHS 0COOOM CUTYaIlun) U T.]I.
Jlyist Toro, 4ToOBI yUeCTh BIUSHUE JAaHHBIX MOKa3aTele Ha ypOBEHb oOecreueHus: Oe30macHo-
cti OC U YyBEIMYHUTH KOJIMYECTBO JOCTOBEPHO M3BECTHON MH(OPMALIUK O COCTOSIHUM 3alUIIEHHOCTH
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OC, moTtpebyercs MPUMEHUTh WHTETPANBHBIN IMOKa3aTelb, OMPEISISIONINA CyMMapHYIO BEIHYUHY
yrpo3 coctosgauio IC co ctopoHsl JID KOHKpETHOro yesioBeka-oneparopa. HazoBem 3TOT mokaszarenb
TEPMHUHOM «CYMMAapHBIH MMOKa3aTellb OMTACHOCTH YEJIOBEKA-0TIepaTOpay.

Utak, cymmapmwiti nokasamenb OnacHoOCmu 4ejlo8eKka-onepamopa — 3mo noKazamens, Xapak-
mepusyowull. NOMEeHYUANIbHYIO Yepo3y 0e30NaACHOCMU IP2AMmUYecKoll CUCEMbl CO CMOPOHbL «IUl-
HOCMHO20 (hakxmopay KOHKpemHo2o uenoseka-onepamopa. YnucieHHOe 3HaY€HUE CyMMAapHOTro MOKa-
3aTessl ONACHOCTU 4esloBeKa-oneparopa (K,,) HampsMylO 3aBUCUT OT HEraTHBHBIX NposiBieHui JID
KOHKPETHOT'0 MHIMBHIA, 33JIEICTBOBAHHOTO B yrnpasieHun JIC. OueBUAHO, 4TO HA Benuuuny K, BiIu-
SIIOT BCE IEPEYUCIIEHHBIE BbILLIE MPOosiBiIcHUS JID.

st Toro, uTo06b1 BeiBeCcTH popmyny K,,, HEOOXOIUMO ONPEIACITUTh HA0OP CYIIECTBEHHBIX IS
0€30MacHOCTH CHCTEMBI IMMOKa3aTeleil MOTCHIHUAIbHOW YTpo3bl O€30MacHOCTH MPEACTOSINEro 3Tara
win nukiaa ¢yakauonupoBanuss DC (mokazarenedt omacHoctu K). CyMma 3Ha4YeHHE MoKazaremnei
OMACHOCTH JIaCT BEJIMYMHY, KOTOPYIO MbI HAa3BAIH «CYMMApHBINA MMOKa3aTelh OMACHOCTH YeIOBEKa-
onepatopay — Kyy:

K, =K, +K,..+K,..+ K,, (1)

riae K,,— cyMMapHbIi TOKa3aTeslb OMAaCHOCTH YeI0BEKa-0neparopa;
K; —i-ti mokazarens onacHoctu JC co ctopons! JID yenoBeka-onepaTopa;
1 — KOJIMYECTBO ONpeeNIEHHBIX TTOKa3aTellel OMacCHOCTH.

3ajaguM AMana3soH M3MEHEHWM BEJIMYMHBI CyMMapHOI'O II0Ka3aTessl OMAcCHOCTH 4eJOBEKa-
omieparopa B onpe/erneHHon n obimactu nmokasarenei K: BenumunHa K, MokeT u3meHsaTees ot 0 1o 1.
ITpu K,, = 0 yrpo3sl coctossauto IC co ctoponsl JID uenoBeka-oneparopa OTCyTCTBYIOT, IpH Ky, = 1
yrpo3sl cocTossHUI0 DC co ctopoHsl JID yenoBeka-onepatopa ONpeaesioTes KaKk MAKCUMaIbHO BO3-
MOJKHBIE.

Jlns ynobcTBa MCHONIB30BAaHUS BBEJAEM HOBBIM MOKa3aTellb, XapaKTEpPHU3YIOIIUNA YeToBeKa-
oreparopa, Kak MCTOYHHMKA MOTEHIMAIBHBIX yrpo3 Oe3zaBapuitHoMmy (yHkImoHHpoBanuio DC. Hazo-
BEM ATOT IOKa3aTeslb TEPMUHOM «yPOBEHb 0OE30MAaCHOCTH 4esloBeKa-onepaTopa». Mcnonssys K, npu
OTIpe/IeICHNH BEJTMYMHBI YPOBHS Oe30macHOCTH uenoBeka-omneparopa (U,,), MBI MOIy4aeM BO3MOX-
HOCTh YYMTHIBATh BIHMsHUE NposiBiaeHU# JID yenoBeka-onepaTopa Ha odecrieueHne 6ezonacuoctu IC.
Jis ynoOcTBa IpUMEHEHHs YMCIIEHHAs BETTMUMHA YPOBHS 0€30MacHOCTH YeI0BeKa-onepaTopa J10JhKHa
ObITh OOpaTHOM YHCIEHHOMY 3HAUEHHUIO CYMMapHOIO IOKa3aTessl OMACHOCTH 4eJIOBEeKa-olepaTropa.
[Tpu makcumanbHOM 3HaueHUH K,, = 1, ypoBeHb 0€301MacCHOCTH YesIOBEKa-onepaTopa A0JKEH MpHoo-
petaTs MUHUMaIbHOE 3HaueHue U,,= 0. U HaobopoT, mpu MuauMaabrHOM 3HaueHUH K,,= 0, ypoBeHb
0e30macHOCTH 4eJoBeKa-olepaTopa JO0DKEH MpHoOpeTaTh MakcuManbHOe 3HaueHue. IlepeBerem B
MIPOLIEHTHI 3HaYeHHe, oOpaTHOe 3HAUeHUIO K, U MPECTaBUM 3HAUCHHE YPOBHS 0€30MaCHOCTU Yelo-
BEKa-oIepaTopa B BUJE BbIpakeHus (2):

U, = (1-K,,)-100%, )

4o

rne U,,— ypoBeHb 0€30MacHOCTH YeJIOBEKa-0NepaTopa;
K,,— cyMmapHbIil mOKa3aTeIb ONACHOCTH YEJIOBEKa-0epaTopa.

OueBuaHO, yTo BeanuuHa U, MoskeT MeHAThes oT 0% mo 100%.

Hanee mns paspaborku merona popmammzanuu JIO B 3C morpelyeTcs MCIOIB30BaTh BBE-
JEHHBIH B ynoTpeOiIeHne CyMMapHbIi 10Ka3aTeilb ONacHOCTH 4esioBeka-onepaTtopa (Ko, ). Koy SBIIS-
eTCsl MOoKa3aTesieM, BeJIMYMHA KOTOPOTO HAaIpsIMYIO 3aBUCUT OT HETATUBHBIX HposBieHui JID koH-
KpPETHOTO YenoBeka-onepaTopa. s Toro, ytoObl BCTaBUTh B hopmyiy (1) KOHKpETHbIC BEIUYUHBI,
HEO00XOIUMO:
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1. Onpenenuts HabOp MoOKa3aTesel MOTEHIMATBLHON Yrpo3sl 6e3omnacHocTH DC (mokazaTteneit
onacHocTH K).

2. OGOCHOBAaHHO OMpPENEIUTh BEIMYUHY KaXKIOT0 IMOKas3aTesisl MOTEHLUANIbHOW yrpo3sl Oes-
onacHocth DC, MpeICTaBICHHOIO B BUJIE MMOKa3aTessl onacHOCTH K.

Uro0b1 chopmupoBaTh HaAOOp MokazaTeneil MOTeHIMAIBLHON YyIpo3bl cocTosiHuio JC co cTopo-
Hbl JI® yenoBeka-onepaTopa, HEOOXOAUMO MPUMEHUTH SKCIIEPTHBIE METOIBI.

Ha nmepBoMm »stame Hambosee 1enecooOpasHbIM SIBIISIETCSI METOJ onpoca. BakHbIM ycioBHeM
MOJTyYEHHUsI JOCTOBEPHBIX OLEHOK MPU MPUMEHEHUH METOJIOB HKCHEPTHBIX OIEHOK sIBisieTcs (popmu-
pOBaHUE SKCIEPTHOW TPYMIIBL, T.K. OT KOMIIETEHTHOCTH, KPEaTUBHOCTH, KOHPOPMHU3MA, CAMOKPUTHY-
HOCTHU HKCIIEPTOB 3aBUCUT OOBEKTUBHOCTH U CIIPABEAJIMBOCTb PE3YJIHTATOB SKCIIEPTUHI.

Omnpoc 3KcrepToB cieayeT NpoBecTH B J1Ba Typa. llepBelii Typ mpoBoauTCs B OuHOU (popme,
WHAMBHUAYAIbHO, CIIOCOOOM HHTEpPBbIOMpOBaHHE-aHKeTHpoBaHue. OCHOBHON 3aqaueil MHTEPBbIOMPO-
BaHU SBJSIETCS ONpezieNieHre Hanboee CyIIeCTBeHHbIX MOKa3aTeNlel MOTeHIIMaIbHON yrpo3bl COCTO-
sanio DC co croponsl JIO yenoBeka-oneparopa. B xoze onpoca cienyet neiaaTh ynop Ha OIBIT Opa-
IIMBAEMBbIX.

[Ipu npoBeseHUH BTOPOroO Typa cieayeT NPUMEHUTh IPYNIOBOM BUJ AKCIEPTHOIO OMpoca, B
X0JIE KOTOPOr0 paHee ONpPOLIEHHBbIE MHJIMBUIYAIBHO IKCIEPTHI B IPOLECCE COBMECTHOM TUCKYCCHU
BbIPa0aTHIBAIOT KOHCOJIMAUPOBAHHYIO MO3UIIMIO B OTHOLIEHUU yTrpo3 cocTosiHuio JC co ctoponsl JID
yeJioBeKa-oneparopa. B pesynbraTe ompoca 3KCIEpTOB JOKHBI ObITh ONpEJIeIeHbl CYIIECTBEHHBIE, C
TOYKH 3peHusi OOJBIIMHCTBA 3KCIEPTOB, MOKA3aTeIN MOTEHLIMAIbHOW yrpo3sl Oe3onacHoctu JC co
cropoHsl JID yenoseka-oneparopa.

Ha BTOpoM sTane onpeneneHHble B pe3yJibTaTe dKCIEPTHOrO OMpoca MoKazaTeian yrpo3bl Oe3-
ornacHoctd DC MojaBepraoTcsi Npoueaype CyObeKTUBHOIO HIKAIMPOBAHUS C MPUMEHEHUEM INKAJIbI
Jlaiikepra. D10 HE0Os3aTEILHO, HO MOXKET OBITH 11€JIECOO0Pa3HBIM B TOM CiIyyae, €CJIM B Pe3yJIbTare
paccoriacoBaHHOCTH MHEHUHM 3KCIIEPTOB OBLIO ONpPEEeIEHO HEONPABIAHHO 3aBBIIIEHHOE KOJIUYECTBO
ITOKa3aTelIeH.

Crenyromum 3Tarnom OyeT orpeeeHue YUCICHHOW BETMUYMHBI KaXKI0Tr0 ONPEIEICHHOTO 10-
KasaTeJisi, Ha3BaHHOTIO I0Ka3aTesIeM OMaCHOCTH.

[IprunHHO-00yCIIOBIIEHHBIE SBICHMS, NMPHU3HAKK KOTOPHIX HE IMOAJAIOTCS TOYHOM KoJnde-
CTBEHHOM OLIEHKE, Ha3bIBAIOT aTpUOYTUBHBIMH Ipu3HaKamMu. K unciay Takux siBI€HUNH OTHOCATCS MPO-
apnenus JI® yenoBeka-onepaTopa, HOITOMY HaUOOJBIIYIO TPYAHOCTH MPEICTABIAET 0OOCHOBAHHE
BECOBOM J0JM Ka)XXJIOro IMokasarenis onacHocTu. s peuieHust 3Toil 3a1ayul ciaeiyeT HCIOJIb30BaTh
METO]I IKCIIEPTHBIX OLICHOK, B YACTHOCTH, METOJI IAPHBIX CPABHEHU.

MeTo/10M MapHBIX CpaBHEHHUM OMpeenseTcs OTHOCUTENbHAs 3HAUMMOCTh WJIM BECOBas A0S
Ka)KJ0r0 ONPEAEIEHHOr0 I0Ka3aTells ONaCHOCTHU, UHBIMU CJIOBAMH, YCTAHABIMBAETCS CTEIIEHb BIIMS-
HUSI KOKJIOro MoKa3aressd NOTEHUUATIbHOU Yrpo3bl co cTopoHbl JID yenoBeka-onepatopa Ha COCTOS-
Hue OC. IlonyueHHble 4MCIEHHBIE BEIMUYMHBI, ONPEACIAIOIIME BECOBBIE JIOJIM Ka)XJA0Ir0 IMOKa3aTels
OMACHOCTH MEPEBOJATCS B MPOLEHTHI C TAKUM PacyeToM, YTOObI B CyMME BC€ OIpe/IeJICHHbIE MTOKa3a-
tenu aaBainu 100%.

Crnenyromum 3TarnoM OyJeT orpeeseHre TEeKYIMX 3HaUeHUN Ka)XXA0ro [M0Ka3aTessl OMacHOCTH
B 3aBHCHMOCTHU OT 3a(MKCHUPOBAHHBIX (DAKTOB MPOSBICHUS TOTO MM MHOTO HETaTUBHOIO MPOSBICHUS
JI® uvenoseka-oneparopa mpu ypasieHun JC, onpeieleHHbIe KaK T0Ka3aTeal NOTeHIUAIbHON yrpo-
3b1 cocTosiHuto DC. Jlns pemieHus 3Toi 3a1a4ul HE0OXOJUMO HCMOJIb30BaTh HKCIIEPTHBIE METO/BI, B
YaCTHOCTH, METOJ] OIIPOCa U METO]T OaTbHBIX OLIEHOK.

[IpumeneHne MeToAa Oonpoca KOMIETEHTHBIX SKCIIEPTOB MO3BOJIUT OMPEIEINTh, CKOJIBKO (PUK-
CUPOBaHHBIX 3HAYEHUH J0JKHA UMETh BEJIMUMHA TOTO UM MHOTO [MOKa3aTessl OMIACHOCTH B 3aBUCUMO-
CTH OT KOJIMYECTBAa 3a(pMKCUPOBAHHBIX (DAKTOB MPOSIBIICHUS OlleHHBaemMoro nokasarens JIO yenoseka-
oreparopa.
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3aTeM orpeaensercss MaKCUMallbHOE 3HAYEHHUE, KOTOPOE MOKET MPUHUMATh OLIEHMBAEMbIH
Iokaszareiib onacHocTH. C y4eToM TOro, 4TO MakcuMalibHas BeianuuHa K,, = 1, U uMmes noyry4yeHHbIe
BECOBBIE JIOJIM KAXKJIOI'0 MTOKa3aTelsl OMACHOCTH, BBIPAKEHHbBIE B MPOLIEHTaX OT MAKCUMAJIBHOTO 3Ha-
yeHus K,,, NOJy4YUM MaKCHMAJIbHOE 3HAYECHHE OLIEHUBAEMOTIO IOKA3aTelsl OMACHOCTU B BUJE AECS-
TUYHOUW ApoOH, KOTOpoe OyJeT KpaTHO MOJYYEHHOMY MPOILEHTHOMY SKBHBAJICHTY OIEHUBAEMOTO
MOKa3aTels.

[TotoM MeTomOM OaTBHBIX OIEHOK OMPEACISAIOTCS 3HAUCHUS OIICHMBAEMOTO IMOKAa3aTess
OMACHOCTH B 3aBUCUMOCTH OT KOJIM4eCTBA 3a()MKCHPOBAHHBIX (PAKTOB MPOSBICHUS OLIEHHBAEMOTO MO-
kazareis JIO yenoBeka-oneparopa.

[Tocne aToro, myTeM OImpoca KOMIIETEHTHBIX SKCIIEPTOB, OIpeAesseTcs] CPOK BIUSHUS (akTa
MPOSIBIICHUS] OLICHMBaeMOro mnokasareinsa JID uyenoBeka-onepaTopa Ha BEJIMYHUHY COOTBETCTBYIOIIETO
IIOKa3aTelIsi ONACHOCTH.

[Tomo6HBIM 00pa3oM clieflyeT OmpeeisaTh 3HAUCHUS KaXA0ro MOKa3aTessl OMacHOCTU B 3aBU-
CUMOCTHU OT (DaKTOB MPOSIBJIICHUS COOTBETCTBYIOILETO MMOKa3aTessl yrpo3bl coCcToAHNI0 JC CO CTOPOHBI
YD oneparopa. OnpeneneHHble TAKUM 00pa30M 3HAYEHUS Ka)XJI0ro MOKa3aTeNsi OMAaCHOCTU B CyMMe
JaayT YUCIIEHHOE 3HAUY€HUE CyMMAapHOTo Iokaszareisi onacHocTu K,,, KOoTopoe OyleT H3MEHSThCS
or 0 1o 1.

[Toncrasnss B hopmyity (2) nomyueHHoe 3HaueHue K, BBIYHUCIISEM TEKyIllee 3HaUYCHHE YPOBHS
Oe3omacHoCTH YenoBeka-oneparopa U,

3aBepmiaroniuM 3TaroM OyAeT pa3paboTka KpUTEpuUeB OlLCHKU BiausHua JID denoBeka-
omepaTopa Ha coctosiHue 3amuineHHoct DC. [ 3Toro menecooOpa3HO MCHOIb30BaTh IIBETOBYIO
mkany Uy, COCTOSIIYI0, HAIPUMED, U3 5 LIBETOB: KPACHOTO, OPAHKEBOI'0, CUHETO, JKEITOrO U 3€JIEHO-
IO LIBETOB.

[Ipu mepexose K HOMHWHATHBHOW IIKayie (IITKajieé HAMMEHOBAHMI) KPAaCHOMY IIBETY COOTBET-
CTBYET KaTeropusi «ypoBeHb Oe3omacHoctu omeparopa U,, COBCEM HE COOTBETCTBYET TPEeOOBAHMSIM,
npeabsBisieMbIM K 0e3onacHocTr DC. Hemomyctumoy.

OpamkeBbIil IBET — «ypOBEeHb Oe30macHOCTH omeparopa U,, B OCHOBHOM HE COOTBETCTBYET
TpeOOBaHUAM, TPEABABIISIEMBIM K Oe30macHOCTH DC. Y CIOBHO IOy CTHMOY.

Cunuii 1BeT — «ypoBeHb Oe3omacHocTH oneparopa U, He B IOJHON Mepe COOTBETCTBYET Tpe-
OoBaHUAM, IPEIBABISIEMBIM K O6e30macHocTH DC. JlomycTuMoy.

Kenteiit uBeT - «ypoBeHb Oe30macHOCTH omneparopa U,, B OCHOBHOM COOTBETCTBYET TpeOoBa-
HUSM, IPEABIBIsIEMbIM K Oe3omacHocTi JC. BriosHe 10omycTUMOY.

3eneHblii 1BET — «ypOBEeHb Oe3omacHocTu omepatopa U, B TIOJHOW Mepe COOTBETCTBYET Tpe-
OoBaHMAM, IPEIBABIIEMBIM K O6e30macHocT DC. JIomycTUMO B IEPBYIO OUEPEbY.

3arem HeoOX0aUMO pacmupenenuts 3Hadenus U, o 1[BeTOBOM mmikane. [l pemeHus 3Toi 3a-
Jauu cleAyeT MPUMEHUTh METOJl SKCIEPTHHIX OLEHOK, B YaCTHOCTH, OAJTIbHBIA METOJ WM METOJ
HEIOCPEACTBEHHOU OLIEHKH.

PE3YJIBTATBI HCCJIEJOBAHUA

[IpencraBneHHbII METO COOTBETCTBYET TPEOOBaHMSM, MPEIBSBIIEMBIM K MEXaHU3MY YHC-
JICHHOW OIIEHKH yrpo3 Oe3omacHOCTH OC, CBS3aHHBIX COIHUAIBHBIMU H ICUXO()H3UOIOTHICCKUMHU
BO3MOXXHOCTSIMU M OTPaHUYCHHUSIMH UY€JIOBEKa, YIPABISIONIETO ATOW CUCTEMOW. DTallbl MOITYyYEeHHOTO
METOa MoKa3aHsl Ha puc. 3. B ocHOBe MeToaa popManu3anuu JIMIHOCTHOTO (PaKTOPa B IPraTHYECKON
CUCTEME JIeKaT Te K€ MPUHLUIIBL, YTO M B MeTojae (opMaau3aluu aTpuOyTUBHBIX MPU3HAKOB, IMO-
JpoOHO onucaHHoro B padote [18].
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Puc. 3. Dransl MmeTona popMaIM3alKy JIMIHOCTHOTO (DaKTopa B IPraTHYSCKON CHCTEME
Fig. 3. The ergatic system personal factor formalizing method stages

JAK/IIOYEHUE

Takum 00pa3om, NOTYYHB BO3MOXKHOCTH OIPENENATh YUCIEeHHOEe 3HaueHue K,, B 3aBUCUMOCTH
ot ¢akrtoB nposiBiaeHus JIO yenoBeka-onepaTopa U BbIpaOOTaB KPUTEPUU OLIEHKH CTETIEHU BIIUSHUS
JAHHOTO TIoKa3aTens Ha OezomacHOCTh DC, B 3aBHCHMOCTH OT 4HcleHHoro 3HadeHus U,,, TOTy4YeH
MeTOoJl (popManM3alMK JUYHOCTHOTO (akTopa B praTuueckoi cucreme. lIpeacTraBiieHHBI B cTaThbe
MCTOH SABJIACTCA YHUBCPCAJIbHBIM HHCTPYMCHTOM, ITO3BOJIAIOIIUM pa3pa60TaTL MCTOAUKY OLICHKU
BiusHus JID omeparopa MpUMEHHUTENBHO K JTI000 KOHKPETHOM 3praTHYeCKO CUCTEME.

B 3axitouenue cnemyer OTMETUTh, YTO JAHHBIA METOJ B3ST 3a OCHOBY IIPH pa3pabOTKe METOIH-
YEeCKOro armapara OLeHKH cocTosiHus 3amuiieHHocTd AC oT (hakTopoB OmacHOCTH, 00YCIIOBJIEHHBIX
MMPOABJIICHUSIMUA JID ABUAIIMOHHBIX CIICLIUAJIMCTOB U3 YHCJIa JICTHOI'O COCTaBa Ha 6630HaCHOCTb IIOJICTOB.

CIIMCOK JIMTEPATYPbI

1. Bbycaenxo H.II., Kanamnnkos B.B., Koanenko U.H. Jlekiuu no Teopun CiIoxXHbIX CH-
creMm. M.: CoBetckoe paauo, 1973. 440 c.

2. Bouakosa B.H., [lenucoB A.A. Teopus cucrem. M.: Beicmias mkomna, 2006. 511 c.

3. Jpyxunun B.B., Koutopos /.C. Cucremorexuuka. M.: Paguo u cBs3p, 1985. 200 c.

4. 3apaxoBckuii I'.'M., I1aBioB B.B. 3akoHOMepHOCTH (PYHKIMOHUPOBAHHS IPraTUYECKUX
cucteM. M.: Paguo u cBs3b, 1987. 232 c.

5. Kaumo E.A. BBenenue B ncuxonoruto tpyaa: yueOnuk uist BY3os. M.: Kynbrypa u
cnopt, FOHUTH, 1998. 350 c.

15



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 01, 2020
Civil Aviation High Technologies Vol. 23, No. 01, 2020

6. EBpoxkumoB B.I'. MoHuTOpuHT U obecrieueHre OE30MacCHOCTH TMOJIETOB C YYETOM M3MEHe-
HUSl (QYHKIMOHAJIBHBIX CBOMCTB U (DAKTOPOB PHUCKOB CIIOKHBIX TEXHUYECKUX CUCTEM: aBUALMOHHBIX
CHUCTEM: JIUCC. ... oK. Tex. Hayk. CII6.: CII6 'VT'A, 2013. 329 c.

7. Ko3aoB A.C. YenoBedeckuii ¢akTop M cuctemMa oOecriedeHus 6€30macHOCTH TMOJIETOB //
Hayunsiit BectHuk MI'TY T'A. 2012. Ne 182. C. 84-88.

8. Ko3zaoB B.B. Yenoseuecknii GakTop: NCuXxoPpu3noIOornyeckue onacHbeie (GakTopsl MojieTa
u ux npodunakruka: meroa. nmocobue / B.B. Koznos, O.A. Koconanos, B.U. 3opum, M.1. Meaunues.
M.: OOO Ilomurpad, 2000. 76 c.

9. Koruk M.A., EmeabsinoB A.M. [Ipupona ommboK yenoBeka-omeparopa Ha MpHUMEpax
yIpaBJeHUs] TPAHCTIOPTHBIMU cpenicTBaMu: MoHOorpadus. M.: Tpauncmopt, 1993. 252 c.

10. Kopoaes JI.M. Ilcuxonoruyeckoe obecredeHue npodhecCHOoHaIbHOTO CTAHOBJICHUS JIET-
HOTO cocTaBa: MoHorpadus. Mouuno: BBA, 2000. 199 c.

11. Ho3apun B.U. Pacmupenue noustus «uenoeueckuii ¢pakrop» // Ilpobaemsr 6e30macHoC-
T nosietoB. 2001. Ne 4. C. 25-27.

12. HocoB H.A. Ommbku nunora: ncuxonorunueckue npuuuael. M.: Tpancnopt, 1990. 64 c.

13. Ilonomapenko B.A. Ilcuxonorus gyenoBedeckoro (akropa B omacHou npodeccun. Kpac-
Hosipcek: [Tonukxom, 2006. 629 c.

14. Ilonomapenko B.A. [Icuxonorndyeckuii aHajIn3 JIETHBIX MPOUCIIECTBUNA U MPEANOCHIIOK K
HHUM: MeTof. mocoboue. M.: BoenHoe uzgarensctso, 1990. 56 c.

15. Po3oB C.A. Onpenenenue ypoBHs 0€30MaCHOCTH IMOJETOB C YUETOM MPOSIBIICHUS YEIOBE-
4eCKOro (pakTopa, BHEIIHEH cpeibl U 6€30TKAa3HOCTH aBHALIMOHHOM TEXHUKU: JAUC. ...KaH]l. TEXH. HaYK.
M.: MI'TY T'A, 2001. 225 c.

16. Ycuxk U.B., I'apanuna O./l. AuTpomnosniornueckue orpaHn4eHust 6e30MacHOCTH TeXHUKH //
Hayunsie Benomoctu BI'Y. Cepusi: @unocodus. Counonorus. [Tpaso. 2009. Ne 10 (65). C. 25-33.

17. baukano Bb.H., 3oaoreix B.W. JIM4HOCTHO-OpUEHTHPOBAHHBIA MOAXOJ IPU OLEHKE U
yIIpaBJIeHUHU COCTOsSTHUEM Oe3onacHoCTH 1oneToB // Hayunsiii BectHuk MI'TY T'A. 2019. T. 22, Ne 4.
C.21-32. DOI: 10.26467/2079-0619-2019-22-4-21-32

18. baukano B.U., 3oa101eix B.U. Meton dhopmanmzaiuu aTpuOyTUBHBIX TTpu3HakoB // Hay4-
Hbiid BecTHUK MI'TY T'A. 2019. T. 22, Ne 2. C. 8-15. DOI: 10.26467/2079-0619-2019-22-2-8-15
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THE ERGATIC SYSTEM PERSONAL FACTOR FORMALIZING METHOD

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

The majority of reasons for aviation accidents that occurred with the state aircraft in the Russian Federation are due to the flight

personnel manifestations of the “personality factor” during the flight mission. However, the aviation system security record and
evaluation of “personality factor” influence is carried out fragmentarily at present and does not have a systemic character. This is
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the factor that impedes the use of a systematic approach to the problem of the human factor influence on flight safety. In this regard,
there is a need to quantify the "personality factor" impact on the safety of the upcoming flight in order to reduce this impact. The
solution to this problem will require the determination of the most significant pilot’s upcoming flight “personality factor” safety
indicators set and a substantial description of each specific indicator value. Due to the lack of the assessment mechanisms to solve
this problem which are known to the authors the article substantiates the need to develop a tool for the quantitative assessment of
potential threats impact associated with the social and psychophysiological restrictions of a human-operator on ergatic system
safety controlled by this person. As a result of a personality-oriented approach to assessing the state of system security,
implemented by means of using an integral indicator determining the total threats magnitude of a particular human operator
personality factor to the ergatic system state - the total human operator hazard indicator, and developing criteria for ergatic system
safety this indicator influence degree; a universal tool for assessing the influence of the personality factor on ergatic system safety
has been obtained. This tool is called the “The ergatic system personality factor formalizing method". The obtained method allows
us to develop a methodology for assessing the influence of the operator’s personality factor which is applicable to any ergatic
system, including the system of “crew — aircraft”.

Key words: ergatic system, human operator, personality factor, aviation system, quantitative assessment, hazardous factor.
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ANALYSIS OF THE HEIGHT DIFFERENCE OF THE ZERO ISOTHERM
ACCORDING TO TWO TEMPERATURE PROFILERS

E.A. BOLELOV', 0.V. VASILIEV?, K.I. GALAEVA', S.A. ZIABKIN'
"Moscow State Technical University of Civil Aviation, Moscow, Russia
2JSC “International Aeronavigation Systems Concern”, Moscow, Russia

One of the main indicators characterizing the quality of meteorological support of flights is the justifiability of aviation weather
forecasts and forecasts of dangerous weather phenomena. For the detection and prediction of dangerous meteorological weather
phenomena are currently used very advanced systems, which include meteorological radar stations near the airfield zone. The
reliability of the forecast of such dangerous weather events as icing, thunderstorms, hail, squally wind according to the information
from the meteorological radar stations of the near airfield zone significantly depends on the data on the height of the zero isotherm.
The correctness of the entered values of the zero isotherm position directly affects the probability of false alarms, and,
consequently, the degree of justification of weather forecasts and forecasts of dangerous weather events. The source of information
about the position of the zero isotherm can serve as radiosonding data of the atmosphere. However, the data of aerological
radiosonding of the atmosphere are not operational. In addition, at present, obsolete systems are used on Roshydromet aerological
network in addition to fairly modern aerological radar systems. This, in conjunction with the sufficiently low cost of the network of
aerological stations on the territory of the Russian Federation does not allow the operational use of radiosonding data to determine
the height of the zero isotherm at a particular airport. An alternative source of information about the position of the zero isotherm
for solving the problems of meteorological location are temperature profilers. Temperature Profiler refers to the remote means of
measuring the parameters of the atmosphere, and the principle of its operation is based on the methods of radiometry. Use the
temperature of a caliper can be operatively obtain information about the temperature profile at the airport and, therefore, it can be a
source for weather radar data on the zero isotherme, and isotherme -22°C, which is also used to identify hazardous weather
phenomena. In this paper, the spatial variability of the zero isotherm position is analyzed according to the data of two temperature
profilers. As a result of experimental studies, it was determined that within a radius of about 10 kilometers from the installation site
of the Profiler, the measured temperature profiles remain virtually unchanged. This result can be used in the development of
methods of placement of meteorological support for flights at the airport. Of practical interest are similar studies for airfields located
in the mountainous, coastal and other geographical regions of Russia.

Key words: temperature profiler, temperature profile, flight safety, meteorological support of flights, freezing level, weather
hazard.

INTRODUCTION

According to the Federal Aviation Regulations', meteorogical service is provided for the pur-
pose of safety, regularity and response security of civil aviation flights. In view of this meteorogical
bulletins, weather forecasts, weather hazard (WH) forecasts, and other meteorogical data are devel-
oped and provided to the relevant users, such as crews, air traffic management office, airfield ser-
vice, etc., by airfield meteorogical office (AMSC, AMC, etc). Forecast development for such WH as
thunderstorms, storm rainfalls, icing, squall winds, hail precipitation, severe turbulence and wind
shear largely relies on meteorogical observation and measurement data. These measures are con-
ducted at the airfield [1-3].

Notably sophisticated meteorogical systems, such as short-distance airfield meteo radars
(SDAMR) are used with the aim of WH sighting and forecast. Veracity of meteorogical observa-
tions, conducted by using SDAMR, and forecasts, provided on the ground of these searches, sub-
stantially depends on freezing level data. For instance, freezing level is used with the aim of thun-
derstorm, hail precipitation, squall winds, whirlwind identification and hydrometeor phase state
recognition while radar observation. Input freezing level data authenticity broadly influences the

" FAR “Preparation and Implementation of Civil Aviation Flights of the Russian Federation”. No 128. July, 31. 2009.
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probability of SDAMR false alarms, and, consequently, meteorogical forecast and WH forecast
success rate degree.

Radiosonde observation data in the form of relative and irrelative baric topography maps might
serve as a reference source in terms of freezing level. Besides that, temperature distribution data,
which was received after every certain radiosonde output, may be used at the airfield, providing that
aerologic radiosonde observation station is located over a distance of not more than 10 kilometers from
the airfield fix point.

Along with that, it’s necessary to notice that aerologic radiosonde observation data isn’t inves-
tigative because radiosonde observation is conducted only twice a day, at 00:00 UTC and 12:00 UTC.
Besides that, nowadays there are about 30 ARS (aerological radar systems ) AVK, which have already
run its course, along with sufficiently updated MARLA-(T), VEKTOR - M, RAM-1 (2) at the upper-
air network of The Russian Federal Service for Hydrometeorology and Environmental Monitoring.
The nominative operational endurance of the greater part of ARS AVK is overdrawn greater than
twice, in which connection technical specification of AVK frequently turns out not to match the updat-
ed standards of radiosonde systems.

Sufficiently serious challenge for the radiosonde network of the Russian Federal Service for
Hydrometeorology and Environmental Monitoring is a deficiency of highly qualified aerologists,
which can’t help but affect the quality of the meteorogical data reduction. The conducted analysis of
radiosonde observation data showed that the procedure and technical errors of the aerologists are not
uncommon.

All the above in conjunction with sufficiently low full value of aerogical stations network on
the territory of the Russian Federation doesn’t allow to use the radiosonde observation data with the
aim of freezing level recognition at the certain airfield”.

Temperature BGT, for instance, MTR-5, may serve as an alternative reference source in
terms of a freezing level for the purpose of the solution to the problems of meteolocation. The mi-
crowave temperature BGT MTR-5 is the most admissible means of temperature distribution meas-
urement, in contradistinction to SODAR and RASS [4-6] systems. It provides the measurement of
temperature at the surface upward to 1000 meters with the discretization in 5 minutes [7-10].
Blending technique is used to derivate temperature distribution higher than 1000 m. This is the
integration of temperature distribution observations Temperature BGT MTR-5 is the investigative
means of obtaining data on temperature distribution at the airfield and may serve as an extra data
source in terms of freezing level for SDAMR or in terms of the freezing level -22°C, which is also
used with the aim of WH identification.

Alongside this, pinpoint location of BGT requires answering the question: on what distance is
its information representative for using it in radar data reduction algorithms? Answering this question
allows us to form recommendations for recognition of an appropriate temperature BGT MTR-5 instal-
lation area at the airfield.

The present article covers the questions of freezing level spatial variability and height differ-
ence analysis, according to the data of the two BGT MTR-5.

FREEZING LEVEL ESTIMATED AND EXPERIMENTAL DATA INFLUENCE
ON WEATHER HAZARD IDENTIFICATION

The updated SDAMR works in the mode SEGMENT alongside with the major mode
SURVEY. The mode SEGMENT permits WH sighting in the segments of the aircraft taking-off and
landing. Trial runs of SDAMR "Monocle", conducted in "Group of Companies "International Air Nav-

% Radiosonde plan. Federal State Budgetary Institution “Central Aerologic Observatory”. Available at: http://cao-
ntcr.mipt.ru/monitor/stuff/upperair/upperair-rf2017 (accessed 25.10.2019).
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igation Systems" showed the high WH forecast success rate degree of the present weather radar. Along
with WH sighting (among others, wind shear and turbulence), this SDAMR precipitates the phase of
hygrometeorogical evolutions (snowfall, rainfall, ice rain, supercooled droplets, etc). Hydrometeor
phase precipitating can be implemented in two ways:

- on the ground of dual polarization data (differential reflectivity, cross-correlation, differential
phase shift);

- on the ground of vertically-integrated liquid water content data and temperature distribution at
the weather radar installation point.

In terms of the second way WH forecast success rate degree, according to the data of SDAMR,
largely depends on freezing level recognition accuracy (0°C and -22°C). Freezing level data is either
accounted in SDAMR according to the data of the weather base at the airfield (temperature at the sur-
face at the altitude of 2 meters and gradient of the temperature at the surface within the conditions of
normal air -6,5°C/km), or actual freezing level experimental value is set into the weather radar. Mean-
while, experimental freezing level data is with highest priority because it provides more qualitative
solving of WH identification problems.

There is the weather events map according to the data of the SDAMR "Monocle" at Pulkovo
airfield (17.07.2015) in Figure 1. Freezing level estimated data (2900 m) was used in the aim of the
map development.
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Fig.1. Map of meteorological phenomena according to MRLS BZ
«Monocle» at the calculated freezing level

Some zones (marked with black) were missed in the SDAMR "Monocle" while using freezing
level estimated data. Hail precipitation was being factually observed in these zones. Hail precipitation
was identified according to DML-S of The Russian Federal Service for Hydrometeorology and Envi-
ronmental Monitoring meteoradar network data (Figure 2).

