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W CCJEIOBAHUE TEXHOJIOTUU B3AUMOJIENCTBUS CJTYKBbI
OBCJIIY KUBAHUSA BO3AYIIHOI'O ABUKEHUA
U ADPOJIPOMHO-TEXHUYECKOM CJYKBbI ADPOIIOPTA

K.A. BATAJIOB', M.B. KYJIAKOB', 1.A. YEXOB'
'Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMem 2padCOAHCKOU adguayul,
2. Mockea, Poccus

B crarbe paccMOTpeH mpolece B3aUMOAEHCTBHS CITyKObI OOCITY>KHBaHHUS BO3LYILIHOTO ABMKCHUSI U a3POJPOMHO-TEXHUUECKOH
ciyxObl adporiopra. B pamkax ananmmuza ObUTM paccMOTPEHBI IPOLEYPbl B3AUMOCHCTBISL TIPU OCMOTPE B3JIETHO-IIOCA/I0YHOM
nonocel (BIIII) mepen HauaioM BBIIOMHEHUS IMOJNETOB, BBIIOJHEHMEM B3JI€Ta W IOCAIKHM BO3IYIIHOTO CYyJHA, KOTOpBIE
OXBATbIBAIOT LIEJIbIM PsAJl COBMECTHBIX onepauuil. /s Kakaoi MpoLeaypbl OLEHEHbI 3aTPaThl BPEMEHU 3aJIEP>KKHA BO3YIIHBIX
cynoB. OueHKa NPOM3BOAWIACH IIyTEeM CHHTE3a XPOHOJIOTMM B3aWMOICHCTBHS CIIyO B pealbHBIX ycioBusix. Ha ocHoBe
COOpaHHBIX JIaHHBIX IIOCTPOEHBI OJIOK-CXEMbI B3aUMOJCHCTBHSI CIy’)KO oOecriedeHHs] TIOJIETOB a’poropTa M CITY)KOBI
00CITy>KUBaHMsI BO3/TYIITHOTO JIBIOKEHUS. [l HAIISIHOTO CPaBHEHMsI CYILIECTBYIOLIEH U Ipe/IaraeMoi MOJIENHN B3anMOIEHCTBUS
CIryk0 OBLIM ITOCTPOCHBI CETEBBIE TEXHOJOTHYECKHE TpaduKi B3aMMOICHCTBHS CIYy>KO HA OCHOBE MaTEMATHYECKOH MOMIEITH
rpada. CeTeBOil TEXHONOTMUYECKHH TpaduK YCTaHABIMBACT MOCICAOBATEIFHOCTh COOBITHH OOECIICUeHHMs] BBUIETA OIHOTO
BO3YIIHOTO CYyZAHA, BBIIOJHSIOUIETO PETyIApHBIA pelic aBuakommaHuu. B oOecredeHnn BbUIETa B paMKax JaHHOTO
WCCIIEZIOBAHNs 3a[CHCTBOBAHBI CITyxk0a OOCITy)KMBaHHMS BO3IYIIHOIO [IBIKCHHS M a3POAPOMHO-TEXHHUECKAas —CIy»k0a.
BzammozeiicTBre ¢ MpONW3BOACTBEHHO-IUCIIETIEPCKOM CITy>KOOH a3ponopTa W AKHUIAaKEM BO3AYIIHOTO CyIHA HOCAT YCIIOBHBIN
XapakTep, Tak KaK OHU B JJAaHHOM CIIydae He BIMAIOT Ha TEXHOJIOTHIO B3auMozencTsust. ['pad — 310 onpeneneHHbI HAOOp TOUeK
(BeplMH), COCAMHEHHBIX MEXIy co00i JMHUsMH (peOpamul). B cilyyae Hamiero MCClieOBaHHS BEPIIMHBI — 3TO COOBITHS
(BbImosiHEHHbIE paboThl). HampapienHble oTpesku (JIMHMHM) — palOThI, CBs3bIBaOIIME COOBITHS Mexay coOol. Ilpu oueHke
MpoIecca B3auMOICHCTBYS NPH TIPHIICTE U BhUIETE paccMarpuBaivch nBa ciaydas: BIIII 3ansta u BIII ceoboana. BIIIT moria
OBITh 3aHATA 110 PAIMYHBIM MIPHYNHAM: TIPU HaXOXKACHUH HA HEH TEXHUKH, JIOACH WM KUBOTHBIX, a TAKXKE NPU HATMYNAH CTal
nrull. MccnenoBaHue TEXHOIOTMM B3aUMOJEHUCTBHS IPOBOAMIIOCH B TeUueHUE 12 MecsAleB BBINOIHEHUS PETYJIPHBIX MOJETOB B
asponoprax JKykoBckuii 1 OcTadbeBO Ha OCHOBE CYTOYHBIX IUIAHOB IOJIETOB.

KnoueBble ciioBa: 0OCTy)XMBaHHWE BO3AYIIHOIO MABIDKECHHMS, BO3YLIHOE CYJHO, a3pOAPOM, IIPOIYCKHAsl CIIOCOOHOCTB,
B3aMMOJIEHCTBHE OPTaHOB OOCITYKUBAHUS BO3IYIITHOTO IBIDKEHIIS, a9POIPOMHO-TEXHUYECKas ciTy»k0a, ocmotp BITIL

BBEJIEHUE

AdpOmopT — 3TO CI0KHO OPraHU30BaHHAs CUCTEMA, KaXKJIbIi U3 JIEMEHTOB KOTOPOH OTBEYAET
3a ompeneneHHble onepanuu. [lo mepe pa3BUTHS MUPOBOM aBHAllMU 3Ta CUCTEMAa BMECTE CO CBOMMH
3JIEMEHTaMHU COBEPIICHCTBOBAJIACH M NMPHOOpETaia COBPEMEHHbIE ouepTaHus. Pa3BUBasCh, 371€MEHTHI
CHCTEMBI COBEPIICHCTBOBAIIM CBS3M MEXAY COOOW. YPOBEHb OTIAXXEHHOCTH CBS3€H MEXIY JIeMEHTa-
MH U COBEPLICHCTBO NMPHUMEHSAEMBIX TEXHOJOTHI ONpenesstoT 3PPEeKTUBHOCTh UCIOIb30BAHUSA BO3-
nymHoro npoctpanctBa (MBII) u pecypcHble 3aTpaThl aBHaKOMIAHUN, a TakKe 0€30MacHOCTb MoJie-
TOB. B TaHHOM HCCIEI0OBaHMU pPacCMaTPUBACTCSA ACKOMIIO3HMINSA aBUATPAHCIIOPTHOM CHCTEMBI Ha JBa
arieMeHTa: CiIy)kO0y oOciyxuBaHus Bo3ayiHoro nBuxkeHus (OBJl) u a’spoapOMHO-TEXHHUYECKYIO
cnyx0y asponopta (ATC) [1].
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MATEPHAJIBI U METO/bI

Jist Tpaduueckoro onmMcaHus Mpolecca B3auMOICHCTBHS pacCMaTPUBAEMBIX CITYKO a’poropra
UCTIONBb3YyeTCs OJIOK-CXeMa, B KOTOPOW OTACbHBIC JIMIIA MM CIYXKObI U300pakatoTcsi B BUJEC OJIOKOB,
COCTMHEHHBIX MEXAY COOOM JTMHUSAMU, YKA3bIBAIOIIMMH HAMpPaBJICHUE B3auMoeicTBUA. JIMHUYM moI-
pa3AesaI0TCS 10 THITY CBSI3H MEXIy OJIOKaMHU: PaIuOCBs3b, CBS3b M0 TeIe(OHY, KaKoe-THOO0 IeHCTBHE
WJIM YCTHBIN A0oKIaa (KOMaH/a).

B pamkax aHanu3za, a Takxke Ui JaJbHEHIIEH pa3paOOTKU TEXHOJOTHH B3aUMOJICHCTBUS
ciry’)k0 obOecriedeHus IMOJIETOB a’poIopTa LEeNecoo0pa3HO HMCIONIB30BaTh MAaTEMATHYECKYI0 MOJEIh
rpada [2, 3]. MapmpyToM Ha3bIBaeTCs Yepe/ia MOCIeI0BATEIbHO COCIMHEHHBIX BEPIIIHH X; U pedep e;.

X = Xo5 € Xpy €nnnnn y €,.%, =8,

r7e e; = (X, Xi+7), X — HA4aJIO MapIIpyTa, g — KOHEIl MapIipyTa.

B mapuipyre e u x MOryT moBTOpsAThCA. EcCiiM Bce e pasnuuHbI, TO MapLIPyT Ha3bIBACTCS
«uenby. B ienu x MoryT noBTOpsATHCS. B TOM ciydae Korza Bce X OTIMYAIOTCS, OHA HAa3bIBACTCS «IIPO-
CTas IeTby.

[TociemoBaTenbHOCTD BEPIIMH Ha pUC. | X7, X2, X3, X4, X6, X4, X5 €CTh MAPUIPYT U3 X; B X5, & BEp-
LIUHBI X7, X2, X3, X4, X5 ONPENEIISIOT MPOCTON yTh U3 X/ B X35.

Xe X3

*1

X5 X3

Puc. 1. MapmipyT B rpade
Fig. 1. Route in the graph

be3ycioBHO, 3aTpaueHHOE BpeMsi Ha KaXaAylo OTAEIbHYIO paboTy, MOKa3aHHYIO Ha CETEBOM
rpaduke, MOXHO OINPENCTUTh MATEMATHUYECKUM ITyTEM, 3Hask HECKOJILKO BBOJIHBIX. HO JaHHbBIE, TIOY-
YEHHbIE B PEaJIbHBIX YCIOBUAX, HECYT B ceOe OOJblle JOCTOBEPHOCTH M OTBEYAIOT TJIABHOM IIENIN —
OLICHUTD U YJIYUIIUTb ITPOLIECC.

YToObl Ka4eCTBEHHO OLIEHUTH 3(P(EKTUBHOCTh TEXHOJIOTUU B3aUMOJACHUCTBUS, PACCMOTPEH Ta-
KOIl mapameTp, Kak BpeMs. bbul mpousBeneH cOop aHATMTHYECKONH MH(OPMAIMH MO 3aTPaYCHHOMY
BpeMenu ciyx6amu OB/, ATC u [1/1C Ha BeImomHEeHNE 9-TH pa3IuYHbIX BUI0B padoT. [lepedyeHs mc-
cienyeMbIx paboT mokaszaH B Tabia. 1. MckitoueHue cirydaifHbIX COOBITHI 0Oecnednt CynecTBeHHBIN
00beM BBIOOPKH — 12 Mecs11eB BBITTOJTHEHHS TIOJICTOB.

Ha nepBoMm 3Tane mpou3BOAMINCH XPOHOMETPHUYECKUE MCCIIEOBAHUS Ipoliecca o0ecredeHus
BbUIeTa Bo3ayImHoro cyana (BC) mpu ycnmoBuu, uto B3nmeTHo-mocamounas mosoca (BIIIT) cBoGomHa.
Ha ocHoBanuu coOpaHHBIX AAHHBIX CTPOMJICSI CETE€BOM IpaduK C MCIOIb30BAaHUEM MaTeMaTHYECKOU
Mozenu — rpada. CeteBoii rpaduk nmpeacTaBieH Ha puc. 3.

Ha BTOpOM 3Tare npou3BOAWINCH XPOHOMETPUUYECKHE HUCCIIEOBAHUS Tpolecca o0ecredeHus
BeuteTa BC mpu ycnmosuu, uto BIIIT 3ansta. Ha ocHOBaHMM cOOpaHHBIX JaHHBIX CTPOWIICS CETEBOM
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rpaduk, npeacraBieHHbiid Ha puc. 5. BIIIT 6bu1a 3a010KMpOBaHa MO pa3IMyHBIM IIPUYUHAM: TEXHHKA,
JIIOJH, )KUBOTHBIE, ITULIBI.

CereBoll TEXHOJOTHMUYECKUI rpa)UK yCTaHABIMBAET MOCIIEIOBATEIILHOCTh COOBITHI obecneue-
HUA BeUTeTa 0HOTO BC, BRITIONHSIONIETO PEryJIspHBINA peiic aBuakoMmmanu. OOecrieueHneM BbUIeTa B
paMKax JaHHOTO UCCIIEOBAaHM 3aHUMAIOTCS J1Ba AeHCTBYonmX una: ciayx6a OBl u ATC. Bnusiaue
ciyx0nb1 [1JIC u sxumaxka BC Ha maHHBINA TIpOIiecC HOCAT YCIOBHBIM XapakTep, MOTOMY YTO OT HUX B
JTAHHOM CJIy4ae He 3aBHCUT TEXHOJIOTHs B3auMoJieiicTBusa Mexay ciyx6amu OB/l u ATC.

PE3YJIbTATDBI

B asponoprax ¢ nepeMeHHON MHTEHCUBHOCTBIO BO3AYIIHOTO IBUKEHHS B IIEPEPBIBAX MEXKAY Ya-
caMU TIMK HEO0OXOJUMO BBIMOJHATE KOHTPOIbHBIH ocMoTp BIIII. Ocmotp BeimonHsercs ATC ¢ nienbio
nposepku BIIII Ha Hanuuue NTHLL, JKUBOTHBIX, JIOJAEH U IIOCTOPOHHUX IPEAMETOB. B MOMEHT ocMOTpa
BIIII cunraercs 3ansToi, Ha aucnerdyepckoM myHkTte ([II1) Brimrouaetcst Tabmo «BIIIT 3AHATA». Tloc-
ne ocmotpa crenuanuct ATC poknaneiBaer mo rpomkoroBopsimiei cBs3u (ITC) 06 ocBoOoxaeHUN
BIIIT u ee cocTostHMM, a PyKOBOJUTEID IMOJIETOB JEJIAET COOTBETCTBYIOIIYIO 3alMCh B XKYpHAJIE ydeTa
cocrostHus JietHoro nonst. Jucnetruepom Y B/ Beikmouaercs Tabno «BITIT 3AHATA» [4, 5]

[Tpu BeIeTe BC otcyTcTBYeT cTporas Heooxoaumocth ocBoboauTh BIIII He mo3nHee onpee-
JeHHOro MoMeHTa. IIpaBuibHas TEXHOJOrHs B3auMOJEHCTBUS mMozpazymeBaeT ocBoOoxaeHue BIIII
HEIMOCPEICTBeHHO Tiepea paspenieHreM sxkunaxy BC 3ausate ucnomuurensubiii crapt (MC). Pacemort-
puM noapoOHee TexHosnoruio B3aumoseiicteus ciry:x6 OB/l 1 ATC npu obecrieueHun BbUIETa ITpax-
nanckoro BC.

Ectp nBa BapmaHTa Hayaja MpoOLEAypbl BbUIETA B TEXHOJOIMH B3aMMOJACHCTBHS CIyx)0O obec-
MeYEeHUs NoJIeTa:

— [NJC noknansiBaet aucnetruepy JAIIP o roroBHOocTH BC K BBITaIKUBaHUIO C MECTA CTOSIHKU U
3aMyCKy JBUTATENEH, a TakKe coobimaeT Touky 3amycka 1t BC;

— skunax BC 3ampammBaer y nucnerdepa [AIIP moromy Ha aspoapome (IpH OTCYTCTBUHU
ATIS).

Hanee sxunax BC 3anpammBaer y aucnerdepa 1P pa3penienrie Ha BbITaIKMBaHUE U 3aITyCK
neurareneit. Jucneruep IIP Beigaer paspemienune skunaxy BC, mapamienbHO BBI3BIBAET OTBET-
ctBenHoe auno (OJI) ATC mns ocmotpa BIIIL OJI ATC B momenT BbizoBa Ha BIIIT MoxeT HaxoauThb-
Cs B JIFOOOW 4acTH a’poJpoMa, 4TO MPHUBOAUT K Tomy, uTo Bbie3 MamuHbl ATC na BIIII 3anumaer
HEOIpPEEIEHHOE BpEMSL.

Oxunax BC nocne 3amycka 3anpammuBaeT y aucneryepa TP paspemienue Ha 3aHsTue npemu-
BapurenbHoro crapta. Jucneruep AP paspemaer skunaxy BC pysnenue, coobuiaer MapipyT pysie-
nus, BIII, ucnons3yemyro ajist B3jieTa U MpU HEOOXOAMMOCTH yKa3aHWE CJIEI0BAaTh 3a MAITUHOW CO-
IIPOBOXKICHUSI.

OJI ATC mocne ocmotpa ocBoboxaaeT BIIII mo Gmkaiiiiei pysie:xHON JOPOXKKE, JOKIA IbI-
BaeT pucnetuepy AP 06 ocBoboxaenuun BIIII u ee coctosinnu. PykoBoauUTENb IOJETOB 3aMUCHIBACT
B XKypHaJ y4yeTra cocTosiHnug jetHoro nois BpeMs ocMmotpa BIIII, OJI ATC u HoBoe coctostnue BIIII.
B cnyuae obnapyxenus OJI ATC na BIIII nTun wim >KMBOTHBIX MPEANPUHUMAIOTCS MEPHI MO MX
yCTpaHEeHHUI0. TO 3aHUMaeT OT 3 10 10 MUHYT.

Ecnu BC yixe 3aHs1510 peIBapUTEIbHBINA CTAPT, TO OHO OYJET 0KUAATh BbUIETAa B TEUEHUE ITO-
ro BPEMEHH, UTO MPUBOANT K CHUIKEHHUIO MPONyCcKHyto criocooHocTh BIIIT 1 aspoapoma, yBenudeHuIo
KOJIMYECTBA TOIUIMBA, HEOOXOIMMOTO JIJIsl BBIIIOJIHEHUS peiica, U K 3arpA3HEHHUIO OKPYIKaIOIIEH CpeIbl.

B ciyuae ob6napysxenust Ha BIIII nmocroponnux mpenmeroB OJI ATC ycrpansier 1 coxpaHseT
UX JUTsl TadbHEHIIEero pacciaeoBaHus, 0 YeM 00s13aTesIbHO ToKIaabBaeT PII.

[upoko pacnpoctpaneHa ycrosuiasics npaktuka: OJI ATC ocmarpusaet BIIII Biots 110 3a-
HATUS BC UCNONHUTENBHOIO cTapTa. DKUIaX JOKIaAblBaeT 0 rotoBHOCTU K B3nery. OJI ATC cnbl-
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LIUT 3TOT Jokiag u yckopser ocmorp BIIIL. [Tucneruep AIIP taxxke yckopser npouecc ocmorpa. Ilpu
TaKoOW MpakTUKe (opMaabHO BBHITIOJHEHBI Bee TpeboBaHus TexHosoruu ocmorpa BIIIT: BIIIT ocmot-
peHa, 3anuch caenana B xypHai, B3neT BC ne 3anepxkan. Ho akTuyeckn ocMOTp Mpou3BeieH HeKa-
YECTBEHHO M3-3a JlaBjieHUsA co cTopoHbl skunaxa BC wim nucnetdepa [AIIP. B apyrom ciaydae OJI
ATC moxer BoinoiaauTh ocMoTp BIIII B TOM pexknme, B KOTOpOM OH cuuTaeT HeoOXoauMbiM. Torna,
noMuMo 3anepxkkn BC, BO3MOKHO, NMPUAETCA NEPEHOCUTHh BPEMs BBIICTA B IUIAHE IIOJIETA, TaK Kak
skunax BC He ynoxurcs B 30-MUHYTHOE OKHO Ui B3JieTa [6]. BaxkHO MOMHUTE: 1100asi CrieniKa — 3To
npsMasi yrpo3a 0€30MacHOCTH MOJIETOB.

ATC — I*E Ocmomp BIIT I EE YoRaeie _ r---> JIP -
- ORI A - NPenAmemesuu _ s
njac 5 2 3BC
N ; \
N : & PaspelleHHe HA B3JIeT
,é AI1P PI1 <-—-= Anp > 3BC > CAIl --->| 3BC e
3BC - l

e Paanocease
> Ceasb no Tesnedony
—_— JleiicTBue
—e—e— - YeTHBI AoKNag,

Puc. 2. Texnonorus B3anmoneiicraus ciayx6 OB/l u ATC npu Beutere BC
Fig. 2. Technology of cooperation between the ATM service and ATC during aircraft departure

Ha puc. 2 nokaszana G10K-cXxeMa MOJIEIH CYIIECTBYIOIIEH TEXHOJIOTUU B3aMMOICHCTBHSI Opra-
HOoB OB/l u ATC npu oGecrieueHnn BBIJIETA OJHOTO PETYISIPHOTO peiica aBuakommnaHuu. [Ipu sTom
BIIII cBoGoHa 0T Mr00bIX npensTcTBuil. [lepeuens nccieayemsix paboTt nokasas B Tad. 1.

Tabauna 1
Table 1
Tabnuia mapamMeTpoB TEXHOJIOTMUECKOTO Tpaduka B3aumoaencTBus ciayxos1 OB/l u ATC
nipu Beutete BC (BIII cBo6ogHA)
Table of the parameters for the operation network of cooperation between the ATM service and ATC
during aircraft departure (RWY is clear)

n/n HaumenoBanne padoTsl CoObITHE ITpomo/KUTEIbHOCTH, MHH
HaY KOH.
1 3BonoK ot [1J1C 0 1 1
2 Cas13b ¢ MamuaO ATC 1 2 3
3 Briesn mammner ATC ma BIIII 2 3 5
4 OcwMmoTp BIIIT 3 4 20
5 BykcupoBka 1 5 3
6 3amyck aBUrartenci 5 6 5
7 Pynenue na I1C 6 7 4
8 Pynenue na UC 7 8 1
9 Bzaer 8 9 04
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Puc. 3. CereBoii TexHONOrHUecKuii rpaduk B3aumozeicteus ciayx0b1 OB/l u ATC npu Beutete BC (BIIIT cBoGoaHa)
Fig. 3. Operation network of cooperation between the ATM service and ATC during aircraft departure (RWY is clear)

Ha puc. 3 Mbl BUANM, 4TO CpeqHMN KpUTHYECKHH ImyTh oOecnieueHus Bbuleta BC cocraBnser
29,4 MUHYTBI, a cpelHee BpeMsl 3aHsATHs camojeToM ucnosHutenbHoro crapra (MC) cocramisier
14 munyt. Takum o0Opa3oM, 3anepkka BC, OTHOCTBIO FOTOBOI'O K B3JETY, COCTABIsIET 15,4 MUHYTHI.

Tabauna 2
Table 2
Tabnua napaMeTpoB TEXHOJIOTHUECKOro rpaduka B3aumoaeiictus ciryxost OBl u ATC
npu Bbutete BC (BIIII 3ansTa)
Table of the parameters for the operation network of cooperation between the ATM service and ATC
during aircraft departure (RWY is occupied)

n/m HaumenoBanmne padoTsl Co0ObITHE IIpono/EKNTENbHOCTH, MUH
HaY. KOH.
1 3Bonok ot I1JIC 0 1 1
2 Cssi3b ¢ MamHoi ATC 1 2 3
3 Beie3n mammasl ATC na BIII 2 3 5
4 Ocwmotp BIIIT 3 4 29
5 BykcupoBka 1 5 3
6 3amyck aBurarenen 5 6 5
7 Pynenue na [1C 6 7 4
8 Pynenne ma UC 7 8 1
9 [ Bsmer 8 | 9 | 04
5 5 6 4 7 1 8 ) -
i)  Qala) \u3li Nid1a/ "
/ P
/ 3/’/ 0.4/,///
0 1 1 3 2 5 3 29 N - e
olo/ Gl Gy Qs Solse

Puc. 4. CereBoii TexHonornueckuii rpaduk s3anmoneiictsus ciyx0s1 OB/l n ATC npu Beiere BC (BIIII 3ansTa)
Fig. 4. Operation network of cooperation between the ATM service and ATC during aircraft departure (RWY is occupied)

Ha puc. 4 mMbl BUAMM, YTO CpeqHMNA KpUTHYECKHH myTh oOecnieueHus Bbuieta BC cocraBnser

38,4 MuUHYTBHI, a CpelHee BpeMms 3aHATHsS camojieToM ucnoysHutenbHoro crapra (MC) cocrammser
14 munyT. 3anepkka B3JeTa camolieTa B TakoM ciaydae — 21,4 MuHyThl. Takum o0paszom, IiaH mosiera

12



Tom 24, Ne 04, 2021 Hayunblii Becthuk MI'TY T'A
Vol. 24, No. 04, 2021 Civil Aviation High Technologies

KOPpPEKTUPOBATh HE MPUIETCS, TaK KaK YCTaHOBJIIEHHOE OKHO A1 BbuieTa BC — 310 30 MmunyT [7]. Ho
cpennsis 3aaepxkka BC npu ob6Hapyxenun npensrcteuii Ha BIIIT — 21,4 munyTel. [Ipu sToM cymie-
CTBEHHO CHMIXKaeTcs mpomyckHas cnocoOHocts BIII, pacTyT skcrutyataniioHHbIE M TOIUIMBHBIE pac-
XOJIbl aBUAKOMITaHUH.

