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CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 681.5.015 DOI: 10.17587/mau.21.323-336

H. H. KapabyToB, a-p TexH. Hayk, npod., kn22@yandex.ru,
MWNP3A (Poccuiicknin TeEXHONOrM4eckmin yumepcmuTeT), I. Mocksa,
MockoBckasi rocygapcTBeHHas akgemMus BOAHOro TpaHcnopTa

S-CUHXPOHU3aLMUA, CTPYKTYPHaA uAeHTU(hULUNPYEMOCTb
U naeHTUUKaLumMa HelIMHEeNHbIX QUHAMUYECKUX CUCTEM

IIpedaoxcern no0xo00 Kk anaiuzy cmpyKkmypHou udeHmuduyupyemocmu HeAuHeuHbIX OUHAMUYECKUX CUCMeEM 8 YCA0BUAX He-
onpedeaennocmu. Ilokaszano, umo cmpykmypHas udeHmMu@uyupyemocms HeAUHEUHOU CUCMeMbl 803MOICHA MOALKO 8 CAYHAe
6bINONHEHUS Yca08us S-cunxponusayuu. Paccmompenvt ycaoeus, npu Komopwix MOJCHO NOAYHUMb MOOeAb OAs @bl0eNeHUs
Heaunelnou wacmu cucmemvt. Ilpedroxcen cnocob noayueHus MHoxdcecmeda, cooepicauieco UHGOPpMayuio 0 HeAUHelHol Yacmu
cucmembl. Beeden kaacc eeomempuneckux cmpyKkmyp, KOmopvle Ompaj;caom coCmosHue HeauHeihol yacmu cucmemol. Ieo-
mMempuveckue CmpyKmypol onpedeieHsvi Ha YKA3aHHoM mHoxcecmee. TIpueedenvt ycaosus cmpyKmypHoU Hepa3AudumMoCcmu 2eo-
MempuvecKux cmpyKkmyp Ha MHOJcecmee S-CuHXpoHU3upyowux 6xodos. Paccmompenor ycaogus nokanvnoti udenmugpuyupye-
mocmu Heaunetino wacmu. Ilokazano, umo ne S-CUHXPOHUBUPYIOWUL 6X00 0dem He3HAYUMYIO 2e0MeMPUYECKYH) CMPYKMYpY,
Yymo eedem K cmMpPYKmMypHOU Heudenmuuuupyemocmu HeauHeinou yacmu cucmemsl. Onucan cnoco6 oyeHKu cmpyKmypHoU
udenmuguyupyemocmu neaunetinoi yacmu. Ilpusedenvr ycaosus napamempuyeckoi udeHmupuyupyemocmu AUHeUHoU ua-
cmu cucmemst. [lokazano, umo cmpykmypHas udeHmu@uyupyemocms 18431emcs 0CHO80U 045 CMPYKMYPHOU UOeHMUPDUKayUU
cucmemvi. Ilpednroxcen memood uepapxu4ecko2o nO2pylceHus 04 OUEHKU CMPYKMYPHLIX NAPAMEmMpPOo8 HeAUHeUHOU CUCMeMbl.
Tlokaszan npumep eco npumeneHus.

Karoueevie caosa: cmpykmypa, HeauHelinas OUHAMuU4Yeckas cucmema, CMpyKmypHas uoeHmuguuyupyemocms, S-cuHxpo-

HU3upyemocms, uepapxuieckKoe nozpyjcenue, cmpyKkmypHas uoenmugurkayus, eucmepesuc byka—Bena

BBenenue

IIpobnemMa wugeHTUGUKALIUU JTUHAMUUYECKUX
CHUCTEM, HECMOTPSI Ha MHOXECTBO IIOJYUYEHHBIX
pe3yJIbTaToOB, MPOAOJXKACT OCTABaThCsS OOHON U3
aKTyaJlbHBIX oOJlacTell ucciaemoBaHus. [lomydyeHbl
OCHOBOIIOJIAralolue pe3yabTaThl 110 IapaMeTpu-
yeckoi naeHTuGUKauu cucteMm. Hapsany ¢ atum
BBIIIOJIHSIINCh UCCIIENOBAHUS IO OLEHKE WICH-
TUPUUUPYEMOCTH OIUHAMUYeCKUx cucteMm. Ilon-
X0 K OILICHKEe WIACHTU(MULUPYEMOCTH OCHOBaH
Ha uzaesax P. Kanmana [1]. JanbHeitiee pa3BuTue
3TUX ujei gaHo B pabotax [2, 3]. P. JIu [2] maet
orpeneacHe UACHTUPUIIMPYEMOCTH.

PaccmaTpuBaeTcs cucrema

Xn+1 = AXnﬂ

. 1)
y,=C'X,,

e X, € R" — cocrosnue cucrembl; A € R™™,

¥, € R — BoIxox cuctemsl; n = J, = [0, N] — nuc-
KpPEeTHOE BpeMsI.

CraBuTcs 3ajaya: OINpPENeJUTh YCJIOBUS, TpHU
KaKMX MOXHO HMIASHTU(PUIMPOBATH CUCTEMY Ha
OCHOBE MHOXECTBa

1,={y,,n=0,N,N < o}. 2

YcnoBue n-uaeHTUOUUUPYEMOCTH CBOIUTCS K
TOMY, uTO6BI MaTpuna [X,|AX, A>X,l... A" X,]
Oblla HEBBIpOXACHHON. IlpuBedeHBI yCIOBUS
l-ugpenTudunmpyemoctu. B pabore [2] paccmo-
TpeH ciiydyail UIeHTUDUIIUPYEMOCTH, KOTAA HOPS-
JIOK TMHAMWYECKOIl CUCTeMBl MEHBIIIE 7.

M3 BbIlleCcKa3aHHOTO CJIEAYET, 4TO OlEHKA
UACHTUDUIMPYEeMOCTU CUCTEMBI (1) BBIIIOJIHSIETCS
B ITapaMeTpUUYECKOM IIpocTpaHcTBe. HazoBeMm ee
IP-unentTudpunupyemoctsio (1PI). MccnenoBanuio
IPI mocBsiieHo MHOXECTBO MyOonuKauuii. B Hux
B OTJIMYME OT IOAXOHA, M3JIOKEHHOro B pabore
[2], pe3ynbraThl MAEHTUPULIUPYEMOCTH MBITAIOTCS
MPEICTaBUTh B BUAC, IPUHATOM B 3ajadax Iapa-
MeTpHYecKoro oueHmnBaHus. B pabote [4] BBene-
HO MOHSATUE CTPYKTYPHOU UACHTUPUIUPYEMOCTH.
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[TokazaHo, 4TO JoKaJibHASA UACHTUPUIIMPYEMOCTD
SIBJISIETCSI HEOOXOAWMBIM YCJIOBUEM TIJ100aTbHOMI
uaeHtuuuupyemoctu. [lapameTp, KOTOpBIN SB-
JISIeTCSI CTPYKTYPHO JIOKaJdbHO WAEHTU(DULIUPY-
€MbIM, HO HE SBJISIETCS CTPYKTYPHO TJI00aJIbHO
UACHTU(DULIMPYEMbIM, Ha3bIBAETCS CHMPYKMYPHO
enobaavno  Heudenmudpuyupyemouim. IlapameTp,
KOTOpBIi HE SIBASETCS CTPYKTYPHO JIOKaJabHO
UACHTU(DULIUPYEMbIM, Ha3bIBAETCS CMPYKMYPHO
A0KAAbHO HeudeHmuduyupyemuim. JIasi MpoBepKuU
CTPYKTYPHON UIAEHTUDUIIUPYEMOCTU MOTYT IPU-
MEHSThCI pa3jIM4YHbIe MOAXOILI U METOAHI [3, 6].
B pa6ote [7] BBemIeHO MOHATHUE JOKAJIBHOU Tapa-
METPUYECKON WMACHTUPUIMPYEMOCTH U JaHO €ro
TeopeTnueckoe obocHoBaHue. PaccmarpuBaeTcs
cucTeMa, OInuchbiBaeMasi cucteMon auddepeHn-
aJIbHBIX YPaBHEHU
X=FtX,P), X(t) =X, 3

rae X, € R" — cocrosinue cucrembl; P e R™ —
BEKTOpP MmapaMeTpoB; F(*) — HeIMHeWHas1 BEKTOp-
byHK1IMS.

3ameuanue 1. B OosbminHCTBE paboT, MOCBS-
IIEHHBIX paccMaTpuBaeMoi mpoodiemMe U IOCTYII-
HBIX aBTOpY, pe€4Yb HE HJeT 00 OLIEHKE CTPYKTYpPhI
CHUCTEMBI B OOIIEMPUHITOM B TEOPUU UICHTUDU-
kauuu cmbiciie. [loaToMy MOHSITUE CTPYKTYPHOM
UACHTU(GULIMPYEMOCTH HE OTpaXkaeT CyTh paccMa-
TpuBaeMoli mpobyiembl. Ho Tak Kak 3Ta TEpMUHO-
JIOTUST aKTUBHO MPUMEHSIETCS B 3aJadax OLEHKU
UICHTUPULIUPYEMOCTH, TO B 3TOM pasiese Oyaem
MPUIAEPXKUBATHCS 3TOM TEPMUHOJOTUU, YTOOBI
MPOIOJXUTH aHAJN3 MOJYYEHHBIX PE3YyJIbTaTOB.

Jpyrue moaxoabl K OLEHKE CTPYKTYPHON MJIEH-
TUGUIUPYEMOCTH PacCMOTPeHbI B paboTax [8—10].

MHoro pa6ot nocsiieHbl [P-upeHTUULIM-
PYEMOCTM HEJIMHENHBIX CUCTeM (CM. HaIlpuMmep,
[9—12]). B pabote [10] mms mccnemoBaHUS WIIEH-
TUHULUPYEMOCTH TTPUMEHSIETCS MOAXO0/, OCHOBaH-
HBI Ha aHAJM3€ YYyBCTBUTEJIBHOCTU CUCTEMBI 1O
Beixony. IlokazaHa 3(HeKTUBHOCTE JAHHOTO MOMI-
X0la TMPU MCCAENOBAHUU HACHTU(DULUPYEMOCTHU
KOMOMHAIIMKU TapaMeTpoB cucteMbl. B padote [9]
MOJIy4YeHBbI JIOKAJbHbIE YCIOBUS MapaMeTpHYeCcKOm
WACHTU(DULIUMPYEMOCTH TPU Pa3iMYHBIX BapuaH-
TaX U3MEPEHUs OKCIEPUMEHTAJNbHBIX JaHHBIX.
Kputnueckuii aHaau3 MOAXOAOB, IMPUMEHSIEMBbIX
IJ1S1 OLEHKW MACHTU(ULIMPYEMOCTH OHMOJIOrrMye-
CKMX Mopmesieid, naH B craTbe [11]. PaccMoTpeHBI
MOZEJIM OLIEHKU MACHTU(UILIMPYEMOCTU HEJIUHEN-
HBIX CMCTEM Ha OCHOBE pasjioxeHusi B psan Teit-
Jjopa, Tabaul WAECHTU(MUIMPYEMOCTA W aJIreOphl

nuddepeHianos. Bornpocam uccienoBaHus mpak-
TUYECKON MASHTU(DULIMPYEMOCTH TIOCBsIIIIeHa pabo-
ta [12]. JlaHo mpuMeHeHre MpeajiaraeMoro noaxoaa
K 3ajadyaM OUoJIoTMU. DTU Xe BOMPOCHI paccMmar-
puBaloTcsa B craThax [13, 14].

B pa6ote [15] paccMoTpeHbl BOIIPOCHI UIEHTU-
GULPYEMOCTH MO, ONMCEIBAEMONM CHUCTEMOI
OIHOBPEMEHHbBIX YPABHEHU M

BY, +TX,=U,, ()]
rie B e R™™ HEBBIPOXIEHHAsT MAaTpUIIA;
X, € R¥ — sK30reHHBbI BEKTOp (BHEIIHUX) Iepe-
MeHHBIX; I € R™* U e R™ — BexkTop BHell-
HUX CIy4YallHbIX Bo3MylueHui; ¥, € R™ — BekTop
SHIOTCHHBIX MEPEMEHHBIX. MI3BeCTHBI alipruopHast
nHGOpMALUS O BHELUIHUX WM BHYTPEHHMX Iepe-
MEHHBIX, cllyyailHOM xapakTtepe U,, orpaHuYeHUsI
Ha KO3(GUIMEHTH M MNpaBUIO HOpMaaM3aluu
MepeMeHHbIX. BBeaeHbl MNOHATUS HabI0IaeMO
SKBMBAJICHTHHIX CTPYKTYp; IlapamMerpa, UACHTU-
GUIMpPyeMOTO Ha CTPYKTYpe; UIASHTUPULMPYES-
MO CTPYKTYpBL. PaccMOTpeHBI pasjiudHBIE CIIy-
yay 3aJaHus allpuOpHOM MHMOPMAIUU O CTPYK-
Type U MOJAYyYEeHBI YCIOBUS UACHTU(GULIUPYEMOCTH
B BUJIe paHTra MaTPUIIbl, 3aBUCSIICH OT IepeMeH-
HBIX cucTeMHl (3).

3ameuanme 2. HecMoTpst Ha To, 4TO cuctema (4)
OTHOCUTCS K KJIACCY CTaTUUYECKUX, €€ UACHTU-
(ukanusa npeacTaBisgeT ONpedeCHHBIA MHTEpEC
B IJlaHe MOCTAaHOBKHW 3aJauyu. 3IecCh Takxe ¢u-
TypupyeT MoHsTHE "cTpyKTypa'. B pamkax najib-
HEHIlero M3JI0XeHUs OyaeT II0JIe3HO CPaBHUTh
CYILECTBYIOIIME TPAaKTOBKM U ITOCTAHOBKU 3a1ay
CTPYKTYPHOI MIEHTUPULIUPYEMOCTH.

B pa6ote [16] BBeneHO MMOHATHE UAECHTUMULIN-
PYEMOCTH W TJIAJKON MACHTU(DUILUPYEMOCTHU AJIs
HEeJIUMHEWHBbIX cucteM. IlokazaHa cBSI3b MeXOy
Humu. B pabote [17] ycTaHOBIEHA CBSI3b MEXIY
UISHTU(PULIMPYEMOCThIO U HAOJII0IaeMOCTbIO He-
JIMHEWHBIX OHOJIOTUYECKUX CHUCTeM. Borpocsl
CTPYKTYPHOI MASHTU(PULIUPYEMOCTU CUCTEM BpE-
MEHHBIX PSIIOB, OIIUChIBAEMbIX HEJIMHEHBIMU PE-
IPECUOHHBIMM M aBTOPErPECCMOHHBIMU YpaBHE-
HUSMU, pacCMOTpeHbI B pabore [18]. B cTtarbe [19]
IJISI HEJIMHEHBIX IIPOLIECCOB B OMOJIOIMU cAeIaHa
MOMNbITKA OLIEHKM COBMECTHOI HaOJI0IaeMOCTH,
YIIPABISAEMOCTU U JOCTUXUMOCTU CUCTEMBL.

Hrtak, npoBeneHHBIN aHAaIMU3 ITOKA3bIBAET, YTO
oA MACHTU(HULUPYEMOCTHIO MOICAN ITOHUMAIOT
BO3MOXHOCTb OLIEHKM ee IapameTpoB. Ilpenara-
e€MbIe METOIbl OCHOBAaHbI Ha OLIEHKE HEBBIPOXICH-
HOCTU MH(OPMALIMOHHOMN MaTpUILbl. AHAJIOTUYHbIE
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pe3yIIbTaTHI MOJIYUYEeHEl B TEOPUH ITapaMeTPpHUIeCKO-
Ir0 OIEHUBAHMUS, W YCJIOBHE HEBBIPOXICHHOCTU
(IOJTHOTHI paHTa) MaTPUIILI PEACTABICHO B JIETKO
MIPOBEPSIEMOM YCJIOBHHU TIPEACIbHON HEBBIPOXKICH-
HOCTHM BXOJa M BBHIXOAa cUCTeMbl. Kak mpaBuio,
CTPYKTYpa MOMAEIH 3aJaeTCS allpHOPH, W TIOITOMY
HE BCerna IMOHSITHO, KaKOW CMBICI BKJIAABIBACTCS
B IIOHSITHE CTPYKTYPHOM JIOKATbHON UACHTU(DUII-
pyemocTtn. IToHSITHE CTPYKTYPHI IINPOKO SKCILIY-
aTHpyeTcs B 3aJadax OLEHKU MICHTUPUIIMPYEMO-
ctu. UneHTuguumpyeMocTh HEJIWHEWHON CHUCTe-
MBI TaKXe CBOIMTCS K 3ajadye MHapaMeTpUUecKOM
UACHTU(GULMPYEMOCT Ha OCHOBE IIPUMEHEHUS
pa3IMYHBIX METONOB JIMHEApU3alMKW MOICIHN IIO
napaMeTpaM. DTa oOIIMpHAasT 00JacTh MCCIeIoBa-
HUI He OXBaThIBAeT 3a4a4d CTPYKTYPHON UIACHTH-
puumpyeMocT HEIWMHENHBIX TUHAMWYECKHX CH-
CTE€M B CJIEIYIOIIEM CMBIC/IC: MOXHO JI B YCIIOBUSIX
HEOIIPENeICHHOCTH IIPUHSTH pelieHne 00 OILICHKE
CTPYKTYpHI ((pOPMBI, 3aBHUCMMOCTH) HEIWHENHON
YacTH CHUCTEMBI. 3aJada B TaKOM BHUJIE HE CTaBU-
nmack. B TakoMm paspese paccMaTpuBamOTCSI MMEHHO
CTPYKTYPHBIE acleKThl MACHTU(UIIUPYEMOCTH CH-
creMbl. KpoMme Toro, He paccMarpuBalicsl BOIIPOC:
KaKol BXOM, Jaxke oOJagaloIluii CBOMCTBOM IIpe-
JIEJBbHOI HEBBIPOXICHHOCTH (ITOCTOSTHCTBA BO3-
Oy>XIeHMsI), TIO3BOJISIET 00CCIIEUNTh CTPYKTYPHYIO
UACHTU(GULUPYEMOCTh CHUCTEMBI B YKa3aHHOM
BBILIE CMEBIcTIe. JlaHHasI MTOCTaHOBKA BIEPBEIC ObIIa
npenioxeHa B padote [20].

B nmanHOii paboTe paccMmaTpuBaeTCs 3agada
CTPYKTYPHON WASHTUDULIMPYEMOCTU HETWHEHNHOMN
cuctembl. ClenyeT 3aMeTUTh, YTO caMa 110 cebe 3To
O4YCHB CJIOXKHAs IpoodiieMa, TaK KakK J0 HACTOSIIIETO
BpPEMEHM He pa3paboTaHbl METOIbI (POpMaTU3aAINN
CTPYKTYpPBbI cucTeMbl. IloHsSITHE CTPYKTYpHOI UICH-
TudumupyeMoct (A-nacHTUPULUPYEMOCTH) OBLIO
BBeZieHO B pabote [20]. B ommmume oT M3TOKEHHBIX
BBIIIIE METOMOB IIpeMIaracMblil ITOAXOH HaIlpaBJIcH
Ha pelleHNe 3aJauyM OLICHKMW CTPYKTYPhl HEeJIMHE-
HOI YacTW DMHAMWYECKON cucTteMbl. OH OCHOBaH
Ha aHaJIW3e CIELMAJIBLHOIO KJjIacca CTPYKTyp, OTpa-
XKAIOILIUX COCTOSSHUE HEJIUMHEWHON 4aCTU CUCTEMBI.
Huxe nmaercst uznoxeHue U 0000LIEHUE pe3yabTa-
TOB, IOJYYEHHBIX B padortax |21, 22].

ITocTanoBka 3amauu

Paccmorpum cuctemy
X =AX + B, o(y) + B,u,
y=C'X,

®)

rme u € R, y € R — BXOO W BBIXOJ CUCTEMBbI;
Ae R” B, e R% B, e RY, Ce RY— marpuusi
COOTBETCTBYIOLIMX pa3dMepHOCTEN; ¢(y) — HEKO-
TOpasl CKallsipHas HeJdWHelHas ¢GyHKuusa. Mar-
puna A aBasieTcss TypBulieBoil. Jlamee mosaraem,
uto B, = B, = 1=10,0, .., 0,1]", C=11, 0, ..., O]".
OTHOCHUTENBHO CTPYKTYpPbl QYHKIMU ¥ = ¢())
MOTYT JeJaTbCsl pa3jvMyYHbIe TPEATOJOKEHNSI.
OHuU onpeaesiioTcsl ypoBHEM alpuopHOi MHPOP-
Manuu. Ilpy Haawmuum ammpuopHOl MHPOPMALINHI
MOTYT IPUMEHSIThCS METOIBI, OCHOBAaHHBIE Ha IIPO-
nenypax auHeapuzanuu [23]. Ilpu mccnemoBaHum
abCOIIOTHOM YCTOMYMBOCTA HEJIMHEWHBIX CUCTEM
OTHOCUTEJIBHO y = ¢()) mosaraiot, uto [24]

(©)

rme & € R — BXOI HEJIWHEMHOrO 3JeMEHTa. & SIB-
JIIeTCS TMHEWHON KOMOMHAaLMel epeMEeHHBIX CO-
crosgHud. JlanpHeHIMM 06001IeHeM ycitoBrs (6)
SIBJISIETCS CEKTOPHOE YCJIOBUE, 3aa1011ee 001acThb,
KOTOPOU MPUHAINEKUT HeIUHEHAsA QYHKIIMS:

1€ F, ={p(E)E > &%, & =0, 9(0) = 0},

xef¢:W@2<w@k<vﬁ%é¢0,

(7)
9(0)=0, vy, > 0,7y, <oo}.

YacTo HenuHelHas 4acTb CUCTEeMBI (5) MOXeT
ONUCHIBATHCS CTAaTMYECKUMM  3aBUCUMOCTSIMM.
[ToaTomy nmanee paccMarpuBaeTcsl Ciaydyail CUCTe-
MBI (5) ¢ ¢()), omuchHIBaeMOI CTaTMYECKUM (aa-
redpamyeckum) ypaBHeHUeM. byneMm cuuTarh, 4TO
byHK1IMSI @(y) ABASIETCS TJIagKOM.

IIycth oast cucteMsl (5) u3BeCTHO MHPOpMALI-
OHHOE MHOXECTBO

L, ={u(®),y(0), teJ =[ty,1]}. ®)

3adaua: Ha OCHOBE aHau3a u 0bpadboTku I, oue-
HUTb CTPYKTYpHYIO naeHTudumupyemocts (CH) u
CTPYKTYPY HEJIMHEMHON! YacTU CUCTEMHI (5).

B cuty orMe4eHHBIX BO BBEICHUU IIPUYMH IIPU-
MEHEHUE MapaMeTPpUYECKUX METOAOB UIACHTUDU-
Kallu{ B YCJIOBUSIX HEOIPEACICHHOCTH HE MO3BO-
JsgeT nogontu K pemrenuio 3agauun CHU. TNostomy
BOCITOJIb3yeMCsI TTOAXOAOM K CTPYKTYPHOIl MaeH-
TUUKALMU, TIPEAJIoKeHHBIM B padore [22]. OH
OCHOBaH Ha MEpexolie B CIELMATIbHOE CTPYKTYp-
HO€ TIPOCTPAHCTBO U MOCTPOEHUU CTPYKTYD S,
OTpaxalIlIuX CBOHCTBAa HEJMHEWHON dactu (5).
AHanu3 §,, HAIPsSIMYIO CBSI3aH C PELICHUEM 3aia-
YU CTPYKTYPHOU UACHTUPUIUPYEMOCTU CUCTEMBI.
UToObl OTAMYUTH M3JIaTaeMBlil Jajnee MOIXOH OT
IP-ugeHTHOUIIMPYEMOCTH, HUXE OYIYT HCITOJb-
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30BaTbCs TepMUH A-uneHtTudunupyemoctu (HI).
M3J10XKUM METOMI TIOCTPOEHUS S,,~CTPYKTYPBI.

MeToa nOCTPOEHHS Spy-CTPYKTYPbI

[ocTpoenue S,,-CTPYKTYphl TPEOYET MpenBapu-
TeJIbHOro (hOopMUPOBaHUST MHOXeCTBa [y ,, comep-
XKalero nHpopmaluio o ¢yHKuuu ¢(y). MUznoxum
croco6 mosyyeHust Iy ,, cienyst pabore [25].

Mnuoxcecmeo 0aa popmuposanusn S,,-cmpyKmypot

IIpumeHum K y(f) omepamuio audhepeHIpo-
BaHUs U 0003HAUYUM IOJIYYEHHYIO MIEPEMEHHYIO X;.
Y4yer x; MpUBOAUT K paclIMpeHUI0o MHGOpMalIu-
oHHoro mHoxectBa 11, = {I,, x}.

3amevyanne 3. Eciu nepemeHHbIE U, y U3Meps-
I0TCS C OLIMOKOM, TO K U, ¥ CleNyeT MPUMEHUTH
npouenypy GpuiapTpaliuyi WK CrjaXuBaHHUS.

Beigenum monmuoxectso I, < I,,,, coorBercTBy-
[olllee YaCTHOMY pellleHrIo cucTeMbl (5) (ycTaHo-
BUBILEMYCsI cOCTOsiHMI0). MHoxectBo I, = T,,\I,,
HE COINEPXMWT JaHHbIE I, 0 mepexonqHOM mpouecce
B cucteMe. [IpyMeHMM MaTeMaTU4eCKYIO MOJIEIb

%1(1)= H™[L u(t) y(OT", )

IUTS1 BBLIEJICHUSI JIMHEMHOW cocTaBistolei B x;. [le-

peMeHHas X, OIpenejieHa Ha WHTepBaje J N,

3necs He R — BEKTOpP MapaMeTPOB MOI[GJTI/I
OmnpenenuM BeKTop H Kak pellleHue 3aJadu

minQe@)

opt»

- H
X

roe O(e) = 0,5¢%.

Haiinem mporxo3s nist mepeMeHHoOM X; Ha OCHO-
Be Monenu (9) Vi e I, u chopmupyem OmmnbOKy
e(t) = x{(t) x,(1). e(® 3aBI/ICI/IT OT HEeJIMHENHOCTHU
¢(y) B cucreme (5). Utak, moayyeHo MHOXECTBO
Ly o = {y@), e®) t € J}. lanee Oynem NMpUMEHSTH
obo3HavyeHue y(f), mouaras, 4to y(f) € Iy ,

3ameuanue 4. Brioop cTpykTypbl Momenu (9)
SIBJISIETCS OMHUM M3 ITAIlOB CTPYKTYPHOM WJIEH-
Tudukanuu cucremsl (5). Pesdynbrarel Mogeaupo-
BaHMS ITOKAa3bIBAIOT, YTO Monenab (9) mpuMeHUMa
B cHCTeMax UAeHTU(UKAIIMK O0BEKTOB CO CTaTH-
YeCKMMU HeJIMHeMHOCTIMU. PerieHne 3amaum BbI-
0opa cTpyKTyphsl Monenu (9) niist 6ojiee CIOXKHOTO
KJacca HeJIMHEMHOCTe JaHo B padote [21].

Cmpykmypot S,y Sy

AHanu3 cBOMCTB cucteMbl (5) Ha ocHOBe (a-
30BOr0 TOpPTpeTa S, OMUCBhIBAEMOro (yHKIIMEH

r'{y} —» {)'}, B ycloBUSIX HEOMNpeaeJeHHOCTU He
BCerga IO3BOJISIET chaeflaTh 3akKJYeHUe O He-
JIMHEWHBIX CBOHCTBax cuctembl. IloatTomy Boc-
TOJIb3yeMCsl MHOXECTBOM I , 1 TiepeiiieM B mpo-
CTPaHCTBO @, = (Y, €), KOTopoe Oy/ieM Ha3bIBaTh
CTPYKTYPHBIM.

Paccmorpum dyHkumio Vi e J,, kortopast Ha
IIJIOCKOCTH (), €) OIMMCHIBAeT M3MEHEHUE CTPYK-
TypHl S,,. Tak xak ly , comepxut nHPoOpMAIHMIO
0 ¢(y), T0 S,, OymeT B 06OOIIEHHOM BHUJIE OMUCHI-
BaThb M3MEHEHHWE HeJWHeWHoUW (yHKIuu. YToObI
MOJYYUTh TpeacTaBieHue o ¢(y), BXOA CHUCTEMBbI
(5) moJixkeH yHaOBJIETBOPSAThH ONpPEAEICHHBIM yCJIO0-
BusM. OH IOJKeH 0071a1aTh CBOMCTBOM ITOCTOSTH-
CcTBa BO30yXAeHUS (MpeaebHON HEBBIPOXACHHO-
ctu). Takoil BXOJ IMO3BOJISIET MOJYYUTh 3aMKHY-
TYIO CTPYKTYDY S, B HEKOTOPBIX CIyYasix MOXeT
MPUMEHSITBCSI TAKXKe CTPYKTYpa S,4, KOTOPasi OMu-
ceiBaercsa pynkuueit I,:{k} — {e}, roe k() € R —
KO3GhGUILIMEHT CTPYKTypHOCTH [21]:

e(?)
kg(t) = 0

B pesynbrare npuMeHeHus: moaenu (9) cucrema
(5) MoxXeT OBbITh MpeACcTaBlIeHA B BUAE

)?:A)?+I§,
S, : g

y=C"X, (10)
S(p:e:f(y,xl)a

rae X € RY — mepeMeHHas1, OMMCHIBAIOLIAs OOLIee
peiieHre cucteMbl (5); L € R — oOrpaHMYEHHOE
BO3MYILIEHHE, BO3HUKAIOLIIEE B pe3ybTaTe IpuMe-
HEHUS IPOLENYyphl ONpPeaeIeHUS IIEPEMEHHOM e.

PaccmoTpum npobiaeMy UaAeHTUPULIUPYEMOCTHU
cucrem Sy, S,,.

O He0O0X0AMMOCTH ONLIEHKH
h-nnenTAGUIIPYeMOCTH HEJIHHEHHOH CHCTEMBI

M3 BBeaeHUM ciaenyeT, YTO OCHOBHOE BHUMAaHUe
MPU UCCEAOBAHUN UAEHTU(DULIMPYEMOCTU CUCTEM
yaeneHo BompocaMm [P-maeHTHDUIIMPYyEeMOCTH.
Kak moka3biBaloT pe3yabTaThl MOJAEIMPOBAHUS
[20], cBemenme mpooOiaemMbl CH HeIMHEWHBIX CH-
creM K [P-umentudunupyemoctu He Bcerma
ornpaBaaHo. Takoil moaxom crpaBeAuB TOJbKO
B YCJIOBUSIX allpMOPHON ompeaeseHHocTU. Yacto
JUTSI CUCTEMBbI alipuopHasi MHGOPMaIIrs MOXET OT-
CYTCTBOBaTh WJIM OBITH HemosHOM. [loaTomy mpu-
MEHEHMEe Pa3JMYHbIX MPOLEAYP anmpoKCUMaluu
HEJIMHEMHOCTH MOXET MPUBECTH K HealeKBaTHO-
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MY y4YeTy CBOMCTB CHUCTEMBI. DTO MOXET BbI3BaThb
CJIOXXHOCTHU, KOTOpble OTMEYeHbl B padore [28].
[ToaToMy BOmNpOC CTPYKTYPHOU HMACHTU(DUIINPY-
eMOCTH TpelyeT neTajibHOro msydyeHusd. B ganb-
HellleM AaHHYl0 TpobjeMy OyneM TpaKToBaTh
KaK h-nAeHTU(PUIINPYEMOCTb.

h-unenTuGUIHUpPyeMOCTh U S-CHHXPOHU3UPYMOCTH

3ameuaHus, cAelaHHBIE B pasgene "Merton
HOCTPOCHHUSI  S,,~-CTPYKTYPBI', TOKA3BIBAIOT, YTO
NOOXOAbI, MpPUMEHSEeMble A1 OLeHKU [P-maeH-
TUPUINPYEMOCTH, SIBIISTIOTCS HEIIPUMEHUMBIMU
B CIy4ae OLIeHKU A-maeHTudunupyemoctu. Huke
uzaaraetcda noaxon K oueHke HI, mpenyioxeHHbIN
B pabote [25].

Cucmema S(P

PaccMotpum cuctemy S, u coiictsa I ,, T03BO-
JISIIOLLIME PELINTh 3aJa4y CTPYKTYPHOI UaeHTU(HKA-
1LIUM, a CJIeNOBATeNIbHO, U A-UACHTU(ULIMPYEMOCTH.
AHnamus Iy , TIO3BOJISIET ONPEACTUTD BaXKHBIC CBOA-
cTBa MH(MOPMALIMOHHOTO MHOXecCTBa I,

[1ycTh BBIIIOJIHSIIOTCS CICAYIOIINE YCIOBUSL.

Bl. UcxonHoe MHOXeCTBO I, naet peuieHue 3a-
Ja4y IMapaMeTpUIecKoil nAeHTU(UKALUY MOISIN
(5). O10 3HAUYUT, UTO BXOH u(f) SABJSIETCS Ipeaeib-
HO HEBBIPOXIECHHBLIM Ha MHTepBaJe J.

B2. Bxonm u(f) obecrneuymBaeT IOJy4YeHUE WH-
bopMaTuBHOI CTPYKTYPHI S, (1 y o). DTO 03Hauaer,
YTO aHAJN3 S,, NaeT PEIICHUE 3aa4u OLUCHKHU He-
JIMHEMHBIX CBOMCTB CUCTEMBI (5).

Onpenenenne 1. Bxonm u(f) OymeM Ha3bIBaTh
MPEeACTAaBUTEIbLHBIM, €CJIM OH YIOBJIETBOPSET YC-
noBusiMm Bl, B2.

[lycte cTpykTypa S,, ABISETCS 3aMKHYTOU, U
ee TIolaab He paBHa Hya10. O003HAYMM BBICOTY
Sey Uepe3 A(S,,), Te BbICOTA MOHUMAETCS KaK pac-
CTOSIHME MEXIY ABYMS TOYKAMU IIPOTUBOIIOJIOX-
HBIX CTOPOH CTPYKTYPBL S,

Teopema 1 [25]. Ilycmo: 1) auneiinas yacmo cu-
cmembl (5) s6a5emcs yCmouvu8oll, a HeAUHellHoCMb
¢o(*) ydosaemeopsem ycaosuro (7); 2) 6x00 u(t) se-
Asgemcsa 02pAHUHEeHHbIM, KYCOYHO-HENnpepbleHbiM U
npeodenbHO HeBbIPONCOCHHbIM, 3) cyuecmeyem makKoe
85 > 0, umo h(Sey) > 85. Tocoa cmpykmypa S,, 1645~
emcs udeHmuuyupyemot Ha muoxcecmee ly .

Onpepnenenne 2. CrTpykTypy S,,, HMEOLIAs
yKa3aHHbIE CBOIMCTBA, Ha3bIBaeTCs A-UIEHTUDU-
LUPYEMOIA.

[Ipeanosnoxum, 4To S,, siBiseTCs A-uneHTudu-
LIAPYEMOIA.

OcobeHHOCTH MOHITUS A-UASCHTU(DULUPYEMO-
CTU OTMe4YeHEI B pabdote [20].

CnenyeT OTMETUTb, UYTO MOXET CyIIECTBOBAThb
"Tioxoi” BXOJA, KOTOPBIM YIOBJIETBOPSIET YCIO-
BUIO MPENeIbHOM HEBBIPOXIEHHOCTU. Takoil BXon
MOXET JaBaTb TaK Ha3bIBAEMYIO HE3HAUYUMMYIO
Sey~CTPYKTYPY (NS, ,-cTpykTypa). Ho mpm 3TOM
NS,y-CTPYKTYPA MOXET OBITb A-MOEHTUDUIUPYE-
Moii. MaeHTudukaumss HeIMHEHHOCTU B YCJIOBU-
SIX HEONPEIEJICHHOCTH HAa OCHOBE aHANN3a NS~
CTPYKTYPBl MOXET JaBaTh pe3yabTaThbl, HETUITNY-
HbIE JIJI51 UCCIIEAYEMO CUCTEMBI.

[IpuBenemM yC/IOBUSL  CYLIECTBOBAHUS  N,)-
CTPYKTYpbl. PaccmoTpum Kjacc HeIMHENHBIX
(byHKUMI, K KOTOPBIM TIPUMEHMMA OTepalus ro-
MoteTuu. TomoreTust [26] mpeacTaBiseT coboi
METOJl TIOJTyYeHU Sl OJHON YacTh TeOMEeTPUYECKOM
(uryphl U3 1pyroit Ha OCHOBE €€ TTOBOPOTA U pac-
TSI)KEHU ST OKOJIO OTpee/IeHHOM TOUKM Ha MJI0CKO-
ctu (Y, €). DTOT MOAXOA MPUMEHUM JJI51 HEJTMHEN -
HOCTEM, CUMMETPUYHBIX OTHOCUTEJIbHO HEKOTO-
pOM TOYKU WU Hp;{Moﬁ

[ycts S, = ‘Fsey U F, , TIe (FS , g, — Je-
BB U HpaBbII/I (bparMeHTbI Seyr OHpCIICJTI/IM JUTST

! r
‘Fsey, T-Sey ceKyume

I !

YE:ary’ Ys=ay, (11)
rae @', @ — umcna, ompenessieMble C TOMOLIBIO
MeTona HauMeHbIuX KBagparos (MHK).

Teopema 2 [21]. Ilycmo: 1) cmpykmypa S,, a6~
asemes  h- udeumuqbuuupyemoﬂ u umeem 8ud
Sey —F/ uF’ , ede fF ,fFS’ —/zeebtu U npaewvlii
¢pa2MeHmbt Seys 2) celcymue ‘015 (F ,WS’ OnUcCHI-
earomcs ypasnenuamu (11). Toeaa Sey Aensemes
Ney~ CTPYKTYpOM, eCliv

/ r
lla’| = la"ll > 3,, (12)
2de &, > 0 — nexomopoe 3adannoe 4uco.

3ameuanue 5. Teopema 2 MoxeT OBITH JOKa3a-
Ha Ha OCHOBE I'OMOTETUU MHOXECTB [26]. OHa oc-
HOBaHa Ha OLIEHKe OJIM30CTU MHOXECTB (F ‘Fs
Ilonxon, oCHOBaHHBIM Ha METOMAE CEKYIIUX, aBs-
eTcs 0oJiee MPOCTHIM B peau3alliu.

3ameyanue 6. NS, -CTPYKTYPbl XapaKTEPHbI
JIJISI CUCTEM C MHOTO3HAYHBIMU HEJIMHEMHOCTSIMU.
YacTo oHU SIBJSIOTCS Pe3yJIbTaTOM HealeKBaTHO-
ro NPUMEHEHUS BXOAHBIX BO3AECUCTBUIA.

PaccMotpum ctpykrypy S,,. BBenem o6o3Have-
Hus: ©, = dom(S,,) — 00nacTb ONpeneNeHUs S,

D,=D,(D,)= mtax y(t) - mtin y(t) — nuamerp D,
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ITycts u(f) € U, tne U — monmycTMMOE MHOXECTBO
BxomoB st cucteMbl (5). MuaoxectBo U comep-
KUT MPENCTaBUTEIbHbIE BXOJIBI.

Onpenenenne 3. Bxon u(f) e Ug < U Oynem Ha-
3bIBaTh S-CMHXPOHU3UPYIOUIUM cuctemy (5), eciu
Ha MHOXeCTBe {y(f), f € J} 00macTh ornpeneseHus O,
CTPYKTYPBHI S,,, IMEET MaKCUMaNIbHBIA 1uametp D,

PaccMOTpUM  3TaJlOHHYIO CTPYKTYPY Se’;f ,
MO KOTOPOW MOHMMAEM CTPYKTYPY S, MO3BO-
JISIIOIIYI0 OTPa3uTh BCe CBOMCTBA (yHKIUU ¢()).
O6o3HaYMM JUaAMETP Dy(ngf ) uepe3 D;ef. D;ef
CYLIECTBYET MJisl CUCTEMBI (5), IS KOTOPOM BXO.
SBIISIETCSI S-CMHXPOHU3UPYIOIINM.

M3 ompemenmenuit 2, 3 ciegyeT, 4TO €CIH
Sey ;Sg;f, TO ‘Dy—D;ef‘<sy, e g, > 0, = —
3HaK 0J1M30CTU. DaeMeHThl noaMHoxecTBa Ug 00-
JIAJA0T CBOMCTBOM

1D, (S, (u(t) (13)

CunxpoHuzauuio u(f) € U OygeM IIOHMMAaTh
Kak BbIOOp Takoro Bxona u,(f) € U, KOTOpbIi MO-
3BOJISIET OTPa3uTh BCE OCOOEHHOCTH S,,, Xapak-
TepHble OIS ¢(y). DTO BO3MOXHO TOJBKO B CIIY-
yae, korna u(f) obecrieunBaetr max D,. B ornuune

ueUs)) - D;ef| < 8y'

OT TMOHSITUSI CUHXPOHU3ALUH, ﬁhpI/IH;{Toro B T€O-
pun KojeGaHU, 31ech BBIOOpP CBOWCTB BXOIa Ha-
MpaBJIeH Ha BO3MOXHOCTb ITOJIYYEHUs] CTPYKTYPbI
Sey # NS,y Tak Kak Takoi moadop u,(f) € U MOXHO
TPaKTOBAaThb KaK CHUHXPOHU3ALUIO MEXIY CTPYK-
TypaMM MOIEJIU U CUCTEMBI, TO BBIIIOJHEHUE yC-
NOBUS 4, = muilx D, npuBOaUT K h-uneHTUbU-

LUPYEMOCTU CUCTEMBI. YCJIOBUE A-UAEHTUDUILIU-
PYEMOCTU MPUHUMAET BUJ,

D, (5. ) (14)

ueUS)) - arh,y‘ < Sy’

1D, (S ) (15)

ueU\Us)) - dh,y‘ > 8y

€CTb YCJIOBUE MOABIEHUA NS, ).