There is the weather events map according to the data of the SDAMR "Monocle" in Figure 3.
Freezing level experimental data (2395 m) was used in the aim of the map development according to
the temperature distribution data of upper-air sounding station ("Voeykovo" AS). The areas of hail
precipitation storm centers according to the data of SDAMR "Monocle" coincided in space and time
with the ones according to the data of DML - S while using freezing level experimental data.
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Fig. 2. Map of meteorological phenomena according to DMRL-C

J T T it] X
< ,WA R ARt Aoy 00 00

‘i(-_ o B, o O

(ovepv)

X
VP R
1}' AY

OuNah
‘/;\ " L—rl ) 4 yrepr—

Chatmai

]

=% 9/ 550 mmnly

74

ik
-

i

Fig. 3. Map of meteorological phenomena according to MRLS BZ
«Monocle» at the actual freezing level

Thus, freezing level experimental data permit to avoid mistakes while identifying WH and to
increase weather forecast success rate degree. This is utterly important for flight security at the airfield.

EXPERIMENTAL ESTIMATE OF FREEZING LEVEL SPATIAL VARIABILITY
AT THE AIRFIELD

Experimental research was conducted in order to analyze the freezing level height difference
and estimate the freezing level spatial variability according to the data of the two MTR-5. The BGT
were spaced-apart. The two single -type temperature BGT were installed at "Orlovka" airfield and in
the country of Abutkovo, Tver Region.
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airfield Orlovka

Fig. 4. Placement of temperature profilers MTR-5

The research was conducted in winter time (18.01.2019 — 18.02.2019). There is temperature
BGT MTR-5 installation, demonstrated in Figure 4. BGT were spaced-apart at a distance of about
10 kilometers long.

While conducting the experimental research and handling its data, they didn’t take the follow-
ing cases into consideration:

- when the freezing level was registered near the ground (up to dozens of degrees)

- there was frontal passage, because frontal zones are distinct in remarkable changes in the
temperature at the surface (up to dozens of degrees).

With this in mind, handling the experiment data was being conducted for a sampling size of
161 measurements. Handling of the two temperature BGT data resulted in the following:

- the maximum value of the freezing level height differences is 600 m;

- the minimum value of the freezing level height differences is -200 m;

- the mid-value of the freezing level height differences is 27,64 m;

- the standard deviation of the freezing level height differences is 169,64 m.

There is a histogram of the freezing level height differences proportioning, according to the da-
ta of the two MTR-5 in Figure 5.
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Fig. 5. Histogram of the distribution of the height difference of the freezing level according to two MTR-5
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It should be noted that it’s important to take into account the changes in the freezing levels at
two points during the advective heat transfer while setting the freezing level data into SDAMR. Such
cases were not detected in the present sample.

Thus, the experimental data shows us that the freezing level height difference varies within a
relatively narrow range - from -200 m to 600 m. The roughness of the freezing level height differences
deviation (more than 200 m in absolute value) is 12 %. These results permit to make an important con-
clusion. There is a practical possibility of using the one temperature BGT MTR-5 data within a raduis
of 10 km from its installation point with the aim of setting the derivated values of the freezing level
height into SDAMR. Derivated data (from one MTR-5) may be used for estimating the hydrometeor
phase in meteoradar at the airfield in the segments of the aircraft taking-off and landing, including the
detection of possible icing areas.

CONCLUSION

The conducted experimental research showed us that using the two temperature BGT permits to
prolong obtained temperature distribution values in the radius of 10 km from the installation area and
to apply obtained temperature distribution values of one of them while carrying take-off and landing
manoeuvres out. Along with that, experimental research was conducted in the winter period and for the
certain district in Tver Region. Further experimental researches in different seasons and in different
regions of the Russian Federation are of some practical interest. Besides that, the methods of detecting
the spatial and temporal changes in the temperature distribution according to the results of some tem-
perature BGT MTR-5 measurements is also of some practical interest [ 12—13]. More accurate freezing
level data might be derivated by a complex handling of temperature BGT (such as BGT) data and the
results of temperature distribution measurement during the certain radiosonde output at the airfield.
Using the Unmanned Aerial Vehicle as the means of the radiosonde getting up is the most appropriate
way in these purposes [14].
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AHAJIN3 PABHOCTHU BBICOT HYJEBOM U3OTEPMbI IO JTAHHBIM
ABYX TEMIIEPATYPHBIX IPO®UJIEMEPOB

9.A. Eoneﬂonl, 0O.B. Bacuﬂbenz, K.H. Fa.ﬂaeBa], C.A. 3a6xun’

"Mockoscrui 20CY0apCmeeHHblll MeXHUYECKULL YHUBEPCUMem padCOAHCKOU aguayull,
2. Mockea, Poccus

‘40 «Konyepn «Meswcoynapoonvle asponasuecayuonuvle cucmemsiy, 2. Mockea, Poccus

OnmHuUM 13 OCHOBHBIX IIOKa3aTeNlel, XapakTepH3YHOIIUX KayeCTBO METEOPOJIOTMYECKOro OOECHEUEeHHs I10JIETOB, SBISETCS
OIPaBJbIBAEMOCTh ABHALIMOHHBIX METEONPOTrHO30B M IPOTHO30B OMNACHBIX METEOPOJIOTMYECKUX SIBICHUM moroasl. [l
OOHapy>KeHHSI W IIPOrHO3a ONACHBIX METEOPOJIOTMYECKHMX SIBJICHWH IIOrO[bI B HACTOSIIEE BpPEMsI HCIOJB3YIOTCS BECbMa
COBEpILIEHHBIE CUCTEMBI, K KOTOPbIM OTHOCSTCSI METEOPOJIOTHYECKUE PAJIOIOKAIIMOHHBIE CTAIMK OJIM)KHEHN a3pOopOMHOM 30HBL.
J1ocTOBEpHOCTH MMPOrHO3a TAaKKX OIMACHBIX METEOSBIICHMI, KaKk 00JieIcHEHNE, TPO3bl, Tpajl, MIKBAIMCTHIA BETEp M0 MH(OPMAIH
OT METEOPOJIOTHIECKUX PAIHOTIOKAIMOHHBIX CTAaHIWMH OMIKHEW a’poIpOMHON 30HBI B CYIIECTBEHHOH CTEIICHH 3aBUCHT OT
JIAHHBIX O BBICOTE HYJIEBON M30TepMbL. KOPPEKTHOCTH BBEICHHBIX 3HAYECHUH TOJIOXKEHHS HyJIEBOH M30TEPMBI HAPSMYIO BIUSIET
Ha BEPOSTHOCTH JIOKHBIX TPEBOT, & CIIEIOBATENBHO, U Ha CTEHEHb OINPAB/IBIBAEMOCTH METEONPOTHO30B M IIPOTHO30B OINACHBIX
MeTeosiBIeHNH. VICTOUHNKOM MH(OpPMaLUK O TOJOXKEHWH HyJIEBOM H30TEPMBI MOTYT CITyXKUTh JAHHBIE PaJHO30HIMPOBAHUS
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arMocdepsl. OHAKO JaHHBIC a9POJIOTHYECKOTO PAIHO30HANPOBAHUS aTMOC(EPhI HE SBISIFOTCS OrepaTHBHBIMU. Kpome storo, B
HacTosiliee BpeMsi Ha adposioruueckod cerd Pocruapomera TMOMHMO —JIOCTATOYHO COBPEMEHHBIX — a3POJIOTHUECKUX
PaIMOIOKAIMOHHBIX CHCTEM HCIIONB3YIOT MOPAJIBHO ycTapeBIue cucteMbl. CKa3aHHOE, B COBOKYITHOCTH C JIOCTaTOYHO HHU3KOU
MIOJIHOCTBIO CETH a’pOJIOTMUYECKUX CTaHIMK Ha Teppuropuu Poccuiickoit denepaivy, He MO3BOJISIET ONEPATUBHO UCIOJIL30BAThH
JIAaHHBIE PAJVO30HIUPOBAHKUS JJIsl ONPENENIeHUs] BHICOTHI HYJIEBOM H30T€PMbI HA KOHKPETHOM adpojpoMe. AJBTEpHATHUBHBIM
HCTOYHMKOM HMH(OPMAIMU O TOJIOKEHUH HYJCBOH HM30TEPMbI YIS PEICHUS 3324 METCOJIOKAIMU SIBJITFOTCS TeMIIEpaTypHbIC
npodunemepsl. TeMmneparypHsIii ipodrieMep OTHOCHTCS K IMCTaHIIMOHHBIM CPEACTBAM M3MEPEHIS MapaMeTpoB aTMOCHEpEL, a
MIPUHIIMI €ro pa0oThl OCHOBaH Ha MeToAax paaroMerpur. C IMOMOINBIO TEMIIEpaTypHOro npoduiieMepa MOKHO OIEPaTHBHO
rnoiydyars MH(GOpMALUK O HpodHIE TEMIEPATyphl Ha a’pOAPOME H, CJIEJ0BATEILHO, OH MOJKET BBICTYIIATh HCTOYHHKOM
HEOOXOAUMBIX JIJISI METCOPOJIOTMYECKOM paJloI0OKAIMOHHON CTAHIIMK JaHHBIX O HYJIEBOM M30TEpMeE, a TaKkke 0 m3otepme -22°C,
KOTOpasi TOXE WCIONB3YeTCsd ISl WACHTH(HUKAIMK OIaCHBIX METEOsIBJICHW. B HacTosIel craThe IPOBENCH aHAIN3
MPOCTPAaHCTBEHHON W3MEHYMBOCTH TIOJIOKCHHUSI HYJIEBOM HM30TEPMBI 10 NTAHHBIM JIBYX TEMIIEpaTypHBIX mpodumemepoB. B
pe3yabTaTte AKCIEPUMEHTABHBIX HCCIECIOBAHUN ONPEHENICHO, YTO B paguyce Okojo 10 KMIOMETpoB OT MecTa YCTAaHOBKU
npoduiieMepa M3MEpeHHbIE MPOGHIN TEMIIEPATYPbl OCTAIOTCS MPAKTHYECKH HEU3MEHHBIMH. JTOT pe3yJbTaT MOXET ObITh
WCIIONTb30BaH TpU pa3paboTke METOJWK pa3MEIIeHHs CPENICTB METEOPOJIOTMYECKOr0 OOECIIeUeHHs TOJIETOB Ha a’pojpoMe.
[TpakTiyeckuii UHTEpEC TakkKe MPEACTABISIOT AHAIOTMYHBIE HWCCIENAOBAHHS Uil adpOJPOMOB, PACIIONOKEHHBIX B TOPHBIX,
MPUMOPCKHUX U JPYTUX reorpaprdeckux perronax Poceum.

KnioueBbie ciioBa: TemmeparypHblii npodmiemep, Npoduib TeMIepaTypbl, Oe30M1acHOCTh IIOJIETOB, METEOPOJIOTHYECKOe
o0ecriedeHue MoJeTOB, HyJIEBasi U30TePMa, OITacHbIE METEOSBICHHSL.
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AHAJIN3 PE3YJIBTATOB UCHIBITAHU 1 CEPTU®UKAIIUA
METEOPOJIOTHYECKOI'O PAINOJIOKAIIMOHHOI'O KOMILJIEKCA
BJIN’KHEW ADPOJIPOMHOM 30HbBI

1
K.1. TAJTAEBA
] o o o« o
Mockosckuii 2ocy0apcmeenHblli meXHU4eCKull YHUgepcumem epaxcoanckol asuayuu,
2. Mockea, Poccus

B craTtbe mperncraBieHbl pelaeMble 3a7aul, XapakTepHble OCOOSHHOCTH, TAKTHKO-TEXHUYECKHE XapaKTePUCTUKH, BO3MOXKHOE
pa3MellieHre ¥ 00NacTb MPUMEHEHHS] METEOpPOJIOTMYECKOTO DPaHOJIOKAIIIOHHOIO KOMIUIEKCa OJIMKHEH a’pOIPOMHOM 30HBI.
[IpousBeneH aHamM3 pe3yNlbTaTOB CPAaBHEHHMS METEOPOIOTMYECKHX —PaJUOJIOKALMOHHBIX JAHHBIX METEOPOJIOTHUECKOro
PaaMONIOKAIIMOHHOTO KOMIUIEKca OJIMDKHEH a’pOoIpOMHOM 30HBI C  JIOCTOBEPHBIMH HCTOYHHKAMHM METEOPOJIOTHUECKOH
nH(POpPMAINH, TTOTYyYEHHBIX B XOJIE MPEBAPUTEIBHBIX, IPUEMOYHBIX, CEPTH(HHUKALMOHHBIX HCIBITaHNH. OncaHbl 0COOEHHOCTH
NPOBEACHUS B XOJE WCHBITAHWI BaIMIAIMM METEOPOJIOTHYECKHX —Pa/IMOJIOKAIMOHHBIX JIAaHHBIX METEOPOJIOTHYECKOTO
PaIMOTIOKAIMOHHOTO KOMIUIEKCA ONFDKHEH a’pOAPOMHOI 30HBI, a MMEHHO: OIMACHBIX METEOPOJIOTHYECKUX SIBICHUH (JMBHU
pa3HOW MHTEHCHBHOCTH, Tpo3bl BeposTHocTH 30-70 %, 71-90 %, > 90 %, rpam pasHOW CTENCHHM MHTCHCHBHOCTH, IIKBAI
Pa3IMYHON WHTEHCHBHOCTH), CKOPOCTH W HANpPAaBJICHUS TepeMelIeHns] 00NauyHbIXx 00pa3oBaHM, BEKTOPHOTO MOMS CKOPOCTH.
[Toka3aHbl MpPHUMEpPHI COTIOCTABIICHUS JAHHBIX METEOPOIOTMYECKOTO PaaroiIOKAIFIOHHOTO KOMIDIEKCa OMMKHEH a’poipOMHOM
30HBI C JIAHHBIMUA M3 alpPHOPHO JOCTOBEPHBIX MCTOYHHKOB MH(OpMAIMK B Buie Kapt, rpadukoB u Tabmuu. [TokazaHo, 4To
pe3yNbTaThl JaHHBIX METEOPOJIOIMYECKOrO PaJHOJIOKAIMOHHOTO KOMIUIEKCa OJIMKHEI a’popOMHOM 30HBI IOJYYEHBI B XOJIE
HUCIIBITAHUN U CepTI/I(l)I/lKaHI/Il/I C OXBaToM TEIIOro XO0JIOAHOTO MEproA0B ronaa, O6’béM B])I60pKI/I ABJICTCA CTAaTUCTHUYCCKU
3HaYUMBIM (KpOME€ BBIOOPKM JUIS OLEHKM KayecTBa IIOCTPOCHHMSI BEKTOPHOTO IIOJIsI CKOPOCTH TI0 CaMOJIETHBIM U
PaaMOJNIOKAIMOHHBIM JTAHHBIM BBHYy OCOOEHHOCTH IPOCTPAHCTBEHHO-BPEMEHHOTO COIOCTABJIEHMS JTAHHBIX JIBYX YKa3aHHBIX
WCTOYHUKOB). YCTaHOBJICHO, YTO METCOPOJIOTHUYECKUI Pa/JMOJIOKALMOHHBI KOMIUIEKC OJMDKHEH a’pOIpOMHOIM  30HBI
o0ecrieynBacT NPHEMIIEMOE B COOTBETCTBUM C TPEOOBAHMAMH KAueCTBO IOCTPOCHMSI KapT METEOPOJIOTMYECKHX SIBJICHHH,
BEKTOPHOTO TIONSI CKOPOCTH M OIEHKY BEKTOpa IepeMEIICHHs OONIaYHBIX 00pa3oBaHHWi. B cTaThe MpOMILIFOCTPHPOBAHEI
PE3yABTaThl CTATHCTUYECKOTO aHAIM3a JTAHHBIX METEOPOJIOTHYECKOTO PAIHOJIOKAIMOHHOTO KOMIUIEKCa ONFKHEH adpoJpOMHON
30HBI, TIOJly9€HHBIC aBTOPOM CTAThHU JINYHO. AHAIN3 METEOPOIOTHYECKHUX JTAHHBIX METEOPOJIOTHYECKOrO PAJIHUOJIOKAIIMOHHOTO
KOMIUIEKCa OMDKHEH a’poJpOMHONM 30HBI OCYHIECTBIEH B IIEX [JalbHEHIIEH SKCIUTyaTalldd METEOPOJIOTHYECKOTO
PaIMOIOKAIMOHHOTO KOMIUIEKCa OVKHEH 30HBI a3poipoMa.

KitroueBble cJI0Ba: METCOPOIIOTHYESCKUH PaHOIOKATOP, OIMIKHSIS 30HA a3pOJIPOMa, OIACHBIC SBJICHHS TTOTOIbI, BEKTOPHOE MOJIE
CKOPOCTH, BEKTOP CMEIIIEHHUS 00JIaYHBIX 00Pa30BaHMU, HCIILITAHUS U CEPTU(DUKALINS, BATTMAALUS METEOPOJIOTHUECKHIX TAHHBIX.

BBEJEHHUE

B HacTosiee BpemMsi METEOPOJIOTHUECKUE PAAHOIOKATOPhI SBISIFOTCS HCTOYHUKOM JAaHHBIX O Me-
TEOPOJIOTMUECKUX SIBJIICHUSAX M IapaMeTpax C BBICOKOW JUCKPETHOCTBIO BO BPEMEHM M IPOCTPAHCTBE.
[ToBcemecTHOE BHEIpEHHE METEOIOKAaTOPOB B XX B. 00ecneunio AajabHellee pa3BUTHE METEOPOJIOTHH
B HAIIPaBJICHUM WU3YyYEHUS SBJICHUM MOrOJbl, a TAKXKE NPEAOCTABUIO BO3MOKHOCTh UCIIOJIB30BaHUS Me-
TEOPOJIOTMUECKUX PATHOIOKAIMOHHBIX JAHHBIX B CHHONTHYECKOW MPAKTUKE U B MPOrHOCTUYECKUX MO-
nensx noronsl [1-6]. B cBoro ouepenp, HaOdrOnEHHE 32 THAPOMETEOPOJOTMYECKUMHU 00Pa30BaHUSAMU
IIPYU NOMOIIY PAJUOIOKAMOHHOTO METOJ]a U3MEPEHUI HANpsAMYIO MOBJIMSAIO Ha pa3BUTHE ME30OMETEO-
pOJIOTMH, U3YYaoLled Me30MacITaOHbIE SBJIECHUS MOTOJbl, a UIMEHHO: IPO30BbIE U T'PAJOBbIE OYarH,
(pOHTHI MOPBIBOB, IIKBAJIBI, CMEPUYH, OpHU3bI, KOHBEKTUBHBIEC sSUeiKky, cynepsueiiku [7-9]. bnaronaps
JAHHBIM METEOPOJIOTUYECKOTO PAJUOIOKATOpA CTAJIO BO3MOXKHBIM KOJIMYECTBEHHO MHTEPIIPETUPOBATH
oOHapy>KrBaeMbIe Ocaky Ha Oonbimx wiomazsx [10—12]. B Hacrosimiee BpeMs: onepaTuBHO (YHKIIUO-
HUPYET MHOXECTBO METEOPOJOTHYECKUX PAJUOJOKALNOHHBIX CHCTEM C PA3JINYHBIMM TaKTHKO-
TEXHHUYECKMMHU XapakTepucTukamu [13—15], omnako cymiecTByeT moTpeOHOCTh B CO3JIaHUM Masorada-
PUTHBIX METEOPOJIOTMYECKUX PaJNOJIOKATOPOB, KOTOPBIE B TOM YHCIIE CMOIYT paboOTaTh B OTAAJIEHHBIX
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peruonax Poccuiickoii @eneparmu [16]. ManorabaputHble METEOPOIOTHYECKUE PaIMOIOKATOPhI MOTYT
YCTaHABJIMBATHCS MEXAY KpyHMHOrabapuUTHBIMH — Ha 0a3e ONepaTUBHO PabOTAIOMIMX METEOJOKAaTOpPOB
Pocrunpomera [17]. IIpu 3TOM cyIIecTBYeT MOJIOKHUTEIbHBIN OMBIT OObEAMHEHUSI METEOPOIOTUICCKUX
PaMOJIOKATOPOB C PA3IMYHBIMU TAKTUKO-TEXHUYECKUMH XapakTepucTukamu [18,19]

Opranmzanueit OAO «bopToBbIe a’3pOHABUTallMOHHBIE CHCTEMBD» ObLT paspadoran MPJIK
BA3, npennasHadeHHBIA 17151 CO3MaHMS PAJAMOIOKAIIMOHHOTO METEOPOJOTHUECKOTO TOJISI B ONMKHEH
30He a’ponpoma. Coznanue oreuectBeHHOro MPJIK BA3 oTBeuaeT cOBpeMEHHBIM TPeOOBAHUSAM HM-
MIOPTO3aMEIICHHUS.

HA3ZHAYEHMUME, 3ATIAYH, OBJIACTD IPUMEHEHUS MPJIK BA3

MPJIK BA3 obecnieunBaeT npeoCcTaBICHHE METEOPOIOTHUECKOM HH(OPMAITUH METEOPOJIOTH-
YECKUM CITy’K0aM U ToJIpa3AesieHUsIM a3poIPOMOB Pa3IMYHBIX BHUOB aBHAIIMU U JIPYTUM MOTpeOUTE-
JISIM PaJOJIOKAIIMOHHON METEOPOJIOTHYECKON HH(POPMAIIUH.

MPJIK BA3 pemraer crneayromiye 3aJa4i B COOTBETCTBUU C TPeOOBAHUSMU, U3JI0KEHHBIMU B
MICTOYHHKE

1) oOHapyx)eHHe U Ki1accuuKaiyss METEOPOJIOTHIECKIX SBICHUH MIPU KPYTOBOM M CEKTOPHOM
0030pax MpOCTPaHCTBA;

2) oIleHKa KOOPJAMUHAT ¥ pa3MepOB 0OHAPYKEHHBIX METEOOOBEKTOB U SIBJICHMIA,

3) oOHapyx)eHue 30H OMacHOW TypOyJIEHTHOCTH M CIBHTa BETpa C MPUOPUTETOM B CEKTOpax
B3JIETa U MMOCAKU BO3AYIIHBIX CYOB;

4) olIeHKa HAIPaBJICHUS U CKOPOCTHU TIepeMEIIeHUsT 0OHAPYKEHHBIX METEOOOBEKTOB.

XapakrepabiMu ocobenHoctsiMu MPJIK BA3 siBistroTcs:

e TPEJOCTABIEHUE METEOPOJIOTHUYECKHX DPATUOJOKAIMOHHBIX JaHHBIX O BETPOBBIX XapaKTe-
PUCTHKAX, & IMECHHO BEKTOPHOE IOJIE CKOPOCTH, CABUTH BeTpa (TOPU30HTAIBHBIN U BEPTHU-
KaJIbHBIN), YJIeJIbHas CKOPOCTh AUCCUTIAIIUH TypOYJIEHTHON SHEPTUY;

e TIpefoCTaBIeHHE MeTeoposiornyeckoil nudopmaryu it pexxumoB «OB30P» u «CEKTOP»,
MO3BOJISIONIEE TOBBICUTH 3(P(HEKTUBHOCTH PAOOTHI OSCITUIIOTHBIX JICTATEILHBIX allapaToB U
JOpyrux BO3AYIIHBIX cyaos [20, 21].

OcHoBHbIE TakTHKO-TexHUYeckne xapaktepuctuku MPJIK BA3 npencrasnens: B Tabm. 1.

Taoauna 1
Table 1
OcCHOBHBIE TaKTHUKO-TeXHUYEcKue xapakrepuctuku MPJIK BA3
The main tactical and technical characteristics of MRLK BAZ
HanmeHOBaHME XapaKTepUCTHKU 3HaueHHe
MOIIHOCTh U3YUYEHHUS B UMITYJIbCE 100 Bt
Pabouas gacTtoTa 9330-9375 MI'u
Tun aHTeHHBI [lleneBas anTeHHas peUIETKAa C TOPU3OHTAIBLHOM TO-
Ispu3anuen
Mupuna JHA 3°15'x3°1%
MeTeopoJIOTHYECKHI paInOJIOKAIMOHHBIN NoTeHnan | He meHee 250 nb
Pa3mMepsbl nuametrp — 115 cm; Beicota — 110 cm
Macca He Oonee 75 kr

Takum oOpa3oM, npeacTaBieHHbIe B Ta0d. | HU3KME Macco-rabapUTHBIE XapaKTEPUCTUKH Me-
TEOPOJIOTMYECKOTO PaJUOIOKAIIMOHHOIO KoMILIeKkca mo3BouisaioT ycranaBnuBath MPJIK BA3 na 0aze

' HacrapiieHHe 1O METEOPOIOrHYECKOMY OOECIeueH IO TPaXKIaHCKo aBuary Poccuiickoii denepaun (HMO [A-95).
M.: Pocrugpomer, 1995. 156 c.
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Ipy30MacCa)kupCKOro JIMHHOOA30BOr0 aBTOMOOMIISL C BBICOKOW KpBILIEH ISl OCYIIECTBICHHUS Bpe-
MEHHBIX HaOmoaeHui (puc. 1). Ipyroe Bo3moxxknoe pasmenieaue MPJIK BA3 — Ha kpblliax agMUHU-
CTPAaTHBHBIX U JAPYTUX 3laHUM, CEIMaIbHBIX MauTax (BbIKax) — puc. 2. s yctanoBku MPJIK BA3
HeoOXoarMa poBHAs TOPU3OHTAIBHAS IIIOINIAIKa pa3MepoM He MeHee 750x750 MM, obecrieunBaromias
HaaExHy10 ycraHoBKy MPJIC ¢ moMonipio MTaTHOro KpenéxHoro KOMILIEKTA.

Puc. 1. Pasmemenne MPJIK BA3 Ha 6aze Puc. 2. Pasmemenne MPJIK BA3 Ha crienmmansHOi MauTe
TPy30IacCa)kUPCKOT0 JUTMHHOOA30BOTO aBTOMOOHIIS (BBIIIKE)
Fig. 1. The placement of MRLK BAZ on the basis of a Fig. 2. The placement of MRLK BAZ on a special mast
cargo-passenger long-base vehicle (tower)

Ob6nacteio npumenenust MPJIK BA3 sBisttoTcs a3poapoMsl, oca ouHble TUIOIAAKH, IIO0MIa -
KM IPU3EMIICHUS, PaOHBI BO3MOXKHBIX UPE3BBIYANHBIX CUTYAIUH.

OCOBEHHOCTH MPOBEJEHUS UCHBITAHUN U CEPTU®UKAIIUA MPJIK BA3

Jlns npoBepku mpuemMieMod UACHTHU(PUKAIMN METEOPOJIOTHUYECKUX SBICHUN M KOPPEKTHOTO
ONpeJieNICHUs] BEJIMYMH METEOPOJIOTUUECKUX XapaKTEPUCTUK U TapaMETPOB HA OJTHOM U3 3TAINOB MPe.I-
BapUTENbHBIX, IPUEMOYHBIX, CEPTU(UKAIIMOHHBIX UCIBITAHUN METEOPOJIOTHYECKOTO PaJU0JIOKANOH-
HOT'O KOMIUIEKCa OJIM)KHEH a3poJpOMHOI 30HBI MPOBOAMIIACH HETIOCPEICTBEHHAS BAJIMIAIMS METEOPO-
JIOTUYECKHUX paarosioKaimoHHbIX JaHHbIX MPJIK BA3 ¢ nanHbIMU U3 alpHOPHO TOCTOBEPHBIX UCTOU-
HUKOB. 3a JOCTOBEPHBIC UCTOUYHUKH OBLIH MPUHSTHI: HA3E€MHBIE METEOPOJIOTHUECKHUE CTAHIIHH, B TOM
yucie adposnorudeckue (maigee — MC), cepTudunupoBaHHbIe JOKAaTOPHI ceTH Pocruapomer (nanee —
MPIJIC), rpo3zonenenratopsl, nanasie AMDAR.

Jlns onpeneneHust MOpsiAka U MPaBU BaIMJALMU TIEpe] NpeABaApUTEIILHBIMH, PUEMOYHBIMU U
ceprudukanoHHsiMu uctisitanusiMu MPJIK BA3 opranmsarmeit OAO «bopToBble adpoHaBUrallMOHHbIE
CUCTEMbD» ObLIM pa3paboTaHbl METOAMKH BAaJIMIAIMU JAHHBIX METEOPOJIOTHUECKUX PaHOJIOKAIIMOHHBIX
KOMIIJICKCOB OJIMKHEH 30HBI (1anee — MeToarka) B COOTBETCTBUU C paszenom 8.1 MCTOYHHKA’, pazzaenom
11 ucrouHmKa® 1 GbUIA COTTIACOBAHA CO ctpykrypamu Pocrugpomera Poccuiickoit @enepanumu.

B Metoauke npeacraBieHbl 0OCOOCHHOCTH BaTHIAIMHU (WJIH TPOCTPAHCTBEHHBIC, BPEMEHHBIE U
KauyeCTBEHHbIE IIPABHJIA COMOCTABIICHHUS) CIIEAYIOIIEH METEOPOJIOTHYECKO HH(pOpMaLnu:

e KJIacCCHU(PUIIMPOBAHHBIE METEOPOJIOTHUECKUE SIBICHUS - OMACHBIC SIBJICHUS TOTOJBI (JIUBHU;

rpo3sl BepossTHOCTH 30-70%, 71-90%, >90%; rpan pa3HON CTENEHU UHTEHCUBHOCTH, IIKBAJI
pa3IMYHON MHTEHCHUBHOCTH, TOPHAIO (cMepy));

* BpeMeHHbIe METOMUECKHE YKa3aHHs MO HCIIOJb30BAHMIO HH(OPMALMH JOTIEPOBCKOTO METEOPOIOTHIECKOr0 PaaHoio-
xaropa JJMPJI-C B cunontuueckoit mpakruke. M., 2014. 110 c.

? BpeMeHHbIE METOIMUECKHE YKA3aHUs 10 HCIIOIb30BAHMIO HH(DOPMAIHH JIOIIEPOBCKOTO METEOPOIOrHYECKOr0 PajIHoIIo-
xaropa JJMPJI-C B cunontuueckoit mpakruke. M., 2017. 121 c.
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e CKOPOCTb M HaIlpaBJICHNUE NIEPEMELICHHSI METEOPOJIOTMUECKUX SIBICHUN;

e BEKTOPHOE M0JI€ CKOPOCTH.

B kagecTBe mpumepa CONMOCTAaBICHHUS AAHHBIX O KJIACCH(PUIUPYEMBIX METEOPOIOTHUYECKUX SIB-
JICHUSIX U3 PaA3JIMYHBIX MCTOYHUKOB MPOJAEMOHCTPUPOBAHBI KapTa MeTeosiBIeHUN B sueiikax MPJIK
BA3 ¢ 25-km okpectHOCTAMU OTHOCHTENbHO MC — puc. 3 u o0beMHEHHAsS KapTa METEOsIBICHUI B
sdeiikax JokatopoB cetu Pocrunpomer — puc. 4.

Cornacno Metoauke rpo3bl, Habmogaemble Ha MC, noareepkaatotcst naHHbIME MPJIK BA3 B
clydae WX JMArHOCTUPOBAHUS B 25-KM OKPECTHOCTH OTHOCUTENbHO MC (T.e. rpo3a pa3HO#l CTeneHU
BEPOSITHOCTH siBJsieTcs: onpapnasiieiicss no nanabiM MPJIK BA3). LlBeToBble rpagaiuu mKain METeo-
POJIOTUYECKUX SIBICHUM COOTBETCTBYIOT APYT APYTY.

ki / 50 - : |
25 : %
& i
Puc. 3. Kapra meteoposiornueckux siBieHuii B ssueiikax MPJIK Puc. 4. Kapra mereosnennit MPJIC 17.07.2015 r.
BA317.07.2015 r. 16:59 UTC. IlyHKT pa3memeHus — 17:00 UTC. UépHast OKpy>KHOCTb — MaciiTad JaibHOCTH
aspoapoM «OpiioBka». UEpHbIE OKPY>KHOCTH — 25-KM PaJNyChl 100- km MPJIK BA3 otHOCUTENBHO a3poapomMa
OTHOCHUTEJIBHO Ha3eMHBIX METEOCTaHIINI «OprnoBkay
Fig. 3. The map of meteorological phenomena in the cells of  Fig. 4. The map of meteorological phenomena of MRLS
the MRLK BAZ 07/17/2015 16:59 UTC. The placement 07/17/2015 17:00 UTC. The black circle is the range
point — Orlovka airfield. Black circles — 25km radii relative to scale of 100 km of MRLK BAZ relative to the Orlovka
terrestrial weather stations airfield

Cornacuo pansabM xypHana KH-01 va MC Crapuna u ['arapun HaOI01anuck Tpo3bl MEXKIY
cuHontudeckumu cpokamu (¢ 15:00 go 18:00 UTC). Takum obGpa3om, HaOIIOAABIIMECS 11O JaHHBIM
MC rpo3ssl noarBepawinch nanHbiMu MPJIK BA3 u nanasimu MPJIC.

IIpu ananu3e kayecTBa MOCTPOEHUS BEKTOPA MEpEeMENIEHU MeTeoaBiIeHnI o qanHbiM MPJIK
BA3 comocTaBisuMch MOTydeHHBIE ATOPUTMAYECKH U3 PaJUAIbHON CKOPOCTH 3HAYCHHS CKOPOCTH U
HaNpaBJICHUS TIEPEMEIICHUS M PACCUYNTAHHBIC 3HAYCHHSI CKOPOCTH M HAIIPABJICHUS MTEPEMEIICHUS Me-
TEOSBIICHHI MO ABYM COCEJHUM KaJipaMm 110 BPEMEHH.

[TonmyueHHble [uarpaMMbl CTaTUCTUKU Pa3HOCTH 3HAUYEHUI XapaKTEPUCTHUK CKOPOCTH IepeMe-
IIEHUS] METEOsBICHUH Mpe/ICTaBIeHbl HA pHC. 5, 6 (CKOPOCTh U HAIIPABICHHUE NEPEMELICHUS METEOsB-
JIEHUW COOTBETCTBEHHO).

Taxum 00pa3om, 3HAUYEHUS CPEHETO CMEUICHHUS OIICHOK CKOPOCTH M HAIIpaBJICHUS NepeMerne-
HUs coctaBuiio MuHyc 0,75 m/c u munyc 0,05° (COCTaBIAIOT At CKOPOCTH M HampasieHus okoio 10%
3HaYeHUH OIleHMBaeMoro mapamerpa). CieoBaTeNnbHO, OIICHKH CKOPOCTH U HalpaBJICHUS MepeMele-
Hus MmereosiBiaeHnii B MPJIK BA3 mo naHHBIM JOINIEpOBCKON pajMaabHOW CKOPOCTH SIBIISIOTCS He-
CMEILEHHBIMH.

[Ipu ananm3e BEKTOPHOTO TOJISI CKOPOCTH K comocTtaBiieHnto npusiekaniuch MPJIK BA3, pas-
MenéHHoro B r. KpacHoropck, u JaHHbIE a3poJIoruueckoro 3oHaupoBanus (ganee — AD) n. Jlonro-
NPYAHBIA, BKIIOYAIONIUE B ce€0sl JAaHHBIE O BETPOBBIX XapaKTEPHUCTUKAX.
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NePEMEILEHUS] METEOSBICHUI B 3aBUCHMOCTH OT MX HaIpaBJICHUs NIEPEMELICHUS METEOSBIIEHUH B 3aBUCUMOCTH
3HAYEHM 10 JAHHBIM KapThl METECOSBICHUI OT UX 3HA4YEHUS 110 JaHHBIM KapThl METEOSIBICHUH

Fig. 5. The diagram of the differences sample that estimates  Fig. 6. The diagram of the differences sample that estimates
the weather phenomena movement velocity depending the weather phenomena movement direction depending
on their value according to the map of weather phenomena  on their value according to the map of weather phenomena

Mecronaxoxaenue MPJIK BA3 u asponoruueckoil ctanuuu B r. JlonronpyaHslid npecTaBiie-
HO Ha puc. 7.

Ha puc. 811 npencrasiens! npuMepsl mpoduiield CKOPOCTH U HAIIPaBJICHUS BETpa MO JAaHHBIM
asposiornueckoro 3oHaupoBanus 1 MPJIK BA3 (o ocu opiuaHT yka3aHa cepeuHa BHICOTHOTO CJIOS
ToNKUHOM 1 KM, Harpumep, 3HaueHre 500 MEeTpoB COOTBETCTBYET JMaIa3oHy BbICOT OT 0 METPOB A0
1000 meTpoB).

.