B T1abn. 3 mpencraBieH cpeaHM pacxoi TOIUIMBA pa3nuuHbix THNoB BC Ha 3emue B
kr/muH [8, 9].

Tabaunna 3
Table 3
Pacxon Tormmnsa BC Ha 3emiie
Aircraft fuel consumption on the ground

Tun BC Pacxoa TonyiuBa Ha 3emJie, KI/MUH
F900 9
F7X, E170/175/190/195, AH-24/26 10
AH-12 30
AK-42 15
B737 11
A318/319/320/321 10,3

BonpmrHCTBO aBHaniepeBO3YMKOB UCIOIL3YET aBUAllMOHHBIM kepocuH TC-1 — pakerHoe Ton-
nuBo (PT). OH ucnonbs3yercs B TpaKIaHCKOW M TOCYAapCTBEHHOM aBuaiuu. CpeHssi CTOMMOCTD JIaH-
HOro ToruiMBa Ha peiHKe — 40 py6/n [10—12]. Cpennuit pacxon Torumsa Becex TunoB BC cocraBmser
11,7 Kr/MuH.

IIpn npunere BC gucneruep CIII maer yctHoe ykazanue aucneruyepy [AIIP ocymecTBuTh
ocmotp BIIIT myTtem BrizoBa OJI ATC no BHyTpuasponoptoBoii cBs3u. Jucneryep AIIP, B 3aBucuMO-
CTH OT cBoeil 3arpyxeHHoctH, Bei3biBaeT OJI ATC ms ocmotpa BIIII ¢ yka3aHuem npu4uHbL: PHOBI-
te BC uepe3 20 munyt [13—-15].

Hns twarensHoro ocmotpa BIII mammua ATC noikHa JBUTaThCs CO CKOPOCTHIO MPUMEPHO
30 kM/4, 0COOCHHO €CJIM OHA JIBMXKETCSI COBMECTHO C TEJICKKOM I M3MepeHus KodhduimeHTa crer-
nenus. BIIT amunoit 4600 m mamuna ATC co ckopocThio arkeHust 30 kM/4 ocMOTpUT 3a 20 MUHYT,
yTo HE mo3BoJisieT ocBoOoauTh BIIII 3a 5 MmunyT no mocaaku BC. [Toatomy OJI ATC, kak mpaBuio,
ocmatpuBaeT BIIII ropasmo OsicTpee, 4TO CKa3bIBAE€TCS HA KAYeCTBE OCMOTPA.

B cnydae oonapy»xenus Ha BIIIT noctopornux mun win npeameros, OJI ATC npeanpuaumaet
COOTBETCTBYIOIIME eHcTBH 1 ocBoOokaeHus BIIIL. Bpems pabotsl mammuasl ATC na BIIIT moxer
BapbUPOBATHCA OT 5 10 15 MUHYT B 3aBHCHUMOCTH OT ciokHocTd. BC, mpuObIBaroriee Ha a’dpoapom,
IIPOJOJDKAET MOJET MO TPAEKTOPUM M HE YXOIUT B 30HY OXKUAAHMS, T. K. HEJIb3sl CIIPOrHO3MPOBATh,
ocBoboutcs u BIIIT k momenty nmocaaku BC wmm mer [15-17].

Ha npaktuke BC, BbInonHsIOLIEE 3aX0/] HA IOCAJKY, IPOAOHKAET 3aX0/ 10 BBICOTHI IPUHATHS
pemenus (BIIP). Dxunaxxk BC HaxoauTcst B 0KUAaHUU pa3pelieHus Ha MOCAIKy WM YKa3aHUs yXoJ1a
Ha BTopoil Kpyr ot aucneryepa CJII. Eciu OJI ATC ne ycneBaer 3aBepunth pabotsl Ha BIIII u
ocB0o0ouTh ee, BC yxoauT Ha BTOPOH KPYT.

besycnoBHo, curyanus ¢ 6iokupoBanueM BIIIT u yxomom BC Ha BTOpoil Kpyr SBIsSiETCS XO-
pOIIMM MPUMEPOM TPaAaMOTHO OTPaOOTaHHOW TexXHOJIOTHH B3aumojeicTBus ciyx0be1 OB/l u ATC B
cinydae obHapyxeHus Ha BIIII mocTopoHHUX JHIl WK MPEeAMETOB. be30macHOCTh MOJIETOB B TaAKOM
ciaydae Obla Ob1 oOecrieueHa. Ho Hepeako BCTpevaroTCs CUTYyalluu, KOTJa ObIJI0 BO3MOXKHO 3a0j1aro-
BpeMeHHO ocBoOoauTh BIIII unm naxke mpeBeHTUBHBIMU MEpaMu He JIOIyCTUTh ee OJI0KupoBKH [18].
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Puc. 5. Texnonorus B3anmoneiictsus ciry’x6 OB/l 1 ATC npu npunere BC
Fig. 5. Technology of cooperation between the ATM service and ATC during aircraft arrival

Ha puc. 5 nokaszana G10k-cxema MOJIENH CYIIECTBYIOIIEH TEXHOJIOTUU B3aMMOAEHCTBHSI Opra-
HOoB OB/l u ATC npu obecrnieueHnu npujeTa OAHOIO PEryJIIpHOro peiica aBuakommanuu. [lpu stom
BIIIT cBoOoaHa OT MOOBIX MPEnsATCTBUI. bblT mpou3BeneH cOOp aHATUTUYECKON MH(POpPMAIUU 110 3a-
TpaueHHoMy BpemeHH ciryx6amu OBJl, ATC u [1/IC Ha BBIIOTHEHUE NIEBATH Pa3IMYHbIX padoT. Ile-
pedeHb uccieayeMbIX paboT mokaszaH B Tadum. 4 [19, 20].

Tabauna 4
Table 4
Tabnuua napamMeTpoB TEXHOJIOTHUECKOro rpaduka Baumoseictaus ciyxost OB/l u ATC
npu npuiiere BC (BIIII cBoboana)
Table of the parameters for the operation network of cooperation between the ATM service and ATC
during aircraft arrival (RWY is clear)

n/n HaumenoBanne padoTsI Co0bITHE IIpoao/knTENbHOCTH, MUH
HaY. KOH
1 Cas13b ¢ sxunaxkem BC 0 1 1,5
2 CBsI3b auCIeTYEPOB MEXKIY COO0H 1 2 0,5
3 Cas3b ¢ MammHOM ATC 2 3 3
4 Boie3n mammasl ATC wa BIIIT 3 4 5
5 OcmoTp BIIIT 4 5 5
6 CBsI3b aHCIIETYEPOB MEXKIY COO0H 5 6 0,5
7 ITocagka BC 6 7 1
8 OcBoboxnenne BIIIT 7 8 0.4

W3 tabn. 4 BugHo, uro mammHa ATC npoussena ocmotp BIIII B 4 pa3za ObicTpee, yeM NpH BbI-
nete BC. D10 ycTosBIIascS MpaKTUKa, TaK KaK BbUIET BO3MOXHO 3a/1€pKaTh, a MpuieT — HeT. OcMoTp
BIIIT pnunoro B 5600 M HEBO3MOKHO MPOU3BECTH HA JOHKHOM YPOBHE B TEUEHHE 5 MUHYT.

Ecim sxunax BC, moyioxuBIIMid Bpemsi CBOEro NpUOBITHS Yepe3 17 MUHYT TOcie yCTaHOBIIe-
HUS CBSI3U € JucnerdepoM, mpudyaet BoBpems, To MamuHa ATC ycneer ocBo6oauts BIIII. Eciu BC
npuOyaeT paHblle (COpsAMIICHUE, TOMYTHBIN BETEp), TO AUCIETYEPOM OyAET JaHa KOMaHa SKUIMAKY
BC no yxony Ha BTOpO# KpyT.
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Puc. 6. CereBoii TexHonormueckuii rpapuk B3aumozeictsus ciayx0s1 OB/l u ATC npu npunere BC (BIIII cBoboxHa)
Fig. 6. Operation network of cooperation between the ATM service and ATC during aircraft arrival (RWY is clear)

I[J'II/IHa KPUTHYCCKOI'O ITyTHU MJIsI AAHHOT'O IIponecca COCTaBuiIa 16,9 MHUHYTBI.

Tabauna S
Table 5
Tabnuua napamMeTpoB TEXHOJOTHUECKOro rpaduka B3aumoaeiictus ciryxos1 OBl u ATC
npu Bbutete BC (BIIII 3ansTa)
Table of the parameters for the operation network of cooperation between the ATM service and ATC
during aircraft departure (RWY is occupied)

n/n HaumenoBanmne padoTsI Co0bITHE IIpoao/knTENbHOCTH, MUH
HaY. KOH
1 Cas13b ¢ sxunaxem BC 0 1 1,5
2 CBsI3b AHCIIETYEPOB MEXKIY COO0H 1 2 0,5
3 Cas3b ¢ MammHOM ATC 2 3 3
4 Boie3n mammasl ATC wa BIIIT 3 4 5
5 OcmoTp BIIIT 4 5 15
6 YX01 Ha BTOPOU Kpyr 5 6 5
7 CBs3b AHCIIETYEPOB MEXIY COO0H 6 7 0,5
8 ITocagkxa BC 6 7 1
9 OcBoboxaenne BITIT 7 8 0,5

Puc. 7. CereBoii TexHonornueckuii rpaduk s3anmozaenctus ciayx0s1 OB/l u ATC npu npunere BC (BIIII 3ansTa)
Fig. 7. Operation network of cooperation between the ATM service and ATC during aircraft arrival (RWY is occupied)

Ha puc. 7 Mbl BUMM, 4TO CpeAHUN KpUTHUECKUH MyTh obecniedenus npuwieta BC cocrasiser
32 MuHyTHI, Ipy 3ToM BC BBIMOJHWUIO yX0a Ha BTOpoW Kpyr. 3aaep:kka nocaaku BC B Takom ciy-
yae — 5 MUHYT. Takxke 3TO SABJISIETCS JOMOJIHUTEIBHBIM CTpecc-hakTopoM i skumaxa. [Ipu stom
CYILLIECTBEHHO CHM>)KaeTcsl MmpoiyckHas crocooHocts BIIII, pacTyT skcrutyaTanioHHbIE M TOIUIUBHBIE
pacxo/pl aBUAaKOMITaHUH. be30nmacHOCTb MOJIETOB TaK)Ke CHIKACTCS, T. K. JTI000H yX0/1 Ha BTOPOH KpyT
ABIISICTCA JOMOJHUTEIBHBIM (DAKTOPOM cTpecca JUlsl SKUIaXa.
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BbIBO/IbI

BrimonaeHo uccienoBanue TexHoyioruu B3anMozeicTBus ciayx0 OBJ]l u ATC mpu ocmotpe
BIIIT nepen Boutetom u mpuiieroM BC. MccnenoBanue mnokaszano, 4TO CYIIECTBYIOIIAsT TEXHOJOTHUS
B3aMMOJICHCTBUS UMEET PsiJl CYIIECTBEHHBIX HEJOCTATKOB, BIMSIONIMX HA MPOMYCKHYIO CIIOCOOHOCTH
a’ponpoma, pacxon Torua BC, a Takxke Ha 6€30MacHOCTH MOJIETOB.

1. AHanu3 TEXHOJOTUH B3aMMOJICUCTBHS MPU 0OCCIICYCHUH BBIJIETA OJHOTO PETYJISIPHOTO PEi-
ca BBISBIJI BO3MOKHOCTH 3aaepxku BC npu cBoboauoit BIIIT Ha 15,4 munayThL 3amep:xkka oOpa3yercs
10 PsJTy IPUYMH, CBSI3aHHBIX C HEBO3MOXKHOCTBIO 3a0aroBpemenHoro ocmorpa BIIIT OJI ATC.

2. Ilpu 3ansroii BIIII 3anep:xka BC moxet coctaButh 21,4 MUHYTEIL, @ CpeJHEE BpEMS 3aHATHS
CaMOJIETOM HCIIOTHUTEIBHOIO CTapTa COCTABISIET 14 MUHYT.

3. AHanu3 TEeXHOJOTHH B3aUMOJeHcTBUS Mpu obecrieuennu npuiera BC mokaszan BO3MOXKHYIO
3aIEp’KKy Ha 5 MUHYT B citydae yxoaa BC Ha Bropoit kpyr. Yxoa BC Ha BTOpoii Kpyr o NpuyYUHE 3a-
usatoit BIIIT HeceT MOMOTHUTENBHBIC TOTUITMBHBIC PACXOABI IS aBUAKOMITAHUU. 3a/IepikKa oOpa3yercs
BCIIEZICTBUE TOTO, 4TO (haktrueckoe Bpems, Beiaenssemoe OJI ATC na ocmotp BIIII, HemocTaTouno
JUISL BBITIOJIHEHUSI €€ ocMoTpa 10 nocaaku BC, 4To mpuUBOAMT K CHUXKEHHUIO KayecTBa ocMoTpa BIIII
U YpOBHs 0€3011aCHOCTH MOJIETOB.
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RESEARCH OF THE COOPERATION TECHNOLOGY BETWEEN THE AIR
TRAFFIC CONTROL SERVICE AND THE AERODROME SERVICE

Kirill A. Batalov', Mikhail V. Kulakov', Igor A. Chekhov'
"Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

The article considers the process of cooperation between the ATC and airport operation services. The analysis considers the
procedures of cooperation while inspecting a runway before performing flights, aircraft departure and arrival that encompass the
entire range of coordinated operations. For each procedure, the costs of aircraft delays are calculated. The assessment was carried
out by synthesizing the chronology of services cooperation in real conditions. On the basis of the collected data flowcharts of
services cooperation to ensure flights of an airport and the ATM services were built. To provide a visual comparison of the existing
and proposed models of services cooperation the networks of services cooperation were built based on the mathematical model of
the graphic chart. The operation network establishes the sequence of events to provide departure of one aircraft operating a
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scheduled flight of an airline. Within the given study the ATC service and the aerodrome service are involved to ensure a departure.
Cooperation between the operation and dispatch service of the airport and an aircraft crew is conditional because in this case they
do not impact the technology of cooperation. The network is a particular set of dots (summits) interconnected by lines (links). In the
case of our study, circles are events (performed work). Directional segments (lines) are work connecting events to each other.
While assessing the process of cooperation during arrival and departure, two cases were considered: the runway is occupied or
clear. The runway could be occupied for different reasons: available vehicles, people, animals or flocks of birds on the runway. The
study of the cooperation technology was carried out for 12 months of making scheduled flights at Zhukovsky and Ostafievo
airports on the basis of every day flight plans.

Key words: Air Traffic Control, aircraft, airfield, capacity, cooperation of air traffic service units, acrodrome operation service,
RW inspection.
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MATHEMATICAL MODELING OF THE PROCESS OF FUNCTIONING OF
OBJECTS AND TECHNICAL MEANS OF ENSURING AIRFIELD CONTROL
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ABSTRACT

In the process of performing a complex of works on refueling of civil aviation aircraft, one of the key issues is to ensure flight
safety by controlling the quality of aviation fuel directly during refueling operations. Currently, to ensure the purity of the refueled
jet fuel, water separators with filter elements of a normalized degree of purification are installed on the aircraft refueling facilities,
the operation of which in the working area provides normalized indicators of cleaning jet fuel from water and mechanical
impurities. As practice shows, in the process of refueling aircraft, for various objective and subjective reasons, sometimes there are
stochastic situations in which quality indicators go beyond the limits established by regulatory documentation and are not
deterministic, and the subsequent state of such a system is described by values that characterize an extremely low level of jet fuel
purification with negative consequences for flight safety. This paper presents a mathematical description of the functioning of water
separator filters in the working area, where standardized indicators of the quality of aviation fuel are provided during the refueling
of aircraft. The article deals with the issue of blocking the refueling of aircraft in the event of the appearance of non-normalized
technical documentation indicators of the quality of aviation fuel, which arise due to a number of different factors that lead to
negative cause-and-effect relationships for flight safety. Based on the mathematical description, an approach to creating a system
for protecting and blocking the refueling process under the working name "Barrier" is proposed. Of the greatest interest for the
study are typical water separator filters installed on refueling vehicles as terminal technical devices for fuel purification during
refueling of aircraft.

Key words: filter water separator, filter element, cleaning products, normalized and non-normalized quality indicators, working
area, mathematical field, pressure drop, mathematical model, mathematical software, least squares method, working fluid of jet and
turbojet engines of aircraft.

INTRODUCTION

The subject of study in the present paper is the working area of the filter elements of the filter
water separators as the jet fuel cleaning products', installed at refueling facilities as the terminal tech-
nical facilities adjacent to the aircraft tanks”.

The purpose of the research is to develop the basics of the mathematical model of system for
protecting the refueling facilities from the fuel quality indicators exceeding the working area, both by
pressure drop AP, and consumption Q based on manufacturer’s technical documentation for the clean-
ing products.

The authors have set the problem — to use the suggested mathematical description in the math-
ematical software of the on-board digital controller capable of blocking the refueling process while
meeting the fuel quality stochastic criteria, as working fluid of jet and turbojet aircraft engines [1].

The working hypothesis is accepted in the research, as a statistically distributed proposal about
the difference between the mathematical fields [2] of non- and working area of filter elements, due to
the standardized diff of the fuel quality indicators, divided by the aircraft refueling process blocking

' GOST R 18.12.03-2018. (2018). Technology of the Aviation Fueling. Filtering Equipment in Aviation Fuel Supply. Gen-
eral Technical Requirements. Moscow: Standartinform, 23 p. (in Russian).
* ICAO Doc 9859. (2018). Safety Management Manual. 4th ed. Montreal, ICAO, 218 p.
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borders, along with the ways of solving the given problem due to the hypothetic connection of the re-
search subject and the proposed actions.

Statement of the research problem: to give the mathematical description of the working areas of
terminal fuel cleaning products filter elements while functioning in the working zone as the predictive
process, and as the random and unpredictive process forming the borderline of blocking the aircraft
refueling process in order to distinguish them. In terms of control optimization — this is the area of
boundaries of derivation of the signals for the refueling process rejection.

The relevance of the following topic is in the necessity of developing the algorithms, as the set
of instructions, based on the revealed correspondence of the processes under investigation and the de-
scription of the input and output data.

The input data must be entered into the filter elements as the technical data and be used for
solving the given problems. The output data must be presented as the outgoing signal for the refueling
process rejection, as footage on the refueling facilities controller display and as a piece of information
in database.

DISCUSSION OF TEST DATA

Let us present the standard limited pressure drop AP dependence of fuel consumption Q, which
is processed for analysis [3, 4] and attached to the batch of filter elements by the manufacturer, in or-
der to carry out the research of the predictive process and describe the mathematical relationship.

On account of the data for the research, the working area is a multitude of freehand curves, let
us consider the processes of fuel cleaning in that area as the predictive ones, and describe them with
explicit dependences. Let us use the method of straight-line approximation, which allows us to study
the numerical characteristics, along with the qualitative behavior of the subject of the research (fig. 1),
for the mathematical description of the processes in the working area.

Let us use the technical documentation data of the filter element factory of origin®, in order to
study the function by the straight-line approximation method [5, 6]. The working area is in the set of
the following @ and b points of the simple equations:

1. For the maximum limit: 0.95...2.0;

2. For the minimum limit: 0.06...0.3.

As the current valuations of the cleaning products parameters may be present in any valuation
in the working area, let us use the equations of line function, for the aircraft fueler onboard controller
software, which we will present in the form of [7]:

y=a-x+b (1)

Thus, the solution of the equation is the searching such a and b coefficients, that all the re-
quired working area points were most closely to the approximating line.

Let us use the least squares method, its content is minimization of sum of squared deviations of
some functions from the required variables, meaning that the sum of squared deviations of the point
valuations from the approximating line is present in the minimal valuation [8—10], meaning that:

F(a,b) = ¥i=1(vi — (¢ - x + b))? > min )

Solving on the given problem is in finding the extreme point of function of the two variables.

? Filters-water separators for fuel horizontal FVGk and FVGk-U. The unit is a scientific and production association. Re-
search and testing, development and manufacture, installation and commissioning of fuel supply equipment and filtration
equipment. Available at: http://www.agregatnpo.ru/production/korpusy/fvg.html (accessed: 10.04.2021 ). (in Russian)
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It is clear from the noted below Figurel, that the points a and » we are interested in are in the
working area. Thus, the solution of the integral function (1, 2) will be in following expression in gen-
eral terms:

7 Feox, 3)
where: a and f are the limits of integral.
I"parILE! GIOKHPOBKH
3anpasok BC Terms:

% 25 I'panutbl GJIOKMPOBKH 3aIipaBok — aircraft
o 20 refueling blocking boundaries,
28 ° Hepaboyas 30Ha — non-working area,
g v 15 NN HenopMmupyemsbie moKa3aTesid KauecTBa —
! “ A R non-regulated quality indexes,
B A 19 Pabouast 30na — working area,
a 10 AT B Makc. pacxon — Maximum consumption,
E R P mpw.au 3 Howm. pacxox — Nominal consumption,

0.5 MuH. pacxox — Minimum consumption,

a Pacxox Q, M*/gac — Consumption m3/hr,
0,0 1/4 Qo 1/2 Quest 3/4 Qi [ O [lepenanx naBnerns AP krc/cm® — Pressure

2
Pacxox Q, MY/4ac drop AP kp/cm

Fig. 1. Typical dependence of the maximum allowable pressure drop AP on the jet fuel consumption Q

The software of data for limiting pressure drop in the working zone is based on these mathe-
matical conclusions, the results are presented as the operating efficiency freehand curves. The signal of
blocking the aircraft refueling is formed by hitting the limited valuations of consumption and pressure
drop parameters.

There is also a fragment of monitor and a line of forming the optimized signal of maximum
continuous consumption of facilities of filtration (the grey line) (fig. 2). The consumption and pressure
drop optimization is carried out in order to increase the filter element resource up to 30% of the maxi-
mum consumption regime.

Fig. 2. A fragment of the monitor with the calculated performance
characteristics of the filter elements of the water separator filter
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The optimization of the parameters of the facilities of filtration is also crucial for choosing the
power unit of the aircraft refueling vehicles within design process, because such an approach allows us
to use both the resource of the power unit itself and the resources of torque forwarding mechanism for
the technologic compartment of the aircraft refueling vehicle in the optimal way while refueling the
aircraft.

However, the fuel quality indicators exceeding the working area is probable in any direction
while servicing by objective and subjective reasons, in other words, there is an opportunity of transi-
tion into nondeterministic or stochastic (random) processes. It makes sense to present such processes
as a stochastic matrix, by which we will describe the working regimes of the facilities of filtration be-
yond the working area and input the results for further software calculation (fig. 3).

Fig. 3. Input of the data array on the pressure drop limits according to
the technical documentation for the filter element

As it is known, the stochastic matrix is the matrix of transition probability as the starting point
for the theory of stochastic processes [4] in Markovian network [11, 12]. In this case the matrix

P = (Pij),where iuj=1,2..1s stochastic and is [13]:

Pij = O, Vi'j = 1,2 .. " Zfil Pl] =1 Vi, (4)
where: V — mathematical sign For All.

According to that we find the discriminant of the algebraic numeric field [3, 14, 15] of the work-
ing area and its numeric invariant, we will use its feature of changing the size of the algebraic numeric
field in order to form the signals of managing the facilities of filtration with the opposite sign. Thus, the
research showed us, that, the following discriminant of the numeric field beyond the working area is in
proportion to square number of the working area and provides the branch of the prime numbers. The fur-
ther invariant development [16] shows us, that, if roof equations in the working area are in the basis of
the stochastic matrix, the rest of the valuations will be different in terms of the sign and value.

