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OnHi€ro 3 BAXIMBUX 33724, 1[0 BUHUKAIOTH [IPU MPOCKTYBaHHI PiAMHHUX pakeTHUX aBuryHiB (PP/I), € no-
CJIIKEHHSI CTIHKOCTI HU3bKOYaCTOTHHX TporieciB y PPJ] MeTogaMy MaTteMaTHYHOTO MOZCTIOBAHHS. Y HHU3bKOYa-
CTOTHOMY Jliana3oHi auHamika Ginburocti exementiB PP/l onucyeTsest 3Bu4aitHUMuU AudepeHIianbHIMU PiBHSIH-
ssimut (3/1P). BHHSTOK CTaHOBIISITH Ta30Bi TPAKTH ABUI'YHA — KaMepa 3rOPSIHHSI, Fa30reHepaTop i ra30BOH, MPOLie-
CH B SIKHX ONHUCYIOTHCSI PIBHSHHAMH i3 3ami3HIOBaHHAMHU. OCKIIBKM HPHYMHOI HHU3bKOYACTOTHUX KOJHUBAHb
MO>ke OyTH HeCTiliKicTh IIPOIECiB y JEKINbKOX PI3HUX CUCTEMax ABUTYHA, IPU YHCIOBOMY JOCIIDKEHHI CTilKOCTI
HeoOxinHo posrisiaaTu PP/ sik 6araToOKOHTYpHY AMHAMIYHY CHCTEMY i3 MOTEHIIHHO HECTIHKUMU IiJCHCTEMaMH.
EdexTuBHMI MeTo BH3HAYECHHS CTIMKOCTI TaKMX CHCTEM B JIiHIHHIN MOCTaHOBI 3aCHOBAHHH Ha PO3PaxXyHKY
CIIEKTpa BJIACHHX 3HA4YCHb MATpHLI — omepaTopa JiHiiHoi cuctemu 3/IP, mpote 1eil METOx € OpiEHTOBaHHM Ha
3BUYAlHI JUHaMiuHI cucTeMHu. [l Toro, mo6 3acTocyBaTH HOro IPH aHANi31 CTIMKOCTI HU3bKOYACTOTHHX HPOIIe-
ciB y PPJI, HeoOXiqHO B MaTeMaTH4Hii MO IUHAMIKH ra30BUX TPAKTiB MEPEiTH Bix PiBHSIHB i3 3aMi3HIOBAH-
My 0 3/IP. ¥V crarTi po3mIsHYTO 3amady ypaxyBaHHS 3alli3HIOBaHb IIPHM aHali31 HU3bKOYAaCTOTHOI CTilfKocTi
PP/l nmo cnektpy Matpuui. [ToOyqoBaHO cXemn HaONMKEHOI 3aMiHHM PIBHSHb i3 3ali3HIOBAaHHSAMM 3BHYAHHUMU
nudepeHniaIbHIMI PIBHSHHIME Ha OCHOBI alpoKCHManii eperaToyHol (pyHKIT JaHKH 3aIi3HIOBaHHS B 00IacTi
MaJoro mapamerpa ApoOHO-panioHaTbHUMH (QYHKLISAMH 1 JaHIIOKKaMH (GyHKIiNA. Po3ristHyTO pi3Hi anpokcuma-
HTH TIepenaToyHol (pyHKIUIT JJAHKY 3ali3HIOBaHHS 1 MPOBEEHO IX NOPIBHIBHMIT aHali3. 3alpOIIOHOBAHO pallio-
HaNbHHUN MIXIA 10 ypaxyBaHHs 3aMi3HIOBaHb B PIBHAHHAX AWHAMIKW ra3oBux TpaktiB PPl i po3pobieHo meTo-
JIMYHI peKOMEeHAaNil o0 IX ypaxyBaHHs. Pe3ynbraTy IpoBeJeHNX JOCITIKeHb MOKYTh OyTH BHKOPHUCTaHI [IPH
MOJIEIIIOBaHHI HU3bKOYACTOTHOI JMHAMIKH Ta30BHX TPAKTIB i aHai3i CTIHKOCTI HU3bKOYACTOTHUX MPOIECIB B
PPI.

OnHoil M3 BaXHBIX 3a/lad, BO3HUKAIOIINX IIPH HPOSKTHPOBAHHMH >KUIKOCTHBIX PAaKETHBIX JBUTraTelei
(OKP[1), sBisieTcst ucciaenoBaHUe YCTOWYMBOCTH HU3KOYAcTOTHBIX npoueccoB B XKP/l Merogamu MaTeMaTuuecko-
ro MOJEIUPOBaHUS. B HHM3KOYAaCTOTHOM AMama3oHe AWHAMUKa OonbpinuHCTBa dmeMeHToB JKPJ ommceiBaercst
00bIKHOBEeHHBIMH THbdepentmansapiMu ypasHeHusamu (O1Y). ckioueHne coCTaBiIsIOT ra30Bble TPAKThl IBH-
rateis — KaMepa CropaHusi, Ta30r€HepaTop U ra30BOAbI, MPOLECCHl B KOTOPHIX OMNHUCHIBAIOTCS YPAaBHEHUSIMHU C
3ana3/blBaHUAMU. [10CKONBKY NPUYMHOM HU3KOYAcTOTHBIX Kojebanuil B XKPJ] Moxer ObIThb HEYCTOMYMBOCTH
IIPOLIECCOB B HECKOJBKUX PA3NIMYHBIX CHCTEMaX ABUTATeNs, P YHCICHHOM HCCJICJOBAHUN YCTOHYMBOCTH HEOO-
xonuMo paccmarpuBaTh XKPJl kak MHOTOKOHTYPHYIO JHHAMHYECKYIO CUCTEMY C IMOTEHIIMAIbHO HEYyCTOMUUBBIMHU
noxcucTeMaMy. D(GEKTHBHEIA METO]| ONIpEeeNeHHs] YCTOHYHBOCTH TaKHX CHCTEM B JINHEWHOH IIOCTAHOBKE OCHO-
BaH Ha pacyeTe CHeKTpa cOOCTBEHHBIX 3HAYECHUH MaTpHIIbI — orepaTopa JuHerHo# cucteMsl OJ1Y, ofHaKo 3TOT
METOJl OPUEHTUPOBAH Ha OOBIKHOBEHHbIE JHHAMIYECKHE CUCTEMBI. I TOro, 4TOOBI IPHUMEHHTD €T0 NP aHaN3e
HU3KO4YacTOTHOU ycroitunBocTu JKPJI, He0OX0AMMO B MAaTEMaTHYECKOH MOJIENIH JUHAMHKH Ta30BbIX TPAKTOB Mepeii-
TH OT ypaBHeHMH ¢ 3anasjasiBanusaMu kK OJIY. B craThe paccMoTpeHa 3ajada ydyera 3ama3fiblBaHH NpU aHaNIn3e
HU3K04YacTOTHOU ycroiunBocTH JKPJ] mo cnektpy matpuibl. [TocTpoeHb! cXeMbl TPUOIMKEHHONH 3aMeHbI ypaBHe-
HHUH ¢ 3aI1a3bIBaHISIMU OOBIKHOBEHHBIMH TH((hepeHIaIbHBIME YPaBHEHISIMU Ha OCHOBE aIIIPOKCHMAIH TIepe/a-
TOYHOM (DYHKIMM 3BEHA 3ama3iblBaHus B 00JACTH Majoro mapamerpa JApoOHO-palMOHANBHBIMUA (DYyHKIHUSIMH U
nernovykamMu (QyHKIUHA. PaccMOTpeHB!I pasidHbIe alpOKCHMAHTEI IIepeJaTouHOH (yHKINH 3BeHa 3aIa3abIBaHUs
U MIPOBEZICH UX CPaBHUTENBHBIN aHanu3. [Ipeioxen paroHalbHbIN MOAXO/ K yUeTy 3ana3/blBaHuil B ypaBHEHHU-
X JAWHAMUKH Tra3oBbIX TpakToB JKPJI u paspaboTaHel MeTOAMYECKHe PEKOMEHIAIMH IT0 MX y4ery. Pe3ynbrars
MIPOBEJICHHBIX UCCIIEJOBAHUN MOTYT OBITh UCIIONB30BAHBI IIPH MOJEINPOBAHUHN HHU3KOUACTOTHOH AUHAMUKH ra30-
BEIX TPAKTOB U aHAIN3€ YCTOHYMBOCTH HIU3KOUACTOTHBIX HporeccoB B JKP/I.

One of the important problems in the designing of liquid-propellant rocket engines (LPRES) is the study of
the stability of low-frequency processes in LPREs by mathematical simulation. In the low-frequency range, the
dynamics of most of the LPRE components is described by ordinary differential equations (ODES). The exception
is the LPRE gas paths: a combustion chamber, a gas generator and gas lines, processes in which are described by
delay equations. Since low-frequency oscillations in LPRES may be caused by the instability of processes in some
of the LPRE systems, in the numerical study of stability the LPRE must be considered as a multi-loop dynamic
system with potentially instable subsystems. An efficient method to study the stability of such systems in linear
formulation is based on calculating the eigenfrequency spectrum of the operator matrix of a linear system of
ODEs; however, that method is oriented to dynamic systems described by ODEs. To apply it to the analysis of the
LPRE low-frequency stability, in the mathematical model of gas path dynamics one has to go from delay equa-
tions to ODEs. This paper addresses the problem of accounting for delays in the analysis of the LPRE low-
frequency stability from the matrix spectrum. Schemes are constructed for approximate replacement of delay
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equations with ODEs based on approximating the delay element transfer function in a small parameter region by
fractional rational functions and chains of functions. Different approximants of the delay element transfer func-
tion are considered and compared with one another. A rational approach to accounting for delays in the equations
of LPRE gas path dynamics is proposed, and methodological recommendations on accounting for them are formu-
lated. The results of this study may be used in simulating the low-frequency dynamics of gas paths and analyzing
the stability of low-frequency processes in LPREs.