Hrak, npeacrtaiaeHo nsa kputepus (12) u (15)
CYLIECTBOBAHUSI HE3HAYUMOWH CTPYKTYPBL S,
B aToM ciyyae cTpyKTypa CHCTEMBI S, a Ciieio-
BaTeJbHO, U cUCTeMbl (5) SBISIETCA CTPYKTYPHO
HEUACHTUDUIIUPYEMOI.

[lycTb BXOI u;,(f) CUHXPOHU3UPYET MHOXECTBO D,.
Ecnu u(f) saBnsgercs S-CUHXPOHU3UPYIOLIUM, TO
Oynem nucars u,(f) € S. 3aMeTHUM, 4TO AJI5I CUCTEMBI
(5) cylecTByeT KOHEYHOE MHOXECTBO {u,(f)} € S.
Bbi6op onTUManbHOrO u,(f) 3aBUCHUT OT dj, , U YC-
noBus (14). OdecneueHue ycaous (14) saBasercs

OIHOM M3 MPEAITOChIOK CTPYKTYPHOM UIeHTUDU-
LIUPYEMOCTH CUCTEMHI (5).

Onpeneaenne 4. Crpykrypy S,, (cucremy (5))
OyaeM Ha3bIBaThb CTPYKTYPHO UICHTUDUIIUPYE-
MO WU ha,, -UICHTUDULUPYEMOiA, eClU S, SIB-
JnseTCsl A-UACHTUDUIUPYEMON M BBIIIOJIHSIIOTCS
yenosus ||d'| — || < §, u (13).

W3 storo ompeneneHus ClIeayeT, YTO €CJIU CU-
creMa (5) hsh -uaeHTUPUIIMpyeMa, TO CTPYKTypa
Sy MIMEET MaKCUMAJIbHbIA 1UaMeTp 00JacTh D,

ITycThb CTpyKTYypa § CONEPXUT M OCOOEHHOCTEN.
Ilon ocobenHocTIMU PyHKLIMU @(y) OyaeM MOHU-
MaTh KakK ITOTepIO HENMPEePHIBHOCTH Ha MHTEpBa-
e Ii (MHOXECTBO, Ha KOTOPOM HM3MEHSETCS i-¢
CBOMCTBO), TaK U TOYKU Teperuda GyHKIUU WU
BKCTPEMYMBI. DTU OCOOCHHOCTU SIBIISIIOTCSI MPU-
3HaKaMU HEJIMHEMHOCTU UCCAenyeMOM QYyHKIIUMN.

Onpenenenne 5. Monens (9) OyaeM Ha3bIBaTh
SM-vnenTuduuupyouieii, eciu CTPYKTypa S,
SIBJISIETCS hgh -UACHTUPUIIUPYEMOIA.

Teopema 3 [22]. Ilycms: 1) 6x00 u(t) sersem-
C NpedenbHO HeBbIPONICOCHHBIM U O00ecnevusaem
S-cunxponuzayuro cucmemst (5); 2) ¢aszoewiii nop-
mpem S cucmembl (5) codepxycum m ocobenHocmel,
3) Sey-cmpykmypa seasemcs hs -udenmuguyupye-
MOU u codepxcum paemenmot, COOMEeMcmeayioujue
ocobennocmam ¢pazosoeo nopmpema S. Toeda mo-
deaw (9) seasemca SM-udenmupuyupyemoi.

Teopema 3 mokaswIBaeT, 4TO eciau Moueib (9)
He aBaseTcss SM-uaeHTUPUIUPYIOUIeid, TO Heo0-
XOOUMO MEHSTh CTPYKTYypy Moaeiau (9) uium uH-
(opManIMOHHOE MHOXECTBO IJIs1 €€ TTOCTPOCHUSL.

Paccmotpum ctpykTypy S, O603HauuM c¢g —
LEHTP CTPYKTYpHI S,, Ha MHOXecTBe J, = {y(9)},
a LeHTp obnactu O, — ¢ D,

Teopema 4. [Iycmo na mHoxcecmee Ug cunxporu-
3upyrouux 6xodoe u(t) cucmemont (5): 1) cywecmeyem
makoe ¢ < 0, umo rcs —cp | <& 2) evinoansemcs
yeaosue ||d| — |d| < &, ede d, d — K03¢huyu-
enmut cekyuux (11). Toeda cucmema (5) searsemcs
hﬁh -udenmucghuyupyemoii, a 6xo0 u,(t) € S.

Jloka3zareancTBO Teopembl 4. PaccMoTpuM
BXxox u,(f) € Ug. Tak Kaxk BBINIOJHSETCS YCIOBUE
|| — ||| < &, To cTpyKTYpa Sey ABJIAETCSA CUMME-
TPUYHON OTHOCHUTEJIBHO TOYKM Cg HAa IIOCKOCTHU
(y, e). CnegoBaTebHO, JUAMETPhI 00aCTEN OIpe-
JIeJeHusT pparMeHTOB T;ey, (Fs’ey CTPYKTYPHI S,, CO-
BMAaAaloT ¢ TOYHOCTHIO IO HEKOTOPOU BEIMYMHBI
e, > 0 Ha MHOXecTBe {y(7)}, T. €.

(16)

D, (0,) =Dy ()] < &y
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e Dy D

— objacTu omnpeneaeHus stley,fFS’ey
Torma ~ueHTp

CTPYKTYpHl S, paBeH

:O,S(Q)FS,, @Fs’)‘ Tak kak D +D =D
cylmecTByeT Takoe & = 0, ‘{TO 6'5 —Cp,
BoinonHenue yciaosuii 1), 2) rapaHTUpPYeT, 4TO
u@®) = w()u &y, = maxD CnenoBaresibHO, TIPU

¢p,
y’
‘< £.

TO

u,(f) CTpyKTypa S,, 6y)1eT comepxaTh BCce 0COOEH-

HOCTH, XapakTepHble s GyHkumnu ¢(y). OTcio-
Ja CIenyeT, uto u,(f) € S, a cucrema (5) sABIgETCH
hﬁh -naeHTUUIpyemoii. B

MoXeT CylIecTBOBATb HEKOTOPOE IOJIMHOXE-
ctBo {u, (1)} < Ug c U (i > 1), 211€eMEHTBI KOTOPOTO
00J1a1al0T CBOMCTBOM S-CHUHXPOHU3UPYEMOCTH.
Kaxmomy  uy, (f) COOTBETCTBYET  CTPYKTypa
Auy, ) ¢ nmamerpom D), ; obactu onpeseseHust

. Tak Kak u, () € S, 10 nuamerpst D, ; OynyT
O6J1a,£laTb CBOMCTBOM dj, Z—OHTI/IMaJIbHOCTI/I ITycts
TUMOTETUYECKAs CTPYKTYpa S,, (CTPYKTypa S’ef )
CHUCTEMBI (5) UMEET TUAMETP dj, 5.

Onpenenenne 6. Ctpykrypa S,, ; 00nanaer cBoii-
CTBOM dj, y-ONTMMAJbHOCTH Ha MHO)KeCTBe U,
€CJIM CYIIECTBYET Takoe g > 0, uTo |d), s — D, | <
<& Vi=1,#U, (3mech u manee # — MOLL[HOCTL
MHOXECTBA).

Omnpenenenne 7. Eciau cylecTByeT HOIMHO-
xectBo BxomoB {u, ()} = U, < U (@ > 1), sne-
MEHTBI KOTOPOTO 4, (f) € S M COOTBETCTBYIOLIUE
UM CTPYKTYDBL S,, (U ;) OOIAmarOT CBOHCTBOM
dy,, x-ONITUMAJIHOCTH, TO CTPYKTYDPHI S, Uy, ;) SIB-
JISIIOTCS CTPYKTYPHO HEpa3aMYMMbIMU HA MHOXKE-
etBax {u;, (0}, Ju(®) = u, ().

W3 onpeneneHuit 6, 7 cieayeT, 4To B cilydae
CyllleCTBOBaHUS MHoxecTBa U, OLEHKY h5h -
UACHTUPULIUPYEMOCTA MOXHO IIOJYYUTh I10 JIIO-
6omy Bxony u(f) < U,

Onpenenenne 8. CtpykTyphl S,, () ;), obna-
JAIOLUIME CBOMCTBOM dj, y-ONTUMAJIbHOCTH, OyaeM
Ha3bIBaTh JIOKAJBHO CTPYKTYPHO UACHTUPULIUPY-
eMbIMU Ha MHOXecTBe U,

CTPYKTYDY Sy, {4, ), OOMamawIlyio CBOUCTBOM
d, y-ONTUMAJBHOCTH, OyneM 0003HA4YaTh Sey,,
a JIOKaJbHO CTPYKTYPHO WACHTU(GULIUPYEMYIO
CTPYKTYDPY Sy, Uy, ) — Seyi -

Hrak, ¥3 U3JI0XEHHOIO BBHILIEC CJEAYET, YTO
CTPYKTYpa ,, SBJISETCS JIOKAJIBHO CTPYKTYPHO
unentuduumrpyemoit Ha MmHoxectse U, < Ug, ecin

eyz

LSI

(3uy, €8S), uto (S ey

o ZS0) > Sey =8 (17)

3ameuanne 7. 31mech paccMaTpuBaeTcs ciaydai
CUMMETPUYHBIX HeJmHeliHocTei. [ToaToMy ocra-
IOTCSI CIIPaBEAIMBBIMU ClIeJIAaHHBIC BBIIIC 3aMeya-

HUSI M YCJIOBUSI CYLIECTBOBAHUS NS, ,-CTPYKTYPHI.
Ecnmu nenuueiHass GyHKUMS He o0JagaeT CBOI-
CTBOM CHUMMETPUHU, TO TpedyeTcsd OaljibHeullee
nccaenoBaHue JaHHOW TpobjieMbl. DTO CBI3aHO
C TeM, 4TO Ji00as HEJIMHEWHOCTb HMMEeT CBOU
0COOEHHOCTM M MX yYeT BO3MOXEH TOJIbKO TpHU
nMelolIeicsl anpuoOpHON MHGOPMALIMU O CUCTEME.

Onpenenenne 9. CTpykryphl S,, ; (U, ¢ Us), He
obJagarouie CBOMCTBOM dj, y-ONTHUMaJbHOCTH,
OyaeM Ha3bIBaTh JIOKAJbHO CTPYKTYPHO HEUJCH-
TUGULIUPYyeMBIMU Ha MHOXecTBe U,

3amevanue 8. M3710XKeHHBI MOAXOI TPUMEHUM
K HEJMHEWHON cucTeMe ¢ NTMHAMUYECKUM 3aKO-
HOM M3MEHEHUS HEJUHEHHOCTH, rne Tpebyercs
MHOT'OYPOBHEBBIN aHaIW3 UACHTUPUIUPYEMOCTHU
cTpyktyp. Huxe Ha mpumepe OyaeT paccMOTpeH
METOH MePapXMUIeCKOTo MorpyxkeHus [21].

Cucmema Sy

PaccmoTpuMm cucremy S, KOTOpasi ONMUCHIBA-
eT ToUTHU oblee peumreHue cucteMsul (5). IToHnsTue
"TouTH oO1ee” CBSI3aHO ¢ HaJIMYMEM BO3MYILIEHUS
{ € R, xoTopoe mosBISETCSI B pe3yJbTare IpU-
MeHeHus Monenu (9). YcinoBus uaeHTUDUIIMpPYE-
MOCTHU TaKOil CUCTEeMbl U3BeCTHHI. EnMHCTBEeHHAs
0CO0EHHOCTh CBsI3aHa co cBoiicTBamu (. [Ipenmno-
jaraem, 4to u € ®E,, rae PE, — CBOWCTBO Ipe-
JIEeJbHOM HEBBIPOXACHHOCTHU

PE,: u(f) > o,
crpaBeJInBo s 3o > 0 1 Vi >
uHrtepsBaie 1T > 0.

Tak kak Momenb (9) aBasiercs SM-uaeHTUdU-
uupyrouei, to ¢ € PE;, a >0. Matpuua A aBias-
eTcs rypBulieBoi, moatomy Rel; < 0.

Hst mojiydeHusl yCJIOBUST UACHTUPUIIMPYEMO-
CTH PACCMOTPHUM MEPENATOYHY 0 DYHKIHIO S,

!y, Ha HEKOTOPOM

-A)7'Ig, (18)

e I, € R79 — enuHuyHasg marpuua, s = d/dt.
HyCTb A e R7Y gBnserca Mmatpuueit Ppobe-
HUYyca C BEKTOpOM MapaMeTpoB Ag € RY, Ag =

[a as,q]T. Paznenum JIEBYI0 U TIpa-

y=C'(sl,

S,l’ as’z, ceey
By10 yactu (18) Ha monuHoM v(s) = [] (s +u;), TAe
w; > 0. Torna nis y nony4um cne/:[yfo:]luee UICHTU-
(hukalMoHHOE MpeAcTaBeHNE:

y(s) =

1
- b an + $ o raven L

i
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N3 cootrHomenust (19) mmeem creaymolee
ypaBHEHHE IJIS V-

. g
y=-ay+ Z (@;py;i +bip;) + b

(20)
p upy1+y, pCl MpC1+C
BBeﬂH BEKTOP P = [ys py25 eeey qu; C) p§25 ooy pgq]Ta
I1ojayydyacm
y= AP A" =[-a,,ay, ...a; by, by, ...,b,1, 21)

TJie @; U b; 3aBUCAT OT MAPaMETPOB CUCTEMBI S, .
Hnst (20) HeTpyAHO TOAYy4YWUTh TIpeAcTaBiie-
HUE B TPOCTPAHCTBE COCTOSIHWI. B oTnuume ot
npencrasieHus S, (10) 3geck uget aHaau3 B Mpo-
crpanctBe (£, ). [lokaxem r100ajibHYI0 UACHTU-
dunumpyemocts (21). PaccMoTpum cucteMy

A AT AT . a A A -
y=A4 P,A =[-a,a,,...,a, by,b,,....,b4]. (22)
BBeieM NEepeMEHHYI0O €=y —) U U3 COOTHO-

weHuit (21) u (22) noayuyum
é=-ae+AA"P,

roe AA —A-A _
Paccmorpum Kputepmit Me) = 0,5¢%. s V
MOJIYYUM

A

V= —a1e? +eAd™P < -LLe? 4 AATPPTAA (23)

a

N3 ycnoBus (23) cnenyet, yto AA = 0, eciau
BeKTOp P(f) SABIIsIeTCS IpeneibHO HEBBIPOXKIEH-
HbIM, T.e. P(f) € PE,. o > 0.

Teopema 5. Cucmema S, seasemcs 2106a16HO
udenmudghuyupyemoti no 6vixody, ecau: 1) cucmema
S, Asasemces S-cunxponusupyemoi; 2) S, agasemcs
ynpaeasemol; 3) eexmop P(f) searsemcs npedenb-
HO HeeblpodcOeHHbM, 4) eo3myuweHue ( s6asemcs
02PAHUHEHHbIM U NPedeNbHO He@blPOICOeHHbIM.

Jloka3aTenbCTBO TEOPEMHBI 5 CleAyeT U3 BHIIIE
U3J0XEHHOTO.

1100x00 k ouenxe hs, -udenmugpuyupyemocmu

PaccmoTpum 3amadyy mOCTPOEHUSI MHTETrpPasib-
HOTO II0Ka3aTenis, KOTOpbIi MO3BOJsSA OBl Ha
OCHOBe 00paboOTKM MHOXecTBa |y , IpUHUMATDH
peuieHue o0 hs,, -UIeHTUPULIUPYEMOCTU CUCTE-
MbI (5). OH gojxXeH OBITH OCHOBAH Ha aHaju3e
CBOWCTB CTPYKTYDHI S,

B HenuHeitHOW TMHAMUKe W Teopuu (pakra-
JIOB JIJISI OLIEHKU MoKa3aTeJs pa3MEePHOCTU CTPYK-
TYpbl TIPUMEHSIIOTCSI TIOAXOMAbl, OCHOBAaHHBIE Ha
npuHinmne nokpeitus [27]. [pennoxeHsl pa3any-
Hble BUABI pa3MepHOCTU. OMHUM U3 MPOCTEUIIUX
rnokasaTesiell SBJSeTCSl TOMOJIOTHYecKasi pa3mep-
HOCTb. OHa OIIEHMBAET FeOMETPUIO CTPYKTYPHI U
He BCerja oTpaxaeT ee BHYTPEHHHE OCOOEHHO-
CTU. ATTPAKTOpbl M ¢hpaKTajbl YaCcTO SIBJSIOTCS
HEOMHOPONHBIMU. Takue HeoAHOpPOAHbIEe ¢pak-
TaJbHble OOBEKTHl Ha3bIBalOT MYJIbTH(dpaKTasa-
mu [22]. S,,~CTPYKTYpbl JAWUHAMMYECKUX CHUCTEM
C MHOTO3HAQUHBIMM HEJIMHEWHOCTSIMMU SIBJISIIOTCSI
MPUMEPOM HEOAHOPOIHBIX CTPYKTYP.

PaznuuHble mokazarenu TMOKPHITUS (KOppessi-
LIMOHHAs pa3MepHOCTb, MHMOpPMAIIMOHHAS pa3-
MEPHOCTb U T. M.) OLEHKHU Pa3MEePHOCTH SIBJISTIOTCS
NPUOINXKEHHBIMU U TpyaoeMKuMu [27]. OHu He
BCeraa JamT OLEHKY T€OMETPUYECKOTO pa3anydus
(bparmenToB cTpyKTYyphl. [lo3TOMY manee BBOOAUT-
Cs WHTerpajibHasi XapakKTepuCTUKa CTPYKTYPHI,
KOTOpas mpeacTaBiseT coboil GyHKUMIO pacrpe-
JeJIeHW ST IepeMeHHON e Ha MHOXecTBe {y(f)} [22].
Takoli Toaxoa HMCKJIIOYaeT pa3jiMyHble ampuop-
Hbl€ TIPEAMNOJOXEHNSI OTHOCUTEIBHO TMOKPBITHS
CTPYKTYPBHI JIOKaJbHBIMU 00beKTaMu. CyTb Npe.-
JlaraeMoro IMojaxofa COCTOUT B CJIEAYIOLIEM.

[lycTs nst cuctemsl (5) ToaydeHa CprKTypa Sey-
BbimonHuM  (parMeHTanuo S, = fF U(Fsey Tae
Sley (FS’W — J'ICBaSI U TipaBast qaCTI/I CprKTypH Sey
dparMeHTHI ‘F , TS’ OIUCHIBAIOTCS (’pyHKHI/I;{MI/I
é(y), €(), rae {Ve {e},{ "V < {e}. [locTtpoum st
Sley (F;ey YacTOTHbIE (YHKUMU pacripeneaeHust
(ructorpammsl) %!, #'. Ha ocnoBe #'!, #" momny-
4UM MHTerpajbHble QYHKLUNK pacipeneieHus [#,
", Tlyets 1, = {iAe, i=1,k! — obmactb ompene-
nenust byukumii #', 947, O61acTh 3HAYCHMIT DYHK-

unit 7', 7" IpencTaBUM B BHIE BEKTOPOB

L3y =
R(i#H") =

[19c], 1965, ... 190 )]
1], 1905, ..., 197 ]

3nech k — MciI0 KapMaHOB, 3aJaHHBIX Ha [,;
Ae — BeJIMYMHA KapMaHa 1o e. [IpumMeHUM Moneb

R=ay L") (24)
u ¢ noMowrplo MHK onpenenum mapamerp ay.
Mogenb sBasieTCs aieKBaTHOM, eciiy TapamMeTp
ag € O(l), tne O(1) — okpectHocTh 1. Ecnum yc-
nosue ay € O(l) BeimosHseTcs, To cucrema (5)
SIBJISIETCS hﬁh -MICHTUDUIUDPYEMOI U S,, # NS,
B mporuBHOM ciy4ae CTpPyKTypa S,, SBISIETCS
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HEe3HAUMMOMW W, CJIeIOBATEIbHO, CTPYKTYPHO He-
UACHTUPUATUPYEMOA.

Vreepxkaenne 1 [22]. [lycmb 0as cucmembi
(5): 1) noayuena cmpykmypa S,, Komopas umeem
6U0 S, = (Fsley U F, , ede (Fsley,(FS’ey — ¢hpaemenmoi
CMpYKmypol S,,, OnpedeieHHble HA MHOXNCecmee
{y(}; 2) das Tsley,TS’ey uzeecmuol wacmommusie H',
9" u unmeepanvhvie’ 19’ 1H" pynkyuu pacnpe-
denenus; 4) 3asucumocmo mencdy R(Hu L)
umeem eud (24). Toeda cucmema (5) aeasemcs hy L
udenmuguyupyemoi, ecau ay € O(1).

Onpenenenne 10. Eciu cucrema (5) siBasiercs
hs, -MICHTUGULMPYEMOIA, TO CTPYKTYpaA S, UMEET
pasmepHocTb DH), = ay € O(1).

Onpenencuue 10 mokaspiBaeT, 4yTo ecnm u(f) € S,
TO pa3MEpPHOCTh CTPYKTYPHO MACHTU(DUIINPYEMOI
cucteMbl 6im3ka Kk 1. Takoe 3nauenme DH, ro-
BOPUT O TOM, YTO CTPYKTYpa S,, HE UMEET CIIOXK-
HBIX YY9aCTKOB, U (hparMeHTHI Tsley, TS’W SIBJISTIOTCSI
CTPYKTYPHO WIEHTUYHBIMU WM TOMOTETHBIMM.
Eciu xe DH, ¢ O(l), TO 5TO MOXET ObITb MpPU-
3HAKOM NS, ~CTPYKTYPbl MJIM CUCTEMBbI C Ooee
CJIOKHOIM (hOpMOI HETMHEHHOCTBIO.

PesynbraThl, TONyYeHHBIE C TIOMOIIBIO YT-
BepXIeHUs 1, MOXHO IOMOJHUTH THCTOTPaMM-
HBIM aHaJIM30M CTPYKTYPHI S, [21, 22].

CrpyKTypHas uaeHTH(UKANNS HeJTMHEHHBIX
CHCTEM Ha OCHOBE MEPapXHYECKOro MOrpyKeHus

I[IpuBeneM IOCTAaHOBKY 3alauyd CTPYKTYPHOM
naeHTudukanuu. PaccMOTpuM OOBEKT, OIMCHI-
BaeMbIi YpPaBHCHUEM

X(t) = F(X, A, 1)+ Bu(?);
(@) =CTX(1) + &),

rae X € R™ — Bekrtop cocrosHus; F: R™ X RK x
X J— R™ — rnankast HenpepblBHO aupbepeHIn-
pyemasi m-MepHasi BeKTOp-GyHKuuS; € J < R,
y € R — BoIXOH 00BeKTa; 4 € R — Bxom; A e RF —
BeKTOp napameTpoB; B e R”, £ € R — KyCOYHO-He-
MpepbIBHOE OorpaHn4YeHHOe Bo3MylieHue, C € R™.

Hnst cuctembl (25) u3BecTHa ampuopHasi WH-
dbopmanms

(25)

1,(X,S5,Gs,u,8)cSguGguUIX¥ LT UIE, (26)

KOTOpas mpeacTaBisieT co00ii MHOXECTBO, COAEP-
Xallee AOCTYIMHYI0 HMHGOPMALMIO O CTPYKType
BekTop-yHkmMu F e Sy, mapamerpax (A4, B) c G s>
a TakXe 0 XapaKTepucTukax Bxozxa %, Beixoma 1))
1 Bo3MylleHus 15.

MHoxecTBO Sg MOXeT coiepxaTb MHdOpMa-
LIMI0 O KJjacce ONepaTopoB, OMMCHIBAIOIIMX M-
HAMHUKY CHCTeMHBI (25), a TakxXe HEKOTOpbIe HX
CTPYKTYpHBle TapaMeTpel Ag MomHOCTE Ag
onpexensiercss yposHeM I, Kak nmpasuio, B 3ana-
yax uaeHTudukanumu GopMupoBaHue Kak Sg, TaK
1 Ag OCHOBAHO Ha ONBITE U MHTYULIUU UCCIENO0-
BaTesisl. YUUThIBas HeopMaanusyeMocThb Sg B (26),
MOILIHOCTb MTOIMHOXECTB Sg, A g MOXET OBITh 3a-
JlaHa He4yeTKO, a yallle BCero SIBJSIeTCS Heolpee-
JICHHOU. DTO CYIIECTBEHHO YCJOXHSET Mpolecc
peleHus 3a1a4y CTPYKTYPHOM MACHTU(MUKAIIIN.

O cucreMe (25) mmeeTcss dKCIIepMMEHTaIbHAS
nHpopMaL s

L, ={u(®), y(t),t € J =11y, 1,1} (27)

OTHOCHUTENBLHO BO3MYILIEHUS (IIOMEXU) & MOTYT
JIeNaThCd pas3iuuHble mpeanojoxeHus. Cyle-
CTBEHHO TO, 4TO & SIBJISIETCSI OTPAHUYEHHBIM.

Paccmorpum omeparop Fi() € R™, gaBnsio-
IIUICS IPETEHACHTOM Ha (opMUpOBaHUE CTPYK-
Typbl BeKTOp-QyHKUMU F(X, A, 1) B cucteme (25).
Cuuraem, yto oneparop F;(-) € Sy u nmapamerpu-
30BaH C TOYHOCTBIO 10 Mapbl (2,-, ﬁ,») e Ag cSy.
st olleHKM KadyecTBa BLIOPAaHHBLIX KaHIMIATOB
MPUMEHUM MOJEIb

X(t) = F(X. A1) + Bu(t).

3adaua: Ha OCHOBE MMeloLIeicsa anpuopHoi I,
M 3KcnepuMeHTanbHOi I, nHdopmanuu, npume-
Hssl METOHI IlapaMeTpPUUecKoil MAeHTU(PUKALIUU,
OLICHUTD CTPYKTYpPY BeKTOp-GYHKLUUU F B cUCTe-
Me (25) Takum oOpa3oM, YTOObl MUHUMU3UPOBATH
MOLIHOCTb MHOX€ECTBaA Sg

*

argmin #Sg = F .
F

(28)

BoinosHeHue xputepusi (28) 3KBUBaJEHTHO
ClefyIolleMy YCIOBUIO:

argmin #A g = (A", B").
(4,B)

3nech He KOHKPETU3UPYETCsl KJIacC METOMOB Ta-
paMeTpuyuecKoil uaeHTuduKam, Tak Kak ux BUI
3aBUCUT OT JIEMEHTOB MHOXecTBa Sg. BriOop Kpu-
Tepusl UACHTUDUKALIMU #S g OTpaKaeT HeCTaHIAPT-
HOCTb M CJIOXXHOCTb pPacCMaTprMBaeMOi 3a1a4uu.

N3 npuBeneHHON MOCTAHOBKU 3a7avyd BUIHO,
YTO MpOoOIeMa CTPYKTYPHOU UACHTU(PUKAIINY SIB-
JIsIeTCsl CJIOKHON M He TmoaaaeTcs opMaanzauuu
Ha ypoBHe [,. HemanoBaxHOe 3HA4YEHHWE WMEET
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OIBIT U UHTYU LIS ucciaenosares. [loatomy BMe-
cto Kputepus (28) mpu pelieHUM TMPUKIATHBIX
3a/1a4 4YacCTO MUCMOJb3YIOT WHTYUTUBHBIE U 3BPU-
cTuyeckue moaxonsl. Huxke nanaraercs Mmetonmuka
unepapxudeckoro mnorpyxenust (MIT) pns pere-
HUS 3a7a4u CTPYKTypHOW uaeHTuukanuu. Pac-
CMAaTpUBAETCS MPUMEP KOHKPETHOM HEJIMHEHHOMN
CHACTEMBI, TAK KaK B OOILIEM CIIy4ae HEBO3MOXHO
aZeKBaTHO alipMOpU ONKCaTb MHOXECTBA Sg U Ag.

PaccmarpuBaeTcss cucreMa C TUCTEPE3UCOM
byka—Bena [29]

mx+cx+ F(x,z,t) = f(t), y = x,

F(x,z,t) = akx(t) + (1 - 0)kdz(t); 29)

¢ =d (ax - pl*||zl"signz - yxz"),  (30)

Puc. 1. ®a3zoBblii mopTpet n Bbixoa Moaeau (30)
Fig. 1. Phase portrait and output of model (30)

e

Puc. 2. CtpykTrypa Sey
Fig. 2. Framework §,,

rme m > 0 — macca; ¢ > 0 — gemndupoBaHue;
F(x, z, ) — BoccranaBnuBaromas cuna; d > 0, n > 0,
k>0, a e (0, 1); (ff — BO3OYyKXKHamIass Cuia;
o, B, y — Hekotopsle yuciaa. Jlamee cucremy (29),
(30) Oynem o6Go3Hauath Spy: Cuurtaem, 4TO U3-
BecTHa nHbopmanus I, a 1aHHBIE O CTPYKType
CUCTEMBI Spy, ABISIOTCS HemodHbIMU. Heobxomu-
MO OLIEHUTH CTPYKTYPHBIE COCTABJSIONIAE MOJIE-
1 byka—Bena (30). [lanee nmonaraem, 4to n = 1,5,
c=2,m=1,B=05a=07k=06,d=a=1.
Bosoyxmatomast cuna f(t) = 2 — 2sin(0,15x=f). Cu-
crema Sy, MOIETMPOBAach C HAYAJIbHBIMU YCIIO-
pusmu: x(0) = 1, x(0) =0, z(0) = 1.

IIpumeHsis mogxod, W3JIOXKEHHBIM B pasnaelie
"MeTon TIOCTPOEHUS  ,,~CTPYKTYpP", MONYIUM
CTPYKTYPY S, U ba3oBbiii iopTpet S (puc. 1, 2).

Mogens (9) umeeT B

X=-0,199x +0,471f. 31)

Ha puc. 2 npeacraBjieH BbIXOI MOIEIU €, all-
ImpokcuMupyitoueit e(f). Mogenb nMeeT BUI

Yey = 0,033y 0,153, rezy =0,983, (32)
TIE Y,, =€ — CEKYLIasi CTPYKTYDPY S,y rezy — KO-
appunmeHT gerepmMuHauuu. Ecaum cpaBHUTH

puc. 1, 2, To MOXXHO 3aMETUTh, UTO 00JIACTU OMpe-
IeJIeHUs Z U e coBnanmaroT. I3 puc. 2 ciaeayeT, 4To
Spp-cucreMa sBISETCS HEJTMHEHHOM.

CTpyKkTypHasT WMACHTUPUIUPYEMOCTh CJEdy-
et u3 teopemsl 4 ¢ §, = 0,002. Spy~-cucrema sB-
JnsgeTcsa S-CUHXpOHM3UpyMo#, a mopaeiab (31) —
SM-unentuduumnpyrouieii. LIeHTp CTPyKTypBI S,
¢, = —0,001. Cexymue (11) umeror Bux

ve =0,0313y 0,146, rp,, =0,912,
y0 =0,032y 0,15, r2,, =0,926.

ye,r

33)

Mogenu (33) cTpykTypHO coriacyiorcs ¢ (32).
OTU pe3yabTaTbl TO3BOJSIOT MEepelTu K 3Tamy
OLIEHKM CTPYKTYPHBIX COCTaBJSIIOIIMX MOJIEIU
bykxa—Bena (MBB) (30).

Haiinem npousBogHy1o OT e(f), IPUMEHUB OIle-
paumio yuciaeHHoro auddepeHuupoBanus. Tak
KaK 3Ta Tpolienypa YyBCTBUTENbHA K OIIMOKaM
BBIYMCJIEHUSI, TO BBITIOJHUM CrjaxuBaHue é(t).
O0603HaUMM TIOJyYEHHYIO TMEepeMEeHHYI0 uepes
g =¢. JlanpHeWlIniA aHaIM3 MmokKas3as, YTO & He
3aBUCHUT OT Xx. CienoBaTelbHO, € MOXET 3aBUCETh
OT X Wau z. OTo ObLI nepBbiid aTan UII.
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Puc. 3. CTpyKTypa 1,11 OLEHKH BJIMSHHS NPOM3BOJHOM BbIXOAA
Sgp-cuCTeMbl

Fig. 3. Framework for evaluating impact X of Spp-system

[=)
o
o

Puc. 4. CTpykTypa [Jisi ONEHKH BJIMSHUS NePeMeHHOI 1
Fig. 4. Framework for evaluating impact of variable p

PaccMoTpuM CTPYKTYpy S ;, OIMCHIBACMYIO
orobpaxeHnem I : :X —g T[J€ X — OlleHKa
npousBogHoit x (Bropoit atam WMII). Ilocrpoum

CEeKyIIyIo y, OIS =

v =0,0324%, r% =0,86.. (34)
AnekBaTHOCTb Moaenu (34) orpaxaer puc. 3.
Puc. 3 u coorHomenue(34) moaTBEPXKAAIOT BIAUSI-
HHEe X Ha cBoiicTBa ructepesuca (30).
Crenytomuit atan UI1 cBoguTcs K ompenpee-
HUIO CBSI3W MEXIY TEpeMEHHBIMU Z ¢ . B kaue-
CTBE OLIGHKM Z WCIIOJb3yeM TIepeMEHHYIO e.
B nmanpHeiimem 1ist Hee OyaeM MCIOJIb30BaTh

0003HaYeHUEe Z =e. AHAJIU3 ITOKA3bIBAET, 4YTO
MEXIY Z U & OTCYTCTBYET JMHelHasa cBs3b. Cie-
JOBATEJIbHO, MOXET CYLIECTBOBATH KOPPENsLUs
MEXY &€ ¥ KOMOMHauenr Z 1 X (cM. Boiwe). Mc-
KJTIOYMM BJIMSIHUE JIMHEMHOW COCTaBJISIOLIEH IO
X Ha s Jug storo chopMHUpyeEM IEPEMEHHYIO
S=e-7v.;. [lepeiinem B TMPOCTPAHCTBO Py, TIE
w=lz"%, h > 0. BBeneHue aGCOTIOTHOI BENMUN-
Hbl CBSI3aHO C oOecneyeHueM AeHCTBUTEIbHOIO
3HayeHus p npu Z < 0. TIpumep OLIEHKM CBA3M Ha
OCHOBE aHaJIn3a CTPYKTYPbI Sy, IOKA3aH Ha PUC. 4,
rae h = 0,5. CTpyKTypa S, ABISCTCS h5h -UJIEHTU-
duLMpyeMoii.

CeKYH_[a${2 Yo CTPYKTYDY Sy, UMECT BUIL Yg, =
= 0,354y, oy = 0,82, h=10,5. Cnenyet 3aMeTUTD,
YTO BBIOOp /1 MOXET HE COOTBETCTBOBAaTh Iapa-
MeTpy # B BeipaxkeHue (30). [IpuuynHa Takoro He-
COOTBETCTBUS CJIEAYET U3 MPeaaraeMoro moaxo-
na. UcTuHHBIE OLIEHKM IJISI MapaMeTpPOB MOAECIU
byka—BeHa MoryT OBITb MOJY4eHBI TOJBKO Ha
aTare nmapaMmeTpru4ecKoil naeHTU(PUKALINH.

3ameuanue 9. [l ycTaHOBJIEHUSI CTPYKTYp-
HBIX CBsI3¢il MOXXHO B KaUeCTBE BbIXOJA MCIIOJIb30-
BaThb cekyliuyto (34).

CrpaBelIMBOCTh  IIPEAJIOKEHHOIO  IOAX01a
MOATBEPKIAEeT pUC. 5, KOTOPBIM OTpaxkaeT B3au-
MOCBSI3b 3TAJIOHHON U IIOJYYEHHOM OLICHOK TH-
crepesuca. Cekyuias y,, CTPyKTYpy MMEET BUIL

7., =0,033z7-0,0068, r2 =0,836.

Hrak, mpoBemeHHBIN CTPYKTYpHBIM aHaIu3
MoKasaj, YToO OMHAMHWKa THUCTepe3nca 3aBHUCUT

'D

o

o
N>

z
V25

'0,08 T T T T T T T
20 -15-10-05 00 05 10 15 20

Puc. 5. Ouenka 6.1u30CTH Z ¥ 2
Fig. 5. Proximity evaluation z and 2
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OT MepeMeHHBIX 7 U X . Brixon cucremsl (29) He-
MOCPEACTBEHHO HE BIMSET Ha M3MEHEHHE T'MCTe-
pe3uca. CTpYKTYpHBII aHalu3 TpeOyeT MpUMe-
HEHUSl aJeKBAaTHOTO MaTeMaTHM4yeCcKOro aIrmapara
IJIST TIPUHSITUST PElICHUM O CTPYKTYpe CHUCTEMBI
Spw» PacCMOTpEHHBII 3[1eCh OAXO/ MPEACTABISET
co6oii meton UIT B mpocTpaHCTBO COCTOSTHUS CU-
CTEMBI M €TO paclIUpeHUE.

Bo3HukaeTt Bonpoc: 10 Kakoro 3tamna (ypoBHS)
MOXeT npuMeHsaTbcs meton UIT?

PaccmoTpuM uHGpOpPMAILIMOHHOE MHOXECTBO
I(I,), Ha kKoTOpOM ompenejieHa CTPYKTypa .S,
rae i — YpOBEHb MEpapXUUYeCKOIO ITOrpyKEHUS.
[Tpumepsl mHOXecTB 1;(1,) mpencraBiieHbl BbILLIE.
TaM xe pacCMOTPEHBI COOTBETCTBYIOLLIME UM CTPYK-
Typbl. [lycTb N\S;. ABISETCS HE3HAYMMOM CTPYKTY-
poit [22]. BDTo 3Ha4YuT, 4YTO HA YpoBHe i + 1 cuctema
SIBJISETCSI CTPYKTYPHO HEMACHTU(DULINPYEMOIA.

Teopema 6. Cucmema Spy A615emesa cmpyKmyp-
HO udeHmu@uuyupyemol Ha 3a0aHHOM UHGOpMAlU-
onHom mHoxucecmee 1,(1,) ¢ nomowpro cmpykmypol
S;, ecau Ha ypoere i + 1 Sy = NSj4y.

Y1BepxkIeHUe TeOopeMbl 6 HEIOoCPEeICTBEHHO
cleayeT U3 MPEACTABICHHBIX BBIIIE Pe3yJIbTaTOB.
[Ipumep oCcTaHOBKM METOHA MEPApXUUYECKOr'o I10-
TpyXEeHHUs NEMOHCTPUPYET puC. 6, IIe NMpeacTas-
JNeHa CTPYKTypa Sz, e f=[Zl|xl, &=9-yy.
3pech ke MoKa3aHa CeKyluast CTpyKTypy Sgy-

Ecnu nepeMeHHy10 & anmpoKCMMUpPOBaTh Ha
MHoXecTBe {X(f), i(f)}, T. €. MOIYYUTb MOAEIb
&€ = a,fi+a,X, U BBECTH HEBA3KY K = & —§, TO MO-
cleAyiollas anmnpokKCcuMalus & C IMOMOLIbIO JIM-
HEWHOW MOMENU, 3aBUCAILEH OT MEPEMEHHON [,

s

]

=

[=]

o
L

Puc. 6. He3nauumas cTpykrypa S
Fig. 6. Insignificant framework Sza

JaeT OCHOBAHMWE CHEJaTh BBIBOA, YTO 3Ta CBS3b
SIBSIETCSl CcyllecTBeHHOUN (ueTBepThiii aTtan UII).
Tem cambIM 3TOT BBIBOJ OOOCHOBBIBAET HAJUUYME
B ypaBHeHUM (30) TpeThbero ciaraeMoro B mpaBoi
4acTu.

