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PABPABOTKA INIEPCIHEKTUBHBIX TPEHA’KEPOB, UMEIOIIINX
rOJJOCOBYIO NOJAEPXKKY, C ®YHKIIMEN ABTOMATU3AIIUN
OLEHKUA HABBIKOB JUCIHHETYEPOB I10 YIIPABJIEHHWIO BO3 1Y HITHBIM
ABU/KEHUEM

B.E. BOPHCOB', B.A. BOPCOEB?, A.A. BOHJIAPEHKO'
"Yvanosckuii UHCTIMUMYM 2PAHCOAHCKOU ABUAYUU
um. I nasnozo mapwana asuayuu b.11. byeaesa, e. Ynvanoseck, Poccus
2Uncmumym asponasucayuu, 2. Mockea, Poccus

ITo nanHBIM BeemupHOI opraHmsaryyl 37paBOOXpaHEHHUs] YMCIIO TTIOTEHIMAIBHBIX [TATOreHOB BO BCEM MHpPE OYEHb BENHMKO, YTO
MOBBIIIIACT BEPOSITHOCTh BO3HUKHOBEHHUS HOBOW MaHaeMun. Bo3nelictBre HOBO# kopoHaBupycHo# ek (Covid-19) Ha Bce
cdepbl OeSTeNPHOCTH YeJoBeKa, B TOM YHCIEC M HAa aBHATPAHCHOPTHYIO OTPacib, MOKAa3ajo, Y9TO HEOOXOIMMO YUYHUTHIBATH
BO3MOXKHOCTH €€ (PYHKIIMOHMPOBAHWMS B HOBBIX YCJIOBHSAX. B Tporecce mccienoBaHus ObUIa pacCMOTPEHA BO3MOXKHOCTH
WCIIOTG30BaHUSI aBTOMATHU3MPOBAHHBIX MOIYIIBHBIX TPEHAKEPHBIX CHUCTEM IS MOATOTOBKH aucrieTdepoB YBJI B pexume
YIAJICHHOTO JOCTyNa. B M3BECTHBIX TpeHaXepax He peaan3oBaHa O0OOCHOBAaHHAsI WHCTPYMEHTANbHAS MPOIEAypa W3MEpeHHs
MOTyYEHHBIX HABBIKOB II0 OOCITY)KMBAHHIO BO3IYIIIHOTO JABIDKEHHUS, W OLEHKY HX OCBOCHHS OCYILECTBISET HHCTPYKTOD,
pearupyromii Ha OCHOBE CBOETO OIBITa Ha ACHCTBHUS 00ydaeMoro. MIHCTPYKTOpY CJIOKHO KOHTPOJIMPOBATE PA3BUTHE OTACTHHBIX
HaBBIKOB M IPUXOAUTCS TOJIAraThbCsl HAa CBOM OMBIT. [ MozenupoBaHUS KOHTypa «aucrerdep-muioT BCy mpusnexarorcst
TICEBJO-TIMIIOTHI, BPYYHYIO OCYIIECTBIIIOLIME BBOJ NHapamerpoB nosiera BC u mmutupyolme paamooOMeH C SKHIaXKaMu.
V3BecTHbIE TpeHaXKepbl HE MO3BOJISIOT IPOBOAUTH CAMOCTOSITEIbHBIE TPEHUPOBKU. B pesynbrate ObuT chOpMHUpOBaH OOIMK H
pazpaboTaH MepCHEeKTUBHBIN TpeHaxep ¢ (QyHKIMEH aBTOMaTH3aluK TIOJrOTOBKH M TOJIOCOBOM MOIepKKoi. bputa nmposeneHa
npoBepka 3(QHEKTUBHOCTH NMPEIVIOKEHHBIX PELICHUH 110 CPaBHEHUIO C TPAJAULIMOHHBIM MOJIXO0I0M K TPEHaXXEPHOW IMOITOTOBKE.
B pe3ynbrate yCTAaHOBIIGHO, YTO TIOCNIE WCHOJB30BAHMS CIHEHMAIBHOTO TPEHAKEpa OIIMOKM CTYACHTOB YMEHBIIMIUCH.
BriocnencTeun TpeHakep OBLT MCIIONB30BaH I MPAKTHYECKOH IMOATOTOBKH CTYAEHTOB MPH OPTaHM3alii HCTAaHIHOHHOTO
o0yuenus B yemoBusx mannemun (Covid-19). [IpoexT mokazai CBOrO JKU3HECTIOCOOHOCTh M BOSMOYKHOCTB TIPOBEICHIIS Y IAJICHHBIX
TpeHUpPOBOK ucneTdepoB Y B/ mocie cooTBEeTCTBYFOMIEH HOPaOOTKH MEPCIEKTHBHOTO TPEHAKEPA.

KiroueBbie CJI0BA: YIPaBIIEHHE BO3MYIIHBIM JIBIDKEHHEM, TPDEHAKEPHAS TIOJTOTOBKA, TOJOCOBAS CUCTEMA, ABTOMATH3AIIHAL.
BBEJIEHUE

B 2020 r. mmupokoe pacnpocTpaneHre HOBoW KopoHaBupycHoi nHdpekuuu (Covid-19) crano ce-
PbE3HBIM NPEISTCTBHEM JJIs1 HOPMAJIBHOIO (DYHKIIMOHUPOBAHUS aBUATPaHCIOPTHON oTpaciu. OaHako,
HECMOTpsl Ha MaHAEMUIO, BO3pOCia NOTPEOHOCTh B CPOYHOM /JOCTaBKE METUIMHCKHUX MpenapaToB U
obopyznoBanusi. [IpoBaiiiepsl a3poOHaBUTALIMOHHBIX YCIYT MPOAODKAIN OOCIYKHBATh BO3AYIIHOE JBH-
xenue. B Hagane mtonst 2020 1. 0CTpO BCTa BOMPOC O MPOXOXKICHUN KyPCOB TOBBIIICHUS KBATU(UKA-
IIMM AUCHETYEPOB 10 YIpaBiIeHUIo Bo3ayIIHbIM aABrxeHueM (YB/I) IN'ockopnopauuu no OpB/l. Pacnipo-
CTpaHEHHE HOBOM KOPOHABHPYCHON MH(EKIIUH OKa3aJI0 BIMSHUE HA BCE BHUIIBI JSSTEIBHOCTH YEIOBEKa,
B TOM YMCJIE€ Ha MPOLECC MMOJrOTOBKU U MOBBIIIEHUS KBATU(PHUKALUY aBUALMOHHOTO MEPCOHANA, YTO aK-
TyaJIU3UpOBAJIO MTOMCK HOBBIX (DOPM M METOJIOB MOArOTOBKH. B noknane MuHuCTpa HayKu U BBICILETO
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obpazoBanus Poccuu B.H. ®anbkoBa B pamkax VI 3acenanus OOmiecTBeHHOTO coBeTa Mpyu MuHOOpHa-
yku Poccun otmedaetcs, uTo mpu paboTe By30B B yCIOBHSAX MaHAEMUU MPOSBUIACH HEOOXOIUMOCTD
Pa3pabOTKH U peann3aliy HOBOi KOMOMHHPOBAHHON MOJIEIH 06Pa30BATEILHOIO Iporecca’.

[To manubM BeemupHoit opranmuzaiuu 3apaBooxpanerus (BO3) unciio moTeHuambHbIX MaTo-
T'€HOB BO BCEM MHUPE OYCHb BEIUKO, a EPEeYCHb 3a00JIeBaHUN, UIMEIOIIUX STHIEMHUUECKUI OTEHIINA,
HE SIBJISIETCS UCUYEPIBIBAIOIIMM M B HEM HE yKa3aHbl HauboJiee BEpOATHbIE IPUYNHBI CIEAYIOUIEH K-
nemud. B Hauvane storo roga BO3 omy6nukoBania CIMCOK NaTOr€HOB, KOTOPBIE MOTYT BBI3BaTh Clie-
TYIONTYIO TI00ATBHYO naugeMuto”. 110 JaHHBIM yHuBepcutera J[>xkoHa XOonkKuHCA B AUKOW MPUPOJIE
MOJKET CYILIECTBOBATh €II€ MopsiiKka 1,7 MUIIIMOHA HEPACKPBITHIX BUPYCOB, @ POCT YHUCIEHHOCTH Hace-
JICHUSI U CTPEMUTEINIbHBIE SKOJOTHYECKUE U3MEHEHUS MOBBIIIAIOT BEPOATHOCTH MOSBIECHUS HOBOU 3I1H-
JEMHHU yXKe B OmKaiiieM 6yI[ymeM3 . 910 MOTpedyeT rOTOBHOCTH OCHOBHBIX BHIOB JIEATEILHOCTH K
HOBBIM BBI30BaM.

B 3THX ycnoBusx HEOOXOIUMO COBEPIICHCTBOBAaHME METOJIOB MOJATOTOBKH M MOBBIIICHUS KBa-
TuUKaIMK aBUAIMOHHOTO NIEpPCOHAJIa ¢ UCTIOJIB30BaHUEM JAUCTAHIIMOHHBIX (POPM MOATOTOBKHU HapAIy
C TPAAULIMOHHBIM 00y4eHUeM. 3/1eCh ClIeAyeT OTMETUTh, YTO MOArOTOBKA qucreryepoB Y B/l Tonbko ¢
MCIOJIb30BaHUEM JIMCTAHIIMOHHBIX 00pa30BaTENbHBIX TEXHOJOTUN HEIOMYyCTHMA, a UX IPUMEHEHHE B
KaueCTBE OJJHOTO U3 JIEMEHTOB MOJIJICKUT BCECTOPOHHEH orieHke [1].

[Ipenpinymmue uccienoBaHusl B 00J1aCTH NMPUMEHEHHS TUCTAaHIIMOHHOTO O00Y4YEeHUs MpHU MOJIro-
TOBKE aBHALlMOHHOTO MEPCOHAja B OCHOBHOM ObUIM HAIpaBJIeHbl HA aBTOMATU3AIIMIO TEOPETHYECKOM
MOATOTOBKU W BHEJIPEHUE aBTOMATHU3UPOBaHHBIX oOyuaromux cuctem (AOC). IIpu 3ToM MeTomBI aB-
TOMAaTHU3aIMH TpoIlecca MPHOOPETEHUSI HABBIKOB MO 00CITY>KHBAaHUIO BO3IYIITHOTO JBUKECHUS C TIOMO-
IIbI0 AaBTOMATU3UPOBAHHBIX TPEHAXKEPHBIX CUCTEM HCCIIEJOBAHbI HEIOCTATOYHO.

HarmpaBnenussmMu COBEpIIEHCTBOBAHUS PAKTUYECKON TIOArOTOBKU aucneTdepoB Y B/ ¢ ucmois-
30BaHMEM TPEHAXKEPOB SBIIIOTCS OPraHMU3ALMs CAMOCTOSATENBHON MMOATOTOBKH CTYIEHTOB ¢ KOHTPOJIEM
CO CTOPOHBI HHCTPYKTOPOB, B TOM YHCJI€ B P&KHUME YAAIEHHOTO JOCTYIa, U pa3paboTKa NepCrleKTUBHBIX
TPEHAXEPOB, UMEIOIINX I'OJI0COBYIO OJJIEPKKY, C QYHKIMENH aBTOMATU3allMU OLEHKU HaBBIKOB.

METOJINKA HCCJEJOBAHUM

B mponecce uccinenoBanus Oblila pacCMOTPEHa BO3MOXHOCTh MCIIOJIb30BaHHUS aBTOMATU3UPO-
BaHHBIX MOJYJIBHBIX TPEHAXKEPHBIX CHUCTEM sl MOAroToBKH AucreTdepoB YB/I. IIpakTuueckoe o0y-
yeHue nucnerdepos Y B/l Ha TpeHaxkepe 3akirouaeTcs B BEIPAOOTKE CI0XKHBIX HABBIKOB IO 00CITYXKH-
BaHUIO Bo3ayIIHOro aswkenus (OB/I), nekomno3upyembie Ha Oosiee mpoctbie HaBbIKU [2]. [Ipumennu-
TEJIBHO K 00y4yeHHIo aucneryepoB Y B/l MOKHO BBIIETUTH TPU THUIIA HABBIKOB: MOTOPHbBIE, KOTHUTHB-
HbIE 1 METAKOTHUTUBHBIE, KOTOPBIE Pa3BUBAIOTCS CO BPEMEHEM B IIPOLIECCE UX MPAKTUUECKOIO OCBOE-
Hus. Ha HagasibHOM 3Tare oOy4eHusl HOBBIC 3aJ1a4i BOCIIPUHUMAIOTCS qucrnerdepoM Y B/l kak KorHu-
TUBHO TpeOoBaTeIbHbBIC, HO IO MEPE MX OCBOCHHS HEKOTOPBIE U3 KOTHUTHUBHBIX JACHCTBUI CTAHOBSTCS
aBTOMAaTU3MPOBAHHBIMU U ITO3TOMY HaBBIK TpEOyeT MEHbIIIe YCHINHI AJIs ero BbINosiHeHus. B npornec-
ce JalbHEeHIero o0yyeHus 3To AaeT 00y4yaeMOMYy BO3MOKHOCTh M CIIOCOOHOCTbh HAaXOAWUTh PELICHUS
JUTs GoNiee CIOXKHBIX 3a1ad’. B H3BECTHBIX TpEHAXKEPAX HE Peaiu30BaHa 0OOCHOBAHHAS MHCTPYMEH-

! MuHuCTEpCTBO HAaYKH M BhICIIEro obpasoBaHus Poccuiickoit denepammn. Matepuansl VI 3aceanns 06IECTBEHHOTO

coBera npu MunoOpuHayku Poccum 03.07.2020. [Dnextponnsiii pecypc]. URL: https://minobrnauki.gov.ru/ru/press-
center/card/?id_4=2777 (nara oopautenus: 15.07.2020).

Bceemupnas opranum3zaius 3apaBooxpaHenust. OnpeelieHre IPHOPUTETHOCTH OO0Jie3Hel sl HAyYHBIX MCCIIEIOBAHUN 1
pa3paboTOK B 4Ype3BBIYAHHBIX cHUTyanusax [aekTponusiid pecypc]. URL: https://www.who.int/activities/prioritizing-
diseases-for-research-and-development-in-emergency-contexts (mara obpamienus: 15.07.2020).

Live Science. Why Scientists Are Rushing to Hunt Down 1.7 Million Unknown Viruses

The Learning Company [Onextponnsiii pecypc]. URL: https://www.livescience.com/61848-scientists-hunt-unknown-
viruses.html (nara o6pamenus: 15.07.2020).

PyxoBoacTBo 1o 00yueHuto u oneHke gucnerdepoB Y B/l Ha ocHoBe komnerenuuid. Doc.10056. ICAO, 2016.
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TaJgpHas MPOLEAYpa U3MEPEHUS MOJTYUYECHHBIX HAaBBIKOB M CTENEHb OCBOEHHUs HaBbIKOB 1o OBJI ocy-
IIECTBIISIET HHCTPYKTOP, pEarupyromnii Ha OCHOBE CBOETO OIbITa Ha JIEHCTBUSL 00y4aeMoro B Mpoliec-
C€ MOJEIUPOBAHMsI BO3YIIHOTO ABMKEHUA [3].

UccnenoBanust peanbHbix mporeccoB OB/l mo3BossioT yTBepkaaTh, YTO U3MEHEHUE HHTEH-
CHUBHOCTH BO3/YIITHOTO JIBWXCHUS Agy; U TUWIOTHOCTH MOTOKA BC pye ¢ TEUEHHEM BPEMEHH MOKHO pac-
CMaTpUBATh KaK OJJHOMEpPHBIE CTallMOHApHbIE MapKOBCKHE MPOIECCHl U PeIKHUE BHIOPOCHI, XapaKTepH-
3YIOIUE YCIOKHEHNE BO3MYIIHOW 00CTaHOBKH [4]. B3siB UX 32 OCHOBY IpH MOJECIUPOBAHUU TPEHA-
KEPHOI MOATOTOBKH, MOXHO CO37aTh 00yYaroIye MociieJoBaTeIbHOCTH, (OpMUpPYIOIINE HEOOXOIH-
MYyI0  CTENEHb IOATOTOBKH, COCTOSIIIYIO M3  3aJlaHHOM  TOCIIEOBAaTEIbHOCTH  HABBIKOB
S= {Sl, Sz, ey Sn}.

[Ipouiecc mpuoOpereHus: MpohecCHOHATBHBIX HABBIKOB aucrerdepom YBJl ¢ mocrartodnoit
CTETNEeHbIO MPUOIMKEHUS MOYKHO OIUCATh YPABHEHUEM:

l£+S=Z, (1)
adTl

rje S — CTeNeHb MOJTOTOBKH; Z — 3aJJaHHbIN YPOBEHB MOATOTOBKH; 1 — 00111ee BpeMsl Ha TPEHAKEPHYIO
MOJTOTOBKY; O — apaMeTp IMporecca 00yueHHs, XapaKTepU3yIOIIUil ero CKOPOCTb.

3a/laHHBI ypOBEHb MOATOTOBKM MOXHO PaccMaTpUBaTh KaK COCTAaBHON KOMILJIEKCHBIM KpuTe-
pHil, IPEICTaBICHHBIN KaK COBOKYITHOCTh YAaCTHBIX IOKa3aTelIel, KOTOPhIE B CBOIO OYEPE]b XapaKTe-
PHU3YIOT OATOTOBKY aucrerdepa Y B/l no pasnuunbiM kputepusM. HekoTopsle mapaMeTpsl NOAJA0T-
Cs1 MHCTPYMEHTAJIBHOM OLIEHKE KaK YacCTHbBIE NTOKA3aTeNH, ITOJIy4EHHBIE B PE3YJIbTATE CPABHEHNUS U3Me-
psieMbIX mapameTpoB [5]. KaxaoMy yacTHOMY MOKa3aTeNi0 COOTBETCTBYIOT BECOBBIE KOA((DUIIMECHTHI,
XapaKkTepu3yloIllue Mepy 3HAUYMMOCTH KaKIOoro mnokasareis. BecoBele Ko3(@UIMEHTH 3HAaUNMOCTH
YACTHBIX IOKA3aTEeJIeH ONpEeNessIIoT CyMMapHOE 3HA4EHHE KOMIUIEKCHOTO KPUTEpHUs YPOBHS IOJIO-
ToBKH. [Ipnuem 6a30Bble 3HaYCHHS BECOBBIX KOA((UIIMEHTOB Pa3IMyHbl /Ul KaXKAO0Tr0 3Tana MOoAro-
TOBKH W U3MEHSFOTCS TPU TPOUTPHINIE KOHTPOJIBHOTO YIPAKHEHUS K B 3aBHCHMOCTHU OT CJIOKHOCTH
ynpaxHeHui [6, 7]. PacueT mapameTpoB moAroToBku aucnerdepa YBJ[ Moxer ObITh IpeAcTaBieH B
BH/JIC BBIPAXKCHMUS:

Z, =Y Wi, 2)

rie W',‘, — BECOBBIC KOY(DPUIMEHTHI, XapaKTEPU3YIOIIHUE MEPY 3HAYUMOCTH 71-TO YACTHOTO MOKA3aTes
NP BBINOIHEHUHN Kk -TO ynpakHeHus; k =1,m,] — dacTHbIe IOKa3aTelH, ONpEeIIONINe yPOBEHb

noaroToBku. IIpu 3Tom colmoaeTcs ycnoBue:
k _ k
E w,=1 wkx>o. (3)

HTorossrit YPOBCHBb NOATOTOBKHU OIIPEACIIACTCA IO KOMIIJICKCY KOHTPOJIbHBIX ynpa)KHeHHﬁZ
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YacTHble TOKa3aTeIn HOPMHUPYIOTCSA OTHOCUTCIIBHO UX NPCACIbHBIX 3HAUCHMI:

I"=1117, (5)

rae /) — HopMupoBaHHOE 3HaYEHHE YacTHOTO mokasaresns; /7 >1 u 0<[7 <1 [8,9].

B nporuecce uccnenoanus 6bU1 IPOBEJEH aHAIN3 COBPEMEHHBIX TPEHAXXEPOB VIS MOATOTOBKH
mucrierdepoB YBJI oredecTBeHHOro M 3apyO0eXHOTO MPOM3BOJCTBA, KOTOPBIA MO3BOJIMI BBIACTUTH
00I111€e KOHCTPYKTUBHBIE 3JIEMEHTHI U IIPUHIIMIIBI TOCTPOEHMSI U3BECTHBIX TPEHaXepoB (puc. 1).

LMCMETYEPCKUIA MOHWUTOD [OWcrnen Ncegfonunota

M— T

Gnok Gnok
KOMMYTaLmm TONOCOEaA CBAZL | KomMMyTaLiM
CBR3N CER3N

" noacuctema | )
MOJENMPOBEHNA L
HOf  M————— NCeBgonunoTa [ .
BOSAYUWHON [y e nAOLME | | BYttHON BROX
0OCTaHOBKH SRR ' napamerpoe roneta BC
T ~ T 1
Gnok
(DOPMMDOEAHNA
fnaKa noneTos

GNoK OaHHs

‘ HOHCTPYETOP o
CTPYKTYDB

YIPaHHEHWA

Puc. 1. O606menHas cxema TpeHaxepa Y BJ]
Fig. 1. Generalized diagram of ATC simulator

OCHOBHBIM 2JIEMEHTOM TpPEHa)kepa siBisieTcst pabodee mecto aucnerdepa YB/] co cpencrBamu
oTtoOpakeHHUsI HHPOPMAIIUU U CBS3U (IIyJIBT JUCIETYEpa) C 3aJaHHOM CTENEHbIO JOCTOBEPHOCTH BOC-
MIPOU3BOJIAIIEE peallbHbIe OpraHbl YIpaBiIeHHUS U OoToOpakeHus umHpopmauuu. i1 MoaenupoBaHus
KOHTYypa «aucneruep-nmuiaoT BCy» mpHBIEKArOTCS MIJIOTHI-0MEPATOPhI (TICEBIO-MUIIOTHI), KOT/Ia Yepe3
CUMYJISILIMIO PAJMOCBS3U JUCIETYEp MepelaeT KOMaHAbl MCEeBIO-MUI0TaM, KOTOPbIe COOTBETCTBYIO-
oM 00pa3oM «ympasisioT» Bo3aymHbiMH cynamu (BC) m «BeayT pamuocBsi3b» C AHCIETYCPOM.
B 3aBucumoctu ot konmuectsa BC, 3a KOTOpBIX AOKEH paboTaTh MCEBIO-NUIIOT, BBOJ MapaMeTpoOB
WX JBYKCHUS U PaOOOMEH MPUBOAMUT K OUYEHb BBICOKON paboueil Harpyske. MHOTa 3TO BI3BIBACT
3aJIepP’KKH WM OIHUOOYHBIE OTBETHI MUI0TAa. OUEBHUIHO, YTO CIIOCOOHOCTH MCEBIO-MUIOTOB MPaBUIIb-
HO U CBOEBPEMEHHO pearupoBaTh Ha KOMaH/bl JUCIIETYEPA UMEET PElIatollee 3HAaUeHHUE 1JIs KauecTBa
monenupoBanus. Ilostomy TpeOyercss Xopolas MOATOTOBKA M JIOCTATOYHOE KOJUYECTBO IICEBIO-
nwioToB. K mpumepy, B TpeHaxepe « IKCIepT» s YeTHIPHAIIATH paboYrX MECT TpeOyeTcsl He MEeHee
CEMHU TICEBI0-TUIIOTOB.

W3BecTHBIE TpeHAXKEPbl HE 00ECTIeYNBAIOT B TIOJHOM O0O0BEME MPOBEJCHNUE BCEX BUJIOB TPEHU-
poBok [10]. [Ipu TpaguIIMOHHOM TOAXOAE K TPEHAKEPHOW MOJATOTOBKE MOJYJIBHBIA dTal OO0ydYeHHUs
MpeAnojaraeT HajJu4re OJHOIO MCEBIO-MIIIOTa U OJIHOIO MHCTPYKTOpA JJIsi OJHOTO CTYJEHTa, YTO Ha
MpakTUKe He Bcerna ocymecTBumo [11]. denepanbHbie TOCyAapCTBEHHBIC 00pa30BaTEIbHBIC CTaHAAP-
THI' TIPETYCMATPUBAIOT CAMOCTOATENBHYIO MOATOTOBKY CTYACHTOB B 06beMe 10 60% yueGHOro Bpe-

> MenepaibHBIil FOCYIApCTBEHHbII 06Pa30BATEIbHBIN CTAHAAPT BHICIIETO NPO(ECCHOHAIBHOrO 00Pa30BAHMS IO HAIPAB-
JICHUIO TIOATOTOBKHU (cnennanbHocTn) 162001 skcruryaTanusi BO3AYIIHBIX CYIOB M OPTaHHM3aLVs BO3AYIIHOTO JBH)KECHHS
(xBaymudukanys (crerneHs) "cnenuanuct'), yTBEpKICH NpHKa3oM MuHUCTEpCcTBa 00pa3oBaHus U Hayku Poccuiickoit ®e-
nepauuu oT 24 suBaps 2011 r. Ne §83.
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MEHH, OJJHAKO CYIIECTBYIOLIUE MOAXOAbl K TPEHAKEPHOW IMOAIOTOBKE HE IPETyCMATPUBAIOT CaMO-
CTOSITENIbHBIE TPEHUPOBKHU HA TPEHAXKEPE, T.K. B U3BECTHBIX TPEHAKEPAX HE PEANTM30BAHA UHCTPYMEH-
TaJbHAs MPOLEypa U3MEPEHHUS HABBIKOB, MOJIyUYECHHBIX 00y4aeMbIM.

OBCYXIEHMUE ITOJTYYEHHbBIX PE3YJIbTATOB

B pesynbTare 6611 chopMupoBaH 0OJIMK MEPCIIEKTUBHOTO TPEHAXKepa JUIsl TOATOTOBKH JUCIIET-
yepoB YBJI, obecrieunBaromniero Bech HUKJ MOATOTOBKH 32 CUET MOAEPKKU MPOBEICHHS OJHOTO aB-
TOMAaTU3UPOBAHHOTO OOYYEHUs, UMEIOIIET0 BCTPOCHHYIO T'OJOCOBYIO CHUCTEMY, MMUTHPYIOIIYIO BeJe-
HUE paguooOMeHa ¢ sKumnaxamu. [lepcrieKTUBHBIN TpeHaXKep MOJIKEH OTHOCUTHCA K KJIacCy BBICOKO-
TOYHBIX TPEHAKEPOB, MMOJHOCTHI0 UIMUTHPOBATH BO3IYIIHYIO OOCTAHOBKY, HMETh MHTYUTUBHO TOHST-
HBII uHTEpdEiic u 6a3y ynpaxHeHuid. KOHCTpYKTHBHO pa3pabaThIBaThCs MO MOIYILHOMY MPUHITUITY C
BO3MOYKHOCTBIO M3MEHEHUS U HapaIMBAHUS KOJTMYECTBA MOJTYJICH.

Haubonee cnoxHbIMU 33/1a4aMU Ha IyTH peain3alii J1aHHOTO MPOEKTa CTaIl: aBTOMATHU3aIU
TPEeHa)XEPHOH MOJTOTOBKH M TOJIOCOBOE yrpasieHue. [Ipenpiaymiye ucciae1oBaHns MOKa3bIBAOT, YTO
OCHOBHBIE TPYJTHOCTH IMPH PEIICHUHU 33]]Ja4l aBTOMATH3aILMU TPEHAKEPHOU MOATOTOBKH CIIELUATNCTOB
[0 YTPABJICHUIO BO3AYIIHBIM JBM)KEHUEM 3aKJIIOYAIOTCS B OTCYTCTBHM WHCTPYMEHTOB U OOOCHOBAH-
HOM MpouUenypbl U3MEPEHUsT YPOBHS MOATOTOBKU [12]. B pe3ynbpTare mpoBEAEHHBIX HCCICTOBAHUIN
ObLTa MpeIOKEeHa aJeKBaTHAs MPOLeAypa U3MEPEHUS MOMYyUYEHHBIX HABBIKOB U Pa3paOOTaHbI CIIOXK-
HbI€ JITOPUTMBI YNIPaBJICHUS TPEHAXEPHOH MOATOTOBKOM, OCHOBAHHBIE HA KOMILUIEKCHOM KpPUTEPHUU
[13, 14]. B yacTHOCTH IPEUIOKEHO JEKOMIIO3UPOBATh YCIOBHY!O 3aaauy o OB/l Ha oTaenpHbIE One-
paruu, B KOTOPHIX MOKHO BBIJEIUTH KOJIMYECTBEHHBIE 3HAUEHHUSI KOHTPOIMPYEMbIX MapameTpoB. OT-
JeNbHas 3a/1a4a MPeJICTaBIIsETCs] KaKk COBOKYITHOCTb HABBIKOB, PE3YJIbTAT OCBOCHHUSI KOTOPHIX MOKHO
BBIPA3UTh KOJIMYECTBEHHO. MHCTpyMeHTanpHas mpolenypa U3MEpeHHs HABBIKOB OCHOBBIBAETCS Ha
BBIJICJICHUN KOHTPOJIMPYEMBIX MTAPaMETPOB, UMEIOIINX KOJTMYECTBEHHOE BhIPaKEHHE.

[Tpu pemeHuu 3ama4u Mo pa3paboTKe rOJI0COBOM CUCTEMBI ObLIT MCIIOIB30BAH METO/ A3BIKOBO-
r0 MOJEIMPOBAHMS KaK MEHEE PECypCOEMKHI MO CPaBHEHUIO C METOJ0M aKyCTHUECKOTO MOJEIHPO-
BaHms. /{7 MOCTpoeHMs] HEHPOHHOW CETH HCIOJIL30BAJIOCH MpHioxkeHne B Python ¢ OGubmmoTtexoi
Speech Recognition. BT ncnons30BaH METO] KOHTEKCTHOTO pacro3HaBaHus peu [15] ¢ TpaHckpu-
OMpOBaHMEM OIPEACIEHHOTO cerMeHTa ayanodaiina, 6e3 TpPaHCKPUOUPOBAHMSI TIOJTHOW peyH, T.K. pa-
TMO00OMEH COAEPIKUT OTPAHUYECHHOE KOJIMYecTBO (hoHeM. CHucTeMe JOCTaTOYHO PAclo3HATh MO3bIB-
Hoit BC u mogaBaeMyro KOMaHy COOTBETCTBYIOITUM (pOHEMaM, CPAaBHUTh UX C 00pa3liaMu B CIIOBape
U TPUHSATH HanOoliee BeposATHYIO0 Monenb (Tabn. 1) [16]. 3amaua cocTouT B mogdope mapamMmeTpoB Mo-
nenu A={A,B, m} mo MakCUMalIbHOMY 3HAUYECHUIO BEPOSITHOCTU P COOTBETCTBUS 3a/JIaHHOI MOCieI0Ba-
TETHHOCTU (POHEM.

Taobauna 1
Table 1
IIepeyeHs KOMaH[ B cI0Bape
List of commands in the dictionary
Ne | Komanma | Ne | Komanma | Ne Komanna No Komanna
1. ONE 6. SIX 11. CLIMB TO 16. FLY HEADING
2. TWO 7. SEVEN | 12. DESCEND TO 17. | RESUME OWN NAVIGATION
3. THREE 8. EIGHT 13. FLIGHT LEVEL 18. SIBERIA
4. FOUR 9. NINE 14. TURN RIGHT 19. AEROFLOT
5. FIVE 10. ZERO 15. TURN LEFT 20. CORRECTION
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[TepBonauanbHbIi cinoBapb coaepxan 20 koman. [TapaMeTpsl akycTUUECKOro KaHalla: moJjioca
npomyckanus B mpeaenax 300-3500 I'n ¢ aganTamueil Kk akyCTUYECKOU cpejie 1Mo ¢parMeHTam mryma
CyMMAapHOM JJIMHON HE MEHee TpeX CEeKyH[. BeposTHOCTh MpaBUILHOTO PAaCIIO3HABAHUSI COCTABIISET —
83—-85% mpu SNR3 = 0...6 nb. [IporpaMMHBIif cErMEHT MOAEIMPOBAHUS BO3IyIIIHON OOCTAaHOBKH OBLIT
paspaboraH B cpene rpapudeckoro nporpammupoBanus Unity 3D Ha s3bike nporpammupoBanus C#.
JBmxenne BC Ha skpaHe MOHHUTOpA BOCCO3/IaHO HA OCHOBE MaTEMATHUYECKHX aJTOPUTMOB M BEKTOP-
HbIX ypaBHeHUH. TpeHaxkep MO3BOJISIET OCYIIECTBIISITH TPEHUPOBKY B 31iesnioHupoBanuu BC u ympas-
nennu BC no HampaBiieHHI0, B TOM YHCIIE BBIMOJIHEHHUE MTPOLEAYPhl BEKTOPEHHUS.

C nenpio mpoBepkH 3PGEKTUBHOCTH MPEUIOKECHHBIX PEIICHUH MO0 CPAaBHEHUIO C TPAAUIIHOH-
HBIM MOJX0J0M K TPEeHaXEepHOI MOAroToBKe ObliIa mpoBepeHa 3PPEeKTUBHOCTh aBTOMATU3UPOBAHHOTO
TpeHaxepa B Teuenue 2019 r. B mpouecce 00yueHHs CTyAEHTOB. B 3KCriepMMEHTANbHYIO M KOHTPOJIb-
HYIO Tpynmy ObLTH 0TOOpaHbl CTyAeHTHI aucneTdepbl YBJl mo 35 yenoBek B KaXayro TPYIITY B I1e-
JSIX BBLACpPKMBaHUS Koddduimenta koppensiuu Boie 0,35. B rpynnsl Obiin 0TOOpaHbl B paBHOM
KOJIMYECTBE CTYIEHThI MY>KCKOTO M >KEHCKOIro Ioja B Bo3pacte OT 22 1m0 23 JeT ¢ OAMHAKOBBIM
HAYaJIbHBIM YPOBHEM TOJTOTOBKH TaKMM 00pa30M, 4TOOBI B 3KCIEPUMEHTAIBHYIO TPYIITY OBUTH OTO-
OpaHbl UCHBITYEMBIE C COOTBETCTBYIOIIMMHU XapaKTEPUCTUKAMHU, MPEICTABISIOIMIMMUA T'€HEPAIbHYIO
COBOKYITHOCTb. B CBsI3U ¢ Te€M, YTO MpU MPOBEIECHUU IKCIEPUMEHTA UCCIEAOBAINUCH MOBEJACHUECKUE
aCTeKThl, TaKue, Kak rapamMeTpbl BepOaJIbHOTO U HEBEpOAIbHOIO MOBEICHHUS, B KAUYECTBE 3aBUCHUMBIX
MIEPEMEHHBIX OBUTH BBIOPAHBI: TOYHOCTh U BPEMsI PEAKIIUH, BEIPAXKECHHBIX Yepe3 KOIHMYECTBO OMIMOOK,
U BpeMsl, 3aTpauye€HHOE UCTIBITYEMbIMH Ha PEIICHHUE NMOCTaBICHHBIX 3a/1a4. D((HEKTUBHOCTH TPEHAXKEpa
OIICHUBAJIACh 110 BPEMEHU OCBOEHHUsI Ipoueaypbl BekTopenust BC. B kauecTBe peructpupyembix mapa-
METPOB OBLITH BBIOpAHBI: IOTPEITHOCTD B onpeaesieann kKypca BC AWBc B rpamycax v Bpemst IpUHATHS
pemieHus t B MUKpocekyHaax. [lepen HadaaoM 3KCEpUMEHTATbHON MPOBEPKHU ObLlIa MPOBEACHA TIPO-
BEpKa OJTHOPOJHOCTH IPYIII M0 NapaMEeTPHUUECKOMY KPUTEPHIO.

B pesynbTare ObLTO YCTAaHOBIIEHO, YTO IMOCJE HMCIIOJIB30BAHUS CIICIUATHHOIO TPEHAXKepa 3Ha-
YEeHHsI PETUCTPUPYEMBIX apaMETPOB CTAJIM BBILIE B AKCIIEPUMEHTAJIbHOU Tpymie. Beibopounble auc-
MepPCUU ISl OLIEHKH MOTPEIIHOCTU B onpeaesieHnu kypea (AWBc): S.’ =36,585 — B 3KCIIEPUMEHTAIIb-
HOH rpymre, Sy12 = 27,701 — B KOHTPOJBHOU TPYyIIIe, CTAHIAPTHAS OIMIMOKA pa3HOCTH apudmeTrye-
CKUX CpeIHUX: Oxy =1,898, a tyy = 2,29 11 OLEHKM MOTPELUIHOCTH B OHpPEAEICHUH Kypca
(tun. = 2,29 < tipur. = 1,995) m Sy’ = 29,806, Sy22 = 23,115, o, = 1,556,  t,m = 2,205 cootBeT-
CTBEHHO JJI51 OLUEHKHU BPEMEHH peakUH (thym, = 2,205 < tepur= 1,995). [lns nokaszarenbcTBa IPUYUHHO-
CTH CBSI3U MEXAY IOIOJIHUTEIbHBIMU TPEHUPOBKAMH C NMPUMEHEHHEM CIIEHHaIbHOIO TpPeHaXKepa U
MOBBIIIIEHHEM 00IIero YpoBHS HaBbIKOB 10 OB/ Obu1a npoBeeHa mpoBepKa JUist IBYX CBSI3aHHBIX BbI-
OOpOK C paBHBIM YHCIIOM H3MEPECHHMHM B KaKIOW M clejaH BhIBOJ 00 3((PEKTHBHOCTH IKCIIEPUMEH-
TAJIBHOT'O BO3JICHCTBUS.

ITo pe3ysnbTaTaM BBIMOMHEHMS KAXKIOTO YHPAKHEHUS (PUKCHPOBANKCDH: &: 4 - CPEIHSAS OMIHMOKA
OTIpe/ieNieHus] 3aJaHHOTO Kypca j-M CTYJEHTOM BO BPEMs BBITIOJHEHUS i-TO YIPaKHEHUsS B k-i JIEHb;
TPEHUPOBKH; £, - CPEHEE BPEMs PEaKILHH j-T0 CTyJEHTA BO BPEMs BBITIONHEHHS i-T0 YIPAKHEHHUS B

k-ti nenwb TpenupoBkH [17]. B pesynbpTaTe ObUIH MOMYUYEHBI CpEHUE 3HAYEHUS OMIMOOK ONpeaeieHuUs
Kypca U BpEMEHU PEaKLUu:

Aj=yi8 o Tuj=y ot (6)

ok i= ik

rie Ny — 4MciI0 BBIIOJHEHHBIX YIIPa)KHEHUH B K-M JTHE TPEHUPOBKH.

[TomyueHHbIE TaHHBIE MCHOJIB30BAIUCH IS pacueTa cpeiHell ommoku onpeneneHus kypca BC
U CPEIHEr0 BPEMEHH PEAKIIMU BCEX CTYJIEHTOB IO JHAM TPEHUPOBKHU. 3aBUCUMOCTh BPEMEHH PEAKLIUU
OT KOJIMYECTBAa TPEHUPOBOYHBIX JIHEHN k MpuBeJeHa Ha pUC. 2.
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Puc. 2. 3aBHCHMOCTD BPEMCHH PEaKIUH OT KOJIMYECTBA TPCHUPOBOYHBIX JAHEH
Fig. 2. Dependence of reaction time on the number of training days

Koaddunment xoppensuun Mexay BpeMEHEM pEeaklMd U YKCIOM TPEHUPOBOYHBIX 3aHSATHI
coctaBuia -0,934, To ecTh OH 00JIaJaET BHICOKON CHJIOW CBSI3M. DKCHEPUMEHT TOKa3all, YTO IMOCTe
MPUMEHEHUS aBTOMATH3UPOBAHHOTO TPEHa)XKepa C TOJOCOBBIM YIIPABICHHWEM OIIUOKU CTYICHTOB
yMeHbIIUIUCH Ha 18,57%.

BnocnenctBun TpeHaxkep ObUT MCIONB30BaH AJSl MPAKTUYECKOM MOATOTOBKHU CTYJIEHTOB IMPH
OpTraHu3aIfy TUCTAHIIMOHHOTO OOYYCHHSI B YCIIOBUSAX MMAHICMHH, T.K. C MPOTPAMMHON TOYKHU 3PCHHUS
TPEHa)Kep M3HAYAIBHO COCTOSI U3 KIMEHTCKOM U cepBepHOM yacTeil, Obu1 mocTpoeH Ha ocHoBe [1IK u
He TpeOOoBaJ JOPOTOCTOSIICH anmapaTHON COCTABJISAIONIEH. DTO TTO3BOIMIIO TTOCIIE CPOUHON JOPAOOTKH
CEPBEPHOI YaCcTH UCIMOIB30BaTh TPEHAXKEP B PEKUME yAAJCHHOTO OCTYMA AJIs MPOBEICHUS TPECHUPO-
BOK CTYyJIeHTOB. B TpeHupoBkax ydacTtBoBano 84 ctyjaeHTa B TeueHue 1,5 mecsuen. TpeHaxkep UCTONb-
30BajICsl B IOJYyaBTOMATHYECKOM PEKHMME C TIPUBIICYCHHUEM TICEBO-MTMIOTOB U3 YKcia CTyAeHTOB. [Ipu
ATOM T0JI0COBas MOJAEPKKA UCTIOIb30BAIACH YACTHUYHO.

B pesynbpraTe Oblia mpoBeneHa ampoOanus BO3MOKHOCTEH MpPOBEACHHSI TPEHHUPOBOK Kak JIO-
KaJbHO C MOJYJICH TPEHAXEPHOTO IEHTPA, TaK U YJAJICHHO Yepe3 CHEeNHaIbHyI0 HHTEPHET miaTdop-
My, U TIpEIJIOKEeHa CXeMa OpPraHu3allii YJAJICHHOTO JOCTYIa K aBTOMAaTHU3UPOBAHHOMY MOJYJIEHOMY
TpeHaxepy (puc. 3).
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Puc. 3. Opranmsanys yJaneHHOTO TOCTYTIa K TpEHAKEPY
Fig. 3. Organization of remote access to the simulator

[IpoekT moka3an CBOIO JKU3HECTIOCOOHOCTh M BOBMOYKHOCTh MPOBEICHUS YJAICHHBIX TPEHUPO-
BOK nucrietdyepoB Y B/ mocne cooTBeTCTBYIOIIEH 10pabOTKH MEPCIIEKTUBHOTO TPEHAXKEPa.
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SAK/IIOYEHUE

B mporecce uccrenoBaHuii moka3zaHo, 4TO M3-32 OTCYTCTBUSI B M3BECTHBIX TpeHa)xepax 000c-
HOBAHHOW HMHCTPYMEHTAJIBHOM MPOLEAYpPhl M3MEPEHHUs MOTYyYeHHBIX HaBbIKOB mo OB/l ux oueHky
OCYUIECTBJIIET HHCTPYKTOP, KOTOPBII HA OCHOBAHMM 3TOTO BBINOJIHAET KOPPEKTUPYIOLIUE AEHCTBUSL.
[Tpu 5TOM MHCTPYKTOPY HE MPEACTABIISAETCS BO3MOKHBIM HAOIIOAATH 32 MBICIUTEIbHBIMU IpoOIEcca-
MU 00y4aeMoro M €My CJIOXHO KOHTPOJIUPOBATh Pa3BUTHE, HAIIPUMED, TAKUX KOMIIETECHIIMNA, KaK CH-
TyallMOHHasi OCBEJIOMJIEHHOCTb, AJITOPUTMBI MPUHATHSA pEIIECHUHA W Ap. [[enaTe BBIBOJABI OH MOKET
JIMIIB U3 PEe3yJIbTaTOB ACUCTBUI 00y4aeMoro, 4To HE BCEr/a SBJSETCS CICICTBHEM CBOCBPEMEHHBIX U
paBWIbHBIX pemieHuil. [lopoit 3To BeaeT Kk HEBEPHBIM OLEHOYHBIM PELICHUSIM H3-3a HEOOXOJIMMOCTH
OLICHUBATh IIUPOKUN CHEKTP BO3MOXKHBIX NpoOJeM NMpu OOyuyeHHHM M NMPHUYUH UX BO3HUKHOBEHHS.
K HUM MOXHO OTHECTH cilydau, Korja oO0ydaemblii HE MCIOJb3yeT MHCTPYMEHTHI U 00OpylOBaHUE,
nosblimnatonye 3pdexkruBaocts OBJl, 1160 ype3MepHO UX HMCIONB3yeT U HE YAESIEeT TOCTaTOYHOIO
BHHUMAaHUS OIICHKE BO3IYIIHOW OOCTAaHOBKH, JUTMTEIHLHO OOJYMBIBAa€T CBOU JEHCTBUS M3-3a HEIOCTa-
TOYHOCTH OCBOCHMS CTAHAAPTHBIX MpoLeayp U T.4. [ MoJHOLEHHON MOATOTOBKH KaXJIoMy oOyuae-
MOMY, B ujeajie, He0OXOAUM OJMH MHCTPYKTOp, YTO Ha MPAKTHUKE, KaK MPaBUIIO, HE peasn3yeTcs Mo
co0o0pakeHUsIM peHTa0eNbHOCTH. [10ATOMY MHCTPYKTOPY HYXKHBI MHCTPYMEHTBHI JJIsi KadeCTBEHHON
OILICHKH HaBBIKOB 00y4yaeMbIXx. KpoMe TOoro, u3BecTHbIE TPEHaXEPhl HE MPUCTIOCOOIEHBI 111 TPEHUPO-
BOK JucrieTuepoB YBJ[ B pexxumMe ynajieHHOro JOCTyTMa, YTO CHMXKAeT X 3(p(PeKTUBHOCTH B HOBBIX
YCIOBHSIX.

Takum 00pazom, HaNpaBICHUSIMH COBEPIICHCTBOBAHMS TPEHAXKEPHOW IMOATOTOBKHU AMCIIETYE-
POB 1O YIIPaBJIEHUIO BO31YIIHBIM JIBH)KEHUEM MOTYT SIBISATHCA:

1. Pa3paboTka mepcreKTUBHBIX TPEHAXKEPOB, UMEIOIIUX T'OJIOCOBYIO MOAICPKKY, C (PYHKIUEH
aBTOMATHU3ALMM OLICHKH HABBIKOB IO 3HAYEHHUSM CPEAHEKBAJPATUYECKUX OTKIIOHEHUM XapaKTepusy-
IOLUX YMEHBILIEHUE JOIYCKAaEMBbIX MIOIPEIIHOCTEN HA OCHOBE OLICHKH 3aJJaHHBIX [1apaMETPOB.

2. Mcnonp30BaHKuE NMEPCHIEKTUBHBIX TPEHAKEPOB KAK JEMEHTA CAMOCTOSATEIBHON MOArOTOBKHU
aucrieryepoB YBJI ¢ KOHTpOJIEM CO CTOPOHBI MHCTPYKTOPOB, B TOM YHCIIE B PEXKUME YIAJICHHOIO J0-
cTyma.

3. Opranusanusi TPEHaXEPHOM NOJATOTOBKH, OCHOBAHHON Ha YE€pEJOBAHMM KOMIUIEKCHBIX U
CaMOCTOSITEIbHBIX TPEHUPOBOK aucneTdepoB Y B/I.
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DEVELOPMENT OF ADVANCED VOICE-SUPPORTED SIMULATORS WITH
THE FUNCTION OF AUTOMATED ESTIMATION
OF AIR TRAFFIC CONTROLLERS SKILLS
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ABSTRACT

According to the World Health Organization, the number of potential pathogens worldwide is very high, which increases the
likelihood of a new pandemic. The impact of the new coronavirus infection (Covid-19) on all spheres of human activity, including
the air transport industry, has shown that it is necessary to take into account the possibilities of its functioning under the new
conditions. During the research, the possibility of using automated modular training systems for the air traffic controllers training in
the remote access mode has been considered. The well-known simulators do not implement a justified instrumental procedure for
measuring the acquired skills in air traffic services and the assessment of their development is carried out by the instructor, who
reacts to the student’s actions on the basis of his experience. It is difficult for the instructor to control the development of a student’s
individual skills and he has to rely on his own experience. To simulate the controller-pilot contour, pseudo-pilots are involved,
manually changing the flight parameters of the aircraft and simulating R/T communication. The well-known simulators do not
allow independent training. As a result, a conceptual design was formed and a promising simulator with the function of training
automation and voice support was developed. The effectiveness of the proposed solutions was tested in comparison with the
traditional approach to simulator training. Eventually it was found that after using a special simulator, students' mistakes decreased.
Subsequently, the simulator was used for practical training of students providing the distance learning in circumstances of
pandemics (Covid-19). The project showed its viability and the ability to conduct remote training of air traffic controllers, after
appropriate refinement of the promising simulator.