RESEARCH RESULTS APPLICATION
The next step is uploading of the mathematic software into the onboard estimated data digital

controller for the filter elements in the fuel cleaning facilities. Let us notice in the process, that while
the periodical change of the filter elements, it is necessary to pay attention to the characteristics of their
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working area, and in case of divergence detection it is necessary to reformat the mathematical software
into the experimental data, otherwise the "Barrier" system of protection from insertion of the non-
standard fuel will work incorrectly.

The procedure of data input into the onboard digital controller is exactly an engineering techno-
logical operation with the help of USB-technologies [17, 18] and is not of academic novelty, neverthe-
less the authors have seen fit in mentioning about it here.

CONCLUSIONS

According to the research results, let us make a conclusion, as the exceeding the working area
by the fuel cleaning products quality indicators while refueling the aircraft is the crucial factor, there is
an opportunity of forming the signal of rejection of the aircraft refueling operations for the onboard
digital controllers, by using the results of mathematical modelling of process of forming the filter ele-
ment working area, which will become a kind of a barrier from insertion of the non-standard fuel into
the aircraft tankage.
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WCCJEJIOBAHUE PABOYEWM 30HbBI CPEACTB OUUCTKHA
ABHUATOILIUBA ITPH BBIITOJHEHWU 3AITPABOYHBIX OIEPAIIUI
BO3AYIIHBIX CYAOB

A.A. Bpan.mcol, O.B. rp0M0B2, I'.}. JIutunckuii’, BK. T pOMOB2

'Mockoeckuii 20cydapemeennblii mexnuveckuti yHusepcumem 2paxcoanckoil aguayui,
2. Mockea, Poccus

000 «Tynones Cepsucy, 2. Kykosckuii, Poccus

B mpomiecce BEImOMHEHMST KOMITIEKCa padoT 1Mo 3ampaBke BO3AYIIHBIX cynoB (BC) rpaxmaHCKoil aBHAINH OJJHUM W3 KITFOUEBBIX
BOIIPOCOB SIBISIETCSL oOecriedeHne Oe30MacHOCTH TOJITOB IIyTeM KOHTPOJS KadeCcTBa aBHATOIUTHBA HEMOCPEACTBEHHO IIPH
BBINIOJIHEHNH 3alPaBOYHBIX orepanuii. B Hacrosmee Bpems st oOecriedeHHs YHCTOTHI 3alpaBsIEMOTO aBHATOIDIMBA Ha
cpencrBax 3anpaski BC ycranaBnuBaroTcst (QUIBTPBI-BOAOOTASIUTENH C (QHIBTPOIIEMEHTAMH HOPMUPYEMO#i CTETICHH OYHCTKH,
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(YHKIMOHMPOBaHHE KOTOPHIX B padoueii 30He oOecrieyrBaeT HOPMUPOBAHHBIE MTOKA3aTENN OYMCTKH aBHATOILIMBA OT BOIBI U
MexaHn4eckux npumeceid. Kak mokaspiBaer npakrtuka, B mpoiecce 3anpaBku BC, 1o pa3HbIM OOBEKTHBHBIM U CYOBEKTUBHBIM
NPUYMHAM, WHOTJA BO3HHUKAIOT CTOXACTUYECKHE CHTYallMd, MPH KOTOPHIX IOKAa3aTelld KadeCTBA BBIXOAAT 3a IIPelejibl
YCTaHOBJIEHHbIX HOPMATHBHOM [OKYMEHTAaUMEW U HE SBJIAIOTCS JETEPMUHHUPOBAHHBIMM, a IOCIEIYIOILIEE COCTOSIHUE TaKOM
CUCTEMBI OITUCBIBACTCA BCIMYMHAMHU, KOTOPBIC XapPaKTECPU3YIOT 3arpe€acibHO HU3KHUH YPOBCHb OYMCTKH aBUATOIUIMBA C
HETaTUBHBIMH TOCJICICTBUSAMH JUIsi OC30MacCHOCTH MOJICTOB. B paHHOW paboTe MNpeacTaBiIeHO MaTeMAaTHYECKOE OIHCAHUE
(hyHKIIMOHUPOBaHUS (DIITHTPOB-BOIOOTACHTENCH B pabodeii 30He, Tie 00ECIICUNBAIOTCS HOPMUPOBAHHBIC ITOKA3ATEIIN KauecTBa
aBWaToIUmBa B Tmporiecce 3ampaBku BC. B cratee paccMorpeH Bompoc OnokupoBku 3ampaBkd BC B cilydae IMosBIICHUS HE
HOPMHUPOBAHHBIX TEXHUYECKOW JTOKyMEHTAIMEH ITOKa3aTeNeil KauecTBa aBHATOIDIMBA, BOSHHUKAIOIIUX B CHITY PS/Ia Pa3iIIHBIX
(akTopoB, NPHUBOASAIIMX K HETaTUBHBIMU JUIsi OE30MAaCHOCTH TOJIETOB NPHYMHHO-CICACTBEHHBIM CBsi3siM. Ha ocHoBe
MaTeMaTHYeCKOro OIMMCAHMS MPEUIOKEH MOAXOJ K CO3JaHUI0 CHCTEMbI 3aIUThl U OJOKMPOBKU MPOLIECCA 3arpaBKU O]
pabounm HauMenoBanueM «bapbepy. HauOonblimii WHTEpeC I WCCIICNOBAHUS IPEICTABISIOT THIIOBBIC (DUIBTPBI-
BOJIOOT/EIINTENN, YCTAaHABIMBAEMbIE Ha CPE/ICTBAX 3alPaBKU KaK OKOHEYHbIE TEXHUYECKHE YCTPOMCTBA OYMCTKH TOIUIMBA HPH
3anpaBkax BC.

KaroueBble cioBa: (QWIbTP-BOAOOTACIUTEb, (QWIBTPYIOIINIA 3JEMEHT, CPEACTBA OYHCTKH, HOPMHPOBAHHBIC |
HEHOPMHUPOBaHHBIE TIOKA3aTeNM KauecTBa, paboyasi 30Ha, MaTeMaTHUeCKOe 1101, Teperal IaBIeHus], MaTeMaTHYECKasi MOIEIb,
MaTeMaTHIeCKoe OOCeCIICUYCHHEe, METO/I HAMMEHBIIHX KBaJpaToOB, padodee TENO PEAKTUBHBIX M TYPOOPCAKTHBHBIX JBHTATEICH
BO3IYLLIHBIX CY/IOB.
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The article covers the problem the multidimensional routing of flights for the transportation of cargo and mail, with the condition of
the corresponding equipment presence for performing navigation of increased precision to obtain the possibility of the formation
flights under any weather conditions. The given circumstances are capably essential to reduce load while using the airspace, which
will make it possible to achieve transportation independent of its saturation. While planning the routes it is also necessary to
consider the interests of different interested groups, which are often opposite to one another. In the view of the different directivity
of the tasks in question, the solution can require the sorting as excessively as large, so the smaller quantity of possible situations
(versions of the solution), the lower the level of the calculation of these versions is, and the greater their quantity is. The exact
example of multidimensional routing, which is affected by the interests of operational nature and the interests of the urgency of the
performance of the claims, expressed by weight coefficients, is depicted in this work. The only version in favour of the general
production process, which is obtained with the help of a genetic algorithm, is a solution of this problem. It was necessary to
introduce some designations and assumptions, the enumeration of which can be supplemented. Optimal solution can be obtained
both by the enumeration of the solution versions and with the help of the genetic algorithm, which is allowed for a smaller number
of iterations, to obtain suboptimal in real time, which corresponds to the conditions of the task solution. In that the example
dynamic priorities are assigned, based on multiplicative form by expert evaluation, which form criteria for the ranking of request for
each step of route planning. As a result, there are the exact versions of the solution, which correspond to the interests of different
groups and the version, obtained with the help of a genetic algorithm, which satisfy the opposite interests of these groups. All
versions of the solution are proved to be different, which indicates the need of applying the objective and substantiated apparatus
for making the decision, which the genetic algorithm actually is. The proposed mathematical apparatus has prospects for
implementation.

Key words: multidimensional routing, high-precision navigation, genetic algorithm (GA).
INTRODUCTION

The main subject of research in this work is the genetic algorithm (GA) efficiency evaluation
while using multidimensional routing.

Planning of the optimal routes of the group flights of unmanned aircraft, along with the small
aircraft, is the multiobjective problem. The subject of research is the GA effectiveness evaluation for
multidimensional routing of the aircraft with corresponding airborne equipment for area navigation
RNAYV, based on the GNSS satellite system. The formation flights are not performed in commercial
aviation so far. The situation may be fundamentally changed provided that high-precision navigation,
enough for the execution of the formation flights under all weather conditions, is used. Such flights
may be executed for cargo and mail delivery. At the same time, the solo flights of the given type may
significantly overload the air traffic service, and that will have a negative impact on the passenger air-
craft flights. The establishment of the aircraft flight routes multidimensional optimization mechanism
considering the possibility of grouping the routes into the separate formations while considering the
interests of the involved commercial service providers and air traffic security services is required at
this regard [1, 2, 3].
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There is a wide range of factors, influencing the efficiency evaluation while planning consider-
ing the contradictory interests of the contracting authorities and perpetrators [4, 5]. Besides that, there
is the opportunity of considering rapidly the requests not only for the free aircraft, on the ground, but
also for the aircraft, actually performing the delivery [6, 7]. Thus, the objective of the present study is
the formation of the approach to multidimensional routing of the aircraft flights on requests, based on
compatibility of GA with the allocation of request targets between the free and busy aircraft, the condi-
tion of which is known at every step of planning.

PROBLEM STATEMENT

1. It is considered, that the requests for airspace management occur randomly [7, 8] and can be
divided into 3 types:

— advance (are formalized every morning before planning);

—urgency (occur after planning);

— priority (requests while performing the flight).

The number n of these requests exceeds the number N of the aircraft.

N<<n<10 (1)

2. The destinations are located randomly corresponding to the Poisson distribution [7], or in the
separate areas of high density.

3. Every request is characterized by the known parameters: the number of the request (m), the
coordinates X;; Z; of the i-th initial point of departure and the coordinates Xj; Z; of the j-th terminal
point of arrival, and also the maintenance holdover time t,, for priority provision.

4. The number N of the aircraft and their current coordinate points X;; Z; either on the stand, or
in flight in real time are given.

5. The increased navigation accuracy is required for flight security support in the aircraft for-
mation. The flight of the aircraft formation is regarded as one aircraft by the air traffic control and
there is no oversaturation of the airspace.

6. It is necessary to:

— form the efficient approach to the multidimensional routing, based on the combination of the
genetic algorithm (GA) with the operation of allocation of targets between the free and busy aircraft at
each step of the priority requests;

— estimate the efficiency of the suggested approach in comparison with the known routing algo-
rithms.

THE SUGGESTED APPROACH TO THE SOLUTION OF THE PROBLEM

Planning of the optimal routes is performed in two steps:

1. Forming of the initial "elite" of the multidimensional routes, chosen from the variants, prede-
termined while performing the multiple calculation with the different priority request criteria of per-
forming the application at each step of planning. The criteria may consider the contradicting interests
of the air traffic control services in terms of the exclusion of overloading the airspace [9], and also the
commercial interests.

2. At the first step of managing the requests the calculation of the dynamic priority I1; is carried
out on a formula:

Tj

H] = maxj=1...N [Tmin + n1:| [ + r’z:l: (2)

Tij Tmax
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where: 1;; — the distance between the beginning of the route by the j-th application and the estimated
staging point of the i-th route;

Tmin — minimal distance between the points;

T — the holdover time of the application in the lineup;

Tmax — the maximum allowed holdover time;
N1u Mo — weighting coefficients of the term signification (the less the n_1, the more significant

the first term is, provided that 7, + 7], = 1).

Thus, the normed parameter valuations are included into the formula (2) terms. It is necessary
to notice, that the allocation of the route requests is performed at a single step of the planning simulta-
neously. Here it is necessary to distinguish the two cases:

— the number 1Y >1 of the free aircraft is large, which always happens before the beginning of
planning [10, 11, 12];

— the number 1 = 1 which corresponds to the request on one aircraft. In this case the choice of
the request for each route is made from the complete set of requests. Whether the results of the choice
on different routes do not correspond to each other, the choice will be considered to be successful, oth-
erwise — the request is performed by the aircraft, which is closer to the starting point. As a result each
request is performed by the only aircraft. In the second case the aircraft is chosen on a formula (2), on
a competitive basis.

Thus, whether the number of variants of the weighting coefficients 1, and 1, appointment on
the criterion (2) is M, M N of routes forming the initial elite for the next step of calculations [13].
There are two subjective variants of the weighting coefficients )1 = 0.2 u 1, = 0.8 used in this work.

At the second step M the formed routes for each aircraft are used in the GA, in which each route is
divided into the set of blocks (legs), consisting of two and more points of destination. This allows us to per-
form breeding of the blocks, taken from the different variants, along with the "mutation" due to partial rear-
rangement, changing their order. As a result, the expanded set of the "descendants" of the initial "elite" is
formed. After that they perform the operation of the "genetic breeding", there is the integral criterion of
planning efficiency (J, considering the interests of the groups which is necessary for the criterion. It is sug-
gested to use the minimizing penalty function, estimating the degree of imperfection of the system both for
the contracting authorities and perpetrators, and the principle of demand (the quantity of the requests) and
proposal (the number of the free aircraft) balance. We set the normed valuations of holdover time and route
length, along with the matched weighting coefficients m; = m,.

. uh T, Li(v)
Jy=min,_1_mn [(maxi=1...1v K;X v) + m3) (T;xv + m4>], (3)

where: J, — the integral penalty function;
v — the number of the variant after breeding and mutation;
Tinax — the maximum holdover time of performing the request;
Lonax — the maximum integrated route length of all the aircraft;
L;(v) —the length of every route in the i-th variant;
mai (V) — the maximum equipment downtime of the application in line in the v-th variant.
The multiplicative form (3) corresponds to the minimum assured penalty result principle. The
calculation shows us that the number of evolution steps by (3) is not large.
Example: let us consider the following problem of routing of formation of the three aircraft
flight from departure point to the arrival point (24 all together) corresponding to the requests for the
area of 250 square kilometers as it is shown in (fig. 1).
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Fig. 1. A picture of the location of the serviced points on a given territory.

Civil Aviation High Technologies

Initially there were 12 requests, there are the coordinates of the departure point X;; Z; in each of
them and the corresponding arrival point X;; Z;, as it is shown in Table 1. Setting of all the 24 points
on the territory corresponds to the poisson appointment of the random variable and is of irregular char-
acter [14]. Initially, the aircraft are located in the points with the coordinates X = 50; Z, = 50; Xp =
150; Zg=50; Xc=50; Z¢= 150.

Table 1
Original departure and departure points data

Ne of application 1 2 3 4 5 6 7 8 9 10 11 12
Ne of the depar- 6 7 8 9 12 13 15 16 17 19 20 21
ture point
X km) 10 20 170 70 80 70 190 50 120 160 130 70
Zi(km) 10 110 130 150 120 20 30 170 50 30 120 | 200
Ne of the arrival 4 24 11 3 10 1 5 18 14 2 23 22
point
X (km) 30 90 200 150 10 130 70 50 70 100 120 60
Zj (km) 120 | 170 | 140 | 180 | 160 10 170 0 70 120 | 150 10

Let us consider that receipt of requests is the subject of the poisson appointment, and the hold-
over time in general queue is not identical [15, 16], but is known (z;) (Table 2).

Table 2
Holding time for requests
J 6 7 8 9 12 13 15 16 17 19 20 21
7; min 152 150 149 148 146 130 120 90 87 84 80 68

Let us use formula (2) for solving the routing problem for the two variants of requests of the
dynamic priorities 71 = 0.2 and 1), = 0.8. There are three aircraft and 12 requests with corresponding
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characteristics (see Table 1) at the first step k£ = /. We choose the requests of the largest holdover time
and the least distance, and receive the requests 6 and 13 for the first Aircraft;(6;13), and, respectively,
for Aircraft;(13;15;19), Aircraft;(5;9;16). The calculations show us, that the requests 13; 19; 9 are in
the "elite", respectively, for the points 1, 2, 3 (see Table 1). At the second and subsequent steps one of
the three aircraft is vacated before the other ones, and the calculations are performed considering this
circumstance. For one, at k = 2 Aircraft; is the first one to be vacated, 7 is the following request for it —
(Aircraft,>-7). The requests for (Aircraft,’-12), (Aircraft;*-8) are determined in the similar way. There

is a variant of the chosen routes at 177 = 0.2 (see Figure 1) in Table 3.

Table 3
Optimal route configuration atn; = 0,2
Aicraft, A 13 1 15 5 16 18 6 4
Aircraft, B 19 2 12 10 17 24 21 22
Aircraft; C 9 3 8 11 20 23 17 14

Let us perform the calculations while 1, = 0.8 in the similar way, and summarize the results in
Table 4.

Table 4
Optimal route configuration atn; = 0.8
Aircraft, A 6 4 7 24 12 10 21 22
Aircraft, B 17 14 16 18 13 1 19 2
Aircraft; C 9 3 8 11 20 23 15 5

Significant differences in the results in Tables 3 and 4 show us the principal opportunity of us-
ing the GA for solving such problems, due to the fact that the initial "elite" consists of the "different
ancestors" which do not have the same features. In order to carry out the genetic selection let us divide
each route into two blocks — (the beginning and the end) belonging to the two requests. Then let us
breed the four blocks by the principle "every block is merged with each of the rest ones" for each of
the aircraft, as a result the total amount of rearrangements forms 9 variants. Let us choose one variant
out of 9 of a minimal penalty function with the criterion (3), while considering the valuations of 7=
7o = 30 min, approximately corresponding to the minimal holdover time of performing the request
while the equality of demand and proposal interests. Considering the measures of the maximum hold-
over time and the total length of the routes Ty,,x and L, let us make the calculations for each of the
9 variations. As a result there are the new routes for all the Aircraft;, Aircraft,, Aircrafts, different from
the valuations in Tables 3 and 4.

Table 5
Optimal route configuration in genetic selection
Aircraft; A 6 4 7 24 17 14 15 5
Aircraft, B 12 10 21 22 13 17 19 2
Aircraft; C 9 3 8 11 20 23 15 18

Using the GA in this problem showed us that:
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— for variant 1 — the maximum holdover time took T,,,, = 187 out of all the 12 valuations for
all the three routes, and the path length was L; =27, L, =29, L; = 30 respectively. The mean observa-
tion of the operational costs T4y, = 29, and integral penalty function J, = 13020;

— for variant 2 — Ty, 4, = 165, T, = 34, J, = 12500;

— while genetical selection — Ty, 0, = 155, T, = 36, J, = 11470.

CONCLUSIONS

In case of the small number of requests and managing the aircraft at their full search (corre-
sponding to the setting of the given problem) the total amount of combinations exceeds 1500 variants.
In the suggested approach to solving the problem with the help of the GA the number of variants does
not exceed 100.

Using the GA provides us with the opportunity to choose the optimal variant of reducing the
time of delay while insignificantly enlarging the operational costs considering both free and busy air-
craft.

The total positive effect of formation flight planning optimization is not high enough due to the
random way of locating the points on the territory. In case the part of the routes overlaps the ones pub-
lished in the AIP, the probability of the formation flights will significantly rise.
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MHOI'OMEPHASI MAPIIIPYTHU3AIIUS C TOBBINIEHHOM
HABUT AITMOHHOM TOYHOCTHIO ITPU OBCJTY  KUBAHHUHU 3ASIBOK
HA ITOJIETBI JIETATEJIBHBIX AIIITAPATOB

B.1. Fonqapemcol, I'.H. JeGenes', B.5. Masibirun’

'Mockosckuii asuayuonmbiii uncmumym (hayuonansHblil ucc1e008amenbeKull
yHugepcumem), . Mockea, Poccus

’Mockosckuil 20CY0apCmeeHHblll MeXHUYeCKUL YHUGEPCUMem paicOaHCKol aguayul,
2. Mocxkea, Poccus

PaGora BeInoaHEHa pU MaTepuanbHOl noaaepxke PODOU
(rpanTtst Ne 19-08-00010, Ne 20-08-00652)

B crarbe pemaercs 3amadya MHOrOMEpHOW MapIIpyTH3AIMH TIOJIETOB JIETATENBHBIX allapaToB UL TIEPEBO3KH IPy30B M ITOYUTHI,
KOTOpBIE TIPH YCIOBHM HAJIMYHS COOTBETCTBYIOLIErO OOOPYIOBAaHHS JUIS BBIIOJIHEHHS HABUTAIMM MOBBIIICHHOW TOYHOCTH
TOJTy4at0T BO3MOXXHOCTH BBINOJHEHNUS! TPYIIOBBIX MOJIETOB B JIFOOBIX MOTOJHBIX YCIOBHAX. JJaHHOE OOCTOSITENBCTBO CIIOCOOHO
CYILECTBEHHO CHU3MTH HArpy3Ky IPH HCIOJIB30BaHUM BO3MYIIHOTO HPOCTPAHCTBA, YTO TIO3BOJIUT OCYILIECTBIITH MEPEBO3KH
HE3aBHUCUMO OT €r'0 3arpy>KEHHOCTH. B To ke BpeMs IpH IIIaHNPOBAHUH MapILIPYTOB TPEOYETCs yIUTHIBATH HHTEPECHI Pa3INIHbIX
3aMHTEPECOBAHHBIX TPYIIII, 3a4aCTyl0 MMEIOLIMX IPOTHUBOIOJIOKHBIE MHTEpPEChl. B cuily pasHOW HarpaBIeHHOCTH pellaeMbIX
3a/1a4 PEeIICHHEe MOXKET MOTpeOOBaTh mepedopa Kak HEMOMEPHO OOJIBIIOro, TAK M MAJIOrO KOJHMYECTBA BO3BMOXKHBIX CHTYAIIUi
(BapHaHTOB pelleHusI), YEM HIDKE ypPOBEHb y4eTa STHX BapuUaHTOB, TeM OoJbllle MX KoiM4ecTBOo. B pabore mpexcrasieH
KOHKPETHBI TPUMEp MHOTOMEpHOW MapIUpyTH3alM{, Ha KOTOPYIO OKA3bIBAIOT BIIMSHUE HWHTEPECH SKCILTyaTallMOHHOTO
XapakTepa ¥ MHTEPEChl CPOYHOCTH HCIIOIHEHHMS 3asBOK, KOTOPbIE BBIPaXKEHBI BECOBBIMH Kod(duirenTamu. PemeHneM Takoi
3a/ia4n SIBISIETCS] €MHCTBEHHBIM BapuaHT B IOJIb3Yy OOLIEro IPOW3BOJICTBEHHOIO IPOIecca, KOTOPBIM MOJydYeH C ITOMOIIBIO
WCIIONB30BaHMs T€HETHYECKOro anroputMa. s 3Toro motpeboBajoch BBECTH psifi 0OO3HAUYCHWH W JOMYyIIECHHH, NepedeHb
KOTOPBIX MOJKET AOMONHATECA. ONTUMAIbHOE PEIICHIE MOXKET OBITh MOJYYEHO KaK MPOCTHIM NepedOopoM BapHaHTOB PEIICHMS,
TaK W TIPU MOMOIIM TEHETHYECKOTrO aJrOPHTMa, KOTODBIM MO3BOJSET 3a MEHBIIEE YHCIIO MTEpaliid, B peabHOM Macrade
BPEMEHH TOIy4YHUTh CyOONTHUMAIBbHOE, OTBEUAIOIEE yCIOBHAM 331aul pelIeHHe. B MpHBeIeHHOM NpUMepe SKCIEPTHBIM ITyTeM
HA3HAYaIoTCs JUHAMHYECKHE NPHOPUTETHl HA OCHOBE MYJIBTUILIMKATHBHOH (hOPMBI, KOTOpBIE (POPMHPYIOT YacTHBIE KPHTEPHH
JUISL PAaHXXMPOBAHMS 3aBOK HA KaKAOM IIare IUIAHUPOBAaHMS MapLIPyTOB. B pe3yibTare MOTydeHbl KOHKPETHBIE BapHaHTBHI
pelleHys, OTBEYAlOIMe WHTEpEecaM pasHbIX IPYIIL, W BapHaHT, MOJYYEHHBIH IPHU IMOMOLIM NPUMEHEHHS I'€HETHYECKOrO
ITOPUTMA, YIOBJICTBOPSIOIIMI NPOTHUBOIOJIOKHBIM MHTEpPECcaM 3THX TpyIIl. Bce BapuaHTBI pelleHus 0Ka3ainuch pa3inyHbIMH,
YTO FTOBOPHUT O HEOOXOMMOCTH MPUMEHEHHSI OOBbEKTHBHOTO U OOOCHOBAHHOT'O arlapara IMPUHATHSI PELeHHUs, KOTOPBIM SIBIISIETCS
reHeTHIecKui anropuT™. [IpeuiaraeMplii MaTeMaTHYECKUH armapar UMEeT IIepCIIeKTHBBI BHEPEHHUSL.