Knrouesvle cnosa: sicuokocmuol pakemuulil 08ueamens, OUHAMUYECKAs, CU-
cmema, yCmoudusocmv no JIAnyHogy, cnekmp mMampuybl, 36€HO 3ana30bl8aHUsL,
nepe0amounas (QYHKyuUs, annupoKCUMAHMbL, YACMOMHble XAPAKMePUCMUKU, coo-
CMBEHHblE YACTOMbL U OeKPeMeHmbl KOLeOAHU.

BBenenne. bonee 50 % aBapuii paker-Hocuteneit (PH) c sxuakoctHeIME pa-
keTHbIMH Auratensivu (JKPJI) cBsi3aHo ¢ HapylieHHEM HOPMAlIbHOTO (YHKIHO-
HHUPOBaHUS U OTKazamu jBurareneil [1]. OnHoN U3 NPUYUH TaKUX HapYIICHHUH sIB-
JsieTcsl moTepsl ycrounBocTH pabounx mpoueccoB B JKPJl. Bricokas sneprona-
npspkeHHocTh JKP/] ciocoOcTByeT MOSBICHUIO M Pa3BUTHIO KOJICOaHUH pa3nnyHOMI
HPUPOJIBI B IIUPOKOM JHarna3oHe 4acToT [2]. 3HaYMTenbHOE BO3pacTaHHE MX aM-
IUIMTY I, KOTOPOE MPOUCXOAUT MY MOTEPe YCTOWUMBOCTH, MOKET NMPUBECTH K T10-
JIOMKE JieTanell arperaToB, OOpbIBY TpyOONpPOBOOB, cO0sIM B paboTe OTAENBHBIX
cucteM JKPJI, Beimaue JOXHOW KOMaHIBI HAa BBIKIIOYCHHE IBUTATEISI U JPYTUM
aBapuiiHbIM cutyarusam [1 — 3]. [nst pa3paboTku 3 PEeKTUBHBIX Mep MO yCTpaHe-
HUIO HEYCTOWYHMBOCTH HEOOXOJMMO ONpEAETUTh NPUYMHBI BO3HHUKHOBEHHS ITHUX
KoJIeOaHUH M MX mapameTpbl. DKCIepuMeHTallbHas 0TpadboTka MotHbix XXP/] Tpe-
OyeT 3HA4YUTENbHBIX 3aTpaT, IPU 3TOM BBISBIEHHE M JTUATHOCTHPOBAHHE BO3MOXK-
HOM HEYCTOWYHMBOCTH TPEOYET JAOMOJHUTEIBHBIX UCCIICOBAHUN U MOXKET OKa3aTh-
sl BECbMa CIIOKHOM 3anaueii [2, 4]. Ilpu orpanndeHHOM 00BeMe SKCIIEpUMEHTAIIb-
HBIX WCCIICIOBAaHUH JIETKO YIYCTUTh PEKUMBI HeycTonunBoi padotsl XKPJI, urto
BITOCJIEZICTBMM MOXKET MPUBECTH K aBapUIHBIM CUTyalusM. B cBA3u ¢ 3TUM uccie-
noBanue ycrounBocty JKPJ[ MeTonamMu MaTeMaTHIECKOTO MOJCIUPOBAHUS SBIIS-
€TCsl aKTyaJIbHOM 3a/1aueid.

[Ipu uccnepoBanuu ycrouuBocT pabounx mporeccoB B JKPJ oObuHO BEHI-
JICJISIFOT HU3KOYAaCTOTHBIE OOIleBUraTeIbHbIe KoJicOaHus (¢ 4actoTamu oT 1 J10
50 I'my), BEICOKOYACTOTHBIE aKyCTHYECKHE KOJIeOaHUsI B KaMepe CrOpaHHs W Ia3o-
rereparope (¢ yacroramu Bbime 400 ') u konebanus B arperatax JKPJI B oGina-
CTH MPOMEKYTOUHbIX YacToT [2, 3]. [Tomxoabl K MaTeMaTHYeCKOMY MOJIEIHPOBa-
HUIO TUHaMHu4YecKux mnporeccoB B JKP/] B pa3sHBIX YaCTOTHBIX AMAana3oHaX OCHOBA-
HBI Ha MCIIOJIb30BAHNH PA3HBIX MPUHLIUIIOB U METOJIOB.

B HM3KOYAaCTOTHOM [Wala3oHe AMHAMHKA OOJbIIMHCTBA 31eMeHTOB JKP/]
OTMCHIBAaETCS OOBIKHOBEHHBbIMH au(depeHnuranbapivu ypasHerausmu (OAY) [5 —
7]. HckitoueHue COCTaBISAIOT Ta30BbI€ TPAKThl JBUTATENS] — Kamepa CrOpaHUs
(KC), razorenepatop (I'T) u razoBousr (I'B). Pabounii mponecc 8 KC u I'T” mpen-
CTaBIsieT COOOW TIOCJIEAOBATEILHOCTh CJIOKHBIX B3aMMOCBSI3aHHBIX  (PHU3HKO-
XUMHYECKHUX TPOIIECCOB (BIPHICK, paclblUieHHe, Apo0ieHne, o0pa3oBaHue Karelb,
WCIapeHue, MepeMenInBaiie, BOCIITIaMeHeHEe, TOPEHHE), B PE3yabTaTe KOTOPBIX
MIPOUCXOANT MPeoOpa3oBaHUE TOIUIMBA B KOHEYHBIE TPOAYKTHI cropaHus. M3-3a nx
CJIO)KHOCTH W B3aMMOCBSI3H JIO HACTOSIIErO BPEMEHHU HE COo3/laHa oO0Inas TeopHs
pabouero npoiecca B kamepe JKP/I, a KoJIMYeCTBEHHbIE HCCIICIOBAHUS TTO3BOJISIFOT
JIMIIb BBIACIIUTH OCHOBHBIE SIBICHMS M IIOCTPOUTH YIIPOIIEHHYI MOJEIb MPOLEC-
coB [3]. PeanbHblii poliecc rOpeHHs KUAKHUX KOMITIOHEHTOB TOILIMBA TPYIHO OIIH-
CaTh aHAIMTHYECKH, & €r0 OCHOBHAS XapaKTEPUCTHUKA — KPUBAsi BRITOPAHUS TOTUIH-
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Ba — 3aBUCUT OT MHOXECTBa (DaKTOPOB MU MOXKET HMETh CIIOKHBIH BHI.
M. C. HataH30H NIpeaIoxKmI pY PENICHUH 3a1adi 0 HU3KOYaCTOTHON yCTOWIHBO-
ctu JXPJ] 3aMeHATHh peanbHYI0 KPUBYIO BHITOpPAHHS CTyIeHYaTOW (PYHKITHEH, TO
€CTh YMCTHIM 3ama3jsiBaHveM [2]. HecMoTps Ha TO, 4TO 3Ta MOAENH SBIAETCS
BeCbMa NPHUOIMKEHHOM, OHA IIMPOKO HCIONB3YEeTCS 1O HACTOSILEro BPEMEHH
(mamp., [5 — 8]). TpancnopTHBIM 3ama3bIBaHUEM ANPOKCUMHUPYETCS TAKKe KPH-
Basl IIepeHoca TeMIIepaTypbl TypOyJICHTHBIMHA IIOTOKAMU MAacChl B 3JIEMEHTaX ra3o-
Boro TpakTa [3, 6]. [TockonbKy B quana3zoHe u3MeHeHus 4yactoT oT 25 1o 50 ' Ha
TOYHOCTh MOJAEIMPOBAHMS CYIIECTBEHHO BIMAET y4eT akThuuecKol (opMbI KpH-
BBIX BBITOPAHMS, Ul AlPOKCUMAlMU PEaJbHBIX 3aKOHOB BBITOPAHUS TOILIMBA
HapsAdy C TPAaHCIIOPTHBIM 3ala3AbIBAHUEM HCIIONB3YIOTCS U 00jee CIOXKHbIE 3aBU-
CHUMOCTH (HAIp., HHEPLIHOHHOE 3amasasiBanue [6]). Takum o6pa3oMm, B HHU3KOYA-
ctoTHON obnactn mauHamuka JKPJ/[ ommceiBaercs cucreMoit mauddepeHITHaTbHBIX
YpaBHEHHUH C 3ana3AbIBaHUAMHU.