Puc. 7. Mecronaxoxaenue MPJIK BA3 «Kpacroropck» ¢ 100-km paanycom neiicTBUs (TOKa3aHO KPACHBIM I[BETOM) U
a’pOJIOTNUecKOi cTaHiuu «Jlonronpy/Hblii» (IT0Ka3aHo royObIM [IBETOM)

Fig. 7. The location of MRLK BAZ Krasnogorsk with a radius of 100 km (shown in red) and the Dolgoprudny aerological
station (shown in blue)

32



Tom 23, Ne 01, 2020

Hayunsbrii Bectuuxk MI'TY 'A

Vol. 23, No. 01, 2020

8000,00
6000,00

4000,00

BbICOTa, m

2000,00

0,00
0,00 5,00

CKOpOCTb BeTpa, m/c

10,00 15,00

—8—A3 —e—MPJIK BA3

Puc. 8. [Ipodunm ckopocT BeTpa 1Mo JaHHBIM
a3pOJIOTMYECKOr0 30HAUPOBaHUs «Jl0IronpyaHbli» u
MPIJIK BA3 «IIBKI" um. A.A. BumiaeBckoro» ot
15.05.2018 r. 12:00 UTC

Fig. 8. The profiles of wind velocity according to the data of
aerological sounding “Dolgoprudny” and MRLK BAZ
“Vishnevsky TsVKG” 05/15/2018 12:00 UTC
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Puc. 10. ITpodunm ckopocTr BeTpa 1Mo TaHHBIM
a3pOJIOrMYECKOr0 30HAUPOBaHUs «JloIronpyaHbli» u
MPJIK BA3 «IIBKI" um. A.A. BumraeBckoroy» ot
16.09.2018 r. 12:00 UTC

Fig. 10. The profiles of wind velocity according to the data
of aerological sounding “Dolgoprudny” and MRLK BAZ
“Vishnevsky TsVKG” 09/16/2018 12:00 UTC
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Puc. 9. [Ipodnnum HarpaBieHws BeTpa MO JaHHBIM
a3pPOJIOTMYECKOT0 30HAUPOBaHUs «JloIronpyaHbli» u
MPIJIK BA3 «IBKI" um. A.A. BumiaeBckoro» ot
15.05.2018 r. 12:00 UTC

Fig. 9. The profiles of wind direction according to the data
of aerological sounding “Dolgoprudny” and MRLK BAZ
“Vishnevsky TsVKG” 05/15/2018 12:00 UTC
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Puc. 11. Ilpodunn HanpaBIeHUS BETPa 110 TaHHBIM
a3pPOJIOrMYECKOT0 30HAUPOBaHUs «JloIronpyaHbli» u
MPJIK BA3 «IIBKI" um. A.A. BumraeBckoroy» ot
16.09.2018 r. 12:00 UTC

Fig. 10. The profiles of wind direction according to the data

of aerological sounding “Dolgoprudny” and MRLK BAZ
“Vishnevsky TsVKG” 09/16/2018 12:00 UTC

I/ITaK, aHaJIn3 CKOPOCTH W HAIIpaBJICHHA BETPA IO JaHHBIM a3pOJIOTHYCCKOI'0 30HANPOBaAHUA

u MPJIK BA3 moka3zan, 4To cpegHee 3HAUYC€HHE Pa3HOCTH CKOPOCTH BeTpa cocraBmio -0.32 m/c,
cTaHzapTHOe OTKIOHeHHe 4.70 M/C, 4TO YIOBIETBOpSET TpeGoBaHMsIM' (He mpeBbImaeT 2.5 M/c u
5 M/C COOTBETCTBEHHO); CpeIHEE 3HAUCHUE PAa3HOCTH HAIpaBJICHHs BeTpa cocTaBmio -1.34°, cran-
napTHoe oTKJIoHeHue 35.77°, uto ynoBieTBopseT TpeboBanusM (He mpesbimaet 30° u 45° coot-
BETCTBEHHO).

* Amanmonnsle npasuna. Yacts 170. CepTudukamus 060pyI0BaHHs adpOIPOMOB M BO3AYIMHEIX Tpacc (AIT-170). Tom II.
CeprudukanonHsle TpeOOBaHHS K 000pYJOBAHHIO a3pOIPOMOB M BO3AYIIHBIX Tpacc. M3m. 3. M., 2013. 217 c.
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YeroCaHkT-leTepbypr

J eHWH

T f'_]yn'KOBo

Puc. 12. Mecronaxoxaeane MPJIK BA3
«Canxkr-IlerepOypr» ¢ 100-xM paguycom AerdcTBUs
(roxa3zaHo 4Y€pHBIM IyHKTHPOM) U a’popoma [lynkoBo
(ToKa3aHO KpacHBIM I[BETOM)

Fig. 12. The location of the MRLK BAZ “St. Petersburg”
with a radius of 100 km (shown with a black dotted line)
and the airfield Pulkovo
(shown in red)
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B xone Banmpanuy BEKTOPHOI'O MOJIS
CKOPOCTH K COIOCTaBJICHHUIO TaK)Ke IpHBIIE-
kanuch ganaeie MPJIK BA3, pa3meménnoro
B I. Cankrt-IlerepOypr u cBogku AMDAR,
BKJIIOYAIOIIME B ce0s JaHHbIE O BETPOBBIX
XapaKTepUCTHKAaX B OKPECTHOCTSAX a’dpopomMa
ITynkoBo. Mecronaxoxnenne MPJIK BA3
u adpoapoma IlynkoBo mpezacTaBieHO Ha
puc. 12.

B xozne Banuaanuu O6bU1 OCYHIECTBIIEH
pacuyéT pa3HOCTH 3HAYEHHUH CKOpPOCTU U
HanpasieHus BeTpa 1o gaHHbiM AMDAR u
MPIJIK BA3, Beibopka coctaBuna 10 cioydaes,
YTO FOBOPUT O €€ CTaTUCTUYECKOW HEe3HAuU-
MOCTH B CBSI3U C OCOOEHHOCTSIMH IPOCTpaH-
CTBEHHO-BPEMEHHOTO COMNOCTaBJICHUS JaH-
HBIX JIByX HCTOYHHKOB HWH(QOpPMALUU —
MPIJIK BA3 u AMDAR.

Kax Bunum, cpenHee 3Hau€HUE pa3Ho-
ctu ckopoctH BeTpa 1o aaHHbiM MPJIK BA3
u AMDAR cocrasuno 1.66 m/c, 94To ymoBie-
TBOpSiET TpeGOBAHMSIM® — HE MPEBBIIIACT
3 mM/c; cpenHee 3HauEHHE PA3HOCTU HAIPaB-
JeHus: BeTpa coctaBwio 14.51°, yro yaoBie-
TBOpsieT TpeGoBanmaM® — He mpesbimaet 30°.

AHAJIA3 ITOJTYYEHHbBIX PE3YJIbTATOB BAJIUJAIIUHU
METEOPOJIOI'MYECKHUX PA/INOJTIOKAIIMOHHBIX TAHHBIX

Hns ouenku sdpdextuBHocTr padoret MPJIK BA3 Obi1 oprann3oBaH cOOp CTaTUCTHYECKUX
JAHHBIX C 0XBATOM TEIUIOTO U XOJOTHOTO IMEPUOJIOB TO/Ia.
KonuvecTBeHHas XapakTepruCcTHKa BEIOOPKH, UCIIOJIb3yeMas B OlleHKe 3(P(HEeKTUBHOCTH PabOThI

MPIJIK BA3, npencraBnena B Taba. 2.

Taoauma 2
Table 2

O06BEM BBIOOPKH, UCTIONB3YEMBIH B olieHKe 3 dexruBHOCTH padoTst MPJIK BA3
The sample size used in performance assessment of the MRLK BAZ

Ne HanmenoBanue Yucno cinyyaen
/0
1 OO1iee KOMMYECTBO MPUHATBHIX K PACCMOTPEHHIO CITy4aeB METEOPOIOTUIECKUX SIB- 596
JIeHn# (0T c1aboro JUBHA A0 YMEPEHHOTO Ipaja)
2 | Bribopxka amst olleHKH KadecTBa MOCTPOSHHS BEKTOPHOTO TIOJIs CKopocTH (AD 1 228
MPJIK BA3)
3 Brr6opka i1 OIIeHKH KadyecTBa MOCTPOSHHSI BEKTOPHOTO Mot ckopocTd (AMDAR 10
u MPJIK FA3)
4 | BeiOopka [uis aHaIM3a KadecTBa OLICHKH BEKTOpa IepeMeLIeHus 00JauHbIX 00pa3o- 66

BaHUM 10 paMaIbHOM CKOPOCTU
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Pe3yHBTaTBI 06p360TKI/I CTaTUCTUUYCCKUX IOAHHBIX IS TéHJIOFO 1 XOJIOAHOI'O HepI/IO,Z[OB roga
MIpeACTaBICHBI B Ta0. 3.

Tabaunna 3
Table 3
Pesynbrarer 00paboTku cratuctrudeckux nanHbix MPJIK BA3 mist rémtoro
U XOJIOOHOI'O NIEPHUOIOB TO1a
The results of processing statistical data of the MRLK BAZ for the warm
and cold periods of the year
Ne Haumenoanue 3HaueHune
n/n
1 | OnpaBapiBaeMOCTh OOHAPYKEHHUS OMACHBIX SBICHUI MOTOABI (JIMBHH, TPO3BI, 86.07%
rpaf):
2 | nuBHHA 84.7%
3 | rpo3st 88.6%
4 | rpan 100%
5 | BeposSTHOCTB JIOKHBIX TPEBOT OMACHBIX SIBICHUN TOTOABI (TPO3BIL, Tpan) 0.01%
6 | Cpennee 3HaueHHE pa3HocTH ckopocTu BeTpa (AD-MPJIK BA3), m/c -0.32
7 | Cpennee 3HaueHHe pa3HoCTH HampaBieHus BeTpa (AD-MPJIK BA3), © 1.34
8 | Cpennee 3HaueHue pasHocTH ckopoctd Betpa (AMDAR-MPJIK FA3), m/c 1.66
9 | Cpennee 3HaueHue pa3HocTy HanpasieHus BeTpa (AMDAR-MPJIK BA3), © 14.51
10 | Ipenensl oIIMOOK B OIICHKAX CKOPOCTH MEepEeMEIeHHs SIBJICHUH 10 JOTIePOB- He Oonee £3 m/c

CKHMM JaHHBIM

—_—
—_—

Cpennee 3HaYCHIE CMEIIEHUS OIICHOK CKOPOCTH IepeMEIIeHUsT 00JIa9HbBIX 00-
pa3oBaHui

0.75 m/c
(olLIeHKa CKOPOCTH He-
CMeIIEHHA )

12 | IIpenenl oIMOOK B OLIEHKAX HAMIPABICHUS MEPEMEIICHUS SIBJICHUH 110 J0ILIC-

POBCKUM JaHHbBIM

He 6oaee £30°

13 | Cpeanee 3HaUeHHE CMEILEHUS OLEHOK HaIIpaBJIEHUS ITepeMeeH s 00IauHbIX

o0Opa3oBaHUi

-0.05°
(olieHKA HATIPABJICHUS
HeCMeIIEHHA )

NEPEMEIICHUS HEC HUKE OLCHKU «YAOBJICTBOPUTCIIBHOY, BBITIOJTHAAL Tpe6OBaHI/IH

Takum oGpazom, Ob10 ycTanoBieHo, yTo MPJIK BA3 obecrneunBaeT Ka4ecTBO MOCTPOCHHS
KapT METEOPOJOTHYECKHUX SBICHUN M BEKTOPHOTO IOJISI CKOPOCTH, OLIEHKY HAIpPaBIECHUS U CKOPOCTH

Ha ocHoBaHMM IPOBENEHHOIO CTATMCTUYECKOTO aHalIM3a, MOXKHO CHENaTh CTATUCTUYECKU
00OCHOBaHHBIN BBIBOJ] O MPHUEMIIEMOM KauecTBE pabOThl MajiorabapuTHOrO METEOPOJIOrHYECKOro pa-
JMOJIOKAMOHHOTO KOMILIeKca OrkHel aspoapomHuoit 30861 MPJIK BA3.

3AK/IIOYEHUE

Wrak, B HacTosIIee BpeMs CO3/1aH, UCTIBITAH U CEPTH(PUINPOBAH YHUKAIBHBINA OT€YeCTBEHHBIN
METEOPOJIOTUIECKUN PaJIMOJIOKAIIMOHHBIN KOMIUIeKe OnmkHel 30HBI aspoapoma MPJIK BA3 ¢ Husz-

° MeTouueckue yKa3aHHs 110 IPOU3BOACTBY METEOPOJIOrHUECKHX PaMONOKAIMOHHBIX Habronenuii na JIMPJI-C Ha ce-

1 Pocrunpomera. CII6., 2013. 164 c.
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KHMHU Macco-TabapuTHBIMH XapakTepucTukaMu. KoMIuieke B MOJIHOM Mepe COOTBETCTBYET COBPEMEH-
HBIM MEXJTYHApOIHBIM U OTEUECTBEHHBIM TPEOOBaHMIM, (OPMHPYET BCIO HOMEHKIIATYPY METEOPOIIO-
THYECKOT0 PaInOJIOKAIMOHHOTO IPOAYKTa B YJ0OHOM JiIsl HOoTpeOuTesns Buae. OCHOBHBIM MPEUMYIIIe-
CTBOM KOMILJIEKCA SIBIISIETCSI €T0 BBICOKAsi aBTOHOMHOCTh, BO3MOKHOCTh MPUMEHEHUS Ha adpoJpomMax
rOCyJapCTBEHHON M TPaKIAHCKOH aBHAllMM B CTAllMOHAPHOM, a TaKXe B MOOMJILHOM BapHaHTE - Ha
BPEMEHHBIX a3pOJpOMax, BEPTOJETHBIX IJIOLIAAKAX, B pailoHaX MPUMEHEHUs OSCIMIOTHON aBUAIUH,
asuanmn MUC. Jlns mereoobecrieueHns B3jeTa U MOCAIKU JICTATSIbHBIX aNMapaToB BIIEPBHIC peallv-
30BaH crienuanu3upoBanublii pexum «CEKTOPy, otnuuatomuiics hopMupoBaHHeM BETPOBBIX Xapak-
TEPUCTHUK C MOBBIIIEHHONH TOYHOCTBIO.

Ha ocHoBanum npoBeNEHHOIO CTATUCTMYECKOIO aHaJIM3a MOXXHO CAENaTh CTATUCTUYECKH
000CHOBaHHBII BBIBOJ O MPUEMIIEMOM KadecTBe paboThl MajiorabapuTHOrO METEOPOJIOTHYECKOrO pa-
JTUOJIOKAIIMOHHOTO KOMILIEKCa OJIMKHEH a3pOJpOMHOM 30HBI.

OnepaTuBHOCTB, AE€TAIBHOCTh U JOCTOBepHOCTH Npenacrasiasiemo MPJIK BA3 mereoposnoru-
4eCKOM MH(POPMAILMU BBIBOAUT METEOOOECIICYeHHE HAa HOBBIM Ka4eCTBEHHBIH YPOBEHb M CYIIECTBEHHO
MOBBICUT 0€30MaCHOCTH OJIETOB OTEYECTBEHHOMN aBUAIIUH.
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RESULTS ANALYSIS OF THE TESTS AND CERTIFICATION
OF NEAR-AIRFIELD METEOROLOGICAL RADAR COMPLEX

Ksenia I. Galaeva'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

The article presents the tasks, characteristic features, tactical and technical characteristics, the possible location and scope of the
near-airfield meteorological radar complex. The analysis is made of the comparison of meteorological radar data from the near-
airfield meteorological radar complex with reliable sources of meteorological information obtained during preliminary, acceptance,
certification tests. The features of carrying out during the validation tests of meteorological radar data of the near-airfield
meteorological radar complex are described, namely: dangerous meteorological phenomena (showers of different intensities,
thunderstorms with a probability of 30-70%, 71-90%, > 90%, hail of varying degrees of intensity, squall of different intensities),
velocity and direction of movement of cloud formations, vector velocity field. Examples of comparing the data of the near-airfield
meteorological radar complex with data from a priori reliable sources of information are shown in the form of maps, graphs and
tables. It is shown that the data of the near-airfield meteorological radar complex were obtained during testing and certification
covering the warm and cold periods of the year, the sample size is statistically significant (except for the sample to assess the vector
velocity field from data of aircraft and radar due to the spatial-temporal features comparing data from the two indicated information
sources). It was established that the near-airfield meteorological radar complex provides acceptable in accordance with the
requirements the construction quality of meteorological phenomena maps, the vector velocity field and the estimation of the cloud
formations movement vector. The article illustrates the results of the statistical analysis of the data of the near-airfield
meteorological radar complex, obtained personally by the author of the article. Analysis of meteorological data of the near-airfield
meteorological radar complex was carried out with the aim of further exploitation of the near-airfield meteorological radar
complex.

Key words: weather radar, near-airfield, dangerous weather phenomena, velocity vector field, cloud formations movement vector,
tests and certification, meteorological data validation.
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CPABHUTEJILHOE MCCJIEJOBAHUE 3AIIIUTHBIX MIOKPHITUI
HA TEPMOCTOUKOCTH

A.B. 30PUYEB', I.T. TAIIEHKO?, 0.A. TAPOEHOBCKAST®, B.M. CAMOMJIEHKO*
T.A. TOJIOBHEBA®
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Cospemennbie [T/l paboTatoT B yCIOBUSX N3MEHEHHUS TEMIIEPATyPHBIX Harpy30K, IOITOMY OIHOM M3 BaXKHBIX XapaKTEPUCTHK
NPUMEHSEMBIX 3allUTHBIX TOKPHITHH Ha pabo4yMX JIOMaTkaX TypOWHBI SIBISIETCS HX BBICOKAas CONPOTHBISIEMOCTD
BO3HMKHOBEHHIO U PA3BUTHIO TPEIIMH IPY MEXaHMUYECKHX M TEPMUUYECKHX Harpy3kax. [Ipumensemsle 3((eKTHBHbBIE CHCTEMBI
BHYTPEHHETO TEIUIOOTBO/Ia OXJIKIAEMbIX JIONATOK TYPOWHBI IPUBOIAT K POCTY MX TEIUIOHAIPSDKEHHOCTH. B HacTosee Bpems
BO3HMKAOLINE TPEIIMHBI OT TEPMUYECKOH YCTaJIOCTH SIBISIIOTCS OJHUM M3 PaclpOCTPaHEHHBIX NEe(EeKTOB, MPHUMEHSIEMBIX Ha
JoTIaTKax TypOHMHBI 3alIUTHBIX MOKPHITUH. TepMOCTOWKOCTh IOKPBHITHH TPH BBICOKHMX TEMIIEpaTypax OMNpEAENsieTcs Tpems
(axTopamu: GopMOii AeTay, Ha KOTOPYIO HAHECEHO MOKPBITHE, TONINHON MOKPHITHS U (Da30BBIM COCTABOM ITOBEPXHOCTHBIX
CJIOEB WJIM MaKCHMAJIbHBIM COJEPXKaHWEM ATIOMUHUS B MOKPHITHH. [103TOMY npH BBIOOpE 3aIIUTHOTO HOKPBITHS TS JAHHBIX
YCIIOBUH 3KCIUTyaTallil BaKHO 3HATh BIMSHUE JAHHBIX (DAKTOPOB Ha TEPMOCTOMKOCTh MOKpHITHS. B pabore mposeneHo
CpPaBHUTENBHOE MCCIICA0BAHNE PA3INYHBIX MOKPBITUH HA UX CTOMKOCTH K 0OPa30BAHMIO TPEIIUH IPU UKINYECKOM W3MEHEHUH
TeMIIepaTyphl. Y CTaHOBJIEHA 3aBUCUMOCTh TEPMOCTOMKOCTH pacCMaTpHBaeMbIX HOKPBHITHH OT METO/la X HaHeceHHs U (a30Bo-
CTpYKTYpHOro coctosiuus. OcOOEHHO IIEHHBIM SIBJISICTCS YCTaHOBJICHHBI MeXaHM3M OO0pa3OBaHHsS W PaCIpOCTPaHEHHs
TEPMOYCTAJIOCTHBIX TPEIIMH B 3aBUCUMOCTH OT (Pa30BOro COCTaBa MCXOAHOTO IMOKpBITHS. [loka3aHO, YTO JOJITOBEYHOCThH
3AIUTHBIX TOKPBITUH TIPY IUKJIMYECKOM M3MEHEHHH TEMIIEPaTyphl 3aBUCHUT OT XMMHYECKOIO COCTaBa IIOKPBITHS H CIIocoda ero
(opmupoBaHuMs. YCTaHOBJIEHAa 3aBHCHMOCTh OOpa3oBaHMsI TEPMOYCTAIOCTHBIX TPEIIMH Ha 00pasuax C HCCiemayeMbIMH
HMOKPBITUAMU OT KOJIMYECTBA LIUKJIOB U3MCHEHUS TEMIIEPATYPBIL.

KuroueBble ¢J/10Ba: TEPMOCTOHKOCTb, TPEIIMHA, 3AIIUTHOE TOKPBITHE, I0ITOBEYHOCTh, paboyast JIomaTka.
BBEJEHUE

OnHOM M3 BaXXHBIX XAPAKTEPUCTHK IMOKPHITHHA, MPUMEHSEMBIX IS 3alUThl >KapOINPOUYHBIX
CIUIAaBOB OT I'a30BOW KOPPO3UH, SIBJISETCS BBICOKAsl MX CONPOTHUBIISIEMOCTh BOZHUKHOBEHHIO U pa3BH-
TUIO TPEUIMH MPU MEXaHWYECKHX M TepMHUUYECKUX Harpyskax [l, 2]. YBenuueHue temmeparypbl rasza
nepe TypOMHON B COBPEMEHHBIX JBUTaTelsiX 0e3 odecreueHns 3(hHEeKTUBHOTO OXIIaXkKIECHHS JTIOIATOK
TypOMHBI IPUBEJIO K POCTY TEPMUUYECKUX HANpsDKEHUI B MaTepualle caMMX JionaTtok. TepmoycranocT-
HBIE TPEIIUHBI KaK MaTepualia JIOMATKH, TaK W 3alUTHOTO MOKPHITHS Ha HUX CTaJM OJHUM W3 HanOo-
Jiee 4acTo nmoBTopstonmxcs nedekton tonatok Typouns [T/ (puc. 1).

B ctporom cMmeicie TEpMOCTOWKOCTh MaT€pHaIoOB HE SBISETCS (PU3NIECKON KOHCTAHTON MaTe-
pHaJIOB, a MpeACTaBiIsieT cO0OH CBOEOOPa3HYI0 MHTETPAJIbHYIO TEXHUUECKYIO XapaKTepUCTUKY Belle-
CTBa, 3aBHCAIIYIO OT COCTaBa, MUKPOCTPYKTYPHI, Pa3MEPOB, TEOMETPHUECKON POPMBI 1 TeTIohu3nde-
CKUX CBOWCTB MaTepuaya U ero coeAuHeHuil. Ha 3Tux 3aBUCHMMOCTSIX OCHOBaHBI (OPMYJbI pacuéra
KO3 PHUIIMEHTOB U KPUTEPUEB TEPMOCTOUKOCTH. Ha mpakTHKe TEPMOCTOMKOCTh OLIEHUBAIOT OOBIYHO
YHUCJIOM TEIUIOCMEH (IIMKJIOB HarpeBa M OXJIAXKICHHS ), BBIICPKUBAEMBIX 00pa3IioM (M3IEIHEeM) 10 T0-
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SIBJICHUS TPEIIMH, YACTUYHOTO WJIM MOJHOTO pa3pylLIeHHUs, TU00 TeMIepaTypHbIM I'PaJUEHTOM, MpH
KOTOPOM BO3HHKAIOT TPEIIVHBI.

Haubounpiiee BnusiHuE HA OTHOCHTEJBHBIN ypOBEHb TEPMHUUECKOM CTOHKOCTH OKa3bIBAeT Xa-
pakTep (ha30BO-CTPYKTYPHBIX IPEBPAILEHUH, MPOUCXOAALINX [IPU HArpEeBaHUM M OXJIAXKICHUM MaTe-
puaios [3].

X600

Puc. 1. TpemuHbl B OKPBITHUH, IPOHUKAIOIIKE B CIUIAB (@), U HA BHYTPEHHEN TOBEPXHOCTH
paboueii tonatku TypOuHbl apurareis [IC90A (6)
Fig. 1. Cracks in the coating penetrating the alloy (a) and on the inner surface of the turbine blade
of the PS90A engine (0)

IIOCTAHOBKA 3AJIAYH

TepMOCTOWKOCTD JIOMATOK TYpOWH OIpenenseTcsi KOHCTPYKTHBHBIME (DaKTOpaMu M CBOWMCTBA-
MU MaTepuania, U UX 3alUTHBIMU TOKPBITHSIMH.

KoncTpykTHBHBIE (DaKTOPBI MOKHO pa3/ieNIuTh Ha JIBa BUJIA: PEIIaeMble U TPYAHO peraeMsble [4].

Pemaembie pakTopsl MOXKHO paccMOTpETh Ha OJIOKE COIIOBOro ammapara. JKecTkoe 3aKperuie-
HUE C ABYX CTOpOH 0ioka CA K HEMOJABIKHBIM KOJbIIaM (puc. 2,a) TPUBOJUT K MOBBIIIEHHBIM TEPMH-
YECKUM HAMpsOKEHUSIM B OJIOKE U MOSIBJICHUIO B HEM TpeluH. V3MeHeHne KOHCTPYKIUU: 2 COIUIOBbIE
JonaTky (puc. 2,0) MONepEeMEHHO uepe3 OAHY MPUBAPUBAIOT K BHEIIHEMY M BHYTPEHHEMY KOJIbIaM,
yTO0 o0ecreynBaeT cBOOOJHOE paclIupeHne KOHCTPYKLNU IIPU Harpese.

Puc. 2. XKecTkast KOHCTPYKIHS HAPABIIIONIETO anmapara (a) ¥ JOoITycKaroas CBOO0HOE pacIIupeHne JIomaTok (0) [4]
Fig. 2. Rigid structure of the guide device (a) and allowing free expansion of the blades (0) [4]

TpynHo pemraembie dakropsl. ['eomerpuueckuii npoduiap pabodeit JonaTku TypOHHBI ONpeiesseT
0os1ee BBICOKYIO CKOPOCTh HAarpeBa M OXJIAXCHHS IepeIHell KPOMKH JIONATKU 10 CPAaBHEHHIO C OCTallb-
HOI1 yacThlo Jonatku (1o xopae). [loatomy B mepByro oueperb TPEIIHbI OyIyT MOSIBIATHCS B IEpeAHer
KPOMKE paboueif JTomaTK Kak 0e3 MOKPBITHS, TaK U C JFOOBIM MOKphITHEM. OTCIOA CIIeyeT, 9TO Onpeie-
JISIOIIMM TIOKa3aTeleM TEPMOCTOUKOCTH MTOKPBITHS SBIISIETCS HE KOJIMYECTBO [IUKIIOB TETUIOCMEH JI0 MOSIB-
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JICHUS] TPEIIMH Ha MepeHeN KPOMKE (XOTs 3TO TOXKE CIEAyeT YUUTHIBATH), & KOJIUYECTBO IIUKIIOB TEIUIO-
CMEH /10 MOSIBJICHHUS TIEPBbIX TPELNH Ha CIIMHKE U KOPUTE JIOTIATKH.

TepMOCTOMKOCTh MOKPBITHS JOMATKHA 3aBHCUT OT €r0 XUMUYECKOro U (pa30BOr0 COCTaBa, TOJ-
IIIUHEI ¥ €T0 CBOMCTB.

1. YBenuueHne MIaCTUYHOCTH MaTepHalia CrocOOCTBYET MOBBIMICHUIO TepMocToiikocTH. Oc-
HOBHOU HeNOCTaTOK MU Yy3MOHHBIX ATIOMUHHUIHBIX MOKPBITUH — WX HU3Kas IUIacTUYHOCTh. [lna-
CTUYHOCTHh MU Y3UOHHBIX MOKPHITUH, MOJYYCHHBIX B MOPOIIKAX (XPOMOATUTHUPOBAHUE) WM Ta30-
HUPKYJSIIUOHHBIM criocoOoM 1o u3rudy, cocrasiuset (0,6 — 0,7) %, a mactuyHocTh cruiaBa XKC32 —
ot 5 o 15 % [1].

2. Temneparypusiii ko3 dunuent aunerinoro pacmupenus (TKPJI) — ywem menbme TKPJI, Tem
BBIIIE TEPMOCTOMKOCTb. TepMUYECKOE PaCIIMPEHHUE AFOMUHUIHBIX MMOKPBITUM U3y4eHO Mayo. B pa-
oore [3, 5] npencraBnen TKPJI amromunnaoB Hukens, otkyaa BuaHo, uro TKPJI amomunugHOro mo-
KpBITHA IpUMeEpHO B 2 pa3a MeHble TKPJI Hukens.

3. Moaynp ynpyroctu. MaTepuaibl ¢ HU3KMM MOJAYJIEM YIPYroCTH (Hampumep: yriaepoi-
YIJIEPO/1) XOPOILIO COMPOTUBIISAIOTCS TEPMUUECKOMY yAapy.

4. Bpicokas TEIUIONPOBOJAHOCTh MaTepuaia CIOCOOCTBYET YMEHbBIIEHUIO MUKOB TEMIIEPATypPhl
Ha TIOBEPXHOCTH.

Ha TepMOCTOMKOCTh MOKPBITUH CYIIECTBEHHOE BIMSIHHE OKA3bIBAIOT MPOYHOCTHBIE XapaKTepu-
CTUKHU CTPYKTYPHBIX COCTABIISIFOIIUX MOKPHITHSA. CTPYKTYPHBIMHU COCTABISIONINME IFOMHUHHUTHBIX T0-
KpbITHi sBisitoTcst amoMuHUABE: NiAl NiyAl; u NizAl, kapOuasl u Apyrre HHTEPMETALTHIHBIC (a3bl.
Haubonee Baxknoii pazoit sBisercst NiAl, Tak kak OHa OTBEYAET 32 KAPOCTOMKOCTh MOKPBITHS U 3aHH-
MaeT OCHOBHYIO JOJI0 MOKpbITHs. C yBelIMYEHUEM COAEpKAHMS aTIOMUHUS MPOYHOCTh W IUIACTUY-

HocTs [F - (bassl ymenbimatorcs [1, 2]. [IpH MHKINYECKNX UCIIBITAHUSX CKOJIBI HA TIOKPHITHH HAYHHA-
IOT MPOUCXOAUTH YIKC ITOCJIC OXJIAXKIACHUA OO KOMHATHOM TEMIICPATYPhbI B CBA3KW C HAKOIIJICHHUEM I10-
KpPBITHEM TEPMUYECKHUX HanpskeHUd. [IpodHocTs B - (a3pl MOXKHO TIOBBICUTH ITYyTEM JIETHPOBAHUS,

HanpuMep, BBEACHUEM XpoMa.

OcHOBHBIM (haKTOPOM HCIIBITAHUN Ha TEPMOCTOMKOCTH SBJISIETCS CKOPOCTh HarpeBa M 0COOCH-
HO oxmnaxnaeHuss — Oomee 20 ‘C/c. Ilpu MasibIX CKOPOCTSX HAarpeBa M OXJAXKICHHUS TEPMHUYECKHE
HANpPsDKEHUS. HE 3HAYUTEIbHBL. B yClIOBUSAX OBICTPHIX HarpeBa U OXJIAXKIACHHI, MOCTOSIHHO CMEHSIO-
IIUX IpYT ApPYyra, B MOKPHITUU NMPOUCXOAUT ObICTpOe M3MEHEHHUe (Pa30BOro cocraBa M3-3a 00CTHEHUS
ATFOMUHHEM, 3aTpavyuBaeMbIM Ha 0Opa3oBaHue ctadbmibHOro 0-Al,Os. M3menenus a3oBoro cocrara
BJIEKYT 3a COOOH CHW)KEHHE IUIACTUYHOCTH YKAPOCTOMKOIO TOKPBITHS, YTO TaKKe CHOCOOCTBYET
HAKOIUICHHIO BHYTPEHHUX HAIpPSDKEHUH, UTO CHUKAET CIIOCOOHOCTH MOKPBITHSA K UX KOMIICHCAIMH 3a
CYET IJIACTUYECKHX J1e(hOpMarIHid.

MeToauka HCHBITAaHUM HMCCIIEAYEeMbIX MOKPBITHM OCYIIECTBISIACH CIEAYIOIMIMM 00pa3oM.
DJIEKTPUUYECKYIO TIeYb COMPOTUBJIEHUs1 HarpeBaiu a0 1100 C. B Hee 3aKIapIBaiy JOMATKA (OIHOM
KOHCTPYKIIMH) U OJAMHAKOBbIE 00pa3iibl, 4TOOBI UMUTHPOBATH OJIMHAKOBYIO CKOPOCTh HAarpeBa M oxJja-
MKJICHUS JUIS BCeX MOKPHITUH. Bbinepkky jonaTok u oOpasuos npu temnepatype 1100 °C IIPOBOIUIIN
B TeueHre 20 MUHYT B OTKPBITON aTMocdepe. 3aTeM 1Mo OJHOM JIOMATKE ¢ UCCIIeTYEMbIMU MMOKPBITHUS-
MU OBICTPO IepeMellalyd Ha YCTaHOBKY, I/I€ JIONATKH OXJaXKIalu co cKopocThio ~ 50 — 70 rpan/c B
TeueHue 15 MUHYT B cTpye Bozayxa. [locne oxnaxkaenus B Teuenre ~ 10 MUHYT JIONIAaTKKU OcMaTpUBa-
JIM TI0J MUKPOCKOIIOM Ha HaJu4Me TpeluH. Ilocine BbIeMKH JIONAaTOK U3 NEYX U JOCTUKEHUS TEMIIepa-
Typsl 1100 OC sakmazprBau BTOPYIO MApTHIO JIONIATOK U OOPAa3IOB C TEMU K€ MOKPBITUIMH. AHAJIO-
TMYHO TOCTYTIAIM CO CIEAYIOUEeH mapTueil jonaTok, odecrneunBas MUKINYHOCTD ucciaeaoBanus. [1o-
CJIe KaXJIOTO ITMKJIA MIOBEPXHOCTh 00pa3I[OB OCMATPUBAIN ¢ TOMOIIbI0 MUKpockorma MBC-9 nipu yBe-
audeHnu 12.5 kpaT Ha NpeAMET MOSIBICHUS TPEIIUH U CKOJIOB. CpaBHUTEIbHYIO OLEHKY TEPMOCTOM-
KOCTH HCCIIEYEMBIX MOKPBITHI IPOBOJWIM MO YHUCIY LUKIOB 0 MOSBICHUS TPEIIMH WIH CKOJIOB B
MOBEPXHOCTHOM CJIO€, a TAK)K€ MO IJIOUIAU BBIKpAIIMBAaHUSA. XapakTep U ITyOuHY NMPOHUKHOBEHUS
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TPELINH ONpeAeIsUIn MeTauorpadguyeckum crocodom Ha 2-3 oOpasnax. OTHOBPEMEHHO HUCCIIE0BAIH
TEPMOCTOMKOCTh 00pa3IOB C MOKPBITHAMHU: XPOMOATHTUPOBAHHEM B mopomkax (XA), HUpKyJIISIIHOH-
Hoe xpomoanutupoBanue (LIXA), nupkynsaiuonnoe anutuposanue (LIA) u pazpaboranHoe aBTOpaMu
HOBOE TIOKPBITHE, IOJyYeHHOE W3 BOJIHOW CYCIIEH3MH C TPOTEKAHWEM 3K30TEPMHYECKOW peak-
uu (OT-3).

OCHOBHBIE ITIOJIOKEHUA

[Ipn ucnpiTaHMK Ha TEPMOCTOMKOCTH JIoNAaTok ¢ MOKpeITUAMH XA, LA, u OT-3 BeiaBUINCH
Ne(EeKThI, KOTOPBIE MOKHO OBLIO OBl Pa3JeuTh Ha IBE KATETOPHUH.

- KOHCTPYKIMOHHBIE, BCJIEJCTBUE F€OMETPUIECKOT0 MPO(UIIS JIOMATKHU, KOTOPHIE HE CBSI3aHBI C
HOKPBITHEM;

- Ie(EeKTHI, CBSI3aHHbIE C TIOKPBITUEM.

K KOHCTpYKIMOHHBIM Jie(eKTaM ClIeAyeT OTHECTH MOSIBIICHHE TPEIIMH Ha JOHaTkax co BCEMHU
MOKPBITUSAMH B TPEX MECTaX: MECTO Iepexo/1a OT Mepa K 3aMKY; MECTO Mepexoa ¢ OOJIbIIOro CeYeHHUs
K MQJIOMY — BE€pXHsIsl YaCThb JIONATKH; MECTa OKOJIO BBIXOJHBIX LIENeH.