KunioueBrble cii0Ba: MHOroMepHast MapiIpyTH3aLlksl, HABUTALMS OBBIIICHHOM TOYHOCTH, reHeTnyeckuii anroputm (I'A).
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MMOCTPOEHUE UMUTAIIMOHHON MATEMATHYECKOM MOJIEJINA
CUCTEMBI TEXHUYECKOI'O OBCJIY’KNUBAHUA
BO3AYHIHBIX CYAOB

10.1. CAMYJIEHKOB', SI.A. DUJIATOBA', A.JI. TPY31}
'Mockosckui 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMEN 2PaXCOAHCKOU a8uayul,
2. Mockea, Poccus

Pa3BuTie aBMAIMOHHOW TPAHCIOPTHOH CHCTEMBI XapaKTepH3yeTcs VCIOKHEHHEM B3aUMOJICHUCTBYIOMNX OOBEKTOB,
MHOTOKPUTEPUATIBHOCTBIO PEIIAEMBIX 33a4, TPYAHOCTSAMU NPUHATHS YIpaBIeHUECKUX perieHuil. Hanpumep, Ha COBpeMEHHBIX
CpeHEMaruCTpaJIbHBIX BO3IYIIHBIX cylax ycraHaBiuBaercs 10 25 000 nartuyrkoB KOHTPOJIST pabOTOCHOCOOHOCTH H3ENUH
(byHKLll/lOHaﬂbeIX CUCTEM, HNPUMECHAIOTCS MHOI'OYUCIICHHBIC HA3€MHBLIC HWHCTPYMCHTAJIIbHBIE MCETOAbI M CPEACTBA OLCHKH
TEXHUYECKOTO COCTOSTHUSL. JTO TpedyeT pa3pabOTKU METO/IOB, aJITOPUTMOB OIpEeIeHNs] M KOHTPOJISI KPUTEPHEB TIPEAEIILHOTO
COCTOSIHUSI HAOJIIOAEMbIX U3JENUii M (PyHKIMOHAIBHBIX CHUCTEM aBHAIIOHHOW TEXHHKU. B CBS3M C 3THM CYILECTBEHHOE
3HAYCHHE MIPUOOPETAIOT AHAJIMTHYECKUE MOJIEIN MIPOTHO3HON OLIEHKH TEXHHIECKOTO COCTOSIHHS aBHAIIMOHHON TEXHUKH, pacyeT
PEKIMOB TEXHUIECKOTO OOCITY)KMBAHUS BO3MYIIHBIX CY/IOB W OOECHEUEHMs 3allaCHBIMH YacTsSMH W MaTepuaiamu. B pabote
MpEeUIOKeHa CXEeMa MOJICNHUPYIOIMIETO AITOPHTMa CHUCTEMBI TEXHHYECKOTO OOCITYKWBaHMS Tapka BO3AYIIHBIX CYIOB H
HaXO)KJCHHE ONTHMAJIbHOTO KOJMYECTBA COCTOSHHN BO3AYIIHBIX CyJOB MAaTeMaTHYECKOH MOMENH C IETBI0 HCKIFOUCHUS
BTOPOCTENICHHBIX W CYyOBEKTHBHBIX (akTOpoB. basncoM mnpemnaraeMoil aHAIMTHYECKOH MOJIEIN SBISIETCS METOX
CTaTHCTUYECKOTO0 MOJENUPOBAaHMS Ha OCHOBE MAapKOBCKHMX IPOLECCOB C JUCKPETHBIMH COCTOSIHHUSIMH M HETIPEPHIBHBIM
BpeMeHeM. Ipennaraemblii MeToJ| CBOAMUTCA K CHHTE3y HEKOTOPOro MOJEIMPYIOLIEro aJropuTMa HCCIeLyeMoro Iporiecca,
WMUTHUPYIOLIETO TOBEJECHHE M B3aWMOJIEHICTBHE OSJIEMEHTOB CIIOKHOM CHCTEMBI W CIyYalHBIX BO3MYILAIOMIMX (aKTOPOB.
OTnMYUTENbHON YepTO MPEACTABICHHOTO aIrOpUTMa SIBISIETCSA OIpeNeNieHHe OCHOBHBIX PACUETHBIX 3aBHCHMOCTEH
BEPOSATHOCTEN W MHTEHCUBHOCTEH Iepexo/ia ¢ yueToM TpeOoBaHHi COBPEMEHHOM HOPMATHBHOI a3kl IO HAZIEKHOCTH B TEXHUKE
W ONpeleyieHUs TEXHMYECKOTO COCTOSIHUSL. AHAIHM3 PE3yJIbTaTOB HCCICNOBAHMS OCHOBHBIX PACUYETHBIX 3aBHCHMOCTEH B
YCHOBISIX (DYHKIMOHUPOBAHHUS CHUCTEMBI TEXHHYECKOTO OOCITYXMBAaHWS BO3AYIIHBIX CYJOB MOATBEPIIUI BBICOKYIO CTEIICHB
KOppEsIIUM BPEMEHHM HAXOXKACHHS B COCTOSHMU OLIEHKM TEXHHYECKOTO COCTOSIHUSI B 3aBUCHMOCTU OT JAUArHOCTHYECKOM
koHnenuyy. [IpennmaraemMas MMUTaIMOHHAS MOJETb MOXKET OBITH WCIHONB30BaHA Ul HPOTHO3HOM OLEHKH TEXHHYECKOTO
COCTOSIHUSI BO3JIYILIHBIX CY/IOB, aBHAIIMOHHBIX a30TYpOHHHBIX JABUraTeNel 1 ()yHKIMOHAIBHBIX CHCTEM.

KnroueBble c¢J10Ba: TEXHHYECKOE OOCITYKMBAHME BO3IYLIHBIX CYIOB, MMUTAIMOHHOE MAaTEMaTHUECKOE MOJEIMPOBAHMUE,
crnabodopmanu3yemMble MHOTOKOMIIOHEHTHBIE CHCTEMbl, MUHUMAJIBHO JIOIyCTUMAasi TOUYHOCTh JHMAarHOCTUPOBAHMUS, TEXHUUECKOE
COCTOSIHHE, KOHIIETIIIS TEXHUYECKOTO 00CITY>KUBAaHHS BO3IYIITHBIX CYIOB, MAPKOBCKHE H TTOIyMAPKOBCKHUE TTPOIIECCHI.

BBEJEHHUE

B rpaxnanckoii aBuanuu Poccum oOecnedeHue JETHOM TOAHOCTH BO3aymIHbIX cynoB (BC)
OCYIIIECTBIISIETCS TIOCPEACTBOM HA3EMHOTO H TEXHHUYECKOro obciyxupanus BC'. Cucrema TexHmde-
ckoro obciyxxuBanus BC npezncraBisier co00if MHOXKECTBO B3aHMMOACHCTBYIOIIUX MEXAY co00i 00b-
eKTOB OOCIy>KMBaHMs (JIeTaTebHbIE almaparbl), CPEACTB TEXHUUYECKOIO OOCIy>KUBaHMs (CpercTBa
HA3eMHOT0 OOCIY)XUBaHUS OOLIETO M CHEIHAJbHOTO IPUMEHEHUS, MHCTPYMEHT M KOHTPOJBHO-
IpOBEpOYHas armnapaTrypa), JOKyMeHTaluko Texauyeckoro oocmyxkuBanus (TO) (mporpamma TO, py-
KOBOJICTBO IO 3KCILTyaTallMu U JIp.) U UCHOJHUTENEH, NOJAECPKUBAIOIINX U 00ECIIeUNBAIOIINX Kade-
CTBO M YPOBEHb 33JaHHBIX HKCIUTyaTallMOHHO-TEXHUYECKHUX XapPaKTEPUCTHK OOBEKTOB CHCTEMBI
TO BC?. IIpu paspaGotke n yrepkaeHun nporpammel TO BC, eMHOr0 JOKYMEHTa, ONPE/IeIsIONIEro

Bozaymnerit kogeke P® ot 19 mapra 1997 r. Ne 60-®@3: [punsar N'ocynapcteennoit Jlymoii 19 ¢espans 1997 rona:
Ono6pen Coserom Deneparmu 5 mapra 1997 roga [Dnexrponnsiii pecype] / KoncynprantILimtoc — cipaBoYHO-TIpaBoBast
cucrema. URL: http://www.consultant.ru/document/cons_doc LAW 13744/ (nata obpamenus: 14.03.2021).

MT P® Ilpuka3 ot 25.09.2015 Ne 285 «O06 yrBepxnernu PAIl "TpeboBanust K I0pUANIECKUM JIMIIAM, HHAWBUILYaJb-
HBIM TIPEIIPHUHAMATEIISIM, OCYLIECTBISIOIUM TEXHHYECKOE OOCIYXMBaHHE TPaXIaHCKUX BO3IYLIHBIX cynoB. dopma
1 TIOPSIOK BBIAAYM JJOKYMEHTA, TIOATBEPIKJAIONIEr0 COOTBETCTBIE IOPUIMYECKUX JIUL, HHANBUAYaJIbHBIX TIpEeIIpHHIMA-
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s dexkruBHOCTL cuctembl TO BC, HE00X0MMO YUUTHIBATH COBEPIICHCTBO KOHCTPYKIIMH JIETATEILHO-
ro amnmapara, SKCIUTyaTal[MOHHYI0 TEXHOJOTHYHOCTh, pexkumbl TO BC, konunenuuio u meronasl TO,
KBaIM(UKALHIO TIepcoHana u ap.” " °

CoBpeMeHHbIE HCCIe0BATENN IPraTUYECKUX CUCTEM OTHOCAT CJIOXKHBIE CHCTEMbI «4YEJIOBEK —
MalluHay K ciabodopmanu3zyeMbIM cucTeMaM | nporeccaM [1]. Matemarndeckast MOJIeNb TaKUX CH-
CTEM BKJIIOYAET HEKOTOPBIN anroput™ F BbIunciaeHNs mapaMeTpoB COCTOSHUSA 00beKTa Y 10 BXOJHBIM
JNETePMUHUPOBAHHBIM U cTOXacThueckuM mapamerpam U u X, U, ClIeIOBaTEeIbHO, MOKHO 3aIUCaTh
Y =F (X, U) [2]. K Takum ciabodopmann3yemMbpIM CUCTEMAM CJICTyET OTHECTH U CHUCTEMY TEXHHUYE-
ckoit akcrutyatanmu (T3) Bo3myIHBIX Cyn0B, U TexHuueckoe oocmyxuBanue (TO) BC kak wacts TD.

Takum 00pazom, B CBSI3U C OTCYTCTBHEM AHAIUTUYECKOTO MATEeMAaTHMYECKOTo ammapara IJis
CIIOXHBIX CHCTEM «UEJIOBEK — MAIIMHAaY» MIUPOKOE MPUMEHEHUE HAIILITU BEPOSTHOCTHO-CTATUCTHYCCKHE
MOJIETU. AHAJIU3 COBPEMEHHBIX MOJIXOJA0B K MMUTALMOHHOMY MoaenupoBanuio cucteM TO BC u ux
KOMITOHEHTOB MOKa3bIBAET, YTO, KaK MPABUIIO, TAKUE MOJIETU CTPOSITCSA KaK Ha OCHOBE JAaBHO HU3BECT-
HBIX W HIMPOKO TPUMEHSEMBIX METOJIOB CHUCTEMbI MacCOBOTO OOCIIY)XKMBaHHs, METOAA IWHAMUKU
CpEIIHUX, aJITOPUTMOB HA OCHOBE MAapKOBCKHUX Mpo1ieccoB [3, 4], Tak U, HAIPUMEP, HA OCHOBE METOJ10-
noruu IDEF3 (Integrated DEFinition for Process Description Capture Method) u Hotaruu DFD (Data
Flow Diagrams) [5].

IIpu craTUCTHYECKUX MOAXOJaX K MOCTPOCHHUIO MOJEIUPYIOMHUX alroputmMoB cuctem TO BC
MIPOU3BOAUTCS arperaTupoOBaHUe HEKOTOPOr0 MAaTEMAaTUYECKOr0 MOACIUPYIOUIEro anmnapara u moJICu-
CTEMbI, MOJICIIMPYIOIICH TeTepPMUHUPOBAHHBIE U BEPOSATHOCTHBIE BXOJHBIE TapaMeTphbl. B aToM citydae
UMUTAIMS CTOXaCTUYECKUX BXOJHBIX IMapaMEeTPOB MOXKET OBITh BBIMOJHEHA MPU TOMOIIH CIIYYaiHBIX
qucen [6, 7].

Kak mpasuio, a¢pdexruBnocts cucrembl TO BC peanusyeTcss u OLEeHHBAETCs 4epe3 Mpolecc
texuudeckon akcruryataruu (I1T9). TITO BC B o6mieM ciydae BKIFOYAIOT B ¢e€0s JIETHO-TEXHUYECKYIO
AKCIUTyaTaIuIo, HA3eMHOE U TEXHUYECKOE OOCITy)KHBaHHE aBUAIIMOHHON TexHuKH (AT), TexHomoruge-
CKH€ TPOIECChl Ha3eMHOTO M TEXHUYECKOro OOCITY>KMBaHUS, adpOJPOMHOE OOecreueHre MoJIeTOB U
TeXHUYecKoro oocmyxuBanus AT, nHXeHEepHO-aBUAIIMOHHOE oOecrieueHue u ap. [5, 8].

[[lupokoe pacnpocTpaneHue npu uccienoBannu cucrembl TO BC nosyuun MapKOBCKHM Mpo-
LIECC C IUCKPETHBIMU COCTOSIHUSIMU CHCTEMBI U HEMPEPHIBHBIM BPEMEHEM MEPEXO0/I0B U3 COCTOSIHUS B
coctostHMEe cucTeMbl. Mozens [1TD npeacrasnsiercs cnenyromum oopa3om: coctossaust [1TD 3amarorcs
yepe3 coctosiHust BC (puc. 2), HaxoasaTcs BpeMeHa npeObpiBanus B cocTostHUAX TO co cBOMMHU (yHK-
USAMH PacTIpeie]ICHUs, YTO TO3BOJISIET oneHUBaTh 3 dekTuBHOCTh pexkumMoB TO BC. Oxonuyanue
HAXOKJICHUS B OJTHOM M3 COCTOSIHUM CHUCTEMBbI XapaKTEepU3yeTCss MTHOBEHHBIM MEPEX0JI0OM B UHOE CO-
CTOSIHHME, MIPUYEM IEepeXo] B APYroe COCTOSHUE MOKHO OMUCATh OMPENEIC€HHON MHTEHCUBHOCTBHIO U
BEpOATHOCTHIO Tiepexofa [7, 8]. Takum obpazom, ocymecTBisiercs mnpouecc cuctemsl TO BC B memom.
[Ipu moctpoeHnn Takor Mojaenu (HYHKIIMOHHPOBAHUS CIIOKHOW MHOTOKOMIIOHEHTHOW cucteMbl TO
BC B kauecTBe MeTO/1a HCCIEAOBAHUS MOXKET OBITh MCIOH30BAH CTATUCTUYECKUN aHATN3 COCTOSTHHIMA

TeJeH, OCYLIECTBISIOINX TEXHUYECKOE OOCITy>KUBaHUE IPaKJAaHCKUX BO3AYIIHBIX CYIOB, TPEOOBaHMAM (eliepallbHbIX
ABUAIIMOHHEIX MpaBwi'» (3apeructpupoBanHo B Munrocte Poccun 22.10.2015 Ne 39409) [Dnexrponusit pecypce] // Kon-
cynsranTlimtoc — cmpaBouHo-mIpaBoBas cucremMa. URL: http://www.consultant.ru/document/cons_doc LAW_ 187899/
(mata obpamenns: 14.03.2021).

MP-03-001 mo oxgo6penuro mporpamm TO BC, 3aperncTpupOBaHHBIX B TOCYZapCTBEHHOM peecTpe rpaxnaHckux BC
Poccuiickoit ®eneparmu. MunnctepctBo Tpancnopra PO. denepanbHoe areHTCTBO BO3AYIIHOTO TpaHcmopTa (Pocasua-
uus), 2014. 35 c.

ATA MSG-3 OcHOBHBIE MOJIOKEHUsI 110 Pa3padOTKe TPpeOOBaHUM K IJIAHOBOMY TEXHUYECKOMY OOCITY)KHBaHUIO CaMOJIe-
Ta. COBMECTHBIN JOKYMEHT MU3rOTOBUTENS U aBuakommnanuu. M3amenenne 2003.1. 2003, 87 c.

OKcrutyaTtanus BO3AYIIHBIX CyJoB. [Ipunoxenue 6 k KoHBEHIIMU 0 MEXIyHApOAHOUN TpaxknaHCKkod aBuaiuu. Yacts I
MesxyHapoHbIil KOMMepYecKuii Bo3aymHblid Tpancnopt. Camosnetsl. 9-e uzn. // UKAO, 2010. 10 c.

JletHast ronHOCTh BO3IYIIHBIX CynoB. [lpunoxenue 8 xk KoHBEeHUIUM O MEXIyHapOAHON TIpakJAaHCKON aBHALMHU.
11-e uzn. // UKAQO, 2010. 230 c.
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BC u nepexonoB peasibroro IIT3. ITpu 3ToMm cratuctuueckuit ananus [1TD BoinonHseTcs B 1Ba dTala.
Ha nepBoM sTane uccieayroTcsi COCTOSIHUS Mpoliecca, a Ha BTOPOM — BIIOJKEHHas LieMb, KoTopas oOpa-
3yeT MpOIEecC «MOMEHTOB mepexonaa». CuuTaercsi, YyTO BJIOXKEHHas Ienb 00J7aJaeT MapKOBCKHUMHU
CBOIICTBaMH, a Ha COCTOSIHUSIX Pa3BUBAIOTCS BPEMEHHbIE MTPOLIECCHI, OIM3KUE MO CTPYKTYpe K Mpoliec-
cam BoccTaHoBleHHs. Ha ocHOBaHuM 3TOr0 KOHCTaTHpyeTcs GakT nomymapkooctu [1T3 BC.

IHOCTPOEHHUE MOJEJTUPYIOHEI'O AJITOPUTMA
NCCIEAYEMOMU CUCTEMBI TO ITAPKA BO3YIIHBIX CYJ10OB

AHanu3 pe3ynbTaToB pabOThl MaTeMaTHYECKOW MOJETH IMO3BOJSET MPOCICAUTh paclpenese-
HUe (OHJa BPEMEHU 10 COCTOSIHUSAM IPOLecca TEXHUUECKOM 3KCIUTyaTallud M OLIEHUTh TpaHcpopma-
LU0 BBIOpaHHBIX MoKa3aTeneit a¢pexruBHocTH cuctemsl TO BC.

s ouenkn ¢ dexruBHOCcTH crcteMbl TO BC nponsBoautcst BEIOOp MoKa3areseid, K KOTOPhIM
CJIeZlyeT OTHECTH CPEAHIONI0 MPOAOKUTEIBHOCTh TEXHUYECKOIO 00CITYKUBAaHUS, CPETHIOI TPYI0EM-
KOCTb TEXHUYECKOT0 OOCITYKUBaHUS, YJEIbHYI0O CYMMapHYIO MPOJOJIKUTENIbHOCTh TEXHUYECKUX 00-
CIIy>)KMBaHUM, YJeIbHYI0O CYMMapHYIO TPYJI0EMKOCTh TEXHUUYECKUX 00CITyKHBaHUH, K03 (HUIIUEHT ro-

TOBHOCTH, KO3()(PUIIMEHT TEXHUUECKOTO UCIIOIb30BAHMUS, TOTOBHOCTH MapKa 0OBEKTOB U ;[p.7’8

BrnusiHue ynpaBieHYeCKHUX U AKCIUTYyaTallHOHHBIX MTapaMeTpOB Ha A3PPEKTHBHOCTH cucTeMbl TO
BC 3a oTueTHbIi epuoa, Kak MpaBHIIO, OLEHUBAETCS 110 OTHOCUTENBHBIM TMOKa3aTeasiM. B aToM ciy-
yae OepyT OTHOIIEHHE IIOKa3aTels 3a pacCMaTPHBAEMBIN NEpHOJ K HOPMHUPYEMOMY IIOKa3aTelio.
[IpyHIMO CUCTEMHOTO MOAXO0Ja K MCCIeA0BaHMIO 3()(HEKTHBHOCTH 000 cucTeMbl TpeOyeT HeoO0Xo-
JUMOCTH OTIPEJICIICHUS] OTHOCHTEIBHOM Ba)KHOCTH PAacCMAaTPHBAEMBIX IMapaMeTPOB, T. €. ONPEACICHHS
OTHOCHTEJBHBIX MTOKA3aTeNCH COCTOSHHS CHCTEMBI.

O1EHNUTH OTHOCUTENIFHYIO 3HAYUMOCTH (PaKTOPOB IO BIUSHHUIO HAa PE3yJIbTHPYIOIINI TTapamMmeTp
MOXHO 10 KO3()(DUIIMEHTY TOMUHAHTHI, OTIPENIEIIIEMOMY M3 COOTHOILICHHS

o | b
ﬁmax

3

rac ﬂmax n ﬂl — MAaKCHMMAaJbHbIN U I-U KOB(l)(i)I/II_II/IeHTBI perpeccuu CTaHAApTU30BAHHOI'O BHUJJda COOTBET-

CTBEHHO.

BeposiTHOCTHO-CTaTUCTUYECKUE MOJIETTM MHOTOKOMITOHEHTHBIX CUCTEM Ha OCHOBE MapKOBCKHX
MPOLIECCOB MO3BOJISIIOT OLIEHWBATH BIUSHUE PA3JIMYHBIX MEPOINPUSATUN, B TOM YHCIIEC CIy4YalHBIX Ma-
pamMeTpoB, Ha U3MEHEHNE 3HAYCHUI BEPOSITHOCTH P; HaX0XK/IE€HHUS 3JIEMEHTOB CUCTEMBI B i-M COCTOSI-
Huu. Takas METOHOJIOTHS MO3BOJISIET MPOCIEIUTh U3MEHEHHUE PACIIOIATa€MbIX BPEMEHHBIX U MAaTE€pU-
anbHBIX pecypcoB cucteMbl TO BC B gunamuke.

Knaccuueckuit moaxo/ npu miaHUPOBAHUM YUCJIEHHOTO SKCIEPUMEHTA MPEIyCMaTPUBAET Bbl-
paboOTKy KOHIIETILMU CO3/1aBa€MOM MOJENIM, ONMCAaHHEe MAaTEMaTH4eCKOro ammapara M, HaKoHel, CO-
3JITaHUE IEKTPOHHO-BBIYMCIUTENLHOTO MPOaAyKTa [9].

B ocHOBY 3¢ dekruBHOTO MOAenupyromero anropurmMa cucteMbsl TO BC MoryT ObITH TIOIOXKe-
HBI CJIETYIOIINE MAaTEeMaTUYECKUE METO/IbI: OMMCAHNE MaPKOBCKHX MPOIECCOB C AUCKPETHBIMH COCTO-
SSHASIMH 1 HETIPEPBIBHBIM BpeMeHeM (cuctemoit auddepeHnmanbabXx ypaBHeHuin Koamoroposa), me-
TOJBI cTaTUCTUYECKUX ucnbiTaHuii (MonTe-Kapmo) u noruko-kombunaropHoro ananusza [10].