Huskouacrorusie konebanus XKP]I (¢ vactoramu 10 50 ') MoryT ObITh 00Y-
CJIOBJIEHBI KaBUTALMOHHBIMU sIBICHUSIMH B Hacocax JKP/I, HeycTOHYMBOCTBIO KOH-
TypOB “mBUTATENH — perynarop” u “rypoonacocusrii arperat (THA) - I'T”, a Ha
aKTHBHOM y4acTke rnosieta PH — HeycTOMYMBOCTBIO KOHTYpa “XKUAKOCTHASI PaKeT-
Has nBurarenbHas ycraHoBka (JKP1Y) — xopryc PH” (mpomonbHO#M HEeyCTOWYIHBO-
creio PH) [2, 4, 5, 9—12]. Takum o6pa3om, Iisi ONpeeieHns] HU3KOYaCTOTHOM
ycrovunBoctr JKPJ] Ha akTBHOM yuactke mosnera PH neoOxommMo mccnemoBath
MHOTOKOHTYpPHBIE JUHAMUYECKHE CHCTeMbl ‘‘TihTaromue maructpaiu — KPI”,
“KPY — koprmyc PH” ¢ moTeHIMansHO HEyCTOWYMBBIMA MOICUCTEMaMH. DQdek-
TUBHBIM METOJIOM ONpEICTICHUs YCTOHYMBOCTH TAaKUX CHCTEM B JIMHEHMHOW MOCTa-
HOBKE SIBJISIETCSI PacdeT CIEKTpa COOCTBEHHBIX 3HAYCHUH MaTpHUIBI — OlepaTopa
nuHenHo# cucteMbl O/IY. Ilpu 3ToM aHaMU3 YCTOMYUBOCTH CUCTEMBI BBITOIHSACTCS
Ha OCHOBE €€ JIMHEHHON (JIMHeapu30BaHHOW) MaTeMaTHIECKON MOJENH, a YCTOM-

YHUBOCTh TPAKTYETCS KaK yCTOHIMBOCTH 110 JlsmmyHoBy [7, 10 — 12]. OnHako o6aacTh
MIPUMEHEHHUS YKa3aHHOI'O METOAa OTpaHMYMBAETCS KJIACCOM JWHAMUYECKHX CH-
cteM, KoTopsle onuckiBatorcs OJ1Y. [{ng npuMeHeHHs 3TOro MeToa MpH PelIeHnH
3372491 00 yCTOMYMBOCTH HU3KOYACTOTHBIX MporeccoB B JKPJ[ HeoOxomumo nepeiTu
B MaTeMaTH4YeCKOH MOJEIM JMHAMHUKHU Ta30BbIX TPAKTOB OT YPaBHEHHH C 3ama3/ibl-
Bauusamu k OJY. OTMeTnm, uTo npetoxkeHHbie B [5, 8] BapuaHThI 3aMEHBI, TOCTPO-
€HHOI Ha pa3NIo’KEHUH COOTBETCTBYIOIIUX UICHOB YPaBHEHUS C 3ala3/bIBaHUsIMU B
pan Teiinmopa 1-ro mopsaka, oOecleurBalOT MPHUEMIIEMYIO TOYHOCTH JIMIIb TPU
OYEeHb MAJIBIX 3ara3/bIBAHMIX.

Lens HacTosIIel paboThl — pa3paboTka SPPEKTUBHOTO METO/Ia TPUOTMKEHHON
3aMEHbI YpaBHEHUH C 3ama3/bIBaHUSIMHA B MaT€MaTH4YeCKONH MO HU3KOYaCTOT-
HOW JAMHAMUKH ra3oBbIX TpakToB JKPJ| oObikHOBeHHBIMHU au(depeHaTbHBIMA
ypaBHeHUsIMH. 1o 3 deKTUBHOCTBIO METO/Ia TTO/Ipa3yMeBaeTcs clelyolee: Me-
TOJl JIOJKEH O0eCIeYrBaTh BO3MOXKHOCThH BBITIONIHEHHsI aHallM3a YCTOWYMBOCTH
HU3KOYacTOTHHIX mpoueccoB B JKPJIY Ha ocHOBe pacuera CHEKTpa MaTpHIIbI JIHU-
HEHHOW TUHAMHYECKOW cHcTeMBI “‘TinTaromiue maructpamu — JKPJ1” ¢ yuetom 3a-
Ma3bIBAaHAN B €€ MaTeMaTUYECKOW MOJENIN M UMETh MPHUEMIIEMYIO TOYHOCTb pac-
yeTa JuHamMudeckux xapaktepuctuk JKPIIY; ycnoxHeHne MaTeMaTH4ecKoi MoJe-
T HU3KoYacToTHOHM auHamuku JKPJI, Hem30exHOE IpH 3aMEHE YpaBHEHHUH C 3a-
ma3aeiBaHusIMU cuctemoit OJ1Y, 10bKHO OBITh 000CHOBAHHBIM H 10 BO3MOKHOCTH
MUHUMAaJIbHBIM; pealn3anns TaKoW 3aMeHbl JOJDKHA OBITh MPOCTOM U He Tpebyro-
e co3MaHus CreUalbHBIX TOJACPKUBAIOIINX €€ MTPOrPaMM.
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1. JluneiiHasa MaTeMaTHYecKasi MOAe]db HU3KOYACTOTHOH JUHAMHKM ra-
30BbIX TpakToB 7KP/I. /[BmkeHue ra3a B razoBbix Tpakrtax JKPJI mpoucxoaut B
YCIOBUSX TIOABOJA TEIUIA, BBIICISIONIETOCs MPH CrOpaHWU TOILUIMBA, U B OOIIEM
CiTy4ae onmuchiBaeTcs qudepeHnrnaIbHpIMI yPaBHEHUSIMI, BRIPAKAIONTIME 3aKOH
COXPaHEHUS MacChl, KOJTMYECTBA JBIKEHUS W YHEPTHUH, U yPAaBHEHHUEM COCTOSHHS
raza. Ilpu nocTpoeHHr MaTeMaTU4eCKONH MOJEIN HU3KOYaCTOTHOM AMHAMUKH Ia30-
BbIX TpakToB JKPJ[ 00bIYHO MpUHUMAIOTCS cieaytomnue ympomienus [3, 4, 5]. KC,
IT u I'B paccmaTpuBaroTcsl Kak 3JEMEHTBI C COCPEIOTOYCHHBIMHU MapaMeTpaMu,
TaKk KaKk B HH3KOYAaCTOTHOM [Wana3oHe WX IJIMHEHHBIE pa3Mepbl CYIIECTBEHHO
MEHBIIIE UTMHBI aKyCTHYeCKOHW BOIHBIL. [Iporieccsl, mpoTeKkaromie B Ta30BbIX TPaK-
tax JKP]I, momararoTrcst anqnabaTH4eCKHMH, 9TO COTIACYETCS C pe3ylabTaTaMH pac-
YETOB W AKCIEPUMEHTOB I 4acToT, He mpeBbimarontux 400 ', [Ipu onmmcanmm
muHammdeckux nporieccoB B KC u I'T ucnons3yercst mpocreiitias MoJelb rope-
HUS, OCHOBaHHAs Ha aIllpPOKCHMAIlMU KPHWBOW BBITOPAHHS W KPUBOW TEpeHoca
TEMIEpaTyp TPAHCIOPTHBIM 3ala3iblBaHHUEM — EIMHWYHBIMH CTYIIEHYaThIMU
GyHKIMAME Q305 (t) =1(t —1) 1 @; (t) =1(t —1'), rae T — Bpems npeoOpazoBaHus
KHUIKHUX KOMIIOHCHTOB TOIUTUBA B MPOJYKTHI CrOpaHusi, T — BpeMs MpeObIBaHUS
rasa Ha yyacTtke TpakTa (06br4H0 st KCu I'T © = 1073...1072¢; 3HaueHns t' Kak
MHHUMYM Ha TOPSIIOK Oouibine). C y4eToM MPUHSTBHIX YIPOIICHUH HeCTallmoHap-
HOE HEHW30TepMHUYecKoe annabaTHdeckoe ABIDKEHHE Ta3a B JJIEMEHTax Ta30BOTO
tpakTa JXXPJ| B nuanmazone gactot 0 50 ['m MoxkeT ObITH ommcaHo muddepeHn-
abHO-aNTeOpPanyecKo CHUCTEMOH ypaBHEHWH ¢ 3ama3nbiBaHusIMA. CTpyKTypa
stux ypaBHeHud oguHakoBa ana KC, I'T u I'B. Huxe npuBeneHa nuHelHas cu-
cTeMa ypaBHEHHH B OTKJIOHEHHSIX, KOTOpasl OMHCHIBAET HU3KOYACTOTHYIO JTUHAMH-
Ky razorereparopa JKPJl, BEIITOJIHEHHOIO 10 CXEME C TO)KUTaHUEM OKHCIUTEIbHO-
ro TEHEPAaTOPHOTO Tra3a. JTa CHCTeEMa BKIIIOYAeT B ce0sl ypaBHEHUS IS OIpeerne-
HUS aBIeHus B Ta30BoM TpakTe [T, paboTocmocoOHOCTH MPOIYKTOB CTOPAHUS U
BECOBOTO CEKYH/IHOTO pacXoja ra3a Ha BBIXOJIE U3 Ta30reHepaTopa:

d (8p22) = e RTge [BGzzo(t - Tez)—'_ 8622 7(t - Tze) - 8Gm] | (1)

dt V.. ‘
8(RT )221 - % ’ _LéGzeo(t - Tee)_ Ci;ZZOSGzez(t - ng) =0, (2)
SGT +aum 8(RT )za'l.(t - lee) + a2 szz +a,3 8p28 =0, (3)

G

okucnuTens u roproyero Ha Bxoze B I'T; G,, — BecoBoii ceKyHIHBIIH pacxoj raza Ha

rae p,., p., —Aasiaenue B [T u I'B; G .o, — BECOBOM CEKYHIHBIM pacxon
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mbixoze u3 IT; K, — nokasatens aguabarst B IT; V,, — o6wem I'T; (RT,,) (K},) —

3aBHCUMOCTh PabOTOCIIOCOOHOCTH MPOAYKTOB cropanus TorumBa B [T ot coort-

HOIIEHHS. KOMIIOHEHTOB TotumBa K. ;