Key words: air traffic control, simulator training, voice system, automation.
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USING MODERN CLUSTERING TECHNIQUES FOR PARAMETRIC FAULT
DIAGNOSTICS OF TURBOFAN ENGINES
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The 21% century aviation and aerospace technologies have evolved and become more complex and technical. Turbofan jet engines
as well as their cousins, the rocket engines (liquid/solid) have gone through several design upgrades and enhancements during the
course of their design and exploitation. These technological upgrades have made engines very complex and expensive machines
which need constant monitoring during their working phase. As the demand and use of such engines is growing steadily, both in the
civilian and military sectors, it becomes necessary to monitor and predict the behavior of parametric data generated by these
complex engines during their working phases. In this paper flight parameters such as Exhaust Gas Temperature (EGT), Engine Fan
Speeds (N1 and N2), Fuel Flow (FF), Oil Temperature (OT), Oil Pressure (OP), Vibration and others where used to determine
engine fault. All turbo fan engines go through several distinctly different working phases: Take-off phase, Cruise phase and
Landing phase. Recording generated parametric data during these different phases leads to a massive amount of in-flight data and
maintenance reports, which makes the task of designing and developing a fault diagnostic system highly challenging. It becomes
imperative to use modern techniques in data analysis that can handle large volumes of generated data and provide clear visual
results for determining the technical status of the engine under investigation/monitoring. These modern techniques should be able to
give clear and objective assessment of the object under investigation. Cluster analysis methods based on Neural Networks such as
c-means, k-means, self-organizing maps and DBSCAN algorithm have been used to build clusters. Differences in cluster
groupings/patterns between healthy engine and engine with degraded performance are compared and used as the bases for defining
faults. Fault diagnosis plays a crucial role in aircraft engine management. Timely and accurate detection of faults is the foundation
on which maintenance turnaround times, operational costs and flight safety are based. The data used in this paper for analysis was
obtained from flight data recorder during one flight cycle. The final decision on a fault is taken by an engineer.

Key word: engine fault diagnostics, parametric data, turbofan jet engines, monitoring, in-flight data handling, neural network, c-
means, k-means, dbscan, clustering analysis, cluster pattern, clustering techniques, algorithm, flight parameters, exhaust gas
temperature, data analysis, self-organizing maps.
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INTRODUCTION

Current research in the development of engine fault diagnostics methods have effectively ad-
vanced in several directions with the two most popular. The first method is a combination of traditional
rule-based diagnostic method (e.g., expert system) with other Al (artificial intelligence) techniques,
such as neural network and fuzzy logic [1 — 3]. The other approach uses models of engine performance
and is known as model-based fault diagnostics [4, 5]. Aircraft engine health deterioration can be at-
tributed to a variety of reasons including extreme operating conditions, system malfunction, compo-
nent or sub-system failure and aging. The most pressing challenges faced by most if not every airline
are safety, airworthiness, and operational cost effectiveness. To achieve the above-mentioned goals an
effective diagnostic method based on data from the engine should form the bases for designing a diag-
nostic method. A condition-based maintenance system can be divided into two categories: model based
and data driven. Dynamic systems or sub-systems under investigation can sometimes be defined by
developing accurate mathematical models [6 — 9]. Mathematical models are used to determine the rela-
tionship between different measured signals, interpreting trends and using advanced signal processing
methods to detect faults. However, in some cases it is difficult to accurately represent a complex sys-
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tem using mathematical models and the data from the system has to be used as the basis for analysis.
That is why Data Driven Fault Diagnosis Scheme based on statistical methods, machine learning, and
statistical pattern recognition approaches are used as the basis for developing new advanced fault diag-
nostic system for aircraft engine health management. The proposed content has two basic objectives: to
show the implementation of clustering algorithms in detecting engine with degraded performance over
healthy engine, and compare cluster patterns formed.

The huge amount of data generated during the use of modern turbojet engines and other propulsion
systems, having onboard data recorders, demands for progressive new techniques in processing these para-
metric data generated during operation. Therefore, it is necessary and appropriate to use neural network-based
methods such as fuzzy c-mean, self-organizing maps and others presented in this work for fault diagnosis of
turbofan jet engine and propulsion systems with engine parameter monitoring systems onboard.

PROBLEM DESCRIPTION

Clustering is a Machine Learning Technique that involves the grouping of data points. In this
paper data points are data got from the engine monitoring system, monitoring the different working
parameters of the engine. Given a set of data points, we can use clustering algorithms such as
C-means, K-means, DBSACN and Self-Organizing Maps to classify each data point into a specific
group. In theory, data points that are in the same group should have similar properties and features
(in the case of self-organizing maps), while data points in different groups should have highly dissimi-
lar properties and features. This explanation is the most important in this work as it clearly defines that
the data from healthy engines will be similar and have features distinctly unique to them. While data
from engine with the degraded engine performance will exhibit highly dissimilar features when com-
pared to those from a healthy engine. Clustering is a method of unsupervised learning and is a common
technique for statistical data analysis.

Clustering analysis in this work should allow us to gain a valuable insight from the input data
by presenting a visual representation of the dynamic processes occurring in the object under investiga-
tion. Data points should fall into groups after clustering algorithm is initiated. It should be noted that a
clustering algorithm must meet some requirements which are listed below.

The main requirements that a clustering algorithm should meet are:
scalability;
dealing with different types of attributes;
discovering clusters with arbitrary shape;
minimal requirement for domain knowledge to determine input parameters;
ability to deal with noise and outliers.

The significance of the clustering algorithm is to extract value from large quantities of structur-
al and unstructured data. It allows us to segregate the data based on their properties/features and groups
them into different clusters depending on their similarities.

FUZZY C-MEANS CLUSTERING

Fuzzy C-means clustering was principally introduced by J.C. Dunn and improved upon by
J.C Bezdek [10, 11], and has been built upon for various applications. Fuzzy c-means is a partitive
clustering approach where a given data set is divided into K clusters in a way such that each data sam-
ple belongs to one of the clusters to some degree. In this paper fuzzy c-means is used to cluster flight
parameter data in a way that the data clusters formed are representative of the nominal and fault values
of the selected parameter.

In this paper four flight data such as: EGT (exhaust gas temperature), N1 (rotor speed), N2 (ro-
tor speed), and OT (oil-temperature) were used.
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The algorithm divides the available data into spherical clouds of data samples in a p-
dimensional space. Each cluster is then in its turn represented by its cluster center. The Euclidian dis-
tance is used to measure the distance between the cluster centre and all the points that fall within the
cluster boundary. General objective of c-means is to obtain a partitioning of a given data set which
minimizes an objective function for a fixed number of clusters. Represented by J below:

= Tiea Rjoauif % = gl O

where m — 1s any real number greater than 1
—1is the degree of membership of x; in the cluster j
; — it the i of the d-dimensional measured data
cj — is the d-dimension center of the cluster
||*|| — is any norm expressing the similarity between measured data and the center.
Fuzzy partitioning begins through an iterative optimization of the objective function J shown
above, with the update of the membership u;; and the cluster center ¢, by:

u; = . T, (2)
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This iteration will stop when
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where € — is a termination criterion between 0 and 1, whereas k are the iteration steps. This procedure
converges to a local minimum or a saddle point J,,.

INITIALIZING FUZZY C-MEANS ALGORITHM

To initialize c-means clustering for a set of data, input data is organized into a M*N matrix
called U. Flight data from a CF-34/10 turbofan engine was used in the paper. Data set was organized
into four parametric data groups: EGT, N1, N2 and Oil temperature. Below there are the initialization
steps of the algorithm:

Matlab was used for running fuzzy c-means. Educational Version

Step 1 Initialize U=[u;;] matrix, u”

Step 2 At k-step: calculate the centers vector C* = /¢ ;] with u®

Z *xl
C~ _—
]
21 1 l]

Step 3 Update U® , U
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Step 4 If //U**" — U™}/ < & then STOP; otherwise return to step 2.

Results are presented in the form of dense clusters with the centroid, represented here by (1), at
the center of each cluster formation.

Two cases were initiated and their results analyzed. For solid validation of results a SOM oper-
ation was carried out using neural network, this gave dimensional correlation of input data after under-
going batch weight/bias rules and performing the mean squared error operation. Results presented are
for validation of the process for fault diagnostics of turbofan engines. Case 1 and 2 represent input data
from a CF-34/10 engine. In Case 1, parameter registers abnormal or degraded engine performance; re-
sults are presented in Figure 1. Case 2 is the normal engine performance (fig. 2).
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Fig. 1. Results from Case Nel engine parameters, showing clearly heavy scattering of clusters with dependence
(oil/n2 and oil/nl), degraded engine performance (faulty)
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The results presented in Figures 1 and 2, show that clustering method based on c-means is ca-
pable of presenting clear visual representations of input data in the form of clusters with unique pat-
terns that distinguish a healthy engine from an engine with degraded performance. Diagnostic criteria
for these results in the cluster compactness.

The SOM procedure carried out in the Neural Network shows result of Case Nel input data. Af-
ter 200 iterations SOM input plane presented the following result in Figure 3. The same procedure was
carried out for Case Ne2. The map forms a compressed representation of the inputs space, reflecting
both the relative density of input vectors in that space, and a two-dimensional compressed representa-
tion of the input-space topology.

Weights from Input 1 Weights from Input 2 Weights from Input 1 Weights from Input 2

Weights from Input 3 Weights from Input 4 Weights from Input 3 Weights from Input 4

~

of S

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Fig. 3. Visualization of weights for Case Nel (CF34/10) Fig. 4. Visualization of weights for Case No2 (CF34/10)
with degraded engine performance (faulty) healthy engine (healthy)

The Figures above can also visualize the weights themselves using the weight plane (fig. 3
and 4). There is a weight plane for each element of the input vector (four, in this case). They are the
visualizations of the weights that connect each input to each of the neurons. (Lighter and darker colors
represent larger and smaller weights, respectively). If the connection patterns of two inputs are very
similar, you can assume that the inputs were highly correlated.

Algorithms for the SOM operation went through a weight and bias process and updates accord-
ing to its learning function after each epoch (one pass through the entire set of input vectors). Training
stops when any of these conditions is met: The maximum number of epochs (repetitions) is reached.
Performance is minimized to the goal. The maximum amount of time is exceeded. Validation perfor-
mance has increased more than max fail times since the last time it decreased (when using validation).
These steps enable the SOM to classify and cluster the input data correctly.

The results attained from processing the input data from a CF34/10 turbofan engine using fuzzy
c-means and self-organizing-maps algorithms, both of which are based on Neural Network, have
shown that such methods can be reliably used for fault diagnostics and classifying engine performance.

24



Tom 23, Ne 06, 2020 Hayunblii Becruuk MI'TY T'A
Vol. 23, No. 06, 2020 Civil Aviation High Technologies

CONCLUSION

1. The results presented in this paper show that for fault diagnostics of turbofan engine CF34/10,
the method c-means clustering algorithm is very capable of capturing and visualizing fault signatures
from parametric input data, and representing these results in the form of compact clusters (for healthy)
and clusters with higher degree of scattering for engine with degraded performance (faulty).

2. Captured fault signatures were visualized in the form of simple clusters, showing dense re-
gions to mean healthy engine and clusters with a higher degree of scattering to form engine with the
degraded engine performance.

3. The reliability of the results is consistent and corresponds with results from the self-
organizing-maps which show high level of input weight correlation.

4. Using c-means clustering and SOM to identify engine characteristics was achieved.
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NCHOJIB30OBAHUE COBPEMEHHbBIX METOJ10B KJIACTEPU3ALIUU
A HAPAMETPUYECKOU IMAT'HOCTUKHN HEUCITPABHOCTEHN
TYPBOBEHTWISATOPHBIX JIBUI'ATEJIEA

. 1
I.J. Buraimah
1 .
Hayuonanvnoe acenmemeo kocmuyeckux uccied08anuil u paspadomox
Abyoorca, Dedepamusnas Pecnybauxa Hucepus

ABHalMOHHBIE M a’poKocMuuecKre TexHoiornk XXI Beka BOJIFOLMOHUPOBAIM W CTAIN 00Jee CIOKHBIMU U TEXHUYECKHMH.
TypOopeakTHBHBIE BHTATENN, a TAKXKE MX COOpaThs, PaKeTHBIA ABUraTelb (KUAKUI/TBEpHbIA) MPOILTA Yepe3 HECKOIBKO
KOHCTPYKTHBHBIX YJTy4IIEHWH M YCOBEPIICHCTBOBAaHHMH B XO/€ MX NMPOECKTHPOBAHMS M SKCIUTyaTallMH. JTH TEXHOJIOTMYECKUE
YCOBEPIICHCTBOBAHMS CACIAIN JBUTATENN OUYECHb CJIOKHBIMH M JJOPOTMIMH MAIllMHAMH, KOTOPBIE HYXKIAIOTCS B TIOCTOSHHOM
KOHTpOJIe BO BpeMs UX paboueil (asbl. [1o Mepe Toro kak Cnpoc M UCIOJIB30BaHHE TAaKUX JIBUraTelleil HEyKIOHHO PacTyT Kak B
TPKAAHCKOM, TaK M B BOGHHOM CEKTOpaX, CTAHOBHUTCS HEOOXOAMMBIM OTCIEKHMBaTh W MPOTHO3HPOBATH IIOBEICHUE
MapaMeTPUYECKNX JAHHBIX, I'€HEPHPYEMbIX ITUMH CJIOXKHBIMH JBHTaTe/sIMH BO BpeMs ux pabounx (a3. B pabore nns
olpeieNieHHs] HeUCIIPaBHOCTH JIBUTaTeNsl UCIIONIB3YIOTCS TaKKe TapaMeTphl MojieTa, Kak Temrieparypa BbixjonHbix razos (EGT),
4acToThI BpaiueHus: BeHTusitopos jpuraresst (N1 u N2), pacxon rorumsa (FF), remneparypa macna (OT), naienue macna (OP),
BUOparws U apyrue. Bee TypOOBEHTHIIATOPHBIE IBUTATENH MPOXOAAT Yepe3 HECKOIBKO OTUYETIIMBO Pa3INYAIOIIMXCsl pabounx das:
B3JIeTa, KpPyW3a M IOCAAKU. 3alMCh TEHEPUPYEMBIX INMapaMETPUUYECKHX IaHHBIX Ha 3THX DasjMYHbIX JTanax NPUBOIUT K
OIPOMHOMY KOJIMYECTBY OOPTOBBIX JAHHBIX M OTYETOB O TEXHHYECKOM OOCITY>)KUBAHHH, UTO JIeJIaeT 3a/a4y IPOSKTUPOBAHUS U
pa3pabOTKH CHCTEMBI TMArHOCTHKN HEHCIIPABHOCTEH YPEe3BBIYAMHO MEpCIeKTUBHOW. CTaHOBUTCS HEOOXOAMMBIM HCIONIB30BaTh
COBpPEMEHHBIC METObl aHAIM3a JAHHBIX, MO3BOJIIIONIMX 0OpalaThBaTh OOJNBIINE OOBEMBI T'€HEPHPYEMBIX JAHHBIX U JIABaTh
YEeTKWE BHU3YAJbHBIE pE3yJIbTaThl UL ONPEACNCHHS TEXHWYECKOTO COCTOSHWS ABUIATElls], SIBISFOLIETOCS OOBEKTOM
MCCIIJOBAHI/MOHITOPHUHTA. DT COBPEMEHHbBIE METOIMKH JOJDKHBI OBITH CIIOCOOHBI JaTh YETKYI0 U OOBEKTHBHYIO OLICHKY
HCCIeayeMOMy OOBeKTy. JIIsi MoCTpoeHHs: KJIAaCTEepOB OBUIM HCIHONIB30BaHBI METOIbI KIACTEPHOTO aHAIN3a, OCHOBAaHHBIE Ha
HEHPOHHBIX CETSIX TaKuX, Kak c-means, k-means, camoopranusyroriuecs kaptbl 1 anroputv DBSCAN. Paznuuus B Ki1acTepHbIX
[pyHl'[I/lpOBKaX/ MaTTepHax MEXAY UCHPABHBIM JIBUTATCIIEM U NBUTATEIIEM C TOHIKEHHOM TMPOU3BOANUTEIIbHOCTHIO CPABHUBAIOTCS
1 UCTIOJIB3YIOTCS B KQYCCTBE OCHOBLI JIA ONPEACTICHUA HeHCHpaBHOCTefI. }lnar 'HOCTHKA HeMCHpaBHOCTeﬁ HUrpacT O4Y€Hb BAXKHYIO
POJIb B YIIPaBJIEHNH aBUAIIMOHHBIMH ABUraTesisiMi. CBOEBPEMEHHOE 1 TOYHOE OOHAPYKEHNE HEHCIIPABHOCTEH SIBIISIETCSI OCHOBOH,
Ha KOTOpOH Oa3MpyIOTCSI CPOKM BBINOJHEHMSI TEXHUUYECKOTO OOCITY)KMBaHUS, SKCILTyaTallIOHHBIE PacXoibl M 0Oe30MacHOCTb
nonietoB. JlaHHBIE, MCIIONB30BaHHBIE B paboTe Uil aHain3a, ObUTM MOy4YeHBI ¢ OOPTOBOTO CaMONKMCLA B TEUEHHE OJIHOTO
oJIeTHOTO KA. OKOHYATENIBHOE PEellIeHNE O HEHCIIPABHOCTH TPUHIMAET HHXKEHEP.

KunroueBbie clioBa: IMarHOCTHKA HEHMCIPABHOCTEH JBUraTeNel, apaMeTpHIeCKUe TaHHbIC, TYPOOBEHTUIISITOPHBIC PEAKTUBHBIC
JIBATATENN, MOHUTOPHHT, 00paboTKa IMOJIETHBIX NaHHBIX, HEHpOHHAs ceThb, c-means, k-means, DBSCAN, kiacTepHBIA aHAIN3,

KJIIaCTEpHBIA MATTEPH, METOBI KJIACTEPU3ALIIH, AITOPUTM, TTApaMETPHI MOJIETa, TEMIIEPaTypa BEIXJIOMHBIX Ta30B, aHATM3 JAHHBIX,
CaMOOPTaHI3YIOIIHECS KapThL.
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MHOI'O®YHKIIUOHAJIbHAA HHTEI'PUPOBAHHAS
INJIAT®OPMA COITPOBOXIEHNA TEXHUYECKOU
IKCIINIYATAIMHU BO3AYIIHBIX CYAOB

W.I. KAPIINYEB', JI.B. IETPOB?, ¥O0.M. YAHIOYHNH'
'Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMEN 2PaXCOAHCKOU a8uayul,
2. Mockea, Poccus
’[TA0 «Hayuno-npouzeodcmeennoe npeonpusimue «Aspocunary, 2. Cmynuno, Poccus

PaccmarpuBaroTcest Bonpocs! (popMHpOBaHHUS KOMIUIEKCA 3aad HH(GOPMAIIOHHOTO 00ECHEUeHNs 1 COTPOBOXKIACHHS TPOLIECCOB
Pa3paboTKH, M3TOTOBICHUS W TIOCIEAYIOIICH MAacCOBOW UIMTENBHOW SKCIUTyaTallid BHOBH CO3JaBAEMOI U IIEPCTICKTUBHON
ABHALIOHHON TEXHWKH, HalpaBJICHHBIX Ha JaJIbHEHIee pa3BUTHE MHHOBALMOHHBIX MOAXOJ0B K OOECHEUYCHHIO KOMIIEKCHOH
MEXOTpacJIeBOH CHCTEMBI (T1aT(OPMBI) HOCIEHIPOIAKHOTO COIPOBOKACHHS TEXHHYECKON M JIETHO-TEXHUYECKOH KCILTyaTaluy
IPXKAAHCKNX BO3IYIIHBIX CYZIOB. B cTaThe packpbIBacTCs COIAEpKaHHME OCHOBHBIX 3aJiad, OPHEHTHPOBAHHBIX Ha OOECIIEUeHHUE
W ynpaBlieHHe O€30IIaCHOCTBIO IIOJIETOB B TPAKIAHCKOM aBuanuyd PoccuM M B3aMMOYBSI3aHHBIX C  PEKOMEHIAlUSIMU
u aupekTrBHbIMU TpeOoBanmsmu [lpunoxenust 19 k Konenuyn WKAO u PykoBonctBa mo ymnpaBlieHHIO 0€30HAaCHOCTBIO
nosietoB. BakHeHIMM (akTopoM THpH 3TOM SIBISIETCS y4eT HauOolsiee CIOXKHBIX TpeOOBaHMH K CHCTEME YIpPaBJICHUS
0€301acCHOCTHIO TOJIETOB, CBSI3aHHBIX C IMOJUIEp)KaHWEM JIETHOM T'OAHOCTH BO3YLIHBIX CYZIOB Kak BHJA TpaHCIIOpTa 0co00ro
pucka npumeHeHus. [IpoBeneH anami3 u pazpadorana oOmas cxeMa MHOrodyHKIMOHAIBHOW MHTErPUPOBAHHOM T1aT(OPMEI B
pamkax MH(poOpMaOHHO-aHATUTHIECKOH CHUCTEMBI CONPOBOXKIACHMSI TEXHMYECKON SKCIUTyaTallil KOMIIOHEHTOB BO3JYIIHBIX
CYZOB TPUMEHHTENIbHO K Hay4YHO-TIPOU3BOJICTBEHHOMY MpEMIpUsTHIO «Aspocuna». Jlajgee mpencTaBieHa pa3BepHyTas
WHTETPUpOBaHHasl IUAaTopMa, pealnsyeMass B J@HHOM aBHANpPENPUATAN M TpeaycMaTpuBaronias WH(MOPMAIMOHHOE
o0ecriedeHne TI0 BBIIEICHHBIM TJIABHBIM (DyHKIMOHATGHBIM MoOmyisaM: «Cucrema ympaBieHHs! O€30MacHOCTHIO IIOJIETOBY,
«Cucrema kauectBa», «Ceprudukarysiy 1O BbIENCHHBIM 00bekTaM cepruduKkanuyd. B pesynbrate moctpoeHa ooOrmas
MH(POPMAIMOHHO-aHATIMTUYECKAS! CUCTEMA C YYETOM CTETICHH €€ PETN3alliy B YCIIOBUAX aBUANPEIIIPUATHS «Adpocuiiay.

KiiroueBble  c10Ba:  TexHMYecKas  OKCIUTyaTallls, BO3MYLIHblE Cyla, yIpaBlIeHHE OE30MacHOCTBIO  IIOJIETOB,
MHOTO()YHKIIOHAIbHASI MTHTETPUPOBaHHAs 1atopma, (GyHKIHOHAIBHbIE MOYJIH, 33Ja41 HHPOPMALIOHHOTO 00ECIIeUeHHSI.

BBEJIEHUE

B nocnennue roasl mpou3oiesn psil CyIECTBEHHBIX U3MEHEHUN B 00JIaCTU KOHTPOJIS, peryJin-
pPOBaHMSI U yMpPaBICHUS MpoIlecCaMU Pa3pabOTKU, U3TOTOBIEHUS M SKCILTyaTallud BO3AYIIHBIX CYJOB
(BC) B PO, BBeneHbI B A€iicTBHE HOBBIE MEKIYHApPOIHbIE TPEOOBAHMS U CTaHAApPTHI B 00siactu odec-
nevYeHuss O0e30MacHOCTH MOJIETOB, MPOUCXOIUT MIMPOKOMACHITA0HOE BHEApeHHEe WH(POPMAIMOHHBIX
TEXHOJIOTHI B MPOLIECCHI CONPOBOXKIEHUSI TEXHUYECKON aKkcIutyatanuu BC n Mmonuropunra 0e3omnac-
HOCTU aBUALIMOHHOM JesiTenbHOCTH [ 1, 2, 3].

Co3naHne HOBOW HOPMATHBHO-TIPABOBOM 0a3bl cepTUUKAIMK Pa3pabdOTKH, MPOU3BOACTBA U
TUTIOBOW KOHCTPYKIMH aBUalimoHHON TexHUKHU (AT) B PD, BBeaenue B neiictue tpedboBanuiit UKAO
0 pa3paboTKe U BHEPEHUU CUCTEMBI yrpaBieHus O6e3onacHocThio monetoB (CYHBIT) B opranuzanusx -
paspabotunkax W usrotoButensax AT [4], BHeApeHHE AJIEKTPOHHON 3KCIUTYyaTallMOHHO-TEXHUYECKOU
JIOKYMEHTAI[MU, CUCTEMbl MOHUTOpPUHTA JeTHOU romHoctu BC, rocynapcTBeHHOW cucTeMbI cOopa,
aHalM3a ¥ XpaHeHHus] uHGopMauu o 0€30MaCHOCTU MOJETOB, CUCTEMbl MOHUTOPUHTA 0€30MacHOCTH
aBUAIIMOHHOM JiesaTeTbHOCTH PD TpebyroT pa3paboTKu ¥ BHEAPEHUS HOBOM KOHIICTIIIUY U TEXHOJIOTHIA,
OpPUEHTUPOBAHHBIX Ha KOMILUIEKCHBIM CUCTEMHBIN MOAXO/I MO YIPABIECHUIO 0€30M1aCHOCTHIO MOJIETOB B
obnactu Texanueckoi sxcruryatamuu BC [5, 6].

CVYBII opranmszanuii-pa3pad0TYuKOB ¥ U3TOTOBUTENEH TpaxaaHckux BC umeroT cBon ocoOeH-
HOCTH, CBsI3aHHbBIE CO CHEeIM(UKON MpoleccoB pa3pabOTKH, U3roToBieHus U ceprudukammu BC, ux
COCTaBHBIX YaCTE€W M KOMIUICKTYIOIIUX U3AeIuil [7].
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OcHoBBI 0OecrieueHHst 6€30MaCHOCTH IMOJIETOB 3aKJIaAbIBAIOTCS HA 3Tale CO3/1aHUs aBHAIlMOH-
HOHM TEXHHMKHU. be30MmacHOCTh THUIIOBOM KOHCTPYKIMHU pa3pabarsiBaemoro BC moaTeepxkmaeTcst B po-
1ecce cepTU(UKAIMK 3aBEPIIAIOIIMMCS Bhlauell cepTudukara Tina (3tan pa3paboTKH) NEPBUYHOTO
cepTudurKaTa JETHOW TOTHOCTH IK3eMILIsApa (dTanm U3TOTOBJICHUS ), BRIAYEeH U MPOJICHHEM CepTU(U-
Karta JIeTHOM rogHoctu 3k3eMiuisipa BC (atam skcmtyaTtanun) [8, 9].

CVYBII opranuzanmii-pazpaboTaukoB u u3rotoButeneii AT HEBO3MOXXHO peann3oBaTh 0€3
YCTAHOBJIEHUS YCTOMUMBOM B3aMMOCBSI3H € IPOLECCAMH JKCILTyaTallud U MOJAEpKaHUs JIETHOW rof-
Hoctu (IVII') mocpencTBOM CUCTEMBI MOCIENPOIaXKHOTO 00ECIeUeHNsI CKOHCTPYUPOBAHHBIX U MPOU3-
BegeHHbIx m3aeanit AT' [10]. DTo 03Hauaer, 4TO BBISBICHHE ONACHOCTEH 1 PUCKOB Jisi 0€30MTaCHOCTH
nosietoB (BII), ucxomsmux u3 AesTeNbHOCTH pa3padOTYMKa U U3TOTOBUTENS, UX KaUECTBEHHYIO U KO-
JIMYECTBEHHYIO OLICHKY C LIEJbI0 NMPUHATHS KOPPEKTUPYIOLMX AECUCTBUN CIENYET BBINOJHATH HAa OC-
HOBE AKCIUTyaTaIl[MOHHBIX JaHHBIX (110 pe3yabTaTaM dKCIUTyaTallMOHHBIX HaOmoaenuid) [11].

Hoxymentamu MKAO u Bo3aymiHbIM 3akoHojaaTesbcTBOM P® ompeneneHsl TpeOOBaHUS K
HAJIMYUIO U (PYHKIIMOHUPOBAHUIO B OpraHU3alUsIX-pa3padoTynkax 1 uaroroputensax AT cuctem kade-
cTBa, cepTudukanuu, nocienpogaxuoro odecrneuenuss AT u CYBII [12]. Pazpabotka u BHenpeHue
CVYbBII npoBoauTcs Ha OCHOBE M C MCIIOJIB30BAaHUEM OTAEIBHBIX AJIEMEHTOB YK€ JEUCTBYIOIIMX CH-
creM. O4eBUIHO, YTO OOIIMM BIIEMEHTOM JIJIsl BCEX MPOIIECCOB SBISAETCS MHPOPMALIUS O TEXHUYECKOM
coctostHuH (mapameTrpax) BC u mporeccax ux TEXHMYECKOU IKCTUTyaTaIl|H.

s apdexkTuBHOrO perneHus 3anad no ynpasieHuto bI1 u cHuxeHus 3aTpaT Ha CO3/1aHUE CO-
OTBETCTBYIOLIUX CHUCTEM HEOOXOIMMBI pa3paboTKa M BHEIPEHHWE MHTETPUPOBAHHON C CHCTEMOIl mo-
CJICTIPOAAYKHOTO COMPOBOXKICHUS TEXHUYECKON SKCIUTyaTallid aBTOMATH3MPOBAHHOM MH(OPMALIMOH-
HO-aHAJIUTUYECKOM CHCTEMBbI B OpraHu3anusx-pazpaboTurnkax u muiroroButensx BC, koTopas mo3Bo-
auna Obl 3HAYUTENHHO MOBBICUTH CYIIECTBYIOIIMK YpOBEHb KadecTBa cOopa, 00pabOTKH, aHAIM3a H
0000meHnss nHpopManuu U oOMeHa HHPOPMAIMEH BO BCEX AJIEMEHTaX aBUAIIMOHHON CHUCTEMBI IS
BbIpaboTKH 3(pPexTuBHbIX peniennit no odbecneuenuto bBII npu pazpadorke HoBbix TnoB BC [13]. Ta-
Kas cucreMa JO0JbKHa oOecreunBaTh HEMPEPHIBHBIN M BCEOOBEMITIONINIT KOHTPOJIb MPOLIECCOB JIETHO-
TEXHUUYECKOM 3KCIUTyaTalluM JEHCTBYIOIIEro B oTpaciau napka BC ¢ 11e5pt0 cBOEBPEMEHHOIO MPHUHSI-
THS PeIIeHu pa3paboTuynkamMu W m3rotoBureisiMu BC, UX CHCTEM W KOMIUICKTYIOUIUX W3JETUN 10
JIOKaJM3alMK U NPEAOTBPALICHUIO OCOOBIX CUTYAaIlUil B MOJIETE M NMPH TEXHUYECKOM OOCITY>KHBAaHUH.
Cucrema Takke J0JKHA MO3BOJISATh YIPABIATh MoTokaMu uH(opmanuu o BC, oTcnexuBaTh 1 MUHH-
MHU3HPOBATh IPOEKTUPOBOYHBIE, IPON3BOACTBEHHBIE U IKCILTYyaTalluOHHbBIE PUCKH.

CVYBII 6a3upyeTcst Ha COBPEMEHHOM METOI0JIOTHH, HAIPABJICHHON HAa TTOCTOSTHHOE TTOBBIIIICHHE
BI1 u ocHOBaHHO# Ha ITyOOKOM U BCECTOPOHHEM aHAJIN3€ MIMPOKOTO CIIEKTpa (PAaKTUYECKUX JaHHBIX O
MpoIeccax JETHOM U TeXHUUYECKOH skcruryarauu BC.

B pabote [14] u3nokeHbl OCHOBHBIC MOJIOKEHHUS MO pe3yJIbTaTaM HAyYHBIX HCCIIEIOBaHMHU,
MPOBEJICHHBIX B MPOLIECCE MOHUTOPUHTA JIETHOM rogHocTu napka BC P® B pamkax mpoieayp mo Bbl-
naue (mpoaseHuio) ceprudukara jierHoi romgHoctu BC B coorBerctBum ¢ Ilpukazom MT PO or
16.05.2003r. Ne 132 «OO06 ytBepxacHuN DeepanbHbIX aBUAIIMOHHBIX MPABIII. DK3EMIUISP BO3IYIITHO-
ro cyana. TpeGoBaHMS U IPOLEAYPHI CePTUDUKALII». H MPOLEIYDP OLEHKH ayTeHTHIHOCTH KOMIIO-
HeHTOB BC Ha ocHOBe paszpaboranHOU aBTOpamMu MHGMOpMaAIMOHHO-aHATUTHYECKON CHCTEMBl MOHU-
TOPYHIA )KU3HEHHOT'0 IMKJIa KOMIIOHEHTOB Bo3AyLIHBIX cyn0B (MAC MXI] KBC)**.

' Master Minimum Equipment List. Airbus A318 / A319 / A320 / A321 Revision: 21 [Dnekrponnsiii pecype] // U.S. De-
partment of Transportation Federal Aviation Administration. URL: https://fsims.faa.gov/wdocs/mmel/a-320%20r21.pdf
(mata obOpamenust 15.09.2020).

OO0 yrBepxaeHun denepalibHBIX aBHALMOHHBIX MPABWII. DK3EMIUIIP BO3IYIIHOTO cyaHa. TpeOoBaHHMS W TpOLELypbI
ceprudukarmu. [Ipukas Munuctepcra Tpancnopra P® ot 16.05.2003 r. Ne 132.

T'OCT P 54080-2010. BoznymHslit Tpancopt. Cucrema TEXHHYECKOTO 00CITy>KHBAHHSI 1 PEMOHTA aBHALIMOHHOM TEXHH-
ku. MHdopMalmoHHO-aHATUTHYECKAs] CHCTEMa MOHUTOPHHTA JICTHOM TOJHOCTH BO3AYIIHBIX cynoB. OOIue TpeOoBaHusL.
M.: Crannaptuadopm, 2012. 20 c.
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NAC MXIL KBC npencrasisier co00il MOIIIHOE MHTEJJIEKTYalbHOE CPEICTBO MOJIIEPKKU U
KOHTpOJIs 3kcIuryaTanuu BC, HO BBy TOTO, 4TO B Ipoliecce pa3paboTKU CTaBUIIMCh YaCTHBIE 3a/1a4H,
pelaeMbple KOHKPETHBIMU TOAPA3JEICHUSMU U OTAEIbHBIMU CIIELMAIUCTAMHU aBUANPEINPUITHH, B
HacTosiee BpeMs B PO HabmonaeTcss COBOKYITHOCTh HE CBSI3aHHBIX MH(DOPMAIIMOHHO-YIPABIISIOLINX
CHCTEM, OTBEUAIOIIMX OTJENbHBIM TPeOOBaHUAM, LENAM M 3ajadaM aBuanpenpustuid. OgHako pe-
3ynbTarsl BHeApeHuss MAC u HayyHO-npakTHueckui 3azxen tpyaHo nepeouenuts. MAC MXXI[ KBC
MOJIOKEHAa B OCHOBY CO37[aHMsl eAMHOro uHpopmarmonHoro npocrpanctsa (EWII) compoBoxxaeHus
TexHuueckom skcruryaranuu BC B PO.

Hanpneiimum pazsutuem MAC MOKL] KBC crana pazpabotka u BHeapenue MupopmarmonHo-
aHAJIMTUYECKOU cucteMbl MOHUTOpHUHTa J1eTHOHM rogHoctd BC (MAC MJIT" BC), opueHTHpOBaHHON Ha
MHPOpPMaLMOHHOE o0ecriedeHrne (PyHKIMA TOCyAapCTBEHHOTO KOHTPOJISI M PETYIIMPOBAHUS MPOIIECCOB
TEXHUYECKOM KCIUTyaTanuu 1 jJetHor roguoctu BC. B Hacrosiee BpeMs B CBS3U CO CTPYKTYPHBIMU
M3MEHEHUSAMH, MPOIIEAIIUMH B OTPACIM, U OTCYTCTBHEM HOPMAaTHUBHOW 0a3bl M ()MHAHCHPOBAHUS C
ucnonszoBanueM MAC MIJII'BC BomonHsoTCs €€ oTnaenbHble (YHKUMU (OLIEHKA ayTEHTHYHOCTU
KBC, cBepka OT/I, monutopunr nocrasmmkoB ATH). Bmecte ¢ tem, passutune MAC MJII' BC B
HaCTOsIIee BPEMsl PeaM3yeTcsl B aBUAILIMOHHOM MPOMBIIIJIEHHOCTH B paMKax pa3paboTKU M BHeEIpe-
HUsT MHOTO(QYHKIIMOHABHOW MHTETrprpoBaHHON maTdopmel (MUII) mocnenponakHOTO CONPOBOX-
JIEHUs MPOIIECCOB TeXHUUYecKon kcruryaTanuu (I1TD) Bo3aymHbIX Cy10B.

['maBuoit pynkumeir MUII sBasiercst obecrnieueHne QPyHKIMOHUPOBAHUS €AMHOTO MH(POpMAITH-
onHoro npoctpancta (EWIIT) u uarerpupoBanHoi nuadopmanuonnoii cpenst (EMC) (monmnomacmtad-
HOro 0aHKa) aKTyaJIM3HPOBAHHBIX JAHHBIX O (PAKTHUECKOM TEXHHYECKOM COCTOSHHH aBHUAIIHOHHOMN
TeXHUKH H mapamerpax dpdexkruBHoctr [1TD nmapka rpaxxknanckux BC.

B pamkax EUII nu EVC peanusyercs MexaHu3M oOecreyeHuss MaKCUMalbHONW MOJHOTHI U He-
00X0IMMOM aKTyanu3aluy HUPKYJIUpYomed HHPOopMaUH, a TAK)KEe CAHKIIMOHUPYETCS TOCTYI K MH-
dbopmartiu co croponsl Opranuzanuii-yuyactaukos MAC.

Enunoe undopmanmonnoe npocrpancrBo conpoBoxaeHus IITO BC — 310 coBOKyNnHOCTB
B3aMMOYBSI3aHHBIX MHTEIPUPOBAHHBIX MH(POPMALMOHHBIX PECYpPCOB YUYAaCTHHUKOB, 3aHATHIX IpOIEcca-
MU NPOU3BOACTBA (KOHCTPYUPOBAHUS, U3TOTOBJICHUS, UCIIBITAHNUI) U AKCIUTyaTalel 00beKTOB aBUa-
[IMOHHOM TexHUKHU (KomrnoHneHToB BC).

Enunasi nHpopManmoHHas cpega — 3TO KOMIUIEKC allllapaTHO-NporpaMMHbIX cpencts Opra-
HU3alUK-YYaCTHUKOB Tporiecca conpoBoxkaeHus TO BC, ¢pyHKIMOHMpYOMUN B eAnHOM HH(pOpMa-
IIUOHHOM IPOCTPAHCTBE HAa OCHOBE COIJIACOBAHHBIX OPraHM3alMOHHO-TEXHUYECKUX TpeOOBaHUH, ma-
pameTpoB U (popMaToB HH(POPMAILIMOHHBIX TAKETOB O KM3HEHHOM LIUKJIe KoMIoHeHTOB BC.

B xagectBe 6a30BOro aBManmoHHOTO Mpeanpustus as peanusammun MUIT onpeneneno Hayud-
Ho-nipou3sBojicTBeHHOE nipeanpustre (HIIIT) «Aspocunay ¢ ero mpoayKTOBOM JIMHEHKOM.

B cootBerctBuu ¢ IIpunoxenuem 19, nononnenue 2, NKAO™, 8 Hos0pe 2019 roxa pa3pabor-
YUKH U U3TOTOBUTEIHN aBUALTMOHHOW TEXHUKHU JIOJDKHBI pa3paboTaTh U BHEJPUTH CHCTEMY YIPaBICHUS
6€30MACHOCTHIO MONIETOB . B Me/sX peatn3amus THX TPeOOBAHMIA, a TAKKE B LEMAX CO3TAHMSA KOHKY-
PEHTOCIIOCOOHON CHUCTEMBI MOCIENPOAAKHOIO compoBoxaeHUsT AT, OCHOBaHHOW Ha COBPEMEHHBIX
KOMIBIOTepHBIX TexHonorusx, B HIIII «Aspocunay mpoBonutcs BHeapeHue «MHpopmanmonHo-
AHAJIMTUYECKOW CHUCTEMBI CONPOBOXKIACHHSI TEXHUYECKON AKCIUTyaTallMM KOMIIOHEHTOB BO3TYIIHBIX
cynoB «Aspocunay (MAC «cADPOCHUIIAY).

I'OCT P 55251-2012. Bo3ngymmnsni TpancmopT. KoHTpons aBTOMaTH3MPOBAHHBIA TEXHUYECKOTO COCTOSHHS H3ACTHN
aBHAIMOHHOW TexHUKH. VIHopMannoHHO-aHAIUTHYECKAs! CHCTEMa MOHUTOPUHTA JIETHOH TOAHOCTH BO3AYIIHBIX CYIOB.
[ons3oBaTenbckuit Momyiib «M3rotoButensy. Odmme Tpedosanus. M.: Crannaptundopm, 2013. 8 c.

VYnpasnenue Oe3onacHocThio mosnieToB. [Ipunoxenne 19 k KoHBeHIMM 0 MeXIyHapOAHOW rpakaaHCKO# aBuanuu, 1-e
3., UKAO, 2013.

VYnpasnenne 6e3onacHocThio mosieToB. [Ipunoxxenne 19 k KoHBeHIMM 0 MeXIyHapoaHOW Ipa’kAaHCKOHM aBuanuu, 2-e
m3a., UKAO, 2016.

PyxoBoncTBo no ynpasnenuto 6e3zomnacuoctslo monetoB (PYBII). Doc. 9859-AN/474, 3-e nzn. UKAO. 2018.
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Cucrema obecrieunBaeT Ha dTanax coznanust BC uHpopMamoHHy0 NOJIEPKKY cepTuuKaTa
THUIIA, IPOLEAYp cepTUPUKALNU FK3EMIUIIPa, a TAKXKe MPETOCTaBICHNE aBUAIIMOHHBIM OpraHU3aIusIM
CEPBUCHBIX YCIYT IO COMPOBOKIEHUIO MOCeaAytoen skcmtyatanun AT, a UMEHHO:

e aBTOpcKoe conpoBoxkaeHue AT B akcIuTyaranuu;

e TIOCTENPOAAKHOE 00CTyKUBaHUE (B TOM UHclie TapaHTuitHoe) AT B aKCIUTyaTaIum,

e ONTHMHU3ALMA 3aTPaT U CPOKOB TEXHUUYECKOTO OOCITYKUBAHUS U PEMOHTA, BBHIIIOJHEHUE JI0-

paboTOK U MOAEpPHH3AIINY, IPOJUICHUE pecypca AT [15, 16];

e TOJJEpPXKKa U aKTyaJu3alus IKCIUTyaTallMOHHO-TEXHUYECKON TOKyMEHTAIIUH;

e KOHTPOJIb AyTEHTUYHOCTU KOMIIOHEHTOB BC;

e 3alUTa U3rOTABJIMBAEMON MPOAYKINHU OT (pambCUPUKALINN.

B 2018 r. HIIIT «<ADPOCHUJIA» B pamkax co3aHHs KOHKYPEHTOCIIOCOOHBIM CUCTEMBI TOCIE-
MIPOJAKHOTO COMPOBOKICHHS aBUAIIMOHHBIN TeXHUKU Obl1a pazpaboTana u BHeApeHa MHpopmannon-
Ho-aHanuTHuyeckas cuctema «KADPOCHUIIA».

HNAC «ADPOCHUJIA» — COBOKYITHOCTh anmmapaTHO-IIPOTPaMMHBIX CPEICTB, aJlTOPUTMOB o0Opa-
00TKM MH(POPMAIIMOHHBIX MOTOKOB M HOPMATHUBHO-IIPABOBBIX YCIOBUI, OOECIICUNBAIOIINUX MTPUHSITHE
pemieHuit B chepe conpoBoxaeHUs Texuudeckoi skcruryatanuu AT, Cucremsl Ynpasnenus besomac-
HocThlo IToneroB, Cucremnr Kauectna.

B Hacrosiiee Bpemsi mojaBiisitoliee OOJBIIMHCTBO IKCIUTYyaTaHTOB aBUALIMOHHOW TEXHUKH U
OpTraHMu3aIfil M0 TEXHUYECKOMY OOCITYKMBAHUIO UMEIOT aBTOMATH3MUPOBAHHBIC CUCTEMBI YIIPABICHUS
TEXHOJOTMYECKUMH TMpoleccaMu JETHOM M TEXHUYECKOW SKCIUTyaTallud AaBUAIMOHHOM TEXHHUKH
(OPJIAH, OKCIUIYATAHT, TPUADA, AMACUC, AMOC, ACY TII u np.).

ACY TII mogmepuBalOT U COAEPXKAT BCIO HEOOXOJMMYIO aKTyallbHYI0 WH(OpMaIuioo st
o0ecrieyeHHs MPOLIECCOB MOCIEIPOIAXKHOTO COMPOBOXKIACHUS SKCIUTyaTalluy BO3AYIIHBIX CyIOB U MO-
I'yT OBITh MHTETPUPOBAHBI C HHPOPMAIIMOHHBIMH CHCTEMaMHU M3TOTOBUTENEH U pa3pabOTUUKOB KOM-
noneHToB BC mocpencTBoM pa3pabOTaHHBIX aBTOpaMU MHTEP(eiicoB 0OMeHa TaHHBIMHU.

ACY TII skcrutyaTaHTOB M OpraHU3aluid Mo TeXHu4YeckoMy oociyxuBanuio (TO) moryT uc-
MOJIb30BaThCs pa3paboTunkamMu U u3roroButessMu AT as obecriedeHus Mpoueayp COMPOBOXKIACHUS
AKCIUTyaTanuu KoMrnoHeHToB BC onHOpoaHON HOMEHKIATYphl. [Ipu 3TOM MosIBIsSI€TCSI BO3MOKHOCTD B
pEeXHME peaNbHOrO BpeMEHU 00eCrevYrBaTh MOHUTOPUHT MPOU3BOJACTBEHHOHN ACSITENLHOCTH OpPraHu-
3aruii mo TO AT u Texandeckoro cocrosinus nmapka BC (o 6onee 100 mapamerpam).

Kpowme Toro, cucrema obecrieynBaeT MOArOTOBKY aHATUTHYECKUAX M OTYETHBIX MAaTEPUAJIOB IS
BHYTPEHHET0 M BHEIIHETO HCMOIb30BaHus 1o Oosiee 50 BUAAM yUETHBIX M OTUETHBIX (OPM IKCILTya-
TaI[MOHHO-TEXHUYECKOU JOKYMEHTAITUH.

[IporpamMHOe oOecriedeHue, aaropuT™Mbl 00paboTkH WH(POPMAIIUK, TEXHOJIOTUHA WHTETPAINH
WH(GOPMAIIMOHHBIX CHUCTEM, a TAKXKE OpraHU3alMOHHBIE U IOPUANYECKUE TPOIEAyPhl OTPaOOTaHbI aB-
TOpaMU IIPOEKTa Ha YPOBHE COBPEMEHHBIX TPOMBIIIIEHHBIX TEXHOJIOT .

B HacTosmiee Bpems MpoBOASTCS pabOThI M0 UHTETpaiui WH(OPMALIMOHHBIX CUCTEM IKCILTya-
TAaHTOB aBUAIMOHHON TEXHUKU U u3roroureneit komnoneHToB BC pamkax MAC «ADPOCHUIIA».

HA3HAYEHHME U COAEPKAHUE MHOTO®YHKIIMOHAJBHON
WHTETPUPOBAHHOM IIJIAT®OPMbI

CDyHKI_II/IOHI/IpOBaHI/IC I/IH(I)OpMaHHOHHO—aHaHHTHqCCKOﬁ CUCTCMbI OPUCHTUPOBAHO II0 IIPEAMCT-
HBIM HallpaBJICHUAM, OIIPCACIIAIOIINM Ka4€CTBO, 6630HaCHOCTL, JICTUTUMHOCTD U KOHKprHTOCHOCO6-
HocTh. CHCTEeMa BKIIIOUAEeT B ceOs pAaa Q)YHKHHOHaJIBHLIX MOI[yanI (HO,I[CI/ICTGM)I COIIPOBOKACHUA

® JATA. Airline Maintenance Cost. Executive Commentary [Jnexrpornsiii pecype] / An Exclusive Benchmark Analysis
(FY2010 data) by IATA’s Maintenance Cost Task Force. 2019. URL: https://www.iata.org/contentassets/
bf8ca67c¢8bcd4358b3d004b0d6d0916f/metg-fy2018-report-public.pdf (mata obpamienuns 05.10.2020).
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(mocnenponaxHoro obciyxkuBanus - [1I10); ynpasnenus 6e3omacHocthio monetoB (YBII); kauecTsa;
cepTUUKALMH, IPU 3TOM CUCTEMHOE YIIpaBJIeHHE MOAYJISIMUA OCYLIECTBIISIETCS HA OCHOBE aKTyallu3H-
pOBaHHOW MH(OpPMAIUH, TOCTYMAIOMIEH U3 KOHKPETHBIX HCTOYHUKOB, 00pa0OTaHHON U ONTUMH3HPO-
BaHHOH 10 B3aUMHO-MHTEIPUPOBAHHBIM aJITOPUTMAM, KPUTEPUAM U OrpaHUUYEHUAM (puc. 1).