OctanoBuMcs Ha Jedekrax, CBsI3aHHBIX ¢ MOKphITHsIME XA, LA, n OT-3. BeisiBunacs obmas
3aKOHOMEPHOCTb pa3pylleHus NOKphITUs. CHayvana MOsBIAIOTCS JOKAJIbHBIC BBIKPAIIMBAHUS IOKPHI-
THSl Ha IOBEPXHOCTU HA BXOJHOW KPOMKE, 3aT€M Ha KOPBITE U jaajnee Ha cnuHKe. C yBeInYeHUEM KO-
JIMYECTBA LIMKJIOB MCIBITAHUs pacTeT oOlias Miomaas BeIKpamuBaHus (puc. 3). Jlaxke HEBOOpYKEH-
HBIM B3IJISJIOM BUIHO U3MEHEHHE MTOBEPXHOCTH 00Pa3LlOB 3TUX MOKPBITHH.

r it e X400

Puc. 3. BuelHuii By ¢ moBepXHOCTH Jonatku ¢ nokpeitusimu: XA (a); LA (6); 9T-3 (B), A0 ucHbITaHU 1
¢ mokpeITEsiMA: XA (T); LA (m); 9T-3 (e) mocie 385 MUKIOB UCTIBITAHUI HAa TEPMOCTOHKOCTH
Fig. 3. Appearance from the surface of the blade with coatings: HA (a); CA (6); ET-3 (B), before the test
and with coatings: HA (r); CA (n); ET-3 (e) after 385 cycles of heat resistance tests

[Tpu ucnpiTaHUKM HAa 0Opaslax ¢ NUPKYJSIHOHHBIM AIUTHPOBAHHEM U XPOMOAIUTHPOBAHHEM
MOKPBITUEM ILIOMIAAb BBIKPAIIEHHOTO MOKPBITUS JTHHEWHO YBEITMYMUBACTCA U K TPUALATH IUKIAM J10-
cturaet: g XA — 40...50% nosepxHoctu, ans LIA — 15...20% nosepxHoctu. Ha o6pasuax ¢ mokpsi-
THeM DJK30TepMa — 3 TepBBIC CKOJIBI HAa TPaHAX HAOIIOMAIOTCS MOCie 25 IUKIOB HCIBITAHUNA. JTO
MOYXHO OOBSCHHUTH MPHUCYTCTBHEM B MOKPbITHH OT-3 10 WCHBITaHWS PAalMOHATIBHOTO COYETAHUS
P+ a3 u cylecTBEeHHOMY JICTHPOBAHUIO XPOMOM, IMOJABJISIFOIIAM CTPYKTYPHBIC MPEBpAIICHUS

MIPU OXJIAXKICHUU C BBICOKUX TEMIIEPATYP U YBEINYUBAIOLINM MPEAET TEKYyUeCcTH MOKphITUs [3-5].
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3areM B MecCTaxX BBIKpALIMBaHUS MOSIBISIFOTCS TPELIUMHBI B MOKPHITUAX. KuHETHKa MOsIBIEHUA
TPELIMH B MOKPHITUAX MpeacTaBicHa Ha puc. 4. [lokpeiTue XA noka3ajio camylo HU3KYIO TEPMOCTOM-
kocTh. Hauano ero paspymenus oxosno 200 nukinoB u yepe3 ~ 400 LUKIOB MOKPBITUE NPAKTHUUECKU
pazpymmiiock. [Jo 500 uukinoB jgonatku ¢ NOKpbITUAMHU LA u OT-3b nokaspiBaau XOpouryr TepMo-
CTOMKOCTb U TPYJHO OBUTO OTJATh MPEINOYTEHHUE KAaKOMY-TO U3 MOKphITHi. OqHako B paiione 500 —
600 nukiioB nokpeiTHe LIA Hauano OvicTpo paspymatrbes. [lokpeitne IT-3 10 ~ 870 HMKIOB HAXOIU-
JIOCh B YJIOBJIETBOPUTEIBLHOM COCTOSIHMM. 3aT€M MOSIBUWINCH BBIKPAILMBAaHUSA HAa BXOJIHOM KpOMKE U
nepBble IPU3HAKYU Pa3pyIIEHUs Ha KOPHITE.

XA / LA - OT-3 J
TPEIUHBbI

/4
_/ BBIKpaluuBanue [

200 400 600 800 N, mr 1000

Puc. 4. Tepmocroiikocts nokpeiTiit XA, LIA n OT-3 Ha sonarkax (6e3 y4yera TpeIMH B MECTaX KOHLIEHTPATOPOB
HAalpsDKeHUH: OKOJIO 3aMKa, BEPXHSS YacTh JIONIATKH M OKOJIO BBIXOJHBIX LIEJIeH)
Fig. 4. The thermal stability of the coating HA, CA and ET-3 on the blades (excluding cracks in areas
of stress concentrators: near the lock, the upper part of the blade and near the output slots)

Taxoe noBeeHNE TOKPBITUIT MOYKHO OOBSCHUTH BBICOKHUM COJICPKAHUEM ATIOMUHUS B TIOKPHI-
tusax XA u IJA. Haimume B mokpeitun DT-3 Gornee BeIcOKOTo coneprkanust xpoma (10...13 % mo
cpaBHeHMIO € 3...4% xpoma B MOKpbITHIX XA u L{A) monapiseT CTpyKTypHbIE HpeBpallleHus Npu
OXJIQKJIEHUH C BBICOKMX TEMIEpPATyp M YBEIWYUBAIOUIUM IIpeiea TeKy4ecTu MOKpeITus [6, 7, 8]. BbI-
00p 3aIIUTHOTO MOKPHITHS U crI0co0a ero HAHECEHUs JOJKEH MPOBOJUTHCSA C YUETOM UX TEPMOCTOM-
KOCTH U BIUSHUS Ha JUIMTEIbHYIO IPOYHOCTh HUKENEBbIX cIu1aBos [9, 10].

Takum 00pa3zoM, MPOBEAECHHbIE UCIIBITAHMS TIOKa3aJIM 3aBUCUMOCTh TEPMOCTOMKOCTH MOKPBITHIL OT

(}a30BOro ¥ XMMHUYECKOr0 COCTABA MOKPBITHIA 1 Nerupoanus [ - passl xpomom [11]. Kpome Toro, mis

noKpbITHs DT-3 BbICOKAst TEPMOCTOMKOCTD SIBJISIETCS OCOOEHHOCTHIO TEXHOJIOTUU B MOTYUYE€HUH MOKPBITHS
C IIPUMEHEHUEM 3K30TEPMUYECKOI peakiiu, B pe3yJIbTaTe Yero yBEIMUUBACTCS €r0 CTAOMIBHOCTb.
TepMoCTOHKOCTh (IO TOSBIEHUS Tpe-
30 EOT-3 E[JA EXA IIMH) UCCIeNyEeMbIX MOKPBITHHA Mpe/ICTaBlIeHa B
BHJIE AuarpamMMmbl Ha puc. 5. M3 nuarpaMmmsl
BHUJHO, YTO IOKPBITHE, MOJy4aeMOE U3 BOJAHON
CYCIIEH3UHM IO TEPMOCTOMKOCTH, 3HAUYUTEIBHO
Bbile XA u L{A nokpsITuid.

Boicokas TepMOCTOMKOCTh TOKPBITUS
OT-3, no cpaBuenuto ¢ LIA u XA, Oyzaer crno-
COOCTBOBATh M BBICOKOH CTOMKOCTH TIPH BBICO-
KOTEMIIEPaTypPHOM OKHCIEHUHM 3a CUET IOBBI-
SR LNICHHOW KOHIIEHTPAallMH XpOMa B Hapy>KHOHU

1 2 3 30HE TOKPBITUS, KOTOPHI oOecreunBaer (op-
Puc. S. TepMOCTONKOCTD HCCHETY €MBIX TIOKPBITHMN: MUpOBaHUE 3amuTHOU TieHKH Al,Os; mpu mo-
1.9T-3;2. L1A; 3. XA HVDKCHHBIX KOHLEHTPALUsAX AJIOMHUHUSA B CJIO€

Fig. 4. Heat rels'isl?lzlge: gf glzcgat}lltjfs under study: E;(())JI()};;&;HHGM B CTPYKTYp€ MOKPHITHS Oapbep-
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3AK/IIOYEHUE

VY CTaHOBIIEHO, YTO €CJIM HE YYUTHIBATH TPELIUH B MECTAX KOHIIEHTPATOPOB HAINpPSKEHUH (Me-
CTO IIEpPEXO0AA Nepa K 3aMKy, IEPEXOJl CEYECHUM B BEPXHEHN YaCTH JIONATKU U OKOJIO BBIXOJHBIX LIEJIEH),
TO OCHOBHBIMH Jae(ekramu MOKpeITuit XA, LIA u DT-3 sBIsAIOTCS BBIKpALIMBAHUSA, MEPEXOSIINE B
TPEILUHBI.

Ipu uccnenoBanHoM pesxnme makna 1100520°C TepMOCTOMKOCT TTOKPBITHI COCTABIISCT: MO-
kpbiTe XA ~ 200 nuknos, LA ~ 500 uuknos u 9T-3 ~ 900 nukios.

Y CTaHOBIIEHO, YTO TEPMOCTOMKOCTh TIOKPBITHIA 3aBUCUT OT XMMUYECKOTO M (Ha30BOTO COCTaBa TI0-

KPHITHS, a JlerupoBanue [ - asbl XpOMOM MO3BONISET YBEIMUHUTH TEPMOCTOHKOCTD TOKPHITHSL.
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ABSTRACT

Modern gas turbine engines operate under changing temperature loads. Therefore, one of the important characteristics of the
protective coatings used on the turbine blades is their high resistance to the occurrence and development of cracks under
mechanical and thermal loads. The applied effective systems of internal heat removal of the cooled turbine blades lead to an
increase in their heat stress. At present, cracks arising from thermal fatigue are one of the common defects of the protective coatings
used on turbine blades. The heat resistance of coatings at high temperatures is determined by three factors: the shape of the part on
which the coating is applied, the thickness of the coating and the phase composition of the surface layers or the maximum
aluminum content in the coating. Therefore, when choosing a protective coating for these operating conditions, it is important to
know the impact of these factors on the thermal stability of the coating. The paper presents a comparative study of various coatings
on their resistance to crack formation under cyclic temperature change. The dependence of the heat resistance of the considered
coatings on the method of their application and phase-structural state is established. Especially valuable is the established
mechanism of formation and propagation of thermal fatigue cracks depending on the phase composition of the initial coating. It is
shown that the durability of protective coatings with cyclic temperature change depends on the chemical composition of the coating
and the method of its formation. The dependence of the formation of thermal fatigue cracks on the samples with the coatings under
study on the number of cycles of temperature change is established.

Key words: heat resistance, crack, protective coating, durability, working blade.
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ANALYSIS OF ON-BOARD WIRELESS SENSOR NETWORK
AS AN ALTERNATIVE TO TRADITIONAL WIRED NETWORK

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

Wireless networks based on the principle and technology of Wireless Avionics Intra-Communications (WAIC), that is, wireless
avionics or wireless onboard intercom are becoming increasingly widespread on modern aircraft. The development and deployment
of WAIC on board is a complex task, as its solution is directly related to ensuring safety of flights. It requires preliminary careful
scientific analysis. The article analyzes the on-board wireless sensor network as an alternative to a traditional wired network using
the example of a short-haul aircraft. A rough estimate of the length of the electrical harness connecting the sensors of the aircraft
systems with the electronic units is carried out in order to determine the possible gain in the length of the wires when switching to a
wireless sensor network (WSN). To solve this problem, the aircraft sensors of each aircraft system are placed on a large-scale grid;
for each sensor, analyze the feeder circuits by the composition of the plug connectors, the number of occupied contacts and the
length of wires for each contact to the corresponding electronic unit. It is shown that the heterogeneous sensor system of the aircraft
with wireless sensors can reduce the number of wires by about 1200, the length of the wires of the feeder network by about 15 km.
The most promising aircraft systems in terms of switching to wireless sensors are: fuel system (about 3400m), fire equipment
system (about 1300m) and hydraulic system (about 1300m). Further scientific research is required to make an informed decision
about the technical feasibility and advisability of using a wireless sensor network for each specific aircraft system.

Key words: mathematical models, processes and systems, technical operation, avionics, aircraft, on-board complexes, functional
systems.

INTRODUCTION

Wireless networks are being increasingly spread onboard the modern aircraft. These networks
are based on Wireless Avionics Intra-Communications (WAIC), i.e. wireless avionics or wireless intra
-communication system. The WAIC development and implementation is a challenging task as its solu-
tion is directly connected with flight safety. This challenge requires a thorough scientific analyses
[1,9].The recent development of wireless technologies, which are widely used for general computer
networks (i.e. not airborne networks), telephones and Internet communications, enable the wireless
technologies also to be used in airborne networks [2-5].

Papers [6-8] determine the three stages of airborne wireless system implementation. The first
stage (which is currently in progress) the WAICs introduced on board execute the new, compared to
traditional networks, functions such as providing Internet access for the passengers. The second stage
(which has already started) WAICs implement the functions of the traditional airborne networks. The
upcoming third stage implies that the WAICs replace the traditional networks partially or completely.

For example, the wireless flight control function which may replace the fly-by-wire. The
fly-by-wire, in its turn, used to replace the mechanical flight control system. The further research re-
quires the development of wireless sensors with self-contained power supply, data hubs, corresponding
airborne computer software, WAIC data transition reliability analyses, fail-operational capability and
system safety assessment for both the aircraft system in question and the adjacent systems.

The international requirements'>* define the WAIC performance properties and provide the
airborne implementation guidance. Papers [10-12] analyze and provide wireless solutions for non-
aviation areas.

" Technical characteristics and operational objectives for wireless avionics intra-communications (WAIC) / M Series Mo-
bile, radio determination, amateur and related satellites services. Report ITU-R M. 2197, 2010. 58 pp.
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The present article provides short-haul aircraft WAIC assessment as an alternative to the
traditional wired network layout. The paper evaluates the approximate length of the electric wir-
ing harnesses, which connect the aircraft system sensors and probes with their control units in
order to determine the possible savings in the wire length in case of transition to wireless sensor
network.

The solution supposes the positioning of every aircraft system sensor on the scale grid.
Each sensor feeder diagram has to be analyzed for the number of plugs, the number of terminal
elements engaged and the wire length from every terminal element to the corresponding con-
trol unit.

AIR CONDITIIONING SYSTEM WIRELESS SENSOR NETWORK

Figure 1 shows the positioning of the air conditioning system sensors on the aircraft scale grid.
The system comprises the following sensors.
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Fig. 1. Location of air conditioning system sensors (SLE) on an airplane

? Operational and technical characteristics and protection criteria of radio altimeters utilizing the band 4 200-
4 400 MHz . M Series Mobile, radio determination, amateur and related satellite services. Recommendation ITU-R
M. 2059-0, 2014. 24 pp.

? Technical characteristics and protection criteria for Wireless Avionics Intra-Communication systems . M Series Mobile,
radio determination, amateur and related satellite services. Recommendation ITU-R M. 2067-0, 2015. 6 pp.
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The ventilated temperature sensor has a socket connector with 8 pins, 6 of them engaged. There
are three sensors located in the avionics compartment 3 meters away from the conditioning system
control units, the overall wire length is 48 meters. There are three sensors in the passenger cabin at the
distance of 10 meters. The total number of wires is 36, the overall length is 180 m.

Air cooling (pack) inlet pressure sensor has a socket connector with 4 pins, 4 pins engaged.
Two sensors are located within the RH and LH wing fairings 6 meters away from the air conditioning
control units. The total number of wires is 8 with the overall length of 36 m.

Air cooling outlet (pack discharge) pressure sensor has a socket connector with 4 pins, 4 pins
engaged. Two sensors are located in the LH and RH forward cargo/baggage compartment under floor
space 6 meters away from the air conditioning control units. The total number of wires is 8 with the
overall length of 36 m.

Pack inlet consumption sensor has a socket connector with 8 pins, 6 pins are engaged. Three
sensors are located in the avionics compartment three meters away from the air conditioning control
unit. The total number of wires is 18 with the overall length of 48 m.

The compressor outlet temperature sensor has socket connector with 6 pins, 6 pins engaged.
Two sensors are located within the RH and LH wing fairings 3 meters away from the air conditioning
control units. The total number of wires is 12 with the overall length of 36 m.

The mixing unit temperature sensor has socket connector with 6 pins, 6 pins engaged. Two sen-
sors are located within the RH and LH bottom fuselage below the air conditioning compartment 6 me-
ters away from the air conditioning control units. The total number of wires is 12 with the overall
length of 72m.

The pack outlet temperature sensor has a socket connector with 6 pins, 6 pins engaged. Two
sensors are located within the RH and LH wing fairings 6 meters away from the air conditioning con-
trol units. The total number of wires is 12 with the overall length of 72 m.

The manifold temperature sensor has a socket connector with 6 pins, 6 pins engaged. Three
sensors are located within the RH and LH bottom fuselage below the air conditioning compartment 6
meters away from the air conditioning control units. The total number of wires is 18 with the overall
length of 108 m.

The pack outlet temperature sensor has a socket connector with 6 pins, 6 pins engaged. Two
sensors are located within the RH and LH wing fairings 6 meters away from the air conditioning con-
trol units. The total number of wires is 18 with the overall length of 108 m.

The venturi consumption sensor has a socket connector with 12 pins, 9 pins engaged. Two sen-
sors are located within the RH and LH wing fairings 6 meters away from the air conditioning control
units. The total number of wires is 18 with the overall length of 108 m.

Thus, the wireless sensor heterogeneous air conditioning system allows to diminish the number
of wires by 174 and reduce the wire length approximately to 900 meters.

THE FLIGHT CONTROL SENSOR SYSTEM

Figure 2 shows the location and aircraft scale grid placement of flight control system sensors.
The system comprises the following sensors.
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Fig. 2. Location of aircraft control system sensors on an airplane

The roll control sensor has two socket connectors with 32 pins. There are 11 pins engaged on
the first socket connector, the second connector has the same number of contacts engaged. The right
control stick roll sensors are located 5 meters away from the RH avionics rack. The total number of
wires is 22 with the overall length of 110 m. The same is the length of wires for the left control stick,
110m. The total number of wires is 22. The overall length of wires to the left and right control sticks is
220m.

The pitch control sensor has two socket connectors with 36 pins. There are 12 pins engaged on
the first socket connector, the second connector has the same number of contacts engaged. The left
control stick roll sensors are located 5 meters away from the LH avionics rack. The total number of
wires is 24 with the overall length of 120 m. The same is the length of wires for the right control stick,
120m. The total number of wires is 24. The overall length of wires to the left and right control sticks is
240m.

The spoiler control sensor has two socket connectors with 32 pins. There are 5 pins engaged on
the socket connector, the remaining contacts are not engaged. The spoiler control sensors for right and
left control sticks are located 5 meters away from the LH and RH avionics racks. The total number of
wires is 10 with the overall length of 50 m.

The pedal control sensor has one socket connector with 32 pins. The left pedal connector has 5
pins engaged; the remaining pins are free. The same are the numbers for the right pedal connector. The
right and left pedal control sensors are located 5 meters away from the LH and RH avionics racks. The
total number of wires is 10 with the overall length of 50 m.
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The flaps and slats control sensor has one socket connector with 8 pins. The first connector has
5 pins engaged; the remaining pins are free. The same are the numbers for the second connector. The
flaps and control sensors are located in the GC area 5 meters away from the LH and RH avionics
racks. The total number of wires is 10 with the overall length of 50 m.

The stabilizer control sensor one socket connector with 8 pins. There are 6 pins engaged; the
remaining pins are free. The same are the numbers for the second sensor. The stabilizer control sensors
are located 5 meters away from the LH and RH avionics racks. The total number of wires is 12 with
the overall length of 60 m.

Each angular velocity sensor has one socket connector with 8 pins. The yaw angular velocity
connector has 6 pins engaged; the remaining pins are free. The same are the numbers for the roll and
pitch angular velocity sensors connector. The angular velocity sensors are located in the GC area 5 me-
ters away from the LH and RH avionics racks. The total number of wires is 18 with the overall length
of 160 m.

Thus, the total number of wires is 152, the flight control systems sensors require about 830 m
of wires.

THE FUEL SYSTEM SENSOR NETWORK

Figure 3 shows the location of fuel system sensors on the aircraft scale grid.
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Fig. 3. Placement of fuel system sensors on the scale grid of the aircraft
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Fuel quantity indicating probe has a socket connector with 3 pins, 3 pins engaged. Three probes
are located in fuel tank compartments 1,2 and 3 and 20, 15 and 10 meters accordingly away from the
system control units rack. The total number of wires is 9 with the overall length of 135m.

The water — in fuel indicating probe has a socket connector with 3 pins, 3 pins engaged. The
probe is located in fuel tank compartment 3 and is 15 meters away from the system control units rack.
The overall wire length is 45m.

Fuel quantity gage has a socket connector with 4 pins, 4 pins engaged. Two gages are located
in fuel tank compartments 1 and 3 and are 10 and 15 meters accordingly away from the system control
units rack. The total number of wires is 8 with the overall length of 150 m.

Fuel quantity gage (1) has a socket connector with 7 pins, 7 pins engaged. The gage is located
in fuel tank compartment 2 and is 20 meters away from the system control units rack. The total number
of wires is 7 with the overall length of 140 m

Fuel quantity gage (2) has a socket connector with 10 pins, 10 pins engaged. The gage is locat-
ed in fuel tank compartment 3 and is 15 meters away from the system control units rack. The total
number of wires is 10 with the overall length of 300 m.

All-in all, the total length of wires for the first group LH wing fuel sensors is approximately
770 meters. The same amount of wires is used for the first group RH wing fuel sensors. The total
number of wires is 37. The overall length of wires for both first group left and right wing fuel sensors
is 1540.

Now let us estimate the second group of LH wing fuel sensors. The fuel quantity gage has a
socket connector with 4 pins, 4 of them engaged. There are 8 gages in the fuel tank compartments1,2
and 3 and are 10,15 and 20 meters away from the fuel control units rack. The total number of wires is
24, the overall length equals 500 m.

The fuel quantity gage has a socket connector with 7 pins, 7 of them engaged. The gage is in
the fuel tank compartment 1, 20 meters away from the fuel control units rack. The total number of
wires is 7, the overall length equals 140 m.

Thus, the total length of wires for the second group LH wing fuel sensors is approximately
640 meters. The same amount of wires is used for the second group RH wing fuel sensors. The total
number of wires is 38. The overall length of wires for both second group left and right wing fuel sen-
sors is 1280.

Let us estimate the center tank sensor groups. The fuel quantity indicating probe has a socket
connector with 3 pins, 3 pins engaged. Two probes are located in the center wing fuel tank compart-
ment 10 meters away from the system control units rack. The total number of wires is 6 with the over-
all length of 50 m.

The fuel quantity gage has a socket connector with 4 pins, 4 of them engaged. There are 3 gag-
es in the center tank compartment, 10 meters away from the fuel control units rack. The total number
of wires is 6, the overall length equals 50 m.

The fuel quantity gage has a socket connector with 4 pins, 4 of them engaged. There are 3 gag-
es in the center tank compartment, 10 meters away from the fuel control units rack. The total number
of wires is 12, the overall length equals 70 m.

The fuel quantity gage has a socket connector with 7 pins, 7 of them engaged. The gage is in
the center tank compartment, 10 meters away from the fuel control units rack. The total number of
wires is 7, the overall length equals 70 m.

Thus, the total length of wires for the center tank fuel sensors is approximately 190 meters. The
number of wires for the center tank fuel sensors is 25.

The fuel pressure sensor has a socket connector with 4 pins, 3 pins engaged. Nine pressure sen-
sors are located in fuel tank compartments 1, 2 and 3 and center tank compartment and 20, 15 and 10
meters accordingly away from the system control units rack. The total number of wires is 45 with the
overall length of 405 m.
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Thus, the total number of wires is 138. The wireless sensor heterogeneous fuel system allows to
reduce the wire length approximately by 3415 meters.

The consolidated data on the number and the length of wires for the aircraft systems are shown
in Table 1.

Table 1
Summary data on the number and length of wires of aircraft systems
Ne Aircraft system Number of wires Wire length

1. Air conditioning system sensor network 174 900m
2. Flight control system sensor network 152 830m
3. Fire protection system sensor network 91 1334m
4. Anti-icing system sensor network 98 860m
5. Landing gear system sensor network 82 800m
6. Oxygen system sensor network 18 24m
7. Water supply system sensor network 16 320m
8. Inerting agent system sensor network 20 200m
9. APU system sensor network 36 900m
10. Engine fuel system sensor network 52 1040m
11. Engine control system sensor network 64 920m
12. Engine intrumentation system sensor network 56 1120m
13. Exhaust system sensor network 16 160m
14. Oil system sensor network 42 840m
15. Doors and hatches system sensor network 48 480m
16. Fuel system sensor network 138 3415m
17. Hydraulic system sensor network 100 1280m

Total 1203 15423m

CONCLUSIONS

1. The aircraft heterogeneous sensor system with the wireless sensors allows to minimize the
number of wires approximately by 1200, the with the feeder network being reduced by 15 km.

2. The most promising aircraft systems for the sake of wireless sensor transformation are: the
fuel system (approx.3400m), the fire protection system (approx.1300m) and the hydraulic system (ap-
prox.1300m)

3. The possibility of technical implementation and feasibility of WSN for every particular air-
craft system is a subject to further research.
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AHAJIM3 BOPTOBOM BECITPOBOJIHOM CEHCOPHOM CETH
KAK AJIbTEPHATHUBBI TPAJIUIIMOHHOM ITPOBOJHOM CETH

1
C.B. Ky3nenos
1 o o o o
Mockosckuil 20cy0apcmeennvlii mexHUYecKull YHUgepCcumem paircoancKol aguayul,
2. Mockea, Poccus

Ha coBpemeHHBIX BO3/IYIIHBIX Cy/iax BCe OOJbIlee paclpoCTpaHEHHE MOJy4atoT OECIIPOBO/IHBIE CETH, OCHOBAHHBIE Ha TIPUHIHIIE
u texaojorru Wireless Avionics Intra-Communications (WAIC), To ecTh 6eCripoBOTHOY aBHOHUKH I OSCIIPOBOIHOM OOPTOBOI
BHyTpeHHel cBs3u (BBBC). Pa3pabotka u BHenperue Ha 60pt Bo3aymrHoro cyaHa (BC) BEBC (WAIC) — cioxHeiimias 3a1a4a,
TaK KaK €e pelIeHre HEMoCPeICTBEHHO CBS3aHO C o0ecredeHneM 0e30MacHOCTH MoJIeToB. B crathe npoBesieH aHanmu3 O0pToBOi
0ecrpoBOTHOM CEHCOPHON CETH KakK aJbTepHATHBHI TPAJWIIMOHHOW TPOBOMHOM CETH Ha TpuMepe OMDKHEMAarucTpalbHOTO
camorera. [IpoBemeHa TpHOMIBUTENBHAS OIEHKA UIMHBI SJIEKTPOXXTYTOB, COCOUHSIONINX MATYMKH CAMOJETHBIX CHCTEM C
ANIEKTPOHHBIMH OJIOKaMH, C TEM, YTOOBI OIPEIeTITh BO3MOYKHBIN BBIMTPHIII B [UTMHE ITPOBOJIOB IIPH ITEPEX0/ie Ha OECTIPOBOTHYTO
cencopayto cetb (BCC). s permeHust 3TOH 3amaudl CaMOJICTHBIE NATYMKK Ka)KIOW CaMOJIETHOW CHCTEMBI pa3sMeIleHBl Ha
MAacIITaOHOM CeTKe, JUIS KaXKIOTO JaT4MKa MPOBEICH aHAIN3 (PUIEPHBIX CXEM IO COCTaBY IITEICETbHBIX Pa3beMOB, KOJIUIECTRBY
3aHATHIX KOHTaKTOB W JUTMHE IMPOBOIOB MO KAKAOMY KOHTAaKTy IO COOTBETCTBYIOIIETO AJIEKTpOHHOro Oioka. ITokasano, uto
TeTepOreHHasl CEeHCOpHas CHCTeMa caMoJieTa C OeCHPOBOJHBIMU JATYMKAMH TO3BOJISET COKPATUTH KOJMYECTBO IIPOBOIOB
npumepHo Ha 1200, mHYy npoBomoB (uaepHON cetH HpumepHo Ha 15 kM. HamOonee mnepcrieKTHBHBIMU CaMOJIETHBIMH
CHCTEMaMH C TOYKHM 3pEHHs Nepexo/ia Ha OeCHpOBOJHBIE NATUMKU SIBJISIOTCS: TOIUIMBHAs cucreMa (okono 3400 M), cucrema
noskapHoro odopynosanus (okono 1300 m) u runpaeimdeckas cucrema (okoo 1300 m). [yt mprHATHS 000CHOBAHHOTO PEIICHUS
0 TEXHMYECKOH BOSMOXKHOCTH M IIJIECOOOPA3HOCTH HCIOJIb30BAaHHUsI OECIIPOBOJJHOM CEHCOPHOM CeTH Il KaXKJOoH KOHKPETHOM
CaMOJIETHOM CHUCTEMBI TpeOyeTcsl POBEACHUE JAITBHEHIINX HAyYHBIX HCCIIEJOBAaHMH.

KroueBrble ciioBa: 60pTOBBIE OECTIPOBOTHEIC CETH, OECIPOBOIHASI OOPTOBast BHYTPEHHSS CBS3b, OECIIPOBOAHBIC CEHCOPHBIE CETH,
OOpPTOBBIE FeTEPOreHHBIE CETH, EKTPOUCTAHIIMOHHBIC CUCTEMBI YIIPABIICHHS TTOJIETOM.
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The civil aviation is a systemically important sector of the European economy. In 2015, a new development strategy defining the
role of air transport in passenger communications was adopted. The implementation of the strategy provides for, among other
things, tickets cost reduction, which will have its impact on the population mobility. In this context, the article considers the
priorities of the development strategy, noting that the demand for passenger air travel depends on multiple factors. They can be
aggregated into four groups: social stability, macroeconomic, intrasectoral, and inter-transport factors. Their influence on the
demand value varies by its degree, while being both price-based and non-price-based in nature. The article defines the leaders of the
passenger air transportation market, addresses the problems obstructing the air transportation network development. It also
highlights the European passenger air transportation market specifics and the prospects for development of a unified transport
system to ensure a positive socio-economic effect in the development of the economy. A high level of competition with a
comparable level of service quality calls for new forms of relationship with consumers. With a convenient passenger transportation
infrastructure built nowadays in Europe, there are companies operating on the market that offer fairly expensive as well as low-cost
transportation service. In addition, the level of average per capita income in Europe is quite high. All combined, these factors
predetermine increased demand for transportation by air. Given these conditions, adoption of innovations and digital technologies,
together with the encouragement of investments, should present a stimulus for growth. The adoption of the said measures will lead
to passenger service quality improvement, traffic turnover and airlines’ revenues increase, and more job opportunities. Reliability,
safety, environment are regarded as strategic priorities.

Key words: passenger air traffic, air traffic demand, demand management, passenger traffic infrastructure, development strategy.
INTRODUCTION

Transport plays a fairly large role in the global economy. With the help of transport, passengers
and cargo are transported over long or short distances; it determines the development of both trade and
tourism. Passenger transport is one of the components of the global market for transport services. The
ability of persons and goods to move freely across the borders is essential for European integration.
The EU wants to create a "Single European Transport Area" in which obstacles, both between the na-
tional transport systems and between the various modes of transport, are removed [1].

Intercity passenger transport determines the development of urban infrastructure, and transport
that is capable of transporting passengers between cities and countries largely determines the devel-
opment of different types of tourism (i.e. standard tourism associated with leisure and excursions,
business tourism, studying abroad, working abroad and etc.).

Currently, long-distance and international transportation is carried out with the help of rail-
ways, roads (buses), sea and river transport routes (ships) and aviation (aircraft). The advantages of
aircraft are the high speed of transportation, which allows you to quickly cover long distances, move
passengers and cargo from one point of the world to another in a few hours, provided that there is an
adequate infrastructure at both points (airports, equipped with modern equipment, flight control
equipment, runways). Despite an extensive road and rail network, 43% of international travel within
the EU was by air in 2013'. For example, in 2018, 1106 million people traveled by air in the EU,
which is 6% more than in 2017.

' Tourism statistics - intra-EU tourism flows. Eurostat. Available at: https://ec.europa.cu/eurostat/statistics-
explained/index.php/Tourism_statistics - intra-EU_tourism_flows (accessed 20.06.2019)
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Nowadays, air travel is not a highly expensive mode of passenger transportation. The safety of
air travel is also constantly increasing; passengers are less and less exposed to the risks associated with
flying.

In general, the development of passenger air travel in the world and in Europe is affected by
various price and non-price factors. Price factors are closely related to the ratio of the distance and cost
of the flight in comparison with other alternatives (movement by other modes of transport). Non-price
factors are determined by the development of tourism, the growing needs of the population in moving
between cities and countries, as well as the increasing convenience of air travel, when they become
more comfortable and accessible to the consumer from the moment of ticket purchase to the end of the
flight.

The growth trend in passenger traffic has stabilized, at the same time it faces a number of unfa-
vorable market conditions, including oil prices, which are still at a fairly high level and growing uncer-
tainty in the global economy.

Therefore, the goal set in the article is to analyze the factors that influence the development of
the European market of passenger air travel, the demand for services in this market.

To achieve this goal, we studied the concept of demand for passenger air travel, the factors that
determine it, analyzed the development of air transportation in Europe, identified the problems and
prospects for the demand for passenger air transportation in Europe.

The article used some analytical materials on the subject of the demand for passenger air trans-
portation, given in the works of other authors.

DEMAND FOR PASSENGER AIR TRANSPORTATION
AND FACTORS DETERMINING IT

The demand for passenger air travel is of great interest to the manufacturers of aircraft, airlines,
airports and other institutions related to aviation. Airlines use passenger demand forecasts to better un-
derstand potential behavior along the way and the expected number of passengers. These forecasts are
crucial for pricing strategies, ordering and fleet utilization and, therefore, for the airline’s corporate
success”. Airport infrastructures are consequently adjusted for future projected demand [2].

We can provide some definitions. The market is a competitive form of communication between
economic entities. The market mechanism is a mechanism of interrelation and interaction of the main
market elements — demand, supply, price, competition, and the basic economic laws of the market. The
mechanism of the market allows you to meet the needs of a man and society, which are expressed
through demand.

The law of demand. If the prices for any product or service increase, and at the same time all
other parameters remain unchanged, then the demand for less and less of this product (service) will be
presented. Demand is the effective need for any product or service. It should be noted that in the airline
industry, a passenger buys fast, safe and comfortable movement to another city (country), and not just
a seat on the plane.

The law of supply. An offer is a collection of goods and services that are present on the market
and that the sellers are willing to sell to the buyer at a given price. Thus, demand from the point of
view of microeconomics is the dependence of the quantity and quality of goods (Q) purchased by buy-
ers (what they can and wish to purchase) over a period of time from the price of this product (P),
which determines, in particular, K. R. McConnell and S.L. Brue (2011).

Microeconomics assumes that price is the main determinant factor in demand for goods [3] and
services, and that its reduction contributes to growth in demand, as well as an increase in its reduction,

? Understanding the Demand for Air Travel: How to Compete More Effectively (2006). Boston Consulting Group. Availa-
ble at: https://www.bcg.com/documents/file14820.pdf
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taking into account the flexibility of demand for the price of a product or service (and for different
types of goods and services elasticity is different).

However, the theory of microeconomics states that price is not the only factor that determines
the volume of demand. Other factors include: change in the number of customers; income of the popu-
lation; consumer preferences, availability and quality of substitutes and alternative/related goods; traf-
fic quality, service, safety; consumer preferences and expectations, the use of advertising. The demand
for air transport services is characterized by great scholasticism and uncertainty [4].

Considering the price of air travel, it should be borne in mind that they cannot be substantially
low: significant costs are necessarily associated with the acquisition of aircraft themselves and their
maintenance, there are significant costs for the use of airport infrastructure, fuel, flight safety, and pi-
lots labor (a pilots profession is highly paid, because it requires a large amount of knowledge and prac-
tical skills). However, the thoughtful organization of passenger traffic provides an opportunity to save
on some costs of travel for passengers [5]. For example, these are charter flights (when tickets are sold
in advance, along with travel vouchers, and the entire plane is full of passengers, and the airline re-
ceives a guaranteed amount of transportation and revenue), as well as low-cost airlines (low-cost carri-
ers, also denoted as LCC).

LCC have recently performed not only domestic low-cost flights, but also developed hubs
around the world, starting to fly along more long-distance routes. In general, low-cost airlines offer the
possibility of flying at a low price “no frills” for a passenger (for example, lack of food or paid meals
on board, paid baggage if there is one, etc.) [6]. For example, in 2018, the ultra-low-profile West Jet
(Swoop) appeared, the flight on which from Ontario to British Columbia costs only $ 7.5 one way,
which is very cheap, and in other directions the cost of tickets varies from $ 35 to 99 in one direction,
which is also a low price that attracts potential customers’.

It is possible to single out such factors of successful functioning and development of low-cost
airlines as:

e Optimization of the structure of operating expenses;

e Other expenses of the airline are transferred to additional services that are provided on a
paid basis and allow you to receive additional income (for example, meals on board and
transportation of baggage);

e A built-in policy of generating additional incomes, for example, from paying for priority
boarding on a plane, choice of seats by passengers during check-in, etc.;

e A unified fleet, which includes relatively new aircraft that have higher fuel efficiency, rela-
tively small costs associated with maintenance;

e Hedge prices for aviation fuel’;

e The implementation of integrated modern technologies of ticket sales with the sale of addi-
tional services;

e Flexible prices to meet the demand for affordable air travel, taking into account eventual re-
quests of passengers to save on flights.

All this provides both cost reduction and sales growth, when, on average, up to 80 % or more

of the seats are occupied during the flight. In general, the share of low-cost airlines in the world pas-

* The new WestJet low cost airline offers one-way tickets for $ 7.50 between British Colombia and Ontario (2018). Our
Vancouver. Available at: https://nashvancouver.com/novyj-loukoster-westjet-predlagaet-bilety-v-odnu-storonu-za-7-50-
mezhdu-britanskoj-kolumbiej-i-ontario/ (accessed 24.01.2019)
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senger air traffic has now reached 33 % (which is about 1.2 billion transported passengers per year).
For comparison, in 2003 the share of traffic by such companies was only 12.2 % (about 250 million
passengers). In Western Europe, the share of low-cost airlines is 42 % for domestic and 18 % for inter-
national flights (for comparison, in 2003 only 18.1 and 3.3 %, respectively), in Eastern and Central
Europe — 4.9 % for domestic flights and 30.2 % in international terms (for comparison, only 4.1 % and
4.0 % in 2003, respectively) [7].