RT,, — paboTocnocoOHOCTh TPOJYKTOB

CropaHud Ha BXOAC B ra30BbIN TPaKT FF, T,, — BpeMm4d HpCOﬁpaBOBaHI/Iﬂ KHUIKUX

2e
KOMITOHEHTOB TOTLUIMBA B MPOAYKTHI cropanus B ['T; T, — Bpems npeObIBaHMs ra3a
BIT; a,;, a,,, 8,3 — KOOQPHUIUEHTHI, MOTYYSHHBIE B pE3yJIbTaTe JTMHEAPU3ALUH

YpaBHCHUA IJId ONPCACICHUA PACX0/Ja Ira3a Ha BbIXOC U3 IT.
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JIuneiiHas MaTemMaTHyecKasi MOJEIb, ONKCHIBAIOIIAS HU3KOYACTOTHBIE TPOLIEC-
col B JKPJI ¢ yueToM 3ama3jipiBaHUil B YpaBHEHUSX JUHAMHUKU €T0 Ta30BBIX TPAKTOB,
MOJKET OBITh IMPEICTaBJICHA CIICIYIOMIAM 00pa3oM:

n d(dx j ) .
Z dijT+bij6Xj+Cij6Xj (t—'fij) - O, |:1,...,n, (4)
j=1

rac X i~ OTKJIOHCHHUSA NEPEMCHHBIX X j OT YCTAaHOBUBHINXCA 3Ha‘l€HHI>i; di i bi i

Cij — Koodduumentsl cuctemsl (Cjj #0 TONBKO B ypaBHEHHSX JMHAMHKH a30-

ij
BBIX TPAKTOB); T; —3anasaeiBanus (00baHoO T;; =0,001c...0,04¢).

AHanm3 yCTOMYMBOCTH HU3KOYACTOTHBIX MPOIIECCOB B CUCTEME C MaJbIMH 3a-
Ma3AbIBAaHUSMHU MOYKHO CBECTH K HCCIIEJOBAaHUIO alllIPOKCUMUPYIOIICH €€ CUCTEMBI
OLlY. XapakTepucTHYECKOE YpaBHEHHE CHCTEMBl C 3ama3[blBaHMSIMU SBIISETCS
TPaHCHECHACHTHBIM W HMEET Ha KOMIUIEKCHOM IJIOCKOCTH OECKOHEYHOE YHCIIO
KOpHEH A; =—0; * jo;, HO I aHaIM3a HU3KOYACTOTHOW YCTOWYHMBOCTH TOCTA-

TOYHO ONpPENENUTh KOPHH, pAaCHOJOXKCHHbIE B OTrpPaHMYEHHOH oOmactu
0 < w; < 2nf .. [lepexon ot cuctems! (4) k cucreme OJlY MOXHO CUMTATh KOp-

pekTHBIM, eciu B yactotHoM auanasone (0, f...) oOecreunBaercs mpuemiemas

TOYHOCTh BBIYMCICHMS NHHaMH4YecKux xapakrtepuctuk JKPIY, a ycroiuuBomy
COCTOSTHHIO CHCTEMBI (4) COOTBETCTBYET YCTOWYMBOE COCTOSIHUE AMNPOKCUMHPY-
FOILIEH CUCTEMBI.

Jns hopmanuzanmu mpouecca rnepexoja OT CUCTEMBI € 3ala3IbIBaHUAMU K CH-
cteme OJ1Y BBIAECTHUM M3 CHCTEMBI (4) 3JIEMEHTHI ¢ 3ama3bIBaHUsIMHU:

N d(8x)) _
ZdiiTj+bij8Xj+Cij8y1' =0, i=1,...,N, (5)
=1

dy; =8 (t-7;), 1, j=1,...,N. (6)

Torga mepexox OT CUCTEMSBI ¢ 3ama3plBaHuAMHU K cucteMe OJ[Y cBogured k
npuOIMKEHHOH 3aMeHe YpaBHEHHH 3BeHbeB 3amnasapiBanus (6) OLAY.

2. CxeMa BbINOJHEHHUs NPUOINKEHHOI 3aMeHbl YPaBHeHUs 3BeHA 3amnas3-
AbIBAaHUS 00BIKHOBEHHbIMH NU(depeHInATBLHBIMYE YPaBHeHUAMHU. [l nepe-
X0Za OT ypaBHEHHsI 3BEHA 3aIa3/{bIBaHU

yt)=x(t-1) (7)
k OJIY mpenmaraercss WCIONB30BATh MOJIXOJ, OCHOBAHHBIA HA AMMPOKCHMAIUH
nepenaTouHoil GpyHKImU 3BeHa 3anaszpiBanus W, (pt) =exp(—pt) B obmactu ma-
JIOTO TIapamMeTpa Pt ApoOHO-parMoHansHoN Gyukimei [13 — 17]:

B, (p1) _ by +b pt+...+ b, pMt™
A,(pt) ay+apt+..+a,p"t"
rac p — KOMIUICKCHAsA MNCPEMCHHAasd HpeO6pa3OBaHI/IH Jlamnaca IIpU HYJICBBIX

HavaIbHBIX ycinoBusx; B, (pt), A,(Pt) — moauHOMBI M-rO W N-rO MOpSIKa C
JeUCTBUTEIbHBIME KO3 dunmerTamMu (M <n).

Fin,n (P1) = (8)
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B obnmactn m3o0pakeHmil ypaBHeHHIO (7) COOTBETCTBYET TPaHCIICHACHTHOE
ypauenue Y =W, (pt)X . [Tockombky W, (pt) = Ry,  (PT), ypaBHenue (7) MOKHO

MPUOIMKEHHO 3aMEHUTH AITeOPandeCKiM yYpaBHEHHEM

by +b pt+...+ b, pMt™ «
ag+a pt+..+a,p"t"

ysz,n(pT)X: 9)

[epenarounoit pynkumn Fy, (pt) coorercTByer OY n-ro nopsxa [18]:

n
a y+alrﬂ+...+anr” (:j y =Dy x+blr%+...+bmr

_ m d™x
dt " dt '

dt™

(10)

BBosist ipyrue mpocTpaHcTBa COCTOSHUM, TepenaTounoi Gpynkunn Fy  (pt)

MOJKHO IIOCTaBHTh B COOTBETCTBHE Jpyrue omucanus B knacce OJ1Y [14, 19], Ho
BCC OHU OYJyT SKBHBAJICHTHBIMH B CMBICJIC COBIIAJICHUS MEPENAaTOUYHON (QyHKIUH

y/x. Tak, ecnm BBecTH IepeMeHHY© Z=X/(ay+a pt+..+a,p"t"), 1O
y =(by+b;pt+...+b,,p™tM) 2, a ypaBrenuto (10) coorBercTByeT cuctema OJ1Y:

a2t) | o d®20 o g

ao +a1'f +...+ nT dt(n) (11)
dz(t) dmz(t)
bO +blTT+...+ bm‘[m W - y(t) = 01

KOTOpast JIerko cBogutcs k cucteme (N+1) OJY 1-ro mopsiaka.
Pacrionarast ynoBnerBoputenbHbIM npuommkenneM ¢yakmun W, (pt) mpoo-

HO-panoHaNbHOU (pyHKITHEH (8§), C TOMOIIBIO OMUCAHHON CXEMBI JIETKO MEPEenTH
oT ypaBHeHuit ¢ 3amasapiBaHussMu K OJ1Y (11). Takoii mepexoj MPUBOIHUT K MO-
BBIIICHHUIO MOPSIIKA MCCIEAYeMOH CHUCTEMBI, TIPH 3TOM B CIIEKTpE Oreparopa arl-
npokcumupytomei cucremsl O/1Y MOsSBIAIOTCS «JOMOJTHUTENBHBIE» COOCTBEHHbIE
3HAYEHMsA, COOTBETCTBYIOIIKME MOIOCaM U HyJisaM Gynkuun F . Otu cobcTBeH-

HbIE 3HAUCHMS SIBJISIOTCS MApasUTHBIMU (B TOM CMBICIIE, YTO OHH HE ONPEACIISIIOT
napaMeTpoOB PeaIbHBIX (PU3MYECKUX MPOLECCOB), IO3TOMY NPU aHANK3E YCTOHYU-
BOCTH UX CIJIEIyeT MCKIII0YaTh U3 paCCMOTPEeHHUs. BhIsiBIIeHHE TaKUX COOCTBEHHBIX
3Ha4eHUI TpeOyeT JOMOTHUTENbHBIX YUCICHHbBIX UCCIEIOBAHUMH.

st BBISABIICHHSI «I1apa3UTHBIX» COOCTBEHHBIX 3HAUYEHHUH Ipeiaraercsi cie-
JyIoLIas METOIUKa!

— ONpEeAETSIeTCs CIIEKTP MaTPHUIIBI CUCTEMBI 0€3 ydeTa 3ana3JbIBaHHi;

— B CHCTEMY TOCJICAOBATEIbHO BBOJATCS 3aMa3/bIBaHNs, HAUMHAs C MCHBIIINX,
U TI0CJIE BBEJICHHUS KaXXIO0TO HOBOI'O 3alla3/IbIBaHUs BBIIOIHSIETCS PAacyeT CIEKTpa
MaTpHIbl U CPAaBHUTENBHBINA aHAJIU3 ITOJYYEHHOTO CIEKTPa C HPEAbIIYLIIM;

— B pe3yJIbTaTe CPaBHUTEIILHOI'O aHAIM3a BBIACISIOTCS COOCTBEHHBIE 3Haue-
HUsI, COOTBETCTBYIOIIUE MOJIIOCAM alllPOKCUMUPYIOIEH QpyHKIHH.