Hustietiieid quia BC Paspabotka | MaroToeneHue Suenayatayns | TOWP "]

$an 132 | ¢AN 285
DAN 128 | ©AN 246

, i
| TG 1 |
Mogym2 Mogyns 3 Mogyms 4 |

Honmpons ut ynpaenenue | | Nogawcrema ‘ T S DoacHoena \ -
HOUIH@HFSIM LUKIOM : 0 |
H i

t

Ceprmudutiayus ANZ1

L + -
Ynpoanesus ilafay e -7 & r -t r+ + + ;T ;+ f+ f; f» ;[ [ [uw]
U oMY UOHHBIMU AnropHTMbl obpaGoTkM MHGoRMALHK
AOMOHEMLU HUHpopMaLAoHHER cpega =
EeFonracHocme,
aepheRmuanasms Axennyatalqa AT -

Puc. 1. O6uias cxema MHOrOpyHKIIMOHAIBHOW HHTETPUPOBaHHOI raTdopmbl B pamMkax MAC
Fig. 1. The general scheme of the multi-functional integrated platform in the IAS

®YHKIIUOHAJIBHBIV MOJYJIb «IIIIO»

[TpumenutensHo k HIIT «ADPOCUIIA» (puc. 2) MHOroyHKIIMOHaIbHAsT UHTETPUPOBAHHAS
wiatpopma MOCIETPOJAKHOTO COH1p0B0)KIIeHI/ISI npeaycMaTpuBaeT MHPOPMALMOHHOE OOecrieueHHe
JUI PELIeHUs CIEAYIONIMX 3a/1ad

- obecnieyeHre (PyHKIMI aBTOPCKOTO CONPOBOXKICHMS HA 3Tanax 3KCIUTyaTallud U MPU PEMOH-
Te aBuarMoHHOM TexHuku (AT);

- COBEpIIICHCTBOBAHUE M 00ECTICUCHUE MPOLIETYP YCTAHOBJICHHS PECYPCOB U CPOKOB CITy:KObI AT;

- KOHTPOJIb ayTEHTUYHOCTH KOMMOHEHTOB BC kak mpoaykiuu pa3paObOTKH M IPOM3BOJCTBA
HIIIT «<ADPOCUIIAY;

- 3aIlIMTa U3rOTABIMBAEMON MPOIYKIUH OT panbcupuKaimm;

- ofecreyeHue IpoIeccoB rapaHTHIMHOTO OOCITYKUBAaHHS;

- IPEeJIOCTaBJICHUE JIOTIOJIHUTENILHOIO CepBUCa MPH IJIAHUPOBAHUH ITPOU3BO/ICTBA;

- MOHUTOPHHT IIOCTABOK;

- MOAJEPKKA M aKTyalu3alusl dKCIUTyaTallMOHHO-TEXHUYECKON JOKYMEHTAllUU JIs OpraHu3a-
it o TO u pemonty AT;

’ TOCT P 53393-2017 HuTerpupoBaHHas JOrHCTHYECKas mojiepxkka. OcHOBHbIe monoxkernus. M.: Craumaptuadopm,
2018. 10 c.

""TOCT P 53394-2017 UnterpupoBaHHas TOTHCTHYECKAs MOIEpKKa. TepMuHbl u onpenenenns. M.: CrannapTuapopm,
2018. 15 c.

"TOCT P 57105-2016 MuTerpupoBaHHas JOrMCTHYECKAs MIOANEPKKA. AHAIN3 TOrHCTHUECKOH mouepkkn. TpeGoBaHus
K CTPYKTYpe U cocTaBy 06a3bl faHHbIX. M.: Cranmapruadopm, 2016. 12 c.
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- OIIEHKA ayTEHTUYHOCTH KOMIIOHEHTOB BC B yCIOBHSIX DKCIUTyaTaIuy;

- MOHHTOPHUHT TEXHHYECKOTO U PeCypCHOro cocTosiHus BC, HaxXoQsImuXcst B OKCIUTy aTaIliH;
- MoHuTOpHUHT TiporieccoB TO u pemonta AT;

- morutopuHTr SPI B cucteme VBII.

NAD <HINN FAIPOCANAD

WEE
nopTaN

Paapatommrn w
WArGTOEHTENH

LiHa aampymDe OpaGoTHH WD pMauKMH

oY
MNocTta KW ABTH
CHCTEMB Bl
HaleCTHY
WUHHUW{WNBUDFEHH
CepThémraL -
— . Kopnopayws
MPOCTIPaMCMec AnOHal

Puc. 2. MHOTrOdyHKIMOHAIBHAS HHTETpHUpOBaHHas iaTdopma conposoxkaenust [1TO BC,
peanuzyemas HIIIT «cADPOCUJIA»
Fig. 2. Multi-functional integrated support platform for aircraft TOP,
implemented by NPP «<AEROSILA»

®YHKIMOHAJBHBINA MOIYJIb «CYBII»

[Tpumenurensuo k HIIT «ADPOCUJIA» dbynkumonansubiii Moaynnbs «CYBIl»y MUII npemy-
cMaTpuBaeT HHGOPMAIIMOHHOE 00ECIICUCHHE IS PELICHIS KOMIUICKCOB 3a/a4 B paMKax ' *:

1. CYBII — Pa3zpa6otka u uzrorosnenue BC (AT).

2. CYBII — Texnunueckas skcruryatanus (T9) BC.

3. CYBII — Jletnas sxcrutyaranust (JID) BC.

Monyne CYBII obecnieunBaeT HHGOPMAITMOHHYIO MOICPKKY CUCTEMBI YIIpaBJIeHUs Oe3o1ac-
HOCTH TIOJIETOB pa3pabdoTrumka u usroroputens AT, a UMeHHO:

- BCTPOCHHYIO ITPOrpaMMy ayauTa pazpadorunka/m3roroButens AT;

- cOop 1 006paboTKy rcxoaHOW MHpOpManuu 11t GOPpMUPOBAHUS PeecTpa OMACHOCTEH U pHC-
KOB 4epe3 UHTETPAIUIO C IPYTUMU HHPOPMAITMOHHBIMH CUCTEMAMU MPEAPUSTHUS;

- METOAMKY OIICHKH OINAaCHOCTEW U PUCKOB/HAMOJHEHNE 0a3bl PUCKOB U MAaTPUIIbI PUCKOB;

'2 O nopske pa3spaboTKM ¥ NPUMEHEHHS CHCTEM YIIPABICHHs GE30IACHOCTBIO MOIETOB BO3IYIIHBIX CY/IOB, @ TAKKE cOOpa
W aHajiM3a JIaHHBIX O (pakTOopax ONMAcHOCTH M PHCKA, CO3JAIOUIMX YIpo3y 0€30MacHOCTH MOJIETOB MPaKAaHCKUX BO3LYyLI-
HBIX CYJOB, XpPaHEHHS 3TUX JaHHBIX U 0OMeHa umu (BMecTe ¢ «[IpaBuinaMu pa3pabOTKH U IPUMEHEHHUS CUCTEM YITpaBJie-
HUs 0€30IaCHOCTEIO MTOJICTOB BO3AYIIHBIX CY/IOB, a TAKXKE COOpa U aHaJH3a NaHHBIX 0 (PAKTOPaX ONMACHOCTU U PUCKA, CO-
3MIAIOMIMX yrpo3y OE30MaCHOCTU IMOJIETOB TPAXKITAHCKUX BO3IYIIHBIX CYHOB, XPAaHCHUS 3TUX NAHHBIX M OOMCHa HMUY.
[Mocranoenenwue [IpaButensctBa PO ot 18.11.2014 1. Ne 1215 (pen. ot 15.03.2016).
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- popmupoBaHue MPOPUIIS PUCKA ISl OPTaHU3AINH, UX XPAaHEHUE U MOHUTOPUHT

- aBTOMAaTH3MPOBAaHHBIA pacyeT mokazareiied 3((PEKTUBHOCTU yIpaBieHHUS 0€30MaCHOCTHIO
(SPI). Aunroputmsl pacyeTa HWHTETPUPOBAHHBIX IOKa3aTened (ypOBHEH XOJIIUHI-KOPIOpalus-
MPEATNPUSTHE);

- IporpamMmy ynpasieHHs nporeccamu cosepiieHcTBoBaHuAMU CYBII oprannsanuy;

- otueThl 0 peanuzanuu 3aaad CYBIL.

B kauecTBe OCHOBHBIX M3MEPSIEMBIX TMOKa3aTesneld 6e30MacHOCTH MOJIETOB PEKOMEHIYIOTCS:

A. 1 pa3pabotunka u u3rorourens BC:

- abCONIFOTHOE KOJIMYECTBO aBHAIMOHHBIX MpouciiecTBuii (All), MHIMIEHTOB WK OTKA30B 3a
BpeMs skcrutyaTanuu BC gannoro tuna (nmapka BC maHHOTO THIA, SKCIUTyaTHPYyEMOTO B aBHAKOMIIa-
HUH);

- OTHOCHUTENIbHOE KojndecTBO All, MHIIMIEHTOB WM OTKAa30B, MPUBEACHHOE K OJIHOMY MOJIETY
(na 1 yac nonera);

b. Jlna wmsroroButens BC pexkomenayercss npumeHeHne CHCTEMBl aBTOMATU3MPOBAHHOTO
yrpasieHus: kadecTBOM «CAYK» 171st BBISIBICHHUS! 4aCTOThI MIPOSBICHHS KaXX10I0 OMMACHOTO OTKJIOHE-
HUs B miporiecce npousBoactsa BC [10].

K uncny ocnoBHbIX 3agau CYBII — «TO BC» otHOcsTCS 3anaun, pemaemble B pamkax Cucre-
MbI togaepskanus aetHor ronqHocty BC kak ocHoBbl CYBII:

- cTpyKTypa u conepkanue IIporpamm TO n peMOHTal3’l4;

- CTpYKTypa u coaepxkanue [Iporpamm Hagexnoctu AT;

- YCTaHOBJIEHUE U MOHUTOPHHT pecypcHOTo cocTosiuust AT;

- aHaJIM3 U OLIEHKA JKCIUTyaTal[MOHHOM MW PEMOHTHON TEXHOJOTHYHOCTH (JIETKOCHEMHOCTH,
KOHTPOJIETIPUTOAHOCTH, MOAYJIbHOCTH, B3aUMO3aMEHAEMOCTH, JOCTYITHOCTH);

- o0ecreueHue ypoBHs 00yUYE€HHOCTH aBUAIIMOHHOTO TIEPCOHANA;

- obecrieueHme MPOU3BOICTBEHHON U MaTepHAIbHO-TEXHUUECKOH Oa3bl.

OcuosubiMH 3agauaMu CYBII — «JID BC» saBistrorcs:

- aHaJIU3 ¥ OLIEHKA MIPUYMH aBUAIIMOHHBIX MPOUCIIECTBUN U UHIUJCHTOB;

- aHaJIM3 U OLIEHKAa Pe3yJIbTaTOB paciin(poBKU OOPTOBOI 3aNUCHIBAIOIIEH anlapaTyphl;

- CTPYKTypa U coziepkaHnue PyKkoBOJICTB 110 IPOU3BOJCTBY MOJIETOB;

- IpoBeIeHHEe PaboT MO U3MEPEHUIO0 MAaCChl U OTpe/IeICHUIO IIeHTpa Macc (1eHTpoBku) BC;

- popmuposanue [Iporpamm npoussoactea mosetoB mo «kETOPS — EDTOx;

- popmupoBanue [Iporpamm nmpou3BoAcTBa mosieToB ¢ mpumeHeHneM «MMEL» u «MELy.

®YHKIIUOHAJIBHBLIN MOJIYJIb « CHCTEMA KAYECTBA»

OcHOBHBIMU 3aiauamMu Moyl «Cructema KauecTBa» sBIsitoTes [16]:

- GopmupoBaHUE TEpPEYHs MPOIECCOB, HEOOXOAUMBIX JUISI CHUCTEMBI MEHEI)KMEHTa KadecTBa
(CMK) Opranu3zamnmu;

- 06OCHOBaHI/Ie IIOCJICAOBATCIbHOCTU U MCXAaHU3MbI BSaHMOI[efICTBHH npoueccom

- OTIpeJIeTICHUE COBOKYITHOCTH KPUTEPUEB M METOJIOB, HEOOXOAMMBIX ISl 00ECTICUEHUS PE3YIlhb-
TAaTUBHOCTH IIPU UX pealn3aluy U YIPaBICHUU,

- obecrieueHre HAIMYUS PecypcoB U mHPoOpManmu s noanepxkanust nporeccoB CMK u ux
MOHHUTOPHHTA;

- OCYIIECTBJICHHE MOHUTOPHHTA, U3MepeHus u aHamu3a 3¢ dexrnBHoCcTH nporieccoB CMK.

BTOCT 28056-89. JIOKyMEHTALMS SKCILTyaTALHOHHAS X PEMOHTHAS Ha ABUAIIMOHHYIO TEXHUKY. [[OCTpOCHHE, H3T0KEHHE,
odopmiieHre U copepKaHue MPOrpaMMbl TEXHHYECKOTo 00cyxuBanus 1 pemonTa. M.: ['occrangapr CCCP, 1990. 32 c.

"* Meronmueckue pexomengamui MP-03-001 110 0106pEHHIO IPOrpaMM TeXHHUYECKOro 00CITyKUBAHUS BO3IYIIHBIX CY/IOB,
3apErUCTPUPOBAHHBIX B TOCYAAPCTBEHHOM pEECTpE TPAXKAAHCKUX BO3LYIIHbIX cynoB Poccuiickoit denepanuu. YTB.
Havansaukom YIIJIT" BC Pocasuanuu 01.12.2014.
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®YHKIIMOHAJIBHBIA MOJIYJIb « CEPTU®UKAIUS»

Ceptudukaiius — rocyAapCTBEHHAs aKIUs, OCYIIECTBIseMas YTOJTHOMOYEHHBIM OpraHOM
(YO) rocynapcrtBa Mo yCTaHOBJIEHUIO COOTBETCTBUSI OOBEKTOB MPEABSABISAEMbIM T'OCY1apPCTBOM MHUHHU-
MaJIbHBIM TpeOOBaHMAM K HUM B oOnactu obecnieuenus bII u mo Beigaue nokymenta (Ceprudukara)
YCTaHOBJIEHHOT'O 00pa3iia, yJ0CTOBEPSIIOIIETO 3TO COOTBETCTBUE.

CepTudukanuu noJjiexar:

A. ABuWallMOHHAs TEXHMKAa KOHKPETHOTO THUIIA: BO3AYIIHbIE CyAa; mapiieBbie npuratenu BC;
BcrioMorarelnbHbie ABuratenu BC; Bo3ayiiHbie BUHTHL; KOMIOHEHTHl AT (KOMIUIEKTYIOLIUE U3/IETHs).

b. Pazpaborunku AT.

B. Iponssogutemn AT",

I. 9KcnnyaTaHTbll6.

. Opranuzaruu o TO AT,

E. Dx3emmsip BC'™.

K. Opranuszanuu no peMoHTy AT.

ATTecTauuy NOAJICKUT aBUALIMOHHBIN MEpPCOHAI

3asBUTENnEeM Ha Bblnady u nonydeHue CepTudukara TUNa Ha oOpasel] aBUAllMOHHOW TEXHUKH
KOHKPETHOI'O THMa SBISETCS IOPUIMYECKOE JIMIO, MojaBliee 3asBKy B denepaibHOEe aBTOHOMHOE
yupexaeHue «ABualoHHbI peructp Poccuiickoit denepanun» (ABuapeructp Poccnn)?'. OcHOBHOI
3aJja4yeil mpHu ATOM SIBJISIETCS] YCTAHOBJIEHUE COOTBETCTBUS aBUAIMOHHON TEXHUKHU M €€ MPOM3BOACTBA
TpeOOBaHUSM JCHCTBYIONINX aBUAIIMOHHBIX MTPABHUIL.

Ceptudukar THma — JTOKYMEHT, BblaBaeMblii Pa3paboTunKy M yIOCTOBEPSIONINI COOTBETCTBUE
YCTaHOBJICHHOM THUIOBOM KOHCTPYKIIMU KOHKPETHOTO 00pa3lia aBUallMOHHON TeXHUKH TpeboBaHusaM Cep-
tu(uKarmonHoro 6asuca. CepTUHUKAIMOHHBIA 0a3UC — JOKYMEHT, COJACp KAl TpeOOBaHUS K JICTHOM
TOTHOCTH U OXpaHe OKPY>KaloILeH cpe/ibl, MPUMEHUMBIE K JaHHOMY 00pa3Ily aBUALIMOHHONM TEXHHUKH.

CooTBeTcTBHE aBHALIMOHHOW TEXHHUKHU TpeOOBaHMUSIM cepTU(UKALMOHHOTO 0a3uca ycTaHaBIU-
BAeTCsl HA OCHOBAHUU PE3YJIbTATOB CEPTUDUKAIMOHHBIX PAaOOT: MHKCHEPHBIX aHAIU30B KOHCTPYKTOP-

19,20

"> Apuanmonnsie npasuna. Yacts 21. CepTudHUKALMs aBUAIHOHHOM TEXHUKH, OPraHU3alKi Pa3paGoTUMKOB H H3TOTOBHTE-
neil. M.: OAO «cABUAU3OAT», 2013.

'® 06 yrBepsnennn denepatbHbIX aBHAMOHHBIX TPaBHI. TpeGOBaHHS K IOPHIMUECKHM JIHIAM, HHINBUIYATbHBIM TIPE/-
TIPUHUMATEISIM, OCYIIECTBIISFOIIMM KOMMEPUYECKHE BO3IYyIIHbIE TTIEpeBO3KH. DopMa 1 IOPSAAOK BBIAAYN JOKYMEHTA, TIOA-
TBEPXKJAOIIETO COOTBETCTBHE IOPUIMUYECKUX JIML, MHAUBHAYAIbHBIX HpEANPUHUMATENEH, OCYIIECTBIAIOMNX KOMMEp-
YEeCKHE BO3/YIIHBIC IEPEBO3KH, TPeOOBaHUAM (heaepanbHbIX aBUALMOHHBIX Npasuil. [Iprka3 MuHHCTEpCTBa TpaHCIIOPTa
P® ot 13.08.2015 r. Ne 246.

706 yrBepnennn DenepatbHbIX aBUAMOHHBIX TpaBiI. TpeGOBaHHS K IOPHINUECKHM JIHIAM, HHINBUIYATbHBIM TIPE/-
NPUHUMATENSIM, OCYIIECTBIISIONIMM TEXHUYECKOe 00CIYy)KMBaHHE TPAXKNAHCKUX BO3AYIIHBIX CynoB. PopMa U mopsimok
BBIJIa4X TOKYMEHT4, MOATBEP>KAAIONIEr0 COOTBETCTBHE IOPUANUYECKUX JIUI, HHAUBUIYaJIbHBIX IpeANpHHAMATENEH, oCy-
LIECTBIISIOIINX TEXHUIECKOE 00CITy)KUBaHUE I'PaKAAHCKUX BO3AYIIHBIX CYAOB, TpeOOBAaHUSIM (ellepallbHBIX aBHAI[OH-
HbIX npasuil. [Ipuka3 Munucrepcrsa Tpancnopra PO ot 25.09.2015 r. Ne 285.

06 yrBepixnennn delepalbHBIX aBHALMOHHBIX MPABHI JK3EMIULP BO3AYIIHOrO cyaHa. TpeGOBaHMS M MpOLETyphI
ceprudukarmu. [Ipukaz Murucrepcrsa tpancmopra PO ot 16.05.2003r. Ne 132.

' 06 yrBepxaeHiy delepabHBIX ABHAMOHHBIX NPaBl. TpeGOBaHMS K WIEHAM SKHITAXa BO3IYIIHBIX CY/IOB, CIIEIHAIH-
CTaM IO TEXHHYECKOMY OOCIy’>KHBaHHIO BO3IYIIHBIX CYZOB U COTPYIHUKAM IO 0OECIEYEHUIO MOJIETOB (TIOJIETHBIM JIHC-
nerdepam) rpakaaHcKoi apuanmu. [Ipuka3z MunucrepcTa Tpancnopta PO ot 12.09.2009 1. Ne 147.

206 yreepxaennn DeaepatbHbIX aBHALHOHHBIX Tpaii. TpeGoBaHus K 00pa30BATEIbHBIM OPTaHH3AIHMAM M OPraHH3ALN-
SM, OCYILECTBIIIONINM OOyUCHUE CHENHAIUCTOB COOTBETCTBYIOLIETO YPOBHS COITIACHO IEPEYHSAM CIIEIMAINCTOB aBHaA-
UOHHOTO nepcoHasa. ®opma ¥ NOPAIOK BbIAYM JOKYMEHTa, MOJATBEPIKIAIOIIEr0 COOTBETCTBHE 00pa30BaTeNIbHBIX Op-
raHu3alyi ¥ OpraHu3alyi, OCYIIECTBISIONINX O0yUeHHE CIIEIHAINCTOB COOTBETCTBYIOIIEIO YPOBHS COTJIACHO Ieped-
HSM CIIEHAJIMCTOB aBUALIMOHHOIO MepcoHaja, TpeOoBaHusIM (eepabHbIX aBUAllMOHHBIX TpaBui. [Ipuka3 Munucrep-
ctBa TpancnopTra PO ot 29.09.2015 r. Ne 289.

' O6 u3MeHeHHH M NPU3HAHMM YTPATHBIINMH CHIy HEKOTOPHIX akToB IIpaBurenscta Poccuiickoit denepamuu. ITocta-
Hosinenue [IpaBurensctBa PO ot 28 HOos0pst 2015 1. Ne 1283.
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CKOH AOKYMCHTAllMU, paCuCTOB, MOJACIUPOBAHUS, aHAJIN3a OIbITAa SKCILTyaTallun aBHaHHOHHOﬁ TCXHU-
KU U CepTU(UKAIIMOHHBIX UCTIBITAHUM.

Ceprudukanmonssie paboThl MPOBOAATCS B COOTBETCTBHH C JACHCTBYIOIIUMH METOAAMHU OIpe-
JIeJICHUSI COOTBETCTBHS WJIM METOJIaMH, pa3paboTaHHbIMU 3asBuTeneM U (win) CepTuduKarmOHHBIMA
[EHTpaMH. YKazaHHbIE METObI MOJIekKAT OA0OPEHHIO ABHAPETUCTPOM M YKa3bIBAIOTCS B MPOTpam-
Max CepTH(UKAIMOHHBIX padoT.

Ha puc. 3 npencraBneHa MHorogyHKIMOHaNbHAsE MHTETPUPOBAHHAS IUIATPOpPMA C y4ETOM
CTEIeHU ee peaym3aiuu B pamkax MudopmarnmonHo-ananutudeckoi cuctembl HITI «Aspocuna» mo
COCTOSIHMIO Ha Havasio 2019 r.
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11K 3nExTPOHHEA NOHOMEPHER AOKYMEHTALMA ¢ ¢ MK 3AEKTPOHHAA NOHOMEDHER JOKYMEHTALMA
7 10
: M MNnatpopma i :
TIK OBnen fatktim ‘ Pospabormur, uszomosumens, TOuP K OfmeH fanHbiMA
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s .
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MPOCTPAHCTBO : E § 43 Peapomoe courhe KEC
é E. E +k3 Hapeioct
ERacHR § Mo ey
OM OAK Lnﬂoﬁm i J ®M Paspabotiuk BC

1K 3NEKTPOHHAR MIOHCMERHEA 0KYMEHTALMA MK 3nEKTPOHHAA MOHOMEPHES ADKYMEHTALHA

MK Hagexnorm MK Hagemnocts

MK OBMEH S3HHbIMM

MK DBmeH faHHbIMH

OM YnonHoMO4EHHbIA opraH

ASUGMUOHHGE BAacmb

MK 3neKTPOKHAA NOHOMEPHEA AOKYMEHTALHA

MK OBMEH AAHHEIMA

Puc. 3. Undopmanuonno-ananutrueckas cuctema HIIIT « ADPOCUJIIA»
Fig. 3. Information and analytical system NPP "AEROSILA"

3AK/IFOYEHUE

TakuMm 00Opa3oM, paccCMOTPEH HOBBIM MOAXOJ K PEIIEHUI0 HAYyYHO-IPAKTUUYECKON MpOOJIEMBI
MH(POPMALIMOHHOTO 00ECNeYeHUs U KOMILJIEKCHOTO MOCIENPOJakHOTO COMPOBOXKIEHUSI OCHOBHBIX
IIPOLECCOB KU3HEHHOTO LIMKJIA IPAaXAAHCKOr0 BO3YIIHOIO CyHA.

PackpbITo conepxaHue Hanbosee CIOKHBIX 3a]ad MO MOAAEPKaHHUIO JIETHOM TOAHOCTH, obec-
NICYEHUIO U YNPABJICHUIO O€30M1aCHOCTBIO MOJIETOB B IPAXKAAHCKOM aBrMauuu Poccun ¢ yuetoMm Hanumo-
HAJIHBIX U MEXYHAaPOAHBIX TPEOOBaHUH.
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[IpencraBiensl pekoMeHIAUUK Mo (HOpMUPOBaHHI0O MHOro()yHKIIMOHATBHON HHTETPHPOBAHHON
wiatopmbl B pamkax VHpopMalmOHHO-aHATUTUYECKOW CHCTEMBI COIPOBOXKIEHHS TEXHUYECKOM 3KC-
IUTyaTaluy BO3AYLIHBIX Cy/I0B, IEHCTBYIOIIEH B HAYyYHO-IIPOU3BOICTBEHHOM MPEIIPUATHN « A3POCHIIAY.
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MULTI-FUNCTIONAL INTEGRATED TECHNICAL SUPPORT
PLATFORM OF AIRCRAFT MAINTENANCE

Igor G. Kirpichevl, Dmitry V. Petrov’, Yury M. Chinyuchin1
"Moscow State Technical University of Civil Aviation, Moscow, Russia
’PAO "Research and Production Enterprise "Aerosila", Stupino, Russia

ABSTRACT

The article discusses the formation of complex tasks of information support processes of development, manufacturing and
subsequent mass long-term operation of new and advanced aircraft, aimed at further development of innovative approaches to
integrated cross-industry system (platform) after-sales support of technical and flight-technical operation of civil aircraft. The article
reveals the content of the main tasks focused on ensuring and managing flight safety in civil aviation of Russia and interrelated with
the recommendations and legislative requirements of Annex 19 to the ICAO Convention and the Safety Management Manual. The
most important factor in this case is to take into account the most complex requirements for the flight safety management system
associated with maintaining the airworthiness of aircraft as a mode of transport of particular risk of use. The analysis was carried
out and the General Scheme of the Multifunctional Integrated Platform was developed within the framework of the Information and
Analytical Support System for the technical operation of aircraft components in relation to the scientific and production enterprise
"Aecrosila". The developed integrated platform realized in this air enterprise and providing information support on the allocated
main functional modules is presented: the module "Safety Management System"; the module "Quality System"; the module
"Certification" on the allocated objects of certification. As a result, a common information and analytical system was built, taking
into account the degree of its implementation in the conditions of “Aerosila” air enterprise.

Key words: maintenance, aircraft, flight safety management, multi-functional integrated platform, functional modules, information
support tasks.
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COBEPHIEHCTBOBAHME AJITOPUTMA OIPEAEJIEHUSA 30H
OIIEPUPOBAHUSA JAJIBHEMAT'NCTPAJIBHBIX CAMOJIETOB

KA. KyIl'
! Canxm-Iemep6ypeckuii 2ocydapcmeennviii yHusepcumem 2paxcoanckoii aguayui,
2. Canxkm-Ilemepoype, Poccus

OmnpezeneHne 30H ONEPUPOBAHKUS OT MapIIPYTHBIX 3alIaCHBIX a3POIPOMOB JUIS JAaNbHEMArNCTPAIBHBIX CaMOJIETOB aBHAKOMITAaHUH
SIBJISICTCSI BAXKHBIM aCTIEKTOM 00€CIieueHUs: OS30MaCHOCTH MPE/ICTOSIIETO oJieTa. B oTeuecTBEHHOM U 3apy0eKHON METOANYECKON
JMTEpaType 10 IUIAHMPOBAHHIO IOJIETOB, B TOM YHCJIE B MHCTPYKTHBHOM MaTepHaje K CHCTEMaM IUIaHMPOBAaHHS MOJIETOB
OTCYTCTBYET €IMHbI 0OOCHOBAHHBIN AITOPUTM ITOCTPOCHHS 30H ONEPUPOBAHMS TAJIbHEMArHCTPAIIbHBIX CAMOJIETOB B TOM UHCIIE
n npu wucnois3oBaHnu mnpaBun EDTO-ETOPS. OrtcyrcrBre MeTOAMYECKMX MaTepHAlioB INPUBOIUT K «CBOOOIHOMY»
OTIPENICTICHIIO0 aBUAKOMITAHUSIMH 3HAYCHHUH 30H OTEPHUPOBAHMS TSI CBOMX JAIFHEMATruCTPabHBIX CaAMOJIETOB TIPH MTOCTPOCHUH
MapIIpyTOB, B YaCTHOCTH TP OIPEAEIICHUH 30H OINCPUPOBAHUS HA MApLIPYT MTHOPUPYETCS YMEHBIIICHHE MacChl camolleTa B
TIPOIIECCe CTOPAHIS TOIUTMBA. BOIBIION BOIPOC BEI3BIBACT U BEIUKICIICHHE «TICPBOHAYATIBHOI MACCHI IUTS OTIPEeICHIS 3HAYCHHUS
30HBI ONEPUpPOBaHU. B cTaThe BBIABICHBI HEHNOCTATKH CYIIECTBYIOIIETO AJTOPHTMA OIpPENeJICHHs 30HBI ONEPUpPOBAHUS Ha
OCHOBaHMHU (pyHIAMEHTAJIBHBIX METONOB OrpelesieHus 30HbI onepupoBanus. C nomomibio Microsoft Excel 2019 mpoenena
MOJIMHOMHUAJIbHAS  alNPOKCUMANst TaOJIMYHO 3aaHHOW (DYHKLIMM 3aBUCUMOCTH DaJMyca 30HBI ONEPUPOBAHMS OT Macchl
JlaIbHEeMarkcTpajJbHOro camosiera. Ha OCHOBe ompeieneHHBIX YpaBHEHWi pa3paboTaH 0ojee COBEpILCHHBIH AJITOPHTM
omnpesienienyss 30H oneprpoBanus. Ocoboe BHUMaHHE B HOBOM aJITOPUTME YJIEIEHO BBIOOPY HCXOIHOTO 3HAYEHMS 30HBI
onepupoBaHusl. PacueTsl B cTaThe BBINTOJNHEHBI [UIsi Boeing 777 kak Juisi OCHOBHOTO THIIA JAJIbHEMAaruCTPAILHOIO CaMoJIeTa,
SKCILTyaTupyromierocs: B aBuakommanusix Poccuiickoit ®@eneparmy. Pa3paboTaHHBINM anropuT™ MOBBIIAET THOKOCTH TTPOKIIA/IKH
MaplipyTa 3a CYeT YBEJHMYECHHs paJiyca 30HbI ONEPUPOBAHMS OT MapIUPYTHBIX 3allaCHBIX a’pOJPOMOB W MOXKET OBITH
HCIIOB30BaH B CHCTEMAaX TUIAHUPOBAHHUS TTOJIETOB aBUAKOMITAHHH.

KaroueBble cjioBa: 30Ha oIepHpoBaHMs, MapIIPyTHBIA 3armacHOi aspoapoM, EDTO, ETOPS, ckopocTs yxoma mpH OTKasze
neuratens OFL ckopocts yxona npu Beex padoTaromux apurareisix AEO, nanpHemaructpaibsHsiii camonet, bounr 777.

BBEJEHUE

Hauvano »skcrutyaTtanuu JanbHEMarucTpaibHBIX CaMOJIETOB 3apyOeXHOro MpPOU3BOJCTBA B
aBuakomnanusx Poccuiickoit denepanuu B 90-x rogax norpeboBaio CyNIECTBEHHOTO MIEPECMOTPa Me-
TOJOB U CPENCTB IUIaHUPOBaHMS MOdETOB [1]. OmHUM K3 BOMPOCOB, MOIEKAINIUX METOAUYECKOMY
pa3bsICHEHHIO, OBLT BOMIPOC OmpeaeneHus 30HbI onepupoBanus (30) garbHEMarucTpalbHOTO caMoJieTa
(AMC) mipu nmonete ¢ ucnoas3oBanreM npasuwi ETOPS w/mwmm EDTO (¢ 2012 roga). B HopMaTUBHBIX
JIOKyMEHTax JUJIsl TUIAHUPOBAHMUS TOJIETOB MPUBEICHBI BBIPAXKEHUS THUIIA: «Ka)KJash TOYKA MapuipyTa
JOJKHA TpoJsieraTh He Jajee X MUHYT IoJieTa B IUTHIIEBBIX YCIOBUSX CTaHAApTHONH aTMocdepbl OT
TOJXO/IAIIEr0 MapIIPYTHOTO 3aacHOro aspoapoMay . [IOHATHO, YTO Ha KapTe HIIM B CHCTEME ILIa-
HUPOBAHUS MPH MPOKIJIAIKE MaplIpyTa HE MOCTPOUTH «BPEMS» OT BHIOPAHHOIO MapLIPYTHOTO 3amac-
Horo aspoapoma (M3A), 1, 0O4EBHUHO, YTO HEOOXOAUMO «IIPeoOpa30BaThy BPEMs B €IUHHIIBI PACCTO-
stHus — Mopckue Muiu Nautical Mile (NM).

Jns mepeBoja BpeMEHHM B €QUHUIIBI PACCTOSIHUS 3KCIUTYaTaHThl MCMOJB3YIOT CIELHUATIbHbBIC
TaOMIBI, IpeaocTaBisieMbie ponsBoautenieM JIMC, rae ykazansl paguyckl 30, COOTBETCTBYIOIIEE,
Hanpumep, Boeing nmyOnukyet g kaxnaoro tuna JIMC oTaenbHOe pyKOBOJACTBO IO IJIAHUPOBAHUIO
moJieToB U JieTHbIM xapaktepuctukam Flight Planning and Performance Manual (FPPM). B pykoBon-

! [Ipunoxenue 6. DxcmayaTanus Bo3IymHbIX cya0B. YacTs [. MexayHapoaHbIf KOMMEpUYECKHH BO3MYIIHBINA TPAHCHIOPT.
Camonertsl. 10-e n3a. Monpeans: UKAO, urons 2016.

? MesepanbHble aBUALMOHHbIE NpaBuia «[I0Ar0TOBKA U BHIIOIHEHHE MOJIETOB B IPaIaHCKoil aBuamuy Poccuiickoii Me-
Jaepauuny, yTB. Ilpukaszom Muntpanca PO ot 31 urons 2009 r. Ne 128.
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CTBC COACPIKATCA Ta6JII/II_IBI COOTBETCTBUS 3HAUECHUU BPCMCHHU U CAUHHIL PACCTOSHUA — 30HA OIICPHUPO-
Banus Area of Operation. Dkcrutyatant BeiOupaeT 3HadeHue paauyca 30 s cBoux tunos JJMC u
nyOJIMKYET €ro B CBOEM PYyKOBOJCTBE IO MPOU3BO/ICTBY TOJIETOB, HAIIPUMEDP, Y MHOTHX aBUaKOMIaHUN
Poccutiickoit @eneparuu npecTaBieHa TaduIa cieayromniero Tuna (tadm. 1).

Taoauna 1
Table 1
Paauycei 308 onepupoBanusg JJMC aBuakomnanuun Y
Radius of long-range aircraft (LRA) operation areas for Airline Y
Ton JIMC Bpewms yxona Ha M3A
60 MUHYT 180 MunyT
Tun 1 — 2xX-naBUraTeaIbHBIN 444 NM 1306 NM
Tum 2 — 4x-aBUraTenbHbIH - 1500 NM
Tun 3 — 2xX-aBUTaTeIbHBIN 431 NM 1272 NM

VYkazanHsble B Ta0a. 1 pUKCUpOBaHHbBIE 3HAUEHUS, BEIOPAHHBIE 3KCILTyaTaHTOM, 3aKJa/(bIBAlOT-
Cs B CUCTEMY IJITAaHUPOBAHUS IOJIETOB U MCHONB3YIOTCS Juisl moctpoenus mapuipytos JIMC. Kpome
TOro, yKa3aHHble 3HaueHHs paauycoB 30 JIMC oTknanpiBaroTcs OT XxapakTepHblx M3A Ha kaprax
npoKIagKi MapipyToB Plotting Chart’, BeITycKaeMBIX M0 3aKa3y SKCILTyaTaHTa.

Hcnonb3oBanue GUKCUPOBAHHBIX 3Ha4eHUH paguycoB 30, OoNpereeHHOro METOJIOM «CBOOO/I-
HOTO BBIOOpa» 3Ha4YeHUs u3 Tabmuiel FPPM, uMeeT psii cylecTBeHHBIX METOJMUECKUX HEOCTATKOB,
CBA3aHHBIX C y4yeToM yMeHbleHus maccel JJMC B mosere, BbI3BaHHBIM CropaHueM Torusa. Heno-
cTtaTku OyayT ycTpaHeHsl ¢ nomoinbio Microsoft Excel 2019 u nmonmmHoMuanbHOM anmpoKCUMAaIuu
TabJIMYHO 3a1aHHON (hyHKIMHU 3aBrcuMocTH paguyca 30 ot maccel JIMC, Ha OCHOBE pe3yJIbTaToOB KO-
TOpOI1 pa3paboTaH yCOBEPILIEHCTBOBAHHBIN aJlrOpUTM onpenenerus 30.

OINIPEJAEJIEHUE 3ABUCHUMOCTHU PAINYCA 30HbI OITIEPUPOBAHUSA OT MACCBI
JAJIBHEMAT'UCTPAJIBHOI'O CAMOJIETA

Omnpenenenne paauyca 30 MPOU3BOAUTCS MyTEM pacdeTa pacCTOSHUS, KOTOPOE MPOJETHT
JAMC npu BO3HUKHOBEHHH OJIHOTO U3 JABYX KPUTHUECKUX CIICHAPUEB: OTKA3a ABUTATENS JJIS ABYX/IBH-
rarenbHBIX [IMC u pasrepmeruzanuu s JIMC ¢ xonudecTBOM JaBurateneil Oosee IBYX, ClieoBa-
TEJBHO, NpubopHble CKOPOCTH yxona obo3Havarorcs kak One-Engine Inoperative Speed (OEI) mus
neyxasurarensHbeix JIMC u All-Engine Operative Speed (AEO) nyst JIMC ¢ xonudecTBOM ABUTATENEi
6onee nByx [2]. Beibop ontumansuoit OEI mns neyxasuratensHoro JIMC riaBHbIM 00pa3oM 3aBUCUT
oT (pakTopa HANIWYMS MPENATCTBUH (penbeda) BAOIb BO3MOXKHBIX TpaeKkTopuii yxomga Ha M3A. Kax-
noit OEI cooTBeTcTBYET 3aaHHas (ONTHMalbHas) BbICOTa yxoaa Ha M3A, koTopast OyJieT TeM BbILIE,
yem MeHnblie OEIL. Omnpenenuts onTuManbHble BHICOTHI MpH noadope OEI MOXXHO ¢ TOMOIIbIO HOMO-
rpamm st Kaxaoit OEI B FPPM*.

N3 nomorpamm FPPM BuaHO, yTO OnNTHMalnbHas BbICOTA MOJIETA 3aBUCUT He TOosbKO 0T OEI, HO
M OT MacChl CaMoJIeTa B TOYKE OTKa3a JBUTATENsI — Havaja CHKeHus st yxona Ha M3A ¢ OEIL Jlo-
THYHO 3aMETUTh, YTO 4eM OOoJbllie Macca, TEM MEHbIIE OyJIeT onThMalbHas BHICOTA yXOJa MPHU BbI-

3 Jeppesen Plotting Charts [Dnextponssiii pecypc]. URL: http://ww1 jeppesen.com/documents/support/aviation/ document
ation/plotting-charts-2010.pdf (gara oopamenus 12.10.2020).

* Boeing 777-300ER Flight Planning and Performance Manual: Flight Operations Engineering Boeing Commercial Air-
plane Group, Seattle, Washington, USA, Document Number: D632W003-WY 110, Revision Number: 00, Revision Date:
30 March, 2012.
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nepkuBanuu 3ananHoil OEl a, cienoBarenbHO, caMOJIET MPOJIETUT MEHBIIIEE PACCTOSIHUE MPU TOH XKe
npubopHoit OEI, Tak kKak UCTUHHAS CKOPOCTh Ha MEHBIIEH BhICOTE Oy/IeT MEHbIIIE, a 3HAYUT PAINyC
30 Oyzer Goinpire. OmycTUM caM BONPOC TepecueTa BPEMEHU YXOAa B €IUHHIIBI PACCTOSIHUS B IITH-
JIEBBIX YCJOBMSIX, TaK KaK BO3MOKHBI pa3Hble METOJIbI, OJIMH U3 KOTOPBIX MPEIJIOKEH B cTaThe [3],
paccmotpum rotoBbie Tabmuuel ETOPS Area of Operation u3 FPPM Boeing 777-300ER (taGm. 2).
Ha GonpmmHcTBE MapuipyToB MUHMMalIbHAsE O6e3omacHas Beicora GRID MORA B 30 mo3BosieT uc-
MOJIb30BaTh MAaKCUMaJIBbHYIO cKopocTh yxoaa Ha M3A. Jlns Boeing 777-300ER skcruryaTaHThl 0OBIYHO
BbIOMparoT MakcuManbHyto OEI M0.84/320 KIAS. Beibepem ¢dparmeHT Tabmuiel 1isi Hauboiee xa-
paKkTEepHbIX 3HaUeHUI BpeMeH yxoaa Ha M3A — 60, 90, 120 u 180 MunyT.

Tadauua 2
Table 2
Pauyce! 308 onepuposanns ETOPS Boeing 777-300ER Ha ckopocti M0.84/320 KIAS B NM’
ETOPS Area of Operation radius Boeing 777-300ER on M0.84/320 KIAS speed in NM’

Macca B TOUKe OTKa- Bpems yxona va M3A (MUHYTHI)

3a mBUTaTeNs (TOH-

HEI) 60 90 120 180

360 425 632 839 1252

340 433 643 853 1273

320 439 652 865 1291

300 444 659 875 1306

280 450 668 885 1321

260 456 677 897 1339

240 462 686 910 1358

220 467 694 922 1376

200 472 702 933 1393

180 475 708 940 1405

160 477 712 946 1414
W3meHnenune paguyca

® o 52 80 107 162

Ha ocHoBanuu maHHbBIX TaOnuibl ¢ ucnonb3oBanueMm Microsoft Excel 2019 onpenennm 3aBu-
cumoctu paauyca 30 R ot maccel JIMC B Touke oTka3za asurareins m (puc. 1).

Bosmosknoctu Microsoft Excel 2019 no3BossioT aBTOMaTHUECKH MPOU3BECTH alIIPOKCHMALIUIO
TaOJIMYHBIX JAaHHBIX C BBIYUCIEHHEM ypaBHeHHs. Hambosee TOUHO omMchIBaeT yKa3aHHbIE rpaduku
MIOJIMHOM BTOPOM CTENEeHH, ypaBHEeHUs! R=f(m) npuseneHsl Ha puc. 1. CteneHb JOCTOBEPHOCTH TaKOH
arnmnpoKCUMalMK JOCTaTOYHO BbIicoKas: 60 munyT — 0,9978; 90 munyt — 0,9983; 120 munyt — 0,9974;
180 munyT — 0,9978. OT™METHM, UTO U3MEHEHHE paanyca 30 MpU U3MEHEHUU MacChl OT MMHUMAaJIbHOU
JI0 MaKCHUMaJIbHOM MOXKET cocTaBysATh OT 52 NM npu 60 munytax u 162 NM npu 180 munyTax, a ot1-
CIOZIa CIIEYET, YTO YeM BhbIlIe BpeMst yxona Ha M3A, Tem Gonbiie n3mMeHnenue paguyca 30.

> Boeing 777-300ER Flight Planning and Performance Manual: Flight Operations Engineering Boeing Commercial Air-
plane Group, Seattle, Washington, USA, Document Number: D632W003-WY 110, Revision Number: 00, Revision Date:
30 March, 2012.
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Puc. 1. I'papuxu 3aBucumoctu paguyca 30 ot maccel JJMC B Touke 0TKa3a ABUTATEIA
Fig. 1. Graphs of the Area of Operation radius dependence on the LRA mass at the point of engine failure

[Tonmyuennsle ypaBHeHus u rpaduxu aias Boeing 777-300ER omy0iarkoBaHbl BiepBbie U OYayT
UCTIONIb30BaHbl Janee s onpeneneHus paanyca 30 B HOBOM alrOpUTMe. AHaJOrMYHbIE YpaBHEHUS
MOTYT ObITh BbIuuCIeHbI U Ut qpyrux 3Hayenuit OEI unmu AEO, Bpemen yxona, a Taxoke Tunos JJMC.

PA3BPABOTKA AJI'OPUTMA OIIPEJAEJIEHUA PAIUYCOB 30H OIIEPUPOBAHMUSA
JAJIBHEMAT'UCTPAJIBHBIX CAMOJIETOB

Anroputm omnpeaenenus 30 JIMC sBisieTcst 4acThio 60Jiee KPYIMHOTO alrOpUTMa IIAHUPO-
BAaHUS MOJIETOB, KyJla BXOJAST allTOPUTMBI TOCTPOCHUSI MaplIpyTa B BO3yIIHOM npoctpancTee OB/
1 BeIOOpa M3A. ANTOpUTM TUTAHUPOBAHUS MOJETOB (DOPMAIU30BAH B CHCTEMaX TUIAHUPOBAHUS T10-
JIETOB, HMCIIOIb3YEMbIX aBHAKOMIAHUSIMU Takux, kKak Sabre, Jeppesen JetPlanner Pro, SITA w/unm
npyrux. IlepBUYHBIM SBISIETCSI aITOPUTM MOCTPOCHHSI MapIIpyTa B CTPYKTYpE BO3IYIIHOIO IPO-
cTpaHcTBa [4], 3aTeM cieayeT anroputM noxdopa M3A, KOTOpPbI B TaHHBI MOMEHT COBMEIIEH C
onpeaenenueM 30 JIMC [5]. AnropuT™M IUKIWYEH W €CJIM, HAaIPUMEP, HEBO3MOXHO IMOI00paTh
M3A ¢ yxka3anueiM ceptuduuupoBanabM aias IMC paauycom 30, TO OH M3MEHSET MapuIpyT B
CTPYKTYyp€E BO3yLIIHOIr0 NMpocTpaHcTBa [6]. M3 c10KHOTO anropuT™Ma MiIaHUPOBAHUS MOJIETOB B KOM-

NBIOTEPHON CHCTEME BBIICTUM AITOPUTM ompenesneHus Beioopa M3A u ompeneneHUus-moCTpOSHUsS
30 IMC (puc. 2).

Bridop M3A Hocrpoenne puKCHPOBAHHBIX Ouenka HPOJI0KeHHOTO MAPIIPYTa
*Anzopumv gerbopa M3A aersenca 30 Hl\l(', onpeaeJeHHbIX B HA NpEIMeT NPOXOATEHHS Yepes
UHNIEATERNIYATLHOI COBCMEERHOCIIbIO ) ’
PaspabomyiKos cucmeM NAaHUpoGans PIIII (up. Tadn. 1), ot 30 or BLIOpanHEIXx M3A
JetPlanner, SITA, Sabre u op. lelﬁpalllll.lx M3A *ITo anzopuman: clicmes mMIaHUPOGaHUA

Puc. 2. CymectByromuii anroput™ onpenenenus 30 IMC
Fig. 2. Existing algorithm for determining AO of LRA
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B nenocratkax cymectBytomero aaroputma onpeaeienus 30 JIMC Henb3s 0OBUHATH pa3pa-
OOTYMKOB CHCTEM IUIAHUPOBAHUS WM aBUAKOMIIAHWM, BEIb OHHU BBIHYKJIEHBI PYKOBOJICTBOBATHCS
HOPMAaTHUBHBIMU JOKyMeHTamH, Takumu, Kak Boeing ETOPS Guide u HOBBEIM ICAO Doc 10085 «Py-
koBozcTBO 10 EDTO». B Boeing ETOPS Guide® npsimo yka3aro, 4T0 HE06XOAMMO Opath HAHGOIb-
muii noJeTHeIi Bec (B mpumepe 280 ToHH) Ha yuacTke paauyca ETOPS ot 60 munyt. Kakum oGpazom
BBIYMCIISIETCS] TAHHBIA BEC HE CKA3aHO, YTO M IPHUBOJMUT K HEMOHMMAaHUIO SKCIUIyaTaHTAMHU, KAKYHO
maccy ans onpeznenenus paauyca 30 IMC Boibupats. OueBUIHO, YTO B KaXIOM IIOJIETE JaXe pac-
YyeTHas B3JIETHas Macca, o0o3Havyaemas B cucTeMmax IuiaHupoBaHusi kak Estimated Take-off Weight
(ETOW), Gyner pasHas, Tak KaK 3ampaBKa M KOMMepuecKas 3arpy3ka passie. «Cexuiiy Doc 10085
TAaKX€ HE JAaeT HUKAKUX pa3bsCHEHUH 1o onpeaenenuto maccel JIMC s pacuera 30, uib CKa3aHo,
YTO HEOOXOJMMO PYKOBOJICTBOBAThCS SKCIUTyaTaunoOHHOW nokymeHtauueit JIMC. Ilomydaercs, 4Tto
[JIABHBIM HEIOCTAaTKOM CYIIECTBYIOLIETO aIrOPUTMa SIBISETCA OTCYTCTBUE yU€Ta YBEIMUCHHUS panyca
30 BcnenctBue udMeHeHus: Macchl JIMC, 4To mokazaHo BBIIIIE.