Irish company Ryanair, with annual revenues of $ 7.4 billion, ranks first among low-cost air-
lines in Europe. In addition to Ryanair, low-cost airlines WizzAir (Hungary), Norwegian (Norway,
flights in Northern Europe, USA), EasylJet (UK), Air Baltic (Lithuania), Aegeanair (Greece), Vueling
Airlines (Spain), Eurowings (Germany, Lufthansa subsidiary low cost), Blue Air (Romania) and a
number of others have been set up.

The advent of low-cost carriers over the years has led to a large increase in air travel within Eu-
rope. Air transportation is now often the cheapest way of travelling between cities. This increase in air
travel has led to problems of airspace overcrowding and environmental concerns. The Single European
Sky is one initiative aimed at solving these problems [8].

Within the European Union, the complete freedom of the air and the world's most extensive
cabotage agreements allow budget airlines to operate freely across the EU [9].

In general, it can also be noted that the liberalization of the airline market, the growing number
of airlines in the market (including low-cost airlines), tougher competition — all leads to lower fares
and ultimately makes air travel more affordable, supporting passenger demand. The recent decline in
oil prices has also positively impacted global air travel decreasing the cost of airline tickets thus mak-
ing the issue of the need to raise tariffs no longer acute.

These factors led to the stabilization of prices for airline tickets at this stage of development of
passenger aviation. As can be seen from a study done in relation to Sweden and the UK, business pas-
sengers are less sensitive to price fluctuations in the direction of increasing air ticket prices than pas-
sengers traveling for the purpose of leisure.

The change in the number of buyers is also an important factor affecting the demand for pas-
senger air travel. At present, the development of air travel in Europe is closely linked to the growth of
urbanization: most European citizens live in urban agglomerations, and even relatively small cities and
villages are increasingly “merging” with large cities, and the urban transport and suburban infrastruc-
ture makes it accessible to all residents of the agglomeration.

Those social services that were previously available only to residents of large cities, including
tourism in general and air travel in particular are becoming widespread. According to the World Bank,
at the beginning of 2018, the urban population accounted for 70 % of the total population. In European
countries, the level of urbanization, as in the whole world, varies country by country, but it is above
50 % and in most countries this share exceeds 65 %. The population density is usually the highest in
areas surrounding European capitals and major cities (for example, Paris, London, Rome, Berlin) or in
large metropolitan areas (for example, German Ruhrgebiet).

The monetary income of the population is another important factor in the demand for air travel.
IATA analysis® shows that an increase in people’s revenue directly leads to an increase in air transpor-
tation demand. About 5 % of the total cash expenditures of the population accounted for the costs of
all types of transport. In the total revenue from the provision of such services, the share of air transport
is about 35 %.

* TATA. Air Travel Demand (2008). IATA Economics Briefing, No. 9, pp. 50-55.
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The increase in demand for air travel is influenced by the overall favorable economic develop-
ment, due to which airlines increase the frequency of flights and introduce non-stop flights between a
large number of city pairs. Improving the quality of services is an incentive to increase demand over
the long term. Consumer tastes and preferences are also an important factor in the development of pas-
senger air traffic in Europe.

Eurostat cited the general characteristics of the European air transport market, outlined the fac-
tors that influence and stimulate the demand for travel among various categories of air passengers. In
this case, for example, three different groups of senior travelers were considered: the age group from
55 to 64, from 65 to 79, and 80 and older. The number of trips per year was more for the first group,
since these people are still at the active stage, while the volume of trips has decreased for the last two
groups.

The survey data suggests that the duration of the trip increases with age, and the refusal to trav-
el is caused by a lack of funds, as well as deterioration of health. Older passengers usually travel dur-
ing off-peak seasons and prefer a longer stay at their destination.

Regarding the behavior of young participants in air travel, the World Tourism Organization’, as
well as the International Confederation of Student Travel, together with the Association for Education
in Tourism and Recreation, explored travel planning, expectations and travel duration of this particular
group. The WTO report looks at air passengers between the ages of 15 and 29, who account for about
23 percent of all travelers around the world. The main motivation for this group is the initiation to new
cultures, meeting local residents for “living together”. In addition, with the increase in the number of
students receiving higher education, studying abroad is becoming increasingly prestigious. Some
young travelers combine their trips with work at the appropriate destination in order to make the most
efficient use of their budget.

Thus, the main reasons for air travel for young people are acquaintance with new cultures, the
opportunity to expand their knowledge of the world and, ultimately, to enjoy the journeys themselves.
The Internet is the predominant method of planning and booking trips for this category of passengers.
Accordingly, a significant proportion of this group travels on long-distance directions and mainly uses
air transport. It should also be noted that the category of young air passengers is not homogeneous, but
varies depending on the destination of the flight, age, income level or the very purpose of the flight [9].

External shocks, such as terrorist acts committed on September 11, 2001, had a negative impact
on the behavior of passengers and led to a temporary drop in demand for air travel in both European
countries and the United States [11].

The task of determining the demand for passenger air transport is advisable to solve in two
stages. At the first stage, it is necessary to estimate the number of the share of potential users of
services that are able to pay for the flight from their own funds - the “effective part” of the population.
In the second stage, there is a need to identify the number of passengers that the "effective" part of the
residents "supplies" to the market [12].

ANALYSIS OF THE EUROPEAN AIR TRANSPORT MARKET
The transport market has a complex structure. Market structuring is the basis for the analysis

and serves as a foundation for forecasting. The table below gives a description of the structure and
flow of the European transport market (Table 1).

> Understanding the Demand for Air Travel: How to Compete More Effectively (2006). Boston Consulting Group.
Available at: https://www.bcg.com/documents/file14820.pdf
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Table 1
Overview of EU-28 air passenger transport by Member States in 2018: passengers carried
(Thousands)
Total transport National transport e e

intra-EU-28 transport extra-EU-28 transport

Number of Growth (%) Number of Growth (%) Number of Growth (%) Number of Growth (%)
passengers 2017-2018 passengers 2017-2018 passengers 2017-2018 passengers 2017-2018

Eu-28'" 1105 937 6.0 181 850 3.6 513 531 4.6 410 555 9.1
Belgium BE 34 506 3.7 9 -10.9 24717 0.8 9781 11.9
Bulgaria BG 12138 9.4 315 125 9414 10.6 2408 45
Czechia CcZz 17 838 9.8 62 -85 12 200 7.2 5577 16.2
Denmark DK 34701 43 1947 -0.2 23475 33 9279 82
Germany DE 222 422 47 23 626 -0.9 123 158 45 75638 7.0
Estonia EE 2996 13.7 28 13.3 2330 11.2 638 236
Ireland IE 36 345 6.0 99 13.6 29 906 4.1 6 341 15.9
Greece EL 54 259 8.1 8 554 2.6 36 699 10.1 9006 59
Spain ES 220611 5.1 40 057 10.8 148 341 3.2 32213 7.7
France FR 161 991 5.1 31035 34 72894 48 58 062 6.5
Croatia HR 9731 10.0 528 0.4 7 498 9.1 1705 183
Italy IT 153 352 6.3 32183 34 90 443 55 30727 117
Cyprus CcY 10 927 6.7 0 - 7424 9.0 3503 22
Latvia Lv 7 037 15.8 11 67.6 4984 12.9 2043 23.2
Lithuania LT 6254 19.2 0 1547.8 4681 17.0 1573 26.5
Luxembourg LU 3989 12.2 1 -31.1 3599 12.0 389 148
Hungary HU 15 176 13.7 0 306 11530 8.7 3 646 329
Maita MT 6 806 13.3 0 50429 6179 12.4 627 227
Netherlands NL 79 644 4.5 3 214 50 088 3.6 29 553 6.0
Austria AT 31138 9.9 585 10.1 21267 8.7 9 286 12.8
Poland PL 43746 16.1 1905 -13.9 31401 12.0 10 440 404
Portugal i 51018 7.0 5170 43 36 156 59 9692 13.2
Romania RO 19 317 T.7T 1420 3.7 15 191 59 2706 21.7
Slovenia Sl 1811 76 o= - 1419 10.1 700 39
Slovakia SK 2794 16.3 21 -14.5 2003 1.7 771 315
Finland Fl 22174 10.6 2992 8.4 13579 8.8 5603 16.3
Sweden SE 38 945 1.3 7 640 28 23710 1.0 7 595 6.7
United Kingdom UK 272 190 29 23 661 1.0 167 477 1.4 81053 6.6

(") Double counting is excluded in the intra-EU-28 and total EU-28 aggregates by taking into consideration only departure declarations.
0 less than 500 passengers carried

(-) not applicable

0* real zero no passengers carried

For travel in both directions for the EU and EFTA states, all types of travel include at least one
overnight stay at the destination. Countries with a very high proportion of exit trips, such as Luxem-
bourg, Belgium, Malta, Switzerland or Slovenia, are small states in terms of geographic size.

Figure 1 below shows the growth in the total volume of passenger traffic in 2017-2018.

2017-2018 growth in total passenger air transport by Member State
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Fig. 1. Growth in total passenger traffic
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Due to the growth in volumes, airports need reliable demand patterns, their infrastructures
(parking, terminal buildings, ground handling, and airspace infrastructure) are adjusted for future de-
mand”.

In 2018, the aviation world continued to discover the opportunities offered by digital innova-
tion. Research from the London School of Economics has shown that by 2035 an additional income of
$ 130 billion from digital innovations could be obtained.

Figure 2 shows the distribution of seats provided by airlines for each country.
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Fig. 2. Supplied national an intra-EU airline seats by each country®

The number of seats is correlated with the population of the country, for example, the more
people in the country, the higher the absolute number of seats offered to and from this country. Nor-
way is the country with the highest share of the proposed national places in relation to the total number
of seats (65 percent). This is due to the geography and configuration of this country, which is charac-
terized by long distances and low population density. The same is applicable to Sweden and Finland,
where the national places are respectively 47 and 37 percent [13]. Italy, France and Spain also have a
high share of national air traffic, with 47%, 45% and 37%, respectively. These three countries also
have a high proportion of domestic traffic, taking into account all types of transport. For Spain and
France, the large size of the country and the presence of few, but large urban centers contribute to the
high level of domestic traffic’.

When considering the European air transport market and the associated passenger demand,
the destination regions for each of the EU countries and EATT give an idea of the main traffic

flows in Europe. Figure 3 shows the three main air currents for all these countries in terms of de-
parting seats.

S Official Airline Guide Schedules Data (2016). Available at: https://www.iata.org/publications/store/Pages/standard-
schedules-information (accessed 17.10.2019).

7 World Tourism Organization (2016). Affiliate Members Global Reports, vol. 13 - The Power of Youth Travel, UNWTO,
Madrid. DOI: https://doi.org/10.18111/9789284417162
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Fig. 3. Top three air traffic flows for EU28 and EFTA countries®

Spain, Germany, Great Britain, France and Italy own most of the European traffic. This corre-
lates with the corresponding population figures, runways and the number of flights per capita.

Romania, Bulgaria and the Czech Republic have the lowest share of air travel in the total vol-
ume of transport travel compared to other European countries. Portugal, Poland, Slovakia, Slovenia,
Hungary and Croatia have a share of less than 10 percent.

Passenger traffic reporting reflects only actual demand. Market analysis has become an im-
portant part of the work of planning and organizing air travel. For this purpose, airlines use various
systems for forecasting the demand for air travel. Automated demand forecasting systems consist of a
subsystem for collecting and processing information, analyzing and issuing recommendations, which
allows airlines to correctly use the obtained forecasts and optimally manage available resources, be
prepared for seasonal fluctuations in advance, and influence consumer demand [14].

As stated above, various factors affect the level of demand for air travel within a country or re-
gion. Leaving aside aspects of supply, such as affordable airport infrastructure or regulatory re-
strictions, the analysis has so far focused on such aspects of demand as affordable income, age struc-
ture, or level of education. The question that needs to be addressed through empirical analysis is
whether these factors have a statistically significant effect on passenger demand in the European Union
and EFTA [15].

Studies show that per capita income, often expressed using per capita GDP, is one of the main
factors determining the number of flights per person. This factor, like the others discussed in the previ-
ous sections, is included into the regression analysis to determine their respective effect on the number
of flights per capita in Europe.

Table 2 gives an overview of these factors.

8 The same source.
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Table 2
Overview of variables used in regression analysis

Variable Definition Reference

Airtripscap | The number of air trips per capita per country in 2014; Eurostat (2014a)
dependent variable

GDP The gross domestic product (GDP) per capita in 2014, The World Bank Group (2014)
purchasing power parity in USD, logged variable

Geo A dummy variable indicating whether a country is an is- N/A
land (1 if country is an island)

Educ The share of population having a tertiary education degree | Eurostat (2014d)

Urbanpop The share of people living in urban agglomerations The World Bank Group (2016)

In the regression analysis using the least squares model (OLS), the number of flights per capita
is a dependent variable. This indicator is an indicator of the level of demand for air transport within a
country. WFP has a positive effect on the number of flights per capita, as well as the level of higher
education of air passengers. In addition, it is considered in the analysis taking into account geographic
location, for example, whether a country is an island state, since in many cases air transport may be the
only possible transport alternative. The proportion of people living in urban agglomerations also af-
fects the level of demand.

Air travel per capita shows a high divergence in these countries, with Romania having the low-
est number of flights per capita (0.02) and Cyprus the highest (1.35). Gross domestic product per capi-
ta ranges from a minimum of $ 17,207 (~ 16,000 euros) in Bulgaria to $ 98,459 (~ 90,000 euros) in
Luxembourg. The share of people with higher education is the highest in the UK (~ 37 percent) and
Luxembourg (~ 40 percent) and the lowest in Romania (14 percent). The degree of urbanization also
varies greatly: about 98 percent in Belgium and 14 percent in Liechtenstein.

CONCLUSION

Passenger carrying capacities of airlines (expressed in available seat-km, or ASK) increased by
an average of 6.5%, while the load factor increased by 1 pp. - up to 82.8%. During the first half of
2018, the average passenger traffic of airlines increased by 7% (in the same period of 2017 - 7.9%)).
A number of factors influenced the slowdown in demand. The main one is the growth of airline ex-
penses, which reduces incentives for low fares. A change in price leads to a change in the value of de-
mand. Certain negativity is introduced by the looming threat of a global trade war. A decrease in sup-
ply under the influence of rising costs and a decrease in demand under the influence of price changes
for interchangeable goods and changes in consumer preferences led to a decrease in sales of major air
carriers and a decrease in their revenue. Reduced revenue, while increasing costs, led to lower profits.

Despite a slight slowdown, 2018 was a year that demonstrated an increase in demand above the
trend. This was facilitated by the measures that were taken by the airlines - the abolition of unprofita-
ble routes, the reduction in the number of personnel - are aimed at reducing costs and, consequently, at
reducing losses and, thus, increasing profits. According to forecasts for the next 20 years, global air
travel will continue to grow at an average rate of 4.6% per year. The leaders of growth in the world
will remain the United States, China, the UAE, in Europe - the United Kingdom and Germany.

The results of the empirical analysis confirm important determinants at the European level. In a
market economy, the form of relations between airlines and clientele has changed on the basis of con-
sumer preferences for a bottom-up choice. As research has shown, the cost of air tickets is not the main
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factor in the demand for business passengers, but affects the demand of passengers traveling for per-
sonal purposes.

The purpose of this article was to assess the factors influencing the demand for air transporta-
tion at the European level, to study the interdependence between them and to give an idea
of the expectations of potential passengers regarding the European transport system. Since the passen-
ger himself chooses the type of transport, a number of factors, both quantitatively and qualitatively,
influencing his choice has been studied. The general characteristics of the European air transport mar-
ket are presented, indicating the main air traffic flows in the European Union and EFTA countries.
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PBIHOK ITACCAXKNPCKUX ABUAIIMOHHBIX ITIEPEBO3OK B EBPOIIE
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I'pakganckas aBuanusi SBISIETCS CHCTEMHO 3HAYMMBIM CEKTOPOM eBporeiickoil skoHoMuKH. B 2015 romy Obima yTBepikneHa
HOBasi CTpATerHsl Pa3BHUTHS, ONPEICIISIONAs POJb BO3AYIIHOTO TPAHCIIOPTA B MACCAKUPCKUX KOMMYHHKAIMSIX. Peanmmsarimst
CTpaTeruu MpeayCMaTpPUBACT, CPSH MPOYEro, CHIKCHHE CTOMMOCTH OMJIETOB, YTO OTPAa3UTCs Ha MOOWJIBHOCTU HaceseHus. B
9TOM KOHTEKCTEC B CTaThe PACCMATPHBAIOTCS MPUOPUTETHI CTPATETHMHM PAa3BUTHS, OTMEYACTCS, YTO CIPOC HA MACCAKUPCKHE
aBHMATICPEBO3KHM 3aBHCHT OT OOJBIIOro KoimdectBa (DakTopoB. VX MOXKHO OOBCAMHHTHE B YETHIPE TPYIIIBL: COIMAITBHASL
CTaOWIIBHOCTh, MaKpPOIKOHOMUYECKUE, BHYTPHOTPACIICBEIC H MEKTPAHCIIOPTHBIC (pakTopbl. X BIMsHWE HA BEIMYMHY CIIpOca
BapBHUpPYyeTCs, U HOCHT KaK IICHOBOM, TaK W HEIICHOBOW XapakTep. B crarhe ompeneneHbl JHICPHI PHIHKA MMACCAKHPCKUX
aBHAIEPEBO30K, PACCMOTPEHBI MPOOJIEMBI, MPEMATCTBYIONIME PA3BUTHIO CETH BO3MAYIIHBIX MEPEeBO30K. Takike OCBEIIAIOTCS
OCOOEHHOCTH EBPOIICHCKOTO PhIHKA MACCAKUPCKHX ABUANEPEBO30K U MEPCIEKTUBBI PA3BUTHSI €IMHON TPAHCIIOPTHON CHUCTEMBI
JUIsl 00ECTICUEHUSI TIO3UTUBHOTO COLMAITbHO-IKOHOMUUYECKOTO ¢ deKra B pa3BUTHH SKOHOMHKH. BBICOKHI YPOBEHb KOHKYPEHIIUH
C COIIOCTAaBUMBIM YPOBHEM KauecTBa 0OCITy>KUBaHMS TpeOyeT HOBBIX ()OpM OTHOIICHHH ¢ HOTpeduTesiMu. B HacTosIiee Bpems B
EBporie moctpoena ymoOHas [Uisi MACCaXKUPOB HH(PACTPYKTYpa aBUAINEPEBO30K, HAa PHIHKE PAbOTalOT KOMIIAHHMH, KOTOPbHIC
NpeIyIaraioT J0BOJIBHO JIOPOTHE, a TAKXKe HEZIOPOrHe TPAHCIIOPTHBIE yeiayri. Kpome Toro, ypoBeHb JI0X0/I0B HACEJICHHsI B CTpaHax
EBporibl 10CTaTOYHO BBICOK. B COBOKYMHOCTH 3TH (DAKTOPBI MPEIONPEACIISIOT BO3POCIIMI CIIPOC HA aBUAICPEBO3KU. B 3THx
YCJIOBHAX BHCAPCHUC I/IHHOBaIlI/lﬁ u LlI/l(l)pOBl)IX TEXHOJIOTUI BMECTE C TMPUBJICUCHUEM I/IHBeCTl/IHI/lﬁ JOJDKHO CTaTbh CTUMYJIOM VA
pocra. IlpuHATHE YyKa3aHHBIX Mep TMPUBEAET K YIIy4IICHUIO KayecrTBa OOCIY)KMBAHHS IACCaXHPOB, YBEIHMYEHHUIO
MACCAKUPONIOTOKA Y YBEIMYCHUIO JIOXONOB ABHAKOMIIAHHM, a TAKXKe PACIIMPEHHIO BO3MOXKHOCTEH TpPyJOYCTPOHCTBA.
HanéxaocTb, 6€30MacHOCTD, 3KOJIOTHS PACCMATPUBAIOTCS KaK CTPATETHYECKUE IIPUOPUTETHL

KitioueBble c10Ba: MaccaKMpCKHEe aBHAINCPEBO3KH, CIPOC HA AaBHANEPEBO3KH, YIPABICHHE CHPOCOM, HH(PACTPyKTypa
MACCAKUPCKUX IIEPEBO30K, CTPATETHs Pa3BHTHS.
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INPUMEHEHHUE MAPKOBCKHX ITPOLECCOB JJI51 AHAJIM3A
N YITPABJIEHUA OKCINIYATAIHMOHHOU TEXHOJIOTHYHOCTBIO
JIETATEJBHOI'O AIIIIAPATA

FO.M. YNHIOYHUH', A.C. COJIOBBEB’
'Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMEN 2PaXCOAHCKOU a8uayul,
2. Mockea, Poccus
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I[Iporecc FKCIUTyaTaiy JICTATEIBHOTO alliapaTa COMPOBOXKAACTCS TOCTOSIHHBIM BO3/ICHCTBHEM Pa3iIMYHBIX (PaKTOPOB HA €ro
KOMIIOHEHTHI, TIPHBOJUIIIAE K CIyYalHBIM WM CHCTEMATHYCCKAM HM3MEHEHMSM HMX TEXHHYECKOTO COCTOSHUS. MapKOBCKHe
TPOLIECCHI SIBJISIFOTCSI YAaCTHBIM CIIy4aeM CIIy4aiHbIX HPOLIECCOB, KOTOPBIE MMEIOT MECTO B MPOLIECCE AKCILTyaTallid OOBEKTOB
aBHAIMOHHOW TeXHUKW. OdYeBHIHAS CBA3b XapaKTEPUCTHK OE30TKA3HOCTH OOBEKTOB C 3aTpaTaMH Ha HMX BOCCTAaHOBJIICHHE
MO3BOJLTIOT TPUMEHUTH AHAMTHYECKUN armapaT MapKOBCKHAX MPOIECCOB IUIS aHAMW3a W YIPaBICHWS JKCIUTyaTalHOHHOMN
TEXHOJIOTMYHOCTBIO JIETAaTENbHBIX allaparoB. B crarke OMMCHIBAIOTCS METOAbI aHAIM3a W YIPABJIEHUS SKCILTyaTallMOHHON
TEXHOJIOTUYHOCTBIO O0BEKTOB, OCHOBAHHBIX HA CTAIIMOHAPHBIX M HECTAIMOHAPHBIX MApKOBCKUX MEIsX. MoJeNb CTalIOHApHON
MapKOBCKOU IEITH MCIIONB3YeTCs ISl 0OBEKTOB, Y KOTOPBIX MHTEHCUBHOCTH COOBITHIA TTOCTOSIHHA BO BpeMeHH. [IJist 00BEKTOB C
MEPEMEHHOW BO BPEMEHH MHTCHCHBHOCTHIO COOBITHIA HICTIONB3YETCsl HECTAIIOHAPHAS MapKOBCKast 1eTb. C IETBI0 COKPAIICHUS
BbIYMCIIUTCIIBHBIX 06’I)CMOB, H606XOZ[I/IM]:IX JUIA BBIIIOJIHCHUA aHaJIu3a 3KCHﬂyaTaHMOHHOﬁ TEXHOJIOIT'MYHOCTHU 06’beKTOB
ABHAIIMOHHON TEXHWKH C TIOMOIIBI0 HECTAIIMOHAPHBIX MApKOBCKUX IIPOIIECCOB, IMPENCTAaBIEH aITOPUTM HX ONTHMH3AIIAML
[IpeanosxeHHbIE METOBI aHAIKM3a C TOMOILBI0 MAPKOBCKHUX IIETIEH MO3BOJISIIOT MPOBECTH CPABHUTEbHBIE OLIEHKH OXKUIIAEMBIX
3aTpaT Ha TEXHUYCCKOC 06Cﬂy>i(l/IBaHl/Ie U PEMOHT OAHOI'0 WM HECKOJBbKUX OJHOTUIIHBIX O6’I)CKTOB C leéTOM HUX HaydaJIbHbIX
COCTOSHAI W BPEMEHHM OJKCIUTyaTanuu. lIporecc ympaBieHHS 3KCIUTyaTalHOHHON TEXHOJOTHYHOCTHIO C HCHOJB30BAHHEM
MapKOBCKUX IETIe 3aKI0YacTcs B TIOMCKE ONTHUMAIBHON MPH KaKIOM COCTOSHHM OOBECKTa CTPATETHH TEXHUYECKOTO
OOCTy’)KMBaHUSI W pPEMOHTa (BapuaHTa JCHCTBHIA), MPU KOTOPOW 3aTpaThl HA €ro TEXHUYECKYIO SKCILTyaTaldio OymyT
MHUHUMaTBHBIMA. [IpoBenéHHas ampobarsi METOIOB aHAIM3a M YNPaBICHHWS OSKCIDTyaTAIMOHHOM TEXHOJIOTMYHOCTBIO C
HCIIOTE30BaHUEM MApPKOBCKHX IIPOIIECCOB TSI 00BEKTA, TIOIKOHTPOIBHOTO B AKCIUTYaTaIl|H, MTO3BOJIMIA TIOCTPOUTH TIPOTHO3HO-
VIIPaBIIEMYIO MOJIEITb, B KOTOPOW PACCUMTAHBI OXKHIAEMBbIC 3aTPAThl HA €r0 TEXHUYECKOE OOCITY)KMBAHUEC W PEMOHT, a TAaKXKe
HEOOXOMMOE KOJHMYECTBO 3allaCHbIX 4YacTell  Ha KaXIbld 3afaHHbIi HWHTEepBaT HapaboTku. [loka3aHa BO3MOXXHOCTH
HCIIONB30BaHMI MAaTEeMaTHYeCKOrO armapara MapKOBCKHX MPOIECCOB IS OOJBIIOrO KOJNMYECTBA OOBEKTOB C Pa3IUIHBIMU
3aKOHAMM PAaCHpeleSieHUs] XapaKTepUCTUK HaA&KHOCTH. lIporpaMmHasi peanu3auusi OINMCAHHBIX METOJOB, a TaKkKe
UCIIONIb30BaHUE IPOrPaMMHOIO OOECIeueHHs], aJanTHpPOBAaHHOIO K TaONMYHOW cpene, OyayT CHOCOOCTBOBATH CHIDKEHHIO
TPyIOEMKOCTH PacYETOB U OoJiee HATTISITHOMY TIPEICTABIICHHIIO ITOTYJaeMbIX JaHHBIX.

KnioueBnle cioBa: MApKOBCKHUE  MPOLECChbl, MApPKOBCKUC  LEMNH, OKCILUTyaTallUOHHAd  TEXHOJIOTMYHOCTb, daHaJIU3
OKCILTY aTaHHOHHOfI TEXHOJIOTHYHOCTH.

BBEJAEHUE

MapkoBcKuii MpoIecc Kak MaTeMaTH4ecKasi MOJEb JUIsl U3YUYEHUS CIIOXKHBIX TEXHUYECKUX CHU-
CTEM XOpPOIIO MU3BECTEH B aBHAIIMOHHOM oTpaciu. HarnsaHocTb, BHICOKUI ypOBEHb aJIeKBATHOCTH Ma-
TEMaTUYECKONH MOJIETH U TTy0OKO MPopabOTaHHBIM MaTEMAaTUYECKHIA anmapaTr MapKOBCKHUX MPOIECCOB
MO3BOJIAIOT MCIOJIB30BATh €T0 M0 TaKUM HAIpaBJIEHUSM, KaK yIpaBJIEHHE MPOLEccaMi TEXHUYECKOM
skcruryararuu (I1TD) nerarenpHbix anmapatoB (JIA), cucreMaMu MaccoBOTO OOCTYXHBaHUS MapKa
JIA, sKCIuTyaTalinOHHO-TEXHUYECKUMH CcBOMCTBaMH JIA (dKCIUTyaTallMOHHOW HaAEKHOCTH M TEXHOJIO-
rudHocTy JIA 1 ux komnoHeHToB) [1,2,3]. OCHOBHBIE MPEUMYLIECTBA MAPKOBCKUX MPOIIECCOB 3aKIIO-
YalOTCS B BO3MOXXHOCTU TMOCTPOEHHUSI MPOTHO3HO-YIPABISAEMbIX MOJENeH MOBeNeHUs O0bEeKTa WU
rpynnsl 0OBEKTOB BO BPEMEHU Ha OCHOBE CTATUCTHUYECKUX JAHHBIX WM MO PEe3yJibTaTaM JKCIUTyaTa-
MOHHBIX HaOmoneHuid. Hanbonee yacTo MapKOBCKHIl Mpoliece MpeacTaBisieTcsl Kak MOJIETIb C Bepo-
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ATHOCTHON CTPYKTYpOM, KOTOpast O3BOJISIET ONPEACATh BEPOSTHOCTh MOMAAaHUs 00BEKTa B OHO U3
COCTOSIHMI MpoLecca 3a ONPeaeIEHHOE BPEMS WIN UHTEPBAJI BPEMEHH.

Onnum u3 Hanbonee HPPEKTUBHBIX MyTEH CYIIECTBEHHOIO CHMKEHHUS 3aTpaT Ha TEXHUYECKOEe
obcimyxuBanue u peMoHT JIA sBisieTcst BEIOOp onTuManbHOUM cTparerun TOuP (BapuanTa aeicTBuit
no TOuP), koTopast BO MHOTOM 3aBHUCUT OT MOBEJEHUS B SKCIUTyaTanuu kKoMrnoHeHToB JIA [4]. [Ipu
OMMCAHUU MOJIENIU MOBEIEHUS 00BEKTa C MCIOJIH30BAaHUEM AaHAIMTUYECKOTO armapara MapKOBCKOIO
npoliecca NpeACcTaBIsIeTCs BO3MOXKHBIM CBSI3aTh BEPOATHOCTHYIO CTPYKTYPY CMEHBI COCTOSIHUI 00BbeK-
Ta C JOXOJaMU WMJIM PAacXo/laMd, KOTOpPbIE BO3SHHUKAIOT MPH Iepexojie 00beKTa U3 OJHOTO COCTOSHHS
npoiiecca B Apyroe (Harmpumep, nepexoa oobekTa u3 HepabOTOCIIOCOOHOTO COCTOSIHUS B pabOTOCIO-
coOHOEe COIPOBOXKIAETCs 3aTpaTaMu Ha ero peMoHT). [l ananuza OT o6bekTa B KadecTBe OCHOBHOIO
MoKa3aTessl UCIOJIb3YIOTCS TPY103aTpaThl HA €ro TeXHUYECKOoe 00CITyXKMBaHHE, a MOJAEIh Ha OCHOBE
MapKOBCKHUX MPOIIECCOB MO3BOJISIET OLIEHUTh CyMMapHbI€ TPyA03aTpaThl Ha 00CTyKMBaHUE 00BEKTa 3a
OTIpeNIeICHHBIN MEePHO/ SKCIUTyaTallly, a Takke BblOpath crparernto TOuP (Bapuant neiictBuit), npu
KOTOpOM 3aTpaThl TpyAa OyayT ONTUMAIbHBIMHU.

METOABI U METOJOJIOI'A NCCJIEJOBAHUA

[Ipomecc akcmmyaTanuu 00beKTa KaKk MapKOBCKUM MPOIECC MPEACTaBIsET OO0 MOoce0Ba-
TEIbHYIO CMEHY COCTOSHUH OOBEKTa M €ro Mepexo/ioB B pa3iaudHble cocTosiHUSI. OOBEKT COBEpIIACT
MepeXo]l U3 OJIHOIO COCTOSIHUS B APYroe, KOrja 3HA4eHHUs €ro napameTpoB, XapaKTEPHU3YIOLIUE OJTHO
COCTOSTHUE, CMEHSIFOTCSI IPYTUMU TlapaMmeTpamu. B o0rieM ciydae dKCIUTyaTUPYEeMbId 0OBEKT MOXKET
UMETh TPU COCTOSHHUSL:

- UCTIPABHOE;

- HEHMCIIPaBHOE pabOTOCIIOCOOHOE;

- HEUCIpaBHOE HepaboTOCIOCOOHOE.

[Tepexon 00BEKTa U3 OJHOTO COCTOSHUS B PYTrO€ HOCUT CITy4alHBIM BO BPEMEHH XapakTep H
OMNUCHIBAETCS KaK HENpepbIBHBIN mponecc. OnHAKO, TaK KaK KOHTPOJb cocTosiHust JIA mpoucxoaut
yepes3 omnpeaesIEHHBIN HHTEPBAJl BpeMEHH (TIOCIIEITOIETHBIA OCMOTP, OCMOTP KaXK/ble 25 yacoB HaléTa
U T.]1.), IeJIeCO00pa3HO MPOIIeCC IKCILTyaTalluy MPeCTaBUTh KaK MAPKOBCKUN MPOIECC C TUCKPETHBIM
BPEMEHEM, B KOTOPOM IEPEXOJ] U3 COCTOSIHUSA B COCTOSIHHE MPOUCXOIUT 3a PABHbIE MHTEPBAJIBI BpEME-
HU. B nuTteparype MapKOBCKMI MPOLECC C AUCKPETHBIM IPOCTPAHCTBOM COCTOSIHUM U BPEMEHU UMeE-
HYEeTCS KaK MapKOBCKasi IeMb [S].

Taxum o0pasom, 00beKT HaxemsAeTcss HAOPOM 3HAYCHHH BEPOSTHOCTEH MEPEXOLOB P, NPH

3TOM, HaXoJAsCb B KOHKPETHBI MOMEHT BPEMEHHU B COCTOSIHUM I, B TEUEHHE CJEAYIOLIEr0 UHTEpBaia
BpEMEHU OOBEKT OKaxkeTcsi B cocTosHuu j. [Ipumep rpada cocTosHMI M mepexoaoB A 00BEKTa,
MMEIOLIETO TPU YKa3aHHBIX BBILLIE COCTOSIHUS, TOKa3aH Ha puc. 1.

Puc. 1. [Tpumep rpada cocTosSHMIA U Tepexo10B 00BEKTa
Fig. 1. Example of a graph of states and transitions of an object

72



Tom 23, Ne 01, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 01, 2020 Civil Aviation High Technologies

B matpuunoii popme HaOOp BeposTHOCTEN Tepexo10B Oy1eT UMETh BHL:

P11 DPiz P13
P=[p;jl= P21 P22 D23]|. (1
P31 P32 P33

Tak kak mocne nepexoja oOBEKT 0043aTeNbHO OKAXKETCS B OJTHOM U3 TPEX COCTOSHUI, cymMMa
BEPOATHOCTEN MO KaxJ0H CTpoke OyJeT paBHa 1, a MaTpulla BEpOSITHOCTEN mepexoaoB OyleT Ha3bl-
BaThCs CTOXACTUUYECKOH [6].

Eciin niepexozt u3 0JIHOr0 COCTOSIHMS B APYTOE CONPOBOKIAETCSL HEKOTOPBIMH JJoxoamH Tjj, T0
TaKoi HabOp MOXKET OBITh MPUHAT Kak MaTpuIa 10Xo 0B R Buma:

1 Ti2 T3
R=[ry]=["21 T2 T23|. (2)
31 T3z 7133

Crnenyer OTMETUTh, YTO JaHHAs MaTpUlla HAa3bIBAETCA MATPULIEH JOXOIOB JIMIIb yciaoBHO. Ha
caMoOM JieJie TIepexo]l 00beKTa U3 OJJHOTO COCTOSIHMSI B JPYro€ MOXKET NMPUHOCUTH KaK JOXOJ, TaK U
COINPOBOKAATHCSI HEKOTOPBIMH PAaCXOAAMH.