" TOCT P 53863-2010 Bo3aymmnsiit Tpancropt. CHCTEMA TeXHHUECKOTO 00CTyKHBAHHS H PEMOHTA aBHAIIMOHHOM TEXHH-
ku. Tepmunsl u onpenenenus. M.: Cranmpaptungopm, 2020. 23 c.

¥ TOCT 18322-2016 Cucrema TeXHMUYECKOro 0OCIyKHBAHHS U PEMOHTA TeXHUKH. TepMuHbI U ompenenenns. M.: CTau-
naptuHdopM, 2017. 16 c.
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OTH METOJbI TIO3BOJISIIOT € TpeOyeMOi TOUHOCTHIO OTPAa3UTh BCE OCOOCHHOCTHU TOBEACHUS pe-
anpHOTO mporecca cuctembl TO BC. CxeMa MoaenupyroIero aliropurMa uccieayeMon cucremsl TO
napka BO3AYIIHBIX CYOB MIpeICTaBIeHa Ha puc. 1.

ITapameTps! NeTHOM IMapamerpsl IMapametpst ITapamertpst ITapameTpsl
NOAroTOBKH Bo3MmoxkHOcTell HAC |BozmoxBOocTell MTO | BHemEei cpegsl | cocrosnns BC

J
S ewromesc |

Mogens (popMHPOBAHHASA CTOXACTHIECKHX IapaMeTPOB R < ]{33 é
Moaean Texandeckoro cocrosuns BC : —
- Lo <1,
Mojes pacdeTa DapaMeTPOB H NOKa3aTe/Ieil CHCTeMBI ippax =" bsa
TO BC
|
\\L /

4.0OneHKa CTATHCTHYECKHX MMOKa3aTeei aJleKBaTHOCTH MOJe/IH

HHeTerpanbaas
BepostHOCTH BeposaTHOCTH H P Onenka ITokasatenn
XapaKkTepHCTHKaA
Haxoxaenns BC B HHTeHCHBHOCTH Ervosnemas BC» norpednsix | 3¢pPexTHBHOCTH

Pa3IN4HbIX nepexoaa BC n3 3am4acreii n cucrems! TO

PA3THYHBIX
COCTOS HHSAX COCTOSIHHS B COCTOSIHHE I'T BC

COCTOSHHAX

Puc. 1. Cxema MOzIenMpYIOIIET0 ajJropuT™Ma uccieyemoit cucrems! TO mapka BO3AYIIHBIX CY/I0B
Fig. 1. Modeling algorithm diagram of the aircraft fleet maintenance system under study

[Ipn GyHKIMOHUPOBAHUH PEATHHBIX CIOXKHBIX TEXHHYECKUX CUCTEM CMEHA COCTOSHUI Mpouc-
XOJUT B MOMEHTHI BPEMEHH, 3apaHee HEW3BECTHbIC s HaOmronmatens. J[si omucaHus MpoIemLyphl
B3aMMOJICHCTBYS TAKUX KOMIIOHEHTOB YacTO MPUMEHSIOT HEMPEPHIBHYIO e MapkoBa. B atom ciy-
Yae JIeNaeTcs JOMyIIEHHE O TUCKPETHBIX COCTOSHUSIX CUCTEMbI M HETPEPHIBHOM BPEMEHHU (PYHKIINO-
HUPOBAHUS CUCTEMBI.

Onpenenenne KonudecTBa coctossanii BC nccneayemMoil Moien HOCUT, KakK MPaBHIIo, CyObek-
TUBHBIN Xapakrtep. [Ipu HaxoXIeHWH ONTUMAIBHOTO KoJMdecTBa coctostHui BC martemaruueckoit
MOJIEJIA U MCKITIOYCHHUSI BTOPOCTENIEHHBIX (PAKTOPOB IMPEIaracTcsi HCIOIb30BaTh OTHOCUTEIBHBIN TO-
kazarenb cTpykTypbl (OIIC), xapakTepu3yromuii MO0 WM YICIbHBII BEC YaCcTH COBOKYIHOCTH B
o01rem ee o0beEME:

W = oi—-100 %,

i=1'n

rae t; IPOMOKUTENFHOCTh HaxokaeH!usT BC B -M cOCTOSTHHY, Y- t, — CyMMapHOe BpeMsl Haxoxzie-
aust BC B n-cocTosHUIX.
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B cnyuae HaxoxJ1eHUs 3Ha4EHUN 6; 0THOTO U3 COCTOSTHUI HUYKE MOPOrOBBIX 3HAUEHUH, TaHHOE
COCTOSIHUE CJIEyeT UCKIIOUUTh U3 MOJENH JINOO B pe3ysibTaTe HENPEPHIBHOTO KOHTPOJIS «BKJIIOYATH)
B paboTy MOJIENU TIPH TOCTHKEHUU HOPMHUPYEMBIX 3Ha4eHUH. [loporoBeIM (HOpMHUPYEMBIM) 3HAYCHH-
€M pEKOMEHAYEeTCsl IPUHUMATE 5 %.

PA3PABOTKA TOIOJOTHYECKOMW MOJEJIM CUCTEMBI TO ITAPKA BC

Jnis peanu3auuu Hay4HO OOOCHOBAaHHOI'O MOJX0Ja K oueHke cocrosHuit BC, xak mpauio,
pa3pabatbiBaeTcsl Tonojoruueckas Mozenb cuctemsl TO B Buze rpaga COCTOSIHUM, B KOTOPBIX HaxXo-
mutes BC B mpornecce TexHudyeckoi skcrutyarauu (puc. 2) [10]. DtoT rpad mo3Bosser npocieanTs B
JUHAMHKE TI0CIIEI0BaTENbHOCTh U YacTOTy nonaaanus BC B pa3nnyHble COCTOSIHUSL.

o 2
T'oToBHOCTH K 1 |—> Houér
HCMONL30OBAHA | —
__________________ — | n 1
| I : 7 Omnenka TC .
- Pa0oTLI Ha R O:KHIAHHE . |
| . _ I : S Tol.
! I'TH oo V]I 3aMeHbI . | V330 |
l ren 5 I . Omnenxa TC
. Onenka TC |_> ‘ | macem 4 l
| rTa 2 ! | |
I l . i T Ounenxa TC
PadoTeI Ha 4 3amena . | nnamepa 10 [ |
I | reame TO ITI . | I Oxunanne |
i | ! YO0 1z Onenxa KC |
e = S R N 1. = 1
........... ==
I
— OnepataeHoe TO (HazeMHO€) — eKeJHEBHOE, TDAH3IUTHOE, €KeHeNeIbHOE H IP. 13 e |
3B TepaogATecKoe MepHoanvecKoe MMepHoanvecKoe CnengaibHoe IJIC
14 TO; 15 TO: 16 TOs 17 TO 18 19

Puc. 2. I'pad cocrosamiit BC B mporiecce TeXHHYECKOH 3KCIDTyaTanuu: / — OJIOK SKCILTyaTallMOHHOM
HagexHoctu ['TJI; /1 — 6ok 3kcruryaTannonHoi HagexHoctn BC; I'T/[ — ra30TypOMHHBIN IBUTATENb;
YOO — ycTpaneHne 3kcIuTyaTallMOHHBIX 0TKa30B; 7C — TEXHHYECKOE COCTOsTHIE; V/] — ycTpaHeHHe NeeKTOB;
@C — pyHKINOHANBHAS cucTeMa; 3B — 3aep KK BBUIETOB MO0 TEXHUYECKUM IpHUunHaMm; /1" — TUpeKTUBBI
neTHoU rogHocTH; KC — KOPPO3HMOHHOE COCTOSIHUE
Fig. 2. Graph for aircraft conditions in the process of technical operation. I — gas turbine engine operational reliability unit,
II — aircraft operational reliability unit, gas turbine engine, EOF — elimination of operational failures, TC — technical
condition, DE — defects elimination, FS — functional system, FD — flight delays for technical reasons, AWD — airworthiness
directives, CS — corrosion state

st onucaHus ciry4ailHOTO IpoIecca, MPOTEKAIOMIETO B 3TOM CUCTEME, MPUMEHSIIOTCA BEPOST-
HOCTHU COCTOSIHHI

b1 (t)! D2 (t), R pi(t)» (*):

T1ie p; (1) — BEPOATHOCTH TOTO, YTO CUCTEMA S B MOMEHT ¢ HAXOAUTCS B COCTOSIHUU S
OueBHIHO, YTO JIFOOOTO ¢

?:1 b; (t) =1
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Jnis HaxoXKaeHHUs BeposaTHOCTEH (*) HEOOXOIUMO PEeUTh cUcTeMY TU(PEepEeHIINATBHBIX YPaB-
HeHuii (ypaBHeHul Konmoroposa), UMEIOIMNX BU/T

dPi(t) _ ©on n <o

— = 2j=1 A (OF(8) — Xiz1Aij (OP; (1) (1,j=1,2,...,n).
[IponsBeieHHE MIOTHOCTH BEPOSATHOCTHU TEpPeXofa A;; u3 S; COCTOAHUSA B S; Ha BEPOATHOCTH

HaXO0KJCHHUSA B S; HA3bIBACTCS [IOTOKOM BEPOSATHOCTH IEPEX01a U3 COCTOsIHUA S; B cocTosiHue S; [10]:

Al]Pl(t)

[IpaBOMEpPHOCTH TOTO, YTO MAPKOBCKHE MPOLIECCH] C HEMPEPHIBHBIM BPEMEHEM SBIISIOTCS YacT-
HBIM CIIy4yaeM IOJyMapKOBCKHX IPOLIECCOB, B KOTOPHIX Ha HE3aBUCHUMBIE (DYHKLUHU paclpeleeHus
BPEMEHM 0XKMJIaHUs NIEPEX0/1a HAJIO)KEHO OIPaHUYEHHE 110 UX IKCIIOHEHIanbHocTH [11].

®ynkims 4;; onuckiBaeT 3akoH nepexoqa BC U3 cocTosHusA [ B COCTOSHUE j, U B 3TOM CIlydae
OHa MPEJCTABISET cOO0H YCIOBHYIO BEPOSTHOCTh MEPEX0/ia IPU HAXOKJICHUN 00BEKTa B COCTOSTHHH i.
3ayacTyio e1alT JOIMYyIEHHUE, YTO MEPEXOIbl MEXY COCTOSIHUAMHU OCYILECTBIIAIOTCS MO 1eHCTBUEM
IIyaCCOHOBCKMX IOTOKOB. Toraa 3T mepexoisl MOXKHO aHAJUTHUECKHU ONHUCATh HKCIIOHEHIIHAJIbHBIM
pacrnipenenenueM. CienyeT OTMETHTh, YTO MTOTOKH MEPEXO0B COOBITHI COCTOSTHUM CIIOKHOM CHCTEMBI
B OOJIBIIIMHCTBE CiTy4aeB He OyayT mpocreimumu. CiaenoBaTeiabHO, IVNIOTHOCTH BEPOSITHOCTH TEPEX0-
na A;j ABJSIOTCA MHTEHCUBHOCTAMH COOTBETCTBYIONIMX MOTOKOB COOBITHM, MPOM3BOJILHBIM 00pa3oM
3aBUCSIIUMU OT BpeMeHH [11].

Jlisl KOPPEKTHOTO pelIeHus 3a7ay NOCTPOCHUSI MAaTEMAaTHUYECKUX aJTOPUTMOB IIPU BO3HUKHO-
BEHUHM MIHOBEHHBIX 0TKa30B AT jenaercst JOMyIIeHrne O TOM, YTO Ha HEOOJIBIIIOM HHTEPBaJIe BPEMEHU
At mpoTrekaHue mpoliecca B MHOTOKOMIIOHEHTHBIX CHCTEMAax pacCMaTpUBAETCS KakK IPOLECC C AMC-
KPETHBIMU COCTOSIHUSIMU M JAMCKPETHBIM BpPEMEHEM, TpaHC(HOpMaIUsi COCTOSHUN CHUCTEMBI MPOUCXO-
qut c marom t = 0, t = At, t = 2At, ... BpemeHHOl 1ar 3a1aeTcs Py PEeLIEHUN YPaBHEHUI COCTOS-
Hus cuctembl TO BC u @C ¢ ucnonb30BaHreM MporpaMMHOTo obecniedueHus padotst OBM [12].

OGo03Ha4nM 4Yepe3 a;; MHTEHCHBHOCTH, a Y€PE3 P;j COOTBETCTBEHHO BEPOATHOCTH NEPEXOIA U3
OJIHOTO COCTOSIHMSA B IPYyroe. IHTEHCUBHOCTD TIEPEXO/IA @;j XapPAKTEPU3YET, C KAKOH CKOPOCTHIO OCY-
LIECTBIISIECTCS NIEPEXO] U3 OJJHOTO COCTOSIHUS B IPYTO€ B €IMHHUIY BPEMEHH, @ BEPOSITHOCTh IIEPEX0/1a
Dij — € KaKoi BEPOATHOCTBIO OCYILECTBISETCS MEPEXOJL U3 OJHOTO COCTOSHUS B JIPYTOE:

1
Aij = 7 Pij>
— 1- — 1-
ajj = P aji = &

d%t(t) =Yj=1 @i Py P — Xt ai oy P(©)  Gj=12.0)

[Ipu paccMOTpEeHHH 3JEMEHTAPHBIX MMOTOKOB COOBITHIA, B TOM YHCIE OTKa30B U MOBPEKICHUN
AT, B MHOTOKOMIIOHEHTHBIX TEXHUYECKHUX CUCTEMAX, OYEBHUIHO, YTO BPEMsI HAXOKJIEHUSA B COCTOSIHH-
sx IITD u BpeMs Mepexofa f MeX/Iy COOBITHSIMH PACHPENEISeTCs M0 SKCIOHCHINATHHOMY 3aKOHY .
B sTOM ciydae MatemaTtndeckoe OkuiaHue (CpeHee 3HaueHHE) BPEMEHN HaXO0XK/IEHHsI B COCTOSTHUSX
ITTD ¢ paBHO cpeHEMY KBaIpaTUYECKOMY OTKJIOHEHH!o [13]:

1
M|t] :Sf:z'

’ TOCT 8.381-2009 T'ocynapcTBeHHas cicTeMa obecredeH s eIMHCTBA U3Mepernuil. DTanonsl. CriocoGbl BEIpakeHus. M.:
Crangaptundopm, 2020. 17 c.
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Croxactuueckue BennunHbl [1TD (cpeaHee Bpemsi HaX0XKIEHUS B COCTOSIHUU, TTApaMETp MOTO-
Ka OTKa30B, HAJICT Ha OTKa3 M MOBPEXKICHHUE U JIp.) Ul CIy4YailHOrO OpAMHAPHOTO MOTOKa Oe3 mocie-
NEeHCTBUS yxKe He OyayT pacipeneseHbl M0 SKCIOHEHIMAIbHOMY 3aKOHY. Buj 3Toro pacrpeneneHus
OyZeT 3aBHCETh B MEPBYIO OUYepe/lb OT BPEMEHHU HACTYIUICHHS IIEPBOTO COOBITHS H, BO-BTOPBIX, OT IIe-
pEMEHHON MHTEHCUBHOCTH moToka A(t). [Ipu pelieHun y3koro Kpyra MCCleIoBaTeIbCKUX 3a1a4 (HampH-
Mep, IpH HAJIOXKEHUH OrpaHuueHuil Ha o0beM U nepuogndHocTb TO BC) MoXkHO caenaTh BHOJHE MPaBo-
MEpHOE JIOMYIIEHHE O CPABHUTEIHLHO MEUVICHHOM M3MEHEHUH (PYHKIHHU A(t), 1 TOra MOKHO TOBOPUTH 00
AKCIIOHEHIIMATIbHON 3aBUCUMOCTH PAcIpeIesICHUs] BpEMEHH B 33JaHHOM Juanazone. OTcrofa cieayer, 4To B
3TOM CJIy4yae MOKHO TOBOPHUTH O CPEAHHUX 3HAUCHUSX MHTEHCUBHOCTH A (t) Ha 3aJaHHOM BPEMEHHOM HMHTEp-
Basie [14]. JIns onpeneneHust BpeMEHH HaXOKIEHUS] B COCTOSTHUM OLICHKH TeXHU4YecKoro coctosinusi BC, ®C

NI OTACJIBHBIX 3JICMCHTOB Hpe,unar aACTCA UCIIOJIb30BaATh BepOHTHOCTI/I TOYHOCTHU Z[I/IaFHOCTI/IpOBaHI/IH O6’beK-
Ta[l15, 16, 17, 18].

typ(1—a)-e~@otn

M[tOT] - (1_a_e—a)0tn) )

7€ ty, — CPEMHsAS NPOJOIDKUTEIBHOCT KOHTPOJIS pabOTOCIOCOOHOCTH; @ — YCIIOBHAsL BEPOSITHOCT

«HEOOHapy’KEeHUs 0TKaza» MpH olieHKe TexHuueckoro coctosiuust BC, ®C unu oTAenbHbIX 3JIEMEHTOB
OC; w, — napaMeTp OTOKA OTKA30B; t;; — BpeMsl HaX0X/IE€HUS B IIPEIBIIYIIEM COCTOSHUU.

Bo3znelicTBue cToXacTUYeCKUX BXOJHBIX MapaMeTpOB Ha (YHKIHMOHHPOBAHME MHOTOKOMIIO-
HEHTHBIX CHUCTEM MOKET BBI3BAaTh OTKJIOHEHHE OT CPEAHUX 3HAYEHUI mapaMeTpoB (yHKIIMOHUPOBA-
HUS, YTO B KOHEUHOM HTOTEe NMPUBEIET K UCKAKEHUIO PE3yJlbTATOB 3KCIEpUMEHTa. B cBs3M ¢ 3TUM
HEO0OXO0UMO MOCTOSIHHO OLIEHUBATh TOYHOCTh BHIYMCIICHUH MPU MPOBEACHUH UCCIIEIOBAHUIN CIIOKHBIX
CHCTEM C yYE€TOM HOBBIX, paHEE HEM3BECTHBIX, CIIy4atHBIX (hakTOpoB [6].

B MaremaTnueckoM ammapaTe MMHUTAIMOHHOTO MOJIEIMPOBAHHS CIOXKHBIX clabodopmanuzy-
MBIX [IPOLIECCOB, KaK NMPaBUIIO, UCIIOIb3YIOTCS ONPEENIIEMbIE U BEPOSATHOCTHBIE ITapaMeTPhl UCCIIETY-
€MOU CHCTEMBI.

K Takum mapameTpaM MOXHO OTHECTH KOJIMYECTBO CAMOJIETOB aBHAIIMOHHOTO Mapka KoMIla-
HUU, CPEAHECYTOUYHBIA HaneT Ha oaHO BC, cpeaHIo npoaoKUTENbHOCTh TUIIOBOTO MOJIETa, PEKUMBbI
TO BC, kBampuKkanio HHKXEHEPHO-TEXHIYECKOTO IepCoHaa, oka3arenu HajexHoctn AT u ap.

B sToM crydae Ha OCHOBE JIOTMKO-KOMOMHATOPHOTO MOJIX0Ja MOYKHO OCYIIECTBUThH MPOECKTH-
poBanue cuctemsl TO BC oT koHUIENIIMY CO3/1aHUs A0 TOCTPOEHUSI MaTEMAaTUYECKON MOJEIu uccie-
JIyE€MOM CJI0KHOM MHOTOKOMIIOHEHTHOU CUCTEMBI [7].

OcCHOBHBIE pacyeTHbBIE 3aBUCUMOCTU BEPOSTHOCTEN M MHTEHCUBHOCTEH Iepexojia MpejacTaBie-
HBI B Ta0I. 1.

Tadauua 1
Table 1
PacuerHbie popMyIibl BEpOSITHOCTEH M MHTCHCUBHOCTEH mepexo/ia
Estimated formulas of transition probabilities and intensities
BepositHOCcTH nepexona NHTEeHCMBHOCTH Nepexoaa
ty TH
Pog=1-— e tn dzg = E
1
Pro=1—e @uln Az9 =
ty
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IIponoskenne Tadauubl 1
Continuation of Table 1

— Wt 1
D210 =1 — e “nrtn az10 = T
Hu
— Wyt 1
D211 =1 — e ¥xctn dz 11 = I
)51
1 a th
—_ 3 =
Pra3 =1—e "o BT ong
1
P213 =1 — P1314— P1315 — P1316 — — P1317 — P13 i3 = r
U
r .
p 1 a TH.H NBC
1.2 = 1.2 — . .
KFO,EL KI/I thC
1
=1 dg g =
Ps6 tonc
__1 1
— 1 — @ tcpoTO d131 =
Piz1=1—e tepoto
toTo a _ 1
= — eT%nro1 13.15 —
P13.15 1 e tchTO
tnTOl a _ tl'[TOl
=1 — eTnTo1 1513 — .
P15 13 € TnTol nrrrol
toto a _ 1
= — eTlnTo2 13.16 —
Pizie=1—e tepoTo
toto a _ 1
=1 — e™nro3 13.17 =
p13.17 1 € thOTO
1
P131 = 1 — P1314— P13.15 — P1316 — P13.17 — P131 d131 = teo0T0
cp
tnnarn a _ 1
DPg7 = 1 — eT%amarn 8.7 tch)c
— _ lps
7.13 — 8.7 9.7 10.7 11.7 12.7 . T
p 1— pg7—Po7— P07~ P11.7— P 713 = 7
B

B Tabn. 1 snementsr Gpopmyn o3nayaror [18, 19]: wg,. — mapameTp moToka 0TKa3oB (yHKIKO-
HaJbHBIX cUCTeM (TUIaHepa, maccu u ap.); t, — ucnosb3oBanue BC mo HazHauenuto (moner); Tw —
HaJIeT 3a pacCMaTpUBaeMblil IEPUOJ, YacC; f, — HAJIET HA OTKA3 B MOJETE, Yac; Ny — paCCMaTPUBAEMBbIN
HEepPHOA, THEH. t,, — KaJeHAApHBIN Nepuoj pabouero BpeMeHHu; 76 — MaTEMaTHUECKOE OKUIAHHE TeX-
HOJIOTUYECKOM MPOJOKUTEIBHOCTH OJIHOTO BOCCTAHOBJIEHUS Pab0OTOCIIOCOOHOTO COCTOSIHUS U3/IENIUS
BC nocne otkasa, 4ac; f,,ec — CpeiHEe BpeMs HaAXOXKACHUS Ha OLICHKE TEXHHUYECKOro coctosiHus OC;
{1770 — HOPMATHUBHAs NPOJOJLKUTENBLHOCTE nepuoandeckoro TO, yac; 010 — cpelHee BpeMs Ha oOIle-
patuBHOM TO; T, — MaTreMaTH4eCcKOe OKUIAHUE TEXHOJIOTMUECKON MPOJOIKUTEIBHOCTH MEPUOIU-
yeckoro TO, yac; n,., — KaleHaapHelil nepuoa gasHoro Buaa TO, nHEH; ty 4. — BPEMS HAXOXKACHUS
Ha JIMarHOCTUKE, YaC; Tyuary — TPYA03aTPaThl HA TUATHOCTUPOBAHUE, YeI-yac.

Jns peanuzanmu GpyHKIMOHUPOBAHUS TPEIIOKEHHON UMHUTAIIMOHHOW Mojaenu cuctembl TO
BC B xadyecTBe MCTOYHUKOB HKCILTYyaTAllMOHHON MH(POPMAIIMH HEOOXOAUMO HCIOIh30BaTh CTATUCTH-
YECKHE JJAHHbIE AKCIUTyaTaHTOB aBUALIMOHHOW TeXHUKH, opraHuzanuii no TO BC.
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SAK/IIOYEHUE

B pesyibrare npoBeACHHBIX UCCIIEIOBAHNMN:

[IpemnoxeHo OLEHMBATh OTHOCHUTENBHYIO 3HAUMMOCTh (akTopoB cuctembl TO BC mo Bmms-
HUIO Ha Pe3yIbTUPYIONIMHA MapamMeTp no KodPpGUIUEHTY JOMUHAHTHI.