OCHOBOI HOBOTO aJTOpPHUTMA SIBJSIETCS BhIUMCIICHHE pacdeTHOM Macchl JIMC B Hambonee yna-
JICHHOHM TOYKe OT Kaxaoro M3A, To ecTh Macchl B Hanboliee yAajleHHOW TOYKE BO3MOXKHOTO OTKa3a
JIBATATENs, KOTOpask UCHOb3yeTcs s pacueTa paguyca 30. B ¢BsA3M ¢ HeTOCTaTKaMH CYLIECTBYIOIIETO
aJIrOpUTMa IepBasl 3a7a4ya, KOTopasi MOAJIEKUT PELICHUIO SIBJISIETCS ONpPEAEICHUE IEPBOHAYATIBHOIO pa-
nuyca 30, a 3HaYUT onpeesiCHUs IEPBOHAYAIIBHON MacChl B KpUTHUECKOW Touke. B OonbIMHCTBE CiTy-
yaeB B KayecTBe nepBoro M3A BbIOMpaeTcst a3poipoM BbUIETA, YTO 0OYCIIOBICHO KaK MPUUYMHAMHU €r0
npurogHocTH 1o MeteoycinoBusM 1 NOTAM, Tak v 0 HAIMYHUIO CPEJCTB OOCITY KMBAHMSI W/WIH TIPE]I-
CTaBUTENCTBA ABUAKOMIIAHUH, ITOITOMY LIEJIECOO0PA3HO ONpPENEeIUTh MAcCy JJIsl pacueTa MepBOHAYAb-
Horo paauyca 30 Kak pa3HUIYy MEXIy pacueTHou B3ieTHOW macchl ETOW u pacueTHo# n3pacxo10BaH-
HOHM MaccChl TOIUIMBA 32 cepTUHLMpPOBaHHOE BpeMs yxoaa Ha M3A — AQ. Ero nierko BBIYUCIUTH IO HO-
Morpammam u tadsmiam FCOM u FPPM® wn HETMOCPEICTBEHHO B CHCTEME TUIAHUPOBAHUS TOJIETOB.

Macca asnst onpeneneHus neppoHadaibHoro paanyca 30 Mgg Beruucisiercs o gopmyne (1):

MR():ETOW—AQ. (1)

[To Beruucnennoit u3 popmynsl (1) Maccel Mgy ¢ UCTIONB30BaHUEM MPE/ICTABICHHBIX BBIIIE
TabuI uiau GopmyIt onpeaernsieTcs nepBoHadanbHbId paguyc 30. 3aTeM ¢ UCIOJIB30BAHUEM CHUCTEMBI
IJIAHUPOBAHUS B TOPU30HTAIBHOU MIOCKOCTU OCYIIECTBIISIETCS MOCTpoeHrue 30 ¢ MOCTOSHHBIM Mep-
BOHAYaJIBHBIM paanycoM Ry ot BeiOpanHbIx M3A [7]. C moMOIIb0 CHCTEMBI TIJIAHUPOBAHUS TOJIETOB
onpeaenuM Touku Beixoaa u3 30 M3A (puc. 3). O603HaunM ux kak kputuueckue Touku Critical Point
(CP,KT) u ormetum, uto onpenenenue KT Gomnee menecoodbpazHo mpu nmocrpoennn Mapiipyrta JJMC,
ueM ompejeneHue paBHOyaneHHbIX Touek Equal Time Point (ETP)™, Tak kak (akTuaeckoe momoxe-
Hue ETP Oyzaer oTiiMYHO OT pacyeTHOTro ISl IITHUJIEBBIX YCIOBUW TOJIOKEHUS, a TAKXKE MO JIPYTUM
MpPUYKHAM, CBSI3aHHBIM ¢ Oe3omacHocThio oneta JJMC [8].

CucreMa MIaHUpOBaHUA MoOJETOB onpeaensier He Tonbko KT, Ho u pacuetHsie maccsl JIMC B
TAHHBIX TOYKaX MRgg, MR1, ..., MRy, KOTOpBIE B JaJIbHEUIIIEM Oy €M HUCIIOIb30BATh JUIS paciyeTa HOBBIX
paauycoB 30. Camu KT, maccel B KT, a Takke paccuruTaHHBIE IO HOBBIM MaccaM paJinyChl peKOMEH-
nyercs myOimkoBath B pabouem miuane mosera Operational Flight Plan (OFP, ta6x. 3). YTounum, uto
00b14HO myOsnkyercs He macca JIMC, a pacueTHbIi OCTaTOK TOIJIMBA Ha OOpTY.

ETOPS Guide Volume III «Operational Guidelines and Methods»: Flight Operations Engineering Boeing Commercial
Airplane Group, Seattle, Washington, USA, rev. 2, 6 March, 2009. P. 4.33.

Doc 10085. PykoBoACTBO 10 MPOU3BOCTBY IOJIETOB C YBEJIIMYEHHBIM BpEMEHEM yxoJ1a Ha 3amacHoil aspoapom (EDTO).
Mounpeans: UKAO, 1-e uzna., 2017. C. 3-2. IlepeBo BpemeHH yxoaa Ha M3A B eMHUIIBI PaCCTOSHUS.

Boeing 777-300ER Flight Planning and Performance Manual: Flight Operations Engineering Boeing Commercial. Air-
plane Group, Seattle, Washington, USA, Document Number: D632W003-WY 110, Revision Number: 00, Revision Date:
30 March, 2012.
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Puc. 3. Ilepssiii oTan nocrpoenus 30 u onpenenenue KT
Fig. 3. First Stage of AO building and CP determining

Taoauna 3
Table 3
[Tpumep dpparmenta OFP c onpenenennem KT u paguycos 30
Example of an OFP fragment with the determination of CP and AO radius
OcraTox TOIINBA, Panuyce 30
IIyHkT MapiipyTa Mapupyt OB/I Du1enoH moiaeTa T Area of Operation
L1717 KERIS 1A CLB 62 043
OLBID R496 FL350 51354
ABELO T631 FL350 49066
Radius 1346 NM
CP EA ULLI A920 FL350 45523 ETOPS 180
LASAD A91 FL390 26 204
TEPOD B451 FL390 20403
Radius 1370 NM
CP EA UIBB B451 FL390 15250 ETOPS 180

Komnonka 5 Tabn. 3 ¢ ykazanuem pagaumycoB 30 MOXKET ObITh OMyOJMKOBaHA KaK CTPOKOH IO
CP EA ULLI (MKAO-koq M3A), Tak u B mo6om apyrom mecte OFP, 3T0 3aBHCHUT OT CHCTEMBI IjIa-
HUPOBaHUA. BTOPBIM 3TaroM HEOOXOIMMO MOCTPOUTH HOBEIE pamuychl 30 or M3A u ybenutbes, 4To
BHOBb ITOCTpoeHHbIe 30 MOKPBIBAIOT MAPIIPYT (pHC. 4).

2
%
%
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Ryi34.27 Rypzaa

Wi
o

M3A4-2
®

Ilepecuem KT u mace
ne mpedyemcs!

KT M3A4-1

KT apoopona’

anLirema

R, >Ry

Aapodpom
esLiiema

Aspodpom
Haznavenus

Puc. 4. Bropoii atam — moctpoerne 30 ¢ HOBBIMHU 3HAYCHUSIMH PAJHyCOB
Fig. 4. The second stage — building AO with new radii values
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MOXHO OTMETHTB, UTO MOJyUYEHHbIE MpU nocTpoeHnn HOoBeIX 30 KT cMmecTsTcs u3-3a u3MeHe-
Hus paguycoB 30, a 3HauuT u mMaccel JJMC B HUX OyayT ApyrHe, CleoBaTEILHO MOXKHO MPOBECTH
€11l€ HECKOJIBKO MTepaluil o yBenuueHuto paanyca 30, 0IHAKO 3TO HE PEKOMEHIyeTCs J1eNaTh 10 psi-
Iy IPUYUH.

1. o6aBouynoe yBenuueHue paauyca 30 3a c4eT KaKI0W UTepaliy KpaifHe HEBEITUKO U OyeT
B OonbIIMHCTBE ciaydaeB He Oosiee 1 NM u3 pacdera usmeHeHus pagauyca 1 NM Ha TOHHY Macchl, 4TO
BuAHO U3 Tab. 2. Kpome Toro, m3amenenus paguyca 30 He KOCHYTCS a3poJipoMa BbUIETa, BBIOPAaHHOTO
B KauecTBe nepBoro M3A.

2. Jlonycku, ycraHosieHHbIe [Ipunoxennem 6 MKAO’ Ha paGoTy KpUTHUECKH BaXHBIX CHCTEM
EDTO, coctaBnstor 15 MUHYT, 4TO B €IMHUIIAX PACCTOSHUS HA TOPSAKK Oosbiie 1 NM.

3. Pa3paboTaHHBIN aNTOPUTM JOKEH OBITH MOHSITHBIM HE TOJBKO KOMIIBIOTEPY, I KOTO-
pPOTO KOJIMYECTBO MTEpaIuil Oe3pa3IMyHO, HO JIETHOMY U IMOJETHO-IAUCIETYEPCKOMY COCTaBY, KO-
TOpBIN OyleT BBIONHATH U 00cmyxuBaTh nosier JMC. Hanpumep, npu nmyOaukanuu HavadbHBIX
KT B OFP, ans skunaxka OyzieT MOHATHO, KaKUe 3HAYEHUS] MAaCcC MCIOIB30BAJIUCh ISl pacyeTa pa-
nuycos 30.

Omnpenenennsie 30 u KT, Mo KOTOpBIM MPOU3BOAMIOCH BEIYMCIICHUE PEKOMEHIYETCSI 0TOOpa-
3UTh Ha MOJIETHOU KAapTe B AJEKTPOHHBIX MOJETHHIX IUIAHIIETaX MUJIOTOB M HA SKpPAaHE HABUTALMOH-
HbIX auctieeB. Oroopakenue KT, BkimtoueHHBIX B (paitn mapripyra OOpTOBOrO KOMIIBIOTEpA, Ha
HABHUTAIMOHHBIX TUCIUIESX HE UMEET CIIOKHOCTEW M MOXKET OBITh BHITIOJIHEHO aBTOMATHYECKH MPU
3arpyske mapmpyta o ACARS B ortnuuue ot oroopakenus 30 [9]. [TmnorakHO-HABUTAITMOHHBIE
KOMILJIEKCHl OOJIBIIMHCTBA JKCIUTyaTupyembix JIMC, Kak W 3JIEKTPOHHBIC IUIAHIIETHI MHJIOTOB HE
UMEIOT BO3MOXHOCTH aBTOMaTH4ecKoro oToOpaxkenus 30, HO MOXKHO ATO OCYIIECTBUTH BPYUHYIO.
Ha camonerax Boeing 310 BbImomHsercss Ha crpanune FIX GopToBOro KomMmbloTepa: BBOJIUTCS
HNKAO-kox M3A u panuyc 30, uro orob6paxkaeT 30 Ha HABUTAITMOHHOM JIUCILICE 3€JICHBIMH JIMHUS -
mu. Orobpaxenue 30 or M3A Ha HaBUTallMOHHOM MAMCIUIEE MOBBIIIACT MHPOPMAIMOHHYIO TMOJ-
JIEPKKY SKHUTaXa MPU MPUHATHU penieHus o0 yxoxe Ha M3A, B wactHocTtH mpu mosiete EDTO-
ETOPS, uto kpaitHe Ba)HO 7151 TOBBIIIEHUSI 0€30MACHOCTH TOJIETOB I[MC7.

4. Urepaunonnsii nepepacuer mnonoxenuss KT, macc u paguycoB 30 HeompaBaaHHO
YCIOXKHSCT AITOPUTM IpU HeoOxoammocTu Beibopa meHbmie OEI u3-3a Hanu4us npemnsiTCTBUU.
DT0 00yCIIOBJICHO TE€M, UTO BBICOTA CHMIKEHHUSI Ha OJJHOM OTKa3zapmieMm asurartene Driftdown Alti-
tude 6yner tem Gonbme, yeM Mmenbinie OEL. Hanpumep, npu OEI 320 KIAS ona cocraBusier or
8000 mo 21800 ft, a mpu OEI 260 KIAS ot 9800 mo 29600 ft B 3aBUCHUMOCTH OT MacChl U TEMIIe-
patyps'’. B mo6owm c1yuae pacuernas Driftdown Altitude ne gomxna 661Th Huke GRID MORA.

JlonoytHUM pa3pabOTaHHBIN aJTOPUTM BOXKHBIMH JeTalsaMH: panuyc 30 3aBUCHT HE TOJIBKO
oT Macchl, HO u oT BeiOpanHoit OEI/AEQ. PacueTr mepBoHavanbHOro paauyca 30 peKoMeHayeTcs
npou3BoauTh mpu MakcumanbHoi OEI, momymennoir mnpowusBogutenem JIMC (mns Boeing
777-300ER M0.84/320 KIAS), naxe ecnu B 30 aspoapoma BbIJIETa UMEIOTCS IPEMATCTBUSA, TPEOy-
tomue ymeHsmuTh OEIL. IlepBonavanpHsbiil pacuetr u nmocrpoenue 30 no makcumanbHoi OEI Heo0-
XOJMM TI0 TOM MpUYUHE, YTO Ha 3€MHOM Il1ape B npuHIune Het MmapipytoB JIMC (6oxee 3000 NM)
Ha KOTOPBIX B Oosiee, ueM ABYyX 30 or M3A umerorcs npenarcTBus, Tpeoytonue ymeHbinenus OEL
OuyeBuHO, YTO TIPH MOJIETE, HAMIPUMED, HAJ OKEaHOM IienecooOpa3Ho Oparh MakcumanbHyro OEI
nmst pacuera 30.

! [Ipunoxenue 6. DxcmayaTanus Bo3IymHbIX cyaoB. YacTs [. MexayHapoHbIf KOMMEpUYECKH BO3MYIIHBINA TPAHCHIOPT.
Camornertsl. 10-e uzn. Monpeans: UKAO, utonb 2016.

' Boeing 777-300ER Flight Planning and Performance Manual: Flight Operations Engineering Boeing Commercial Air-
plane Group, Seattle, Washington, USA, Document Number: D632W003-WY 110, Revision Number: 00, Revision Date:
30 March, 2012.
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Yare Bcero MMeeT MecTo OBbITh CUTYalusl HATMUUs NpensaTcTBUN B oHOH 13 30 1o MapupyTy.
Hampumep, npu nonete yepe3 CeBepHyto ATIaHTHKY npu BeIOope M3A Ha Teppurtopun [ pennanaun

(puc. 5).

R,‘!il—} < R,\Ii!—}'
Cumcenue OLI
u3-3a npengmcmeni!

M3A-2

Ri > R\!:‘4-J’

My,
Aapoopom
ebliema

Aapodpom
Ha3Ha4eHus

Puc. 5. Boruncnenue ymeHblIeHHBIX paanycoB 30 Mpu HaIMYUK OPENSTCTBUN
Fig. 5. Calculating reduced areas of operation radii in the presence of obstacles

B Ttakom ciyuae cnexyet npousBectu pacueT KT nmo makcumanbHOU Macce, a 3ateMm, B 30 OT
M3A, rzie uMeroTCs MPEensITCTBHUS pacdyeT paauyca npoussectu 1no ymenbiienHoi OEl. Otobpaxenue
yMeHbieHHON 30 KpaifHe Ba)XHO JJIS DKHUIIaXka, TaKk Kak OH OyJeT OCyIIeCTBIATh yxoa Ha M3A Ha
camwkenHoit OEI, Bbiiep:kuBas HEOOXOIUMBIH 3amac BHICOTHI HAJ HpeHHTCTBI/IHMI/I“

B Teopuu u mpakTuke moseTHoO-gucneTdepckoro oocmyxuBanus JJMC MOXET CIIOKHUTHCS Cie-
IYIOIIasi CHTyallysl: CUCTeMa IUIAHUPOBAHUS MTOJIETOB M/WIIN TOJICTHBIM TUCTIETYEP, KAK ONEepaTop JIaH-
HOH cucTeMbl 0OHapYyXHT, 4To (ukcupoBanHbie 30 (Tabm. 1) or BeIOpaHHBIX M3A HE MOKPHIBAIOT
MapuipyT, CI€JOBaTEIbHO MJIaHUPOBATh Takue M3A Henb3sl U CyHIECTBYET TPU BapHaHTa pPEHICHUS
JTAHHOM TIPOOJIEMBI.

1. ITog6op apyrux M3A — He Bcerzia BO3MOXKHO.

2. 3MeHeHue uin yAuHEHNE MapIIpyTa — 3KOHOMUYECKH HE BBITO/IHO.

3. YBenuueHue cepTuGUIMPOBAHHOTO BpeMeHH! yxo1a Ha M3A — SKOHOMHYECKU HE BBITOJTHO.

HoBblii anropuT™ MO3BOJIMT PELIUTh 3Ty CUTyallMIo 06e3 MOTephb 3a cueT TOYHOro BhIOOpa mep-
BOHAYaJILHOTO pajiyca U yBenudeHus paanycoB 30 ot BeiOupaembix M3A (puc. 6).

B uymcie mpoyero MokHO pazo0parh ciaydau, Korja rmepBblii M3A He SIBISETCS a’poaApOMOM
BBUIETA, OJHAKO IIPU TAKOM pACKJIAJE TaKXKE PEKOMEHAYETCS NOMOJIHUTEIBHO Hcnoib30BaTh 30 OT
a’poapoMa BbUIETA JUIsl TIEpBOHAYAIBHOTO pacyeTa paauyca. Paguyc 30 nmepsoro M3A Oyznet yBenu-
YeH, €CJIM OH HaXOJUTCs Jajiee 110 MaplIpyTy, YEM a’popoM BbLIETa 3a cueT Toro, 4ro B KT or nep-
Boro M3A JIMC 6yner numeTh MeHbITyI0 Maccy, ueM B KT ot asponpoma BeieTa, KOTOPBIN B yKa3aH-
HOM cllydae He ucroiib3yercs B kauectse M3A. B ciyuae, ecnu nepssiii M3A HaxoauTes 10 a’3po-
JIpoMa BBUIETA, 4TO KpalHe peako, To ero 30 OyaeT ymeHsieHa coorBeTcTBeHHO Macce B KT ot man-
HOoro M3A, U3HavyaibHO ONpeeNIEHHOM MO0 NepBOHAYAIbHOMY paaunycy (puc. 7).

'""ETOPS Guide Volume III «Operational Guidelines and Methods»: Flight Operations Engineering Boeing Commercial
Airplane Group, Seattle, Washington, USA, rev. 2, 6 March, 2009. P. 4.33.
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Fig. 6. The new algorithm for determining AO of LRA
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Puc. 7. Pacuer pagnycos 30 mpu aspoapomMe BBUIETA, He sBistomMes M3A
Fig. 7. Calculation of AO radii at the departure aerodrome that is not en route alternate aerodrome

W3 puc. 7 Buano, uro KT Takux M3A, nybaukyemsle B OFP, OyayT pacnonaratbcs COOTBET-
CTBEHHO Omke win ganplie rpanul 30 ot naHHbIX M3A.
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OBCYXIEHMUE ITOJYYEHHbBIX PE3YJIbTATOB U 3AK/IIOYEHHUE

Pa3zpaboTaHHbIll aNrOpUTM MMEET PsAJl MPEUMYIIECTB, OCHOBHBIM M3 KOTOPBIX SBIISETCS HC-
MOJIb30BaHNE 00OCHOBaHHBIX 3HaueHUH paauycoB 30 npu mianupoBanuu nojera JIMC. ABuakomma-
HUU BCE Yallle CTAJIKUBAIOTCA ¢ Tipobiemamu Beioopa M3A Ha kpartdaiimem mapmpyrte [10]. Tak, pas-
paboTaHHBI AJITOPUTM TMOMOKET HE TOJIbKO PEIIUTh MpoOjeMy BbIOOpa KpaTdalllero mapuipyTa
Mocksa — SIkyTck aBUaKOMIaHUU A3poQIIoT Ipu yTBepkaAeHUH noporooro Bpemenn EDTO 90 mu-
HyT Uit Boeing 737-800, HO M ONTUMU3HPOBATH MApIIPYT IIPH CYIIECTBYIOIIEM orpaHndeHuu 60 Mu-
HyT [11]. HoporoBuszna ceprudukanuu IMC aBuakomnanuii ans noieroB EDTO-ETOPS Beinyxnaer
WX UATH Ha HApYUIESHUS U MOABEPTaTh yrpose 6e3omacHocTh nmojeToB [12]. Tak, B 2019 roxy Pocasua-
s nuimnia aBuakomnanuio Nordwind npasa BeimosiHsaTh nonetsl o ETOPS nHa cBoem ¢iote Boeing
777", Hosbiit QJITOPUTM TMO3BOJIUT 3HAYUTEIBHO ONTHMHU3UPOBATH MOJETHI yepe3 CeBepHyo ATiaH-
TUKY MPU UCTIOIB30BAHUH MOPOTrOBOro BpeMenu 90 MunyT ans npyxasuratenbubix JIMC u nipu cyiie-
cTBytomux 60 MHUHYTax, 4YTO MO3BOJIUT CHU3UTH PACXOJbI Ja)Ke MPHU BBEACHHBIX OIPaHUYCHHSIX Cep-
tuduKaTa sKcIuryaranTa [13].

[TpennoxeHHbINH aNTOPUTM MOXKET CTaTh aIbTEPHATUBON MOCTOSHHOMY YBEJIMYEHUIO cepTUdu-
KallMOHHOTO BpeMeHM yxonaa Ha M3A [14]. U3nauansHO Tpaekropun B CeBepHON ATJIaHTUKE IOJpa-
symeBam ucnosib3oBanue 30 ETOPS muanmym 120 MuHyT, 94TO TpeOOBAIO JTOMOJIHUTEIBHON MO0~
ToBKM 3kunaxa [15]. B 90-x u nByxteicaunbix rogax FAA nocnenoBarenbHO NPUHUMAIO PEHICHUS O
emme GOJBLIEM YBEIHYCHHH CepTHHKALHOHHOrO BpeMenn (10 330 muyT mis Boeing 777%), uro
MO3BOJIMJIO aBUAKOMIIAHUSM BBITIONHATE MOJETHl mpakTudecku 6e3 M3A [16], HO Takke BCTPETHIIO U
CONPOTHUBIICHUE JIETHOTO COCTaBa, KOTOPBIM OB MpoTHB BpeMeHHoro yenunueHus 30 JIMC u cuuran
Takoe yBeln4ueHue Hebe3omnacHbM [17].

JlanbHeMarucTpanbHble MEepeBO3KU Hanbosiee MOABEPKEHbl SKOHOMHYECKOMY KpHU3HUCY, 3aya-
CTYIO CTaHOBSTCSI YOBITOYHBIMU M aBUAKOMIIAHWH BBIHYXKICHBI IMOKPBIBATH 3aTPAaThl HA HHUX 32 CYET
CpellHeMarucTpalibHbIX PEICOB, TaK KaK 3TOT CETMEHT MEPEBO30K MMeeT Hanbosee JIUTEIbHBIN MepH-
on BocctanoBienus [18, 19, 20]. Pa3paboTaHHbI anropuT™M MO3BOJIMT ONTHMHM3HPOBATH 3aTPaThI
aBuakoMnaHuu Ha skcmuryarauuio JIMC B yClOBHSX SKOHOMHYECKOTO KpH3HCa, HAlpHUMeEp, 3a CUET
COKpaIlleHUs cepTU(UIIMPOBAHHOTO BPEMEHH yX0/1a Ha 3allaCHON a3pOApPOM.
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IMPROVING THE ALGORITHM FOR DETERMINING THE AREAS OF
OPERATION OF LONG-RANGE AIRCRAFT

Konstantin A. Kuts'
! Saint-Petersburg State University of Civil Aviation, Saint-Petersburg, Russia

ABSTRACT

The determination of operation area from en-route alternates for long-range airline aircraft is an important aspect of ensuring safety
of the upcoming flight. In the domestic and foreign methodological literature on flight planning, including the guidance material for
flight planning systems, there is no single reasonable algorithm for constructing operation areas of long-range aircraft, including the
use of the EDTO-ETOPS rules. The lack of methodological materials leads to the «free» values determination of areas of operation
by airlines for their long-range aircraft while building routes, in particular, when determining the areas of operation on the route, the
decrease in the aircraft weight during fuel combustion is ignored. A big question is also the «initial» mass calculations to determine
the value of operation areas. The article identifies shortcomings of existing algorithm for identifying the areas of operation based on
the fundamental methods for determining area of operation. Microsoft Excel 2019 has been used to perform a polynomial
approximation of the table-specific function of the dependence of operation radius on the mass of a long-range aircraft. Based on
the certain equations, more advanced algorithm to determine areas of operation has been developed. The new algorithm pays
special attention to the selection of the original value of operation area. The calculations in this article are made for the Boeing 777
as the main type of long-range aircraft operated by airlines in the Russian Federation. The developed algorithm increases the
flexibility of the route by increasing the radius of operation areas from en-route alternates and can be used in flight planning
systems of airlines.

Key words: area of operation, en-route alternate, EDTO, ETOPS, one-engine inoperative speed OFEI, all-engine operative speed
AEO, long-range aircraft, Boeing 777.
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PaGora BeimonHeHa npu MarepuanbHoil mogaepxke PODU (rpant 19-08-00010)

PaccmaTpuBaeTcs 3amada COBMECTHOTO —YIPAaBJICHHsSI MPOW3BOJACTBEHHBIM IIporieccoM Ha apuampennpusatusx (CDM)
B IMHAMUYECKU M3MEHSIOUIUXCS YCIOBUSX BO3HUKHOBEHUS! HEINTATHBIX CUTYAlMid, BHOCAIIMX M3MECHEHUs B IUIAH JEHCTBUIL
B npou3BocTBEHHOM TIporiecce B CHITy Pa3HOM HaNpaBJICHHOCTH PEIIaeMbIX 3a/1ay pEIIeHHe MOXET MoTpedoBaTh repedopa Kak
00JIBIIIOrO, TaK M MAJIOTO KOJIMYECTBA BO3MOXKHBIX BapHAHTOB pelleHus. B craThe nmpeacTaBiieH KOHKPETHBIN PUMEp MOI00HOM
CHUTYaIl|H, 3aTPaTUBAIOIICH TPaIUINOHHBIC TPH CIIY>KObI aBUAIMOHHOTO KOMITIIEKCa, UMEIOIINE KaXKIbIii CBOM HHTEPECHI B 00IIIEM
MIPOM3BOJICTBEHHOM TIporiecce. PemmenneM Takoi 3aa4 sIBISIETCS €MHCTBEHHBIN BapHAHT B MOJB3Y OOIIEro MPOU3BOACTBEHHOTO
nporiecca. I 3TOro BBeAeH psii OOO3HAYCHHH W JIOIMYIICHWH, TepedeHbh KOTOPBIX MOXKET IOMONMHATHCS. OmnpeneneHb!
JMHAMUYECKUE TIPHOPUTETHI I KAKI0r0 YJacTHHKA mporecca. ONTHMU3aNis COBMECTHOTO TPHUHSATHS PELICHUI MOXET OBITh
JIOCTUTHYTA KaK MPOCTHIM IIepeOOopOM BapHaHTOB PELICHNS, TaK U TIPH ITOMOIIN TeHETHYECKOTO alTOPHTMa, KOTOPBIA MO3BOIISET
32 MEHBIIEE YHCIO WTEpaldii B pealbHOM MaciTabe BpPEeMEHH NONYYWTh CyOONTHMAajbHOE, OTBEYaroliee TPeOOBaHUSIM
YUaCTHHKOB TIpoliecca pelleHHe. B mpuBenéHHOM mpHMepe paccMaTpHBAeTCs CHUTYalls, BO3HHUKAIOIIAS Ha pPeabHOM
MpEANpUATHN U3-3a TNIOXUX METCOPOJIOTMICCKUX yCﬂOBI/Iﬁ. TaK, OKCIICPTHBIM ITYTEM HA3HAYArOTCA IUMHAMUYCCKHUC IMMPUOPUTCTHI
Ha OCHOBE MYJIbTHIUTMKATHBHOM (OPMBI 151 38/Iep’KaHHBIX PECOB C y4EeTOM MHTEPECOB YUYACTHHKOB Iporecca, (hOopMUPYIOTCS
YaCTHbIE KPUTEPUH JUIS PAHXKUPOBAHUSI PEHCOB HA KaXKJIOM IIare MEeperuIaHupOBaHMs, IPUMEHSETCS TeHETUUECKUM aITOPUTM.
B pesynbrare moiydeHo 4eThIpe BapHaHTa PEIeHHs! «COOMHOI» CUTyallii, BOSHHKIIEH B pe3ysbTare BO3ACHCTBUS BHEIIHHMX
¢aktopoB. IlepBrle Tpm BapHaHTa COOTBETCTBYIOT HHTEpecaM TpeX 3aWHTEPECOBAHHBIX CTOPOH, a YeTBEPTHIA —
KOHCOJIMJIPOBAaHHBIA. Bce BapWaHTBHI pEIICHMS] OKA3aIWCh Pa3IMYHBIMK, YTO TOBOPHT O HEOOXOIMMOCTH TPHMEHEHUS
00BEKTHBHOTO M 0OOCHOBAHHOTO aIliapaTa MPUHATHS PEIICHIS TIPH COBMECTHOM YTIPABICHHH TIPOM3BOICTBEHHBIM IIPOLIECCOM.
[Ipeanaraemplii MaTeMaTHUYECKHIi anmapar 00J1aaeT TaKoi CIIOCOOHOCTBIO M IMEET MEPCIIEKTUBBI BHEAPESHUSL.

KunioueBnble ciioBa: coBmecTHOe npunsitie petennii (CDM), 6ezonacHocts noseros (BIT), renerndeckuii anropurm (I'A).
BBEJIEHME

Cy1ecTByeT psii HEraTUBHBIX (DPAKTOPOB, CIIOCOOHBIX 3aTPYIHHUTH MPOM3BOACTBEHHYIO esi-
TeTbHOCTh B paMkax A-CDM ciyx0 ynpaBieHHs BO3IYIIHBIM JBI)KCHHEM, a3pOTIOPTOBBIX CIYXO U
aBuakomnanuil. K HUM B nepByIo ouepesib OTHOCATCS CJIOKHBIE IOTO/IHBIE YCIOBUS, TEXHUYECKUE OT-
Ka3bl 000pyIOBaHUs, MMaJeHUE CIIPOCca Ha aBUANIEPEBO3KU U psia Apyrux (axtopos. [Ipu 3ToM 3aKphI-
THE TI0 OTOIHBIM YCJIOBUSAM KPYIIHBIX PETMOHOB CTpaHbl B JAHHOM CTaThe HE pacCMaTpUBAETCH.

Tak, 3aKkpbITHE a3pONOPTa B pe3yJibTaTe I'PO30BON JIEATEIHHOCTH Ha MoJiYaca MOXKET MPUBECTH
K CYIIECTBEHHOMY YBEJIWYECHHUIO NMOTOKA MPUOBIBAIONINX BO3AYHIHBIX cynoB (BC), uro coznaér yrposy
0€30MacHOCTH MOJIETOB MPHU yIPaBICHUN BO3AYIIHBIM JBI)KEeHHEM. Bo3nyiiHble cy1a BEIOMBAIOTCS U3
pacrucaHus U BBIHYKJEHBI TPATUTh OOJIbILIE TOIUIMBA, a3POIIOPTHI CTAIKUBAIOTCS C MPOOJIEMOM OTCYT-
CTBUS CTOSIHOK JUIs MpuObIBaromux BC, Tak Kak BBUIET C 3aKPHITOTO a3poApoMa TOKE HE MPOU3BOIUII-
csa. Ilpu onpenenéHHBIX yCIOBUSAX CTAaHOBHUTCS BEJIMKA BEPOSTHOCTh BO3HMKHOBEHHUsS Kosutamnca [1].
B nono6HbIX ciyyasix, a Takke BO MHOTHX APYTUX THIAX COOMHBIX CUTyalui, TpeOyeTcsl onepaTHB-
HOE, ONTUMAJIbHOE NeperIaHupoBanue [2—5, 6, 7] ucrnonb30BaHMs BO3IYIIHBIX CYJI0B, MECT CTOSHOK
B a9pONOpTax i COXpaHEHHsI OOILEro pacluCaHus BbIMOIHEHUS TOJIETOB.

53



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 06, 2020
Civil Aviation High Technologies Vol. 23, No. 06, 2020

Jlns pemienus »Toi 3agaun TpeOyeTcs yIUThIBATh:

- HE0OXOJIMMOCTh COXPAHEHUS PACIIHUCAHUS C YUYETOM 3aJIepPKeK U HAMEUEHHBIX TOMOTHUTEIb-
HBIX PEUCOB;

- HempeJCKa3zyeMble HapyIIeH!s B OaJlaHCe YrCiIa 3aHATHIX BO3IYIIHBIX CY/I0B aBHAKOMIIAHH;

- MHOXXECTBO KpPUTEPHEB y4eTa MHTEPECOB aBHAKOMIIAHH, a’pOIOPTOB M YIPABJICHUS BO3-
JIyIIHBIM OBHKeHueM [8—13];

- OOJBIIYIO pa3MEPHOCTD 3a/1a4M 10 YHCITY CUTYaIllli BCIEACTBUE 3aJACPKEK PEHCOB U COOTBET-
CTBYIOIIIETO PEarupoBaHUsI CO CTOPOHBI CTY>KO yIpaBlieHUs! BO3AYIIHBIM JBUKEHUEM U a3pONopTa.

B crarbe paccmMoTpeHa KOHKpETHas 3a7aya MeperiaHupoOBaHus 3a/1€p>KaHHbIX pelcoB Ha (oHe
BBITIOJIHEHHSI IITATHOTO PACIIMCAHUSI MPH BOZHUKHOBEHWH HENETHOH MOTO/BI B a3pOINOPTY WK a’3po-
y3ie. s peleHust UCIoNb3yeTcs TeHETUYECKUI alrOpUTM, I/Ie CIIEIHAIbHO (POPMUPYIOTCS AUHAMHU-
YeCcKUe MPUOPUTETHI Il PAaHKUPOBAHUS PEMCOB U BHIOOpPA «IIIUTHDY B IENSIX YCTPAHEHUS 3a/IePKEK B
00CTy>KUBaHUU TIPU AOMYIIECHUSAX, IPUBEACHHBIX B [4].

C yuerom pa3zHOo0Opa3ust ASHCTBUH U psiia BIUSIONIMX HETAaTUBHBIX (DAKTOPOB BBENIEM 0003HAYCHUS:

M — Bcero a’3pornopToB, BKIOYasi a3pOIOPThl, 3aKPHIThIE IO METEOYCIOBUSM;

i = 1...M — HOMEp a’3ponopTa NpHu BBUIETE;

j = 1... M — HOMep a3pornopTa MpUJIeTa;

L; — ob1iee 4ucio MeCT CTOSTHOK Ha JIETHOM TI0JI€ i-T'0 a3poropTa;

[; — 4ncno cBOOOIHBIX MECT CTOSIHOK Ha JIETHOM I10JI€ B i-M a3pOMOPTY;

d; — 4ucio cBOOOMHBIX IS BBIIOJHEHUS M0JIETa BO3YIIHBIX CYJIOB B i-M a3pOIOPTY;

¢{j — 4YUCIIO CBOOOAHBIX MECT CTOSIHOK B j-M a3pOIOPTY;

S; — uucno cBoboansix BC 1iis BbuleTa U3 a3ponopra j.

[TapameTpsl 3a1€pKAHHBIX PEHCOB:

p = 1... N — HOMep 3anep:kaHHOTrO pelica, riae N — of1iee 4riciio 3a1ep>KaHHbIX PENCOB.

Tp — BpEMs 3a[I€PIKKHU p-T0 peiica;
Xp — 4YHCIO MACCAKUPOB p-TO perca;
V'jj — paccCTOsIHHE MEXJy a3pOIOPTOM i M a3POTIOPTOM j;

Vmax — MAaKCHUMAaJbHOE PACCTOSHUE MEXIY ABYMs a3pOIIOPTaMHU.
OcTaJsibHBIE TApaMETPHI:

N — 4ucIo 3a7epKaHHBIX U HE3aIJITaHUPOBAHHBIX PEHCOB HA k-M IIIare IIaHUPOBAHUS,
r7ie k — HOMep mIara IJIaHUPOBAHUS B 337a4e JIUKBUAAIMHA OTCTABAHUS OT PACITUCAHMUS;
b, — anpHUOpHAasi BAXXHOCTb KaXKIOr'o peiica,

1 npu p # R
rae b, = { b R

max TpH P

g — HOMEp 3aMHTEPECOBAHHON CTOPOHBI B yCTPAHEHUH OTCTaBAHMUS;
q = 1 — HOMep BapuaHTa PEIICHUs B HHTEPECaX yINPaBICHUS BO3IYIIHBIM JBHKCHHEM;
g = 2 — HOMEp BapuaHTa PEUICHUS B MHTEPECaX a’poropra;
g = 3 — HOMep BapuaHTa PEIICHUS B HHTEPECax aBHaKOMITAHHH.

, 4a bmax — MakcuMalbHAast Ba)KHOCTh JJIA peﬁca;

MPUHSTBIE JOMYIIEHUS U IPEJJIATAEMBIN MOJAXO/I K PELIEHUIO 3ATAYN

[TocraBneHHas 3a1a4a pemiaeTcst py CISAYIONINX YCIOBHUIX:

1. IMpormecc meperuiaHuPOBaHMsI OTHOCHTCS TOJIBKO K 3aJIep’KaHHBIM peiicaM Ha (OHE BBIMOI-
HEHHs 0a30BOTO paCIMCaHUs OCTAJIBHBIMH peiicaMu.

2. Bce 3anmepkaHHbIC pelichl pa3OMBAIOTCS Ha Mapbl MPHIETa M BBUIETA B JIByX a3poIopTax.
[Tpu 5TOM BpeMmst BbUIETa CTPEMHUTCS K BpEMEHH MPHJIETA 110 Tape 3aJep)KaHHbIX PEHCOB, a YHUCIIO CBO-
OO0JIHBIX MECT CTOSTHOK U cBOOOIHBIX BC coxpansercs.

3. Ilox asponopramu 43; nin AJ; NOHUMAIOTCS TPAHCIIOPTHBIE Y3JIbI, KOTOPBIE 00Pa3yroT MOJ-
HOCTHIO CBSI3aHHYIO CETh B3aMMOJEHCTBUSI APYT € APYTOM MO MPUHIUIY «KKABIA C KAKIBIM». ITO
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O3HA4aeT, YTO KakAbli 43; 0XKMUIaeT 3alepKaHHOTO MPUIIETHOro peica u3 (M-1) adponoproB 40; u
MpeaJiaraeT 3asBKy NPUHATH 33aJ€PKaHHBINA PEIC HApsILy C OCTAIbHBIMHU.

4. Kaxnaprii 49; XxapakTepusyercs 4eThIpbMs MapaMeTpaMu: 3HAYCHUSIMH /; U d; B KadecTBe
IyHKTa BbIJIETa M 3HAYECHUAMH §; U S; B KaueCTBEe MyHKTA MPUIIETA Ul NPUHATHA OOIIEro peleHus o
COCTaBE€ MPUHUMAEMBIX 33/I€P’KAHHBIX PEHCOB U3 Pa3HBIX a3pONOPTOB.

5. Ha nuHaMuyeckue NpuopUTETHI 3a0ep>KaHHBIX PEHCOB BIIUAIOT TPU 3aMHTEPECOBAHHBIE CTOPOHBI:

- TpH g=1 3aMHTEPECOBAHHOCTH CIYKO yNpaBiIeHHUs BO3AYIIHBIM JBM)KEHHEM B MUHUMH3a-
UM cO0EB B paCIMCAHUU, B UCKIIOYCHUU BO3MYILEHHS MOTOKA JABM)KEHUS BO3AYIIHBIX CY/J0B, B CHU-
KEHHH 00I1Iero BpeMEeHHU 3aJIeP>KKH BBITIOJIHEHUSI 6a30BOr0 PacIMCaHuUs;

- Tpu g=2 3aWHTEPECOBAHHOCTH a3POIOPTa B COXPAHEHUH PAOOTOCHOCOOHOCTH, B OTCYT-
cTtBUM nedunmTa MecT cTossHOK Jutsi mpuOkiBaromux BC, orcytcTBue ckorenus BC Ha «mpenBapu-
TEJIBHOM CTapTe» (OUYEpeaN) Ha BBLIET;

- TpHU g=3 3aMHTEPECOBAHHOCTh ABUAKOMITAHWH B COKpallleHnH BpeMeHu npedbiBanus BC Ha
3eMJI€, B YBEJIMUYEHUN BPEMEHHU IIOJIETA [0 MAPLIPYTY.

6. Ilpu >THX ycnoBusx Tpedyercs:

- pa3paboTaTrh C y4eTOM BBICOKOH pa3MEpHOCTH 3a/la4M YUCICHHON onTUMH3aluU 3P (HEeKTUB-
HBIi TEHETUYECKUH aNropuTM BbIOOpa MEPBOOYEPENHBIX 3aJep’KAaHHBIX PEHCOB Ha MEPBBIX IIarax
«3BOJIIOLIUNY;

- c(hopMHUpOBATH C YYETOM MHOTOKPUTEPHAIBHOCTH 3aJla4yM MpaBWJia Ha3HAUYCHUS AUHAMUYE-
CKHUX NPHUOPUTETOB KaXAOI'0 pelca MO HECKOJIbKUM YAaCTHBIM KPUTEPUAM AJI1 UX PaHXUPOBAHUS, a
Tak)ke OO KpuTepuii 0TOOpa JTyUIIUX BAPUAHTOB «ITOTOMKOBY» Ha OUEPEIHOM IlIare 3BOIIOIUY;

- copMHpOBATH MPOIEYPY MOIyUEHHS] MHOXKECTBA «IIPHOPUTETHBIX)» PEHCOB I UX MOCIIe-
JYIOIIETO «CKPEIIMBAHU» U «MYTaLluN;

- TPUBECTU NMPUMEP PEIICHUS 337a4u ONEPATUBHOTO IIAHUPOBAHUS M OLEHUTh YKUCJIO LIAroB OIl-
TUMM3ALIMHU B 3aBUCUMOCTH OT 4nciia M 1 JUINTENTbHOCTY HENETHOM MOT0/Ibl HA OJJHOM U3 a3pPOAPOMOB.

[IpeasnaraeMplil TOAXOA K PELICHUIO 33/1a4d COCTOUT B MOCIEAOBATEIbHOM BBINOJIHEHUU Clie-
JIYIOIINX ICUCTBUM:

1. IlepBoHayanpHO Ha IIEPBOM IIAre INIAHUPOBAHUA Ul AD;, 3aKPBITOrO U3-3a HEJIIETHOM IOrOo-
Iel, (hopMHUpYeETCs 3asiBKa Ha BBUIET B OCTalbHblE M-/ a’3ponopToB B BUAE TPEX PAHKUPOBAHHBIX IO
Pa3HBIM KPUTEPHUSM CIHUCKOB 3a/I€pKAHHBIX PEHCOB. DTU CIIMUCKHU MONAAA0T B KaXIbIH AD; s UX 1O-
CJIEIyIOIIET0 OObETMHEHHS U aHAIN3a.

2. Pemaercs rnaBHas 3azada (pOPMUPOBAHUS NEPBOHAYATIBHOIO CHMCKA mpuiéra i AD;,
MMEIOLIETO CBOOOIHBIE CTOSIHKM, M3 MOJYYEHHBIX TpEX BapHaHTOB 3asiBOK Mo M-/ a’pomopTam.
B kaxnoi 3asBKE€ MOXET COAEpP)KAThbCS KAaK OAMH, TaK M HECKOJBKO 3aJE€p’KaHHBIX pecoB u3 AJ;
(tabm. 1).

MakcumanbHoe uncino () aHAIM3UPYEMBIX BapUAHTOB, COCTABJIEHHBIX M3 3TUX 3a9BOK, MOKHO
OIICHUTH TI0 PopmyIie:

0 = 3" (1)
Taoauna 1
Table 1
Kaptuna pacnpenencHus 3aJep>KaHHbIX PEHCOB HA MOMEHT BO30OHOBJICHUS TIOJICTOB
Picture of the distribution of delayed flights at the time of flight resumption
K i=1 i=2 i-1 i+ M,
qzl Hl, HZ- . -Hn 1_[n+19 1_[n-%-2- . -H2n H(i—2)n+1,H(i—2)n+2- . -H(i—l)n Hin+1, Hin+2- . -Hin H(M—l)n+la 1_[(M—l)n-%-Z- . -H(M—l)n+n
q=2 |11}, IT,. .. IT,, | Ty, TTsn. . Iy o1, - Ity | Tliners Minen. o TTin | Tlovnynet, v - Iloveynen
q=3 |1I;, .. 01, | Iy, Ihien. . TDop -1, Higome2. - Hgoin | Winet, st - I | vt Hem-nne2- - IIv1ynen
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Kax BunHo u3 Tabmn.1, pacnpenenenue 3aaepKaHHbIX PEHCOB MPOU3BOAUTCS C yUETOM Pa3jIny-
HBIX HHTepecoB. Kax bl peiic umeeT cBO coOCTBeHHBIN npuoputet I, tnep =1 ... M,.

BolpaxxeHue 1 o3Hauaet, uro npu uucie M > /() KOIU4ecTBO BApUAHTOB 331a4l MOKET Bapbu-
pOBATHCS OT 10* o 10°, 4o memaeT HEBOBMOXHBIM HCIIOIB30BAHUE METOA HOIHOTO nepedopa ist
00bIINX 3HAUeHUN M.

3. W3 mony4eHHOro MHOKE€CTBAa BapHUaHTOB BhIOMpaeTCs BapUaHT KOMILJICKCHPOBAHUS MEPBO-
OUYEpENIHBIX PECOB MPUIETA, YUCIIO KOTOPBIX PABHO /; CBOOOAHBIX CTOSIHOK Ha JIeTHOM nouie AJ3;. [ls
ATOTrO UCHOJIB3YETCS CHEMANbHBIM FTeHETUYECKUN aITOPUTM C YUETOM CIIEAYIOMUX IPUMEYaHUM:

- TIEPBOHAYAIBHBIMH «IIPEAKAMI» SBISIOTCS TPU MPEeACTaBUTENS (TI0 YUCITY WHTEPECOB), CO-
JieprKalie MPUOPUTETHBIE PEHCHI U3 BCEX CIHCKOB, @ YUCJIO JIEMEHTOB B KaKJIOM IPEACTABUTEIE

paBHO L

- gucio OJIOKOB (YKPYMHEHHBIX AJIEMEHTOB), HA KOTOPBIC IEIUTCS KaXIBIH MPEICTAaBUTENb,
JUIL COKpAILlEHHs] BBIYUCIEHHI MOKET OBITh paBHO MO0 (M-1), ecim M-1 << [;, 1100 B3STO paBHBIM
MOCTOSTHHOMY uucity V = 2-+4, 9T0o0bI OJIOK CoiepyKall He OJIUH PEeiic;

- OJIOKU «CKPEIIMBAIOTCSD IJIs MOJIYyYEHUS «ITOTOMKOBY, a JUIsl 3aMEHbI PEiCOB OHOTO U TOTO
K€ a’poropTa Ha Apyrue mpuUMEHsieTcs «MyTanus». [Ipu mocineayronemM «CKpemuBaHum» 3TUX 0J10-
KOB HEOOXO0IMMOE YHCIIO «TIOCTPATABIINX) a3pPOIMOPTOB MOKET OTCYTCTBOBATh. [Ipu 3TOM KOJIMYECTBO
maroB ['A yBennunBaeTcsi HE3HAYUTENBHO;

- TOCIie Ka)JIOro Iara IIaHUPOBaHUs, KOTOPHIN 3aBEpIIaeTCsl BHIMOTHEHUEM 3aJ1eP>KaHHOTO
peiica, KOJIMYECTBO TAaKOBBIX OBICTPO cokpamaercs. [Ipu mManoil pa3MepHOCTH 3aa4d 11eraecoo0pa3Ho
HCITIOJIH30BAaTh MOJHBIN TIEpeOOp aHATM3UPYEMBIX BAPHAHTOB BMECTO ['A;

- TIaBHOH omeparnueil ['A sBIseTCs OThICKaHUE HAWIYUIIEr0 BapHaHTa, YJIOBIECTBOPSIOIIETO
o011eMy KpUTEPHIO, KOTOPBIM YUUTHIBACT TPEOOBAHUS BCEX 3aMHTEPECOBAHHBIX CTOPOH.

4. Ilocie Ha3HaueHHs OYEPENHOCTH BCEM peiicaM B AD; aHAJOIMYHO peINaeTcs 3ajaada Juis
OCTaJbHBIX M-/ a’pomnopTOB Ha MEPBOM IIAre ONTUMU3ALMH, TOCIE KOTOPOrO B HOBOM COCTOSIHUM
OKa)XXyTCsl BCE TTapaMeTphl a3POMOPTOB M COKPATUTCS YMCIIO HEOOCTyKeHHBIX pelicoB. [Ipu aToM Bpe-
MsI O’KUJaHUsI, KaK OTICIIBHBIN mapameTp, OyJeT YBEIHINBaTHCS.