[Tpu ananmuze DT oOBekTa FJIEMEHTHI MATPULIBI TOXOJOB OyIyT MUMETh JIMOO HyJIEBbIC 3HAUE-
HUS1, CBUJIETEIBCTBYIOIINE O TOM, UTO IPH MEPEX0/Ie U3 OJHOIO COCTOSAHUS B Apyroe padotel no TOuP
HEe ToTpeOoBaKCh, MO0 OTpHULIATENFHBIC 3HAYCHHUs, oTpakatone 3arparel Ha TOuP. Cama 3amaua
cHikeHus 3aTpaT Ha TOuP o6wvekra cBoguTcs K BbiOOpY crpareruu TOuP (BapuanTa neicTBuii), npu
KOTOpOi cymMmapHuble 3aTparbl Ha TOuP OyayT MUHUMAaNbHBI 32 ONPEEIEHHOE KOJIUYECTBO MEPEXO-

noB. Takum oOpaszoMm, cymmaphsie 3arpathl Ha TOuP oObekTa mocie HapaOOTKU 3a 71 MHTEPBAJIOB

(1raroB) uccieayemMoro  mpotecca OyIyT ONUCHIBATHCSl YPABHEHUEM IOJIHBIX JOXOJ0B (pacxoaoB) V
BUJA:

N
v;(n) = qi+zpij*vj(n—1), 3)
j=1

TZI€ ¢; — CPEIHUI OJHOIIATOBBIM TOXOL;
N — KOIMYeCTBO COCTOSIHUM.
CpenHuii OTHOIIATOBBIN JTOXOJ MPECTaBIsAeT COO0H BEIMYMHY, KOTOPYIO OOBEKT (YCIOBHO)

IIPUHECET IIPU BBIXOJE U3 COCTOSHUSA 1.
N
qi = E Pij * 1ij- “4)
j=1

B nepuoa HopMasibHOM 3KCIUTyaTallMd HACTYIIEHUE COOBITUS (HanmpUMep, 0TKa3a) MPOUCXOIUT
HCOXKHNIAHHO W MOBTOPACTCA IMPUMCPHO C OI[I/IHaKOBOfI HMHTCHCUBHOCTBHIO 3a JOCTATOYHO 6OJ'II>LHI/IC u
paBHBIE IPOMEXKYTKU BpeMeHU. Kak mpaBuiio, eciii MHTEHCUBHOCTh OTKa30B IOCTOSIHHA Ha BCEX Bpe-
MCHHBIX UHTCpBaJIaX, TO BCPOATHOCTL OTKa3a 6y;[eT TAKIKC OAMHAKOBA HAa KaKAOM B34TOM BPCMCHHOM
uHTepBajie [7]. MapkoBCKUI MPOIIECC, OMUCHIBAIONINN COCTOSTHHE 00BEKTa, Y KOTOPOTO BEPOATHOCTH
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MIEPEXO0JI0B HA KaXKJIOM WHTEpPBAaJie HE 3aBUCAT OT OOIIel HapaOOTKH, HA3bIBACTCS CTAIIMOHAPHON Map-
KOBCKHM IIETIBIO0 [8]:

Mn) = const;  P(n) = [p;] = const. (%)

s 00BEKTOB, Y KOTOPBIX MHTEHCUBHOCTh CMEHBI COCTOSIHUN M3MEHSETCSl CO BpEMEHEM He-
MpepHIBHON paboThI (M3HOC, CTApEHUE U T.1.), MATPUIIA BEPOSITHOCTEH Mepexo 0B He OyAEeT OMHAKOBA
JUTsL BCEX MHTEPBAJIOB BPEMEHH, a MapKOBCKas 1IeTb, ONMUCHIBAIONIAs COCTOSIHUE 00BEKTa, B 3TOM CIIy-
4yae Ha3bIBACTCSl HECTALIMOHAPHOM:

Mn) =fln);  P(n) = [py()]. ©)

[IpuBeneHHbIe MAPKOBCKHE LIETIH SIBJISIOTCS IETISIMUA TIEPBOTO MOPSIKA, TaK KaK HE 3aBUCAT OT
MpeIbIIyIINX U3MEHEeHU coctosiHuil. [Ipu onmcanuu mporecca skcmayartannu 00bekToB AT HecTa-
[IMOHAPHAsT MApKOBCKas IIEMb MOKET OBITh IETHIO BBICIIETO TMOPSAKA, B KOTOPOW CMEHA COCTOSTHUMN
3aBHCHUT OT MpPENbIAyIMX. Tak, eciu 3a onpeAenéHHOE BpeMsi OOBEKT OTKa3al M MPOUCXOUT €ro 3a-
MEHa Ha HOBBIH, TO BHOBb YCTAaHOBJICHHBIA OOBEKT TOJHKO HAUMHAET CBOIO HApaOOTKY, B TO BpeMs Kak
oOmiee Bpemsl mpollecca dKCIUTyaTallud MPoJoiikaeTcsa. TakuM oOpa3oM, U3MEHEHHE BEpOATHOCTEH
COCTOSIHHH MpoIecca Ha KaXKJIOM IIary B I€JIOM OyJIeT 3aBUCETh OT MPEAbIIYIINX U3MEHEHUH:

M) =f(0);  P(n)=[pyt, n-1)]. 7

MapkoBcKHe IpOoLecChl BBICIIETO MOPsIKa B HAaMOOJbIIEH CTETIEHH COOTBETCTBYIOT IIpolieccaM
texHuueckoi skcrutyatanuu (I1T3) JIA. OgHako B yClIOBHSAX HMOBBIIIEHHBIX TPEOOBAaHUM K MOATBEp-
JKJICHUIO CTENECHM aJeKBATHOCTU MOJEIM yBeIUuuBaeTcss 00bEM 00pabaThIBaeMOM CTATHCTUKHU, MPH
ATOM 3HAYUTENIbHO YCJIOXKHSETCSl MaTeMaTUYeCKUI amnmapaT MapKOBCKoro mpouecca. Hekoropeie me-
TOJIbl ONTHUMM3ALMU MaTEMAaTUYECKOH MOJIENU IMOBEAECHUS OOBEKTa MO3BOJSIOT YCIOBHO 3aMEHHTH
MapKOBCKHE IIEMH BBICHIMX MOPSAIKOB Ha LIETIH MEPBOro Mnopsjika, odecrneyrBasi TOYHOCTh, 10CTaTOU-
Hy!0 1715 aHanu3a u ynpasienus OT JIA u npuemiieMyto i1 IpaKTHKY.

MOJEJIb PACUETA TPYJTO3ATPAT
TP CTAIIMUOHAPHOM MAPKOBCKOM ITPOLHECCE

[Ipu cTanroHapHOM MapKOBCKOM IPOLIECCE BEPOATHOCTH CMEHBI COCTOSIHUI 00OBEKTa MOAYU-
HSIOTCSI SKCIIOHEHIIMAIbHOMY 3aKOHY U OJTMHAKOBBI 3a JIF0O0H OMHAKOBBIA MPOMEKYTOK BPEMEHHU:

pi=1— e JoMdt = 1 _ p=Ait, ®)

[Topsimok omnpeieneHuss MHTEHCUBHOCTH MEPEX00B 00BEKTA U3 OJHOTO COCTOSIHUSA B PYTOE 110
CTaTUCTHYECKUM JTAHHBIM M3JI0’KEH B Psijie MHOTHX HAyYHBIX H3/1aHuii [7, 9].

[Tycte 00BEeKT paboTaeT B MepHOA HOPMAJIbHOM AKCIUTyaTallul M MOXKET HaXOIUTbCS B TPEX
COCTOSIHUSIX: MCIPABHOE; HEHCIPABHOE pabOTOCIOCOOHOE (TMOBpEXIEHUE); HEHCIPAaBHOE HEpaboTo-
crocoOHoe (0TKa3).

Jlna nanHoro o0wvekTa BeiOpaHa cineayromas crparerust TO (BapuaHT aeiictBuii). OObEKT KOH-
Tponupyetcs yepe3 kaxkablie 10 yacoB Hapa®oTku. Ecau npu cienyromemM KOHTposie 0OBEKT OKazaics
UCTIPAaBHBIM, TO OH HE HYXIAeTCsI B TEXHUYECKOM OOCITy’)KMBaHUH | MPOJIOKaeT padboTars. Eciu 00b-
eKT OTKa3ajl, TO MPOMU3BOJUTCS €r0 3aMeHa, TPYJO0EMKOCTb KOTOpoi cocTaniser 30 4en.-4, U K Hayairy
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CJIEIyIOIIETO WHTEPBAJia BpEMEHU OH CTAaHOBUTCS MCIPaBHBIM. Eciu 00BEKT OKa3alics HEMCIPABHBIM,
HO pabOTOCIIOCOOHBIM, TO UIMEIOTCS TPH BapHaHTa AalbHEUIUX aercTBuit (S = 3):

1) IPOAOIKUTE IKCILTYaTAII0 O0HEKTA;

2) MPOBECTH PETYIMPOBKY 00BEKTa C TpyAo3aTparamu 10 demn.-u;

3) 3aMeHUTh 00BEKT ¢ TpyAo3arparamu 30 yem.-4.

BeposiTHOCTH Mepexo0B U COOTBETCTBYIOIME UM 3aTpaThl Ha TOuWP s kaxnoro BapuaHTa
IefiCTBUI MMOKa3aHbl B Ta0. 1.

Taoauna 1
Table 1
HcxonHbple JTaHHBIC IKCTUTYaTHPYEMOTro 00bhEKTa
Initial data of an operational object
BapuanTe BepostHoCcTH IEpex010B 3arpatel Ha TOuP, gen.-a
Cocrosnue I neicTBHII
S Dii Pi2 Pis3 rij riz i3
1. UcnpaBuoe 1 0,89 0,1 0,01 0 0 30
2 0,89 0,1 0,01 0 10 30
3 0,89 0,1 0,01 0 30 30
2. IloBpexnenue 1 0 0,8 0,2 0 0 30
2 0,85 0,1 0,05 0 10 30
3 0,89 0,1 0,01 0 0 30
3. Otka3 1 0,89 0,1 0,01 0 30 30
2 0,89 0,1 0,01 0 10 30
3 0,89 0,1 0,01 0 30 30

[To dopmynam (3) u (4) paccunTaeM B COCTaBUM CPAaBHHUTEIBHYIO TaOIHIly MOJHBIX TPYZ03a-
TpAT I BCEX BAPHUAHTOB JICHCTBHIA Ha Kax oM HHTepBaje 3a 100 yacoB skcrutyatanuu. [lonydeHHbIe
3HAYCHUS TPE/ICTABICHBI B Ta0M. 2.
Ta6auna 2
Table 2
[Tonmyuennbie nanabie DT 3KCILTyaTUPYyEeMOTo 00bEKTa
Calculated data of maintainability of an operational object

iGs) Oxunaemas TpynoéMrocts TOuUP, ven.-u

104 204 309 40 4y 504 60 u 70 9 80 u 90 u 100 4

1 0,3 1,2 2,4 4,0 5,7 7,6 9,6 11,6 13,7 15,8

2 1,3 2,7 4,1 5,6 7,0 8,4 9,8 11,2 12,7 14,1

3 33 6,6 9,9 13,2 16,5 19,8 23,1 26,4 29,7 33,0

1 6 10,9 14,9 18,4 21,5 24,4 27,0 29,5 32,0 34,3

2 (+10) 2,5 3.9 5,3 6,8 8,2 9,6 11,0 12,4 13,9 15,3
3 (+30) 33 6,6 9,9 13,2 16,5 19,8 23,1 26,4 29,7 33,0
1 (+30) 0,3 1,2 2,4 4,0 5,7 7,6 9,6 11,6 13,7 15,8
2 (+30) 1,3 2,7 4,1 5,6 7,0 8,4 9,8 11,2 12,7 14,1
3 (+30) 33 6,6 9,9 13,2 16,5 19,8 23,1 26,4 29,7 33,0
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[TpubaBka k HauadbHOMY (IUIAHOBOMY) 3HaueHUIO 3aTpaT Ha TOuP oGbekra Oyaer 3aBHCETh OT
ero (hakTUYECKOTO COCTOSHUS JI0 Havana paboThl HA HEM, OTIMYHOTO OT UCIPABHOIO, IIPH 3TOM HEMOo-
CPEJICTBEHHO 0XH/1a€MbIil OJJTHOLIATOBBIN 10XOA ¢ SABJISETCS CPaBHUTEIbHBIM [TAPAMETPOM JUISl OLIEHKH
11eJIeCO00Pa3HOCTH Havyayia paboTHI C IEIbI0 BBIBOJIA OOBEKTA U3 JTAHHOTO COCTOsIHUSA. Ecim 3aTpatsl
Ha PEMOHT MOBPEXJICHHOTO 00BEKTAa HUXKE 0KMJAEMOTO OJHOIIATOBOTO J0X0/a, TO JaHHBIH 0OBEKT
1eecoo0pa3Ho OTPEMOHTHPOBATH JI0 Hayasa SKCIUTyaTaluu.

[TonyueHHble 3HaYEHUsI MOKA3bIBAIOT, KAKME CyMMAapHbIE TPyJ03aTpaThl Mbl OXKUJAEM IOJIY-
YUTh, HAYMHAS C | COCTOSIHUSI U TIpUMEHsA S-BapuaHT AciicTBuid. Hampumep, HaunHast paboTsl mo 10
WCIPAaBHBIM OOBEKTaM M MPHUMEHSS Ha KaXXJIOM MHTEpBAJIC MEPBbI BapHaHT JCUCTBUN, 0KHUIAEMbIC
cymMMapHsbie Tpyao3arpaTsl ocsie 100 g HapaOoTKu cocTaBsT 158 4yen.-4, mpuMeHsisi BTOPOil BapuaHT,
MOKeM oJyunuM 141 yen.-4. DTO COOTBETCTBYET JAHHBIM, IIOJYYEHHBIM ITyTEM KOMIIBIOTEPHOIO MO-
JeupoBaHus mporiecca skcrryatarui 100 00beKToB.

CpaBHuTeNnbHAs Ta0IUIA OKUAAEMBIX TPYAOEMKOCTEH CITYXKHUT JJIsi MPUHATHS ONTHUMAIBLHOTO
perieHus 1Mo BapuaHTaM JISHCTBHM IS 3apaHee onpeaeEéHHON HapaOoTKu n3aenus. M3 tabnuipl BuI-
HO, YTO BHIOOp ONTHUMAJIBHOTO BapuaHTa ACUCTBUI 3aBHCUT KaK OT HAYAJIBHOTO COCTOSIHUSA, TaK U OT
IUTaHUPYEeMOH HapaOoTKu 00bekTa. Tak /s UCIPaBHOTO 00BEKTa, KOTOPBIN IIAHUPYETCS SKCILUTyaTH-
poBath 70 yacoB, ONTUMaJIbHOM cTpaTerueit yxe OyeT rnepsas, a He BTOpasl.

Ecnu B mporiecce 3kcrutyaTalii 00beKTa Ha KaXKJOM HHTEPBaJie UMEETCSI BO3MOKHOCTh CMEHBI
BAPUAHTOB JEHUCTBUN, TOT1a IPUMEHUMO PEKYPPEHTHOE COOTHOLLICHHUE:

N
v;(n + 1) = min qis+2pisj*vj(n) : 9)
S
j=1

Taxkum oOpa3zom, UCXons U3 OKUAAeMbIX 3aTpaT Ha TOUP, pekyppeHTHOE COOTHOILIEHHE I03-
BOJIIET BBIOpaTh ONTHUMAJIbHBIM BapUaHT JEHCTBUH B KaXKJOM COCTOSIHUM M Ha Ka)kKOM HHTEpBaJie
(mare) HapaOOTKH OOBEKTA.

MOJIEJIb PACUETA TPYJO3ATPAT
NP HECTAIIUOHAPHOM MAPKOBCKOM ITPOLHECCE

[Tpu ananmuze u ynpasnernnn T 00bEKTa, MHTCHCHBHOCTh OTKa30B KOTOPOTO M3MEHSETCS IO
ero HapaboTKe, IeNIeco00pa3HO MOCTPOUTh MAaTEMATHUECKYI0 MOJIENb, KOTOpas JOCTaTOYHO TOYHO
onuchIBaia Obl HCCIEAYEMBI MPOIECC, a KOJIMUYECTBO MaTeMaTHUYECKUX pacu€ToB ObLIO OBl MpuemIie-
MbIM [6].

[lepBbIM 3TanoM TakOl ONTUMHU3ALMOHHON 3aJa4y SIBJISETCS 3aMEHA HENPEPBIBHOIO XapaKTepa
W3MEHEHHUsI MHTCHCUBHOCTU COCTOSIHHS (OTKa30B) 00BEKTa Ha psAJ €€ TUCKPETHBIX BO BPEMEHU BEJH-
4yuH (puc. 2).

Pazbuenne pyHkumMu pacnpeneneHus mokasaTels Haa&KHOCTH HA CpPEeIHUE MOCTOSHHBIC 3HAa-
YEHUS 1711 KaX/10r0 MHTepBaja HapaOOTKU MO3BOJIAET NEPEBECTU HEMPEPHIBHYIO MAPKOBCKYIO MOJIETh
B JIUCKPETHYIO, IPU STOM BEPOSTHOCTU CMEHBI COCTOSIHUI Ha KaXKJIOM IIary OyAyT JOCTaTOYHO TOYHO
OTIMCHIBATHLCS YKCIIOHCHIINATBHON (DYHKITUEH pactipe/IeIICHHS

Mn)=fn);  P(n) = [py(n)]. (10)
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Puc. 2. Pa3zbuenue pacnpeneneHuss QyHKIMA HHTEHCUBHOCTH U3MEHEHHUS COCTOSTHHS (OTKA30B)
Ha psJI IOCTOSTHHBIX 3HAYCHUH B 3aJJaHHBIX HHTEpBanax HapaOboTku t o0bekTa
Fig. 2. Separation of the distribution function of change intensity of the state (failures) into constants
at specified time intervals t

JlvckpeTHas CBSI3b MATPHIIBI BEPOSTHOCTEW IEPEXOJIOB C WHTEPBAIOM HApaOOTKU TTO3BOJISET
MCIIONIb30BAaTh MAaTEMaTHUYECKHI ammapaT CTAallMOHAPHOTO MAapKOBCKOTO Tpolecca A aHamu3a U
ympasieHus: DT 00bekTa ¢ MCHOJb30BaHUEM MOJCIIM HECTAIlMOHAPHOTO MapKOBCKOIrO mpoiecca. B
pacuérax Takke cleAyeT y4ecThb U3MEHEHHE CPEIHEr0 OJHOIIArOBOr0 JOXO0/a Ha Ka)XXIOM HMHTEpBaje
HapaOOTKH 00BEKTA:

N
q;(n) = Z pij(n) * 1y;. (11)
j=1

Ha BTOpOM 3Tane pemieHus 3aauu NPUMEHSETCs YCIOBHAs 3aME€Ha MapKOBCKUHM LIEMH BBICIIE-
ro NopsiJika Ha IIeNb MEPBOT0 MOpsaAKa. AJITOPUTM YCIOBHOM 3aMEHBI 3aKJIFOUAETCSl B TIOUCKE TAKOI'o

miara 1M, Ha KOTOPOM IOJIHbIE O’KUAaeMble 3aTpaThl Oy IyT MPUMEPHO paBHBI 3aTpaTaM 3aMeHbI 00bEK-
Ta MpH NONAJaHUH B COCTOSHUE OTKa3a:

(12)
Vi (m) = T zam -
Crnenyromuii mar cBa3aH ¢ HaJleJIeHUEM 00bEKTa MapaMeTpaMy €ro Ha4yaJbHOTO (MCIPaBHOTO)

COCTOSIHUS, @ TIOJTHBIC 0XKHMIAEMbIE PACXO/IbI CKJIABIBAIOTCS U3 PACXOIOB, MOJYUYCHHBIX 32 M 1IaroB u
Pacxo/I0B Ha KaXJIOM MOCJICIYIOIeM Iare:

vim+1) = vi(m) + vyep(), n=1, 2, 3... (13)
PE3YJIBTATBI UCCJIEJOBAHUS
OObexTamMH HCCIEOBaHUS CTaM V-00pa3Hble TOPCUOHBI, YCTAaHOBJICHHBIE B pyKaBaxX KOJOH-

KM Hecymux BUHTOB BepTojiéta Ka-226. TopcuoH npencraBiseT coO0H MakeT TOHKUX CTaTbHBIX TIIa-
CTHH M3 BBICOKOIPOYHOW CTalIM M BOCIPUHUMAET IIEHTPOOESIKHYIO CHITy, BEPTUKAIbHBIN U3rHOatomuii
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MOMEHT MPU MaxOBOM JBHKEHHUU JIOMACTH, 3aKPYyUYHUBAETCS MIPHU MOBOPOTE JIONACTH U HArpy>KaeTcsl B
mnockocth BpamieHus [10]. Takue Harpy3ku NpUBOIAT K PETYJISIPHBIM MOBPEXKACHUAM TOPCHOHA, Xa-
PaKTEpU3YIOMIMMCS pa3pylIeHUEM OJHOW WM HECKOJIbKHX IuiacTuH. [lpu mpunstoit crparerun TOuP
BEPTOJIETA IOMYyCKAaeTCs ero SKCIUTyaTalys IpyU HaJu4uu He OoJiee TpEX pa3pyLICHHbBIX TIACTHUH B O-
HOM pykaBe. Eciu B mpo1iecce 3KCIUTyaTaluy BBISBICHO pa3pyllieHUe YeThIPEX U OoJiee MIacTHH 100
paspylieHre XoTsi Obl OJHOM IIACTUHBI B 30HE KPEIUICHHs] TOPCHOHA, TOTAa TOPCHOH IMOAJICKHUT 3a-
MEHE.

N3BectHbl 198 ciiydyaeB pa3pylieHus IJIACTHH TOPCHOHA, MO3BOJISIONME cHOpMUpOBATH MH-
TEHCUBHOCTH HACTYIUICHUS TAKOTO POJia COOBITHUI TTO BpeMeHU HapaOoTku (puc. 3).

j+107
20

== PaspyWEHHE CLHON NAACTHHEI
== PaspyWeHHe AByX NASCTHH /_)(\

PaspyweHue TpEx NAacTH

1 e B3 3pyILEHWE YETEIPEX MASCTHMH
10 WKW NASCTMHEI B 30HE KPEenieHua

Paulil

\h-_____
] I e I | AT
0 100 150 200 250 300 350 400

0 ] F.i

e L

Puc. 3. 3aBHCMMOCTh HHTEHCHBHOCTH OTKa30B Pa3JIMYHBIX BUIOB TPH 3KCIUTyaTallii TOPCHOHA OT HApabOTKH ¢
Fig. 3. The dependence of the failure rate of different types in the operation of the torsion
on the operating time ¢

AHaIM3 MOYYSHHBIX 3aBUCUMOCTEH WHTCHCUBHOCTEH OTKA30B PA3IMUHBIX KAaTETOPHHA yKa3bl-
BaeT Ha HEOOXOAMMOCTh MCIIOIB30BaHUS HECTALIMOHAPHOTO MapKOBCKOTO TIpoLecca.

Jis onTUMH3AaIMK HECTAIIMOHAPHOTO MAapKOBCKOTO IPOLECCa WHTCHCHBHOCTH OTKA30B arl-
NPOKCHMHUPOBAHBI CPETHUMH MOCTOSHHBIMU 3HA4eHUSIMH Ha KaxaoM uHTepBase B 100 gacoB. Boc-
MI0JIb30BABIIUCH TIOJTYYCHHBIMU 3HAYCHUSIMU UHTEHCUBHOCTEH, HAXOIUM BEPOSTHOCTH KaXKJOTO COOBI-
TS Ha 33JJaHHOM MHTepBaje 1no ¢opmyne (8).

Jlanee paccumTaHbl BEPOSITHOCTH CMEHBI COCTOSIHUH JJISi MHTEPECYIOIIMX HAC WHTEPBAIOB
HapaOOTKH, UCXO/IS U3 CBOWCTBA KOHEYHOH aITUTUBHOCTH BeposTHOCTEH [11]:

P(A;+...+Ay)=P(A)) +...+P(Ay). (14)

Jiis uccrieaqyeMoro o0beKkTa BEIOpaH KOHTPOJIMPYEMbIH MHTEpBa HapaOOTKH (111ar), paBHBIN
10 9. Pe3ynpTaTsl pacuéra BEpOSATHOCTEH PAa3pyIICHUH TUIACTHH HA Ka)OM IIary MPeICTaBJICHBI B
Tadin. 3.
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Tadauna 3
Table 3
BeposiTHOCTh HACTYIUICHUS! COOBITHS HA KaXKIOM IlIare B 3aBUCUMOCTH
OT MHTEpBaJIa HApaOOTKH
The probability of occurrence of the event at each step depending on the operating time
(for every 10 hours of operation with a change every 100 hours)

BeposiTHOCTh coOBITHS 32 Kaxkbie 10 u
Co0bpbITHE (COCTOSIHUE)

0-100 100-200 | 200-300 | 300-400

1. UcnipaBHbIit 0,9618 0,9386 0,9055 0,8786
2. Pa3pyiienne oqHOM MIaCTUHBI 0,0207 0,0188 0,0126 0,0283
3. Pa3pymienue aByX MiaacTuH 0,0042 0,0051 0,0027 0,0000
4. Pa3zpymienue Tpéx MIacThH 0,0018 0,0041 0,0150 0,0154

5. Paspymenue d4eTsipéx u Oosiee /B 30HE KPETUICHUS 0,0115 0,0334 0,0642 0,0777

OOmwmit BUI MaTPHIIBl BEPOSITHOCTEH TIEPEXOA0B COCTABJISETCS, HCXOMAS U3 CBOWCTBA €€ CTOXa-
CTHUYHOCTHU U HpI/IHI_II/IHa HAKOIIJICHHUA OTKA30B OG'LGKTOMZ

5
1= Py P P P pis)
=2

5 5
0 1D pym) pe®  pa® ) py®
Jj=3 =4

J

5 5
P =| 0 I ORI O]
j=4 j=3
5
0 0 0 1= pust) ) i)
5 =
1= Py P Pis) () pis()

j=2

3aMeHa TOpPCHOHA B DKCIUTyaTAIlMH BKIIOYAET PSI/I TOTOJHUTEIBHBIX ONEpalnii, TAKUX, KaK
JIEMOHTaX/MOHTaX JIONMACTH ¥ PyKaBa HECYIIEro BUHTA, B KOTOPOM TOPCHOH yCTaHOBIeH. J[aHHas
paboTa BBINOJHAETCS CUJIaMU TPEX CIELUAIUCTOB 3a IATh 4acoB (TpylroéMkocTh 15 wyen.-u). Ilo-
CTPOCHHE TPEIBAPUTEIBLHOTO PACIPEACICHHS OXUIACMbBIX TPYJAOEMKOCTEH TO3BOJSET WHTEPBAI
(mrar), Ha KOTOPOM TMPOM30UAET 3aMeHa 0JIOKa W Hadajao HapaOOTKH HOBOTO. MTOroBble 3HAYCHUS
oxkunaeMbix Tpynoémkocteir TOuP ¢ yuérom 3amensl TopcroHa B TeueHue 400 yacoB HapaOOTKU
TOPCUOHA OTPaXeHBI B Ta0II. 4.
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Tadnuua 4
Table 4
Oxwunaemeie Tpyaoémkoctu TOUP mo goctmkennto HapaboTKku 00BEKTa
Anticipated factors of manhours of maintenance and repair

HauanbHoe Oxwunaemas Tpyaoémkocts TOuP, ven.-u
COCTOSIHUE 10
12671 3 50 q4 100 4 150 a 200 g 2504 300 ua 3504 400 g
1 0,9 1,8 4.4 7,1 12,3 15,8 16,7 18,4
2 1 2,1 5 7.9 13,6 16,4 17,5 19,6
3 1,4 2,8 6 9 14,5 16,7 18,1 20,9
4 2,7 5,1 8,6 11,8 16,3 18,9 21,5 24,9
5 (+15) 0,9 1,8 4.4 7,1 12,3 15,8 16,7 18,4

OBCYXIEHMUE ITOJYYEHHbBIX PE3YJIbTATOB

[TosrydeHHbIE B X0/1€ UCCIIEIOBaHMS 3HAUEHHUS [TO3BOJISIIOT PACCUUTATh 0KUJAEMble CyMMapHbIe
3aTpaThbl HA TOuP xak JJId OAHOI'O, TaK U JJIsI MHOXKCECTBaA O6’beKTOB, Haxo4dImuXxcs B pas3IMYHbIX CO-
crosiHusAx. CyMMapHbie okuaaembie pacxoabl Ha TOuP niis TOpCHOHOB B pa3IMYHBIX COCTOSIHHSIX OYy-
AYT CKIAABbIBATLECA W3 MOJYUCHHBIX OXUAACMbIX PaCXOAdO0B IJIA UCHPABICHHBIX TOPCHOHOB, PAaCX010B
JIJI1 TOPCUOHOB C OJHOM pa3pylIeHHOMN MJIACTUHOW U T.I.

I[JI}I MOZCIIN 3KCILTyaTalluhl TOPCUOHOB, a TAKKXC B APYIruX MOACIIAX, B KOTOPBIX UMCIOT MCCTO
3aTpathl, CBSI3aHHBIE TOJBKO C 3aMEHOU 00BeKTa 73,;, MaTEeMAaTHUYECKHH armapaT MapKOBCKOTO TPO-
1[ecca MO3BOJISIET PACCUUTATh YHCIIO 3aMACHBIX YaCTEH 735y, HEOOXOMUMBIX IS DKCIUTyaTaruu N u3ze-
JUi B TeUCHUE 3aJJaHHON HApaOOTKHU:

N
o _ILT (16)
3an "
TBaM
Jlns mapka U3 AecsITU MUCTIPaBHBIX COOCHBIX BEPTOJETOB, KaXKIbI U3 KOTOPHIX UMEET B COCTABE
KOJIOHKH HECYHIUX BUHTOB HICCTh TOPCHUOHOB, KOJIMYCCTBO 3aIlTaCHBIX qaCTeﬁ, HCO6XO,Z[I/IMBIX JJI1 OKC-
TIyatanuu BepToiaéToB B TeueHne 100 4 HapaOOTKU, COCTABUT:

1,86 10 -
Naan = T:7 (17)
3AK/IFOUEHHUE

Jlig mpoBenieHusl MEPONPUSITUI IO aHATU3Y M CHIKEHUIo 3atpar Ha TOuP nerarensbHOro amn-
napaTta He00X0/MMO HarJIsIIHOE MpeACTaBIeHUE MOBEIEHHs ero 00beKTOB BO BpeMeHu. HarmsaaHoil u
JIOCTaTOYHO TOYHOM MPOTHO3HO-YIIPABIIIEMON MOJENbIO SKCILTyaTallui 00bEKTa ABISETCS MapKOBCKast
LleMb, KOTOpPasi MO3BOJISIET OMHUCATh BEPOSTHOCTHYIO KapTHHY 3KCIUTyaTallud oObEeKTa B MHTEpBajax
BpeMeHH. CBsI3b BEPOSTHOCTHOM CTPYKTYphl MapKOBCKOM Mojenu ¢ pacxogamu Ha TOuP nozBossier
npoBecTH aHanu3 3atpaT Ha TOuP o0bekTa 3a 3aaHHYI0 HApaOOTKY, BBISIBUTH €r0 ONTUMAJBHYIO, C
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TOYKH 3pEHHS] MUHUMM3AIUHU 3aTPaT TPyAa, CTPATETUI0 TEXHUUYECKON IKCIUTyaTallut, a TAKXKe KOJude-
CTBO HEOOXOJMMBIX 3allaCHBIX yacTel Ui oOciykuBaHHsl oObekTa. IlpenMyiiecTBoM maremaruye-
CKOr0 amrapara MapKOBCKUX IMPOIECCOB SIBISIETCS €r0 YHHUBEPCATbHOCTH JJIsI IIUPOKOTO Kpyra u3Jie-
mui AT ¢ pasnuYHBIMU 3aKOHAMH pPACHpeeiIeHUs HAAEKHOCTH, KOTOPbIE YCTAHOBIICHBI MYTEM arl-
MPOKCUMAIIUU PE3yJIbTATOB UCTIBITAHUHN, HAOIIOICHUH TPU SKCIUTyaTallud WA B3STHl U3 CIPABOYHBIX
JTAHHBIX.

[IpencraBieHHble METOIBI ONTUMHU3AIMA MAaPKOBCKUX MPOLIECCOB MO3BOJISIIOT CHU3UTH TPY-
JOEMKOCTh MAaTEMaTHYECKMX pACYETOB, MOATBEPXKIasd aJACKBATHOCTh MATEMaTH4YECKOM MOJIEIU
mpoIriecca dKCIUTyaTaluu u obecreunBasi IpUEMIIEMYIO IS TPAKTUKUA TOYHOCTh MOJTy4aeMbIX pe-
3yJIbTaTOB.
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APPLICATION OF MARKOYV PROCESSES FOR ANALYSIS AND CONTROL
OF AIRCRAFT MAINTAINABILITY

Yuriy M. Chinyuchin', Alexey S. Solov'ev
"Moscow State Technical University of Civil Aviation, Moscow, Russia
2Jsc “Kamov”, Moscow, Russia

ABSTRACT

The process of aircraft operation involves constant effects of various factors on its components leading to accidental or systematic
changes in their technical condition. Markov processes are a particular case of stochastic processes, which take place during
aeronautical equipment operation. The relationship of the reliability characteristics with the cost recovery of the objects allows us to
apply the analytic apparatus of Markov processes for the analysis and optimization of maintainability factors. The article describes
two methods of the analysis and control of object maintainability based on stationary and non-stationary Markov chains. The model
of a stationary Markov chain is used for the equipment with constant in time intensity of the events. For the objects with time-
varying events intensity, a non-stationary Markov chain is used. In order to reduce the number of the mathematical operations for
the analysis of aeronautical engineering maintainability by using non-stationary Markov processes an algorithm for their
optimization is presented. The suggested methods of the analysis by means of Markov chains allow to execute comparative
assessments of expected maintenance and repair costs for one or several one-type objects taking into account their original
conditions and operation time. The process of maintainability control using Markov chains includes search of the optimal strategy
of maintenance and repair considering each state of an object under which maintenance costs will be minimal. The given
approbation of the analysis methods and maintainability control using Markov processes for an object under control allowed to
build a predictive-controlled model in which the expected costs for its maintenance and repair are calculated as well as the required
number of spare parts for each specified operating time interval. The possibility of using the mathematical apparatus of Markov
processes for a large number of objects with different reliability factors distribution is shown. The software implementation of the
described methods as well as the usage of tabular adapted software will contribute to reducing the complexity of the calculations
and improving data visualization.

Key words: Markov processes, Markov chains, maintainability, analysis of maintainability factors.
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ABUAIIHOHHAA H PAKETHO-KOCMHYECKAA TEXHHKA
05.07.01 — A3poounamura u npoyeccvl meni00dMena iemameabHbIX Aannapamos;
05.07.02 — Ilpoekmupoeanue, KOHCMPYKYUA U RPOU3BO0CHIEO TEMAMENbHBIX ANNAPANOB;
05.07.03 — Ilpounocms u menjiogvle pexcumul 1emameibHblX annapamos;
05.07.05 — Tennoewte rnekmpopakenmusle 0guzamenu u IHEP2OYCMAHOEKU 1€MAMETbHBIX ANNAPAM OGS
05.07.07 — Konmpons u ucnstmanue 1emamenbHylX AnNApamos u ux cucmem;
05.07.09 — /lunamuka, 6annucmuxa, ynpasjieHue 08UMHCCHUEM 1M AMEIbHBIX ANNAPAmMOos6;
05.07.10 — HunosayuonHvle mexHo102UuU 6 AIPOKOCMUUECKOI OeAmeTbHOCHU

VK. 629.734.7.018.7
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OCOBEHHOCTH UCHBITAHUI MAPAIIIOTHBIX CUCTEM
B MPOLIECCE UX CO3JAHUS

C.M. KYPUHHBI'
! DedepanvHoe 20cyOapcmeeHHoe YHUMapHoe npeonpusimue
«Hayuno-uccredosamenbckuti unCmumym aspoynpyeux Cucmemy,
2. @eooocus, Pecnyonuxa Kpvim, Poccus

B cratbe paccMOTpeH ps 3TamnoB CO3MAHUS IAPAIIIOTHBIX CHCTEM BOEHHOTO M CIHELMATBPHOIO HAa3HAUEHHWS U HEKOTOpbIC
0COOCHHOCTH TIPOBEICHHS MX HCIIbITaHUH. JleTabHO IpoaHaIM3HpOBaHa HEOOXOMMOCTh TIPOBEICHHS! JOBOAOYHBIX HCIIBITAHUH
1 MX MaKcUMaJIbHbIe pexxnMbl. OOOCHOBaHA BO3MOKHOCTH CO3JaHMs criacarenbHoN naparnotHoi cuctemsl (CIIC) s cnacenus
BECOBOI'O MAKETa IIPU JIETHBIX MUCIBITAHUSX, CBA3aHHBIX C IIPOBEPKOM IIPOYHOCTH MApAILOTHBIX cucTeM. IIpeanoxen nopsuok
Beenmenns CIIC B cxemy geiictBus wucnbiTyemor mapamnmoTHOM cucteMsl (MIIC). PaccMoTpeH mTOpSiIoK ¥ STambl
(ynxkimonupoBanust  Tpexkackaguod CIIC, cocrosiiieid W3 BBITSDKHOIO IApaIlioTa, TOPMO3ZHOTO IMAparioTa M OCHOBHOTO
napauora. [TpuBeneH ananu3 paboThl Takol cHCTeMBbI ¢ paccMoTpeHneM (aszosbix Tpaekropuii nerkenus CIIC u UIIC. Yureno
pa3BUTHE BOMOXKHBIX aBapuiHBIX curyarmii (AC) Ha Bcex stamax arkeHws WIIC ¢ npuBenenneM ux (ha3oBBIX TPACKTOPHIL
DazoBbIe TPACKTOPHH JIBIKCHHS TIPUBEACHBI C YIETOM O0JIACTH SKCIUTYaTaMOHHBIX (MCIBITATENBHBIX) PEKIMOB C HAIOKEHHEM
Ha HUX TPEIENIbHOIO JKCIUTYaTal[MOHHOTO pekuMa U pexxuma Qopcaxa. Pazsutne AC npoaHaaM3MpoOBaHO C YYETOM 3ariaca
BpemeHHn Ha BBOJ B AeiictBre CIIC. PaccMoTpeH nprumep co31aHus CHCTEMBI PACIIO3HABAHMS aBAPUITHON CHUTYaIMH U IMOPSHOK e
paboter mpu BBenmenun B neiictBue CIIC. CrnporHo3mpoBaHBI TONOKUTENBHEIE pe3yibTaTl oT BHeapeHust CIIC B nerHbIe
WCTIBITAaHMSL TIPH CO3JAaHMM TApAlIIOTHBIX CHCTEM CHELMaIbHOro HazHaueHws. OTHeNbHO Npemiaraercss HoBas CTpaTerus
MIPOBEACHUS JIETHBIX MWCIIBITAHMHA C BHEAPEHHEM KOPPEKTUPYEMOH (10 pEIIEHHIO IJIABHOTO KOHCTPYKTOpa) MPOTpaMMbl
ucnbITaHui. Pacimpenne oOMacT!  WCIBITATENBHBIX PEKHMOB  TTO3BOJIUT 3HAYMTENBHO YBEIMUMTH HMH(POPMALHOHHYIO
COJZIePIKATENILHOCTD JIETHOTO SKCIEPUMEHTa, Y(h(EKTUBHOCTh U KaueCTBO €T0 Pe3yJIbTaToB. BBeseHNE cUCTEMbl paclio3HaBaHUS
AC CyIIeCTBEHHO MOBBICUT HAaISKHOCTh (DYHKIIMOHUPOBAHHS UCIIBITYEMOM MapallfoTHONH CHCTEMBI.