BrusiBUTE mapasuTHbIE COOCTBEHHBIE 3HAUEHHS MOXKHO TaKKe B Pe3ysibTare
CPaBHUTEIBHOTO aHAJIN3a CIEKTPOB MATPHIbI, PACCUUTAHHBIX JUISI HECKOJIBKUX
BapuaHTOB BhIOOpa ammpokcumupyromeil dynxiuu Fo, o (PT) MM HECKOIBKUX

PAa3JIMYHBIX 3HAYCHUN BPCMCHHU 3alla3JIbIBAHUS KaKA0T'0 3BCHA 3alla3AbIBaAHU.
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B xauectse pynkuun Fp (pt) paccmarpuBanuch anmpokcuMaHThl Tg (PT),
Ton(pt) u P, ,(pt), monydennsie ¢ ucrnomb3opanueM psnos Teiinopa u Ilame

[14 — 16, 20]. KpoMe Toro, Ha OCHOBE TIPEACTABIECHHUS SKCIIOHEHTHI O€CKOHEUHBIMU
npomsBeneHusMu [IxiiaTepa [21, 22]

exp(z) = ch(z) + sh(z) = H[u (22 ))2 2}+ZH{1+ d 2}, (12)

i.=1 ig=1
OBLIM MIOCTPOEHBI APOOHO-panMonanbubie Gynkuuu 11y, (pt), 11, H(Pt).
IIpu mocTpoennu annpokcumanToB To (Pt), 1o n(PT), Ty n(PT), 11, o (PT)

ucrone3oBaoch npencrapieHue ¢ynkumun W, (pt) =exp(—pt) B Buzme apodu

W, (pt) =1/exp(pt ) u W (pr) = &p(=pr/2) . B pesyrnbrare pasnoxeHust GpyHKImit
exp( pt/2)

exp(pt), exp(pt/2), exp(—pt/2) B psan Teitmopa ¢ KOHCYHBIM KOJIHYECTBOM
N YIeHOB, OMYYAOTCs IPOOHBIE anMmpPOKCUMAaHTHI Teinopa

Ton(Pt)=1/ @+ pt+ p2t2/21+ ...+ p"t"/nY), (13)

1-pt/2+ p?t2/8+...+(-1)" p"t" /(2" - n!)
1+ pt/2+ p2t2/8+..+ p"t" /(2" -nl)

Tn, n ( pT) = (14)
Annpokcumantsl Ilage I-ro poma cTposiTCs ¢ UCNONB30BAHUEM Pa3I0KEHUA

¢byukimu B psaa Teinopa [20]. Kosdduimentsr annpoxkcumantos Ilane dyHKiwmmn
exp(—pPt ) MOXHO ONpPEIETUTh C TIOMOIIBI0 Gopmysr [14]

mpr (=D)*m(m-1)---(m -k +1)- (pr)*

P a(pr) = (n+m) (n+m)(n+m—1)---(n+m—k+1)-k! (15)
n- pt s nin-1---(n—-k+1) -(pr)
(n+m)-1! (n+mn+m-=1)---(n+m-k+1)-k!

AnmnpokcuMaHThbl [I3iHTEpa CTPOMITHCH CIIEAYIOMIUM 00pa3oM: B BBIPaKCHHUH
(12) orpanuumBanocs konuuecTBo comHoxkutenen (i; =1,...,K., is=1...,k;) n

onpeaensyioch npoussenenne. CyMMa 3THUX TPOU3BENCHHUIN SBISCTCS MOJMHOMOM
n-ro mopsaka (n=2k, mpu k; >K;, 1 n=2ks +1 npu k. <Kg). Pasnoxenue
bynximit exp(pt ), exp(pt/2), exp(—pt/2) B paxgwr [Isiiatepa (13) ¢ koHeu-
HBIM YHCJIOM COMHOYHTEJICH MO3BOJIMIIO MOJTYYUTh IPOOHO-paIlHOHaIbHbIE (YHK-
1, anmnpokcumupyomnme pyHkuuo W, (pt) =exp(—pt):

Iy, (pt) = 1/(ag+a pt+...+a,p"t"), (16)

ag—apt/2+..+(-D"a,p"" /2"
ag+aypt/2+..+a,p"t" /2"

I,  (p1) = (17)

AmnmnpoxcumanTsl [Isitarepa u [lage nopsinka n < 4 npuseaeHs! B Tadm. 1, 2.
CpaBuuBas wux c Belpaxenusmu (14), (15), merxko 3ameTuTh, UYTO

Iy 1(pt) =To1(p), P1(pr)=1L1(pt) =Ty 1(pP1).
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Tabmuma 1

n Anmpokcumants Ilitarepa 11 (2)
4 | 1/[(6/91%)- 2% + @/ 7?)- 28 +(40/9n?) - 22 + 2 +1]
3 1/[@/n?)- 2%+ (4/n?)- 22 + 2+1]
2 1/ (4172 2%+ 2+1)]
1 1/(z+))
Tabmuma 2
n | Ammpokcumantst Ilage P, (2) Anmpokcnmantsi [sitarepa 17, (2)
4 | 2'-207°+18072° 8402 +1680 | 2°-1125n°2° +107°2” — 457"z +9r*
7% +202° +18022 + 8402 +1680 | z* +11257%z° +10n%z2 + 4,57%z + 9n*
-7 +122° - 6022 +120 — 73+ 82% — 4n®z + 8
3 3 3 2 3 2 2 2
z°+12z7° +60z° +120 2°+8z° +4n°z2+8n
2 22 -62+12 22 -05n%z + 72
72 +62+12 22 +0,57c22+1r2
1 -05z+1 -05z+1
0,5z+1 0,5z+1

Jpyro#i moxxoa K NpUOIMKEHHOW 3aMEeHE YpaBHEHHUS 3BEHA 3aITa3bIBAHUS CH-
cremoii OJIY ocHOBaH Ha TPEJICTABICHHUM JJeMeHTa 3amaspiBanus X (t —t) 1e-

HOYKOW M3 N 3JIEeMEHTOB ¢ 3ama3asiBaHusMu T/ N [23]. BxogHoit ¢ynkuueit 1-ro

9JIEMCHTA LIETOYKH SIBIISCTCS BXOAHAs (DYHKIMS SJIEMEHTA 3ama3/bIBaHus. BbIxo-
HbIC (DYHKIMHU JIeMEHTOB 1ernoyku Y;(t) ompemenstorcsi paBeHCTBAMHU:

y ()= x(t-t/n),
yz(t)zyl(t—r/n)zx(t—21/n),_ (18)

Yo (1)=Yp1 (t—1/n)=x(t-1).

3aTeM IenoyYka 3BeHbEB 3ama3abpiBanus (18) 3aMeHseTcs MermoYKoi mocieno-
BaTEJIbHO COCMHEHHBIX alleépUOJUYECKUX 3BEHBEB, T. €. cuctemor OY

(t/n)zy(t) + zy (1) = x(t),
(T/n)zy(t)+ z5(t) = 7 (1),

(t/n) 2, (1) + z, (1) = 2,4 (1),

¢ HavanbHbIMK yenoBusimu Z; (ty) = Y (t) = X(tp —it/n), i=1...,n.

(19)

Ecnu Bxomnas ¢ynkums X(t) HempepsiBHa, To lim z,(t) = y(t), a ycroiiun-
n—oo

BOCTh TPUBHAJILHOTO peIlIeHHs cucTeMBbl Ipu nepexozie oT (18) x (19) coxpansercs
[23]. Takum oGpa3oM, mpH 1OCTATOYHO OOJIBIION JHHE enouku Z, (t) = y(t) , To

ectb cucrema OJIY (19) ¢ ymoBIETBOPUTENLHON TOYHOCTHIO AMMPOKCHMHUPYET
ypaBHEHHE 3BeHa 3ana3apiBanus, Y(t) =X(t—1).
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3ameHa a5eMeHTOB Ienouku (18) anepuoauuecKUMU 3BEHBSIMHU SKBHBAJICHTHA
3ameHe Mx nepemaTouHbix Gynkmmit W, (pt/n) =exp(—pt/n) anmpokcuMaHTaMu

Toa(pt/n)=1/(1+ pt/n). Tlepenatounas (QyHKIMS 3BEHAa  3amas/IbIBAHUS

W, (pt) 3amensiercs npu 3ToM annpokcuManToM nopsiaka (0, n)

Rogron (P) =[To (pe/m)] "= (1+ pr/n ™. (20)
Jns 3amensl anementoB nenoykd (18) cucremort OJlY MOXHO NMPUMEHUTH
OoJiee TOUHBIE ANMPOKCUMAHTHI — Hanpumep, T, U Pp;. CooTBeTCTBYIONIME anl-

npoxcumanTsl Gyakuun W, (pt) Oyayt umers nopsaok (0, 2n) u (n,n):

Roro2) (PT) =[To2 (pr/n)] "=1/(1+ pt/n+05 p?t?/n?)", (21)

Ruce1p (PT) =[Py (pt/n)] "=(1-pt/2n )" /(1+ pr/2n ). (22)

Wcnone3yss chneacTBHE W3 BTOPOrO — 3amedaTelnbHOro mpenmena [22]

lim (1+q/n)" =e%, nerko moxmo mokasars, uro M Ry pyq) (p1) =€ 7.
n—oo n—o

Cxema 3aMeHBI YpaBHEHHS 3BEHA 3arasjbIBaHUs IIETIOYKOM M3 N ammpoKCH-
manToB [Taze 1-ro mopsaka P ;(pt/n) mpusenena Ha puc. 1, a), 0).