Ha HoBoM miare motpeOyeTcsi HOBTOPEHHE MEPEUUCICHHBIX ACUCTBUN, a YUCIIO TaKUX I1aroB
COTJIACHO UCCJIENOBaHMAM MoJ00HOT0 poaa 3aaay [4, 6, 14, 15] oObIYHO HEBENHUKO U COOTBETCTBYET
YHUCITY 3aJIepKaHHBIX PEHCOB U3 OJIHOTO a3poIopTa.

DopMUpPOBAaHKHE TMEPBOHAYAIBHON «3JUTHD) 3aJCp:KaHHBIX PEHCOB OJHOTO a’poropTa oOcCy-
IIECTBIISETCS MPH HA3HAUYCHUU CIEIUANBHBIX TUHAMUYECKHX MPHUOPUTETOB C BHIOJHEHUEM YHCIICH-
HOM ONTUMM3ALMU HA HECKOJBKHX IIarax riaHupOBAHMUSL.

B oTnuume OT M3BECTHOTO AAJAUTUBHOTO KPUTEPUsI HA3HAYCHHS MPUOPUTETOB MYJIbTUIUIMKA-
TUBHAs hopMa CBEPTKH MHOXKECTBA YUNTHIBAEMBIX IMOKa3aTEICH pacCunuThIBaeTCs 1o Gpopmye [4]:

Hp = max (Y1p+m1) (ch+mc) (pr+mw): (2)

rae II, — BeIYMCIsAEMBI JMHAMUYECKUIA IPUOPUTET;
C = I ...w — HOMEp yYUTHIBAEMOIO I10Ka3aTEIs;
W — o0l1ee 4uciIo ImoKa3aTelIeH;

Yo, = — HOPMHUpOBaHHOE Oe3pa3MepHOe 3HaUCHHE MToKa3aTes,

Amax
3/1eCh A¢ — 3HaUEHUE MOKa3aTens pelica B GU3NYECKUX €AUHULAX, Ayqe — MAKCHUMaJIbHOE 3HAUCHUE

roKasare’s;
mc — K03 UIMEHT 3HaYUMOCTH 1okasartensi C, Ha3Ha4aeMOoro 3KCIEPTOM.
[IpoBenenusie uccnenoBanus [9, 15] moATBEpK1al0T YTBEPKIACHUE O TOM, UTO:
-  MyJbTUIUIMKAaTUBHAs dopma 3dekTuBHEe aAAUTHUBHOW. [|eHCTBUTENBHO, €CIh XOTS ObI
OJIMH M3 MHOXHTENEH B (hopMyie (2) HEBEIHK, IPHOPUTET cpa3zy yMeHbIuUTCs. [ToaTomy dopmymna (2)
MO3BOJIAET U30EXKATh «Y3KUE MECTa» B CUCTEME;
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- OTHOCHUTEJIbHAsl 3HAYMMOCTb Ka)XJO0TO MHOXKHUTEISI ONpPEeeseTcsl 3HAYeHHEM BECOBOIO KO-
s durenTa me, 4eM me MEHBIIE, TEM BBHIIIC BIUSHHUE MMOKA3aTeNs Ac, a TIPHU ¢ —> O 3TO BIHSHUE
HCYE3aeT.

[Tonp3ysch ATUM OOCTOSITEILCTBOM, MOKHO PacCMOTPETh BapUAHThl HA3HAYEHUS IPUOPUTETOB
JUTSL pa3HBIX 3aMHTEPECOBAHHBIX CTOPOH, U3MEHSS HY>KHBIM 00pa3oM KO3 UIIUEHTHI mc A CIeay-
IOILIETO MOJTHOTO MEePEYHs MOKa3aTeNe:

Ay = (Bp’ Tps Xp, Ip, di, I, Sja Cj); w=8.

[Ipu g=1 (uHTEpeCHl OpraHn3aluy BO3AYIIHOTO JBIKECHUS) TOy4aeM CIIeTyIOIINe TPUOPUTETHI:

+m2) (r’”—""+m3). (3)

Tmax

IT, = max b, (TTP + ml) (XX
max max

Bripaxkenue (3) o3Hauaet, YTo CUTyalMs Ha JETHOM TI0JIe B a9POMOPTY B MEHBIIIEH CTENeHH 3aTpa-
T'MBACT MHTEPECH! OPTaHU3AIMY BO3IYIITHOTO JIBHKEHUS, TIO3TOMY KOX(PDUIIMEHTHI ms, mg, My, Mg —> o0

3HaueHUE OCTAJIbHBIX MEPEYUCIEHHBIX B (3) MHOXXUTENEH MOKHO HMCTOJIKOBATH CJIETYIOIINM
obpa3zom:

- ampuopHas Ba)KHOCTb b, AEUCTBYET KaK MAaCIITAOHBINA KO PUIUEHT;

- HauboJee 3HAYMMBIMH SBJISIFOTCS TEPBbI U BTOPOH MHOXHUTEIH, IOATOMY 3HAYEHUS KO3(-
(GUIUEHTOB m; U M, MUHUMAJbHBI, U B KAU€CTBE SKCIIEPTHON OI[EHKH UM MO>KHO MPUCBOUTH 3HAUEHUS
m; = 0,1, u my; = 0,1. IlocnenHuii MHOXUTENb MOAYEPKUBAET AKTYaJIbHOCTh BPEMEHU MOJIETA, T.€., YEM
MEHBIIE PACCTOSHHUE 7, 10 adpONOpTa Ha3HAUYEHHs, TeM paHblie ocBoboxarcs BC mid BeImonHeHus
CJIEIYIOLIETO peiica. AHAIOTUYHO MPEIbIIyIUM KO PHUIIMEHTaM 3HaYeHUE 713 MOXKHO MPUHSITH PaB-
HEIM 0,4 = 1.

[Tpu g=2 (uHTEpECH! A3POIPOMHBIX CIIYk0) MOTydaeM CIIEeAYIOIIe TPUOPUTETHI:

I, = max 6, (ﬁ+m4) (%+m5) (r’:—i"+m3> (TTP +m1). (4)
i i D max

O6msicusiercs Gpopmyina (4) crneayronum o0pa3oM:

- HauOoJiee 3HAUUMBIMU SBJISIIOTCS JBA MOKA3aTessl /; — YMCIO CBOOOJHBIX MECT CTOSIHOK Ha
JAETHOM II0JIE B i-M a3pOIOPTY H §; — YUCIIO CBOOOIHBIX MECT CTOSHOK B j-M a’poInopTy. Yem MeHbIIE /;
u Gonbuie &, TeM Jydile A a3ponopToBbiX ciayxk0. Ilo ananoruu ¢ xoappuuuenramu popmyist (3)
NPUCBOMM MM 3HaueHus my = 0,1 1 ms = 0,1. Tpetuil u yeTBepTHIil MHOXHUTEIH QOpPMYIHI (4) BBEAE-
HBI JUISl y4eTa BO3MOXKHOCTH OBICTPOro nosyueHust cBo0oHbIX BC 11 n3bexaHust JONOIHUTENbHBIX
3aTpar Ha 00CITy’)KMBaHUE 3a/IeP’KaHHBIX TACCAKUPOB B a9POBOK3aJIE U T.II.

3Havenus mzu m; B popmyiie (4) MOXKHO PUHATH paBHbIMU 0,4 = .

ITpu g=3 (uHTEpecHl aBUAKOMITAaHHI) TOTy4aeM CleAyIOIIHe IPUOPUTETHI:

_ 4 N Tmin
I, = max 6, (Li + m6) (1+sj + m7) ( . + m3>, (5)

TJie 3HAUCHUS Mg U M7 MUHUMAJBHEL, mg = m7; = 0,1, am; = 0,4 = 1.

I'maBHOe BHMMaHUeE yjaemnseTcss Kod((UIMEHTY HCIIOIB30BAHMS BO3AYIIHBIX CYJIOB KaK OTHO-
[IEHHE MOJIETHOTO BPEMEHHU K BPEMEHHU CTOSHKH Ha MEPpPOHE a’pornopTa. Takke BaKHA U alpUOpHAs
3HAYMMOCTb perca.

Hcnoneizyss gopmynsl (3—5), moimydyaeM MHOXKECTBO «IPEIJIOKEHHUID» IO BBIOOPY HYKHOM
TPYIIIBI 3a7Iep>KaHHBIX peicoB. /[ BEIOOpa HaMIydIero BapuanTa HeoOX0oauM eIMHBINA Kputepuit F,,,

YUUTBHIBAIOUINI BCe BOCEMb MoKazaTenel A,,. VX 3Ha4MMOCTh 3aBUCHUT OT COATaHCUPOBAHHOTO MHEHMUSI
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HKCIEPTOB, OJTHAKO B IIEPBOM MPUOIMKEHUH BCe 3HaYeHUA M. = 0, 1. IlogcTaBuB 3HaueHus B Gopmy-
Jy C ONIMCaHHBIMM PaHEE OIEPATOPaMU, UMEEM:

F,=max 6p( L2 0,1) ( X4 0,1) (”"—” + 0,1) (2’— + 0,1) (L +0,1) (L + 0,1) (5 +0,1)(6)

Tmax Xmax Tmax 1+1; 1+S; L

[Tpy HaTMYUK MHOXECTBA «IOCTPATABIINXY» a3PONOPTOB HAYMHAEM MPOU3BOJIUTH BBIOOD C 3a-
KPBITOT'O 110 METCOYCJIOBHAM, a4 AAJICC IO YMCHBIUICHUIO PACCTOAHUA MCKIY a3pOropTaMu. Taxou mona-
XOJI COOTBETCTBYET XOPOIIO 3apEKOMEH/IOBABIIEMY Ce0sl B MIOXOXKUX 3a/ladyaX MHHUMAKCHOTO KpHUTE-
pus Beioopa [10, 13]. B mepByto odepeap OTCICKUBAIOTCS HAaNOOJIEe CIIOKHBIC CHTYAIHH, CIIOKHUBIIH-
ecsl TIoCJIe OMpeICIEHHOr0 BO3IeHCTBHS. JIaHHBIM MOAXO0 B OMPEACIEHHBIX CUTYAIMsIX MOXKET CHH-
JKaTh Pa3MEPHOCTD 33J1a4M, YTO MO3BOJISIET NEPENUTHU K IOJTHOMY IIepe0opy BApUAHTOB PEILICHUSI.

HNPUMEP OIIEPATUBHOI'O IIJIAHUPOBAHWSA 3AIEP)KAHHBIX PEMCOB

B kauecTBe nmpumepa paccMOTPUM PELICHHE 3aa4d MAJIOM Pa3MEPHOCTH IO YMCITy 3aJeprKaH-
HBIX peiicoB AJisi 4eThIpEX asponoptoB (M = 4). Ilo ycnoBuro asponopT M; OB 3aKpHIT Ha MPUEM TIO
IIOTOJHBIM YCIOBUSM. B Ka)10M a3ponopTy UMeeTCsl OrPaHUYEHHOE KOJIMYECTBO MECT CTOSTHOK L.

L1 :8, L2:8, L3:7, L4:7.

[To mnany OBLIO HEOOXOIMMO BBHIMOJHUTH TPUHAIATH Hap PEHCOB JBAJLATHIOMIECTHIO BO3-
IYIIHBIMH CyJaMH, U3 HUX TPH Mapbl MeXAy M; u M, u 1o ABe nmapbl MEXy OCTaIbHBIMU a3pOINOpTa-
MH. B HayalbHOM COCTOSSHUM MMEJNOCh IO OJHOM CBOOOIHOW CTOSHKE B KaXIOM a3ponopTy
11:],12:],13:],1421.

ITocne 3akpbiTus asponopra M; 3anep:xaHo Tpu napsl peicos mexay M u M,, nBe napsl Mex-
ny M u Ms, nBe napel Mmexxay M; u My. OcraBiuivecss mectb nap pericoB BBIOJHSAIOTCS MO IUIAHY.
Cutyauus npeacrasieHa Ha puc 1,

. £;=¢,+5:11, 4::::::::::::::::::::::::::::::::::\*
Iy 65+ A 1_[3\A A,
L €] > S EEEOEEEEE >
r1-2=700 km <
Hﬁ; t3+2A; H5 --------- > D >
11 7 tL,=t;+2,5 11, f
11, r;3=1400 km t,+ A, 11,
le 1=t Hll
H14 ”'1_4:2100 KM t1+A,’ H13

Puc. 1. Curyanus ¢ 3aiep>kkamMmu peicoB 1o aspornopty M,
Fig. 1. The situation with flight delays at M; airport

T7€ 1], t2, t3, — BPEMs BbUIETA [0 PACIHCAHUIO COOTBETCTBEHHO U3 a3ponopToB My, M3, Mo;
A — BpeMs MEXAy COCETHUMU percaMH.

Kaxxaplii peiic 0603HaueH pacué€THpIM puoputTeToM /1, HeuétHeie Homepa [1;, I1;, u T. 1. 00o-
3Ha4yaloT BBUIETHBIE PENChl U3 M), a yeTHble (HanboJiee aKTyalbHbIE) — NPUIETHBIE (BBIACIEHBI KUP-
HbIM 1pudTom Ha puc.l). [Ia peiica — I1s u Il umetot npuoputer ®), T. €. b5 = b= 2, JUI OCTATBHBIX
pelicoB b6, = 1.

[Tocne 3akpbiThs asponiopta M; B CBSI3U C METEOPOJIOTMYECKUMH YCIOBUSIMH CUUTAEM, YTO B
T€YEHUEe 7—8 4acoB Ha 3TOT a’pOIOPT MOJETH BBIOJHATHCS HE MOTYT, & U3 HETO — MOTYT C OIpeJe-
JNEHHBIMU OTPAHUYECHUSIMHU. TaK MPEanoyiokKuM, 4To yepe3 3—4 yaca mociie mpekpanieHus: Npuiera u3
M, ynanock BeitycTuTh percsl 117 u I1;3 B M3 1 My COOTBETCTBEHHO, UTO KpallHE BAXKHO, T.K. YBEJHU-
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YMIIOCH KOJIMYECTBO CBOOOMHBIX CTOSHOK B M. MTak, HOBBEIE 3HAUEHHS KOJIMYECTBA CBOOOIHBIX MECT
CTOSTHOK B asporopTax uepe3 3—4 vaca oyayr /; =3, L,=1,1;=0,1,= 0.

Hcxomabie naHHbIe 7Sl BRIYUCICHUS TPHOPUTETOB 3a/IeP>KaHHBIX peHCcOoB it M| mpeacTaBie-
HBI B Ta0I. 2.

Tabauna 2
Table 2
JlaHHBIE IO MpUIIETAIONIUM pelicaM B aponopT M,
Data on arriving flights to M, airport

p by Tp, 4 Xp, I1ac. Ip KM d; i S G
2 1 3,2 200 700 3 1 3 3
4 1 2 300 700 3 1 3 3
6 2 0,8 200 700 3 1 3 3
8 1 5 200 1400 2 0 3 3
10 1 3,5 300 1400 2 0 3 3
12 1 7,5 200 2100 2 0 3 3
14 1 6 300 2100 2 0 3 3

Jns popMupoBaHus EpBOHAYATBLHON «3JUTHD 3a/Iep>KaHHBIX PEHCOB BBIUMCIUM JUHAMUYE-
CKHME IPHUOPUTETHI C YUETOM KaKIOM M3 3aMHTEPECOBAHHBIX CTOPOH, 3aT€M PAaHKUPYEM IOJyYECHHBIE
BapuaHThl. B Tabi. 3 npeacTaBieHbl pe3ybTaThl BBIYMCICHUNH MHOXUTENEeH Gopmyiisl (3) o npuopu-
TE€TaM CEMHU PEHCOB C Y4E€TOM UHTEPECOB opranusanuu B/I.

Tabdauna 3
Table 3
Pe3ynbpTarhl BBIYMCICHU NPUOPUTETOB NpH ¢ = [
The results of the calculations are prioritized at g=1
1,7 6, 0,1+ 0,1+ 799 04 UTOr
r
I’ 1 0,5 0,7 1,4 0,5
i 1 0,75 1,1 1,4 0,7
11 2 0,2 0,7 1,4 0,24
113 1 0,7 0,7 0,9 0,45
1, 1 0,5 1,1 0,9 0,55
11, 1 1,0 0,7 0,75 0,42
Jii 1 0,85 1,1 0,75 0,6

[To uToram BHIYUCIICHUI BUIHO, YTO B TPOUKY PEHCOB ¢ HAMOOJBIITUM MPUOPHUTETOM (TI0 YOBI-
BaHMi0) BXOAAT Il4, I114 u I1}o. [lomydennslii pe3yabTaTr oOBCHIECTCS BIUSHHEM (PaKTOpOB cOOS B Op-

raHm3alyv BO3AYIIHOI'O ABUIKCHMUSI.

B Tabn. 4 npencraBieHsl pe3yabTaThl BEIYUCIECHUH MHOXKUTeNEH Gopmyiisl (4) o npuopure-
TaM MpeIblIyIIX CEMH PEHCOB C yUETOM MHTEPECOB a3POMOPTOBBIX CITYXKO.

Tabanna 4
Table 4
Pe3ynbpTaThl BEIUMCIEHUI IPUOPUTETOB NPU g = 2
The results of the calculations are prioritized at g=2
1y 0.1+ 0,1+3 0.4+7% 0.4+% uror
1y’ 0,6 0,5 1.4 0.8 0,33
1/ 0,6 0,5 1.4 0,65 0,27
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IIpoxoskenne Tadauubl 4
Continuance of Table 4

117 0,6 0,5 1,4 0,5 0,21
11§ 1,1 0,5 0,9 1,11 0,54
1,7 1,1 0,5 0,9 0,9 0,44
11,57 1,1 0,5 0,75 1,3 0,52
1,7 1,1 0,5 0,75 1,15 0,46

B utore mpousBen€HHBIX BbIYMCICHHUH (Ta0n. 4) BbIIEICHA TpPOMKa peiicoB ¢ HAMOOIbUINM
npuopureroM (o yowiBanuio) Ils, 1115, I114. Tlomyuennsle pe3ynbTaThl OOBACHAIOTCA BIUSHUEM HA
cOOIHYIO CUTYyaIMIO PECYPCOB a3pONOPTA.

B Tabn. 5 mpeacraBieHbl pe3yabTaThl BRIYUCICHUS MHOXHTENEH GopMyisl (5) Mo mpuopure-
TaM NPEIbIIYIINX CEMU PEUCOB C YYETOM UHTEPECOB ABUAKOMITAHUH.

Taoaunma 5
Table 5
Pe3ynbpTarhl BBIYMCIEHU TPUOPUTETOB NpH ¢ = 3
The results of the calculations are prioritized at g=3
1y 6, 0.1+% 0,1+f5j 0.4+7% HTOr
1’ 1 0,5 0,35 1,4 0,22
11/ 1 0,5 0,35 1,4 0,22
113 2 0,5 0,35 1,4 0,49
11y 1 0,4 0,35 0,9 0,14
1,7 1 0,4 0,35 0,9 0,14
11, 1 0,4 0,35 0,75 0,2
1,/ 1 0,4 0,35 0,75 0,2

AHAJOTUYHO TPEIBIIYIIAM BEIYHCICHUSM U3 Ta0JI. 5 BBIIEISIEM TPHU peiica ¢ OONBITUMU TIPHO-
pureramu, 310 Ils, 114w I1>.
B utore Ha Tpu cBOOOJHBIX MecTa adponopta M Ha TIEPBOM IIare PemeHUs MPETCHIYIOT BCE
cemb peiicoB — (I, Iy, [1g u3 My), (Ils, 1159 u3 M3) u (I1;2, 114 u3 My), pu 3TOM KakIIblif IMeeT co0-

CTBEHHBII 00beKTUBHBIH Tpuoputet. Ilo dopmyrne C3

BAapHUaHTOB PCIICHU.

7! g
= 3q; NOTYyHaEM 35 BO3MOXHBIX COYETAHUU

Ucnonb3ys 0000menubIi Kputepuid F, (6), onpenenum rpyIiy 13 TpeX peiicoB ¢ MaKkCHMallb-
HOU CYMMOI TI0 3TOMY KpHUTepHIO. JlaHHbIC BEIYUCIICHHI IPECTABICHBI B Ta01I.0.

Taodauua 6
Table 6

Pe3ynbrarhl BerancieHnid 0000EHHBIX TPHOPUTETOB TIO 3a/I€PIKAHHBIM peiicam
The results of the calculations of generalized priorities for delayed flights

m, |6 | 01t | o1+ | 2o ‘Li—+ 01 | mp+or | rpror | peor | F | e
I 1 0,5 0,7 1,1 0,85 0,6 0,35 0,5 0,19 2
I, 1 0,75 1,1 1,1 0,85 0,6 0,35 0,5 0,21 1
> | 2 0,2 0,7 1,1 0,85 0,6 0,35 0,5 0,18 4
I 1 0,7 0,7 0,5 0,4 1,1 0,35 0,5 0,13 7
M= | 1 0,5 1,1 0,5 0,4 1,1 0,35 0,5 0,145 5
I, |1 1,0 0,7 0,45 0,4 1,1 0,35 0,5 0,14 6
M., | 1 0,85 1,1 0,45 0,4 1,1 0,35 0,5 0,185 3
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B pesynbrare Beruncnenuii (tTadin. 6), He ucnonb3ys ['A, ynaéres HailTi Tydiryro KOMOMHAITUIO
BBITIOJTHEHHS 33/Iep>KaHHBIX percoB B M| — 310 Iy, I, u [14.
B 1abn. 7 mpeacraBneHs! Mark MjiaHUPOBAaHUS MPUIIETA U BbUIETA MOCIIE BO3OOHOBIICHUS TOJIE-
TOB Ha M;.
Tabamnna 7
Table 7

[TmanupoBaHue MpuieTa U BBUIETAa C MOMEHTAa HOPMAJIM3AIlUH YCIIOBHH MOJIETa
Arrival and departure planning from moment the flight conditions are normalized

ITomarosoe L\ LG\ L|pi|p2| ps | Pe|Ps|Ps| Ps |Pol| Pro| Puu | P2 | Pua
peme}me

| 31100 1, 1, 11
0301 ]m 11 115 i

2 3 O O 1 Hg Hg HIO
0|1 20 1

; 1|1 ]1]o0 1,
o1 ]1]1

W3 tabn. 7 BUAHO, YTO MPU 3asIBICHHBIX UCXOAHBIX JAHHBIX JOCTATOYHO TPEX IIAroB JUIsl pe-
[ICHUS 33]]a491 C TIOMOIIBIO MPOCTOTO nepedopa BapuanToB. OCHOBHBIM OIPAaHUYCHHUEM TIPU PEIICHUU
3aJjauM SIBJISIETCS HaJIM4YWe CTOSHOK B aspomoprtax ans npuéma BC. [lpenmMyiiecTBoM AaHHOTO airo-
pUTMa SBISIETCS OOBEKTUBHOCTD, MO3BOJIAIOINIAS PEIIATh MOJA00HBIE 33a/layl aBTOMATUYEeCKH Oe3 yua-
CTHSl ueJoBeKa-omeparopa. B kauecTBe HemocTaTKa cCleAyeT OTMETHUTh CYObEKTHBHBIH XapakTep

Ha3Ha4YeHUs] KOd()PHUIIMEHTOB 3HAYMMOCTHU TOKa3aTellel m. HO MPHU WCMOJIB30BAHWU AITOPUTMA HA
MIPaKTHUKE TAHHBIA HEJOCTATOK MOKET JIETKO KOPPEKTUPOBATHCSI.

B nuHamudeckoil 00CTaHOBKE MPHU OPraHU3AIMU COBMECTHOTO YIIPABICHHS aBUAIIMOHHBIM KOM-
TUIEKCOM ISl JIMKBUJAIIMK HETaTUBHBIX MOCIEACTBUI COOMHBIX CUTYyalMii TpeOyeTcs UCIONIb30BaTh CH-
CTEMy IUIAHUPOBAHUSI 110 TEKYIIEMY COCTOSIHUIO. CHCTEMOOOpa3yoleil KOMIIOHEHTOH TaKkoro IIaHupo-
BaHUS SIBJISICTCS IPUOPUTETHOE 0OCTYKHUBaHKE, BKIIIOUAsi BBICOKHM PEUTHHT OTIENbHBIX PEICOB.

3AK/IFOYEHUE

Ha ocHOBaHMM POBENEHHBIX UCCIIETOBAHUNA MOXKHO CII€TIAaTh CJIEIYIOIINE BEIBOBI.

1. Jlna Ha3HA4YEHMs IEPBOOYEPEAHOCTH 3a/l€P>KAHHBIX PEUCOB MpeJlaracTcs paHKUPOBaTh UX
MHO’KECTBO C TIOMOIIIbIO YaCTHBIX TUHAMHUYECKUX MPUOPUTETOB IMPU OOBEKTHUBHOM Y4E€TE€ MHTEPECOB
Pa3IMYHbIX YYaCTHUKOB IpolECca.

2. Ilpu BeIOOpE OKOHYATEIHHOI'O BapHaHTa 3aJICPKAHHBIX PEUCOB MPEII0OKEHA KOMITJICKCHAS
MYJBTHIUIMKATUBHAs (pOpMa KpUTEpHUs €ro 3HAYMMOCTH, MO3BOJIAIONIAs MCIIOJIB30BaTh BOCEMb 4acT-
HBIX [TOKa3aTeNei.

3. IlpousBenéHHbIE pacueThl MOKAa3alIM, YTO MPU COBMECTHOM IPUHATHUU NPOU3BOACTBEHHBIX
pemieHuit TpeOyeTcsi O0BbEeKTUBHAS OIleHKa o0miero cocrosiHus. HampuMep, B OIMHAKOBBIX YCIOBUAX
MHTEPECHl TPEX Pa3IMYHBIX NPEICTaBUTENIEH MPOLEcca CYIECTBEHHO OTIMYAIOTCA OT KOHCOJIUAMPO-
BAHHOI'O PEIICHMUS.
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We consider the problem of collaborative decision making of the production process at airlines (CDM) in dynamically changing
conditions of occurrence of emergency situations that make changes in the action plan. In the production process, due to the
different orientation of the tasks to be solved, the solution may require a large or small number of possible variant solutions. The
article presents a concrete example of such a situation affecting the conventional three services of the aviation complex, each with
its own interests in the overall production process. The solution to this problem is the only option in favor of the overall production
process. For this purpose, several designations and assumptions have been introduced, the list of which can be supplemented.
Dynamic priorities are defined for each participant of the process. Optimization of collaborative decision-making can be achieved
either by a simple search for solutions, or by using a genetic algorithm that allows you to get a suboptimal solution that meets the
requirements of the participants in the process using a smaller number of iterations in real time. In this example, we consider a
situation that occurs in a real enterprise due to bad weather conditions. Thus, dynamic priorities are assigned based on a
multiplicative form for delayed flights, considering the interests of participants in the process, private criteria are formed for ranking
flights at each step of rescheduling, and a genetic algorithm is applied. As a result, we obtained four solutions to the disruption
caused by external factors. The first three options correspond to the interests of three parties concerned, and the fourth one is
consolidated. All the solutions were different, which indicates the need for an objective and reasonable decision-making apparatus
for joint management of the production process. The proposed mathematical apparatus has this ability and prospects for
implementation.

Key words: collaborative decision-making (CDM), flight safety, genetic algorithm (GA).
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The article deals with the problems of perishable goods handling process at Russian airports on delivery in international supply
chains (ISC). The investigation was carried out on the basis of operational analysis. The initial stage of the study, which was
performed applying statistical analysis, revealed that the major category of perishable goods which establish air transportation
demand into Russia is the fresh exotic fruits. The investigation was performed taking the mango supply chain as an example, due to
its non-standard thermal and storage requirements. The second stage resulted in the perishable goods airport handling quality
criteria set formation: the number of mandatory cargo while handling operations, the required time for these operations, the amount
of paper work, the number of multi-temperature chambers at the airport and their area, ULD temperature storage system
availability. The study revealed that about 90% of perishable goods, which are imported to Russia, are handled at the airports of
Moscow aviation hub because other airports in Russia lack the temperature storage facilities infrastructure. This restriction raises
the price of perishable goods logistics on the territory of the country considerably as well as reduces their quality. Four international
airports of strategic importance outside the boarders of the central federal district which have the potential of forming central hubs
for perishable goods handling as well as processing of transit and transfer flows were chosen in the context of this study. Among
them are the airports of Novosibirsk, Vladivostok, Yekaterinburg and Krasnoyarsk. The airports of Moscow aviation hub were
offered specialization on the subject of perishable goods export-import flow handling. The materials received from airlines, major
cargo terminals at Russian airports, transport companies, specialized international air transport enterprises and logistics associations
were exploited as the data for this study. The research registered that the deterrence to the speed of supply chain operation is the
time of cargo ground service at Russian airports which considerably exceeds the cargo ground service time in the exporting
country. The delays are connected with the poor development of perishable goods handling cargo terminals and also with loads of
paper work because the system of electronic workflow and automated checking of markings doesn’t exist. The model of electronic
workflow in the International Supply Chain which utilizes pre-flight and pre-loading preliminary information about the cargo was
offered. Block Chain system for checking the correct presentation of documents at all stages of the supply chain was introduced
which reduces the total time of cargo ground handling process.

Key words: air transportation, cargo delivery technology, perishable goods, international supply chains, mango supply chains,
marking of goods, airport cargo ground handling, electronic documentation, Block Chain Technology.

INTRODUCTION

At the time of the world’s coronavirus pandemic spread and further termination of international
passenger flights as a necessary measure, the airlines faced a burning issue of finding new sources of
income. Under these conditions, most airlines, especially large ones, have taken the path of increasing
the volume of cargo transportation. Pursuing this goal, passenger airplanes started being used for cargo
transportation. According to the Federal Air Transport Agency, at the end of April 2020, seven airlines
got the right to transport cargo in the passenger cabin. Aeroflot, Ural Airlines, Russia, Icarus, Nord-
wind, Azur Air, Royal Flight and S7 are among these companies. The cargo is allowed to be transport-
ed in the cabin on the condition that there are no passengers and the cargo centering rules and weight
restrictions established by the aircraft designers are observed.

The increased capacity of airlines makes the competition in the air cargo market more en-
hanced. The competition is not only on cost but also on quality of the provided service, speed of deliv-
ery, compliance to the conditions of detention of goods in transit, security of goods. While transporting
goods by air the mandatory participants in the supply chains are the airports that provide shipment ser-
vices and deliver goods to the consignee in the destination country. The airlines and airports establish
close and long-lasting business relations which in the end, effect the profitability of the both sides. On
the one hand, quality and the airlines service cost determine the demand on cargo transportation and
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consequently the demand on the cargo handling in the cargo terminal of the airport, which services the
airline. On the other hand, the quality and cargo handling service cost at the airport effect the con-
signor's choice of the airline. To win in the rivalry for the freight traffic, the airlines and airports
should join their efforts, giving consignors, while sending the freight, the required aggregation of qual-
ity level and cost. The airports authorities should not only consider airlines but consignors as well, as
the source of main income.

According to the IATA data about 35% of international supply chains turnover in value and
less than 1% in physical volume is delivered by air transport. It is determined by the high added value
of the goods delivered by air transport. The high cost of the goods determines the rigid requirements of
the consignors to the undamaged state of the goods while air delivery process.

The main category of goods which have the constant demand for air transportation are the
goods which have the higher requirements to the delivery speed, such as pharmaceutical goods, ani-
mals, perishable goods, the goods of electronic commerce and post. The growing demand for air trans-
portation comes from pharmaceutical goods, but its international turnover hasn’t still reached any con-
siderable volume. According to IATA, it makes 1,9% of the world’s airlines turnover. At the same
time we can observe a rapid growth of transporting volumes from electronic commerce goods and per-
ishable goods. In 2016 the demand for perishable goods transporting increased by 140000 tons due to
the increased volume of deliveries to China and it continued its growth in 2018. The annual growth has
made up 6,17%'. According to the experts’ esteems it is the perishable goods that are the drivers in the
airlines turnover growth [1]. The greatest share of the whole perishable goods volume delivered to
Russia by air is fresh fruit.

There is an objective necessity to buy foodstuff which can’t be produced on the territory of the
given country in some other countries as well as the science and innovation goods which are effective-
ly used in the foodstuff production on the territory of the importing country. The current policy, which
is implemented by the government of the Russian Federation, is aimed at the foodstuff goods import
substitution. However, the consumption basket of the Russian citizenry contains some exotic fruit such
as mango, avocado, papaya, guava which are impossible to produce on the territory of our country.
The mentioned above fruits have a very short storage period, so speed and delivery conditions are the
crucial factors while choosing their transporting method. The safety of perishable products has an im-
pact on the income of all participants in the supply chain and also on people’s health. According to the
esteems of the World Health Organization, about 20% of perishable goods spoil during their transpor-
tation because of the cold chain breakage. The sale of perishable food products in developed countries,
gives food retailers up to 40% of the profit, and in Russia the situation is approximately similar
(37.8%)*, but the losses of the goods in this category caused by the failures in supply chains reach
more than 65% [2, 3]. It is possible to reduce the perishable goods loss share at the expense of the de-
livery time reduction and extension of the life span on the store shelves. These conditions make the air
transportation in the international supply chains more preferable, especially in intercontinental com-
munication [4].

Perishable goods make nearly 10% of the airlines total turnover and consequently it relates to
the goods handling process in the airport terminals [5]. According to the leading airlines esteems the
segment of perishable goods has a significant potential for their international transportation demand
growth. One of the strategic goals for the airlines and airports is to remain competitive in this segment.
For instance, according to the data received from Los Angeles airport, only fresh fruits, vegetables and

' World ACD and Technavio Global Report on Perishable GoodsD. Available at: https://www.iata.org/contentassets/
4¢4d3b50f3614011aef57357e594801¢/perishables_track.pdf (accessed 10.03.2020).

? Retail chains selling food and related products (FMCG) in Russia 2015. General business characteristics, regional analy-
sis, industry development strategy. RBC Research. Available at: http://alfabank.rbc.ru/media/ research/file/
FMCG_ %D1%81%D0%BF%D0%B5%D1%86%D0%B2%D0%B5%D1%80%D1%81%D0%B8%D1%8F.pdf (ac-
cessed 10.03.2020).
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nuts make 15% in the weighing terms of the goods processing whole volume. The profit which airlines
receive having transported this group of goods is insignificant because these goods don’t have high
added value. According to the Lufthansa airline it only makes a few percent for 1$ of the transported
goods. However, this group of products allows airlines to earn additional profit from cheap passenger
flights by filling the cargo compartment of a full passenger flight [6].

The organization of a coordinated science-based technology for the functioning of supply
chains by all its participants will significantly increase their efficiency [7 — 9]. The closest cooperation
should be reached between airlines and airports, as the quality of the service which they provide de-
termines the demand for the transportation of perishable goods by air. According to the IATA esteems
the goods spend at the airport from 30% to 50% of their transportation time. Technical and technologi-
cal facilities of airports determine the goods preservation while being transported. The processing time
of perishable goods handling extension at the airport leads to their reorientation to sea transport. The
advent of new perishable goods storage technologies which apply specialized gaseous medium makes
it quite possible. The last decade of years showed the redirection of large volumes of perishable goods
different types from air transportation to the delivery by sea [10]. However, utilization of such tech-
nologies reduces the quality of goods, that’s why the delivery rate by air extension especially at the
airport handling stage will make it possible to return a certain part of this segment.

Russian airports lack the sufficient facilities and technological equipment to handle this catego-
ry of goods. The main problem of perishable goods handling process in airports is the different tem-
perature regime of storage and certain types of goods incompatibility, which requires a big number of
multi temperature chambers. According to the IATA not a single airport in Russia has the status of the
airport with specialized facilities to process perishable goods as well as the phytosanitary-inspection
service. The situation has changed after modernization of the Moscow Cargo at Sheremetyevo Interna-
tional Airport, but the airport hasn’t passed the Certification of compliance yet. As a result, 90% of
airlines perishable goods turnover in international flights is handled at the Moscow aviation hub, main-
ly at Sheremetyevo International Airport, which limits the development of international supply chains
for perishable products within Russia.

METHODS OF RESEARCH

This research has been carried out on the basis of the international supply chain perishable goods
delivery technology analysis by air transport. The analysis is based on a process approach, since the
number of participants in the supply chain may vary depending on the number of mediators, and the
number of operations and processes that must be implemented for the supply chain to function is a rela-
tively constant value [11]. The SCOR-model which is based on the principles of indivisibility of cargo
and information flows as well as on functional integration was used for making analysis. Taking this
model as a core the scheme of perishable goods processes indivisibility and interconnection was made
up; the criteria of perishable goods at the destination airport technological operations effectiveness esti-
mation were worked out; the factors which reduce the quality of goods while handling at the airport were
determined; the best technological solutions of the most problematic processes were studied.

At the initial stage, with the help of statistical analysis the main categories of perishable goods
which show the demand for air transporting while being delivered in Russia were revealed. Further on
they examined the requirements of International and Russian Standards to their transportation and the
reasons why these requirements while handling the goods at the airports of Moscow aviation hub are
broken. The following criteria for fruits processing technologies at the airport analysis were used: the
number of compulsory while-handling operations, the time necessary for these operations, meeting the
standards requirements to the storage and handling conditions, the amount of paper work. The research
was carries out using the mango from Brazil by-air delivery example, as fresh fruits make the biggest
share of perishable goods delivered to Russia by air, while mango is the most particular to the delivery
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conditions. The second stage of investigation dealt with the analysis of technological facilities for per-
ishable goods handling at the largest airports in Russia, the main centers which have strategic im-
portance for the hubs which service transit air transport flows development. Some technological solu-
tions aimed at the quality and periods of perishable goods handling increase in the cargo terminals at
Russian airports were offered.

The materials from Russian airlines, largest cargo terminals in Russia which have the strategic
importance for the perishable goods supply chains development, transport companies, ICAO (The In-
ternational Civil Aviation Organization), IATA (The International Air Transport Association)
and TIATA (The International Air Cargo Association), FIATA (International Federation of Freight
Forwarder Association), ACA (Airport Council Association), ACI (Airports Council International)
were used, the results of the scientific research and the results of the interviews which were carried out
by the author with the airports and airlines cargo terminals authorities were published.

PERISHABLE GOODS WHICH MAKE A DEMAND FOR AIR TRANSPORTATION TO
RUSSIA AND THE INDUSTRY STANDARDS

After having conducted the analysis of the international supply chain it is possible to pick out
the following categories of perishable goods which make a potential demand for air transportation.

e vegetable products: fresh fruits, berries, vegetables, and herbs, except the heavy, cheap
vegetables and fruits that can easily be transported by sea, they make up the largest share of
perishable goods delivered to Russia, and make the most strict requirements for the condi-
tions of transportation;

e animal products: animal genetic material, incubator eggs, fertilized eggs, refrigerated meat
and poultry, refrigerated fish, refrigerated caviar;

e processed products: expensive frozen fruits and vegetables, meat and sausage products,
cheeses;

e live plants, flowers, seedlings, tubers, seeds;

¢ live fish planting material (fry, under yearlings, etc.);

e food additives: enzymes, ferments, dye stuff, etc.

The Russian market is ranked fifth in the world in terms of food imports. The share of import
among all consumed agricultural products and food is more than 35%. Food products and agricultural
raw materials (group 01-24 of Commodity Nomenclature of Foreign Economic Activity) are one of the
key commodity groups imported to the Russian market, whose share in total imports in 2017 and 2018
is 12.7% and 12.5%, respectively. In monetary terms this group import volume amounted to $ 29.74
billion in 2018, compared to $§ 28.95 billion in 2017. According to Russian Statistics Committee -
Rosstat, imported food products make up 27% of the total retail food products turnover. The govern-
ment of the Russian Federation conducts an active import substitution policy, however, the import of
several products is an objective necessity dictated by the peculiarities of the country's natural and cli-
matic conditions. “Fruit and nuts” is the most significant category of food products imported to Russia,
its share in the total volume of food and agricultural products in 2018 made up 17,14% of the total im-
port structure in the monetary expression, and in 2019 it made up 46,2% of the total vegetable prod-
ucts import volume. If nuts are not related to the perishable goods category and can be delivered by sea
then fruits are much more sensitive to the period of delivery. Air transport is used for the delivery of
exotic fruits which bring the most rigid demands to the terms and period of delivery such as: persim-
mon, dates, avocado, fig, mango and mangostan, pine apples, kiwi fruit, guava, pawpaw, which are
delivered all the year round or seasonally. The total volume of the fruits importation in this category
amounted to 6,6% (332,1 thousand tons) in 2018. Since this category of perishable goods establishes
greatest demand for delivery by air it is exactly this category which was studied in this research.
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The basic volume of exotic fruits comes from Costa Rica, Isracl, Brazil, Peru and Iran.

The largest part of the exotic fruits delivered to Russia is processed at the airports of Moscow
aviation hub, mostly at Sheremetyevo International Airport and partly at Moscow Domodedovo Air-
port and a minor part is delivered at Pulkovo Airport in Saint Petersburg. Such international fruit direc-
tion control is connected with infrastructural restrictions in Russian airports. Concentration of incom-
ing flows in the central region leads to the rise in prices of the internal logistics of fruits. In 2003, the
members of the perishable goods market felt the urgent necessity to work out international standards
and regulations for perishable goods delivery. The Cool Chain Association was created with the exact-
ly this purpose. At present, this association works in close cooperation with the International Air
Transport Association (IATA) and The International Air Cargo Association (TIACA). The main doc-
ument, which determines the perishable goods delivery technology requirements by air transport at in-
ternational level, is the current version of industry standard of IATA Perishable Cargo Regulation [12].
The purpose of this standard is to create the common regulations of perishable goods transportation for
all participants of the air transportation market, to improve the speed of technological processes, to in-
crease the quality and transparency of the delivery process, to upgrade the communicational processes
between the members of supply chains. Besides, the IATA publishes expert examination results of the
main airlines that control the live animals and perishable goods transportation (LAPB). In addition to
the mentioned above document, the IATA worked out an additional standard “Temperature Control
Regulation” for temperature controlled goods. The latter standard reflects the requirements to the prior
cargo handling at the airport as well as to transporting, refrigerating, to temperature control during de-
livery by road and preserving the goods value added. The IATA standard reflects the innovative inter-
national practices of technical and technological solutions used by airlines and airports. There is no
practice of developing such standards at the national level.

There are Federal Aviation Rules that function in Russia. “The General Rules for passengers,
baggage and cargo air transportation and the requirements for passengers, shippers, and consignees
servicing” adopted by the Ministry of Transport, No. 82 of 28.06.2007 is one of them. The “Manual on
Domestic Airlines of The USSR Cargo Transportation” (Cargo Transportation Guide-85)” adopted by
the Ministry of Civil Aviation of the USSR on August 20, 1984 N31/I is among them. However, the
national rules assume the regulations for perishable goods service conditions during the air delivery
process, in accordance with the terms of contracts between the shipper and the airline. Meanwhile, ac-
cording to the guidelines, perishable goods are ready for transportation in case the sender submits qual-
ity certificates or certificates of the fixed form. As a rule, perishable goods are transported by direct
flights. In exceptional cases, with the prior consent of the transfer airport, it is possible to accept per-
ishable goods with one overload on the way.

The experience of Russian and international airlines shows that the most difficult thing to de-
termine in the supply chain is the level of losses at the stage of transporting, as they are often connect-
ed with the infringements at the previous stages of the supply chains. In this regard, the ISO 22000
standard-"Food and Food Safety Management System — Requirements for Any Organizations in The
Supply Chain" — is applied at the international level for food products. The national standard: "The
System of Food Products Safety Management. Requirements for Organizations Involved in The Food
Production Chain” - GOST R ISO 22000-2007 was worked out in Russia. Another international stand-
ard is HACCP (Hazard Analysis and Critical Control Points), which is the food stuff quality control
system. Standard GOST51705.1-2001 — Food Products Quality Management Based on The HACCP
(Hazard Analysis and Critical Control Points) principles operate on the national level. Enterprises lo-
cated on the territory of the Russian Federation have the independent right to choose the standard for
the food safety management system development.

According to the IATA manual, the most rigorous requirements to the temperature regime have
fresh fruits and vegetables, as some of them increase the respiration intensity (climacteric fruits) when
temperature rises, which leads to the increased amount of carbon and further production spoilage. Be-
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sides, fruit require separate storage due to the different intensity of ethylene release and sensitivity to
its concentration (tabl. 1). Taking these biological peculiarities as a basis the IATA worked out com-
patibility and incompatibility tables for different fruit and vegetables.

Table 1
Temperature storage conditions for fresh fruit delivered to the International Supply Chain by air
Perishable goods Temperature storage conditions Temperature effect on respiration
intensity
Avocado +5,0...+12,0 yes
Guava +4,5 yes
Mango +10,0...+13,0 yes
Mangostan +4,0...+8,0 yes
Raspberry -0,5...0,0 yes
Strawberry 0,0 yes
Papaya +7,0 yes

The majority of perishable goods delivered by air have the range of temperature storage from
0-+5°C, while exotic fruit require a higher temperature conditions and separate storage conditions. There-
fore a high quality perishable goods servicing at the airport requires a certain amount of separate tempera-
ture chambers with an adjustable storage regime. Besides, according to the WHO esteems, a frequent tem-
perature impairment happens on the runway during loading-unloading processes at the airports as well as
while unloading the motor transport at the ramp.

TECHNOLOGICAL CAPABILITIES FOR PERISHABLE GOODS HANDLING PROCESS
AT THE AIRPORTS OF RUSSIA

The airlines have managed to work out the methods for products cooling and refrigerating
which make it possible to deliver the goods more cost-beneficially in a special packaging. The temper-
ature conditions in the cargo compartment on board a plane are provided by circulation of cold exter-
nal air. The temperature is set by the captain of the aircraft. The problems arise in case the goods
which require different temperature conditions are placed in the cargo hold of the plane. To maintain
different temperature conditions, delivery is carried out in specialized aviation refrigerated containers,
which completely solve this problem. A more complex issue is maintaining the temperature regime at
all stages of cargo handling at the airport. The main advantage of perishable goods delivery by air is
the rate of transportation however, this benefit reduces because of the technological shipping process
extension. According to the experts’ esteems the most problematic link in the perishable goods Inter-
national Supply Chain is the ground handling at the airport of shipment and destination airport.

The complexity of perishable goods handling process organization at an airport is conditioned
by the following peculiarities:

e A short expiring period;

e Seasonal transport volumes;

e Different requirements to temperature storage and transportation conditions for different

categories of perishable goods;

e The process of phytosanitary control and customs procedure;

e The necessity of using ULD (unit load device) with temperature control;

e The goods quality dependence on great number of supply chain participants, (fig. 1).
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Fig. 1. Participants of perishable goods international supply chain

The following parameters have a great impact on the perishable goods quality while being han-
dled at the airport [13]:

e the cargo quality status at the time of shipment is controlled according to certificates and
quality certificates, but it’s often impossible to detect the violations of the goods mainte-
nance conditions at the previous stages when the goods are loaded to be transported by air,
so all responsibility falls on the load carrier or the airport;
the cargo preparation for storage and transportation - the system of cargo refrigerating;
the packaging and packing are chosen by the consignor of goods;
the temperature and storage conditions, including the ones at the airport;
the humidity conditions of storage and transportation, including the ones at the airport;
air circulation and ventilation in the sites of cargo storage and transportation;
air purity and sanitary condition in the storage chambers and vehicles capacity, including the
ones at the airport;

e the ways of products distribution in them;

e storage and transportation period.

When transporting perishable goods, the climatic conditions of the shipment and transportation
areas should also be taken into account as the external temperature while unloading the aircraft and
internal temperature in the cargo terminal of the airport depend on these conditions. The requirements
to the vehicles used on the territory of the airport are put forward taking climatic conditions into ac-
count. Pursuing this purpose, according to the IATA manual, it is recommended to use ULD containers
with temperature regulation. At the same time the total time of the flight and ground handling of per-
ishable goods at the airport shouldn’t exceed 48 hours.
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The Moscow Cargo Terminal at Sheremetyevo International Airport meets the most complete
requirements of international standards of technological equipment for processing perishable products.
The terminal area is 42,300 m?, the throughput capacity is 380 thousand tons per year, and the volume
of transit cargo handling in 2017 was 445.2 thousand tons. After modernization, the terminal is
equipped with 26 multi-temperature chambers for perishable goods storage with a total volume of
3,845 m’. In addition, an automated ULD container storage and processing zone has been put into op-
eration, which is equipped with 60 thermal cells with the temperature kept in the range of +4...+8 °C
and an online monitoring system for temperature sensor readings. The terminal also has thermal
equipment to work on the ramp. Together with Air Bridge Cargo, the Moscow Cargo Terminal allows
you to arrange the delivery of transfer cargo within 48 hours, as it is required by the IATA standard.