3akioyenue

BeeneHo ycnoBrue S-CMHXpOHU3ALMU HEJIMHEN-
HOM CHUCTE€Mbl M MOKAa3aHO, YTO €r0 BbIIIOJHEHUE
rapaHTUpyeT CTPYKTYPHYIO UACHTUPUIUPYEMOCTD
cucteMbl. IloaydeHsl yCIOBUS CTPYKTYPHOI MIOEH-
TUGULUPYEMOCTH HEJIMHENHONM 4YacTU CHCTEMBI.
OTHU yCIOBUS OCHOBAHBI HA aHAJIN3€ CIIELMAJIbHOIO
KJlacca TeOMETPUUYECKUX CTPYKTYpP, OTpaxkarollrx
COCTOSSHUE HEJIMHEUHON 4YacTyU CHUCTEMBI HAa KaK-
JIIOM YpoBHe ux IpumeHeHus. [lonydeHsl ycaoBus
CTPYKTYPHOW WACHTUPULUMPYEMOCTH JIMHEHHOM
yacTu cuctembl. IlpenyoxeH MeTon CTPYKTYPHOI
nAeHTU(PUKALINY HEJTMHEMHOM YacTu cucteMbl. OH
IIPEeACTaBIsSIeT CO00ll MpolLenypy HepapXuuecKoro
MOTPYKEHUSI, KOTOpasi OCHOBaHAa Ha CUHTE3€ Ieo-
METPUUYECKOM CTPYKTYPhl HA KaXKAOM llIare morpy-
KEHHMS Y MOCJIEeAYIOIIEM €€ CTPYKTYPHOM aHaJIni3e
C LICJIbIO YCTAHOBUTh 3aBUCUMOCTHU, MPUCYILIIUE HE-
JIMHEWHOM yacTu cucteMbl. Ha KaxmoM 1iare 3Toit
MNpoLEeaypbl IMPOBEPSETCS YCJIOBUE CTPYKTYPHOM
UACHTUGULINPYEMOCTH T€OMETPUYECKON CTPYK-
TYpbl, @ 3HAQUWUT, M AaACKBAaTHOCTb ITOJYYEHHBIX
CTPYKTYPHBIX CBsideii. JlaHHasi Impolenypa peaau-
30BaHA Ha IIPUMEPE HEJIMHEUMHON CUCTEMBI C TH-
crepe3ncoMm byka—Bena. Jlana moctaHoBKa 3a1aun
CTPYKTYPHOI UACHTU(PUKAIIUH.
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An approach to the structural identifiability analysis of nonlinear dynamic systems under uncertainty is proposed. We
have shown that S-synchronization is the necessary condition for the structural identifiability of a nonlinear system. Condi-
tions are obtained for the design of a model which identifies the nonlinear part of the system. The method is proposed for the
obtaining of a set which contains the information on the nonlinear part. A class of geometric frameworks which reflect the
state of the system nonlinear part is introduced. Geometrical frameworks are defined on the synthesized set. The conditions
are given for the structural indistinguishability of geometric frameworks on the set of S-synchronizing inputs. Local identifi-
ability conditions are obtained for the nonlinear part. We are shown that a non-synchronizing input gives an insignificant
geometric framework. This leads to a structural non-identifiability of the system nonlinear part. The method is proposed
Jor the estimation of the structural identifiability the nonlinear part of the system. Conditions for parametric identifiability
of the system linear part are obtained. We show that the structural identifiability is the basis for the structural identification
of the system. The hierarchical immersion method is proposed for the estimation of nonlinear system structural parameters.
The method is used for the structural identification of a system with Bouc-Wen hysteresis.

Keywords: framework, nonlinear dynamic system, structural identifiability, S-synchronizability, hierarchical immer-

sion, structural identification, Bouc-Wen hysteresis
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Mathematical Models for Determining the Distribution of Fluid Flow
Temperature along the Wellbore and Horizontal Pipeline

Abstract

This paper presents a proposed new indirect method determining instantly oil well debit using developed mathematical models. As a
result integrated analysis using the models it has been revealed correlation between oil well debit and well throw out flow temperature.
Therefore putting purpose was obtained. Mathematical models are developed for the distribution of fluid flow temperature along the length
of the tubing from the well bottom to the wellhead and along the length of the oil pipeline from the collector of oil wells to the oil treatment
unit. On the basis of experimental data, the authors propose formulas in the form of the relationship between oil emulsion (OE) viscosity,
the flow temperature and concentration of water globule in OF and the coefficient of heat transfer from the fluid flow in the wellbore (WB)
to the rock, and heat capacity and thermal conductivity of gas, water, rock and steel of the WB walls. This effect is demonstrated in the
constructed diagrams. It is shown bottom temperature jump as a result of the Joule Thomson drosseling effect then connective transmitted
up at flow rate v. In such case well-head or well outlet oil mixture (OM) flow temperature depend more of volume of stream flow than of
bottom hole temperature. Thought in the paper, do not taking into consideration great casing annulus areas influence to the well outlet flow
temperature. As shown from supporting paper the relative values og the thermal conductivity of the liquid column and gas column present in
the casing annulus order less than well bore (WB) wall thermal conductivity. Consequently well outlet OM flow temperature will depends
not only of the volume of stream flow, also of the bottom hole temperature and of the gas column and liquid column.

A new method for determining the oil well flow rate by measuring the downstream temperature is developed. A mathematical model is
proposed that allows calculating the thermal profile of the fluid along the wellbore for determining the oil well flow rate with account of the
geothermal gradient in the rock surrounding the wellbore. It is shown, that unlike the existing methods the new proposed method allows
determining the instantaneous discharge of a well very easily. One of the actual challenges in fluid (oil, water and gas) transportation
from wells to oil treatment installation is determination of a law of temperature distribution along the length of a pipeline at low ambient
temperature. That temperature leads to increase in viscosity and deposition of wax on inner surface of a pipe. To overcome that challenge it
is needed to consider several defining characteristics of formation fluid (FF) flow. Complexity of a solution is caused by two factors. From
the one hand, in most cases (especially on a late stage of field development) FF is an oil emulsion (OE) that contains gas bubbles. From the
other hand, temperature gradient between fluid flow and the environment has significant value (especially in the winter period of the year).
At the same time, the higher content of emulsified water droplets (EWD) in OE and lower flow temperature, the higher FF viscosity, and
consequently productivity (efficiency) of oil pumping system is reduced. Performed research and analysis of field experimental data showed
that a function of oil viscosity versus temperature has a hyperbolic law, a function of OE viscosity versus concentration of EWD has a
parabolic one. A heat balance for a certain section of a pipeline in steady state of fluid motion using a method of separation of variables was
established taking into account above mentioned factors, Fourier’s empirical laws on heat conductivity and Newton's law on heat transfer. As
a result, unlike existing works, an exponential law of distribution of temperature along the length of a pipeline is obtained. A law takes into
account nonlinear nature of change in viscosity of OE from change in temperature of flow and concentration of water in an emulsion. As a
result, in contrast to the existing works, the proposed exponential law of temperature distribution along the length of the pipeline is obtained,
taking into account the nonlinear nature of variation of OFE viscosity with the change in the flow temperature and the concentration of water
in the emulsion. The results of the calculation are presented in the form of a table and graphs.

Keywords: thermodynamics, heat friction, heat capacity, heat transfer, energy, entropy, enthalpy
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MatemaTtnyeckme moaenu pacnpenerieHnAa TemMmnepatypbl XUOAKOCTU
Nno BepPTUKAJIbHbIX U TOPU3OHTAlNNIbHbIX pr6ax CKBaXWHbI

Ilpedaaeaemcs Hosblll Henpamoll Memod onpedeseHus MeHOBeHHO20 0eOUumMa HeMAHbIX CKBANCUH C UCNOAb30BAHUEM DA3-
PAbOMaHHbIX Mamemamu4eckux mooeseil. B pesysbmame KOMNAEKCHO20 AHAAU3A C UCHOAb308AHUEM MOOenell 8bli6AeHa KO-
peasyus mexcdy 0ebumom HepmsAHOU CKEANCUHbL U memnepamypou gvlxodsujeeo nomoka. Paspabomaner mamemamuueckue
MoOeau pacnpedenenus memMnepamypv. HOMOKa ICUOKOCMU N0 OAUHe HACOCHO-KOMNPECCOPHbIX mpyd om OHA CKB8ANCUHBL 00
YCmbs CK8ANCUHbL U NO 0AUHe He(hmenposooa om KoaAeKmopa HehmsaHbiX CK8ANCUH 00 YCMaHo8Ku nodeomosku Hegpmu. Ha
OCHOBAHUU IKCNEPUMEHMANLHBIX OAHHbIX A8MOPbL NPeOAa2arm Qopmyssl 6 ude 3a8UCUMOCIU MeNCOY 83KOCMbI) HePMAHOU
amyavcuu (HD), memnepamypoii nomoka u KoHyermpayueil 600aHbX Kaneav 6 HD u koagpgpuyuenmom menasonepedavu om no-
moka acudkocmu 6 cmeoae ckeaxcutol (CC) kK nopode, a makice menaoemKoCcmosio U Menionpo8ooOHOCMyI0 2a3d, 00bl, KAMHS
u cmaau cmenok CC. Dmom 3¢hghexm demoncmpupyemcs Ha NOCMPOCHHBIX ePAPUKAX.

Ilokaszano, ymo memnepamypa Ha OHe nodckaxkueaem 6 pezyasbmame apgpexma opoccearuposanus xucoyaa-Tomcona u
nepedaemcs co CKOpocmbvio nomoka v. B amom cayuae memnepamypa nomoka Hepmsanoui cmecu (HC) 6 ycmove ckeaxcumbvt
UAU HA 8blx00e CKEANCUHbL 3asucum 6oabuie om 00semMa HOMOKA, Yem Om memnepamypsl 6 3a0oe ckeaxcune. B cmamoe e
YHUmMbIBACMCS CUAbHOE AUSHUE 3aMPYOHO20 NPOCMPAHCMEA HA MmeMnepamypy nomoKa Ha evixode ckeadicunsl. Kax 6uono u3
U3100iCeHUe, OMHOCUMENbHble 3HAYEHUS MENAONPOBOOHOCMU CMOABA HCUOKOCIU U cM0A06a 2a3a, NPUCYMCMEYIOUUX 8 3ampy0-
HOM NPOCMpAaHCcmee, Ha nopsdoK MeHbiie MenaonpogooHocmu cmeHku ckeaxcunvl. CredogamenvHo, memnepamypa nomokda
HC na ebixo0e ckeasicunsl 6ydem 3agucems He moabKo om 06semMa NOMoKa, Ho MakKdice om memnepamypul 6 3a60e CK8ANCUHbI,
a makoce cmoaba easa u cmoaba HeUoKocmu.

Paspaboman Hogvlli memod onpedensenus debuma He@mMAHOU CKEANCUHbI NYMEM U3SMEPeHUs meMnepamypb. Ha @blxoode
mpybonpoeoda. [Ipedroxcena mamemamuueckas modenv, N0360AAOUAS PACCHUMAMb MeNA080U NPOPUAL JHcUOKOCmU 8001b
CMB04a CKBANCUHBL 015 onpedenenus debuma He)mAHOU CKBANCUHBL C YHEMOM 2e0MepMAabHO20 epaduenma  nopooe, oKpy-
acaroweli cmeon ckeaxcunsl. Ilokazano, ymo ¢ omauuue om cyuecCmeyuUx memodos, HoGblll NPEOLONCEHHBII Memod NO360-
Aslem o4eHb 1e2K0 Onpedesums MeHOBeHHbLI 0eOUm CK8ANCUHbL.

O0nHoll U3 aKmyaavHbviX npobaem npu nepekauxe NAACMo8o2o parwuda (Hepmu, 600bl U 2a3a) om CKEANCUH 00 YCMAHOBKU
n0020mogKU Hepmu seasemcs onpedenerue 3aKoHA pacnpedeeHus memnepamypsl no oiuHe Hepmenpoeooda npu HU3KOU mem-
nepamype okpyxycawoueti cpedsi, npugodAuel K NOGbIUEHUIO 653KOCMU U NAPADUHOBBIX OMAONCEHUN HA BHYMPEHHel nogepx-
Hocmu mpy6ul. Pewenue dannoi npobaemovr mpeGyem yuema HeKOmMopbix Onpedeisouux XapaKmepucmuk nomoka niacmoeozo
garouda (I1P). Caoxucnocms pewerus obycrosrena deyms paxkmopamu. C 00HOU cmopoHbl, 6 60AbUIUHCIGE CAYHAAX (0COOEHHO
Ha no3dueli cmaduu pazpabomiu mecmopoxcdenus) 1D seasemes negpmsanoti smyavcueti (HD), codepucaweii 2azosvie nysvipvku,
¢ dpyeolul cmopoHbl epaduerm memnepamypol Mexucdy HOMoKoM JICUOKOCMU U OKPYdcarouell cpedoll umeem cyujecmeeHHoe 3Have-
Hue (0cobeHHO 6 3uMHULL nepuod 200a). Ilpu smom ¢ nosbviuenuem cOOePICAHUS IMYAb2UPOBAHHBIX 8005HbIX Kaneab (DBK) ¢ HD u
¢ NOHUdICeHUeM meMnepamypsl homoka éaskocms I[1D nogviuaemces u, c1e008amenbHo, CHUNCAEMCS NPOU3BO0UMENbHOCMb (3¢)-
pexmusrocms) Hegpmenepexauusarouei cucmemsl. TIpogedennvie uccaedo8anus U AHAAU3 NPOMbICAOBHIX IKCHEPUMEHMANbHbIX
OaHHbIX NOKA3AAU, YMO U3MEHeHUe 813KOCMU Heymu Om 3HA4eHUs meMnepamypsl ORUCHIEAeMCs cUNePOOAUYECKUM 3aKOHOM,
a eéazxocmo HD om konyenmpayuu OBK — napaboauveckum. C yuemom smux paxmopoe u smnuputeckux 3akonoe Pypve o me-
naonpogooHocmu u 3akona Hotomona o menaonepedaue cocmasien 6aianc menaa 04s OnpeoeseHH020 Y4acmKa He@menpogooa
NpU YCMAHOBUBUEMCS pedcUMe O8UNCCHUSL HCUOKOCMU ¢ UCHOAb308AHUEM MeMO00a pa30eieHUs NePeMEeHHbIX.

B pezyrvmame, 6 omauuue om cyuwecmeyruux pabom, noay4eH 3KCHOHEHYUANbHbLI 3aKOH pacnpedeieHus memnepamypol
no daure He(hmenposooa, yuumslearOW ULl HeAUHEU b XapaKkmep usmenenus easxocmu HD om uzmenenus memnepamypvi no-
moKa u KoOHyenmpayuu 800bl 8 Imyavcuu. Pezyromamor pacuema npugedenst 6 eude mabauysl U 2papuros.

Karueevie caosa: mepmoauﬁamulca, menjaoeoe mpernue, menioemKocms, menﬂooﬁmeﬂ, 9Hepeusd, SHmMponusd, SHmalbnus

1. Introduction

Various techniques and approximation for pre-
dicting flow process in the wellbore have been pre-
sented in literature.

Heat transfer issues in offshore wells have become
more relevant in recent years with the exploration of
high-pressure, high-temperature reservoirs [1, 2].

In this work, we demonstrate that when high-
temperature reservoir fluid flows through the tubing

string toward the well-head, the temperature of the
entire borehole rises. As a result of the radial tem-
perature gradients, the fluid pressure in the sealed
annular space between tubes increases, posing a well
integrity failure scenario known as annular pres-
sure build up. This paper addresses the two-phase
flow problem using different algorithms. It is shown
that the thermodynamic and transport properties of
the hydrocarbon mixture were calculated using the
multiflash package and were solved together with
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the momentum and energy equations to determine
the local vapor mass fraction and the equilibrium
temperature. In [1], a thermal resistance network
was used to model the heat transfer in the radial
direction in the concentric multi-string well geome-
try. Boundary conditions were defined based on the
geothermal gradient, the hydrocarbon flow rate and
pressure at the bottom hole. The results identified
several flow pattern transitions along the 3443-m
long well production string for different flow rates
and gas/oil ratios.

In [3—5], it is shown that enhanced geometrical
system which utilizes geometrical energy beneath
the ground surface at a depth at several thousand
meters has been an object of keen interest recently.
Wellbores in the Enhanced Geometrical System
extend several kilometers from the ground surface,
providing large heat transfer areas between the flo-
wing fluid and the surrounding formation. In this
paper, an unsteady flow within vertical injection
and production wells was modeled, with wellbore
heat transfer between the fluid and the surrounding
formation. However, the model obtained in [1, 6, 7]
is of local and graphical nature.

In [6] two-phase flow phenomena, variable phy-
sical properties and other effects such as the change
in kinetic energy, variation and the Joule-Thomson
coefficient were incorporated in the models.

The single-phase flow direct transition from
bubbly to churn is due to the pipe diameter, which
is in agreement with the observation reported by
Omebere-lyari [8], where no slug flow was observed.

Calculation of the temperature profile of the fluid
along the wellbore (rising pipe) for determining the
well flow rate in the case of non-steady temperature
field in the rock surrounding the wellbore (WB) is
one of the topical problems in oilfield operation.
Many studies have been published on this effect
[9—16]. As a result of integrated analysis, it has
been revealed that temperature variation in the WB
characterize hydro-and thermodynamic processes
taking place in the production interval. In this case,
the information about the thermal agitation of the
oil reservoir (OR) may be obtained by measuring
the fluid flow temperature and pressure in the well-
bore (WB). WB temperature variation character-
izes summary thermal processes taking place both
in the OR and WB. The bottom hole temperature
is controlled by thermal phenomena in OR. Series
of energy transformations take place in vertical (lif-
ting) flow: increase or decrease in potential energy;
changes in Kkinetic and internal energy; heat ex-
change between fluid and rock; mixture fluids and

gases in the production interval entering from the
different horizons with different temperature resul-
ting in the calorimetric thermal effect; adiabatic ex-
pansion effect in the WB; Joule-Thomson throttling
effect etc. It was established [9, 12, 16] that thermo-
gram (temperature curve) measured in the WB may
be used as a flow meter curve.

2. Problem statement

It follows from the analysis of literature given in
the previous paragraphs that establishing the law
of temperature distribution along the length of the
pipeline, with consideration for the non-linear na-
ture of the relationship between the variation of OE
viscosity and the variation of the temperature of the
flow of reservoir fluid (water, oil and gas) and the
water concentration in OE, as well as the initial
flow temperature and the environment temperature
is a priority concern.

One of the priority tasks in oil extracting in-
dustry is determining the temperature distribution
along the length of the oil pipeline from the oil pro-
ducing wells (OW) to the oil treatment unit (OTU)
at a low temperature of the environment surroun-
ding the oil pipeline, leading to an increase in vis-
cosity, the deposition of asphaltene sediments on
the inner surface of the pipe, and, consequently, to
the loss of frictional pressure.

3. Problem solution

3.1. Mathematical models for determining
the temperature profile of the fluid flow along
the wellbore

Heat conducting flow in homogeneous horizon-
tal reservoir rock surrounding the well is very close
to radial. Heat conducting flow rate in element of
height dz at the temperature drop A7(z) between the
rock and the oil mixture flow may be specified by
the following formulas:
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where A is the thermal conductivity coefficient
( Kkal

Mss° )’
exchange between the flow and the surrounding
medium; Q is heat quantity; r, is the radius of WB
(M); a is the sum total temperature conductivity of
the annular space (m?2/s); a;, a, are the temperature
conductivity of fluid and gas, respectlvely (m?/s); H
is the liquid column in the annular space (M); / is
the well depth (M).

In the case of a variable temperature drop, equa-
tion (1) takes the following form:

dQ(z,1)
dz

K(?) is the dimension coefficient of heat

t
K- TE@D 4 )
0 617
WB vertical flow energy balance is described by
the following formulas:

2
GOl g2 ||+ Py [T 420V
0z 2g ot g ot
1
=LK (t- T)Mdr; )
0 T
G = Fyv,

where G is the stream flow weight (kr/s); F is the
cross-sectional area of the flow (m?); y is the speci-
fic weight (kg/m?); 4 is the heat equivalent of work

Kkal ; v is the flow rate (M/S); T,(z) is

&2 344 ———

KIr-m
the rock temperature as function of depth z (S%);
T(z, #) is the flow temperature (S°); S is thermody-
namic function (entropy) of system (Kkal/SO); Iis
the thermodynamic function (enthalpy) of system
(Kkal).

Since values of coefficient K(f) are time depen-
dent, the vertical flow in WB can never become
strictly stationary. But due to the damping character
of the function, the coefficient K(f) changes very
slow. In this case, one can take that K(f) = const
and use the known Newton’s heat transfer formula:

d0(z,1) _
aAT (z,1), 5
dF(2) (z,1) ®)
where F(7) is the heat transfer area (mz); o is the
heat transfer coefficient Kgglo

When the pressure distribution in WB and the
heat exchange between the flow and the surroun-
ding medium is known, then energy equations (2),
(4) and (5) allow us to determine temperature dis-
tribution in WB. Therefore, convenient thermody-
namic functions dS and d[ are replaced with

ds = deT A(‘Wj dP: ©)
oT
T(oV
dl =CpdT + AV |1-—| —| |d 7
pdT + { V{aT}J p (7
and we have the following form:
GCp £+81£+i(1+mj +
0z oz Cp gdz
oT oP Av ov
FyCp| — - 8
’ Y‘{at m8t+Cpg6t} ®)
0 aT
AV
Hy = —— U ©))
CP
AV
gs:__us; (10)
CP
ol
C =|— 11
(%), (1)

where Vis the volume substance unite mass (m3/ kg);
m is the differential adiabatic coefficient S°/MP Cp
is the specific heat capacity at constant pressure
(Kcal/S9).

Equation (6) is the basis for analytical investiga-
tion of the temperature of the vertical flow in WB.

Version I. 1f the stream flow weight G, and the
WB cross secuonal area F| are constant values, we

have a =0; =0 and on the laminar flow:
<
aP Ph P, (12)
8z /

where P, and P, are the pressure at the well head
and bottom hole, respectively (MPa), equation (6)
is simplified

oT 14T
- - K(t - 0dAT(z,1); (13
oz v ot GOJ(T) (@.1); (13)
Gy
=20, 14
V= Fy (14)
=1{P’1‘Pb—1] (15)
Cp /

In the case of z = 0, the geothermic temperature
distribution may be described using the formulas

Tr(z) =

where 7, is the bottom hole temperature (°C); T is
the geothermic gradient (*C/M).

T
TO—Fz:To—aa—Zz (16)
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As a result of solving the equation under the
condition z > vt (when vertical flow temperature
expands the flow rate), we have

T(z,t)=Ty-Tz+
17
+(M+F)Cp 0 {1 exp[ 2a tﬂ; {17
2nryo ryyCp
(X,:E(X]‘f‘l_H(Xz (18)
/ /
where: oy = fi(p); oy = fz(Pz) p; = Bpo T (1 = P)pys

p; is the liquid density (g/m>); Pg> Po and pw are the
gas, oil and water density, respectively (g/m>).

The geometrical interpretation of the results of
physical quantities in coordinates [A, T] is plotted
in Fig. 1.

After the start of well’s operation, the tempera-
ture change in the WB from the bottom hole to
the well-head in case of an immediate contact of
the well with surrounding rocks is characterized by
straight lines 1, 2, 3, 4 which are parallel to the geo-
thermic gradient 4,C,. Consequently, the tempera-
ture increase in the WB will be same at all depths
from the well-head to the crossing points C,, in
which the upward movement (C;, C,, C;, C,) takes
place at flow rates v. For instance, temperature dis-
tribution in the WB at the moment ¢, is interpreted
with the curve C,C,A4,.

Bottom hole temperature jump is a result of the
Joule-Thomson throttling effect then connective is

transmitted up at the flow rate v. In this case, the
OM flow temperature at the well-head or the well-
outlet depends more on the volume of stream flow
than on the bottom hole temperature [9]. The idea
presented in the paper does not take into account
the great impact of the annular space areas ion the
well outlet flow temperature.

As shown in the table, the relative values of the
thermal conductivity of the liquid column and the
gas column present in the annular space are much
lower than the thermal conductivity of the WB wall.
Consequently, the OM flow temperature at smaller
well outlet will depends not only on the volume of
stream flow but also on the bottom hole tempera-
ture and on the gas column and the liquid column.
As shown in Fig. 1, the line D,B, is not parallel to
the geothermic gradient and, consequently, the flow
temperature at the well outlet will be higher (BOBS )
than noted.

The straight line A4,C, represents geothermal
energy, i.e. temperature distribution in the WB be-
fore the start of well’s operation 7 < 0.

[ is the well depth; H, [ — H are, respectively, the
liquid (oil, water) column and the gas column in the
annular space.

The curve B,C, corresponds to the temperature
establishing in the WB after the start of well’s ope-
ration AT(0, /) = 0. The maximum increasing flow
temperature value along the geothermic line, accord-
ing to formulas (10), at # — o has the following form:

AT, p max = (M+F) CPGO

(19)
where C is an experimental constant, the value of
which for different gases varies within a range from
94 to 396.

As shown in formulas (17)-(19), the liquid column
H and the column / — H in the annular space have
the greatest effect on the OM flow temperature at
the well outlet and the heat transfer coefficient.

As shown in Fig. 2, the values of thermal con-
ductivity of liquid and gas are much smaller than
the value of thermal conductivity of the WB wall.
This is confirmed by data reduction [13] (Table 1).

Table 1
Material Properties
Property Gas | Water | Sand (rock) | Steel
Heat capacity 3,055 | 4,214 0,856 0,502
- Thermal conductivity 0,08 0,72 2,25 16,27
Fig. 1. Temperature curves of the oil in WB constructed using Molecular weight 16 18
Newton’s heat transfer law
MexaTponnka, asToMaTu3anus, ynpasienue, Tom 21, Ne 6, 2020 341



Version II. In the case of movement of the oil
mixture (OM) in WB (rising pipe), there is a loss of
energy due to friction. In this case, the loss of energy
is a transition to heat and, in turn, a change in the
flow temperature. Heat increases due to the loss of
energy, some of which goes to heat OM, but another
part of it is radiated through the WB wall [18]

If Q is oil well flow rate (m?>/d), y is the specific
weight (Kg/m?), then all the energy lost due to fric-
tion in the section 4 of the WB in the unit time is
QOvh and it is a transition to heat:

5= Qrh. (20)
E
2
hon LY Q1)
D, g

where F is the mechanical equivalent of the work
(425 (Kg-m)/Kkal); v is the WB flow velocity; A is
the resistance coefficient of the fluid flow in WB;
D, is the effective diameter of WB (M); / is the oil
well length (M); g is gravity acceleration (m/sz); his
the resistance pressure loss (M).

Consequently, the quantity of heat on the length
dz of the section of WB will have the form

Oyi
I==d 22
s (22)
where i = h/l is hydraulically slope (M/KM).
According to Newton’s law of cooling, the total
heat loss through the WB wall can be calculated
from the following formula:
tDK(T -T,)dz (23)
where T is the OM temperature in the selected
section of WB (SO); D is the inside diameter of the
pipe; T, is the external environmental temperature
(SO); K is the WB heat transfer coefficient
(Kkal/(M?-S-°C)).
The total fluid heat loss in the section dz will be:

—QyCdT 4)

where C is the heat capacity (Kkal/(Kq-SO)).
Thus, considering formulas (1)—(3), we have
heat balance:

~QyCdT = =DK(T - T,)dz - %dz (25)

or

where
a:ﬂ; Q7)
oyC
_ Qv 28)
nKDFE

Taking into account the geothermal gradient of

rock surrounding WB CZ—T =—k and T= Tb — kz,
we have: <

AT - (T ke-T, - b)az.
a

(29)
As a result of integration of equation (29) under
condition z =0, T'= T,, we get:

T:Tb—kz+b+£+(—b—£jeaz, (30)
a a

where T} is the bottom hole temperature (SO).

Thus, as a result, we have a temperature distri-
bution across the depth of the well from the bottom
to the well head.

If we do not take into account the friction pres-
sure drop, i.e. b = 0, we can get the law for deter-
mining the temperature in the following form:

TI:Tb—kanK—ﬁe‘“z. (31)
a a

By comparing formulas (30) with (31), we ob-

tained a temperature change due to friction
AT =T -T, = b(1 —e ). (32)

Taking into account formulas (26) and (27) and the
actual data of the oil well operation: v = 0,541 M/s;
[ = 3000 M; D, = 0,036 M; i = 0,055 M/KM;
0y = 0,58 Kgq/s; C = 0,75 Kkal/(KqS?); K =
= 0,00256 Kkal/(m?-S-5%), as a result of the calcu-
lation, we have: a = 6,7-107% (1/M); b = 2,45°.

In view of the above, we can conclude that
formulas (22)—(32) and our estimates allow finding
the temperature distribution in the WB due to oil
well flow rate.

Now we shall consider the physical meaning of
the coefficients a, b of equations (30)—(32). Coef-
ficient a has a length inverse to the value (1/M); the
coefficient b has the value of temperature degree (S°).

If we introduce the flow rate equation

D%
—dT = a(T - T, - b)dz (26) 0= 1 (33)
342 MexaTponnka, aBToMaTu3anus, ynpasienue, Tom 21, Ne 6, 2020



then with:
Y= PE
according to (24)—(29), we have:

}\‘ 2
p=PrrY
SKE

As follows from formula (34), the maximum in-
crease in the flow temperature at the outlet is qua-
dratically proportional to the OM flow rate. In ad-
dition, in this case, as the OM flow rate increases
and the heat transfer decreases, the value of b grows.
Therefore, the measurement of the well outlet flow
temperature is characterized by the well flow rate.
Thus, an increase in the flow rate of OM results not
only in the values of the coefficients a, b increasing,
but also in the stay time of OM in WB decreasing
and, consequently, in the heat loss at that time re-
ducing.

As can be seen from formulas (24) and (25), es-
timating the values of the coefficients a and b re-
quires determining the values of Afand K.

For a plain-end pipe, the value of Af can be
more accurately determined using the following
formulas [18]:

(34)

%y =0,3164Re* = 0,3164[{(vDp)/ul""* (35)

where p is the dynamic viscosity (Pa-s).
We have developed the following formula for de-
termining the values of K:

( 1 1 . D, 1
= +—InN—+—
OLlDI 27\,h| D] (XzDz

+

N (36)
1 D, 1
In— +
20h, A3 D;

D,

where o, a,, oz are the coefficients of heat transfer
from the OM flow to the WB wall, from the WB
wall to the annular space, from the annular space
to the surrounding rocks, respectively; A I and A hy
are the thermal conductivity coefficients of the WB
wall and of the annular space, respectively (see the
proposed diagram in Fig. 2).

1, 2, 3 are WB, casing and rock, respectively;
3, 4 are WB and casing walls, respectively;  is the
high viscosity adsorption layer; r; + 3, r; are the
radiuses of the WB and the casing, respectively; C,,
C, are the liquid column and the gas column, re-
spectively; A o My and L hy ATC the thermal conduc-
tivity coefficients of the WB wall, the annular space
and the rock.

+

o]

Fig. 2. The diagram of heat transfer through cylindrical walls and
annular space

As shown in Fig. 2, heat transfer processes take
place in several stages:

1) From the flow core to the adsorption layer (c);

2) From the border (o) to the inner surface of the
WB wall (r));

3) From the inner surface to the outward surface
of the WB wall (r,);

4) From the outward surface of the WB wall
through the annular space to the inner casing sur-
face (r3);

5) From the inner to the outward casing surface
(r4);

6) From the outward casing surface to the rock.

In the first stage, connective heat transfer takes
place, where the process of heat transfer from the
OM flow core to the WB wall is complicated and
depends primarily on the movement mode of the
OM flow. Main temperature drop in case of a tur-
bulence flow takes place in the fluid border (o). It
means that the thermic resistance of the adsorption
layer plays a crucial role in heat the transfer pro-
cess. Therefore, increasing the degree of turbulence
decreases the thickness of the adsorption layer, con-
tributing to higher intensity of heat transfer. In this
case, the value of heat transfer is calculated using
the Newton formula (23).

In the laminar flow, the thermal motion is in the
direction perpendicular to the direction of the OM
flow, where thermal conductivity takes place.

In view of the above, it can be concluded that
the main resistance in the heat transmission from
the core of the fluid flow in the WB to the rock is
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in the annular space, where liquid and gas columns
are almost stationary and heat transfer is realized
only with thermal conductivity.

The values of the coefficients o, o, and oy are
determined from the known formula:

M,

o; = NUT =0
where Nu is the Nusselt criterion, f is the expansion
coefficient (1/5°).

The values of %, for water and oil can be deter-
mined using N. B. Vargaftik’s formula:

A = & Cpyd—L
h SPVM

where M is the molecular weight of fluid.

Since A, depends on temperature for oil and
water the dependence is described by the approxi-
mate linear Graetz formula [17]

G37)

(38)

hp = hy (L+6T) = 3,11-107(1+0,11T)  (39)

where ¢ is the temperature coefficient.

The values A hy = f(T) for gases separation space
in the casing can be determined using the approxi-
mate formula:

3/2
N, =20 [273+CJ(LJ .
« T C 273

3.2. Mathematical model of the temperature
distribution along the length
of horizontal oil pipeline

(40)

To determine the pressure loss to overcome the
friction #,, along the length of a circular pipeline,
the Darcy-Weisbach equation is used:

2
o; = kli =il
D2p

where A is the hydraulic resistance coefficient that
depends on the Reynolds number and relative
roughness of the inner surface of the pipe; / and
Dare the length and the diameter of the pipeline,
respectively, m; g is the gravitational acceleration,
mz/s; G, 9 is the average flow velocity, m/s.

As a result of friction, the work expressed by the
following formula is lost in the elementary section
dz of the pipeline

h, 41)

p

G;,p;.gidzdt

G =
r E

“42)

where E is the mechanical equivalent of heat 427
kg-g-f-m

3 Keal ) ] ) 3
m°/h, and density of oil emulsion OE, kg/m”, re-
spectively, z is the distance change from OW, m,
T —time.

In formula (2) is used to determine the law of
fluid temperature distribution along the length of
the pipeline. However, this formula does not reflect
the direct effect of oil viscosity on the value of tem-
perature.

Calculating the heat balance for the elementary
section dz of the pipe under steady-state fluid mo-
tion and solving the composite differential equation
by the method of separation of variables, the ex-
ponential relationship between the variation of the
current value of temperature and the length of the
pipeline, between the value of temperature in the
beginning of the pipe and the temperature of envi-
ronment surrounding the pipeline were obtained in
[18—22]. However, as shown in [18], when calcula-
ting the heat balance, oil viscosity, which is one of
the defining factors of the flow of fluids (oil, water,
gas) in the pipe, is not taken into account. The sig-
nificance of this factor is further enhanced by the
fact that in real conditions, it is not oil (which was
the subject of research by the authors of [18, 23]
that flows from OW to OTU but a much more com-
plex oil emulsion (OE) mixed with gas. At the same
time, the flow of OE and gas mixture, in contrast to
oil flow, leads to an additional increase in the value
of A and therefore A,,. In order to take viscosity into
account, a simplified version (linear dependence) of
the variation of viscosity with the variation of the
current temperature is used in [24, 25] when solving
the differential equation.

Our studies and analysis of data from field ex-
periments have shown that the relationship between
the variation of oil viscosity and the variation of
temperature is described by the hyperbolic law:

; Pu, are the volumetric flow rate,

_ 9
b+ct

Ko

and OE viscosity is calculated from the following
formula:

CuB=pl 2. B _ @ 43
Wie = BB = p[1+sw+aw’] b+ ol b+ct()

where 7 is the temperature of OE, °C; n,, w,, are oil

_& (P)

—4 kg-s . sm:-.s

or 1,019-10"" =~ (Pa); w is the concentration of
m

viscosity and OE viscosity, respectively,
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emulsified water droplets in OE; a, b, c, s, a are the
coefficients determined experimentally.

The amount of heat released from the friction of
OE along the corresponding section dz of the pipe
length in time dr is calculated from the following
formula:

_ 128G,
Or =" Dk

The amount of heat lost by OE flowing through

said section in time dt is expressed by the formula

Gp = Giepiecie Z—;dZdT
where p,, = wp, + (I = w)p,, Cp, = wC, + (1 —w)
Cys Ps> Pu» Pys are the density of water, oil and OE,
respectively, kg/m3; C,, C,, C,, are the specific
heat of water, oil and OE, respectively, kcal/(kg-SO).

Then, using Newton’s law of cooling, it is pos-
sible to determine the amount of heat lost by the
pipeline wall to the cooling medium with tempera-
ture f; over the length dz in time dr:

dzd-. (44)

45)

Gr, = nDK,(t - 1y)dzd, (46)
ter —t

K =n, —Cr—- . 47)

LTy 108

Mh; + Xoherhsh
ch= 1n; + 28CTSrp (48)
where K| is the heat transfer coefficient, 2kc—al;
m--°C-h

A¢p is the average thermal conductivity of the adhe-
sive oil layer (or asphaltene sediments), the oil pipe-
line wall and the layer of soil covering the pipeline,

kcal
m?-S%h
pipe wall, environment and the fluid in the pipe,
respectively, S0 ; 6 is the cumulative thickness of the
near-wall oil layer, the pipe walls and the soil, A,
he, and hy, are the thickness of the oil layer, the
pipeline wall and the soil, respectively, m; ;, 2,,
A3 are the respective thermal conductivities of these
layers; & = h, + hy + hy, is the cumulative thick-
ness of the heat transfer layer.

In order to determine the average fluid flow ve-
locity in a circular pipe, the parabolic Stokes’ law

is used, i.e.
2
9= L D——r2 +8_p
4“1’6 4 0z

where 7 is the parameter expressing the variation of
the thickness of fluid from the center of the flow to
the wall.

; to, 1 and 7, are the temperature of the

49)

In this case, the fluid flow rate G is calculated
as follows:

nD*
281,

Taking into account (49) and (50), we get

D)2
G= | 2urdro = —[5—”}

] oz (50)

n/2 . 2 2,
G=| 2nrh(@] dzdvdr = 123Cietie g4
0 E \ or nD"F

where p, 9 are the pressure, Pa, and the average flow
velocity of OE, m/h, respectively; t is time, hrs.

Based on the above, we calculate the heat bal-
ance for the elementary section dz of the pipe under
steady-state flow of OE:

AG=G,-G,-G,, =

i
IealZ

Sy

2
_ 128G pie -nDK(t-1)=0.

—Gp.C
<D'E P

ieVie
In order to find the temperature distribution (vari-
ation) of OE flow along the length of the oil pipeline
in the direction from OW to OTU, by integrating the
formulas of differential equation (22), we get:

- bct dt = -z +¢,. (52)
cd 2+ 4,(b—cty)t — (b ity + Ja)
2

4
t, t, are the current temperaull)reEand the tempera-
ture of the environment surrounding the oil pipe-
line, respectively, S°; ¢, is the constant of integra-
tion; z is the distance from OW, m.

Assuming the notation ¢/, =r; J(b—-ct)) =d,
bJt, + J,a = e, we transform integral (37) into the
following form:

b+ct
1, |—————dt=-7+c¢.
S !
After some transformations, integral (53) takes
the following form:

53)

1, b+ct
b t=— . 54
A marm T 9
Solving integral equation (54), we get:
K, In[c,(t +n)P(t +n)?] = -z +¢. (55)

Under the initial conditions z = 0, 1 = £,, we
estimate the value of ¢,

¢; = K, In[e,(ty + n)?(ty + n)?]
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Calculated values of temperature distribution along the length of the pipeline

Table

Z (m)
w
0 2000 4000 6000 8000 10000 12000 14000 16000
0.1 30 28.439 26.957 25.595 24.342 23.191 22132 21.169 20.264
0.2 30 18.499 13.628 11.566 10.692 10.322 10.165 10.099 10.071

where n, m, p, g are the variable coefficients, which
are determined by technological parameters, i.c.

n= L[af—(a’2 +4re)'/?];
2r

m = i[d +(d? +4re)'/?];
2r

p=cn-Db;
q=>b-cm;
1

Where d =J,(b—-ct)), e=bJt; +Jya, r=cJ,.

As a result, we obtain the sought-for equation for
the relationship the variation of the OE flow tem-
perature and the value of the initial temperature (#,)
and the distance along the length of the oil pipeline
from OW to the current point (2):

t+n)?(t+m)? =(ty+n)’(ty, + m)? exp(—JzK J
3K

Based on the above, we calculate the values of
the temperature distribution of OE flow along the
length of the oil pipeline from OW to OTU in rela-
tion to distance. The results are given in Table 2.

Taking into account the calculated values given
in the table, a graph of the temperature distribution
along the length of the pipeline is constructed (Fig. 3).

BRREBEL L~

-
L

-
i

omnaoad

Fig. 3. Variation of temperature distribution along the length of
the pipeline

We can see from the figure that for different val-
ues of the distance increase, the temperature of OE
flow decreases exponentially. Moreover, at 7 = oo, the
temperature of OE flow is equal to the temperature
of the environment surrounding the oil pipeline.

Conclusion

The paper proposes a new indirect method for
determining the instantaneous discharge of oil
wells using the developed mathematical models.
As a result of a comprehensive analysis using these
models, a correlation was found between the oil
well flow rate and the flow temperature at the well
outlet, therefore, the flow temperature distribution
along the length of the tubing from the bottom to
the well head.

A systematic analysis of the state of the art for
the problem of determining the temperature distri-
bution of the flow of oil, oil emulsion and three-
phase oil-water-gas system along the length of the
oil pipeline is carried out. It is demonstrated that
the mathematical modeling of variation of the flow
temperature along the length of the pipeline in the
existing literature does not take into account the
effect of oil emulsion viscosity on the temperature
distribution. Therefore, in this paper, we propose
the hyperbolic law of variation of oil viscosity with
temperature and the parabolic law of variation of oil
emulsion viscosity with the concentration of emul-
sified water droplets in oil. Taking these formulas
into account, we have developed new mathematical
models for the distribution of fluid flow temperature
along the length of an oil pipeline from the collec-
tor of oil wells to the oil treatment unit.

Using the empirical laws — Fourier’s law of heat
conduction, Newton’s law of heat transfer — and
viscous friction of oil emulsion flow, a mathemati-
cal model is developed for the distribution of oil
flow temperature along the length of the oil pipeline
in relation to oil emulsion viscosity. The calculated
results of the temperature distribution along the oil
pipeline are given.
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IV MexxagyHapoaHasi KOH(pepeHLus

"YCTOUYNBOCTb U MPOLIECChI YIPABNEHMA"
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Mocepy epednbix seujecme (okcuda azoma, okcuoa yeaepooa) npu pabome aguauyuoHH020 ea3omypournroeo deueamens (I'T/).