- y;(t) =x(t—t/n), Yo(t) =y, (t—1/n),...,
yt) =xt-1) |—» Vo1 () =Yho(t=1/n), y(t)=y,1(t—1/n)
a)
-pt _L-pu2n

YO =yiglt-t/n) F| yi=yig-en | V=Yg Puldn) ™ yi_1+pr/2n'yi’l

e 2 l

_0,51' dZi ,
SR Vi =L+ pe/2n)z;, o
+— a— +pt/2n
Yi 05l yi =(1+ pt/2n)z; P
" ondn yi =(1- pt/2n)z
6)
Puc. 1

3. CpaBHUTENbHBIN aHAJIHM3 ANMPOKCHMHUpPYyOMX GyHkomii. Matemarn-
4yeckas MoJiesib HU3KouacToTHOW nuHamuku JKP/l Bimtouaer B ceOsi ypaBHEHUS ¢
3anas3apiBaHusIMH. [lepexon oT cucremsl ¢ 3amaszaslBaHuAMU k cucteme OJY mo
OMMCAaHHOW BBIIIE CXEME NPUBOAUT K 3HAYUTEIBHOMY YBEIMUEHHUIO KOJIMYECTBA
YpaBHEHHUI B MOJIEJIH, a BBISBIICHUE “‘TIAPa3UTHBIX COOCTBEHHBIX 3HAUEHUH MOKET
OKa3aTbcsl BeCbMa TPYAOEMKOH 3agaudeil. B 3Tol cBsi3u npu BEIOOpE almnpOKCHMU-
pytoueld QyHKIMHM BO3HHKAaeT HEOOXOIUMOCTh KOMIIPOMHCCA MEXKAY HOPSIIKOM
ammpokcumanta F - 1 ero Tounoctsro. Hamryummm GyseM cunmtaTh Takoi am-

MMPOKCHUMAHT, KOTOpLIﬁ IIpyM HAMMCHBIIEM IOpPsaKe N obecrieunBacT MMPUCMJIICMYIO
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touHocTh omnpeneneHrs AUX u ®UX 3BeHa 3anazapiBanus A(wt) u @(wt) B 4a-
crotHoM auamnazone mogenu 0< f < f .., o ectb mpu 0 < T < (OT) -
Annpokeumantsl Py n (PT), T (PT), 1 1 (PT) 1 Ry(p1y) (PT) 1pu p= joo
M03BOJISIIOT TOYHO BeIYUCIUTh AUX 3BeHa 3ama3[bIBaHUs. MOIYJIU 3TUX (PyHKUUIT
PaBHBI €MHUILIE, MOCKOIbKY KOA(D(UIMEHTHI MOJIMHOMOB B MX YUCIMTENSAX U 3Ha-
MEHATEJAIX OTIMYAKTCA TOJbKO 3Hakamu. Pacderer @UX 3BeHa 3ama3gblBaHUS
IIOKA3ald, YTO HAWIy4IIUMH II0 TOYHOCTH SBISAIOTCA amnpokcumanthl Ilane u
IIsiinTepa; manee ciuenyroT nenouku psnoB Ilame 1-ro mopsinka — anmmpOKCHUMAHTHI
Rn(p11) (PT) , 32 HuMu — anmpokcumanTsl Tefinopa. [orpemmoctn onpenenenns ®UX

3BEHa 3amasibiBaHMs AQ(®T) npu KMCHONb30BaHMHM ammpokcuMantoB B (pt),

11, (pt) 1 Ryp1yy(PT), N=1...,4 nokasansl Ha puc. 2, 3.

Ad, rpanyc Hcronb3yst MOSydYeHHBIC 3aBH-
M5 My, cuMoCTH Ad(®T), MOKHO ISl Kax-
10 /“M/ TN JIOTO 3BEHA 3aIla3J]IbIBAaHHUs BBHIOPATH
0 et i?-_\, *\ = HOAXOANIMH aNIPOKCUMAHT, KOTO-
-10 NOADS ‘:\\ \ pbIii 00ECIIEUUT MPUEMIEMYIO TOY-
20 \ o A\ \ . l\\ HOoCcTh omnpeneneHuss DPUX s3toro
P11 22\ \( P3,3\\ Pa \ 3B€HAa B HM3KOYACTOTHOM Juarna-

-30 VAL NN \| some.
-40 A 3aMeTMM, UTO MpU aHaIHu3e
0 2 4 6 8 10 ot yCTOMYMBOCTHU CHUCTEMBI MO CIEKTPY
A, rpanyc Puc. 2 MaTpHUIlbl HMEETCS BO3MOXKHOCTH
0 SN Rup1n) JUCKPUMHHAIIMM  OTAEIBHBIX  3JIe-
10 \\ ~ - \ MEHTOB CIIEKTpa, IOATOMY ‘‘mapa-
-20 A NP“’ 3UTHble” COOCTBEHHBIE 3HAUYEHUS,
Rypr) N COOTBETCTBYIOLIME IIOJIOCAM  aIl-
-30 \ Repry \ P22 IPOKCUMAHTa, MOKHO IIPOCTO HC-
40 N \ KJIIOYNTh M3 PACCMOTPEHHS — He3a-
0 1 ) 3 o1 BHCHMO OT TOTO, KaK OHH PacIiojo-

JKEHBI Ha KOMIUIEKCHON TTOCKOCTH.

Onmnako u3 pemenus cuctembl O/1Y,
MOJYYEHHOTO B Pe3yJIbTaTe YHCICHHOTO HHTETPUPOBAHMS, «BBIPE3aThy OT/ACIbHbIC
COCTABIISIIONIME HE MPEACTABISAETCS BO3MOXKHBIM, TIO3TOMY HallMuUe Yy allpOKCHU-
MaHTa TMOJIOCOB B MPABOH MOJYIUIOCKOCTH MOKET MPUBECTH K OLIMOKE B IPOTHO3E
YCTOWYMBOCTH HMCCIENyeMOi CUCTeMBl. B 3TOM ciydae mpu BbIOOpe (QYHKIUH
Fm n(PT) BO3HHMKaeT Bompoc 00 YCTOHYMBOCTH COCTABJIAIOIIMX €€ MOJMHOMOB

B (PD), Ay(pP1).

Pacuersr mokazanu, uro mpu N <5 ammpokcumanTsl [lane, Teitnopa, [IsitHTe-
pa u pynkumii (20) — (22) He UMEIOT MOJIOCOB B MPABOM MOTYIUIOCKOCTH, HO TOJb-
ko pynkumn T, Iy, Ryron ¥ Ryroz) HE MMEIOT B HEH TaKKe HyIEH.

Puc. 3

Pesynbratel pacueta AUX n @YX 3BeHa 3ama3ipIBaHMs C MCIIOJIB30BaHUEM
ANMPOKCUMHUPYIOMINX IETOYeK PAa3INYHON ATUHBI N TpeACTaBlIeHH Ha puc. 4, 5:

Ha pUC. 4 — ISt LIENOYEK ANePUOINIECKUX 3BEHbEB (ANMPOKCUMAHTOB Ry (ro7) ), HA
pHC. 5 — ISt LEMmoYeK KoneOaTeNbHbIX 3BEHbEB (ANMPOKCUMAHTOB Ry (1gg) ). i
CpaBHEHHS 3/1€Ch K€ MOKA3aHbl Pe3yIbTaThl HCIOJIB30BAHHS alIPOKCUMAaHTOB [1a-
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ne. W3 puc.4,a) u 5,a) BuAHO, 4TO ammpokcumauuss QyHKuusMH Ryrop H

Rn(ro2) BHOCHT Ooibmme norpemHocTd B AUX 3BeHa 3amasibIBaHus, MPUYEM C

yBEJTHUCHHEM N TOYHOCTH ANMPOKCUMAIIMH YBEINIMBACTCS OUCHb MEJICHHO.
Annpokcumantsl Tg o (Pt), 11y ,(PT) uMeroT Goslee BBICOKYIO TOYHOCTD, YEM

Rncropy (P1) (puc. 6). Ilpyn oTOM, KaK U B MPEBILYIIEM CIy4ae, IPH BBIOOPE STHX
anmpOKCHMAHTOB OIPEAEISIONAM (aKTOPOM SIBJSIETCS MOIPEIIHOCTh OIpeesie-

Hust AUX 3BeHa 3anazzpiBanus AA(wT) .