At other airports of the Moscow Aviation Hub the situation is worse. The area of cargo termi-
nal of Domodedovo airport is 13600 m?, its throughput capacity is 200 thousand tons per year. The
terminal is equipped with two temperature chambers: a freezing chamber with temperature range -
13...-20" and a cooling chamber with temperature range +2...+8°, which doesn’t allow you to store
incompatible goods separately. Moreover, some perishable goods which require a higher temperature
storage conditions can’t be processed in this airport (exotic fruits, medical products). The terminal
doesn’t have the ULD storage system with temperature maintenance. The similar situation takes place
in the cargo terminal of Vnukovo Moscow International Airport which area equals to 13000 m?, total
storage area is 4560 m” and throughput capacity is 150 thousand tons per year. The cargo terminal is
equipped with a freezing chamber which total area is 256,3 m”. According to the Federal Air Transport
Agency, other airports on the territory of the Russian Federation do not have the equipment to main-
tain various temperature storage conditions. Seventeen airports are supplied with thermal chambers.
The infrastructure for handling temperature cargo at Russian airports availability analysis is shown in
Figure 2.

% Temperature |
. regime

# Cargo is not
-accepted

¥ No conditions
for storage

#' Handling and 3
;storage o2 4 6 B 1012141618022 242628 30 32 3436 38 0 42 4446 48 50 52 54 56 54 6

Fig. 2. The number of international airports in Russia which have technical and technological facilities
for perishable goods handling process

The logistics efficiency of perishable goods delivered in Russia by air increase can be
reached by creating several hubs on the territory of the country which will make it possible to unload
the Moscow Aviation Hub, which currently handles about 90% of the perishable goods total volume.
In this regard, it is advisable that Moscow Aviation Hub airports specialize in servicing export-
import flows, and the processing of transit and transfer flows should be concentrated in several ma-
jor international airports outside the Central region. This direction of airport infrastructure develop-

72



Tom 23, Ne 06, 2020
Vol. 23, No. 06, 2020

Hayunsbrii Bectuuxk MI'TY 'A
Civil Aviation High Technologies

ment conforms to the Decree of the President of the Russian Federation dated May 07, 2018 "On Na-
tional Goals and Strategic Objectives For The Development Of The Russian Federation For The Pe-
riod Up To 2024", as one of the priority tasks which defines “the development of transport corridors
"West-East" and "North-South" for cargo transportation, also through the establishment of central
cargo multimodal transport and logistics centers. It is proposed to use the country’s busiest airport
cargo terminals, which have the greatest potential for processed cargo flow increase and develop-
ment of ground infrastructure as central hubs. The dynamics of cargo handling volumes at the largest
airports in Russia is shown in Table 2.

Table 2
Volumes of cargo handling dynamics at the largest Russian airports
in international and domestic traffic in tons*

Airports 2014 2015 2016 2017 2018 2019
Moscow 197 782,50 178 167,50 | 231249,90 | 293972,50 | 617368,80 | 329 817,20
(Sheremetyevo)

Moscow 162 163,03 133 182,65 119 039,44 122 862,35 | 240708,34 105 862,72
(Domodedovo)

Moscow 37 195,93 36 707,12 44 153,22 58 493,98 125 208,90 48 890,91
(Vnukovo)

Saint Petersburg 25 360,00 22 535,00 25 381,00 28 751,00 54 990,00 27 411,00
(Pulkovo)

Novosibirsk 25073,10 19 670,10 16 962,20 22 012,50 49 281,80 26 558,90
(Tolmachevo)

Vladivostok 28 930,00 21455,77 21 642,10 23 317,20 49 172,24 21 441,61
(Knevichi)

Khabarovsk 29 173,52 22 621,23 22 580,50 24 075,79 43 694,60 19 404,90
(New)

Yekaterinburg 22 190,95 18 366,75 20 045,82 19 340,27 36 852,06 17 196,81
(Koltsovo)

Krasnoyarsk 16 041,40 12 877,71 12 483,21 13 852,29 31013,64 15 448,14
(Yemelyanovo)

The total amount | 543 910,43 465 583,83 513 537,39 | 606 677,88 | 1248290,38 | 612 032,19
of cargo handled

by the largest

airports in Russia

The cargo han- 70,3 68,5 70,3 73,0 81,0 80,0
dled at Russian

airports total vol-

ume share, %

The total volume | 773 377,87 | 679 621,76 | 730 606,50 | 831070,48 | 1540 755,93 | 764 606,27
of goods pro-

cessed at Russian

airports

* Calculated by the author on the basis of the data from Federal Air Transport Agency (Rosaviatsiya)

The table data, allows us to conclude that it is advisable to develop the airports of Novosibirsk,
Vladivostok, Yekaterinburg and Krasnoyarsk as transfer hubs. According to Federal Air Transport
Agency, all these airports have facilities for processing and storing perishable products, but they do not
have the ability to maintain different temperature regimes. Characteristics of cargo terminals are
shown in Table 3.
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Table 3

Characteristics of airport cargo terminals for creating perishable cargo transfer hubs*

Index Novosibirsk Vladivostok Yekaterinburg Krasnoyarsk
airport airport airport airport
Warehouse area 6733,3m’° 54258 m’ 14 000 m’ 6265,0 m’
E;fevzé?_g cham- 20 m’ 22 m? 40m?
ume/capacity 2203 m’ (t-18...-20 °C) (t0...-20 °C) (t-18...-20 °C)
aCrc;(;hng chamber | (t+15...-18 °C) | Three Scllzfémbers 137.2 m? 80 m’
+2...+8° +8°
(t-5..+8 °C) (t+2...+48 °C) (t0...+8 °C)

ULD storage
with temperature No No No No
maintenance

*The data was submitted by airports authorities

In addition to the absence of separate multi temperature chambers the storage problems often
arise due to the low quality of information exchange system. Technological scheme in the International
Supply Chain of perishable goods transportation by air includes the following stages (fig. 3):

1. Reservation of the goods cargo capacity only after coordination with the carrier the possi-
bility of this cargo type transportation. Documents: air waybill, safety Declaration.

2. Passing through phytosanitary/veterinary control.

Documents: phytosanitary/ veterinary

certificate. When sending plants from the territory under quarantine, you must obtain a permission to

send an individual shipment and quarantine documents.

3. Obtaining Customs permit for cargo transportation (clearance of cargo). Documents: cus-

toms declaration.

4. Unloading of cargo from the vehicle that delivered the cargo to the airport, presenting the
cargo for transportation. Documents: confirmation that the cargo won’t lose its quality during the set
time of transportation; invoice indicating the temperature of the cargo when loading into the vehicle.

5. Weighing and volume measurement.

6. Marking of cargo.

7. Storage and keeping custody with liability on the territory of the airport and having pre-
flight check. Documents: power of delivery, air invoice with the seal confirming the check.

8. Transportation charge.

9. Completion of cargo loading on the departure flight (consolidation of cargo, pallets and
containers formation).

10. Transportation from the warehouse to the aircraft stand.

11. Loading.

12. Cargo berthing.
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Fig. 3. Documents which must be processed while shipping perishable goods via International Supply Chain®

The long procedure of registration and cargo dispatch leads to the fact that the cargo doesn’t
spend more than 30% of the total delivery time on the plane, the remaining time is spent on cargo pro-
cessing at the airport terminals, paperwork, and customs control [4]. This time expenditure can and
should potentially be reduced.

According to the World Bank 2018 assessments, Russia is the 75-th among 160 countries by
the quality of logistics service. The composite score of Logistics Performance Indicator, — LPI is 2,76.
For comparison, Russia has been left behind by such countries as: India (the 44-th), LPI makes 3,18;
Bulgaria is the 52™, (3,03); Brazil is the 56™(2,99); Columbia is the 58" (2,94); Kazakhstan is the
71 (2,81). Among the six indicators used for LPI formation, the lowest one in 2018 in Russia was the
quality of Customs service - 2,42 (the 97"™ position), further is the quality of international supplies -
2,64 (the 96™ position) and tracking shipments in the supply chain - 2,65 (the 97 position). The time
spent on Customs clearance doesn’t depend on the quality of the airport infrastructure, however, the
cargo safety during this procedure is determined by the availability of necessary infrastructure of
warehouses for temporary storage, as the results show this infrastructure is not developed enough.
The average time of imported goods delivery in the supply chain by air transport at the distance of
2646 kilometers equals to 5 days. Considering, that according to IATA standards, this time must be
equal to 48 hours. The average time of Customs clearance with the physical inspection makes 4 days.
The top position belongs to the index of delivery timeliness-3,31 (the 66™ position), Figure 4.

? Air Freight: A Market Study with Implications for Landlocked Countries. Transport Papers. The World Bank Group,
2019. 115 p.
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Survey of the “Moscow Cargo” specialists carried out by the author of this study revealed that
the average time of perishable goods handling at the airport makes 5 hours and 15 minutes disregard-
ing the Customs clearance time. Relying on specialists’ esteems the average Customs clearance time
should make 2 hours. All that exceeds 6 hours is considered to be ineffective’. Exceeding the time of
customs clearance operations and passing phytosanitary control at Russian airports leads to a delay of
cargo in warehouses which increases the cost of products and often leads to its damage due to the lack
of a sufficient number of multi-temperature temporary storage warehouses.

As far as the majority of perishable goods in International Supply Chain is handled at Shere-
metyevo International Airport, it provided the data for analysis of the perishable goods handling time
taking the lot of mango as an example, because it has the highest temperature storage regime, which
can be maintained by the temperature chambers with adjustable storage regime.

Mango belongs to the category of climacteric fruits, which respiration intensity increases while
ripening. Ethylene production at the initial stage of storage causes a sharp increase of respiration inten-
sity. Climacteric fruits have a good ability to ripening and it is widely used in logistics. Fruits collected
at the stage of medium maturity are delivered only by air transport. On average, the acceptable shelf
life of mango at an optimal temperature of +12...+14°C and relative humidity of 90-95% is 30 days.
Extreme cooling of mango in the initial stage of ripening occurs at temperatures below +12° C. As the
ripening stage increases, the mango resistance to lower temperatures increases, but cooling below
+10°C is not recommended. Since mango is harvested at the stage of incomplete ripening, the stage of
its ripening is mandatory in the supply chain, which occurs at the temperature of +15.5...4+30°C, the
optimal temperature is +20...+22°C [14].

There are enough multi temperature chambers for separate storage of perishable goods in the
modernized cargo terminal Moscow Cargo at Sheremetyevo International Airport. Temperature
chambers in temporary storage warehouses at Moscow Domodedovo Airport and Vnukovo Moscow
International Airport maintain the temperature of +2...+4°C, since most imported berries, fruits and
vegetables are processed at exactly this temperature, and specially allocated warehouses are not pro-
vided. Storing mango at this temperature for more than a day leads to its hypothermia, loss of ripening
ability and spoilage.

* International LPI. Country Score Cards [Dmextpommbiii pecypc] // World Bank. Available at:
https://lpi.worldbank.org/international/scorecard/line/254/C/RUS/2018#chartarea (accessed 20.12.2019).
> Perishable Cargo Regulation. International Air Transport Association. Montreal. Geneva, 2015. 232 p.
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The research showed that the average time of mango supply chain operation in Russia is from
12 to 55,5 days at the permissible storage time of 30 days, which is determined by the delays in man-
go handling at the destination airport. The flight time and the time of mango processing at Shere-
metyevo International Airport makes up from 47,5 hours to 10 days (tabl. 3), while the IATA standard
defines the time limit of 48 hours [12 — 13]. The most problematic operations while processing the
cargo at the airport are Customs clearance, phytosanitary and quarantine checks because of low quality
document exchange between the consignor of goods and airport services. As soon as the goods arrive
at the destination airport, the cost of each cargo handling hour increases dramatically, since it reduces
the life cycle of the goods on the store shelves [15 — 16].

Table 4
Flight time and the time of mango processing at Sheremetyevo International Airport
No Process Time of performance Quality impact
in hours
1 Flight to Sheremetyevo International Airport 17,5 High
2 Airplane unloading at Sheremetyevo Interna- 1-2 Medium/high
tional Airport
3 Customs clearance and phytosanitary checks 5-72 High
4 Quarantine control performed by Federal Ser- High
vice for Veterinary and Phytosanitary Surveil- 20-120
lance (for sub quarantine goods) and obtain-
ing quarantine permission
5 Unpalletization at Sheremetyevo International 3-6 High
Airport
6 Storage at the temporary storage warchouse 1-3 High

* Author’s personal calculations

The most often delays and disturbances in perishable goods handling process at the airport hap-
pen because of [17-18]:
e The cargo is not declared as perishable (marking mistake);
The cargo is stored in inappropriate temperature conditions;
The cargo is delivered in inappropriate packaging;
Some technical delays occur while handling the cargo;
The wrong performance of loading and freezing (doesn’t follow instruction).

PROPOSALS FOR IMPROVEMENTS OF PERISHABLE GOODS GROUND-BASED
HANDLING TECHNOLOGY AT THE AIRPORT

The main criteria for perishable goods International Supply Chain functioning is the speed of
handling. The longest delays happen during ground handling of cargo at the destination airport [19].
Exporting countries which are aimed at stimulation of outgoing cargo flows, invest much money into
development of ground infrastructure and modern informational technologies application, which allow
them to reach the optimal time for operations performance. It is connected with the necessity to devel-
op new markets and increase export volumes. As far as perishable goods export volume from Russia is
insignificant, the infrastructure for handling this category of cargo in Russian airports remains low and
has poor support from the government. Due to this fact the ground handling rate of perishable goods
international supply chain functioning slows down in cargo terminals of Russian airports. As the crite-
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rion for evaluation of airport facilities for perishable goods supply chains handling, it is possible to use
the number of multitemperature chambers at the airport, their area, the temperature storage system
ULD availability, the amount of time which perishable goods are at the airport. The following is of-
fered to solve these problems:

1. Establish additional cargo areas with specialized temperature chambers for separate storage
of goods which require different temperature conditions and are incompatible due to biological peculi-
arities in the cargo terminals of the appointed airports (central hubs) which process the perishable
goods International Supply Chain, the airports of Novosibirsk, Vladivostok, Yekaterinburg and Kras-
noyarsk.

2. Create the systems of temperature storage ULD at the selected airports taking into account
the prognostic demand for their handling.

3. Organize 24-hour operation of all services which are involved into ground handling of per-
ishable goods at the airport (Customs house, representation of Federal Service for Veterinary and Phy-
tosanitary Surveillance, phytosanitary control laboratories).

4. Use the experience of the leading airport cargo terminals on electronic cargo certification
while receiving the safety declaration (eCSD).

5. Implement the digital system of document circulation (compiling the digital invoice), which
will allow to synchronize the electronic freight and processing of import documents. The model of
material and information flows organization in International Supply Chain applying EDI (Electronic
Data Interchange) and scanned documents is shown in Figure 8.

6. Simplify customs clearance for cargo flights at destination airports by implementing pre-
flight preliminary information about the cargo (ACI) in accordance with the framework of standards
(SAFE) of the World Customs Organization and Pre-Loading Advance Cargo Information (PLACI).
Application of this information is only possible on having the digital (electronic) document circulation
between all the members of International Supply Chain.

7. Implement the Block-Chain system to follow all operations in the International Supply
Chain. This technology allows to fix information about every displacement of cargo in the cloud sys-
tem by means of creating a corresponding note [20 — 22]. Such type of notes is impossible to be broken
or changed as they have decentralized structure of storage system. The principle of the system opera-
tion is the following: each member of the supply chain receives the information about any displace-
ment of the cargo, but the process itself is not monitored. This system will simplify the process of doc-
uments check and finding errors in these documents mainly when checking the marking and customs
clearance.

The introduction of pre-shipment advance cargo information will allow customs authorities to:
focus on more detailed verification of high-risk shipments safety; reduce delays in customs clearance
for low-risk shippers; flexibly adapt to different models of international supply chain organization
while ensuring a comparable level of security; simplify the process of goods displacement in global
supply chains which are characterized by complex cross-border and multimodal transport.

The implementation of the Block Chain system combined with modern technologies will sim-
plify the process of document circulation as well as the quality of required shipment conditions ob-
served by each member [23]. Linux Foundation Company organized a project for perishable goods trans-
portation quality analysis. To achieve this goal they created a network of sensors which were attached to
the products and recorded a wide range of telemetric parameters such as: time, location, temperature, hu-
midity, knocks and slopes. Sensors of such kind make a 100% precise record of delivery conditions break-
age time and identify the agent in the supply chain, who is responsible for the breakage [4].
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The governments of many countries such as France, South Korea, Australia, have already start-
ed spending hundreds of millions of dollars on implementation of these technologies and increasing
transportation transparency. According to the esteems of the largest technological IBM Corporation, as
soon as this technology is implemented by the majority of market participants, shippers will be able to
reduce the actual cost of physical transportation by about 20% [24], by filtering unreliable carriers and
eliminating the risks of cargo damage throughout the supply chain [25].

REFERENCES

1. Shaw, S. (2016). Airline Marketing and Management. Tth ed. New York: Routledge, 364 p.

2. Kienzlen, M. Sales and shrink by department. Where is My Shrink. Available at:
http://wheresmyshrink.com/shrinkbydepartment.html (accessed 10.10.2019).

3. Lemma, Y., Kitaw, D. and Gatew, G. (2014). Loss in perishable food supply chain: an
optimization approach literature review. Scientific & Engineering Research, vol. 5, issue 5,
pp. 302-311.

4. Poleshkina, I.O. and Vasileva, N.V. (2020). Use of blockchain technology as supply chain
management system involving air transport. Civil Aviation High Technologies, vol. 23, issue 2,
pp.- 72-86. DOI: 10.26467/2079-0619-2020-23-2-72-86

5. Chaudhuri, A., Dukovska-Popovska, 1., Subramanian, N., Chan, H. and Bai, R.
(2018). Decision-making in cold chain logistics using data analytics: a literature review. International
Journal of Logistics Management, vol. 29, no. 3, pp. 839-861. DOI: https://doi.org/10.1108/IJLM-03-
2017-0059

6. Baxter, G. and Srisaeng, P. (2018). Cooperating to compete in the global air cargo indus-
try: the case of the DHL Express and Lufthansa Cargo A.G. Joint Venture Airline ‘AeroLogic’. Infra-
structures, vol. 3, issue 1, p. 7. DOI: https://doi.org/10.3390/infrastructures3010007

79



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 06, 2020
Civil Aviation High Technologies Vol. 23, No. 06, 2020

7. Sales, M. (2016). Aviation logistics. The dynamic partnerships of air freight and supply
chain. Great Britain: Kogan Page Limited, 196 p.

8. Yakavenka, V., Mallidis, L., Siamas, I. and Vlachos, D. (2016). 4 decision support sys-
tem for cold supply chain network design. Proceedings of 11th MIBES Conference, Heraklion, Crete,
Greece, 22-24 June, pp. 545-555. Available at: http://mibes.teilar.gr/proceedings/2016/Y akavenka-
Mallidis-Siamas-Vlachos-lakovou.pdf (accessed 08.10.2019).

9. Apte, A. (2010). Supply chain networks for perishable and essential commodities: design
and vulnerabilities. Operations and Supply Chain Management, vol. 3, no. 2, pp. 26-43. DOI:
http://dx.doi.org/10.12660/joscmv3n2p26-43

10. Terry, L. (2014). Perishable logistics: cold chain on a plane. Inbound Logistics.
20.01.2014. Available at: https://www.inboundlogistics.com/cms/article/perishable-logistics-cold-
chain-on-a-plane/ (accessed 13.09.2019).

11. Poleshkina, 1.O. (2018). Problems of food security in the regions of the far north of Russia.
Economy of Region, vol. 14, issue 3, pp. 820-835. DOI: 10.17059/2018-3-10. (in Russian)

12. Pelletier, W., Chau, K.V. and Bucklin, R.A. (2018). Analysis of air cargo temperature
during transportation operations. Transactions of the ASABE, no. 61 (2), pp. 723-732. DOI:
10.13031/trans.12524

13. Sergeeva, A. (2019). World mango market: consumption continues to grow steadily, ex-
ceeding 8 65 billion in 2018. Index Box. Available at: http://www.indexbox.ru/news/mirovoj-rynok-
mango/ (accessed 11.11.2019). (in Russian)

14. Brecht, J.K. (2017). Mango postharvest best management practices manual. IFAS Exten-
sion University of Florida, 73 p.

15. Vega, H. (2008). The transportation costs of fresh flowers: a comparison between Ecuador
and major exporting countries. Working Paper 06. Center for Transportation Policy, Operations, and
Logistics. School of Public Policy, George Mason University, 41 p.

16. Taiti, C. and Marone, E. (2016). Sometimes a little mango goes a long way: a rapid ap-
proach to assess how different shipping systems affect fruit commercial quality. Food Analytical
Methods, no. 9 (3), pp. 691-698. DOI: 10.1007/s12161-015-0240-5

17. Sirisaranlak, P. (2017). The cool supply chain management for cut flowers. 8th Interna-
tional Science, Social Science, Engineering and Energy Conference, pp. 446—453.

18. Reid, M.S. (2009). Handling of cut flowers for export. Proflora bulletin. Available at:
https://ucanr.edu/sites/Postharvest Technology Center /files/231308.pdf (accessed 10.10.2019).

19. Tozi, L.A. and Muller, C. (2006). The viability of air transportation for perishable agri-
cultural produce. Journal of the Brazilian Air Transportation Research Society, vol. 2, issue 2,
pp. 83-96.

20. Panyukova, V.V. (2018). International experience of using blockchain technology in sup-
ply chain management. Economica. Nalogi. Pravo, vol. 11, no. 4, pp. 60—67. DOI: 10.26794/1999-
849X-2018-11-4-60-67. (in Russian)

21. Dobrovnik, M., Herold, D.M., Furst, E. and Kummer, S. (2018). Blockchain for and in
logistics: what to adopt and where to start. Logistics, vol. 2, issue 3, p. 18. DOI:
10.3390/1ogistics2030018

22. Hackius, N. and Petersen, M. (2017). Blockchain in logistics and supply chain : trick or
treat?. Proceedings of the Hamburg International Conference of Logistics (HICL), 18 p. Available at:
https://doi.org/10.15480/882.1444 (accessed 12.10.2019).

23. Wang, S. and Qu, X. (2019). Blockchain applications in shipping, transportation, logis-
tics, and supply chain, in Qu X., Zhen L., Howlett R., Jain L. (eds.). Smart Transportation Systems
2019. Smart Innovation, Systems and Technologies, vol. 149, pp. 225-231. DOI: https://doi.org/
10.1007/978-981-13-8683-1 23

80



Tom 23, Ne 06, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 06, 2020 Civil Aviation High Technologies

24. Woods, R. (2017). New kids on the blockchain: effect on perishables market. Air Cargo
World: The Source for Air Freight and Logistics. Available at: https://aircargoworld.com/allposts/new-
kids-on-the-blockchain-effect-on-perishables-market/ (accessed 23.09.2019).

25. Kshetri, N. (2018). Blockchain’s roles in meeting key supply chain management objectives.
International ~ Journal of Information Management, vol. 39, pp. 80-89. DOL:
10.1016/j.ijinfomgt.2017.12.005

INFORMATION ABOUT THE AUTHOR

Irina O. Poleshkina, Candidate of Economic Sciences, Associate Professor, Associate Profes-
sor of The Chair of Transportation Organization on Air Transport, Moscow State Technical University
of Civil Aviation, ipoleshkina@mstuca.aero.

IHEPEBO3KA CKOPOIIOPTALIUXCS I'PY30B BO3AYIIIHBIM
TPAHCIHOPTOM: TIPOBJIEMbI OBPABOTKH B POCCUMCKHUX
ADPOIIOPTAX

1
N.O0. [MoaemxknHa

1 o« o« o o

Mockosckuii 20cyoapcmeeHtblil meXHU4eCKULl YHUSepCumem 2paicoanckou aguayuu

(MI'TY I'A), 2. Mockea, Poccus

B cratee paccMoTpeHBI TpoOJIeMBI O0OpPaOOTKHA CKOPOMOPTSIIUXCS TPY30B B POCCHHCKHX adpoIoOpTax IIPHU JOCTaBKE B
MEXIyHapoaHbIX 1ensx moctaBok (MIIIT). MccnenoBadre mpoBeacHO Ha OCHOBE OIEPALMOHHOrO aHajiu3a. Ha mepBoM sTarie ¢
TTOMOIIBIO CTATUCTUYECKOTO aHajIM3a ObLTO BBISBICHO, YTO OCHOBHOW KaTerOpHel CKOPOIOPTSIIMXCS TOBAPOB, TIPETbSBIISIONTHX
CIPOC Ha BO3AYIIHBIC IIEPEBO3KM MPH IOCTaBKe B POCCHIO, SIBISIIOTCS CBEXHE JK30THUeckue (pykTel FcciaemoBaHue
MIPOBOIMJIOCH HA TIPUMEPE IIETH IMOCTABOK MAaHTro, TaK KaK OH MPEIbSBISET HECTaHAAPTHBIE TPEOOBAHUS K TEMIIEpaTypHOMY
pexumy xpareHnsi. Ha Bropom starie 0bu1 chopMUpOBaH HAOOP KPUTEPHER IS OLIEHKH KauecTBa 00PaOOTKH CKOPOIIOPTSLIIUXCS
IPY30B B a3pOIOPTAX: YKCIIO 00s3aTENIbHBIX OMEpalyii mpy 00paboTKe IPpy3a, BPeMsl BBITIOJIHEHHUS ATHX OICPalyii, KOJIUYECTBO
o(opMIIIEMBIX TOKYMEHTOB, KOJHMYECTBO MYJBTHTEMIICPATYPHBIX Kamep B a’3pONOpPTy, MX IUIONIAJb, HAJIMYHE CHUCTEMBI
temneparypHoro xpaneHus ULD. MccnenoBanue nokasano, 4to okosio 90% CKoponopTsIIMXCs IPy30B, MOCTaBIIsieMbIX B Poccuro,
obpabarteiBaercst B asponioprax MAY u3-3a OTCYTCTBHS HEOOXOMUMON MH(DPACTPYKTYPHI TEMITEPATyPHBIX CKIIAJIOB B OCTAIBHBIX
a’poropTax CTpaHbl. J[aHHOE OrpaHMYCHHE CYIIECTBEHHO YIOPOXKACT JIOTUCTUKY CKOPOMOPTSIIUXCS TPY30B IO TEPPUTOPUH
CTpaHBl U CHIKACT MX KadecTBO. B paMKax MaHHOTO HCCIICNOBaHUS ObUIM BBIOPAHBI YETHIPE MEKTYHAPOIHBIX aj’poropra 3a
mpeaenamu  [[AO, uMerIIyMe CTpaTerduyeckoe 3HAUYEeHHWE W IOTeHUWal aIsS (OpPMUPOBAHMS ICHTPAIBHBIX Xa0oB IIO
OOCTTY’KMBaHHIO CKOPOIIOPTSIIAXCS TPY30B M 00padOTKE TPaH3UTHBIX W TPaHC(EPHBIX IMOTOKOB. Cpemw HHUX a’pOMOpTHI
HoBocubupcka, BmammBoctoka, Exarepmubypra m Kpachosipcka. [lnst asponoptoB MAY mpemiokeHa crienuain3anis Ha
00CITy)XMBaHUHN 3KCIIOPTHO-UMITOPTHBIX TIOTOKOB CKOPOTIOPTSIIUXCSI TPY30B. B kKauecTBe JaHHBIX IS IPOBEACHHS UCCIICAOBAHUS
OBUIM UCTIONB30BAHBI MAaTEPHUAITbI AaBUAKOMITAHWUH, KPYITHEHIIINX TPY30BhIX TEPMUHAIIOB POCCHIMCKUX a3pPOTIOPTOB, TPAHCIIOPTHBIX
KOMHaHHﬁ, CIICUAJIM3UPOBAaHHBIX MEXIYHAPOIAHBIX OpPIt aHl/ISaLII/Iﬂ BO3QYIIHOI'0 TpaHCIIOpTa MW JIOTUCTUYCCKHX aCCOLlHaIJ.PIﬁ.
HcenenoBanue MoKasano, 4TO CACPKUBAOIIMM (haKTOPOM IMOBBIIICHUsST cKopocTd padotsl LI1 sBisieTcss BpeMsl Ha3eMHOIO
00CITy>)KHMBaHHUS TPY30B B a3poroprax Poccuu, KOTOpOE 3HAYMTEIBHO MPEBOCXOUT BpeMsi 0OCTYKHUBaHUS B CTPAHE-3KCIIOPTEPE.
3amepKKU CBS3aHBI C HEPA3BUTOCTHIO MH(MPACTPYKTYPHI TPY30BBIX TEPMHUHAJIOB YIS 00paOOTKH CKOPOIOPTSIIUXCS TPY30B U
CIIOXKHOCTBIO TIPOIICAYP JOKYMEHTATFHOTO O(GOpMICHHS W3-32 OTCYTCTBHS CHCTEM 3JEKTPOHHOTO JIOKyMEHTOOOOpOTa M
aBTOMaTU3MPOBAHHOH MPOBEPKH MapKUPOBKH. [Ipemioxkena Moaeib (popMUpOBaHUS JIEKTPOHHOTO TJOKyMeHToo00poTa B MLIIT ¢
IIPYMEHCHHUEM IIPEIIOIETHON M MPEAOrPy304HOM MpeaBapuTeIbHON HHpOpMALMU O rpy3e U BHeapenue cucreMbl BlockChain
JUTSL TIPOBEPKH TIPABIIIBHOCTH O(OPMIICHHS TOKyMEHTOB Ha BCEX CTAAMSX B IIENH IMOCTaBOK, YTO TMO3BOJNMT COKPATHUTH OOIIee
BpeMs Ha3eMHOTO OOCITY’KUBaHHS TPY30B.

KunroueBbie ciioBa: BO3/IYIIHBIH TPAaHCIIOPT, TEXHOJOTHs JOCTABKU TPY30B, CKOPOMOPTSIIMECS IPY3bl, MEKIYyHAPOIHbIC LIETH

MOCTABOK, LIEMH IIOCTAaBOK MAaHr0, MapKHpPOBKa TIPy30B, Ha3eMHOE OOCIy)KMBaHHE TIPY30B B adpOMOPTY, IJIEKTPOHHbIH
JIOKyMEeHT0000poT, TexHosorus BlockChain.
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SYSTEM BASED APPROACH TO THE DESIGN OF TENSION SENSING
ELEMENT MADE OF MODIFIED DIAMOND

S.V.DIANOV', V.M. NOVICHKOV?
" Moscow State Technical University of Civil Aviation, Moscow, Russia
? Moscow Aviation Institute (National Research University), Moscow, Russia

Modern and perspective tasks of robotics with control from artificial intelligence systems require the use of small-sized measuring
devices. In this case, the intensively developed quantum sensors and quantum computers have a bright prospect. Their main
advantage is the ability to successfully process the data of random processes with decomposition of complex functions into simple
multipliers, as well as their small size and the ability to transmit data over long distances without wires. Data transmitted over
quantum communication lines cannot be copied or intercepted, which is very useful for remote control of complex technical
systems. Based on the results of the analysis of probabilistic noisy data quantum computer is able to quickly develop an assessment
of the technical condition of the complex system. At the same time, there is no need to go through all the possible solutions to the
evaluation problem with a huge amount of input data, some of which can sometimes be undefined. The main problem in the
research of quantum processes is that researchers study the processes occurring in materials, but they do not indicate the ways in
which quantum sensors and quantum computers are used in practical applications. This article explains how to form a measuring
transformer that will be compatible with a quantum computer. The main objective of the study was to bring the results of basic
research in the field of quantum computing closer to their application in applied tasks. It is shown how quantum processes can be
shifted to the field of technical measurements of physical quantities used in complex systems. In the process of obtaining the results
of the study, the hypothetical deductive method and the method of ascent from the abstract to the concrete within the framework of
a systematic approach to the development of elements of technical systems were used. The result is a description of the processes of
designing of tension sensing element made of modified diamond. The main findings of the study include the fact that quantum
sensors implemented in the form of a modified diamond crystal are well described by the theory of measuring transducers with
frequency output and can be used to get data about the state of an object.

Key words: sensing element, NV-center, quantum sensor, vibration sensor, measuring channel, converter with frequency output.
INTRODUCTION

There are many requirements for modern complex technical systems. Robotic units with artifi-
cial intelligence are supposed to be a control center of such systems at the time when input data must
be holistic and provide comprehensive information from all parts of the system. The control algorithms
need adequate information about current state of systems for producing diagnosis of possible failures
and malfunctions. Failures and malfunctions are the sign that characterizes ability of the system to car-
ry out its purpose. The malfunctions that were missed can lead to the problems in control algorithms
which in turn could result in loss of the object of control. Miniaturization by means of nanotechnolo-
gies can help to improve reliability.

For the reliability and accuracy of practical applications of complex technical systems must
contain more and more sensors and transducers. The quantity of the sensors and transducers sometimes
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reach hundreds of items. In this case the dimensions and mass of sensors would increase unacceptably
for perspective systems if being produced by using existing technologies. Implementation of achieve-
ments of nanotechnology and artificial intelligence will help to reach necessary parameters. Therefore,
it would be good to use sensors with quantum primary converters. Quantum technologies implements
in sensor small size, reliability because of absence of coupled moving parts and possibility of artificial
intelligence implementation because of basic feature of uncertainty in quantum states.

For example, one of realizations of the system can be used for diagnostic purposes. Then pa-
rameters of stochastic processes would be the input data for the diagnostic algorithms in case of im-
plementation of a large number of sensors in the system. It is a problem for conventional computers. It
reflects in solution of the task of factorization of complicated functions, for example. It is a challenge
for quantum computers. The advantage of quantum computers is their possible ability to make fast es-
timation of the future condition of complex technical systems in case where the numerical methods do
not apply. Sometimes any input data can be lost because of external influencing actions on sensors and
could fail them. Conventional methods of estimation of condition of technical systems in such a situa-
tion are not going to operate properly.

Quantum computers are based on qubits exceed in some fields of application any modern
conventional supercomputers [1]. These fields are the analysis of big data sets, cryptography, drug
development, riddle of superconductivity research, problems of reliability. Moreover, quantum
computers are able to accomplish the task of data teleportation. As for hardware the IBM company
announced that the real 1000 qubit quantum computer system is to be built in 2023. The Google's
53 qubit quantum computer is used now and Google has a plan to create a million-qubit structure
in 10 years [2]. Nowadays new quantum computer algorithms which allow to speed up calculations
and unravel a lot of scientific puzzles are under elaboration. For example, the new algorithm for
quantum computer which allows to get over the quantum decoherence problem has been developed
and tested. It is Variational Fast Forwarding algorithm that has been created by Los Alamos re-
searchers [1].

Features of quantum computers and quantum algorithms presuppose the existence of ability to
estimate condition of complex technical systems by means of analyzing stochastic noisy data. The ad-
vantage of quantum computers is the absence of necessity for sorting through all possible options of
solutions for the task of the estimation problem that has a huge amount of an input data.

Procedure of calculating measuring transducer is offered in this article. The transducer is spe-
cially created on the diamond plate with nitrogen-vacancy (NV) center. This center appears in dia-
mond when one carbon (C) atom in crystal lattice of the diamond plate is replaced by a nitrogen (N)
atom, and the adjacent carbon atom is removed from the diamond’s crystal lattice creating the vacan-
cy (V). The NV center has superb spin coherence and optical properties that make it one of the most
promising to implement quantum sensing and quantum computing in practice.

Thus, the NV center can be used as a sensing element for a loadcell. The loadcell could be ap-
plied in diagnosis the technical condition of the airframe parts, parts of fuel systems, oil systems, hy-
draulic systems, pressurization systems, and other systems that work under pressure or tension.

METHOD AND METHODOLOGY OF THE RESEARCH

We offer to take results of conventional vibration sensors research [3] in order to make
smooth transition to the quantum technology. We applied hypothetical-deductive method to this
end. Results of the research of the diamond cantilever with NV center were classified according to
the classic theory of measurement sensors. The way of developing the measuring converter (sensor
or the loadcell in this case) from a diamond plate with NV center was offered as the result of the
research. The sensor should input data into a quantum computer. In future, it can be the part of a
diagnosis system.
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RESULTS OF THE RESEARCH

We offer the structure and designing project of measurement channel for a quantum diagnostic
computer (computer that is used for diagnosis). The measurement channel is a part of a measurement sys-
tem that produces one explicit function. It transforms the input measurable value to an analogue signal to
the output. The output analogue signal is a function of input parameter that should be measured.

Parameters that can be under control are pressure, strength, and displacement. Moreover, it could be
any other parameter that can influence the natural frequency of a diamond plate with NV center.

The dimensions and shape of the diamond plate with an NV center depends on the measure-
ment range of the parameter which is measured or tested. The parameter is the indicator of the state of
the tested system. The diamond plate with NV center is both sensor and transducer. They are two in
one. It transforms input parameter to photon (or phonon) to the output that will be input value for the
quantum diagnostic computer.

We offer to use the diamond plate with NV center as a main part of a measuring channel for the
quantum diagnostic computer. Parameters of such a quantum sensor can be calculated by means of the
existing theory of measuring transducers with the frequency output. Modern complex technical sys-
tems produce a large amount of stochastic data that describes their present and future state. Good
technique of such data processing is a quantum computer.

We believe that the diamond plate with NV center virtually consists of two parts. The first one is a
diamond plate. It serves as resonator which characteristics can be described by the existing theory of vibra-
tion sensors [3]. The second part is the NV center in the modified diamond plate. The NV center serves as a
subsequent transducer. Diamond with the NV center is a diamond with broken lattice but it does not influ-
ence the mechanical properties particularly the natural frequency of the plate. It allows uniting two trans-
ducers in one: the primary (sensing element) and the subsequent (N'V center).

The sensor that consists of the resonator and transducer must be vibrated by a special excitation
system of vibration. Parameters of the system is possible to calculate. The diamond plate with NV cen-
ter can produce data for a quantum computer while it vibrates: it generates photons (or phonons) that
could be accepted for measuring [4 — 10].

This approach to new sensor design allows us to use a new type of measuring channel in tech-
nical systems. This way organizes physical processes in the diamond and around it. As a result, sensors
of the new type are many times smaller than sensors of the conventional types. At the same time, the
sensors of the new type can input data directly into the quantum computer system without any addi-
tional means such as transformers, transformations or processing. This new type of sensors can also
input data to quantum computers by using its photon (or phonon) radiation feature by means of differ-
ent types of detectors. For example, it can be: a geometric phase magnetometry technique, a micro-
wave-assisted spectroscopy technique, a hyperpolarization-enhanced NMR spectroscopy technique,
spin readout techniques [5 — 7, 11 —20].

MEASURING CHANNEL FORMATION

The distinctive feature of quantum computer is the inner structure that complies with tasks that
the computer is supposed to solve. Moreover, because of this, an algorithm of transforming of input
data to output data could not be changed during the operation. It increases the reliability and decreases
the universality. Therefore, a structure of the diagnosis quantum computer should be depended on a
diagnosed technical system. The diagnosis quantum computer is the device that use quantum superpo-
sition and quantum entangle for data transducing and further transmission for diagnosis purposes. The
main goal of the creation the diagnosis quantum computer is ability to autoexecute procedures of tech-
nical systems condition estimations for maintenance operations scheduling. Advantages of the quan-
tum transformers allow to improve the assessment of complex technical systems since it can process
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big stochastic data. Diagnostic parameters could determine the structure of diagnosis quantum com-
puter.

The sensing element is the main part of the sensor and in such case characteristics of sensing
element are very important. It is impossible to achieve acceptable accuracy of the measuring parame-
ters without appropriate accuracy of the sensor. In addition, external and internal interferences have to
be taken into consideration because their disturbing influence should be reduced. It is also important as
calculation of characteristics of the sensing element.

The main idea of the work is to show how to use the published results of quantum technologies
in practical engineering activity [21 — 25].

Results of research [26 — 28] allow to produce the loadcell made of diamond with the NV cen-
ter. The sensing element with the loadcell should sense physical parameters that are needed for diagno-
sis purposes of technical systems. In a former research [29] the same element was offered as an ele-
mentary computing unit for a quantum computer. The unit was named g-bit and it is made of a dia-
mond with the NV center, i.e. of a diamond with artificially changed atomic lattice. One atom of Car-
bon (**C) in the diamonds atom structure was replaced by one atom of Nitrogen (N). Another adjacent
atom of Carbon was removed and its space became empty. This was named vacancy (V). The whole
atomic structure was named as the NV center. The NV center has an axis. Projection of the electron
spin on the axis serves as a g-bit. According to the conventional theory of vibrating sensors we call the
NV center as sensing element. According to the results of the research [26] the NV center can respond
to frequency changes of the diamond plate vibration. This feature allows to create quantum sensors
from diamond plates.

Unlike binary number system, when bits can only have states "0" and "1", g-bits (quantum
bits), in addition to these two states, can have any value in the range from 0 to 1. This is determined by
the electron spin feature, when it can have any direction in space. This g-bit feature is taken into con-
sideration when forming measurement channel.

The measuring channel is formed to get information from environment via modified diamond
that gets fluorescent feature. The feature is the result NV center behavior under external magnetic field
B. Q-bit information can be stored in the NV center by different energy levels as it is shown by Fig-
ure 1 [29]. This energy levels of the NV center electron spin were chosen as g-bit where readout could
be performed as optical transition of the NV center.

B=0
Fig. 1. Energy levels and optical transitions of the NV electron spin

Fluorescence appears under resonant microwave (MW) pulses. Green polarize laser (532 nm)
helps the descending dashed lines to appear. It illustrates the fluorescence intensity. Therefore, the spin
states can be polarized with green laser and readout by fluorescence intensity.
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As it is shown in Figure 1, energy level of negatively charged NV center (spin-1 system) has
ground states of an >A spin triplet, with a zerofield splitting between 0 and +1 sub-levels. The degener-
acy between +l1states can be lifted by an external magnetic field B, then either one of them together
with 0 state can form a well-defined two-level system, which is the physical implementation of a g-bit.
The quantum state of this spin g-bit can be manipulated with resonant MW pulses [29].

The polarization and readout of this g-bit is realized by exploiting the spin-dependent optical
transitions of NV centers. As shown in Figure 1, the energy gap between the ground A state and the
excited °E state is 1.945 eV (637 nm). A laser pulse with photon energy larger than 1.945 eV (e.g.,
532-nm green laser) can excite the electron spin to its excited states, then there is a difference in
choosing the paths back to the ground states: the states +1 are more likely to be trapped by the 'A sin-
glet and have less fluorescence compared to the state 0, thus spin state information can be extracted
from the fluorescence intensity. Meanwhile, populations in the 'A singlet have a large probability of
jumping back to ground state 0, so the off-resonant laser excitation is also polarized [29]. In order to
form a proper measurement channel, we are interested in the fluorescence feature of the NV center.

Optically detected magnetic resonance (ODMR) spectrum of an NV center is illustrated by
Figure 2 [29].

e

£ 1.00 ' '

S 0.95 Al ki

= 0.90 ¥ 2v.B ¥

S 2700 2800 2900 3000
3 Frequency/MHz

Fig. 2. Optical detected magnetic resonance spectrum of an NV center

The ODMR phenomenon is a result of spin-lattice relaxation which defines the energy transfer
between the NV center and its environment. We chose this feature of fluorescence of NV center regis-
tered via ODMR as an informative parameter of the sensor in our research.

This NV center is the subsequent element of the measuring channel that is designed by our ap-
proach. Therefore, the primary (sensing) element is the diamond plate that is used according to the rules of
conventional theory of vibrating sensors. We assume the NV center as secondary transducer. The sensing
element should be vibrated by a special excitation of oscillations system in order to make NV center oper-
ate. For example, quantum properties of the NV center in the experiments [26] are manipulated by micro-
wave magnetic fields generated by a nearby antenna. The NV center has to be initialized by green laser
light for the functioning. So, the sensing element has two parts: a diamond plate and NV center in it.

The measuring channel for a quantum computer system also should consist of two parts. The
first one is a diamond plate with the NV center. The second one is a special excitation system. The
measuring channel has an analog output signal. The analog signal can be detected by microwave spec-
troscopy of phonon-dressed states.

SENSOR SCHEME SELECTION

There are two ways of achieving output information from the measuring channel.

The first one is the following: the eigenstate “0” has more fluorescence intensity then eigen-
state “1”. It was proved by confocal optical microscope detection [16 — 18]. The speed of information re-
cording for the unit is for about 10 sec. Data were read by estimating the fluorescence intensity. The
common problem of quantum units is their instability. In that unit data can be stored for about a few sec-
onds. It’s a pretty good result. Data could be inputted directly into a quantum computer by photons.
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The second way was worked out as the result of research that was made in the Swiss Nanosci-
ence Institute and University of Basel [26]. In this case, the resonator is a diamond cantilever with the
NV center and there is the opportunity to manipulate quantum properties by the mechanical strain that
arises in the diamond cantilever. The process takes place at room temperature. Quantum properties are
coherent oscillations of an embedded NV center spin. Sensitive elements performance in this case is
about 107 sec.

In the other research [28] it was offered to make the resonator with the NV center as a unit of
quantum computer systems. It allows to process big stochastic data of the mechanical strain in board
systems. It allows to exclude the data transmission path and to process data immediately. Implementa-
tion of this result in technical diagnostic means will lead to decrease of energy consumption, quantity
of wires, and noise in data.

Both approaches can be described by well-known classical theory of vibrating sensors. Vibra-
tion properties of diamond plate, which is used as a quantum sensor, were studied earlier [3, 30].

So, in order to get information about diagnosing system it is necessary to change in time the ri-
gidity of a diamond plate with NV center. Changing the rigidity of the loadcell leads to changing its
natural frequency of vibrations. The natural frequency influences to quantum properties of the NV cen-
ter. Therefore, NV center produces photons or phonons. Photons or phonons intensity can be directly
input as data into a quantum computer system as it was described before. The quantum measuring
channel has an advantage over conventional technologies because of its structural (not engineering)
simplicity, noise immunity as in digital systems, universality of analog systems and accuracy.

The sensitive element made of modified diamond should be theoretically divided into two parts
to get better results in vibration sensor engineering. The sensitive element within the framework of
classical theory of vibrating converters is mechanical. The mode of its functioning is frequency de-
pendence resonator. There are two types of vibrating plate operation: free oscillation (see Figure 3) and
self-oscillation (see Figure 4).The figures illustrates the way that the resonator can operate.

EXCITATION
okl GENERATOR
1 v v
input
——+| RESONATOR AELAS
LINE
A 4 h OUTPUT
| FrREQUENCY -
TRANCDUCER METER

Fig. 3. Functional diagram of the sensor operation in free oscillation mode

The operation principle of the sensitive element is the ability to change its natural frequency
under influence of the parameter that is measured. Free oscillation condition is actuated by the exciting
vibration system. The resonator begins to oscillate at free vibrations frequency w. just after the starting
pulse action. Vibration frequency can be calculated as

o. =0 J1-d*,

C m

here d— damped vibrations factor, w, — natural frequency of the diamond plate.
@, is the information parameter which depends on mechanical strain in the loadcell.
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Figure 4 illustrates the case of the resonator operation at the self-oscillation condition. The re-
generative feedback is needed for self-excitation and sustainable work of the sensing unit. A piezo-
element can be used to this end. For the case @<<lI the frequency of oscillations of the resonator is near
natural frequency w,,. It is possible to estimate the mechanical parameter that is measured by means of
measuring of the frequency of oscillations.
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Fig.4. Functional diagram of the sensor operation in self-oscillation mode

The resonator is the main part of the whole measuring channel. There are 8 main types of reso-
nators [3]. These resonators are pendulum, balance-spring, stringed resonator, V-shape plate, cylinder
shell, tuning fork, quartz resonator and magnetostrictive rod.

Among them the most convenient for creating a measuring element of a modified diamond are
stringed resonator, V-shape plate (see Figure 5), where X is a measured parameter.

A ©

Fig. 5. Types of resonators for measuring element

A cantilever is a combination of stringed resonator and V-shape plate. Usually the oscillations
of cantilever contain a lot of parasitic oscillations. The diamond plate is an oscillation system that has a
few degrees of a freedom and respectively a few resonance frequencies.

The flexural rigidity £ and mass ,, determine the natural frequency of the resonator. For ex-
ample for the stringed sensor the natural frequency calculated upon the formula

1 k
Jo= 2n \/;
This task earlier was solved for other traditional applications and can be solved for this case.
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DESCRIPTION OF THE INFORMATIVE PARAMETER
OF THE QUANTUM SENSING ELEMENT

The diamond plate with NV center is an oscillatory system with spatial parameters. Its natural
frequency is the function of the distributed mass and elasticity. When the cantilever made of modified
diamond oscillates there will appear an energy gap (see Figure 6, [26]). The energy gap in the electron
spin resonance of the NV center has been observed in the research [26]. It was shown that there is a
high Q-factor which is about 5-107 for diamond plate.

B e on- 4 MH:

/21— Dy (MH2)
/21 = Dy (MH2)

O/ 21 = Dy (MH2)

Magnetic field, By, (G) Magnetic field, By, (G) Magnetic field, By, (G) Magnetic field, By, (G)
Fig. 6. Changing energy gap in the electron spin resonance of the NV center

The energy gap is the property of a diamond plate with the NV center and the gap depends on
the diamond plate oscillations frequency.