CaodicHocms ynpaeaeHus Kamepoli c2OpaHus 3aKAI0HAemcs 8 mom, 4mo Heo0xo0umo 00H08PEeMEHHO NOOOePICUBAMb OCHOB-
Hble nosemusle mpebo8aHUs Kak no msee dgueamens, maxK u o MUHUMU3AYUU 68b16p0CO6 8pedHbiX eewyecms. OOHOBpeMeHHOe
BbINONHEHUE IMUX YCA0BUU NPUBOOUM K peuleHUIo 3adayu 6 y3KoMm duanaszone uzmenenus napamempog. CaodxcHocms npoyec-
€08, NPOMEKAWUX 6 ABUAUUOHHOM 08ueamene, He N0360A1em UCNO0Ab3086aMb MPAUYUOHHbIE 3AKOHbL ynpasienus. Tloamomy
6 crmamuoe npedaodceHbl pecyasimopbl, 0CHO8AHHble HA ANnaApame UCKYCCMEEHHO20 UHMeNleKmA.

B pabome npedcmaesens cunme3 u aHaau3 cucmemwvl asmomamuueckoeo ynpaeaenus (CAY), obecneuusaroweii ycmoii-
4ueyio pabomy Ha OCHOBHBIX NOAEMHbIX pexcumax. B xauecmee peeyasmopoe paccmompensl HelipoHHAA cemb U HeuemKUil
peeyaamop. IIpedaoxcenst pasauutsie modeau 0anHbix peeyaamopos. Ilposeden anaruz CAY u ocyuecmenen gvl60p HAUAYHUUX
Mmodeaell pecyasamopa.

Jaa munumuzayuu 6vi6pocoe épednbix eujecmeé npedcmasiena OUHAMUHECKAs MOOeab IMUCCUU 8DEOHbIX eeljecme Ha
yposHe 18 ke 3a noauelii yuka e3rem—nosem—nocaoka. Pazpabomana CAY munumu3zayueil gpednvix eeujecme Ha 0CHOGe
HelipoHHO20 peeyasmopa. [Ipusedensl pe3yromamesl 3KCHEPUMEHMOB.

Karoueesvie caosa: asuayuonHolli dgueamens, 8bl0POC 8PeOHbIX Gellyecme, Kamepa c2opaHus, OCHOBHble HOAEMHbLe PeNCUMDbL,
pacxod monauea, 003amopvl (Ou@OY3uOHHbII U 20MO2EHHbLU), HeuemKUl peeyasimop, HeUpoHHOoe ynpaeieHue, memood 00-
PaAmuoe0 pacnpocmpanerus oumubku, memod Jleeenbepea—Mapkeapoma, dunamuueckas Mooeab IMUCCUU BPEOHbIX GeUjecms,

Lleeé‘pllﬂbelﬁ nokasamesnb Smuccuu epednbtx eeujecme

BBenenne

CoBpeMeHHbIE TEHIEHLMU B aBUALlMOHHOM
JBUTATEJIECTPOCHUN TPEAIoJaraloT pa3pabdoTKy
JIBUTATeNeil, KOTOPbIE SIBISIOTCA HE TOJbKO BbI-
COKOKA4YeCTBEHHBIMU, HAaACXHBIMU M Oe3oIac-
HBIMU, HO W O00€CTIEYNBAIOIINMHA IKOJIOTHUYECKYIO
COXPAaHHOCTb OKpyKatouieit cpeabl [1—4]

YXyalieHue 3KOJOTMU OKpYKamlleil cpeabl U
yKECTOYeHMEe HOPM Ha BpedHbIE BBIOPOCHI OKCH-
noB azota NO, u yrinepona CO 1yl COBpEMEHHBIX
JIBUTaTe]eil TpeOyloT pa3paboTKyM KadyeCTBEHHO
HOBBIX "YHMCTBIX"' KaMep cropaHusi, o0ecIieYnBaio-
LIMX 3aJJaHHbIC OTPaHMYECHMS 110 BPEAHBIM BBIOPO-
caM okcuaoB azora NO, u yriekucioro rasa [1, 5].
B kamepax cropaHusi HOBOrO THUIMa YMEHbIIECHUE
BpEIHBIX BBIOPOCOB OCYILIECTBISIETCS 3a CUYET Iepe-

I PaGora BbImONHeHA B pamkax mporoopa CY HHMOKP

"Pa3paboTKa M MCCJeIOBaHUE HEYETKUX U HEWPOCETEBBIX CHU-
CTeM aBTOMAaTMYEeCKOro YIpaBJeHUs IepCIeKTUBHOrO Typ6o-
PEakTUBHOIO IBYXKOHTYPHOIO IBUTATEJNsI MOBBIIIEHHON TATH"
Ne 0000000020956180193/2018/537 ot "29" 01. 2019 r. ¢ AO
"OOK-CTAP"

pacrpeneaeHrsl TOIJIMBa II0 pa3IMYHBIM KOJLIEK-
TopaM. ['a3onmHamMuyeckas yCTOHNUMBOCTh TOPEHU S
B KaMepe cropaHus oOecCIIeYMBaeTCsl paBHOMEp-
HBIM pacrapeneleHueM TOILIMBOBO3IYIIHONA CMeCH
3a CYET MOMNEPEYHBIX IIyJIbCalluii KOHILIEHTpPaLUU
C MOMOIIIbIO TOMOTEHHBIX Y TUPPY3NOHHBIX 103a-
topoB [1, 2, 6]. I1pu nepepacrnpeneseHUN TOILINBA
clleAyeT yaepXKuBaTh paOOTy ABUrarelisi B YCTOM-
YUBOM pEXHUMe, He Jomyckas pexuma "O0egHoro"
CpplBa — CpblBa ILIaMEHM B KaMmepe CropaHus
(Ipu yMEHBIIEHUM TeMIlepaTyphl IJaMEHU HUXe
1100 K), u pexuma BuOporopeHus: (IIpu yBeIH-
yeHuu Temmneparypsl Boiie 1600 K). Kpome toro,
IIpY YBEJIMYEHUU TeMIIepaTyphbl IJIAMEHU CBBILLIE
2000 K mpoucxomuT pe3koe yBeJIMuYeHHe BhIOpoca
BpedHbIX BeuiecTB [1, 7—10].

Pa3paboTka kamep cropaHus, oOeclneynBalo-
IIMX MMUHMMAJIbHBII BBIOPOC BPEIHBIX BEILIECTB,
SBJISIETCS TIEPCIEKTUBHON M HEOOXOOMMOM 3ama-
yeil B o0sacTu aBuagBurarenaecTpoeHus. Cuenyer
OTMETUTh, YTO HAa CETONHSIIHMK IeHb CO3JaHUE
TaKMX KaMep CropaHusi HaXOOUTCsS Ha CTaguu
MMPOEKTUPOBaHMSsI, pa3pabOTKU U CO3TaHM S OMBIT-
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HBIX 00pa3loB. DKoJornyeckue TpedoBaHUS Cy-
XKaIOT 0071aCTh YCTOMYMBOTO peXrmMa pabOThl KakK
KaMephl cropaHus, Tak U aBuratess B uejoM. Cy-
LIECTBYIOIIME CUCTEMbI aBTOMATWYE€CKOTO YIpaB-
neaus (CAY) pBurateassMu He 00eCIeumBaloT
sKoJiornyeckue TpedoBanus. [losaTomy pa3pabor-
Ka aJITOpUTMOB YIpaBJIeHU S POlieCCaMU B KaMe-
pe cropaHus B YCJIOBHUSIX KaK TEXHOJOTMYECKUX,
TaK M OKOJOTMYECKUX OTrpaHUYEHUU SBIsSETCS
KpaliHe akTyaJbHOU 3amaueit [1—4].

ITocTanoBka 3agaum

ITpu pa3paboTKe aJITOPUTMOB yIIpaBJIeHU s, 00e-
CIIEYMBAIOIIMX MUHUMAJbHBINA BHIOPOC BEILECTB,
clAemyeT YYUTHIBATh CJCOYIOIIMEe OCOOEHHOCTHU
¢dyHkunoHuponaHus Kamep cropanus (KC).

Kamepa cropanus siBJaSIeTCS OMHOM M3 BaXKHEM-
LIMX YacTei ra30TypOMHHOrO ABUTaTes1, KOTOpas
obecrneynBaeT IIPOLECC TOPEHUS TOIJIMBOBO3-
aymwHoit cMecu (TBC). Temmneparypa razoB, BbI-
xoasguux u3 KC, obecnednBaeT MOLIHOCTD (TSITY)
U CKOpPOCTb peakTUBHOro asuratens [11].

OnHako AeicTBMsI, HAIlpaBJICHHbIE HA MUHM-
MU3aLui0 BpeaHbIX BbIOpocoB NO,, MOryT mnpu-
BECTHU K pexxuMy "0emHoro" cpuiBa. IToaTomy mmpo-
eKTUpoBaHue cucTteMm ynpapieHuss KC moaxHO
o0ecIeynBaTh YCTOMUMBBIN PeXUM pabOTHI Kame-
PHI B Y3KOM IMalla30He MEeXAY peskMMOM "6eaHoro"
cpbeiBa U BuOporopenud [1, 2, 9—12]. MoMeHTHI
BO3HMKHOBEHMSI U IPOTEKAHUS PeXUMOB "OeqHO-
ro" cpbiBa M BUOPOTrOpeHMs SIBISIIOTCS HemeTep-
MUHUPOBAaHHBIMU MpPOLIECCAMU, 3aBUCIIIUMU OT
MHOTHX ITapaMeTPOB: TeMIepaTyphbl JAMUHAPHOIO
MJaMeHM B Kamepe cropaHus, coctaBa TBC, naB-
nenuss B KC, reoMmeTpryeckux pa3MepoB KaMephl
cropaHusi U napyrux. Haumbonee BaxXxHOW Xapak-
TEPUCTUKON SABJSIETCA TeMIlepaTypa JaMUHAapHO-
ro IjaMeHu B Kamepe cropaHus. 3aBUCUMOCTb
TeMIIepaTypbl JaMMHApPHOI'O ILIAMEHM B KaMepe
CropaHusi 1 MOMEHTOB BOBHMKHOBEHMS PEXUMOB
"0eqHOr0" CphiBa M 3MHUCCHU OKCHUJIOB a30Ta OT

Koa(ppumenTa M30bITKA Bo3Aayxa o (o = LCB? ,
rne G, — pacxon Bo3ayxa; Ly — CTCXI/IOMeTp(I)/IqTe—
CKMIl KOX(h(MULIMEHT, XapaKTEepU3YIOIUH XUMU-
YecKMii cocTaB ToruiuBa; G, — pacxoll TOIJIMBA.)
npencrasiaeHa Ha puc. 1 [9, 13].

CnenyeT 3aMETUTh, YTO JAHHBIM rpaduK MO-
KET CXKMMAaThCS TI0 OCSIM aOCLMCC M OpAMHAT U
CMellaTbcsl MO Ocv abCUUCC B 3aBUCUMOCTH OT
BuJa ToruiuBa, coctogHus KC, naBneHus TOIIM-

[— |
AN a
| ) NO, |
12000 ‘{/ \\ l
: 7 ~ l
o ~
i 500 I CpbIB IUIAMEHH / ~N i
| T 1
| |
1000 |
0 052 104 15 208 260 312 |

Puc. 1. 3aBucuMocTb TeMnepaTypbl INIAMEHH OT COCTABA TOIJIH-
BOBO3AYIIHOM MacChl CMeCH

Fig. 1. Dependence of the flame temperature on the composition of
the fuel-air mass of the mixture

Ba B KC, TemnepaTypsl 1 JaBJeHUS BO3AyXa, TEM-
nepaTypbl BHELIHENH Cpeabl M APYTUX MapaMeTpPOB
[1, 2, 7].

Ob6ecreyueHre MUHUMAaJBHOIO BbIOpOCa Bpead-
HbIX BewlecTB B KC HOBoro tumna gocturaercs 3a
CUeT IepepacnpenejaecHus TOMJIMBA Yyepe3 pa3and-
Hble KOHTYpbl: TU(MPY3MOHHBI KOHTYp MOCTO-
STHHOW MoJayu TOIJIMBA U TOMOT€HHBIE KOHTYPhI.
3a cueT nmepepacnpenesaeHus TOMJIMBA U HEPaBHO-
MEpPHOCTHU TeMIlepaTypHoro mnojs B KC pexumbl
6enHOro0" CphiBa M BUOPOTOPEHUS MOTYT BO3HMK-
HYTb NPU Pa3JIUYHBIX 3HAYEHUSIX KOI(PhULMeHTa
U30bITKA BO31YXA d.

MoxxHo caenaTth BbiBOA, uTo KC Kak 00bekT
ynpapiaeHus (OY) gaBiasercs CIOXHBIM HEJTWHeH-
HBIM CTOXaCTUYECKUM OOBEKTOM MPU OTCYTCTBUU
€ro TOYHOTro MaTeMaTH4YecKoro onucanus [1, 2, 4,
10, 11].

Takum o6paszoM, 3agadyeit ynpabiaeHus KC
SIBJIIETCS oOOecleyeHue €€ yCTOWYMBON pabdoThl
B Y3KOM JHMana3oHe PeXMMOB IO Ko3hduliueH-
Ty U30bITKa Bo3ayxa. Eciu yduThIBaTh, YTO 3TOT
Jrana3oH HeoOXoAMMO 00ecCleyrBaTh B YCIOBUSIX
JOCTaTOYHO OOJbLIOrO AMana3oHa TeMIlepaTyphbl
OKpYXalollero BO3AyXa, pa3IMYHbIX PEXKKUMOB
paboThl ABUTaTENs, BIAUSHUS BHYTPEHHUX (ak-
TOPOB (HampUMeEp, BKIIOYEHUSI-BHIKIIOYEHUS OT-
OOpOB BO3AyXxa Ha caMOJIETHBIE HYKIbI U T.11.), TO
3amada ynpasieHusi KC cTaHOBUTCSI HEBEPOSITHO
CJIOXXKHOM.

JanHast 3amada MOXeT OBITH pelleHa C ITOMO-
IIBI0 TIPUMEHEHUSI TEXHOJOTMM MCKYCCTBEHHOTO
WHTEJUIEKTa. AHaiau3 paboT B JaHHOM HalpaB-
JICHUM TI0Kas3aJl, YTO 3ajaya ymnpaBleHUus, ode-
CIICYMBAIOIIEr0 MUHUMAJbHBIN BEIOPOC BEIIECTB,
B LieJIOM He pemieHa [1, 13—18],
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B 1aHHOI cTaThe pPacCMOTpPEH aJrOpUTM
yIIpaBJIeHUsS KaMepoil CropaHusi, KOTOPbIA MUHU-
MU3UPYET BLIOPOC BPEIHBLIX BELIECTB HAa YPOBHE
18 KT 3a Bechb IUKJI "B3JIeT—IOJIET—IIOCAaKa"

Pemenue 3a1a9u ynpasjieHHs] KaMepoil cropaHus

HMcxonHBIMM HaHHBIMM IS 3adadyu yIIpaBJe-
HUS SIBJISIETCS pacIpeneseHue TOILUIMBa HA OCHOB-
HbIX MOJETHBIX pexXuMmax (Tadma. 1)

B T1abn. 1 mpencraBiaeHbl cileaylollide IMapa-
MeTpbl: G, — CyMMapHbIii 00ObEM TONJIMBA, IO-
CTyINamouui B Kamepy cropaHus; G; — o0bem
TOIUIMBA, MOCTYIAIOMKK 4Yepe3 Aud@y3nOHHBIN
KOJUIEKTOpP; (G, — 00BEM TOIIMBA, IOCTY AL I
yepe3 1-ii roMOoreHHbIil KoJekTop; G; — 00beMm
TOIJIMBA, MOCTYMAaKILIUNA yepe3 2-if TOMOTI'eHHbIN
KOJUIEKTOD; Ogc — KO3(OULUMEHT U30BbITKA BO3-
nyxa; Txc — TeMmIiepatypa B Kamepe CropaHus;
Pyc — naBieHue B KaMepe CropaHus).

HaHHOe mepepacIpeaeaeHe TOIJIMBa MO KOJ-
JIEKTOpaM o0ecIleurMBaeT padoTy ABUTaTENIsI HA OC-
HOBHBIX ITOJIETHBIX peXHUMax.

B Ta67. 2 mpuseaeHsl CepTrudrKaliMoOHHbIE pe-

JKMMBI pa0OTHI ABUTATEJS 110 BMUCCHUM.
CnoxHoctb 00bekTa ynpasieHuss — KC — u ee

OCHOBHbIE CBOMCTBA (MHOTOMEPHOCTD, CTOXaCTUY-

HOCTb, HEJIMHENHOCTh) MPUBOASIT K HEOOXOAMMO-

CTH UcToNb30BaHMs Ajst cuHTe3da CAY uHTennex-

TyaJIbHBIX PETYJISITOPOB, MOCTPOEHHBIX HA OCHOBE

QJITOPUTMOB HEUETKOM JJOTMKU U MCKYCCTBEHHBIX

HelipoHHbix ceteit (MHC) [19-24]. Beibop anro-

PUTMOB MCKYCCTBEHHOI'O0 MHTEJJIEKTa O0YCIOBIEH

1 T€M, YTO "UMCThIE" KaMephl CTOPaHUS HE CcO31a-

Hbl B (pu3MyecKkoM BHAE, a 3aJaHbl MaTeMaThye-

CKM OCHOBHBIMM MapaMeTpaMH B Ipoliecce BCeX

MOJIETHBIX PEXUMOB (cM. Tabm. 1, 2).

Hnsa cunresza CAY mpemiaraeTcst HCIIOJIb30BaTh:

* UHTEJUIEKTyaJbHbIE PEryJsITOpbl, oObecneyu-
Baoiiue pa6ory KC Ha OCHOBHBIX MHOJETHBIX
pexumax (taou. 1);

* UHTEJUIEKTYyaJbHbIE PEryJsITOPhI, 00ecneyrBa-
I0LME MUHUMAaJbHBIA YpoBeHb 3Muccuu NO,
(Tabm. 2).

Ha mepBom sTamne B KauecTBe MHTEJJIEKTYyalb-

HBIX PEryJsiTOPOB ObIIM PACCMOTPEHBbI HEYeTKHe

1 HEHPOHHBIE PETYISTOPHI.

Tabnuma 1
Table 1
Pacnpenesiense TOnJIMBa B KaMepe CropaHus
Fuel distribution in the combustion chamber
ITapameTpnl Maunwliii ras IMoneTHBIN MabIil ra3 Baner
G, 0 560 560 726 1440 1874 2320 3500 4774 6150 9110
G, 0 560 200 200 200 200 230 290 350 410 560
G, 0 0 360 526 1240 837 1045 1605 2212 2870 4275
G; 0 0 0 0 0 837 1045 1605 2212 2870 4275
ogc(l +2) 3,30 3,00 2,31 2,08
agc(l +2+3) 4,16 3,80 3,20 2,83 2,54 2,14
Tkc 548 577 663 698 727 787 836 880 954
Pxc 6,1 7,3 12,2 14,8 17,2 23,2 29,0 34,8 45,9
Tabnuua 2
Table 2
Ceprudukanuonnbie pekumMbl padoTsl Asurates no smuccuu NO, (ycioBus: 6e3 oTOOPOB BO3AyXa M MOLIIHOCTH)
Certification the operating modes of the engine emissions (conditions: without air and power extraction)
Pexxum Tsra, % Bpems paGoTl, MUH | Pyc, Kr/cM? Tke, K oKe T, K G, Kr/4
Baner 100 0,7 45,77 912 2,26 1855 8879
HaGop BeICOTHI 85 2,2 40 876 2,47 1755 7315
3axon Ha nmocanky (ITMT) 30 4,0 17,72 700 3,92 1302 2373
Pynenue (MI) 7 26 7,16 552 6,15 964 711
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Puc. 2. Crpykrypa ynpapienuns KC, odecneunBaiomas 0CHOBHbIE
NoJIETHbIE PeXNMbI

Fig. 2. Governance structure of the COP serving as the main
flight modes

Tabauua 3
Table 3
O0yyaomas BbIOOpPKa
Training sample

NO, Okc Txkc Pyc n Gt
—1,703682 | 0,558727 | —1,724406 | —1,365422 | —2,190378 | —1,202198
—1,665822 | 0,505356 | —1,700758 | —1,355309 | —2,118917 | —1,195856
—1,627963 | 0451986 | —1,677109 | —1,345197 | —2,047456 | —1,189514
1,627963 | —1,433765 | 1,526059 | 1,793974 | 1,341824 | 1,951077
1,665822 | —1,469345 | 1,556231 | 1,839237 | 1,362241 | 2,007618
1,703682 | —1,504925 | 1,586403 | 1,884499 | 1,382658 | 2,064158
CTpykTypa peryagropa, o0OeclednBaloIero

(pyHKLIMOHMpOBaHME KaMepbl CrOpaHMsl Ha OC-
HOBHBIX ToJIeTHBIX pexkumax (OITP), nmpeacrasie-
Ha Ha puc. 2 .

Pacuer perynsiTopoB ObLI OCYIIECTBJIEH Ha OC-
HOBe oOyuaruleii BBIOOPKM, IIpeACTaBICHHOM
B Tabm. 3.

BxogHbIMU mEepeMEHHBIMU SIBISIOTCS CIELY-
IOIIMEe MapaMeTphl: TeMmIeparypa B KaMepe Cro-
panusi Tyc, AaBleHUe B Kamepe cropaHusi Py,
KO3 PuIMEeHT u30bITKAa BO3AYyXa Ogc, BBIOPOC
BpeaHbix BellecTB NO,, CKOPOCTb JABUTraTeNsl
(o6opoThl aBuratesisa) n. Beixogom siBisieTcs pac-
xox Tonausa G,.

B kauecTBe MHTENIEKTyaJbHBIX PETyIsSITOPOB
OBILTU PAaCCMOTPEHHL:

* HEWPOHHBIE PETYJSATOPBI C OOy4YeHMEM oOOpart-
HOTO pPacIpoCTpaHeHUs omuoku u JleBeHbep-
ra—MapkBapaTa, Kaxaas u3 Moaeseid CoOnepXKuT
OIWH (CKPBITHIN) cioi, coaepxaiuii 10 Helrpo-
HOB, (OYHKIIME aKTUBALIUU SIBJSIETCSI CUTMOM-
IanbpHas cTpykTypa [19, 23, 24];

* HeYeTKHue peryasiTopbl — Moaenu 3ane, Mawm-
nanu, Cyreno [20, 22, 23].
PaboToCrIoCOGHOCTE pETYIATOPOB KaMEPHI Cro-

paHUs Ha Pa3JIMYHBIX TOJETHBIX peXumax Oblia

MpoBepeHa NyTeM BKJIw4YeHUs B KOHTyp CAY

obopotamu aBuraresieMm (puc. 3).

[1naH 3KkcriepyMeHTa BKJIIOYAeT B ce0s1 aHaIu3
nepexogHbIx mpoueccoB CAY KC npu nsmeHeHUn
yuciia oboporoB n = {0,3; 0,5; 0,7; 1,0}, coorBeT-
CTBYIOILLIMM OCHOBHBIM IOJIETHBIM pexXuMaM (000-
pOTHI TIPEACTaBIEHbl B HOPMUPOBAHHOM BUJE).
KauecTBO ymnpaBiieHUs OLIEHMBAETCSl CJEAYIONIU-
MM OCHOBHBIMM TMOKa3aTEISIMU: fj; — BPEMEHEM
MEPEeXOHOTO Tpoliecca; c% — mepeperyimpona-
HueM; e(0)% — craTudecKkas onInoOkKa.

st nHTerpajabHON OLIEHKM KavyecTBa BhIOpaHa
cieaylolas ieaeBast QyHKIMS:

J = 0,60+ 0,21 + 0, 2e(co).

IloBbilIeHHBIN BecoBoil KoadduiumeHt 0,6
MpU TepeperyJupoBaHUM OLIMOKU OIpenessieTcs
TpeboBaHUEM aNepuoOAMYECKOro XapakTepa mnepe-
XOIAHOro mpoliecca (repeperyjimpoBaHue Mo 000-
poTaM aBuraressl HegonyctuMmo). Llenb yrnpasiie-
HUS — MAHUMU3aIuU J.

B npouiecce aHaim3a ObIJIM pacCCMOTPEHBI pa3-
JIMYHBIE CMOCOOBI BKJIIOYEHUS PEryJIsITOPOB IIO-
JIETHBIX PEXMMOB B KOHTYP yIIpaBjJeHUs MO 000-
poTaM BEHTUJISITOpA ABUTATES.

Haumnyumme pesynbratel  mokazanm CAY
¢ HelipoHHbIM peryasaTopoMm MHC c¢ obyyeHuem
mo Mmerony JleBenboepra—MapxkBapara (J = 5,05)
(puc. 4, cM. BTOpPYIO CTOPOHY OOJOXKHN) M He-
YeTKUI peryasitop Ha ocHoBe Moaenau CyreHo
(J=4,93) (puc. 5, cM. BTOPYIO CTOPOHY OOJIOKKH).

Ha BTOpoM artame pelnanach 3agadya MUHUMM-
3allMM BPEIHBIX BBIOPOCOB Ha ypoBHe 18 Kr 3a
BECh LIMKJ B3JIeT—IOJeT—IIOCaaKa

Hacoc Yopasnersne -

KC ga OITP

BesTRAfTOp -

(puc. 6), tne MNO, — uHTerpaib-
HBI TOKa3aTejlb BBEIOPOCOB Bpead-

HBIX BEIIECTB 3a MOJHBINA LIUKII.

|
|
|
|
|
|
|
|
| KoHuenuus peryaiupoBaHMUS 3a-

Puc. 3. Cxema CAY no odoporam asurarens (Bentuiasaropa) ¢ KC B npamoii nenu
Fig. 3. Scheme ACS on engine speed (fan) from the COP in a straight chain

KJII04acTCAd B TOM, 4TOObI HE JOITy-
CTUTDb BBIXOJ TEKYLICro HMHTETrpalia
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MNO, u3 3agaHHbix npeneioB (18 Kr), yto mo-
3BOJIIET KOHTPOJHMPOBATh KOHIIEHTPAIIUIO OKCH-
JIOB a30Ta U HE MOMYCKAaTh "JaCTUIHOTO OETHOTO
cpeIBa”, "TIOJTHOTO OSTHOTO CphiBa" M "BUOporope-

Banem
Jaxod va

nocady

|
l
|
|
|
|
Pyrenue |
l
:
|
l
|
|

Puc. 6. Vi3MeHeHue JMHEHHOro 3aKOHA HAKOIJIEHHS MHTErpalia
MNO, 3a Bech HUKJ N0JeTa

Fig. 6. Change of the linear law of MNO, integral accumulation
for the whole flight cycle
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Puc. 7. 3oHbl peryJupoBanus B pa3HbIX peKUMax padoThl aBHA-

nuonnoro I'TJT

Fig. 7. Control zones in different modes of operation of the aircraft

turbine engine

Hus". Ha puc. 7 npuBeneHbl 30HbBI pEryJIupoBaHUs
Ha pa3HbIX pexXumax padoTsl aBuanmonHoro I'TI.

bruta paszpaboraHa auHamMuueckask MOMAEIb CH-
creMbl ynipaByienusi KC, npeacraBineHHas Ha puc. 8.

Breixonwr I1BC, YBC, BBP o3HavyaroT rpaHUIIBI
peryJiupoBaHusl, MNpPeACTaBIEHHBIC IITPUXOBKOM
Ha puc. 7 W ONpenesiolue TPaHUIbl MMOJHOIO
"OemHOro" cpbiBa, YaCTMYHOIO "0O€AHOr0" CphiBa U
BUOpPOTOPEHUS COOTBETCTBEHHO. PaboTy maHHOTrO
0J10Ka MOXHO OoMucaTh CACAYIOIUIUM 00pa3oM: pu
JOCTUXXKEHWHU BbIIIEYKAa3aHHBIX TPaHUIl M3MEHSI-
eTcsl mepepacnpeeieHue TonauBa yepes nudoy-
3WOHHBIN O03aTOP:

* mpu "TOJTHOM O€IHOM CpbIBE" yMEHbIIAETCS
Gy qug 10 0,99 or bakTHYeCKOro 3HAYCHU S,

* Mpu "JaCTMYHOM O€IHOM CpbIBE" yBEJIMUYMNBAET-
et Gy 10 1,01 oT dbakTHYeCKOro 3HAYCHUS,

* npu "BuGporopeHun" ypeauuuBaetcs G
1mo 1,1 or pakTHUecKoro 3HaUYCHUS);

* €CJAM HU OAWH M3 TEePEUYMUCIEHHBIX PEXUMOB
He aKTUBMPOBAJICS, TO YMEHbIIAeTCs 3HAYCHUE
G, nug Ha Bemmuuny 0,9995.

B kayecTBe Moaenum sMucCCUM OblIa BbIOpaHa
HelipoHHasi ceTb. s Kaxaoro pexwuma OblLia
cocTaBjieHa o0ydaroiass BBIOOpKa Ha OCHOBAaHWU
JaHHBIX TaOJ. 2.

Ha ocHoBe maHHBIX 00yYaromnx BEIOOPOK IS
KaXJI0Tro pexXuma ITOoCTpOoeHa HeMpOHHAs CeTh
cpeactBamu MATLAB (nntool).

HeiipoHHas ceTh uMeeT 1IECTh BXOIHBIX Tepe-
meHHbIX (Time, Txc, G, tp, Gy 4y, Okc) U ONKMH
Bbixoa NO,. Mcxond M3 TOYHOCTU MOAEIU U MU-
HUMM3ALMU BBIYUCIEHUI BbIOpaHa HEWpOHHas
CeTb C OMHUM CKpPBITBIM cyioeM U 100 HelipoHaMu
B 3ToM cyioe. OOyuyeHre MPOBOAUIOCH METOIOM
JleBen6epra—Mapksapara [19, 24].

HMHTerpanus peryasitopa 3MUC-

T_aud

| - MNOy ... | CHM BPEIHBIX BELIECTB B CHUCTEMY
| Ve | yIpaBJeHUS YAacTOTOW JBUTaTeNs
| |
! G > NO MNO | TpeicTaBjieHa Ha puC. 9.
| t | 3anaEme T »! Mozem x | Pacger X |
, T... W [ o > i > N0, , PesynbraTsl MOJEJIMPOBAHUS
| nonera tKC > | mpexncrasieHsl Ha puc. 10 (cMm. BTO-
| |
! Texymee P - | pYIO CTOPOHY O00JIOXKKH).

BpenMa .
! ? > : Takum obpa3zoM, MpoBeIeHHBII
| - — 115C | BKcmepuMeHT Tokasan, uto CAY
| L | o
! |, [Pacupeeae- | 3omm L_p UEC ! KC ¢ HedeTKUM 1 HEWPOHHBIM pe-
! EEe - l,m..: —» BBP I ryasTopoM u peryiastopom MNO
| G . | X
| T_axd -»| Pacipenene- | .
| y S - 4G, 1np | Ha peXHuMe ¢ MHUHHMH3ALHUEH IO
| T rrom | TeKYyIIEeMy 3HAYCHUIO SIMUCCHH OT-
|
| |

BEYAIOT IIOJIETHBIM TpeOOBaHUSIM,

Puc. 8. /lunamMuyeckas Mojesib HEPOHHOU YACTH PeryJsaTopa Ha 0a3e mepcenTpoHa
Fig. 8. Dynamic model of the neural part of the regulator based on the perceptron

o0ecrieynBaloT paboTy B yCTONYM-
BOM JIMana3oHe U JOMYCTUMBIN BbI-
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[TepMCKOTO HAIIMOHAJBHOTO HCCIICIOBATETb-
CKOT0 TMOJUTEXHUYECKOro yHUBepcutera. As-
pokocMuueckast TexHuka. 2018. Ne 53. C. 5—19.

2. BacuabeB A. IO. Hekoropsle mpo-
GieMbl pa3pabOTKM MaJO3IMUCCUOHHBIX Ka-
Mep CropaHusi U TMYTH CHUXEHUS 3MUCCUU
okcuaoB azora // JAsurarenn. 2016. No 6(108).
C. 10—13

3. Lauer M., Farber J., Reith F., Masal-
me J. E. Model Based Prediction of Off-Design

Peryazrop n

Operation Condition NOx Emission from DLE
Gas Turbine Combustors // Proc. ASME Conf.
Turbo Expo GT2017-63063. Charlotte, NC,

USA. 2017. 11p.
4. Mapuykos E. 10., ®enopos C. A. Ho-

Basg KOHLEMNLMS HU3KO3IMUCCUOHHOMN KaMEphbI

Puc. 9. Cxema CAY no oboporam aBurateis (BEHTHJIATOPA) ¢ MUHMMHU3anHeil Bbi-

OpOCOB BpeIHBIX BEIECTB
Fig. 9. Scheme ACS on engine speed (fan) minimizing emissions

Opoc sMuccuu He OoJree 18 KT 3a IUKJII B3JIET—IIO-
JleT—Irocaaka”.

3akiaoyeHue

B pabGoTe mpenjioxkeH IOAXOA K MOCTPOCHUIO
CAY KC aBnaumoHHOro mBUTaTess, 0OeCIeunBa-
IOIIMIA MUHUMU3ALMIO BEIOPOCA BPETHBIX BEILLIECTB.

[ToxazaHo, 4YTO IS TPOCKTHUPOBAaHMUS Ta-
kux CAY HeoOXoouMMO HCHOJb30BaTh TEXHOJO-
THI0 WMCKYCCTBEHHOro WMHTeEJJIeKTa. B KadecTme
MHTEJJIEKTYaJbHbIX PEryjasTOpoB pPacCMOTPEHBI
HEWPOHHBIE PETYJATOPBI C OOydYeHueM oOpar-
HOI'O pacIIpOCTpaHEHMs OIIMOKM U aJrOPUTMOM
JleBenHbepra—MapkBapaa, a TakxXe HEYETKHUE pe-
TYJSITOPBl HO OCHOBe Mofeiel 3aae, MamaaHu u
Cyreno. 17151 BEIOpaHHOM WHTETPaJIbHOM 1IeJIeBOM
¢yHKIMK (OIIMOKaA TepeperyJinupoBaHUsl, BpeMms
MepexoaHOro mpoiecca M craTuyeckasi onunoxa)
nojydeHbl aydiine mokasarenu CAY nns Heit-
poHHoro peryasaTopa (aaroputMm JleBeHOepra—
Mapksapna) — 5,05, mjiss HEYETKOro peryjistopa
(momenp Cyreno) — 4,93.

Jnst MUHUMUM3alY BEIOpOCa BPEIHbBIX BEILIECTB
pa3paboTaHa JIMHAMUYecKasi MOJEIb CHUCTEMbI
ynpasieHuss KC, moctpoeHHasi Ha OCHOBE HeEil-
POHHOI ceTH, obecIieunBalolas 3ajiaHHble TpeOo-
BaHUS (TOMMYCTUMBIN BBIOPOC HE TMpeBbIlIaeT 18 Kr
3a TTOJIHBIN UK B3JIET—IOJIeT—IocaaKa").
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One of the directions of aviation development is solving environmental problems, which excludes the emission of harmful
substances into the atmosphere (nitric oxide, carbon monoxide) during the operation of an aircraft gas turbine engine (GTE)
[1]. At low temperatures, oxygen and nitrogen are inert gases. At temperatures of 1100... 1600 K, oxides are formed, where
nitrogen takes a valence of one to five. At temperatures above 1600 K, their atomic decomposition occurs. At temperatures
in the range of 1100—1600 K, a reduction in NOx is possible with good mixing and a sufficient length of the combustion
chamber, which determines the burning time of gases. If the combustion process is interrupted due to the poor operation of the
automation, either vibro-combustion (atomic decomposition of NOx oxide) occurs at a temperature of 1600 K or flame failure
occurs at 1100 K. Improving the process of converting the chemical energy of fuel and converting it into mechanical energy
under conditions of uncertainty (variable caloric content of kerosene, changes in environmental parameters, wear of control
equipment) is possible using neuro-fuzzy control of aviation gas turbine engine emissions into the environment. The control
signal will be the fuel consumption in the diffusion manifold. In this case, fuel consumption in homogeneous reservoirs will vary
evenly, provided that the total amount of fuel remains constant for the engine under consideration (the thrust should not change
in the mode). A dynamic model of a neuro-fuzzy fuel consumption regulator by a diffusion collector has been developed. The
method of obtaining training samples "% GT" = f (MNOx) for constructing the neural part of the regulator is presented. The
desired "triangular" region of MINOx location (the integral of emission of nitrogen oxide emissions) is determined, on the basis
of which control algorithms "with economy” and "without economy” of the MNOx integral are proposed.

Keywords: aircraft engine, metering device (diffusion and homogeneous), low-emission combustion chamber, fuzzy
control (fuzzification, logical inference unit, defuzzification), neural control (perceptron, error back propagation method,
Levenberg- Marquardt method)
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NoABOAHLIX POGOTOB B cpeAe C NPenATCTBUAMMU BO BpeMsi ux o6xoaa’

IIpednoscen HoBbLI MemoO POpMUPOBAHUSL MPACKMOPUT 08UNCEHUS epynNbl N0080OHbIX pobomos (IIP) 6 pexcume "r1udep—ee-
Odomble” 8 3a0AHHOM CIMPOIO 8 HeU38eCMHOL 00CcmaHnosKe, codepicauell npenamcmeus. B amom pexcume 6 cocmaee epynnol 8vioens-
emcs [1P-audep, komoputii umeem uHPOPMAYUIO 0 8bINOAHAEMOL MUCCUU U hopmupyem 6e30nacHble MpaeKkmopuu c60e20 08UNCeHUs
6 3agucumocmu om ee yeau u o6HapyicenHovix npensmcmeuid. I1P-eedombie 00adCcHbI d8UamyvCs 3a AUOEPOM, 8 COOMBEMCMEUU
C BbIOCNCHHbIM UM MECHOM 8 3A0AHHOM CIPOe, UCNOAb3YS UHMOPMAYUI) 0 MeKYuem NOA0NCeHUU Audepa, nepedasaemyr no 2uopo-
aKycmuuecKum KaHaiam césa3u, u 00 ux paccmosHusx 00 Npensmcmeui, 00HapyICUBaemMvlx ¢ HOMOUWbIO COOCMEEHHbIX 60PMOBbIX
oanvHomepos. H3-3a HU3KOU NPONYCKHOU CROCOOGHOCMU 2UOPOAKYCMUMeCKUX KAHAA08 C8A3U 803HUKAem Npo0iema coeAaco8anus
nonoxcerus I1P-eedombix npu 06x00e 00HAPYICEHHBIX NPENAMCMBULL, YN0 HE0OX00UMO 045 UCKAIOUeHUSI CMOAKHO8eHUl Mexcdy TP
epynnul. Ykazannas npobaema pewaemcs 6 padome ¢ NOMOUbIO nPedsapumenbhoeo 3a0aHus 015 Kaxicooeo 6edomoeo eOuHCmeeHHO
B03MONCHOU 04151 He20 MPAaeKmopul nepemeueruss 6Hympu cmpos, Komopas obecneuum emy 6e30nacHoe 08UNCeHUe OMHOCUMENbHO
dpyeux 6e0oMblx npu 00x00e KOHKPemHo20 00HAPYHCeHHO20 NPenamcmeus. 2mom nooxo0 no3eoasem npu UCnO0Ab308aHUU 8bICOKO-
MOYHBIX cUCMeM YNPABAeHUs He C02AAco8bleamb mekyujue noaoxcenus I1P-eedombix omHocumensHo cocedeii, ymo He mpebyem
donoanumenvHo2o oomena oarnvimu mexcdy IIP epynnvi. B pabome 6bin npednodce nooxod K évl0opy mpaexmopuii 08UlCeHus:
I1P-6edombix eHympu cmpos u memoo Gopmuposanus xceasaemozo noaroxcenus I1P-eedombix 6 npoyecce ux osusicenus. Dpgpex-
MUBHOCMb NPeON0NCEHH020 MemM00a NOOMEePICOeHa Pe3yLbmamami MamemMamu4ecKoeo MooeAupo8aHus.

Karoueewvre caosa: nodgodnuiii pobom, epynnosoe ynpasienue, cmpoegoe npasienue, NAAHUposanue mpaekmopui, 06xo0

npensamcmeull

BBenenue

B Hacrosiiee BpeMsl NMepCIeKTUBHBIM METO-
JIOM TMOBBIIEHUS 3(PGEKTUBHOCTU BBIINOJIHEHUS
MOUCKOBBLIX M OO30pPHBIX MHCCUII B TOJBOJHOM
cpele SBASIETCS MUCIIOJb30BaHME T'PYII aBTOHOM-
HBIX NOABOIHBIX pob6oToB (I1P), KoTopkie B Ipo-
1iecce BBIMOJIHEHUS 3TUX MUCCUI IOJXKHBI IIepe-
MelIaTbCsl B 3apaHee HEU3BECTHOUl 0OCTaHOBKE,
conepxkaleil mpensaTcTBus. OTHUM U3 OCHOBHBIX
BUAOB 3(P(PEKTUBHOrO TPYMIIOBOrO YIpPaBIECHUS
SIBJISIETCSI IBUXKEHME pOoOOTOB B 3aJJaHHOM CTPOIO
B pexXume auaep—BeaoMbie. B aToMm pexume uUH-
dopmanvo 0 3aJaHHOW MHUCCUU HMMEET TOJBKO
poOOT-Iuaep, KOTOPBIN C €€ IMOMOIIbI0 (OpPMU-

'PaGora mommepxana PODU (rpantsl  16-29-04195 u
19-08-00347) u Ilporpammoii ¢yHIaMEHTaIbHBIX HayYHBIX MC-
cJIeIOBaHU I TIO TIPUOPUTETHBIM HATIPABJICHUSSIM, OTPeaeIsIeMbIM
IIpesnaunymom Poccuiickoit akagemuu Hayk, Ne 7 "HoBble pas-
paGoOTKM B MEPCMNEKTUBHBIX HAIpaBJIEHUSIX DHEPreTUKHU, MeXa-
HUKHA U pOOOTOTEXHUKH".

pYeT CBOIO TPACKTOPHUIO NBUKEHUS. POOOTHI-BEHO-
Mbl€ TIPU MX ABMKEHWUU MOJY4YaloT MHPOpPMAIINIO
0 TEKYIIeM TIOJIOXKEHUU JIMJIepa U pPacCUMThIBAIOT
CBOE XeJaeMOe TOJIOXKEHUE MCXOMSl U3 MpeAru-
CaHHOTO MM MeECTa B CTPOIO OTHOCHUTEJIBHO PO-
O0oTa-nuaepa. DTo obecrneyrnBaeT COIJIACOBAHHOE
JIBUXKEHUE BCEX POOOTOB IPYTIHIL.