A Agx rpaxyc
- P
exp(-j T)! P2,2 \ 2p n=8
0,9 YN\ -10 e \ \\\Q&\
n=1 k n=6 \ _
0,8 W\ 8 =2 \ n=10
07 n=2 \&( n=10 -20 3 \ 3
, n=3 \ \‘\\ n= P/X n= \
0.6 n=4 \\ < 30 n=4 P22 (
0 1 2 3 T 0 1 2 3 4 5 T
a) be 4 0)
HC.
Ad, rpanyc ‘ ‘
A 3 ‘ ) 3 |
10 5 == : 20 n=2 T~ n=4
. \ \\\ezp(-j(m), P22 n=1 ’5\ \
o | n=1 \\ ™~ 0 qmo-omrx ~ O ns
0,8 =2 N \\ *V [ \<n 2
\ - n=3 N\ i PN N
NN T AN NN )
n= 11 ‘
0,6 -40 .\‘ \ \ \
0 1 2 3 T 0 1 2 3 4 5 ot
a) Puc. 5 6)
AA, % — f A¢, rpanyc
| el
0 Tox |/ /] 0. __<_N\\ Tos
20 1R, / -10 NNz N\
(T01>)< / / / \ } \\\
10 -20 A
/ Too Tos \ Raroy A \
0 ‘Z HO'Z _30 \ \
0 0,5 1 15 ot 0 05 1 15 2 25 T
a) 0)
AA, % Ad, Tpanyc
7 H > -
Ryqoy / (}y\ ,2;/ Toa Iy, /
30 R \lg/ / 0 — 7
20 N // é Toa \\\\\i Iy
)’ I\T 0 ‘\ N\ Raror
/) A 03 2 To \ N N (
10 -
\R3
| A T NN
A T -30
0 0,5 1 1,5 2 2,5 o1 0 05 1 15 2 25 3 ot
B) r)
Puc. 6

40



4. BpI0Op annmpoKCHMMAHTOB /Ui 3aMeHbl YPaBHEHUH ¢ 3anma3bIBaHUSIMU
B MaTeMaTH4eCcKQii Moaean HU3Ko4acTOTHOH auHamMuku 7KPJl o0bIKHOBEH-
HBIMHU Z[I/I(l)(l)epe]l??lll/laﬂbﬂblMl/l YPaBHEHUSAMHU. HpeﬂBaplzr:)enLHHﬁ BBIOOp ar-
NPOKCUMAHTa JUIsl IIEPEX0/ia OT ypaBHEHHUs dY j = OX (t—-r; i ) k OY MOXeT ObITh

CIIeNIaH Ha OCHOBE MPE/ICTABICHHBIX BBILIC PE3yJIbTaToB. JlJIsi 3TOr0 ClieayeT omnpe-
JEATh 3HAYEHHE (OT)yax = 27t axTjj , 33/14Th JOMYCTHMBIE TIOTPEMIHOCTH  BbI-

yucienns AUX u ®UX 3Bena 3amasapiBanus (A4 W A@Q) ¥ BOCIOIb30BATHCS

rpaduKamMu, IPUBEICHHBIMU Ha puc. 2 — 6. OqHAKO TaKol BHIOOP MOKET IPUBECTH
K HEOIpPAaBIaHHO OOJILIIIOMY TOBBIMICHHIO TMOPSAKA HCCIETYyEeMON CHCTEMBI, TO-
CKOJIBKY OH HE 3aBHCHUT OT TOTO, BIMSAET JIM 3alla31bIBAHUE Tjj HA IMHAMAYECKHC

XapaKTEPUCTUKHU JABUTATENS U HACKOJIBKO BEJIMKO 3TO BIIHMSHHUE.

Takum o0pa3om, Ipexae 4eM MNPHUCTYNaTh K BBIOOPY alNpPOKCHUMHUPYHOLIMX
(dhyHKIHI, creayeT 000CHOBAaTh HEOOXOIMMOCTD Y4eTa KakK/IOTO U3 3ara3IbIBaHui
B MaTeMaTHYECKOM MOJESIN HU3KOYaCTOTHOM auHamMuku JKP/I.

CreneHp BIWSHUS 3ama3fplBaHuil Ha ycToitunBocTh JKPJl nHOTIA CBSI3BIBAIOT
¢ ux BenmunHOW. Tak, cormacHo [7], Ipu MOAETHPOBAHUHA HU3KOYACTOTHBIX IIPO-
1eccoB B ra3oBoM Tpakre JKPJl 3ama3gpiBaHUSME MOKHO TIpeHeOpeyb, €CIIA CyM-
MapHOE BpeMs 3ala3fblBaHUN B TPaKTe (3aJepKKH ra3000pa3oBaHusi T U BPEMEHH
npeObIBaHKS POAYKTOB CrOPaHKs B Ta30BOM TpakTe T’ ) He mpesbimiaet 10 % me-

puoza xonebanuit Ha 4actoTe fpay: T+ 7T <01/ f ..

Jus XKP]I 6e3 moxuraHusi TeHEPaTOPHOTO ra3a 3TO YCIOBHE OOBIYHO BBITIOJN-
HSETCS, M PE3YJIbTaThl PACUCTOB IMOATBEPKAAIOT, YTO MPH aHATU3E YCTOMUMBOCTH
takux JKPJI u npononsHOit ycroitunBoctu PH 3ama3apiBanus B ypaBHEHUSX JUHA-
Mukd I'T u KC moxHO He yunutbeiBaTh. OnHako nms XXPJI ¢ noxxuranuem rexepa-
TOPHOTO Ta3a BEJIMYMHA 3ama3[gblBaHUs SIBISCTCS HE €IWHCTBEHHBIM (haKkTOpOM,
ONPENEISIOIUM CTENEHb €ro BiausHUS Ha ycroiuuBocTh JKPJI. Tak, Bpems mpe-
ObIBaHMSA rasza B razoreHepaTope, uMesi B 2 — 3 pasza MeHblliee 3HaUeHHe, YeM Bpe-
Ms1 IpeObIBaHMs ra3a B ra30BOE, MOXKET OKa3bIBaTh TOpa3fo OoJibliee BIMSIHUE HA
YCTOMYHBOCTh HU3KOYAcTOTHBIX mporeccoB B JKPJI [10, 12, 13]. Takum oGpa3zom,
BOMpoc 00 yuyeTe 3ama3aplBaHIi PH MOAEIMPOBAHNHM HU3KOYACTOTHON AMHAMHKH
u aHanuze ycroiunBoctd JKPJl ¢ mokMraHmeMm reHepaTOpHOro rasza tpedyeT oT-
JEeJIbHOT'O PACCMOTPEHHS B KXKIOM KOHKPETHOM CIIy4dae.

HeobxoxumocTs y4era 3anasjblBaHus Tjj B MaTeMaTHYCCKOH MOJCIN HU3KO-

yactotHor quHamuku JKPJ1Y (4) MmoxxeT ObITh 000CHOBaHA €ro BIUSHUEM Ha KOM-
TUIEKCHBIC KO((HUIIMESHTHI YCHUIICHHS IBUTATENSI [0 KAHATY JaBJICHUS

Wy (jo) =8P (jw) /3R (jo), Wy (jo) =8Pk (jw) /3R (jo),

rae OPy (jo), 8Py (jo), SR (jo) — KOMIUICKCHBIE aMILTUTY bl KOJICOAHHI JaB-

JIeHUsI B KaMepe CrOpaHus, Ha BXO/Ie B HACOC OKUCIIUTENS U HACOC TOPIOYETO.
Ecim B wactornom nuanaszone (0, f.) BiausHue tj; Mano, To npu aHanmse

ycroitunBocTH JKP/] 310 3amazasiBanne B ypaBHeHHsX (4), (6) MOXKHO HE YUWTHI-
BaTh. B MPOTHBHOM citydae ero HeoOXOJAUMO YUHTBIBATh, U ISl TOTO HYXKHO BBI-
OpaTh MOIXOAITNI alIPOKCUMAHT, a 3aTE€M 10 COOTBETCTBYIOIIEH CXeMe TepeUTH
ot ypasHenus 8Y; =06X; (t—7;;) k OHY.
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Bri6op ammpoxcumaHTa 11e1eco00pa3Ho MPOBOIUTH Ha OCHOBE PE3YJIHTATOB
pacyeToB KOMIUICKCHBIX KodddurmenTos ycmtenus JXXPJl ¢ MCIoIb30BaHUEM pas-
JUYHBIX aMMPOKCUMUPYIOMUX QyHKIMA. HaumydmiM OysieM CYUTaTh alnmpOKCH-
MaHT HaMMEHBIIIETO TMOPsIKa, 00eCIeYNBAIOIINN yIOBIETBOPUTENBHYIO TOYHOCTh
onpexaeneHus koddduimenra ycuiaenus B yactotHoM auanazone (0, f,..) . Takoit

MOJXO0/ PalMOHAIbHEE U TIO3BOJIUT MOI00PATh anpOKCUMAaHT MEHBIIETO MOPSIKa,
4eM JaeT IpeABapUTElbHbIH BbIOOp. [IpogeMoHCTpupyeM ero mpuMEHEHHUE IMpH
MOJICJIMPOBAaHUN HU3KOYACTOTHOW JMHAMHUKH Ta30BBIX TPakToB MapmeBoro JXP/] c
JO’)KUTaHHEM TeHepaTopHoro rasa [12].

VYpaBHeHHsT OUHAMUKK Ta30BbIX TpakToB JKPJ] BKIOWanmu mare 3ama3abiBa-
wuit: 1,,=0,0049¢, t,,=0,011¢, 1,,=0,032¢, 1,.=0,0019¢c, 7, =0,0023c.
BrusiHue sTmx 3ama3nbBaHWI HA MOIYJh pacdeTHOro kodhduuneHTa ycuieHUs
JXKPJI mo JTUHUE OKUCIHMTENS WUTIOCTPUPYIOT KpuBbie 1, 2 Ha puc. 7 (kpuBas 1 —

pacder ¢ y4eToM BCeX 3ama3[bIBaHUi; KpH-

mod(SPy/6P;0) Bast 2 — 6e3 yderTa 3anas3/bIBaHmii).
1 [IpenBapuTenbHBIE BBIOOP aIPOKCH-
56\ - MUpYOIMX (GYHKIUA Jan ClIenyrolune pe-
ﬂ | 3YIbTaTBL npu fmax =50 I'p u
! A ~10-15° s ykasaHHBIX 3amasbiBa-
\ A 2 HUH CIeyeT UCIOJb30BaTh alIpOKCUMaH-
05 / X ot Py (nma Top), Pyg (mmm I1p5), 11y,
%3 A\ | Toy, Toy coorBerctBenHo. OjHako pe-
2 \ : 3yJbTaThl pacueToB Koddduimenra ycue-
0 3 nus JKPJl mokaszanm, 4To 3ama3/bIBaHUS B
0 10 20 30 40 LTu ypaswenmsx nunamuxu KC MOXkHO He yun-

ThIBATh, a IJIsd ypaBHCHI/II\/'I C 3amna3JibIBaHHsI-

MH T,,, T,, U T,, HCIIOJIb30BATh AIIPOKCH-

Puc. 7

ce

MaHTel Tgq, Py, Pop (Bap. Ne 1) wmu Ty, 11,5, I1,, (Bap. Ne 2). OTu Bapuan-

TBI BEIOOpA aNMPOKCHMAHTOB 00ECIIEYHBAIOT YIOBICTBOPUTEIBEHYIO TOYHOCTh BBI-
grcneHuss Moy kodpdunmenta ycunenus KPP/l (kpussie 5, 6), mpuuem B o0a-
CTH €r0 pe30HAaHCHOTO BO3pacTaHMs IMOTPEIIHOCTh He npeBbimaet 5 % u 2 %.