We offer to use this energy gap as the output data in the sensor. We assume this because the re-
sult of the research [26] shows that strain fields allow to manipulate the electron spin of the NV center
in the strong-driving regime. In that experiment the diamond plate with NV center has been driven by
the excitation system which runs the free vibrations. The piezo-element was used to this end.

It was shown [26] that the energy gap can be observed by microwave probe at resonance fre-
quency. The gap depends on the natural frequency of the plate and Rabi frequency €,,. We believe that
since flexural rigidity of the plate is under influence of the parameter which is measured and for its
part directly affects the natural frequency of the diamond plate. Therefore, emergence of the energy
gap could be output data of the loadcell.

EVALUATION OF THE SENSOR PARAMETERS

The natural frequency of the sensor depends on several factors. The most important are shape,
sizes, and fastening type. The shape and sizes of the sensitive element can be calculated upon known
formulas. The manner of attaching the plate is very important. There is developed [30] technique of
calculating diamond plates with shape, sizes, and natural frequency which we need.

ftn=F-C,

1((1.17—%){%2

Ji-uz

here f,, — natural frequency, C — velocity of propagation of the elastic wave in infinite waveguide arm,
for diamond is 18300 meter per second, F' — shape factor, # — height of the plate, d — diameter of the
inscribed circle, u— Poisson's ratio for diamond is 0.07, K — factor which depend on the shape and the
manner of attaching (available from an experimental data).
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The rectangular and round shape of the sensor are more convenient for calculating and produc-
ing. There are few K factors that were calculated.

For rectangular plate K = 0.603 if plate was fastened by the corner, K = 0.879 if plate was fas-
tened by the edge, K = 1.022 if plate was fastened by the middle [30].

For round plate K = 0.954 if plate was fastened by the edge, K = 1.298 if plate was fastened by
the middle [30].

The process of engineering of the sensitive element made of modified diamond plate, which is
designed for the required frequency range, consists of the following steps:

1) the first step is producing the NV center in a diamond plate;

2) the second step is calculating and manufacturing the required shape plate, and fastening it
appropriately;

3) the exciting vibration system for the diamond plate must be build;

4) the regenerative feedback which is needed for self-excitation and sustained work of the sens-
ing unit. The piezo-element can be used to this end.

The resonator is the mechanical plate. Therefore, the static characteristic or the static response
the output parameter from the input parameter could be defined by the formula

f=fo Ik,

here s — natural frequency of the resonator (Hz), k£ — coefficient which depends on the shape, sizes,

temperature of manufacturing and using etc., all of this could be controlled during the manufacturing
and operation the sensor. The output parameter is f. The input parameter is flexural rigidity , of dia-
mond plate that depends on the shape. Elastic expansion arises subject to mechanical loading in the
diamond plate. Its flexural rigidity depends on the elastic modulus or the Young's modulus E. The
Young's modulus is ratio of small deformation strain. C — velocity of propagation of the elastic wave in
infinite waveguide arm depends on the Young's modulus

here p — density of the material. The natural frequency of the diamond plate ¢ is under p influence.

The quadratic approximation is applied to define the real static characteristic ( f,,and k) of the
resonator from the available experimental data

x=bf*-a,

here a=k"; b=L a

Jak o 1
The target function could be minimized by the selection the parameters f,, and &
2

J= i[xi —(bf? —a)] ,
i=1

n — the number of the measurement results of the output parameter x.

J; — the frequency of the x, output parameter which depends on the width of the energy gap of
the ESP (electron spin resonance).
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Estimates of f,, and k which minimize the target function could be calculated upon the formulas

n 2 n 2 n 4 n
z fi Z X fi = Z Ji Z X
2 _ =l i=1 i=l =

AR /ok
fm = - . - i=1 i=l
”infiz _in Zfz2

= n 5 n 5 n . n :
Zfz zxifi _Zfz zxi
i=1 i=1 i=1 i=1

;o k

There are two most perspective ways of putting the loadcell into practice. The way of calculat-
ing the natural frequency of the diamond plate s for both was represented in the study [31]. One of

them is the fastening as the strut with vertical axial load applied. The formula for calculating for this
case 1s

here 7 — second moment of area, £ — Young's modulus or elastic modulus, / — length, m — mass, S —
vertical axial load.

The second one is more common. The plate in this case has two free edges and fixed two other
edges (see Figure 7).

X
e ;
e - _'__‘—-_.____
i = = b
= -
— ——
T
-

Fig. 7. Oscillation diagram of a plate with two clamped ends (fixed and movable)

The shape of curves which describe the deflections of the beam can be calculated using the
formula X; = D; sin(?), here i — the serial number of the harmonic. Figure 8 [31] represents different
variants of sine wave vibrations of the beam.

S| I
S| ks
N

3 S
3 —

S | —— B

Fig. 8. The variants of sine wave vibrations of the beam

The method of calculating the sensor consists in following. The first step is to estimate appro-
priate dimensions. We chose the rectangular cross section beam axb with a = 1-10* m, b = 510" m
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respectively. Second moment of area in this case [ = ? The formula [31] is used to calculate the
lowest, or fundamental, natural frequency of a free beam which is simply supported at each end ac-

cording to
48EIg 48EIg
0) = = ,
ml3 vpl3

here E = 1.2:10"* Pa, Young's modulus of diamond; g ~ 9.81 m/s”, acceleration of gravity; / — length,
m —mass, p = 3.51-10° kg/m’ specific density of diamond.

The frequency range where the energy gap was detected is

from %z 1-10°Hz to %=4-106Hz.

Thus, / for this case is from 2.2:10° mto 4.3:10° m.

The next step is calculating the exact length of the loadcell for the right measurement range of

strength. In accordance with the classical theory [31], the beam which is fastened at each end, changes
its natural frequency under stress.

y Y M
A% T_ I
A\ _‘S_ e -t—s_ ' -E\ __._?*
D d 25 * 5 C
X ax
: | L |
a) compression b) tension

Fig. 9. Forces acting on the plate

The natural frequency of the beam reduces under compression and increases under tensile (see
Figure 9). The differential equation for the curve of deflection of the beam under tensile force is

d?y
EIE =M+ Sy,

where M is the moment of deflection.
The solution of differential equation is ¥ = X(4-cos(w?) + B-sin(wt)), where X is the orthogonal

function, Y is the movement; 4; = % fo fi (x)sm# dx, where fi(x) — distribution function of the initial

cross travel; B; = i f l 1 (x)sinﬂdx where f,(x) — distribution function of the initial velocities;

, were F'is

4En21

cross-sectional area of the beam, S — compressive force.
Thus we calculate the range of measuring force for the sensor which length is / = 2:10” m and
the rectangular Cross section beam axb with a = 1-10* m, b = 5-10* m respectively. The frequency

range is of = 10° Hz to —2=4-10°Hz

n?4a 12 1->7
and = ———, then S = .

If we assume that b =
12 4ET2]
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Thus for the compression force S = 1.11 -10° N the natural frequency is % =4-10% Hz and

for the compression force § = 1.16 -10* N the natural frequency is % = 10° Hz.

Sensor, which is resonantly driven at frequency o by a piezo-element, should make a strike to
the beam in initial time in order to start operating.

On Figure 9 d is the short part of the beam that has an initial velocity V. In that case fi(x) =0
and f5(x) = 0 everywhere except x =D, (D) = V.

Thus
2vd . imd .. . .
A;=0;B;= T SIn—; here 1 is a serial number of the harmonic.
Wi L
2vd 1 ., imx . imD . ..
y== Yieq—sin —-sin—=sinw;t, here t is time.

wj
For the piezo-element which was fastened to the middle of the sensor
l

= E’
The equation for the movement is

2vd (1 ., mx . 1 . 3nx . 1 . 5mnx .
y=—\—Ssin— smoolt - —Sin—— smoo3t + —sin— smoost — ).
l w1 l W31 l (O] l

Static characteristic of the loadcell is now hardly predictable in case of fastening the exciting
piezo-element on the free end of the beam not to the middle, as it was done during research [26].

CONCLUSION

The article presents a new approach to the construction of miniature sensors based on quantum
technologies. The calculations are given to show the possibility of physical implementation of vibra-
tion sensors based on a modified diamond plate.

This is the step-by-step approach to the development of non-demolish diagnosis quantum com-
puter for complex technical systems. The represented approach illustrates the way of new technologi-
cal level implementation in practice. The approach to the design of tension sensing element made of
modified diamond allows us to use the achievement of quantum technologies in the new type of sen-
sors. The authors used the well-known methods of theory of vibration sensors and mechanics of mate-
rials to show the way of engineering of quantum sensing element with NV center. The paper describes
the loadcell which is the sensor of a new type.

The conventional theory makes the transition to the new technologies smooth and convenient.
In this study the definition of the loadcell of new type has been provided. The dimensions of the
loadcell of different shape and manner of fastening were calculated and listed in the article. The trou-
ble occurrence was calculated and listed as well.
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CHCTEMHDIN MOJXO0/I K PA3PABOTKE JATYMKA MEXAHUYECKOM
HATPY3KH U3 MOJU®UILIUPOBAHHOI'O AJIMA3A

C.B. Z[naHOBl, B.M. HoBuuxos’

'Mockosckuii 2ocydapemeennvlii mexuuueckuii yHusepcumen spaicoancKoli asuayu,
2. Mockea, Poccus

’Mockoeckuii aguayuoHHblii uHCMumym (HayuOHATbHLIH UCCIEO08AMENbCKUIL
yHugepcumem), e. Mockea, Poccus

Pemienne coBpeMEHHBIX M TMEPCIIEKTUBHBIX 33J1a4, peliaeMbIX POOOTOTEXHHUYECKUMHU YCTPOMCTBaMM, KOTOPBIE YMPABISIOTCS C
TIOMOIIIBIO MCKYCCTBEHHOTO HHTEIUIEKTa, TpeOyeT NMpHMEHEHWsI MalorabapiTHBIX H3MEPUTEIBHBIX HPHOOpoB. B atoM cirydae
XOpOLIYIO TEPCIEKTHBY HMMEIOT WHTEHCHBHO pa3palarTblBacMble KBAHTOBBIE NATYNKM M KBAHTOBBIC KOMITBIOTEPHL [ JIaBHBIM
MPEUMYILIECTBOM KBAaHTOBBIX TEXHOJIOTHI SIBJISIETCS BO3MOXKHOCTH OOpPabOTKM JAHHBIX CITy4aiHBIX ITPOLIECCOB C PasIoKEHHUEM
CIIO’KHBIX (DYHKIMIT Ha MPOCTHIE MHOXUTENHN IIPH MAJIOM pa3Mepe KBAaHTOBBIX YCTPOHCTB M BOSMOKHOCTH TI€pEiadn JaHHBIX Ha
Gomplure paccrosHUA 63 MpoBoAoB. OCOOEHHOCTH COCTOMT B TOM, UTO JIAHHBIE, MIEpelaBaeMble TI0 KBAaHTOBBIM JIMHISIM CBSI3H, HE
MOTYT OBITh CKOIIMPOBAHBI WIIM NIEPEXBAYEHBI, YTO OYCHb ITOJIE3HO I JUCTAHIMOHHOTO YIIPABIICHHS CIIOXKHBIMI TEXHIHIECKHIMH
crcreMamy. KBaHTOBBIN KOMITHEIOTEP CIIOCOOEH YCIIEITHO 00padaTsBaTh OONIBIION 00BEM BEPOSTHOCTHBIX 3alTyMIICHHBIX JTaHHBIX
TaK, YTO 3TO €0 CBOIMCTBO MOXKET OBITh ITOJIE3HO UL OBICTPOro MOIy4YEHHUs OLIEHKH TEXHUYECKOTO COCTOSIHUS CIIOKHOW CHCTEMBI.
3TO CBSA3aHO C TEM, UTO MPOIagaeT HeoOX0UMOCTh NIepeOHpaTh BCe BO3MOXKHBIE PEIICHHS 33191 OLIEHKH C OTPOMHBIM 00BEMOM
BXOJHBIX JaHHBIX, HCKOTOPBHIC U3 KOTOPBIX MOT'YT 6])IT]) SABHO HC OIIPCICIICHBI. OcHoBHast np06neMa B HUCCJICAOBAaHUN KBaHTOBBIX
MPOLIECCOB 3aKIIFOYAETCSI B TOM, YTO HCCIIENOBATEN M3Y4aloT MPOLIECCHI, IIPOUCKOAIIME B MaTepuaiax, HO OHU HE YKa3bIBalOT
CrocoObl, KOTOPHIMHU KBAHTOBBIE JATYUKK MOTYT OBITh IPUMEHEHBI B MH)KEHEPHOH TMpaKkTHKe. B 1aHHOM cTaThe IEMOHCTPHUpYETCS,
Kak cOpMHUpOBaTh U3MEPUTEIBHBIN MPeoOpa3oBaTeslb, OCHOBAHHBIM HAa KBAHTOBBIX TEXHOJOIMSIX U KOTOPBIA COBMECTHM Kak C
KBAaHTOBBIM, TaK M C TPaJMIMOHHBIM COBPEMEHHBIM BbIuMciuTeseM. OCHOBHOH IIENIBIO MCCIIEOBAHMS SBUJIOCH MPHOIVDKEHHE
pe3yJsbTaToB (DyHIAMEHTAIBHBIX MCCIIEIOBAaHMK B 00JaCTH KBAaHTOBBIX TEXHOJIOTMH K WX NPHMEHEHHIO B MPHUKIAIHBIX 331a4ax.
ITokazaHo, KaKk KBAaHTOBBIC IPOLECCHI MOTYT OBITh IEPEHECEHBI B 00JAaCTh TEXHMYECKHX HW3MEPEHHH (PM3MYECKHMX BEIHYMH,
WCIOJB3YEMBIX B CIIOXHBIX CHCTEMax Ui TONy4eHHs MH(OpMAalmM O COCTOSHHM €€ Harpy’KeHHBIX 3JeMEeHTOB. B mporecce
TIONTyYEHUsI PE3YJIbTATOB HCIOJIB30BAINCH THIOTETHKO JEAYKTUBHBIH METOA W METOA BOCXOXICHMS OT aOCTpakTHOTO K
KOHKPETHOMY B paMKaX CHCTEMHOIO MOIXOJa K pa3pabOTKe 2JIEMEHTOB TEXHHUYECKUX CHUCTEeM. Pe3ynbratoM paboTel SBISIETCS
OIMCaHHUE MPOLIECCOB, MPOXOIINX B UyBCTBUTEIIBHOM 3JIEMEHTE, BOCIIPHHUMAFOLIEM HAMPSDKEHHOCTD KOHCTPYKLMHU U CO3JaHHOM
13 MOAU(UIMPOBaHHOrO ajiMaza. MouduuupoBanHbiii aiMa3 ¢ NV LEHTPOM CITy)KUT OCHOBOM JUIs T€HEPaTOPHOIO JaT4HMKa.
OcHOBHOM BBIBOJ] UCCJIICIOBAHUSA COCTOMT B TOM, YTO KBAHTOBLIC AATYUKH, PEATM30BAHHBLIC Ha OCHOBC MOI[l/I(i)l/ILIl/IpOBaHHOF (]
ajIMasa, XOPOILO OIHCHIBAIOTCS TEOPHEH M3MEPHUTEIIBHBIX Pe0Opa3oBarTeiei ¢ YaCTOTHBIM BBIXOZOM U MOTYT OBITh MCIIOJIE30BaHbI
JUTA OJTYYEHUS TaHHBIX O COCTOAHUN 06’beKTa, KaK (byHKIlI/lI/l oT HaHpﬂ)KéHHOCTI/I OJICMCHTOB €TI0 KOHCTPYKIIUH.

KiioueBnble cioBa: ‘IyBCTBI/ITCJ'II)HHﬁ QJICMCHT, NV HCHTDP, KBaHTOBEII JaT4YHK, YaCTOTHBIA JaT4yuK, H3M€pPITeJ'II:HI:II71 KaHall,
Hp€06p330BaTeJ'IL C YaCTOTHBIM BBIXOJIOM.
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INOBBIINEHUE DPPEKTUBHOCTHU MEXAHU3AIINN
CTPEJIOBHU/HOI'O KPBIJIA

10.C. MUXANJIOB'
! LenmpanvHolil aspocudpoouHamuyeckuti uncmumym um. npogeccopa H.E. JKykosckozo,
2. Kykoeckuu, Poccus

JI1s1 caMOJ1eTOB CO CTPENIOBUIAHBIMU KPBUIBSIMHU, COBEPIIAIOIINX MOJIET Ha TPAHC3BYKOBBIX CKOPOCTSX, UCTIOIb30BAaHUE 3aKPBHUIKOB
CDaynepa 1 HICJICBBIX NPEAKPBUIKOB SABJIACTCA O6].Ilel'lpI/IHHTI>IM PEHICHHUEM YBCINYCHUA HOﬂLeMHOﬁ CWIbl KpblUla Ha pEXHUMax
B3JIETa U MOCa/KK. B ureparype 310 penieHne N3BECTHO KaK KJIACCHYECKHIT BApUaHT MeXaHW3allly Kpbuia. B Hactosieii pabore
HpEJICTaBIEHbl PE3ybTaThl YUCICHHBIX U JKCIIEPHMEHTAIBHBIX HCCIENOBAaHUI HEKOTOPBIX PEIICHUH, MpeaHa3HAYEeHHbIX VIS
TOBBILIEHUS! 3((PEKTUBHOCTH KIIACCHYECKOr0 BapHaHTa MeXaHu3almu. KoHIenus MexaHu3aluy 3aiHell KpOMKH, UMEHyeMast
«AIanTHBHBIN 3aKPBUIOK», PACCMOTPEHA KaK CIIOCO0 YIyUIIeHHS adpOAMHAMHYECKHAX XapaKTePUCTHK CaMOJIeTa Ha PEKMMax
B3JIeTa U TMocaaKy. MHTerpamms OTKIOHIEMOTO BHH3 CITOMIIEpa ¢ BBIABIDKCHHEM 3aKPBUTKA ITO3BOJISET MOBBICUTh MAKCUMAITBHBIN
YTOJ OTKJIIOHEHHS 3aKPBUIKA B TTOCAZIOYHON KOH(PUTYPAIH 1 3HaYeHHEe KO3(h(HIIIeHTa TOAEMHOM CHIIBI Ha IMHEHHOM yJacTKe,
COOTBETCTBEHHO. BO B3JeTHON KOH(HIypali yBEIMYECHHE a3pPOJHMHAMHYECKOrO KadecTBa BO3MOXKHO 32 CYET YMEHBIICHHS
OTKJIOHEHUSI aJIAIITUBHOTO 3aKPBUIKA TIPH COXPAHEHUH TOABEMHON CHIIBI KpbUia. [t 3 ¢heKTHBHOM 3aIUThI TiepeTHeld KpOMKH
KpbUIa OT PaHHEro OTpPbIBA IOTOKA Ha OONBIIMX YIVIaX aTakd MCIOJB30BaH IneeBoi mmTok Kprorepa ymo0ooOTekaeMoid
reomerpud. IlpenBapuTensHOe NPOEKTHPOBAHHWE YCOBEPIICHCTBOBAHHOIO BapHaHTa MEXaHU3ALMM BKIIOYANO OIpeseleHne
a3pOJAMHAMUYECKOW (OPMBI U TIOJOKEHWsI MEXaHW3alMK Ha DPEXKHMax B3jera M MOCAIKH. A3pOJMHAMUYESCKHI aHau3
XapaKTEepUCTHK BBIMOIHEH ¢ UCHOJIb30BAHHEM JBYMEPHBIX METOJI0B pacuyeTa BEICOKOHECYILEH CUCTEMBI B PAMKAX OCPEAHEHHBIX
no PeiHombacy ypaBuenuit Hasbe-Crokca. IIpoBeaeHO cpaBHEHHME pe3ysIbTaTOB IPOEKTUPOBAHUS KJIACCHMYECKOTO U
YCOBEpIIEHCTBOBAHHOTO  BAPUAHTOB MEXAHM3AllMM, IIOKA3aBIIEE IPEUMYIIECTBO IIOCIEAHETO B  adPOAUHAMHYECKUX
XapaKTepUCTHKaX. Pe3yIbTaTel BECOBBIX HCIBITAHMI MOZEIM caMojieTa C aJalTHBHOW MeXaHW3aluel 3aHei KPOMKH KpbUIa B
a3pOIIMHAMUYECKOH TPyOe OATBEPIIIH e€ YPPEKTHBHOCTb.

KunroueBble ciioBa: mexaHu3alsi KpbUia, afallTHBHBIA 3aKpbUIOK, IMTOK Kprorepa, a’spoiMHAMHYECKOE MPOSKTHPOBAHHE,
9KCIEPUMEHTAIIbHBIC NCCIIEIOBAHHS.

BBEJIEHUE

Bei6op reomeTpuueckux IapamMeTpoB TPaKIAHCKUX CaMOJIETOB, COBEPINAIONIIMX IIOJIET ¢
TPaHC3BYKOBOI CKOPOCTBIO, OCHOBBIBAETCSI HA KOMIpOMHCCe MeX Ty 3P (PEeKTHBHOCTBIO KpblIa B Kpeiicep-
CKOM IIOJIETE M HA B3JICTHO-TIOCAIOYHBIX pexknMax. Ha srane nmpeaBapuTebHOro NpOeKTUPOBAaHUS 03KU1a-
eMbId POCT Beca, CIOKHOCTU M IIyMa OT yBEIMYEHHs d(PPEKTUBHOCTH MEXaHMU3AIMU COMOCTABIISETCS C
BBIOOPOM ITapaMeTPOB KOMIIOHOBKHU KpbLIa, 00€CIEUNBAIOIINX BEICOKUI YPOBEHb adpOIMHAMUYECKUX Xa-
paxrepuctuk (ALX) camornera B KpeiicepckoM moseTe. bobIMHCTBO KOMIIPOMHMCCHBIX PELLIEHUI PUBO-
JUT K UHTETPalui MEXaHU3alH NIEpeIHEN U 3alHEH KPOMOK, BKJIFOUAIOIIECH BBIIBI)KHBIC ITPEIAKPBUIKU U
3aKkpbUIKH [1]. FI3MeHeHust Macchl caMmoiieTa M, COOTBETCTBEHHO, KpelcepcKoro 3HaueHus1 Kod(ppHUIueHTa
MOJBEMHOM CHJIBL, IIPOUCXOIAIIUE B MPOLECCE MOJIETA, KOMIIEHCUPYIOTCSI YBEIMUEHUEM BBICOTHI I10JIETA.
Takoke B mpoliecce NpOoeKTUPOBaHuUs obecrieunBaercsi 6omnbias ruokocth AJIX camorera, Mo3BOJSIONMIAS
n30exaTh 3HAYUTENBHOTO YBEIMYEHHSI PACX0/1a TOIJIMBA HA HEPACUETHBIX PEXKUMaX IMOJIeTa.

3HAYUTENBHBIN IPOrPeCcC, JOCTUTHYTHIN B pa3BUTHH BBIYUCIUTENBbHBIX MeTOA0B CFD nns ana-
732 ¥ MPOSKTUPOBAHMS MEXaHHU3AIMH, IIPUBEI K CYIIECTBEHHOMY YIIyUIICHUIO €€ dPPEKTUBHOCTH H
pa3paboTke KOHQUrypaluil ¢ MUHMUMaJIbHOH CIOXHOCTbIO [2]. B murepatype 3T KoH(uUrypanuu,
BKJIIOYAIOIIME BBIBMKHON 3aKPBUIOK M MPEAKPHUIOK, U3BECTHBI KAK KJIACCUYECKUI BapUaHT MEXaHU-
3anuu. [locnenyromiee yaaneHue BHyTPEHHETO (CKOPOCTHOT0) 3JI€pOHa U3 pa3Maxa MEXaHU3aluu 3a-
HEel KPOMKH, MPOBEJCHHOE BIIEPBBIE B KOMIIOHOBKAaX KpbuIa caMmoyieToB ¢upMbel Ipbac Uumactpw,
MIO3BOJIMJIO UCKJIKOYMTH PAa3pblB MEXKy BHYTPEHHHMH M BHEIIHUMU CEKLUSMH BBIIBUHYTOTO 3aKpbLI-
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Ka, 9To obecneumno yBenuueHue koddpduunentra Cymax B MOCATOYHONW KOHPUTYpPALUN A0 3HAYCHHUS
C¥max = 3 (camonet A320 [3]).

B nHacrosimiee Bpemsi TpaAMLIMOHHBIE KIacCHYECKHE KOH(MUIYpalluu MEXaHU3aluH KpbUla J10-
CTHUTJIM BBICOKOTO YPOBHSI a’3pOJAMHAMUYECKOTO COBEPLICHCTBA, U TOJBKO Majble YIYyYIIEHUS UX Xa-
PaKTEPUCTUK BO3MOYKHBI B OCHOBHOM 3a CYET M3MECHECHMs KMHEMAaTHKU UX BbIABMKEHMS. [loaTOMy
nanpHeiee noseimeHne 3G GEeKTHBHOCTH MEXaHU3aIUH CBS3aHO C MIEPECMOTPOM KOHIIETIIINHU €€ TPo-
eKTHUPOBAHHUS NpU pa3pabOTKe HOBBIX CAMOJIETOB.

WccnenoBanus, mpoBeJeHHbIE 3a MPOLIEAIINE TPHU AECATUICTHS B TPakJaHCKOM aBUalUU
[4-6], noka3anu BO3MOXXHOCTH yiy4dmieHuss AJIX Kpplna Kak 3a CUET HCIOJIB30BAHMS PA3IMUYHBIX
YCTPOMCTB YNPABJICHUS KPUBU3HOW B KPEUCEPCKOM IOJIETE, TaK W MOBBIIICHUS HECYIIUX CBOMCTB Ha
B3JIETHO-NIOCAIOYHBIX pexuMax. OOImKM MOAX0A0M il OOJIBIIMHCTBA PACCMOTPEHHBIX PEILIEHUM ObI-
Ja pa3paboTKa JOBOJBHO CIOKHBIX JIOTIOJIHUTEIFHBIX YCTPOHCTB U CHCTEM YTIPABJICHUS K yKe Cylle-
CTBYIOIIIMM B KOMIIOHOBKE MCXOJIHOT'O KPbLIA.

OcHOBHOE BHMIMaHHE B OJrpKaiiiee BpeMsi Oy/IeT COCPEIOTOUCHO Ha PACIIMPEHUH (PYHKIIMOHAIb-
HOCTH MEXAHU3alMX 33JHEH KPOMKH C LEJIbI0 IPUMEHEHHSI €€ HE TOJIBKO Ha peKUMax B3JIeTa U MOCAJIKH,
HO W JJIS aJlalTallid T€OMETPUM CEYEHUM KpbUIa B KPEMCEPCKOM IojieTe. XOpoulew alnbTepHAaTUBOU BbI-
JBIDKHOMY TPEIKPBUIKY MOXET cTaTh IUTOK Kprorepa yno6oo0TexkaeMoii reoOMeTprH, BbIIBUTAEMBbIH C
HIDKHEH TIOBEPXHOCTH HOCKa KpbUla ¢ (hopMupoBaHueM npoduiupoBaHHON mienn. OTCyTCTBHE OTpbIBa
MOTOKAa C HIKHEH MOBEPXHOCTH ILUTKA, HAOJIIOIAEMOE y BBIBM)KHOTO IPEJKPBUIKA, CIIOCOOCTBYET MHO-
BBIIICHHIO 3(P(HEKTHBHOCTH MEXaHHU3AIMX Ha B3JIETHO-TIOCAIOYHBIX PEXKUMAX IOJIETA.

Ycnensple JIeTHbIE UCTIBITaHUs. MHOTO()YHKIIMOHATIBHBIX MUHHUILUTKOB IO 3a/THEH KPOMKE 3aKpbUI-
KOB ITOKA3aJIM BO3MOKHOCTB yirydineHus AJ[X camorera Ha HEpAaCUETHBIX PEKMMAX KPEUCEPCKOro I0JIeTa
[7]. OgHako MX HMCHONB30BaHUE TPeOyeT MPUMEHEHMs JIONOJHUTENBHOM CHCTEMbI MPUBOJIOB, KOTOpast
JIOJDKHA OBITh 3aJI0KE€Ha B TIPOEKT camoJieTa Ha HadyaJbHOM dTare ero paspadortku. Kak u B psze ciydaes
ObLIO MOKa3aHO, YTO MOJIyYEHHBIE MPEUMYILECTBA B KpPeHCepcKoM IoJIeTe He BCEr/ia aJleKBaTHBI YCIIOMXKHE-
HUIO KOHCTPYKLIMM KPbLUIa ¥ CUCTEM YIIPABJICHNS, A TAKKE YBEIIMYECHUIO B3JIETHOM MacChl CaMOJIETA.

bonee KOHCTPYKTUBHBIM PELIEHUEM MOXKET CTaTh KOMIUIEKCHBIN MOAXOJ K MCIIOJIb30BAHMIO 3a-
KPBUIKOB KaK Ha B3JIETHO-NIOCAJ0YHBIX PEKUMAaX MOJIETA, TaK U B YCIOBUAX KPEHCEPCKOIo MojeTa Jist
YIPAaBIEHUS XapaKTePUCTUKAaMU KpblIa U PaclpeesIEeHUEM Harpy3KH 10 pa3Maxy 3a cueT JIOKaJIbHOTO
M3MEHEHHS KpUBU3HBI. KITFOUEeBBIM 3JIEMEHTOM B pacIIUpEeHUN (YHKIMOHATHHOCTH MEXaHU3AIUH 3a/1-
HEll KPOMKU SIBJIIETCS MHTErpalys OTKIOHSIEMOIO BHHU3 CIIOMJIEpa ¢ BBIABMKECHHEM WJIH IOBOPOTOM
OJ/THOIIEJIEBBIX 3aKPBUIKOB [§].

OB30P PE3YJIbTATOB 3KCINNEPUMEHTAJIbHBIX UCCJEIOBAHUM
MEXAHUN3ALOUHU B KOMIIOHOBKAX ITPAMbBIX U CTPEJIOBUIHbBIX KPBIJIBEB

B LAT'U B nepuona ¢ 1971 1. mo 1993 r. 6611 npoBeAieH 60bI10i 00beM SKCTIEPUMEHTATBHBIX
MCCJICIOBAHUI Pa3IUYHBIX BAPUAHTOB MEXaHU3alMUK [6], MpeHa3HAYeHHON I KOMIIOHOBOK CTPENO-
BUJHBIX KPBUIbEB CO CBEPXKPUTHUYECKUMHU NMPOYUISIMU C YIUIOLIEHHON reoMeTpueil BepxHeil moBepx-
HocTH. OCHOBHOE BHUMaHHE B 3TUX MCCIEOBAHUAX OBUIO YIEIEHO MOBBIIICHUIO (P (HEKTUBHOCTH Me-
XaHU3alUH NepeHel U 3aJHe KPOMOK C 11€JIbI0 KOMIICHCALUMHU MOTEPh B MOABEMHON CHUJIE Kpblja OT
IIPUMEHEHHUS CBEPXKPUTHUECKUX Mpoduieil. Pe3ynbraTsl McciieJOBaHUS HEKOTOPBIX BApHAHTOB MEXa-
HU3AIMH, KOTOPbIE aKTyaJIbHBI M B HACTOSIIIEE BPEMs, IPUBEIEHBI HIKE.

IIpeakpBLI0OK yCOBEPIIEHCTBOBAHHOM (hopMbI
[IpuMmeHseMble B HACTOSILEE BPEMS B KOMIIOHOBKAX KPbUIA BBIABUKHBIEC NMPEIKPBUIKM UMEIOT

JTaJIeKO HE ONTHUMANbHYIO ()OPMY C TOUKH 3PEHHs] HECYIIMX CBOMCTB W CONMPOTHBIEHUS. Manas Kpu-
BH3HA CpEeJHEH JIMHUU U HaJH4ue OCTPOro BhIcTyna («3y0a») Ha HIKHEH MOBEPXHOCTU HE MO3BOJISIIOT
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o0ecrieyuTh BbICOKHE 3HAUYCHUS (o B TIOCATOYHON KOH(UTYpalMy U MOBBILICHHBIH YPOBEHb a’po-
JMHAMAYECKOTO Ka4eCTBa Ha B3JIETE.

Hwxe npuBeneHsl pe3ynbTaTbl CpaBHEHHS Y(PPEKTUBHOCTH MPEAKPBIIKA YCOBEPUICHCTBOBAH-
HOM (opMbI ( Enp=13%) U OOBIYHOTO MpPEIKphUIKa ( EHPZIS%) B KOMIIOHOBKE MPSAMOro KpblIa CO
CBepXKpHTHYECKHM TpodueM ( ¢=9%) 1 OTKIOHEHHOI MeXaHu3aIweil 3aaHeil KpoMku (puc. 1).

UCXOONUBII KPBIIOEOU NPOoghuts
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VCOBEPUIEHCTNEOEAHHON opMBI

Puc. 1. [eomMeTpusi MEXaHU3UPOBAHHOTO CEYCHHS KPbLIa C IBYMS BApHAHTAMH IIPEIKPBUIKA
Fig. 1. High-lift devices geometry of wing cross- section

OpHolt U3 0COOEHHOCTEN MPUMEHEHUS MPEIKPBIIKA YCOBEPIIEHCTBOBAHHOW (DOPMBI B Ka4eCcTBE
aJIeMEHTa MEXaHU3AIMH TIEPETHEH KPOMKH SBJISICTCSI KHHEMATHKA €T0 BBIJIBMKEHHUS U3 YOPAHHOTO TO-
JoKeHusl B pabodee U HA000poT. B kpeiicepckoM MonoKeHUH MPEeIKPhUTIOK YOpaH B HHIIY, PAcloio-
JKEHHYIO0 B HOCOBOW YacCTH HUKHEH MOBEPXHOCTH CceUeHUs Kpbuta (puc. 2, nojoxenue 1). [locne nmoxa-
Y1 KOMAaHJIbl Ha €r0 BBIABMKEHHUE MPEIKPBUIOK COBEPILIAET BPAIATEIbHOE ABUKEHUE OTHOCUTEIIBHO
HETOJIBM>KHOM OCH BpallCHHUsI, PACIIOIO0KEHHON B HOCOBOM 4acTW Kpbula. B HEKOTOpPOM OTHOIIEHUU
TaKOM MpOILIeCC BBIABUKEHHUS MPEAKPBIIKA CXOJEH C OTKIOHEHUEM mpocToro muTtka Kprorepa: u tam,
U 37IeCh — BpallaTesibHOE JBIKEHHE. BHIOOp COOTBETCTBYIONMIETO TMOJIOKEHUSI MPEIKPbUIKA B KpEi-
CepcKoil KOH(GUTYpAIMK U €r0 OCH BpallleHUs! T03BOJISET ChOPMUPOBATH MPODUIHPOBAHHYIO IIENIb B
HOCOBOH YacTH KpblJIa HA PeKUMaX B3JIeTa U Mocaaku. Y 1o0oo0Tekaemas (hopMa MpeaKphuIKa B code-
TaHUU C TPOGUIMPOBAHHON HIENBI0 OKA3bIBAIOT OJArONpHUATHOE BIMSHUE HAa XapaKTEPUCTHKHU BBICO-
KOHECYIIEH CUCTEMBI Ha OOJIBIIIUX YTiaX aTaku.

a1y
[MonoxxeHue Sup d% | hu % I
IpEAKPHITKA
1% -179° — ,
2 4310|028 [1.0 i
3 -90° -1,55 1.5
4 -40° -1.0 2,0
* TIpenKpblIOK yOpaH

Puc. 2. Dcku3 BBIIBIKEHHS NIPEAKPBUIKA U3 YOPAHHOTO MOJIOKEHHS B PACUSTHYIO O3UIIUIO
Fig. 2. Sketch of a slat extension from retracted position to design station

103



Hayunblii Becthuk MI'TY TA Tom 23, Ne 06, 2020
Civil Aviation High Technologies Vol. 23, No. 06, 2020

Mogenb npsMOro Kpsuia ¢ 3(p(HEeKTUBHBIM YIUIMHEHUEM A,g & 5 U MEXaHU3alMel, TOKa3aHHOI
Ha puc. 1, ObUTa MUCIIBITAHA B MaJOCKOPOCTHOHM a’poauHamuueckoil Tpyde T-102 ILIATU. Ckopocts
Ha0erarIero noToka B UCHBITAHUAX cocTaBisia V=40 Mm/c, 4TO COOTBETCTBYET uuciy PeifHonbica
Re = 1,1-10°, BeramcieHHOMY 110 XOpA€e Kpbu1a b = 0,4 M.

Ha puc. 3 npuBenensl 3KcriepuMenTanbubie 3aBucumoctu Cy = f(a) u m, = f(a) paccMoTpeH-
HBIX KOH(UTypanuii MexaHu3aliK, BKJItoYast yOpaHHOE MOJI0KEHHE (MCXOIHBINA MPO(UIIb), HECKOIBKO
YIJI0B OTKJIOHEHUS JIByX BapHaHTOB MPEIKPBUIKA MPH HAIWYMK BBIIBUHYTOW MEXaHW3AIlUH 3aJ(HEH
KPOMKH M BapHaHT OTKJIOHEHMs NPEIKPbUIKA YCOBEPIIEHCTBOBAHHOW ()OpMBI C yOpPaHHBIM 3aKpbLI-
KoM. M3 3THX 3aBHCHMOCTEH CJeIyeT, YTO BO BCEM JIMAIa30He yIJIOB O ¥ MPH BCEX 3HAYCHHSX YTJIOB
OTKJIOHEHUS] MeXaHU3alUH (Onp U O;) MOJBEMHAS CHJIA KPbLIA C NMPEIKPBUIKOM YCOBEPLUICHCTBOBAHHOM
(dbopMBl BbIIIIE, YEM Y KpbLIA TOTO k€ MPpo(uis ¢ 00bIYHBIM NPEeAKPBITKOM (ACYyqy = 0,1- 0,3). Yiyu-
IIMJIOCH TAKXKE MPOTEKAaHHE MOMEHTHBIX XapaKTEPUCTUK M. = f(@) B 00JACTH OKOJIOKPHUTUYECKHX YT-
JIOB aTaKH.
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Puc. 3. CpaBHeHHE XapaKTEpUCTHK MOJIENH KPbUIA C ABYMS BapHaHTaMU I€OMETPUH MTPEAKPBIIKA
Fig. 3. Comparison of wing model performance with two versions of slat geometry

Onenka >(pPEeKTUBHOCTH HPEAKPbUIKA YCOBEPIIEHCTBOBAHHOW (OPMBI B CpPaBHEHHH C OObIU-
HBIM NPEIKPBUIKOM IO BEIMYMHE NpUpaleHUs Kod(pUIMEHTa MAaKCHUMalbHOM MOABEMHON CHIIbI
ACYpax JOTIOTHEHA aHAJIOTUYHBIM CPAaBHEHHEM BEIMYMH a’pOJMHAMHUYECKOro KauecTBa K B 3aBUCH-
MOCTH OT OTHOCHUTEJIBHOT'O PACTIONOKEHHSI 3JIEMEHTOB MEXaHU3UPOBAHHOTO Kpblia (puc. 4).
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Puc. 4. Biiusinue reomerpun npeaAKpbUIKa Ha CYpax U @9POJTMHAMHUYECKOE KaYeCTBO
Fig. 4. Effect of slat geometry on maximum C/ and lift-to-drag ratio

U3 cpaBuenus kpuBbix K = f(Cy) nist CXOAHBIX KOMOMHAIIMN JIByX pacCMaTPHUBAEMbIX BapUAHTOB
NpeAKpbUIKa CIeIyeT, YTO B Jauana3oHe m3MeHeHus koddduimenta nmoabeMHol cuibl Cy = 1,25+1,75
A’POJIMHAMHIYECKOE KAaueCTBO MEXaHM3MPOBAHHOTO KpbLIa C MPEIKPHUIKOM YCOBEPIICHCTBOBAHHOU (hop-
MBI 3aMETHO BBIIIIE, Y€M Y KpbUIa ¢ OOBIMHBIM MPEAKPHUTKOM. Tak, pu J; = 2(0)° mpupaiieHue a’dpouHa-
muueckoro kauectBa AK coctasisiet 0,5 1 ACyyq = 0,3 ipu 3TOM cama BenmuuHa Kodduiimenra Makcu-
MaJIbHOM MOIBEMHON CHIJIBI JOCTUTaeT 3HayeHus 2,6. Ilpu MeHbIIMX yriiax OTKJIOHEHHS 3aKpbUIKa
(05 = 0-10°) mpupamenue K okaszbiBaercs emie Oonbium: AK = 0,5+1,3 npu Takoii ske pa3HuLe B 3Haue-
HUSIX KOA(PPHUIMEHTOB MAaKCUMaTbHOM TOABEMHOUN CHITBI (ACY 0 = 0,2+0,3).

ANanTUBHBIN 3aKPBLIOK

bonbuioil UK MpOBEACHHBIX HCCIEAOBAHUN MEXaHH3alMH Ha MPSMOYTOJIBHBIX KPBUIbSIX B
AT T-102 mokazai, yTo 3QPEeKTUBHOCTb 3aKPBIJIKOB HA CBEPXKPUTHUECKUX MPOPHIIAX MEPBOTO I0-
KOJICHUSI HECKOJIBKO MEHBIIE, YeM Ha OOBIYHBIX MPOPMISIX. ITO OOCTOSITEIHCTBO 00YCIOBICHO MEHb-
el BOTHYTOCTBIO BEpXHEW MOBEPXHOCTH HOBBIX MPOQMIEH M, COOTBETCTBEHHO, MEHBIIUM CKOCOM
MOTOKA B OOJIACTH 3aKPBUIKA, OTPAHUYUBAIONIIM MAaKCHUMAIBHBIA YTOJI €r0 OTKJIOHEHUS. [[is moBsImie-
HUs 2QPEKTUBHOCTH 3aKpbUIKa OBLTH MPEJIOKEHBI YCTPONUCTBA, MO3BOISIIONINE YBEIUYUTh KPUBU3HY
XBOCTOBOT'O Y4acTKa OCHOBHOTO Mpo¢wis nepes 3akpbuikoM. CyTh Tpeasios)KeHHON «BpE3HOI» Mexa-
Huzauuu (S1.M. Cepebpuiickuii, A.B. ITotanuuk, FO.I'. CrenanoB (1981 r.) [6]) cocTosiia B TOM, 4TO
(UKCHPOBAHHBIM, OTOTHYTHIN BHU3 XBOCTOBOM y4aCTOK OCHOBHOT'O Kpbljia “Bpe3ajica’” B CIELIMAIbHBIN
ra3 Ha BEepXHEH MOBEPXHOCTH 3akpbUika. Takas mexanusamnus (puc. 5, a) obecnieunsa Oonbliee Mpu-
panieHue moabeMHOM cuibl, 94eM 00brdHast (ACy, = 0,5; ACyuax = 0,3 — mpsAMoe Kpblia ¢ A,y = 5) 3a
CYEeT JIMKBUIALIUN WU CYIIECTBEHHOTO OCJIa0JIeHHsl OTPbIBA MOTPAHUYHOIO CJIOSl HA BEpXHEH moBepx-
HOCTH 3aKpbuika. OJHAKO 3Ta MEXaHU3aIUs MOTJa OBITh HACTPOCHA TOJBKO HA OAMH PEXHUM IOJIETa,
HaIpUMep, PEXKUM MOCAIKH.

OTMEUYeHHBI HETOCTaTOK OTCYTCTBYET y MEXaHHW3allMH, Y KOTOPOl OTTMO XBOCTOBOH YacTu
KpblJIa BHU3 (OTKJIOHEHHUE CIIOIIepa) OCYLIECTBIISETCS OJHOBPEMEHHO C BBIIBHKEHHEM 3aKpbUIKA B
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pabourie TONOKEHHUs. Y COBEPIICHCTBOBAHHBIM BapHAHT MEXaHM3AlMs B JallbHEHIIeM ObLT Ha3BaH
aJanTUBHBIM (pHC. 5, 0), MOCKOJIBKY OH OOCCIEYMBACT HAWIYUIIHE BO3MOXXHOCTH IS YIIyUIICHUS
AJIX xapakTepHUCTUK KpblIa Ha peXuUMax B3JIeTa U ITOCaJKH.

A
A b
o
8 Jor
ne XBocmux ocwaBraen Bore
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a

Puc. 5. «Bpe3nas» u anantuBHas MEXaHU3alMsl Kpbula
Fig. 5. "Cutting-in" and adaptive high-lift devices

B pabore [6] ObIIO MOKa3aHO, YTO OTIHO XBOCTOBOHM YacTW Kpbuia Hambosee 3G(eKTUBEH B
KOMOHMHAIIMK C OJHOIIENIEBBIM 3aKPBUIKOM (pHC. 6), TJe ero NpUMEHEHHE YKBUBAJICHTHO YBEITUUYCHUIO
KOJIMYECTBA 3BEHBEB OOBIYHOTO 3aKPBLIKA HA OJTHO 3BEHO.

[TonoxurenpHble pe3yabTaThl HCCIEAOBAHUS AJAaTUBHON MEXaHU3allMU HAa MOJEJSIX MpPSIMO-
YTONBHBIX KpbUTheB B AJIT MOATBEpIMINCH B HCIIBITAHHUSIX ITOJTHBIX KOMIIOHOBOK MOJICIICH CaMOJIETOB
pa3IMYHOTO Ha3zHauyeHHs. VICIbITaHMS HA MOJENNM MarucTPalbHOTO MAaCCaXUPCKOTO caMolieTa THUIa
Nn-96, nposenennsiec B AT nepemennoit mnotHoctu (M = 0,2; Re = 4,1-106), MOKa3aJif, 4TO OTKIIO-
HEHHE XBOCTOBOTO yYacTKa KpbUIAa MEpe]l IBYXIIEIEBbIM BBIIBMKHBIM 3aKPBUIKOM CYIIECTBEHHO TIO-
BBIIIIAET YPOBEHb HECYIIMX CBOWCTB KpPbUIA B MTOCAIOYHON KOH(MUTYpAIMH IO CPABHEHUIO C OOBIYHBIM
3aKpbUTKOM (puc. 7). JlomosHUTEnsHOE TPUpAIIEHNE MOBEMHON CUIIBI KpblJla OT OTKJIOHEHHUS aJiari-
TUBHOTO 3aKpbUIKA Ha PEKHUME B3JIETa MOKET OBITh YACTUYHO «Pa3MEHEHO» HA YBEIMUEHHUE adpOJIU-
HaMHUYECKOT0 Ka4eCTBa 3a CUET OTKJIOHECHHUS 3aKPbIIKa HA MEHBIIIHH YTOJI.

Cysun | K
25

/71— ananmusuas mexannsaus (8:=55%; 81p=0);

g 2 2 — ajanTiBHAA MexaHu3auua (8:=55° 8,,=40°); 55
// 3 — o0brynas Mexanuzamus (3,40 3,,=40°); ' 1 — BaneTHA% KORHIYpBIH;
/ f 4 — MexarK3amis yopana (3= 5,y ~0) 2 —nocajloyHas KOH(HIYpALHi;
/F,ﬂ’ / LITPUXOBLIE INHUH — HCXO/HAA MEXaHH3aLHA;
/ 1.5 CIIOWIHBIC THHHH — aJalTHBHAaA MEeXaHH3alHA
{ 4
[
‘ ]7“).1 - ; 20
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\
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Puc. 6. BnustHue afanTHBHOTO 3aKphIIKa Ha HECYILHE Puc. 7. BnusiHue aanTUBHOIO 3aKpblIKa Ha
cBoiicTBa kpbita (M =0,13; Re = 1,1-10% hop=15) XapaKTepUCTUKU MoJienu camosiera 1n-96
Fig. 6. Effect of adaptive flap on wing lift performance Fig. 7. Effect of adaptive flap on performance

(M =0,13; Re = 1,1-10% A= 5) of 11-96 aircraft model
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AnanTuBHas B3JETHO-TIOCAOYHAS MEXaHHM3AIlMs, MPUMEHEHHAs] B KOMIIOHOBKE KpbUTa maimy0-
Horo uctpedurens Cy-27K, mokaszaia 3ameTHoe npeumymiectBo B AJIX 1Mo cpaBHEHUIO ¢ OOBIYHOU
MEXaHU3aLUEN.