B npouecce nBukeHns1 B 0OCTaHOBKE C TIPEMSIT-
CTBUSIMU BCE€ POOOTHI TPYIIBI AOJKHBI OOXOAUTH
9TU MPENSATCTBUS Ha O€30MacHON JUCTAaHIIUKU 0€3
CTOJKHOBEHMI Mexay coboil. B HacTosiee Bpe-
MS IS pelleHus 3TOM 3aJadyu CO3AaHO MHOTO
noaxonos [1]. B 601bIIMHCTBE 3TUX TTOAXOAOB UC-
MOJb30BaHbl PA3IUYHBIE METOAbl ONTUMU3ALUU
[2—5] ansg maaHUpOBaHUS TPACKTOPUI JBUKEHMSI
pobotoB. B 4acTHocTH, mpobiema Oe30macHO-
ro JABUXKEHUS TPYMIIbI MPOMBIIIJIEHHBIX POOOTOB
MpU BBITIOJJTHEHUU COBMECTHBIX TEXHOJIOTHYE-
CKMX oIlepaliMii Oblia paccMOTpeHa B pabore [2],
rae i TpeAoTBpallleHUsI WX CTOJKHOBEHMU
MEXIy cO00if BBOIMJIOCH CIEIMaJIbHOE pacrhuca-
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HHe uX ABUXeHUsI. Ho 3T MeToabl MOXHO IIpH-
MEHSATH TOJBKO JJISI paboyeil Cpenbl ¢ 3apaHee U3-
BECTHBIMHU NPEHSITCTBUSMU.

[TpobyieMy ynpaBiaeHUSI OBUXEHUEM TpyIl-
nbl pOOOTOB B HEM3BECTHOW OOCTAHOBKE MOXHO
pellIuTh W C TOMOIIBIO METOIOB, OCHOBAaHHBIX
Ha WCIOJb30BAHUU CIELMAJbLHBIX aJTrOPUTMOB,
MMUTHAPYIOIINX IIOBEICHNE >XMBBIX OPTaHU3MOB
B pa3JIM4YHBIX cutyauusx [6, 7]. OnHako 3Tu aj-
TOPUTMEI B OCHOBHOM TIIpeAHA3HAYCHBI IJISI PO
poOOTOB, B KOTOPOM HE TOAAEPKUBAETCS OIPENE-
JICHHBIM CTPOI. DTU aJTOPUTMBI MOTYT OBITh HE-
MpUeMJIeMbl i BBITIOJHEHMS 3a1ay, MOCKOJbKY
pO€BOE IBUXKEHUE POOOTOB MPEATIOIATAeT YaCThIA
oOMeH mHbopMalueld MexX1y HUMU, YTO CJIOXKHO
peanu3yeMo Mpy MajJol MPOMYCKHOW CIIOCOOHO-
CTM aKyCTUYECKMUX KaHaJOB CBSI3H.

VYnpasnenue nBUXeHUEM pOOOTOB CTPOEM B 3a-
paHee HEU3BECTHOM OOCTAaHOBKE C MPEMsITCTBUS-
MH pacCMOTpeHo B paborax [8—10], rme n3deraTh
CTOJIKHOBEHUI ¢ OOHAPYXXEHHBIMU ITPEMSITCTBUSI-
MU TIpeJIaraeTcsd 3a CYeT TAKOTO U3MEHEHU S TUTIa
3aIaHHOTO CTPOS WU CKOPOCTU JBUXEHUS pOOO-
TOB TPYIIIbI, YTOOBI IIPX OOHAPYKEHHU IBUKY-
LIeTOCS IPEeISATCTBUS I'pyIllia IPONyCTHIa eTO Ha
0e30MacHON TUCTAHIINU.

[IpoBeneHHBIN aHAJM3 TOKa3ajl, 4YTO M3BECT-
HBIC MEeTOIBI (OPMHUPOBAHUS TPACKTOPUI TBUXKE-
HUS TPYMI poOOTOB MpPEAIoaraioT, YTO BCE OHU
MoJiyyatoT WH(GOPMALIMIO O TEKYIIEM Pacrojioxe-
HUUW ApYT Apyra. DTO MO3BOJSET UM COTJIacOBaH-
HO KOPPEKTUPOBATh CBOU TPACKTOPUU B MIPOIIECCE
00xoma MPensATCTBUMA M YCTPAHSITh CTOJIKHOBEHMS
mexnay cob6oii. Ho gist I1P atoT moaxom penko pe-
aJn3yeM, TOCKOJIbKY TUIPOAKYCTUYECKME KaHAJbI
CBSI3U MMEIOT HU3KYIO TTPOMYCKHYI CITOCOOHOCTH
(TONbKO COTHU 0alTOB B ceKyHay). [lpm sTom
nepegaya uHpopMmanuu mexnay IIP mpoumcxomut
¢ 6onpiiumu 3aaepxkamu. [loaromy aas rpynmno-
Boro ynpasiaeHus IIP HeobGxogumo pa3zpadoTaThb
MeTon (OPMHUPOBAHUS TPACKTOPUM MX IBUXKE-
HUS, HE TPEOYIOLINI OOJIBIIOTO OOMEHA TaHHBIMU
MeXIy poOOTaMU T'PYIIIHL.

Jlnst pellleHWsI 3TOM 3aJauv B KadyecTBe 0a30-
BOro OyIeT MCIIOJb30BaH MeTon (OPMHUPOBAHUS
TpaekTopuii nBuxeHusi I[IP B HeusBecTHOIT 00-
CTaHOBKE, MCIIOJIb3yeMbili B paborax [11—14]. Ero
MPEMMYILIECTBOM SIBJSIETCSI BO3MOXHOCTH (op-
MUPOBAaHMUS DIAAKUX TPOCTPAHCTBEHHBIX Tpa-
eKTOpUi AJIs1 obecrneyeHuss OBICTPOTO U TOYHOTO
IBUKEHMSI, 4TO ocobo BaxHo mias IIP. Ognako
YKa3aHHBIA METOJ 1IEJIeCOO0PA3HO UCIOJb30BaTh
TOJIBKO 111 (POpPMUPOBAHUS TPACKTOPUI ITBUXKE-

Hug IIP-nupepa, MOCKOJBKY TOJBKO OH HMEET
MHAOPMALINIO O BBHIMIOJIHSIEMON MUCCHUU U TpPaeK-
TOPUH ABUXKEHUS Bceil rpynirbl. I1pu sToM oTCyT-
crBue nngopmanuu y [1P-ntuaepa o Tekyuem 1mo-
noxeHuu ITP-BegoMbix He IO3BOJISIET €My Cpa3y
dopMUpoBaTh 0€30MACHYIO TPACKTOPUIO B cpele
C MPEnsTCTBUSIMU C YYETOM TEKYIIMX MOJOXKEe-
Huit Bcex ITP-Benmombrx. bonee Toro, mpu ob6xome
MOpEensSTCTBUM coxpaHeHUe 3agaHHOro crpost IIP
Heleaecoodpa3Ho, TaK KakK 3TO MOXET OrpaHUYn-
BaTb 0€30MacHbIM MPOXOd BCEM Ipynnbl B Y3KHUX
MeCTax MEXOy MPensITCTBUSIMU W YBEJIMYUBATh
IUIMHY TpaeKTOpHi MX 00Xoma B MoMcCKax OoJjiee
06€e30ITaCHbIX YYACTKOB.

ITocTanoBka 3amaum

B crarbe paccmarpuBaeTcsl 3aJadya yrpaBJICHUS
rpytroii ITP, iBMXyIuxcst B 3aJaHHOM CTPOIO B pe-
KuUMe "muaep—BenoMble” B 3apaHee HEeM3BECTHOM
00CTaHOBKe, comepxKalllei MpensaTcTBus. [ pynmnoi
JoJixKeH ynpaBisiTh I[TP-nupep, KOTopblil moJIxKeH
WMETh IOJHYI0 HMH(POPMALIMIO O BBIIIOJIHSIEMON
MUCCUU U (DOPMUPOBATH Oe30MacHbIe TPACKTOPUU
CBOETO IBUXXEHUS B 3aBUCUMOCTH OT €€ LIeJIU U 00-
Hapy>KEHHBIX TpersaTcTBUii. [1P-BemoMble JOJIXKHBI
IBUTaTbCSl 3a JIUAEPOM B COOTBETCTBUM C BbLIE-
JICHHBIM MM MECTOM B 3aJaHHOM cTpoe (puc. 1),
HCIOIb3YSI MHGOPMALIMIO O TEKYIIEM IOJIOXKEHUU
quaepa, IepeJaBacMylo II0 THIPOAKYCTUYECKUM
KaHaJlaM CBS3M, M 00 X PaCCTOSHUSIX J0 IPersT-
CTBUMI1, OOHApy>XMBaeMbIX C TMOMOIIbIO COOCTBEH-
HbIX OOPTOBBIX JaJIBHOMEPOB.

CraBuTcs 3amada pa3paboTku meTtona (GhopMu-
poBaHusI TpaekTopuil aABuxkeHus I[I1P-BemombIx,
KOTOPBIN 00ecIeuyuT nx 0e30macHoe JBUKEHHUE OT-

[TP-nunep

A

[TP-BegombIii 2

Puc. 1. ®opmuposanne crpos IIP B pexume auaep-seaombie
Fig. 1. AUV formation in leader-followers mode
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HOCUTEJIbHO MPENSITCTBUN MPU OTCYTCTBUU CTOJI-
KHOBeHU# MexXay pasHbiMu [1P rpyrmbl, a Takxke
HE MOTPeOyeT CYLIECTBEHHOIO YBEJIMYEH ST OOMEHa
JTaHHBIX, TIepenaBaeMbiXx Mexay Bcemu [P B mpo-
1iecce KOPpPeKIMU UX TPAEKTOPUIA JBUXKECHMSI.

Onucanne ocodennocreii apuxkenus 1P
NPH PElICHUM MOCTABJICHHOM 3a1a4U

Texyme nonoxeHus IIP-Bemombix B abco-
noTHO cucteme KoopauHaT (CK) paccuuTsiBa-
eTcs1 uX MHPOPMALMOHHO-YIPABISIOIMIUMU CH-
cTeMamu 1o nojoxeHuto INP-nuaepa ¢ moMollbio
CJIEAYIOIIEro BeIpaxkeHUs (cM. puc. 1):

Xp=X,+RX;, i=1N,

rae Xg € R} — BeKTOp TeKYLIMX KeTaeMbIX KO-
opauHat i-ro IIP-Bemomoro B abcomntwortHolil CK;
X € R — BEeKTOp TeKyumux kKoopauHat ITP-
nuaepa B abcomoTHoit CK, mepenaBaembliii I1P-
BeIOMBIM IO KaHaJjlaM CBS3H; Xﬁ: (X4, Y7,0) —
XeJlaeMblil BeKTop cMmelueHus i-ro [1P-Bemomoro
oTHocuTeabHO IIP-nuagepa B ropusoHTalbHOMU
IJI0CKOCTH, 3agaHHblil B CK, cBsI3aHHOI ¢ auzae-
pom; R e R¥3 — marpuua nepexozna 13 CBSI3aHHOI
B abconoTHyo CK; N — ucno ITP-Begombix ITP
B IpyIIIIeE.

I[Ipn dopmupoBaHMM KOOPOAMHAT Z TEKYLIMX
nojoxeHuit [TP-BeqoMbIX OHM IPUHUMAIOTCS paB-
Hoil Tekyluelr koopauHare z [1P-nuaepa, Tak kak
OOJILIIMHCTBO 3ajay, BBIIOJHSIEMbIX TI'PYIIIION,
nmpeanoJaramT, 4To cTpoii Beex I1P pacnonaraercs
B rOpPM30OHTaJbHOM MaocKocTu. [Ipn Heobxoaumo-
CTH pealu3allMyd MPOCTPAHCTBEHHOrO ABUXKCHUU
rpynisl I1P ¢ coxpaHeHueM 3aaHHOI BBICOTHI Hal
JHoM Kaxabiii ITP rpynmel mpocto Oynet popMu-
poOBaTh CBOIO KOOPAMHATY Z C TMOMOIIbLIO METOa,
onucaHHoro B paborax [13, 14]. B npenyiaraemom
B CTaTbe METOJNe IMpU pacyeTe ABMKeHUs Bcex TP
B OIHOI TOPU3OHTAJIbHOI ILIOCKOCTH BEKTOPHI
KOOpAMHAT U MaTpullbl opueHTauuu Bcex I1P He
OyIyT YYUTHIBATb KOOPAMHATHI Z.

Bce T1P rpynmnbl umetor 00pTOBbIE JajbHOME-
pBl, TO3BOJISIIOLIME OMNpEeAcNsITh AUCTAHLUU [0
OKPYXaIoIIUX IMPENATCTBUI U (OpMUpPYIOLIE
B IIpolecce IBUXeHUs Bektop D = (d,, ..., d,),
Iie # — YUCJIO COOTBETCTBYIOIINX AAaTUYMKOB. I1o-
CKOJIBKY ABMXeHue rpymibl [1P npoucxonut B 3a-
paHee HEeM3BECTHOM 00CTaHOBKE, TO IIpU OOHApYy-
XKeHUU TpenstcTBuii Kaxabli 1P rpynnbr goin-
JK€H KOppPEeKTHPOBATh CBOE JABMKEHNE Ha OCHOBE
JaHHBIX, MOCTYIAIOIIUX OT €ro OOPTOBBIX Maslb-

HOMEPOB. DTa KOPPEKIIMS IOJKHA 00ecneunBaTh
BBITIOJTHEHUE CIEAYIOIINX TPEOOBAHUA.

1. Tpaextopusi [1P-nunepa ¢popmupyercs He-
3aBAUCUMO OT ocTaJibHbIX [IP rpynnbel mo meTony,
onucaHHoMy B pabotax [11—14]. DTo TpeGoBaHue
rmo3BodsieT [1P-munepy popMupoBaTh 6e30I1acHEBIC
TPAaeKTOPUU IBUXKEHUS HAa OCHOBE TOJIBKO 3aJaH-
HOM LEJTM MUCCUU U JaHHBIX, TOJIYYaeMbIX OT €T0
OOpPTOBBIX JAJILHOMEPOB.

2. Bce I1P-BemomMbie hopMUpYIOT CBOM Tpaek-
TOPUU IBUXECHWS HE3aBUCUMO IPYT OT Opyra, Uc-
MoJb3yss MHGOPMAIUI0 O TEKYIIEM TOJOXEHUN
[TP-nuaepa v maHHBIE, MOCTyNAaloLIUe OT UX OOPTO-
BBIX JAJILHOMEPOB. [locTpoeHUe 3TUX TpaeKTOpUI
npoucxoauT B abcomotHoi CK ¢ ncnonb3oBaHveM
JAaHHBIX, MOCTYIAIOLIUX OT OOPTOBBIX HaBUTAIIU-
OHHBIX CUCTEM CcOOTBeTCTBYOIIMX [1P-BemoMbIx.

3. KoppekTupyemble TpaeKTOPUU JIBUXKEHUS
ITP-BemoMBIX TaKKe MTPOXOASIT Ha 0€30MaCHOM pac-
CTOSSHUM OT OOHApPYKEHHBIX MU MPENSITCTBUMA.

4. KoppekTupyemble TpPaeKTOPUU JABUKEHUS
[TP-BenOMBIX UCKIIOYAIOT CTOJKHOBEHUS MEXIY
pasueimMu [1P rpymnmel, 4To gocturaercd odecrie-
yeHreM O0e30IMacCHBbIX PaCCTOSTHUUN MeXIy 3TUMU
ITP B mmporuiecce nx ABUXKEHUS.

5. B mpouecce obxoma mpensitctBuii [1P-Be-
MIOMBIMU COXPAaHEHWE WMU 3aJaHHOTO CTPOSI HE
TpebyeTcs. 3to no3pouisiet [1P-nuaepy HezaBucumo
OT BEIOMBIX (DOPMUPOBATH TPAEKTOPUIO IBUKEHUSI
B HEM3BECTHOI 0O6cTaHOBKE. KpoMe Toro, coxpaHe-
HUE CTPOSI MOXET CYIIECTBEHHO YBEJIUYUTH BPEM S
BBITIOJTHEHUST MUCCUU WU CAENATh HEBO3MOXHBIM
MOCTUXKECHUE €€ 1EeNel, KOraa Mpoxoa MEXIy Ipe-
MATCTBUSIMU MOXET OKa3aTbCs HEAOCTATOUYHBIM
g npoxoaa rpymibl TP 3agaHHBIM CTpOM.

6. Koppekuust tpaektopmii aBuxkeHus I1P-
BEIOMBIX MpPU 00X0/€ MPEnsSITCTBUI HE MPUBOAUT
K BO3pacTaHUIO YMCJa TepenaBaeMbIX TaHHBIX 1O
aKyCTUYECKUM KaHajaMm cBsi3u mexnay [IP rpyn-
MBI, TaK KaK MPOMYCKHAas CIMOCOOHOCTh 3TUX Ka-
HAJIOB MaJjla U MOXET CHU3UTh O€30MacHOCTh TIe-
pemelneHus [1P-BeqoMbIX BHYTpU CTPOS.

MeTtoa ¢gopMHApPOBAHHSA TPAECKTOPHI TBUKEHHS
rpynnbl ITP

OcHoBHOI1 TIpoOJieMoil TIpu (HOPMUPOBAHUU
TpaekTopuu ABUXeHUs Kaxuaoro IIP-Bemomoro
B IIpoliecce 00Xoma MM MPENmsITCTBUI SIBISETCS
COIJIacOBaHNE 3TOM TPAaeKTOPUU C TPAeKTOPUSI-
Mu octanbHbIX [IP 1 uckIoueHUsT CTONKHO-
BeHMI Mexay Bcemu IIP-BemombiMu. B 3TOM
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ciyyae Kaxnablii u3 atux IIP mojxeH MMeTb WH-
dopmanmio 0 TeKylieM TOJOXEHUU OCTaJIbHBIX
[TP rpynmnbel, Tak KakK W3MEHEHUWE TOJOXECHUS
B cTporo ogHoro [IP-BemoMoro mMoxet moTtpebo-
BaTh U3MeHeHUs mosoxeHus aApyrux [1P. OmHako
W3-32 HU3KOM MPOMYCKHON CIOCOOHOCTHA THIPO-
aKyCTMUYECKMX KaHaJIOB CBSI3U peasin30BaTb 0OMeH
JaHHbIMU Mexay Bcemu 1P rpymmsl (a ux yucno
MOXET ObITh OOJBIIMM) C JOCTATOUYHON YaCTOTOM
penako ObIBaeT HEBO3MOXHBIM.

OmHaKo TOCKOJIBbKY XXeJlaeMOoe MOJOXEHUE BCeX
ITP-Bemombix 3amaeTcs oTHocuTebHO [TP-1uaepa,
TO JUJISI KaXA0T0 BEJIOMOTO 3apaHee MOXHO 3aJ1aTh
€IMHCTBEHHO BO3MOXHYIO IS HETO TPAeKTOPUIO
nepeMeleHnsT BHYTPU CTpOsi, KOTopasi obecre-
YyuUT eMmy Oe3omacHoe IBUXKEHUE OTHOCHUTEIbHO
OPYTUX BEAOMBIX TMPU 00XO0Ie KOHKPETHOTO 00-
Hapy>XXeHHOTo MpernsTcTBus. B aTom ciayuae nipu
WCIIOJIb30BaHUM BHICOKOTOYHBIX CHCTEM Y paBJe-
Hus T1P-BemoMbIx MOXHO HE COIJIACOBBIBATH MX
TeKYIIMe PaCMOJIOKEHUSI OTHOCUTEJIBHO COCeIeH,
BBOJISI HEMIPEPBIBHYIO Mepeaadyy MHOTUX JOMOJTHM-
TEeJbHBIX JaHHBIX O TapamMeTpax IABUXXEHUS BCeX
IIP rpymnmsl, TaK Kak BCE€ MX MEPEMEIICHUS OT-
HOCHUTENbHO APYT Apyra BHYTPHU 3aJaHHOTO CTPOS
OynyT O€30MacHBIMU B CUJY IIPEABAPUTEIBHOTO
(mpaBUJILHOTO) BbIOOpPA UX TPAEKTOPUIA.

[Mpennaraembiit anroput™ (GopMrUpoBaHuUS Tpa-
ektopuii 1 [1P-BemoMbIx B mpolriecce ux ABUXE-
HUSI B COCTaBe TPYNIbl B CPee C MPENSITCTBUSIMU
CONEPKUT JiBa OCHOBHBIX 3Tara.

3adanue mpaexmopuii Oeuixcenuss eHympu
cmpos kaxcdozo IIP-eedomozo. B npouecce nBu-
XeHUS BHaju ot npengarctBuii [TP-Bemombie co-
XpaHSIIOT 3aJJaHHbIN CTPON M CBOE PACIIOJOXEHUE
otHocuTeabHO [1P-nunepa, a mpu ob6xome mpensiT-
CTBUU MOJXKHBI MEHSITh CBOE MOJIOKEHUE BHYTPHU
CTpOSl Tak, YTOObI COXpaHUTb OE30MaCHYIO JOMC-
TaHUI U0 Mexay BcemMu [P rpynmesr.

Ha puc. 2 nokazaHo nBuxeHue rpynnsl [1P
B oOCTaHOBKE ¢ TpensTcTBUsiMU. Ha sTom pu-
CYHKE€ CIUIOLIHOW JIMHUEW TI0OKa3aHa TPAaCKTOPU S
ITPJI, dopmupyemas IIP-nmmepom nmag oOxoma
OpemnsaTCTBU Ha OGe3omacHoM paccTosHuu. IIP-
Begomble — I[1P1 u I1P2 — nmBmXyTcs 3a nume-
poOM, MOAJEpXKUBasi 3aJaHHYIO TO3ULMIO (HUX-
HSISI 9aCTh PHUC. 2) B CTPOIO OTHOCUTEIBHO HETO
(ux KeyaeMble TPAEKTOPUU OTHOCUTEJILHO JUepa
MoKa3aHbl ITPUXOBBIMU JTUHUSIMHU).

Korna manbHoMepbl ITP-BemomMbix OOHapyXKu-
BalOT OJIM3KO pacToJOKEHHble K HUM MpernsiT-
CTBUSI, TO OHW HAaYMHAIOT UX aBTOHOMHBIN OOXO/I,
CMeEIIAasICh CO IITPUXOBbIX HA MyHKTUPHbBIE TpaekK-

Puc. 2. JIsnxenue rpynnsl IIP npu 06xone npenarcrBuii
Fig. 2. Movement of AUV group during obstacle avoidance

TOpUM. DTO CMEIEHHWE BCEeraa MPOUCXOAUT K Tpa-
€KTOpUU IBUXKEHUS JUAepa, paclooXEeHHON Ha
0e30ITacHOM PAcCCTOSIHUM OT TpensaTcTBuii. MHBI-
MU cioBaMU, Tipu ux ooxoae ITP-Bemombie ogHO-
BPEMEHHO COBEpIIAIOT IBa IBUXKEHUS: 3a JINISPOM
U (Ipu HEOOXONMMOCTHU) CMEIleHUE B CTOPOHY
TpaeKTOpUU Juaepa. DTO 3apaHee HempeacKasye-
MO€ CMellIEHHE B KOPUAOPE MEXIY ABYMSI IPEHsiT-
CTBUSIMM, OCYILECTBIISIEMOE Cpa3y HECKOJIbKUMU
ITP-BefOMBIMU, MOXET MPUBECTU K MUX CTOJKHO-
BEHUSIM, €CJIM OHU He II0Jy4yaloT MH(GOPMalUIo
o mnojnoxeHuun napyrux I[IP-enombix, KoTopyro
CJIOXHO IepenaTrh IMpU HU3KOM MPOIYCKHOU CIIO-
COOHOCTU TMAPOAKYCTUUYECKMX KaHAJIOB CBS3MU.

s ycTpaHeHUMS yKa3aHHOM CUTyalluM IIpU
obxonme mnpensarcTBuii IIP-BegoMbie Tpeniara-
e€TCs CMelllaTh K TpPaeKTOPUM ABUXKEHUS JIUIe-
pa 1o 3apaHee 3aJaHHOMY 3aKOHY (CM. IUTPUX-
NMYHKTUPHBIE IMHUU B BEpXHEN yacTu puc. 2) Tak,
yTOObl MexXAy IIP-BegoMBIMU BHYTPU CTpPOSI M
MeXIy HMMU U IPensTCTBUSIMMU BCerma ocTaBa-
Jach Oe3omacHasl AucTaHuus. B pesynbrate s
Kaxaoro I1P-BemoMoro mosiBisieTcss BO3MOXHOCTb
He3aBUCUMO (OPMHUPOBAThL TpPaekKTOpUU o00Xxoaa
MpensATCTBUI 0e3 JOMOJTHUTEIHHOTO OOMeHa JaH-
HBIMM MEXIY HUMMU.

Bo3moxHBII 3akoH cMmelneHus: I1P-Bemombix
B CK Xy, CBSI3aHHOI C JIUAEPOM, BHYTPU CTPOS
M3 UCXOMHOIO COCTOSIHUS MpU 00X0Ae pa3IMyHbIX
MpPEensITCTBUI Ha puC. 3 IOKa3aH IUTPUXOBBIMU
JIMHUSIMHU, TOE TOYKU Xﬁ =(Xp,V ) COOTBET-
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Puc. 3. 3aganune Tpaekropmii nukenus ITP-Beaompix npu 06xo0-
Jie mpensiTCTBUM
Fig. 3. Path planning of AUV-followers during obstacle avoidance

CTBYIOT MCXOZHOMY IIPOrpPaMMHOMY pPAaCIIOJIOXe-
Huto i-ro ITP-BegoMoro npu OoTCyTCTBUU MPEHSIT-
CTBMIA, OCh X BCErJa HampaBiieHa BOOJb TEKYIe-
ro apuxxeHus I1P-nuagepa.

OTH CMEIICHUs] MPOUCXOAAT IO Tapajliesb-
HBIM IPSIMBIM, TIPOXOISIIIMM 4epe3 TOUKU X i ¥
X9 5i = (X5 £D,/2,0), paccrosiHUEe MEXIy KOTOPBI-
MU HE JOJIXKHBI ObITb MeHee D, ., A1 IOJHOIO
MCKJIIOYEHU ST CTOJKHOBEeHUS Mexay I1P rpymibl,
rae D, — mojoBUMHA PACCTOSTHUS MEXIY BEIOMBI-
MU, PACHOJOXEHHBIMU C OIHOM CTOPOHBI CTPOS
OTHOCHUTEJIBHO JuAepa (MMEIOIIMMU YETHBIC WU
HequHble UHAEeKCh). 3Hak "+" B KoopauHaTe
Toukn X /i YKasblBaeT Ha TO, 4TO [1P-BenoMmblii
pacIIoJIoKeH CjieBa OT OCHM X, a '—", 4TO COOT-
BETCTBYIOLIUIA BCI[OMBII/I — cIpaBa OT 3TOH OCH.
KoopauHats! Touek X i obecrieynBaOT NPUOITH-
KeHue JeBbiX [IP-BegoMbiX K Jauaepy mociae Mx
CMEIEHMsI, a IpaBbIX — OT Juiaepa. BemumumHa
D, >D, i, 3aBUCUT OT uucjia KoJoHH I1P-BenoMbix
1 oT ocobeHHocTeit cTpost. Toukn X % orpeneusi-
0T MAKCUMAaJIbHO BO3MOXHO€ cMmelleHue i-ro I1P-
BEAOMOI'0 OT CBOEr0 MCXOOHOI'O PACHOJIOXEHUS
B CTPOIO. DTU TOYKU HAXOASTCS BOJIU3HM OT pe-
ajabHOU TpaekTopuit aBuxeHus I1P-nunepa, npo-
XOIsIe Ha 0e30IIaCHOM pPacCTOSSHUM OT OOHa-
pyanaeMHx npenstcTBuii. PaccTtosHue mexny
Toukoit X 71 1 [1P-mnaepom Takxe 1ejxecooodpas-
HO BbIOMpaTh paBHbIM D, (puc. 3).

HecnoxHo moka3aTh, 4TO JIMHEHHAs TPaeKToO-
pus cMmewieHus i-ro I1P-BegoMoro BHYTpU CTpOS

B CK xy NPOXOAsIiast Yepe3 ABe BIOpaHHbIE TOU-
xku X iu X /i » MOXeT OBITh OIKCaHa YpaBHCHUEM

1 . . O
i—Da(J’—)’ﬁ)JFYﬁ(X—xﬁ):Oa (1)

2
KOTOpO€ TOJYYEHO M3 TUTOBOTO YPaBHEHUS TpS-
Mo [15], mpoxomsmei 4yepe3 IBe MPOU3BOJIbHBIC
TOYKM Ha TJIOCKOCTU. DTO ypaBHEHUE HUXE OyaeT
HCTIOJIb30BAHO MPU pacuyeTe KOOPAWHAT IMTPOrpamMM-
HBIX TOYEK IS Kaxaoro [TP-Begomoro B mporecce
00xo1e UM OOHApYKUBAEMbIX MPEMSITCTBUIMA.

Pacuem npoepammnoix noaoxcenuii IIP-eedo-
MbIX GHympuU cmpos npu o06xode umu ooHapyxcu-
eaembix OdaavHomepamu npenamcmeuii. B mpo-
necce nepemetneHud 3a [1P-muaepom [1P-Benombre
OTpPEAEHSIOT HaIUYuEe U OJU30CTh MPEMSITCTBUN
K TPAaeKTOPUSM WX NBUXEHUS C MOMOIIBLIO COO-
CTBEHHBIX OOpPTOBBIX madbHOMEpPOB. Eciu 3TO
pacCcTOSTHUE MEHBIIIE HEKOTOPOTO 0E€30ITaCHOTO —
D_.i,, TO IPOTPAMMHYIO TOUYKY 3TOTO [TP-Bemomoro
HEOOXOMMMO CMECTUTH BAOJb TPACKTOPUM, OTIUCHI-
Baemoll ypaBHeHMeM (1), Tak, 4TOOBI paccTOSTHUE
MEXY HOBBIM TTOJOXEHHWEM MPOrpaMMHOU TOYKU
1 OOHApyXEeHHON MaJTbHOMEPOM TOYKOW Ha TIpe-
nATCTBUU ObLI0 paBHO D, ;. Ilpu cpabareiBanun
Cpa3y HECKOJBKHUX MTaJbHOMEPOB OLIEHUBAETCS
paccTosiTHWE OT BCEX OOHApPYyXKEHHBIX UMHU TOYEK
Ha MPENATCTBAU N0 TNPEANUCAHHOU TpacKTOPUU
nBrxxeHus ITP-BegomMoro u BbhIOMpaeTcsl Oavkaii-
IIast U3 HUX K 3TOW TPAaeKTOPUHU AJIS pacyeTa Mpo-
TPaMMHOM TOYKU €r0 HOBOTO TIOJIOXECHUS.

Ecnu pacctodHus MeXAy BCeMM OOHapyKeH-
HBIMU JaJIbBHOMEPAMU TOYKAMU U MPEAITUCAHHON
TpaekTopueil nBuxeHus I[IP-BegoMoro OoJiblie
D, TO IIP-BEemOMBI TIpOOONXKAET HIBUTATh-
Ccd 3a JTUIOEPOM, COXpaHSIS CBOE 3aJaHHOE MECTO
B CTPOIO, TTOKA KaKOW-TMOO0 €T0 MaJbHOMED HE 00-
Hapy>XUT HOBOE HEIOIYCTUMO OJIM3KO pAaCIOJIO-
XKEHHOE MPEensITCTBHAE, OCOOEHHOCTU 00Xx0oma KO-
TOPOTO OMHUCAHBI HUXKE.

B mpouecce nBuxenus IIP-Bemombiii Bcerma
CJIENYET 3a CBOEH MPOrpaMMHOM TOYKOWM, MOJIOXE-
HUEe KOoTopol (popMmupyeTtcst ero 60pToBoit nHGOP-
MAalMOHHO-YTIPABJISIOIICHA CUCTEMON C YYETOM Te-
Kyluero noiaoxeHus ITP-nunpepa. IIpu aToM Bemo-
MBI HE WMeeT WHOOPMAIIUI0O O TPACKTOPUU
NBUXEHUS JTUAEpa, TTOITOMY 3apaHee He 3HAeT U
TPAEKTOPUIO CBOETO MAaJIbHEUINEro IBUKEHUS.
B cBs3M ¢ 5TUM onpeaeneHue 0JIM30CTU TOYEK, 00-
Hapy>XXEHHBIX COOTBETCTBYIOIIMMHU NaJIbHOMEpaMU
ITP-BemoMBIX Ha OYEPEOHOM TPEHSITCTBUM, K MIPO-
THO3UMPYEMbIM  TpaekTopusiM  aBuxeHus [1P-
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BEIOMBIX BO3MOXKHO TOJBKO IPUOIMKEH-
HO, KOIJa YKa3aHHbIe TPAaeKTOPUU IIpe-
CTaBJISIOTCSI B BUAE MNPSIMBIX JIMHUIA,
napajjeabHbIX OCH X U IPOXOASIINX Ye-
pe3 TeKylue IOJOXEHUS IPOrpaMMHBIX
TOYEK BEIOMBIX (CM. BEPTUKAJIBHYIO IITPU-
XoByl1o JTuHMIO OT I1P-Begomoro Ha puc. 4).

bonee merambHasi cxema OIpeneeHUs

A

[Tpornosupyemas

TpaeKkTopHs

[TP-nupep

BEJIMYMHBI CMEILIEHUS] TPOTrPaMMHOM TOY-
Ku g aroboro ITP-Bemomoro mpu odxoae
UM TIpensSITCTBUS MpeAcTaBieHa Ha puc. 4.
Omna gBngeTcst uIeHTU4YHOu aJist Bcex [1P-
BEIOMbIX, TOITOMY najieeé MHAECKCHI, CO-
OTBETCTBYIOIIME HOMEpPY KaXXaoro, OyayT
onyckarbcsid. Ha aToM pucyHKe mokazaHo
OoOHapyXeHWe TMPEersITCTBUSI Ccpa3y He-
CKOJIbKMMU OOPTOBBIMM JajibHOMEpPaMU
onHoro u3 [1P-BenoMbix, mpuueMm ykasaH-
Hble BKJIIOYEHHbIC AaJIbHOMEPHI pacroJia-
ralTCsS M Ha JIEBOM, U Ha MpaBoM OopTax
Kaxgoro Begomoro. [lyisi ompeneaeHus
TpeOdyeMoro CMeIIeHUs] TMpPOrpaMMHON
TOYKM KoHKpeTHoro IIP-BegoMoro He-
00XOAMMO HAWTH KPamHIOK TOYKY 3TOTO
MPensTCTBUSI, OOHAPYXKEHHYIO €ro Iajb-
HOMepaMHu, KOTOPYIO OH JOJIKeH 00OWTH B MpO-
necce npuxeHud 3a IIP-numnepom. Tak kak Tpa-
€KTOpHUS MPEACTOSIIEeTO CMEIIEHU ST TPOrpaMMHOM
touku (cM. ypaBHeHue (1)) 3agana B CK, cBsa3an-
Hoit ¢ IIP-mtmoepoMm, TO M KoopauHATBl OOHApy-
>KEHHBIX JaJIbHOMEPaMU TOYEK CJIeyeT MOJYyUYUTh
B aToii CK.

YkazaHHBIN pacueT MPOMCXOAMT B JIBa ITa-
na. CHauana Ha Gopty coorBeTcTByMoIIero I1P-
BEJIOMOTO  OTPENIENAIOTCS KOOPAMHATHL X,; BCEX
3a(PMKCUPOBAHHEIX JaJbHOMEPAMH TOYEK B abCO-
notHoi CK:

djcosoaj
d;sina; (2

cosy, -siny

Xy = .
4 siny ,  cosy,

j=ArF+

j=Ln,

rae X; — kKoopauHaThl B abcommoTHoi CK Toukw,
(pukcupyemoii j-M TaJIbHOMEPOM Ha IPEISITCTBUH;
X;, X — KOOpAMHATHI JTUAEPAa U BEIOMOro B ab-
comotHoi CK COOTBETCTBEHHO; W, — TEKYyLIMiA
yrojs Kypca BeIOMOro (yroj Mexnay MpoAoJbHOMI
ocbio [TP-Beomoro u ockio x); a; = const — yroin
OpPUEHTAIUY €TO JaJilbHOMEPA OTHOCUTEIBHO MPO-
JIOJIbHOW OCH; d; — PAcCTOSTHUE [0 MPETSATCTBUS,
(pukcupyemoe j-M 1aibHOMEPOM.

3aTeM KOOPIMHATHI TUX TOYEK X TIEPECUUThI-
Barorcs B CK, cBg3annyio ¢ [1P-muoepowm:

Tpaekropun
BHYTPH CTPOS

Puc. 4. Cxema nocrpoenunsi TpaekTopuii 1suxenus [TP-segompix npu ooxone
NpensaTCTBHI

Fig.4. Scheme of calculation of program point for AUV-followers during ob-
stacle avoidance

cosy; siny,
—-siny; cosy;

= ()zd]: ydj)T: .] = la_na

dj

X;—-X;)=
:|( dj L) (3)

rme X ¢ — KooprauHarel Touku Xy B CK nuzepa;
y; — TEKYLUMI yroy Kypca aujaepa (yroja Mexny
OCSIMU X W X).

Tak kak mporHosupyemasi TpaeKTOpUsSI TEKY-
1Iero ABUxkKeHus Kaxaoro ITP-Bemomoro siBisieTcs
NpsSMON, MapajuleJIbHON OCU X, TO OTKJOHEHUE
OT Touek X g¢j 710 YKa3aHHOW TPaeKTOPHH MOXHO
OIpeAcInTh B BUAC

=1,n,
0;

~1, ecmun y,; <0.

8; =S8Wy) (Vg =Vs)sJ
1, ecnu y,; >

SGg) =] @
Muoxurenb S(y,) MO3BOJSIET y4YeCTb, C Ka-
KOl CTOPOHBI OT KOHKpeTHoro I1P-BemoMoro Ha-
XOAUTCSA TIPEeNsiTCTBUE, OOHApy>KEHHOE €ero j-M
nanbHoMepoM. TIpu oTOM BeNIWYUHBI §; MOTYT
OBITD MOJIOXUTEIBHBIMU U OTpULIATEIbHBIMU. [10-
clefHee YKa3blBaeT Ha TO, YTO OOHapyKeHHas Ha
MNPENSATCTBUU TOYKa JeXuT Mexay [IP-nuaepom
u ITP-BegombiM. Eciiu KoHkpeTHbIN TTP-BegoMblit
U IPEensTCTBUE PACIIOArarTcs IO pa3HbIe CTO-
POHBI OT TpaekTopuu aBuxkeHust I1P-nuagepa, To
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HaJIMuue TaKuX TPEeNITCTBUM He OyIeT MpPUBO-
IUTh K CMEILEHUIO BEAOMBIX BHYTPU CTPOSI, TaK
KaK AUCTAHLMS A0 3TOrO MPEnSITCTBUS OyAeT 3a-
Benomo Gosbire D, ;.