KnioueBble cj10Ba: JeTHbIC WCIBITAHMS, CriacaTesbHas IapallioTHAs cucTeMa, (a3oBasi TPAcKTOpHs ABIDKEHUS, aBapHiHAs
CUTyaIHs, 0071aCTh KCILTYaTALIOHHBIX PEXKUMOB.

BBEJIEHME

B cootBercTBuE ¢ [Tonoxennem' K aBHALIMOHHOM TEXHHKE BOCHHOTO HA3HAYCHUS H aBHALIMOH-
HoOM TexHuke crneunanbHoro HazHaueHus (AT BH u AT CH) oTHOCSTCS napaltoTHeIE M MapalIoTHO-
PEaKTUBHbIE CUCTEMBI PA3IMYHOTO Ha3HAUEHUs, CPEACTBA BO3LYIIHOIO M MOCAA0YHOTO JE€CAHTUPOBA-
HUS JTUYHOTO COCTaBa, BOOPYKEHUs, BOEHHOH TeXHUKHU U Tpy30B (I1C).

' TonoxeHne O CO3IAHNN ABUALMOHHON TEXHHKH BOCHHOTO HA3HAUECHMS M ABMALMOHHON TEXHHKH CIIELMATLHOIO HA3HA-
yeHHd. YTBepkaeHo BoenHo-npoMeinuieHHoN koMuccueit npu IIpasurensctse Poccuiickoit deneparnuu 08.12.2010r.
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[Ipu crangapTHOM BhINONHEHHH TpeboBaHuii [lonoxxkeHus netHele ucnblTaHus oOpasua AT
BH, TpeOyromero jeTHOW OICHKH, HAYMHAIOTCS HA JTale MPeABAPUTEIBHBIX HMCIBITAHUN, KOTIA
c(hopMHUPOBaH €ro0 OKOHYATEIbHBIH OOJMUK M Pean30BaHbl TEXHUYECKHE PEIICHUS IO pe3ybTaraM
MOJEJINPOBAHUS U HA3€MHBIX UCIIBITAHUI.

[enp sTama TEXHUYECKOTO MPOEKTA: OMPEACICHUE OKOHYATEIbHBIX TEXHUYECKUX pEUICHUM,
JAOIIKX IOJIHOE npeacTaBieHue o koHerpykuuu [IC, o ee cocTaBe U 3KCIUTyaTallMOHHO-TEXHUYECKUX
XapaKTEPUCTUKAX, MPUHIUITHAIBHBIX TEXHOJIOTHYECKUX PEIICHUSX IO €T0 MPOU3BO/JICTBY.

Dram npexycMaTpuBaeT Co3laHue HaTypHOTO MakeTHOTo oOpasna AT BH, tpebyromiero oren-
KU B JIETHOM 3KCIIEPUMEHTE.

JleTHBIil SKCIEpUMEHT Ha 3TOM 3Tarne co3aanus [1C momkeH moATBEpANTh HE TOJBKO paboTo-
CIOCOOHOCTh M HAJICKHOCTh pa3pabaThiBaeMO MapamltoTHON TEXHUKH, HO M CTaTh UCTOYHUKOM TOITY-
YeHHsI HAyYHO-TEXHUYECKOW MHPOpMaIK O (PaKTHUECKUX adpPOAMHAMHUYECKUX, a3pOyIpPYrux, Mpod-
HOCTHBIX " Oayctudeckux xapakTepucTuk [1C ¢ yueToMm ee KOHCTPYKTHBHBIX PEIICHUN B pEabHBIX
YCIOBUSIX AKCIUTyaTanuu [ 1-4].

[Iporecc NETHBIX UCTIBITAHUHN SABIISIETCS] UTEPAIITMOHHBIM MPOIECCOM, UTO MPEAyCMaTpUBAeT J0-
MIOJTHUTEJIbHBIH 00BEM JTOBOJOYHBIX HcIbITaHu# (/[M), KOTOphIe MOTYT HE BIHCHIBATHCS B JKECTKHE
paMmku [IporpamMmsl HCTIBITAHUI.

JI1 oTHOCSATCS K MCCIEA0BATEIbCKUM UCIBITAHUSAM, IPOBOJIUMBIM MpHU pa3paboTke (qopadboT-
ke) koHcTpykiwu [1C ¢ 1enpio OleHKH 1eeco00pa3sHOCTH BHOCUMBIX B He€ (B cxemy e€ paboThl) u3-
MEHEHUH I JOCTWIKECHHUSA 3aJaHHBIX 3HAYCHUH MoKa3arelied e€ kauecTBa. OCHOBHBIM IOKAa3aTelIEM
KauecTBa SBIICTCS HANIEKHOCTh padboTel [1C, uTo, B CBOIO 0ouepe/ib, MPEAyCMaTPUBACT JIETHBIC DKCIIe-
PUMEHTHI 0€3 BHECEHUS KaKuX ObI TO HU OBLIIO N3MEHEHUH.

KpoMe HagexHOCTH CyLIECTBYET psii MapaMeTPOB, JAOMOJIHUTEIBHO OMPEIESIONINX KauyeCTBO
IIC, x HauM OTHOCATCS:

- IOcaIoYHasi CKOpocTh V

noc °

- ko3bduument conporusiuenust C, ;

- MaKCUMAJIbHAA a3pOJUHaAMHUYCCKaA Harpy3Ka Rmax N

-IyTh HaroJHeHust S, u Bpems HanonHenus [1C ¢, , u np.

Oco6ennoctu netusix AU T1C:

- OTCYTCTBUE (OTPaHHYEHHOCTH) YMPABISIONUIMX BO3JCHCTBHUI (32 UCKIIOYEHHEM YTpaBsie-
Mmbix [1C);

- TIOBBIIIICHHASI PEAKIMsl HA BHEIIHHE BO3MYIICHMsI, CBsI3aHHAs ¢ OOJBIIMMU JIeopManusMu
[1C nipu HarpyXeHUH, BIUSIONIAs HA Pe3yIbTaThl UCIIBITAHUH;

- OTCYTCTBHE HAJICKHON U3MEPUTEIHLHON CUCTEMBI VISl OTIPEICIICHUS YCHIIMA B TKAHU KyTIoja 1
HATSDKEHUN B €T0 MOJKPEIUISIONIEM CUIIOBOM KapKace;

- HE0OXOAMMOCTh BHECEHUS KOHCTPYKTHUBHBIX IOPAaOOTOK B MPOIIECCE MCTIBITAHUNA B 3aBUCUMO-
CTHU OT UX PE3YyJIbTATOB;

- IPOBEJICHNE y)KECTOUEHHBIX UCTIBITAHUHN JJIS IOATBEPKICHHSI IIPOYHOCTHBIX XapaKTePUCTHK;

- OTCYTCTBHUE MOJTHOMACIITA0OHOW CTPYKTYpHOH MaTeMaTH4eCKOH Moaenu (yHKIIMOHUPOBAHUS
KOMITOHOBKH «00BeKT + I1Cx».

B mpakTHKe JETHBIX UCIBITAHUN MAPAIIIOTHBIX CHCTEM MEPUOJUYECKH BO3HUKAET HEOOXOu-
MOCTbB BBITIOJHATH HcTibITaHus [1C Ha MPOYHOCTH METOJIOM JTOBEJCHUS /10 pa3pyIlIeHUs, Ha HATOTHsIC-
MOCTb, OIpeIeTICHHEe KPUTHUECKOH CKOPOCTH HAIMOIHEHHUS, (PYHKIIMOHUPOBAHUE, YKECTOUCHHE, Ipa-
HUYHEIC WCILITAHMUS.

[Tpu I Takoro THma 3HAYMTEIHHO YaIle, YeM MPU OOBIYHBIX HCIBITAHHUSX, BOZHUKAIOT aBa-
puiinbie cutyanuu (AC), MpuUBOAIINE K HEOOPATUMBIM TTOCJIEICTBHUAM M, KaK IMPABHIIO, K MTOTEPE J0-
POTOCTOSIIICH MaTepUATBLHONU YacTH, HEOTIPABIAHHBIM BPEMEHHBIM M (PHHAHCOBBIM 3aTpaTaM.
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C 1enpro UCKIIOYEHHUsI IOTEPU JAOPOTOCTOALIEH MaTepUaIbHON 4acTH MPU BOSHUKHOBEHUH
AC BO Bpemsi MpOBeACHUS JIETHOTO JKCIEPUMEHTa, HEOOXOJUMO MPETyCMOTPETh BO3MOMXKHOCTH
coxpaHeHusi BecoBoro makera (BM) ¢ cucremoii aBromaruueckoro ympasieHus (CAY) u cucre-
MOW U3MEpEHHU.

B kauectBe BapumanTta cnacenuss BM npu BozHukHOoBeHMHn AC Ha 3Tane paboThl MCIBITHIBAE-
Mot mapanrotHoi cuctemsl (MUI1C) npennaraercs BBenenue B coctaB cucreMbl BM-UIIC cnacarens-
Hoil mapamrtotHoU cucteMbl (CIIC). Takum oOpa3om, peub uAeT o co3naHuu komiuviekca BM-UIIC-
CIIC, byHKIMOHUPYIOMIETO C BEICOKOW CTETICHBIO HAJEHKHOCTH.

OBOCHOBAHME CXEMBI JJEHCTBUSI CUCTEMBI BM-UIIC-CIIC

Ha ocHoBe cymectBytomero onbita ucnbiTanuii [1C [1] npennaraercs, onvcaHHas HUXKE, CXe-
Mma aeiicteug BM-UIIC-CIIC, kotopas npeacrasieHa Ha puc. 1.

[Tocne copaceiBanust BM B neiictBue BBoauTCs BhITshKHOM mapanttot (BIT) UTIC, koTopsrii, B
CBOIO ouepenp, BBoAUT B aelictBue UIIC, B paccMaTpuBaeMOM Cilydae COCTOSIIEW U3 OCHOBHOIO Ma-
pamrtora (OIT) u Topmo3znoro napamota (TIT).

B ciyuae Bo3nukHOoBeHHss AC B mpouecce (pyHKImoHupoBaHus rodoro u3 kackagos UIIC,
CAY pacnosznaet otkas, otaenser or BM UITIC u BeimaeT komanay Ha BBenenue B aericteue CIIC.

Becs npouecc dpynkimonnposanust CIIC MOKHO yCIIOBHO pa3OuTh Ha TPH dTara.

I 5ran. @ynkunonuposanue BII.

BII CIIC BBOguTCS B IEHCTBHE JTMOO METOJIOM KaTamyJIbTHPOBAHUS B TIOTOK C TIOMOIIBIO CIie-
[MAJIBFHOTO MEXaHU3Ma (MUPOIHEPTETUYECKOT0 WIM MEXaHUYECKOTO KaTamyiabTHOTO YCTPOUCTBA), JIU-
60 meronom usBneuenust BII u3 konrerinepa CIIC, npunyautensHO oTaenstommmcs or BM snemeH-
ToMm UIIC.

BII, mamonussich U mpuHUMas Ha ce0s a’pOJWHAMUYECKYIO Harpy3Ky, CO3/IaeT TATOBOE
ycunue, HeoOxXoIuMoe TSl pacueKoBKH kamepbl u u3BnedeHus us nee TII (OIl B ciayuae nByxkac-
KaJHOW CXEMHBI).

II sran. ®ynkunonuposanue TII.

[Tocne u3BnedeHus: U3 Kamepbl U BoITATUBaHKUA TI1 Ha MOMHYIO JUIMHY HAYMHAETCS MPOLIECC €TI0
HanoJiHeHUsl. OJTHOBPEMEHHO C 3TUM MPOUCXOJIUT BHITSITMBAHUE COCTUHUTEIHLHOTO 3B€HA, OCHOBHBIM
Ha3zHauYe€HUEM KOTOporo sBisercs ynanenue TII or sapa adpoanHaAMHUYECKOTO CIIyTHOTO ciena, oopa-
3yromierocst 3a BM (mmHa 3BeHa mpuOIu3nuTeIbHO paBHA 5 — 7 auameTpoB muaeis BM).

Hanee, xkynon TII HanonusieTcst 10 puduieHoi ¢as3pl ¢ 3aJaHHBIM apameTpoM pudienus. Cu-
crema o0wekT-TII aBmxkeTcss B pudenoit ¢aze. Bpems nemwxenus B pudieHoi ¢ase ompenensercs
yCTaHABJIMBAEMBIMU Ha KyTOJ€ ABYMS MHUPOpE3aKaMH, ¢ MOMOIIbIO KOTOPBIX MPOUCXOAUT paspudie-
HUe (MeToIOM TiepepyOaHus Hypa pudIcHus).

[ocne pazpudnenust TII nmomHOCTHIO HamonHseTcs. [Iporecc TOPMOKEHHUSI CUCTEMBI TIPOIOII-
’)kaeTcsa 1o MoMeHTa otaenenusa TI1 or BM.

IIT sran. ®ynkunonuposanue OI1.

Otnensisice ot BM, TII pacuekoBbIBaeT MBapTOBOUHbIE peMHH Kamepbl 6sioka OIl, usBnekaet
OJIOK U3 KOHTEHHEPA, BBITATHMBAss OCHOBHOM MapallioT Ha MOJHYIO0 JJIMHY, U oTaensercs ot OIl Bmecrte
C €ro KaMepou.

B nponecce BoiTaruBanus Oll, mocie mOIHOro BBITATMBAHMS CTPON MPOMCXOAUT PAaCUEKOBKa
KaMephbl U B3BEICHUE TUPOPE3AKOB.

Hanee, kynon OIl HamomusieTcst 1o pudaeHoi (assl ¢ 3aJaHHBIM TapaMeTpOM PUQIICHUS.
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BT 7
Pazpywenue OF1 HITC 3
3 BbBod
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77 0mc
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fMToarnoe wmanoanenve T/71 L7IC

Omdenernue TIT C/7C
B6od Bdevcmbue O77 {110

Pazpugpaenuve 077 C/7C

lToarnoe wanoanenve OF1 CITC
Boixod na ycmanobubuudcs pexum

fpuzemacHue
Omdenenuve O LT om BM

e v
TSI

Puc. 1. Cxema neiicteust cucremsr BM-UIIC-CIIC
Fig. 1. The action scheme of the WM tested and recovery parachute systems

Cuctema 006bekT-OIl nBmxercs B puduienoit ¢paze. Bpems apmxenus B pudrieHoil ¢ase onpe-
JIeNISIeTCA YCTaHABJIMBAEMbIMHU Ha KYTIOJ€ YEThIPhbMS MUPOpE3aKaMH, C IOMOIIbIO KOTOPBIX IMPOUCXO-
JIT paspudrieHue.

[Tocite pazpuduienus: OI1 momHOCTRIO HamoHsETCs. [Ipomecc TOPMOKEHHUS TPOIOIIKACTCS 10
MOMEHTA BBIXOZd CUCTEMBI Ha YyCTAaHOBUBLIMICS PEXKUM.

3atem npoucxoauT npusemiienue u oraenaeHue OIl or BM ¢ nenbio UCKITIOYEHUsT MPOTacKUBa-
Hust BM npu Hanuuuu BeTpa.

ITocTpoenne pazopoii TpaekTopuu UIIC u CIIC

ITpu paccMoTpeHnn 001acTH 3KCILTyaTallMOHHBIX PEKUMOB B KauecTBE MPEAEIbHOT0, Haubo-
Jiee KECTKOrO PAacYeTHOro ciyyasi, pacCMaTpHUBAJICS BEPTHUKAIbHBIA BXOJ B aTMoc(epy C YIJoM
HakiaoHa Tpaekropud BM @ = — 90° monernoi maccoit M= 3200 kr.

[Ipu >TOM, AN Kaxaoro BeIOpaHHOTO s1ienoHa BeIcOThl H (¢ marom 500 wmu 1000 m), pac-
CMaTpHUBAIOTCA Ciydan 0TKa30B B ¢yHKIuoHHpoBaHuU MIIC. DTO MOTYT OBITH: OOpPBIB COCTMHHUTEIb-
HOTO 3BeHa, coenuustoniero o0wsekT ¢ UIIC; pazpymenue UIIC; ne nanonuenue OIl UIIC, He BBOA
UIIC B neiicTBUE MO pa3InYHBIM IPUYUHAM U T.1.

KpuBas nmpenenbHOro 3KCILTyaTallMOHHOTO pekuMa OlpeneisieT cieBa oT ce0s 00aacTh dKc-
IUTYaTalMOHHBIX peXUMOB cucteMbl 00beKT-CIIC, B KOTOpOH NOMyCTUMO MO YCIOBUSIM NPOYHOCTH
TII Ge3omacHOE €ro MHOTOKpaTHOE BBEACHHUE B JIeHCTBUE (IPUMEHEHHUE).
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Kpusas pexxnma ¢opcaxa onpeaensieT MaKCUMaIIbHO JIOITyCTUMYIO TPaHUILy, clieBa OT KOTOPOH
elle JOMyCTUMO 1o ycloBusiM podyHocTH TI1 6e3omacHoe ero oqHOKpaTHOE IPUMEHEHHE.

AHAJOTUYHO CTPOSITCS 3aBUCUMOCTH IKCILUTYaTAI[HOHHOTO pexumMa U pexxuma dopcaxa nist OI1
CIIC.

B kauecTBe mpumepa paccCMOTPHUM, YTO B 00JaCTH MCTIBITATENbHBIX PEKHUMOB BBOAUTCA B JICH-
ctBue tpexkackaanaa UIIC (BIT+TIIHOII) ¢ nenbio npoBepKu Ha MPOYHOCTH myTeM JoBeneHus TII u
OII no pa3pyuieHus.

[TycTh HauanbHBIE pexxuMbl BBeaeHus B neiicteue UIIC Hy, V) 3anans: Hy=4000m; Vy=100m/c.
3ajaeM 3Ty TOYKY B 00JACTH UCIIBITATENIbHBIX PEKUMOB (TIPEIOIONKUM, YTO MOCIIE OTACICHUS OT HO-
cutens TII HemeUIeHHO BBOJUTCS B ICHCTBHE).

[ToToM OT HaYaNbHON TOYKH, TPOBOAS OATUTMCTUYECKUE PACUETHI, BBIMOJHEHHBIC 110 3aBHCUMO-
CTSIM, TIPUBEJICHHBIM B UCTOYHHKAX [5-8], ctpoum dazoByto Tpackropuro asmxenus UIIC ¢ ydgerom
paboOTHI BCEX €€ KacKaJIoB ¢ BpeMEHHOMU pa3MeTkoit (Ar=1c¢) dha3oBoii TpackTopuu (puc. 2).

Homyctum ans Hamero npumepa My =3200xkr, C, =0,7; f. =1,13m*, tiie C, — ko3¢ HULUEHT co-
npotusiieanst BM; f, — mmomane munens BM, ipu atom xapakrepuctuku UIIC:

-F Tn:15M2, Cr7=0,6, Ir;7=0,35 — crenens pudaenus kynomua TII;

-Fon =500M2, Corr=0,75, Dor=0,15 — crenens pudnenus kynomna OII;

xapakrepuctuku CIIC (ocnamaercs cepuitapiMu [1C):

-Fry =2OM2, Cr7=0,6, Ir;=0,25 — crenens pudaenus kynoia TIT;

- Forr =325M%, Con =0,75, Opri=0,18 — crenennb pudnenus kymona OIT.

®azoag tpaekropus aemwxkenuss UIIC u CIIC npeacrasiena Ha puc. 2.

[To umeromeiicsa cxeme AeHcTBHS M (a30BBIM TPACKTOPUSM BBIMONHIETCS ETANbHBIN aHAIN3
paboter UTIC ¢ menbio oOHApyKEHHSI MOMEHTOB pPEaJIM3allid BO3MOXKHBIX aBAPUHHBIX CHUTYyallMid Ha
¢dazoBoii Tpacktopuu ¢pyHkuuonuposanus UIC.

HaubGonee BeposTHBIM siBIsieTcsl BO3HUKHOBeHHE AC Ha MEPEXOMHBIX MPOIECCaX U PEeKUMaX
BeeaeHus UIIC B peiictBue: otnenenue (pas3zielieHHE), BHITATHBAHWE, HANOJHEHHE, pa3pudieHue u
T. I., YTO XapaKTepU3yeTCcs HaJUYheM TOYEK M3IIOMOB Ha ()a30BOI TPAEKTOPHH ABMKEHUS CHCTEMBI
00bexT-UIIC.

OnpenensroTcest TOYKu U3I0MoB Ha (azoBoi TpaekTopun UIIC ¢ Homepamu (puc. 2):

1 — coBMelLeHBI B IaHHOM ToUKe cOpoc, stan padotsl BII, BeiTsruanue u Boixoa TII B pudie-
Hy10 (azy;

2 — pazpudnenue TII;

3 —orctpen TII, BBegenue B aeiictBue OIl (Hayasio BBITATHBaHUA);

4 — BeiTaruBanue Ol Ha monHy0 ANUHY;

5 — Beixox OII B puduenyo dazy;

6 — paspucdaenue OII;

7 — nonHoe HanosHeHue OI1.

BrimonHsercs nokanu3anusi NEpPexXoIHbIX 30H B TOYKaX H3joMa (a30BOM TPaeKTOPUU pabOThI
cuctembl 00bekT-UIIC 1 mocTpoeHune st HUX BO3MOXKHBIX (HarbOoJiee BEpOSTHBIX) (Da30BBIX TPACKTO-
puii AC B 0051acTH SKCIUTyaTallMOHHBIX (MCTIBITaTeNbHBIX) pexxuMoB UTIC, koTopbie peacTaBIeHBI Ha
puc. 2.

Ha nmunusix aBapuitHbix (pa3oBbix TpaekTopuii AC BBITONHSAETCS pa3MeTKa BPEMEHHU C OTpee-
JeHHBIM 1arom (At=1c), 4To 1aeT BO3MOXKHOCTh MPEABAPUTEIHHON OIEHKH PE3EPBHOTO BPEMEHU Ha
¢azooit TpackTopru AC, HeoOxonumoro s BBeAeHus B aerictBue CIIC (Bpemst mocTmxeHHs Tpe-
JIeTTBHBIX AKCIUTyaTaI[MOHHBIX PEKUMOB UITH PEKUMOB (popcaxa).
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Puc.2. ®azoas tpaekropus UIIC u CIIC
Fig. 2. The phase trajectory of the tested and recovery parachute systems movement

B TeueHune pe3epBHOro0 BpeMEHU HEOOXOAMMO: Paclo3HaTh OTKa3; cpOPMHUPOBATH M BBIAATH
komauay Ha otnenenue MIIC; ¢ HeOONBIION 3aMepKKON MO BpeMeHHU (YUTO JTaeT BO3MOXKHOCThH yia-
mutbest UTIC ot o0bekTa) chopmMupoBaTh U BeIAATh KOMaHy Ha BBenaeHue B nerictue CIIC.

Takum 006pa3om, B JTOTUKY mporpaMmbl paboTel ACY, B 3aBUCUMOCTU OT BBICOTHI U CKOPOCTH
Ha MOMEHT MPOXO0XKACHUS KOMaHbl «ABapus» (U1 JaHHOTO KOHKPETHOTO 3KCIEPUMEHTA), BBOAUTCSA
pene Bpemenu (B nmamath nporeccopa ACY) u onpeaensercst MmomeHT otaenerus UIIC u, ¢ HekoTopoi
3aJiep>KKOi Mo BpeMeHu, MoMeHT BBeaeHus B neictBue CIIC. Ilocie 4yero BBIIOMHSAETCS ONEpanus
BBeaeHus B AeiicTBue CIIC mo nanHoW aBapuiHOM IpOrpaMme.

PesepBaoe Bpems Ha DTAC — sT0 Bpems, HeoOxoammoe it BBeaeHus B nerictue CIIC,
T. €. BpeMsl Ha pacro3HaBaHue oTkasa, orcoenunenue MUIIC u Beenenue B aeiicteue CIIC.

AHanu3 3aBUCUMOCTEN Ha pUC. 2 MOKa3bIBAET, UTO HauOoJee KECTKUMHU, 10 YCIOBUIM BBeJle-
Hus B neiicteue CIIC, Oynyt cnyyan passutusi AC npu otkazax TII BOmu3u touek 1 u 2. YuuteiBas,
YTO BpeMEHHbIE MPOMEKyTKH Mexy ToukamMu OTAC coctaBnsioT 1 ¢, To BpeMsi Ha paclo3HaBaHUE
AC u BBenenue B neiictBue CIIC Oyaer He Oosiee 8 ¢ U3 yClIoBHS MPHOIMKEHUS K (OPCAXKHOMY pe-
skumy s TIT CIHC.
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MuHuMaNIbHO BO3MOXKHOU BbIcOTON BBOAA B neiictBue CIIC Ha ckopoctu Omm3koit k 170 m/c
oynet Beicota okosio 1500 m. IIpu stux HavaneHbix ycnoBusx CIIC obecrieunT nmpuemiemMyto (MeHee
20 m/c) ckopocTh cHUXKEeHHUSE BM.

®dazoBrie Tpacktopuu AC, pasBuBawmecs u3 Touek 4-7 (nmokazarensubie st AC OIT UTIC),
XapaKTEPU3yIOTCS CYHIECTBEHHON JMHAMUKON MO YBEJIIMYEHUIO CKOPOCTHU C BO3MOKHBIM JIOCTHXKECHHUEM
MHUHHUMAaJIbHOW BBICOTHI 17151 BBoia B eiictBue CIIC 3a mpoMexyTok BpeMeHu 0oiiee 8§ ¢, 4TO MO3BOJIs-
eT HajexxHo BBecTH B jaeiictBue CIIC.

Hcxoas u3 BBIIEU3I0KEHHOTO, IIPHU JOCTATOYHOM (70 3 ¢) 3amace BpeMEHH Ha pacrio3HaBaHHUe
AC u Bpemenu (10 5 c) Ha BBenenue B nericteue CIIC, obecrieunBaeTcs JOCTATOYHO HAJAEKHOE CIia-
cenrie BM npu npoBeeHun ncnbiTaHui Ha TpoBepKy npouHocty UTIC.

INPUMEP CUCTEMBI PACITO3BHABAHUSA AC

B kadectBe cucrembl pacroznaBaHusi AC BO3MOXHO KOMOWHHUpPOBaHHOE (MapayieIbHOE) HC-
MOJIb30BaHUE TIEPETPY3KHU U Tepenaaa MaBIeHUs IS JOCTOBEPHOM BBIJA4M KOMAaH[bI Ha BBEICHUE B
nericreue CIIC, pyHKIImoHMpYyoIee Mo CieayoneMy MPUHITMITY: €CIId | 110 TIEpeTpy3Ke 7, U 10 Tpa-
TUEHTY JaBlieHUs Ap OOHApYXEH CUTHANI «ABapus», TO TapaHTHPOBaHO (OPMHUPYETCS KOMaHIa Ha
BBeaenue B aeiicreue CIIC.

B npoTuBHOM city4ae MpOBOJUTCS MOBTOPHBINM OMPOC NATYMKOB U B CIIy4ae MOBTOPEHUS CHUTY-
aIyl ¢ TIPOTHBOPEYMBON MH(POPMAIUCH MIPUOPUTET OTHACTCS MH(DOPMAIMH, TIOTYYEHHOW OT JaTYUKa
nepenaja J1aBIeHusl.

3apanee HazHauaeTcs BbicoTa 3aBepiieHus padotel UIIC, ompexnensemas mo naHHBIM Oaliu-
CTHYECKOT0 pacyeTa, Ha KoTopoil mpunyautensHo BBoautcs CIIC, He3aBHCHMO OT TOTO, Kak O0Tpado-
tana UIIC (B cooTBETCTBUU CO CXEMOM AEUCTBUS UIIH HET).

Opnaxo nepen BBeaenuem CIIC B nmelicTBue, HEOOXOAMMO MPOBEPUTH 3HAYCHHE MEPETPY3KU:

0.2 .
ecin n~1"y], TO C UENBIO MPEIOTBPANIEHUsT HECAHKIIMOHMPOBAHHOTO BBeneHus B aeiicteue CIIC,

ACY 0GnokupyeTt MpoxoxacHre KoMaHIbl Ha BBeAcHHE B neiicteue CIIC.

3apaHee BbIOMpaeTCsl HHTEPBAJ BPEMEHH, B TEUEHHE KOTOPOTO MOJHOCTHIO Pealn3yeTcsl cXxema
nevictBust cuctembl BM-UTIC, nocne yero BBogutcs B aeiictBue CIIC (He3aBUCMMO OT pe3yJibTara
pabots1 UIIC).

3AK/IFOYEHUE

Buenpenue B neTHO-ucHbITaTENBbHYI0 NPakTUKY KoMiuiekca BM-UIIC-CIIC no3sonur:

1. CymiecTBEHHO M3MEHUTh KOHLENIUIO W cTpareruto nposeneHus JIM, nepeiiTu Ha HOBYIO
CTpAaTerulo, MPU KOTOPOH CYIIECTBEHHO CHM)KAETCS MOTPEOHOE KOJIMYECTBO JAOPOTOCTOSIIUX JIETHBIX
JKCIIEPUMEHTOB IIPU IPOBEPKE MPOYHOCTH MMAPALITIOTa METOAOM JOBEAEHUS €ro 10 pa3pyLICHUsI.

Ecnu o cux nop crparerus nposeaenus JIM 3akmovanack B TOM, YTOObI METO/I0M MOCIIE0BA-
TEJBHBIX MPHUOIMKEHUI B 00J1aCTH SKCILTYyaTallHOHHBIX PEXHMOB B COOTBETCTBUU C TIPOTPAMMOM UC-
OBITAaHUH (HA YTO YXOAMJIO TOCTATOYHO OOJIBIIOE YHUCIO SKCIIEPUMEHTOB, CPEJICTB U BPEMEHHU) BBIMTH
B TOUYKY IIPENEIBHBIX IKCILUTyaTallMOHHBIX PEKUMOB, TO TOJBKO IOCIIE 3TOI0 MOKHO BBIIIOJHUTH IIPO-
BepKy npouHocTH napamtora. C Beenenuem B zericteue CIIC moctaroyHO MpPOBECTH TOJIBKO OIMH
AKCIIEPUMEHT B CPEIHEN TOUKE HKCIUTYaTAallMOHHOTO peXHMa Uil IPOBEPKU KaduecTBa (PyHKLMOHHUPO-
BaHus UIIC u, ecnu oH OKaXeTcsl yJauyHbIM, cpa3y K€ NEPEHTH Ha MAaKCHUMAJIbHBIA JKCILTyaTalllOH-
HBIN peXHUM WIH peXUM (hopcaxka AJisi MPOBEPKHU IMOIHOM Hecylel cnocoOHocTH mapamrtora [9].

Ecin mpu 3TOM OKa)KeTCs, 4TO MApallloT HE BBIIEPKUBACT IO MPOYHOCTH ITUX PEKHUMOB, TO
Heo0Xo/lMMa €ro ornepaTtuBHas A0padOTKa U MOBTOPHBIHM 3KCepuMeHT. Ilpu ycrmoBuu, 4To B 9KCIepu-
MEHTE OH HE TepseT CBOEH Hecyllel CIOCOOHOCTH, TO OCTAETCS MIPOBEPUTh KA4eCTBO (DYHKIIMOHHPO-
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BaHUs €r0 BCETO JIMIIb B HECKOJIBKUX OTJIEIbHBIX KOHTPOJIBHBIX TOUKax 00JacTH SKCIUTyaTallMOHHBIX
PEKHUMOB.

Korpa sxe mapaimror nocie NpoBEPKU €ro Ha MPEAETIbHBIX IKCIUTYyaTallMOHHBIX pEXHMaxX Bbl-
JEPKHUBAET 110 MIPOYHOCTU 3TU PEXKUMBI, TO TENEPh, IO CTENIEHU IPUOPUTETA, OH MOXKET ObITh IIPOBE-
PEH B OCTaJIbHBIX, HauOoJIee BaXKHBIX VIS JIETHO-UCIIBITATEIbHON MPAKTUKH, TOUYKAX 3KCILTyaTallMOH-
HOT'O peXHUMA.

HoBas crtparerus m xonuenuusi nposenenus JIM mpenmoniaraet MCHoiab30BaHHE THOKOM
(KOppeKTUpPYEMO MO PEIICHUIO IIIaBHOTO KOHCTPYKTOpa) MPOrpaMMbl UCIBITAHUM, YTO SKOHOMHUT
YHCJIO JETHBIX SKCIIEPUMEHTOB, HEOOXOUMBIX ISl TOJIHOM MPOBEPKU HOBBIX (pa3pabaThIBaeMBbIX)
I1C [10-14], a Take 3aTpaThl BDEMEHHU U CPEJCTBA HA UX MOJATOTOBKY U MPOBEJACHHUE.

2. OnepaTuBHO MPOBEPATH TpeOyeMble JIETHO-TAKTHYECKUE XAPAKTEPUCTUKU (ad3poaArHAMHYE-
CKHUE Harpy3KH W Meperpy3Ku, yTh U BpeMsl HAMOJIHEHHsI, KOA(QQUIMEHTh! CONPOTUBIIECHNUS, UX CTaTH-
CTHYECKUE OLEHKH M JUCIEPCHH, JMHAMUKY Ipolecca HAIMOJHEHMs, XapakTep (opmMooOpa3oBaHus
3JIEMEHTOB KOHCTPYKIMM B IPOLECCE PACKPBITHS, YCTOWYMBOCTb, YIPABISAEMOCTb CUCTEMBI OOBEKT-
napamroT u Jp.), a Takke kadectBo ¢yHkuuoHnuposanusi UIIC Ha mpenenabHBIX SKCIUTyaTallMOHHBIX
pekuMax, pexxuMax (opcaxa U B JHOOBIX TOUKaX 001aCTH IKCITyaTallMOHHBIX PEKUMOB.

3TO MO3BOJUT CYIIECTBEHHO MOBBICUTH MH(POPMALIMOHHYIO COAEPIKATEIBHOCTD JIETHOTO KCIIe-
puMeHTa, 3 (HEKTUBHOCTh U KaU4€CTBO €ro Pe3yIbTaToB.

3. CBoeBpemenHo pacnosHaBaTh AC B mpouecce ¢ynkiuonupoBanus WUIIC u omeparuBHO
BBoUTh B jaeiictBue CIIC mpu r0OBIX HEMITATHBIX CUTYAIMSIX, BOZHUKAIOIIUX B IMPOIECCE PabOThI
HNIIC, gto no3Boaut cnacatb BM, 1oporocrosiiyto n3MEepUTENbHYIO U PErMCTPUPYIOLLYIO allapaTypy
CAY, KaKk U COXpaHATh LICHHYI0 Hay4YHO-TEXHUYECKYI0 MH(OpMAIHIO, TOJyUYEHHYIO MO pe3ybTaTaM
JIETHOTO SKCIEPUMEHTA MPAKTUYECKH B JTIOOBIX MporHo3upyeMbix AC.

Pacrnio3HaBaHNe 0TKa30B OCHOBAHO HA YETKO c(hOPMYJIMPOBAHHBIX 3apaHee KPUTEPHSIX OTKA30B,
¥ Ha PU3UYECKUX MPUHIIMUIIAX, TO3BOJSIONINX U3MEPUTEILHON U PETUCTPUPYIOIIEH anmaparype 4eTKO
onpeznesats ux. Crparerus M TakTHKa Paclo3HABAHMs OTKAa30B OCHOBAHBI HA BEPOSTHOCTHOM OLICHKE
BO3MOXXHBIX MCXOJOB M CTEIEHM PHUCKA, a TAK)KE aHAJIM3€ BApUAHTOB PA3BUTHUS aBAPUIHBIX U KaTa-
CTPOPUIECKUX CUTYAIIHA.

4. CymecTBEeHHO TOBBICUTh HAECKHOCTh (PYHKIMOHHPOBAHUS CHUCTEMBI OOBEKT-TIApaIlioT B
LIEJIOM, OISITh ke 3a c4eT MHoropexuMHoctu ClIC nosBiseTcss BO3SMOXHOCTb MPOBEPKHU U ONEPATHUB-
HOTO pacuIMpeHus 001acTH SKCIUTyaTalMOHHbIX pexumoB UTIC.