[IpencraBnenHas B paboTe KOHLENTyallbHas cxeMa uccieayemoit cucremsl TO mapka Bo3aym-
HBIX CYJIOB ITO3BOJISIET IOCTPOUTH MOAEIUPYIOLIUI aITOPUTM.

Pazpaborannsiii rpad cocrosiuii BC B mporecce TEXHHUECKOW IKCITyaTalii AaeT BO3MOXK-
HOCTb MPOCIIEIUTHh B JUHAMHKE ITOCIIE0OBATEIBbHOCTD U YacToTy nonananus BC B paznuuHble cOCTOSI-
HUS M Ha €r0 OCHOBE CO3/1aTh MaTeMaTHuecKyto Mozenb cucteMbl TO BC.

Jlns onpeneneHuss BpEMEHH HAaXO0XKIEHUS B COCTOSIHUSAX OLIEHKH TeXHHUYecKOro coctosinus BC,
@C wIM OTIETBHBIX 3JIEMEHTOB NPEAIAraeTcsl UCIONIb30BaTh BEPOATHOCTA TOYHOCTH JUATrHOCTUPOBA-
HUSl O0OBEKTA.

[IpemiokeHsl pacyeTHbBIE 3aBUCUMOCTH BEPOSITHOCTEN M HHTEHCUBHOCTEHN IIPU IIEPEXOJE U3 COCTOS-
HUSI B COCTOSIHUE JUTS TIOCTPOSHHS MaTeMaTHIecKon Mojaenn ¢pyHkimonuposanus cucremsl TO BC.

TakuMm 00pa3oM, MpeanaraeMblii MOAX0l K UMUTAITMOHHOMY MOJIEJIMPOBaHUIO ciabodopmanu-
3yeMbIx coBpeMeHHbIX cucteM TO BC mo3BossieT co3naTth MaTEMAaTUYECKYO MOJENb HA OCHOBE Map-
KOBCKHX MPOIIECCOB, KOTOPasi CIOCOOHA JJaBaTh MPOTHO3HYIO OIIEHKY TeXHHYecKoro coctosuus BC u
U3JIennii (PYHKIIMOHATBHBIX CUCTEM, BBISBIISATH HAUMEHEEe HaJCKHbIE JIEMEHThI (PYHKIIHOHATBHBIX CH-
cTeM, orpenenarts pexumbl TO, paccuuTeiBaTh MoTpeOHyo Tpyaoemkocts TO BC.

Pe3ynbTaTsl MccnenoBaHus PEKOMEHIyETCs UCIIOJIb30BaTh HA aBUALIMOHHBIX MPEANpPUATHSAX, B
opranmzanusax mo TO BC, pazpaboTunkam ¥ M3roTOBUTENSIM aBHAITMOHHOM TEXHUKH Ha 3Tarax MpoeK-
TUPOBAHUs, IPOU3BOCTBA U dKcIuTyatanuu BC.
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AIRCRAFT MAINTENANCE SYSTEM SIMULATION
MATHEMATICAL MODEL CONSTRUCTION

Yuri L. Samulenkovl, Yana A. Filatoval, Anton D. Gruzd'
'Moscow State Technical University of Civil Aviation,
Moscow, Russia

ABSTRACT

The development of the aviation transport system is characterized by sophistication of interacting objects, the multi-criteria nature
of the tasks to be solved and difficulties in making management decisions. For example, modern medium haul aircraft are fitted
with up to 25,000 sensors to monitor the performance capabilities of functional systems components. Numerous ground-based
instrumental methods and means of diagnosing the technical condition are used. This requires the development of methods and
algorithms for determining and monitoring the criteria of limiting state of the monitored components and functional systems of
aeronautical equipment. In this regard, analytical models of predictive estimate for the technical condition of aeronautical
equipment, determination of aircraft maintenance modes and provision of spare parts and materials become essential. The paper
proposes a scheme of the aircraft fleet maintenance system modeling algorithm and deducing the mathematical model of the
optimal number of aircraft states in order to exclude secondary and subjective factors. The method of statistical modeling based on
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Markov processes with discrete states and continuous time is the basis of the proposed analytical model. The proposed method is
reduced to the synthesis of some modeling algorithm of the investigated process that simulates the complex system components
behavior and interaction as well as random perturbing factors. A distinctive feature of the presented algorithm is determination of
the predominant estimated dependences of transition probabilities and intensities taking into account the requirements of the
modern regulatory framework in terms of reliability of equipment and diagnosing the technical condition. The analysis of the
predominant estimated dependencies study results in the conditions of operation of the aircraft maintenance system confirmed a
high degree of correlation of the time duration effect on the particular states in order to diagnose the technical condition depending
on the diagnostic concept. The proposed simulation model can be used for the aircraft technical condition predictive estimate,
aircraft gas turbine engines and functional systems.

Key words: aircraft maintenance, simulation mathematical modeling, weakly formalized multicomponent systems, minimum
permissible diagnostic accuracy, technical condition, aircraft maintenance concept, Markov and semi-Markov processes.
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OIITUMU3BALUA BAJTAHCUPOBOYHOI'O YIVIA TIOBOPOTA
BUHTOMOTOPHOMH I'PYIIIIbI JIEKTPOKOHBEPTOILIAHA
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Mockosckuil a8UayUOHHbIL UHCMUMYM (HAYUOHATbHBIU UCCIe008AMENbCKULL VHUBEPCUMENT),
2. Mockea, Poccus

B pabore nccnenoBanack BO3MOXHOCTb YIIyHIICHHS SHEPTO3KOHOMIYECKNX XapaKTEPUCTHK JIEKTPOKOHBEPTOIIIAHA C TTIObEMHO-
JIBY)KUTENFHOW BHHTOMOTOPHOM TPYIIION JUISl YCTAHOBHBILETOCS CaMOJIETHOTO PEXMMa I0JIeTa ITyTeEM yMEHBIICHHUS pacxola
SHEPIHU BHHTOMOTOPHOM TPYMNIBI B €IWHUIy BPEMEHH MM HAa €IUHUIy MPOHIEHHOIO 3JIEKTPOKOHBEPTOILIAHOM IIyTH. JTO
JIOCTHUTAETCsI 32 CYET BHIOOpA ONTHMAIBHBIX YIJIOB IOBOPOTA BEKTOPA CyMMApHOI TATH 3JIEKTPOKOHBEPTOILIaHA. B mpemaraemom
nozxxone OalnaHCHPOBOYHBIA yroil MOBOPOTa BHHTOMOTOPHOM TpYIMBl SIBIACTCS TEPEMEHHBIM B  3aBHCHMOCTH  OT
A3pOIMHAMUUECKUX XapaKTEPUCTHK 3JIEKTPOKOHBEPTOIIaHA, €r0 BUHTOMOTOPHOM Ipymmbl. [10CKOIBKY BUHTOMOTOpPHAS IpyIia
OCHaIIleHa MPUBOJIAMH I €€ IIOBOPOTa, TO TAKOW MOAXOJ JIETKO Pean3yeTcsl INTaTHBIMU CPEACTBAMH JIEKTPOKOHBEPTOILIAHA.
[ToBopoT BekTOpa CyMMapHO# TST'H, C OHOW CTOPOHBI, IPUBOJUT K YBEIMYEHUIO 3 ()EKTHBHOTO 3HAUESHHS a9POIMHAMUYECKOTO
ko3 uImeHTa NOTbeMHON CHIION, @ ¢ IPYTOil CTOPOHBI, CONPOBOXKAAETCS] YMEHBILIEHHEM IPOEKLY BEKTOPa CyMMapHOH TSTH Ha
BEKTOp CKOPOCTH T10JIeTa, U3MEHEHHEM JIOOOBOT'O COIPOTUBIICHHSI, MOIITHOCTH, HEOOXOIMMOM JUISl CO3JaHHMS TATH BUHTOMOTOPHOM
Tpymmbl. JTO 00CTOATENBCTBO M O0YCIIaBIMBAECT HEOOXOOMMOCTH PEIICHHS 337aud ONTHMM3AaLlMK C LEJIbI0 YBEIHYCHUS
MIPOJIOJDKUTENFHOCTH WIIM JAIBHOCTH TIOJIETa Ha KPEHCEepPCKOM peXnMe ToJieTa 3IeKTPOKOHBEpTOoIUIana. B pabore mpuBoanTes
METOJIMKA pacyeTa ONTHMAIBHBIX YIJIOB ITOBOPOTA BEKTOpa CyMMAapHOW TATHM HAa OCHOBAHWHM YPaBHEHHH YCTaHOBHBIIETOCS
JIBIDKEHHS JJIEKTPOKOHBEPTOILIAHA HA PEKUME KPEHCepCKOTo MOJIETa; BBIPAXKESHHUS JUIS CyMMapHONH MOIITHOCTH, HEOOXOIUMOM 1St
BpAllEHNs] BUHTOB BHHTOMOTOPHOH TIpymmsl. IlomydeHbl aHaIMTHUYECKHE 3aBUCHUMOCTH JUIS ONTHUMAJBHBIX YITIOB IIOBOPOTA
BEKTOpa CyMMapHOW TATM B 3aBUCHMOCTH OT COOTHOIICHWS IUIOIIAJHM KpbUla K CyMMapHOH OMETaeMOW IUIOIIagu BHUHTOB
BHUHTOMOTOPHOM IPYTIIBI ¥ a9POIMHAMHYECKOTO KaueCTBa 3IeKTPOKOHBEPTOIUIAHA.

KiroueBbie ¢/10Ba: 3JIEKTPOKOHBEPTOIUIAH, BAHTOMOTOPHAS TPYIINA, YTOJI IOBOPOTA, OTITHMH3ALIHSL.
BBEJIEHUE

B pabote paccmaTpuBaeTcs 31€KTPOKOHBEPTOIIAH € MOIbEMHO-IBIKUTEILHOW BUHTOMOTOP-
HoW rpynmoi (BMI'). OcoOEHHOCTBIO DJIEKTPOKOHBEPTOIUIAHA SIBISIETCS BO3MOXKHOCTH COBMEIIATh
BEPTOJIETHBIN M CaMOJIETHBIN peXHUMbI mosiera. TpaJulMOHHO Ha KOHBEPTOIUIaHAX IMPH MEpPexXojie OT
BEPTOJIETHOTO K CAMOJIETHOMY PEXHMY I0JIETa BEKTOP CyMMapHOHU Tsru noopauuBaercs Ha 90 rpan
U OCTaeTcs TaKUM Ha BCEX CaMOJIETHBIX pekumax nosera [1-9]. brnaromapst OonpmMM 3HAYEHUSAM
a’pOJMHAMUYECKOI0 Ka4yeCcTBa U CKOPOCTH I10JIETA, CAMOJIETHBII PEXUM SBIISETCS HAUOOJee UITUTENb-
HbIM. OH HCIIOJIB3yeTCs Ha peKuMax Habopa BBICOTHI, Kpeiicepckoro nosiera v npu cHuwxkeHuu [1-9].
OpnHako COBpPEMEHHbIE MCTOYHUKHU 3JIEKTPUUECKON 3HEPIuH, npuMeHsieMble Ha JIA, MMET HU3KYIO
YAEIbHYIO SHEPIHUIO 10 CPABHEHUIO C TPAJUIMOHHBIM TOIUIMBOM. I103TOMYy 0COOEHHO Ba)kKHO COKpa-
TUTh PacXo/i SHEPTUU U TEM CaMbIM YBEIUYUTh JAIbHOCTh, IPOAOKUTEIBLHOCTD MOJIETA 3JIEKTPOKOH-
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BEpPTOIUIAHA B CAMOJIETHOM PEXUME. DTOr0 MOXHO JOCTUYD MyTEM YBEIMYEHHS €r0 a’dpoJMHaAMHUYe-
CKOr'0 KayecTBa, BMECTE C TEM a3POAMHAMHYECKOE Ka4Ye€CTBO KOHBEPTOILUIAHOB CYIIECTBEHHO YCTYNaET
TpaauIIMOHHBIM JIA caMOJIETHON a’3pOIMHAMUYECKON CXEMBI.

B nacrosimieit pabote mcciaeaoBaiach BO3MOXXHOCTh YJIYUIICHHS YHEPTOAKOHOMUYECKUX Xa-
pPaKTEPUCTUK OECMUIOTHOTO IEKTPOKOHBEPTOIIaHA B YCTAHOBUBIIIMXCS CAMOJICTHBIX PEKUMaX TOJie-
Ta IMyTEM YMEHBILICHUSI Pacxo/ia SHEPrU BUHTOMOTOPHOM TPYIIbl B €IMHUILY BPEMEHU WJIM Ha €lIU-
HUILy MPOUEHHOTO MyTH. DTO JOCTUTAeTCs 3a CUET BHIOOpa ONTHMAIBHBIX YIJIOB MTOBOPOTA BEKTOPA
CYMMAapHOM TSTH 3JEKTPOKOHBEpPTOIIaHa. B mpemyiaraeMoM Moaxoje yroj moBOpPOTa BEKTOpa CyM-
MApHOU TATH SIBISETCS MEPEMEHHBIM B 3aBUCHUMOCTH OT a’pOJWHAMUYECKUX XapPAKTEPUCTUK IJIEKTPO-
KOHBepTOoIUiaHa. [10CKoJIbKy BUHTOMOTOpHAs IpyImiia OCHAIEHA MPUBOJAMU ISl €€ TOBOPOTa, TO Ta-
KOM MOJXOJ JIETKO PEAIU3YETCA IITATHBIMU CPEACTBAMM.

METOABI U METOJOJIOI'A NCCJIIEJOBAHUA

PaccmarpuBaercsi yCTaHOBUBIIMKCS PEXHUM II0J€Ta 3JIEKTPOKOHBEPTOIUIAHA B CAMOJIETHOMU
KoH(puryparuu. B yctaHoBUBIIEMCs peXUMeE TIOJIeTa CyMMa MOMEHTOB M CHJI, ICUCTBYIOMMX Ha JIA,
paBHa Hyr0. 711 BBIOOpA ONTUMANBHBIX YIJIOB OTKIOHEHHS BEKTOpa CyMMapHOil Tsaru JIA, cooTBet-
CTBYIOIIMX yCTaHOBMBILEMYCS MOJIETY, HEOOXOJUMO BOCIIOJIb30BAaThCSl YPABHEHUSAMH €T0 JIBHKECHHUS.
Cxema cui, neicTByromux Ha JIA B caMoJeTHOM pekuMme, IpuBeeHa Ha puc. 1.

tr

y ‘&
< X
o =
I Jo
x
a ___________,...——
mg

Puc. 1. Cunpl, nefictytomue Ha JIA B caMOIETHOM peXuMe
Fig. 1. Forces acting on the aerial vehicle in airplane mode

Bekropel P, mg, ¥, u X, onpenensdior CyMMapHyo cuiny Tsaru asurarened BMI', cuny Tsoke-

CTH, a3pOAMHAMHUYECKYIO OJbEMHYIO CHITy M CHITy JIOOOBOTO conpoTuBieHus. HampaBieHue BekTopa

—

Tiru P 3aBucuT oT yriuoB yctaHoBku BMI' ¢,. Ha puc. 1 &, ¢,u 6 — 3HaueHus yria aTaku,

1oBopoTa ocell BpauieHus asurareneit BMI' n Hakiona tpaektopuu coorserctBeHHO; OX, OY — ocu
CBA3aHHOM cHCTEMBI KOOpAMHAT. Ha 9TOM ke puCyHKeE Ul YIPOUICHHs TOUKH IPUIIOKECHHS BEKTOPOB
TATH, TOABEMHON CHIIBI U CUJIBI JIOOOBOT'O COITPOTHBIICHUS COBMEILIEHBI C LIEHTPOM TSHKECTH.
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YPaBHeHI/IH YCTaHOBHUBUICTOCA ABUKCHUSA .HA, C YUCTOM AONYHICHUA, YTO YIJIbI OTKIIOHCHUS
ocelt Bpamenuss BMI™ u3aMeHs0TCS CHHXPOHHO M MMEIOT OJIMHAKOBOE 3HAYEHUE ¢, , MOJKHO 3aIIMCaTh

B BUJE

Psin(p,-a)-X, —mgsind =0; (1)
Pcos(p, —a)+Y, —mgcosd=0. 2)

a

Y,
N3 ypaBuenwuii (1), (2), ¢ yueToM BbIpaxXeHHUs Ul a3pOAMHAMUYECKoro kadectsa JIA K = < MOX-

HO BBIPA3UTh CHJIBI TIOTPEOHOH TATH U JIOOOBOTO CONTPOTHBIICHUS:

P =(Kmgsinf@+mgcos@)/(cos(p, —a)+K-sin(p, —a)); 3)
_sin(goP—a)‘mg‘cosﬁ—mg-sine-cos((pl,—a) @)
* cos(p, —a)+K -sin(p, — )
Beipaxenue aiia ckopocTt nojera umeet Bug [10]
2X
V= o (%)
c, pS

rae p — MIOTHOCTb BO3AYXa; ¢, — adPOJMHAMHUUYECKHNA KOA(PPUIUEHT CHIIbI J0O0BOIO CONPOTUBICHUS
JIA; S — mnomane kpeina JIA.
JList 5IEeKTPOKOHBEPTOILIaHa ¢ oTKIoHseMold BMIT cymmapnas noTpeOHas MOIIHOCTE Ny BCeX

JBUTATENIEN I yCTAHOBUBILIETOCS MPSIMOJUHEHMHOIO IOJIETa CKIIAIBIBACTCA U3 MOIIHOCTH N, , pac-

XOAyeMOll Ha IepeMELICHUE 3JIEKTPOKOHBEPTOIJIAHA CO CKOPOCTBIO, OIpPEIENIIEMONM W3 BbIpaxke-
HYA (5), AHAYKTUBHOM MOIIHOCTH N,, pacXoJyeMoH Ha OTOpachlBaHME BO3yXa, U MOLIHOCTH IIpPO-

¢uibHOrO ConporuBieHus N, , 3aTpauMBaEMOi I PACCEKaHUs BO3yXa M JUIS IPCOJOJICHUS TPCHHUSI

nonacteii BMI' o Bo3nyx mpu ux Bpamenuu [11]. Takum obpasom, notpeOHas MOIIHOCTL N, Bcex

JABUT aTeneu AJI1 YCTAaHOBUBIICTOCHA HpSIMOHI/IHGP'IHOFO IoJICTa
Ny =N,+N,+N,. (6)
MormiHocTb, pacxoayemasi Ha iepemenieHue JIA, onpenensiercs BeIpakeHHEM
N, =P xnxVsin(p, —a), @)

rae B — rara ognoro asurarens BMI'; n —aucno nsurarenein BMI'.

WNHayKkTHUBHAS MOILIHOCTD, T. €. MOILIHOCTb, HEMOCPEACTBEHHO HEOOX0AUMas AJIsi CO3AaHUS TATH
n asurarenei BMI', onpenensercs BeIpaKeHUEM

N, =nxP u, ®)

rae u, — AHAYKTHBHAA CKOPOCTb.
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NunykTuBHAsA CKOPOCTH, B COOTBETCTBUU C UMITYJIbCHOM TEOPUEH, ONPEIEIAETCS U3 BhIpaXKe-
Hus [11]

1 B
ui = X ,
\/(V cos(p, — )y +(Vsin(p, —a)+u)> 2P7R’

)

rae R — paguyc kaxzaoro BuHta BMI; 7 R* — oMeraeMasi IUIOIIAAb BHHTA OMHOTO nBUrateis BMI .
B ycranoBuBIIEMCS CAaMOJIETHOM PEXUME MOJIETA paccMaTpuBaeMoro JIA BBITTOITHSAETCS COOTHOLICHUE
(cMm. puc. 2)

Vsin(e, —a)+u, >V cos(p, —a). (10)

Puc. 2. [Totok Bo3ayxa ckBo3b JUCK BUHTa BMI'
Fig. 2. Airflow through the propeller group disk area

C yuerom (10) u3 Beipaxxenus (9) Haxoaum

V si — V si — P
: ~_ Sln(wP a) + ( Sln(goP a) )2 + 1 . (1 1)
2 2 2p7R
[ToncraBnss (11) B (8), momyyaem BeIpakeHUE AJI1 MHAYKTUBHON MOIIHOCTU # fBUraTeneit BMIT
]Vl- :—PXVSIH(wp_a)-l-PX (VSln(¢P_a))2+ 1)1 . (12)
2 2 2p7R

MornocTs npoduibroro conportusnenus N, n npurareneii BMI" umeer sua [11]

V?cos® (@, —a) P
N =m x(1+4.6 P xPx |——, 13
p = X o’ R’ ) 2p7 R’ (13)

e @ — yIIoBas CKOPOCTh BpalueHus jonactu Buara BMIT; m, — kosduument npoduibHoro co-

IIPOTUBJICHMUS.
Berpaxenne wist N, (13) npeacrasum B Buje
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N o
N =—2£° (14)

" 2prRn’

rIe

2 2
N, =m, «(1+4.62 COZ) @ =) P (15)

2R2

JI1s1 HU3KOCKOPOCTHBIX AJIEKTPOKOHBEPTOILIAHOB C MaJbIMU JHaMeTpaMu BUHTOB BMI' momHOCTB
IpOQUIBHOTO COMPOTUBIIEHNUS C1a00 3aBUCUT OT CKOPOCTH HAOEraolero noToka Bo3ayxa, T. €. JOIy-
CTHUMO B TMEPBOM MPUOIMKCHUH IPUHUMATE €€ TocTosiHHOM [3, 11]. [ToaToMy HmKe mpeamonaraeTcs,
aro N,, = const .

[Toncrasnss (7), (12) u (13) B (6), HOTyYUM BBIpaKEHUE 1711 CYMMapHOW MOTPEOHOM MOIIIHO-
cTH Bcex nBurareieit BMIT

V . _ V . _ N .
NZ:PXM+P>< L@, ), P S T (16)
2 2 207R°n [2 PR n
CyMMapHasi MOIIIHOCTh, He00X01MMasi i BpalieHus BUHToB BMI:
Ny
N BMI — > (17)
K

TIC My — kod¢durmeHT nonesHoro aeicTeuss BMI', nanee npeanonaraercs, 4To Ny = CONSE .

W3 ananuza Beipaxenus (16) ciemyer, 4To OTKIOHEHHE BEKTOpAa CYMMAapHOH TATH MPUBOJIUT K
M3MEHEHHIO MOTpeOHoi MotHocT BMI™ u3-3a ero BiausHus Ha noTpeOHYIO TATy (3); MPOEKIUI0 BEKTO-
pa CyMMapHOH TATH Ha BEKTOP CKOPOCTH IOJIETa; CKOPOCTh ToJieTa (5); MOIIHOCTh, HEOOXOAUMYIO IS
coznanus Tsru BMIT (12). D10 00CcTOATENHCTBO U 00yClIaBIMBAaET HEOOXOIUMOCTh PELICHHS 3a/1a41 OIl-
THMU3ALNH C TEJIBIO YITYYIIIEHUS! JHEPTrOIKOHOMHUYECKUX XapPAKTEPUCTUK IEKTPOKOHBEPTOIUIAHA.