PaccurtaHHbIe BEIUIMHBL §;, j = 1,7, ©cronb-
3yI0TCS JUISI TTIOMCKA TOYKU X ;. Ha MPENSITCTBUU
C KOOpAMHATaMu X,., V., KOTOPYIO HOJIXKEH
0001t cooTBeTCTBYIOIIMI TTP-BegoMblit Ha 6e3-
OIaCHOM PaCCTOSTHUM:

Xge=Xgecms; =mins,, j=Ln (5

HoBoe nonoxenue nporpammHoii Touku B CK
X, y nng paccMatpuBaemoro ITP-BegoMoro, o6e-
cneyuBamwllee ero 0Oe3omacHbIii 00xon oOHapy-
>KEHHOTO MPEMNSTCTBUS B COCTaBe TPYIINbI, OMpe-
JIENIIETCA C WCIOJb30BAHUEM KOOPIMHAT TOYKHU

X4 1 BbIpaxeHud (1):
Vae — 81810V 4c * Dinin,
)7; =qecau mind; < Dy, j = Ln 6)
Vyp,ecau ming; > Dy, j = 1,n;
. D, (-7,
=%, a(y~ yf)’
2y,
rme X, f 7 7 KOOpI[I/IHaTbI HOBOT'O MOJIOXEHUS 1Ie-

eBoit Toukn X ¢ J-ro I1P-BeoMOro mpu mpoxox-
JEHUW UM B CKOPPEKTUPOBAHHOM CTPOE 3a JIUJEC-
pPOM Ha Ge30ITacCHOM PACCTOSTHUM OT MPEeNnsITCTBUSI
(puc. 4). Ilpu srom 37; HE MOXET OBITH OOJIbIIIE
HYJISI, TIOCKOJIbKY, KaK YKa3blBaJOCh BbIlIE, MPU
37; =0 nawo6oii I1P-BemoMmelil ciegyeT CTpOro 3a
conM [IP-mumepom, KOTOPBIE CaMOCTOSITEIBHO
MpUHUMAaET pelleHue 00 obxoae TMpersiTCTBUI Ha
J1000M pacCTOSSHUU OT HUX (ECIU 3TOT 00XOA WU
TIPOXOJ MEXTY IPEIISITCTBUSIMH BOOOIIE BO3MOXKCH).
M3 BeIpaxeHus (6) BUIHO, UTO IIPU OOHApPYKe-
HUY TIPENSITCTBUSI, HAXOASIIErOoCsl Ha HEMOMYyCTH-
MO OJIM3KOM PAacCTOSTHUM OT XKEJIAeMON TPAEKTO-
puu auxxeHus I1P-Bemomoro, ueyeBas Touka Oy-
JIET CMEIIAThCsS B CTOPOHY TPAeKTOPUM JABUXKEHUS
I1P-nuaepa, a mocie obxoma NpensSITCTBUS 3Ta
nporpaMMHasi TO4YKa BEPHETCS B CBOE UCXOJHOE
TOJIOKEHUE [UIS 3aaHUS MPEANUCAHHOTO MOJIO-
XeHus KoHKpeTHoro [TP-Bemomoro B cTpoe.
OnHako npu, O0Hapy>XeHUU MPEensTCTBUS lie-
neBast Touka X ¢ T1P-Be1oMoro Moxer pe3ko u3-
MEHUTh CBOE MOJIOKEHHE. DTO MOXET NMPUBECTHU
K pe3kum KojebaHusim I[1P-egomoro. Cxoxas
CUTyallMsl MOXET BO3ZHUKHYTb M MNpU HAJUYUU
IIYMOB B TIOKa3aHUSX OOPTOBBIX AaJIbHOMEPOB.
g ycTpaHeHMS YKa3aHHOU CUTyalluM XeJja-

TEJbHO CIVIAXKUBATh Pe3KUe M3MEHEHMS IOJIOXKE-
HUI LIEJEBBIX TOYEK C MOMOIIBIO (DUIBTPOB HU3-
KX 4YacToT Bujaa [16]:

Xp(k) =X p(k =1)+ X (k) - X p(k = 1)), (7)
e X ;(k) — XejgaeMoe MOJIOXEHUE LEJIEBOI TOU-
xu [1P-emomoro ¢ koopnuHatamu X ;(k), y (k)
Ha TEKYyIIeM Iare paboThl CUCTEMBI (POpMUpPOBaA-
HUA ero TpaekTopuu; 0 < f < 1 — KosppuIIMeHT
CriaXXWBaHMS.

Hcnonv3oBanue ¢uabTpa (7) MO3BOJSET W3-
0exaTh pe3KOro M3MEHEHUs IIOJIOXKEHUSA LieJie-
Boit Touku X, IIP-Bemomoro mpu oOGHapyXeHUU
MPENSITCTBUI, KOTOpas HaYHET IepeMeIaThbCs
OT HETO IO MOCTPOEHHOU JIMHEWHOW TPaeKTOpUU
BHYTPHU CTPOSI CO CKOPOCTBIO, 3aBUCSIIEN OT KO-
a¢pduumnenta B. Yem MeHblle 3HAUYEHUE P, TEM
Gosrblire OyIeT CKOPOCTh TMEPEMELIEHUS TOUKU X ¢
K CBOEMY KOHEYHOMY MOJOXEHUIO.

TakuM 00pa3oM, UCHOJIb30BAHWE BbIPaXKCHUN
(1)—(7) mo3BoJiIeT aBTOMATUYECKU U3MEHSTH
pacnioyioxxeHus [TP-BemoMbIX B IPOCTPAHCTBE, CO-
JIepxXallleM HEW3BECTHBIE IPEMSITCTBUS, oOecIe-
yuBas X CBOEBPEMEHHBIN 00X0a Ha O€30IMacHOM
paccTosiHUU 6e3 oOMeHa nHPoOpMalueil ¢ 0cTallb-
HBIMM BeAOMBIMU 1 nuaepoM. Ilocite o6xoma mpe-
NATCTBUI nBUXeHue Bcex IIP 3amaHHBIM CTpoeM
TaK>Xe aBTOMaTHYECKHW BOCCTaHABJIMBAETCH.

HUccaenosanue 3¢pdekTnBHOCTH
NpeaJoKeHHOT0 MeToa

Hnst npoBepku 3(Pp(PeKTUBHOCTH TPEIJIOKEH-
HOro MeToja ObLIO TIPOBEACHO MareMaTuyeckue
MOZETMPOBAHUE JIBUXKEHUSI TPYIIIbI, COCTOSIIEN
u3 tpex I1P, B cTpoto Tuma TpeyroabHMK. BO Bpe-
MsI 00Xxola OOHapyKeHHBIX MPEnsSITCTBUU C HC-
MOJb30BaHUEM M3BECTHOM CPEIbl MOIEIMPOBAHUS
V-REP [17]. [TapaMeTpbl MCXOMHOTO TOJOXEHUS
[TP-Begombix B CK Xy: )?fl =(-1,5 -1);
= 0,75 M; cmetieHust [1P-BemoMbIX B CTOPOHY OCH X
npu 00XoJe TMPEnsITCTBMI OIMUCHIBAJIUCh BbIpa-
xeHueM (1), IMm. TTonaramoceh, uto Bce IIP
IPYNIbI UMEIOT BHICOKOTOUYHBIE CIIEASIINE CHUCTE-
Mbl ynpasiaenus [18—20]. Kaxabiit [1P-Benombiii
WMeJl CeMb aJbHOMEPOB, PACIOJOXEHHBIX paB-
HOMEPHO B MX TIepenHeir moaycdepe. TpaekTo-
punu aeuxkenus I1P-semompix (puc. 5) mpu odxome
MPENsITCTBUI Ompenensitorcss Tpaektopueit I1P-
Jupepa (cM. KpuBylo [), 3amaBaeMoil CIUIaliHAMM
besbe [11] u mpoxopsiueil yepe3 0a30Bble TOYKU
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WPl u WP2. Kpussle 2 u 3 coot-
BETCTBYIOT TPAEKTOPUSAM JIBUXE-
Huit nesoro (ITP1) u mpasoro (I1P2)
ITP-BemOMBIX COOTBETCTBEHHO, KO-
Topble ()OPMUPOBAJIIUCH B MIpoLIecce
o0xofa TPEMITCTBUN MO TPEIJIO-
XKEHHOMY BBIIIE METOMY.

N3 puc. 5 BUOHO, 4YTO B TIPO-
necce nBuxeHus [IP-mumep Haxo-
IUT OEe30IMacHBIl MPOXOA K TOYKe
WPl Mexny OByMS TpensiTCTBU-
dIMU Ha 0€e30MacHOM pPAaCCTOSHWU.
[TP-BemomMble HE MOrYyT MpPOUTH
MEXAYy 9TUMMU MPETNSTCTBUSIMHU, CO-
XpaHsg 3agaHHbIA cTpoil. [losTo-
My npasbiii [TP-Bemomsblii, o6xoms
MPENSTCTBUE CJeBa Ha O€30MacHOMU
IUCTAHIIMM, HA HEKOTOPOM YYacT-
K€ MPaKTUYeCKU BBIXOAWUT Ha Tpa-
exktoputo I1P-munepa. JleBwiii Beno-
MBI OOXOAWUT JIEBOE MPEMNSITCTBUE
crpaBa, IIPUOIMXKasICh K Tpaek-
topuu IIP-nuaepa. Ilociae mnpo-
X0da MEXAY ABYMs TPEnsSITCTBUSI-
mu ctpoin Bcex IIP BosBpalmaercs
K UCXoAHOU KoHpurypamuu. Bro-
poe TpensTCTBUE OOXOAUT TOJBKO
npaBbii [1P-Begomblii, cMmeliasich
B CTOpOHY Tpaektopuu [1P-nunepa,
a JIEBBIN IBUKETCS 3a JIMAEPOM, CO-
XpaHssg CBOE MECTO B CTPOIO.

Ha puc. 6 mpencraBieHbl TIpo-
1IECChl U3MEHEHUS pacCcTossHUN F
mexnay Bcemu IIP rpynmer. [tpu-
XOBasg KpUBasi — PacCTOSHUE MEX-
ny IIP-nunepoMm u JneBBIM BemoO-
MBIM, CILJIOIIHAS YepHaAs KpuBasi —
nuctaHuuu Mexay IIP-nmaepom
W TpPaBbIM BEAOMBIM, a CILJIONIHAS
cepass — paccrosiHue mexnay II1P-
BEIAOMBIMMU.

U3 puc. 6 BUAHO, YTO B IMPO-
necce nBuxeHus Bce [P Hurnme He
NpUOIMKAOTCA APYT K APYry Ha
HEAOMYCTUMO OJIM3KYID JUCTaH-
umo. Ilpu o6xome npensdTCcTBUI
pacCcTOSTHUSA MEXAYy HUMU Hempe-
PBIBHO U3MEHSIOTCS, Ipu 3ToM [1P-
BEAOMBIC TTPUOIMXKAIOTCSI K TPaeck-
topuu ITP-nugepa.
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Puc. 5. Tpaekropuu asuxenus rpynnbi [IP B HensBecTHOI 00CTaHOBKE ¢ mpemsAT-
CTBHAMH

Fig. 5. Trajectories of AUV group movement in unknown environment with obstacles

Puc. 6. IIponecc namenenus nuctannmii mexxay I1P npu nBukeHuu B 3aJaHHOM CTPOIO
¢ 00X0J10M NmpensATCTBHI
Fig.6. The change of distances between AUVs in the formation during obstacles avoidance

—_
A

B

Ha puc. 7 mokazaHoO MWHW- | o ol __ J
MaJIBHO€ PpacCCTOSdHUC dc MEXIY Puc. 7. Paccrosauns ot IIP-BegoMbIX 10 00HADYKHBAEMbIX MPENATCTBHI
[TP-BemomMbiMU U OOHapyXKeHHbIMU 1 Fig. 7. Distances from AUV-followers to obstacles
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WX OOPTOBBIMM HaJIbLHOMEpAMU TMPENSITCTBUSIMMU.
YepHasg kpuBast — paccTosHus oT JjeBoro I[1P-
BEAOMOIO 10 OOHapy>XWBAEMBIX IIPEMSITCTBUMU,
a cepass — paccTosgHus oT npasoro ITP-semomoro
o mpendatcTBuil. M3 puc. 7 BUAHO, 4YTO paccTo-
SHUS MeXAy IBUXyluMmucsa IIP-BemoMbpiMu u
MpEensaTCTBUSAMU He TpeBblamT 1 M. Pe3kue me-
penanbl pacctosHuil ot [TP-BemombIx 10 o6Hapy-
XKABAEMBIX TIPEMATCTBUI OOYCIOBJIEHBI TEM, UTO
YUCJIIO MaTYUMKOB y KaXIOTO BEIOMOTO OTrpaHU-
YEeHO, TO3TOMY Ha JaJbHUX paccTogsHUsX ot IIP
MPENSTCTBAEC OOHAPYXWUBAET TOJBKO ONWH W3 UX
JaTYMKOB U He Bceraa. CKayku BO3MOXHBI U TIPU
MOIKJIOYEHU U APYTUX TaTYUKOB.

Pe3ynpraTel UMCCAENOBAHUSA TPEIJIOKEHHOTO
MeTona (QOPMUPOBAHUS TPACKTOPUUN ABUXEHUS
rpynmsl [IP mpu ob6xome mpensgTcTBUN B HEU3-
BECTHOW OOCTaHOBKE TMOKa3aJMW €r0 HEU3MEHHYIO
paboTocnocoOHOCTh U 3(PEKTUBHOCTD.

3akiao4yeHue

B crarbe mpemyiokeH HOBBIME MeTOn (GOpMU-
poBaHUS TpaeKTopuii ABuUKeHUsT rpynnsl 1P
B pexxuMe "muaep—BeaoMble” B 3aJaHHOM CTPOIO
B HEM3BECTHONM OOCTAaHOBKE, COAepxKallel mpe-
ngarcTBusi. B atom pexume IMP-nunep B cooTBeT-
CTBMM C 3aJaHHON MHCCHEN BBIOMpAeT TPaeKTO-
pUI0 MepeMelleHUs] Ha 0e30MacHOM pacCTOSIHUU
OT OOHapy:XMWBaeMbIX MM mpernsatcTBuii, a I[1P-
BEAOMBIE YIIOPSIIOYEHHO CIEAYIOT 32 HUM, O0XO s
3TU IPEIMSITCTBUS, OPUEHTUPYSICh HA MOKAa3aHMS
COOCTBEHHBIX JaJibHOMepoB. [1pn 06xone nmpersT-
CTBMIA OHHU IepeMeIaloTCs 10 3apaHee 3aJaHHBIM
TPAaeKTOPUSIM BHYTPU CTPOSI K TPACKTOPUU JIMIE-
pa 0e3 CTOJIKHOBEHUI MeXIy coboii 1 0e3 J0MmoJ-
HUTEJIHLHOTIO 0OMeHa TaHHBIMMU AJISI COIJIacOBaHU S
UX MOJ0XEeHUN. DPHEKTUBHOCTD MPEAJTIOKEHHOTO
MeToJa IOATBepXIeHa pel3yJibTaTaMu MaTeMaTU-
YeCKOro MOJeIMpPOBaHU L.
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Abstract

The new path planning method for AUV group moved in the "leader-followers” mode in a desired formation in an
unknown environment with obstacles is proposed in paper. In this case one AUV plays role of AUV-leader, which has in-
Jformation about the mission and plans a safe trajectory of its movement, depending on its purpose and detected obstacles.
AUV-followers must move behind the leader, in accordance with their assigned place in formation, using information about
the current position of the leader, received via acoustic communication channels, and information about their distances to
obstacles, detected by their onboard rangefinders. Due to the low bandwidth of acoustic communication channels, there
is a problem of matching the position of the AUV-followers during obstacles avoidance. It is necessary to avoid collisions
between AUV of group. This problem is solved by means of the preliminary forming for each follower of the only possible
trajectory of movement inside formation which will provide it safe movement relatively other followers when this AUV-
Jfollower moves around detected obstacle. This approach allows do not coordinate the current position of the AUV-followers
relative to other AUV of group if a high-precision control system is used, and as a result it does not require additional
data exchange between the AUV group. In this paper, an approach to the forming of AUV-follower trajectories inside AUV
Jformation and the method of forming the desired position of the AUV-followers on these trajectories are proposed. The ef-
fectiveness of the proposed method is confirmed by the results of mathematical modeling.

Keywords: underwater robot, cooperative control, formation control, path planning, obstacle avoidance, unknown

The Path Planning Method for AUV Group Moving in Environment with Obstacles

environment

Acknowledgements: This work was supported by Russian Founda-
tion for Basic Researches (grants No 16-29-04195 and 19-08-00347)
and Program of Presidium RAS No 1.7 "New Developments in
Perspective Areas of Energetics, Mechanics and Robotics".

For citation:

Filaretov V. F.,Yukhimets D. A. The Path Planning Method for
AUV Group Moving in Environment with Obstacles, Mekhatroni-
ka, Avtomatizatsiya, Upravlenie, 2020, vol. 21, no. 6, pp. 356—365.

DOI: 10.17587/mau.21.356-365

References

1. Liu Y., Bucknall R. A survey of formation control and motion
planning of multiple unmanned vehicles, Robotica, 2018, pp. 1—29.

2. Spensieri D., Carlson J. S., Ekstedt F., Bohlin R. An
Iterative Approach for Collision Free Routing and Scheduling in
Multirobot Stations, /EEE Transactions on Automation Science and
Engineering, 2015, vol. 13, no. 2, pp. 950—962.

3. Langerwisch M., Wagner B. Dynamic path planning for
coordinated motion of multiple mobile robots, Proc. of the I14th
International IEEE Conference on Intelligent Transportation Systems
(ITSC), Washington, DC, 2011, pp. 1989—1994.

4. Shahriari M., Biglarbegian M. A New Conflict Resolution
Method for Multiple Mobile Robots in Cluttered Environments
With Motion-Liveness, /EEE Transactions on Cybernetics, 2018,
vol. 48, no. 1, pp. 300—311.

5. Lu M., Zou Y., Li S. Multi-agent formation control with
obstacle avoidance based on receding horizon strategy, Proc. of the
2019 IEEE 15th International Conference on Control and Automa-
tion (ICCA), Edinburgh, United Kingdom, 2019, pp. 1361—1366.

6. Vo C., Harrison J. F., Lien J. Behavior-based motion
planning for group control, Proc. of the IEEE/RSJ International
Conference on Intelligent Robots and Systems, St. Louis, MO, 2009,
pp. 3768—3773.

7. Yong L., Yu L., Yipei G., Kejie C. Cooperative path plan-
ning of robot swarm based on ACO, Proc of the IEEE 2nd Infor-
mation Technology, Networking, Electronic and Automation Control
Conference (ITNEC), Chengdu, 2017, pp. 1428—1432.

8. Liu S., Sun D., Zhu C. Coordinated Motion Planning for
Multiple Mobile Robots Along Designed Paths with Formation
Requirement, IEEE/ASME Transactions on Mechatronics, 2011,
vol. 16, no. 6, pp. 1021—1031.

9. Zenkevitch S. L., Galustyan N. K. Decentralized Control
of a Quadrocopter Swarm, Mekhatronika, Avtomatizatsia, Upravie-
nie, 2016, vol, 17, no. 11, pp. 774—782 (in Russian).

10. Reyes L. A., Tanner H. G. Flocking, Formation Control, and
Path Following for a Group of Mobile Robots, /EEE Transactions on
Control Systems Technology, 2015, vol. 23, no. 4, pp. 1268—1282.

11. Filaretov V., Yukhimets D. Planning smooth paths for mo-
bile robots in an unknown environment, Int. Journal of Computer
and Systems Sciences, 2017, vol. 56, no. 4, pp. 738—748 (in Russian).

12. Filaretov V., Yukhimets D. The method of formation of
auv smooth trajectory in unknown environment, Proc. Of Int.
Conf. OCEANS’2016, Shanghai, Chaina, 2016, pp. 1—8.

13. Yukhimets D. A., Gubankov F. S., Zuev A. V. The Method
of Path Planning of Spatial Trajectories of Mobile Robot in
Unknown Environment, Robototekhnika i Tekhnitcheskaya Kiber-
netika, 2018, vol. 19, no. 2, pp. 46—51 (in Russian).

14. Yukhimets D., Zuev A., Gubankov A. Method of spatial path
planning for mobile robot in unknown environment, Proc. of the 28th
DAAAM International Symposium. Zadar, Croatia, 2017, pp. 258—266.

15. Korn T., Korn G. Mathematic handbook, Moskow: Nauka,
1973 (in Russian).

16. Rabliner L., Goud B. Theory and Application of Digital
Signal Processing, Moskow, Mir, 1978, 848 p (in Russian).

17. Available at: http://www.coppeliarobotics.com/

18. Filaretov V. F., Yukhimets D. A. Features of Synthesis of
High-Accuracy Control System of Movement and Spatial Stabiliza-
tion of Underwater Vehicles, Vladivostok, Dalnauka, 2016, 400 p.
(in Russian).

19. Filaretov V. F., Yukhimets D. A. The new strategy of de-
signing tracking control systems for dynamical objects with vari-
able parameters, Mekhatronika, Avtomatizatsiya, Upravlenie, 2018,
vol. 19, no. 7, pp. 435—442.

20. Filaretov V. F., Yukhimets D. A., ScherbatyukA. F., Mursa-
limov E. Sh., Tuphanov I. E. The Method of Tracking Control of
Autonoous Unmanned Underwater Vehicle Motion, Mekhatronika,
Avtomatizatsiya, Upravienie, 2014, no. 8, pp. 46—56 (in Russian).

MexaTpoHHuKa, aBTOMaTH3aNus, ynpasjienne, Tom 21, Ne 6, 2020

365



ANHAMUKA, BATJIUCTUKA, YITIPABJIEHUE

AOBUXEHUWUEM NETATEJIbHbLIX ATMNMAPATOB

YK 629.73.02; 681.5.01 DOI: 10.17587/mau.21.366-374

A. M. LLleBY€HKO, KaHA. TEXH. HAayK, CT. Hay4. coTp., anshev@ipu.ru, I. H. HaunHkMHa, Hayu. coTp.,
M. B. lopogHoBa, matemaTtuk,
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Pa3paboTka 3HepreTn4yeckoro metoga u uccrniegoBaHue anropuTMoB
NPOrHO3UpPOBaHUSA TPaeKkTopuKu B3neTa camorneTa

Obcyacdaromesn pazpabomka u ucciedoganue Memooa nPOHO3UPOBAHUS COObIMULL HA MPAeKMopUU 831ema, Habopa 8biCOMbl
U npeodosenUs 8blICOMHBIX Npenamemeuli no Kypcy. Memood npoeno3upoeanus 6azupyemcs Ha SHepeemu4ecKkom nooxode K ynpae-
AEHUI0 NONEeMOM, PACCMOMPEHHOM A8mopamu 6 npedvldyuux pabomax. Mamemamuyeckas gopmyauposka memooa 0CHO8AHA HA
ypaereHuu 6anaHca SHepeull, ONUCHIGAIOWEM B3AUMHOE BAUSAHUE 8CeX OelcmEYIOuUX cua 8 cucmeme "camosem—ogueamenb—
eHewHAs cpeda”. B danHoui cmamoe ypasHeHue pacuiupeHo Ha HA3eMHbLe PelCUMbl 08UNCEHUs NO 831eMHO-NOCA00HHOU noaoce.
Jlas smoeo 6 ypaenenue 000a64eH HaeH, YHUMbIEAOWUL Oelicmeue MOPMO3AUUX CUA CO COPOHbL Kodec waccu. YpagHerue 6a-
AAHCA NO36045€Mm HenocpeOCmMEeHHO NOAYHUMb AA20PUMM pacuema OAUHbl enepeduiedicauleli mpaeKkmopuu, Heooxo0umou 04 Ha-
KonneHus mpeGyemoeo 3Ha4eHus mepMuHalbHol sHepeuu. Baremunas mpaexmopus éxaouaem nazemuuill U 6030YUHbLI YUACMKU.
Tlosmomy 603M0dHCHOCIYb NPe0doseHUs NPenAMCMBUS DUKCUPYEMCS ANOPUMMOM 8 MOUKe B03MONCHO20 NPUHAMUS DeuleHUs HA
63/1em ¢ yHemom caedyrnujeco 6030YulH020 yyacmka. Ima mouka docmueaemcs pansiie, 4em 00cmueaemcs cKopoCcms NPUHAMUS
peluenus, npeonucslieaemas pyKoeodcmeom no 1emHoll sxkcnayamayuu. Taxoe onepexcaroujee onogeueHue 0 03MONCHOCHU 3/1e-
ma yayvuiaem cumyayuoHHy0 0C8e00MACHHOCMb NUAOMA, YMO CHUICAem CIPeccosble HAepY3KU U YMeHbiiaem PUCK OWUOOYHbBIX
deticmeuil. /lns nposedenus uccae008anuii pazpaboman UCHbIMAMENbHbII CMeH0, Ha KOMOPOM B03MONCHbL 0OUHOUHbIE NYCKU U
cepuu cmamucmu4eckux ucnsimanui. B okne onepamopa cmenoa opmupyomcs cueHapuu 3iema, 3a0arOmcs Ha4aibHvle yC-
noeus Ha BITII, ammocgepHbie 603Mmyuienus, KoHgueypayus camosema u KoopouHamel npensamcmaeus. 3adaromes napamempul
CAYHAUHBIX NO2pewHOCmell 6 3a0aHUU 831eMHOU MACChl U YEeHMPOBKU camMoiema, d makKice Wymsl Usmeperull npoooabHOU nepe-
epysku. Ha cmende évinoanen 6046uioii 006em 0emepmMunUpOSAHHbIX U CIMAMUCMUYECKUX UCNOIMAHUI A120pUMMO8 HPOSHO3UPOBA-
Hus cobbimuil Ha mpaexkmopuu 631ema. C ROMOWbI0 MOOYAS CMAMUCMUYECK020 AHAAU3A PACCHUMAHBL XAPAKMEPUCIUKU OUUOO0K
NPOCHO3UPOBAHUS OAAbHOCMU 00 MOYKU NPUHAMUS DeUeHUs Ha 831em U MOYKU OMPblea HOC08020 Koaeca. IIpugedensvi npumepsl
nOCMpPOeHUs 2pAPUKO8 NAOMHOCIU ePOSIMHOCMEN U 2UCMO2PAMMYL pacnpedeeHUs OWUO0K no NAMU XAPAKMEPHbIM 30HAM OMm-
KAoHeHuli om cpedneeo. [loayuenst dogepumenvHble UHmMepealbl 045 pactema mamemamu4eckozo oxcudanus. Pazpaboman npo-
momun 21eKmMpoOHHO20 UHOUKAMOPA MPAeKMOPUU 631eMa ¢ OMMEeMKAMU NPOSHO3HbIX XAPAKMEPHbIX KOOPOUHAM.

Karueevie caosa: memod npoeHo3upoeaHus, 3Hepeemuuecxuﬁ nodxod, e3/1em camonema, docmoeepﬁocmb npoeHosa, cma-
mucmuveckKkue UcCnblmaHus

Beenenne

B cBsi3u ¢ nHTEeHCHUKAIIEH BO3AYIITHBIX TTe-
PEBO30K M pacUIUpeHUeM IKCITyaTallMOHHBIX T1-
aIra30HOB BOITPOCHI 0€30MaCHOCTH aBHAIIMOHHOM
TEXHUKH CTAHOBSTCS BCe 0OJIee OCTPHIMMU.

M3 aHanu3a OTeYeCTBEHHBIX W 3apyOekHBIX
WCTOYHUKOB CJIeyeT, YTO Ha Ha3eMHBIE 3Tallbl
B3JIeTa W TOCAAKW TIPUXOAUTCS Oojee TOJIOBU-
HBl Bcex aBapuii. [loaTBepXaeHUEM BBICOKOM
aBapMUHOCTM Ha 3TUX BTAllaxX CIYXUT CBOMXHAs
ararpamMMa TIpOIICHTHOTO pacIpeiesieHus Kara-
cTpod TaccaXHWpCKHUX CaMOJIETOB Ha ydyacTKax
B3JieTa M mocanku 3a nepuon ¢ 2008 mo 2017 rr.,
coCTaBJICHHasl 1O MOCTYIHBIM OoTdeTaM (pUpMBbI
Boeing (puc. 1, cM. TpeTbio cTOpOHY 00J10KKH) [1].

JIlunuu TpeHIa MOKa3bIBalOT yBEJIWYCHUE OOJIU
aBapuii Ha IMocajake M CHUKEHME JOJIU aBapuil Ha
B3neTe. [IpuMeyareabHO, YTO 32 BECh ACCITUIICT-
HUI Mepuojd aHallM3a cyMMapHas aBapUMHOCTh
Ha B3JICTHO-IIOCAJOYHBIX peXMMaxX OCTaBajach
Boile 50 % ot o61Iero yKcia KaracTpod 3a BeCh
MOJIeT.

Cratuctuka JeTHbIX TpoucuiectBuit (JIIT) 1o
MaTepuajaM MocjaeAHUX 3apy0ekHbIX [2—4] 1 oT-
€4eCcTBEHHBIX [5, 6] ucciiegoBaHMil ITOKa3bIBAET,
yto pojs JITI, oOycaoBIeHHBIX yYacTUEM YEJIOBE-
Ka B MPOLIECCe BBHINOJIHEHUS TIOJETHOIO 3alaHusl,
KOJIeOJIETCS B 3aBUCHUMOCTU OT METOAMK OLICHKU
ot 50 1o 70 %.

XPOHOJIOTMYECKHNIA aHAJIU3 COCTOSIHUSI OTeue-
CTBEHHOTrO IIapKa CaMOJIETOB TakKxe HE BBISIBUII
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TEHJACHIUMU K CHUXEHU IO 0011elt aBapuiiHOCTH [7].
bonee Toro, aHaan3 MokKa3bIBaeT, YTO IO MEPE CO-
BEPIICHCTBOBAHUSI TEXHMKM MOJISI aBHAIITMOHHBIX
MPOMCIIECTBUM, CBI3aHHBIX C HEIOCTAaTKaMM CH-
CTEM CaMOJIETOB U MX XapaKTEePUCTUK, YMEHbIIM-
nack ¢ 40 mo 15 %, a mong mpoucClIecTBUii, 00-
YCJIOBJICHHBIX OTKJIOHEHUSIMU B paboTe MepcoHa-
J1a, B OCHOBHOM 3KMITaxa, Beipocia ¢ 50 mo 80 %.
Takas BbIcOKasl A0JISI HETATMBHBIX MPOUCILIECTBUM
00yCJI0BJI€HA MOBBIIIEHHOMN MCUXOJOTMYECKOM Ha-
TPY3KOi, CKOPOTEUHOCTBIO TIPOILIECCOB U AehUlIn-
TOM BPEMEHM Ha IMPUHSITHUE PELICHUIA.

[Ipn 3TOM OTMeYaeTcsl, UTO COBEPILIEHCTBOBA-
HUE aBMALIMOHHOW TEXHWKM, METOIOB M CPEACTB
TMOATOTOBKM JIETHOTO W HAa3€MHOTO IIepCOHaa,
obecrnieueHMs] W BBIMOJIHEHUST ToaeToB B Poccuu
YU TEePeOBbIX 3alaJHbIX CTpaHax IO OJMHAKO-
BbIMM TEeMIIaMMW C YYE€TOM HaKOIJIECHHOTO MUPO-
BOTO OIbITA aBUACTPOCHMS M IKCILIyaTalluud BO3-
ayuHbiX cyaoB (BC). Ilostomy cpemHue 3Haue-
HUS ToKa3aTesiell 0€30IMaCHOCTU OTEYECTBEHHBIX
PEaKTUBHBIX U TYPOOBMHTOBBIX CAMOJIETOB B CO-
CTaBe aBUALlMOHHO-TPaHCTIOPTHOM CUCTEMBbI ObLIN
W OCTalOTCAd HE XYX€ aHaJOTMYHBIX MO KJaccy
3amagHbIX caMojieToB. OHM OTpaxaloT YPOBEHb
MUPOBOIO Pa3BUTHUS aBUALIMOHHON HAayKW U TeX-
HUKM Ha Mepuomax co3gaHus 3TUX CaMOJIETOB U
JaJbHEHNIIEeTO UX COBEPIIEHCTBOBAHMS.

B Hacrosiee BpemMsi BompocaM 0€30MacHOCTH
ornepaluii Ha B3JieTHO-TiocagouHol noyoce (BITIT)
BO BCEM MUpE YAEJsIeTCS TOBBIIIEHHOE BHUMa-
Hue. Ilo xoMIIeKCHOI mpoOiiemMe 0e30IMacHOCTHU
onepauuii Ha BIITI B ctpykType MKAO co3nanbl
MEXJAYyHapOJHblE KOMHUCCHUUM C y4YacTUEM oOTeye-
CTBEHHBIX CMEUUANUCTOB. [leSITeIbHOCTh MEXIY-
HapOJHBIX OTACJCHUN OCBEIIAETCSI HA CHEIUATb-
HoOM caiite http://www.icao.int/RunwaySafety.

JIBMXKEHUE O HAa3eMHBIM yyacTKaM TPaeKTo-
puu apuxkeHuss BC BBITTOTHSIETCS TTOA KOHTPOJIEM
WJAW TIPU HEMOCPEACTBEHHOM YYacTUM IMUJIOTA
B ympaBjieHUU. BO3HMKHOBEHHE HETNpenBUIACH-
HBIX MM HEIITATHBIX CUTyallMi IIpM OrpaHude-
HUM Ha BpEMSsl peakllMu MOXET MpPOBOLIMPOBATh
CTPECCOBBIE COCTOSIHUS TUJIOTAa. BBUIY BBICOKUX
TICUXOJIOTMYECKMX HArpy30K Ha MUJIOTa TOBbIIIA-
€TCSl BEPOSITHOCTb OIIMOOYHBIX UM HECBOEBpE-
MEHHBIX JEUCTBUM.

B cBsI3u ¢ 3TUM CTAaHOBUTCS OYEBUIHOUN He-
00XOAMMOCTb  yAy4dlleHUs] UH(GOpMaMOHHOK
NOAJIEPKKHU TTUJIOTA U CO3JAaHUE NPYKECTBEHHOM
cpelabl B3aMMOACUCTBUS THJOTA C MPUOOPHBIM
obopynoBaHueM KabuHbl. C 3TOH 1eabl0 HaMu
ObLIU TPEAJIOXEHbl METOAbl M aJTOPUTMbBI MPO-

THO3MPOBAHUS [BMXCHUS JIeTATEJIbHBIX aIllla-
patoB (JIA) Ha Ha3eMHBIX y4YacTKaX TPaeKTOPUU
[8—13]. MeTomonmornueckoit 06a30if pa3padbOTOK
SIBJISIETCSI DHEPTreTUIYECKUI MOAXOMA K YIIPaBICHUIO
MPOCTPAaHCTBEHHBIM ABUXeHUeM JIA [14—16].

B sTux paboTtax mojiyuuia gajibHelilliee pa3BU-
THE METOH MpOrHo3upoBaHus aApuxeHuss BC Ha
stanax pasbera mo BIIIl mepem B3eToM M II0-
clIenymolIero Habopa BBICOTHI IJISI IIPOJeTa Hal
BBICOTHBIM IIpENsSITCTBHEM. BBemeHa KoppeKuus
IIPOTrHO3a JAJBHOCTU IO TOYKHW MPUHSITUS pelle-
HUsI. MeTon yYUTBIBaeT HAKOILJIEHHE SHEPTUU Ha
BIIEpeIMIIeXalllell TPAaeKTOPUH, BKIIIOUAsI BO3AYIII-
HBII CETMEHT, U MO3TOMY IIPOrHO3 BO3MOXHOCTH
B3JIeTa HAMHOIO OIlepeXXaeT MOMEHT IOCTHUKCHU S
CKOpPOCTH B3JjieTa, TpeOyeMoil pyKOBOICTBOM IIO
JIETHOH BKCIUTyaTallud. YIIpaBjeHUe mojeToMm JIA
Ha peXMMe B3JIeTa OCYIIECTBIISIETCSI SHEpPreTruue-
CKOW CHUCTEMOM.

Bregpenne METOOOB IIPOrHO3MPOBAHUSI Ha
0OPT B CUJILHOI CTENEHU 3aBUCUT OT IIPU3HAHUS
BKCIUTyaTaHTaMU aBUAIlMOHHON TEXHUKU pe3ysib-
TaTOB TIPOTHO3a JOOCTOBEPHLBIMU U IIPaBIOIO-
TOOHBIMU. 111 MpUBIIEUEHUSI OOBEPUS K METOMLY
IIPOTHO3MPOBAaHUS B pabOTe MpPOBEACH aHaJIu3
CTAaTUCTUUYECKMX XapaKTePUCTUK ITOrPEIIHOCTEH
IIPOTHO3UPOBAHMU L.

bbein BeimoHEH 0OABIIOW O00BEM CTAaTUCTUYE-
CKUX WCIBITAHUI aJrOPUTMOB TNIPOTHO3MPOBA-
HUS B LIMPOKOM auanaszoHe yciaoBuit Ha BIIII.
PesynbpraTel aHanm3a AEMOHCTPUPYIOT BBICOKYIO
TOYHOCTh ¥ JTOCTOBEPHOCTh aJIFOPUTMOB ITPOrHO-
3UPOBAHUSA COOBITHI HAa TPAeKTOPUU B3JIETA.

st ynydieHuss CUTyallMOHHOM OCBEIOMJICH-
HOCTHM IIMJIOTA U BU3YaJIbHON OLIEHKU pPa3BUTHSI
CUTyallUM IIPEAJIOXKEH IIPOTOTUI MHAMKATOpa
B3JIeTa B KaOMHE MUJIOTA.

1. DHepreTHYeCKHil METO/l MPOTHO3HPOBAHNS
TPAaeKTOPHH B3JieTa U mpoJjera JIA
HaJl BBICOTHBIM NPENSITCTBHEM

IlpyHUMO yhOpaBieHWS MOJHONH 5SHeprueu
(Total Energy Control — TEC) BnepBble OblJI HC-
clefoBaH UM MPUMEHEH K YMNPaBJICHUIO ITOJIETOM
camoJera B padore [17].

B ycioBusix mpeHeOpexeHUsl BIUSHUEM BeTpa
M M3MEHEHUEM adpOAMHAMMUYECKUX XapaKTepu-
CTHK JJISI peXXMMa YCTaHOBMBILIETOCS M0JIeTa B pa-
6ote [17] monydeH ynpolIeHHBIN 3aKOH yrnpaBJie-
HUSI TATOW OBUTATEsl B MPUPALIEHUSIX OTHOCH-
TEJIbHO 3aJaHHbIX 3HAUCHUI.
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B mammx panHmx pa6orax [9, 10] pemanach
3aJa4ya yCTAHOBJICHUS CBSI3W a3pOAMHAMHYECKHNX
XapakTepucTuk nojera JIA, pexxyumMa padoThl €ro
CHJIOBOII YCTaHOBKM, a TaKxKe DHEPreTUYeCKUX
XapaKTepUCTUK BHEIIHEH CpeAbl M MCIIOJIbh30Ba-
HHS 3TOH 3aBUCUMOCTH [IJII CUHTE3a CTPYKTYPHI
MpPOAOJBHOIO KaHajla MOAU(PUIIMPOBAHHOM aB-
TOMaTUYECKOM CUCTEMBI U MOAJIECPKKHU NEUCTBUN
MHUJIOTAa B PYYHOM pEXUME.

BBenss sHEPreTMUECKYH OLIEHKY COCTOSTHUS
aTMoc(epbl, Mbl TOAYYUIW YypaBHeHUE OajaH-
ca DHEPruil B CUCTeMe OOBEKTOB: "JeTaTeIbHBIN
anrmapaT—cCcuJaoBasi yCTaHOBKa—BHEIIHSSI cpeaa’.
DTO ypaBHEHHME HE TOJBKO ITOKAa3bIBaeT MPSIMOI
NyTh IJIST TOCTPOeHMUS 3(POEKTUBHBIX aBTOMAaTH-
YEeCKMX CHCTEM YIIpaBJICHHS MOJIETOM, HO M IIO-
3BOJISET OLICHMBATh M COOOIIATh ITUJIOTY YPOBEHbB
OITAaCHOCTY BETPOBBIX BO3MYIIIEHU, a TaKke Pop-
MHUPOBaTh OWPEKTOPHBIN WHAEKC ISl PYIHOTO
YIOpaBJICHUSI CUJIOBOII YCTAaHOBKOM.

Takum oOpa3zom, paccmoTpeHme mnoneta JIA
C SHEPreTUYEeCKMNX ITO3UIINKA ITPUBEIO Hac K Gop-
MHPOBAHUIO SHEPTeTUIECKOTO ITOAX0Aa K yIIpaBJe-
HUIO TI0JIETOM. DHEPreTUYSCKUI ITOAX0a K YIIpaB-
JICHUIO OBUWXCHMEM B IIPOCTPAHCTBE OCHOBAaH Ha
OIMCAaHUM OBMKEHUS O0BEKTa KaK B IPOCTPaH-
CTBE IEPEMEHHBIX COCTOSIHUS, TaK M B TepMUHAX
€ro TOJIHOM SHEPIUU U €€ COCTaBJISIIOIINX.

MareMaTu4eckoil CHOBOW 3HEPreTuYecKoro
noaxoma SIBJISICTCSI YypaBHEHHME OalaHCa SHEPTUiA,
KOTOpO€ B 0000IIEHHOM BUJIE 3alMCBIBAETCS KaK

AHp =AH® + AH? + AH,

rne AHy — npupallleHue 3HepreTuYeCcKoi BBICOTHI;
AHZ® — ynenvHast pabora neurarens; AH g —
3aTpaThl 3HEPIMM HA MPEOAOJEHUE CUJIBI JIOOOBO-
ro conpoTtuBneHus; AHy — pabota Berpa.

DTO ypaBHEHHE YCTAaHABJIMBAET KOJMYECTBEH-
HBIC COOTHOIICHUS MEXIY MCTOUYHUKOM SHEPIUU
M BCEMH ee IoTpeOMTeNnsaMU. YpaBHECHUE 3allu-
caHo B (opMe NpHUpalleHUI yIeJdbHOU BHEePruu
JIBUKECHUS:

Hp(x) = E(x)/(mg) = h+V?/(Q2g),

rIe m — TeoOMETpUUecKasl BbICOTa; # — WHEPLU-
aJibHasl CKOPOCTh IOJIETa; M — Macca caMoJieTa.