KOHIEIIIOUA NIOBBIIMEHUA DOPEKTUBHOCTHU MEXAHU3AIIUN

AJlaniTUBHBIA BapUaHT MEXAaHM3ALMU 3aJHEH KPOMKH, BKIIOUYAIOIIMA WHTErPALMIO OTKIIOHsE-
MBIX BHHM3 Ha MaJjible YTJIbI CIIONIEPOB ¢ (YHKIMEH MOBOPOTA 3aKPhUIKA, YCIEIIHO anmpoOWpOBaH B
JICTHBIX HUCHBITAHUAX W MPUMCHACTCA B KOMIIOHOBKAX KpblIda HOBBLIX HAJIbBHUX MArUCTpaJIbHBIX CaMO-
netax (JIMC) Boeing B787 [8] u Airbus A350XWB [9]. OTkiioHeHHE BHHU3 CIIOHIEPOB 00eCIeuynBaeT
KaK MpeABapUTEIbHBINA TTOBOPOT MOTOKA MEpe] 3aKPhUIKOM, TaK U PETYIHPOBKY MIEITH MEXIY 3aTHEH
KPOMKOW OCHOBHOM YaCTH KpbLTa K HOCKOM 3aKphUIKa JIJIs1 BCEX PabOYMX MOJI0KEHUN, BKITFOYAs Majble
YTJIbl OTKJIOHCHUS. I[OCTI/IFHYTOG IIpU 3TOM CYHICCTBCHHOC CHUXXCHUC CHUCTEMHOH CIIOKHOCTH MEXaHU-
3aIMM 33aJIHEW KPOMKH COIPOBOKIAETCS MOTEPEH HECYIIMX CBOMCTBAX KpbUIa HA PEKHMax B3JieTa U
MOCAJIKH M0 CPABHEHUIO C KJIACCHYECKHM BapUAHTOM MEXaHM3AIMH 3aJHel KpOMKH (3akpbuiok day-
nepa). [ToaToMy HCTIONB30BaHHBINA MOIX0/ K CHHKEHHUIO CIIO)KHOCTH MEXaHU3AIuH, TTO-BUANMOMY, Oy-
JIeT UMEeTh OrpaHUYEHHOE NMPUMEHEHHE, IPEUMYIIECTBEHHO B KOMIIOHOBKaxX kpbuia JIMC, 6a3upyio-
IIMXCS Ha BHEKJIACCOBBIX a3pOJIpoMax C JVIMHOKO B3JIETHO-MOCAA0YHOM 1ojockl Lenm > 3200 M.

CHmKeHHe HeCyIIUX CBOWCTB CEUEHHUs KphbLIa ¢ aJanTUBHBIM 3akpbuikoM (ASHF) mo cpaBHe-
HUIO ¢ 3akpbutkoM Paynepa (SSF), HabmogaeMoe Ha OONMBIIMX yIUIax aTtakd (puc. §), 00yCIIOBICHO B
OCHOBHOM HEJOCTAaTOYHOUN 3(h(HEeKTHBHOCTHIO MCHOIB3YEMOM MEXaHHM3aIMH MepelHeld KPOMKH. DKC-
TPEMAJIbHBIC YyCIIOBUA O6T€KaHI/IH MPEAKPHbIIKA, BEI3BBAHHLIC ITOBLIIICHUCM 3(1)(1)CKTI/IBHOCTI/I MEXaHUu3a-
[IUU 3a7HeH KPOMKH, 00yCIIaBIUBAIOT CHU)KCHHE HECYIIUX CBOWCTB CEUEHMS KpblUIa HA OONBIINX YT-

JlaxX aTakKH.
S CL
Section cut \_ dc,id, |
¥ - i %’-7// \ CLmax |
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Puc. 8. BiusiHue oTKIIOHEHHUSI CIIOiIepa U yBEIMUYEHUS YIJIa OTKIOHEHUS 3aKphUIKa
Ha moBeenue 3apucumoct Cy(a) [5]
Fig. 8. Effect of applying spoiler droop and higher angle of flap deflection on lift curve [5]

Takum 00pa3oM, moBbimicHHE 3HAYCHUH Cym,x Ha peXHME MOCAAKH TPeOyeT KOMILJICKCHOTO
MOJX0/1a K OJTHOBPEMEHHOMY YBEINYCHHUIO () (HEKTUBHOCTH MEXaHH3AIMH 3aTHEH U TepeJHEeH KPOMOK
KpbU1a. BO3MOXKHBIM peIIeHHEM, pACCMOTPEHHBIM B TaHHOW paboTe, ABISCTCS MHTETPAIUs OTKIIOHSIC-
MOTO BHHU3 CIoiyiepa ¢ (yHKIHEH BBIIBM)KCHHS 3aKPbLUIKA, a TAKKE MPUMEHEHHUE IIEIEBOrO IIHTKA
Kprorepa yno6oo6rekaemoit popMbl BMECTO BBIIBHKHOTO MTPEIKPHLIKA.

CHIDKEHHE CONMPOTHBIICHHS KpbLIa C QJaNTHBHBIM 3aKPBUIKOM IPH COXPAHEHUHM HECYIIUX
CBOWMCTB KpbLJIa Ha PEKUME B3JIeTa, Kak ObLJIO MMOKa3aHO B MPHUBEICHHOM 0030pe, MOXET ObITh 0Oecte-
YEeHO ABYMsI criocoOaMu. Bo-mepBbix, 3a cYET OTKJIOHEHHsI 3aKpbUIKa Ha MEHBIINI yroi (cMm. puc. 7).
Bo-BTOphIX, B pe3yjbTare NpPUMEHEHHs MIMTKa Kprorepa BMECTO BBIIBMKHOTO MPEAKPHLUIKA
(cm. puc. 4 — IPEeIKPHIIIOK YCOBEPIIEHCTBOBAHHON (DOPMBI).
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PACYETHASA OHEHKA D®PEKTUBHOCTU MEXAHU3AIIUN

[Iporiecc MpoeKTUPOBAHUS MEXaHHU3AIMH KpblIa BKIIOYAET KaK BHIOOp THUIIA U TEOMETPHH Me-
XaHU3aluHU, TaK U ONpeesieHUE ee MOJOXKEHHsI Ha B3JIETHO-MOCAZAOYHBIX peKUMax moiera. DPdek-
TUBHOCTh pacCMaTPUBACMbIX BAPUAHTOB MEXAHHU3AIMH HA HAYAIIBHOM JTAle MPOCKTUPOBAHUS OOBITHO
OIICHUBAETCS C MOMOIIBI0 METOJIOB BBHIYHCIUTEIbHON AuHamMuku xunkoctu (CFD) B nBymepHoit mo-
CTaHOBKE. Pe3ynbTaThl MONETUPOBAHUS BSI3KOTO OOTEKaHMs B paMKaxX OCPETHEHHBIX MO duciy Peii-
Houbsica ypaBHeHH HaBbe-Ctokca (RANS) mo3BosstOT BBIOpATh JIyUIIyl0 KOH(DHUTYpAIUio Ijis To-
CJIEIyIOIIEro JeTanbHOro uccienoBanuss AJIX B mosHOM KOMIOHOBKE Kpbuia. CpaBHEHUE pe3yJibTa-
ToB npuMmeHeHusi 2D RANS MeTo10B 11711 MPOEKTUPOBAHUSA MEXaHU3AIMU KpblJa C SKCIEPUMEHTAJIb-
HBIMH JAaHHBIMU, TIpuBeieHHOE B padote [10], moaTBepanno ux crmocoOHOCTh Ka4eCTBEHHO MpECKa-
3bIBaTh AP (HEKTUBHOCThH PA3NUYHBIX KOHIETIIMA MEXaHU3alUU B TMHEHHOM JHAara3oHe MOBEACHUS ITy-
TEM CPaBHEHHUS XapaKTEPUCTHK, MOTYICHHBIX B PABHBIX YCIOBHIX O0TEKaHUS.

B nannoit pabote pacuerHast oneHka 3QGEeKTUBHOCTH ABYX BaApUAHTOB MEXAHHU3AIMH B OJJHOM
XapaKTepHOM CEYCHUHU KPbhLIa BHITIOJHEHA HA OCHOBAHUM PE3YJITATOB pacdyera CTAllHOHAPHOTO 00Te-
KaHUs CEUYECHMS KpbLa MOTOKOM BSI3KOTO CKMMaeMoro rasa B pamkax RANS. HMcnonszyemass Moaens
cpe/ibl — COBEPILECHHBIN a3, JUIsl 3aMbIKaHUSI CUCTEMbl YPAaBHEHHUI MCIOJIb30BaHA OJHOIApaMeTpuye-
cKast Moziesib TypOyneHTHOCTH Spalart-Allmaras. C 11e1p10 COKpaIleHus Ynuciia s9eek TpUMEHEeHa KOM-
MO3UTHAsI KOH(PUTYpAIHs PACUETHBIX CETOK: HECTPYKTYPUPOBAHHASL B OJIMYKHEM TOJIE U CTPYKTYPHUPO-
BaHHas B JajibHEM. BHemHss rpanuna OnmkHEro moiyisg uMena (GopMmy 3JUTUICA, JABHETO — OKPYX-
HOCTB C paguycoM, paBHbIM 20 xopaam npoduis ¢ yOpaHHON MeXaHU3AIHUEH.

Amnpobarnus ucroyib30BaHHOTO MoaxoAa K pacdyeTy AJIX mpoBeneHa Ha pe3yibTaTax HCIBITA-
HUN 4eThIpexdieMeHTHON KoHpurypaimu NASA [11], Brmouaromeld NpPeaKpbUIOK € XOpPIOH

Brp ~ 15.6% ¥ pa3aBHKHOMN ABYXILENEBOM 3aKPBIJIOK C XOPJOM MEPBOTo 3B€HA B, = 15% 1 BTOpOTO

By ~ 29.6% (puc. 9). IIpeakpblIoK OTKIOHEH Ha YIroi Oy, = 47.2°, mepBoe 3BEHO 3aKpbLIKA — HA YTOJ
051 = 30°, BTopoe — Ha yroi O, = 49.7° OTHOCUTENHFHO UCXOAHOM XopAbl poduis. McnpiTaHus mpose-
nenbl B cnermainbHoil AT (BRWT) dupmer bounr, npepnaznadennoii ans uccinenoanust AJ1X BbI-
COKOHECYIIUX KOHPUTYypalui B TNIOCKOM TOTOKE.

03 05 — 07 0.9 1.1 X/B

-0.20 4

-0.30 -

Puc. 9. YerbipexasneMeHTHas: KOHPUTYpaLKsg MexaHu3aluu npodus [9]
Fig. 9. High-lift system configuration of four-element airfoil [9]

Pacuetsl oOTekaHusi MexaHusupoBaHHOro npodwis mas uucina M = 0.2 u PeliHonbaca
Re = 2.83x10° mpoBeeHs! B 1uanasone yrioB ataku o = -12+17°. CpaBHEHHE Pe3y/IbTATOB PACUCTOB
pacnpe/iesieHus JaBJIeHUs] 1 CYMMapHbBIX XapaKTEPUCTUK C IKCIIEPUMEHTAIbHBIMU JaHHBIMU [TOKA3aHO
Ha puc. 10. B nenoM nomydeHo yAOBIETBOPUTENHHOE COTJIACOBAHUE PACIPECICHHBIX U CyMMapHbBIX
AJ1X, 3a UCKTIOYEHUEM COMIPOTUBIIEHUS 1TpH 3HaueHusx Cy > 3.5.
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Puc. 10. CpaBHeHHE pacueTHBIX H SKCIEPUMEHTANBHBIX XapaKTEPUCTUK MHOTOAJIEMEHTHOTO MPOQHIIS
Fig. 10. Comparison between wind tunnel testing and computed results of Multi-element airfoil
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I'EOMETPUA CEYEHUA KPBIJIA C IBYMA BAPUAHTAMU MEXAHU3ALTUU

[IpoexkTrpoBaHue MeXaHU3AIUU HAYWHAECTCS ¢ (DOPMHUPOBAHMSI TEOMETPUHM CEYCHHUH KpbLIa C
MexaHuzanuii. B pabore paccMOTpeHO 0IHO XapaKTepHOE CeYeHHe, PacOI0KEHHOE B U3JI0ME I10 3a1-
Hell kpomke kpbuta (puc. 11, a). Mcxonusiii (knaccuueckuit) BapuaHT Mexanuzanuu (puc. 11, 0, B)
BKJIFOYAET MPEeAKPBUIOK ¢ xopaoi 11.9% wm BeaBmxkHON 3akpbUiok THHa Paynepa ¢ xopaoit 25.2%.
PaccMoTpenHas TpexaneMeHTHass KOH(PHUTypalust XapaKTepru3yeTcsl yMEPEHHBIMH YTJIAMH OTKIIOHCHHS
npeakppuika (8pp = 15 1 20°) n 3akpbuika (6, = 18°) Bo B311€THOM KOHQUIYpaUUK U yIIIaMu Oy, = 25° 1
0;=36° B 10CaI04HOM KOH(PUTYpaLHH.

10 A-A
Y,%

Puc. 11. MexaHu3anus cedeHus Kpbuia
Fig. 11. High-lift devices of wing cross-section

I'eomeTpust 3TOrO *Ke ceyeHHs Kpblja ¢ MEXaHU3alUeH MOBBIIIEHHOW 3()()EeKTUBHOCTH, BKIIIO-
Yaloleld WHTErPAIUI0 OTKIOHAEMON BHU3 «KPBIIIN» (CTonepa) ¢ (yHKIUEH BBIABMKEHUS 3aKPhIIKa
U IPUMEHEHNE aJbTEPHATUBHOIO BapHaHTa MEXaHU3alUuM nepeaHeil kpoMku (muTka Kprorepa), noka-
3aHa Ha puc. 11, r. ATanTUBHBIA BapUaHT MEXaHU3ALUH 3aIHEN KPOMKH UCIIOJIb3YET UCXOIHBIA BapHu-
AHT BBIJBMKHOTO 3aKpbUIKA U crioiiep ( Ben = 15%) ¢ pyHKIMEH OTKIOHEHHS BHU3 Ha MaJlble YIJIbl €
IENIBIO TIPEIBAPUTEIHHOTO MTOBOPOTA TIOTOKA BHU3 32 OCHOBHBIM mpoduiem. [llurok Kprorepa ynobo-
obOrekaemoit Gopmbl ¢ xopaoii 11.8% BeiaBUTAaETCS B paboune MOJOKEHUS MOCPEICTBOM MOBOPOTa
BOKpPYT (PMKCHPOBAHHOW OCH BPAIICHHUS, PACIIONIOKEHHON B HOCKE OCHOBHOTO Mpodwis. LleneBoii BbI-
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00p MOJIO’KEHHS OCH BPALICHHUs MTO3BOJISET c(hopMUpOBATH MPOPUINPOBAHHBIC IIEJIM B HOCOBOW YacTh
KpbUIa Ha peXXUMax B3JI€Ta U IOCAIKH.

I'eomeTpust HOCOBBIX HYacTel 3aKpblIKa M OCHOBHOro Mpodmisd, a Takke muTka Kprorepa
chopMHpOBaHa C HUCIOIb30BaHUEM KPUBBIX besbe TpeThero nopsaka.

PE3YJIBTATBI 1 OBCYXJIEHHUE

[Tocnenyromas oreHka 3hPEeKTUBHOCTH JBYX BApUAHTOB MEXaHU3AIMU B TUIOCKOM TOTOKE BbI-
MOJIHEHA Ha OCHOBAHMM PE3YJIbTATOB pacyeTa CTAMOHAPHOIO TYypOYJEHTHOTO OOTEKaHHsS MOTOKOM
BSI3KOTO CKMMAeMOro rasa B paMkKax ocpelHeHHbIX 1o PeitHonbacy ypaBHennit HaBbe-Ctokca [12].
OcHoBHbIE PE3YyJIbTaThl PACUETOB B BHUJIE€ CYMMApHBIX XapaKTEPUCTUK, JTUHUM TOKA U paclpeeieHUs
JlaBJieHus, nojydeHHble 1g ynucia Maxa M = 0.18 u Peitnonbaca Re = 16-106, MPUBEACHBI HIKE TSI
B3JICTHOW W MTOCAI0YHON KOH(PUTYpAITUH.

BsiierHast koHgurypanus

Haubonee s dexTuBHBIM ciocoO0OM yAOBIETBOPEHUSI TpeOOBAaHUI K B3JIETy IBYXJBUTATEIb-
HBIX CaMOJIETOB SIBJIAETCS 00€CIeYeHHEe MOBBIIIEHHOTO YPOBHS HECYIIUX CBOWMCTB KpbLIa MPH MaJOM
COIMPOTUBIIEHUH, KOTOPOE JIOCTUTaeTCsi OOBIYHO MPHU 0€30TPHIBHOM OOTEKaHUH 3JIEMEHTOB MEXaHM3a-
MU B paboyeM Jauarna3oHe yrioB aTaku. B pacuéTHOM ceueHuM Kpblia ¢ KJIACCHUYECKUM BapHaHTOM
MEXaHHU3alU{ PACCMOTPEHBI 1BA B3JIETHBIX IOJIOKEHUS MPEIKPBIIKA C YIJIAMH OTKIOHEHUS Opp = 15°,
20° 1 OAHUM TOJIO’KEHHEM 3aKpbUIKa — O, = 18°. BblABIKEHNE MPEAKPHUIKA BBITIOIHEHO 10 Paguycy,
obecreunBaroIUM IPaKTHYECKH OeCIIeIeBOe OTKIOHEHUE IPH Oyp = 15° M OM3K0e K ONTUMAIbHOMY
3HAUEHMIO ILEJIU B IOCaJ0YHOM KoHpurypamuu (O, = 25°). Takxke paccCMOTpPEH albTepHATHBHBIN Ba-
pUAHT MEXaHW3aluu MepeaHeit KpoMku — muTok Kprorepa (8, = 150°), BEIABUTAEMBIN 1O PaaRyCy C
HIDKHEH TTOBEPXHOCTH HOCKa OCHOBHOTO mpoduist (cM. puc. 11, ). PacueTHple XapakTepUCTUKH cede-
HUS KpbUIa ¢ IBYMsI BapHaHTaMH UCXOIHOW MEXaHU3aIMH NepeaHel KpOMKH TIOKa3aHbl Ha puc. 12.
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Puc. 12. Bnusnue MexaHu3aluy nepeaHeid KpoOMKU Ha XapaKTepUCTUKU CEUEHHs Kphlia
Fig. 12. Effect of leading-edge devices on wing cross-section performance
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JIOIIOJIHUTENBHOE BBIIBU)KEHHE MPEIKPBUIKA Ha Yroil Oy, = 20° ¢ oOpa3oBaHueM HEOONIBLION
menu ( hy = 0.78%) ynydmaer o6TekaHue HOCOBOM YaCTH OCHOBHOTO MPOGWISL U CTOCOOCTBYET yBe-
TudeHUI0 Cypax BO B3sIeTHOU KOH(puryparuu Ha ACym. = 0.2. Tlpu Oau3Kkux 3HAYSHUSX XOPI Mpe-
KpbUIKa U muTka Kprorepa nocneaHuii, 3a cueT yBeIU4EHUs] XOp/ibl OCHOBHOTO MPOGWIIs B BbIIBUHY-
TOM IOJIOKEHHUH, 00ECIEYMBAET HECKOJHLKO 00'IbIMH  HakiaoH npousBogHoit Cy” Ha jaMHEHHOM
y4YacTKe, a 3a CUeT MOBBIIIEHHBIX HECYIUX CBOMCTB 3a/J€p)KMBAET Pa3BUTHE OTPhIBA C BEpPXHEW IO-
BEPXHOCTH OCHOBHOTO mpodwist g0 60'npmmx yrinoB araku. [Ipupamenue Cymax BBICOKOHECYIIEH
KoH}uryparmu co mutkoMm Kprorepa cocrapnser 0.53 mo cpaBHEHHIO ¢ O€CIENEeBBIM OTKJIOHEHHEM
npeakpbuika (Opp = 15°) ¥ ACymax = 0.33 1o cpaBHEHUIO € Oyp = 20°. MakcuManbHoe 3HaueHHE Cymax
CEUEHUs KphblJa C OTKJIOHEHHBIM IIMTKOM Kprorepa u BBIABHHYTHIM 3aKpbLIKOM (03 = 18°) coctaB-
nset 3.24.

BriOpanHass reoMeTpusi ¥ TOJOXKEHUS SJIEMEHTOB MEXaHU3allMM OTHOCUTEIHLHO OCHOBHOIO
npodmist obecrieum 0e30TPHIBHBIN XapakTep OOTeKaHHsI BEpXHEH MOBEPXHOCTH MPEIKPBUIKA U 3a-
KpbUIKa B JOKPUTHUYECKOM JHMAIa30He yIioB aTaku (puc. 13).
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Puc. 13. XapakTepuCcTUKH CeUeHHsI Kpblja ¢ IBYMs BApHAHTAMH MEXaHU3aI[M1 NepeaHel KpOMKU
Fig. 13. Performance of wing cross-section with two versions of leading-edge devices

Ha 3akpuTHdeckux yriiax aTak MOSIBIISTIOTCS 30HBI AU (y30pHOTO OTpHIBA MMOTOKA C BEPXHEH
MOBEPXHOCTH OCHOBHOT'O MPOQHIsi, 0COOEHHO 3aMEeTHbIE B KOH(UTYypaluu ceueHus Kpbuia ¢ oecriere-
BBIM BBIJIBIKEHHEM NpEAKpbUIKA (pHUC. 14), KOTOpbIE NPUBOAAT K CHUKEHUIO OTbEMHON CUIIBI.

3up=15°; 3.=18°

o Cy Cx mz p.2s
16 2.48 0.1215 | -0.208

Puc. 14. 3akputHyeckuii pexxuM 00TEeKaHUs B3JIETHOH KOH(GUTypanuu ¢ OeciieseBbIM OTKIOHEHHEM MPEJKpPhLIKa
Fig. 14. Flow visualizations of sealed slat configuration for post-stall condition
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IHocanouynasi KoHpUrypanus

ObecnieueHue MaKCUMAJIBHO BO3MOXKHOTO 3HAYCHHUS Cymax KpbUIA MPH yIOBIETBOPUTEIHLHOM
YPOBHE COIIPOTHUBIICHHSI, HEOOXOJUMOM [l HAa4aJIbHOI'O y4acTKa Habopa BBICOTHI IPU OTKAa3€ OJHOTO
JIBUTATEISA, SIBIISICTCS OCHOBHBIM TpeOOBaHMEM IPH MPOESKTUPOBAHUH MOCA0UYHON KOH(DUTYpaluu Me-
XaHMU3ALMU Kpbla IByXBUTATEIBLHOIO caMoiieTa. B kauecTBe KpUTEpHs OLEHKH MaJIOr0 COIPOTHBIIE-
HUS TIPUHATO YCIIOBHE OTCYTCTBHSI OTpPbIBA MOTOKA C BEPXHEW MOBEPXHOCTU 3aKpPbUIKA B PacCU€THOM
JManas3oHe yrioB ataku. [l paccMaTpruBaeMod KOH(UIypalluy UCXOJHOIO BapHaHTa MEXaHU3alUH
(puc. 11, 6, B) 3TOMy TpeOOBaHHUIO YIOBIETBOPSIET 3HAYCHHE YIJIa OTKJIOHEHUS 3aKpbUIKa, paBHOE
0;=36° (puc. 15).

Bup=25°; 8,=36°

3
o Mz _g.25 : . o Cy MZ_p.25
16 3.66 -0.381 18 3.57 -0.313

Puc. 15. Busyanmsanus o0TeKaHUS UCXOIHONW KOH(PUTYpALIMH MEXaHU3aNN Ha OOJBIINX YIaX aTakd
Fig. 15. Flow field visualization of initial high-lift configuration on high angles-of-attack

CHIKeHHEe HECYIUX CBOWCTB BBICOKOHECYIIEH CHCTEMbI MPOUCXOAMUT H3-3a (HOPMUPOBAHUS
HEOJIarOMPUSITHOTO TPAIMCHTA JIABJICHUS HAJl BEPXHEH TOBEPXHOCTHIO 3aKPBUIKA, BBI3BIBAIOIIIETO TOP-
MOJKEHHE TIOTOKa. B pesynbTare 3TOro BIHMSHHS MPOUCXOIUT YMEHBIICHHE yTia MOBOPOTa MOTOKA 3a
OCHOBHBIM MPO(HIIEM U COOTBETCTBCHHO CHIDKAETCS 3HAUCHUE CYpax BCEH BHICOKOHECYINEH CHCTEMBI
(puc. 15).

Ha 3akpuTHdeckux yriiax aTakd MPOMCXOJHUT pa3pylIeHHE Cliela 32 OCHOBHBIM MPOQHIEM C
dbopMUpOBaHHEM CPBIBHOM 30HBI HaJ 3aKphLUTKOM. [Ipu 3TOM coxpaHsieTcsi 6e30TpBIBHBII XapakTep 00-
TEKaHUsl BEPXHEH MOBEPXHOCTH 3aKpbuIKa (puc. 16).

(04 Cy mz s

20 3.39 | -0.242

Puc. 16. Buzyanu3zanus TedeHUs Ha 3aKPUTHICCKOM YTIIe aTaKu
Fig. 16. Flow visualization for post-stall angle

Bo03MOXHBIM BapHaHTOM NOBBILICHHS HECYIIIMX CBOMCTB CEYEHUS Kpblia HAa TMHEHHOM y4YacTKe
MOJKET OBITh OTKJIOHCHHE BHU3 HA MAJIBIA YTOJI CIIOWJIepa U YMEPEHHOE YBEINYCHUE YTIiIa OTKIOHCHHUS
3aKkpbulka. OrpaHMYEHUEM Ha YTJIbl OTKJIOHEHUS CIIOMIepa U 3aKpbUIKA SBIISIETCS MOSBIECHUE MECTHBIX
30H OTPHIBA ITOTOKA HA X BEPXHUX MOBEPXHOCTAX, CHIDKAIOMINX 2P PEKTUBHOCTh MEXaHU3AINH KaK Ha
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JMHEWHOM y4YacTKe, TaK U B 00JIaCTH KPUTHUECKUX YTJIOB aTaku. Takum oOpa3om, omnpeeseHre onTu-
MaJIbHBIX 3HAYEHUH YTJIOB OTKJIOHEHMS CIIOMJIEpa M 3aKpbUIKa SIBJISIETCS OCHOBHOM 3aJadeil mpH mpo-
€KTUPOBAHUHU aIalITUBHON MEXAHU3ALMU 3aIHENH KPOMKHU.

OTKJI0HEHHUE crioiyiepa crocoOCTBYET TOMOJIHUTEIFHOMY OTKJIOHEHUIO TOTOKA BHU3 B 00JIaCTH
3aKpBUIKA, YTO MO3BOJISET CHU3UTH Y(PPEKTUBHBIN yrojl aTaku 3aKpbUIKa U HECKOJIBKO YBEIMYUTH €T0
MaKCHMaJbHOE OTKJIOHEHUE, COXPAaHUB MPHU STOM OJarompusTHBIA XapakTep oOTEeKaHUs BEpXHEU Mo-
BEPXHOCTH, ITOBBICUB HECKOJIBKO 3HAUEHUE Cymax.

Ha ocHOBaHuUM pacyeTHBIX HCCIEIOBAaHUMN ONpeAeNieHbl 3HAUEHUS YIJI0OB OTKJIOHEHUS CIoie-
pa— Ocn = 6° u 3aKkpbuika — &, = 40° (puc. 11,r), mo3BonMBIINE NIPU OJATONIPUATHOM XapakTepe ooTe-
KaHHs KOHIIEBOM 4acTH OCHOBHOTO NMpo@uiis U 3aKpblika odecnieunTs npupaiieHue Cy Ha JIMHEHHOM
yuacTke, paBHOEe ACy, = 0.29, 1 ACymax = 0.07 B 06s1acTi KpUTHYECKHUX YTJI0B ataku (puc. 17). Mak-
cuMasbHOE 3HaUeHUE Cymyy 1JI aJalITUBHOTO BapHaHTa MEXAHU3ALUU 3alHEH KPOMKE M BBIIBUKHOTO
HpeAKPBUIKA C YTTIOM OTKJIOHEHHs Oy = -25° cocrasiseT 3.73 (puc. 18).

allpzzso: 3,=36° N

-
= | ex l'mzo o Cy Cx [ mz oo | =
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16 3.66 | 0.1048 | -0.381 )

o

1
pobeBe 00 O O

pe

2
1
coot00®o 8 8 0 O

&
1
o e @ o
#0006 § HIOOTONOTH 5.
] '
1 1
e ° o
e @
W0 D © SOOKN0NN000 0 50 000
fooooe
f |

C
R

o,
“°°Oono°°n,,°%

02 04 06 08 1 X

4 #0000000000000,
i

1
]

02 04 08 08 1 X 02

Puc. 17. BnusHue oTKIOHEHHUS CIIOiIepa ¥ yBEIMYEHUS YIJla OTKIOHEHHUS 3aKpbLIKa
Ha XapaKTEPUCTUKHU CEYeHHE Kpblia
Fig. 17. Effect of applying spoiler droop and higher angle of flap deflection
on wing cross-section performance

[IpuMeHeHne anbTepHATUBHOIO BapHaHTa MEXAaHM3ALMU MepeaHell KpOMKU (IIEIeBOro IIMTKA
Kprorepa) ¢ 3akpbuikoM, OTKJIOHEHHBIM Ha yron 40°, obecrnieunsio nonmoiHuTeNbHOoe pupamienue Cy
Ha JIMHEHHOM ydacTke u Oosiee 3aMeTHOE B 007aCTH Cymax (ACymax = 0.17) 1o cpaBHEHHIO ¢ UCXO-

HBIM BAPHUAHTOM MCXaHH3alluu U 0.1 mo oTHOIIEHUIO K AIAlITUBHOMY BAapUAHTY 3aKpblJIKa C BbIABUXK-
HBIM TIPEIKpBUIKOM (puc. 19).

114



Tom 23, Ne 06, 2020 Hayunblii Becruuk MI'TY T'A
Vol. 23, No. 06, 2020 Civil Aviation High Technologies

Bix
D

40
40

Cy

________ 3-0 -

A
—9—6np:25°' 53 =36° —O—Sﬂp :250; 33=36°
hgo. S 0. 8 400 ——3np =25° Sen= 6°; 83 = 40°
—e—31p =25°; Scn = 6°; 53 =40 ; ;
fp7 295 0em =075 03 i 5Kp = 125 Sen = 6°; 53 = 40°

7/ 4

10 a 20

-10 10 o 20 -10
Puc. 18. IToBelIeHre HECYIIUX CBOWCTB Puc. 19. Hecymue cBoiicTB aanTHBHOTO
MCXOJHOTO BapuaHTa MeXaHHU3al[1H BapuaHTa MexaHu3auuu ¢ murkoM Kprorepa
Fig. 18. Improving wing lift section Fig. 19. Wing lift section of adaptive flap
by application of adaptive flap with Krueger device

Taxoke B 3TOM cilydae ClieyeT OTMETUTh OJaronpusITHBIN XapakTep 0O0TeKaHUs 3JIEMEHTOB BbI-
coKoHecyIIen cucteMbl (puc. 20) U 04eHb MONIOTHI y4acToK n3mMeHeHus Cy B 00J1aCTH KPUTHIECKOTO
yria aTtaku, KOTOprfI MOXKET OKa3aTh ITOJIOXKUTCIBHOC BIUAHUEC Ha CYmax KpblJia C OTKJIOHEHHOU Me-
XaHHU3aIUell B YCIOBUAX TPEXMEPHOTO PAa3BUTHS OTPhIBA MOTOKA C BEPXHEH MOBEPXHOCTH.

aKp=]350: Ben=6; 8.=40° BKP=135°; Ocr=06; 8,=40°
a’ Cy mz_o.as o’ Cy Mz 0.5
16 3.83 -0.306 20 3.74 -0.199

Puc. 20. JIuauu TOKa B CEYEHUH KpPbLIa C aIallTUBHBIM 3aKPBIJIKOM M ITUTKOM Kprorepa
Fig. 20. Streamline contours around wing cross-section with deflection
of adaptive flap and Krueger device

[Ipumenenne mmutka Kprorepa B mocagodHoi KOH(PUTYpAIMU CIIOCOOCTBYET MEHBIIIEMY IpH-
palliCHUI0 MOMCHTA TaHI'a’>Ka Ha ITMKUPOBAHUC 11O CPABHCHUIO C OCHOBHBIM BAPHAHTOM MCXAHU3AIUU C
TEM >K€ MOJIOKEHHEM 3aKpbLIKA, YTO B KOHEYHOM CUETe MOXKET MPUBECTU K CHUKEHMIO MOTeph Ha Oa-
JAHCUPOBKY CaMOJIETa.

HccaenoBanue B3JI€THO-IIOCATOYHOM AAANITUBHONH MeXaHU3alNHU
B KOMIIOHOBKE KPbLIa MATHCTPAJIBLHOI0 caMOJIeTa

B pamkax uccnenoBaHuil 10 COBEPIICHCTBOBAHUIO B3JIETHO-TIOCAIOYHON MEXaHM3AIMU Maru-

CTPAJIBHBIX CAMOJICTOB, TIPOBE/ICHBI UCTIBITAHUS aJalITHBHON MEXaHHM3AlUU 3aJHEH KPOMKH B KOMIIO-
HOBKE KpblJIa MOJIENIA C MHTETPUPOBAHHOM CHJIOBOM yCTaHOBKOM (puc. 21, a).
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Puc. 21 D¢ dexTHBHOCTD IalITHBHOTO 3aKPbUIKA B KOMIIOHOBKE KPbLUIA MarCTPAJILHOTO CaAMOJIETa
Fig. 21. Efficiency of adaptive flap at wing layout of transport aircraft

OrpaHudeHue pa3mMaxa MEXaHHU3allK, BBI3BAHHOE PACIIOIOKEHUEM CHUJIOBOM YCTaHOBKH B KOp-
HEBOM 4aCTH KpbLIA, a TAKXKE MaJIble paJuyChl IEPEIHEN KPOMKH M TOJIIHMH XBOCTOBOW 4acTU KpbLia
00yCIOBMIIH:
e BBHIOOpP KMHEMATHKH BBIIBUKEHHS 3aKPBIJIKOB II0 MOTOKY, oOecreuuBaroliell Hanbonbliee
YBEJIMUYEHUE TUIOIIAIN KpblIa HA PEKUMax B3JIETa U MOCAAKH, a TAK)KE MUHUMU3ALMIO I1ETIU
MEXy TOPLIAMH CMEXHBIX CEKIMH 3aKPbIIKa B BBIIIBUHYTOM IOJIOKECHUU;

® MHTErpaluio OTKIOHSAEMON BHU3 «KPBIIIN» Kpblia (CIOMIepoB) ¢ GyHKIMEH BBIABHKEHHS
OJIHOILIETIEBOTO 3aKPBIIKA Ha B3JIETHO-IIOCAJOYHBIX peXUMax M0JIETa.

[TpenBapuTenbHblil BEIOOP NPO(UIMPOBKH U B3aUMHOTO PACIOI0KEHUS IEMEHTOB MEXaHU3a-
LM OTHOCHUTEIBHO OCHOBHOM YacTH Kpblia BBIIOJHEH HAa OCHOBAHMM CEPUM JBYMEPHBIX PACUETOB
CTAllMOHAPHOTO TYpOyJIEHTHOTO OOTEKaHMs CEYEHUH KpbUla MOTOKOM BSI3KOTO CXKHMAEeMOro rasa B
pamKax ocpeiHEHHbIX 1o PeliHonbacy ypaBHeHuil HaBbe-Ctokca. OTKIIOHEHHE crioiiepa BHU3 Ha
yroJa 7.5° oka3zano 0JaronpusTHOE BIMSHUE Ha 0OTEKaHUE BEpXHEH MOBEPXHOCTH 3aKPhUIKA U MPUBE-
JI0 K YBEJIMYEHHIO HECYIIIUX CBOMCTB Kak Ha JIMHEHHOM ydacTke 3aBucuMoctu Cy(a), Tak U B 00JIacTH
Cymax (puc. 21, 0).

HcnbiTanust Mmoaenu caMmosieTa ¢ alanTUBHOW MexaHu3auuei 3aaaei kpomku B AJIT nokazanu
JIOCTaTOYHO BBICOKUI YPOBEHb HECYLIMX CBOMCTB Kpbuia (puc. 21, B). B ycnoBusix orpaHu4eHHOro
pazMaxa MEXaHHU3alMK MEepeqHEN U 3aJHEH KPOMOK Kpblila IOJyYeH CIEAYIOIUI JUana3oH Ipupae-
HUM KOA(UIMEHTOB MOJBEMHOM CHJIBI KpbLIa BO B3JIETHOM W TOCAJ0YHOM KOHPUTypanusx —
ACy, = 0,51+0,97 1 ACymax = 0,94+1,31 (Re = 3.24-10%). Y 10BIETBOPHTEIBHBINA YPOBEHDb COMPOTHB-
JeHUsl o0ecneuns JAOCTHXKEHHE 3HAueHHs a’poJuHaMuueckoro kadectsa Key-1s5 = 13 Bo B3neTHOM
KOH(UTypaIyu MOJENIU C yOPaHHBIM IIacCh M 0€3 XBOCTOBOTO OTIEPEHUSI.
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IlepcneKTUBHOCTH HCOJIL30BaHUs MIUTKOB Kprorepa

BrnaronpusTHeIN XapakTep 00TeKaHHUS HIKHEH MOBEPXHOCTH IIUTKOB B PAOOYHX IMOJIOKCHHUSX,
a TaKke Majoe BIMSHHE Ha OOTEeKaHHE BEpXHEH MOBEPXHOCTH KpblIa B Kpeilcepckoil KOHPUTypauuu
MO3BOJISIIOT 3HAYUTEIBHO PACIIMPUTH (PYHKIMOHAIBHOCTh UX MPUMEHEHHS B KOMIIOHOBKAX CTPEINO-
BUJHOTO Kpbuia. OcoObI HHTEpEC MPECTABIAIOT BOZMOKHOCTH OOECIIeUeHUs JIaMUHAPU3aIlUU Teye-
HUS Ha BEPXHEHW MOBEPXHOCTHU KpbUIA, & TaKKE CHUKEHHS IIIyMa MEXaHU3allMM KpbLla Ha B3JIETHO-
MOCAJIOYHBIX PEKMUMAax IMOJIETa.

UccnenoBanust DLR [13] unentudunumpoany meneBble MPeIKPbUIKU KaK OJAWH M3 OCHOBHBIX
MCTOYHUKOB IIyMa IiaHepa. [lone TeueHus okoyio MpeaKphIIIKOB UMEET CIIOKHBIN Xapakrep. OTphIB
MIOTOKa C OCTPOro BBICTyHa («3y0a») NMpUBOAUT K (HOPMUPOBAHHIO 3aMKHYTOM CPBIBHOW 30HBI
(puc. 22, a) co CABUTOBBIM TEYCHHEM, B3aUMOJCHCTBHE KOTOPOM C TEUCHUEM B CYKAIOIICHCS SN
CHOCOOCTBYET BO3ZHUKHOBEHUIO MHTEHCUBHOTO MIMPOKOMOJIOCHOTO IIyMa. BHICOKOYAaCTOTHBIN TOHAJb-
HBII 3BYK, KOTOPBI MOXXET OBITh UPE3BBIYANHO TPOMKHM, CO3MIAIOT M BUXPH, CXOMISIIME C 3aTHEH
KPOMKH MPEIKPbUIKA KOHEYHOU TOJIIHUHBI.

. %/

.

Puc. 22. BiusiHue reoMeTpuy MeXaHU3aluy IepeJHell KOMKHY Ha TedeHue B mieiu (o = 10°)
Fig. 22. Influence of the leading edge mechanization geometry on the flow in the gap (a=10°)

Ocnabnenue nryma oT MpeaKpbuiKa MOXKET OBbITh JOCTUTHYTO:

® CHIDKEHHEM CKOPOCTH MOTOKA Ha 3aJHEH KPOMKE MPEIKPhLIKA, a TAK)KE YMEHBIICHHEM Tpa-
JIMEHTa JaBJCHUS B 1Ieau npeaxpouika [13];

e M3MEHEHHEM (OPMBI HIDKHEH KPOMKHU MPEIKPBUIKA B MECTE PACIIOIOKEHHS OCTPOTO BBICTY-
na («3y0a») ¢ eJIbI0 CHIKEHHS Y3KOIOJIOCHOTO IITyMa ¢ IMTOMOIIIbIO IIEBPOHOB [ 14];

e npumMeHeHueM muTka Kprorepa yno6oo6tekaemoi reometpun (cM. puc. 11, T) ¢ 6e30TphIB-
HBIM XapaKTepoM OOTeKaHHEM HIKHEU MOBEPXHOCTH (pHc. 22, 6) B KayeCTBE MEXaHU3ALUU
nepenHel KPOMKH.

JlamunHapuzanys oOTEeKaHUs 3JIEMEHTOB KOMIIOHOBKM CAMOJIETa COJAEPKUT OOJIbIION MOTEHIIU-
aJl JUIsl CHIKEHUS COTIPOTUBIIEHUS B KpelicepckoM moinere. OIHAaKO JaMHUHApHAs TEXHOJIOTHS YyBCTBH-
TelbHA K JAePeKTaM NOBEPXHOCTH (yCTymam, LIEPOXOBAaTOCTH), a TAKXKe 3arpsA3HEHUAM (HampuMep,
HACEKOMBIMHU ), KOTOPBIE MPUBOAAT K HEKEIATeIbHOMY paHHEMY MepeXoJy JIAMUHAPHOTO TEUEHUS B
TypOyJIEHTHOE U, CJIEJOBATEIbHO, K 00Jiee BHICOKOMY CONPOTUBIIEHUIO TpeHUd. [IpuBeneHHbIE BhIIIE
(bakToOpbl OOBACHIIOT MPUYUHY HEBO3MOKHOCTH MPUMEHEHUS BBIIBIDKHBIX MPEIKPHUIKOB B KaueCcTBE
MEXaHM3alUK MEepeAHEH KPOMKU KPBUILEB C MPOTSKEHHBIMU yYacTKaMU JaMHUHAPHOTO TEYEHHUS Ha
BEpXHEH MOBEPXHOCTH. BO3MOKHOCTh MCIIONB30BaHUs MUTKOB Kprorepa uist SkpaHUpOBaHUs Tepe-
HEell KPOMKHU KpbUIa BO BPEMs B3JI€Ta U MOCAJKU OT 3arpsi3HEHUs MO3BOJISET UCIOJIB30BaTh UX B Kaye-
CTBE MEXaHHU3AIUU TIepeIHEH KPOMKH TaMUHAPHBIX KPBLUIBEB OYIyIINX CAMOJIETOB.
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3AK/IIOYEHUE

PaccMoOTpeH KOMIUIEKCHBIN MOAX0/] K MOBBIIIEHUIO 3()(PEKTUBHOCTH MEXaHU3aLUHU NepeaHen U
3aJHE KPOMOK CTPEJIOBUAHOIO KPbUIA MaruCTPaJIbHBIX CAMOJIETOB, BKIIOYAIOIIMA UHTETPALMIO OT-
KJIOHSIEMOTO BHH3 CIIOifiepa ¢ (pyHKIMel BBIIBMKEHUS 3aKpbUIKA, a TAKXKE MPUMEHEHHE IIEJIeBOrO
muTKa Kprorepa yno6oo6Tekaemoii (opMbl BMECTO BBIJIBI)KHOTO TTPEAKPHIIKA.

[IpoBeneHHBIE pacueTHBIE U AKCIIEPUMEHTAIBHBIE UCCIIEOBAHMS IIPEIIaraéMoro rnoaxoaa mo-
Ka3aJIM 3aMETHOE YJIyYIICHUE a3pOJANHAMUYECKUX XapPAKTEPUCTUK OTCEKOB KpblIa U MOJEIEH camoJe-
TOB BO B3JIETHOW U MOCAI0YHON KOH(PUTYpaIHAX.

[Tpumenenne muTtka Kprorepa mosBosisieT CHU3UTh yPOBEHBb IIyMa, CO3/1aBa€MOI0 MEXaHH3a-
1Mel, 1 3KpaHUpOBaTh MEPEIHIOI0 KPOMKY JJAMMHAPHOTO KpbLIa BO BpeMs B3JI€Ta M MOCAAKU OT 3a-
IPA3HCHMUS.

CIIMCOK JIMTEPATYPbI

1. Rudolph P.K.C. High-lift system of commercial subsonic airlines. Seattle, WA United
States, 1996. 166 p.

2. Reckzeh D. Aerodynamic design of airbus aerodynamic design high-lift wings // DLR
Ehemaligentreffen Braunschweig, 17 June 2005. 24 p.

3. Antunes A.P., Galdino R.S., Azevedo J.L. A study of transport aircraft high-lift design
approaches // 45th AIAA Aerospace Sciences Meeting and Exhibit, 2007. 18 p. DOL:
https://doi.org/10.2514/6.2007-38

4. Szodruch J., Hilbig R. Variable wing camber for transport aircraft // Progress in Aero-
space Sciences. 1988. Vol. 25, iss. 3. Pp. 297-328. DOI: https://doi.org/10.1016/0376-0421(88)90003-
6

5. Muxainos 10.C., CrenanoB 10.I'., Xo3siunosa I'.B. [IprmeHenne aanTuBHOW MEXaHU-
3alliu IS YMEHBIIIEHUS CONIPOTUBICHUS POQUIeH U KPhUTLEB Ha OKOJIO3BYKOBBIX cKopocTsx // Tpy-
1wt LIATH. 1990. Ne 2462. C. 3-21.

6. IlerpoB A.B., Ctenanos I0.I'., FOaun. I'.A. AspoauHamuKa B3JIE€THO-IIOCA0YHON MeXa-
Huzauu // IIATU: ocHOoBHBIE 3Tanbl HaydyHOU nesarenbHOCTH 1968-1993: ¢6. Hayd. cT. M.: Hayka,
1995. C. 49-59.

7. Hansen H. Application of mini-trailing-edge devices in the awiator project. Airbus
Deutschland, EGAG, Bremen, Germany, Jan. 2003, 19 p.

8. Nelson T. 787 Systems and Performance [3nextponssiii pecypc] // Boeing. 2005. 36 p.
URL:  http://www.myhres.com/Boeing-787-Systems-and-Performance.pdf ~ (mara  oOpamenus
14.10.2020).

9. Reckzeh D. Multifunctional wing moveables: design of the A350XWB and the way to fu-
ture concepts // 29th Congress of the International Council of the Aeronautical Sciences, ICAS 2014.
10 p.

10. Schindler K. Aerodynamic design of high-lift devices for civil transport aircraft using
RANS CFD /K. Schindler, D. Reckzeh, U. Scholz, A. Grimminger // 28th AIAA Applied Aerodynam-
ics Conference, 2010. 9 p. DOI: https://doi.org/10.2514/6.2010-4946

11. Omar E. Two-dimensional wind-tunnel tests of a NASA supercritical airfoil with various
high-lift systems / E. Omar, T. Zierten, M. Hahn, E. Szpizo, A. Mahal. Volume II-Test Data. NASA
CR-2215, 1973. 232 p.

12. MuxaiinoB FO.C. Pa3Butue kiaccuuecknx KOHQUTyparuii MeXxaHU3aluu CTPEJIOBHIHOTO
kpbuta // COopHuk noknanoB XII MexayHapoaHo Hay4yHOH KoH(epeHuMu 1no ampuoOuitHoW u 6e3-
a’poapoMuoi aBuanuu. «I'uapoasuacanon-2018». I'enenmxuk, 6-7 centadps 2018 r. C. 125-133.

118



Tom 23, Ne 06, 2020 Hayunblii Becruuk MI'TY T'A
Vol. 23, No. 06, 2020 Civil Aviation High Technologies

13. Hovelmann A. Aerodynamic investigations of noise-reducing high-lift systems for passen-
ger transport aircraft. KTH Registration Number: 860428-A553 // Institute of Aerodynamics and Flow
Technology. German Aerospace Center, Braunschweig, 2011. 98 p.

14. beasies U.B. BiusiHue 1meBpoHOB Ha IIyM MPEIKPbUIKA MPSMOTO U CTPEIOBUIHOTO KPbI-
na / 1.B. bensie, M. 4. 3aiinies, B.®. KonbeB, M.A. Muponos // Akyctuueckuii xypHai 2012. T. 58,
Ne 4. C. 450-458.

CBEJEHUSA Ob ABTOPE

MuxaiiiioB IOpuii CrenanoBu4, KaHAUAAT TEXHUYECKUX HAyK, BEIYyUIMA HAYYHBIM COTPY/I-
Huk [JAT'U, mikh47@yandex.ru

INCREASE IN HIGH-LIFT DEVICES EFFICIENCY OF SWEPT WING

Yuriy S. Mikhailov'
YCentral Aerohydrodynamic Institute, Zhukovsky, Russia

ABSTRACT

The use of Fowler flaps and slotted slats in sweptwing aircraft is the standard solution to increase wing lift at take off and landing.
In the literature this solution is known as a classical option of high-lift system of commercial subsonic aircraft. The results of
numerical and experimental studies of some solutions intended to increase the efficiency of classical high-lift devices are presented.
The concept of the trailing-edge devices called "the adaptive flap" is considered as a way to improve flap efficiency. The adaptive
concept is characterized by the integration of spoiler downward deflection to the Fowler flap function. Integration of the spoiler
with a movable flap provided an increase of lift in the linear region due to flaps deflected to a higher angle. The steeper upwash
angle at a leading-edge device may be the reason of an early stall of the main wing. To protect the leading edge a slotted Kruger
flap with streamline form has been used. Preliminary design of classical and improved high-lift systems included the determination
of aerodynamic shapes and the optimized position for the high-lift devices. Aerodynamic analysis and design were carried out using
2D RANS Navier-Stokes method. A comparison of computed results has shown visible aerodynamic advantages of an improved
high-lift system for maximum lift coefficient and refining the behavior of stall characteristics at high angles of attack. The results of
wind tunnel tests of aircraft model with adaptive flap showed its effectiveness.

Key words: high-lift devices, adaptive flap, Kruger device, aecrodynamic design experimental studies.
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