3a OECKOHEYHO MaJIbIi TPOMEKYTOK df BpemeHHU JIA mepeMecTHTCsl 0 TOPU3OHTAIN Ha BEIU-
YUHY

dL =V xdt (18)
3a Bpems df OyIeT U3pacxoJ0BaHO HEKOTOPOE KOIMYECTBO SHEPTHU:
dE = Ny, dt . (19)

Ha ocHoBanuu (19) MOJIYYHUM BBIPAXKCHUC JIA TPOAOJIKUTCIIBHOCTH ITOJICTA

T= : (20)

rae E, u E, —»Heprus 6aTapeii COOTBETCTBEHHO B HauaJie M B KOHIIE 110J1eTa Ha KpelcepckoM peskuMe.
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Haumenbiemy pacxojmy SHEpruu B €IMHHIYy BpEMEHH OYJEeT COOTBETCTBOBATH HAMOOJbINAsS
IPOJOJDKUTEIBHOCTH TI0JI€Ta. DTOMY YCIOBHMIO OTBEYAET IOJIET C YIJIOM OTKJIOHEHMsI BEKTOpa CyM-
MAapHOM TATH JJIEKTPOKOHBEPTOILIAHA, KOTOPBIM MOKHO OIPEACIINUTH, HANAS YaCTHYIO IPOU3BOIAHYIO

aN BMI”

U IPUPABHSB €€ K HYJIIO.

a(PP
N3 (18) u (19) nomyunm
dL=— _ag -9 (21)
N, BMI' N BM%
Ha ocHoBanuu (21) mpuxoaum K CIEIYIOIIEMY BBIPOKEHHIO IS OMPEICIICHHs JATbHOCTH T0-
JIeTa:
EK
L= deE
E, Npvir

Haumenbiiemy pacxoly SHEpruu Ha €JUHHIYY HPONAEHHOTO MyTH OyAET COOTBETCTBOBATH
HauOOoJIbIIAs TaTHHOCTH MOJIETa. DTOMY YCIOBHUIO OTBEYAET MOJET C YIIIOM OTKJIOHEHHUS BEKTOpa CyM-
MapHON TATH 3JIEKTPOKOHBEPTOIJIaHA, KOTOPBIH MOXHO OIpPENeINTh, HAWIS YaCTHYIO MPOU3BOAHYIO

N V)
0P,

U TIpUpaBHSB €€ K HYJIIO.

PE3YJIBTATBI HCCJIEJOBAHUA U UX OBCYXJIEHUE

aN BMI”

Haiins yactHyo nmpou3BOAHYIO U TIPUPABHSIB €€ K HYJIIO, MPU BBITOJHEHUHU YCIIOBUS

@p
(10), u mpeneOperast UISMEHEHUEM CHJIBI JIOOOBOT'O COMPOTUBIIEHUS Tipu ToBopoTe BMI', Ha ocHOBaHuuM
(3-5), (14), (16) u (17) momy4nm, 4TO JIJIs1 YBEIHMUYCHHS MPOAOKUTEIHPHOCTH TIOJIETa HA dTare TOpH-

30HTAJILHOTO IIOJIETa B CaMOJIETHOM KOH(i)I/Il"ypaLII/II/I yroix ¢, OTKIOHCHMA BCKTOpA CYMMapHOﬁ TATH

JIOJIKEH ONPENENSITHCS U3 YPABHEHUS

\/sin4 (9, — )+ usin(p, —a) +sin’ (¢, —a) + ux (sin(p, —a) — K cos(p, —a)) =0, (22)
rie

c. S
=2 23
R (23)

Ha puc. 3 npuBeneHo ceMelcTBO rpa)KOB 3aBUCUMOCTEH (¢, — @), NOIy4YEHHBIX HA OCHOBA-

HUH (22) pu pa3IWYHBIX 3HAYCHHUSIX adPOIMHAMHYECKOTo KadecTBa K U .
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A
K=4
65 1
60
5514
50 c,S
0 5 10 15 20 4=—

nr R’

Puc. 3. CemeiicTBo rpadmkoB 3aBucuMocTel yria nosopora BMI™ mist yBenuuenus
MPOJOJDKUTENFHOCTH NOJIETa Ha TAlle TOPU3OHTAIBHOTO TI0JIETa B CAMOJISTHON KOH(QHUTIYpaluH
Fig. 3. A family of the dependency plots of the tilting angle of the propeller group to increase
the flight endurance at the horizontal flight phase in the aircraft configuration

[TockosbKy yros nmoBopoTa BEKTOpa CYMMAapHOMW TATH 3JEKTPOKOHBEPTOIUIAHA Ha CaMOJIETHBIX
pexumax nonera 6130k K 90 rpaj, To ypaBHeHue (22) MOXKHO YIIPOCTHTD U 3HA4YCHUE yria (¢, — o) B

rpajaycax 6e3 00JbII0N MOTPEITHOCTH BEIYUCIIATH 110 OpMYIIe

T+ 1+ u+
_a~90_s573 NIt ara

?, p ©

Hnst g > 1 u3 ypaBHeHus (22) HAX0AUM

iglp, —a)~ K. (24)

OrnpenenuB 9acTHYIO TPOU3BOIHYIO or JUTSL BBIPOKEHHsI CHITBI TTOTpeOHON TaATH (3) U mpu-
a P
paBHSIB €€ K HYJIIO, MMOJIy4UM, YTO BhIpaKEHHE (24) TaKkKe COOTBETCTBYET YTy OTKJIOHEHHS BEKTOpa
CYMMapHO# TSrH, 00€CTICYMBAIOIIECIO0 MUHUMH3AIIMIO TIOTPEOHOH TATH Ha 3Tanax Habopa BBICOTHI, TO-
PU30HTAIILHOTO TIOJIETa ¥ CHIDKEHUS B CAaMOJIETHOU KOH(UTypaluu, 3a UCKIIIOUEHUEM CHIKCHUS C YT-
JIOM HaKJIOHA TPACKTOPUU

1
g0 =——.
& K
B sToMm ciyuae notpeGHas Tsra paBHa HYJIIO.
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TakuMm oOpa3om, 3HaYCHHsI ONTHUMAIBHBIX YIJI0B ToBopoTta BMI mist yBenmMueHUs MPOI0JIKU-
TEJIbHOCTH TIOJIETa 3aBUCIT OT OTHOIIEHUA IUIomaau Kpbuia JIA K cyMMapHOW OoMeTaeMOW TUIOIIAIN
BuHTOB BMI' 1 ero asponumnamudeckux xapakrepuctuk. [Ipu 3HadeHusx g >>1 ONTHUMAaNbHBIE YTIIBI
noBopota BMI' onpenenstorcsi TOJBKO 3HAYEHUEM a’pOJMHAMU4YECKOro kadectBa JIA m coorBer-
CTBYIOT MUHUMAJILHOM MOTPEOHOM TATE B CAMOJICTHOU KOH(UTYPAITHIH.

Jlis onTHMHU3alMY YTIIa TOBOPOTA BEKTOpPA CyMMAapHOM TATH AJIEKTPOKOHBEPTOIIAHA C IIEJIbIO
YBEIMUEHUSl JabHOCTA TIOJIeTa HEOOXOAMMO TPHUPABHATH K HYJIIO YAaCTHYIO MPOU3BOIHYIO

N V)
opp
TuBJIeHHs Tipu moBopote BMI', Ha ocnoBanuu (3-5), (14), (16) u (17) mosy4dum, 9TO IJIs YBEIUUEHUS
JaTbHOCTH TI0JIETa Ha 3Talre TOPU30HTAIBHOTO TOJIETa YTOJl ¢, OTKIOHEHHs BEKTOpa CyMMapHOH TATH

. Ilpu BbmmonHenun ycnosus (10) u npeneOperas U3MEHEHHEM CUIIBI JOOOBOTO COIPO-

BMI' nomxeH onpeaensaTbes U3 ypaBHEHUS

{sin’ (@, — ) +0.5(3sin(p, — a)(sin(p, —a) — K cos(p, —a)) — 1)\/— =

N
=2 (K sin(p, —a)+cos(p, —a))’ 1.

(25)

3

(mg)

[TockonbKy yrosi moBopoTa BEKTOpa CyMMApHOM TATH 3JIEKTPOKOHBEPTOIUIAHA HA CaMOJIETHBIX
pexumax nosera 61130k K 90 rpaj, ypaBHeHue (25) MOXKHO YIPOCTUTh U 3HaYE€HUE yria (¢, —a) B

rpagycax 0e3 OOJBIION MOTPEITHOCTH OTPECIIATh 10 popmyie

30 1

0, —a (WK +32VK )xn,, +37K —4(1+ Lﬂ)) , (26)

7 (K +n,JK) Ju

rac

N

0
n, =—=

N

U3 (26) cnenyer, uro yron nmoBopora BMI' ans yBenuueHus AalbHOCTH MOJIETa 3aBUCHUT OT
a’poarHaMuyeckoro kauectsa JIA u xapakrepuctuk BMI'.

3AK/IIOYEHUE

B paGote npuBOIUTCS METOAMKA pacdeTa ONTHMAIbHBIX YIJIOB OTKJIIOHEHHUSI BEKTOpAa CyMMap-
HOU TsArn BMI' a51eKTpOKOHBEPTOILIaHA ¢ TOYKU 3PEHUS YBEINYCHHS IPOJOLKUTEIBHOCTU U AAJIBHO-
CTH T0JIETa HA OCHOBAHWH YPaBHEHUH YCTAHOBUBIIETOCS €0 JIBMYKCHHUS B CAMOJICTHON KOH(pUTYpanun
C HCIIOJIb30BAaHUEM alPUOPHOM MH(pOpPMAIMM O €ro a’poAMHAMHUYECKUX Xapakrepuctukax u BMI.
[TosrydeHbl MpUOIMKEHHbIE aHATUTUYECKHUE 3aBUCUMOCTH I ONTUMAJIbHBIX YIJIOB OTKJIOHEHHS BEK-
TOopa cyMMapHoU Tsiru BMI' Ha 3Tane ropu3oHTalbHOIO MOJETA, B 3aBUCUMOCTH OT OTHOIIEHHUS IUIO-
maau kpeuia JIA x cymmapHOi oMeTaeMoill MIIOIIa gy BUHTOB BUHTOMOTOPHOW I'PYIIbl U a3poJuHa-
MHUYECKOT0 KaueCTBa IEKTPOKOHBEPTOILIAHA.
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OPTIMIZATION OF THE TRIMMING TILTING ANGLE
OF THE ELECTRIC TILTROTOR PROPELLER GROUP

Vladimir I. Busurin', Pavel V. Mulin'
"Moscow Aviation Institute (National Research University), Moscow, Russia

ABSTRACT

The paper examined the possibility of improving the energy efficient performance of an electric tiltrotor with a lift-propulsion
propeller group for a steady flight mode by reducing the energy consumption of the propeller group per unit of time or per unit of
the path traveled by the electric tiltrotor. This is achieved by selecting the optimal tilting angles of the electric tiltrotor total thrust
vector. In the proposed approach, the trimming tilting angle of the propeller group is variable, depending on the aerodynamic
characteristics of the electric tiltrotor, its propeller group. Since the propeller group is equipped with the drives for tilting them, this
approach is easily implemented by the conventional facilities of the electric tiltrotor. The tilting of the total thrust vector, on the one
hand, leads to an increase in the effective value of the aerodynamic lift coefficient and, on the other hand, it is accompanied by a
decrease in the projection of the total thrust vector on the flight speed vector, a change in the drag and power required to create the
thrust of the propeller group. This circumstance makes it necessary to solve the optimization problem in order to increase the
maximum endurance and long-range capabilities in the cruise mode of the electric tiltrotor flight. The paper presents a method for
calculating the optimal tilting angles of the total thrust vector based on the equations of steady motion of the electric tiltrotor in the
cruise flight mode, the expression for the total power required for the rotation of the propellers of the propeller group. The analytical
dependences for the optimal tilting angles of the total thrust vector are obtained depending on the ratio of the wing area to the total
propeller-disk area of the propeller group and the acrodynamic quality of the electric tiltrotor.

Key words: electric tiltrotor, propeller group, tilting angle, optimization.
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PEAKIIMSI ITPEABAPUTEJIBHO HAFPUY)KEHHOI?‘I OBOJIOYKH
BPAINEHUSA C )KECTKON HOCOBOU YACTBIO AIITIAPATA
HA YJAPHYIO BOJIHY B ’KUJIKOCTHU

W.K. TYPKUH', I.A. POTOB’, B.A. TPAYEB>
IMOCKoecKuﬁaeuaquHHblﬁ uncmumym, 2. Mockea, Poccus
240 «OHIIIT «Texnonozus» um. A.I'. Pomawuna I’ HI] PD, 2. Obnunck, Poccus

B craree uccnenmyercs 3aiada TMAPOYHPYToro B3aMMOJEHCTBUS ciaboil yIapHOH BOJHBI C NPEABAPUTENIBHO HArpy»XEeHHOM
OCEBBIMH YCHIMSAMU OOOJIOYKOM BpAICHHS C JKECTKOW HOCOBOM 4acThro. O0O0JIOUKA 3aKIIFOUCHA B JKECTKHM MapaOOIMIecKuit
9KpaH, TO €CTh BIUSHHE TOPLA W AU(PAKIHs yIAPHON BOJHBI HE YUUTHIBAIOTCS. MIeaibHO CKUMACMOMN CUMUTACTCS KUIKOCTb,
nepeaaBaeMoe MOHOE THAPOIMHAMUYECKOE IABJICHIE KOTOPOH MPU KOMIDIEKCHOM B3aUMOJICHCTBHH C TIOBEPXHOCTHIO 00OJIOUKU
MOXXET OBITh PA3NOKEHO Ha TAJAIONIYI0, OTPAKCHHYI0 W H3TyYCHHYIO BOJHBL 3ajada THAPOYNPYTOro B3aMMOACHCTBHUS
YKa3aHHBIX YJIAPHBIX (PPOHTOB C HATPYKEHHOM MapadOIIIecKoil 000JI0UKOH, NMEIOIIECH HKECTKYI0 HOCOBYIO YacTh, B CBI3aHHOU
MOCTAaHOBKE CBOJWTCS K PEIICHHIO BOJHOBBIX ypPaBHEHHWI HEIMHEWHON CHCTEMBl YpaBHEHHH IBIDKCHHS OOOJOYKH TIPH
COOTBETCTBYIOIIIMX HAYAJIBbHBIX W TPAHUYHBIX YCIOBHAX, B KOTOPBIX Oe3pa3sMepHOE CMEIIEHHWE 3TOH HOCOBOM YacTH IIOf
JICHCTBHEM THUIPOJUHAMITIECKUX CHJI ONPEACNISICTCS WHTETPHUPOBAHIEM €€ YPABHEHHS JIBIDKCHHSA. Y PaBHEHHS, ONMCHIBAIOIIIEC
3aBUCUMOCTH TIEPEMEICHMI HOCOBOM YacTH OT BPEMEHHM B3aMMOJCHCTBHSI C yJAapHOH BOJHOW, YYHTHIBAIOT O0OOOIIEHHBIC
THAPOIMHAMUYECKHE CHIIBI, B TOM YHCJIE BTOPOM KaTeTOPHH, HEMOCPEIACTBEHHO CBA3AaHHBIE C MAacCOil MPHCOSTMHEHHOM
xuakoct. OmnpenieNicHre HapPsHKCHHO-Ie(OPMUPOBAHHOTO COCTOSIHUS TPU B3AMMOJICHCTBHU C YJIAPHON BOJHOM B JKHIIKOCTH
yIpyroro napa0oJionzia BpalleHusi B BUIe 0OOJIOUKH, COZIeprKalllell B HOCOBOM YacTH KECTKYIO BCTABKY, CBOJIUTCS K PELICHHUIO
CHCTEMbI HEJIMHEWHBIX YPaBHEHUH JBHKEHHSI 000JIOUKH C Y4ETOM I'PAaHUYHBIX YCJIOBHH 110 3aKPEIUICHHSM B TOPLE OOOJIOUKH U
YCIIOBHI COTIPSDKEHUSI 00OJIOUKH M BCTABKH. be3pasMepHbIe iepeMeIeHUss HOCOBOH YacTy MO JEHCTBHEM THIPOANHAMHIECKUX
CUJI OIPEAEISIOTCS WHTErPUPOBAHUEM YPABHEHWH JBMXKEHMS NPU HAYaIbHBIX YCJIOBHSX MO CMEIIEHHUSM BCTAaBKH B OCEBBIX
HaIpaBJiIECHUsX.

KnoueBble c10Ba: 00051049Ka, JKECTKas HOCOBAs 4acTh, yAapHas BOJIHA, JKHAKOCTh, HAPSHKEHHO-IE(OPMHUPOBAHHOE COCTOSIHHE,
TIepeMeIeHNs.

BBEJIEHUE

[IpobGnema B3aMMOAECUCTBUS TUIOCKOM yAapHOW BOJIHBI B HICATBHO CKUMAEMOU KHUIAKOCTH C
Harpy»eHHOM ynpyroil 000JI0UKOl BpalleHUs, UMEIOIEH KeCTKYI0 HOCOBYIO 4acTh, HOCUT NPHOPHU-
TETHBIN XapakTep MpHu pa3padoTke d(PPEKTUBHBIX U HAACIKHBIX almapaToB, (YHKIHMOHUPYIOUIUX B
KHUJIKOCTH, YTO HEOJHOKPATHO IMOAYEPKHUBAIIOCH B padboTax [1-7].

Pemenue 3Toif npoOsaemMbl B MPEACTaBIEHHONW MOCTAHOBKE MO3BOJISET ONPEAEIATh HANpPsKEH-
HO-e(pOpMUPOBAHHOE COCTOSIHME YIpPYroro mnapabosnouaa BpamieHus (00OJOYKHM), COAEpIKAIIero B
HOCOBOI1 4acCTH KE€CTKYIO BCTaBKy MpU yKa3aHHOM Harpy>keHuu. [loxyyeHHbIe pe3yabTaThl MO3BOJIIIOT
MPOEKTUPOBATH arperarhl MePCEeKTUBHBIX aNlapaToB, PYHKIIMOHUPYIONIUX B KUIAKOU Cpejie.

ITOCTAHOBKA 3AJTAYU, METO/A PEHIEHUSA

B npennaraemoii pabote paccMaTpuBaeTCsl MOJIENb B3aMMOACHCTBHS TUNIOCKON yIapHOI BOJTHBI
B UICATBHOU CKMMAEMOU JKUIKOCTH C TIPEABAPHUTEIILHO HATPYKCHHOW YNMpyrod o0O0JIOYKOM Bpariie-
Hus. O00JI0UKa UMEET JKECTKYI0O HOCOBYIO YacCTh, KOTOpas 3aKJIOYEHA B KECTKUH MapabosindecKuii
9KpPaH, YTO UCKIIIOYAET BIUSHUE TOPLA HA JU(pakuuio yaapHoi BoaHsl (puc. 1). [IpeacraBinennslie Ha
pucyHke obo3HaueHus: f — GpokanbHbIN mapaMeTp, oy — yroj MeKAy HOPMaJbio K IIOBEPXHOCTH U OCBHIO
CUMMETPHHU B HAYAJIBHOM CE€YECHHH, O, — YTOJI MEXKIY HOPMAJIBIO K IOBEPXHOCTU U OCbK0 CUMMETPUU B
KOHEYHOM ceueHMH, L — oceBast aymHa 0007109KH, S — KpUBOJIMHEHHAs KoopauHata. B nanHoit o0na-
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CTH OCHOBHBEIC pe3yHLTaTBI HOJIy‘ICHBI IJIA 3a1a4 O IBUXKCHUHN B X XUJIKOCTHU TCJI HpOI/I3BOJIbH0ﬁ (I)OpMI:I
MO/ IWCTBUEM aKyCTHYECKOM BOJIHBI IABJICHHS U MPEICTABIIEHBI B paboTax [8—14].

S

{Cln{ |

Puc. 1. [TapaGommdaeckas 060J109Ka ¢ )KECTKOH HOCOBOH 4acThIO
Fig. 1. Parabolic shell with a rigid nose insertion

I[aBJIeHI/Ie Hu 110JIC CKOpOCTCfI AKUAKOCTU IIOAYUHSCTCA JIMHEHHBIM BOJIHOBBEIM YPAaBHCHUAM OT-
HOCHUTEJIHHO BEKTOPHOI'O MOJIS:
o, 1V _
VV==5—,V=grad V. (1)
cs ot
3nech onepatop Jlamaca V 1 onepatop rpaaueHTa BEIpAXKEHBI B HEKOTOPOW BBIOpAHHON KpH-
BOJIMHEHHOM OPTOTOHAJIBHOU CHCTEME KOOPAUHAT (C — CKOPOCTh 3BYKa B *KuAKocTH). [loTeHman cko-
poctei Y 1 naBieHUE Cpelibl CBSI3aHbI CIEAYIOIIEH 3aBUCUMOCTBIO:

oY
P==Py o’ (2)

riae noteHuuan ¥ Takke yJ10BIETBOPSIET BOJHOBOMY YPAaBHEHHIO (Po — INIOTHOCTh JKUKOCTH):

2
1077
VY= S— . 3
c? 6t2 ( )
[IprHrMast BO BHUMaHHE JIMHEWHOCTh BHEIIHEW T'MIPOJMHAMHMYECKON 3a7a4M, ITOJIHOE THIPO-
JUHAMHUYECKOE JaBJICHUE MOXHO IPEICTaBUTh B BUJIE CYMMBI JaBICHUN B NAJAIOLIEN p;, OTPAKECHHOU
P2 Y1 U3IIyYECHHOH p3 BOJIHAX:

p=pi+p2tps 4)

Cocrapnstomiast (p; + ps) / po (po — naBieHue Ha (POHTE BOJHBI) CYMMAapHOI'O JABJICHHUS Ha
000710uKy 3amaercst cooTHomeHueM [ 10]

P00 e ) — gn(e)] [V Sy )
Py 2 2 n-aj n-ap

IZi€ a; U a; — HEKOTOpbIE TIOCTOSIHHBIE, # — MapaMeTp, XapaKTepU3YIOLIUIl criaj 1aBjieHus 3a GpPOHTOM
BOJIHBI. JlaBJICHUE U3IIy4YEHHUs P3 3alIUCHIBACTCA B BUJEC

p;= pOC[W — KW +K? fot We'K(”l)drl], (6)
3nech K — Ge3pa3sMepHasi CpeHsIs KpHBU3HA MIOBEPXHOCTH 0OOJIOUKH.
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JIBrxkeHne 000JI0UKH OTIPeNIeNsIeTCsl U3 PEIICHUS] CUCTEMbl HETMHEWHBIX YPpaBHEHHH

COS a

U=k, [cos a(N;, — 6Q)+ (Nl —N, — 06Q)+cos’ oc(6N1+Q)+

W=k, [cos3a(Q—6N1)+C:iz;(Q+9N) — cos oc(Nl—eQ) — Ny cosa —k%]; (7

COS o

b =k, [—(Ml cos®a) — (M, — M,)+6M, cos (x+—]

sin o

rne ko = % ; ke = = a= /ﬁ — CKOpPOCTb pacCIpOCTPaHEHUs] TPOJOJILHBIX BO3MYLICHUN B
000JI0YKE MPH U3BECTHBIX BeMMYMHAX h — TommuHbl 00010uKH, R — paguyca 0007109KH, ¢ — CKOPOCTH
pacrnpocTpaHeHHs 3BYKOBBIX BOJIH B MaTepuaje 000y0uky, p, E U | — MI0THOCTH, MOAYJIS YIPYTOCTH
nepBoro pona u koddunuenra [lyaccona marepuana 000JI0YKH COOTBETCTBEHHO.

3neck U, W — npoJioNibHBIE U MONIEPEeYHbIe NepeMenieHus, @ — yroi moBopoTa mpsMoIHHEHHO-
0 BOJIOKHA, MEPICHINKYISIPHOTO CPEIUHHOMN MOBEPXHOCTH 000JIOUKH 10 AehOpMAaIHH.