EnuHuneir usMepeHMsl yaeAbHOW 3HEpPruu
COYXUT METp, IO3TOMY OHA Ha3bIBAETCSl TaKXe
SHEPreTUYeCcKoi BbICOTOM. [l KaXaoro 4jaeHa
ypaBHeHUs OaJlaHca 3Hepruii B pabdortax [14, 15]
MOJIyYE€Hbl MUHTETpaJbHbIE BbIPaKeHUS

AHp = [V,|6+-2|d1;
g

h

15}
AHE® = [V, P, cos(ay, + ¢y,)dt;
h
15)

5]
AHP = [V D dt; AHY = [V, f,dt,

4l 4l

rae 6 — yros HakJoHa TpaeKTopuu; V, — BO3-
NylIHasi CKOpOCThb, P, — TsATa IBUTATeNsl, HOP-
MHUpOBaHHasi BecoM camosieta; D,, — HOPMUPO-

BaHHasl PaBHOACHCTBYIOIAS BCEX BHELIHMX CHUJI;
0, — YTOJ aTaKu KpbLIA; ¢,; — YTOJ YCTAaHOBKHU
nsurarenass. MHoxurtenb f,, Ha3biBaeTcsl (HaKTo-
poM BeTpa f, = Wx/g -W,/ Vs, BKOTOpOM W, 1
W, — ropusoHTaJbHasl U BEPTUKaJbHAsI COCTAB-
JISIIOLIME BeTpa.

Ha pexumax auxkeHust o BIIII Bo3HuKawoT
CUJIBI COINPOTHUBIEHUS CO CTOPOHBLI OMOpP Ilac-
cu. IToatomy ypaBHeHUe OajlaHCa BHEPTUl OBLIO
00001eHO [9—11] Ha Ha3eMHbIe PEXHUMbI MyTEM
nobasneHust uieHa AH °PM, oTpaxatolero mnpo-
1leCC TOTJIOLIEHWSI SHEPTUM Ha MPEOJOJICHUE Me-
XaHUYECKMX CHUJI TOPMOXKEHUS:

AHp =AHPF +AHE + AHP™ + AH Y.

HoBurlit uneHn npeacTaBjieH HaMU B (popme:
5]
TOPM __
AH PP = [Vt
i

e kyopy — OOOOILIEHHBIH HOPMUPOBAHHBIN KO-
3G PULIMEHT TOPMOXEHHUSI, PaBHBI OTHOILICHUIO
CYMMapHO# CHJIBI COMPOTHUBJIEHUSI CO CTOPOHBI
accu K Becy camolieta. B cBOI0O ouepenp cuia
CONIPOTUBJICHUS 3aBUCHUT OT KO3 (PUIIMEHTA ClIe-
miaeHus Koyec ¢ mokpeitueM BIIIT u cteneHn 06-
KaTusl TOPMO3HBIX KOogoK Kojec. IIpu moaHom
o0xaTnun Ko3PUIMEHT TOPMOXEHHUST paBeH KO-
2 pULIMeHTY CLETUICHNS.

Ha sTame pazbera nmpu MOHUXEHHOW TATOBOO-
PYXXEHHOCTH MO MPUYMHE OTKa3a ABUTaTeeld NI
B YCJIOBUSIX BBICOKOTOPbSI, WJIW TPU TOBBIIICH-
HOU TeMmeparype BO3[AyXa, WU MPU TMpPeaesib-
HBIX TOJIE3HBIX HArpy3kax HeoOXOAMMO OLIEHUTh
BO3MOXHOCTH CaMoJjieTa OCYILIECTBUTh pa3der Ao
B3JIeTHOU cKopocTu B mpeaenax BIIIT u Habpath
JIOCTAaTOYHYIO BBICOTY JJISI MpOJieTa HaJ TMpensT-
CTBUSIMM B BUJAE MCKYCCTBEHHBIX COOPYXEHMU
W €CTECTBEHHBIX BO3BBbILIEHUI pefbeda MecT-
HOCTH T10 KypCy B3JeTa.

B MoMeHT nposieTa Haa MPENsITCTBUEM CaMOJIET
JIOJKEH UMETh CKOPOCTh HE HUXE MUHUMAaJIbHOMN
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CKOPOCTHU YCTOMUYMBOIO FOPU3OHTAJILHOIO MoJjeTa
V,, N3BECTHOM IS KaXOTO THIIa cCamMoyeToB. Ta-
KHUM 00pa3oM, IOJIHAsl SHEPTusl ABUXKEHUS B MO-
MEHT NpPeOodoJeHUS NPENITCTBUSI E Hypen AOTDKHA
colepXarb HEOOXOOAMMBIA MHUHUMYM KHHETUYE-
CKOI COCTaBJSIIONIEN 1 3amac MOTeHIMaJIbHOMN CO-
CTaBJISIOLIEH, KOTOpasi U ompeaeasieT NJOCTUXKU-
MYI0 BoICOTY H npoJieTa HaJ MPEnSITCTBUEM:

nper

Ey, . =0,5m(1V3)? + mgH .. (1)
I[lomHasg HakorieHHas QHCPrud B KOHIIC Ka-
KOTO0-JT100 MaHCBpa CKJIAAbIBACTCA M3 TCKYLIUX
KWHETUYECKOU 1 HOTGHHI/IaHBHOﬁ COCTaBJIAIOIINX
n pa6OTI>I BCEX BHCIIHUX CHUJI F, Ha TpacKTOopUU
MaHeBpa. TpaekTopus moajieTa K MPensITCTBUIO
BKJIlIOYaeT Ha3eMHBbIA " BOB,[[YLHHHﬁ Y4aCTKMH.
C‘H/ITaH MaJbIMM YTIJIBI Ha60pa BbICOTbI, OJIMHY
HpOCTpaHCTBeHHOﬁ TPAaCKTOPHUU IPUHUMACM paB-
Hoit ee mpoekuuu S. Torna crporHo3upoBaHHas
HaKOIIJICHHasd SHCPIUAd Ha IMMYTU paBHaA

npern

E(t)apor = 0,5mV (1)? + mgh(t) + ST F(1), ()

roe Y Fi(f) — cymMma BceX BHELIHUX CHUJ: TATU

JBUTATENSI, adPOLMHAMHUYECKOTO COMPOTHBIIC-
HUS, TPEHUSI KQUeHUs U TOPMOXEHMsI. DTO ypaB-
HEHUE HEMOCPEACTBEHHO CBSA3bIBAET DHEPreTUYEC-
CKOE€ COCTOSIHME OOBeKTa YMNpaBJCHUS U IJIUHY
TPAeKTOPUU AJSI JOCTUXKEHUS ITOTO COCTOSHHSI.
MopaenupoBaHue WM TIPSIMOE H3MEPEHUE BCEX
JEUCTBYIOIINX CUJI SIBJSETCS HETPUBUAIbHON 3a-
nadeii. B mpenyiaraemoii MeToguKe pe3yJbTUPYIO-
1as cujia eCTeCTBEHHBIM 00pa3oM BBIYUCIISIETCS
yepes3 NpoaoJbHOe YyCKopeHue a(f):

)

KOTOpOe Ha OOPTY OOBIYHO OMpenessieTcs 1Mo U3-
MepsieMOil Teperpyske 7,

> F, = ma(r),
1

@)

IpupaBHUBasi BbIpaxkeHUS [JIsI HEOOXOAUMOM
(1) u nporHo3Ho# (2) 3HEPTrUil C y4EeTOM BDKBU-
BaJIeHTHOI 3aMmeHHl (3) u u3MepeHuit (4), B mpo-
ecce paszbera MOXXHO HAWTU IJIWHY BIepeauie-
KAIIEeTO YyYacTKa TPAEKTOPUU, HEOOXOAUMOTO IS
HAKOTIJIEHUS HEAOCTAIOIIEN TTOJTHOU SHEPTUM:

a(t) = gnx(t)-

DTl'[P(t) = (g(anen —h(t)) +
+0,5(F =V (1)*))/gn, (1) = Lypen-

3aMeTUM, YTO OBTO BBIpaXXEHWE WHBAPUAHT-
HO OTHOCHUTEJIIBHO Macchl. B Touke TpaekTopuu,
r1e MpOrHo3upyemasi JJIMHa 3TOro yyacTtka o0-
HYJISI€TCSI, TPOTHO3HOE 3HAYEHUE SHEPruu OyneT
JOCTAaTOYHBIM [JIs1 TIpOJieTa Hal MPensTCTBUEM
¢ TpeOyeMoii CKOPOCTbhIO. DTa TOUKa Ha3BaHa TOY-
kot mpuHsaTusa peweHuss (TIIP) o GezomacHoM
B3nere: Xypp = x(#)|p_o. KoopanHara 310it Touku
BBIYMCJISIETCSI TPOCTO:

Xtnp(®) = X(@) + Drpp(2).

OTINYUTEIFHON OCOOCHHOCTBIO JHEpreThYe-
CKOTO METOJa IIPOTHO3MPOBAHUS SIBIASIETCS TOT
¢akT, 4TO B TEKYyIlIeM IIPOTHO3€ YYUTHIBAECTCS
MOJIHAsI BHEpPrusi, mpuoodpeTraecMasl caMoOJIeTOM Ha
BO3IYIIHOM CETMEHTE 3a IIpeAciaMM Ha3eMHOIO
yuyactka. COOTHOIIIEHNE SHEPruii Ha Ha3eMHOM U
BO3IYIIHOM CETMEHTaX TPaeKTOPUHU IIPOJeTa Hal
npenstcTeueM BeicoToin 100 M 1Oy camMoJieTOB
Maccoii 70, 90, 105 T mpeacraBieHo Ha puc. 2 (CM.
TPETHIO CTOPOHY OOJIOXKKH).

B oTtanume oT MeTOAMKM B3JIeTa, MPEANNCHIBa-
€MOU pYKOBOACTBAMMU IO JIETHOW 3KCILJIyaTalluH,
METOH MPOTrHO3MPOBAHUS IIOJHOI 3HEPIUU C yUue-
TOM €€ MPUPOCTa Ha BO3MYIIIHOM y4acTKe yKa3bl-
BaeT Ha BO3MOXHOCTD B3JIeTa HE B MOMEHT JIOCTU-
KEHUSI CKOPOCTU IIPUHSITUS pellieHUsI, a HAMHOI'O
paHbllle 1 B KOOpAWHATaX AaJbHOCTU, IIPUBSI3aH-
HBIX K B3JIETHOM TOJI0CE.

[Jis1 TIOBBILIEHUSI CUTYaTUBHOW OCBEIOMJICH-
HOCTH BeChbMa I10JIE3HBIM CUMTAETCS 3HAHME 3alla-
ca, MM pe3epBa, JAaJbHOCTU OO0 00pe3a B3JIETHON
IIOJIOCHI B TOUKE IIPUHSTUS pelieHus. Pe3epB Tak-
»Ke IIPOTrHO3UPYyeTCs B Ipoliecce pa3odera:

Lyes(t) = Ly — X () = Drpp(0).

DHEPreTUYeCKNii METON IPOTHO3UPOBAHMS
MO3BOJIMJI TOJIYYUTh IIPOTHO3HYIO OIICHKY eIle
OIIHOI XapaKTepHOI TOUKM Ha TPacKTOpPUHU pa3be-
ra. JIs Kaxaoro THIIa caMoJjieTa CYLIEeCTBYeT MU-
HUMaJIbHasi CKOPOCTb Ha pa3bere V,, mpu KOTopoit
paspelieH MoabeM TepeaHeld CTOMKU Iaccu ISt
pa3BoOpOTa CaMoJIeT Ha B3JIETHBIM yTroJl TaHTaXa.
DTa CKOPOCTb 3aBUCUT OT €r0 B3JIETHON MaccCHl,
KOH(MUTYpallMy KpblJIa U pPerJIaMeHTHUPYeTCS TeX-
HUYECKMMU YCIIOBUSIMM Ha caMoJjieT. B Hemrar-
HBIX CUTYalWsIX THUJIOT IOJIKEH OIIEHWBATh He
TOJBKO BO3MOXHOCTB ITPOJOJIXKEHUS B3JIeTa, HO U
MTOJIOKEHHUE CaMoJieTa Ha ToJIoce, B KOTOPOM MOXK-
HO HAuYMHATh MOAbEM TepenHeil croiiku. JnmHa
OUCTAaHIIMU OT TEKYIIETO MOJIOXEHUS CaMOJIeTa 10

MexaTpoHnKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 6, 2020

369



JOCTUXEHUSI CKOPOCTHU MOABEMA BHIYUCIISIETCS 110
dopmyne

Dy, (1) = (V5 =V *(1))/2gn(1).

OObeKTUBHAsA OLIEHKA 3TOW JaJbHOCTH, B OT-
JUYYEe OT UHTYUTUBHOM, YIy4dlllaeT CUTYaTUBHYIO
OCBEJOMJICHHOCTh IHUJIOTa W CHUXKAET IPEeAIo-
CBUIKM JUIS OIIMOOYHBIX AeiicTBUil. B mpouecce
pa3bera MUJIOTY MOXET BBIIABaThCS COOOIIEHUE
0 IaJbHOCTHU IO TOYKM IMOAbEMa MepeaHeil CTOou-
K1. MOMEHT OOHYJICHUST 3TOM JaJTbHOCTHU CIIYKUT
CUTHAJIOM TOTOBHOCTH JIJISI HavaJja pa3BopoTa ca-
MoOJIeTa Ha B3JIETHBII yroJl TaHTaxa.

Koppexuusa npoenoza darsnocmu

[TporHo3 aBuxkeHus JIA, oCHOBaHHBII Ha Te-
KYLIMX 3HAYEHUSX €ro KOOpAUHAT, HE MOXET CO-
BIIaJaTh C peajbHbIM IIPOLIECCOM, TaK KaK BCe
CUJIBI MEHSIIOTCS MJIM TMOHA ASCUCTBUEM BO3MYILE-
HUH, U B COOTBETCTBUM C PErIaMEHTUPYIOLIU-
MM TpeOOBAHUSIMU MPABUJI BBIITOJHEHU S MOJIETOB.
Ha sTamne B3jieTa OCHOBHOM CUJION SIBJSIETCS TsTa
JBUraTesisi, Ha KOTOPYI0 HauOoJiblliee BIAMSHUE
OKa3bIBaeT CKOPOCTb pazdera. Hamu npeaoxeHo
JUIS KOMIIEHCAllMM 3TOr0 BAMSIHUS BBECTU MYJIb-
TUILIMKATUBHBIA KOPPEKTUPYIOIIUI UJIEH B aJaro-
PUTM NPOTHO3UPOBAHMUSIL:

D"}(OHPP(t) = DTHP(t)kKOp'

Koadbdununent koppekuuu k,, BbIOUpATCS
B HECKOJIbKMX BapuMaHTaX, YYUTBHIBAIOLIUX Iaje-
HUE TSITCU C POCTOM CKOPOCTU, U OKOHYATEIBHO
UMeeT BU

kyop = kiJkVP/ V.

3necb VP — ckopocTh pasbera; V, — ckopocTb
YCTOMYMBOIO TOPU3OHTAJIBHOIO TOJETA; Ky U k; —
HACTPOeYHbIE KOIDPUIMEHTHI, (HOPMUPYIOLIHE Ky,

DddeKTUBHOCT, KOppeKIMM II0KaszaHa Ha
puc. 3 (CM. TPeThbIO CTOPOHY OOJIOXKKH), TAe ITPH-
BelIeHbI peajibHasl U CKOPPEKTHPOBaHHAS MPOTHO3-
Hasl NaJbHOCTU IO TOYKM AOCTUXKEHHUSI CKOPOCTHU
V,. X paznuuyve Ha Ha4YaJbHOM Yy4YacTKe pasdera
Haxonutcd B npeaenax 100 M, a Ha TaAbHOCTU CBBI-
mre 300 M olmOKa IMPOTrHO3a CHUXKAETCS 10 5 M.

Modeauposanue 63a1ema npu naiuvuu
npenamcmeui

Jsi McObITaHUIT aJropuTMOB IPOrHO3UPOBA-
HUS TpaeKTOpuM paszbera, B3jeTa U IOCIEIYIO-

IIEro mpoJjieTa HajJ MPensiTCTBUEM ObLI pa3pado-
TaH KOMITBIOTEPHBINH CTEHJ, B COCTaBe KOTOPOTO
BXOAMT ToJHas Moaenb camoieta T1Y-204-120C
B BapuaHTe c apurareasiMmu RB.211-535. Ilyner
orieparopa CTeHJa MO3BOJISET yCTaHABIMBATh Ha-
YyaJIbHbIE YCJIOBUSI UCIIBITAHUI: MacCy U LIEGHTPOBKY
camoJieTa, MMUTUPOBATh KJIMMaTU4YeCK1e YCIOBUSI,
BBICOTHOCTb a3poJpoMa U BBOAUThH BETPOBHIE BO3-
MylieHus1. OmepaTopy TMpeaocTaBieHa BO3MOX-
HOCTb COCTaBJISITh ClLIeHapyUM B3JeTa, KaK TUTIOBbIC
B COOTBETCTBMHU C ACHCTBYIOIIUM PYKOBOACTBOM
IO JIETHOM 3KCILTyaTallMu, TaK U C yYeTOM MaHepPhbI
MUJIOTUPOBAHMSI KOMaHAMpa SKUTIaxXa.

B coBpemeHHOl KOH(MUTYpalluU CTEHAa UMEeT-
Csl PEXXMM MOJEJIMPOBAHUS C OTKA30M JBUTATEN s,
BBeACHA MMpoLEeaypa MOMcKa ONMTUMAaIbHBIX KO-
(MeHTOB 3HEPreTUYeCcKO CHCTEMbl YyMpaBJe-
Hus (K, u K), paclimpeH mnepeyeHb HacTpauBa-
eMBIX Koa(pduuueHToB. JJoOaBIeHO OKHO peXH-
Ma CTaTMCTMYECKUX MCMBITAHUM MJISI HACTPOUKHU
YPOBHSI M BUJIa CAyYallHbIX OTKJIOHEHU Macchl U
LIEHTPOBKM CaMOJIeTa.

[lenbo MoaeIMpPOBAaHUS OBLIO TMOJYYEHHE O0-
JIACTU PacUETHBIX TOUEK MPUHSITUS PELIeHUS, CO-
MOCTaBJIeHUE WX C PEKOMEHIAIMUSIMU CTaHAAPT-
HBbIX METOAMK MUJOTUPOBAHUS U (hOpMUPOBaHNE
0a3bl JAHHBIX IS TaJbHEUIIEro aHaJIn3a.

CnenyeT OTMETUTh, UTO Ha pEXHME B3JeTa
yIpaBJeHWE TI0JIETOM Ha BO3AYIIHOM Yy4YacTKe
OCYIIECTBJSIJIOCHh HE LITAaTHOW, a SHEPTETUYECKOMN
CHCTEMOM ympaBjieHUsI. DHepreTuyeckas CUCTe-
Ma, Kak ObLJIO mokKa3aHo paHee [14], 9KOHOMHO U
palMoHaJIbHO PacXodyeT pecypCchl OpraHOB yIpaB-

JIGHUsI — CeKTopa Ta3a W Py4YKM TPaeKTOPHOTO
KaHajga — TPU BBITIOJHEHUU MPOCTPAHCTBEHHBIX
MaHEBPOB.

MogenrupoBaHME TIOKa3aJ0 BBICOKOE Kaue-
CTBO TNEPEXOAHBIX MPOIECCOB, YTO UJLIIOCTPUPYET
puc. 4 (CM. TpPeTblO CTOPOHY OOJIOXKM), TIe TO-
Ka3zaHbl rpaUKM BBICOTHI M CKOPOCTM Ha B3Jie-
Te TpU HaJIUYMU MOpensaTcTBUss BbicoToil 100 M
Ha manpHocTu 1000 M ot Topua BIIII. I'padpuku
MPUBEACHBI IJIsI caMOJieTa ¢ TpeMsl pa3JMYHbIMU
B3JIETHBIMM MacCaMU.

bl BBIMONMHEHBI CEpUM DBKCIIEPUMEHTOB,
MMUTUPYIOLIMX B3JEThl caMmoJieTa C pa3HOi Mac-
CO — OT MUHUMAJIBHOW 10 MaKCUMAaJIbHOU U
pacrnosiokeHueM MpernsTCTBUi BbicoToi OT 50 m0
150 m Ha ymanenuu ot kKoHua BIIIT ot 500 mo
3000 M. OcoOblit MUHTEepeC MPEaCTaBISIN TOJEThI
C MMHUTAIlMEeN OTKasa OMHOIO JBUraresisi Ha Ha-
YyaJlbHOM Yy4yacTKe pasbera. B mpouecce B3ieTa
(ukcupoBasioch monoxeHue camonera Ha BIITI
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(xoopauHata Dypp), B KOTOPOM TEKYLIEE€ IHEPre-
THUUYECKOE COCTOSIHME C YYETOM IPOrHO3a JBMKe-
HUsS OBLJIO TOCTAaTOYHBIM AJIS1 pa3roHa A0 MUHU-
MaJbHOW CKOPOCTH TIOJIETa U MOAbeMa Ha BBICOTY
MPEMSTCTBUS B TOUKE €T0 PACIOJOXEHMS.

[1pu GONBIIMX JAJTBHOCTSX 10 PENSITCTBUNA —
cBbiie 2000 M — TPOrHO3 MOKa3bIBaeT BO3MOX-
HOCTh B3JleTa NPaKTHUYECKM C CaMoro Hayaja
paszbera ajis caMmojieTa ¢ J1000i, B TOM 4YHUCIE
MaKCHMMAaJIbHOM, B3JIETHOM Maccoil. DTO BITOJHE
00BSCHUMO, TaK KaK OT TOYKM CTapTa 0 MpersiT-
CTBUSI AJIMHA TPAeKTOPUM BKJIIOYAET €llle U BO3-
JYIIHBIA y4aCcTOK.

B npoiecce MoaenpoBaHMs TakKe BbIYMCIISI-
JIV 1aJIbHOCTU A0 TOCTUXEHUSI CKOPOCTH MOoAbeMa
HOCOBOI1 oropsl Dy . Lnst camonera TY-204 ¢ 3a-
KpBIJIKAaMHU BO B3jieTHOM TojioxkeHuu (18°) B Tpex
HUCCeAyeMbIX BapraHTax 3arpy3ku 3TU CKOPOCTHU
paBHbI 210, 228 u 245 KM/4 COOTBETCTBEHHO. AHa-
JIN3 Pe3yJIbTaTOB MOKA3bIBAET, YTO HA adPOApPOMax
C IPeNsSITCTBUSIMY, PACTIONIOKEHHBIMU TOCTATOYHO
naneko ot 3aaHeit kpomku BIIIT (manee 1500 m),
MTPOTHO3 YHEPIETUYECKOT'0 COCTOSTHU ST J1J1s yCTIel -
HOTO B3JIeTa HACTYIAeT paHbllle, YeM TOCTUTACTCS
CKOPOCTH MOAbEeMA MEPEIHENA CTOMKM, KOTOpast U
SIBJISIETCSI OTPAaHMYEHMEM JIJIsl Hayajda OTpbIiBa OT
BIIII. B cnyyae 611M3KO paclioOOXEHHBIX TTPETST-
CTBMI OKa3bIBAETCs, YTO MOCTUXKEHHUE CKOPOCTHU
noabeMa CTOMKM He rapaHTUpPyeT yCHeUIHOTO Ha-
6opa BBICOTHI. HJisl 3TOro HEOOXOAUMO HAKOIUTH
JOCTaTOYHBIN 3arac dHEPruu, HAXOAsICh ellle Ha
BIIII, Tak KaKk Ha KOpPOTKOM BO3AYIIHOM Y4aCTKe
B3JIeTa BO3MOXHO Ha0bpaTh JUIIb MAJYIO AOJIO OT
TpeOyeMol MOJHOW sHEpruu. B Takmux cuTyanmsax
pa3der JOJXEH ObITh MPOJOJIKEH A0 TOYKW MHpU-
HSITUS pelIeHus.

Jsi MATIOCTpallMM  OMepeXamluXx CBOUCTB
MpoOrHo3a B Taba. 1 mMpuBEAEHBI KOOPAMHATHI TO-
YeK MPUHSITUS PelIeHU s, pacCUUTaHHbIe U3 YCIIO-
BUS JOCTHUXEHUSI HOpMAaTUBHOW ckopoctu V1 u
KOOPAMHATHI TOUEeK BO3MOXHOCTU B3jeTta X TBB,
B KOTOPBIX TIPOTHO3 TapaHTUPYET HAKOILJICHUE
DHEPIUM [JIsSI MPEOAOJIEHUsI BBICOTHOIO MPEIsIT-
ctBusi. Pe3ynabrarhl NpuBeAeHBl [Jis camMoJjeTa
¢ B3neTHBIMU Maccamu 70, 90 u 105 T rIpu BBIIOI-
HEHUM B3JieTa C UCMOJIb30BAHUEM JIBYX CIIEHApU-
€B ympaBjeHus tpaektopueit. [lepBoiit cueHapuit
B3JeTa (KOMGOPTHEIN) coaepKajl TOJIBKO 3adaHu s
Ha TpeOyeMmble Mepexoabl MO0 CKOPOCTU M BBICOTE.
Ilo BTOPpOMY ClieHapuiO (PHEPrUMIYHOMY) 3aJaBa-
JIUCh MPUHYAUTEIbHOE MAHUITYJIUPOBAHNE CEKTO-
poM rasa ajis 0ojiee MHTEHCUBHOTO JOCTUXEHUS
TpeOyeMbIX 3HAUEHU I KOOPAMHAT.

Ta6bnuna 1
Table 1
CpaBHeHHe MPOTHO3HBIX M PETJIAMEHTHBIX KOOPAHHAT
TOYKH NPUHATHS PElIeHUs HA B3JeT
Comparison of the predicted and regulatory coordinates
of the takeoff decision point

]ZL“T Cuenapnn | X TBB | X V1 ?KZT{I;Z 0“;;6'
70 Kompoprusiit | 752,36 | 1037,65 | 285,29 —0,81
DHEPruYHbIi 154,05 | 602,15 | 448,10 2,87

90 KomdboprHsiit | 909,27 | 1066,63 | 157,35 | —0,78
DHEPruYHbIi 133,18 | 784,36 | 651,18 0,37

105 Komdopthsbiit | 1052,98 | 1096,26 | 43,28 —0,25
DHePruvYHbII 957,15 | 1201,15 | 244,00 | —0,23

CpaBHeHME KOOpPAMHAT MOKAa3bIBAeT, YTO IPO-
THO3HAsl JOCTHXXKMMOCTh KOHEYHOIO DHEpPreTH-
YECKOr0 COCTOSTHUSI, OOCTATOYHOIO IJisl IpoJjeTa
HaJ NpensTCTBUEM, (UKCUPYETCS] HAMHOTO paHb-
1Ie, YeM caMoJIeT MPUoOpeTaeT CKOPOCTh IPUHSI-
THUSI pelIeHUs, TIPEANUChIBAEMYIO PyKOBOICTBAMU
IO JIETHOM 3KCILTyaTaluu.

2. CraTHCTHYECKHId aHAJM3 AJITOPHTMA
NPOTHO3UPOBAHHUS

st moy4eHu sl OLIEHOK KayecTBa U I0CTOBEP-
HOCTHU aJITOpUTMa MPOTrHO3UPOBAHUS ObLI pa3pa-
0oTaH creluaabHbI TPOrpaMMHBINA MOAYJIb.

Ilo pesyabraTraM CTaTUCTUYECKUX WCIIBITAHUI
cTposATcs Tpaduku QYHKUMI pacnpeneiaeHus: u
IUIOTHOCTU BEPOSTHOCTEH OIIMOOK ITPOTHO3UPO-
BaHus. HopmatuBamu MKAQO ycTaHOBJIEHBI IISITh
YPOBHEN TSAXKECTU TMOCJEACTBUI OT BEPOSITHBIX
olMOoOK nujioTupoBaHus. B Halueil pabote Takke
HCHOJIB3YIOTCSI TISITh JOMYCKOBBIX 30H [JISI OLICH-
KM YKCIa OLIMOOK IPOrHO3UPOBaHMS CIpaBa U
cJieBa OT CPeIHEro 3HauYeHUsl aHaJM3UPYeMOro Ta-
pameTpa. Moayab aHaiu3a CTPOUT TMCTOIPAMMBI
pacmnpeneieHus OWKMOOK MNPOrHO3MPOBAHUS IO
ST 30HaM. B kadyecTBe mpumepa rpaduueckoro
oopmeHUs pe3yJbTaTOB CTaTUCTUYECKOrO0 aHa-
JIN3a MOJEIbHBIX UCITBITAHUI Ha pHC. 5 1 6 TTOKa3a-
HbI I'paUK IIOTHOCTU BEPOSTHOCTU Y TUCTOrpaM-
Ma pacrnpeaeeHus OlO0K MPOrHO3UPOBAHMSI.

HomuHanbpHbIe yCIOBMS B3jeTa: Macca m =
= 105 T, uentposBka X7 = 0,35. Bapuauuu: 3c,, =
=5 %, 3oyr = 10 %. Yucno ucnsitanuii 1000.

3aMeTHa HECUMMMETPUUYHOCTh 3aKOHa pacIipe-
JIeJICHUST OIIMOOK, YTO IOATBEPXKAAETCS BbIUMC-
JIECHHBIMU B MoJyJie 3HayeHusAIMU 3Kclecca (0,241)
u acumMmetpuu (—0,698).
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Fig. 5. The probability density of errors in predicting the distance to the decision-
making point
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Puc. 6. 'ucrorpamma pacnpeesieHusi OITMOOK NMPOrHO3MPOBAHUSA 1O NATH 30HAM
Fig. 6. The histogram of the distribution of predicting errors over five zones

Ta6bnuma 2
Table 2
XapakTepuCTHKH JOCTOBEPHOCTH MPOTrHO3a
Forecast Reliability Characteristics
Yueo omuGoK [loBepuTenbHbIE
B IOMyCKe MHTEPBaJbl, M
Macca, T CueHapuu MO (c ypoBHEM A0BEpUsl)

5% 10 % 0,95 0,99
70 KomdopTHBIi 2,971 234 465 0,135 0,178
DHEePruYHbBII 7,533 270 504 0,170 0,224
90 KomdopTHbIit 4,081 286 520 0,225 0,295
OHEPruvHbI i 0,554 247 461 0,178 0,234
105 KomdopTHbIit —0,245 256 476 0,529 0,696
DHEePrUYHBI I —4,389 238 431 0,534 0,702

TOB OTHOCHUTECJIIBHO €T0

OpHUM M3 TIoKasaTeylel HaJeXHOCTH pacue- |
Ta CTAaTUCTUYECCKHX XapaKTECPUCTUK CHy‘IaﬁHOFO :
|

TIpoLecca CIYXKUT CTENeHb PaCCesHUsl pe3ysibra- |
|

|

|

I

MaATeMaTn4YeCKOro OXH-

JaHusg. B mporpaMme cTaTUCTUYECKOTO aHaam3a

“MeeTcsd BO3MOXHOCTb HaXOAUTh
YUCJIO MPOrHO30B, MOMAMAIOIINX
B TPYOKY paccesiHMs 3aJaHHOM 1U-
puHbl. B Tabn. 2 mpuBeaeHbl gaH-
HbI€ IO YMCJIY OIUMOOK B TpyOKax
mupuHoit S m 10 % ot Bcero aua-
nma3zoHa OIIMOOK aJiIropuTMa Ipo-
rHo3upoBaHusd. B nporpamme npen-
YCMOTpeHa BO3MOXHOCTh 3aJaBaTh
LIMPUHY TPYOKU HEMOCPEACTBEHHO
B MeTpax. B tabi. 2 takxke mokasza-
Ha IIMpUHA JOBEPUTETHBHOTO NHTEP-
BaJia Tipu ypoBHsX noBepus 0,95 u
0,99. Manblii DOBEepUTEIbHBIN WH-
TepBaJl CBUAETEJIbCTBYET O BBICOKOM
CcTabMJIBHOCTM pacyeTa MaTeMaTu-
YeCKOT0 OXHUIaHUS TPU NEUCTBYIO-
LIMX BO3MYILIEHUSIX.

Jist oTpabOTKM HaBBIKOB THJIO-
TUPOBaHUSI MpU WHGOPMALIMOHHOM
nmoaaepXkKe Ha CTeH e ObLJI pean3o-
BaH MPOTOTUI MHAMKATOPA JBUXKE-
HHUS caMoJieTa B peajlbHOM BpeMEHU
no BIIII n Ha BO3AyUTHOM y4YacTKe.
BapuaHT Takoro mHaukartopa MNpu-
BeJEH Ha puc. 7.

B okHe wmHamkaTopa ToOKa3aHbI
rpaduMKM 3aJaHHBIX W pPeaJbHBIX
3HAQUEHU OCHOBHBIX IapaMeTpOB
moJjieTa — BBICOTHI M cKopocTu. Ha
BBICOTHOM TpPaekTOpUU U300paKeH
CHUMBOJ camojieTa B €ro TeKyllem
MOJIOXKEHUU. YCJIOBHO M300pakeHbl
BIIIT u npensarcrtBue. UHauuupy-
I0TCS MPOTHO3HBbIE OTMETKM Xapak-
TePHBIX COOBITUI, 2 UMEHHO, JaJib-
HOCTH 70 TOYKU BO3MOXXHOCTHU TIPU-
Hatusa pemeHus Ha B3jaeT (DTIIP),
TOYKM  JOCTUXEHMUsS  perjiaMeHT-
HOUW CKOPOCTU MPUHSITUSI pElIeHUS
(DV1) u TOYKM OTpbhIBa HOCOBOTO
kojneca (DVr). Iloka3siBaoTcsl Tak-
XK€ YUCJIEHHOE 3HAaUeHUe 3TUX KOOP-
nuHat. Jas omepaTMBHOIO aHaju3a
pe3yJIbTaTOB MOJIEIMPOBAHUE B3JIeTa
MOXXET OBITb BBITIOJIHEHO B YCKOPEH-
HOM BpPEMEHH.

3akiaoyenue

Yucio aBapuii Ha B3JI€THO-TIOCATOYHBIX PEXU-
Max B TeYeHME TOCICIHETO ACCSTUIIETHS OCTACTCSI
Ha ypoBHe Bbile 50 %. Ha aTux pexumax IBuxKe-
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Puc. 7. IIporoTn MHAKKATOpA B3J€Ta B KaOMHE MUJIOTA caMoJeTa”
Fig. 7. The prototype of the takeoff indicator in the cockpit

Hue JIA KoHTpoaupyeTcsa nmuiaoToM. Bo mzbexa-
HHUE OIIMOOYHBIX NEWCTBUI KpaWHE KeJaTeIbHO
MHOOPMUPOBATH MUJIOTA 00 SBOJIOIMU CUTYaIIAU.
C oT0ii Henpio pazpadoTaH U UCCIENOBaH SHEpre-
TUYECKUI METON MPOTHO3WPOBAHUS PACCTOSHUS
JI0 XapaKTEpHBIX TOYEK Ha BIIepeauiexallei Tpa-
ekTopuu JIA mpu B3JeTe.

Ha ocHoBe sHepreTmyeckoro moaxoaa K ymnpaB-
JIEHWIO pa3paboTaH aJrOpUTM pacyeTa pacCTOSTHUS
1o TITP o BO3BMOXHOCTH B3JieTa P HAJIWUYWAU BbI-
COTHBIX TPenAaTCTBUM Mo Kypcy. IloBblieHue TOY-
HOCTH M JOCTOBEPHOCTHM IPOTHO3a JTOCTUTHYTO 3a
CYET BBENIEHN I KOPPEKIIAM PE3YIBTATOB HEPBUYHOTO
nporHo3a. Bo3aMoXHOCTh B3jieTa C TapaHTUPOBaH-
HBIM MPOJIETOM HaJ MPEISTCTBUEM 0OOCHOBBIBAET-
C HAMHOTO paHBbIlle TOCTUXEHUS CKOPOCTH IIpH-
HSATHS PEIICHUS, TTPEAITUCEIBAEMON PYKOBOICTBOM
MO JIETHOW OKCIUTyaTalluu. Takke CUHTE3WpPOBAH
AJITOPUTM pacyeTa pacCTOSHUS J0 TOYKHU JOCTHXKE-
HHUS CKOPOCTH OTpbIBa HOCOBOro kKojeca ot BIIII.
NHudopmanmonHoe coobilieHue o pe3epse pasdera,
c(OpMUPOBAHHOE B TOJIE 3PEHUS ITUJIOTA, MO3BO-
JISIET COOTHECTU TEKYIILYIO CUTYAILIMIO C ITOJOXKEHU-
eM camojieta Ha BIIII, 4TO MOBBICUT CHUTyallMOH-
HYIO YBEPEHHOCTb M CHU3UT HAIPSIKEHHOCTh. bblIo
TMPOBEAECHO OOJIBIIIOE YUCIIO AETEPMUHUPOBAHHBIX 1
CTaTUCTUYECKMX UCTBITAHUA MOAU(DUITMPOBAHHOTO
aJITOpUTMa MpPOrHo3upoBaHus. IIpogeMoHCTpUpO-
BaHa BBICOKAas TOYHOCTb MPOrHO3a W BBICOKAs J0-
CTOBEPHOCTb pPE3yabTaroB. llpeanoxkeH MNpoTOTUI
9JIEKTPOHHOTO MHOMKATOpa B3JI€Ta B pEaJlbHOM U
YCKOPEHHOM BpEMEHHU.
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Abstract

The article is devoted to the development and research of the method of predicting the events on the trajectory of
takeoff, climb and overcome highrise obstacles on the course. The prediction method is based on the energy approach to
[light control, created by us in previous works. The mathematical formulation of the method is the energy balance equation
describing the mutual influence of all acting forces in the aircraft-engine-environment” system. In this article, the equa-
tion is extended to ground modes of movement along the runway. For this, a term is added to the equation that takes into
account the action of braking forces from the chassis. The balance equation allows us to directly obtain an algorithm for
calculating the length of the forward trajectory required for the accumulation of the required amount of terminal energy.
Takeoff trajectory includes ground and air segments. Therefore, the possibility of overcoming the obstacle is fixed by the
algorithm at the point of a possible decision to takeoff, taking into account the next air segment. This point is reached
before the decision-making airspeed prescribed by the flight manual is reached. This advance warning of the possibility
of takeoff improves situational awareness of the pilot, which reduces stress and reduces the risk of erroneous actions. A
computer stand was developed for the research. Single launches and series of statistical tests are possible. Takeoff scenarios
are generated in the stand operator window, as well as initial runway conditions, atmospheric disturbances, aircraft con-
figuration, and obstacle coordinates are specified. The parameters of random errors in the takeoff weight and centering are
assigned, as well as the noise of longitudinal overload measurements are set. A large volume of deterministic and statistical
tests of algorithms for predicting events on the takeoff trajectory was performed at the stand. Using the statistical analysis
module, the characteristics of the range prediction errors to the take-off decision point and the nose wheel separation point
were calculated. Probability densities and histograms of error distribution over five characteristic zones of deviations from
the mean are constructed. The confidence intervals for calculating the mathematical expectation are obtained. A prototype
of an electronic indicator of the takeoff trajectory with marks of predictive characteristic coordinates has been developed.

Keywords: Energy approach, predicting method, confidence of prediction, aircraft takeoff, statistic tests
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Anroputm paumMoHanbHOro NJIaHMPOBaAHUA U pacnpeaerieHusi pecypcoB
npu NOAroToBKe rpynnbl fleTaTenbHbIX annapaToB
K NPUMEHEHUIO B YCITIOBUSAIX HeonpeaeneHHOCTH

1

cneyuaaucmoe, peaibHoe epems, 6epoAnHOCmMb

Tlpednooceno pewenue 3a0auu pacnpedeseHus UHICEHEPHO-MEXHUUECK020 COCMABA npu nO020MOosKe epynhnbl Aemamens-
HbIX annapamos (JIA) k npumenenuro, K020a 0AUmMeAbHOCMb 8bINOAHEHUS pabom — eeauduna cayuaunas. Ilpu pewenuu 3adayu
6 Kauecmee nokazamens hpekmusnocmu 045 6bl60pa 6apuanma NAGHUPOBAHUS PabOmM paccmMampueaemcs 2apaHmuposan-
Hoe (m.e. ¢ 3a0aHHOU Haneped HAOEICHOCMbIO) 6pemMs 8binoAHeHUs ecex pabom Ha epynne JIA. Chopmuposarna nocmanosxka
3adauu u pa3pabomawn aseopumm payuoHAAbHO20 NAAHUPOBAHUS U pAcnpedeieHUs pecypcoe hpu nodeomogke epynnsl JIA
K NpUMEHeHUI0 8 YCA08USAX HeonpedeaeHHOCMU. PaccmompeHnsl wacmubie cayuau: 8binoAHeHUe NOCAe008AMENbHbIX pabom Ha
oonom JIA; évinoanenue nocaedosamenvHuix pabom na JIA npu oxcudanuu cneyuaisucma (3a0anHoe U CAY4QUHOE 8PeMs 0CE0-
booic0eHus cneyuaaucma); 8binoaHeHue nocaedogamenvHocmu pabom Ha 06yx JIA. [loayuennvle yacmuoie pe3yibmameol N0360-
AAIOM HOCMPOUMb MOOeAb BbINOAHEHUS NOCAE008AMEALHOCMU PAOOM U NOAYHUMb 3AKOH pAcnpedeseHus CyMMapHo20 epemeru
6bINONHEHUS pabom U, KaK ciedcmeue, paccyumams 2apaHmupoeanHoe pems 6binoaHeHus écex pabom Ha epynne JIA.