[Tocnennee nocturaercs MyTeM MepPeHOCA y3I0BbIX (TPAaHUYHBIX) TOYEK 00JIACTH IKCILUTyaTallu-
OHHBIX PEXXHMMOB U TOCIIEAOBATEILHOTO TIEpeBOa 00JaCTH UCIIBITATEIFHOTO pexuMa (BKiItouas (op-
Cax<) B 00JIaCTh IKCITyaTallHOHHBIX PEKUMOB, ipu yciaoBuH, 4to UIIC s3¢gdexkTrBHO U yCTOMUNBO pa-
00TaeT B pacHIMPEHHOM (110 CKOPOCTH, BBICOTE U CKOPOCTHOMY HAropy) 00JACTH MCIIBITATENIbHBIX pe-
KHMOB.
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FEATURES OF PARACHUTE SYSTEMS TESTING DURING THEIR
CREATION

Sergey M. Kurinnyyl,
Federal State Unitary Enterprise, Research Institute of Aeroelastic Systems,
Feodosiya, Russia

ABSTRACT

The article describes a number of stages in the creation of parachute systems for military and special purposes and some features of
executing their testing. The necessity of development flight tests and their peak modes are analyzed in details. The feasibility of
recovery parachute system creation for saving the weight model during the flight tests connected with checking of parachute
systems strength is proved. The procedure of putting the recovery parachute system into the action scheme of the tested parachute
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system is suggested. The sequence and the stages of three-cascade recovery parachute system operation consisting of the auxiliary
parachute, the drogue parachute and the main one are given. The analysis of this system operation considering the phase trajectories
of the recovery parachute system and the tested parachute system movement is conducted. Development of possible emergency
situations of the tested parachute system including the phase trajectories of motion at all stages is considered. The phase trajectories
of motion are given taking into account test envelope with overlapping of the maximum operation conditions and acceleration
modes. Development of emergencies is analyzed considering time buffer to put the recovery parachute system into operation. The
article considers the example of creating the emergency detection system and its operating procedure when putting the recovery
parachute system into action. Positive results from introduction of the recovery parachute system into the flight tests when creating
parachute systems for different purposes are predicted. A new strategy of executing flight tests with the introduction of an updated
(by the decision of the Chief Designer) test program is proposed. Extension of the test envelope will enable to significantly advance
information awareness of the flight experiment, efficiency and quality of its results. Introduction of the emergency detection
system will considerably improve reliability of the tested parachute system operation.

Key words: flight tests, recovery parachute system, phase trajectory of movement, emergency situation, test envelope.
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NCITOJBb30BAHUE METO/JA JIOKAJIM3ALIUA JJIS1 PACYUETA
IHAPAMETPOB POBACTHOT O IINA-PEI'YJIATOPA IJ151 CEPBOIIPUBO/JIA
BECIINJIOTHOTI'O JIETATEJIBHOI'O AIIITAPATA

A.A. CAHBKO', A.A. MIEMHUKOB?, T.A. THIIEHKO', I.A. CMOJIbCKHIT'
! Benopyccras 2ocyoapemeennas axademus aguayuu, 2. Munck, Benapyco
2
Boennas akaoemusn Pecnyonuku benapycs, o. Munck, benapyce

Paccmorpena 3amaya ympaBieHHS THIOBBIM HEJMHEHHBIM CEPBONPHBOJOM OECHMIIOTHOTO JIETATENILHOIO armapara c
HECTALMOHAPHBIMU NIapaMeTpaMu ¢ Homoluisto podactroro ITWJI-perymsaropa. Paccmorpena mpouenypa pacdera mapaMmeTpoB
pobacrroro ITH/I-perymisropa, ocHOBaHHOTO Ha Meroje Jokammammu (manee — MJI TIM/I-perynsrop), Uit HENPephIBHBIX U
JICKPETHBIX CHCTEM yTIpaBiieHus. PaccMOTpeHO BimsiHEE BO3MYIIAIONINX (DaKTOPOB (BHYTPEHHHX W BHEIIHHX ), ACHCTBYIOIINX Ha
napaMeTpbl CEPBOIPHUBOAA. yCTaHOBJ'leHO, YTO K OCHOBHBIM BO3MYLICHHAM, HeﬁCTByIOLHI/IM Ha CCEPBOIPUBOLA, OTHOCATCA
BHYTPCHHUE BO3MYILECHHS, MPEJICTABISIOMNE COOOH M3MEHEHHs INOCTOSHHOW BPEMEHH M €ro Kod(HIMeHTa yCHIeHHs OT
TEMIIEPATypbl OKPYKArOLIEH cpeibl U KauecTBa MUTAIOLIEr0 HanpspkeHus. [IpoBeneHHOe MOENMPOBaHKE B KIAacCe JIMHEHHBIX U
HEJIMHEWHBIX HENpephIBHBIX CHCTEM IOKa3alio, uto ceporpuBon ¢ MJI TTH/I-perymstopoM MMeeT CBOICTBO poOacTHOCTH B
paboteM uana3oHe U3MEHEHHS KaK BXOIHOTO CUTHANA, TaK M TapaMeTpoB CEPBONPHBOIA U peryisitopa. [IpuBeneHb! pe3ybTaTsl
MOJIETIMPOBaHUs, IEMOHCTPUPYIOIIME TNOIydeHHblE pe3ynbrarhl. [Ipu ommcanum cepsomnpuBoma ¢ MJI ITW/I-perymnsitopom B
KJ1acce JIMHEHHBIX TUCKPETHBIX CUCTEM, €r0 poOacTHOCTh OrpaHMueHa y3KUM JMalla30HOM M3MEHEHHS KaK ero HeCTallMOHAPHBIX
MIapaMeTpoB, TaK U MIEPUOZOM KBaHTOBaHUsI BXOIHOTO cHrHana. [1o Mepe yBennueHus CTENeH! HEOPEAeIEHHOCTH B TapamMeTpax
cepBorprBoa (IPUOMIDKEHHS K paboueMy TUara30Hy X U3MEHEHHs ), AUCKPETHAS CHCTEMa TepseT He TOJBKO POOaCTHOCTB, HO U
ycToiunBoCTh. [IprBeeHbI pe3ysIbTaThl MOACIMPOBAHKS, IEMOHCTPUPYIOIINE MTOTyYeHHbIE pe3yJIbTaThl. sl cHHTe3a poOacTHBIX
KOHTYPOB  YIpaBlieHHs OCCHMJIOTHBIM JIeTaTeldbHbIM amlapaTtoM C 33JaHHbIMH  XapaKTepPUCTUKaMM  MPEACTaBIICHBI
MaTeMaTHYeCKUe 3aBUCHMOCTH BPEMEHH YCTAHOBICHWS W CTaTMYECKOM OMMOKHA THMOBOTO cepBomprmBoma ¢ MJI TIM/I-
PETYJIATOPOM OT MIEpHOia KBAHTOBAHKS BXOJHOIO CHTHAJIA M CTENIEHN HEONPEETIEHHOCTH B €0 IapaMeTpax.

KnroueBble ci0Ba: cucrteMa yIpaBieHHs, cepBompuBon, poOactHbii IIMI-perymsTop, mepexomHOil mporecc, MeTox
JIOKaJIM3aIIUH.

BBEJEHUE

3ajaya CHHTE3a CHCTEM YNpaBieHHUs OECHMIOTHOIO JieTaTenbHOro ammnapara (nanee — BJIA)
XapaKTepU3yeTCsl CI0KHOCThIO UX MAaTEeMaTHUYECKUX MOJIENIeH U HAJMYUEM CYIECTBEHHBIX OTpaHHYe-
HUI 1 Bo3MymIeHHnH. K OCHOBHBIM OTpaHWYEHUSIM MOKHO OTHECTH OTPAaHWYEHUs, 00yCIIOBIICHHbBIE HE-
JMHEHHOCTBIO 3JIEMEHTOB cepBomnpHBoja (nanee — CII), BXosIero B cocTaB aBTOMMIOTA, a K BO3MY-
LIEHUSIM — HaJIMYME HEKOTOPOM CTENeHU MmapaMeTpUyYecKOil HEONpPEeIeIeHHOCTH B napameTpax [1, 2].
B HacTos11ee Bpems MHUPOKOe pacpOCTPAHEHUE B CI0KHBIX MHOTOCBS3HBIX HEIMHEHHBIX pOOACTHBIX
cuctemax nosyumnu: [TWJ]-perynstop (camblii IpOCTON MO BBIYMCIUTENBHBIM 3aTpaTaM U paclpo-
CTpaHEHHBIM B MPAKTHUKE), rayCCOBCKMH JMHEHHO-KBaapaTHuHbI perynsarop (Gaussian-LOG) [3],
H.-ynpaBnenue no noaxoay CMeIaHHOW YyBCTBUTENIBHOCTH U €€ MoauduKanuu [4, 5], ynpaBieHue ¢
y4eToM BHYTpeHHell mopenu (internal-model control-IMC) [6], peryasTopsl, OCHOBaHHbBIE Ha HUee
“cunbHON” oOpaTHOM cBsi3u [7] u T.A. HecMoTps Ha COBpEMEHHBIE TOCTHKEHUS B TEOPUN POOACTHOTO
yIpaBieHus, MOMYJSIPHOW CTpaTerMeil ympaBieHUs Ha MNpaKTHKe Mo-npexHeMmy octaercs [IN]I-
perymsitop. Ilo ouieHKam 3KCIEpPTOB, €ro MCIOJb30BAaHUE B CHCTEMax YNpaBICHHUsS JOCTUTAaeT Oosee
95 % [8]. B paborax [9, 10] npencrasien merox MJI, ocHOBaHHBII Ha OpraHu3alyy B 3aMKHYTOW CH-
CTEME CHELMATIBHOrO “ObICTPOro” KOHTYpPAa, B KOTOPOM JIOKAJIU3YIOTCS: HEKOHTPOJIUPYEMbIE BHEIIHNUE
BO3MYILEHHS, HECTALIMOHAPHOCTH MapaMeTpoB O0BEKTa M €ro HEJIMHEHHOCTh XapaKTEPUCTHK IyTeM
ucnons3oBanus [N ][-perynstopa u cnenuansHoro GuisTpa. Takum oOpa3oM, IPOBEIACHHUE HUCCIIEIO-
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BaHUM 1O A(PPEKTUBHOCTH HUCMONb30BaHUS Merona MJI s cucremsl “cepBorpuBox BJIA u
[MU/I-perymnsitop”, paboTaromeld B MIMPOKOM JHAna3oHe JUHAMUYECKHX HArpy30K U TEMIIEPATyphl,
ABJISICTCS AKTyaJIbHOU 3a7a4ei.

ITIOCTAHOBKA 3AJIAYA

Bynem paccmarpuBath 3anauy ynpasineHusi CII, KOTOpbIi sBIseTCS TMHEHHBIM 00BEKTOM BTO-
poro nopsiaka (puc.l). Ilapamerpst mogenu: T, = 0,2 [c] (mocTosiHHAs IEKTpUUecKas BpeMeHn); K=
0,027 (ko3duieHT MPONOPHUHUOHATHFHOCTH MEXKY 3JIEKTPOMAarHUTHBIM MOMEHTOM U TOKOM SIKODS,
Ha3bIBAEMbIi IOCTOSIHHOM MOMeHTa jBurarens); K, = 0,027 (nocrosuunas 3/1C nsurarens); K, = 193
(xoapdunment penykropa); [, = 6,559510” [KF'Mz] (MOMEHT MHEpLHMHU HArpy3Kd 3a PEayKTOPOM);
B,= 0,132 (ko3 dunuent Bsaskoro Tpenus); R, = 4,37 [Om] (conmpoTuBiieHHE SKOPHOI OOMOTKH).

[epenarounas ¢pynkuus CIT umeet Bux:

a 2500

Wer(p) = - = (1)

24+a.p+a, p?+234.5p+2500°

e(t) Ve 1/RH K, Kp + 1 1 1 ¢ (t)
A\

¢, 7 _YR 1
he YT+ _ 1. [P P
M B
w(t) K, |k,

Puc. 1. JIuneitnas monens CIIT
Fig. 1. Linear model of servomotor

A

B xauectBe cucremsl ynpasnenus Beictynaet [IW/[-peryisitop, MMeroLuni 3aK0H yIIpaBJICHUS:
t d
@5(t) = Kpy - e(t) + Ky [, e(t) dt + Ky —-e(®.

TpeOoBaHus K Ka4eCcTBY MEPEXOIHBIX MPOIECCOB B CHCTEME 3a/1al0TCS B BHJE ITAJOHHOM Iie-
penaToYHON QpyHKINH:

_ b,
W) = @)

Heobxonumo onpenenuts nmapaMeTpsl peryjasTopa, 00ecledrBarolero B CUCTEME CBOMCTBA,
COOTBETCTBYIOIIME 3TAIOHHOHN nepenaToyHoil gpyHkimu (2), 1 HEe3aBUCUMOCTb OT HECTAlMOHAPHBIX
napametpoB CII u I[IHM/l-perynstopa. OcHoBHbIE HecTauroHapHble mapameTpsl CII u IIN/I-
perynsropa:

— U3MEHEHUE PE3UCTUBHOIO COMPOTUBIICHUS IKOPHOW OOMOTKM ABMraTessl MOCTOSHHOIO TOKa
CIl u conpotuBieHuil pe3ucTopos, peanusyromux II1J[-perynarop B 3aBUCUMOCTH OT M3MEHEHUS
TEMIIEPATYPBI OKPYKAIOIIEH CPEIBL:

Ry = 1+a(Tis —T,),

rine a — remnepaTtypHbiil ko unuent (g meau — 0,004); 7 — Texymias TeMneparypa;
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— u3MeHeHue koddduimenTa Bsa3koro tperust — B, B monmmumnanke CII (cma3biBaroiye cBoui-
CTBa CUJIMKOHOBOM CMa3Ku OT 1, M3MEHSIOTCA B peaenax 3-5 % [11]);

— U3MEHEHUE BEJIMYMHBI €MKOCTH KOHJIEHCATOPOB, YYACTBYIOIIUX B peau3allui UHTErPaTbHON
 nuddepenmmanbHoii cocrapmsromeii [TA/[-perymsropa, 10 + 15 %, mpn (- 55 < T < 125°C) n usme-
HEHHE €ro eMKOCTU OT BEJIIMYMHBI MPUJIOKEHHOT0 HarpshkeHus. Hampumep, npu M3MEHEHUH BEeJIUYU-
Hbl NIPWIOKEHHOTo HampsbkeHns Ha 10 %, M3MeHeHue eMKOCTH KOHJIEHCATOpa MOXET JOCTUTraTh
10 30 % [12].

PEHIEHHUE 3ATAYA

Onumem MJI ITN/I-perynsTop, kax [9]:

_ (Kg+KnTug)p?+(Ku+KuTuug)p+Ku _ K(p?+bi+by) |

VVHI/ILL(p) - (1+Tm4,up)p - (A+Tep)p
_ ) _ Kn+KyTyug, _ Ku
K= (KZI + KHT““/H)’ by = Kﬂ‘l‘KHTrmj’ b, = Kp+KnTouy ©)

rnae by, b, — mapaMeTpbl 3TaTOHHON nepeaaToYHON QYHKIUH (2).
[lepenarounast pyHKUUS CHCTEMBI (pUC.2) UMEET BU:

_ W @)Wy (@) Wen (p)
Wenc (P) = 1+ W (D)Wen(0) @)

e(t) d)eblx (t)
VVHI/IZl(p) _’VVCH (p) T“

Y

PAwe) |-
Y

Puc. 2. Cxema cucremsl ¢ MJI [T /I -perynsitopom
Fig. 2. System scheme with a LM PID controller

Lenbto cuHTe3a pOOACTHON CHUCTEMBI SIBJISETCS BBIOOpP TaKMX MapaMeTpoOB PEryisiTopa, KOTO-
pbI€ yAOBIETBOPSUIH Obl TPEOOBAHUSAM K TOYHOCTH PETYJIUPOBaHNUS, BPDEMEHH YCTaHOBIIEHUS U olecre-
YHMBAJIM €€ HEUyBCTBUTEIBHOCTh K BHEIIIHUM U BHYTPEHHHM Bo3MylleHusM. [Ipemiaraercs ncnomiab3o-
BaTh CIEAYIONIYIO Tporeaypy pacuera kodddumuentor MJI [TU/]-perynstopa [11, 12]:

1. Ucxons u3 TpeOOBaHM K OMIMOKE peryJIMpoBaHUs, pacCCUUTHIBACTCA KOA(PPHUIUEHT yCcuiie-
HUs peryysitopa 1mo cooTHomennio: KK, > (20...100), 9T0O COOTBETCTBYET CTATHYECKON OIIMOKH
€ <(0,05...0,01) [9].

2. BeiOupaercst unciieHHOe 3Hau€HUE MOCTOSTHHON BpeMeHH UG GepeHIIPYIOMEro 3BeHa — Ty,
MIPUMEPHO Ha MOPSIIOK MEHBIIIE MIOCTOSTHHON BPEMEHHU TAIOHHOM Mepe1aTOYHON (DYHKITHH.

3. 3HaveHus1 KO3 PHUIHUEHTOB PETYIATOPA PACCUUTHIBAIOTCS HA OCHOBE COOTHOIIEHHMI (3) B BU-
ne: Ky, = Kby; Ky =Kb;— Ky T, Ky =K— Ky Touge

Ilpumep. Ina CII c¢ mepemarounodt ¢yHkimed (1) HEOOXoAMMO paccuuTaTh POOACTHBIM
[N A-perynsaTop, obecrneunBarommii: Bpems ycrtaHoBiueHus: f, < 0,15 [c], cratmdeckas ommOKa:
€,<(0,05...0,01) [rpax]. Yka3aHHbIM TpeOOBaHUAM COOTBETCTBYET STAIOHHAS MepeaTouHast (PyHKIIUS:

W(P) = oo (5)

24+100p+3000°

[Tapametprr mogenu CII BcnencTBue cBOel HE CTAalMOHAPHOCTH MOTYT M3MEHSTHCS: dq Ha
+ 15 %, a a, Ha + 10 % OT cBOEro HOMMHAJIBLHOIO 3HaueHus. PaccunTaHHbIE MapaMETPhI PETYISITOPA
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npu BeIOpaHHBIX 3HaYeHUsIX: K = 50 u Ty, = 0,005: K, = 15000; K, = 4250; K, = 28,75. Ilepenarou-
Has QyHKIUs cucTeMsbl (4):

2.156e08p? +3.188e10p+1.125e12 6)
5+7.221e04p*+1.784e07p3 +1.654e09p? +6.938e10p+ 1.125e12

Wenc (p) = »

PesynpTaTsel MoaenupoBaHus npeacrasieHsl Ha puc.3 - 4. Kak BunHO u3 puc.3, xenaeMblil me-
PEXOAHOM MPOIIECC CUCTEMBI U miepexoiHor npouecc cuctembl ¢ MJI TN I-perynsaropom conanu. Ha
(puc.4, a) npeacTaBieHbl pe3yJIbTaThl BIUAHUA n3MeHeHus napamerpos CII — a4, a, (manee — Aa), Ha
BbIxoaHOU curHan cuctembl ¢ MJI [TU/I-perynstopom. [lockonbKy pazpaOOoTaHHBIN PETyIsITOp UMEET
JOCTAaTOYHO OOJBIION KO3(PPHUIMEHT yCHIICHHS, TO BIUSHHE JAHHBIX MMAapaMETPOB HE 3HAYUTEIHHO,
menee 1 %. 3anac mo ¢aze cucremsl (6) U3MeHsIeTCs B AnUanazoHe oT 66,7 1o 68,4 dB. be3 ucnonb3o-
BaHUs MPENJIOKEHHOW CXeMbl KOMIIEHCAIMH, Aa OKa3bIBaeT 3HAUMUTEIbHOE BIMSHUE HA KaueCTBO IIe-
pexoanoro mporiiecca cucreMsl (1), 6omee 50 % (puc.4, 6).

=
:
l'k'IS
2
oS-
0.6
0.2
}
0 0.1 0.2 0.3 04 LC 0.04 006 0.08 0.1 012 Lc
Puc. 3. TlepexoHble TIPOLIECCHI: Puc. 4. Bapuanus nepexoaHbIX IPOLECCOB, IPH
a — cuctema (5); 6 — cuctema (6); 6 — cuctema (1) Aa na 15 %: a — cucrema (6); 6 — cucrema (5)
Fig. 3. Transition processes: Fig. 4. Transition processes variation under
a — system (5); b — system (6); ¢ — system (1) Aa and 15 %: a — system (6); b — system (5)
_ Ha puc. 5 mpencraBieHsl NEpEeXOnHbIE
E MPOIIECChl CUCTEMBI (6) B ciydae OTKIOHCHHM
Y napameTpoB kak pobactHoro MJI ITU/I-pe-
oF ryastopa (= 15 %), tak u mapametrpoB CII Ha
0.95085 10-15 % ot HOMUHAILHOTO 3HaYeHUs. Kak Bua-
' HO U3 puC.5, B cydae HEOOJBIIUX OTKIOHCHHM
napamerpos MJI IIM/I-peryiAropa KadecTBO
MEPEXOJHBIX IMPOLIECCOB CHUCTEMBI HW3MEHUIIOCH
0,95083 : He3HA4YUTEeIbHO, He Oonee 1 %.
0,75175 0,7519 07521 LC Ha puc. 6 npexncraBieHa HeauMHEHHas
mozeinb CII. OcnoBubie HenuHeitHOCTH CII: 30-
Puc. 5. Bapuanus nepexoHbIX NpoLECCOB
CHCTEMEL (6), TIDH M3MEHEHIH IapAMET]IOB: Ha HEYYBCTBUTEJIBHOCTH CEPBONPUBOJA, BO3HU-
a — CIT u MJI TTUJT; 6 — tonbko CIT Karolasi u3-3a MOTPEIIHOCTH PEe3UcTopa odpar-
Fig. 5. Transition processes variation of system HoM cBsizu: A = £ 0,3 [rpan] (6mok 4); modT B
(6), under the parameters changing: npenenax + 5 [yrn. mun] (610K 3); BpeMms peak-

a—SMand LM PID; 5 — only SM v cepsonpuBoaa — 20 [mc] (61ok 2); Makcu-

MaJIbHBIA YTOJI OTKJIOHEHMs CTa0uiau3aTopa —
15 [rpax] (670K 5).
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PesynpTaTel MOEIMpPOBAaHUS HEIMHEWHON MOJENN NpeacTaBieHbl Ha puc. 7, 8. IlonydeHHble
pe3yabTaThl MOKa3bIBAIOT (puc.7, 8), YTO KA4eCTBO MEPEXOAHOTO MpOoIlecca CUCTeMBbI (6) OCTaloTCs B
yKa3zaHHOH oOiactu B paboueM auanas3oHe xapakTepuctuk HenuHernoro CII. Ilpu BXxogHOM curHane,
MIPUMEPHO paBHOMY MapaMeTpy 30HbI HenuHeiHocTH CII, cuctema (6) Takyke yCcTOMYMBA 32 UCKITIOUE-
HUEM HEeOOJbIINX aBTOKOJICOAHUH Ha MEPEXOAHOM PEXUME B KOHTYpE CTaOMIM3alMU YIIIOBOH 4acTo-
ThI. CTaTHdeckas onmmoka cucTeMbl (6) TOXKE B JJOMyCKeE.

L [ e H e 4@44
, 1t 4

— N 0.138L

0.0271 194

Puc. 6. Henmmueitnass monens CIT
Fig. 6. Nonlinear model of servomotor

L

Pe3ynbTaThl MOAEIMPOBAHUS HA KayeCTBO NEPEXOJHOIO Mpolecca U BEINYHMHY OIIMOKH CHU-
cTembl (6) Ha BHEIIHKWE U BHYTPEHHHME BO3MYILEHUS IpeacTaBieHsl Ha puc. 9, 10. K BHemHUM Bo3MYy-
LICHUAM OTHECEM MOMEHT a’3pOJUHAMHMYECKON HAarpy3KH, a K BHYTPCHHMM — IIyMbl B KaHAJ€ yIpPaB-
neHus. BennunHa MOMEHTa a3pouHaAMUUECKON Harpy3kH, aeictyromero Ha CII yepes pyiib BBICOTBI
[13]:

2
M, = (2=- S5 0,005 - Pay - b)/i.

e Sy — d0dexTuBHas miomans pyis Beicotsl (0,015 M?); b — xopaa pyis (0,05 M); p — ILIOTHOCT
BO3/yXa Ha 3aJ]aHHOW BBICOTE TIONETA; (g — MAKCHUMAIBHBIM YTOJI OTKIIOHEHHUSI PYJIS BBICOTHI
(15 rpan); i — mepeaaroyHoe OTHOIIEHHWE CUJIOBOM IPOBOJAKH, PAaBHOE OTHOILEHUIO IJIEYa KaydajaKu
CepBO MAIIMHKY K 1ievy kabaHumka pyis (1,33).

= : = =
ﬁE "‘-E
=] =
s 8 a0 g —°
0,2
L~ a
5}
3 zpad | 0,1
|_0.5pad . .
0 .._..-.|_....¥'E'_-_.-.-.-.-.i.._.-._.-
: 0
0 0,05 0,1 0,15 LC 0 0,05 0,1 t,c
Puc. 7. IlepexoHble IpoLECChl HENMHEHHON Puc. 8. [lepexonHble nporecchl HEMMHEHHO (a) 1
cucteMsl (6), IpH Pa3TUIHOM YPOBHE BXOJIHOTO TUHEeWHOM (0) cucteMsl (6), IPU BXOTHOM CHTHaJIe OOJIbIIe
CUTHaJIa Ha 20 % mapamerpoB Oioka 4 — CI1
Fig. 7. Transition processes of nonlinear system (6), Fig. 8. Transition processes of nonlinear (a) and linear (b)
under various input signal level system (6), under input signal level 20 % more parameters

of block 4 — SM
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PesynbpTaThl MOJIETMPOBAHSI TIOKA3BIBAIOT, UTO:

— U3MEHEHHe Harpys3kd Ha mopsgok ¢ 0,001 [kr/m’] no 0,9 [kr/m’] cnaGo BIHsET Ha MEPEXOi-
HbIE MPOLECCHI CUCTEMBI (6) MO YIiIy OTKIOHEHUS PyJisi BRICOTHI (puc.9, a);

— B KOHTYP€ YIJIOBOM YaCTOTHI MOSIBIISIIOTCA 3aTyXaromue kojiebanus (puc.9, 0);

— amIuTuTyaa myma — Ay B KoHType yrpasienus CII mpuMepHo Ha qBa mopsiika MEHBIIE aM-
TUTUTYIBI yOpaBiisitoniero curnana — A, (puc.10). Takum 0Opa3om, BIUSHUE ITyMOB B KOHTYPE YIIpaB-
nenust CII Ha Ka4ecTBO MEPEXOAHOTO MPOIEcca M BETUYUHY OMIMOKH CUCTEMBI (6) MOKHO HE YUYHTHI-
BaTh. KoHTYyp ynpasnenus: nepemeHHsblil pe3uctop 10 kOM — mukpokoHTposuiep tuna Atmega 2560

— CII Tuma MG995. Ilutanue KOHTypa OCYIIECTBISUIOCh OT aKKyMYJISITOPHOM OaTapen, HanpsHKeHU-
em 5,5 B.

a) a)

AN

&) \

/

R (11l

0 0.05 0,1 t, ¢ 0,02 0,04 0,06 0,08 t e

9, ,TPas

a)

N hm’pwc

Puc. 9. [lepexoanblie mporecchl cHCTeMBI (6), IpU N3MEHEHHUH BBICOTBI U CKOPOCTH TIOJIETa:
a—-H=0m V=0m/c; 6—H=550m, V=25m/c
Fig. 9. Transition processes of system (5), under the changing of flight height and speed:
a—H=0m, V=0m/s; b—H=550m, V=25 m/s

=

0 | | ! 1

Puc. 10. Ocunnnorpammsel HHIMM ynpasnenus CII tuma MG995, npu pasnuuHoil BpeMeHHOMN pa3BepTKe
Fig. 10. Waveforms of SM pulse width modulation control of type MG995, under different time periods

PaccmoTpuMm Bapuanmy nepexOmHBIX IMPOLECCOB IPU M3MEHEHUH MAapaMEeTpoOB — (4, d, IPH
onucanuu CII ¢ MJI IT1/I-perynaropom u CII ¢ sTanoHHo# nepeaatouyHoi GpyHKIMEH B JUCKPETHOM
Buze. [lepenarounsie pynkuuu (2) u (4) B auckpetaom suze [14, 15]:

0,03177 z+ 0,02689_ %
z2—1,5482+0,6065"

W,(2) =

0,031582z%-0,01672z3-0,02242%+ 0,01291z+1,68e07 ®)
2z5-2.9352z4+3,23123-1,58122+ 0,2899z >

VVCI/IC(Z) =

0,5-
Wep

rne T = 0,005 [1/c] — mepwon KBaHTOBaHWS BXOJHOTO CHUTHamNA; Ty, =< )S T,; wep= 2680

[pan/c] — wactota cpe3a cuctemsl; 7, = 0,01 [c] — MOCTOSHHOI BpeMEHH ITAIOHHOMN IepenaTOuYHOM
GyHKIUH.
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Ycnosus mooenuposanus: U3MEHEHUE MApaMeTPOB Aq U (,, MOJEINPOBATIOCh U3MEHEHUEM KO-
3G GULMEHTOB NIPU z AUCKPETHOI nepenatounoit pynkimu kontypa CII u MJI [T I-perynsTopa:

z%-1.3862+40.4775
z3-1.37822+0,478z "

ch+mm (Z) =

3aBUCHMOCTH TMMOKa3aTeleil KauecTBa peryJIupoBaHus Py U3MEHEHHH NapaMeTpoB a4, U a, Ha
2 % npencrasiiensl Ha puc.11, 12.

e
-

...._--.-.'.'.".': e B ket
-— 4 E
.-"--

J

LB BN e e sk e i 4 i .

-

!

0 0.1 0.2 0.3 0.4 tc o 01 0.2 0.3 0.4 t,c

Puc. 11. Bapuanus nepexoaHbIX MPOLEeCCOB CUCTEMBI Puc. 12. Bapuanus nepexoIHbIX TPOLECCOB, MpH: Aa =

(8): a — 0e3 u3meHeHus a, U a,; 6 —Aa=2 % 2,5 %: a— cuctema (8); 6 — cucrema (7)
Fig. 11. Transition processes variation of system (8): a — Fig. 12. Transition processes variation, under
without changing a, and a,;b—Aa=2 % Da=2,5%: a—system (8); b—system (7)

YcTaHOBIIEHO, UTO MPHU HEOMpeaeNeHHOCTH B mapamerpax cucteM (7) u (8) B 2,5 %, Bpems
yCTaHOBJICHUS cUCTeMHI (8) B cpeaHeM B 4-4,5 paza Hike, ueM y cuctemsl (7). JlanpHelee yBeande-
HUE BEJIUYUHBI HEomNpeaeneHHOCTH — Aa > 3 % NOpUBOAMT K HEYCTOWYMBOCTU cUCTeMbl (7), a mpu
Aa>5 %, cucrtema (8) Takke TepseT YCTOWYMBOCTh. MopenupoBanue mokaszano (puc.13, 14), uro
BpeMs yCTaHOBIIEHUs — t, u omuoka e, — CII ¢ MJI IINI-perynaropoM UMeeT HEIMHEHHYIO XapaKTe-
PUCTUKY OT 7.

YcTaHOBNIEHO, YTO AJIst CUCTEMBI (8):

Ipy nepruoje KBaHTOBAHUA Ty = Ty, £, < 10 % OT HOMHMHAJILHOTO 3HAYEHHUS (t)‘,’ = 0,08 [c]).
ITpu T = 0,3 T, ¢, Bo3pacTaer 10 2 [c]. JlanbHeliee yMeHblIeHUE 7 IPUBOAMT K pocTy £, 10 200 %
oT ty;

omOKa BBIXOAHOIO CUTHaNa ¢ yMeHblIeHueM T, pacterT. Ilpu T,;= 0,003 [c], e, = 6 [rpan],
npu Ty, = 0,01 [1/c], e,= 0,14 [rpan];

npu Aa > 5 %, auckpeTHas cuctema (8), obnanaroias 3anacom 1o ¢ase 67 dB, Tepsier ycTou-
YUBOCTb.

Hcxoas U3 moimydeHHBIX pe3ynbTatoB (puc.13), Oblmu HallIeHbl pErpeCCUOHHBIE 3aBUCUMOCTH,
onuceBafomye 3aBUCUMOCTH f, = f(T,,Aa) u e, = f(Tyy,Aa), UpH 3aJaHHBIX OrPAHHYCHUSX:
[03T, <Tp<T,Jul[l%<Aa<5%]:

t,= 14,374 + 2,42-Aa — 6645- T, — 0,97-Aa” + 835628 T,.,” + 0,132 -Aa’ — 33161706 T,,>;  (9)

e, = 18,59 + 6,51-Aa — 7604,5- T, — 2,5-Aa’* + 789007 T,,” + 0,32-:Aa’ — 26990079-T,,>.  (10)

st KomM4ecTBEHHOM MPOBEPKH TUIIOTE3bI 00 a/IeKBAaTHOCTH BbIOpaHHBIX Mojeneit (9) u (10)
UCIIONB30BaJICs KOA((DUIIMEHT NeTepMHHALUN — R’ [16], xOTOpBII COCTAaBUII: R’ = 0,6 nia (9) n

R’=0,7 s (10).
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™
50 N

0 ai—-—-—--.-___‘____l %

0,003 0,005 T, I/c

Puc. 13. 3aBucumoctu e, = f(T,) u t, = f(Ty) Mt
cucteMsl (8), mpu @,= 1 rpax u Aa =3 %, B % OTHOIICHUHU
OT HOMHHAITBHBIX 3HAYECHHH
Fig. 13. Dependencies e, = f (T,;) and ¢, = f(T,,) for
system (8), under @,,= 1 grad and Aa =3 %, in % relation
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9,0 TP

=
t

0,5

0.04 0,06 0,08 01 0,12 Lc

Puc. 14. 3aBucumoctu @y, = f(Ty,) cucremsi (8), npu
Ppx=1 Tpanu Aa=3 %:
a— T = 0,012; 6 — T,,;= 0,005
Fig. 14. Dependencies @, = f(T,;) system (8), under
=1 grad and Aa =3 %:

from nominal values a— Ty = 0,012; b—T,= 0,005

3AK/IIOYEHUE

[IpoBeneHHbIE UCCIIENOBAHMS TOKA3AJIH, YTO UCIIOJIB30BAHNE METOA JOKAIN3ALNN IS JINHEH-
HOW HETPephIBHOIN CHUCTEMBI MO3BOJISET MOJYYUTh POOACTHYIO CUCTEMY C TpeOyeMbIM KauecTBOM Iie-
PEXOIHBIX MPOIECCOB M OMIMOKH, B IIMPOKOM JIuana3oHe m3MeHeHus napamerpos CII, koaddunmen-
toB MJI ITM/I-peryniaTopa U AMHAMHAYECKON Harpy3ku. JlJist AUCKPETHOM CUCTEMBI UCTIOJIB30BAHUE MeE-
TOJ1a JIOKAJIU3ALUH [TO3BOJIAET MOITYYUTh POOACTHYIO CUCTEMY TOJIBKO B Y3KOM JMAaINa30He HE CTaluo-
HApHOCTU ee napaMeTpoB (He Oonee 5 %, 11 cucteMsl, uMmerolel 3anac no ¢ase 67 dB). [lns cunresa
JTUCKPETHBIX cucTeM yrpaBieHuss BJIA, mOCTpOEHHBIX HAa OCHOBE METOJa JIOKAIM3alMH, MOJIy4YEHbI
MaTeMaTUYeCKUe 3aBUCHMOCTH, OIMCHIBAIOLINE W3MEHEHHE BPEMEHU YCTaHOBJEHHS M OUIMOKU BBI-
XOJIHOTO CUTHaJa OT nepuojaa kBantoBanus, st CII ¢ MJI [T /]-perynsitopom. [lomyyeHHsie pe3yib-
TaTbl MOT'YT OBITh MCIIOJIb30BaHbI IIPU pa3pabOTKe alropuTMOB KOHTYpOB yrpanieHus bJIA.
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THE USE OF THE LOCALIZATION METHOD FOR CALCULATION OF
THE ROBUST PID REGULATOR PARAMETERS FOR
UNMANNED AIRCRAFT SERVO MOTOR

Andrey A. Sanko', Aleksei A. Sheinikov?, Taras A. Tishchenko',
Dmitriy A. Smolskiy'

! Belarusian State Academy of Aviation, Minsk, Belarus

’Military Academy of the Republic of Belarus, Minsk, Belarus

ABSTRACT

The problem of controlling a typical nonlinear servo motor of an unmanned aercraft with non-stationary parameters using a robust
PID controller is considered. The procedure for calculating the parameters of a robust PID controller based on the localization
method (further - LM PID controller) for continuous and discrete control systems is studied. The influence of disturbing factors
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(internal and external) acting on the servo motor is considered. It is established that the main perturbations acting on the servo drive
include internal perturbations, which are changes in the time constant and its gain from the temperature of the environment and the
quality of the supply voltage. The simulation in the class of linear and nonlinear continuous systems showed that a servo drive with
a ML PID controller has the property of robustness in the working range of changes in both the input signal and the parameters of
the servo drive and controller. Simulation results showing the research are presented. When describing a servo motor with an LM
PID controller in the class of linear discrete systems, its robustness is limited by a narrow range of variation of both its parameters
and the quantization period of the input signal. As the degree of uncertainty in the parameters of the servo motor increases
(approaching the working range of their change), the discrete system loses stability. For the synthesis of robust control circuits of an
unmanned aercraft with given characteristics, mathematical dependences of the settling time and static error of a typical servo
motor with LM PID controller from the quantization period of the input signal and the degree of uncertainty in its parameters are
presented.

Key words: control system, servomotors, robust PID controller, transition processes, localization method.
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