ANINpPOKCHMMAHTHI 1-TO MOpsAAKa AAIOT 3HAYUTEIBHO XyIIINe pe3yiabTaThl. Ec-
JM JUTsL BCEX ypaBHEHMH C 3ara3/ibIBaHUsIMU UCTIONB30BATh anmpokcuManTsl [lare
P.1 (xpuBas 4) nmn Teinopa Ty (KpuBas 3), MOTPEIIHOCTD ONPEENEHUS MOy
ko3 ¢punmenra ycuenns XKPJ B pesonancHoit obiactu nocruraer 30 % u 45 %.

Ilpn aHanmm3e yCTOMYMBOCTH cUCTeMBI «mTaomue Maructpann—KPI» mo
CIIEKTPY MATPHUIIbI COOCTBEHHBIC 3HAYCHHSI A = Oj + J®; MATPHIIbI PEICTABIISUINCH
B Buae A; =—0;f; + j-2nf;, roe f;, 8; — i -5 coOCTBeHHas YaCTOTa M COOTBETCTBY-
IOLIMH el TeKpeMEHT KoJe0aHuil cucTeMbl. PaccMaTpuBanmch TONBKO COOCTBEHHBIE
3HAUCHHUS, PACIIOJIOKEHHbIE B OTPaHMYEHHOM OO0JacTH KOMIUIEKCHOW IUIOCKOCTH
(0 < ; < 2nf,,,4). Ha puc. 8, 9 pe3ynbTaThl pacueToB COOCTBEHHBIX 3HAYCHHUIT O-
Ka3aHbl B IUIOCKOCTH TapameTpoB « O — f ». PacueTsl MpoBOAMINCH ¢ y4ETOM 3aras3-
IeIBaHUN W 0€3 ydeTa BCEX WM OTACIbHBIX 3ama3fblBaHuil (puc. 8), a Takke ¢
Y4YETOM 3ara3/pIBaHuil 10 pa3HbIM cxemam (puc. 9).

Pe3ynbraTel pacyeToB MOKa3aau, YTO 3ama3AbIBaHUs MIPAKTUYECKH HE BIMSIOT
Ha mapameTtpsl kosnebanwmii JKPJ{Y, 00ycnoBIeHHBIX TUHAMHYECKUMH MPOIIECCaMHU
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B peryinsTope pacxoja (touku 6) u cucreme nutanus JKPJl okucnuteneM (TOYKu
1, 4) u roprounM (touku 2, 5). OgHAKO YUeT 3ama3asIBaHUi H, TIPEKIIE BCETO, 3a-

Ma3bIBAHUNA B YPaBHCHUSAX IMHA-
f, T'a 6 7 muku [T, mpuBen K cyliecTBEHHO-

MY HU3MCEHCHUIO MMapaMETPOB KOJIC-

40 | O— =5 Oannit ( f3,85) u ( f;,87), cBs3an-
o 4 HBIX ¢ KOHTYpoM «THA — I'T», mpu
2 /{ 3TOM COOCTBEHHBIE 4YacTOTHl f; W
20
Q/OA// \j . f; yBemmummuces ¢ 8 no 14T u ¢
2N 45 no 50T, a JeKpeMeHThl KoJje-
0 Oanuil O3 O8; YMEHBLIMIUCH C 5 10
0 2 4 6 5 0,9mc 7 mo 2,7 (1. e. bomee 4eM B 5
O -6e3 yuera 3ana3bIBaHAN @ -C yueTOM 3anas/ibIBaHui pasuB 2,5 paSa).
[0 -6e3 yuera 3anazapiBanmii B I'T A -6e3 ydera 3anasasiBanuii B I'B CYH_ICCTBGHHOC BIUSIHUE Ha
Puc. 8 napameTpsl konedanuit ( f3,83) u
£ Iy ] (f;,0;) oka3piBa€T TOYHOCTH arl-
6 ./7 MIPOKCUMAHTOB, MCTIOJIb3YEMBIX IS
0/5 \@ ydera BpeMEHH IpeObIBaHUs ra3a B
o—
40 +— ITul'B(t,, u 1,,). Tak, ecnu npu
4 .
Oo— nepexoJie OT ypaBHEHUH C 3ara3/ibl-
20 2 3 Banuamu k OHY mnst t,, u 7,
O/ Q/Q/ BMECTO ammpokcumanTa Teinopa
| SN To1(pt)=1/(pt)  wucmomb30Bath
0 Oosiee  TOYHBIE ANIPOKCHUMAHTHI
0 1 2 3 5 Hage P,,(pt), to uactora fj
® - P2z, P2z O - Tos, Tos yBermautes ¢ 12 mo 14,5 Ty, a ze-
Puc. 9 KpeMeHT KoneOaHui O3 yMeHb-

mmres ¢ 1,7 7o 0,9 (puc. 9).

BuiBoasl. [Ipenynoxken 3pQeKTUBHBIN METO/ NMPUOIMKEHHOW 3aMEHBI YpaBHe-
HUH C 3ama3[blBaHUSAMU B MAaTEMaTHYECKOM MOJENIN HU3KOYAaCTOTHOM JMHAMHMKHU
ra3oBbix TpakToB JKPJ] OOBIKHOBEHHBIMU JU(GEpEeHINATBHBIMA YPaBHEHHSIMH.
Merton o0OecrieunBaeT BO3MOKHOCTD BBITIOJHEHHS aHAIM3a YCTOWYHMBOCTH MHOTO-
KOHTYPHON TUHAMUYECKON CHUCTEMBI ‘‘muTarorue maructpanu — JKPJ[”, Bxiroga-
oniel B ce0s MOTEHIMAILHO HEYCTOMYMBBIE MTOJICUCTEMBl I MHOTOUUCIICHHBIE 3a-
Ma3/bIBAHMUS, TI0 CIIEKTPY MaTPHIIBI.

[TocTpoens! cxembl MPUOMMKEHHON 3aMEHbl YpaBHEHHS 3BEHA 3ama3/bIBaHUs
OOBIKHOBEHHBIMH JTU(PepeHIInATLHBIMA YPaBHEHUSIMH, OCHOBAaHHOW Ha amlMpOKCHU-
Malluy MepeaaTouyHol (QYHKIMK 3BEHA 3ama3AblBaHus B 00JIACTH MAJIOTO IapaMerT-
pa JApoOHO-paIlMOHANBHBIMU (YHKIMSIMHA U IENOYKaMHU JIPOOHO-pallMOHAIBHBIX
¢ysaknuit. [peanoxkeHbl pa3MYHbBIC aNnMpPOKCUMAHTBl MEPEeIaTOYHOW (HYHKIUH
3BEHA 3aIl1a3/IbIBAHUS U ITPOBEJICH UX CPABHUTEIIBHBIN aHAJIN3.

[Nokazana HEOOXOAMMOCTh yUeTa 3ala3/IbIBaHUi B ypaBHEHUSIX TUHAMUKH Ta-
30BBIX TPAKTOB IIPU aHAJIM3€ YCTOMYHMBOCTU HU3KOYACTOTHBIX Ipoueccos B XKP/] ¢
JIO)KMTaHUEM TeHepaTOpHOro rasa. IIpemsioskeH palMOHAaIbHBIM MOAXOX K y4YeTy
3amna3/plBaHUI B ypaBHEHUSIX AUHAMUKHU Ira30BbIX TpakToB JKP/I, KoTOpHIN NO3BO-
JSeT MUHUMHU3UPOBATh yCIOKHEHHE MaTEeMaTHUYeCKOW MOJENH, Hen30exKHOe Mpu
3aMeHe ypaBHEHUH ¢ 3ama3apiBaHusMu cuctemoit O/1Y, u paspabotansl MeTomye-
CKHE PEKOMEHAALNY TI0 UX yUETY.
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D¢ heKTUBHOCTh TPEIOKEHHOTO METoJa IT0Ka3aHa Ha TpUMepe aHaiam3a
YCTOMYMBOCTU mepcreKkTuBHOro mapiieBoro KPJ ¢ noxuraHieM reHepaTopHOro
rasa.

[TomydeHHble pe3yabTaThl MOTYT OBITH WCIOJB30BaHBI MPH MOZIECITUPOBAHUU
HU3KOYACTOTHON JMHAMHUKH T'a30BBIX TPAKTOB W aHAIIM3E yCTOMYMBOCTH HU3KOYA-
CTOTHBIX nporeccoB B JXKP/I.
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