CunoBbie (haKTOpBI OOOJIOUKH CBSI3aHBI ¢ KOMIIOHCHTaMU AcGOpMaIii T€OMETPUICCKIUMHE CO-

OTHOLIECHUSAMU
* * 2
Ny = (g; +uey) —Np; Ny = (ug; + &) —Np; My =—uze; — &;; Q:;[j(l -W)e 2, (8)

%
rae N;, — 6e3pa3MepHble NpeJBapUTeIbHbIE NIPOIOJbHbIE ycunus, M;, — 6e3pasMepHble MOMEHTHI U
QO — 6e3pa3MepHbIe Mepepe3bIBAIOIINE CHIIBL. 3/1eCh COOTHOIIECHUS MEXIy Oe3pa3MEepHBIMHU U pazMep-
HBIMU CUJIOBBIMM (DaKTOpaMH CJIETyIOIIHE:

= SNi= pH M = T (=1,2);Q =, ©)

rae Dy — DWIMHApHAYECKas KECTKOCTb.
CBs13p KOMITOHEHT JiepopMariuii ¢ 0000IIEHHBIMA KOOPIMHATAMH OTIPEAEIIACTCS 3aBUCUMOCTSMU

' 2 2 A}
g = cos’ (U + W) + L. g = LU+ cosaW; &, = cos? a(W +U) + ®;
2 sina s

B cos™ o
&, =® cos’ a; &y = — . (10)
simao

3amaua pemaercs Mpy HYJIEBbIX HAYAIbHBIX YCIOBUSX:
U=W=0=0,U=W=P=0nput=0. (11)
['paHUYHBIC YCTOBUS Ha 3aIIEMJICHHOM TOPIIe 000JI0YKH UMEIOT BU/T
U=W=0=0npu a=a,. (12)

Ha TOpLC J)KECTKOM HOCOBOM YacTH o = Q,, BBIITOJHAIOTCA YCJIOBUA, COOTBETCTBYIOIIUC TICPC-
MCUICHUIO TOPLIA 000JI0YKH B OCEBOM HaIpaBJICHHUU:

U = Asinagy, W =—Acosagy, © =0 npu o = a,,. (13)
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3neck 4 — O6e3pa3MepHOe CMEIEHUE JKeCTKONH HOCOBOW YacTH B OCEBOM HAmpaBlIEHUH, HOPMHUPOBAH-
HOE JieJieHreM Ha (OKaIbHBIN apameTp mapadosisl f. Bennunna 4 onpenensercs: U3 peiieHns ypaBHe-
HUS JTBUKEHUS )K€CTKOW HOCOBOM YacTu Kak TBepAoro tena [15]:

A@ =552k q® - 6l (14)

TJI€ ¢;(7) — pe3yAbTUPYIOIIas Harpy3Ka, O0yCJIOBJIEHHAs COCTaBIIAIONICH AaBieHus p;, M — macca HOCO-
BOI yacTu 06004ku U G — OceBas cujla peakiuu 000J0YKY Ha CMEIIeHHe Topua o = ay. s onpene-
JCHUS ¢;(7) HEOOXOIUMO TPOUHTETPUPOBATH MO MOBEPXHOCTH KECTKOW HOCOBOW YaCTH BEITUYHHBI
AJIEMEHTAPHBIX HArpy30K, MPOCKIIHs KOTOPhIX HA OCh CHMMETPUH 000JIOUKH UMEET BU]T

dq,(t) = p,dScosy,i=1,2, 3. (15)

Takum 06pa3om, IJisi COCTABISAIONINX ¢;(7) OyJIeM UMETh

q,(v) =ffs p;cosads, (16)

T. K. A1 mapabonouna y = o. OOG0OIIEHHYI0 THAPOIMHAMUYECKYIO CHIy IepBoi kareropuu [12],
MIPEACTABIISIIONTYI0 CO00H pe3yIbTUPYIONIYIO JaBlieHuH B magaromieil O; u orpaxxeHHON (), BOIHAX,
HaliJIeM UHTETPUPOBAHUEM COOTHOIIEHHUS (5) U IPECTaBUM B CIIeAYIOIIel Oe3pa3mMepHoit popme:

1
npu t < Etg2a0

2_ et AT
Q, +Q, =K KsP, [&(1—em)+g(1 Lo 2)] (17)

2 —dn +2 ag-n a-n
1.2
I/IHpI/I‘C>Etg 0

2

N2 -2 - —ayt -t
tg= o )( n n 71]1:) ne n e €
Q, +Q,=K,K petoo _ ) (=2 + + -
1 2 1KsPo [(e I 112—4n+2e 2 a;-m 2 a-n n2-dn+2) (18)

T

r7ie BBEJIEHBI Oe3pa3MepHbIe apaMeTphl

2 3
_a’ _ &mpf
Ki=5:iKs = -

Pesynprupyronias g; IaBlICeHHs] W3JIy4EHUS, BO3HUKAKOUIETO MPHU MOCTYNATEIbHOM JIBHKCHUHU
napaboyionia BpalleHus, WIH TUAPOAMHAMUYECKAsT CHUJIa BTOPOM KAaTErOpuH, OMPEACISETCs ¢ MOMO-
b0 3aBUCHUMOCTEH, MOJYYEHHBIX B paboTe [9] Ha OCHOBAaHWHW JTMHEHHOM ammpOKCUMAIIUN TEePEXO/I-
HoU ¢yHkuuu F(z) [12]:

Ipu T < T

4, (9)=-0pcA(®) + L A, (19)

*
nputT=>71
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. 2f 2f *
a4, (D) =—q,cA@ + A®D —EA(r-7), (20)

% 2mc

_ 2 _
o =Pyc J; cos*adS, t ~ar

31ech qp — Harpy3Ka, BOSHHKAIOIIAss HAa TTIOBEPXHOCTH TeJla TIPH JECHCTBUM JABJICHUSI OTPAKECH-
HO BOJHBI B COOTBETCTBUH C TUIIOTE30H MIOCKOTO U3IyYEeHHUS, T — BpeMmsl, Ociie KOTOPOTO KUAKOCTh
MOXHO CUHTATh HEC)KUMAEMOW B OMpPENENICHWH HArpy3KH Ha HOCOBYIO YacTh, M — MPUCOCAMHEHHAs
Macca JKUJIKOCTH.

Benmnuraa niprcoeIMHEHHOW MacChl KUJAKOCTA B TIEPBOM MPUOIMKCHUH OMPEACIAETCS COOT-
HomieHueMm [12]

2 2 _Co 1 3, 4 ( <o ) 4Py _co
m= =mp. X y:—— = -zp, L tg’og(—) = -~ 21
3 pO OYOz_CO 3 po g 0 2—C0 3p 2_C07 ( )

VIP = T m(1PVI1 - 1) 2
20 -1WE-1 T ted

3HavyeHue ¢y HalJIeM ¢ Y4eTOM YpaBHEHUS Ui 0Opa3yromeil 000J0YKY B MPSMOJIMHEHHON CH-
CTeME KOOPAUHAT

TJIe Cop=

y? = 2fx. (22)

9TO 3HaYCHUE UMEET BUO

L2 nonct
q, = 27p,c foztg Oy ’ 1 - (y)?cosadx = 25;;50 (w/ 1 +tgtag — l) : (23)

Torma Bpems 7* OyeT paBHO

* _ tedag . ( o )
t 3 1+tghag—1) \2-¢o/° (24)

[TpuHMMas BO BHUMaHHE, UTO MPH T = T" KHUJKOCTh CYUTACTCS HECKIMAEMOW U €€ PeaKiys Ha
JBUKEHHE HOCOBOM YacTH MPONOPIMOHATIbHA YCKOPEHHIO, HAarPY3KY ¢3(7) MOXKHO 3alucaTh B BUE

. 2 *
q;(t) =—q,cA(z) + ;lian(r) nput<Tt, (25)
q,(1) =—mA(") mput>1". (26)

[TogcraBuM B 3TH COOTHOIICHUS BhIpaskeHus (21) mis m u (23) m1st gy v ipuBeaeM ¢3(t) k 6e3-
pasMepHOMY BUIy yMHOKEHHEM Ha Koodduiuent f/Mc’:

Q,(1) =Kq [—A(r) + K7A(t)] nmput<t, (27)
Q,(v) = —%A(’L’) npuT> T, (28)

I7ie BBEJIEHBI Oe3pa3MepHbIe MapaMeTphl
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_mpyf ( 2 ) _32—00w/1+tg4ao—1
= + - =2
Ko = e W1 Htghag —1)5 Ky = 2==5—— (29)
Oceas peakiust 000109k G MOKET OBITh MPEACTABIICHA B BUIC
Mc?
G =—K,K;5G,, (30)
rae
ZTEphf2 tgog .
K;=———;Gy=(N; —0Q)sino, — (Q + 6N;)cosa. (31)

M

B uTore ypaBHEHHUs JBIKCHHUS KECTKOW HOCOBOM YaCTH B OCEBOM HAIPABJICHHH MOYKHO 3aITd-
caTh B O6e3pa3mepHoil popme

A(®)=Q,+Q,+Q,+K|K;Gmput<t’, (32)
(1+D)A@ = Q, + Q, + K K3Gg mpu 1> 7, (33)

rae Q; + O, u Q; onpenenstorcs Beipaxkenusmu (17), (18) u (27), (28).
HauanbHeie ycnoBus

A=0,A=0mput=0 (34)

COOTBETCTBYIOT COCTOSIHHIO MTOKOSI HOCOBOM YacTH B MOMEHT ITaJICHUS yIAPHOU BOJIHBI.

Taxum o0Opa3oM, 3aj1aua HaNpsHKEHHO-Ae()OPMUPOBAHHOIO COCTOSTHUS YNIPYroro napadosionia
BpAIICHUs B BHJE OOOJIOYKH, COJEpIKAIIEH B HOCOBOI YacCTH KECTKYIO BCTaBKY M B3aMMOICHCTBYIO-
IIyI0 C YAApHOM BOJHOM B JKUAKOCTH, CBOJUTCS K PEILICHHIO HEJIMHEHHON CHCTEMbl YpaBHEHUH JBU-
xKeHHus 0007104KH (7) mpu HavaiabHBIX yciaoBusxX (11) u rpanmunsix ycnoBusx (12) u (13), B KOTOPBIX
0e3pa3MepHOE CMEIIEHUE JKECTKOW HOCOBOM 4YacTH MOA JeicTBHEM TuapoauHamuyeckux cui (17),
(18) u (27), (28) onpenensercs UHTErpUpPOBaHUEM ypaBHEHUH JBuxkeHHs (32), (33) npu HavdaabHBIX
ycnoBusix (34).

PE3YJbTATBI PACYETOB CHJIOBBIX ®AKTOPOB,
JEUCTBYIOIIUX B OBOJIOYKE

B pe3ynbrare 4nciIeHHOrO MHTETPUPOBAHUS YKa3aHHBIX YPaBHEHUN ABM)KEHUS MeToJIoM PyH-
re — Kyrra — MepcoHa 1o BpeMeH! B KOMOMHAIIMK ¢ METOJIOM IPSIMBIX 110 KOOPJIUHATE ONpeaeseTcs
CyMMapHOe JaBlIeHHE Ha 00O0JIOUKYy, €€ HaIpsKEHHO-Ie(OPMUPOBAHHOE COCTOSIHHE M KHHEMAaTHde-
CKHE MapaMeTpbl JBM)KEHUS KECTKOM HOCOBOM yacTu. O00sI0YKa U3 aTOMUHMS UMEET CIeayloline
reoMeTpuyeckue napamerpsl: f = 164 mm, h = 2,5 mm, o9 = 54,5°, a,, = 74,3°. Ha o0Oonouxy nangaer
IUIOCKAas yJapHas BOJHA, aBleHHe Ha GPOHTE KOTOPOU cocTaBiseT pyg = 4 Mlla v n = 0,4. [lpunuma-
eTcsl, YTO NpeaABapHuTeNbHOE 0ceBoe ycunue orcyTcTByer Ny, = 0. CooTseTcTByroImMe Oe3pa3sMepHble
napaMmeTpsl 3aJ1a4uu TakoBel: Kg=h/f= 1,521 02 K;=13,9uPy=4,72-10".

PesynbTaTsl pacyera cyMMapHOro AaBjieHUs Py Moka3aHbl Ha puc. 2. 31ech MpeacTaBlIeHbl 3a-
BUCHMOCTH Py 0T BpeMeHH (puC. 2, a) B pa3jIMuHbIX cedeHHAX obonouku. Kpusas 1 coorsercTByeT
cedeHuro o = 56,48°, kpuBas 2 — ceyenuro o = 66,38° u kpuBas 3 — ceuenuto o = 72,32°. Ha puc. 2, 6
IPHUBEJICHBI JMIOPHI JaBieHusd Py BI0db 00pasyrolei uis 3HaueHuil BpeMeHu T = 2,6; 6,0; 7,2 (kpu-
BbI€ 1, 2, 3 cCOOTBETCTBEHHO). BepTukanbHOI uepToif 0TMEYEHO MOJI0KEHUE MePeIHEr0 (PPOHTA BOJTHBI
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Ha o0oiouke. 3 MpuBECHHBIX PE3YIBTATOB CIIEAYET, YTO MAKCUMAIIBHBIE TaBIICHUSI UMEIOTCS BOJIM3H
MecTa KpeIuleHHs 000JI0UKH K YKECTKOM HOCOBOI 4acTH, Iie MolepeyHble IpOorulbl Mallbl U JaBJICHHUE
U3IIy4eHUS] HEBEUKO.

P; ‘10, ITa

8 «

T,C

o
o O =i

-2

Puc. 2a. CymmapHOe JaBlieHHE Ha BHEIIHEH MOBEPXHOCTH 000IOYKH B HECKOJIBKHX CEYCHHSX,
3aBHCUMOCTb OT BPEMEHH
Fig. 2a. Summing pressure on the outer shell surface in multiple sections, dependence on time

P, -10%, TTa

-2

Puc. 26. CymmapHoe aBjieHre Ha BHEIIHEW MOBEPXHOCTU 000J10UKH 1s T = 2,6; 6,0; 7,2 c,
pacripeziesieHue BAoJIb 00pasyroleit
Fig. 2b. Summing pressure on the outer shell surface for T = 2.6; 6.0; 7.2 sec,
distribution along the generatrix

Cmemenns A, ckopoctd A i yckopenust A xecTkoli HOCOBO UacTH JaHbI Ha puC. 3. 31ech
MIPUBOAATCS KMHEMATHYECKUE XAPAKTCPUCTUKU JBUKEHUS KECTKOW HOCOBOW YacTH, MOJYyYCHHBIE C
Y4eTOM JaBJIECHMs M3yudeHus p; (kpusble 1, 2, 3) u B ciydae korna p3 = () (COOTBETCTBEHHO KpH-
Bbie 4, 5, 6). Ciaexyer OTMETUTh, YTO Ha HAa4YaJIbHOM JTare B3aMMOJCHUCTBHS, KOT/Aa yJapHas BOJHA
HAXOJIUTCA HA JKECTKOM BCTaBKe, T. €. pu T < 0,98, yueT gaBieHus p; He OKa3bIBA€T 3aMETHOTO BIIUSI-
HUS Ha TapaMeTphl ee IBIKeHus. JlJig ocTanbHBIX 3HAYCHU BPEMEHH KPHUBBIE, OMPE/ICIICHHBIE C yUe-
TOM p3, UMEIOT CTJIQXKCHHBIN XapaKTep.
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Puc. 3. Cmemenus A, ckopocTs A 1 yckopeHHe A KecTKOM HOCOBOW YacTH,

3aBUCUMOCTb OT BpEMCHHU

Fig. 3. Offsets A, velocity A and acceleration A of the rigid nose insertion, dependence on time

Pacnipenenenue nonepeunbix mporuOoB W Boosib 00pa3yromieii moka3aHbl Ha puc. 4 11 3Have-
HU Bpemenu 7 = 2,2 u 6,0 (cooTBeTcTBeHHO KpuBbIe 1, 3 u 2, 4). [IpaBas mikana OTHOCHTCS K pacyeT-
HOMY CJIy4al0, YUUTHIBAIOIIEMY JAaBIIEHUE p3, a JieBast — ciydato p3 = (. CpaBHEHUE MOITYYEHHBIX pe-

3YJIbTAaTOB IMOKAa3bIBACT, YTO MAKCHMAJIbHBIC 3HAYCHUA HpOFI/I6OB, HaﬁHeHHBIe

0e3 ydera TaBICHUS

H3JIY4YCHUs, JTOKAJIIN30BaHbI BOJIH3HU NEPECAHETO (prHTa BOJIHBI 1 Ha MOPAOOK BBIIIC MAaKCHMAJbHBIX

POTUOOB, PACCUUTAHHBIX C YUETOM p3.

//

W -10% (2.2¢), MM W-103 (6.0¢), mm-

-6

-6

Puc. 4. PacnipeneneHue nomnepevyHbIx poruOoB B0k 00pasytolieii 0007104Ku

Fig. 4. The transverse deflection distribution along the generatrix

Ha puc. 5 npuBenens! amtopsl yeunuit N;, N, (puc. 5, a) u u3rudaronmx MOMeHToB M; u M,
(puc. 5, 6) Bmonb oOpasytoieit 000109Ku B MOMEHT BpeMeHu 7 = 4,4. [IpencraBneHnsie rpaduku mo-
Ka3bIBAIOT, YTO MPOJOJBHBIE YCHUIUS U HM3rHOAIONIME MOMEHTHI, OMpECNIEHHbIE C ydeToM (KpH-
Bble 3, 4) u Oe3 ydera (kpuBble 1, 2) naBieHUs U3ITYUYCHHUS, UMEIOT CYLIECTBEHHO pa3IHyaroInecs 3a-

KOHOMEPHOCTH WX M3MEHEHHUS BOJb 00pa3yromieil 000ouku. YUeT JaBiIcHUs
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UT K CTIQKWBAHUIO BEITUYHMH TMPOJOJIBHBIX YCHUJIMH MU MOMEHTOB BAOJHL oOpasyromieil. OTcyTcTBHE
ydeTa p; yBeIMYMBACT 3HaueHUs BenuuuH N;, N, u M; M, Kpome Toro, m3rudaronimue MOMEHTHI,
onpeneﬂeHHHe HpI/I p3 = 0, 60)166 YeM Ha HOp}II[OK HpeBBII_HaIOT 1/13r1/16a}omne MOMCHTHI, paCC‘II/ITaH-
HBIE C YYETOM p3. AHAJIOTHYHBIC BBIBOJBI MOKHO CJI€JIaTh OTHOCUTEILHO MEMOPAHHBIX HAMPSKECHUN
C1,2, U3TUOHBIX HAMIPSDKCHUN Oypsp 12 U HAIIpSDKEHUH CIBUTA G4, IPEACTABIECHHBIX Ha pUC. 6 1 7.

Nl_.2 '].03, H

(S-Sp)/L

3 4

Puc. 5a. Dnropbl 0CEBBIX YCHIINH BJIOJIb 00pa3yroleii 000I04YKH B MOMEHT BpeMeHH T = 4,4 ¢
Fig. 5a. Epure of axial forces along the shell generatrix at the time 7 = 4.4 sec

M, (pi=o)> Hwm 9 M,, ., Hm

}

1
|
i

0,5 - 10

(S-S)/L

0,5 4 -10

X
K —— —

\

q ! ! X -20

Puc. 56. Dnropbl U3rudarONIMX MOMEHTOB BI0OJIb 00pa3yroleit 000J10YKH B MOMEHT BpeMeHH 7 = 4,4 ¢
Fig. 5b. Epure of bending moments along the shell generatrix at the time 7 = 4.4 sec
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O 2p3=0) "10%, ' ' 0, 104, MIla
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15 | 1 LT, C
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Puc. 6a. Dnropsl MeMOpaHHBIX HANPSDKEHUH BI0JIb 00pasyromei 000I0uKH
B MOMEHT BpeMeHu T = 4,4 ¢
Fig. 6a. Epure of membrane stresses along the shell generatrix
at the time 7 = 4.4 sec
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Puc. 66. Dnropsl HaNPsHKEHUI CIBUra B0 00pa3yolieil 0001049KH
B MOMEHT BpeMeHu 7 = 4,4 ¢
Fig. 6b. Epure of shear stresses along the shell generatrix
at the time 7 = 4.4 sec
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Gyar 1.2 (p3=0) IO: Gusri,2 » Mna
MlIla 3

2 <

0,5

-3 -1,5

Puc. 7. Dntopbl M3rHOHBIX HANPSHKEHUH BIIOJIb 00pasyromield 000JI04KH B MOMEHT BpemeHH T = 4,4 ¢
Fig. 7. Epure of bending stresses along the shell generatrix at the time 7 = 4.4 sec

3AK/IFOYEHUE

B crarse npuBeneHo peleHue 3a1aui THAPOYIpPYroro B3auMoecTBus ciaaboil yaapHOH BOJI-
HBbI C Mpe/IBapUTEIbHO Harpy>KeHHON 000JI04KOM BpalleHus napabosnyeckoil popmMbl ¢ )KEeCTKOM Ho-
COBOM 4acCThIO.

B pesynbrare onpeneneHo CyMMapHOE JaBJIeHHE Ha 000JIOUKY MOJ ACHCTBUEM yIapHOW BOJIHBL, €€
HaIPSHKEHHO-Ie(DOPMUPOBAHHOE COCTOSIHUE M KMHEMATHYECKHE MapaMeTphl JABMKEHUSI KECTKOM HOCOBOM
yactu. [1okazaHo, YTO MaKCHMAaJIbHBIE JABIICHUS ACHCTBYIOT BOJIM3HM MECTa KPEIUICHHST 000JI0OUKH K JKECTKOM
HOCOBOM 4acTH. MakcUMaibHbIe 3HAYEHHS MTOTIEPEYHBIX IPOrHOOB 000JI0UKH, HaliIeHHbIe Oe3 yJueTa JaBiie-
HUSL W3JTy4YCHHs, JIOKAIM30BaHbl BOJIM3U TIEpeaHETO (DPOHTA BOJHBI M HA TMOPSIOK BBIINIE MAKCHMAJbHBIX
HpOrudoOB, PACCUMTaHHBIX C YUYETOM AaBJICHUs M3TydeHus. [IponobHble ycuius U n3rubaroye MOMEHTHI,
OIIpeJIeJICHHbIE C YYeTOM U 0e3 yueTa JaBJICHUs U3ITy4eHUs], UMEIOT CYILECTBEHHbIE Pa3Inyusl 3aKOHOMEp-
HOCTH MX M3MEHEHHMs BJIOJIb 0Opasytomieil obonouku. Hampumep, u3rubarome MOMEHTBI, ONpEeAe/ICHHbIE
npH p3 = (), 6osee yeM Ha MOPSAIOK MPEBIIAIOT U3MMOAIOIIE MOMEHTBI, PACCUMTaHHbIE C YYETOM p3. AHa-
JIOTMYHO BeIyT ceOsl MeMOpaHHbIE HANPsHKEHUS, HAPSDKEHHS CAABUTA U U3THOHBIE HAIIPSHKEHNUS.

VY4eT NOoIy4YeHHBIX B CTaThEe BBIBOJOB IIO3BOJIUT B IPOLECCE NNPOCKTUPOBAHUS IIEPCIIEKTUBHBIX
anmnaparoB, QyHKIMOHUPYIOUIMX B KUAKOCTH, IPUHUMATh OCMBICIICHHbIE PEILICHHS.
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REACTION OF THE PRELOADED ROTATION SHELL WITH THE RIGID
NOSE PART OF THE APPARATUS TO A SHOCK WAVE IN THE LIQUID

Igor K. Turkin', Dmitry A. Rogov?, Victor A. Grachev’
" Moscow Aviation Institute (MAI), Moscow, Russia
2 ORPE "Technologiva" named after A.G. Romashin, Obninsk, Russia

ABSTRACT

The article investigates the problem of hydro-elastic interaction of a weak shock wave with a rigid nosed rotation shell preloaded
with axial forces. The shell is enclosed in a rigid parabolic screen, i.e. the impact of the end face and the shock wave diffraction are
not considered. Liquid is regarded to be perfectly compressible. Its applied summing hydrodynamic pressure during complex
interaction with the shell surface can be classified into the incident, reflected and radiated waves. The problem of hydro-elastic
interaction of these shock fronts with a preloaded parabolic rigid nosed shell in a related setting is reduced to the solution of the
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wave equations of nonlinear system of equations for shell motion under particular initial and boundary conditions, in which the
dimensionless displacement of this nose section under the impact of hydrodynamic forces is determined by integrating its motion
equation. The equations, describing the dependences of nose section displacements on shock wave interaction time, take into
account generalized hydrodynamic forces, including the second category directly related to the mass of the attached fluid.
Determination of stress-strain state in case of interaction with the shock wave in the liquid of elastic rotation paraboloid in the form
of the shell containing a rigid insertion in the nose section is reduced to the solution of a nonlinear equations system of shell motion
considering the boundary conditions along fastenings at the end face of the shell and interface conditions of the shell and insertion.
Dimensionless displacements of the nose section caused by hydrodynamic forces are defined by integrating the equations of motion
under the initial conditions along insertion offsets in the axial directions.

Key words: shell, rigid nose, shock wave, liquid, stress-strain state, displacements.
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