Karwueenie caosa: epynna aemamenbHblXx annapamoe, mexHuveckoe 06C/ly.7fCLl8(1HU€, ajnreopumm pacuema cocmaea 6puea0bt

BBenenue

OpnHoit M3 3ajay MJaHUPOBAHUS TEXHUYECKO-
ro o0CnyXuBaHUS aBUALMOHHON TexHUKU (AT)
SIBJISIETCSl paclpelelieHue HMHKEHEPHO-TeXHUYe-
CKOro coctaBa. B ciiydyae XeCTKMX OrpaHUYEHUI
0 BpPEMEHU MOATOTOBKU T'pyIIibl JIA BO3HUKAET
3aja4ya 00OCHOBaHUS TPeOyeMOro KOJMYECTBEH-
HOI'O0 COCTaBa CIIeLMaJINCTOB Pa3HOTO MPOGUIIL.

B pabGorax [1, 2] mpuBeneHbl aJropuT™M palu-
OHAJILHOTO IJIAHUPOBaHMsS padOT, BBIIIOJHSIEMbIX
HECKOJIbKMMMU CHelHaJucTaMi pa3HOro mpodu-
JIS Ha rpynne ogHOTUITHBIX JIA B gJeTepMUHUPO-
BaHHOHM IIOCTaHOBKE, T.e. NMpU (PUKCUPOBAHHOM
IUIMTEJIbHOCTY BBIIOJHEHMSI KaxIoil u3 pabor,
a TaKXe aBTOMAaTU3MpPOBaHHAsl TEXHOJOI'Us KOH-
TPOJISl UX NESITEIbHOCTU B peabHOM BPEMEHMU.

PanuoHanbHOE MJaHUpPOBaHME OCHOBAaHO Ha
TOM, 4YTO IIOCJIEIOBATE€IbHOCTb BBHIIMOJIHSIEMBIX
Ha kKaxaoM JIA pabGoT cTpouTcs IO TNPUHLUITY
npuopureTa padboT, HUMEIIMX MaKCHUMaJbHYIO
IUIATEIbHOCTh, C YYETOM TOIOo, 4YTO COOTBET-
CTBYIOIIMH CIELMAJUCT B 3TOT MOMEHT BpEeMEHU
cBoOoAeH (He 3aHAT Ha apyroMm JIA). Ilpu stom
MOJIYy4aeMbIil pallMOHAJIbHBLIMA IIJIAH HE HAMHOIO
XyXe IMOTEeHILIMAJIbHO BO3MOXHOIO OINTHMAaJIbHO-
ro pelleHusl, IoJyYeHUe KOTOPOro CBsI3aHO C He-

"MccnenoBanue BbIMOJHEHO NpH (UHAHCOBOI MOLAEPXKKE
PODU B pamkax HayuHoro mpoekta Ne Ne 18-08-00488a.

00XOIMMOCTBIO PACCMOTPEHUSI OTPOMHOTO 4YucJia
BO3MOXHBIX BAPUAHTOB.

OrpaHuyeHreM MpU TJIAaHUPOBAHUU SIBJISIETCS
HEBO3MOXHOCTh OJHOBPEMEHHOTO BBIMTOJHEHU S
IBYX U Ooyiee pabot Ha ogHOM JIA M HEBO3MOX-
HOCTb OJTHOBPEMEHHOI paboThl CIelMaJucTa Ha
IBYX U OoJiee JIA.

B peanbHOCTM BpeMmsi BBINOJHEHUS KaXIoMn
13 paboT OTIMYAETCS OT HOPMATUBHOTO, YTO 00-
YCJIOBJIEHO BAUSIHWEM OOJILIIOTO YHWCia Clydyai-
HbIX (akTOpOB (Hampumep, BO3MOXHBIE HEUC-
MPaBHOCTU M OTKa3bl, OOHAPYXXEHHbIE B TOJIETE
U mpu mpoBeaeHuu pabort). B aTom ciyuyae BO3-
HUKaeT HEOOXONMMOCTh OLIEHKU pa3padOTaHHOTo
riaHa paborT, T.e. OLUEHKU AJUTEIbHOCTU BBITMOJ-
HeHUs paboT Ha rpynne JIA, a UMEHHO: OLIEHKU
BEPOSITHOCTH BBITIOJIHEHUSI BCceX paboT K 3ajaH-
HOMY MOMEHTY BPEMEHU WJIY OLIEHKU TTOTPEOHOTO
BpeMEeHU AJs1 TIOATOTOBKM Tpynibl JIA K moneTy
C 3aJaHHOW TapaHTMPOBAHHOW BEPOSTHOCTHIO.
I[Ipu sTOM Bpems BBIMOJHEHUS Bcex paboT Ha
Kaxaom JIA omnpenensieTcsi He TOJbKO CIydaiiHOMU
JUTUTEJILHOCTBIO BBITIOJIHEHUST KaXX/10i U3 padoT,
HO M CIy4YyalilHBIM (B OOIeM cjiydae) MOMEHTOM
Hayajla Kaxjaol u3 paboT, o0OyCIIOBJIEHHBIM MO-
MEHTOM BPEMEHU OCBOOOXIAEHUSI COOTBETCTBYIO-
1IEro crenuainucTa.

JaHHas 3a1aya He SIBJISIETCS HOBOM, UMEETCS PsiJl
METOJIOB, MO3BOJISIIOIIMX MPU OMpPeaeIeHHbBIX YCIIO-
BUSIX TIOJNIYYUTh ee peuieHue. Cpean HUX, TIpexXe
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BCETro, CJAeayeT BbIASIUTh METOIbI aHAIM3a CETEBbIX
Mojesieit co cllydyailHbIMM MapameTpamu [4—7].

B pabore [4] paccMOTpeHBI MaTeMaTHde-
CKME MOJEJM CUCTEM CETEBOro IJIAHUPOBAHUS U
VIpaBAEHU S, XapaKTePUCTUKM KOTOPBIX cOomepxkar
clyyaliHble TMapaMeTpbl, PacCMOTPEHbI aHaJIu-
TUYECKHUE M CTOXaCTMYECKME METOAbI pacueTa ra-
paMeTpoB ceTeBOi Moneiau. JIornueckumM Mpoao-
>XeHueM paboT aBTopa [4] siBasieTcs MoHorpadus
[5], B KOTOpO¥ onucaHbl MOJAEIU CTOXaCTUYECKOTO
CETEeBOTO TJIAHMPOBAaHMS Ha Pa3NMYHBIX CTaIMSIX
OCYILECTBJICHUSI KPYyMTHOMACIITAOHBIX pa3paboToOK.
[IpakTryeckoe MpUMeHEeHe METOAOB CTOXacTHYe-
CKOTO MOJEJMPOBAHUS B MHTEpecax OLEHKM IJja-
Ha BBITIOJJHEHUSI KOMILJIEKCa pabOT pacCMOTPEHO
B cTtaTthe [6]. B paGote [7] mpencraBiieHBl KajeH-
JapHOe TUIAaHUPOBaHMWE U YIIOPsIOYMBaHUE padOT
C YYETOM CTOXaCTMYECKON HeOoIpeaeJeHHOCTH,
MpeX/ae BCero B YaCTW 3HAYEHUSI BPEMEHU 3aBeEp-
meHust padot. [1naHupoBaHue MPOU3BOACTBEHHBIX
cructeM, QYHKIIMOHUPYIOUIUX B YCIOBUSIX HEOMpe-
IEeJICHHOCTH, pacCMOTpPeHO B paboTax [8—10].

AHaJOTMYHBIM MOAXOJ MOXHO MCHOJIb30BaTh
IJIST pellleHMs] 3aJadM IJIAaHMPOBaHMUS PadbOT Ha
rpymie JIA.

Crrenndpuyeckoii OCOOEHHOCTBIO TOATOTOBKU
rpynnbl JIA K NpUMEHEHUIO SIBJSIETCSI HaJIU4Ke
CJIENYIONIMX HEOTpPeaeIeHHOCTE!H: BpeMEeHU 3aBep-
IIeHUS paboT U BPEMEHU OCBOOOXIECHUS COOTBET-
CTBYIOIIIETO CrelMaIncTa AJis Hadaja ouyepesHOun
pabotbl. [lprMeHeHMEe MeToma CTOXaCTUYEeCKOIo
MOZCJIMPOBAHUS TIO3BOJISIET YYeCTh YyKa3aHHbBIC
0COOEHHOCTH paccMaTprMBaeMol 3aa4u 1 OLIEHUTD
rapaHTHpOBaHHOE (T.e. C 3aJJaHHOW HAJAEXKHOCTHIO)
BpeMsl 3aBepllieHHs Bcex paboT Mo mjaHy, paspa-
0OTaHHOMY Ha OCHOBE aJrOpUTMa PAllMOHAIBHOTO
TJIaHUPOBAHMUSI.

ITocTanoBka 3azaun

PaccmoTrpuM rpynmy, cocrosiyio u3 n JIA,
Ha KaXXJIO0M M3 KOTOPHIX HEOOXOAMMO BHIIOJIHUTH
m paboT, OJIUTEIbHOCTb KOTOPHIX — CIydaliHbIe
BEIMYMHBI ¢ M3BECTHBIM 3aKOHOM paclpeiesc-
HUs. PaGoThl BBINOJHSAIOTCS OpUTagoil, YUCIEH-
HOCTbh KOTOPOIl XapaKTepu3yeTcsl BeKTopoM K =
= {k, k,, ..., k,}, TIE k; — YUCIIO CIIELIMAIUCTOB,
BBIMIOJTHSAIOIIMX [-10 paboTy Ha pa3HbIX JIA He3a-
BHUCHMO JpYT OT apyra, [ = 1,m.

3amaH KajeHIapHBIM mjaaH G, TOJy4YeHHBIN
C UCIOJb30BAHUEM AaJropuTMa pallMOHaJIbHOTO
niaaHupoBaHusg [1] mpu ¢UKCUPOBAHHBIX (He-

CllydallHbIX) IJIMTEJIbHOCTSX BBITMIOJHEHUST PadoT.

KanengapHbiii miaaH G 3ajaeTcsl OpUEHTUPOBAH-

HbIM TpadpoM G = (Z, E), tne Z — MHOXECTBO

BepiinH (y3710B); £ — MHOXecTBO pedep. Kaxmoe

pebpo ompenenser padboOTy M 3adaeTCS MCXOAS-

1Iei ¥ BXOASLIEH BeplUMHAMU; HampuMmep paborta

i — j — pebOpo rpada, coemuHAIONIEe BEPIINHBI i

U j, TI€ BEpIIMHA [ COOTBETCTBYET Hayajly, a BEp-

IIWHA j — OKOHYaHWIO paboThl. IJITUTENBHOCTH

T, _ ; BBINOIIHEHUST PAOOTHI | — j — BEJIUYMHA CITy-

yailHas, 3a1aeTCSI 3aKOHOM paclpeneeHus ¢ TOU-

HOCTBIO 10 mapameTpoB. [loaTomy Bpems 3amepx-

KU del; Havyasa paboThl i — j TaKXe CIy4yaliHO, HO

OHO OIpeNnessieTCd peanu3yeMbIMU 3HAYEHUSIMU

JUTUTEJIBHOCTA TPEAIIECTBYIONIAX Pa0OT KaJIeH-

JTApHOTO TiIaHAa. MHOXECTBO BEPIIWH Z;, COOTBET-

CTBYIOIIMX COOBITHSIM, TIPOUCXOASIIUM IIPU BBI-

MoJIHEHU U padort Ha r-M JIA, obo3Hauum Z,, Z,. c Z.
bynem cuutath, 4TO BpeMs 7 BBITIOJHEHUS

KaJ€HIapHOTO IIJJaHAa MOATOTOBKM rpynnsl JIA

K TIPUMEHEHUIO OIPENESIeTCS BPEMEHEM IOATO-

TOBKHA TOTO JIA, Ha KOTOPOM CYMMapHOE€ BpeMS

BBITIOJIHEHU S BCEX PadOT (C yUeTOM 3aIepXKeK Mpu-

BJIEKA€MBbIX CIIELIMAJIMCTOB) OyAeT HAMOObIINM.

> T+ > deli)_
i,jeZ, ieZ,
3amaya Mo MPOBEPKE BBIMOJHEHMS KajeHIap-

HOTO TUIaHa MOATOTOBKM Tpymnmsl JIA K mosnety

CTaBUTCH CJIEAYIOIINM OOpa30oM:

* HEOoOXOMVMMO HAWTHU BEPOSITHOCTH BBITIOJTHEHUS
B T€YEHME 3a[JaHHOTO BPEMEHM 1,,; BCEX paboOT
MO MOATOTOBKE TpymIbl JIA K moseTy, T.e. Hali-
TU 3HaueHue BeposaTHocT P(T < t1,,,) = F(t,,,),
rae F(f) — GyHKIUA pacnpeneseHus ciyJdai-
HOW BEeJIUYUHBI T,

* HEOOXOMMMO OILIEHUTh BpEMS, HEOOXOAUMOE
JUIS BBITIOJTHEHUS BCEX pabOT IO MOATOTOBKE
rpynnsl JIA K moneTy ¢ 3aaHHOUW TrapaHTUPO-
BaHHOM BEPOATHOCTBIO P, T.e. HaiTH 3Ha-

uyeHue Bpemenu 1™ = arg(F(T*) = P,,;,), rae

P,,, — OJIM3KOe K eIVHHUIIE 3HAYEHNE BEPOST-
HOCTH, 3aIJaHHOE HaIlepes.

Takum obpa3zom, HEOOXOAMMO MPOBEACHUE BeE-

POSITHOCTHOT'O aHaJIn3a MOCIEA0BATEIBHOCTH CO-

OBITH, OMPEAECTIIOIINX X0 BBITIOJTHEHUS padoT.

TakuMmobpazom, T' = max
r

CroxacTuyeckoe MOAeTMPOBAHME
NoCJIeI0BATEIbHOCTH BbINOJIHEHHS PadoT
Ha rpynne JIA

KanenmapHsiii mjaH paboT MpU UX CAyYaiiHOU
JUTUTEJIBHOCTHA HE TMOJIHOCTBIO OTPaXaeT B3auMO-
CBSI3b IMTPOBOAUMBIX paboT. Tak, HaYaI0 BBHITIOJHE-
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HUS ouyepeaHoil paboTel Ha JIA ompenensieTcst He
TOJILKO CIYYalHON IJIMTEJIbHOCTbIO BBHIIOJIHEHUS
MPEeALIeCTBYIOIIMX PabOT, HO U CIAy4YalHBIM MO-
MEHTOM BpPEMEHM OCBOOOXIECHMS CIIeLUaINCTa,
BBITIOJIHSIIOIIETO PaboTy.

Hnsi mpoBedeHUST BEPOSTHOCTHOIO aHajau3a
MOCJAEeI0BAaTEAbHOCTU COOBITUM, OIpPEaeISIOINX
XOJ BBITIOJTHEHMSI PadoT, 1LieJieco00pa3HO MOCTPO-
UTb I'pad BBITIOJHEHUS paboT.

PaccMmoTpum B KauecTBe mpumepa MOATOTOBKY
yeTbipex JIA opuragoin K{l, 2, 2, 1, 2}. Ha puc. 1
NpUBEACH pallMOHAJbHBIN KaJleHAAapHBINA ILJIaH,
paccYyMTaHHBIM TpU (UKCUPOBAHHBIX IJIUTEIb-
HOCTSIX BBIIIOJHEHUS PaboT; IJUTEIbHOCTb KaX-
JI0i paboOThl MPUHMMAJACh PAaBHOI ee MaTeMaTu-
yecKkoMy oxXuaaHuio. Homepa Ha KaJleHOZapHOM
mjaaHe 0003HayalT HoMepa paboT ¢ MHIEKCOM,
COOTBETCTBYIOLIMM HOMEPY CIELMATNCTA.

Ha puc. 2 npuBegeH COOTBETCTBYIOLIUI TI'pad
BBINOJIHEHUSI paboT. PaboThl 0003HAYEHBI HOME-
pamMu, U IJIST KaxXJI0i paboThl ompeaeacHbl COObI-
TUSI HayajJa U OKOHYaHUs paboThl. TpeboBaHUe
TOro, 4To paboTa He MOXET ObITh HayaTa, Moka
HE OCBOOOIMTCS COOTBETCTBYIOIIUI CIELIMATIUCT,
peanusyeTcs 3agaHueM (GUKTUBHBIX paboT (puk-
THUBHBIE pabOTHl Ha rpade 0003HAUYEHBI LITPUXO-
BbIMU JTUHUSAMU). COOBITHUE CUMTAETCS CBEPIIMB-

nA4

|
|
|
|
|
|
|
iJ‘IA3
|
| A2
|
|
| A1

Puc. 2. I'pad BrinosHeHus pador
Fig. 2. Graph of performance of works

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

IIUMCSI, KOTAa IMpeallecTBYIOIUE €My paboThl
3aBepIlICHbI; HampuMmep, coObITUE 3 3aBeplleHO,
Korjga oKOHYeHa mpepliecTBylouas padora 0-3 Ha
JIA 2 (ocBobonuics JTA 2) u okoHuyeHa padora 0-1
Ha JIA 4 (ocBoOommics CHELUaNTUCT 2,), B 3TOT
MOMEHT MOXET ObITh HayaTa paboTa 3-7, BBIIOJI-
HseMas CIIeLIMalucToOM 2, Ha JIA 2.

IMocTpoeHHBIM A1 GUKCUPOBAHHBIX AJIUTEb-
HOCTEM BBIMOJHEHUS paboT rpad Temepb MOXET
OBITh MCIOJb30BaH AJIs1 BEPOSITHOCTHOIO aHaau3a
MOCJIeI0BATEAbHOCTU COOBITUM, OIpPEaeISIOIINX
XOJ BBINIOJIHEHUSI paOoT. BBuay ciyuyaiitHoi myiu-
TEJILHOCTH PabOT KPUTHYECKMI MyTh IpU pas-
JIMYHBIX peaJu3alusax OyaeT pa3indHbIM. B cBsa3u
C BTUM HEOOXOAMMO OIPEACIUTh MOCAeA0BaATEIb-
HO IIJISI KaXJ0T0 COOBITUSI 3aKOH paclpeleeHus
€ro HaCTYILJICHUS.

O6osnaumm: T;";, TX; — ciyyailHble MOMEH-
Thl HayaJla ¥ OKOHYaHUs pabotsl i — j; T, — ciy-
YaliHBIA MOMEHT HacTyIJIeHUs coObITUs k. Mo-
MEHT HACTYIJICHUS COOBITUS Kk OIpenesieTcss U3
yCJIOBUS max{T/ﬁ «} AJs BCEX i, U1 KOTOPBIX Cy-
IIECTBYIOT paboOTHI i — k.

st AByX He3aBUCUMBIX CAy4YalHBIX BEJIMYUH
X, m X, 3aKOH pacnpeleseHus UX Makcumyma
Y= max{X,, X,jonpenenserca dpopmynamu [3]

G(y) = FWE®W);
g = iMEW) + LOF(),

rne fi(*), F;(*) — IUIOTHOCTb U
GyHKIMS pacnipenesieHus] ciaydai-
HOil BenuuuHbl X|; fo(*), F(*) —
MJIOTHOCTh M (PYHKIMS pacrpene-
JIEHUSI BEJIUYUHBI X,.

3aKoH pacrnpeaejeHus] MaKCUMY-
Ma ClIy4YalHBIX BEJIMYUH HE COBIIA-
JlaeT ¢ pacrpeneseHrueM MCXOMHbBIX
BennuuH. [losTomMy peunieHue 3ana-
YU MO OLEHKE CYMMapHOIro Bpeme-
HU BBIMOJIHEHUs PadOT Ha OCHOBE
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Puc. 4. I'pad Bpinonnenus pador
Fig. 4. Graph of performance of works

pacnpeneacHUS CIy4alHBIX BEJIMYNH Ti‘jj, T,.‘fj, PesynpraThl CcTOXaCTMYECKOrO MOACIUPOBA-
T, xak GyHKIMI cly4aliHbIX apryMEHTOB CBsI3a- HUS BpeMEHU 3aBeplicHMUS pPabOT, BHIIOJIHSIC-
HO C TPOMO3AKMMHU BBIKJIAJKAMU Jaxe IMpU J0- MBIX B COOTBETCTBUM ¢ rpadoM IPpU HOPMaJb-
CTaTOYHO MPOCTOM Tpade pabdorT. HOM 3aKOHE€ pachpeIeicHUs BpeMeHU BbIIIOJIHE -
B Takmx ycroBUsAX 1ieaecOoOOpa3sHBIM SIBIISET- HUS KaXJI0il U3 padboT, MpUBEACHKI Ha puc. 5, 6.
csd WCIIOJIb30BaHMUE alllapara CTOXacTUYEeCKOTO PacueTsl mpoBOAMIM MpU CIEAVIOUIMX I1apa-
MOJCIUPOBAHUS BHIMOJHEHUSI PabOT B COOTBET- MeTpax HOPMaJibHOTO 3aKOHa pacIpeie/ieHus:
CTBHHU C rpadoM. my =1, m =7 my =28 my=2 ms=6en.,
CroxacTMyeckoe MOAECINpPOBaHWE paboT 3a-
KJIIOYaeTCs B peaju3allii C IOMOIIbI0 KOMIIbIO-

o; = 0,15m; en., i =1,5, rae m; u 6; — Maremaru-

YECKOC€ OXHMNAAaHMUEC MU CPpCAHEEC KBaApaTUUYCCKOC

| 1 |
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Puc. 5. ®yukuuu pacnpeneieHusi BpeMeHH 3aBepUIEHUsS PadoT
Fig. 5. The distribution function of completion time of work
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Puc. 6. ®ynkuuu pacnpeaesieHusi BpeMEeHH 3a1ePKKH HaYaa padoT:
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08 nA2 | |
0.4 i
0.2 i

% 0.5 1 15 [ i

0) !

1 — |
F(t)u 8 f—-"\"‘{(’_ '
LT 1 :

06 NA2 1 |

0.4 i

0.2 i

a — pab6orta 2 Ha JIA 2; 6 — pabota 5 Ha JIA 2; 6 — pabora 4 Ha JIA 1; ¢ — paboTta 1 Ha JIA 2

Fig. 6. The distribution function of the time delay starting work:

a — work 2 on the aircraft 2; 6 — work 5 on aircraft 2; B — work 4 on aircraft 1; ¢ — work 1 on aircraft 2

OTKJIOHEHWE BPEMEHU BBIMOJIHEHMS i-ii pabOThI
COOTBETCTBEHHO.

Ha puc. 5 npuBegeHbl (GyHKLUU pacrpene-
nenus FX;(f) BpeMeHM 3aBEPUIEHUS KaXIOW U3
pabort, BeimosiHsieMbix Ha JIA 1 u JIA 2. O6uiee
BpeMs TNOATOTOBKM Tpynnbl JIA gnsg paccMma-
TPUBAEMOTO MpUMEpa OIMpeaAeasieTcsd MOMEHTOM
okKoHYaHus padboTbl 8—9 Ha JIA 1. 3Haa ¢yHK-
nuio pacnpeneneHus Fgiq(f) MOXHO ONMpPEAETUTD
BEPOSITHOCTb TOTOBHOCTH TpyIibl JIA K 3agaHHO-
MY MOMEHTY BPEMEHM U HAa00OpOT — OIpPENeuTh
Tpedyemoe BpeMsl, K KOTOPOMY C 3aJlaHHOI Bepo-
SITHOCTBIO (HaJexKHOCThIO) pabOTHI Ha rpyme JIA
OyayT 3aBepuieHbl. Tak, BpeMs, B Te4eHUE KOTO-
poro rpynmna OymeT roroBa ¢ BeposTHOCcThIO 0,90,
paBHo 27,7 en., ¢ BepossTHOCTBIO 0,95—28,3 en.

Ha puc. 6 nmpuBeaeHbl GYHKLWU pacrpeaeie-
HUS BPEMEHU 3aJep>XKUW Hadaja paboTt, 00yCJIOB-
JIEHHOM OXMIaHMEeM CcIeluanucTa. 3aaepxkka
ornpenenaseTcsl Kak pasHOCTb MEXIy MOMEHTOM
BPEMEHU OKOHYAHUSA TIPEABIAYIIEH paboThl Ha JIA
Y HavyaJioM cienyouieii; Hapumep, Ty — Tyt —
3aJiepKKa Mpy 3aBepIIEHUU COOBITUS 2.

Kak BUIHO W3 pe3yabTaToB MOJCIUPOBAHUS,
BpeMsl 3aIepKKM — CMelllaHHasl claydailHasl Beu-
yuHa [12, 13]. Tak, 3amep:kKa Havyajaa BbITTOJHEHUS
pabothl 2 Ha JIA 2 (puc. 6, @) — cMellaHHas CITy-
yaifHas BeJIMuuHa: ¢ BepossTHOCThIO 0,731 oHa mpu-

HUMaeT AUCKpeTHoe 3HayeHue 0, a ¢ BepOSITHOCTHIO
0,269 — MHOXeCTBO 3HAUYEHU I OOJIbLLIE HYJIS.

[MonyuyeHHble 3aKOHBI pacripeneneHust F* ;@)
BpPEMEHHU 3aBEpIICHUS KaXI0i M3 pabOT, BBIMOI-
HaeMbIX Ha JIA 1 u JIA 2, maloT BO3MOXHOCTH
OIPENETUTh YUCITOBBIE XapaKTEPUCTUKM YUCIA 3a-
BEpLIEHHBIX padoT Ha JIA K TeKylleMy BpeMEeHH f.

K MomeHTy BpeMeHU ¢ paboTa i — j MOXET ObITh
3aBepllieHa WIN HET. BEpOSITHOCTD €€ 3aBEPIICHU S
K MOMEHTY BpeMEeHH f paBHA 3HAYeHU10 QPYHKIIMU
pacripeneneHust F< ;(1). BBemem ciyyaiiHyio Be-
JTUYUHY R;  (f) — MHOIMKATOP OKOHYAHUSI pabOThI
i —j. Ota cinyvaiiHasl BeJIMUYMHA MMEET pacipeae-
nenue bepnynnu [14, 15].

Ecnm (kak B paccMaTpmBaeMOM IIpHMeEpE) Bce
paboTsl Ha omHOM JIA BBIMOTHAIOTCA TOCIEAO-
BaTEJIbHO, TO BEPOSITHOCTH 3aBEPIICHUS PabOTHI
i — j paBHa BEPOSITHOCTU 3aBEPIUECHUS BCEX MPE/I-
IIECTBYIOIIUX padOT U COOCTBEHHO PadOTHI i — .
HaiimeM 4ucIOBBIE XapaKTEPUCTUKU CIyYalHOMN
BEJIMYUHBI Ry (f) — 4MCIO 3aBEPLIEHHBIX paboT HA
JIA K MOMEHTY BpEMEHU .

Ilycts pabora i — j aBaseTrcs k-ii B TOCENO-
BaTeJbHOCTU padoT, BbIMOJHAeMbIX Ha JIA. Toraa
BEPOSTHOCTH TOTO, YTO Ha JIA BBIITOJJHEHO POBHO
k pabot, paBHa

Wi (t) = P(Rs (1) = k) = FX (1),
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Puc. 7. 3aBHCHMOCTH OT BpEMEHH MATEMATHYECKOI0 OXKHMIAHUS M JUCHEPCHH YHCJIA 3aBEPHICHHBIX PadoT
Fig. 7. Dependence of mathematical expectation and variance of the number of completed works on time

a BEPOSITHOCTD TOTO, YTO 3aBEPILICHO MEHbIIIE, YeM
k paboT, paBHa

P(R.(t) < k) = 1= F~(0).

MaremaTuueckoe OXHUIAaHUE U IUCIEPCUIO
MOXHO BBIYMCIUTD IO (popMyJiaM:

MIRS(0)]= 3. KW, (0) = Wi 0
DIRs(0)]= 3 (k= MIRS () 'IW0) = Wi 0],

rae W, (1) =0, Wy(t) = P(Rs(?) <1).

Ha puc. 7 nmpuBeneHbl pe3yJibTaThbl pPacyeToOB
YHCIOBBIX XapaKTEPUCTUK YMCJIA 3aBEPLICHHBIX
pa6ot Ha JIA 1 B 3aBUCMMOCTU OT BPEMEHH {.

O0ocHOBaHHE PAIHOHAJTBHOIO COCTAaBa
Opuraanl CienuaJACTOB

Hcnonb3oBaHWe MOPUBEIEHHOIO MOAXOAA HAeT
BO3MOXHOCTb IIPOBEPUTH OOOCHOBAHHOCTD Pallio-
HaJIbHOTO COCTaBa Opuraabl CIIELIMAJIUCTOB, BbI-
MOJHSIOMX padoTel Ha rpymnme JIA, npu Hanu-
YUY OrpaHUYEHUI Ha BpeMsl ITIOATOTOBKY C yYeTOM
pa3bpoca BpeMeHHM BBITIOJIHEHUS KaX 011 13 padorT.

Ha puc. 8 npuBeneHa OJioK-cxeMa aJITOpUTMa
000OCHOBaHMSI CcoCTaBa Opuragbl MUHUMaJbHOMU
YUCJEHHOCTH, KOTOpas MOXeT 00ecCIeYuTh C 3a-
JNaHHOM HaJEXHOCTbIO P, TOATOTOBKY TPYIIIbI
JIA B TeyeHue 3aJaHHOTO BPEMEHU £, TPU CIIy-
YallHOM IJIMTEIBbHOCTH BBIITOJHEHUS PaboT.

Mownck
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Her
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Puc. 8. Biok-cxema ajaropur™a ajis 000CHOBAHHS COCTABA OpH-
raJibl MUHAMAJIbHOM YHCIEHHOCTH

Fig. 8. Block diagram of the algorithm of substantiation of the
team of specialists of the minimum number
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Tak, ecnum Opurajma MUHUMAJbHO BO3MOXHOM
yucienHoctu K{l, ..., 1}cmoxeTr oOecIieduThb BHI-
MOJITHEHME paboT ¢ 3aJaHHON HaJEeXXHOCTHIO B Te-
YyeHHe 3aJaHHOI'0 BpeMEHH, TO YBEJIMUCHNE YMCia
CIICLIMAJINCTOB He TpedyeTcs.

B mpoTtuBHOM ciyyae (GopMHUPYeTCSI MHOXE-
CTBO BapMaHTOB COCTaBa OpuWTrambl IIpW yBeJIUUYEC-
HHUH €¢ YUCJICHHOCTH Ha d CIEHMaIMCTOB (LIUKJI
no d =1,n-1). O6ee 91CI0 v BO3MOXHEIX Ba-
pHaHTOB paBHO v = m® JIasi KaXmoro m3 3THX
BapMaHTOB (IIMKJ II0 V) OCYIIECTBISICTCS IOMCK
pallMOHAJILHOTO paclMCaHUs, W €CIAHW OJISI HEero
BbINONIHAETCS TpeboBanue W, (t,,,) > P,,;, TOo Ha
3TOM IMKJI IpeKpalaeTcs M IMOJYyYEeHHOE pelle-
HUE SIBIISIETCS UICKOMBIM.

3akiaoyeHue

Pa3paboTaHHBIN alTOPUTM NpeaHa3HAUYeH IS
aHajJM3a BapUMaHTOB IJITaHMPOBAHUS IIOCJEIOBa-
TeJBLHOCTU paboT Ha rpyre JIA Opuramoit crie-
LIMAJIMCTOB Pa3HOro Ipoduias ¢ y4eToM Ciaydaii-
HOU JJINTEJbHOCTY BbIMOJTHEHU ST KaXK A0 pabOThI.
OrpaHuYeHHsI Ha BO3MOXHOCTh OJHOBPEMEHHOI'O
BBITIOJTHEHM S ABYX M Oosiee padboT Ha omHOM JIA 1
OITHOBPEMEHHOI pabOTHI ClielMaancTa Ha OBYX U
6oiee JIA yuuTBIBAIOTCS IIPU COCTaBJIEHUM TI'pada
pa6or. CroxacTudeckoe MOAEIMPOBAHUE ITOCIIE-
JIOBaTEJIbHOCTU BBIMOJIHSIEMBIX PadOT C Y4YeTOM
MOCTpOeHHOro Tpada padoT JaeT BO3MOXHOCTH
MOJYYUTh 3aKOH pacrapeieaeHuss CyMMapHOIro
BpPEMEHU BBINIOJHEHUSI pabOT M, KakK CJeICTBUE,
paccuuTaTh rapaHTHUPOBAaHHOE BpPEMSI BBIIIOJIHE-
Hus Bcex padbot Ha rpymme JIA. IlociaegoBatenb-
HBIl aHaJIU3 BapMaHTOB PadOT pa3IMYHBIM COCTa-
BOM CITCIIMAJIMCTOB IT03BOJIsIET 0OOCHOBATh COCTAB
Opuragbl MUHMMAaJbHON YHCIEHHOCTH, KOTOpas
MOXET O0€eCIIeYuTb C 3aJaHHOW HaIeXXHOCTHIO

MOAroTOBKY rpynmnbl JIA B TeyeHue 3aJaHHOIO
BpEMEHMU.
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The article considers the algorithm of rational planning of work on preparing a group of aircraft for departure, pro-
vided that the duration of each of the work is random. The work is carried out by specialists of different profiles with
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restrictions — it is not allowed to simultaneously perform two or more work on one aircraft and the simultaneous work of
a specialist on two or more aircraft. To evaluate the preparation plan for a group of aircraft for departure, the following
indicators are taken: the time required to complete all work with a given guaranteed probability and the probability of all
work being completed within a given time. To conduct a probabilistic analysis of the sequence of events that determine the
progress of work, at the first stage a graph of work is built. When constructing the work graph, the restrictions imposed
during the statement of the problem are taken into account by introducing fictitious works. At the second stage, on the
basis of the constructed graph of work performance, a stochastic model is developed in which the duration of each work is
modeled in accordance with a given distribution law. For many implementations, a distribution function of a random vari-
able is constructed — the total time of preparation of a group of aircraft for departure, by which the values of the required
performance indicators are determined. Peculiarities of constructing a graph of work performance are analyzed on the
example of preparation for the departure of four aircraft. A detailed probabilistic analysis of a rational plan in conditions
of uncertainty — with a random duration of work — was carried out on the example of a rational plan of work on a group
of two aircraft. As a result of stochastic modeling, the distribution functions of the time moment of the end of each of the
work, the delay time of the start of work and the time of the end of all work on the group of aircraft are constructed. Based
on the obtained distribution laws, the dependences of the numerical characteristics of random variables — the number of
completed work on the aircraft — on the current time were found. The obtained values of the performance indicators allow
us to assess the acceptability of the checked rational plan. If, with rational planning of work by a team of a given composi-
tion, the guaranteed time to complete work on a group of aircraft is greater than the required value, then the composition
of the team will increase. An algorithm has been developed to justify the composition of the minimum number of crews,
which can provide training of a group of aircraft with a given reliability for a given time with a random duration of work.

Keywords: group of aircraft, maintenance, algorithm for calculating the composition of a team of specialists, real time,

probability
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11 pekabps 2020 r. B r. HoBOKy3HeLK
Ha 6a3e Hay4yHo-uccnegoBaTenbCKOro LeHTpa
"MawwuHoCTtpoeHune" (HALl MC) cocTtontca

IV MexxayHapoaHasa Hay4HoO-NpakTuyeckast KoHpepeHuus

"MEXATPOHUKA,
ABTOMATUKA U POBOTOTEXHUKA"

CeKkuumn koHcepeHunmn

* Po60Tbl, MEXaTPOHMKA U POBOTOTEXHMYECKNE CUCTEMBI
* MeToabl N TEXHMKA CO30aHUA N NCCNEeLOBaHUA NHTENNEKTYanbHbIX MaLUWH
* MexaHuka n ynpaBneHue gBmKxeHnemM MaLlunH
* MexaHu3sauus, aBToMaTmM3auus 1 ynpasreHme TEXHONOrMYeCKMMI npoLeccammn n Nnpon3BoacTBamMm
* MeToAObl KOHTPONS U AUArHOCTUKN B MALUMHOCTPOEHUM
* MNHpopMaLMOHHO-M3MepPUTENbHbIE N yNPaBNAoLWNE CUCTEMBI
* MaremaTtuyeckoe 1 nporpammHoe obecneyeHne BblYUCTTUTENBHbIX
MaLLVH N KOMMJIEKCOB

Mo utoram koHdepeHunn nsgaetcs coopHuk Tpyaos ¢ npuceoeHmem YK, BBK, ISSN. COopHuK nH-
aekcupyeTtca B 6a3e gaHHbix PUHL,. Bcem ny6nnkaumsm noctateHo npucBavBaeTcs UMdpoBOv MAEH-
Tudukatop DOIL.

MoapobHyto MHOPMaLMIO O KOH(PEPEHLIUN CM. Ha caTe:
http://srcms.ru
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20—22 okTab6psa 2020 rona B MockBe cocTouTCsl

TpeTbs MemnyHaponHaﬂ Hay4YHO-TeXHU4YecKas KOHcpepeHUuns

"COBPEMEHHbIE CETEBbIE TEXHONOMMn"
(MoNeTec-2020)

lpedcedamenb Npo2paMMHO20 KOMuUmMema:

P. J1. Cmensinckun, 4n.-kopp. PAH, npodeccop, MI'Y um. M. B. JlomoHocoB

KoHbepeHuus cobupaeT npeAcTaBuTeneil MexXayHapoAHOro Hay4YHoro cooblyecTsa, uccrenoBaTtenb-
CKMX NoApasaeneHunii kopropauui, cTapTanos, NPOMbILLNEHHOCTY 1 B1U3Heca, UHCTUTYTOB PasBUTUSA U opra-
HOB roCyAapCTBEHHOMN BRacTu ANns 06CyKOEHUA NepCrnekTUBHbIX U akTyarnbHbIX TEXHOMOruii B cdepe Kom-
MbIOTEPHBIX CeTe, BUPTyanu3aumm CeTeBbiX PeCypCOB M 06MayHbIX BbIMUCTIEHWIA, UCMONb30BaHNA METOA0B
MCKYCCTBEHHOrO MHTENMeKTa.

OcHOBHbIe TeMbl KOHhepeHL U

* ApxuTekTypa 1 NpOTOKOfbl ANsi aBTOMaTu3aLumm ynpaBneHnsa ceTaMu u opkecTtparmm B obnavHbix UHppa-
CTPYKTYypax

* VHHOBaUWOHHbIE TexHonornm aAns obnakos, UHTEPHETA, KOMMbIOTEPHbLIX CEeTeN

* HoBble napagnrmMbl B opraHmMsaunmn n yHKUMOHMPOBaHMs ceTen, Hanpumep, Intent Based Network, Infor-
mation Centric Network, Content Centric Network T1.1.

* [loaxoabl, MeTOAbl M cpeacTBa ANs ynpaBreHns Ka4eCTBOM CepBMca U pacnpeaeneHns pecypcoB B ce-
TAX M 06nayHbIX cpegax

* [lpymeHeHne BoMbLIMX AaHHbIX N MALIMHHOMO 06yYeHus AN noBbleHna 3P PEKTUBHOCTU PYHKLMOHMU-
poBaHus ceTel, obradHbix NNaTdopM 1 yrnpaBrieHns nmu

* [Mpobnembl 6e3onacHOCTM ceTer U obradHbix nnatopm

* [IpumeHeHune ceTeBbIX 0b6nayvHbIX TexHonorn k obpaboTke Gonblunx AaHHbIX, UHTEpHeTa BeLlen, ceTen
©ecnpoBoaHON N MOBUITbHON CBSA3U

* Bonpochbl apxutekTypbl IporpaMmMHo-ynpaBnsaemMoro TenekoMmMmyHuKkaLMoHHoro obopynoBaHuns

OpraHusaTtopbl KoHdepeHUun: LleHTp npuknagHbix nccnenoBaHuin komnbloTepHbix ceTen (LIMAKC),
MexayHapoaHbIv LLEHTP No MHdopmaTtuke 1 anekTpoHuke (MHTep3BM), dpakynster BMuK MI'Y nm. M. B. Jlo-
MOHOCOBAa, TexHuyeckuin YHuBepcuTeT cBs3u u nHgopmatukm (MTYCW), KoHcopunym «CeTeBble 1 obnay-
Hble TEXHOMOrnn».

MoapobHasa nHdopMauns o KoOHdepeHLmMW, pasmelleHa Ha oduumanbHOM canTe
http://www.monetec.rud

N3patenbctBo "HOBbLIE TEXHOJIOTUN"
107076, MockBa, CTpOMbIHCKMI nep., 4

TenecdoH pegakumm xypHana: (499) 269-5510, (499) 269-5397

Texuuueckuii penaktop E. B. Konosa. Koppexktop M. IO. Bezmenosa.

Cnano B Habop 25.03.2020. [Moanucano B neuath 07.05.2020. @opmat 60x88 1/8. Bymara odbceTHas.
Veou. ned. 1. 8,86. 3akaz MH620. Llena goroBopHas.

XKypnan 3apeructpupoBaH B Komurere Poccuiickoit @enepanuu no aeaam mnevartu,
TeJlepaIuoBEIIaHNsSI ¥ CPEACTB MACCOBBIX KOMMYHUKALIMIA

CauzerenbeTBo 0 peructpamuu [T Ne 77-11648 ot 21.01.02
Yupenutenb: U3natenbcTBo "HoBble TexHOIOTMN"

Opurunan-maker OO0 "AxBancen comomH3". Orneyatano B OO0 "AnBaHcen COMIOIIHS",
119071, r. MockBa, JleHuHckuit nip-T, a. 19, cTp. 1. CailT: www.aov.ru
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